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RKIP localizes to the nucleus through a bipartite nuclear
localization signal and interaction with importin α to regulate
mitotic progression
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Raf kinase inhibitor protein (RKIP) is a multifunctional
modulator of intracellular signal transduction. Althoughmost of
its functions have been considered cytosolic, we show here that
the localization of RKIP is primarily nuclear in both growing and
quiescentMadin-Darby canine kidney epithelial cells and in Cal-
51 and BT-20 human breast cancer cells. We have identified a
putative bipartite nuclear localization signal (NLS) in RKIP that
maps to the surface of the protein surrounding a known regu-
latory region. Like classical NLS sequences, the putative NLS of
RKIP is rich in arginine and lysine residues. Deletion of and
point mutations in the putative NLS lead to decreased nuclear
localization. Point mutation of all the basic residues in the pu-
tative NLS of RKIP particularly strongly reduces nuclear locali-
zation. We found consistent results in reexpression experiments
with wildtype or mutant RKIP in RKIP-silenced cells. A fusion
construct of the putative NLS of RKIP alone to a heterologous
reporter protein leads to nuclear localization of the fusion pro-
tein, demonstrating that this sequence alone is sufficient for
import into the nucleus. We found that RKIP interacts with the
nuclear transport factor importin α in BT-20 and MDA-MB-231
human breast cancer cells, suggesting importin-mediated active
nuclear translocation. Evaluating the biological function of nu-
clear localization of RKIP, we found that the presence of the
putative NLS is important for the role of RKIP in mitotic
checkpoint regulation in MCF-7 human breast cancer cells.
Taken together, these findings suggest that a bipartite NLS in
RKIP interacts with importin α for active transport of RKIP into
the nucleus and that this process may be involved in the regu-
lation of mitotic progression.

Raf kinase inhibitor protein (RKIP) belongs to a highly
conserved group of proteins in the phosphatidylethanolamine-
binding protein (PEBP) family and possesses a plethora of
functions (for reviews, see Refs. (1–9)). The most widely
expressed member of this family is RKIP or PEBP-1 (10, 11).
RKIP, as its name implies, inhibits the activity of Raf-1 kinase
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(12, 13). RKIP also binds and regulates the function of G
protein-coupled receptor kinase 2 (GRK2); the phosphoryla-
tion of a specific residue on RKIP (Ser 153) catalyzed by PKC
causes RKIP to dissociate from Raf and instead associate with
GRK2, and the phosphorylation of Ser 153 is a key part of the
regulation of the functions of RKIP (14, 15). RKIP has been
shown to bind a number of other proteins as well, including B-
Raf (16, 17), extracellular signal-regulated kinase (ERK) (13),
mitogen-activated protein kinase (MAPK)/ERK kinase (12, 13),
transforming growth factor β-activated kinases 1 (18), NF-κB-
inducing kinase (NIK) (18), inhibitor of κB kinase α (IKKα) and
β (IKKβ) (18), and tumor necrosis factor receptor–associated
factor 6 (19). RKIP or PEBP-1, as its latter name implies,
also binds to phosphatidylethanolamine (20) and may be
involved in membrane signaling (21); however, the interaction
with phosphatidylethanolamine is weak and appears nonspe-
cific (22).

RKIP has been implicated in a range of biological pro-
cesses, such as the regulation of cell cycle progression
(23–26), apoptosis (27, 28), cell migration (22, 26, 28–33),
cell adhesion (32), neural function (34–36), cardiac function
(37), and spermatogenesis (38). Intriguingly, there is ever-
growing evidence that RKIP functions as a suppressor of
invasion and metastasis in a range of cancer cell types (for
reviews, see Refs. (1–9)). Despite its modest size (�21 kDa),
a protein with functions that are as multifaceted as RKIPs
would likely have a complex pattern of regulation for
appropriate expression, post-translational modification,
interaction, and localization.

Despite RKIP being an intracellular protein, a fragment of
RKIP does appear to be secreted as the hippocampal cholin-
ergic neurostimulating peptide (37). RKIP has been tradition-
ally thought of as a protein that functions in the cytosol,
without consideration of possible nuclear functions. Small
proteins can passively diffuse in and out of the nucleus (for a
review, see Ref. (39)). RKIP is small enough to potentially pass
through nuclear pores passively, implying that some mecha-
nism operates to control the localization of RKIP such as as-
sociation with other proteins to form complexes too large to
passively enter or exit the nucleus. RKIP interacts with a
growing number of proteins in a post-translationally regulated
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Nuclear Raf kinase inhibitor protein
manner. These regulated interactions could control the
localization of RKIP in the cell.

Active nuclear translocation is necessary to regulate spe-
cific cellular functions such as control of gene expression,
DNA replication, cell division, and cell differentiation (for a
review, see Ref. (40)). Proteins that require tight regulation of
nuclear localization generally contain clusters of basic resi-
dues—arginines and lysines—called nuclear localization sig-
nals (NLSs) (for reviews, see Refs. (41, 42)). These signals can
occur as individual clusters or as two or three clusters sepa-
rated by varying numbers of amino acid residues (usually
10–12). When more than one cluster appears, they are
referred to as bipartite or tripartite NLSs. The basic residues
of a classical NLS bind to transport proteins known as
importins or karyopherins, of which there are two major
families, the importin α proteins and the importin β proteins
(for review, see Refs. (43, 44). Generally, importin α isoforms
recognize various classical NLS types and then bind importin
βs (45). The importin α/β heterodimer then associates with
the nuclear pore complex, allowing for entry of the NLS-
containing protein into the nucleus. Once inside the nu-
cleus, the GTP-bound Ran protein binds importin β, and its
cargo is released (46). Some NLSs contain a phosphorylatable
residue near the signal that usually interferes with complex
formation but, in other cases, phosphorylation increases the
affinity of the cargo protein for importin α (for a review, see
Ref. (47)), including the SV40 T antigen (48) and the Hsp70/
Hsp90-organizing protein (49).

We report here that RKIP localizes primarily to the nu-
cleus in Madin-Darby canine kidney (MDCK) epithelial cells,
both in cultures that are subconfluent (with growing cells)
and those that are confluent (with quiescent cells). We also
found similar results in Cal-51 triple-negative human breast
cancer cells, as well as in RKIP reexpression experiments in
RKIP-silenced BT-20 human triple-negative breast cancer
cells. We confirmed by confocal microscopy that RKIP lo-
calizes inside the nucleus (nucleoplasm) in MDCK cells. We
identified a putative classical bipartite NLS consisting of
146-RGKFKVASFRKK-157 toward the C terminus of the
protein by bioinformatics analysis. We confirmed that the
putative NLS sequence mediates nuclear transport of RKIP
by analyzing the localization of RKIP point mutants of the
putative NLS and an RKIP deletion mutant fused to GFP or
GFP along with glutathione-S-transferase (GST). The regu-
latory serine residue 153, whose phosphorylation state helps
determine which binding partner RKIP associates with, is
located within this putative NLS sequence. We also found
that the mutation of certain basic residues (substitution of
arginines and lysines with asparagines alone and in combi-
nation) within the sequence impairs the nuclear accumula-
tion of RKIP, consistent with the functioning of the sequence
as an NLS. Fusion of the putative NLS sequence to GFP led
to a greater nuclear accumulation of GFP when compared
with GFP alone. RKIP interacts with an importin α iso-
form(s) in both BT-20 and MDA-MB-231 human triple-
negative breast cancer cells. The putative NLS in RKIP is
important to the function of RKIP in mitotic checkpoint
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control during the cell cycle in MCF-7 human breast cancer
cells.

Results

RKIP localization in the nucleus

MDCK cells immunofluorescently stained with an antiRKIP
antibody were examined for localization of RKIP, and nuclei
were visualized by staining with the DNA-binding fluorescent
dye 40,6-diamidino-2-phenylindole (DAPI). RKIP was localized
mainly to the nucleus (Fig. 1A). Immunofluorescent staining
with an anti-phospho-RKIP (Ser 153) antibody also showed
marked nuclear localization, as well as localization along the
edges of cells (Fig. 1B). Images obtained from slides in which
MDCK cells were subconfluent (Fig. 1, A and B), so still
growing, and also confluent (Fig. 1, C–E), so quiescent,
revealed nuclear localization for both total RKIP and phospho-
RKIP. Confocal microscopy of cells stained immuno-
fluorescently for total RKIP and visualized in an intranuclear
z-plane slice revealed that RKIP is predominately distributed
within the nucleoplasm and not in a perinuclear fashion
(Fig. 1E).

Evaluating other cell types, we found that the strong nuclear
localization of RKIP is not unique to MDCK cells. Endogenous
RKIP also primarily localized to nuclei in Cal-51 cells (Fig. 2),
as did reexpressed wildtype RKIP in RKIP-depleted BT-20 cells
(Fig. 6, see additional results with these cells later), as revealed
by confocal immunofluorescence microcopy after staining
with an anti-RKIP antibody.

Bioinformatic identification of a putative NLS in RKIP

We analyzed the full-length sequence of human RKIP with
the PredictNLS program (50) and identified a possible clas-
sical bipartite NLS stretching from amino acids 146 to 157.
The sequence consists of two clusters of basic residues with a
glycine in the sequence, which tends to prevent the formation
of any traditional secondary structure. The sequence contains
the Ser 153 that has been shown to undergo regulatory
phosphorylation by PKCα and PKCδ (14, 15). We also
queried the NetNES 1.1 (51) and LocNES (52) programs,
which search for classical leucine-rich nuclear export signals,
with the full human RKIP sequence and did not find any high-
scoring hits (the latter did predict with very low confidence a
possible nuclear export localization signal at residue positions
23–37).

Mapping the putative NLS onto the three-dimensional RKIP
structure

The putative NLS is highlighted in Figure 3 on a human
RKIP X-ray crystal structure with Protein Data Bank (PDB)
accession code 1BD9 (21). The putative NLS is on the surface
and solvent exposed, which would allow for access by importin
α. The small linker sequence folds inward, bringing both basic
clusters together, as is the case in other similar NLSs. The
sequence also maps to the same location on the surface of
other mammalian RKIP structures (PDB codes: 1A44, 1BEH,
1B7A, 2IQY, 2QYQ, and 2IQX) (21, 53–55), as well to the



Figure 1. Endogenous RKIP localizes to the nucleus of epithelial cells. A, cellular localization of total RKIP (RKIP and phospho-RKIP) in MDCK canine
kidney epithelial cells at subconfluent cell density so that the cells are still growing. B, cellular localization of endogenous phospho-RKIP (Ser 153) in MDCK
cells at subconfluent cell density such that cells are still proliferating. C, cellular localization of endogenous RKIP in MDCK cells at confluent cell density such
that the cells are quiescent. D, cellular localization of endogenous phospho-RKIP in MDCK cells at confluent cell density. E, confocal image of the cellular
localization of endogenous total RKIP (RKIP/phospho-RKIP) taken in an intranuclear plane, demonstrating nucleoplasmic rather than perinuclear localization.
The cells were fixed with formaldehyde, permeabilized, and probed with either an anti-pan-RKIP antibody that recognizes both unphosphorylated and
phosphorylated RKIP or an anti-phospho-RKIP (Ser 153)- antibody, and localization was visualized with Alexa Fluor 488-conjugated secondary antibody.
Nuclei were visualized with the DNA stain DAPI. The scale bar in the first panel on the left represents 50 μm, with all images at the same magnification. All
images are representative of at least three independent experiments.
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corresponding region of the murine PEBP-2 structure (PDB
code: 1KN3) (56), but is not found in bacterial, protozoan, or
plant homologs of RKIP/PEBP. The human sequence is iden-
tical to that in the bovine protein and almost identical to the
rat protein (where Ala 151 is instead a Glu residue).

GFP-GST-fused RKIP with a C-terminal deletion localizes
exclusively to the cytoplasm

We investigated whether RKIP is localized to the nucleus
through an active transport mechanism, despite its small size,
and confirmed that the sequence predicted by the PredictNLS
program (50) is necessary for nuclear localization. We gener-
ated two “large” chimeric proteins that are less likely to passively
diffuse across nuclear pores. GFP was fused to full-length GST-
RKIP (amino acids 1–187) and a GST-RKIP deletion mutant
(amino acids 1–134), with the putative NLS missing. The GST
fusions have been previously described by Yeung et al. (13). The
full-length GFP-GST-RKIP fusion protein (�72 kDa) was still
able to enter the nucleus in MDCK cells, whereas the smaller
GFP-GST-RKIP deletion mutant (�67 kDa) composed of
amino acid residues 1 to 134, lacking the putative NLS, dis-
played reduced nuclear localization (Fig. 4).
GFP fused to RKIP with mutated putative NLS sequences
results in decreased nuclear localization

To explore whether this sequence was indeed involved in
nuclear localization, we created various point mutations: six
single mutants, two triple mutants, and one hexamutant with
every basic residue mutated in the putative NLS (Table 1) The
arginine and lysine residues were replaced by asparagine res-
idues instead of the oft-used alanine to conserve the hydro-
philic nature of the residues. The wildtype and mutant
versions of RKIP were fused to GFP to visualize them in the
cell. After generating stable transfectants, we observed altered
localization in certain point mutants when compared with the
control, which corresponds to a ca. 2:1 nuclear:cytoplasmic
localization ratio by image analysis (Fig. 5). In addition to the
single point mutations, the triple mutants also showed
decreased nuclear localization when compared with the con-
trol. The most dramatic difference was observed with the
146-NGNFNVASFNNN-157 hexamutant (mutated residues
indicated in boldface) with a nuclear:cytoplasmic ratio of 0.97,
which would correspond to free equilibration between nucleus
and cytoplasm, indicating that the sequence indeed promotes
nuclear localization (Table 1 and Fig. 5B). To further
J. Biol. Chem. (2023) 299(4) 103023 3



Figure 2. Endogenous RKIP localizes to the nucleus of Cal-51 human
triple-negative breast cancer cells. Representative images of immuno-
fluorescent staining with an anti-RKIP antibody and the DNA stain DRAQ5.
RKIP knockdown (KD) and RKIP KO Cal-51 cells were used as primary anti-
body negative controls. IF, immunofluorescence; RKIP, Raf kinase inhibitor
protein.
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investigate the function of the identified putative NLS, we
reexpressed either wildtype or RKIP NLS mutants in BT-
20 cells that were previously depleted of RKIP expression by a
specific siRNA. Similar to the results for MDCK and Cal-
51 cells, RKIP-depleted BT-20 cells restored with wildtype
RKIP displayed prominent nuclear localization of RKIP stain-
ing. Importantly, the RKIP NLS hexamutant showed lower
nuclear localization (Fig. 6).

GFP fused to the putative NLS sequence localizes to the
nucleus

We further examined whether the sequence by itself
indeed functions as an NLS when fused to a heterologous
protein. We fused the NLS sequence to the C terminus of a
GFP construct. While GFP appears to be able to passively
diffuse through nuclear pores (57), we used a single GFP
gene fused to the putative NLS for convenience and looked
at accumulation above control levels in the fusion. The GFP-
NLS fusion was localized to a significantly greater extent to
4 J. Biol. Chem. (2023) 299(4) 103023
the nucleus and the plasma membrane than GFP alone
(Fig. 7, A and B).

RKIP interacts with an importin α isoform(s) in cells

To determine whether the nuclear transport of RKIP into
the nucleus is likely to occur through an importin-mediated
pathway, we performed coimmunoprecipitation experiments
with RKIP in FLAG-RKIP-expressing BT-20 cells and found
that FLAG-RKIP interacts with endogenous importin α by
probing with an anti-importin α5 (karyopherin α1) antibody
(Fig. 8A). We also looked at interaction of endogenous RKIP
to endogenous importin α in MDA-MB-231 cells by probing
with an anti-importin α5/α7 (karyopherin α1/α6) antibody,
finding that importin α again coimmmunoprecipitated with
RKIP (Fig. 8B). We obtained similar results in MDCK cells
and COS-7 African Green monkey kidney fibroblasts (un-
published data).

The nuclear localization of RKIP is required for its effect on
mitotic checkpoint regulation

RKIP has been shown to have a likely function in mitotic
checkpoint regulation, with siRNA-mediated depletion of
RKIP resulting in decreased numbers of metaphase cells and
shortened traversal times from prophase to anaphase (24). We
examined whether the putative NLS in RKIP may be involved
in this process. Reexpression of wildtype RKIP, but not the
RKIP NLS hexamutant, restored the shortened normal
traversal time from nuclear envelope breakdown to anaphase
resulting from the silencing of RKIP expression in MCF-7 cells
(Fig. 9). The effect is not cell line specific as we found that Cal-
51 cells exhibited similar changes on mitotic progression upon
RKIP knockdown and reexpression of the RKIP NLS hexam-
utant compared with the reexpression of wildtype RKIP
(unpublished results).

Discussion

RKIP is small enough to be able to passively diffuse into the
nucleus, but its localization in the nucleus has not been
examined before. We report here that the primary localiza-
tion of RKIP and phospho-RKIP (Ser 153) in MDCK epithelial
cells is in the nucleus (Fig. 1, A and B). We found consistent
results in Cal-51 cells (Fig. 2), as well as in reexpression
experiments with wildtype and NLS mutant RKIP in RKIP-
silenced BT-20 cells (Fig. 6). Similar results for phospho-
RKIP have been reported during mitosis prior to nuclear
envelope breakdown in HeLa cervical carcinoma cells and
Ptk-1 rat kangaroo kidney epithelial cells (24, 25), although in
MDCK cells, RKIP appears to localize to the nucleus during
interphase as well, as evidenced by images taken from
quiescent cells in confluent cell monolayers (Fig. 1, C and D).
Observation of endogenous RKIP and phospho-RKIP
confirmed that the protein is located inside the nucleus
(Fig. 1). By confocal microscopy of an intranuclear z-plane
slice, we found that it is localized throughout the nucleoplasm
and not confined to a perinuclear or other subnuclear loca-
tion (Fig. 1E). We identified the sequence 146-



Figure 3. Mapping of the putative nuclear localization signal (NLS) to the surface of RKIP. A, Putative mammalian RKIP/PEBP-1 and PEBP-2 NLS sequences,
predicted from analysis with the PredictNLS program (50). B, Putative NLS highlighted on a human RKIP X-ray crystal structure PDB code: 1BD9 (54) with
PyMOL (http://www.pymol.org/) in licorice-stick format for the NLS against wire-line rendition (left) and filled-surface rendition (right) of the rest of the
protein. The highly conserved putative NLS maps to the same location on the surface of other mammalian RKIP structures (PDB codes: 1A44, 1BEH, 1B7A,
2IQY, 2QYQ, and 2IQX) (21, 53–55), as well as in the murine PEBP-2 structure (PDB code: 1KN3) (56), but not in bacterial or protozoan homologs of RKIP/
PEBP.

Figure 4. Deletion of the C terminus of RKIP, which contains the putative nuclear localization signal (NLS), abrogates the nuclear localization of
RKIP. A, cellular localization of full-length wildtype RKIP (amino acids 1–187) and an RKIP truncate (C-terminal deletion mutant consisting only of amino
acids 1–134), each fused to GFP-glutathione-S-transferase (GST) in Madin–Darby canine kidney (MDCK) cells. Stable transfectants were plated onto glass
coverslips and fixed 24 h later. Nuclei were visualized with the DNA stain DAPI and imaged in the same field of view as the images for GFP fluorescence.
Representative images from at least three independent experiments are shown in each case. The scale bar in the first panel on the left represents 50 μm,
with all images at the same magnification. B, ratio of total nuclear GFP fluorescence to total cytoplasmic GFP fluoresence quantitated from the microscope
images of wildtype RKIP fused to GFP-GST or the RKIP truncate (which lacks the putative NLS) fused to GFP-GST. The mean and SEM are shown, with p value
for difference by unpaired two-tailed Student’s t test.
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Table 1
Point mutants generated in the arginine and lysine residues that
define the putative bipartite NLS of RKIP

Sequence Mutant name

146-RGKFKVASFRKK-157 Wildtype putative NLS
146-NGKFKVASFRKK-157 R146N
146-RGNFKVASFRKK-157 K148N
146-RGKFNVASFRKK-157 K150N
146-RGKFKVASFNKK-157 R155N
146-RGKFKVASFRNK-157 K156N
146-RGKFKVASFRKN-157 K157N
146-NGNFNVASFRKK-157 R146N, K148N, K150N
146-RGKFKVASFNNN-157 R155N, K156N, K157N
146-NGNFNVASFNNN-157 R155N, K148N, K150N,

R155N, K156N, K157N (hexamutant)

Nuclear Raf kinase inhibitor protein
RGKFKVASFRKK-157 in RKIP, containing two close clusters
of basic amino acids, as having a high probability of being a
classical bipartite NLS based on analysis with the PredictNLS
program (50). Examination of the crystal structure of RKIP
showed that the putative NLS is solvent exposed and is thus
potentially accessible to importin α proteins (Fig. 3). This
relatively C-terminal sequence in RKIP is highly conserved
and is present at the surface of all mammalian RKIP/PEBP-1
structures solved and uploaded to the PDB database. The
putative NLS is also present at the surface of murine PEBP-2.
However, weakly homologous sequences in bacterial and
protozoan RKIP/PEBP homologs for which three-
dimensional structures are available in the PDB do not map
to those proteins’ surface, although a partly homologous
sequence in the RKIP/PEBP homolog from the plant Arabi-
dopsis thaliana, FLOWERING LOCUS T protein, does map
to the protein’s surface. The location of the putative NLS at
the surface of mammalian RKIP/PEBP-1 structures uploaded
to the PDB suggests an important and conserved nuclear
function for RKIP, at least in mammals.

Shuttling in and out of the nucleus can generally occur
passively across the nuclear pore complex of the nuclear en-
velope for proteins smaller than �40 kDa (for a review, see
Ref. (58)). A number of small proteins have been reported to
be actively translocated into the nucleus. The small GTPase
Rac1 (21 kDa) possesses an NLS and is actively transported
into the nucleus in a cell cycle–dependent manner (59–61).
The 21-kDa protein histone H1� possesses multiple NLS ele-
ments, interacts with importin α, and translocates into the
nucleus by an active mechanism (62). Galectin-3 (26 kDa) can
enter the nucleus both passively and by an importin-mediated
NLS-dependent active pathway and is degraded more rapidly
in the absence of active nuclear transport (63, 64). The matrix
protein of the vesicular stomatitis virus has a size of 27 kDa
and contains two different NLS sequences that mediate active
transport into the nucleus (65–68). While it is clear that small
proteins can have NLS motifs and be actively transported into
the nucleus, it is interesting to speculate as to why this is so.
First of all, passive diffusion would not allow for unidirectional
vectorial translocation into the nucleus and enrichment above
a concentration at which the protein would simply equilibrate
between nucleus and cytoplasm, unless there were an
6 J. Biol. Chem. (2023) 299(4) 103023
anchoring or sequestration protein located in the nucleus and
passive nuclear exit were thus prevented. Secondly, smaller
proteins may associate with other proteins to form larger
complexes in the cytoplasm that are too big for passive
diffusion but have nuclear functions. In such cases, an NLS on
even a small protein in the complex could help mediate active
transport of the entire complex from the cytoplasm into the
nucleus.

Although RKIP is small enough at 21 kDa to potentially
passively diffuse into the nucleus, it is not evenly distributed
in the cell and appears to localize predominately in the nu-
cleus. We constructed a larger fusion protein (GFP-GST-
RKIP) that was �72 kDa to examine whether size was the
only factor in RKIP nuclear localization. The fusion protein
still exhibited nuclear localization (Fig. 4). On the other hand,
a slightly smaller fusion (GFP-GST-RKIP 1–134), with a size
of �67 kDa and lacking the C terminus with the putative
NLS, did not localize to the same degree to the nucleus
(Fig. 4). Single point mutations of the basic residues in the
GFP-GST-RKIP fusion proteins led to decreased nuclear
localization. Although individual mutations only resulted in
slightly decreased localization in the nucleus, multiple point
mutation of basic residues in the putative NLS led to uniform
distribution throughout the cell (Fig. 5).

Conversely, we examined bioinformatically whether a clas-
sical nuclear export signal may reside in RKIP and found no
solid evidence for the presence of one. Either cytoplasmic
movement of RKIP from the nucleus is controlled by a more
cryptic nuclear export signal or release from binding partners
in the nucleus allows for passive diffusion across nuclear pores
back to the cytosol.

Fusing the putative NLS to GFP led to a significantly higher
degree of nuclear distribution (Fig. 7, A and B). The GFP
control localized primarily to the nucleus as well but to a lesser
extent and with more diffuse distribution when compared with
that of the GFP-NLS fusion protein (Fig. 7, A and B). This,
along with the mutation and deletion protein results, show
that the C terminus of RKIP is integral to the nuclear locali-
zation process and that the sequence 146-RGKFKVASFRKK-
157 serves as a bona fide NLS. We also found that RKIP
interacts with an importin α isoform(s) in cells, through
coimmunoprecipitation of stably expressed FLAG-RKIP in
BT-20 cells or of endogenous RKIP in MDA-MB-231 cells
(Fig. 8, C and D). Similar results were also obtained in MDCK
and COS-7 cells (unpublished data). The collective results
strongly suggest that RKIP is actively transported into the
nucleus by an importin-mediated pathway.

A number of studies have shown that nuclear import can be
upregulated and downregulated by phosphorylation on resi-
dues located near an NLS in other proteins (for a review, see
Ref. (47)). RKIP contains a conserved serine residue (Ser 153),
a known site of RKIP phosphorylation and regulation in other
contexts (14, 15), located between the two basic regions of the
putative bipartite NLS. It is possible that the nuclear locali-
zation and function of RKIP could be regulated by phos-
phorylated on this residue.



Figure 5. Cellular localization of GFP fused with wildtype RKIP is predominately nuclear, whereas GFP-fused RKIP point mutants in the putative
nuclear localization signal (NLS) revealed decreased nuclear localization. A, cellular localization of wildtype RKIP and indicated RKIP mutants in the
putative NLS fused to GFP expressed in Madin-Darby canine kidney (MDCK) cells is shown. Cells stably expressing GFP fusion proteins were plated onto
glass coverslips and fixed 24 h later. Nuclei were visualized by DAPI staining and imaged in the same field of view as the images for GFP fluorescence. Scale
bar in the first panel on the left represents 50 μm, with all images at the same magnification. Images are representative of at least three independent
experiments in each case. B, the localization of RKIP in over 40 cells was quantified and is represented in the bar graph. The bars show the nuclear:cy-
toplasmic ratio expressed as the mean with SEM derived from three independent experiments. Asterisks indicate significant difference of p < 0.05 by
individual unpaired two-tailed Student’s t tests relative to control.

Nuclear Raf kinase inhibitor protein
RKIP appears to regulate a mitotic checkpoint(s) in normal
and cancer cells (24, 25). Downregulation of RKIP expression
relaxes the mitotic checkpoint with subsequent decrease in the
number of mitotic cells and shortened metaphase to anaphase
transition (24). The putative NLS we have identified appears
critical to the function of RKIP in mitotic checkpoint regula-
tion (Fig. 9). Our results raise the possibility that the mitotic
function of RKIP requires its presence in the nucleus before
the breakdown of the nuclear envelope during mitosis. It is
possible that RKIP regulates mitotic progression control by
interacting with nuclear mitotic checkpoint regulatory pro-
teins. The importance of the putative NLS in RKIP thus sug-
gests that RKIP needs to be imported into the nucleus prior to
nuclear envelope breakdown to fulfill its function in subse-
quent mitotic checkpoint control.

Enrichment in the nucleus to higher concentrations than
achievable through simple passive equilibration across the
nuclear envelope may be required for RKIP to fulfill its as-
yet unclear nuclear functions. Moreover, since RKIP forms
many different larger complexes that may be too big for
passive diffusion into the nucleus, the putative NLS of RKIP
could allow for transport of both RKIP and its bound
interacting partners into the nucleus. RKIP binds myriad
proteins including kinases involved in MAPK signaling such
as Raf-1 (12, 13), B-Raf (16, 17) (though possibly without
significant functional effects), ERK (13), and MAPK/ERK
J. Biol. Chem. (2023) 299(4) 103023 7



Figure 6. Localization of RKIP also involves the putative nuclear localization signal (NLS) in BT-20 human triple-negative breast cancer cells. A,
representative Western blot of BT-20 cells stably integrated with different combinations of the indicated constructs: (1) siLUC (control siRNA not affecting
RKIP expression) and empty vector control (EVC); (2) RKIP-knockdown (siRNA175) cells and EVC; (3) RKIP-knockdown cells re-expressing wildtype RKIP
(RKIPWT); and (4) RKIP-knockdown cells expressing RKIP NLS hexamutant (RKIPhexamut). B, cellular localization of RKIP and RKIP NLS hexamutant in BT-20 cells
described in A, showing nuclear localization of wildtype RKIP and reduced nuclear localization of the RKIP NLS mutant. Cells were fixed with methanol and
then incubated with an anti-RKIP antibody for RKIP immunofluorescence (IF) and the DNA stain DRAQ5 for nuclear visualization. C, quantitation of RKIP
immunofluorescent staining intensity in the cytoplasm and nucleus from the microscope images, expressed as mean and SEM, with p value for indicated
comparison by unpaired two-tailed Student’s t test.

Nuclear Raf kinase inhibitor protein
kinase (12, 13). RKIP also binds and regulates the function
of GRK2 (14, 15) and kinases involved in NF-κB processing
(transforming growth factor β-activated kinase 1, NIK,
IKKα, IKKβ (18), and tumor necrosis factor receptor–
associated factor 6 (19)). Furthermore, RKIP may have
scaffolding functions and so form even higher order com-
plexes, at least transiently (19).

In summary, upon noticing nuclear localization of endoge-
nous RKIP in MDCK epithelial cells, an observation that seems
to have not been made before, we found a sequence that has
high homology to a canonical bipartite NLS, and this sequence
appears integral to the nuclear localization of RKIP in MDCK,
Cal-51, and BT-20 cells. Furthermore, the presence of the
putative NLS is required for RKIP function in mitotic check-
point regulation in MCF-7 cells as well as in Cal-51 cells. We
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excluded the possibility of passive diffusion as the only method
for nuclear translocation and found that RKIP interacts with
importin α. The phosphorylation of the important regulatory
serine (Ser 153), which lies in the middle of the putative NLS,
could play a role in controlling the nuclear localization of
RKIP. Collectively, these data demonstrate the hitherto
ignored fact that RKIP is heavily localized to the nucleus, at
least in the epithelial and carcinoma cell lines we examined. To
our knowledge, no other publication has explicitly reported on
the nuclear localization and function of RKIP. The presump-
tion has always been that it operates mainly in the cytoplasm.
This makes the present study timely and significant, and it may
stimulate new ways of thinking about RKIP and new areas for
the further study of this important multifunctional signaling
regulatory protein.



Figure 7. Fusion of RKIP’s putative nuclear localization signal (NLS) to GFP alone results in its nuclear localization. A, cellular localization of GFP in
Madin–Darby canine kidney (MDCK) cells. Cellular localization of the putative NLS of RKIP (amino acid residues: 146-RGKFKVASFRKK-157) fused to the C
terminus of GFP alone. Stable transfectants expressing GFP and GFP-NLS were plated onto glass coverslips and fixed 24 h later. Scale bar in the first panel on
the left represents 50 μm, with all images at the same magnification. Images are representative of at least three independent experiments. B, nucle-
ar:cytoplasmic ratio of GFP fluorescence from the microscope images of GFP-expressing and GFP-NLS-expressing cells (mean and SEM shown, with p value
for difference by Student’s t test).

Nuclear Raf kinase inhibitor protein
Experimental procedures

Cell culture

MDCK cells were cultured in minimum essential medium
containing 10% newborn calf serum in a humidified incubator
at 37 �C with 5% CO2. Cal-51, BT-20, and MCF-7 histone
H2A-red fluorescent protein (H2A-RFP) fusion–expressed
cells were cultured in Dulbecco’s modified Eagle’s medium
(HyClone) with 10% fetal bovine serum (HyClone), and 1%
penicillin–streptomycin (HyClone). MDCK and BT-20 cells
were purchased from American Type Culture Collection. Cal-
51 and H2A-RFP-expressing MCF-7 cells were generous gifts
Figure 8. Importin α interacts with RKIP in cells. A, RKIP binds importin α
coimmunoprecipation with an anti-FLAG antibody. Western blot of cell lysate
α5 (karyopherin α1) antibody and anti-RKIP antibody, is representative of three
importin α in MDA-MB-231 human triple-negative breast cancer cells by immu
and co-IP samples, probed with anti-importin α5/α7 (karyopherin α1/α6) anti
ments. We obtained similar results in Madin–Darby canine kidney (MDCK) cel
from Drs Song-Tao Liu (University of Toledo) and Jason
Sheltzer (Cold Spring Harbor Laboratory), respectively.

Construction of GFP-tagged RKIP and RKIP mutants for
expression in cells

Human RKIP was cloned into the pEF6-GFP-Myc-His B
vector. Point mutant constructs were generated utilizing
primers designed with the Agilent QuikChange Primer Design
program. GST-tagged rat RKIP wildtype and deletion mutant
constructs were amplified from the PGEX-KG vector and
cloned into the pEF6-GFP-Myc-His B vector. The NLS
in cells. FLAG-RKIP expressed on BT-20 cells interacts with importin α by
input and coimmunoprecipitated (co-IP) samples, probed with anti-importin
independent experiments. B, endogenous RKIP interacts with endogenous
noprecipitation with an anti-RKIP antibody. Western blot of cell lysate input
body and anti-RKIP antibody, is representative of four independent experi-
ls and COS-7 African green monkey kidney fibroblasts (unpublished data).
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Figure 9. The putative nuclear localization signal (NLS) in RKIP is required for its RKIP’s function in mitotic checkpoint control. A, Western blot
showing expression of endogenous RKIP, FLAG-RKIP, and α-tubulin in MCF-7 human breast cancer cells stably expressing red fluorescent protein (RFP)-
tagged histone H2A and the following expression constructs: (1) siLuc as a control expressing an siRNA to firefly luciferase; (2) RKIP knockdown (siRKIP175),
complemented with empty vector control (EVC); (3) RKIP knockdown (siRKIP175), complemented with an RKIP NLS hexamutant construct (RKIPhexamut); and
(4) RKIP knockdown (siRKIP175), complemented with a wildtype RKIP construct (RKIPWT). B, comparison of mitosis duration of indicated MCF-7 expressing
different complementary DNA (cDNA) constructs from nuclear envelope breakdown (NEBD) to anaphase onset. ns, not significant; **p < 0.05 by unpaired
two-tailed Student’s t test; n, number of cells analyzed. In addition to these experiments in MCF-7 cells, we carried out preliminary experiments in Cal-
51 cells and obtained similar results on the effect of the RKIP NLS hexamutant in mitotic progression. C, representative microscope images of cells over the
course of the time-lapse videos, showing progress to NEBD to anaphase.

Nuclear Raf kinase inhibitor protein
sequence was generated by PCR amplification and cloned into
the pEF6-GFP-Myc-His B vector. The constructs were all
sequenced to confirm each point mutation or the deletion.
They were then transfected into MDCK cells with Lipofect-
amine 2000 according to the manufacturer’s protocol (Invi-
trogen). Stable transfectants were selected for 3 weeks with,
and subsequently also maintained in, blasticidin S (10 μg/ml).
For the experiments involving BT-20 cells and MCF-7 cells,
wildtype or mutant RKIP constructs were retrovirally delivered
into cells for stable expression.
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Fluorescence microscopy
MDCK cells were plated onto 12-mm coverslips, fixed 24 h

later with 3.7% formaldehyde in PBS for 20 min, permeabilized
with 0.5% Triton X-100 in PBS for 10 min, and then mounted
on microscope slides in MOWIOL 4-88 containing 1,4-
diazabicyclo[2.2.2]octane. For immunofluorescence, cells
were incubated with a rabbit anti-RKIP antibody (Santa Cruz
Biotechnology; catalog no.: sc-28837) or a rabbit anti-
phospho-RKIP (Ser 153) antibody (Santa Cruz Biotech-
nology; catalog no.: sc-32622) and stained with goat anti-rabbit
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immunoglobulin G (IgG) conjugated to Alexa Fluor 488
(Invitrogen). DAPI was used to stain the nuclei. The slides
were observed on a Leica DMI 6000B inverted fluorescence
microscope. Images were captured with a Hamamatsu Orca
AG cooled charge-coupled device camera.

Nuclear localization of RKIP by confocal microscopy was
examined to determine if the localization was throughout the
nucleoplasm or perinuclear only. The confocal images were
obtained with a Nikon A1R-A1 microscope system with NIS
Elements Viewer software.

For the experiments with the Cal-52 cell line, cells were
plated on laminin-coated (MilliporeSigma) glass coverslips and
grown until a visual confirmed desired confluency is reached.
Cells were washed with 1× PBS and fixed with −20 �C 100%
methanol for 10 min. Coverslips were incubated overnight with
a mouse anti-RKIP antibody (Santa Cruz Biotechnology; RKIP
H-10, catalog no.: sc-376925) followed by 1 h incubation with
goat anti-mouse IgG conjugated to Alexa Fluor 594 (1:2000
dilution; Thermo Fisher). Nuclei were visualized with the DNA
stain DRAQ5 (1:2000 dilution; Cell Signaling Technology)
before cells were mounted with PermaFluor (Thermo Fisher).
Fluorescence images were captured with a Leica TCS SP5
multiphoton laser scanning confocal microscope.

For quantification of nuclear and cytoplasmic protein
localization, three fields of view were imaged at random per
slide with three slides for each stably transfected cell line for a
total of nine fields of view. For image analysis, nuclei and cy-
tosols of cells were traced to determine the sum of the fluo-
rescence intensity in each traced area. Background intensity
was subtracted by tracing an empty area of the image and
subtracting that value from the individual nuclear and cyto-
plasmic fluorescence signals. The values were then expressed
as a ratio of signals in the nucleus over the cytoplasm with
Prism software (GraphPad Software, Inc).
Time-lapse microscopy

MCF-7 cells expressing the H2A-RFP fusion protein were
plated on a 6-well plate in Dulbecco’s modified Eagle’-s me-
dium with 10% fetal bovine serum and 1%
penicillinstreptomycin (HyClone). Cells were synchronized
with 2 mM thymidine (MilliporeSigma) in culture medium for
16 to 18 h under normal incubation conditions (37 �C and 5%
CO2), followed by washing and release into culture medium.
The plate was moved to a preincubated live cell imaging
chamber associated with the Zeiss Axio Observer 3/5/7 KMAT
microscope used for imaging. Cells were incubated (37 �C and
5% CO2) for 2 h prior to time-lapse image acquisitions. We
randomly selected four points in each well containing cells.
Each of these positions was imaged at 20× magnification every
4 min over the course of 18 h. Focus was confirmed manually
prior to beginning imaging process. Analysis was done with
Zeiss Zen 3.4 software.

Nuclear membrane breakdown (NEBD) was determined
based on changes in morphology visualized by time-lapse
imaging of the fluorescent H2A-RFP fusion protein in the
nucleus. Prior to NEBD, the nucleus is generally static and can
be described as a smooth bean in shape. When NEBD has
occurred, the nuclear edge is no longer smooth, and the DNA
begins condensing to the metaphase plate. The distinct change
in morphology to the nucleus was marked as frame 1/time 0:00
for the duration analysis. The total number of frames that pass
between this observation and full separation of daughter
chromatids during late anaphase was counted and multiplied
by four to give the duration of this process in minutes, and the
duration was confirmed by comparing the time stamps of the
two frames of interest. Data were plotted with GraphPad Prism
software to visualize the data and determine averages of each
group. Unpaired two-tailed Student’s t tests were performed to
compare different groups.

Preparation of RKIP-knockdown, RKIP-knockout, or RKIP-
expressing cells

RKIP-knockdown cells were generated with RNA
interference–based silencing as previously described (33).
CRISPR-Cas9 was used to knockout the RKIP gene in Cal-
51 cells by published methods (69). Successful knockdown or
knockout were confirmed by Western blot analysis.
Retrovirus-mediated gene transfer was used to reexpress
wildtype or mutant RKIP in RKIP-knockdown BT-20 cells.
Expression of the tagged RKIP fusions was confirmed by
Western blot analysis.

Coimmunoprecipitation experiments

Proliferating RKIP knockdown or FLAG-tagged RKIP-
rescued knockdown BT-20 cells were harvested and lysed in
PBS with 10% glycerol and 0.5% Triton X-100 on ice for
30 min. Samples were clarified by centrifugation at 14,000g for
10 min at 4 �C, and the supernatant was collected. Total pro-
tein concentration was determined by Bradford assay (70) with
Bio-Rad protein assay dye reagent. Clarified cell lysates (500 μl
at 1.4 mg/ml protein concentration) were incubated with 50 μl
of a 50% slurry of monoclonal anti-FLAG M2 affinity gel
(MilliporeSigma). Samples were incubated with gentle agitation
for 4 h at 4 �C. After incubation, samples were washed three
times with PBS containing 10% glycerol, 0.5% Triton X-100,
and 250 mM NaCl. Immunoprecipitated proteins were sepa-
rated by SDS-PAGE and transferred to 0.45 μm pore poly-
vinylidene difluoride membranes (Merck Millipore). After
transfer, the blots were cut in half by molecular weight. The
upper part was probed with rabbit anti-importin α5 (kar-
yopherin α1) antibody (MyBioSource; catalog no.: MBS719156)
at 1:1000 dilution overnight at 4 �C in PBS with 0.2% Tween-
20, 3% bovine serum albumin, and 0.02% sodium azide. The
lower part was probed with rabbit anti-RKIP antibody (12) at
1:1000 dilution for 1 h at room temperature. The membranes
were subsequently incubated with goat anti-rabbit IgG-horse-
radish peroxidase secondary antibody (MilliporeSigma). Pro-
teins were visualized by chemiluminescence.

To determine whether endogenous RKIP binds endogenous
importin α, MDA-MB-231 cells were plated onto 150-mm
tissue culture–treated plates. The cells were lysed 72 h later
with ice-cold 50 mM Tris–HCl (pH 7.4), 150 mM sodium
J. Biol. Chem. (2023) 299(4) 103023 11
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chloride, 5 mM EDTA, 1% Triton X-100, with protease in-
hibitor cocktail (Roche), and the extracts were clarified by
centrifugation at 15,000g for 5 min at 4 �C. Total protein
concentration was determined by Bradford assay (70). For
coimmunoprecipitation, protein G beads were first incubated
with 5 μg of mouse anti-RKIP/PEBP-1 antibody (Thermo
Fisher; catalog no.: 37-2100) in 10 mM Tris–HCl (pH 7.4) for
1 h at 4 �C. The beads were pelleted by centrifugation at 2400g
for 5 min at 4 �C (here and later between steps), blocked with
2% bovine serum albumin in 10 mM Tris–HCl (pH 7.4) for
30 min at 4 �C, then washed with 10 mM Tris-HCl (pH 7.4).
Clarified cell lysates (200 μl at 4 mg/ml protein concentration)
were added to the bead samples, with rotation for 2 h at 4 �C.
The beads were washed twice with 10 mM Tris (pH 7.4),
150 mM NaCl, and 0.2% Triton X-100. Proteins were eluted
from the beads with SDS sample buffer and then separated by
SDS-PAGE. After membrane transfer, the blots were cut in half
by molecular weight. The upper part was probed with rat anti-
importin α5/α7 (karyopherin α1/α6) antibody (1:200 dilution;
Santa Cruz Biotechnology, catalog no.: sc-101340), and the
bottom part with the anti-RKIP antibody (1:5000 dilution) for
2 h at room temperature. The membranes were incubated with
the appropriate goat anti-rat or goat anti-mouse IgG-
horseradish peroxidase secondary antibody (Sigma-Aldrich),
with proteins visualized by chemiluminescence.
Data availability

All data that support the findings of this study are available
from the corresponding author upon request.
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