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Abstract

Cellular ageing is a systematic process affecting the entirety of cell structure and function. Since
changes in gene expression are extensive and global during ageing, involvement of general transcrip-
tion regulators in the phenomenon is likely. Here, we focus on NF-Y, the major CCAAT box-binding
factor, which exerts differential regulation on a wide variety of genes through its interaction with
the CCAAT box present in as many as 25% of the eukaryotic genes. When a cell ages, senescing
signals arise, typically through DNA damage due to oxidative stress or telomere shortening, and
are transduced to proteins such as p53, retinoblastoma protein, and phosphatidylinositol 3-kinase.
Among them, activated p53 family proteins suppress the function of NF-Y and thereby downreg-
ulate a set of cell cycle-related genes, includingE2F1, which further leads to downregulation of
E2F-regulated genes and cell cycle arrest. The p53 family also induces other ageing phenotypes such
as morphological alterations and senescence-associated�-galactosidase (SA-gal) presumably by
upregulation of some genes through NF-Y suppression. In fact, the activities of NF-Y and E2F de-
crease during ageing and a dominant negative NF-YA induces SA-gal. Based on these observations,
NF-Y appears to play an important role in the process of cellular ageing.
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1. Introduction

1.1. The CCAAT box and CCAAT box-binding proteins

The pentanucleotide “CCAAT” and its reverse “ATTGG” have been found to occur at
a remarkably high frequency in the promoters of mRNA-encoding genes, the proximal
regions upstream of the transcription initiation sites (Bucher, 1990). This motif is termed

∗ Corresponding author. Tel.:+1-732-445-5154; fax:+1-732-445-5312.
E-mail address: kmatuoka@mailhost.net (K. Matuoka).

1568-1637/02/$ – see front matter
PII: S1568-1637(02)00026-0



640 K. Matuoka, K.Y. Chen / Ageing Research Reviews 1 (2002) 639–651

the CCAAT box. There are also other common sequences, including the cap signal, TATA
box, and GC box. These elements have been analyzed in detail in terms of their roles in
transcription. The cap signal is the sequence with which RNA polymerase II (Pol II) or
TFIID interacts for initiation of transcription; the TATA box is the sequence that TATA
box-binding protein (TBP) recognizes and binds to; and the GC box is typically that for the
general transcription factor Sp1. As to the CCAAT box, however, there has been confusion.

A number of proteins were reported as factors interacting with the sequences contain-
ing the CCAAT box. These molecules were accordingly given names bearing the term
“CCAAT”. Unfortunately, subsequent analyses quite often led to a conclusion that they
recognize a sequence different from “CCAAT” or that they are the same molecules as the
factor NF-Y (or a complex containing or binding to NF-Y):

• �-CP1: originally described as a factor binding the CCAAT region of�-globin promoter.
Identical with NF-Y.

• Aspergillus nidulans CCAAT-binding factor (AnCF): designated as a factor binding to
the CCAAT sequence of acetamidase promoter. HAP/NF-Y in the fungus.

• CCAAT binding factor (CBF): purified as a DNA-binding factor from rat liver and found
to bind to the CCAAT motifs of collagen gene promoters, Rous sarcoma virus long
terminal repeat, etc. Identical with NF-Y.

• CCAAT-binding protein (CBP): purified as a binding protein for the CCAAT motif of
herpes virus thymidine kinase promoter. Identical with C/EBP�.

• CCAAT displacement protein (CDP): identified as a factor binding to a sequence in
the histone H2B promoter, thereby interfering sterically with binding of NF-Y to the
CCAAT box therein. The binding sequence for CDP covers a CCAAT box; nonetheless,
an oligonucleotide bearing CTTAT in place of CCAAT was equally effective, indicating
dispensability of the CCAAT motif itself.

• CCAAT/enhancer binding protein (C/EBP): identified as a component of rat liver nuclear
extracts that recognized the CCAAT-containing sequences. Since related proteins were
cloned, the original molecule has been renamed as C/EBP�. Now these molecules form
a family of transcription regulators, comprising several members, with the consensus
binding motif RTTGCGYAAY.

• CCAAT-binding protein 1 (CP1 or Cp1): isolated as a factor binding to the CCAAT
sequence of�-globin promoter. Identical with NF-Y.

• CCAAT-binding protein 2 (CP2): first described as a factor binding to the CCAAT se-
quence of�-fibrinogen promoter; however, it appears to recognize a sequence other than
the CCAAT motif.

• CCAAT transcription factor (CTF): a HeLa cell factor binding to the CCAAT motif of
herpes virus promoter. The consensus sequence is TGGNNNNNNGCCAA.

• Enhancer binding protein p20 (EBP20): a rat liver factor interacting with DNA sequences
common to several viral enhancers. Identical with C/EBF�.

• Heme activator protein (HAP): the CCAAT box-binding factor in the yeasts. Correspond-
ing to (and functionally exchangeable with) the mammalian NF-Y.

• Heat shock protein–CCAAT box-binding factor (HSP–CBF): cloned as a binding protein
to an HSP70 CCAAT sequence. Recently, this protein has been found to interact with
NF-YB, thereby binding indirectly to the CCAAT box.
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• Histone H1 transcription factor 2 (H1TF2): a CCAAT-binding factor for the histone
H1 promoter. A heterodimer, whose H1TF2A subunit exhibits homology to the NF-YA
glutamine-rich domain.

• Nuclear factor erythroid-cell-specific (NF-E): described as a factor interacting with a
region spanning the distal CCAAT box of�-globin promoter. It actually recognizes
GACAAGG and a separate G in the region rather than the CCAAT motif.

• Nuclear factor I (NF-I or NF I): identified as an essential cellular factor for adenovirus
replication. Identical with CTF.

• Nuclear factor Y (NF-Y): originally described as a DNA-binding factor recognizing the
Y box of MHC class II genes. Exhibiting a high affinity (Kd= 10−10 to 10−11) to the
sequence RRCCAATSRGMR or the reverse YKCYWATTGGYY (R for A/G, Y for C/T,
S for C/G, W for A/T, M for A/C, and K for G/T).

• Penicillin regulator 1 (PENR1): designated as a factor binding to the CCAAT sequence.
Identical with AnCF, the fungal HAP/NF-Y.

• Y box-binding protein 1 (YB-1): one of the Y box factors.
• Y box factors: found as a fraction binding to MHC class II Y box. Initially its binding

motif was postulated to be CTGATTGGCCAA; however, it seems that the molecules and
their target sequences are substantially divergent.

Given this situation, one can state that the major factors recognizing the CCAAT box are
molecules of the CBF/NF-Y/HAP family (for simplicity, referred to as NF-Y hereinafter).
In this regard, there have been >5000 publications related to the CCAAT box thus far, among
which approximately 400 concern NF-Y. Although we cite only recent references due to
space limitations, we acknowledge the earlier studies by pioneering and active researchers,
including B. de Crombrugghe, R.A. Currie, and R. Mantovani.

2. The genes regulated by NF-Y

The CCAAT box, which is the target motif of NF-Y, is present in approximately 25–30%
of eukaryotic promoters (Bucher, 1990; Mantovani, 1998). However, it should be noted
that the CCAAT box does not confine to the five nucleotides, but extends to the flanking
sequences, giving the consensus motif “RRCCAATSR” (Bucher, 1990). This matches well
the consensus for NF-Y-binding DNAs “RRCCAATSRGMR” (Mantovani, 1998). With
vertebrate genes the CCAAT box preferably localizes to the region from−212 to−57
nucleotides (nt.) relative to the transcription initiation site (Bucher, 1990), suggesting this
area for its efficient functioning.

Any CCAAT box satisfying those requirements (and the other CCAAT sequences at
times) could be a potential target of NF-Y. Although NF-Y has been reported not to bind to
some of them (Mantovani, 1998), that could be due to their position in the promoter, distance
from other regulatory elements, or interference by another factor (as discussed later). Thus,
as many as 25% of the eukaryotic genes are considered to be under regulation of NF-Y. The
following are representative genes that have been shown to be regulated by NF-Y.

In relation to ageing (Meyyappan et al., 1996; Chen, 1997), genes upregulated in aged cells
include fibronectin,�1(I)-procollagen,�2(I)-procollagen, and ferritin heavy chain. Genes
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downregulated therein are cell cycle-related genes (cyclin A, cyclin B,cdk-2, ribonucleotide
reductase R2, thymidine kinase (TK), histone H2B, and histone H3), transcription factors
(E2F-1 and A-myb), and a stress-response gene (HSP70). Examples of ageing-unaffected
genes are�-actin and c-jun.

BesidesHSP70, there are a number of genes related to cellular response to damages and
stresses, indicating that NF-Y functions in removal of damaging agents and damaged cells.
They include: phospholipid hydroperoxide glutathione peroxidase (Huang et al., 1999),
which suppresses 12- and 15-lipoxygenases and cyclooxygenase-2, thereby reducing the
amount of reactive oxygen species; mismatch repair genehMLH1 (Deng et al., 2001), whose
dysfunction leads to microsatellite instability and cancer development; GADD45 (Jin et al.,
2001), which is induced by DNA damaging agents such as ionizing or UV radiation and
methanesulfonate; molecular chaperones and folding enzymes in response to accumulation
of unfolded proteins in the endoplasmic reticulum (Yoshida et al., 2000); von Willebrand
factor in vascular endothelial cells (Bertagna and Jahroudi, 2001); hyperexpression of cata-
lase in H2O2-resistant cells (Nenoi et al., 2001).

In addition, although NF-Y functions basically as a transactivator of gene expression,
it is also involved, directly or indirectly, in downregulation of transcription. For example,
NF-Y mediates DNA damage-induced suppression of cyclin B1, cyclin B2, andcdc25C
at G2 phase (Manni et al., 2001) and polyunsaturated fat-promoted inhibition of fatty acid
synthase expression (Teran-Garcia et al., 2002). NF-Y binds to the CCAAT box in mouse
renin enhancer, thereby blocking the positive regulatory element (Shi et al., 2001). In these
cases NF-Y dysfunction would lead to failure to stop cycling of damaged cells, abnormalities
of lipogenic metabolism and blood pressure control, respectively.

Since the above list covers either inducible or constitutive genes, tissue-specific or ubiq-
uitous genes, and house keeping genes, there must be mechanisms for differential control
of the NF-Y function on individual genes and in individual situations.

3. The structure of NF-Y

NF-Y has been found in a variety of eukaryotes, including yeasts, fungi, higher plants,
and vertebrates, and is highly conserved throughout the evolution (Li et al., 1992b). In mam-
mals, NF-Y consists of three subunits, termed NF-YA, YB, and YC. As regards another
nomenclature CBF and yeast counterparts HAP proteins, NF-YA corresponds to CBF-B
and HAP2, NF-YB to CBF-A and HAP3, and NF-YC to CBF-C and HAP5. The architec-
ture of NF-Y has been described in detail (Mantovani, 1999; Matuoka and Chen, 1999):
NF-YA contains a glutamine (Q)-rich region, a serine/threonine (S/T)-rich region, subunit
interaction domain, and DNA-binding domain. NF-YB contains a histone-fold motif and a
TBP-binding domain. NF-YC is similar to NF-YB, but has an additional C-terminal Q-rich
region. In yeasts, HAP2 and HAP5 lack the sequence corresponding to the Q-rich regions;
instead, there is a regulatory protein HAP4 (Mantovani, 1999). Despite the existence of the
CCAAT box in someDrosophila genes (e.g.Hanai et al., 1998) the fruit fly may be devoid
of NF-Y (Mantovani, 1999).

There are several variants of NF-YA due to alternative splicing at the Q-S/T domains (Li
et al., 1992a). Although expression of these isoforms varies depending on tissues and cell
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types, they all seem intact in terms of the transcriptional function. Nonetheless, for expres-
sion of metalloproteinase CD10, the long forms in epithelial cells appear to function but
the short forms in lymphoid cells do not (Ishimaru et al., 1997). In addition, predominance
of the short subtypes in SV40—transformed fibroblasts (Gu et al., 1999) and HeLa cells
(Matuoka and Chen, unpublished) has been observed, while normal fibroblasts and skin
epithelial cells mainly express the long subtypes.

Then, how does NF-Y interact with the chromatin to exert gene regulation? It is well
documented (Struhl and Moqtaderi, 1998; Jenuwein and Allis, 2001), that chromatin con-
sists of the nucleosomes of core histones (heterooctamers made of a pair of each of H2A,
H2B, H3, and H4), the genomic DNA, and linker histones (normally H1, but H5 at times).
In order to be functionally active, NF-Y needs to form a heterotrimer of the three sub-
units: NF-YB (homologous to histone H2B) and NF-YC (homologous to H2A) form a
heterodimer via their histone fold motifs; then NF-YA binds to them via its interaction
domain. Now the heterotrimer is capable of binding to the CCAAT box. NF-Y has the
ability to interact with various TBP-associated factors (TAFs) (Frontini et al., 2002). No-
tably, NF-Y is capable of binding to a complex of TAFII 31 (H3-like TAF) and TAFII 80
(H4-like TAF). Since the NF-Y heterotrimer contains H2B-like (NF-YB) and H2A-like
(NF-YC) molecules, the resultant complex possesses all the core histone components and,
therefore, could mimic the interaction of the nucleosome core with genomic DNA (Struhl
and Moqtaderi, 1998). Similarly, NF-YA/B/C trimer or YB/YC dimer has been found to
bind to an H3/H4 tetramer (but not to an H2A/H2B complex) during nucleosome assem-
bly (Caretti et al., 1999). Importantly, they also bind to the chromatin even after comple-
tion of nucleosome formation, indicating the ability of NF-Y to interact with the genomic
DNA assembled in the nucleosome (Fig. 1B). Subsequently, NF-Y (or YB/YC having
recruited YA) would “browse” the DNA strands in search of its target, the CCAAT se-
quence (Caretti et al., 1999). Upon binding to the double helix DNA, NF-Y recognizes
the minor groove and bends the strands in a similar way to the DNA distortion by hi-
stone proteins for the nucleosome assembly. This interaction between DNA and NF-Y
causes local disruption of the nucleosomal architecture (Coustry et al., 2001). If sufficient
distortion extends to the transcription initiation site, the DNA strands undergo partial disso-
ciation from the histone core, which, in turn, enables the general transcription machinery to
“pinch” the freed portion of the genomic DNA, thereby permitting transcriptional initiation
(Fig. 1B).

Another environmental factor also works therein; the highly basic N-termini of histone
proteins surround negatively charged DNA strands to ensure tight binding of DNA to the
nucleosome. However, when expression of a gene is required, the DNA for the gene needs
to be relaxed or released from the histones. For the purpose the cell modifies the histone
peptides by acetylation, phosphorylation, and methylation (Jenuwein and Allis, 2001). Par-
ticularly, acetylation of lysine residues of histone H3 and H4 neutralizes their positive
charges, thereby weakening the interaction between DNA and histones. This process is per-
formed by histone acetyltransferases, which are quite often integrated into the complexes
of transcription regulators (Struhl and Moqtaderi, 1998). For example, TFIID is associ-
ated with p300/CBP; human PCAF complex has p/CAF; and yeast SAGA complex bears
GCN5. Intriguingly, NF-Y subunits have been found to bind to these histone acetyltrans-
ferases: YB/YC to GCN5 (Currie, 1998); YA to p/CAF (Jin and Scotto, 1998); YB to p300
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Fig. 1. NF-Y activation of transcription. (A) At the basal state, the genomic DNA is tightly assembled in the
nucleosome. Thus, the TFIID-Pol II complex, the general transcription machinery, is unable to access to the
transcription initiation site; hence, no transcription; (B) since the NF-Y heterotrimer bears histone H2A- and
H2B-like components, the complex is able to interact with the H3–H4 complex. Then, NF-Y browses the DNA
strands and “grabs” the CCAAT box, which causes distortion of the DNA. If sufficient distortion extends to the
transcription initiation site, the DNA becomes loose in the region, enabling TFIID to access to the site; hence
transcription activated. Histone acetyltransferases (HAT) located in the NF-Y complex further facilitate the process.

(Li et al., 1998; Faniello et al., 1999). These facts indicate that NF-Y is fully equipped to
exert transactivation on the eukaryotic genes (Fig. 1B).

4. Regulation of NF-Y activity

The important question about this general transcription factor acting on the ubiquitous
CCAAT sequences is, how NF-Y can discriminate individual genes and how differentially
it can regulate each gene differentially.

It has been observed that, in the promoters with TATA box, the NF-Y-binding CCAAT
boxes are generally located from−60 to −100 nt. from the transcription initiation sites
but, in promoters without a TATA box, they are at−40 to −80 nt. (Mantovani, 1998).
Since NF-Y having bound to the CCAAT sequence interacts with other juxtaposed factors,
the above difference is likely to reflect the distance between the NF-Y-binding site and a
putative neighboring factor (presumably, TBP, if there is a TATA box, or TFIID complex,
if there is no TATA box) (Fig. 2A). As seen in this example, appropriate positioning of
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Fig. 2. Modification of NF-Y activity. (A) Quite often interaction with a neighboring factor is required for the NF-Y
function or activates it in a synergistic fashion, as seen with TFIID in general, ATF6 for unfolded protein response,
C/EBP for albumin promoter, and sterol regulatory element binding protein 1 for cholesterolgenic enzymes; (B)
binding of a juxtaposed factor causes steric hindrance, thereby abolishing the function of NF-Y (or that factor).
Examples are NF-E for A�-globin promoter, CDP for TK promoter, and ATPC-2 for photosynthesis geneAtpC;
(C) CpG methylation around the CCAAT box impairs NF-Y binding to hMLH1 due to steric interference or
structural modulation of the DNA strands. Besides, deviation of the CCAAT sequence from the consensus binding
motif, quite naturally, results in a decrease in the NF-Y function. Intracellular redox state may also affect the NF-Y
activity (see the text).

NF-Y relative to another factor is of importance, since that confers an efficient interaction
between them. Molecular interaction of this type works for the promoters of albumin (with
C/EBP;Milos and Zaret, 1992), HMG-CoA synthase and other cholesterolgenic enzymes
(with sterol regulatory element binding protein 1 (Magana et al., 2000) and unfolded protein
response chaperones (with ATF6a/b;Yoshida et al., 2000), etc.

On the contrary, in other cases, the positioning is important because it causes steric hin-
drance (Fig. 2B): NF-E binds to human A�-globin promoter (Superti-Furga et al., 1988),
CDP binds to human TK promoter (Kim et al., 1997), and ATPC-2 binds to spinach photo-
synthesis geneAtpC (Bezhani et al., 2001), all interfering with NF-Y binding to the CCAAT
box. With hMLH1 gene, CpG methylation around the CCAAT box in cancer cells relates
to NF-Y inability to bind to the sequence (Deng et al., 2001) (Fig. 2C).

The following observations exemplify possible differentiation of NF-Y function by subtle
variation of the promoter sequences. As mentioned above, NF-Y is capable of bending DNA,
but the angle of the bend varies from 62 to 82◦ depending on the sequences flanking the
pentanucleotide CCAAT (Ronchi et al., 1995). The promoter of multidrug resistance protein
2 contains a CCAAT box; the rat promoter interacts with NF-Y, but the human promoter with
another Y box factor YB-1 (Kauffmann et al., 2001). In addition, environmental factors,
such as subcellular redox conditions (Nakshatri et al., 1996) and interaction with HMG-I
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or -I(Y), abundant small nuclear non-histone proteins (Currie, 1997; Liberati et al., 1998),
have also been suggested to affect the NF-Y function.

In short, one should consider that, under such multi-factor conditions, NF-Y functions
on a case-by-case basis rather than on an all-or-none basis.

5. Ageing-related changes in NF-Y

With regard to changes in NF-Y during ageing, very few studies have been performed
thus far, as seen by the fact that a database search returns<10 hits. In our hands, the
basic observations with human fibroblasts are as follows (Good and Chen, 1996; Pang
et al., 1996; Matuoka and Chen, 2000): expression of the NF-Y subunits at the mRNA
level is affected little by ageing. At the protein level, however, NF-YA exhibits a marked
decline with in vitro age. Consistently, the NF-Y function attenuates for the genes such
asTK. Furthermore, treatment with H2O2, which induces premature senescence (Matuoka
and Chen, 2002), causes a comparable change in the NF-Y activity (Pang et al., 1996).
Interestingly, the binding activity of NF-Y for the oligonucleotide from the thymidine kinase
promoter is greatly lowered in aged cells; however, that for the�2(I)-procollagen promoter
was unchanged or slightly higher therein (unpublished), confirming NF-Y discrimination of
individual genes. In addition, a recent report has described NF-Y binding to TK promoter
to be unaffected during aging (Chang and Huang, 2001). Although we have found our
observations reproducible, this phenomenon should be analyzed in more detail.

As to the fluctuation of NF-YA, a possible reason is a post-transcriptional alteration of its
metabolism such as translational inactivity or accelerated degradation. Intriguingly, parallel
phenomena have been observed with cell cycling and differentiation. A decline in the amount
of the NF-YA protein, without a change in its mRNA, has been correlated to an attenuated
NF-Y function for expression of cyclin B2 during the cell cycle (Bolognese et al., 1999) (cy-
clin B1 in muscle cell differentiation (Farina et al., 1999), and MHC class II and other genes
in monocyte-to-macrophage differentiation (Marziali et al., 1999). NF-YB and YC are un-
affected therein. Thus, the same mechanism for NF-YA regulation as in the ageing seems to
work in various situations. The protein level of NF-YA increases upon growth stimulation
(Chang and Liu, 1994; Matuoka and Chen, 2000) and by DNA damaging agents (Jin et al.,
2001). Thus, it is clear that NF-YA plays a major role in regulation of the NF-Y function.

In this regard, an additional possibility has been suggested for NF-Y regulation. Under
an oxidative microenvironment, two cysteine residues of NF-YB are capable of forming
a covalent loop between them (or with a cysteine residue of another molecule), which
prevents NF-Y subunits from forming a heterodimer, hence no heterotrimer or interaction
with DNA (Nakshatri et al., 1996) (Fig. 2). In fact, the intracellular environment becomes
more oxidative when cells age (Hagen et al., 1997; Lee et al., 1999). With all the changes
accompanying ageing, the function of NF-Y could become defective or attenuated.

6. Involvement of NF-Y in the cellular ageing

A number of reviews have addressed the ageing phenomena, counting >400 in the period
of 2001–2002 alone. Although the definitive mechanism of cellular ageing has yet to be
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Fig. 3. Ageing-related signaling pathways and NF-Y function. The signals related to NF-Y are diagrammed.
HDAC, histone deacetylase.

Fig. 4. Morphological changes due to ageing, chemical treatment, and mutant NF-YA. (A) Effects of H2O2 and
Zeocin on IMR-90 human fibroblasts are shown in reference to the activities of p53, RB, and NF-Y (cf.Pang et al.,
1996; Matuoka and Chen, 2002). Expression of senescent cell morphology may relate to a lowered NF-Y activity;
(B) Dominant negative NF-YA mutant, but not wild-type NF-YA, induces aberrant cell shapes in HeLa cells.
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established, recent progress has made the route to the senescence more visible (Campisi,
2001; Zhang and Herman, 2002). As major causes, stresses due to reactive oxygen species
and/or telomere shortening may evoke aging responses signaling for ageing (Stewart and
Weinberg, 2002; Matuoka and Chen, 2002). As diagrammed inFig. 3, these events are
most likely to involve p53, retinoblastoma protein (RB), and phosphatidylinositol 3-kinase
(PI 3-kinase) as pivotal regulator molecules. Their downstream signaling pathways have
been discussed in detail (e.g.Campisi, 2001; Zhang and Herman, 2002; Roymans and
Slegers, 2001). Nevertheless, considering the global change in the gene expression during
ageing (Meyyappan et al., 1996; Ly et al., 2000), we suggest that involvement of a general
transcription regulator(s) should also be postulated in the ageing process.

It has been demonstrated that the activity of p53 increases during ageing (Atadja et al.,
1995) and that it is required for induction of senescence (Bond et al., 1996). Recently p53
and its family members p63 and p73 have been shown to inhibit NF-Y function through
direct binding to NF-Y (Jung et al., 2001). Activation of p53 due to DNA damage or another
signal accompanying ageing downregulates the NF-Y function, which is critical for expres-
sion of CCAAT-regulated G1/S genes prerequisite for cell cycling (Chen, 1997), including
another transcription activator E2F1 (Fig. 3). The decline in E2F1 further causes suppres-
sion of another set of genes, E2F element (TTTCGCGC)-regulated G1/S genes (Good et al.,
1996; Matuoka and Chen, 1999). As a result, cell cycling is severely impaired. As to the
morphology and other phenotypes prominent in aged cells (Fig. 4A), RB has been impli-
cated in their premature induction by an oxidative stress with H2O2 (Chen et al., 2000) and,
on the other hand, we have observed involvement of PI 3-kinase therein (Matuoka et al.,
submitted). Intriguingly, Zeocin, which upregulates p53 (Houser et al., 2001), induces the
morphology typical of senescent cells (Fig. 4A), implicating p53 in the phenomenon. In
this connection, nicotinamide, which is an inhibitor of Sir2, an NAD-dependent histone
deacetylase suppressing the activity of p53 (Luo et al., 2001), causes a reversion of ageing
cell phenotypes (Matuoka et al., 2001). These mechanisms do not necessarily exclude a
possible role of NF-Y downstream of those molecules in expression of the ageing pheno-
types. As already discussed, NF-Y inactivation can exert differential modulation of various
genes, including even their upregulation, as the case may be.

Does attenuation of the NF-Y function lead to cellular ageing? That seems to be the
case. Human bladder carcinoma cells become senescent upon suppression of NF-Y by
expression of p53 family proteins, (Jung et al., 2001). Exposure to H2O2, an oxidative
stress, induces parallel changes to the natural in vitro ageing in both NF-Y activity and
senescence phenotypes (Pang et al., 1996; Matuoka and Chen, 2002). Human fibroblasts
express SA-gal upon transfection of a dominant negative NF-YA mutant (Matuoka and
Chen, 2000). In addition, the mutant NF-YA, but not the wild type NF-YA, brings about
morphological aberrations in HeLa cells (Fig. 4B), indicating an important role of NF-Y in
the cellular physiology.

7. Concluding remarks

Since a global change in the gene expression accompanies ageing, general transcrip-
tion regulators have been implicated. The accumulated observations concerning the NF-Y
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transcription factor are suggestive enough to prompt further investigations on the role of
NF-Y in the cellular ageing. For the analysis, recently identified NF-Y inhibitors, including
genistein (Zhou and Lee, 1998), HMN-154 (Tanaka et al., 1999), and ET-743 (Minuzzo
et al., 2000), will be of great use. The question as to how the NF-YA protein decreases
during ageing is also important for elucidation of the mechanism for post-transcriptional
cell regulation.
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