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ABSTRACT

PU.1and C/EBP a are transcription factors essential for
normal myeloid development. Loss-of-function mutation

of PU.1 leads to an absolute block in monocyte/
macrophage development and abnormal granulocytic
development while that of C/EBP a causes a selective
block in neutrophilic differentiation. In order to under-
stand these phenotypes, we studied the role of PU.1
and C/EBP a in the regulation of myeloid target genes
in vivo . Northern blot analysis revealed that mRNAs
encoding receptors for M-CSF, G-CSF and GM-CSF,
were expressed at low levels in PU.1 —~ fetal liver
compared with wild type. To identify additional myeloid
genes regulated by PU.1 and C/EBP a, we performed
representational difference analysis (RDA), a PCR-based
subtractive hybridization using fetal livers from wild
type and PU.1 or C/EBP a knockout mice. By introducing
a new modification of RDA, that of tissue-specific gene
suppression, we could selectively identify a set of
differentially expressed genes specific to myeloid cells.
Differentially expressed genes included both primary
and secondary granule protein genes. In addition, eight
novel genes were identified that were upregulated in
expression during myeloid differentiation. These
methods provide a general strategy for elucidating the
genes affected in murine knockout models.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos AA720492-AA720501

retinoic acid recepton (RARa), promyelocytic leukemia zinc
finger (PLZF), myeloid zinc finger protein-1 (MZF-1), early
response gene-1 (Egr-1), Wilms’ tumor suppressor gene (WT-1)
and homeobox protein®)( among which PU.1 and C/EBP
have been shown to be indispensable for myeloid development by
gene targeting experiments-p).

PU.1 is a member of the Ets transcription family and is
predominantly expressed in hematopoietic c6)lSRU.1 mRNA
is expressed at low levels in multipotential CH34lls, and is
upregulated with myeloid and B cell differentiatiof—9).
Transient transfection studies have shown that PU.1 regulates the
promoters of a number of myeloid genes, such as CD11b, primary
granule proteins (myeloperoxidase, neutrophilic elastase and
proteinase-3), GM-CSF receptor, G-CSF receptor and M-CSF
receptor {0-16). Several different loss-of-function experiments
revealed that PU.1 is involved in myeloid and lymphoid
development 4,5,9,17-19). PU.1 knockout mice completely
lack macrophages including osteoclasts, as well as B cells, and
show impaired granulopoiesis and T-cell developm&itZ0).
However, fetal liver cells from PUt mice do express mRNA
for early myeloid genesL{).

C/EBRu is a member of the C/EBP family, which has a bZIP
structure. C/EBR was originally characterized in liver and adipose
tissues, and has been shown to regulate a number of hepatic anc
adipocyte gene(—23). Recently, the expression of C/EBRas
shown to initiate with the commitment of multipotential precursors
to the myeloid lineage, and be specifically upregulated during
granulocytic differentiation 4,24,25). Transient transfection
studies have shown that C/E@BPBan regulate the promoters of a

Transcription factors play a major role in cell differentiationnumber of myeloid specific genes, such as G-CSF recégor (
including the development of specific hematopoietic lineageseutrophil elastasel®) and myeloperoxidasell). C/EBRx

from stem cells,2). Mature myeloid cells, consisting of blood knockout mice die within 8 h of birth because they are unable to
monocytes and tissue macrophages, as well as the neutrophilioperly synthesize and mobilize glycogen andXap(?). They

and eosinophilic granulocytes, develop from a common myelo&lso show a selective block in differentiation of neutrophils.
precursor. However, the mechanism controlling the developmeWiature neutrophils and eosinophils are not observed in the blood
of common myeloid precursors as well as the transition frorar fetal liver of mutant mice and, instead, myeloid blasts are
common precursors into unipotential granulocyte and monocytdserved. Like the PU.1 knockout animals, fetal liver cells from
precursors has not been fully identified. So far several transcriG/EBRx~~ clearly express mRNA for some myeloid ger@s (
tion factors has been implicated in myelopoiesis. These includher hematopoietic lineages are not affected, including monocytes
PU.1, basic leucine zipper (bZIP) CCAAT/enhancer bindingnd macrophage3)( These results strongly suggest a critical role
protein family (C/EBP), acute myelogenous leukemia 1 (AML1)for C/EBRx in granulocytic differentiation.
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To understand the impaired myeloid development caused IBngland Biolabs, Beverly, MA). Fifteen micrograms of each
loss-of-function mutation of PU.1 and C/E@®nyeloid colony- RNA sample were resolved by agarose formaldehyde gel
stimulating factor (CSF) receptors have been suggested as critieldctrophoresis and transferred to Biotrans nylon membranes
targets for PU.1 and C/EBP(3,17,18). However, the loss-of- (ICN, Biomedicals, Inc., Costa Mesa, CA). The blots were
function mutant mice of each CSF or CSF receptor do not shdwbridized to fi-32P]dCTP-labeled DNA fragments generated by
defects in myeloid development as severe as those of PU.1RIDA as described previouslg)(and exposed for 1-2 days with
C/EBRx knockout mice 8-31). It is likely that there exist an intensifying screen. To normalize the loading of RNA samples
additional critical targets. In order to identify these target genés each lane, the probe was removed and the blot was rehybridized
for PU.1 and C/EB®& during myeloid development, we have to an pi-32P]dCTP 3-end-labeled 18S oligonucleotidad.
analyzed expression of presumptive myeloid target geneés
as well as performed representational difference analysis (RDAJDNA synthesis
a PCR-based subtractive hybridization using wild-type an
knockout mice. In contrast with differential display, which
amplifies fragments from all represented mRNA species, RD
eliminates those fragments present in both populations, leavi

8Iigo(dT)-primed double-stranded cDNA was synthesized from
—10 pug of poly(A)¥ RNA using a cDNA synthesis system
[(| IBCO BRL, Grand Island, NY) according to the manufacturer’s

only the difference2,33). Recently, several groups successfullylStructions. Tester and driver cONA samples were synthesized
identified differentially expressed genes using RBA&-36). Inthis 1 Parallel at the same time.

study, to focus on the differentially expressed genes of myeloid . ) .

lineage, we tried several new modifications of the RDA procedur&€Presentational difference analysis

Here we show then vivo role of PU.1 and C/EBPin  RDA was performed using reagents as descriBad3(). The
regulating myeloid genes by northern blot analysis, and by usifgliowing oligonucleotides were synthesized and used for RDA:
RDA combined with specific gene suppression, we identified R-Bgl-24, 8-AGCACTCTCCAGCCTCTCACCGCA-3 R-Bgl-
set of myeloid genes, the expression of which is missing a2 8-GATCTGCGGTGA-3; J-Bgl-24, 5ACCGACGTCGA-
significantly decreased in the mutant fetal liver. These gengSTATCCATGAACA-3; J-Bgl-12, 5-GATCTGTTCATG-3;
included myeloid granule protein genes and eight novel myeloid-Bgl-24, 5-AGGCAACTGTGCTATCCGAGGGAA-3 and
genes which are new candidate targets for PU.1 and @/EBR-Bgl-12, 3-GATCTTCCCTCG-3 cDNA was digested with

transcription factors. Dpnil and ligated to the R-Bgl-12/24 adaptors. Amplicons were
made by PCR amplification of the ligatednll cDNA fragments
MATERIALS AND METHODS for 20 cycles using the R-Bgl-24 as a primer. Driver DNA was
) , prepared by digesting amplicons wibipnll. Tester DNA was
Mice, tissues and cells prepared by gel-purification of digested amplicons between 150

Targeted disruption of C/EBPand PU.1 was achieved by @nd 2000 bp followed by ligation to J-Bgl-12/24 adaptors. First
homologous recombination in embryonic stem cells and generatiéHbtrac"_'ve hybridization was performed using 400 ng tester and
of mice from these cell lines as reported previous§dj. Fetal 4Q pg driver (tester.:(.jnver = 1:100). An aliguot of the hybridization
liver was obtained from embryonic day 19 fetuses. Purification dpixture was amplified by PCR for 10 cycles using the J-Bgl-24
fetal liver hematopoietic cells was performed by passing fet%]S a primer. The PCR products were then digested with mung
liver through 7Qum nylon mesh cell strainers (Becton DickinsonP€&n nuclease (New England Biolabs) &tG@or 35 min and
Labware, Franklin Lakes, NJ). Peritoneal exudate cells wefélther amplified for 18 cycles. These PCR products are the first
harvested by lavage with 10 ml PBS 20, 48 and 72 h after i. ifference products (DP1). The difference products were digested
injection of 1.5 ml 10% thioglycollate broth. Morphological With Dpnil and ligated to a new adaptor, N-Bgl-12/24 (after the
examination revealed that the cells consistéd 6% monocytes/ first hybridization) or J-Bgl-12/24 (aftgar the_second hyb_ndlzatlo_n),
macrophages and 80% polymorphonuclear granulocytes 20 h afii}d the procedure was repeated twice using tester:driver ratios of
injection, and 50 versus 45%, and 80 versus 15% at 48 and 7 {00 and 1:4000-400 000 for the second and third round of
respectively. ybridization, respectively. _

The murine lymphohematopoietic progenitor cell line EML !N Some experiments (see Results), previously generated
was maintained in IMDM supplemented with 20% horse serunfDNA fragments were suppressed by adding 150300 ng of each
glutamine, non-essential amino acids and 10% condition NA fragment without adaptors to each round of hybridization.
medium from BHK cells transfected with rat stem cell factor! '€ Suppression of liver genes was performed by adding 40
cDNA (BHK-MKL cells) (37). To induce myeloid differentiation, driver prepared from adult liver to each round of hybridization.
EML cells were cultured in IMDM supplemented with 10% 1he suppression of mature myeloid genes was performed by
BHK-MKL conditioned medium, 5% WEHI-3 conditioned adding 30pug driver prepgreq 'fror.n pento_neal exudate cells
medium and 1% M all-trans retinoic acid (RA) for 72 h. Cells collected 20 or 72 h after i.p. injection of_thlogl_ycollate.
were then washed three times to remove RA and recultured ifPNA Séquences of novel CDNA clones identified by RDA have

IMDM supplemented with murine GM-CSF (2.5 ng/ml) for P€€n submitted to the GenBank database (accession nos
indicated timesZ7). AAT20492-AAT720501).

RESULTS

rI?xpression of transcription factors in mutant mice

RNA preparation and northern blot analysis

Total RNA was isolated by guanidium isothiocyanate extractio
followed by CsCl gradient purificatio3®). Poly(A)y RNAwas  To check the involvement of PU.1 or C/EB the regulation
purified from total RNA with oligo(dT) cellulose columns (New of transcription factors likely to play critical roles in myeloid
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Figure 1. Northern blot analysis of mMRNA of transcription factor genes. Total
RNA (15ug) from wild-type (lanes 1 and 3), C/EBP- (lane 2) and PU:1~

(lane 4) day 19 fetal liver was analyzed using species- and gene-specific 5Figure 2. Northern blot analysis of MRNA of growth factor receptors in PU.1
cDNA probes of PU.1 and Spi-B (8), acDNA probe of C/EBR (26) and knockout mice. Total RNA (20g) from wild-type (lane 1), PU.1 +/— (lane 2),
exon 3 of murine C/EBP(41). or PU.T- (lane 3) day 19 fetal liver was electrophoresed in 1% agarose/
formaldehyde gels, transferred to a nylon membrane and probed with murine
cDNAs corresponding to M-CSF receptor (M-CSFr) (59); G-CSF receptor
development, we analyzed the expression of PU.1, Spi-BG-CSFr) (60); GM-CSF receptar(GM-CSFr) (61); erythropoietin receptor
C/EBRux and C/EBP (40,41), all of which have been shown or (EPO) (62); and 18S oligonucleotide (39).
postulated to play a role in myeloid developméi)t (n the
mutant fetal livers (Figl). PU.1 knockout mice were made by ) o )
disrupting the DNA binding domain, inserting the neo gen&vith previous reports indicating the presence of early myeloid
within exon 5 B), but no PU.1-related transcripts were detectegene expression in PU'1 fetal liver cells (7). GM-CSF
in PU.1/fetal liver by a probe specific to thedid of the PU.1  receptor mRNA was not detectable in PU.Tetal liver by
cDNA (8), confirming that this is indeed a null phenotype. PU.1northern blot analysis, although it has been detected by RT-PCR
expression was decreasé®0% in C/EBR—- fetal liver, (17). These findings are consistent with promoter studies
consistent with the presence of a significant number of immatufiemonstrating a functional PU.1 site in transient transfection
myeloid cells in these animal8)( Spi-B is an Ets transcription analysis {4-16). The levels of erythropoietin receptor mRNA
factor closely related to PU.1 but now known to be expressétere not affected in PU fetal livers compared with wild type,
primarily in B cells 8,42). Spi-B expression was slightly inkeeping wi_th t_he lack of a consistent effect of PU.1 disruption
decreased in C/EBP'- fetal liver, but was undetectable in On erythropoiesis4(5). Although PU.1 and C/ERPknockout
PU.1/- fetal liver. C/EBRi expression was not affected in mice have no detectable, or very low, levels of CSF receptor
PU.1/- fetal liver, but it is very hard to detect a difference inexpression, their defects in myeloid development are more severe
hematopoietic cells because of the high C/&BRpression by than those of loss-of-function mutant mice of CSFs or CSF
hepatocytes and adipocytes. Another myeloid specific C/EBRceptors Z8-31). This suggests that there are additional genes
transcription factor, C/EBR which is critical for terminal regulated by PU.1 and C/EBRvhose altered expression lead to the
myeloid maturation41), was not expressed in both mutant fetalobserved phenotype. Therefore, we performed RDA to identify
livers. These findings are consistent with the lineage-specifffese additional genes regulated by these transcription factors.
expression of Spi-B and C/EBRn B cell and granulocyte
lineages, respectively, and suggest that they might be regulated &ntification of differentially expressed genes between
PU.1 and/or C/EB®. Alternatively, the knockout cells might be C/EBPa +/+ and —/— fetal livers by RDA

blocked in their differentiation and do not become mature enough . i .
to express Spi-B or C/EBP As noted above, C/ERRdeficient mice show a selective block

in differentiation of neutrophils. Other hematopoietic lineages,
including monocytes, are not affecte®). (To identify C/EBP-
a-regulated genes during neutrophilic differentiation, we performed
We have previously shown that G-CSF receptor mRNA i®DA using C/EBR-deficient mice. The cDNA in which the
selectively downregulated in C/EBRnockout mice by northern differentially expressed cDNAs are to be found is called ‘tester’
blot analysis, whereas M-CSF receptor and GM-CSF receptoDNA, and the reference cDNA is called ‘driver’ cDNA. The
MRNA levels are not impaire®); This suggests that impaired cDNA from each population is digested with a restriction
G-CSF signaling might be in part responsible for the selectivendonuclease, ligated to adaptors, and then amplified by PCR.
block of neutrophilic differentiation. To determine the role ofThe products of amplification are called amplicons. To isolate
myeloid CSF receptors in the defect found in PO.mice, we  amplicons unique to the tester cDNA, tester amplicon was ligated
analyzed their expression in PU-ifetal liver by northern blot to new adaptors and hybridized to an excess of driver amplicon.
analysis (Fig2). The expression of M-CSF receptor and G-CSHPCR with primers for the new adaptors preferentially amplifies
receptor mMRNA was markedly decreased but detectable, consistister—tester homoduplexes. This process is repeated several

MRNA expression of myeloid CSF receptors in mutant mice
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which has been previously characterized in transient transfection
studies as one of the targets for C/&B@2). DP2 (1:800)
contained more genes than DP3, and most of them were distinct
from DP3 except for contrapsin and protein C. Interestingly, DP2
contained three additional differentially expressed genes, but the
expression of the remaining seven genes showed no difference
between C/EB& +/+ and —/- fetal liver or was unexpectedly
upregulated in C/EB®P'- fetal liver (Tablel). These results
indicate that although RDA could selectively amplify differentially
expressed genes, to keep high specificity, it requires a high
stringency, which causes a limit on the number of genes amplified.

6559 = '

4361 =

2322 =
2027 =

DP3 1:400,000

DP3 1:4,000
=

=

E ]
e
DP1
DP2

564 =

123 45678

Table 1.DNA fragments generated by RDA, C/EBR/+ minus —/— with
1 2 different stringencies

Figure 3. (A) Alkaline agarose gel analysis of second strand cDNA synthesis.

a-32P-labeled second strand cDNAs made from wild-type (lane 1) or

C/EBRu—'~ (lane 2) day 19 fetal liver mMRNA were electrophoresed on a 1.4%

alkaline agarose gel, and the dried gel was exposed to X-rayBjirAgarose C/EBRx +/+  —/-

electrophoresis of difference products generatedRBy. Amplicon from ————

wild-type day 19 fetal liver cDNA (lane 2), amplicon from C/EB day 19 DP3 (tester:driver = 1:400 000

fetal liver cDNA (lane 3), first difference product (DP1) with tester to driver 3C/EBRx (M62362) + - + +

ratio of 1:100 (lane 4), DP2 with tester to driver ratio of 1:800 (lane 5), DP3 with aNeutrophilic elastase (U04962) 2+ _ 3+ _

tester to driver ratio of 1:4000 (lane 6) and 1:400 000 (lane 7) and DNA )

molecular markers (lanes 1 and 8) were electrophoresed on a 2.0% agarose gaicontrapsin (X55147) 2+ - - 3+
aProtein C (D10445) 5+ + - 6+

aJnknown 1 + — _ +

times with increasing driver-to-tester ratios until only fragmentsDP2 (tESt?r:dr'ver = 1:800)
unique to the tester remaidx(33). “Contrapsin (X55147)

Since C/EBR mutant mice die soon after birth, we used day Protein C (D10445)
19 fetal liver as material for RDA. Because C/EBRIso  ®Haptoglobin (S67972) 2+ - + 2+
regulates transcription of hepatocyte- and adipocyte-specifi€Apolipoprotein A-1 (L04151) 4+ + - 3+
genes, these genes as well as myeloid-specific genes wesgsinophil chemotactic factor
candidates for identification from fetal liver by RDA. Poly{A)  (x15313)
RNA was purified from fetal livers of day 19 embryos and p .4 (L12721)
double-stranded cDNA was synthesized using an oIigo(dT)‘Jnknown )
primer. After ligating adaptors tBpnll-digested cDNAs, the
tester and driver amplicons were generated by PCR amplificatio
It is important that preparations to be subtracted are as similar a&known 4
possible as shown in Figu& If the quality of cDNA and  Unknown 5
amplicon varies between subtracted populations, this can result lénknown 6 2+ 2+ - 3+
amplification of false positives. The tester was subtracted with the _ _ _
driver, and the difference was selectively amplified by PCR. ThiBelative expression was evaluated by northern blot analysis. Evaluation of mRNA
process was repeated three times until the difference produ Is are_con5|st_ent for each gene but cannot be compared among genes.
(DPs) showed clear bands with little background visible by>enes differentially expressed.
ethidium bromide staining (Fi@B). The third subtraction was
performed with different hybridization ratios. The third differenc??

Gene (accession no.) Expression
E19 fetal liver BM Adult
liver

5+ - -

ﬁJnknown 3
. ~ o

- +

uppression of liver genes during RDA subtractive

product (DP3) with a higher stringency (tester:driver = 1:400 00 ybridization

showed fewer bands than that with lower stringency (1:4000
indicating that more genes were suppressed in the third subtractié®shown in Tablé, RDA using C/EBR—~fetal liver amplified
by increasing ratios of tester to driver (R38). After digesting liver genes more than myeloid genes, possibly because day 19 fetal
with Dpnll, DP2 (1:800) and DP3 (1:400 000) were separated diiver contains more liver RNA than myeloid RNA. To preferentially
an agarose gel and each band was excised out and subcloned.arhplify myeloid genes, we modified the RDA technique. First of
subcloned inserts were used in northern blot analysis as probeslipwe enriched hematopoietic cells by using cell strainers, nylon
check mRNA expression of identified genes. mesh devices with 7m pore size which select for cell size. We
Table1 shows the profile of genes identified by RDA in thiscould enrich hematopoietic cellB—4-fold by passing fetal livers
screening. DP3 with a higher stringency (1:400 000) containgtirough cell strainers (data not shown). We then prepared
C/EBRu, demonstrating that the RDA procedure was selectintiver-specific DNA fragments generated in the previous RDA
differentially expressed genes. The northern blot analysis reveal€thble2) and driver from adult liver, and added either of them in
that all genes were truly differentially expressed, i.e. expressedtime hybridization mixture to suppress the amplification of
the C/EBRi*/* fetal liver, but not or at lower levels in C/EBP?-  liver-specific genes. We used a high stringency of 1:400 000 for
fetal liver (Tablel). As expected, DP3 contained both myeloid-the third round of subtractive hybridization. The DP3 showed
specific and liver-specific genes, including neutrophilic elastassgveral clear bands on an agarose gel, and the profile of bands was
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Figure 4. Northern blot analysis of mMRNA of novel genes generated by RE)ATdtal RNA (15ug) from wild-type (lane 1) and C/EBP'— (lane 2) day 19 fetal

liver, bone marrow (lane 3), peritoneal exudate cells 48 h after thioglycollate stimulation (lane 4), spleen (lane S)atteyf)en@ adult liver (lane 7B) Total

RNA (15ug) from wild-type (lanes 1 and 3) and Pt-Alanes 2 and 4) day 19 fetal liver treated (lanes 1 and 2) and untreated (lanes 3 and 4) with cell strainers, bon
marrow (lane 5), peritoneal exudate cells 48 h after thioglycollate stimulation (lane 6), spleen (lane 7), thymus (laukiB)ieed(lane 9).€) Poly(A)* RNA

(3ug) from wild-type (lane 1) and C/EBP'- (lane 2) day 19 fetal liver, bone marrow (lane 3), peritoneal exudate cells 20 h (lane 4) and 72 h (lane 5) after tieioglycolla
stimulation, spleen (lane 6), thymus (lane 7) and adult liver (lane 8). DNA fragments generated by RDA were used as probes.

very similar with each type of suppression. Nucleotide sequenceonocytes/macrophages and lymphoid cells in the blood or fetal
analysis of DP3 revealed that the suppression of liver-specific gerlier, and die from septicemia within 2 days of birth. However,
worked very well (Table2); liver genes were dramatically antibiotic-treated mice could survive for 2 weeks and show the
suppressed during the subtractive hybridization. DP3 with specififevelopment of normal appearing T cells and a few cells with the
suppression by liver-specific DNA fragments contained only tweharacteristics of neutrophil$)( To identify PU.1-regulated
liver-specific genes, and DP3 with suppression by the drivejenes during myeloid differentiation, we performed RDA using
prepared from adult liver contained no liver-specific genes. Th@ay 19 fetal liver of PU.1-deficient mice. We prepared cDNAs
successful suppression of liver genes led to the amplification of ma¥@m whole fetal liver and enriched hematopoietic cells by a cell
myeloid genes. Many genes for primary and secondary granWye selection using cell strainers, and compared the profile of
proteins of neqtyophlls were identified, including mye!qperOX|dasgmp|ified genes. Because PU.1 is not expressed in hepatocytes,
and neutrophilic elastase, targets for C/EBigentified by only myeloid and lymphoid genes were expected to be identified
transient transfection assaysl,(2) (Table 2). In addition 0 fom the fetal liver by RDA.

known myeloid genes, five novel genes were identified (C/EAP 14163 shows the profile of genes identified by RDA. We used
1-5, Table?). C/Edp 2 and 3 showed high nucleotide sequencg high stringency of 1:400 000 for the third round of subtractive

similarity to human neutrophil collagenase (79%) and hum bridization. As ex : :
> : . . pected, most of the genes contained in DP3
ficolin (72%), respectively, suggesting that C/Edp 2 and 3 af ere myeloid-specific genes, including those specific to the

putative murine homologues of these genes. The other gene . .
showed no significant similarity to any known genes. NortherrrbeslnmphII and/or monocyte/macrophage lineage, and others

blots revealed that all of these unknown genes were differentialfy°"¢ lymphoid genes. There was no S|gn|f|qant dlfference_ In the
expressed and were preferentially expressed in the BM and%npme be_twgen DP3 from \_/vhole fetal_ liver and pu_r|f|ed

: ot ; r{}f:me}t_opmetlc cells, suggesting that this proced_ure is very
monocytes (FigdA). These results demonstrate that liver geneSENSitive, butwe could amplify different genes by using different
could be successfully suppressed by using specific gene fragmdfaterials. We identified five unknown genes (Pdp 1 and Pdp

or adult liver driver, and this suppression facilitates the amplificatio—9)- They showed no significant similarity to any known genes.
of myeloid-specific genes. Interestingly, two of them were the same genes as those identified

by RDA using C/EBR knockout mice. Northern blots revealed
that all of these unknown genes were differentially expressed and
also preferentially expressed in the BM and/or peritoneal exudate
cells (Fig.4B). Therefore, RDA is sensitive and specific enough
PU.1-deficient mice show impaired myeloid and lymphoidto identify the difference in a small subpopulation from materials
development4,5). The mutant mice lack mature neutrophils,comprised of heterogenous cell populations.

Identification of differentially expressed genes between
PU.1 +/+ and —/— fetal livers by RDA



Table 2.DNA fragments generated by RDA, C/EBR/+ minus —/— with the
suppression of liver-specific genes

Gene (accession no.)

Suppression with liver gene fragmeris (
Lactoferrin (D88510)
Myeloid bectenecin (U95002)
Lipocortin | (M24554)
Neutrophil gelatinase associated lipocalin (X81627)
Eosinophil chemotactic factor (X15313)
Neutrophilic elastase (U04962)
C/Edp 4 (Pdp 3)
C/Edp 5 (Pdp 4)
bHaptoglobin (M96827)
C4 complement protein (M11789)

Suppression with adult liver cDNA
Lactoferrin (D88510)
Myeloid bectenecin (U95002)
Lipocortin | (M24554)
Neutrophil gelatinase associated lipocalin (X81627)
Eosinophil chemotactic factor (X15313)
Myeloperoxidase (X15313)
Gelatinase B (D12712)
Stefin 1 (M92417)
C/Edp 1 (AA720492)
C/Edp 2 (AA720493)
C/Edp 3 (AA720494)
C/Edp 4 (Pdp 3; AA720498)
C/Edp 5 (Pdp 4; AA720499)

DNA fragments previously generated by RDA (contrapsin, protein C, haptoglobin,

apolipoprotein A-l) were used for suppression.

bThis haptoglobin fragment is a different one from that used for suppression.
C/Edp, Pdp: Unknown differentially expressed gene isolated by RDA, C/EBP

+/+ minus —/— (C/Edp) and PU.1 +/+ minus —/— (Pdp).

Suppression of mature myeloid genes leads to the
amplification of immature myeloid-specific genes

The absence of C/EBRand PU.1 causes a block at an early stage
of myeloid differentiation. The critical targets responsible for this
differentiation block are expected to be also expressed at early
stage. To focus on the early targets during myeloid differentiation,
we used fetal liver hematopoietic cells enriched by cell size
selection, and performed suppression of mature myeloid genes.
We prepared driver amplicons from peritoneal exudate cells
collected 20 and 72 h after i.p. injection of thioglycollate. The
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immature myeloid cells, i.e. from myeloblasts to band cells, but
not in mature myeloid cells including peritoneal exudate cells
(reviewed in43). Liver genes were suppressed by adult liver
driver as described above. We used lower stringencies, 1:40 000 for
the third round of subtractive hybridization, because the expression
of differentially expressed genes specific to immature myeloid
cells was expected to be weaker than before. As shown in4Jable
we obtained quite a different profile of genes. Although we failed
to suppress gelatinase B and Pdp 4 with specific DNA fragments,
suppression with mature myeloid cDNA and other specific DNA
fragments worked well. We isolated a nBpnll fragment of
MPO, eosinophil peroxidase (EPO), proteinase-3 and gelatinase
B. They are myeloid granule proteins and are expressed in
immature myeloid cells!(3,44). Others were a Kupffer cell-specific
gene, a B-cell gene and three unknown genes. The unknown
genes showed no significant similarity to any known genes.
Northern blots revealed that C/Edp 6 and 7 were differentially
expressed (FiglC), but unknown 7 was not (data not shown).
Because the expression of C/Edp 6 and 7 was relatively weak,
poly(A)* RNA northerns were required for identification. C/Edp

6, 7 and Pdp 4 were not expressed in peritoneal exudate cells at
all (Fig.4B and C). These results demonstrate that suppression of
mature myeloid genes facilitates the amplification of genes
preferentially expressed in immature myeloid cells.

Table 3.DNA fragments generated by RDA, PU.1 +/+ minus —/—

Gene (accession no.)

Whole fetal liver

Lysozyme M (M21050)

Bacteria binding macrophage receptor (U18424)
Complement subcomponent Cdechain (X58861)
Lactoferrin (D88510)

Eosinophil chemotactic factor (X15313)

Ig A-chain (M30387)

Pdp 1 (AA720497)

Pdp 3 (C/Edp 4; AA720498)

Pdp 4 (C/Edp 5; AA720499)

Pdp 5 (AA720500)

Pdp 6 (AA720501)

Enriched fetal liver hematopoietic cells

Lysozyme M (M21050)

Bacteria binding macrophage receptor (U18424)
Complement subcomponent Cdechain (X58861)
Lactoferrin (D88510)

Myeloperoxidase (X15313)

Myeloid bectenecin (U95002)

gp91phox (U43384)

former cells consisted @B0% of neutrophils, while the latter
consisted of 80% of monocytes/macrophages. Driver from
peritoneal exudate cells 20 h after stimulation was added to the
hybridization mixture of C/EB&® +/+ and —/- to suppress
neutrophilic genes, and both drivers were added to that of PU.1
+/+ and —/—to suppress both neutrophilic and monocyte/macrophage

LAPTm 5 (U51239)

MHC class Il H2-1Aa (M11357)
Ig A-chain (M30387)

Pdp 1 (AA720497)

Pdp 6 (AA720501)

genes. We also performed specific gene suppression using DNA

fragrr_lents from our novel RDA clones and myeloid 9ranU|Q2/Edp, Pdp: unknown differentially expressed gene isolated by RDA, G/EBP
proteins (Tablel), because most of them are expressed only i+ minus —/— (C/Edp) and PU.1 +/+ minus —/— (Pdp).
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Table 4. DNA fragments generated by RDA with the suppression of mature

myeloid cDNAs _E19 fetal liver
;t 1
C/EBRu +/+ minus —/— PU.1 +/+ minus —/— Pl oL
& & FOT
Myeloperoxidase (X15318) myeloperoxidase (X15313) : _,;i o =
Eosinophil peroxidase (D78353) gelatinase B (D12712) S0 R =
Proteinase-3 (U43525) Kupffer cell receptor (D88577) MPO ‘ .
procathepsin E (X97399)
C/Edp 6 (AA720495) Pdp 4 (AA720499) | NE . &
C/Edp 7 (AA720496) Proteinase-3 . '
Unknown 7
Lactoferrin -
Drivers prepared from peritoneal exudate cells and previously generated DNA :
fragments (C/Edp 1-3, Pdp 1-6, myeloperoxidase, neutrophilic elastase, NGAL = ."" Newborn lung

lactoferrin, gelatinase B, myeloid bectenecin, neutrophil gelatinase associated
lipocalin, lipocortin | and eosinophil chemotactic factor) were used for suppression.
aThis MPO fragment is different from that in Tables 2 and 3.

[

Gelatinase B | ‘g
Bectenecin - -

ClEdp 2/ . -
. . . . . Collagenase
Expression of myeloid granule protein genes in mutant mice

+ I\
In this study, we identified many myeloid granule protein genes, 43 Lamammiit . Ne '. ..
including primary granule protein genes (myeloperoxidase, .
neutrophilic elastase and proteinase-3); secondary granule protein . “ " “ “
genes [lactoferrin, neutrophil gelatinase associated lipocalin : T8
(NGAL), putative murine homologue of neutrophilic collagenase
C/Edp 2, gelatinase B and myeloid bectenecin]; and lysozyme Msigure 5. Northern blot analysis of mRNA of myeloid granule protein genes.
which is localized in both primary and secondary granulesTotal RNA (15ug) from wild-type (lanes 1 and 3), C/E&P- (lane 2), PU.1~
Among them, myeloperoxidase and neutrophilic elastase hayne4) day 19 fetal liver, and wild-type (lanes 5 and 7), Cé=Bflane 6) and
been characterized as common targets for PU.1 and G/BBP g plmbggne 8) newborn lung. DNA fragments generated by RDA were used
transient transfection assay4,(L2). To determine thia vivorole
of PU.1 and C/EB®&in the regulation of myeloid granule protein
genes, we analyzed their expression by northern blotting. Tlyenerated by treatment with high concentrations of retinoic acid.
expression of many of them was very low or undetectable in botthese myeloid progenitors differentiate into neutrophils and
mutant fetal liverén vivo (Fig.5). Specifically, myeloperoxidase macrophages in response to GM-CSF, but still neutrophilic
and proteinase-3 were expressed at very low levels in both mutalifferentiation is blocked around the promyelocyte to myelocyte
fetal livers, NGAL and C/Edp2 at low levels in Pt-fetal liver,  stages and only few mature neutrophils could be observed.
and lysozyme M at low levels in C/EBP-fetal liver (Fig.5).  Differentiated neutrophilic cells appeared on day 3 after treatment
Although mRNAs encoding myeloid granule proteins are confinediith GM-CSF (blasts 14.3%, promyelocytes 53.0%, myelocytes/
to myeloid cells, lysozyme M is abundantly expressed also imetamyelocytes 24.5% and monocytes/macrophages 8.0%),
non- hematopoietic tissues, particularly in the lutig),(in which ~ reached a peak on day 6 (blasts 6.0%, promyelocytes 28.0%,
C/EBRu is highly expressed!f). Interestlngly, the expression of myelocytes/metamyelocytes 47.5%, band/segmented cells 8.5%
lysozyme was markedly downregulated in C/EBBP newborn  and monocytes/macrophages 9.7%), and then decreased, while
lung but not in PU:¥~ newborn lung (Fig5). These findings macrophages gradually increased and dominated on day 10
suggest the critical role of PU.1 and C/EBR the regulation of  (blasts 3.5%, promyelocytes 19.7%, myelocytes/metamyelocytes
myeloid granule protein genasvivo. 8.1% and monocytes/macrophages 69.8%). As shown in feigure
the expression of C/Edp 1-3 and Pdp 3 and 4 were strongly
induced during myeloid differentiation, and downregulated on
day 10. The 2.0 kb transcript of Pdp 6 was weakly induced, while
To clarify the lineage-specific expression of novel genes, wihe 1.0 kb transcript, which is a minor transcript in peritoneal
analyzed their expression in lymphohematopoietic tissues. Mosxudate cells (FigiB), was strongly upregulated. The expression
of them were preferentially expressed in the bone marrow @f Pdp 5 was upregulated 3 days after GM-CSF stimulation and
peritoneal exudate cells, but not in spleen, thymus or adult livenaintained during differentiation. The analysis of the expression
(Fig. 4A and B), suggestive of their preferential expression irof these novel myeloid genes in other hematopoietic cell lines
myeloid cells. revealed that they were expressed in myeloid cells but not in T
We further analyzed their expression during the myeloidells, B cells or erythroid cells (data not shown). Therefore, RDA
differentiation of EML cells. EML is a stem cell factor-dependentelectively amplified differentially expressed genes which are
lymphohematopoietic progenitor cell line immortalized by gpreferentially expressed during myeloid differentiation. The
retroviral vector harboring a dominant-negative retinoic aci@xpression of C/Edp 6 and 7 was not detected in EML cells or
receptor 87). Myeloid differentiation is suppressed in EML cells, other hematopoietic cell lines (data not shown); therefore, they
but common progenitors for neutrophils and macrophages amgay be preferentially expressed in fetal liver.

C/EBPo +/+
C/EBPo /-

PU.L +/+
PU.1 =/=

Myeloid-specific expression of novel genes
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amplifies only the difference. RDA is sensitive enough to isolate
GM-CSF genes expressed in only a very small percentage of S2[kS).
Therefore, this technique was suitable for our cloning approach
using fetal livers as materials in which myeloid cells compose
only a small percentage of the total cell population.
Our data demonstrated that this procedure truly amplified

I. I differentially expressed genes, and was able to amplify genes

C/Edp 1
Clidp 2 expressed at low levels as well. Most of the genes identified were
5 expressed in the fetal liver at much lower levels than in the bone
C/Edp 3 . - marrow or peritoneal exudate _cells (F4g.Howe\_/er, because so
many liver genes are differentially expressed in CAEBHetal
“ liver, we amplified more liver genes than myeloid genes (Tgble

Pdp3 : To suppress the amplification of liver genes, we first tried

been reported to facilitate the amplification of new gene
fragments 82,33). We prepared liver-specific DNA fragments
B =l & generated in the previous RDA, and added these to the
20Kb _F ai hybridization mixture. This suppression worked well, but other
I'dp 6 : liver genes were still amplified (Tablg). To get complete
L2 Kb= " “‘h suppression of liver genes and preferentially amplify myeloid
1 2 3 4 5 6 genes, we prepared driver amplicon from adult liver and added it
into each round of subtractive hybridization. As shown in Tables
and4, liver genes were completely suppressed and this facilitated

Figure 6. Northern blot analysis of mRNA of novel genes identified by RDA i~ At ; ; i~
during myeloiddifferentiation of EML cells. Total RNA (1fg) from before the amplification of myeloid genes. This modification was also

stimulation (lane 1), after treatment with RA t20M) and IL-3 for 3 days succgss_fully applled to _suppressmn of mature mye|0|d genes to
(lane 2), after 1 day (lane 3), 3 days (lane 4), 6 days (lane 5) and 10 days (lane @Mplify immature myeloid genes (Talle Our data demonstrate
of culture in the presence of GM-CSF. The same probes as in Figure 4 were usdihat genes expressed in a certain cell population or at a specific
stage of differentiation could be completely suppressed by the
appropriate driver, and this suppression facilitates the amplification
of differentially expressed genes in other cell populations or
DISCUSSION differentiation stages. RDA combined with this ki_n_d of gene
suppression would be helpful to focus on genes specific to a certain

The receptors for the myeloid colony-stimulating factorsCell population in materials consisting of heterogenous cells.
M-CSF, GM-CSF and G-CSF have been proposed to be criticalAlthough RDA is an effective technique, it still has some
targets for the impaired myeloid development in PU.1 andimitations. First, our data clearly showed that some of the
C/EBRx mutant mice §,17,18). We have previously shown by differentially expressed genes are lost during the repeated
northern blot analysis that G-CSF receptor mRNA is remarkabBubtractive hybridization by increasing the stringencies (Table
downregulated in C/EBPknockout mice, whereas mRNAs for and Fig.3B). Difference products with a low stringency could
M-CSF receptor and GM-CSF receptor are not impaigd ( contain more differentially expressed genes but many more false
suggesting that impaired G-CSF signaling might be responsibpgsitives as well. On the other hand, difference products with a
for selective block of neutrophilic differentiation. On the otherhigh stringency limit the number of fragments generated. This
hand, M-CSF receptor mRNA was undetectable by RT-PCRroblem could partially be resolved by suppression of expected
analysis of differentiated PU7t ES cells {7,18). In this study, difference products by specific DNA fragments or additional
we analyzed the expression of myeloid CSF receptors imPU.1drivers as we performed in this study. Secondly, RDA preferentially
fetal liver by northern blot analysis, and noted that the expressi@mplifies genes with significant differences in expression. Most
of all three is markedly decreased (FRy. However, at least of the differentially expressed genes identified were not expressed
M-CSF receptor and G-CSF receptor are still expressed at lowthe mutant fetal liver. Only several genes were still expressed
levels, suggesting that PUl1fetal liver cells could express at in mutant fetal liver at low levels. Decreasing the stringencies was
least low levels of myeloid CSF receptors. No complementationot as effective (Tabl&). New modifications will be needed to
assays to rescue the defects by using myeloid CSF receptonplify genes with small differences. A minor limitation is that the
transgenes have been reported. Therefore, the role of myeldéthnique tends to isolate small portions of the full length cDNA.
CSF receptors in both mutant mice still remains to be defined. InBy RDA using PU.1 and C/EBFknockout mice, we identified
addition, the myeloid defects of PU.1 or C/EBkhockout mice many differentially expressed genes, including myeloid- and
do not completely match those of loss-of-function mutant mice diver-specific genes. The expression of several liver genes have
each CSF or CSF recept@8(31). These findings suggest the already been shown to be downregulated in the fetal and newborn
presence of additional genes regulated by PU.1 and @/EBP liver of C/EBRx knockout mice 6,27). We identified six

In this study, we extended the studies of CSF receptor expressamtditional liver genes which are differentially expressed, and they
and identified additional genes regulated by PU.1 and @QIEBR  are presumably new targets for C/EBRn hepatocytes.
employed RDA, a PCR-based subtractive hybridization. RDAnterestingly, we happened to find that the expression of pref-1,
eliminates those fragments present in both populations a@adbre-adipocyte transmembrane protein, is upregulated in C/EBP-

. suppression by liver-specific DNA fragments. Suppression of
Pdp4 * expected difference products by specific DNA fragments has
Pdp 5 q
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a~~ fetal liver. During adipocyte differentiation, pref-1 is an important role of these transcription factors in the regulation
reported to be downregulated, while C/EBI upregulated of lysozyme M expression. Moreover, we found that lysozyme M
(23,47). Our finding suggests that C/EBPegatively regulates expression was impaired in the C/EBP newborn lung.
the expression of pref-1, and pref-1 might be a new direct targeysozyme is expressed in type Il alveolar pneumocytes and
for C/EBRx in adipocytes. This finding also suggests thealveolar macrophages in rodent luag)( while C/EBRx mRNA
existence of other negatively regulated genes by QGifBPU.1. is localized to type Il pneumocytesgj and C/EBR~- mice
To selectively identify these genes, reverse RDA, i.e. mutant fetshow hyperproliferation of type Il pneumocyt&s)( C/EBRx is
liver minus wild-type fetal liver, would be an approach to be takenlso expressed in activated macrophages (A.lwama and
in the next step. D.G.Tenen, unpublished data). Taken together with the fact that
With some modifications of RDA, we could preferentially PU.1 is not expressed in type Il pneumocytes, C/E&RIID be
identify myeloid-specific genes. Because PU.1 knockout mica major regulator for lysozyme M expression in the lung,
show impaired development of neutrophils as well as monocytgarticularly in type Il pneumocytes. These findings indicate that
in the fetal liver, many neutrophil-specific genes were identifiedC/EBRx plays a major role in the regulation of lysozyme M in
from both PU.1 and C/ERP knockout mice (Tabled—4). non-hematopoietic cells, and suggest the possibility that @EBP
Among known genes, primary granule protein genes myelopes a key transcription factor in the regulation of genes specific to
oxidase and neutrophilic elastase are known as common targstse Il pneumocytes, such as surfactant protein genes.
for both PU.1 and C/EBP(11,12), and another primary granule  The expression analysis of transcription factorsvivo
protein gene, proteinase-3, is a target for PLBL Myeloperoxi-  indicated that C/EB® does not affect the expression of PU.1,
dase mRNA is expressed in CD3#ultipotential cells48,49)  because the reduction of PU.1 mRNA in C/EBPfetal liver is
and at high levels in myeloid progenitors at the promyelocytic arlikely to parallel the decrease in mature granulocytic cells. On the
promonocytic stages of myeloid differentiatids0,61), while  contrary, PU.1 might be important in the regulation of C/&BP
neutrophilic elastase and proteinase-3 mMRNAs are expressedmd it is possible that impaired granulopoiesis in PU.1 knockout
the promyelocytic stages®). Although myeloid progenitors are mice is caused by defective C/EBExpression. The expression
present in both knockout mic& 1 7), and monocytic cells are intact analysis of C/EBR in the neutrophilic cells of PU bone
in C/EBRa—- fetal liver (3), the expression of myeloperoxidase marrow would help to address this question. The specific absence
mRNA was significantly low in both mutant fetal livers (F&).  of Spi-B mRNA only in PU.%~fetal liver is consistent with our
indicating that both PU.1 and C/EBPare critical for the previous data of its B-cell-specific expressidi), (and the
transcription of myeloperoxidase viva. Neutrophilic elastase absence of C/EBPmRNA in C/EBR—- fetal liver as well as
mRNA was also missing and proteinase-3 mRNA was markedRU.17- fetal liver confirms its granulocyte-specific expression
downregulated in both mutant mice. They are also likelgvo  (40). Spi-B and C/EBPmight be regulated by PU.1 or both PU.1
targets of these two transcription factors. These findings suggestd C/EBFR in each cell lineage.
cooperative regulation of myeloid primary granule genes by PU.1We identified eight novel myeloid genes differentially expressed
and C/EBF in vivo. between wild-type and mutant fetal livers. Among them, C/Edp
The expression of secondary granule protein genes were ad@and 3 are likely to be the murine homologues of neutrophil
undetectable in both mutant mice (Fj.possibly because of the collagenase and ficolin, respectively. C/Edp 1 and Pdp 3, and Pdp
lack of expressing cells, such as myelocytes, metamyelocytes ahdnd 6 seem to be differddpnll fragments from the same gene,
band cells. Low levels of mRNA of NGAL and neutrophilic respectively, because they showed the same mRNA expression
collagenase (C/Edp2) were detected only in PUfétal liver.  profile (Figs4A and B, and). Northern blot analysis showed that
This might well represent the development of a few neutrophilimost of the novel genes were preferentially expressed in the bone
cells in PU.1"~fetal liver, consistent with the reported developmentnarrow or peritoneal exudate cells, but not in spleen, thymus or
of cells characteristic of neutrophils in Ptd-bone marrows).  adult liver (Fig.4A and B). They were undetectable or only
Recently, CCAAT displacement protein has been reported toeakly expressed in other tissues, such as brain, heart, lung,
repress the expression of secondary granule protein gerédney, skeletal muscle and testis (data not shown), indicating that
(5354), but transcription factors that directly activate theirthey are hematopoietic-specific genes. Only Pdp 1 and 6 were
transcription have not been well characterized. Because th&pressed in adult liver (FigB), but they were not differentially
expression of PU.1 and C/EBRs maintained during granulocytic expressed between wild type and C/EBPfetal liver (data not
differentiation, they are candidate regulators of secondashown), suggesting that they are expressed in macrophages,
granule expression, as is C/EBR0,41). including Kupffer cells, in the liver. Most of them were
Lysozyme M is a myeloid granule protein localized in bothupregulated during myeloid differentiation of the multipotential
primary and secondary granules. Its expression is already detectdi@enatopoietic cell line, EML (Fig), suggesting these genes are
in myeloblasts and upregulated during myeloid differentiationgood candidate targets for PU.1 and C/EB®&though C/Edp 6
including both granulocytic and monocytic lineagés)(PU.1is and 7 were differentially expressed between wild-type and
reported to activate the myeloid-specific enhancer of the chickenutant fetal liver, we could not detect any apparent expression in
lysozyme gene56), and C/EBB interacts with another enhancer the bone marrow, peritoneal exudate cells, adult liver or other
and mediates lipopolysaccharide-induced expression of the chickadult organs. It is possible that they are specifically expressed in
lysozyme gene5E). Northern blot analysis showed that lysozymethe embryonic stage.
M expression was absent in Ptfifetal liver and markedly ~ Our data confirmed the critical role of PU.1 and C/EBPvivo
impaired in C/EBR——fetal liver (Fig.5). In addition, lysozyme in the regulation of myeloid genes, including myeloid CSF
M mRNA was immediately upregulated after induction ofreceptors and myeloid granule proteins. Using RDA combined
C/EBRx expression in an immature hematopoietic cell linavith specific gene suppression, we further identified novel
(A.lwama and D.G.Tenen, unpublished data). These data suggesteloid genes, the expression of which are missing in the mutant
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fetal livers. These novel genes are new candidate targets for Pig31 Cao.Z., Umek,R.M. and McKnight,S.L. (1993¢nes Dey5, 1538-1552.

and C/EBR. Characterization of their roles in myeloid 24

development as well as their transcriptional regulation in relatio,
to PU.1 and C/EB®will be helpful in elucidating the mechanism

of impaired myeloid development caused by loss-of-functions

mutation of PU.1 and C/EBP Additional studies, including

isolation and characterization of the promoter elements, will be
required to establish whether these genes are directly or indirec%K/
regulated by PU.1 and C/EBP 28

29
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