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BSAP/Pax5A Expression Blocks Survival and Expansion of Early Myeloid Cells

Implicating Its Involvement in Maintaining Commitment
to the B-Lymphocyte Lineage

By Mark Y. Chiang and John G. Monroe

Early B lymphopoiesis is marked by plasticity between the
myeloid and B lineages. An attractive model for B-lineage
development is that commitment to this lineage is partly
determined by the ordered expression of genes that prohibit
switching to the myeloid lineage. In this regard, whereas the
role of the B-cell-specific transcription factor BSAP/Pax5A in
regulating B-lymphoid-restricted gene expression has been
well-established, its role in maintaining B-lineage commit-
ment is unclear. Thus, BSAP/Pax5A was constitutively ex-
pressed in the multipotent EML cell line, which can be
directed toward the myeloid lineage by culture with interleu-
kin-3 (IL-3) and retinoic acid. EML cells expressing BSAP/
Pax5A successfully acquired the myeloid lineage markers

indicating differentiation to the myeloid lineage. However,
these early myeloid cells failed to expand in culture with
granulocyte-macrophage colony-stimulating factor and were
directed instead toward an apoptotic pathway. In parallel,
primary bone marrow stem cells transduced with retrovirus
constitutively expressing BSAP/Pax5A began myeloid cell
differentiation, but like the transformed EML model failed to
expand in response to myeloid growth factors. These studies
identify a role for BSAP/Pax5A in suppressing the response
to myeloid growth factors, which may be a component of the
regulatory processes that limit plasticity of early B-lymphoid
progenitors.
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CD11b and F4/80 in response to IL-3 and retinoic acid,

FUNDAMENTAL QUESTION in hematopoiesis is how thought to be responsible for commitment to the B-cell lin-

cells once directed to a particular lineage stay committedeaget’
to that lineage. Lineage-determinant genes suahnaf8/ets-1, Recent work implicates E12, a product of the E2A gene, as a
GATA-1, E2Aand PU.1 are thought to play a role in these B-lineage—determinant protein, because it upregulates B-cell-
processesS These genes encode transcriptional regulators thagpecific genes and represses myeloid-associated gemtrese
direct or enhance expression of lineage-specific genes. l|gtudies, ectopic expression of E12 in the macrophage cell line
addition, these transcriptional regulators also repress expressiofPZ/3 caused a loss of macrophage morphology, downregula-
of genes associated with closely related lineages. For exampl&on of the myeloid cell gene€D11b and c-fms, inability to
whereas ectopic PU.1 expression in a chicken thromboblastdhere to plastic, activation of thelight chain in response to
progenitor was shown to activate genes associated with thiPOPolysaccharide (LPS), and upregulation of the B-cell genes

myeloid lineage, enabling these cells to respond to myeloio‘L'_7R°" RAG-1, _’\5’ BSA_P/PaxSA,an_d _EBFS Thus, E12
growth factors, PU.1 also repressed expressiorGAA-1, §tr|pped a cell of its my_elc_Jld cha_racterlstlcs and reprogrgmmed
which is a determinant gene for erythroblast, thromboblast, andt with B-cell characteristics, which led to the hypothesis that
eosinophil commitmenit2

This question of how cells maintain lineage commitment is -
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are weak or can be disrupted by transformation. To be effectivaraining Program.
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genes must be expressed and functional early in B-cell deve|orﬁi0medical Research Bldg II/lIl, 421 Curie Blvd, Phlladelphla, PA

ment. In this regard, evidence for commitment to the B Iineage19104‘6142_' ) ) ) )

is found within the earliest identifiable B cefsThis stage e Publication costs of this article were defrayed in part by page
. . ) charge payment. This article must therefore be hereby métkeder-

(fra_cuon A according t(_) the Hardy nomenclatéffé) is tisement”in accordance with 18 U.S.C. section 1734 solely to indicate

defined by the coexpression of B220, CD43, and low levels ofiis fact.

CD41817B cells at this stage begin to express low levels of the  © 1999 by The American Society of Hematology.

transcription factor E2A, the earliest appearing gene that is 0006-4971/99/9411-0041$3.00/0
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the endogenous expression of E12 in B cells normally prohibitsB-lymphoid commitment is to limit the ability of lineage-

them from switching to the myeloid lineage in vivo. divergent cells to proceed through development.
Target genes for E12 include the genes that encode the
B-cell-restricted transcription factors EBF and BSAP/PaX5A. MATERIALS AND METHODS

The role of these molecules in B-lineage determination is only i i ) )
artially defined. Ectopic expression of EBF in the 70Z/3 Plasmid construction. pPGEM7(KJ1)Sall contains the neomycin
P . resistance gene downstream of the phosphoglycerokinase (PGK-1)

macrophage cell line resulted in a limited expression Ofgene?zThe PGK-1 promoter was removed from pGEM7(KJ1)Sall after
B-cell-associated genes, including upregulation of BSAP/gigestion withXbal and Pst! and was ligated into pBluescript Il SK
Pax5A and\5 expression and the activation & chain  (Stratagene, La Jolla, CA) digested wikba | and Pst | to form
expression in response to LP&lowever, the expression of the pBSPGK. The BSAP/Pax5A cDNA and SV40 poly A signal was
myeloid-lineage—associated genes covered in this study wagmoved from pmBSAP2 (a kind gift from Dr Meinrad Busslinger,
unaffected by ectopic EBF expressifihus, only a subset of Reseqrch I_nstitute of Molecular Pat_hology,_ Vienna, Austr_ia) after
gestion withCla | and Apal and was ligated into pBSPGK digested

the E12-linked processes that determine B-cell gene expressm&l\ith Cla| andApal to form pPGKPax5A, The Mig R1 plasmid, when

and nqne of the E12-linked myeIOId-suppressmg processes C_qpansiently transfected into the Bosc23 packaging cell line, produces the
be attributed to EBF or BSAP/Pax5A by extension, because ify R retrovirus that expresses the green fluorescence protein (GFP)

was upregulated by EBFThese data do not necessarily exclude marker at an internal ribosomal entry sifeBSAP/Pax5A cDNA was

a role for EBF or BSAP/Pax5A in the suppression of myeloid removed from pmBSAP-2 witiCla | and Hindlll, blunt-ended at the

gene expression, because this study did not cover severalindlll site, and ligated into th€la | andEcoRV sites of pBluescriptll

myeloid genes. SK to form ;_)BSBSAP.. BSAP/PaxSA CDNA Wa_s then remoyed from
BSAP/Pax5A is the major alternatively spliced isoform of pBSBSAP withEcaRlI digestion and then ligated into tigeoR] site of

. . Mig R1 to produce Mig R1BSAP.
Pax5, a member of the Pax family of transcription fact8fS. Hematopoietic growth factors.Conditioned supernatant from the

Pax§ is expressed in B cells d.eveloplr?g neural tissue and teStI»%SB-IL-Y cell line (a kind gift from Dr Fritz Melchers, Basel Institute
and is abnormally expressed in certain B-cell lymphomas angq; jmmunology, Basel, Switzerland) was used as a source of murine
medulloblastomd!-2? Within the B-lineage, BSAP/Pax5A is interleukin-7 (IL-7). Human fit3L and murine granulocyte-macrophage
first expressed immediately after commitment to the B-lineagecolony-stimulating factor (GM-CSF) was purchased from Genzyme
in the bone marroW-23and continues to be expressed through- Diagnostics (Cambridge, MA). Conditioned supernatant from the
out B-cell development, except in plasma céll8esides its WEHI—SB cell line was used as a source of IL-3. Erythropoietin was
regulation by E12 and EBF, other evidence suggests tha?btamed from Amgen (Thousand Oaks, CA). Murine IL-6, stem cell

BSAP/Pax5A may have B-cell-determinant properties. Similar{iz“,\‘jl"\l()sc':)' and IL-3 were purchased from R&D Systems (Minneapo-

to E2A—/— mice, Pax5-/— mice completely lack B220cells Antibodies. To identify primitive stem cells, monoclonal antibodies
in the fetal liver, suggesting that BSAP/Pax5A is required for raz-gB2 (B220), RM4-5 (CD4), 53-6.7 (CD8a), RB6-8C5 (gr-1),
B-cell commitmeng425However, in the bone marroRax5—/— M1/70 (CD11b/Mac-1), and Ter119 (erythroid lineage marker) were
mice display a complete block later in B-cell developniérin used coupled to phycoerythrin (PE) as lineage markers. Stem cell
this case B-cell development is blocked at the pro-B—cell stagenarkers include 2B8 (c-kit) coupled to allophycocyanin (APC) and
after immunoglobulin D to J rearrangement, but before immuno-£13-161.7 coupled to biotin (sca-1) and streptavidin red-670 as a

globulin V to DJ rearrangement of the heavy chain lotske secondary reagent. These antibodies were handled according to the
. _~y1_instructions of the supplier (Pharmingen, San Diego, CA). The PE-
E12, BSAP/Pax5A is also thought to upregulate several B-cell oupled F4/80 antibody was handled according to the instructions of the

specific genes that are first expressed during the early prO'éupplier (Caltag, Burlingame, CA). Polyclonal antibodies directed

stage. These genes, which inclidgess, blk, mb-1(Ige), and  against the paired domain of Pax5A were a kind gift from Dr Meinrad
CD19,encode both markers of early B-lineage commitment asgusslinger, who generated them as previously descfbéd. flow

well as proteins that are necessary for the transition through theytometry was performed using a Becton Dickinson (Franklin Lakes,
initial stages of B-cell development in both the bone marrowNJ) FACScan at the University of Pennsylvania Flow Cytometry
and the fetal livef7-3t Facility (Philadelphia, PA) and Cellquest software.

The combined evidence that BSAP/Pax5A plays a role in Cell lines. EML cells®® (a kind gift from Dr Schickwann Tsai,
B-cell commitment, developmental progression, and B-celMount Sinai School of Medicine, New York, NY) were maintained in

marker expression throughout most of B-cell develonmen Iscove’s Modified Dulbecco’s Media (IMDM), supplemented with 20%
xp : ughou Velop theat-inactivated horse serum, and 12% to 15% BHK/MKL (a kind gift

strongly suggests that BSAP/Pax5A, like E12, may have itsom pr schickwann Tsai, Mount Sinai School of Medicine, New York,
own B-cell-determinant properties. To test this possibility, Nv) conditioned media. OP9 celf(a kind gift from Dr Tasuko Honjo,
BSAP/Pax5A was ectopically expressed in bone marrow stenkyoto University Yoshida, Kyoto, Japan) were maintained in minimum
cells. Because EBF/BSAP-expressing 70Z/3 cells failed toessential mediura medium supplemented with 20% fetal calf serum.
suppress the myeloid phenotypét, was expected that the Electromobility shift analysis (EMSA).Nuclear extracts were pre-
B-cell-determinant properties of BSAP/Pax5A would be lim- Pared as described elsewhéf@he CD19Ains prob&® consisted of
ited to upregulation of B-cell gene expression. Surprisingly,the following 2 oligonucleotides that were annealed to form a double-

. tranded oligonucleotide:'6 TGGAGAATGGGGCACTGAGGCGT-
contrary to these expectations, whereas BSAP/Pax5A lacke ACCACCGCCT3 and BAGGCGGTGGTCACGCCTCAGTGC-

the ability to alone mediate B-lineage differentiation, it nonethe-cccarrcTccaca (Nucleic Acid Facility, University of Pennsylvania
less was found to limit myeloid-lineage potential by suppress-cancer Center). Fifty nanograms of probe was end-labeled with 10 pCi
ing expansion and survival of early myeloid cells. By doing so, [y32P]ATP using T4 kinase and purified over a G-25 spin column.
these results argue that one of the functions of BSAP/Pax5A irBinding reactions consisted of 20,000 DPM probe, 2 pg poly dI-dC, 10
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mmol/L HEPES, pH 7.9, 100 mmol/L NaCl, 10% glycerol, 0.5 mmol/L the control of the constitutive PGK promoter (pPGKPax5A)
MgClz, and 1 mmol/L dithiothreitol for 15 minutes at room temperature. yas stably transfected into the EML cell line, a bone marrow-
Nuclear extracts were then added to the probe mixture for an additiona}qived multipotent progenitor that expresses some markers
15 minutes at room temperature. The reaction was then subjected tgssociated with the B-lymphoid lineage as well as a dominant-

electrophoresis on a native 4% polyacrylamide gel i Tris-borate/ ti tinoi id tor that block t diff
EDTA (TBE) buffer to separate protein-DNA complexes. Quantitation negative retinoic acid receptor that blocks spontaneous diiteren-

was performed with a Personal Densitometer (Molecular Dynamics iation to the myeloid Ii_neage at low levels of ATRAIn the
Sunnyvale, CA). presence of IL-3 and high levels of ATRA, these cells undergo
In vitro generation of myeloid precursors from EML cellsEEML myeloid lineage differentiation, which can be followed by the
cells were induced to form myeloid cells, as previously descr®ed. de novo acquisition of the myeloid-restricted markers CD11b
After 3 days of induction in media A (IMDM supplemented with 10% 5nd F4/80 (previous studiés*and M. Chiang and J. Monroe,
WEHI-3B conditioned supernatant, 10 pmol/L &#ns retinoic acid unpublished observations). The addition of GM-CSF causes
o g
(ATRA), and 20% heat-inactivated horse serum), the cells werefurther maturation to CD1I4Gr-1+ granulocytes (M. Chiang

harvested, washed, and replated atX.50° cells per 3.5-cm bacterial . .
plate in media B (IMDM supplemented with 250 U/mL murine and J. Monroe, unpublished observations). Three EML cell

GM-CSF [muGM-CSF] and 20% heat-inactivated horse serum) andclones (EML/Pax5A-2, EML/Pax5A-3, and EML/Pax5A-5)
1.0% methylcellulose. Colonies were counted after 7 days of growthwere subcloned and shown to express BSAP/Pax5A by EMSA
The entire plate of cells was harvested after 9 days, and the number qfig 1A and B). BSAP/Pax5A was observed as a single band in
CD11b"/Gr-1* cells was determined by flow cytometry. the stable transfectants but not in the parental EML cells.
EML proliferation assays. Two hundred microliters of undifferenti- Furthermore, this specific complex was disrupted by preincuba-
ated EML cells at 2.5¢ 10° cells/mL were plated in triplicate in 96 flat i, of the nuclear extracts with an antibody directed against the

well plates. Twenty-four hours later, 0.5 uCi 8H]TdR was added to . . .
each well, and 17 hours later, the cells were harvested. EML cells thapalred domain of murine BSAP/Pax5#and was expressed at

were induced for 3 days in media A to generate colony-forming 2PProximately one fifth to one fourth the level in pre-B—cell

units—granulocyte-macrophage (CFU-GM) were then plated in 200 ptlines (M. Chiang and J. Monroe, unpublished observations).
at 5 x 10 cells/mL in triplicate in 96 flat well plates in media B. Parental EML cells and 4 EML cells stably transfected with
Forty-eight hours later, 0.5 uCi offi] TdR was added to each well, and only the hygromycin resistance plasmid (EML/Hyg-1, EML/

12 hours later, the cells were harvested. Cells were harvested using jgyg-2, EML/Hyg-3, and EML/Hyg-4) were used as negative

PHD cell harvester (Cambridge Technology, Inc, Watertown, MA) on ~qntrols to study the effects of BSAP/Pax5A on lineage
glass fiber discs. Incorporatei radioactivity was measured in a potential and differentiation

scintillation counter (1209 Rackbeta; EG&G Wallace, Gaithersburg, .

MI'D)' ' ! ( ! Y9 Enforced expression of BSAP/Pax5A does not suppress
EML apoptosis assays.EML cells induced to differentiate in media Myeloid cell dlfferentlatlon. Of. EML Ce“S-T‘? test whether
Aas described above were replated at 50° cells/mLin 400 pLmedia  BSAP/Pax5A affects myeloid lineage potential, BSAP/Pax5A-
containing 250 U/mL muGM-CSF. Two days later, the cells were expressing EML cells were induced to differentiate to the

washed with fluorescence-activated cell sorting (FACS) buffet (1 myeloid lineage with the addition of IL-3 and ATRA. Undiffer-
phosphate-buffered saline [PBS], 0.2% bovine serum albumin [BSA].entiated EML cells are B220and lack markers associated with
and 0.01% sodium azide) and incubated with ice-cold 70% ethanol formyeloid commitment such as CD11b and F4/80. Therefore
several hours. Cells were then washed with FACS buffer and therhifferentiation to the myeloid lineage was followed by analyz-

stained with X PBS/50 pg/mL RNAase/10 pg/mL propidium iodide/ . s
0.01% sodium azide overnight at 4°C. The percentage of cells with a!ng for the acquisition of CD11b and F4/80. On day 3 after

subdiploid DNA content was determined using flow cytometry. induction, in a typical experiment, BSAP/Pax5A-expressing
Retroviral transduction of bone marrow stem cellRetroviral ~ EML cells generated approximately the same percentage of
supernatants were prepared by transiently transfecting the Mig R1 0B220"/CD11b" cells compared with controls (33% for EML/
Mig R1BSAP plasmids into the Bosc23 packaging cell ffh@40For Pax5Av 30% for EML/Hyg; Fig 2A). These percentages reflect
infection of stem cells, 8- to 12-week-old female BALB/C mice were ghsolute numbers of cells, because the average difference in
injected with 200 pL of 25 mg/mL 5-fluorouracil. Four days later, bone gtal cell number between the EML/Hyg and EML/Pax5A
marrow was harvested and then cultured at2.50° cells/mL in 1 mL cultures over 6 independent experiments was only 5.7% and
Dulbecco’s modified Eagle’s medium (DMEM) in the presence of 15% ranged up to 20.3%. There was also no difference in the kinetics
heat-inactivated fetal calf serum, 5% WEHI-3B conditioned superna- o :
tant, 40 ng/mL flt3 ligand, 200 ng/mL SCF, 12 ng/mL IL-3, and 20 of the accumulation of the percentage of BQRIDllb.* cells
ng/mL IL-6. Forty-eight hours later, the cells were transduced with 1PY EML/Pax5A-3 and EML/Pax5A-5 compared with EML/
mL of MIGR or MIGRPax5A retroviral supernatant as descrif&#.4°  Hyg-1 and EML/Hyg-3 over the 3-day period (Fig 2B).
Twenty-four hours later, the cells were plated sirradiated OP9 In contrast, on day 3 after induction, EML/Pax5A cells
stromal cells in IMDM plus 10% heat-inactivated fetal calf serum and generated a lower percentage of BRZUD11b" cells (1% for
50 umol/L B-mercaptoethanol. Five days later, the cells were washedeM | /Pax5A v 11% for EML/Hyg), which represent a more
and recultured in media A. Three days later, the cells were washed athature stage of myeloid development than the B22011b"
reculture_d in_ media B. Three days later, the cells were harvested b¥:e|ls because nearly 100% of the B2RDD11b' cells express
gentle pipetting and then analyzed by flow cytometry. the mature myeloid marker F4/80, in contrast to only 68% of the
B220"/CD1Ib* cells (Fig 2A and M. Chiang and J. Monroe,
RESULTS unpublished observations). The accumulation of the percentage
Establishment of EML cells that ectopically express BSAP/of B220°/CD11b" by EML/Pax5A-3 and EML/Pax5A-5 com-
Pax5A. To test whether BSAP/Pax5A affects the differentia- pared with EML/Hyg-1 and EML/Hyg-3 was suppressed over
tion of stem cells to myeloid cells, murine BSAP/Pax5A under the 3-day period (Fig 2C).
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A the EML/Pax5A cells. However, the negative effect of BSAP/
EML/Pax5A Pax5A on myeloid cell maturation/expansion subsequent to the
initiation of myeloid cell differentiation, as reflected in the
- 3 EML diminished generation of B220CD11b" cells and B220/F4/
3 80" cells, was of particular interest.

BSAP/Pax5A inhibits the expansion of EML-derived myeloid
progenitors. To test whether BSAP/Pax5A affected further
maturation/expansion of the EML cells subsequent to the initial
stages of myeloid lineage differentiation, BSAP/Pax5A-
expressing EML cells were induced with IL-3 and ATRA,
washed, and recultured in methylcellulose media containing
GM-CSF. GM-CSF supports the further maturation and expan-
sion of myeloid precursors from progenitors that are dependent
on IL-3.35 The colonies derived from BSAP/Pax5A-expressing
EML cells appeared to be unusually small compared with those
derived from EML/Hyg cells (M. Chiang and J. Monroe,
unpublished observations). To quantitate this observation, the
colonies were counted, aspirated, and analyzed by flow cytome-
try. BSAP/Pax5A-expressing colonies on average contained
60% to 95% fewer Gr-1/CD11b" cells than did the negative

2

grdn(

BSAP/Pax5A —»

o

B 8 1 2 3 control colonies (Fig 4A). These data suggest that BSAP/Pax5A

E"';', 8000 inhibits the ability of myeloid cells to expand in response to

c € _ myeloid growth factors.

#2 g = 6000 To confirm that BSAP/Pax5A was suppressing myeloid cell

=02 expansion, the BSAP/Pax5A-expressing EML cells were in-

.g E g 4000+ duced with IL-3 and ATRA, washed, recultured in media

3 i: containing GM-CSF, and then subjected to proliferation and
05 ‘@ 2000+ apoptosis assays. Proliferation of BSAP/Pax5A-expressing EML
=50 cells in response to GM-CSF was markedly reduced relative to

;—'; Qa 0- non—-BSAP/Pax5-expressing controls (Fig 4B). This failure to

rs2 l 2 3 S ] expand is unlikely to result from a nonspecific suppression by
EML/Pax5A BSAP/Pax5A on the expansion of EML cells, because undiffer-

entiated BSAP/Pax5A-expressing EML cells have a slightly but
Fig1. Establishment of BSAP/Pax5A-expressing EML cells. Paren-  gjgnificantly higher expansion rate than control cells in response

tal EML cells (EML) were stably transfected with pPGKHygro and . . .
pPGKPax5A (the cDNA of Pax5A downstream of the PGK-1 pro- to SCF (Fig 4C). Instead of expanding in response to GM-CSF,

moter). Hygromycin-resistant cells were subcloned by limiting dilu- the BSAP/Pax5A-expressing EML cells underwent a 15-fold
tion and 5 pg of nuclear extract of individual clones containing increase in the rate of apoptosis as compared with controls (Fig
pPGKPax5A detected by genomic PCR (M. Chiang and J. Monroe, 4D). In combination with the colony size data, these data

unpublished observations) were subjected to EMSA with a 32P-end- T o
labeled probe containing the high-affinity BSAP/Pax5A binding site strongly suggest that BSAP/Pax5A inhibits the ability of

isolated from the huCD19 promoter. (A) EML, parental wild-type EML; myeloid cells to e_xpand spemﬂc_ally '_n reSponS_e to myel_0|d
EML/Pax5A-2, -3, and -5, BSAP/Pax5A-expressing EML clones. (B) growth factors. This reduced proliferative capacity results in a

The intensity of the BSAP/Pax5A:probe complexes were quantitated marked reduction in the generation of more mature myeloid
using a densitometer. cells, an effect that is then exacerbated by the high apoptotic
frequency in the BSAP/Pax5A-expressing population.

Although CD11b is an early appearing myeloid-restricted BSAP/Pax5A was introduced retrovirally into primary bone
marker, it has been known to be expressed at a low level in othemarrow stem cells to verify the BSAP/Pax5A-mediated suppres-
cell types, such as the fetal liver stem céfiactivated/memory  sion of myeloid cell expansion in a nontransformed ce$tem
CD8" T cells?® and B1 B cellst” Thus, we repeated the cells transduced with BSAP/Pax5A-expressing retrovirus were
experiments shown in Fig 2A with the F4/80 antigen, a markertested for the ability to differentiate to the myeloid lineage and
that appears later in myeloid differentiation than CD11b, but isexpand during 5 days of culture on OP9 stromal cells, followed
more tightly restricted to the myeloid lineage (Fig*3¥244In a by 3 days of IL-3/ATRA and 3 days of GM-CSF (Fig 5A). The
typical experiment, the EML/Hyg cells generated approxi- last 6 days of culture were designed to replicate the conditions
mately 23% B220/F4/80" cells and 11% B220/F4/80" cells, used in the experiments described in Fig 4, which demonstrated
whereas EML/Pax5A cells generated 15% BYEa/80" cells  that EML-derived myeloid precursors failed to expand in
and 1% B220/F4/80" cells. These data using the F4/80 marker response to GM-CSF. OP9 stromal cells were derived from the
confirm the experiments using the CD11b marker in Fig 2 andop/op mouse, which lacks functional macrophage colony-
reinforce the point that BSAP/Pax5A does not prohibit myeloid stimulating factor (M-CSFJ¢ Because of this mutation, hema-
differentiation, as evidenced by the successful de novo acquisitopoietic cultures are not artificially skewed predominantly
tion of the CD11b and F4/80 markers during differentiation of toward macrophages, as has been seen with other stromal cell
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Fig 2. BSAP/Pax5A-express-
ing EML cells successfully ac-
quire the myeloid lineage com-
mitment marker CD11lb. (A)
B220*/CD11b- EML cells were
placed in culture at 3 x 10° 100 - , . 100 . T T
cells/mL and then induced to 100 10} 102 102 104 100 10! 102 103 104
differentiate into B220"/CD11b* CD11b expression CD11b expression
and B220'°/CD11b* cells with
10% WEHI-3B conditioned super- B C
natant (contains murine IL-3) and
10 wmol/L ATRA. Flow cytome- 20 20
try was performed on days 0 and
3. Control EML clones EML/Hyg-1
and EML/Hyg-3 and Pax5A/
BSAP-expressing EML clones
EML/Pax5A-3 and EML/Pax5A-5
were induced to differentiate as
described in (A). On days 1, 2,
and 3 of differentiation, a small
sample of cells was removed
from the culture, and differentia-
tion to B220M/CD11b* (B) and 0 T T 0-—r T .
B220'°/CD11b* (C) cells was de- 0 1 2 3 0 1 2 3
termined by flow cytometry. Days after IL-3 Days after IL-3

EML/PaX5A 102 1027

0%

10t 1

B220 expression

1017

B220 expression

157 15 O EML/Hyg-1
O EMUHyg-3
10 ® EML/Pax-5A-3

B EML/Pax5A-5

104

Percent B220M/CD11b+ cells
Percent B22019/CD11b+ celis

lines (M. Chiang and J. Monroe, unpublished observatiéhs). Sca-1"/Lin~ cells 72 hours after transduction (which allows
Rather, normal bone marrow hematopoiesis is more closelyime for GFP to be fully expressed). The c-KiSca-1'/Lin~
approximated, including the efficient generation of early bone marrow subset is highly enriched for the most primitive
CFU-GM myeloid precursors, erythroid cells, nonmacrophagehematopoietic stem cells, which have long-term multilineage
lineage myeloid cells such as granulocytes, B lymphocytes, andeconstitution potentigf4° Normalization to this population
mature macrophagé%Thus, the OP9 system offers the unique ensures that any reduction in the number of GR®eloid cells
advantage of a more physiologically relevant in vitro bone generated is not due to a lower number of stem cells that were
marrow culture system and more efficient generation of GM-successfully transduced but is rather due to the myelosuppres-
CSF/IL-3 responsive precursors and nonmacrophage myeloidive effect of BSAP/Pax5A.
cells. In all experiments, the level of GFP expression in
Retrovirus containing BSAP/Pax5A cDNA was called MIGRPax5A-transduced hematopoietic stem cells (identified
MIGRPax5A and was derived from the parental retrovirusby sca-I/c-kit*/lin~) was generally lower than that in MIGR-
MIGR.34 To differentiate transduced cells from nontransducedtransduced hematopoietic stem cells. In a typical experiment,
cells, these retroviruses express the GFP marker from athe mean fluorescence intensity of GFRematopoietic stem
internal ribosomal entry site. Thus, cells that express GFP alseells transduced with MIGRPax5A was 41.373.83, whereas
coexpress BSAP/Pax5A as a bicistronic message. To correct fdhe mean fluorescence intensity of GFRematopoietic stem
differences in the retroviral transduction efficiencies of hemato-cells transduced with MIGR was 141.680.02. This difference
poietic stem cells from experiment to experiment, the GFP unlikely reflects uneven promoter activity between the 2
myeloid cells were normalized to the number of GFRKit*/ populations, but rather is likely the result of the integration of a
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large cDNA insert upstream of the GFP marker in the stem cells that were cultured without growth factors for the
MIGRPax5A retrovirus but not in the MIGR retrovirus (Chiang entire 2 weeks of culture (Fig 6A and B and M. Chiang and J.
et al, unpublished observations). Monroe, unpublished observations), but rather was observed
Because the expression levels of GFP were different in thenly when the stem cells were cultured in the presence of
control and experimental cells, we determined the effect of GFRnyeloid growth factors. These data suggest that BSAP/Pax5A
and retroviral transduction on myeloid differentiation. MIGR- does not completely suppress myeloid cell differentiation, but
transduced stem cells were cocultured with nontransduced stedipes suppress myeloid cell expansion to myeloid growth
cells and found to generate approximately 50% of the Gr-1 factors, which is consistent with our interpretation of the EML
cells and 50% of the F4/8Ccells present in the cultures on day studies.
8 and on day 14 (Fig 5B). Thus, the frequency of transduced
myeloid cells did not change over time, verifying that neither
expression of GFP nor retroviral transduction had any measur- During hematopoiesis, developing cells increasingly become
able effects on myelopoiesis. more restricted with regard to their potential to develop along
BSAP/Pax5A does not inhibit myeloid differentiation of multiple lineages. Lineage-determinant transcription factors are
primary stem cells but does inhibit the expansion of myeloidthought to drive this commitment process by upregulating the
progenitors. Primary bone marrow stem cells were trans- genes of a specific lineage and downregulating genes specific to
duced with either MIGR or MIGRPax5A retrovirus and then other lineages. For example, the transcription factor E12 is
cultured in vitro according to the scheme in Fig 5A to generatethought to prevent B cells from acquiring myeloid characteris-
myeloid cells. When cultured without myeloid growth factors tics, because ectopic expression of E12 in a macrophage cell
during the first 8 days, MIGRPax5A-transduced stem cells andine upregulated B-cell genes such ¥s, BSAP/Pax5A, EBF,
control MIGR-transduced stem cells generated approximatelyandIL-7Ra and downregulated myeloid-specific ger@&311b
equal numbers of Gr“land F4/80 cells (days 6 and 8 of andc-fms® Because BSAP/Pax5A is upregulated by E1g,
culture, Fig 6A and B). However, upon addition of IL-3 and itself a transcription factor that is thought to upregulate
ATRA for the next 3 days, followed by GM-CSF for another 3 B-cell-associated gené%2427-31.50-6;an(d is required for B-cell
days, which simulated the experimental conditions used tacommitment, as determined by gene deletion stuttigsyas of
differentiate EML cells in Fig 4, MIGRPax5A-transduced stem particular interest to determine if BSAP/Pax5A like E12 had
cells generated 60% to 85% fewer Gr-tells (Fig 6A) and  B-cell-determinant properties.
60% to 75% fewer F4/80 cells (Fig 6B) than did MIGR- To test whether BSAP/Pax5A had B-cell-determinant proper-
transduced controls when analyzed on day 14 of culture. Thisies, BSAP/Pax5A was constitutively expressed in the EML
suppression of myeloid cell generation was not observed witlcell. Surprisingly, BSAP/Pax5A-expressing EML cells did not

DISCUSSION
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Fig 4. BSAP/Pax5A-expressing EML cells fail to expand to myeloid growth factors. (A) EML cells were induced to differentiate into myeloid
cells as described in Fig 2A and then replated in 1% methylcellulose with 250 U/mL muGM-CSF at 1.5 x 10° cells per 3.5-cm plate. On day 9, the
colonies were aspirated and analyzed by flow cytometry to determine the mean number of CD11b*/Gr-1+* cells per colony. The average among 3
control EML/Hyg clones and the average among 3 BSAP/Pax5A-expressing EML clones are shown and were found to be significantly different
from each other using the heteroscededastic 1-tailed t-test (P < .001). (B) EML cells induced to differentiate as described in Fig 2A were replated
in suspension culture in the presence of 250 U/mL muGM-CSF. After 48 hours of culture, the cells were pulsed with 0.5 pnCi 3H-thymidine for 12
hours. The average °H-thymidine incorporation among 3 control EML/Hyg clones and the average 3H-thymidine incorporation among 3
EML/Pax5A clones are shown and were found to be significantly different from each other using the heteroscededastic 1-tailed t-test (P < .001).
(C) Three EML/Pax5A clones and 3 control EML/Hyg clones were split into SCF-containing growth media at 2.5 x 10° cells/mL and pulsed with
3H-thymidine after 24 hours of culture for 17 hours. The average 3H-thymidine incorporation among 3 control EML/Hyg clones and the average
3H-thymidine incorporation among 3 EML/Pax5A clones are shown and were found to be significantly different from each other using the
homoscededastic 2-tailed t-test (P < .004). (D) EML cells induced to differentiate as described in Fig 2A were replated at 5 x 105 cells/mL in 400 pL
media containing 250 U/mL muGM-CSF. Two days later, the cells were stained with propidium iodide and then analyzed for apoptotic cells by
flow cytometry. The average percentage of 3 EML/Hyg clones with subdiploid content of DNA and the average percentage of 3 EML/Pax5A
clones with subdiploid content of DNA are shown and were found to be significantly different from each other using the homoscededastic
1-tailed t-test (P < .002).

upregulate the B-cell-specific gen@®190r mb-1(M. Chiang  suppressive factors in the EML cell line. This finding is
and J. Monroe, unpublished observations). This finding sug-consistent with the E12 study discussed earlier, which found
gested that BSAP/Pax5A, although required for the expressiothat, although BSAP/Pax5A was upregulated in EBF-express-
of CD19 and mb-1 in pre-B cells, as demonstrated by loss oing 70Z/3 macrophages, only one B-cell gend, was also
function analysistis not sufficient for their expression, presum- upregulated. Furthermore, BSAP/Pax5A is unlikely to be
ably because of the absence of requisite cofactors or presence fsponsible for thia5 upregulation, because gain-of-function/
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Fig5. Retroviral transduction of bone marrow stem cells with MIGRPax5A. (A) Bone marrow stem cells from 5-fluorouracil-treated mice were
transduced with MIGRPax5A, a retrovirus that coexpresses BSAP/Pax5A with the GFP marker as a bicistronic message, and then analyzed by
flow cytometry for GFP* stem cells (c-Kit*/Sca-1+/Lin~). These stem cells were then differentiated as indicated and on days 6, 8, and 14. A small
sample of cells was then removed from the culture and the numbers of myeloid cells were determined by flow cytometric analysis for
granulocytes (Gr-1*) and macrophages (F4/80*). MIGR is the parental retrovirus of MIGRPax5A and expresses only the GFP marker. (B) Bone
marrow stem cells were transduced with the MIGR retrovirus, cultured as described in (A), and then analyzed for the percentage of GFP+/Gr-1+
cells and GFP+/F4/80+* cells on days 8 and 14 by flow cytometry.

loss-of-function genetic studies have shown thfis a target  strong evidence that BSAP/Pax5A, although unable to com-
gene of EBF, but not of BSAP/Pax5A3162Therefore, in EML  pletely suppress myeloid lineage differentiation, does suppress
cells and 70Z/3 macrophages, BSAP/Pax5A is not sufficient tahe expansion response to myeloid growth factors, a characteris-
upregulate the B-cell genes that were examined. tic myeloid trait acquired shortly after the initiation of myeloid
BSAP/Pax5A-expressing EML cells differentiated to the commitment.
myeloid lineage in response to IL-3 by successfully acquiring In this study, BSAP/Pax5A was ectopically expressed in stem
de novo the myeloid-restricted markers CD11b and F4/80cells to demonstrate that BSAP/Pax5A can suppress myeloid
However, these early myeloid cells then failed to expand incell expansion. However, in vivo, BSAP/Pax5A is not ex-
response to GM-CSF. To confirm these results in a nontranspressed in multipotential stem cells, but later in the fractign A
formed cell, BSAP/Pax5A was retrovirally transduced into stage of B-cell development after B-cell commitment has
primary bone marrow stem cells. When cultured in vitro, already occurred®23 |t is formally possible that BSAP/
BSAP/Pax5A-transduced stem cells successfully differentiatedPax5A is expressed in rare multipotential progenitors at low
to the myeloid lineage. However, the addition of myeloid levels undetectable by reverse transcriptase-polymerase chain
growth factors to these cultures showed a defect in cellreaction (RT-PCR) and that a higher level of BSAP/Pax5A
expansion. Taken together, the EML cell studies and primaryexpression in these cells would prevent them from responding
bone marrow studies share consistent results and thus provide myeloid growth factors. However, because this possibility

20z aunr g0 uo 3sanb Aq Jpd'1.29€/7052591/1.29€/ L L/y6/4pd-ajonle/poojdeusuoleoligndyse//:dpy woly papeojumoq



BSAP/Pax5A SUPPRESSES MYELOPOIESIS 3629

A B
5000 1000
n w experiment-1
3 4000 3 GM-CSF O MIGR
+ + 7507 l{ ® MIGRPax5A
L o
¢ 3000 - -
S ..u: 500 experiment-2
. o
é 2000 IL-3/ATRA 5 IL-3/ATRA O mMiGR
Q _ B MIGRPax5A
3
Z 1000 E 2%
Z
0 Y T T T 0 Y T T T
6 8 11 14 6 8 11 14
Days in Culture Days in Culture

Fig 6. MIGRPax5A-transduced bone marrow cells successfully committed to the myeloid lineage but failed to expand to myeloid growth
factors. Bone marrow stem cells were transduced with MIGR or MIGRPax5A and then cultured on OP9 stromal cells in 2 experiments according
to the protocol described in Fig 5A. The absolute number of GFP+ gr-1+ cells (A) or F4/80+ cells (B) was normalized to the absolute number of
Sca-1*/c-Kit*/Lin~ stem cells on day 6 to estimate the number of granulocytes or macrophages produced by a retrovirally transduced stem cell.
Ten percent WEHI-3B conditioned media and 10 pmol/L ATRA were added on day 8 and 250 U/mL of muGM-CSF was added on day 11 to replicate
the conditions of Fig 4 in which EML/Pax5A cells generated myeloid precursors that failed to expand.

seems remote due to the high sensitivity of PCR, the finding ofhormal levels in older mic€-7 Thus, the number of growth
BSAP/Pax5A-mediated suppression of myeloid expansion fronfactor responses that can be suppressed by BSAP/Pax5A will
stem cells more likely supports a role for BSAP/Pax5A in dictate the degree to which enforced expression of BSAP/
preventing B cells from responding to myeloid growth factors. Pax5A will suppress myelopoiesis in vivo. We predict, based on
This effect may in part maintain commitment to the B lineage asour studies reported here, that IL-3—mediated responses may
some myeloid growth factors, notably IL-3 and GM-CBF, remain largely unaffected in the presence of BSAP/Pax5A
have been shown to convert certain pre-B cell lines to theexpression.
myeloid lineage. How BSAP/Pax5A suppresses myelopoiesis has proven
Although early B cells in vivo seem to acquire some myeloid elusive in part because the effect of BSAP/Pax5A on the
traits, such as low levels of CD12bthey are prevented from function and expression of the downstream mediators of
expanding in response to myeloid growth factors and furthemyeloid growth factor signal transduction cascade is unknown.
maturationt® perhaps in part due to BSAP/Pax5A expression.Because the paired domain of BSAP/Pax5A can bind the
Because BSAP/Pax5A is not sufficient to completely preventtranscription factor Ets-1, which is itself involved in the
maturation down the myeloid lineage, especially in the absenceegulation of many myeloid genés,it was postulated that
of growth factors, there probably exists additional lineage-BSAP/Pax5A could suppress Ets-1-mediated transactivation.
determinant genes that act singly or together with BSAP/Pax5A1owever, transient transfection of BSAP/Pax5A failed to
to suppress myeloid differentiation. These genes are likely to bénhibit Ets-1-mediated transactivation of the CD18 promoter
target genes of E12 in view of previous studies already(M. Chiang and J. Monroe, unpublished observations). Because
discussed in which ectopic expression of E12 in a macrophagBSAP/Pax5A suppresses the expression of c-Myc in pre-B
cell line completely suppressed all myeloid characteristics thatells3! it was also postulated that, in myeloid cells, BSAP/
were reported. Pax5A would similarly suppress c-Myc, which is upregulated
Whether BSAP/Pax5A is sufficient to suppress myeloid during GM-CSF stimulatiori37SHowever, transcripts of c-Myc
expansion in vivo is currently being studied by generating micein BSAP/Pax5A-expressing EML cells were comparable to that
transgenic for BSAP/Pax5A. This question is particularly in controls after induction with IL-3 followed by stimulation
interesting, because studies involving myeloid growth factor-with GM-CSF (M. Chiang and J. Monroe, unpublished observa-
deficient mice have indicated the existence of multiple redun-ions). Currently, the effect of BSAP/Pax5A on the expression
dant mechanisms that can drive myelopoiésithese mice of the various myeloid growth factor receptors, such as Il:3R
display either normal or reduced (but never abrogated) myelog-common, IL-3R3, and GM-CSFR, is being studied.
poiesis. For example, IL-3/GM-CSFR/IL-5R—deficient miee, These studies expand on the results of the earlier E12 study
IL-3—deficient mices> and GM-CSF-deficient miég all dis- by using cells that are growth-factor dependent, early in
play normal steady-state myelopoiesis. Granulocyte colonydevelopment, and nontransformed. Using growth-factor—
stimulating factor (G-CSF)-deficient mice display neutrope-dependent cells instead of the growth factor-independent macro-
niaf” which is somewhat exacerbated when the GM-CSF genghage cell line 70Z8has shown that BSAP/Pax5A affects the
is additionally delete@ M-CSF-deficient mice have fewer growth response of cells to myeloid growth factors. Using
macrophages and osteoclasts, but these cells accumulate to ngaogenitor stem cells instead of mature macrophages has shown
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that BSAP/Pax5A can act in a model of early development to 14. Borrello MA, Phipps RP: The B/macrophage cell: An elusive
prevent the acquisition of the myeloid growth factor responseink between CD5- B lymphocytes and macrophages. Immunol Today
one of the earliest appearing myeloid-specific characteristicd7:471, 1996

after myeloid commitment. This aspect of our studies is 15 Allman D, Li J, Hardy RR: Commitment to the B lymphoid
relevant, because anecdotal reports of lineage switching t8"29€ occurs before DH-JH recombination. J Exp Med 189:735, 1999
myeloid cells in vitro have almost always involved cells early in 16. Hardy RR, Carmack CE, Shinton SA, Kemp JD, Hayakawa K:

S . Resolution and characterization of pro-B and pre-pro-B cell stages in
development when plasticity is thought to be greaté@sn this normal mouse bone marrow. J Exp Med 173:1213, 1991

regard, our studies provide additional evidence that suppressive 17 | YS, Wasserman R, Hayakawa K, Hardy RR: Identification of
factors, which prohibit the acquisition of lineage-specific traits, the earliest B lineage stage in mouse bone marrow. Immunity 5:527,
may be integral to maintaining B-lineage commitment as1996
developing cells chose between the B-cell and myeloid fates.  18. Mahmoud MS, Kawano MM: Cloning and analysis of the human
Pax-5 gene promoter. Biochem Biophys Res Commun 228:159, 1996
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