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ABSTRACT

The human folate receptor (hFR) type vy and y are
constitutively secreted proteins that are expressed
primarily in hematopoietic tissues and are potential
serum markers for certain hematopoietic malignancies.
hFR-y is a variant of hFR- ywith a two base deletion in
its cDNA resulting in a truncated polypeptide. The gene
encoding hFR- y was isolated from a placental genomic
library. The gene has five exons, four intronsand a5 '
flanking sequence which contains multiple putative
regulatory elements. From RNase protection assay
and RACE analysis, the major site of transcriptional
initiation was identified at —56 nt. Systematically
deleted fragments inthe 5 ' region of the genomic DNA
of FR-y were ligated into the PGL 3 Basic plasmid and
the reporter luciferase activity was assayed in cell
lysates from transiently transfected NIH3T3 cells. From
those results, putative positive and negative regulatory
regions in the 5 ' flanking sequences were noted, and a
TATA-less proximal promoter was located between —206
and —22 nt. Gel mobility shift and supershift analyses as
well as mutagenesis experimentsr  evealed that Sp1 and
ets binding elements in the proximal promoter region
confer transcriptional activity. From partial sequencing

of genomic DNA, genomic Southern blots, RACE
analysis and RNase protection assays, it appears that
hFR-y shares the gene organization of hFR- Y. The
results of the analysis of genomic DNA in spleen
tissues from several individuals, were consistent with

the interpretation that hFR- yand hFR-y are encoded by
a polymorphic gene.

INTRODUCTION

and antifolate drugs/(8). hFRa and hFRB are attached to the
cell membrane by a glycosylphosphatidylinositol (GPI) anchor
(2,9-11) and internalize bound folate/antifolate and folate
conjugates by an endocytic mechanisi?{4). hFRy is a
soluble folate binding protein that is constitutively secreted due
to the lack of an efficient signal for GPI modificatidrb). The
cDNA for hFRY is identical to that of hFRRwith the exception

of a two base deletion that predicts truncation of 138 C-terminal
amino acids resulting in a 81 residue polypeptiJeThe hFR
isoforms are also differentially tissue-specific and differentially
elevated in several malignanci€sl-19). In general, hFRx is
expressed in certain normal epithelial cells and is vastly elevated
in certain carcinomas. hFRis absent in most normal tissues, is
moderately expressed in placenta, spleen and thymus and is
elevated in certain malignancies of non-epithelial origin including
myeloid leukemia. The expression of hig- is generally
restricted to tissues and malignancies of hematopoietic origin
including lymphoid cellsX5). The FR isoforms are, therefore,
regarded as promising tumor-specific targets for a number of
experimental cancer therapies and also as potential prognostic
and diagnostic serum markeg4{30).

The genes encoding FR have been located on chromosome 11
(013.3—g13.5) byin situ hybridization 81). Recently, the
organization and functional analysis of the HFRnd hFRa
genes have been report&d«34). Although the structures of the
two genes are similar in their protein coding regions, fundamental
differences exist in the organization of thelr Utranslated
regions and in the regulatory elements responsible for their
transcription.

In order to understand the mechanism for the tissue specificity
of the folate receptor isoforms and their regulation in malignant
cells, itis necessary to first characterize the genomic structure and
the regulatory elements of each hFR gene. The focus of the
present study is the organization and regulation of the genes
encoding hFR¢and hFRY. A gene encoding hFRR-was first

The mammalian folate receptor (FR) occurs as a family asolated from a human placental genomic library and characterized.
homologous glycopolypeptides which bind folate compound$he transcriptional initiation site(s) in this gene were mapped by
and antifolates with high affinitylf. The receptor binds folic acid independent methods. The proximal promoter region was located
(Kp < 1 nM) with a 1:1 stoichiometry. The cDNAs for isoformsby functional analysis and possible positive and negative

of FR from human (hFRy, hFRf and hFRyly) and murine upstream transcriptional regulatory regions were noted. Specific
(mFR-0, mFR{3) sources have been isolatédq). Althoughthe  regulatory elements constituting the proximal promoter were

FR isoforms show >70% identity in their deduced amino acitlentified. Finally, the experiments were extended to the gene
sequences, they display significant differences in their relativencoding hFR¢to understand the genetic basis for the difference

affinities and stereospecificities for reduced folate compoundsetween hFRrand hFRy'.
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MATERIALS AND METHODS single-step extraction methodd], using an RNA Isolation Kit

. . . . (Stratagene). The final RNA pellet was washed with 70% ethanol,
Restriction enzymes, T4 polynucleotide kinase, T4 DNA ligasgyrieq and resuspended in diethylpyrocarbonate (DEPC) treated
M-MLV reverse transcriptase and 'Iz'aq DNA polymerase Wergater. The RNA concentration was determined by measuring the
purchased from Life Technologiea-P2PJUTP (3000 Ci/mmol), - 4hsorhance at 260 nm. The integrity of the RNA was ensured by

[y-32P]ATP (6000 Ci/mmol),d-32P]dATP (3000 Ci/mmol) and ; : . - :

[a-33P]dATP (2000 Ci/mmol) were purchased from E.I. Dupont_l:sgg;tgogecl);tggr(e)mcélyer;Sbrom|de stained rRNA bands upon

New England Nuclear. Tissue explants from normal spleen, sna8 '

Eﬂ?gr:r]ri“s(lﬂg lrclgmn/\fJoerrl:, (gg{jn?gagh%;_el)d from the CO()per‘r"t'\/ﬁeverse transcription and PCR analysis

The 10pl reverse transcription reaction contained g0total

Screening of the genomic library and isolation of pnage DNA RNA, 0.05 M KCIl, 5 mM MgG, 1 mM each of dNTPs
o . (Gibco-BRL), 1 U RNasin RNase inhibitor (Promega¥, 504

A human genomic library from placenta in ¥ X I vectorwas  op ynits of random hexamer primers(%0-4 OD UJul; United

purchased from Stratagene (La Jolla, CA). Individual plaquesiates Biochemical), and 5 U MMLV-reverse transcriptase

(05 x 10P) were screened by probing with the cDNA for hR- (5 Ujl; Gibco-BRL) in 0.01 M Tris—HCI buffer, pH 8.3. The

The identification of the hybridizing clones and subsequenfaaction mixture was first incubated at room temperature for

purification of phage DNA were carried out according to standargly min to allow the random hexamer primers to anneal. The

proceduresyy). temperature was raised to°42and held for 15 min. The reaction
) was stopped by heating at°“@for 6.5 min.
DNA sequencing Following reverse transcription, the entire product was combined

o . ; . . with additional buffer (0.05 M KCI, and 2 mM Mgg&ih 0.01 M
Purified phage DNA [25 fmol), purified (using glassmilk; Tris—HCI, pH 8.3), 15.M of each primer (upstream primer,

Bio101 Inc.) PCR product(1l00 fmol), or plasmid DNA . :
((50-100 fmol) was sequenced using a modification of tthACATGGCCTGGCAGATGATGC’ downstream _primer,

standard dideoxynucleotide chain termination method with th CCCCAGCATTCATGGCC) and 1.25 U Taq polymerase

- : : ; kin Elmer) in a 50l reaction volume. The reaction mix was
AmpliCycle Sequencing Kit (Perkin Elmer). Both the DNA er . ; :
strands of the isolated genomic DNA clone, except for the maj{ffaFed iogé g"rll at QE'tE%%PC% cly cle cogegse:hm 3295‘]'”365”0‘9’
portion of intron 2, were sequenced. The nucleotide sequence fnin a ,Lmina and - min a - Ater 25—

- : - _cycles, the reaction was held afZ2for 6.5 min.
ter:(r:]r;leégglr?ned DNA fragment was confirmed prior to tran&er‘f@":or PCR amplification of genomic DNA, 2@ of the DNA

template was combined with Taq buffer (0.05 M KCI, 2 mM
Southern bl MgCly in 0.01 M Tris—HCI, pH 8.3), 0.2 mM each of dNTPs
outhem blots (Gibco-BRL), 15uM of each primer and 1.25 U Taq polymerase

Genomic DNA (3Qug) was completely digested wibdd and (Per_kin Elmer) ina 5QI reaction volume. The PCR cycles were
separated by electrophoresis on an 8% polyacrylamide gel. TR@rried out as described above for RT-PCR using Taq polymerase.
DNA was then electrophoretically transferred to a NylonThe primer sequences used in experiments to distinguisly afR-
membrane at4C for 30 min at 10 V followed by 2 h at 40 V. hFRy were: upstream primer, CACGGCCAGCACCAGCCAGG-
Subsequent treatments of the membrane for Southern blot analy38CTG; downstream primer, GTGGGAACAGCACTCATACC.
were as described). A 30mer oligonucleotide probe (GTAT-

GAGTGCTGTTCCCACAAACATTAACC) corresponding to Mapping of the transcription initiation sites by RACE and

the third intron was end-labeled witfP and the hybridization RNase protection assay

was carried out at 68 overnight. For the RACE analysis, a 26mer primer specific for theyiyR-

. . cDNA (CAGGAATCAATAATCCCACGAGACGG) was used
Plasmid cloning for the first strand cDNA synthesis. The reaction was carried out

A selected genomic clone was digested with the restrictiodt 42 C in afinal volume of 2§l in the presence of 11 of the
enzymesSpé and Sad; the resulting 4033 bp DNA containing total RNA from nor_mal spleen tissue samples, 8 U SuperScript |1
the B flanking region was purified from an agarose electrophoreti&T (Life Technologies), 20 mM Tris—HCI (pH 8.4), 50 mM KCl,
gel according to the procedure described in the GeneClean Rif"M MgCh, 10 mM DTT, 100 nM of the above primer and
(Bio101, Inc.), and then inserted in the pBSK vector (StratagenéPOuUM dNTPs. After RNase H digestion and first strand cDNA
digested witBst andSpé. This subclone served as the templatePUrification, the first strand cDNA was tailed with polyC using
for producing DNA fragments for the promoter analysis whicterminal deoxynucleic acid transferase (Life Technologies). The
were obtained either by digestion with the appropriate restrictiofC-tailed cONA was amplified by PCR using a nested primer and
enzymes or by PCR amplification. The DNA fragments wer&n anchor primer from Life Technologies Company. The PCR

inserted into theSma-digested and phosphatase-treated pGLProduct was purified and digested wiibe and Pst and then
Basic vector (Promega). inserted into the pBSK vector (Stratagene) for DNA sequence

analysis.

For the RNase protection assay, antisense RNA fragments with
the 8 end at—206 nt and theehd either at —13 nt in the first exon
Genomic DNA was purified fromiD.5 g pulverized tissue by or at theBglll site in the first intron were obtained ly vitro
standard procedure3s). Total RNA from 0.5-1.0 g of tissue was transcription utilizing the T7 RNA polymerase promoter in the
isolated by the guanidinium thiocyanate/phenol/chlorofornpBSK plasmid. The RPA 1l kit from Ambion was used for the

Isolation of genomic DNA and total RNA
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RNase protection assay. Fortg of total RNA from normal with or without 50 or 100 ng of cold competitor. In order to
spleen tissue and 44 of tRNA for the negative control were immunologically identify the protein component of the protein—
incubated with the labeled antisense probe X5L0° c.p.m.) at DNA complexes, nuclear extracts were first incubated with the
42°C overnight. The actin RNA antisense transcript provided bgrobes for 15 min at room temperature followed by the addition
Ambion was used as the positive control. The protected fragmemts2 pg of anti-human Spl antibody (Santa Cruz Biotechnology
were separated by electrophoresis on a 15% urea—polyacrylami@erp.) or 2ug of normal rabbit serum (negative control) and the
gel followed by autoradiography. incubation continued at room temperature for a further 15 min.
The reaction mixture was then electrophoresed on a 4%

Transient transfection and luciferase assay polyacrylamide gel and subjected to autoradiography.

NIH3T3 cells were cultured in Dulbecco’s modified Eagle’sSite-directed mutagenesis of the proximal promoter PG
medium containing 10% fetal calf serum in a 35 mm dish@ 37 constructs

in 5% CQ. At 50-70% confluence, the cells were transfected ) i i
with 2 pg of each promoter—luciferase construct angglof A Synthetic sense oligonucleotide; GAAGAGGGCTAGTC-

pSVB-gal (Promega), which served as the internal control, usifgACAAGAATTCTGGCTCCC-3, in which the putative ets and
lipofectamine (Life Technologies) according to the vendor p1 transcription activator binding sequences were substituted at
instructions. Forty-eight hours after transfection, the cells werhe positions underlined, was used to generate the double
harvested in the reporter lysis buffer provided in the luciferag@utation in the proximal promoter (-206 to —22 nt)-BGL
assay system (Promega) and centrifuged at 14 @90L min at ~ construct by PCR using the mutagenic oligonucleotide in
room temperature. The supernatant was assayed for luciferg§&nbination with upstream and downstream primers as described
andp-galactosidase activities and for the total protein concentratiok-1)- The proximal promoter—PGlconstructs with only one of
The luciferase activity was determined by a chemiluminesce#i€ two mutations were created by further mutation using the
assay using the reagents from the luciferase assay Systgﬁyble mutant construct as the template and an oligonucleotide
(Promega) in a luminometer (Lumat LB9501, Berthold) foIIowingthat restore(_j either the Sp1 or_the ets eI_ement._The PCR pr_oducts
the protocol provided by the vend@iGalactosidase activity was Were then digested Epnl andechII restriction sites present in
measured colorimetrically using the system purchased froffi€ Upstream and downstream primers and subcloned into the PGL
Promega. The luciferase activity was corrected for proteif@SiC Vector. In one construct, the sequence —81 to —60 nt was
measured by the Bradford (Bio-Rad) assay and normalized gybstituted with a d|ve_rgent sequence by S|m|Iar_ PCR methods. The
B-galactosidase activity to correct for differences in the transfectigffW _Sequence substituted at —81 to —60 nt-SECGCTAC-
efficiency. All of the assays were performed in duplicate. TheAGTCCTCTTTGCA-3 and has little homology with the original
final results are the mean of at least three independent experimefggjuence (CAAGGTCACAGAGCAAGCTGGT-3).

Gel-mobility shift assay RESULTS

Nuclear extracts from NIH3T3 cells cultured in DMEM were Isolation of genomic DNA clones encoding folate receptor
prepared using standard methodoldgjy) (All of the procedures typey
were carried out at°€. The dialyzed nuclear extract was storedA total of seven clones in the human placental genomic library
in 100 pl aliquots at —70C. The protein concentrations in the hybridized to the hFR-cDNA probe. The isolated phage DNA
extracts were® pg/ul as determined by the Bradford assayfrom each clone was directly sequenced partially and determined
(BioRad). to correspond to hFR- The phage DNA was digested wihd

Two sense oligonucleotide sequences, CAAGEEAAGT-  in order to determine the size of the insert. A clone containing a
CCACAAG (-116 to —97 nt) and TCCACAAGGGCGGGC-  DNA insert longer than 20 kb was chosen for further sequencing
TCC (-104 to -85 nt), together with their respective complementansing primers corresponding to the cDNA sequence. About 4 kb
antisense oligonucleotides were prepared for the gel-mobilityf DNA upstream of the'®nd of the cDNA sequence as well as
shift assays; the sequences (underlined) GGAA and GGGCG{major portion of the downstream region including the protein
are the classical consensus binding sites of the ets and S@ling regions were sequenced.
transcription activators, respectively. Two other oligomers,
CAAGAGGGCTAGTCCACAAG and TCCACAAGTLGGT-
GGCTCC, with mutations (underlined) in the essential dinucleotides
in the sequences for the binding of ets and Spl transcriptidihe previously published cDNA sequence for hFRwas
activators, respectively, were used for competition studies in tledntained within the isolated genomic clone. Identification of
gel-mobility shift assay to determine the specificity of the bindingonsensus intron/exon boundaries and alignment with the coding
of ets or Spl transcription activators. Equimolar quantities atgion of the cDNA (Figl) initially revealed four exons (174,
complementary oligonucleotides were denatured in TE buffet89, 136 and 304 bp) interrupted by three intrond§00, 197
(10 mM Tris and 1 mM EDTA, pH 8.0) by heating at 1G0or  and 104 bp) spanning at least 3 kb. A two base pair (TA) deletion
5 min and annealed by cooling to room temperature. Nuclear the second exon indicated that the gene encodedyhFR-
extract (4.5 or 9.Qug) or recombinant Spl (0.5 fpu) (Promega)(Fig. 1). Sequence analysis of the region —630 to —13 nt, using the
was incubated with th#P end-labeled probes (10 000 c.p.m.) aiVlacVector 4.5 program (IBl), revealed several putative regulatory
room temperature for 30 min in R0of binding solution [25 MM  elements. Among these a TATA box (-593 to —588 nt), an ets
HEPES buffer, pH 8.0, containing 50 mM KCI, 0.5 mM MgCl element (-109 to —106 nt) and a GC box (—97 to —92 nt) were
0.5mM DTT, 2ug of poly(di-dC)-poly(dI-dC) and 10% glycerol] noted (Fig.1).

ucleotide sequence and organization of the gene for hRR-
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TATA BOX  -580
GAACAGAGGGTCTAACCAAGCAGGCAGGA‘ICGGG’ITATMAGTAGG’IGSGEGGAGGTGGGAGAGAC‘ICiABCOC‘ITCCCAGGIGGGC'ICAGAATGGAGGTAAGG
cccm;}i%gmcmmcmmuecmcccm@mccccacmmés&tAccccccmcmcmmcoccmAccmT
mccc’rccccmccmmcccm;ggmcCTAGGTAATHCCmmcc&mmmmmmmcccc;ggmcmcmcc
GCAGCATC‘I‘SC’ICCGGGACCAIGAAQATAGCNACAGCKCATQ;S%ECTNGGNCCCANISA%CTECCTGGGCAMAAACC'ICAGC'IGCCA‘IGGG
GTA(—}(ZEigGACAGGCTGAGGAAGCAGAAGCCTGAGGCTGTCTAGAGTCTCACTCCTG@TCAGC;AG-SCCACCACC'IG’I‘SG’I'I‘CCTCC’EIC’IOCAAATI‘IGAA
AAGAAT’ICCATAAAACAC’IGGA_;AZACI‘\'ICCAAGAGG:;ASAGTCCACAAGG:S;GTGGCTCCCTACAAGGTCACAGAGQAGCTG&I_YSTCAGAGCC’IGGAC

AGAGCCTGGAC

_13
CTACAGCGCTGTTGGTGGAGETCCTGCCTCCAGgtaggggcaagggctecctetcacctctacacgeagegeatttettggetecagetgecctgtagggga
CTACAGCGCTGTTGGTGGAGGTCCTGCCTCCAG

tgcagggtggggacagcagagatctgggcctgggagggagagagtacacaatcacatggctgttgcccctgtctcaggccttgtctacctctgactgtggc

-12 +1
tctctggcagGMTAGATGGACATG@CmGCAGATGATGCAGCTGﬁGCTMGGCMGGTGACmmCGGGGAGTGCCCAGCCCAGGAG’ICCGCGGG
GAATAGATGGACATGGCCTGGCAGATGATGCAGCTGCTGC TTCTGGCTTTGCTGACTGCTGCGGGGAGTGCCCAGCCCAGGAGTGOGCGEE
M AWOQMMOQLULLLALVYVTAAGSA AGQUPU RSAR
CCAGGACGGACCTGCTCAATGTCTGCATGAACGCCAAGCACCACAAGACACAGCCCAGCCCCGAGGACGAGCTGTATGGCCAGg tgagggeagectyggtgt
CCAGGACGGACCTGCTCAATCTCTGCATGAACGCCAAGCACCACAAGACACAGCCCAGCCCCGAGGACGAGCTGTATGGCCAG
A RTDILIULNVCMNA AIKU HEHHEIE KTOQ®PSPEUDEILYGOQ
aggacagcatgcacacaggtcagagggtgatgge- - - - 1700nt - - - -tggctgtggtggggagagacttagtcctgtgtettccecaceccag

TGCAGTCCCTGGAAGAAGAATGCCTGCTGCACGGCCAGCACCAGCCAGGAGCTGCACAAGGACACCTCCCGCCTGTACAACTTTAACTGGGATCACTGTGG
TGCAGTCCCTGGAAGAAGAATGCCTGCTGCACGGCCAGCACCAGCCAGGAGCTGCACAAGGACACCTCCCGCCTGTACAACTTTAACTGGGATCACTGTGG
C S PWZ KU KNACCTASTS SO QETLHI KDTS SU RTILYNFNWDUHTECHC
TAAGATGGAACCCACCTGCAAGCGCCACTTTATCCAGGACAGCTGTCTCATGAGTGCTCACCCAACCTGGGGCCCTGGATCCGGCAGgLatgagtgctat
TAAGATGGAACCCACCTGCAAGCGCCACTTTATCCAGGACAGCTGTCTCIATGAGTGCTCACCCAACCTGGGGCCCTEGATCCGGCAG

K MEPTTGCI KU RHFTIGQEDSOCLYETCSZPNILSGU?PWTIRQ

tcccacaaacattaacctcagcagagggcggagectgecagttgetggeagggagggettggtecaggaattegggtctgagggtggtggacgecctgeee

cctcccacagetctggtecccttcaagggtaaagetgetgagatacgtggetgacaggagtattetgtetectecccactcagGTCAACCAGAGCTGGCGC
GTCAACCAGAGCTGGCGC
V N Q S W R
AAAGAGCGCATTCTGAACGTGCCCCTETGCAAAGAGGACTCTGAGCGCTGGTGGGAGGACTGTCGCACCTCCTACACCTGCAAAAGCAACTGGCACAARGG
AAAGAGCGCATTCTGAACGTGCCCCTCTGCAAAGAGGACTGTGAGCGCTGGTGGGAGGACTGTCGCACCTCCTACACCTGCAAAAGCAACTGGCACAAAGG
K ERI LNV ?PILCIKEDT CEZ RWWEUDT CRTSYTTCZ K SNWHTIKG
CTGGAATTGGACCTCAGgtgaggacctgaggagataagatgaggagtgggagtggggetttggggttgggaggggtgeggtetggeccagaagctaagggt
CTGGAATTGGACCTCAG
W N W T S
cttacgttctectecctcagGGATTAATGAGTGTCCGGCCGGGGCCCTCTGCAGCACCTTTGAGTCCTACTICCCCACTCCAGCCGCCCTTTGTGAAGGCC
GGATTAATGAGTGTCCGECCEGGGCCCTCTGCAGCACCTTTGAGTCCTACTTCCCCACTCCAGCCGCCCTTTGTGAAGGCC
G I NECVPAGALTGCSTV FESYVFU?PTUZPA AALTCEG
TCTGGAGCCACTCCTTCAAGETCAGCAACTATAGTCGAGGGAGCGGCCGCTGCATCCAGATGTGGTTTGACTCAGCCCAGGGCAACCCCAATGAGGAGGTG
TCTGGAGCCACTCCTTCAAGGTCAGCAACTATAGTCGAGGGAGCGGCCGCTGCATCCAGATGTGGTTTGACTCAGCCCAGGGCAACCCCAATGAGGAGGTG
L WS H S F KV SNJYSURGSGRT CIQMWTE FDSAQGNZPNEEV
GCCAAGTTCTATGCTGCGGCCATGAATCC TGEEGCCCCGTCTCGTGGGATTATTGATTCCTGATCCAAGAAGGGTCCTCTGGGGTTCTTCCAACAACCTAT
GCCAAGTTCTATGCTGCGGCCATGAATGCTGGGGCCCCGTCTCGTGGGATTATTCATTCCTGATCCAAGAAGGGTCCTCTGGGGTTCTTCCAACAACCTAT
A K F Y AAAMNAGA AP ST RGTITIDS *
TCTAATAGACAAATCCACATGTGTCTTGTGTCTTGTGAATTTCGGGACGAGTGGGTTGGAGGGACACATTGCTTCATCTTTTCCATTGACAGGCCCCAAAT
TCTAATAGACAAATCCACATG

TGGGCTGGAACTAGCCTAATCTTCACTGCGAAGCAGGCTGTCGGGGTTGAGCTAGAATCCAGCTATC TGATCCGTTAGTCTGGGTCTCTTACCCCTGCACT

GGCTTCCCCCTCATGCCAAGC TCATCCCACCGGCACTACACATGGAGAAAGACACAGACGGAGTGAAGAAGGGCAGAGATAGCCAAT

Figure 1. The nucleotide sequence of the h{fR-gene aligned with its cDNA and the deduced amino acid sequences of the coding regions. The genomic DNA
sequence is indicated in uppercase (exons andfthaléng region) or lower case (introns) letters. The cDNA sequence (6) is aligned with the genomic DNA sequence
(uppercase letters) and the first exon analyzed in this study by RACE is indicated (italics). The deduced amino acid sedjoatecbin the single letter code. The
numbering of the genomic nucleotide sequence begins at the first base (A) of the methionine codon for translationalrstgataredin the' Slirection. Sequences
constituting a putative TATA box, GC box and ets elements are highlighted and overlined. The underlined sequence imtite ihittki 30mer probe used in the
genomic Southern blot in Figure 6. The shadowed letters indicate the nucleotides (TA) present in the cDNA bt mBRhFRY . The arrowhead indicates the

major transcription initiation site.

Mapping the transcription initiation site(s) enzymesSpé (contained in the anchor primer) aRdt (in the
To identify the 5end(s) of the full length cDNA, initially, the C°9ing region of the cDNA), the C-tailed PCR products were

RACE strategy was used. Total RNA from normal spleen tissu ubcloned into the pBSK plasmid and sequenced. The sequence

. . y . “dhalysis of multiple cDNA clones revealed heterogenbesds,
previously determined by RT-PCR analysis to express\hFR ?Irl of which occurred between —75 and —52 nt (e.q, 2. The

alone, was reverse transcribed using an oligonucleotide prim . \ >
corresponding to the cDNA sequence encoding a C-terming| UTR of those clones all contained an additional exon when

segment of hFRE The cDNA strand was subsequently tailed ompared to the published cDNA sequence. The heterogeneity in
with polyC and amplified by PCR using a nested downstrearﬁl?e 5 ends of the CDNA sequences suggested the occurrence of
primer and an anchor primer. After digestion with the restrictioﬁnUItIpIe transcription initiation sites.
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Table 1.Exon-intron splice junctions of the g gene

5'-Splice donor Intron size (bp) 3'-Splice acceptor Intron type

Intron 1 AGgtaggggcaagg 138 gctctctggcagGA

Intron 2 AGgtgagggcagcc >1800 ttccccacccagTG 0

Intron 3 AGgtatgagtctgttc 197 ctccecactcagGT 0

Intron 4 AGgtgaggacctga 104 ctccteectcagGG 1

Consensus sequence AGgtaagt YYYYYYncagGN

Frequency (%) 100 100 100 100 33 67 100 0 100 100 100 100 75 75 100 100 100 75

While multiple putative transcription initiation sites were B
observed by RACE, the method does not allow determination ¢ — ——
their relative frequencies. To identify the major population amon “f;’_! = iz A A GS8
the polymorphic mRNAs, the complementary RNase protectiol o T % . .
assay was employed using an antisense RNA probe beginning ._‘.: _2  maz7
—206 nt and reaching the first intron, i.e., betwéled andBglll l
restriction sites (Fig3A). The RNase protection assay revealed ., o
a major transcription initiation site for hRR-at —-56 nt, "t e =
corresponding to one of the RACE products (B). An - =
identical result was obtained using another antisense RNA prol =- ez o
(206 to —13 nt) which does not contain any portion of the firs Sk -3 5
intron (results not shown). :- . =
From the preceding results, it is clear that the completeyhFR- iy, 2 T :"";
gene contains five exons and four introns whose exon/intro = g _-__—",_"
splice junctions are summarized in TalileThe exon/intron L - ” = ;
junctions are in good agreement with the consensus sequence: .jsn—+ = = & -
both the donor and acceptor splice sites. Introns 2 and 3 are of ty £ f =
0, whereas intron 4 is of type 1, with the intron splice site after th M i 7
first G of the glycine codon. o8 y - ' ik
+in—m= -- 2 '

Identification of putative transcriptional regulatory regions =
To localize thecis-elements responsible for regulating transcription kK .
of the hFRY gene, a fragment a3.5 kb from the 5Sregion of L L
the gene, containing the major portion of the/bR exon, from =

—3530 to —22 nt (FigA), was inserted in the PGIBasic vector
in which transcriptional activity can be monitored by measuring
the expression of a luciferase reporter gene. A series of subclorn@gure 2. Mapping the transcription initiation site(s) by RACE and RNase
in the same vector was generated by systematic deletion of thetection assayA) RACE analysis: DNA sequence data for a subcloned
DNA insert as indicated in FiguBB. Measurement of luciferase EFARCE l‘)’md“cmg;‘(a ”OVI”I‘)"" Spleen tissue sample expressing ihe MRNA for
T ut not anel 1) or a normal spleen tissue sample expressing the
activity in the transfeCted NIH3TS3 cell Iysates (FE@) revealed mRNA for hFRy butpnot hFRy (panel 2).Ql'he nucleotide [‘))OSiIiOF:]S in ﬂ?e
that compared with the fragment from —3530 to —206 nt, thenomic DNA sequence are indicated by arrows; +1 nt is the translation
relative reporter activities of the fragments from —3530 to —22 ninitiation site; —13 nt is the last nucleotide of the first exon; 56 nt is the
and from —206 to —22 nt wel® and 29 times higher, respectively. transcription initiation site ) RNase protection assay: a 282 bEselabeled
While a proximal promoter obviously resides within the _opelranscript was incubated with 4@ of either total RNA from normal spleen or
. . . - yeast tRNA (negative control) for the RNase protection assay carried out as
to —22 nt region, the_delet'on analysis Sque_Sted tha_t the reg'%@scribed in Materials and Methods. The autoradiograph shows the results of
upstream of the proximal promoter may be dissected into at leagiase protection experiments using the labeled probe alone (lane 1) or the
three possible regulatory regions, from —3530 to —1350 nt, fronabeled probe plus yeast tRNA (lane 2) or total RNA from spleen tissues (lanes 3
—1349 to —1105 nt and from —1104 to —207 nt (BRyand C). and 4). In lane 3, the total RNA was obtained from tissue expressing the mRNA

. r hFRy but not hFRy and in lane 4 the total RNA sample contained mRNA
Thus, the promoter activity of the fragment —1104 t0 -22 nt Wa%r hFRy but not hFRy. The DNA sequencing ladder serves as the molecular size

relatively low, indicating a negative regulatory QﬁeCt of the maker. The size of the major protected fragment is indicated (arrow). A similar
sequence between —104 and —207 nt on the proximal promotessult was obtained using the RNA probe from —206 nt to —13 nt (result not shown).

However, in this construct, inclusion of the sequence from —1349

to —1105 nt (i.e., in fragment —1349 to —22 nt) restored the

promoter activity to a level comparable to that of the proximat-3530 to —1350 nt. The fragment —1349 to —1105 nt by itself
promoter suggesting the presence of one or more positidisplayed a relatively weak promoter activity that was inhibited
regulatory elements in the region —1349 to —1105 nt. Further, thg both upstream (—3530 to —1350 nt) and downstream (—1104 to
lower promoter activity of the fragment —3530 to —22 nt may be207 nt) sequences. Taken together, the above results demonstrate
ascribed to a negative regulatory effect of the sequence fromstrong proximal promoter and, in addition, an undetermined
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number of negative and positive putative regulatory regiongcombinant Spl protein was used. This protein produced a gel
upstream of the proximal promoter. In NIH3T3 cells, the entirenobility shift of the sequence —116 to —97 nt containting CT
5 flanking DNA (—3530 to —207 nt) exerts a net negativenutation similar to that produced by nuclear extract (),
regulatory effect on the proximal promoter (BB.and C). When these results strongly suggest the presence of a non-canonical Sp
HelLa cells and human 293 fibroblasts were transfected with thénding element in this region. The lowest band in FigiiBe
luciferase constructs in FigurgB, the patterns of relative which could not be competed off by excess unlabeled probe,
promoter activities of the DNA fragments were similar to thasuggests the binding to the probe of an abundant protein in the
obtained in NIH3T3 cells (results not shown). nuclear extract possibly with a low affinity similar to the lower
band in FigurelA.

The presence of additional functionally importeistelements
within the proximal promoter (—206 to —22 nt) was examined by
gel mobility shift assay. The sequence —206 to —112 nt (represented

Two putativecis-elements for transcriptional regulation occur inPy two overlapping 50mer probes) did not give a distinct gel

the proximal promoter region identified above. They are, an SgCPility shift. The sequence —84 to —22 nt showed the binding of
site (GGGCGG) (-97 to —92 nt) and an ets element containing tH?)te'ns by gel mobility shift (data not shown); however, deletion
consenses GGAA sequence (—109 to —106 nt){ighe binding ofthe sequence from_—51 to—22ntor s_ubstltutlon of the sequence
of nuclear proteins to putatizés-elements in the proximal promoter O™ 81 t0 =60 nt did not have a major effect on the promoter
region was determined by gel-mobility shift assays. When &CctiVity (see below).

32p-Jabeled synthetic oligonucleotide, corresponding to the fragment ) .

—104 to -85 nt in the hFR-gene and containing the Sp1 elemenf-unctional analysis of the proximal promoter by

(but not the ets element) was incubated with nuclear extract frofutagenesis and deletion

NIH3TS cells, the gel mobility shift resulted in two major bandsthe 5p1 and ets elements were mutated both individually and in
whose intensity was dependent upon the amount of the extraggmpination in order to test their contribution to the proximal
The mobility shift of the upper band could be competed by thgromoter activity in the hFR-gene. Accordingly, the plasmid
unlabeled probe (FigA). When the unlabeled probe was alteredp| , hFRy (—206, —22) shown in Figurs, as well as the
to disrupt the putative Spl element by substitution with thggnsirycts, containing disruptive mutations in the Spl element
sequence GTTCGG, it could no longer compete in the gghgjor in the ets element (described in Materials and Methods)
mobility shift assay (Fig4A) indicating the specific binding of \yere transfected into NIH3T3 cells. Measurements of the
a protein(s) in the NIH3T3 nuclear extract to the Spl elemenigporter |uciferase activity indicated that both the Sp1 and the ets
Incubation with antibody specific for the human Sp1 transcriptioglements are functional in contributing to promoter activity
activator resulted in a supershift of the upper band 4Alp.the  (rjg 5) While mutation at both the sites virtually abrogated the
supershift was not observed with normal rabbit immunoglobuligromoter activity, mutations at the individual sites produced
(neganvg cont_rol). This result indicates the blnd_l_ng of the Spipsos (ets) and 83% (Sp1) reduction in promoter activity Big.
transactivator in NIH3TS3 cells to the correspondifgelement  The results show a cooperative effect of the Spl and ets elements
in the gene encoding hFR-The lower band in FiguA was i contributing to the proximal promoter activity.
not competed off by the unlabeled probe in the concentrationgince gel mobility shift analysis suggested the binding of
range tested, suggesting the binding of an unidentified protein(§),clear proteins to the sequence —84 to —22 nt (results not shown),
that occurs abundantly, i.e., at a concentration in excess of fi§yas of interest to mutate this region in order to determine the
competing probe, possibly with a low affinity. _ possible functional significance of such interactions in the
S|m|Ia}r experiments were carried out with aparually overlappm%roximm promoter activity. Deletion of the sequence —51 to
synthetic oligonucleotide probe corresponding to the sequencey nt or substitution of the sequence —81 to —62 nt caused only
—116 to —97 nt in the hFRR-gene (Fig.4B). This fragment 5 sma]l reduction in the promoter activity (5. Deletion of the
contains an ets eIemen_t but not the canonical Spl elemer@bion —81 to —22 nt abolished the promoter activity (B)g.
discussed above. Incubation of #e-labeled probe with nuclear nresymaply due to the elimination of the major transcription
extract from NIH3T3 cells produced gel mobility shift resultingjnitiation site (~56 nt) mapped in this study. Possible functional
in four major bands whose intensities were dependent on thgynificance of sequences in the proximal promoter that did not
concentration of the nuclear extract (). The mobility shifts  appear to bind nuclear proteins were not investigated in this study.
of the upper three bands were competed by the unlabeled probe
(Fig. 4B). When the putative ets binding site in the competin . - _
unlabeled probe was disrupted by changing the sequence GG%&IatlonShlp between hiFRy and hFR-y
to GCTA, the lower of the three bands was unaltered in the géb test the possibility that separate genes encodeylasiet
mobility shift assay (FigdB), indicating the binding of nuclear hFR+y/, samples of spleen tissue from several normal individuals
protein(s) to the ets motif in the NIH3T3 cells. On the other handyere examined for the presence of each gene. The putative genes
the upper two bands were diminished in intensity suggesting tinere identified by PCR amplification of a portion of the third
binding of non-ets protein(s) to the probe. In the presence ekon which includes the TA deletion in hiRfollowed by
antibody to Spl, the mobility of one of the upper two bandsequence analysis of the amplified products. As a complementary
clearly showed antibody-specific supershift (Big), suggesting approach, some of the genomic DNA samples were also analyzed
the association of Sp1 (or Spl-like protein); the second band, thst Southern blot after digesting the DNA witldd. The latter
did not show the supershift, could indicate a non-ets and non-Spiethod takes advantage of the fact that the TA deletion in the
protein that is bound to the probe. To further investigate the natun€Ry gene results in the formation of an additiobald
of the protein(s) that gave a supershift with anti-Sp1 antibodyestriction site that would be absent in a putative kig@ne. It

Identification of putative cis-elements in the proximal
promoter region by gel-mobility shift assay
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Figure 3. Functional analysis of theé fianking region of the hFR4 gene. A) Diagram of the Hlanking region of the hFRy gene. The map coordinates are relative

to the translation start site at +1 as indicated. The relative locations of restriction sites and exons (shaded areatgcaig) iBgstematically deleted Banking

DNA fragments are schematically represented by the bars adjacent to the promoterless luciferase reporter gene (PGLit&ahbig)ppiep boxes, and are aligned

with the schematic in (A)Q) Analysis of the promoter activity of the PGL3 constructs. Each construct together with the[p§&l48lasmid were cotransfected

into NIH3T3 cells as described in Materials and Methods. Luciferasg-galdctosidase activities and the protein concentrations of the cell lysates were measured
as described in Materials and Methods. The results are normalized in relative light units for the same protein conceteatsmnigtion efficiency. The bar graph
shows the mean of three independent duplicate transfections.

would be predicted from the sequence of th¢ lgiene that the identical to those of the hFR-gene by PCR analysis (data not

Ddd digestion should result in two fragments (176 and 66 bpdhown). Taken together, the preceding results strongly suggest

flanking this additionaDdd site, while in the absence of the TA that hFRy and hFRY are allelic genes.

deletion, the two DNA segments should remain associated as a

single 244 bp fragment. Of 10 normal spleen samples tested Taple 2. Genomic DNA analysis of spleen tissue by PCR and sequencing

PCR, six yielded product corresponding to the lyene alone

and one corresponding to the putative hFfiene alone while the ~ Number of samples Genotype of DNA

remaining samples yielded product corresponding to bothyhFR-1 hFRy

and hFRY (Table2). Southern blot analysis of five representative hFRy

samples tested (Fig) confirmed the results of the PCR analysis.
The spleen sample that was homozygous for the putativg hFR3 hFRy+ hFRY

gene was used to further characterize the gene encoding hFR-

Both RACE analysis and RNase protection assay (Big. DISCUSSION

revealed that the transcription initiation site for the putative WFR-

gene corresponds to that of the hgene. Further, except for The elucidation of the gene structure of hfFReported here,

the TA deletion, the sequences of the exons includind thié,  together with corresponding previously reported data for iFR-

the sequences flanking the splice junctions as well as the size{®8,34) and hFRB (32), is an essential step toward the

the first, third and fourth introns of the putative hifBene were understanding of the transcriptional mechanisms underlying the
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Figure 4. Gel-mobility shift assays and supershift assays to identify the binding of nuclear proteins to oligonucleotides corrésgbadingximal promoter
sequence in the hFR-gene. The assays were performed usiny3#P labeled probe from —104 to —85 &) 82P labeled probe from —116 to 97 nt. Lanes 1 and
7, probe alone; lane 2, probe plus gdof nuclear extract; lanes 3 and 8, probe plugu8.0f nuclear extract; lane 4, same as lane 3 plus 50 ng of unlabeled
oligonucleotide; lane 5, same as lane 3 plus 100 ng of unlabeled oligonucleotide; lane 6, same as lane 3 plus 100 ed wiutatatelligonucleotide; lane 9, same
as lane 3 plus 20y of normal rabbit serum; lane 10, same as lane 3 plygy20polyclonal rabbit anti-human Sp1 antibodg) $2P-labeled probe from —116 to
—97 nt containing CT mutation. Lane 1, probe alone; lane 2, probe plus 0.5 p.f.u. recombinant human Sp1 protein (PraBnpgat)dlanes 4.Ag of nuclear extract.

The supershifted bands are denoted by arrows. The positions of the other bands are marked by arrowheads, triangles and diamonds

differential tissue specific regulation of the hFR isoforms andvere identical. These results strongly suggest that\h&Rd
their differential elevation in various malignancies. From & FR+y are not encoded by distinct members of the hFR gene
comparison of cDNA sequences4,6), hFRf3 and y display a family or generated from a single transcript by post-transcriptional
closer similarity than either protein does with h&Ruggesting mechanisms, but rather, that the two proteins result from gene
that the gene encoding hFRdiverged earlier in evolution than polymorphism. The allelic nature of the gene encoding hWBR-
those encoding hFR3-and y. Consistent with this view, the hFRYy is further evidenced by the analysis of the genomic DNA
hFR and hFRy genes have a similar intron—exon organizationfrom spleen tissues obtained from several individuals which
consisting of five exons and four introns with the protein codinghowed the presence of genomic DNA encoding either protein
sequence beginning in exon 2; on the other hand, theitgeRe  alone or both proteins (Takii.
has seven exons and six introns with multiple transcripts resultingAn (A+T) rich sequence, i.e., a TATA box element, occurs in
from the use of alternative promoters as well as alternativihe hFRy/y gene 532 bp upstream of transcription initiation site
splicing involving exons 1-433,34) (Fig. 7). (Fig. 1). Functional TATA elements generally occur 30-70 bp
The present study also undertook to investigate the genetic bagistream of the transcriptionsfart 38). The distance of the
for the expression of hFRversus hFR£. The only difference inthe TATA element in the hFR#Y gene from the transcriptional start,
cDNAs for the two proteins is the presence (iWrR¥ deletion the ability of the proximal promoter region to function in the
(hFRYy) of two adjacent bases in the coding region. The isolateabsence of a TATA element (F&).and the absence of significant
gene encoding hFR- was virtually indistinguishable from a promoter activity in the segment —1349 to —207 nt, which contains
putative gene encoding hRReharacterized in the genomic DNA the TATA element (Fig3), argue against the involvement of a TATA
of a sample of spleen tissue that expressedyiitRnot hFRyY.  element in regulating the expression of hfAR-From the results of
The major transcriptional initiation site identified in the hf¥R- this study and the previous reports on hiFRnd hFRB genes
gene by the complementary approaches of RACE and RNag®-34), it appears that TATA-less promoters are characteristic of
protection assays corresponded to that of the putative/lgéRe  the hFR gene family.
(Fig. 2). The exon sequences of the putative Fgene were The basal promoter activity in the hifRgene was assigned in
identical to those of the hFRgene except that exon 3 containedthis study to a proximal promoter region between —206 and —22 nt
the divergence observed in its cDNA sequence. Further, the siZ€gy. 3). From a computer assisted search, the only candidate
of the introns tested by PCR in the putative hgene as well regulatory elements identified in this region were a single
as the intron sequences flanking the splice junctions (Table consensus sequence for the binding of Spl (-97 to —92 nt) and a
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Figure 5. Functional analysis of the proximal promoter by mutagenesis and del&jidmg wild-type proximal promoter DNA segment and the segment containing
either single or double mutations are schematically represented by the bars adjacent to the promoterless luciferasergl®teRsesic), depicted by open boxes.
The open bar represents the substituted sequence (see Materials and Methods). The arrowhead indicates the majornitetsmnigitennnapped in this study.
The wild-type Sp1 or ets elements are labeled above theRjgAndlysis of the promoter activity of the PGL3 constructs. Each construct together with tRegpBV-
plasmid were cotransfected into NIH3T3 cells as described in Materials and Methods. Lucifefagalaatbsidase activities and the protein concentrations of the
cell lysates were measured as described in Materials and Methods. The results are normalized in relative light unite fordtesrseoncentration and transcription
efficiency. The bar graph shows the mean of three independent duplicate transfections.

single ets element (-109 to —106 nt) (Riy.Mutagenesis and site @45). The mutagenesis experiments in this study suggested
functional analysis of the proximal promoter transfected int@ooperation between the Spl and ets binding sites in producing
NIH3T3 cells revealed that both the elements are required ftine optimal activity of the basal promoter in hiZR¥Fig. 5).
optimal promoter activity (Fig5). Further, gel-mobility shift Curiously, the gel-mobility shift and supershift assays revealed
assays demonstrated the specific recognition of the Spl and #ts specific binding of a nuclear protein(s) to a sequence in the
elements by nuclear proteins in NIH3T3 cells (Bg.Nuclear basal promoter outside of both the Sp1 and ets elements as well
protein interactions with other regions in the proximal promoteas the binding of Sp1 or an Sp1 like protein possibly to a second
fragment did not appear to have a major effect on the promoteon-canonical Spl binding site (113 nt -GAGGGGAAG-
activity as suggested by either gel mobility shift or by mutagenesis106 nt) overlapping the EBS (Fig). The DNA sequence
However, the inability to observe nuclear protein binding to thepecificity of the unidentified non-Sp1 and non-ets protein(s) and
other sequences in the proximal promoter does not necessaiiypossible functional significance in a transactivating complex
preclude their functional importance in promoter activity andas well as possible competition between Spl and ets for binding
they will need to be investigated further. to overlapping sequences are the subject of further investigations.
Ets and other oncogene promoters typically lack TATA and Although the proximal promoter of the hRRf gene is
CCAAT box sequence$8) and ets binding sites (EBS) occur in functional in NIH3T3 fibroblasts (Fig8 and5) as well as in
promoter/enhancer sequences of a variety of genes. Promdteiman 293 fibroblast and HelLa cells (data not shown), which do
analysis has revealed that the regulatory function of ets proteinet express hFR4/, the occurrence of a functional ets element
may require digitization or interaction with other transactivatorsvithin this sequence may be significant in determining the
such as Spu4(0-44) and AP1 89). Recently, the mechanism for specificity of hFRy/y for hematopoietic cells based on the
the synergistic effect of ets and Spl was proposed to involfellowing reports. Many lymphoid specific genes contain EBS in
enhancement of the affinity of Sp1 to a non-canonical Spl bindkeir promoters39) and activation of ets is observed in certain
ing sequence due to the binding of ets protein(s) at an upstrefypes of leukemia. Several members of the ets oncogene family
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(34). One of the basal promoters of that gene appears to be
primarily directed by a cluster of GC-rich sequences that are
non-canonical Spl binding sites, each of which contributes to
promoter activity. The second promoter has not yet been
- characterized, but appears to lack a functional TATA Bd (
The hFRe gene lacks ets elements in its regulatory sequences.
The basal promoter in the hHRgene is regulated by a single
non-canonical Sp1l binding sequence and tandem repeats of EBS
(32). Thus, there are certain differences among the hFR isoforms
in the organization of their proximal promoter regions, which may
i - contribute at least in part to their narrow cell type specificities. A role
for as yet unidentified upstreanis-elements in determining the
tissue specificity of hFRAY in possible conjunction with EBS is
suggested by the following observations: (i) the presence of both
positive and negative regulatory regions in ffe2 kb DNA
fragment upstream of the proximal promoter in the yWRyene
(Fig. 4); (i) the net negative regulation by the sequence upstream of
. , - the proximal promoter in the non-hematopoietic cells used in this
Fioman Genomic DNA (30 mg) fom norma spieen tssue samples fom fveStudy (Fig 4); (i) the absence of EBS i the gene encoding the
individuals was digested witbdd and electrophoresed in an 8% polyacrylamide epithelial cell specific hFRr (33,34); and (iv) the expression of
gel as described in Materials and Methods. The experimental procedure for thfFR{3 in hematopoietic tissue but with a different cell type
Southern blot is described in Materials and Methods. The probe used '%pecificity from that of hFR#Y together with the fact that the
indicated in Figure 1. The genotypes of the DNA samples were previously . . .
determined (Table 2) by PCR amplification and sequence analysis ag: hFr-g€ne encoding hFR-also contains both ets and Sp1 elements in
(lanes 1 and 2); hFR{lane 3) and hFR-plus hFRY (lanes 4 and 5). The @ TATA-less promoter.
positions of DNA size markers (the 123 bp ladder) are indicated on the left. The The present study highlights both similarities and differences

arrows indicate the DNA fragments discussed in the text. in the organization and regulation of the human folate receptor
genes. The results warrant a detailed and comparative analysis of
the 5 flanking basal promoters together with upstream sequences

are expressed in hematopoietic tissue including Ets-1, Ets@f the three genes in order to understand the mechanisms

GABP, Fli-1 and Pu.146,47). In the absence of a TATA element, Underlying the narrow tissue specificities and malignancy

it appears that regulatory proteins binding upstream may intersg§sociated modulation of this clinically important family of

with transactivators associated with the basal promoter resultif§oteins.

in hematopoietic cell type specificity of gene expressian (t

has been proposed that interaction between proteins associated

with ets and Spl elements and a GATA element several hund®§KNOWLEDGEMENTS

bases upstream may be required for enhanced and cell type specific . ,
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