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Abstract: Multiple isoforms of 14-3-3 proteins exist in different organisms. In mammalian cells, 14-3-3
protein has seven isoforms (α/β, ε, η, γ, σ, θ/τ, and δ/ζ), with α and δ representing the phosphorylated
versions of β and ζ, respectively. While the existence of multiple isoforms may represent one more
level of regulation in 14-3-3 signaling, our knowledge regarding the isoform-specific functions of
14-3-3 proteins is very limited. Determination of the subcellular localization of the different 14-3-3
isoforms could give us important clues of their specific functions. In this study, by using indirect
immunofluorescence, subcellular fractionation, and immunoblotting, we studied the subcellular
localization of the total 14-3-3 protein and each of the seven 14-3-3 isoforms; their redistribution
throughout the cell cycle; and their translocation in response to EGF in Cos-7 cells. We showed that
14-3-3 proteins are broadly distributed throughout the cell and associated with many subcellular
structures/organelles, including the plasma membrane (PM), mitochondria, ER, nucleus, microtubules,
and actin fibers. This broad distribution underlines the multiple functions identified for 14-3-3 proteins.
The different isoforms of 14-3-3 proteins have distinctive subcellular localizations, which suggest their
distinctive cellular functions. Most notably, 14-3-3η is almost exclusively localized to the mitochondria,
14-3-3γ is only localized to the nucleus, and 14-3-3σ strongly and specifically associated with the
centrosome during mitosis. We also examined the subcellular localization of the seven 14-3-3 isoforms
in other cells, including HEK-293, MDA-MB-231, and MCF-7 cells, which largely confirmed our
findings with Cos-7 cells.

Keywords: 14-3-3 proteins; isoforms; subcellular localization; mitochondria; centrosome; nucleus;
actin fibers; and microtubules

1. Introduction

Protein phosphorylation is a central mechanism regulating cell signaling, and 14-3-3 proteins are
important parts of this regulatory network, as they specifically bind to Ser and Thr phosphorylated
proteins. The 14-3-3 family proteins comprise seven isoforms and exist as homo- and/or heterodimers
in cells [1]. In mammalian cells, the r protein has seven isoforms (α/β, ε, γ, η, σ, θ/τ, and δ/ζ), with α
and δ representing the phosphorylated versions of β and ζ, respectively [2–6]. Through interactions
with Ser/Thr phosphorylated intracellular proteins, 14-3-3 proteins alter the activities, conformations,
and subcellular localizations of their binding proteins [1,4,7,8]. The proteins binding to 14-3-3
proteins are involved in cytoskeleton remodeling, cell signaling, transcription regulation, and DNA
repair. Thus, 14-3-3 proteins are able to regulate diverse cellular functions, including cell motility, cell
cycle, cell proliferation, and apoptosis. Noticeably, many proteins involved in actin remodeling have
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recently been identified as 14-3-3 binding partners [5–7,9]. While the overexpression of 14-3-3 proteins
has been implicated in many cancers, down-regulation of 14-3-3 expression plays a role in tumor
suppression [10–15]. For example, several 14-3-3 protein isoforms, including β, γ, ε, ζ and θ, are highly
expressed in lung cancer [16]. Many breast cancer patients show the overexpression of 14-3-3θ, and this
overexpression is associated with a lower survival rate [17]. Particularly, 14-3-3τ promotes cell growth
by stimulating ubiquitin-independent proteasome degradation of p21Waf1/Cip1 (the cyclin-dependent
kinase inhibitor) [17]. Of all the 14-3-3 isoforms, 14-3-3σ and ζ have been most directly linked to cancer;
however, they produce opposite effects [18]. 14-3-3σ induces cell cycle arrest at the G2-M transition
to function as a tumor suppressor [19]. Expression of 14-3-3σ has been shown to be down-regulated
in many cancers, including prostate [20], bladder [21], and ovarian cancers [22]. In contrast, 14-3-3ζ
shows oncogenic effects. Its overexpression is linked to enhanced tumor growth. The inhibition of
14-3-3ζ has been a targeted therapeutic strategy in prostate cancer treatment [23,24].

14-3-3 proteins are evolutionarily conserved with molecular weights ranging from 28 to 33 kDa.
The 14-3-3 proteins are widely expressed and bind to a large number of intracellular proteins in normal
and cancer cells [25,26]. Two phosphorylation-dependent high-affinity binding motifs have been
originally defined for binding 14-3-3 proteins: RSXpSXP (mode I) and RXY/FXpSXP (mode II) [27,28].
In addition, 14-3-3 proteins also bind to the extreme C-termini (pSX1–2–COOH) of numerous proteins.
This motif was recently defined as mode III [6,29,30].

In mammalian cells, the 14-3-3 protein has seven isoforms and each isoform is encoded by a
separate gene [1]. While the existence of multiple isoforms may represent one more level of regulation
in 14-3-3 signaling, our knowledge regarding the isoform-specific functions of 14-3-3 proteins is very
limited. The difficulty in studying the isoform-specific function is partly due to the numerous and
varied functions proposed for these proteins.

Determination of the subcellular localization of the different 14-3-3 isoforms could give us
important clues of their specific functions. While there are some limited studies regarding the
subcellular localizations of 14-3-3 isoforms, they are mostly regarding the 14-3-3 proteins in yeast,
flies, and plants [31,32]. It was previously reported that both 14-3-3γ and ε are associated with the
centrosome in the human spleen [33]. It was recently shown that 14-3-3γ is localized to the centrosome
and the loss of 14-3-3γ leads to centrosome amplification [34]. All brain isoforms of 14-3-3 were
detected in the cytoplasmic compartment of the rat hippocampus, while 14-3-3γ and ζ were also
present in mitochondrial and microsome-enriched fractions [35]. Initially, 14-3-3ζ was localized in the
glial cell progenitor cytoplasm but translocated into the nucleus when the progenitor differentiated [36].
It was further reported that 14-3-3ζ regulates the nuclear trafficking of protein phosphatase 1α [37].
The 14-3-3θ isoform is also localized in both the cytoplasm and the nucleus and forms a ternary protein
complex with serum- and glucocorticoid-induced protein kinase 1 and Tau, a microtubule-associated
protein [38]. Tissue and cell-specific expressions of 14-3-3 isoforms have also been reported [36,39].

So far there has not been any comprehensive study to determine the subcellular localization of
each of the seven 14-3-3 isoforms, their specific redistributions throughout the cell cycle, and their
translocations in response to growth factors in the same cells/tissues. In this study, by using indirect
immunofluorescence, subcellular fractionation, and immunoblotting, we studied the subcellular
localization of the total 14-3-3 protein and each of the seven 14-3-3 isoforms, their redistribution
throughout the cell cycle, and their translocation in response to EGF in Cos-7 cells. We showed that
14-3-3 isoforms have very different subcellular localization profiles, which could reflect their distinctive
roles in regulating cell functions through interacting with a variety of other proteins.

2. Results

2.1. The Expression and Subcellular Localization of Total and Each Isoform of 14-3-3 Proteins

We first determined the expression of the total 14-3-3 proteins (with a pan 14-3-3 protein antibody)
and each of the seven 14-3-3 isoforms by immunoblotting in Cos-7 cells. As shown in Figure 1A, the pan
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14-3-3 antibody detected three bands with molecular weights of 28, 30, and 33 kDa, respectively. Each
of the seven 14-3-3 isoforms is readily detectable with antibodies specific to the isoforms. The molecular
weights of 14-3-3β, η, and γ correspond to the lower band of pan 14-3-3 at 28 kDa. The molecular
weights of 14-3-3ε, θ, and ζ correspond to the middle band of pan 14-3-3 at 30 kDa. The molecular
weight of 14-3-3σ corresponds to the higher band of pan 14-3-3 at 33 kDa. All of the blots for the
isoforms only show one band, except for 14-3-3β. In the 14-3-3β blot, there is one strong band and the
other band is very weak. However, this still suggests that our 14-3-3β antibody may have some weak
interactions with another isoform.

We next examined the subcellular localization of total 14-3-3 and each 14-3-3 isoform by indirect
immunofluorescence. As shown in Figure 1B, pan 14-3-3 was stained positive both in the nucleus
and in the cytoplasm, and in the cell junctions. The most prominent cytoplasm stain of pan 14-3-3
is a fiber-like pattern both near the plasma membrane and across the cell, which resembles the actin
fibers. In addition, pan 14-3-3 also stained positive throughout the cytoplasm. 14-3-3β showed both
cytoplasmic and nuclear stains. We also observed certain weak microtubule-like patterns of 14-3-3β.
14-3-3ε is almost exclusively localized in the cytoplasm. In the cytoplasm, 14-3-3ε stains showed
strong particles, mostly in the perinuclear region in one side of the nucleus, most likely associated
with the Golgi apparatus. 14-3-3η, γ, σ, and ζ all showed very specific stains, indicating their specific
subcellular localizations. 14-3-3η showed an almost exclusive mitochondrial pattern, which suggests
that 14-3-3η is solely localized to the mitochondria. 14-3-3γwas completely localized to the nucleus.
14-3-3γ formed fine particles throughout the nucleus but was absent from the nucleoli. In interphase
cells, 14-3-3σ was stained positive both in the nucleus and in the cytoplasm. However, most strikingly,
14-3-3σ showed strong and specific centrosome staining during mitosis. 14-3-3θ is localized to both
the nucleus and the cytoplasm but did not show specific associations with any organelle. 14-3-3ζ
is exclusively localized to the cytoplasm, without any nuclear presence. In the cytoplasm, 14-3-3ζ
showed some weak ER patterns and microtubule patterns.

We further confirmed our immunofluorescence observations by subcellular fractionation and
immunoblotting. We isolated nuclear fractions from the total cell homogenates. By using lamin A
as the marker for the nucleus and α-tubulin as the marker for the cytoplasm, we showed that our
fractionations are very specific (Figure 1C,D). As shown in Figure 1C,D, 14-3-3β, ε, θ, σ, and ζwere
detectable in both the nuclear and the cytoplasmic fractions; 14-3-3γwas only detectable in the nuclear
fraction; and 14-3-3η and σwere primarily detected in the cytoplasmic fractions.

It is important to test the specificities of the antibodies and to validate our observations. Among
the antibodies to the seven 14-3-3 isoforms, four antibodies, including antibodies to 14-3-3β, ε, γ, and σ,
are raised against short peptides. As such, we tested their specificity by using the peptides as blocking
reagents. We showed that in a dose-dependent manner, these peptides specifically and effectively
blocked the observed positive stains in IF (Figure 2A).

For three antibodies, including those for 14-3-3η, θ, and ζ, there were no blocking peptides
available. To validate our IF data, we performed the same experiments with different antibodies against
those isoforms. As shown in Figure 2B, similar subcellular localizations of these 14-3-3 isoforms were
revealed by these new antibodies.

Only three of the seven isoforms, including 14-3-3η, γ, and σ showed very specific subcellular
localizations to mitochondria, the nucleus, and the centrosome, respectively. We further examined
the specificities of the three antibodies by siRNA knockdowns followed by immunoblotting and
immunofluorescence. As shown in Figure 2C,D, when 14-3-3η, γ, and σwere knocked down by siRNA
in HEK 293 cells, the isoform-specific antibodies to 14-3-3η, γ, and σ did not detect the corresponding
14-3-3 protein isoforms by immunoblotting (Figure 2C) or immunofluorescence (Figure 2D), which further
validated the specificities of the antibodies.
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Figure 1. Subcellular localization of total 14-3-3 protein and the seven 14-3-3 isoforms in Cos-7 cells. 

The total 14-3-3 protein was determined by a pan14-3-3 antibody. Each 14-3-3 isoform was determined 

by antibodies to each specific isoform. Immunoblotting, immunofluorescence, and subcellular 

fractionation were performed as described in Materials and Methods. (A) The expression level of total 

protein and seven isoforms of 14-3-3 protein by immunoblotting in Cos-7 cells. The expression of 

tubulin was used as a control. (B) Subcellular localization of pan14-3-3 and seven 14-3-3 isoforms in 

Cos-7 cells by immunofluorescence. 14-3-3 proteins were revealed by TRITC (red) and the chromatin 

was stained by DAPI (blue). Scale bar = 10 µm. (C) Nuclear and cytoplasmic localization of 14-3-3 

proteins by subcellular fractionation followed by immunoblotting. A-Tubulin was used as a marker 

for cytoplasm and lamin A was used as a marker for the nucleus. (D) Quantification of the results 

from (C). each value is the average of three experiments and the error bar is the standard error. **** p 

< 0.0001; *** p < 0.001. 

Figure 1. Subcellular localization of total 14-3-3 protein and the seven 14-3-3 isoforms in Cos-7 cells.
The total 14-3-3 protein was determined by a pan14-3-3 antibody. Each 14-3-3 isoform was determined by
antibodies to each specific isoform. Immunoblotting, immunofluorescence, and subcellular fractionation
were performed as described in Materials and Methods. (A) The expression level of total protein and
seven isoforms of 14-3-3 protein by immunoblotting in Cos-7 cells. The expression of tubulin was
used as a control. (B) Subcellular localization of pan14-3-3 and seven 14-3-3 isoforms in Cos-7 cells by
immunofluorescence. 14-3-3 proteins were revealed by TRITC (red) and the chromatin was stained
by DAPI (blue). Scale bar = 10 µm. (C) Nuclear and cytoplasmic localization of 14-3-3 proteins by
subcellular fractionation followed by immunoblotting. A-Tubulin was used as a marker for cytoplasm
and lamin A was used as a marker for the nucleus. (D) Quantification of the results from (C). each value
is the average of three experiments and the error bar is the standard error. **** p < 0.0001; *** p < 0.001.
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We next examined the subcellular localization and the translocation of the total 14-3-3 protein 

and each of the seven 14-3-3 isoforms in response to EGF and during the cell cycle by indirect 

immunofluorescence. We first studied the total 14-3-3 (pan14-3-3) protein in Cos-7 cells by using a 

pan 14-3-3 antibody. 

Based on the pattern of the subcellular distribution of pan14-3-3, we examined if pan14-3-3 co-
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localization by Mander’s coefficients. α-Actin and α-tubulin are the markers for the cytoskeleton, 

HSP60 is the marker for the mitochondria, calnexin is the marker for the endoplasmic reticulum (ER), 

and phosphorylated EGFR (pEGFR) is the marker for the plasma membrane (PM) and the 

Figure 2. Control experiments to determine the specificities of the antibodies used in Figure 1 by
indirect immunofluorescence in Cos-7 cells. (A) The effects of blocking peptides for 14-3-3β, ε, γ, and σ.
The indirect immunofluorescence experiments were performed as described for Figure 1, except that
the antibodies were incubated with blocking peptides of the indicated concentration for 1 h prior to
incubation with the cells. (B) The subcellular localizations of 14-3-3η, θ, and ζ were determined by
antibodies different from those used in Figure 1; (C) 14-3-3η, γ, and σ were knocked down in HEK 293
cells by siRNA, and the expressions of these isoforms were examined by immunoblotting with the
corresponding antibodies. (D) 14-3-3η, γ, and σwere knocked down in HEK 293 cells by siRNA and the
expressions of these isoforms were examined by indirect immunofluorescence with the corresponding
antibodies. Scale bar = 10 µm.

2.2. Subcellular Localization and Translocation of Pan 14-3-3 in Response to EGF and During the Cell Cycle

We next examined the subcellular localization and the translocation of the total 14-3-3 protein
and each of the seven 14-3-3 isoforms in response to EGF and during the cell cycle by indirect
immunofluorescence. We first studied the total 14-3-3 (pan14-3-3) protein in Cos-7 cells by using a pan
14-3-3 antibody.

Based on the pattern of the subcellular distribution of pan14-3-3, we examined if pan14-3-3 co-localizes
with various markers by immunofluorescence and quantitatively analyzed the co-localization by Mander’s
coefficients. α-Actin and α-tubulin are the markers for the cytoskeleton, HSP60 is the marker for the
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mitochondria, calnexin is the marker for the endoplasmic reticulum (ER), and phosphorylated EGFR
(pEGFR) is the marker for the plasma membrane (PM) and the endosomes. Shown in Figure 3, pan14-3-3
strongly co-localized with actin fibers, especially in the regions close to the cell membrane, possibly
lamellipodium (Figure 3A). Pan14-3-3 showed very limited co-localization with tubulin (Figure 3B)
and HSP60 (Figure 3C), but noticeable co-localization with calnexin (Figure 3D). The localization of
pan14-3-3 in both the nucleus and the cytosol was also prominent.
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Figure 3. Subcellular localization of the pan14-3-3 protein in Cos-7 cells by double indirect
immunofluorescence. (A) Co-localization of pan14-3-3 (red) and actin (green); (B) co-localization of
pan14-3-3 protein (red) and tubulin (green); (C) co-localization of pan14-3-3 protein (red) and HSP60
(green); (D) co-localization of pan14-3-3 protein (red) and calnexin (green). For (A–D), the zoomed-in
areas were used to calculate Mander’s coefficients. (E) Subcellular localization of pan14-3-3 protein
during the cell cycle and in response to EGF. With or without EGF stimulation, pan14-3-3 proteins (red)
and pEGFR (green) were revealed by double indirect immunofluorescence. Mitotic cells are labeled by
* and endosomes are marked by arrows. Scale bar = 10 µm.
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We then examined whether EGF stimulates the re-distribution of pan14-3-3 and whether the
subcellular localization of pan14-3-3 changed during mitosis. As shown in Figure 3E, EGF seemed to
increase the localization of pan14-3-3 to the fiber structures, likely actin, as revealed above in Figure 3A.
Similarly, the fiber-like stain of pan14-3-3 was also stronger in mitotic cells than the cells in interphase.
As pEGFR localized mostly in the PM following EGF stimulation for 5 min, and in the endosome and
the lysosome following longer EGFR stimulation, pEGFR is a good maker for the endocytic pathway.
As shown in Figure 3E, 14-3-3 had limited co-localization with pEGFR at the PM and in the endosomes.

Together, pan14-3-3 was localized to many compartments of the cell, including actin fibers,
microtubules, mitochondria, the ER, the PM, the nucleus, and the cytosol.

2.3. Subcellular Localization and Translocation of 14-3-3β in Response to EGF and During the Cell Cycle

We then examined the subcellular localization and the translocation of 14-3-3β in response to EGF
and during the cell cycle in Cos-7 cells. Co-localization by double indirect immunofluorescence showed
that 14-3-3β had some co-localization with actin fibers (Figure 4A), but quite strong co-localization
with microtubules (Figure 4B). We also observed co-localization of 14-3-3βwith HSP60 in the distal
region of the cell (Figure 4C) and with calnexin (Figure 4D).

We did not observe meaningful changes in terms of the subcellular localization of 14-3-3β in
response to EGF stimulation (Figure 4E). The 14-3-3β stain for mitotic cells was stronger than that in
interphase cells, but this could be due to the round-up of the cell during mitosis (Figure 4E). We also
did not observe the co-localization between 14-3-3β and pEGFR (Figure 4E).

2.4. Subcellular Localization and Translocation of 14-3-3ε in Response to EGF and During the Cell Cycle

We next examined the subcellular localization and the translocation of 14-3-3ε in response to EGF
and during the cell cycle in Cos-7 cells. Co-localization by double indirect immunofluorescence showed
that 14-3-3ε had very weak co-localization with actin fibers (Figure 5A), but strong co-localization with
microtubules (Figure 5B). 14-3-3ε is most diffusely distributed within the cytoplasm.

EGF stimulation did not cause observable changes in the subcellular localization of 14-3-3ε
(Figure 5C). There were also very few changes in 14-3-3ε subcellular distributions during mitosis
(Figure 5C). We also did not observe co-localization between 14-3-3ε and pEGFR (Figure 5C).

2.5. Subcellular Localization and Translocation of 14-3-3η in Response to EGF and During the Cell Cycle

The next isoform studied was 14-3-3η. By using double indirect immunofluorescence, we first
examined the co-localization of 14-3-3ηwith HSP60, as 14-3-3η showed very clear and almost exclusive
mitochondrial localization in Figure 1. Indeed, as shown in Figure 6A, 14-3-3η very strongly co-localized
with HSP60. Moreover, EGF stimulation did not change the mitochondrial localization of 14-3-3η
(Figure 6B). However, in most cases, the stain of 14-3-3ηwas weaker during mitosis (Figure 6B).

2.6. Subcellular Localization and Translocation of 14-3-3γ in Response to EGF and During the Cell Cycle

We showed above that 14-3-3γ was exclusively localized to the nucleus (Figure 1). We examined
the translocation of 14-3-3γ in response to EGF and during the cell cycle by double indirect
immunofluorescence in Cos-7 cells. As shown in Figure 7A, with or without EGF stimulation,
14-3-3γ is only localized to the nucleus. However, it is interesting to notice that following EGF
stimulation, the pattern of 14-3-3γ stain within the nucleus changes. In the absence of EGF, 14-3-3γ
formed large particles in the nucleus; however, following EGF stimulation for 5 and 15 min, 14-3-3γ
formed much smaller particles (Figure 7A,B). During mitosis, 14-3-3γ is diffusely distributed throughout
the cells as the nuclear membrane is broken down (Figure 1A). It seemed that 14-3-3γwas not associated
with any structures but just evenly distributed in the cell.



Int. J. Mol. Sci. 2020, 21, 318 8 of 24

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 24 

 

 

Figure 4. Subcellular localization of 14-3-3β in Cos-7 cells by double indirect immunofluorescence. 

(A) Co-localization of 14-3-3β (red) and actin (green); (B) co-localization of 14-3-3β (red) and tubulin 

(green); (C) co-localization of 14-3-3β (red) and HSP60 (green); (D) co-localization of 14-3-3β (red) and 

calnexin (green). For (A–D), the zoomed-in areas were used to calculate Mander’s coefficients. (E) 

Subcellular localization of 14-3-3β during the cell cycle and in response to EGF. With or without EGF 

stimulation, 14-3-3β (red) and pEGFR (green) were revealed by double indirect immunofluorescence. 

Mitotic cells are labeled by * and endosomes are marked by arrows. Scale bar = 10 μm. 

Figure 4. Subcellular localization of 14-3-3β in Cos-7 cells by double indirect immunofluorescence.
(A) Co-localization of 14-3-3β (red) and actin (green); (B) co-localization of 14-3-3β (red) and tubulin
(green); (C) co-localization of 14-3-3β (red) and HSP60 (green); (D) co-localization of 14-3-3β (red)
and calnexin (green). For (A–D), the zoomed-in areas were used to calculate Mander’s coefficients.
(E) Subcellular localization of 14-3-3β during the cell cycle and in response to EGF. With or without EGF
stimulation, 14-3-3β (red) and pEGFR (green) were revealed by double indirect immunofluorescence.
Mitotic cells are labeled by * and endosomes are marked by arrows. Scale bar = 10 µm.
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Figure 5. Subcellular localization of 14-3-3ε in Cos-7 cells by double indirect immunofluorescence.
(A) Co-localization of 14-3-3ε (red) and actin (green); (B) co-localization of 14-3-3ε (red) and tubulin
(green). For (A,B), the zoomed-in areas were used to calculate Mander’s coefficients. (C) Subcellular
localization of 14-3-3ε during the cell cycle and in response to EGF. With or without EGF stimulation,
14-3-3ε (red) and pEGFR (green) were revealed by double indirect immunofluorescence. Mitotic cells
are labeled by * and endosomes are marked by arrows. Scale bar = 10 µm.
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Figure 6. Subcellular localization of 14-3-3η in Cos-7 cells by double indirect immunofluorescence.
(A) Co-localization of 14-3-3η (red) and HSP60 (green). The zoomed-in areas were used to calculate
Mander’s coefficients. (B) Subcellular localization of 14-3-3η during the cell cycle and in response
to EGF. With or without EGF stimulation, 14-3-3η (red) and pEGFR (green) were revealed by double
indirect immunofluorescence. Mitotic cells are labeled by * and endosomes are marked by arrows.
Scale bar = 10 µm.
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Figure 7. Subcellular localization of 14-3-3γ in Cos-7 cells by double indirect immunofluorescence.
(A) Subcellular localization of 14-3-3γ during the cell cycle and in response to EGF. With or without EGF
stimulation, 14-3-3γ (red) and pEGFR (green) were revealed by double indirect immunofluorescence.
Mitotic cells are labeled by * and endosomes are marked by arrows. The zoomed-in areas were used to
calculate Mander’s coefficients between blue and red channels. (B) Black and white images highlight
the changes in the 14-3-3γ stain. The three images are the same as the three images in the far left panel
in (A). Scale bar = 10 µm.

2.7. Subcellular Localization and Translocation of 14-3-3σ in Response to EGF and During the Cell Cycle

We next examined the subcellular localization and the translocation of 14-3-3σ in response to EGF
and during the cell cycle in Cos-7 cells by double indirect immunofluorescence. We showed above
that 14-3-3σ localized to both the cytoplasm and the nucleus in interphase but strongly associated
with the putative centrosome during mitosis (Figure 1). Here, we first examined the co-localization
of 14-3-3σ with microtubules during mitosis. As shown in Figure 8A, 14-3-3σ strongly co-localized
with microtubules in the spindle pole of tubulin spindle. We also examined the effects of EGF on the
subcellular localization of 14-3-3σ and found no changes in response to EGF (Figure 8B).
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changes were observed (Figure 9D) 

Figure 8. Subcellular localization of 14-3-3σ in Cos-7 cells by double indirect immunofluorescence.
(A) Co-localization of 14-3-3σ (red) and tubulin (green) during mitosis. The zoomed-in areas were used
to calculate Mander’s coefficients. (B) Subcellular localization of 14-3-3σ during the cell cycle and in
response to EGF. With or without EGF stimulation, 14-3-3σ (red) and pEGFR (green) were revealed
by double indirect immunofluorescence. Mitotic cells are labeled by * and endosomes are marked by
arrows. Scale bar = 10 µm.

2.8. Subcellular Localization and Translocation of 14-3-3θ in response to EGF and During the Cell Cycle

We examined the co-localization of 14-3-3θwith various markers by double indirect immunofluorescence
in Cos-7 cells. 14-3-3θ was co-localized with actin near the PM (Figure 9A). There was also noticeable
co-localization between 14-3-3θ and microtubules near the nuclear membrane (Figure 9B). There was a
strong co-localization between 14-3-3θ and calnexin (Figure 9C). We then examined the translocation
of 14-3-3θ in response to EGF and during the cell cycle. The addition of EGF did not change the
subcellular localization of 14-3-3θ (Figure 9D). During mitosis, in the absence of nuclear membrane,
14-3-3θ is distributed throughout the cell and no specific pattern changes were observed (Figure 9D).
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Figure 9. Subcellular localization of 14-3-3θ in Cos-7 cells by double indirect immunofluorescence.
(A) Co-localization of 14-3-3θ (red) and actin (green); (B) co-localization of 14-3-3θ (red) and tubulin
(green); (C) co-localization of 14-3-3θ (red) and calnexin (green). For (A–C), the zoomed-in areas were
used to calculate Mander’s coefficients. (D) Subcellular localization of 14-3-3θ during the cell cycle and
in response to EGF. With or without EGF stimulation, 14-3-3θ (red) and pEGFR (green) were revealed
by double indirect immunofluorescence. Mitotic cells are labeled by * and endosomes are marked by
arrows. Scale bar = 10 µm.

2.9. Subcellular Localization and Translocation of 14-3-3ζ in Response to EGF and During the Cell Cycle

Finally, we examined the co-localization of 14-3-3ζ with actin, tubulin, and calnexin. As shown in
Figure 10A, 14-3-3ζ showed strong co-localization with actin fibers near the PM. 14-3-3ζ also showed
co-localization with microtubules (Figure 10B). The co-localization between 14-3-3ζ and calnexin was
also observed (Figure 10C). Stimulation with EGF did not induce the subcellular translocation of
14-3-3ζ; however, the fiber-like pattern of 14-3-3ζ seemed stronger in response to EGF (Figure 10D).
14-3-3ζ, in mitotic cells, generally had stronger PM localization (Figure 10D). Interestingly, we observed
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the co-localization between 14-3-3ζ with pEGFR in the PM following EGF stimulation for 5 min
(Figure 10E).
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Figure 10. Subcellular localization of 14-3-3ζ in Cos-7 cells by double indirect immunofluorescence.
(A) Co-localization of 14-3-3ζ (red) and actin (green); (B) co-localization of 14-3-3ζ (red) and tubulin
(green); (C) co-localization of 14-3-3ζ (red) and calnexin (green). (D) Subcellular localization of 14-3-3ζ
during the cell cycle and in response to EGF. With or without EGF stimulation, 14-3-3ζ (red) and pEGFR
(green) were revealed by double indirect immunofluorescence. (E) Co-localization of 14-3-3ζ (red) and
pEGFR (green) following EGF stimulation for 5 min. Mitotic cells are labeled by * and endosomes are
marked by arrows. Scale bar = 10 µm.
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2.10. The Expression and Subcellular Localization of Total 14-3-3 Protein and Each 14-3-3 Isoform in Human
Cell Lines

All of the above experiments were performed in Cos-7 cells derived from monkey kidney
fibroblasts. Here, we further examined the subcellular localization of total 14-3-3 protein and each
14-3-3 isoform in human cell lines, including HEK 293 cells derived from human embryonic kidneys,
and two breast cancer cell lines: MDA-MB-231 cells and MCF-7 cells.

As shown in Figure 11, in HEK 293 cells, a total 14-3-3 protein was localized throughout the
cells with the 14-3-3pan antibody. Like in Cos-7 cells, the most prominent cytoplasmic stain of pan
14-3-3 was the fiber-like pattern both near the plasma membrane and across the cell. One noticeable
difference was that in Cos-7 cells, the fiber-like stain was mostly near the plasma membrane, but in
HEK 293 cells, the fiber-like stain was mostly within the cytoplasm. Like in Cos-7 cells, 14-3-3β and ε
localized to both the nucleus and the cytoplasm and did not associate with specific organelles. We also
observed very specific and strong staining patterns for 14-3-3η, γ, and σ. Similar Cos-7 cells, in HEK
293 cells, 14-3-3η showed a strong mitochondrial pattern. 14-3-3γ was mostly localized to the nucleus.
In interphase cells, the 14-3-3σ stain was stronger in the nucleus than in the cytoplasm. However, most
strikingly, 14-3-3σ showed strong and specific putative centrosome staining during mitosis. 14-3-3θ
and ζ showed no specific staining patterns and seemed localized throughout the cell.
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Figure 11. Subcellular localization of the total 14-3-3 protein and the seven 14-3-3 isoforms in HEK 293 cells
by immunofluorescence. The total 14-3-3 protein was determined by a pan14-3-3 antibody. Each 14-3-3
isoform was determined by antibodies to each specific isoform. Immunoblotting, immunofluorescence,
and subcellular fractionation were performed as described in Materials and Methods. 14-3-3 proteins
were revealed by TRITC (red) and the chromatin was stained by DAPI (blue). Scale bar = 10 µm.

We then examined the subcellular localization of the total 14-3-3 protein and each 14-3-3 isoform
in human breast cancer cell lines, including MDA-MB-231 cells (Figure 12) and MCF-7 cells (Figure 13).
As shown in Figures 12 and 13, 14-3-3pan and each of the seven isoforms showed very similar staining
patterns to Cos-7 cells and to HEK 293 cells. While 14-3-3β, ε, θ, and ζ did not specifically associate
with any organelle, 14-3-3η, γ, and σ clearly associated with the mitochondria, the nucleus, and the
centrosome, respectively.
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Figure 12. Subcellular localization of the total 14-3-3 protein and the seven 14-3-3 isoforms in
MDA-MB-231 cells by immunofluorescence. The total 14-3-3 proteins were determined by a pan14-3-3
antibody. Each 14-3-3 isoform was determined by antibodies to each specific isoform. Immunoblotting,
immunofluorescence, and subcellular fractionation were performed as described in Materials and
Methods. 14-3-3 proteins were revealed by TRITC (red) and the chromatin was stained by DAPI (blue).
Scale bar = 10 µm.
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Figure 13. Subcellular localization of the total 14-3-3 protein and the seven 14-3-3 isoforms in MCF-7 cells
by immunofluorescence. The total 14-3-3 proteins were determined by a pan14-3-3 antibody. Each 14-3-3
isoform was determined by antibodies to each specific isoform. Immunoblotting, immunofluorescence,
and subcellular fractionation were performed as described in Materials and Methods. 14-3-3 proteins
were revealed by TRITC (red) and the chromatin was stained by DAPI (blue). Scale bar = 10 µm.
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3. Discussion

In this research, we extensively examined the subcellular localization of the total 14-3-3 protein
and each of the 14-3-3 isoforms in different mammalian cells with quite a range of origins. We found
that 14-3-3 proteins are widely distributed throughout the cell and associated with many subcellular
structures/organelles, including the PM, mitochondria, the ER, the nucleus, microtubules, and actin
fibers. This broad distribution underlines the multiple functions identified for 14-3-3 proteins. We also
observed EGF-stimulated translocation of some 14-3-3 isoforms and the redistribution of some 14-3-3
isoforms during mitosis.

Our results reveal both similarities and differences in the subcellular localization among these
seven 14-3-3 isoforms. This could be partially related to their sequence similarities and differences.
Each of the seven 14-3-3 protein isoforms is encoded by a separate gene and the differences among
the isoforms are mostly in the short, variable stretches of the primary structure [40,41]. Phylogenetic
analysis indicates that the seven isoforms can be grouped into three pairs, including β and ζ, σ and
θ, and η and γ, with ε being unpaired. The two isoforms within each pair are most similar to each
other [41,42]. We did observe similar subcellular localization between 14-3-3β and ζ. They both localize
to the cytoskeleton, ER, and nucleus (Figures 4 and 10). Both 14-3-3σ and θ are also strongly associated
with microtubules, but σ is primarily associated with centrosomes and the microtubule spindle during
mitosis (Figures 8 and 9). However, the subcellular localizations of 14-3-3η and γ are quite different.
14-3-3γ is almost exclusively in the nucleus and 14-3-3η is almost exclusively in the mitochondria
(Figures 6 and 7).

Immunofluorescence imaging is the major method employed in this research to study the
colocalization of the 14-3-3 protein isoforms with various marks for the subcellular compartments.
Besides observing the colocalization by the overlapping of the colors, we also quantitatively analyzed
the colocalization by measuring the Mander’s coefficients. It is a very complicated task to quantitate
the co-localization, and several methods have been used; each has its advantage and disadvantage [43].
Manders’ method determines the overlap of two images while taking into account the pixel intensity.

To determine if our observations in Cos-7 cells were applicable to other cells, we performed the
same indirect immunofluorescence experiments in human cell lines, including HEK 293 cells derived
from human embryonic kidneys, and two breast cancer cell lines: MDA-MB-231 cells and MCF-7 cells
(Figures 11–13). We showed that the subcellular localization of 14-3-3 proteins was very similar in
these human cells as in Cos-7 cells. The most interesting and significant observations from all of these
cell lines are the localizations of 14-3-3η to the mitochondria, 14-3-3γ to the nucleus, and 14-3-3σ to the
centrosome during mitosis.

One of the major functions of 14-3-3 proteins is to regulate the remodeling of the cytoskeleton
and cell migration [41]. We show in this study that 14-3-3 proteins are strongly associated with
the cytoskeleton, including both actin fibers and microtubules. Both pan14-3-3 and 14-3-3ζ show
strong actin fiber associations (Figures 1, 3 and 10), both 14-3-3β and ε also show weak actin fiber
associations (Figures 4 and 5). These results suggest that 14-3-3 proteins may act to regulate actin fiber
formation. Indeed, it was initially suggested that 14-3-3 proteins directly interact with F-actin; however,
later research suggested that 14-3-3 proteins regulate actin fiber formation through the regulation of
cofilin [41,44]. The 14-3-3 isoforms reported to regulate F-actin are 14-3-3γ and ζ [41,45,46]. A growing
number of proteins involved in actin remodeling have recently been identified as 14-3-3 binding
partners [5–7,9,47].

We also showed that 14-3-3β, ε, θ, and ζ all co-localize with microtubules, suggesting their roles
in the regulation of microtubule formation. Our findings are mostly consistent with previous reports.
Indeed, it is reported that 14-3-3ε, η, σ, γ, θ, and ζ regulate the formation and dynamic nature of
microtubules [48–52]. It is generally believed that 14-3-3 proteins regulate microtubules through tau
proteins that stabilize microtubules [38,41]. Many studies also implicate small GTPases, such as Rac
and RhoA, in the regulation of microtubules by 14-3-3 proteins [53,54]. However, as 14-3-3β, ε, θ, and ζ
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were all shown with strong localization cross the cytoplasm, the specificity of their co-localization with
microtubules needs to be confirmed by further research.

One interesting observation in this study was the prominent localization of 14-3-3η in the
mitochondria (Figure 6). We also observed the weak localization of 14-3-3β in the mitochondria
(Figure 4). 14-3-3 proteins have been reported to localize to the mitochondria and to regulate
various functions related to the mitochondria, including cell apoptosis and oxidation [4,55,56]. Two
particular isoforms, 14-3-3η and γ, are implicated in mitochondrial function. It has been reported
that 14-3-3η protects against mitochondria-mediated apoptosis [56]. 14-3-3η is also involved in the
transportation and apoptosis-related function of Bcl-2 in the mitochondria [57,58]. Inconsistent with
these reported functions of 14-3-3η in apoptosis, we did show that 14-3-3η is almost exclusively
localized to the mitochondria (Figure 6). While 14-3-3γ is also implicated in mitochondrial function by
some research [59,60], we did not observe any mitochondrial localization of 14-3-3γ (Figure 7).

Another interesting finding was the prominent and specific localization of 14-3-3σ to the centrosome
during mitosis (Figure 8). 14-3-3 protein has been implicated in centrosome regulation [33,34,61]. It was
initially reported that 14-3-3ε and γ localize to the centrosome and the mitotic spindle apparatus in
mouse leukemic FDCP cells [33]. It was shown recently that 14-3-3 protein regulates the formation of
centriolar satellites by sequestering CEP131 [61]. In a detailed study, 14-3-3γ localized to the centrosome
and the loss of 14-3-3γ led to centrosome amplification [34]. However, our findings suggest that 14-3-3γ
is exclusively localized to the nucleus in interphase cells, but diffusely distributed throughout the cell
during mitosis when the nuclear membrane is broken down (Figure 7). We found that 14-3-3σ is localized
to both the nucleus and the cytoplasm in interphase, but prominently associated with the centrosome
during mitosis (Figure 8). Our observations regarding 14-3-3γ and σ in Cos-7 cells were confirmed in the
other three cell lines, including HEK 293, MDA-MB-231, and MCF-7 cells (Figures 11–13). Centrosomes
are the major microtubule nucleating and organizing centers and are critical for the proper formation
and dynamics of the microtubule spindle during mitosis. Thus, the centrosome localization of 14-3-3σ
suggests its critical role in regulating the microtubule spindle and mitosis. 14-3-3 proteins have been
shown to interact with multiple proteins involved in mitotic regulation [4]. It is interesting to notice
that 14-3-3σ is downregulated in many tumor types, suggesting tumor suppressor activity [54]. Thus,
14-3-3σ could be a target for cancer therapy.

The mitotic centrosome localization of 14-3-3σ is the most prominent change observed in terms
of the cell cycle regulation of 14-3-3 proteins. The other effects of the cell cycle on the subcellular
distribution of the 14-3-3 proteins are to break down the nuclear membrane to allow the potential
interaction among the different isoforms. It is well established that 14-3-3 proteins function by forming
homo- and/or heterodimers [1,62]. Although most 14-3-3 protein isoforms are co-localized in the
cytosol and the nucleus, 14-3-3γ is only one localized to the nucleus. Thus, mitosis may be the only
time when all the 14-3-3 isoforms are potentially able to interact with each other.

We also studied the effects of EGF on the subcellular localization of 14-3-3 proteins. Binding to
a client protein could re-locate 14-3-3 proteins and the binding of 14-3-3 proteins to a client protein
is mostly dependent on the phosphorylation of the client protein [1]. Protein phosphorylation is
mostly regulated by growth factor stimulation. Thus, it was interesting to determine whether the
subcellular localization of 14-3-3 proteins is affected by growth factor stimulation. We identified two
changes among the 14-3-3 protein isoforms in response to EGF. First, 14-3-3γ formed large particles
in the nucleus in the absence of EGF. However, in response to EGF stimulation for 5 or 15 min, these
large particles disappeared, and instead, many smaller particles appeared. This could be due to the
dissociation of 14-3-3γ from the initial larger structures and the re-association with some smaller
structures. Many nuclear structures and subdomains have been discovered, including nucleus speckles,
Cajal bodies, promyelocytic leukemia nuclear bodies (PMLs), Polycomb bodies, and histone locus
bodies (HLBs) [63]. To determine the nuclear function of 14-3-3γ, it would be interesting to determine
which subnuclear structures 14-3-3γ is associated with before and after EGF stimulation. The other
observation was the enhanced association of some 14-3-3 isoforms, including β, ε, σ, θ, and ζ, with
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actin fibers and microtubules. This is not surprising as EGF has been shown to regulate cytoskeleton
remodeling and cell migration [64,65].

4. Conclusions

In conclusion, 14-3-3 proteins are broadly distributed throughout the cell and associated with many
subcellular structures/organelles, including the PM, mitochondria, the ER, the nucleus, microtubules,
and actin fibers. This broad distribution underlines the multiple functions identified for 14-3-3 proteins.
The subcellular distributions of various 14-3-3 isoforms are summarized in Table 1. As shown in
Table 1, the different isoforms of 14-3-3 proteins have distinctive subcellular localizations that suggest
their distinctive cellular functions. While 14-3-3β, ε, θ, and ζ are not specifically associated with any
organelle, 14-3-3η, γ, and σ showed very specific and strong localizations to specific organelles. 14-3-3η
is almost exclusively localized to the mitochondria, 14-3-3γ is only localized to the nucleus, and 14-3-3σ
strongly and specifically associated with the centrosome during mitosis.

Table 1. The summary of the subcellular localizations of seven 14-3-3 isoforms.

14-3-3 isoform Subcellular Localization

Beta Cytoplasmic, ER and Mitochondria
Zeta Cytoplasmic and Nuclear

Gamma Nucleus
Epsilon Cytoplasmic

Eta Mitochondria
Tau/Theta Cytoplasmic and ER

Sigma Centrosome

5. Materials and Methods

5.1. Cell Culture and Treatment

Cos-7, HEK-293, MDA-MB-231, and MCF-7 cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% FBS and supplemented with non-essential amino acids, and were maintained
in a 5% CO2 atmosphere at 37 ◦C. For EGF stimulation, cells were starved in DMEM containing FBS
1% overnight, and then incubated with 50 ng/mL EGF (final concentration) in this starvation medium
for the indicated time.

5.2. Chemicals and Antibodies

Here is the information regarding the 14-3-3 antibodies used in this research. The antibodies
used for the main research were as follows: seven monoclonal mouse antibodies were from Santa
Cruz Biotechnology Inc. (SCBT) (Dallas, TX, USA), including 14-3-3pan (H-8) (sc-1657), 14-3-3β (A-6)
(sc-25276), 14-3-3ε (F-3) (sc-393177), 14-3-3η (6A12) (sc-293464), 14-3-3γ (D-6) (sc-398423), 14-3-3σ (E-11)
(sc-166473), and 14-3-3ζ (1B3) (sc-293415). 14-3-3θ was from Novus Biologicals Inc. (NBP 1-21301).
The 14-3-3 antibodies used to confirm our results included the following: 14-3-3θ (5J20) (sc-69720) and
14-3-3ζ (G-2) (sc-518031) were from SCBT, and 14-3-3η (10847-MM06) was from Sino Biological Inc.
Blocking peptides were also from SCBT. Rabbit polyclonal anti-lamin A, goat polyclonal anti-pEGFR1086
antibody was purchased from SCBT. Goat polyclonal antibodies againstα-actin were from Sigma-Aldrich
(St. Louis, MO, USA). Rabbit monoclonal anti-α tubulin was from Abcam (Toronto, ON, Canada). Rabbit
polyclonal anti-HSP60 antibody was purchased from R&D Systems (Minneapolis, MN, USA).

5.3. Cell Lysates and Immunoblotting

To generate total cell lysates, the cells cultured in 10 cm plates were scraped, lysed, and homogenized
in ice-cold Mammalian Protein Extraction Reagent (Pierce, Rockford, IL, USA) with a protease and
phosphatase inhibitor cocktail (0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 10 µg/mL aprotinin,
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1 µM pepstatin A, and 0.5 mM Na3VO4, 0.02% NaN3). The lysates were then centrifuged at 21,000× g
at 4 ◦C for 15 min. The supernatant was collected, the protein concentration was quantified, and the
sample was boiled in SDS-loading buffer for 5 min. Immunoblotting was performed as previously
described [66].

5.4. Indirect Immunofluorescence

Cells were cultured on the glass coverslips for 48 h before treatment. After treatment, the cells
were rinsed in Tris-buffered saline (TBS: 6% Tris, 8.8% NaCl, 85.2% dH2O, pH 7.6) and were fixed
by −20 ◦C methanol for 5 min. Cells were permeabilized with TBS containing 0.2% Triton X-100 for
10 min; that was followed by blocking with TBS containing 1% BSA and 0.1% Triton X-100 for an hour.
After blocking, the coverslips were incubated in 1 µg/mL primary antibody in TBS with 0.1% Triton
X-100, as indicated, for an hour. Afterward, the coverslips were rinsed in TBS with 0.1% Triton X-100
three times each for 5 min and then incubated in 1 µg/mL solution of FITC- and/or TRITC-conjugated
secondary antibody in TBS with 0.1% Triton X-100 for an hour in the dark. Thereafter, the coverslips
were washed completely in TBS and incubated in 1 µg/mL of 4′,6-diamidino-2-phenylindole (DAPI)
solution in TBS for 5 min at room temperature in the dark. The coverslips were then mounted on
glass slides and observed using a GE Healthcare DeltaVision Deconvolution Microscope system (GE
Healthcare Life Science, Mississauga, ON, Canada). All of the images were deconvolved.

5.5. Co-Localization Analysis of IF Images by Mander′s Overlap Coefficient

To quantitatively determine the colocalization, the IF images were analyzed and Mander′s overlap
coefficients m1 and m2 on the specified ROI were calculated [43]. This measurement generates a value
for each channel which is a modification of Mander’s original formula, except the thresholds that have
been calculated are used. Then, data were represented as 2D histograms. For example, if the red-green
pair of channels is selected and tM1 (red) and tM2 (green) are 0.5 and 0.7, respectively, this means that
50% red pixels colocalize with green pixels, but 70% of green pixels colocalize with red ones, For this
quantification we used Coloc2 Plugin (Fiji) in ImageJ software (ImageJ2, NIH, Bethesda, MD, USA).

m1 =
∑

i S1i, coloc∑
i S1i,

m2 =
∑

i S2i, coloc∑
i S2i,

, (1)

where S1i,coloc = S1i if S2i > 0 and S2i,coloc = S2i if S1i > 0.
Usually, Mander’s value is expressed as a value between 0.0 and 1.0. In general, a value between

0.8–1.0 is considered a very strong colocalization. A value between 0.60 and 0.8 is considered a strong
colocalization. A value between 0.4 and 0.6 is considered a moderate colocalization. A value between
0.2 and 0.4 is considered a weak colocalization. A value between 0 and 0.2 is considered a negative
colocalization. However, it always depends on the purpose of the biological analysis and how we
define colocalization significance in our study. Data are represented in Tm1, Tm2, and 2D histograms.
For all histograms, the y-axis is the green channel and the x-axis is the red channel (14-3-3 protein)
except for Figure 7. In Figure 7, the y-axis is the blue channel and the x-axis is the red channel.

5.6. Subcellular Fractionation

Cos-7 cells in 10 cm plates were scraped into homogenization buffer (0.25 M sucrose, 20 mM
Tris-HCl, pH 7.0, 1 mM MgCl2, 4 mM NaF, 0.5 mM Na3VO4, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl
fluoride, 10 µg/mL aprotinin, and 1 µM pepstatin A). Each 10-cm plate was scraped into 500 µL of
homogenization buffer. The cells were then lysed using a 27 Gauge syringe for 15 times and were left on
ice for 30 min. Afterward, the cell homogenates were centrifuged at 3000 rpm for 6 min. The resulting
supernatant contained the cytoplasmic fraction and the pellet contained the nuclei. The supernatant
was transferred into another tube and the pellet was washed with 500 µL homogenization buffer
3 times. The pellet was then dispersed using a micropipette and a 25 G syringe 10 times. Following the
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centrifugation of the pellet at 3000 rpm for 15 min, the supernatant was discarded. The pellet was
re-suspended in TBS 0.1% SDS and sonicated briefly on a continuous setting for 3 s to shear genomic
material and homogenize the lysate.

5.7. siRNA

In a six-well tissue culture plate, 2 × 105 cells were seeded per well in 2 mL antibiotic-free normal
growth medium supplemented with FBS; the cells were incubated at 37 ◦C in a CO2 incubator until the
cells were 60–80% confluent. For each transfection, 0.8 mL siRNA transfection medium was added
to each tube containing the siRNA transfection reagent mixture (Solution A + Solution B), and then
the mixture was overlaid onto the washed cells. The cells were incubated 5–7 h at 37 ◦C in a CO2

incubator with 1 mL of normal growth medium containing two times the normal serum and antibiotic
concentration (2 × normal growth medium) without removing the transfection mixture. Then, the cells
were incubated for an additional 18–24 h. The medium was aspirated and replaced with fresh 1 ×
normal growth medium. The cells ere assayed by both immunoblotting and immunofluorescence 48 h
after the addition of fresh medium.

5.8. Statistical Analysis

All protein bands were quantitated by densitometry using ImageJ software (ImageJ2, NIH,
Bethesda, MD, USA). Data were statistically analyzed by one-way analysis of variance (ANOVA)
using Prism V.8 software (GraphPad Software, La Jolla, CA, USA). Data are presented as means
and standard deviations. p < 0.05 “APA” “American Psychological Association “was considered
statistically significant.

Author Contributions: A.A.: participating in the design of the project; performance of the experiments, including
cell culture, subcellular fractionation, immunofluorescence, and immunoblotting; and the data analysis and
manuscript writing. D.B.: participating in the design of the project; and performance of the experiments, including
cell culture, immunoblotting, and data analysis. Z.W.: Participating in the design of the project, the performance
of immunofluorescence experiments, and data analysis and the writing of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: Our research was supported in part by grants from the Canadian Institutes of Health Research (CIHR)
to Z.W. and from the Natural Science and Engineering Council of Canada (NSERC) to Z.W. A.A. is supported by a
scholarship from the Maternal and Child Health (MatCH) Scholarship Program of the University of Alberta. No
specific funding was received for this study.

Acknowledgments: This work was supported by CIHR and NSERC to Z.W.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thomas, D.; Guthridge, M.; Woodcock, J.; Lopez, A. 14-3-3 protein Signal. in development and growth factor
responses. Curr. Top. Dev. Biol. 2005, 67, 285–303. [PubMed]

2. Ichimura, T.; Isobe, T.; Okuyama, T.; Takahashi, N.; Araki, K.; Kuwano, R.; Takahashi, Y. Molecular cloning
of cDNA coding for brain-specific 14-3-3 protein, a protein kinase-dependent activator of tyrosine and
tryptophan hydroxylases. Proc. Natl. Acad. Sci. USA 1988, 85, 7084–7088. [CrossRef] [PubMed]

3. Toker, A.; Sellers, L.A.; Amess, B.; Patel, Y.; Harris, A.; Aitken, A. Multiple isoforms of a protein kinase C
inhibitor (KCIP-1/14-3-3) from sheep brain. Amino acid sequence of phosphorylated forms. Eur. J. Biochem.
1992, 206, 453–461. [CrossRef] [PubMed]

4. Gardino, A.K.; Yaffe, M.B. 14-3-3 proteins as signaling integration points for cell cycle control and apoptosis.
Semin. Cell Dev. Biol. 2011, 22, 688–695. [CrossRef] [PubMed]

5. Aghazadeh, Y.; Papadopoulos, V. The role of the 14-3-3 protein family in health, disease, and drug
development. Drug Discov. Today 2016, 21, 278–287. [CrossRef] [PubMed]

6. Sluchanko, N.N.; Gusev, N.B. Moonlighting chaperone-like activity of the universal regulatory 14-3-3 proteins.
FEBS J. 2017, 284, 1279–1295. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/15949538
http://dx.doi.org/10.1073/pnas.85.19.7084
http://www.ncbi.nlm.nih.gov/pubmed/2902623
http://dx.doi.org/10.1111/j.1432-1033.1992.tb16946.x
http://www.ncbi.nlm.nih.gov/pubmed/1317796
http://dx.doi.org/10.1016/j.semcdb.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21945648
http://dx.doi.org/10.1016/j.drudis.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26456530
http://dx.doi.org/10.1111/febs.13986


Int. J. Mol. Sci. 2020, 21, 318 22 of 24

7. Freeman, A.K.; Morrison, D.K. 14-3-3 proteins: Diverse functions in cell proliferation and cancer progression.
Semin. Cell Dev. Biol. 2011, 22, 681–687. [CrossRef]

8. Zhu, G.; Fan, Z.; Ding, M.; Zhang, H.; Mu, L.; Ding, Y.; Zhang, Y.; Jia, B.; Chen, L.; Chang, Z.; et al.
An EGFR/PI3K/AKT axis promotes accumulation of the Rac1-GEF Tiam1 that is critical in EGFR-driven
tumorigenesis. Oncogene 2015, 34, 5971–5982. [CrossRef]

9. Moores, S.L.; Selfors, L.M.; Fredericks, J.; Breit, T.; Fujikawa, K.; Alt, F.W.; Brugge, J.S.; Swat, W. Vav family
proteins couple to diverse cell surface receptors. Mol. Cell. Biol. 2000, 20, 6364–6373. [CrossRef]

10. Cao, W.D.; Zhang, X.; Zhang, J.N.; Yang, Z.J.; Zhen, H.N.; Cheng, G.; Li, B.; Gao, D. Immunocytochemical
detection of 14-3-3 in primary nervous system tumors. J. Neurooncol. 2006, 77, 125–130. [CrossRef]

11. Lee, C.H.; Marino-Enriquez, A.; Ou, W.; Zhu, M.; Ali, R.H.; Chiang, S.; Amant, F.; Gilks, C.B.; van de
Rijn, M.; Oliva, E.; et al. The clinicopathologic features of YWHAE-FAM22 endometrial stromal sarcomas:
A histologically high-grade and clinically aggressive tumor. Am. J. Surg. Pathol. 2012, 36, 641–653. [CrossRef]
[PubMed]

12. Masters, S.C.; Subramanian, R.R.; Truong, A.; Yang, H.; Fujii, K.; Zhang, H.; Fu, H. Survival-promoting
functions of 14-3-3 proteins. Biochem. Soc. Trans. 2002, 30, 360–365. [CrossRef] [PubMed]

13. Nakanishi, K.; Hashizume, S.; Kato, M.; Honjoh, T.; Setoguchi, Y.; Yasumoto, K. Elevated expression levels of
the 14-3-3 family of proteins in lung cancer tissues. Hum. Antibodies 1997, 8, 189–194. [CrossRef] [PubMed]

14. Radhakrishnan, V.M.; Martinez, J.D. 14-3-3gamma induces oncogenic transformation by stimulating MAP
kinase and PI3K signaling. PLoS ONE 2010, 5, e11433. [CrossRef]

15. Wang, Z.; Nesland, J.M.; Suo, Z.; Trope, C.G.; Holm, R. The prognostic value of 14-3-3 isoforms in vulvar
squamous cell carcinoma cases: 14-3-3beta and epsilon are independent prognostic factors for these tumors.
PLoS ONE 2011, 6, e24843. [CrossRef]

16. Qi, W.; Martinez, J.D. Reduction of 14-3-3 proteins correlates with increased sensitivity to killing of human
lung cancer cells by ionizing radiation. Radiat. Res. 2003, 160, 217–223. [CrossRef]

17. Xiao, Y.; Lin, V.Y.; Ke, S.; Lin, G.E.; Lin, F.T.; Lin, W.C. 14-3-3tau promotes breast cancer invasion and
metastasis by inhibiting RhoGDIalpha. Mol. Cell. Biol. 2014, 34, 2635–2649. [CrossRef]

18. Hong, H.Y.; Jeon, W.K.; Bae, E.J.; Kim, S.T.; Lee, H.J.; Kim, S.J.; Kim, B.C. 14-3-3 sigma and 14-3-3 zeta plays
an opposite role in cell growth inhibition mediated by transforming growth factor-beta 1. Mol. Cells 2010, 29,
305–309. [CrossRef]

19. Hermeking, H.; Lengauer, C.; Polyak, K.; He, T.C.; Zhang, L.; Thiagalingam, S.; Kinzler, K.W.; Vogelstein, B.
14-3-3sigma is a p53-regulated inhibitor of G2/M progression. Mol. Cell 1997, 1, 3–11. [CrossRef]

20. Cheng, L.; Pan, C.X.; Zhang, J.T.; Zhang, S.; Kinch, M.S.; Li, L.; Baldridge, L.A.; Wade, C.; Hu, Z.; Koch, M.O.; et al.
Loss of 14-3-3sigma in prostate cancer and its precursors. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res.
2004, 10, 3064–3068. [CrossRef]

21. Moreira, J.M.; Gromov, P.; Celis, J.E. Expression of the tumor suppressor protein 14-3-3 sigma is
down-regulated in invasive transitional cell carcinomas of the urinary bladder undergoing epithelial-to-
mesenchymal transition. Mol. Cell. Proteom. 2004, 3, 410–419. [CrossRef] [PubMed]

22. Ravi, D.; Chen, Y.; Karia, B.; Brown, A.; Gu, T.T.; Li, J.; Carey, M.S.; Hennessy, B.T.; Bishop, A.J. 14-3-3
sigma expression effects G2/M response to oxygen and correlates with ovarian cancer metastasis. PLoS ONE
2011, 6, e15864. [CrossRef] [PubMed]

23. Goc, A.; Abdalla, M.; Al-Azayzih, A.; Somanath, P.R. Rac1 activation driven by 14-3-3zeta dimerization
promotes prostate cancer cell-matrix interactions, motility and transendothelial migration. PLoS ONE
2012, 7, e40594. [CrossRef] [PubMed]

24. Neal, C.L.; Yu, D. 14-3-3zeta as a prognostic marker and therapeutic target for cancer. Expert Opin Ther. Targets
2010, 14, 1343–1354. [CrossRef] [PubMed]

25. Mhawech, P. 14-3-3 proteins—An update. Cell Res. 2005, 15, 228–236. [CrossRef] [PubMed]
26. Cheng, C.Y.; Tseng, H.C.; Yang, C.M. Bradykinin-mediated cell proliferation depends on transactivation of

EGF receptor in corneal fibroblasts. J. Cell. Physiol. 2012, 227, 1367–1381. [CrossRef]
27. Rittinger, K.; Budman, J.; Xu, J.; Volinia, S.; Cantley, L.C.; Smerdon, S.J.; Gamblin, S.J.; Yaffe, M.B. Structural

analysis of 14-3-3 phosphopeptide complexes identifies a dual role for the nuclear export signal of 14-3-3 in
ligand binding. Mol. Cell 1999, 4, 153–166. [CrossRef]

http://dx.doi.org/10.1016/j.semcdb.2011.08.009
http://dx.doi.org/10.1038/onc.2015.45
http://dx.doi.org/10.1128/MCB.20.17.6364-6373.2000
http://dx.doi.org/10.1007/s11060-005-9027-7
http://dx.doi.org/10.1097/PAS.0b013e31824a7b1a
http://www.ncbi.nlm.nih.gov/pubmed/22456610
http://dx.doi.org/10.1042/bst0300360
http://www.ncbi.nlm.nih.gov/pubmed/12196095
http://dx.doi.org/10.3233/HAB-1997-8404
http://www.ncbi.nlm.nih.gov/pubmed/9395921
http://dx.doi.org/10.1371/journal.pone.0011433
http://dx.doi.org/10.1371/journal.pone.0024843
http://dx.doi.org/10.1667/RR3038
http://dx.doi.org/10.1128/MCB.00076-14
http://dx.doi.org/10.1007/s10059-010-0037-8
http://dx.doi.org/10.1016/S1097-2765(00)80002-7
http://dx.doi.org/10.1158/1078-0432.CCR-03-0652
http://dx.doi.org/10.1074/mcp.M300134-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/14736829
http://dx.doi.org/10.1371/journal.pone.0015864
http://www.ncbi.nlm.nih.gov/pubmed/21249227
http://dx.doi.org/10.1371/journal.pone.0040594
http://www.ncbi.nlm.nih.gov/pubmed/22808202
http://dx.doi.org/10.1517/14728222.2010.531011
http://www.ncbi.nlm.nih.gov/pubmed/21058923
http://dx.doi.org/10.1038/sj.cr.7290291
http://www.ncbi.nlm.nih.gov/pubmed/15857577
http://dx.doi.org/10.1002/jcp.22849
http://dx.doi.org/10.1016/S1097-2765(00)80363-9


Int. J. Mol. Sci. 2020, 21, 318 23 of 24

28. Yaffe, M.B.; Rittinger, K.; Volinia, S.; Caron, P.R.; Aitken, A.; Leffers, H.; Gamblin, S.J.; Smerdon, S.J.;
Cantley, L.C. The structural basis for 14-3-3: phosphopeptide binding specificity. Cell 1997, 91, 961–971.
[CrossRef]

29. Coblitz, B.; Wu, M.; Shikano, S.; Li, M. C-terminal binding: An expanded repertoire and function of 14-3-3
proteins. FEBS Lett. 2006, 580, 1531–1535. [CrossRef]

30. Shikano, S.; Coblitz, B.; Sun, H.; Li, M. Genetic isolation of transport signals directing cell surface expression.
Nat. Cell Biol. 2005, 7, 985–992. [CrossRef]

31. Paul, A.L.; Sehnke, P.C.; Ferl, R.J. Isoform-specific subcellular localization among 14-3-3 proteins in
Arabidopsis seems to be driven by client interactions. Mol. Biol. Cell 2005, 16, 1735–1743. [CrossRef] [PubMed]

32. Su, T.T.; Parry, D.H.; Donahoe, B.; Chien, C.T.; O’Farrell, P.H.; Purdy, A. Cell cycle roles for two 14-3-3
proteins during Drosophila development. J. Cell Sci. 2001, 114, 3445–3454. [PubMed]

33. Pietromonaco, S.F.; Seluja, G.A.; Aitken, A.; Elias, L. Association of 14-3-3 proteins with centrosomes. Blood
Cells Mol. Dis. 1996, 22, 225–237. [CrossRef] [PubMed]

34. Mukhopadhyay, A.; Sehgal, L.; Bose, A.; Gulvady, A.; Senapati, P.; Thorat, R.; Basu, S.; Bhatt, K.; Hosing, A.S.;
Balyan, R.; et al. 14-3-3gamma prevents centrosome amplification and neoplastic progression. Sci. Rep.
2016, 6, 26580. [CrossRef]

35. Schindler, C.K.; Heverin, M.; Henshall, D.C. Isoform- and subcellular fraction-specific differences in
hippocampal 14-3-3 levels following experimentally evoked seizures and in human temporal lobe epilepsy.
J. Neurochem. 2006, 99, 561–569. [CrossRef]

36. Lamba, S.; Ravichandran, V.; Major, E.O. Glial cell type-specific subcellular localization of 14-3-3 zeta:
An implication for JCV tropism. Glia 2009, 57, 971–977. [CrossRef]

37. Jerome, M.; Paudel, H.K. 14-3-3zeta regulates nuclear trafficking of protein phosphatase 1alpha (PP1alpha)
in HEK-293 cells. Arch. Biochem. Biophys. 2014, 558, 28–35. [CrossRef]

38. Chun, J.; Kwon, T.; Lee, E.J.; Kim, C.H.; Han, Y.S.; Hong, S.K.; Hyun, S.; Kang, S.S. 14-3-3 protein mediates
phosphorylation of microtubule-associated protein tau by serum- and glucocorticoid-induced protein
kinase 1. Mol. Cells 2004, 18, 360–368.

39. Inamdar, S.M.; Lankford, C.K.; Laird, J.G.; Novbatova, G.; Tatro, N.; Whitmore, S.S.; Scheetz, T.E.; Baker, S.A.
Analysis of 14-3-3 isoforms expressed in photoreceptors. Exp. Eye Res. 2018, 170, 108–116. [CrossRef]

40. Aitken, A. Functional specificity in 14-3-3 isoform interactions through dimer formation and phosphorylation.
Chromosome location of mammalian isoforms and variants. Plant Mol. Biol. 2002, 50, 993–1010. [CrossRef]

41. Sluchanko, N.N.; Gusev, N.B. 14-3-3 proteins and regulation of cytoskeleton. Biochemistry (Moscow) 2010, 75,
1528–1546. [CrossRef] [PubMed]

42. Berg, D.; Holzmann, C.; Riess, O. 14-3-3 proteins in the nervous system. Nat. Rev. Neurosci. 2003, 4, 752–762.
[CrossRef] [PubMed]

43. Aaron, J.S.; Taylor, A.B.; Chew, T.L. Image co-localization-co-occurrence versus correlation. J. Cell. Sci. 2018, 131,
1–10. [CrossRef] [PubMed]

44. Bamburg, J.R. Proteins of the ADF/cofilin family: Essential regulators of actin dynamics. Annu. Rev. Cell
Dev. Biol. 1999, 15, 185–230. [CrossRef] [PubMed]

45. Ye, Y.; Yang, Y.; Cai, X.; Liu, L.; Wu, K.; Yu, M. Down-regulation of 14-3-3 zeta inhibits TGF-beta1-induced
actomyosin contraction in human trabecular meshwork cells through RhoA signaling pathway. Investig.
Ophthalmol. Vis. Sci. 2016, 57, 719–730. [CrossRef] [PubMed]

46. Kligys, K.; Yao, J.; Yu, D.; Jones, J.C. 14-3-3zeta/tau heterodimers regulate Slingshot activity in migrating
keratinocytes. Biochem. Biophys. Res. Commun. 2009, 383, 450–454. [CrossRef]

47. Krtkova, J.; Xu, J.; Lalle, M.; Steele-Ogus, M.; Alas, G.C.M.; Sept, D.; Paredez, A.R. 14-3-3 regulates actin
filament formation in the deep-branching eukaryote Giardia lamblia. mSphere 2017, 2, e00248-17. [CrossRef]

48. Qureshi, H.Y.; Han, D.; MacDonald, R.; Paudel, H.K. Overexpression of 14-3-3z promotes tau phosphorylation
at Ser262 and accelerates proteosomal degradation of synaptophysin in rat primary hippocampal neurons.
PLoS ONE 2013, 8, e84615. [CrossRef]

49. Cornell, B.; Wachi, T.; Zhukarev, V.; Toyo-Oka, K. Regulation of neuronal morphogenesis by 14-3-3epsilon
(Ywhae) via the microtubule binding protein, doublecortin. Hum. Mol. Genet. 2016, 25, 4405–4418. [CrossRef]

50. Park, G.Y.; Han, J.Y.; Han, Y.K.; Kim, S.D.; Kim, J.S.; Jo, W.S.; Chun, S.H.; Jeong, D.H.; Lee, C.W.; Yang, K.;
et al. 14-3-3 eta depletion sensitizes glioblastoma cells to irradiation due to enhanced mitotic cell death.
Cancer Gene Ther. 2014, 21, 158–163. [CrossRef]

http://dx.doi.org/10.1016/S0092-8674(00)80487-0
http://dx.doi.org/10.1016/j.febslet.2006.02.014
http://dx.doi.org/10.1038/ncb1297
http://dx.doi.org/10.1091/mbc.e04-09-0839
http://www.ncbi.nlm.nih.gov/pubmed/15659648
http://www.ncbi.nlm.nih.gov/pubmed/11682604
http://dx.doi.org/10.1006/bcmd.1996.0103
http://www.ncbi.nlm.nih.gov/pubmed/9075573
http://dx.doi.org/10.1038/srep26580
http://dx.doi.org/10.1111/j.1471-4159.2006.04153.x
http://dx.doi.org/10.1002/glia.20821
http://dx.doi.org/10.1016/j.abb.2014.06.012
http://dx.doi.org/10.1016/j.exer.2018.02.022
http://dx.doi.org/10.1023/A:1021261931561
http://dx.doi.org/10.1134/S0006297910130031
http://www.ncbi.nlm.nih.gov/pubmed/21417993
http://dx.doi.org/10.1038/nrn1197
http://www.ncbi.nlm.nih.gov/pubmed/12951567
http://dx.doi.org/10.1242/jcs.211847
http://www.ncbi.nlm.nih.gov/pubmed/29439158
http://dx.doi.org/10.1146/annurev.cellbio.15.1.185
http://www.ncbi.nlm.nih.gov/pubmed/10611961
http://dx.doi.org/10.1167/iovs.15-17438
http://www.ncbi.nlm.nih.gov/pubmed/26906158
http://dx.doi.org/10.1016/j.bbrc.2009.04.031
http://dx.doi.org/10.1128/mSphere.00248-17
http://dx.doi.org/10.1371/journal.pone.0084615
http://dx.doi.org/10.1093/hmg/ddw270
http://dx.doi.org/10.1038/cgt.2014.11


Int. J. Mol. Sci. 2020, 21, 318 24 of 24

51. Joo, Y.; Schumacher, B.; Landrieu, I.; Bartel, M.; Smet-Nocca, C.; Jang, A.; Choi, H.S.; Jeon, N.L.; Chang, K.A.;
Kim, H.S.; et al. Involvement of 14-3-3 in tubulin instability and impaired axon development is mediated by
Tau. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 4133–4144. [CrossRef] [PubMed]

52. Jansen, S.; Melkova, K.; Trosanova, Z.; Hanakova, K.; Zachrdla, M.; Novacek, J.; Zupa, E.; Zdrahal, Z.;
Hritz, J.; Zidek, L. Quantitative mapping of microtubule-associated protein 2c (MAP2c) phosphorylation
and regulatory protein 14-3-3zeta-binding sites reveals key differences between MAP2c and its homolog Tau.
J. Biol. Chem. 2017, 292, 6715–6727. [CrossRef] [PubMed]

53. Zhou, Q.; Kee, Y.S.; Poirier, C.C.; Jelinek, C.; Osborne, J.; Divi, S.; Surcel, A.; Will, M.E.; Eggert, U.S.;
Muller-Taubenberger, A.; et al. 14-3-3 coordinates microtubules, Rac, and myosin II to control cell mechanics
and cytokinesis. Curr. Biol. 2010, 20, 1881–1889. [CrossRef] [PubMed]

54. Robinson, D.N. 14-3-3, an integrator of cell mechanics and cytokinesis. Small GTPases 2010, 1, 165–169.
[CrossRef] [PubMed]

55. Liu, Z.; Yang, L.; Huang, J.; Xu, P.; Zhang, Z.; Yin, D.; Liu, J.; He, H.; He, M. Luteoloside attenuates
anoxia/reoxygenation-induced cardiomyocytes injury via mitochondrial pathway mediated by 14-3-3eta
protein. Phytother. Res. 2018, 32, 1126–1134. [CrossRef]

56. Sreedhar, R.; Arumugam, S.; Thandavarayan, R.A.; Giridharan, V.V.; Karuppagounder, V.; Pitchaimani, V.;
Afrin, R.; Miyashita, S.; Nomoto, M.; Harima, M.; et al. Myocardial 14-3-3eta protein protects against
mitochondria mediated apoptosis. Cell. Signal. 2015, 27, 770–776. [CrossRef]

57. Huang, J.; Liu, Z.; Xu, P.; Zhang, Z.; Yin, D.; Liu, J.; He, H.; He, M. Capsaicin prevents mitochondrial
damage, protects cardiomyocytes subjected to anoxia/reoxygenation injury mediated by 14-3-3eta/Bcl-2.
Eur. J. Pharmacol. 2018, 819, 43–50. [CrossRef]

58. Zhang, Z.; He, H.; Qiao, Y.; Huang, J.; Wu, Z.; Xu, P.; Yin, D.; He, M. Tanshinone IIa pretreatment protects
H9c2 cells against anoxia/reoxygenation injury: Involvement of the translocation of Bcl-2 to mitochondria
mediated by 14-3-3eta. Oxidative Med. Cell. Longev. 2018, 2018, 3583921. [CrossRef]

59. Huang, B.; You, J.; Qiao, Y.; Wu, Z.; Liu, D.; Yin, D.; He, H.; He, M. Tetramethylpyrazine attenuates
lipopolysaccharide-induced cardiomyocyte injury via improving mitochondrial function mediated by
14-3-3gamma. Eur. J. Pharmacol. 2018, 832, 67–74. [CrossRef]

60. He, H.; Luo, Y.; Qiao, Y.; Zhang, Z.; Yin, D.; Yao, J.; You, J.; He, M. Curcumin attenuates doxorubicin-induced
cardiotoxicity via suppressing oxidative stress and preventing mitochondrial dysfunction mediated by
14-3-3gamma. Food Funct. 2018, 9, 4404–4418. [CrossRef]

61. Tollenaere, M.A.; Villumsen, B.H.; Blasius, M.; Nielsen, J.C.; Wagner, S.A.; Bartek, J.; Beli, P.; Mailand, N.;
Bekker-Jensen, S. P38- and MK2-dependent signalling promotes stress-induced centriolar satellite remodelling
via 14-3-3-dependent sequestration of CEP131/AZI1. Nat. Commun. 2015, 6, 10075. [CrossRef] [PubMed]

62. Chaudhri, M.; Scarabel, M.; Aitken, A. Mammalian and yeast 14-3-3 isoforms form distinct patterns of dimers
in vivo. Biochem. Biophys. Res. Commun. 2003, 300, 679–685. [CrossRef]

63. Mao, Y.S.; Zhang, B.; Spector, D.L. Biogenesis and function of nuclear bodies. Trends Genet. 2011, 27, 295–306.
[CrossRef] [PubMed]

64. Wang, Z. ErbB receptors and cancer. Methods Mol. Biol. 2017, 1652, 3–35. [PubMed]
65. Abdrabou, A.; Wang, Z. Post-translational modification and subcellular distribution of Rac1: An update.

Cells 2018, 7, 263. [CrossRef] [PubMed]
66. Wang, Y.; Pennock, S.; Chen, X.; Wang, Z. Endosomal signaling of epidermal growth factor receptor stimulates

signal transduction pathways leading to cell survival. Mol. Cell. Biol. 2002, 22, 7279–7290. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1096/fj.14-265009
http://www.ncbi.nlm.nih.gov/pubmed/26103986
http://dx.doi.org/10.1074/jbc.M116.771097
http://www.ncbi.nlm.nih.gov/pubmed/28258221
http://dx.doi.org/10.1016/j.cub.2010.09.048
http://www.ncbi.nlm.nih.gov/pubmed/20951045
http://dx.doi.org/10.4161/sgtp.1.3.14432
http://www.ncbi.nlm.nih.gov/pubmed/21686271
http://dx.doi.org/10.1002/ptr.6053
http://dx.doi.org/10.1016/j.cellsig.2014.12.021
http://dx.doi.org/10.1016/j.ejphar.2017.11.028
http://dx.doi.org/10.1155/2018/3583921
http://dx.doi.org/10.1016/j.ejphar.2018.05.019
http://dx.doi.org/10.1039/C8FO00466H
http://dx.doi.org/10.1038/ncomms10075
http://www.ncbi.nlm.nih.gov/pubmed/26616734
http://dx.doi.org/10.1016/S0006-291X(02)02902-9
http://dx.doi.org/10.1016/j.tig.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21680045
http://www.ncbi.nlm.nih.gov/pubmed/28791631
http://dx.doi.org/10.3390/cells7120263
http://www.ncbi.nlm.nih.gov/pubmed/30544910
http://dx.doi.org/10.1128/MCB.22.20.7279-7290.2002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Expression and Subcellular Localization of Total and Each Isoform of 14-3-3 Proteins 
	Subcellular Localization and Translocation of Pan 14-3-3 in Response to EGF and During the Cell Cycle 
	Subcellular Localization and Translocation of 14-3-3 in Response to EGF and During the Cell Cycle 
	Subcellular Localization and Translocation of 14-3-3 in Response to EGF and During the Cell Cycle 
	Subcellular Localization and Translocation of 14-3-3 in Response to EGF and During the Cell Cycle 
	Subcellular Localization and Translocation of 14-3-3 in Response to EGF and During the Cell Cycle 
	Subcellular Localization and Translocation of 14-3-3 in Response to EGF and During the Cell Cycle 
	Subcellular Localization and Translocation of 14-3-3 in response to EGF and During the Cell Cycle 
	Subcellular Localization and Translocation of 14-3-3 in Response to EGF and During the Cell Cycle 
	The Expression and Subcellular Localization of Total 14-3-3 Protein and Each 14-3-3 Isoform in Human Cell Lines 

	Discussion 
	Conclusions 
	Materials and Methods 
	Cell Culture and Treatment 
	Chemicals and Antibodies 
	Cell Lysates and Immunoblotting 
	Indirect Immunofluorescence 
	Co-Localization Analysis of IF Images by Mander's Overlap Coefficient 
	Subcellular Fractionation 
	siRNA 
	Statistical Analysis 

	References

