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The growth factor independence 1 (Gfi-1) zinc finger (ZF)
protein and its homologs have been implicated in processes as
diverse as oncogenesis, apoptosis, proliferation, cell fate spec-
ification, and differentiation. Studies with vertebrates have fo-
cused mostly on hematopoietic lineages whereas research with
Caenorhabditis elegans and Drosophila has focused on the ner-
vous system. However, recent reports have shown that Gfi-1 is
also expressed in neurons in mice and zebra fish. In this review,
we attempt to summarize the available data and elaborate on
the similarities and differences between expression patterns,
loss- and gain-of-function phenotypes, and modes of action of
these genes. We draw parallels between several in vivo obser-
vations in which Gfi-1 and its homologs seem to cooperate with
basic helix-loop-helix (hHLH) transcription factors in different
tissues. These observations suggest new hypotheses for the
roles and interactions of Gfi/Pag-3/Senseless (GPS) proteins in
different organisms. Finally, we present data which suggest that
GPS proteins may play a critical role in determination or early
differentiation of many cell types.

STRUCTURAL AND FUNCTIONAL SIMILARITIES AND
DIFFERENCES BETWEEN THE GPS PROTEINS

In 1993 Gilks and colleagues reported the isolation and
preliminary characterization of the Gfi-1 gene. Upon culturing
Moloney murine leukemia virus-induced rat T-cell lymphoma
lines in interleukin-2 (IL-2)-free medium, they observed that
new proviral insertions gave rise to IL-2-independent cell lines
(35). The Gfi-1 locus was one of the insertion sites responsible
for this phenotype. Since then, several groups have identified
and studied orthologs of Gfi-1 in mice (37, 108), humans (78,
84), and zebra fish (23), as well as its closest homologs, i.e.,
Gfi-1B in vertebrates, senseless in Drosophila, M.d Gfi in
Musca, and pattern of gene expression 3 (pag-3) in C. elegans (13,
29, 32, 43, 45, 49, 55, 56, 71, 96). The Drosophila gene
CG31632, which we named senseless-2, is also a Gfi-1 homolog.
GPS genes encode transcription factors with C,H,-type ZFs,
which are the only motifs conserved among all of these pro-
teins (Fig. 1-A). Gfi-1, Gfi-1B, M.d Gfi, and Senseless-2 con-
tain six, Pag-3 contains five, and Senseless contains four ZFs.
The phylogenetic analysis of the full-length GPS amino acid
sequences suggests that Gfi-1 and Gfi-IB might have arisen
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from the duplication of an ancestral senseless-2/M.d Gfi-like
gene (Fig. 1B). This implies that senseless and pag-3 were
probably the first GPS genes to diverge from the other extant
genes in this group, assuming that Gfi-I and Gfi-1B are the
only functional vertebrate GPS genes (96, 101).

As shown in Fig. 2, the highest degree of homology exists
between ZFs 3 to 5 of Gfi-1, Gfi-1B, M.d Gfi, and Senseless-2,
which correspond to ZFs 2 to 4 of Pag-3 and to ZFs 1 to 3 of
Senseless. ZFs 3 to 5 of Gfi-1 have been shown to be necessary
and sufficient for binding its consensus recognition element,
taAATCac(a/t)gca (uppercase indicates the core sequence)
(109). As these three ZFs are conserved among all GPS pro-
teins, it is conceivable that they all have similar binding sites.
Indeed, the consensus binding site of Gfi-1B has been shown to
be virtually identical to that of Gfi-1 (96), and Senseless and
Pag-3 bind this consensus sequence with high affinity (1, 45).
Interestingly, the degree of similarity between the ZFs of the
GPS proteins seems to be beyond what is needed for similar
DNA-binding properties. Not only are the amino acids in ZFs
3 to 5 predicted to contact DNA identical in all of these
proteins (Fig. 2) (76, 77), but these three ZFs also exhibit a
high level of conservation in amino acids that do not bind DNA
and in the domains that link the ZFs. Finally, the ZFs that are
dispensable for DNA binding also show a high level of conser-
vation. These observations strongly suggest that the ZF motifs
might endow the GPS proteins with functional similarities
other than binding a similar DNA element, including interac-
tions with other proteins or RNA elements.

Vertebrate GPS proteins can act as transcriptional repres-
sors (36, 96). They contain a Snail/Gfi-1 (SNAG) domain,
which corresponds to the N-terminal 20 amino acids and has
been shown to mediate the transcriptional repressor activity of
Gfi-1 and Gfi-1B (36). However, there is one report suggesting
that Gfi-1 functions as a transcriptional repressor even in the
absence of the SNAG domain, albeit more weakly than the
full-length protein (66). The latter function seems to require
protein-protein interactions between Gfi-1, histone deacety-
lases, and a corepressor called ETO (for eight-twenty-one),
which was first identified as a part of the fusion protein formed
in the (8;21) translocation associated with acute myelogenous
leukemia (25). ETO interacts with the ZFs of Gfi-1, and its
Drosophila homolog is called nervy because of its expression in
the central nervous system (CNS) and peripheral nervous sys-
tem (PNS) (26). Interestingly, although Senseless, Senseless-2,
Pag-3, and M.d Gfi do not have the SNAG domain, some data
suggest that they also act as transcriptional repressors. Indeed,
in the absence of pag-3 function, touch neuron-specific genes



8804 MINIREVIEW

A

O SNAG mZF

M.m GEi-1 O—— TR
M.m Gfi-1B O S
M.d Gfi w—— AR Al w——
D.m Sens-2 =y A s
C.e Pag-3
D.m Sens - —
B M.m Gfi-1
—— R.n Gfi-1
poa— bn H.s GEfi-1

———— D.r Gfi-1

_: H.s Gfi-1B
e—— M.m GEi-1B
G.g Gfi-1B

p— M.d Gfi
b ). m Sensg-2

C.e Pag-3
D.m Sens

| | | ] | | | | | | | ) | ]
60 50 40 30 20 10 0
Nucleotide Substitutions(100)

FIG. 1. Structural similarities and differences between the GPS
proteins. (A) Domain structures of GPS proteins. Since Gfi-1 and
Gfi-1B have similar lengths in different vertebrate species, a represen-
tative is shown for each. The first ZF of Pag-3 is shaded because of low
homology with corresponding ZFs in other GPS proteins (see Fig. 2).
The proteins are aligned relative to their ZFs. The drawings are to
scale except for D. melanogaster Sens-2, which contains 200 extra
amino acids at its N terminus. (B) Phylogenetic analysis of the GPS
proteins. The evolutionary tree of the full-length GPS proteins was
drawn based on the ClustalW algorithm. Note that Senseless behaves
as an outlier. The MegAlign software of the DNASTAR (Madison,
Wis.) package was used for this analysis. H.s, Homo sapiens; M.m, Mus
musculus; R.n, Rattus norvegicus; D.r, Danio rerio; G.g, Gallus gallus;
M.d, Musca domestica; D.m, Drosophila melanogaster; C.e, Caenorhab-
ditis elegans.

are ectopically expressed in other neurons (49); M.d Gfi might
repress a housefly cytochrome P450 gene, CYP6D1 (56), and
Senseless has been implicated in repressing proneural gene
expression in cells other than sensory organ precursors (SOPs)
(45). Also, loss of senseless is associated with upregulation of
the Rough protein and the pointed gene in presumptive R8
photoreceptor cells (28, 29). Finally, Chandrasekaran and
Beckendorf reported an increase in the expression of the pro-
apoptotic genes reaper and hid in senseless mutant embryonic
salivary glands (14). These findings strongly suggest that the
invertebrate GPS proteins also repress the transcription of
several target genes, possibly via recruiting corepressors. In
addition, both Senseless and Pag-3 have motifs very similar to
the consensus binding motif for the C-terminal binding protein
(CtBP), a context-dependent transcriptional cofactor that can
act as a corepressor in many contexts (16, 79). The interaction
between Senseless and CtBP has been confirmed in vitro and
in vivo (our unpublished data). It is therefore possible that
Senseless and Pag-3 compensate for the lack of a SNAG do-
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main via interactions with additional corepressors. It is worth
mentioning that Gfi-1 and Gfi-1B do not have a consensus
CtBP-binding motif. Finally, M.d Gfi and Senseless-2 contain
alanine-rich domains, which have been shown in some cases to
be involved in transcriptional repression (46, 65).

Although in most cases Gfi-1 and Gfi-1B act as DNA-bind-
ing transcriptional repressors, there might be exceptions to this
rule. Specifically, Gfi-1B and Gfi-1 can activate the transcrip-
tion of a promoter containing four copies of their consensus
binding site in an erythroid cell line (74). Interestingly, the
socs-1 promoter activity was repressed in the same cell line, as
expected from a previous report (48, 74). This suggests that
Gfi-1 and Gfi-1B can affect target promoters differentially ac-
cording to the cellular and promoter contexts. Also, deletion of
the Gfi-1-binding element in the promoter of the B1 soluble
guanylyl cyclase gene results in significantly decreased lucif-
erase activity in transient-transfection assays with a human
neuroblastoma cell line, suggesting that Gfi-1 might function as
an activator of this gene in specific cells (92).

The study of Senseless in Drosophila has also provided
evidence for a dual role as a transcriptional repressor and
activator. Specifically, low levels of Senseless can repress the
transcription of the proneural bHLH gene achaete in a DNA-
binding-dependent manner. However, higher levels of Sense-
less can synergize with proneural proteins on the achaete pro-
moter and strongly activate transcription, even after mutation
of the Senseless-binding site in the achaete promoter (45). One
can envisage that the activator function of Senseless on the
achaete promoter might be entirely mediated through repres-
sion of a negative regulator of bHLH proteins or genes (see
below). However, specific point mutations that abolish DNA
binding and repressor function of Senseless are still able to
synergistically activate achaete transcription in cell culture as-
says (our unpublished data). Moreover, a recent report also
suggests the dual role for Senseless. While Senseless function
is necessary for sensory organ-promoting effects of a gene
called phyllopod, Senseless-binding sites in the phyllopod en-
hancer play a negative role in the regulation of phyllopod
activity (80). Of note, there are glutamine-rich domains in
Senseless and Senseless-2 that might mediate transcriptional
activation (46). Hence, the present data suggest that Senseless
and probably other GPS proteins might act as both activators
and repressors. However, it is possible that the activator func-
tions may not require DNA binding.

GPS PROTEINS PREVENT APOPTOSIS

Apoptosis plays a central role in animal development and
tumor formation (67). One of the biological processes that
GPS proteins regulate is apoptosis. Gfi-I was originally iden-
tified as a proviral integration site that rendered a T-cell lym-
phoma line independent of IL-2 (35). Gfi-1 overexpression
downregulates the expression of proapoptotic genes and inhib-
its apoptosis both in immortalized IL-2-dependent T cells and
in explanted primary thymocytes (37). Also, Gfi-1 overexpres-
sion renders Jurkat T cells insensitive to activity-induced cell
death, an apoptotic response initiated by a strong T-cell recep-
tor stimulation in peripheral T lymphocytes (54). These obser-
vations are in agreement with loss-of-function data indicating a
severely decreased thymic cellularity in Gfi-1-deficient mice,
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FIG. 2. Extensive sequence identity between GPS proteins in the ZFs involved in DNA binding (ZF-3 to -5) and their linker motifs (L-3 and
L-4). Alignment of the ZFs of GPS proteins is shown. Blue boxes show the most conserved residues. The second most conserved residues are marked
green (predominantly vertebrate) or yellow (predominantly invertebrate). In the case of equal numbers, the amino acids belonging to Gfi-1 are arbitrarily
highlighted in blue. Black boxes underneath the sequences indicate amino acids predicted to contact DNA. H.s, Homo sapiens; M.m, Mus musculus; R.n,
Rattus norvegicus; D.r, Danio rerio; G.g, Gallus gallus; M.d, Musca domestica; D.m, Drosophila melanogaster; C.e, Caenorhabditis elegans.

which is thought to be in part due to Gfi-1’s role in preventing
apoptosis in early T-cell precursors (43, 105). Gfi-1’s involve-
ment in survival might be crucial for its role as an oncoprotein
and its cooperation with Myc. It has been suggested that cells
that are forced into a proliferative mode become sensitive to
the induction of apoptosis, perhaps to decrease the risk of
neoplasm formation (67). Interestingly, some oncoproteins,
like Myc, are potent inducers of events that can lead to the
activation of the apoptotic cascade (51, 52). Therefore, pre-
venting apoptosis and promoting proliferation (see below) is
probably part of the mechanism by which overexpression of

Gfi-1 can result in full malignant transformation of malignan-
cies promoted by Myc and Pim oncoproteins (91).

Gfi-1 is also involved in preventing apoptosis in the cochlear
hair cells of the inner ear (101). In Gfi-1 mutant mice, hair cells
are initially specified but fail to differentiate properly and are
disorganized. Later on, the hair cells go through apoptosis in a
basal to apical order along the cochlea. Interestingly, the vestib-
ular hair cells do not undergo apoptosis in the absence of Gfi-1,
although they are also abnormal and disorganized. This suggests
that preventing apoptosis is certainly not the only role Gfi-1 plays
in the inner ear, nor is Gfi-1 the only protein that promotes hair
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cell survival. Nevertheless, Gfi-1 seems to be involved in sensing
and/or implementing the survival signals that the cochlear hair
cells need to receive in order to continue their differentiation.

Senseless also prevents programmed cell death in Drosophila
embryos. In senseless null mutant embryos, SOPs form and
divide, only to go through apoptosis during PNS organ differ-
entiation (71). The antiapoptotic role of Senseless has been
studied in great detail in embryonic salivary glands (14). In
salivary glands, Senseless is not involved in cell fate specifica-
tion. However, it is specifically required for survival, as loss of
senseless function can be rescued by a concomitant loss of
proapoptotic genes or by overexpression of the antiapoptotic
protein P35 (41). As mentioned, Senseless seems to regulate
the transcription of the proapoptotic genes reaper and possibly
hid. It is interesting that blocking apoptosis fails to rescue the
senseless mutant phenotype in the embryonic PNS, suggesting
roles other than preventing cell death in the embryo (14). A
similar observation has been made for the developing eye,
where unrecruited, undifferentiated cells are normally elimi-
nated by apoptosis. Inhibition of apoptosis, however, failed to
rescue the senseless loss-of-function phenotype in the eye (30).

Involvement in apoptosis extends to another GPS protein,
Pag-3. In pag-3 mutants there are extra cell corpses along the
ventral nerve cord because an increased number of cells un-
dergo programmed cell death. Interestingly, in some lineages,
cells that normally die via apoptosis survive in pag-3 mutants
(13). It is therefore not obvious how Pag-3 regulates apoptosis
in worms, especially considering the fact that at least part of
the apoptosis-related phenotypes observed in pag-3 mutants
might be secondary to cell fate determination abnormalities. It
remains to be seen whether Pag-3 regulates the expression of
proapoptotic genes in C. elegans.

GPS PROTEINS AND PROLIFERATION

Both loss- and gain-of-function studies suggest a role for
Gfi-1 in proliferation. During T-cell activation, the interaction
between IL-2 and its receptor is essential for antigen-mediated
proliferation and an efficient immune response (35). Ligation
of T-cell receptors on peripheral T cells results in activation
and a transient increase in Gfi-1 expression. Transgenic ex-
pression of Gfi-1 in either T-cell lines or primary T cells in-
creases activation- (19, 54, 85) and cytokine-induced prolifer-
ation (19). IL-6-mediated signaling through STAT3 is involved
in the proliferation of T cells upon antigenic stimulation, and
the observation that Gfi-1 physically interacts with the STAT-3
inhibitor PIAS3 might offer an explanation for Gfi-1’s positive
role in proliferation (85). The differentiation of CD4" T cells
into Th2 lymphocytes involves a large amount of cellular pro-
liferation, and IL-4 is key to this process. IL-4 induces Gfi-1
expression in Th2 lymphocytes, and prolonged Gfi-1 expres-
sion results in the expansion of these cells (107). Overexpres-
sion of Gfi-1 renders lymphoma cell lines independent of IL-2
for their growth, suggesting a role in cell proliferation (35). As
mentioned above, loss of Gfi-I function results in reduced
thymic cellularity because of increased cell death and lack of
proliferation (105).

Albeit at a much lower frequency than Gfi-1, Gfi-1B has also
been implicated in accelerating lymphomagenesis by cooper-
ating with other oncoproteins (96). Forced expression of
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Gfi-1B in human primary CD34" hematopoietic progenitors
resulted in a dramatic expansion of erythroblasts (74), suggest-
ing a role for Gfi-1B in proliferation. These erythroblasts failed
to proceed to mature red blood cells and underwent massive
apoptosis. However, loss-of-function studies did not point to a
specific role for Gfi-1B in proliferation. Specifically, Gfi-1B
mutant hematopoietic progenitors could generate rapidly pro-
liferating colonies of arrested erythroid precursors in response
to growth factors (88). The same phenomenon is observed in
Gfi-1B mutant megakaryocytic precursors in response to
growth factors. These data suggest that the developmental
block in the erythroid/megakaryocytic pathways generated by
loss of Gfi-1B function is less likely to be because of a failure
of these cells to respond to growth-promoting cues from the
environment.

The evidence for a role of the invertebrate GPS proteins in
cell proliferation is not very obvious. In pag-3 mutants, some of
the neuroblasts undergo extra rounds of division, suggesting
that instead of exiting the cell cycle and proceeding with neu-
ronal differentiation, some of the progeny of the pag-3 mutant
neuroblasts adopt a neuroblast fate themselves (13). These
data suggest that Pag-3 might link the neuroblast fate deter-
mination to terminal neuronal differentiation, in part via con-
trolling the cell cycle.

Senseless might also play a role in controlling the cell cycle
and proliferation. In sens™" mutants, ectopic expression of
intermediate levels of Senseless in the third-instar wing pouch
results in wing margin tissue loss in the adult flies (70). The loss
of tissue is not due to an increase in cell death (2). Instead,
there is a severe downregulation of the mitosis-inducing phos-
phatase string (cdc25), suggesting that lack of proliferation
might in part account for the senseless gain-of-function pheno-
type. This would imply that specific levels of Senseless may
inhibit the proliferation of some cells, besides being able to
turn many other epidermal cells into neurons (71). However, it
is not yet clear if and how Senseless regulates the cell cycle in
the SOPs and their progeny.

In summary, Gfi-1 has a well established role in cell cycle
regulation and proliferation. Although Gfi-1B can act as an
oncoprotein, it is not obvious whether it promotes cell prolif-
eration when expressed normally. Finally, while there are rea-
sons to assume that invertebrate GPS proteins might regulate
cell cycle progression, future studies will have to establish the
exact role that each GPS protein plays in this biological pro-
cess.

THE LINK BETWEEN BHLH AND GPS PROTEINS

bHLH transcriptional activators are key regulators of pre-
cursor determination and differentiation in numerous devel-
opmental processes, including myogenesis, neurogenesis, he-
matopoiesis, and the development of the heart, limb, and
pancreas (9, 15, 27, 40, 68, 72, 93). They have also been impli-
cated in tumor formation (17). Among the best-studied groups
of the bHLH superfamily are the proneural proteins. These
proteins are necessary and sufficient to generate neural pre-
cursors from ectodermal primordia (38, 47, 63, 99). They form
heterodimers with class I bHLH activators such as Daughter-
less and E12/E47 to bind specific DNA sequences called E-
boxes and to activate the transcription of their target genes (12,
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64, 98). To prevent overproduction of neural tissue, proneural
proteins induce inhibitory cell-cell interactions mediated by
Notch signaling, which ultimately prevent proneural protein
upregulation in most cells of the proneural field (4, 42, 60, 94).
Notch signaling induces transcription of the genes of the En-
hancer of Split complex [E(spl)-C], a group of bHLH transcrip-
tion factors that repress proneural gene expression by several
mechanisms (18, 34, 45, 59). Proneural proteins themselves are
direct transcriptional activators of E(sp/)-C gene expression
(94). These observations strongly suggest that in order to be
upregulated and to specify the SOPs, proneural proteins
should overcome the negative regulation of Notch signaling/
E(spl) proteins. Several lines of evidence suggest that Sense-
less is one of the main factors that confers to the proneural
proteins the ability to escape this inhibition: senseless transcrip-
tion is directly activated by proneural proteins; Senseless syn-
ergizes transcriptionally with proneural proteins such as
Achaete and Daughterless to upregulate proneural gene ex-
pression; Senseless synergizes genetically with proneural pro-
teins in forming sensory organs, as comisexpression of Sense-
less and proneural proteins greatly increases the number of
sensory organs formed (45, 71); and sensory bristles formed
upon Senseless misexpression are very closely spaced, suggest-
ing inefficient Notch signaling (80). It is interesting that in
many tissues, low levels of Senseless in cells around the pre-
sumptive SOP repress proneural gene expression and thereby
antagonize neuronal fate. This has led to the notion that Sense-
less might act as a binary switch during adult peripheral neu-
rogenesis.

Senseless interacts with bHLH activators in several other
contexts in flies and cooperates with bHLH proteins to enforce
the fate they have initiated. In eye imaginal discs, Senseless is
activated by the bHLH protein Atonal to suppress Rough,
which is an inhibitor of the R8 photoreceptor fate normally
promoted by Atonal (29). In embryonic SOPs, senseless expres-
sion depends on proneural proteins. Senseless in turn is nec-
essary for the proper differentiation of the SOP progeny in the
embryo (71). Finally, in embryonic salivary glands, senseless
expression is initiated by Fork head (Fkh) and maintained by
Sage, a salivary gland-specific bHLH activator that promotes
the survival of salivary cells. Hence, in all tissues where Sense-
less is expressed, we observe that its expression is initiated
and/or maintained via bHLH proteins. The only known excep-
tion is the wing margin, where the broad, low-level senseless
expression seems to be under the control of Wingless (45, 75).

Gfi-1 is expressed in both the CNS and a variety of sensory
organs. It has been detected in olfactory epithelia, Merkel cells
of the skin, the dorsal epithelium of the tongue where taste
papilla develop, optic epithelia, and the otic vesicle (23, 101).
In the inner ear, Gfi-I mRNA is initially expressed in a broad
domain. Later on, this expression becomes confined to the
precursors of the inner ear hair cells. This pattern is very
similar to the expression pattern of Mathl, one of the two
mouse homologs of the Drosophila proneural gene atonal,
which is necessary for the generation of the inner ear hair cells
(8). Direct regulation of senseless by proneural proteins com-
bined with evidence for similar expression patterns of Gfi-1
and bHLH proteins suggests that Gfi-I expression might also
be regulated by one or more bHLH proteins. Although the
early expression of Gfi-1 does not seem to depend on Mathl
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(101), Mathl is a good candidate for being upstream of Gfi-1
to control its hair cell-specific expression, as Gfi-1 expression is
abolished in the presumptive hair cells of Mathl mutants.

The functional relationship between Gfi-1 and bHLH pro-
teins in the inner ear is also quite reminiscent of the Senseless/
proneural relationship in flies. Mathl and atonal are highly
conserved: both genes specify cells with similar functions (in-
ner ear hair cells and fly mechanoreceptors) and are function-
ally interchangeable, as each gene can substitute for the func-
tion of the other (7, 103). Interestingly, the role of Gfi-1 in
inner ear hair cell development is also similar to the role of
Senseless in Drosophila embryonic PNS (see above). In Gfi-1
mutant mice, inner ear hair cells are specified but fail to dif-
ferentiate properly, and the mutant mice are deaf and ataxic
(101). A similar relationship might also exist between Gfi-1 and
Math5, the other mouse Atonal homolog involved in retinal
development (11, 102). Loss of Math5 blocks differentiation of
most retinal ganglion cells and results in severely reduced Gfi-1
expression in these cells (104). This observation suggests that
Gfi-1 might be activated by Math5 to ensure the proper dif-
ferentiation or survival of the retinal ganglion cells. These data
are in line with the hypothesis that GPS proteins might be
involved in consolidating the fate specified by bHLH transcrip-
tional activators.

More recently, Gfi-1 was found to be necessary for the dif-
ferentiation of pulmonary neuroendocrine cells. Importantly, it
was shown to be expressed in neuroendocrine lung cancer cell
lines, especially in small-cell lung carcinomas (SCLCs) (58a). It
should be noted that Mashl, a mouse homolog of the Drosoph-
ila proneural genes achaete and scute, is necessary for pulmo-
nary neuroendocrine cell formation and is highly expressed in
SCLCs (6, 10). Hence, this is yet another example where pro-
neural proteins may activate Gfi-1. Gfi-1 in turn seems to be
involved in enforcing the neuroendocrine fate induced by a
proneural-type protein. Similar to the SOP formation para-
digm, Notch signaling opposes the neuroendocrine phenotype
conferred by Hash-1 (the human homolog of Mash-1) to cul-
tured SCLC cells (95). However, Gfi-1 promotes the neuroen-
docrine phenotype and probably helps the bHLH protein to
escape the negative regulation of Notch signaling.

T-cell maturation is another process in which Gfi-1 and
bHLH activators promote a similar outcome. Specifically, sim-
ilar to E47 mutant mice, Gfi-I mutant mice develop signifi-
cantly more CD8" T cells and show an accelerated positive
selection of double-positive thymocytes (5, 105). The observa-
tion that Id1 (for inhibitor of DNA binding) and Id2, which are
negative regulators of the E47 protein, are upregulated in
Gfi-1 mutant thymocytes suggests that Gfi-1 might repress Id1
and Id2 expression and thereby be required together with E47
for a correct CD4/CDS lineage decision (5, 105). It would be
interesting to test whether Gfi-1 expression in thymocytes de-
pends on E47 activity. Also, Id1 and Id2 are homologs of the
Drosophila protein Extra macrochaetae (Emc), one of the neg-
ative regulators of proneural protein function (24, 33). There-
fore, repression of emc transcription might be one of the mech-
anisms by which Senseless upregulates proneural proteins.

Finally, lymphomagenesis is another setting in which GPS
proteins cooperate with bHLH activators. The Myc family of
oncoproteins are involved in the formation of a variety of
human cancers (17). Like other transcriptional activators con-
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taining bHLH domains, dimers of the Myc proteins bind E-box
DNA elements and activate the transcription of their target
genes (64). Interestingly, the low oncogenic potential of Gfi-1
increases dramatically when it is coexpressed with Myc and
another oncoprotein, Pim-1 (90, 108). Similarly, the presence
of Gfi-1 clearly accelerates the process of lymphoma formation
initiated by Myc and Pim-1. Indeed, Gfi-1 has been identified
as a frequent target of Moloney proviral insertions in the
lymphomas of rats, mice, and Myc- and Pim-1-transgenic mice
(3, 35, 62, 89, 91, 96).

Altogether, GPS proteins seem to cooperate with bHLH
activators in many cellular and developmental contexts. GPS
expression seems to be regulated by bHLH proteins in both
vertebrates and invertebrates, and there is ample evidence that
this regulation might be direct in flies. Although Senseless is
required for proneural protein upregulation and maintenance
in adult SOPs, a similar role for Gfi-1 or Gfi-1B has not been
observed yet (88, 101). Indeed, a recent report suggests that in
vertebrates, another ZF protein called MyT1 synergizes with
Neurogeninl and antagonizes Notch signaling to induce neu-
rogenesis, a role that is played by Senseless in fly SOP forma-
tion (81). Finally, the GPS-bHLH cooperation is of a synergis-
tic nature in some contexts both in flies and in vertebrates.
Accordingly, inhibition of Gfi-1 function might be a fruitful
approach in treating malignancies such as SCLC, in which
bHLH and GPS proteins are coexpressed (58a). Even more
exciting is the idea of using GPS proteins to synergize with
bHLH proteins in generating cell types that are lost to disease
or trauma. For example, the generation of inner ear hair cells
by exogenous Mathl delivery in rat cochlear and utricular
explants and in adult guinea pigs (58, 106) may be enhanced by
codelivery of Gfi-1 with Mathl.

SIMILAR FACTORS OTHER THAN BHLH PROTEINS
MIGHT CONTROL GPS EXPRESSION

Similarities between the expression and function of senseless
and Gfi-1 in sensory organs of flies and mice suggest that
similar proteins might regulate the transcription of these
genes. Although bHLH proteins regulate senseless expression
in many contexts, senseless expression does not depend solely
on proneural proteins. The low-level expression of senseless in

the wing margin and the initiation of senseless expression in the
embryonic salivary glands is independent of bHLH proteins
(14, 45). One of the senseless enhancers identified so far cor-
responds to a 200-bp fragment which is sufficient for expression
in almost all of the embryonic SOPs and a large number of
pupal SOPs (45) (Fig. 3). Although the single E-box in this
enhancer has a major role in gene expression, a residual B-ga-
lactosidase expression in some embryonic and pupal precur-
sors is observed when this E-box is mutated (45), suggesting
that proteins other than proneural proteins regulate this en-
hancer. Sequence analysis with the MatInspector software (82)
predicted several putative binding sites for other transcription
factors in this 200-bp enhancer (Fig. 3). Alignment of the
senseless genomic regions of Drosophila melanogaster and Dro-
sophila pseudoobscura showed that some of the binding sites
predicted by MatInspector are highly conserved between these
two species, which diverged around 25 to 30 million years ago
(87). Specifically, the 200-bp senseless enhancer contains con-
served putative binding sites for Pax-2 and the GATA protein
Pannier, both of which are important for PNS development
(31, 39, 57). Also, the winged helix transcription factor Fkh
initiates senseless expression in embryonic salivary gland pla-
codes prior to its becoming dependent on the heterodimer of
Sage and Daughterless bHLH proteins (14). Interestingly, ho-
mologs of all of these proteins are known to be involved in
inner ear hair cell development: Pax-2 has been shown to be a
major regulator of inner ear patterning, Fkh10 mutant mice
exhibit vestibular and hearing impairments, and GATA-3 is
involved in the morphogenesis of the inner ear (44, 53, 61, 97).
These observations suggest that a similar battery of transcrip-
tion factors might regulate PNS-specific expression of senseless
and Gfi-1.

Although the expression of senseless and pag-3 has been
identified only in the nervous system (with the exception of
Drosophila embryonic salivary gland), Gfi-I and Gfi-1B are
expressed in many other tissues. Gfi-I expression has been
detected in the thymus, spleen, testis, bone marrow, lung, and
gut (35, 96, 101). Gfi-1B is expressed in the spleen, bone mar-
row, fetal liver, fetal thymus, and testis (19, 86, 96). Is there a
reason to think that similarities between transcriptional regu-
lators of senseless and its vertebrate homologs might go beyond
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the nervous system? We believe that there is some evidence in
favor of this speculation. There is indeed precedence for sim-
ilar gene regulation mechanisms between the fly PNS and the
vertebrate hematopoietic system. GATA proteins regulate
multiple aspects of hematopoietic development (73). An oli-
gomeric complex containing the hematopoietic bHLH protein
TAL-1/SCL and GATA-1 has been implicated in regulating
transcription in erythroid cells (100). In Drosophila, a similar
complex has been shown to directly regulate proneural gene
expression in vivo (83). Careful inspection of the above-men-
tioned 200-bp senseless enhancer indicates the proximity of the
conserved E-box and GATA-binding sites (Fig. 3). Together,
these observations suggest that Gfi-I and Gfi-1B expression
might also be regulated by a GATA-bHLH complex.

Another common mode of GPS regulation might be nega-
tive autoregulation. This mechanism was first discovered by Jia
and colleagues in C. elegans, where they showed that pag-3
message was upregulated in pag-3 loss-of-function mutants
(50). Recently, it was reported that Gfi-1 can bind the Gfi-/
promoter and repress its own expression in T cells (20).

In summary, Gfi-1 is expressed in precursors of organs in-
volved in almost all types of senses, including hearing, balance,
vision, touch, smell, and taste (101), and senseless is expressed
in precursors of all PNS organs in Drosophila. Given the fact
that homologs of several transcription factors predicted to
regulate senseless expression play important roles in vertebrate
PNS development, it is only natural to speculate that they
might be involved in Gfi-1 regulation too. Moreover, similar
transcriptional regulatory complexes have been shown to func-
tion in both vertebrate hematopoietic and fly nervous systems
(83, 100). This should encourage efforts to study the transcrip-
tional regulation of senseless, watching for possible parallels
with vertebrate hematopoiesis.

GPS PROTEINS PLAY IMPORTANT ROLES IN CELL
FATE DETERMINATION AND DIFFERENTIATION

Studies of the invertebrate GPS proteins implicate their
involvement in both specification and differentiation. Sense-
less, for example, plays a variety of roles in different cell types,
ranging from SOP fate specification in adult external sensory
organs to differentiation of R8 photoreceptors in the eye to a
pure antiapoptotic role in embryonic salivary glands (14, 29,
71). However, vertebrate GPS proteins so far have been found
to function mostly after lineage commitments have been made.
These observations suggest that playing a role in early lineage
decisions might be one of the differences between vertebrate
and invertebrate GPS proteins, perhaps parallel to the diver-
gent roles of their corresponding bHLH proteins (40). How-
ever, we cannot exclude the possibility that redundancy be-
tween Gfi-1 and Gfi-1B functions might belie their role in
precursor selection, at least in some contexts.

Pag-3 has also been shown to function in cell fate determi-
nation and differentiation. In pag-3 mutants, some of the neu-
roblast progeny seem to adopt the fate of their mother cells
(13). Specifically, instead of producing a terminally differenti-
ated neuron, one of the Pn.aaa progeny behaves like a neuro-
blast in the absence of pag-3 function. Pag-3 is also involved in
differentiation of several neuronal lineages in C. elegans (13).
Therefore, Pag-3 shares with Senseless the ability to function
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at various stages during the development of different cell lin-
eages.

Loss-of-function studies have established that Gfi-1B plays
an essential role in the generation of red blood cells and
platelets (88). Gfi-1B mutant embryos form immature primi-
tive erythrocytes that are able to perform only a limited degree
of oxygenation. Definitive erythropoiesis, however, is dis-
rupted, as there are no adult red blood cells in these embryos,
leading to death by E15. Based on marker analysis, it was
concluded that in the absence of Gfi-1B, hematopoietic pro-
genitors commit to the erythroid lineage but fail to mature.
Gfi-1B has a similar role in platelet formation; there is a block
in megakaryopoiesis in Gfi-1B mutant embryos after cells are
committed to the megakaryocytic or perhaps erythoid/
megakaryocytic lineage (88). Although Gfi-1B is expressed in a
myeloid cell line, loss of Gfi-1B function does not result in a
gross abnormality in the shape or number of myeloid cells.

Gfi-1 also functions in a lineage-specific fashion. Although
lack of Gfi-1 is compatible with the formation of mature T and
B cells, Gfi-1 plays an important role in the early differentia-
tion steps of lymphocytes (see above) (43, 105). Moreover, loss
of Gfi-1 function is not compatible with the formation of nor-
mal neutrophils beyond the promyelocyte stage, as Gfi-1 reg-
ulates neutrophil development in a cell-autonomous fashion
(43, 55). Instead of normal granulocytes, Gfi-/ mutant mice
accumulate “atypical myeloid” cells with characteristics of both
granulocyte and macrophage lineages in their blood as they
age. In fact, coexpression of monocytic and granulocytic lin-
eage markers in these cells suggests that Gfi-1 might also
oppose the adoption of macrophage fate by myeloid precur-
sors. Some mutant animals survive up to a year without anti-
biotics, in agreement with the finding that the atypical myeloid
cells preserve some of the capacities needed to defend against
pathogens, such as phagocytosis and oxidative burst activity.
However, these cells do not seem to provide an efficient de-
fense mechanism, as the mutant animals are highly susceptible
to infection and abscess formation by gram-positive bacteria
(43). Also, the Gfi-1-deficient macrophages tend to produce
increased levels of inflammatory cytokines in response to the
bacterial lipopolysaccharide, which can kill the mutant mice
even at low doses (55). Interestingly, heterozygous mutations
in Gfi-1 have been found in patients with neutropenia (21, 78).
These mutations are able to act in a dominant negative fashion
in transient-transfection assays, and it has been suggested,
based on several lines of evidence, that a derepression of the
gene Ela2 (encoding neutrophil elastase) might underlie the
hematopoietic problems in the affected patients. A similar
increase in Ela2 transcript level has also been reported for the
bone marrow cells of the Gfi-I mutant mice (43).

Together, these data indicate that both Gfi-1 and Gfi-1B are
required for the differentiation of specific cell types after the
lineage commitment has occurred, unlike Senseless and Pag-3,
for which earlier roles have also been established. However,
circumstantial evidence suggests that Gfi-I and Gfi-1B might
also regulate earlier steps in hematopoietic development. First,
many of the known “lineage-restricted” hematopoietic tran-
scription factors are also expressed at lower levels in uncom-
mitted progenitors (73). Indeed, expression of both Gfi-1 and
Gfi-1B has been detected in hematopoietic stem cells (74),
suggesting an earlier role before the lineage commitments are
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made. Second, chromatin immunoprecipitation assays have
shown that Gfi-1 is recruited to the Gfi-1B promoter in both
myeloid and lymphoid cell lines (22), which is compatible with
the idea that one protein might regulate the expression of the
other. Furthermore, Gfi-1B is able to function as a direct
transcriptional repressor of Gfi-1 in both a T-cell line and
primary thymocytes (20). Taken together, these observations
suggest the possibility that the effects of loss of one protein
might be in part compensated for by the presence of the other,
either at wild-type levels or, if there is indeed mutual repres-
sion, at higher-than-wild-type levels. This means that the ear-
liest phenotype that can be observed from the loss of one gene
would be at a stage in which each of the two has assumed its
lineage-specific role. It is important to note that there is data in
the literature suggesting that Gfi-1 and Gfi-1B might not be
interchangeable in all cellular and developmental contexts:
Gfi-1 is found much more frequently than Gfi-1B as a proviral
insertion site in T-cell malignancies (3), and, unlike the case
for Gfi-1, Gfi-1B overexpression results in defective T-cell ac-
tivation (19). Nevertheless, given their structural similarities, it
is reasonable to think that in some contexts the two proteins
might perform redundant functions. In summary, the versatil-
ity of the vertebrate GPS proteins in regulating several cellular
processes and the involvement of their invertebrate counter-
parts in determination and differentiation of some of the early
neural precursors should encourage the study of their role in
survival and maintenance of stem cells.

EPILOGUE

Although different GPS proteins have mostly been studied
in different biological contexts, the picture emerging from the
recent reports suggests that the parallels between the functions
of these proteins may be more significant than originally
thought. It is therefore natural to speculate on what those
parallel functions might be and to design experiments to vali-
date the speculations. The evidence for similarities between
the regulation and function of this small group of ZF proteins
both encourages further studies to identify the mechanism of
their currently known functions and holds the promise for the
discovery of novel aspects of their biological roles. Several
important questions need to be answered. What are the phe-
notypes of Gfi-1 Gfi-1B double-knockout mice? What is the
functional importance of Gfi-1 expression in sensory organs
other than the inner ear? What is the loss-of-function pheno-
type of Gfi-1 in the CNS? Is Gfi-1B expressed anywhere out-
side the hematopoietic system? Does Senseless or Senseless-2
play a role in Drosophila hemocyte development? Is the ex-
pression of pag-3 regulated by a bHLH protein?

This all brings to mind the old “elephant in the dark” story
beautifully told by the 13th century mystic poet Rumi to met-
aphorically describe one of the challenges faced by the seekers
of truth (69). Briefly, an elephant was brought for exhibition to
a city where no one had seen an elephant before and put in a
dark room. Wise men were asked to touch the animal and
report their experience to others. The person who touched the
ear assumed that the beast was fan-shaped, the one who felt
the leg reported the animal to be like a pillar, and the one who
laid his hand on its back said that it was similar to a throne.
Rumi suggests that the difference would have gone out of their
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words had each of them carried a candle in his hands. We
anticipate that the collective efforts of researchers to study the
regulation and function of GPS proteins in different contexts
will eventually shed light on the conserved functions of these
proteins.
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