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Abstract

Transcriptional regulation in mammalian cells is driven by a complex interplay of multiple
transcription factors that respond to signals from either external or internal stimuli. A single
transcription factor can control expression of distinct sets of target genes, dependent on its state of
post-translational modifications, interacting partner proteins, and the chromatin environment of
the cellular genome. Furthermore, many transcription factors can act as either transcriptional
repressors or activators, depending on promoter and cellular contexts (Alvarez, et al., 2003). Even
in this light, the versatility of LSF (Late SV40 Factor) is remarkable. A hallmark of LSF is its
unusual DNA binding domain, as evidenced both by lack of homology to any other established
DNA-binding domains and by its DNA recognition sequence. Although a dimer in solution, LSF
requires additional multimerization with itself or partner proteins in order to interact with DNA.
Transcriptionally, LSF can function as an activator or a repressor. It is a direct target of an
increasing number of signal transduction pathways. Biologically, LSF plays roles in cell cycle
progression and cell survival, as well as in cell lineage-specific functions, shown most strikingly
to date in hematopoietic lineages.

This review discusses how the unique aspects of LSF DNA-binding activity may make it
particularly susceptible to regulation by signal transduction pathways and may relate to its distinct
biological roles. We present current progress in elucidation of both tissue-specific and more
universal cellular roles of LSF. Finally, we discuss suggestive data linking LSF to signaling by the
amyloid precursor protein and to Alzheimer's disease, as well as to the regulation of latency of the
human immunodeficiency virus (HIV).
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1. LSF/GRH transcription factor family

LSF was first identified in HeLa cell extracts as a transcriptional activator of the late Simian
Virus 40 promoter (Huang et al., 1990; Kim et al., 1987; Shirra et al., 1994). Independent
identification of LSF as a DNA-binding protein and transcriptional regulator of other viral
and cellular promoters (Table 1) resulted in the additional names of LBP-1 or UBP-1 (on the
HIV long terminal repeat (Jones et al., 1988; Wu et al., 1988; Yoon et al., 1994)), CP2 (on
the murine a-globin promoter (Barnhart et al., 1988; Kim et al., 1988; Lim et al., 1992)),
and SEF1 (on the murine serum amyloid A3 promoter (Huang et al., 1994)). For each of
these identified biological target promoters, independent biochemical purification of the
DNA-binding activity led to sequencing of peptides (Bing et al., 1999; Lim et al., 1992;

"Corresponding author: Dept. Biology, Boston University, 5 Cummington Street, Boston, MA 02215; Tel.: (617) 353-8730; fax: (617)
353-8484; uhansen@bu.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Veljkovic and Hansen

Page 2

Shirra et al., 1994; Yoon et al., 1994) and cloning of cDNAs (Lim et al., 1992; Shirra et al.,
1994; Yoon et al., 1994).

With regards to nomenclature, the name of CP2, although widely used to identify LSF, has
generated some confusion. CP2 originally signified “a-globin CCAAT-binding protein 2”
(initially a.CP2), due to the erroneous initial assumption that it recognized CCAAT motifs in
the a-globin promoter (Barnhart et al., 1988). There exists an authentic CCAAT-binding
protein named CP2 (Chodosh et al., 1988), which was even suggested, at first, to be
identical (Kim et al., 1990). However, there is now universal acceptance that LSF/CP2 does
not bind CCAAT sequences (Frith et al., 2001; Lim et al., 1993; Shirra, 1995); these two
“CP2” proteins are unrelated. In order to avoid confusion, we will refer to LSF/CP2/LBP-1c
solely as LSF throughout this review.

LSF is a member of a highly conserved and ancient, although surprisingly small, family of
transcription factors. The family consists of two branches (Venkatesan et al., 2003;
Wilanowski et al., 2002): the LSF/CP2 subfamily (Fig. 1) and the Grainyhead (GRH)
subfamily. LSF/GRH-encoding genes have been identified in organisms ranging from A.
gambiae (African malaria mosquito) and D. melanogaster (fruit flies) to H. sapiens
(humans). In mammals, three to four members of each subfamily are represented in each
genome, however most other species contain a single gene of each subfamily. The outlier
species in this regard are nematodes, including C. efegansand C. briggsae, which contain
one GRH gene, but none representing the LSF subfamily (Venkatesan et al., 2003). This
apparent loss in nematodes is consistent with the roles for LSF in hematopoetic lineages, the
liver, and the eye (Sections 5.2-5.7), as none of these tissues is present in nematodes.
Finally, neither LSF nor GRH genes are found in any sequenced genomes or EST databases
from plants or in any unicellular organism.

Based on the divergence in the sequence alignment across species, the split between the LSF
and GRH subfamilies is thought to have occurred ~750 million years ago, which coincides
roughly with the timespan in which the first multicellular organisms are thought to have
evolved. This suggests a connection of the LSF/GRH transcription factor family with
development or differentiation processes. Initial studies support this viewpoint. In model
organisms (e.g. D. melanogasterand C. elegans), GRH subfamily members are expressed in
a tissue-specific manner, such as in the cuticle, and are essential for normal development
(Bray and Kafatos 1991; Huang et al., 1995; Liaw et al., 1995; Uv et al., 1997; Venkatesan
et al., 2003). In mammals, the recently identified GRH members appear to function
specifically in epithelial lineages and in the neural crest (Kudryavtseva et al., 2003; Peters et
al., 2002; Ting et al., 2003a; Ting et al., 2003b; Wilanowski et al., 2002). Although the LSF
subfamily has not been as fully investigated in model organisms, mutation of the single
orthologous gene in D. melanogaster, named gem for Gemini (http://flybase.bio.indiana.edu)
or dCP2 (Wilanowski et al., 2002), results in defects in mid-stage embryos and lethality
during late-stage embryonic and larval development (O'Day and Goldstein, pers. comm.).
Expression of germ appears constant throughout development of the embryo and larval
stages (M. O'Day and E. Goldstein, pers. comm.). In mammals, LSF subfamily members
function in cell cycle and growth, as well as in differentiated cells, as discussed in Section 5.

The DNA-binding regions of GRH and LSF subfamilies exhibit a high degree of
conservation, and the DNA motifs that are recognized by GRH and LSF are indeed highly
related. LSF binds two directly repeated motifs (Fig. 2A) as a tetramer (discussed in more
detail in Section 3) (Murata et al., 1998; Shirra and Hansen, 1998), whereas GRH binds a
single, similar DNA motif (Fig. 2B (Venkatesan et al., 2003)) as a dimer (Attardi and Tjian,
1993; Shirra and Hansen, 1998). What distinguishes the subfamilies from each other is
predominantly the oligomerization regions of the proteins. Consistent with this, whereas
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LSF or GRH can interact with members of their same subfamily, they cannot oligomerize
with each other (Ting et al., 2003b; Uv et al., 1994; Wilanowski et al., 2002; Yoon et al.,
1994). The distinct DNA-binding sites and inability to interact with each other suggest that
GRH and LSF family members target distinct sets of genes (Venkatesan et al., 2003).

2. Mammalian LSF subfamily

There are three identified LSF subfamily genes in the human genome: LSF (chromosome
12913 (Cunningham et al., 1995; Swendeman et al., 1994)), LBP-1a/b (chromosome 3), and
LBP9 (chromosome 2) (Fig. 1). In the mouse genome, three orthologous genes reside on
syntenic chromosomes (LBP-1a/b = NF2d9 (Sueyoshi et al., 1995) and LBP9 = CRTR-1
(Rodda et al., 2001)). Both LSF (Ramamurthy et al., 2001; Swendeman et al., 1994) and
LBP-1a/b (Ramamurthy et al., 2001) mRNAs are ubiquitously expressed in the developing
and adult mouse, as well as in all human cell lines examined to date. One subtlety in the two
expression patterns is that LBP-1a/b mRNA is particularly abundant in the developing
mouse fetal liver, the source of hematopoiesis at this developmental stage.

Mice containing a targeted disruption of the LSF/CP2 gene are viable and apparently normal
(Ramamurthy et al., 2001). The lack of a mutant phenotype in the LSF knockout mice is
likely to reflect functional redundancy between LSF and its paralog, LBP-1a/b
(Ramamurthy et al., 2001), as LBP-1a and LSF are 72% identical in sequence, with 88%
identity in the 280 N-terminal amino acids (Yoon et al., 1994), comprising the DNA-
interaction and transcriptional activation regions (see Sections 4.1 and 4.3; Fig. 3).
Furthermore, LBP-1a/b is ubiquitously expressed (Ramamurthy et al., 2001), binds to the
identical DNA sequences as does LSF, and interacts with known LSF partner proteins (NF-
E4 (Zhou et al., 2000) and RING1B (Tuckfield et al., 2002)).

In contrast to the LSF knockout mice, mice containing a targeted disruption of the LBP-1a/b
gene uncovered a unique biological function of this subfamily member. These embryos
survive only to day 11.5, apparently due to defects in angiogenesis of the placenta and yolk
sac (J.N. Cunningham, personal communication). No intra-embryonic deficiencies were
detected. Overall, the biological functions of LSF and LBP-1a/b may overlap in most cell
types, although specific functions may be found in other cell types, such as a requirement for
LBP-1a/b in extra-embryonic vascularization. Based on the D. melanogaster phenotype, it is
anticipated that mice deficient in both LSF and LBP-1a/b will also exhibit lethal intra-
embryonic defects.

Biological roles for LSF/LBP-1a/b have been suggested in specific, differentiated lineages,
most notably in hematopoietic lineages and the liver (Bing et al., 2000; Casolaro et al., 2000;
Chae et al., 1999; Chae and Kim, 2003; Drouin et al., 2002; Jane et al., 1995; Kashour et al.,
2003; Lim et al., 1993; Sueyoshi et al., 1995; Volker et al., 1997; Zhou et al., 2000). In
addition, our laboratory has identified an apparently ubiquitous role for LSF in the
regulation of cell-cycle progression and cell survival (Bruni et al., 2002; Powell et al., 2000).
Further investigations are required in order to dissect the relative abilities of LSF versus
LBP-1a/b to implement these roles.

Modulation of LSF and LBP-1a/b functions in some cases may result from differential RNA
splicing. A number of splicing variants of LSF mRNAs have been identified, one of which
encodes LSF-ID (for LSF-Internally Deleted; also named LBP-1d) (Shirra et al., 1994; Uv et
al., 1994; Yoon et al., 1994). LSF-ID lacks amino acids 189 to 239, which encode part of the
DNA interaction region (Fig. 3); thus LSF-1D does not bind DNA (Shirra et al., 1994; Uv et
al., 1994) and inhibits the ability of full-length LSF to bind in vitro (Yoon et al., 1994,
Zhong et al., 1994). Exogenously expressed LSF-ID is localized predominantly to the
cytoplasm (Drouin et al., 2002; Zambrano et al., 1998). Nonetheless, it can function as a

Gene. Author manuscript; available in PMC 2012 July 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Veljkovic and Hansen

Page 4

dominant-negative mutant when stably expressed in cell lines, and has therefore been a
useful tool for uncovering roles of LSF (Drouin et al., 2002; Yoon et al., 1994). The
biological purpose for LSF-ID is unclear, however, as its mRNA levels are much less
abundant than those of LSF, and endogenous LSF-1D protein has not as yet been detected
(Shirra et al., 1994). Differential RNA splicing also occurs in transcripts from the LBP-1a/b
gene, leading to expression of the alternative LBP-1b isoform. LBP-1b contains an insertion
of 37 amino acids relative to LBP-1a (Huang et al., 2000; Yoon et al., 1994), immediately
following the DNA-interaction region. As of yet, no distinctions in activities between
LBP-1a and LBP-1b have been uncovered, nor are their relative expression distributions or
levels known.

Finally, although expression of the third mammalian paralog in the subfamily, LBP9/
CRTR-1, was initially thought to be specific to the placenta (Huang and Miller, 2000),
further studies demonstrated expression in a number of specific tissues (Rodda et al., 2001).
Nonetheless, it is not as widely expressed as are LSF and LBP-1a/b. During the transition of
embryonic pluripotent stem cells to primitive ectoderm-like cells, expression of LBP-9 is
decreased, suggesting a biological role in pluripotent cell development (Pelton et al., 2002).
LBP-9 is functionally distinct from its paralogs, in that it contains a transcriptional
repression region, rather than an activation region, at its N-terminus (Rodda et al., 2001). In
fact, it can reverse transcriptional activation mediated by LBP-1b (Huang and Miller, 2000).
Thus, it is interesting to speculate that LBP-9 may modulate the functions of LSF and
LBP-1a/b in a cell type-specific manner.

The focus of the remainder of this review will be on LSF, given the greater knowledge about
this protein compared to its paralogs. The structure/function studies are likely to apply to all
other subfamily members, except for transcriptional regulation by LBP9. Furthermore, the
biological roles that have been shown for LSF may relate, as well, to those of LBP-1a/b
given the similarities presented above in Section 2.

3. LSF binding to DNA

The interaction of LSF with DNA is unusual with regards to the target DNA recognition
sequences, to the oligomerization state of LSF on the DNA, and to the lack of homology
with any other known DNA-binding domains. Unfortunately, no protein structure, either
from NMR or crystallography, is as yet available. The LSF recognition motif consists of
directly repeated half sites on consecutive turns of the DNA helix (Huang et al., 1990). The
reported consensus sequence is: CNRG Ng CNRG (Lim et al., 1993; Shirra, 1995). A more
precise representation is the pictogram shown in Fig. 2A, which is a compilation of 15
known binding sequences (Frith et al., 2001); in this representation it is clear that the first
(G)CTGG half site is more conserved than the second. Whereas mutational studies
demonstrated that the spacing between the two CTGG motifs is important, the central
specific base pairs were thought to be inconsequential (Huang et al., 1990; Lim et al., 1993;
Murata et al., 1998; Yoon et al., 1994). However, the current compilation also indicates
clear preferences in the sequence in between the half sites. Most notable is the predominance
of three T residues following the first half site, which is highly reminiscent of the count
matrix for the GRH recognition motif (Fig. 2B) (Venkatesan et al., 2003). This suggests a
high degree of similarity between the LSF and GRH subfamilies in their mode of interaction
with DNA.

We note that initially, there was confusion over the LSF/CP2 recognition sequence, which
resulted in deposition of two incorrect matrices containing only a single motif (accession
numbers M00072 or V$CP2_01, and M00644 or VSLBP1_Q6) in the TRANSFAC database
of transcription factor recognition sequences (Kim et al., 1990; Wingender et al., 2000).
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Based on comparisons of promoter sequences against the TRANSFAC database of binding
matrices, a number of promoters have been reported to contain LSF binding sites. However,
our retrospective inspection of the same promoter sequences with the correct LSF
recognition matrix (Fig. 2A) indicates that it is highly unlikely that LSF would bind or
regulate several of these promoters (Lambertini et al., 2003; Lau et al., 1999; Xia et al.,
2003; Zhao et al., 1997) (including the GSK3 promoter, Section 6.2.). The appropriate,
recently added TRANSFAC matrix for LSF is M00947 (Frith et al., 2001).

LSF binds DNA as an obligate homotetramer (Murata et al., 1998; Shirra and Hansen,
1998), however sedimentation and crosslinking studies indicate that it is predominantly a
dimer in solution (Shirra and Hansen, 1998; Zhong et al., 1994). Therefore, formation of a
stable complex of LSF on DNA requires two steps, which may be independent or
coordinate: interaction of two dimers to form an LSF tetramer and recognition of the DNA.
Both steps are potentially points of regulatory control.

Not only can LSF partner with members of the same subfamily of transcription factors (e.g.,
LBP-1a/b) to bind LSF recognition sites (Fig. 2), but it can also partner with unrelated
proteins in order to generate novel DNA-binding moieties. There is one clear example where
such a partner protein leads to recognition of a novel DNA sequence - the NF-E4 plus LSF
heteromeric complex is expressed specifically in a particular stage of erthyroid
development, leading to a stage- and tissue-specific DNA-binding activity that regulates
expression of the B-globin gene cluster (see Section 5.2. on erythroid cells) (Jane et al.,
1995; Zhou et al., 2000). Another known partner protein, YY1, couples with LSF to alter
transcription activity from an LSF-binding site in the HIV LTR (Coull et al., 2000; Coull et
al., 2002; Romerio et al., 1997). Finally, several other DNA-binding complexes have been
identified in crude nuclear extracts that contain LSF, but are clearly distinct from LSF
homotetramers, and are sometimes differentially regulated. Such instances include the
switch recombination site-binding complex in B cells (Drouin et al., 2002) and the IL-4
promoter-binding complex in Jurkat cells (Casolaro et al., 2000). However, in these cases,
the LSF partner proteins have yet to be identified.

4. Structure/function analysis of LSF
4.1. DNA-binding

LSF is the most extensively characterized of all the mammalian paralogs in terms of its
structure/function relationships. Mouse and human LSF are greater than 96% identical in
amino acid sequence (Lim et al., 1992). Unlike many DNA-binding proteins, over half of
the protein (amino acids 133-383) is required (Shirra and Hansen, 1998), and sufficient
(Lim et al., 1992), for DNA binding activity (Fig. 3). This includes not only the DNA
interaction region, but also its oligomerization region, since LSF only binds DNA efficiently
as a tetramer (Shirra and Hansen, 1998). In contrast, mapping of the D. melanogaster GRH
protein delineated a region of 59 aa that is sufficient to specifically, albeit weakly, recognize
DNA (Uv et al., 1994). By analogy with GRH, which recognizes a DNA motif equivalent to
an LSF half site (Fig. 2), this DNA-interaction region of LSF would map roughly to aa 214
to 273. Strikingly, a comparison of protein sequence profiles of the LSF and the GRH
subfamilies of proteins showed alignment in the DNA-binding region up to aa 272 of LSF
(Venkatesan et al., 2003), confirming the C-terminal boundary of this domain. Furthermore,
six double aa substitution mutants constructed in our laboratory confirm that two short
stretches of highest conservation between H. sapiens LSF and D. melanogaster GRH, which
include residues 205-216 and 233-246 of LSF, are indeed critical for its DNA-binding
activity (Shirra et al., 1994; Shirra, 1995). One of these mutants (Q234L/K236E; named
dnLSF; Fig. 3) is not only unable to bind DNA but also inhibits the DNA-binding of wild-
type LSF at equimolar concentrations, presumably due to oligomerization with LSF (Shirra
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et al., 1994). This mutant has therefore been a valuable dominant-negative mutant for
biological studies (Drouin et al., 2002; Kashour et al., 2003; Powell et al., 2000). Since LSF
and its paralogs oligomerize (Yoon et al., 1994), dnLSF inhibits DNA-binding activity not
just of LSF, but of the entire LSF subfamily of proteins.

4.2. Oligomerization

4.3. Transcri

Oligomerization regions of LSF have been grossly delineated through deletion mutant
analyses (Shirra et al., 1994). By interaction studies with fusion proteins linked to
glutathioine S-transferase (GST), plus /n vitro crosslinking studies, an oligomerization
region was mapped to aa 266 to 403 (Fig. 3). These assays reflect predominantly
dimerization, since this is the major form of LSF in the absence of DNA, although a low
level of tetramerization was apparent in solution by crosslinking studies. In yeast two-hybrid
interaction experiments, oligomerization of LSF to itself was also promoted by the C-
terminal region (aa 280-501) (Uv et al., 1994; Zhou et al., 2000). Finally, computational
protein profiling of the LSF subfamily indicated that, outside of the DNA-binding region
(Section 4.1.), evolutionarily conserved sequences were limited to aa 273-397 in LSF. This
computational analysis is strikingly consistent with the experimental mapping of the
oligomerization region to these sequences.

A second, distinct LSF-LSF interaction region appears to reside within the DNA-interaction
region, as LSF-1D and substitution mutants in residues 211-213 or 235-237 (including
dnLSF) interact less with GST-LSF than does LSF (Shirra et al., 1994; Shirra, 1995).
Protein-protein interaction through the DNA-binding region, which may reflect the
tetramerization function, is likely to be hydrophilic in nature, as it is inhibited by high salt.
In contrast, the C-terminal oligomerization region, which remains in the DNA-binding
mutants, is stable to high salt, suggesting a hydrophobic component (Shirra et al., 1994).

In summary, we hypothesize that oligomerization of LSF occurs in two steps: 1) a
dimerization interaction including hydrophobic surfaces, which is stable in solution and
maps to a C-terminal region of the protein, and 2) tetramerization through the DNA-binding
region, which is hydrophilic in nature and is stabilized by interaction of LSF with DNA.

ptional Activation and Repression

LSF both activates and represses transcription. Generally, it is a transcriptional activator,
both in cell-free extracts (Kim et al., 1990; Kim et al., 1987; Lim et al., 1993; Sundseth and
Hansen, 1992; Yoon et al., 1994) and in mammalian tissue culture cells (Bing et al., 1999;
Bing et al., 2000; Casolaro et al., 2000; Lim et al., 1993; Murata et al., 1998; Powell et al.,
2000; Yoon et al., 1994; Zheng et al., 2001), as is LBP-1a/b (Huang et al., 2000; Yoon et al.,
1994). By transient expression in mammalian cells of LSF-GAL4 fusion proteins with a
GALA4 reporter construct, we mapped two transcriptional activation regions (Q. Zhu, U.
Hansen, in preparation): amino acids 1 to 65 and 164 to 277 (Fig. 3), each of which is
sufficient independently to stimulate transcription. The Jane and Cunningham laboratories
also reported unpublished data of mapping an activation region to the N-terminal 40 aa
(cited in (Ramamurthy et al., 2001; Rodda et al., 2001)). LSF interacts directly with at least
two components of the basal transcriptional machinery components: TBP (TATA-binding
protein) and TFIIB (Zhu and Hansen, in preparation). Kinetic analyses indicate that the
interaction with TFIIB is likely to be significant, as LSF increases the rate of association of
TFIIB with a DNA template /7 vitro, as well as ultimately increasing the total number of
transcription complexes (Sundseth et al., 1992). Interactions with other categories of
coactivators have yet to be explored.

Gene. Author manuscript; available in PMC 2012 July 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Veljkovic and Hansen

4.4. Nuclear

Page 7

LSF can also act as a transcriptional repressor. /n vitro, LSF represses transcription from the
HIV LTR by two mechanisms: steric hindrance, preventing TBP access to the TATA (Kato
et al., 1991), and inhibition of transcriptional elongation (Parada et al., 1995). /n vivo, LSF
also represses expression from the HIV LTR (Coull et al., 2002) as a heteromeric complex
with YY1 and histone deacetylase 1 (HDAC1) (Coull et al., 2000; Romerio et al., 1997). To
date, the only cellular promoter that LSF has been reported to downregulate is the 1L-2
promoter, but the mechanism in this case may be indirect (Casolaro et al., 2000). We suggest
that direct, negatively regulated cellular target genes still await discovery. Via
transcriptional assays of LSF fusion proteins with GAL4 in mammalian cells, amino acids
266 to 396 are necessary and sufficient for transcriptional repression (Fig. 3; Q. Zhu, U.
Hansen, in preparation).

The mechanisms of transcriptional repression by LSF may, in general, involve generation of
repressive chromatin structure. Direct LSF-interacting proteins include not only YY1
(Romerio et al., 1997), but also RING1, a member of the polycomb repressive complex
(Tuckfield et al., 2002), histone deacetylases HDACL1 and 2, and the corepressor Sin3A
(Drouin et al., 2002), all of which contribute to formation of inert chromatin. In fact, LSF
can mediate repression of at least one non-transcriptional process on chromatin, that of class
switch recombination in B cells (Drouin et al., 2002). Such recombination between highly
repetitive “switch regions” results in deletion of genomic DNA in the immunoglobulin
heavy chain locus, leading to “switching” of expression from one isotype of antibody (e.g.
IgM) to another (e.g. 19gG), while maintaining antigen specificity. LSF specifically binds
sequences in these genomic switch regions, and we hypothesize that it represses
recombination by nucleation of an inert chromatin structure at the locus (Drouin et al.,
2002).

Localization

Although LSF is a nuclear protein in all cell types examined to date (Drouin et al., 2002;
Zambrano et al., 1998) (Q. Zhu, U. Saxena, Ul Hansen, unpubl. observations) except for
differentiated rat B103 neuroblastoma cells (Kashour et al., 2003), it lacks an obvious
nuclear localization signal. However, LSF-ID, which lacks 50 internal aa, is localized almost
exclusively to the cytoplasm (Drouin et al., 2002; Zambrano et al., 1998). Thus, residues
189 to 239 are likely to be important in localization to the nucleus (Fig. 3).

4.5. Regulation of LSF Activities

Given the unusual nature of the DNA-binding activity of LSF, involving not only
dimerization, but also tetramerization, the potential for regulation is high — including
modulation of tetramerization, as well as modulation of the DNA interaction surface or of
transcriptional activation or repression (Whitmarsh and Davis, 2000). Indeed, in several cell
types (details in Section 5), LSF activity is altered in response to cellular signal transduction
pathways. Examples of regulation include: rapid enhancement of LSF DNA-binding activity
in primary human T cells, which requires activation of Erk (Pagon et al., 2003; Volker et al.,
1997); decreased LSF DNA-binding activity to sites in heavy chain immunoglobulin class
switch regions, following activation of class switching in primary murine splenic B cells
(Drouin et al., 2002); increased DNA-binding to the IL-4 promoter site upon induction of
Jurkat cells with calcium ionophores (Casolaro et al., 2000); decreased LSF DNA-binding
activity to the HIV-LTR site upon phosphorylation by Erk2 in vitro (D. Margolis, pers.
comm.); and increased binding in vitro to the HIV-LTR site upon phosphorylation of LSF
by p38 or in HeLa cells to an integrated HIV LTR upon induction of the p38 pathway by
anisomycin (D. Margolis, pers. comm.). Finally, LSF-mediated stimulation of a serum
albumin promoter in liver cells is enhanced upon induction of the inflammatory response via
IL-1 signaling (Bing et al., 2000), although the mechanistic basis — DNA binding versus
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transcriptional activation — has not been distinguished in this case. These results indicate not
only that LSF is a target of multiple signal transduction pathways, but that its DNA-binding
activity is highly sensitive to modulation.

5. LSF displays both ubiquitous and cell lineage-specific biological roles
5.1. Cell Growth and Cell Cycle

The ubiquitous expression of LSF suggests global cellular functions for the transcription
factor. Indeed, findings from our laboratory point to a role in regulation of cell cycle
progression and possibly in cell survival (Fig. 4). In an organism, most cells are in the
resting, GO, state. Entry into the cell cycle, through the G1 phase, requires activation of
signal transduction cascades. A critical pathway in this process is activation of the Erk
family of MAP kinases, which target a number of transcription factors (Johnson and
Lapadat, 2002; Yang et al., 2003; Zhang and Liu, 2002). Subsequent commitment to
proliferation and entry into S phase requires, in addition, activation of the G1 cyclin-
dependent kinases and passage through the restriction point. Downstream targets of the
cyclin D/cdk4 and cyclin D/cdk6 complexes include pRb, leading to activation of E2F
transcription factors. Cyclin E/cdk2 also targets transcription factors, most notably to date
NPAT, which stimulates histone gene expression (Ma et al., 2000; Zhao et al., 2000).

A number of cellular kinases specifically phosphorylate LSF /n vitro, including both Erk and
cdk2 (Powell, 1999; Volker, 1998). The major site of phosphorylation by Erk /n vitro, S291,
is also a target /n7 vivo. In particular, in a variety of cell types that can be obtained in a truly
resting, GO, state in culture, LSF is quantitatively phosphorylated on S291 within minutes of
mitogenic stimulation: e.g. upon treatment of serum-deprived fibroblasts with growth
factors, or treatment of resting human peripheral blood T cells with either phorbol esters or
antibodies that crosslink cell surface receptors (Pagon et al., 2003; Volker, 1998; Volker et
al., 1997). That Erk is responsible for increased LSF phosphorylation was demonstrated by
treatment of these cells with a specific inhibitor of MEK, which eliminates Erk activation
and also abolishes phosphorylation of LSF on S291 (Pagon et al., 2003). Intriguingly,
phosphorylation at S291 in cells progressing through G1 is highly reversible, depending on
the presence of growth factors in the cellular medium (Z. Pagon, G.M. Cooper, U. Hansen,
unpubl. observations). Thus, the phosphorylation status of LSF is an indicator of the
continued presence of growth-stimulating factors, which are required until the cell passes the
restriction point. Cyclin/cdk2 complexes also specifically phosphorylate LSF, both /n vitro
and /n vivo (Fecko, 2001; Powell, 1999). These findings suggest a role for LSF in cell
growth and cell-cycle progression.

Consistent with this prediction, a major cellular target gene for LSF is the thymidylate
synthase (TS) gene (Powell et al., 2000), which encodes the rate limiting enzyme in
production of dTTP, required for DNA synthesis. LSF binds within cell-cycle regulatory
regions of the mouse TS gene (in both the promoter and intron sequences), and is required
specifically for upregulation of TS mRNA levels at the G1/S transition in cells stimulated to
reenter the cell cycle (Fig. 4). It is worth noting that there was initially disagreement about
whether or not thymidylate synthase was up-regulated by E2F during the G1/S transition in
rodent cells (DeGregori et al., 1995; Li et al., 1994b). Detailed studies with mutations in
specific binding sites of the promoters from multiple species have concluded that such
regulation, although sometimes repressive by E2F (Dong et al., 2000), is a minor component
in normal G1/S progression (Lee and Johnson, 2000). Thus, LSF, possibly in conjunction
with neighboring Ets and Sp1 sites, is the major regulator of TS cell-cycle expression.

Consistent with this notion, when LSF DNA-binding activity was inhibited by expression of
dnLSF (dominant-negative LSF mutant, Section 4.1), the G1/S induction of TS expression
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was blocked (Fig. 4). dnLSF also caused both mouse fibroblasts and human prostate cancer
cells to undergo apoptosis during S phase. Strikingly, addition of thymidine to the cell
medium, which overcomes the cellular DNA replication requirement for TS, successfully
protected the cells from undergoing apoptosis (Powell et al., 2000). These results indicated
that not only is LSF critical for TS induction during the cell cycle, but also that TS is one of
the major targets of LSF action in cell cycle progression, as overcoming its requirement
allowed progression of cells through the cycle upon inhibition of LSF. Finally, given that
inhibition of LSF in this case led to apoptosis, we hypothesize that LSF might promote cell
survival under appropriate cellular environments.

The G1/S portion of the cell cycle was also affected when LSF activity was inhibited in a
different manner, by overexpression of the interacting protein Fe65 (Section 6.1). However,
in this case, cells were arrested at the G1/S transition (Bruni et al., 2002). Fe65 inhibits
transactivation by LSF, but the underlying molecular mechanism is not yet defined. This
arrest was also abolished by addition of thymidine, implying that the Fe65-mediated arrest
was a direct consequence of inhibition of LSF and its upregulation of the thymidylate
synthase gene (Powell et al., 2000).

5.2. Hematopoietic lineages: Erythroid cells

In addition to the ubiquitous cell growth functions, LSF exhibits cell type-specific roles,
observed to date mainly in hematopoietic lineages. During hematopoiesis, lymphoid and
myeloid cell types are differentiated from stem cells. Specific roles for LSF have been
demonstrated in three of these lineages: erythrocytes, T lymphocytes, and B lymphocytes. It
is intriguing to speculate that LSF may promote specific functions in other hematopoietic
cell types, as well.

A major role of erythroid cells is to transport oxygen via the family of globin proteins.
During development, globin gene expression is tightly regulated in a temporal and tissue-
specific manner from the multigene B-globin locus. The progression from embryonic to fetal
to adult globin expression is mediated by the locus control region, in conjunction with
elements near specific genes. One critical element in this process, the human stage selector
element in the -y-globin promoter, favors y-globin over B-globin expression. The stage
selector element binds a heteromeric protein complex, consisting of LSF (Jane et al., 1995)
and the erythroid-specific factor NF-E4 (Zhou et al., 2000). Both proteins also stimulate
expression of embryonic e-globin (Chae and Kim, 2003; Zhou et al., 2000). Interestingly,
the stage selector sequence contains an LSF half site (GCTGG), suggesting that a dimer of
LSF interacts with this portion of the element, and NF-E4 with the remainder of the element.

LSF can also activate expression of the adult globin genes. Apparently as a homotetramer,
LSF binds and activates transcription from the murine a.-globin promoter (Barnhart et al.,
1988; Kim et al., 1988; Lim et al., 1993), although such activation /7 vivois limited to
erythroid cells (Chae and Kim, 2003), suggesting the requirement for an erythroid-specific
coactivator(s). Furthermore, LSF is required for maximal, inducible expression of both a.-
globin and B-globin genes, monitored during differentiation /n vitro of mouse
erythroleukemia cells (Chae et al., 1999). Binding of LSF to the B-globin promoter was
observed, as well (Barnhart et al., 1988; Chae et al., 1999).

Finally, LSF is essential in human erythroid cells for activating expression of the
uroporphyrinogen Il synthase gene, as a mutation in the LSF-binding site in this promoter
causes defects in heme biosynthesis and congenital erythropoietic porphyria in the patient
(Solis et al., 2001).
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5.3. Hematopoietic lineages: T lymphocytes

Primary human T cells from peripheral blood are an excellent model system to study the GO/
G1 transition, as they are quiescent until stimulated with antigen/MHC complex or other
specific mitogens. Upon mitogenic stimulation of naive resting peripheral T cells, LSF
DNA-binding activity increases rapidly, although transiently (Pagon et al., 2003; Volker et
al., 1997)(J. Volker and U. Hansen, unpubl. observations). Activation of the Erk pathway is
necessary, but not sufficient, for the enhancement in DNA-binding activity of tetrameric
LSF in primary T cells (Pagon et al., 2003). Furthermore, phosphorylation of LSF by Erk
either /n vitro or in mitogenically stimulated fibroblasts does not lead to increased DNA-
binding activity. Thus, an additional, T cell-specific signaling event is required to induce
LSF DNA binding. These data suggested that LSF would regulate genes rapidly expressed
upon mitogenic induction of T cells.

Activation of T helper (Ty) cells by the MHC-antigen complex leads to the secretion of
cytokines, which qualitatively specify the type of immune response that develops. In
particular, IL-4 stimulates the growth of multiple types of resting immune cells, upregulates
class Il MHC expression in macrophages and resting B cells, and induces class switching to
IgE and 1gG1 in mature B cells. Expression of IL-4 occurs only in actively dividing T cells.
LSF binds the IL-4 promoter and activates IL-4 expression in the human tumor Jurkat cell
line, as well as a murine T2 cell line (Casolaro et al., 2000). As Jurkat cells cannot be made
to enter a resting state, no change in tetrameric LSF DNA-binding activity was observed
when the cells were stimulated with calcium ionophores. However, a novel LSF-containing
complex that bound the IL-4 promoter element was induced under these circumstances. We
note that unlike resting, primary T lymphocytes (Weinberg et al., 1990), Jurkat cells express
a basal level of IL-4 in the absence of additional, external stimuli. Thus, not only is LSF
itself regulated by Erk and additional signaling pathways, but a T cell-specific LSF partner
protein is apparently induced by a calcium-dependent signaling pathway, in order to regulate
IL-4 gene expression.

5.4. Hematopoietic lineages: B lymphocytes

The major function of B lymphocytes is generation of specific antibodies. During B-cell
differentiation, VDJ recombination in the immunoglobulin heavy chain locus helps to confer
antibody variability and specificity; subsequent class switch recombination determines the
physiological properties of the antibody. The genomic switch regions in which class switch
recombination occurs consist of 1-4 kb of highly repetitive sequence located upstream of
constant region coding sequences. This juxtapositioning of repeated motifs generates
sequences resembling LSF binding sites. Indeed, the switch regions upstream of the a (Sa)
and p (Sp) constant region coding sequences bind LSF at multiple sites (Drouin et al.,
2002). The LSF-containing protein complex in mouse splenic cell extracts binds S, and S,
sequences with higher affinity than does purified recombinant LSF. Furthermore, the
protein/DNA complex observed in splenic cell extracts migrates more slowly upon
electrophoresis than does the homotetrameric LSF/DNA complex. Thus, B cell-specific
protein(s) facilitate the association of LSF with switch regions.

In a B-cell line capable of class switch recombination /n vitro, overexpression of LSF
reduced the amount of switching from IgM to IgA, and conversely, overexpression of either
dnLSF or LSF-ID (Shirra et al., 1994) increased switching to IgA. The level of sterile
transcripts was not affected by altering LSF activity; thus this is the only known non-
transcriptional regulatory role for LSF (Drouin et al., 2002). It is unlikely that LSF could
repress class switch recombination by steric hindrance, given the large region of the target
recombination sequences (several kilobase pairs) and limiting amounts of nuclear LSF.
Thus, the current model is that LSF represses class switch recombination by promoting
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chromatin structure that is relatively inert to recombination. One potential mechanism for
achieving repressive chromatin would be by recruitment of histone deacetylases (HDACL,
HDAC?2) and other corepressors (e.g. Sin3A), since LSF can interact with these proteins in
vitro (Drouin et al., 2002). On the HIV LTR, YY1 is essential for the ability of LSF to
repress transcription, and YY1 could potentially be involved in the complexes of LSF from
B cell extracts that binds switch region sequence. Alternatively, interactions of LSF with
polycomb proteins (Tuckfield et al., 2002) could lead to an inert chromatin configuration. In
support of a chromatin-based model of repression of class switch recombination, VDJ
recombination has been shown to be modulated by chromatin modification (Kwon et al.,
2000; Schlissel, 2000).

When mouse splenic cells were stimulated to undergo class switch recombination, there was
a significant decrease in the amount of LSF-containing binding activity to switch regions.
This decrease was highly specific, as the amount of homotetrameric LSF DNA-binding
activity to a consensus binding site was not as affected, and LSF protein levels remained
constant. These data imply that LSF represses recombination by binding switch regions only
in resting B cells, and with the appropriate stimulus, repression is specifically relieved to
permit efficient class switch recombination. Although effects of LSF only on switch
recombination to IgA have been demonstrated to date, due to the limited number of cell
lines capable of switching /n vitro, we speculate that LSF may generally affect switching to
other immunoglobulin classes. All class switch recombination involves the switch region
upstream of the IgM constant chain gene (Sp.), to which LSF binds.

Another potential role for LSF in mature B cells, not yet fully explored, and possibly other
immune cells (e.g., macrophages), may be to regulate expression of class II MHC genes.
LSF binds the initiator region of one of the class II MHC genes in both mice, E, (Viville et
al., 1991), and humans, Dra (Bellorini et al., 1996). Finally, LSF also binds within the
Wilm's Tumor 1 (WT1) intronic hematopoietic enhancer (Bing et al., 1999). WT1, a zinc
finger transcription factor, is expressed in primitive hematopoietic progenitor cells, and also
at high levels in some leukemic cells (Algar, 2002; Ellisen, 2002).

5.5. Liver: regulation of immune-related genes

The systemic response to acute inflammation, involving lymphocytes and macrophages, is
modulated by acute phase proteins. Transcription of genes encoding these proteins is
activated by inflammatory cytokines, including IL-1 and IL-6. Especially in the liver,
cytokines rapidly induce synthesis of acute phase plasma proteins, including serum amyloid
A (SAA), which are secreted into the circulation and can represent up to 20% of the protein
in high density lipoprotein particles during the inflammatory response.

Transcription of the SAA3 gene, as assayed in HepG2 cells, is synergistically activated by
LSF and NF-xB in response to the cytokine IL-1 (Bing et al., 1999; Bing et al., 2000; Huang
and Liao, 1994). In fact, NF-xB and LSF interact in a complex /n vivo. Addition of I1L-6
along with IL-1 dramatically enhances SAA3 promoter activity (Huang and Liao, 1999),
although whether this is also related to LSF has not yet been determined. IL-1 and I1L-6
stimulate the JINK and p38 pathways, respectively, in liver cells (Finch et al., 2001; Finch et
al., 1997; Park et al., 1999; Zauberman et al., 1999). NF-xB is activated by these signaling
pathways, but LSF may be independently targeted, as well, as it is specifically
phosphorylated by both INK and p38 /n vitro (Volker, 1998). Interestingly, LSF also binds
in vitroto promoters of other genes that encode acute phase proteins, but that are activated
mainly by IL-6 (Baumann and Gauldie, 1994): a2-macroglobulin, Aa-fibrinogen (Bing et
al., 1999), and -y-fibrinogen (Lim et al., 1993). Further experiments are required to
determine whether LSF is involved in regulating expression of these genes in response to
cytokines.
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5.6. P450 family gene regulation

LSF family members have been implicated in the regulation of two P450 genes: the
cholesterol side-chain cleavage enzyme P450scc in the placenta (Huang and Miller, 2000)
and male-specific Cyp 2d-9 gene in the liver of certain strains of mice (Sueyoshi et al.,
1995). In the human placental JEG-3 cells, LBP-1b and LBP9 regulate transcription of the
P450scc gene in opposite directions. Whereas LBP-1b activated expression, LBP9 repressed
expression, and in fact overrode activation by LBP-1b (Huang and Miller, 2000). The LSF/
LBP-1b site in the Cyp 2d-9 promoter is required for maximal male-specific expression. As
recombinant LBP-1b cannot bind this site by itself, an LBP-1b-partner protein was
implicated in the regulation of this promoter.

5.7. Eye-specific gene expression

Finally, LSF is essential for regulation of at least two ocular genes, shown in different
species, again apparently as part of tissue-specific heteromeric complexes. LSF binds the
promoter of the chicken aA-crystallin gene, which is exclusively expressed in the ocular
lens (Murata et al., 1998). LSF also activates expression of the human PAX6 gene (Zheng et
al., 2001), which encodes a transcription factor crucial for eye development. PAX6
expression is highly restricted to the eye, nervous system and pancreas.

5.8. Summary of cell-specific functions of LSF

Overall, cell-specific functions of LSF could be said to relate to how the body responds to
external influences through specific cell types (oxygen, antigens/infectious agents, and light
input). But the majority of the known functions are in response to external insults through
the immune system and liver functions. Most of these functions seem to involve heteromeric
complexes of LSF with other proteins. One can speculate that LSF was a good candidate,
during evolution, for participation in cell type-specific and developmental stage-specific
DNA-binding transcription activities, due to its ubiquitous expression, to its inability to bind
DNA unless in complex with a partner (including itself as a dimer), and to its ease of
modulation by signal transduction pathways.

6. LSF and Alzheimer's Disease

Alzheimer's disease is a neurodegenerative disorder characterized by neuronal loss and
accumulation of neurofibrillary tangles and senile plaques in the brain (Selkoe, 1996;
Yankner, 1996). The extracellular plaques consist of the B-amyloid (AB) peptide, derived
from cleavage of the amyloid precursor protein (APP). LSF has been linked to Alzheimer's
disease or APP by three findings. First, LSF interacts directly with Fe65, an adaptor protein
that binds the C-terminal domain of APP. Second, at least in some circumstances, the ability
of APP to protect neuronal cells against apoptosis is mediated by LSF. Finally,
epidemiological studies may suggest linkage between a polymorphism in the LSF gene and
predisposition to developing Alzheimer's disease in human populations. These studies are
discussed in the following sections, concluding with a model to potentially connect these
independent reports.

6.1. Nuclear signaling by APP and potential role of LSF

APP is a member of a family of type | transmembrane proteins (including APLP1 and
APLP2 (Coulson et al., 2000)) that are proteolytically processed near the membrane (Hardy
and Selkoe, 2002; Steiner and Haass, 2000). The extracellular domains are shed into the
medium upon cleavage by a and B secretases, while the carboxyl-terminal products of these
reactions remain bound to the membrane (Fig. 5). Importantly, APP is the only family
member cleaved by B secretase. The carboxyl-terminal fragments are further processed by a
third protease, the membrane-associated -y secretase. One product of y secretase activity, the
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APP intracellular C-terminal domain (AICD), is released into the cell, while the other
product, the N-terminal peptide, is secreted. In the case of APP cleaved first by p secretase,
this secreted product is the Ap peptide. Familial Alzheimer's disease mutations,
predominantly located either in APP or in presenilin, an integral component of -y secretase,
lead to enhanced cleavage at the  or -y secretase sites (Hardy and Selkoe, 2002; Selkoe,
2001), generating higher levels of the Ap peptide and plaque formation in the brain. Thus,
much study of APP has focused on properties of the secreted Ap. However, recent
investigations have also turned to the function of the reciprocal product of the y secretase
reaction, AICD, which may enhance neuronal apoptosis (Kim et al., 2003; Passer et al.,
2000).

There is striking similarity between proteolytic cleavages of APP and the well-studied Notch
pathway (Selkoe and Kopan, 2003). Binding of ligand causes sequential cleavage of Notch
by a and y secretases. The Notch intracellular C-terminal fragment, NICD, then translocates
to the nucleus and affects transcriptional programs. In parallel, it was hypothesized that
AICD may regulate transcription through nuclear translocation and binding to cellular
transcription factors. Indeed, although AICD is highly labile, its localization to both the
cytoplasmic and nuclear compartments has been detected (Cupers et al., 2001; Gao and
Pimplikar, 2001; Kimberly et al., 2001). AICD interacts with a number of intracellular
adaptor proteins (Neve et al., 2000; Russo et al., 1998), including Fe65, which is highly
expressed in brain and can shuttle between the cytoplasm and nucleus. Expression of Fe65
promotes nuclear localization of AICD (Kim et al., 2003; Kimberly et al., 2001) (Fig. 5).
These observations suggest that the Fe65/AICD complex is involved in transcriptional
regulation.

Current evidence supports two types of AICD/Fe65-containing nuclear complexes. (1) Fe65
interacts with the histone acetyltransferase Tip60, leading to a ternary AICD/Fe65/Tip60
complex that, upon recruitment to a promoter, can activate transcription in reporter gene
assays (Cao and Suidhof, 2001). The Tip60-containing ternary complex presumably
normally associates with cellular promoters by Tip60 interactions directly with DNA-
binding transcription factors. In particular, an NFxB p50 homodimer may recruit this
complex to the tetraspanin KAI1 promoter (Baek et al., 2002) (Fig. 5). (2) The same domain
of Fe65 that interacts with Tip60 can also interact with LSF (Zambrano et al., 1998), and a
nuclear ternary AICD/Fe65/LSF complex has been reported (Kim et al., 2003). It is likely
that such a ternary complex would be recruited to promoters through the DNA binding of
LSF, although its transcriptional properties have not yet been experimentally determined.
Exogenous overexpression of Fe65 alone results in its predominantly nuclear expression,
coupled with repression of LSF transactivation of the thymidylate synthase promoter (Bruni
et al., 2002) (Fig. 5). Whether Fe65 interferes with interaction of LSF with DNA, or affects
its interaction with coactivators or corepressors is unknown. However, under normal
physiological situations Fe65 may not be free to translocate to the nucleus by itself, but
rather be maintained in the cytoplasm through interaction with APP (Minopoli et al., 2001).
One hypothesis is that under normal circumstances, nuclear translocation of Fe65 may
substantially depend on cleavage of APP to release AICD, and that nuclear Fe65 may
predominantly be in association with AICD. Conceivably, association of LSF with Fe65/
AICD may either promote or inhibit LSF transactivation.

The existence of these two ternary complexes raises the question of whether the two
complexes compete for formation (Fig. 5; a reasonable scenario given that Tip60 and LSF
interact with the same domain of Fe65 (Cao and Siidhof, 2001; Zambrano et al., 1998)), or
whether a quaternary AICD/Fe65/Tip60/LSF may occur. When the AICD/Fe65/Tip60
complex was artificially recruited to a synthetic promoter, LSF did not influence its
transcriptional activity (Cao and Siidhof, 2001). However, this would be predicted in either
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model, as one major role of LSF would clearly be to drive the association of the Fe65/AICD
complex with a promoter, but this occurred through other mechanisms in the reporter gene
experiments. Thus, additional details are required to distinguish between these alternative
models.

Finally, we note that the APLP family members, upon final cleavage with -y secretase, also
yield intracellular C-terminal domains that are stabilized by Fe65, translocate to the nucleus,
and can activate transcription under appropriate experimental situations (Scheinfeld et al.,
2002; Walsh et al., 2003). Moreover, Fe65 is also a member of a larger family, whose
members are ubiquitously expressed (Russo et al., 1998). All Fe65 family members interact
with AICD (Walsh et al., 2003), and all can functionally interact with LSF (Bruni et al.,
2002). This large family of ternary complexes would likely regulate transcription not only in
neuronal cells, but ubiquitously. Unfortunately, the presumptive biological signal(s) leading
to cleavage of APP and its family members in any cell type are not yet known, making it
difficult to postulate the general role that APP family members play in LSF biology.

6.2. LSF and APP-mediated cell survival

In some cell culture experiments, overexpression of APP protects neuronal cells from
apoptosis. In particular, in the rat neuroblastoma B103 cell line, which lacks APP,
expression of exogenous APP protects cells, when challenged with staurosporine, from
undergoing apoptosis. In this system, expression of wild-type LSF enhanced protection from
apoptosis, whereas expression of dnLSF augmented apoptosis, suggesting that LSF
contributes to cell survival mediated by APP (Kashour et al., 2003). Strikingly, endogenous
LSF was cytoplasmic in the differentiated cells, and translocated into the nucleus upon
staurosporine treatment, completely dependent on the presence of wild-type APP. In sharp
contrast, the familial APP disease mutant V6421 (Kashour et al., 2003)(F. Amara, pers.
comm.) did not promote nuclear translocation of LSF. The most parsimonious model to
explain these data is that proapototic signaling in these cells causes an APP-dependent
nuclear translocation of LSF, which leads to induction of expression of cell survival genes.
Investigation in other cell systems of whether LSF can cooperate with APP in protecting
cells from apoptosis may indicate whether this intriguing model is generally valid. [We note
that although it was suggested that LSF may affect apoptosis via upregulation of GSK3p
expression as a result of AICD signaling (Kim et al., 2003), this hypothesis was based on an
incorrect LSF binding matrix in TRANSFAC (Section 3). There is no experimental evidence
to support binding of LSF to the GSK3p promoter.]

Finally, given several previous reports that LSF is nuclear (Section 4.4), including in rat
pheochromocytoma PC12 cells, it was completely unexpected that LSF was predominantly
cytoplasmic in the differentiated rat neuroblastoma B103 cells. One provocative hypothesis
to resolve this discrepancy is that LSF is exported from the nucleus during differentiation of
(neuronal) cells; this hypothesis would be consistent with a major role for nuclear LSF in
cell-cycle progression, as proposed in Section 5.1.

6.3. Reported epidemiological LSF/Alzheimer's disease linkages

One polymorphism in the 3" untranslated region of the LSF gene has been linked to a
predisposition to Alzheimer's disease, although the results are not consistent throughout all
human populations. In initial studies on human population cohorts in France, the United
Kingdom, and the USA, the A allele (vs. G allele) correlated with protection against disease
(Lambert et al., 2000) (Taylor et al., 2001) (Luedecking-Zimmer et al., 2003) (Lendon and
Craddock, 2001). One study investigated LSF RNA levels, to identify a possible molecular
basis for the connection, and reported that subjects with both the GG genotype and disease
displayed lower LSF mRNA levels than other subjects (Lambert et al., 2000). In contrast, a
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recent study of a human population from southern Italy suggested that the A allele was
associated with an increased risk, rather than protection, of early onset Alzheimer's disease
(Panza et al., 2004). Thus, additional studies are required to determine if the A:G
polymorphism in the 3' untranslated region is actually closely linked to another mutation
either within LSF or in a nearby gene that uniformly influences disease outcome. This would
resolve whether or not particular LSF alleles are connected with risk of disease.

6.4. Model of role of LSF in APP signaling

Overall, cleavage of APP releases AICD, which can translocate with Fe65 to the nucleus
and either form a complex with LSF, Tip60, or perhaps other proteins (Scheinfeld et al.,
2003), thus potentially impacting the expression of a wide variety of genes. One biological
consequence of the nuclear signaling of AICD may be to enhance apoptosis. This
consequence could result, in part, from repression of LSF, since inhibition of LSF by other
methods promotes apoptosis by blocking thymidylate synthase expression (Fig. 5). We note
that although neurons do not require DNA replication for survival, thymidylate synthase
activity may nonetheless be required for DNA repair, if DNA were damaged. With regards
to potential involvement of LSF in Alzheimer's disease, a highly speculative corollary would
be that if an allele of the human LSF gene resulted in lower levels and activity of LSF, it
may be more readily inhibited by AICD and predispose to the generation of neuronal
apoptosis.

7. LSF and HIV

Evidence is more compelling that LSF regulates gene expression of the human
immunodeficiency virus (HIV). Whereas NF-xB and Sp1 are potent transcriptional
activators of expression from the HIV long terminal repeat (LTR) (EI Kharroubi et al., 1998;
Harrich et al., 1989; Li et al., 1994; Marcello et al., 2004; Perkins et al., 1993), three LSF
half-site motifs around the initiation site of transcription (=10 to +27) lead to transcriptional
repression (Coull et al., 2000; Coull et al., 2002; He and Margolis, 2002; Jones et al., 1988;
Kato et al., 1991; Romerio et al., 1997). /n vitro, LSF/LBP-1b represses transcription by two
mechanisms: by preventing access to the TATA sequence (Kato et al., 1991) and by
inhibiting transcriptional elongation (Parada et al., 1995). /n vivo, the predominant
mechanism of transcriptional repression of the LTR (Coull et al., 2002) is through a
chromatin-mediated mechanism. Tetrameric LSF binds to two of the three half sites at a
time (D. Margolis, pers. comm.) as a heteromeric complex with ying yang 1 (YY1), which
recruits HDAC1 (Coull et al., 2000; He and Margolis, 2002; Romerio et al., 1997) (Fig. 6).
Histone deacetylation then inhibits transcription (Ng and Bird, 2000; Pazin and Kadonaga,
1997).

One intriguing hypothesis that has been presented is that repression of HIV gene expression
by LSF/YY1 may contribute to the reservoir of latent virus in a pool of memory CD4* cells
(He et al., 2002; Persaud et al., 2003; Pomerantz, 2003). As current HIV treatments rely on
virus expression to combat the infected cells, this latent population is highly problematic for
eradication of HIV from the body. Interestingly, treatment of HIV patients with IL-2, in
combination with antiretroviral therapy, downregulated the DNA-binding activities of both
LSF and YY1 in extracts of peripheral blood mononuclear cells (Bovolenta et al., 1999).
This may aid in reactivation of virus for treatment. In line with this hypothesis, pyrrole-
imidazole polyamides that inhibit the binding of LSF to the LTR both /n vitroand in vivo
specifically activate expression from the HIV LTR in a model tissue culture system (Coull et
al., 2002). The targeting of LSF by signal transduction pathways during activation of T cells
may also contribute to normal reactivation of the virus upon immunogenic stimulation of
resting memory cells. In that regard, phosphorylation of LSF by Erk inhibits its binding to
the HIV LTR, although phosphorylation by p38 (VVolker, 1998) enhances LSF DNA binding
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(D. Margolis, pers. comm.); both pathways are activated in response to cytokine stimulation
(Johnson and Lapadat, 2002). Although these results, taken together, suggest a role for LSF
in HIV expression, and therefore, viral replication, more research is required in order to
tease out the biological role for LSF in latency and reactivation of HIV.

8. LSF as a target of multiple signaling pathways

LSF is directly targeted in diverse cell types by the MEK/Erk kinase pathway, which is
central to growth factor signaling (Pagon et al., 2003; Volker et al., 1997). Current data also
suggest that LSF is a direct target of other MAPK signaling pathways, as LSF is
phosphorylated in cells in response to UV irradiation (E. Drouin, U. Hansen, unpublished
observations), its binding to an integrated HIV LTR is decreased by a p38-specific inhibitor
(D. Margolis, pers. comm.), and it is specifically phosphorylated by both JNK and p38 /n
vitro (Volker, 1998). As suggested in Section 5.5, we hypothesize that LSF, as a
downstream effector of the p38 and/or Jnk signaling pathways, is a mediator of cytokine
signaling pathways in immune and liver cells.

Finally, there is evidence to suggest that LSF is a downstream effector of the PI3 kinase/Akt
signaling pathway, and is involved in cell survival. The most direct data in this regard are
from a unique, differentiated rat neuronal cell system (Kashour et al., 2003), in which both
LSF and active Akt are required to protect the cells from apoptosis. Indeed, since LSF is
directly phosphorylated by Akt /n vitro (U. Saxena, Z. Pagon, G.M. Cooper, U. Hansen,
unpublished observation), the hypothesis is that LSF is a direct target of Akt in this pathway.
However, if it is true in this differentiated neuronal cell system, it is likely also to be true in
other cells, as Akt signaling is a widespread determinant for cell survival (Datta et al., 1999).

As a direct target for multiple signaling pathways, LSF may play a general role in the cross-
talk between different pathways. More specifically, LSF may integrate signals from the
cellular environment to help determine decisions of cell growth versus quiescence/
differentiation versus apoptosis. In addition, response to tissue-specific signaling pathways
(e.g., cytokine response) may be essential for the regulatory roles of LSF in the immune
response.

9. Future directions

9.1. Organismal functions of the LSF gene family

The current models for the biological functions of LSF, as described in sections 5 through 7,
are all based on cell culture systems. Final elucidation of the organismal role for this
transcription factor subfamily will require mating of a conditional knockout LBP-1a/b
mouse with the viable LSF-deficient mouse, in order to probe functions of these proteins in
different tissues. Such mice would also permit examination of the extent of the presumed
functional redundancy between LSF and LBP-1a/b (see Fig. 1). In this regard, it is
noteworthy that some, but not all, of the residues in LSF that are phosphorylated by different
kinases appear to be conserved in LBP-1a/b. Thus, the ability to modulate LSF activity in
response to certain signals may be somewhat distinct from the ability to modulate LBP-1a/b.

9.2. Structure of the LSF DNA-binding domain

One essential direction for future studies is the understanding of the structure of the DNA-
binding region of the LSF/GRH family of proteins, and the molecular details of how the
proteins interact with the DNA recognition sites. Armed with such a structural basis, the
impact of protein modification on LSF activities would much more readily be understood.
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9.3. Signaling to LSF

The molecular mechanism for how LSF modification by any signaling pathway affects its
activities has not yet been elucidated. Furthermore, the relationship between signaling to
LSF and its overall biological functions, either in cell-cycle progression or in tissue-specific
functions is largely speculative at present. The study of LSF functions in mice deficient in
particular signaling pathways, or in cell culture where signaling has been knocked down,
should be highly informative to tease out distinct contributions of particular pathways for
LSF overall function.

Finally, determination of whether the APP family of proteins modulate LSF activity under
normal circumstances, in a variety of cell types, awaits elucidation of the presumed
extracellular signals that regulate APP cleavage.

9.4. LSF target genes

One major question about LSF that remains unanswered is: what genes does LSF regulate?
The current set of known targets is very limited, with some tissue-specific, some cell-cycle
regulated, but clearly there are many more to be identified. To tackle this problem on a
global level, a computational approach must be taken. Toward that direction, an algorithm to
identify statistically overrepresented motifs determined transcription factors (NF-xB, Oct,
SRF, and AP-1) whose binding sites tend to accompany known LSF binding sites in
mammalian promoters (Frith et al., 2004). This information, in combination with other
algorithms that identify clusters of these transcription factors sites in the human genome
(Frith et al., 2003), can be utilized to predict human genes regulated by LSF. This method
should prove invaluable for prediction of global LSF gene targets, although it would not
predict some tissue-specific promoters that bind heteromeric protein complexes with LSF
and therefore exhibit different DNA recognition motifs. As a complementary approach,
global gene expression profiling, either in mice deficient of LSF/LBP-1a/b, or in knockdown
tissue culture cells, should elucidate a panel of genes regulated by these proteins under
particular biological conditions. Ultimately, the identification of the set(s) of LSF-regulated
genes will test our current hypotheses regarding its biological role(s) and may provide clues
as to additional, as yet unsuspected, biological functions.
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Figure 1. Identified proteinsin the L SF subfamily

Both human and mouse genomes contain three genes encoding LSF subfamily members. A
splicing variant mRNA lacking one exon of the LSF gene encodes LSF-ID (LBP- 1d). A
splicing variant mMRNA containing an extra exon of the LBP-1a/b gene encodes the protein
LBP-1b. While the LSF and LBP-1a/b genes are ubiquitously expressed, the third paralog,
LBP9, exhibits a more limited expression profile; LBP9 also apparently lacks the
transcriptional activation region conserved between LSF and LBP-1a/b. All LSF subfamily

members oligomerize with each other.

Gene. Author manuscript; available in PMC 2012 July 23.

~ . alternate splice products



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Veljkovic and Hansen

Page 27

A :
GC CeCe C“Qggc

- G‘ LC( ~

' s

Figure 2. DNA recognition sequencesfor L SF and GRH subfamily members

Known binding sites for mammalian LSF (Frith et al., 2001) (panel A) and D. melanogaster
and C. elegans GRH (Venkatesan et al., 2003) (panel B) proteins were compiled. The
resulting count matrices are presented as pictograms, presented according to the guidelines
at http://www.genes.mit.edu/pictogram.html. The LSF and GRH pictograms are aligned in
order to emphasize the similarity in sequence, with the LSF binding site containing two
direct repeats of the sequence.
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Figure 3. Structural/functional regions of L SF

The regions containing LSF DNA-binding, oligomerization, transcriptional activation and
transcriptional repression activities are indicated in gray. The two amino acid substitutions
within the DNA binding domain (Q234L and K236E) comprise the dominant negative
mutant (dnLSF) and render the protein incapable of binding DNA while still being able to
oligomerize. The deletion in LSF-ID is also shown, which causes the protein to be localized
to the cytoplasm; therefore aa 189-239 contribute to nuclear localization.
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Figure 4. Role of LSF in cell cycle progression via activation of the thymidylate synthase (TS)
gene

Upon entry into G1, cyclin D/cdk4 and cyclin D/cdk6 complexes phosphorylate the
retinoblastoma protein (Rb), allowing release of transcription factor E2F family members. A
major role for E2F in cell cycle progression is to upregulate cyclin E/cdk2. In a parallel
pathway, upon stimulation of cells in the resting (GO) state with growth factors, LSF is
immediately and quantitatively phosphorylated by Erk, a central kinase in the mitogen
activated protein kinase (MAP kinase) pathway. LSF is subsequently phosphorylated by
cdk2, as well. One major target gene of active LSF is the thymidylate synthase (TS) gene.
TS is essential for DNA replication in S phase. Expression of dnLSF prevents binding of
LSF to target sites, and the lack of TS causes cells to undergo apoptosis. E2F, and
presumably LSF, target additional genes for regulation during cell cycle progression into S
phase. If growth factors are removed from the cellular environment, cells exit the cell cycle
in G1, returning to the GO state.
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Figure5. Potential rolefor L SF in mediating signal transduction from APP in the nucleus

The intracellular domain of the transmembrane protein APP (amyloid precursor protein)
interacts with a number of signaling proteins, including Fe65. APP cleavages produce AICD
(APP intracellular C-terminal domain) and A (B amyloid) peptide. A is released
extracellularly and is responsible for plague formation in Alzheimer's disease. AICD is
released intracellularly, where Fe65 facilitates its translocation into the nucleus. Nuclear
Fe65-AICD interacts with Tip60 and LSF, perhaps in competition with each other, as
indicated. Fe65 alone inhibits LSF transactivation on the TS promoter, although whether the
ternary complex with AICD is also inhibitory is not known. One target of the Fe65-AICD-
Tip60 complex is the tetraspanin KAI1 gene, although many other target genes are likely,
including through factors other than NF-xB. Overexpression of AICD (dark boxes)
increased neuronal apoptosis, presumably in part by increased nuclear translocation and
misregulation of target genes, perhaps including TS.
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Figure 6. LSF repressestranscription from theHIV LTR: Model of arolefor LSF in viral
latency

In resting T cells, transcription from the HIV LTR may be repressed by a complex including
LSF, YY1 and histone deacetylase 1 (HDAC1). Upon stimulation of T cells by mitogens or
by a specific antigen, the LSF-containing complex would be released, permitting assembly
of the activating transcription factors, including Spl, NF-xB, TATA-binding protein (TBP),
and the rest of the RNA pol Il machinery. Displacement of the repressive complex may be
triggered by phosphorylation of LSF. Upon induction of HIV gene expression, Tat is
produced, which further enhances productive transcription of the HIV genome.
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Multiple independent identifications of LSF.

Table 1.1

Name Publication year Reference
LSF Late Simian Virus 40 promoter factor 1987 Kim et al, 1987
- . . Barnhart et al, 1988

(a)CP2 CCAAT binding protein-2 (on a-globin) 1988 Kim et al, 1988
- . Jones et al, 1988

LBP-1c Leader binding protein-1c (on HIV LTR) 1988 Yoon et al 1994

UBP-1 | Upstream region binding protein-1 (on HIV LTR) 1988 Wu et al, 1988
SEF1 Serum amyloid A3 enhancer factor-1 1994 Huang et al, 1994

Bing et al, 1999
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