
Introduction

This review is written with the deliberate
intent to tell a story to the reader. For this rea-
son, the results are presented in a chronologi-
cal order, including that whose hypotheses

proved false because they nevertheless
brought insightful ideas to the field.

LIM Domain Containing Proteins: 
A Family

The LIM domain is a specialized double
zinc-finger motif found in a variety of proteins
(reviewed in refs. 1,2). The LIM domain is sim-
ilar to the GATA-type zinc-finger domain,
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except LIM-type domains have a much shorter
spacing between their two Zn2+-fingers and,
importantly, they don’t bind DNA. The name
LIM came into use in 1990 after the identifica-
tion of the first three homeodomain-containing
proteins, namely: Lin11 (3), IsI1 (4), and Mec3
(5). Exemplified by the fact that Lin11 and Mec3
are C. Elegans genes, LIM-containing genes
constitute a large gene super-family found
from nematodes to mammals. They contain at
least two N-terminal tandemly-organized LIM
domains, and can be classified according to the
additional domain they contain: a home-
odomain (LIM-hd), a kinase domain (LIM-
kinase), or little else (LMO for LIM-only, with
up to five LIM domain repeats) (see Fig. 1).
Alternatively, they can be classified after phy-
logenetic analysis of the LIM-domain
sequences. Both types of classification allow
for the recognition of two distinct groups of
LIM-containing proteins: 1) nuclear (including
LIM-hd and LMO), or 2) cytoplasmic (includ-
ing LMO and LIM-kinase). While the twelve
cytoplasmic LMO members (described in vari-
ous species) and the two cytoplasmic LIM-
kinases isolated are mainly associated with the

cytoskeleton, nuclear LMO (four members,
LMO-1 to LMO-4 in vertebrates) and LIM-hd
transcription factors (thirteen members in
mammals, see ref. 6) are involved in a variety of
developmental processes. (For a list of LIM-
containing proteins, see ref. 7.) LMO factors are
recognized as powerful oncogenes when de-
regulated by chromosomal translocation or
mutations (reviewed in ref. 8). LIM-hd factors,
on the other hand, have a prominent involve-
ment in tissue patterning and differentiation,
and their function in neuronal patterning is
evident in all organisms studied to date
(reviewed in ref. 9).

Molecular Mechanisms Associated
with LIM Domains: 
A Short History

LIM Domains Are “Inhibitory”

From the very beginning of the LIM story,
the LIM domains, presenting a zinc-finger-like
structure, were proposed to be involved in pro-
tein–protein interactions (10); also reviewed in
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Fig. 1. LIM domain containing proteins. The classification and the general structure of LIM-containing pro-
teins is shown. Two N-terminal LIM domains (LIM1 and LIM2, rectangles) can be associated to a homeodomain
(HD, oval), a kinase domain, or little else (LMO). Among cytoplasmic LIM-containing proteins, the LIM domains
can be either in N-terminus (example shown: LIM-kinase or CRP) or in C-terminus (example shown: paxillin).
Major differences between nuclear and cytoplasmic LIM proteins include the interaction with cofactors and the
type of biological function.



refs. (1,11). They were initially shown in vitro
to engage in low affinity homodimer and het-
erodimer formation with LIM domains of other
LIM-containing proteins (12,13), and to bind to
other protein motifs including basic helix-loop-
helix (bHLH) motifs (14–16). The first evidence
that LIM domains were inhibitory to LIM-hd
function emerged in 1993 from studies on Mec-
3 (a C. Elegans gene) and IsI1 (a mammalian
gene). In these two factors, the LIM domains
inhibit both the DNA binding of their associ-
ated homeodomain assayed in gel shift experi-
ments, and the transactivation of transcription
assayed on a reporter construct (17,18). It is
noteworthy that these properties do not remain
valid for all subsequently tested LIM-hd pro-
teins. Using mRNA injection in Xenopus, Taira
et al. (19) showed that the LIM domains are
inhibitory in vivo, since injection of a LIM
domain-deleted version of x-lim 1 was capable
of inducing a partial secondary axis formation,
whereas wild type x-lim 1 was not. This led to
the useful first model (now modified) pro-
posed by Dawid and coworkers, where an
intra-molecular folding of the LIM domains
onto the homeodomain prevented its binding
to DNA, and subsequent transcriptional activa-
tion. This also implied, as in the case of x-lim 1,
that the largely inactive x-lim 1 protein had to
be activated in vivo, probably through interac-
tions (via the LIM domains) with co-activators
or cofactors.

NLI/Ldb/CLIM: LIM Cofactors

The search for such cofactors proved success-
ful in 1996–1997, when three independent
groups reported the cloning of factors that
specifically associate to the LIM domains of all
nuclear LIM proteins tested (but not cytoplas-
mic LIM domains such as those of enigma, pax-
illin, zyxin or CRP, and LIM-kinase). These
factors, diversely called NLI (20), Ldb1 (21), or
CLIM1/CLIM2 (22) (NLI, Ldb1, and CLIM2 are
the same molecule; the NLI nomenclature will
be used for clarity in the ensuing text) were
shown to be necessary for LIM-hd function in
vivo. Indeed, the co-injection of x-lim1 and NLI

(but, again, not x-lim1 alone) into Xenopus
embryos was able to induce a dorsalized pheno-
type and a secondary axis formation (21). The
NLI/LIM-hd interaction was dissected, and
shown to occur through a 63 a.a. region in the
C-terminus of NLI, called LID (LIM Interaction
Domain), and to involve at least one of the two
LIM domains (with intact cysteine residues) of
LMO and LIM-hd proteins (20,22). As expected,
the LIM domains of LIM-hd proteins were
required for the cofactor function of NLI on
Lhx3/P-lim in transactivation assays (22), or on
x-lim1 function in Xenopus in vivo (21). More-
over, the formation of DNA-bound complexes
consisting of at least Lhx3/NLI were shown
in electrophoretic mobility shift assay (EMSA)
experiments (22). Collectively, these findings
created a molecular basis for the “inhibitory”
nature of LIM domains.

Interestingly, Bach et al. (22) also showed that
NLI was able to confer transcriptional syner-
gism between two distinct transcription factors,
including non LIM-containing factors: although
P-Otx is a homeodomain protein without LIM
domain, a NLI-dependent synergy between P-
Otx and Lhx3 (a LIM-hd protein) was observed
on the α-GSU promoter, and the formation of
DNA-bound complexes of P-Otx/NLI was
described (Fig. 2A). Similarly and more recently,
NLI was shown to confer synergism between
Otx2 (a homeodomain protein) and x-lim1 on
the goosecoid promoter in Xenopus in vivo (23).
These reports, together with other findings of
LIM-hd proteins interacting with bHLH and
POU families of transcription factors, suggest
that the LIM domains and NLI act as adapter
elements able to promote the assembly of mul-
timeric protein complexes, in this case for the
purpose of transcriptional regulation. It is quite
remarkable that Arber and Caroni (24) came to
the same conclusion for the LIM domains of
cytoplasmic proteins by using totally different
approaches of cell culture system to study pro-
tein targeting to the actin cytoskeleton. This
crucial role of LIM domains, which can be
regarded as scaffolds for the formation of
higher order complexes, has been reviewed by
Bach (25).
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NLI/Ldb/CLIMs: Bridging Molecules

The ability of NLI to confer synergism
between transcription factors from two distinct
families suggested that they contained several
interaction motifs. Further molecular dissection
of their functional domains yielded an unex-
pected result. Besides restricting the LID to 38
residues in the C-terminus of the protein, Jurata
and Gill (26) found in 1997 that NLI was able to
dimerize through a dimerization domain (DD)
located within the 200 N-terminal residues of
the protein. The presence of two functionally
independent domains in NLI molecules opened
up the possibility of specific-partner interac-
tions for transcriptional regulation. Jurata and
Gill (26) also showed that NLI mediates homo-
and heteromeric complex formation between
LIM-hd proteins including Lhx3, IsI1 and IsI2
(27). Therefore, NLI emerged as a bridging mol-
ecule able to mediate combinatorial interactions
between LIM-hd transcription factors whose
DNA-binding sites may be very distant (see
Fig. 2A). Breen et al. (28) supplemented in vivo
arguments to the biochemical evidences of
Jurata and coworkers, by showing in Xenopus
animal caps experiments that NLI-dependent
activation of downstream genes by x-lim1
required both the LID and the DD of NLI. These

findings, and the deduced model which is still
very accurate (27) (Fig. 2A), gave a molecular
foundation to the LIM-hd combinatorial code
that was shown to be involved in axonal
pathfinding of spinal cord motorneurons (29–32)
and suggested in the forebrain during develop-
ment (6, 33–35). Such direct interactions medi-
ated by NLI dimerisation could also explain
transcriptional synergy at a local DNA level,
such as those expressed between Lhx3 and Pit1
(36), or Lhx3 and P-Otx (22).

Ap and Chip: The Drosophila Players

Until this point in LIM domain history,
Drosophila provided an “abnormally” low con-
tribution to the field, but was about to catch up
very rapidly, to opening a new era in LIM-
dependent regulation of transcription.

Two of the most studied key players of the
LIM “system” in the fly are essentially apter-
ous (Ap) and Chip. Ap is a LIM-hd transcrip-
tion factor (ortholog of vertebrate Lhx2/Lhx9),
and was isolated independently in 1992 for its
role in wing-disk development (37) and neu-
ronal and muscle development (38). Interest-
ingly, like its vertebrates counterparts, Ap
regulates axonal pathway selection in the
embryonic ventral nerve cord (39), and a con-
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Fig. 2. Interactions between LIM-hd, NLI, and LMO. (A–C) Recapitulate the progressive understanding of the
LIM-hd mechanisms of transcriptional control described in text. The broken arrow depicts a generic promoter.
The homeodomain of LIM-hd is a black oval, whereas the LIM domains are white rectangles. NLI is represented
by light gray rectangles (DD: dimerization domain; LID: LIM-interacting domain). LMO LIM domains are dark
in gray. Drawings and sketches are adapted from illustrations in articles from authors cited in text. (A) Illustrates
the model of Jurata and coworkers where the active from of the complex is an heterotetramer. It is represented
in the cases of Lhx3/Lhx3, Lhx3/lsl1, and P-Otx/Lhx3 complexes which have been shown molecularly to occur.
The interrupted line on the promoter is to illustrate long distance or local interactions between transcription fac-
tors rendered possible through complex formation. In the case of the αGSU promoter, the LIM-hd binding site,
and the P-Otx binding site are located –342/–329 and –390/–383 bp upstream of the transcriptional start,
respectively. (B) Sketches Drosophila genetic experiments. Two examples are represented: the first line shows
that an excess of Chip can be compensated by Ap overexpression, whereas the second line shows that an
excess of Chip∆LID cannot. This leads to the proposal in Drosophila that the active form of the complex is an
heterotetramer. (D) Illustrates the mechanisms of LMO/LIM-hd competition, where the LIM domains of the two
proteins compete for NLI/Chip binding. The second line shows the elegant experiments where the ChipDD-
ApHD chimera escapes from dLMO competition, and where swapping the LIM domains of LIM-hd for those of
LMO allows the chimeric protein to compete more effectively with dLMO.
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servation of the expression and function of Ap
and its mammalian orthologs has been
reported (40,41). Thus, the study of LIM-hd
regulatory mechanisms in the fly is relevant at
both levels of mechanism and function. The
topic of LIM-hd across evolution has been dis-
cussed elsewhere (reviewed in refs. 6,42).

Chip, on the other hand, is the homolog of
NLI, and was isolated in 1997 as a facilitator of
enhancer-promoter communication in the reg-
ulation of cut (cut wing) genes (43). Chip pro-
tein interacts with the LIM domains of Ap.
Importantly, Chip interacts genetically with
Ap, showing that the Ap/Chip interaction is
crucial for Ap function in vivo. Interestingly,
Morcillo and coworkers (43) previously noted
that Chip was a ubiquitous protein, and that
embryos without Chip activity lack segments
and have gap and pair-rule gene-expression
defects, even though there are no LIM-hd pro-
teins involved in Drosophila segmentation.
Hence, they suggested that Chip cooperates
with various proteins (see also ref. 44), includ-
ing LIM-domain containing proteins, to struc-
turally support remote enhancer-promoter
interactions—a hypothesis which fits well
with the model of Jurata et al. (27) (Fig. 2A).
Finally, Ap activity strictly depends on the
availability and the correct amount of its
cofactor, Chip for dorso-ventral compartimen-
talization of the wing (45). Indeed, Chip
excess-of-function wing phenotypes can be
rescued by ap overexpression (see Fig. 2B, first
line). This finding introduced, for the first time
in LIM-hd field, the idea of stoïchiometry,
which would prove to be critical in the
Chip/NLI- and Ap/LIM-hd-dependent regu-
lation of transcription.

dLMO: A Competitor

In 1998, three groups independently found
that the Beadex locus (Bx is a dominant muta-
tion affecting wing development) encodes a
Drosophila LIM-only protein, dLMO (46–48).
The Bx mutation caused a disruption to the
3′UTR of the dLMO transcript, abrogating
putative negative control elements, resulting in

dLMO overexpression and in the wing scallop-
ing phenotype that is typical of Bx mutants
(46–48). The findings that: there are genetic
interactions between dLMO/Bx, Ap, and Chip
(46); that overexpression of dLMO in Bx
mutant interferes with Ap function (but not Ap
expression); and that the dLMO protein com-
petes in a concentration-dependent manner
with Ap for binding to the cofactor Chip (47),
collectively suggests that the level of Ap activ-
ity is regulated by dLMO through a competi-
tion of the two LIM-containing proteins for
Chip-binding (Fig. 2C, first line). These results
were not only exciting for the understanding
of fly-wing development (see comment by
Dawid [49], and below), but also because they
uncovered a possible molecular mechanism for
the oncogenic activity of vertebrate LMO
genes. Indeed, misexpression of LMO proteins
after chromosomal translocations/gain of
function mutations has been implicated in can-
cers of the lymphoid system (for a review, see
ref. 8). In Drosophila, overexpression of dLMO
causes a dominant-interfering reduction of the
activity of the LIM-hd protein Ap. As sug-
gested by Milan and coworkers, it is possible
in human cancer that the de-regulation of a
LIM-hd activity by LMO overexpression alters
the proper maintenance of the differentiated
state in T cells, and leads to a failure in control
of cell proliferation.

Importantly, the functional significance of
the cross-talk between Ap, dLMO, and Chip
for wing development is becoming clear. apter-
ous is the selector gene responsible for the
establishment of dorsal and ventral compart-
ments in the developing-wing disk: it is
expressed in dorsal cells, where it is responsi-
ble for boundary formation, establishment of
the signaling center, and specification of dorsal
cell-identity. An important finding was the dis-
covery that Ap initiates dLMO expression in
dorsal cells (47). Thus, Ap induces its own
inhibitor, restricting the time-window of its
own action, and allowing the down-regulation
of its downstream genes, Serrate and fringe,
and the induction of Delta in dorsal cells. This
temporal regulation of Ap activity appears
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necessary for a correct induction of the dorso-
ventral organizer and a normal wing develop-
ment (50).

The Active Complex: An Heterotetramer

Although they clarified important aspects of
LIM-associated regulations, these Drosophila
findings did not deal with the mechanisms by
which NLI/Chip cofactors activate LIM-hd
proteins in vivo. It was nevertheless clear
that the model where cofactor-binding to LIM
domains alleviates repression on homeodomain
activity and/or binding, was too simple (see
also next section): among other inconsistencies,
the fact that a mutant form of Ap lacking LIM
domains has no biological activity in vivo (51)
(note that deleting LIM domains renders x-lim1
active in Xenopus in vivo [19]); and that overex-
pression of Chip causes a reduction of Ap
activity in vivo (45) suggests that the regula-
tion was more complex.

As already mentioned earlier, overexpres-
sion of Chip had a dominant-negative effect
on wing development, but could be sup-
pressed by overexpression of Ap (45) (Fig. 2B).
This led the authors to propose that the active
form of Ap was an Ap dimer bridged by a
Chip dimer. This was elegantly presented in
1999 by Milan and Cohen (52) and Van Meyel
et al. (53) who designed a chimeric molecule
consisting of the DD of Chip fused to the
homeodomain of Ap. It was shown that this
chimeric protein can completely replace Ap
function in vivo (Fig. 2C, second line). Milan
and Cohen (52) further revealed that this
chimeric ChipDD-ApHD molecule was not
susceptible to dLMO regulation, and was con-
stitutively active. Consequently, Ap activity
was not down-regulated and a wing pheno-
type comparable to the dLMO loss-of-func-
tion phenotype was observed. These findings
(and others not detailed here; see also ref. 54)
are therefore in full agreement with the
hypothesis of a dimer of Ap bridged by Chip
being the tetrameric active form of the com-
plex. Interestingly, Van Meyel et al. (55)
demonstrated that this heterotetramer is also

the active form of Ap for the regulation of
axonal guidance in the ventral nerve cord.
However, in this case, since there is no dLMO
expression (and therefore no dLMO-depen-
dent regulation of Ap activity in Ap-express-
ing neurons) the ChipDD-ApHD chimeric
molecule rescued the axon pathfinding defects
of Ap mutants, Chip mutants, and Ap/Chip
double mutants (55).

RLIM: A Co-Repressor

Combining Drosophila insights and classical
molecular approaches was extremely useful in
trying to resolve the mechanisms of LIM-hd
activation in vivo: a solid convergence of
results confirmed the original model proposed
by Jurata and coworkers. However, some ques-
tions remain unanswered from vertebrate/
molecular studies. In the case of Lhx3, the
release of the inhibitory effect of LIM domains
by NLI was not mediated through an effect on
Lhx3 DNA binding (22), as could have been
expected from the earlier Isl1 data (17). Indeed,
Lhx3-∆LIM (LIM domains deleted) binds DNA
better than Lhx3, but NLI does not improve
Lhx3 DNA binding. Moreover, NLI does not
modify the DNA footprint of Lhx3 on the α-
GSU promoter (22). If the NLI co-activator
effect is not due to an effect on DNA binding,
Bach and coworkers reasoned that its biologi-
cal effect is rather to promote synergism,
or/and to relieve the action of a LIM-associ-
ated inhibitor.

Such a co-repressor was isolated in 1999 by
virtue of its ability to bind LIM domains, and
was called RLIM (56,57). RLIM is a RING-H2
zinc-finger protein which interacts with
nuclear LIM domains and LIM-kinase, but not
with cytoplasmic LIM domains. Interestingly,
RLIM is also able to interact with NLI (at the
level of its DD) via a basic domain (BD) located
in the middle of the molecule (56,58). In EMSA
experiments, RLIM prevented Lhx3/NLI/DNA
ternary complex formation, suggesting that
RLIM modulates NLI action on LIM-hd at the
level of NLI-binding or NLI-function (56). In
transient transfection experiments, RLIM inhib-
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ited the transcriptional activity of Lhx3 and the
transcriptional synergism between Lhx3/Pit1
or Lhx3/NLI/P-Otx, and this repressor effect
proved to be mediated through the recruit-
ment of the Sin3A histone deacetylase complex
(56). Finally using retroviral infection of chick
limb buds, in vivo, Bach and coworkers found
similar phenotypes of perturbation of limb-
outgrowth when they overexpressed either
RLIM, a dominant-negative version of NLI
(DD deleted), or a version of the LIM-hd pro-
tein Lhx2 fused to the engrailed repressor
domain (i.e., repressing Lhx2 function). These
findings suggest that the alternate or combina-
tional interaction of NLI and RLIM with LIM
domains of LIM-hd control the transcriptional
activity of the LIM-hd factor (in addition to, or
in combination with, the regulation exerted by
the competition between LMO and LIM-hd for
NLI-binding). However, another small incon-
sistency arose from the following findings:
RLIM was “stronger” than NLI in transactiva-
tion experiments (i.e., RLIM prevents NLI-
dependent activation of transcription by Lhx3),
whereas NLI affinity for LIM domains is much
higher. This contradiction was soon to be
resolved by looking at post-translational con-
trol of protein level.

RLIM Is a Ubiquitin-Ligase

As mentioned earlier, RLIM is a RING-H2
zinc finger protein. The authors reasoned that
this kind of motif was often found in ubiquitin-
protein ligases (59) and that ubiquitination-
dependent cofactor exchange would be an
attractive mechanism to explain LIM-hd tran-
scriptional regulation mediated by NLI and
RLIM (and LMO) cofactors (Fig. 3A). Indeed,
RLIM is specifically able to ubiquitinate NLI,
LMO2, and itself, but not LIM-hd proteins in
vitro; and RLIM induces NLI and LMO2
degradation in a RING-finger dependent man-
ner in vivo (58). In transactivation assays,
RLIM exerts its repressive function through
two distinct mechanisms: 1) through a recruit-
ment of Sin3A histone deacetylase complex (in
a RING finger-independent manner), or 2)

through NLI-degradation (in a RING finger-
dependent manner). The fact that RLIM targets
NLI for degradation explains, fittingly, why
RLIM is able to inhibit NLI-dependent LIM-hd
activation of transcription, though its affinity
for LIM-hd is lower. Finally, Ostendorff and
coworkers elegantly show in a combined
EMSA/ubiquitination assay the existence of a
RLIM- and ubiquitination-dependent displace-
ment of DNA-bound NLI/Lhx3 complex (58).
Therefore, a regulated cofactor exchange
occurs on DNA-bound Lhx3 (Fig. 3A).

LIM-hd Factor Degradation

Interestingly, the degradation of LIM-hd fac-
tors themselves has also been recently sug-
gested in Drosophila with the observation that
the complex formation between Ap, Chip, and
DNA stabilizes Ap protein in vivo (60). When
competition between Ap and dLMO for Chip
binding occurs, Ap is destabilized because it is
no longer bound to DNA as part of an active
complex with its Chip cofactor. Importantly,
Weihe et al. (60) showed that this competition
is rendered possible in vivo because the LIM
domains of dLMO bind Chip more effectively
than the LIM domains of Ap. These results
offer an explanation to long-standing question
of why Ap overexpression does not rescue
dLMO overexpression, and is not able to
increase Ap activity in vivo.

Collectively, these recent data (2001–2002)
on NLI, LMO2, and LIM-hd degradation sug-
gest two things. Firstly, a subtle equilibrium
between nuclear concentrations and activity
levels of LIM-hd, LMO, NLI, RLIM, and other
LIM-interacting partners must be at work to
control the selective interactions between the
members of the “LIM system” and their regu-
lated exchange with the final aim of transcrip-
tional regulation. Secondly, although a number
of questions remain, the emerging picture sug-
gests that LIM-hd activity is “simply” regu-
lated by two waves of degradation (Fig. 3B).
The first wave, involving RLIM and ubiquiti-
nation/degradation of NLI removes NLI from
the active complex of NLI/LIM-hd bound to
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Fig. 3. Regulation by degradation. (A) Illustrates the various interactions between the players of the LIM sys-
tem, and is redrawn with slight modifications from Ostendorff et al. (58). RLIM is drawn with a black rectangle
(RING domain and its associated ubiquitin-ligase activity, noted ub) and a white square (BD, basic domain for
interactions with LMO, NLI, and LIM-hd). The dotted lines with double-arrows depict known molecular inter-
actions between identified domains or functional motifs. The question mark for transcriptional activity illustrates
the idea that transcriptional control will depend on the protein level and activity level of each player. (B) Pro-
poses a model summary.

The first line illustrates the possible two “waves” of degradation involved in regulation of LIM-hd activity. To
stop LIM-hd action (first line), NLI would be displaced from the active complex either by LMO competition
or/and by RLIM ubiquitination and subsequent degradation. The un-complexed LIM-hd transcription factor
would then be degraded by an, as yet unknown, mechanism.

Alternatively (second line), to maintain LIM-hd action, the ubiquitin-ligase activity of RLIM would target LMO
and itself, thereby leading to degradation of the negative regulators of LIM-hd activity. In this case, NLI is not
displaced from its complex with LIM-hd transcription factor, which stays in an active form.



DNA. The same effect can similarly be
achieved by LMO through competition for
NLI, in a RLIM-regulated manner (since LMO2
is a target of RLIM ubiquitination). The second
wave, involving an unknown proteasome-
mediated mechanism, would target LIM-hd
itself (no longer protected after NLI removal)
for degradation. Alternatively, if RLIM activity
is directed towards LMO or itself (Fig. 3B, sec-
ond line), the active tetrameric complex would
be maintained for a sustained control of tran-
scriptional activity by LIM-hd factors.

Conclusions

Some important questions remain, however.
Among them and pell-mell, what regulates the
ubiquitin-ligase activity of RLIM towards itself,
NLI, or LMO? Is the Drosophila RLIM homolog
(identified on sequence basis) involved in the
same function within the LIM system as in
mammals? Are there more LIM-interacting fac-
tors to be discovered? What is the mechanism
of LIM-hd degradation? Are there distinct
modes of LIM-hd regulation in cells expressing
LMO (e.g., the wing disk) and cells that do not
(e.g., Ap-expressing neurons)? What is the
mechanism of NLI action? How does activation
of LIM-hd occur? More generally speaking,
could this type of tightly regulated, combinato-
rial, and cofactor-based mode of transcriptional
regulation be extrapolated for other (home-
odomain-) transcription factors?

In conclusion, spatial and temporal regula-
tion of LIM-hd transcription factor activity
appears mediated through the interaction of
their LIM domains with cofactors, co-repres-
sors, competitors, and other transcription fac-
tors. Significantly, it seems that LIM domains
are also responsible for mediating target gene
specificity, depending on the surrounding mol-
ecular context and the developmental process
considered (51). Moreover, LIM-hd-specific
cofactors have been described recently, such as
SLB which specifically binds to Lhx3 and Lhx4,
but to no other LIM-containing factor, and
which negatively regulates their transcrip-

tional activity (61). Thus, the authors foresee
that an additional level of regulation, which
would be specific for a given LIM-domain
sequence, will soon be added to the complex
control of LIM-hd activity. These distinctive
features of the LIM system allow its prototypi-
cal combinatorial mode of action, which
depends primarily on the spatial and temporal
regulation of the expression for various players
of the system in a given tissue, or a given cell.

Acknowledgments

The authors’ work is supported by CNRS,
FRM, and Lilly Foundation to Sylvie Rétaux.
Many thanks to Ingolf Bach for reading this
manuscript and for long discussions over the
past years.

References

1. Sanchez-Garcia, I. and Rabbitts, T. H. (1994).
The LIM domain: a new structural motif found
in zinc-finger-like proteins. Trends Genet. 10,
315–320.

2. Dawid, I. B., Breen, J. J., and Toyama, R. (1998).
LIM domains: multiple roles as adapters and
functional modifiers in protein interactions.
Trends Genet. 14, 156–162.

3. Freyd, G., Kim, S. K., and Horvitz, H. R. (1990).
Novel cysteine-rich motif and homeodomain in
the product of the Caenorhabditis elegans cell
lineage gene lin-11. Nature 344, 876–879.

4. Karlsson, O., Thor, S., Norberg, T., Ohlsson, H.,
and Edlund, T. (1990). Insulin gene enhancer
binding protein IsI-1 is a member of a novel
class of proteins containing both a homeo- and
a Cys-His domain. Nature 344, 879–882.

5. Way, J. C. and Chalfie, M. (1988). mec-3, a home-
obox-containing gene that specifies differentia-
tion of the touch receptor neurons in C. elegans.
Cell 54, 5–16.

6. Bachy, I., Failli, V., and Retaux, S. (2002). A LIM-
homeodomain code for development and evo-
lution of forebrain connectivity. Neuroreport 13,
23–27.

7. Bach, I. (2000). The LIM domain: regulation by
association. Mech. Dev. 91, 5–17.

278 Rétaux and Bachy

Molecular Neurobiology Volume 26, 2002



8. Rabbitts, T. H. (1998). LMO T-cell transloca-
tion oncogenes typify genes activated by
chromosomal translocations that alter tran-
scription and developmental processes. Genes
Dev. 12, 2651–2657.

9. Hobert, O. and Westphal, H. (2000). Functions of
LIM-homeobox genes. Trends Genet. 16, 75–83.

10. Rabbitts, T. H. and Boehm, T. (1990). LIM
domains. Nature 346, p. 418.

11. Dawid, I. B., Toyama, R., and Taira, M. (1995).
LIM domain proteins. C. R. Acad. Sci. III 318,
295–306.

12. Feuerstein, R., Wang, X., Song, D., Cooke, N. E.,
and Liebhaber, S. A. (1994). The LIM/double
zinc-finger motif functions as a protein dimer-
ization domain. Proc. Natl. Acad. Sci. USA 91,
10,655–10,659.

13. Schmeichel, K. L. and Beckerle, M. C. (1994).
The LIM domain is a modular protein-binding
interface. Cell 79, 211–219.

14. Valge-Archer, V. E., Osada, H., Warren, A. J.,
Forster, A., Li, J., Baer, R., and Rabbitts, T. H.
(1994). The LIM protein RBTN2 and the basic
helix-loop-helix protein TAL1 are present in a
complex in erythroid cells. Proc. Natl. Acad. Sci.
USA 91, 8617–8621.

15. Wadman, I., Li, J., Bash, R. O., Forster, A.,
Osada, H., Rabbitts, T. H., and Baer, R. (1994).
Specific in vivo association between the bHLH
and LIM proteins implicated in human T cell
leukemia. Embo. J. 13, 4831–4839.

16. Wu, R., Durick, K., Songyang, Z., Cantley, L. C.,
Taylor, S. S., and Gill, G. N. (1996). Specificity of
LIM domain interactions with receptor tyrosine
kinases. J. Biol. Chem. 271, 15,934–15,941.

17. Sanchez-Garcia, I., Osada, H., Forster, A., and
Rabbitts, T. H. (1993). The cysteine-rich LIM
domains inhibit DNA binding by the associated
homeodomain in IsI-1. Embo. J. 12, 4243–4250.

18. Xue, D., Tu, Y., and Chalfie, M. (1993). Coopera-
tive interactions between the Caenorhabditis
elegans homeoproteins UNC-86 and MEC-3.
Science 261, 1324–1328.

19. Taira, M., Otani, H., Saint-Jeannet, J. P., and
Dawid, I. B. (1994). Role of the LIM class home-
odomain protein Xlim-1 in neural and muscle
induction by the Spemann organizer in Xeno-
pus. Nature 372, 677–679.

20. Jurata, L. W., Kenny, D. A., and Gill, G. N.
(1996). Nuclear LIM interactor, a rhombotin and
LIM homeodomain interacting protein, is
expressed early in neuronal development. Proc.
Natl. Acad. Sci. USA 93, 11,693–11,698.

21. Agulnick, A. D., Taira, M., Breen, J. J., Tanaka,
T., Dawid, I. B., and Westphal, H. (1996). Inter-
actions of the LIM-domain-binding factor Ldb1
with LIM homeodomain proteins. Nature 384,
270–272.

22. Bach, I., Carriere, C., Ostendorff, H. P., Ander-
sen, B., and Rosenfeld, M. G. (1997). A family of
LIM domain-associated cofactors confer tran-
scriptional synergism between LIM and Otx
homeodomain proteins. Genes Dev. 11,
1370–1380.

23. Mochizuki, T., Karavanov, A. A., Curtiss, P. E.,
et al. (2000). Xlim-1 and LIM domain binding
protein 1 cooperate with various transcription
factors in the regulation of the goosecoid pro-
moter. Dev. Biol. 224, 470–485.

24. Arber, S. and Caroni, P. (1996). Specificity of sin-
gle LIM motifs in targeting and LIM/LIM inter-
actions in situ. Genes Dev. 10, 289–300.

25. Bach, I. (2000). The LIM domain: regulation by
association. Mech. Dev. 91, 5–17.

26. Jurata, L. W. and Gill, G. N. (1997). Functional
analysis of the nuclear LIM domain interactor
NLI. Mol. Cell. Biol. 17, 5688–5698.

27. Jurata, L. W., Pfaff, S. L., and Gill, G. N. (1998).
The nuclear LIM domain interactor NLI medi-
ates homo- and heterodimerization of LIM
domain transcription factors. J. Biol. Chem. 273,
3152–3157.

28. Breen, J. J., Agulnick, A. D., Westphal, H., and
Dawid, I. B. (1998). Interactions between LIM
domains and the LIM domain-binding protein
Ldb1. J. Biol. Chem. 273, 4712–4717.

29. Tsuchida, T., Ensini, M., Morton, S. B., et al.
(1994). Topographic organization of embryonic
motor neurons defined by expression of LIM
homeobox genes. Cell 79, 957–970.

30. Sharma, K., Sheng, H. Z., Lettieri, K., et al.
(1998). LIM homeodomain factors Lhx3 and
Lhx4 assign subtype identities for motor neu-
rons. Cell 95, 817–828.

31. Thor, S., Andersson, S. G., Tomlinson, A., and
Thomas, J. B. (1999). A LIM-homeodomain
combinatorial code for motor-neuron pathway
selection. Nature 397, 76–80.

32. Segawa, H., Miyashita, T., Hirate, Y.,
Higashijima, S., Chino, N., Uyemura, K.,
Kikuchi, Y., and Okamoto, H. (2001). Functional
repression of Islet-2 by disruption of complex
with Ldb impairs peripheral axonal outgrowth
in embryonic zebrafish. Neuron 30, 423–436.

33. Retaux, S., Rogard, M., Bach, I., Failli, V., and
Besson, M. J. (1999). Lhx9: a novel LIM-home-

LIM Domains: A Short History 279

Molecular Neurobiology Volume 26, 2002



odomain gene expressed in the developing
forebrain. J. Neurosci. 19, 783–793.

34. Nakagawa, Y. and O’Leary, D. D. (2001). Com-
binatorial expression patterns of LIM-home-
odomain and other regulatory genes parcellate
developing thalamus. J. Neurosci. 21, 2711–2725.

35. Bachy, I., Vernier, P., and Retaux, S. (2001). The
lim-homeodomain gene family in the develop-
ing xenopus brain: conservation and diver-
gences with the mouse related to the evolution
of the forebrain. J. Neurosci. 21, 7620–7629.

36. Bach, I., Rhodes, S. J., Pearse, R. V. 2nd, et al.
(1995). P-Lim, a LIM homeodomain factor, is
expressed during pituitary organ and cell com-
mitment and synergizes with Pit-1. Proc. Natl.
Acad. Sci. USA 92, 2720–2724.

37. Cohen, B., McGuffin, M. E., Pfeifle, C., Segal, D.,
and Cohen, S. M. (1992). apterous, a gene
required for imaginal disc development in
Drosophila encodes a member of the LIM fam-
ily of developmental regulatory proteins. Genes
Dev. 6, 715–729.

38. Bourgouin, C., Lundgren, S. E., and Thomas, J.
B. (1992). Apterous is a Drosophila LIM domain
gene required for the development of a subset
of embryonic muscles. Neuron 9, 549–561.

39. Lundgren, S. E., Callahan, C. A., Thor, S., and
Thomas, J. B. (1995). Control of neuronal path-
way selection by the Drosophila LIM home-
odomain gene apterous. Development 121,
1769–1773.

40. Rincon-Limas, D. E., Lu, C. H., Canal, I., et al.
(1999). Conservation of the expression and
function of apterous orthologs in Drosophila and
mammals. Proc. Natl. Acad. Sci. USA 96,
2165–2170.

41. Lu, C. H., Rincon-Limas, D. E., and Botas, J.
(2000). Conserved overlapping and reciprocal
expression of msh/Msx1 and apterous/Lhx2 in
Drosophila and mice. Mech. Dev. 99, 177–181.

42. Hobert, O. and Ruvkun, G. (1998). A common
theme for LIM homeobox gene function across
phylogeny? Biol. Bull 195, 377–380.

43. Morcillo, P., Rosen, C., Baylies, M. K., and
Dorsett, D. (1997). Chip, a widely expressed chro-
mosomal protein required for segmentation and
activity of a remote wing margin enhancer in
Drosophila. Genes Dev. 11, 2729–2740.

44. Torigoi, E., Bennani-Baiti, I. M., Rosen, C., et al.
(2000). Chip interacts with diverse home-
odomain proteins and potentiates bicoid activ-
ity in vivo. Proc. Natl. Acad. Sci. USA 97,
2686–2691.

45. Fernandez-Funez, P., Lu, C. H., Rincon-Limas,
D. E., Garcia-Bellido, A., and Botas, J. (1998).
The relative expression amounts of apterous
and its co-factor dLdb/Chip are critical for
dorso-ventral compartmentalization in the
Drosophila wing. Embo. J. 17, 6846–6853.

46. Shoresh, M., Orgad, S., Shmueli, O., Wer-
czberger, R., Gelbaum, D., Abiri, S., and Segal,
D. (1998). Overexpression Beadex mutations
and loss-of-function heldup-a mutations in
Drosophila affect the 3′ regulatory and coding
components, respectively, of the Dlmo gene.
Genetics 150, 283–299.

47. Milan, M., Diaz-Benjumea, F. J., and Cohen, S.
M. (1998). Beadex encodes an LMO protein that
regulates Apterous LIM-homeodomain activity
in Drosophila wing development: a model for
LMO oncogene function. Genes Dev. 12,
2912–2920.

48. Zeng, C., Justice, N. J., Abdelilah, S., Chan, Y.
M., Jan, L. Y., and Jan, Y. N. (1998). The
Drosophila LIM-only gene, dLMO, is mutated in
Beadex alleles and might represent an evolu-
tionarily conserved function in appendage
development. Proc. Natl. Acad. Sci. USA 95,
10,637–10,642.

49. Dawid, I. B. (1998). LIM protein interactions:
Drosophila enters the stage. Trends Genet. 14,
480–482.

50. Milan, M. and Cohen, S. M. (2000). Temporal
regulation of apterous activity during develop-
ment of the Drosophila wing. Development 127,
3069–3078.

51. O’Keefe, D. D., Thor, S., and Thomas, J. B.
(1998). Function and specificity of LIM domains
in Drosophila nervous system and wing devel-
opment. Development 125, 3915–3923.

52. Milan, M. and Cohen, S. M. (1999). Regulation
of LIM homeodomain activity in vivo: a
tetramer of dLDB and apterous confers activity
and capacity for regulation by dLMO. Mol. Cell
4, 267–273.

53. van Meyel, D. J., O’Keefe, D. D., Jurata, L. W.,
Thor, S., Gill, G. N., and Thomas, J. B. (1999).
Chip and apterous physically interact to form a
functional complex during Drosophila develop-
ment. Mol. Cell 4, 259–265.

54. Rincon-Limas, D. E., Lu, C. H., Canal, I., and
Botas, J. (2000). The level of DLDB/CHIP con-
trols the activity of the LIM homeodomain pro-
tein apterous: evidence for a functional
tetramer complex in vivo. Embo. J. 19,
2602–2614.

280 Rétaux and Bachy

Molecular Neurobiology Volume 26, 2002



55. van Meyel, D. J., O’Keefe, D. D., Thor, S., Jurata,
L. W., Gill, G. N., and Thomas, J. B. (2000). Chip
is an essential cofactor for apterous in the regu-
lation of axon guidance in Drosophila. Develop-
ment 127, 1823–1831.

56. Bach, I., Rodriguez-Esteban, C., Carriere, C., et
al. (1999). RLIM inhibits functional activity of
LIM homeodomain transcription factors via
recruitment of the histone deacetylase complex.
Nat. Genet. 22, 394–399.

57. Ostendorff, H. P., Bossenz, M., Mincheva, A.,
et al. (2000). Functional characterization of
the gene encoding RLIM, the corepressor of
LIM homeodomain factors. Genomics 69,
120–130.

58. Ostendorff, H. P., Peirano, R. I., Peters, M. A.,
Schluter, A., Bossenz, M., Scheffner, M., and
Bach, I. (2002). Ubiquitination-dependent cofac-
tor exchange on LIM homeodomain transcrip-
tion factors. Nature 416, 99–103.

59. Joazeiro, C. A. and Weissman, A. M. (2000).
RING finger proteins: mediators of ubiquitin
ligase activity. Cell 102, 549–552.

60. Weihe, U., Milan, M., and Cohen, S. M. (2001).
Regulation of Apterous activity in Drosophila
wing development. Development 128, 4615–4622.

61. Howard, P. W. and Maurer, R. A. (2000). Identi-
fication of a conserved protein that interacts
with specific LIM homeodomain transcription
factors. J. Biol. Chem. 275, 13,336–13,342.

LIM Domains: A Short History 281

Molecular Neurobiology Volume 26, 2002


