using Gray’s method, with relapse and NRM, respectively,
as a competing risk. Acute GVHD was graded by
established criteria.'* Chronic GVHD was evaluated in
patients who survived beyond day + 100, and was classified
as limited or extensive according to the Seattle criteria.'*
A multivariate Cox model was created for grade II-IV acute
GVHD, organ stages of acute GVHD, chronic GVHD, OS,
NRM and relapse using stepwise selection at a significance
level of 5%. Age, conditioning, disease risk, remission state,
donor-recipient sex combination and graft source were
used as covariates. For chronic GVHD analysis, a history
of acute GVHD was included as covariates. Hazard ratios
of the CCRY genotype were adjusted by these models. In
acute GVHD analysis, patients who died before day + 30
were censored. Analysis was carried out using STATA
(StataCorp. 2007; Stata Statistical Software: Release 10.0.
Special Edition. Stata Corporation, College Station, TX,
USA). Data analyses were completed as of January 2007
using the most updated database at each institute.

Results

Patient characteristics

Patient characteristics are summarized in Table 1. Ninety-
four male patients and 73 female patients, with a median
age of 38 years, were included in the study. Our patients
were afflicted with various diseases, including myeloid
malignancies (n = 106), lymphoid malignancies (n =42) and
benign diseases (n=19). Disease risk was standard in 97
patients and high in 70 patients. Standard risk included
malignancies in the first and second remission, chronic
myelogenous leukemia in the chronic phase, myelodysplas-
tic syndrome with refractory anemia with or without ringed
sideroblasts and benign diseases. High risk included all
others. Ninety-eight patients with malignant disease
received transplantation with their disease in remission.
The graft source was BM in 130 patients and PBSCs in 37
patients. The conditioning regimen was myeloablative in
147 patients and reduced-intensity conditioning in 20
patients. TBI was used as part of the conditioning in 98
patients. Myeloablative conditioning regimens for malig-
nancy included BU 16mg/kg+CY 120mg/kg (n=32),
CY 120 mg/kg+TBI 12Gy (n=9), CY 120mg/kg + TBI
10 Gy + another agent of BU 8mg/kg, cytarabine 8 g/m?,
etoposide 50 mg/kg or melphalan 140 mg/m? (n=62), BU
8 mg/kg + melphalan 180 mg/m?+ TBI 10Gy (n=12) and
melphalan 180mg/m®>+TBI 10Gy (n=13). Reduced-
intensity conditioning regimens for malignancy inclu-
ded fludarabine 125mg/m?+ melphalan 100-180 mg/m?
(n=20). Conditioning regimens for aplastic anemia
included CY 200mg/kg+TLI 7.5Gy (n=17) and CY
200mg/kg+TLI 5Gy+TBI 5Gy (n=1) as previously
described.'® One patient with paroxysmal nocturnal hemo-
globinuria was conditioned with CY 120mg/kg+ TBI
12Gy. At a median follow-up of 42 months (range: 2-220
months), 104 patients were still alive. The estimated 4-year
0OS, NRM and relapse rates were 55, 18 and 30%,
respectively. Causes of 26 non-relapse mortalities included
bronchiolitis obliterans (n=2), idiopathic pneumonia
syndrome (n=38), hepatic failure (n=1), veno-occlusive
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Table 1 Patient characteristics
No. of patients 167
Median age in years (range) 38 (15-62)
Sex (M/F) 94/73
Race (Japanese/other) 16770
Disease
AML 50
ALL 30
CML 40
MDS 16
ML 6
"ATL 1
MM 5
AA 18
PNH 1
Disease risk
Standard 97
High 70
Status at transplant among patients with malignant disease
Remission 98
Non-remission 50
Graft source
Bone marrow ' 130
PBSC ’ 37
Gender compatibility
Female donor in male recipient 45
Others 122
Conditioning
TBI-containing conditioning 98
Myeloablative conditioning for malignancy 147
BU+CY 32
CY +TBIL ) 9
CY +TBI+another agent 62
BU + melphalan -+ TBI 12
Melphalan+TBI 13
Reduced-intensity conditioning for malignancy 20
Fludarabine + melphalan 20
Conditioning for aplastic anemia/PNH
CY+TLI 17
CY+TLI+TBI 1
CY+TBI 1
GVHD prophylaxis
Cyclosporine + MTX 167
Overall survival at 4 years 55%
Non-relapse mortality at 4 years 18%
Relapse rate at 4 years 30%
Acute GVHD
Grade (0/I/II/III/IV) 99/37/20/8/3
Skin stage (0/1/2/3/4) 104/33/6/22/2
Liver stage (0/1/2/3/4) 159/3/1/3/1
Gut stage (0/1/2/3/4) 153/4/2/5/3
Chronic GVHD (n=155 evaluable)
None 91
Limited/extensive 13/51
Organ (eye/oral/skin/lung/liver) 21/55/31/2/29

Abbreviations: AA =aplastic anemia; ATL =adult T-cell leukemia/
lymphoma; F=female; M =male; MDS = myelodysplastic syndrome;
ML =malignant lymphoma; MM = multiple myeloma; PNH =paroxysmal
nocturnal hemoglobinuria.
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Proportion of patients who developed GVHD in each

Table 2
genotype
Events Genotype 926 AG Genotype 926AA
Acute GVHD
Grade II-1V 2/10 (20%) 29/157 (18%)

Skin stage 2-4 4/10 (40%) 26/157 (17%)

Liver stage 2-4 1/10 (10%) 4/157 (2.5%)
Gut stage 2-4 1/10 (10%) 9/157 (5.7%)
Chronic GVHD
Limited/extensive 4/10 (40%) 60/145 (41%)
Eye 2/10 (20%) 19/145 (13%)
Oral 4/10 (40%) 51/145 (35%)
Skin 3/10 (30%) 28/145 (19%)
Lung 1/10 (10%) 1/145 (0.6%)
Liver 2/10 (20%) 27/145 (19%)

disease (n =2), hepatitis (n =2), intestinal bleeding (n=1),
transplant-associated microangiopathy (n=3), acute
GVHD (n=3), scleroderma (n= 1) and bacterial or fungal
pneumonia (n=13). The incidence rates of grade II-1V,
III-1V acute GVHD and chronic limited/extensive GVHD
were 18.6, 6.6 and 41%, respectively. The incidence rates of
stage 2-4 skin, liver and gut involvement were 18, 3 and
6%, respectively.

Frequency of CCRY genotypes

Ten donors had genotype 926AG by the RFLP method,
which was subsequently confirmed using direct sequence.
The frequencies of the 926AA, 926AG and 926GG
genotypes among the donors were 94, 6 and 0%,
respectively, which were comparable with those reported
in the HapMap-JPT database (http://www.hapmap.org).

Huzard analysis and the effect of CCR9 genotypes on
transplant outcome

The proportion of patients who developed GVHD in each
genotype is summarized in Table 2. Grade II-IV GVHD,
stage 2-4 skin GVHD, stage 24 liver GVHD, stage 2-4 gut
GVHD and chronic limited/extensive GVHD developed in
2,4, 1, | and 4 patients, respectively, among patients whose
dormor had the genotype 926AG, whereas they developed in
29, 26, 4, 9 and 60 patients, respectively, among patients
whose donor had the genotype 926AA. The estimated
4-year OS, NRM and relapse rates were not significantly
different between G926A genotypes (56 vs 55%, P=0.78;
33 vs 17%, P=0.32; 10 vs 32%, P=0.19, respectively)
(Figure 1). Multivariate analyses showed that PBSC
transplantation was a risk factor for grade II-IV GVHD,
stage 2-4 skin GVHD and stage 2-4 gut GVHD; high risk
disease was a risk factor for OS and relapse; age of more
than 40 years was a risk factor for OS and NRM; and
female-to-male . transplantation was a risk factor for
chronic liver GVHD (Table 3, middle column). Hazard
ratios of the genotype 926 AG, adjusted by these factors, are
listed in Table 3 (right column). The genotype 926AG was
significantly associated with acute stage 2-4 skin GVHD
(hazard ratio: 3.2; 95% confidence interval (95% CI):
1.1-9.1; P=0.032) and chronic skin GVHD (hazard ratio:
4.1; 95% CI. 1.1-15; P=0.036), whereas it was not
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Figure 1 Overall survival between (G926A genotypes. At a median
follow-up of 42 months (range: 2-220 months), the estimated 4-year
overall survival was not statistically different between G926A genotypes
(56 vs 55%, P=0.78).

associated with grade II-1V GVHD or with stage 24 liver
GVHD, stage 2-4 gut GVHD, limited or extensive chronic
GVHD, chronic GVHD in organs other than skin, OS,
NRM or relapse. PBSCs were used in only 1 of 10 patients
who received transplantation from 926AG donors.

 Functional comparison between CCR9-926A and 926G

To clarify the functional differences between genotypes of
926A and 926G, we created ¢cDNA constructs with each
genotype using the Quickchange Kit. Each construct was
transfected into Jurkat cells with retroviral vectors. After 3
weeks of selection with puromycin, we analyzed the
expression of CCRY in each of the stably transfected cells.
Cells were stained with phycoerythrin-labeled monoclonal
anti-CCR9. The level of CCR9 expression was higher in
CCROY-transfected cells compared with that in control-
transfected cells, and equivalent between the 926A and
926G genotypes (Figure 2a).

We next analyzed the migration of Jurkat cells trans-
fected with control vectors, 926A and 926G, as well as plain
Jurkat cells in response to varying concentrations of
CCL25, using porous Transwell tissue culture inserts to
separate the cells in the upper chambers from the
chemokine-containing medium in the lower chambers. As
shown in Figure 2b, CCRY-transfected cells, but not the
control-transfected or plain Jurkat cells, migrated in
response to CCL25 in a dose-dependent manner, producing
a bell-shaped curve. It is noted that CCR9-926G-expressing
cells were more responsive to CCL25 compared with those
expressing CCR9-926A.

Discussion

Several genetic polymorphisms of inflammatory cytokine
genes are reported to affect the outcome of allo-HSCT.!#-2!
Chemokines are another group of cytokines that control
the trafficking of leukocytes through interactions with
chemokine receptors. We hope to clarify the role of these
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Table 3 Effect of the CCR9 genotype on transplant outcome
Events Risk faclor(s )’ Multivariate® Genotype 926AG®
Hazard ratio (CI) P-value Hazard ratio (CI) : P-value
Acute GVHD
Grade II-IV PBSCT 3.4 (1.7-6.9) 0.001 1.2 (0.30-5.3) 0.76
Skin stage 2-4 PBSCT 2.7 (1.3-5.5) 0.008 3.2 (1.1-9.1) 0.032
Liver stage 24 — — — 4.2 (0.47-37) 0.20
Gut stage 2-4 PBSCT 5.7 (1.6-20) 0.007 2.4 (0.30-19) 0.41
Chronic GVHD
Limited/extensive — e e 1.7 (0.52-5.8) 0.37
Eye — — —_ 6.2 (0.56-68) 0.14
Oral — — — 2.4 (0.71-8.4) 0.16
Skin — — — 4.1 (1.1-15) 0.036
Lung — — — 12 (0.76-196) 0.077
Liver Female to male 3.5 (1.0-12) 0.05 1.7 (0.21-13) 0.63
Overall survival Age>40 2.1 (1.3-3.6) 0.004 0.84 (0.30-2.3) 0.73
High risk 2.1(1.3-3.6) 0.004
Non-relapse mortality Age>40 2.7(1.2-6.1) 0.015 1.3 (0.40-4.5) 0.64
Relapse High risk 4.0 (2.0-7.8) <0.001 0.36 (0.05-2.6) 0.31

Abbreviations: CI =confidence interval; PBSCT = peripheral blood stem cell transplantation.
aCovariates used were age, conditioning, disease risk, remission state, donor—recipient sex combination and graft source. For chronic GVHD analysis,

history of acute GVHD was included in the covariates. Only significant factors were listed.

bAdjusted by significant factors.

chemokines in initiating GVHD. Specifically, we address
the association of polymorphism in the tissue-specific
chemokine receptor gene with acute and chronic GVHD
and the regulation of leukocyte trafficking.

CCL25 and CCR9 (as chemokine and chemokine
receptor) are selectively expressed in both the thymus and
the small intestine.?>** One of their important functions is
the selective homing and retention of CCR9-positive T cells
and B cells to the small intestine rather than to the colon,
which provides a mechanism for regional specialization of
the mucosal immune system.>>* Another function is
regulating intrathymic T-cell development, particularly
double-negative to double-positive transition,>*2¢ which
may be associated with T-cell recovery after allo-HSCT.
Therefore, the effect of the CCR9 genotype on acute
GVHD is hypothesized to result from its function in the
small intestine because T cells educated in the thymus will
appear at least 6 months after transplantation.”

Interestingly, donor CCR9 SNPs affected the incidence
of skin GVHD, but did not affect the incidence of intestinal
GVHD. This observation may be partially explained by the
findings of Beilhack et al.*® who recently reported the
redundancy of secondary lymphoid organs at different
anatomical sites in GVHD initiation. They suggested that
primed T cells could initiate GVHD at sites other than their
original priming sites. As Peyer’s patches are important
sites of Ag presentation,? differences in T cell homing to
Peyer’s patches between each CCR9 genotype may produce
changes in Ag presentation and result in varying incidences
of skin GVHD.

Our results suggest the possibility of CCL25/CCR9-
targeting modalities for GVHD. CCL25 and CCR9 have an
important role in the adherence of T lymphocytes to the
intestinal endothelium under inflammatory and normal

conditions, and anti-CCL25 Ab attenuates the TNF-o-
induced T-cell adhesion in the small intestine.*® Although
blocking the interactions of CCL25 and CCRY may
delay immunological reconstitution in the thymus,
CCR9-deficient mice showed no major effect on intrathy-
mic T-cell development despite a 1-day lag in the
appearance of double-positive cells and a diminution of
v8-T cells.?!

One possible limitation of this study is that genetic
associations can be biased by population stratification,*
and there is also the chance of false-positive associations
with the CCRY9 genotype on the basis.of multiple statistical
tests. Confirmation of the results with another separate
cohort is needed for eliminating a possible confounding
effect. Another limitation is that this SNP might
be in linkage disequilibrium with SNPs in the CCR9
gene or in the other genes located nearby. Linkage
disequilibrium mapping of CCR9 using the HapMap-JPT
database showed one small block in introns of the
CCRY gene, but G926A was outside the block with no
known associations with other SNPs in the CCR9 gene or
with genes located around chromosome 3p21.3. In addi-
tion, this SNP alters CCR9 amino acid sequences of the
third exoloop, which is an important site for chemokine
binding and specificity.> Therefore, this SNP can affect
biological functions due to altered efficiencies of the
receptor or signal transduction from the receptor. Although
Transwell assays using SNP-transfected cells showed that
biological functions varied according to this SNP, the
elucidation of additional mechanisms are matters for future
research.

In summary, this study suggests that donor 926AG is
associated with an increased incidence of acute and chronic
skin GVHD in related HSCT recipients. CCL25.and CCR9
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Figure 2 Chemotaxis assays with CCR9-polymorphism-transfected
Jurkat cells: (a) Flow cytometric analysis of CCR9 expression. Transfected
Jurkat cells were stained with phycoerythrin (PE)-labeled monoclonal anti-
CCROY. Control staining with control-transfected Jurkat cells is also shown
(shadow); (b) Jurkat cells transfected with ¢DNAs encoding CCR9
migrated in response to CCL25. After puromycin selection, Ix 106
transfected cells and the same number of Jurkat cells were added to
porous Transwell tissue culture inserts and placed in wells containing
various concentrations of CCL25. After 90-min of incubation, cells
migrating through the membranes into the lower wells were counted.
Results are expressed as cells migrating per 10° input cells. Assays were
carried out in triplicate and error bars represent s.d. *P <0.05

may be candidates for future therapeutic targets that alter
the quality and incidence of GVHD.
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Stem cells of acute myeloid leukemia (AML) have been identified
as immunodeficient mouse-repopulating cells with a Lin"CD34*38"
phenotype similar to normal hematopoietic stem cells. To identify
the leukemia-propagating stem cell fraction of Philadelphia chro-
mosome-positive (Ph*) leukemia, we serially transplanted human
leukemia cells from patients with chronic myeloid leukemia blast
crisis (n = 3) or Ph* acute lymphoblastic leukemia (n = 3) into NOD/
SCID/IL-2Ryc™'™ mice. Engrafted cells were almost identical to the
original leukemia cells as to phenotypes, /GH rearrangements, and
karyotypes. CD34*CD387CD19*, CD34*38*CD19*, and CD34°CD38*
CD19* fractions could self-renew and transfer the leukemia,
whereas the CD34°CD38*CD19* fraction did not stably propagate
in NOD/SCID mice. These findings suggest that leukemia-repopu-
lating cells in transformed Ph* leukemia are included in a
lineage-committed but multilayered fraction, and that CD34* leu-
kemia cells potentially emerge from CD34~ populations. (Cancer
S¢i 2010; 101: 631-638)

T he current concept of leukemia stem cells (LSCs) has sig-
nificantly influenced the view of the development and treat-
ment of leukemia.! Intravenous injection of human leukemia
cells into NOD/SCID mice, which is now a common and reli-
able method to identify human hematopoietic stem cells (HSCs)
in vivo, shows that leukemia cells expressing primitive cell sur-
face makers such as Lin"CD34"CD38 can repopulate NOD/
SCID mice regardiess of the type of acute myeloid leukemia
(AML)."¢) Serial transplantation of only this fraction can
propagate AML from mouse to mouse. AML LSCs have a hier-
archy similar to normal HSCs and also show other characteris-
tics of HSCs such as quiescence, chemotherapy-resistance, and
osteoblastic niche-dependence.®"'? However, there are limited
but conflicting data about LSCs in acute lymphoblastic leukemia
(ALL).""19 "For example, it remains unclear whether ALL
LSCs have a stem cell phenotype. Chronic myelogenous leuke-
mia (CML) has been thought to be a stem cell disease, because
the Philadelphia chromosome (Ph) can be detected in not only
all myeloid cells but also in some lymphoid cells.?” In addition,
BCR-ABL mRNA is detected in the patients’ HSC fraction
(Lin"CD34*CD387CD90").?" In CML blast crisis (CML-BC),
progenitor cells have been shown to acguireself—renewal capac-
ity through additional gene alterations,*"*? however, it remains
unclear whether LSCs in CML-BC are phenotypically different
from AML or ALL, and how leukemia cells are hierarchically
controiled. Furthermore, the difference between leukemia stem
cells in Ph* ALL and CML-BC remains unknown. To address
these questions, we used NOD/SCID/IL—ZRYC_'" (NOG) mice,

doi: 10.1111/.1349-7006.2009.01440.x
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which are more severely immunocompromised than NOD/SCID
mice, and therefore permit increased engraftment of human cells
and present a more sensitive mouse model for detecting human
HSCs and LSCs.%?¥ In this system, we found that engrafted
cells were lineage-committed and clonal in the IGH gene
rearrangements, irrespective of stem/progenitor cell markers.
Lineage-committed fractions, including CD34*CD38* and
CD34"CD38" fractions, could self-renew and transfer leukemia
in mice, indicating that leukemia-repopulating cells in Ph* leu-
kemia are multilayered but phenotypically different from normal
HSCs. Ex vivo culture of Ph* leukemia cells showed a similar
maturation course based on surface makers. However, transplan-
tation of the CD34 CD38" fraction gave rise to immature popu-
lations, such as the CD34"CD38" and CD34"CD38" fractions,
in NOG mice, suggesting that the CD34 expression of human
leukemia cells is potentially reversible in vivo.

Materials and Methods

Patients. The patients’ characteristics are shown in Table 1.
CML-BC or Ph* ALL was diagnosed according to hematological
findings, the clinical course, chromosomal analyses, and cell phe-
notypes. Samples from unique patient number (UPN)2, UPN3,
and UPN4 and those from UPN1, UPN5, and UPN6 were obtai-
ned at diagnosis and at relapse after imatinib-containing therapy,
respectively. Primary leukemia cells from patient bone marrow
(BM) were collected after obtaining written informed consent.
Each sample contained more than 80% of leukemia cells.

Flow cytometry analysis and cell sorting. Bone marrow mono-
nuclear cells were separated by Ficoll-Paque PLUS (Amersham
Biosciences, Uppsala, Sweden) density-gradient centrifugation
and suspended in PBS with 2% FBS (Gibco BRL, Carlsbad, CA,
USA). Mononuclear cells were stained with lineage-associated
phycoerythrin  (PE)-Cy5.5-conjugated antibodies, including
CD2, CD3, CD4, CD8, CD14, CD19, CD20, and CD56 from
Caltag Laboratories (Burlingame, CA, USA), except the markers
positive in leukemia cells. Cells with lineage cocktail antibodies
were further incubated with HSC-associated antibodies consist-
ing of allophycocyanin (APC)-conjugated anti-CD34 (HPCA-2;
Becton Dickinson PharMingen, Franklin Lakes, NJ, USA), PE-
Cy7-conjugated anti-CD38 (Becton Dickinson PharMingen),
FITC-labeled CD47 and PE-conjugated anti-CD90, or with
progenitor-associated antibodies consisting of APC-conjugated
anti-CD34, PE-Cy7-conjugated anti-CD38, PE-conjugated

5To whom correspondence should be addressed.
E-mail: tnace@med.nagoya-u.ac.jp
6These authors contributed equally to this work.
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anti-interleukin-3 receptor (IL-3R) (9F5; Becton Dickinson
PharMingen), and FITC-conjugated anti-CD45RA (MEMS56;
Caltag Laboratories).

Flow cytometry analg'sis and cell sorting were carried out as
previously reported. ?"?2?9 After staining, cells were analyzed
and sorted using a modified FACSAria (Becton Dickinson
Immunocytometry Systems, Franklin Lakes, NJ, USA) equipped
with a 488-nm argon laser and a 633-nm He-Ne laser and
FlowJo software (Tree Star, San Carlos, CA, USA). Lin”CD34*
cells were divided into HSCs (Lin"CD34*CD387) and progeni-
tors (Lin"CD34"CD38%). HSCs were further separated into
long-term HSCs (Lin"CD34"CD47°CD90%) and short-term
HSCs (Lin"CD34"CD47*CD907). Progenitors were further
separated into common myeloid progenitors (Lin CD34%
CD38'IL-3R*CD45RA™) and their progeny, including granulo-
cyte/monocyte progenitor (GMP; Lin CD34*CD38"IL-3R*
CD45RA"Y), and megakaryocyte/erythroid progenitors (Lin~
CD34"CD38*IL-3R"CD45RA™).

Xenotransplantation into NOG mice. NOG and NOD/SCID
mice were obtained from the Central Institute for Experimental
Animals (Kawasaki, Japan) and Clea Japan (Tokyo, Japan),
respectively. Human leukemia cells (1.5-10 x 108 cells) were
injected into the tail vein of non-irradiated 8-week-old male
NOG mice. To prevent human T cell expansion, 0.1 mg anti-
CD3 antibody (Janssen Pharmaceutical, Tokyo, Ja(gan) was
injected on the same day, as described previously."? For the
in vivo passage of leukemia cells, BM cells or spleen cells (1-
5 x 10% cells) from a NOG mouse were injected into another
NOG mouse with an 8- to 16-week interval. To analyze the
repopulating activity in mice, 5-10 x 10° fractionated leukemia
cells were serially transplanted together with 0.1 x 10® mouse
BM cells. Pathological examination was done as described.!!?
The animal experiments were approved by the institutional eth-
ics committee for Laboratory Animal Research, Nagoya Univer-
sity School of Medicine (Nagoya, Japan) and carried out
according to the guidelines of the institute.

Mutation analysis of the ABL kinase domain. RNA was iso-
lated from BM mononuclear cells by RNA STAT-60TM (Tel-
Test, Friendswood, TX, USA) and cDNA synthesized by reverse
transcriptase (TagMan Gold RT-PCR Kit; Applied Biosystems,
Foster City, CA, USA). The kinase domain of BCR-ABL was
sequenced following the nested PCR method. BCR-ABL was
first amplified for 35 cycles (94°C for 30 sec, 60°C for 30 sec,
72°C for 3 min) followed by two primers, BCR-2682F (5'-
TCCGCTGACCATCAATAAGGA-3") and ABL-1745R (5'-
CTCCGGGGGACCTCGCTCTTT-3'). The amplified fragment
was subjected to nested PCR for 30 cycles (94°C for 30 s, 60°C
for 3Q s, 72°C for 2 min) with primers ABL-772F (5’-GAG-
GGCGTGTGGAAGAAATA-3) and ABL-1616R (5-GC-
AGCTCTCCTGGAGGTCCTCG-3’). After purification of PCR

products using the GeneClean HI Kit (Qbiogene, Vista, CA,.

USA), standard dideoxy chain-termination DNA sequencing
was carried out using a BigDye Terminator Cycle Sequencing
Kit (Applied Biosystems) on an automated ABI3700 analyzer
and analyzed with an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems). All mutations were confirmed by
sequencing forward and reverse strands.

Southern blot analysis and cloning of IGH complementarity-
determining region-3 {CDR-3). High molecular weight DNA was
extracted from samples. Southen blot analysis using the JH
probe was carried out as previously described.®>

Ex vivo culture of human leukemia cells. Cells were resus-
pended and cultured in QBSF-60 serum-free media (Quality
Biological, Gaithersburg, MD, USA) containing 10 ng/mL
recombinant human thrombopoietin (thTPO), recombinant
human stem cell factor (rhSCF), recombinant human FLT3
ligand (rhFLT3L), and 10 ng/mL recombinant human interleu-
kin-7 (rhIL-7). thTPO and rhSCF were kindly provided by Kirin
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(Tokyo, Japan). rhFLT3L and rhIL-7 were purchased from
PeproTech (Rocky Hill, NJ, USA).

Results

Xenotransplantation of human leukemia cells into NOG
mice. We injected unsorted human leukemia cells (1.5-
10 x 106 cells/mouse) from six patients with CML-BC (n = 3)
or Ph* ALL (n = 3) into three to five NOG mice per patient, and
observed their engraftment in all mice injected (Table 1). The
engraftment of human leukemia cells was confirmed by more
than 1% of human CD45" peripheral blood cells at week 8, and
the BM or spleen cells were analyzed and passed intravenously
until week 16. Cell markers, karyotypes, and gene mutations at
the kinase domain of BCR-ABL were almost the same as the ori-
ginal samples (Table 1). In the MIZ line, the karyotype became
complex whereas BCR-ABL was detected by RT-PCR (data not
shown). These six leukemia lines, serially passed in vivo, have
been propagated for more than 1 year, but were unable to stably
proliferate ex vivo in culture.

Analysis of HSC and progenitor phenotypes of transplanted
leukemia cells. To study the differentiation hierarchy, lineage
and stem/progenitor markers were compared between the origi-
nal and engrafted cells. As shown in Figure 1(a), the CD34/
CD38 patterns were almost the same in each experiment.
In CML-BC, the major fraction was CD34*'CD38*IL-3R*
CD45RA™, indicative of the GMP phenotype. There were
minor fractions of CD34*CD38” or CD34°CD38* In Ph*
ALL, the phenotype of the OMR line was similar to those of
CML-BC lines. The SGR line showed a relatively homo-
geneous phenotype with regards to CD34/CD38 expression.
The KWI line phenotype was shifted to CD34°CD38* com-

-pared with the original leukemia cells. All leukemia cells, irre-

spective of CD34 and CD38 expression, expressed lineage
markers; CD19 in the INH, MIZ, SGR, OMR, and KWTI lines,
and CDI13 in the MKS line. These data indicate that NOG
mice transplanted with leukemia cells can recapture a similar
differentiation pattemn.

BCR-ABL fusion transcripts and mutations at the ABL kinase
domain. The major type of BCR-ABL fusion transcripts was
detected in the original cells and the established INH, MKS,
MIZ, and KWI lines. The minor type of transcripts was detected
in SGR and OMR. ABL kinase domain mutations T315I, F3111,
and Y253H were detected in the INH, MKS, and KWI lines and
their original cells, respectively (Table 1).

Serial passages of INH and OMR leukemia cells sorted
according to CD34 expression. Both CD34" and CD34~ popula-
tions were maintained in the INH and OMR lines. To study
which fraction could repopulate leukemia into NOG mice, we
transplanted 5 x 10 or 10* leukemia cells sorted based on
CD34/CD38 expression. The purity of sorted cells was over
98% (Fig. S1). In the INH line, CD34°CD387, CD34*CD38%,
and CD34°CD38" cells repopulated human leukemia 8 weeks
after transplantation (n = 3; Fig. 2a). Seral transplantation of
1 x 10* CD34™CD38" cells mainly generated CD34 CD38" leu-
kemia in the BM; however, CD347CD38" cells faintly emerged
in the spleen and BM (Fig. 2a).

In the OMR line, injection of CD34 CD38" cells generated
all the three factions: CD34'CD387, CD34"CD38* and
CD347CD38* (n =3; Fig. 2b). To further confirm whether
CD34~ fresh leukemia cells generated CD34" cells, we trans-
planted 2.5 x 10* of CD34" or CD34™ cells of UPN6 sample
into NOG mice (n =3 and n =3, respectively). BM cells
showed almost the same patten of CD34/CD38 expression.
Although the main population was CD34"CD38", a small popu-
lation of CD34"CD38" was also detected (Fig. 2c). These find-
ings suggest that either CD347CD38 , CD34%38%, or
CD347CD38" fractions self-renewed and transferred leukemia
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- Fig. 1. Bone marrow cells of leukemia-transplanted
NOD/SCIDAL-2Ryc™~ (NOG) mice showed a similar

human hematopoietic stem cell/progenitor profile to

NOG
mouse

[ 4 s E E g -k 3 b “
. g =P of It B
al L . TS
= ICAE I T o+ e~ AR IR A

CD45RA
(a) 2nd 1st
1#10.33 539 0.8
"
BM "
13 ¥
‘I 228 ‘hs
LR it (LSt 2
s LT i)
Nona || * 30
BM por 0
4 ¥,
s 5k 20 ‘Ein,s
R wiF 9 b u 4
w1 356 sfo26 5.04
Iy Spleen
& " 3 | " 4n
8 W ” ]
— - E - . W
CD38 s [IR. S 173 RAN X

the original patient’s bone marrow. (a) CD34/CD38
pattern. (b) Interleukin-3R (IL-3R)/CD45RA pattern in
a CD34*CD38" fraction. Human hematopoietic stem
cell/progenitor profiles, which were analyzed by
FACSAria and Flowlo software, showed that the
percentage of granulocyte/monocyte progenitor
fraction is increased.

T‘, BM Tl BM

3. i 2 ?

8 ' LI LI ,,_B‘ﬁ'd‘! 8 '{un_ B v g
0038—-’/ CD38=>
,;i, ?-'." j"" L

1A | -~ BM

b

=l ‘) < L_H, )

g \n 1/ } 8 1

© ~ o Lg.en )
CBag——" Chas—"
UPNG6 BM

Fig. 2. Both the CD34* and C(D34" populations of chronic myelogenous leukemia blast crisis (INH) and Philadelphia chromosome-positive acute
lymphoblastic leukemia (OMR) cells from primary recipient mouse bone marrow (BM) developed disease. (a) INH cells from a primary recipient
mouse of UPN1 were sorted into CD34*CD38", CD34*CD38", and CD34 CD38"* fractions. Sorted cells (5 x 10° to 1 x 10%) were transplanted into
the secondary NOD/SCID/IL-2Ryc™™ (NOG) mice. Tertiary and quaternary transplantations using the CD347CD38* population were carried out and
CD34/CD38 profiles of leukemia cells from the BM and spleen are shown. (b) OMR cells from the primary recipient mouse spleen of UPN5 were
sorted into CD34*CD38* and CD347CD38" fractions and 5 x 10* sorted cells were transplanted into NOG mice. Tertiary transplantation was also
carried out. The CD34/CD38 pattern was almost the same between mice transplanted with CD34*CD38* and CD34°CD38* BM cells. {¢) CD34*
(n = 3) or CD34™ (n = 2) BM cells, or total BM cells (n = 2) (all at 2.5 x 10°) from UPN6 were transplanted into NOG mice.

in NOG mice, which does not correspond with previous reports
in AML.

To study the possibility that the difference came from using
NOG mice, we transplanted CD34/CD38-sorted fractions into
NOD/SCID mice. CD34"CD38" and CD34 CD38" fractions

634

passed from the CD34"CD38* fraction of the INH line [(1) and
(2) in Fig. 3a] engrafted in NOD/SCID mice as efficiently as in
NOG mice (Fig. 2b). The CD34/CD38 pattern was the same as
in NOG mice (Fig.2b). However, the CD34"CD38% and
CD34°CD38" fractions of INH cells passed from the
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Fig. 3. Human leukemia cells transplanted into
NOD/SCIDAL-2Ryc ™™ (NOG) mice were not efficiently
transferred into NOD/SCID mice. {(a) Chronic
myelogenous leukemia blast crisis (INH) cells
repopulated in NOG mouse bone marrow (BM)
were sorted into CD34*CD38* and (D347CD38*
fractions and these sorted cells were secondarily
transplanted into NOG mice. Cells from the
secondary recipient mice BM were further
separated according to CD34 expression and 10°
cells were transplanted into NOD/SCID mice. (b)

Chimerism of human CD45* (hCD45) ieukemia cells (1)
in NOD/SCID BM was measured by flow cytometry 2) E
8 weeks after transplantation (n =3; left panel). @)
CD34/CD38 expression profiles of fractions (1) and 3) "

(2)-transplanted NOD/SCID mouse BM are shown “) B

CD34

(right panel). (¢) Fractionated 10° OMR cells from

NOG mouse BM were transplanted into NOD/SCID 0 20
%hCD45 in NOD/SCID

mice {n = 3). mCD45, murine CD45.

CD347CD38" fraction [(3) and (4) in Fig. 3a] had reduced
engraftment in NOD/SCID mice {(3) and (4) in Fig. 3b]. Neither
fraction of 1 x 10° OMR cells from NOG mouse BM was trans-
plantable into NOD/SCID mice (Fig. 3c), although it was stably
transferred into NOG mice (Fig. 2b). These findings suggest that
mouse immunocompetence significantly affects the repopulating
activity of leukemia cells, and that the expression of CD34
might be reversible in vivo.

Ex vivo cell cuiture. Each leukemia line was cultured in med-
ium supplemented with FCS and/or an appropriate cytokine
cocktail; however, no lines were able to be maintained for more
than 2 weeks in culture. INH cells were cultured for 8 days and
injected into NOG mice. Although more than 30% of cells were
positive for CD34" after 8 days, the cultured INH cells did not
engraft in NOG mice (Fig. 4). Similar to normal hematopoietic
cells, cultured INH CD34" cells showed a decrease in CD34
expression (Fig. 4a), and INH CD34" cells did not gain CD34
expression during ex vivo culture (Fig. 4b). These data suggest
that lines passed in mice were different from cell lines cultured
in medium, and that the maintenance of self-renewal activity
and the reversibility of CD34 expression need an in vivo envi-
ronment.

Lineage commitment. Southern blot analysis of IGH shows
rearranged bands (Fig. S2a), which were identical to those of
the original samples (data not shown). To analyze the existence
of leukemia clones in HSC and progenitors, we determined the
CDR-3 sequence and used the leukemia-CDR-3-specific primer
to detect leukemia cells in the HSC and progenitor populations
(Fig. S2b,c). The expression of MIZ-specific CDR-3 was
detected in all fractions (Fig. S2d). Moreover, the expression
level was similar in these fractions, indicating the general exis-
tence of leukemia cells even in the HSC compartment.

Immunostaining analysis of leukemic mouse BM. To examine
where CD34* leukemia cells localize in vivo, sterma of leukemic
mice (INH, OMR, MKS, and MIZ) were immunohistochemical-
ly examined for human CD34 expression (Fig. 5a). Similar to
flow cytometric results, leukemic cells of MKS and MIZ mice
were almost positive for CD34. However, INH and OMR BM
consisted of both positive and negative cells for CD34 and
showed a mosaic-like structure. A sternum of an INH leukemic
mouse transplanted with the CD34~ INH cells was stained for

Tanizaki et al.
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human CD45 and CD34 (Fig. 5b). CD34 re-expression from the
CD34™ INH cells was also confirmed by immunohistochemical
staining. CD34" cells were scattered and there was no prefer-
ence of CD34" cells to the endosteal region.

‘Discussion

In this study, we transplanted Ph* leukemia samples into NOG
mice, passed leukemia serially, and established six Ph* leukemia
lines in vivo in NOG mice. The transplanted and passed leuke-
mia lines reproduced an apparently hierarchical control of
CD34/CD38 expression.

Chronic myelogenous leukemia is a myeloproliferative neo-
plasm that originates from a pluripotent BM HSC with the BCR-
ABL fusion gene.?? It is evident that CML originates from an
HSC based on the following findings: Ph* cells are detected in
all lineages of peripheral blood; and the BCR-ABL fusion gene
is detected in the stem cell fraction, even in CML patients in
molecular complete remission (CR) due.to imatinib treat-
ment.?%?” However, CML-BC appears _to also harbor progeni-
tor cells capable of initiating leukemia.®'*? The acquisition of
additional gene abnormalities is believed to block differentiation
and accelerate the self-renewal capacity of these cells.?%2% Qur
previous studies and those of others have shown that the GMP-
like population is expanded in the CML-BC population,(21’24)
and it also expressed CD19/CD10 or CD13. In the current study,
we confirmed this finding and showed that CD34'CD387,
CD34*CD34", or CD347CD38" fractions were able to repopu-
late CML-BC in NOG mice. Transplantation of the CD34
CD38" fraction resulted in the expansion of a CD34"CD38" leu-
kemia in the early phase, but later a CD34*CD38" fraction
emerged in the BM and spleen in the INH line. In the OMR line
and UPNG6 sample, injection of either CD34* or CD34 ™ reconsti-
tuted the same pattern of CD34/CD38 expression, Similar find-
ings were recently reported, in which the CD34 CD19* ALL
population can self-renew and serially transfer ALL in NOD/
SCID mice.!"”

There have been conflicting data published regarding
the LSC fraction of ALL. It was reported that the stem cell
fraction had either CD34 or CDI19 expression. CD133%/
CD19™ cells were also shown to have stem cell activity in
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Fig. 4. In vitro cultured chronic myelogenous leuke-
mia blast crisis (INH) cells were not transplantable
into NOD/SCID mice. Unsorted (a) and sorted (b) INH
cells from the bone marrow of primary recipient
mice were cultured in serum-free medium con-
taining rhSCF, rhTPO, rhFLT3L, and rhiL-7. Immuno-
phenotypic analysis was carried out at the

[¢] 20 40 60 BO

%hCD19 in NOG mice

precursor-B cell ALL using a NOD/SCID mouse xenotrans-
plantation method. Furthermore, serial transplantation
studies indicated that CD133%/CD19~ ALL cells were capable
of self-renewal and expansion of the progenitor cell pool.
However, it was also reported that the CD34*/CD387/CD19*
but not the CD34*/CD38*/CDI19" fraction repopulated ALL
in NOD/SCID mice.®® Thus, how the expression of CD34,
CD38, or CDI19 relates to the ALL LSCs remains unclear. It
is possible that there is heterogeneity at the stem cell level
among ALL cases and that serial transplantation might pro-
mote or select for xeno-adaptation. Using the intrafemoral
NOD/SCID serial transplantation assay, le Viseur ef al
described that the leukemia-initiating ability of standard-risk
ALL was found in both the CD34*CD19™ and CD34"CD19*
populations, and that the CD34 CD19" population was able
to serially transplant leukemia in high-risk ALL, exclusive of
Ph* ALL.” In Ph* ALL, there is a report that only the
CD34*CD38” fraction can repopulate in NOD/SCID mice
and this is in line with the report that a primitive hematopoi-
etic cell is the target for leukemic transformation. LD Our
result regarding Ph™ ALL LSCs is different from the report
by Cobaleda efal” In our system, not only the
CD347CD38 but also CD34*CD38" and CD34 CD38" frac-
tions can repopulate by transplantation into mice.

This discrepancy is probably due to the mouse strain we used.
The more severely immunocompromised NOG mice, which not

636

) designated time points. (¢) Engrafted INH cells were
100 detected by anti-human CD19 (hCD19) antibody.
Cells cultured in vitro for more than 2 days were not
transplahtable into NOD/SCD mice.

MKS

MiZ

0) INH

CD34

Fig. 5. Immunostaining analysis of leukemic mouse bone marrow.
Each leukemic mouse was dissected 8 weeks after transplantation.
(a) Sterna of leukemic mice transplanted with unfractionated original
leukemia cells (Table 1) were immunohistochemically stained for
human CD34. (b} A sternum obtained from a mouse transplanted with
CD34- chronic myelogenous leukemia blast crisis (INH) cells was
stained for human CD45 (left panel) and CD34 (right panel).
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Lineage
committed?
CD34%38~
Normal CML/BC
CML/CP Ph+ALL
AML

Fig. 6. Summary of Philadelphia chromosome-positive (Ph*) feukemia
stem cells. Differential distribution of the self-renewal populations in
normal hematopoiesis (Normal), chronic myelogenous leukemia
chronic phase (CML-CP), and acute myeloid leukemia (AML), and CML
blast crisis (CML-BC) and Ph* acute lymphoblastic leukemia (ALL). in
CML-CP and AML, only the CD34*CD38™ population possesses self-
renewal capability but proliferative potential is increased along with
shifting from CD34"CD38~ and (D34*CD38* to CD34°CD38*. In
contrast, in CML-BC and Ph* ALL, the CD34*CD38" population is
dominant and has greater self-renewal capability but all
compartments can self-renew. Furthermore, leukemia cells of CML-BC
and Ph* ALL reversibly shift between CD34" and CD34". Curved arrow,
self-renewal capability; straight arrow, shift between compartments.

only have impaired T cells, B cells and natural killer cells but
also impaired complements, macrophages, and dendritic cells,
likely permit higher levels of engraftment of human cells than
NOD/SCID mice.®® In our study, the engraftment of the INH
CD34" fraction into NOD/SCID was similar to that seen in
NOG mice, whereas the engraftment of CD34~ was unsuccess-
ful. In the OMR line, however, neither CD34" nor CD34™ frac-
tions were transferred into NOD/SCID mice if 1 x 10* cells
were injected. When 1 x 10° OMR cells were transplanted into
irradiated NOD/SCID mice, half of the mice received the OMR
line (data not shown). These findings suggest that the mouse
strain significantly contributes to engraftment of human leuke-
mia cells. Recently, a report by Kong et al. has also shown that
the CD34¥/CD387/CD19* as well as CD34*/CD38*/CD19" cells
are leukemia-initiating cells in human B-precursor ALL using
NOG mice."*> Their results are quite compatible with our data,
and to develop and use better humanized mice is preferable, in
order to properly evaluate engraftments and reconstitutions.

We then asked whether these Ph* leukemia lines were able
to be maintained in ex vivo culture. Although several culture
media were tested with or without murine feeder cells, cell cul-
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ARTICLE INFO ABSTRACT

Article history: Although rituximab is a critical monocional antibody therapy for CD20-positive B-cell lymphomas,
Received 15 September 2009 rituximab resistance showing a CD20-negative phenotypic change has been a considerable clinical prob-
Available online 19 September 2009 lem. Here we demonstrate that CD20 mRNA and protein expression is repressed by recruitment of a his-
tone deacetylase protein complex to the MS4A1 (CD20) gene promoter in CD20-negative transformed

Keywords: cells after treatment with rituximab. CD20 mRNA and protein expression were stimulated by decitabine
CPZ(), (5-Aza-dC) in CD20-negative transformed cells, and was enhanced by trichostation A (TSA). Immunoblot-
g;‘;’::;;zs ting indicated that DNMT1 expression was first downregulated 1 day after treatment with 5-Aza-dC, but
Histone deacetylases IRF4 and Pu.1, the transcriptional regulators of MS4A1, were still expressed with or without 5-Aza-dC.
DNA methytransferases Interestingly, CpG methylation of the MS4A1 promoter was not observed in CD20-negative transformed
cells without 5-Aza-dC. A chromatin immunoprecipitation (ChIP) assay indicated that the Sin3A-HDAC1
co-repressor complex was recruited to the promoter and dissociated from the promoter with 5-Aza-dC
and TSA, resulting in histone acetylation. Under these conditions, IRF4 and Pu.1 were continually
recruited to the promoter with or without 5-Aza-dC and TSA. These results suggest that recruitment of
the Sin3A-HDAC1 complex is related to downregulation of CD20 expression in CD20-negative B-cells

after treatment with rituximab.
© 20089 Elsevier Inc. All rights reserved.
introduction of apoptosis [16], antibody-dependent cell-mediated cytotoxicity

(ADCC), and complement-dependent cytotoxicity (CDC) [17].

Rituximab is the first therapeutic monoclonal antibody target- Very recently, we reported observation of downregulation of
ing human malignant tumors, and is now an indispensable molec- CD20 protein expression in CD20-positive B-cell lymphoma pa-
ular-targeting drug for CD20-positive B-cell lymphomas [1-3]. tients after treatment with rituximab-containing combination
Although the effectiveness is significant, resistance to rituximab chemotherapies {6,7]. In those cases, it was strongly suggested that
has also become a considerable problem [4]. aberrant downregulation of MS4A1 expression was closely related
Several mechanisms of the resistance have been suggested, to the loss of CD20 protein expression, and that expression of
including loss of CD20 protein expression after rituximab use CD20 and rituximab sensitivity were partially restored by some
[5-12} and €D20 gene mutations {13). Furthermore, other mecha- molecular-targeting drugs [6,7]. Although these findings suggest

nisms have also been suggested [4] such as internalization of CD20 that epigenetic mechanisms, in part, contribute to the downregula-
protein [14], interference with accessibility of rituximab to CD20 tion of CD20 expression, the molecular mechanisms are still not
protein by inhibitory factors, rapid metabolism of the antibody, clear. Furthermore, a recent report indicated that reduced CD20
abnormalities in B-cell signaling in tumor celle [15], abnormalities protein expression in de novo diffuse large B-cell lymphoma is
: associated with a poor survival rate [18]. Thus, understanding

the mechanisms of downmodulation of CD20 protein expression

- is likely to be very important from both basic research and clinical
* Corresponding author. Address: Department of Hematology and Oncology,

viewpoints.
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Nagoya 466-8560, Japan. Fax: +81 52 744 2161, n this report, we show that the recruitment of a histone deace-
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region, but not DNA methylation [19], is involved in CD20-negative
phenotypic changes in B-cell lymphoma cells after treatment with
rituximab. We show that the complex dissociated from the pro-
moter in the presence of a DNA methyltransferase (DNMT) inhibi-
tor and a HDAC inhibitor [20], resulting in partial restoration of
(D20 expression.

Materials and methods

Cell culture conditions and treatment with epigenetic drugs. RRBL1
[6], Raji, and NALM6 cells were cultured in RPMI 1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) with 10% fetal calf serum.
Five-Aza-dC (5-aza-2'-deoxycytidine; Sigma, St. Louis, MO) and
TSA (Sigma) at final concentrations of 100 pM and 100 nM, respec-
tively, were added directly to the culture medium.

Immunoblotting. Cells (~5 x 10°)were lysed in 100 pl of lysis buf-
fer (50 mM Tris-HCl, pH 8.0, 1.5 mM MgCl,, 1 mM EGTA, 5 mM KCl,
10% glycerol, 0.5% NP-40, 300 mM Nadl, 0.2 mM PMSF, 1 mM DTT,
and a complete mini protease inhibitor tablet (Roche)). After centri-
fugation at 10,000 g for 10 min, the supernatants were placed in new
tubes, and 100 pl of 2x SDS sample buffer was added. After boiling
for 5 min, samples were separated with SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Immunoblotting was carried outasde-
scribed previously [21,22] using anti-CD20, -IRF4, -Pu.1, -GAPDH
antibodies {Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
anti-DNMT1 antibody (Abcam, Cambridge, MA, USA).

RNA preparation and reverse transcriptase-polymerase chain reac-
tion (RT-PCR). RNA from cell lines (1 x 10° cells) was obtained
using Trizol (Invitrogen, Carlsbad, CA, USA). Complementary DNA
(cDNA) was prepared as reported previously [7,22].

For RT-PCR, the following primers were designed: CD20-U; 5'-AT
GAAAGGCCCTATTGCTATG-3, CD20-L; 5'-GCTGGTTCACAGTTGTAT
ATG-3', B-actin-U; 5-TCACTCATGAAGATCCTCA-3', and B-actin-L;
5-TTCGTGGATGCCACAGGAC-3'. Semi-quantitative RT-PCR with
AmpliTaq Gold was performed as described previously [6].

Methylation status of the MS4A1 promoter. To examine the meth-
ylation status, bisulfite sequencing was performed. Genomic DNA
was prepared with a QIAamp DNA Blood Mini kit (Qiagen, Valencia,
CA, USA). Bisulfite treatment was performed using EpiTect Bisulfite
kits (Qiagen). After bisulfite treatment, PCR of the MS4A1 promoter
was performed using the specific primers as follows, MS4A1-pro-
MSPU; 5-GGTAGTATGAGTATGTTAGGTAGTT-3', MS4A1-pro-MSPL;
5'-TTTTCCTTACCTAAATCTCCAAAA-3'. PCR fragments were cloned
into a pGEM-T easy vector (Promega, Madison, W1, USA) and
sequenced.

Flow cytometry (FCM) analysis. Cell surface antigens of RRBL1
with or without 5-Aza-dC and TSA treatment were analyzed using
a BD FACSCalibur Flow Cytometer (BD Bioscience, Franklin Lakes,
NJ, USA) with anti-CD20 antibody (Leu-16 PE, BD) and mouse
IgG1 k isotype control (PE-Cy7, BD).

Chromatin immunoprecipitation (ChIP) assay. The ChiP assay was
performed as described previously [22,23). For immunoprecipita-
tion (IP), the following antibodies were used; anti-Pu.1, -IRF4 (San-
ta Cruz Biotechnology), -acetylated H4 (Millipore, Billerica, MA,
USA), -Sin3A, and anti-HDAC1 (Abcam) antibodies. Immunoprecip-
itated DNA was used for semi-quantitative PCR using LA-Taq poly-
merase (TAKARA, Ohtsu, Japan). The following primers for the
MS4A1 promoter and 3'-intron sequence (negative control) were
used; CD20pro-U; 5-CTAAAAGTGAAGCCAGAAGG-3', CD20pro-L;
5'-GGAGGGTGAGTGGTGTAGT-3', CD20-3'U; 5'-GCTGACCTCACAT
AACTCCT-3/, CD20-3'L; 5-GAAATCCCTCAGACTCAGAC-3'.

Immunoprecipitation (IP) assay. The IP assay was carried out as
described previously [22]. Whole cell lysate was obtained from
RRBL1 cells (1 x 107) using 800 ul of lysis buffer. After adding
800 pl of lysis buffer without NP-40 and NaCl, the lysate was

divided into four tubes (400 pl each) and IP using anti-IRF4, -Sin3A,
and -HDACT antibodies was performed. The precipitated samples
were applied to SDS-PAGE followed by immunoblotting. For the
pre-IP samples, 5% of the whole cell lysate was used.

Results

CD20 protein and mRNA expression were stimulated by treatment
with 5-Aza-dC in CD20-negative transformed cells

As we reported previously [6,7], the downregulation of CD20 pro-
tein and mRNA expression has been abserved in some CD20-positive
B-cell lymphoma patients after treatment with rituximab-contain-
ing chemotherapies. We also reported that the downregulation of
CD20 expression was partially stimulated by treatment with the epi-
geneticdrugs 5-Aza-dCand TSA. RRBL1 cells were established from a
patient with B-cell lymphoma who showed a CD20-negative pheno-
typic change after treatment with rituximab [6]. To examine the
mechanisms of stimulation of CD20 expression by 5-Aza-dC, we
examined the protein expression pattern that may affect CD20 gene
transcription in RRBL1 cells. RRBL1 cells were treated with 5-Aza-dC
for 24 h, and were then washed and incubated for up to 7 days
(Fig. 1A). During this procedure, the cells were harvested several
times as indicated and analyzed using semi-quantitative RT-PCR
and immunoblotting (IB) (Fig. 1B). CD20 mRNA and protein expres-
sion were stimulated by 5-Aza-dC, and the peak of expression was
observed around day 3 after treatment with 5-Aza-dC (lane 6). After
day 5, CD20 protein expression had gradually decreased. DNMT1
depletion was confirmed at 24 h after treatment with 5-Aza-dC
(lane 4) as reported previously [24}. IRF4 and Pu.1 are transcription
factors that interact with the MS4A1 promoter and regulate CD20
expression {25]. IRF4/Pu.l was almost constantly expressed
throughout the 5-Aza-dC treatment duration (lanes 3-8), but only
a modest upregulation was observed after treatment with 5-Aza-
dCaroundday 2 (lane 5). These resultssuggested that DNMT1 deple-
tion by 5-Aza-dC may be related to stimulation of MS4A1 expression.

DNA methylation status of the MS4A1 promoter

To explain the activation of CD20 mRNA and protein expression
after treatment with 5-Aza-dC in RRBL1 cells, we next examined
the CpG methylation status of the MS4A1 promoter (Fig. 1C). Inter-
estingly, CpG islands were not observed on the promoter region lo-
cated ~5 kb upstream from the transcription start site, and only four
CG sites were found on the promoter from the —1000 to +100 region.
Bisulfite sequencing was carried out to confirm methylated CpG. As
shownin Fig. 1C, no CpG methylation was observed on the three CpG
sites around the transcription start site in RRBL1 cells. In NALM6
cells, a CD20-negative lymphoblastic leukemia cell line, several
methylated CpGs were observed. Furthermore, the same analysis
was performed using primary tumor cells from a patient suffering
from CD20-negative transformed B-cell lymphoma after treatment
with rituximab-containing combination chemotherapies. (Detailed
information about this patient is described in our previous paper as
UPNS3 [7]). The three CpG sites were not methylated, as observed in
RRBL1 cells (Fig. 1C, UPN3). These results suggest that transcrip-
tional activation of MS4A1 by 5-Aza-dC may not be regulated by
its promoter CpG demethylation in RRBL1 cells.

Histone deacetylase inhibitor TSA enhances CD20 expression by 5-Aza-
dC in CD20-negative transformed cells

Next, we analyzed the effect of a HDAC inhibitor in addition to
5-Aza-dC on MS4A1 expression in RRBL1 cells. CD20 protein
expression in RRBL1 cells was confirmed using immunoblotting
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Fig. 1. CD20 protein and mRNA expression were transiently stimulated by treatment with a DNMT inhibitor. (A) Schematic representation of 5-Aza-dC treatment of the
CD20-negative transformed B-lymphoma cells. RRBL1 cells were incubated at 37 °C for 24 h, and then washed twice with RPMI medium with 10% FCS without 5-Aza-dC. Cells
were further incubated for up to 7 days, and were harvested at days 1, 2, 3, 5, and 7. (B) Protein expression was examined using immunoblotting (1B} with the indicated
antibodies. The mRNA expression level was determined using semi-quantitative RT-PCR (RT). The.black arrow indicates the band for IRF4. Raji and NALMS6 cells were used as
positive and negative controls, respectively. GAPDH and B-actin were measured as internal controls. (C) The structure of the MS4A1 promoter near the transcription start site
(from —1000 to +100) is depicted. The BAT-box, IRF4/Pu.1 binding sites, and E-hox are shown as shaded boxes. Only four CpG sites, which are putative methylation sites, were
found and are shown as black vertical bars. The methylation status of the three CpG sites around the transcription start site in NALMS, RRBL1, and primary B-lymphoma cells
that show CD20-negative transformation was analyzed with bisulfite sequencing. Fivé to eight clones were analyzed from each sample. Black and open circles indicate

methylated and non-methylated CpGs, respectively.

and flow cytometry (FCM) (Fig. 2A and B) following treatment with
5-Aza-dC and/or TSA. When RRBL1 cells were treated with 5-Aza-
dC or TSA alone, minimal activation of CD20 protein expression
was observed using immunoblotting (Fig. 2A, lanes 4 and 5) and
FCM (Fig. 2B, 5-Aza-dC). In the presence of 5-Aza-dC and TSA,
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CD20 protein expression was significantly increased (Fig. 2A, lane
6, and B, 5-Aza-dC +TSA). These results suggested that MS4A1
expression is, in part, regulated by epigenetic mechanisms such
as histone meodification including lysine acetylation, rather than
DNA CpG methylation of the MS4A1 promoter.
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Fig. 2. CD20 protein expression by 5-Aza-dC was enhanced by TSA. CD20 protein expression was shown with IB (A} and FCM (B) with or without epigenetic drugs. For 5-Aza-
dC treatment, RRBL1 cells were incubated with 5-Aza-dC for 24 h followed by washing and two additional days of incubation. TSA was added at the start of day 3, and cells
were incubated for 24 h. if cells were not treated with 5-Aza-dC, washing was aiso carried out at day 1 to adjust the incubation conditions. All the cells were harvested at day
4 and utilized for IB and FCM analyses. The untreated and treated cells with the epigenetic drugs were depicted as black and gray areas, respectively (B).
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Recruitment of co-repressor proteins and histone deacetylation on the
MS4A1 promoter in the absence of epigenetic drugs

To study the molecular mechanisms of transcriptional repression
of MS4A1, a ChIP assay was performed. RRBL1 cells were incubated
with or without 5-Aza-dC and TSA, and a ChIP assay was carried
out using anti-Pu.1, -IRF4, -Sin3A, -HDAC1, and -acetylated-histone
H4 antibodies. After IP, precipitated genomic DNA was utilized in
semi-quantitative PCR using primers for the MS4A1 promoter
(Fig. 3A) and the 3'-intron sequences as a negative control. IRF4
and Pu.1 interactions were consistently observed on the promoter
region, but not on the 3'-intron region (Fig. 3B, lanes 5-8). Sin3A
and HDAC1, which form a transcription repressor protein complex
[26], interacted with the promoter region only in the absence of 5-
Aza-dC and TSA (Fig. 3B, lanes 11 and 13). Acetylated-histone H4
was observed at the promoter region with 5-Aza-dC and TSA, but
the acetylation was decreased in the absence of the two drugs (lane
9). In the 3'-intron region, histone acetylation was consistently ob-
served with or without 5-Aza-dC and TSA. These results strongly
suggest that the Sin3A-HDAC1 co-repressor complex may be re-
cruited to the MS4A1 promoter through some transcription factors
inthe absence of epigenetic drugs, resulting in histone deacetylation
and transcriptional repression. In addition, the recruitment may be
dissociated from the promoter by adding 5-Aza-dC and TSA, result-
ing in histone acetylation and transcription activation.

The Sl’n3A~HDAC 1 co-repressor complex is found in RRBL1 cells with
or without epigenetic drugs

To show that loss of Sin3A-HDAC1 interaction with the MS4A1
promoter was due to protein complex dissociation and not degrada-
tion, we confirmed the protein expression in RRBL1 cells with and
without epigenetic drugs using IB. As shown in Fig. 4A, HDAC1 and
Sin3A protein expression levels did not change in the presence of

51

epigenetic drugs. Next, we performed an IP assay using anti-IRF4,
-Sin3A,and -HDACT antibody to confirm that Sin3A and HDAC1 exist
as a protein complex, and to examine whether the Sin3A-HDAC1
co-repressor complex was recruited by IRF4 in the absence of epige-
netic drugs. The Sin3A-HDACT interaction was confirmed with anIP
assay using anti-Sin3A and -HDAC1 antibodies (Fig. 4B, lanes 4 and
5), but interaction of IRF4 with this complex was not observed (lane
3). These results indicate that the Sin3A-HDAC1 complex exists in
RRBL1 cells with or without 5-Aza-dC and TSA, and that the recruit-
ment of the complex to the MS4A1 promoter may notinvolvea direct
interaction with IRF4.
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Fig. 4. The Sin3A-HDAC1 co-repressor complex is stably expressed in RRBL1 cells
with or without 5-Aza-dC and/or TSA. (A) 1B was performed using the RRBL1 lysate
after treatment with 5-Aza-dC andfor TSA. Raji and NALM6 cells were used as
expression controls. Similar levels of expression of HDAC1 and Sin3A were observed
in each sample. (B) Whole cell lysate of RRBL1 cells was obtained using lysis buffer.
Lysates were divided into four samples and used for IP using anti-IRF4, -Sin3A, and -
HDACT1 antibodies. Five percent of the whole cell lysate was used for the pre-IP
samples (lane 1). As a negative control, antibodies for 1P were omitted (lane 2). IB
indicated that endogenous Sin3A-HDAC! interacted in RRBL1 cells without
epigenetic drugs, but significant interaction with IRF4 was not observed in this
assay system.
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Fig. 3. ChiP assay of the MS4A1 promoter. The primer set used for amplification of the MS4A1 promoter (~160 to +1) is shown in (A). The positions of the upper and lower
primers are indicated as black arrows. (B) A ChIP assay using anti-Pu.1, -IRF4, -Sin3A, -HDAC1, and -acetylated-histone H4 was performed using the cell lysate from cells
treated with or without 5-Aza-dC and TSA. Semi-quantitative PCR was performed, and the amplified DNA fragments were visualized by 1.5% agarose gel electrophoresis. Asa
positive control, lysate without the IP step was used (input). A ChIP sample without antibodies was used as a negative control (). PCR using the primers for the 3'-intron
region of MS4A1 was also used as a control. Sin3A and HDAC1 recruitment to the promoter was observed in lanes 11 and 13, and accumulation of histone deacetylation was

seen in lane 9,
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Discussion

In clinical practice, CD20 expression abnormalities have been
reported. Johnson et al. [18] reported that 43 out of 272 (16%) pa-
tients with diffuse large B-cell lymphoma (DLBCL) showed reduced
(D20 expression using FCM analysis at the time of initial diagnosis,
and that the survival rate of this phenotype was significantly lower
than that of patients with CD20-positive phenotype. Furthermore,
we previously reported that a CD20-negative phenotypic change
after using rituximab resulted in resistance to salvage chemother-
apies with or without rituximab {6,7]. We observed that all of these
patients died of disease progression within 1 year after the diagno-
sis of CD20-negative transformation, suggesting that the CD20-
negative phenotype may be related to the poor prognosis. From
these findings, we realized the importance of investigating the
mechanisms of downmodulation of CD20 expression to explore
overcoming strategies including salvage combination chemothera-
pies with anti-CD20 antibodies.

In this study, we firstly investigated the effect of 5-Aza-dC on
RRBL1 cells. DNMT1 protein reduction was observed 1 day after add-
ing 5-Aza-dC, followed by temporal upregulation of CD20 protein
expression (Fig. 1B). This phenomenon suggested that CpG demeth-
ylation of the MS4A1 promoter region was a result of DNMT1 deple-
tion. Butinterestingly, significant CpGislands were notlocated at the
promoter, suggesting that MS4A1 activation by 5-Aza-dC was not
regulated directly by MS4A1 promoter methylation.

The next hypothesis we investigated was that expression of tran-
scription factors, which is critical for MS4A1 expression, was regu-
lated by the methylation status of the promoter DNA. We analyzed
the protein expression level of IRF4/Pu.1, and only a modest upreg-
ulation was observed. Furthermore, the ChIP assay showed that
IRF4/Pu.1 recruitment to the MS4A1 promoter was fairly stable in
the presence or absence of 5-Aza-dC and TSA (Fig. 3B). On the other
hand, Sin3A-HDAC1 recruitment and histone deacetylation was
observed in the absence of epigenetic drugs. Because previous re-
ports have indicated that HDACs form large protein complexes, such
as Sin3 [26], NuRD/Mi-2 [27], and N-CoR[SMRT co-repressor com-
plexes [26,28], and are recruited to the specific promoter by tran-
scription factors, we analyzed whether the Sin3A-HDAC1 complex
interacts with IRF4 in RRBL1 cells. Using an IP assay, we observed
that HDACT interacts with Sin3A but not with IRF4 (Fig. 4B). We also
analyzed the recruitment of the proteins N-CoR, HDAC3, and TBLR1
(transducin B-like protein 1 relating protein), which are all
expressed in the same co-repressor complex in vivo [21-23,26,28],
to the promoter region using the ChIP assay. Significant recruitment
of these proteins was not seen in this assay (data not shown).

Thus, these findings suggest that, (1) MS4AT1 repression is not di-
rectly regulated by methylation of its promoter and (2) transcription
factors other than IRF4 recruit the Sin3A-HDAC1 co-repressor com-
plex to the MS4A1 promoter to repress transcription through histone
deacetylation. Our previous report [6] showed that treatment with
TSA without 5-Aza-dC upregulates CD20 expression in RRBL1 cells
within 1 day, suggesting that the activity of HDAC may be more crit-
ical for MS4A1 expression than the activity of DNMTs. One explana-
tion for why 5-Aza-dC can stimulate MS4A1 expression is that the
expression of some transcription factors, whose expression is critical
for CD20 expression, may be regulated by CpG methylation of the
gene promoters. The maximal effect of 5-Aza-dC on CD20 protein
expression was seen at 3 days after treatment with 5-Aza-dC, which
is consistent with this hypothesis. The knockdown of endogenous
DNMT1 using the siRNA technique may help explain the importance
of DNMTT1 for MS4A1 repression. On the other hand, the possibility
that CpG islands in MS4A1 that affect its expression are in a location
thatisrelativelyremote (~5 kb) from the transcription start site can-
not be excluded. Further investigation is needed.

In our study, the efficiency of stimulating CD20 protein expres-
sion in CD20-negative transformed cells using epigenetic drugs is
not complete (Fig. 2B). As we showed previously 7], this efficiency
may not be sufficient to overcome resistance to rituximab. Using
the newer generation humanized-anti-CD20 monoclonal antibod-
ies, such as ofatumumab [29], GA-101 {30], and others, which have
higher antibody binding capacity with CD20 and/or a higher CDC/
ADCC activity, may help overcome the resistance. We also antici-
pate the use of those therapies in combination with epigenetic
drugs such as HDAC and/or DNMT inhibitors. Further investigation
is still needed.
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Although rituximab is a key molecular
targeting drug for CD20-positive B-cell
lymphomas, resistance to rituximab has
recently been recognized as a consider-
able problem. Here, we report that a CD20-
negative phenotypic change after chemo-
therapies with rituximab occurs in a
certain number of CD20-positive B-cell
lymphoma patients. For 5 years, 124 pa-
tients with B-cell malignancies were
treated with rituximab-containing chemo-
therapies in Nagoya University Hospital.
Relapse or progression was confirmed in

36 patients (29.0%), and a rebiopsy was
performed in 19 patients. Of those 19, §
(26.3%; diffuse large B-cell lymphoma
[DLBCL}, 3 cases; DLBCL transformed
from follicular lymphoma, 2 cases) indi-
cated CD20 protein-negative transforma-
tion. Despite salvage chemotherapies
without rituximab, all 5 patients died
within 1 year of the CD20-negative trans-
formation. Quantitative reverse-transcrip-
tion—-polymerase chain reaction (RT-PCR)
showed that CD20 mRNA expression was
significantly lower in CD20-negative cells

than in CD20-positive cells obtained from
the same patient. Interestingly, when
CD20-negative cells were treated with
5-aza-2'-deoxycytidine in vitro, the expres-
sion of CD20 mRNA was stimulated within
3 days, resulting in the restoration of both
cell surface expression of the CD20 pro-
tein and rituximab sensitivity. These find-
ings suggest that some epigenetic mecha-
nisms may be partly related to the down-
regulation of CD20 expression after
rituximab treatment. (Blood. 2009;113:
4885-4893)

Introduction

Rituximab is a murine/human chimeric anti-CD20 monoclonal
antibody that has become a key molecular targeting drug for
CD20-positive B-cell lymphomas.' Many favorable results using
combination chemotherapy with rituximab for both CD20-positive
de novo and relapsed low-grade and aggressive B-cell non-
Hodgkin lymphoma have been reported in recent years.>” In Japan,
rituximab has also been used since September 2001 for patients
with follicular lymphoma (FL), indolent lymphoma, and mantle
cell lymphoma (MCL). In addition, since September 2003 in Japan,
indications for using rituximab were expanded to include diffuse
large B-cell lymphoma (DLBCL), further demonstrating the signifi-
cant effectiveness of rituximab for B-cell lymphoma compared
with conventional chemotherapies without rituximab.?

Although combination chemotherapies with rituximab have
provided significantly favorable results for CD20-positive B-cell
lymphoma patients, acquired resistance to rituximab has become a
considerable problem. Several mechanisms of resistance were
predicted as reported previously, including loss of CD20 expres-
sion, inhibition of antibody binding, antibody metabolism, expres-
sion of complement inhibitors such as CD55/CD59, and membrane/
lipid raft abnormality (reviewed by Smith et al®),!%!° but the
clinical significance of those mechanisms has remained unclear. In
the last 5 years, a CD20-negative phenotypic change in CD20-
positive lymphomas after rituximab treatment has been reported by
several groups,!620-3! indicating that this phenomenon after the use

of rituximab may not be rare. Although these reports contain
important information from clinical experiences, the frequency of
occurrence and detailed molecular biologic information about the
CD20-negative phenotype remain to be elucidated.

Very recently, we reported a CD20-negative DLBCL case that
had transformed from CD20-positive FL after repeated treatment
with rituximab. We established an RRBLI cell line from this
patient,3? and the mechanisms of the CD20-negative change were
analyzed in these cells. CD20 mRNA expression was significantly
lower than in CD20-positive cells, resulting in a loss of CD20
protein expression as detected by flow cytometry (FCM), immuno-
histochemistry (IHC), and immunoblotting (IB). Interestingly,
trichostatin A (TSA), a histone deacetylase inhibitor, was able to
successfully stimulate CD20 expression, suggesting that some
epigenetic mechanisms may have repressed the expression. Thus,
an accumulation of detailed clinical and molecular biologic fea-
tures is required to demonstrate the significance of CD20-negative
phenotypic changes after rituximab treatment.

In the last 5 years, 124 patients with CD20-positive B-cell
malignancies received chemotherapy with rituximab at Nagoya
University Hospital, 36 (29.0%) of whom showed relapse/
progression. Among these 36 patients, CD20 protein-negative or
-decreased phenotypic changes were confirmed in 5 cases concomi-
tant with disease progression. Here, we describe the occurrence rate
of CD20-negative transformation after rituximab treatment, as well
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