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Multipotent hematopoietic cell lines derived from C/E&P-/—) knockout mice

display granulocyte macrophage—colony-stimulating factor, granulocyte—

colony-stimulating factor, and retinoic acid—induced granulocytic differentiation

Steven J. Collins, Jon Ulmer, Louise E. Purton, and Gretchen Darlington

The transcription factor C/EBP  ais animpor-
tant mediator of granulocyte differentiation
and regulates the expression of multiple
granulocyte-specific genes including the
granulocyte—colony-stimulating factor (G-
CSF) receptor, neutrophil elastase, and my-
eloperoxidase. Indeed C/EBP « knockout
mice display a profound block in granulo-
cyte differentiation. To study this block in
granulocytic differentiation in more detail,

(C/EBPa(—/-)) and their heterozygous litter-
mates (C/EBP «(+/—)). Surprisingly, the
C/EBPa(—/—) cell lines displayed significant
spontaneous granulocytic differentiation,
and this differentiation was markedly en-
hanced when the cells were stimulated with
granulocyte macrophage (GM)-CSF. This
GM-CSF—mediated differentiation was asso-
ciated with the up-regulation of G-CSF recep-
tor mRNA, and the combination of GM-CSF

tors can enhance granulocytic differentiation
through a molecular pathway that is inde-
pendent of C/EBP «. These studies clearly
indicate that terminal granulocytic differen-
tiation associated with the up-regulation of
C/EBPa-responsive genes can occur in the
absence of C/EBP «, and they indicate the
existence of multiple independent molecu-
lar pathways potentially used by primitive
hematopoietic precursors that can lead to

retroviral vector-mediated transduction of a
dominant-negative retinoic acid receptor
was used to establish hematopoietic growth
factor-dependent, lympho-myeloid pro-
genitor cell lines from the fetal livers of
both the C/EBP a knockout animals

and G-CSF generated more than 95% ma-
ture neutrophils in the C/EBP «(—/-) cul-
tures. The addition of all- trans retinoic acid
also enhanced this granulocytic differentia-
tion of the cultured C/EBP  a(—/-) cells, indi-
cating that the activated retinoic acid recep-

the development of mature granulocytes.
(Blood. 2001;98:2382-2388)

© 2001 by The American Society of Hematology

Introduction

The regulation of cell differentiation invariably involves theabsence of peripheral blood neutrophils and eosinophils while
alteration of gene expression patterns, and this is likely controllelisplaying apparently normal development of other hematopoietic
by the activity of lineage-specific transcription factors. Such factolimeages'® Interestingly, the fetal livers of these animals display
have been particularly well characterized in the multiple lineagesduced mRNA levels of granulocyte—colony-stimulating factor
that characterize hematopoiesi$he CCAAT enhancer binding (G-CSF) receptor, an important regulator of granulocyte produc-
protein alpha (C/EBR) is a leucine zipper containing transcriptiontion and survivak* These observations suggest that the selective
factor involved in regulating the expression of specific targetefect in granulopoiesis displayed by the C/EBRnockout
genes3 C/EBRux is an important regulator of gene expression imnimals may be secondary to reduced transcription of certain
both liver and adipose tissdéMoreover, several lines of evidenceC/EBRx target genes critical for granulopoiesis, including the
support a critical role for C/EB#in regulating granulopoiesis. For interleukin-6 (IL-6) and G-CSF recepto!®
example, in hematopoietic cells, C/EBRxpression occurs pre- We have previously observed that retroviral vector-mediated
dominantly in granulocytes with markedly lower expression itransduction of normal mouse bone marrow with a dominant-
monocytes and lymphocyté4.C/EBRx binds to and activates the negative retinoic acid receptor alpha (RARyenerates immortal-
promoters of a number of granulocyte-specific genes, including tteed hematopoietic growth factor-dependent cell lines that are
G-CSF receptofneutrophil elastastand myeloperoxidas&More-  frozen at different stages of hematopoietic developrietitThese
over, induced expression of C/EBRenhances the granulocytic cell lines appear particularly valuable for assessing the molecular
differentiation of a number of different myeloid cell lin@&:11 events regulating hematopoietic cell commitment and differentia-
Perhaps the most convincing evidence to support a role fon because they are derived from normal rather than leukemic
C/EBRx in regulating granulopoiesis comes from observation=lls, are dependent on physiologic hematopoietic growth factors
using C/EBR knockout mice. The homozygous mutant C/EEBP for growth and differentiation, and display enhanced myeloid
knockout animals die within 24 hours of birth, probably secondagommitment and differentiation when exposed to relatively high
to metabolic complications including reduced hepatic glycoggrharmacologic (micromolar) concentrations of tadlns retinoic
stores and hypoglycemid.These mice also exhibit a selectiveacid (ATRA). Indeed the in vitro manipulation of such cell lines has
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helped define changes in gene expression that accompany BbtB (5 ng/mL). After 2 days of coculture, the supernate cells were
hematopoietic lineage commitméh#® and terminal granulocytic transferred to Dulbecco minimum essential medium supplemented with
differentiation?! Moreover, such cell lines have proved useful int0% fetal calf serum plus SCF and IL-3. Brisk in vitro growth of these
functionally characterizing candidate mediators of hematopoieﬁematopoietic cells was immediately observed. These cultured cells were

. - s e . ] o genotyped and characterized within 8 to 12 weeks of retroviral vector
lineage commitmert and in Idgntlfylng lineage-specific genetransduction, and both the FL-*(—) and FL-8 (-/—) cell lines have been
products that regulate hematopoie&is.

. L continuously grown in liquid suspension for over 6 months in the presence
In the current study, we describe the derivation and characterbﬁ,-SCF and IL-3.

tics of hematopoietic cell lines from the fetal livers of both C/EBP

homo_zygous knockout mice an_d their hgterozygo_us Ilttern_wat%%rface antigen phenotyping

Surprisingly, the lympho-myeloid progenitor cell lines derived

from the C/EBR(—/—) mice display spontaneous granulocyticCultured cells were stained with antibodies directly conjugated with
differentiation and a brisk differentiative response to physiologftiorescein isothiocyanate or phycoerythrin and analyzed on a FACScan

agents including granulocyte macrophage (GM)-CSF, G-CSF aBgcton Dickinson). Antibodies used included anti-B220, anti-Gr-1, anti-
ATRA. Moreover, the granulocytic differentiatio’n in tf;eCDllb' and anti-ter119 (Pharmingen, San Diego, CA) as well as anti

C/EBRx(—/-) cell lines is accompanied by up-regulation 011:4/80 (Caltag, Burlingame, CA).
gercﬁ);c:r\tgﬁocriscssuF receptor, a known targe_t gene of C/&BP %NA isolation and Northern blot analysis

ggest that there are multiple molecular path-
ways involved in the generation of mature granulocytes, includirRNA was isolated using the TRIzol reagent and protocol supplied by Gibco
some that are clearly C/EBAndependent. BRL (Rockville, MD). For Northern blot hybridization, total cell RNA was
electrophoresed through formaldehyde—agarose gels, and the gel was
blotted to nylon membranes (Nytran Plus; Schleicher & Schuell, Keene,
. NH). Nylon membranes were hybridized to DNA probes that were labeled
Materials and methods by nick translation. Probes included the above-described 1 .8kdllI-
EcoR1 mouse genomic C/EBPfragment, a 2-kb chick actin cDNA
fragment, and a murine 325—base pair (bp) G-CSF receptor cDNA. The
The derivation of the C/EB® knockout mice has been previously latter probe was prepared by polymerase chain reaction (PCR) amplifica-
described? For genotyping these animals, genomic DNA was extracteldpn of cDNA synthesized from whole mouse embryo RNA. This cDNA
from mouse tail snips using the Puregene DNA isolation kit (Gentrgynthesis was performed in 2 steps. The first reaction occurred jo.36
Systems, Minneapolis, MN). DNA watigested witrHincll and subjected to  with 80 ngf.L. RNA template and 40 ngl oligo-dT. The reaction was
Southern blot analysis using mouse genomic 1.8-kiHindlll-EcoR1 incubated at 70°C for 10 minutes and then quickly chilled to 4°C. Next, the
fragment immediately '3to the C/EBR coding sequence. This fragmentvolume of the reaction was increased to g0 by adding the following
hybridizes to a 6-kb wild-type C/EBPHincll fragment while identifying a components to the respective final concentrations: duffer, 25 mM
9.5-kb Hincll fragment in the corresponding mutant “knockout” alltle. dithiothreitol, 1.25 mM dNTP, and SuperScript Il RNase H-RT (Gibco-
Genotyping was also performed in the identical manner on embryonic DNBRL) at 25 UfuL. The reaction was incubated at 37°C for 1 hour and was
after removal of the fetal liver to identify the C/EBP+/—) versus the followed by a PCR reaction performed in @& 1 Gibco Taq polymerase

Genotyping of C/EBP «(+/+), (+/=), and (—/—) mice

C/EBRx(—/—) embryos. buffer plus 1.5 mM MgCl 0.2 mM dNTP, 4 ngiL forward and reverse
primers, 0.1 UiL Tag DNA polymerase, and gL of the above cDNA
Retroviral vector integration sites synthesis reaction. Primers included GCSFR-1 (upstreAMEEGTCAC-

. . . CCTAAACATCTC-3 and GCSFR-2 (downstream)’ 5TGGAAGG-
Genomic DNA was extracted from the cultured cell lines, digested W'tjf‘TTCCTCTGTC AT-3.

EccR1, and subjected to Southern blot analysis using a 0Sekiprobe:® PCR cycle parameters included 94°C for 30 seconds, 63°C for 1 minute,
EcoR1 cuts only once within the LRARIOSSN provirus upstream of 5, 750 for 1 minute for 35 cycles. The amplified 325-bp G-CSF receptor
the neosequence; thus, the number of bands hybridizing tét@probe  .p\a fragment was purified from an ethidium-stained polyacrylamide gel,

on Southern blot analysis is proportional to the number of provirghyigjabeled by nick translation, and used as a molecular probe for the
integration sites. Northern blots.

Growth factors

Recombinant murine IL-3 and G-CSF were obtained from PeproTech

(Rocky Hill, NJ). Sources of stem cell factor (SCF) included recombinadR€Sults

murine SCF (ReproTech) or cc_mdmoned media (10%'1.5%) f_ror_n BHK CelEstablishment of hematopoietic growth factor—dependent
transfected with an expression vector for the murine kit ligand gene )
(BHK/MKL). Sources of GM-CSF included recombinant murine GM-csgell lines from C/EBP(. +/-) and (—/-) mice
(PeproTech) or conditioned media (5%) from cells transfected with

e have previous! rved that retroviral v r-medi ran -
expression vector for the murine GM-CSF geHE). e have previously observed that retroviral vector-mediated transduc

tion of a dominant-negative RARconstruct into normal mouse bone
marrow cells resulted in the reproducible establishment of hematopoi-
etic growth factor—dependent cell lines blocked at different stages of
differentiationt®” Because most of the C/EBFknockout mice die
Construction of the LRARA403SN retroviral vector, which harbors aithin 24 hours after birth of metabolic dysfunction likely secondary to
truncated human RARCDNA exhibiting dominant-negative activity, has e failyre 12 we attempted to establish such hematopoietic cell lines
been detailed” C/EBRx heterozygote mice were mated, and 'nd'v'duahgm the knockout animals by transducing cells from fetal liver rather

fetal livers were harvested on embryonic day 13.5. Fetal livers were minci b C/EBP(—) het i ted d fetal
to a single suspension and immediately frozen pending genotyping of N bone marrow. () heterozygotes were mated, and feta

corresponding embryonic DNA. After genotyping, fetal liver cells frorﬂivers_ were harvegted on embryonic .day 135 and -genotyped as
heterozygous £/—) and homozygous knockout-(—) embryos were described in “Materials and methods” (Figure 1A). Fetal liver cells were

thawed and immediately cocultured with ecotropic fibroblast produceigfected with the dominant-negative RARetroviral vector and then
(PE501) of the LRAR403 retroviral vectd¥ in the presence of SCF and were cultured in a combination of SCF and IL-3. Brisk growth of the

Generation of hematopoietic growth factor—dependent
cell lines
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A B Cell Lines GM-CSF induced granulocytic differentiation
FL-1 FL-8 °fthe C/EBP a(+/=)and (=/-)celllines

th We wanted to determine whether the spontaneous granulocytic
differentiation noted in the fetal liver cell lines could be enhanced
-; with different hematopoietic growth factors. Indeed, we observed
. that when the cultured cells were switched from the SCF, IL-3
' combination to GM-CSF alone, there was a rapid (3- to 5-day)

_Embryo Cell Lines

++ - +/- FL-1 FL-8

9.5- -.-l~

66- LW 4.4 -

9.4
6.6 - induction of terminal granulocytic differentiation in the cultures.
~ This was indicated by morphologic granulocytic differentiation in
the GM-CSF-treated cultures (Table 1, Figure 2C-D) and by the
“ acquisition of surface membrane antigens characteristic of more
mature granulocytes (Gr+/CD11b+) (Table 2, Figure 3B,E).
This brisk granulocytic differentiation was noted in both the Fi-/)
- and the FL-8¢-/—) cell lines, and, again, the granulocytic differen-
C/IEBPo tiation was more pronounced in the C/EBP-/—) cells.

N Eo GCSF receptor mRNA expression in the C/EBP  e(+/—) and

(=/=) cell lines
Figure 1. Genotyping of the cultured fetal liver cell lines. Genomic DNA was

extracted from the indicated tissue and subjected to Southern blot hybridization, as C/EBRx binds to the promoter of the G-CSF gene and enhances its
detailed in “Materials and methods.” (A) To determine the C/EBPa genotype, expression. Previous studies had indicated a reduction in G-CSF
Hincll-digested DNA was hybridized with the C/EBPa genomic probe. (B) To assess p . N . .
the relative number of retroviral vector integration sites, EcoR1-digested DNAwas  receptor mRNA levels in the fetal livers of the C/E&P-/—) mice
hybridized to the neo-specific probe. compared with the C/EBR+/—) mice, suggesting that the in vivo
block to granulocytic differentiation displayed by these C/&BP
transduced fetal liver cells in this hematopoietic growth factor combingeficient animals may be directly related to this G-CSF receptor
tion occurred almostimmediately after transduction. With this approagibwn-regulatiorts Therefore, we were interested in determining whether
continuously proliferating hematopoietic growth factor-dependent fetfle FL-8(~/—) cell line also displayed down-regulation of C/EBP
liver cell lines were reproduciblyestablished with 100% eﬁiciencyfro%rget genes such as the G-CSF receptor. We used Northern blot
the C/EBR(+/+), C/EBRx(+/-), and C/EBB(—/-) fetal livers. At hypyridization to compare levels of expression of the G-CSF receptor
least 3 different cell lines have been established from the fetal liversfgRNA in the fetal liver cell lines derived from the CIEBP-/-)
both the C/EBR(+/~—) and the C/EBR(—/—) mice, and we describe compared with the C/EBR—/—) mice. As a positive control, we used
here the characteristics of representative fetal liver cell lines (designatgeNA derived from the IL-3—dependent 32D cells, which undergo
FL-1 and FL-8) derived from C/EBR+/—) and (/=) mice, granulocytic differentiation in response to G-CSF. We noted a slight
respectively. increase in G-CSF receptor MRNA in the FL-8 (C/BBP/-)) cell
line compared with the FL-1 (C/EB®R+/-)) cells when both were
cultured in SCF and IL-3 (Figure 4; compare lanes 1 and 3). Of note, the
GM-CSF-induced granulocytic differentiation of these cells resulted in
Southern blot analysis of genomic DNA extracted from thé@ significant up-regulation of the G-CSF receptor mRNA levels in both

embryos and cultured cell lines confirmed the genotype of tfiae C/EBR(+/—)and the ¢-/—) cell lines (Figure 4). Our observation
FL-1(+/—) and FL-8¢/—) cell lines (Figure 1A). As expected, with the C/EBR(—/-) cells indicates that _GM-CSF can induce
Northern blot analysis revealed a C/EBBand that was readily enhanced G-CSF receptor mRNA expression in the absence of &/EBP
detected in the FL-X/—) RNA but not in the FL-8¢/—) RNA

(not shown). Both these cultured cell lines are multiclonal since th@nctional activity of the up-regulated G-CSF receptors
proviral-specificneo probe, when hybridized to genomic DNA,
identifies multiple retrovirus integration sites in the FL-1 and FL-
cell lines (Figure 1B).

Both the FL-lG—/—) and FL-S(_/_) cell lines exhibit Optimal Table 1. Morphology of fetal liver cell lines under different culture conditions
proliferation in the combination of SCF and IL-3, with a doubling - ooty

Mixed lympho-myeloid characteristics of the
fetal liver cell lines

0 determine whether this GM-CSF—mediated up-regulation of
-CSF receptor mRNA observed in the C/EBP/—) cell lines

. . : : Promyelo- Immature Segmented
time of apprOXImateW 18 hours. Morpr_]ologlc.'_;tlly, the_ cell lines Cell types and conditions Blasts cytes neutrophils  neutrophils
from both the C/EBR(+/—) and (~/—) mice exhibit a mixture of
immature blasts and more mature promyelocytes and maturi'ﬂgl(”*) SCF, IL-3 68 27 3 2

. .~ FL31(+/—) GM-CSF 18 32 21 29
granulocytes (Table 1 and Figure 2A-B). FIuorescence-actlvatggl(+ /=)SCF,IL3+ATRA 53 30 o )
cell sorter (FACS) analysis indicates that both the FL-1 (C/&BH FL-8(~/-) scn=’||_-3 43 33 13 1
—)) and FL-8 (C/EBR(—/-)) fetal liver cell lines harbor cells ¢ g, GM-CSF 15 22 25 38
positive for both the B220 lymphoid antigen and the Gr-} .g—/-yscr, iL-3+ATRA 29 20 30 21

granulocyte marker (Table 2), indicating the mixed lympho=
myelOId character of these C_e” lines. Unexpect_edly, there was v{\j}enre stained with Wright-Giemsa. Numbers are the percentages of cells of the
increased number of maturing granulocytes in the SCF, IL-riicated morphology with a minimum of 300 cells assessed for each culture. For
dependent FL-8(/—) cell lines compared with the SCF, IL-3 GM-CSF induction, cells continuously growing in SCF and IL-3 were washed,

dependent FL-]:{/—) cell lines as assessed by both morphobgy;us’\[;srw;:f;r:SGdl\:;/(S:SF, and cultured for an additional 4 days. ATRA induction
[ .

(Table 1) and Gr-1/CD11b surface antigen EXprESSion (Table » *Immature neutrophils include myelocytes, metamyelocytes, and bands (“dough-
Figure 3A,D). nut” nuclei).

Cytospins of the fetal liver cell lines cultured with the indicated growth factors
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Figure 2. Morphology of the cultured fetal liver cell lines

derived from C/EBP «(+/—) and C/EBP «(—/—) mice. Cyto- A
spin preparations of the FL-1(+/—) and FL-8(—/—) cell lines
cultured in the indicated growth factors were stained with
Wright-Giemsa. Parental SCF + IL-3 cultured FL-1 and FL-8
(A,B). For GM-CSF stimulation (C, D), cells growing in SCF
and IL-3 were washed and resuspended in GM-CSF alone
and were cultured for 4 additional days. ATRA stimulation (10
M) was for 5 days (E, F).

Table 2. Surface phenotypes of fetal liver cell lines under different
culture conditions

Percentage of cells positive

Cell types and conditions B220 Gr-1 CD11b F4/80
FL-1(+/-) SCF, IL-3 95 + 2 30 =10 5+1 2=*1
FL-1(+/-) GM-CSF 63+ 3 67 =7 51+5 3+1
FL-1(+/-) SCF, IL-3 + ATRA 94 + 2 34+6 4+2 ND
FL-8(—/-) SCF, IL-3 37+2 35 +3 45+ 3 7*2
FL-8(—/—) GM-CSF 11+3 92 + 2 91 +3 2+1
FL-8(—/—) SCF, IL-3 + ATRA 35+1 47 =5 65 =3 ND

Fetal liver cell lines cultured under the indicated conditions were harvested,
incubated with phycoerythrin or fluorescein isothiocyanate—conjugated antibodies to
the indicated antigens, and subjected to FACS analysis. For GM-CSF induction, cells
continuously growing in SCF and IL-3 were washed, resuspended in GM-CSF alone,
and cultured for an additional 4 days. ATRA induction (10 uM) was for 5 days.

ND indicates not determined.
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was associated with the acquisition of functional G-CSF receptors,
we treated the SCF, IL-3—dependent, FL=-8¢) cells, and control
FL-1(+/-) cells with GM-CSF alone for 2 days to induce G-CSF
mMRNA up-regulation, then washed and further cultured the cells in
either no growth factor or G-CSF alone. Both the GM-CSF-
induced FL-8(/—) and the FL-1¢/—) cells rapidly died in the
absence of any added growth factor (Figure 5A,C). In contrast,
survival was significantly prolonged in the FL-8(—) and the
FL-1(+/-) cultures incubated with G-CSF (Figure 5A,C), and
both these cells morphologically differentiated to mature granulo-
cytes as evidenced by morphology (Figure 5B,D) and surface
antigen (Gr-1, Cd11b) expression (Figure 3C,F). Thus, G-CSF
exerts considerable influence on both the survival and differentia-
tion of the GM-CSF-induced FL-8(/—) cells, indicating that
these GM-CSF-treated FL-8(—) cells, which exhibit enhanced
expression of G-CSF receptor mRNA (Figure 4), express function-
ally active G-CSF receptors.
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Figure 3. Gr-1 and CD11b expression in cytokine-
. Gr-1 (FL-2)/CD11b (FL-1) stimulated FL-8( —/—) and FL-1( +/—) cells. Shown are
Gr-1 (FL-2)/CD11b (FL-1) h N FACS-generated histograms of Gr-1 and CD11b expres-

A
1
%

ISRRY f [ 5.9% {31.1% O | g sion in FL-8(—/-) (A-C) and FL-1(+/—) (D-F) cells
) i [323% | 10.6% i n 110

17.1% | 1.9% cultured in the indicated cytokines including (A, D) SCF
plus IL-3, (B, E) GM-CSF alone for 4 days, and (C, F)
GM-CSF for 2 days, followed by G-CSF (5 ng/mL) for
4 days.

18.2% [ 49.0%
30.6%

[ 14% | 57.6% |

GM-CSF, G-CSF

Response of the FL-1 and FL-8 cell lines to ATRA

We also tested the effect of ATRA on inducing granulocytiéDISCUSSIon

gfl\f/le—rggfit(;oer;)gr:;t;\tsececllelllisr{e\évee:;ispsrii\gotuzly dgﬁqsig;vnetfjntehgaatt%}eudigs inyolving in vitro cultureq cell lines and_ k_nockout mice

RAR construct, high pharmacologic concentrations (1x30) of Nave implicated a number of different transcription factors as
' . . important regulators of granulopoiesis, including PU.1, acute

ATRA would overcome the effect of the dominant-negative RAR . o

and induce terminal granulocytic differentiation of these cjéns.myelogenous leukemia 1 (AML-1), Myb, C/EBPand retinoic

. . . .
Surprisingly, we observed that ATRA (10M), when added to the acid receptorg? Of these, C/EBR appears particularly important

SCF, IL-3—dependent cell lines, enhanced the granulocytic diﬁereq{r%irlljItctwact)igs/ii?ar(c)_/r;grlén?ﬁzcr):lz Tlllce ;fiﬁ}! \{;]r;u?:g/tizse;r: d
tiation of the FL-8(-/—) cells while inducing little change in the 9 P ' gnly

- . S characteristics of this block to differentiation displayed by the
FL-1(+/~) cells (Tables 1 and 2; Figure 2E-F). C/EBRx(—/—) hematopoietic cells, we used dominant-negative
RAR retroviral constructs to establish hematopoietic growth factor—

A 1 2 3 4 5 dependent cell lines from the fetal livers of the C/EBP/—)
knockout embryos. Unexpectedly, we observed that the SCF and
IL-3—dependent lympho-myeloid precursors that we established
G-CSFR . - from these C/EBR(—/—) animals underwent brisk granulocytic
e differentiation in liquid suspension culture in response to a number

of different physiologic factors, including GM-CSF, G-CSF, and
ATRA. Indeed, the granulocytic differentiation observed in the cell

B 1 2 3 4 5 lines from the fetal livers of the C/EBR—/—) mice was even
more prominent than the differentiation observed in the cell lines
. derived from their heterozygous (C/EBP+/—)) littermates. Thus,
Actin m ! the C/EBR(—/—) knockout mice exhibit a profound block in
- granulocytic differentiation in vivd3 and yet lympho-myeloid cell
Figure 4. GM-CSF-mediated up-regulation of G-CSF receptor RNA in the fetal lines reproducibly derived from the hematopoietic cells of these

liver cell lines. Total RNA extracted from the indicated cell types were subjectedto  mice readily differentiate in vitro after induction with physi-
Northern blot hybridization (8 p.g/lane) with the indicated probes. Lanes 1 to 5 harbor ologic agents.

RNAs extracted from (1) FL-1(+/—) cultured in SCF and IL-3, (2) FL-1(+/—) cultured . . . .
for 4 days in GM-CSF alone, (3) FL-8(—/—) cultured in SCF and IL-3, (4) FL-8(~/-) How can we explain this marked discrepancy between the in

cultured in GM-CSF alone for 4 days, and (5) 32D cells cultured in IL-3 alone. vivo and in vitro behavior of these C/EBP-/—) granulocyte
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Figure 5. Response of the fetal liver cell lines to G-CSF. Cells from the fetal liver cell lines continuously growing in SCF and IL-3 were washed and resuspended for 2 days in
media containing GM-CSF alone to induce G-CSF receptor mRNA expression (Figure 4). These cells were then washed and resuspended (10%/mL) in culture media in the
presence or absence of G-CSF (5 ng/mL). At the indicated time after culture initiation, the viable cell number was determined using trypan blue dye exclusion for the
(A) FL-8(—/-) and (C) FL-1(+/-) cells. Wright-Giemsa stains of cytospin preps are shown for the (B) FL-8(—/—) and (D) FL-1(+/—) cells that were cultured in GM-CSF alone
for 2 days, followed by G-CSF (5 ng/mL) alone for 4 additional days.

precursors? One possibility is that the granulocyte maturatienlture conditions expanded SCF/IL-3-responsive granulocyte
defect in the C/EBR(—/—) animals lies not in the granulocytic precursors from the C/ERR—/—) animals that have the clear
precursors themselves but in an accessory cell that might jpetential to generate mature granulocytes but for unclear reasons
involved in supporting or inhibiting granulopoiesis in vivo andundergo limited differentiation in vivo. Indeed a previous study
whose function may be altered in the C/ERP-/—) animals. indicated the presence in C/EBP-/—) mice of IL-3—responsive
However, this model is unlikely because it has been previougyecursors that underwent distinct granulocyte differentiation after
demonstrated that fetal liver cells from the C/EBP/—) mice, stimulation by IL-3/GM-CSF in semisolid mediuthThe SCF/IL-
when transplanted into a congenic strain of C/eBP/+) mice, 3-dependent cell lines we have derived may be the functional
also exhibit defective granulopoiesis indicating that the defect éxuivalent of such previously observed IL-3-responsive granulo-
intrinsic to the granulocyte precursdfAnother possibility is that cyte precursors. However, the IL-3—responsive cells previously
a mutation(s) arose in the cultured cells from the C/eBP/—) described in the C/EBR—/—) mice exhibited limited G-CSF
mice that somehow accelerates granulopoiesis. This also seesteptor expressioft.In contrast in our own SCF/IL-3—dependent
unlikely because these cell lines were established by selecting @EBRx(—/—) cell lines, G-CSF receptor mRNA was not only
cells that actively proliferate rather than differentiate. Moreovergadily detected but was also significantly up-regulated as the cells
the cell lines exhibit multiple proviral integration sites, indicatingvere induced to differentiate with GM-CSF (Figure 4). Thus,
that they are multicellular rather than clonal in origin (Figure 1Balthough C/EBR binds to and activates the G-CSF receptor
and making it improbable that cells harboring rare mutations hapeomoter, our observations indicate that the GM-CSF-mediated
evolved in these cultures. enhanced expression of the G-CSF receptor can occur indepen-
It appears that in the derivation of these cell lines, our selectidently of C/EBR, and they suggest that other transcription factors
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are involved in the up-regulation of G-CSF receptor expression ligr pathways may stimulate granulocyte differentiation indicate
the C/EBR(—/-) cell lines. that the regulation of granulopoiesis involves a striking degree of
Retinoic acid receptors, particularly RAR are important redundancy and robustness. Perhaps this is not surprising given the
regulators of granulopoiesis. Retinoic acid is a clinically usefuritical need for animals to generate a brisk neutrophilia in response
compound that induces terminal granulocyte differentiation @b a variety of different endogenous and environmental microorgan-
most acute promyelocytic leukemia cells, and mice geneticallyms. That is, immature hematopoietic precursors may use dis-
deficient in both RAR and RARy display an in vitro block in tinctly different surface membrane receptors and cytokine—growth
granulocyte differentiatio® The immediate downstream targets ofactor combinations to enhance granulocyte differentiation and
the activated RARSs that trigger this differentiation are still unceproduction. Such robustness in neutrophil generation has been
tain. However, our observation that ATRA enhances the granul@cently demonstrated at the membrane receptor level in G-CSF
cytic differentiation of the IL-3—dependent C/EBP-/—) hemato- knockout mice. G-CSF is an important regulator of granulopoiesis,
poietic cells (Tables 1, 2, Figure 2F) suggests that RAR can triggast G-CSF knockout mice generate a brisk neutrophilia in response
granulocytic differentiation using a molecular pathway that i Candida albicansnfection?” This indicates that the immature
independent of C/EBE. hematopoietic precursors in these animals can use membrane
Our observations strongly support a previously proposed modgdceptors other than G-CSF receptors to generate viable, mature
suggesting that there may be multiple molecular pathways involvgganulocytes. Our own observations suggest that hematopoietic
in granulocyte differentiation, some that are C/EBBependent precursors may use not only different membrane receptors but also
and others are C/EBP independent® Indeed, in certain in different combinations of transcription factors to generate mature
vitro—cultured myeloid precursors, enhanced C/EBfXpression granulocytes.
promotes granulocytic differentiatiéd?®1!yet our own observa
tions indicate that granulocytic differentiation can be triggered in
the complete absence of C/EBPThus, in some myeloid precur-
sors, C/EBR is “sufficient” to trigger granulocyte differentiation, Acknowledgments
whereas in other precursors C/EBI clearly not “necessary” to
induce such differentiation. We thank LeMoyne Mueller and Jutta Fero for excellent technical
Our observations suggesting that multiple independent moleassistance and Alan Friedman for supplying the 32D cells.
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