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Nuclear Import of HTLV-1 Tax

for the report of the leptomycin B-insensitive nuclear export of
Tax. Carrier-independent nuclear export has also been
observed in a number of proteins, which have a carrier-inde-
pendent nuclear import, such as transportin (54), MAPK (35),
and B-catenin (55, 56).

It has recently been shown that 3-catenin can also itself func-
tion as a carrier for the nuclear import of the LEF/TCF protein
(71). This prompted us to investigate if Tax could also serve as
a carrier for the import of cellular proteins. Several reports have
demonstrated a direct interaction between Tax and the NF-«B
subunit p65 (62, 63), and we could show that Tax functions as a
nuclear import receptor for p65 at least under our in vitro con-
ditions. Tax is known to have intimate interactions with p65
both in the cytoplasm and nucleus. Specifically, Tax is involved
in the disassembly of the p65-1kBa complex in the cytoplasm
(reviewed in Ref. 13) and co-localizes with p65 in the nucleus
(14, 72). Therefore, we propose that p65 and Tax may form a
complex in the cytoplasm, which can translocate to the nucleus
through both a Tax carrier and an importin «/B-mediated
mechanism. This proposal is supported by a recent study (62),
where it was reported that the p65-CBP-Tax ternary complex is
translocated into the nucleus immediately after its formation in
the cytoplasm. Employing cellular fractionation studies, it
could be shown that when p65, CBP and wild type Tax were

co-transfected, the p65-CBP-Tax complex was located in the"

nucleus. In contrast, if p65, CBP and TaxA58, the NLS deletion
mutant of Tax, were co-transfected, the p65-CBP-TaxA58
complex remained in the cytoplasm. These observations would
support our hypothesis that Tax may function as an import
receptor for this ternary complex.

With a carrier function, it might be expected that Tax could
alter the normal nuclear/cytoplasmic distribution of cellular
proteins by functioning as an exogenous transport receptor.
Tax has been shown to bind with numerous cellular proteins,
and fractionation of whole cell lysates from a HTLV-1-infected
T cell line revealed that Tax is found in large protein complexes
(~1800 kDa) in vivo (73). The ability of Tax to form protein
complexes with cellular proteins together with a transport
receptor-like function could lead to changes in the nucleo-cy-
toplasmic distribution of cellular proteins. Indeed, several Tax-
binding proteins seem to be mistranslocated by Tax. Specifi-
cally, hsMADI is mistranslocated into the cytoplasm in the
presence of Tax (74). More recently, a redistribution of IKKy
into the Golgi apparatus has been observed under Tax-express-
ing conditions (75). The disturbances of the nucleo-cytoplas-
mic transport pathway of host cellular proteins has been con-
sidered to be a strategy for survival of several viruses. For
example, vesicular stomatitis virus, poliovirus, rhinovirus, and
cardiovirus have been shown to induce abnormalities in the
nucleo-cytoplasmic protein transport by affecting the struc-
tures of the NPC (76 —78). Moreover, viral proteins of cytomeg-
alovirus M50/p35 and the HIV-1 Vpr are known to cause the
disruption of the nuclear envelope itself probably by the inter-
acting with structural proteins of the nuclear envelope (79, 80).
Our studies would suggest that Tax could cause significant
nucleo-cytoplasmic traffic disturbances as a result of its import
and possibly export receptor-like function. Continued studies
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are required to understand how this novel function of Tax may
contribute to the pathogenesis of HTLV-1-related diseases.
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VCAP-AMP-VECP Compared With Biweekly CHOP for
Adult T-Cell Leukemia-Lymphoma: Japan Clinical
Oncology Group Study JCOG9801
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AB S TRATCT

Purpose

Ou?prewous phase |l trial for treating human T-lymphotropic virus type I-associated adult T-cell
leukemia-lymphoma (ATLL) with vincristine, cyclophosphamide, doxorubicin, and prednisone
(VCAP), doxorubicin, ranimustine, and prednisone (AMP), and vindesine, etoposide, carboplatin,
and prednisone (VECP) showed promising results. To test the superiority of VCAP-AMP-VECP over
biweekly cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP), we conducted a
randomized controlled trial exclusively for ATLL.

Patients and Methods
Previously untreated patients with aggressive ATLL were assigned to receive either six courses of

VCAP-AMP-VECP every 4 weeks or eight courses of biweekly CHOP. Both treatments were
supported with granulocyte colony-stimulating factor and intrathecal prophylaxis.

Results )
A total of 118 patients were enrolled. The complete response (CR) rate was higher in the

VCAP-AMP-VECP arm than in biweekly CHOP arm {40% v 25%, respectively; P = .020).
Progression-free survival rate at 1 year was 28% in the VCAP-AMP-VECP arm compared with 16%
in the CHOP arm (P = .100, two-sided P = .200). Overall survival (OS) at 3 years was 24% in the
VCAP-AMP-VECP arm and 13% in the CHOP arm (P = .085, two-sided P = .169). For
VCAP-AMP-VECP versus biweekly CHOP, grade 4 neutropenia, grade 4 thrombocytopenia, and
grade 3 or 4 infection rates were 98% v 83%, 74% v 17%, and 32% v 15%, respecnvely There
were three toxic deaths in the VCAP-AMP-VECP arm.

Conclusion
The longer OS at 3 years and higher CR rate with VCAP-AMP-VECP compared with biweekly

CHOP suggest that VCAP-AMP-VECP might be a more effective regimen at the expense of higher
toxicities, providing the basis for future investigations in the treatment of ATLL.

J Clin Oncol 25:5458-5464. © 2007 by American Society of Clinical Oncology

phoma excluding ATLL.”® Median survival time

OIELE (MST) of patients with aggressive ATLL is approxi-

Adult T-cell leukemia-lymphoma (ATLL) is a dis-
tinct peripheral T-lymphocytic malignancy associ-
ated with human T-cell lymphotropic virus type L.
The diverse clinical features of this disease have
led to its classification.® Aggressive ATLL (ie, acute
or lymphoma type) has usually been treated as a
subtype of aggressive non-Hodgkin’s lymphoma
(NHL), whereas indolent ATLL (ie, chronic or
smoldering type) has been managed as a subtype of
chronic lymphoid leukemia.>” Aggressive ATLL
generally has a poor prognosis compared with ag-
gressive B-cell lymphoma and peripheral T-cell lym-

mately 8 months because of the multidrug resistance
(MDR) phenotype of malignant cells, rapid prolifer-
ation of the cells, a large tumor burden with multi-

organ failure, hypercalcemia, and/or frequent

infectious complications.*”'°

In the two previous multicenter trials for ad-
vanced NHL, Japan Clinical Oncology Group
(JCOG) 8101 (1981 to 1983) and JCOG8701 (1987
to 1991) evaluating the efficacy of cyclophospha-
mide, doxorubicin, vincristine, and prednisone
(CHOP) -like regimens and a multiagent regimen
of the second generation, respectively, a significantly

Information downloaded from jco.ascopubs.org and provided by TOKYO UNIV MED LIB on April 6, 2008 from
157.82.101.20.

Copyright © 2007 by the American Society of Clinical Oncology. Ali rights reserved.



Chemotherapy for ATLL

shorter survival time was demonstrated for ATLL patients than for
other NHL patients.'""'? Thus, the first trial exclusively applied to
aggressive ATLL, JCOG9109, was started (1991 to 1993). The chemo-
therapy protocol involved the use of deoxycoformycin, an inhibitor
- of adenosine deaminase, which was found to be effective against
refractory ATLL."> However, there were no improvements in over-
all response rate (ORR) or survival time compared with the previ-
ous trials."?

The next phase 1I study (JCOG9303, 1994 to 1996), with the
chemotherapy protocol LSG15 against aggressive ATLL consisting of a
dose-intensified multiagent chemotherapy with vincristine, cyclo-
phosphamide, doxorubicin, and prednisone (VCAP), doxorubicin,
ranimustine, and prednisone (AMP), and vindesine, etoposide, car-
boplatin, and prednisone (VECP) with granulocyte colony-
stimulating factor (G-CSF) and intrathecal prophylaxis, showed
promising results with complete response (CR) and partial response
rates of 36% and 45%, respectively, and an MST of 13 months at the
expense of toxicities.'”> Ranimustine, an alkylating agent crossing the
blood-brain barrier, and intrathecal prophylaxis with methotrexate
and prednisone were incorporated because ATLL frequently involves
the CNS.*' Carboplatin and ranimustine were incorporated because
the activity of these agents is not affected by the expression of
P-glycoprotein, a product of the MDR gene MDRI, which is fre-
quently expressed on ATLL cells.'” The promising results of
JCOGY303 prompted us to conduct a randomized controlled trial
comparing the LSG15 regimen with biweekly CHOP against aggres-
sive ATLL. Dose intensification of CHOP with prophylactic use of
G-CSF was expected to improve survival among patients with aggres-
sive NHL, and our randomized phase II study (JCOG9505) compar-
ing biweekly CHOP with dose-escalated CHOP to treat aggressive
NHL excluding ATLL revealed biweekly CHOP to be more promis-
ing.'® Therefore, we regarded biweekly CHOP as a standard treatment
for NHL including aggressive ATLL at the time of designing this phase
I study.

PATIERTSTNDIVIETODS)

Patients

Previously untreated patients with aggressive ATLL (ie, acute-,
lymphoma-, or unfavorable chronic-type ATLL) were eligible. Unfavorable
chronic-type ATLL (defined by at least one of the following three factors: low
serum albumin, high lactate dehydrogenase, or high blood urea nitrogen
concentration) had an unfavorable prognosis similar to acute- or lymphoma-
type ATLL.S The diagnosis of ATLL was made based on seropositivity for
human T-cell lymphotropic virus type I and histologically and/or cytologlcally
proven peripheral T-cell malignancy.

Eligibility criteria, which were identical to those for the previous studies
JCOG9109 and JCOGY303, included no prior chemotherapy, age 15 to 69
years, preserved organ functions, and performance status (PS) of Oto 3 or 4 as
a result of hypercalcemia caused by ATLL."*!> The study protocol and the
informed consent document were approved by both the JCOG Protocol Re-
view Committee and the institutional review board of each institution.

Registration

Registration involved a telephone call or facsimile from the participating
physicians to the JCOG Data Center, National Cancer Center, Tokyo, Japan.
After an evaluation of eligibility, the patient was assigned to receive either
modified (m) LSG15 or mLSG19 with a minimization method for balancing
PS(0or1v2,3,or4)and institution.

www.jco.0rg

Treatment ,
mLSG15 in JCOG9801 was a modified version of LSG15 in JCOGS9303,
consisting of the following three regimens: VCAP (vincristine 1 mg/m?, max-

* imum, 2 mg; cyclophosphamide 350 mg/m? doxorubicin 40 mg/m?% and

prednisone 40 mg/m?) on day 1, AMP (doxorubicin 30 mg/m?, ranimustine
60 mg/m?, prednisone 40 mg/m?) on day 8, and VECP (vindesirie 2.4 mg/m?
on day 15, etoposide 100 mg/m? on days 15 to 17, carboplatin 250 mg/m? on
day 15, and prednisone 40 mg/m? on days 15 to 17) on days 15 to 17; the next
course was started on day 29."® The modifications to mLSG15 compared with
LSG15 were as follows: the total number of cycles was reduced from seven to
six because of progressive cytopenia, especially thrombocytopenia, after re-
peating the VCAP-AMP-VECP therapy; and cytarabine 40 mg was used with
methotrexate 15 mg and prednisone 10 mg for prophylactic intrathecal ad-
ministration at the recovery phases of courses 1, 3, and 5 after confirmation of
a platelet recovery of more than 70 X 10°/L within 2 days before the next
systemic chemotherapy because of the high frequency of CNS relapse in the
JCOGY9303 study.

mLSG19, a modified version of LSG19, consisted of eight cycles of
CHOP (cyclophosphamide 750 mg/m? doxorubicin 50 mg/m? vincristine
1.4 mg/m?, with amaximum of 2 mg, on day 1;and prednisone 100 mg on days
1 to 5) every 2 weeks.'? The modification was an intrathecal administration
identical to that in mLSG15.

Neutrophil count was checked twice a week for G-CSF use during the
protocol treatment. When a serious infection occurred as a result of severe
neutropenia, the doses of cyclophosphamide, doxorubicin, ranimustine, vin-
desine, etoposide, and carboplatin were decreased to 75% thereafter. If a
second infection occurred, treatment was stopped.

Supportive Therapy

Supportive therapy for opportunistic infections was administered as in
JCOG9303.”° When the neutrophil count decreased to less than 1 X 10%/L,
G-CSF was administered subcutaneously every day until recovery to more
than 5 X 10°/L was achieved. Each course of mLSG19, VCAP in mLSG15, or
AMP/VECP in mLSG15 was started after confirmation of a neutrophil count
of more than 1.2 X 10%/L, more than 1.0 X 10%L, or more than 0.5 X 10°/L,
respectively. Administration of G-CSF was discontinued on the day of chem-
otherapy and the day before. In cases when the hemoglobin level was less than
8 g/dL or platelet count was less than 20 X 10%/L, an RBC or platelet transfu-
sion was administered, respectively. Erythropoietin was not recommended for
supportive care.

Response and Toxicity Evaluation

Response was judged using our own criteria for ATLL as de-
scribed.'*'® Toxicity was graded according to the JCOG toxicity criteria,
an expanded version of the National Cancer Institute Common Toxicity
Criteria version 1.0."

Statistical Analysis

This trial was designed as a multicenter prospective randomized con-
trolled trial. All analyses were performed on an intent-to-treat basis. The
primary end point was overall survival (OS), and the secondary end points
were progression-free survival (PFS), CR rate, and toxicity. The planned du-
ration of accrual was 3 years, and the planned follow-up time was 2 years. The
study was designed as a superiority trial, with the one-sided hypothesis accord-
ing that the superiority-of the control arm to the mLSG15 arm was out of
concern a priori. This is because mLSG15 was expected to be associated with
frequent and severe toxicities compared with the control arm.'™'® The re-
quired sample size was 114 eligible patients in total, for 80% power to detect a
hazard ratio of 0.6 under the assumption that survival times were exponen-
tially distributed (corresponding to a 15% difference in the 3-year survival rate
when the rate in the mLSG19 arm is 10%) with a one-sided type I error of 0.05.
The planned sample size was 130 randomly assigned patients, with the expec-
tation that 10% would be ineligible. The duration of accrual and the follow-up
time were amended to 5 years and 1 year, respectively, in 2001 because of
slow accrual.

OS was defined as the time from random assignment until death from
any cause or until the last follow-up for patients who were alive. PFS was
defined as the time from random assignment until death from any cause,
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relapse, or progressive disease or until the last follow-up for patients who were
alive. The CR rate and ORR were defined as the proportion of patients with CR
and with CR or partial response, respectively, of all randomly assigned pa-
tients. Survival estimates were calculated using the Kaplan-Meier method and
compared by stratified log-rank test for all randomly assigned patients, with PS
as a stratification factor. An analysis of adverse events was conducted for all
patients who received the protocol treatment, whether partially or completely.
As a sensitivity analysis, the Cox regression was carried out. In accordance with
the hypothesis, all of the P values are presented as one sided, except for when
explicitly stated as two sided. All analyses were performed with SAS software
Release 8.2 (SAS Institute, Cary, NC). )

The JCOG Data Center collected and managed case report forms. In-
house interim monitoring for quality control was performed at the center, and
the monitoring reports were semiannually submitted to and reviewed by the
JCOG Data and Safety Monitoring Committee. One interim analysis was
planned after half of the planned number of patients had been off treatment
with an adjustment for multiplicity by the alpha-spending function of
O’Brien-Fleming.*®

Patient Characteristics

Between July 1998 and October 2003, 118 patients were enrolled
from 27 participating institutions (Fig 1). In June 2001, an interim
analysis was performed according to the protocol and did not meet the
prespecified stopping criteria (o = .00022), and the study was contin-
ued. The final analyses were performed in February 2005 based on the
follow-up data from December 2004 (a = .04992). Fifty-seven pa-
tients were assigned to the mLSG15 arm (VCAP-AMP-VECP), and
the remaining 61 patients were assigned to the mLSG19 arm (biweekly
CHOP). The characteristics of the 118 patients are listed in Table 1.
Two patients, one from each arm, were deemed ineligible after ran-
dom assignment because they were judged to have organ dysfunctions
not caused by the invasion of ATLL cells by the case report form
review. Age, sex, and subtypes of ATLL were well balanced between the
arms. However, there were some imbalances in prognostic factors.
Although patients were stratified by PS of 0 or 1 versus 2, 3, or 4 at
random assignment, there was an imbalance between PS0 and 1. PS0
was more frequent in the biweekly CHOP arm than the VCAP-AMP-
VECP arm. Also, bulky mass (> 5 ¢cm in diameter) was less frequent in

Table 1. Characteristics of Randomly Assigned Patients
VCAP-AMP-VECP Biweekly CHOP (n =
n =57} 61)"
No. of No. of
Characteristic Patients % Patients %
Age, years ‘
Median I 56 58
Range k 3669 33-69
Sex
Male 27 47 34 56
Female 30 53 27 44
Subtypes of ATLL|; E
Acute : 40 70 a1 87
Lymphoma i 12 21 14 23
Unfavorable chronic 5 9 6 10
PS
0 19 33 30 49
1 27 47 19 31
2 8 14 10 16
3 2 2 3
4 1 2 0 0
B symptoms !
Absent ; 39 68 - 34 56
Present ¢ 18 - 32 27 . 44
Bulky mass, cm '
<5 36 63 49 80
z5 17 30 9 15
=10 4 7 3 5
Abbreviations: VCAP, vincristine, cyclophosphamide, doxorubicin, and pred-
nisone; AMP, doxorubicin, ranimustine, and prednisone; VECP, vindesine,
etoposide, carboplatin, and prednisone; CHOP, cyclophosphamide, doxorubi-
cin, vincristine, and prednisone; ATLL, adult T-cell leukemia-lymphoma; PS,
performance status.
*Two patients, one in each arm, were ineligible because of organ dysfunction.

the biweekly CHOP arm. In contrast, “B” symptoms were more fre-
quent in the biweekly CHOP arm.

Response and Survival
Responses in all randomly assigned patients are listed in Table 2.
The CR rate, including uncertified CR, was higher in the VCAP-AMP-

Previously untreated patients

with aggressive ATLL

Randomly assigned ';
N =118 I

Fig 1. Enrollment and treatment of pa-
tients. (#) Included in the analysis. ATLL,
adult T-cell teukemia-lymphoma; VCAP,
vincristine, cyclophosphamide, doxorubi-
cin, and prednisone; AMP, doxorubicin,

ranimusting, and prednisone; VECP, vindesine,

VCAP-AMP-VECP Biweekly CHOP etoposide, carboplatin, and prednisone;
o {Control arm) CHOP, cyclophosphamide, doxorubigin, vin-
n=57 " n=61 cristing, and prednisone.

Ineligible*: n = 1 %’

(organ dysfunction)

|_> Ineligible: n';‘= 1

{organ dysfu:nction)
. !
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Table 2. Response to Treatment

% of Patients

VCAP-AMP-VECP Biweekly CHOP
Response {n =57) {n = 61) P
CR .40 21
CRu 0 3
PR : 32 41
NR ) 9 16
PD . 18 16
Not assessable 2 2
CR + CRu 40 25 .020”
95% Ci 27.6t054.2 145 t0 37.3
CR + CRu + PR 72 66 NS*
95% ClI 68.5 10 83.0 52310 77.3

Abbreviations: VCAP, vincristine, cyclophosphamide, doxorubicin, and pred-
nisone; AMP, doxorubicin, ranimustine, and prednisone; VECP, vindesine,
etoposide, carboplatin, and prednisone; CHOP, cyclophosphamide, doxorubi-
cin, vincristine, and prednisone; CR, complete response; CRu, unconfirmed
complete response; PR, partial response; NR, no response; PD, progressive
disease; NS, not significant.

*Fisher's exact test (one sided).

VECP arm (40%) than the biweekly CHOP arm (25%; P'= .020), and
ORRs were similar (72% v 66%, respectively) between the arms.

Median follow-up time for all randomly assigned patients was
10.9 months. The MST and OS rate at 3 years without censoring the
transplantation patients were 12.7 months and 24%, respectively, in
the VCAP-AMP-VECP arm and 10.9 months and 13%, respectively,
in the biweekly CHOP arm (Fig 2A). For OS, the preplanned, one-
sided, log-rank P = .085 (two-sided P = .169), and the hazard ratio
was 0.75 (95% CI, 0.50 to 1.13). A Cox regression analysis with PS (0 v
1 v2 to 4) as stratum for baseline hazard functions was performed to
evaluate the effect on OS of the factors of age, B symptoms, subtypes
of ATLL, lactate dehydrogenase, blood urea nitrogen, bulky mass,
and treatment arms. According to this analysis, the hazard ratio and
P value for the treatment arms were 0.62 (95% CI, 0.38 to 1.01) and
P = .028 (two-sided P = .056), respectively. The difference between
the crude analysis and this result was because of unbalanced prognos-
tic factors, such as PS 0 versus 1, and the presence or absence of bulky
lesions between the treatment arms. The median PFS time and PFS
rate at 1 year were 7.0 months and 28% in the VCAP-AMP-VECP arm
and 5.4 months and 16% in the biweekly-CHOP arm, respectively
(P = .100, two-sided P = .200; hazard ratio = 0.77; 95% CI, 0.52 to
1.14; Fig 2B).

The rate of completion of the planned treatment was 32% in’

the VCAP-AMP-VECP arm and 49% in the biweekly CHOP arm.
Progressive disease or relapse, as a reason for discontinuation of
treatment, was observed in 40% of patients in the VCAP-AMP-
VECP arm and 31% in the CHOP arm. These results seem to be
associated with the periods of treatment (ie, 24 weeks in the VCAP-
AMP-VECP arm and 16 weeks in the biweekly CHOP arm) be-
cause OS and PFS were better in the VCAP-AMP-VECP arm.
Reasons for going off treatment, such as toxicity, were relatively
numerous in the VCAP-AMP-VECP arm.

The period needed to complete each course of chemotherapy and
proceed to the next course was stable in the biweekly CHOP arm
(median, 15 days in courses 1 to 2 and 14 days in courses 7 to 8). In
contrast, the more advanced the therapy, the more time that was
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Fig 2. (A) Kaplan-Meier estimate of overall survival (OS) for ail randomly
assigned patients. (B} Kaplan-Meier estimate of progression-free survival {PFS)
for all randomly assigned patients. VCAP, vincristine, cyclophosphamide, doxo-
rubicin, and prednisone; AMP, doxorubicin, ranimustine, and prednisone; VECP,
vindesine, etoposide, carboplatin, and prednisone; Bi-CHOP, biweekly cyctophos-
phamide, doxorubicin, vincristine, and prednisona.

required, especially after course 3 as a result of bone marrow
suppression, mainly neutropenia, despite using G-CSF, in the
VCAP-AMP-VECP arm (median, 30 days in courses 1 to 2 and 42
days in courses 5 to 6). The average duration of G-CSF use was 12.9
days and 5.4 days per course in the VCAP-AMP-VECP and bi-
weekly CHOP arms, respectively.

Toxicities

Excluding one patient in the biweekly CHOP arm who refused
protocol chemotherapy, 117 patients were assessable for toxicity (Ta-
ble 3). The major toxicities in both arms were cytopenia and infection.
In general, toxicity was more severe in the VCAP-AMP-VECP arm. In
the VCAP-AMP-VECP arm versus biweekly CHOP arm, rates of
grade 4 neutropenia, grade 4 thrombocytopenia, and grade 3 or 4
infection were 98% v 83%, 74% v 17%, and 32% v 15%, respectively.
Three treatment-related deaths, two from sepsis and one from inter-
stitial pneumonitis related to neutropenia, were reported in the
VCAP-AMP-VECP arm. Two cases of myelodysplastic syndrome
were reported, one each in both arms.

Subgroup Analysis
As shown in Figure 3, there was interaction between the
treatment arms and PS, which suggests that the intensive
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Tabie 3. Hematologic and Nonhematologic Toxicities in 117 Treated Patients

% of Patients
VCAP-AMP-VECP  Biweekly CHOP

Toxicity Grade in=57) {n = 60}
Neutropenia 4 98 83
Thrombocytopenia 4 74 17
T-bilirubin 3+4 ° 5 2
ALT 3+4 1 5
Hyperglycemia T 3+4 13 4
Hyponatremia 3+4 5 5
Hypokalemia 3+4 12 .2
Stomatitis 3+4 7 2
Dyspnea 3+4 7 5
Infection 3+4 32 15
Neuropathy 3+4 2 7
Treatment-related deaths, — 3 0

No.

Abbreviations: VCAP, vincristine, cyclophosphamide, doxorubicin, and pred-
nisone; AMP, doxorubicin, ranimustine, and prednisone; VECP, vindesine,
atoposide, carboplatin, and prednisone; CHOP, cyclophosphamide, doxorubi-
cin, vincristine, and prednisone.

*Two patients died of sepsis, and one died of interstitial pneumonitis.

VCAP-AMP-VECP regimen is more likely to benefit patients
with a poor PS, possibly reflecting a more advanced stage of
ATLL. Similarly, the younger population was more likely to
benefit from VCAP-AMP-VECP (Fig 4). In contrast, no such
interaction was observed in the analysis concerning disease type
and bulky tumor (data not shown). Fourteen patients, seven in
each group, received allogeneic hematopoietic stem-cell transplan-
tation (alloHSCT). Four and three patients received the transplan-
tation before progressive disease in the VCAP-AMP-VECP arm
and biweekly CHOP arm, respectively. The estimated OS rates at
2 years for patients receiving alloHSCT were similar (43% for
both arms).

DISGUSSION

To our knowledge, this trial, JCOG9801, comparing the efficacy and
safety of VCAP-AMP-VECP and biweekly CHOP, is the first phase I1I
trial exclusively conducted for ATLL in the world. We found a better
OS in patients with aggressive ATLL treated with VCAP-AMP-VECP
compared with biweekly CHOP, as well as a higher CR rate and longer
PFS. Although the primary analysis of OS failed to show statistical
significance (hazard ratio = 0.75, P = .085), a sensitivity analysis
demonstrated the consistent result even after an adjustment of imbal-
ance in baseline prognostic factors (hazard ratio = 0.62, P = .028). We
consider the longer OS at 3 years and higher CR rate of VCAP-AMP-
VECP than biweekly CHOP in this trial to be clinically meaningful and
the former to be recommended as the first choice for patients with this
disease despite higher toxicities.

Hematologic toxicity and infections were more frequent in
the VCAP-AMP-VECP arm than the biweekly CHOP arm, which
are similar findings to the previous JCOG9303 study with the
original VCAP-AMP-VECP regimen.'” Although both regimens
were supported with G-CSF, four more drugs were incorporated in
VCAP-AMP-VECP compared with biweekly CHOP, with a dose-
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Fig 3. Kaplan-Meier estimate of overall survival {OS) for all randomly assigned
patients according to performance status (PS) at diagnosis: (A} PS of 0; (B) PS of
1; and (C) PS of 2, 3, or 4, VCAP, vincristine, cyclophosphamide, doxorubicin, and
prednisone; AMP, doxorubicin, ranimustine, and prednisone; VECP, vindesine,
etoposide, carboplatin, and prednisone; Bi-CHOP, biweekly cyclophosphamide,
doxorubicin, vincristine, and prednisone.

dense and long period of chemotherapy. Three treatment-related
deaths, which were related to severe neutropenia despite using
G-CSF, were reported in the VCAP-AMP-VECP arm. Although
VCAP-AMP-VECP caused remarkable thrombocytopenia, no se-
rious hemorrhagic events were documented, possibly because
platelet transfusion was encouraged without modifying the sched-
ule of chemotherapy based on the decrease in the platelet count.
ATLL patients treated with VCAP-AMP-VECP should be carefully
monitored for complications, especially cytopenia and infections,
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Fig 4. Kaplan-Meier estimate of overall survival (OS) for all randomly assigned
patients according to age at diagnosis: (A) age < 56 years and (B) age = 56 years.
VCAP, vincristine, cyclophosphamide, doxorubicin, and prednisone; AMP, doxo-
rubicin, ranimustine, and prednisone; VECP, vindesine, etoposide, carboplatin,
and prednisone; Bi-CHOP, biweekly cyclophosphamide, doxorubicin, vincristine,
and prednisone.

with supportive care such as platelet transfusion, use of G-CSF, and
the prophylaxis of opportunistic infection,*”

Because of the geographically limited distribution and rarity of
this disease, large-scale trials for the treatment of ATLL have rarely
been performed. There have been trials of intensive chemotherapy
and a unique combination chemotherapy consisting of interferon alfa
and zidovudine.*** However, the results were inferior to those of
VCAP-AMP-VECP.? The following factors might explain the reasons
for the superiority of VCAP-AMP-VECP compared with biweekly
CHOP against aggressive ATLL. Four more drugs were incorporated
in the VCAP-AMP-VECP arm, compared with the biweekly CHOP
arm, with a dose-dense and long period of chemotherapy. Further-
more, carboplatin and ranimustine were incorporated, and these
agents are not affected by P-glycoprotein, which is frequently ex-
pressed in ATLL cells at onset.'”

According to the results of subgroup analyses, VCAP-AMP-
VECP may be more beneficial in patients with more advanced ATLL
or in younger patients. However, because this study excluded patients
with a PS of 4 not caused by hypercalcemia, the results would not be

wivw.jco.org

applicable to patients with a PS of 4 caused by an opportunistic
infection or organ involvement by ATLL.

Our previous studies in advanced NHL revealed that CR rate
and OS were poorer in ATLL than in other aggressive NHL.'*"'2 In
the recent two studies, biweekly CHOP was better than or not
inferior to standard CHOP for aggressive NHL excluding
ATLL.>*?* VCAP-AMP-VECP was superior to biweekly CHOP for
ATLL in this study. A G-CSF-supported dose-intensified regimen
with carboplatin and ranimustine might have overcome the char-
acteristics of ATLL cells, such as rapid proliferation and
P-glycoprotein expression.

AlloHSCT is now considered as promising for the treat-
ment of young patients with ATLL.2® Thus, despite higher tox-
icities and poor completion rate of the planned course of
therapy, VCAP-AMP-VECP, which provided a higher CR rate
and a probable survival advantage, is promising as induction
chemotherapy preceding upfront alloHSCT for aggressive ATLL.
However, to prove the effectiveness of this strategy, further studies
are needed.

In conclusion, the results of the present phase III study suggest
that VCAP-AMP-VECP is a more effective chemotherapy regimen for
patients with newly diagnosed aggressive ATLL even with higher tox-
icity profiles. However, the MST of 13 months is still not satisfactory.
We are now planning a phase II study of myeloablative alloHSCT after
induction therapy with VCAP-AMP-VECP for young patients with
this disease.
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Expression Profiling of Immature Thymocytes Revealed a
Novel Homeobox Gene That Regulates Double-Negative
Thymocyte Development’

Masahito Kawazu,*' Go Yamameoto,* Mayumi Yoshimi,* Kazuki Yamamoto,* Takashi Asai,*
Motoshi Ichikawa,* Sachiko Seo,* Masahiro Nakagawa,* Shigeru Chiba,” Mineo Kurokawa,*
and Seishi Ogawa?**7

Intrathymic development of CD4/CD8 double-negative (DN) thymocytes can be tracked by well-defined chronological subsets of
thymocytes, and is an ideal target of gene expression profiling analysis to clarify the genetic basis of mature T cell production, by
which differentiation of immature thymocytes is investigated in térms of gene expression profiles. In this study, we show that
development of murine DN thymocytes is predominantly regulated by largely repressive rather than inductive activities of tran-
scriptions, where lineage-promiscuous gene expression in immature thymocytes is down-regulated during their differentiation.
Functional mapping of genes showing common temporal expression profiles implicates previously uncharacterized gene regulations that
may be relevant to early thymocytes development. A small minority of genes is transiently expressed in the CD44"*CD25* subset of
DN thymocytes, from which we identified a novel homeobox gene, Duxl, whose expression is up-regulated by Runx1. Dux! promotes the
transition from CD44""CD25" to CD44"*CD25" in DN thymocytes, while constitutive expression of Dux! inhibits expression of TCR
B-chains and leads to impaired J selection and greatly reduced production of CD4/CD8 double-positive thymocytes, indicating its

critical roles in DN thymocyte development. The Journal of Immunology, 2007, 179: 5335-5345.

row progenitors is a critical process for the generation of

mature T cells, through which the immature thymocyte pro-
genitors, as identified by the absence of mature T cell markers
(CD4/CD8 double-negative (DN)* T cells), differentiate into the
CD4/CD8 double-positive (DP) cells, and finally produce CD4
or CD8 single-positive T cells. Although accounting for <5% of total
thymocytes in mice, the DN thymocytes undergo a dynamic de-
velopmental process that is essential for the subsequent expansion
into the DP population (1). Among these DN thymocytes,
the earliest chronological subset (DNI1) is recognized as a
CD44"E"C-Kit"CD25~ population (2, 3). In the first wave of cy-
tokine-dependent pre-T cell expansion, the DN1 cells begin to pro-
liferate with concomitant up-regulation of CD25, giving rise to the

I ntrathymic development of thymocytes from their bone mar-
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DN2 population showing the CD44"#"C-Kit*CD25" phenotype
(4). The DN2 thymocytes then start to rearrange their TCR genes
and down-regulate the CD44 expression to generate the
CD44"¥CD25" DN3 subset (5). In the DN3 stage, thymocytes are
subjected to a process called 8 selection and only those DN3 cells
that have productively rearranged their TCR gene can survive and
transit into CD44'°“CD25~ DN4 thymocytes, followed by rapid
expansion into the DP population (6-8).

During these early developmental processes, immature thymo-
cyte progenitors Jose their multilineage plasticity and exclusively
commit to T cell differentiation. Under appropriate conditions, the
DN1 population can generate multilineage hemopoietic compo-
nents in vitro (9, 10), although there still remains some controversy
with regard to their potential to B lineage differentiation (11). The
potential of the multilineage commitment is more restricted in the
DN2 stage, where cells can still give rise to NK cells and thymic
dendritic cells, but no more B cells (10, 12-14), and after the
DN2/DN3 transition and the succeeding B selection, thymocytes
mostly lose their potential to multilineage plasticity and totally
commit to T cell lineage (10).

Because these processes are thought to take place under tightly
controlled gene expression, it is of particular importance to clarify
the nature of this gene regulation and the key regulators involved
in that regulation. To date, a number of molecules have been iden-
tified that regulate these developmental processes (15). Notchl-
deficient thymocytes, for example, are not able to produce T cells
but differentiate into B cells (16), while pTa, TCRB, Lck, SLP76,
and Lat are shown to be indispensable for 8 selection and their
knockout mice show a severe maturational block at the DN3/DN4
transition (17). Similarly, the DN2/DN3 transition is completely
blocked in Runx/-deficinet mice (18, 19) and also in double knock-
out mice of pTa and common cytokine receptor <y-chain genes
(20). In contrast, it is well anticipated that these developmental
processes in DN thymocytes should involve regulation of much
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FIGURE 1. Microarray analysis and clustering of genes differentially expressed during early thymocyte development. A, DN2, DN3, and DN4 thymo-

cytes from four C57BL/6 mice were FACS sorted and subjected to microarray analysis of gene expression profiles. B, Hierarchical clustering of 12
microarray data obtained from four independent experiments. Only branch portion is presented. C, One thousand five hundred differentially expressed genes
were grouped into six clusters showing discrete temporal expression profiles by K-means clustering methods (upper panels), which are also presented in
heat map (lower panel). The expression values for a gene across all samples were standardized to have a mean 0 and SD 1. Standardized expression levels
of genes are indicated in graphs (upper panels) and in heat map (lower panel). Vertical scale of the graphs is from —1.5 to +1.5. Each column of heat
map represents a gene and each row represents a sample. Red indicates high expression and blue low expression. The numbers of genes within clusters
are indicated along with those for which human counterparts were identified (in the parentheses).

larger numbers of genes than those related to these known molecules.
To understand the molecular mechanisms of DN thymocyte develop-
ment, it may be also of use to clarify how these developmental pro-
cesses are regulated in terms of their entire gene expression, to which
cell differentiation is ultimately ascribed.

In the current study, we approached this issue by investigating
gene expression profiles in discrete subsets of DN thymocytes un-
der development in which DN2, DN3, and DN4 thymocytes were
sorted and subjected to expression profiling analysis with high-
density oligonucleotide microarrays. Clustering of differentially
expressed genes among these DN thymocyte subsets demonstrated
that during DN development, regulation of gene expression is pre-
dominantly repressive rather than inductive, in which multiple lin-
eage-affiliated genes expressed in immature thymocytes are down-
regulated during the course of DN thymocyte development.
Functional mapping of clustered genes also revealed a possible
involvement of previously uncharacterized functional gene regu-
lations in thymocyte development. Finally, we identified a novel
homeobox gene (Duxl), transiently expressed in DN3 thymocytes.
We showed that Dux/ is induced by Runx1 and regulates DN thy-
mocyte development by promoting the DN2/DN3 transition, while
deregulated expression of Dux! resulted in impaired B selection
and severely compromised production of DP thymocytes, indicat-
ing its critical roles in DN thymocyte production.

Materials and Methods
Cell sorting and RNA extraction

All Abs used for cell sorting were purchased from BD Pharmingen. Thy-
mocytes were harvested from 5- to 6-wk-old female C57BL/6 mice. Four
independent cell sortings were performed and four mice were sacrificed for
each experiment. Before cell sorting, CD4" cells and CD8" cells were

depleted using the MACS LD system (Miltenyi Biotec). The remaining
fraction was stained with anti-CD44 and anti-CD25 Abs conjugated to
FITC or PerCP-Cy5.5, respectively, and also with PE-conjugated Abs to
CD4, CD8, CD3, NK1.1, and TCRy$ and sorted using a FACSAria cell
sorter (BD Biosciences). DN2, DN3, and DN4 subsets were identified as
FITC*PE PerCP~Cy5.5", FITC™PE PerCP™Cy5.5%, and FITC PE~
PerCP~CyS5.5™ populations, respectively. For expression analysis of var-
ious hemopoietic lineages, mononuclear cells were separated from a single-
cell suspension of bone marrow of 5- to 6-wk-old female C57BL/6 mice by
centrifugation on a Histopaque-1083 (Sigma-Aldrich). c-kit* cells were
obtained by positive selection for the c-kit Ag with MACS magnetic beads.
The remaining fraction was stained with FITC-conjugated Ab to Terl19,
PerCP-conjugated Ab to B220, and PE-conjugated Abs to Macl, and
Terl119* fraction, B220*% fraction, and Macl™ fraction were sorted.
B220+ splenocytes and CD3+ splenocytes were collected by positive se-
lection of splenocytes for the B220 Ag or CD3 Ag with MACS magnetic
beads. RNA was extracted from sorted cells using an RNeasy Mini kit
(Qiagen) according to the manufacturer’s instruction.

Microarray experiments

Biotin-labeled cRNA probes were prepared using a Two-Cycle cDNA Syn-
thesis Kit (Affymetrix). Following fragmentation, biotin-labeled cRNA
was hybridized to the Mouse Genome 430 2.0 Array (Affymetrix) for 16 h
at 45°C as recommended by the manufacturer. Washing was performed ~
using an automated fluidics workstation, and the array was immediately
scanned with GeneChip Scanner 3000 7G. Expression data were extracted
from image files produced on Affymetrix GeneChip Operating software 1.0
(GCOS). The absolute detection call (present, absent, or marginal) for each
probe set was determined on GCOS. Normalization and expression value
calculation were performed using a DNA-Chip Analyzer (www.dchip.org)
(21). The invariant set normalization method (22) was used to normalize
arrays at probe cell level to make them comparable and the model-based
method (22) was used for computing expression values. These expression
levels were attached with SEs as measurement accuracy, which were sub-
sequently used to compute 90% confidence intervals of fold changes in two
group comparisons (22). The lower confidence bounds of fold changes
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were conservative estimate of the real fold changes. Differentially ex-
pressed probe sets were identified as those sets whose mean signals showed
>1.5-fold difference between DN2 and DN3 and DN3 and DN4. The prob-
ability of false discoveries with this threshold was calculated by random
permutations as described previously (23). Raw microarray data can be
found at http://www.ncbi.nlm.nih.gov/geo/, GEO accession no. GSE7784.

Clustering and pathway analysis

One thousand five hundred differentially expressed genes that were iden-
tified as described above were clustered using a K-means (24) server on
Gene Expression Pattern Analysis Suite (http:/gepas.bioinfo.cnio.es/) (25,
26). Molecular network of each cluster was analyzed by KeyMolnet soft-
ware, which was developed by the Institute of Medicinal Molecular De-
sign, Inc. (IMMD) (27). Known molecular data were curated by IMMD
and the obtained gene list of each cluster was combined with this software
and shown as molecular networks. Significance of a determined pathway to
obtained networks was determined. To ascertain whether any molecular
pathways determined by IMMD annotate a relation between molecules in
the networks at a frequency greater than that would be expected by chance,
this software calculates a p value using the hypergeometric distribution as
described previously (28).

Cloning of Dux! cDNA and construction of retrovirus plasmid

c¢DNAs of Duxl and FLAG-tagged Duxl having Notl and Xhol sites on
their 5' and 3’ terminus, respectively, were PCR amplified from template
cDNA prepared from total thymic RNA using TaKaRa LA Tug (Takara
Bio) with the following sets of primers: 5'-AAAAGCGGCCGCATCGA
TACCATGGAGCTGAGCTGCAGTACT-3’ (for Duxl sense), 5'-AAAA
GCGGCCGCATCGATACCATGGACTACAAGGACGACGATGACAA
GATGGAGCTGAGCTGCAGTACT-3' (for FLAG-tagged Dux! sense),
and 5'-AAAACTCGAGCTACGGAGTTTGGTGTGCTT-3’ (for the com-
mon antisense for both). Each PCR product was digested with Norl and
Xhol and cloned into the Norl-Xhol site located at the 5’ upstream of

IRES-GFP or IRES-NGFRt of the pPGCDNsam (a gift from Dr. H. Nakauchi,
University of Tokyo, Tokyo, Japan) retrovirus vector. Nucleotide sequences of
these plasmids were confirmed by resequencing. Retrovirus was prepared by
transfecting the PlatE (a gift from Dr. T. Kitamura, University of Tokyo) cell
line with each construct.

Quantitative PCR analysis

Total cellular RNA was converted into cDNAs by reverse transcriptase
(Superscript 11I; Invitrogen Life Technologies) with random primers.
cDNAs were amplified in triplicate for 40 cycles at 95°C for 15 s and 60°C
for 60 s using an Applied Biosystems PRISM 7000 Sequence Detection
Systen according to the manufacturer's instructions. Predesigned TagMan
primer and probe sets for 1110051B16Rik (Mm00841823_m1; Applied
Biosystems) (see Fig. 4), for PU.1 (Mm00488140_m1), and for 185 rRNA
(no. 4308329, Applied Biosystems) were used for the assay. PCR ampli-
fication of GAPDH, 1110051B16Rik (see Fig. 5B) and Ragl was per-
formed using Platinum SYBR Green qPCR SuperMix-UDG with ROX
(Invitrogen Life Technologies) and the following primer sequences:
GAPDH (forward, 5'-GAATCTACTGGAGTCTTCACC-3'; reverse,
5'-GTCATGAGCCCTTCCACGATGC-3'), 1110051B16Rik (forward,
5'-GGGAAAACTGGCTCAACAA-3'; reverse, 5'-GTGTTCTGTCCTGG
GTCTGG-3"), Ragl (forward, 5'-CTGAAGCTCAGGGTAGACGG-3';
reverse, 5'-CAACCAAGCTGCAGACATTC-3"). Significant PCR fluores-
cent signals were normalized for each sample to a PCR fluorescent signal
obtained using GAPDH or 18S rRNA as control.

Coculture of fetal liver (FL) cells with OP9-delta-like-1
(OP9-DL1) stromal cells

OP9-DL1 is a bone marrow stromal cell line that expresses a Notch ligand,
Delta-like 1, and supports development of DP thymocytes from FL-derived
hemopoietic progenitors (29) and was provided by Dr. J. C. Ziniga-Pfliicker
(University of Toronto, Toronto, Canada). In our OP9-DLI1 assay, FL
cells were harvested from E14.5 embryos and cultured on OP9-DL1 cells
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in combination with retroviral gene transfer as previously described (19).
Briefly, mononuclear cells were separated from FL cells of C57BL/6 mice.
In brief, 5 X 10* mononuclear cells were cultured on confluent OP9-DLI
cells in flat-bottom 24-well culture plates with 500 ml of MEM (Invitrogen
Life Technologies) supplemented with 20% FCS, penicillin/streptomycin,
and 5 ng/ml recombinant human (rh) IL-7 (Techne Laboratories). After 5
or 6 days of culture, 5 X 10° cells were passed onto newly prepared OP9-
DLI cells in the presence of 5 ng/ml rhlIL-7, and retrovirus infection was
performed using polybrene (final concentration, 8 mg/ml), followed by
“another 5 or 6 days of culture. In brief, 5 X 10* cells were again passed
onto newly prepared OP9-DL1 cells and cultured for another 5 or 6 days,
but in rhlL-7-free culture medium.

PCR for TCRB rearrangement

PCR for TCRp rearrangements was performed as described elsewhere (30)
on DNA isolated from FL cells cultured on OP9-DL1 using the following
primers: DB2, GTAGGCACCTGTGGGGAAGAAACT; 182, TGAGAG
CTGTCTCCTACTATCGATT: and V5.1, GTCCAACAGTTTGATGAC
TATCAC. After 40 cycles of amplification (10 s at 98°C, 2 min at 68°C),
PCR products were separated on a 4% agarose gel.

RNA interference

The vector backbone was RNAi-Ready pSIREN-RetroQ-ZsGreen (BD
Clontech). The RNA interference target sequences were GGAGCAG
GATAAACCTAGA (sequence 1), GACTGATATTCTAATTGAA (se-
quence 2), and GTTCCAGACTGATATTCTA (sequence 3). The small
hairpin RNA (shRNA) were designed by a shRNA design algorithm, which
was developed by Dr. M. Miyagishi (31). Oligonucleotides used for con-
struction were GATCCGGGGTAGGATAAACTTAGAACGTGTGCTGT
CCGTTCTAGGTTTATCCTGCTCCTTTTTACGCGTG (oligonucleotide
1, sense), AATTCACGCGTAAAAAGGAGCAGGATAAACCTAGAAC
GGACAGCACACGTTCTAAGTTTATCCTACCCCG  (oligonucleotide
1, antisense), GATCCGATTGATGTTCTAGTTGAAACGTGTGCTGTC
CGTTTCAATTAGAATATCAGTCTTTTTACGCGTG (oligonucleotide
2, sense), AATTCACGCGTAAAAAGACTGATATTCTAATTGAAACG
GACAGCACACGTTTCAACTAGAACATCAATCG (oligonucleotide 2,
antisense), GATCCGTTTCAGATTGATGTTCTAACGTGTGCTGTCCG
TTAGAATATCAGTCTGGAACTTTTTACGCGTG (oligonucleotide 3,
sense), and AATTCACGCGTAAAAAGTTCCAGACTGATATTCTAAC
GGACAGCACACGTTAGAACATCAATCTGAAACG (oligonucleotide
3, antisense). Retrovirus was prepared by transfecting the PlatE cell line
with the knockdown vectors. ’

Results
Clustering of differentially expressed genes during
DN thymocyte development

The DN2, DN3, and DN4 populations were FACS sorted from DN
thymocytes harvested from four C57BL/6 mice and analyzed by an
Affymetrix Mouse Genome 430 2.0 Array for gene expression
(Fig. 1A). Four independent experiments were performed using 16
mice. After normalizing the array signals using an invariant gene
set (22), we extracted differentially expressed probe sets whose
signals showed =1.5-fold difference between DN2 and DN3 or
between DN3 and DN4. With this threshold, 1,901 probe sets (or
1,500 nonredundant genes) were extracted as “differentially ex-
pressed” from a total of 27,330 probes (16,131 genes) expressed in
either of the three DN subsets, with a false discovery rate of 0.007
as determined by random permutation tests (23). In hierarchical
clustering, the four independent array data sets for each subset
were correctly clustered into the same clusters, validating the re-
producibility across the experiments (Fig. 1B). In contrast, the K-
means clustering of the 1,500 differentially expressed genes iden-
tified six clusters, CLI-CL6, showing discrete temporal
expression profiles: genes expressed higher in DN2 and down-
regulated in DN3 (CL1), those expressed higher in DN2 and grad-
ually down-regulated in DN3 and DN4 (CL2), those expressed in
DN2 and DN3 but down-regulated in DN4 (CL.3), those only tran-
siently expressed in DN3 (CL4), those expressed both in DN3 and
DN4 (CL5), and those showing low expression in DN2 and DN3
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and up-regulated in DN4 (CL6) (Fig. 1C). The lists of genes in
these clusters were presented in supplementary Table S1, a-f.*

Predaominantly repressive gene regulation in DN thymocyies
and their lineage-promiscuous gene expression

With regard to the temporal profiles of gene expression in DN
thymocytes, our first note is that 1123 (74.9%) of the 1500 differ-
entially expressed genes are initially expressed in DN2 but even-
tually down-regulated during the course of DN thymocyte devel-
opment (CL1-3), while only 79 (5.27%) and 89 (5.93%) genes are
up-regulated in DN3 and DN4 (CLS and CL6), respectively (Fig.
1C). The other set of genes (CL4) are transiently expressed in DN3
but have low expression in DN2 and DN4. Thus, gene regulation
during DN thymocyte development is largely repressive rather
than inductive. Our next note was that these down-regulated genes

4 The online version of this article contains supplemental material.
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Table 1. Significantly relevant pathways in each cluster

Rank Name »
CLI
1 Ets (Spi subfamily) regulation 3.84x107°
2 IL-4 signaling 135X 107%
3 1gG signaling 1.39 x 107¢
4 Integrin signaling 6.94 X 107¢
5 c-kit signaling 147 x 1077
6 G protein (G12/13) signaling 1.55 x 1073
7 Ets (TCF subfamily) regulation 311 %1073
8 Rho family signaling 8.30 X 107?
9 CD44 signaling 8.60 X 107*
CL2
1 RUNX regulation 219X 1077
2 Endoplasmic reticulum regulation 972 %X 107°
3 Platelet-derived growth factor signaling 4.94 X 10™*
4 Prolactin signaling 7.09 x 107¢
5 PI3K signaling 123 % 107?
6 y-Aminobutyric acid signaling 123 x 107}
7 IL-2 signaling 1.78 x 107¢
8 CCRI0 signaling 4.66 X 1073
9 G protein (Gg/11) signaling 587 x107°?
10 Human growth factor signaling 9.55 x 1077
CL3 .
1 NFAT regulation 9.67 X 107#
2 AP-1 regulation 3.12x107F
3 Caspase signaling 3.59 x 107%
4 PPARa regulation 5.24 X 1073
CL4
1 TCRap signaling 235X 1079
2 Ets (Ets family) regulation 1.40 X 10~%
3 Integrin signaling 1.87 X 1077
4 NE-«B regulation 7.58 % 107?
5 Notch signaling 8.23 x 1077
CLS and 6
1 Integrin signaling 1.67 X 10~¢
2 TCRap signaling 7.23 X 107°
3 Ets (Ets family) regulation ¢+ 3.17%x107%
4 RB/E2F regulation 2.64 X 107*
5 TCF regulation 453 x107*

contain a variety of genes whose expression is relatively charac-
teristic to one or more hemopoietic lineages (lineage affiliated),
including NF-E2 and thrombin receptor (megakaryocytes), PU.1,
lysozyme, and myeloperoxidase (myeloid lineages), Lyn, Syk, Btk,
Bcl3, BCAP, and Bach2 (B cells), and 2B4, Fas ligand, and gran-
zyme B (mature T cells) (Fig. 2A). This suggested that “promis-
cuous” expression of multiple lineage-affiliated genes in early thy-
mocyte progenitors and their repression during the course of their

Table 1. List of genes in CL4 with presumed DNA-binding capacity
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commitment to mature T cells could be one of the characteristics
of immature thymocytes. To confirm this in more detail, we iden-
tified those genes whose expression was thought to characterize a
variety of mature hemopoietic lineages and tracked their expres-
sion levels during the course of DN thymocyte development. Be-
cause no comprehensive gene expression database was available
for mice, we did this using a human tissue expression database at
the Genomics Institute of the Novartis Research Foundation web
site (http://symatlas.gnf.org/SymAtlas/) (32) by translating mouse
genes into their human counterparts. A gene is considered to be
affiliated with a lineage if its human counterpart shows >10 times
higher expression in that lineage than their median expression
among 79 different tissues. Among the 1500 differentially ex-
pressed genes, the human counterparts were uniquely identified for
744 (49.6%) genes (Fig. 1C), of which 133 (17.9%) satisfied the
above criteria for being affiliated with one or more hemopoietic
cell lineages (Fig. 34), and lists of genes affiliated with respective
lineages are presented in supplementary Table S2, a-g.* Among
the 133 lineage-affiliated genes, 110 (83%) are expressed in DN2
and down-regulated during the course of thé DN thymocyte de-
velopment (CL1-CL3), accounting for 20% of 548 down-regu-
lated genes assigned to CL1-3 (Fig. 3B). More genes are rapidly
down-regulated during the DN2/DN3 transition (CL1), whereas as
indicated from the relatively high CL3 component, down-regula-
tion of genes affiliated with NK cells seems to occur more slowly
(Fig. 3C). Although most of these down-regulated genes are affil-
iated with lineages other than T cells, many T cell-affiliated genes
are also prematurely expressed in immature thymocytes and un-
dergo down-regulation before they are definitely expressed later in
thymocyte maturation (Figs. 2A and 3C). Only 12 (9%) lineage-
affiliated genes were newly up-regulated until the DN4 stages and
mostly related to T cells (Fig. 3, B and C). Note that our criteria for
lineage relatedness may be too conservative, since many of genes
presumed to be specific to mature T cells, such as 2B4, Fas ligand,
and granzyme B, were not extracted as T cell-related genes.

Pathway analysis of gene clusters during DN thymocytes
development

The functional features of genes showing discrete expressional
time courses are of interest to understand the regulation of DN
development. To address this, we statistically explored possible
functional links among genes within each cluster by evaluating a
probability that a given set of genes on the known functional path-
way was grouped together by chance within that cluster, showing
a similar temporal expression profile using KeyMolnet software

Entrez Gene

Identification Gene Title

GO Molecular Function Description

26972 Sporulation protein, meiosis-specific, SPO11 homolog
(Succharomyces cerevisiae)

18131 Notch gene homolog 3 (Drosophila)

72693 Zinc finger, CCHC domain containing 12

278672 RIKEN cDNA 1110051B16 gene

13655 Early growth response 3

210104 cDNA sequence BC043301

320790 Chromodomain helicase DNA binding protein 7

67344 Tctex] domain containing |

15463 HIV-1 Rev-binding protein

272382 SpiB transcription factor (Spil/PU.1 related)

DNA binding, DNA topoisomerase (ATP-hydrolyzing)
activity, ATP binding, hydrolase activity

DNA binding, transcription factor activity, receptor activity,
calcium ion binding, protein binding

Nucleic acid binding, zinc ion binding, metal ion binding

DNA binding, transcription factor activity, sequence-specific
DNA binding

Nucleic acid binding, DNA binding, zinc ion binding, metal
ion binding

Zinc ion binding, metal ion binding, nucleic acid binding

DNA binding; zinc ion binding, metal ion binding

DNA binding, transcription factor activity, sequence-specific
DNA binding, transcription factor activity
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FIGURE 4. Structure of Dux! and similarity to its candidate orthologs. A, Homology of Duxl to its putative human orthologs (DUXA and DUX4)
in amino acid sequences in which boxes indicate the identical amino acids among the three genes, asterisks indicate the common amino acids between
Dux! and DUXA, and open circles indicate the common amino acids between Duxl and DUX4. B, Structure of predicted Dux] protein with its
similarity to DUXA and DUX4. C, Gene structures of Dux! in mouse and DUXA and DUX4 in humans. D, Distribution of Dux! expression in various
tissues and cell lineages as determined by qPCR. The amount of transcript of Dux/ was normalized to the amount of 18S rRNA in each tissue/
population and is shown relative to levels in the total splenocytes in the upper right panel. Data shown are the average = SD from triplicate samples.
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FIGURE 5. Effect of Dux/ transduction on thymocyte development in OP9-DL culture. A, DN3 cells from normal mice were FACS sorted according to the
expression of iTCRB chain (upper two panels) and expression of Dux! in iTCRB™ and iTCRp ~ cells was examined by qPCR analysis. Resultant PCR products
were electrophoresed on 4% agarose gel (lower two panels). B, Dux! was transduced into FL cells and the development into thymocytes was examined by FACS
analysis for their expression of CD4/CD8 (upper panels), CD25/CD44 (middle panels), and iTCR chains (bottom panels) in ex vivo thymus (/eft), mock-infected
cultured FL cells (middle), and Duxi-transduced cultured FL cells (right). C, Expression levels of Rag/ and PU.! were examined by gPCR using RNA isolated
from the sorted GFP*CD25*CD44™ fraction and GFP*CD25% CD44" fraction of mock- or Duxl-transduced FL cells cultured on OP9-DL1 (upper panels). The
amount of transcript of Rag/ and PU./ was normalized to the amount of 18S rRNA in each population and is shown as relative values. Data shown are the
average * SD from triplicate samples. Expression of CD117 was analyzed with FACS (lower panels). D, TCRP rearrangement status was analyzed by PCR using
DNA isolated from the sorted GFP*CD25*CD44 ™ fraction and GFP*CD25"CD44"" fraction of mock- or Diux/-transduced FL cells cultured on OP9-DLI. E,
Duxl was overexpressed in FL cells or AKR1 cells using retrovirus vector, and the expression levels of TCRB in the GFP* fraction were examined by FACS.

(IMMD) (27). Because of the small numbers of genes within the tionally related genes or pathways were extracted from each clus-
clusters CL5 and CL6, both clusters were analyzed after being ter. Table I shows a list of pathways extracted in high significance
combined together. In this pathway analysis, several sets of func- values (p < 0.01). For examples, genes involved in c-kit signaling
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ruses (sequence #1) were cultured on OP9-DL1 cells
and expression of CD4/CD8 (upper panels) and CD25/
CD44 (lower panels) was analyzed after 17 days. Dot
plots are gated on GFP"CD4~CD8~ cells or GFP*
CD4™CD8™ cells.

(p = 0.00147) and CD44 signaling (p = 0.0086) were extracted
from the CL1 cluster, reflecting the fact that c-kit and CD44 are
down-regulated in DN3 and also indicating that the pathways ex-
tracted from CL1 are expected to be inactivated in DN3. Other
pathways that are known to undergo dynamic regulations during
DN thymocyte development were also extracted from different
clusters, including the Runx1 pathway from CL2 (gradually down-
regulated), NFAT and AP-1 pathways from CL3 (down-regulated
in DN4), TCRaf, NF-kB, and Notch pathways from CL4 (tran-
siently activated in DN3), and Ets and TCRaf pathways from
CL5/CLS6 (up-regulated in DN3 or DN4). The other pathways that
were extracted with high significance values but have not been
previously implicated in T cell development include those related
to platelet-derived growth factor, y-aminobutyric acid, and perox-
isome proliferator-activated receptor a.

Expression and structure of 110051B16Rik or Duxl gene

In view of clarifying gene regulations that operate during thymo-

cyte development, of particular interest are genes included in CL4, |

because they show a unique temporal expression profile of tran-
sient induction or up-regulation in DN3 and contain key genes for
the thymocyte development or 8 selection, including pre-TCRa,
SpiB, Egr3, and Norch3 (33-37) (Fig. 2B). Especially, we were
interested in genes that were thought to be involved in transcrip-
tional regulations (Table II). Among these genes, we focused on a
gene, /110051 BI6Rik, which encodes a putative transcription fac-
tor with unknown functions (Table II and Fig. 44). It has an open
reading frame of 1050 nt and the predicted protein shares structural
features and sequence similarities with the families of double ho-
meobox proteins that are thought to have rapidly diverged during
evolution (Fig. 4B) (38). Although currently no definite human
ortholog is uniquely identified due to incomplete sequence homol-
ogy to human sequences, it shows the highest similarity with hu-
man DUXA or DUX4 in their amino acids sequence and gene
structure with DUXA (Fig. 4, B and C), and thus, was named as
Dux! (Dux in lymphoid lineage). In hemopoietic compartments,
expression of Duxl is largely restricted to DN3 thymocytes and
B220-positive B cells in bone marrow and spleen, implicating their
functional roles in both subsets of lymphocytes, although it is also
expressed in embryos from mid to late gestation, as well as in other
non-hemopoietic adult organs, including brain, prostate, and uterus
(Fig. 4D).

>

celi counts,

Function of Duxl in thymocyte development

To get an insight into the role of Dux! in thymocyte development,
we first examined its expression among the subpopulations of DN3
thymocytes by FACS sorting DN3 cells into two populations ac-
cording to their expression of intracellular TCRB (iTCRp) chains
(Fig. 5A, upper panel) (8, 39). In quantitative PCR (qPCR) anal-
ysis, Duxl transcripts were detected in the iTCRB ~ fraction
(DN3a) but not in the iTCRB™ fraction (DN3b), indicating that the
Duxl expression is largely restricted to the DN3a fraction (Fig. 54,
lower panel).

To explore the effect of constitutively expressed Dux! on DN
thymocyte differentiation, we transduced the Dux! cDNA into
mouse FL cells using a bicistronic retrovirus vector with a marker
GFP cDNA in the second cistron, and the Dux!-transduced FL cells
were then assayed on the OP9-Delta-1 (OP9-DL1) culture system
that can mimic intrathymic development of DP thymocytes from
the FL hem'opoietic progenitors (29). As previously described, the
mock-infected FL cells generated substantial numbers of GFP™
DP thymocytes after 15 days of culture on OP9-DL1 (Fig. 5B,
upper central panel) (19). In contrast, the number of GFP* DP
cells was dramatically reduced in the culture from the Dux/-trans-
duced FL cells (Fig. 5B, upper right panel). Although the total cell
numbers were not significantly different between both cultures, the
GFP* cells from the Dux!-transduced culture generated an in-
creased proportion of the CD257CD44'™ cells, compared with
mock-infected cells (Fig. 5B, middle panels) that produced a sim-
ilar proportion of CD25*CD44'™ cells as GFP ~ cells (data not
shown). The increased proportion of CD25"CD44'™ in Duxl-
transduced culture was accompanied with a reduced DN2 popula-
tion. The GFP*CD25*CD44'"™" cells in the Duxi-transduced FL
cells had a Thyl™ CD1lc ~ Macl "NK1.17B220 ~ phenotype.
We extracted total RNAs from mock-infected DN2 and DN3 and
Duxl-introduced DN2 and DN3 cells cultured on OP9-DL1 and
analyzed their expression of Rag/, PU.1, and c-kit using real-time
PCR and flow cytometry, respectively. In Duxl-introduced DN2
and DN3 cells, expression of Ragl was enhanced and expression
of PU.I was reduced, whereas no difference was observed in c-kit
expression between mock-infected and Duxl-introduced cells (Fig.
5C).-Therefore, Duxl is supposed to promote the DN2/DN3 tran-
sition in some respects, while not in others.

Mock-infected and Dux!-transduced CD25*CD44'™ cells were
sorted and their genomic DNA was analyzed by PCR for TCRS
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rearrangement. Interestingly, although the fraction of iTCRB-pos-
itive cells in Duxl-transduced DN cells was substantially reduced
compared with that in control DN cells (Fig. 5B, lower panels), the
extent of DJB and V-DIS rearrangement in Duxl-transduced
CD25%CD44" cells was comparable to those of control cells or
rather slightly accelerated compared with control cells (Fig. 5D),
indicating that Duxl actively represses expression of rearranged
TCRp genes. Indeed, expression of surface TCRB in the mouse
thymoma cell line AKRI, which exhibits the DP phenotype
(CD4*CD8*TCR'™), was reduced after Dux! was introduced us-
ing retroviral vector (Fig. SE). Taken together, these data suggest
that the increased CD25*CD44' population in the Duxi-trans-
duced cells show a DN3a-like phenotype and that constitutive ex-
pression of Dux! promotes the DN2/DN3 transition but compro-
mises the process of 8 selection.

To further investigate the role of Duxl in DN2/DN3 transition,
we knocked down the expression of Dux! in FL cells using RNA
interference, in which FL cells were transfected with a retrovirus
that produces shRNA directed against Dux! and examined for their
development in the OP9-DLI culture. Among three different shRNAs
(sequences 1-3), only sequence 1 shRNA showed significant
RNA interference as confirmed by the reduced cell surface expres-
sion of a truncated form of nerve growth factor receptor (NGFRt)
in NIH3T3, where the NGFRt was translated from a bicistronic
message of the Duxl-IRES-NGFR: (Fig. 6A). When transduced
with sequence 1 shRNA, FL cells showed a reduced DN2/DN3
transition in OP9-DL1 culture as determined by the higher levels
of CD44 expression in GFP*CD25™ cells compared with GFP™
CD25™ cells within the same culture or with GRP*CD25™ cells in
the aLuc (mock)-infected culture (Fig. 6B).

It was of particular interest to explore a possible functional link
between Duxl and Runxl, because we showed that Runx] is es-
sential for the DN2/DN3 transition (18). Thus, we tested whether
Dux! can rescue the phenotype of Runx! deficiency in developing
thymocytes by transducing Dux! into FL cells from Runx]-defi-
cient mice in OP9-DLI culture. Although mock-transduced
Runxi-deficinet FL cells showed the defective DN2/DN3 transi-
tion with impaired down-regulation of CD44 (19), Duxl transduc-
tion clearly increased the CD44'““CD25™ population (Fig. 7, A
and B), although the latter population still did not express intra-

?

intracellular TCRp

© : GFP(-) fraction
0 : GFP(+) fraction

cellular TCR chains (Fig. 7A, lower panels). Thus, Duxl can in-
duce down-regulation of CD44 in a Runx/-independent manner.
We further examined whether Dux! is induced by Runx1 or not,
where Runx] was transduced into normal FL cells in OP9-DL1
culture or an AKR1 cell line, and expression of Dux! was measured
by quantitative PCR 72 h after the transduction. In both experi-
ments, Runx/-transduced GFP™ cells showed a marked increase in
Duxl expression (Fig. 7C). These results indicated that Runx] pro-
motes the DN2/DN3 transition by, at least in part, regulating ex-
pression of Duxl, although it is not clear whether this regulation is
direct or indirect.

Discussion

Several groups have investigated the gene expression profiles of
developing thymocytes (40-43). Despite the differences in ana-
lytical methods, panels of genes to be examined, microarray used,
thymocyte subpopulation analyzed, or species, the reported ex-
pression pattern of some representative genes such as pTa, Nothc3,
Egr3, or SpiB were reproduced in our study (15, 40, 42). Further-
more, our study revealed a new aspect that was not described so far
and adds to knowledge of the development of thymocytes. Intra-
thymic development of thymocytes is a dynamic process, during
which immature thymocytes progressively commit to mature T
cell differentiation accompanied by explosive expansions of their
population. As such, we initially expected that this process be
driven by induction of a large number of regulatory genes. Unex-
pectedly, however, our expression profiling clearly showed that
gene regulation during early thymocyte development is character-
ized by mostly repressive activities of transcription, where 90% of
the differentially expressed genes were eventually down-regulated.
This means that as thymocytes differentiate from their progenitors,
they become to use more limited sets of genes at least before dif-
ferentiating into DP cells.

Among these down-regulated genes, a notable subset is a group
of genes that show lineage-promiscuous expression. According to
our somewhat arbitrary criteria, these genes account for a substan-
tial proportion (20%) of down-regulated genes in DN2. In other
words, immature thymocytes in.the DN2 subset simultaneously
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express genes from different lineage-affiliated programs. Such lin-
eage-promiscuous states were previously implicated for multipo-
tent hemopoietic progenitors based on the observation for limited
numbers of lineage-affiliated genes (44—46). We confirmed this
for DN thymocytes by analyzing expression of a large number of
genes and also evaluated their temporal changes during the course
of their development. Of note is that mature T cell-related genes
expressed in DN2 are also transiently repressed during DN2 to
DN4 progression. Because our criteria of >10 times higher ex-
pression than the median could be too.strict, more DN2 genes
undergoing down-regulation thereafter could be explained under
this framework.

The interpretation of this lineage-promiscuous gene expression
in very immature thymocytes is elusive, but it may be speculated
that these immature cells are conditioned or primed before their
differentiation into particular lineages and that these “primed”
states are represented by expression of multiple lineage-affiliated
genes. In this scenario, the lineage-promiscuous expression of DN
thymocytes could be related to plasticity of these cells. DN2 thy-
mocytes are committed to T lineage to a certain extent but still can
give rise to other lineages such as NK cells (10, 12-14), which
might reflect the observation that NK cell-affiliated genes were

more slowly down-regulated during DN thymocyte development

(Fig. 3C). Alternatively, lineage-promiscuous gene expression
could be explained by the heterogeneous lineage potential at the
level of cellular complexity. Because CD44*LCD25"" DN1 cells
are composed of multiple subsets with distinct differentiation ca-
pacity that could be identified with additional c-kit and CD24
staining (11), DNI cells express a large number of lineage-pro-
miscuous genes down-regulated at the DN1/DN2 transition (40).
This may be also the case with DN2 cells we have sorted without
c-kit and CD24 staining in this study. Although, the observation
that differentiation capacity of DN1 cells with lysozyme expres-
sion was similar to that of DN1 cells without lysozyme expression
(47) strongly supports the former interpretation, it is necessary to
examine the gene expression profiles of each single DN cell, as
well as more precise sorting with c-kit and CD24 staining, to know
which interpretation is more accurate.

Computational mapping of differentially expressed genes show-
ing similar temporal profiles (CL1-CL6) to known functional
pathways seems to be effective to extract the relevant pathways in
DN thymocyte development, because it successfully extracted
well-characterized pathways in developing thymocytes, such as
those related to Runxl, TCRB, NF-kB, NFAT, and Notch genes. In
addition, it also implicated the presence of several previously un-
known pathways that might be regulated during thymocyte devel-
opment. Although further evaluations are required, finding of these
potentially relevant pathways will provide valuable clues to the
exploring molecular mechanisms of regulation of DN thymocyte
development.

During DN thymocyte development, only a minority of genes
was newly induced, among which those included in the CL4 clus-
ter were of our particular interest, because they were transiently
expressed within a window in DN3 and contained several well-
known pathways and genes that are critical for thymocyte devel-
opment. From a few candidate genes within this cluster that are
potentially involved in transcriptional regulations, we identified a
novel double homeobox gene, named Dux!, which is transiently
expressed in DN3a and couid have critical roles in regulation of
DN thymocyte development. When constitutively expressed in FL
cells in OP9-DLI1 culture, Duxl enhances the proportion of
CD44'¥CD25* thymocytes that mimic the phenotype of DN3a
cells with severely reduced DP cells, while the knockdown of Duxl
in FL cells impaired the proper DN2/DN3 transition. Thus, Duxl is
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thought to play an important role in promoting the DN2/DN3 tran-
sition in the development of DN thymocytes.

In early thymocyte development, Dux] has several functional
similarities to SpiB, in that it is highly expressed in DN3a as well
as B cells, and that normal thymocyte development is impaired
when constitutively expressed or knocked down in early thymo-
cytes (33). These observations may implicate a possible functional
link between SpiB and Duxl, which should be addressed in further
analysis. For example, SpiB also regulates B cell differentiation,
implicating that Duxl is also involved in development of B cells.

Of particular interest is the finding that Dux/ is induced by
Runxl expression and can partially rescue the Runx]-deficient
phenotype with regard to the down-regulation of cell surface
CD44, indicating that Duxl is one of the effecter molecules in-
volved in the DN2/DN3 transition that is regulated by Runx1. The
detailed molecular mechanism of the DN2/DN3 transition is
largely unknown because only limited numbers of mice strains,
namely, Runxi-deficient mice (18) and pTa/common cytokine re-
ceptor <y-chain double knock-out mice (20), exhibit the matura-
tional block between the DN2 and the DN3 stage. However, con-
sidering the fact that during the transition from the DN2 to the
DN3 stage, the TCRf gene is rearranged and afT cell, 8T cell,
and NK cell lineages begin to diverge (10, 48, 49), the DN2/DN3
transition, on which our findings could shed light, is supposed to
be a crucial developmental step. .

On the other hand, the interpretation of the severely reduced
production of DP cells associated with constitutive expression of
Duxl in FL cells is complicated in a context of its physiological
roles. Since the Dux!-transduced FL cells seem to show a matu-
rational block at the transition between DN3a and DN3b, during
which Dux! undergoes down-regulation in vivo, it may be postu-
lated that Duxl being normally down-regulated in this step is im-
portant for the 8 selection and subsequent DP thymocyte produc-
tion. We may safely conclude that the precise regulation of Dux!
expression is essential for DP thymocytes to be normally generated
in OP9 culture, but its physiological functions in 8 selection and
DP thymocyte generation are still elusive. To address this, more
sophisticated experimental approaches with precisely targeted ex-
pression of Duxl in vivo should be required. ’

In conclusion, through the gene expression profiling of chrono-
logically discrete subsets of DN thymocytes, we demonstrated the
predominantly repressive gene regulation during DN thymocyte
development along with its implication in lineage-promiscuous
gene expression in immature thymocytes. Among the gene cluster
showing transient expression in DN3, we identified Duxl, a novel
double homeobox gene, that is induced by Runx1 and involved in
regulation of DN thymocyte development.
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