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ABSTRACT In this study we have sought to characterize
a committed myeloid progenitor cell line in an attempt to
isolate general factors that may promote differentiation. We
used cDNA representational difference analysis (RDA), which
allows analysis of differential gene expression, to compare
EML and EPRO cells. We have isolated nine differentially
expressed cDNA fragments as confirmed by slot blot, North-
ern, and PCR analysis. Three of nine sequences appear to be
novel whereas the identity of the remaining fragments sug-
gested that the EPRO cell line is multipotent. Among the
isolated sequences were eosinophilic, monocytic, and neutro-
philic specific genes. Therefore, we tested the ability of EPRO
cells to differentiate along multiple myeloid lineages and
found that EPRO cells exhibited morphologic maturation into
either monocyte/macrophages or neutrophils, but not eosin-
ophils. Furthermore, when EPRO cells were exposed to ATRA,
neutrophil specific genes were induced, whereas monocytic
markers were induced by phorbol ester treatment. This study
highlights the use of cDNA RDA in conjunction with the
EML/EPRO cell line to isolate markers associated with
macrophage and neutrophil differentiation and establishes
the usefulness of this system in the search for factors involved
in myeloid commitment.

Hematopoietic stem cells divide stochastically to give rise to
daughter cells exhibiting proliferative capacity or committed
progenitor cells with a more restricted range of differentiative
capacity (1). As these committed cells proliferate, they grad-
ually become restricted further and undergo terminal differ-
entiation into a given cell type dependent on a variety of
extrinsic and cell autonomous factors (1-3). Studies of leuke-
mic cell lines provide evidence for a “nodal” decision point
from which cells may differentiate along the monocyte or
neutrophil lineage. Both the HL60 (4) and NB4 (5) cell lines
were isolated from patients with acute promyelocytic leuke-
mia. They appear morphologically as promyelocytes and ma-
ture into neutrophils upon exposure to all-trans retinoic acid
(ATRA) (5-7), though they fail to express secondary granule
protein transcripts, a marker of normal neutrophil maturation
(8-10). Both of these cell lines also exhibit differentiation into
macrophage-like cells upon induction with the phorbol ester
12-O-tetradecanoylphorbol-13-acetate (TPA) (4, 9). TPA in-
duction of these cells causes adherence to plastic with pseu-
dopodia formation, rapid loss of proliferative capacity, and
induction of a-napthyl acetate esterase (nonspecific esterase).
Interestingly, expression of neutrophil gelatinase also is rapidly
up-regulated in response to TPA, whereas other secondary
granule protein genes fail to be expressed (9).

The EML cell line was established by transducing mouse
bone marrow with a retrovirus harboring a dominant-negative
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form of the retinoic acid receptor a (11). EML cells can be
induced to undergo differentiation along the erythroid, lym-
phoid, and myeloid lineages, although maturation along the
myeloid lineage requires the presence of ATR A at superphysi-
ological concentrations. A more committed myeloid progen-
itor cell line can be derived from EML by inducing with ATRA
and interleukin 3 (IL-3) in the presence of stem cell factor then
culturing these cells in granulocyte/macrophage colony-
stimulating factor (GM-CSF) alone (11). The resulting cell
line, referred to as EPRO, is composed of promyelocytes that
can undergo neutrophil maturation in response to ATRA.
Furthermore, in contrast to HL60 and NB4, these cells also
express secondary granule protein transcripts that are induced
after exposure to ATRA.

Representational difference analysis (RDA) initially was
established as a means to isolate differences in genomic DNA
sequences and has been used to identify chromosomal aber-
rations as well as restriction fragment length polymorphism
linkage markers (12, 13). The technique has since been
modified to utilize cDNA as starting material, thereby allowing
analysis of differential gene expression (14). In an attempt to
isolate elements involved in myeloid lineage commitment as
well as markers of myeloid differentiation, we employed the
technique of RDA to compare EPRO cells with the parental
EML cell line. In this study we describe the differentially
expressed genes we have obtained as well as the characteristics
of the EPRO cell line predicted by these sequences.

MATERIALS AND METHODS

Cell Lines. EML, BHK/MKL, and HM-5 cell lines were
kindly provided by Schickwann Tsai, Fred Hutchinson Cancer
Research Center, Seattle, WA. EML cells were maintained in
Iscove’s” modified Dulbecco’s medium (IMDM) containing
20% heat-inactivated horse serum and supplemented with
10% conditioned medium from the BHK/MKL cell line
containing rat stem cell factor. The EPRO cell line was derived
as described previously (11) and maintained in IMDM with
20% horse serum and 10% HM-5 conditioned medium as a
source of mouse GM-CSF. Single-cell clones were obtained by
diluting to 3 cells/ml and plating in 96-well plates (Corning/
Costar). Induction of neutrophil maturation in EPRO cells was
accomplished by adding ATRA (Sigma) to normal growth
medium at a final concentration of 10 uM. To induce cells
toward the monocytic/macrophage lineage, TPA (Sigma) was
added to a final concentration of 3.24 X 10~% M in the presence

Abbreviations: ATRA, all-trans retinoic acid; RDA, representational
difference analysis; TPA, 12-O-tetradecanoylphorbol-13-acetate; 1L,
interleukin; GM-CSF, granulocyte/macrophage colony-stimulating
factor; DP3, third-difference product.

Data deposition: The sequences reported in this paper have been

deposited in the GenBank database [accession nos. AF046876 (EPRO

7-4), AF046877 (EPRO 8-5), and AF046878 (EPRO 10-4)].
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of normal growth medium. For induction toward the eosino-
philic lineage, recombinant murine IL-5 (R & D Systems) was
added to cultures as described in the text.

Morphologic Analysis. For analysis of uninduced and
ATRA-induced EPRO cells, cytospin smears were made and
stained with Wright-Giemsa. For analysis of monocytic dif-
ferentiation, EPRO cells were placed in a Lab-Tek chamber
slide (Nunc) just before TPA induction. After 24 h, the slides
were stained with Wright-Giemsa. Eosinophil maturation was
monitored by making cytospin smears at various time points
and staining with Fast green/Neutral red (Sigma).

RNA Isolation and cDNA Synthesis. Total RNA was isolated
from EML and EPRO cells by using TRIzol reagent (Life
Technologies, Gaithersburg, MD). Poly(A)* RNA was puri-
fied further from total RNA by two passages over an oligo(dT)
column (Life Technologies). Double-stranded cDNA was
made from mRNA by using standard procedures (15).

c¢DNA RDA. RDA was performed as described elsewhere
(14). The driver cDNA was obtained from uninduced EML
cells, whereas tester was from uninduced EPRO cells. A
second round of RDA was performed after sequence identi-
fication of initial third-difference product (DP3) fragments.
This was done by supplementing the driver with 50-100 ng of
individually gel-purified DP3 fragments before hybridization.

Northern and Slot Blot Analysis. Northern blot analysis was
performed as described elsewhere (16, 17). Northern blots
contained either 1 ug mRNA (confirmation of differential
DP3 expression) or 10 pg total RNA (analysis of EPRO
differentiation) per lane. For lactoferrin and B-actin, probes
were labeled with digoxigenin-UTP by random prime and
hybridized to blots overnight in DIG EasyHyb buffer (Boehr-
inger Mannheim) at 65°C. All other probes were prepared and
radiolabeled as described elsewhere (17). Northern blots hy-
bridized to UTP-labeled probes were washed as usual, and
signal detection was carried out according to the manufactur-
er’s protocols (Genius System, Boehringer Mannheim).

For slot blot analysis, miniprep plasmid DNA (1 ul) was
incubated at 98°C for 5 min and then placed on ice, and SSC
was added to a 10X final concentration. Samples were then
immobilized on Hybond nylon membrane (Amersham) by
using a vacuum slot blot apparatus (Schleicher & Schuell). The
membranes then were soaked in 0.4 M NaOH, neutralized in
1.5 M NaCl/1 M Tris, pH 7.4, and baked for 2 h at 80°C. EML
and EPRO cDNA (100 ng of each) were radiolabeled as above,
and equal cpm of each probe were hybridized to duplicate slot
blots in 50% formamide hybridization buffer at 42°C for 36 h.
Both Northern and slot blots were washed as described else-
where (17).

RESULTS

RDA Analysis of the EPRO Cell Line. RDA was used to
isolate cDNA fragments that were expressed specifically in
EPRO cells. After an initial round of RDA, several EPRO-
specific fragments were isolated. To confirm that these frag-
ments were differentially expressed, we utilized three screens:
(i) plasmids containing fragments from the DP3 were used to
make duplicate slot blots, which subsequently were probed
with radiolabeled cDNA from EML or EPRO cells; those
fragments that were found to be differentially expressed were
then confirmed by (i/) Northern analysis of EML and EPRO
mRNA, or (iii) PCR of EML and EPRO cDNA.

Fig. 1 shows a representative slot blot containing plasmids
from the first round of RDA hybridized to radiolabeled EML
or EPRO cDNA. Mouse B-actin and pBluescript were included
on the blots as positive and negative controls, respectively. All
of the initial plasmids isolated from the first round of RDA
exhibit differential hybridization to the EPRO cDNA, i.e., they
are present in the EPRO c¢DNA but not in the EML cDNA,
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Fic. 1. Slot blot analysis of DP3 products. Plasmid DNA was
denatured and transferred to duplicate nylon membranes. The blots
were probed with equal cpm/ml of radiolabeled EML or EPRO
cDNA. These are representative blots containing subcloned DP3
fragments from the first round of RDA. pBluescript and B-actin were
included on the blot as negative and positive controls, respectively.

whereas B-actin shows hybridization to both populations of
cDNA (Fig. 1).

To further confirm that DP3 fragments were differentially
expressed, they were excised from the plasmids, radiolabeled,
and used as probes against Northern blots of mRNA from
EML and EPRO cells. Fig. 2 shows the results of Northern
analysis for EPRO 1-1, 4-1, and 6-2; all three are expressed
in EPRO cells while completely absent from EML cells. To
confirm that equal amounts of mRNA were present in each
lane, the blots were probed subsequently with B-actin.

After two rounds of RDA, a total of 30 fragments were
isolated that exhibited differential expression by Northern blot
and PCR analysis (data not shown). One clone was isolated
that hybridized to both EML and EPRO mRNA.

Identification of RDA Products. Fragments that were found
to be differentially expressed were sequenced and compared
with known GenBank sequences via a BLAST search to deter-
mine their identity. A total of nine genes, represented by 30
fragments, were isolated from two rounds of RDA. Table 1
lists the identity of the sequences isolated; interestingly, these
genes are characteristic of eosinophil, neutrophil, and mono-
cytic lineages. Those genes expressed in monocyte/
macrophages include the galactose/N-acetylgalactoseamine-
specific lectin isolated from mouse tumoricidal macrophages
(18) and the putative cDNA for YM-1, a secreted glycoprotein
isolated from activated peritoneal macrophages. C3, a com-
ponent of the complement pathway (19), also was found to be
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FiG. 2. Northern analysis of DP3 fragments. Subcloned DP3
fragments were used as probes against Northern blots of EML and
EPRO RNA samples to confirm differential expression. Approxi-
mately 1 ug of mRNA was used for Northern analysis, and the blot was
sequentially hybridized to DP3 fragments (1-1, 4-1, and 6-2 in this
case). The blot was then hybridized with B-actin to confirm equal
loading. The approximate size of each transcript is as follows: 1-1, a
doublet of 1.3 and 1.6 kb; 4-1, 3.5 kb; 6-2, 2.5 kb.

expressed in EPRO cells, and its expression has been described
in mouse macrophage-like cell lines (20). Neutrophil-specific
genes include the IL-8 receptor (21), as well as a fragment
bearing homology to human neutrophil collagenase. We sub-
sequently have used this fragment (EPRO 6-2) to isolate a

Table 1. Sequence identity of EPRO-specific DP3 fragments
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cDNA that is 73% identical to human neutrophil collagenase
and represents the mouse homolog of this gene (22). The
eosinophil lineage was found to be represented by eosinophil
peroxidase (23). The three remaining gene fragments are
novel; EPRO 7-3 and 8-5 do not align with any known
sequence in GenBank or the Expressed Sequence Tag data-
base (dbEST), whereas hypothetical translation of EPRO 10-4
reveals 53% amino acid identity to a putative murine inositol
S-phosphatase associated with the vibrator mutation (24) and
likely represents a novel member of this family of proteins.

The EPRO Cell Line Is Bipotential. The identity of the genes
isolated from the RDA screen provided evidence that the
EPRO cell line may represent a multipotent cell line. To
determine whether the EPRO cell line represented a multi-
lineage progenitor, cells were induced with agents known to
elicit monocytic, granulocytic, or eosinophilic differentiation
in other systems. We confirmed the previously characterized
ability of EPRO cells to undergo neutrophil maturation, and
by 48 h of ATRA induction, cells begin to exhibit neutrophil
morphology (Fig. 3B).

To determine whether EPRO cells were also able to undergo
monocytic differentiation, cells were induced with TPA for up
to 48 h. After 24 h, an obvious morphological difference was
noted between induced and uninduced cells (Fig. 3). The
majority of uninduced EPRO cells grow in suspension (Fig.
34) with some adherent cells; after 24 h in the presence of
TPA, the majority of cells adhere to the plate and exhibit
pseudopodia characteristic of macrophage-like cells (Fig. 3C).
EPRO cells subsequently were cloned by limiting dilution, and
three clones were analyzed. All three clonal cell lines exhibited
neutrophil and monocytic maturation (data not shown).

Because EPRO cells also expressed eosinophil peroxidase and
initial results indicated that they were bipotential, we sought to
determine whether these cells also could give rise to eosinophils.
EPRO cells were induced with purified recombinant IL-5 in the
presence or absence of GM-CSF conditioned medium and with
or without 10 uM ATRA. Cells were induced for up to 96 h, and
cytospins were made at 24-h intervals. Cells were then stained by
Wright-Giemsa or Fast green/Neutral red, which is specific for
eosinophils. In the presence of IL-5 and GM-CSF without
ATRA, the cells remained as promyelocytes throughout the
induction. In the presence of IL-5, GM-CSF, and ATRA, the cells
differentiated into neutrophils with no evidence of any eosino-
phils. Without GM-CSF and in the presence IL-5 with or without
ATRA, the majority of cells died within 24 h with no evidence of
eosinophilic differentiation. Despite the absence of eosinophil
maturation in the presence of these cytokines, EPRO cells were
also found to express eosinophil major basic protein (MBP) by
reverse transcription—-PCR analysis (data not shown).

Northern Analysis of ATRA- and TPA-Induced Cells. To
further confirm the bipotential nature of EPRO cells, we per-

Genbank
Subclone Description Lineage accession no. Ref.
1-1 Putative cDNA for YM-1 Mono/mac M94584 Unpublished data
3-1 Complement protein, C3 Mono/mac K02782 (19, 20)
4-1 Eosinophil peroxidase, nucleotides 1412-1781 Eosinophil D78353 (23)
6-2 Mouse neutrophil collagenase Neutrophil U96696 (22)
6-3 Eosinophil peroxidase, nucleotides 1791-2336 Eosinophil — —
7-1 Eosinophil peroxidase, nucleotides 454-935 Eosinophil — —
7-4 No homology ? AF046876 —
8-5 No homology ? AF046877 —
9-2 Eosinophil peroxidase, nucleotides 1033-1389 Eosinophil — —
9-5 Galactose/N-acetylgalactosamine-specific lectin Mono/mac S36676 (18)
10-2 High-affinity IL-8 receptor Neutrophil D17630 (21)
10-4 53% amino acid identity to putative phosphoinositide ? AF046878 (24)

S5-phosphatase type 11
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FiG.3. Morphologic differentiation of EPRO cells. Uninduced EPRO cells (4) appear as promyelocytic cells that can undergo neutrophilic maturation
in the presence of 10 uM ATRA (B; treated for 48 h) or monocytic differentiation in response to the phorbol ester, TPA (C, treated for 24 h).

formed Northern analysis on cells induced with ATRA or TPA
by using neutrophil- and monocyte-specific markers. RNA was
isolated for Northern analysis of uninduced EPRO cells and cells
induced with either ATRA or TPA for 24 and 48 h. Fig. 4 shows
results from both TPA and ATRA induction of bulk EPRO cells.
The transcript for lactoferrin, a secondary granule protein, is
up-regulated in response to ATRA in the closely related MPRO

+ ATRA + TPA

24h 48h 24h 48h
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F1G. 4. Northern analysis of differential gene regulation in EPRO
cells. Ten micrograms of total RNA was analyzed by Northern analysis
by using probes for mouse lactoferrin (mLF), YM-1, mouse neutrophil
gelatinase (mNG), and B-actin.

cell line (16) and in response to G-CSF in 32D CI3 cells (17). To
confirm neutrophil maturation of EPRO cells we analyzed lac-
toferrin expression by Northern analysis of ATRA and TPA
induced EPRO cells. As seen in Fig. 1, lactoferrin (mLF) is
expressed in uninduced cells and is up-regulated upon induction
with ATRA (lanes 1-3). Upon induction with TPA, the transcript
for mLF is potently down-regulated by 24 h (lane 4), yet increases
again by 48 h (lane 5). In contrast, the transcript for YM-1, a
macrophage marker, shows low-level expression in uninduced
(also see Fig. 2, EPRO 1-1) and ATR A-induced cells (lanes 1-3)
but is up-regulated at 24 and 48 h when induced with TPA (lanes
4 and 5). The discrepancy in YM-1 expression in uninduced cells
is a result of the use of 1 ug of mMRNA per lane in Fig. 2 compared
with 10 ug total RNA in Fig. 4. Reverse transcription—PCR for
c-fms (macrophage colony-stimulating factor receptor) shows an
increase of expression from EML to EPRO and maintenance of
expression during TPA induction, further confirming monocyte/
macrophage potential (data not shown).

In NB4 and HL60 cells, induction with TPA is known to
induce rapid up-regulation of human neutrophil gelatinase (25,
26), whereas in murine 32D CI3 and MPRO cells, the corre-
sponding mouse neutrophil gelatinase is up-regulated late in
granulocytic differentiation (16, 17). We determined whether
neutrophil gelatinase was induced along both lineages in the
EPRO cell system by reprobing the Northern blot with a
fragment of mouse neutrophil gelatinase (mNG). Fig. 4 shows
that, as expected, neutrophil gelatinase is induced beginning at
48 h after induction with ATRA (lane 3), but mNG is not
up-regulated in response to TPA (lanes 4 and 5).

DISCUSSION

In this study we describe the characterization of a myeloid
progenitor cell line by use of cDNA RDA. Our initial goal was
to isolate factors that were involved in myeloid determination.
To this end we utilized the EML cell line, a previously
characterized, multipotent cell line from which a committed
progenitor cell line (EPRO) can be obtained.

We have found that EPRO cells express genes that are
characteristic of multiple myeloid lineages. In agreement with
previous findings that EPRO cells are neutrophilic, our RDA
screen revealed specific expression of neutrophil collagenase
and the IL-8 receptor. We subsequently have isolated and
characterized a full-length clone of mouse neutrophil collage-
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nase and have shown that it is up-regulated upon ATRA-
induced neutrophil maturation in the closely related MPRO
cell line (16, 22, 27).

Because our study also revealed genes characteristic of the
monocyte/macrophage lineage, we sought to determine whether
EPRO cells possessed multilineage potential. When induced with
TPA, EPRO cells exhibit morphologic maturation to macro-
phages, including adherence and pseudopodia formation. Fur-
thermore, a macrophage marker isolated from the RDA screen,
YM-1, is specifically up-regulated during monocytic, but not
neutrophilic, maturation. In support of our observation of mono-
cytic potential, we found that both EML and EPRO cells express
c-fms, although it has been shown that wild-type EML cells are
not capable of responding to M-CSF and overexpression of c-fms
in EML cells results in proliferation but not monocyte/
macrophage commitment in response to M-CSF (28).

In contrast to monocyte markers, lactoferrin expression is
potently down-regulated upon TPA induction, although ex-
pression is apparent at 48 h after TPA induction. The appear-
ance of lactoferrin transcript at this time point may represent
proliferating cells that were not responsive to TPA and retain
this characteristic of uninduced EPRO cells. The high level of
lactoferrin expression in uninduced cells likely is a result of the
high concentration of horse serum in the growth medium,
which we have found responsible for increased differentiation
and lactoferrin expression in the related MPRO cell line (16).

Surprisingly, the level of neutrophil gelatinase, which has
been shown to be potently up-regulated by TPA in NB4 cells
(9), was not affected by TPA in EPRO cells. The reason for this
observation is unknown but may be because of interference of
some aspects of TPA signaling by the dominant-negative
RARa expressed in these cells.

Although eosinophil peroxidase was found to be expressed,
implying the presence of an early eosinophilic precursor, we
were unable to observe terminal eosinophilic maturation in the
presence of IL-5. There may be several explanations as to why
we did not observe eosinophil maturation. Although GM-CSF
and IL-5 have been shown to synergistically interact to induce
eosinophil colony formation in mouse bone marrow (29), we
did not observe eosinophil maturation of EPRO cells in
response to IL-5. It has been shown that IL-3 also can act
synergistically with GM-CSF and IL-5 and may act as a more
potent inducer of eosinophil progenitor formation (30). It may
be that IL-3 is required in conjunction with both IL-5 and
GM-CSF to induce eosinophil formation in EPRO cells.
Another possibility is that eosinophil peroxidase expression is
artifactual and these cells possess no eosinophilic potential,
though expression of eosinophil MBP in EPRO cells weakens
this argument. Alternatively, the dominant-negative RAR«
may interfere with terminal eosinophil maturation, though in
aretinoid-independent fashion, because retinoic acid has been
shown to antagonize eosinophilic differentiation (31).

The bilineage potential of leukemic cell lines, such as HL60
and NB4, has been demonstrated in the past (4, 9). Further-
more, a recently described acute promyelocytic leukemia-
derived cell line was shown to possess both neutrophilic and
eosinophilic potential (32). However, in HL60 and NB4 cells,
maturation is associated with abnormalities in late gene ex-
pression, which makes the relationship of these results to
normal myeloid cell maturation uncertain (8, 9). In these
studies we have shown that a factor-dependent, nontrans-
formed cell line shows similar bilineage potential. Although
this line too is abnormal, in that it expresses the dominant-
negative RARe, the evidence for normal expression of late-
stage- and cell-type specific genes (11, 16, 22) suggests that it
better mimics the normal myeloid differentiation program.
These studies therefore lend support to a model in which there
is a common promyelocytic precursor to monocytes, neutro-
phils, and possibly eosinophils. In addition, this work highlights
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the usefulness of the EML/EPRO cell system in characterizing
the progression of commitment during hematopoiesis. Be-
cause we were able to isolate specific markers of late stages in
myeloid differentiation, it can be inferred that the factors
responsible for the expression of these genes also are present.
Thus, in conjunction with further rounds of cDNA RDA this
system may provide a powerful tool to dissect the molecular
mechanisms of myeloid differentiation.

We thank Schickwann Tsai for providing EML cells and members
of the Berliner Lab for helpful discussion. N.B. is supported by
National Institutes of Health Grants DK-48053 and HD33184 and by
a scholar grant from the Leukemia Society of America.
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