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Par 6 acts as a scaffold protein to facilitate atypical protein kinase C-mediated phosphorylation of cyto-
plasmic protein complexes, leading to epithelial and neuronal cell polarization. In addition to its location in
the cytoplasm, Par 6 is localized to the nucleus. However, its organization and potential functions in the
nucleus have not been examined. Using an affinity-purified Par 6 antibody and a chimera of Par 6 and green
fluorescent protein, we show that Par 6 localizes precisely to nuclear speckles, but not to other nuclear
structures, and displays characteristics of speckle proteins. We show that Par 6 colocalizes in the nucleus with
Tax, a transcriptional activator of the human T-cell leukemia virus type 1 long terminal repeat, but multiple
lines of evidence show that Par 6 is not directly involved in known functions of speckle proteins, including
general transcription, splicing, or mRNA transport. Significantly, however, the structure of nuclear speckles is
lost when Par 6 levels are reduced by Par 6-specific small interfering RNA. Therefore, we hypothesize that Par
6 in the nucleus acts as a scaffolding protein in nuclear speckle complexes, similar to its role in the cytoplasm.

Cytoplasmic protein complexes associated with the plasma
membrane play important roles in the development of overall
cell polarity, such as in epithelial and neuronal cells, the func-
tional organization of different components of cell-cell adhe-
sion complexes, the regulation of cell proliferation, and the
orientation of the plane of cell division (1, 32, 64, 72). One of
the protein complexes thought to play a major role in cell
organization and function is the Par complex, comprised of Par
3, Par 6, and an atypical protein kinase C (aPKC) (33, 51, 54).
Par proteins were first discovered in a genetic screen for mu-
tations that cause defects in the partitioning of cell fate deter-
minants in Caenorhabditis elegans (24), but they have since
emerged as being critical in the establishment and mainte-
nance of cell polarity in diverse species and cell types (70).

Par 6 acts as a scaffold protein in regulating diverse down-
stream signaling outputs from the Par complex. Through a
Phox/Bem1 (PB1) domain near the N terminus, Par 6 binds to
and inhibits aPKC. Activated Cdc42, a member of the Rho
family GTPases, can bind to Par 6 through its CRIB/PDZ
domain and activate aPKC, which initiates a signaling cascade
leading to changes in the structural and functional organiza-
tion of different cell types (20, 57, 76). In epithelial cells, for
example, activated Par 6/aPKC interacts with Par 3, the
Crumbs complex, and the Scribble complex to regulate the
establishment of apical-basal polarity (26, 41, 70). In migrating
astrocytes and keratinocytes, activated Par 6/aPKC at the lead-
ing edge orients microtubules required for polarized migration
(17, 18, 34). Recently, Par 6/aPKC has also been shown to bind
to dimerized ErbB2, resulting in a loss of polarity in MDCK
cells and the formation of multiacini in MCF10A cells (3).

In addition to its localization in the cytoplasm, Par 6 has
been reported to localize in the nucleus. Johansson et al. (29)
noted that an antibody against Par 6� detected not only Par 6

staining at the tight junction, as has since been shown by others
(19), but also Par 6 staining in the nucleus of MDCK cells; they
also reported that overexpressed Par 6 localized to the nucleus.
Though not specifically noted, the nuclear localization of Par 6
is apparent in other studies using other antibodies and con-
structs (19, 52). The authenticity and significance of Par 6
localization in the nucleus have not been studied. Neverthe-
less, that Par 6 may be localized at both the nucleus and plasma
membrane is not without precedence. Such “dual-location”
proteins have been described with increasing frequency (6, 9,
13, 43). For example, proteins that localize to the tight junction
also function in the nucleus as a transcription factor that pro-
motes proliferation (ZONAB) (5, 7) and as a scaffold for the
RNA polyadenylation machinery (Symplekin) (27, 71). Here
we show that Par 6 localizes to structures called nuclear speck-
les, has characteristics of other speckle proteins, and is re-
quired for the maintenance of nuclear speckle structure. As-
says to assess roles of Par 6 in transcription, splicing, and
mRNA transport are described, and Par 6 is shown to colocal-
ize with nuclear structures formed by Tax, a transcriptional
activator of the human T-cell leukemia virus type 1 (HTLV-1)
long terminal repeat.

MATERIALS AND METHODS

Cell culture. MDCK G II and HeLa cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum and antibi-
otics. Transient DNA transfections and small interfering RNA (siRNA) trans-
fections were carried out using Lipofectamine 2000 transfection reagent (Invitro-
gen) according to the manufacturer’s instructions. The medium was changed at
4 to 6 h posttransfection to avoid toxic side effects of the cationic transfection
reagent. siRNA was purchased from Dharmacon. The duplexes used were hu-
man ParD6A duplexes no. 2 (5�CUACUUGGCUAUACGGAUGUU) and no.
4 (5�GAGUCGCAUUCGAGGAGAUUU) from the siGenome collection.
siControl no. 1, also from Dharmacon, was used as the nontargeting control.

Immunofluorescence. Cells were fixed in 2% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 min, washed in PBS, and then extracted in CSK
buffer [50 mM NaCl, 300 mM sucrose, 10 mM piperazine-N,N�-bis(2-ethanesul-
fonic acid) (PIPES) (pH 6.8), 3 mM MgCl2, 0.5% Triton X-100, 1 mM Pefabloc]
for 5 min. Cells were blocked in either goat or donkey blocking buffer (0.2%
bovine serum albumin, 50 mM NH4Cl2, 1% serum), depending on the host
species of the secondary antibody to be used. In cases where extraction preceded
fixation, the same procedures were used but in reverse order.
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Antibodies for immunofluorescence were diluted in the appropriate blocking
buffer (goat or donkey) as follows: Par 6, 1:75 (see below); SC-35, 1:300 (BD
Biosciences Pharmingen); 9a9, 1:5 (a kind gift of P. J. Utz, Stanford University);
Y12, 1:150 (Abcam); hemagglutinin (HA), 1:150 (Roche); T7, 1:500 (Novagen);
bromodeoxyuridine (BrdU), 1:300 (Sigma); and TIA-1, 1:100 (Santa Cruz Bio-
technology; sc-1751).

Fluorescein isothiocyanate-, Cy5-, and rhodamine RedX-labeled secondary
antibodies were purchased from Jackson Immunoresearch and were used at a
dilution of 1:200. Alexa 350-labeled secondary antibodies were purchased from
Molecular Probes and were also used at a dilution of 1:200. Secondary antibodies
were used in a variety of combinations, with equivalent results. Nuclei were
labeled with Hoechst (Molecular Probes) diluted in PBS at 1:2,000.

Par 6 antibody production. Glutathione S-transferase (GST)–Par 6 C terminus
(a kind gift of R. G. Qiu and G. S. Martin, University of California, Berkeley) was
produced in bacteria, purified with glutathione beads, and then used to immunize
rabbits (Covance). For Western blotting applications, immunoglobulin G was
purified from the serum by using a DEAE–Affi-Gel Blue column (Bio-Rad
Laboratories). For the affinity-purified antibody used in immunofluorescence,
the serum was first cleared of antibodies that recognized GST by using GST-
conjugated glutathione beads and then passed over a column of GST–Par 6 C
terminus attached to CNBr beads. Bound antibodies were eluted at low pH and
neutralized with Tris.

SDS-PAGE and Western blotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out using standard protocols. Proteins
were transferred to nitrocellulose, which was then blocked with a 5% solution of
fat-free powdered milk in Tris-buffered saline (TBS) (10 mM Tris [pH 7.5], 150
mM NaCl). For Western blotting, primary antibodies were diluted in TBS plus
0.1% Tween 20 with 5% powdered milk as follows: Par 6, 1:10; HSP-90 (Santa
Cruz Biotechnology, Inc.), 1:500; tandem affinity purification system (TAP),
1:200 (Santa Cruz Biotechnology, Inc.); green fluorescent protein (GFP), (Mo-
lecular Probes), 1:400. Fluorescently tagged secondary antibodies (Molecular
Probes and Rockland) were diluted in the same solution. Washes were done with
TBS plus 0.1% Tween 20. A final rinse in TBS was done before scanning on an
Odyssey infrared imaging system (LI-COR Biosciences).

GAL4 transcriptional transactivation assay. Human Par 6 was cloned into
pM2 to create a fusion protein containing the GAL4 DNA binding domain
(GAL4-DBD) (60). Empty vector was used as a control. For the positive control
GAL4-LPP, pSM421 was used (56). Transcriptional transactivation activity was
detected using pSM222, which contains five GAL4-DBD sites upstream of a
minimal promoter and a luciferase reporter gene (W. Schaffner and D. Escher,
Zurich, Switzerland). A �-galactosidase reporter plasmid was included in all
transfections to control for transfection efficiency.

Subconfluent HeLa cells in 60-mm plates were transfected with 1.6 �g GAL4-
DBD plasmid, 2 �g luciferase reporter plasmid, and 0.25 �g �-galactosidase
plasmid. After 24 h, the cells were analyzed in triplicate for luciferase expression
by using the dual-light luciferase and �-galactosidase reporter gene assay system
(Applied Biosystems) according to the manufacturer’s instructions.

Splicing assay. pSV-mini-LCA 18 was previously described (38); 0.5 �g was
cotransfected with 3 �g of GFP control vector, GFP-Par 6, or T7-ASF/SF2 into
subconfluent HeLa cells in 60-mm plates. After 24 h, the cells were split onto
100-mm plates. RNA was harvested 24 h later using the RNeasy minikit
(QIAGEN) according to the manufacturer’s instructions. The QIAGEN One-
Step reverse transcription-PCR (RT-PCR) kit was then used to amplify the
CD45 minigene, using the forward primer 5�TGCAGGTCGACTCTAGAG and
the reverse primer 5�CACATGTTGGCTTAGATGG. After 30 min at 50°C for
RT and an initial PCR activation step of 15 min at 95°C, the PCR cycling was as
follows: 30 seconds at 94°C, 30 seconds at 51°C, and 1 min at 72°C. Thirty-five
cycles were completed before a final extension at 72°C.

Oligo(dT) pulldown assay. Eight 150-mm plates of nearly confluent HeLa cells
were separated into a cytosolic extract and nuclei by using the technique of
Dignam et al. (16). The nuclei were then lysed in 5 ml of lysis and binding buffer
(100 mM Tris [pH 8.0], 10 mM EDTA, 100 mM NaCl, 0.5% Triton X-100). Both
lysates (cytosolic and nuclear) were then incubated for 12 min at room temper-
ature with 100 mg of oligo(dT) cellulose (Monomer Sciences, Inc.) that had been
preequilibrated in lysis and binding buffer. The cellulose was washed three times
with 1 ml of lysis and binding buffer. Bound material was then eluted with 2.5 ml
elution buffer (100 mM Tris [pH 7.5], 500 mM NaCl, 10 mM EDTA, 1% sodium
dodecyl sulfate [SDS], 5 mM dithiothreitol). The supernatant and eluate were
then concentrated in Vivaspin 15 protein concentrators (Sartorius AG) by cen-
trifugation. The resulting concentrated proteins were then loaded onto a gel for
analysis by SDS-PAGE and Western blotting.

Par 6 constructs. The MDCK cells stably expressing GFP-Par 6 (a kind gift of
A. Muesch, Cornell Medical College) and the GAL4 transactivation construct

used human Par 6�. All other constructs used rat Par 6� (a kind gift of L.
Braiterman, Johns Hopkins University).

Microscopy. Unless otherwise indicated, all micrographs were taken using a
Leica AOBS confocal microscope at the Stanford Beckman Center Cell Sciences
Imaging Facility. Confocal stacks were merged into a single plane by using
Volocity software (Improvision Ltd.). Images for GFP ratios were taken using a
Zeiss Axioplan epifluorescence microscope equipped with a digital camera con-
trolled by Axiovision software. All micrographs were adjusted for brightness and
contrast using Photoshop 7.0. In cases where comparisons between the intensities
of fluorescence of two samples were made, the micrographs were adjusted with
identical intensity settings.

RESULTS

Par 6� is localized to the nucleus and the tight junction. An
affinity-purified polyclonal rabbit antibody raised against a
GST fusion to the C terminus of human Par 6� (amino acids
266 to 347) detected Par 6 at cell-cell junctions, the cytoplasm,
and the nuclei of confluent monolayers of MDCK cells (Fig.
1A). The epitope is specific for Par 6� alone. Preabsorption of
the Par 6 antibody with GST did not affect either of these
staining patterns (Fig. 1A, top panel). However, preabsorption
of the antibody with the antigen (GST-Par 6 C terminus)
abolished both staining patterns (Fig. 1A, bottom panel), in-
dicating that the antibody staining is specific. This affinity-
purified antibody also detected nuclear Par 6� in HeLa cells
(Fig. 1B) and in MCF-10A, Jurkat, and Eph-4 cells (data not
shown). In addition to detection of endogenous Par 6� in the
nucleus, we found that exogenous GFP-Par 6 stably expressed
in MDCK cells also clearly localized to both cell-cell junctions
and nuclei (Fig. 1B). Therefore, the nuclear localization of Par
6� appears to a general characteristic and not cell type specific.

Par 6� nuclear localization was confirmed biochemically. In
Western blots of whole MDCK cell extract, the Par 6 antibody
recognized two protein bands with apparent molecular masses
of approximately 37 kDa and 45 kDa (Fig. 1C). The presence
of the 45-kDa band is similar to other reports (29, 39), despite
the fact that the predicted molecular mass of Par 6� based on
its amino acid sequence is approximately 37 kDa. In extracts
from GFP-Par 6 MDCK stable cells, the Par 6 antibody de-
tected two bands with apparent molecular masses of 73 and 65
kDa (Fig. 1D, right panel). These molecular masses corre-
spond to those predicted for the two endogenous proteins
fused to GFP. The 73- and 65-kDa bands are also recognized
by a GFP antibody (Fig. 1D, left panel), confirming that they
are in fact the fusion proteins.

We tested but did not obtain evidence that the 37-kDa
protein was a degradation product of the 45-kDa protein or
that the 45-kDa protein was a phosphorylated from of the
37-kDa protein. Note that the 37-kDa protein recognized by
our Par 6� antibody cofractionated in iodixanol gradients with
other Par complex proteins (Par 3 and aPKC) and components
of the tight junction from MDCK cells (73). Although the
relationship between the 37-kDa and 45-kDa proteins is not
understood at present, we considered both proteins to repre-
sent Par 6�, and hereafter they are referred to as “Par 6.”

Figure 1E shows extracts of MDCK and HeLa cells fraction-
ated into a nuclear fraction and a combined cytoplasmic and
membrane fraction (referred to as the cytosol fraction). The
45-kDa band is detected in both fractions from HeLa cells;
increasing the brightness of the scanned image revealed a
slight amount of the 37-kDa band in the nuclear fraction of
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HeLa cells (data not shown). In MDCK cells, only the 37-kDa
band is detected in the cytosolic fraction, whereas both bands
are found in the nuclear fraction. Thus, Par 6 is detected in the
nuclear fractions of both types of cells.

Before quantifying the relative amounts of the 37-kDa and
45-kDa proteins in these cell fractions, we determined the
degree of contamination of the nuclear fraction by cytoplasmic
proteins. Western blots were reprobed with an anti-HSP 90
antibody (Fig. 1D, bottom panel) revealing that �20% of this
cytosolic protein contaminated the nuclear fraction. Taking
this contamination into account, we calculated that �40% of
total Par 6 in HeLa cells (45-kDa band) is in the nucleus. In
MDCK cells, �80% of the 45-kDa band is nuclear, while all of
the 37-kDa band is cytoplasmic (the small amount visible in the
MDCK nuclear fraction is within the contamination range).

Par 6 is a constitutive dual-location protein. Factors con-
trolling the localization of dual-location proteins are varied,
and many are not understood. Since we found that Par 6 is
localized to the nucleus and the tight junction, we tested
whether, like that of another dual-location tight junction pro-
tein, ZONAB (7), Par 6 nuclear localization is dependent on
cell density.

Figure 2 shows the localizations of Par 6 in MDCK cells
after plating at different cell densities for 24 h. Each panel of
Fig. 2 represents a twofold increase in plated cell density. After
24 h, the cells plated at the 1� density were in small colonies

FIG. 1. Par 6� is localized to the nucleus as well as at the tight junction. (A) MDCK cells stained with a polyclonal antibody to Par 6
preabsorbed with either GST or GST-Par 6 C terminus. Micrographs were taken using a Zeiss Axioplan epifluorescence microscope equipped with
a digital camera controlled by Axiovision software. (B) Left, HeLa cell stained with Par 6 antibody; right, GFP signal from MDCK cells stably
expressing GFP-Par 6. (C) Western blot of SDS lysate of MDCK cells. (D) Western blots of extracts from GFP-Par 6 stably transfected MDCK
cells. Left, SDS extract immunoblotted with GFP antibody; right, immunoblot with Par 6 antibody. (E) Western blots of the fractionation of HeLa
and MDCK cells into nuclear (Nuc) and cytosolic (Cyto) fractions. Nuclear extracts were prepared using the NE-PER kit (Promega) according
to manufacturer’s instructions.

FIG. 2. Par 6 is a constitutive dual-location protein. MDCK cells
were plated at increasing densities (1� to 8�) and stained with Par 6
antibody. Micrographs were taken using a Zeiss Axioplan microscope.

VOL. 27, 2007 DUAL LOCATION OF Par 6 4433



of approximately 20 cells, and the densities then increased to a
confluent monolayer for the cells plated at 8�. Par 6 is con-
stitutively present at the plasma membrane, cytoplasm, and
nucleus at all cell densities. Par 6 is also present in the nuclei
of single MDCK cells and during all stages of tight junction
formation when contact-naı̈ve single cells are induced to form
E-cadherin-mediated contacts and initiate polarization follow-
ing addition of calcium to the growth medium (data not
shown). From the data shown in Fig. 1 and 2, we conclude that
Par 6 is a dual-location protein that is constitutively localized
to the nucleus.

A putative NLS is partially responsible for Par 6 nuclear
localization. Johansson et al. (29) noted that Par 6 contains a
putative nuclear localization signal (NLS) (112-RRKK-115).
This sequence is conserved in human, canine, rat, mouse, and
zebrafish Par 6. We substituted alanine residues across this
putative NLS and expressed the mutated sequence in a con-
struct consisting of GFP fused to the N terminus of rat Par 6
(GFP-Par 6�NLS). GFP-Par 6�NLS transiently expressed in
HeLa cells localized in both the nucleus and the cytoplasm
(Fig. 3A, right panel), but compared to the distribution of
control GFP-Par 6 (Fig. 3A, left panel), the proportion of

GFP-Par 6�NLS in the nucleus was reduced. Quantitation of
the ratio of nuclear to cytoplasmic fluorescence intensities
of control GFP-Par 6 and GFP-Par 6�NLS revealed that the
median ratio for control GFP-Par 6 (n 	 14) was 1.4, while the
median ratio for GFP-Par 6�NLS (n 	 20) was 1.18. Because
the distributions were not normally distributed, the nonpara-
metric Mann-Whitney U test was used to determine that this
difference is significant (P 
 0.001) (Fig. 3B).

The fusion of GFP to Par 6 yields a protein with a predicted
molecular mass of approximately 65 kDa, which is close to the
size range in which proteins can diffuse through nuclear pores
(42). Therefore, we added a second GFP moiety to increase
the molecular mass of the chimeric Par 6 protein to inhibit its
diffusion into the nucleus. The distribution of the di-GFP chi-
mera was similar to that of the mono-GFP chimera; median
ratios of 1.3 for control GFP-GFP-Par 6 (n 	 36) and 1.14 for
GFP-GFP-Par 6�NLS (n 	 30) were measured. The Mann-

FIG. 4. Par 6 does not dynamically traffic between the cytoplasm
and the nucleus. (A) HeLa and MDCK cells were treated with either
70% methanol (carrier control) or 20 nM LMB for 4 h at 37°C.
(B) MDCK cells stably expressing GFP-Par 6 were treated as for panel
A. (C) Quantitation of the ratio of nuclear to cytoplasmic GFP signal
in GFP-Par 6 MDCK cells. Ratios were determined as described for
Fig. 3.

FIG. 3. The putative NLS of Par 6 is at least partially responsible
for its nuclear localization. (A) HeLa cells were transfected with the
indicated GFP constructs. (B) Quantitation of the ratio of nuclear to
cytoplasmic GFP signal in HeLa cells transfected with the indicated
constructs. Ratios were determined by measuring fluorescence inten-
sity in equally sized areas within and immediately adjacent to the
nucleus using Image J. Outliers are indicated by open circles.
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Whitney U test determined that these populations were signif-
icantly different from each other (P 
 0.001) but not signifi-
cantly different from their cognate single GFP constructs
(GFP-Par 6 versus GFP-GFP-Par 6, P � 0.05; GFP-Par
6�NLS versus GFP-GFP-Par 6�NLS, P � 0.05) (Fig. 3B).
Therefore, we conclude that diffusion is not responsible for the
GFP signal seen in the nuclei of GFP-Par 6�NLS-transfected
cells. The change in the ratio of nuclear to cytoplasmic GFP
signal in the mutated constructs indicates that the RRKK se-
quence has at least some effect on nuclear localization. The
fact that Par 6 still enters the nucleus despite the NLS muta-
tion indicates the presence of another cryptic NLS or that Par
6 could bind to a protein that acts as a nuclear import chap-
erone. Further studies will be required to test these additional
possibilities.

Par 6 does not traffic between the cytoplasm and the nu-
cleus. To investigate whether Par 6 shuttles between the cyto-
plasm and the nucleus or instead is stably localized to both of
these compartments, we treated MDCK and HeLa cells with
leptomycin B (LMB), a CRM1-specific nuclear export inhibi-
tor. If Par 6 shuttles between cellular compartments, the ex-
pectation would be that inhibiting nuclear export would cause
an accumulation of Par 6 in the nucleus. Figure 4A shows that
in both cell types, nuclear and cytoplasmic Par 6 localization
(and membrane-bound Par 6 localization in MDCK cells) is
unchanged upon treatment with LMB, indicating that the pro-
tein is not exchanging between these compartments over the
time course of the experiment. Figure 4B, however, shows that
in cells stably expressing GFP-Par 6, LMB causes the overex-
pressed protein to accumulate in the nucleus. To quantify this
accumulation, the ratio of the nuclear to cytoplasmic GFP
signal was calculated as in Fig. 3, yielding median ratios of
1.473 for control cells and 2.130 for LMB-treated cells (Fig.
4C). A Mann-Whitney U test determined this difference to be
significant (P 
 0.001). Together these results indicate that
endogenous Par 6 is stably localized in the nucleus but that the

excess Par 6 that is transported into the nucleus is exported in
a CRM1-dependent manner.

Par 6 is localized to discrete nuclear domains called nuclear
speckles. Close inspection of Fig. 1A and B shows that Par 6
staining in the nucleus is not homogenous. Discrete Par 6-pos-
itive structures are clearly labeled, but the nucleolus is ex-
cluded from staining. This resembles the staining of structures
known as “nuclear speckles.” Nuclear speckles are structures
identified by immunofluorescence staining of constituent pro-
teins and are the equivalent of the interchromatin granule
clusters seen by electron microscopy (37). Nuclear speckles are
dynamic; are enriched in factors involved in pre-mRNA splic-
ing, including small nuclear ribonucleoproteins (snRNPs) and
the serine-arginine (SR) proteins; and are thought to be stor-
age depots for splicing factors that participate in cotranscrip-
tional splicing (37, 46, 65).

MDCK and HeLa cells costained with antibodies to Par 6
and SC-35, a marker protein of speckles, showed identical
staining patterns for endogenous Par 6 and SC-35 in speckles
(Fig. 5A). In MDCK cells stably expressing GFP-Par 6, the
exogenous protein also colocalized with SC-35. However, due
to a high diffuse background of GFP-Par6 in the nucleus,
colocalization of GFP-Par 6 with SC-35 was most clearly de-
tected after extraction prior to fixation (Fig. 5A).

We tested whether Par 6 colocalized with other speckle
proteins by using (i) monoclonal antibody 9A9, which recog-
nizes the splicing factors snRNP U1A/U2B�, and (ii) monoclo-
nal antibody Y12, which recognizes Smith antigen present in
snRNPs U1, U2, U4, U5, and U6, which localize to speckles
and more diffusely in the nucleoplasm (36, 66). Figure 5B
shows that Par 6 colocalized with speckle staining of both
snRNP U1A/U2B� and the Smith antigen. Therefore, we con-
clude that Par 6 is localized to nuclear speckles.

Par 6 has properties of an RNase-insensitive nuclear
speckle protein. The irregular shape of nuclear speckles is
thought to reflect the constant addition and subtraction of

FIG. 5. Nuclear Par 6 is localized to discrete domains called nuclear speckles. (A) Top two rows, the indicated cell types were stained with Par
6 and SC-35 antibody to show colocalization. Bottom row, GFP-Par 6 MDCK cells were extracted prior to fixation and then stained with SC-35
antibody. (B) HeLa cells were stained with Par 6 antibody and either monoclonal antibody 9A9 (U1A/U2B�) or Y12 (Smith antigen [Sm]) to show
colocalization with speckle proteins.
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splicing factors as they are recruited to and returned from sites
of transcription throughout the nucleus. Inhibition of tran-
scription causes speckles to adopt a more rounded-up appear-
ance (45, 67, 68), presumably due to a stop in the flow of
splicing factors to transcription sites (65). To test if Par 6
shares this characteristic with speckle proteins, transcription in
HeLa and MDCK cells was inhibited with either actinomycin
D or 5,6-dichloro-1-beta-D-ribobenzimidazole. Figure 6A shows
that Par 6 adopted the same rounded-up structure as SC-35 in
the presence of the transcription inhibitors (compare to un-
treated cells in Fig. 5A).

There are two classes of protein interactions in speckles: one
that is resistant to RNase treatment (e.g., the SR protein SC-
35) and another that is RNase sensitive (e.g., snRNPs identi-
fied with the Smith antigen-recognizing antibody Y12) (67). To
test which class Par 6 belongs to, HeLa cells were fixed, ex-
tracted, and then treated with RNase. Figure 6B shows exam-
ples of control and RNase-treated cells stained with Par 6
antibody and either SC-35 or Smith antigen antibody. Par 6
staining remained unchanged after RNase treatment, similar
to that of SC-35. In contrast, Smith antigen staining becomes
completely diffuse after RNase treatment. We conclude that
Par 6 localization to nuclear speckles is RNA independent.

Par 6 nuclear localization is not dependent on aPKC. In the
literature to date, the protein complexes formed with Par 6 in
the cytoplasm involve aPKC (26, 70), and therefore we deter-
mined if this interaction is necessary for the nuclear and/or
speckle localization of Par 6. A GFP fusion to a truncated rat
Par 6 protein lacking the N terminus (amino acids 1 to 96)
(GFP-Par 6�N), which deletes the PB1 domain that binds to
aPKC, is localized in the nucleus and specifically in speckles

(Fig. 7A). Quantitation of the ratio of nuclear to cytoplasmic
GFP-Par 6�N signal revealed a median ratio of 1.78 for GFP-
Par 6�N (n 	 18), while the median ratio of control GFP-Par
6 was 1.4 (Fig. 3A, left panel). The Mann-Whitney U statistic
for this population compared to the control gives a P value of

0.02, indicating that there is a significant increase in the
amount of nuclear Par 6�N compared to control Par 6. Figure
7B shows a magnified view of GFP-Par 6�N localization in a
representative, transiently transfected HeLa cell. Through a
diffuse haze of GFP signal in the nucleus, distinct puncta that
correspond to nuclear speckles marked by SC-35 staining are
visible. We could detect some aPKC in the nucleus with an
antibody that recognizes both aPKC and aPKC�, as reported
previously (55), though not in nuclear speckles (data not
shown). Taken together, these data indicate that the nuclear
location and possible function of Par 6 are not as a scaffold for
aPKC, in contrast to its function in the cytoplasm.

Par 6 knockdown results in dispersed speckles and enlarged
nuclei. To examine the consequences of Par 6 expression in the
nucleus and on speckle organization, we knocked down Par 6
with specific siRNAs. The top panels of Fig. 8A show Par 6
immunostaining of HeLa cells transfected with a control
siRNA duplex or one of two different duplexes directed against
human Par 6 (no. 2 and no. 4); the cells were transfected two
times over the course of 6 days. It is clear that Par 6 levels are
reduced in the Par 6 siRNA-treated cells compared to the
control cells. However, we were unable to completely knock
down Par 6 using a number of different transfection protocols
and siRNA duplexes. We sought to quantify the level of Par 6
knockdown following siRNA treatment. Using extracts from
cells grown at the scale used for siRNA experiments, we were

FIG. 6. Par 6 behaves like an RNase-insensitive nuclear speckle protein. (A) MDCK and HeLa Cells Were treated with either 5 ng/ml
actinomycin D (Act D) or 100 �M 5,6-dichloro-1-beta-D-ribobenzimidazole (DRB) in cell culture medium for 4 h at 37°C and then processed for
immunofluorescence. (B) HeLa cells were fixed and extracted as described in Materials and Methods and then treated with either PBS with 5 mM
MgCl2 alone (control) or plus 100 �g/ml RNase A (Sigma) for 2 h at room temperature. Coverslips were then stained with Par 6 and either SC-35
or Smith (Sm) antigen antibody.
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unable to obtain a sufficient signal for Western blotting or
RT-PCR to determine knockdown efficiency. Instead, we
quantified the fluorescent signals of individual cells. To track
cells that had been transfected twice and thus maximally af-
fected by siRNA treatment, we cotransfected cells with DsRed
during the first transfection and GFP during the second trans-
fection. Figure 8B shows that cells that had been transfected
with either Par 6 siRNA construct showed a significant reduc-
tion in the total intensity of nuclear fluorescence. With siRNA
no. 2 the average intensity was 31% lower than that of the
control (5.063 arbitrary units versus 7.365 arbitrary units; t test,
P 
 0.03). With siRNA no. 4 the average intensity was 44%
lower (4.119 arbitrary units versus 7.365 arbitrary units; t test,
P 
 0.001).

Significantly, we found that staining for the speckle marker
protein SC-35 was reduced in cells treated with Par 6 siRNAs
but not in those treated with control siRNAs (Fig. 8A, bottom
panels). Instead of the normally large, bright speckles, SC-35
staining was reduced to smaller, dimmer foci dispersed
through the nucleus. When GFP-Par6 that had been engi-

neered to have silent mutations rendering it resistant to siRNA
duplex no. 2 was cotransfected with the second dose of siRNA
to the cells, we saw a rescue of the SC-35 dispersal phenotype
(Fig. 8C). Finally, to test whether this effect of Par 6 siRNA
was on speckles in general or on SC-35 in particular, we also
stained siRNA-treated cells for snRNPs U1A/U2B�. Figure 8D
shows that, as with SC-35, Par 6 siRNA treatment causes these
snRNP antigens to change from large, bright puncta to a dim-
mer, more diffuse staining.

Inspection of Fig. 8 also shows that in addition to the dis-
persed speckle staining, the nuclei of Par 6 knockdown cells
appeared larger than those of control cells. We quantified the
nuclear areas for cells transfected with siRNA no. 2 and the
control siRNA (Fig. 8E). The average nuclear area was 136
�m2 for Par 6 siRNA no. 2-treated cells, compared to 90.9 �m2

for control siRNA-treated cells; a t test determined that this
difference is significant (P 
 0.0001). In the rescued popula-
tion, we observed that the enlarged-nucleus phenotype was
partially reversed. The nuclear areas of these cells were signif-
icantly different from those of both control cells and nonres-
cued siRNA-treated cells (average nuclear area, 107 �m2; P 

0.02 in comparison to both control and nonrescued siRNA no.
2-treated cells).

Tests of possible nuclear functions of Par 6. The data thus
far show clearly that Par 6 is a dual-location protein localized
to nuclear speckles. Furthermore, the siRNA experiments
show that depletion of Par 6 from the nucleus leads to both a
dissolution of nuclear speckles and an increase in nuclear size.
To investigate nuclear functions of Par 6, we carried out assays
to test its role in functions defined previously for other nuclear
speckle proteins.

(i) Transcription. Although transcription does not take
place in nuclear speckles, splicing factors are recruited from
speckles to sites of transcription by RNA polymerase II (14,
47). Furthermore, many dual-location proteins have been
shown to have a role in transcription (7, 8, 10).

To test if Par 6 plays a role in transcription, two assays were
performed. First, HeLa cells were pulse-labeled with 5�-fluoro-
uridine (5�-FU), which becomes incorporated into newly syn-
thesized RNA and can be detected with an antibody to BrdU.
As shown in Fig. 9A, Par 6 staining concentrated in nuclear
speckles did not colocalize with the 5�-FU sites of transcrip-
tion. The larger densities of 5�-FU staining are nucleoli, which
are visualized due to 5�-FU incorporation into rRNA. A mock
incorporation control showed that the 5�-FU puncta represent-
ing nascent mRNA were specific (data not shown).

Next, we used a GAL4 transcriptional-transactivation assay
to test for Par 6 involvement in transcription. A luciferase
reporter construct was cotransfected into HeLa cells with a
plasmid encoding either the GAL4-DBD alone or GAL4-DBD
fused to Par 6. As a positive control we used GAL4-DBD fused
to LPP�NES; LPP is a dual-location protein that localizes to
focal adhesions and the nucleus, and LPP�NES has been
shown to activate transcription in this assay (56). A �-galacto-
sidase plasmid was included in all transfections to normalize
luciferase expression to transfection efficiency. Figure 9B
shows that GAL4-DBD-Par 6 did not increase luciferase pro-
duction compared to the control, although it did localize to the
nucleus (data not shown). The positive control LPP�NES
caused on average a ninefold increase in relative light units.

FIG. 7. Par 6 nuclear localization is not dependent on aPKC.
(A) HeLa cells were transfected with the indicated constructs. The
GFP control is the same as for Fig. 3. (B) The ratio of nuclear to
cytoplasmic GFP signal was measured as described for Fig. 3. The
GFP-Par 6 population is the same as used for the analysis in Fig. 3.
(C) GFP-Par 6�N can be seen in puncta in the nucleus. The puncta
correspond to puncta observed with SC-35 staining.
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The results of these two independent assays indicate that Par 6
does not play a direct role in general transcription.

(ii) Splicing. Due to its localization to nuclear speckles, in
which many splicing factors reside, we tested whether Par 6 was
involved in alternative splicing by using the CD45 minigene
splicing assay. CD45 is a transmembrane tyrosine phosphatase
expressed by cells of the lymphopoietic lineage and is alterna-
tively spliced as T-cell memory develops (38). pSV-mini
LCA-18 (LCA-18) is a CD45 minigene construct that recapit-
ulates exon 4 alternative splicing in this gene (38, 69). Exons 2,
4, and 8 are cloned between a simian virus 40 promoter and a
poly(A) site such that splice sites flank exon 4 (Fig. 10A). Note
that overexpression of SR protein SC-35, SRp40, SRp75, or

ASF/SF2 in cells expressing LCA-18 increases exon 4 splicing,
resulting in changes the relative amounts of the RA and RO
forms of the transcript (38).

GFP-Par 6 was coexpressed with LCA-18 in HeLa cells, and
RT-PCR was then used to detect the amounts of the RA and
RO forms of the CD45 minigene expressed. Figure 10B shows
representative RT-PCR results, and Fig. 9C shows the quan-
titation from three experiments. Controls for RNA contami-
nation of RT-PCR components (lane 1) and nonspecific am-
plification of RA- or RO-sized bands from HeLa cells (lane 2)
were negative. When LCA-18 alone was expressed in HeLa
cells, approximately 72% of the transcripts were spliced to the
RO form (lane 3). Lane 4 shows that when GFP-Par 6 was
coexpressed with LCA-18, there was no significant change in
the amount of the RO form. GFP vector alone also had no
significant effect on exon 4 splicing (lane 5). As a positive
control, T7-ASF/SF2 was coexpressed with LCA-18. As has
been published previously, a significant shift to the RO form

FIG. 8. Par 6 knockdown results in dispersed speckles and enlarged nuclei. (A) HeLa cells were treated with the indicated siRNA constructs
and stained with Par 6 and SC-35 antibodies. Dotted lines show the outline of the nucleus in the top row. (B) The nuclear fluorescence intensity
for cells transfected with the different siRNA constructs was quantified from confocal images using Image J. (C) Cells were transfected with siRNA
no. 2 and either GFP (rescue control) or GFP-Par 6 (rescue). Par 6 staining is shown for the control cell, while GFP signal is shown for the rescued
cell. The bottom row shows staining for SC-35. (D) Cells were treated with either siControl or Par 6 siRNA no. 2. Panels show staining for
U1A/U2B�. (E) Quantitation of the nuclear area of cell subjected to the indicated treatments was done with Image J. Error bars in panels B and
E represent standard deviations from the means.

FIG. 9. Assays for Par 6 involvement in transcription. (A) HeLa
cells were pulsed with 2 mM 5�-FU for 6 min and then fixed and
processed for immunofluorescence with Par 6 and BrdU antibodies.
The arrow points to nucleolar incorporation of 5�-FU. (B) Quantita-
tion of the amount of luciferase production in the GAL4 transcrip-
tional-transactivation assay. The results represent four independent
experiments. Error bars indicate standard deviations.

FIG. 10. Assay for Par 6 involvement in alternative splicing.
(A) Schematic of pSV-mini LCA-18. (B) Representative gel of RT-
PCR for exon 4 of pSV-mini LCA 18. (C) Quantitation of the per-
centage of exon 4 that is in the RO form. Numbers beneath the
construct names indicate the corresponding gel lane. Error bars indi-
cate standard deviations.
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was observed (lane 6) (38). These results indicate that Par 6
does not play a role in general alternative splicing.

(iii) mRNA transport. Many proteins localized to nuclear
speckles are involved not only in splicing but also in transport
of mRNAs out of the nucleus. For example, it is known that
several of the SR proteins shuttle with mRNA out of the
nucleus and play a role in determining when and where a
message will be translated once it is in the cytoplasm (28, 61).
To test whether Par 6 is complexed with mRNA and thus is a
candidate for a transport factor, mRNA was precipitated from
HeLa nuclear and cytosolic extracts with oligo(dT) cellulose.
Bound proteins eluted from the oligo(dT) cellulose were con-
centrated 2.6 times over the supernatant to ensure that any
bound Par 6 would be detected. Figure 11A shows a Western
blot of the supernatants and bound proteins from each com-
partment and is representative of three experiments. Par 6
(both the 45-kDa band and a small amount of the 37-kDa
band) was present in the supernatants but was not in the
fraction bound to oligo(dT) cellulose. As a positive control, we
blotted for TAP, a protein that mediates RNA transport out of
the nucleus (75). The top panel of Fig. 11A shows that TAP
was precipitated by the oligo(dT) cellulose from both the nu-
clear and cytosolic fractions. Some TAP is also detected in the
cytoplasmic supernatant, presumably due to the fact that TAP
is released from transcripts in the cytoplasm before recycling
back to the nucleus.

As a second test for Par 6 involvement in mRNA transport,
oxidative stress was applied to cells by using arsenite. This has
been shown to induce the formation of cytoplasmic aggregates
of mRNA and proteins called “stress granules” (30, 31, 44).
Figure 11B shows that Par 6 did not colocalize with stress
granules in HeLa cells (marked by TIA-1 staining) after ar-
senite treatment. The results of these two experiments suggest
that Par 6 is not associated with general mature mRNA either
in the nucleus or as it is transported out of the nucleus.

Par 6 colocalizes with HTLV-1 Tax protein. The results
described above show that Par 6 is a constituent of nuclear
speckles and that a reduction in its levels affected nucleus and
nuclear speckle morphology, but it does not appear to play a
general role in transcription, splicing, or mRNA transport. To
further investigate the nuclear function of Par 6, we turned our
attention to the fact that human Par 6 was first identified not
as a protein involved in cell polarity but as an interaction
partner for HTLV-1 Tax protein (58). In HTLV-1-infected
cells or cells overexpressing Tax, Tax is localized to the nu-

cleus, where it forms bodies called “Tax-speckled structures”
(TSS) (11, 63). These structures contain several classes of
proteins, including the transcription factor NF-�B (11), the
nuclear corepressor SMRT (4), DNA damage response factors
chk2 and 53BP1 (25), and, significantly, SC-35 and snRNPs
recognized by the Smith antigen antibody that localize nor-
mally to speckles (11, 63).

The interaction between Par 6 and Tax was indicated by
results from a yeast two-hybrid screen and coimmunoprecipi-
tation (58). Given that Par 6 colocalizes with nuclear speckles
and that many speckle proteins are localized in TSS, we tested
whether endogenous Par 6 colocalizes with Tax in these struc-
tures. HA-tagged Tax was transiently expressed in HeLa cells
and formed TSS that contained SC-35 (Fig. 12A, middle
panel), as previously reported. Significantly, we found that the
formation of TSS caused SC-35 to redistribute from irregularly
shaped speckles to larger, rounder puncta (compare the trans-
fected and untransfected cells in Fig. 12A). Costaining for
endogenous Par 6 showed that this protein was also localized
in the TSS (Fig. 12B).

Coexpression of GFP-Par 6 and HA-Tax resulted in colo-
calization of both proteins to TSS (Fig. 12C). It is noteworthy
that in these cells GFP-Par 6 was no longer diffuse in the
nucleus, as we had found in cells not expressing Tax (compare
to Fig. 1B and 3A). Instead, the GFP-Par 6 was completely
localized to the TSS. This may indicate that the formation of
TSS provides additional binding sites for overexpressed GFP-
Par 6.

Together these results show that the previously identified
interaction of Par 6 with Tax takes place in the nucleus and
that Par 6 is recruited along with other speckle proteins to the
TSS.

DISCUSSION

We showed that Par 6 is a constitutive dual-location protein
that localizes to cell-cell contacts and nuclear speckles. Al-
though some nuclear speckle proteins have been shown to play
roles in transcription, alternative splicing, and mRNA trans-
port, we could not find evidence for similar generalized roles
for Par 6. Although we could not find evidence of a role for Par
6 as an mRNA binding protein, recent evidence has suggested
that Par 6 interacts genetically and physically with the Dro-
sophila homolog of fragile X mental retardation protein
(dFMRP), as did the Par 6/aPKC target protein dLgl (77).

FIG. 11. Assays for Par 6 involvement in mRNA transport. (A) Representative Western blot of oligo(dT) pulldown to detect Par 6 bound to
mRNA. Sup, supernatant; bound, Protein bound to oligo(dT). (B) HeLa cells were treated with 50 mM arsenite for 1 h at 37°C and then stained
with Par 6 and TIA-1 antibodies. The arrow points to an example of a stress granule marked by TIA-1 staining.
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FMRP is a cytoplasmic protein associated with mRNP com-
plexes involved in the transport and translational control of its
target mRNAs, and loss of FMRP is responsible for fragile X
syndrome, the most common form of inherited mental retar-
dation (62). It is possible that Par 6 interacts with only selected
mRNAs, as FMRP does, and this would have been missed in
our more general screen for binding bulk mRNAs.

Although we did not find evidence of direct involvement of
Par 6 in several speckle protein functions, we found that it
colocalized with the Tax protein of HTLV-1. HTLV-1 is the
causative agent of not only adult T-cell leukemia but also the
progressive neurological disease tropical spastic paraparesis.
HTLV-1 lacks a classical oncogene but instead expresses Tax,
which acts as a transcriptional activator of the HTLV long
terminal repeat (21, 22). Tax expression causes the formation
of TSS that contain a variety of nuclear speckle proteins in
addition to transcription factors and components of the DNA
repair machinery. It is possible that Tax evolved to advance
virus production by acting as a scaffold for various nuclear
processes, which it then hijacks for virus production. Thereby,
Tax binding to Par 6 could facilitate aggregation of factors
necessary for virus replication. Though Tax has a PDZ binding
domain at its C terminus, it was shown in vitro that its inter-
action with Par 6 is not through this domain (58). Non-PDZ

binding between Par 6 and Tax would allow Tax to bind to Par
6 without competing with other protein-protein interactions
involving Par 6. We found that TSS were still able to form in
Par 6 siRNA-treated cells, but our lack of a complete knock-
down prevents us from concluding whether or not Par 6 is
necessary for TSS formation.

We found that reduced levels of Par 6 caused the breakdown
of nuclear speckles and loss of the speckle marker proteins
SC-35 and U1A/U2B�. These results indicate that Par 6 plays
a role in the maintenance of speckle structure. Several other
proteins regulate speckle morphology and function. A pheno-
type similar to that induced by reduced Par 6 expression was
reported in cells overexpressing Clk/Sty or SRPK2 kinases that
phosphorylate SR proteins (15, 23, 35, 74). Overexpression of
the kinase DYRK1A also caused speckle disassembly (2). The
speckle dispersal phenotype was also seen when PPI, a phos-
phatase that dephosphorylates SR proteins, was overexpressed
(48). Overexpression of SR-cyclophilin, an RS domain-con-
taining member of a large class of proteins called cyclophilins
that function as peptidylprolyl-isomerase, caused speckle pro-
teins to become diffuse within the nucleus. It was suggested
that the peptidylprolyl-isomerase function of SR-cyclophilin
could in some way contribute to the protein-protein interac-
tions that hold speckles together (40).

The loss of certain proteins has also been found to affect
speckle morphology. Syntenin 2 is a PDZ protein that is local-
ized to nuclear speckles. Syntenin 2 targeting to nuclear speck-
les is mediated by interaction of its PDZ domains with nuclear
PIP2. When syntenin 2 was knocked down using siRNA, speck-
les were disrupted (49). Speckles also become dispersed within
the nucleus when the SR-related dual-location protein pinin is
knocked down using siRNA (12). This phenotype is similar to
that which we found in the Par 6 knockdown cells.

Speckles are thought to be the result of protein-protein
interactions, as opposed to attachment to a preformed scaffold
(59). We suggest that Par 6 plays a structural role in the
nucleus to facilitate such protein-protein interactions. Par 6
contains two protein-protein interaction domains. The first,
the PB1 domain, can cause proteins to homodimerize or het-
erodimerize with other PB1 domain-containing proteins (50).
The second domain, the PDZ domain, can bind to other PDZ
domains or to PDZ binding domains at the C termini of pro-
teins (53). It is of note that syntenin 2, the speckle protein
whose knockdown caused dissolution of speckles, also contains
a PDZ domain. The constitutive localization of Par 6 to nu-
clear speckles and the resulting dissolution of the speckles
when Par 6 levels were reduced with siRNA make this an
attractive hypothesis.
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