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Abstract

Small extracellular vesicle (SEV)-mediated intercellular communication regulates multiple aspects of growth and develop-
ment in multicellular organisms. However, the mechanism underlying cargo recruitment into SEVs is currently unclear. We
show that the key nucleo-cytoplasmic transport (NCT) protein—RanGTPase, in its GTP-bound form (RanGTP), is enriched
in SEVs secreted by mammalian cells. This recruitment of RanGTP into sEVs depends on the export receptor CRM1 (also
called XPO1). The recruitment of GAPDH, a candidate cargo protein, into SEVs is regulated by the RanGTP-CRM 1 axis in a
nuclear export signal (NES)-dependent manner. Perturbation of NCT through overexpression or depletion of nuclear transport
components affected the recruitment of Ran, CRM1 and GAPDH into sEVs. Our studies, thus, suggest a link between NCT,
particularly the Ran—CRM1 axis, and recruitment of NES-containing cargoes into the sEVs. Collectively, these findings
implicate RanGTPase as a link between NCT and sEV mediated intercellular communication.

Keywords Small extracellular vesicles - RanGTPase - Exportinl/CRM1 - Nuclear export signal - Exosome - Intercellular
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Introduction

RanGTPase (referred as ‘Ran’ hereafter) is a highly con-
served protein involved in the nucleo-cytoplasmic transport
(NCT) of macromolecules across the nuclear envelope (NE)
[1]. The asymmetric distribution of Ran’s regulator proteins,
the GTPase activating protein RanGAPI in the cytoplasm
and the guanine nucleotide exchange factor RCC1 in the
nucleus, creates a steep gradient of RanGTP across the
NE, wherein the concentration of RanGTP is higher in the
nucleus and RanGDP in the cytoplasm. This gradient deter-
mines the directionality of transport by enabling the import
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complex assembly in the cytoplasm and its disassembly in
the nucleus, and the export complex assembly in the nucleus
and its dissociation in the cytoplasm [2, 3]. NCT of cargoes
requires specific transport adapters/receptors called karyo-
pherins; importins are receptors involved in nuclear import
and exportins are involved in nuclear export [3]. Based on
the current model, an export complex consisting of the
protein cargo containing a nuclear export signal (NES),
RanGTP and CRMI (also called Exportin-1 or XPO-1)
assembles in the nucleus [4]. This complex travels through
the nuclear pore complex (NPC) to the cytoplasm, where its
disassembly is mediated by RanBP1/2-assisted, RanGAP1-
mediated hydrolysis of RanGTP [2]. Conversely, import
complexes consisting of the protein cargoes possessing
nuclear localization signal (NLS), importin-a and importin-f
form in the cytoplasm. Once in the nucleus, RanGTP binds
importin-f, thus dissociating the complex and releasing the
cargo. In addition to its role in NCT, Ran is also implicated
in cell division, post mitotic nuclear envelope assembly and
cell cycle progression [2].

Multicellular organisms have also evolved various inter-
cellular communication mechanisms to coordinate processes
during growth and homeostasis. Although ligand—receptor
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signaling is a well-established mode of intercellular com-
munication, recent studies have highlighted the involve-
ment of small extracellular vesicles (sEVs) and tunneling
nanotubes (TNTs) in cell-to-cell signaling [5, 6]. Two of
the SEVs are exosomes and microvesicles [7, 8]. Exosomes
are 30-150 nm sized membrane vesicles of endocytic ori-
gin formed in the multivesicular bodies (MVBs), which get
released into the extracellular milieu when the MVBs fuse
with the plasma membrane [9-12]. Microvesicles, on the
other hand, are generated by budding of the plasma mem-
brane [9, 13]. Different cell types, including dendritic cells,
B cells, T cells, macrophages, reticulocytes and tumor cells,
are known to secrete exosomes [13]. Exosomes contain pro-
teins, mMRNAs and small RNA species including miRNAs,
which have been shown to be functional in the recipient
cells [5, 8, 12]. Studies indicated a role for hnRNPA2B1,
Ras and YBXI1 in the recruitment of subsets of miRNAs
into exosomes [14—17]. The proteins targeted into exosomes
include members of ESCRT machinery such as Alix and
TSG101, tetraspanins such as CD63 and CD81, heat-shock
proteins, cytoskeletal proteins and regulators of intracel-
lular trafficking such as Rab GTPases [18]. There are also
many soluble proteins including metabolic enzymes such as
GAPDH present in the exosomes [13, 19]. However, the sig-
nals and mechanisms involved in recruiting soluble proteins
into sEVs (exosomes or microvesicles) are unclear.

We had reported earlier that RanGTPase possesses the
ability to move from one cell to another in a GTP- and
CRM1-dependent manner [20]. Given that Ran, a critical
regulator of NCT, and other components of NCT such as
CRM1/XPO-1, are present in SEVs [21, 22], we wished to
explore a possible connection between NCT and intercellular
communication through sEVs. Here, we confirmed that Ran
is present in the sEVs secreted by different cell lines. Inter-
estingly, the recruitment of Ran into sEVs was found to be
GTP-dependent, and requires CRM 1. Furthermore, we show
that RanGTP-CRM1 axis regulates recruitment of a cargo,
GAPDH, into sEVs in an NES-dependent manner, thus link-
ing NCT with recruitment of a subset of cargoes into sEVs.

Results

Ran gets recruited into small extracellular vesicles
(sEVs)

A previous study reported that intercellular movement of
Ran occurs in a GTP- and CRM1-dependent manner [20].
Protein profiling studies have identified Ran as a component
of sEVs [23-28]. We, therefore, investigated if SEVs serve as
a means for the intercellular transfer of Ran. SEV's were iso-
lated from conditioned medium using a previously described
ultracentrifugation-based method [29]. The 100,000g pellet
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obtained from Hel a cell conditioned medium, considered
as sEVs, was assessed by nano-particle tracking analysis
(NTA) and Cryo-transmission electron microscopy (Cryo-
TEM) (Fig. 1A). Cryo-EM images showed this fraction to be
enriched with vesicles and the size of these vesicles ranged
from 30 to 150 nm (Fig. 1A). Moreover, western blotting
analysis confirmed the presence of exosome markers such
as Alix, HSP90, TSG101 and CD63 in sEVs isolated from
Huh-7, HeLa and HEK293T cells (Fig. 1B). Interestingly,
Ran and CRMI1 proteins were also detected in the sEVs
derived from different cell lines (Fig. 1B). These results
indicate that SEVs are enriched in exosomes, and Ran and
CRM1 may be present in sEVs.

However, owing to the heterogeneity of secreted vesicles
[31-33] and lack of specific isolation protocols, it is not
possible to rule out the presence of other vesicle types in the
preparations [8]. Therefore, throughout the manuscript, the
isolated vesicles will be referred to as ‘small extracellular
vesicles (SEVs)’ and at specific instances as ‘exosomes’.

To verify if Ran and CRM1 are present in the exosomal
fractions, the 100,000g pellet was resuspended and separated
on a sucrose density gradient [17, 29]. Exosomes are known
to float at a density of ~1.08-1.18 g/ml (fractions 5-7) in
a continuous sucrose gradient [12, 29]. Consequently, Ran
and CRM1 co-fractionated with the exosomal markers Alix,
CD63 and HSP9O0 (Fig. 1C), indicating that these proteins
are /may be present in the vesicles, particularly exosomes,
secreted by cells. Ran was also detected in SEV's positive for
CD63 [an exosome marker [10]] that were isolated by an
immunoaffinity-based method, further confirming that Ran
is present in exosomes (Fig. S1). To test if Ran is present
inside the isolated vesicles, the vesicles were treated with
proteinase K in the presence or absence of triton X-100 [34].
In the absence of the detergent triton X-100, intravesicu-
lar proteins are shielded from proteinase K activity, by the
intact vesicular membrane. On the contrary, triton X-100
dissolves the membrane, thus making the proteins inside
the vesicle accessible to proteinase K mediated degradation.
Our results showed that Ran and the sEV markers Alix and
Flotilin-2 were degraded in the presence of triton X-100,
and remained intact in its absence (Fig. 1D), indicating that
Ran is present inside the vesicles. To ensure that Proteinase
K was active in the absence of the detergent, purified glu-
tathione S-transferase (GST) was exogenously added to the
sEVs and the Proteinase K reaction was performed. GST
was degraded in the presence and absence of the detergent
(Fig. 1D), indicating that Proteinase K was active even in the
absence of the detergent.

Next, we tested whether the recruitment of Ran into SEVs
was sensitive to extracellular signaling cues. It is already
known that stimulation of macrophages by lipopolysac-
charide (LPS) increases secretion of bioactive molecules
through sEVs [35-37]. Treatment of the mouse macrophage
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Fig.1 Ran and CRMI1 are present in small extracellular vesicles. A
Left panel: nanoparticle tracking analysis (NTA) of small extracel-
lular vesicles (SEVs) isolated from HeLa cells. Right panel: cryo-
transmission electron microscopic (Cryo-TEM) image of HeLa sEVs
(100,000g pellet). Scale bar—100 nm. B sEVs were isolated from
Huh-7, HeLa or HEK293T cells as indicated. The respective whole
cell extracts (WCE) and small extracelluar vesicles (sEVs) were
probed with indicated antibodies by western blotting. Alix, HSP90,
HSP70, CD63 and TSG101 were used as sEVs (exosome) mark-
ers. Molecular weight markers (in numbers) are as indicated. C Left
panel: sEVs isolated from HeLa cells (100,000g pellet) were further
subjected to density-based separation using sucrose gradient (0-60%).
The fractions were probed for the presence of indicated proteins using

cell line RAW 264.7 with LPS significantly increased the
relative level of Ran in SEVs as compared to the exosome
marker Alix (Fig. S2). Taken together, the results showed
that Ran is present in SEVs derived from different cell lines,

western blotting (WB). Alix, CD63 and HSP90 were used as (sEV
exosome) markers. Middle panel: cryo-transmission electron micro-
scopic (Cryo-TEM) image of vesicles isolated from fractions (5-7)
corresponding to exosomes. Scale bar, 100 nm. Right panel: particle
distribution plot (NTA) of purified sEVs/exosomes. D HeLa sEVs
(100,000g pellet) were added with purified glutathione S-transferase
(exogenous GST), left untreated (—) or treated (4+) with proteinase K
in the absence (—) or presence (+) of triton X-100 as indicated. The
samples were subjected to western blot (WB) analysis using specific
GST, Ran, Alix or Flotilin-2 antibodies. Alix and Flotilin-2 were used
as sEV markers. GST was used as a control to monitor Proteinase K
activity in the absence of triton X-100. Molecular weight markers (in
numbers) are as indicated

and its recruitment might be regulated by extracellular
signaling.
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Recruitment of Ran into sEVs is GTP dependent

Previous studies have shown that the GTP-bound form of
Ran can move from one cell to another [20]. As Ran is pre-
sent in sSEVs, we reasoned that Ran might move between
cells through sEVs, thus predicting that GTP-bound Ran
is preferably recruited into sEVs. Consistent with this, the
GTP-locked mutant Ran-Q69L [38] was recruited into SEVs
at significantly higher levels as compared to the nucleotide-
free mutant Ran-T24N [39] (Fig. 2A). Further, the cellular
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levels of RanGTP were altered using different approaches,
and the recruitment of Ran to sEVs was monitored. Overex-
pression of RanBP1, a protein that fosters RanGTP hydrol-
ysis and hence decreases cellular RanGTP, significantly
reduced the level of Ran in SEVs secreted by HEK293T
cells, as compared to the control (Fig. 2B). On the contrary,
increased cellular levels of RanGTP, achieved via ectopic
expression of the guanine nucleotide exchange factor for
Ran-RCC1 in HEK293T cells, resulted in increased recruit-
ment of Ran into sEVs (Fig. 2C). These results support the
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«Fig. 2 Recruitment of Ran into sEVs is GTP-dependent. A Huh-7
cells were transfected with GFP-Ran-Q69L or GFP-Ran-T24N
mutant for 16 h. Post 48 h, SEVs were isolated and the levels of Ran
and Alix were analyzed in the whole cell extract (WCE) and sEVs
(100,000g pellet) (top panel). Relative recruitment of Ran into
sEVs, in comparison to Alix, was calculated from three independ-
ent sets and plotted (right panel). Data are presented as mean + SEM,
P-value was calculated using Student's ¢ test and ****P <(0.0001. B
HEK293T cells were transfected with pcDNA-empty-vector (HA-
control) or HA-RanBP1 construct for 16 h and sEVs were isolated
after 48 h. The expression of HA-RanBP1 was analyzed by western
blotting (top panel). SEVs were isolated and analyzed for levels of
Ran and Alix (middle panel). Relative recruitment of Ran into sEVs,
with respect to Alix, was calculated from three independent sets and
plotted (bottom panel). Data are presented as mean+SEM, P value
was calculated using Student's ¢ test and ***P <0.001. C HEK293T
cells were transfected with pcDNA-empty-vector (HA-control)
or HA-RCCI1 construct for 16 h and sEVs were isolated after 48 h.
The expression of HA-RCC1 was analyzed by western blotting (top
panel). sEVs were isolated and analyzed for levels of Ran and Alix
(middle panel). Relative recruitment of Ran into sEVs, with respect
to Alix, was calculated from three independent experiments and plot-
ted (bottom panel). Data are presented as mean+ SEM, P-value was
calculated using Student's 7 test and ***P <0.001. D Huh-7 cells
were transfected with FLAG-empty vector (FLAG-control), FLAG-
Ran-T24N or FLAG-Ran-Q69L. The cell lysates were separated on
OptiPrep density gradient (3-30%). Fractions collected and analyzed
for the presence of indicated proteins using western blotting (WB).
Graph plots (right) indicate the amount of Ran and Alix (sEV-exo-
some marker) across the gradient fractions normalized to respective
input level. E HeLa cells were transfected with GFP-MBP-control,
GFP-Ran-Q69L or GFP-Ran-T24N construct (green) for 21 h. Cells
were fixed and immunostained for endogenous CD63 [marker for
multi-vesicular body (MVB); red]. DNA was stained with Hoechst
33,342 (blue). The intensity line plots (right) indicate spatial distri-
bution of GFP (green) and CD63 (red) shown in the zoomed region.
Scale bar, 10 um

conclusion that recruitment of Ran into sEVs occurs in its
GTP-bound state.

Exosomes are derived from MVBs [5]. Given that
RanGTP is preferably recruited to sEVs (and possibly to
exosomes), the association of the two Ran mutants (Ran-
Q69L and Ran-T24N) with MVBs within the cells was
assessed via two approaches, cellular fractionation and
immunocytochemistry. Huh-7 cells expressing FLAG-con-
trol (empty vector), FLAG-Ran-Q69L or FLAG-Ran-T24N
were fractionated using OptiPrep (iodixanol) gradient cen-
trifugation [40]. FLAG-Ran-Q69L co-fractionated with
MVB markers such as Alix and HSP70 (Fig. 2D). FLAG-
Ran-T24N was also detected in MVB fractions; however,
its levels were substantially reduced as compared to Ran-
Q69L (Fig. 2D). This is consistent with the observation
that RanT24N gets recruited to the sEVs to a lesser extent
than Ran-Q69L (Fig. 2A). To validate these observations,
we transfected GFP-MBP-control, GFP-Ran-Q69L or GFP-
Ran-T24N in HeLa cells and assessed the co-localization
between the Ran mutants and endogenous CD63 (MVB
marker) using specific antibodies. GFP-RanQ69L pre-
dominantly localized to the NE and cytoplasmic punctate

structures, whereas GFP-Ran-T24N primarily localized
to the nucleus and was diffusely present in the cytoplasm
(Fig. 2E). Interestingly, the cytoplasmic Ran-Q69L puncta
often associated with CD63, whereas Ran-T24N or GFP-
MBP-control showed no discernible association with MVBs
(Fig. 2E). Collectively, these results showed that the GTP-
bound form of Ran preferably associates with MVBs, sup-
porting the conclusion that RanGTP is targeted to exosomes.

Enrichment of Ran in sEVs is dependent on CRM1

During nuclear export, the cooperative binding of
RanGTP with the CRMI-NES-containing cargo
(CRM1-NES*Cargo) complex creates a stable trimolecu-
lar export complex [4, 41, 42]. Earlier studies have shown
that treatment of the cells with LMB, an inhibitor of CRM1
that interferes with RanGTP-CRMI1-NES*Cargo complex
formation, reduced the intercellular transfer of Ran [4, 20].
To examine whether CRM1 is required for the recruitment
of Ran into the sEVs, we depleted endogenous CRM1 from
HeLa cells using inducible CRM1 shRNA. CRM1 deple-
tion led to substantially decreased levels of Ran in sEVs
as compared to control cells (Fig. 3A). On the contrary,
overexpression of CRM1 in HEK293T led to enhanced
recruitment of Ran into sEVs (Fig. 3B). Moreover, the GTP-
bound mutant of Ran (Q69L), but not the nucleotide-free
Ran mutant (T24N), colocalized with endogenous CRM1
(Fig. 3C). Endogenous CRMI1 also associated with CD63
(Fig. 3D). These results suggest that recruitment of Ran into
the sEVs depends on the export receptor CRM1. The data
also indicate that RanGTP and CRM1 may be recruited to
the exosomes as part of the trimolecular export complexes.
RanBP3, a cofactor that facilitates the export complex for-
mation [43, 44], was also detected in sEVs (Fig. S3).

Recruitment of GAPDH to sEVs is dependent on NES

The interaction between RanGTP and CRMI1 is stabilized
when CRM1 is bound to an NES-containing export cargo
(NES*Cargo) [45]. Our data show that RanGTP is recruited
to sEVs in a CRM1-dependent manner, thus allowing us to
hypothesize that RanGTP-CRM1-NES*Cargo complexes
might be directed to the sEVs. To test this, sEVs isolated
from Huh-7 cells expressing GFP-Ran-Q69L were subjected
to co-immunoprecipitation using GFP-specific antibody.
Mass-spectrometric analysis of the immunoprecipitates ena-
bled identification of GFP-Ran-Q69L-interacting proteins
(Table S1). GAPDH being one of them, was selected as the
candidate NES*cargo for further studies as its presence in
exosomes is well characterized [19, 28], and its export from
the nucleus is known to be mediated by Ran and CRM1 [46].

Co-immunoprecipitation analysis confirmed that GAPDH
is present in complex with RanGTP and CRM1 in sEVs
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(Fig. 4A). Interestingly, as compared to wild-type GAPDH,
the recruitment of the GAPDH NES-mutant K259N into
the SEVs was significantly reduced (Fig. 4B), thus sug-
gesting GAPDH is sorted into sEVs in an NES-dependent
manner. Additionally, GAPDH, along with Ran and CRM1,
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was present in sSEVs isolated through sucrose density gradi-
ent separation (Fig. 4C). Collectively, the data suggest that
RanGTP and CRM1 may mediate the delivery of NES con-
taining cargo proteins into SEVs.
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«Fig.3 Recruitment of Ran into SEVs depends on CRM1. A HeLa
cell line harboring inducible control shRNA (shControl) or CRM1
shRNA (shCRM1) was induced with doxycycline for 36 h. The sEVs
were isolated from the conditioned medium after a second round of
doxycycline induction for 36 h. Depletion of CRM1 was assessed
by western blotting (WB) (top panel). sEVs were isolated and ana-
lyzed for levels of Ran and Alix (middle panel). Relative recruit-
ment of Ran into sEVs, with respect to Alix, was calculated from
three independent experiments and plotted (bottom panel). Data are
presented as mean+SEM, P-value was calculated using Student's ¢
test and ****P<0.0001. B HEK293T cells were transfected with
pCI-neo-HA-empty-vector (HA-control) or HA-CRM1 construct for
16 h and sEVs were isolated after 48 h. The expression of HA-CRM1
was analyzed by western blotting (top panel). sSEVs were isolated and
analyzed for levels of Ran and Alix (middle panel). Relative recruit-
ment of Ran into sEVs, with respect to Alix, was calculated from
three independent sets and plotted (bottom panel). Data are presented
as mean=+SEM, P-value was calculated using Student's ¢ test and
*###%P <0.0001. C HeLa cells were transfected with FLAG-empty
vector (FLAG-control), FLAG-Ran-T24N or FLAG-Ran-Q69L con-
struct for 21 h. Top panel: cells were fixed and immunostained for
FLAG (red) and endogenous CRM1 (Endo. CRMI1; green). DNA
was stained with Hoechst 33342 (blue). Scale bar, 10 um. Bottom
panel: quantitative representation of Manders’ colocalization coeffi-
cients obtained by analyzing the red fluorescence intensity (FLAG)
overlapping with green fluorescence intensity (CRM1) from 30 cells
derived out of three independent experiments (10 cells/per experi-
ment). Mann—Whitney test was performed for statistical analysis.
Data represented as mean +SD, ****P <(0.0001. D Top panel; HeLa
cells were co-immunostained for endogenous CRM1 (red) and CD63
(green) using specific antibodies. DNA was stained with Hoechst
33342 (blue). The intensity line plots (bottom panel) indicate spatial
distribution of CD63 (green) in relation to CRM1 (red) shown in the
zoomed region. Scale bar, 10 pm

Recruitment of GAPDH into sEVs is linked
with the NCT

To verify the recruitment of GAPDH into sEVs is depend-
ent on NCT, the NCT process was altered by overexpress-
ing or depleting critical proteins of the pathway. Depletion
of CRM1, which potentially reduces the nuclear export of
NES-dependent cargoes, resulted in a significant reduc-
tion in the level of GAPDH in the sEVs as compared to
control cells (Fig. 5SA). However, overexpression of CRM1
that would enhance nuclear export resulted in increased
levels of GAPDH in the sEVs (Fig. 5B). On the contrary,
overexpression of RanBP1 that enhances disassembly of
RanGTP-CRMI1-NES*Cargo complexes, reduced the
GAPDH level in the sEVs (Fig. 5C). Similarly, ectopic
expression of RCC1, the guanine nucleotide exchange fac-
tor for Ran, that is expected to increase RanGTP levels, led
to substantially increased recruitment of GAPDH into sEV's
(Fig. 5D). Collectively, these results suggest that recruitment
of cargo such as GAPDH depends on NCT, particularly on
the export of the RanGTP-CRM1-NES*Cargo complex.

Intercellular transport of Ran depends on exosome
biogenesis pathway and NCT

Given that Ran gets recruited into sEVs in a GTP- and
CRM1-dependent manner and can undergo intercellular
transport, it seems plausible that the intercellular transfer
of Ran [20] may occur through sEVs. It has been shown
that components of the endosomal sorting complex required
for transport (ESCRT) machinery participates in the bio-
genesis of extracellular vesicles, and depletion of TSG101
significantly reduced the biogenesis of exosomes [47].
To test whether intercellular transport of Ran is mediated
through exosomes, TSG101 was depleted from HeLa cells
using specific siRNA, and cell-to-cell transfer of Ran was
monitored using a previously described transient transfection
assay using mCherry-a-tubulin as a co-transfection marker
as described earlier [20]. Transfer of Ran between cells was
significantly reduced in TSG101 depleted cells as compared
to controls (Fig. S4), suggesting that intercellular transport
of Ran occurs through sEVs, and particularly via exosomes.
Even though tubulin was identified as a component of SEVs
[5], there was no detectable level of transferred tubulin in
the neighboring cells observed within the time frame (10 h)
of the assay (Fig. S4). However, within this time, transferred
Ran-Q69L was visible in the neighboring cells (Fig. S4).
To confirm the specificity and robustness of intercellular
Ran transfer, we also used mCherry-histone H2B (a nuclear
protein) as a co-transfection marker (Fig. S5). Similar to
mCherry-a-tubulin, the intercellular transfer of mCherry-
H2B was also not observed within the time and conditions
of the assay (Fig. S5), but Ran-Q69L transfer was distinctly
detectable. Under the same conditions, GFP-MBP-control
was also not detected in the neighboring mCherry-H2B-
negative cells.

The prominent role of Ran in NCT suggests that NCT
might regulate the transfer of Ran between cells. To confirm
this, NCT was manipulated by depletion of RanBP1 and
CRMI. Interestingly, absence of RanBP1 increased (Fig.
S6A) and CRM1 decreased (Fig. S6B) the intercellular
transfer of Ran, indicating that transport of Ran between
cells and NCT are interlinked.

Based on our findings, we propose a working model
(Fig. 6). Some of the nuclear export complexes may escape
GTP-hydrolysis-dependent disassembly in the cytoplasm,
and alternatively get recruited into the SEVs formed through
the MVBs. Recipient cells may take up the sEVs, and the
export complexes may be disassembled in the recipient cells
through the cytoplasmic RanGAP1-mediated hydrolysis of
GTP on Ran.
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Fig.4 GAPDH is a cargo recruited to sEVs using RanGTP-CRM1
axis. A sEVs isolated from Huh-7 cells expressing GFP-Ran-Q69L
were lysed and subjected to immunoprecipitation (IP) using rab-
bit IgG (control IgG) or GFP-specific antibody (GFP-IgG). The
immunoprecipitates were probed for the presence of GAPDH, GFP
(Ran-Q69L) and CRM1 using specific antibodies. Molecular weight
markers (in numbers) are as indicated. B Dependence of GAPDH for
recruitment into sEVs on nuclear export signal (NES). Left panel:
sEVs were purified from Huh-7 cells expressing GFP-MBP-con-
trol, GFP-GAPDH-wild type (WT) or GFP-GAPDH NES mutant
(K259N) and subjected to western blotting to detect the presence of

Discussion

Conventionally believed to be a means for cellular waste
disposal, the SEVs are now emerging as a key player in inter-
cellular communication. Research over the past decade has
highlighted a role for EVs in cancer and neurodegenerative
diseases. Moreover, the cargo content of the sEVs appears
to be condition specific, thereby suggesting that the cells
may have regulatory mechanisms that determine the same.
However, in general, the cellular mechanism(s) governing
the recruitment of cargo into the vesicles remains unclear.
Here we show that RanGTPase, a crucial player in NCT,
is important for the sorting of a subset of protein cargoes
into sEVs, particularly into exosomes. Our results further
show that this recruitment depends on a RanGTP-CRM1
axis and the presence of a nuclear export signal (NES)
in the cargo—which enables the association of the cargo
with RanGTP and CRM1. Here, we have used GAPDH a
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indicated proteins. Alix was used as sEV (exosome marker). Right
panel: quantitative data depicting the relative level of GFP-tagged
proteins in the sEVs normalized to the levels of Alix in the respec-
tive sample. Data are presented as mean+ SEM from there independ-
ent experiments, P value was calculated using Student's ¢ test and
**P<0.01. C sEVs (100,000g pellet) isolated from HeLa cells were
further separated on sucrose density gradient (0-60%). Individual
fractions were collected and subjected to western blotting (WB) using
indicated antibodies. Alix, CD63 and HSP70 were used as SEV (exo-
some) markers

candidate cargo. It is important to identify additional cargoes
and validate their dependence on this mechanism for recruit-
ment into SEVs, to generalize our findings. Nevertheless,
these findings define a possible mechanism for the recruit-
ment of cargo into sEVs, by which any nuclear export cargo
can potentially be recruited into SEVs. Recently, it has been
shown that CRM1/Ran complex is involved in recruitment
of specific m7G-modifed RNAs into EVs, which was found
to be restricted by CD47 [22]. Our results supporting a role
for Ran/CRM1 in the recruitment of soluble protein cargo
such as GAPDH extends the repertoire of molecules depend-
ent on Ran/CRM1 for recruitment into sEVs. Additionally,
the findings suggest an interplay between NCT, particularly
the nuclear export, and intercellular communication through
sEVs.

It is important to note, however, that the molecular machin-
ery involved in recruitment of RanGTP-CRM1-NES*Cargo
into sEVs remains to be elucidated. This may require the
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interaction of RanGTP-CRM1-NES*Cargo with sEV/exo-
some biogenesis machinery. Additionally, the cellular or
physiological factors determining the disassembly of the
export complex or its escape from hydrolysis and recruit-
ment into exosomes within the donor cell remain to be
studied.

The new findings reported here also provide a possible
mechanistic explanation for the release of cargo in the recipi-
ent cells. RanBP1/RanGAP1-mediated hydrolysis of GTP
on Ran in the cytoplasm of the recipient cells may dissoci-
ate the complex, thus releasing the cargo in recipient cells
(Fig. 6). However, further studies are warranted for explor-
ing this mechanism.

What is the possibility that cells use sEVs to remove
excess RanGTP when it builds up beyond a threshold level,
rather than serving any function in intercellular communi-
cation? Our results, however, suggest that this is unlikely
the case, as we find GTP-bound Ran being taken up by
the neighboring cells (Fig. S4, S5 and S6) [20]. Moreover,
RanGTP, along with CRM1/XPO-1, recruits specific car-
goes such as GAPDH in an NES-dependent manner into
sEVs. Based on this, we conclude that the recruitment of
RanGTP-CRMI-NES*Cargo into the SEVs has specific role
in intercellular communication.

NCT and sEV-mediated intercellular communication
are impaired in multiple cancers and neurodegenerative
diseases [48—60]. Interestingly, both Ran and CRM1 are
overexpressed in many cancers [48, 61, 62]. Although the
role of Ran and CRM1 in cancer development and progres-
sion is not mechanistically well understood, several attempts
to interfere with their functions have yielded encouraging
results in restricting the tumor size and metastasis [63—66].
The interconnection between NCT and sEVs that we identi-
fied may provide additional avenues to explore the contribu-
tion of this cross-talk in the development and persistence of
multiple diseases where both NCT and sEV compositions
are altered.

Materials and methods
Cells and transfections

HeLa S3, HEK293T and Huh-7 cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco) supple-
mented with 10% fetal bovine serum (FBS). RAW 264.7
cells were grown in RPMI-1640 with 10% FBS. The cells
were maintained with antibiotics and routinely tested for
mycoplasma contamination. The serum used for exosome
experiments was depleted of exosomes by a prior ultracen-
trifugation at 100,000g for 3 h.

For transient expression of proteins, the cells were trans-
fected 12 h after plating using polyethyleneimine, linear

(PEIL, MW-25000, Polysciences, Inc.). The siRNA transfec-
tions were performed using Lipofectamine RNAiMax (Inv-
itrogen). Depletion of TSG101 by siRNA was achieved by
initial transfection of 40 nM control or TSG101 siRNA for
48 h, followed by a second round of transfection of 40 nM
siRNA for further 24 h.

Expression vectors and siRNA

The constructs GFP-MBP, GFP-RanQ69L and GFP-
RanT24N were described earlier [20, 67]. The constructs
pcDNA-HA-RCC1, pcDNA4-His-Xpress-CRM1 and
pGEX-RanBP1 were generous gifts from Mary Dasso
(NICHD, NIH, Bethesda, USA). FLAG-Ran-Q69L and
FLAG-Ran-T24N were generated by subcloning respective
ORFs into a modified phCMV1-FLAG (Geneatlantis) vec-
tor. The CRM1 open reading frame PCR amplified using
pcDNA4-His-Xpress-CRM1 as a template and was cloned at
Apal/Sall sites of pCI-neo-HA vector (Promega) to generate
HA-CRM1I. For obtaining HA-RanBP1 construct, the ORF
was amplified from pGEX-RanBP1 using specific primers
and was cloned at the EcoRI/Xhol sites of pcDNA-HA vec-
tor (Invitrogen). pPCMV-GAPDH-Flag was generously pro-
vided by Wei Liu (Zhejiang University School of Medicine,
China). The GAPDH ORF was subcloned into BglII/EcoRI
sites of pEGFP-C1 vector (Clontech). The GAPDH NES
mutant (K259N) was made by a PCR-based method using
appropriate primers. The clones were confirmed by sequenc-
ing. For knockdown studies, control siRNA was described
earlier [67], and siRNA against TSG101 [target sequence
5" CGUCCUAUUUCGGCAUCCU 3'] was obtained from
Dharmacon.

Generation of inducible shRNA stable cell lines

Stable inducible shRNA HeLa cell lines for RanBP1 and
CRMI1 were obtained by lentivirus transduction. The
shRNA target sequences for non-specific control (5’ GUG
GACUCUUGAAAGUACUAU 3'), RanBP1 (5' GCGAGG
CACUGGUGACGUCAA 3') and CRM1 (5" GUGGUG
AAUUGCUUAUACCAU 3') were cloned into Tet-pLKO-
puro vector (Addgene #21915). For generating lentivirus,
HEK293T cells were co-transfected with the packaging
vectors psPAX?2 (Addgene #12260) and pMD2.G (Addgene
#12259) and specific Tet-pLKO-puro constructs. Tet-pLKO-
puro vector containing control shRNA sequence was used
to generate hRNA control cells. The virus containing con-
ditioned medium was collected 48 h after transfection. For
transduction, the virus containing medium was diluted 1:1
with DMEM, mixed with polybrene (Sigma) to a final con-
centration of 8 ug/ml, and added to HeLa cells for 48 h. A
pool of HeLa cells harboring each inducible shRNA was
selected by puromycin (Invitrogen) treatment (2 pg/ml).
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«Fig.5 NCT is linked with recruitment of cargoes into sEVs. A HeLa
cells harboring Inducible control shRNA (shControl) or CRMI1
(shCRM1) were induced with doxycycline for 36 h. sEVs were iso-
lated from the conditioned medium after a second round of doxy-
cycline induction for 36 h. The depletion of CRM1 was analyzed
by western blotting (top panel). The isolated sEVs were subjected
to western blotting (WB) to analyze the relative levels of indicated
proteins. Alix was used as sEV (exosome) marker (middle panel).
Quantitative representation of relative levels of GAPDH normal-
ized to that of Alix in the respective SEV samples (bottom panel).
Data are presented as mean+SEM from three independent experi-
ments, P-value was calculated using Student's ¢ test and **P <0.01.
B HEK293T cells were transfected with pCI-neo-HA-empty-vector
(HA-control) or HA-CRM1 construct for 16 h and forty eight hours
later the SEVs were isolated. The expression of HA-CRM1 was ana-
lyzed by western blotting (top panel). sEVs were isolated and ana-
lyzed for levels of GAPDH, Ran and Alix (middle panel). Relative
recruitment of GAPDH into sEVs, with respect to Alix, was calcu-
lated from three independent sets and plotted (bottom panel). Data
are presented as mean + SEM, P value was calculated using Student's
t test and *¥***P <0.0001. C HEK293T cells were transfected with
pcDNA-empty-vector (HA-control) or HA-RanBP1 construct for 16 h
and sEVs were isolated after 48 h. The expression of HA-RanBP1
was analyzed by western blotting (top panel). The sEVs isolated were
analyzed for levels of GAPDH, Ran and Alix by western blotting
(WB) (middle panel). Relative recruitment of GAPDH into sEVs,
as compared to Alix, was calculated from three independent experi-
ments and plotted (bottom panel). Data are presented as mean + SEM,
P value was calculated using Student's 7 test and ****P <(0.0001. D
HEK?293T cells were transfected with pcDNA-empty-vector (HA-
control) or HA-RCCI1 construct for 16 h and sEVs were isolated after
48 h. The expression of HA-RCC1 was analyzed by western blotting
(top panel). The isolated SEVs were analyzed for levels of GAPDH,
Ran and Alix by western blotting (WB) (middle panel). Relative
recruitment of GAPDH into sEVs, as compared to Alix, was calcu-
lated from three independent experiments and plotted (bottom panel).
Data are presented as mean + SEM, P value was calculated using Stu-
dent's ¢ test and **P <0.01

Multi-vesicular body
(MVB)

Cytoplasm

Donor Cell

Fig.6 Working model for Ran-CRM1-mediated recruitment of car-
goes into sEVs. Some of the RanGTP-CRMI-NES*Cargo export
complexes may escape disassembly in the cytoplasm, and get
recruited into the intra-luminal vesicles of the multi-vesicular bod-
ies (MVBs) generated by inward budding. The MVBs eventually
fuse with the plasma membrane to release the intra-luminal vesicles,

Working model

sEVs
(exosomes)

Isolation of sEVs by ultracentrifugation

Small extracellular vesicles (SEVs) were isolated from dif-
ferent cell lines (HeLa S3, HEK293T, Huh-7 and RAW
264.7 cells) using a series of ultracentrifugation and micro-
filtration steps as previously described [29]. Briefly, cells
were grown in DMEM or RPMI-1640 with 10% exosome-
depleted FBS and after specific time points, the culture
medium was collected. The SEVs were isolated from the
conditioned medium by three sequential centrifugation
steps at 4 °C: 500g for 15 min; 10,000g for 30 min; fol-
lowed by micro-filtration through 0.22 pm filter; and a spin
at 100,000g for 3 h. The pellets were washed once with
1 X PBS and further centrifuged at 100,000g for 2 h. The
sEV pellets obtained were resuspended in 1 X PBS, NP-40
lysis buffer (20 mM tris—HCI, pH 8, 137 mM NaCl, 10%
Glycerol, 1% NP40 and 2 mM EDTA) or RIPA (50 mM
Tris—HC], pH 8, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5%
sodium deoxycholate and 1 mM EDTA) supplemented with
protease inhibitor cocktail (Roche), 10 mM NaF (Sigma-
Aldrich) and 2 mM PMSF (Sigma). The 100,000g pellet
obtained was considered as sEVs and used in most of the
studies.

Purification of sEVs by sucrose gradient
centrifugation

Purification of sEVs through sucrose density gradient was
performed as described earlier with some modifications
[17]. Briefly, 4 x 10° HeLa cells (per 100 mm plate) were
grown for 48 h. Conditioned medium from twenty 100 mm
plates was collected and pooled. sEVs were isolated using

RanGAP1/RanBP1
\ Mediated
Z GTP hydrolysis Ran-
RN
Cargo ?

Cytoplasm

Recipient Cell

called exosomes, a class of sEVs. This implies a role for the NCT
machinery in the sorting of a subset of cargoes into sEVs released by
the donor cells. In the recipient cells, this complex may be disassem-
bled, thus releasing the cargo due to cytoplasmic RanGAP1-mediated
hydrolysis of GTP on Ran
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ultracentrifugation as described above, and the 100,000g
pellet was resuspended in 1 X PBS. The sucrose gradient was
prepared by diluting a stock solution of 60% (w/v) sucrose
in a gradient buffer (20 mM Tris—HCI, pH 7.4 and 137 mM
NaCl). The sEV suspension was diluted with 1.1 ml of 60%
sucrose solution to obtain a final concentration of 55%
sucrose, and dispensed at the bottom of a 5 ml centrifuge
tube. This was then sequentially overlaid with 40% sucrose
(1100 pl), 20% sucrose (1100 pl), and finally with the gradi-
ent buffer (without sucrose, 1100 pl), and subjected to ultra-
centrifugation at 150,000g for 16 h in MLS-50 rotor (Optima
MAX-XP Benchtop Ultracentrifuge Beckman Coulter).
Eleven fractions of 400 ul each were collected from top of
the gradient, diluted with 3.6 ml 1 X PBS and pelleted at
100,000g for 2 h. Each fraction was resuspended in 1 X PBS
for Cryo-TEM or RIPA buffer for western blotting. Fractions
(number 5, 6, and 7) were pooled and used for Cryo-TEM.

Purification of CD63-positive exosomes

CD63-positive exosomes were isolated using Exosome-
Human CD63 isolation kit (Invitrogen) according to the
manufacturer’s instructions. Briefly, pre-enriched exosomes
(100,000g pellet) isolated from eight 100 mm HeLa cul-
ture plates (~50 ml culture media), were first resuspended
in 100 pl of 1xPBS. This solution was then incubated
with anti-CD63 antibodies bound to dynabeads (Invitro-
gen) (100 pl) for 18 h at 4 °C with constant mixing. Later,
the bead-bound exosomes were separated using a magnet,
washed with 1 X PBS and lysed in 25 pl of RIPA buffer. The
supernatant was then removed, added with SDS-loading dye,
heated and analyzed by western blotting.

Nanoparticle tracking analysis (NTA)

NTA for determination of the size distribution of the iso-
lated sEVs was performed using Zetaview (Particle Metrix,
Germany) as per manufacturer’s instructions. The data were
analyzed using Zetaview software (version 8.05.11 SP4).

Cryo-transmission electron microscopy (Cryo-TEM)

Samples were prepared for Cryo-TEM by the frozen
hydrated vitrified technique [68] using a Vitrobot Mark IV
(FEI Thermo-Fisher, Hillsboro, Oregon) semi-automated
sample preparation system. About 4 ul of SEV sample was
taken on a holey formvar carbon film 200-mesh Cu (Cu-
200HFC Pacific Grid Tech San Francisco, CA) kept in an
environmental chamber at a temperature 22 °C and humidity
95%. The sample was made into a thin film by blotting once
for one second with a blot force setting of one, and then

@ Springer

plunged into liquid ethane at its freezing point. The result-
ant vitrified grid was transferred under liquid nitrogen to a
Gatan Model 655 cryo holder (Gatan, Pleasanton, CA, USA)
and then cryo-transferred into the TEM goniometer whilst
maintaining the cold chain throughout. Imaging was done in
aJEOL 2100 HRTEM (Akishima, Tokyo, Japan) operating
at 120 keV while maintaining the sample holder at about
— 172 to — 174 °C as measured by a Gatan Smartset model
900 (Gatan, Pleasanton, CA, USA) cold stage controller. The
anti-contamination device of the TEM was filled with liquid
nitrogen to prevent the vacuum deterioration during analysis.
Images were captured by Orius Camera (Gatan, Pleasanton,
CA, USA) controlled by Gatan Digital Micrograph software
saved in native format as dm® and then converted to JPEG/
TIFF formats.

Protease protection assay

Protease protection assay was performed as described ear-
lier with minor modifications [34]. HeLa-derived sEVs were
resuspended in 120 pl of 1 X PBS and added with 100 ng of
purified glutathione S-transferase (GST) and were equally
separated into three vials. One vial was maintained as
untreated control, the second was treated with proteinase K
(25 pg/ml final concentration) and the third one with protein-
ase K (25 pg/ml final concentration) and 0.1% triton X-100
(final concentration). These were incubated for 30 min at
37 °C. The reactions were stopped by the addition of 5 mM
PMSF and 5 x SDS-loading dye (for a final concentration
of 1.5 X) and heated at 95 °C for 7 min before analyzing by
western blotting.

MVB fractionation

Subcellular fractionation was performed with 3-30% contin-
uous gradient prepared using OptiPrep (Sigma) as described
previously [40], with minor modifications. Gradients were
made in a 50 mM HEPES (pH 7.0)-based buffer contain-
ing 78 mM KCl, 4 mM MgCl, and 10 mM ethylene glycol
tetra-acetic acid (EGTA). Cells were washed, scraped and
lysed with a Dounce homogenizer in HEPES buffer (50 mM,
pH 7.0) containing 0.25 M sucrose, 78 mM KCl, 4 mM
MgCl,, 8.4 mM CaCl, and 10 mM EGTA, supplemented
with complete protease inhibitor cocktail (Roche), 10 mM
NaF (Sigma-Aldrich) and 2 mM PMSF (Sigma-Aldrich),
0.5 mM DTT. The lysate was centrifuged twice at 1000g for
5 min and layered on top of the gradient and centrifuged at
133,000g for 5 h. Eleven fractions were collected from top
to bottom, and the proteins were precipitated using 100%
trichloroacetic acid and analyzed for the presence of specific
proteins by western blotting.
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Antibodies

The following antibodies were used for western blotting
with the indicated dilutions: mouse anti-Ran (1:10,000,
BD biosciences 610340), mouse anti-CRM1 (1:2,000, BD
611832), rabbit anti-CRM1(1:3000, Sigma) mouse anti-
HSP70 (1:2000, Santa Cruz sc-66048), mouse anti-HSP90
(1:3000, R&D), mouse anti-GAPDH (1:3000), goat anti-
TSG101 (1:1500, Santa Cruz sc-6037), mouse anti-a-tubulin
(1:10,000, Sigma T5168), mouse anti-HA (1:1000, Covance
Research Products MMS-101R), mouse anti-Alix (1:2000,
Santa Cruz sc-271975), mouse anti-GFP (1:5000, Santa
Cruz s¢-9996), mouse anti-p-actin (1:5000, Sigma), rabbit
anti-RFLP7a (1:2,000, CST), rabbit anti-CD63 (1:1000, in-
house, this paper), rabbit anti-GFP (1:5000, in-house) [69],
mouse anti- FLAG (1:3000, Sigma, F1804), mouse anti-
RanBP3 (1:1000, BD 612,050), mouse anti-GST (1:3000,
Santa Cruz sc-138), mouse anti-Flotilin-2 (1:3000, BD bio-
sciences 610383), donkey anti-rabbit IgG-HRP (1:10,000,
GE Healthcare NA-934) and sheep anti-mouse IgG-HRP
(1:10,000, GE Healthcare NA-931).

The following antibodies were used for indirect immu-
nofluorescence with indicated dilutions: mouse anti-CD63
(1:300, Santa Cruz, sc-5275), rabbit anti-XPO1/CRM1
(1:500, Sigma, HPA042933), mouse anti- FLAG (1:300,
Sigma, F1804), rabbit anti-GFP (1:250, in-house) [69],
Alexa Fluor donkey anti-rabbit 488 (Invitrogen, 1:500,
A21206), Alexa Fluor donkey anti-rabbit 594 (Invitrogen,
1:500, A21207), Alexa Fluor donkey anti-mouse 488 (Invit-
rogen, 1:500, A21202), and Alexa Fluor donkey anti-mouse
594 (Invitrogen, 1:500, A21203).

Production of antibodies against human CD63

A coding region corresponding to the extracellular domain
of human CD63 (108-200 aa) was PCR amplified from
pEGFP-CD63 (a kind gift from Frederik Vilhardt, Univer-
sity of Copenhagen, Denmark) and cloned at the EcoRI/
Xhol sites of pET30a. Recombinant protein was expressed
in BL21 (DE3) RIL (Novagen) and lysed in denaturation
buffer (8 M urea, 100 mM NaH,PO,, 10 mM tris, 1 mM
DTT, pH 8.0). The lysate was incubated with Ni-NTA beads
and sequentially washed with the wash buffer (100 mM
NaH,PO,, 10 mM tris, pH 6.3, containing 8 M, 4 M, and
2 M urea). The last wash was performed with TBS contain-
ing 20 mM imidazole. The protein was eluted with TBS con-
taining 250 mM imidazole. The eluted protein was dialysed
with 100 mM HEPES buffer, pH 7.6, with 5% glycerol. The
recombinant protein was used for raising polyclonal antibod-
ies in rabbit and for affinity purification of antibodies.

Cell lysis, co-immunoprecipitation and mass
spectrometric analysis

For preparation of whole cell extract (WCE), cells were
washed once with 1 X PBS, scrapped in 1 XPBS on ice,
resuspended in NP-40 or RIPA lysis buffer, sonicated and
cleared by centrifugation at 15,300g for 20 min at 4 °C.
For isolation of proteins from sEVs, the pellets were resus-
pended in NP-40 or RIPA lysis buffer. Protein estimation
was performed using Bradford reagent (Bio-Rad) for both
WCE and sEVs and a known amount of protein was ana-
lyzed by western blotting.

For co-immunoprecipitation (co-IP) experiments, SEVs
were isolated from the Huh-7 cells transfected with GFP-
RanQ69L and lysed in cold NP40 lysis buffer containing
protease inhibitor cocktail (Roche), 1 mM NaF and 200 mM
PMSEF. The lysate was centrifuged at 15,300g for 2 min. The
supernatant was removed and starting material was taken
out and added with 3 X SDS-PAGE loading dye and heated
at 95 °C for 5 min. Protein-A sepharose beads (Invitrogen)
were bound with anti-GFP antibodies or control rabbit IgG
(Vector labs) and the lysate was added to these beads and
incubated overnight, at 4 °C, with continuous mixing. The
immunoprecipitates were then washed twice with lysis
buffer and once with TBS before eluting it in SDS-PAGE
loading dye with heating for 5 min at 95 °C. The samples
were separated by SDS-PAGE and then transferred Semi-
dry transfer onto a PVDF membrane (Merck/Millipore).
The membrane was then analyzed by western blotting using
specific antibodies and developed using ECL-Plus Western
Detection Kit (Thermo Scientific, Cyanagen) following
the manufacturer’s instructions. Images of the blots were
acquired using Image-Quant LAS 4000 (GE Healthcare).

For all the relative recruitment of proteins into SEVs
(Figs. 2A-C, 3A, B, 4C, 5A-D, and S2), initially the level of
specific protein in SEVs was normalized to that in the WCE,
which was further normalized to a similar value obtained for
the sEV marker such as Alix.

For identification of GFP-Ran-Q69L-sepcific interacting
proteins, the immunoprecipitates were then washed twice
with lysis buffer and twice with tris-buffer (25 mM, pH
7.2). Proteins were eluted in 0.1% RapiGest SF (Waters,
186001861), further subjected to in-solution digestion and
the peptides were analyzed using Orbitrap fusion mass spec-
trometer (Thermo Scientific). The protein identification was
performed using Proteome Discoverer software (version 2.2,
Thermo Scientific) by applying the Sequest HT database
search engine with the cut-off criteria of 1% false discovery
rate (FDR).
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Immunofluorescence and confocal microscopy

Cells were fixed with 4% Paraformaldehyde (PFA) for
15 min or Methanol for 5 min at room temperature (RT)
as per the required experimental condition after 18-20 h of
transfection. PFA or methanol fixed coverslips were permea-
bilized with 0.2% triton X-100 for 15 min (for PFA fixation)
and for 30 s (for methanol fixation). Coverslips were then
incubated with primary and secondary antibodies in 2% nor-
mal horse serum (NHS) blocking solution for 45 min each
at RT, with respective antibody dilutions. DNA was stained
with Hoechst 33342 during secondary antibody incubation.
After each incubation step the coverslips were washed thrice
with 1 X PBS. Coverslips were then mounted in VectaShield
anti-fade mounting media for confocal microscopy.

The images were obtained using a confocal laser scanning
microscope (Olympus FV3000) with 100 X objective (oil,
1.45 NA), which were processed using CellSens and Adobe
Photoshop. All the quantitative analysis of the immunofluo-
rescence experiments was performed using data obtained
from at least three independent repeats, with the aid of FIJI
ImageJ and Microsoft Excel software.

Transient transfection assay for Ran transfer

Intercellular transfer of Ran was performed as described
earlier [20]. Briefly, HeLa cells were co-transfected with
GFP-Ran-Q69L and mCherry-a-tubulin or mCherry-Histone
H2B (transfection marker) for 10 h. Cells were fixed and
immunostained using GFP-specific rabbit polyclonal anti-
bodies (in house). The number of GFP-positive (recipient)
cells surrounding mCherry-a-tubulin or mCherry-Histone
H2B expressing cells (donor) was counted. GFP-MBP was
used as a control in case of Fig. S5. The transfer of Ran from
at least 25 donor cells from three experiments was assessed
for each condition mentioned.

Statistical analysis

The experiments were independently repeated at least three
times, and the values are expressed as mean + SEM or
mean + SD, as indicated in figure legends. P values were
calculated using Student’s ¢ test or Mann—Whitney test
(Graph pad prism). Graphs were plotted using Graph pad
prism software. P values are indicated by asterisks (*). P
value between 0.05 and 0.01 is indicated by single asterisk
(*), between 0.01 and 0.001 is indicated by double asterisk
(**) and between 0.001 and 0.0001 is indicated by triple
asterisk (**%*), and less than 0.0001 is indicated by four
asterisk (F¥*¥),

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04422-y.
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