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those with sporadic ALL (non-DS patients; Bui-
tenkamp et al., 2014). DS-ALL patients also expe-
rience increased morbidity and  mortality in
association with chemotherapy (Buitenkamp et al,,
2014). Thus, more effective and less toxic treat-
ments, such as targeted therapies, are needed for
these patients.

The cytokine receptor-like factor 2 (CRLEFZ)
gene encodes a protein that plays a role in cellular
proliferation via activation of the JAK-STAT sig-
naling pathway. Overexpression of CRLIZ s
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, CRLFZ overexpression
is associated with intersutial deletions of the pseu-
doautosomal regions (PAR1-IDs) of the sex chro-
mosomes, resulting in the PZRYS-CRLIZ fusion.
Less frequently, translocations berween the
immunoglobulin heavy chain locus (/GH) and
PAR1 that result in the IGH-CRLFZ rearrange-
ment are associated with CRLFZ overexpression.
'AK2 mutations and CRLIZ overexpression are
thought to act cooperatively in leukemogenesis,
and activating JAKZ mutations are observed in
approximately 20% of DS-ALL patients (Berco-
vich et al., 2008; Gaikwad et al., 2009; Kearney
et al, 2009). Mutations in JAKI, CRLFZ, and
interleukin-7 receptor-a (/L7R) 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 inci-
dence 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). IKZF! deletions have been detected
in approximately 20-30% of DS-ALL patients,
and are associated with a poor outcome (Buiten-
kamp et al.,, 2012; Patrick et al., 2014). The initial
report of frequent B1GI 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 EBF/
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
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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 Echics Com-
mittee 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 mar-
row samples were obtained from 28 DS-ALL
patients <20 years of age from 14 pediatric and/or
hematology deparcments throughout Japan. These
samples included frozen bone marrow cells
(#=17) and genomic DNA extracted from bone
marrow specimens (#=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 pro-
tocol 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 con-
sent 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 CRLEZ expression study.
Genomic DNA was extracted from bone marrow
cells with the QlAamp DNA Blood Mini Kit
(QIAGEN, Venlo, The Netherlands), and total
RNA was extracted with the RNeasy Plus Mini
Kit (QIAGEN). Complementary DNA (cDNA)
was prepared using the iScript ¢cDNA 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 abnormal-
ities, treatment protocol, and outcome. Data on the
additional 10 patients were provided by JACLS.

P2RY8-CRLF2 Amplification and Mutation Analysis

Genomic polymerase chain reaction (PCR) and
reverse-transcription polymerase chain reaction
(RT-PCR) for the P2ZRY8-CRLF?2 fusion were per-
formed using previously described primers (Mul-
lighan et al., 2009; Harvey et al., 2010; Morak
et al., 2012). All PCR products were directly
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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 JAKI, exons 13-19 of JAKZ,
exons 11-15 of JAK3, exons 1-6 of CRLF2, and
exons 5 and 6 of /7R 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 per-
formed 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 amplifica-
tion (MLPA) was performed using the SALSA
MLPA probemix P335-B1 ALL-IKZF1 to detect
chromosomal deletions and/or duplications associ-
ated with ALL. Reactions were performed accord-
ing to the manufacturer’s instructions (MRC-
Holland, Amsterdam, The Netherlands). Values
<0.75 and >1.3 were considered indicative of
deletions and amplifications, respectively (Schwab
et al., 2010). PAR1-IDs were defined as GSFZRA/
IL3RA/P2RYS 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 varia-
bles 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 diag-
nosis 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 con-
sidered statistically significant.
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RESULTS

Clinical Characteristics of DS-ALL Patients

The clinical characteristics of the 38 Japanese
DS-ALL patients are summarized in Table 1. Full
clinical datasets were available for 34 patients, and
sex, age, and treatment protocol data were avail-
able 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 X 107/ (range, 1.1—
187.5 X 10°/1), and 47% of patients were classified
as high risk according to the National Cancer Insti-
tute (NCI) risk criteria. Recurrent cytogenetic
abnormalities were found in six patients (16%):
two with t(12;21)(p13;q22), two with high hyperdi-
ploidy, one with dic(9;20)(p13;q11), and one with
t(8;14)(q11;q32). 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 PZRYS-CRLF?2 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 CRLFZ exon 1
(Morak et al., 2012). The JAKZ R683G mutation
was observed in six patients (16%; Table 1), con-
sisting of the same single nucleotide substitution
(c.2047A>G). These six patients also carried the
P2RYS8-CRLF2 fusion. No mutations were found
in JAKI, JAK3, CRLFZ2, or IL7R in any of the
patients.

CRLF2 Expression

CRLFZ expression levels were compared among
three patient groups: PZRYS-CRLF2-positive DS-
ALL, PZRY8-CRLF2-negative DS-ALL, and non-
DS ALL. RNA was available from 27 DS-ALL
patients, including 7 PZRYS8-CRLF2-positive and
25 non-DS ALL patients. The median CRLF?
expression level in the P2RYS-CRLFZ-positive
DS-ALL patients was significantly higher than
that in  P2RYS-CRLFZ2-negative  DS-ALL
(P=0.001) and non-DS ALL patients (P < 0.001;
Fig. 1). No significant difference in CRLFZ
expression levels was observed between PZRYS-
CRLF2-negative DS-ALL and non-DS ALL
patients. When a CRLFZ2 level >10-fold the
median level in non-DS ALL patients was defined
as overexpression (Harvey et al., 2010), 6 of 7
P2RYS-CRLF2-positive and 3 of 20 P2ZRYS-
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TABLE 1. Clinical and Genetic Characteristics of DS-ALL Patients
Recurrent
Age WBC NCI cytogenetic EFS oS

Patient no.  Sex  (years) (X 10771 risk abnormality (months) (months)  P2RYS-CRLF2 JAKZ
| 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 34 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

I 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, 1F 27 Negative WT
16 M 1.4 2.0 HR No 39+ 39+ Negative WT
17 NA NA NA NA  NA NA NA Negative WT

18 M 1.2 1. HR No 81+ 81+ Negative WT
19 F 8.1 4.5 SR No 26+ 26+ Negative WT
20 F 4.5 107.5 HR t(12;21)(p13;922) 13+ 13+ Negative WT

21 F 4.8 108.9 HR t(12:21)(p13;922) 128+ 128+ Negative WT
22 M 2.8 10.9 SR High hyperdiploidy 21+ 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;q1 D) 63+ 63+ Negative WT
28 F 9.8 61.7 HR t(8;14)(ql 1,932) 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 3.6 132 HR No 84, relapse 101+ Negative WT
33 F 7.1 19.5 SR No 14+ 14+ Negative WT
34 M 53 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

WABC, 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.

CRLFZ-negative DS-ALL  padents exhibited
CRLFZ2 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
Figure 2. DNA samples from 32 patients were
available for analysis. PAR1-1Ds were detected in
eight patients (25%), all of whom were positive for
P2RY8-CRLFZ2. In one patient with PZRYS-
CRLF2, values for CSFZRAJIL3RA/PZRYS were
lower than that for CRLFZ2, but the result did not
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meet the criteria of PARI-IDs. EBFI deletions
were found in five patients (16%), significantly
more in PZRYS-CRLIFZ-positive than in PZRYS-
CRLF2-negative patients (44% vs. 4%, P = 0.015).
Conversely, deletions of CDKNZ2A/B and PAX5
were common in PZRYS-CRLF2-negative patients
(48 and 39%, respectively) but rare in P2RYS-
CRLF2-positive patients (11% each), although the
differences were not statistically significant
(P=0.103 and 0.210, respectively). Deletions of
BTG and IKZF1 were detected in eight patients
each (25%), and four and three of these patients
had PZRYS8-CRLF?Z2, respectively. Deletions of
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Figure 1. CRLF2 expression in DS-ALL and non-DS-ALL. Open

circles: DS-ALL patients with PZRY8-CRLF2; triangles: other patients; and
horizontal bars: median CRLF2 expression levels. NS, not significant.
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ETV6 and RBI were found in 5 (16%) and 2 (6%)
patients, respectively, all of whom were negative

for PZRYS-CRLF2.

Association of Genetic Alterations with Clinical
Characteristics

The distributions of sex, age at diagnosis, initial
WBC count, NCI risk group, and recurrent cytoge-
netic abnormalities did not differ significantly
between patients with and without each genetic
alteration. The results for PZRYS-CRLF2, BTG,
and /KZF] are shown in Table 2. Of note, no
P2RYS-CRLFZ-positive patients had recurrent
cytogenetic abnormalities. In patients with BTG/
deletions, the male to female ratio was 1.0, and
mean age was 4.8 years (range, 2.2-11.2). Esti-
mated EFS and OS were not significantly different
between patients with and without each genetic

padencNo. | TR | EBFI | BTG! | mzEl | Pats |cOKN24B|  RBI 5776
i Positive RE83G
2 Positive RES3G
3 Positive RE83G
4 Pasitive RESIG
3 Positive RES3C
é Positiva RESIC
7 Positive WT
g Positive W1
g Pasitive WT
10 Positive WT
il Positive WT
2 Negative WT
i3 Negative Wt
3 Negative WT
13 Negative WY
6 Mezative WT
17 Negative WT
i3 Negative WT
i@ Negative WT
20 Negative WT

21 Negative T
22 Negative WT
23 Negative WT
24 Nezative WT
23 Negative WT
26 WT
27 WT
28 Wt
28 WT
36 WT
31 Negative WT
32 Negative WT
33 Negative WT
34 Negative WT
33 Negative WT
36 Negative WT
37 Negative WT
38 Negative WT
Deleted
Figure 2. Copy number alterations of genes involved in BCP-ALL development. The deletion fre-

quencies are 8/32 (25%) for PARI, 5/32 (16%) for EBFI, 8/32 (25%) for BTG/, 8/32 (25%) for IKZFI, 10/
32 (31%) for PAXS, 12/32 (38%) for CDKN2A/B, 2/32 (6%) for RBI, and 5/32 (16%) for ETV6.
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TABLE 2. Association Between Genetic Alterations and Clinical Characteristics
P2RY8-CRLF2 BTGI IKZF1
Positive Negative Positive MNegative Positive Negative
(n==10) (n=25%  P-value (n=8) (n=23) P-value (n=7) (n=24) P-value
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%) Il (46%)
Age, years
Median (range) 4.7 7.0 0.165 4.8 7.1 0.21 87 6.3 0.228
(2.7-15.8)  (2.2-19.1) (22-11.2)  (2.7-19.1) (44-168)  (2.2-19.1)
WBC, X 1071
Median (range) 15.3 16.5 0.345 48.9 13.6 047 44.9 202 0.603
(1.9-187.5) (1.1-108.9) (1.1-107.5)  (1.9-187.5) (2.1-187.5) (1.1-108.9)
NCI risk group
SR, n (%) 7 (70%) Il (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 I (14%) 5 (21%) 1.000
No, n (%) 10 (100%) 18 (75%) 7 (87%) 18 (78%) 6 (86%) 19 (79%)
5y EFS
% =+ SE 480190 720%102 0394 80.0x179 657110 0155 476x+225 746103 0.207
5y OS
% *+ SE 640175 744+102 0348 100 686109 0.162 41.7+x222 83.8%89 0.041
WBC, white blood cell; NCI, MNational 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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Figure 3.
survival. (B) Overall survival.

alteration, with the exception of inferior OS in
patients with /KZF1 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 PZRYS-CRLFZ in
Japanese DS-ALL patients was slightly lower (29%)
than that in Western countries (~50%), a finding
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Clinical outcome of DS-ALL patients according to IKZFI deletions. (A) Event-free

that was confirmed by MLPA. Initially, the fre-
quency of PZRYS-CRILFZ was thought to be 21%
(8/38), but three additional patients, none of whom
had available RNA samples, were positive for
P2RYS-CRLF2 by genomic PCR using primer sets
that detected the newly discovered CRLFZ break-
points (Morak et al., 2012). These primer sets should
be included in genomic PCR analysis to avoid an
underestimation of the frequency of PZRYS-CRLFZ.
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We could not investigate the IGH-CRLFZ? rear-
rangement because samples for fluorescence in situ
hybridization analysis were not available. Instead,
we studied CRLFZ2 expression levels in DS-ALL
and non-DS ALL patients, as CRLFZ expression
levels are higher in IGH-CRLF2-positive DS-ALL
patients than in PZRYS-CRLFZ2-positive DS-ALL
patients (Russell et al.,, 2009; Harvey et al.,, 2010).
However, no significant difference in CRLF2 expres-
sion levels was observed between PZRYS-CRLFZ-
negative DS-ALL and non-DS-ALL patients. More-
over, CRLF?Z overexpression was observed in only 3
of 20 PZRYS-CRLFZ2-negative DS-ALL patients.
These results suggest that JGH-CRLFZ is rare in our
cohort. The CRLEFZ F232C mutation, which is also
associated with CRLFZ overexpression, was not
found in any of the patients. Taken together, these
findings suggest that the frequency of CRLFZ rear-
rangements including PZRYS-CRLEFZ2, IGH-CRLE?Z,
and CRLFZ mutations are lower in DS-ALL patients
in Japan than in Western countries.

It is unclear why CRLFZ rearrangements are
less frequent in Japan. One study reported that
CRLFZ rearrangements were associated with His-
panic/Latino ethnicity in a high risk non-DS ALL
cohort (Harvey et al., 2010), and two recent stud-
ies showed that PZRYS-CRLFZ2 and JAK2 muta-
tions 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.

EBFI deletions are very rare in DS-ALL
patients in Western countries. Three studies did
not find £BF deletions in 10, 50, and 34 DS-ALL
patients (0%; Ensor et al., 2011; Loudin et al., 2011;
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 EBFI deletions is 2/
118 (1.7%). However, a high frequency of EBFI
deletions (5/32, 16%) were found in Japanese DS-
ALL patients. Therefore, the frequency of EBF/
deletions may also be dependent on ethnicity.

Moreover, EBF] deletions were significantly
associated with PZRYS-CRLFZ2. IKZF1 deletions
are associated with BCR-ABL and other fusion
genes that constitutively activate signaling path-
ways 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, EBF deletions
and PZRY8-CRLFZ may act to induce leukemogen-
esis in a subset of Japanese DS-ALL patients. Con-
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versely, deletions of CDKNZA/B and PAXS5 were
common in PZRYS-CRLF2-negative patients but
rare in PZRYS-CRLEF2-positive patients. It has been
reported that /KZF7 deletions are not associated
with PZRYS-CRLFZ2 or JAKZ mutations in DS-ALL
(Buitenkamp et al,, 2012), but other associations
with gene alterations remains unclear.

BTGI 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 associa-
tions of BTG/ deletions with male predominance
and older age (Lundin et al.,, 2012). /KZF] dele-
tions 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 the number of patients was limited, esti-
mated OS was significantly shorter in patients
with /KZF1 deletions, which is also consistent
with previous reports (Buitenkamp et al.,, 2012;
Patrick et al., 2014). To determine the exact fre-
quencies and clinical implications of these dele-
tions in Japanese DS-ALL patients will require
the evaluation of more patients.

In conclusion, a relatively low frequency of
P2RYS-CRLFZ2, a high frequency of EBFI dele-
tions, and an association of EBF/ deletions and
P2RYS-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
P2RYS-CRLFZ and EBF1 deletions may cooperate
in leukemogenesis in a subset of Japanese DS-
ALL patients. Further studies are needed to char-
acterize the full spectrum of genetic alterations in
Japanese DS-ALIL patients and to identify a
potential target for therapy.
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Background. Despite several advances in the treatment of
Epstein—Barr virus (EBV) in recent years, patients with Epstein-Barr
virus-associated hemophagocytic lymphohistiocytosis (EBV-HLH)
do not always show satisfactory outcomes. We here conducted a
nationwide survey in Japan to identify prognostic factors of EBV-HLH
in children with this disease in an effort to improve the management
and the outcomes of these patients. Procedure. Between Janu-
ary 2003 and June 2008, we enrolled 98 children younger than
18 years of age who were diagnosed with EBV-HLH. We then studied
the clinical characteristics and laboratory findings at the time of
diagnosis with the aim to identify prognostic factors for EBV-HLH.
Results. The mean age of onset of EBV-HLH was 3.9 & 2.8 years. Most
of our patients presented with fever, hepatosplenomegaly, lymph-
adenopathy, and hemophagocytosis of bone marrow. Sixty-two

percent of patients showed T cell clonality, and 97% had EBV
infection in either T or natural killer cells. Most patients (60%) were
treated with a multi-agent chemotherapeutic regimen, including
corticosteroid, etoposide, and cyclosporine. After initial treatment,
90.3% of patients were in remission, and 7 patients (8.2%)
experienced recurrence of EBV infection. Among several prognostic
factors, patients with both hyperbilirubinemia (>1.8 mg/dl) and
hyperferritinemia (>20,300ng/ml) at the time of diagnosis had
significantly poorer outcomes than those with low serum bilirubin
and ferritin levels. Conclusions. These findings suggest that the
therapeutic strategy for children with EBV-HLH could be tailored
according to the laboratory findings at diagnosis. Pediatr Blood
Cancer 2014;61:1257-1262.  © 2014 Wiley Periodicals, Inc.

Key words: Epstein-Barr virus; Epstein—Barr virus-associated hemophagocytic lymphohistiocytosis; hyperbilirubinemia;
hyperferritinemia
INTRODUCTION The current study investigated the prognostic factors of EBV-

Hemophagocytic lymphohistiocytosis (HLH) is an immune
disorder characterized by fever, hepatosplenomegaly, pancytope-
nia, hypertriglyceridemia, and hypofibrinogenemia, and patients
with HLH often experience seizures [1]. HLH can be classified as
either primary or secondary HLH. Epstein-Barr virus (EBV)
infection is known to induce secondary HLH in some patients, and
Epstein—Barr virus-associated HLH (EBV-HLH) is considered a
major subtype of secondary HLH [2]. It is difficult to distinguish
between primary and secondary HLH based on clinical symptoms,
history of infection, or the early clinical course at the onset of
disease. Distinguishing between primary and secondary HLH is
further complicated by the fact that EBV infection can also trigger
primary HLH [3].

Although not all countries have known incidence rates for EBV-
HLH, this disease is thought to be particularly prevalent in Asian
countries [4]. A nationwide survey of HLH in Japan estimated the
annual incidence of HLH amongst children and adults at 1 in
800,000 per year. According to this survey, the most common HLH
subtype is EBV-HLH, accounting for approximately 40% of all
patients with HLH [5].

Prognostic factors for EBV-HLH in children are not yet well
described. A number of studies have shown that an EBV infection of
T cells or natural killer (NK) cells is associated with an unfavorable
prognosis [6,7]. Imashuku et al. [8] reported that treatment with an
etoposide within 4 weeks from the diagnosis of HLH improved the
prognosis of patients with EBV-HLH. This study also showed that
combination-treatment, consisting of etoposide, dexamethasone,
and cyclosporine A, can effectively control EBV-HLH [2,9]. A
proportion of patients with EBV-HLH spontaneously recovered
after supportive therapy only. Spontaneous recoveries have been
documented even in patients with severe EBV-HLH [10], and this
highlights the difficulty of choosing an appropriate treatment for
children who present with EBV-HLH.

© 2014 Wiley Periodicals, Inc.
DOI 10.1002/pbc.24980

HLH in Japanese children in an effort to improve the therapeutic
strategies and the outcomes of children with this disease.

DESIGN AND METHODS

Data Collection

We conducted a nationwide survey amongst children younger
than 18 years of age who were diagnosed with EBV-HLH between
January 2003 and June 2008. Questionnaires were sent to
physicians who were members of the Japanese Society of Pediatric
Hematology or the Japanese Society of Pediatric Infectious
Diseases. Our survey included questions regarding the age of
onset of EBV-HLH, the gender of patients, clinical and laboratory
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findings at the time of diagnosis, initial treatments, and the outcome
of patients as noted on the day of the last observation. We also
collected information on the viral load before and after initial
treatment. Viral loads were measured in the peripheral blood
mononuclear cells (PBMCs; shown as copies/ing of DNA) and
plasma (copies/ml) as described previously [11]. Lymphocyte
subpopulations (CD4+ and C8+ T, CD56+ NK, and CD19+ B
cells) were separated and infected cells were identified by
quantitative PCR11 or EBER-1 in situ hybridization [12], and
their clonality for circulating mononuclear cells was analyzed by
gene rearrangement of the T cell receptor or terminal repeat
assay [13]. In patients with low/deficient NK activity, younger than
2 years, or positive CNS involvements, protein expression with
Western blotting or flow cytometers followed by genetic analysis
for perforin, Munc13-4 and syntaxin 11 were performed. The
expression of Munc18-2 was not analyzed in this study.

Patient Selection

We used the HILLH-2004 protocol of Henter et al. [14] as
diagnostic criteria to identify patients with EBV-HLH. In total, 142
patients from 55 institutions in Japan were evaluated for EBV-HLH.
Twenty patients were excluded because of incomplete information
in the questionnaires, and 25 patients were excluded because of
clinical characteristics, including a diagnosis of chronic active EBV
infection in 7 patients, insufficient diagnostic criteria in 13, and low
viral load counts (< 10° copies in the WBCs or whole blood) in 4.
The remaining 98 patients were eligible and enrolled in our study
(Fig. 1).

Questionnaires obtained from the members
of the JSPH and JSPID (n = 142)

Treatment

The selection of the treatment method was left to the medical
doctor in this study. Therefore, treatment was varied among the
patients according to the severity of disease or treatment response.
Some patients were treated with the HLH-2004 treatment protocol,
while others were treated without VP16 or with reduced dose of
VP16,

We divided patients according to the treatments that they were
given as initial therapy: (i) multi-agent chemotherapy including
etoposide, corticosteroid, and CSA according to the HLH-2004
protocol 4; (ii) corticosteroid therapy with or without CSA; and (ii1)
supportive therapy with IVIG.

Statistical Analyses

Clinical and laboratory data of survivors and non-survivors were
compared with unpaired t-tests (continuous variables) and with
Fisher’s exact tests (categorical variables) Data are reported as
mean == SD, or counts and proportion, where appropriate. We used a
Cox proportional hazard regression model to identify prognostic
factors for EBV-HLH. For this analysis, a cutoff value for each
clinical and laboratory parameter was used to divide patients into
two subgroups. The optimal cutoff values of the baseline
biochemical parameters were selected according to receiver
operating characteristic (ROC) analysis. Overall survival (OS)
and progression-free survival (PFS) rates were estimated with the
Kaplan—Meier method and compared with the log-rank test. OS was
defined as the period from the day of disease onset to the day of last
observation or all-cause death and PFS was defined as the period

Duplicates {n = 3)
Data missing (n=1)

Excluded because of inappropriate questionnaires
Diagnosed before 2002 (n = 16)

v

CAEBV (n=7)

Excluded because of clinical characteristics

Not satisfied HLH2004 diagnostic criteria (n = 13)
Low virus load (WBC< 10%/pgDNA or whole blood< 103/mL) (n = 4)

A4

Baseline characteristics data (n = 98)

A4

CHOP (n = 1)

Excluded because of first-line therapy
Cyclosporine only (n=2)

Unknown therapy (loss of follow up after diagnosis) (n = 2)

First-line therapy data
etoposide-based therapy (n = 56)
steroid-based therapy  (n=28)
IVIG or observation (n=9)

Fig. 1. Selection criteria for the inclusion of EBV-HLH patients in the study.
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from the day of disease onset to the day of last observation, death,
recurrence after the initial treatment, hematopoietic cell transplan-
tation, or other adverse évents (e.g., second malignancy). P-
values < 0.05 were considered statistically significant. All statisti-
cal analyses were performed with SAS version 9.3 (SAS Institute
Inc., Cary, NC).

RESULTS

Patient Characteristics and Laboratory Findings

At the onset of EBV-HLH, the mean age of patients was
3.9 +2.8 years. The most prominent clinical symptoms were fever
(100%), hepatomegaly (87.8%), splenomegaly (64.3%), lymph-
adenopathy (50.0%), and neurological symptoms as CNS involve-
ment (18.4%). A diagnosis of hemophagocytosis was confirmed in
89 of the 96 assessed patients. Clonality of infected cells was
observed in 28 of the 41 tested patients (68.3%). In 33 patients,
EBV-infected cells were analyzed, and T cells and/or NK cells and/
or B cells were identified in all except one of them. The median
EBV load at onset was 1.1 x 10° copies/pg DNA in the WBCs,
1.4 x 10° copies/ml in the plasma, and 5.0 x 10° copies/ml in whole
blood. There were no patients with genetic abnormality, shown to be
causative of FEL. EBV-HLH observed in this study was simply
secondary HLH, which was caused due to EBV infection. In
addition, function of cytotoxic T lymphocytes (CTL) was analyzed
in 19 patients whose samples were available. CTL activity was not
impaired in all these patients with EBV-HLH.

Treatment and Outcomes

Ninety-three of the 98 patients enrolled in our study received one
of the possible treatments that we identified in our survey
questionnaire. In total, 56 (60%) patients were treated with the
HLH-2004 based regimen, 28 (30%) with corticosteroid therapy;
and 9 (10%) with supportive/IVIG therapy. After initial treatment,
complete remission (CR) was reported in 90% (84/93) of the
patients. Most of the patients who failed to achieve remission after
initial treatment (8/9 patients) died. Among eight patients who died
without remission, seven died within 8 weeks after treatment. A
recurrence of EBV-HLH was seen in 7 (8.3%) of the 84 patients
who achieved complete remission after initial treatment. All these
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patients achieved second remission after treatment with a second-
line therapy. Among these patients, one patient received hemato-
poietic cell transplantation. The 3-year OS and PFS rate in all
patients were 91.2% and 79.3%, respectively (Fig. 2). There was no
significant difference in the OS or PFS rates between the patients
with different treatment regimens. However, among 8 died patients,
6 received corticosteroid and etoposide, and the other 2 had
received corticosteroid only. Late effects were reported in only one
of the patients enrolled in this study. This patient developed acute
monoblastic leukemia 5 months after the end of treatment with the
HLH-2004 protocol regimen. The total dose of etoposide given to
this patient was 3,900 mg/m?. The patient was subsequently treated
with HSCT and achieved complete remission.

Comparison of Clinical and Laboratory Findings
Between Survivors and Non-Survivors

We found no significant differences in the following clinical
parameters between survivors (n = 90) and non-survivors (n= 8):
male/female ratio, age at onset, incidence and duration of fever,
duration from onset to diagnosis, size of hepatomegaly or
splenomegaly, presence of lymphadenopathy, and CNS involve-
ment (Table I).

A comparison of laboratory data reported significantly higher
total bilirubin levels in non-survivors than in survivors
(3.14+2.0mg/dl and 1.5+1.8mg/dl for non-survivors versus
survivors, respectively, P=0.016). Further, the prothrombin
time-international normalized ratio (PT-INR) was significantly
higher in non-survivors than in survivors (2.0+ 1.4 and 1.34+0.3
for non-survivors versus survivors, respectively, P < 0.0001). None
of the other laboratory parameters differed significantly between
survivors and non-survivors (Table II).

Outcomes

Patients with a long duration to diagnosis (>7 days), high
neutrophil counts (>1,700/pl), high PT-INR (>1.68) or a slow
activated partial thromboplastin time (aPTT, >69 seconds), high
total bilirubin (>1.8mg/dl), and high LDH (>4,310) had
significantly poorer outcomes than those with normal results
(Table IIT; Supplemental Figure S1). Prognoses of patients with or
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Fig. 2. Overall survival and relapse-free survival (n =93). A: Overall survival of all patients. B: Progression-free survival of all patients.
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TABLE I Comparison of Clinical Parameters in Outcome
Between the Survived and Died Patients

TABLE 1I. Comparison of Laboratory Parameters in Oufcome
Between the Survived and Died Patients

Characteristics Survived (n = 90) Died (n=28) P-value
Gender®

Male (%) 44 (48.9) 2 (25.0) 0.276

Female (%) 46 (51.1) 6 (75.0)
Age (years)

Mean + SD 394238 37:+£19 0.847
Duration of fever (days)

Mean =+ SD 8.8+46.0 112454 0.374
Duration to diagnosis (days)

Mean + SD 7.0:£59 105459 0.111
Splenomegaly (cm)

Mean == SD 33417 234 1.0 0.233
Hepatomegaly (cm)

Mean == SD . 41422 39:4£1.5 0.749
CNS involvements’

Yes (%) 15 (16.7) 3 (37.5) 0.16

No (%) 75 (83.3) 5 (62.5)
Lymphadenopathy’

Yes (%) 44 (48.9) 5 (62.5) 0.223

No (%) 46 (51.1) 3(37.5)

'Fisher exact test.

without hyperbilirubinemia (>1.8mg/dl) and hyperferritinemia
(>20,300ng/ml) were significantly different (P =10.0038). One
year survival of patients with both hyperbilirubinemia and
hyperferritinemia was 0.6923. One year survival of patients without
neither hyperbilirubinemia nor hyperferritinemia was 0.9773
(Fig. 3).

DISCUSSION

In our previous study in Japan, more than 40% of the patients
with HLH were diagnosed with EBV-HLH, and the annual
incidence was estimated at 1 in 800,000 per year [5]. A previous
study also estimated that in Japan, the annual incidence of
childhood HLH is 51.7 cases per year, and approximately half of
these patients have EBV-HLH [15].

We studied the characteristics and laboratory findings of 98
children who contracted EBV-HLH in the 5-year period from
January 2003 and June 2008. Because our study encompassed
approximately 80% of all patients with EBV-HLH in Japan, the
annual incidence of EBV-HLH in children can be estimated at 25
cases per year. However, as the HLH-2004 diagnostic criteria were
used for diagnosing EBV-HLH in this study, it is possible that
patients with mild type EBV-HLH were overlooked and that the
real incidence of EBV-HLH could be higher.

The way in which EBV induces HLH has not been fully
elucidated. Su et al. [16] suggested that EBV infection of B cells
triggers a polyclonal proliferation of cytotoxic T cells, which is
followed by the stimulation of macrophages. This then results in an
uncontrolled activation of the immune systems and hypercytoki-
nemia. Data from other studies suggest that EBV targets CD8+
cells or NK cells via the CD21 receptor expressed on these cells.
This is thought to trigger a rapid and uncontrolled release of
cytokines, and in this way, widespread lymphohistiocytic activation
is mediated [17-19]. In addition, impaired function of T cells or NK
cells are thought to provide a phenotypic presentation of HLH via
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Survived Died
(n == 90) (n=28) P-value
Hemoglobin (g/dh
Mean +4 SD 100417 89422 0.080
Platelet (% 107/p)
Mean == SD 52427 51433 0.928
WBC (/ul)
Mean == SD 2,561 41,921 2,624 41,455 0.929
Neutrophil (/i)
Mean = SD 829831 1,046 +746 0.505
PT-INR
Mean + SD 1.340.3 20+14 <0.0001
aPTT (seconds)
Mean - SD 49 430 62432 0.243
Fibrinogen (mg/dl)
Mean £ SD 146 =71 108 +£52 0.140
FDP (jg/ml)
Mean == SD 49.9 +107.6 23.6::229 0.554
Thil (mg/dl)
Mean =+ SD 1.5£1.8 31420 0.016
AST (IU/L)
Mean £ SD 508 =814 534 4+ 658 0.930
ALT (IU/L)
Mean == SD 243 -+ 348 230+ 177 0.916
LDH (IU/L)
Mean = SD 2,790 -+ 3,001 3,678 ::4,483 0.445
Tryglyceride (mg/dl)
Mean + SD 303 4159 4104331 0.124
BUN (mg/dl)
Mean = SD 9.8406.1 103+£42 0.831
Ferritin (ng/ml)
Mean = SD 27,820+49,172 45936+52,839  0.324
$IL-2R (U/ml)
Mean + SD 15,904 £ 14,701 26,640£12,203  0.065
NK activity (%)
Mean = SD 2484154 1034111 0.117
(controls range
18-40%)
Hemophagocytosis’
Yes (%) 82 (93.1) 7 (87.5) 0.467
No (%) 6 (6.8) 1(12.5)
Not done (%) 2 0
Clonality”
Yes (%) 28 (68.3) 0 (0.0) 0.049
No (%) 13 (31.7) 0 (0.0)
Not done (%) 49 8
EBV-infected cell’
(T cell or NK cell)
B cell only (%) 134 0 (0.0) 0.5283
T cell and/or NK 28 (96.6) 4 (100.0)
and/or B cell (%)
Not done (%) 60 4

Fisher exact test.

any genetic mutation involved in the T/NK cell activation
pathway [20,21].

EBV-HLH is a heterogeneous disorder with various symptoms
that range from mild to severe. In addition, the clinical course of
EBV-HLH is diverse and can range from self-limiting in some
patients to severe/aggressive and fatal in others. A most appropriate
treatment method for EBV-HLH has not yet been established. In
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TABLE III. Parameters With Significant Relation to QOutcome Before the Start of Therapy (n=93)
Crude hazard ratios Age and sex adjusted hazard ratio
95% Confidence interval 95% Confidence interval
Cutoff Hazard Hazard
value ratio Lower Upper P-value  ratio Lower Upper P-value

Duration of fever (days) 11 431 0.72 25.86 0.110 4.26 0.70 25.8 0.116
Duration to diagnosis (days) 7 9.10 1.10 75.67 0.041 9.65 1.16 80.49 0.036
Hemoglobin (g/dl) 8.9 0.39 0.10 1.56 0.184 0.29 0.07 1.21 0.089
Platelet (x10*/ul) 7.1 2.00 0.48 8.37 0.343 2.67 0.62 11.41 0.186
WBC (/ub) 2,400 2.73 0.65 11.43 0.169 2.69 0.63 11.48 0.181
Neutrophil (/pl) 1,700 8.76 1.96 39.19 0.005 9.58 2.05 44.66 0.004
PT-INR 1.68 9.66 241 38.75 0.001 11.71 2.83 48.49 0.001
aPTT (seconds) 69 7.71 1.93 30.88 0.004 6.92 1.71 28.00 0.007
Fibrinogen (mg/dl) 149 0.51 0.10 2.53 0.410 0.51 0.10 2.51 0.405
FDP (ug/ml) 16.6 0.47 0.09 2.30 0.348 0.51 0.10 2.54 0.409
Tbil (mg/dl) 1.8 8.62 1.74 4273 0.008 11.34 221 58.30 0.004
AST (IU/L) 474 3.12 0.78 12.49 0.108 3.73 0.92 15.10 0.066
ALT (IU/L) 545 2.07 0.25 16.80 0.497 2.49 0.30 21.00 0.402
LDH (IU/L) 4,310 3.44 0.82 14.41 0.091 4.61 1.04 20.38 0.044
Tryglyceride (mg/dl) 221 3.32 0.40 27.60 0.266 323 0.38 27.26 0.282
BUN (mg/dl) 8 3.42 0.41 28.40 0.255 4.17 0.49 35.73 0.193
Ferritin (ng/ml) 20,300  3.69 0.88 15.46 0.074 3.86 0.92 16.23 0.065

this study, more than half of the patients were treated according to
the HLH-2004 protocol regimen, whilst 30% received corticoster-
oid or high-dose y-globulin and 10% received support care only.
Complete remission was achieved in 90% of patients, whilst
recurrence was observed in only 8.3% of the patients.

A previous study of patients with EBV-HLH reported that older
age (in adults), EBV reactivation, and multidrug chemotherapy
were associated with poor clinical outcomes in these patients [5].
We found that in our patients most of the clinical and laboratory
parameters, including EBV-load, NK activity EBV-infected cells,
and presence of clonality at the onset of disease could not be
associated with a poor outcome. Nakazawa et al. showed that
change of clonality could be a good marker of disease activity in
childhood EBV-HLH [22]. In our limited analysis, at least six
patients with EBV-HLH whose EB viral loads remained high after
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Fig. 3. Overall survival of the four different subgroups classified by the
levels of total bilirubin and ferritin.
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completion of initial therapy have shown long periods of remission,
without any further treatment, (Data not shown). In our study,
hyperbilirubinemia and hyperferritinemia at the time of diagnosis
were significantly associated with a poor outcome. Henter et al. also
reported that hyperbilirubinemia and hyperferritinemia at diagno-
sis, and thrombocytopenia and hyperferritinemia 2 weeks after the
initiation of treatment adversely affect the outcome of HLH [23].
Early identification of poor responder to initial treatment based on
the clinical or laboratory findings at onset could be benefit for the
further improvement of outcome of EBV-HLH. In this study,
among eight patients who died without remission, only one patient
survived beyond 8 weeks. Therefore, in order to improve the
outcome of EBV-HLH, it should be taken into consideration not
only to identify poor response but also to control the disease within
8 weeks after treatment.

Huang et al. reported that hypoalbuminemia is an independent
predictor for HLH in childhood EBV-associated disease [24].
Taken together, these findings suggest that every patient with EBV-
HLH should be treated with a tailored therapeutic strategy based
on the laboratory findings at the time of diagnosis. Although it has
been reported that hematopoietic stem cell transplantation is an
effective treatment for patients with refractory EBV-HLH [25]. The
randomized study should be needed to provide evidence that stem
cell transplantation could be superior in the outcome of children
with EBV-HLH compared to immune-chemotherapy [26].

Balamuth et al. [27] reported that adding rituximab to the HLH-
2004 treatment protocol improves the efficacy of the HLH-2004
regimen. Rituximab is a monoclonal antibody directed at CD20, a
protein primary found on the surfaces of B cells. Because EBV
targets B cells in the initial phase of the disease, rituximab’s
inhibition of B cells is thought to inhibit the extent of the infection.
In addition, B cells may be a target in EBV-associated disease, and
rituximab may well be able to reduce morbidity and mortality
because it reduces the circulating B cell population and the EB viral
load [28]. The anti-thymocyte globulin-based immunotherapy has
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Ulk1-mediated Atg5-independent macroautophagy
mediates elimination of mitochondria from

embryonic reticulocytes

Shinya Honda', Satoko Arakawa', Yuya Nishida!, Hirofumi Yamaguchﬂ, Eiichi Ishii? & Shigeomi Shimizu!

Macroautophagy is a highly conserved intracellular process responsible for the degradation of
subcellular constituents. Macroautophagy was recently suggested to be involved in the
removal of mitochondria from reticulocytes during the final stage of erythrocyte differ-
entiation. Although Atg5 and Atg7 are indispensable for macroautophagy, their role in
mitochondrial clearance remains controversial. We recently discovered that mammalian cells
use conventional Atg5/Atg7-dependent macroautophagy as well as an alternative
Unc-51-like kinase 1 (Ulk1)-dependent Atg5/Atg7-independent macroautophagy process.
We hypothesized that the latter may be involved in mitochondrial clearance from reticulo-
cytes during erythrocyte differentiation. Here we report that fetal definitive reticulocytes from
Ulk1-deficient and Ulk1/Atg5 double-deficient mice retain their mitochondria, whereas the
mitochondria are engulfed and digested within autophagic structures in wild-type and
Atg5-deficient mice. Mitochondrial retention by Ulk1-deficient reticulocytes is far less marked
in primitive and adult definitive reticulocytes. These data indicate that Ulkl-dependent
Atg5-independent macroautophagy is the dominant process of mitochondrial clearance from
fetal definitive reticulocytes.
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acroautophagy is an essential maintenance and protec-
tive catabolic process involving the digestion of cellular
componems and damaged organelles within the lyso-
somes!?. Macroautophagy occurs constitutively at a low level, but
is accelerated by cellular stressors, such as starvation, lack of
growth factors and DNA damage. The molecular basis of
macroautophagy was extensively studied using autophagy-
defective mutant yeasts and mammals®?, Tt is currently
accepted that macroautophagy is driven by >30 autophagy-
related proteins (Atgs) conserved from yeasts to mammals®, The
process of macroautophagy is initiated by the multiprotein
complex phosphatidylinositol 3-kinase (PI3K) type III containing
Atgé (also called Beclinl), which promotes membrane
invagination®. The subsequent elongation and closure of the
isolation membrane is mediated by two ubiquitin-like
conjugation pathways: the Atg5-Atgl2 pathway and the
microtubule-associated protein 1 light chain 3 (LC3) pathway™.

Both pathways depend on the El-like enzyme Atg7. Thus, several
core macroautophagy molecules are believed to be indispensable
for macroautophagy, particularly PI3K, Atg5 and Atg7.

We recently discovered that macroautophagy occurs in cells
lacking Atg5 and Atg7 (ref. 6). We named this process ‘alternative
macroautophagy’ to distinguish it from Atg5/Atg7-dependent
conventional macroautophagy. The role is similar to conventional
macroautophagy; whereby, cellular components and organelles
are digested within autophagosomes. But the signalling pathway
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involves PI3K, and not Atg5, Atg7 or LC3. We also found that
this pathway is largely dependent on Unc-51-like kinase 1 (Ulkl),
a mammalian homologue of yeast Atgl. This kinase is involved in
the initiation of conventional macroautophagy and several
regulatory mechanisms have been proposed. During starvation,
the mTOR complex 1 dissociates from Ulkl, leading to Ulkl
dephosphorylation and activation of the UIK1-Atgl3-FIP200-
Atgl0l complex’. In another p'uhwqy, Ulkl is stabilized and
activated by the Hsp90-Cdc37 complex®. Furthermore, it has
been reported that Ulkl is phmphmylated and acetylated by
AMP-activated protein kinase (AMPK)® and Tip60 (ref. 10),

respectively. All of the above reports were related to the
mechanisms by  which  Ulkl  initiates  conventional
macroautophagy. However, cells from Ulkl-knockout mice

maintained low but mgmﬁcam macroautophagy activity'!. This
study suggests that Ulkl is not essential for conventional Ath/
Atg7-dependent macroautophagy, but improves the efficiency'!.
This kinase was upregulated during alternative macroautophagy,
and Ulkl silencing markedly inhibited the alternative process®.
Therefore, Ulkl may have a dual role, as a facilitator of
conventional macroautophagy and as an essential trigger for
alternative macroautophagy.

Macroautophagy was previously considered to be a nonselec-
tive process, but recent studies demonstrated that distinct
macroautophagy sxgnalhn§ pathways regulate the digestion
of specific organelles'!. During erythrocyte maturation,
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Figure 1| Induction of conventional macroautophagy in Atg5-deficient erythroid cells by rapamycin and STS. (a) Expression of Ulkl and Atg5-12

in the indicated erythroid cells. (b-e) Induction of conventional macroautophagy in WT and UIk18V8, but not in Atg5~7/~,

embryonic erythroid cells.

Terl19* erythroid cells from WT, Atg5 =/ ~, and UIk18¥8 embryonic mice (E18.5) were treated with 1pM rapamycin (b,c) and 1uM STS (d,e), and then
harvested at the indicated times. (b,d) Representative protein expression of LC3 and p62 measured by western blot. Actin was a loading control.

Uncropped images are shown in Supplementary Fig. 10. (¢,e) Semi-quantitative analysis of LC3-1l/LC3-I and p62 protein expression (n=3, mean £ s.d.).
Asterisks indicate a significant difference at P<0.05 (analysis of variance (ANOVA)). #P<0.05 versus value of WT 24 h (ANOVA). ‘NS’ indicates not

significant (ANOVA).
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Figure 2 | Induction of alternative macroautophagy in Atg5-deficient erythroid cells by STS. (a) Induction of alternative macroautophagy in WT and
Ath‘/”, but not UIk1BY8t and DKO, erythroid cells. Erythroblasts and reticulocytes from the liver of embryonic mice (E18.5) were incubated with or
without STS (1uM) for 24 h, followed by staining with anti-Lamp2 (red), anti-Ter119 (green) and DAPI (blue). DAPI-positive erythroblasts and DAPI-
negative reticulocytes are shown. Lamp2 image and merged image (DAPI, Ter119 and Lamp2) are shown. Scale bar, Tpm. Large dots for Lamp2 are
observed in STS-treated WT and Atg5 =7 ~ cells, but not STS-treated UIK18Y8t or DKO cells. (b) Representative electron micrographs of EC incubated with
or without STS. Erythroid cells were harvested from the liver of embryonic mice (E18.5), incubated with or without STS (1pM) for 24 h, and analysed by
electron microscopy (EM). Scale bar, Tum. Insets of WT and Atg5~/~ cells show mitophagy (Scale bar, 0.5 um). Inset of a Ulk18Y/8t cell showing
mitochondria that have not been engulfed (Scale bar, 0.5 pum). Arrows point to non-engulfed mitochondria and the arrowheads indicate engulfed
mitochondria. (c-e) Quantitative analysis of mitophagy after STS treatment, calculated from EM photos. Population of reticulocytes with mitophagy
(€), number of mitochondria per reticulocytes (d) and population of reticulocytes showing macroautophagy (e) were calculated (n>35 cells per mouse).
The data are shown as mean £ s.d. (n=3). *P<0.05 versus value of WT (analysis of variance (ANOVA)); #P<0.05 versus value of Atg5~/ = (ANOVA);
‘NS’ indicates not significant versus value of WT (ANOVA).

the erythroblasts lose their nuclei to become reticulocytes, which  ultrastructural studies have detected autophagic structures
are transformed into erythrocytes (EC) by the elimination of engulfing mitochondria'®!>. The involvement of Atg5 and Atg7
organelles, including the mitochondria. It is believed that remains controversial due to conflicting reports'®~!8, In contrast,
macroautophagy is involved in this process because Ulkl has been reported to have an important role®!!. Therefore,
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we hypothesized that mitochondrial clearance during erythrocyte
maturation may be performed by Ulkl-dependent Atg5-
independent alternative macroautophagy. This hypothesis was
tested by studying mitochondrial clearance from fetal definitive
reticulocytes from Ulkl-deficient, Atg5-deficient and Ulkl/Atg5
double-deficient mouse embryos. The contribution of alternative
macroautophagy was determined on the basis of the difference
between the Atg5-deficient embryos and Ulkl/Atg5 double-
deficient embryos. We also determined the weak involvement of
Ulkl in mitochondrial clearance from primitive and adult
definitive reticulocytes. Our findings indicate that Ulkl-
dependent Atg5-independent macroautophagy is the dominant
pathway for mitochondrial clearance from fetal definitive
reticulocytes, whereas its role is less important in primitive and
adult definitive reticulocytes.

Results

Generation of Ulkl-deficient and Atg5/Ulkl-deficient mice.
Ulk1-deficient mice were generated from embryonic stem cells by
inserting a gene-trap in ulkl (Supplementary Fig. 1la). The
absence of Ulkl protein in the hematopoietic cells of Ulk18V&!
mice was verified by western blotting (Fig. 1a). The Ulk18Y8! mice
showed mild anaemia (Supplementary Fig. 1b) and splenomegaly
(Supplementary Fig. 1lc), consistent with the phenotype of
Ulkl =/~ mice!!. In addition, Ulk1/Atg5 double-deficient (DKO)
mice were generated by crossbreeding UIk18Y8' mice with
Atg5 T/~ mice (Fig. 1a). The terminal differentiation of EC
proceeded normally in Ulk18Y8,, Atg5 ™/~ and DKO mice, as
assessed by the expression of Terl19 and CD71 (Supplementary
Fig. 2). These markers were used to identify the different
maturation stages of erythroid cells into EC.

Induction of Ulkl-dependent mitophagy by staurosporine.
The wild-type (WT), Ulk18/8" and Atg5 '~ mice were first
tested for the presence of functional conventional and/or alter-
native macroautophagy in cells of the erythroid lineage. The cells
were harvested from the liver of embryonic mice on day 18.5
(E18.5) using microbeads conjugated with anti-Terl119 anti-
bodies. The cells were treated with rapamycin to selectively
induce conventional (not alternative) macroautophagyé, and
examined for the lipid conjugation of microtubule-associated
protein LC3 that occurs during conventional (but not alternative)
macroautophagy®. LC3-II (a lipid conjugate) was observed in WT
cells, but not in Atg5~/~ cells, after rapamycin treatment
(Fig. 1b,c). Lesser LC3-II formation was detected in Ulk18Y8¢ cells

than in WT. We also examined the expression of p62, a specific
substrate of conventional macroautophagy. Consistent with
LC3-1I formation, the highest expression of p62 was found in
Atg5 ™/ cells, followed by UIk18/8" and WT cells (Fig. 1b,c).
Similar results were obtained when these cells were treated with
staurosporine (STS), a pan-kinase inhibitor (Fig. 1d,e). These
results show that the lack of Ulkl expression partially inhibited
conventional macroautophagy in erythroid cells.

Conventional and alternative macroautophagy were visualized
by confocal microscopy using the non-selective autophagy
inducer STS and antibodies against lysosomal-associated
membrane protein 2 (Lamp2). Lysosomes are small vesicles
distributed throughout the cytosol, so that Lamp2 fluorescence is
seen as tiny dots. After the induction of macroautophagy,
lysosomes fuse with autophagic vacuoles and the area of
Lamp2 fluorescence become much larger. Thus, large Lamp2
fluorescence dots are identical to autolysosomes, as described
previously®. Small diffuse fluorescent dots were observed in
untreated WT erythroid cells, whereas STS-treated W'T erythroid
cells contained large fluorescent dots (Fig. 2a) suggestive
of macroautophagy induction. Large fluorescent dots similar in
size and number were observed in STS-treated Atg5~/~
erythroid cells. Because conventional macroautophagy was not
induced in these cells, the large Lamp2 dots suggest that STS
induced alternative macroautophagy. In contrast, fewer large
Lamp2 dots were detected in STS-treated Ulk18Y8" and
STS-treated Ulk18/8" Atg5 ~/~ DKO erythroid cells, suggesting
that Ulkl is involved in both conventional and alternative
macroautophagy.

The two types of macroautophagy were distinguished using
anti-LC3 antibodies because this protein only associates with
autolysosomes during conventional macroautophagy, and there-
fore is a good marker to distinguish these two types of autophagic
machineries. In this assay, the addition of a lysosomal protease
inhibitor (E64d) was required to prevent LC3 degradation in
autolysosomes. Selective induction of conventional macroauto-
phagy with rapamycin generated only LC3-positive Lamp2 dots
in WT cells (Supplementary Fig. 3). In contrast, STS-treated
Atg5 /™ cells, where alternative macroautophagy was selectively
generated, contained only LC3-negative Lamp2 dots
(Supplementary Fig. 3). Expectedly, STS-treated WT and
Ulk18Y8 cells possessed both types of Lamp2 dots. In addition,
the size and number of Lamp2 dots was significantly lower in
Ulk18V8¢ cells (Supplementary Fig. 3). These findings suggest that
STS induces conventjonal and alternative macroautophagy, both
of which are largely dependent on Ulkl.

Figure 3 | Impaired clearance of mitochondria in UIKT8Y8t and DKO EC. (a) Three-colour flow cytometry of erythroid cells from WT embryonic liver
(E14.5) stained with anti-Ter119, anti-CD71 and Mitotracker Deep Red. (Left upper panel) Ter119 versus CD71 fluorescence. (Other panels) FSC versus
Mitotracker fluorescence of the R1 (right upper panel), R2 (left lower panel) and R3 (right lower panel) fractions. (b,c) Percentage of cells with a low
number of mitochondria (mitochondrial®¥ cells) among CD71~ Ter19+ EC. Erythroid cells from the liver (E14.5 and E18.5) and peripheral blood (F18.5) of
indicated mice were stained with anti-Ter119, anti-CD71 and Mitotracker Deep Red. (b) Representative histograms of mitochondrial content in

CD71~ Ter!19+ cells. Numbers indicate the population of mitochondrial®¥ cells. (¢) The percentage of CD71~ Ter119+ cells without mitochondria was
determined by gating the mitochondria®* fraction, as shown in (b) (mean s.d., n=6). *P<0.05 versus value of WT (analysis of variance (ANOVA));
#p <0.05 versus value of Atg5 =/~ (ANOVA); ‘NS’ indicates not significant versus value of WT (ANOVA). (d) Percent mitochondrial®¥ cells in the
CD71~ Terl19* EC of A’tg7F/FCre embryo. Erythroid cells from the liver and peripheral blood of WT and Atg7"FCre embryo (E18.5) were stained with
anti-Ter119, anti-CD71, and Mitotracker Deep Red (mean +s.d., n=3). *P<0.05 versus value of WT (Student's t-test). (e) Percentage of mitochondrial®¥
cells in Syto16/°% cells. Liver erythroid cells (E18.5) were stained with Syto16 (DNA) and Mitotracker Deep Red. Representative dot plots of the
mitochondrial content of Syto16!°% cells are demonstrated in Supplementary Fig. 5, the percentage of Syto16'°‘” cells without mitochondria was determined
by gating the mitochondria'®¥ fraction (mean £ s.d., n=6). *P<0.05 versus value of WT (ANOVA): #P<0.05 versus value of Ath‘/‘ (ANOVA); ‘NS’
indicates not significant versus value of WT (ANOVA). (F Immunofluorescent analysis of mitochondrial and lysosomal proteins. Liver Ter119+ cells (E18.5)
of the indicated mice were stained with anti-Tom20 (mitochondrial marker) and anti-Lamp2 (lysosomal marker) antibodies, and observed by fluorescent
microscopy. Scale bar, 2 um. Green, red, white, and blue indicate Tom20, Lamp2, Ter119 and DAPI (DNA), respectively. Mitochondrial and lysosomal
markers have separate distributions in UIk188t cells and DKO cells.
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The process of STS-mediated macroautophagy in erythroid
cells was further examined by electron microscopy. In WT cells,
this exposure caused the formation of several large autophagic
vacuoles. The vacuoles engulfed cytoplasmic constituents and

E18.5 Liver-derived cells

Atgs™™ Ulk19v8t DKO

Tom20

Lamp2

DAP!

Tom20
Lamp2
Ter119

mitochondria. Erythroid cells may be unusually susceptible
to mitochondrial digestion by macroautophagy (‘mitophagy’)
because this phenomenon was rarely observed in STS-treated
embryonic fibroblasts. Similar autophagic vacuoles were observed
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in Atg5 ™/~ erythroid cells, but not in DKO erythroid cells
(Fig. 2b). Quantitative analysis revealed that mitophagy occurred
in about 50% of WT cells and 60% of Atgs '~ cells (Fig. 2¢),
and the number of mitochondria among these cells was low
(Fig. 2d). Autophagic vacuoles were also observed in STS-treated
Ulk18Y8 cells (Fig. 2b,e), but most of them were not used for
mitophagy. Thus, the cell population exhibiting mitophagy was
small (Fig. 2¢), and the number of mitochondria in STS-treated
Ulk18Y2" cells was higher than in STS-treated WT or STS-treated
Ath“/ ~ cells (Fig. 2d). DKO cells contained only a few
autophagic vacuoles (Fig. 2b,e), and the mitochondrial numbers
were high (Fig. 2d). Although STS is a well-known apoptosis
inducer, the apoptotic cell population was low (<25%) under
these conditions (Supplementary Fig. 4a). Furthermore, the
apoptosis inhibitor Qvd-fmk did not significantly alter the extent
of mitochondrial clearance (Supplementary Fig. 4b), indicating
that apoptosis was not involved in macroautophagy and
mitochondrial clearance. Altogether, these findings indicate that
STS induces both conventional and Ulkl-dependent alternative
macroautophagy in erythroid cells, and that mitochondria are
mainly removed by the latter.

Mitochondrial removal by alternative macroautophagy in vivo.
Experiments were designed to determine the role of
Ulkl-dependent alternative macroautophagy in mitochondrial
clearance during erythrocyte differentiation. Hematopoietic
ontogeny includes three waves of erythroid lineage: primitive,
fetal definitive and adult definitive. The existence of this process
in fetal definitive erythroid cells was assessed. Three-colour flow
cytometric analysis was conducted using a marker of erythroid
precursors (CD71), a marker of late stage erythroid lincage
(Ter119) and mitochondria-specific Mitotracker Deep Red
staining, indicating that nearly all CD71 " Ter119 ~ cells (Fig. 3a
left upper panel; R1 fraction) and CD71 " Ter119" cells (Fig. 3a
left upper panel; R2 fraction) showed strong Mitotracker staining
(Fig. 3a right upper and left lower panels) in erythroid cells
harvested from the liver of WT embryos on E14.5. In contrast,
about 60% of the CD71 " Ter1197T cells (mature EC) showed
weak Mitotracker staining (Fig. 3a left upper panel; R3 fraction,
Fig. 3a right lower panel) due to mitochondrial clearance during
differentiation. The cell population containing low numbers of
mitochondria (mitochondrial®" cells) among mature Atg5~/~
EC (Fig. 3b,; B14.5 Atg5 /™) was equivalent to that of mature
WT EC (Fig. 3b,c; E14.5 WT). This population was smaller in
Ulk188t and DKO EC (Fig. 3b,c; E14.5 Ulk18/8' and DKO).
These data show that erythrocyte differentiation requires Ulkl,
but not Atg5, for mitochondrial clearance on E14.5.

In mature EC harvested from the liver and blood on E18.5,
most WT cells no longer contained mitochondria (Fig. 3b,c; E18.5
WT), whereas <25% of Ulk18¥8! and DKO EC had lost their
mitochondria (Fig. 3b,c; E18.5 Ulk18¥8t and DKO), indicating a
failure to clear mitochondria in the absence of Ulkl. The
mitochondria'®¥ population among mature Atg5~/~ EC was
smaller than that among mature WT EC, but considerably larger
than that among Ulki8¥8" and DKO EC (Fig. 3b,c; E18.5
Atg5~/ 7). Similar results were obtained with hematopoietic-
specific Atg7 conditional knockout (Atg7"Fvavi-cre (Atg7

ECre)) mice (Fig. 3d). These data indicate that Ulkl plays a
predominant role, compared with that of Atg5 and Atg7, in
mitochondrial clearance from reticulocytes on E18.5. During
erythrocyte differentiation, mitochondria elimination is initiated
after enucleation. Therefore, the efficiency of mitochondrial
clearance was determined by staining cells with the DNA-specific
stain Syto16 and Mitotracker Deep Red. Syto16'°% cells identified
enucleated cells, and the efficiency was calculated from the ratio

of mitochondria'® Syto16'°% cells to the total amount of Syto16°%
cells (Supplementary Fig. 5). The population of mitochondrial®
Syto16'°% EC was smaller in Ulk18/8 and DKO embryos than in
WT, Atgs~/~ and Atg7"/"Cre embryos (Fig. 3¢). These data are
consistent with the results obtained by Ter119/CD71/Mitotracker
staining (Fig. 3c,d). Furthermore, when late erythroid lineage
Ter119-positive cells were immunostained with mitochondria-
specific anti-Tom20 antibodies, positive signals were detected in
most Ulk1878" and DKO EC, but only in a few WT and Atg5~/~
EC (Fig. 3f). Mitochondrial signals rarely merged with Lamp2
fluorescence in Ulk18V8! and DKO EC, suggesting that mitophagy
did not occur. Altogether, these data indicate that Ulkl is
considerably more important than Atg5 for mitochondrial
clearance from reticulocytes during the embryonic period.

The involvement of macroautophagy during the mitochondrial
clearance from reticulocytes was further investigated on the basis
of ultrastructural changes visualized by EM. On E14.5, the
mitochondria was engulfed and digested by autophagic vacuoles
in WT reticulocytes (Fig. 4a) and Atg5 /= reticulocytes
(Fig. 4b). The cell population exhibiting mitophagy was similar
in these two types of reticulocytes (Fig. 4g), whereas mitophagy
was largely suppressed in Ulk18V8! reticulocytes (Fig. 4c,g). These
findings are consistent with the data obtained by flow cytometry
(Fig. 3¢,e). In DKO reticulocytes, mitophagy was also markedly
suppressed, compared with WT reticulocytes (Fig. 4e,g). Accord-
ingly, the number of mitochondria remaining in Ulk18/8" and
DKO reticulocytes was larger than in WT and Atg5~/~
reticulocytes (Fig, 4h). Numerous mitochondria were in contact
with the membranous structure in Ulk18Y8' and DKO reticulo-
cytes. This may indicate that mitochondria were recognized by
the isolation membrane, but not enclosed due to the lack of UlkI.
Some of the Ulk1&/8" and DKO reticulocytes formed plasma
membrane blebs and shed cell fragments containing mitochon-
dria (Fig. 4d.,f), which may represent a process that removes
undigested mitochondria. All these morphological findings
support a predominant role for Ulkl-dependent Atg5-indepen-
dent macroautophagy in the mitochondrial clearance from
reticulocytes.

To address the molecular mechanisms of mitophagy durip§
erythrocyte differentiation, erythroblasts (EB; mitochondriali
Sy‘c016high cells) and reticulocytes (RC; mitochondrialish
Syto16°% cells) were isolated from embryonic liver using
Terl19-conjugated beads, followed by flow cytometric cell
sorting. EC (Terl19-positive cells) were also purified from
peripheral blood using Ter119-conjugated beads. The expression
of key mitochondrial proteins was examined by western blotting.
The mitochondrial outer membrane proteins, Tom20 and VDAC,
were absent in EC from WT embryos due to mitochondrial
clearance. They were detected at low levels in Atg5 ~/~ EC and
at high levels in Ulk18"8t and DKO EC (Fig. 5a,b). These data
confirmed the partial impairment of mitochondrial clearance in
Atg5 ™/~ and severe impairment in Ulk18Y8' and DKO EC. The
protein Nix was recently identified as a selective autophagy
receptor responsible for mitochondrial clearance from reticulo-
cytes'=22, Accordingly, the expression level of Nix in these cell
types was proportional to the extent of mitophagy (Fig. 5a,b; EC).
Conventional macroautophagy was detected in WT and Ulk18Y8!,
but not in Atg5 ™/~ and DKO, erythroblasts and reticulocytes,
based on the levels of LC3-II and p62 (Fig. 5a,b). However, this
process may not be involved in mitochondrial clearance because
mitophagy occurred in Atg5 ™/~ cells where conventional
macroautophagy was absent. Furthermore, most signals for LC3
(conventional macroautophagy marker) did not co-localize with
Tom20 signals (mitochondria marker) in the erythroblasts
and early reticulocytes of WT and Ulkl8/8" embryos
(Supplementary Fig. 6). Therefore, conventional macroautophagy
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