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Abstract

PBX1 belongs to the TALE-class of homeodomain protein and has a wide functional diversity during development. Indeed, PBX1
is required for haematopoiesis as well as for multiple developmental processes such as skeletal patterning and organogenesis. It has
furthermore been shown that PBX1 functions as a HOX cofactor during development. More recent data suggest that PBX1 may act
even more broadly by modulating the activity of non-homeodomain transcription factors. To better understand molecular mecha-
nisms triggered by PBX1 during female genital tract development, we searched for additional PBX1 partners that might be involved
in this process. Using a two hybrid screen, we identified a new PBXI1 interacting protein containing several zinc finger motifs that we
called ZFPIP for Zinc Finger PBX1 Interacting Protein. We demonstrated that ZFPIP is expressed in embryonic female genital tract
but also in other PBX1 expression domains such as the developing head and the limb buds. We further showed that ZFPIP is able to
bind physically and in vivo to PBX1 and moreover, that it prevents the binding of HOXA9/PBX complexes to their consensus DNA
site. We suggest that ZFPIP is a new type of PBX1 partner that could participate in PBX1 function during several developmental

pathways.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

PBXI (pre-B-cell leukemia transcription factor 1) was
initially isolated as a proto-oncogene in human leukaemia
induced by the expression of the oncogenic fusion
E2a-PBX1 protein (Kamps et al., 1990; Nourse et al.,
1990). PBX1 belongs to the PBC group of the TALE class
of homeodomain proteins that comprises PBX1, PBX2,
PBX3 (Monica et al., 1991), PBX4 (Wagner et al., 2001),
zebrafish Lazarus or lzr (Popperl et al., 2000; Waskiewicz
et al., 2001), Drosophila Extradenticle or Exd and Caeno-
rhabditis elegans Ceh-20 (Shanmugam et al., 1999; Shen
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et al., 1999). Several studies have demonstrated that PBC
proteins were able to interact with a subset of HOX
proteins and as such been considered as essential HOX
cofactors involved in developmental gene regulation
(reviewed in (Moens and Selleri, 2006).

Inactivation of PBC genes in different models have dem-
onstrated that PBC proteins make critical contributions to
cell fate and segmental patterning during development
(reviewed in Moens and Selleri, 2006). In particular,
loss-of-function studies have demonstrated a critical role
for PBX1 in cellular proliferation and patterning and sug-
gest its involvement in numerous regulatory pathways (Sel-
leri et al., 2001). Indeed, PBXI mutants die at embryonic
day 15/16 with severe hypoplasia or aplasia of multiple
organs and widespread patterning defects of the axial and
appendicular skeleton. Amongst abnormal organogenesis
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processes observed in these mutants, the urogenital system
is severely affected with a markedly reduced urogenital
ridge outgrowth and impaired differentiation of the meso-
nephros and kidneys. In addition, the Miillerian ducts
which represent the antecedent of the female genital tract
(i.e. oviducts, uteri and vagina) and are normally formed
in E12.0 wild-type embryos, are lacking in both male and
female mutants while the anlagen of the male genital tract,
the Wolffian ducts are present (Schnabel et al., 2001).

Although some of the PBX/ mutant phenotypes are
similar to HOX mutants and can be thus attributed to
effects on HOX function, some other aspects of the
PBXI™ mouse suggest that PBX1 may act more broadly
in non HOX expressing embryonic area and/or in HOX
independent pathways. In particular, the implication of
HOX genes during female genital tract development differs
quite significantly from that of PBX1. The Miillerian ducts
do not form in PBXI mutant animals (Schnabel et al.,
2003) whereas inactivation of the HOXA10, HOXAlI,
HOXAI3 or HOXDI3 gene provokes morphological
defects along the proximodistal axis of the female repro-
ductive tract that could initially differentiate (reviewed in
Taylor, 2000). The absence of Miillerian ducts in PBX]
mutants indicates the early involvement of the gene in this
organogenesis. In addition, the gene seems to be required
throughout female genital tract development as suggested
by its constant expression during this process (Schnabel
et al., 2001) and until puberty (Dintilhac et al., 2005).

In the aim to better understand the molecular mechanisms
triggered by PBX1 during female genital tract development,
we searched for new partners that might be involved in
higher-order molecular gene regulation complexes during
this organogenesis. For this purpose, we performed a two
hybrid screen using full length PBX1B as bait and a cDNA
library constructed with RNAs extracted from differentiat-
ing Miillerian ducts of E16.5 to E18.5 embryos.

By this way, we identified a new PBXI interacting
protein containing several zinc finger motifs that we called
ZFPIP for Zinc Finger PBX1 Interacting Protein. We dem-
onstrated that ZFPIP is expressed in embryonic female
genital tract but also in other PBX1 expression domains
such as the developing head and the limb buds. We further
showed that ZFPIP is able to bind physically and in vivo
with PBX1 and moreover, that it prevents the binding of
HOXA9/PBX complexes to their consensus DNA site.
We therefore suggest that ZFPIP is a new type of PBX1
partner that could participate in PBX1 function during
several developmental pathways.

2. Results

2.1. Identification of a novel PBX1B partner expressed
during female genital tract development

To isolate cDNAs encoding proteins that associate with
PBX1B during female genital tract development, we first
created a randomly primed cDNA library from

polyA + RNAs from Miillerian ducts and used full-length
PBXI1B as bait. Prior to library screening, we verified that
PBX1B possessed no intrinsic transcriptional activation of
the reporter genes (not shown). Out of 1.2 x 10° transfor-
mants screened, 50 positive clones were finally selected
for sequencing analysis based on two nutritional markers
as well as by lacZ and MELI reporter expression. Amongst
these 50 clones, only 20 cDNAs were in frame with the
Gal4 ORF in the prey plasmids. Two of these clones were
identified as independent, overlapping PBX1 cDNAs. Since
it has been demonstrated, using different approaches, that
PBX1 can homodimerize (Calvo et al., 1999), the presence
of these clones validated the screen.

One of the positive clones was further studied. Fig. 1A
shows that the corresponding peptide is able to activate
reporter genes in the two hybrid system whereas no such
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Fig. 1. Identification of a new putative PBX1 partner. (A) Positive clones
identified by the two hybrid screen were isolated and tested by a secondary
screen. Using the full length PBX1B protein as bait, one selected clone
corresponding peptide was able to activate reporter genes (Mell, His3,
Ade2) in the two hybrid system whereas no such activation was obtained
with CBP as a control protein. (B) This clone was further analyzed by
GST-pull down. Radio-labelled in vitro translated putative partner was
incubated with Glutathione-Sepharose beads loaded with either GST or
GST-PBX1B. After several washes, proteins were eluted and analyzed on
SDS-PAGE. Compared by GST pull down, the binding of the selected
clone encoding peptide with PBX1B was similar to the binding of
HOXA9.
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activation is obtained with CBP (CREB Binding Protein)
as a control protein. We thus used GST pull-down to com-
pare the interaction between this peptide and PBX1B with
the binding of PBX1B and its well characterized partner i.e.
HOXADO9. Indeed, while most HOX proteins bind to PBX1
in the presence of DNA, HOXA9 can heterodimerize to
PBX1 without DNA (Shen et al., 1999; Dintilhac et al.,
2005). As shown in Fig. 1B, the selected peptide exhibited
a binding for PBX1B that was similar to that of HOXAJ.

2.2. The novel PBX1B partner corresponds to a large zinc
finger protein that is nuclear targeted

Sequencing of selected clone showed that it contained a
650 bp cDNA. In order to reconstitute the full-length
cDNA, we searched for mouse ESTs in several libraries
and used the available cDNA sequence of the human
homologous ZFPIP cDNA (Accession No.: NP 067047).
This in silico analysis revealed that the partial cDNA that
we isolated was encompassed in a full-length § kb cDNA
that encodes a 250 kDa protein of unknown function but
that contains 34 classical Cys2His2 (C2H2) zinc finger
motifs spread throughout the molecule. Three of these zinc
finger motifs located at the C-terminal end of the protein
form a putative DNA binding domain that is similar but
not identical to the one of mammalian Sp-XKLF (Kriippel
Like Factors) family members (Fig. 2A). Given the high
number of C2H2 motifs found within the protein, we con-
sequently termed it ZFPIP for Zinc Finger PBX1 Interact-
ing Protein. Using the BLAST program, we analysed the
peptidic region encoded by the cDNA initially isolated
from the screen (this region of the protein was named
ZFPIPp for partial ZFPIP). We showed that within this
PBXI1B interacting region, two domains of 33 and 44
amino acids were highly conserved from tetraodon to
human (Fig. 2A and B) suggesting an important role of this
particular region. The analysis of this conserved region
showed the presence of a Nuclear Localization Signal
(NLS) that might be involved in nuclear targeting of the
protein. Indeed, only the N-ZFPIP and ZFPIPp proteins
were addressed to the nucleus whereas the C-ZFPIP pro-
tein which does not contain the NLS was not found in
the nucleus of the cells (Fig. 2C).

2.3. ZFPIPp associates in vitro and vivo with PBX1

The interaction between ZFPIP and PBX1B observed in
the two hybrid system and by GST pull down was further
analyzed. We first confirmed the in vitro interaction of both
partners using GST-ZFPIPp and in vitro translated PBX1B
protein. As shown on Fig. 3A, PBXIB associated with
GST-ZFPIPp but not with GST alone. Similar experiments
were performed with PBX1A and demonstrated an equiva-
lent binding between ZFPIPp and PBXI1A, showing that
ZFPIP could be a new partner of both PBX1 isoforms
(not shown). Moreover, in vivo interaction between PBX1B
and ZFPIP in mammalian cells was corroborated by co-

immunoprecipitation of FLAG-ZFPIPp and HA-PBX1B
expressed in Cos-7 cells. Indeed, PBX1B and ZFPIPp were
co-immunoprecipitated (Fig. 3B, lanes 3 and 6) with anti-
FLAG M2 beads as efficiently as the PBX1B/HOXA9 het-
erodimer (Fig. 3B, lanes 1 and 4) whereas no PBX1B was
immunoprecipitated when co-expressed with eRF1
(eukaryotic peptide chain Release Factor 1) used as a neg-
ative control protein (Fig. 3B, lane 5). We thus mapped the
ZFPIP interaction domain as residues 215-241 in PBX1B
(Fig. 3C) and showed that it contained the most N-terminal
located NLS motif of the protein (NLS1, Fig. 3D).

2.4. PBX1 and ZFPIP are both present in embryonic female
genital tract protein extracts

Expression pattern of PBX1 and its involvement during
urogenital morphogenesis have been well described
(Schnabel et al., 2001, 2003). We recently showed that
PBX1B was expressed throughout genital tract develop-
ment until the onset of puberty (Dintilhac et al., 2005).
Since the library used in the two hybrid screening was
performed with cDNAs obtained from female genital tracts
of E16.5 to E18.5 embryos, the presence of PBX/B and
ZFPIP transcripts in this organ was expected. Using three
sets of primers complementary to sequences located
throughout the cDNA (Fig. 4A), we confirmed by RT
PCR the presence of ZFPIP transcripts in the embryonic
genital tract (Fig. 4A, lane 1, 2, 3) as well as the presence
of both transcripts of the PBXI gene (PBXIA and
PBXI1B). However, although ZFPIP and PBXI gene tran-
scription was evidenced by RT-PCR, the presence of the
corresponding ZFPIP protein in this embryonic organ
could be questioned. To address this point, we produced
an antibody raised against ZFPIP (Fig. 2A). The specificity
of the antibody was tested in immunocytochemistry and
Western blot experiments. Fig. 4B corresponds to FLAG-
ZFPIPp expressing Cos-7 cells that were immunocyto-
chemically stained with ZFPIP antibodies or depleted
antibodies (see Section 4). As shown, a nuclear immuno-
staining was clearly observed in FLAG-ZFPIPp expressing
cells incubated with o-ZFPIP antibodies whereas no signal
was detected in cells incubated with depleted serum. The
same nuclear staining was observed when FLAG-ZFPIPp
expressing cells were analysed with o-FLAG antibodies
(data not shown). Protein extracts from FLAG-ZFPIPp
expressing Cos-7 cells were analyzed by western blotting
using the same antibodies. An immunoreactive band was
only observed on the membrane incubated with o-FLAG
or o-ZFPIP antibodies whereas no band was observed with
depleted antibodies (Fig. 4C). Given the specificity of the
ZFPIP antibody, we thus used it to detect the endogenous
protein in embryonic genital tract extracts. Since the anti-
body was targeting in a highly conserved region of the pro-
tein (Fig. 2), we used protein extracts from female
embryonic bovine genital tracts to overcome the difficulty
of getting sufficient proteins from an embryonic organ in
mouse. As shown on Fig. 4D, an immunoreactive band



A. Laurent et al. | Mechanisms of Development 124 (2007) 364-376 367

A Y/FXCx,Cxglx,Hx,Hx5Y/FXCx,CxgLx,Hx,HX5Y/FXCx,CxgLx,HX,H
“*~-.__Finger 1 Finger 2 Finger 3 ,~
LAl B [ C |
1 ~~._ ABC _.--- 2415 AA
i 1 ikl n
-7 A C ————————————
590 622 756 799
Mm |RKLASDFPLDLSPVKK TRIDEIASNLQSKINQ| |YCKHCDFNNKSARSVSTHYQRMHPYIKFSFRYILDPNDHSAVYR

Hs |
cf N
Tn ||
Dr | |
NLS
B % identity within ZFPIP
A B c NLS A+B+C ZFPIP
590-622 | 623-755 756-799 (ZFPIPp) (full length)
Homo 97 % 83 % 100 % 94 % 89 % 90 %
Canis 97 % 83 % 100 % 94 % 89 % 83 %
Tetraodon 82 % 47 % 86 % 71 % 44 % 51 %
Danio 82 % 28 % 86 % 77 % 47 % 44 %
C NLS
v
n [ T Jikik ]
[ NN N-ZFPIP
DI ZFPIPp

C-ZFPIP | [H:H] |

N-ZFPIP ZFPIPp C-ZFPIP

Fig. 2. ZFPIP cDNA encodes a new type of C2H2 zinc finger protein. (A) Sequence analysis of the selected clone indicates that it belongs to a full-length
8 kb ¢cDNA that encodes an uncharacterized protein containing a NLS (Nuclear Targeted Sequence indicated in the rectangle) and a putative DNA
binding domain with three zinc fingers. Two antibodies were generated against two peptides of the protein and are indicated in green in (A). (B) Within the
putative ZFPIP protein, the region corresponding to the peptide isolated from the two hybrid screen contains two highly conserved domains (domains A
and C) and a bipartite NLS. (C) Immunocytochemistry were performed on Cos-7 cells transiently transfected with FLAG-N-ZFPIP, FLAG-ZFPIPp and
FLAG-C-ZFPIP proteins using FLAG antibodies (a-FLAG). Specific staining was detected with a fluorescein isothiocyanate conjugated secondary
antibody and nuclear staining by DAPI. Only the FLAG-N-ZFPIP and FLAG-ZFPIPp proteins that contain the NLS were targeted to the nucleus of
Cos-7 cells whereas the FLAG-C-ZFPIP proteins remained in the cytoplasm.

corresponding to a protein of approximately 250 kDa  body but absent in embryonic liver and Cos-7 cells. No
was specifically observed in embryonic genital tract signal was observed when using the depleted serum (data
extracts when the blot was analyzed with the ZFPIP anti-  not shown).



368 A. Laurent et al. | Mechanisms of Development 124 (2007) 364-376

A B
lanes 1/2/3| |4|5]|6
o & pcDNA3-HAPBX1B | + [+ | + + |+ |+
S g pCMV-FLAG HOXA9 | + +
s - N pCMV-FLAG eRF1 + +
g 8 4 pCMV-FLAG ZFPIPp + +
| .-y
FLAG-eRF1
GeRFIM| || @9\ <« HA-PBX1B
PEX1E P [N  w——
FLAG-ZFPIPp p s
FLAG-HOXA9 P | s 32
IP o.-FLAG IPO -FLAG
WB o -FLAG WB a-HA
C 215 241
vy o
PBX1B — ) 18 g o
S R % $y23f8£5§92:
[ S EF EFkE F EFFEFEFEFFEFEEE
P2 | N | g-UJU)UJU)CDCDU)(DU)UJU)U)
P3 p :: I_OOGGGGGGGGOG
Pa ] ! !
P5 . 4 —_— S Shae
P6 L I =
P7 —J 5 5 -
P8 —d
P9 —
P10 ————1
D NES, NES, NLS, NLS,
I |
1 PBC-A PBC-B ‘ HD 347

o

216 LKQSTCEAVMILRSRFLDAIRRKRRINFN 241

Fig. 3. ZFPIP physically binds recombinant GST-PBX1B and co-precipitates with PBX1B in protein Cos-7 cells extracts. (A) Radiolabelled in vitro
translated PBX1B was incubated with Glutathione-Sepharose beads loaded with either GST or GST-ZFPIPp. After several washes, proteins were eluted
and analyzed on SDS-PAGE. (B) Protein extracts containing HA-PBX1B in combination with FLAG-HOXAJY (lane 1, 4) or FLAG-eRF1 (lane 2, 5) or
FLAG-ZFPIPp (lane 3, 6) were incubated with agarose anti-flag M2 beads as described in methods. Proteins bound on the beads were eluted with a 0.1 M
glycine solution and analyzed on SDS-PAGE. Western blots were realized with anti FLAG antibodies (a-FLAG) and anti HA antibodies (a-HA). (C)
Mapping of the ZFPIP interaction domain in PBX1B. Different truncated PBX1B proteins were expressed as GST fusion proteins and incubated with
35§-ZFPIPp protein. GST pull down were performed as described in methods and demonstrated that the interaction domain of PBX1B with ZFPIP
corresponded to amino-acids 215-241. (D) The ZFPIP interaction domain (AA 215-241) contains one of the NLS identified for PBX1 (NLSI). The two
domains conserved among PBC family proteins, PBC-A and PBC-B, as well as the HD, NLS and NES are indicated.

2.5. ZFPIP and PBXI share similar timing and overlapping
pattern of expression during embryogenesis

In this work, we identified a novel zing finger protein
that interacts physically with PBX1B and that is co-
expressed within the developing genital tract. In order to
investigate whether ZFPIP could be a more general
PBXI1 partner involved in other aspects of mouse develop-

ment, we further studied its overall expression during
embryogenesis. Using whole mount in situ hybridization,
we observed that ZFPIP mRNA was mostly located in
the head and limb buds of E9.5 and EI11.5 embryos
(Fig. 5A). In the developing head at E9.5 and EI10.5,
ZFPIP expression was intense in the forebrain (FB), the
midbrain (MB) as well as in the first and second branchial
arches (BA). In particular, in the first pharyngeal arch,
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Fig. 4. ZFPIP is expressed in embryonic female genital tract. (A) RT-PCR was performed with RNAs extracted from embryonic female genital tracts
using specific primers of HPRT, HOXAY, PBXI and 3 different sets of primers complementary to ZFPIP (see Table 1). PCR products were analyzed and
visualized by an ethidium bromide-stained 2% agarose gel along with molecular markers (Markers) corresponding to ®X 174/Hinfl (Promega). (B)
Immunocytochemistry was performed with anti ZFPIP antibody (o-ZFPIP) and a fluorescein conjugated secondary antibody (a). Controls were
performed with an antibody depleted by absorption with an excess of recombinant GST-ZFPIP (b, depleted a-ZFPIP) or with an excess of GST (c,
depletion control) before secondary antibody addition. An immunocytochemistry experiment was also performed on non-transfected cells (d).
Fluorescence was detected under UV light using a Leica microscope with a final magnification of 500x. The staining of nuclei with DAPI (blue) is shown in
small square boxes. (C) Protein extracts prepared from cells expressing FLAG-ZFPIPp (lane 1, 2) or not expressing FLAG-ZFPIPp (NT) were loaded on
SDS-PAGE and analyzed by western blots using a-FLAG, a-ZFPIP and depleted o-ZFPIP antibodies. Protein markers (in kDa) are indicated on the left
of the blot. (D) Proteins were prepared from embryonic tissues (female genital tract and liver) or from Cos-7 cells and then were separated on SDS-PAGE.
Proteins were transferred onto PVDF membranes and incubated with o-ZFPIP, B-tubulin or PCNA antibodies. A specific band is visualized in genital
tract extracts and the migration of the corresponding proteins allowed us to correlate this immunoreactive band to the ZFPIP protein. Markers (in kDa)
are indicated on the left of the blot.

expression was distinctively detected in the maxilla (Mx)  was still observed in developing limbs and in the cerebral
and mandibular (Md) prominences. In E11.5 embryos  hemisphere of the head. In addition to these experiments,
(Fig. 5A) and E12.5 (data not shown), ZFPIP expression  we performed real time reverse transcription PCR from
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Fig. 5. ZFPIP is highly expressed in developing head and limb buds. (A) Whole-mount in situ hybridization using digoxigenin-labelled ZFPIP riboprobes
were performed on E9.5; E10.5 and E11.5 embryos. An intense staining is observed in the forebrain (FB), the midbrain (MB) as well as in the first and
second branchial arches (Bal, Ba2) on E9.5 and E10.5 embryos. Arrows indicate ZFPIP expression in the first pharyngeal arch at the level of the maxilla
(Mx) and mandibular (Md) prominences, in the forelimb (FL) and the hindlimb (HL). Two E11.5 embryos hybridized with either a ZFPIP sens riboprobe
(ZFPIP S, on the left) or a ZFPIP antisens riboprobe (ZFPIP AS, on the right) are shown and illustrate a specific ZFPIP expression in developing limbs
and in the cerebral hemisphere. (B) ZFPIP transcript and its product are more abundant in the developing head. Real-time reverse transcriptase-PCR
experiments were performed with RNAs extracted from parts of E12.5 embryos (whole embryo, head, body, limb buds) and specific ZFPIP primers (see
Table 1) as described in methods. Western blots were prepared from embryos and different parts of mouse embryos (whole embryos, head and limb buds
of E12.5) as well as in adult mouse tissues (kidney, liver, thymus) and performed using either a-ZFPIP, B-tubulin or PCNA antibodies. Protein markers (in
kDa) are indicated on the left of the blot. (C) ZFPIP is highly expressed during embryogenesis compared to adult organs. Relative expression of ZFPIP
was calculated using HPRT as internal control. Experiments were run at least three times from different RNA extractions.
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RNAs extracted from either whole or parts of E12.5
embryos (head, limb buds and body). As shown in
Fig. 5B, the level of ZFPIP mRNAs was higher in the head
and the limb buds compared to the level of the transcripts
in the rest of the embryo (body). Protein extracts were also
prepared from different adult tissues and embryonic
regions to be analyzed by Western blot. Using ZFPIP anti-
bodies described above, we detected an intense immunore-
active band corresponding to the ZFPIP protein in
embryonic extracts from the head whereas lower signal
was obtained in extracts prepared from whole embryos
and limb buds. Although no protein was detected in adult
liver and kidney, an immunoreactive band was observed in
adult thymus. In addition, we analyzed the level of ZFPIP
mRNA during embryogenesis and in several adult tissues.
As demonstrated on Fig. 5C, the level of ZFPIP in E12.5
embryo was much higher (10- to 40-fold) than in any other
adult organ tested (liver, brain, kidney, muscle, female and
male genital tract).

Since ZFPIP expression was mostly detected in the fore-
brain and the midbrain, we performed in situ hybridization
on frontal sections of E11.5 embryos. As shown in Fig. 6A,
ZFPIP was expressed throughout the wall of the telence-
phalic vesicle. In E11.5 embryos, ZFPIP was expressed at
high level in area that expressed PBXI i.e. the medial and
lateral ganglionic eminence (respectively, MGE and
LGE) (Toresson et al., 2000).

We finally compared, by real time reverse transcription
PCR, the time course of ZFPIP expression to that of
PBXI during embryogenesis. As shown in Fig. 6B we
observed that both genes shared similar kinetics of expres-
sion with a peak at mid-gestation (E10.5) and a decrease at
E15.5 until birth (data not shown).

2.6. ZFPIP abrogates cooperative PBX1-HOXAY binding to
their consensus site

The most well-known biological property of PBC pro-
teins consists of forming complexes with HOX proteins
and consequently increasing their binding specificity on
specific DNA motifs. Thus, in order to gain insights into
the functional role of ZFPIP on PBXI1, we investigated
whether this new partner could affect the binding of
HOXA9/PBX to DNA. We chose as a partner, HOXA9
which is known to form a stable heterodimer with PBX1
(LaRonde-LeBlanc and Wolberger, 2003). EMSA were
performed using a procedure suitable to the binding of
HOXA9/PBX1 on its consensus DNA site, as previously
reported by (Shen et al., 1997a). In these experimental con-
ditions, in vitro translated HOXA9 and/or PBX1 proteins
(PBX1A and PBXI1B) were incubated with a HOXAY/
PBX consensus DNA site and protein extracts from bacte-
ria expressing either GST-ZFPIPp or GST. From the
EMSA shown in Fig. 7, we observed that radiolabelled
HOXA9/PBX consensus DNA site was shifted by in vitro
translated HOXA9, HOXA9/PBX1A and HOXAY/
PBX1B. As previously demonstrated (Asahara et al.,
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Fig. 6. ZFPIP shares similar pattern and kinetic of expression than PBX1.
(A) Frontal sections of E11.5 embryos were performed using ZFPIP AS or
ZFPIP S riboprobes. ZFPIP mRNA was detected throughout the wall of the
telencephalon and EI11.5 embryo and in limb buds. These expression
domains correspond to area where PBX1 was shown to be also expressed
(Toresson et al., 2000). (B) Real-time reverse transcriptase PCR experiments
demonstrate that ZFPIP and PBX]I share similar kinetic of expression with
a peak at 10.5 days post-coitum (pc) and a decrease at 15.5 days pc.

1999; Shen et al., 1997b), the full length PBX1 protein
was not able to bind DNA (data not shown). Interestingly,
the addition of GST-ZFPIPp poorly affected the DNA
interaction of HOXA9 as a monomer while it reduced con-
siderably the association of DNA/HOXA9/PBX1A and
DNA/HOXA9/PBX1B. In contrast, the addition of GST
did not influence HOXA9/PBX1 DNA binding.

3. Discussion

Using a yeast genetic two-hybrid screen with the full
length PBX1B as bait, we isolated from an embryonic
female genital tract library, a partial cDNA that corre-
sponded to a new type of large zinc finger protein. The
interaction between PBX1 and this new zinc finger protein
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Fig. 7. ZFPIP prevents the binding of the HOXA9/PBX complex on its consensus DNA site. EMSA experiments were performed using in vitro translated
HOXAY, PBXI1A, PBX1B proteins and an oligonucleotide containing HOXA9/PBX consensus DNA site as previously described (Shen et al., 1997a).
Bacteria lysates expressing GST or GST-ZFPIPp were added to binding reactions containing either HOXA9 or HOXA9 plus PBX1 proteins. Essentially
identical results were obtained when GST-ZFPIPp was added to the trimmers HOXA9/PBX1B/DNA or HOXA9/PBX1A/DNA, demonstrating an

inhibition of both complexes by ZFPIPp.

was further validated in vitro by pull-down experiments
and in vivo by co-precipitation of both partners transiently
expressed in mammalian cells. This new protein has been
consequently designated by ZFPIP for Zing Finger PBX1
Interacting Protein. The study of ZFPIP gene expression
revealed that ZFPIP and PBXI shared similar spatial
and temporal pattern of expression. Moreover, the peptidic
region involved in the interaction between PBXI1 and
ZFPIP was shown to inhibit HOXA9/PBX binding to
DNA. These overall experiments let us to hypothesize that
ZFPIP is a new PBX1 partner that participates with PBX1
to female genital tract development and might also be more
broadly involved in gene regulation complexes during
embryogenesis.

3.1. ZFPIP might take part of a transcription regulation
complex that contains HOX and PBX proteins

Members of PBC gene family were initially identified as
genes involved in embryogenesis and as protooncogenes in
various forms of leukemia. Subsequent biochemical and
genetic studies revealed that PBC proteins act as cofactors
of HOX proteins. HOX proteins are homeodomain tran-
scription factors that regulate cell fate decisions in many
tissues during early embryonic development and subse-
quent organogenesis. PBC proteins cooperate with HOX
to enhance their function by improving their affinity and
specificity for specific promoter elements (reviewed in
Mann and Affolter, 1998). In order to better understand
the molecular mechanisms triggered by PBX1, we searched
for additional cofactors and identified a new partner that
belongs to the zinc finger super family protein and that
we called ZFPIP.

In silico analysis of the ZFPIP protein led us to identify
34 classical C2H2 zinc finger DNA binding modules which
structure were first reported in 1989 (Lee et al., 1989) and
were then found in many transcription factors. Further-
more, three of these zinc finger modules constitute a triplet

at the C-terminus end of the protein that is close but not
identical to the DNA binding domain found in Kriippel
like factors. The presence of this zinc finger triplet that con-
stitutes a likely functional DNA binding domain within a
protein that contains 31 other C2H2 zinc finger DNA bind-
ing module, suggests a strong ability of ZFPIP to bind
DNA. However, the fact that no other putative functional
domain, such as repression or activation domains, has been
identified within the protein, questioned the role of ZFPIP
as a transcription factor. Our EMSA data showed that the
HOXA9/PBX1/DNA complex is inhibited by ZFPIPp. In
addition, no HOXA9/DNA complex is restored under
these conditions suggesting that ZFPIPp does not compete
with HOXAO9 for binding to PBX. Indeed, when ZFPIPp is
added to the HOXA9/PBX1/DNA complex, HOXA9 pro-
tein is not released and able to bind DNA as a monomer.
These results might be explained by the formation of a tri-
meric HOXA9/PBX1/ZFPIP complex that is not able to
bind the HOXA9/PBX1 DNA consensus site. One can
hypothesize that ZFPIP could keep HOXA9/PBX1 away
from their DNA binding sites and direct the proteins to
other regulatory sites. However, given the fact that EMSA
experiments were performed with a partial part of the
ZFPIP protein, the behaviour of the full length protein
within a regulatory complex including PBX1 and HOX
in vivo may be different. Further biochemical characteriza-
tion of the full length protein and its role on HOX/PBX
DNA binding will be necessary to better understand its
mode of action.

3.2. PBXI might constitute a physical link between HOX
and zinc finger proteins

Several studies from Drosophila have highlighted the
fact that zinc finger transcription factors establish specific
fields of expression throughout embryo and are required
for the specification of segment identity (review in Maha-
ffey, 2005). In a genetic screen for potential HOX cofactors,
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C2H2 zinc finger encoding genes, disconnected (disco),
disconnected-related (disco-r) and buttonhead (btd) were
shown to be involved in Drosophila head development
(Mahaffey et al., 2001; Schock et al., 2000) while z-shirt
(zsh) was isolated for its implication in thoracic segments
(de Zulueta et al., 1994). Embryos lacking disco and
disco-r genes exhibit head defects similar to those found
in embryos lacking the two gnathal HOX genes, Deformed
(Dfd) and Sex comb reduced (Scr) while in the absence of
btd, mouthpart structures arising from the anterior head
segments are missing (Wimmer et al., 1993) (Schock
et al., 2000). In addition, the loss of function of disco and
disco-r negatively affects expression of known Dfd and
Scr target genes (Robertson et al., 2004). It has been sug-
gested that HOX proteins can initiate proper cell identity
in Drosophila only when co-localized with the correct zinc
finger partner (Mahaffey, 2005). Homologs of these Dro-
sophila zinc finger proteins have been searched in verte-
brates and the expression pattern studies reported so far
revealed that they are present in specific HOX overlap-
ping area. Furthermore, the lack of Sp8, which is the
btd mouse homolog, causes deformities in the head and
in other regions of Sp8 expression (Bell et al., 2003)
(Kawakami et al., 2004). In addition, the zinc finger con-
taining protein KROX-20 has been shown to synergize in
a dosage-dependent manner with HOXA1 to specify the
rhombomere 3 identity during hindbrain development
(Helmbacher et al., 1998). These studies of zinc finger
expression pattern as well as data from their loss of func-
tion in mouse suggest that zinc finger proteins collaborate
with HOX protein to specify positional identity in mouse.
However, no convincing direct link between these zinc
finger and HOX proteins were found in vertebrates. The
identification of a zinc finger protein that interacts with
PBXI1 raised the possibility that this protein also interacts
with HOX proteins. If this is the case, PBX1 would be the
key partner between certain zinc finger and HOX proteins
in the process of determining positional identity during
development. Such interaction studies are under investiga-
tion in our laboratory.

3.3. ZFPIP, a new type of PBXI partner

PBX1 proteins form complexes with non-HOX
homeodomain containing transcription factors like
Pdx1 (Goudet et al., 1999), as well as with bHLH pro-
teins like MyoD (Berkes et al., 2004), suggesting that
they serve a broader role as transcription cofactors.
Recently, it has been suggested that PBX1 may act as
“pioneer” transcription factor that penetrate repressive
chromatin and mark specific genes for activation by
other transcription factors such as HOX or MyoD
(Sagerstrom, 2004). In the present work, we present pre-
liminary studies of ZFPIP expression pattern showing
that the gene is expressed in embryonic areas that
contain PBX1 and HOX proteins (embryonic genital
tract, limb buds and branchial arches). Consequently

interaction between these three partners might be of
physiological relevance. In contrast, the forebrain, mid-
brain and the neural crest cells arising from these ence-
phalic vesicles fail to express any HOX gene (Couly
et al.,, 1996; Hunt et al.,, 1991) but contain members
of the PBX families such as PBXI1 (Manley et al.,
2004; Redmond et al., 1996; Schnabel et al.,, 2001;
Toresson et al., 2000) and PBX3 (Di Giacomo et al.,
2006). Our in situ analysis revealed that the localization
of ZFPIP in the telencephalon matched up completely
with the expression pattern described for PBX1. Indeed,
both genes are expressed in the telencephalic wall, espe-
cially in cells of the MGE and LGE (Toresson et al.,
2000). In such embryonic area, interaction between
ZFPIP and PBXI1 proteins is thus conceivable and might
be part of an “HOX independent” mode of action of
PBXI.

The PBXI1 protein has substantial functional diversity
during development. Identification of new partners is a
key step to understand its molecular mechanisms. ZFPIP
is a new type of PBXI interacting protein that might play
a role in “HOX dependent” and “HOX independent”
pathways of gene regulation. Future work will aim to
understand the role and the molecular mechanisms trig-
gered by this protein.

4. Experimental procedures
4.1. Plasmid constructs

Full-length human PBXIB c¢cDNA was amplified by PCR using
SpKBID (kindly provided by M. Cleary, Stanford University) as a
template and inserted into EcoRI and BamHI sites of the yeast
pGBKT7 vector (Clontech). PBX1B c¢cDNA was also cloned into
pGEX-6p-1 (Amersham Pharmacia Biotech) to produce bacterially
expressed GST tagged proteins as well as into the pcDNA3-HA (gift
from J.P. Tassan, CNRS, University of Rennes) and the pCMV-flagéc
(Sigma) plasmids for mammalian expression. For the two hybrid
screen, the prey clones were obtained by homologous recombination
using cDNAs from the embryonic library described below and the
pGADT7Rec vector (Clontech). The partial ZFPIP (ZFPIPp) cDNA
was cloned into the pCMVflagbc vector (Sigma) for mammalian
expression and into the pGEX-4T-1 vector (Amersham) for bacterial
expression using, respectively, the EcoRI-BamHI and the EcoRI-Xhol
sites. The N-terminal and the C-terminal regions (respectively, N-
ZFPIP and C-ZFPIP) of ZFPIP encoding cDNAs were cloned into
BamHI sites of the pCMVflagbe vector (Sigma). The ZFPIPp cDNA
was also sub-cloned into the BamHI and EcoRI sites of the pSPTI8
and pSPT19 vectors (Roche). The HOXA9 cDNA was sub-cloned
from pGEX-3X-HOXA9 (Dintilhac et al., 2005) to the EcoRI-BamHI
sites of the pGBKT7 and pCMVflagéc vectors. An EcoRI-Smal frag-
ment of CBP cDNA was extracted from pGEX-CBP (Dintilhac et al.,
2005) and sub-cloned into EcoRI-Xhol blunt ended pGADGH to
obtain pGADGH-CBP. The Pspf-PBX1A vector was kindly provided
by C. Largman (University of California), and the pCMVflagTB3 by
S. Hoshino (University of Tokyo).

4.2. ¢cDNA library construction and yeast two hybrid screen

Total RNA was extracted from murine female developing genital
tracts of E16.5-E18.5 embryos using the RNAgent Total Isolation Sys-
tem (Promega) and mRNAs were then purified with PolyATtract
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mRNA Isolation System (Promega). The cDNAs were generated using
random primers and SMART cDNA technology following MATCH-
MAKER Library Construction protocol (Clontech). The yeast two
hybrid screen was performed with the MATCHMAKER Two-Hybrid
System 3 (Clontech). The bait plasmid pGBKT7-PBX1B was co-trans-
fected with the pGADT7Rec plasmid and the cDNA library into
AH109 yeast strain in which homologous recombination could operate.
Colony selection was performed using HIS3, ADE2, lacZ and MELI
selection and reporter genes. Prey plasmids from positive clones were
isolated and were retransformed in yeast to check for reporter self-acti-
vation. Prey plasmids were sequenced with specific pGADT7 primers
and identified by Blast analysis.

4.3. GST pull-down assay

Glutathione-Sepharose beads (Amersham Pharmacia Biotech) were
loaded with 1 pg of bacterially expressed GST, GST-PBXI1B, GST-
HOX9 or GST-ZFPIPp. The pGBKT7-HOXA9, pGBKT7-PBXIB,
pspf-PBX1A and pGADT7-ZFPIPp or other prey plasmids were used
to perform a coupled in vitro transcription-translation in rabbit reticulo-
cyte lysate containing >°S-methionine and **S-cysteine as suggested by
the manufacturer (TNT Quick Coupled Trancription/Translation System,
Promega). Binding reaction of radiolabelled proteins and GST proteins
was performed in a binding buffer BB1 (20 mM Hepes; 0.2 mM EDTA;
50 mM NaCl; 0.5mM DTT; 2.5 mM MgCl,; 0.1% NP40; 2% glycerol)
at 4 °C overnight. After several washes with BB1 buffer, beads were boiled
in protein-loading buffer, and eluted proteins were separated by SDS—
PAGE. Polyacrylamide gels were then dried and analysed in a STORM
640 system using the ImageQuanT software (Molecular Dynamics).

4.4. Co-immunoprecipitation assay

Cos-7 cells were seeded (1 x 10® per dish) in 100 mm Petri dishes at
37°C in 5% CO, in DMEM supplemented with 10% fetal calf serum
(FCS) and grown overnight. They were then transfected by the calcium
phosphate procedure using 5 pg of pcDNA3-HA-PBXI1B and 5pg of
pCMVflagbc-HOXA9 or pCMVflagbc-ZFPIPp or pCMVflag6e-TB3.
Transfected cells were lysed in TBS buffer (Tris 50 mM; NaCl
150 mM) 48 h following transfection. After a short sonication, the
lysates were subjected to centrifugation and supernatants were incu-
bated on agarose anti-flag M2 beads (Sigma) for 4 h at 4 °C. The pel-
lets beads were then washed three times in TBS buffer (room
temperature) and proteins were eluted with a 0.1 M glycine solution

Table 1
Primers used in RT-PCR and EMSA experiments

(pH 3.5). The elution products were then analyzed by SDS-PAGE
and Western blotting using monoclonal anti HA (a-HA, Roche) and
anti FLAG (o-FLAG, Sigma) antibodies.

4.5. Reverse transcription (RT) PCR and Quantitative RT real-
time PCR

RNAs were purified with the Nucleospin kit (Macherey-Nagel) from
adult tissues (liver, brain, kidney, muscle, female and male genital tracts)
and from embryos (E9.5, E10.5, E12.5, E15.5 and E18.5). Purified and
quantified RNA were analyzed on agarose gel. One microgram of total
RNA from each time point was reverse transcribed to cDNA using ran-
dom primer hexamers (New England Biolabs). PCR conditions were
94 °C for 45 s, annealing for 45 s at 50 °C during 30 cycles. PCR reactions
were completed by a final extension at 72 °C for 10 min. As a control for
total RNA integrity, Hypoxanthine Guanine Phosphoribosyl Transferase
(HPRT) gene was used. The resulting products were analyzed on an ethi-
dium bromide-stained 2% agarose gel.

For quantitative real-time reverse transcriptase PCR, primers were
designed with Primer Express™ software (Applied Biosystems). Samples
along with primers and Syber Green Master Mix (Applied Biosystems)
were run in an ABI Prism 7000 SDS (Applied Biosystems) according to
the manufacturer’s protocol. Relative quantification of ZFPIP mRNA
in each sample was calculated by comparison of their Ct values previously
normalized with Ct values obtained for HPRT amplification. Experiments
were run at least three times from different RNA extractions. The standard
deviations reflect variability within triplicates. All the primer sequences
used in RT PCR experiments are indicated in Table 1.

4.6. Immunocytochemistry

Cos-7 cells were seeded onto microscope cover slips in a 12-well
plate and grown for 24h to 60-70% confluence in DMEM supple-
mented with 10% FCS in 5% CO, at 37°C. Using the TransFast™
transfection Reagent (Promega), Cos-7 cells were transfected with lpg
of plasmid DNA encoding for ZFPIPp-FLAG protein and grown for
another 24 h as described above. Transfected cells were then fixed with
PBS-Formaldehyde 3.7% (v/v) for 30 min at room temperature and sub-
mitted to immunocytochemistry as previously described (Roghi et al.,
1998) using as primary antibody either FLAG M2 monoclonal antibody
(~FLAG, Sigma) or anti ZFPIP antibodies (o-ZFPIP). ZFPIP anti-
bodies were generated in rabbits against two peptides (CENT-
DFGDSGRLYY and CLSPVKKRTRIDEIAS) according to the
“double XP immunisation program’ (Eurogentec). The immune sera
obtained thus contained two types of antibody each recognizing 1

oligo — forward (5'-3')

oligo — reverse (5'-3')

RT-PCR

ZFPIP-1 GCATTCTTACAGCCAACTGATG TTGTATGTGCAAAACTGGCAAG
ZFPIP-2 GTACGTCGGATTGGGATACTGT GACTTCGTTGTCATCCTCTTCC
ZFPIP-3 CTGTGATAGCAAATTGCAAAGC TTCCACGCAGAATTTACACTTG
PBXI1A/PBXIB GAGTTAGCCAAGAAGTGCGG CTGATAACATGGCGAAGGGT
HOXA9 AACAAACCAGATCGTGGAGC GATGATACACTGCAGCAGGC
HPRT COTGCTGGATTACATTAAAGCACTG GTCAAGGGCATATCCAACAACAAAC
O RT-PCR

ZFPIP TTCTATAAAGGATGAGTTTGTGATTGC TCCTGGACTGTGGCCATAGTAAC
PBXIB CCAAAACGGCTGTCACAGC AACATGGCGAAGGGTATCCA
HPRT COTGGTGAAAAGGACCTCTCG GTCAAGGGCATATCCAACAACAAAC

EMSA

CTGCGATGATTTACGACCGC

GCGGTCGTAAATCATCGCAG
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domain of the protein (Fig. 2A). Cells were then incubated with fluores-
cein conjugated goat anti-mouse IgG (FITC-IgGg, Jackson) or fluores-
cein conjugated goat anti-rabbit IgG (FITC-IgGg, Jackson). Controls
were performed using either antibodies depleted by absorption with
an excess of recombinant GST or GST-ZFPIPp or by omitting primary
antibodies (immunocytochemistry performed with anti-FLAG anti-
body). Immunofluorescence was observed using a LEICA DM-RXA
fluorescence microscope and images were collected with a charge-cou-
pled device camera.

4.7. Protein extracts and western blot analysis

Adult mouse tissues (kidney, liver and thymus), whole mouse embryos
(E12.5) and specific parts of E12.5 embryos (head, limb bud, tail) were dis-
sected to obtain protein extracts. Female embryonic genital tracts and liv-
ers were obtained from bovine embryos, frozen and stored at —80°C. One
gram of each tissue was washed several times in 0.9% NaCl and homoge-
nized in lysis buffer (20 mM Hepes, pH 7.9; 1.5 mM MgCl,; 0.2 mM
EDTA; 1 mM DTT; 0.2% NP-40; 25% glycerol) containing a mix of pro-
teases inhibitors (Sigma). Mechanical lysis was performed at 4 °C using a
Polytron PT1600E (Bioblock). Extracts were filtered and NaCl was added
to adjust concentration to 0.4 M. Extracts were kept 30 min at 4 °C, cen-
trifuged 30 min (2000g, 4 °C) and supernatants were recovered. Transfec-
ted cells were lysed in TBS buffer at room temperature (Tris 50 mM; NaCl
150 mM). After a short sonication, the lysates were subjected to centrifu-
gation and supernatants were kept for further analysis. Proteins (100 pg)
were separated on SDS-polyacrylamide gel and electro-transferred onto
PVDF membrane (Immobilon). Western blots were performed using
o-FLAG, a-ZFPIP, depleted o-ZFPIP, B-tubulin and PCNA antibodies
(Sigma).

4.8. Whole mount and in situ hybridization

Sense and anti-sense RNA probes were synthesized from linearized
plasmids (pSPT18-ZFPIPp and pSPT19-ZFPIPp) using digoxygenin-
labelled dUTP (Dig RNA Labelling Kit, Boehringer Manheim). Whole
embryos were fixed overnight in 4% PFA-PBS at 4 °C and dehydrated
in a graded methanol serie prior to storage at —20 °C. Whole-mount
and hybridization was performed as described previously (Belo et al.,
1997). Briefly, embryos were rehydrated in a graded methanol serie
and treated with 5 pg/ml proteinase K (Qiagen). The embryos were
re-fixed with 0.2% glutaraldehyde 4% PFA and washed in PBT (0.1%
Tween 20-PBS) prior to hybridization overnight at 60 °C. Embryos
were washed twice in 2x SSC-0.1% CHAPS at 65°C, followed by
two washes in maleic acid buffer and one in PBS. Embryos were then
incubated with anti digoxigenin-AP Fab fragments (Roche). In situ
RNA hybridization on paraffin sections was carried out as described
(Dupe et al., 2003). Staining was visualized using BM purple substrate
(Roche).

4.9. Electrophoretic mobility shift assay

EMSA were performed using complementary oligonucleotides con-
taining consensus binding site for PBX1-HOX9 as described previously
(Shen et al., 1997). Double-stranded *?P end-labelled DNAs were incu-
bated in a binding buffer (BB2: 10 mM Tris pH7.5, 7SmM NaCl,
I mM DTT, 6% glycerol, 1 mM EDTA, and 2 pug of dIdC, 2 pg of
BSA, 0.1 pg of salmon sperm DNA in a final reaction volume of
15 ul) with reticulocyte lysate reaction mixture containing HOXA9 or
PBXI1A or PBXIB or HOXA9/PBX1A or HOXA9/PBXIB proteins
(TNT Quick Coupled Trancription/Translation System, Promega). After
10 min of incubation, bacterial lysate containing GST-ZFPIPp or GST
were added to the binding reaction and experiments were continued for
20 min. Reaction mixtures were run on a 5% polyacrylamide gel in 0.5%
Tris—Borate-EDTA buffer at 4 °C. Gels were dried and analysed in a
STORM 640 system using the ImageQuaNT software (Molecular
Dynamics).
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