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A minimal c-fescassette directs myeloid-specific expression in transgenic mice

Ahlke Heydemann, Soren Warming, Cynthia Clendenin, Kirsten Sigrist, J. Peter Hjorth, and M. Celeste Simon

The c-fes proto-oncogene encodes a
92-kd protein tyrosine kinase whose ex-
pression is restricted largely to myeloid
and endothelial cells in adult mammals. A
13.2-kilobase (kb) human c-fes genomic
fragment was previously shown to con-
tain cis-acting element(s) sufficient for a
locus control function in bone marrow
macrophages. Locus control regions
(LCRs) confer transgene expression in
mice that is integration site independent,
copy number dependent, and similar to
endogenous murine messenger RNA lev-
els. To identify sequences required for

this LCR, c-fes transgenes were analyzed
in mice. Myeloid-cell-specific, deoxyribo-
nuclease-l-hypersensitive sites localized

to the 3’ boundary of exon 1 and intron 3
are required to confer high-level trans-
gene expression comparable to endoge-
nous c-fes, independent of integration
site. We define a minimal LCR element as
DNA sequences (nucleotides +28 to
+2523 relative to the transcription start
site) located within intron 1 to intron 3 of
the human locus. When this 2.5-kb DNA
fragment was linked to a c-fes com-
plementary DNA regulated by its own

446-base-pair promoter, integration-site—

independent, copy-number—dependent
transcription was observed in myeloid

cells in transgenic mice. Furthermore,

this 2.5-kb cassette directed expression

of a heterologous gene (enhanced green
fluorescent protein) exclusively in my-

eloid cells. The c-fes regulatory unit repre-
sents a novel reagent for targeting gene

expression to macrophages and neutro-

phils in transgenic mice. (Blood. 2000;96:

3040-3048)
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Hematopoietic cells of the myeloid lineages (monocytes/macro-fes expression in HL60 cells with antisense oligonucleotid’és
phages and neutrophils) are likely to be derived from a commoesults in apoptosis during granulocytic differentiation or a blockan
multipotent progenitor cellc-fes the cellular homologue of an macrophage production during treatment with vitamigt 3 The
oncogene transduced in numerous feline and avian retrovirusesristein p92sis tyrosine phosphorylated and catalytically actf}
preferentially expressed in hematopoietic progenitor cells amdted in response to granulocyte-macrophage colony- stlmulaﬁng
mature cells of the myeloid lineag&$.The mammalianc-fes factor (GM-CSF)®14which (along with interleukin [IL]-3) is a §
proto-oncogene encodes a 92-kd cytoplasmic protein tyrosipetent enhancer of neutrophilic and monocytic development frgm
kinase (p92%9 thought to regulate proliferation and differentiatiorhematopoietic progenitors. A direct association between phosp@or-
during myelopoiesis. In adult animals, peritoneal macrophages ayldted p92s and the commorg chain shared by the IL-3 and@
bone-marrow—derived monocytes, macrophages, and granulocy@8-CSF receptors has previously been reported. GM-CSF tr@t-
demonstrate high levels af-fes messenger RNA (mRNA) and ment induces the formation of a multiprotein complex (con3|st|ag
p9Z-fesproteinl#58There has also been detectioncefesmRNA  of the B subunit,c-fes JAK2, STAT1, and STAT3) that results |rﬁ
in highly purified CD34 hematopoietic stem celfsinterestingly, tyrosine phosphorylation and activation of STAT3djes!® These
c-fesexpression remains constant during myelomonocytic differeresults identify a signal transduction pathway initiated by GM-C&F
tiation but decreases and is extinguished upon erythroid matutar IL-3) that stimulates pgZeskinase activity in myeloid cells. A§
tion. Greer et dlhave also demonstratedfesexpression in adult role for c-fes in myeloid signal transduction has also beeh
human and murine vascular endothelial cells. During early embrgenfirmed with the use of targeted mutations of ¢hfeslocus in
onic development;-fesmRNA has been detected in multiple fetalmice (Senis et & and Hackenmiller et &).
tissues derived from all 3 germ layérslowever, prominent pg2es The transcription of most genes introduced into transgenic m?ce
expression becomes more limited at later stages of developmeninfluenced by the surrounding chromatin at the site of |ntegﬁa
and is largely restricted to myeloid and vascular endothelial cellstion. Remarkably, a 13.2-kb humarfestransgene is expressed i ng
the adult? mice in a tissue-specific manner irrespective of integration site qnd
A critical role for p92-esin myeloid development has beenproportional to transgene copy numBeFherefore, the human®y
suggested by a variety of experiments. For example, K5&2fes transcription unit includesis-regulatory DNA elements
leukemic cells (expressing undetectable levels offf9Zpontane- sufficient for a locus control region (LCR). LCRs were first
ously undergo myeloid differentiation upon stable transfection witthescribed for the humditglobin gene clustéf and have now been
a 13.2-kilobase (kb) humanfesgenomic construcf Inhibition of  detected in a variety of genes, including humasglobin 819
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chicken lysozymé&? human CDZ222human keratin 1832*mouse were introduced. The 0.5-kb Hsa includes sequences between nucleatities
metallothioneir?® human adenosine deamin@égnd the mouse and+863 introduced into 0.5 kb by digestion wisil andBglll and ligation to
T-cell receptor a/s locus?’” We demonstrated in transient- SphandEcdRl linkers. Construct 0.5-kb HShc contaiéesnucleotidest 1094
transfection experiments that luciferase reporter plasmids contaffd 2519, generated witBiad digestion and subsequent linking.

. . 3 , . . All plasmids were purified twice over cesium chloride gradients,
ng |44.6 blas.e palrsl (.Zp) G;gse_f_ﬁ. flankl:]gdsequgpces are tacn.vedigested withEcoRI to remove plasmid DNA, and isolated from agarose
exclusively in myeloid celis™ This myelold-Specilic promoter 1s gels with GeneClean (Bio101, Vista, CA). Following microinjection into
regulated by Spl, PU.1, and a novel 70-kd transcription faCt‘?ﬁale pronuclef? surviving fertilized eggs were transferred into pseudopreg

termedc-fesexpression factor (FER). However,cis-acting ele  nant femaleg
ments required for locus control function have not been function-
ally delineated. _ o _ Ribonuclease protection assays
Active genes are typically located within regions of general ) ) )
deoxyribonuclease | (DNase ) sensitivity. Interestingly, thies We analyzedc-fes expression by ribonuclease protection assays (RPAS),

locus contains 3 myeloid-cell-specific Dnase-I-hypersensitive si%%'ﬁseagg‘é"eedxoa :ﬁgjg“ﬁn?;‘g g;ﬁgg:%ge;g? dﬁ?gsgg ;)rf]a?nggg;nous
(HSs)30 Here, we show that all 3 sites are essential for full locus g Y Y

trol activity. Thec-fesLCR is | ted within DNA mousec-fesmRNA levels controls for myeloid cell content in the various
control activity. 1hec-tes IS located within SEQUENCES yioqjes sampled (brain, lung, thymus, spleen, and bone marrow). Levels of

+28 to +2523. Thus, like many other genes containing LCR& man and murine-festranscripts were quantitated by densitometry withg
(B-globin*”?2and rat liver—enriched activator protéf)) thec-fes  phosphorimager (Molecular Dynamics, Sunnyvale, CA). All results &e
LCR colocalizes with tissue-specific HSs. To test the usefulnessreported as human-fesmurinec-fesnormalized to the expression level off
the LCR to direct expression of a heterologous gene in the myeld@ copies of the 13.2-kb humarfestransgene. a
compartment, we developed transgenic mice that express the gené&NAwas isolated from 6-week-old transgenic founder animals with tBe
encoding the enhanced green fluorescent protein (EGFP) from ggeption of the 13.2 and3’ constructs, where 6-week-old progeng
c-fesminimal cassette. Flow cytometry analysis of cells from bongPtained by mating 13.2-kb oA3' transgenics were used. RNA wag
marrow, spleen, and thymus show that the transgene is expresse?i‘}[fcred from bone marrow, spleen, brain, lung, and thymus by Trigol

c

a myeloid-restricted manner (Gibco-BRL, Rockville, MD) according to the manufacturer’s instructiong,
' and 10p.g of total RNA were used for detection of murine or huntafes =
transcripts. RPAs for murinB-actin were performed with f.g of RNA. 3
The humanc-fes probe extends from genomic nucleotide1273 to &
Materials and methods +11645 and protects a fragment of 273 or 180 nucleotides from exéh 1§.
In the process of cloning theGH gene behind a-fescDNA, a portion of &

Generation of transgenic constructs and animals exon 19 was deleted, leading to protection of a shorter, 180-nucleotide @A

) ) . fragment in thec-fescDNA constructs. The murine-fesprobe extends%
The 13.2-kb humare-fes locus cloned into theecoRl site of plasmid  from cDNA nucleotide 2223 to 2537 according to the number of Wilks agd
PSVBRO1 was kindly provided by Dr Anton Roebro#Plasmid p13.2 protects an exon-19 fragment of 288 ByThe 3 ends of thec-fesgenes g
(c-fessubcloned into theEcaRl site of pBluescript Il KS) was used to yere used because they are the most divergent between the humargand
generate all constructs depicted in Figure 2. We derd@drom p13.2by  mouse species. The murifieactin probe protects a fragment of 250 by
double digestion withEcaRI and Nsil, producing an 11.8-kb transgene RNAs were analyzed by means of the Ambion (Austin, TX) RPA I kit wit8;
missing 1.4 kb of 3flanking sequences. Additional transgenic constructggg oo disintegrations per minute of riboprobey&mL ribonuclease A 5
were generated by using naturally occurring restriction enzyme sites. F(RrNase A), and 100 U/mL RNase T1. Importantly, all assays wede
example,A6-10 was created by digestion-eliminated genomic sequencgsriormed in probe excess and in the linear range of the assaygas

between+3767 and+6370 (nucleotide assignments according to Rogjetermined by adding increasing amounts of RNA over a range 0§2
broek et al?), deleting exons 6 to 10, introns 6 to 9, and parts of introns &, 201g.

and 10. The resulting 10.6-kb construct was isolated ®ittR| digestion.
The 7.2-kb A6-18, 8.2-kb A3-9, and 5.9-kbA2-10 constructs were
generated by means of the same strategy. The 6/26kb8a transgene was
generated by digestion witkihe followed by Klenow-mediated blunting of The 0.5-kb HSabc construct was digested completely @fe and
5' ends, ligation toSpH linkers, andSpH digestion. A final ligation step partially with Xbal to remove thec-fescDNA sequence and to insert a news
joined the naturaSpH site at position+3767 to a novel site at 10738. All  polylinker. This polylinker re-established ti&pé site and disrupted the 5
constructs were subjected to thorough restriction analysis and DNépd site and consists of recognition sites for the following unique
sequencing across ligated joints. Finally, each transgene was isolated fi@gtriction enzymesSpé-Sal-Mlul-Clal-Not-Xhd. For simplicity, this N
pBluescript byEcoRI digestion. construct is now called the-fes cassette. ArNhd-Xhd fragment from

An alternative approach was used to develop a second seriesp@GFP-C1 (Clontech) containing tHeEGFP gene was cloned into the
transgenic constructs (Figure 5). All of these plasmids containcifes Speé/Xhd sites of thec-fes cassette. The function of the-fes EGFP
promoter (nucleotides-446 to +71), the humarc-fes complementary construct was verified by transient transfection of the murine myeloid
DNA (cDNA) (kindly provided by Ricardo Feldman, University of FDC-P1 cell line (from ATCC; Rockville, MD) by means of electropora-
Maryland, College Park), and human growth hormone (hGH) exons afén, essentially as describ&¥followed by fluorescence microscopy after
polyadenylation signals (Nichols Institute, San Juan Capistrano, CA} hours. We identified 8 EGFP transgenic founders by dot blot analysis on
totaling 5.1 kb. This basic construct is designated 0.5 kb as it contaipgrified tail DNA (Dneasy tissue kit, Qiagen, Valencia, CA) using an
approximately 0.5 kb of Sregulatory sequences. We also analyzed 3 oth@&GFP-specific probe. The transgenic status of the founders was subse-
constructs containing genomizfes fragments placed behind tHeGH  quently verified by Southern analysis.
gene. This strategy has worked for other LCR elements that function
regardless of their orientation or proximity to the prom@eFfhe largest
construct (0.5 kb, HSabc) contaiogesDNA sequences between28 and
+2523, inserted into the 0.5-kb construct via polymerase chain reacti@ells from bone marrow, spleen, or thymus were hemolyzed (with the use
with the primers 5TAAGCATGCGTCGGTCCGAGGCCGTCCCAG 3 of NH4CI) to remove erythrocytes and washed twice in flow buffer
(forward) and 5> TAAGAATTCGCCAGAGCTCGGTACTGGCTC-3(re-  (phosphate-buffered saline with 2% fetal calf serum and 2 mmol/LiNaN
verse): these primers introdu§pHh andEcdRl sites and allow subcloning into and 1 million leukocytes were preincubated for 5 minutes on ice with
the 0.5-kb plasmid. We sequenced 0.5-kb HSabc to determine that no mutatieaBlock (Becton Dickinson, San Diego, CA) to prevent nonspecific

Generation of the c¢-fes EGFP construct and transgenic animals
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Flow cytometry analysis of  c-fes EGFP mice
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binding of antibody and were subsequently incubated for 30 to 45 minute. A

w

on ice with either the monoclonal antibodies Gr-1 (phycoerythrin [PE] : s 8 & 122k <
conjugated), Mac-1 (PE or PE-Cy5), and B220 (PE-Cy5), or the matchin¢ = * < f T g ow
isotype controls (Cedarlane Laboratories, Hornby, ON, Canada). The cell tn P CTa66 11 1515 1418ia1rie 8
were washed twice in flow buffer and dissolved in flow buffer containing
1% formaldehyde to fix the cells prior to flow cytometry analysis. Initial
screening for transgene-expressing lines was done by analyzing bor
marrow cells for EGFP expression. The samples were analyzed on a Coult GOt T
XL flow cytometer (Beckman Coulter, Fullerton, CA) by means of the : - —
fluorescein isothiocyanate channel green fluorescence. We analyzed 50 0 %
counts from each sample. List-mode analysis was done with the use ¢ &0 8. =
Coulter software version 2. 2B 2

0 00 Q =
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' -human c-fes, 273 bp
Results

Generation of transgenic mice carrying the human  c-fes locus m ' -murine c-fes, 288 bp

A human 13.2-kkEcaRl restriction fragment contains all k8fes LR
coding exons, the first noncoding exon, 446-bp flanking
sequences, and 1.5-kbfanking nucleotides (Figure 1A). Greeret C Construct: 13.2 kb

al' determined that this relatively short 13.2-kb construct is likely copm:%

to contain an LCR when introduced into transgenic animals. Thei E

report analyzed transgene expression in a large number of murir § . P

tissues, including bone marrow, spleen, thymus, heart, lung e § £ 2 E

kidney, liver, brain, testes, and muscle. We generated 3 13.2-k a & g =

transgenic founder lines with 3, 23, and 88 copies each of tht J
humanc-fesgenomic fragment and tested bone marrow RNA for ”. el
humanc-festranscripts by RPAs. Transgene copy number for eact . 5 ' B - urine c-fes. 288 bip
founder animal was determined by DNA hybridization analysis of '

tail DNA samples and comparison with the endogenous muring

gene. The human-fes-specific riboprobe was prepared with the m’.'m"ﬂ“ e
use of a 372-bflll-Nad genomic fragment that includes most of 1 2 3 4 5

exon 19; human transcripts protect a 273-nucleotide fragmeiiure 1. Expression of the 13.2-kb transgene in murine tissues. (A) Schematic
derived from this probe (see “Materials and methods”). A 314-lyppresentation of the human c-feslocus. All 19 exons are indicated along with coding

. - . . _ : egions (M), noncoding regions (CJ), and myeloid-cell-specific DNase | HS sites
murine c-fescDNA fragment yleldmg a 288-nucleotide prOIeCte({HSa, HSb, and HSc). The positions of translational initiation and termination codons
band was used to detect endogenous mouse MRNA. As ShOWR#aiso shown. The 5’ and 3' EcoRl restriction sites (E) are located 0.446 kb
Figure 1B, all 3 founders expressed hunsafiesmRNA in the bone upstream of exon 1 and 1.5 kb downstream of exon 19, respectively. Multiple

R ; : : transcription initiation sites occur within the first exon; +1 corresponds to the first and
marrow. Consistent with previous ObservatlémmnSgene expres most prominent mRNA cap site. (B) Production of c-fes mRNA in bone marrow

sion correlated well with copy number. For example, comparghained from multiple transgenic mice generated with the 13.2-kb EcoRl human
with 2 copies of the murine-feslocus, founder line 3 carrying 88 genomic fragment depicted in panel A. Two progeny animals obtained from founder

H ; (88 copies) in addition to founders harboring 23 and 3 copies each of the
copies of the human transgene eXpresse_d 43 to 44 times as_rd}gc.:zﬁkb construct were analyzed. Ten micrograms of total RNA were hybridized to the
humanc-fesRNA. No humanc-festranscripts were detected in 372-bp human c-fes and the 314-bp murine c-fes riboprobes. The 273-bp and 288-bp
nontransgenic CD1 mice (Figure 3A). protected fragments are indicated. Included as negative and positive controls,

Further analysis revealed that humafesmRNA was present respectively, were 25 g yeast transfer-RNA and total RNA_ harvest.ed from a mouse
. i . acrophage cell line (J774.1) and a human monoblastic cell line (THP-1). (C)
n bone_ marrow, Splee_n- praln, Iu_ng, a_nd thmeS (Flgur_e 1C)- roduction of c-fes mRNA in various tissues harvested from the same transgenic
the basis of numerous in situ hybridization and immunohistochennieuse analyzed in lane 1 of panel B. To control for RNA loading, 5 wg RNA were
cal analyses, these transcripts arise from infiltrating myeloid celf§Pridized to a murine -actin probe.
such as alveolar macrophages in the lung and microglial cells in the ) d ] 19 and b
central nervous systeh.® RNase assays for murinefestran erllorr:;: Seqiesr'?%e: 0(;”15128722 0 exo? an d etween
scripts allow careful quantitation of circulating myeloid (:ellsli1uc e? ! T_SCR i .tan are notrequire

- . . . . . . I c-1es activi

within these tissues (Figure 1C). Densitometric scanning with 2 y
Phosphorimager revealed that human transcripts were proportiongldetermine if sequences® exon 19 includeis-acting elements
to murinec-fesmRNA (within a factor of 3) for all 3 founder lines. that contribute to locus control function, we generated transgenic
Therefore, the 13.2-kb construct appears to be expressed indepfifte with the 3 region deleted £3') (Figure 2). As shown in
dently of integration site and dependent on copy number. Thesigure 3A, this construct still contains an intact LCR. We found
results are consistent with those of Greer étaald support their thatA3' transgenic animals, harboring 1, 18, 30, and 32 copies of
observation that an LCR active in myeloid cells resides within theansgenic DNA, expressed humefiesat levels comparable to the
human c-fes locus. Becausee-fesis a proto-oncogene, careful full-length 13.2-kb construct (Figures 2 and 3A). Furthermore,
histopathological assessment of all transgenic mice was performbesed on RPAs of additional tissues (brain, lung, and thymus), the
however, no tissue hyperplasia, neoplasia, or abnormal morphaB’ construct was expressed only in cells where the endogenous
ogy was detected. murine c-fes message was also detected (data not shown). We
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Figure 2. Deletion series of transgenic constructs. This series analyzed various
genomic segments of the c-fes gene for LCR activity. The columns at right summarize
the data obtained for each construct. Events represents the number of founders
generated and analyzed. Copy number range shows the lowest and highest number
of transgene copies for each construct. A'Y in the integration-independent column
indicates that all of the founders expressed the transgene. A'Y in the copy-number—
dependent column indicates that all of the founders expressed the human gene at the
expected levels in all tissues assayed. AY in the ectopic column indicates that human
c-fes MRNA detected was above the level expected (on the basis of copy number) in
at least one of the tissues assayed. The last column lists the tissues where ectopic
c-fes expression was observed. *Shows that a single founder was analyzed.

concluded that DNA 3 to c-fes exon 19 is dispensable for

LCR activity.

To rapidly localize domains within the 13.2-kb DNA element
encompassing thefesLCR, we generated constructs with internal
DNA sequences deleted by restriction-enzyme digestion of the
full-length plasmid. Importantly, all constructs in this series
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Figure 3. Expression of c-fes transgenes in murine tissues.  (A) Expression of
c-fes in the spleen and bone marrow of a nontransgenic CD1 animal and 4 founders
generated with the A3’ construct. Transgenics containing 1, 30, 32, and 18 copies of
A3’ DNA were assayed in this experiment. (B) RNase protection analysis of human
c-fes MRNA in transgenic tissues harvested from 3 founder mice generated with the
AB-18a genomic construct (see Figure 2). As described in Figure 1, RNA samples
were assayed with both the human- and murine-specific c-fes riboprobes. Transgene
copy numbers were determined by Phosphorimager densitometric analysis of
Southern blots prepared with transgenic tail DNAs.
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maintain the integrity of exon 19 and could be assayed for
expression by means of the probe descibed in Figure 1. Analyses of
mice harboring 3 integration events of thé-10 construct and one
mouse containing thA6-18a construct (deleting exons 6 through
10 and 6 through 18, respectively) indicated that both transgenes
still include locus control function (Figures 2 and 3B). Both
transgenes produced high levels of huneafiestranscripts in the
bone marrow, lung, and spleen. Importantly, each construct was
also expressed in a copy-number—dependent manner proportional
to murine c-fes mRNAs for all tissues analyzed (Figure 3B). In
direct contrast, further deletions withi equences of the 13.2-kb
construct resulted in a loss of locus control capability. As clearly
shown in Figure 4A, th&3-9 construct (which deletes nucleotides
+863 to +5893) and theA2-12 construct (deleting nucleotides
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I'z Iz 1
]
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° cE o e £ o
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- - murine c-fes , 288 bp

1 2 3 4 5

Figure 4. RNase assays on tissues harvested from c-fes transgenic mice. (A)
The A3-9 and A2-12 transgenic constructs are not expressed exclusively in myeloid
cells. Ten micrograms of RNA from the indicated tissues were analyzed by RPAs.
Southern blot analysis revealed that the A3-9 founder exhibited 2 copies of the
transgene and the A2-12 transgenic mouse had 5 copies (data not shown). Various
tissues obtained from both animals displayed ectopic expression: note the high levels
of human c-fes in the spleen, brain, and lung of the A3-9 mouse and in the spleen,
lung, and thymus in the A2-12 transgenic mouse. (B) The A6-18b construct exhibits
LCR activity. Bone marrow RNAs from 3 founder animals with the indicated copy
numbers of the A6-18b transgene are shown with A3’ founders for comparison. (C)
The c-fes promoter linked to the human c-fes cDNA (0.5-kb plasmid) is not sufficient
for tissue-specific, copy-number—dependent transgene expression. The human c-fes
riboprobe detects a 180-bp protected fragment in animals prepared with constructs
based on the human c-fes cDNA because 93 bp fewer exon-19-encoded sequences
are included in these plasmids (see “Materials and methods”). Note the inappropri-
ately high levels of human c-fes transcripts apparent in the lung specimen.
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+219 to +7479) exhibited humarnc-fes mRNA production, LCR activity to thec-fes446-bp promoter/cDNA construct, we
suggesting that these sequences may be sufficient for integratiomroduced sequences containing different HSs into plasmid 0.5 kb.
site—independent expression. However, human mRNA expressBin transgenic founder animals containing thé46-bp 5 region,
was not proportional to either transgene copy number or endoglee cDNA, and+28 bp to+863 bp of humarc-fesstarting from
nous murine transcripts (Figures 2 and 4A). Importantly, both tlexon 1 (0.5 kb HSa) were tested. However, as summarized in
A3-9 andA2-12 plasmids lack the myeloid-cell-specific DNase Figure 5, all 6 transgenics ranging in copy number from 2 to 25
HSs inintron 3; thé\6-10 andA6-18 constructs include these sitesexhibited ectopic expression in tissues such as the thymus and
To test the importance of such sequences in intron 3 for locbsain. Furthermore, transgene expression was not proportional to
control function, we generated th&-18b plasmid shown in Figure copy number. These results clearly indicate that the HSa site is not
2. In 3 independent integration event-18b was appropriately sufficient for LCR characteristics in transgenic mice. Therefore, the
expressed in transgenic mice in a manner consistent with tHS sites located within intron 3 appeared most likely to contribute
presence of an LCR (shown in Figure 4B with th& constructfor to LCR function and were further analyzed. The 0.5-kb HSbc
comparison). Analysis of thé&6-10, A6-18a, andA6-18b con- plasmid contains nucleotideis1094 to+2519 of the human locus,
structs demonstrated that genomic sequences betw8&67 and including small portions of exons 3 and 4 and all of intron 3. All 4
+10738 of humarc-fesare also not required for locus controlof the integration events expressed hunwfes in transgenic
activity. However, nucleotides between positien219 and+3767 animals (Figure 5). However, transgene expression was neither
appear to be necessary for the copy-number—dependent charactetdpy number dependent nor tissue specific (data not shown)éNe
tic of locus control activity. concluded from these results that the HS sites in either intron ﬁor
intron 3 were not capable of conferring locus control function Q,n
their own.
We have previously shown that the 446bfes5’ flanking region Finally, we tested the hypothesis that all 3 tissue-specific ES
contains a myeloid-cell-specific promoter elen?io determine Sites are necessary for fidifesLCR activity. The 0.5-kb HSabcg
if the 446-bp promoter provided LCR activity, a construct wagonstruct shown in Figure 5 harbors all 3 myeloid-specific HS sﬂés
generated that includesfes5’ flanking sequences, a humesfes  Eight transgenic founders ranging in copy number from 1 to 26
cDNA, and 5 hGH exons to provide splicing and polyadenylatiofixhibited humar-fesexpression that was copy number depende_lt
signals (0.5-kb, Figure 4C). 5 integration events were analyzd@stricted to myeloid cells, and at levels similar to the mucifes 8
and all transgenic animals demonstrated low levels of huerims  locus (Figure 6A). As shown in Figure 6B, splenic RNA samplgs
mRNA and expression in ectopic locations (Figure 5). For efrom all 8 0.5-kb HSabc founders transcribed hurodasat levels 5
ample, the founder animal depicted in Figure 4C exhibitegPnsistent with their copy number within a factor of 4. Analysis @ af
inappropriately high levels of humac-fes mRNA in the lung. @additional tissues (bone marrow, brain, lung, and thymus) Cﬂn'
Furthermore, regardless of copy numbers ranging from 3 to 198med that transgene expression was mostly in the approprlate%ell
each transgenic founder expressed equivalent amounts of hurB4res, on the basis of murirefesmRNA levels (Table 1). Threeg
cfes (data not shown). Therefore, although the 446<bfes transgenic mice (numbers 1, 23, and 25) expressed only 10% oﬁhe
promoter region is active when introduced into chromatin, it dogpected levels of humanfesRNA in the bone marrow (Table 1).8 8
not provide copy-number—dependent transcription in the appropriowever, all other tissues analyzed showed copy-number—
ate cell types. These data are consistent with all 3 myeloid-ceflependent mRNA production. Comparison with muriodes
specific DNase | HSs being essential for locus control function. MRNA levels demonstrated that the levels of hurodasRNA are
o ) o well within a factor of 3 of transgene copy numbers for all 8
Production of a  c-fes minilocus that retains LCR activity these founders (Table 1). In summary, the data from the transggnic
The production of ac-fes minilocus was accomplished by aStrategy described above clearly support the notion that DNA

combination of the 2 preceding transgenic strategies. To restdpgalized around HS sites within introns 1 and 3, in conjunctign

The promoter is required but not sufficient for LCR function

}1e/po

0001284/

=3

with the promoter, contain the humasfesLCR. §
o
E _55 jﬁ . Myeloid-specific expression of a heterologous gene ;
g %3 B % . . .
. H §§__’ gg E § ; (encoding the EGFP) in transgenic mice by means i
dE 2= 5. of the minimal c-fes expression cassette §
132kl b L) 3 am ¥ ¥ N
1 23 a5 ETEMO 11 1213 156TIE 19

To assess the usefulness of the minig¥édsexpression cassette to
drive expression of a heterologous gene in the myeloid compart-
L — OO s e v N v lw ment in transgenic mice, we removed thdescDNA from the
0.5-kb HSabc construct, introduced a new polylinker, and inserted

. g g8 the gene encoding the EGFP. The function of this construct was

T P PoemovoMov e evaluated by transient transfection of the bone-marrow—derived

e . myeloid cell line FDC-P1 and subsequent fluorescence microscopy

I E-* L8 g & 8 and flow cytometry. Transfected FDC-P1 cells expressed high
E levels of green fluorescent protein (data not shown). After microin-

i o g jection of the EGFP construct, we obtained 8 transgenic founders.

v | p— e Ay T rE F1 animals from all 8 lines were analyzed for EGFP expression by
putotesun panoterond flow cytometry. Surprisingly, EGFP expression was detected in

Figure 5. Transgenic constructs analyzing genomic fragments in the human only 3 of the transgenic lines. Apparently, the integration-site—

c-fes cDNA minilocus construct.  This series of transgenic mice analyzed various independent expression observed with the 0.5-kb HSabc construct

segments of the c-fes gene in conjunction with the c-fes cDNA regulated by the | h h | bsti d foc-fes
446-bp c-fes promoter. £ represents the c-fes cDNA, and N represents hGH exons. was lost when a hetero ogous gene was su stituted foc-

The data columns are explained in Figure 2. cDNA, which may indicate that the LCR acts in conjunction with
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- human c-fes, 273 bp
- o - !. - human c-fes, 180 bp
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- . - #* - murine c-fes, 288 bp
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Founder: 8 7 B 122123 25
Copies: 0269 6 1 1 2

. - - - human c-fes, 180 bp

- ' ' ' ', == - murine c-fes, 288 bp

Figure 6. The 0.5-kb HSabc construct contains the locus control region. (A) Ten
micrograms of the indicated RNAs were separately analyzed by RPA. The tissues
were collected from the bone marrow of an 88-copy-number 13.2-kb transgenic
mouse (lane 1) and 2 founders containing the 0.5-kb HSabc construct (lanes 2-11).
RNA from the 13.2-kb animal protected a human c-fes fragment of 273 bp, and the
other RNAs protected a 180-bp fragment. Autoradiography was performed for
various times to ease comparison between RPAs of mouse and human transcripts.
(B) RPAs performed on splenic RNA samples derived from multiple transgenic mice.
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cells. A myeloid restricted-expression pattern was also observed in
2 additional transgenic-fesEGFP lines, demonstrating the consis-
tency of this minimat-fesexpression cassette (data not shown).

Discussion

LCRs confer integration-site—independent, copy-number—depen-
dent expression at high levels on transgenes. Previous experiments
strongly suggested that the 13.2-kb humé&esgene included such
a dominant, myeloid-specific LCR element. Therefore, the rela-
tively short c-fes genomic locus must include all necessary
cis-acting DNA elements for high levels of myeloid-cell-specific
expression. Surprisingly, this 13.2-kb genomic fragment contains
only 446 bp of 5and 1.4 kb of 3flanking sequences, respectively.
To locate wherecis-acting sequences reside within the 13.2-kb
DNA element, we have studied the expression of variodss %
constructs in a large number of transgenic mice. Two seriesgof
transgenic constructs convincingly demonstrate that#fesLCR
lies within introns 1 and 3. These sequences direct integration-s@e—
independent and copy-number—dependent expression in transgenic
mice in conjunction with the myeloid-specifiefespromoter. The §
deletion series diagrammed in Figure 2 established that sequeBces
between+3767 and+10738 and downstream of 11377 are
unnecessary for LCR activity. Furthermore, the 0.5-kb HS
minilocus construct confirms that DNA sequences betwe@d
and+2523 in conjunction with the 446-bp promoter are sufficie
for LCR regulation of thec-fescDNA. All minilocus integration &
events express the transgene, demonstrating integration-@te—
independent expression. Furthermore, ribonuclease protection anal-
yses of splenic RNA obtained from the 8 animals containing t@s
minilocus support copy-number—dependent expression in a tis§§1e-
specific manner. RNase protection analyses revealed that ex;ﬁes-
sion of the 0.5-kb HSabc construct in the spleen is comparablgto
o

e/ 4 P9

#neonq

C

/POQEIAU'S

Total RNA harvested from the indicated founder strains was analyzed by means of the N
zreyiously described riboprobes for. hymgn_ arjd murine c-fes transcripts. The Table 1. Percentage of expected human  c-fes expression in various %
esignated number for each transgenic line is indicated so that these assays can be . g i
compared with the data presented in Table 1. transgenic mouse tissues §
Bone §
elements in the cDNA sequence. The apparent loss of integrationconStrUCt Animal Copyno. marow Spieen Bran Lung Thymus Ez
site independence is also observed when other genes are expressetf s 88 926 1477 4724 1638 20T g
in mice by means of this cassette (as evaluated by RNasetlsb 9 25 305 35 477 1065 527 §
protection; data not shown)_ 12 28 114.6 53.1 61.1 622 60.2 §
To determine the cell-type specificity of EGFP transgene 13 7 1062 1415 2402 1655 1387 8
expression, we analyzed cells from bone marrow, spleen, amslkb Hsabc 1 2 81 2641 3669 85 259 3
thymus by flow cytometry. The cells were incubated with myeloid 4 7 37.3 555 137 762 288 3
(Gr-1 and Mac-1) or B-lymphoid (B220) lineage markers prior to 7 40 15.8 252 893 44 2506 *
analysis, and expression of these markers was evaluated in 8 13 - 669 2718 65 32
combination with EGFP expression. Representative data from the 10 5 - 133 313 198 216
transgenic line with highest EGFP expression are depicted in Z i gé‘: lgge ig:; 335 :
Figure 7. Expres_sm_n_ of EQFP is hlghe_st in bone marrow (Flgure . 1 99 427 7982 889 1301
7A), lower but significant in spleen (Figure 7B), and essentially 25 5 114 124 1566 129  —

absent in thymus (Figure 7C). B22@ells did not express EGFP,

indicating that the transgene is not expressed in the B-cell |ineage_Transgene copy number was quantified by Southern blot hybridization performed

In constrast, 50% of Gr-1 (granulocytes) or Mac-1 (granule

in triplicate. Murine c-fes RNA levels were given the arbitrary value 2, corresponding
to the expression of both endogenous genes. Transgenic human c-fes RNA

cytes, monocytes, macrophages) bone marrow cells were EGFBkpression was compared with murine c-fes RNAlevels and corrected for differences
Similarly, 30% to 50% of splenic myeloid cells expressed thig gene copy number. For example, transgenic no. 3 (88 copies) would be expected to

transgene. These percentages of Grahd Mac-1 bone marrow

express 44 times as much human c-fes RNA as murine c-fes RNA and listed as 100%

.of the expected value (2 copies). Thus, the value of human c-fes expression is the

cells may represent the total number of cells actually expressiilime of the human 273-base pair (bp) protected fragment (minus background)
endogenousg-fes Thioglycollate mobilization of peritoneal cells divided by the volume of the murine 288-bp protected fragment (minus background)
also revealed EGFP expression in macrophages (not ShOWﬂ) -Fpﬂ:’pompared with the expected abundance on the basis of the copy number of each

absence or very low level of EGFP expression in the thymy
demonstrates that thefesexpression cassette is not active in T

transgene. The value of human c-fes expression for all splenic samples is based on a
§1g|e RPA autoradiogram for direct comparison.
HS indicates hypersensitive site; — indicates data were not determined.
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A on the experiments of Grisolano et*®alwas designed to control
7777. —_— PML-RAR« production in transgenic animaf&®° The CD11b pre
Lo *| neg moter also directs myeloid-specific gene transcription in transgenic
¥ mice>-52 However, both the cathepsin G and CD11b cassettes fail to
yield high levels of transgene expression. These examples illustrate the
need for a myeloid-cell-specific expression cassette that provides high
levels of expression in macrophages and neutrophils. We believe that the
c-fesconstruct provides such a reagent.
In contrast to the 0.5-kb HSabc construct where integration-site—
independent expression was observed, only 3 out of 8 established
LOG EGFP lines expressed EGFP, as evaluated by flow cytometry. One likely
B explanation is that sequences in t#éescDNA are important for
‘ os o o the integration-site—independent expression. Another explanation
& for the lack of expression for some EGFP lines is that F1 animals
&} neg and not transgenic founders were analyzed. Perhaps some EGFP
s transgenes were methylated upon germ-line transmission. Fm@lly,
RPAs may be more sensitive than flow cytometry. The myelogj
restricted expression pattern of the cassette is, however, maintainedsafter
’ ‘ f§ 9 substitution of thec-fescDNA, and we still observe a copy-numbef;
3 m 5 -i.i E ' o] dependency for expression levels (data not shown). The usefulneSs of
' T T T the c-fescassette will be further enhanced by precisely defining éje
LOG EGFP pattern of expression during embryonic development, together witigan
C exact description of the expressing cell types in the adult mouse. W@are
f currently investigating these issues.
’# e neg The identification of the-fesminimal expression cassette als§
i permits myeloid-cell-specific knockouts using the cre/lox syst@m
[ (reviewed in Martk®. An obvious use for such a strategy is t§
— overcome embryonic lethality of particular mutants. Even if a ndl
allele is not lethal, it may be desirable to investigate the cedl-
! specific deletion of certain proteins in an otherwise normal cellu'gar
} L\:_ environment. Cell-intrinsic vs cell-extrinsic questions can &
. addressed in such a cell-type—specific chimeric animal. cFes
LOG EGFP cassette can be used in such a deletion strategy to study the rofe of
Figure 7. The c-fes expression cassette directs myeloid specific expression of many genes: for example, the C/EB®anscription factor. C/EBd
a heterologous g'ene in hematqpqietic tissues. Reprgsentative data frpm aflow g expressed in adipose, hepatic, and myeloid E65C/EBRy
cytometry analysis of hematopoietic cells from a transgenic mouse expressing a c-fes null mice die shortly after birth owing to faulty glucose metab&

EGFP construct (tg) and a nontransgenic littermate (neg). (A) Bone marrow. Of the . 5 . 9 A
cells, 33% express the transgene. Approximately 50% of the Gr-1* cells coexpress lism.26:57These mice also dlsplay a S|gn|f|cant defectin granuloc@e

EGFP. Thesam(el)istrueforthe Mac-1*. The B-cells (B220*) are EGF_P’._(B) Spleen. numbers58 liver architecture, and Iung developméhtC/EBRx §
e et ey Tegulates crtcal myelod genes, suh s those encoding Gh-GSF
low, indicating that the c-fes expression cassette is inactive in T cells. In the double receptora® and granulocyte colony-stimulating factor I’eCEﬁPOI’K
histograms, the numbers indicate percentages of cells present in the given quadrant. ~ A more complete investigation of macrophage and neutrop%]il
B e s T oo fUNCton defects s not possible owing o an inabilty (0 produge
from each sample analyzed. viable mice. Ac-fegcre—mediated myeloid-cell-specific knocko@
of the C/EBRx factor would greatly assist in analyzing thg

bone marrow expression. When used to express a heterologgtgnulocyte defects in the absence of this factor. 8
gene (EGFP), this minimal construct directs myeloid-specific In summary, using a significant numpof transgenic mice, we *
expression in hematopoietic tissues in transgenic mice. have successfully located the myeloid-specific LCR within the

LCR characteristics are probably mediated by higher-ordbumanc-feslocus and determined that it resides in intron 1 and
chromatin structuré’.2240-42The colocalization of DNase | HSs to intron 3. This DNA element, encompassing approximately 2.5 kb
LCR elements in a number of genes, sucBagobin”CD222and of c-fesgenomic sequences, is necessary and sufficient for confer-
LAP,31 supports this hypothesis. Higher-order chromatin structurégg integration-site—independent, copy-number—dependent expres-
include nuclear-matrix—associated regions within the LCR seion on a cDNA construct in conjunction with tleefespromoter.
guenceg3“5suggesting that the LCR regulates chromatin structuk#fe have used this minimal expression cassette to drive transcrip-
by forming a chromosomal loof§:#” The 13.2-kb humare-fes tion of the gene encoding EGFP in a myeloid-specific manner.
genomic DNA contains 3 tissue-specific DNase | HS3pf which  Apparently, integration-site—independent expression is lost when
reside within intron 3. All 3 HSs are present within the 0.5-kilhec-fescDNAis substituted for a heterologous gene. However, the
HSabc minilocus, which maintains locus control activity. cassette is still capable of directing copy-number—dependent and

Similar expression cassettes have previously been used for analggieloid-specific expression in transgenic mice. It thus provides a
of the PML-RARx oncoprotein in acute promyelocytic leukemiaunique tool for expression of nonmyeloid genes or oncogenes in the
PML-RAR« expression regulated by a constitutive, housekeepimgonocytic and neutrophilic hematopoietic lineages. Furthermore,
promoter such af-actin results in the death of transgenic fetd8es.the humanc-fes construct will be highly useful for conducting
Therefore, a myeloid-cell-specific, human cathepsin G cassette (baieslie-specific, myeloid-lineage gene targeting experiments.
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