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Abstract

We have learned a great deal over the last several years about the molecular mechanisms that govern
cell growth, cell division and cell death. Normal cells pass through cell cycle (growth) and divide in
response to mitogenic signals that are transduced through their cognate cell surface receptors to the
nucleus. Despite the fact that cellular growth and division are mechanistically distinct steps, they are
usually coordinately regulated, which is critical for normal cellular proliferation. The precise
mechanistic basis for this coordinated regulation is unclear. TFII-1 is a unique, signal induced
multifunctional transcription factor that is activated upon a variety of signaling pathways and appears
to participate in distinct phases of cell growth. For instance, TF1I-I is required for growth factor-
induced transcriptional activation of the c-fos gene, which is essential for cell cycle entry. Two
alternatively spliced isoforms of TF1I-1 exhibit opposing but necessary functions for mitogen-induced
transcriptional activation of c-fos. Besides transcriptional activation of the c-fos proto-oncogene and
eventual entry into cell cycle, TFII-1 also appears to have a role in later phases of the cell cycle and
cell division. Here we discuss how a multitude of signaling inputs target TFII-I isoforms, which may
exert their functions in distinct phases of the cell cycle and play a key role in the coordinated
regulation of cellular proliferation.
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Introduction

Genetic and epigenetic re-programming plays a critical role in the cellular response to
environmental cues (1,2). For example, a resting, non-cycling fibroblast enters cell cycle and
begins to activate pro-proliferate genes in response to growth-promoting signals. Similarly, an
uncommitted white blood cell makes lineage choices by upregulating lineage specific genes
and proceeding along a defined path of hemopoiesis in response to particular immune
modulatory signals. It is clear that, in both instances, there is an alteration in transcriptional
programming upon introduction of the signal. Although all somatic cells have identical
genome, it is the alteration in gene expression profile in response to extra-cellular cues that
results in distinct biological outcomes.
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The faithful passage of genetic information from one cell to its progeny is essential for growth
and development (3,4). Thus, cell division requires a precisely timed process, the cell cycle,
during which error-free replication of DNA, followed by division of the nucleus and
partitioning of the parent cytoplasm gives rise to two daughter cells. Before committing to
reproduce, cells sense growth factors/mitogen in their immediate environment (3,4).
Engagement of these mitogens to their cognate cell surface receptors results in transduction of
signals to the nucleus through a series of biochemical steps. Spatial and/or temporal activation
of target downstream genes ensue to drive cell cycle progression past the restriction point and
initiate DNA replication. Thus, it is likely that a set of signal-induced transcription factors
would be available within the cell to coordinately regulate transcription and cell cycle events.

The prerequisite to switching on/activation of a particular gene or a set of genes is that the
targeted transcriptional unit in the chromosome becomes “remodeled” and accessible for
transcription (5). Once the natural constraints imposed by chromatin are obviated, the next step
in gene expression is recruitment of gene/tissue/stage specific transcription factors to their
cognate sites on the promoter (5,6). These transcription factors, in turn, facilitate recruitment
of the transcriptional machinery at the core promoter, the rate and/or stability of which dictate
the rate of RNA syhtnesis. Therefore, a proper communication between site-specific
transcription factors recruited at upstream promoters and/or enhancers and the transcriptional
machinery, consisting of RNA polymerase and general transcription factors, is crucial in
transcriptional regulation of a given gene (6). Because of these bewildering complexities
associated with transcriptional regulation of gene expression, tractable model systems are
necessary to dissect the molecular mechanisms that control signal-induced transcription. Here
we present studies on transcription factor TFII-1, which led to unexpected observations
regarding signal-induced transcription in various cell culture systems and further suggests a
direct link between transcription and cell cycle.

Transcriptional Regulation of c-fos by TFII-I

Growth factor induced transcriptional activation of the immediate early (IE) c-fos proto-
oncogene is essential for quiescent cells to re-enter cell cycle and eventually undergo
proliferation (7-12). The c-fos gene expression is virtually undetectable upon serum starvation
but it is elevated within minutes upon growth factor stimulation. The rapid kinetics and the
dynamic histone modifications of IE genes means that these genes do not exhibit the highly
stable chromatin modification state, normally associated with most active genes (13-15). Lack
of this constraint together with rapid signal-induced transcriptional response also necessitates
an unusual specificity at the level of promoter occupancy. The promoter region contains
binding sites for several transcription factors, some of which are constitutively active in the
nucleus while others are signal induced (7-15). Despite the fact that c-fos has served as a
paradigm for understanding signal-induced transcription for two decades, it is still unclear as
to how various signaling pathways converge on this gene simultaneously. For example, the
transcriptional activation of c-fos is dependent on both the Ras and Rho signaling pathways
(7-16). While Ras and Rho belong to the GTP-binding protein (G-protein) super family, the
Ras pathway involves Raf/Mek1/ERK activation and Rho signaling predominantly involves
cytoskeletal reorganization (17-20). It is mechanistically unclear how these two distinct but
necessary pathways lead to activation of the c-fos gene.

TFI1I-1 is a ubiquitously expressed transcription factor that is postulated to facilitate
communication between upstream regulatory factors and the basal machinery (21-25). TFII-I
belongs to a family of vertebrate specific transcription factors, each characterized by the
presence of reiterated 90 amino acids domains (designated as R1-R6 in Figure 1) and multiple
alternatively spliced isoforms (26,27 reviewed in 25). The most conserved region within these
repeats is called the I-repeat (23). There are four characterized alternatively spliced isoforms
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of TFII-1: A (957 amino acids), o (977 amino acids), f (978 amino acids) and y (998 amino
acids) (26,27). Of the four, the y-isoform is most likely expressed predominantly in neuronal
cells and the a-isoform is lacking in murine cells (26). Each isoform contains all the repeats,
the basic region (BR, also the DNA binding domain), a putative leucine zipper (LZ) and a
functional nuclear localization signal (amino acids 297-304 with respect to the A-isoform)
(27,28) (Figure 1A).

Although TFI1I-1 was functionally identified and characterized based on its ability to bind the
core promoter sequence element (Inr) and activate transcription (21-24), later on it was
demonstrated that it also functions as a signal-induced multifunctional transcription factor that
is tyrosine phosphorylated in response to B cell receptor (BCR) and growth factor signaling
(29-34). Importantly, induced tyrosine phosphorylation of TFII-I is necessary for its
transcriptional function (32). A variety of growth-promoting and mitogenic stimuli (e.g., EGF,
PDGF, serum and TPA) can enhance tyrosine phosphorylation of TFII-1 and subsequent
activation of the c-fos promoter, which harbors multiple TFII-I binding sites (29-32).
Transcriptional activity of TFII-I requires an intact Ras pathway, since a dominant negative
Ras can block TFII-I dependent transcriptional activation of c-fos (31,35). It has also been
shown that the MAPK pathway is required for TFII-I-dependent activation of the c-fos
promoter and TFII-1 physically interacts with Erk/MAPK through its conserved D-box (31,
35) (Figure 1B). Additionally, there are several consensus Src-phosphorylation sites, two
putative YXXP sites and a proline-rich PPII helix that can potentially bind to SH2 and SH3
domains respectively (25) (Figure 1B). One of the tyrosine-phosphorylation sites ('Y248) has
been demonstrated to be required for transcriptional activity of TFII-I at several promoters
(32). The integrity of Y248 is also required for interaction with MAPK, suggesting that tyrosine
phosphorylation of TFII-1 is critical for its downstream function (35). Intriguingly, TFII-1 is
downstream of both the Ras and Rho pathways, raising the possibility that besides SRF and
Elk-1, TFII-1 could provide the necessary regulatory input for c-fos activation (36).

action of TFII-l isoforms regulate c-fos transcription

Although each isoform individually binds to DNA and activates transcription both from the
Inr-dependent (V) and Inr-independent (c-fos) promoters in vitro and in vivo, co-expression
of different combinations of TFII-1 isoforms leads to enhanced basal activity of the V3
promoter and attenuated signal responsive activity of the c-fos promoter (27). In addition, while
upon ectopic over-expression all isoforms localize preferentially to the nucleus and exhibit
similar transcriptional activity, the distribution of the endogenous isoforms in various cells
suggests distinct/non-redundant functional roles in vivo (27).

Subcellular staining indicated that the TFII-1A isoform exhibits a predominantly cytoplasmic
localization in serum-starved cells (32). Growth factor signaling leads to rapid tyrosine
phosphorylation and nuclear translocation of TFII-I1A in murine fibroblasts, which is necessary
for the transcriptional activation of c-fos (28,36). However, in addition to the A-isoform, murine
fibroblasts also express the B-isoform. Surprisingly, while the endogenous TFII-IA isoform is
localized predominantly in the cytoplasm in basal state, TFII-1f is localized in the nucleus
(37). Interestingly, mitogenic stimulation leads to tyrosine phosphorylation and nuclear import
of TFII-1A and concomitant nuclear export of TF11-1B. Consistent with the nuclear localization
of TFI-IB in unstimulated cells, it is recruited to the c-fos promoter in the absence of signaling
and the recruitment is undetectable in the presence of signaling (37).

To address how TFI1I-1A transduces mitogenic signals to the nucleus, it was shown that the
tyrosine phosphorylated TFII-1A physically interacts with Erk1/2 in the cytoplasm and
translocates to the nucleus together with Erk1/2 (37). Consistent with this observation, the
nuclear localization of TFII-IA was required for nuclear localization of Erk because a ANLS
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mutant of TFII-IA retained Erk in the cytoplasm, even in the presence of mitogenic signaling.
Using both gain of function and loss of function analyses, it was clearly demonstrated that
signal-induced nuclear localization of Erk requires a functional TFII-1 (37).

As mentioned earlier, c-fos is an IE gene the expression of which is basally off but turned on
very rapidly after signaling. The rapid kinetics, together with the dynamic histone
modifications of IE genes implies that these genes do not exhibit the highly stable chromatin
modification state, normally associated with most active genes(13-15). Because the
constitutive nuclear localization of TFI1-1f allows it to be recruited to the c-fos promoter in the
absence of signaling, this phenomenon may serve two purposes (Figure 1). First, it allows c-
fos expression to be silenced in the absence of signaling, which is a necessary requirement for
quiescence. In this regard, it has been shown that TFII-I might serve to negatively regulate c-
fos gene expression, although the precise mechanism or the usage of specific isoforms was not
addressed (38). Second, it perhaps ensures specificity such that the same promoter site can be
utilized for signal-induced transcriptional activation mediated by TFII-IA. Given that the two
isoforms bind to the same site on the c-fos promoter in vitro with identical DNA binding
specificity (35), they are likely to be recruited to the same site in vivo. Additionally, there exists
an independent and dynamic regulation of histone phosphorylation and acetylation on
immediate-early (IE) gene nucleosomes (13-15). While the histone phosphorylation is
inducible and aided by activation of the MAPK cascade, histone acetylation is largely
preexisting and mediated by a combined effect of HATs and HDACs (13-15). However, the
precise mechanism by which these dynamics are achieved upon mitogenic signaling remains
unknown. The alteration in promoter occupancy by the two isoforms of TFII-1, together with
their respective interactions with MAPK and HDACs (37-40), perhaps provides a reasonable
mechanism to explain the unusual dynamics of c-fos regulation. Moreover, TFII-1 is also shown
to be associated with histone demethylase co-repressor complex, LSD1/BHC110 (38). Our
own observation indicates a preferential interaction of TFII-I3 with LSD1 (M.I. Tussie-Luna
and A.L.R, unpublished) further providing a functional distinction between the isoforms in
regulating c-fos expression (Figure 2).

Role of TFII-l in Rho/GAP pathway

Although transcriptional activation of c-fos requires an intact Rho and Ras pathways, it remains
to be precisely elucidated how these distinct pathways coordinately control activation of the
gene. The p190RhoGAP proteins are potent Rho inhibitors, which are implicated in the
regulation of Rho-dependent cytoskeletal reorganization and subsequent transcriptional
activation in response to mitogens (19,20). In a search for proteins that might interact with
p190RhoGAP, TFII-1 was identified as an interacting partner of the p190A RhoGAP protein
(36). The interaction was mediated via the FF-domain in p190RhoGAP and the N-terminal 90
amino acids in TFII-1 (36). Although FF domains are usually present in splicing and
transcription factors, utilization of FF domains for signal-induced transcriptional regulation
was not known (36). Stimulation through the PDGF receptor resulted in tyrosine
phosphorylation of TFII-1 and its subsequent release from p190RhoGAP to activate c-fos.
Interestingly, PDGF signaling also leads to tyrosine phosphorylation of p190 at its FF domain,
which inhibits interaction with TFI1-1 (36). Consistent with these observations TFII-1 was
found to be constitutively nuclear in p190 null cells, resulting in an enhanced c-fos transcription
in response to growth factors. Most importantly, ectopic expression of p190 rescued both
cytoplasmic localization of TF1I-1 and subsequent downregulation of c-fos (36). These results
suggest that regulated association of TFI1-1 with p190RhoGAP in the cytoplasm is an important
step in mitogen-induced transcription regulation of c-fos, although the precise involvement and
contribution of individual isoforms of TFII-1 in the p190 RhoGAP pathway is not yet
determined.
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ER-stress induced regulation of TFII-I

Recent data suggests that TFII-1 is also an important regulator in the endoplasmic reticulum
(ER) stress response pathway (41,42). TFII-1 is recruited to the ER-stress response element
(ERSE) of the Grp78 promoter, which belongs to the family of stress-induced chaperones
(41,42). Interestingly, it has been shown that Src-dependent tyrosine phosphorylation of TFII-
I is required for its transcriptional activation of the Grp78. ER stress induces tyrosine
phosphorylation of TFII-1 at Y248, nuclear translocation and subsequent recruitment to the
promoter (42). The transcriptional activation of ER chaperones, for example Grp78, upon ER
stress is a general pathway that triggers unfolded protein response (UPR), which can induce
cell death as well as pro-survival mechanisms (42). Identification of TFII-1 as an important
regulator of ER stress-mediated activation of Grp78 response is thus significant for the UPR
pathway. These results further suggest that critical tyrosine residues in TFII-I can be targeted
by different kinases upon distinct signaling pathways and thus, provide a rationale for its
multifunctional activity.

Role of TFIl-l in G-kinase pathway

The nitric oxide (NO)/cGMP/cGMP-dependent protein kinase (G-kinase) signal transduction
pathway is important for regulation of cell growth, differentiation, and apoptosis (43). There
are two major types of G-kinase: a soluble type | and a membrane-bound type 11. While type
I G-kinase is widely expressed and present in smooth muscle and endothelial and neuronal
cells, type 11 G-kinase is more limited in expression (43). The G-kinase signaling pathway
regulates gene expression in various cell types, both at the transcriptional as well at the post-
transcriptional level. The resulting transcriptional effects are either positive or negative (43).
For example, transcriptional regulation of c-fos by nitric oxide and cGMP can occur by nuclear
translocation of G-kinase | (43,44). Surprisingly, TFII-1 was found to specifically interact with
G-kinase I in vitro and in vivo (44). cGMP analogs enhanced association between TFII-1 and
G-kinase IB in the nucleus (44). Importantly, from aregulatory standpoint, G-kinase was shown
to phosphorylate TFII-1 on two serine residues (S371 and S743) in vitro and in vivo, which
potentiated TFII-1 dependent transcriptional activation of c-fos. Consequently, mutation of
these two serine residues resulted in a loss of TFII-1 dependent transcriptional activation of c-
fos (44). Whether the physical and functional interactions between TFI1-1 and G-kinase If leads
to additional interactions of TFII-1 with other transcriptional regulators or whether G-kinase
IB is recruited to the c-fos promoter together with TFII-1 remains to be determined.

Regulation of TFII-I by Btk

TFI1-1 was shown to physically and functionally interact with the non-receptor Bruton's
tyrosine kinase (Btk) that is activated upon B cell receptor (BCR) engagement (33,34). Btk is
the target of multiple mutations in humans, each of which result in X-linked
agammaglobulinemia (XLA) (45,46). A spontaneous mutation in mice (R28C) produces X-
linked immunodeficiency (xid) (47). Btk belongs to the Tec family of non-receptor tyrosine
kinases that includes Tecl, Tecll, Itk, Bmx/Etk and DSrc28C, (found in Drosophila) (33,34).
A distinctive feature of these kinases is the presence of a pleckstrin homology (PH) domain in
the N-terminal region followed by a unique Tec homology (TH) domain (33,48).

Despite the biological importance of Btk in B cell differentiation and its important role in
calcium signaling and phospholipid metabolism, the precise downstream function of this kinase
remains to be determined at the biochemical level. TFII-I was shown to interact with Btk in
vivo, via the TH and PH domains (33). TFII-1 is tyrosine phosphorylated by Btk in vitro, and
transiently tyrosine phosphorylated after IgM stimulation of B cells in vivo, suggesting that
TFI1I-1 may be a physiological target of Btk (33). It was shown further that ectopic expression
of wild type Btk enhances TFI1-1 mediated transcriptional activation and its tyrosine
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phosphorylation in transient transfection assays (34,49). Mutation of Btk in either the PH
domain (R28C, xid mutation) or the kinase domain (K430E) compromises its ability to enhance
both the tyrosine phosphorylation and the transcriptional activity of TFII-1 (34). TFII-I
associates constitutively in vivo with wild type but not xid Btk. However, membrane IgM cross-
linking in B cells leads to dissociation of TFII-1 from Btk. Furthermore, while TFII-1 is found
both in the nucleus and cytoplasm of wild type and xid primary resting B cells, nuclear TFII-
| is greater in xid B cells (34). Most strikingly, receptor crosslinking of wild type (but not xid)
B cells results in increased nuclear import of TFII-I (34). However, consistent with its
ubiquitous expression pattern, TFII-1 is also tyrosine phosphorylated by Src family kinases
upon growth factor stimulation (32). Together, these observations led to the model that TFII-
I is latently found in the cytoplasm but upon activation (tyrosine phosphorylation) by signaling
through surface receptors it translocates to the nucleus for transcriptional activation (49)
(Figure 3).

Cytoplasmic function of TFII-I

Engagement of cell surface receptor tyrosine kinases by their cognate ligands is associated
with Ca2* influx into the cell, resulting in generation of 1P3 (inositol 1,4,5-trisphosphate) and
DAG (diacylglycerol) from PIP2 (phosphatidylinositol 4,5-bisphosphate) via the enzymatic
action of phospholipase C (PLC) (50). For instance, activation of the growth factor receptors
or immune (B and T cell receptors) receptors results in activation of PLC-y and transient
Ca%* influx (50,51). Recent studies however, uncovered a novel lipase-independent role of
PLC-y that is necessary for intracellular Ca2* entry via transient receptor potential channel 3
(TRPC3) (50). In an unexpected recent development, TFII-1 was identified as an interacting
partner of PLC-y (53). It was demonstrated that tyrosine phosphorylated TFII-I interacts with
the Src-homology (SH)-2 domain of PLC-y (53). Agonist-induced calcium entry (ACE) into
the cell by TRPC3 requires its binding to phospholipase C-gamma (PLC-y) (52). The
cytoplasmic interaction of TFII-1 to PLC-y via a split pleckstrin homology (PH) domain in a
mutually exclusive fashion with TRPC3 results in reduced TRPC3 mediated ACE (53). PH
domains are found in a variety of signaling intermediates and generally believed that they
mediate membrane proximal lipid binding (48). A recent gestalt algorithm search, however,
revealed that a PH-like domain (also called a split PH domain) is more widely spread and
present in a variety of both nuclear and cytoplasmic proteins, including PLC-y and TRPC3
(52). Indeed, association of PLC-y with TRPC3 is mediated through its split PH domain where
the two split PH domain from two proteins are brought into close proximity to result in a
structural complementation and enhanced surface expression of TRPC3, both of which are
necessary for ACE (53).

Interestingly, it was shown that TFII-I has a signal-inducible split PH domain, which mimics
the split PH domain of TRPC3. The interaction of TFII-1 with PLC-y is via its split PH domain,
thereby providing a rationale of how TFII-1 can effectively compete with TRPC3 for PLC-y
binding (53). The “basally-closed” split PH domain in TFII-1 undergoes a conformational
“opening” upon signal-induced tyrosine phosphorylation, resulting in its interaction with PLC-
v via both the phosphotyrosine and split PH domains (53,54). Because TRPC3 surface
expression and function requires its binding to PLC-y, competitive association of TFII-1 with
PLC-y lowers the surface expression of TRPC3 and reduces its Ca2* channeling activity (Figure
3). Interestingly, this phenomenon does not require either the nuclear localization or
transcriptional function of TFII-1 because a nuclear localization (and consequently a
transcription) deficient mutant of TF1I-1 was fully competent in PLC-y binding and inhibition
of Ca2* influx into the cell (53).
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Double life of TFII-I

A number of factors, originally shown to exclusively have either cytoplasmic function or
nuclear function, have now been demonstrated to have both functions. These include voltage-
gated calcium channels (VGCC) or the derived fragment called calcium channel-associated
transcriptional regulator (CCAT), DREAM and TFII-1 (55-58). Interestingly, in all three cases,
the transcriptional activity appears to be regulated directly or indirectly by signaling via
calcium channels (56). While, the first two factors do not seem to be directly regulated by
phosphorylation, TFII-1 activity associated with both its cytoplasmic as well as nuclear
residency requires phosphorylation. It is interesting to ponder how tyrosine phosphorylated
TFII-1 is simultaneously associated with PLC-y in the cytoplasm and is also required for
transcription in the nucleus (54). There are several potential explanations for this conundrum.
First, it is likely that there are distinct pools of cytoplasmic TFII-1. Each pool could be
associated with different cytoplasmic tethers and/or signaling intermediates and thus
responsive to distinct signals via different cell surface receptors (54). For instance, the pool of
TFII-1 associated with PLC-y (and perhaps Btk) might be responsive to BCR signaling. In
contrast, the pool of TFII-I associated with p190RhoGAP and/or Erk/MAPK might be
downstream of the growth factor receptors (GFRs) (54,Figure 3). Regardless of the pool it is
associated with, TFII-1 would undergo signal-induced tyrosine phosphorylation, dissociate
from the complex and translocate to the nucleus for gene activation (54). However, it is equally
likely that there is a dynamic equilibrium between these pools and upon signaling there might
be a conformational alteration in TFII-1, allowing it to move from one pool to another. Given
that TFI1I-1 exhibits multiple potential phosphorylation sites, a distinct second possibility is that
there is only one pool of cytoplasmic TFII-1 but that different signals (and corresponding
kinases) target these sites in TFII-1 under different conditions. The plasticity of this complex
might depend on the specificity of the signal and the particular phospho-tyrosine moiety.
Accordingly, TFII-I might interact with different partners and thereby modulate distinct
downstream pathways (54). Thirdly, it is possible that different subcellular localizations (and
thus functions) of TFII-I are kinetically distinct. Because the PLC-y mediated Ca2* influx
occurs within 2-5 min, receptor-induced tyrosine phosphorylation of TFII-I and its subsequent
membrane proximal interactions with PLC-y (and Btk and/or other cytoplasmic tethers) should
occur within this time frame. However, since the nuclear translocation of TFI1-1 occurs at later
time points (12-20 min) (36,37), release of tyrosine phosphorylated TFII-1 from the
cytoplasmic tether and subsequent dimerization and nuclear translocation is kinetically distinct
from the membrane proximal step (54). Last but not in the least, it is conceivable that while a
subset of the events occurs near the plasma membrane, others occur in the proximity of the
nuclear membrane (54). In this model, the two isoforms of TFII-1, by virtue of being in different
subcellular compartments, might have distinct lipid-mediated interactions and consequently
different functions in signaling and transcription (Figure 3). Because phosphoinositols are
thought to control chromatin dynamics and the fact that PLC-y possibly plays an important
role in chromatin remodeling and gene regulation (59), an interesting thought is that TFI1I-I
isoforms might connect phospholipid metabolism to signal induced gene regulation (Figure
3).

Role of TFIl-l'in cell cycle

Mammalian cells search for the availability of growth factors and whether the environment is
favorable for proliferation. If these criteria are met, the critical cell cycle regulators cyclins and
their associated kinases (CDKSs) integrate extracellular signals to drive cells through G1 phase
of the cell cycle and initiate replication. Subsequently, activation of cyclin-dependent kinases
is also important for G1-S phase transition (3,4). The expression of D type cyclins depends
largely on growth regulatory signals, thus enabling these cyclins to serve as key molecular
links between growth factor stimulation and cell cycle machinery (60).
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It has been shown recently that TFII-1 is a key regulator of cyclin D1 (61). TFII-I is recruited
to the cyclin D1 core-promoter in vivo and transcriptionally activates this gene, which results
in accelerated entry into and exit from S phase. In contrast, regulated destruction of TFII-I
appears to be necessary for cell cycle arrest induced by ionizing radiation (IR)-mediated DNA
damage and concomitant p53 activation. Genetoxic stress results in ubiquitination and targeted
proteasomal destruction of TFII-I that is dependent on the presence of intact p53 and ATM
(Ataxia Telangiectasia Mutated) pathways (61). Consistent with the fact that TFII-1 delivers
the growth factor dependent transcriptional signal to the cyclin D1 promoter, mutation of
tyrosine residues in TF1I-1, which are required for its mitogen mediated transcriptional activity,
abolishes cyclin D1 gene expression (61). Thus, TFII-1 may provide a molecular link between
mitogen-dependent signaling and nuclear gene expression to control cell division and
proliferation (62).

Although ectopic expression of TFII-I results in elevated cyclin D1 levels and bypass radiation
induced cell cycle block, it is undetermined whether these cells progress through cycle despite
DNA damage or whether they undergo DNA repair (61,62). Moreover, it also remains to be
shown whether TFII-1 undergoes preferential degradation during particular phases of the cell
cycle and what molecular mechanism(s) might govern this timed destruction (62). Because the
TFI1I-1 protein can undergo various post-translational modifications (e.g., phosphorylation,
sumoylation and ubiquitination), it is likely that some of these modifications selectively occur
at particular phase of the cell cycle (62). It is tempting to conjecture that the ability to undergo
different kinds of post-translational modifications might endow TFII-I with significant
plasticity, allowing it to differentially respond to a variety of signals in a cell cycle and
differentiation stage specific fashion (Figure 4).

Recent unpublished data also suggest that TF11-1 might have a function in centrosome integrity
and cell division (Hakre, S and A.L.R., unpublished). It appears that silencing TFII-1 (both
isoforms) results in a significant early G1/S block as well as a late G2/M block. Interestingly,
preliminary data with TFI1-1f specific knockdown suggest primarily a late G2/M block (Hakre,
Sand A.L.R., unpublished). Furthermore, analysis of multiple clones of a cell line stably
expressing the ANLSTFII-I revealed that they exhibit cytokinetic defects—as evidenced by
enhanced number of binucleated cells and fragmented centrosomes (Hakre, S and A.L.R.,
unpublished). We speculate that perhaps control of cellular proliferation by TFII-I isoforms
not only involves regulation of mitogenic signaling to transcriptionally activate c-fos and
subsequent cell cycle entry but also regulation of latter phases of the cell cycle and cell division
(Figure 4).

Future Perspectives

The mechanism of TFII-IA nuclear import is beginning to be worked out. But the mechanism
of TFII-1B nuclear export is completely unknown. To begin to understand signal-induced gene
regulation by TFII-I, both mechanisms must be worked out. Further, while we have gained
some insight into the function of two of the isoforms of TFII-I, virtually nothing is known
about the other two. Do these have distinct functions? The relative abundance of these isoforms
in a given cell and/or their cell type specific expression perhaps determines the functional
effects of TFII-1. Moreover, different studies in different cell culture systems preclude us to
conclude whether the signal-induced translocation of and transcriptional regulation by TFII-I
isoforms are universal. Nevertheless, it is anticipated that TFII-1 coordinately regulates cell
growth and division by utilizing its different isoforms and their differential phosphorylation
patterns in distinct phases of cell cycle. Identification and characterization of these sites will
be necessary to validate this notion.
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The TFI1-1family consists of three related genes that are closely located on human chromosome
7 (7911.23), a portion of which is deleted in a haplo-insufficient manner in Williams-Beuren
syndrome, WBS (34,63). WBS is a neuro-developmental disorder with multisystem
manifestations, including supravalvular aortic stenosis (SVAS), hypercalcemia in infancy.
These patients also exhibit mild to moderate mental retardation, cognitive defects and
characteristic craniofacial features (26,63). The frequency of this genetic haploinsuffiency is
estimated to be 1 in 20,000 live births. Although most cases are sporadic, WBS is inherited as
an autosomal dominant trait in a select few families. To date, 17 open reading frames have
been identified within this region (26,63). Despite the fact that WBS is a multisystem
dysfunction most likely caused as a result of haplo-insufficiency in several genes, it is
anticipated that there will be a strong genotype-phenotype correlation. Indeed, targeted
deletions in TFII-1 family genes in murine models suggested that craniofacial defects observed
in WBS are likely caused by defects in TFII-1 family genes (64). However, it remains to be
seen which functions of TFI1I-I are affected in this disease and whether the isoforms play any
distinct roles. Moreover, given TFII-I is a downstream target of Btk, mutations in which are
associated with XLA, it would be interesting to test whether subcellular localization, tyrosine
phosphorylation and/or function of TFII-1 isoforms are altered in the B cells of these patients.
Finally, the structure and function of other family members must be determined to have a better
understanding of the physiological role of this group of transcription factors.
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Figure 1. Schematic structure of TFII-1 isoforms
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(A) Schematics of the four TFII-1 isoforms and their respective amino acid lengths. LZ: leucine
zipper; NLS: nuclear localization signal; BR: basic region/DNA binding domain; R1-R6:
repeat domains; a, b: exons a (21 aa) and b (22 aa) encoded regions. (B) The region between

R1 and R2 is expanded to show key regulatory features. Shown are the two Src auto

phosphorylation sites: EDXDY at positons 244-248 and 273-277; D-box: MAPK interaction
site between aa 282-293; and PPII: polyproline I domain, SH3 binding motif. The sequence
of the D-box is also shown with most conserved residues boxed and highlighted in red.
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Figure 2. Growth factor mediated gene regulation by TFII-1 isoforms

In the absence of signaling, TFII-1B remains in the nucleus, bound to the c-fos promoter.
Because it appears to repress c-fos transcription and preferentially interacts with HDAC and
LSD1, we surmise that promoter bound TFII-1B is associated with these co-repressors. In
contrast, the TFII-1A isoform remains in the cytoplasm in the absence of signaling where it
interacts with p190 RhoGAP. Upon mitogenic signaling, TFII-IA under goes tyrosine
phosphorylation, interacts with activated MAPK/Erk and translocates to the nucleus. Nuclear
TFI1I-1 has been shown to bind to the same site on the c-fos promoter. Given that it interacts
with G-kinase and MAPK, it is likely that promoter bound TFII-IA remains associated with

these kinases.
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Figure 3. TFII-1 isoforms may connect lipid metabolism to gene expression

Because both isoforms of TFII-1 have been described to interact with PLC-y, we propose that
TFII-1A interacts with (soluble) PLC-y in the cytoplasm to regulate TRPC-3 mediated Ca2*
entry, while TFII-IB interacts with PLC-y in the nucleus. In addition, TF1I-I also interacts with
Btk in the cytoplasm. Because TFII-Ip interacts with chromatin modifiers such as HDACs and
LSD1 and PLC-y has been shown to play a role in transcription, it is possible that TF11-1p might
connect phopsholipid metabolism to signal-induced gene regulation. Given the signal-induced
reverse translocation of TF1I-1 isoforms, such a process might also lead to alteration in
subcellular PLC-y.
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Figure 4. Function of TFII-1 in distinct phases of cell cycle via differential modification

TFII-1 appears to play distinct roles in distinct phases of cell cycle and cell division. We
conjecture that this is achieved via differential post-translational modification of TF1I-I, which
might result in different interactions with different factors. The modifications might include
tyrosine and serine/threonine phosphorylation as well as sumoylation and ubiquitylation. The
function of individual isoforms of TFII-1 in this process is currently unknown.
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