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RNAs have been shown to undergo transfer between mammalian
cells, although the mechanism behind this phenomenon and its
overall importance to cell physiology is not well understood.
Numerous publications have suggested that RNAs (microRNAs and
incomplete mRNAs) undergo transfer via extracellular vesicles
(e.g., exosomes). However, in contrast to a diffusion-based trans-
fer mechanism, we find that full-length mRNAs undergo direct
cell-cell transfer via cytoplasmic extensions characteristic of mem-
brane nanotubes (mNTs), which connect donor and acceptor cells.
By employing a simple coculture experimental model and using
single-molecule imaging, we provide quantitative data showing
that mRNAs are transferred between cells in contact. Examples
of mRNAs that undergo transfer include those encoding GFP,
mouse f-actin, and human Cyclin D1, BRCA1, MT2A, and HER2.
We show that intercellular mRNA transfer occurs in all coculture
models tested (e.g., between primary cells, immortalized cells, and
in cocultures of immortalized human and murine cells). Rapid
mRNA transfer is dependent upon actin but is independent of de
novo protein synthesis and is modulated by stress conditions and
gene-expression levels. Hence, this work supports the hypothesis
that full-length mRNAs undergo transfer between cells through a
refined structural connection. Importantly, unlike the transfer of
miRNA or RNA fragments, this process of communication transfers
genetic information that could potentially alter the acceptor cell
proteome. This phenomenon may prove important for the proper
development and functioning of tissues as well as for host-para-
site or symbiotic interactions.
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An essential aspect of multicellular organisms is the ability of
cells to communicate with each other over both long and
short distances to coordinate cellular and organ processes. Al-
though most studies have focused on small molecule- or protein-
based intercellular communication, little is known about whether
RNA molecules act by themselves as mediators of communica-
tion. Earlier reports suggested that RNAs may undergo transfer
from one cell to another (1-3). However, only recently has it
become evident that the extracellular fluids of animals (e.g.,
saliva, plasma, milk, and urine) contain RNAs, including mRNAs
(or fragments thereof) and miRNAs. These RNAs are mainly
found in extracellular nanovesicles (EVs) such as exosomes (4),
although free extracellular ribonucleoprotein (RNP) particles
have been identified (5). By using DNA microarrays (4, 6, 7) or
RNA-sequencing (RNA-seq) (8), the content of EVs was shown
to include a multitude of mRNAs and miRNAs. Thus, it has been
proposed that the transfer of RNA between donor and acceptor
cells could play an important physiological role.

However, examples of exosome-mediated intercellular mRNA
transfer and its effects are few (4, 9-12). Only two studies pro-
vide qualitative evidence for the possible translation of trans-
ferred mRNA in recipient cells (4, 12), and no follow-up
research was performed. In particular, there is a lack of quan-
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titative data regarding the number and fate of transferred
mRNA molecules at the single-cell level. Moreover, the exis-
tence of multiple types of EVs (e.g., exosomes, microvesicles,
and apoptotic bodies) that can contain different kinds of cargo,
including DNA (13), complicates the study and understanding of
this process. In addition, it has been demonstrated that exosomes
are transported into lysosomes upon internalization by recipient
cells (13-15), and it is unclear how their RNA content reaches
sites of translation within the cytoplasm.

Another consideration is that while the abundance of mRNAs
in terms of species per copy number in EVs is unknown, the
small volume of exosomes might not allow more than a limited
number of mRNA molecules per exosome. The presence of full-
length, functional mRNAs in exosomes was demonstrated in a
few studies (4, 12), whereas others suggest that exosomes contain
mainly RNA fragments (16-18). Indeed, one study found that
only short mRNA fragments (<500 nt) are efficiently loaded into
EVs, compared with longer transcripts (>1,500 nt) (17). Recent
reports also suggest that miRNAs are present in very low
abundance in EVs (i.e., individual miRNAs may range between
107* and 60 miRNA molecules per exosome in a given extra-
cellular fluid) (19, 20), suggesting that miRNA transfer via EVs
might have little influence on recipient cells unless selective
mechanisms for uptake exist. Overall, these results suggest that a
large number of EVs containing specific mRNAs (or mRNA
fragments) or miRNAs might be necessary to significantly affect
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mRNA molecules convey genetic information within cells, be-
ginning from genes in the nucleus to ribosomes in the cell
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the physiology of recipient cells. Additionally, other modes of
mRNA transfer were not investigated. Thus, an unbiased quantita-
tive approach is needed to determine if mRNA is indeed trans-
ferrable and, if so, how it is transferred, and how much is transferred.

To study intercellular mRNA transfer in a quantitative and
unbiased manner, we employed a simple strategy that is depicted
in Fig. 1 4 and B. In this model, “donor” and “acceptor” cells are
cocultured together, and the transfer of specific mRNA species
from donors to acceptors is visualized and quantified by single-
molecule FISH (smFISH) (21, 22) or live imaging using the
MS2 aptamer system (23). Donor and acceptor pairings can
consist of cell types from any typical mammalian species (e.g.,
rat, mouse, human), provided that the query mRNA is expressed
only in the donor cells. By using this model, we discovered that
mRNAs can transfer between cells, and we provide absolute
quantitative data on the number of transferred mRNA molecules
per cell under different culture conditions.

We show that mRNA transfer requires direct cell-to-cell con-
tact and that it appears to occur via membrane nanotubes (mNTs;
also known as “tunneling nanotubes”) and not by diffusion. mNTs
are long and thin cytoplasmic projections involved in direct
contact-dependent intercellular communication between eukary-
otic cells. mNTs were shown to be open-ended (24) and seem to
allow the direct flow of cytoplasmic content between connected
cells (25, 26). Indeed, mNTs support cell-to-cell transfer of small
molecules, proteins, prions, viral particles, vesicles, and organelles
in a variety of cell types (24-35). Here we demonstrate that mNTs
appear to be involved in the transfer of mRNA molecules and
identify mRNAs encoding a wide variety of proteins that undergo
intercellular transfer in in vitro culture conditions.

Results

mRNA Can Transfer Between Cells. To determine whether cell-cell
mRNA transfer occurs, immortalized WT mouse embryonic fi-
broblasts (MEFs) were cocultured with immortalized MEFs de-
rived from a homozygous transgenic mouse that harbors 24
repeats of the MS2-coat protein (MCP)-binding sequence (MBS)
at the 3’ UTR of the endogenous alleles of f-actin (referred to
here as “MBS MEFs”) (23). smFISH with MBS-specific probes
was used to analyze the number of p-actin-MBS mRNAs de-
tected, and quantitation was performed using in-laboratory pro-
grams or FISH-quant (FQ) (SI Materials and Methods and Fig. S1
A and B) (36). MBS MEFs showed up to several thousand distinct
FISH spots in each cell as well as bright nuclear foci representing
transcription sites (Fig. 1C, Left, Fig. S1C, and Dataset S1) (23).
Immortalized MBS MEFs are tetraploid and have up to four
transcription sites (23). As expected, p-actin-MBS mRNAs and
transcription sites were not detected in WT MEFs cultured alone
(Fig. 1C, Center). However, when cocultured with MBS MEFs for
24 h, WT cells acquired MBS-labeled mRNAs (Fig. 1C, Right) at
an average (= SEM) of 45 + 4 mRNAs per cell and as many as
~190 mRNAs per cell (Fig. 1D and Dataset S1).

To determine the global rate of mRNA transfer, we measured
the number of transferred f-actin-MBS mRNAs in WT MEFs at
0.5, 1.5, 2.5, and 4.5 h after adding MBS MEFs to the culture.
Under these conditions, MBS MEFs attached to the fibronectin
(FN)-coated glass surface within 15-20 min. We detected
transferred mRNA within 30 min of coculture (i.e., 10-15 min
after MBS MEFs attached to the surface). The number of
transferred mRNAs increased with time until reaching a plateau
at 2.5 h after coculture (Fig. 1E and Dataset S1).

Zipcode-binding protein 1 (ZBP1) is an RNA-binding protein
(RBP) previously shown to be required for f-actin mRNA lo-
calization to the leading edge and focal adhesions in fibroblasts
(37, 38) and to dendrites in neurons (39, 40). However, the ab-
sence of ZBP1 in the donor MBS MEFs (i.e., immortalized
B-actin-MBS ZBP1~~ MEFs) did not hinder mRNA transfer to
immortalized acceptor WT MEFs (Fig. S1D and Dataset S1).
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Fig. 1. Detection of p-actin-MBS mRNA transfer by smFISH. (A) A schematic
depicting the p-actin-MBS gene (Left) and resulting mRNA (Right). mRNA
detection was accomplished using smFISH with fluorescence-labeled DNA
probes against the MBS sequence (aka “MBS probes”). Poly(A), poly-
adenylation site; TSS, transcription start site. (B) A schematic illustrating the
basic experimental set-up. Donor cells (Left) that express a unique mRNA
(e.g., B-actin-MBS; shown as small purple dots) were cocultured with naive
acceptor cells (Middle) that lack this mRNA. If mRNAs undergo transfer from
donor to acceptor cells, coculture yields labeling of the acceptor cells (Right).
Each cell type was also cultured separately to assess mRNA-expression levels
in donor cells or background staining in acceptor cells. (C) smFISH images of
an immortalized donor MBS MEF, immortalized acceptor WT MEF, and ac-
ceptor WT MEF in coculture. Labels: blue, DAPI staining of the nucleus;
magenta, Cy3-tagged MBS probes. The arrowhead indicates a transcription
site. (Scale bars: 5 um.) (D) Distribution of the number of p-actin-MBS mRNA
spots observed in immortalized WT MEFs (expressing low levels of GFP)
cultured alone or cocultured with donor MBS MEFs for 24 h. Each dot in D-G
represents the score of the number of mRNAs detected in a single cell as
obtained by smFISH. The horizontal bars in D-G indicate mean number of
spots per acceptor cell. (E) Distribution of the number of p-actin-MBS mRNA
spots in WT MEFs as a function of time after coculture with donor MBS MEFs.
(F) Distribution of the number of p-actin—-MBS mRNA spots in primary WT
MEFs cultured alone or cocultured for 2.5 or 24 h with primary donor MBS
MEFs. (G) Distribution of the number of LTag mRNA spots in primary MBS
MEFs cocultured with LTag-immortalized donor WT MEFs for 24 h. See
Dataset S1 for data on the number of cells scored, mean, SEM, and P values
for each experiment.
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To determine that mRNA transfer is not due to immortalization,
we examined whether it occurs between primary cells. Primary
MEFs derived from WT or MBS mice were cocultured for either
2.5 or 24 h, and smFISH was performed to detect p-actin-MBS
mRNA transfer. Similar to immortalized MEFs, transferred p-actin—
MBS mRNA was detected in cocultured primary WT MEFs (Fig.
1F and Dataset S1). This indicated that intercellular RNA transfer
is not unique to immortalized cells. Cocultures of primary MEFs
and immortalized MEFs yielded a twofold higher level of mRNA
transfer compared with primary coculture (Fig. SIE and Dataset
S1). Coculturing primary and immortalized MEFs also allowed us
to test the transfer of a second mRNA, SV40 large T antigen
(LTag) mRNA, which is expressed only in the immortalized cells
(Fig. S2; see Dataset S1 for expression levels in donor cells). By
employing LTag-specific smFISH probes, we could detect the
transfer of LTag mRNA from immortalized to primary MEFs
(Fig. 1G and Dataset S1). This indicates that transfer is not unique
to p-actin mRNA or to MBS-labeled mRNAs.

FISH experiments using Cy3-labeled MBS- and Cy5-labeled
ORF-specific probes showed that an average of 3.5 + 0.4% of
the total p-actin mRNA found in WT MEFs (as detected by
ORF-specific probes) was transferred from donor MBS cells
(Fig. S3 A and B and Dataset S1). In these FISH experiments,
most of the MBS spots detected in MBS MEFs were colocalized
with ORF spots, although there were a few single-color-labeled
spots (Fig. S3C). It is important to note that many MBS spots
detected in WT MEFs also colocalized with ORF spots (Fig. S3
D and E), indicating that the transferred f-actin-MBS mRNAs
detected in acceptor cells constituted full-length transcripts and
not solely 3 UTR or MBS fragments.

mRNA Transfer Occurs in Heterologous Human/Murine Cell Cocultures.
To test the generality of this process, we first determined if
B-actin-MBS mRNA from MEFs can transfer to other cell types,
including human cells. We therefore cocultured MBS MEFs with
a human embryonic kidney cell line (HEK293T) and examined
these cells for p-actin-MBS mRNA. Indeed, we found that f-actin—
MBS mRNA can transfer from murine to human cells (Fig. 24
and Dataset S1). Although the mean amount of endogenous
B-actin mRNA levels in MEFs is about threefold higher than in
HEK293T cells (Fig. S3F and Dataset S1), the transferred mRNA
constitutes 4.5 + 0.6% of the B-actin ORF spots in HEK293T cells
(Fig. S3 G and H and Dataset S1). This is similar in percentage to
the amount of transferred mRNA between MEFs, which suggests
that this is either a regulated or a limited process. p-Actin-MBS
mRNA transfer was also detected in cocultures of MBS MEFs
with the human osteosarcoma (U20S) or adenocarcinoma
(SKBR3) cell lines (Fig. S4 4 and B and Dataset S1). This shows
that the mechanism of transfer is conserved and confers the mu-
rine-human exchange of mRNA. Reciprocal transfer experiments
using human-specific probes showed that an endogenous mRNA,
such as BRCA1 mRNA (Fig. S2 and Dataset S1), transferred
from HEK293T or HEK293 cells to MEFs (Fig. 2B and Dataset
S1). Likewise, endogenously expressed SERP2, MITF, and MT2A
mRNAs (Fig. S2 and Dataset S1) transferred from human mela-
noma cells (WM983b—GFP) to murine embryonic fibroblasts
(NIH 3T3) in coculture (Fig. 2 C-E and Dataset S1). The transfer
of the ectopically expressed GFP mRNA (Fig. S2 and Dataset S1)
could also be detected both in human-murine and human-human
cocultures (Fig. S4 C and D and Dataset S1). For these experi-
ments, we employed smFISH probes that tiled the entire length of
the transcript for the non-MBS-labeled mRNAs. In some cases
[e.g., GFP (Fig. S4F) and SERP2, MITF, and MT2A (Fig. S2B)],
dual-color probe sets (41) were used to ascertain the specific
identification of these mRNAs, since two-color colocalization
enhances the probability that the signal is specific. These ap-
proaches strongly indicate that full-length mRNAs underwent
transfer. To test for transfer of a different type of RNA molecule,
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Fig. 2. Transfer of mRNAs in human-murine cocultures. (A) Distribution of
the number of f-actin-MBS mRNA spots in HEK293T cells that were cocultured
with donor MBS MEFs for 24 h. In all panels, each dot represents the score of a
single cell using smFISH, and the horizontal bars indicate the mean number of
spots per acceptor cell. (B) Distribution of the number of endogenously
expressed human BRCAT mRNA spots in WT MEFs cocultured for 24 h with
donor HEK293T or HEK293 cells, as detected using sequence-specific probes
against BRCA1. (C-E) Distribution of the number of SERP2 (C), MITF (D), and
MT2A (E) mRNA spots in NIH 3T3 cells that were cocultured with donor
WM983b-GFP human melanoma cells for 48 h, as detected using sequence-
specific probes. Only dual-color spots were considered legitimate mRNA spots.
(F) Distribution of the number of CCND1-MBS mRNA spots in WT MEFs
cocultured for 7 h with donor HEK293 cells expressing CCND1-MBS mRNA
from CCND1p or CMVp. Starved WT MEFs were serum-starved overnight be-
fore coculture. MBS probes were used for the detection of CCND1-MBS mRNA.
The diagram above the plot illustrates the CCND1-MBS gene under the two
different promoters in the HEK293 cell lines. (G) Distribution of the number of
endogenously expressed human HER2 mRNA spots in MEFs cocultured for 3 h
with donor SKBR3 or NCI-N87 cells, using sequence-specific probes. See Dataset
S1 for data on the number of cells scored, mean, SEM, and P values.

we also examined by dual-color smFISH whether a highly ex-
pressed (e.g., >2,000 copies per cell) human-specific long non-
coding RNA (IncRNA), MALAT1 (41), underwent transfer, but
we observed the transfer of only one or two molecules in a small
percentage (~8%) of acceptor cells (Fig. S4F and Dataset S1). At
this moment we cannot determine whether the lack of appreciable
MAILAT1 RNA transfer is due to its localization in the nucleus
(41) or its specific function and/or regulation.

Gene Expression in Donor Cells May Influence mRNA Transfer. In
contrast to p-actin-MBS mRNA, which undergoes transfer at
tens to hundreds of molecules per cell (Figs. 1 C—F and 24 and
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Figs. S1 D and E, S3 B and H, and S4 A and B), only a small
amount of the other RNAs tested were transferred (Figs. 1G and
2 B-FE and Fig. S4 C and D). Furthermore, primary MBS MEFs,
which express less p-actin-MBS mRNA than immortalized MBS
MEFs (Fig. S1), also exhibited less transfer (Fig. 1F and Fig. S1E).
Thus, we hypothesized that mRNA-expression levels in donor
cells might affect the absolute number of transferred RNAs.

To test whether gene expression affects mRNA transfer, two
HEK?293 cell lines that express MBS-labeled cyclin D1 (CCND1-
MBS) mRNA from either its endogenous promoter (CCND1p) or
a CMV promoter (CMVp) were obtained (42). As expected,
CMVp induced higher levels of expression of CCND1-MBS
mRNA in donor cells compared with CCNDI1p (Fig. S2 and
Dataset S1). We cocultured WT MEFs with either of these cell
lines and compared the level of CCND1-MBS mRNA transfer. In
agreement with our hypothesis, more RNA transfer was detected
when the MEFs were cocultured with HEK293 cells bearing
CMVp-CCND1-MBS (Fig. 2F and Dataset S1).

To explore this issue further, we examined the transfer of
HER2 mRNA from human cell lines to MEFs. We used two
epithelial cell lines having different expression levels of HER2:
gastric carcinoma cells (NCI-N87; 316 + 22 mRNAs per cell) and
SKBR3 cells (611 + 36 mRNAs per cell) (Fig. S2 and Dataset S1).
We observed mRNA transfer in both cases, and, despite the el-
evated expression of HER2 mRNA in SKBR3 cells, we observed
the same low level of transfer (e.g., ~3.5 mRNAs per cell) (Fig.
2G and Dataset S1). Given that HER2 mRNA is highly expressed
in the donor cells, similar to B-actin, this result indicates that
factors other than gene-expression level may influence transfer.

Stress Conditions Affect mRNA Transfer. To determine whether
intercellular mRNA transfer is affected by external physiological
conditions, we examined the effect of stress on mRNA transfer.
In these experiments, either donor or acceptor cells were ex-
posed to stress (e.g., heat shock, oxidative stress, protein-folding
stress, or serum starvation) before coculture. Cells were relieved
from the stress, and the reciprocal cells (i.e., unstressed acceptor
or donor cells) were plated on top. Under these conditions, re-
covery from heat shock inhibited mRNA transfer, whereas re-
covery from oxidative stress (H,O, treatment), protein-folding
stress (DTT treatment), or serum starvation increased the extent
of mRNA transfer (Figs. 2G and 3 and Dataset S1). Interest-
ingly, stress conditions modulated mRNA transfer mostly when
applied to the acceptor cells. Thus, different stresses may make
cells either less or more receptive to mRNA transfer but have
little effect on the capacity of donor cells to transfer mRNA once
the stress is relieved. This occurred even though p-actin-MBS
mRNA levels increased in the stressed donor cells after they
were allowed to recover (Fig. S1). This also implies that mRNA-
expression levels alone may not be the only parameter that in-
fluences transfer. We next tested whether translational stress
inhibits mRNA transfer. We found that p-actin-MBS mRNA
transfer was not inhibited by cycloheximide (Fig. S54 and Dataset
S1), a translation inhibitor, indicating that this process does not
require de novo protein synthesis.

mRNA Transfer Requires Direct Cell-to-Cell Contact. The isolation
and characterization of exosomes and other EVs from different
cell types has revealed that these vesicles may contain miRNAs
and mRNA (or at least mRNA fragments) and therefore could
serve as a means of mRNA transfer between cells (4, 12). Thus,
we speculated that intercellular mRNA transfer is mediated by
EVs that convey their contents by diffusion through the medium
and uptake into acceptor cells. To test this hypothesis, we
transferred “conditioned” medium from donor-cell cultures (e.g.,
MBS MEFs or WM983b-GFP cells) to acceptor-cell cultures
(e.g., WT MEFs or WM983b cells, respectively) and looked for
transferred p-actin-MBS or GFP mRNA in the acceptor cells
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Fig. 3. Stress affects p-actin-MBS mRNA transfer. (A and B) Acceptor WT
MEFs (A) or donor f-actin-MBS MEFs (B) were either left untreated (No
stress) or were treated for 1.5 h with 1 mM DTT, 1 mM H,0,, or serum
starvation (Starv) before scoring for mRNA transfer by smFISH with MBS
probes. (C and D) Acceptor WT MEFs (C) or donor p-actin-MBS MEFs (D) were
exposed to heat shock (HS, 42 °C) for 1 h or were left untreated (No HS).
Following stress, the reciprocal cell line was plated, and coculture was
maintained under stress-free conditions for 2.5 h (A, B, and D) or for the
indicated times (C). p-Actin-MBS mRNA transfer was detected by smFISH
using MBS probes, as described in Fig. 1. For the heat-shock experiments, we
verified the heat-shock response by detecting heat shock-induced expression
of HSP70 mRNA by smFISH. In all panels, the horizontal bar indicates the
mean number of MBS spots per acceptor cell. See also Dataset S1 for data on
the number of cells scored, mean, SEM, and P values.

following 1.5-2.5 or 24 h of incubation. Transferred mRNA
molecules were not detected in the acceptor cells (Fig. 4 4 and B
and Dataset S1), indicating that the mode of transfer is not via
the growth medium. Consequently, to determine if mRNA
transfer is mediated by physical contact, donor and acceptor cells
were cocultured under conditions that prevent contact between
cells but allow the sharing of diffusible materials. We used two
different approaches. The first approach, which we term “tri-
pod,” is illustrated in Fig. 4C. In this system, in which donor- and
acceptor-cell layers are physically separated by several millime-
ters, any type of particle can diffuse across the medium. The
second approach, termed “transwell”, utilized a physical barrier
to separate the cell layers and exclude the transfer of parti-
cles >0.4-5 pm (Fig. 4D). In either case, little to no evidence for
mRNA transfer was detected, and transfer was observed only
under coculture conditions that allowed physical contact (Fig. 4
A and B and Dataset S1). Last, exosomes were directly isolated
from WMO983b-GFP cells. These exosomes were 40-60 nm in
diameter (Fig. S5B) and contained primarily small RNAs
(<200 nt) (Fig. S5C). The isolated exosomes were applied to
GFP-negative WMO983b cells. After 24 h of incubation with the
acceptor cells, no appreciable mRNA transfer was detected (Fig.
4B and Dataset S1). Thus, mRNA transfer appears to require
cell—cell contact.

Although the release of mRNAs from dying cells might also
allow transfer, we observed little cell death in our MEF coculture
experiments (~3%). Nevertheless, we tested whether cell death
contributes to transfer by pretreating donor MBS MEFs with
H,0; (3%, 1.5 h) to induce oxidative stress and apoptosis. This
treatment resulted in ~45% cell death during the subsequent
2.5 h of incubation in cocultures with acceptor MEFs using the
tripod approach described above. We observed only a slight in-
crease in transferred p-actin-MBS mRNA levels in acceptor
MEFs (Fig. 44 and Dataset S1). This level of transfer is far less
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Fig. 4. Intercellular mRNA transfer requires direct cell-to-cell contact.
(A) Distribution of the number of p-actin-MBS mRNA spots in acceptor WT
MEFs cocultured with donor p-actin-MBS cells (coculture, as shown in Fig. 1),
incubated with medium collected from an overnight culture of MBS MEFs
(+medium), as shown in the tripod set-up (+tripod), or as shown in the tripod
set-up with dying cells (+apop). Apoptosis was induced in donor MBS cells by
pretreatment with 3% H,O, before coculture in the tripod set-up with WT
MEFs. Incubation time was 2 h for each treatment. Horizontal bars indicate the
mean number of MBS spots per acceptor cell. (B) Distribution of the number of
GFP mRNA spots in acceptor WM983b cells cocultured with donor WM983b—
GFP cells (coculture). WM983b cells were incubated with medium collected
from an overnight culture of WM983b-GFP cells (medium) in the transwell set-
up using either 0.4-um or 5-um pores or with exosomes isolated from
WM983b-GFP cells. Incubation time was 24 h for each treatment. Detection
was performed using GFP-specific probes. (C) A schematic depicting the
tripod set-up. Donor and acceptor cells grown separately on glass coverslips
were positioned facing each other, but separated by 2-3 mm using paraffin
legs. (D) A schematic depicting the transwell set-up. WM983b—GFP cells were
cultured in the upper chamber of Transwells of different porosity before
being transferred to Transwells containing WM983b cells plated on the
bottom chamber. (E) smFISH image of p-actin-MBS mRNA present in a mNT
formed by a primary p-actin-MBS MEF. (Scale bar: 5 pm.) (F) smFISH image of
B-actin-MBS mRNA along a mNT formed by an immortalized g-actin-MBS
MEF. (Scale bar: 10 pm.) See Dataset S1 for data on the number of cells
scored, mean, SEM, and P values.

than that observed under coculture conditions using healthy
cells, indicating that the release of apoptotic bodies cannot ac-
count for mRNA transfer under normal growth conditions. In
parallel experiments we used an apoptosis-inducing drug, rapti-
nal (43), to selectively kill donor cells during coculture. Raptinal
leads to apoptosis within <2 h by inducing cytochrome c release
from mitochondria, which in turn activates the apoptotic cas-
cade. Consistent with published results (43), APAF-1-KO
(APAF-17") MEFs are resistant to short-term (1-h) treatment
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with the drug, whereas APAF-1*"* cells (e.g, MBS MEFs) were
highly sensitive and showed >95% cell death within <2 h. We next
cocultured MBS MEFs and APAF-17~ MEFS for 3 or 12 h and
then treated the cells with raptinal for 1 h. Transferred mRNA was
detected by smFISH after coculture but before treatment (i.e., at
time 0) and at different time points during drug treatment (e.g.,
30 min, 1 h) or after drug washout (e.g., 2-6 h). Importantly, the
amount of transferred p-actin-MBS mRNA was reduced to very low
levels upon raptinal treatment (Fig. S64 and Dataset S1). Some
MBS MEF cell fragments containing mRNA were detected be-
tween cells, suggesting that p-actin-MBS mRNA can be present and
remain intact in apoptotic bodies (Fig. S6 B, i). Likewise, we ob-
served clusters of transferred mRNAs in a few acceptor cells (Fig. S6
B, ii), suggesting that apoptotic bodies were engulfed by these cells.
Nevertheless, the contribution of apoptotic bodies to mRNA
transfer appears to be extremely limited and does not contribute to
the mechanism observed in healthy cells (Fig. S64). Thus, mRNA
transfer in cocultures is not mediated by apoptotic bodies.

mRNA Transfer Occurs via mNT-Like Structures. To test if mRNA
transfer requires close proximity or direct contact, cells were
plated at a 99:1 ratio of WT to MBS MEFs and cocultured for
24 h. smFISH was performed to determine the amount of p-actin
MBS mRNA transferred to either the nearest or distant neigh-
bor cells. Nearest neighbors were defined as those directly
proximal to the MBS cells (i.e., residing in the adjacent cell
layer), while distal cells constituted those in the surrounding
second or third layers. We observed that the number of MBS
spots was higher in adjacent cells than in cells located further
away (Fig. S7 4 and B and Dataset S1).

Our results indicate that a proximity-based mechanism confers
intercellular mRNA transfer. To determine whether mRNAs are
transferred directly via known cell-cell contacts (e.g., gap junc-
tions), we treated MBS and WT MEF cocultures with 100 pM
carbenoxolone, a gap-junction inhibitor (44), for 60-90 min.
However, we found no effect of carbenoxolone upon p-actin-MBS
mRNA transfer (Fig. S7C and Dataset S1). By eliminating other
possibilities (e.g., diffusion or gap junctions), we suspected that
mRNA transfer might occur via mNTs. mNTs are long (up to
~200 pm), thin (0.05-0.5 pm) cellular protrusions that can transfer
many types of components from one cell to another (24, 25, 27—
35). Indeed, upon examination of our coculture images, we could
detect the presence of mRNAs in mNT-like structures (Fig. 4 E
and F and Fig. S84). These images were fairly rare, since the
visibility of mNTs (as detected by the background fluorescence of
the FISH protocol) was weak. Furthermore, we suspect that many
mNTs are destroyed during the FISH process. Indeed, we could
detect mNTs more easily by live imaging (see below).

To further substantiate the role of mNTs in mRNA transfer,
we employed known mNT inhibitors. It was previously shown
that FN-coated glass supports mNT formation better than
polylysine (PL)-coated glass (45). Consistent with this finding, we
found that cells plated on uncoated or PL-coated glass exhibited
much less mRNA transfer than cells plated onto FN-coated glass
(Fig. S8B and Dataset S1). An alternative explanation for the
reduced transfer on PL-coated glass would be that the mRNA-
expression levels in the donor cells were greatly reduced. How-
ever, the expression levels of p-actin-MBS mRNA in the donor
MBS MEFs were only ~30% less under these conditions (Fig.
S1C). Next, we tested the effects of the actin depolymerization
drug Latrunculin A (LatA) and the CDC42 inhibitor 2-[(2,3,4,9-
Tetrahydro-6-phenyl-1H-carbazol-1-yl)amino]ethanol (CASIN),
which were previously shown to inhibit mNT formation or the
transfer of proteins through mNTs (25, 46). Consistent with the
involvement of mNTs, we found that treatment of WT or MBS
MEF cocultures with either LatA or CASIN resulted in a two-
fold reduction in f-actin mRNA transfer (Fig. S8 C and D and
Dataset S1). The reduced level of transfer cannot be attributed
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to decreased mRNA levels in donor cells (Fig. S1C), and, fur-
thermore, the percentage of transferred mRNA present in LatA-
treated cocultures was greatly reduced (Fig. S8E and Dataset
S1). Thus, mRNA transfer through contact-dependent mNTs
seems to be the likely mechanism.

Live Imaging of mRNA Transfer. A great advantage of the MS2-
labeling system is the ability to follow mRNA movement in real
time by live imaging. Although we could detect transferred
p-actin—-MBS mRNA in acceptor cells after coculture using both
smFISH with probes against MBS and immunofluorescence (IF)
using anti-GFP antibodies to detect tandem MCP-GFP (tdMCP-
GFP) (47), the number of colabeled spots was very low (Fig. S94).
Indeed, the expression of tdMCP-GFP in the donor cells greatly
reduced the level of transfer in cocultures (Fig. S9 B and C and
Dataset S1). In contrast, the expression of either tdMCP-GFP in
the acceptor cells or of GFP alone in the donor cells did not lower
the level of mRNA transfer. Thus, the binding of tdMCP-GFP to
p-actin-MBS mRNA in the donor cells appears to inhibit mNT-
mediated delivery of mRNA to acceptor cells. While it was diffi-
cult to detect transfer by live-cell imaging, we nevertheless docu-
mented one clear event of linear p-actin-MBS mRNA transfer
between donor and acceptor cells (Fig. 5 A and B and Movie S1).
The rate of p-actin-MBS mRNA movement in Movie S1 was
calculated at 4.85 pm/min. This rate is similar to that of other
components that transfer via mNTs (48). In addition, we often
observed mNTs by live imaging and on rare occasions detected
mRNAs moving along the length of mNT-like structures or
appearing in acceptor cells using tdMCP-GFP (Fig. 5 C and D
and Fig. S8 A4, iii and Movies S2-S6).

Discussion

Current research suggests that cells secrete RNA molecules into
extracellular fluids, which are then taken up by downstream ac-
ceptor cells to alter gene expression and, ultimately, cell physi-
ology. Although the evidence for miRNA transfer via EVs or
RNP particles is compelling, the evidence for EV-mediated
transfer of mRNA is lacking both in qualitative and quantitative
terms. Here, we took an unbiased approach to ask whether intact
mRNA molecules are transferred between cells. We provide
visual evidence and quantitative data showing that mRNA mol-
ecules undergo intercellular transfer and that this transfer occurs
via mNTs between adjacent cells and not by diffusion (see the
model in Fig. 6). This work presents the results of independent
studies performed and validated by different research teams.

Do All mRNAs Transfer? The data presented in this study show that
essentially all mRNAs tested can undergo transfer between
mammalian cells (Figs. 1 and 2 and Fig. S4). This list includes
native endogenously expressed mRNAs (e.g., p-actin-MBS,
MITF, SERP2, MT2A, BRCAI1, and HER?2), ectopically ex-
pressed mRNAs (e.g., GFP, LTag, CCND1-MBS), as well as
MS?2 aptamer-tagged mRNAs. These different mRNAs share no
known sequence commonalities, nor do their encoded proteins
localize and/or function on the same cellular processes or path-
ways. Moreover, the list includes both nonmammalian (GFP)
and viral (LTag) proteins. Overall, the results suggest that per-
haps all mRNAs are amenable to transfer. Thus, far, the only
exception we have identified is MALAT1, a IncRNA that resides
primarily in the nucleus. However, it is unclear whether the lack
of MALAT!1 transfer is due to its localization or because it is a
noncoding RNA. Since use of smFISH has limited our analysis to
only a small number of genes, nonbiased genome-wide transfer
experiments that necessitate high-throughput approaches, such
as RNA-seq or MERFISH (49), are needed to allow the de-
tection of large numbers of individual transcripts. This will allow
us to define and quantitate the extent of the RNA transferome
via the large-scale identification of transferrable versus non-
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Fig. 5. Live imaging of mRNA transfer. (4) Individual time-lapse images
from Movie S1 of live imaging of p-actin-MBS mRNA (green) transferring
from a donor MBS MEF cell (D) to an acceptor WT MEF cell (A). The mem-
branes of both cells were labeled with TagRFP-T (magenta). The arrow
points to a mRNA being transferred. (B) Maximum projection of Movie S1.
(Scale bar: 5 pm.) (C) Live image of a B-actin-mRNA in a nanotube connecting
donor MBS MEFs. The image was taken from a coculture of WT acceptor
MEFs and donor MBS MEFs expressing tdMCP-GFP showing a mNT that
connects two MBS cells. Both cells are labeled with membrane targeted-
TagRFP-T (magenta); the arrow points to a tdMCP-GFP-labeled mRNA
(green). The image is taken from Movie S2. (Scale bars: 5 pm.) (D) Live image
of B-actin-MBS mRNAs in a mNT connecting donor and acceptor MEFs. A still
image from Movie S4 of cells cultured in A shows a mNT that connects a
donor MBS MEF (D) with an acceptor WT MEF (A). Both cell types are labeled
with membrane-targeted TagRFP-T (magenta); the arrows point to tdMCP-
GFP-labeled mRNAs (green). (Scale bars: 5 um.) (E) A time-lapse photo-
montage that may capture B-actin-MBS mRNA transferring from a donor cell
to an acceptor. WT acceptor MEFs (A) and donor MBS MEFs expressing
tdMCP-GFP (D) from A were cocultured and monitored for mRNA transfer.
Images were taken from Movie S5. Arrows point to a tdMCP-GFP-labeled
mRNA (green) that appears to transfer between frames (i.e., labeled white in
the donor cell and yellow in the acceptor cell). The donor cell is denoted by
the green label due to tdMCP-GFP expression but also shows less TagRFP-T
label in this case. The image at lower right is a magnified section of a
maximum projection of the movie, showing a nanotube-like structure con-
necting the two cells at the presumed path of the transferring mRNA. Note
that in all panels the TagRFP-T (magenta) signal was saturated to enhance
the visibility of the nanotube-like structures in the images. (Scale bar: 5 pm.)

transferable mRNAs and IncRNAs. Such an approach may help
identify cis elements or epi-transcriptomic changes that recruit
proteins involved in RNA transfer. This may allow us to predict
which RBPs associate with transferred mRNAs and thereby fa-
cilitate the transfer process. Importantly, our FISH-IF experi-
ment indicates that the tdMCP-GFP protein is not removed
from B-actin-MBS mRNA upon transfer (Fig. S9). Thus, cellular
proteins involved in transfer might remain bound to the trans-
ferred mRNA in acceptor cells, and pulldown of these mRNAs
could reveal the identity of these RBPs. Another aspect of
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Fig. 6. A schematic representation of intercellular mRNA transfer. (1) A donor
cell (Left) that expresses a given mRNA can transfer mRNA molecules to an
acceptor cell (Right) through a mNT. (2) This process appears to be actin-myosin
regulated, requires direct physical contact, and does not occur via exosomes.
(3) Stress conditions appear to affect mRNA transfer, whereby oxidative, protein-
folding, and nutrient stresses on both donor and acceptor cells favor transfer,
whereas heat shock of acceptor cells inhibits transfer. (4) Transferred mRNAs are
likely to undergo translation, although this has not yet been proven.

selectivity is how, out of the total pool for any given mRNA
species, specific mRNA molecules are chosen for transfer. Fur-
thermore, our results suggest that translation does not play a role,
since translation inhibition did not affect p-actin-MBS mRNA
transfer (Fig. S6).

Is mRNA Transfer Solely Expression Dependent? Two single-cell ap-
proaches are used to quantify the number of mRNA transcripts in
cells: single-cell RNA sequencing (scRNA-seq) and smFISH. The
detection level of scRNA-seq depends upon the methods of single-
cell isolation, RNA extraction, and depth of sequencing but may
suffer from amplification biases and transcript underestimation
compared with spike-in controls (50). Thus, scRNA-seq may not be
sensitive enough for accurate detection of <10 mRNA molecules
per cell (50). In contrast, mRNA visualization by smFISH allows
unbiased measurements at single-molecule resolution while main-
taining the integrity of cell structure and conferring spatial reso-
lution of the detected mRNA molecules. By using smFISH as our
method of choice, we detected low numbers of transferred mRNA
molecules in acceptor cells, the average for many being <10 mole-
cules per cell. In contrast, f-actin-MBS mRNA was exceptional in
that hundreds of mRNA molecules per cell could undergo transfer
in coculture experiments.

What makes p-actin-MBS mRNA so effective at transfer? One
possible explanation is that high levels of p-actin-MBS mRNA
expression in donor cells increase the likelihood for transfer. The
idea that mRNA transfer correlates with gene expression is fur-
ther supported by the finding that elevation of CCND1-MBS
mRNA, using the CMVp, increased the number of transferred
molecules (Fig. 2F). However, high gene-expression levels alone
may not guarantee higher levels of transfer. For example, we
observed similar levels of HER2 mRNA transfer from two dif-
ferent donor lines that had very different levels of expression (Fig.
2G and Fig. S2). Likewise, the expression of MITF, MT2A, and
SERP mRNAs were differentially expressed in the same donor
cells but had an equally low level of transfer (Fig. 2 C-E and
Fig. S2). We do note, however, that the low levels of transfer in
these experiments might have been caused by plating the cells on
uncoated glass, which reduces the efficiency of mRNA transfer
compared with plating cells on FN-coated glass. This reduces the
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efficiency of mRNA transfer in comparison with cells plated on
FN-coated glass (Fig. S8B). That said, the transfer of CCND1-
MBS, LTag, BRCA1, and HER2 mRNAs was also relatively low
in comparison with p-actin-MBS mRNA, and these cells were
plated on FN-coated glass. Therefore, gene expression may be
only one factor that determines mRNA transfer.

Aside from gene expression, other factors influence the pro-
pensity of a given mRNA to be transferred. These include cell-
culture conditions (Fig. S8B), acceptor cell stress (Fig. 3), cell-
type specificity (e.g., N87 cells vs. SKBR3) (Fig. 2G and Fig. S2),
sequence elements or epi-transcriptomic modifications, and
RBPs specific to the mRNA in question. Other factors may also
be considered; for example, promoter elements are known to
affect the cytoplasmic fate of mRNAs (51). Hence, it is possible
that elements at the CMVp are responsible for the elevated rate
of CCND1-MBS mRNA transfer, rather than its elevated ex-
pression per se (Fig. 2F and Fig. S2). Organellar localization of
an mRNA (e.g., nuclear retention) could also affect availability.
Furthermore, it is possible that mRNAs involved in mNT for-
mation (e.g., f-actin) or those spatially distributed near mNTs
might show a greater propensity for transfer. These issues will
have to be resolved in future studies.

MCP-GFP Inhibits mRNA Transfer. The MS2 system has been widely
used to image mRNAs within many organisms and cell types (52)
and has not been shown to have deleterious effects upon mRNA
movement. Furthermore, a mouse model that expresses both
p-actin-MBS and MCP-GFP in all cells did not show physio-
logical, developmental, or behavioral defects (53). However, we
found that the expression of tdMCP-GFP in donor MBS MEFs
inhibited the transfer of p-actin-MBS mRNA (Fig. S9 B and C).
The reduction in RNA transfer cannot be explained by a reduced
expression level of p-actin-MBS mRNA, since tdMCP-GFP did
not affect steady-state levels (Fig. S1C). Time-lapse imaging of
hundreds of live cells for varying durations and at various in-
tervals between frames led to only a single clear example of
mRNA transfer (Fig. 5 4 and B and Movie S1) and only a few
examples of mRNAs residing in mNTs (Fig. 5 C and D and Fig.
S8 A, iii and Movies S2, S4, and S6). This might explain why
transfer was not detected earlier in other studies employing
MS2-labeled mRNAs for single-molecule imaging.

While the cause of tdMCP-GFP-mediated inhibition of
B-actin-MBS mRNA transfer is not known, we presume that the
larger size/mass of the mRNP particle impedes interactions with
the transport machinery and/or recruitment into mNTs. For-
mation of this complex may invariably slow the anterograde
movement of mRNA through mNTs in comparison with retro-
grade transport, leading to a net movement back to the donor
cells (Movie S6). Another possibility is that tdMCP—GFP binding
to the mRNA results in structural changes in the RNA that in-
terfere with the binding of factors essential for transfer.

Clearly, inhibition of p-actin mRNA transfer between cells is
not deleterious at the organismal level, since f-actin-MBS X
MCP-GFP crosses are fully viable (53). This is probably because
fB-actin is ubiquitously expressed in all cell types and therefore is
not expected to be limiting. We predict, however, that the in-
hibition of transfer of other mRNA species might yield more
obvious and deleterious effects at both the cellular and organ-
ismal levels. The loss of transfer of cell type-specific mRNAs may
alter the physiology of downstream acceptor cells, although this
will have to be determined on a case-by-case basis.

What Is the Mechanism of mRNA Transfer? Our work demonstrates
that mRNA transfer between cells likely occurs via mNT-based
contacts and not via diffusion-based mechanisms. However, the
mechanisms that regulate mNT formation and maintenance are
not well understood. Likewise, even less is known about how
mRNAs are recruited to mNTs and undergo trafficking therein.
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mNTs are thought to be actin filament-based, but microtubules
may also be present and possibly exist as the sole cytoskeletal
structure (54). In our study, the inhibition of actin polymerization
was found to reduce B-actin-MBS mRNA transfer in cocultured
cells (Fig. S8D), which implies at least a partial role for actin. The
CDC42 small GTPase, which regulates actin filament formation, has
also been implicated in mNT formation (25, 55), perhaps in the
elongation rather than the initiation phase (56). Nevertheless, the
inhibition of CDC42 reduced mRNA transfer (Fig. S8C), strength-
ening our hypothesis that mRNAs transfer via actin-based mNTs.

Other proteins have been shown to modulate mNT formation.
For example, TNFaip2/M-Sec utilizes the RalA GTPase and
exocyst complex to initiate mNT formation (55, 56) and is
recruited along with filamin and myosin to the plasma membrane
by the MHC class III protein LST1 (46) to initiate mNT for-
mation. Although it is yet unclear which cytoskeletal motors are
responsible for mNT-mediated mRNA transfer, the velocity of
the RNP particle shown in Movie S1 strongly resembles that of
myosin motors (57, 58). In particular, Myosin Va is involved in
RNA trafficking (59) and is probably a good candidate to ex-
plore, given that earlier work suggested a role for this motor in
the distribution of Schwann cell-synthesized RNA to neuronal
cell bodies and axons after lesioning (60). Future experiments
employing the knockdown/knockout of specific myosin motors
should elucidate which motor confers mNT-mediated mRNA
transfer. Although most evidence suggests that mNTs are open-
ended and facilitate free cytoplasmic transfer (24-26), an alter-
native model in which the acceptor cell phagocytoses the tip of
the mNT was put forth (30). In that case, the transferred mRNA
is expected to initially reside in endosomes after entering the
acceptor cells. While we have no clear answer which model is
correct, it should be noted that both the open-ended and tip-
phagocytosis models require direct cell-to-cell contact by mNTs.

Finally, the question arises of whether mRNAs are transferred
in free RNP particles or in particles bound to cellular mem-
branes. Organelles such as intact mitochondria, as well as lyso-
somes, endosomes, Golgi vesicles, and endoplasmic reticulum
(ER), have been shown to transfer via mNTs (24, 31, 61, 62).
Likewise, mRNAs are known to associate with and undergo in-
tracellular cotrafficking with organelles (e.g., ER, mitochondria,
and peroxisomes) (63-66). Thus, we speculate that organelle-
localized mRNAs may undergo transfer along with the organ-
elle. Live imaging of mNT-mediated mRNA transfer using cells
expressing labeled organelles should help resolve this issue.

Why Do mRNAs Transfer Between Cells? The biological importance
of mRNA transfer between cells is still unknown. Clearly, mRNAs
or their fragments are found in EVs and are presumably taken up
by the surrounding cell layers in tissues. Our discovery of mNT-
mediated mRNA transfer suggests that full-length mRNAs can
also be exchanged between cells through contact. Although we
cannot rule out the possibility that this phenomenon occurs only
under in vitro culture conditions, it would seem unlikely given the
existence of mNTs in tissues and their known ability to transfer
intracellular material. Thus, we assume that the process of inter-
cellular mRNA transfer is active (i.e., is cytoskeleton- and motor-
dependent), is responsive to environmental cues (e.g., stress), and
affects downstream cellular responses.

mNTs have been characterized primarily in cell and tissue cul-
tures. However, they were also detected in patient-derived solid
tumors (67). This suggests a role for mNTs in cancer biology and
the tumor microenvironment. The finding that primary MEFs can
be mRNA donors as well as acceptors (Fig. 1 F and G and Fig. S2B)
indicates that mRNA transfer is not a consequence of immortali-
zation or tumorigenesis per se. Therefore, this process is expected
to occur in embryonic and/or normal adult tissues and may affect
development, maintenance, or both. Future studies employing hu-
man xenografts in rodents may help resolve this question.
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Given that mNT-mediated mRNA transfer occurs in animals,
the main biological question is impact the transfer of a few
mRNA molecules has upon downstream acceptor cells. The
answer depends on the mRNA in question and hinges on
whether the transferred mRNA is translated and at what effi-
ciency. For instance, cancer cells that transfer a few mRNA
molecules encoding a key transcription factor not normally
expressed in untransformed neighbor cells might induce or re-
press the transcription of genes that regulate responses to
extracellular signals elicited from the cancerous cells and thereby
facilitate cancer cell motility or the supportive nature of tu-
mor local microenvironment. It is reasonable to speculate that
mRNAs with transforming potential (i.e., oncogenes) could in-
duce carcinogenesis in neighboring cells upon transfer. Likewise,
the transfer of mRNAs involved in cell differentiation during
embryonic development might act as means to induce or repress
neighboring cells. Determining the scope of this process and
deciphering the mechanism and physiological outcome of mRNA
transfer will be the goal of future studies.

Materials and Methods

Cells and Cell Lines. Primary MEFs from WT (C57BL/6) or p-actin-MBS mice
were isolated from E14.5 embryos and cultured as is or were immortalized
by transfection with SV40 LTag, as previously described (23). Immortalized
ZBP1-KO (ZBP1~/")-MBS MEFs were described earlier (38). HEK293T, U20S,
NIH 3T3, and SKBR3 cells were purchased from ATCC. The following cell lines
were received as gifts: SKBR3 from M. Oren, Weizmann Institute of Science
(hereafter, “WIS"), Rehovot, Israel; U20S from Z. Livneh, WIS; N87 from
Y. Yarden, WIS; WM983b from M. Herlyn, The Wistar Institute, Philadelphia;
HEK293 cells expressing Pccnyp1—CCND1-MBS or Pcyn—CCND1-MBS (42) from
Y. Shav-Tal, Bar llan University, Ramat Gan, Israel; and SV40-immortalized
APAF-1-KO MEFs and isogenic WT MEFs (68) from M. Orzaez, Centro de
Investigacion Principe Felipe (CIPF), Valencia, Spain.

MEFs expressing EGFP, NLS-HA-tdMCP-GFP (referred to herein as “tdMCP-
GFP") or palmitoylated TagRFP-T (TagRFP-T-ps) were created by infection with
the appropriate lentivirus followed by sorting by flow cytometry to isolate
only infected cells. Cells were sorted for low expression levels of EGFP and
tdMCP-GFP and for high expression levels of TagRFP-T-ps. WM983b-GFP cells
were created by clonal selection, as previously described (69).

Plasmids and Lentivirus Generation. A lentivirus vector (pHAGE-UBC-RIG)
carrying tdMCP-GFP (Addgene plasmid no. 40649) was previously de-
scribed (47). DNA sequences encoding EGFP and TagRFP-T-ps were cloned
into the same viral backbone vector. Plasma membrane (inner leaflet)-
associated TagRFP-T-ps was generated by the addition of a sequence
encoding 20 amino acids of rat GAP-43 (MLCCMRRTKQVEKNDEDQKI) (70) to
the 5’ end of the TagRFP-T gene.

Lentivirus particles were produced by transfecting the expression vector
along with plasmids for ENV (pMD2.VSVG), packaging (pMDLg/pRRE), and
REV (pRSV-Rev) (Addgene plasmids nos.12259, 12251, and 12253, respec-
tively) into HEK293T cells using calcium phosphate (71). The virus-containing
supernatant was harvested and concentrated using a Lenti-X concentrator
(Clontech) per the manufacturer’s instructions. Virus particles were resus-
pended in DMEM containing 10% FBS, aliquoted, and stored at —80 °C for
subsequent infection of cells in culture.

Cell-Culture Conditions. MEFs, HEK293, HEK293T, and U20S cells were cultured
routinely in 10-cm dishes in DMEM (4.5 g/L glucose) supplemented with 10%
FBS, 1 mM sodium pyruvate, and antibiotics (0.1 mg/mL streptomycin and 10 U/mL
penicillin) at 37 °C with 5% CO,. Primary MEFs were cultured in the same
medium at 37 °C with 10% CO, and 3% O,. SKBR3 and N87 cells were cul-
tured in RPMI 1640 medium supplemented with 10% FBS, 1 mM sodium py-
ruvate, and antibiotics. RPMI 1640 medium was also used for the coculture of
either SKBR3 or N87 cells with MEFs that were preconditioned to RPMI 1640.
WM983b cells were cultured in Tu 2% medium (78.4% MCDB153 medium,
19.6% Leibovitz's L-15 medium, 2% FBS, and 1.68 mM CaCl,).

FN (10 pg/mL in PBS; Sigma) was used to coat round 18-mm no. 1 glass
coverslips for FISH experiments and the glass-bottomed dishes (MatTek
catalog no. P35G-1.5-14-C) for live imaging. For some experiments, poly-p-
lysine (Sigma) was used to coat coverslips at 1 mg/mL or 0.1 mg/mL, as in-
dicated. Cells were dissociated from the dishes using 0.25% trypsin-EDTA
and were plated on freshly coated coverslips. We found that the cocultur-
ing of donor and acceptor cells immediately after dissociation tends to

Haimovich et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706365114/-/DCSupplemental/pnas.201706365SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706365114/-/DCSupplemental/pnas.201706365SI.pdf?targetid=nameddest=SF8
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1706365114/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1706365114/-/DCSupplemental/pnas.201706365SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1706365114

reduce the transfer efficiency of p-actin-MBS mRNA. Therefore, acceptor cells
were typically plated the day before coculture (i.e., in the afternoon/evening),
and donor cells then were plated on top the next morning, unless otherwise
indicated. The acceptor:donor ratio was 1:1 unless otherwise indicated. Co-
culture was performed for 30 min to 24 h, as indicated, before fixation and
FISH analysis as detailed below. For live imaging, cells were cultured on
fibronectin-coated glass-bottomed dishes, as described above, using DMEM/
10%FBS medium. The coculture was maintained for 1-2 h in the incubator.
During that time, the microscope’s environmental control chamber was
warmed to 37 °C with humidity control and normal atmosphere. The me-
dium was then replaced with prewarmed Leibovitz’s L.-15 medium lacking
phenol red and containing 10% FBS, and the cells were taken for imaging.
Imaging sessions of live cells lasted between 1 and 10 h. Experiments using
WM983b cells were performed using uncoated glass, and cocultures (plated
at a ratio of 1:1) were incubated for 48 h before FISH analysis. In all cases, cell
density upon plating in coculture was calculated to achieve ~80 + 10%
confluence at the time of fixation or live imaging.

For tripod experiments, paraffin was heated to ~110 °C. By using a glass
pipette, paraffin drops (2-3 mm in height) were placed in a triangular ar-
rangement at three points on the coverslip edges. Once the paraffin solidi-
fied, coverslips were exposed to UV light (using the tissue-culture hood lamp)
for 30 min. Tripods were stored under sterile conditions at room temperature
until used. For transwell experiments, Corning Transwell multiple-well plates
with permeable polycarbonate 0.4-um or 5-um membrane inserts (Fisher Sci-
entific catalog no. 07-200-147 or 07-200-149) were used.

The following drugs were added directly to the culture medium: 100 pg/mL
cycloheximide (CHX) (Sigma), 1 pM CASIN (a gift of V. Krizhanovsky, WIS),
200 nM LatA (Santa Cruz Biotechnology), 100 uM carbenoxolone (Sigma), and
10 pM raptinal (gift of P. Hergenrother, University of Illinois Urbana—Cham-
paign, Urbana-Champaign, IL). Drugs were added 20-30 min after plating of
the donor cells (i.e., after MBS MEFs have attached). For the induction of
protein folding or oxidative stress, 0.1 mM DTT (Sigma) or 1 mM H,0, was
added directly to the medium, and cells were further incubated for 1.5 h.
Serum starvation was induced by replacing the medium with DMEM lacking
FBS, and the cells were further incubated for the indicated times. Heat shock
was induced by submerging cells that were precultured on coverslips in a
sealed 12-well plate for 1 h in a 42-°C water bath. Following incubation under
stress conditions, the stressed cells were washed with prewarmed medium;
then the other (nonstressed) cell type was added, and the cells were cocul-
tured for the indicated times under stress-free conditions. For the apoptosis-
tripod experiment, cells grown on tripod coverslips were first treated with
3 mM H,0, for 1.5 h before coculture. After an additional 2.5 h of culture in
medium lacking H,0,, ~45% of MBS MEFs were dead. The percentage of cell
death was determined using trypan blue staining.

FISH and FISH-IF. Tiled FISH probes (20-mers) against the MBS sequence
(comprising three oligos with amino-allyl moieties on both the 5’ and 3’ ends)
and the B-actin ORF (comprising 35 5’ and 3’ amino-allyl oligos) (23) were
end-labeled with Cy3 or Cy5 (GE Healthcare), as previously described (72).
Tiled FISH probes (20-mers) against human BRCA1-Quasar (Q)570 (ShipReady
catalog no. SMF-2028-1), human HER2-Q570 (DesignReady catalog no.
VSMF-2102-5), and custom probe sets against HSP70 (73) and LTag-
Q670 mRNAs were obtained from Biosearch Technologies. Tiled odds/evens
dual-color 20-mer probes against GFP and human MITF, SERP2, MT2A, and
MALAT1 were purchased as 3’-amine oligos from Biosearch Technologies.
These oligos were coupled to Cy3 or Alexa Fluor 594 (Life Technologies)
fluorophores and purified by HPLC, as previously described (41).

FISH was performed at the R.H.S./J.E.G. laboratories as previously described
(22), with slight modifications (a detailed protocol is given in S/ Materials
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and Methods). FISH at the A.R. laboratory was performed on WM983b cells
according to the Biosearch Stellaris RNA FISH protocol.

For FISH-IF experiments, cell fixation and permeabilization were performed
as described for FISH. Prehybridization was performed in prehybridization
buffer (PHB) (10% formamide in 2x SSC) supplemented with 3% BSA (Sigma)
and RNase inhibitor [10 U/mL SUPERase (Ambion) or RNasin (Promega)]. For
hybridization, 20 U/mL SUPERase or RNasin and primary chicken (IgY) anti-GFP
antibody (GFP-1010) (1:5,000) (Aves Labs), as well as the FISH probes, were
added to the hybridization mix. Samples were incubated in a humid chamber
in the dark at 37 °C for exactly 3 h. Following hybridization, coverslips were
rinsed twice in PHB and then incubated twice for 30 min at 37 °C in PHB
supplemented with 3% BSA and secondary goat anti-chicken IgY antibody
conjugated with Alexa Fluor 647 (A21449) (1:1,000) (Life Technologies ). Sam-
ples were further washed, DAPI stained, and mounted on slides as for FISH.

Imaging. FISH and FISH-IF images were taken using different microscopes, as
detailed in S/ Materials and Methods. Exposure times for imaging varied
among different cell cultures, probes, dyes, and microscopes and were de-
termined empirically per experiment. All slides from the same experiment
were imaged using the same illumination parameters. Examples of z-stacked
FISH images of donor, acceptor, and cocultured cells are provided in Movies
$7-59). Live imaging was performed on an Olympus IX-71 total internal re-
flection fluorescence (TIRF) station customized for laser illumination as de-
tailed in S/ Materials and Methods.

Image Analysis and Data Presentation. Microscope images presented in the
figures and movies were minimally processed for brightness and contrast using
the FlJI program (74). The plots depicted in Fig. S3E were generated in FlJI by
using the “straight line” tool to measure pixel intensity. Analysis of smFISH
images to quantify FISH spots was performed using either in-house-developed
MATLAB programs or FQ (36). Airlocalize (23) was used at the R.H.S. laboratory
for the experiments depicted in Figs. 1 D and E and 4A and Fig. S7B. All ex-
periments involving WM983b cells were analyzed at the A.R. laboratory with
Rajlabimagetools (75). FQ was used in the analysis of all other experiments. For
more details, see S/ Materials and Methods. Examples of images that were
analyzed by FQ are provided in Figs. S1 A and B and S10. The data presented in
all graphs and in Dataset S1 represent data collected from two or more ex-
periments. In a few cases that showed distinct subpopulations (i.e., Figs. S3 A
and B and S6A) the different experiments were color-coded. The immortalized
data in Fig. S1C were pooled from all experiments with MBS MEFs.

Statistical Analysis. Unpaired t tests were used to calculate P values (depicted
in Dataset S1) for each two sets of compared results. All calculations of av-
erage, SEM, and P values were performed using GraphPad Prism software
(GraphPad Software, Inc.).
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