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Mutations in the homeobox transcription factor PITX2 result
in Axenfeld-Rieger syndrome (ARS), which is associated with
anterior segment dysgenesis and an increased risk of glaucoma.
To understand the pathogenesis of the defects resulting from
PITX2mutations, it is essential to know the normal functions of
PITX2 and its interaction with the network of proteins in the
eye. Yeast two-hybrid screening was performed using a cDNA
library from a human trabecular meshwork primary cell line to
detect novel PITX2-interacting proteins and study their role in
ARSpathogenesis.After screeningof�1�106 clones, oneputa-
tive interacting protein was identified named PRKC apoptosis
WT1regulator (PAWR).This interactionwas further confirmed
by retransformation assay in yeast cells as well as co-immuno-
precipitation in ocular cells and nickel pulldown assay in vitro.
PAWR is reportedly a proapoptotic protein capable of selec-
tively inducing apoptosis primarily in cancer cells. Our analysis
indicates that the homeodomain and the adjacent inhibitory
domain in PITX2 interact with the C-terminal leucine zipper
domain of PAWR. Endogenous PAWR and PITX2 were found
to be located in the nucleus of ocular cells and to co-localize in
the mesenchyme of the iridocorneal angle of the developing
mouse eye, consistentwith a role in thedevelopment of the ante-
rior segment of the eye. PAWRwas also found to inhibit PITX2
transcriptional activity in ocular cells. These data suggest
PAWR is a novel PITX2-interacting protein that regulates
PITX2 activity in ocular cells. This information sheds new light
in understanding ARS and associated glaucoma pathogenesis.

Pituitary homeobox transcription factor 2 (PITX2)2 is a
member of the paired-bicoid family of homeodomain (HD)

transcription factors.Members of pituitary homeobox proteins
are actively involved in a wide range of developmental pro-
cesses including formation of pituitary gland and hind limb and
of anterior segment of the eye as well as brain morphogenesis
(1–3). Expression of PITX2 is foundduring ocular development
(4, 5). The PITX2 gene is represented by several different splic-
ing and transcriptional isoforms. The four best characterized
are PITX2A, -B, -C (5), and -D (6) These isoforms of PITX2 vary
in their N termini but share common HD and C-terminal
sequences. The PITX2D isoform, however, has a truncated and
non-functional HD (7). These alternate transcripts (A, B, and
C) encode 271, 317, and 324 amino acids, respectively (4, 8).
Numerous pathologic PITX2 mutations including missense

variations, splice site alterations, and insertions/deletions have
been described, producing a continuum of clinical phenotypes
includingAxenfeld-Rieger syndrome (ARS), iridogoniodysgen-
esis, and iris hypoplasia (5, 9, 10), as well as rarer cases of a
Peters-like anomaly (11). Of these, �82% of PITX2 mutations
were observed in ARS, �7% were observed both in iridogo-
niodysgenesis and in iris hypoplasia, and less than 3% were
observed in Peters-like anomaly (HumanGeneMutation Data-
base (HGMD)). ARS itself is genetically heterogeneous as Lines
et al. (12) identified 39 ARS patients with mutations in PITX2
froma cohort of 91 patients having anterior segment dysgenesis
and/or glaucoma. In fact,more than 50% ofARS patients do not
have mutations in any of the defined loci and genes for ARS
(13). ARS comprises a group of autosomal dominant clinical
disorders affecting anterior eye structures derived fromconstit-
uents of the embryonic neural crest (14). Classic ocular features
of ARS include iridocorneal synechiae, iris hypoplasia, corecto-
pia, polycoria, and/or prominent Schwalbe line (15, 16). Mal-
formation of the anterior angle between iris and cornea can lead
to elevated intraocular pressure and subsequent glaucomatous
condition. Approximately 50% of ARS patients develop glau-
coma with a great variability in age of onset, but usually in the
teens (14). Systemic manifestations of ARS often include mild
craniofacial dysmorphism, dental defects, and/or excessive
preumbilical skin (17). Also, in rare ARS cases, congenital car-
diac defects and/or hearing loss have been observed (18). Gen-
eration ofmousemodels lacking either one (PITX2�/�) or both
(PITX2�/�) alleles caused a pleiotropic murine phenotype that
overlaps with the PITX2 expression pattern and provided a
good animal model for human ARS (19).
Functional analysis of different disease-causing mutants of

PITX2has been done to study the effect ofmutations onprotein
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stability (20), DNA binding capacity, transcriptional activation
abilities, and subcellular localization. Moreover, mutation in
the HD of PITX2 showed a shift from nuclear localization of
PITX2 found normally in cells (21). The PITX2 homeobox
transcription factor is part of a large network of gene regulation,
which is only partially characterized at present. Mutations in
FOXC1, encoding a forkhead box transcription, can also under-
lie ARS (22, 23). Recent work fromour laboratory indicates that
PITX2 and FOXC1 physically interact with each other, not only
establishing both proteins into a common pathway but also
showing PITX2 as a negative regulator of FOXC1 (24). There-
fore, analyses of protein-protein interaction are very effective
and necessary to understand the large network of gene regula-
tion for transcription factors such as PITX2, which are involved
in multiple developmental processes.
In this report, we discovered that human PRKC apoptosis

WT1 regulator (PAWR) protein is a novel PITX2-interacting
protein through a yeast two-hybrid (Y2H) screening. This
interaction reveals a new level of regulation of PITX2 activity
that connects PITX2 to apoptosis pathways in the eye.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—PITX2Cwas cloned into the pCImam-
malian expression vector as described previously (20). This
pCI-PITX2C construct was used as a template for PCR of the
open reading frame of PITX2C using PITX2C attB1 (5�-GGGG
ACA AGT TTG TAC AAA AAA GCA GGC TTC ATG AAC
TGC ATGAAAGGC C-3�) and PITX2C attB2 (5�-GGGGAC
CAC TTT GTA CAA GAA AGC TGG GTA CAC GGG CCG
GTCCAC TG-3�), where the underline indicates the attb1 and
attb2 plasmid recombination sites in the designed primers. The
PCR product containing attb1 and attB2 sites was subsequently
used for recombination with pDONR (Invitrogen) to subclone
PITX2C in pDONR with BP recombination kit (Invitrogen).
PITX2C was further subcloned from pDONR-PITX2C into
pDEST32 in-frame to the GAL4DBD by Gateway technology
(Invitrogen). Human PAWR cDNA clone was purchased from
Open Biosystems in pDNR vector. The open reading frame of
human PAWR was amplified by PCR with 5% dimethyl sulfox-
ide (DMSO) using PAWR-EcoRI-2F (5�-GAA TTC ATG GCG
ACC GGT GGC TAC C-3�) and PAWR-XbaI-2R (5�-TCT
AGACTAGGTCAGCTGACC-3�), where the underline indi-
cates restriction enzymes. The amplified PAWR open reading
frame was subcloned into pcDNA4c/HisMaxmammalian vec-
tor and pET28a bacterial expression vector in-frame to theHis6
tag. The PITX2A and its deletion clones in pCI mammalian
expression vector were described previously (24). Generation
of three PAWR deletion clones was done by PCR using PAWR-
EcoRI-�1–70-F (5�-GAA TTC AAC AAC CTC CCG GGC
GGC GC-3�), PAWR-EcoRI-�1–161-F (5�-GAA TTC TCC
ACC GGC GTG GTC AAC ATC-3�), and PAWR-EcoRI-�1–
267-F (5�-GAATTCCTGGAAAAGAAAATTGAAGA-3�),
where the underline indicates restriction enzymes. In all cases,
PAWR-XbaI-2R was used as reverse primer. Amplified prod-
ucts were subcloned in pET28a bacterial expression vector, and
�1–267-PAWR was further subcloned in pcDNA4c mamma-
lian expression vector. All vectors were sequenced to confirm
that no mutations were introduced into the cDNAs. Five

PITX2A HD (T68P, V83L, K88E, R90C, and R91P) and two
outside theHD (L105V,N108T)mutants in pcDNA4were sub-
cloned in pCI to study their interaction with PAWR.
Y2H Screening—A human trabecular meshwork cDNA

library fused to the GAL4AD of pEXP-AD502 (Invitrogen) was
screened for proteins that interact with human PITX2C, using
the ProQuest two-hybrid system (Invitrogen). The detailed
method of yeast two-hybrid screening was already described
previously (25).
Mammalian Cell Culture and Transfection—Maintenance

of human trabecularmeshwork (HTM) cells was described pre-
viously (25). SW480 cells were maintained in RPMI (Invitro-
gen) with 10% fetal bovine serum at 37 °C. Cells were trans-
fected either by FuGENE (Roche Diagnostics) or by Trans
IT-LT1 (Mirrus Bio) according to manufacturer’s protocol.
Transfected cells were subjected to immunofluorescence after
24 h and luciferase assay after 48 h of transfection.
Nickel Pulldown Assay—In Escherichia coli, His6-tagged

PAWR and/or its deletion fragments were generated using
pET28 based constructs containing inducible lac operator
sequence. One �M isopropyl �-D-1-thiogalactopyranoside was
used to induce production of the desired proteins in bacterial
cells. The proteins were purified using Ni-NTA-agarose beads
(Qiagen). Whole HTM cell lysates containing different PITX2
constructs were prepared using lysis buffer described previ-
ously (25) and measured thereafter by protein assay reagent
(BioRad). Ni2�-agarose assay was done according to the proto-
col described earlier (25). Protein complexes captured on the
beads were eluted in SDS-PAGE loading buffer, separated by
12% SDS-PAGE, and subjected to immunoblot analysis with
antibody against the mammalian-expressed proteins.
Immunoprecipitation—Protein-G-agarose beads (Sigma)

were subjected three times to 1� phosphate-buffered saline
wash followed by 1-h incubation in 1%bovine serumalbumin in
phosphate-buffered saline at 4 °C. After incubation, the beads
were centrifuged at 1000 � g and kept at 4 °C with an equal
amount of radioimmune precipitation buffer as described ear-
lier (24). HTM cells were transfected with PITX2-expressing
mammalian expression vector (pcDNA-PITX2) or the empty
vector (pcDNA). The cells were lysed after 48 h of transfection
in the lysis buffer described previously (25). Three hundred �g
of protein lysates were added into 1ml of radioimmune precip-
itation buffer with a 25 �l-bed volume of bovine serum albu-
min-treated protein-G-agarose beads described before. The
lysate was thus precleared for 1 h at 4 °C. The precleared cell
lysate was incubated with 1 �g of anti-Xpress antibody over-
night at 4 °C with continuous rotation. A 25-�l bed volume of
bovine serum albumin-treated protein-G-agarose beads was
added to the antibody-treated cell lysate and incubated for 1.5 h
with continuous rotation at 4 °C followed by four washes with
radioimmune precipitation buffer. Protein complexes captured
on the beads were eluted in SDS-PAGE loading buffer, sepa-
rated by 12%SDS-PAGE, and subjected to immunoblot analysis
with antibody against human PAWR (Abcam). The input frac-
tion represented 5%of the protein extract used for immunopre-
cipitation. For immunoprecipitation experiments using both
PITX2 and PAWR endogenous proteins (see Fig. 1D), the input
represented 10% of the protein extract used for experiment and
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immunoblot analysis was done using antibody against human
PAWR (Abcam) and human PITX2 (Abnova).
Immunofluorescence—Coverslips containing HTM, retinal

ganglion cells (RGC5), non-pigmented ciliary epithelium
(NPCE), and SW480 cells were subjected to fixation 24 h after
transfection with Xpress-tagged pcDNA-PITX2 constructs.
The methods of fixation, blocking, and antibody treatment
were as described earlier (25) with slight modification to anti-
body concentration. The primary antibody to Xpress epitope
was used in 1:500 in phosphate-buffered saline (pH 7.4) with
0.05% Triton X-100 containing 5% bovine serum albumin,
whereas the primary antibody against human PAWR was used
in 1:100 in the same solution described above. The images were
collected using a Leica DMR immunofluorescencemicroscope.
The no-PAWR primary antibody controls for these experi-
ments were described in supplemental Fig. 3.
Reporter Transactivation Assay—HTM and/or SW480 cells

were cultured on a 24-well tissue culture plates (4 � 104/
15-mmwell, 24-well plate) followed by transfectionwith 160 ng
of PITX2 and/or PAWR mammalian expression plasmids and
appropriate empty vector along with 60 ng of pGL3-bi-
coidBS-TK reporter (26) and 60 ng of pCMV� transfection
control vector. After 48 h of transfection, cells were harvested
with 100 �l of passive lysis buffer (Promega). Subsequently,
firefly luciferase activity was measured by luminometry
(Turner Designs, Sunnyvale, CA) from 10 �l of protein lysate
mixed with 100 �l of luciferase assay reagent (Promega), and
standardized to the �-galactosidase (internal control) activity
quantitated by the �-galactosidase enzyme assay system (Pro-
mega) from 75 �l of protein lysate.
Electrophoretic Mobility Shift Assay (EMSA)—Whole cell

extracts from untransfected and HA-PITX2-transfected COS7
cells were treated with 32P-labeled double-stranded DNA
probe containing the bicoid binding site as described previously
(20). Prior to EMSA incubation and PAGE analysis, two sam-
ples were treated with increasing concentrations of purified
PAWR (2 and 4 �g), eluted from Ni2� beads.
Timed Pregnancies and Immunohistochemistry—Timed

pregnancies were produced by mating C57BL/6J male and
female mice from our existing colony described earlier (24) All
procedures using mice were approved by the University of
Michigan Committee on Use and Care of Animals and were
conducted in accordance with the principles and procedures
outlined in the National Institutes of Health Guidelines for the
Care andUse of Experimental Animals. Embryos were fixed for
2–4 hwith 4% paraformaldehyde in phosphate-buffered saline,
washed and dehydrated, and embedded into paraffin.Mounted
sections were deparaffinized and treated for antigen retrieval
by boiling for 10 min in the citrate buffer (pH 6.0). Immuno-
staining was performed using standard methods. Briefly,
sections were incubated with antibodies directed against
PITX2 (27) and PAWR (Abcam) followed by biotinylated
species-specific secondary antibodies (Jackson Immuno-
Research Laboratories). Signals were detected using tyra-
mide signal amplification kits (PerkinElmer Life Sciences).
The blocking efficiency between stains has been shown by
no-PAWR primary antibody control. The lack of red stain
proved that suppression of PAWR signal in between was

effective, although both anti-PITX2 and anti-PAWR anti-
bodies were raised in rabbit (supplemental Fig. 2).

RESULTS

Detection of PAWR as PITX2-interacting Protein Using Y2H
Screening—A trabecular meshwork (TM) cDNA yeast two-hy-
brid library, created from mRNA extracted from human TM
primary cell culture, was used to identify proteins that interacts
with PITX2C. The TM cDNA library inserts were cloned into
the plasmid pEXP-AD502 with the open reading frames fused
to the GAL4 activation domain (GAL4AD) (25). Full-length
PITX2C was amplified and recombined into pDONR using the
BP recombination reaction protocol (Invitrogen) followed by
cloning into pDEST32 fused to theGAL4DNAbinding domain
(GAL4DB). Yeast cells containing three reporter genes
(HIS3, URA3, and lacZ) were co-transformed with the
GAL4AD-cDNA library and the GAL4DB-PITX2C plasmid.
A total of 1 � 106 clones (human TM cDNA Y2H library)

were screened using PITX2C as ”bait,“ and 16 independent
clones were obtained that fulfilled the criteria of interaction
between gene products (supplemental Table 1). Isolation of
plasmids followed by partial sequencing using vector specific
primer was done for all 16 clones. Out of these 16 clones, 12
were found tomatchwith EFEMP2, another PITX2-interacting
protein (PIP), previously found in our laboratory.3 Two clones
were found to be false-positive, whereas the remaining two
were human PAWR cDNA sequences lacking the first 210 bp
encoding the N-terminal 70 amino acids. The specificity of the
interaction between PAWR and PITX2C in the yeast two-hy-
brid system was confirmed by retransformation of the positive
cDNA clone into yeast cells, together with vectors expressing
GAL4 DNA binding domain alone or with GAL4DB-PITX2C.
Yeast cells containing that positive cDNA plasmid and the
GAL4DB-PITX2C plasmid displayed an interaction pheno-
type. The empty GAL4DB was found to be negative in retrans-
formation assay (supplemental Fig. 1).
PAWR Interacts with Both PITX2C and PITX2A Isoforms in

Vitro—Interaction of PAWR and PITX2C was further con-
firmed by Ni2�-pulldown assay. Full-length PAWRwas cloned
into a bacterial expression vector (pET28a) that allowed expres-
sion of PAWR as a His6-tagged fusion protein in bacteria
(E. coli). Incubation of bacterial extract with Ni-NTA-agarose
beads boundHis6-tagged PAWR to the column (Fig. 1A). Next,
whole cell lysate prepared from HTM cells, transfected with
either HA epitope-tagged PITX2C or HA epitope-tagged
PITX2A (pCI vector), was incubated with either empty Ni2�

beads or Ni2� beads containingHis6-tagged PAWR fusion pro-
tein. Further, immunoblot using anti-HA antibody showed the
presence of PITX2Cor PITX2A inNi2� beadswithHis6-tagged
PAWR (Fig. 1B).
PITX2 Interacts with PAWR in Vivo—The interaction

between PITX2 and endogenous PAWRwas further confirmed
by immunoprecipitation experiments where HTM cells were
first transfectedwith either Xpress-tagged PITX2 (pcDNA vec-
tor) or the empty pcDNA4 vector. HTM cells transfected with
empty pcDNA4 vector served as control. Immunoprecipitation

3 Birdi, C., and Walter, M. A., manuscript in preparation.
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using an anti-Xpress antibody (Invitrogen) to XP-PITX2 fol-
lowed by immunoblotting using the anti-PAWR antibody
(Abcam) resulted in immunoprecipitated PAWR in cells trans-
fected with Xpress-tagged PITX2 (Fig. 1C).
In another experiment, the nuclear and cytosolic fractions of

untransfected HTM and COS7 cells were first tested for the
presence of endogenous PITX2 and PAWR using anti-PITX2
(Abnova) and anti-PAWR (Abcam) antibody. The presence of
both endogenous PITX2A and C isoforms are detected only in
the nuclear fraction of HTM cells at low levels, whereas PAWR
is present in both the cytosolic and the nuclear fractions of
HTM and COS7 cells (Fig. 1D). The nuclear and cytosolic frac-
tions of HTM and COS7 cells were immunoprecipitated fur-
therwith previously described anti-PITX2 antibody and immu-
noblotted with anti-PAWR antibody. The PITX2-PAWR
interaction is detected only in the nuclear fraction ofHTMcells
(Fig. 1D).
PITX2A Interacts through HD with PAWR—Ni2� pulldown

assays were performed again to identify the specific region of
PITX2 that interactswith PAWR.Deletion constructs of PITX2
(pCI-Ha) (24) were transfected intoHTMcells alongwith wild-
type PITX2A and PITX2C (Fig. 2A). HTM cells transfected
with these constructs were subjected to cell lysis followed by
incubationwithNi2� beads containingHis6-tagged PAWR and
subsequent PAGE and immunoblot. Except for the �39–98
and �99–159 PITX2 constructs, which lack the HD and adja-
cent inhibitory domain (20), respectively, all other constructs
detected HA-PITX2 in the immunoblot using anti-HA anti-

body (Fig. 2A). These data suggested that PITX2 interacts with
PAWR through its HD and adjacent C-terminal inhibitory
domain.
ARS Mutations Residing in the PITX2 HD and Adjacent

C-terminal Inhibitory Domain Have No Effect on the Interac-
tion with PAWR—The effects of ARS-causing PITX2 mutants
located in the HD and adjacent C-terminal inhibitory domain
on its interaction with PAWR were determined because these
regions in PITX2 interact with PAWR. HTM cells were trans-
fected with seven PITX2 mutant constructs (pCI-HA). Five
(T68P, V83L, K88E, R90C, andR91P)PITX2HDmutations and
two (L105V and N108T) inhibitory domain mutations were
analyzed. Ni2� pulldown assays were performed as described
above. All mutant proteins were observed to interact with Ni2�

beads containing His6-tagged PAWR (Fig. 2B). The immuno-
blots were further quantified to assess the variability of PITX2
mutants bindingwith PAWR (Fig. 2B). Twomutants, V83L and
K88E, displayed the most variability in binding to PAWR in
three independent experiments. These mutants however, were
not different from wild-type PITX2 in binding with PAWR on
average. Two mutants displayed a significant difference in
binding to PAWR. Significantly more T68P bound to PAWR
than wild-type PITX2, whereas significantly less N108T bound
to PAWR.
The C-terminal Leucine Zipper Domain of PAWR Interacts

Both with PITX2A and with PITX2C—Three deletion con-
structs of PAWR were created to identify the region of PAWR
that interacts with PITX2. These deletion constructs (�1–70,

FIGURE 1. Confirmation of interaction between PITX2 and PAWR. A, Coomassie Blue staining of 12% polyacrylamide gel showing expression of His6-tagged
PAWR in bacterial cell upon induction with isopropyl �-D-1-thiogalactopyranoside (IPTG) followed by purification with Ni2�-agarose beads. B, HTM cell lysates
transfected with HA-tagged PITX2A and PITX2C, were subjected to nickel pulldown assays with the His6-tagged PAWR bound to the Ni2�-NTA beads (Ni-PAWR)
or the empty beads (Ni). Bound proteins were analyzed by SDS-PAGE followed by Western blot (IB) analysis using an anti-HA antibody. The inputs represent 3%
of the total reaction. C, co-immunoprecipitation (Co-IP) of PITX2 and PAWR in HTM cells. pcDNA with Xpress-PITX2 (XP) (�) or empty pcDNA (�) plasmids were
transfected into HTM cells. The cell lysates were immunoprecipitated with an anti-Xpress antibody and immunoblotted with an anti-PAWR antibody. The
inputs represent 5% of the total reaction. D, co-immunoprecipitation of endogenous PITX2 and PAWR in HTM cells. Here both for cytosolic and for nuclear
fractions, inputs represent 10% of the total reaction.
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FIGURE 2. Identification of regions in PITX2 that interacts with PAWR. A, nickel pulldown results where HTM cells transfected with six different deletion
constructs (�1–38, �39 –98, �99 –159, �160 –190, �191–232, and �233–271) named after N-terminal locations of amino acids deleted according to the A
isoform of PITX2. Thus, �1–38 lacks first 38 amino acids of PITX2A, and so on. Subsequent nickel pulldown assays were performed with the HTM cell lysates
having different deletion constructs of PITX2 and His6-tagged PAWR bound to the Ni2�-NTA beads (Ni-PAWR) or the empty beads (Ni). Bound proteins were
analyzed by SDS-PAGE followed by Western blot analysis using an anti-HA antibody. N, N terminus; C, C terminus; HD, homeodomain; OAR, orthopedia and
aristaless domain. B, nickel pulldown results described above but with HTM cell lysates having seven PITX2A mutant (T68P, V83L, K88E, R90C, R91P, L105V and N108T)
constructs in HA-tagged pCI vector. In both cases, inputs represent 3% of the total reaction. The upper left panel of B shows the location of mutations in conserved
homeodomain and the adjacent inhibitory domain, whereas the lower left panel shows Ni-PAWR/input ratio derived from quantification of immunoblots shown in the
right panel. The inputs in these experiments represent 3% of the total reaction in the form of HTM cell extracts transfected with HA-tagged PITX2A wild type (WT) and
mutants. Error bars indicate S.D., whereas the asterisks indicate statistical significance in the Ni-PAWR/input ratio between WT and T68P or N108T.
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�1–161, and �1–267) in the pET28 vector were transformed
independently in E. coli cells. His6-tagged fragments were then
purified usingNi-NTA-agarose beads. Subsequently, whole cell
lysates were prepared from HTM cells transfected with HA-
tagged PITX2A or PITX2C and subjected to Ni2� pulldown
assay. Specific PITX2A and PITX2C bands were detected in
immunoblots treated with anti-HA antibody after incubation
with all three deletion fragments of PAWR (Fig. 3B). Duplicate
immunoblots of the same experiment, but treated with an anti-
His antibody to detect recombinant PAWR, showed the expres-
sion of correctly sized fragments of PAWR in E. coli cells (Fig.
3B). This experiment indicated that the shortest PAWR frag-
ment containing only the C-terminal leucine zipper domain is
sufficient to interact with both A and C isoforms of PITX2.
PAWR Co-localizes with PITX2 in Nucleus—Immufluores-

cence experiments were done in untransfected HTM and
RGC5. Immunofluorescence has also been done in HTM,
RGC5, NPCE, and SW480 cells transfected with Xpress-tagged
PITX2 to detect the distribution of PITX2 and endogenous
PAWR in subcellular compartments. HTM and NPCE are cells
of ocular origin (trabecular meshwork and ciliary body, respec-
tively), whereas SW480 is a colon adenocarcinoma cell line.
Because PAWR has been reported to be involved in various
apoptotic and tumorigenesis processes and to be localized to
the nucleus in cancer cells (28), we included SW480 cells as
positive control. Cells were harvested 24 h after transfection
and treated with both an anti-Xpress antibody to recombinant

PITX2 and an anti-PAWR antibody to see the localization of
PITX2 and PAWR in cells. Detection of Xpress-tagged PITX2
was done subsequently by anti-mouse IgG coupled with CY3
fluorescent dye (Fig. 4, red), whereas endogenous PAWR was
detected by anti-rabbit IgG coupled with CY2 (green). Cells
were also treated with DAPI (blue) to stain their nucleus. These
data clearly showed that endogenous PAWR is localized in
nucleus of untransfected HTM and RGC5 cells (Fig. 4A) and
showed co-localization of endogenous PAWR and Xpress-
tagged PITX2 in the nucleus of all cell types (Fig. 4B).
PAWR Inhibits PITX2-mediated Transcription Activation—

The role of PAWR in regulating PITX2 transcriptional activity
was studied further by luciferase assays where a luciferase
reporter driven by a TK promoter containing a PITX2 binding
site (bicoidBS) upstreamwas used tomeasure PITX2 transcrip-
tional activity. Cells expressing both PITX2 and PAWR showed
more than 50% reduced PITX2 transcriptional activity than
cells expressing PITX2 alone. This was observed both in HTM
and in SW480 cells, and thep values are significant in both cases
(HTM p � 0.003, SW480 p � 0.007) (Fig. 5A, panel i). To
understand whether the C-terminal leucine zipper domain in
PAWR that interacts with PITX2 is sufficient alone to decrease
PITX2 activity, we subcloned the smallest deletion fragment
(�1–267) of PAWR from pET28 vector to the mammalian
expression vector (pcDNA4). The smallest fragment (�1–267)
of PAWR (p � 0.001) was sufficient to significantly reduce
PITX2 activity as did full-length PAWR (Fig. 5A, panel ii).

FIGURE 3. Identification of region in PAWR that interacts with PITX2. A, schematic showing different regions and domains in PAWR and the three
N-terminally deleted serial constructs (�1–70, �1–161, and �1–267). NLS, nuclear localization sequence; SAC, selective apoptosis in cancer. B, HTM cell lysates
transfected with HA-tagged PITX2A and PITX2C were subjected to nickel pulldown assays with the His6-tagged PAWR fragments bound to the Ni2�-NTA beads
(Ni-�1–70 PAWR, Ni-�1–161 PAWR, and Ni-�1–267 PAWR) or the empty beads (Ni). For each deletion fragment of PAWR, samples were analyzed in 12% PAGE
in duplicates followed by Western blot against anti-HA to detect bound PITX2C and PITX2A as well as against anti-HIS antibody to show the different deletion
fragments of PAWR expressed in E. coli cells. The inputs represent 3% of the total reaction.
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In an EMSA, lysates from COS7 cells transfected with wild-
type HA-PITX2A showed a migration pattern of two bands
representing PITX2A protein bound to the bicoidBS
(TAATCC) DNA element (Fig. 5B). Inclusion of increasing
concentrations of purified PAWR from Ni2� beads in these
EMSAs, however, displayed no difference in the band pattern
(Fig. 5B). These data suggest that reduction of PITX2 transcrip-
tional activity by PAWR is not through impairment of PITX2
DNA binding ability.
PITX2 and PAWR Co-localize in the Developing Murine Eye—

Although the expression pattern of PITX2 during eye develop-
ment has been described (4), neither the expression of PAWR
nor the potential co-expression of PITX2 and PAWR during
eye development has been previously examined. Therefore, we
used immunohistochemistry to simultaneously detect expres-
sion of PITX2 and PAWR during embryonic eye development.
PITX2 is expressed throughout the periocular mesenchyme by
e12.5 (Fig. 6A); expression continues at subsequent stages in
emerging anterior segment structures, including the iridocor-
neal angle, corneal stroma, and corneal endothelium (Fig. 6, D,
G, and J). PAWR is ubiquitously expressed at all time points
examined (Fig. 6, B, E,H, and K). The subcellular localization is
usually nuclear, as has been previously reported in cell culture
(29) and in the present study, but in some structures, cytoplas-
mic expression is also observed (data not shown). Expression
within the periocular mesenchyme was nuclear at all time
points examined. Co-expression of PITX2 and PAWR is prev-
alent throughout the periocular mesenchyme and is particu-
larly apparent within the mesenchyme of the presumptive iri-
docorneal angle, cells fated to contribute the ciliary muscles
and stroma, trabecular meshwork, Schlemm canal, and iris
stroma (Fig. 6, F and I). Co-expression is also prominent within

the mesenchymally derived corneal stroma and corneal endo-
thelium (Fig. 6L).

DISCUSSION

PITX2was identified as the first candidate gene to causeARS
(5). However, knowledge of exactly how PITX2mutations dis-
rupt eye development leading to ARS is still lacking. Identifica-
tion and characterization of new PIPs is therefore necessary to
better understand the PITX2 regulatory network in the eye. In
this report, we identified PAWR as a novel PIP by Y2H screen-
ing of the human trabecular meshwork cDNA library with
PITX2C. Because PITX2C is the longest of the four well char-
acterized PITX2 isoforms, we performed Y2H screening with
PITX2C. Moreover, the PITX2 antibody we used for down-
stream experiments can detect both endogenous PITX2A iso-
forms and endogenous C isoforms. We later confirmed the
PAWR protein-protein interaction with both the PITX2A and
the C isoforms (Fig. 1, B and D). Also, our subsequent experi-
ments proved that the PAWR interaction domain in PITX2 is
common to both PITX2 A and PITX2 C isoforms (Fig. 2A).

Human PAWR is a 340-amino acid protein alternatively
known as prostate apoptotic response-4 (PAR-4). The PAWR
gene is �99 kb long and is located on chromosome 12q21 (30)
with seven exons and a transcript length of 1.9 kb. Human
PAR-4 was first identified in prostate cancer cells undergoing
apoptosis in response to an exogenous insult (31). PAR-4 was
later rediscovered in human cells as a regulator of the Wilms
tumor 1 (WT1) (32), thus named as PAWR. Human PAWR is a
unique proapoptotic protein that selectively induces apoptosis
in cancer cells, sensitizes cells to the action of multiple apopto-
tic stimuli, and causes tumor regression (33) through a region
harboring 59-amino acid residue starting from 145 to 203 (Uni-

FIGURE 4. Nuclear localization of PITX2 and PAWR. A and B, untransfected HTM and RGC cells (A) and HTM, RGC, NPCE, and SW480 cells (B) were transfected
with Xpress-PITX2 expression vector. Endogenous PAWR (A and B) was stained with rabbit polyclonal anti-PAWR antibody followed by Cy2-conjugated
anti-rabbit secondary antibody (green). Xpress-PITX2 (B) was visualized with mouse monoclonal anti-Xpress antibody followed by Cy3-conjugated mouse
secondary antibody (red). All cells were stained with DAPI (blue) to detect the nucleus in cells (A and B). The merge without or with DAPI shows an overlay of red
and green or red, green, and blue staining, respectively. PITX2 and PAWR are co-localized in nuclei of all cell types.
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versal Protein Resource (UniProt)). This region is known as
selective apoptosis in cancer (SAC) cells. Other than the SAC
region, PAWR has a 17-amino acid long nuclear localization
sequence encompassing between the 145th and the 161st
amino acid residue (Swiss-Prot accession number Q96IZ0).
The best described region of PAWR is, however, the 41-amino
acid long leucine zipper (LZ) domain, situated at theC-terminal
end starting from the 300th to the last (340th) amino acid res-
idue (Fig. 3A).HumanPAWR interactswith numerous proteins
such as WT1 (32), atypical protein kinase C (aPKC) (34), and
death-associated protein-like kinase (Dlk) (35) through this LZ
domain.
We performed in silico analyses to determine the expression

of PAWR and PITX2. An online unification tool, The SOURCE
(available for the Stanford University web site), was used and
found normalized PITX2 expression in 21 different tissues,
whereas 32 different tissues express PAWR. Nineteen out of 32
tissues, including the eye, heart, kidney, lung, and brain, co-
expressed PITX2 and PAWR (supplemental Table 2). Co-ex-
pression of PITX2 and PAWR has also been found in embry-
onic tissue. We further narrowed down our search by
restricting it to different eye compartments and tissues using
dbEST and NEIBank. PITX2 and PAWR are co-expressed in
multiple human ocular tissues including trabecular meshwork,
lens, optic nerve, retinal pigment epithelium/choroid, anterior
segment, ciliary body, and retina. Expressed sequence tag

clones have also been found in human fetal eye for both PITX2
and PAWR, which suggests their expression during ocular
development (supplemental Table 3).
We confirmed the interaction of PITX2 and PAWR in vitro

(Fig. 1B) as well as in ocular cells (Fig. 1, C and D). Previous
investigations have focused on studying the role of PAWR in
cancer cells (28). This is the first report investigating the role of
PAWR in ocular cells and in the developing mouse eye. Inter-
estingly, PAWR is localized to the nucleus of humanocular cells
(Fig. 4A) and localizes with PITX2 (Fig. 4B). In the developing
mouse eye, we, for the first time, detected expression of PAWR
in lens and retina at early embryonic stage (e12.5, Fig. 6B) and
co-localized with PITX2 in the periocular mesenchyme and
corneal endothelial cells and stroma at the later stages of devel-
opment (e14.5 and e18.5). Co-localization of PAWRandPITX2
within the mesenchyme of the presumptive iridocorneal angle
at e14.5 and e18.5 stages of development suggests the role of
PAWR in the development of the anterior segment of the eye
(Fig. 6, F and I).
Furthermore, we identified that PAWR interacts with PITX2

through its C-terminal LZ domain (Fig. 3B); the same region of
PAWR is necessary to interact with WT1 and Dlk3. Because
PAWR interactswith PITX2 through the PITX2homeodomain
and adjacent C-terminal inhibitory domain (Fig. 2A), we deter-
minedwhether PITX2mutations in these regions alter the abil-
ity of PITX2 to interact with PAWR. Of these seven PITX2

FIGURE 5. PAWR mediated impairment of transcriptional activation of PITX2. A, panel i, HTM and SW480 cells were transfected with TK-bicoidBS luciferase
promoter along with empty pcDNA4 or PITX2 expression vector alone or both PITX2 and PAWR expression vector. In all cases, pCMV-�-galactosidase-
expressing plasmid has been taken as transfection control. Luciferase activity was measured followed by normalizing it with �-galactosidase activity, and bars
were made according to relative luciferase activity along the y axis considering untransfected (UT) as 1. WT, wild type. A, panel ii, in HTM, �1–267 PAWR
construct was used in a similar fashion to measure luciferase activity. The broken lines and asterisks designate their statistical significance (Student’s t test,
A, panel i, HTM p � 0.003; SW480 p � 0.007; A, panel ii, PITX2 versus PITX2 � PAWR p � 0.0006, PITX2 versus PITX2� �1–267 PAWR p � 0.001). Error bars indicate
S.D. B, electrophoretic mobility shift assays of whole cell lysates from transfected COS7 cells were performed using radiolabeled bicoidBS probe. Untransfected
COS7 lysate is shown as a negative control exhibiting a single low mobility shifted ”background“ band. Complexes of radiolabeled bicoidBX probe bound to
PITX2A showed shifted bands in the middle of the autoradiograph, with unbound probe migrating to the bottom. The last two lanes from the right were treated
with increasing concentrations of purified PAWR from Ni2� beads.
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mutations tested (T68P, V83L, K88E, R90C, R91P, L105V, and
N108T), two (T68P and N108T) had significantly altered
capacity to interact with PAWR (Fig. 2B). These data are con-
sistent with the hypothesis that altered PITX2-PAWR interac-
tions could underlie, in part, the ARS phenotype that results
from these PITX2mutations. However, despite our best efforts,
possible differences in the binding of PAWR to Ni2� beads,
transfection efficiencies of plasmid constructs, and expression
of mutants could contribute to these differences in binding of
PITX2mutants to PAWR.Therefore, further exploration of the
impact of PITX2 mutation on PAWR binding is warranted.
Interestingly, the PAWR-PITX2 interaction results in a

reduction of PITX2 transcriptional activity in HTM cells (Fig.
5A, panel i). The LZ domain of PAWR, which interacts with
PITX2, was sufficient alone to reduce PITX2 transcriptional
activity in HTM cells (Fig. 5A, panel ii). This role of PAWR as a
transcriptional repressor of PITX2 is consistent with previous
findings where PAWR inhibited transcriptional activity of

WT1, thus down-regulating expres-
sion of pro-survival proteins such as
Bcl-2 (28). Our EMSA results (Fig.
5B) revealed that the down-regula-
tion of PITX2 transactivation by
PAWR is not through inhibiting the
DNA binding capacity of PITX2.
PAWR, by binding to PITX2, there-
fore appears to directly interfere
with the ability of PITX2 to transac-
tivate genes. This action might
occur through prevention of the
recruitment of transcriptional
machinery to PITX2 target promot-
ers or by interfering with a neces-
sary PITX2 conformational change,
previously suggested to be required
for PITX2 activity (36).
Although the involvement in

PAWR has already been reported in
cancer-related apoptotic pathways,
tumor regression, and neurodegen-
erative diseases including Alzhei-
mer disease, this is the first report of
its interaction with a homeobox
transcription factor. Importantly,
this is the first protein-protein
interaction that negatively regulates
PITX2 activity. Previous interac-
tions of PITX2 with other proteins
(e.g. �-catenin and LEF-1 (34))
either enhance or have no effect (e.g.
FOXC1 (24)) on PITX2 transcrip-
tional activity. In contrast, our
experimental results indicate that
PAWR reduces PITX2 transcrip-
tional activity in immortalized
HTM cells. This regulation of
PITX2 activity through the interac-
tion with PAWR has profound

implications for PITX2 and its involvement in human disease.
PITX2 is involved in numerous developmental processes
including development of the anterior segment of the eye, and
PITX2mutations cause ARS. Glaucoma, themost clinically sig-
nificant feature of ARS, is a neurodegenerative disease in which
apoptosis of RGC results in progressive blindness. Interest-
ingly, the LZ domain of human PAWR necessary and sufficient
to interact with PITX2 and to inhibit PITX2 activity has also
been found to interact with apoptosis antagonizing transcrip-
tion factor (AATF) (37) and �-secretase (38), which are actively
involved in another neurodegenerative disorder, Alzheimer
disease. PAWR regulates �-secretase activity toward cleavage
of amyloid precursor protein and production of �-amyloid in
Alzheimer disease (38). Recently, the Alzheimer disease-asso-
ciated protein�-amyloid has also been found to induce apopto-
sis in RGCs, leading to glaucoma (39). Because the ARS-associ-
ated glaucoma that results from mutations of PITX2 is also a
neurodegenerative disorder, it is possible that the interaction

FIGURE 6. Expresson of PITX2 and PAWR during eye development. Transverse views of an e12.5 eye (A–C),
iridocorneal angles from e14.5 (D–F), and e18.5 (G–I) eyes and central cornea from e18.5 eye (J–L) are shown.
Sections were co-immunostained to detect PITX2 (green) and PAWR (red). L, lens; R, retina; M, periocular mes-
enchyme. Single-headed arrows (F and I) indicate mesenchyme within the emerging iridocorneal angle; the
single-headed arrow in L denotes the corneal endothelium, and the double-headed arrow spans the corneal
stroma.
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between PITX2 and PAWR might have a role in apoptotic
and/or neurodegeneration pathways involved in glaucoma.
Our results indicate that further analysis of the PITX2-PAWR
interaction in the eye and in ocular development and disease is
warranted.
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