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Recruitment of Lyn from
endomembranes to the plasma
“membrane through calcium-
e dependent cell-cell interactions
T upon polarization of inducible Lyn-
expressing MDCK cells

. Takao Morinaga®?, Sayuri Yanase?, Aya Okamoto?, Noritaka Yamaguchi® & Naoto Yamaguchi®

. Src-family kinases, expressed in a wide variety of cell types, are anchored to cellular membranes

- through posttranslational lipid modifications and involved in diverse cellular signalling. In epithelial

. cells, Src-family kinases are localized at the plasma membrane and participate in epithelial functions.

. Epithelial cell polarity is achieved through dynamic reorganization of protein trafficking. To examine the

trafficking of Src-family kinases between polarized and non-polarized epithelial cells, we generated an

: MDCK cell line that can inducibly express a protein of interest in a polarized state at any time. We show
here that Lyn, a member of Src-family kinases, mainly localizes to the plasma membrane in polarized
MDCK cells and to endomembranes in non-polarized MDCK cells. Cell-cell interactions between
adjacent MDCK cells recruit Lyn from endomembranes to the plasma membrane even without cell
attachment to extracellular matrix scaffolds, and loss of cell-cell interactions by calcium deprivation

. relocates Lyn from the plasma membrane to endomembranes through Rabl1-mediated recycling.

: Therefore, using our MDCK cells expressing inducible Lyn, we reveal that calcium-dependent cell-cell

© interactions play a critical role in plasma membrane localization of Lyn in polarized MDCK cells.

Src-family non-receptor tyrosine kinases comprise at least eight members: c-Src, Lyn, c-Yes, Fyn, c-Fgr, Hck, Lck,
. and BIk. Src-family kinases consist of an N-terminal Src homology (SH) 4 domain that undergoes posttransla-
tional lipid modification(s), an SH3 and an SH2 domains, a tyrosine kinase catalytic domain, and a C-terminal
© negative regulatory domain!. Src-family kinases are anchored to the cytoplasmic side of cellular membranes
* through posttranslational lipid modifications and are involved in transduction of tyrosine phosphorylation
. signals?.

Lyn, a member of Src-family kinases, is expressed in a wide variety of cell types, including epithelial cells, neu-
© ronal cells, and hematopoietic cells, and involved in diverse cellular signalling®-°. Following activation of recep-
© tors, such as glycosylphosphatidylinositol-anchored receptors, B-cell receptors, and integrins, Lyn is recruited to
© activated receptors at the plasma membrane and transduces signals downstream from the plasma membrane®”.
. However, a considerable fraction of Lyn is found in intracellular compartments. Our previous studies revealed
. that newly synthesized Lyn traffics to the plasma membrane through the Golgi region® and the palmitoylated SH4
* domain is critical for the targeting of Lyn to the Golgi® °. Furthermore, we showed that cell detachment alters Lyn

distribution in sucrose density-gradient fractionation in HeLa cells'!.

Apical-basal cell polarity in epithelial cells arises through cell attachment to extracellular matrix scaffolds and

cell-cell contacts between adjacent cells!?. Polarized epithelial cells reorganize the molecular trafficking machin-
ery to form asymmetric membrane domains and tight junctions'® . In polarized epithelial cells, Src-family
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Figure 1. Establishment of an MDCK cell line expressing inducible Lyn. MDCK/TR/Lyn cells were grown in
sparse and confluent cultures, which generates non-polarized cells and polarized cells, respectively. The cells
were subsequently treated with 1 pg/ml doxycycline (Dox) for the indicated times. Whole cell lysates were
subjected to Western blot analysis using the indicated antibodies. TR, tetracycline repressor. Molecular size
markers are shown in kDa. The amount of p53/p56 Lyn in Dox-treated cells is expressed as the value relative to
that in cells without Dox treatment after normalization with actin levels. For better clarity and conciseness of
the presentation, cropped blots are shown. The full-length blots are presented in Supplementary Fig. S6.

kinases are involved in monolayer maintenance, vectorial vesicular transport, and tight junction formation'>-7.

Although Src-family kinases, including Lyn, are known to localize predominantly to the plasma membrane in
polarized epithelial cells’, it remains to be elucidated whether establishment of cell polarity affects the trafficking
pathway of Src-family kinases.

In this study, we generated Madin-Darby canine kidney (MDCK) cell lines inducibly expressing Src-family
kinases and examined the localization of Lyn in the different culture conditions. We found that MDCK cells are
capable of localizing Lyn mainly to the plasma membrane in polarized conditions and to endomembranes in
non-polarized conditions. Upon depolarization, Lyn is translocated from the plasma membrane to endomem-
branes in a manner dependent on Rab11 activity. Moreover, the localization of Lyn at the plasma membrane
depends on calcium-dependent cell-cell interactions irrespective of cell-scaffold interactions.

Results

Generation of an MDCK cell line expressing inducible Lyn. Madin-Darby canine kidney (MDCK)
cells cultured as confluent monolayers acquire apical-basal cell polarity. Because MDCK cells grown in confluent
culture conditions can be hardly transfected with expression vectors, we generated an MDCK cell line expressing
tetracycline-inducible human Lyn (MDCK/TR/Lyn). Fortuitously, mouse monoclonal anti-Lyn antibody (mouse
mAb) was found to react to inducible human Lyn (the 56-kDa isoform) but not endogenous canine Lyn (two
isoforms at 56 and 53 kDa), whereas rabbit polyclonal anti-Lyn antibody (rabbit pAb) is capable of reacting to
both canine and human Lyn (Supplementary Fig. S1). Western blotting analysis showed that treatment of MDCK/
TR/Lyn cells with doxycycline (Dox), a tetracycline derivative, induces expression of human Lyn (approximately
2~3-fold over endogenous Lyn), whose expression is repressed before Dox treatment (Fig. 1). In other words,
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this cell line has the advantage of no expression leakage of human Lyn unless Dox is added. Inducibly expressed
Lyn was easily detected as early as 3 h after Dox treatment, irrespective of culture conditions (Fig. 1). Although
v-Src, a constitutively active form of its cellular counterpart c-Src, is capable of degrading the adhesion mol-
ecule E-cadherin and destroying MDCK cell monolayers'* '8, inducible expression of Lyn in MDCK/TR/Lyn
cells did not cause E-cadherin degradation and thereby preserving MDCK cell monolayers (Figs 1 and 2a,b;
Supplementary Fig. S2). These results indicate that, upon Dox addition, human Lyn is capable of being synchro-
nously expressed in most of confluent MDCK monolayer cells.

Localizations of Lyn in MDCK cells under the different culture conditions.  Apical-basal cell polar-
ity is required for the formation and maintenance of tight junctions'®. The tight junction protein ZO-1 lined up at
the upper area of cell-cell contact sites in confluently cultured MDCK/TR/Lyn cells (Fig. 2b). The lining of ZO-1
was not disturbed upon inducible expression of Lyn (Supplementary Fig. S2), whereas ZO-1 was scattered at the
plasma membrane in sparsely cultured MDCK/TR/Lyn cells (Fig. 2a). These results confirmed that MDCK/TR/
Lyn cells cultured as confluent monolayers acquire apical-basal cell polarity. In MDCK/TR/Lyn cells cultured
to confluence (polarized cells), the majority of inducibly expressed Lyn were localized at the plasma membrane
(Fig. 2b,c). However, in MDCK/TR/Lyn cells cultured sparsely (non-polarized cells), inducibly expressed Lyn
was obviously accumulated to punctate endomembrane structures other than the plasma membrane (Fig. 2a,c).
Similar to inducibly expressed Lyn in MDCK/TR/Lyn cells, endogenous Lyn in parental MDCK cells was local-
ized at the plasma membrane in a polarized state and distributed to endomembranes and the plasma mem-
brane in a non-polarized state (Fig. 2d), which was confirmed by knockdown of endogenous Lyn (Supplementary
Fig. S3). These results suggest that differential localizations of Lyn to endomembranes and the plasma membrane
in MDCK cells may be regulated by non-polarized and polarized states, respectively.

Differential localizations of Lyn in non-polarized and polarized MDCK cells. Our studies have
shown that newly synthesized Lyn is first accumulated to perinuclear endomembranes, including the Golgi pool
of caveolin, and then transported to the plasma membrane in COS-1 and HeLa cells that are cultured sparsely®
11,20.21 ‘We then examined whether the localization of Lyn might change from endomembranes to the plasma
membrane in non-polarized MDCK cells with time after Dox treatment. During 8 h of Dox treatment, newly syn-
thesized Lyn was accumulated to endomembranes in non-polarized MDCK cells, despite the presence of newly
synthesized Lyn at the plasma membrane in polarized MDCK cells (Fig. 3a). These two contrasting patterns of
Lyn localization in non-polarized and polarized MDCK cells were sustained at least 30 h after Dox treatment
(Fig. 3a). To examine whether depolarization of MDCK cells could affect the localization of Lyn, Lyn was induc-
ibly expressed in polarized MDCK cells followed by trypsinization and a subsequent spinner flask culture. The
resulting cells became round in shape and eventually lost their polarity during a single cell suspension culture.
Notably, Lyn became accumulated to endomembranes after 2h of a single cell suspension culture in a spinner
flask (Fig. 3b). These results suggest that endomembrane localization of Lyn is induced by a non-polarized cell
state but plasma membrane-localization of Lyn is promoted by a polarized cell state.

Next, to examine whether Lyn accumulated to endomembranes during a single cell suspension culture was
transported from the plasma membrane, we used cycloheximide (CHX), a protein synthesis inhibitor. Western
blotting analysis showed that inducible expression of Lyn in MDCK/TR/Lyn cells was completely blocked by
treatment with CHX for at least 2h (Fig. 3¢). Polarized MDCK/TR/Lyn cells expressing inducible Lyn at the
plasma membrane for 10 h were detached and cultured for 2h in a single cell suspension culture in the presence of
CHX or dimethyl sulfoxide (DMSO, a solvent control). Although inhibition of protein synthesis by CHX seemed
to slightly decrease the level of plasma membrane-localized Lyn upon cell depolarization (compare DMSO with
CHX in Fig. 3d), Lyn became accumulated to endomembranes in MDCK/TR/Lyn cells that lost their polarity in
the presence of CHX (Fig. 3d). These results suggest that depolarization of MDCK cells induces the translocation
of Lyn from the plasma membrane to endomembranes.

Translocation of Lyn to endomembranes through Rabl1-positive endosomes. To characterize
the endomembrane compartment that harbours Lyn, we compared the staining patterns of Lyn with those of
several marker proteins, such as the recycling endosome proteins Rab11 and caveolin, the early endosome protein
EEAL1, the trans-Golgi protein furin, the cis-Golgi protein GM130, and the lysosome protein cathepsin D. The
levels of co-localization of Lyn and other organelle markers were examined by determining the Pearson’s R value.
Among these, Rab11 and caveolin were appreciably co-localized with Lyn in sparsely cultured, non-polarized
MDCK/TR/Lyn cells, although none of them was perfectly co-localized with Lyn (Fig. 4a). To further examine the
endomembrane localization of Lyn, we compared the localization of Lyn with that of the organelle markers when
polarized MDCK cells were detached and subsequently cultured in single cell suspension as described in Fig. 3b.
Whereas Lyn was localized largely to the plasma membrane in confluent, polarized MDCK/TR/Lyn cells (see
also Fig. 2b), Lyn became appreciably co-localized with Rab11 or caveolin after confluent, polarized MDCK/TR/
Lyn cells were cultured in single cell suspension (Fig. 4b). These results suggest that depolarization by single cell
suspension changes the localization of Lyn from the plasma membrane to endomembranes that include Rab11- or
caveolin-positive recycling endosomes.

Since Rab11 serves as an effector for various membrane trafficking pathways , we examined whether
accumulation of Lyn to endomembranes was regulated by Rab11 GTPase activity. Notably, overexpression of
dominant-negative Rab11(S25N) (inactive form) dispersed Lyn from the perinuclear region to the cell periphery
in a single cell suspension culture, whereas overexpression of wild-type Rab11, dominant-negative Rab5a(S34N),
or dominant-negative Rab7(N125I) did not interfere with perinuclear accumulation of Lyn upon depolariza-
tion (Fig. 4c). These results suggest that active Rab11 but not Rab5 nor Rab7 is required for perinuclear accu-
mulation of Lyn, implicating that the active Rab11 may directly associates with Lyn or indirectly interact with

14, 22-24
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Figure 2. Localizations of Lyn in MDCK cells under the different culture conditions. (a-c) MDCK/TR/Lyn cells
grown in sparse (non-polarized) (a) or confluent (polarized) (b) culture were treated with 1 ug/ml Dox for 10h.
Cells were fixed and then stained with rabbit polyclonal anti-Lyn antibody (green) and anti-ZO-1 antibody (red).
The positions of the focal plane (Upper and Lower) are indicated along the z-axis. Representative XY sections

(i) and XZ sections on the blue line (ii) are shown. Scale bar, 10 pm. (c) The number of cells in which Lyn was
appreciably accumulated to endomembranes was counted. Cells grown at the cell periphery of each colony were
regarded as non-polarized cells. The data represent the mean ratio & S.D. from three independent experiments in
which at least 50 cells for each category were scored. The significant difference is calculated by one-tailed Student’s
t test. (d) Parental MDCK cells were grown in sparse (non-polarized) or confluent (polarized) culture. Cells were
fixed and stained with rabbit polyclonal anti-Lyn antibody. Control samples were stained with secondary antibody
alone. For eye guide, cell borders and nuclei are marked by dotted lines and stars, respectively. Scale bar, 10 pm.
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Figure 3. Differential localizations of Lyn in non-polarized and polarized MDCK cells. (a,b,d)
Immunofluorescence staining was performed using mouse monoclonal anti-Lyn antibody (green). Scale bars,
10 pm. (a) MDCK/TR/Lyn cells were cultured in sparse or confluent conditions and then treated with 1 pg/ml
Dox for 8h and 30 h. (b) MDCK/TR/Lyn cells cultured to confluence (polarized cells) were treated with 1 g/
ml Dox for 8h (Adhesion), detached with trypsin treatment and subsequently cultured for the indicated time
(min) in a spinner flask with calcium- and serum-free IMDM containing 1 pug/ml Dox (Adhesion — Single cell
suspension culture). (¢) MDCK/TR/Lyn cells cultured to confluence (polarized cells) were treated with 1 pg/
ml Dox in the presence or absence of 200 pg/ml cycloheximide (CHX) for 120 min. Whole cell lysates were
subjected to Western blot analysis using the indicated antibodies. Molecular size markers are shown in kDa.
The full-length blots are presented in Supplementary Fig. S7. (d) MDCK/TR/Lyn cells cultured to confluence
(polarized cells) were treated with 1 ug/ml Dox for 10 h, detached with trypsin treatment and subsequently
cultured for 120 min in a spinner flask with calcium- and serum-free IMDM (single cell suspension cultures) in
the presence or absence of 200 g/ml CHX for 120 min.

Single cell suspension culture (min) <— Adhesion

Lyn-containing endomembranes through Rab11-positive endomembranes. At present, we hypothesize that
Rabl1-mediated endosomal trafficking plays a regulatory role in Lyn trafficking during depolarization of MDCK
cells.

Role for palmitoylation of Lyn in its endomembrane localization in MDCK cells. Our pre-
vious study demonstrated that palmitoylation at the N-terminal region of Lyn determines its localization
in HeLa and COS-1 cells’. To examine whether palmitoylation was required for the regulation of Lyn locali-
zation in non-polarized and polarized MDCK cells as well, we generated MDCK cell lines expressing induc-
ible c-Src, a non-palmitoylated member of Src-family kinases, or inducible Lyn(C3S), a non-palmitoylated
Lyn mutant (Cys — Ser mutation at position 3) as with inducible c-Src. In polarized MDCK cells, c-Src and
Lyn(C3S) were widely distributed throughout the cell interior, whereas Lyn was largely localized to the plasma
membrane (Fig. 5a). Unlike mono-palmitoylated Lyn, non-palmitoylated c-Src and Lyn(C3S) were not accu-
mulated at the perinuclear region during a single cell suspension culture (Fig. 5b). Endogenous c-Yes, another
mono-palmitoylated Src-family member, was indeed localized to the plasma membrane in polarized MDCK cells
and accumulated to the perinuclear region in non-polarized MDCK cells (sparse culture or single cell suspension
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Figure 4. Endomembrane localization of Lyn through Rab11-positive endosomes. (a,b) Double
immunofluorescence staining was performed using mouse monoclonal or rabbit polyclonal anti-Lyn antibody
(green) together with the indicated antibody (red). The Pearson’s R value determined from the green and red
signals in the region of interest (ROI; blue square) is shown in each image. Scale bars, 10 um. (a) MDCK/TR/
Lyn cells sparsely cultured (non-polarized cells) were treated with 1pg/ml Dox for 10h. (b) MDCK/TR/Lyn

cells cultured to confluence (polarized cells) were treated with 1 pg/ml Dox for 8 h, detached with trypsin and
subsequently cultured in a spinner flask with calcium- and serum-free IMDM containing 1 ug/ml Dox for 2 h.
(c) MDCK/TR/Lyn cells transiently transfected with the indicated plasmid were cultured to confluence and then
treated with 1 pug/ml Dox for 8 h, detached with trypsin and subsequently cultured in a spinner flask with calcium-
and serum-free IMDM for 2h. (i) HA-tagged Rab11-wt (wild-type Rab11) and HA-tagged Rab11(S25N)
(dominant-negative Rab11) were stained with rabbit anti-HA antibody (red). The images of GFP-conjugated
Rab5a(S34N) (dominant-negative Rab5) and GFP-conjugated Rab7(N125I) (dominant-negative Rab7) were
pseudocoloured in red. Lyn was stained with mouse monoclonal anti-Lyn antibody (green). The Pearson’s R
value determined from the green and red signals in the ROI (blue square) is shown in each representative image
of Rabl1- or Rab11(S25N)-expressing cell. Scale bars, 10 um. (ii) The plots represent the Pearson’s R values
determined from Lyn and Rab11-wt or Lyn and Rab11(S25N) in the ROI in each cell. n, cell number.
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Figure 5. Role for palmitoylation of Lyn in its endomembrane localization in MDCK cells. (a,d) MDCK/
TR/Lyn, MDCK/TR/c-Src, and MDCK/TR/Lyn(C3S) cells cultured as confluent monolayers (polarized cells)
were treated with 1 pg/ml Dox for 10h. (b,e) MDCK/TR/Lyn, MDCK/TR/c-Src, and MDCK/TR/Lyn(C3S)
cells cultured to confluence (polarized cells) were treated with 1g/ml Dox for 8 h, detached with trypsin and
subsequently cultured in spinner flasks for 2h. (a,b) Cells were stained with mouse monoclonal anti-Lyn or
anti-c-Src antibody. Scale bars, 10 pm. (c) Parental MDCK cells were cultured to confluence (i, polarized cells),
cultured sparsely (ii, non-polarized cells), or cultured to confluence and subsequently cultured in suspension
for 2 h (iii, single cell suspension cultures). Cells were stained with anti-c-Yes antibody. For eye guide, cell
borders and nuclei are marked by dotted lines and stars, respectively (ii). Scale bars, 10 um. (d,e) Post-nuclear
supernatants obtained from polarized (d) or single cell suspension-cultured, non-polarized (e) MDCK cells
were subjected to sucrose density gradient fractionation, and each fraction was analysed by Western blotting
with the indicated antibodies. Molecular size markers are shown in kDa. The full-length blots are presented in
Supplementary Fig. S8.

culture) (Fig. 5¢). These results suggest that palmitoylation plays a critical role in the regulation of Lyn localization
between polarization and depolarization of MDCK cells.

Furthermore, our recent study showed that the distribution pattern of Lyn in sucrose density gradient frac-
tionation is changed by its palmitoylation state in HeLa cells!!. We therefore compared the distribution patterns of
Lyn, ¢-Src, and Lyn(C3S) in MDCK cells cultured as a confluent monolayer (polarized cell culture) or in a spinner
flask (single cell suspension culture). In polarized MDCK cells, the majority of Lyn were distributed to Fr. 3~6,
but c-Src and Lyn(C3S) were distributed throughout Fr. 1~10 (Fig. 5d). Interestingly, in single cell suspension
cultures, the majority of c-Src and Lyn(C3S) became distributed to Fr. 1~2, although the distribution pattern of
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Figure 6. Translocation of Lyn to endomembranes by calcium deprivation. (a) MDCK/TR/Lyn cells cultured
to confluence (polarized cells) were treated with 1 ug/ml Dox for 8h, then treated with 4mM EDTA or 4mM
EGTA for 15 min and subsequently cultured in calcium- and serum-free IMDM for 2 h (calcium deprivation).
Cells were fixed and stained with rabbit anti-Lyn antibody (green) and anti-E cadherin antibody (red). Scale
bars, 10 pm. (b) MDCK/TR/Lyn cells cultured to confluence (polarized cells) were treated with 1 pg/ml Dox
for 8 h, then treated with 4 mM EDTA for 15 min and further incubated in calcium- and serum-free IMDM for
2h (calcium deprivation), and subsequently incubated with IMDM containing 5% bovine serum for 10 min
and 120 min (calcium replenishment). Cells were stained with anti-Lyn and anti-E-cadherin antibodies. Scale
bars, 10 um. (¢) MDCK/TR/Lyn cells cultured to confluence (polarized cells) were treated with 1 pg/ml Dox for
8h, then treated with 4 mM EDTA for 15 min and further incubated in calcium- and serum-free IMDM for 2h
(calcium deprivation), and subsequently incubated with IMDM containing 5% bovine serum for 20 h (calcium
replenishment). Cells were stained with anti-Lyn antibody (green) and propidium iodide. The number of cells
in which Lyn was predominantly accumulated to endomembranes was counted. The data represent the mean
ratio & S.D. from three independent experiments in which at least 50 cells for each category were scored. The
significant differences are calculated by one-tailed Student’s ¢ test.

Lyn was quite similar to that in polarized cells (Fig. 5e). These results suggest that palmitoylation plays a critical
role in directing Lyn toward endomembranes, in particular, distinct density membrane fractions.

Translocation of Lyn to endomembranes by calcium deprivation. Non-polarized MDCK cells that
were sparsely cultured were still capable of partially forming cell-cell interaction sites to which Lyn was recruited
(Figs 2a,c and 3a). We hypothesized that the recruitment of Lyn to cell-cell interaction sites has similar char-
acteristics to that to the plasma membrane. Since the formation of cell-cell interactions requires extracellular
calcium ions, deprivation of calcium ions by treatment of polarized MDCK cells with EDTA or EGTA breaks
down cell-cell interaction sites and induces internalization of the adherence junction protein E-cadherin?* 2
(see Fig. 6a,b). Intriguingly, it was found that deprivation of calcium ions also induced the translocation of Lyn
from the plasma membrane to endomembranes in polarized MDCK cells (Fig. 6a,b). Given that the E-cadherin
trans-interactions require approximately 1 mM calcium ions?”’, IMDM medium, which contains 1.5mM calcium
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ions, can supply a sufficient concentration of calcium ions to recover cell-cell interactions through E-cadherin.
For 2h of calcium replenishment after calcium deprivation, the recruitment of Lyn to the plasma membrane
corresponded to the formation of calcium-dependent E-cadherin trans-interactions on cell-cell interaction sites
(Fig. 6b,c). Conversely, endomembrane localization of Lyn in polarized MDCK cells was increased by calcium
deprivation and decreased by calcium replenishment (Supplementary Fig. S4 and Fig. 6b,c). These results suggest
that cell-cell interactions through E-cadherin are involved in the recruitment of Lyn to the plasma membrane in
polarized MDCK cells.

Relocation of Lyn to the plasma membrane by cell-cell interactions. It is evident that adjacent
MDCK cells grown as confluent monolayers inevitably adhere to each other, and that monolayered MDCK
cells also adhere to the surface of culture dishes where extracellular matrix scaffolds are associated. To examine
whether cell-scaffold interactions were required for plasma membrane localization of Lyn, we transferred single
suspended cells into poly(2-hydroxyethyl methacrylate) [polyHEMA]-coated culture dishes. Cells cultured on
the polyHEMA-coated surface of culture dishes are well known to prevent cell adhesion to the surface of cul-
ture dishes in static suspension cultures, resulting in the formation of cell aggregates or spheroids® (see Fig. 7).
Single suspended cells became aggregated in a time-dependent manner during static suspension cultures, and the
localizations of E-cadherin and Lyn were changed from endomembranes to the cell-cell interaction sites at the
plasma membrane (Fig. 7a,b and Supplementary Fig. S5). However, calcium deprivation by EGTA treatment, but
not serum-free cultures, did indeed inhibit the relocation of Lyn from endomembranes to the plasma membrane
in static suspension cultures (Fig. 7c). These results suggest that calcium-dependent cell-cell interactions, even
without cell-scaffold interactions, can relocate Lyn from endomembranes to the plasma membrane.

Discussion

In the present study, we show that calcium-dependent cell-cell interactions dynamically promote plasma
membrane-localization of Lyn, a mono-myristoylated and mono-palmitoylated member of Src-family kinases,
in polarized MDCK cells. Interactions between adjacent MDCK cells recruit Lyn from endomembranes to the
plasma membrane even without cell attachment to extracellular matrix scaffolds, and loss of cell-cell interactions
by calcium deprivation relocates Lyn from the plasma membrane to endomembranes possibly through the inter-
action of Lyn trafficking with Rab11-mediated endosomal trafficking.

Polarized membrane trafficking in cells is intertwined with various biological functions, including migration,
differentiation, cell division, and epithelial barrier formation'> 4. MDCK cell monolayers can form apical-basal
cell polarity, which is widely used as a model system for studying epithelial polarity. Previous studies showed
that c-Src, Lyn and c-Yes, three members of Src-family kinases, all localize to the plasma membrane in primary
cultured rat liver cells and an epithelial cell line derived from the kidney®. At the plasma membrane of polarized
MDCK cells, Src-family kinases are involved in stabilization of intercellular adhesions and activation of trans-
cytosis'® 7. Generation of an MDCK cell clone that equips with a tetracycline-inducible protein expression sys-
tem successfully ensures inducible expression of exogenous human Lyn at any time irrespective of polarization
(Fig. 1). Use of our MDCK cell line expressing inducible Lyn enables us to scrutinize the relationship between
membrane trafficking and polarization. We thus reveal that Lyn is not statically localized to the plasma membrane
but is distributed between the plasma membrane and endomembranes in a manner dependent on either polari-
zation or depolarization.

Our previous studies showed several characteristics of the translocation of Lyn in COS-1 and HeLa cells: (i)
biosynthetic trafficking of Lyn to the plasma membrane via the Golgi region®, (ii) palmitoylation-dependent dif-
ferential trafficking of Lyn* 2!, and (iii) biochemical changes in Lyn distribution in sucrose density gradient frac-
tionation upon cell detachment'!. In this study, we grew MDCK cells in various culture conditions and examined
the relationship between membrane trafficking and cell polarity. We cultured MDCK cells under the following
five different conditions: (i) cells were cultured to confluence until they form tight junctions, thereby being fully
polarized in monolayers (Fig. 2), (ii) cells were sparsely cultured, where cells were contacted on not all sides
with adjacent cells (adherent, non-polarized cells) (Fig. 2a), (iii) suspended cells were grown in a spinner flask,
so that they became round in shape and were depolarized during a single cell suspension culture (Figs 3-5), (iv)
polarized cells are treated with EDTA or EGTA, which can still adhere to extracellular matrix scaffolds (adher-
ent) but lose intercellular adhesions (Fig. 6), and (v) suspended cells were cultured in polyHEMA-coated dishes,
so that cells are incapable of adhering to extracellular matrix scaffolds (non-adherent) but retain the ability to
induce intercellular adhesions/cell aggregation (Fig. 7). Accordingly, we can reveal the following evidence: (i)
differential localizations of Lyn in polarized and non-polarized MDCK cells are sustained for at least 30 h after
induction of Lyn expression (Fig. 3a), (ii) palmitoylation is critical for Lyn localization in MDCK cells (Fig. 5a,b),
(iii) cell detachment does not change Lyn distribution in sucrose density gradient fractionation (Fig. 5d,e), (iv)
Lyn localization is appreciably changed from the plasma membrane to endomembranes by suppression of inter-
cellular adhesions by calcium deprivation (Fig. 6), and (v) Lyn is reversibly accumulated to the plasma mem-
brane by intercellular re-adhesions even without cell attachment to extracellular matrix scaffolds (Fig. 7). Taken
together, these results suggest that intercellular adhesions play a critical role in Lyn localization to the plasma
membrane in polarized MDCK cells. Unlike Lyn, c-Src did not show appreciable changes in its staining pattern
(Fig. 5a,b). However, the distribution of c-Src in membrane fractionation was changed upon cell depolarization
(Fig. 5d,e). These results implicate an additional mechanism for explaining the differences of Src-family kinases
in density-membrane fractionation during cell polarization.

The signal transduction pathways responding to the tension from adjacent cells and the stiffness of extra-
cellular matrix scaffolds are important for cellular functions®” *. Single cell suspension culture is an appro-
priate method to dissociate cell-cell interactions and minimize the stiffness of extracellular matrix scaffolds.
Localization of Src-family kinases in single suspended cells has been thus far examined with at least three cell
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Figure 7. Relocation of Lyn to the plasma membrane by cell-cell interactions. (a,c) Cells cultured as described
below were stained with rabbit anti-Lyn and anti-E-cadherin antibodies. Scale bars, 10 pm. (a) MDCK/TR/Lyn cells
cultured as confluent monolayers (polarized cells) were treated with 1 ug/ml Dox for 8, detached by trypsinization
and subsequently cultured in a spinner flask with calcium- and serum-free IMDM (single cell suspension culture).
Single suspended cells were transferred into polyHEMA-coated culture dishes and cultured in IMDM-5% bovine
serum (calcium replenishment) for the indicated time (static suspension culture). (b) Single suspended cells
cultured as described in (a) (single cell suspension culture) were transferred into polyHEMA-coated culture dishes
and cultured in IMDM-5% bovine serum (calcium replenishment and static suspension culture) for 20h. Cells were
stained with anti-Lyn antibody and propidium iodide. The number of cells exhibiting predominant accumulation
of Lyn to endomembranes was counted. The data represent the mean ratio &= S.D. from three independent
experiments in which at least 50 cells for each category were scored. The significant differences are calculated by
one-tailed Student’s ¢ test. (c) Cells cultured as described in (a) (single cell suspension culture) were transferred into
polyHEMA-coated culture dishes and cultured for 16 h in IMDM containing 5% bovine serum (static suspension
culture, Control), IMDM containing 5% bovine serum in the presence of 4mM or 10 mM EGTA (static suspension
culture, Calcium deprivation), or serum-free IMDM (static suspension culture, Serum-free). Scale bars, 10 pm.

SCIENTIFICREPORTS|7:493 | DOI:10.1038/s41598-017-00538-5 10



www.nature.com/scientificreports/

lines, such as HeLa, NIH3T3, and MDCK cells. Our present study shows that cell-cell interactions are impor-
tant for the regulation of Lyn translocation from endomembranes to the plasma membrane in polarized MDCK
cells. Meanwhile, in HeLa cells, cell detachment changes Lyn distribution in sucrose density gradient fraction-
ation but does not internalize Lyn from the plasma membrane!!. In NTH3T3 cells, dissociation of cell-scaffold
interactions induces the translocation of Src-family kinases from the plasma membrane to endomembranes®'.
Considering that Src-family kinases located at the plasma membrane are involved in both cell-cell interactions
and cell-scaffold interactions®, we hypothesize that the localization of Src-family kinases to the plasma mem-
brane may be differentially regulated in respective cell conditions.

Once polarized MDCK cells lose intercellular adhesions, Lyn and E-cadherin become accumulated from the
plasma membrane to endomembranes (Figs 6 and 7). It is known that internalized E-cadherin is recruited again
to the plasma membrane via recycling endosomes or degraded in lysosomes®, and that active Rab11 is required
for the trafficking of E-cadherin from recycling endosomes to the plasma membrane in polarized MDCK cells*.
Rabl11 regulates not only exocytic recycling but also inter-endosomal trafficking from recycling endosomes?> %,
For example, Rabl1 is required for compartmentalization of GLUT4 to storage vesicles under insulin-starved
conditions®. In single suspended, non-polarized MDCK cells, endosomal Lyn does co-localize even partially
with the recycling endosome marker Rab11 but does not overlap with the lysosome marker cathepsin D (Fig. 4b).
Overexpression of GDP-locked Rab11(S25N) dominant-negatively perturbs perinuclear accumulation of Lyn in a
single cell suspension culture (Fig. 4c), suggesting a direct or indirect interaction of active Rab11 with endosomal
trafficking of Lyn. Note that Lyn does not co-localize with E-cadherin on endomembranes in single suspended
cells (Fig. 7c). These results suggest that the trafficking pathway of Lyn may be different from that of E-cadherin
in depolarized MDCK cells. Thus, we hypothesize that, upon loss of cell-cell interactions, MDCK cells may form
a particular endomembrane compartment that accumulates Lyn in a Rab11-dependent manner.

In conclusion, using our established MDCK cell line that can inducibly express a protein of interest in a polar-
ized state, we show for the first time that calcium-dependent cell-cell interactions play a critical role in Lyn local-
ization at the plasma membrane in polarized MDCK cells. Further exploration with MDCK cell lines expressing
inducible proteins of interest will help us to understand the dynamic pathways for the trafficking of apical and
basolateral proteins during polarization and depolarization.

Methods

Plasmids. cDNAs encoding human Lyn* (the 56-kDa isoform) (provided by Tadashi Yamamoto) and
human c¢-Src* (provided by Donald J. Fujita) were subcloned into the pcDNA4/TOneoR vector®®. The Cys — Ser
mutation at position 3 on Lyn [Lyn(C3S)] was generated previously'!. HA-Rab11-wt (wild-type Rab11)* and
HA-Rab11S25N (dominant-negative Rab11)* subcloned into the pcDNA3.1 vector (Invitrogen) was provided by
Stephen Ferguson. Rab5aS34N (dominant-negative Rab5a)*’ subcloned into the pEGFP-C1 vector (Clonetech)
was provided by Brian J. Knoll. Rab7N125I (dominant-negative Rab7)*! subcloned into the pEGFP-C1 vector
was provided by Bo van Deurs. The CAG promoter-driven pCAG/TR vector expressing the tetracycline repressor
(TR) was constructed previously*2. The sequences selected for short hairpin RNA (shRNA) against canine Lyn
were as follows: shLyn #1, GTCTGATGTGTGGTCCTTT; shLyn #2, GCACTACAAAATTAGAAGT. The oligo-
nucleotides for sitRNA were subcloned into the mCherry-coexpressing shRNA vector, as described*®.

Antibodies. The following antibodies were used: mouse monoclonal anti-Lyn (Lyn9, Wako Pure
Chemicals, Osaka, Japan; 1:500 for Western blotting, 1:50 for Immunofluorescence), rabbit polyclonal anti-Lyn
(GTX111584, GeneTex; 1:500 for Western blotting, 1:500 for Immunofluorescence), anti-Src (GD11, Millipore;
1:500 for Western blotting, 1:200 for Immunofluorescence), anti-actin (C4, Millipore; 1:1000 for Western
blotting), anti-E-cadherin (610181, BD Transduction Laboratories; 1:1000 for Western blotting, 1:500 for
Immunofluorescence), anti-EEA1 (610456, BD Transduction Laboratories; 1:200 for Immunofluorescence),
anti-ZO-1 (Invitrogen; 1:500 for Inmunofluorescence), anti-GM130 (610822, BD Transduction Laboratories;
1:1000 for Immunofluorescence), anti-furin (Thermo Scientific; 1:200 for Immunofluorescence), anti-TR
(MoBiTec; 1:400 for Western blotting), anti-Rab11 (Invitrogen; 1:50 for Immunofluorescence), anti-HA (Y-11,
Santa Cruz Biotechnology; 1:100 for Immunofluorescence), anti-Yes (clone 1, BD Transduction Laboratories;
1:200 for Immunofluorescence), and anti-cathepsin D (DakoCytomation; 1:250 for Immunofluorescence).
Horseradish peroxidase-F(ab’), fragments of anti-mouse IgG antibody (Jackson ImmunoResearch) and
anti-rabbit IgG antibody (Jackson ImmunoResearch) were used. Alexa Fluor 488-donkey anti-mouse IgG,
Alexa Fluor 488-donkey anti-rabbit IgG, Alexa Fluor 647-donkey anti-mouse IgG, and Alexa Fluor 647-donkey
anti-rabbit IgG antibodies obtained from Invitrogen were used.

Cells and transfection. MDCK cells (provided by Toshiharu Horie) and MDCK-derived cells were cultured
in Iscove’s modified Dulbecco’s medium (IMDM) containing 5% bovine serum. To generate MDCK stable cell
lines for tetracycline-inducible expression of Lyn, c-Src or Lyn(C3S), MDCK cells were stably co-transfected
with pCAG/TR and a plasmid containing the hygromycin resistance gene and selected in 250 pg/ml hygromycin.
MDCK cells stably expressing TR (MDCK/TR cells) were transfected with pcDNA4/TO/Lyn, pcDNA4/TO/c-Src,
or pcDNA4/TO/Lyn(C3S) and selected in 250 pg/ml G418. Doxycycline, a tetracycline derivative, was used at
1 pg/ml for inducible expression of Lyn, c-Src, or Lyn(C3S). Transfection was performed using linear polyethyl-
enimine (25kDa; Polysciences)*:.

Adhesion and suspension cultures. For non-polarized-cell culture, MDCK cells (1.5 x 10*cells/
mL; 3.1 x 10% cells/cm?) were sparsely seeded on tissue culture dishes (Falcon) and cultured for 2 days. For
polarized-cell culture, MDCK cells (1.0 x 10°cells/mL; 2.1 x 10%cells/cm?) were cultured to confluence for 2 days
and further 2~4 days post-confluence. For single cell suspension cultures, cells were washed with Dulbecco’s
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phosphate-buffered saline (D-PBS), incubated with 0.25% trypsin for 2 min at 37 °C and then cultured in a spin-
ner flask with calcium-deprived IMDM. For static suspension cultures, cells detached by trypsinization were
transferred into poly(2-hydroxyethyl methacrylate) [polyHEMA]-coated culture dishes and cultured in IMDM
containing 5% bovine serum. PolyHEMA-coated dishes were prepared as described recently!’. In brief, tissue
culture dishes were filled with 3% (w/v) polyHEMA (Sigma) dissolved in 95% ethanol, and then ethanol was
evaporated under air blow for 1 h.

Immunofluorescence microscopy. Immunofluorescence staining was performed as described recently’.
In brief, cells were fixed in PBS-containing 2% paraformaldehyde for 20 min at 37 °C, permeabilized with 0.1%
Triton X-100 for 3 min at room temperature, blocked in PBS containing 3% bovine serum albumin and 0.1% sap-
onin, and then sequentially incubated with a primary and a secondary antibody for 1 hour each. For endogenous
Lyn staining, cells were fixed and permeabilized in 100% methanol at —20°C for 10 min. For staining of nuclei,
cells were treated with 200 pg/mL RNase A and 10 pg/mL propidium iodide for 30 min. Confocal and Nomarski
differential-interference-contrast images were acquired at 512 x 512 pixels using a FluoView FV500 laser scanning
microscope with a 60x water-immersion objective lens (Olympus, Tokyo, Japan). One-planer (xy) section slice
images with 0.6-pum thickness were shown. Orthogonal sections viewing axial directions (xz) were created when all
Z-series sections at 0.35um intervals were merged. Composite figures were prepared using FV10-ASW version 2
viewer, GIMP 2.6.4 software, and Adobe Illustrator CS6. The Pearson’s R values were computed using Fiji software.

Western blotting. Cell lysates prepared in SDS-sample buffer containing the protein tyrosine phosphatase
inhibitor Na;VO, (10 mM) were separated by SDS-PAGE and electro-transferred onto polyvinylidene difluoride
membranes (PVDE Millipore), as described**. Immunodetection was performed as reported previously'!. Results
were analysed using an image analyser ChemiDoc XRSplus (Bio-Rad). Intensity of chemiluminescence was meas-
ured using the Quantity One software (Bio-Rad). Images were cropped and labelled using GIMP 2.6.4 software
and Adobe Illustrator CS6.

Sucrose density gradient fractionation. Sucrose density gradient fractionation was performed as
described previously'" . In brief, cells were swollen in hypotonic buffer (40 mM HEPES, pH 7.4, 1 mM MgSO,,
and 10 mM Na,;VO,) containing protease inhibitors, followed by homogenization with 20 strokes of a tight-fitting
1-mL Dounce homogenizer. After adjusting the sucrose concentration to 250 mM, the post-nuclear supernatants
were recovered by centrifugation at 1,000 x g for 5min. The resultant post-nuclear supernatants (900 ul) were
loaded at the top of a discontinuous sucrose gradient, composed of successive layers of 800 pl each of hypotonic
buffer containing 1.5M, 1.2 M, 1.0 M, 0.8 M, and 0.5 M sucrose. After centrifugation at 100,000 x g for 85min in a
P55ST2 rotor (Hitachi, Tokyo, Japan), 10 fractions of 490 ul were collected from the top of the tube and analysed
by Western blotting. All steps were carried out at 4°C.

References
1. Brown, M. T. & Cooper, J. A. Regulation, substrates and functions of src. Biochim. Biophys. Acta 1287, 121-149 (1996).
2. Resh, M. D. Myristylation and palmitylation of Src family members: the fats of the matter. Cell 76, 411-413 (1994).
3. Tsukita, S. et al. Specific proto-oncogenic tyrosine kinases of Src family are enriched in cell-to-cell adherens junctions where the
level of tyrosine phosphorylation is elevated. J. Cell Biol. 113, 867-879 (1991).
4. Hayashi, T., Umemori, H., Mishina, M. & Yamamoto, T. The AMPA receptor interacts with and signals through the protein tyrosine
kinase Lyn. Nature 397, 72-76 (1999).
5. Chudakova, D. A. et al. Integrin-associated Lyn kinase promotes cell survival by suppressing acid sphingomyelinase activity. J. Biol.
Chem. 283, 28806-28816 (2008).
6. Sohn, H. W, Tolar, P. & Pierce, S. K. Membrane heterogeneities in the formation of B cell receptor-Lyn kinase microclusters and the
immune synapse. J. Cell Biol. 182, 367-379 (2008).
7. Suzuki, K. G. et al. GPI-anchored receptor clusters transiently recruit Lyn and Ga for temporary cluster immobilization and Lyn
activation: single-molecule tracking study 1. J. Cell Biol. 177,717-730 (2007).
8. Kasahara, K. et al. Trafficking of Lyn through the Golgi caveolin involves the charged residues on oE and ol helices in the Kinase
domain. J. Cell Biol. 165, 641-652 (2004).
9. Kasahara, K. ef al. Rapid trafficking of c-Src, a non-palmitoylated Src-family kinase, between the plasma membrane and late
endosomes/lysosomes. Exp. Cell Res. 313, 2651-2666 (2007).
10. Ikeda, K. et al. Requirement of the SH4 and tyrosine-kinase domains but not the kinase activity of Lyn for its biosynthetic targeting
to caveolin-positive Golgi membranes. Biochim. Biophys. Acta 1790, 1345-1352 (2009).
11. Morinaga, T., Abe, K., Nakayama, Y., Yamaguchi, N. & Yamaguchi, N. Activation of Lyn tyrosine kinase through decreased membrane
cholesterol levels during a change in its membrane distribution upon cell detachment. J. Biol. Chem. 289, 26327-26343 (2014).
12. Mostov, K., Su, T. & ter Beest, M.. Polarized epithelial membrane traffic: conservation and plasticity. Nat. Cell Biol. 5, 287-293 (2003).
13. Apodaca, G., Gallo, L. I. & Bryant, D. M. Role of membrane traffic in the generation of epithelial cell asymmetry. Nat. Cell Biol. 14,
1235-1243 (2012).
14. Rodriguez-Boulan, E. & Macara, I. G. Organization and execution of the epithelial polarity programme. Nat. Rev. Mol. Cell Biol. 15,
2252242 (2014).
15. Kajita, M. et al. Interaction with surrounding normal epithelial cells influences signalling pathways and behaviour of Src-
transformed cells. J. Cell Sci. 123, 171-180 (2010).
16. Su, T. et al. A kinase cascade leading to Rab11-FIP5 controls transcytosis of the polymeric immunoglobulin receptor. Nat. Cell Biol.
12,1143-1153 (2010).
17. Dorfel, M. J. & Huber, O. Modulation of tight junction structure and function by kinases and phosphatases targeting occludin. J.
Biomed. Biotech. 2012, 807356 (2012).
18. Palacios, E, Tushir, J. S., Fujita, Y. & D’Souza-Schorey, C. Lysosomal targeting of E-cadherin: a unique mechanism for the down-
regulation of cell-cell adhesion during epithelial to mesenchymal transitions. Mol. Cell. Biol. 25, 389-402 (2005).
19. Cereijido, M., Shoshani, L. & Contreras, R. G. Molecular physiology and pathophysiology of tight junctions I. Biogenesis of tight
junctions and epithelial polarity. Am. J. Physiol. Gastrointest. Liver Physiol. 279, G477-G482 (2000).
20. Matsuda, D. et al. Involvement of Golgi-associated Lyn tyrosine kinase in the translocation of annexin II to the endoplasmic
reticulum under oxidative stress. Exp. Cell Res. 312, 1205-1217 (2006).

SCIENTIFICREPORTS |7:493 | DOI:10.1038/s41598-017-00538-5 12



www.nature.com/scientificreports/

21. Sato, L. et al. Differential trafficking of Src, Lyn, Yes and Fyn is specified by the state of palmitoylation in the SH4 domain. J. Cell Sci.
122, 965-975 (2009).

22. Johannes, L. & Popoff, V. Tracing the retrograde route in protein trafficking. Cell 135, 1175-1187 (2008).

23. Grant, B. G. & Donaldson, ]. G. Pathways and mechanisms of endocytic recycling. Nat. Rev. Mol. Cell Biol. 10, 597-608 (2009).

24. Welz, T., Wellbourne-Wood, J. & Kerkhoff, E. Orchestration of cell surface proteins by Rab11. Trends Cell Biol. 24, 407-415 (2014).

25. Helwani, E M. et al. Cortactin is necessary for E-cadherin-mediated contact formation and actin reorganization. J. Cell Biol. 164,
899-910 (2004).

26. McLachlan, R. W,, Kraemer, A., Helwani, F. M., Kovacs, E. M. & Yap, A. S. E-cadherin adhesion activates c-Src signaling at cell-cell
contacts. Mol. Biol. Cell 18, 3214-3223 (2007).

27. Pertz, O. et al. A new crystal structure, Ca>* dependence and mutational analysis reveal molecular details of E-cadherin
homoassociation. EMBO J. 18, 1738-1747 (1999).

28. Emoto, Y. Cellular aggregation facilitates anoikis in MDCK cells. J. Physiol. Sci. 58, 371-380 (2008).

29. Bissell, M. J., Kenny, P. A. & Radisky, D. C. Microenvironmental regulators of tissue structure and function also regulate tumor
induction and progression: the role of extracellular matrix and its degrading enzymes. Cold Spring Harb. Symp. Quant. Biol. 70,
343-356 (2005).

30. Papusheva, E. & Heisenberg, C. P. Spatial organization of adhesion: force-dependent regulation and function in tissue
morphogenesis. EMBO J. 29, 2753-2768 (2010).

31. Norambuena, A. & Schwartz, M. A. Effects of integrin-mediated cell adhesion on plasma membrane lipid raft components and
signaling. Mol. Biol. Cell 22, 3456-3464 (2011).

32. Brunton, V. G., MacPherson, I. R. J. & Frame, M. C. Cell adhesion receptors, tyrosine kinases and actin modulators: a complex three-
way circuitry. Biochim. Biophys. Acta-Mol. Cell Res. 1692, 121-144 (2004).

33. Delva, E. & Kowalczyk, A. P. Regulation of cadherin trafficking. Traffic 10, 259-267 (2009).

34. Desclozeaux, M. et al. Active Rab11 and functional recycling endosome are required for E-cadherin trafficking and lumen formation
during epithelial morphogenesis. Am. J. Physiol.-Cell Physiol. 295, C545-C556 (2008).

35. Leto, D. & Saltiel, A. R. Regulation of glucose transport by insulin: traffic control of GLUT4. Nat. Rev. Mol. Cell Biol. 13, 383-396
(2012).

36. Yamanashi, Y. et al. The yes-related cellular gene lyn encodes a possible tyrosine kinase similar to p56!. Mol. Cell. Biol. 7, 237-243
(1987).

37. Bjorge, J. D. et al. Characterization of two activated mutants of human pp60c-src that escape c-Src kinase regulation by distinct
mechanisms. J. Biol. Chem. 270, 24222-24228 (1995).

38. Nakayama, Y. et al. Bleomycin-induced over-replication involves sustained inhibition of mitotic entry through the ATM/ATR
pathway. Exp. Cell Res. 315, 2515-2528 (2009).

39. Dale, L. B,, Seachrist, J. L., Babwah, A. V. & Ferguson, S. S. G. Regulation of angiotensin II type 1A receptor intracellular retention,
degradation, and recycling by Rab5, Rab7, and Rab11 GTPases. J. Biol. Chem. 279, 13110-13118 (2004).

40. Rosenfeld, J. L. et al. Lysosome proteins are redistributed during expression of a GTP-hydrolysis-defective rab5a. J. Cell Sci. 114,
4499-4508 (2001).

41. Bucci, C., Thomsen, P., Nicoziani, P., McCarthy, J. & van Deurs, B. Rab7: A key to lysosome biogenesis. Mol. Biol. Cell 11, 467-480
(2000).

42. Kasahara, K. et al. Role of Src-family kinases in formation and trafficking of macropinosomes. J. Cell. Physiol. 211, 220-232 (2007).

43. Obata, Y. et al. The Lyn Kinase C-lobe mediates Golgi export of Lyn through conformation-dependent ACSL3 association. J. Cell Sci.
123, 2649-2662 (2010).

44. Fukumoto, Y. et al. Cost-effective gene transfection by DNA compaction at pH 4.0 using acidified, long shelf-life polyethylenimine.
Cytotechnol. 62, 73-82 (2010).

45. Morii, M. et al. Src acts as an effector for Ku70-dependent suppression of apoptosis through phosphorylation of Tyr-530. J. Biol.
Chem. 292, 1648-1665 (2017).

Acknowledgements

We are grateful to Dr. Toshiharu Horie, Dr. Donald J. Fujita, Dr. Tadashi Yamamoto, Dr. Stephen Ferguson, Dr.
Brian J. Knoll, and Dr. Bo van Deurs for invaluable cells and plasmids. This work was supported in part by
Grants-in-aid for Scientific Research (15K07922 to Na. Y. and 16K08227 to No. Y.), the Global COE Program
(Global Center for Education and Research in Immune Regulation and Treatment) from the Japanese Ministry
of Education, Culture, Sports, Science, and Technology, the Chiba Foundation for Health Promotion & Disease
Prevention (No. Y.), and the Japan Foundation for Applied Enzymology (Na. Y.). T. M. was a Global COE research
assistant.

Author Contributions

T.M. and Na. Y. conceived of the study, designed the experiments, and wrote the manuscript. T.M. carried out the
majority of experiments. S.Y. established an MDCK cell line expressing inducible Lyn. T.M., S.Y., A.O., No. Y. and
Na. Y. analysed and discussed the data. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00538-5

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
B o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS |7:493 | DOI:10.1038/s41598-017-00538-5 13


http://dx.doi.org/10.1038/s41598-017-00538-5
http://creativecommons.org/licenses/by/4.0/

	Recruitment of Lyn from endomembranes to the plasma membrane through calcium-dependent cell-cell interactions upon polariza ...
	Results

	Generation of an MDCK cell line expressing inducible Lyn. 
	Localizations of Lyn in MDCK cells under the different culture conditions. 
	Differential localizations of Lyn in non-polarized and polarized MDCK cells. 
	Translocation of Lyn to endomembranes through Rab11-positive endosomes. 
	Role for palmitoylation of Lyn in its endomembrane localization in MDCK cells. 
	Translocation of Lyn to endomembranes by calcium deprivation. 
	Relocation of Lyn to the plasma membrane by cell-cell interactions. 

	Discussion

	Methods

	Plasmids. 
	Antibodies. 
	Cells and transfection. 
	Adhesion and suspension cultures. 
	Immunofluorescence microscopy. 
	Western blotting. 
	Sucrose density gradient fractionation. 

	Acknowledgements

	Figure 1 Establishment of an MDCK cell line expressing inducible Lyn.
	Figure 2 Localizations of Lyn in MDCK cells under the different culture conditions.
	Figure 3 Differential localizations of Lyn in non-polarized and polarized MDCK cells.
	Figure 4 Endomembrane localization of Lyn through Rab11-positive endosomes.
	Figure 5 Role for palmitoylation of Lyn in its endomembrane localization in MDCK cells.
	Figure 6 Translocation of Lyn to endomembranes by calcium deprivation.
	Figure 7 Relocation of Lyn to the plasma membrane by cell-cell interactions.




