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Abstract

As an initial step to study the function of the gene encoding the
human neuropeptide FF (NPFF), we cloned a 4.7-kb
sequence from the promoter region. Primer extension and
5’-rapid amplification of cDNA ends revealed multiple tran-
scription initiation sites. Northern blot analysis of the mRNA
expression revealed a specific signal only in poly(A) + RNA
from medulla and spinal cord. Chimeric luciferase reporter
gene constructs were transiently transfected in A549, U-251
MG, SK-N-SH, SK-N-AS and PC12 cells. The promoter
activity was directly comparable with the level of endogenous
NPFF mRNA as determined by real-time quantitative
RT-PCR. The highest promoter activity was measured when

a region from —552 to — 830 bp of the 5’-flanking region was
fused to the constructs, and a potential silencer element
was localized between nucleotides —220 and —551. A twofold
increase in NPFF mRNA was observed after 72 h of nerve
growth factor stimulation of PC12 cells and the region
between — 61 and — 214 bp of the 5’-flanking region was found
to be responsive to this stimulation. We postulate that control
of human NPFF gene expression is the result of both positive
and negative regulatory elements and the use of multiple
transcription initiation sites.

Keywords: antiopioid, neuropeptide, NPFF, PC12, promoter,
RF-amide.
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Neuropeptide FF (NPFF), also referred to as morphine-
modulating peptide or F-8-F-amide (Majane and Yang 1987;
Panula et al. 1987), is a mammalian RF-amide neuropeptide
originally identified as a mammalian peptide related to the
molluscan cardioactive peptide FMRF-amide (Yang et al.
1985). Cloning of the cDNA encoding the NPFF precursor
from human (Perry et al. 1997), mouse, rat and bovine
(Vilim et al. 1999) revealed an evolutionally conserved
structure of the gene, consisting of three exons and two
introns and encoding the biochemically identified NPFF and
also the related amidated bioactive peptides neuropeptide AF
(NPAF or A-18-F-amide) and neuropeptide SF (NPSF). The
NPFF peptides were the first characterized mammalian
neuropeptides which belong to the family of RF-amide
peptides, a group which today also comprises the peptide
products generated from the prolactin-releasing peptide
(PrRP) gene (Hinuma et al. 1998), the RFamide-related
peptides (RFRPs) precursor gene (Hinuma et al. 2000) and
the KiSS-1 gene (Lee et al. 1996).

NPFF, NPAF and NPSF play roles in mechanisms behind
sensory and autonomic regulation (Panula et al. 1996, 1999;

Roumy and Zajac 1998); in particular, pain modulation and
opiate function. Additionally, these RF-amide peptides seem
to have potent effects on the cardiovascular system (Roth
et al. 1987) and neuroendocrine functions (Majane and Yang
1991; Majane et al. 1993; Aarnisalo et al. 1997). NPFF-like
immunoreactivity has been observed in human plasma,
which could also implicate hormonal functions for these
peptides (Sundblom ef al. 1995). Interestingly, NPFF and
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NPAF seem to modulate human lymphocyte proliferation
(Lecron et al. 1992) and binding sites for NPFF have been
characterized on Jurkat T-cell lymphocytes (Minault et al.
1995).

After many years of intensive research to find receptors
that deliver the intracellular effects of these potent ligands,
several reports about functional NPFF receptors have now
been published. Two G protein-coupled receptors (GPCRs),
here called FFR1 and FFR2, have been identified as the main
NPFF receptors (Bonini et al. 2000; Elshourbagy et al.
2000; Kotani et al. 2001; Liu et al. 2001). The receptors are
encoded by separate genes and the human FFR1 and FFR2
share a 59% identity on an amino acid sequence level. The
expression patterns of the receptors are distinct from each
other, further clarifying the multiple roles of these RF-amide
peptides. An acid-sensing, proton-gated DEG/ENaC channel
has also been proposed to be activated by high concentra-
tions of NPFF and potentiate acid-evoked currents from
sensory neurones (Askwith et al. 2000) and very recently
some receptors of a family of approximately 50 novel
GPCRs called mrgs, expressed in specific subsets of
nociceptive sensory neurones, were specifically activated
by RF-amide neuropeptides such as NPFF and NPAF (Dong
et al. 2001). The relevance of any of these characterized
receptors in pain modulation is not yet known in detail, but
the discovery of the receptors has certainly aided in defining
and strengthening the physiological role(s) of these anti-
opiate neuropeptides.

Currently, no published reports have described the
expression pattern of the human NPFF gene. In rat CNS,
NPFF precursor mRNA expression is restricted to neurones
in the hypothalamus, medulla and the dorsal horn of the
spinal cord as revealed by in situ hybridization (ISH) and an
approximately 600 bp mRNA transcript of the NPFF gene
has been detected by northern blotting in the corresponding
areas (Vilim et al. 1999). Overall, similar neuroanatomical
distribution of gene expression has been observed in mouse
CNS (Brandt ef al. 2000). Recently, the first thorough
analysis of possible peripheral NPFF gene expression was
published, revealing significant ISH signals only in rat spleen
(Nieminen et al. 2000). The limited expression suggests the
existence of molecular mechanisms by which the gene is
specifically transcribed by distinct populations of cells. Very
little is known about the transcriptional regulation of the
NPFF gene. The only published report so far has shown by
ISH that NPFF gene expression is up-regulated in an
inflammatory pain state in rat, indicating mechanisms for
inducible transcriptional regulation (Vilim et al. 1999). The
inducible up-regulation of the mRNA transcripts clearly has
a physiological function as it results in increased levels of
mature peptides (Kontinen ef al. 1997). Genes encoding
neuropeptides are generally regulated by an interaction of
multiple positive and negative transcriptional regulators, for
example the gene encoding preprotachykinin A (PPT), and
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calcitonin gene-related peptide (CGRP; for review see Quinn
1996). The use of multiple transcription initiation sites has
also been proposed as a regulatory mechanisms for some
neuropeptide genes, e.g. the human prepro-orexin gene
(Sakurai et al. 1999) and interestingly also for the rat PrRP
gene (Yamada et al. 2001), another member of the RF-amide
peptide family.

Because the NPFF system could be a potential novel target
for therapeutics against opiate addiction and analgesia, a
thorough understanding about the basic mechanisms under-
lying the function of the human NPFF gene is needed. In this
report the use of transcriptional start sites and polyadenyla-
tion sites for the human NPFF gene is studied, the mRNA
expression in the human brain is revealed, an initial
functional characterization of the NPFF promoter is per-
formed and evidence for an inducible transcriptional mech-
anism of the promoter by using nerve growth factor (NGF)
stimulation of rat pheochromocytoma PC12 cells is presented.
Additionally, a quantitative method to measure human and
rat NPFF precursor mRNA is presented. This study repre-
sents an initial analysis of the NPFF promoter region and
might also in part explain the mechanisms of neuronal-
specific gene expression, still a central problem in modern
molecular neurobiology.

Experimental procedures

Cells and cell culture

All cell culture reagents were purchased from Gibco, Life
Technologies, Inc (Rockville, MD, USA) if not mentioned other-
wise. Cell lines were kept in a humidified incubator at 37°C and
with 5% CO,. Human lung carcinoma A549 (ATCC) and rat
pheochromocytoma PC12 (kindly donated by Dr L. Greene) were
grown in Dulbecco’s modified Eagle’s medium. Human astrocytoma
U-251 MG (kindly donated by Dr I. Virtanen), human neuroblas-
toma SK-N-SH (ATCC) and SK-N-AS (ATCC) were grown in
RPMI-1640 medium. All cell culture media were supplemented with
10% fetal calf serum, 1 x Glutamax and 50 pg/mL penicillin and
50 TU/mL streptomycin, except for PC12 cells which were grown in
10% horse serum and 5% fetal calf serum. PC12 cells were cultured
on collagen-coated dishes and stimulation of PCI12 cells was
accomplished by adding 50 ng/mL 7S-NGF (Sigma, St Louis, MO,
USA) from mouse submaxillary glands in medium containing 1%
fetal calf serum and 1% horse serum.

DNA sequence analysis

All oligonucleotides were synthesized by the Institute of Biotech-
nology (University of Helsinki, Finland) and Eurogentec (Bel S. A.,
Belgium) and the sequences of the oligonucleotides used in this study
are presented in Table 1. Nucleic acid sequences were determined
by automated sequencer (ABI Prism Automated Fluorescence
Sequencer). Sequence assembly and analysis was accomplished by
using Wisconsin Package Version 10.0, Genetics Computer Group
(GCG; Madison, WI, USA). The nucleotide sequence of the
5’-flanking region of the human NPFF gene was analysed for
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Table 1 DNA sequence of primers used in

Name Orientation Sequence (5'- to 3') PCR and nested PCR
hWALK-DO Antisense GCTGCCACCACCTACCCTCCTAC
hWALKnest-DO Antisense GTGGATCCATCTAGAGCAGGCAAATG
hWALK2-DO Antisense GCAGACAGACCCCCATCCTCA
hWALK2nest-DO Antisense GACCTGCCTCATCGCCCTTCC

H-DO Antisense AGGATCCTGGACCTTGCATGCAGACAT
H-UP 0.2 Sense GTGCTAGCTAATAAAGTCTGTAACTC
H-UP 0.5 Sense GTGCTAGCCAAATCTGAGTAGCCTCC
H-UP 0.8 Sense GTGCTAGCTTACAGGTGTGAGGCACT
H-DO#1 Antisense AGCCTCACAGTAGCCTTA

H-DO#2 Antisense ATAAATCCTGTCTCCAGA

hNPFF-UP Sense TGCTGCTGTTAATAGACGGG
hNPFF-DO Antisense TGGACCTTGCATGCAGACAT
5’-RACE_1 Antisense TTGGGGGGCAAACATTGACAC
3’-RACE_2 Sense GTCACTGTTGCACTACCTGCTC
hNPFF-PE Antisense CCCCGTCTATTAACAGCAGCAGC
hNPFF-TAQ-UP Sense CTGCTGGTGCTGCTGCTGTTAATAGA
hNPFF-TAQ-PROBE Sense ACCAGCTCTCCGCGGAGGAAGACA
hNPFF-TAQ-DO Antisense GACCCAGAGGTCTGGGCATCCT
hPBGD-TAQ-UP Sense GGGAAACCTCAACACCCGGCT
hPBGD-TAQ-PROBE Sense ATCCTGGCAACAGCTGGCCTGCA
hPBGD-TAQ-DO Antisense ACCCGGTTGTGCCAGCCCAT
rNPFF-TAQ-UP Sense TGCTACTGCTGCTGCTGAGGAACT
NPFF-TAQ-PROBE Sense ACCAAGTCTTTGCAGAAGAAGATAAGGGACCC
rNPFF-TAQ-DO Antisense ATCCTGTCTGGAGTGTGGGCATACT
rGAPDH-TAQ-UP Sense TGATGCTGGTGCTGAGTATGTCGT
rGAPDH-TAQ-PROBE Sense TACTGGCGTCTTCACCACCATGGAGAA
rGAPDH-TAQ-DO Antisense GGGCGGAGATGATGACCCTTTT

promoter elements and potential consensus transcription factor
binding sites with MatInspector V2.2 and Matlnspector Professional
computer software program via the publicly available World Wide
Web server (http://193.175.244.40/TRANSFAC), the analysis pro-
grams available at Webgene server (www.itba.mi.cnr.it/webgene) and
also with the GCG Wisconsin Package. Sequence assembly of the
NPFF promoter was performed using Seqweb software package
available at CSC web site (www.csc.fi). The search tool BLAST
(Altschul et al. 1990) was used via the NIH server.

Cloning of the 5’-end of the human NPFF gene

The 5’-flanking region of the human NPFF gene was cloned using
the Genome Walker kit (Clontech, Palo Alto, CA, USA) according
to the manufacturer’s instructions. The NPFF gene-specific oli-
gonucleotide hWALK-DO (Table 1) was used in the primary PCR
and hWALKnest-DO in the subsequent nested PCR. We were able
to identify a single major PCR product in one of the human libraries
(Pvull) provided. Using this approach, 1.3 kb of the human NPFF
promoter region was isolated, subcloned in pGEM-T easy vector
(Promega, Madison, WI, USA) and sequenced automatically in both
directions. We continued the cloning of the human NPFF promoter
region by using a second round of the same approach as above with
the primary PCR primer hWALK2-DO and the nested primer
hWALK?2nest-DO (Table 1). We were able to clone an additional
approx. 3.4 kb fragment of the human NPFF promoter (Dral
library), which was subcloned and sequenced.

RNA isolation and primer extension analysis

Total RNA was isolated using RNAwiz isolation reagent
(Ambion, Austin, TX, USA). For some experiments poly
(A) + RNA was selected from total RNA by using the Micro-
FastTrack 2.0 kit (Invitrogen, Carlsbad, CA, USA). Primer
extension was carried out as described previously (Carey and
Smale 2000). Briefly, antisense oligonucleotides (see Table 1)
hWALKnest-DO (for PE 1) or hNPFF-PE (for PE_2) were
radiolabelled at the 5’-end with T4 polynucleotide kinase
(Promega) and [y->’P]JATP (> 5000 Ci/mmol, Amersham Pharma-
cia Biotech). The radiolabelled primer (50 000—100 000 cpm) was
added to total or poly(A) + RNA and the primer and RNA mix
was precipitated. The pellet was resuspended in TE buffer
(10 mm Tris pH 8.0, 1 mm EDTA pH 8.0) followed by an
addition of 5 x PE buffer (1.25 m KCI, 50 mm Tris pH 7.5, 5 mm
EDTA pH 8.0). Hybridization between the primer and RNA was
done at 45°C or 68°C for 90 min. Reverse transcription was
initiated by adding 100 U RNase H- Moloney murine leukemia
virus (MMLV) reverse transcriptase (New England Biolabs,
Beverly, MA, USA) in 40 pL of a mixture consisting of
1 X MMLYV reverse transcriptase buffer (Biolabs), 0.5 mm dNTPs
(each) and 100 pg/mL bovine serum albumin (BSA) and the
reaction was carried out at 37°C for 1 h. The extension products
were precipitated and pellets dissolved in a denaturing dye
solution and analysed on a 8% polyacrylamide/7 m urea gel. The
size was determined by comparison of a sequencing ladder
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generated by using the same primers as for the primer extension with
plasmids containing a genomic fragment corresponding to the
5’-region of the human NPFF gene. The T7 sequencing kit (USB
Corporation, Cleveland, OH, USA) together with 0-3S-dATP was
used for the sequencing reactions.

5’- and 3’-RACE assay

The Generacer kit was purchased from Invitrogen and was used
according to the manufacturer’s instructions. AMV reverse tran-
scribed ligated human spinal cord poly A + RNA (250 ng) was used
in RT-PCR with the following human NPFF-specific primer sets
(Table 1): for 5-RACE: 5-RACE_1 in primary PCR and hNPFF-
DO in nested PCR; and for 3’-RACE: hNPFF-UP in primary PCR
and 3’-RACE 2 in nested PCR. The primary and nested PCR
reactions were done according to the parameters recommended by
the manufacturer and by using DyNAzyme EXT polymerase
(Finnzymes, Finland). Annealing was performed through a tem-
perature gradient in all steps. The nested PCR reactions were
analysed by agarose gel electrophoresis and major bands were
excised from the gel and purified (QIAquick gel extraction Kkit,
Qiagen, Hilden, Germany). Purified products were ligated into
pGEM-T easy vector and many recombinant clones were picked for
subsequent sequencing analysis.

Northern blotting analysis

Human brain MTN Blot II, containing approximately 2 pg of
poly(A) + RNA per lane from eight different human brain tissues,
was purchased from Clontech. o-**P-dCTP-labelled random primed
0.3 kb fragment of the human NPFF coding region was used as a
probe in the hybridization done according to the manufacturer’s
instructions using ExpressHyb hydridization solution (Clontech).
The hybridized and washed filter was exposed for 5 days to Biomax
MS film (Kodak, Rochester, NY, USA). The filter was subsequently
stripped according to the manufacturer’s instructions and rehybrid-
ized with o-**P-dCTP-labelled random primed 1 kb fragment of the
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.
After washing, the filter was exposed to Biomax MS film for 24 h.
Quantification of the northern blot hybridization signal was done by
digitizing the X-ray film images with a computer-based MCID
image analysis system (Imaging Research, St Catharines, Ontario,
Canada). The values are presented as the relative optic density
(ROD) of the NPFF-specific band area for each lane divided by the
GAPDH-specific band area of the corresponding lane.

Real-time quantitative RT-PCR

For the construction of standard curves to be used in real-time
quantitative RT-PCR, plasmids containing full-length human NPFF
cDNA (accession number AF005271) and rat NPFF cDNA
(accession number AF148700) or part of the human porphobilino-
gen deaminase (PBGD) gene (accession number M95623.1) and rat
GAPDH gene (accession number NM_017008.1), containing the
amplicon to be studied, were linearized and the concentration of the
linearized plasmids was estimated both by spectrophotometry and
by agarose gel electrophoresis against a molecular mass standard.
The linearized plasmids were adjusted to contain 10° copies/mL
according to known concentration, size (bp) and molecular mass of
the plasmids and subsequently sequence-specific standard curves
were generated by doing 10-fold serial dilutions (10" —10° copies/mL).
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Reverse transcription was performed on 5.0 pg DNase I (Promega)
treated total RNA using first-strand cDNA synthesis kit (Amersham
Pharmacia Biotech). The presence of contaminating genomic DNA
was controlled by doing cDNA synthesis reactions omitting the
reverse transcriptase (minus RT controls). The LightCycler (Roche
Biochemicals, Mannheim, Germany) instrumentation together with
TagMan chemistry was used to amplify the specific gene transcripts.
The following primers and fluorogenic probes, using FAM
(6-carboxy-fluorescein) as the reporter dye at the 5’-end and TAMRA
(6-carboxy-tetramethyl-rhodamine) as a quencher dye at the 3’-end,
were used (see Table 1): for human NPFF mRNA precursor forward
primer hNPFF-TAQ-UP, TagMan probe hNPFF-TAQ-PROBE
(overlaps intron I junction), reverse primer hNPFF-TAQ-DO; and
for human PBGD mRNA forward primer hPBGD-TAQ-UP,
TagMan probe hPBGD-TAQ-PROBE, reverse primer PBGD-
TAQ-DO to check the integrity and amount of input total RNA in
each sample. For rat NPFF mRNA precursor forward primer rNPFF-
TAQ-UP, TagMan probe rNPFF-TAQ-PROBE (overlaps intron I
junction), reverse primer rNPFF-TAQ-DO; and for rat GAPDH
mRNA forward primer rGAPDH-TAQ-UP, TagMan probe
rGAPDH-TAQ-PROBE, reverse primer rGAPDH-TAQ-DO. The
PCR was performed in glass capillaries in a 20-pL final volume
composing of 2 puL LightCycler—FastStart DNA Master Hybridiza-
tion Probes reaction mix, MgCl, in an end concentration of 2 mm
for human NPFF, 3 mwm for rat GAPDH and 4 mm for human PBGD
and rat NPFF, 0.5 pm primers and 0.2 pm TagMan probe. Template
(cDNA, plasmid standards, minus RT controls, water as negative
control) was always added to the PCR reaction in a volume of 2 pL,
thus corresponding to approximately 600 ng input total RNA for the
cDNA samples. The relative copy number of the amplicon was
determined at each run by using the sequence-specific standard
curves. The amplification was performed for 4555 cycles, starting
with a 10-min initial denaturation at 95°C and then a 10-s
denaturation at 95°C, followed by an annealing and elongation for
30 s at 60°C for each cycle. Following RT-PCR amplification, data
were analysed using LightCycler 3 analysis software. Subsequently,
the amplicon copy value for human NPFF or rat NPFF in each
sample, run in duplicate, was normalized to the amplicon copy value
for human PBGD or rat GAPDH, also run in duplicate, in the same
sample. The final data are presented as number of NPFF precursor
mRNA copies per 10 000 human PBGD mRNA or 10 million rat
GAPDH mRNA copies per sample. The specificity of the PCR
reactions was also verified by ethidium bromide staining on 2.5%
agarose gels (data not shown).

Construction of chimeric human NPFF-luciferase reporter
constructs

To prepare 5’-deletion constructs of the proximal human NPFF
promoter a 214-, 551- and 830-bp promoter fragment was amplified
from human genomic DNA by PCR. PCR reactions were performed
with Pfu DNA polymerase (Promega) using an Eppendorf Master-
cycler gradient machine with the following programme: (i) 95°C for
2 min, (ii) 95°C for 45 s, (iii) 57°C for 30 s, (iv) 72°C for 3 min
with a 1-s addition after each cycle, (v) steps ii—iv for 35 cycles
followed by a 72°C 5-min final extension. The PCR products were
subsequently cut with Nhel (cutting site inserted in H-DO primer)
and inserted in Nhel-Smal cut promoterless pGL3-basic vector
(Promega) upstream of the firefly luciferase ¢cDNA in sense
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orientation. The orientation and sequence of the inserts were verified
by sequencing across the insert-vector junctions in both ends. The
combination of primers that were used to generate the PCR products
are as follows (see Table 1): H-DO/H-UP 0.2 (construct HNF5’0.2-
LUC), H-DO/H-UP 0.5 (construct HNF5’0.5-LUC) and H-DO/H-
UP 0.8 (construct HNF50.8-LUC). For a schematic representation
of the yielded constructs see Fig. 7(a). For each original human
construct, two truncated forms were produced by PCR with shorter
3’-ends (see Fig. 7a). For the first set of 3’-deletion constructs the
following combination of primers were used: H-DO#1/H-UP 0.2
(construct HNF5°0.2#1-LUC), H-DO#1/H-UP 0.5 (construct
HNF5°0.5#1-LUC) and  H-DO#1/H-UP 0.8  (construct
HNF5’0.8#1-LUC). For the second set of 3’-deletion constructs
the following combination of primers were used in PCR: H-DO#2/
H-UP 0.5 (construct HNF5’0.5#2-LUC) and H-DO#2/H-UP 0.8
(construct HNF5°0.8#2-LUC). The PCR reaction conditions and
parameters were identical as for the original constructs except that
annealing was performed at 50°C. The PCR products were
processed and subcloned as previously described.

Transient transfections and reporter gene assays

Luciferase reporter constructs were transfected into cells growing in
monolayers with Fugene 6 transfection reagent (Roche) according to
the manufacturer’s instructions. In brief, cells were plated at a
density of 1 x 10° cells in 1 mL medium in 12-well dishes (Nunc,
Naperville, IL, USA) 16-24 h before transfection. One microgram
of each reporter construct was co-transfected with 0.5 pug pSV-f-
galactosidase vector (pSV-B-gal, Promega) per well. The transfec-
tions were done in duplicates or triplicates and repeated at least three
times. Cells were transiently transfected for a total time of 48 h after
which the transfectants were collected and measured for luciferase
activity according to the protocol in the Luciferase assay system kit
(Promega) with 20 pL of cell extract using a Luminoscan lumino-
meter (Labsystems, Finland). Luciferase activity was normalized to
expression of pSV-B-galactosidase by using B-galactosidase enzyme
assay system (Promega) with 50 pL of cell extract. For NGF
stimulation of PC12 cells, NGF (50 ng/mL) was added to the culture
medium when seeding the cells 16-24 h before transfections. 24 h
post transfection fresh NGF (50 ng/mL) was added to the trans-
fectants and the cells were collected 48 h post-transfection.

Results

Cloning, structure and sequence analysis

of the human NPFF promoter

By using a genome walking strategy, a total of 4.7 kb of the
human NPFF promoter region was cloned and sequenced’
(Genebank entry AF503515). A sequence analysis of the first
1.2 kb of the promoter region (in respect to the translational
start site) is presented in Fig. 1. The 5’-flanking region of the
human NPFF gene is not especially GC-rich, having a GC
content of about 50%. A putative TATA element was found
40 bp upstream from the translational start site. One potential
CCAAT box was located at position — 1153 bp. Potential
binding sites for the well-known tissue-specific transcription
factors MZF and NF-AT were found and in addition to these

-1167 GTCTGCAAAG [AITGRAGCC ACACTCATTC AGTGGGCTCC ARAATCCTGT

CCAAT
-1117 AGCCTCCCTC TATATCTTAA TAATTTTTTT TTTTTGAGAC AGAGTTTCTC

-1067 TTTTTGCCAA GGCTGGAGTG TAGTGGTGCC ATCTCAGCTC ACTGCAACCT
-1017 CTGCCTCCCC GATTCAAGCG ATTCTCCTGC CTCAGCCTCC TGAGTAGCTG

-967 GGATTACAGG TGCCTACCAC CACGCCCAGC TAATTTTTGT ATTTTTAGTA
IK 2
-917 GACAGGGGTT TCACCATGTT GGCCAGGCTG GTCTCGAACT CCTGCCCTCA
H-UP0.8
-867 GGT@ATCCAC CCGCCTTGGE CTCCCAAAGT GCTGGGGTTA CAGGTGTGAG
E-box Lyf-1
-817 GCACTGCACC CGGCAAAAAA AAAATGGTTT TTAATTAAAA AAAAAAAGAT

-767 ACAGGCTGGG CATGGTGGTT GACGCCIGTA GTCCCAGCTA CTTGGGAGiC

CREB Lyf-1
=717 TGAGGCAGGA GAATCACTTG AACCCAGGAG CCAGAGGTTG CAGTGAGCCG

-667 AGATCGCGCC ACTGCACTCC AGCCTGGGCA ARAAGAGCGA AACTCCATCT

-617 CAAAAAGAAA AARAGTTAAA TTCTCTCCAT CATCATGAAG TTGAATATAT

> H-UPO.S
-567 TTTTTCTATC CACAGGCAAA TCTGAGTAGC CTCCAAGAGG CACACAAGCA

-517 GAGGATGGGC TGTGTTGCCC TGACTGCCAG CCCCAGGEAC AGAGGACCAG
AP-2
-467 GCCTGGTCAT CCTCACAGAC TCTGACCCTG GCTCTTCCCA CTCCTCTTCC

-417 ACTCCAGGAC ATCCTACTTA ACCCCTCCTG ACATGAGTTT CTTGTGCTTT

-367 AGTCTACAGG TTAGGARAGA GGGGAAGTGA TAAACAAGCT CTCCAACCTG
NFA NZF __ GATA

-317 TTGAGGGATT AGGGGTTCGT CTAAGGCTCC CCAGGGCCTG GCTCTGACAA
CMYB H-DO#2 4
-267 AGCGTCTGCA ACTAATGATG CTTCTTGAGC TCTGGAGACA GGATTTATGC

H-UP0.2
-217 ATCTAATAAA GTCTGTAACT CCAGGCTTAG EGGCCGGGGG CAGGAGGCTG

AP-2
-167 AGAGCATGAA GTCCTGGGGG CGCCATGGGA GGAGATCCCA GGTGGCTCCT

NFkappaB
-117 AATGAGCCCT GCATTTCATT TGCCTGCTCT AGATTCCCCT AAGGCTACTG
H-DO#1 4§ TATA STAT-1
-67 TGAGGCTGGG GGTGGGGGAA CAGCAGAGGTTGG GGTGGCTGTA

M DS RQ A AA L LV
-17 GGAGGGTAGG TGGCAGCatg gattctaggc aggctgctgce actgctggtg
Fig. 1 Nucleotide sequence of the proximal human NPFF promoter
region. Relative nucleotide numbering according to the translational
start site as + 1. Protein encoding nucleotides with lowercase letters
and amino acid shortenings marked by bold uppercase letters above
the nucleotide sequence. Potential cis-acting elements are underlined
with arrows, indicating the orientation, and the corresponding names
are marked underneath. TATA elements, CCAAT elements and
potential E-boxes are enboxed. The 5- and 3’-ends of the primers
used in constructing the chimeric reporter plasmids are indicated by

arrows and named according to Table 1.

the human promoter displayed consensus sequences for
GATA, IK 2 and Lyf-1 (Fig. 1). Additionally, the promoter
region displayed consensus binding sites for c-Myb, CREB
and AP-2 and one potential E-box was found at position
- 869 bp.

Determination of the transcription start site

A 5-end for the human NPFF precursor mRNA has been
previously presented in Perry et al. (1997), determined by
sequencing one positive clone from a human testis cDNA
library screening. The 5’-end has, however, not been
confirmed or determined by other methods. By using
5’-RACE and primer extension, we confirmed the 5-end
presented previously, but also discovered a novel region for
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Fig. 2 Primer extension assays. (a) PE_1 experiment. The antisense
primer hWALKnest-DO (Table 1) was used as a primer in a reverse
transcription reaction using 30 pg total RNA isolated from U-251 MG
(lanes 1,2), 250 ng poly(A) + RNA from A549 (lane 3) and U-251 MG
(lane 4) and 30 pg total RNA from Jurkat (lanes 5,6). Annealing was
performed at 45°C (lanes 1, 5) or at 68°C (lanes 2, 3, 4, 6 and ctrl).
Control reaction was performed on 30 pg yeast tRNA. Primer exten-
sion analysis revealed one weakly extended product (arrowhead) at
position —166 relative to the translational start site. The size was
determined by comparison of a sequencing ladder generated by using
the same primers as for the primer extension with plasmids containing
a genomic fragment corresponding to the 5’-region of the human
NPFF gene and the corresponding nucleotide is marked by an asterix.
The sequence was read from marked arrows and the presented
sequence is antisense sequence. (b) PE_2 experiment. The antisense
primer hNPFF-PE (Table 1) was used as a primer in a reverse tran-
scription reaction using 250 ng (lane 1) and 500 ng (lane 2) poly(A) +
RNA isolated from human spinal cord, 100 pg total RNA from human
medulla (lane 3) and 100 pg total RNA from U-251 MG cells (lane 4).
Control reaction was performed on 100-upg yeast tRNA. Primer
extension analysis revealed several extended products (arrowheads)
in lanes 1 and 2, corresponding to nucleotides — 15, — 18, — 30, - 51,
—66 and — 70 bp, marked by asterixes in the sequencing ladder. The
sequence was read from marked arrows and the presented sequence
is antisense sequence.
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Fig. 3 5- and 3’-RACE assays. Agarose gel electrophoresis of PCR
products from 5’- and 3’-RACE assays, which were run and analysed
as explained in detail in Experimental procedures. Control included
omission of template. Annealing was performed through a temperature
gradient with the temperatures indicated above the lanes.

transcription initiation. The primer hWALKnest-DO, suitable
to confirm the published 5’-end, was used for primer
extension (PE_1) and hybridized to total or poly(A) + RNA
from different human cell lines. Although very weak, a single
primer extension product was generated in all cell lines used
(Fig. 2a). By comparison with a DNA ladder generated on a
genomic plasmid by the same oligonucleotide primer, the
transcriptional initiation site was located three nucleotides
upstream of the previously reported 5’-end (Figs 2a and 4).
Control reactions with yeast tRNA did not yield any visible
extension products (Fig. 2a). Another primer, hNPFF-PE,
more downstream from hWALKnest-DO, was used to study
the possible use of transcriptional start sites (PE_2) in the
region where the 5”-end for the rat and mouse NPFF gene has
been mapped (Vilim et al. 1999). Several extended products
were found in reactions with poly(A) + RNA from human
spinal cord, but none was seen with total RNA from human
medulla, human astrocytoma cell line U-251 MG and yeast
tRNA (Fig. 2b). As presented in Figs 2(b) and 4, the extended
products were located at the positions — 15, — 18, —30, =51,
—66 and — 70 bp in respect to the translational start site. The
results indicate the use of two distinct regions for transcription
initiation and we saw a need to reconfirm the results by
carrying out a 5’-RACE assay.

By using human spinal cord poly(A) + RNA as a template
for the construction of the RACE library, several extended
RT-PCR products were seen after a round of nested PCR
through a temperature gradient (Fig. 3). Transformed clones
of the products were sequenced and the 5’-ends were located
at the positions -9, — 13, —15, =39, — 164 and —204 bp
(Fig. 4). Most of the sequenced clones exhibited the 5"-end
found at position —13 and —15 bp. The 5-RACE results
support the primer extension results in showing the use of
two distinct regions for transcription initiation. Although not
all of the 5’-ends found by primer extension and 5’-RACE
match, the 5’-ends at positions —15 and —164 bp were found
with both methods (Fig. 4). By searching several established
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-667 AGATCGCGCC ACTGCACTCC AGCCTGGGCA AAAAGAGCGA AACTCCATCT
-617 CAAAAAGAAA AAAAGTTAAA TTCTCTCCAT CATCATGAAG TTGAATATAT
H-UPO..
-567 TTTTTCTATC CACAGGCAAA TCTGAGTAGC CTCCAAGAGG CACACAAGCA
-517 GAGGATGGGC TGTGTTGCCC TGACTGCCAG CCCCAGGCAC AGAGGACCAG
-467 GCCTGGTCAT CCTCACAGAC TCTGACCCTG GCTCTTCCCA CTCCTCTTCC
-417 ACTCCAGGAC ATCCTACTTA ACCCCTCCTG ACATGAGTTT CTTGTGCTTT
-367 AGTCTACAGG TTAGGAARAGA GGGGAAGTGA TAAACAAGCT CTCCAACCTG
-317 TTGAGGGATT AGGGGTTCGT CTAAGGCTCC CCAGGGCCTG GCTCTGACAA

H-DO#2
-267 AGCGTCTGCA ACTAATGATG CTTCTTGAGC TCTGGAGACA GGATTTATGC

£ H-UP0.2
-217 ATCTAATARA GTCIGTAACT CCAGGCTTAG GGGCCGGGGG CAGGAGGCTG

0 *
-167 AGAGCATGAA GTCCTGGGGi CGCCATGGGA GGAGATCCCA GGTGGCTCCT

(-]
-117 AATGAGCCCT GCATTTCATT TGCCTGCTCT AGATTCCCCT AAGGCTACTG
©  H-DO#I * [ )
-67 TGAGGCTGGG GGTGGGGGAA CAGCAGGTAT AAGAGGTTGG GGTGGCTGTA

* x % M D S R Q A AA L LV
-17 GGAGGGTAGG TGGCAGCatg gattctaggc aggctgctgc actgctggtg
o

Fig. 4 Summary of identified human NPFF transcription start sites by
primer extension, 5-RACE assay and dbEST search. Relative
nucleotide numbering according to the translational start site as + 1.
Protein-encoding nucleotides with lowercase letters and amino acid
shortenings marked by bold uppercase letters above the nucleotide
sequence. The bent arrow indicates the position of mRNA 5-end
identified in Perry et al. (1997); the circles indicate 5’-ends identified
by primer extension analysis; asterixes indicate 5’-ends identified by
5’-RACE assay; and arrowheads underneath the sequence indicate
5-ends of EST cDNA clones found in the dbEST databank. The
sequence region underlined twice corresponds to region 1 for tran-
scription initiation and the sequence region underlined once to region
2. The 5’- and 3’-ends of the primers used in constructing the chimeric
reporter plasmids are indicated by arrows and named according to
Table 1.

databanks for human expressed sequence tag (EST) clones,
we found six cDNA clones which displayed longer mRNA
transcripts in respect to their 5-UTR end than the one
reported previously. The 5’-ends of these human NPFF EST
clones are located at positions — 148, —300, — 602, — 621,
— 627 and — 628 bp (Fig. 4).

3’-RACE

To confirm that no alternative 3’-end variants for the human
NPFF mRNA exist, we conducted a 3"-RACE assay. As
shown in Fig. 3, a round of nested PCR produced a major
product and some minor products, and sequencing of several
transformed clones confirmed the published 3’-end as the
only variant found with this method (data not shown). The
length of the poly(A) tail was, however, variable (from 19 to
30 adenine residues).

Northern hybridization analysis

A northern filter containing approximately 2 pg poly(A) +
RNA per lane from eight human brain regions was
hybridized with a human NPFF cDNA probe. In the
human brain regions studied, a small band of approximately
500 bp was found only in medulla and spinal cord (Fig. 5).
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Fig. 5 Northern blot analysis. (a) A purchased human brain poly(A) +
RNA northern blot containing about 2 pg poly(A) + RNA per lane was
hybridized with a-32P-dCTP-labelled random primed 0.3 kb fragment
of the human NPFF coding region. After high-stringent washes, a
weak 500 bp band was visible only in medulla and spinal cord.
(b) Rehybridization with o-32P-dCTP-labelled random primed 1 kb
fragment of the human GAPDH gene. A strong 1.5 kb band demon-
strates overall equal loading and quality of input poly(A) + RNA in all
lanes. The data presented in the chart underneath the panels are the
measured relative optic density (ROD) of the NPFF-specific band area
adjusted with the ROD of the corresponding GAPDH-specific band.

Rehybridization with a human GAPDH probe demonstrated
overall equal loading and quality of input poly(A) + RNA
in all lanes (Fig. 5). As seen in the bar chart of Fig. 5, the
NPFF hybridization signal was found after normalization to
be higher in the spinal cord than in the medulla.

NPFF gene expression by quantitative RT-PCR

We examined the level of endogenous NPFF gene expression
in a variety of cell lines to be used for transient transfections
by real-time quantitative RT-PCR. The human lung carci-
noma cell line A549 was chosen due to preliminary results of
NPFF mRNA expression in the lung (unpublished result), the
human astrocytoma cell line U-251 MG to represent a glial
cell line and the human neuroblastoma cell lines SK-N-SH
and SK-N-AS as representative neuronal cell lines. The rat
pheochromocytoma cell line PC12 was chosen as a well-
documented cell line in neuropeptide research and because it
serves as an excellent model for sympathetic neurone-like
cells. The highest level of human NPFF precursor mRNA
was detected in the astrocytoma cell line U-251 MG followed
by the neuroblastoma cell line SK-N-AS (Fig. 6). Although
the levels in these cell lines were higher than for the lung
carcinoma cell line A549 and neuroblastoma SK-N-SH, the
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Fig. 6 Real-time quantitative human NPFF mRNA RT-PCR on
human cell lines. Reverse-transcribed DNase I-treated total RNA from
human lung carcinoma A549, astrocytoma U-251 MG and neuro-
blastoma SK-N-SH and SK-N-AS were subjected to RT-PCR using
Lightcycler instrumentation against a sequence-specific standard for
human NPFF and human PBGD. The final data are presented as the
mean of the amount of NPFF precursor mRNA copies per 10 000
human PBGD mRNA copies from at least two independent experi-
ments. Quantitatively, U-251 MG and SK-N-AS were found to express
significantly higher levels of NPFF than A549 and SK-N-SH, although
the expression level for all the cell lines must be considered low.

mRNA expression is to be considered very low (approxi-
mately 250-300 copies NPFF mRNA/300 ng total RNA) in
all the human cell lines studied. The levels of NPFF mRNA
were normalized to human porphobilinogen deaminase
(PBGD) mRNA expression (Fink et al. 1998), as we found
that the levels of B-actin were very variable between the cell
lines used (data not shown). The PBGD gene, which is
pseudogene-free and ubiquitously and consistently expressed
in also complex tissues (Fink ez al. 1998), was found to work
extremely reliably as a quantitation reference between the
cell lines used in this study. The level of endogenous NPFF
mRNA can hereby function as a positive and quantitative
reference for identifying true promoter regions for the NPFF
gene.

The level of endogenous NPFF mRNA in PC12 cells was
also examined by quantitative RT-PCR by using rat-specific
oligonucleotides. PC12 cells were found to express measur-
able amounts of NPFF mRNA as seen in Fig. 8(a). PC12
cells were also stimulated by NGF for 72 h and the levels of
NPFF mRNA was measured. As seen in Fig. 8§(a) a
significant increase (p < 0.05 by unpaired #test), which
was approximately twofold, in NPFF mRNA expression was
seen. An inducible promoter activity during NGF stimulation
can therefore be proposed.

Functional analysis of the 5’-flanking region

of the NPFF gene

To examine whether the 5’-flanking region of the human
NPFF gene contained a functional promoter, we generated
a series of chimeric NPFF promoter/luciferase gene
reporter constructs, as depicted schematically in Fig. 7(a).
The vector pGL3 basic used in these constructs, which
encodes the firefly luciferase gene, does not contain a
functional promoter and is entirely dependent upon the

Analysis of human NPFF gene expression 1337

(a) pGL3 basic
-830/-220 [ | HNF5'0.842-LUC
-551/-220____} HNF5'0.542-LUC
»2
-830/-61 [ ] LUC | HNF5'0.8#1-LUC
2
-551/-61 [} WUC] HNF5'0.5#1-LUC
2
-214/-61 [} WC ] HNF5'0.2#1-LUC
2 1
-830/+735 [ e] WC] HNF5'0.8-LUC
»2 1
-551/+735[ @] HNF5'0.5-LUC
2 1
-214/+735 [__@ WC] HNF50.2-LUC
(b)
[
7]
8 1004
G [1A549
.g s . U-251 MG
% - ’ [1SK-N-SH
oL B SK-N-AS
& 2
16‘5 5.0
2R .
S
© 2.59
o
£
o
3 0.0

HNF5°0.2-LUC
HNF5°0.5-LUC
HNF570.8-LUC
HNF5'0.2#1-LUC
HNF5°0.5#1-LUC
HNF5°0.8#1-LUC
HNF5°0.5#2-LUC
HNF5°0.8#2-LUC
pGL3 basic

Fig. 7 Functional characterization of the 5’-flanking region of the
human NPFF gene. (a) A schematic presentation of the chimeric
constructs used. Nucleotide numbering is presented as the transla-
tional start site as + 1. The novel identified transcription start sites are
marked by a bent arrow marked by number 1. The reported tran-
scriptional start site is indicated by a bent arrow marked by number 2.
@, A potential TATA element. The black region indicates the coding
region, the grey region the 5’-flanking region. (b) The constructs pre-
sented in (a) were transiently co-transfected with a B-galactosidase
expression plasmid (pSV--gal) into human lung carcinoma A549,
astrocytoma U-251 MG and neuroblastoma SK-N-SH and SK-N-AS
cell lines. The background activity of the promoterless luciferase pla-
smid pGL3 basic is given an activity of 1. The data are the means =
SEM of all experiments. Statistical analysis was conducted with one-
way ANovA. The activity of the HNF5'0.2#1-LUC construct was signi-
ficantly higher (p < 0.001 by one-way anova) in SK-N-AS cells.

functional promoter activity of the ligated heterologous
gene sequence. The yielded constructs were used to
transiently transfect A549, U-251 MG, SK-N-SH, SK-N-
AS and PCI12 cells.

The basal constructs HNF50.2-LUC and HNF5’0.5-LUC
containing 735 bp of the human NPFF coding region,
including both introns, and 214 bp and 551 bp of the human
NPFF promoter, respectively, were not able to drive the
expression of the luciferase gene in any of the cell lines
studied (Figs 7b and 8b). HNF5’0.8-LUC, with 830 bp of the
promoter region exhibited some promoter activity above
background in U-251 MG and PC12 cells (Figs 7b and 8b).
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Fig. 8 (a) Reverse-transcribed DNase I-treated total RNA from naive
and NGF differentiated (72 h) rat pheochromocytoma PC12 cells were
subjected to real-time quantitative RT-PCR using Lightcycler instru-
mentation against a sequence-specific standard for rat NPFF and rat
GAPDH. The final data are presented as the mean of the amount of
NPFF precursor mRNA copies per 10 million GAPDH mRNA copies. A
significant increase in NPFF precursor mRNA (p < 0.01 by unpaired
ttest) was seen after 50 ng/mL NGF differentiation for 72 h. (b)
Functional characterization of the human NPFF chimeric promoter
constructs in naive and NGF-differentiated (72 h) PC12 cells. The
general activity of the human constructs in naive PC12 cells were
comparable to the human cell lines studied. After 72 h of NGF differ-
entiation, HNF5’0.2#1-LUC exhibited a significant increase in pro-
moter activity (p < 0.05 by unpaired ttest) as compared to the
promoter activity seen in naive cells.

When deleting the region reaching from + 735 to — 60 bp
from the basal constructs (version #1 of each construct,
Fig. 7a), some promoter activity was to be seen for the
HNF5°0.2#1-LUC construct in all cell lines, but significantly
highest in SK-N-AS cells (Figs 7b and 8a, p < 0.001 by one-
way ANOVA). The HNF5’0.5#1-LUC construct failed to drive
the expression of the luciferase gene in all cell lines except
U-251 MG. HNF5°0.8#1-LUC produced a significant pro-
moter activity in all cell lines, being highest in U-251 MG,
SK-N-AS and PC12 cells. The deleted region contained
735 bp of the coding region, the consensus TATA box and
some of the novel transcription start sites found by primer
extension and 5-RACE (see Fig. 4). When deleting the
region reaching from —61 bp —219 bp from the basal
constructs (version #2, Fig. 7a), the HNF5'0.5#2-LUC
construct only produced a barely measurable promoter
activity in U-251 MG cells. In the HNF50.8#2-LUC
construct, the same deletion resulted in an additional increase

in luciferase activity from the HNF5'0.8#1-LUC construct in
all cells, being highest in U-251 MG, SK-N-AS and PC12
(Figs 7a and 8a). The deleted area contained all the identified
transcription start sites by primer extension and 5’-RACE.
These results suggest that the area spanning from — 552 bp to
— 830 bp contains crucial elements for human NPFF pro-
moter activity, as the constructs containing this area exhibited
the highest promoter activity. Some masking of this area was
nonetheless seen when the coding region containing both
introns was attached (HNF5’0.8-LUC), as no luciferase
activity was produced. The ability of this human NPFF
promoter region to produce promoter activity was not
abolished by deletion of the consensus TATA-box, and the
promoter activity was, in fact, increased indicating negative
regulatory function in the promoter region including the
TATA-element. By comparing Figs 6 and 7(b), it can be
concluded that the region spanning from — 552 to — 830 bp
can be characterized as a promoter region for the human
NPFF gene, as the activity in the functional analysis
correlates with the endogenous level of NPFF mRNA
transcription in the cell lines studied. Interestingly, the
5’-ends of four of the human NPFF EST clones are located in
this region (see Fig. 4). A potential silencer element was also
indentified in the region reaching from —220 bp to — 551 bp,
as all constructs containing this region, but lacking the region
from —551 to —830 bp, failed to produce any promoter
activity.

Inducible transcriptional activity of the human NPFF
promoter

Because we were able to demonstrate a significant increase in
NPFF mRNA in NGF-stimulated PC12 cells (Fig. 8a), we
wanted to characterize an element in the human promoter
region responsible for inducible transcriptional activity
produced by NGF. By transfecting the same constructs as
used for the human cell lines in naive PC12 cells, we could
clearly conclude that the function of the chimeric constructs
was similar in naive PC12 cells as in the human cell lines
(Figs 7b and 8b). This indicates a similar mechanism for
NPFF gene transcription in rat and human and supports the
use of a rat cell line in the analysis of the human NPFF
promoter. Subsequently, PC12 cells stimulated with NGF
were transiently transfected with the chimeric constructs. We
were able to measure a significant increase in luciferase
activity (Fig. 8b, p <0.05 by unpaired #-test) after 72 h of
NGF stimulation in cells transfected with the HNF50.2#1-
LUC construct. The addition of 5’-end promoter sequence
interfered with this mechanism, as the cells transfected with
the HNF5’0.5#1-LUC and HNF5’0.8#1-LUC constructs
exhibited unchanged promoter activity after NGF stimula-
tion. The deletion of the promoter region present in
HNF5’0.2#1-LUC (nt —214 to nt —61) also abolished the
NGF induced luciferase activity as seen in constructs
HNF5°0.5#2-LUC and HNF5’0.8#2-LUC (Fig. 8b). The
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increase in luciferase activity in the HNF5’0.2#1-LUC
transfected cells was approximately twofold, which corre-
lates with the increase seen in NPFF mRNA after NGF
stimulation as determined by real-time quantitative RT-PCR
(Fig. 8a).

Discussion

To study the molecular mechanisms responsible for the basal
transcriptional regulation of the human NPFF gene and
possible mechanisms behind an inducible transcription, we
cloned the promoter region of the human NPFF gene. In this
study, 4.7 kb of the promoter region was cloned and
sequenced. The human NPFF promoter region was found
not to be especially GC-rich, the average for the first 1.5 kb
being 50%, yet somewhat higher than the average of 40%
given for the mammalian genome. The structural analysis
disclosed that the proximal 5’-flanking region contains a
canonical TATA box, a CCAAT box and an E-box motif.
E-boxes are known to be important in the expression of
several neuropeptides, including pro-opiomelanocortin
(POMC; Therrien and Drouin 1993), CGRP (Ball et al.
1992), PPT (Paterson et al. 1995) and [arginine]vasopressin
(AVP; Coulson et al. 1999). The canonical TATA box
element found is conserved in the mouse and rat NPFF
gene, residing approximately 30 bp upstream from the
mRNA 5’-terminus (Vilim et al. 1999). The function of this
TATA element is, however, not verified and a non-functional
TATA box-like sequence has been found for example in the
human prepro-orexin gene promoter (Sakurai et al. 1999).
As seen in Fig. 4, primer extension and 5’-RACE analysis
performed in this study indicate that multiple transcription
initation sites might be used by the human NPFF gene, and
these initiation sites are clustered in two distinct regions, one
which correlates with the start sites for the rat and mouse
NPFF gene, here called region 1 (Vilim et al. 1999), and one
which correlates with the previously identified mRNA
5’-end, region 2 (Perry et al. 1997). Multiple transcription
initiation sites are common for genes lacking a functional
TATA box (for a review on TATAless promoters see Smale
1997) and the distinct use of initiation sites can be cell- or
tissue-specific. There is evidence of CNS genes in which
multiple promoters choreograph appropriate developmental
or tissue-specific gene expression (Timmusk ef al. 1993;
Pathak ef al. 1994; Myers et al. 1998) or increase the
complexity of mRNA transcripts within the same tissue type
(Liu and Fischer 1996). The primer extension assay failed to
produce extended products with total RNA from human
medulla and the astrocytoma cell line U-251 MG, although
products were seen from poly(A) + RNA from human spinal
cord (Fig. 2b). This might indicate the region to which these
initiation sites were mapped (region 1) to be used for
transcription initiation only in spinal cord cells, but it could
also reflect the larger amount of undegraded target mRNA
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present in the human spinal cord sample or methodological
differences when using poly(A) + RNA versus total RNA
and tissues versus cell lines.

We can conclude that the expression pattern for the human
NPFF gene generally seems to be similar to the NPFF gene
expression in rat and mouse (Vilim et al. 1999; Brandt et al.
2000), as a detectable transcript of approximately 500 bp
was visible only in medulla and spinal cord as revealed by
northern blot analysis. Characterization of the human NPFF
promoter revealed the region reaching from —552 bp to
—830 bp to be producing the highest promoter activity
observed with the chimeric constructs used. The activity
levels in the cell lines are well correlated with the
endogenous NPFF mRNA levels, thus confirming the region
to contain strong positively acting elements for the NPFF
gene. The region reaching from —220 to — 550 bp was found
to possess transcriptionally suppressing features, which is
consistent with the view that negative regulation may be used
as a general mechanism to restrict the expression of certain
genes to subpopulations of neurones (Mandel and McKinnon
1993). It can be concluded that the sequence composition of
this potential silencer element does not show any homology
to other known neurone-specific silencer elements (Mori
et al. 1992; Li et al. 1993; Bessis et al. 1997; Givogri et al.
2000; Seth and Majzoub 2001), but it is already well known
that the combination of the basal promoter with repressor
molecules and cell-type-specific enhancers are required to
achieve tissue-specific expression of several other neuronal
genes, including a variety of neuropeptides (Quinn 1996).
The functional properties of this element remain to be studied
further in more detail.

The PC12 cell line is a clone derived from a pheochrom-
ocytoma tumour of the rat adrenal medulla, which has
become a well established model to study the action of NGF
(Greene and Tischler 1976). These cells stop dividing and
differentiate morphologically and biochemically into sympa-
thetic neurone-like cells when treated with NGF. Because we
could clearly see the same activity pattern for the human
NPFF constructs between the human cell lines and naive
PC12 cells, we could conclude that the rat PC12 cell line
reflects the human milieu for basal NPFF cell transcription.
By stimulating PC12 cells for 72 h with biologically active
NGF, we could quantitatively measure a significant increase
in NPFF mRNA copy number. Subsequently, the chimeric
constructs were transfected in NGF-induced PC12 cells for
the equal period of time. As compared with the naive cells,
the NGF-stimulated transfectants exhibited a significant
increase in luciferase activity only when transfected with
the HNF50.2#1-LUC construct. Within this construct,
consensus binding sites for AP-2, NFxB and STAT-1 reside
(Fig. 1). The presence of binding sites for AP-2 and NFxB
is highly interesting in the potentially NGF-responsive area
in HNF5’0.2#1-LUC. It is already well established that
neuropeptide Y (NPY) gene expression is up-regulated in
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NGF-stimulated PC12 cells (Allen et al. 1987) and that a
NGEF response element (NGFRE) lies in the rat and human
NPY gene promoter (Higuchi et al. 1992; Minth-Worby
1994). AP-20 has recently been shown to be the nuclear
protein binding to the NGFRE in response to NGF (Li et al.
2000). NGF has also been shown to increase NFkB activity
in various neuronal and non-neuronal populations (Wood
1995; Maggirwar et al. 1998; Yoon et al. 1998; Hamanoue
et al. 1999). Nonetheless, the mechanism of NPFF gene
induction following NGF stimulation might not necessarily
be due to a direct interaction between NGF and the NPFF
promoter elements, but due to secondary effects associated
with differentiation of PC12 cells into sympathetic neurone-
like cells. It may however, be pointed out that the same
construct which exhibited the NGF responsive activity
increase also exhibited significantly higher activity in
SK-N-AS cells as compared to the other human cell lines
(Fig. 7b), thereby supporting the concept that important
elements for NPFF-specific gene transcription reside within
this region. It therefore remains to be analysed if the
regulatory elements causing the observed promoter activity
in the NGF-induced PC12 cells and SK-N-AS cells are equal
and thus represent a general concept of this promoter in
response to growth factors, e.g. during inflammation, differ-
entiation and brain development by NGF or other growth
factors.

Although we have not yet identified the transcription
factors and their exact cognate regulatory elements that are
responsible for basal and inducible transcriptional activity,
we have clearly identified regions of chromosomal DNA that
play an important role in human NPFF gene expression. We
have also been able to demonstrate an inducible transcrip-
tional activation of the NPFF gene in PC12 cells by NGF,
which will serve as a tool for future studies concerning the
NPFF gene. NPFF gene expression is tissue- and cell-type-
specific and the in vivo cell type specificity of NPFF gene
expression makes it an attractive model for investigating the
cis elements involved in restricting gene expression mainly
to a subset of neurones, a phenomenon which still is poorly
understood. Understanding the regulation of the NPFF gene
is particularly important because the peptides play significant
roles in inflammatory (Panula et al. 1996; Pertovaara et al.
1998) and neuropathic pain (Wei et al. 1998) and in opiate
tolerance (Malin ef al. 1990; Panula et al. 1996). Under
experimentally induced conditions, NPFF mRNA expression
is up-regulated in an inflammatory, but not in a neuropathic,
state in the spinal cord (Vilim et al. 1999). Indeed, there is
experimental evidence suggesting that NPFF may produce a
selective attenuation of tactile allodynia in neuropathic rats,
an effect partly independent of naloxone-sensitive opioid
receptors, and that NPFF in the periaqueductal grey matter
attenuates antinociception induced by intracerebrally admin-
istered morphine (Wei ef al. 1998). During inflammation it
has furthermore been shown that NPFF in the spinal cord

produces a submodality-selective potentiation of the anti-
nociceptive effect induced by brain stem—spinal pathways,
also independent of naloxone-sensitive opioid receptors
(Pertovaara et al. 1998). It is thus possible that regulation
of endogenous NPFF peptide levels in selected sites may be
beneficial in treatment of inflammatory and/or neuropathic
pain.

Acknowledgements

We thank Annika Jakobsson for technical assistance and Dr L.
Greene for PC12 cells. This study was supported by the Borg
Foundation, the Academy of Finland and the Technology Develop-
ment Fund (TEKES) to PP, and by the Finnish Graduate School of
Neuroscience (FGSN) to IMW.

References

Aarnisalo A. A., Tuominen R. K., Nieminen M., Vainio P. and Panula P.
(1997) Evidence for prolactin releasing activity of neuropeptide FF
in rats. Neuroendocrinol. Lett. 18, 191-196.

Allen J. M., Martin J. B. and Heinrich G. (1987) Neuropeptide Y
gene expression in PC12 cells and its regulation by nerve
growth factor: a model for developmental regulation. Brain Res.
427, 39-43.

Altschul S. F., Gish W., Miller W., Myers E. W. and Lipman D. J. (1990)
Basic local alignment search tool. J. Mol. Biol. 215, 403—410.

Askwith C. C., Cheng C., Ikuma M., Benson C., Price M. P. and Welsh
M. J. (2000) Neuropeptide FF and FMRFamide potentiate acid-
evoked currents from sensory neurons and proton-gated DEG/
ENaC channels. Neuron 26, 133—141.

Ball D. W., Compton D., Nelkin B. D., Baylin S. B. and de Bustros A.
(1992) Human calcitonin gene regulation by helix-loop-helix
recognition sequences. Nucleic Acids Res. 20, 117-123.

Bessis A., Champtiaux N., Chatelin L. and Changeux J. P. (1997) The
neuron-restrictive silencer element: a dual enhancer/silencer crucial
for patterned expression of a nicotinic receptor gene in the brain.
Proc. Natl. Acad. Sci. USA 94, 5906-5911.

Bonini J. A., Jones K. A., Adham N., Forray C., Artymyshyn R., Durkin
M. M., Smith K. E., Tamm J. A., Boteju L. W., Lakhlani P. P,
Raddatz R., Yao W. J., Ogozalek K. L., Boyle N., Kouranova E. V.,
Quan Y., Vaysse P. J., Wetzel J. M., Branchek T. A., Gerald C. and
Borowsky B. (2000) Identification and characterization of two G
protein-coupled receptors for neuropeptide FF. J. Biol. Chem. 275,
39324-39331.

Brandt A., Pietild P., Nieminen M.-L. and Panula P. (2000) Neuropeptide
FF in the mouse CNS: regional distribution and binding properties.
Soc. Neurosci. Abstract 26, 18.2.

Carey M. and Smale S. T. (2000) Transcriptional Regulation in Euka-
ryotes, pp. 116—123. Cold Spring Harbor Laboratory Press, New
York.

Coulson J. M., Fiskerstand C. E., Woll P. J. and Quinn J. P. (1999) E-box
motifs within the human vasopressin gene promoter contribute to a
major enhancer in small-cell lung cancer. Biochem. J. 344, 961—
970.

Dong X., Han S., Zylka M. J., Simon M. L. and Anderson D. J. (2001) A
diverse family of GPCRs expressed in specific subsets of noci-
ceptive sensory neurons. Cell 106, 619—632.

Elshourbagy N. A., Ames R. S., Fizgerald L. R., Foley J. J., Chamers
J. K., Szekeres P. G., Evans N. A., Schmidt D. B., Buckley P. T,,
Dytko G. M., Murdock P. R., Tan K. B., Shabon U., Nuthulaganti

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 82, 1330-1342



P., Wang D. Y., Wilson S., Bergsma D. J. and Sarau H. M. (2000)
Receptor for the pain modulatory neuropeptides NPFF and NPAF
is an orphan G protein-coupled receptor. J. Biol. Chem. 275,
25965-25971.

Fink L., Seeger W., Ermert L., Hanze J., Stahl U., Grimminger F.,
Kummer W. and Bohle R. M. (1998) Real-time quantitative RT-
PCR after laser-assisted cell picking. Nat. Med. 4, 1329-1333.

Givogri M. 1., Kampf K., Schonmann V. and Campagnoni A. T. (2000)
Identification of a novel silencer that regulates the myelin basic
protein gene in neural cells. Gene 252, 183—-193.

Greene L. A. and Tischler A. S. (1976) Establishment of a noradr-
energic clonal line of rat adrenal pheochromocytoma cells which
respond to nerve growth factor. Proc. Natl. Acad. Sci. USA 73,
2424-2428.

Hamanoue M., Middleton G., Wyatt S., Jaffray E., Hay R. T. and Davies
A. M. (1999) p75-mediated NF-xB activation enhances the sur-
vival response of developing sensory neurons to nerve growth
factor. Mol. Cell. Neurosci. 14, 28-40.

Higuchi H., Nakano K. and Miki N. (1992) Identification of NGF-
response element in the rat neuropeptide Y gene and induction of
the binding proteins. Biochem. Biophys. Res. Commun. 189, 1553—
1560.

Hinuma S., Habata Y., Fujii R., Kawamata Y., Hosoya M., Fukusumi S.,
Kitada C., Masuo Y., Asano T., Matsumoto H., Sekiguchi M.,
Kurokawa T., Nishimura O., Onda H. and Fujino M. (1998) A
prolactin-releasing peptide in the brain. Nature 393, 272-276.

Hinuma S., Shintani Y., Fukusumi S., Iijima N., Matsumoto Y., Hosoya
M., Fujii R., Watanabe T., Kikuchi K., Terao Y., Yano T,
Yamamoto T., Kawamata Y., Habata Y., Asada M., Kitada C.,
Kurokawa T., Onda H., Nishimura O., Tanaka M., Ibata Y. and
Fujino M. (2000) New neuropeptides containing carboxy-terminal
RFamide and their receptor in mammals. Nat. Cell. Biol. 2, 703—
708.

Kontinen V. K., Aarnisalo A. A., Idanpaén-Heikkild J. J., Panula P. and
Kalso E. (1997) Neuropeptide FF in the rat spinal cord during
carrageenan inflammation. Peptides 18, 287-292.

Kotani M., Mollereau C., Detheux M., Le Poul E., Brezillon S., Vakili J.,
Mazarguil H., Vassart G., Zajac J. M. and Parmentier M. (2001)
Functional characterization of a human receptor for neuropeptide
FF and related peptides. Br. J. Pharmacol. 133, 138-144.

Lecron J. C., Minault M., Allard M., Goube de Laforest P., Gombert J.
and Simonnet G. (1992) Modulation of human lymphocyte pro-
liferation by FLFQPQRFamide, a FMRFamide-like peptide with
anti-opiate properties. J. Neuroimmunol. 38, 1-8.

Lee J. H., Miele M. E., Hicks D. J., Phillips K. K., Trent J. M., Weissman
B. E. and Welch D. R. (1996) KiSS-1, a novel human malignant
melanoma metastasis-suppressor gene. J. Natl. Cancer Inst. 88,
1731-1737. [Erratum in. J. Natl. Cancer Inst 89, 1549]

Li B. S., Kramer P. R., Zhao W., Ma W., Stenger D. A. and Zhang L.
(2000) Molecular cloning, expression, and characterization of
rat homolog of human AP-2a that stimulates neuropeptide Y
transcription activity in response to nerve growth factor. Mol
Endocrinol. 14, 837-847.

Li L., Suzuki T., Mori N. and Greengard P. (1993) Identification of a
functional silencer element involved in neuron-specific expression
of the synapsin I gene. Proc. Natl. Acad. Sci. USA 90, 1460—1464.

Liu D. and Fischer I. (1996) Two alternative promoters direct neuron-
specific expression of the rat microtubule-associated protein 1B
gene. J. Neurosci. 16, 5026-5036.

Liu Q., Guan X. M., Martin W. J., McDonald T. P., Clements M. K.,
Jiang Q., Zeng Z., Jacobson M., Williams D. L., Yu H., Jr Bomford
D., Figueroa D., Mallee J., Wang R., Evans J., Gould R. and Austin
C. P. (2001) Identification and characterization of novel mammalian

Analysis of human NPFF gene expression 1341

neuropeptide FF-like peptides that attenuate morphine-induced
antinociception. J. Biol. Chem. 276, 36961-36969.

Maggirwar S. B., Sarmiere P. D., Dewhurst S. and Freeman R. S. (1998)
Nerve growth factor-dependent activation of NF-kB contributes to
survival of sympathetic neurons. J. Neurosci. 18, 10356—10365.

Majane E. A. and Yang H.-Y. T. (1987) Distribution and characterization
of two putative endogenous antagonist peptides in bovine brain.
Peptides 8, 657-662.

Majane E. A. and Yang H.-Y. T. (1991) Mammalian FMRF-NH,-like
peptide in rat pituitary: decrease by osmotic stimulus. Peptides 12,
1303-1308.

Majane E. A., Zhu J., Aarnisalo A. A., Panula P. and Yang H.-Y. T.
(1993) Origin of neurohypophyseal neuropeptide FF (FLFQPQRF-
NH,). Endocrinology 133, 1578—1584.

Malin D. H., Lake J. R., Fowler D. E., Hammond M. V., Brown S. L.,
Leyva J. E., Prasco P. E. and Dougherty T. M. (1990) FMRF-NH,-
like mammalian peptide precipitates opiate withdrawal syndrome
in the rat. Peptides 11, 277-280.

Mandel G. and McKinnon D. (1993) Molecular basis of neural-specific
gene expression. Annu. Rev. Neurosci. 16, 323-345.

Minault M., Lecron J. C., Labrouche S., Simonnet G. and Gombert J.
(1995) Characterization of binding sites for neuropeptide FF on T
lymphocytes of the Jurkat cell line. Peptides 16, 105-111.

Minth-Worby C. A. (1994) Transcriptional regulation of the human
neuropeptide Y gene by nerve growth factor. J. Biol. Chem. 269,
15460-15468.

Mori N., Schoenherr C., Vandenbergh D. J. and Anderson D. J. (1992) A
common silencer element in the SCG10 and type II Na+ channel
genes binds a factorpresent in nonneuronal cells but not in neuronal
cells. Neuron 9, 45-54.

Myers S. J., Peters J., Huang Y., Comer M. B., Barthel F. and Dingledine
R. (1998) Transcriptional regulation of the GluR2 gene: neural-
specific expression, multiple promoters, and regulatory elements.
J. Neurosci. 18, 6723-6739.

Nieminen M.-L., Brandt A., Pietild P. and Panula P. (2000) Expression of
mammalian RF-amide peptides neuropeptide FF (NPFF), prolac-
tin-releasing peptide (PrRP) and the PrRP receptor in the peripheral
tissues of the rat. Peptides 21, 1695-1701.

Panula P., Aarnisalo A. A. and Wasowicz K. (1996) Neuropeptide FF, a
mammalian neuropeptide with multiple functions. Prog. Neurobiol.
48, 461-487.

Panula P.,, Kalso E., Nieminen M.-L., Kontinen V., Brandt A. and
Pertovaara A. (1999) Neuropeptide FF and modulation of pain.
Brain Res. 848, 191-196.

Panula P., Kivipelto L., Nieminen O., Majane E. A. and Yang H. Y.
(1987) Neuroanatomy of morphine-modulating peptides. Med.
Biol. 65, 127-135.

Paterson J. M., Mendelson S. C., McAllister J., Morrison C. F., Dobson
S., Grace C. and Quinn J. P. (1995) Three immediate early gene
response elements in the proximal preprotachykinin-A promoter in
two functionally distinct domains. Neuroscience 66, 921-932.

Pathak B. G., Neumann J. C., Croyle M. L. and Lingrel J. B. (1994) The
presence of both negative and positive elements in the 5’-flanking
sequence of the rat Na,K-ATPase o 3 subunit gene are required
for brain expression in transgenic mice. Nucl Acids Res. 22,
4748-4755.

Perry S. J., Yi-Kung H. E., Cronk C., Bagust J., Sharma R., Walker R. J.,
Wilson S. and Burke J. F. (1997) A human gene encoding mor-
phine modulating peptides related to NPFF and FMRFamide.
FEBS Lett. 409, 426—430.

Pertovaara A., Hamaildinen M. M., Kauppila T. and Panula P. (1998)
Carrageenan-induced changes in spinal nociception and its mod-
ulation by the brain stem. Neuroreport 9, 351-355.

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 82, 1330-1342



1342 J. M. Nystedt et al.

Quinn J. P. (1996) Neuronal-specific gene expression: the interactions
of both positive and negative transcriptional regulators. Prog.
Neurobiol. 50, 363-379.

Roth B. L., Disimone J., Majane E. A. and Yang H.-Y. T. (1987) Ele-
vation of arterial pressure in rats by two new vertebrate peptides
FLFQPQRF-NH, and AGEGLSSPFWSLAAPQRF-NH, which
are immunoreactive to FMRF-NH, antiserum. Neuropeptides 10,
37-42.

Roumy M. and Zajac J. M. (1998) Neuropeptide FF, pain and analgesia.
Eur. J. Pharmacol. 345, 1-11.

Sakurai T., Moriguchi T., Furuya K., Kajiwara N., Nakamura T.,
Yanagisawa M. and Goto K. (1999) Structure and function of
human prepro-orexin gene. J. Biol. Chem. 274, 17771-17776.

Seth K. A. and Majzoub J. A. (2001) Repressor element silencing
transcription factor/neuron-restrictive silencing factor (REST/
NRSF) can act as an enhancer as well as a repressor of cortico-
tropin-releasing hormone gene transcription. J. Biol. Chem. 276,
13917-13923.

Smale S. T. (1997) Transcription initiation from TATA-less promoters
within eukaryotic protein-coding genes. Biochim. Biophys. Acta
1351, 73-88.

Sundblom M., Panula P. and Fyhrqvist F. (1995) Neuropeptide FF in
human plasma. Peptides 16, 347-350.

Therrien M. and Drouin J. (1993) Molecular determinants for cell
specificity and glucocorticoid repression of the proopiomelano-
cortin gene. Ann. NY Acad. Sci. 680, 663—671.

Timmusk T., Palm K., Metsis M., Reintam T., Paalme V., Saarma M. and
Persson H. (1993) Multiple promoters direct tissue-specific
expression of the rat BDNF gene. Neuron 10, 475-489.

Vilim F. S., Aarnisalo A. A., Nieminen M.-L., Lintunen M., Karlstedt K.,
Kontinen V. K., Kalso E., States B., Panula P. and Ziff E. (1999)
Gene for pain modulatory neuropeptide NPFF: induction in spinal
cord by noxious stimuli. Mol. Pharmacol. 55, 804-811.

Wei H., Panula P. and Pertovaara A. (1998) A differential modulation of
allodynia, hyperalgesia and nociception by neuropeptide FF in the
periaqueductal gray of neuropathic rats: interactions with morphine
and naloxone. Neuroscience 86, 311-319.

Wood J. N. (1995) Regulation of NF-kappa B activity in rat dorsal root
ganglia and PC12 cells by tumour necrosis factor and nerve growth
factor. Neurosci. Lett. 192, 41-44.

Yamada M., Ozawa A., Ishii S., Shibusawa N., Hashida T., Ishizuka T.,
Hosoya T., Monden T., Satoh T. and Mori M. (2001) Isolation and
characterization of the rat prolactin-releasing peptide gene: multi-
ple TATA boxes in the promoter region. Biochem. Biophys. Res.
Commun. 281, 53-56.

Yang H.-Y. T., Fratta W., Majane E. A. and Costa E. (1985) Isolation,
sequencing, synthesis and pharmacological characterization of two
brain neuropeptides that modulate the action of morphine. Proc.
Natl. Acad. Sci. USA 82, 7757-7761.

Yoon S. O., Casaccia-Bonnefil P., Carter B. and Chao M. V. (1998)
Competitive signaling between TrkA and p75 nerve growth factor
receptors determines cell survival. J. Neurosci. 18, 3273-3281.

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 82, 1330-1342



