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Regulation of the PU.1 gene by distal elements
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Scott R. McKercher, Richard A. Maki, and Daniel G. Tenen

The transcription factor PU.1 (also known
as Spi-1) plays a critical role in the devel-
opment of the myeloid lineages, and my-
eloid cells derived from PU.1 ~/~ animals
are blocked at the earliest stage of my-
eloid differentiation. Expression of the
PU.1 gene is tightly regulated during nor-
mal hematopoietic development, and dys-
regulation of PU.1 expression can lead to
erythroleukemia. However, relatively little
is known about how the PU.1 gene is
regulated in vivo. Here it is shown that
myeloid cell type—specific expression of

PU.1 in stable cell lines and transgenic
animals is conferred by a 91-kilobase (kb)
murine genomic DNA fragment that con-
sists of the entire PU.1 gene (20 kb) plus
approximately 35 kb of upstream and
downstream sequences, respectively. To
further map the important transcriptional
regulatory elements, deoxyribonuclease |
hypersensitive site mapping studies re-
vealed at least 3 clusters in the PU.1 gene.
A 3.5-kb fragment containing one of these
deoxyribonuclease | hypersensitive sites,
located —14 kb 5’ of the transcriptional

start site, conferred myeloid cell type—
specific expression in stably transfected

cell lines, suggesting that within this re-
gion is an element important for myeloid
specific expression of PU.1. Further anal-
ysis of this myeloid-specific regulatory

element will provide insight into the regu-
lation of this key transcriptional regulator

and may be useful as a tool for targeting
expression to the myeloid lineage. (Blood.
2001,;98:2958-2965)
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Introduction

PU.1 is an Ets family transcription factor that plays an essentim murine erythroleukemia cell§:1® The spleen focus-forming
role in the development of both myeloid (granulocytes andrus insertion leads to activation of PU.1 expression and blocks
monocytes/macrophages) and lymphoid lineageBU.1 regu  terminal differentiation of erythroblast§1® Furthermore, overex
lates almost every myeloid gene promoter studied to date, symtession of PU.1 in a transgenic model results in erythroleuke-
as CD11k* PU.1 null mice have an absolute block in themia?®During normal hematopoietic development, PU.1 expression
development of monocytes/macrophages and B lymphoid celiscreases as stem cells commit to the myeloid linéaged PU.1
Granulocytes and T cells are also affected in that there is a dekypression is turned off with erythroid differentiation as GATA-1
in their development as well as abnormalities in neutrophéxpression increasé3.The importance of proper regulation of
function5¢ Subsequent analysis of PU/t cells demonstrated PU.1 is demonstrated by several recent studies showing that PU.1
that they are blocked at the earliest stage of myeloid maturatisnppresses GATA-1 activity to block erythroid differentiatfdi#
and lack expression of the granulocyte-macrophage colony- Previous promoter studies using transient transfections demon-
stimulating factor (GM-CSF), M-CSF, and G-CSF receptostrated myeloid cell type—specific regulation confined to a 334—
genes, whose promoters were previously shown to be regulatese pair (bp) promoter sequerf€8® Within this region, fune
directly by PU.17-12 Restoration of expression of PU.1, but notional binding sites for octamer binding factors, Sp1, and PU.1
of the receptor genes, was able to rescue myeloid differentiatiomere identifiec?>26 We have previously shown that the PU.1
demonstrating the importance of transcription factor function ipromoter is autoregulated by PU.1 itself and that PU.1 in conjunc-
establishing differentiation of these celfs!3 tion with Sp1 is important for myeloid expression, while regulation
Expression of PU.1 is restricted to hematopoietic lineages. PU§ octamer binding proteins in conjunction with the B cell-specific
is expressed in multipotential progenitors, including erythrozoactivator Bob-1 is likely to direct expression in B ceflgs A
blasts!* PU.1 expression is tightly regulated during subsequergcent study demonstrated that C/EEBBan induce PU.1 gene
hematopoietic differentiation: PU.1 is up-regulated with myeloiégxpression in as short as 4 hours, suggesting a direct role for
and down-regulated with erythroid commitméhtin mature regulation of the PU.1 gerfé.Other studies have suggested that
hematopoietic cells, PU.1 is expressed in myeloid and B lymphoRlU.1 expression might be regulated by DNA methylation and
cells but not erythrocytes or T cefld#16.17 chromatin structure, as assessed by deoxyribonuclease (DNase) |
As a critical determinant of hematopoietic lineage developmerftypersensitive studie8. However, no studies to date have per
it is essential that PU.1 is properly regulated. PU.1 was originalfgrmed functional analyses regarding regulation of PU.1 gene
isolated as the gene product of the Spi-1 locus as a protooncogerpression in the context of chromatin or in transgenic mice.
identified as a common spleen focus-forming virus integration site Therefore, we undertook additional experiments to ask how
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PU.1 is regulated in vivo. Here we show that cell type— aniduciferase assays

tissue-specific chromatin-independent expres§|0n of the mu“l['L?ciferase assays were performed according to the manufacturer’s (Pro-
PU.1 gene can be conferred by a 91-kb genomic DNA fragment if,ya) protocol. Cell lysates were quantitated with the Bradford protein
both stable cell lines and transgenic mice. Within this 91-kb PUgksay (Bio-Rad Laboratories, Hercules, CA).

locus, 3 potential transcriptional regulatory elements were identi-

fied using DNase | hypersensitive site (HS) studies. One of ti®®uthern blot analysis
3 elements was shown to greatly enhance basal promoter acti
and is likely to contain an important previously unidentifie
regulatory element.

(\#tgnomic DNA was separated on agarose gels, blotted onto BioTrans
membranes, hybridized, and washed as desc@b&table chromosomal
integration of the murine Thy1.1 or luciferase genes was detected by either
a random-primed labeled 544-tganH| fragment of the murine Thyl.1
cDNA or a 1.7-kbXba fragment of the luciferase gene from pXP2.

Materials and methods Northern blot analysis
Cell culture Total RNA was isolated from stably transfected cell lines by guanidium
extractiorf® and from transgenic animals following tissue homogenization
Human myeloid U937 cells (No. CRL1593, America Type Culture Colledn 4 M guanidine isothiocyanate solution and separated on cushions of
tion, Rockville, MD) were grown in RPMI 1640 medium containing 10%cesium trifluoroacetate (Amersham Pharmacia Biotech, Piscataway, NJ).
fetal bovine serum (FBS) and 2 mM L-glutamine. The murine myeloiglurine Thy1.1 RNA was detected with a labeled 544BzprHI fragment
progenitor line 4168 was maintained in Dulbecco modified Eagleof the murine Thy1.1 cDNA! murine PU.1 messenger RNA (MRNA) with
medium with 15% FBS. The murine T-lymphoblast cell line BW5¥4vas a 431-bp PU.1 5cDNA fragment (which is specific for murine PU.T)and
cultured in Dulbecco modified Eagle medium with 10% heat-inactivateglyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA with a 1.3-
FBS. Also, 2p.g/mL puromycin was used for selection of stable cell lines. kb Pst fragment of rat GAPDH cDN/A&® Blots were subsequently
hybridized for detection of Thyl, murine PU.1, and GAPDH mRNAs,
Isolation of the murine PU.1 P1 clone and plasmid respectively, and the blot exposed for several days in between hybridization
to ensure that the previous probe had indeed been removed prior to
subsequent hybridization.

The 91-kb murine PU.1 clone (PU.1-P1-37) was obtained by screening a o '
P1 library from Genome Systems (St Louis, MO). P1 clone mPU.PNase | hypersensitive site studies

Thy1.1-P1 consisted of a 544-bp murine Thyl.1 complementary DNB S
) : g N I h tivit d describerrob
(cDNA) reportef! inserted into the 91-kb murine PU.1 gene (PU.1-P1; ase ypersensitivity was assayed as cesc obes were as

37) bet 4 and 5 th hh | binati follows: probe 1 is a 1.4-kEcaoRI-Pst fragment located-13 kb 5 of the
) Pf Ween exons 4 an rough homologous rec‘?m ination t'r%nscriptional start site; probe 2 is a 2-WanHI-EcaRl fragment
bacteria®2 pXP2/—0.334 kb/Luc was generated by subcloning a 500 bp ) ; . -
BarHI fragment spanning-334 to+147 of the murine PU.1 promoter ncluding 1.9 kb of intron 1 and exon 2; probe 3 is a 1.58dmHI-EcaRl

. : ; ) fragment from the 3end of the gene (located 1 kb downstream from exon
region as described previous®y.pXP2—-14 kb/~0.334 kb/Luc was 9 g ( . X

5); be 4 i 1.1-klEcaRI-Pst fi t located 12 kb '5of th
generated by ligating a 3.5-KkBindlll fragment containing the-14 kb ) probe = 1S a o N St fragmen’ focate ot the
DNase | HS (see “Results™) into thdindlll site in front of the 334-bp transcriptional start site; probe 5 is a 657-BpnHI-Dralll fragment of

) intron 1; and probe 6 is 1.5 KBcaRI-Pst fragment located 15 kb'5f the
mPU.1 promoter of pXP2/0.334 kb/Luc. ! P ! 9

transcriptional start site.

constructions

Preparation of linearized DNA from P1 constructs for Transgenic mice

eneration of transgenic mice and stable cell lines . . o .
9 9 Mlul-linearized mPU.1-Thy1.1-P1 purified as described above was resus-

The mPU.1-Thy1.1-P1 plasmid DNA was purified using a Qiagen Midi Kipended in 1 mM Tris, pH 8.0, 0.01 mM ethylenediaminetetraacetic acid,
followed by phenol extraction and ethanol precipitation. The plasmid wadjected into fertilized oocytes of FVB mice, and implanted in uteri of
linearized withMlul and purified on a Sepharose CL4b column (Pharmaci@seudopregnant FVB mice according to standard procedires.

Valencia, CA) as previously describ&lThe same linearized mPU.1-

Thy1.1-P1 fragment, which contained the P1 vector, was used for makit§glation of lineage-specific cell populations from

either transgenic mice or stable cell lines. transgenic animals
B220" and CD4/CD8" (meaning positive for either or both T-cell
Transfections markers) cells were isolated from spleen and thymus, respectively, of PU.1

transgenic mice. Mac“1cells are isolated from peritoneal macrophages
Transient transfections were performed as described previSusI937,  cojlected 48 hours after thioglycollate injection. To obtain Greglls, 5 mg
416B, and BW5147 cells were electroporated at 300, 270 and 250 ¢.CSF was injected subcutaneously every 12 hours for 4 days prior to
respectively, and 960 microfarads. Cells were harvested approximately\.ction of thioglycollate. Granulocytes were collected from the peritoneal
hours after electroporation. Transfection efficiency was normalized with theysh 4 hours later. This procedure yields high numbers of more than 90%
activity of cotransfectedRenilla luciferaseactivity.3* Individual transfee granulocytic cell$740 Each cell population was incubated with rat anti-
tions were repeated 3 times. For stable cell lines, plasmid DNA (except fBQZO, anti-CD4 and anti-CD8, anti-Mac-1, or anti-Gr-1 antibody, respec-
the mPU.1-Thy1.1-P1 clone) was purified with the Qiagen Maxi DNAjyely (Pharmingen). Subsequently, cells were incubated with goat antirat

purification kit. Stable cell lines were generated by electroporation %munoglobulin G Microbeads and purified over a -RSSeparation
2 X 107 416B or BW5147 cells, respectively, and<110’ U937 cells as column and VarioMACS magnetic system (Miltenyi Biotec).

described for the transient transfections. Plasmids used for stable lines

included 5 pg Ndd-linearized pX_P27L_O.334 kb/Luc, Aatll-linearized RT.pcr analysis of transgene expression in purified Mac-1 +
pXP2_/—14_kb/—0.334 kb/Luc,Sal-linearized pPU.1+1.3 kb/Th_yl.l, or myeloid and TER119 * erythroid cells

Xhad-linearized pPU.1+ 1.3 kb/Intron 1/Thy1.1 cotransfected with O

Nad-linearized pGK-purd® Cells were plated on 96-well plates andMac-1" cells and TER119 cells were isolated from bone marrow cells of
selected for transfected stable clones with.@mL puromycin 48 hours PU.1 transgenic mice. Bone marrow cells were stained with anti-Mac-1
after electroporation. antibody and anti-TER119 antibody (BD Pharmingen, San Diego, CA), and
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each 10 000 Mac-1cells and TER119 cells were sorted using a highly A =G a5 7 = o o = 5 % = o o %
modified triple laser (488 nm argon laser, 599 nm dye laser, and ultraviolet___ “’;" WS EE ewEEE e i
laser) Cytomation system (MoFlo, Fort Collins, CO). The purity of sorted Lt | T RN EEN:
cells was more than 99%. Total RNA was extracted with Tri-reagent

(Molecular Research Center, Cincinnati, OH) with L8 yeast transfer cenomi sequence -E3 1253 FS- _____
RNA as a carrier. The cDNA was synthesized with Superscript Il RNase X
H-Reverse Transcriptase (Gibco, Gaithersburg, MD). Reverse transcriptase— Shuttle vector ‘
polymerase chain reaction (RT-PCR) was performed with RNA equivalent T o R aare ke

to 200 cells each and Pfx DNA polymerase (Gibco). Primers for transgene- ‘ B Nesnoor R

derived mRNA were PU.1'5sense primer SBAAACCTTGTCCCCAGC-
CCACCAG-3 and Thyl.1 3antisense primer’'sGCAGTCCAGGCGA- B «w 20 15 -10 5 0 +5 +10 +15 +20 +25 +30
B

AGGTTTTG-3. Primers for murine GATA-1 were exon 2-&CATCAG- B e P e 8% s E £B £
CACTGGCCTACTACAG-3 and exon 3 5CCGTAAGCACTGCCGGT- e eeAN . '
GACAGG-3 41 Primers for murine GAPDH were'S5GTGCTGAGTAF  wveromoey | te ttot
GTCGTGGAGTCTA-3 and 3-CAAAGTTGTCATGGATGACC-3. ‘3(‘4"3;‘:)7 1 - - -- -}

E E E E E E
Western blot analysis of transgenic PU.1 proteins p“]]1 m]]P2 p”m3

B, B

Cell lysates were extracted with RIPA buffer. Proteins were detected with a E[]]‘—E PS5
PU.1 antibody recognizing an N-terminal PU.1 pepfigePU.1 antibody Bﬁ i B 8 I]]]B
that recognizes a C-terminal PU.1 peptide (Santa Cruz), and an anti-Thy 1.1 P6 s
antibody (Santa Cruz). Figure 1. Isolation and characterization of a murine PU.1 91-kb P1 genomic

clone. (A) Map of the genomic clone and strategy for insertion of the Thyl.1
reporter by homologous recombination. The top cartoon is a kilobase scale. The
middle panel is a map of the murine PU.1 91-kb genomic insert (thick black line),
ReSU|tS with §equenc§s from the P1 vec.tor shown by the thinner black line. shpwn e}re the

relative locations of the 5 coding exons, labeled E1 to E5; restriction sites of

PU.1 ter f ts that fer high-| | activity i enzymes used to map the clone; and the location of the murine equivalent of the
-4 promaoter Tragments that conter high-level activity In 3’ end of the human tbp-1 gene at the extreme 5’ end of the insert. The bottom

transient transfections do not express in transgenic mice panel shows the strategy used for insertion of the Thy1.1 reporter by homologous
) . ) . ) . recombination. “Genomic sequence” represents an expanded view of the murine
Previously published transient transfection studies had establisied. genomic region between exons 3 to 5. The panel below depicts the shuttle
that a 500-eran1—|I fragment containing 334 bp of the murinevectorin which a 928-bp homologous fragment, including parts of exon 3, intron 3,
PU1 t d 166 b  Bint lated . “0.5-kb and exon 4, were placed upstream of an IRES followed by the 544-bp murine
-1 promoter an p o ntranslate reQIor_] ( . _. Thy1.1 cDNA, a polyadenylation signal, and a 375-bp homologous portion of exon
promoter”), as well as a 2.1-kBad fragment containing this 5. “Homologous recombination” represents the final structure of the modified P1
promoter and additiona]’fﬁequences (“2_1_kb pr('_)n']('_)ter”)l con-vector, referred to as mPU.1-Thyl.1-P1 in the text. Following homologous
[y PR : _ . ecombination into the same region as was done for PU.1 knockout animals, we
ferrgd hlgh level promc?st;r aCtIVIty In myEIOId anq B-cell lines bl’%redict a genomic structure of the P1 as shown in the bottom figure in which a
not in other cell type$>26 We asked whether either of these ingle transcript would encode both the PU.1 gene and Thyl.1 reporter. The
constructs could direct expression in transgenic mice. We analyzednal PU.1 reading frame terminates at the junction of the fragment of exon 4
4 founder lines with the 2.1 kb and 5 lines with the 0.5-kb promotéf‘d the IRES, and this construct would not be expected to encode a functional
. . ) & . - . PU.1 protein. Also shown are restriction enzyme sites, including a PCR-generated
using aB'g_ala_(_:tOS|dase repqrt and in none of the l_ln_es d_ld WE EcoRi site in front of the IRES, Thyl.1 cDNA, and exon 5. This extra EcoRl site
observe significant expression (detectableBbyal staining) in B allows detection of the transgene from the endogenous PU.1 gene using a 544-bp
cells, T cells, or peritoneal macrophages (data not shown). Beca§a@H! Thyl.1 cDNA probe on Southern blots to establish transgene copy
we were concerned that thib al reporter system we were usin number.3! (B) Map of DNase | HSs and genomic probes. The top panel is a
. s ) g p Y gkilobase scale. The middle panel is a map of the murine PU.1 genomic sequence
might not work efficiently in granulocytes, we remade the trangnnis region, showing restriction enzymes used for DNase | mapping. Also shown
genic constructs with the murine Thy-l reporter gene that we hawd the 5 coding exons (E1-E5). DNase | HSs identified in this paper are indicated
PP low the genomic map in either bold arrows (for sites in 416B myeloid cells) or in
useq su_ccessfully to measure CDl]_'b promoter aCtIVIty in tradﬁ arrows (for sites in BW5147 T cells); sites identified in the myeloid cells but
genic mice both by fluorescence-activated cell sorter (FACS) aRg 1 ceils are indicated with a minus (=) symbol. The relative positions of each of
Northern blot analysi&! In 12 independent transgenic foundethe 6 probes (P1 to P6) and the restriction enzymes used with each probe are
lines—6 with the 2.1-kb and 6 with the 500-bp PU.1 promoter—uw/gdicated at the bottom of the figure.
observed no detectable Thyl.1 surface expression by FACS of ) ]
peripheral blood, spleen (source of B cells), peritoneal macrgPProximately 35 kb of 5and 3 flanking sequence. Afew hundred
phages, or thymus (source of T cells) or MRNA by Northern blot dtase pairs from each end of the 91-kb PU.1 genomic fragment were
, . . .
peritoneal macrophages, spleen, or thymus (data not Shown).s':—;guenced. _The ®nd sequence dgmonstrated identity wnh the 3
summary, these experiments indicated that elements in additiorff}fl Of murine tat binding protein-1 (GenBank accession No.
the promoter are important for expression in transgenic mice. ~ D49686), while the 3end sequence of the PU.1 fragment did not
demonstrate similarity to any known sequences (data not shown).

We next used homologous recombination in bactérta
insert a Thyl.1 cDNA as a reporter into the PU.1 locus. We
selected Thyl.1 because we have experience using it as a
To direct cell type—specific gene expression in a chromatigensitive and effective reporter of protein and mRNA expression
independent manner, additional regulatory elements must be neededmacrophages and neutrophils of transgenic rdlcéVe
Therefore, we isolated a 91-kb murine genomic P1 clone contasuccessfully inserted the internal ribosome entry site (IRES)—
ing the murine PU.1 gene (Figure 1). Using a combination of fieldhy1.1 construct into the PU.1 P1 clone, replacing part of exons
inversion and traditional agarose gel electrophoresis, we estdband 5. The targeted P1 clone (mPU.1-Thyl.1-P1) would be
lished a restriction map of the clone (Figure 1). The 20-kb murirexpected to express Thyl.1 mRNA from the PU.1 transcrip-
PU.1 gene is located almost in the center of the P1 clone, witlonal unit with a predicted 3-kb mRNA species. We would also

A murine PU.1 91-kb genomic fragment confers high-level
reporter gene expression in myeloid cell lines
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predict that the clone would efficiently translate Thyl.1 proteimtermediate transgene copy numbers would be required to state

from the IRES but that the PU.1 coding region would béhis with certainty.

interrupted and a functional PU.1 protein not expressed. Initially, we analyzed reporter Thyl.1 protein expression by
We generated 9 independent stable lines of human U9BACS analysis, but no detectable Thyl.1 surface expression was

myeloid cells with the targeted mPU.1-Thyl.1-P1 clone. Nobserved in any of the expressing clones (data not shown). We

deletions or rearrangements were noted following separation tbkrefore performed further RT-PCR and sequencing analysis using

restriction fragments by field inversion gel electrophoresis (datatal RNA isolated from the highest Thyl.1 mRNA expressing

not shown). Thyl.1 mRNAwas expressed in every clone harborietpne (No. 16). Sequencing of the RT-PCR product derived from

the transgene in both U937 (Figure 2) and 416B (data not showth)s clone demonstrated that the IRES sequence intended to provide

stable cell lines. No Thyl.1 mRNA was detected in parental U93¥ith ribosomal binding sites for efficient translation initiation had

cells (Figure 2A, lane 11) or clone 14 (Figure 2A, lane 5), whicbeen spliced out using a cryptic splice donor found in murine PU.1

does not contain the transgene (data not shown). The T-cell liegon 4 (nucleotide 555, in the middle of exon 4) and splice acceptor

BW5147, which served as a positive control for Thyl expressiom the middle of the murine Thy1.1 cDNA (Figure 2B).

did indeed express Thyl.l mRNA but with a more slowly

migrating species (1.85 kb vs the major band of 1.4 kb observeddnase | hypersensitivity assays detect 3 sites within the

the U937 transfectants). We observed 3 major mRNA speciesyrine PU.1 locus

which hybridized to the murine Thy1.1 probe in the transfectants of

3 kb, 2 kb, and 1.4 kb. The same pattern was consistently obsery&ég N€xt sought to localize the important regulatory element(s)
in every stable cell line as well as in transgenic mice in vivo (sethin the 91-kb murine PU.1 fragment that conferred expression
below); therefore, the multiple RNA species observed are indepd-cell lines. Transcriptionally active regions in chromatin have an
dent of the integration site and more likely an inherent property 8P€N configuration that allows transcription factors to bind to and
the transgene. As noted above, we predicted a predominant 338 therefore more spsceptlble to DNase | dlgt_astlon. To define the
mRNA species but, in addition, observed a 2-kb species resultifgfulatory elements in the 91-kb PU.1 genomic DNA fragment, a

from a cryptic splicing event (see below) as well as a predominarip”KP region spanning from 20 kb upstream to 10 kb downstream

1.4-kb mRNA, which presumably arises from yet another cryptfef the PU.1 gene was systematically searched for DNase | HSs
splice donor or acceptor we have not yet mapped. (Figure 3). Three DNase | HS regions were observed (Figure 3) as

We performed Southern blot analysis to determine the numb¥toWn by Southern analysis of DNase |-treated genomic DNA.
of copies of the transgene in each stable line (data not shown). TIfi€ first hypersensitive region (Figures 1B and 3A) is located 14-
general, expression of Thyl.1 mRNA correlated very well withP upstream of the transcriptional start site. Thid4-kb HS
copy number. Therefore, it appears that the transgene is expres3fars not to be myeloid specific, because it was observed in both

in a copy number—dependent manner, although more clones V\mp{eloid and the T-cell line BW5147, which does not express PU.1
(Figure 3A). The second hypersensitive region mapped to the

proximal promoter and intron 1 consisted of at least 3 distinct sites
observed in 416B murine myeloid cells but notin BW5147 T cells.
The +0.149 kb HS was localized near the proximal promoter,
while the other 2 localized to intron 1 (Figure 3B). The third

A Stable Clones
U937-mPU.1-Thy1.1-P1 RS

e
I 1 ’\63 ’\(.5\
» AP
23 7 914151618 21% &Q?‘x 1&1321%0"’@‘\

Probe: P ' '. hypersensitive region was located in intron 2 witB kb, +12 kb,
mThy1.1 ;i and+15 kb HSs observed only in 416B myeloid cells, while the
- Ll » < +17 kb site was observed in both 416B myeloid and BW5147 T
18SrRNA — . cells (Figure 3C). We did not observe specific DNase | HSs with
_ . probes 4, 5, and 6.
12 3456 7 89 101112 13 1415 16 17 18
ot The —14-kb DNase | HS d hancer b
GAPDH m e —14- ase | HS does not act as an enhancer but
confers high-level myeloid-specific expression of the minimal
B PU.1 promoter in stably transfected myeloid cell lines
murine PUL1 exon 4 murine Thyl.1 cDNA
PU.1-Thyl.1-P1  ...AGCTCAGATGAGGAGGAGGETGAGRGGCAGA ——-/  /--GCTCTCASTCTTGCASGTGTCCE. .. To determine if the-14-kb DNase | HS had a positive regu|a’[ory
RT-PCR + » - AGCTCAGATGAGGAGGAGE TCTTGCAGETGTCCG. .

\/

Figure 2. The 91-kb murine PU.1 genomic clone directs high-level reporter gene
expression in stably transfected cell lines. (A) Northern blot analysis of Thyl
mRNA n stable cell-line transfectants harboring the murine 91-kb PU.1 P1 clone. The
91-kb P1 DNA was linearized and stable transfectants established in myeloid U937
cells. The blot was sequentially probed with murine Thyl cDNA (top) and GAPDH
(bottom). Numbers at the top of the blot indicate clone number (lanes 1-10) as well as
the negative control U937 cells (lane 11) and positive control BW5147 T-cell line (lane
12). Lanes 13 to 18 represent a limiting exposure of the left-hand blot (lanes 7-12).
The position of migration of 18S ribosomal RNA is shown on the left, and the arrow on
the right indicates the position of endogenous Thyl.1 mRNA in BW5147 T cells.
(B) Sequence of the cryptic splice resulting in loss of Thyl.1 protein expression.
Flanking primers were used to derive cDNA from the region spanning PU.1 exon 4,
the IRES, and Thy1.1 cDNA (Figure 1A). Shown in the upper line is the sequence of
the PU.1-Thy1.1-P1 plasmid, and below it is the actual sequence derived from mRNA
from stably transfected U937 cells. Alignment of the 2 sequences demonstrated a
gap in the cDNAin which the IRES and 5’ end of the Thy1.1 cDNA (including the start
ATG) are missing. Also shown in bold and underlined are nucleotides presumptively
serving as the signals for the cryptic splice donor (GT) and acceptor (AG).

effect on the minimal promoter activity, a 3.5-kindlll fragment
containing this site was subcloned in both orientations in front of
the —334 PU.1 promoter directing luciferase reporter gene expres-
sion along with appropriate control plasmids (Figure 4A). To ask
whether this 3.5-kb fragment could function as a classical en-
hancer, these constructs were transiently transfected into either
myeloid (U937 and 416B) or T-cell (BW5147) lines. As shown in
Figure 4A, the—334-bp PU.1 promoter by itself demonstrated
relatively high levels of luciferase activity in U937 cells, which
express relatively high levels of PU'1.Lesser activity was
observed in 416B cells, which represent a multipotential line and
express lower levels of endogenous PU.1 mRNA (H.S.R. and
D.G.T., unpublished results, 2001), and lesser still in BW5147 T
cells, which do not express detectable levels of PU.1 (Figure 4A).
When the 3.5-kiBanH| fragment containing the-14-kb HS was
placed in either the genomic or reverse genomic orientation, no
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The murine PU.1/91-kb genomic fragment confers

Voimeee—"""] s tissue-specific reporter gene expression in transgenic mice
e e e - ro COgPe. = v :itﬁ The results from analysis of the expression of the PU.1
-14kb —» ettt i g transgene in cell lines suggested that this clone, in contrast to the
#ikh S smaller 2.1-kb promoter construct, contained sufficient regula-
B P2 tory sequences to direct expression in vivo. To test this, we
o _,/”1 0 //’1 established transgenic mouse lines containing this P1 clone. To
' Y date we have been able to establish lines from 2 independent
8 kb founders that harbored approximately 6 copies of the transgene.
In these 2 lines, high-level reporter gene mMRNA expression was
™ - detected using a Thyl.1 probe in RNA derived from peritoneal
~+0.149bp ’ macrophages, bone marrow, and spleen from transgenic animals
~2kb (Figure 5A), with the same multiple RNA species as observed in
+1.4kb—> ~ 5  Stable cell lines (Figure 2A). No Thyl.1 mRNA was detectable
+L.8kb —> g seeae . ‘ in any nontransgenic animal tissue except for in the thymus, in
L which both the transgenic and nontransgenic littermates gave
C P3 the same pattern, which is likely a result of endogenous Thy1l.1
— 23kb Uﬁsslr:;;n (E Q':ET I 334 bp PU.1 promoter }-E luciferase
~+9 kb~ - 10kb
~+12 kb ® r’
—| 334 bp PU.1 promoter } — luciferase
+15kb™> - 5kb
> TR ITIY i N U937 4168 BW5147
ik ad ' 45b human myeloid ~ murine myeloid ~ murine T cell
PU.1+ PU.1 + PU.1 -
4 334 bp PU.1promoter + - -
. N Dnase | HS {refuerse\l + |- =1 [+ |
Figure 3. DNase | HS mapping detects 3 major regions in the PU.1 gene. Dnase | HS | + e |3 @ ii;i
(A) DNase | HSs detected with probe 1 (P1 in Figure 1B). The arrow indicates a PU.1 promoter only | 2 S 2 [ 2
DNase | HS mapping approximately 14-kb upstream of the transcription start site Luciferase vectoronly | * & 1) S
detected in both myeloid 416B cells (left) and T-cell BW5147 cells (right). “0"" ¢ id hi il B 2 i ] e i 9
indicates no treatment with Dnase I; the triangle above the lanes indicates increasing
time of digestion of genomic DNA with DNase |. DNA was digested with EcoRI. (B) B

DNase | HSs detected with probe 2 (P2 in Figure 1B). The arrows indicate 3 DNase |
HSs at 149 bp, 1.4 kb, and 1.8 kb downstream of the transcription start site detected
only in myeloid 416B cells (left) but not in T-cell BW5147 cells (right). DNA was

DNAse | ’_. p
Uf&"z::(&s kbE)! 334 bp PU.1 promater luciferase

digested with EcoRI. (C) DNase | HSs detected with probe 3 (P3 in Figure 1B). The —

arrows indicate DNase | HSs at +9 kb, +12 kb, +15 kb, and +17 kb downstream of 334 bp PU.1 promoter luciferase

the transcription start site. The first 3 are observed only in myeloid 416B cells (left) but

not in T-cell BW5147 cells (right); the +17-kb site is observed in both cell types. DNA

was digested with BamHI. (ren P U937 2 § 4168 : BW‘SM?
human myeloid murine myeloid murine T cell

o ) . o o PU1+ PU1 + PUA1 -
significant augmentation of either activity or specificity was — — =
observed compared with the334-bp minimal promoter in tran- neae A0 .

; p ! p p +PU.1 promoter °. [ :I—
sient transfections. Therefore, in the assay used;-thé-kb HS
does not act as a classical enhancer element.

However, we obtained a significantly different result when the T S
same—334-bp minimal PU.1 promoter construct, with and without — ) -
the —14-kb HS fragment, was analyzed in stably transfected lines. Lucierass Actvity/Trancgana
In mye|0id lines, the average luciferase activity with th@4-kb  Figure 4. A region containing the DNase | HS located ~ —14 kb upstream of the
- [ : _ H rine PU.1 gene directs cell type—specific expression in stably transfected
HS Contalnlng fragment was apprOXImatel)_/ 194 f0|d hlgher (UQSZXIS. (A) The DNase | HS region does not confer specificity (or activity) in transient
al‘?d_ 46-fold hlgher (4163)_ than that obtained with Fh634'bp transfections. The 3.5-kb Hindlll fragment located at —14 kb (Figure 1B), containing a
minimal promoter alone (Figure 4B). Moreover, the difference was\ase | HS (Figure 3A), was placed in front of a 500-bp fragment containing 334 bp
less than 2-fold with or without the—14-kb HS in stably of 5" upstream promoter sequence and 152 bp of 5" untranslated sequences in front
. . . f a luciferase reporter gene in both normal and reverse orientation, as shown in the
transfected BW5147 T cells (Flgure 4B)’ in which both COI"IStI’UCf§p diagram. These constructs were transiently transfected into myeloid and T-cell
were expressed at extremely low levels, more than 100-fold le®ss and luciferase activity measured (bottom panels) and compared with the activity
compared with the myeloid lines. Therefore, the 3.58dmnHI|  of the promoter fragment or luciferase vector only. Also shown is the SD of at least 3
fragment located at 14 kb with respect to the PU.1 transcriptionai"depe”dem experiments. (B) The murine PU.1 upstream DNase | HS region confers
i N o . . activity in stable cell lines in myeloid cell lines but not a T-cell line. The PU.1 334-bp
start site confers hlgh‘level aCUV'ty to the PU.1 prom()ter n §om0ter constructs, with (top) or without (bottom) the 3.5-kb Hindlll fragment
chromosomal context. The number of stable clones obtained vasaining the —14-kb DNase | HS, were stably transfected into myeloid U937 and

not significantly different between the constructs (Table 1)’ Suggeg%g.iB as Well_a; T-cell BW5147 lines, an(_i multiple independent clqnes assayed for
luciferase activity normalized to the plasmid copy number as determined by Southern

Ing a Chromatln “Open_mg" (OI’. Ioc_us control region [LCR]) EﬁECtblot analysis. Shown is the SD of at least 10 independent clones for each construct in
rather than increased integration into favorable chromatin. each cell line.

PU.1 promoter l l.
only |
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Table 1. Analysis of expression of clones from stable cell lines

Clones expressing the
reporter/total clones

PU.1 GENE REGULATION BY DISTAL ELEMENTS 2963

cells. In summary, these results, combined with those obtained
in stable cell lines, suggest that all of the regulatory elements
necessary for high-level, cell type—specific PU.1 expression are

Cell type Construct With transgene contained within this 91-kb fragment.
U937 human myeloid (PU.1%) Dnase | HS + PU.1 14/14
promoter
U937 human myeloid (PU.1%) PU.1 promoter only 10/14 . .
416B murine myeloid (PU.1%) Dnase | HS + PU.1 18/18 DISCUSSIOn
promoter .
4168 murine myeloid (PU.1+) PU.1 promoter only 14116 Our laboratory and others demonstrated that as little as 334 bp of
BW5147 murine T cell (PU.1)  Dnase | HS + PU.1 18/18 murine PU.1 promoter sequence confers cell type—specific gene
promoter
BW5147 murine T cell (PU.17) PU.1 promoter only 15/18 .
A M BM heart kidney lung liver spleen thymus
Clones were considered to be expressing the reporter if luciferase activity was f U 1! J I I I ! !
3-fold higher than background. The luciferase activity of the average of expressing Tg s o Fm s RaEs & 2%
clones is shown in Figure 4B.
288 — " -h -
expression. After very long exposures, weak Thyl.1 hybridiza-thy1.1 '“ -—
tion signals could be detected in other tissues of transgeni s :

animals, most likely arising from the presence of macrophage:

or granulocytes in these tissues (data not shown). Using . _

murine PU.1 probe, we observed a pattern of expression simile %8s — -
to that of the Thyl.1 probe in peritoneal macrophages, bon¢PU1

marrow, and spleen in transgenic animals but only a single ™

strong mMRNA species consistent with the endogenous PU. _
RNA7 in nontransgenic tissues and very weak hybridization in

the thymus. These results indicate that the transgene expressGAPDH ". m.o u....
an mRNA species hybridizing to both the Thyl.1 and the PU.1

probe in tissues in which endogenous PU.1 is strongly expresse
(peritoneal macrophages, bone marrow, spleen) but not in whic

PU.1 is weakly expressed (heart, kidney, lung, thymus). Bott ngf" & @:é’\ @”‘%

founder lines (including the one depicted in Figure 5A) have 28s— a o
approximately 6 copies of the PU.1 transgene (data not shown Thy1.1 - . <

The mRNA expression levels are 3-fold and 3.5-fold of that of 85— & @ ' A

endogenous PU.1 by Northern blot analysis; therefore, we 28s—

estimate that the amount of mMRNA per transgene is very similapy r 2 GATA-1
to that of the endogenous murine PU.1 gene. However, thi 18— & B

number of founder lines is too small to draw precise conclusions

as to whether expression correlates with transgene copy numbe gappH o ® ' -

We predicted that no significant amount of PU.1-Thy1.1 hybrid 1 3

pFOteln W_OU|d be prOduced because bOth a%n efficient rlbosorﬂgure 5. The 91-kb murine PU.1 genomic clone directs high-level reporter gene
blndmg site and start ATG codon were missing from the mRN@xpression in myeloid and B cells of transgenic mice. (A) Northern blot analysis
produced by the transgene (Figure 2B). By Western blot analysksnonstrates that the transgene is specifically expressed in the same tissues as the
using amino-terminal— and carboxyl-terminal—specific a_mfe_ndogenous, murine PU.1 gene. Total RNA was isolated from the different tissues as
i-Th . . | indicated at the top from either a nontransgenic littermate (Tg —) or a murine PU.1 91-
PU.1 and ant"T yl al’l'[lt.)Od_IeS, we werg ungb eto dete(_:t SUCleQDl transgenic mouse (Tg +). The blot was successively hybridized with a probe
PU.1-Thyl fusion protein in transgenic mice expressing this murine Thy1 (top), murine PU.1 (middle), and GAPDH (bottom). The Thy1 probe
transgene (data not shown). Therefore, it is very unlikely thathspridized to transgene mRNA strongly in peritoneal macrophages (M®), bone
fusion peptide encoded by the transaene affects its ex ressiomarrow (BM), and spleen and weakly in liver and lung. The hybridization observed in
pep | X y 9 P Qorh nontransgenic and transgenic thymus is derived from the endogenous murine
To determine which bone marrow cells expressed PUzhy1 gene, which is expressed strongly in thymus, weakly in spleen and heart, and
MRNA, we fractionated bone marrow cells into granulocytesndetectable in the other tissues examined and indicated by an arrow on the right of
monocytes B cells. and T cells. As expected the Thyl 1 pro panel. Similar results were obtained with a second transgenic founder line.
. ! o . T i % Northern blot analysis of fractionated cells demonstrate myeloid- and B cell—
hyb”dlzed t[o a Slng_le S'[I’Oﬂg _RNA Speciesin ChDand CD8 T specific expression of the PU.1 transgene. Cells from the P1 transgenic line shown in
cells, consistent with hybridization to the endogenous Thylphnel A were fractionated into B220* (B cells); Gr-1* (granulocytes); Mac-1*

mMRNA (Figure 5B). In addition. the Thyl.l probe detected g;ranulocytes and macrophages); and CD4" and/or CD8" (T-cell) populations as
’ cribed in “Materials and methods.” Murine Thy1.1, PU.1, and GAPDH RNAs were

. . de

RNA species in grfinylocytes' monpcytes, and B cells that.do r[)gfected by Northern blot analysis as described for panel A. The endogenous murine
normally express it, in a pattern similar to that observed in cethy1 mRNA species was detected in the CD4+/CD8* lane slightly below the position
lines (Figure 2A) and mice (Figure 5A) harboring the Pfthe second fastest migrating exogenous transgene band, as indicated by the arrow
. : he right of the panel. The purity of cells for each lineage was more than 95% for

transgene. The expression pattern of Thyl'l mR!\IA n thegér cells and more than 90% for Mac-1*, B220*, and CD4"/CD8* cells. (C)
cells (granulocytes, monocytes, and B cells but not in T cellS) {§-pcr analysis demonstrates expression of transgenic RNA in Mac-1+ myeloid
similar to that detected with the PU.1 probe (Figure 5B). Byells but not TER119* erythroid cells. Highly purified (> 99%) Mac-1* (lane 1) and
RT-PCR (Figure 5C), we could easily detect transgene RN‘IERHQ* (?ells (lane 2) were |sol§ted by FACS. Complementary DNA from 200 cells
. N . was used in each RT-PCR reaction. Transgene-derived mRNA was detected by a
expression in Mac-1 myeI0|d cells, but we were unable to combination of 5’ PU.1 sense and 3’ Thy1.1 antisense primers. GATA-1 and GAPDH

detect any evidence for transgene RNA in TER1E3ythroid RT-PCR were performed as controls for RNA integrity.

GAPDH

2 4 1 2
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expression in transient transfection ass¥y£8 However, this necessary for proper control of PU.1 expression are contained
promoter, as well as a longer fragment extending up to 2.1 kljthin this 91-kb PU.1 genomic region.
could not direct detectable reporter gene expression in multiple One of the main features for these types of regulatory elements,
lines of transgenic mice, suggesting that additional transcriptiorglch as LCRs, is chromatin opening abiffty34548-5\When genes
regulatory elements are needed to function in the context iof a chromosome are actively transcribed, they have an open
chromatin. Because studies from other laboratories have demaonfiguration that allows transcription regulators to bind to and are
strated that elements that direct high-level expression in transgethierefore sensitive to DNase | treatment. To map specific transcrip-
animals are often located tens of kilobases from the proni®tér8 tional regulatory regions in this 91-kb PU.1 locus, we searched
we expanded our search for these elements. We isolated a 91ttkiough an approximately 50-kb region spanning from 20 kb
PU.1 genomic DNA fragment that contains PU.1 gene locus an@stream to 10 kb downstream of the murine PU.1 gene. We
approximately 35 kb of DNA both’5and 3 of the coding exons. identified 3 clusters of DNase | HSs, locatedl4 kb 5 of the
We also inserted a murine Thyl.1 cDNA reporter gémetween transcriptional start site, in intron 1, and in intron 2, respectively.
exons 4 and 5 using a RecA-based homologous recombinatibime function of the first cluster of DNase | HSs -atl4 kb was
method3? This 91-kb PU.1-Thyl.1 construct confers high-levelanalyzed in both stably transfected 414B and U937 myeloid cells
cell line—specific expression in stable transfection assays. Furthand BW5147 T-cell lines. This HS-containing region enhanced
more, the same construct directs tissue-specific reporter gdyzgal promoter activities approximately 100 to 200 times higher.
expression in transgenic mice in a manner similar to that observatihough the—14-kb DNase | HS was observed both in myeloid
by the endogenous PU.1 gene. These results indicate that dig4al6B and U937) and T (BW5147) cell lines, it appears to function
elements located more than 2 kb from the transcription start site alifferently in these 2 cell types. In myeloid cells, it enhances
required for proper expression of the PU.1 gene in vivo. Similggromoter function, while in T cells it does not. We find this result
results were recently obtained for another gene expressed in vetiyprising, and in fact we can extend these results to demonstrate
early hematopoietic cells, CD34In the case of CD34, a minigene that a construct similar to one shown in Figure 4B, containing the
thatincluded 5 kb of the CD34 promoter and'@8hancer, both of —14-kb DNasel HS and a 2-kb PU.1 promoter, can direct
which were active in transient transfection assHyfiled to expression of a Thyl.1 reporter gene in transgenic mice in a
express CD34 in transgenic mice. However, a 160-kb PAC cloggecific manner similar to the 91-kb P1 (Y.O., unpublished data,
expressed CD34 very efficiently in viv8,and recent studies 2001). It is possible that different transcription factors bind to the
indicate that the distal elements required for CD34 expression ard4-kb DNasel HS—perhaps activators in myeloid cells and
likely to be located approximately 18 kb &f the transcription start repressors in T cells. Additional studies investigating this upstream
site (Y. O. and D.G.T., unpublished results). region will be required to obtain further insight into why this

Because we initially planned to use FACS analysis to deteglement works in a specific manner in either stable cell lines or
Thyl.1 protein expression, an IRES sequence that provides thgnsgenic animals. In addition, the studies presented here demon-
binding site for translation initiation was placed in front of thestrate that the 91-kb genomic PU.1 DNA fragment is sufficient to
Thy1.1 reporter cDNA. Unfortunately, we found that the IRESiirect lineage-specific expression, but the failure to express Thy1.1
sequence was spliced out as a result of a cryptic splice donor sitgiltface protein due to the cryptic splice (Figure 2B) has pre-
the murine PU.1 exon 4 and a cryptic splice acceptor at the junctigented us from determining whether the 91-kb fragment confers
of Thyl.1 exon 1 and intron 1 (Figure 2B). As a result, we failed tgevelopment-specific expression. We plan to address this ques-
detect Thyl.1 protein expression in the presence of abundggh in the future using constructs that express a surface marker
Thyl.1 mRNA. However, Thyl.1 reporter mMRNA was detected isuch as Thy1.1).
every clone containing the transgene in both U937 and 416B stableRecent studies have shown that LCRs are both distance and
cell lines (Figure 2 and data not shown). Different-sized Thyldrientation dependefftand that the DNase | HSs work together
mMRNAs were detected in these stable clones, with a majg confer chromatin opening as well as tissue-specific cell-type
transcript of 1.4 kb that is about 0.7 kb smaller than the expectg@nscriptional activation. Further studies performed in vivo in
size (Figure 2). This 0.7-kb decrease in the apparent size of fignsgenic mice will be required to determine the specific
transcript matches the size of the IRES sequence plus th@gfctions of the PU.1 DNase | HSs. If these DNase | HSs are
sequences from both PU.1 exon 4 and Thyl.1 exon 1. The naturggbwn to be the equivalent of myeloid-specific LCR-like
these transcripts was further verified by the finding of no detectaldements, they could potentially provide powerful tools for
Thyl.1 mRNA expression in either parental U937 or 416B cefirecting heterologous gene expression for gene therapy applica-
lines or clones without the transgene (Figure 2), while a 1.8-kipns in acute myeloid leukemia.
Thy1l.1 mRNAwas observed in the BW5147 T-cell line.

In addition to high-level and chromatin-independent reporter
gene expression as that observed from the stable cell lines, this
91-kb PU.1 genomic DNA also confers cell type— and tissutﬁcknowledgments
specific gene expression in transgenic mice. Expression of the
Thy1.1 reporter gene was detected at high levels in peritoné&le thank Zheng Pan for suggestions with DNase | HS studies,
macrophages, bone marrow, and spleen, with very low levels Xiangdong Yang and Nathaniel Heintz for sharing informa-
heart and liver (perhaps from contaminating blood or macrd¢ion regarding targeted modification of the P1 by homo-
phages). No reporter gene expression was observed in kidneyagous recombination in bacteria, laboratory mates from the Tenen
lung. Importantly, the expression of the exogenous transgeaed Zhang laboratories for their support, and Mary Singleton
was almost identical to that of the endogenous PU.1 gemed Alison Lugay for expert assistance with preparation of the
(Figure 5). These results suggest that all of the elementsanuscript.
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