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Abstract
AIM
To identify and characterize the effect of phosphorylation 
on the subcellular localization of Ankrd54.

METHODS
HEK293T cells were treated with calyculin A, staurosporin 
or phorbol 12-myristate 13-acetate (PMA). Cells were 
transfected with eGFP-tagged Ankrd54 with or without 
Lyn tyrosine kinase (wild-type, Y397F mutant, or Y508F  
mutant). The subcellular localization was assessed by 
immunofluorescence imaging of cells, immunoblotting 
of subcellular fractionations. The phosphorylation of 
Ankrd54 was monitored using Phos-tagTM gel retardation. 
Phosphorylated peptides were analysed by multiple-
reaction-monitoring (MRM) proteomic analysis.

RESULTS
Activation of PKC kinases using PMA promoted nuclear 
export of Ankrd54 and correlated with increased An-
krd54 phosphorylation, assayed using Phos-tagTM gel 
retardation. Co-expression of an active form of the PKCδ 
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isoform specifically promoted both phosphorylation and 
cytoplasmic localization of Ankrd54, while PKCδ, Akt and 
PKA did not. Alanine mutation of several serine residues 
in the amino-terminal region of Ankrd54 (Ser14, Ser17, 
Ser18, Ser19) reduced both PMA induced cytoplasmic 
localization and phosphorylation of Ankrd54. Using 
MRM proteomic analysis, phosphorylation of the Ser18 
residue of Ankrd54 was readily detectable in response to 
PMA stimulation. PMA stimulation of cells co-expressing 
Ankrd54 and Lyn tyrosine kinase displayed increased co-
immunoprecipitation and enhanced co-localization in the 
cytoplasm.

CONCLUSION
We identify phosphorylation by PKCδ as a major regulator 
of nuclear-cytoplasmic shuttling of Ankrd54, and its 
interaction with the tyrosine kinase Lyn.
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Core tip: Ankrd54 is a nuclear-cytoplasmic shuttling 
adaptor that interacts with Lyn, Btk, Txk, and HCLS1. 
Activation of PKC kinases promoted nuclear export and 
phosphorylation of Ankrd54, and increased interaction 
and cytoplasmic co-localization with Lyn. Co-expression of 
an active form of the PKCδ isoform specifically promoted 
both phosphorylation and cytoplasmic localization of 
Ankrd54. Alanine mutation of several serine residues 
in the amino-terminal region of Ankrd54 reduced both 
phorbol 12-myristate 13-acetate induced cytoplasmic 
localization and phosphorylation of Ankrd54. These results 
identify PKCδ as a major regulator of nuclear-cytoplasmic 
shuttling and interaction of Ankrd54 with Lyn, through its 
phosphorylation of at least the Ser18 residue.
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INTRODUCTION
Protein nuclear-cytoplasmic compartmentalization and the 
shuttling of proteins between the nucleus and cytoplasm 
is regulated at multiple levels and is vitally important 
for many cellular processes (e.g., transcription). During 
interphase, when the nuclear envelope exists, the nuclear 
pore complex (NPC) controls the nuclear entry and exit of 
many proteins and protein complexes[1]. While proteins/
complexes less than approximately 40 kDa in size can 
typically diffuse through the NPC opening, larger proteins 
rely on an active process to traverse the NPC and enter/
exit the nucleus. The primary control mechanism for 
most proteins passing through the NPC is the exposure 
of a nuclear localization sequence (NLS) and/or a nuclear 

export sequence (NES)[2]. The classical NLS is enriched in 
basic residues and mediates interaction with an importin 
α/β complex, which then guides the NLS containing cargo 
through the NPC, and it is released into the nucleus upon 
RanGTP binding[3]. Proteins exiting the nucleus typically 
display a leucine-rich NES which interacts with Crm1 in the 
presence of RanGTP and mediates their export through 
the NPC. Many proteins that actively shuttle between 
the nucleus and cytoplasm contain both NLS and NES 
motifs[4].

Posttranslational modifications of nuclear-cytoplasmic 
shuttling proteins have been shown to regulate the 
exposure and interaction of NLS and NES motifs with 
the importin α/β and Crm1 complexes, respectively[5]. 
Phosphorylation appears to be a major regulator and 
mediator of both NLS and NES activity, with examples of 
phosphorylation promoting nuclear import (e.g., STATs 
and Erk1/2) as well as nuclear export (e.g., NFAT)[6-8].

Previously we identified Ankrd54 (also called Liar) 
as a novel nuclear-cytoplasmic (containing functional 
NLS and NES motifs) shuttling adaptor of the Src family 
tyrosine kinase Lyn and other signalling molecules 
(e.g., HCLS1), that regulates down-stream signalling in 
erythropoietin-responsive erythroid cells[9]. Ankrd54 was 
also identified as an adaptor for the Tec family tyrosine 
kinases Btk and Txk[10]. Both these studies illustrated 
that Ankrd54 interacts with the SH3 domains of these 
kinases/signalling molecules via its ankyrin repeats and 
this interaction can regulate the nuclear-cytoplasmic 
compartmentalization of Lyn/Btk[9,10]. While we identified 
that erythropoietin stimulation of erythroid cells promoted 
nuclear speckle accumulation of both endogenous 
Ankrd54 and Lyn[9], the molecular mechanism controlling 
Ankrd54 nuclear-cytoplasmic shuttling remained unclear. 
Consequently, we investigated the role of phosphorylation 
in regulating Ankrd54 localization to nuclear/cytoplasmic 
compartments and identified an amino-terminal serine 
cluster that is required for phorbol ester (PMA)-stimulated 
cytoplasmic accumulation of Ankrd54, mediated by 
the serine/threonine kinase PKCδ isoform. Intriguingly, 
tyrosine phosphorylation of PKCδ by Src family kinases 
activates the serine/threonine kinase, which could 
then promote cytosolic accumulation of Ankrd54 and 
cytoplasmic interaction with Lyn.

MATERIALS AND METHODS
Cell culture, antibodies and reagents
HEK293T cells were maintained in Delbocco’s modified 
Eagle’s medium (DMEM) with 10% fetal calf serum 
(FCS). Polyclonal rabbit antibodies were raised against 
murine Ankrd54 using the purified full-length protein 
fused to GST, as the antigen, and high titer serum was 
purified on protein-A beads as described previously[9]. 
Additional antibodies used for immunoblotting were anti-
Lyn (Santa-Cruz Biotechnology, sc-15 and sc-7274); 
anti-β-actin (AC-15, ab6276, Abcam, Cambridge, United 
Kingdom); anti-Histone H3 (H0164, Sigma-Aldrich); and 
anti-14-3-3ζ (ab51129, Abcam). TRITC-labeled phalloidin 
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(P1591, Sigma-Aldrich) was used to visualize filamentous 
actin (F-actin). Phorbol 12-myristate 13-acetate (PMA, 
P8139), staurosporine (S4400) and leptomycin B (L2913) 
were purchased from Sigma-Aldrich, calyculin A (#9902) 
was purchased from Cell Signaling Technologies, and 
Phos-tag™-Acrylamide TM (ALL-107) was purchased 
from Wako Laboratory Chemicals (Japan).

Plasmid construction
All plasmid constructs were generated by site-directed 
mutagenesis using oligonucleotides (sequences available 
upon request), subcloning in frame into the appropriate 
vector and confirmation by sequencing. Murine Lyn, 
LynY397F and LynY508F expressing plasmids have 
previously been described[11]. Full-length murine Ankrd54 
cDNA was generated by incorporation of a 5’RACE pro-
duct and a cDNA isolated from a cDNA library using 
site-directed mutagenesis as previously described[9]. 
eGFP-tagged Ankrd54 was generated by subcloning 
murine Ankrd54 into the mammalian expression vector 
pEGFPC1 (Invitrogen, Carlsbad, CA, United States). This 
eGFP-Ankrd54 expression construct was then used as 
a substrate for site-directed mutagenesis to generate 
the NLS (Ankrd54KKRL111AALA, Ankrd54RR98AA, 
Ankrd54D98-114) and NES (Ankrd54LSL289ASA) 
mutants as previously described[9]. The S14A/S17A/
S18A/S19A mutant was generated by the same 
procedure using oligonucleotides that simultaneously 
introduced these serine-alanine mutations in one 
reaction. The mCherry-SH3 domain fusion was generated 
by subcloning the SH3 domain from murine Lyn cDNA 
into the pmCherry-C1 (Invitrogen) vector as an in-
frame C-terminal fusion of mCherry. The Akt mammalian 
expression vectors were a kind gift from Professor Brian A. 
Hemmings (FMI, Switzerland) and have been previously 
described[12]. The PKC mammalian expression vectors 
for PKCα and PKCδ isoforms were a generous gift from 
Professor Jae-Won Soh (Inha University, South Korea) 
and have been described previously[13,14]. Expression 
vectors for the catalytic domain of cAMP-dependent 
protein kinase (PKA) were a kind gift from Professor G. 
Stanley McKnight (University of Washington, Seattle, WA, 
United States) and have previously been described[15].

Cell lysis, fractionation, immunoblotting, and immuno-
precipitation
Cells (HEK293T) were transiently transfected using 
Lipofectamine 2000 (Invitrogen) and harvested 24-48 h 
post transfection. Protein lysates were prepared in 1% 
nonidet P40, 0.1% SDS, 150 mmol/L NaCl, 50 mmol/L 
Tris-HCl pH 8.0, 1 mmol/L EDTA, 1 mmol/L EGTA, 25 
mmol/L sodium fluoride, 25 mmol/L β-glycerophosphate, 
1 mmol/L Na3VO4, 1 × protease inhibitor cocktail 
(Complete, ROCHE) or 1 mmol/L benzamidine/1 mmol/L 
phenylmethylsulphoyl fluoride (PMSF)/1 μg/mL aprotinin, 
for 30 min on ice, followed by centrifugation at 10000 × 
g for 20 min. Protein concentration was estimated using 
the BioRad Dc protein assay according to manufacturer’s 
instructions (BioRad), using bovine serum albumin as a 

standard.
For immunoprecipitation, 5 mg of total protein 

from clarified cell lysates were incubated with specific 
antibodies (10 μg) for 2 h at 4 ℃, collected with protein 
G-Sepharose beads (Sigma-Aldrich) for 16 h (4 ℃) 
before washing in lysis buffer, and subsequent analysis 
by SDS-PAGE.

For separation of nuclear and cytoplasmic com-
partments subcellular fractionation was performed. Cells 
were washed (twice) with cold PBS, and lysed in cell lysis 
buffer (20 mmol/L Tris-HCl pH 8, 0.5% NP40, 10 mmol/L 
NaCl, 3 mmol/L MgCl2 supplemented with protease 
inhibitors) for 30 min on ice with vigorous pipetting every 
5 min. Nuclei were sedimented by centrifugation at 5000 
× g for 5 min at 4 ℃ and the supernatant (cytoplasmic 
fraction) was collected. The nuclear pellet was washed 3 
times in cell lysis buffer to remove cytoplasmic traces and 
the nuclei were lysed in nuclear lysis buffer (50 mmol/L 
Tris-HCl, 1% SDS) on ice for 20 min followed by brief 
sonication to ensure nuclei rupture. Nuclear debri was 
collected by centrifugation at 12500 × g for 10 min at 
4 ℃ and the supernatant (nuclear fraction) was collected. 
Nuclear and cytoplasmic fractions were stored at -80 ℃
prior to analysis by SDS-PAGE and Western blotting. 

After probing with specific primary antibodies, 
proteins were revealed using either secondary antibody 
coupled to horseradish peroxidase (GE Healthcare 
or Cell Signaling Technology) and detection by en-
hanced chemiluminescence (GE Healthcare), or with 
fluorescently labeled secondary antibodies and an 
Odyssey scanner (LI-COR Biosciences, Lincoln, NE, 
United States). Quantitation of immunoblot analysis was 
performed using on Odyssey scanned blots using Image 
Studio Light (V3.1.4, LI-COR Biosciences).

Immunofluorescent microscopy
Glass coverslips (No. 1.5H, Marienfeld) were coated with 
either poly-L-lysine (Sigma-Aldrich) or serum before 
seeding cells (HEK293T). At the end of specific cell 
treatments of specific time points, coverslips were washed 
with PBS (37 ℃) then fixed in 4% paraformaldehyde/
PBS for 15 min at 37 ℃, followed by permeabilization 
with 0.5% triton X-100 in PBS (5 min). Coverslips were 
then either processed immediately or stored at -80 ℃ 
with minimal PBS media. Coverslips were blocked for 
2 h at 25 ℃ in 3% BSA/PBS/Tween-20 (0.1%), then 
incubated with primary antibody diluted in blocking buffer 
at 4 ℃ for 16 h, then washed 3 times in PBS/Tween-20 
(15 min) before incubation with fluorophore-conjugated 
secondary antibodies (Alexa-Fluor-labeled-488/594, 
Life-Technologies), with Hoechst 33342 at 0.01 μg/mL, 
for 1 h at 25 ℃, then washed in PBS/Tween-20 before 
mounting in Vectashield (H-1000, Vector Labs). For 
some experiments TRITC-labeled phalloidin (P1951, 
Sigma-Aldrich) at 50 μg/mL was added to the secondary 
antibody/Hoechst solution to visualize filamentous 
actin (F-actin). For experiments where only transfected 
fluorescent protein was being analysed then permeabilized 
cells were incubated directly with Hoechst with or without 
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TRITC-phalloidin. For cells co-transfected with eGFP-
Ankrd54 and Lyn expressing plasmids, Lyn was detected 
using anti-Lyn antibodies (Sant-Cruz Biotechnology, 
sc-15) and Alexa-Fluor-546 donkey anti-rabbit IgG 
(ThermoFisher Scientific). Fluorescent microscopy was 
performed using three different instruments: An MRC 
1024 UV laser scanning confocal microscope (Bio-Rad) 
using a Nikon Diaphot 300 microscope fitted with a 40 ×
/1.15 oil objective and analysed using Confocal Assistant 
(v4.02, Bio-Rad); an × 60 plan-Apo 1.40 oil objective 
on an inverted Elcips-Ti microscope (Nikon, Japan), 
fitted with a CoolSNAP HQ2 CCD camera (Photometrics), 
images analysed using NIS Elements 4.x (Nikon); or on a 
DeltaVision Elite system and analysed with softWoRx suite 
2.0 (GE Healthcare). Generally, images were processed as 
z-stacks (deconvolution software used for the non-confocal 
systems) and maximum image projections generated. 
Quantitation of subcellular localization was performed on 
50-100 individual cells for each experiment by analyzing 
10 nuclear and 10 cytoplasmic sub-compartments per 
individual cell. Ratios of nuclear:cytoplasmic amounts 
of fluorescence (eGFP channel) were then collated. For 
statistical analysis experiments were repeated as three 
biological replicates and analysed by students t-test 
or ANOVA with two-tailed analysis, with orthogonal 
comparisons (using Prism v7.0b.154, Graphpad). Data are 
presented as mean ± SD, P < 0.05, P < 0.01, ns P > 0.05. 
The statistical methods of this study were reviewed by 
Michael Phillips from the Harry Perkins Institute of Medical 
Research.

Multiple reaction monitoring mass spectrometry
Protein bands obtained following SDS-PAGE were 
reduced and alkylated using DTT and iodoacetamide 
before digestion with chymotrypsin at pH approximately 
8.0. Peptides were extracted as previously described[16] 
and analysed by electrospray ionisation mass spectro-
metry using an Ultimate 3000 nano HPLC system 
(Dionex) coupled to a 4000 Q TRAP mass spectrometer 
(Applied Biosystems). Peptides were resolved using a 
C18 PepMap100 column (LC Packings) running a linear 
gradient of water/acetonitrile/with 0.1% formic acid. 
Multiple reaction monitoring (MRM) transitions for the 
putative phosphopeptides (flanking Ser18 of ANKKRD54) 
were generated using the Skyline software[17]. Both 
singly-phosphorylated and nonphosphorylated forms of 
the peptides, with one optional missed cleavage, were 
targeted. A non-phosphorylated peptide (sequence: 
QQDVEPRDEL, corresponding to amino acid 72-81) 
was also included in the MRM experiment as an internal 
normalization control. Spectra were imported back into 
the Skyline software for interpretation. Peak heights from 
each sample were divided by the relative peak height of 
the internal normalization control in the same sample 
to obtain normalized quantities. Normalized values 
associated with each hypermass were summed to obtain 
an overall quantity indicator for that hypermass. The 
overall hypermass quantities were then divided over the 

maximum observed for that hypermass to obtain the 
overall percentage for the hypermass.

RESULTS
Ankrd54 contains a functional NLS and NES when 
expressed as an eGFP fusion, co-localizes with active 
Lyn and interacts with the SH3 domain of Lyn
We have previously shown that myc/HA-tagged and 
untagged Ankrd54 contain functional NLS and NES 
sequences[9]. For this study, we generated an N-terminal 
eGFP fusion of Ankrd54 and confirmed that the NLS and 
NES were still functional in this fusion construct (Figure 
1A). Further, the Crm1 inhibitor Leptomycin B promoted 
strong nuclear accumulation of eGFP-Ankrd54 (Figure 
1B) as has been observed with myc/HA-tagged Ankrd54 
previously[9]. Interaction of eGFP-Ankrd54 and Lyn was 
also analogous to that previously delineated with the 
strongest co-localization seen with constitutively active 
(Y508F) Lyn and minimal with inactive (Y397F) Lyn 
(Figure 1C-E). 

In erythroid cells Lyn and Ankrd54 both co-localize to 
nuclear speckles after erythropoietin stimulation[9], while 
when overexpressed in HEK293 cells active Lyn and 
Ankrd54 co-localize in the cytoplasm/plasma-membrane 
(Figure 1E). To ascertain if Ankrd54 could co-localize 
with Lyn in the nucleus via their Ankyrin repeat-SH3 
interaction, we co-expressed an mCherry fusion of the 
SH3 domain of Lyn with eGFP-tagged Ankrd54 (Figure 
1F). Here eGFP-Ankrd54 was predominantly nuclear and 
localized to nuclear speckles. The SH3 domain of Lyn 
localized to both the cytoplasm and nucleus with stronger 
accumulation in the nucleus and specifically within 
Ankrd54 co-localized nuclear speckles (Figure 1F).

Modulation of phosphorylation via CalyculinA and 
staurosporine regulates nuclear-cytoplasmic shuttling 
of Ankrd54
Having established that the eGFP fusion of Ankrd54 
retained functional NLS and NES, localization dynamics 
and Lyn/SH3 domain interactions, we then sought 
to delineate what signals could influence its nuclear-
cytoplasmic shuttling. Modulation of phosphorylation 
using the phosphatase inhibitor CalyculinA and the 
kinase inhibitor Staurosporine produced profound 
effects on the subcellular localization of eGFP-Ankrd54 
(Figure 1G and H). Immunofluorescence microscopy 
revealed that activation of kinases through inhibition of 
phosphatases with CalyculinA promoted cytoplasmic 
accumulation of eGFP-Ankrd54, while inhibition of 
kinases with Staurosporine significantly increased nuclear 
accumulation (Figure 1G). Biochemical subcellular 
fractionation and immunoblot analysis also showed 
that CalyculinA significantly promoted cytoplasmic 
accumulation of eGFP-Ankrd54 (Figure 1H). Further, 
addition of CalyculinA was unable to influence the 
compartmentalization of either NLS or NES deletion 
mutants of eGFP-Ankrd54, which accumulate in the 
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Figure 1  Ankrd54 shuttles between nuclear and cytoplasmic compartments and phosphorylation regulates this subcellular compartmentalization. A: 
Localization analysis of eGFP-tagged Ankrd54 (top panel), eGFP-Ankrd54 with the NLS deleted (Ankrd54∆NLS, middle panel), and eGFP-Ankrd54 with the NES deleted 
(Ankrd54∆NES, bottom panel) in HEK293 cells. Delineation of the nucleus by Hoechst staining of the DNA is on the right, eGFP fluorescence is on the left. Nuclear and 
cytoplasmic localization of Ankrd54 was enumerated (graph at right), aP < 0.05; B: Wild-type eGFP-Ankrd54 expressing HEK293 cells were analysed after treatment with 
Leptomycin B (+LB) for 2 h (0.4 ng/mL), eGFP fluorescence (left) DNA counter staining (right), and quantitation of nuclear/cytoplasmic localization (graph at right), aP < 
0.05; C: Localization analysis of co-expressed eGFP-Ankrd54 (green) and Lyn wild-type (LWT, red), with DNA counterstained (blue). Merged and individual channels 
are shown; D: Localization analysis of co-expressed eGFP-Ankrd54 (green) and kinase inactive Lyn (L397, red), with DNA counterstained (blue). Merged and individual 
channels are shown; E: Localization analysis of co-expressed eGFP-Ankrd54 (green) and dominant active Lyn (L598, red), with DNA counterstained (blue). Merged and 
individual channels are shown; F: Localization analysis of eGFP-Ankrd54 and an mCherry-fusion of the SH3 domain of Lyn, with DNA counterstained. Merged image 
(left panel) illustrates co-localizing nuclear puncta (arrow heads); G: Effect of CalyculinA (50 nmol/L, 60 min) or Staurosporine (100 nmol/L, 60 min) on eGFP-Ankrd54 
subcellular localization. DNA counterstained (blue), eGFP fluorescence (green). Quantitation of nuclear/cytoplasmic localization (graph at right), aP < 0.05; H: Immunoblot 
of subcellular fractionation analysis of eGFP-Ankrd54 (WT), eGFP-Ankrd54∆NLS (∆NLS) and eGFP-Ankrd54∆NES (∆NES), without (left) and with (right) the addition of 
CalyculinA (50 nmol/L, 60min). Nuclear (N) and cytoplasmic (C) fractions of transfected HEK293 cells were immunoblotted using anti-Ankrd54, anti-Histone (H3), anti-14-
3-3ζ, and anti-β-actin antibodies. Quantitation of nuclear/cytoplasmic localization of Ankrd54 bands depicted in graph at right, aP < 0.05.
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cytoplasm or nucleus, respectively (Figure 1H).

Identification of PKCδ  as mediating phosphorylation 
and cytoplasmic accumulation of Ankrd54
Having established that global phosphorylation is 
important for NES mediated cytoplasmic accumulation 
of Ankrd54 (Figure 1G and H), we then investigated the 
direct effect of phosphorylation on Ankrd54 subcellular 
localization. Analysis of phosphorylation databases 
(PhosphoSitePlus®, Cell Signaling Technologies; Phos-
phoNET, Kinexus Bioinformatics Corporation, Canada; 
and PHOSIDA, Max Planck Institute of Biochemistry, 
Germany), indicated that Ankrd54 is a phosphoprotein 
with several residues identified in mass spectrometric 
data. Utilizing Phos-Tag™ SDS-PAGE to detect 
phosphorylation-mediated mobility shifted Ankrd54, we 
discovered that CalyculinA promoted phosphorylation of 
Ankrd54 in the cytoplasmic fraction (Figure 2A). Using 
this Phos-Tag mobility shift assay we then analysed the 
ability of co-expressing candidate kinases (predicted from 
database searches, PhosphoNET, PHOSIDA) and kinase 
activators for their ability to mimic the CalyculinA effect. 
While co-expression of constitutively active forms of Akt 
or the catalytic subunit of PKA failed to promote a band-
shift of Ankrd54, the addition of the PKC activator PMA did 
produce a clear phospho-Ankrd54 shifted band (Figure 
2B and C). Consequently, we then tested the ability 
of two widely expressed PMA activated PKC isoforms 
(a conventional PKC, PKCα; and a novel PKC, PKCδ) 
to promote cytoplasmic phosphorylation of Ankrd54 
(Figure 2D and E). This clearly demonstrated that PKCδ 
could promote phosphorylation of cytoplasmic Ankrd54, 
especially when expressed as a constitutively active form (Δ
NPS, N-terminal pseudo-substrate domain deletion), while 
PKCδ failed to promote Ankrd54 phosphorylation (Figure 
2D and E). Further, quantitation of the PKCδNPS promoted 
phospho-Ankrd54 revealed that PKCδ also promoted 
cytoplasmic accumulation of Ankrd54 (Cytoplasmic:
nuclear ratio; Ankrd54 1.0:1.5; Ankrd54 + PKCδΔNPS 
1.0:0.3). In addition, the CalyculinA mediated band-
shift of cytoplasmic Ankrd54 was enhanced with NLS 
deleted, but strongly reduced in NES deleted mutants of 
Ankrd54 (Figure 2F). Consequently, we then ascertained 
the effect of co-expressing active PKCδ (PKCδΔNPS) with 
Ankrd54 on the subcellular localization of Ankrd54 by 
immunofluorescent microscopy (Figure 2G). This revealed, 
in agreement with the biochemical analysis (Figure 2E), 
that PKCδ significantly promotes cytoplasmic accumulation 
of Ankrd54.

Utilizing predictive algorithms (NetPho3.1)[18,19] and 
interpretation of potential site of PKC phosphorylation 
(Figure 2H), identified four regions of potential pho-
sphorylation; an amino-terminal cluster of serines 
(Ser14, Ser17, Ser18, Ser19), Thr103, Ser116 and 
Ser271. The C-terminal site Ser271, close to the NES 
motif, showed low probability of PKC phosphorylation 
due to a lack of N-terminal basic residues within the 
site. The Thr103 and Ser116 sites are located within 
the NLS motif (Thr103) and immediately C-terminal 

(Serh116) to the NLS motif, and the N-terminal cluster 
(Ser14, Ser17, Ser18, Ser19) all have potential for PKC-
medicated phosphorylation. 

Mass spectrometric analysis of Ser18 of Ankrd54 
correlates its phosphorylation status with PMA 
stimulation
While we identified several potential PKC phosphorylation 
sites, only the N-terminal Ser14/Ser17/Ser18/Ser19 
cluster has been robustly detected in mass-spectrometry 
datasets (PhosphositePlus®, PhosphoNET, PHOSIDA), 
in addition to several phosphorylated residues located 
close to the P-loop (Thr31, Ser38, Ser44, Ser54, Ser58, 
Ser63), with the Thr103, Ser116 and Ser271 motifs 
not robustly detected in these global phosphorylation 
analysis datasets. Consequently, we focused our initial 
attention on the amino-terminal Ser14/Ser17/Ser18/
Ser19 cluster and its phosphorylation in response to PMA 
treatment. Using MRM of singly phosphorylated peptides 
encompassing the N-terminal serine cluster (Table 1) 
we identified this region as showing strong correlation 
of its phosphorylation with exposure of cells to PMA. 
Significantly, this included an inverse correlation of PMA 
stimulation with the non-phosphorylated peptide.

Mutation of amino-terminal serine cluster (Ser14, Ser17, 
Ser18, Ser19) mitigates PMA stimulated cytoplasmic 
accumulation of Ankrd54
Stimulation of eGFP-Ankrd54 transfected HEK293 cells 
with PMA promotes significant cytoplasmic accumulation 
of Ankrd54 by 1 h post phorbol ester addition, assayed by 
immunofluorescent microscopy (Figure 3A). Consequently, 
we used this time point of PMA stimulation to analyse 
the effect of mutagenesis of the N-terminal serine cluster 
(S14A, S17A, S18A, S19A) on cytoplasmic accumulation 
of Ankrd54 (Figure 3B-E). While wild-type Ankrd54 (Figure 
3B) showed significant cytoplasmic accumulation after 
PMA stimulation in addition to phosphorylation (assayed 
by Phos-Tag® SDS-PAGE), the S14/17/18/19A mutant 
failed to show significant alteration to its predominantly 
nuclear subcellular localization, and failed to show a robust 
phosphorylation mobility shift (Figure 3C). Importantly, 
direct in-gel comparison of wild-type and the SA mutant 
of Ankrd54 showed a strong reduction in the band shift 
upon PMA stimulation of mutant Ankrd54 (Figure 3C, far 
right panel). Interestingly, mutagenesis of the NES motif 
(promoting nuclear localization) also disrupted the PMA-
mediated cytoplasmic accumulation and phosphorylation 
of Ankrd54 (Figure 3D), while the NLS motif mutant 
(predominantly cytoplasmic) showed no significant further 
cytoplasmic accumulation upon PMA stimulation, but did 
show strong PMA-mediated phosphorylation (Figure 3E).

Modulation of phosphorylation by PMA stimulation 
regulates nuclear-cytoplasmic shuttling of Ankrd54 and 
its interaction with Lyn
Stimulation of eGFP-Ankrd54 and Lyn co-transfected 
HEK293 cells with PMA for 1 h promotes interaction 
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Figure 2  Phosphorylation by PKCδ regulates subcellular compartmentalization of Ankrd54. A: Immunoblot analysis of nuclear (N) and cytoplasmic (C) 
fractionation of eGFP-Ankrd54 using Phos-Tag™ SDS-PAGE (pTag), with (+CalA) and without (-CalA) CalyculinA treatment (50 nmol/L, 60 min). Transfected HEK293 
cells were immunoblotted using anti-Ankrd54, anti-Histone (H3), anti-14-3-3ζ, and anti-β-actin antibodies. Mobility shifted Ankrd54, due to phosphorylation, is indicated 
(pAnkrd54); B: Immunoblot analysis of nuclear (N) and cytoplasmic (C) fractionation of eGFP-Ankrd54 using Phos-Tag™ SDS-PAGE (pTag), co-transfected with PKA 
expression plasmids, or with addition of PMA (200 nmol/L, 60 min). The wild-type (PKA-Cat-WT) catalytic subunit of PKA, or a dominant active mutant (PKA-Cat-RQ) 
were induced to express by the addition of Zn. Transfected HEK293 cells were immunoblotted using anti-Ankrd54, anti-Histone (H3), anti-14-3-3ζ, and anti-β-actin 
antibodies. Mobility shifted Ankrd54, due to phosphorylation, is indicated (pAnkrd54); C: Immunoblot analysis of nuclear (N) and cytoplasmic (C) fractionation of eGFP-
Ankrd54 using Phos-Tag™ SDS-PAGE (pTag), co-transfected with Akt expression plasmids. Plasmids expressed either wild-type Akt (Akt-WT), a kinase inactive mutant 
(Akt-K/A), an oncogenic myristoylated/palmitylated Akt (m/p-Akt), or an activation phospho-mimic (Akt-S/D). Transfected HEK293 cells were immunoblotted using 
anti-Ankrd54, anti-Histone (H3), anti-14-3-3ζ, and anti-β-actin antibodies. Mobility shifted Ankrd54, due to phosphorylation, is indicated (pAnkrd54); D: Immunoblot 
analysis of nuclear (N) and cytoplasmic (C) fractionation of eGFP-Ankrd54 using Phos-Tag™ SDS-PAGE (pTag), co-transfected with HA-tagged PKCα expression 
plasmids. Plasmids expressed either wild-type PKCα (HA-PKAαWT), a kinase inactive mutant (HA-PKCαKR), or an activation mutant (HA-PKCαΔNPS). Transfected 
HEK293 cells were immunoblotted using anti-Ankrd54, anti-HA (PKCα), anti-Histone (H3), anti-14-3-3ζ, and anti-β-actin antibodies. Mobility shifted Ankrd54, due 
to phosphorylation, is indicated (pAnkrd54). Quantitation of cytoplasmic:nuclear ratios are displayed; E: Immunoblot analysis of nuclear (N) and cytoplasmic (C) 
fractionation of eGFP-Ankrd54 using Phos-Tag™ SDS-PAGE (pTag), co-transfected with HA-tagged PKCδ expression plasmids. Plasmids expressed either wild-
type PKCδ (HA-PKAδWT), a kinase inactive mutant (HA-PKCδKR), or an activation mutant (HA-PKCδ∆NPS). Transfected HEK293 cells were immunoblotted using 
anti-Ankrd54, anti-HA (PKCδ), anti-Histone (H3), anti-14-3-3ζ, and anti-β-actin antibodies. Mobility shifted Ankrd54, due to phosphorylation, is indicated (pAnkrd54). 
Quantitation of cytoplasmic:nuclear ratios are displayed; F: Immunoblot analysis of cytoplasmic fractionation of eGFP-Ankrd54 using Phos-Tag™ SDS-PAGE (pTag), 
with and without the addition of CalyculinA (50 nmol/L, 60 min). Transfected HEK293 cells were immunoblotted using anti-Ankrd54 and anti-β-actin antibodies. 
Mobility shifted Ankrd54, due to phosphorylation, is indicated (pAnkrd54); G: Localization analysis of eGFP-Ankrd54 with and without co-expression of dominant active 
PKCδ (PKCδΔNPS) in HEK293 cells. Delineation of the nucleus by Hoechst staining of the DNA is on the right, eGFP fluorescence (green), PKCδ (HA-tag, red), with 
merged image (left). Nuclear and cytoplasmic localization of eGFP-Ankrd54 was enumerated (graph at right), aP < 0.05; H: Prediction of phosphorylated residues 
in Ankrd54. Top, schematic of Ankrd54 domain structure showing location of P-loop (yellow), NLS (red), ankyrin repeats (green) and NES (purple). Middle, graph of 
potential phosphorylated residues, predicted by NetPhos3.1. Below, amino acid sequences surrounding top predicted motifs as indicated.
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Figure 3  Amino terminal serine cluster (Ser14, Ser17, Ser18, Ser19) of Ankrd54 is required for phorbol 12-myristate 13-acetate stimulated nuclear export. 
A: Localization analysis of eGFP-tagged Ankrd54 (green) in HEK293 cells stimulated with PMA (200 nmol/L) for the indicated times. Delineation of the nucleus by 
Hoechst staining (blue), and F-actin with TRITC-phalloidin (red). Nuclear and cytoplasmic localization of Ankrd54 was enumerated (graph at right), bP < 0.01, ns: Not 
significant (P > 0.05); B-E: Localization analysis of eGFP-tagged Ankrd54 by immunofluorescence of cells (left panels) and by Phos-Tag™ SDS-PAGE (pTag) analysis 
(right panel), in HEK293 cells with and without PMA treatment (200 nmol/L, 60 min). Delineation of the nucleus by Hoechst staining (blue), and F-actin with TRITC-
phalloidin (red). Nuclear and cytoplasmic localization of Ankrd54 was enumerated (graph in centre), bP < 0.01. Right panel, immunoblot analysis of nuclear (N) and 
cytoplasmic (C) fractionation of transfected HEK293 cells were immunoblotted using anti-Ankrd54, anti-Histone (H3), anti-14-3-3ζ, and anti-β-actin antibodies. Mobility 
shifted Ankrd54, due to phosphorylation, is indicated (pAnkrd54). Cell immunofluorescence and immunoblot analysis was undertaken for cells expressing wild-type 
(B), serine-alanine (S14A, S17A, S18A, S19A) mutated (C), NLS deleted (D) and NES deleted (E) constructs of eGFP-tagged Ankrd54. For panel (C) a direct in-gel 
comparison of wild-type and SA mutant Ankrd54, before and after PMA stimulation is shown in the far-right panel. PMA: Phorbol 12-myristate 13-acetate.
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of Lyn and Ankrd54, assayed by immunoblotting of 
Ankrd54 immunoprecipitates (Figure 4A). Further, imm-
unofluorescent microscopy (Figure 4B) of co-transfected 
cells illustrated strong co-localization in the cytoplasmic 
compartment of cells co-expressing Ankrd54 and Lyn, 
when the cells were stimulated with PMA for 1 h. 

DISCUSSION
Here we describe the identification of an N-terminal 
serine cluster that can be phosphorylated by PKCδ 
to promote cytoplasmic accumulation of the nuclear-
cytoplasmic shuttling adaptor Ankrd54 (binding partner 
of Lyn and Btk tyrosine kinases, and other signalling 
proteins)[9,10,20,21] (summarized in Figure 5). These 
are important findings that help place the pathway 
context in which Ankrd54 complexes shuttle between 
the nuclear and cytoplasmic compartments, as being 
controlled (in part) by PKCδ (Figure 5).

Many of the binding partners of Ankrd54 have 
important functions both within the cytoplasm as well 
as the nucleus and enact these subcellular-specific 
functions in response to many different stimuli. Further, 
recent findings have identified the nuclear speckles that 
Ankrd54 can localize to[9] as being PML (promyelocytic 
leukaemia) nuclear bodies and paraspeckles[22], and 
the strong interaction of the SH3 domain of Lyn and 
Ankrd54 has been independently confirmed[23,24]. PML 
nuclear bodies have a plethora of functions including cell 
cycle arrest, apoptosis, senescence and transcription and 
are regulated by signals that feed into these pathways. 
Paraspeckles function as regulators of gene expression, 
in response to cellular stress and differentiation, by 
controlling nuclear retention of RNA (containing double-
stranded RNA regions) which have undergone adenosine-

to-inosine editing[25-27]. The identification of Ankrd54 as 
a component of these two sub-nuclear structures, which 
contain many nuclear-cytoplasmic shuttling molecules, 
suggests the pathways that Ankrd54 (and its binding 
partners) is a part of are related to those that these two 
nuclear bodies/speckles are intimately involved with, 
i.e., cell cycle, senescence, apoptosis, differentiation 
and transcription. Indeed, strong nuclear accumulation 
of Ankrd54 promotes apoptosis, and altering Ankrd54 
levels and subcellular localization influences viability and 
differentiation pathways[9,20].

PKCδ, a member of the novel (activated by dia-
cylglycerol but not calcium) PKC subfamily has an inti-
mate link with Src family kinases (SFK), including Lyn, as 
well as nuclear-cytoplasmic shuttling/signalling and the 
control of apoptosis in response to DNA damage[28-31]. 
Activation of PKCδ involves diacylglycerol binding as well 
as tyrosine phosphorylation by SFK (as well as Abl and 
Syk), which can lead to activated PKCδ localizing to the 
plasma-membrane, mitochondria or the nucleus[30]. 
Nuclear and mitochondrial localized PKCδ appear 
associated with induction of apoptosis[29,32]. Differential 
tyrosine phosphorylation of PKCδ by SFKs/Abl mediates 
activation and either translocation to the nucleus or 
plasma-membrane[29,31]. Interestingly, when active Lyn is 
co-expressed with Ankrd54 (Figure 1C-E)[9], or Btk and 
Ankrd54 are co-expressed[10], both accumulate in the 
cytoplasmic/plasma-membrane fraction. Consequently, 
Lyn/Btk tyrosine phosphorylated and activated PKCδ 
could be the driver of the cytoplasmic accumulation of 
Ankrd54 and interaction with Lyn. In addition, when 
an active form of PKCδ is co-expressed with Ankrd54 
both localize outside of the nucleus (Figure 2G). This 
could also indicate that the activation of PKCδ within this 
context promotes a viability/anti-apoptotic response, due 

Table 1  Multiple reaction monitoring of Ser18 of Ankrd54 with phorbol 12-myristate 13-acetate stimulation

Target peptide m/z Charge 
state

Transition Normalized quantity Overall percentage

+PMA -PMA +PMA -PMA

Non-phosphorylated S18 
peptide

936.078 3+ AATGGGADDESRSGRSSSDGECAVAPEPL.y4+ 4.2E+02 1.9E+03 26% 91%
AATGGGADDESRSGRSSSDGECAVAPEPL.y2+ 8.5E+02 2.5E+03

AATGGGADDESRSGRSSSDGECAVAPEPL.y15+++ 2.6E+02 1.1E+03
702.310 4+ AATGGGADDESRSGRSSSDGECAVAPEPL.y4+ ND ND ND ND

AATGGGADDESRSGRSSSDGECAVAPEPL.y2+ ND ND
826.871 4+ AATGGGADDESRSGRSSSDGECAVAPEPLAEAGGL.y6+ 2.0E+03 3.2E+03 61% 100%

AATGGGADDESRSGRSSSDGECAVAPEPLAEAGGL.y2+ 2.0E+03 3.2E+03
Normalization Control
(Q72-L81)

614.794 2 QQDVEPRDEL.y8+ 1 1 94% 100%
QQDVEPRDEL.y6+ 1 1
QQDVEPRDEL.y5+ 1 1

Singly-phosphorylated
S18 peptide

962.733 3+ AATGGGADDESRSGRSSSDGECAVAPEPL(p).y4+ 1.3E+04 7.0E+03 70% 44%
AATGGGADDESRSGRSSSDGECAVAPEPL(p).y2+ 1.1E+03 1.6E+03

AATGGGADDESRSGRSSSDGECAVAPEPL(p).y15+++
722.302 4+ AATGGGADDESRSGRSSSDGECAVAPEPL(p).y4+ 5.5E+03 2.4E+03 71% 38%

AATGGGADDESRSGRSSSDGECAVAPEPL(p).y2+ 5.8E+02 9.0E+02
846.862 4+ AATGGGADDESRSGRSSSDGECAVAPEPLAEAGGL(p).y6+ ND ND 100% 83%

AATGGGADDESRSGRSSSDGECAVAPEPLAEAGGL(p).y2+ 1.1E+03 8.8E+02

Singly-phosphorylated and nonphosphorylated forms of peptides encompassing the Ser18 residue (S18) were analysed and compared to the non-
phosphorylated normalization control peptide of Ankrd54, before and after phorbol 12-myristate 13-acetate stimulation (1 µmol/L, 1 h), of immunoprecipitated 
Ankrd54. ND: Not detected.
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to the subcellular localization of PKCδ.
The mechanism by which phosphorylation of Ankrd54 

by PKCδ enhances cytoplasmic accumulation of Ankrd54 
and its interaction with Lyn remains to be determined. 
The sites of phosphorylation do not fit the consensus 
for 14-3-3 binding and so it is unlikely to be via 14-3-3 
sequestration[33]. Alternatively, it may interfere with 
the NLS function and/or enhance the NES function. 
However, it would be worth exploring the composition 
of cytoplasmic localized Ankrd54 to determine potential 
interactions (that may be phosphorylation dependent) 

that mediate its cytoplasmic accumulation, as well as 
determining the influence of nuclear/cytoplasmic localized 
Ankrd54 on the subcellular distribution of its known 
binding partners. Further, studies on rates of nuclear/
cytoplasmic shuttling for mutants of the N-terminal 
serine cluster could also identify whether there is a direct 
effect upon the ability of Ankrd54 to traverse the nuclear 
pore, i.e., to influence the function of the NLS and/or 
NES.

In this manuscript, we have identified a mechanism 
that controls the subcellular localization of the nuclear-
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Figure 4  Phorbol 12-myristate 13-acetate stimulation of cells co-expressing Ankrd54 and Lyn promotes their co-immunoprecipitation and co-locations. 
A: Immunoblot analysis of Ankrd54 immunoprecipitates from cells transfected with eGFP-Ankrd54 and/or Lyn with or without PMA stimulation (200 mmol/L, 1 h). 
Immunoprecipitates and cell lysates were immunoblotted using anti-Ankrd54, anti-Lyn (sc-15, sc-7274), anti-pY-4G10, and anti-β-actin antibodies, bP < 0.01; B: 
Localization analysis of eGFP-tagged Ankrd54 (green) and Lyn (sc-15, alexaFlour546) by immunofluorescence of HEK293 cells with and without PMA treatment (200 
nmol/L, 1 h). Delineation of the nucleus by Hoechst staining (blue). Scale bar = 10 μm; PMA: Phorbol 12-myristate 13-acetate.
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Figure 5  Schematic of proposed model of PKCδ regulation 
of Ankrd54 nuclear-cytoplasmic shuttling. Model of potential 
mechanism by which PKCδ regulated the cytoplasmic accu-
mulation of Ankrd54. Ankrd54 shuttles between the nuclear 
and cytoplasmic compartments, promoted by its NLS and NES 
motifs. Ankrd54 can interact with Lyn, Btk, Txk, HCLS1, LASP1, 
Vav1, Hip55 and ESE2L. Nuclear Ankrd54 can localize to PML 
nuclear bodies and paraspeckles (Para-sp). Lyn, and potentially 
Btk/Txk, can phosphorylate and activate PKCδ, which can then 
phosphorylate Ankrd54, promoting cytoplasmic accumulation.
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cytoplasmic adaptor Ankrd54 and promotes its interaction 
with Lyn, through PKCδ mediated phosphorylation of an 
N-terminal serine cluster (Figure 5). Consequently, it will 
be important to define the consequences of this PKCδ 
mediated phosphorylation of Ankrd54 on its other binding 
partners, their subcellular compartmentalization as well as 
its influence on their biological function.
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COMMENTS
Background
Protein nuclear-cytoplasmic compartmentalization and the shuttling of proteins 
between the nucleus and cytoplasm is regulated at multiple levels and is vitally 
important for many cellular processes. Phosphorylation is a major regulator of 
subcellular compartmentalization of proteins. Ankrd54 shuttles between the 
nucleus and cytoplasm and here the authors investigated the involvement of 
phosphorylation on subcellular compartmentalization of this protein.

Research frontiers
The regulation of nuclear-cytoplasmic transport and subcellular localization of 
signalling molecules such as Ankrd54 is critical for their functions in both normal 
and diseased cells. The identification of the kinases important for the regulation 
of subcellular localization of Ankrd54 was the objective of the authors.

Innovations and breakthroughs
This is the first discovery of the involvement of PKC kinases as being important 
in the nuclear-cytoplasmic shuttling of Ankrd54.

Applications
Knowing that PKCs can regulate the subcellular localization of Ankrd54 may 
find applications in identifying way to regulate its important interacting partners 
(i.e., Lyn, Btk, Txk, HCLS1) in health and disease.

Terminology
Regulated subcellular localization: The localization of a protein inside a cell can 
have dramatic impact on its function, and in many disease incorrect location 
of proteins leads to specific pathologies. Further, many proteins have altered 
localization after specific stimulation the promotes of inhibits their function. A 
proteins localization within a cell is consequently critical for its function and is 
often regulated by post-translation modification, with phosphorylation being the 
most common.

Peer-review
In this manuscript, the authors characterized phosphorylation of Ankrd54, a 
nuclear-cytoplasmic shuttling adaptor protein. They provided good evidence 
that phosphorylation plays a role in regulating subcellular localization of 
Ankrd54. Specifically, phosphorylation of the N-terminal region of the protein 
promotes its accumulation in cytoplasm. They also demonstrate enhanced 
phosphorylation of Ankrd54 by activated version of PKC-delta, implying it as a 
potential kinase responsible for Ankrd54 phosphorylation. Using cutting-edge 
mass spec analysis, they nicely demonstrated that phosphorylation at Ser18 is 
responding to phorbol 12-myristate 13-acetate stimulation. Overall, the work is 
very carefully done and the data are with high quality.
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