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The zinc-finger transcription factor Krox20 constitutes
a key regulator of hindbrain development, essential for
the formation and specification of rhombomeres (r) 3
and 5. It is in particular responsible for the respective
activation and repression of odd- and even-numbered
rhombomere-specific genes, which include Hox genes. In
this study, we have identified PIASxp as a novel direct
interactor of Krox20. In addition, we found that PIASxf
is able to activate the r4-specific gene Hoxbl. Binding of
Krox20 prevents this activation, providing a molecular
basis for the repression of Hoxbl by Krox20. The same
domain in the Krox20 protein, the zinc-fingers, is involved
in DNA binding for transcriptional activation and in
interaction with PIASxp for transcriptional repression,
although the actual precise contacts are different. Our
findings add an additional level in the complexity of Hox
gene regulation and provide an example of how a single
regulator can coordinate the activation and repression
of a set of genes by very different mechanisms, acting as
a molecular switch to specify cell identity and fate.
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Introduction

The development of the vertebrate hindbrain involves
a transient segmentation process along the anterior-posterior
(AP) axis leading to the formation of 7-8 transversal
morphological units, called thombomeres (r) (reviewed in
Lumsden and Krumlauf, 1996). The rhombomeres behave as
compartments, constituting units of cell lineage restriction
(Fraser et al, 1990) and domains of specific gene expression
(reviewed in Lumsden and Krumlauf, 1996). This subdivision
presages the metameric pattern of neuronal specification in
the hindbrain (Clarke et al, 1998), underlies the pathways of
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neural crest cell migration into the branchial arches and
participates in its patterning (Birgbauer et al, 1995; Trainor
and Krumlauf, 2000), thus playing an essential role in
craniofacial morphogenesis.

Numerous genes have been implicated at different levels
of the segmentation process, including the initial formation
of segmental territories (Frohman et al, 1993; Schneider-
Maunoury et al, 1993; Barrow et al, 2000; Choe and
Sagerstrom, 2004; McNulty et al, 2005 and references there-
in), the specification of their AP identities (Rijli et al, 1993;
Studer et al, 1996; Seitanidou et al, 1997; Rossel and
Capecchi, 1999), the stabilization of the pattern by restriction
of cell intermingling between adjacent rhombomeres (re-
viewed in Pasini and Wilkinson, 2002) and the development
of specific cell populations at boundaries (Cheng et al, 2004).
Segment formation and specification are highly intricated
processes in the hindbrain (Gavalas et al, 1998; Rossel and
Capecchi, 1999; Voiculescu et al, 2001), relying on a complex
network of transcription factors. Hox proteins play a key role
in this network, which receives inputs from several signalling
cascades, including the FGF and retinoid pathways, acting
both intrinsically and extrinsically to the neuroepithelium
(Marin and Charnay, 2000; Dupe and Lumsden, 2001; Walshe
et al, 2002; Serpente et al, 2005). Deciphering Hox gene
regulation and function therefore appears as an essential
step in our understanding of the molecular mechanisms
controlling hindbrain segmentation.

A Kkey regulator of Hox genes in the hindbrain is Krox20,
which encodes a zinc-finger transcription factor expressed in
r3 and r5 and is essential for the development and specifica-
tion of these segments (Schneider-Maunoury et al, 1993;
Seitanidou et al, 1997; Voiculescu et al, 2001). Krox20 has
been shown to directly activate the transcription of several
Hox genes (Hoxb2, Hoxa2 and Hoxb3) by binding to nearby
transcriptional enhancers (Sham et al, 1993; Nonchev et al,
1996; Manzanares et al, 2002). Krox20 was also shown to
repress the expression of another Hox gene, Hoxb1, although
the mechanisms underlying this second type of trans-
criptional regulation mediated by Krox20 have not been
elucidated (Seitanidou et al, 1997; Giudicelli et al, 2001;
Voiculescu et al, 2001). A likely possibility is that Krox20
exerts positive and negative activities on transcription by
interacting with different cofactors. Several Krox20 inter-
actors have been identified, including NAB1 and NAB2,
which modulate its transcriptional activity (Russo et al,
1995; Svaren et al, 1996). So far, however, these factors
cannot account for the dual transcriptional activity of
Krox20 in the hindbrain.

In the present work, we have performed a two-hybrid
screening designed to identify novel Krox20 interactors
that might be involved in the different aspects of Hox gene
regulation by Krox20. Among the positive clones, we have
identified PIASxB. PIAS (protein inactivator of activated
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STAT) proteins were first reported as inhibitors of the DNA-
binding and transcription activation by STAT (signal transdu-
cer and activator of transcription) (Shuai, 2000). The PIAS
mammalian family includes at least five members: PIASI,
PIAS3, PIASx (with two isoforms, PIASxa or ARIP3, and
PIASxp or Mizl) and PIASy (Shuai, 2000; Johnson, 2004).
In addition to their role in the modulation of transcription,
they have been shown to carry an E3 ligase activity for the
small ubiquitin-related modifier proteins (SUMO) (Johnson,
2004). We have found that PIASxf is expressed in the
developing neural tube, that its overexpression leads to
ectopic Hoxb1 activation and that a specific PIASxp deletion
mutant represses Hoxbl expression, presumably acting as
a dominant-negative molecule. Our findings identify PIASx3
as a novel positive regulator of Hoxb! in the hindbrain. We
also show that Krox20 antagonizes this novel activity of
PIASxp and that its ability to repress Hoxb1 does not require
its DNA-binding activity, but its capacity to interact with
PIASxf. Together, these data reveal a novel mechanism of
control of Hox gene expression by Krox20, in which repres-
sion is mediated by antagonizing a positive regulatory factor.

Results

Krox20 interacts with PIASx}

In an attempt to identify factor(s) interacting with Krox20
during hindbrain development, we performed a yeast two-
hybrid screening. As full-length Krox20 fused to the Gal4
DNA-binding domain was able alone to activate the transcrip-
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tion of a B-galactosidase reporter linked to Gal4 binding sites
(data not shown), we decided to use as bait a Krox20 deletion
(Krox20(184-470)), lacking the N-terminal part containing
the known transcriptional activation domains (Figure 1A;
Vesque and Charnay, 1992). Yeast cells containing the ex-
pression plasmid for the fusion protein between Krox20(184-
470) and the Gal4 DNA-binding domain were transfected with
a library of 8.5dpc mouse embryo cDNAs fused to the Gal4
activation domain coding sequence. Approximately 2.5 x 10°
transformants were screened on the basis of transcriptional
activation of survival factors through Gal4 binding sites
(see Materials and methods). Selected clones were further
checked for their level of expression of the B-galactosidase
reporter mentioned above. A total of 26 clones were finally
retained at this stage and nucleotide sequence analysis of
the cDNAs revealed that they corresponded to 12 different
genes. Two of them corresponded to already known Krox20
cofactors, Nabl and Nab2 (Russo et al, 1995; Svaren et al,
1996) (two and six clones, respectively), indicating that the
two-hybrid selection was performed appropriately. The 10
newly identified putative Krox20 partners included PIASxf
(represented by a single clone), which we selected for
further analysis on the basis of preliminary investigations
(data not shown).

Comparison of the selected PIASxf clone with available
mouse ESTs revealed that it lacked the sequence encoding the
three N-terminal amino acids and the cDNA was therefore
completed. In a first series of experiments, we attempted to
confirm the Krox20-PIASx interaction by GST pull-down
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Figure 1 Krox20 interacts with PIASxf. (A) Schematic structure of the Krox20 protein showing the location of the transactivation domains,
NAB interaction domain (R1) and DNA-binding domain (zinc-fingers). Numbers below the line indicate amino-acid positions. The 287
C-terminal amino acids were used as bait in the two-hybrid screening. (B) In vitro binding of Krox20 and PIASxf. In vitro-translated,
355-labelled luciferase and PIASxf were resolved by SDS-PAGE and detected by fluorography. Left: 10% of the input was directly deposited on
gel; right: luciferase or PIASxP retained on GST or GST-Krox20 beads was analysed. PIASxf specifically binds to GST-Krox20. (C) Colocalization
of Krox20 and PIASx in the cell nucleus. COS7 cells were transfected with expression vectors encoding Krox20 and/or HA-PIASxf and 36h
later the proteins were revealed by immunofluorescence analysis (Krox20 is labelled with FITC (green) and HA-PIASx with Cy3 (red)). When
transfected alone, Krox20 appeared homogenously distributed within the nucleus, whereas Piasxf localized to nuclear bodies. Cotransfection
led to a re-distribution of Krox20, with colocalization of both proteins. (D) Co-immunoprecipitation of Krox20 and PIASxf. COS7 cells were
cotransfected with expression vectors encoding Krox20 and HA-PIASxf. Cell lysates were subjected to immunoprecipitation with antibodies
directed against Krox20 or Flag, or with no antibody (control) and the precipitates were subsequently analysed by Western blotting using an

anti-HA antibody.
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experiments. For this purpose, we prepared GST and GST-
Krox20 fusion proteins that were incubated with radio-
labelled, in vitro-translated PIASx or luciferase as a control.
As shown in Figure 1B, GST-Krox20, but not GST alone,
specifically retained PIASxf. These data establish that
Krox20 and PIASxf can interact in vitro and that the inter-
action is direct.

To determine whether Krox20 and PIASxp also interact in
mammalian cells, we transfected COS7 cells with expression
vectors for Krox20 and an N-terminally HA-tagged version
of PIASxp, alone or in combination. The cellular localization
of the proteins was established by immunofluorescence
performed with antibodies directed against Krox20 and the
HA epitope (Figure 1C). When the expression vectors were
transfected alone, Krox20 appeared distributed relatively
homogeneously within the nucleus, whereas PIASxf pre-
sented a punctuated nuclear pattern, consistent with its
previous localization to nuclear bodies (Kotaja et al, 2002).
When both expression vectors were cotransfected, the nucle-
ar distribution of Krox20 was modified towards a punctuated
pattern, largely overlapping with that of PIASxf (Figure 1C).
These data suggest that Krox20 and PIASxf colocalize
when they are coexpressed, owing to sequestering of
Krox20 by PIASxP in nuclear bodies. We also performed
immunoprecipitation analyses on cotransfected COS7 cells,
which revealed the presence of PIASx among the proteins
precipitated with an antibody directed against Krox20
(Figure 1D). Together, these data demonstrate that Krox20
and PIASxp can interact in vivo.

Identification of the PIASxf/Krox20 interaction domains
Several domains have been predicted within PIASxp, on the
basis of amino-acid sequence analysis and comparison with
protein sequence databases (Figure 2A): an N-terminal SAP
domain, containing a putative DNA-binding bi-helical motif
(Aravind and Koonin, 2000); a proline-rich, putative SH3-
binding domain (Wu et al, 1997); a core region containing
an SP-RING, related to RING zinc-fingers present in many
E3 ubiquitin ligases and known to be required for Ubc9
binding and SUMO ligase activity of PIAS family members
(Kahyo et al, 2001; Sachdev et al, 2001); a SIM domain for
non-covalent SUMO binding (Minty et al, 2000); a nuclear
localization signal (NLS); a C-terminal serine/threonine-rich
domain, which has been shown to be required for transcrip-
tion activation in Gal4 fusions in yeast (Wu et al, 1997).

To determine which region(s) of PIASxf3 are important for
physical interaction with Krox20, we first generated a series
of external deletions. The interactions with Krox20 were then
analysed by GST pull-down as described above (Figure 2A).
Quantitative analysis of the retention of deleted proteins as
compared to full-length PIASxf indicated that amino acids
upstream to position 132 or downstream to position 286 were
not essential for efficient interaction with Krox20 (Figure 2A
and B). Consistently, a region corresponding to amino-acid
sequence 101-286 and encompassing the proline-rich region
was sufficient for binding (Figure 2A and B). To confirm these
data and localize the region of interaction more precisely,
we analysed internal PIASxf deletion mutants in the yeast
two-hybrid system, using the Gal4 site-driven p-galactosidase
reporter. Consistent with the external deletion analysis, dele-
tion of amino acids 102-162 (APro) completely abolished the
interaction with Krox20 (Figure 2C). The interface domain
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was more precisely localized to the 133-162 region, which
contains the proline-rich domain, as its deletion severely
impaired the interaction, whereas deletion of region 102-
131 did not affect binding (Figure 2C). In agreement with
these data, another PIAS family member, PIASy, which shows
a general high sequence similarity to PIASxf but totally
differs from it at the level of the proline-rich domain, did
not interact with Krox20 (Figure 2C).

The region of the Krox20 protein required for the inter-
action with PIASxf was subsequently localized in a similar
manner, using a series of external deletions and monitoring
B-galactosidase reporter activity in the yeast two-hybrid
system. We found that the zinc-finger region, corresponding
to the DNA-binding domain, was necessary and sufficient for
effective interaction with PIASxfB (Figure 2D). Attempts to
further delimit the region of interaction were unsuccessful,
as elimination of the first or the third zinc-finger led to loss of
Krox20/PIASxp interaction (data not shown). This suggests
that the domain of interaction with PIASxf overlaps with the
entire Krox20 DNA-binding domain.

PIASx can antagonize Krox20 transcriptional activity
The physical interaction observed between Krox20 and
PIASxf, both in vitro and in vivo, raised the possibility of a
functional interaction between the two proteins in the devel-
oping hindbrain. To investigate this possibility, we turned to
the chick embryo in which gain-of-function experiments can
easily be performed by in ovo electroporation. We first
analysed the expression of PIASxf by in situ hybridization
to determine whether Krox20 and PIASxB are coexpressed
during hindbrain segmentation. We found that PIASxB
expression is induced in the anterior part of the neural tube
around the 3-4 somite stage (ss) and that this expression
rapidly extends caudally to form an AP-decreasing gradient
at the 5-6ss (Figure 3A and data not shown). Krox20 is
expressed in r3 from 4 to 5ss and in r5 from 7 to 8 ss (Irving
et al, 1996; Giudicelli et al, 2001) and therefore the two genes
are coexpressed in these rhombomeres. Around the 12-16ss,
PIASx is downregulated posterior to r2, except at the level
of r4 (Figure 3B). Around the 24-30ss stage, PIASxf
expression appeared generally decreased in the neural tube
(data not shown).

We then investigated the consequences of PIASx[ ectopic
expression in the developing hindbrain. The HA-tagged
PIASxP expression plasmid was unilaterally electroporated
in the chick neural tube at the 4-8 ss. Electroporated embryos
were recovered at 20ss and we analysed the patterns
of expression of different segmentally expressed genes by
in situ hybridization, first focusing on genes that are directly,
positively regulated by Krox20: Krox20 itself and EphA4
(Theil et al, 1998; Giudicelli et al, 2001). Krox20 and EphA4
expressions, which are restricted to r3 and r5, were severely
affected on the electroporated side, with the appearance of
large patches of non-expressing cells in these rhombomeres
(Figure 3C and D), indicating that PIASxf can repress these
genes. Double immunolabelling experiments, designed to
detect both the EphA4 protein and the electroporated, tagged
PIASxp, revealed that the loss of EphA4 in a cell is correlated
with the presence of exogenous PIASxf (Figure 3E), indicat-
ing that the repression occurs in a cell-autonomous manner.
The formation of Krox20- or EphA4-negative patches
could therefore be due to a phenomenon of segregation, as
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Figure 2 Identification of the domains involved in PIASx/Krox20 interaction. (A) Schematic representation of the PIASxf structural domains
and of the deletion mutants. PIASx contains SAP, proline-rich (Pro), SP-RING, SIM domains, an NLS and a C-terminal serine/threonine-rich
(Ser/Thr) domain. Numbers below the line indicate amino-acid positions. The amino-acid positions of the extremities of truncated PIASx
proteins are indicated on the left. The efficiency of the binding to Krox20, indicated in percentage on the right, was estimated from the recovery
of each deleted protein after GST-Krox20 pull-down assay (see part B), normalized with wild-type PIASxf. The PIASxp interacting region was
localized between amino acids 132 and 286. (B) GST-Krox20 pull-down assay performed on deleted PIASxp. In vitro-translated, **S-labelled
PIASxp truncated proteins were resolved by SDS-PAGE and detected by fluorography. Left: deposit of 20% of the input proteins; right: PIASx
proteins recovered after binding to immobilized GST-Krox20 protein. (C) Quantitative yeast two-hybrid assay performed on PIASxf deletions.
PIASy and a series of PIASxp deletions fused to the GAL4 activation domain were evaluated for their capacity to bind to a Krox20-Gal4 DNA-
binding domain bait by measuring the expression of a lacZ reporter. The -galactosidase activity was normalized by the level obtained with the
wild-type PIASxP construct. The PIASx proline-rich domain appears necessary for the interaction with Krox20. Control corresponds to no
PIASx insert. (D) Identification of the Krox20 domain required for the interaction with PIASxp, using the quantitative yeast two-hybrid assay.
In this case, a series of Krox20 deletions fused to the Gal4 DNA-binding domain were confronted to the wild-type PIASxB-Gal4 activation
domain fusion and the interaction was recorded by measuring the expression of the lacZ reporter gene. The B-galactosidase activity was
normalized by the level obtained with the 184-470 Krox20 deletion construct. The region of interaction with PIASxp was localized within the
zinc-finger domain. Control corresponds to no Krox20 insert.

previously reported (Giudicelli et al, 2001). No repression of
EphA4 expression was observed when the hindbrain was
electroporated with the APro mutant, which has lost the
ability to interact with Krox20 (Figure 3F). This suggests
that the repression activity of PIASxf involves antagonizing
Krox20-positive transcriptional activity. This latter possibility
was reinforced by the observation that Hoxa2, another posi-
tive target of Krox20, was also repressed by PIASxf (data not
shown). In contrast, the expression patterns of two genes
whose regulation is known to be independent of Krox20,
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Hoxa3 and MafB (Giudicelli et al, 2001; Manzanares et al,
2002), were not affected by ectopic PIASxp expression
(Figure 3G and H). Finally, taken together, our data indicate
that PIASxP appears capable of preventing the transcriptional
activation of all the genes tested that are positively regulated
by Krox20, presumably by directly antagonizing Krox20.

PIASxp act as an activator of Hoxb1 expression
We next investigated whether PIASxB could also interfere
with the expression of genes that are downregulated by
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Figure 3 Ectopic PIASxP expression antagonizes Krox20 activity and leads to Hoxb1 activation. (A, B) Analysis of PIASxf expression in chick
embryos. Whole-mount in situ hybridization on 6 ss (A) or 14 ss (B) embryos. At 6ss, PIASxp is expressed in the neural tube in a decreasing AP
gradient. At 14 ss, higher levels of expression are maintained in the anterior CNS up to r2 and in r4. (C-M) Flat-mounted hindbrains from chick
embryos electroporated between stages 3 and 8 ss with expression plasmids for the proteins indicated above. The embryos were collected 24 h
after electroporation and expression of the markers indicated below was analysed by in situ hybridization (C, D, F-M) or immunochemistry
(E). (C, D) Krox20 and EphA4 are repressed in r3 and r5. (E) Double immunohistochemistry with anti-EphA4 (green) and anti-HA (red)
antibodies. EphA4-negative patches in 13 and r5 are positive for HA-PIASx. Only the left (electroporated) side of the embryo is shown. (F)
APro, which has lost the ability to interact with Krox20, does not repress EphA4. (G-1) Hoxa3, MafB and follistatin are not affected by PIASxf.
(J-M) Hoxb1 is ectopically activated by PIASxP and this activity is antagonized by co-electroporated Krox20 (M). In r3 and r5, Hoxbl
expression domains coincide with the EphA4-negative patches (L). Electroporations were always performed on the left side.

Krox20. The follistatin gene is expressed in r2 and r4-r6
around the 20ss in the chick (Figure 3I), and is known to
be repressed by Krox20 in r3 (Seitanidou et al, 1997). Its
expression was not modified by PIASxB electroporation
(Figure 3I), suggesting that PIASxf is not able to interfere
with Krox20 repressive activity in this case.

Another gene subjected to repression by Krox20 is Hoxbl,
a major determinant of r4 identity: in particular, we have
previously demonstrated that ectopic Krox20 expression leads
to HoxbI repression in r4, 16 and the spinal cord (Giudicelli
et al, 2001) and that Krox20 loss-of-function mutation allows

VOL 25 | NO 11 | 2006

rostral extension of Hoxb1 expression in r3 (Voiculescu et al,
2001). Ectopic PIASxP expression resulted in Hoxb1 activation
outside of its territories of normal expression, an increase
in its level of expression in r6 and the spinal cord and an
enlargement of the r4 domain (Figure 3J and L). In 13 and 15,
the domains of activation of HoxbI precisely corresponded to
the patches of repression of EphA4 (Figure 3L and data not
shown). Surprisingly, this ectopic activation of Hoxb1 expres-
sion was observed at least from the midbrain to the spinal
cord and was therefore not restricted to the territories of
Krox20 expression. This indicates that the capacity of PIASxf3

©2006 European Molecular Biology Organization



to activate Hoxb1 is not dependent on Krox20. Nevertheless,
co-electroporation of Krox20 and PIASxPB expression vectors
indicated that the two proteins can antagonize each other:
PIASxP could prevent activation of EphA4 by Krox20 (com-
pare Figure 3K and M) and reciprocally Krox20 could prevent
activation of Hoxb1 by PIASxf (compare Figure 3L and M).

In conclusion, we unexpectedly found that PIASxf acts
as an activator of Hoxbl expression, independently of
Krox20. As Hoxbl is under Krox20 negative control and
Krox20 can antagonize PIASxf-inducing activity, this raises
the possibility that Krox20 may actually repress Hoxbl by
antagonizing PIASxf in vivo.

PIASx$ is involved in Hoxb1 activation

To further investigate the involvement of PIASxf in the
control of Hoxbl expression, we generated a series of
HA-tagged, external and internal deletion mutants that were
tested by electroporation in the chick hindbrain (Figure 4A).
In order to normalize our analysis, the relative amount of
protein produced by these different constructs was estimated

Krox20 antagonizes PIASxp activation of Hoxh1
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by anti-HA immunohistochemistry on electroporated em-
bryos. No major variations were observed (data not shown).

Deletion of the N-terminal SAP domain abrogated HoxbI
activation but preserved EphA4 repression (Figure 4B-D). In
contrast, the SP-RING domain was surprisingly not required
for either activity (Figure 4F and G). Deletion of the proline-
rich domain prevented Hoxb1 activation (Figure 4E). Finally,
the deletion of the C-terminal serine/threonine-rich region
turned out to be particularly interesting. This mutant had
not only lost the capacity to activate Hoxbl, but it
actually appeared to repress endogenous Hoxbl expression
(Figure 4H) and to antagonize wild-type PIASxP in this
respect (Figure 4I). The ASerThr mutant kept its capacity to
repress EphA4 (Figure 4J), consistent with the maintenance
of the interaction with Krox20. It did not interfere with the
expression of MafB (data not shown), a gene that we have
shown previously not to be affected by the ectopic expression
of wild-type PIASxP (Figure 3H). This latter observation
indicates that the acquisition of an HoxbI repression capacity
by the ASerThr mutant is specific and does not reflect
a general repressive activity of the construct.
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Figure 4 Identification of PIASxf3 domains required for HoxbI activation. (A) Schematic representation of PIASxf and deletion mutants (see
Figure 2 for details). (B-J) Flat-mounted hindbrains from chick embryos electroporated on the left side with the constructs indicated above and
in situ hybridized with the probes indicated below. Whereas deletion of the SP-RING domain does not affect the activity of PIASxB (B, F, G),
elimination of the SAP domain prevents activation of Hoxb1 without affecting the repression of EphA4 (C, D), and deletion of the proline-rich
domain prevents activation of HoxbI (E). Deletion of the serine/threonine-rich domain does not affect EphA4 repression (J), but transforms
PIASxp into a repressor of HoxbI (H), able to antagonize the wild-type protein (I).
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In conclusion, these data indicate that the SAP and proline-
rich domains are required for Hoxb1 transcriptional activation,
whereas the SP-RING domain is not. The specific repression of
Hoxb1 by the ASerThr mutant suggests that this mutant acts as
a dominant-negative molecule and competes with endogenous
PIASxp, supporting the notion that PIASxf is involved in the
normal transcriptional activation of Hoxb1.

Krox20 does not require DNA binding to repress Hoxb1
The data presented above suggest that the repression of
Hoxbl1 by Krox20 is mediated by the interaction of Krox20
with PIASxP, an activator of Hoxbl. However, we have
previously shown that, when a point mutation preventing
DNA binding was introduced into the third zinc-finger of
Krox20, corresponding to an arginine to tryptophan substi-
tution (R409W) observed in a human peripheral myelino-
pathy (Warner et al, 1998, 1999), Hoxb1 repression by Krox20
was abolished (Giudicelli et al, 2001; Figure 5B). The latter
experiment rather suggested that Krox20 repression of
Hoxbl required DNA binding by Krox20. Therefore, we
have further examined the involvement of DNA binding
in Krox20 repression of Hoxbl. For this purpose, we have
compared the activities of the wild-type Krox20 protein
on Hoxbl and EphA4 expression with R409W and another
human peripheral myelinopathy mutant, S382R/D383Y,
which corresponds to serine and aspartic acid to arginine
and tyrosine substitutions in the second zinc-finger (Warner
et al, 1998) and is also defective in DNA binding (Warner
et al, 1999).

As indicated above, R409W has lost the ability to repress
Hoxb1 (Figure 5A and B). It is also unable to induce ectopic
EphA4 expression (Figure 5E and F), consistent with the fact
that EphA4 has been shown to constitute a direct transcrip-
tional target of Krox20 (Theil et al, 1998). S382R/D383Y
presented a strikingly different behaviour: whereas it was
unable to activate EphA4 (Figure 5G), it repressed Hoxbl
(Figure 5C). Furthermore, a deleted Krox20 protein contain-
ing only the 160 C-terminal amino acids, including the zinc-
fingers, and carrying the double mutation S382RD383Y
(CterSR/DY) was also able to repress Hoxbl and unable to
activate EphA4 (Figure 5D and H). Finally, these data were
confirmed using co-electroporation of constructs carrying a
lacZ reporter under the control of a B-globin minimal promoter
and EphA4 and Hoxbl cis-acting regulatory sequences (see
Supplementary data). The effects on the reporter constructs
were fully consistent with those observed on the endogenous
EphA4 and Hoxbl1 genes (Supplementary Figure 1).

In conclusion, this analysis clearly establishes that the
DNA-binding activity of Krox20, although absolutely required
for EphA4 induction, is not necessary to repress Hoxbl.
This latter conclusion is in sharp contrast with what could
have been deduced from the sole examination of the R409W
mutant.

Hoxb1 repression by Krox20 correlates with binding

to PIASxp

As the two examined point mutants in Krox20 zinc-fingers
differed drastically in their capacity to repress Hoxbl, we
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Figure 5 HoxbI repression by Krox20 does not require DNA binding. (A-H) Flat-mounted hindbrains from chick embryos electroporated on
the left side with wild-type and mutant Krox20 constructs as indicated above and in situ hybridized with Hoxbl or EphA4 probes. (A-D)
Whereas the R409W mutation prevents repression of Hoxb1, S382R/D383Y and CterSR/DY conserve this activity, despite their loss of DNA
binding. (E-H) In the three mutants, loss of DNA binding correlates with the inability to activate EphA4.
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investigated whether this behaviour could be correlated
with their ability to interact with PIASxf. This latter property
was estimated in the yeast two-hybrid system using the lacZ
reporter driven by the PIASxB-Gal4 hybrid as indicated
above. We found that the R409W mutant was highly impaired
in its activation of the reporter, whereas the behaviour of the
S382R/D383Y mutant was close to that of the wild-type
protein (Figure 6). As controls, we performed the same
assay, but using a Par4-Gal4 hybrid as lacZ driver. Par4 is
another interactor of the zinc-finger domain of Krox20 iden-
tified in the two-hybrid screening (data not shown). The two
Krox20 mutants appeared to perform very similarly and
slightly better than the wild type in this latter assay, indicat-
ing that the differences observed with the PIASx-Gal4 driver
are not due to differences in the synthesis or stability of the
two mutant proteins, but rather in the capacity to interact
with PIASxf (Figure 6).

In conclusion, these results establish that the R409W is
strongly hampered in its interaction with PIASxp, whereas
S382R/D383Y behaves similarly to the wild-type protein.
This indicates that although DNA-binding and PIASxf inter-
action domains overlap within the Krox20 protein, they are
distinct and at least DNA binding can be abolished without
seriously affecting PIASxf binding. In addition, we observed
that in these two mutants, the capacity of Krox20 to repress
Hoxbl correlates with its ability to interact with PIASxp,
supporting the idea that Krox20 represses Hoxbl by anta-
gonizing one of its activators, PIASxB. This conclusion was
further supported by the observation that co-electroporation
with PIASxP can release Krox20-mediated repression of
Hoxb1, whereas this is not the case with APro, which cannot
interact with Krox20 (data not shown).

Discussion

In this study, we have identified PIASxf as a novel interactor
of Krox20, which plays an important role in hindbrain
segmentation, regulating the expression of several Hox
genes. We unexpectedly found that PIASxf is able to activate
Hoxbl expression and that its interaction with Krox20 is
likely to constitute the molecular basis of HoxbI repression
by Krox20 in the hindbrain. Our findings reveal an additional
level of complexity in the mechanisms controlling Hox gene
regulation and raise the possibility that PIAS family members
might be involved in novel and important developmental
regulatory processes.

PIASXP

0 20 40

Control D
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Direct interaction between Krox20 and PIASx

We have accumulated several lines of evidence supporting a
direct biochemical and functional interaction between Krox20
and PIASxp: (i) the existence of the interaction was initially
established in a yeast two-hybrid assay, which also allowed,
together with GST pull-down experiments, to define the
interaction interfaces on each proteins; (ii) GST pull-down
data also established that binding was direct (Figure 1B);
(iii) the existence of an in vivo interaction was supported by
the coexpression of the two genes in the developing hind-
brain, by the subcellular relocalization of Krox20 upon forced
expression of PIASxp in mammalian cells (Figure 1C) and
by co-immunoprecipitation of the two proteins (Figure 1D).
Colocalization of Krox20 with the different PIASxp deletion
mutants (Supplementary Figure 2) adds support to this con-
clusion; (iv) the functionality of the interaction is supported
by the crossregulatory activities of the two proteins.

The discovery of this novel interaction raises a number of
interesting points. It first adds to the list of Krox20 interactors,
illustrating the importance and the complexity of the regula-
tory activities of Krox20. As PIASxP carries an E3 ligase
activity, SUMOylation of Krox20 by PIASxf might have
been envisaged. However, several pieces of data are against
this possibility: (i) Krox20 does not contain any SUMOylation
consensus site; (ii) preliminary in vitro SUMOylation assays
failed to reveal any SUMOylated form of Krox20 (data not
shown); (iii) the deletion of the ARING domain is known to
inactivate the E3 ligase activity and nevertheless it does
not prevent PIASxp from antagonizing Krox20 (Figure 4).
The precise localization of the interaction interfaces between
Krox20 and PIASxP revealed a large overlap with the
DNA-binding domain in Krox20, as both zinc-fingers 1 and
3 appear to be required. However, overlap does not mean
identity, as we have found a mutation that abolishes DNA
binding without significantly affecting PIASxf binding
(Figure 6). Such an overlap has implications at both structur-
al and functional (binding to each target is likely to be
exclusive) levels. In PIASxf, the interaction domain has
been shown to include a proline-rich region whose structure
has not yet been established but resembles the SH3 domain-
binding region of the GAP protein 3BP-1 (Wu et al, 1997).

Both Krox20 and PIASxf belong to highly conserved multi-
gene families. The interaction between Krox20 and PIASxf
raises the possibility of the existence of similar interactions
between other members of the families. The zinc-fingers are
extremely conserved between Krox20 and the three other
members of the Krox20/Egr family (see O’Donovan et al,
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Figure 6 The ability of Krox20 to repress Hoxb1 correlates with its capacity to interact with PIASxf. The 184-470 Krox20 deletions, in their
wild-type version or carrying mutations in the DNA-binding domain, fused to the Gal4 DNA-binding domain were confronted to the Gal4
activation domain fused to PIASxp or Par4 in the yeast two-hybrid system. The interaction was recorded by measuring the expression of the
lacZ reporter gene. The B-galactosidase activities were normalized with the levels obtained with the wild-type construct. Mutant S382R/D383Y,
which has retained Hoxb1 repression activity, has also maintained its capacity to interact with PIASx3, whereas R409W has lost both activities.
As a control, interaction with Par4 is not seriously affected in either mutant. Control corresponds to no Krox20 insert.
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1999 for a review), suggesting that these proteins are likely to
bind PIAS as well. PIASx3 and PIASx« are splice variants that
are identical in the binding domain. PIASxa should therefore
also bind to Krox20. We showed that the sequence between
positions 133 and 162 in PIASxp is absolutely required for
binding. This sequence is not present in PIASy and accord-
ingly this protein does not bind to Krox20 (Figure 2C). This
sequence is also poorly conserved between PIASxP and
PIAS1 and PIAS3, with the exception of the hexapeptide
Pro-Val-His-Pro-Asp-Val/Ile. Consistently, binding of Krox20
to PIAS3 is poor and interaction with PIAS1 is significant,
but much lower than with PIASxf (Supplementary Figure 3).
Accordingly, we did not observe a repression of Krox20
targets upon electroporation of PIAS1 or PIAS3 expression
vectors in chick embryos (data not shown).

Hoxb1 regulation by PIASx

The patterns of expression of Hoxbl and PIASxP in the
developing nervous system only partially overlap and in
particular Hoxb1 is expressed caudally up to the prospective
r3/r4 boundary at the 2-3 ss stage in the chick, before PIASxf
induction (Giudicelli et al, 2001 and this paper), excluding the
possibility of a role of PIASxfB in Hoxbl early activation.
At later stages, however, PIASxf is likely to be implicated in
the positive regulation of HoxbI in the hindbrain and the
spinal cord. This is based both on gain-of-function experi-
ments in which we ectopically expressed PIASxp in the chick
embryo neural tube and on loss-of-function experiments
involving expression of a PIASxf mutant derivative that
presumably acts as a dominant-negative molecule.

Our experiments did not address at which level PIASxp is
acting on Hoxbl expression. Transcription initiation never-
theless constitutes the most likely possibility. This is consis-
tent with several observations: (i) PIASxf is able to induce
accumulation of Hoxbl mRNA in territories that normally
do not express the gene. (ii) Although PIAS family members
have been mostly described as transcriptional corepressors
(Schmidt and Muller, 2003), roles of transcriptional coactiva-
tors have also been reported (Yang and Sharrocks, 2005).
Hence, PIASxp interacts with a histone deacetylase (HDAC)
to alleviate transcriptional repression on TFII-I (Tussié-Luna
et al, 2002). It is interesting to note that the SAP domain,
which is required for Hoxb1 activation, has been shown to
be involved in the interaction with HDACs (Gross et al, 2004).
(iii) The C-terminus of PIASxP, which is also required
for Hoxbl activation, is rich in serine and threonine
like some transcriptional activation domains and has been
shown to activate transcription in Gal4 fusions in yeast (Wu
et al, 1997).

Definitive proof for the requirement of PIASxp in some
aspects of Hoxbl transcription will await the analysis of the
knockout mutants. However, owing to the close conservation
of the different family members, this is likely to necessitate
the combination of mutations in several of them.

Krox20, a molecular switch for coordinated Hox

gene regulation

Hoxbl transcriptional regulation in the developing central
nervous system (CNS) is a very complex process. It has been
shown to involve an initiation period involving induction by
Hoxal and the retinoic acid pathway followed by a main-
tenance and refinement period. This second phase involves
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both positive regulators, in particular, Pbx, Meis and Hox
factors acting through auto- and crossregulatory pathways,
and repressors that lead to restriction of the expression to r4.
Krox20 belongs to these negative regulators, as indicated by
its capacity to repress Hoxbl expression in gain-of-function
experiments in the chick and by the extension of the Hoxb1-
positive territory into r3 in the mouse Krox20 null mutant
(Giudicelli et al, 2001; Voiculescu et al, 2001). The present
work provides a molecular basis for the genetic interaction
between Krox20 and Hoxbl. We propose that PIASxf is
required for the second phase of Hoxbl expression in the
hindbrain and that Krox20 represses HoxbI by directly bind-
ing to PIASxP and antagonizing its activity (Figure 7). In
contrast, the early pattern of expression of PIASxp in the CNS,
with no rhombomere-specific domains (Figure 3A), is not in
favour of an implication of PIASxf in the control of Krox20
activity. The mechanism of repression by Krox20 is very
different from its mode of activation of gene expression,
which involves specific DNA binding, although the same
domain, the zinc-fingers, is involved in both types of inter-
actions (Figure 7). Our interpretation is strongly supported by
the fact that HoxbI repression does not require the ability of
Krox20 to bind DNA, and that it correlates with the capacity
of Krox20 to interact with PIASxf. According to our model,
odd- (r3/r5) or even- (r4) numbered rhombomere-specific
expression relies on the balance between Krox20 and PIASxf:
when in excess, Krox20 both antagonizes PIASxf}, leading to
Hoxb1 repression, and binds to its DNA target sites, directly
activating the transcription of odd-numbered rhombomere-
specific genes, including Hox genes (Figure 7A). In contrast,
in the absence of Krox20, PIASxp is free to activate Hoxbl
expression and odd-numbered genes are not activated
(Figure 7B). Therefore, Krox20 appears as a molecular switch
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Figure 7 Schematic representation of the possible crossregulatory
interactions between Krox20 and PIASxf. The relative levels of
the two proteins determine the expression of r3/r5- and r4-specific
genes (see the Discussion section for details of the model). The
circles represent the different proteins and the rectangle the cis-
acting elements. (A) Situation in r3/1r5. (B) Situation in r4. The
interaction of Piasxf with the Hoxb1 locus may be direct or indirect,
via a putative protein (X). The domain of PIASxf involved in this
latter interaction has not been characterized. It is arbitrarily repre-
sented as the domain overlapping with the Krox20-binding domain.
This representation does not take into account the possibility that
PIASxf might be acting by sequestering a repressor of Hoxb1.
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that coordinates gene expression to establish odd-numbered
rhombomere identity.

The precise mode of action of Krox20 on PIASxp activity
is not known. However, we have shown that on PIASxf the
interaction occurs at the level of a region that contains an
SH3-binding domain (proline-rich region). Therefore, binding
of Krox20 to the proline-rich region may prevent the inter-
action of PIASxf with an SH3 factor and its incorporation into
a transcription activation complex. In support of this idea, the
deletion of the proline-rich domain not only prevents inter-
action with Krox20, but also abrogates Hoxbl activation.
Identification of this putative SH3 factor will constitute a
further step in the understanding of Hoxb1 regulation.

Materials and methods

Yeast two-hybrid screening and yeast B-galactosidase assays
For all constructions, see Supplementary data. Yeast two-hybrid
screening was performed with the ProQuest Two-Hybrid System
(Invitrogen) in the MaV203 strain, according to the manufacturer’s
protocol. We used a ProQuest two-hybrid, 8.5 dpc mouse embryo
cDNA library cloned in the pPC86 vector (Invitrogen). Quantifica-
tion of B-galactosidase activity was performed using o-nitrophenyl-
B-p-galactopyranoside as substrate.

Protein expression, purification, immunoprecipitation and
pull-down assays

GST and GST fusion constructs were transformed in Escherichia
coli BL21(DE3) and GST fusions were prepared and purified on
glutathione-Sepharose beads (Amersham Biosciences Inc.) accord-
ing to the manufacturer’s protocol. In vitro transcription/translation
reactions were performed with the TNT Quick Coupled Transcription/
Translation System (Promega) in the presence of [3°S]methionine
(Amersham Biosciences Inc.) using 1pg of template plasmid.
Pull-down experiments and protein immunoprecipitation are
detailed in Supplementary data.
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Cell culture, transfections and indirect immunofluorescence
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Transient transfections were performed with Lipofectamine 2000
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cence pictures were acquired on a Leica TCS 4D confocal
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In ovo electroporation and whole-mount in situ hybridization
Electroporation, preparation of the embryos for immunochemistry
and in situ hybridization were carried out as described previously
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co-electroporated. The chick probes for in situ hybridization
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