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Plakophilins 1 and 3 Bind to FXR1 and Thereby Influence the mRNA
Stability of Desmosomal Proteins
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Plakophilins 1 and 3 (PKP1/3) are members of the arm repeat family of catenin proteins and serve as structural components of
desmosomes, which are important for cell-cell-adhesion. In addition, PKP1/3 occur as soluble proteins outside desmosomes, yet
their role in the cytoplasm is not known. We found that cytoplasmic PKP1/3 coprecipitated with the RNA-binding proteins
FXR1, G3BP, PABPCI1, and UPFI, and these PKP1/3 complexes also comprised desmoplakin and PKP2 mRNAs. Moreover, we
showed that the interaction of PKP1/3 with G3BP, PABPC1, and UPF1 but not with FXR1 was RNase sensitive. To address the
cytoplasmic function of PKP1/3, we performed gain-and-loss-of-function studies. Both PKP1 and PKP3 knockdown cell lines
showed reduced protein and mRNA levels for desmoplakin and PKP2. Whereas global rates of translation were unaffected, des-
moplakin and PKP2 mRNA were destabilized. Furthermore, binding of PKP1/3 to FXR1 was RNA independent, and both PKP3
and FXR1 stabilized PKP2 mRNA. Our results demonstrate that cytoplasmic PKP1/3 are components of mRNA ribonucleopro-

tein particles and act as posttranscriptional regulators of gene expression.

he regulation of intercellular adhesion is critical for normal

development of all multicellular organisms and for tissue ho-
meostasis. Thereby, cell-cell contacts play an important role, and
cadherin-catenin complexes mediate the link to the dynamic
forces of the cytoskeleton. In addition to their structural role,
catenins are key components of signaling pathways that regulate
morphogenesis and tissue homoeostasis. The best-studied mem-
ber of the catenin family is -catenin, a central component of the
Wnt signaling pathway that triggers transcription of Wnt-specific
genes through its interaction with transcription factors (1).

Numerous members of the armadillo (arm) repeat-containing
family of catenin proteins are located at cell junctions: B-catenin,
plakoglobin, and members of the p120-catenin subfamily, such as
p120-catenin itself, p0071-catenin (also known as PKP4), ARVCF
(armadillo repeat gene deleted in velocardiofacial syndrome),
d-catenin (also known as neurojungin or neural plakophilin-re-
lated protein [NPRAP]), and the plakophilins (PKPs) (2, 3).
While the three PKP family members PKP1, -2, and -3 are ex-
pressed in a cell-type-specific manner, they are all located at cell
borders in desmosomal structures, where they support desmo-
some assembly and stability (4). PKPs act as desmosomal cross-
linkers as they interact with all major desmosomal components,
such as desmosomal transmembrane proteins, the desmogleins
and desmocollins, cytoplasmic plaque proteins desmoplakin and
plakoglobin, and cytoskeletal structures, e.g., the keratins (3, 5).
All reported desmosomal interactions are mediated via the N ter-
mini of PKPs (6). The lack of PKPs results in a reduction of the size
and number of desmosomes and leads to an increase in migration
(7-9), underscoring the importance of PKPs as scaffolding pro-
teins.

In addition to their role as structural components of cell-cell
contacts, members of the p120-catenin family regulate junctional
stability by influencing the endocytosis of cadherins, which mod-
ulate the cytoskeleton by interacting with small GTPases and in-
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terfere with gene expression through their interaction with tran-
scription factors (10-15). PKP1 localizes both in the nucleus and
the cytoplasm (16) and acts as a regulator of mRNA translation by
promoting eukaryotic initiation factor 4A1 (e[F4A1) activity (17).
Similarly, PKP2 was shown to translocate to the nucleus, where it
associates with components of the polymerase III transcription
complex (18, 19). In contrast, the functions of PKP3 in cell adhe-
sion and signaling are poorly understood.

Through affinity purification, we previously discovered that
the cytoplasmic nonjunctional forms of PKP1 and PKP3 are asso-
ciated with three RNA-binding proteins (RBPs): FXR1 (fragile X
mental retardation syndrome-related protein 1), G3BP (Ras-
GTPase-activating protein SH3 domain-binding protein), and
PABPCI1 [cytoplasmic poly(A)-binding protein 1] (20, 21). In ad-
dition, upon environmental stress, PKP1 and PKP3, but not
PKP2, were recruited to stress granules, transient cytoplasmic ag-
gregates of translationally stalled mRNAs (22). FXRI interacts
with the 60S ribosomal subunit and influences the translation and
stability of bound mRNAs, possibly through interaction with Ar-
gonaute 2 (Ago-2) (23-26). G3BP is a binding partner of RasGAP
and may thus influence mitogen-activated protein kinase signal-
ing (27). G3BP has been proposed to have endoribonuclease ac-
tivity involved in mRNA decay (28). In addition, G3BP inhibits
translation initiation of certain mRNAs by interacting with their
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3" untranslated regions (UTRs) (29). As the major poly(A)-bind-
ing protein, PABPC1 plays a role in mRNA 3’-end processing (30)
and promotes cap-dependent translation through its interaction
with the translation initiation factor eIF4G (31-34). PABPCI1 also
enhances mRNA stability in general and has a specific role in
microRNA (miRNA)-mediated mRNA decay via its interaction
with GW182 (35-38). Moreover, PABPC1 promotes the termina-
tion of translation by binding to the eukaryotic release factor 3
(eRF3) (39). Interestingly, this interaction is strongly dependent
on the structure of the mRNP, as exemplified by mRNAs with long
3’-UTRs. Such mRNAs are prone to nonsense-mediated mRNA
decay (NMD) as a result of the competition between PABPC1 and
the central NMD factor up-frameshift 1 (UPF1) for binding to
eRF3 (40-43). NMD is not only a translation-dependent quality
control mechanism to degrade mRNAs with premature stop
codons, as it also regulates the stability of many physiological tran-
scripts (42, 44, 45).

Numerous examples illustrate that RBPs control the process-
ing, translation, stability, transport, and localization of mRNAs
(46, 47). Thus, RBPs function as posttranscriptional regulators of
gene expression (48). Given that all three RBPs associated with
PKP1 or PKP3 affect the turnover and translation of mRNAs in
the cytoplasm, it is conceivable that both PKP1 and PKP3 influ-
ence gene expression at the posttranscriptional level.

To explore the cytoplasmic functions of PKP1 and PKP3, we
generated stable cell lines via knockdown or overexpression, and
we found that the knockdown of PKP1 or PKP3 led to reduced
protein and mRNA levels of desmoplakin and PKP2. PKP1- and
PKP3-associated protein-RNA complexes contained desmo-
plakin and PKP2 mRNA. Moreover, both PKP1 and PKP3 bound
directly to FXR1, in contrast to RNA-mediated interactions with
G3BP, PABPCI, and UPF1. Lower mRNA levels were caused by
enhanced degradation of desmosomal mRNAs in PKP1- and
PKP3-deficient cells. Our findings demonstrate for the first time
that cytoplasmic forms of PKP1 and PKP3 influence the stability
of specific mRNAs and thus act as posttranscriptional regulators
of gene expression.

MATERIALS AND METHODS

Antibodies. Primary antibodies to PKP1 (PP1 B6-4; Progen Biotechnik),
PKP2 (clones PP2/62, PP2/86, PP2/150, and GP-PP2-hCT; Progen Bio-
technik), PKP3 (clone PKP3-270.6.2 [Progen Biotechnik] and xPKP3
[20]), desmoplakin (clones DP1&2-2.15, DP1-2.17, DP1&2-2.20, and
DP 495; Progen Biotechnik), G3BP (BD Biosciences), FXR1 (clone
HPAO018246; Sigma-Aldrich), PABPC1 (clone 10E10; ImmuQuest),
UPF1/Rentl (clone A301-902A; Bethyl Laboratories), 3-actin (clone AC-
15; Novus Biological), anti-myc tag (clone 9106 [Abcam] and clone
1-9E10.2 [ATCC]) were used. For immunoblot analysis, horseradish per-
oxidase-conjugated secondary antibodies (Jackson ImmunoResearch,
Laboratories) were applied.

Constructs. For generation of stable PKP1 knockdown cells, short
hairpin RNA (shRNA) against PKP1la mRNA was designed with Acc65I1
and HindIIl overhangs and cloned into shRNA expression vector
psiRNA-h7SKZeo (InvivoGen). As a negative control, an shRNA con-
struct against (3-galactosidase (shLac) was used (InvivoGen). The clone
with PKP1a target site 2411 (forward, 5'-GTACCTCGAACTTCACCTC
CCGATTCTATCAAGAGTAGAATCGGGAGGTGAAGTTCTTTTTGG
AA-3',and reverse, 5'-AGCTTTTCCAAAAAGAACTTCACCTCCCGAT
TCTACTCTTGATAGAATCGGGAGGTGAAGTTCGA-3') was selected
for further studies as it showed the most efficient protein and mRNA
reduction. Generation of PKP3-pEGFP-N1, PKP3-myc-N1, shPKP3-9,
shPKP3-1350, and shLuc constructs have been described elsewhere (49).
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For generation of PKP3 constructs containing a C-terminal myc tag DNA
fragment coding for PKP3, domains were amplified by reverse transcrip-
tion-PCR (RT-PCR) and cloned into the plasmid PKP3-myc-N1 by using
EcoRI/Kpnl restriction sites. For generation of PKP3 constructs, the fol-
lowing primer sets were used: for PKP3 amino acids (aa) 1 to 230 (PKP3
aal-230), forward, 5'-TCGAATTCTATGCAGGACGGTAACTT-3', and
reverse, 5'-ATGGTACCGCGTCCAGCCCCCCTGC-3’; for PKP3 aal-
294, forward, 5'-TCGAATTCTATGCAGGACGGTAACTT-3’, and re-
verse, 5'-ATGGTACCGCGTGGCCCGAGTCAGCCAG-3'; for PKP3
aal-369, forward, 5'-TCGAATTCTATGCAGGACGGTAACTT-3’, and
reverse, 5'-ATGGTACCCGGAGCTTCACCAGCCT-3'; for PKP3 aa370-
515, forward, 5'-TCGAATTCATGTTCAACCACGCCAAC-3’, and re-
verse, 5'-ATGGTACCGCCTCCAGGGCGTGGTT-3’; for PKP3 aa516-
797, forward, 5-TCGAATTCATGGCGGGCAAATGCGAG-3’, and
reverse, 5'-ATGGTACCTGTGGGCCCA-3'; for PKP3 aa295-797, for-
ward, 5'-TCGAATTCATGCTGCCGGACGTGCAT-3’, and reverse, 5'-
ATGGTACCTGTGGGCCCA-3'. For expression of the myc-tagged bac-
terial alkaline phosphatase, the vector pc-Myc-CMV-2-BAP was used
(immunoprecipitation vector kit; Sigma-Aldrich). Plasmids used for in
vitro protein translation were generated by using the Gateway LR-Clonase
enzyme mix (Invitrogen) reaction of the entry vectors PKP3-pENTR221
(clone 195039295), PABPCI1-pENTR221 (clone 141114054), and FXR1-
pENTR221 (clone 105650163) and the destination vectors pDEST 14
(identification no. [ID] V000139) and pDEST17 (ID V000055), which
both contain a T7 promoter. Vectors were obtained from the proteomics
and genomics core facility of the German Cancer Research Center
(DKFZ). For in vitro protein expression of myc-tagged PKP3 full length
and domains, the corresponding plasmids were cloned into the vector
pcDNA3.1(-) by using EcoRI/AfIII restriction sites. For rescue experi-
ments, an RNA interference (RNAi)-resistant PKP3 mutant was pro-
duced by using the QuikChange Lightning site-directed mutagenesis kit
(Agilent Technologies) and the plasmid PKP3-myc-N1 with the following
primers for the rescue construct: forward, 5'-GCTTCGCAAAAATGTCA
CAGGTATATTGTGGAACCTTTCATCCAGCG-3', and reverse, 5'-
CGCTGGATGAAAGGTTCCACAATATACCTGTGACATTTTTGCGA
AGC-3'. The modified PKP3 sequence contained three point mutations,
compared to the target sequence of shPKP3-1350.

Generation of stable cell lines and experiments. Stable DU145 cell
lines were generated and cultured as described in detail previously (49).
The same procedure was used to generate stable PKP1 or PKP3 knock-
downs in BPH-1 cells.

For transient knockdown experiments, cells were plated in a 12-well
plate at a density of 85,000 cells per well. After incubation for 24 h, cells
were washed and transfected with 10 nM control small interfering RNA
(siRNA; siGENOME nontargeting siRNA no. 3; Dharmacon), UPF1
siRNA (Silencer Select; Ambion), or FXR1 siRNA (Silencer Select; Am-
bion) with 1 pl Dharmafect 1 (Dharmacon) according to the manufac-
turers’ instructions. The following siRNA duplexes were used: for UPF1,
forward, 5'-GAUGCAGUUCCGCUCCAUU-3', and reverse, 5'-AAUGG
AGCGGAACUGCAUC-3’ (50), and for FXR1, forward, 5'-CGAGCUGA
GUGAUUGGUCA-3', and reverse, 5'-UGACCAAUCACUCAGCUC
G-3' (siRNA ID s15612). At 48 h after transfection, RNA was isolated by
using the RNeasy minikit (Qiagen), and RNA was reverse transcribed into
cDNA followed by quantitative RT-PCR. Alternatively, cells were lysed
after 48 h of siRNA transfection and processed for immunoprecipitation
of protein-associated RNA (RIP).

For rescue experiments, cells were cotransfected with plasmids con-
taining a puromycin-resistant gene (pCI-puro [51]) and an RNAi-resis-
tant PKP3 mutant. As a control, an empty vector was processed in parallel.
Transfected cells were cultivated for 4 h in serum-free medium and then
medium containing 10% fetal bovine serum (Biocrom) and 5% glutamine
(Gibco) was added. After 24 h, the cells were selected with 1 pg/ml puro-
mycin (Invitrogen) for another 24 h.

Gel electrophoresis and immunoblotting. Cells were lysed by adding
Laemmli sample buffer that included with Benzonase (Merck). For im-
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FIG 1 PKP1 and PKP3 are associated with RNA- bmdlng proteins. (A) PKP3 immunoprecipitation with lysates from DU 145 wild-type and PKP3-overexpress-
ing (PKP3-EGFP) cell lines. By immunoprecipitation using PKP3-specific antibodies, PKP3 complexes were enriched; for detection of PKP3 in DU 145 lysates,
results from a longer exposure time are shown. The interactions of PKP3 with RNA-binding proteins G3BP, PABPC1, UPF1, and FXR1 were detected by
immunoblotting. FXR1 occurred in two major bands representing short, more widely expressed splice variants (89, 90). RNA-mediated protein-protein
interactions were analyzed by RNase A treatment of lysates from DU 145-PKP3-EGFP cells. (B) PKP1 immunoprecipitation with lysates from BPH-1 cells. By
immunoprecipitation using PKP1-specific antibodies, PKP1 complexes were enriched. The interactions with RNA-binding proteins FXR1 and UPF1 were
detected by immunoblotting. (C) PKP2 immunoprecipitation with lysates from DU 145 cells. By using immunoprecipitation with PKP2-specific antibodies,
PKP2 complexes were enriched. The interaction with FXR1 was checked by immunoblotting. Note the portion of FXR1 in the PKP1/PKP3 IP sample after RNase
A treatment, while G3BP, PABPCI, and UPF1 were completely undetectable. Lanes L and L', total lysate; Con and Con’, negative control for unspecific binding;
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IP and IP’, immunoprecipitation results. For all immunoblots, molecular masses are given in kDa on the left.

munoblotting, proteins decorated with specific primary and secondary
antibodies were detected by using a chemiluminescence system (Pierce
ECL, Western blotting substrate; Pierce, Rockford, IL).

RNA isolation and quantitative RT-PCR. Total RNA was isolated
from cultured cells by using the RNA isolation kit (RNeasy minikit; Qia-
gen). Total RNA was transcribed into ¢cDNA (high capacity cDNA kit;
Applied Biosystems), and relative gene expression was measured by quan-
titative RT-PCR with Power-SYBR green master mix (Applied Biosys-
tems) on an ABI StepOnePlus cycler. Primers included those against
PKP1 (forward, 5'-GACCAGGACAACTCCACGTT-3’, and reverse, 5'-
CTGCTGGTGGTCCCATGTT-3"), PKP2 (forward, 5'-GCAAATGGTT
TGCTCGATTT-3', and reverse, 5'-CTGCTGGTGGTCCCATAGTT-3'),
PKP3 (forward, 5'-TGATGAGCTTCGCAAAAATG-3’, and reverse, 5'-C
TGAGAGGCTGAGCTGAGGT-3'), desmoplakin (forward, 5'-GCCCT
GAGGCGGCAGTTACTC-3', and reverse, 5'-AGTTCCAGGGTCCGGT
TGTTGC-3'), and 18S rRNA (forward, 5'-GTTGGTGGAGCGATTTGT
CTG-3', and reverse, 5'-AGGGCAGGGACTTAATCAACG-3'. In
addition, the following primers were used: for UPF1, forward, 5'-AGGC
CGACTACGACAAGAAG-3', and reverse, 5'-~ACCGCAGGCATATCTCA
TCC-3'; for FXR1, forward, 5'-GAAAGCATTGGAAATGTGCAGG-3', and
reverse, 5'-CAGAGGGGTTAGACAGCTCA-3'. For SMGI, primer se-
quences described in reference 52 were used. 18S rRNA levels were measured
as internal references to evaluate RNA recovery and to exclude variations.
Ribosomal 18S rRNA was also used for normalization. At least three technical
and biological replicates were obtained as indicated. Error bars are presented
as means * standard deviations (SD) or = standard errors of the means
(SEM). Further details have been described elsewhere (49).

Polysome profiling. For polysome profiling, sucrose block gradients
with concentrations of sucrose from 17.5% to 50% in gradient buffer (15
mM Tris-HCI [pH 7.4], 15 mM MgCl,, 300 mM NaCl, 1% Triton X-100)
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were used. The cells were cultivated for 24 h and then treated with 100
pg/ml cycloheximide (Carl Roth) for 10 min at room temperature. The
cells were washed with phosphate-buffered saline (PBS) plus 100 pg/ml
cycloheximide. All of the following steps were performed at 4°C. The cells
were lysed with gradient buffer containing 100 p.g/ml cycloheximide, 500
pg/ml heparin, 0.2 U/ml RNasin Super (Promega), EDTA-free protease
inhibitor cocktail (Roche), and 0.1% 2-mercaptoethanol and rotated for
10 min. After centrifugation for 10 min at 10,000 rpm, 250-pl aliquots of
the supernatants were fractionated over 17.5%-to-50% sucrose gradients
via ultracentrifugation (4°C, 35,000 rpm, 150 min) in a Sorvall Discovery
90SE ultracentrifuge (Thermo Scientific) with an SW60 rotor. Gradients
were pumped out with 50% sucrose, and polysome profiles were recorded
by measuring the absorbance at 254 nm via a Teledyne ISCO gradient
elution system. To quantify global translation rates in cells, the area under
the curve of monosomal and polysomal ribosomes was determined and
the translation index was calculated by dividing the polysomal area un-
der the curve through the total (polysomes plus monosomes) area under
the curve.

Metabolic labeling. For metabolic labeling, cells were cultured with-
out methionine and cysteine for 1 h. A mixture of [**S]methionine-cys-
teine (PerkinElmer) was then added to a final concentration of 55 pu.Ci/ml
and incubated for 2 h. After labeling, cells were washed with PBS and lysed
with 150 wl lysis buffer (15 mM Tris-HCI [pH 7.4], 15 mM MgCl,, 300
mM NaCl, 1% Triton X-100) followed by a centrifugation step (9,000 rpm
for 1 min). Twenty-microliter aliquots of the supernatants were spotted
on filter papers, air dried, and precipitated in 5% trichloracetate followed
by washing with ice-cold 5% trichloracetate and acetone. Incorporation
of [*>S]methionine-cysteine was determined in an Econofluor-2 system
(PerkinElmer) via a scintillation counter (Beckman LS 6000IC). Counts
per minute (cpm) were obtained for each sample.
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RNA stability assay. For mRNA stability measurements, the cells were
treated with 5 wg/ml actinomycin D (Serva Electrophoresis) and incu-
bated between 1 h and 6 h in an incubator at 37°C. The RNA was then
isolated with the RNeasy minikit (Qiagen) and transcribed into cDNA
(high-capacity cDNA kit; Applied Biosystems), and mRNA was detected
by quantitative RT-PCR, as described before. mRNA half-lives were cal-
culated by assuming a first-order decay rate. mRNA levels were normal-
ized to 18S rRNA and plotted against time. Curves were fitted by linear
regression, and mRNA half-lives were calculated as follows: t,, = In(2)/k;
t is time, and Kk is the rate constant.

IP of proteins and RIP. For immunoprecipitation (IP) analysis mag-
netic beads conjugated with secondary pan-mouse IgG antibody or pro-
tein A beads (Dynal magnetic beads for both; Invitrogen) were used. IP of
proteins has been described in detail before (20). Incubation of lysates
with beads was used as a negative control for unspecific binding. For
immunoprecipitation of protein-associated RNA (RIP), the incubation
time was extended to 2.5 h and an additional washing step (10 min at 4°C)
was included. RNA was isolated with TRIzol (Ambion), transcribed into
cDNA (high-capacity cDNA kit; Applied Biosystems), and then further
used for RT-PCR. To control for unspecific binding, RIP was also per-
formed with antibodies specific for desmoplakin. When using myc rabbit
antibody, the IP buffer was supplemented with 20 pg/ml yeast tRNA
(Acris), 10 pg/pl IgG-free albumin (Roth), and 3% glycerol, and an ad-
ditional blocking step (2 h, 4°C) was included. In addition, in some ex-
periments the lysates used for IP were treated with RNase A (2 pl/ml
RNase A solution [Qiagen] or 0.2 pg/pl final concentration [Roche]) to
analyze RNA-dependent interactions.

In vitro RNA-binding assay. The PKP2 coding sequence (19) was
amplified by RT-PCR with Pfu polymerase (Bioron) with the following
primers: (for), 5'-TAATACGACTCACTATAGGGATGGCAGCCCCCG
GC-3', and (rev), 5'-TCAGTCTTTAAGGGAGTGGTAGGC-3". The RT-
PCR product was in vitro transcribed according to the manufacturer’s
instructions (RiboMAX large-scale RNA production systems -SP6, T7
polymerase; Promega), the RNA was purified (NucAway spin columns;
Life Technologies, Ambion), and terminally labeled with poly(AMPs)
[Escherichia coli poly(A) polymerase I; Ambion]. In parallel, in vitro pro-
tein translation of PKP3 or PABPC1 with PKP3-DEST or PABPC1-DEST
plasmids was performed according to the manufacturer’s instructions
(TNT T7 coupled reticulocyte lysate system; Promega).

For the in vitro RNA-binding assay, 30 .l magnetic beads conjugated
with pan-mouse IgG antibodies was used. Samples of in vitro-translated
proteins were incubated in physiological salt buffer (140 mM NaCl, 20
mM HEPES, 5 mM EDTA, and 1% NP-40; pH 7.5) with beads coated with
primary antibody for 90 min at 4°C. After several washing steps, 1 pgof in
vitro-transcribed PKP2 mRNA or 9 g of total RNA isolated from HEK
293 cells was added and incubated overnight at 4°C in physiological salt
buffer supplemented with 0.05% RNasin (RNasin Super; Promega). After
several washing steps and transfer into a new tube, RNA was isolated with
TRIzol and the total RNA amount was transcribed into cDNA (high-
capacity cDNA reverse transcription kit; Applied Biosystems). PKP2
mRNA was amplified by RT-PCR with the primers (for), 5'-TTCTGGG
TGGCCTGAAGGAGACT-3', and (rev), 5'-ACTTCCGGCCGTGAGGT
TC-3', with 25 cycles and detected qualitatively on an agarose gel. To
control for unspecific RNA binding, the binding assay was performed by
incubation of the RNA applied with beads only.

Protein domain analysis. For PKP3 domain analysis corresponding
constructs (full-length PKP3 or partial PKP3 domains containing a C-ter-
minal myc tag) were transiently transfected into HEK 293 cells by using
the transfection reagent X-treme Gene HP (Roche). After 48 h, the cells
were used for immunoprecipitation by applying a myc tag-specific anti-
body. The interaction of PKP3 domains with RNA-binding proteins (IP)
or PKP2 mRNA (RIP) was examined by immunoblotting or RT-PCR.

In vitro protein-protein binding assay. For protein-binding studies,
PKP3 full-length and deletion constructs and FXR1 were produced in
vitro according to the manufacturer’s instructions (TNT T7 coupled re-
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FIG 2 PKP2 and desmoplakin mRNAs were detected in PKP1 and PKP3
complexes. Detection of PKP2 and desmoplakin mRNA is shown in PKP3-
EGFP-containing complexes (A), in PKP1 complexes from BPH-1 cells (B),
and in PKP2 complexes from DU 145 cells (C). By immunoprecitiation using
PKP3-, PKP1-, or PKP2-specific antibody complexes were enriched (compare
total lysate [L], negative control for unspecific binding [Con], and immuno-
precipitate [PKP3-IP/PKP1-IP/PKP2-IP]). In parallel, desmoplakin-specific
antibodies were used (DP-IP). The distribution of PKP3 or PKP1 in different
samples was detected by immunoblotting (PKP3 WB, PKP1 WB, and PKP2
WB); for DP-IP, results from a longer exposure time are shown. In corre-
sponding samples, the occurrence of PKP2 and desmoplakin (DP) mRNA was
determined after RNA isolation by RT-PCR. Note that PKP2 and desmoplakin
mRNAs could be detected in total lysates and PKP3 and PKP1 immunopre-
cipitates.

ticulocyte lysate system; Promega). Aliquots of in vitro-translated PKP3
full-length and PKP3 deletion constructs were incubated with primary
antibodies specific for myc tag. After binding for 2 h at 4°C, the beads were
washed and incubated with in vitro-translated FXR1 protein for 2 h at 4°C.
After several washing steps, bound proteins were eluted and separated via
SDS-PAGE followed by Western blotting. Incubation of in vitro-trans-
lated FXR1 with beads loaded with myc tag antibody only was used as a
negative control for unspecific binding. All incubations were carried out
in IP buffer supplemented with RNase A.

Statistical analysis. In independent assays, each experiment was re-
peated at least three times, including technical replicates. Data were ana-
lyzed with the unpaired Student’s f test, and a P value of <0.05 was con-
sidered indicative of a statistically significant result. For quantification of
PKP2 protein expression levels, Image] software was used.

RESULTS

PKP1 and PKP3 associate with FXR1 in an RNA-independent
manner. We previously identified G3BP, PABPCI, and FXRI as
interaction partners of PKP1/3 (20, 21). While reanalyzing our
mass spectrometry data, we noticed that UPF1 also copurified
with PKP3. UPFI is an RNA helicase required for NMD (41, 53,
54). To further explore these interactions, we immunoprecipi-
tated endogenous PKP3 from lysates of DU 145 cells and con-
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FIG 3 Comparison of RNA and protein levels of desmosomal proteins in cells with different PKP1 and PKP3 levels. (A) Relative mRNA expression levels of
PKP1, PKP2, and PKP3 and desmoplakin (DP) were measured by quantitative RT-PCR in BPH1-shPKP1 cells. (B) Relative mRNA expression levels of PKP1,
PKP2, PKP3, and desmoplakin (DP) were measured in BPH1-shPKP3-1350 and DU145-shPKP3-1350 cells. The results in panels A and B were normalized to 18S
rRNA. The means = SEM of 3 independent experiments are shown relative to the corresponding control cell lines. Note that both PKP1 and PKP3 knockdown
leads to decreased PKP2 or desmoplakin mRNA expression levels. (C) The protein levels in cell lines with PKP1 or PKP3 knockdowns (KD) were compared to
wild-type and negative-control cell lines by immunodetection. Note that PKP1 and PKP3 knockdown leads to a decreased PKP2 or desmoplakin protein level.
Immunoblot on the left, wt, BPH-1; Con, BPH1-shLac; PKP3 KD, BPH1-shPKP3-1350; PKP1 KD, BPH1-shPKP1. Immunoblots on the right: wt, DU 145; Con,
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1350 cells, the RNA and protein levels of PKP2 were rescued (biological replicates n = 4). The detection of B-actin is provided as a loading control. Error bars
show SD. **, P < 0.01; ***, P < 0.001. Molecular mass markers (in kDa) are indicated on the left.

firmed the association of PKP3 with G3BP, PABPC1, FXRI, and vent disruption of protein-RNA complexes. To determine
UPF1 (Fig. 1A). We also observed these interactions with overex- ~ whether these interactions were dependent on the presence of
pressed PKP3-EGFP (enhanced green fluorescent protein). Until RNA, we added RNase A to the lysates prior to immunoprecipita-
then, an RNase inhibitor was included in all experiments to pre-  tion. Whereas the efficiency of the PKP3 immunoprecipitation
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was not affected by RNase A treatment, the interactions with
G3BP, PABPCI1, and UPF1 were lost (Fig. 1A). In contrast, FXR1
remained associated with PKP3 even after RNase A treatment.
Our earlier observations on recruitment of PKP1 and PKP3 into
stress granules (20) suggested that PKP1, like PKP3, is also in-
volved in RNA metabolism. Indeed, we found that endogenous
PKP1 also coimmunoprecipitated FXR1 and UPF1 (Fig. 1B).
Upon RNase A treatment, UPF1 was no longer associated with
PKP1, whereas FXR1 remained bound to PKP1 (Fig. 1B). Inter-
estingly, we did not detect an interaction between PKP2 and FXR1
(Fig. 1C).

December 2014 Volume 34 Number 23

Taken together, we found that UPF1 is part of PKP3- and
PKP1-containing complexes, and we demonstrated that the inter-
action of PKP3/PKP1 with G3BP, PABPCI, and UPF1 is RNA
dependent. In contrast, FXRI interacts in an RNA-independent
fashion with PKP3 and PKP1 but not with PKP2, indicative of a
closer connection between PKP1/PKP3 and FXRI.

PKP1- and PKP3-associated complexes contain mRNA of
desmosomal proteins. As it was recently shown that FXR1 binds the
mRNA of the desmosomal protein desmoplakin (55), we wondered
whether PKP-FXR1 complexes bound mRNAs of desmosomal
mRNAs. To look into this, we immunoprecipitated PKP3 from DU
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145 cell lysates and tested for the presence of mRNA by RT-PCR. Asa
control, we used antibodies against another desmosomal protein,
desmoplakin, which also interacts with PKP3 and PKP1 (56). Indeed,
PKP2 and desmoplakin mRNAs were detected in the PKP3 immu-
noprecipitate but not in the desmoplakin immunoprecipitate (Fig.
2A). Similarly, PKP1 was found to associate with PKP2 and desmo-
plakin mRNAs (Fig. 2B). In contrast, the two mRNAs were not de-
tected after PKP2 immunoprecipitation (Fig. 2C).

PKP1 and PKP3 knockdown reduces mRNA and protein lev-
els of desmosomal proteins. Having shown that PKP2 and desmo-
plakin mRNAs are specifically associated with PKP1 and PKP3 par-
ticles, we hypothesized that this might have an impact on their
expression. On one hand, we used the benign prostatic cell line
BPH-1, which expresses all three PKPs, to knock down either PKP1
or PKP3 (Fig. 3). Furthermore, the malignant prostatic cell line DU
145, which expresses only PKP2 and PKP3 (49), was used to knock
down PKP3. We stably transfected shRNA constructs that target dif-
ferent sequences of PKP1 or PKP3 into these cell lines. Measurement
of PKP1 and PKP3 mRNA and protein levels confirmed specific
knockdown in the stable shRNA cell lines (Fig. 3A to C).

To analyze the effect of altered PKP1 and PKP3 levels on the
expression of desmosomal proteins, we determined PKP2 and
desmoplakin mRNA levels in the different cell lines by quantita-
tive RT-PCR. In PKP1-depleted cells, the expression levels of
PKP2, PKP3, and desmoplakin were diminished (Fig. 3A). Fur-
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thermore, in PKP3-depleted cell lines, expression levels of PKP2
and desmoplakin were decreased; they were strongest for PKP2 in
DU145-shPKP3-1350 cells (Fig. 3B). By immunoblot analysis, we
confirmed that PKP2 protein expression was reduced in PKP1-
and PKP3-depleted cells. In addition, a reduction of desmoplakin
was also noticed in both BPH-1 cell lines depleted for PKP1 or
PKP3 (Fig. 3C). To rule out off-target effects, we performed a
rescue experiment. Upon transient transfection of an RNAi-resis-
tant PKP3-cDNA construct in DU 145 PKP3-deficient cells, PKP3
was reexpressed. This led to a significant upregulation of PKP2
mRNA levels, and also to an increase in protein (Fig. 3D).

Taken together, knockdown of PKP1 and PKP3 led to reduced
expression of PKP2 and desmoplakin mRNAs. Importantly, lower
expression of levels PKP2 and desmoplakin were also observed at
the protein level, demonstrating that PKP1 and PKP3 are physio-
logically important to sustain the expression of other desmosomal
proteins.

PKP3 does not affect global translation. PKP1/3 is found in
complexes with RBPs (20, 21) that play important roles in trans-
lation regulation (23, 29, 31, 57). In addition, PKP1 has been re-
ported to act as a regulator of mRNA translation by promoting
elF4A1 activity (17). We therefore wondered if the global transla-
tion rate was changed in PKP3 knockdown cells. To this end, we
recorded polysome profiles by sucrose gradient centrifugation of
wild-type DU 145 and two corresponding PKP3 knockdown cell
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lines (Fig. 4A). However, no obvious differences were detected
between the polysome profiles of the different cell lines. For a
quantitative assessment of the profiles, the percentage of poly-
somal ribosomes was calculated by dividing the area under the
polysomal part of the curve by the area under the entire curve. The
percentage of polysomal ribosomes, which serves as a measure
for the overall translation activity, did not differ consistently be-
tween the cell lines (Fig. 4B). As an alternative approach, we
measured the rate of protein synthesis by labeling with [*>S]me-
thionine-cysteine (Fig. 4C). Incorporation of [*°S]methionine-
cysteine into precipitable protein did not show any major changes
between the cell lines. Taken together, the polysome profiles and
metabolic labeling experiments provided no evidence for a role of
PKP3 in regulating global translation.

Although PKP3 obviously does not have a general role in global
translation, it may influence the translation of specific genes. We
therefore quantified the protein expression level of PKP2 in DU
145 cells and compared it with that in PKP3-deficient cell lines
(Fig. 4D). We found that the relative PKP2 protein level was re-
duced by up to 80%, an observation that was in line with earlier
reports on the RBPs being part of PKP3 complexes (23, 29, 31, 57).

PKP1/3-mediated stabilization of mRNAs encoding desmo-
somal proteins depends on FXRI1. In addition to their functions
in translation, all four RBPs found in PKP1/3 complexes are in-
volved in regulating mRNA stability (26, 28, 38, 40, 54, 58). Given
that PKP1 and PKP3 knockdown leads to reduced mRNA levels of
desmosomal proteins (Fig. 3A and B), we investigated the influ-
ence of PKP1 and PKP3 on the mRNA stability of desmoplakin
and PKP2. Transcription was blocked with actinomycin D, and
RNA was isolated after 0, 1, 2, 3, 4, or 6 h. The amount of desmo-
plakin and PKP2 mRNA over time was then measured by quanti-
tative RT-PCR (Fig. 5A and B). While desmoplakin mRNA was
relatively stable in the BPH-1 control cells (half-life, 11.1 = 2.7 h),
its degradation was accelerated in the PKP1 knockdown cell line
(half-life, 3.4 *= 1.5 h). Accordingly, PKP2 mRNA was relatively
stable in the DU 145 control cells (half-life, 8.1 = 0.4 h), and its
degradation was accelerated in the PKP3 knockdown cell line
(half-life, 3.0 £ 1.3 h). The differences in mRNA half-lives were
significant (P = 0.005 for both).

Because the NMD core component UPF1 copurified with
PKP1/3-associated complexes that also contained PKP2 mRNA,
we wondered whether the stability of PKP2 mRNA was regulated
by UPF1. Depletion of UPF1 in DU 145 cells by siRNA transfec-
tion reduced the UPF1 mRNA levels by more than 70% (Fig. 5C).
While NMD target transcripts such as SMG1 (52) were upregu-
lated by UPF1 knockdown, the mRNA level of PKP2 was un-
changed in both control and PKP3 knockdown DU 145 cells, in-
dicating that PKP2 is not a direct target of UPF1-mediated mRNA
degradation. In contrast, depletion of FXR1 in DU 145 cells re-
duced the PKP2 mRNA level similarly to the level observed in
PKP3 knockdown cells (Fig. 5D). Therefore, we concluded that
both proteins, PKP3 and FXR1, stabilize PKP2 mRNA.

PKP3 binds PKP2 mRNA indirectly via C-terminal arm re-
peats. Since PKP3 forms a complex with RBPs and PKP2 mRNA
(Fig. 1 and 2), we examined if PKP3 binds directly to PKP2
mRNA. To this end, we established a solid-phase assay where in
vitro-translated PKP3 protein was immobilized on beads and
mixed with in vitro-transcribed, polyadenylated PKP2 mRNA.
Immobilization of in vitro-translated protein was verified by im-
munoblotting (Fig. 6A). Binding of PKP2 mRNA to the immobi-
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FIG 6 The RNA-binding capacity of PKP3. (A and B) In vitro RNA-binding
assay to analyze the RNA-binding capacity of PKP3. (A) The proteins PKP3
and PABPCI were synthesized by in vitro translation and immobilized on
beads using specific antibodies. The efficiencies of protein synthesis and load-
ing were verified by immunoblotting using specific antibodies (PKP3 and
PABPCI1). The sizes of the in vitro-synthesized proteins were compared with
total lysates of DU 145 cells. Load, in vitro-translated protein; IP, immunopre-
cipitation results. (B) Beads loaded with PKP3 or PABPC1 were incubated with
invitro-transcribed PKP2 mRNA that was synthetically polyadenylated or total
mRNA isolated from HEK 293 cells. Binding of PKP2 mRNA was verified by
RT-PCR with a PKP2-specific primer. Note that PKP2 mRNA was detectable
only in beads loaded with PABPCI1. Load, RNA sample; PKP3, beads loaded
with PKP3; PABPC1, beads loaded with PABPC1; control, beads incubated
with RNA only. (C) Upon FXR1 knockdown in DU 145 cells overexpressing
PKP3-EGFP, PKP2 mRNA was no longer detectable in PKP3 complexes. By
immunoprecipitation using specific antibodies, PKP3-containing complexes
were enriched from DU 145-PKP3-EGFP cells transfected with unrelated
siRNAs (siControl) or FXR1 knockdown cells (FXR1 KD). Compare total
lysate (Load), negative control for unspecific binding (control), and immuno-
preciptiate (IP) results. The occurrence of PKP2 mRNA was determined after
RNA isolation by RT-PCR.

lized protein was then tested by RT-PCR, yet direct association of
PKP2 mRNA with PKP3 was not detected (Fig. 6B). PABPCI,
which was immobilized as a positive control, did bind PKP2
mRNA. Since the cDNA used for in vitro transcription of PKP2
mRNA lacked 1,678 nucleotides (nt) of the 3'-UTR, we performed
the same assay with total RNA isolated from HEK 293 cells, which
express PKP2 mRNA. Again, no binding of PKP2 mRNA to PKP3
could be detected, whereas binding to PABPC1 was observed (Fig.
6B). Having shown that both PKP3 and FXRI stabilize PKP2
mRNA (Fig. 5D), we wondered whether FXR1 might mediate the
recruitment of PKP2 mRNA to PKP3-associated complexes.
FXR1 contains sequence motifs characteristic of RNA-binding
proteins, including two KH domains and an RGG box (59).
Therefore, we knocked down FXR1 in DU 145 cells and checked if
PKP3-containing complexes still bound PKP2 mRNA. Indeed, in
these cells PKP2 mRNA was no longer detectable in PKP3-con-
taining complexes (Fig. 6C). Therefore, we concluded that RNA
recruitment to PKP3-containing complexes requires FXR1.
Finally, we wanted to identify PKP3 domains that mediate the
interaction with FXRI. A series of myc-tagged PKP3 fragments
were expressed in HEK 293 cells, which contain endogenous PKP2
mRNA. Three PKP3 fragments comprised different portions of
the N terminus, and three other fragments contained the C-ter-
minal arm repeat domain or parts thereof (Fig. 7A). All six frag-
ments, full-length PKP3-myc and, as a negative control, myc-
tagged bacterial alkaline phosphatase, were examined for binding
of PKP2 mRNA after immunoprecipitation. PKP3 fragments con-
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taining the C-terminal arm repeat domains 6 to 9 (PKP3, PKP3
aa295-797, and PKP3 aa516-797) were found to coimmunopre-
cipitate PKP2 mRNA (Fig. 7B). In contrast, all six PKP3 fragments
were able to bind to FXR1, and this interaction occurred indepen-
dently of RNA (Fig. 7C). To verify which PKP3 fragment binds to
FXRI1 directly, an in vitro approach was applied. PKP3 fragments
were in vitro translated and affinity-purified via their myc tag,
followed by incubation with in vitro-translated FXR1. Again, all
PKP3 fragments bound FXR1 (Fig. 7D). Therefore, we conclude
that both the N-terminal and C-terminal domains of PKP3 inter-
act with FXR1.

DISCUSSION

PKP1 and PKP3 are important components of desmosomal cell-
cell adhesions in epithelial cells. PKP3-deficient mice develop skin
abnormalities and are prone to cutaneous inflammation under
stress conditions (60). Counter to earlier views, PKP3 may protect
the skin from inflammation, not only because of its structural role
in cell adhesion but also because cytoplasmic interaction partners
hint at an additional regulatory function of PKP3. Especially, the
association of PKP3 with RBPs led us to postulate a role of PKP3 in
posttranscriptional gene regulation (20). The present study re-
vealed PKP1 and PKP3 to be components of mRNPs in complex
with G3BP, FXR1, PABPC1, and UPF1. Furthermore, PKP1- and
PKP3-containing mRNPs showed enrichment of PKP2 and des-
moplakin mRNAs, and knockdown experiments suggested that
PKP1/3 enhances the mRNA stability of desmosomal proteins.

Our observation that PKP1 and PKP3 influence the expression
of both constitutive and cell-type-specific desmosomal plaque
components raises the question about the biological role of this
finding. It is well documented that changes in the expression of a
desmosomal component may influence the expression of other
components. The constitutive inactivation of PKP2 in mice leads
to a reduced expression of desmoglein 2 (61), and the conditional
inactivation of desmoplakin in skin results in a decreased expres-
sion of PKP2 and increased expression of PKP3 (62). Diverse
mechanisms have been reported that specify the availability of
desmosomal components, such as transcriptional regulation (63,
64), protein modification (65), or proteolytic degradation (66).
Importantly, members of the p120-catenin subfamily not only
play a structural role in cell-cell adhesion but also influence cell
signaling in the cytoplasm and the nucleus (10-14, 67). Further-
more, it is known from p120-catenin and (3-catenin that changes
in cellular localization and interaction partners occur during can-
cer development and may promote or inhibit malignant transfor-
mation (68-71).

The detection of PKP1 and PKP3 in mRNPs points to a role in
posttranscriptional gene regulation. All identified PKP1- and
PKP3-interacting RBPs contribute to mRNA stability and trans-
lation regulation (27, 30, 72, 73). As the protein levels of PKP2 and
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desmoplakin were found to correlate with PKP1 or PKP3 expres-
sion, we wondered whether both PKPs have an impact on trans-
lation. Indeed, PKP1 has been reported to stimulate translation
through its interaction with eIF4A1 in vitro (17). Although PKP3
was not found to alter the global translation rate, the translation of
specific mRNAgs, e.g., PKP2, may be regulated by PKP3.

Another mode of posttranscriptional regulation is the modu-
lation of mRNA turnover. We found that PKP1/3 enhances
mRNA stability of desmoplakin and PKP2 and thereby sustains
their expression. To understand how PKP3 influences PKP2
mRNA stability, we examined whether PKP3 directly binds to
mRNA. Close inspection of the PKP3 amino acid sequence did not
reveal any known RNA-binding motif (74). However, this does
not rule out direct binding to RNA, and indeed systematic purifi-
cation approaches have recently led to the identification of new
RNA-binding proteins that lack canonical RNA-binding domains
(75, 76). PKP3 has a very high isoelectric point, above 9, and
several basic residues are scattered along the entire amino acid
sequence (77). PKP3 contains nine arm repeat domains that con-
sist of an approximately 40-residue motif that forms three helices
arranged in a triangular shape (78). All arm-repeats together form
a basic grove that might mediate electrostatic interactions to neg-
atively charged molecules such as RNA. While PKP2 mRNA
clearly is associated with PKP3-containing complexes, we could
not detect a direct interaction of PKP3 with PKP2 mRNA in vitro.

To elucidate how PKP1/3 might influence the mRNA stability
of desmosomal proteins, we took a closer look at interacting pro-
teins. By immunoprecipitation, we identified PKP1 and PKP3 as
components of mRNPs containing not only G3BP, FXR1, and
PABPCI but also UPF1 as a new binding partner. UPF1 is a central
component of NMD, which eliminates aberrant mRNAs harbor-
ing a premature termination codon. Moreover, UPF1 is also in-
volved in the regulation of many physiological mRNAs (42, 44,
45). UPF1-mediated mRNA decay is stimulated by long 3"-UTRs
of more than 1,000 nt, and indeed PKP2 mRNA has a 3'-UTR of
1,678 nt. However, UPF1 knockdown did not change PKP2
mRNA levels, indicating that PKP2 is not an NMD target.

Our observation that the association of PKP1 and PKP3 with
FXR1 was resistant to RNase A treatment suggests that PKP1/3 are
bound to mRNPs by protein-protein interactions. The finding
that all PKP3 domains expressed in vivo copurify with FXR1 im-
plies that there are different modes for how PKP3 and FXR1 may
interact. Within mRNPs, PKP3 may serve as a scaffold, recruiting
additional factors. FXR1 may in turn mediate the binding to
mRNA, because upon FXR1 depletion PKP3 complexes no longer
contain mRNA. The shortest isoform of FXR1 is known to bind to
AU-rich elements (AREs) in the 3'-UTR of several mRNAs (24).
Indeed, the 3'-UTR of PKP2 mRNA contains putative ARE ele-
ments. Moreover, it was recently shown that FXR1 binds to the
mRNA of desmoplakin and another cell adhesion molecule,

FIG 7 Analysis of complex formation of PKP3 fragments. (A) Schematic drawing of myc-tagged full-length (PKP3) and fragments consisting of amino acids (aa)
1t0230,aa 1 to 294, aa 1 to 369, aa 370 to 515, aa 516 to 597, and aa 295 to 797, as indicated. The numbers indicate amino acid positions, and the boxes represent
the arm repeat domains (nine in total). All constructs were C-terminally tagged with a myc epitope. (B) The association of the PKP3 constructs, exogenously
expressed in HEK 293 cells, with PKP2 mRNA was analyzed after RNA isolation from immunoprecipitates by RT-PCR. The enrichment of myc-tagged proteins
was verified by immunoblotting using a myc-specific antibody. In parallel, coprecipitation of FXR1 was followed. A construct coding for myc-tagged bacterial
alkaline phosphatase was used as a negative control (BAP-myc). (C) The direct binding of FXR1 and UPF1 to PKP3 fragments was compared by RNase A
treatment. (D) Binding of PKP3 fragments to FXR1 in vitro. FXR1- and PKP3-myc-tagged constructs were in vitro translated, and mixtures of FXR1 and PKP3
fragments were immunoprecipitated with myc tag antibody. Binding of FXR1 to beads loaded with myc tag antibody was used as a specificity control. Molecular

masses (in kDa) are indicated on the left.
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talin2, and alters the expression of these cell adhesion proteins
(55). Depending on the cellular context, FXR1 can either repress
or activate the translation of targets (23, 25). In addition, it was
recently reported that FXR1 regulates the mRNA stability of the
cell cycle exit regulator p21 (79). Several studies suggest that these
diverse actions may be regulated by miRNAs bound to mRNPs
(80, 81).

It is interesting to compare PKP1 and PKP3 with the protein
HuR, an RBP that affects target mRNA stability and translation.
HuR binds to AU-rich regulatory motifs in the 3’-UTR of,
for example, p53, vascular endothelial growth factor, COX-2,
B-catenin, cyclin, and tumor necrosis factor alpha mRNAs (82).
Thereby, HuR influences cellular processes such as apoptosis, pro-
liferation, cell cycle, and tumor progression (83—87). The stabiliz-
ing effect of HuR on mRNA is tightly regulated by its modifica-
tion, and an imbalance may lead to diseased states like cancer (88).
To what extent PKP1 and PKP3 more generally influence post-
transcriptional gene regulation through interaction with proteins
or RNAs, and whether such interactions promote carcinogenesis,
needs to be clarified in future studies. Here we have shown for the
first time that the mRNA level of a desmosomal component is
regulated by another desmosomal protein, adding posttranscrip-
tional gene regulation to the multitude of mechanisms that fine-
tune the desmosomal adhesive strength to local requirements.
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