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Dietary PUFAs (polyunsaturated fatty acids) co-ordinately sup-
press transcription of a group of hepatic genes encoding glycolytic
and lipogenic enzymes. Suppression of Fasn (fatty acid synthase)
transcription involves two PUFA-responsive regions, but the
majority of PUFA sensitivity maps to a region within the proximal
promoter containing binding sites for NF-Y (nuclear factor-Y),
Sp1 (stimulatory protein 1), SREBP (sterol-regulatory-element-
binding protein), and USF (upstream stimulatory factor). Pro-
moter activation assays indicate that altered NF-Y is the key com-
ponent in regulation of Fasn promoter activity by PUFA. Using
electrophoretic mobility-shift assay and chromatin immunopre-
cipitation analysis, we demonstrate for the first time that PUFAs
decrease in vivo binding of NF-Y and SREBP-1c to the proximal
promoter of the hepatic Fasn gene and the promoters of three
additional genes, spot 14, stearoyl-CoA desaturase and farnesyl
diphosphate synthase that are also down-regulated by PUFA. The
comparable 50 % decrease in NF-Y and SREBP-1c binding to

the promoters of the respective PUFA-sensitive genes occurred
despite no change in nuclear NF-Y content and a 4-fold decrease
in SREBP-1c. Together, these findings support a mechanism
whereby PUFA reciprocally regulates the binding of NF-Y and
SREBP-1c to a subset of genes which share similar contiguous
arrangements of sterol regulatory elements and NF-Y response
elements within their promoters. PUFA-dependent regulation of
SREBP-1c and NF-Y binding to this unique configuration
of response elements may represent a nutrient-sensitive motif
through which PUFA selectively and co-ordinately targets subsets
of hepatic genes involved in lipid metabolism.

Key words: fatty acid synthase (FASN), nuclear factor-Y
(NF-Y), stimulatory protein 1 (Sp1), sterol-regulatory-element
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INTRODUCTION

Dietary n-6 and n-3 PUFAs (polyunsaturated fatty acid), but not
mono-unsaturated or saturated fatty acids, co-ordinately suppress
the transcription of several hepatic genes encoding glycolytic and
lipogenic enzymes [e.g. FASN (fatty acid synthase); acetyl-CoA
carboxylase, SCD1 (stearoyl-CoA desaturase 1) and pyruvate
kinase] [1–6]. This suppressive effect of PUFA is associated with
a significant reduction in the rate of hepatic malonyl-CoA produc-
tion and fatty acid biosynthesis [1]. The decrease in malonyl-CoA
facilitates fatty acid oxidation by releasing carnitine palmitoyl-
transferase from inhibition by malonyl-CoA [7]. In addition,
PUFAs activate peroxisome proliferator-activated receptor α and
thereby increase the expression of genes encoding enzymes of
fatty acid oxidation (e.g. carnitine palmitoyltransferase and acyl-
CoA oxidase) [5,8,9]. The net result is a diversion of fatty acids
away from triacylglycerol (triglyceride) synthesis and secretion,
and towards fatty acid oxidation and ketogenesis.

PUFAs suppress the expression of some hepatic lipogenic genes
by decreasing the nuclear content of the potent lipogenic tran-
scription factor SREBP-1 (sterol-regulatory-element-binding
protein 1) [10–13]. Dietary PUFAs regulate the nuclear level of

mature SREBP-1 in two ways. First, PUFAs inhibit the proteolytic
release of SREBP-1 from a precursor pool anchored to the endo-
plasmic reticulum membrane [11,14]; and secondly, PUFAs de-
crease the pool size of precursor, membrane anchored SREPB-1
[5,10,11,13]. The inhibition of proteolysis by dietary PUFAs
is rapid (<3 h), and occurs without a reduction in the amount
of membrane precursor [11]. In contrast, the decrease in amount of
precursor SREBP-1 resulting from PUFA ingestion is a long-term
adaptive response (>2 days) that reflects a reduction in SREBP-1
mRNA caused by accelerated transcript decay [11].

The down-regulation of expression and nuclear content of hep-
atic SREBP-1 by dietary PUFAs is correlated with an inhibition
of FAS gene expression, suggesting that PUFAs inhibit hepatic
Fasn gene transcription by reducing nuclear SREPB-1 [12]. How-
ever, we have reported previously [15] that PUFA suppression
of Fasn transcription is a complex event that involves two response
regions (PUFA-RRFASN): a distal PUFA-RR that accounts for
35% of the PUFA regulation of the Fasn promoter activity, and
a proximal PUFA-RR that accounts for 65% of the PUFA regul-
ation of Fasn promoter activity. Notable recognition se-
quences located in the proximal PUFA-RR include binding sites
for SREBP-1, Sp1 (stimulatory protein 1) and NF-Y (nuclear
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Table 1 Identification of regulatory elements localized in the Fasn gene and consensus oligonucleotides used for the EMSAs.

The mutations are underlined and the consensus binding sites are in bold.

Promoter region Sequence

− 106 to − 53 bp FAS region

Insulin response element mutations 5′-GACGCTCATTGGCCTGGGCGGCGCAGCCAAGCTGTCAGCCACGTGGTTCGGTTC-3′

Sp1 consensus 5′-AAGCTTCGATCGGGGCGGGGCGAGCTGCAG-3′

−106 to −77 bp Sp1 mutant 5′-GACGCTCATTGGCCTAAACAACAAAGCCAA-3′

NF-Y consensus 5′-GATCTAAAAAGACTAACCAATTTTCAGATC-3′

−106 to −77 bp NF-Y mutant 5′-GACGCTCCGACTCCTGGGCGGCGCAGCCAA-3′

factor-Y). Previous evidence indicates that SREBP-1 is a weak
activator of transcription and it functions efficiently only when
activated by co-activating transcription factors such as NF-Y
and Sp1 [16–22]. Such is the case for the rat and human Fasn
genes, where optimal stimulation of the Fasn promoter activity
by SREBP-1c, as well as sterol inhibition of the Fasn promoter
activity requires an SREBP-1 interaction with NF-Y and/or Sp1
[15,20,23]. However, these observations have not linked in vivo
reduction in Fasn promoter activity to lower nuclear content of
SREBP-1 by PUFAs. This led us to hypothesize that the inhibition
of hepatic Fasn gene transcription involves a PUFA-mediated
reduction in NF-Y binding to the promoter. Using EMSA
(electrophoretic mobility-shift assay) and ChIP (chromatin
immunoprecipitation), we demonstrate for the first time that
PUFA produce a comparable 2-fold decrease of in vivo binding
of NF-Y and SREBP-1c to the Fasn proximal promoter and to the
promoters of three additional PUFA-sensitive genes. The common
feature of all four genes is that they have similar contiguous
arrangements of SRE (sterol regulatory element) and NF-Y
sites within their promoters. Our findings support a mechanism
whereby the PUFA-dependent decrease in nuclear SREBP-1c
protein regulates the binding of NF-Y to adjacent NF-Y response
elements within the promoters of PUFA-response genes.

EXPERIMENTAL

Primary hepatocyte culture and transfection

Male Sprague–Dawley rats (weighing between 150 and 200 g)
were fed a high carbohydrate FF (fat-free) diet for 3–5 days and
subsequently fasted for 24 h prior to hepatocyte isolation using
collagenase perfusion [24,25]. Briefly, hepatocytes were plated
onto 6-well plates that were coated with rat-tail collagen. Cells
were allowed to attach to the plates in Waymouth MB 752/1 med-
ium (Invitrogen) supplemented with 0.4 mM alanine, 0.5 mM ser-
ine, 26 mM sodium bicarbonate and 2.5 % (v/v) foetal calf serum.
After a 6 h attachment period, the hepatocytes were transfected
with the various pFASN.reporter constructs described in the le-
gends to the Figures. Transfection was conducted using Lipofectin
(Invitrogen) in serum-free medium. Following a 12 h transfection
period, the medium was changed to one containing 1 µM insulin
and dexamethasone, 1 mM α-tocopherol and 200 mM albumin-
bound C18:1,n-9, C20:3,n-9, C20:4,n-6, or C20:5,n-6. Fatty acids were
purchased as >95% pure from Nu-Chek Prep. The fatty acid
to albumin ratio was 4:1. Cells not treated with fatty acids were
maintained in a medium containing an amount of fatty acid-free
albumin equivalent to that added with the fatty acids. The impact

of fatty acids on cell viability was assessed by Trypan Blue
exclusion (>95% exclusion) and by measuring the leakage
of lactate dehydrogenase in to the media. Luciferase reporter
activity was determined in total cell lysates (n = 3–6 plates
per point) prepared 48 h after transfection [24]. Each construct
was evaluated in 3–7 different hepatocyte preparations. Reporter
activity is expressed as units of activity per µg of protein.
Preparation of the 5′-pFASN.LUC reporter vectors was described
previously [15,26,27]. The −150 to −43 bp region (relative to the
transcription start site) of the rat Fasn promoter that contains a
classical sterol response element (−150), NF-Y (−99 to −93 bp)
and Sp1 (−90 to −81 bp) recognition sites, and the SREBP-
1/USF (upstream stimulatory factor) sites of the insulin response
element (−72 to −53 bp) was fused to a generic TATA box and
was placed upstream of the luciferase reporter gene in the pGL2
luciferase reporter vector (Promega) [18]. Using the −150 to
−43 bp region as a template for PCR, mutations were generated
in the Sp1, NF-Y and insulin response element (Table 1) [20].

EMSA

Male Sprague–Dawley rats (weighing 150–200 g) were trained
to consume their daily food during one 3 h period. The rats were
then fed an FF diet or an FO diet (fat free diet supplemented with
10% fish oil) for 10 days prior to nuclear protein extraction
[28]. Nuclear proteins were prepared immediately following the
meal from rats fed a high glucose FF diet or the FO diet [29].
The oligonucleotide sequences of the Fasn gene used in the
EMSAs for the candidate NF-Y and Sp1 sites are presented in
Table 1. The mutation sites were identical to those introduced for
the promoter–reporter assays described above. Double-stranded
oligonucleotides were end-labelled with γ [32P]ATP (PerkinElmer
Life Sciences) and T4 DNA polynucleotide kinase (20000–
50000 c.p.m per reaction) and incubated with nuclear protein
extracts (5 µg/reaction) in a reaction buffer containing 10 mM
Hepes (pH 7.9) 75 mM KCl, 1 mM EDTA, 5 mM dithiothreitol,
5 mM MgCl2, 10% (v/v) glycerol and 1 µg poly(dI-dC) · (dI-dC).
Protein concentrations were determined using the bicinochoninic
acid protein assay (Pierce). For competition reactions, 100-fold
molar excess of unlabelled nucleotide, as indicated, was added to
the reaction mixture. After 30 min on ice, the reaction components
were loaded on a 5% (v/v) non-denaturing polyacrylamide gel
and electrophoresed at 200 V for approximately 2 h in 1x TGE
buffer (25 mM Tris/HCl, 190 mM glycine and 1 mM EDTA,
pH 8.5). Super-shift analyses for NF-Y and Sp1 were conducted
using antibodies against Sp1 (sc-59; Santa Cruz Biotechnology)
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and NF-YA (sc-7712; Santa Cruz Biotechnology) coupled for
8–12 h.

ChIP assays

Rats trained to consume their daily food during one 3 h period
were fed an FF diet or an FO diet for 7 days as described above.
Cross-linked chromatin was prepared using the methodology
described by Latasa et al. [30]. ChIP was performed as described
in [31] with some modifications. Chromatin samples at A260 = 4
were diluted to a final volume of 1000 µl, incubated with 100 µl of
blocked protein G beads (Roche) for 2 h on a rotating wheel at
4 ◦C, and the beads were collected by centrifugation at 15000 g
for 1 min. The beads were incubated with 500 µg of sheared
salmon sperm DNA (Invitrogen) and BSA (Roche) for 30 min at
4 ◦C to block non-specific binding. The supernatant was trans-
ferred to clean tubes and incubated with 5 µg of NF-YA antibody
(sc-7712), Sp1 antibody (sc-59), SREBP-1 antibody (sc-8984;
Santa Cruz Biotechnology), USF antibody (sc-229; Santa Cruz
Biotechnology), goat IgG (Santa Cruz Biotechnology), or rabbit
IgG (Santa Cruz Biotechnology) overnight at 4 ◦C on a rotating
wheel. The samples were centrifuged for 10 min at 15000 g then
the supernatant was transferred to a new tube and incubated
with 100 µl of blocked protein G beads for 90 min at 4 ◦C on
a rotating wheel. The samples were washed extensively, eluted,
the crosslinks reversed and treated with Proteinase K (Roche)
as described [31]. The samples were extracted with an equal
volume of phenol/chloroform/isoamyl alcohol (25:24:1, by vol.)
(Amresco) and precipitated by 40 µg glycogen (Roche) and
2.4 vol. of ethanol at −20 ◦C overnight. Samples were washed
once with 70% ethanol and resuspended in 40 µl of water.
Primers were designed to amplify a 152 bp fragment (−153 to
−2 bp) of the proximal promoter region in the rat Fasn gene.
Primer sequences were: 5′-GGCATCACCCCACCGACG-3′

(forward) and 5′-GCTCCCTCTAGGCCGCGC-3′ (reverse).
Additional controls included the proximal promoters of the
CPT1α (carnitine palmitoyltransferase 1α), S14 (spot 14), Scd1
and Fdps (farnesyl diphosphate synthase) genes. The primers
used were as follows: for CPT1α (−187 to +100 bp), forward,
5′-AGGTCTGTAGTTCACAAGCTC-3′; reverse, 5′-CCACGC-
TCCCAAAGGTCATAC-3′; for S14 (−190 to −33), forward,
5′-ACCTGAAGTGACAAGCAGAAGC-3′; reverse, 5′-TGAG-
CAGACAGCAGATTGACAG-3′; for SCD1 (−505 to −244),
forward, 5′-AAAGTCATCCATCAGCCCAC-3′; reverse, 5′-TA-
GATTCCAGAGTAGACCTC-3′; for FDPS (−397 to −154), for-
ward, 5′-CTTGAAGTGCTACAAACAGG-3′; reverse, 5′-ATA-
ATACTACGACTCCCAGC-3′. Owing to the high GC content of
the Fasn proximal promoter, the Fasn PCR reactions were per-
formed with 4 µl of immunoprecipitate, 25 µM of each primer,
25 µl of FailSafeTM PCR 2× PreMix G and 2.5 units Taq poly-
merase (Epicentre) in a total volume of 50 µl. PCR conditions
were: one cycle of 96 ◦C for 2 min; 30 cycles of 96 ◦C for 1 min,
55 ◦C for 1 min and 72 ◦C for 45 s; and one cycle of 72 ◦C for
1 min. The PCR for S14, Scd1, Fdps and Cpt-1α were performed
with 2 µl of immunoprecipitate, in a final volume of 25 µl, 10 µM
of each primer, and 1× EX Taq RT-PCR mix (TaKaRa) in a
Smart Cycler instrument (Cepheid). Samples were incubated for
an initial denaturation at 96 ◦C for 30 s, followed by 30 cycles
of 95 ◦C for 3 s, 60 ◦C for 10 s, and 72 ◦C for 15 s. PCR products
were separated on a 1.5% agarose gel and analysed by ethidium
bromide staining. The stained gels were visualized and the PCR
products from three to six individual experiments were quantified
using a Versadoc imaging system (Bio-Rad Laboratories). The
numbers are derived from the average intensity of the PCR
products from the liver samples of the rats fed the FO diet

compared with the average intensity of those fed the FF diet,
which was set at 100%.

Immunoblot analysis

Nuclear extracts (25 µg) prepared from livers of rats fed the FF
and FO diets for 7 days (as described above) were diluted in
6× Laemmli loading buffer [375 mM Tris/HCl (pH 6.8), 10%
(w/v) SDS, 30% (v/v) glycerol, 0.012% Bromphenol Blue and
30% (v/v) 2-mercaptoethanol], boiled for 5 min, resolved by
SDS/PAGE [10% (v/v) polyacrylamide gels], and electrotrans-
ferred onto PVDF membranes. Membranes were probed with anti-
bodies directed against NF-YA (sc-7712), NF-YB (sc-7711; Santa
Cruz Biotechnology), NF-YC (sc-7714; Santa Cruz Biotechno-
logy), SREBP-1 (sc-13551; Santa Cruz Biotechnology) and Sp1
(sc-59) and visualized by standard ECL procedure. Quantification
of immunoblot signals was performed by densitometry using the
Versadoc system (Bio-Rad Laboratories).

Co-immunoprecipitation and immunoblot analysis

Nuclear extracts were prepared from livers of rats fed the FF
and FO diets for 7 days as described above. Samples (150 µg) of
nuclear proteins from each rat were pre-cleared with protein-G
for 2 h, and then incubated with 5 µg of NF-YA (sc-7712), Sp1
(sc-59), SREBP-1 (sc-8984), goat pre-immune IgG, or rabbit pre-
immune IgG overnight. The samples were centrifuged for 1 min at
4000 g at 4 ◦C and the supernatants were removed and retained to
evaluate the immunoprecipitation efficiency of each antibody. The
remaining pellets were washed five times with cold RIPA buffer
[50 mM Tris/HCl (pH 7.4), 150 mM NaCl, 1 % (v/v) Nonidet
P40, 0.25% sodium deoxycholate and 1 mM EDTA] at 10 min
intervals, denatured and resolved by SDS/PAGE [10% (v/v) gels]
along with the supernatants from the corresponding samples. Gels
were electrophorectically transferred on to PVDF membranes,
which were probed with anti-NF-YA (sc-17753; Santa Cruz
Biotechnology), anti-Sp1 (sc-59), anti-SREBP1 (sc-13551) and
anti-phosphoserine (Zymed 61-8100) antibodies. The detected
bands were visualized and quantified as described above.

RESULTS

Role of NF-Y and Sp1 sites in maintenance of Fasn proximal
promoter activation

We have demonstrated previously [15] that the Fasn gene contains
two PUFA response regions and the proximal PUFA-RRFASN

accounted for the majority of the PUFA response. A better under-
standing of the key cis- and trans-regulatory elements within this
region is essential to further understand how PUFAs suppress
Fasn gene expression. The −265 to +65 bp region of the Fasn
gene contains several PUFA-sensitive sites, including consensus
SREs (−150 to −142 bp, −71 to −64 bp and −61 to −53 bp),
an insulin response element (−71 to −53 bp), and recognition
sites for NF-Y (−99 to −93 bp) and Sp1 (−90 to −81 bp)
[17,22,32]. Figure 1 shows that deletion of the SRE between −150
and −118 bp neither reduced promoter activity nor diminished
the inhibitory action of PUFA C20:4,n-6. Our previous work [15]
showed that the majority of PUFA sensitivity was retained when
the SRE at −61 to −53 bp was mutated, implicating the SRE
at −71 to −64 bp as the essential PUFA-sensitive SREBP-1c
binding site.

Our previous work [15] also established that the NF-Y (−99 to
−93 bp) site within this region is essential for PUFA sensitivity,
whereas the Sp1 (−90 to −81 bp) site appears to play a
less crucial role. To examine the significance of these sites in
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Figure 1 PUFA suppression of Fasn gene transcription does not involve
−150 SRE

Rat hepatocytes in primary culture were transfected with luciferase (LUC) reporter constructs
containing Fasn 5′-flanking sequences −250 to +65 bp, −150 to −53 bp, or −118 to
−53 bp. Cells were treated with 200 µM albumin-bound C18:1(n-9) (open bars) or C20:4(n-6)

(closed bars). Reporter activity is expressed relative to cells treated with albumin alone as 100 %
(no FFA). Luciferase activity in the absence of fatty acid was 4905, 2240, and 1855 relative
luciferase units/µg protein for the −250, −150, and −118 constructs respectively (n = 6
plates per treatment). *P < 0.05 for C18:1(n-9) induction; **P < 0.01 for C20:4(n-6) suppression.
FFA, free fatty acids.

Figure 2 Mutations in the insulin response element or NF-Y site reduce
Fasn promoter activity.

Rat hepatocytes were transfected with a construct that contained the luciferase (LUC) reporter
gene driven by the Fasn gene region of −150 to −43 bp fused to a generic TATA box [18].
The region contains a classical SRE, an insulin response element (IRE) at −72 to −53 bp,
an Sp1 site (−91 to −81 bp), and an NF-Y site (−99 to −93 bp). Mutations (X) were
introduced into the respective sites (see Table 1) as described in the Experimental section.
Results are expressed relative to the wild-type sequence, and are means +− S.E.M. for two or
three independent hepatocyte preparations with 4–6 replications per construct within a cell
preparation. *P < 0.05 for the effect of the Sp1 mutation; **P < 0.01 for effect of the IRE, NF-Y
and NF-Y/Sp1 mutations.

maintenance of promoter activation, basal promoter activity was
measured in constructs after mutation of each element in primary
rat hepatocytes. Figure 2 shows that mutation of the Sp1 site had
only a modest effect on basal activity, while mutation of the NF-
Y site reduced promoter activity by 89% relative to the control.
Mutation of both NF-Y and Sp1 sites had no greater effect than
mutating the NF-Y site alone. Together, these results show that
maintenance of basal transcriptional activity of the Fasn promoter
is dependent upon binding of NF-Y to the promoter.

Introducing mutations that interfered with the USF and SREBP-
1c binding sites (i.e. mutant ABC) of the insulin response element
(−71 to −53 bp) reduced basal promoter activity by 65% (Fig-

Figure 3 Dietary PUFAs impair NF-Y DNA binding activity

Hepatic nuclear protein extracts (5 µg per reaction) were prepared from rats fed an FF diet or
the FO diet. (A) EMSAs were conducted using the Fasn promoter region of −106 to −77 bp
in which the candidate Sp1 site was mutated (−106/−77Sp1mt) (see Table 1). Lane 1 is free
probe. Lanes 2 and 3 show NF-Y binding activity in extracts from rats fed the FF diet or the
FO diet respectively. Specificity of NF-Y binding to the −106/−77Sp1mt fragment (A) was
determined using nuclear proteins from rats fed the FF diet incubated with a 100-fold molar
excess of unlabelled −106/−77Sp1mt (lane 4), NF-Y consensus sequence (lane 5), wild-type
−106 to −77 bp Fasn sequence (lane 6), or the anti-(NF-YA) antibody (lane 7). (B) EMSAs
were conducted using an oligonucleotide containing a consensus NF-Y binding sequence (see
Table 1) and nuclear protein extracts from rats fed the FF diet (lane 1) or the FO diet (lane 2).
Specificity of NF-Y binding to the consensus sequence was determined using nuclear proteins
from rats fed the FF diet incubated with a 100-fold molar excess of unlabelled consensus NF-Y
site (lane 3) or the anti-(NF-YA) antibody (lane 4). The left-hand arrows indicate the NF-Y bind-
ing complex, and the right-hand arrow indicates the super-shift resulting from treatment
with anti-(NF-YA) antibody. Reduced NF-Y binding by dietary FO was demonstrated in four
rats with a mean decrease in binding activity of 50 +− 7 % (P < 0.05) for the −106/−77Sp1mt

and consensus NF-Y sequences.

ure 2). Nevertheless, as we established previously [15], the mu-
tated promoter retained 75–80% of its sensitivity to suppression
by PUFA. The role of the SRE at −71 to −64 bp was not com-
pletely examined, since the mutant ABC leaves a partial E-box
triplet. However, the SRE sites at −150 bp and −61 to −53 bp
have minimal importance for PUFA responsiveness in the Fasn
promoter (Figure 1 and [15]). Together, these observations suggest
that PUFA inhibition of Fasn gene transcription involves a
mechanism more complex than simply the ability of PUFA to
suppress the nuclear content of SREPB-1c [5].

Dietary PUFA decreases the DNA binding activity
of hepatic NF-Y and Sp1

To assess the significance of diet-induced changes in binding of
either Sp1 or NF-Y to the PUFA-sensitive region of the Fasn pro-
moter, two complementary approaches (EMSA and ChIP assays)
were used. First, we constructed two DNA fragments for evalu-
ation in EMSA assays: (1) the −106/−77Sp1mt fragment prevents
Sp1 binding and was used to evaluate NF-Y binding, and (2)
the −106/−77NF-Ymt fragment prevents NF-Y binding and was
used to evaluate Sp1 binding. The effects of dietary PUFAs on
DNA binding activity were evaluated using these fragments in
EMSAs with hepatic nuclear protein extracts from meal-trained
rats fed with either the high carbohydrate FF diet or the FO diet.
EMSAs using the −106/−77Sp1mt fragment revealed that NF-Y
binding activity in hepatic nuclear protein extracts from PUFA-fed
(FO) rats was markedly lower than that found in nuclear extracts
from rats fed the high carbohydrate FF diet (Figure 3A, lanes 2

c© 2007 Biochemical Society
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Figure 4 Dietary PUFAs impair Sp1 DNA binding activity

Hepatic nuclear protein extracts (5 µg per reaction) were prepared from rats fed an FF diet or
the FO diet. (A) EMSAs were conducted using the Fasn promoter region of −106 to −77 bp in
which the NF-Y site was mutated (−106/−77NF-Ymt) (see Table 1). Lane 1 is free probe. Lanes 2
and 3 show Sp1 binding activity for extracts from rats fed the FF or the FO diet. Specificity of Sp1
binding to the −106/−77NF-Ymt fragment (A) was determined using nuclear proteins from rats
fed the FF diet incubated with a 100-fold molar excess of unlabelled −106/−77NF-Ymt, (lane 4),
the Sp1 consensus sequence (lane 5), the wild-type −106 to −77 bp Fasn sequence (lane 6)
or the anti-Sp1 antibody (lane 7). (B) EMSAs were conducted using an oligonucleotide containing
a consensus Sp1 binding sequence (see Table 1) and nuclear protein extracts from rats fed the
FF diet (lane 1) or the FO diet (lane 2). Specificity of Sp1 binding to the consensus sequence
was determined using nuclear proteins from rats fed the FF diet incubated with a 100-fold molar
excess of unlabelled consensus Sp1 site (lane 3) or the anti-Sp1 antibody (lane 4). The left-
hand arrows designate the Sp1 binding complex, and the right-hand arrow designates the
super-shift resulting from treatment with anti-Sp1 antibody. Reduced Sp1 binding by dietary FO
was demonstrated in seven rats with a mean decrease in binding activity of 52 +− 4% (P < 0.05)
for the −106/−77NF-Ymt and consensus Sp1 sequences.

and 3). PUFA was also found to reduce NF-Y binding to an oligo-
nucleotide containing a consensus NF-Y binding sequence
(Figure 3B, lane 2). The anti-(NF-YA) antibody inhibited NF-Y
binding to the −106/−77Sp1mt fragment (Figure 3A, lane 7) and
anti-(NF-YA) super-shifted the consensus NF-Y oliognucleotide
(Figure 3B, lane 4). The specificity of NF-Y binding to the
−99 to −93 bp site was further confirmed by showing that
excess unlabelled −106/−77Sp1mt, unlabelled consensus NF-Y
oligonucleotide and unlabelled wild type −106 to −77 all effecti-
vely competed with −106/−77Sp1mt for NF-Y binding (Figure 3A,
lanes 4–6).

The Sp1 site at the −91 to −81 bp region is also important
for optimal rates of Fasn gene transcription (Figure 2). Thus, the
impact of dietary PUFA on its DNA binding activity was examined
using the −106 to −77 bp region in which the NF-Y binding
site was mutated at the −92 bp position (i.e. −106/−77NF-Ymt).
EMSAs with the −106/−77NF-Ymt fragment revealed that Sp1
DNA binding activity in hepatic nuclear protein extracts from
PUFA-fed rats was significantly lower (P < 0.05) than in extracts
from rats fed a high carbohydrate FF diet (Figure 4A, lanes 2 and
3). FO ingestion also reduced Sp1 binding to an oligonucleotide
containing a consensus Sp1 binding sequence (Figure 4B, lanes 1
and 2), and anti-Sp1 antibody super-shifted the binding to the
consensus Sp1 oligonucleotide (Figure 4B, lane 4). Furthermore,
excess unlabelled −106/−77NF-Ymt, unlabelled consensus Sp1
oligonucleotide and unlabelled wild type −106 to −77 bp all
effectively prevented Sp1 binding to the −106/−77NF-Ymt (Fig-
ure 4A, lanes 4–6). Taken together, DNA binding activity of NF-
Y and Sp1 to probes corresponding to their sites within the Fasn
promoter was reduced in nuclear extracts from livers of PUFA-fed
rats.

Figure 5 Post-translational regulation of Sp1 and NF-Y DNA binding activity
and phosphorylation state by dietary FO

Hepatic nuclear protein extracts were prepared from rats fed an FF diet or the FO diet. The
extracts were treated with phosphatase 1a (0.1 units per µg of protein) for 60 min. NF-Y (A) and
Sp1 (B) DNA binding activity was determined by EMSA. Lane 1 in both (A) and (B) is free probe.
Lanes 2 show the NF-Y (A) and Sp1 (B) binding activity for the FF diet, and lanes 3 show the
NF-Y (A) and Sp1 (B) binding activity for the FO diet. Lanes 4 (FF) and 5 (FO) show the change
in NF-Y (A) and Sp1 (B) binding activity following phosphatase 1a treatment. Extracts prepared
from rats fed the FO diet (n = 4) displayed 50 +− 7 % and 45 +− 7 % less NF-Y binding activity
before and after phosphatase 1a treatment respectively. Sp1 binding activity in the same nuclear
protein extracts was reduced 52 +− 5 % in the absence of phosphatase, but only 7 +− 1 %
(P < 0.05) after phosphatase treatment. (C) Immunoprecipitation of nuclear extracts from livers
of rats fed either the FF or FO diet were performed using the NF-YA antibody to evaluate effects of
fish oil on serine phosphorylation of NF-YA. In conjunction with immunoprecipitation using an
antibody specific for NF-YA (left-hand panels), we also performed immunoprecipitations using
equivalent amounts of normal goat IgG (the source of the NF-YA immunoprecipitation antibody;
right-hand panels). The pellets and supernatants from each immunoprecipitation were retained
and blotted for NF-YA (top panels) and phosphoserine (bottom panels). (D) Western blots of Sp1
(top panels) and phosphoserine (bottom panels) on pellets and supernatants from representative
samples of each group immunoprecipitated with Sp1 antibody (left-hand panels) or equivalent
amounts of normal rabbit IgG (the source of the Sp1 immunoprecipitation antibody; right-hand
panels). IP, immunoprecipitation; WB, Western blot.

To test whether the reduction in NF-Y and Sp1 DNA binding
activity associated with the ingestion of PUFA involved a phos-
phorylation/dephosphorylation mechanism, nuclear extracts from
each dietary regimen were incubated with protein phosphatase
1A or alkaline phosphatase prior to the assay. Neither protein
phosphatase 1A (Figure 5A) nor alkaline phosphatase (results
not shown) enhanced binding of NF-Y to the consensus NF-Y
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Figure 6 Dietary PUFA decrease NF-Y, Sp1 and SREBP-1c binding to the promoters of several PUFA-sensitive genes

(A) ChIP analysis of the Fasn promoter was conducted using livers from rats fed with the FF or FO diet. Chromatin fragments imunoprecipitated with anti-NF-Y, anti-Sp1, anti-SREBP-1c and
anti-USF-1 antibodies (+) were amplified by PCR with primers spanning the proximal PUFA-sensitive region of the rat Fasn gene promoter (−153 to −2 bp). Immunoprecipitation with normal goat
IgG (the source of the NF-YA immunoprecipitation antibody) and normal rabbit IgG (the source of the Sp1, SREBP-1c and USF-1 immunoprecipitation antibodies) were used as negative controls (−).
The results shown are representative of three to six individual experiments. (B) The results of the experiments displayed in (A) were quantified by measuring the density of the PCR products separated
on agarose gels. The numbers are derived from the average density of the PCR products from the liver samples from rats fed the FO diet (closed bars) compared with the average intensity of those
from rats fed an FF diet (open bars), which are set at 100 %. (C) Chromatin immunoprecipitated by the NF-YA and SREBP-1 antibodies was amplified using primers spanning the PUFA-sensitive
proximal promoter regions of S14 (left-hand panel), Scd1 (middle panel), and Fdps (FPP synthase; right-hand panel). The PCR products are representative of three to six individual experiments.
(D) Chromatin immunoprecipitated by the NF-YA and Sp1 antibodies was amplified using primers spanning the NF-Y and Sp1 sites of the Cpt-1α promoter. The PCR products are representative of
three to six individual experiments.

oligonucleotide in nuclear extracts from either group. In contrast,
the decrease in Sp1 DNA binding activity observed in nuclear
extracts from rats fed the FO diet was completely reversed by pre-
incubating the extracts with protein phosphatase 1A (Figure 5B,
lane 5). Sp1 binding activity was also increased by protein phos-
phatase 1A in nuclear extracts from rats fed the FF diet (Figure 5B,
lane 4), suggestive of inhibitory regulation in extracts from control
rats that is further accentuated by the FO diet. To further explore
post-translational regulation of Sp1 and NF-Y, nuclear extracts
from each dietary group were immunoprecipitated with anti-Sp1
or anti-NF-Y antibodies, and the pellets were probed with an anti-
phosphoserine antibody. The efficiency of immunprecipitation
was near 100% for both transcription factors (Figures 5C and 5D),
but interpretation of Figure 5(C) is complicated by cross-reactiv-
ity of the phosphoserine antibody with the goat anti-(NF-Y) IgG
used for immunprecipitation. The band at ∼50 kDa that migrates
near the same size as the larger NF-YA isoform is also observed
when the immunoprecipitation reaction is conducted with goat
IgG rather than the NF-Y antibody (Figure 5C). However, the
data provides no evidence that the lower molecular mass isoform
of NF-Y is phosphorylated in extracts from either the FF or FO fed
rats. In contrast, a faint but detectable band that co-migrates with

Sp1 was detected by the phosphoserine antibody in the FF nuclear
extracts and its intensity was significantly increased in extracts
from FO fed rats (Figure 5D). Viewed together, the data support
the hypothesis that Sp1 binding activity and phosphorylation state
can be modulated by a protein phosphatase 1A-sensitive site. In
contrast, the mechanism responsible for reduced DNA binding
activity of NF-Y remains unclear.

To test whether NF-YA, Sp1, SREBP-1 and USF binding to the
proximal promoter of the endogenous Fasn gene was modulated
by PUFA in vivo, we isolated chromatin from livers of rats fed with
either an FO diet or a high carbohydrate FF diet. After immuno-
precipitation with non-specific IgGs or with antibodies against
NF-YA, Sp1, SREBP-1 and USF, initial PCRs were conducted
with serial dilutions of input material from each immunoprecip-
itation to establish the appropriate cycling conditions to accurately
compare template content across treatments (results not shown).
Using an equal amount of chromatin from each input, Figure 6(A)
shows that the 152 bp fragment of the proximal Fasn promoter was
not amplified when non-specific IgG was the immunoprecipitation
antibody. Consistent with the EMSA data presented in Figures 3
and 4, the relative binding of NF-YA and Sp1 to the proximal
promoter was decreased by 40–50% in chromatin extracted from
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livers of rats receiving PUFA in their diets (Figures 6A and 6B).
To expand our insight into the effect of PUFA on the regulation
of the proximal Fasn promoter, we also performed ChIP analysis
with an antibody specific for SREBP-1c. Similar to that of NF-
YA and Sp1, PUFA supplementation also reduced the binding of
SREBP-1c to the Fasn proximal promoter by approximately 50%
(Figures 6A and 6B), suggestive of a co-ordinated mechanism
responsible for the decreased binding of these factors. In contrast,
equivalent amounts of the promoter fragment were pulled down
by USF-1 antibody regardless of diet (Figures 6A and 6B). This
data indicates that USF-1 binding to the Fasn proximal promoter
was unaffected by the FO diet.

To assess the specificity of the PUFA-dependent decrease
in binding of NF-Y and SREBP-1c to the Fasn promoter, their
binding to the promoters of additional genes regulated by PUFA
was evaluated. Like Fasn, gene transcription for S14, scd1 and
Fdps is repressed by PUFA [33–35]. In addition, the proximal
promoters of these genes contain adjacent sites for both SREBP-
1c and NF-Y [19,34,36]. Although the requirement for NF-Y and
SREBP-1c in the PUFA-induced repression of these genes has not
been examined, it has been shown that a functional interaction
between NF-Y and SREBP-1c is required for up-regulation of
Scd1 [36] and Fdps [19,37] by sterol as well as the T3-mediated
transactivation of the S14 gene [38]. Figure 6(C) shows that dietary
PUFA produced an average 50% decrease in NF-Y binding to the
promoters of S14 (−51.3 +− 4.2%; n = 4), Scd1 (−49.7 +− 5.6%;
n = 4) and Fdps (−53.7 +− 5.9%; n = 4) compared with the
samples from rats fed the FF diet. As with Fasn, the binding of
SREBP-1c to the promoters of S14 (−44 +− 1.9%; n = 4), Scd1
(−57.7 +− 8.2%; n = 4) and Fdps (−53.7 +− 5.9%; n = 4) was
decreased by 50% in samples from rats fed the FO diet (Fig-
ure 6C). These results argue that PUFA produces a co-ordinated
decrease in NF-Y and SREBP-1c binding to the promoters of these
PUFA-sensitive genes. In contrast with Fasn, S14, Scd1 and Fdps,
Cpt-1α is not down-regulated by dietary PUFA [28]. However,
its proximal promoter is dependent upon NF-Y to drive basal
expression, making it very sensitive to changes in NF-Y binding
[39]. Figure 6(D) shows that PUFA had no effect on binding of
NF-Y to its site in the Cpt-1α promoter. Real time PCR of liver
RNA from the same samples revealed that PUFA had no effect
on Cpt-1α mRNA (Cpt-1α/cyclophilin mRNA ratio; FF = 0.29 +−
0.02 compared with FO = 0.27 +− 0.02). These findings support
the conclusion that PUFA does not produce a generalized decrease
in NF-Y binding to promoters of genes with this regulatory
element.

Mechanisms of PUFA-dependent effects on SREBP-1c, NF-Y and
Sp1 binding to the Fasn proximal promoter

To explore the mechanism of PUFA-dependent down-regulation
of in vivo Fasn promoter activity, the expression and physical
interaction of the transcription factors which bind to the PUFA-
sensitive region of the Fasn promoter were examined. Immunoblot
analysis of NF-YA, NF-YB, NF-YC, Sp1 and SREBP-1c in
nuclear extracts shows that FO did not alter the nuclear content of
Sp1 or any of the NF-Y isoforms (Figures 7A and 7B). However,
as reported previously [5] and expected, FO produced a 4-fold de-
crease in SREBP1-c expression (Figures 7A and 7B). Therefore,
the 2-fold decrease in NF-Y binding to PUFA-sensitive gene
promoters with adjacent SRE sites suggested the interesting possi-
bility that a physical interaction between SREBP-1c and NF-Y
could form a complex that regulates delivery of transcription
factors to the promoter. If such a physical interaction occurred, it
could be argued that the PUFA-dependent decrease in SREBP-1c
nuclear protein would directly result in the reduced binding of NF-

Figure 7 Dietary PUFA decreases nuclear content of SREBP-1c protein, but
does not affect NF-YA and Sp1 expression

Protein expression for SREBP1, NF-YA, NF-YB, NF-YC and Sp1 in the nuclear extract of each
sample was determined by Western blotting. (A) Blots of representative samples from rats fed
the FF or the FO diet. (B) The results expressed as relative integrated units for the FF (open
bars) or FO (closed bars) diets and represent the means +− S.E.M. for four rats per treatment.

Y and Sp1. To test the hypothesis that this type of transcriptional
complex formed through protein–protein interactions, co-
immunoprecipitation of SREBP-1c with NF-Y (or Sp1) was per-
formed using antibodies specific for NF-YA, Sp1 and SREBP-1,
or equivalent amounts of either normal goat IgG (the source
of the NF-YA immunoprecipitation antibody) or normal rabbit
IgG (the source of Sp1 and SREBP-1c immunoprecipitation anti-
bodys) as negative controls. Western blotting of the pellets
and supernatant after immunoprecipitation with NF-YA antibody
shows that equivalent amounts of NF-YA were present in pellets
from each treatment group (Figure 8A). No NF-YA was detected
in the supernatant of either sample, indicating that the immuno-
precipitation was highly efficient (Figure 8A). When the NF-
YA immunoprecipitation was immunblotted for SREBP-1c, we
detected no SREBP-1c in either pellet. In contrast, essentially all
SREBP-1c was found in the supernatants and at ratios that reflec-
ted the FO-mediated reduction in total SREBP-1c (compare Fig-
ure 7A with Figure 8A). The negative controls presented in
Figure 8(A) show that no NF-YA or SREBP-1c was immunopre-
cipitated with non-specific goat IgG. Collectively, these findings
suggest that NFY-A and SREBP-1c do not form a complex that can
be detected using a standard co-immunoprecipitation technique.
A similar conclusion was reached when the immunoprecipitation
was conducted with anti-Sp1 antibody, in the sense that equivalent
amounts of Sp1 were found in the pellets from each treatment
group (Figure 8B) and essentially no Sp1 was detected in the
supernatants (Figure 8B). When the Sp1 immunoprecipitation
was immunblotted for SREBP-1c, we detected a small amount of
SREBP-1c in the pellet from the rats fed the FF diet, while the
vast majority was found in the supernatants (Figure 8B). However,
an equivalent amount of SREBP-1c was also observed in the
pellet from the immunoprecipitation using normal rabbit IgG as
a negative control (Figure 8B). This finding indicates that the
SREBP-1c observed in the Sp1 immunoprecipitation is probably
due to non-specific binding of SREBP-1c to the IgG. Therefore,
we are unable to conclude that Sp1 and SREBP-1c can be co-
immunoprecipitated from either treatment group. Finally, we im-
munoprecipitated SREBP-1c and performed Western blots
for SREBP-1c, NF-YA and Sp1. The immunoprecipitation of
SREBP-1c was highly efficient as essentially all SREBP-1c
was found in the pellet with none in the supernatant. However,
when the pellets and supernatants were probed for NF-Y or Sp1
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Figure 8 Physical interactions between SREBP-1c, NF-Y and Sp1 are not
required for PUFA-dependent decrease in Fasn transcription

Immunoprecipitation (IP) of nuclear extracts from livers of rats on each diet were conducted with
NF-Y, Sp1 and SREBP-1 antibodies to evaluate the effects of FO on protein–protein interactions
involving SREBP-1c, NF-Y and Sp1. In conjunction with immunoprecipitation using antibodies
specific for NF-YA, Sp1 and SREBP-1, we also performed immunoprecipitations using equivalent
amounts of either normal goat IgG (the source of the NF-YA IP antibody) and normal rabbit IgG
(the source of the Sp1 and SREBP-1c IP antibodies) to control for the formation of non-specific
complexes. The supernatants and pellets from each immunoprecipitation were retained and
Western blotted (WB) for NF-YA, Sp1 and SREBP-1c, and relative band intensity was analysed
on the Versadoc system (Bio-Rad Laboratories). (A) Western blots of NF-YA (top panel) and
SREBP-1c (bottom panel) on pellets and supernatants from representative samples of each
group immunoprecipitated with the NF-YA antibody. (B) Western blots of SP1 (top panel) and
SREBP-1c (bottom panel) on pellets and supernatants from representative samples of each
group immunoprecipitated with the Sp1 antibody. (C) Western blots of SREBP-1c (top panel),
Sp1 (middle panel) and NF-YA (bottom panel) on pellets and supernatants from representative
samples of each group immunoprecipitated with the SREBP-1 antibody.

(Figure 8C) neither protein could be detected in the pellets be-
cause proteins were found exclusively in the supernatants. These
findings provide no evidence for a physical association between
SREBP-1c and NF-Y or Sp1, and argue collectively that the three
proteins do not form a transcriptional complex prior to binding to
their requisite sites within each promoter.

DISCUSSION

The proximal PUFA-RRFASN accounts for 65% of the PUFA-
dependent inhibition of Fasn gene transcription [15]. This region
contains DNA recognition sites for SREBP-1 (−150 to −142,
−71 to −66 bp and −59 −52 bp), USF (−65 to −60 bp), Sp1
(−91 to −81 bp) and NF-Y (−99 to −93 bp). Overexpression of
mature SREBP-1 in mice increases lipogenic gene expression
and promotes the development of fatty livers [40,41]. Moreover,
PUFA inhibition of lipogenic gene transcription is paralleled by

a 65–85% reduction in the nuclear content of hepatic SREBP-1
[5]. The close association between the nuclear content of SREBP-
1 and the transcription of lipogenic genes suggests that PUFAs
suppress lipogenic gene transcription by lowering the nuclear
concentration of SREBP-1 [5,13,14]. However, we demonstrated
that mutation of the −59 to −52 bp SREBP-1 site plus the −65 to
−60 bp USF sites of the insulin response element eliminate only
25% of the PUFA-dependent inhibition of Fasn promoter activity
[15]. In addition, we show in the present work (Figure 2) that the
SRE at −150 to −142 bp, shown previously [42] to mediate
the in vivo fasting/re-feeding regulation of the Fasn promoter,
does not participate in PUFA regulation of the promoter (Figure 2).
These observations indicate that PUFA inhibition of Fasn gene
transcription is more complex than a simple down-regulation of
SREBP-1.

By themselves SREBP-1a and -1c possess low trans-activating
efficacy, but their transcriptional effects on lipogenic genes are
amplified by interaction with additional transcription factors
[16–22]. SREBP-1a, the predominant isoform in cultured cells,
interacts synergistically with NF-Y to activate Fasn promoter
activity [20]. In contrast, SREBP-1c (the prevalent hepatic in vivo
isoform) activates Fasn promoter activity by interacting with both
NF-Y and Sp1 [18,23]. Mutating the NF-Y recognition site (−99
to −93 bp) eliminates activation of the Fasn promoter by glucose
and insulin [20], and we have shown previously [15] that the −99
to −93 bp mutation eliminated 50% of the PUFA inhibition of
Fasn promoter activity, whereas mutation of the Sp1 site had only
a minimal effect. Viewed alongside current findings showing that
basal promoter activity is also dependent upon NF-Y binding to
this site, the collective interpretation is that modulation of NF-Y
binding to this response element is a key common mechanism for
regulating transcriptional activity of the Fasn promoter.

The specificity and roles for NF-Y and Sp1 in PUFA regulation
of the Fasn promoter is supported by in vitro EMSA data showing
that hepatic nuclear protein extracts prepared from rats fed a diet
rich in PUFA displayed 50% less NF-Y binding to the Fasn
promoter (−99 to −93 bp fragment) and to an oligonucleotide
containing a consensus NF-Y element (Figure 3). Sp1 binding to
its recognition site at −91 to −81 bp of the Fasn promoter and
to a consensus Sp1 oligonucleotide was also reduced by the FO
diet (Figure 4). Given the absence of PUFA-dependent changes
in nuclear content of NF-Y and Sp1 (Figure 7), these findings
raise the interesting possibility that the FO diet altered NF-Y and
Sp1 DNA binding activity through kinase-dependent post-trans-
lational mechanisms [36,43]. This prediction was supported for
Sp1, where pre-incubation with protein phosphatase 1 fully
restored the reduced Sp1 DNA binding activity in nuclear extracts
from the PUFA-fed rats (Figure 5B). In addition, PUFA increased
phosphoserine content of immunoprecipitated Sp1 in nuclear
extracts from rats fed the FO diet compared with the FF diet
(Figure 5D). These findings support the concept that dietary PUFA
post-translationally regulates Sp1 through a phosphatase 1A-
dependent site and suggests that Sp1 is a target for nutritionally
sensitive signalling inputs which reciprocally modulate its binding
activity. For example, previous work has shown that glucose
regulates transcription of acetyl-CoA carboxylase by regulation of
the phosphorylation state of Sp1 [44]. The kinase(s) responsible
for phosphorylating Sp1 and translating PUFA- and glucose-
dependent effects into changes in Sp1 binding activity are yet to
be identified. AMPK (AMP-activated protein kinase) represents
an attractive candidate, based on our recent report [28] showing
that hepatic AMPK activity is increased by dietary PUFA. In
contrast with Sp1, the data provide no support for the hypothesis
that NF-Y binding activity is regulated by PUFA through protein
phosphatase 1A (Figure 5A) or alkaline phosphatase-dependent
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sites. Moreover, we could find no evidence that PUFA increased
the phosphoserine content of immunoprecipitated NF-Y (Fig-
ure 5C). Previous evidence indicates that NF-Y can be phos-
phorylated by cdk2 (cyclin-dependent kinase 2) [45], but it seems
unlikely that dietary PUFA is influencing NF-Y binding activity
through cdk2.

On the surface, the EMSA findings present a caveat in the sense
that they predict PUFA would produce a generalized decrease
in NF-Y binding activity among the ∼30% of genes esti-
mated to have NF-Y sites within their promoters. Given the inher-
ent limitations of EMSA [46] and the fact that PUFA are known to
affect the expression of only a modest subset of hepatic genes, we
employed ChIP to provide an unbiased in vivo measure of NF-Y
binding to the Fasn promoter and PUFA-insensitive genes. ChIP
analysis revealed that, relative to the FF diet, the FO diet decreased
NF-Y binding to the PUFA-sensitive region within the Fasn pro-
moter by ∼2-fold (Figure 6A). In contrast, the Cpt-1α promoter
is sensitive to changes in NF-Y binding, but PUFA neither altered
mRNA expression nor affected NF-Y binding to the Cpt-1α
promoter (Figure 6D). The key difference is that the NF-Y site in
the Cpt-1α proximal promoter is not adjacent to an SRE, whereas
in the Fasn proximal promoter the NF-Y and Sp1 sites are flanked
by an SRE. These data suggest the interesting possibility that
PUFA selectively regulates NF-Y and SREBP-1c binding to speci-
fic motifs within promoters that have this tandem arrangement
of response elements. To test this hypothesis, we examined
SREBP-1c and NF-Y binding to promoters of three additional
PUFA-sensitive genes (S14, Scd1, Fdps) with similar contiguous
arrangement of these sites within their promoters. In all cases,
PUFA produced a similar 2-fold decrease in SREBP-1c and NF-
Y binding to the respective promoters, compared with the FF diet.
Although the underlying cause for this uniform decrease in tran-
scription factor binding remains unclear, these findings led us to
hypothesize that PUFA suppression of subsets of hepatic genes is
co-ordinated through a mechanism that links reduction in nuclear
content of SREBP-1c to reduction of NF-Y binding activity. The
functional outcome of this co-ordinated suppression of hepatic
lipogenesis could ultimately explain the decreased triacylglycerol
production observed with diets rich in fish oil.

The central question that evolves from these studies is the
mechanism linking reduced SREBP-1c expression to reduced
NF-Y binding to adjacent response elements within promoters of
PUFA-sensitive genes. One attractive hypothesis is that SREBP-
1c co-ordinates assembly of a transcriptional complex containing
NF-Y and Sp1, and effectively regulates presentation of NF-Y
(and Sp1) to the Fasn proximal promoter. According to this hypo-
thesis, the stoichiometry of proteins present in the transcriptional
complex would be regulated by PUFA-dependent repression of
SREBP-1c expression, such that PUFA would effectively decrease
the presentation of NF-Y to the Fasn promoter. The alternative
hypothesis is that the stoichiometry of response element occu-
pancy is governed during or after binding of SREBP-1c and NF-
Y to their adjacent sites in the promoter. As in the transcriptional
complex model, the PUFA-dependent decrease in SREBP-1c
expression would play a key role in regulating the binding of
NF-Y to the promoter by decreasing its occupancy on adjacent
SREs. Using co-immunoprecipitation to test for protein–protein
interactions, we obtained no evidence to support a physical inter-
action between SREBP-1c and NF-Y (or Sp1). These findings
argue against the formation of an SREBP-1c–NF-Y–Sp1 tran-
scriptional complex regulating presentation of NF-Y to the
promoter. Our findings are most consistent with a model in which
an SRE/NF-Y response element motif regulates the occupancy of
the NF-Y site through PUFA-dependent regulation of occupancy
of the SRE site by SREBP-1c. An important strength of the ChIP

approach is that it provides a measure of the integration of all
regulatory inputs into the transcription factor binding process.
When applied to nuclear extracts from the livers of FF and FO fed
rats, the current findings provide important new insights into the
in vivo mechanisms of dietary modulation of gene expression
by PUFA. Collectively, these findings support a mechanism
whereby PUFA-dependent regulation of SREBP-1c and NF-Y
binding to a contiguous arrangement of their response elements
within target gene promoters may represent a common mechanism
through which dietary PUFA selectively and co-ordinately
regulates subsets of hepatic genes involved in lipid metabolism.
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