Senescent cells communicate via
intercellular protein transter

Anat Biran,' Meirav Perelmutter,’ Hilah Gal,' Dominick G.A. Burton,' Yossi Ovadya,
Ezra Vadai,' Tamar Geiger,” and Valery Krizhanovsky'

'Department of Molecular Cell Biology, The Weizmann Institute of Science, Rehovot 76100, Israel; *Sackler School of Medicine,
Tel Aviv University, Tel-Aviv 69978, Israel

Mammalian cells mostly rely on extracellular molecules to transfer signals to other cells. However, in stress con-
ditions, more robust mechanisms might be necessary to facilitate cell-cell communications. Cellular senescence, a
stress response associated with permanent exit from the cell cycle and the development of an immunogenic phe-
notype, limits both tumorigenesis and tissue damage. Paradoxically, the long-term presence of senescent cells can
promote tissue damage and aging within their microenvironment. Soluble factors secreted from senescent cells
mediate some of these cell-nonautonomous effects. However, it is unknown whether senescent cells impact
neighboring cells by other mechanisms. Here we show that senescent cells directly transfer proteins to neighboring
cells and that this process facilitates immune surveillance of senescent cells by natural killer (NK) cells. We found
that transfer of proteins to NK and T cells is increased in the murine preneoplastic pancreas, a site where senescent
cells are present in vivo. Proteomic analysis and functional studies of the transferred proteins revealed that the
transfer is strictly dependent on cell-cell contact and CDC42-regulated actin polymerization and is mediated at least

partially by cytoplasmic bridges. These findings reveal a novel mode of intercellular communication by which
senescent cells regulate their immune surveillance and might impact tumorigenesis and tissue aging.
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Effective communication between cells and their mi-
croenvironments is essential for tissue homeostasis. Sen-
escent cells can impact their microenvironment and
influence tissue homeostasis with both positive and
negative outcomes, depending on physiological context
(Acosta et al. 2008; Coppe et al. 2008; Kuilman et al.
2008; Wajapeyee et al. 2008; Calabrese et al. 2009). Senes-
cent cells are present in premalignant lesions and sites of
wound healing, where they limit tumorigenesis and tissue
damage (Krizhanovsky et al. 2008; Jun and Lau 2010; Kuil-
man et al. 2010; Salama et al. 2014). These cells also con-
tribute to morphogenesis in embryos (Munoz-Espin et al.
2013; Storer et al. 2013) and possibly maternal-embryonic
transport in the placenta (Chuprin et al. 2013). However,
senescent cells also accumulate in tissues with age, appar-
ently contributing to tissue impairment and the develop-
ment and progression of age-related diseases (Dimri et al.
1995; Herbig et al. 2006; Baker et al. 2011).

The entry into senescence is typically a cell-autono-
mous response to genomic stress. In particular, cells can
become senescent in response to persistent DNA damage
triggered by telomere shortening, exposure to a DNA-
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damaging agent, or expression of activated oncogenes (Ser-
rano et al. 1997; Vaziri et al. 1997; Bartkova et al. 2006; Di
Micco et al. 2006; Campisi and d’Adda di Fagagna 2007;
Mallette et al. 2007). In response to these stimuli, cells ac-
tivate p53 and pRb pathways to permanently arrest cell
proliferation and thereby block tumorigenesis (Collado
and Serrano 2010; Freund et al. 2010; Kuilman et al.
2010; Salama et al. 2014).

Despite the terminal shutdown of proliferative path-
ways, senescent cells are metabolically active and influ-
ence surrounding cells. In response to DNA damage,
NF-«B and p38 pathways become activated, resulting in
the secretion of proinflammatory molecules, growth fac-
tors, and proteases (Acosta et al. 2008; Kuilman et al.
2008; Freund et al. 2010; Chien et al. 2011). This secretory
phenotype functions in communicating with immune
cells, such as natural killer (NK) cells and T cells, attract-
ing them to the location of the senescent cells and en-
abling their removal (Xue et al. 2007; Krizhanovsky
et al. 2008; Kang et al. 2011; Sagiv and Krizhanovsky
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2013). However, if senescent cells persist in tissues, the
secretory phenotype can contribute to local inflammation
and attenuate tissue repair, features associated with aging
(Freund et al. 2010; Yoshimoto et al. 2013; Ovadya and
Krizhanovsky 2014). In this manner, senescent cells com-
municate with and influence the behavior of neighboring
cells through paracrine signaling.

For many cell types, secreted factors constitute a pre-
dominant, but not the sole, mechanism for intercellular
transfer of information. Nevertheless, cells can also trans-
fer proteins from different cellular compartments and
even entire organelles to other cells without secretion
(Davis and Sowinski 2008; Abounit and Zurzolo 2012;
Naphade et al. 2015). Cytoplasmic bridges (CBs), which
are membrane protrusions connecting two cells over a
long distance, are such a way of cellular communication
that allows direct protein transfer between cells. Different
forms of CBs that vary in both diameter and length have
been documented; examples include tunneling nanotubes
(TNTs), filopodial bridges, and epithelial bridges (Rustom
et al. 2004; Davis and Sowinski 2008; Abounit and Zur-
zolo 2012). CBs have been observed in a variety of cell
types, including neurons, cancer cells, and immune cells.
For instance, NK cells were shown to interact with target
cells via CBs, leading to increased lysis (Chauveau et al.
2010). Therefore, CBs provide a functional route for com-
munication between cells.

Intercellular communication of senescent cells is essen-
tial for both negative and positive effects of senescent cells
on their microenvironment. Proteins secreted from senes-
cent cells can account only partially for these effects. Here
we demonstrate that senescent cells can also influence
neighboring cells by direct intercellular protein transfer
(IPT). Senescent cells transfer proteins to NK cells in vitro
and in vivo, leading to increased cytotoxicity. We identi-
fied the proteins transferred from senescent cells by the
trans-SILAC high-throughput proteomic method. The
proteomic analysis and functional studies of the trans-
ferred proteins revealed that the transfer is strictly depen-
dent on cell-cell contact and CDC42-regulated actin
polymerization and is mediated at least partially by CBs.
Taken together, our data suggest that senescent cells
communicate with neighboring cells by IPT, which regu-
lates their immune surveillance and their impact on the
microenvironment.

Results

Senescent fibroblasts transfer protein to NK cells

NK cells specifically recognize and efficiently eliminate
senescent cells in vitro and in vivo (Xue et al. 2007; Kriz-
hanovsky et al. 2008; Sagiv et al. 2013). We examined
whether proteins can transfer from senescent cells to
NK cells during their interaction. To induce senescence
and monitor protein transfer, normal human fibroblasts
(IMR-90) were transduced with a vector encoding the
mCherry-H-Ras!'?V fusion protein. As expected, this pro-
cedure resulted in oncogene-induced senescence (OIS) of
these cells (Supplemental Fig. S1A,B). NK92 cells, similar-
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ly to primary NK cells, can specifically interact with sen-
escent cells (Sagiv et al. 2013). NK92 cells were cocultured
with OIS cells, fixed, stained for the NK-specific marker
CD56, and analyzed by confocal microscopy. After the
coculture, some of the NK cells were positive for the
mCherry-H-Ras'?Y fusion protein, indicating that protein
was transferred from senescent cells to NK cells (Fig. 1A).
To further study this phenomenon, we designed a quan-
titative transfer assay in which NK92 or primary human
NK cells were cocultured with senescent cells and then
collected, stained with anti CD56 antibodies and DAPI,
and analyzed by fluorescence-activated cell sorting
(FACS). To ensure specific identification, NK cells were
gated according to FSC-A/SSC-A, live cells (DAPI-
negative), CD56-positive, and doublet discrimination
(Supplemental Fig. S2A). Following the transfer assay, in-
tercellular transfer of the mCherry-H-Ras'?" protein to
NK cells was detected (27.2% + 1% and 40.1% = 0.8% of
primary NK and NK92 cells, respectively) (Fig. 1B-D).
Importantly, the transferred mCherry-H-Ras'?V was local-
ized to the plasma membrane in NK cells, as identified
by the ImageStream system, which combines FACS
and microscopy analysis (Fig. 1E). This suggests that
H-Ras'?V transferred to the NK cells maintains normal
subcellular localization. Further analysis revealed no dif-
ferences in cell size and CD56 membrane distribution be-
tween the transfer-positive (T*) and transfer-negative (T7)
populations (Fig. 1B; Supplemental Fig. S2B,C), thus ex-
cluding fusion of senescent and NK cells as a mechanism
of protein transfer. To evaluate the presence of mCherry-
H-Ras'?V in the NK cells by an alternative approach, we
sorted NK cells after the transfer assay into T+ and T~ pop-
ulations (Fig. 1B), lysed the cells, and performed a Western
blot analysis for mCherry-H-Ras'?V. Higher levels of
mCherry-H-Ras'?Y protein were detected in the T* popula-
tion compared with the T~ population (Fig. 1F). mCherry-
H-Ras'?Y was not detected in the control NK cell popu-
lation. Moreover, mCherry-H-Ras'?Y band size in the T*
population is similar to mCherry-H-Ras'*V band size in
the OIS population (Fig. 1F; Supplemental Fig. S3A),
indicating that the full-length mCherry-H-Ras'?V had
transferred to NK92 cells and not a fragmented form. Inter-
estingly, transfer of mCherry-H-Ras'?Y was detected as
early as 15 min after coculture was started (Supplemental
Fig. S3B), suggesting the transfer of the protein itself and
not mRNA or DNA.

To evaluate whether senescent cells preferentially
transfer proteins to NK cells, we compared IPT from con-
trol growing, OIS, and DNA damage-induced senescence
(DIS) cells. Senescent and growing cells expressed com-
parable levels of mCherry (Supplemental Fig. S3A), thus
allowing direct comparison between them. IPT was signif-
icantly higher from both OIS and DIS cells compared with
growing cells (P<0.001) (Fig. 1G). Senescent cells also
showed higher IPT levels compared with quiescent cells
or apoptotic cells (Fig. 1H). Therefore, senescent cells pref-
erentially participate in IPT with NK cells.

Senescent cells influence their surroundings via their
secretory response. To determine whether secreted factors
contribute to IPT, OIS, DIS, or growing cells were
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Figure 1. mCherry is preferentially transferred from
senescent cells to NK cells by a contact-dependent
mechanism. Primary human NK cells or NK92 cells
were cocultured with senescent IMR-90 cells express-
ing the mCherry-H-Ras'?V fusion protein (OIS cells)
for 2 h. (A) The cells were fixed and stained for
CD56 (green). Bar, 10 uM. (B) NK92 cells were collect-
ed, stained for CD56 and with DAPI, and analyzed by
FACS compared with NK92 cells without coculture
(control [C]). NK92 cells that received mCherry
were designated as T*. (C) The percentage of T*
NK92 cells was determined following 2 h of coculture
with OIS cells. (D) The percentage of T* human pri-
mary NK cells was determined following 1 h of cocul-
ture with OIS cells. (E) NK92 cells were analyzed by
ImageStream following coculture with OIS cells. (F)
Following coculture with OIS cells, NK92 cells were
FACS-sorted for T* and T~ populations and analyzed
by Western blot for the presence of mCherry-H-
Ras!'?V (using anti-pan-Ras antibodies). (G) IPT to
NK92 cells from OIS, DNA damage-induced senes-
cence (DIS), or growing IMR-90 cells was determined
by FACS analysis after 2 h of coculture. (H) Represen-
tative analysis of IPT from growing, quiescent, apo-
ptotic, or DIS cells, all expressing mCherry, to
NK92 cells after 2 h of coculture. (I) NK92 cells
were cocultured with growing, OIS, or DIS cells or
separated within the same well by a transwell filter
(0.4-um pore) and then analyzed by FACS. (J) Primary
human NK cells were cocultured for 1 h with OIS
cells or separated by a transwell filter and analyzed
for IPT. All graphs are expressed as means = SEM
from at least three independent experiments. (***) P
<0.001.
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cocultured with NK cells in a transwell chamber that pre-
vents direct contact between the cells but enables them to
share the same medium. In addition, NK cells were cul-
tured in medium collected from growing, DIS, or OIS cells.
Coculture in the chamber led to a complete ablation of pro-
tein transfer to NK92 cells and primary NK cells (Fig. 11,]).
No transfer was observed when NK92 cells were cultured
with medium collected from growing or senescent cells
(Supplemental Fig. S3C). These results indicate that cell-
cell contact is essential for the observed IPT.

Identification of transferred proteins by SILAC-mediated
proteomic analysis

To obtain a global view of the proteins transferred from
senescent cells to NK cells, a trans-SILAC approach
(Rechavi et al. 2010) followed by mass spectrometry anal-
ysis of the transferred proteins approach was used (see Fig.
2A for schematic description). IMR-90 cells were grown
in “heavy” medium containing [*C¢°Ny] arginine and
['®C{°N,] lysine for eight population doublings. Cells
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were then treated with etoposide to induce senescence
or with vehicle control. We confirmed that the SILAC
labeling procedure did not affect the induction of senes-
cence (Supplemental Fig. S4A). The “heavy” senescent
and “heavy” growing, vehicle-treated cells were cocul-
tured with NK92 cells containing unlabeled, “light” ami-
no acids. After 2 h of coculture, NK cells were isolated by
sorting, lysed, and analyzed by mass spectrometry. Identi-
fication of the labeled proteins in the NK cells indicates
that these proteins were transferred from the IMR-90
cells. We performed two independent experiments; each
experiment included three repeats of NK cells cocultured
with growing cells and three repeats of NK cells cocul-
tured with DIS cells. NK cells alone were used as a con-
trol. We identified the proteins that were significantly
higher in the NK cells incubated with IMR-90 compared
with the control samples and found, overall, 47 proteins
that were transferred to NK cells (Fig. 2B). A distance
matrix analysis of the samples, based on the transferred
proteins, indicated that the samples of each experi-
mental setting from both experiments form distinct
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Figure 2. Transferred proteins identified by
proteomic analysis lead to NK activation
and cytotoxicity. (A) Diagram of the trans-

DIS

A B
Grow
-g Crl 1
ARk AR
[cm ] [ co-culture | [ Co-culture | 6
- 5 o
S W= Y st
NK NK  IMR90 GROW  NK IMR9O DIS T
L IR
FACS sorting - collecting only NK cells s
L D GDW DD J ACTGY
Mass Specwom;w analysis UBBiE TUBBA
TRSe
‘Light’ ‘Heavy' ‘:E‘Tﬁﬁ:)
> fHrra
?\ e
g |
(o3 “lmf““ """" = D E
Extra-cellular
= 620 Organelles ’
W B 20-40 9 2
o 40-60 Nucleus _ﬂ:) h
o
B 60-80 PM a -
@ 80-110 Cytosol o
o >110
0 10 20 30 40 o
Number of proteins
F G

Transferred proteins
oh from senescent cells

i [ | b
T Actin Glycolysis
5 s os reorganization

L Antigen processing
£y s and presentation

[

log,(R1/R2)
i

5 8 8
=

| J
6 4 m|mT- Y
2 " .
: g 83
g4 . +
=] 2 g2
[m] [m] <F
O 2 O a
5 5 51
® ® 2

NK+DIS  NK+OIS NK+DIS NK+OIS

homogeneous groups, indicating high consistency of our
assay (Supplemental Fig. S4B). The identified transferred
proteins were ordered in the expression matrix using a
SPIN algorithm (Fig. 2B; Tsafrir et al. 2005). A clear dis-
tinction was seen between NK cells cocultured with
growing and DIS cells, with 90% of the proteins being
transferred exclusively from the senescent cells. These
data support our finding that senescent cells preferentially
initiate IPT to NK cells. Analysis of these proteins by mo-
lecular weight demonstrated a wide distribution of pro-
tein sizes from 12 kDa to 475 kDa (Fig. 2C). In addition,
the transferred proteins were analyzed according to sub-
cellular localization using the cellular component branch
of gene ontology (GO). This analysis revealed that most of
the transferred proteins are derived from the cytoplasm
but may also be localized to intracytosolic organelles
and the cell membrane (Fig. 2D).

In order to determine whether IPT is an actively regulat-
ed process, we combined the proteomic data of the trans-
ferred proteins with a quantitative proteomic analysis of
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SILAC experiment. (B) SPIN-ordered expres-
sion matrix. Colors depict relative levels of
transfer (centered and normalized), where
red denotes high levels of transfer, and blue
denotes low levels of transfer. Rows repre-
sent proteins, and columns represent sam-
ples: NK92 cells without coculture (Ctrl)
or cocultured with growing control (Grow)
or DIS cells. (C) Size distribution (in kilodal-
tons) of the identified transferred proteins.
(D) Subcellular localization of the identified
transferred proteins. (E) Quantitative prote-
omic analysis of DIS cells. Proteins from
senescent cells were ranked according to
their relative intensity levels, reflecting pro-

tein abundance. Transferred proteins from
DIS to NK92 cells are marked in red. (F) A
matrix of protein ratios R1/R2, where the
transferred protein abundance is denoted
by R1 and protein abundance in DIS cells
is denoted by R2. (G) Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway
analysis identified the pathways affected by
the transferred proteins. (H-K) Primary hu-
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man NK cells were cocultured for 1 h with
QIS or DIS cells, collected, and gated by
FACS as T~ or T* compared with control
(C) NK cells. (H) Representative FACS anal-
ysis of CD107a levels in control, T~, and T*
populations following IPT from DIS cells. (I)
Average percentage of CDI107a-positive
cells in T~ and T* populations. (J) Average
percentage of CDG69-positive cells in T~
and T* populations. (K) Average percentage
of phosphorylated AKT (p-AKT)-positive
cells between T~ and T* populations. Re-
sults are expressed as means + SEM from at
least three independent experiments. (***)
P <0.001.

senescent cells. This analysis revealed that the transferred
proteins were highly abundant in senescent cells (Fig. 2E).
Analysis of protein expression ratios for each of the two
SILAC data sets (the transferred proteins and protein
abundance in senescent cells) showed that protein trans-
fer is highly correlated with high protein abundance (Fig.
2F). However, 12.5% of the identified proteins transferred
independently of protein abundance, indicating that, in
some instances, IPT may be a regulated process (Fig. 2F).
GO analysis of the transferred proteins identified enrich-
ment in processes related to glycolysis, regulation of the
actin cytoskeleton, and antigen processing and presenta-
tion (Fig. 2G). These results suggest that IPT might lead
to alterations in cytoskeleton organization of the recipi-
ent cells, thereby leading to functional changes.

IPT leads to increased NK activation and cytotoxicity

Actin polymerization and cytoskeletal reorganization are
required for NK cell-mediated cytotoxicity (Topham and



Hewitt 2009). Since transfer of proteins from senescent
cells might influence actin reorganization in NK cells,
we asked whether IPT correlates with elimination of sen-
escent cells by NK cells. Following coculture of senescent
cells (OIS or DIS) with primary human NK cells, NK cells
were gated for T~ and T* populations, as determined by
the levels of mCherry transferred from senescent cells
(Fig. 1B). Each of these NK cell populations was then ana-
lyzed for the presence of an activation marker (CD69) and
a degranulation marker (CD107a), which indicates cyto-
toxicity. In primary NK cells, both the activation and
degranulation markers were elevated twofold in T* cells
compared with T~ cells (P < 0.001) (Fig. 2H-J). Phosphory-
lation of AKT is one of the initiating molecular events in
lymphocyte activation (Lanier 2008). We therefore co-
cultured NK cells with senescent cells and stained NK
cells for phosphorylated AKT (p-AKT). In line with the
increase in the activation level, T* primary NK cells dis-
played higher levels of p-AKT (P < 0.001) (Fig. 2K). Overall,
these results demonstrate that NK cells that received pro-
teins from senescent cells became more activated and
cytotoxic.

IPT is dependent on cell contact and actin
polymerization

Since protein transfer is contact-dependent and because
we observed the transfer of cytoskeleton-related proteins,
we aimed to evaluate the functional role of the cytoskele-
ton components in protein transfer from senescent cells.
Additionally, actin polymerization was reported to play
a role in IPT in other cell systems (Rustom et al. 2004).
To determine the role of actin polymerization in our mod-
el, we performed a transfer assay in the presence of Latrun-
culin A (LatA), a reversible actin polymerization inhibitor
(Supplemental Fig. S5A). NK92 cells were cocultured with
growing, DIS, or OIS cells in the presence of LatA or a ve-
hicle. LatA caused a fourfold reduction in IPT from senes-
cent cells (P <0.001) (Fig. 3A). To evaluate whether IPT to
primary NK cells is also dependent on actin polymeriza-
tion, we cocultured these cells with OIS cells in the pres-
ence of LatA. Similarly to NK92 cells, the IPT to the
primary NK cells was significantly inhibited by LatA
(P<0.001) (Fig. 3B). Thus, IPT between senescent cells
and NK cells is facilitated by actin polymerization.
CDC42, RHOA, RACI1, and RAC2 differentially regu-
late actin polymerization (Heasman and Ridley 2008).
To determine the molecular mechanisms of actin poly-
merization that control IPT from senescent cells, we
knocked down CDC42, RHOA, or RAC1/2 (combined)
in DIS cells using siRNAs. The knockdown efficiency
was validated 3 d after transfection (Fig. 3C), and protein
transfer was evaluated. CDC42 knockdown in DIS cells
led t0 40.3% +2.6% (P < 0.001) reduction in protein trans-
fer to NK cells, whereas knockdown of RHOA or RAC1/2
did not cause a significant reduction (Fig. 3D). To evaluate
the role of CDC42 by an independent approach, we used
ML141 and CASIN, two specific inhibitors of CDC42
(Sakamori et al. 2012; Hong et al. 2013). DIS cells were cul-
tured with ML141 or CASIN overnight, washed, and co-
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@ DMSO Primary NK
o [ LatA + OIS cells
xRE *kk Fkk
> T =30
5 Kkk -LE 20
£
5 20 5 10
ES S
0 0
NK+: Grow DIS oIS DMSO LatA
G o2 — e
£100 £100 2100
3 8 3
< 80 < 80 b
2 2 2
74 x 60 ©
£ [S £
2 40 2 40 2
3 3 20 3
4 14 4
0
S & RAC1 RAC2
& U & ==
&° G}OO & siRAC1+2
D _ E _
2 2
t} 9]
B ‘%120 *%
[ = c
g g
e Fuad
& g 80
= =
¢ ¢
40
2 2
K] 5
& € o
ML141 CASIN
G
150
*kk
F 100

Grow DIS OIS

Relative cytotoxicity
o
=)

&S
Figure 3. IPT is dependent on actin polymerization. NK cells
were cocultured with growing, DIS, or OIS cells. NK cells were
then collected, stained for CD56 and with DAPI, and analyzed
by FACS for the presence of mCherry. (A) The percentage of T*
NK92 cells following 2 h of coculture in the presence of 200
nM LatA or vehicle (DMSO). (B) The percentage of T* primary hu-
man NK cells following 1 h of coculture in the presence of 200 nM
LatA or vehicle. (C) CDC42, RAC1, RAC2, and RHOA siRNAs
induce efficient knockdown 3 d after transfection. (D) DIS cells
with knockdown of CDC42, RHOA, or RAC1 and RAC2 were co-
cultured for 2 h with NK92 cells. (E) DIS cells were treated with
ML141, CASIN (CDC42 inhibitors), or DMSO (control); washed;
and then cocultured with NK92 cells. (F) Western blot analysis of
CDC42 levels in growing, DIS, and OIS IMR-90 cells. (G) NK-me-
diated cytotoxicity toward DIS cells following CDC42 knock-
down (siCDC42). Results are expressed as means = SEM from at
least three independent experiments. (***) P <0.001.

cultured for 2 h with NK cells. Inhibition of CDC42 by
ML141 or CASIN significantly reduced protein transfer
(by 37% +3.8%, P <0.01; and 50.5% +4.6%, P <0.001 for
ML141 and CASIN, respectively) (Fig. 3E). Overall, our
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findings indicate that CDC42 is an important molecular
component mediating IPT from senescent cells.

IPT is increased from senescent cells compared with
growing cells, and we hypothesized that elevated levels
of CDC42 in these cells may explain this phenomenon.
Thus, we evaluated CDC42 mRNA and protein levels in
growing and senescent cells. Western blot analysis dem-
onstrated that CDC42 protein levels were elevated in
DIS and OIS IMR-90 cells compared with control growing
cells, whereas no significant change was observed in the
mRNA levels (Fig. 3F; Supplemental Fig. S5B). This sug-
gests that post-transcriptional mechanisms are responsi-
ble for the increased abundance of CDC42 protein in
senescent cells. CDC42 is a small GTPase protein and is
activated when bound to GTP. To evaluate CDC42 activa-
tion in growing and DIS cell, a CDC42-GTP pull-down as-
say was performed. The amount of active CDC42-GTP is
elevated in DIS cells as compared with growing control
cells (Supplemental Fig. S5C). Overall, these findings sug-
gest that up-regulation of CDC42 protein and its activity
in senescent cells are responsible for increased IPT from
these cells. Thus, protein transfer is dependent on cell
contact mediated by actin polymerization and regulated
primarily by CDC42.

We demonstrated that IPT from senescent cells leads to
NK activation and cytotoxicity (Fig. 2L]). As such, we
wanted to determine whether inhibition of CDC42 and
hence reduction in IPT impact killing of senescent cells
by the NK cells. DIS cells were transfected with siRNA
targeting CDC42 or nontargeting control siRNA. Of
note, CDC42 knockdown did not significantly affect cell
viability or senescent state (Supplemental Fig. S5D,E).
Three days post-transfection, NK cytotoxicity toward
these cells was evaluated using a Real-Time Cell Analyzer
(RTCA). Down-regulation of CDC42 in DIS cells reduced
the cytotoxicity by NK cells by 33.6% =5.3% (P <0.001)
(Fig. 3G). Thus, IPT from senescent target cells facilitates
killing of these cells by NK cells.
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Senescent cells can alter the functional behavior of cells in
their microenvironment, and this activity has been associ-
ated with the enhanced tumorigenic capacity of adjacent
cancer cells (Freund et al. 2010). To determine whether
protein transfer is a general mechanism of communication
used by senescent cells as opposed to a specific mode of in-
teraction with NK cells, we investigated protein transfer to
epithelial cells. We cocultured mCherry-expressing senes-
cent or growing cells with GFP-expressing MCF10A (epi-
thelial normal [EpN]) cells and analyzed IPT by FACS
(Supplemental Fig. S6A). A significant increase in IPT
from DIS or OIS to EpN (24.6% + 1.6% and 46% + 10%, re-
spectively) (Fig. 4A,B) was observed, whereas IPT from
growing cells was only 11.8% = 3%. No IPT was detected
when EpN cells were incubated with the medium from
growing or senescent cells (Fig. 4C). When mCherry-ex-
pressing senescent or growing cells were cocultured with
H1299 cells (epithelial cancer [EpC]), significant and con-
tact-dependent IPT was observed (Fig. 4D-F). The presence
of LatA during coculture reduced IPT by threefold in both
DIS and OIS cells (P <0.001) (Fig. 4F). These results indi-
cate that IPT from senescent cells, dependent on cell-
cell contact and actin polymerization, is not limited to
NK cells and may therefore represent a general feature of
cell senescence. To study the role of CDC42 in IPT from
senescent cells to epithelial cells, EpN cells were cocul-
tured with DIS cells in the presence of the CDC42 inhibi-
tor CASIN or DMSO as a control. Treatment with CASIN
markedly inhibited IPT to EpN cells (44.5% = 6.6% reduc-
tion, P<0.001) (Supplemental Fig. S6B). Next, we ex-
amined p-AKT levels in T~ and T* EpN cells following
coculture with senescent cells. p-AKT levels were more
than twofold elevated in T* cells compared with T~ cells
(P <0.001) (Supplemental Fig. S6C). This result indicates
that transfer of proteins from senescent cells to epithelial
cells might have a functional impact.

Figure 4. Senescent cells transfer proteins to epithe-
lial cells. (A-C) MCF10A cells expressing GFP (EpN)
were cocultured with growing, DIS, or OIS cell for 24

=1 Ep only h. Transfer of mCherry to MCF10A was analyzed by
= glrgw FACS. (A) Representative FACS analysis of mCherry

levels in EpN cells compared with MCF10A alone
(Ep only). (B) The percentage of mCherry-positive
EpN cells following the coculture. (C) EpN cells
were cultured with medium collected from growing,
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DIS, or OIS cells. (D-F) H1299 cells expressing GFP

(EpC) were cocultured for 24 h with growing, DIS,
and OIS cells and analyzed by FACS. (D) Representa-
I tive FACS analysis of mCherry levels in EpC cells. (E)
ClLatA EpC cells were separated by a transwell chamber from

growing, DIS, or OIS cells. (F) The percentage of
ke o, e . .
e mCherry-positive EpC cells following coculture in
the presence of LatA or in a transwell chamber. Re-
sults are expressed as means + SEM from at least three
independent experiments. (***) P <0.001.
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One of the structures that mediate IPT and also depend
on actin polymerization and cell-cell contact is the CB
(Davis and Sowinski 2008; Abounit and Zurzolo 2012).
Thus, we hypothesized that CBs may mediate protein
transfer from senescent cells. CB structures were indeed
detected in cocultures of senescent and EpC cells (Fig.
5A). In order to facilitate visualization of even short brid-
ges, EpC cells cocultured with senescent cells were
stained with a red cell tracker, CMTPX (Fig. 5B). CBs
were very abundant and had a diverse length ranging
from 7 to 226 pm. To evaluate the presence of actin cyto-
skeleton in the CBs, F-actin was labeled with phalloidin-
TRITC. F-actin was detected within all of the CBs ob-
served (Fig. 5C). Moreover, electron microscopy pictures
of CBs from senescent cells revealed that vesicles are lo-
cated within the bridge, supporting the hypothesis that or-
ganelles can transfer from senescent cells (Supplemental
Fig. S7A). Next, we wanted to examine whether CB struc-
tures can mediate transfer between senescent cells and
EpC cells. EpC cells were cocultured with DIS cells, and
the green fluorescent dye calcein was injected into a DIS

A __ GFP (EpC)

B GFP (EpC) + DAPI  RED tracker

GFP (EpC) + DAPI Actin Actin - Zoom in

Before injec!

Figure 5. Senescent cells form CBs with cancer cells. (A-C)
GFP-expressing EpC cells were cocultured with DIS cells,
stained, and analyzed by confocal microscope. (A) The CB (arrow)
was detected in the coculture. (B) A CB (arrow) was detected when
the cells were stained with RedTracker dye and DAPI. (C) Cells
were stained for F-actin (red) and DAPI. (D) Using a microinjec-
tion needle (arrowhead), a DIS fibroblast (#) was injected with cal-
cein fluorescent dye. Transfer of the dye via a CB (arrow) from the
senescent cell to the cancer cells (asterisk) was monitored over
time. Bars, 10 pM.

Protein transfer from senescent cells

cell with a CB to an EpC cell. Transfer of the dye was mon-
itored over time using time-lapse microscopy. Transfer of
the dye from the senescent cells to the epithelial cells was
observed a few seconds following injection (Fig. 5D), indi-
cating that the CBs are open at both ends and may re-
present a functional communication channel between
cells. CBs containing actin were also observed between
senescent cells and NK cells (Supplemental Fig. S7B; Sup-
plemental Movie S1). Overall, CBs formed between senes-
cent cells and other cells can transfer solutes and proteins.

IPT occurs in vivo

While IPT was previously observed in several in vitro and
ex vivo models (Rustom et al. 2004; Rechavi et al. 2007;
Stern-Ginossar et al. 2007; Davis and Sowinski 2008;
Abounit and Zurzolo 2012}, evidence of transfer in vivo
in mammals is limited. We therefore aimed to monitor
IPT in vivo. For this study, we focused on the premalignant
pancreas, in which OIS cells are present in both human pa-
tients and mouse models (Caldwell et al. 2011; Guerra
et al. 2011; Guerra and Barbacid 2013). We used the
Pdx1-Cre;Lox-Stop-Lox(LSL)-K-Ras'®Y model to express
mutant K-Ras in the pancreas (Caldwell et al. 2011; Guerra
etal. 2011). In this model, expression of the mutant K-Ras
oncogene is turned on during the early stages of embryonic
pancreatic development by expressing a Cre recombinase
under the control of the Pdx1 promoter (Fig. 6A). Expres-
sion of the oncogene K-Ras triggers pancreatic intraepithe-
lial neoplasia lesions (PanINs), which can progress into
invasive adenocarcinoma if tumor suppressor pathways
are inactivated (Guerra and Barbacid 2013). We then
crossed the Pdx1-Cre;LSL-K-Ras'®V (designated as Ras)
mice with LSL-mRFP mice (Luche et al. 2007). The result-
ing Pdx1-Cre;LSL-K-Ras'®V;LSL-mRFP mice (designated
as Ras;mRFP mice) express mRFP in all cells that express
the oncogenic K-Ras (Supplemental Fig. S8A), thus allow-
ing the monitoring of mRFP in these mice. In concordance
with previous studies, we detected senescent cells at the
PanIN stage 1 in the pancreas of the Ras;mRFP mice at
the age of 10 wk (Fig. 6B). Pancreata of these mice were dis-
sociated to single-cell suspension, analyzed by FACS, and
compared with the blood of the same mice. mRFP was de-
tected in 18% +3.2% of the NK cells extracted from pan-
creata samples of Ras;mRFP mice and in 11.5% +4.3% of
the NK cells extracted from pancreata samples of Pdx1-
Cre;LSL-mRFP mice (designated as mRFP mice) (P<
0.001) (Fig. 6C). mRFP was not detected in NK cells ex-
tracted from the blood of the same mice or in the pancreas
or blood of the mice that express only K-Ras¥'2 in the pan-
creas (designated as Ras mice) (Supplemental Fig. S8B).
Moreover, we observed mRFP-positive NK cells in sec-
tions of pancreata from Ras;mRFP mice but not control
Ras mice (Fig. 6D). These results demonstrate that mRFP
can be transferred from pancreatic cells to NK cells in a
premalignant pancreas.

In addition to NK cells, T cells also specifically interact
with OIS cells (Kang et al. 2011). mRFP-positive T cells
were detected in sections of pancreata from Ras;mRFP
mice but not control Ras mice (Fig. 6E). To further
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Figure 6. mRFP is transferred to immune
cells in the premalignant pancreas in vivo.
(A) Schematic representation of the Ras;
mRFP mouse model. (B) H&E- and SA-B-
gal-stained sections from Ras;mRFP mice.
Bar, 50 um. (C) FACS quantification of
mRFP-positive NK cells extracted from the
pancreata. n>5 mice for each genotype;
(***) P<0.001; (**) P<0.01. (D) Sections of
a pancreas from Ras;mRFP mice were
stained for NK1.1 (yellow) and with DAPI
(blue) and imaged by confocal microscope.
Bar, 5 um. (E) Sections of a pancreas from
Ras;mRFP mice were stained for CD45 (yel-
low) and CD3 (green) and with DAPI (blue).
Bar, 5 um. (F,G) ImageStream analysis of
mRFP cells derived from the blood or pancreata
of mice of the indicated genotype. (F) T cells
(CD45%;,CD3*) and pancreatic resident cells
have different characteristics and are clearly
distinguishable by ImageStream analysis.
Bar, 20 pm. (G) Representative images of
mRFP-positive and mRFP-negative T cells

acquired using ImageStream. Bar, 10 pnm.
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visualize mRFP-positive T cells, we analyzed blood and
pancreatic samples of Ras;mRFP and Ras mice using
ImageStream. Differences in both cell size and labeling
of the immune markers CD45 and CD3 were used to iden-
tify T cells and exclude pancreatic cells (Fig. 6F). Analysis
of these samples confirmed the presence of mRFP exclu-
sively in T cells derived from pancreata of Ras:mRFP
mice (Fig. 6G). Overall, these findings demonstrate that
proteins can be transferred from K-Ras'?V-expressing cells
to immune cells in vivo.

Discussion

The prevailing view of how senescent cells facilitate
changes within their microenvironment has primarily
been focused on secreted factors acting in a paracrine
manner (Freund et al. 2010; Kuilman et al. 2010; Acosta
et al. 2013; Burton and Krizhanovsky 2014). However, in
this study, we found that IPT serves as an additional
mechanism of such communication both in vitro and in
vivo. As compared with normal cells, senescent cells pref-
erentially use IPT to regulate self-elimination by immune
cells and communicate with epithelial cells.
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The physiological significance of IPT from senescent
cells is yet to be understood. It is conceivable that IPT is
a general feature of cells undergoing stress and that IPT ex-
tends the stress to the neighboring cells. However, the
physiological response to IPT is likely to be dependent
on the nature of transferred proteins as well as the cell
type of the recipient cell. Recent studies have demonstrat-
ed a physiological role of IPT in other systems, including
initiation and modulation of immune responses and sup-
porting cell survival (Roda-Navarro et al. 2006; McCann
et al. 2007; Stern-Ginossar et al. 2007; Yasuda et al. 2011).

The identification of CBs from senescent cells to neigh-
boring cells suggests that this may be an efficient mode
of intercellular communication by which senescent cells
can execute their cell-nonautonomous effects. Since
CBs, such as TNTs, are predominantly made up of F-actin,
a number of studies have shown that inhibition of actin
polymerization can inhibit CB formation (Rustom et al.
2004; Sowinski et al. 2008). Although in this study, we
demonstrated a decrease in IPT following treatment
with actin polymerization inhibitors, it is uncertain
whether this is a result of a reduction in CB formation
or in the transport rate within the CBs or both. Our study
further identified CDC42, a known regulator of actin



organization, as a novel mediator of IPT in senescent cells.
In line with our results, inhibition of CDC42 was shown
to block TNT formation in T cells (Arkwright et al.
2010), suggesting that the reduction in protein transfer fol-
lowing CDC42 knockdown or inhibition may be due to
lack of CB formation. Identifying CDC42 activity as a
key regulator of CB formation in senescent cells provides
molecular insight that could be exploited to prevent IPT
in pathological conditions. An increase in CDC42 activity
in senescent cells might result from the Ras signaling in
OIS cells or activation of downstream signaling pathways
in DIS cells.

The biological significance of senescence-mediated
IPT via CBs may be relevant in many areas of biology,
including normal embryonic development, disease devel-
opment, and cancer resistance. During embryonic de-
velopment, CBs may function to transfer molecular,
electrical, and mechanical signals between cells (Gerdes
etal. 2013). Intriguingly, three recent studies have demon-
strated that senescent cells play a role in embryonic devel-
opment (Chuprin et al. 2013; Munoz-Espin et al. 2013;
Storer et al. 2013). In light of these findings, it could be
suggested that senescent cells at least in part aid embryon-
ic development by facilitating intercellular communica-
tion via CB formation.

In contrast to the beneficial roles of IPT in normal phys-
iological conditions, IPT could function in a pathological
manner to promote disease progression, allowing the
transfer of infectious pathogens such as prions, viruses,
and bacteria, thereby facilitating the spread of disease
(Sowinski et al. 2008; Abounit and Zurzolo 2012). Senes-
cent cells accumulate in tissues with age and promote tis-
sue aging in their microenvironment (Dimri et al. 1995;
Baker et al. 2011). IPT might, in principle, be one of the
ways that senescent cells communicate and therefore ex-
tend their stress to other cells. However, whether the cell
type of the recipient cells influences the components
transferred from senescent cells has yet to be determined.
We found that IPT to NK cells resulted in NK cell activa-
tion and increased cytotoxicity. This observation was fur-
ther supported by analysis of the transferred proteins,
including enrichment in proteins such as HSPA5 and
CALR, which are associated with regulation of NK cell ac-
tivity. Alternatively, IPT may function to support neigh-
boring cells and promote their survival, thereby acting
as a protective mechanism. Cancer cells could take func-
tional advantage of such a mechanism. The transport of
cell organelles and proteins from senescent cells to cancer
cells could facilitate their survival and tumorigenesis
by providing them with additional resources. Therefore,
limiting IPT from senescent cells, possibly by inhibition
of CDC42, may reduce their proaging and procancer ef-
fects. However, such an approach may also limit the sur-
veillance of senescent cells by the immune system.
Understanding how senescent cells influence their micro-
environment will provide critical insight into the mecha-
nisms governing aging, cancer, and disease development
and progression.

In a variety of organisms, IPT by CBs is part of a stress
response that functions to either gain valuable resources

Protein transfer from senescent cells

to help with cell survival or provide resources to neighbor-
ing cells for protection against ongoing stress (Dubey and
Ben-Yehuda 2011; Abounit and Zurzolo 2012; Pasquier
etal. 2013). Cellular senescence might represent a cellular
stress response that uses cell-cell communication via IPT
to support the adaptation of tissues to stress.

Materials and methods

Cell culture

IMR-90, NK92, MCF10A, and H1299 cells (American Type Cul-
ture Collection) were grown in standard conditions. Primary hu-
man NK cells were a gift from O. Mandelboim, The Hebrew
University Hadassah Medical School, Jerusalem, Israel. DIS was
induced by etoposide (Sigma) treatment as described previously
(Krizhanovsky et al. 2008). OIS was induced by infection of
pLPC mCherry-H-Ras'?V plasmid into IMR-90 cells.

Transfer assay

To evaluate transfer of mCherry from IMR-90 cells to target
cells, IMR-90 cells expressing mCherry were plated in 12-well
plates (5 x 10* cells per well). NK cells or epithelial cells were
added for the indicated time (1:2 ratio). Cells were then centri-
fuged, washed with PBS, incubated for 30 min on ice in 5 mM
EDTA/PBS, washed, stained with AlexaFluor488 anti-CD56 an-
tibodies for 30 min (for NK cells), costained with DAPI, and an-
alyzed by FACS. For blocking of actin polymerization, the cells
were cocultured in the presence of the 200 nM LatA (Sigma). For
induction of cell quiescence, growing IMR-90 cells expressing
mCherry were serum-starved for 3 d (0.1% FCS). Quiescent cells
were than washed and incubated with NK92 cells for 2 h in full
medium. To induce apoptosis, DIS cherry cells were incubated
for 24 h with 1 pM staurosporine. Cell debris was collected,
washed, and incubated with NK92 cells for 2 h. For the trans-
well assay, IMR-90 and NK cells or epithelial cells were plated
in different chambers. NK cells or epithelial cells were then col-
lected and analyzed for mCherry transfer. For evaluation of
CDC42 involvement in protein transfer from DIS to NK cells,
IMR-90 cells were treated with ML141 (Sigma), CASIN (Xcess-
bio Biosciences, Inc.), or DMSO (control) overnight; cells were
then washed and cocultured with NK cells. For evaluation of
CDC42 involvement in protein transfer from DIS to epithelial
cells, epithelial cells were cultured with DIS cells for 5 h, and
then CASIN or DMSO was added for 24 h. For evaluation of
CD107a-positive cells, NK cells were treated with 1:1000 mon-
ensin (Biolegend) for 1 h. NK cells were then cocultured with
DIS IMR-90 in the presence of AF647 anti-CD107a antibodies
(Biolegend). For measuring CD69 and p-AKT levels, NK cells
or epithelial cells were collected after the transfer assay and la-
beled with AlexaFluor488 anti-CD56 (for NK), AlexaFluor 647
anti-CDG69 (Biolegend), or AlexaFluor 647 anti-pAKT (BD Biosci-
ences) antibodies.

Combined microscopy and FACS analysis

NK92 cells or epithelial cells were gated by their size (FSC/SSC],
DAPI-negative (live cells), CD56-positive (NK cells), or GFP-pos-
itive (epithelial cells). Data were collected from at least 10,000
single-cell events. The percentage of gated cells positive for
mCherry was determined. To acquire cell images, we used Image-
Stream technology (Amnis Corporation).

GENES & DEVELOPMENT 799



Biran et al.

Modification and evaluation of gene expression

Detection of protein expression by immunoblotting was per-
formed using anti-CDC42 (Cell Signaling Technology), anti-p-tu-
bulin, anti-pan-Ras, and anti-p16 (Santa Cruz Biotechnology).

ON-TARGETplus SMARTpool siRNA targeting RHOA,
RACI, RAC2, CDC42, and the nontargeting (control) pool were
transfected into senescent IMR-90 cells with Dharmafect 1 re-
agent (all from Dharmacon). Cells were washed 24 h after trans-
fection; transfer assay, cell viability assay, and evaluation of
knockdown were performed 48 h later.

For retroviral transductions, the following plasmids were used:
pLPC mCherry or pLPC EGFP (mCherry or GFP fused to the gene
of interest from an internal CMV promoter with a puromycin re-
sistance gene driven by the LTR). Cells were infected with
mCherry-H-Ras'?V, GEP, or mCherry alone. Retrovirus-mediated
gene transfer was performed as previously described.

Total RNA was isolated using a NucleoSpin kit (Macherey
Nagel) and reverse-transcribed using the RevertAid H Minus first
strand cDNA synthesis kit (Fermentas). The cDNA samples were
used for real-time PCR (Fast SYBR Green master mix, Applied
Biosystems). PCR amplifications were carried out using StepOne-
Plus real-time PCR systems (Applied Biosystems). The relative
expression of each gene was normalized using the expression lev-
els of GAPDH.

Immunofluorescence and confocal microscopy

IMR-90 cells were plated as described for the transfer assay. After
24 h NK92 or epithelial cells were added for 2 or 48 h, respective-
ly. Cells were then fixed and stained with Alexa488 anti-CD56
antibodies, Phalloidin-TRITC (Sigma), Red mito-tracker (Cell
Signaling), or CellTracker Red CMTPX (Life Technologies). The
cells were imaged on Zeiss LSM710 confocal microscopes.

Trans-SILAC analysis

IMR-90 cells were cultured for eight doublings in SILAC medium
in which the natural lysine and arginine were replaced by
['3CE°Ny] arginine and ['*C{°N,] lysine and supplemented with
10% (v/v) dialyzed serum. IMR-90 cells were treated for 48 h
with etoposide to induce senescence. After 9 d, the cells were co-
cultured with NK92 cells for 2 h. NK92 cells were collected, sorted
to ensure maximal purity, and lysed with a buffer containing 2 M
thiourea, 6 M urea, 0.1 M Tris (pH 8.5), and protease. Proteins were
reduced with 1 mM DTT and alkylated with 5 mM iodoacetamide
followed by 3 h of digestion with lysC (1:100 enzyme to protein ra-
tio) and an overnight trypsin digestion (1:50 enzyme to protein
ratio). Peptides were then purified on C18 StageTips. Mass spec-
trometric analysis was performed on the EASY-nLC1000 HPLC
system coupled to the Q-Exactive mass spectrometer. Data anal-
ysis was performed with MaxQuant software and the SPIN
algorithm. Transferred proteins were analyzed according to sub-
cellular localization using the cellular component branch of
GO. For SILAC analysis of growing and senescent cells, growing
cells were labeled as described, whereas senescent cells were un-
labeled. Cells were than lysed and analyzed as described above.

Monitoring NK cytotoxicity using a RTCA

IMR-90 cells were transfected with siRNAs and then seeded in
triplicates on RTCA (Roche) E-plates (7000 cells per well). The
cell index, indicating the presence of live cells, was monitored be-
fore the addition of NK cells. NK92 cells were added at a 1:2 ratio
in a volume of 100 pL per well. Treatment with 1% Triton was
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used as an indicator of maximal elimination of target cells. Co-
cultures were assessed by the RTCA system every 5 min for up
to 24 h.

Mice

All experiments were done with approval from the Weizmann In-
stitute Animal Care and Use Committee. Animals were sacri-
ficed at the age of 10 wk. Blood and pancreata samples were
stained with AlexaFluor488 anti-CD45, AlexaFluor647 anti-
NKI1.1, and AlexaFluor647 anti-CD3 antibodies (Biolegend) and
analyzed by FACS or ImageStram. The SA-B-gal and H&E stain-
ings were performed as described (Krizhanovsky et al. 2008). To
detect immune cells in tissue sections from the pancreas, the
mice were subjected to a series of seven hourly intraperitoneal in-
jections of Caerulein (50 ng/g per injection) for 2 d in a row to in-
duce pancreatitis. Twenty-four hours after the last injection,
mice were sacrificed, and pancreata were taken, fixed in 4%
PFA for 5 h at room temperature, cryoprotected in 30% sucrose,
and snap-frozen in OCT. Cryosections (10 pm) were then stained
with the same antibodies as for FACS.

CDC42-GTP pull-down assay

GST (glutathione S-transferase)-PBD (Rac/Cdc42-binding domain
of p21-activated kinase 1 protein) pull-down assays were used to
detect cellular GTP-bound Cdc42. In brief, cells were lysed in a
buffer containing 50 mm Tris-HCI (pH 7.2), 1% (v/v) Triton X-
100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mm NaCl, 10
mm MgCI2, 1 mm phenylmethanesulphonyl fluoride (PMSF),
and protease inhibitor cocktail (Sigma). The supernatants of the
lysates were incubated for 1.5 h at 4°C with GST-PBD-coupled
glutathione-sepharose beads. The beads were washed three times
with buffer containing 50 mm Tris-HCI (pH 7.2), 1% (v/v) Triton
X-100, 150 mm NaCl, 10 mm MgCl,, 0.1 mm PMSF, and protease
inhibitor cocktail. The amount of GTP-bound CDC42 was detect-
ed by Western blotting with an antibody against CDC42.

Statistical analysis

Statistical analysis of the results was performed using one-sided
two-sample t-tests or one-way ANOVA followed by a Tukey
post-hoc test. Data are presented as means + SEM, a P-value of
<0.05 was considered significant.
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