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HLS7, a hemopoietic lineage switch gene
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Hemopoietic lineage switching occurs when leukemic
cells, apparently committed to one lineage, change and
display the phenotype of another pathway. cDNA
representational difference analysis was used to identify
myeloid-specific genes that may be associated with
an erythroid to myeloid lineage switch involving the
murine J2E erythroleukemic cell line. One of the genes
isolated (HLS7) is homologous to the novel human
oncogene myeloid leukemia factor 1 (MLF1 ) involved
in the t(3;5)(q25.1;q34) translocation associated with
acute myeloid leukemia. Enforced expression of HLS7
in J2E cells induced a monoblastoid phenotype, thereby
recapitulating the spontaneous erythroid to myeloid
lineage switch. HLS7 also inhibited erythropoietin- or
chemically-induced differentiation of erythroleukemic
cell lines and suppressed development of erythro-
poietin-responsive colonies in semi-solid culture.
However, intracellular signaling activated by erythro-
poietin was not impeded by ectopic expression of
HLS7. In contrast, HLS7 promoted maturation of
M1 monoblastoid cells and increased myeloid colony
formation in vitro. These data show that HLS7 can
influence erythroid/myeloid lineage switching and the
development of normal hemopoietic cells.
Keywords: erythroleukemia/hemopoiesis/intracellular
signaling/lineage switching

Introduction

Mature cells for each of the hemopoietic lineages develop
from pluripotent stem cells (Metcalf, 1989). As hemo-
poietic cells gradually mature, the capacity for proliferation
is lost. Leukemias develop when cells maintain self-
renewal at the expense of differentiation (Metcalf, 1989).
Most leukemias display the phenotypic features of one
particular lineage; however, there are examples where
leukemic cells have changed phenotype suddenly to dis-
play features of another lineage. This could be due to the
‘bi-phenotypic’ nature of the original transformed cell, or
to a phenomenon described as ‘lineage switching’ (Greaves
et al., 1986; Klinkenet al., 1988a). The latter observations
suggest a degree of plasticity within transformed cells that
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enables them to reprogram patterns of gene expression
and traverse lineages.

One example of hemopoietic reprograming involved B
lymphoma cells from Eµ-myc transgenic mice becoming
macrophages following introduction of theraf oncogene
(Klinken et al., 1988a). This demonstrated that the intro-
duction of a single gene into committed B lymphoma
cells could promote lineage switching. Similarly, murine
erythroleukemic J2E cells, transformed with theraf and
myc oncogenes (Klinkenet al., 1988b), have on rare
occasions spontaneously produced variants with pheno-
typic features of immature monocytic cells (Keilet al.,
1995). Normally, erythropoietin (epo) induces J2E cells
to differentiate into mature, hemoglobin-synthesizing
erythroid cells (Klinken et al., 1988b; Busfield and
Klinken, 1992; Tilbrooket al., 1997). These cells display
erythroid, but not myeloid or lymphoid, cell surface
proteins and express erythroid-specific genes. J2E cells
produce only compact colonies in semi-solid culture
and, within the limitations of these assays, show no
bi-phenotypic characteristics. Significantly, karyotypic
abnormalities were present in each of the monocytic cell
lines derived from either J2E cells (Keilet al., 1995) or
Eµ-mycB lymphoma lines (Klinkenet al., 1988a).

J2E-m2 cells are one myeloid variant of the J2E
erythroid line that emerged from a spontaneous lineage
switch (Keil et al., 1995). Unlike the parental J2E line,
J2E-m2 cells are adherent, do not respond to epo and
morphologically resemble immature monocytic cells. The
J2E-m2 cells do not express epo receptors or the erythroid-
specific surface marker Ter 119, and have greatly reduced
levels of erythroid-restricted transcription factors GATA-1,
NF-E2 and EKLF. Unlike other lines that had undergone
erythroid/myeloid lineage switching, these cells do not
express surface markers of mature monocytes/macro-
phages (Keilet al., 1995). We hypothesized that J2E-m2
cells may still express genes associated with the lineage
switch, but fewer structural/functional genes of more
differentiated cells.

In an attempt to isolate genes involved in the lineage
switch, cDNA representational difference analysis (RDA)
was performed on the parental erythroleukemic J2E cells
and the modified J2E-m2 monocytoid cells. Hemopoietic
lineage switch (HLS) 7 was one myeloid-specific gene
isolated by this polymerase chain reaction (PCR)-based
subtractive hybridization technique. Intriguingly,HLS7 is
homologous to myeloid leukemia factor 1 (MLF1), a gene
associated with acute myeloid leukemia (Yoneda-Kato
et al., 1996). When introduced into J2E cells, HLS7
imposed a monoblastoid phenotype upon these erythroid
cells; furthermore, HLS7 blocked the differentiation of
erythroleukemic and normal erythroid cells and favored
maturation of a monoblastoid cell line as well as myeloid
colony formation. From these studies, it was concluded that



J.H.Williams et al.

Fig. 1. HLS7 is homologous to MLF1. Amino acid sequence
alignment of murine HLS7 (upper) and human MLF1 (lower).
Sequence analysis revealed that the predictedHLS7open reading
frame had 79% identity and 90% homology toMLF1. Asterisks (*)
represent conservative substitutions, dots (.) represent non-conservative
changes. The consensus 14-3-3 binding site (RSXSXP) present in both
HLS7 and MLF1 is underlined.

HLS7 can influence erythroid/myeloid lineage switching as
well as normal hemopoietic differentiation.

Results

Isolation of genes associated with lineage
switching
Myeloid-specific cDNAs from J2E-m2 cells were isolated
following three rounds of subtraction by RDA. Eight
discrete bands observed on ethidium bromide-stained
agarose gels were termedHLS 1–8. Five of the eight
fragments were expressed only by the J2E-m2 line and not
by parental J2E cells.HLS1andHLS6were macrophage-
restricted genes cyclo-oxygenase 2 and GDP dissociation
inhibitor-D4, respectively (DeWittet al., 1990; Adraet al.,
1993), which validated the RDA approach for isolating
myeloid-restricted genes. When originally isolated,HLS2
andHLS5had no homology to any characterized species
in the DNA databases.

Interestingly, murineHLS7had 79% amino acid identity
and 90% homology with humanMLF1 (Yoneda-Kato
et al., 1996) (Figure 1). Thus,HLS7 is most probably the
murine homolog ofMLF1, or a closely related member
of a family that now includesMLF2 (Kueferet al., 1996).
MLF1 was identified as the C-terminus of a fusion protein
with nucleophosmin, produced by the t(3;5)(q25.1;q34)
translocation associated with myelodysplastic syndrome
and acute myeloid leukemia (Yoneda-Katoet al., 1996).
A close inspection of theHLS7 sequence identified a
characteristic RSXSXP binding motif for 14-3-3 proteins
(Muslinet al., 1996). However, no other obvious functional
domains could be demonstrated forHLS7.

Expression of HLS7
As HLS7was identified following an erythroid to myeloid
lineage switch, andMLF1 is a putative leukemia-inducing
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Fig. 2. Expression of HLS7. (A) Northern blot of poly(A)1 RNA
isolated from myeloid (M), erythroid (E), B-, T- and mast (Ma) cell
lines probed with32P-labeledHLS7cDNA. HLS7was expressed in the
J2E-m2 tester cell line but not the J2E erythroid cell line used for the
RDA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as
the loading control. (B andC) Poly(A)1 Northern blots of
differentiating M1 monoblastoid and 707 erythroleukemic cells,
respectively. M1 cells were stimulated with 4 ng/ml IL-6 or 32 ng/ml
LIF, while 707 cells were induced to differentiate with 1.5%
dimethylsulfoxide (DMSO), whereas control cultures (unstim.) were
not treated with these differentiation agents. Induction of lysozyme
and globin mRNAs served as markers of myeloid and erythroid
differentiation, respectively.

gene (Yoneda-Katoet al., 1996), we investigated the
expression ofHLS7in a panel of murine hemopoietic cell
lines (Figure 2A). Northern blotting showed thatHLS7
produced a single 1.2 kb transcript and expression was
generally restricted to less mature cell lines.HLS7 RNA
was produced by immature myeloid cells J2E-m2, W265,
2Mes/raf (Figure 2A) and M1 (Figure 2B); in addition,
transcripts were detected in mast cells (P815) and early
B cells (1-Bra, 3Mes), as well as in undifferentiated
murine erythroleukemia cell lines F4N (Figure 2A) and
707 (Figure 2C).

To explore the notion thatHLS7was expressed princi-
pally by immature cell types,HLS7 mRNA levels were
monitored during the differentiation of M1 monoblastoid
cells and 707 erythroleukemic cells. Figure 2B shows
that HLS7 transcripts decreased markedly as M1 cells
developed into macrophages. Conversely, lysozome
mRNA (a marker of macrophage maturity) increased as
the M1 cells differentiated.HLS7 transcripts also fell as
erythroid 707 cells differentiated, while globin mRNA
rose appreciably (Figure 2C). These data supported the
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Fig. 3. Phenotypic changes in J2E erythroid cells induced by HLS7.
(A) J2E, J2E-m2 and J2E-HLS7 colonies in methylcellulose. J2E cells
expressing HLS7 had a dispersed (myeloid) colony morphology
compared with the compact (erythroid) colonies of the parental line.
(B) J2E, J2E-m2 and J2E-HLS7 cell lines in culture (i–iii) and Wright-
stained cytocentrifuge preparations (iv–vi). Each J2E-HLS7 clone was
adherent in culture (iii) and had a monocytoid morphology (vi) that
closely resembled the J2E-m2 myeloid cell line (ii and v). Bars in
(iv–vi) represent 10µm. (C) Immunoprecipitation of HA-tagged HLS7
from 5 mg of protein isolated from four clones of retrovirally infected
J2E cells. Cells infected with HA-HLS7 displayed phenotypic
characteristics identical to wild-type HLS7.

proposition thatHLS7 is expressed primarily in less
differentiated hemopoietic cells.

HLS7 expression alters the morphology of J2E
cells
To determine the consequences of constitutive HLS7
expression in J2E cells, the full-length cDNA was intro-
duced by amphotropic retroviral infection. Strikingly,
HLS7 expression produced a dramatic change in the
morphology of J2E cells (Figure 3). In semi-solid media,
parental J2E cells had a compact colony morphology,
whereas cells expressing HLS7 (J2E-HLS7) formed dis-
persed colonies that closely resembled those generated by
J2E-m2 myeloid cells, from whichHLS7 was isolated
(Figure 3A). Instead of growing in large clumps in
suspension, each of the four J2E-HLS7 clones became
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adherent and displayed the morphology of monocytoid
cells (Figure 3B); moreover, the volume of J2E-HLS7
clones was 4- to 5-fold greater than J2E cells. The presence
of HLS7 protein in these cells was demonstrated by
immunoprecipitation and immunoblotting (Figure 3C). In
contrast, clones expressing the antisenseHLS7 construct
(J2E-αHLS7) maintained a normal erythroblastoid pheno-
type (data not shown). Although cell surface expression
of epo and transferrin receptors decreased slightly in J2E-
HLS7 cells, they did not display mature myeloid surface
markers Mac-1, Ia or Gm3.2 (data not shown). Thus, the
phenotypic features imposed on J2E erythroid cells by
HLS7 resembled the characteristics of myeloid J2E-m2
cells (Keil et al., 1995). It is worth noting that the altered
phenotype of the J2E-HLS7 cells was not accompanied
by chromosomal alterations seen in J2E-m2 cells (Keil
et al., 1995).

HLS7 inhibits erythroid differentiation
As HLS7 significantly altered the erythroid phenotype of
J2E cells, the impact on epo-induced differentiation was
examined by benzidine staining for hemoglobin synthesis.
All J2E-HLS7 clones were significantly restricted in their
capacity to synthesize hemoglobin after epo stimulation
(Figure 4A), and morphological maturation along the
erythroid pathway was non-existent (data not shown).
Although J2E-HLS7 cells had fewer epo receptors,
immunoprecipitation and immunoblotting revealed that
the receptor was still phosphorylated upon ligand binding
(Figure 4B); epo-initiated phosphorylation of STAT 5
(Figure 4B) and mitogen-activated protein (MAP) kinase
(data not shown) was also unaffected by ectopic HLS7
expression. In addition, these cells contained amounts
of GATA-1, EKLF and NF-E2 similar to J2E cells
(Figure 4C). Therefore, the inability to synthesize hemo-
globin was not caused by a failure to activate epo signaling
cascades, or a lack of erythroid transcription factors.

Having observed a marked reduction in epo-stimulated
hemoglobin production by J2E cells, the effect of HLS7
expression on murine erythroleukemia cell maturation was
then investigated. Figure 5A shows that erythroleukemic
707 cells overexpressing HLS7 (707-HLS7) were also
restricted in their capacity to manufacture hemoglobin
during differentiation induced by dimethylsulfoxide. How-
ever, unlike J2E cells, expression of antisenseHLS7 in
707 cells (707-αHLS7) consistently produced a modest
increase in benzidine-positive cells. This is most probably
due to reduced levels of endogenous HLS7 in these cells.

To determine the effect of HLS7 on normal erythroid
progenitors, cells from 12-day-old fetal livers were isolated
and infected with anHLS7-containing retrovirus. Figure 5B
shows that HLS7 prevented the development of epo-
responsive BFU-E (burst-forming units-erythroid). Thus,
constitutive expression of HLS7 suppressed erythroid
terminal differentiation in three model systems—not only
were two erythroleukemic cell lines inhibited in their
response to epo or chemical inducers, but normal red cell
colony formation was also impeded (Figures 4 and 5).

HLS7 expression enhances myeloid differentiation
The effect of increasing HLS7 expression in myeloid cells
was examined by overexpressing the gene in the M1
monoblastoid cell line. In contrast to erythroid cells,
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Fig. 4. HLS7 suppresses J2E differentiation without affecting epo
signaling. (A) J2E cells expressing HLS7 were retarded in their ability
to differentiate in response to epo (5 U/ml). Cells were untreated
(open bars) or stimulated with epo (solid bars) for 72 h. Hemoglobin
production was determined by benzidine staining cells from J2E,
J2E-HLS7 and J2E-αHLS7 (antisense HLS7) cultures. Each result is
the mean6 SD (n 5 3) and * representsP ,0.01 (one-tailedt-test).
(B) J2E-HLS7 cells displayed normal activation of the epo receptor
(epo-R) and STAT 5 in response to epo stimulation. Cells were
stimulated with epo for the times indicated and protein lysates (1 mg)
were immunoprecipitated (IP) with eitherα-epo-R orα-STAT 5
antibodies and immunoblotted (IB) with anα-phosphotyrosine
antibody to detect phosphorylated forms of the proteins. (C) Protein
lysates (1 mg) from various cell lines were immunoblotted with
antibodies against several erythroid-restricted transcription factors.
Each J2E-HLS7 clone expressed amounts of the transcription factors
similar to the parental J2E lines. In contrast, J2E-m2 cells had reduced
levels of these factors. v-RAF served as a loading control.
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Fig. 5. HLS7 blocks erythroleukemic and normal erythroid
differentiation. (A) 707, 707-HLS7 and 707-αHLS7 cells were
unstimulated (open bars) or exposed to 1.5% dimethylsulfoxide (solid
bars) for 48 h. Cells were stained with benzidine and each value
represents the mean6 SD (n 5 3), with ** and *** representing
P ,0.025 and 0.05, respectively. (B) HLS7 reduced epo-responsive
benzidine-positive BFU-E from day 12 fetal liver cells. Cells were
co-cultivated with packaging lines producing either MSCV or
MSCV-HLS7 retroviruses and infected cells were plated in
methylcellulose containing geneticin in the presence (solid bars) or
absence of epo (5 U/ml). Each result is the mean6 SD (n 5 3).

overexpression of HLS7 in M1 cells promoted myeloid
maturation. Figure 6A shows that expression of the mature
macrophage surface marker Mac-1 was elevated in M1-
HLS7 cells prior to hormonal stimulation. Higher levels
of Mac-1 expression were also seen in M1-HLS7 cultures
exposed to sub-maximal concentrations of interleukin 6
(IL-6) (Figure 6A) or leukemia inhibitory factor (LIF)
(data not shown). This effect was observed with four
independent M1-HLS7 clones.

To study the effect of HLS7 in the myeloid compartment
of non-transformed cells, fetal liver cells were infected
and development of myeloid colonies enumerated. Data
presented in Figure 6B demonstrate that normal hemo-
poietic precursors infected with HLS7 produced 30%
more myeloid colonies. Taken together, the results on
inappropriate expression of HLS7 in hemopoietic cells
demonstrate that this molecule is able to inhibit erythroid
development and favor myeloid differentiation.

HLS7 localizes to the nucleus and cytoplasm
Previously, the human homolog MLF1 was reported to
localize exclusively to the cytoplasm of transfected COS
cells (Yoneda-Katoet al., 1996). Indirect immunofluores-
cence and confocal microscopy were used to determine
the intracellular localization of HLS7 in hemopoietic cells.
However, the levels of endogenous HLS7 were too low
to detect in J2E-m2 and M1 cells; moreover, retrovirally
produced HLS7 in J2E or M1 cells could not be observed
by this technique. These observations are consistent with
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Fig. 6. HLS7 enhances myeloid differentiation. (A) HLS7 enhanced
the differentiation of the M1 monoblastoid cell line. Expression of
Mac-1 cell surface marker by M1 cell lines was determined by flow
cytometry. Cells were stimulated with 0–4 ng/ml IL-6 for 4 days.
Percentages represent the number of gated positive cells. The data
presented are typical of three experiments performed on four separate
M1-HLS7 (sense) and M1-αHLS7 (antisense) clones. (B) HLS7
increased the numbers of myeloid colonies produced from day 12 fetal
liver cells. Myeloid colonies produced in semi-solid media from fetal
liver cells infected with either MSCV (open bars) or MSCV-HLS7
(closed bars) retroviruses were enumerated. Results from three
independent experiments are shown as percentages relative to the
MSCV control (mean6 SE; Exp. 1,n 5 2; Exp. 2 and Exp. 3,
n 5 3).

the large amount of protein needed to detect ectopic
HLS7 by immunoprecipitation (Figure 3C). Consequently,
COS cells were transiently transfected with a pcDNA3-
HLS7 construct, and the protein product detected with a
polyclonal antibody raised against the full-length protein.
Figure 7 shows that HLS7 was found primarily in the
cytoplasm, as expected of a protein that contains a
consensus 14-4-3 binding site, with some concentration
in the perinuclear region. However, HLS7 was also
observed in discrete bodies within the nucleus. These
punctate nuclear foci are reminiscent of nuclear bodies
associated with hnRNP U (Eggertet al., 1997), or tran-
scription factors GATA-1 and PML (Elefantyet al., 1996;
Hodgeset al., 1998). Thus, HLS7 protein is present in
both the cytoplasm and nucleus of transfected COS cells.

Discussion

Here we have shown that HLS7, the murine homolog of
the putative oncogene product MLF1 (Yoneda-Katoet al.,
1996), is activated during erythroid to myeloid lineage
switching. Data presented here demonstrate that HLS7
could impose a monocytoid phenotype on J2E erythro-
leukemic cells, recapitulating the original lineage switch.
Moreover, HLS7 influenced cytokine-mediated maturation
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Fig. 7. HLS7 localizes to both cytoplasm and nucleus. COS cells were
transiently transfected with pCDNA3-HLS7, stained withα-HLS7
polyclonal antiserum then visualized with a FITC-conjugated
secondary antibody and a laser scanning confocal microscope (i).
Nuclei were counterstained with Hoechst 33258 (ii ).

of transformed cell lines and normal hemopoietic pro-
genitors. Thus, the levels of HLS7 in normal or transformed
cells can have a significant impact on their phenotype.

The capacity of HLS7 to alter the phenotype of J2E cells
is reminiscent of the reprograming of hemopoietic cells by
GATA-1. Kulessaet al. (1995) introduced GATA-1 into
avian myelomonocytic cells, which produced a dramatic
change inphenotype,generatingeosinophils, thromboblasts
and erythroblasts. Significantly, this phenomenon was
concentration dependent. Similarly, overexpression of
GATA-1 in M1 monoblastoid cells generated erythroid and
megakaryocytic progeny (Yamaguchiet al., 1998). In
contrast, PU.1 dictates myeloid lineage commitment in
transformed multipotent cells by suppressing GATA-1
(Nerlov and Graf, 1998) and blocks erythroid differentiation
via direct interaction with GATA-1 (Rekhtmanet al., 1999),
while GATA proteins repress PU.1 transactivation of mye-
loid target genes (Zhanget al., 1999). These examples
support the concept that plasticity within the hemopoietic
system can be manipulated by the levels of transcriptional
regulators.

HLS7 inhibited epo-induced differentiation of J2E cells
and BFU-E, as well as chemically initiated maturation of
murine erythroleukemic cells. In J2E cells, this was
achieved despite phosphorylation of the epo receptor,
STAT 5 and MAP kinase, and normal levels of erythroid
transcription factors GATA-1, NF-E2 and EKLF. Thus,
HLS7 behaves like transcription factors PU.1, myc, myb,
mafB and LMO2 (Coppola and Cole, 1986; Todokoro
et al., 1988; Siewekeet al., 1996; Visvaderet al.,
1997; Rekhtmanet al., 1999) by suppressing erythroid
differentiation. This inhibition of red cell maturation
mediated by overexpression of HLS7 may account for the
disproportionate number of erythroleukemias associated
with the t(3;5) translocation (Raimondiet al., 1989).
Conversely, HLS7 promoted the IL-6- or LIF-induced
maturation of M1 monoblastoid cells into macrophages
and enhanced myeloid colony formation by fetal liver
cells. These data suggest that persistent expression of
HLS7 favors maturation along the myeloid pathway and
impedes erythropoietic progress.

The presence of HLS7 in both the cytoplasm and
nucleus (Figure 7) is intriguing. It is, however, consistent
with nuclear and cytoplasmic binding partners we have
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identified in a yeast two-hybrid screen (J.H.Williamset al.,
manuscript in preparation). Predictably, the cytoplasmic
14-3-3 associated with HLS7 in this screen. In addition,
HLS7 bound the murine homolog of the nuclear protein
chURP, a molecule related to hnRNP U (Lodgeet al.,
1999). Association with chURP, together with the appear-
ance in discrete nuclear foci, indicates that HLS7 may
have a functional role within the nucleus. Similar nuclear
staining patterns have been observed for the protein
product of thePML gene, which is involved in the t(15:17)
translocation of promyelocytic leukemia (Borrowet al.,
1990; de Theet al., 1990; Longoet al., 1990). Transcription
factor GATA-1 has comparable punctate nuclear localiz-
ation (Elefantyet al., 1996), as does hnRNP U (Eggert
et al., 1997). With mounting evidence that these nuclear
bodies have specific functions (Hodgeset al., 1998),
further studies are under way to elucidate the role of the
HLS7 bodies in the nucleus.

The importance of 14-3-3 family members in controlling
the subcellular localization of key regulatory molecules
has recently become evident. Phosphorylated forms of
these proteins may be held in the cytoplasm by 14-3-3
before release and translocation to other organelles, e.g.
cdc25 and FKHRL1 to the nucleus (Penget al., 1997;
Brunetet al., 1999; Lopez-Gironaet al., 1999; Yanget al.,
1999) or Bad to mitochondria (Zhaet al., 1996). It is
conceivable that HLS7 is retained in the cytoplasm by
14-3-3 but may translocate to form complexes in nuclear
bodies. Since the nucleophosmin–MLF1 fusion protein in
the t(3;5) translocation appears entirely in the nucleus
(Yoneda-Katoet al., 1996), it may bypass the circuitry
involving 14-3-3ζ. Therefore, the subcellular localization
of HLS7/MLF1 is likely to play an important role in the
normal function of the protein.

Materials and methods

cDNA RDA
Poly(A)1 RNA was isolated from J2E driver and J2E-m2 tester cell
lines using the PolyATract mRNA Isolation System (Promega, Madison,
WI) according to the manufacturer’s instructions. Double-stranded cDNA
was synthesized, digested withSau3AI and subjected to three cycles of
RDA. The RDA procedure used was the same as previously published
protocols (Hubank and Schatz, 1994), except that R-Bgl adaptors were
not removed from driver cDNA prior to subtraction and the final
difference product (DP3) was amplified for 35 cycles without mung
bean nuclease treatment. Oligonucleotide adaptor sequences were R-Bgl-
12, 59-GATCTGCGGTGA-39; R-Bgl-24, 59-AGCACTCTCCAGCCT-
CTCACCGCA-39; J-Bgl-12, 59-GATCTGTTCATG-39; J-Bgl-24, ACCG-
ACGTCGACTATCCATGAACA-39; N-Bgl-12, GATCTTCCCTCG-39;
and N-Bgl-24, AGGCAACTGTGCTATCCGAGGGAA-39. Fragments
enriched by this procedure were subcloned into pGEM-T (Promega) for
further analysis.

cDNA library screening
A mouse 11-day embryo 59-STRETCH PLUS cDNA library inλgt11
(Clontech, Palo Alto, CA) was screened for full-lengthHLS7using the
446 bp HLS7 RDA fragment as probe. Positive phage were isolated,
and cDNA inserts were excised and subcloned into pBlueScript
(Stratagene, La Jolla, CA) for sequencing.

Amphotropic viral infection of cell lines
PCR was used to introduce uniqueXhoI sites in the 59- and 39-untranslated
regions of HLS7. Oligonucleotides used were HLS7-5P (59-CAC-
CTCGAGACGATGTTCCGGATGCTGAGC-39) andHLS7-3P (59-GTG-
CTCGAGTTATTTTTTGGTGATTTTCAC-39). The 0.816 kbp PCR
product was digested withXhoI and ligated into theXhoI site of the
pMSCV-neo 2.2 retroviral vector (Hawleyet al., 1994) generating both
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sense and antisense constructs. A hemagglutinin (HA)-taggedHLS7
retroviral construct was prepared by insertion of the 0.816 kbHLS7PCR
product into theXhoI site of the pMSCV-HA vector which was generated
by ligation of an HA linker into theBglII site of pMSCV. HA linker
sense strand, 59-GATCGCATGGCCTACCCTTATGATGTGCCAGATT-
ATGCC-39; HA linker antisense strand, 59-GATCCGGCATAATCTGGC-
ACATCATAAGGGTAGGCCATG-39. The PA317 packaging cell line
was then transfected with the linearized constructs and J2E, 707 and
M1 cells were infected with the amphotropic viral supernatants as
described previously (Tilbrooket al., 1997). Individual clones were
isolated from methylcellulose. Unique viral integration sites were deter-
mined by Southern blot analysis and expression of exogenous HLS7
transcripts was determined by Northern blotting as well as immunopre-
cipitation of the HA-tagged form of the protein.

Infection of hemopoietic cells
For infection of liver cells from 12-day fetal CBA mice, pMSCV
and pMSCV-HLS7 constructs were transfected into theψ2 ecotropic
packaging line (Klinkenet al., 1988b). Typically, 83 105 fetal liver
cells were co-cultivated for 2 days with irradiated (3000 Rads) virally
producing packaging lines in the presence of 10% WEHI 3B D–

conditioned media and 50µg/ml transferrin. The cells were washed
extensively and then 20 000 cells per 30-mm dish were cultured in
Iscove’s modified Dulbecco’s medium containing 0.9% methylcellulose,
18.75% fetal calf serum (FCS) and 50µg/ml transferrin in the presence
or absence of 10% WEHI 3B D– conditioned media, 5 U/ml epo and
1 mg/ml geneticin (Sigma, St Louis, MO) to select for virally infected
clones. Viral integration was confirmed by PCR analysis of individual
colonies. Hemoglobin-positive BFU-E, visualized by benzidine staining
(Tilbrook et al., 1997), or dispersed myeloid colonies were scored 7 days
later as we have described previously (Klinkenet al., 1989; Principato
et al., 1990; Keilet al., 1995).

Immunoprecipitations and immunoblotting
For detection of HA-tagged HLS7 present in infected cells, immuno-
precipitations were performed on 5 mg of protein with anti-HA (HA.11;
BabCo, Richmond, CA) and protein A–Sepharose. Cells used in signaling
experiments were serum starved for 5 h and stimulated with 5 U/ml epo
for 15 min. Lysates (1 mg) were immunoprecipitated with either anti-
epo receptor (Yoshimuraet al., 1990) or anti-STAT 5 (sc-835; Santa
Cruz Biotechnology). Immunoprecipitated proteins or cell lysates
(100 µg) were separated by SDS–PAGE, transferred to nitrocellulose
membranes and analyzed by immunoblotting with either anti-GATA 1,
anti-phosphotyrosine, anti-STAT 5, anti-raf, anti-myc (sc-7020, sc-835,
sc-1019, sc-265, sc-133, sc-41; Santa Cruz Biotechnology), anti-EKLF
(Miller and Bieker, 1993), anti-NF-E2 (Andrewset al., 1993) or with
anti-HA (HA.11; BabCo) followed by horseradish peroxidase-conjugated
antibodies. Visualization was by enhanced chemiluminescence
(Amersham, Bucks, UK).

Flow cytometry
To assess Mac-1 expression, cells were washed in phosphate-buffered
saline (PBS) containing 2% FCS, incubated with anti-Mac-1 antibody
(Springeret al., 1979) (1:200 dilution in PBS with 2% FCS) for 30 min
on ice. Following washes, fluorescein isothiocyanate (FITC)-conjugated
sheep anti-rat secondary antibody was added (Silenus; 1:100 in PBS1
2% FCS) for 30 min on ice in the dark. Cells were washed and
resuspended in 1 ml of PBS1 2% FCS containing 1 mg/ml propidium
iodide before analysis on a Beckman-Coulter Epics XL/MCL flow
cytometer.

Production of anti-HLS7 antiserum
Full-length recombinant HLS7, N-terminally tagged with six histidine
residues, was expressed inEscherichia coliusing the pET expression
system (Novagen, Madison, WI) and affinity-purified by metal chelate
affinity chomatography according to the manufacturer’s instructions.
Two New Zealand White rabbits were immunized with 200µg of
recombinant protein three times at 4 week intervals and the resultant
antiserum was tested for specificity by Western blotting of recombinant
protein and protein lysates from COS cells transiently transfected
with HLS7.

Confocal microscopy
cDNA encodingHLS7 was subcloned into the pCDNA3 eukaryotic
expression vector (Invitrogen, San Diego, CA) for transient expression
in COS7 cells. Cells (13 104) were seeded onto coverslips and
transfected with 0.5µg of plasmid using the DEAE–dextran method as
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described previously (Lowe and Goeddel, 1987). After 24 h, cells were
fixed with 50% acetone/50% methanol for 5 min at 4°C and blocked
for 30 min with 3% bovine serum albumin (BSA) in Tris-buffered
saline–Tween-20 (TBS-T: 20 mM Tris–HCl pH 7.5, 150 mM NaCl,
0.05% Tween-20). Rabbit anti-HLS7 antiserum was added (diluted
1:1000 in TBS-T) for 1 h. After washing (33 5 min, 3% BSA–TBS-T),
FITC-conjugated sheep anti-rabbit secondary antibody was applied
(1:200 in 3% BSA–TBS-T) for 60 min in the dark. Following washing
as above, coverslips were mounted in 2.5% 1,4-diazobicyclo-[2.2.2]-
octane (DABCO; Fluka, NSW, Australia) containing 0.00005% Hoechst
33258 (Calbiochem, La Jolla, CA). Fluorescence was visualized on a
Bio-Rad MRC 1024 UV Laser Scanning Confocal Microscope using a
Nikon Fluor 403 1.15 NA Water Immersion objective lens.

Accession number
The HLS7 sequence data have been deposited in the DDBJ/EMBL/
GenBank under accession No. AF009515.
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