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Abstract The transcription factor Pax6 is crucial for the
embryogenesis of multiple organs, including the eyes, parts
of the brain and the pancreas. Mutations in one allele of
PAX6 lead to eye diseases including Peter’s anomaly and
aniridia. Here, we use fluorescence recovery after photo-
bleaching to show that Pax6 and also other Pax family
proteins display a strikingly low nuclear mobility com-
pared to other transcriptional regulators. For Pax6, the slow
mobility is largely due to the presence of two DNA-binding
domains, but protein-protein interactions also contribute.
Consistently, the subnuclear localization of Pax6 suggests
that it interacts preferentially with chromatin-rich territo-
ries. Some aniridia-causing missense mutations in Pax6
have impaired DNA-binding affinity. Interestingly, when
these mutants were analyzed by FRAP, they displayed a
pronounced increased mobility compared to wild-type
Pax6. Hence, our results support the conclusion that disease
mutations result in proteins with impaired function because
of altered DNA- and protein-interaction capabilities.
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Abbreviations

FRAP fluorescence recovery after photobleaching
PD paired domain

HD homeodomain

TAD  transactivation domain
GFP green fluorescent protein
Introduction

The Pax family of transcription factors separates them-
selves from other homeodomain (HD) proteins by the
presence of a 128-amino acid DNA-binding domain named
the paired domain (PD) [1]. The vertebrate Pax family
consists of nine members, Pax1-Pax9, which can be divi-
ded into four subgroups based on sequence comparisons
[2]. All nine Pax proteins contain an N-terminal PD, while
the full-length HD is present in Pax3, Pax4, Pax6 and Pax7.
Pax2, Pax5 and Pax8 contain a truncated remnant of the
HD that cannot bind DNA [3]. All Pax proteins contain a
C-terminal transactivation domain (TAD) rich in proline,
serine and threonine residues. A conserved octapeptide (O)
is located between the PD and the HD in all Pax proteins
except for Pax4 and Pax6 [4]. The Pax-specific PD can be
divided into two subdomains, PAI and RED. Each of these
subdomains bind DNA through their helix-turn-helix motif
[5]. The PD and HD of Pax6 are also important for protein-
protein interactions [6], and they can modulate each other’s
properties by binding directly to each other [7]. Protein-
protein interactions involving Pax6 occur both dependently
and independently of DNA [8].

Similar to the other Pax proteins, Pax6 is evolutionarily
conserved. Murine and human Pax6s are 100% identical,
while the zebrafish and human proteins are 97% identical
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[9]. PAX6 encodes predominantly the canonical 422-
amino-acid-long protein of 46 kDa, in addition to several
variants of varying sizes and properties [10—12].

PAX6 has been named the universal control gene for eye
development [13] and is also important for development of
other organs such as the nose, the pancreas, the pituitary
and the pineal glands (reviewed in [9]). Recently, Pax6 was
found to be aberrantly expressed in various tumor cells,
acting as a tumor suppressor [14—17], or to actively con-
tribute to cancer progression [18]. Thus, Pax6 is important
not only in embryogenesis, but may also have a role in or
contribute to the development and maintenance of cancer
cells.

The developmental importance of this particular
transcription factor is illustrated by the fact that homo-
zygous PAX6 mutants completely lack eyes and nose,
and are not viable. There are two reported exceptions to
this fact. In 1994, Glaser et al. [19] described an indi-
vidual with compound heterozygous nonsense mutations
in the PD and TAD of PAX6 who died 8 days after
birth. A recent publication reported the only known
living human with mutations in both PAX6 alleles,
namely a 4-year-old boy with microphthalmia, diabetes
mellitus, hypopituitarism and complex brain anomalies
[20]. This boy has one allele with a missense mutation
in the PD, while the other allele contains a nonsense
mutation in the HD.

Heterozygous mutations in PAX6 cause a broad range of
ocular defects that include human aniridia, Peter’s anomaly
and cataracts, the mouse small eye mutant and the Dro-
sophila eyeless mutant (reviewed in [21]). On the other
hand, ectopic expression of PAX6 results in the formation
of ectopic eyes in flies [22, 23].

Aniridia is a bilateral, panocular disorder characterized
by absence of the iris. In most cases, the cornea, the lens,
the retina, the optic nerve and the anterior chamber angle
are also affected [24]. The human PAX6 Allelic Variant
Database [25] contains a record of PAX6 mutations asso-
ciated with diseases. In 2005, Tzoulaki et al. [26] analyzed
the 309 records in the database at that time. Of these 309
entries, 286 referred to pathological mutations in the PAX6
coding region or the splice sites flanking the exons. Of the
pathological mutations, 90% were found to be associated
with aniridia and 10% with phenotypes like foveal hypo-
plasia, microphthalmia and optic nerve defects. The
aniridia phenotype is predominantly linked to premature
translational termination, while the non-aniridia pheno-
types primarily are associated with missense mutations.
The database also contains details on patients with aniridia
or other ocular defects where the normal termination codon
is mutated. This causes continued 3’ translation that
seemingly, based on patient phenotypes, generates loss-of-
function alleles.

Fluorescence recovery after photobleaching (FRAP)
makes it possible to monitor the mobility of proteins in
vivo (reviewed in [27]). Utilizing this method, fluorescent
molecules in a small region of a cell are irreversibly
photobleached using a high-powered laser beam. When
performed correctly, the photobleaching does not deplete
the bleached region of the protein in question, nor does it
affect protein-DNA or protein-protein interactions. The
measured recovery kinetics of non-bleached fluorescent
molecules into the photobleached area represent the
dynamic behavior of proteins in their undisturbed state
[28]. However, recent studies have shown that phototox-
icity and photounbinding can compromise the method,
leading to misinterpreted quantitative results [29, 30].
Although proteins with diverse functions move by passive,
randomly directed diffusion within the nucleus [31], the
nature of a protein’s motion can range from full mobility to
almost complete immobility. FRAP studies of several
transcription factors, including GTFs [32], p53 [33],
FOXL2 [34], NF-kB [35, 36] and members of the steroid
receptor superfamily [37-42], confirm that most nuclear
proteins display high mobility. However, nucleosomal
proteins like histone H2B constitute an exception with
almost no movement and stable association with chromatin
[43].

In this paper we used FRAP to compare the mobility of
Pax6 with that of other transcriptional regulators. Surpris-
ingly, we found that Pax6 and also other Pax family
members display relatively low nuclear mobility. We
attribute the slowed mobility to the presence of two DNA-
binding domains in Pax6, the paired domain and the
homeodomain. Pax6 is preferentially localized to Hoechst
33258-positive chromatin in what we denote as chromatin-
rich territories in the nucleus. Furthermore, aniridia-caus-
ing point mutations in Pax6 led to increased mobility
compared to the wild-type protein. Our FRAP studies in
live cells support and extend previous biochemical studies
showing that these mutants have altered DNA- and protein-
protein interaction capabilities, which disrupt the normal
function of Pax6.

Materials and methods
Plasmid constructs

Plasmids and primers used in this work are listed in
Table 1 and supplementary material Table S1, respec-
tively. Details of their construction are available upon
request. Oligonucleotides for mutagenesis, PCR and DNA
sequencing were purchased from Operon. cDNA constructs
were subcloned into Gateway entry vectors and expression
clones made as described in the Gateway cloning
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Table 1 Plasmids used in this work

Constructs Description

cDNA constructs made by traditional subcloning

pEntr HoxB7 Human HoxB7 cDNA subcloned into pEntrl A (Invitrogen)

pEntr Histone H2B Human histone H2B ¢cDNA subcloned into pEntrl1A

pEntr POUSF1 DBD The two DNA-binding domains of human POUSF1 (aa 136-360) subcloned into
pEntrlA

pEntr Pax2 Zebrafish Pax2 cDNA subcloned into pEntrl A

pEntr Pax3 Mouse Pax3 subcloned into pEntrl A

pEntr Pax4 Human Pax4 subcloned into pEntrl A

pEntr Pax5 Human Pax5 (BSAP) subcloned into pEntrl A

pEntr Pax6 Mouse Pax6 cDNA subcloned into pEntrl A

pEntr Pax8 Human Pax8 subcloned into pEntr 1A

pEntr Pax9 Zebrafish Pax9 cDNA subcloned into pEntrl A

PEGFP zPax6 Zebrafish Pax6 [6]

pEGFP Pax6 Mouse Pax6 cDNA subcloned into pEGFP-C1 (Clontech)

pPax6 EGFP Mouse Pax6 cDNA subcloned into pEGFP-N1 (Clontech)

cDNA constructs made by LR gateway reactions or site-directed mutagenesis

pDest EGFP Pax6 Gateway from pEntr Pax6 to pDest EGFP-C1 [75]

pDest Cherry Pax6 Gateway from pEntr Pax6 to pDest Cherry [76]

pDest EGFP Pax6(5A) Mouse Pax6 splice variant (I. Mikkola)

pDest EGFP Pax6 PD The paired domain of mouse Pax6 (E. Thomassen)

pDest EGFP Pax6 HD The homeodomain of mouse Pax6 (E. Thomassen)

pDest EGFP Pax6 TAD The transactivation domain of mouse Pax6 (E. Thomassen)

pDest EGFP Pax6 PD-HD Mouse Pax6 without the transactivation domain (E. Thomassen)

pDest EGFP Pax6 HD-TAD Mouse Pax6 without the paired domain (E. Thomassen)

pDest EGFP Pax6 G18R Amino acid 18 in mouse Pax6 mutated from Gly to Arg

pDest EGFP Pax6 I87R Amino acid 87 in mouse Pax6 mutated from Ile to Arg

pDest EGFP Pax6 R262A Amino acid 262 in mouse Pax6 mutated from Arg to Ala

pDest EGFP Pax6 R266A R267A Amino acids 266 and 267 in mouse Pax6 mutated from Arg to Ala

pDest EGFP Pax6 P375Q Amino acid 375 in mouse Pax6 mutated from Phe to Gln

pDest EGFP Pax6 Q422A Amino acid 422 in mouse Pax6 mutated from Gln to Ala

pDest EGFP Pax6 Q422R Amino acid 422 in mouse Pax6 mutated from GIn to Arg

pDest EGFP Pax6 Q422X Amino acid 422 in mouse Pax6 mutated from Gln to Stop

pDest zPax6-YFP Zebrafish Pax6 with C-terminal EYFP tag [7]

pDest EGFP Pax2 Gateway from pEntr Pax2 to pDest EGFP-C1

pDest EGFP Pax3 Gateway from pEntr Pax3 to pDest EGFP-C1

pDest EGFP Pax4 Gateway from pEntr Pax4 to pDest EGFP-C1

pDest EGFP Pax5 Gateway from pEntr Pax5 to pDest EGFP-C1

pDest EGFP Pax8 Gateway from pEntr Pax8 to pDest EGFP-C1

pDest EGFP Pax9 Gateway from pEntr Pax9 to pDest EGFP-C1

pDest EGFP AR Human androgen receptor (E. Thomassen)

pDest EGFP GTFIIH Human general transcription factor II H (E. Thomassen)

pDest EGFP HoxB7 Gateway from pEntr HoxB7 to pDest EGFP-C1

pDest EGFP Klf4 Human Kif4 (E. Alemu)

pDest EGFP POUSF1 DBD Gateway from pEntr POUSF1 DBD to pDest EGFP-C1

pDest EGFP Spl Human Spl (E. Alemu)

pDest EGFP SPBP Human SPBP

pDest EGFP histone H2B Gateway from pEntr Histone H2B to pDest EGFP-C1

pDest Cherry histone H2B Gateway from pEntr Histone H2B to pDest Cherry

pDest Cherry histone H2A PCR from pET3-huH2A-ATA (gift from J. A. Goldman)
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Table 1 continued

Constructs

Description

pDest Cherry histone H3.1
pDest Cherry HPlua

PCR from pIM-H3.1-Venus [77]
Gateway from pIRAOp969B0957D-HP1 purchased from the PlasmidID

repository at the DF/HCC DNA Resource core at the Harvard Institute of
Proteomics

pDest Cherry Pax3
pDest Cherry HoxB7
pDest Cherry Spl

Gateway from pEntr Pax3 to pDest Cherry
Gateway from pEntr HoxB7 to pDest Cherry
Human Spl (E. Alemu)

Unless otherwise stated, all Pax6 constructs are of murine origin

technology instruction manual (Invitrogen). Point muta-
tions were made using the QuickChange site-directed
mutagenesis kit from Stratagene. All constructs made in
this study were verified by DNA sequencing (BigDye
sequencing kit, Applied Biosystems).

Transient transfections

HeLa cells (ATCC CCL2) were cultured in Eagle’s mini-
mum essential medium (MEM), and U20S cells (ATCC
HTB-96) were cultured in Dulbecco’s modified Eagle’s
medium (DME). Both MEM and DME were supplemented
with 10% fetal calf serum, penicillin (100 U/ml) and
streptomycin (100 pg/ml) (Invitrogen). Subconfluent cells
were transfected with the different expression constructs
using Lipofectamine PLUS (Invitrogen), Metafectene Pro
(Biontex) or TransIT-LT1 (Mirus Bio) according to the
manufacturer’s protocol.

Reporter gene assays

Subconfluent HeLa or U20S cells in 24-well tissue culture
dishes (Becton-Dickinson) were transiently transfected
with 5-150 ng of pEGFP-Pax6 or pPax6-EGFP and 50 ng
of the reporter plasmid pP6xCON-Luc [44]. pcDNA3
(Invitrogen) was used to equalize the concentration of
DNA in each transfection. To normalize for variations in
transfection efficiency, 5 ng of pCMV-f-galactosidase
(Stratagene) was included in each transfection. Extracts
were prepared 24 h after transfection using a dual-light
luciferase and ff-galactosidase reporter gene assay system
(Tropix) and analyzed in a Labsystems Luminoskan RT
dual-injection luminometer. The assays were performed in
triplicates and repeated three times.

Cell fractioning and chromatin association assay

HeLa cells were resuspended in cold buffer A [10 mM
HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 5% glycerol,
0.5 mM DTT, protease (Roche Diagnostics) and phospha-
tase (Calbiochem) inhibitors], 300 pl/ 107 cells, and

incubated on ice for 30 min. A 10% solution of Triton X-100
was added to a final concentration of 0.2% followed by
further incubation on ice for 3 min. The cytoplasmic fraction
was collected after centrifugation at 5,000 rpm for 5 min at
4°C in a microcentrifuge. The pellet was washed once in
buffer A before resuspension in 300 pl cold buffer B
[20 mM HEPES pH 7.9, 450 mM NaCl, 1.5 mM MgCl,,
0.2 mM EDTA, 25% glycerol, 0.5 mM DTT, protease
(Roche Diagnostics) and phosphatase (Calbiochem) inhibi-
tors]. After incubation on ice for 30 min, the nuclear fraction
was collected by centrifugation at maximum speed for
10 min at4°Cin amicrocentrifuge. The remaining pellet was
resuspended in 300 pl 2x SDS loading buffer with 20 mM
DTT, boiled and sonicated. The fractions were subsequently
subjected to immunoblotting as described in the following
section (protocol adapted from Wu et al. [45]).

Immunoblotting

Transiently transfected HeLa cells in 24-well tissue culture
dishes were harvested in 2x SDS loading buffer with
20 mM DTT 24 h after transfection. The lysates were
boiled and sonicated before separation on 6, 8 or 15% SDS-
PAGE gels in Tris-glycine buffer (25 mM Tris, 250 mM
glycine, 0.1% SDS). The Biotinylated Protein Ladder (Cell
Signaling) was used as a molecular weight marker. The
proteins were subsequently immunoblotted on Hybond-
ECL nitrocellulose membranes (Amersham) in Towbin
buffer (25 mM Tris, 192 mM glycine, 20% methanol) at
100 V for 1 h. The membranes were incubated in 5% non-
fat dried milk for blocking at 1 h at room temperature.
Primary antibody was added overnight at 4°C. The primary
antibodies used were anti-GFP (1:1,000; Abcam), anti-
Pax6 (1:1,000; Chemicon), anti-RNA polymerase II
(1:200; Santa Cruz), anti-f-tubulin (1:1,000; Sigma) and
anti-histone H3 (1:2,000; AbCam). Secondary antibodies,
anti-mouse or -rabbit HRP (1:2,000, Pierce) and anti-biotin
HRP (1:2,000, Cell Signaling), were added for 1 h at room
temperature. Detection was performed using the Western
Blotting Luminol Reagent kit (Santa Cruz Biotechnology)
and a LumiAnalyst imager (Roche Applied Sciences).



Slow nuclear mobility of Pax6

4083

Immunostaining and confocal microscopy

HeLa cells cultured in eight-chambered cover slides (Nunc)
were transiently transfected with 50-100 ng of the different
expression constructs. Images of live cells were taken the
following day, with the cells kept in 1 x HBSS (Invitrogen)
supplemented with 10% fetal calf serum. Before staining,
the cells were fixed in 4% paraformaldehyde and perme-
abilized with 0.1% Triton X-100. Endogenous histone
modifications were stained using rabbit polyclonal anti-H3
K4 me® (Abcam, 1:2,000), rabbit polyclonal anti-acetyl H3
(Millipore, 1:1,000) and rabbit polyclonal anti-H4 K20 me'
(Abcam, 1:1,000) for 60 min at room temperature, followed
by the secondary antibody Alexa Fluor 488 goat anti-rabbit
IgG (1:500) for 30 min at room temperature. DNA was
stained with Hoechst 33258 (Invitrogen, 0.5 pg/ml) for
5 min at room temperature. Pictures were taken with a Zeiss
LSM510 confocal microscope using the 488-, 568- and 633-
nm laser lines, or a Leica TCS-SP5 confocal microscope
using the 561-nm and the UV laser line. Colocalization was
studied using the Quantify tool in the Leica software.

Fluorescent recovery after photobleaching (FRAP)

The FRAP experiments were performed 24 h after transient
transfection with the cells kept in 1x HBSS (Invitrogen)
supplemented with 10% fetal calf serum at 37°C, 5% CO,
during imaging. The 63 x H,O objective of a Leica TCS-SP5
confocal microscope was used to perform the experiments.
Settings were configured to produce five pre-bleach images
followed by ten bleach pulses of 0.113 s each with the
488-nm line of a 25-mW argon laser operating at 100% laser
power. These settings resulted in a bleaching efficiency
between 90 and 95% for all proteins studied except GFP
(50%) and GFP-Pax6 TAD (80%). For all cells selected for
bleaching, the pre-bleach green fluorescent intensity of the
respective GFP fusion proteins was in the linear range of
detection. Three hundred post-bleach images were captured
with 0.113-s intervals followed by 50 images with 1-s
intervals and 45 images with 5-s intervals. The total time for
the experiments conducted was approximately 5 min.
Fluorescence recovery was monitored at 5% for the 488-nm
laser line. Recovery was measured in a circle with a diameter
of 5 um. A summary of the settings used is listed in sup-
plementary material Table S2. FRAP recovery curves were
generated using double normalization as described by Phair
et al. [28], correcting for both background and loss of fluo-
rescence during imaging. Each protein was tested in three
separate experiments, 8—12 cells each time. The 25-30
experiments were then averaged to generate a single FRAP
curve. The ¢, value, here defined as the time point after
bleaching where the fluorescence has increased to 50% of the
initial level, was determined based on the normalized data.

Results

Pax6 is preferentially localized to chromatin-rich
nuclear territories

To study the subnuclear localization of Pax6, we first made
many attempts to stain endogenous Pax6. However, none
of the six different commercially available antibodies we
tested gave satisfying results without significant back-
ground staining when tried on several different cell lines
expressing Pax6. Hence, we analyzed the localization of
Pax6 by confocal fluorescence microscopy following
transfection of human HeLa cells with GFP- or mCherry-
tagged Pax6, taking care to analyze cells with only mod-
erate expression levels. As shown in Fig. 1, Pax6 is located
throughout the nucleus, but is excluded from the nucleolus.
Pax6 is enriched in speckles in the nucleoplasm, frequently
found around the nuclear membrane and the nucleoli.
These regions of the nucleus are often associated with
heterochromatin (reviewed in [46, 47]). The punctuated
localization pattern is similar to that observed for endo-
genous Pax3 [48]. As shown in Fig. la, Pax6 and Pax3
have nearly identical localization patterns in the nucleus.
The images in supplementary material Figure S1 show that
the localization pattern of Cherry-Pax6 or GFP-Pax6 is not
caused by the GFP or Cherry tags themselves.

Hoechst 33258 is a dye with preference for AT-rich
DNA regions, which are abundant in centromeric hetero-
chromatin [49]. We compared the Hoechst 33258
colocalization profiles of the transcription factors Pax®6,
Pax3, HoxB7 and Spl (Fig. 1b). Interestingly, Pax6, Pax3
and HoxB7 colocalize strongly (Pearson’s correlation
coefficient of 0.94) with the Hoechst staining. All three are
homeodomain-containing transcription factors. Sp1, on the
other hand, has a very different localization pattern in the
nucleus with a rather weak colocalization with Hoechst-
positive, AT-rich heterochromatin (Pearson’s correlation
coefficient of 0.81). A contributing factor here could be
that Sp1 binds to GC-rich target sequences.

Together with acetylated histone H3, trimethylation of
lysine 4 in histone H3 is considered a marker for active
transcription, while monomethylation of lysine 20 in his-
tone H4 is considered a marker for inactive transcription.
Immunostaining of Cherry-Pax6 expressing HeLa cells
with antibodies against these three histone modifications
indicated that Pax6 is localized to both transcriptionally
active and inactive regions (Fig. 1c). The enrichment of
GFP-Pax6 on chromatin was further visualized by colo-
calization with Cherry-H2A, Cherry-H2B and Cherry-H3.1
(Fig. 1d). There was also some colocalization between
Pax6 and heterochromatin protein 1o (HP1o) (upper panel
Fig. 1d). As anticipated, a cell fractionation assay showed
that endogenous Pax6 was found both in the chromatin
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Fig. 1 Subnuclear localization of Pax6. The confocal pictures show
HeLa cells transiently transfected with different fusion constructs,
fixed and stained as described in “Methods.” Scale bars 10 pm.
a Cherry-Pax6 and GFP-Pax6 (upper panel) and Cherry-Pax6 and
GFP-Pax3 (lower panel) have identical subnuclear localization
patterns. b Colocalization between Hoechst 33258 and Cherry-
Pax6, Cherry-Pax3, Cherry-HoxB7 and Cherry-Spl. The scatter plots
are made using the Quantify tool in the Leica software. The Pearson’s
correlation coefficient is indicated above each scatter plot and is based
on the average of 20-30 nuclei for each protein. ¢ Colocalization
between Cherry-Pax6 and two markers for active transcription,

fraction and in the nucleoplasmic fraction (Fig. le). Taken
together, the results in Fig. 1 show that Pax6 is enriched in
chromatin-rich, nuclear territories.

Pax6 displays a slow nuclear mobility

To study the chromatin association of Pax6 further, we
investigated the nuclear mobility of Pax6. To this end,
FRAP experiments were performed using HeLa cells
transiently expressing GFP-Pax6. Figure 2a shows images

| 0.9410.02
0.94 £ 0.02
- 0.94+0.03

g

| 0.81£0.04

GFP-Paxé Cherry-H2A

-H3.1

histone H3 K4 me® and acetylated histone H3 (upper and middle
panel, respectively), and between Cherry Pax6 and a marker
for inactive transcription, histone H4 K20 me' (lower panel).
d Colocalization between GFP-Pax6 and Cherry-HP1c, Cherry-histone
H2A, Cherry-histone H2B or Cherry-histone H3.1. e Chromatin
association assay. Cytoplasmic, nucleoplasmic and chromatin frac-
tions were prepared from HeLa cells as described in “Methods.” The
fractions were separated on 8 or 15% SDS polyacrylamide gels and
subjected to Western blotting with anti-rabbit Pax6, anti-mouse RNA
polymerase II, anti-mouse f-tubulin and anti-rabbit histone H3
antibodies

Merge

s

GFP-Pax6 Merge

GFP-Pax6

of a representative nucleus at selected time points before,
during and after photobleaching. The conditions and nor-
malization used for the FRAP experiments are described in
“Methods.” The recovery kinetics displayed in Fig. 2b are
calculated based on the average of 30 individual cells. For
Pax6, approximately 90% recovery was obtained after
5 min. This indicates that Pax6 has an immobile fraction.
However, since the recovery was still increasing even after
5 min, we could not calculate the exact size of this fraction.
Importantly, the FRAP experiments show that the Pax6
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Fig. 2 Pax6 displays a slow nuclear mobility. a Time-lapse imaging of
HeLa cells transiently expressing N-terminal EGFP-tagged mouse Pax6
(pDest EGFP-Pax6), before and at selected time points after bleaching.
The confocal microscope settings used are described in “Methods” and
in supplementary material Table S2. The white circles indicate the
bleached area of the nucleus. Scale bar 10 pm. b FRAP recovery curve
displaying the relative recovery rate into the bleached area over the
indicated time period. The curve is based on the average of three
independent experiments, each including ~ 10 individual cells. Stan-
dard error bars are included. The recovery kinetics are estimated using
double normalization [28], correcting for both background and loss of
fluorescence during the imaging. Note that the curve is not corrected for
bleaching efficiency, resulting in underestimated recovery. The #/,
value, here defined as the time point after bleaching where the
fluorescence has increased to 50% of the initial level, was determined
based on the normalized data. ¢, d FRAP recovery curves for GFP and
GFP-histone H2B, respectively, with ¢, values indicated. These two
proteins were included as controls for the FRAP settings used

distribution pattern is recovered after bleaching, suggesting
that Pax6 is specifically recruited to specific chromatin
territories.

The FRAP conditions employed in this study were tes-
ted using two proteins with known low and high mobility,
namely histone H2B and GFP (green fluorescent protein).
Histone H2B fused to GFP has been shown to stably
incorporate into nucleosomes without affecting cell cycle
progression [43]. With the settings used, there was nearly
no migration of GFP-histone H2B molecules into the
bleached area (Fig. 2d). In fact, only 20% of its initial
fluorescence was retained in the bleached area over a 5-min
time period. GFP, on the other hand, recovered 50% of its
initial fluorescence less than 2 s after bleaching, reflecting
its free diffusion in the nucleus (Fig.2c). The rapid
movement of GFP caused an apparent bleaching efficiency
of only approximately 50% compared to 95% for GFP-
histone H2B. Note that GFP is located both in the cyto-
plasm and the nucleus. FRAP was conducted on nuclear
GFP, but movement of GFP from the cytoplasm to the
nucleus and vice versa probably also influences the overall
recovery curve.

For GFP-Pax6, it took 36.5 s before the relative fluo-
rescent intensity in the bleached area returned to 50% of
the initial intensity. In order to calculate the recovery
half-time (#1,,), the fluorescent recovery must reach a
steady-state plateau level [50]. For Pax6 and a few other
proteins studied here, such a level was not reached even
after 5 min. Hence, we set 7y, as the time point after
bleaching when the fluorescence had recovered to 50% of
the initial level and used it to compare the recovery of
different proteins.

The HeLa cells used in this study had a moderate level
of endogenous Pax6. FRAP experiments using the same
settings were also conducted in U20S cells, which have a
much lower endogenous Pax6 expression level. However,
the recovery curves were practically identical in the two
cell lines (supplementary material Figure S2A). This is in
line with a previous study showing that specific proteins
have similar kinetic properties in different cell types [51].
Also, placing the fluorescent tag at the N-terminus or the
C-terminus did not alter the functionality of Pax6. N- and
C-terminally tagged Pax6 behaved identically in FRAP
experiments (supplementary material Figure S2B). Repor-
ter gene assays with a pP6xCON-luc reporter, containing
six consensus Pax6 PD-binding sites upstream of the ade-
novirus EIB minimal promoter [44], showed that GFP-Pax6
and Pax6-GFP transactivated in a similar manner in both
HeLa and U20S cells (supplementary material Figure
S2C). Hence, the location of the tag does not seem to
disturb the biological activity of Pax6, and subsequent
experiments were performed with N-terminal EGFP-tagged
fusion proteins.
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Pax6 has a lower nuclear mobility than other
transcriptional regulators

To compare the mobility of Pax6 with that of other nuclear
proteins involved in transcriptional regulation, we chose
proteins representing various transcription factor families
and various sizes, as indicated in the Western blot in
Fig. 3d. GTFIIH is one of the many general transcription
factors required by RNA polymerase II to initiate tran-
scription. The homeodomain containing protein HoxB7 is a
sequence-specific transcription factor belonging to the
same superfamily as the Pax proteins. SPBP (stromelysin-1
platelet-derived growth factor-responsive element-binding
protein) is an ubiquitously expressed, large nuclear protein

able to act both as a transcriptional co-activator and as a
co-repressor [52-54]. Klf4 and Spl are members of the
Kiriippel-like family of zinc-finger-containing transcription
factors, while the androgen receptor (AR) belongs to the
nuclear receptor superfamily. Previously, the latter was
extensively studied with FRAP and was shown to behave
differently before and after stimulation with androgen [39,
41]. The FRAP experiments conducted in this study were
done without androgen stimulation of the cells. Hence, AR
is found both in the nucleus and cytoplasm. However, the
cells are kept in serum that has not been charcoal-filtered,
thus containing some ligands that will stimulate the
receptor. Finally, we analyzed POUSF1 (Oct 3/4), a tran-
scription factor containing two DNA-binding domains, the
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POU domain and a homeodomain. FRAP was conducted
with a construct containing the DNA-binding domains of
POUSF1 (amino acid 136-360).

As shown in Fig. 3, Pax6 has the slowest recovery curve
of all the proteins tested (see also supplementary material
Figure S3). The results also show that size has a relatively
modest influence on the mobility of proteins in the nucleus.
AR, SPBP and Sp1, all considerably larger than Pax6, have
higher recovery rates than the Pax protein. According to
Sprouse et al. [32], the dependence of diffusion rate on
molecular volume means that an eight-fold increase in
mass would be required for a two-fold decrease in the free
diffusion rate. Hence, differences in size cannot explain the
observed differences in mobility.

Most Pax family members display low nuclear mobility

The nine members of the vertebrate Pax family are divided
into four groups based on structural similarity and domain

architecture (Fig. 4e). FRAP was conducted to compare the
mobility of different Pax family members. The results of
this comparison are presented in Fig. 4 and supplementary
material Figure S4. Pax6 is not the only Pax family
member with relatively low mobility in HeLa cells. In fact,
Pax4 has a 1, value of 158 s (Fig. 4c) and is by far the
most slowly moving transcription factor tested. In addition,
Pax3 also has relatively slow recovery, with a ¢, value of
47 s. Common for Pax3, Pax4 and Pax6 is that they all
contain the PD plus an intact HD, suggesting that the
presence of two DNA-binding domains strongly contrib-
utes to the slow mobility observed. Also, the Pax proteins
with only one DNA-binding domain displayed a more
diffuse localization pattern than the ones with two DNA-
binding domains (Fig. 4a).

However, the presence of two DNA-binding domains
cannot be the only explanation for the slow recovery curves
obtained for these three Pax proteins. Pax9 and Pax5, both
having only a single DNA-binding domain, have almost the

Fig. 4 The Pax family of A B
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same 50% recovery time as Pax6 (31.5 and 33.3 vs. 36.5 s,
respectively). Members within the different groups,
although structurally similar, do not share the same nuclear
mobility. Pax6 and Pax4 are one example, Pax2, Pax5 and
Pax8 another. For group II, we found that Pax2 and Pax8
diffuse relatively rapidly, with 50% recovery of 17.7 and
11.9 s, respectively. As mentioned above, Pax5, on the
other hand, has a 50% recovery of 33.3 s. The differences
in nuclear mobility across the groups are also illustrated by
their immobile fractions, although the exact size of these
fractions cannot be calculated. In this context, the Pax
family members segregate into three groups. Pax4 has an
immobile fraction of approximately 40%, which is by far
the largest of all. The second group consists of Pax3, Pax5,
Pax6 and Pax9, with an immobile fraction of about 10%,
while Pax8 and Pax2 have reached almost full recovery
after 5 min.

Taken together, the presence or absence of two DNA-
binding domains is not the sole cause of slow nuclear
mobility when looking at different Pax family proteins.
However, all Pax proteins with two DNA-binding domains
display slower mobility than those with only one.

Two DNA-binding domains are required
for the low mobility of Pax6

The PD and the HD of Pax6 are important both for DNA-
binding and protein-protein interactions [6, 7]. To assess if
certain domains of the transcription factor are more
important for the mobility of Pax6 than others, the various
Pax6 domains alone or in combination were assayed in
FRAP experiments. The recovery curves in Fig. 5b and the
diagram in S5c show that each of the three domains (PD, HD
and TAD) has a 50% recovery time into the bleached area
from 2.2 to 4.0s when assayed separately (GFP
alone = 1.7). The recovery curves are also presented sep-
arately with standard error bars in supplementary material
Figure S5. When both DNA-binding domains (PD and HD)
are present, the recovery curve is slowed down consider-
ably. This suggests that these two domains together are
important for the low mobility of Pax6. Supporting the
notion that the presence of more than one DNA-binding
domain reduces nuclear mobility is our finding that the two
DNA-binding domains of POUSF1 display a similar 50%
recovery time (14 s; Fig. 3) as the isolated PD-HD con-
struct of Pax6 (15.5 s). However, the 50% recovery time
for the Pax6 PD-HD fusion protein is more than twice as
fast as for full-length Pax6. This indicates that all parts of
the protein are necessary for proper interactions with DNA,
chromatin, protein complexes or other structures in the
nucleus. It is well known that Pax6 interacts with other
transcription factors [55] and chromatin remodeling com-
plexes [56, 57]. These interactions most probably influence

the mobility of Pax6. The results in Fig. 5 show that there
is a correlation between the recovery kinetics for the dif-
ferent Pax6 domains and their subnuclear localization
pattern. The PD, HD and TAD all display a relatively
diffuse nuclear distribution and a high recovery rate.
Combining the PD and the HD gives a nuclear distribution
pattern that resembles that of full-length Pax6, with
resulting reduced nuclear mobility.

The PD can be further divided in two subdomains, PAI
and RED, that both bind DNA independently [5]. The
Pax6(5A) splice variant has a 14-amino acid insertion in
the PAI subdomain of the PD. This insertion disrupts DNA
binding by PAI, resulting in altered DNA-binding speci-
ficity [58]. We found that Pax6(5A) has increased mobility
compared to wild-type Pax6 (Fig. 5), supporting that the
splice variant has lower DNA-binding affinity, in addition
to altered protein-protein interaction capabilities.

Disease-causing missense mutations influence
the mobility of Pax6

Aniridia and other ocular defect-causing mutations of Pax6
are reported to affect DNA-binding and transactivation
[59-61]. In order to test if some of the missense mutations
associated with eye diseases also affected the nuclear
mobility of Pax6, we conducted FRAP experiments using
two mutants with mutations in the PD (G18R and I87R)
and two in the C-terminal TAD (P375Q and Q422R). In
addition to the disease-causing mutations, the HD muta-
tions R262A and R266A R267A were also studied. These
were hitherto not known to cause any diseases, but were
included in this study because they are reported to affect
protein-protein interactions (both mutations) and DNA
binding (R262A only) [7].

As the FRAP-recovery curves in Fig. 6b and supple-
mentary material Figure S6 show, all the mutants tested
displayed higher recovery rates than the wild-type protein.
The mutant Pax6 with the highest recovery rate is the
R266A R267A double mutant, previously known to affect
protein-protein interactions. This particular mutant has a
11> value of 6.5 s (Fig. 6¢) compared to the 36.5 s used by
wild-type Pax6. The HD mutant R262A, known to affect
both protein-protein interactions and DNA binding, also
has a relatively high recovery rate, with a #;,, value of
approximately 10 s. Of the known disease-causing muta-
tions, I87R has particularly high mobility compared with
the wild-type protein. This mutant has been reported to
have a reduced DNA-binding ability in vitro [62]. This is
consistent with the results of our in vivo analyses using
FRAP.

The FRAP results further indicate that the last amino acid
of Pax6 is important for the mobility of the protein.
Changing this amino acid from glutamine to alanine, to
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arginine or to a stop codon all had different effects on the
recovery curves. The alanine mutant (Q422A) had a 50%
recovery of 19 s, whereas the aniridia-causing arginine
(Q422R) mutant used 24 s. Deleting this last amino acid
decreased the 50% recovery time from 36.5 to 30.5 s. The
results clearly suggest that the size, properties and presence
of the C-terminal amino acid are all important for the
mobility of Pax6 in the nucleus. This may be attributed to the
finding that this mutation leads to loss of DNA binding by
the HD of Pax6 [59]. P375Q, another aniridia-causing
mutation in the TAD, is reported to have normal transacti-
vation activity, but decreased DNA binding via the PD
compared to the wild-type protein [59]. This decreased DNA
binding is most likely the reason why the P375Q mutant has
nearly twice as high 50% recovery as wild-type Pax6.

The G18R mutation, thought to behave as a partial loss
of function mutation [60], also has increased nuclear
mobility compared to wild-type Pax6. This mutation is
located in the PAI subdomain of the PD, as is the insertion

in the Pax6(5A) splice variant. Interestingly, superimpos-
ing the recovery curves for Pax6 GI8R and Pax6(5A)
shows that the two proteins have near identical recovery
into the bleached area. The insertion in Pa6(5A) is known
to disrupt DNA binding by the PAI subdomain of the PD.
The fact that the G18R mutant behaves in a similar manner
as Pax6(5A) in FRAP indicates that this point mutation
also disrupts DNA-binding by the PAI subdomain.

The FRAP results correlate well with the subnuclear
distribution of the different mutants. As shown in Fig. 6a
and supplementary material Figure S7, a large fraction of
the cells expressing I87R, R262A and R266A R267A
shows a much more diffuse localization than the “territo-
rial pattern” characteristic for wild-type Pax6. The other
mutants with wild-type DNA-binding domains have a
localization pattern highly similar to the wild-type protein.

Taken together, these FRAP results strongly suggest that
DNA binding and protein-protein interactions together are
responsible for the slow nuclear mobility of Pax6.
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Fig. 6 Disease-causing point A B
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Discussion

In this study we report that Pax6 and also other Pax family
proteins have surprisingly low nuclear mobility compared
to other transcription factors. Since the AR, SPBP and Spl,
all considerably larger than Pax6, have several fold higher
mobility, size alone cannot explain the recovery curves
observed. Our results show that the presence of two DNA-
binding domains, the PD and the HD, is crucial for the slow
mobility. This is supported by the fact that both Pax3 and
Pax4, two other members of the Pax family also having an
intact PD and HD, actually display even slower nuclear
mobility than Pax6. However, the two DNA-binding
domains are not solely determinative for the relatively low
nuclear mobility, since Pax5 and Pax9 have recovery
curves similar to Pax6, although both lack the HD. Fur-
thermore, Pax2, Pax5 and Pax8 all have the same structural
features, but do not display similar mobility. This implies
that observed differences in recovery curves cannot simply
be explained by additive effects of DNA-binding domains.
The affinity and strength of both protein-DNA and protein-

GFP ab

protein interactions influence the mobility. In addition, the
number of available DNA-binding sites is of importance.
Pax6 binds to a subset of Alu elements constituting
approximately 0.2% of the Alu elements in the human
genome. There are about 5,700 such Alu elements con-
taining a Pax6-binding site [63].

Slow nuclear mobility may reflect the presence of
multiple binding sites and/or interaction partners. The
presence of two DNA-binding domains both increases the
number of binding sites and perhaps also the binding
affinity, thereby contributing strongly to the observed
slow nuclear mobility of Pax6. The results of the chro-
matin association assay show that a significant portion of
Pax6 is bound to chromatin. We further found that Pax6 is
highly co-localized with chromatin-rich territories prefer-
entially stained with Hoechst 33258. Since strong Hoechst
staining has been correlated with heterochromatin, one
could speculate that this colocalization suggests that Pax6
may predominantly act as a transcriptional repressor
rather than a transcriptional activator in HeLa cells. The
notion that colocalization with Hoechst in chromatin-rich



Slow nuclear mobility of Pax6

4091

territories can be linked to slow nuclear mobility is sup-
ported by the results found for Pax3. Consistently, Spl,
which has a rather high nuclear mobility, shows the
lowest correlation with the Hoechst staining. However,
since HoxB7, with a Pearson’s correlation coefficient
equal to Pax6 and Pax3, has a 50% recovery time below
10 s, colocalization with Hoechst-positive chromatin is
not always an indication of slow nuclear mobility. It is
striking that the three homeodomain proteins, Pax6, Pax3
and HoxB7, all have a localization pattern that overlaps
with the Hoechst dye. We also found the subnuclear
distribution pattern of Pax6 to be very similar to what is
reported for other transcription factors like Pax3 [48] and
Pit-1 [64].

We observed that the most slowly moving proteins gave
the highest standard error bars on the recovery curves. This
could reflect that there are at least two populations of these
particular proteins. In this model, one pool is more
dynamic than the other, and the diffusion might also
depend on the activity level in the cell. The presence of
populations with different nuclear mobility has been shown
for both heterochromatin protein 1 [65] and the fibroblast
growth factor receptor-1 [66]. In the latter case, FGFR1
exists as three different populations where the slowest
moving reflects the chromatin-bound fraction, while the
immobile population is bound to the nuclear matrix.
Transcriptional activation through the co-activator CBP
converted FGFR1 from immobile and fast moving to the
slower chromatin-bound form. It would be interesting to
test if this applies to Pax6 as well.

A few publications link disease-causing Pax6 mutations
to altered biochemical properties. I87R, a paired domain
missense mutation from a patient with aniridia, displayed
reduced DNA-binding and transactivation capabilities [62].
P375Q and Q422R, two aniridia-causing missense muta-
tions in the transactivation domain, were investigated by
Singh et al. [59]. P375Q had normal transactivation
activity, but reduced DNA binding through the paired
domain, while Q422R was unable to bind DNA through the
homeodomain. These biochemical data are supported by
the increased mobility observed for these mutations in our
FRAP experiments conducted with live cells. The fact that
amino acids in the transactivation domain also are found
mutated in patients with ocular defects, and that these
mutations display increased mobility, underscores that not
only the conserved DNA-binding domains are important
for the nuclear mobility of Pax6. The importance of an
intact, wild-type transactivation domain is further sup-
ported by the fact that several aniridia patients have a
mutation in the stop codon that is predicted to cause con-
tinued translation into the 3’ untranslated region of Pax6,
possibly causing a poly-lysine tract in the mutant protein
[59, 67-71].

The paired domain missense mutation G18R isolated
from a patient with Peter’s anomaly is thought to result in
partial loss of function [60], although no biochemical data
have been published for this particular mutation. However,
the increased mobility observed here supports this sug-
gestion. Further support for the increased nuclear mobility
being caused by altered DNA- and/or protein-binding
properties comes from the observation that the homeodo-
main mutations R262A and R266A R267A both have
increased mobility. R262 has previously been shown to be
important for both DNA- and protein-protein interactions,
while R266 and R267 are important for protein-protein
interactions [7]. These residues all lie in the third helix of
the homeodomain, the helix that mediates specific binding
of the HD to the RED subdomain of the PD. This binding
can occur both intra- and inter-molecularly, and is not
dependent of DNA [7]. Most homeodomains bind DNA as
a monomer. The paired class homeodomains, however,
bind cooperatively as homodimers [72, 73].

In a recent publication, Corry et al. [48] showed that
Pax3 mutations known to cause Waardenburg syndrome
displayed increased mobility compared to wild-type Pax3
in accordance with what we found for Pax6. Corry et al.
further found that the Pax3 mutants fell into two classes.
One class was characterized by diffuse distribution and
increased mobility, but retained DNA-binding activity.
The other class showed subnuclear compartmentalization
similar to wild-type Pax3 and slightly increased mobility,
but deficient DNA-binding. It is suggested that the
increased Pax3 mobility reflects an impaired ability to
form functional transcription complexes. They further
suggest that this is a general characteristic of disease-
causing missense alleles, something our FRAP results on
disease-causing Pax6 mutations support. Several studies
of transcription factor mutations show a correlation
between increased mobility and decreased DNA-binding
affinity [35, 64, 74]. However, the opposite was found for
disease-causing mutations in Pax3 where intact DNA
binding correlated with increased nuclear mobility [48].
Contrary to this situation, our FRAP results clearly show
that mutants of Pax6 adversely affecting DNA binding
display an increased mobility. This is also the case for
the double mutant in the homeodomain, R266A R267A,
which only affects protein-protein interactions but not
DNA binding. It actually showed the most pronounced
increased mobility of the mutants tested. However, only a
few seconds separate this particular mutant from the
single mutants I87R and R262A, the latter of which is
known to affect both DNA- and protein-protein
interactions.

In conclusion, our live cell analyses using FRAP have
revealed that Pax6 displays slow nuclear mobility in HeLa
cells largely because of the presence of two DNA-binding
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domains. Importantly, we also show that disease-causing
mutations affecting the PD and the TAD of Pax6 alter the
nuclear mobility of the protein significantly.
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