lymphoma cells derived from Amll** p53~~ and AmiI*/~
p53™/~ mice were positive for T-cell receptor, CD4 and CD8
(Fig. Sla,b). Event-free survival was significantly different
between the two genotypes (P = 0.0325) (Fig. 1c). These
results suggest that expression levels of AMLI1 affect the
incidence of malignancies in p53-null mice.

AML1 is upregulated in cells with p53 aberrations. To deter-
mine whether the level of Ami!l transcripts correlates with the
presence or absence of p53, we compared expression of Amll
in various types of cells from littermate mice of the p53*~ and
P53~ genotypes. We observed increased expression of Amll
in total bone-marrow (BM) cells, c-Kit" BM cells, common
lymphoid progenitors (CLPs), splenic T cells, and thymic T
cells, as well as in p53_/ ~ mouse embryonic fibroblast (MEF)
cells (Fig. 2a—d). Considering that the major function of p53 is
regulation of stress-response genes, we tested the effect of
stress on the expression of Amll in BM cells from another lit-
termate mouse. Aml/l is induced by ionizing radiation (IR) in
mice with normal p53, but this induction was not observed in
P53 cells (Fig. 2e). Levels of Amll expression were
increased by p53 shRNA treatment (Fig. S2). Together, these
data strongly suggest that Aml] is transcriptionally regulated by
p53 both in the steady state and following genotoxic stress.

AMLT is regulated by p53. There are two promoters in the
AMLI gene.®™ The distal promoter is more active than the
proximal 5g)romoter in hematopoietic stem cells and developing
T cells.”> To determine whether p53 binds to the distal pro-
moter region of Amll, we performed chromatin immunoprecipi-
tation (ChIP) using c-Kit* cells from mouse BM. For this
purpose, we used PCR primers corresponding to regions ranging
from —10 kb upstream to +4 kb downstream of the Ami! tran-
scription start site (Fig. 3b). When c-Kit" cells were cultured in
vitro, the expression of Am/l was induced (Fig. 3a). Binding of
p53 to the Amll promoter could be detected in ChIP analysis
before, but not after, cultivation (Fig. 3b). ChIP analysis of his-
tone H3 trimethylated at lysine 4 (H3K4Me3) and histone H3
acetylated at lysine 9 (H3K9Ac), both of which are hallmarks
of active gene transcription, indicated that activating modifica-
tions of chromatin increased in proportion to the Ami/ mRNA
level. H3 trimethylated at lysine 9 (H3K9Me3), which is a
repressive mark, was not altered by the cultivation. These
results indicated that, at steady state immediately following the
isolation of c¢-Kit* cells from BM, p53 was preferentially bound
close to and downstream of the transcription start site. However,
after a 3-day culture of c-Kit" cells, significant binding of p53
was no longer detected at any locus tested (Fig. 3b), even
though the expression of p53 was high at this time. At steady
state, the Aml/ distal promoter region appeared to be inactive,
as demonstrated by the relatively lower levels of H3K4Me3 and
H3K9Ac occupancy revealed by ChIP analysis. Conversely,
levels of H3K4Me3 and H3K9Ac increased at the downstream
region of the Amll promoter (primers no. 3-5) after a 3-day cul-
ture (Fig. 3b and Fig. S3). Occupancy of the Amll promoter by
p53 was also decreased following irradiation (Fig. 3c). The
results of these ChIP experiments indicate that the activity of
the Amll promoter is inhibited by binding of p53 under normal
conditions, and that this inhibition was abolished under
conditions of stress. In a reporter assay, the Amll promoter
was inhibited by wild-type p53 and activated by the p53
R175H mutant, which is defective in binding to DNA (Fig. 4).
These results indicate that p53 inhibits transcription of the AmliI
gene. The p53 R175H mutant may function in a dominant-
negative manner.

Depletion of AML1 blocks T-cell proliferation. To determine
whether the expression level of AMLI1 affects proliferation of
T cells, we mated mutant animals carrying JoxP-flanked
(AmlFY alleles®® with ERT2-Cre knock-in mice®? to gener-
ate Aml™? ERT2-Cre mice. In these mice, the Aml allele
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Fig. 4. p53 inactivates AMLT promoter. (a) The indicated promoter
regions of 900 bp (DP1) and 1400 bp (DP2) were cloned into /uc
reporter plasmids. The arrow labeled AML1c indicates the transcrip-
tion start site. The opposing arrows indicate the positions of the prim-
ers used for ChIP analysis. (b, ¢) AML1 promoter is repressed by p53.
SaO0s2 cells were transfected with expression vector for wild-type p53,
p53R175H and/or AML1b together with a human AML1 distal pro-
moter—luciferase (fuc) reporter containing DP1 or DP2. Data shown are
relative values of firefly luciferase activity normalized to Renilla lucif-
erase activity. The data shown are the means + standard error of the
mean (SEM).

could be effectively deleted in vitro in hematopoietic cells by
the addition of 4-hydroxytamoxifen (4-OHT), which activates
ERT-Cre recombinase (Fig. 5a). After 5 days of 4-OHT treat-
ment, the Amll gene was deleted from almost all cells
(Fig. 5b), and the Amil transcript was also almost completely
absent, as determined by RT-PCR (Fig. 5c). At this time, the
expression level of Runx3, which might compensate for loss
of AML1 function, was not altered (Fig. S4). We then exam-
ined T-cell proliferation in these AmlF" ERT2-Cre mice.
Splenic CD4 cells were isolated from the AmlI™" ERT2-Cre
mice and cultured in the presence of IL-2 after stimulation
with anti-CD3e. Ten days after the addition of 4-OHT, we
compared the number of live cells from AmlF®" ERT2-Cre and
AmlI"™ ERT2-Cre mice. The proliferation of T-cells from
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Ami ERT2-Cre mouse

Fig. 5.
CD4 positive T-cells. (a) Splenic T-cells of Am/
ERT2-Cre mice were isolated using an antibody
against CD4 and cultured for 5 days with or without
4-hydroxytamoxifen (4-OHT) in the presence of IL-2.
(b) Genotype of Am/1 was analyzed after 5-day
culture with or without 4-OHT in the presence of
IL-2. Primers used for genotyping were as follows:
f2: ACAAAACCTAGGTGTACCAGGAGAACAAGT, rt: (c)
GTCTACTCCTTGCCTCAGAAAACAAAAAC, fl20: CCCT
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GAAGACAGGAGAAGTTTCCA. (c) Expression of Am/1
was measured by quantitative reverse transcription-
polymerase chain reaction (qQRT-PCR) and correlated
to 78S rRNA levels after 5-day culture with or
without 4-OHT in the presence of IL-2. (d) T-cells
with or without the Ami1 allele were cultured in
the presence of IL-2 for 10 days. The growth rate
(live cells) was measured by the production of
adenosine trlphosphate (ATP) ATP production of
cells from Am/1™" ERT2-Cre mice (red bars, diagonal
stripe) treated with 4-OHT was less than that of
untreated cells (red bars, filled). The drug was not
toxic to wild-type cells (white and gray diagonal
stripes: treated and non-treated, respectively).

Expression of Ami1/188 RNA
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which Ami] was deleted was clearly lower than that of T-cells
from AmlI™ ERT2-Cre mice (Fig. 5d). This result is consis-
tent with a prev10us report showing that conditional deletlon
of Amll results in decreased numbers of T cells.?® These
observations suggest an important role for AMLI1 in T-cell
proliferation.

Discussion

RUNX family members function as oncogenes when they are
ectopically overexpressed.?®2% In this study, we elucidated a
novel relationship between AML1 and p53 in vivo using mice
that carried mutations in one or both genes, and we present
genetic evidence for a mechanism underlying the overexpres-
sion of AMLI.

The lower frequency of onset of T-cell lymphoma in associ-
ation with the AmlI*~ p53™~ genotype may indicate that the
presence of two copies of the Aml/ gene are needed for T-cell
transformation and/or proliferation, and that one allele of
Amll confers no growth advantage to malignant cells. Because
we did not examine the expression level of Aml] at the early
stage of T-cell transformation, we cannot fully resolve the
importance of AMLI1 in T-cell malignancy. Moreover, a
genetic defect in p53 affects the regulation of a large number
of genes. Therefore, Amll hemizygosity might not be the
factor that directly prevents malignant transformation in a
p53-null background.

Amll might function as an oncogene in a lymphoma that
develops due to a defect in p53. Consistent with this idea,
expression levels of Amil were higher in p53™" lymphocytes
than those observed in wild type cells (Fig. 2c¢,d). However,
expression levels of Amll were not constantly high in lympho-
mas (Fig. 1b). These results suggest that high levels of Amll
expression might be important for development, but not for
maintenance, of lymphomas. The mechanism of this enhanced
expression of Amll remains unclear, although the data support
the hypothesis that a high level of Amlil is critical for lym-
phoma development. In addition, the depletion or deletion of
Amll induced the expressmn of Fas (Fig. S5), suggestmg that
AML1 plays some roles in cell survival, as reponed ) In the
early stages of lymphoma development, anti-apoptotic regula-
tion by AML1 might also be important.
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The primary role of p53 in the cell-cycle checkpoint in
hematopoietic cells is probably to repress stem cell division,
thereby maintaining the quiescent status of these cells in the
steady state. (8 Apother recent report also indicated that the
reduced p53 activity of p53*~ mice is associated with higher
numbers of proliferating hematopoietic stem and progenitor
cells in older mice." Furthermore, a p53-null genotype pro-
motes expansion of long -term proliferating stem cells in BM
and activates HSCs.( However, the target of p53 that
induces HSC proliferation is unknown. Here we showed that
AML1 is at least one of the targets of p53 in hematopoietic
stem or progcnitor cells. AML1 plays a ]é)osmve role in cell-
cycle progression in mouse myeloid cells. Thus, the data
in this study indicates that p53 may repress AML1 in HSCs in
the steady state, but induce AML1 once HSCs are exposed to
stress.

The mechanism by which p53 represses AMLI gene expres-
sion may differ from the known mechanisms by which p53
regulates other genes. Our results support a novel mechanism
of pS3 gene regulation, in which p53 binding to the target-
gene locus represses transcription, but release of p53 activates
transcription. The ability of p53 to respond to stress is usually
associated with modification of p53 by phosphorylation, acety-
lation, or sumoylation.®*** However, it is difficult to use this
model to explain our results concerning the stress response of
p53 and AMLI transcription, because p53 normally represses
the AMLI gene but activates it when the cell is exposed to
various stresses. We also observed constitutive activation of
AML]I gene in cells with a p53-null genotype. It is likely that,
once activated (and probably modified), p53 dissociates from
the repressor complex on the Amll gene locus.

In future studies, it will be important to analyze the AMLI
level in human T-ALL specimens caused by pS53 deﬁciency or
mutation. AML1 has important functions not only in hemato-
poiesis, but also in neurogenesis and skeletal muscle.?*>53%
Therefore, a broad-based study of the relationship between the
two important transcription factors p53 and AML1 in various
malignant diseases could provide information that would aid in
understanding how these tumors are generated. If. the same
results are obtained in human hematopoietic stem cells as in
mouse cells, then it may be possible to design drugs that inhi-
bit AML1 activity for use in treating T-cell malignancy.
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Abstract

The mixed lineage leukemia (MLL) protein is an epigenetic transcriptional regulator that controls proliferative expansion of
immature hematopoietic progenitors, whose aberrant activation triggers leukemogenesis. A mature MLL protein is
produced by formation of an intra-molecular complex and proteolytic cleavage. However the biological significance of
these two post-transcriptional events remains unclear. To address their in vivo roles, mouse mutant alleles were created that
exclusively express either a variant protein incapable of intra-molecular interaction (designated de) or an uncleavable
mutant protein (designated uc). The de homozygous mice died during midgestation and manifested devastating failure in
embryonic development and reduced numbers of hematopoietic progenitors, whereas uc homozygous mice displayed no
apparent defects. Expression of MLL target genes was severely impaired in de homozygous fibroblasts but unaffected in uc
homozygous fibroblasts. These results unequivocally demonstrate that intra-molecular complex formation is a crucial
maturation step whereas proteolytic cleavage is dispensable for MLL-dependent gene activation and proliferation in vivo.
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Introduction

MLL (also known as MLLI, HRX and KMT2A) is an
epigenetic transcriptional regulator that serves essential roles in
embryonic and hematopoietic development. During embryogen-
esis, MLL maintains expression of Homeobox (HOX) genes to
confer cellular identities along the anterior-posterior body axis [1],
[2]. In the hematopoietic lineage, MLL regulates expression of a
subset of HOX genes [3], [4] that promotes self-renewal of
hematopoietic stem cells (HSCs) and expansion of immature
progenitor pools [5], [6]. Hence, Mil deficiency in mice causes
hematopoietic failure accompanied with insufficient expansion of
immature hematopoietic progenitors [8], [7], [8]. Furthermore,
MLL suppresses premature-senescence in both human and mouse
fibroblasts in part by maintaining HOX gene expression [8], [9],
[10]. Therefore loss of MLL function causes premature senes-
cence. Conversely, MLL gain-of-function mutations caused by
chromosomal translocations in hematopoietic cells result in
constitutive expression of HOX genes that aberrantly enhance
proliferation [11], [12] and suppress senescence to cause acute
leukemia [8], [10].

MLL is translated as a large precursor protein (430 kD) that
subsequently undergoes proteolytic processing into two fragments
(MLLY and MLL®) by the Taspase 1 endopeptidase [13], [14],

PLOS ONE | www.plosone.org

[15], which specifically cleaves sites that are evolutionally
conserved with MLL2 (also known as MLL4, HRX2 and
KMT2B) and Drosophila TRX. The respective MLLY and
MLLE fragments form a holocomplex by non-covalent intra-
molecular interaction [14], [15]. Although these MLL fragments
are susceptible to distinct degradation pathways [8], the MLLY/
MLLE holocomplex is stably expressed because intra-molecular
complex formation masks structures that would otherwise lead to
degradation. However, the biological significance of these
maturation processes in vivo remains unclear.

In the current study, the in vivo roles of intra-molecular
complex formation and proteolytic processing in MLL functions
were examined using knock-in mouse lines with targeted
mutations that selectively prevent self-association and proteolytic
cleavage, respectively.

Materials and Methods

Ethics statement

All animal work has been conducted according to the
institutional guidelines with the approval of Stanford University
(9839) and National Cancer Center Research Institute (T08-030-
N, T08-030-CB02).
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Maturation Mechanism of MLL

Figure 1. Intra-molecular interaction is required for MLL-dependent gene activation. A. MLL proteins produced by dC and de mutations
are shown schematically. The characteristics of each mutant are shown on the right. The N-terminal intra-molecular interaction domain (NIID)
includes PHD1, PHD4 and FYRN and the C-terminal intra-molecular interaction domain (CIID) is FYRC. Positions of the three tagman probes for Ml
[MIN), MII(M) and MIKC)] used in Figure 1G are indicated by red bars. Genomic sequences around the exon 11 of the human MLL and its murine
counterpart are shown at the bottom. B. Genomic structures of the wild type allele and the recombined allele are shown with the targeting vector. C.
Diagnostic PCR identifies the recombined allele in genetically engineered mice. +/ wild type. de/+: de heterozygous D. Sequence of the exon
junction of M/l de transcript. The PCR product generated by RT-PCR of de homozygous MEFs was sequenced. E. Genotypes at various developmental
stages. Viability of embryos was confirmed by presence of heart contractions. de/de: de homozygous F. Morphologies of E13.5 embryos of de mutants.
G. Expression of MLL proteins and RNAs in MEFs. Expression of MLL™, MLLS, and actin was visualized by western blotting. Relative expression levels of
Mil mRNAs (normalized to Gapdh) are expressed relative to those of wild type arbitrarily set as 1. RT-PCR analysis demonstrated expression of the de
mutant mRNAs. qPCR using the MI(M) and MII(C) tagman probe demonstrated that M/l mRNAs were expressed at the same levels in wild type and de
homozygous MEFs, whereas the MI/(N) tagman probe showed that the murine exon corresponding to the human exon 11 was not transcribed. Error
bars represent the standard deviations of triplicate PCRs. H. Expression of MLL target genes in de homozygous MEFs. Wild type and dC homozygous
MEFs were also analyzed for comparison. Relative expression levels of various MLL target genes (normalized to Gapdh) are expressed relative to those
of wild type-1 arbitrarily set as 1. RT-qPCR demonstrates that expression of MLL target genes including Hoxc8, Hoxc9, Cdkn1b, Cdkn2c was impaired in

de homozygous and dC homozygous MEFs. Error bars represent the standard deviations of triplicate PCRs. dC/dC: dC homozygous.

doi:10.1371/journal.pone.0073649.g001

Generation of knock-in mice

Targeting vectors containing the mutations and the cassettes of
Neomycin resistance gene (neo) and Diphtheria toxin gene (DT)
(kindly provided by Dr. Takeshi Yagi) were constructed by PCR-
mediated mutagenesis and restriction enzyme digestion/ligation.
The targeting vector for the uc mutation was constructed in the
same manner as the previously published dC mutant allele [8]. ES
cells (CGR8.8) were transfected with the linearized targeting
vectors and screened for positive clones by PCR. Homologous
recombination was confirmed by LA-PCR (Takara Bio Inc., Otsu,
Japan) using primer pairs specific for both ends of the targeting
construct (primer sequences available upon request). Targeted ES
clones were transiently transfected with a Cre recombinase
expression vector (kindly provided by Dr. Takeshi Yagi) and
subsequently screened for clones with appropriate excision of the
neo cassette. Blastocyst injections were performed by the
Transgenic Research Facility of Stanford University. Knock-in
mouse lines were maintained by backcrossing onto a C57BL/6
genetic background. Genotyping of mice for the de allele was
performed by PCR using a primer set (5'- tgaactggtgggaaagcaca-
gacatcctga -3' and 5'-agagatggttcagcggttaagagetetgac-3') that
detected both the mutant allele (~500 bp) and the wild type
allele (800 bp). Genotyping of mice for the ue allele was performed
by PCR using a primer set (5'-gttctgaagcacacattccacace-3" and 5'-
catcaaagcgaagggcaatcagtg-3') that detected both the mutant allele
(~310 bp) and the wild type allele (250 bp).

Cell culture

293T, plat-E, and mouse embryonic fibroblast (MEF) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% fetal calf serum and non-essential amino
acids.

Western blotting

Western blotting was performed as described previously [15].
The mouse monoclonal anti-MLLY antibody (mmN4) and anti-
MLLS antibody (9-12) were previously described [8], [15]. Goat
anti-menin antiserum (C19) was purchased from Santa Cruz
Biotechnology Inc (Santa Cruz, CA) and mouse anti-actin
antibody (MAB 1501R) was purchased from Millipore (Billerica,
MA).

RT-PCR

Reverse transcription (RT) was performed as described
previously [8]. RT-PCR of the mouse de variant transcript was
performed using a primer set flanking the exon 11 counter part
sequences (5'-agatggagtccacaggatca-3’ and 5'-tttcttcgtgggttggtge-
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3"). Quantitative PCR (gPCR) was performed in triplicate and
average expression levels (with standard deviations) normalized to
that of Gapdh or Aeth were calculated using a standard curve and
the relative quantification method as described in ABI User
Bulletin  #2. Tagman probes for wvarious genes [Gapdh:
Mm99999915_gl, Aeth:Mm00607939_s1, MIN:Mm0117926_gl,
MIM):Mm01179218_m1, MIC)Mm10179235_ml, Hoxc8:Mm
00439369_m1, Cdkn2a:Mm00494449_ml, Cdknlb:Mm00438167
_gl, Cdin2c:Mm00483243_ml, Hoxc4#:Mm00442838_ml, Hoxc9:
Mm00433972_m1, PAI-I(Serpinel):Mm00435860_ml, Menl:Mm
00484963_m1, Ledgf (Psipl):Mm01259222_gl, Hoxal(0:Mm00433
966_m1, Hoxa9:Mm00439364_m]1, Hoxa7:Mm00657963_m1] were
purchased from Applied Biosystems (Foster City, CA).

Flow cytometry analysis and sorting

Flow cytometry was performed as previously described [8], [16].
Single cell suspensions harvested from the bone marrow and
thymus were stained in deficient RPMI (Irvine Scientific, Santa
Ana, CA) containing 3% fetal calf serum, 1 mM EDTA and
10 mM HEPES. Conjugated monoclonal antibodies (mAbs) were
obtained from either BD (Flanklin Lakes, NJ) or eBioscience (San
Diego, GA). The lineage cocktail included antibodies for Grl
(RB6-8C35), B220 (RA3-6B2), TER119 (TER-119), CD3 (145-
2C12), CD4 (GKL.5), and CD8 (53-6.7). The following mAbs
were also used: Macl/CD11b M1/70), cKit (2B8), Scal (D7),
CD48 (HM48-1), CD34 (49E8), CD16/32 (93), Flk2 (A2F10),
CD45.2 (104), and CD43 (87). Stained cells were analyzed with
LSR-1A or LSR-II flow cytometer (BD). J-SAN (Bay bioscience,
Kobe, JAPAN) was used for cell sorting. Cell Quest Pro or Diva
(BD) was used for data acquisition, and FlowJo (Tree Star Inc.,
Ashland, OR) was used for analysis.

In vivo reconstitution assay

Fetal Tiver cells of de homozygous mutant (5x10° cells) or the
wild type/heterozygous controls (5x10% cells) harvested from
E12.5 embryos or white blood cells harvested from adult wc
homozygous mice (1x10° cells) or the wild type control (1x10°
cells) in the littermates were injected intravenously into lethally
irradiated (1200 rads in two days or 900 rads in one day) G57BL/
6 mice. Recipient mice were maintained on water supplemented
with antibiotics for a few weeks after transplantation.

Whole mount in situ hybridization

In situ hybridization was performed on El0.5 embryos as
described elsewhere [8], [17]. The Hoxc8 probe was synthesized
using DIG RNA labeling kit (Roche) and hybridized with pre-
treated embryos. After washing, the probe was visualized by anti-
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represent the standard deviations of cell numbers of FLs. For each genotype, at least 3 livers were analyzed. B. Population analysis of % mutant FLs by
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Error bars represent the standard deviations of more than two littermate embryos for each genotype. D. Population analysis of HSCs from MPPs in

% mutant FLs by flow cytometry. Lin"Mac1* cells were subdivided by Sca-1 and CD48. E. Frequencies of HSCs (top) and MPPs (bottom) in % mutant
FLs. Error bars represent the standard deviations of more than four embryos for each genotype. Frequency was expressed as the percentage of each
fraction within the whole population. F. Ability of % mutant FL cells to reconstitute the hematopoietic system. 5x10° cells of % homozygous FLs and
5x10* cells of the wild type/heterozygous controls were transplanted into lethally irradiated syngenic mice. Previously published data for
9C homozygous FLs (8] obtained in the same experimental setting were included for comparison. N: the number of FLs analyzed.
doi:10.1371/journal.pone.0073649.g002

digoxygenin antibody coupled with alkaline phosphatase. The  MEF proliferation and 3T3 senescence assays

plasmid for the Hoxc8 probe was kindly provided by Dr. Licia MEFs were derived from E11.5 embryos and analyzed as

Selleri. described elsewhere [8], [18]. The MEFs were plated at the
concentration of 10% cells/ml on Day 0 and the cell count was
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Figure 3. MLL processing is not required for MLL-dependent gene activation. A. Schematic structures of MLL proteins produced by dC and
uc mutations. The characteristics of each mutant are shown on the right. The mutated processing sites are highlighted in red. B. Sequences at the
processing sites of the PCR fragments amplified from genomic DNAs of the recombined ES cell clones. C. Expression of MLL proteins in embryos.
Western blotting was performed on whole embryo extracts of various genotypes. MLL proteins were visualized by anti-MLL antibody. Anti-menin
blot serves as a loading control. uc/+: uc heterozygous. uc/uc: uc homozygous. dC/A4: dC heterozygous. dC/ dC: dC homozygous. D. Genotypes at
various developmental stages. Viability of embryos was confirmed by presence of heart contractions. E. Expression of Hoxc8 transcripts in E10.5
embryos. Whole mount in situ hybridization was performed using the Hoxc8 probe (Hoxc8). Arrows indicate sites of target gene expression.
Previously published data for the wild type and dC homozygous embryos [8] are shown here for comparison. F. Expression of various genes in mutant
MEFs. Three independently established MEF lines of wild type, uc homozygous and dC homozygous genotypes were examined by RT-qPCR for genes
indicated at the tops of respective panels. Relative expression levels (normalized to Gapdh) are expressed relative to those of wild type-1 arbitrarily
set as 1. Previously published data for wild type and dC homozygous MEFs [8] obtained in the same experiment are included for comparison. Error
bars represent the standard deviations of triplicate PCRs. G. Proliferative capacities of uc homozygous MEFs. Proliferation assay (top) and 373
senescence assay (bottom) were performed for three lines each of wild type, uc homozygous and dC homozygous genotypes at passage 3. Previously
published data for wild type and dC homozygous MEFs [8] obtained in the same experiments are included for comparison.
doi:10.1371/journal.pone.0073649.g003
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doi:10.1371/journal.pone.0073649.g005

measured at each time point. In 3T8 senescence assay, the MEFs
were re-plated every 3 days.

Myeloid progenitor serial replating assay

Myeloid progenitor serial replating assay was described
elsewhere [19], [20]. Myeloid progenitor cells were harvested
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from the fernurs of mice. C-kit positive cells were enriched by
immuno-magnetic selection using an Auto MACS (Miltenyi
Biotech), transduced with recombinant retrovirus by spinocula-

. tion, and plated in methylcellulose medium (M3231, Stemcell

Technologies) containing SCF, IL-3, IL-6 and GM-CSF. The
colony-forming units (CFUs) per 10* plated cells were quantified
after 5-7 d of culture and expressed as the average and standard
deviation of at least triplicate determinations.

Results

Intra-molecular complex formation of MLL fragments is
essential for MLL-dependent gene activation

The intra-molecular interaction domains of MLL have been
defined as PHD fingers 1 and 4 (PHD1 and PHD4), FYRN, and
FYRC domains [8], [15] (Figure 1A). Most of PHD1 is encoded by
exon 11 of MLL. It has been reported that an MLL variant
protein lacking exon 11 sequences is dominantly expressed in some
cases of acute lymphoid leukemia [21]. We previously reported
that this variant protein can be transiently expressed and eﬂicienﬂz
processed but is incapable of forming an MLLN/ MLL
holocomplex [8]. To investigate the in vivo roles of intra-
molecular complex formation, a mutant allele (designated de) that
lacks the exon 11 counterpart of mouse was generated in ES cells
(Figure 1B) and its successful recombination was confirmed by
diagnostic genomic PCR (Figure 1C) and RT-PCR followed by
sequencing (Figure 1D). Another mutant allele (designated dO),
which served as a control for null mutation, was previously

engineered to contain a stop codon at the second processing site

[8], thereby exclusively expressing MLLY due to the inability to
translate downstream MLLS sequences within the Ml mRNA
(Figure 1A).

Unlike wild type and de heterozygous mice, de homozygous mice
died during midgestation (Figure 1E) with a similar phenotype
displayed by d4C homozygous (dC/dC) mice [8], including

.subcutaneous edema and hemorrhage (Figure 1F). Mouse

embryonic fibroblasts (MEFs) derived from de homozygous
embryos expressed MLL proteins at low or undetectable levels
whereas their respective mRNAs were expressed at normal levels
(Figure 1G), confirming previous findings that MLL protein
fragments are subjected to degradation if unable to self-associate in
an intra-molecular complex [8], [14]. Consequently, expression of
MLL target genes including Hoxc8, Hoxc9, Cdknlb and Cdin2c was
severely reduced in de homozygous MEFs [22], [23] (Figure 1H).
These results clearly demonstrate that intra-molecular complex
formation is required for stable expression of MLL proteins and
thus for MLL-dependent gene activation in vivo.

Intra-molecular complex formation is required for
expansion of hematopoietic progenitors

The effect of intra-molecular complex formation on prolifera-
tive expansion of hematopoietic progenitors was examined by flow
cytometry analysis of the fetal livers (FLs) derived from de
homozygous E12.5 embryos, which contained fewer hematopoi-
etic cells compared to the wild type/heterozygous control FLs
(Figure 2A). The LKS compartment, which contains HSGCs and
multi-potent progenitors (MPPs), was markedly reduced in de
homozygous FLs (Figure 2B, 2C). Further analysis using the CD48
marker [24] showed that de homozygous FLs produced HSCs 50%
less efficiently than the wild type/heterozygous controls (Figure 2D,
2F). MPP frequency was more profoundly affected by loss of intra-
molecular complex formation, phenocopying 4C homozygous FLs
[8]. Transplantation of FL cells into lethally irradiated mice
showed that de homozygous FL cells were unable to reconstitute
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doi:10.1371/journal.pone.0073649.g006

the hematopoietic system, while a 10-fold lower cell number of the
wild type/heterozygous control FL cells successfully reconstituted
(Figure 2F). These results show that intra-molecular complex
formation Is essential for the functions of MLL to generate
appropriate numbers of fetal HSCs and MPPs in vivo.

Proteolytic processing of MLL is not requjred for MLL-
dependent gene activation )

To investigate the in vivo roles of proteolytic processing of
MLL, we generated a knock-in mouse line (designated uc) with
targeted germline mutations of the MLL processing sites. ES cells
were engineered to contain an alanine substitution mutation at the
critical aspartic acid residue in both processing sites (the murine
counterparts of human D2666 and D2718) [8], [10] thereby
expressing an uncleavable mutant of MLL (MLL") (Figure 3A).
Genomic PCR followed by sequencing confirmed that recombined
ES cells harbored the targeted allele (Figure 3B). Western blotting
analysis confirmed expression of MLL" in us mutant embryos
(Figure 3C). uc homozygous mice were born at normal Mendelian
ratios (Figure 3D) with no apparent anatomic/functional defects.
Hoxc8, an MLL target gene [2], was properly expressed in uc
homozygous embryos at E10.5, where dC homozygous embryos
failed to maintain its expression [8] (Figure 3E). Thus, an inability
to proteolytically process MLL does not compromise the
developmental roles of MLL.

To further investigate the possible effect of MLL processing on
MLL-dependent transcription, MEF cell lines of wild type, uc
homozygous and 4C homozygous genotypes were analyzed by RT-
gPCR. In contrast to the comparable expression of Ml and Hoxc4
mRNAs among all the cell lines, expression of MLL target genes
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including Hoxe8, Hoxc9, Cdkn2c and Cdknlb [8], [22], [23] was
substantially reduced in 4C homozygous MEFs but unaffected in u¢
homozygous MEFs (Figure 3F). Although Taspase I knock-out
MEFs, which exclusively express the unprocessed form of MLL,
were reported to over-express CdknZa, uc homozygous MEFs
expressed Cdkn2a at comparable levels to the wild type control,
mndicating that processing of MLL is not required for suppression
of Cdkn2a expression. Furthermore, in contrast to a report by
Takeda et al. [25], no severe growth retardation of uc homozygous
MEFs was observed in proliferation assays and in 3T3 senescence
assays, in the condition where dC homozygous MEFs displayed a
premature senescence phenotype [8] (Figure 3G). Consistent with
these results, PAI-/ (also known as Sepine-I), a well-known
senescence inducer [26], was highly expressed in dC homozygous
MEFs, but expressed at normal levels in u¢ homozygous MEFs.
Hence, processing of MLL is not required for MLL-dependent
transcription in contrast to the severe compromise of MLL
functions caused by the inability to self-associate.

Lack of MLL processing does not affect steady state
hematopoiesis

To investigate the role of MLL processing in hematopoiesis, we
analyzed the hematopoietic compartments of adult ¢ mutant mice
by flow cytometry (Figure 4A, 4B). HSCs, MPPs, and lineage-
restricted progenitors including common myeloid progenitors
(CMPs), granulocyte/monocyte progenitors (GMPs) and mega-
karyocyte/erythroid progenitors (MEPs) in bone marrow (BM)
exhibited normal frequencies. Furthermore, T-cells in thymus, and
B- cells in BM also exhibited normal compositions (data not
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shown). Thus, MLL processing is dispensable for steady-state
hematopoiesis in adult mice.

The uncleavable mutant of MLL is not constitutively
active

MLL maintains HOX gene expression to promote expansion of
hematopoietic progenitors during myeloid differentiation [3], [4].
Because Hox gene expression progressively declines as cells
differentiate [12], [27] (Figure 5A, upper panel), the transcrip-
tional activity of MLL is presumed to decline in parallel.
Transcripts for essential components of the MLL complex (MLL
itself, menin and LEDGF) are also down-regulated as cells
differentiate (Figure 5A, lower panel). However, their declining
expression levels were not quantitatively in accord with those of
Hox genes. Noticeably, their expression levels in differentiated cells
(ckit"®"Mac1™8") were similar to the levels present in MLL-ENL-
transformed cells, whose growth is critically dependent on menin
and LEDGF [28], [29], [30]. These data suggest that the decline
of Hox gene expression during differentiation is not entirely due to
the decrease of MLL complex components at the mRINA level;
rather, a post-transcriptional regulatory mechanism might mediate
down-regulation of MLL-dependent transcription. We hypothe-
sized that dissociation of the MLL® subunit may occur during

PLOS ONE | www.plosone.org

differentiation to extinguish MLL function, whereas uncleavable
MLL might function as the constitutively active form. In this
scenario, myeloid progenitors derived from uc homozygous mice
should exhibit enhanced clonogenicity in vitro similar to that
induced by MLL-ENL, which behaves as the constitutively active
form that aberrantly maintains Hoxa9 expression and promotes
proliferation (Figure 5B, 5C). However, uc homozygous myeloid
progenitors did not display enhanced replating activity compared
to the wild type control (Figure 5B, 5D). Thus, lack of processing
does not render MLL constitutively active in hematopoietic
progenitors.

MLL processing is not required for oncogene-dependent
proliferation of myeloid progenitors

To examine whether MLL processing is required for the
enhanced proliferation of hematopoietic progenitors induced by
oncogenes, we transduced myeloid progenitors derived from uc

‘homozygous mice with Hoxa9 expression vector and analyzed their

serial replating activity (Figure 6A). Despite the lack of processing,
Hoxa9-transformed u¢c homozygous myeloid progenitors exhibited
clonogenicity comparable to the wild type control (Figure 6B).
These results demonstrate that MLL processing is not required for
proliferation of oncogene-transformed myeloid progenitors.
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It has been reported that the wild type MLL protein is required
for leukemic transformation by the MLL-AF9 oncogene [28]. This
notion presumes that the function of MLL must be preserved for
MLL-AF9 to activate Hoxa9 expression and transform myeloid
progenitors. MLL-AF9 successfully transformed uc homozygous
myeloid progenitors (Figure 6C) and activated Hoxa9 expression
(Figure 6D) in a serial replating assay (Figure 6A). Hence, the
uncleavable form of MLL is equivalently functional to the
processed form of MLL in MLL-AF9-transformed myeloid
progenitors.

MLL processing is not required for self-renewal of HSCs in
vivo

Previous studies have shown that MLL serves an important role
in self-renewal of HSCs and therefore is necessary to reconstitute
the hematopoietic system in vivo [3], [7], [8] (Figure 2F). To
examine the role of MLL processing in self-renewal, we performed
serial in vivo reconstitution assays using wild type and uc
homozygous donor «cells derived from littermate mice
(Figure 7A). uc homozygous BM cells successfully reconstituted
the hematopoietic system as well as the wild type control
(Figure 7B, 7C). Serial reconstitution assays showed that uc
homozygous HSCs and the wild type control consecutively
reconstituted three times on average before the eventual depletion
of HSCs (Figure 7D), demonstrating that uc homozygous HSCs
retain equivalent reconstituting potentials to the wild type control.
These results indicate that MLL processing is not required for self-
renewal of HSCs in vivo.

Discussion

In this study, we generated mouse mutant alleles that effectively
inhibit intra-molecular complex formation and MLL processing,
respectively, to address the in vivo roles of these two maturation
steps. Loss of intra-molecular interaction had devastating effects
and manifested a null phenotype, demonstrating that intra-
molecular teraction of MLLN and MLLC is essential for MLL
functions. These results indicate that loss of intra-molecular
interaction exposes the FYRIN domain, which triggers degradation

- and leads to loss-of-function of MLL as we previously reported [8].
On the other hand, in spite of the evolutionary conservation of the
processing sites, loss of processing caused no measurable defects,
indicating that processing is mostly dispensable for MLL-
dependent functions. Furthermore, uc homozygous cells have

normal proliferation capacity, demonstrated by proliferation assay

of MEFs, serial replating assay of oncogene-transformed hemato-
poietic progenitors, and serial in vivo reconstitution assay.
Therefore, our results do not support the previously suggested
essential role of MLL processing in cell cycle progression. Taken
together, MLL processing is not required for its function unlike
many other bioactive peptides that become activated by proteo-
lytic cleavage, whereas intra-molecular complex formation is an
essential step in MLL maturation. Because cleavage occurs to the
MLL mutant proteins that are incapable of intra-molecular
interaction, the intra-molecular interaction itself is not a prereg-
uisite for Taspase 1-dependent cleavage [8]. However, if cleavage
occurs before the intra-molecular interaction, MLL fragments
would dissociate from each other and be subjected to degradation.
Hence, we propose a model in which intra-molecular interaction
takes place first, followed by Taspase 1-dependent cleavage in the
proper maturation process of MLL (Figure 7E).

Previous analysis of fetal and adult hematopoiesis showed that
MLL is required for sufficient proliferative expansion of hemato-
poietic progenitors [3], [4], [7], [8]. During myeloid differentia-
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tion, MLL maintains expression of posterior Hoxa genes [3], [4],
which are highly expressed in HSCs/MPPs and progressively
down-regulated in more differentiated progenitors [12], [27]
(Figure 4A). Posterior Hoxa genes are required to sufficiently
promote proliferation of undifferentiated hematopoietic progeni-
tors [5], [6], [12]. Hence, MLL-dependent HOX gene expression is
necessary to maintain appropriate pool sizes of HSCs and
immature progenitors. Our in vivo analyses of uc homozygous
and de homozygous mutant mice show that intra-molecular
complex formation but not MLLL processing is required for proper
expansion of hematopoietic progenitors. MLL fusion proteins
generated by chromosomal translocations constitutively activate
posterior HOXA genes to cause leukemia and therefore those
mutations are defined as gain-of-function. Our analysis of de
homozygous MEFs showed that loss of intra-molecular complex
formation results in degradation of MLL proteins and impaired
expression of MLL target genes. Thus, although deletion of exon
11 was originally found in ALL [21], this mutation is defined as
loss-of-function, suggesting that this mutation likely contributes to
leukemogenesis through different mechanisms from MLL fusion-
dependent leukemogenesis.

MLL fragments generated by proteolytic processing associate
with each other by non-covalent interaction, which potentially
allows conditional dissociation of the MLL holocomplex. In
accord with this hypothesis, genome wide ChIP analysis of
Drosophila embryos showed that trithorax (TRX) protein
fragments generated by processing differentially associate with
the Drosophila genome [3 1] Therefore, it was thought that MLLC
might dissociate from MLLY in a context-dependent manner to
become functionally inactive. In this scenario, the unprocessed
mutant protein might function as the constitutively active form.
However, unlike MLL fusion proteins, the uncleavable mutant did
not enhance serial replating activity of hematopoietic progenitors
(Figure 5D), indicating that conditional dissociation of MLLS is
not the major mechanism for extinguishing MLL activity during
myeloid differentiation.

It 'has been proposed that MLL processing might be important
for maintaining expression of the Antenapedia complex (ANT-C)
genes. This concegt was originated by the study of a Drosophﬂa
TRX mutant (rx™~) that contains an internal deletion of amino
acids encompassing the processing site and therefore exclusively
expresses an uncleavable mutant protein [32], {33]. trx™ exhibits
mildly reduced ANT-C expression in late stages and notmal
blthOI‘Z.X comy iplex (BX-C) expression, whereas the TRX null
mutant ( ) displays mildly decreased expression of ANT-C
genes Lu Iatc embryonic development and severely decreased
expression of BX-C genes in early embryonic development. Thus,
it was hypothesized that TRX processing might be required
specifically for late ANT-C expression in fly embryonic develop-
ment. However, our current results show that uc homozygous mice
have no developmental defects. Furthermore, expression of Hoxc4,
which is 2 member of the ANT-C genes, in u#¢ homozygous MEFs
was comparable to the wild type control (Figure 3F). Expression of
Hoxc8, which is a member of the BX-C genes, was severely
decreased in 4C homozygous MEFs, but unaffected in uc
homozygous MEFs. Thus, our results indicate that the role of
MLL processing on HOX gene expression is minor, if any, in
mammalian development.

Taspase 1 knock out mice demonstrate various defects including
smaller body size, reduced MEF proliferation, and skeletal
structural anomalies [25]. More specifically, Taspase 1 deficiency
causes upregulation of CDK inhibitors such as p16 and ARF (the
products of the CdinZa gene) to inhibit proliferation of MEFs.
However, u¢ homozygous mice were born with normal body size,
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and uc homozygous MEFs did not display severely altered
expression of Cdkn2a (Figure 3F) nor manifested severe prolifer-
ation defects (Figure 3G) in contrast to a previous study that also
analyzed mice engineered to express an uncleavable MLL protein
[25]. The basis for these differences between the two indepen-
dently generated mouse lines is unclear since detailed description
of the mice generated by Takeda et al. was not reported [25], but
may be due to differences in genetic backgrounds of the ES cells or
the targeting vector. Nevertheless, our results indicate that MLL
processing does not serve rate-limiting roles for proliferation and
suggest that the growth defects caused by Taspase 1l-deficiency
may be attributed to other substrates such as MLL2 [25] or TFIIA
[34]. )

Taken together, our results indicate that MLL processing has no
biological roles in development, hematopoiesis and proliferation,
whereas intra-molecular interaction of MLL is essential in all of
those circumstances. However, evolutionary conservation of the
processing sites suggests that MLL processing has some biological
roles. It may be important under other circumstances not tested in
this study such as stress conditions and immunity.

Conclusions

In the current study, we examined the in vivo roles of intra-
molecular interaction and proteolytic processing of MLL in
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various assays. Loss of intra-molecular interaction caused loss-of-
MLL function, whereas loss of processing caused no detectable
functional alterations. These results unequivocally demonstrate
that formation of an intra-molecular complex is, but the processing
is not, required for MLL-dependent gene activation and cell
proliferation.
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Quantitation of hematogones at the time of engraftment is a useful
prognostic indicator in allogeneic hematopoietic stem cell transplantation
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e Quantitation of hematogones
at engraftment is useful to pre-
dict prognosis of patients
treated with allogeneic stem
cell transplantation.

Transient marrow expansion of normal B-cell precursors, termed hematogones, is
occasionally observed after hematopoietic stem cell transplantation (HSCT). To under-
stand the clinical significance of this phenomenon, we enumerated hematogones in
108 consecutive patients who received allogeneic HSCT for the treatment of hemato-
logic malignancies, including acute myelogenous leukemia, advanced myelodysplastic
syndromes, acute lymphoblastic leukemia, and non-Hodgkin lymphoma. Hematogone
quantitation was performed at the time of complete donor engraftment (median day 25 and
32 in patients who received bone marrow and cord blood cell transplants, respectively).

Hematogones were polyclonal B cells, and their frequencies correlated positively with blood B-cell numbers, and inversely with
donors’ but not recipients’ age, suggesting that hematogones reflect cell-intrinsic B-cell potential of donor cells. Interestingly,
patients developing hematogones that comprised > 5% of bone marrow mononuclear cells constituted a group with significantly
prolonged overall survival and relapse-free survival, irrespective of their primary disease or donor cell source. In addition, patients
with > 5% hematogones developed severe acute graft-versus-host diseases less frequently, which may contribute toward their
improved survival. We therefore conclude that the amount of hematogones at the time of engraftment may be a useful tool in

predicting the prognosis of patients treated with allogeneic HSCT. (Blood. 2013;121(5):840-848)

Introduction

Hematogones are transient increases in lymphoblast-looking cells
in the bone marrow.!? Because of the morphologic resemblance
between residual leukemic clones and hematogones, expansion of
hematogones during the recovery phase from chemotherapy and
bone marrow transplantation occasionally causes diagnostic
confusion.!* Phenotypic analyses have demonstrated that hemato-
gones are normal B-cell precursors, including pro-B, pre-B, and
immature B cells coexpressing CD10 and CD19.12 The fact that
hematogones become prominent in the recovery phase after
chemotherapy or hematopoietic stem cell transplantation (HSCT)?-6
suggests that they could reflect active B-cell reconstitution. They
are also sometimes seen in steady-state hematopoiesis, especially
in healthy infants and young people.>*?# Previous work demon-
strated that in the recovery phase after chemotherapy, the percent-
age of hematogones in the bone marrow was inversely correlated
with patients’ age.! However, it is unclear whether the age-
associated decline in hematogones frequency reflects cell-intrinsic
defects of hematopoietic stem cell activity or cell-extrinsic defects
such as aging of the bone marrow microenvironment.

Recent reports have shown that hematogone expansion corre-
lates with favorable outcomes in acute myelogenous leukemia

(AML) patients treated with chemotherapy? or cord blood transplan-
tation (CBT).® However, the precise number or frequency above
which hematogones correlate with clinical significance has not
been clarified. Previous reports’*® have reported hematogone
frequency relative to bone marrow mononuclear cells (MNCs),
total nuclear cells (TNCs), and frequencies of B-cell precursors,
and as a result, hematogone expansion has been described with
frequencies ranging from > 0% to 0.9%.1%6

To better understand the etiology and clinical significance of
hematogones, we measured percentages of B-cell precursors in the
bone marrow via flow cytometry in 108 consecutive patients with
hematologic malignancies, including AML, advanced myelodysplas-
tic syndromes (MDS), acute lymphoblastic leukemia (ALL), and
lymphoma, who achieved successful engraftment after allogeneic
HSCT at our institution. The analysis of hematogones was per-
formed on the day of engraftment, defined as the day when
circulating granulocytes reached > 0.5 X 10°/L for 3 consecutive
days,®!2 and the bone marrow showed complete donor-type
chimerism via polymerase chain reaction (PCR) analysis. To
minimize the effect of expanding granulocytes on hematogone
frequencies, bone marrow MNCs were used for flow cytometric
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Table 1. Patients’ characteristics

HEMATOGONES IN ALLOGENEIC STEM CELL TRANSPLANTATION 841

BMT: no. (%), [range] CBT: no. (%), [range] Total (%) P
Recipient sex, male/female 35 (32)/24 (22) 26 (24)/23 (21) NS
Recipient age, y v . 49.2 (mean) [20-66] 47.3 (mean) [19-67] . NS
Donor sex, maleffemale o742 (20) 24 (2225 (28) . o NS
Donor age, y 36.7 (mean) [17-66] 0 ' < .001
:Nq. of infused cell, /kg 2.80 X 108 (ljneén) [0.92-4.02] 0.28 X 10 (mean) [0.18-0.50] <.001
Primary disease ) o NS
AML/advanced MDS S o R R
CR 14 (13) 11(10) 25 (23)
non-CR 21 (19) 14 (18) 35 (32) NS
Total 35 (32) 25 (23) 60 (56)
AL 99 (<) a )
i 30 3 56) |
non-CR 2(2) 10 (9) 1201 NS
Tl 5(5) 18 (12) 18(17)
Lyfrorore ’ e
CR 7(6) 3(3) 10 (9)
non-CR 2 (11) 8(7) 20(19) NS
Total 19 (18) 11 (10) 30 (28)
:(:fqngiﬁoning regimen o o <.01
TBICY 28 (26) 24 (22)
BUICY 14(19) 00)
RIC 17 (16) 25 (23)
GVHD prophylaxis <.001
TAC + sMTX 51 (47) 6 (6)
CSP + sSMTX 8(7) 28 (26)
CSP + MMF 0(0) 15 (14)
HLA disparity - < 001
6/6 39 (36) 1(1)
5/6 ' 20 (19) 7(6)
448 » 0(0) 22 (20)
s ; 0(0) 19(18)
Days required for engraftment 25 (mgdian) [15-32] 32 (median) [14-39j < .01

ALL indicates acute }yrﬁphoblasric leukernia; AML, acute myelogenous leukemia; BMT, bone marrow transplantation; BU, busulfan; CBT, cord blood transplantation; CR,
complete remission; CSP, cyclosporine; CY, cyclophosphamide; GVHD, graft- versus-host disease; MDS, myelodysplastic syndrome; MMF, mycophenolate mofetil; NS, not
significant; RIC, reduced-intensity conditioning; sMTX, short-term methotrexate; TAC, tacrolimus; and TBI, total body irradiation.

analyses in all cases. Our data suggest that the number of
hematogones generally reflects cell-intrinsic B-cell potential of
donor hematopoietic stem cells (HSCs) and that this declines with
aging. We also found that hematogone frequencies of > 5% of total
MNCs is a useful cutoff line to distinguish patient groups with
significantly better overall survival (OS) or with relapse-free
survival (RFS), irrespective of their primary diseases or donor cell
sources. We propose that the quantitation of hematogones at

engraftment may be useful to predict the prognosis of patients

treated with allogeneic HSCT.

Methods

Patients

From 2005 to 2010, 134 patients with high-grade hematologic malignancies
were treated with allogeneic HSCT in Kyushu University Hospital. These
patients included AML cases with high risk,!3 relapsed or refractory status,
advanced MDS cases with intermediate-II or high risk on International
Prognostic Scoring System classification, !5 ALL cases with high risk,!6
relapsed or refractory status, and relapsed non-Hodgkin lymphoma cases.
Within these 134 patients, grafts were rejected in 5 cases and residual
malignant cells proliferated soon after HSCT in 21 cases, without achieving
successful engraftment. The remaining consecutive 108 cases, in which
allogeneic HSCT was successful and complete donor-type chimerism was
documented, were enrolled in this study. Fifty-nine and 49 patients received
bone marrow transplantation (BMT) and CBT, respectively. Patients’

characteristics are summarized in Table 1. This study was approved by the
institutional review board of Kyushu University Hospital and conducted in
accordance with the Declaration of Helsinki.

Evaluation of remission status before HSCT

Before HSCT, patients were intensively searched for residual malignant
cells to define their pretransplantation remission status. In acute leukemia or
advanced MDS cases, bone marrow samples were checked first by

- microscopic analysis, and were subjected to multicolor flow cytometric

analysis.1>!7 Complete remission (CR) was diagnosed when percentages of
cells of lenkemia phenotype were < 0.5% in the bone marrow. Further-
more, 21 patients with acute leukemia or MDS had leukemia-specific genes
such as BCR-ABL, FLT3-ITD, AML1-ETO, and MLL fusions, and PCR
amplification of these genes were used to detect minimal residual disease
(MRD).13 Within these 21 patients, 17 patients were diagnosed as CR based
on flow cytometric analyses. CR results for these 17 patients were also
confirmed by PCR. In lymphoma patients, remission status was defined by
evaluating the involvement of lymphoid organs using FDG-PET CT scan
and/or MRI methods, and was also defined by evaluating the involvement
of bone marrow by flow cytometry, as previously described. 18

Transplantation procedures

Patients’ characteristics were not statistically different between BMT and
CBT recipient groups in terms of sex, age, and primary disease (Table 1).
Conditioning regimen consisted of total body irradiation/cyclophosph-
amide (CY) for 28 BMT and 24 CBT recipients, busulfan (BU)/CY for
14 BMT recipients, and fludarabine-based reduced-intensity condition-
ing!®?® for 17 BMT and 25 CBT recipients, respectively (Table 1).
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Prophylaxis for graft-versus-host disease (GVHD) was tacrolimus/short-
term methotrexate (sMTX) for 51 BMT and 6 CBT recipients, cyclosporine
(CSP)/ sMTX for 8 BMT and 28 CBT recipients, and CSP/mycophenolate
mofetil for 15 CBT recipients (Table 1). The mean number of donor cells
transplanted was 2.8 X 10%kg in BMT recipients and 0.28 X 10%kg in
CBT recipients. Bone marrow units were obtained from the Japan Marrow
Donor Program or related donors, and cord blood units were obtained from
the Japanese Cord Blood Bank Network.

Evaluation for engraftment

The bone marrow sampling for the analysis of hematogones was performed

when patients achieved successful engraftment. The standard criterion for

engraftment was used according to previous studies.”!? Blood neutrophil
numbers were checked daily after transplantation, and the successful
engraftment was defined when peutrophils exceeded 0.5 X 109L for
3 consecutive days. When patients met the criteria for engraftment,
host/donor microchimerism analysis was performed (see the next section).
" If the analysis showed complete donor type chimerism, hematogones in the
bone marrow were counted by multicolor flow cytometric analysis.

Chimerism analysis

To analyze donor/recipient cell chimerism, PCR amplification of polymor-
phic short tandem repeats (STR) was performed to confirm engraftment of
donor cells. PCR using synthesized oligonucleotide templates were per-
formed using TAKARA Tag Reagent Kits and run in the Perkin Elmer
GeneAmp PCR system 9600 or 2400. The donor-cell origin and recipient-
cell origin PCR product mixture was loaded onto the 373A sequencer
(Applied Biosystems) with a size marker, and the data were processed using
the GeneScan software (Applied Biosystems) as described previously.?!

Flow cytometry analysis and cell sorting

The bone marrow mononuclear cells were prepared by the gradient
centrifugation method as previously described.?%?3 Cells were stained with
allophycocyanin-conjugated anti-CD34 (BD Pharmingen), biotin-
conjugated anti-CD38 (Caltag Laboratories), FITC-conjugated anti-
CD10 (DAKO), PE-conjugated anti-CD20 (BD Biosciences), PE-Cy7-
conjugated anti-CD19 (BioLegend), and Cy5-PE—conjugated lineage
(Lin) mixture (anti-CD3, -CD4, -CD8 (BD Pharmingen) -CD11b (Caltag
Laboratories), -CD14, and -CD56 (Beckman Coulter).2%25 Streptavidin-
conjugated Cy7-allophycocyanin (BD Pharmingen) was used for visual-
ization of biotinylated antibodies. For analysis of mature B cells,
peripheral blood (PB) cells were stained with FITC-conjugated anti-
CD10 (DAKO), PE-conjugated anti-CD20 (BD Biosciences), PE-Cy7—
conjugated anti-CD19 (BioLegend), and Cy5-PE—conjugated Lin mix-
ture. Available PB cells at day 90 after HSCT could be obtained from
64 patients and evaluated. Cells were analyzed by using a FACSAria (BD
Biosciences) or FACSCanto (BD Biosciences). Cell sorting was performed
on a 5-color FACSAra (BD Biosciences). To minimize contamination,
cells were collected after the second round of sorting using sorting gates

identical to those used in the first-round sorting. Definition of hematogones

is a series of normal B-lymphoid precursors, including
CD34*CD38*CD10*CD19*Lin~ pro-B cells, CD34~°CD38*CD10*CD19*
pre-B cells, and CD34~CD38+CD10*CD19* CD20* immature B cells?2 in
bone marrow MNCs. Isotype controls were used to define the cutoff of positivity
of each antigen on a FACS.

PCR analysis of IGH gene rearrangement

To analyze clonality of JGH gene rearrangements status of hematogones,
_ DNA was obtained from 10 000 double-sorted cells?>23% from all recipi-
ents presenting > 0.1% MNCs of hematogones on FACS. Then PCR
amplification of DJy and VDJy gene rearrangement was performed as
described previously.243 .

Statistical analysis

Relationships of percentages of hematogones with age, the day of engraft-
ment, and numbers of circulating B lymphocytes were analyzed with the
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Spearman rank correlation analysis. Comparison between 2 groups or
condition was tested with the Mann-Whitney U test. The categorical
variables were analyzed with the 2-tailed ¥? test. Survival was plotted with
Kaplan-Meier' curves, taking the interval from date of HSCT to death/
relapse or last contact. Comparisons between each group were performed
with the log-rank test and the Cox proportional hazards model. Univariate
analysis was performed with logistic or exact logistic regression, and the
parameters that present P < .20 were reevaluated by multivariate analy-
sis.3! Multivariate analysis was performed with logistic regression applying
Firth’s bias reduction. A P value < .05 was considered to be statistically
significant.

Results

Hematogones that appeared at the time of engraftment are
polyclonal B-cell precursors

One hundred eight consecutive cases treated with successful
allogeneic BMT or CBT were enrolled in this study. Hematogones
in the bone marrow were counted on the day of engraftment by
multicolor flow cytometric analysis. The successful engraftment
was judged when neutrophils exceeded > 0.5 X 10%L for 3 consecutive
days.’12 At this phase, it is critical to exclude residual leukemic
cells or host-derived B-cell precursors from a cell fraction of
hematogones. To this end, polymorphic STR was amplified to test
the host/donor microchimerism, and only when patients’ bone
marrow consisted of 100% donor-derived cells, the analysis of
hematogones was performed. The complete donor-type chimerism
verifies that host-derived normal hematopoietic cells and malignant
leukemnic cells have been eliminated below the sensitivity of
FACS,32-3 and therefore that phenotypically defined hematogones
in these patients on FACS were donor-derived normal cells.

Hematogones were morphologically blastic cells (Figure 1A),
and were identified by surface phenotype, according to the
definition of pro-B, pre-B, and/or immature B cells that coexpress
CD10 and CD19 on their cell surfacel:?628 (Figure 1B). To
minimize the effect of granulocytes on hematogone frequencies,
we used MNCs instead of TNCs in our analysis. The frequencies of
hematogones in MNCs are usually higher than those in TNCs (not
shown), as reported previously.!

The time median to engraftment was 25 and 32 days in patients
treated with BMT and CBT, respectively (Table 1). The time
required for engraftment appears to be consistent with previous
reports.3*39 Percentages of B-cell precursors within the bone
marrow MNCs at the time of complete donor-type engraftment
were significantly higher in CBT recipients than in BMT recipients
(6.37% vs 1.75%; P < .001; Figure 1C). There was no significant
relationship between the day of engraftment (the day of sampling)
and the frequency of hematogones (Figure 1D).

In 106 of 108 patients who had > 0.1% of B-cell precursors in
the bone marrow MNCs, B-cell precursors were purified by a
multicolor FACS and were subjected to /GH rearrangement
analysis. In all of these patients, B-cell precursors were polyclonal
based on the rearrangement analysis of the /IGH genes (Figure 1E).

Hematogones generally represent B-cell recovery potential of
the graft and their emergence is related to age of donors but
not recipients

Because hematogones are normal B-cell precursors, we tested
whether the presence of a high number of them could reflect the
active B-cell recovery after HSCT. FACS analysis of circulating
blood cells revealed that the frequency of bone marrow B-cell
precursors was significantly correlated with the number of blood
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Figure 1. Detection of hematogones after allogeneic HSCT. (A) Typical appearance of hematogones in the bone marrow after HSCT (Giemsa staining x1000; OLYMPUS
BH-2 microscope [Olympus]; ACT-2U imaging software [Nikon]; 27°C). (B) Evaluation of hematogones on a 5-color FACS. Hematogones are defined as MNCs coexpressing
CD10 and CD19 in the bone marrow at engraftment. They include CD34*CD38+CD10*CD19*Lin~ pro-B cells, CD34"°CD38*CD10*CD19+ pre-B cells, and
CD34-CD38*CD10+*CD19+CD20* immature B cells. (C) Percentage of hematogones in the bone marrow MNCs in patients who received BMT and CBT. CBT recipients
presented much higher frequency of hematogones compared with BMT recipients (P < .001). Solid bars indicate the median percentage of hematogones for each recipient;
MNC, mononuclear cells; BMT, bone marrow transplantation; and CBT, cord blood transplantation. (D) The relationship between the day of engraftment and percentages of
hematogones. There was no relationship between these parameters. (E) /GH rearrangement analysis of purified hematogones. B-cell precursors were polyclonal in all

106 recipients analyzed.

B cells at the time of engraftment (R = 0.47, P < .001; Figure 24),
and with those even on day 90 after HSCT (R = 0.22, P < .01;
Figure 2B). These results suggest that expansion of hemato-
gones reflects not only enhanced B-cell reconstitution potential
of the graft, but also prolonged B cell-producing capability of
donor HSCs.

The age of BMT donors ranged from 17 to 66 years old
(median, 37 years; Table 1). Interestingly, there was a significant
inversed correlation between donor age and percentage of bone
marrow hematogones in patients treated with BMT (R = 0.32,
P = .02; Figure 2C blue line). When the age of CBT donors were
defined as O-year old, the significant inversed correlation between
age and hematogone numbers was also found in all patients entered
in this study (R=0.42, P <.001; Figure 2C black line). In
contrast, recipients’ age and hematogone numbers did not show any
relationship (Figure 2D). Furthermore, as shown in Table 2, the
time of engraftment was not affected by primary diseases of
patients, or by their remission status at the time of HSCT. Thus,
although the patients who fail to achieve CR are usually treated
with higher total doses of chemotherapeutic drugs because of their
refractory disorders, it did not affect the day of engraftment or the
day of hematogone analysis for this study. These data strongly
suggest that the number of hematogones after HSCT generally
reflects the cell-intrinsic B-cell recovery potential of donor HSCs,
which may decline by aging.

The emergence of hematogones up to > 5% of MNCs in the
bone marrow represents a good prognosis for patients treated
with allogeneic HSCT

It should be critical to draw a line of hematogone numbers to
distinguish a group of patients with clinical significance. Therefore,
we first compared the OS and RFS among patient subgroups with
= 1%, 1%-2%, 2%-3%, 3%-4%, 4%-5%, or > 5% of hematogones
in our study (Figure 3A-B). Strikingly, patients who developed
hematogones up to > 5% of MNCs showed significantly better
3-year OS (100%) and RFS (93.3%), compared with any other
group. Patient groups with < 1%, 1%-2%, 2%-3%, and 3%-4% of
hematogones showed similar 3-year OS and RFS that were
37%-53% and 22%-51%, respectively. Interestingly, patients with
4%-5% hematogones appeared to show intermediate levels of OS
(86%) and RFS (64%), although this is not statistically better than
those in patients with = 1% hematogones (Figure 3A-B). Based on
these results, we hypothesized that the development of > 5% of
hematogones might be critical to distinguish a patient group with
favorable prognosis.

According to this criteria, 43 patients developed > 5% MNCs
of hematogones (HG") and the remaining 65 patients had < 5%
MNCs of hematogones (HG™). As shown in Figure 3A, in HG™*
patients, 3-year OS was 100%, whereas in HG™ patients, it was
45% (P < .001). The favorable OS in HG™' groups is at least
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because of the less frequent disease relapse. As shown in Figure
3B, significant association was observed between the presence of
hematogones and 3-year RFS after HSCT: 3-year RFS was 93%
and 37% in HG* and HG™ patients, respectively (P < .001). The
association between the presence of > 5% hematogones and
favorable OS and RFS was also seen when the analysis was
performed in patient subgroups that received either BMT or CBT
(Figure 3C-D). These data strongly suggest that the emergence of
hematogones is a useful predictor of favorable outcomes at least in
terms of OS and RFS, irrespective of donor cell source.

The emergence of hematogones (> 5% of MNCs) marks
favorable outcomes for allogeneic HSCT especially in patients
who failed to achieve complete remission, irrespective of
primary malignant disease

‘We then analyzed whether the good prognosis designated by the
emergence of hematogones is dependent on the primary malignant
disorder. The OS and RFS were analyzed in each patient group with
AML/advanced MDS, ALL, or non-Hodgkin lymphoma. As shown
in Figure 4, HG* patients always showed significantly better OS
and RES compared with HG™ patients, in any of these patients
groups suffering from different primary diseases.

It is well known that the achievement of CR at the time of
transplantation favorably affects the prognosis after allogeneic
HSCT.!3 Interestingly, in AML/advanced MDS patients, the HG*
group showed significantly prolonged OS and RFS compared with
the HG™ group, irrespective of their remission status at HSCT
(Figure 5). The similar analysis was performed in ALL and
lymphoma patient groups (supplemental Figure 1, available on the
Blood Web site; see the Supplemental Materials link at the top of
the online article). Although each group contained only a limited
number of patients, statistically significant prolonged OS and RFS
were also seen in patients who did not achieve CR at HSCT in both
the ALL and the lymphoma patient groups.

Thus, the appearance of hematogones might mark favorable OS
and RFS regardless of their primary malignancy.

Expansion of hematogones is frequently observed in patients
who did not develop infection or severe acute GVHD

In this study, all 43 HG" patients are currently alive, although
primary diseases have relapsed in 3 patients. In contrast, 32 of
65 HG™ patients have died. The causes of death in these 32 HG~
patients are shown in Table 3. Twenty-six patients died of their
refractory primary disease, and 6 patients died of TRM, including

Table 2. Time required for engraftment in patients grouped by their primary disease or complication of infection or acute GVHD

Time required for engraftment, d

BMT CBT
Disease Remission status No. Mean, d P No. Mean, d P
AML and advanced MDS CR/non-CR 14/21 27.0/24.4 At 11/14 31.5/31.8 .37
ALL CR/non-CR 3/2 23.7/29.5 .35 3/10 34.8/32.1 A5
Lymphoma CR/non-CR 7112 26.1/22.8 .10 3/8 33.0/29.3 A4
’ Qverall .10 Overall .53

After HSCT | : ARERE : i3
Infections Yes/No 38/21 25.3/24.8 .66 22/27 30.8/32.2 .61
Acute GVHD Grade |I-IV/Grade 0-| 26/33 24.7/25.3 .25 14/35 32.3/31.3 AT

ALL indicates acute lymphoblastic leukemia; AML, acute myelogenous leukemia;

BMT, bone marrow transplantation; CBT, cord blood transplantation; CR, complete

remission; GVHD, graft-versus-host disease; HSCT, hematopoietic stem cell transplantation; and MDS, myelodysplastic syndrome.



