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TABLE II. Patients Characteristics
Therapy groups Gl G2 G3 G4 Total (%)
No. of patients 17 103 111 90 321
Sex
Male 12 72 90 71 245 (76)
Female 5 31 21 19 76 (24)
Age
0-4 2 12 18 16 48 (15)
5-9 3 45 42 39 129 (40)
10-14 8 42 42 27 119 (37)
15— 4 4 9 8 25 (8)
Histology
BL/BLL/B-ALL 5 33 62 80 180 (56)
DLBCL 12 58 26 5 101 (31.4)
MLBCL 0 0 2 0 2 (0.6)
Others 0 12 21 5 38 (12)
Primary sites
Thorax 5 30 7 1 43
Head & neck 5 39 12 2 58
Peripheral lymph nodes 0 3 3 0 6
Abdomen 7 29 75 11 122
Mediastinum 0 0 8 0 8
B-ALL 0 0 0 73 73
CNS 0 0 0 2 2
Other tumor site 0 2 5 0 7
Not specified 0 0 1 1 2
BM involvement 0 0 22 80 102 (32)
CNS involvement 0 0 0 38 38 (12)

BL, Burkitt lymphoma; BLL, Burkitt-like lymphoma; B-ALL, Burkitt leukemia; DLBCL, diffuse large B-cell lymphoma, MLBCL, mediastinal

large.

for patients (n = 10) with CNS involvement only (BM—, CNS+),
and 75.0% +8.2% for patients (n=28) with BM and CNS
involvements (BM+/CNS+), (P =0.102) (Fig. 3D). Outcome by
treatment response to initial A courses were as follows: The 4-year
OS and EFS for patients who achieved CR (n=236) or CRu
(n=>54) at the last evaluation time were 95.7% +1.6% and
93.5% + 1.6%, and 96.1% =+ 2.7% and 86.9% = 4.6%, respectively,
while the 4-year OS and EFS for patients (n=13) who did
not achieve CR/CRu was 69.2% +12.8% and 15.4% +10.1%
(P < 0.001), respectively.

Treatment Failure Events

Forty patients experienced an event and 25 have died (Fig. 2). The
cause of death was tumor progression in 14, infection in 7, stem cell
transplantation-related death in 3, and pulmonary bleeding in 1. The
40 events consisted of 13 induction failures, 6 deaths, 20 relapses,
and one second cancer. Of thel3 patients (6 in Group 3 and 7 in
Group 4) who failed the initial treatment, 4 patients in Group 3
received salvage therapy and achieved CRu. At the time of the last
analysis, 8 patients (4 in Group 3 and 4 in Group 4) were alive
without tumor. Death in remission occurred in 3/321 (1%) patients:
two died of infection and one died of pulmonary bleeding. The
longest duration before relapse from the start of therapy was
38.9 months in DLBCL and 13.6 months in Burkitt histology.
Relapse sites were 10 in local, 6 in BM, 2 in BM+CNS, one in
local + CNS, and one in CNS. All CNS relapse occurred in patients
with BL, but not with DLBCL. Thus, isolated CNS failure was only
one among 38 patients with CNS involvement. Of the 20 relapsed
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patients, 11 died and 9 survived without tumor. A second cancer
occurred among the patients who failed the initial treatment:a 12~
year-old male with BL developed a secondary malignancy with acute
myeloid leukemia (FAB MS5) 17 months after the initial diagnosis.

Toxicity

Acute toxicity of treatment courses (A and B) was evaluated by
the scale of NCI-CTC version 2.0., and rates of acute toxicity Grade
3 among patients in Groups 2, 3, and 4 are shown in Supplemental
Table I. Anemia and neutropenia were the most frequent
hematological toxicities with grade III or IV in all groups. In
particular, grade IV neutropenia occurred in almost all patients
(>98%) during A courses. In nonhematologic toxicity, infection
was the single most frequent occurring with grade III or IV at least
once in 70% of patients although the rate of grade IV infection was
very small (<1%). Stomatitis and hepatotoxicity were also
frequent, occurring with grade III or IV at least once in 20-35%
and 24-38% of patients, respectively. The rate of renal toxicity
grade III was very low. Leukoencephalopathy was reported in two
patients of Group 3, and their MRI findings disappeared within
2 months without neurological symptoms. The overall incidence of
renal insufficiency associated with tumor lysis syndrome was 2 out
of 96 (2%) in Group 4, and these required assisted renal support
with continuous hemodiafiltration.

DISCUSSION

During the last two decades, the survival outcome of children
with B-NHL has been markedly improved through consecutive
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Fig. 3. Kaplan-Meier curves for OS and EFS of all patients (A). Kaplan—Meier curves for EFS according to treatment group (B), histology (C),

and BM/CNS involvement (D).

clinical trials in large study groups, and the cure rate of childhood
B-NHL has reached 90% [1-6]. In the present study, we showed an
excellent survival outcome with 4-year OS 93% in children with
B-NHL. In our study, the 4-year EFS 84% of Group 3 patients was
considerably lower than the 4-year EFS 90% of intermediate risk
group in the FAB/LMB96 study [5] or the 6-year EFS 88% of stage
I patients in the BFMO90 study [2], whereas, the 4-year EFS 78% of
Group 4 patients compared favorably with the 4-year EFS 79%
of high-risk group in the FAB/LMB96 study [5] and the 6-year
EFS 74% of stage IV/B-ALL patients in the BFM90 study [2].
This outcome was obtained via the short-intensive chemotherapy
regimen based on COPAD (CPM, VCR, PSL, and ADR) regimen
plus the HDMTX of the lymphomas malin B (LMB) studies [3]. We
omitted cranial irradiation for all patients, because recent studies
have suggested the possibility of deleting radiotherapy in treating
CNS diseases as well as CNS prophylaxis [2,3,5,9]. However,
having no experience in administrating 8 g/m* HDMTX, we
employed 5 g/m? HDMTX over 24 hour-infusion and not the 8 g/m?
HDMTX over 4 hour-infusion in the LMB protocols for treating
patients with CNS disease [3,5]. The treatment result for CNS
disease was satisfactory, because CNS failure was only one of 38
patients with primary CNS disease in the present study.

This suggests that the 5 g/m* HDMTX over 24 hour-infusion is
equally as effective to the CNS-positive disease as the aforemen-
tioned 8 g/m®> HDMTX over 4 hours infusion, and reinforces the
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possibility that CNS irradiation could be omitted without
jeopardizing the outcome of patients with CNS disease by using
systemic and it MTX therapy [3,5,9].

The treatment of DLBCL as well as BL was another important
focus of our study, because the incidence of DLBCL in childhood
B-NHL is relatively more frequent than that of Western countries:
the number of DLBCL was almost similar to that of BL (excluding
B-ALL) in the present study and our recent national survey for
childhood hematological malignancies has shown that the ratio of
DLBCL to BL was 0.79 [14]. In our study, according to the strategy
that DLBCL was treated by short-pulse chemotherapy as well as
BL [15], we followed the same protocol, and achieved a favorable
outcome of 4-year EFS with 87% for DLBCL which was not
inferior to that of BL. This outcome can be partly explained by
shared biological features, that is, that more than half of childhood
DLBCL has the molecular subtypes of BL [16].

Several factors associated with poor outcome in the high-risk
group in childhood B-NHL have been reported. Cairo et al. has
shown a significantly inferior outcome (4-year EFS 61% =+ 6%) of
the subgroup of children with combined BM and CNS involvement
at diagnosis as compared with children with BM or CNS only [5].
However, our results in Group 4 showed that the outcome (4-year
EFS 75% +8%) of this subgroup with BM+4/CNS+ was not
significantly inferior than that of the subgroup with BM+
(83% £ 4%) or CNS+ (60% =+ 1%). Failure to initial therapy is



also known to be a strong, unfavorable prognostic factor. Past
studies in LMB 89/96 have shown that non-responders to pre-phase
therapy (COP regimen) suffer a significantly inferior outcome as
compared with responders or incomplete responders [3,5]. In our
study, an appropriate evaluation of tumor regression just after pre-
phase therapy was difficult for many patients, such that we
compared the outcome according to response at the final evaluation
time after two or three courses of therapy. These results showed that
4-year EFS of patients who did not achieve CR/CRu was only
15% £ 10%, which was as dismal as the outcome of poor-
responders to COP regimen in the FAB/LMB 96 study [5]. To
rescue the poor-responders in our study, we employed salvage
therapy with high-dose Ara-C and VP16 to patients who did not
achieve remission after 2 or 3 courses of therapy in Group 2 or 3, as
in the BFM90 or FAB96 study [2,4]. As a result, 4 of 6 patients in
Group 3 received salvage therapy and survived without tumor. This
response rate was similar to that of FAB96 study, in which 10 out of
16 patients who received the second phase treatment intensification
after the consolidation phase were alive. Thus, our results
reconfirmed the efficacy of the salvage therapy.

Management of acute toxicity by short-pulse intensive
chemotherapy is essential to successfully carry out the treatment
protocol for childhood B-NHL. In our study, grade IV neutropenia
occurred in almost all patients, but the rate of grade IV infection was
quite low. Consequently, therapy-related death was less than 1% in
all patients, and 2.1% in Group 4 patients. These results show the
safety and feasibility of our treatment protocol. Anthracycline
cardiotoxicity and secondary malignancy by alkylating agents
are serious late events in pediatric cancer treatment [17,18]. To
reduce the risk of cardiotoxicity, we employed THP-adriamycin
(pirarubicin) instead of ADR. Pirarubicin is a derivative of ADR
with reportedly less cardiotoxicity in adults [19-24]. Recently, we
have reported that no significant cardiac dysfunction was detected
in long-term survivors of children with acute lymphoblastic
leukemia who received THP treatment [25-27]. In the present
study, there were no patients with cardiac insufficiency or cardiac
myopathy during the 7-year observation period. These results
suggest that late-onset cardiotoxicity induced by pirarubicin is
uncommon in childhood lymphoid malignancies, at least up to the
cumulative dose of 240 mg/m® In our study, there was one male
with a second cancer with acute myeloid leukemia, although the
correlation between his second cancer and the protocol treatment is
uncertain because he was resistant to the pre-phase followed by
arbitrary treatment.

As shown above, chemotherapy-related toxicity of our protocol
treatment was within acceptable range. However, a 6-course
treatment for Group 3 seemed to be more intensive as compared
with a 4-course treatment for intermediate risk group in the FAB96
study [4]. In order to reduce the total dose of cytotoxic drugs
without impairing the survival outcome, new approaches including
targeted monoclonal antibody therapy in combination with
chemotherapy [28,29], are needed for children with an advanced
or resistant disease in coming studies.

In conclusion, our nationwide study resulted in a cure rate above
90% with <1% toxic death in childhood B-NHL.
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Hepatocytes Buried in the Cirrhotic Livers of
Patients With Biliary Atresia Proliferate and
Function in the Livers of Urokinase-Type
Plasminogen Activator-NOG Mice

Hiroshi Suemizu,'* Kazuaki Nakamura,** Kenji Kawai,? Yuichiro Higuchi,' Mureo Kasahara,’

Junichiro Fujimoto,® Akito Tanoue,® and Masato Nakamura®
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Experimental Animals, Kanagawa, Japan; *Department of Pharmacology. Department of Transplant
Surgery, and °Clinical Research Center, National Center for Child Health and Development, Tokyo, Japan;
and °Department of Pathology and Regenerative Medicine, Tokai University School of Medicine,
Kanagawa, Japan

The pathogenesis of biliary atresia (BA), which leads to end-stage cirrhosis in most patients, has been thought to inflame
and obstruct the intrahepatic and extrahepatic bile ducts. BA is not believed to be caused by abnormalities in parenchymal
hepatocytes. However, there has been no report of a detailed analysis of hepatocytes buried in the cirrhotic livers of
patients with BA. Therefore, we evaluated the proliferative potential of these hepatocytes in immunodeficient, liver-injured
mice [the urokinase-type plasminogen activator (uPA) transgenic NOD/Shi-scid IL2rynull (NOG); uPA-NOG strain]. We suc-
ceeded in isolating viable hepatocytes from the livers of patients with BA who had various degrees of fibrosis. The isolated
hepatocytes were intrasplenically transplanted into the livers of uPA-NOG mice. The hepatocytes of only 3 of the 9 BA
patients secreted detectable amounts of human albumin in sera when they were transplanted into mice. However, human
leukocyte antigen—positive hepatocyte colonies were detected in 7 of the 9 mice with hepatocyte transplants from patients
with BA. We demonstrated that hepatocytes buried in the cirrhotic livers of patients with BA retained their proliferative
potential. A liver that was reconstituted with hepatocytes from patients with BA was shown to be a functioning human liver

Additional Supporting Information may be found in the online version of this article.

Abbreviations: 5-CF, 5-carboxyfluorescein; 5-CFDA, 5(6)-carboxyfluorescein diacetate: «SMA, alpha smooth muscle actin; ABC,
adenosine triphosphate-binding cassette; ALB, albumin; BA, biliary atresia; BC, bile canaliculus; CFDA, 5-carboxyfluorescein
diacetate; CYP, cytochrome P450; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hALB, human albumin; H&E, hematoxy-
lin and eosin; HIF, high intrinsic fluorescence; HLA, human leukocyte antigen; IF, intrinsic fluorescence; LT, liver transplantation;
MRP2, multidrug resistance-associated protein 2; ND, not detected by an enzyme-linked immunosorbent assay; NGS, normal
goat serum; NMS, normal mouse serum; NR1, nuclear receptor subfamily 1; NRS, normal rabbit serum; PELD, Pediatric End-
Stage Liver Disease; PI, propidium iodide; SLC, solute carrier family: UGT, uridine diphosphate glucuronosyltransferase; uPA,
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with a drug-metabolizing enzyme gene expression pattern that was representative of mature human liver and biliary func-
tion, as ascertained by fluorescent dye excretion into the bile canaliculi. These results imply that removing the primary etiol-
ogy via an earlier portoenterostomy may increase the quantity of functionally intact hepatocytes remaining in a cirrhotic liver
and may contribute to improved outcomes. Liver Transpl 20:1127-1137, 2014. © 2014 AASLD.

Received January 2, 2014; accepted May 10, 2014.

Biliary atresia (BA), the most common pediatric cho-
lestatic disease, is caused by the progressive fibro-
obliterative obstruction of the extrahepatic and intra-
hepatic bile ducts within the first few weeks of life.!?
The current surgical treatment is sequential. In the
first few weeks of life, a Kasai portoenterostomy is
performed to bypass the obstructed extrahepatic bile
ducts and restore the biliary flow.®> Approximately
20% of all patients who undergo portoenterostomy
during infancy survive into adulthood with their
native liver.2* In general, it is advantageous to per-
form portoenterostomy as early after birth as possible
to optimize the chance of success.® Patients who fail
to undergo portoenterostomy experience a gradual
deterioration of liver function and develop progressive
fibrosclerosis; after the initial successful establish-
ment of bile flow, liver transplantation (LT) is the only
treatment option. Although several etiologies of BA
have been postulated, the precise pathogenesis of BA
remains unknown. Some factors that might contribute
to its development are genetic, infective, inflamma-
tory, and toxic insults.’ In most cases, BA is associ-
ated with an intensive inflammatory infiltrate; this
knowledge led us to the conjecture that BA results
from an infectious or autoimmune destruction of the
bile ducts. For example, the infection of newborn mice
with the Rhesus rotavirus results in a BA-like dis-
ease.®® Meanwhile, hepatocytes from patients with
BA have not been thought to be involved in the devel-
opment of chronic obstructive cholestasis. We and
other groups have developed mice with humanized liv-
ers in which the liver is reconstituted with human
hepatocytes so that in vivo drug metabolism and liver
regeneration can be studied.®!! Therefore, the aims
of this study were to evaluate the in vivo proliferative
potential and functional properties of hepatocytes
buried in the cirrhotic livers of BA patients.

MATERIALS AND METHODS

Specimens from the National Research Institute for
Child Health and Development were collected in a
standardized manner with the permission of the
patients’ families.

Animals

All mouse studies were conducted in strict accordance
with Guide for the Care and Use of Laboratory Animals
from the Central Institute for Experimental Animals.
All experimental protocols were approved by the
animal care committee of the Central Institute for
Experimental Animals (permit number 110294A). All

surgeries were performed under isoflurane anesthe-
sia, and all efforts were made to minimize animal
suffering. All studies using mouse tissue with trans-
planted human cells were approved by the ethics and
biosafety committee of the National Research Institute
for Child Health and Development and the Central
Institute for Experimental Animals. The urokinase-
type plasminogen activator (uPA) transgenic NOD/
Shi-scid IL2rynull (NOG); uPA-NOG strain'! was
maintained through the breeding of a female uPA-
NOG hemizygote with a male homozygote. The zygo-
sity of the uPA transgene was presumed from the
degree of liver damage, which was examined through
the determination of the serum levels of alanine ami-
notransferase with a Fuji DRI-CHEM 7000 clinical
biochemical analyzer (Fujifilm Corp., Tokyo, Japan).
The uPA-NOG mice with serum alanine aminotrans-
ferase activity greater than 150 U/L were selected as
homozygotes and were then used as transplant
recipients.

Isolation of Hepatocytes From the Livers
of Patients With BA

The entire experimental protocol was approved by the
ethics and research committee of the National Center
for Child Health and Development. Written informed
consent was obtained in each case. Except for the
pieces of liver tissue that were used as pathological
specimens, the enucleated diseased livers from the
transplant recipients were discarded. The human
hepatocytes used in this study were procured from
liver tissue removed from BA patients who met the
diagnostic criteria [Pediatric End-Stage Liver Disease
(PELD) score'?>6 points] for LT operations. The lev-
els of fibrosis were categorized according to the follow-
ing criteria: () mild (portal fibrous expansion to
bridging fibrosis involving <50% of portal tracts), (II)
moderate (bridging fibrosis involving >50% of portal
tracts), and (lII) severe (bridging fibrosis involving
>50% of the portal tracts with nodular architectural
changes).'® Patient 141, who had grade III fibrosis
and a PELD score of O, had portopulmonary syn-
drome (intrapulmonary shunting). The shunt ratio,
calculated with technetium-99m macroaggregated
albumin (ALB) scintigraphy, was 16.8%, which indi-
cated a relatively mild shunt. The hepatocytes were
isolated from the resected liver tissue through the
2-step collagenase perfusion'? of the liver samples, as
described previously.!® Hepatic parenchymal cells
were isolated with low-speed centrifugation (50g). Cell
numbers and viability were assessed with trypan blue
exclusion.'®
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Flow Cytometry Analysis

The hepatocytes were stained with 1 mg/mL propidium
iodide (PI; Sigma-Aldrich Co. LLC, St. Louis, MO),
which stains dead cells. The intensity of 502-nm fluo-
rescence was measured as intrinsic fluorescence (IF).
Flow cytometry data were collected with a FACSCanto
analyzer and BD FACSDiva software (BD Biosciences,
Franklin Lakes, NJ). The data were analyzed with the
FlowJo program (Tree Star, Inc., Ashland, OR).

Transplantation of Hepatocytes Into uPA-NOG
Mice

Hepatocytes from patients with BA and comimercially
available cryopreserved human hepatocytes from a 4-
year-old female (NHEPS, Lonza, Walkersville, MD) were
used as donor cells. Young (8-week-old) male uPA-NOG
mice were used as the recipients of the human hepato-
cytes. One million viable hepatocytes were injected
intrasplenically via a Hamilton syringe with a 26-G nee-
dle. The successful engraftment of the human hepato-
cytes was evaluated through the measurement of the
blood level of human albumin (hALB) with an hALB
enzyme-linked immunosorbent assay quantitation kit
(Bethyl Laboratories, Montgomery, TX) according to the
manufacturer’s protocol. The replacement index, which
was the percentage of human donor hepatocytes in the
recipient liver, was estimated according to the hALB
concentration in chimeric mice.'”

Histology and Immunohistochemistry

The tissues were fixed with 4% (vol/vol) phosphate-
buffered formalin (Mildform, Wako Pure Chemical
Industries, Ltd., Osaka, Japan), and 5-um paraffin-
embedded sections were stained with Azan-Mallory
staining reagents (Muto Pure Chemicals, Tokyo, Japan)
to visualize the collagen and muscle fibers and with
hematoxylin and eosin (H&E). Some sections were
autoclaved for 10 minutes in a target retrieval solution
[0.1 M citrate buffer (pH 6.0) and 1 mM ethylene dia-
mine tetraacetic acid (pH 9.0)] and were then equili-
brated at room temperature for 20 minutes.
Monoclonal mouse anti-human leukocyte antigen
(anti-HLA) class 1 (A-C) antibodies (clone EMRS-5,
Hokudo, Sapporo, Japan; 1:2000),'® polyclonal goat
anti-human ALB antibodies (Bethyl Laboratories;
1:1500), polyclonal rabbit anti-cytochrome P450 3A4
(CYP3A4) antibodies (Abcam, Inc., Cambridge, MA;
1:500), monoclonal mouse anti-human Ki-67 antigen
antibodies (clone MIB-1; Dako Denmark A/S; 1:50),'°
monoclonal mouse anti-human multidrug resistance-
associated protein 2 (MRP2) antibodies (clone M2 III-6,
Millipore, Billerica, MA; 1:100),2° monoclonal rabbit
anti-vimentin (anti-VIM) antibodies (clone SP20,
Nichirei Bioscience, Tokyo, Japan; 1:1500),*' and
monoclonal rabbit anti-alpha smooth muscle actin
(anti-aSMA) antibodies (clone 1A4, Leica Microsystems,
Tokyo, Japan; 1:200)*? were used as primary antibod-
ies. Normal mouse serum (NMS), normal goat serum
(NGS), and normal rabbit serum (NRS) were used as
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negative controls for immunostaining. For bright-field
immunohistochemistry, the antibodies for mouse,
goat, and rabbit immunoglobulin were visualized with
amino acid polymer/peroxidase complex-labeled anti-
bodies [Histofine Simple Stain MAX PO (M, G, and R),
Nichirei Bioscience) and a Bond Polymer Refine Detec-
tion system (Leica Microsystems) with a diaminobenzi-
dine substrate [Dojindo Laboratories, Kumamoto,
Japan; 0.2 mg/mL 3,3'-diaminobenzidine tetrahydro-
chloride, 0.05 M tris(hydroxymethyl)-aminomethane
with hydrochloric acid (pH 7.6), and 0.005% hydrogen
peroxide]. The sections were counterstained with
hematoxylin. Hepatic biliary obstructions were exam-
ined with Hall's bilirubin staining method.?® The
images were captured under an Axio Imager upright
microscope (Carl Zeiss, Thornwood, NY) equipped with
AxioCam HRm and AxioCam MRcb charge-coupled
device cameras (Carl Zeiss).

Real-Time Quantitative Reverse-Transcription
Polymerase Chain Reaction for Drug
Metabolism-Related Gene Expression

The total cellular RNA was isolated from the livers with
an RNeasy mini kit (Qiagen K.K.). Complementary DNA
was synthesized with a high-capacity complementary
DNA reverse transcription kit (Applied Biosystems, Fos-
ter City, CA) with random hexamers. TagMan gene
expression master mix and TagMan gene expression
assays (Applied Biosystems) were used for the real-time
quantitative polymerase chain reactions; amplifications
were performed with an ABI-Prism 7000 sequence
detection system (Applied Biosystems). The compara-
tive threshold cycle (Ct) method was used to determine
the relative ratio of the gene expression for each gene,
which was corrected with human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and referenced to
the RNA extracted from donor hepatocytes. The TagMan
assay numbers are listed in Table 1.

Biliary Excretion Test With
5(6)-Carboxyfluorescein Diacetate (5-CFDA)

The ester precursor of bS-carboxyfluorescein (5-CF),
5(6)-carboxyfluorescein diacetate (5-CFDA; 0.5 nmol;
Sigma-Aldrich), was injected intravenously into the
mouse tail vein. Ten minutes after the 5-CFDA injec-
tion, the liver was perfused with 50 nmol/L 5-CFDA for
3 minutes, and the liver was then embedded in an opti-
mum cutting temperature (0.C.T.) compound (Sakura
Finetek Japan Co., Ltd., Tokyo, Japan) and frozen in
liquid nitrogen. Ten-micrometer-thick serial frozen sec-
tions were prepared and air-dried. The 5-CF fluores-
cent signals were captured with an Axio Imager upright
microscope (Carl Zeiss) equipped with AxioCamn HRm
and AxioCam MRcb charge-coupled device cameras
(Carl Zeiss). After the microfluorographs were taken,
the tissue sections were fixed and rehydrated sequen-
tially in decreasing concentrations of ethanol and
water, and this was followed by immunohistochemical
staining for MRP2. Sections were counterstained with
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TABLE 1. TagMan Probe Information

Gene Name

Gene Description

TagMan
Assay Number

GAPDH
ALB
CYPIAI
CYPI1A2
CYP2A6
CYP2B6
CYP2C8
CYP2C9
CYP2C18
CYP2C19
CYP2D6
CYPZE1
CYP3A4
CYP3A5
UGT1A1
UGT2B15
ABCBI1
ABCBI11
ABCC2
ABCG2
SLC22A1
SLC22A7
SLC22A9
NRI1H4
NRI1I2
NR1I3

Glyceraldehyde-3-phosphate dehydrogenase

Albumin

Cytochrome P450, family 1, subfamily A, polypeptide 1

Cytochrome P450, family 1, subfamily A, polypeptide 2

Cytochrome P450, family 2, subfamily A, polypeptide 6

Cytochrome P450, family 2, subfamily B, polypeptide 6

Cytochrome P450, family 2, subfamily C, polypeptide 8

Cytochrome P450, family 2, subfamily C, polypeptide 9

Cytochrome P450, family 2, subfamily C, polypeptide 18

Cytochrome P450, family 2, subfamily C, polypeptide 19

Cytochrome P450, family 2, subfamily D, polypeptide 6

Cytochrome P450, family 2, subfamily E, polypeptide 1

Cytochrome P450, family 3, subfamily A, polypeptide 4

Cytochrome P450, family 3, subfamily A, polypeptide 5

Uridine diphosphate glucuronosyltransferase 1 family, polypeptide Al
Uridine diphosphate glucuronosyltransferase 2 family, polypeptide B15
Adenosine triphosphate-binding cassette, subfamily B (MDR/TAP), member 1
Adenosine triphosphate-binding cassette, subfamily B (MDR/TAP), member 11
Adenosine triphosphate-binding cassette, subfamily C (CFTR/MRP), member 2
Adenosine triphosphate-binding cassette, subfamily G (WHITE), member 2
Solute carrier family 22 (organic cation transporter), member 1

Solute carrier family 22 (organic anion transporter), member 7

Solute carrier family 22 (organic anion transporter}, member 9

Nuclear receptor subfamily 1, group H, member 4

Nuclear receptor subfamily 1, group I, member 2

Nuclear receptor subfamily 1, group I, member 3

Hs99999905_m1

Hs99999922_s1
Hs00153120_m1
Hs00167927_m1l

Hs00868409_s1
Hs03044634_m1
Hs00258314_m1
Hs00426397_m1
Hs00426400_m1
Hs00426380_m1
Hs00164385_m1
Hs00559368_m1
Hs00430021_m1
Hs00241417_m1l

Hs02511055_s1

Hs00870076_s1
Hs00184500_m1
Hs00184824_m1
Hs00166123_m1l
Hs01053790_m1
Hs00427552_m1
Hs00198527_m1
Hs00971064_m1
Hs00231968_m1
Hs00243666_m1
Hs00901571_m1

hematoxylin. Another tissue section was fixed in 4%
paraformaldehyde, and this was followed by immuno-
fluorescent staining with monoclonal mouse anti-HLA
class I (A-C) antibodies, a streptavidin/Texas Red-
labeled secondary antibody (GE Healthcare Bio-Scien-
ces), and H&E. Commercially available cryopreserved
human hepatocytes (normal hepatocytes) and cells
from the HCT 116 line (American Type Culture Collec-
tion, Manassas, VA), a human colorectal carcinoma cell
line that easily engrafts and forms tumor cell colonies
in NOG mouse livers,?* were used as positive and nega-
tive controls for the formulation of the bile canaliculus
(BC) network.

Statistical Analyses

Group comparisons were performed with the Student
t test for independent samples. P values less than
0.05 were considered significant (Prism 5, GraphPad
Software, Inc., La Jolla, CA).

RESULTS

Engraftment of Hepatocytes From Patients With
BA in uPA-NOG Mouse Livers

Using liver failure immunodeficient mouse models, we
first evaluated the regenerative potential of the residual
hepatocytes buried in the cirrhotic livers of patients
with BA.'! We succeeded in isolating viable hepato-
cytes from the livers of 9 BA patients with various
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degrees of fibrosclerosis (Table 2 and Fig. 1A). The typi-
cal gross morphology of a liver from a patient with BA
is shown in Fig. 1B. There was no significant difference
(P=0.45) between the cell yields from patients with
grade II fibrosis (2.3 + 1.6 million cells per gram of
liver, n=3) and patients with grade III fibrosis
(3.8 = 4.2 million cells per gram of liver, n = 6; Fig. 1C).
The cell viability was not significantly different
(P=0.81) between patients with grade II fibrosis
(76.7% = 16.0%, n=3) and patients with grade III
fibrosis (73.3% = 23.0%, n=6; Fig. 1D). The isolated
hepatocytes were analyzed with flow cytometry (Fig.
1D). Because the IF signal of the hepatocytes from
patients with BA was not increased in comparison with
normal hepatocytes, it did not seem that bile accumu-
lated within the hepatocytes, even in the patients with
BA. The viable and engraftable hepatic parenchymal
cells seemed to be present in the high intrinsic fluores-
cence (HIF) fraction; these cells had a very large cell
mass and a complicated internal structure because the
percentage of the HIF fraction correlated positively with
the engraftability of the hepatocytes, which was based
on the plasma concentration of hALB (* = 0.8784; Fig.
1E, right). However, the cell viability did not show a
direct correlation with the plasma concentration of
hALB (? = 0.0515; Fig. 1E, center) or the percentage of
the HIF fraction (% = 0.0064; Fig. 1E, left). The isolated
hepatocytes were intrasplenically transplanted into
uPA-NOG mice. Successful engraftment was evaluated
in terms of the detection of hALB in the mouse serum
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TABLE 2. Engraftment of Hepatocytes Derived From Patients With BA in uPA-NOG Mouse Livers

Experimental Condition and Summarized Results

Patient Information

Animals With Engraftment

Isolated Hepatocytes

hALB

[n/N (ug/mL)]

HLA-Positive
Colony [n/N (@)}

Cell Dose

(Cells/Mouse)

PELD Cells/g Viability HIF
of Liver

Score

Fibrosis

Condition*

(%)

(%)

Level

Sex

Age

Number

P e T T

D M| Oer O -t
%@;;:é@géééém
o R Rl RN
AISTTINF ST
S _‘O;’DOOOOQ
10 ~ 10
~ =+ ~
n Ie}
PRI RIS
QOO0 ONMLOTOON™O
D T e T et T B e A e B
oo oSl S
O F HNNNHFO ~ DO I
N N N R I SN - NS
0y = <N = — 00 0
W WO O g g e L © ©
26000000 BD
o et el gk ot ped pd g ped ped g g g
KX AKX XXX XXX XXX
cooaoooooaeacae
ok gt gty el ot poed O] rt e pm{ )

<Mmo<mmMmMMM@MMMO
o W QAR DO NI
o <+ r—vooouvj*omwrg
© D HNONINNI®D
© D RN ODOO®D
© © © N T O Qe OO
=] © OOoOCOOOCO
— — pod gt pd et gt pe ped e
X X X X X X X X XX
N L R O I S
-t — H = OO ~NAN
o 0 CDCOLOO"#‘O#‘]
N CQ ) o g gt
= = o ESEEERET
SEEEaE
£
o
Z
L Q @0.)0)22@2@
T T T T CRET S
E E SEERESS
je o A Ty ey ciy Iy e
124 0n w o u®eaan
= S SE5SFSSS 3
=} = cggaoggg
S o S oS¢ ™0 Qo ™
E E EEEQEEEQ
[ N O ®© T 0I©
=
NI M~ O~
o © 0O M I~
o0 03] i el et el el = [

*The conditions were as follows: (A) fresh hepatocytes (within the first 6 hours after isolation), (B} chilled hepatocytes {stored at 4°C for more than 16 hours and up to

24 hours), and (C) cryopreserved hepatocytes.

*Hepatocyte colonies that contained more than 20 HLA-positive cells in the cross-sections.
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and the appearance of HLA-positive hepatocyte colo-
nies in the liver tissue (Fig. 1F). Although detectable
amounts of secreted hALB were found only in the sera
of mice that had received hepatocyte transplants from
3 of the 9 BA patients, HLA-positive hepatocyte colo-
nies were detected as a result of 7 of the 9 hepatocyte
transplants from patients with BA.

The expression of drug-metabolizing enzymes, a
marker of a fully matured liver, was analyzed with real-
time quantitative polymerase chain reaction. Livers
reconstituted with hepatocytes from 2 different patients
with BA (patients 80 and 105) and commercially avail-
able cryopreserved hepatocytes (NHEPS) were then
examined. The relative gene expression profiles of hepa-
tocytes from patients with BA were similar to those of
NHEPS hepatocytes (Fig. 1G). The expression levels of
most of the genes were higher in the reconstituted liv-
ers versus the donor hepatocytes (Fig. 1H).

Next, we examined the expression of ALB, a major
functional marker of biosynthesis in the liver, via
immunohistochemical staining with human-specific
antibodies in hepatocytes originating from patients
with BA (Fig. 2A, top and middle). This hepatic lineage
marker protein was expressed within the human hepa-
tocyte colonies in the reconstituted-liver mice at levels
comparable to those of the liver reconstituted with cry-
opreserved normal hepatocytes (patient 77; Fig. 2A,
bottom). The expression of CYP3A4, which is the main
drug-metabolizing enzyme found in the liver, was also
observed within the colonies consisting of both hepato-
cytes from patients with BA (Fig. 2A, top and middle)
and normal hepatocytes (Fig. 2A, bottom), but it did
not show the zonal distribution observed in the fully
reconstituted uPA-NOG liver with NHEPS hepatocytes
(Fig. 2B). Most human hepatocytes originating from
the patients with BA were present as small foci that
appeared to grow by clonal expansion within the uPA-
NOG mouse livers. This growth was quite similar to
that of normal hepatocytes from patient 77. In addi-
tion, immunohistochemical nuclear staining of serial
sections of the mouse livers with an antibody (MIB-1)
against the human Ki-67 antigen®>2° revealed that the
proliferative potential of the hepatocytes from the
patients with BA was preserved, as evidenced by the
nuclear staining of the hepatocytes located at the edges
of human hepatocyte colonies (Fig. 2A, top and mid-
dle). NGS, NRS, and NMS (nonimmune), which corre-
sponded to the host animals in which anti-ALB, anti-
CYP3A4, and anti-Ki-67 antibodies, respectively, were
prepared, did not react with either human or mouse
hepatocytes (Fig. 2C). The hepatocyte colonies derived
from the patients with BA were not stained by Azan-
Mallory staining (Fig. 2A, top and middle).

Functional Integrity of Partially
Humanized Livers

We confirmed the expression of MRP2 proteins on the
plasma membranes of hepatocytes in both the livers
of patients with BA and the partially humanized livers
repopulated with hepatocytes from patients with BA
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Figure 1.

Engraftment of hepatocytes from BA patients in uPA-NOG mouse livers. (A) Azan-Mallory staining of 7 individual liver

biopsy samples from BA patients and a healthy donor (normal). The scale bars represent 200 pm. (B) Gross morphology of the liver
from BA patient 80. (C) Comparison of the cell yields and viability with grade II hepatic fibrosis and grade III hepatic fibrosis. (D) Iso-
lated hepatocytes were analyzed with flow cytometry. Each HIF fraction is surrounded by a magenta border. (E) Correlation analyses of
the cell viability, the HIF fraction percentage, and the hALB plasma concentration. (F) The engraftment of hepatocytes isolated from
the BA patients and the healthy donors was confirmed with anti-human HLA staining. The scale bars represent 50 pm. (G) The relative
expression levels of 24 human drug metabolism-related messenger RNAs in hepatocytes from BA patients and NHEPS hepatocytes
were corrected with GAPDH. (H) The relative ratio of the gene expression for each reconstituted liver was referenced to the RNA

extracted from the donor hepatocytes.

(Fig. 3A,B,). The cholestasis, visualized with Hall’s bil-
irubin staining, was observed in many BCs in the liv-
ers of patients with BA (Fig. 3A, right). In contrast,
the colonies repopulated with hepatocytes from
patients with BA within the host mouse livers did not
accumulate bile within their BCs (Fig. 3B). Azan-
Mallory staining and VIM and «SMA antibody staining
revealed fibrosis in the livers of patients with BA (Fig.
3C), but no fibrosis was observed within the colony
repopulated with hepatocytes from patients with BA
(Fig. 3D). We wondered whether these hepatocytes
could reconstitute the functionally integrated BC net-
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work within the host mouse liver; therefore, we
assessed the transporter function within the colonies
of hepatocytes from patients with BA with 5-CFDA, a
fluorescent marker used to visualize biliary excretion
into BCs. After it is administered, 5-CFDA enters
hepatocytes and is metabolized into 5-CF. This com-
pound is excreted into BCs through the organic anion
transporter MRP2.?” Within the first 15 minutes after
the administration of 5-CFDA, the hepatocytes from
patients with BA in the uPA-NOG mice excreted 5-CF
into the BCs, and it formed honeycomb networks sur-
rounding individual hepatocytes (Fig. 4, top). This
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Figure 2.

Immunohistochemistry of uPA-NOG mouse livers engrafted with BA patient hepatocytes. (A) Sections were stained for

hALB, human CYP3A4, and human Ki-67 antigen; Azan-Mallory staining was also used. The scale bars represent 100 pm. (B) Immu-
nohistochemical staining for CYP3A4 in a fully reconstituted uPA-NOG liver with NHEPS hepatocytes. The scale bar represents 100
pum. (C) Negative controls for immunostaining: NGS, NRS, and NMS. The scale bars represent 100 pm.

process was also observed in the colonies of NHEPS
hepatocytes (Fig. 4, middle) but not in the HCT 116
colorectal tumors (Fig. 4, bottom). The typical BC net-
work was detectable in the human hepatocyte con-
glomerates, as visualized by anti-MRP2, HLA
antibodies, and H&E staining (Fig. 4). These results
suggest that the intrahepatic bile duct system within
the colonies reconstituted with hepatocytes from
patients with BA must be nondefective.

DISCUSSION

BA is the most common reason for LT in children
worldwide. The aim of this study was to evaluate
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regenerative medicine as a possible alternative to LT
for treating BA. We succeeded in isolating viable hepa-
tocytes from the livers of patients with BA so that we
could evaluate the regenerative potential in vivo with
a liver failure mouse model.!! Recently, Gramignoli
et al.>® reported the successful isolation of hepato-
cytes from people with a number of different meta-
bolic and other liver diseases (n = 35). The purpose of
their study was to evaluate hepatocytes from individu-
als with metabolic disease for use in cell therapy via
hepatocyte transplantation. Although they performed
hepatocyte isolation in patients with BA (n=7), those
cells would not be recommended for clinical trans-
plants because of concerns about cell yields, viability,
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Figure 3. Detection of biliary obstructions and hepatic fibrosis. (A) Immunohistochemical staining for MRP2 protein in livers from
patients with BA (patients 80, 86, and 105; left). Enlarged views of the boxed areas are shown with Hall's bilirubin staining (right). Bile
stained with Hall's method appears green (arrowheads). (B) Immunohistochemical staining for MRP2 protein (left) and Hall’s bilirubin
staining (right) in uPA-NOG mouse livers engrafted with hepatocytes from BA patients (patients 80, 86, and 105). The dotted areas
indicate the repopulated human liver. (C) H&E and Azan-Mallory staining and immunohistochemical staining for VIM and «SMA in the
liver from a BA patient (patient 80). (D) H&E and Azan-Mallory staining and immunohistochemical staining for VIM and «SMA in a

uPA-NOG mouse liver engrafted with hepatocytes from a BA patient (patient 80). The dotted areas indicate the repopulated human
liver. The scale bars represent 100 pm.
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Reconstituted livers with #80 BA patient hepatocytes

5-CF

M

Figure 4. Functional integrity of the BC network within the reconstituted livers. Biliary excretion tests were performed with a fluores-
cent metabolic marker (5-CFDA). Serial sections were prepared from the livers of mice that received transplants of hepatocytes from a
BA patient (patient 80), commercially available cryopreserved hepatocytes (NHEPS; positive control), or HCT 116 colorectal tumor cells
(negative control). The sections were loaded with 5-CFDA, and the presence of the fluorescent metabolite 5-CF was assessed. In the liv-
ers reconstituted with patient hepatocytes and NHEPS hepatocytes, 5-CF (green on a dark field) was rapidly excreted into the BCs that
formed the honeycomb networks over the lobule. In contrast, the BCs around the tumor, which formed after the transplantation of
HCT 116 colorectal tumor cells, did not have this honeycomb pattern. Additional sections were stained for human MRP2 (brown in a
bright field) and HLA (red in a dark field); H&E staining was also performed. The scale bars represent 50 pm.

and function. Bhogal et al.? reported that the viabil-
ity, the total cell yield, and the success rate with cir-
rhotic tissues were low. In the current study, the
cell yield and cell viability of hepatocytes from BA
patients with fibrosis grade II or III were comparable
to the yields and viability previously reported by
Gramignoli et al. We expected that the low cell yield
and viability would depend on the degree of fibrosis in
patients with BA. However, there were no significant
differences in the cell yields of hepatocytes from
patients with grade II fibrosis and hepatocytes from
patients with grade III fibrosis (Fig. 1C) or in cell
viability (Fig. 1D). These results indicate that regard-
less of the extent of hepatic fibrosis, the presence of
fibrosis affects the cell yield and viability when
hepatocytes are isolated from the livers of patients
with BA.

For hepatocytes from patient 80, 3 different condi-
tions (freshly isolated, chilled, and frozen-thawed
hepatocytes) were compared in terms of their engraft-
ment and proliferative potential in a liver failure
model using uPA-NOG mice. HLA-positive hepatocyte
colonies were observed in the livers of all uPA-NOG
mice that underwent transplantation with hepatocytes
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of any condition; however, a higher ratio of hALB-
secreting mice and a higher level of serum hALB were
observed in the mice that underwent transplantation
with freshly isolated hepatocytes (Table 2). We suc-
ceeded in isolating a small number of hepatocytes
buried in the severely cirrhotic liver of BA patient 149
(fibrosis grade III), and surprisingly, the hepatocytes
could successfully engraft and proliferate within the
uPA-NOG mouse livers as HLA-positive colonies.
These results indicate that even hepatocytes buried in
the cirrhotic livers of patients with BA do not lose
their proliferative potential.

Recent studies of the molecular biology of BA have
revealed no significant differences in the hepatic
MRP2 expression levels of BA patients and control
groups.®? In fact, we confirmed the expression of not
only the adenosine triphosphate-binding cassette,
subfamily C (cystic fibrosis transmembrane conduct-
ance regulator (CFTR)/multidrug resistance-associ-
ated protein (MRP)), member 2 (ABCC2) gene but also
the MRP2 protein, which was located on the apical
plasma membranes of hepatocytes both in the livers
of BA patients (Fig. 3A, left) and in partially human-
ized livers repopulated with hepatocytes from patients



1136 SUEMIZU ET AL.

LIVER TRANSPLANTATION, September 2014

with BA (Fig. 3B, left). Despite the normal MRP2 pro-
tein expression in the livers of patients with BA and
in the partially humanized mouse liver, the bile was
accumulated only in the many BCs of livers from
patients with BA. This result clearly demonstrates the
extrahepatic obstruction of the biliary flow.

In this study, using a reconstituted-liver mouse
model, we examined the hepatocytes of patients with
BA for the presence of abnormalities in vivo.
Unfortunately, we failed to establish a BA model with
liver-injured mice. However, this result indicates
that the primary etiology of BA is absent in the hepa-
tocytes themselves, and the hepatocytes buried in
the cirrhotic livers of patients with BA are function-
ally intact hepatocytes retaining their proliferative
potential and able to reconstitute a partially func-
tioning human liver in mice. Gramignoli et al.?®
recently reported the isolation of hepatocytes from
patients with many metabolic diseases, including
BA, and the rapid and efficient repopulation of FRG
(fumarylacetoacetate hydrolase (Fah), recombination
activating gene 2 (Rag2) and interleukin 2 receptor
gamma chain (II-2ry) triple gene knockout) mouse
livers after the transplantation of hepatocytes
obtained from patients with metabolic disease. In
addition to Gramignoli et al.’s report, the current
study supports the hypothesis that hepatocytes from
patients with BA are morphologically and biochemi-
cally normal.

Recently, it has been reported that the extent of
liver fibrosis at the time of portoenterostomy, as eval-
uated by picrosirius red staining, appears to be a
strong negative predictor of outcomes.®! The negative
correlation between the extent of liver fibrosis and the
yield of viable hepatocytes suggested by our results
might be associated with that phenomenon. These
results support the possibility that if the primary eti-
ology is removed by Kasai portoenterostomy before
progressive cholestasis develops, the liver of the
patient with BA may regenerate autologously via the
functionally intact hepatocytes remaining in the cir-
rhotic liver. The hepatocyte function in patients with
BA may be independent of the degree of fibrosis;
therefore, efforts to ameliorate the fibrosis would have
great promise in treating this disease. Treatment
would include an earlier diagnosis and surgery but
might also include developing antifibrotic pharmaco-
logical approaches. If a method for earlier diagnosis
or new drugs are developed in the near future,
patients with BA may not require an operation that is
as difficult as LT.
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Prognostic implications of CEBPA mutations in pediatric acute
myeloid leukemia: a report from the Japanese Pediatric
Leukemia/Lymphoma Study Group
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INTRODUCTION

CCAAT/enhancer-binding protein alpha (CEBPA) is a transcription
factor that co-ordinates cellular differentiation. CEBPA is expressed
in myeloid precursors during hematopoiesis, where it regulates
the expression of several granulocyte-specific genes.! CEBPA
inhibits E2F pathways, thereby downregulating c-Myc and
allowing myeloid precursors to enter the granulocytic
differentiation pathway.®®> The CEBPA gene is located on
chromosome 19 band q13.1. Approximately 10% of acute
myeloid leukemia (AML) patients harbor mutations in CEBPA
genes, and these mutations can occur across the whole gene, but
there are two main hotspots.*> N-terminal out-of-frame mutations
are located between the major translational start site and a
second ATG further downstream. They abolish translation of the
full-length p42 isoform of CEBPA, leading to overexpression of a
shorter dominant-negative p30 isoform.® C-terminal mutations are
generally in-frame insertions/deletions located in the basic leucine
zipper (bZIP) domain; these mutations disrupt binding to DNA or
dimerization.” Most AML patients with double CEBPA mutations
harbor both N- and C-terminal mutations, which are typically
present on different alleles; however, homozygous mutations have
also been described.?

CEBPA mutations are a favorable prognostic factor for AML,
particularly in patients harboring double CEBPA mutations and a
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normal karyotype.®'* However, the prognostic value of CEBPA
mutations has been studied mostly in adult AML patients, with
few studies examining mutations in pediatric AML patients. The
first set of pediatric data was presented by the Taiwan Pediatric
Oncology Group, but the report lacked data regarding clinical
outcome.'® The prognostic impact of CEBPA in pediatric AML was
reported by two other groups, namely, the Children’s Oncology
Group and the Dutch Childhood Oncology Group/the Berlin-
Frankfurt-Manster Study Group,'™'® which both reported that,
after excluding core-binding factor (CBF)-AML cases, patients
harboring CEBPA mutations had a significantly better clinical
outcome than those harboring the wild-type (WT) gene; however,
the clinical implications of single vs double mutations were
unclear. A more recent study conducted by the Nordic Society of
Pediatric Hematology and Oncology suggests that CEBPA
mutations in pediatric AML patients are not associated with
improved survival;'” thus the clinical significance of CEBPA
mutations in pediatric AML patients is unclear. Although we
previously reported the characteristics of CEBPA mutations in
Japanese children with AML, the small sample size meant that
further study was required.'®

Here we examined the CEBPA mutation status and clinical
outcomes of pediatric AML patients treated in the Japanese
Pediatric Leukemia/Lymphoma Study Group (JPLSG) AML-05 study.
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SUBJECTS AND METHODS
Patients and study protocol

The AML-05 study is a Japanese nationwide multi-institutional study of
children (age <18 years) with de novo AML, all of whom were enrolled
between 1 November 2006 and 31 December 2010. The trial is registered
with the UMIN Clinical Trials Registry (UMIN-CTR; http://www.umin.ac.jp/
ctr/indexhtm; number UMIN0O0O0000511).

In all, 485 patients with suspected AML (diagnosed at 118 centers and
hospitals in Japan) were registered in the AML-05 study. Patients with
acute promyelocytic leukemia, Down's syndrome, secondary AML,
myeloid/natural killer cell leukemia and myeloid sarcoma, were not
eligible. Overall, 38 patients were excluded, mainly because of
misdiagnosis, while four additional patients were excluded for the
following reasons: the patient’s guardian refused permission to
participate (n=1); there was a significant protocol violation during the
initial induction course (n=1); the hospital withdrew from the JPLSG
(n=1); and the patient was transferred to a non-JPLSG member hospital
(n=1). Patients were stratified into three risk groups according to
specific cytogenetic characteristics and morphological responses to
treatment. CBF-AML patients were assigned to the low-risk group;
those with unfavorable cytogenetics (-7, 59-, t(16;21)(p11;q22), Ph1,
Fms-like tyrosine kinase 3 internal tandem duplications (FLT3-ITD))
and poor induction responders were assigned to the high-risk
group; and the rest were assigned to the intermediate-risk group.
Details of the patient disposition, treatment schedules and risk
stratification have been described previously."®?° In the present study,
morphology was diagnosed prospectively using a central review system.
Cytogenetic tests were performed in regional laboratories, but the
reports were reviewed centrally. The study was conducted in accordance
with the principles set down in the Declaration of Helsinki and was
approved by the Ethics Committees of all participating institutions.
All patients, or the patients’ parents/guardians, provided written
informed consent.

Mutation analysis

cDNA was synthesized from RNA obtained from diagnostic bone marrow
samples using the Omniscript Reverse Transcription Kit (Qiagen,
Chatsworth, CA, USA), according to the manufacturer's recommendations.
The entire coding region of the CEBPA gene was amplified using the
overlapping PCR primer pairs followed by direct sequencing, as previously
described.>'®

Statistical analysis

Patient characteristics were analyzed using Fisher's exact test (categorical
variables) and the Kruskal-Wallis test (continuous variables). Event-free
survival (EFS) was defined as the time from the diagnosis of AML to the last
follow-up or the first event (failure to achieve remission, relapse, secondary
malignancy or any-cause death). Overall survival (OS) was defined as the
time from the diagnosis of AML to any-cause death. The Kaplan-Meier
method was used to estimate EFS and OS, and data were compared using
the log-rank test. To determine the prognostic value of CEBPA mutation,
Cox regression analysis was performed using SAS version 9.2 (SAS Institute
Inc, Cary, NC, USA). All tests were two-tailed, and a P-value <0.05 was
considered statistically significant.

RESULTS
Mutation analysis

Diagnostic samples from 315/443 (71.1%) eligible AML patients
were analyzed for CEBPA mutations; CEBPA data were unavailable
for 128 patients. There were no significant differences in the major
characteristics or clinical outcomes of the 315 patients and the 128
patients for whom no data were available (EFS P=0.78, OS
P=0.30). We found that 47/315 patients (14.9%) harbored a
mutation in CEBPA, 26 (8.3%) harbored a single mutation and 21
(6.7%) harbored double or triple mutations. The location and
combination pattern of all the detected mutations are shown in
Figure 1 and Table 1. Single mutations were distributed across the
entire gene, but most in-frame insertions/deletions were located
in the bZIP domain. By contrast, double or triple mutations were
clustered in the N- and C-terminal hotspots. Thirteen out of the 21
cases (61.9%) harbored both an N-terminal out-of-frame mutation
and an in-frame mutation in the bZIP domain, which were
predicted to result in a lack of WT CEBPA p42 expression. We
identified five patients with triple mutations but could not
exclude the possibility that these mutations occurred in different
cells. Moreover, the method we used cannot identify whether
mutations are located on different alleles. Further study is required
to overcome these limitations.

Polymorphisms in the CEBPA mutations

Overall, 131 patients (41.6%) harbored an in-frame 6-bp insertion
(ACCCGQ) in the transactivation domain 2 (TAD2), resulting in a
His-Pro duplication (HP196-197 insertion). This mutation is
observed in approximately 10% of healthy controls and AML
patients and is reported as a germline polymorphism.?’?? We did
not identify any differences in characteristics between the HP196-
197 insertion-positive and -negative groups, and the clinical
outcomes of both groups were similar (data not shown). There-
fore, we ignored this mutation during our analysis of clinical
outcome, along with other mutations that did not result in amino-
acid changes.

Patient characteristics

Patient characteristics according to CEBPA mutation status are
shown in Table 2. Patients harboring a single CEBPA mutation were
described as ‘CEBPA-single’ and those harboring double or triple
CEBPA mutations were described as ‘CEBPA-double’. CEBPA-double
patients showed a significantly higher percentage of M1 or M2
French—-American—British subtypes (P< 0.001). Compared with WT
patients, patients with CEBPA mutations were older (P = 0.03) at the
time of diagnosis. CEBPA mutations were predominant in those with
an intermediate risk (P=0.002) and a normal karyotype (P<0.001).
There was a well-balanced gender distribution (P=0.84), and there
were no significant differences in the number of patients with FLT3-
ITD and NPM1 mutations among the three CEBPA subgroups.

= Qut-of-frame insertion/deletion
2 In-frame insertion/deletion
O Missense
4 Nonsense
Double or triple os o o8
= o= B ass
mutations , ¥ 0 ® “x  ow c f: o oo oo 5 eses o
Single mutation .-
AA |1
L
pa2 start p30 start

Figure 1,
leucine zipper; TAD, transactivation domain.
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Table 1.  Summary of CEBPA mutations detected in 315 acute myeloid leukemia patients
Mutation status Mutation 1 Mutation 2 (Mutation 3)
N-terminal Middle C-terminal N-terminal Middle C-terminal No. of
AA 1-120 AA 121-277 AA 278-358 AA 1-120 AA 121-277 AA 278-358 patients
CEBPA-single Out-of-frame 7
ins/del
In-frame ins/del 1
Missense 1
Nonsense 2
Qut-of-frame 3
ins/del
Missense 2
In-frame 8
ins/del
Missense 2
Total 26
CEBPA-double Out-of-frame In-frame ins/del 11
ins/del
Missense Missense 1
Missense Missense 1
Missense Missense 1
Out-of-frame In-frame ins/del 2
ins/del
Out-of-frame Missense (In-frame 1
ins/del ins/del)
Out-of-frame In-frame ins/del  (In-frame 2
ins/del ins/del)
Missense Missense 1
(Missense)
Missense Missense (In-frame 1
ins/del)
Total 21
Abbreviations: AA, amino acid; CEBPA, CCAAT/enhancer-binding protein alpha; del, deletion; ins, insertion. Note: Patients harboring a single CEBPA mutation
were described as CEBPA-single and those harboring double or triple CEBPA mutations were described as CEBPA-double.

Prognostic impact of CEBPA in the total cohort

We first analyzed the clinical outcomes of patients harboring
CEBPA mutations and then compared them with the outcomes of
CBF-AML patients and patients without CBF or CEBPA mutations
(denoted ‘WT non-CBF’) (Figure 2). The CBF-AML group included
AML patients harboring t(8;21)(q22;,q22) along with inv{16)
(p13.1922) or its variant t(16;16)(p13.1,22). Seven CBF-AML
patients harboring CEBPA mutations were categorized as ‘CEBPA-
mutant’. Patients harboring CEBPA mutations showed better OS
(P=0.048), but not EFS (P=0.051), than WT non-CBF patients
(Figures 2a and b). However, patients with CEBPA mutations
showed poorer OS (P=0.0006) than patients with CBF-AML.
Furthermore, we examined whether the number of CEBPA
mutations had an impact on prognosis (Figures 2c and d).
CEBPA-double patients did not show significantly better EFS and
OS than CEBPA-single patients (P=0.33 each). There was also no
significant difference in EFS and OS between CEBPA-double
patients and WT non-CBF patients (P=0.055 and P=0.057,
respectively).

Prognostic impact of CEBPA in the normal karyotype cohort

We next examined prognosis in the normal karyotype cohort,
because CEBPA mutations have been described as-a favorable
prognostic factor, particularly in cytogenetically normal AML
(Figure 3). There was no significant difference in EFS and OS
between CEBPA-double patients and WT or CEBPA-single patients
(EFS: CEBPA-double vs WT, P = 0.15; CEBPA-double vs CEBPA-single,
P=0.21; OS: CEBPA-double vs WT, P=0.28; CEBPA-double vs
CEBPA-single; P = 0.44). Patients with CEBPA-single showed almost
identical EFS (P=0.97) and OS (P=0.77) to those of WT patients.

© 2014 Macmillan Publishers Limited

Prognostic impact of CEBPA mutation type

We also examined the prognostic impact of the location of the
CEBPA mutations, which has never been examined in pediatric
AML patients. Only patients with hotspot mutations predicted to
cause translation of the p30 isoform and/or disruption or loss of
the C-terminal bZIP domain were included in the analysis. In the
total cohort, patients with an N-terminal out-of-frame mutation
and a C-terminal in-frame mutation (n=13, denoted as CEBPA-
double N + C-term) had significantly better EFS (P =0.01), but not
0OS (P=0.06), than WT non-CBF patients (Figures 4a and b). This
patient group also had significantly better EFS, but not OS, than
other CEBPA-double patients (n=8), suggesting that a combina-
tion of N-terminal and C-terminal mutations results in a better
prognosis for CEBPA-double patients (data not shown). We also
investigated differences in outcome between CEBPA-single
patients with an N-terminal mutation and those with a C-terminal
mutation and found that the clinical outcomes were nearly
identical. In the normal karyotype cohort, we found no significant
difference in the outcome of four groups: patients with an
N-terminal out-of-frame mutation, patients with a C-terminal in-
frame mutation, patients with an N-terminal out-of-frame muta-
tion and a C-terminal in-frame mutation, and WT patients, which
may be due to the small sample size (Figures 4c and d).

Multivariate analysis

Multivariate Cox regression analysis, including age and white
blood cell count at the time of diagnosis, was performed to
examine whether CEBPA mutations were a favorable prognostic
factor (Table 3). FLT3-ITD and NPM1 mutations were not included
as variables owing to the small number of positive cases and
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Table 2. Characteristics of patients categorized according to CEBPA mutation status
Total wr CEBPA-single CEBPA-double P-value
Number 315 268 26 21
Age, years 0.03°
Median 7.9 7.6 9.9 9.6
Range 0.0-17.5 0.0-17.5 0.3-16.2 1.3-159
Sex, n (%) 0.84°
Male 167 (53) 144 (54) 13 (50) 10 (48)
Female 148 (47) 124 (46) 13 (50) 11 (52)
WBC ( x 10°/1) 0.052°
Median 57.8 52.6 58.1 124
Range 0.8-985 0.8-552 1.9-381 3.9-985
Risk groups, n (%) 0.0022
Low 87 (28) 81 (30) 4 (15) 2 (10
Intermediate 132 (42) 101 (38) 15 (58) 16 (76)
High 43 (14) 37 (14) 6 (23) 0 (0)
Unclassified 53(17) 49 (18) 1(4) 3(14)
FAB, n (%) <0.001°
MO 7 ) 73) 0 (0) 0(0)
M1 43 (14) 28 (10) 5(19) 10 (48)
M2 79 (25) 63 (24) 9 (35) 7 (33)
M4 52(17) 46 (17) 6 (23) 0 (0)
M5 70 (22) 67 (25) 1(4) 2 (10)
Mé 8 (3) 52 2(8) 1(5)
M7 31 (10) 29 (11) 2 (8) 0 (0)
RAEB-T 25 (8) 23 (9) 14 1(5)
Karyotype, n (%) <0.001*
Normal 62 (20) 35 (13) 14 (54) 13 (62)
t(8;21) 75 (24) 69 (26) 3(12) 3(14)
inv(16) 25 (8) 24 (9) 1(4) 0(0)
11923 48 (15) 47 (18) 0 (0) 1(5)
other 105 (33) 93 (35) 8 (31) 4(19)
Molecular abnormalities, n (%)
FLT3-ITD 42 (13) 35 (13) 6 (23) 15 0.21°
NPM1 12/167 (7) 10/128 (8) 2/22 (9) 0/17 (0) 0.59°
Abbreviations: CEBPA, CCAAT/enhancer-binding protein alpha; FAB, French-American-British; FLT3-ITD, Fms-like tyrosine kinase 3 internal tandem
duplications; NPM1, nucleophosmin; WBC, white blood cell count; WT, wild type. *Fisher’s exact test. bKruskal-Wallis test.

because no statistically significant differences were detected by
univariate analysis. For the total cohort (n=315), multivariate
analysis identified both CEBPA-single and CEBPA-double as
independent favorable prognostic factors for EFS (hazard ratio
(HR): 0.47 and 0.33; P=0.02 and 0.01, respectively; upper
column, Table 3). CEBPA-double was also identified as an
independent favorable prognostic factor for OS (HR: 0.30;
P=0.04). For the normal karyotype cohort (n=62), CEBPA-
double was also identified as an independent prognostic factor
for favorable EFS (HR: 0.28; P =0.04; lower column, Table 3). This
may indicate that other factors, such as age and white blood cell
count, had masked the benefit of CEBPA mutations in the
univariate analysis.

DISCUSSION

Here we examined CEBPA mutations in 315 pediatric AML patients
enrolled in the AML-05 study. We detected CEBPA mutations in 47
patients (14.9%), which is comparable to the reported freo;uency
in adult and pediatric AML patients (approximately 10%).2" In all,
26 out of the 47 cases (55.3%) harbored a single CEBPA mutation;
this percentage is higher than that reported in previous studies of
pediatric AML patients.'>’® We detected the HP196-197 insertion
in 131/315 cases (41.6%). This well-known polymorphism was
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previously observed in approximately 10% of AML cases; thus the
percentage identified in the present study was rather high.?'%2
Whether this polymorphism is also common in healthy Japanese
populations remains to be seen. A recent study by a Korean group
reported the incidence of this polymorphism as 30%; thus the
frequency of this polymorphism may vary considerably according
to geographical region.?® The majority of CEBPA-double patients
comprised M1 or M2 French-American-British subtypes, which is
in agreement with the findings of previous studies.'>'® CEBPA
mutations were predominant in the intermediate risk and normal
karyotype group, which is also consistent with previous
findings.””™

With regard to prognosis, the results presented herein suggest
that CEBPA mutations, especially CEBPA-double, are an indepen-
dent favorable prognostic factor in pediatric AML patients.
Multivariate analysis of the normal karyotype cohort identified
CEBPA-double as an independent favorable prognostic factor for
EFS, but not OS; this finding may be due to the small sample size.
As the majority of pediatric AML patients lack markers that
indicate a favorable or poor prognosis, it is important to identify
prognostic markers in intermediate-risk patients. CEBPA mutations
show promise as markers of a favorable prognosis in pediatric
AML patients, because they are strongly associated with
intermediate risk.

© 2014 Macmillan Publishers Limited



g
©
2
<
=]
7]
@
o
oy -~ CEBPA-mutant (n=47)
S —— WT non-CBF (n=175)
& 201 ~ CBF (n=93)
P<0.0001
0 T T T |
0 500 1000 1500 2000
days
Cc
g
= s
2
2
=
(7]
Q
L
ol -+- CEBPA-single (n=26)
5 -+~ CEBPA-double (n=21)
o 201 — WT non-CBF (n=175)
P=0.0002 -~ CBF (n=93)
0 . T T |
0 500 1000 1500 2000
days

Figure 2.

CEBPA in pediatric acute myeloid leukemia
H Matsuo et af

b
g
K]
2
2
=3
7]
§ -+ CEBPA- mutant (n=47)
3 — WT non-CBF (n=175)
e I CBF (n=93)
P<0.0001
0 . : : )
0 500 1000 1500 2000
days
d
100 o e,
e N N ;
s
2 60
g
=1
(7]
= 40 -
s -+ CEBPA-single (n=26)
S +- CEBPA-double (n=21)
20 1 —— WT non-CBF (n=175)
P<0.0001 - CBF (n=93)
(] ; T T .
] 500 1000 1500 2000
days

Kaplan—Meier survival curves showing EFS and OS from the time of diagnosis according to CEBPA mutation status. (a) EFS and (b) OS

of patients harboring CEBPA mutations, patients harboring WT CEBPA (excluding core-binding factor-acute myeloid leukemia (CBF-AML) cases
(WT non-CBF)) and patients with CBF-AML. (¢) EFS and (d) OS of patients harboring a single CEBPA mutation (CEBPA-single), patients harboring
double or triple CEBPA mutations (CEBPA-double), WT patients (excluding CBF-AML cases (WT non-CBF)) and patients with CBF-AML. P-values

were determined using the log-rank test.

]

g

©

2

2

3

7]

]

&= 40 A

E -+- CEBPA-single (n=14)

& ~+- CEBPA-double (n=13)

20 A —— WT(n=35)
P=0.34
0 T T T d
0 500 1000 1500 2000
days

Figure 3.
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Kaplan-Meier survival curves showing EFS and OS in acute myeloid leukemia patients with a normal karyotype. (a) EFS and (b) OS of

patients harboring a single CEBPA mutation (CEBPA-single), patients harboring double or triple CEBPA mutations (CEBPA-double) and WT

patients. P-values were determined using the log-rank test.

Consistent with our results, several studies (including one
pediatric study) postulated that AML patients harboring double
CEBPA mutations have a favorable prognosis.”’'? Two different
CEBPA mutations have a synergistic effect on AML development,
and the mechanism underlying leukemogenesis is likely to be
different from that in AML patients harboring a single CEBPA
mutation.?**® We found that a combination of N-terminal and
C-terminal mutations is essential for a better prognosis in CEBPA-
double patients (data not shown), indicating that a favorable
prognosis is restricted in patients who lack WT CEBPA p42
expression among CEBPA-double patients. Moreover, a recent
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study of a large cohort of adult AML patients suggests that
patients harboring double CEBPA mutations belong to a
genetically distinct subtype and should be clearly distinguished
from patients harboring a single mutation.'® In this study, we
could not examine the prognostic impact of concomitant
molecular mutations because of their low incidence; therefore
further analyses of pediatric AML patients is required.

In contrast to double CEBPA mutations, the prognostic value of
single CEBPA mutation is currently under debate because of its
small number. We detected a relatively large number of cases
harboring a single CEBPA mutation in the total cohort, and
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Figure 4. Kaplan—-Meier survival curves showing EFS and OS according to the location and number of CEBPA mutations. Only patients with
hotspot mutations predicted to cause p30 isoform translation and/or disruption or loss of the C-terminal bZIP domain were included in the
analysis. (a) EFS and (b) OS in patients harboring a single N-terminal mutation (CEBPA-single N-term), patients harboring a single C-terminal
mutation (CEBPA-single C-term), patients harboring both N and C-terminal mutations (CEBPA-double N + C-term), WT patients (excluding core-
binding factor-acute myeloid leukemia (CBF-AML) cases (WT non-CBF)) and patients with CBF-AML. (c) EFS and (d) OS of AML patients with a
normal karyotype. P-values were determined using the log-rank test.

Table 3. Multivariate Cox regression analysis for EFS and OS
EFS oS
HR 95% CI P-value HR 95% CI P-value
Total cohort (n=315)
Mutation status, vs WT non-CBF
CBF 0.31 0.19-0.49 <0.01 0.09 0.03-0.25 <0.01
CEBPA-single 0.47 0.24-0.91 0.02 0.60 0.29-1.26 0.18
CEBPA-double 0.33 0.14-0.76 0.01 0.30 0.09-0.94 0.04
Age (+ 1 year) 1.00 0.97-1.03 0.86 1.03 0.99-1.07 0.17
WBC (=50 000) 1.81 1.29-2.55 <0.01 1.50 0.96-2.33 0.07
Normal karyotype cohort (n=62)
Mutation status, vs WT
CEBPA-single 0.54 0.22-1.33 0.18 0.88 0.31-2.47 0.81
CEBPA-double 0.28 0.08-0.95 0.04 0.49 0.11-2.17 0.35
Age (+ 1 year) 0.95 0.89-1.02 0.14 0.94 0.86-1.02 0.13
WBC (>50000) 2.05 1.00-4.22 0.05 1.34 0.55-3.29 0.52

Abbreviations: CBF, core-binding factor; CEBPA, CCAAT/enhancer-binding protein alpha; Cl, confidence interval; EFS, event-free survival; HR, hazard ratio; OS,
overall survival; WBC, white blood cell count; WT, wild type.

multivariate analysis identified single mutation as an independent
prognostic factor for favorable EFS (Table 3). Two adult AML
studies (but no pediatric studies) showed that a single CEBPA
mutation can be an independent favorable prognostic factor in
patients harboring NPM1 mutations.?*?’ Indeed, the two patients
in the present study that harbored both a single CEBPA mutation
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and an NPM1 mutation showed good long-term survival without
any events. We also tried to examine the clinical significance of
the location of the mutation in CEBPA-single patients but found
no significant difference in outcomes for patients harboring
N-terminal or C-terminal mutations. However, the CEBPA-single
patients in the normal karyotype cohort who harbored a
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