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Extracellular vesicles transfer nuclear

Abl-dependent and radiation-induced miR-34c

ARTICLE

into unirradiated cells to cause bystander effects

Shubhra Rastogi, Amini Hwang, Josolyn Chan, and Jean Y. J. Wang*

Division of Hematology—-Oncology, Department of Medicine, School of Medicine, University of California, San Diego,

La Jolla, CA 92093-0644

ABSTRACT lonizing radiation (IR) not only activates DNA damage response (DDR) in irradi-
ated cells but also induces bystander effects (BE) in cells not directly targeted by radiation.
How DDR pathways activated in irradiated cells stimulate BE is not well understood. We
show here that extracellular vesicles secreted by irradiated cells (EV-IR), but not those from
unirradiated controls (EV-C), inhibit colony formation in unirradiated cells by inducing reactive
oxygen species (ROS). We found that pEV-IR from Abl nuclear localization signal-mutated
(AbI-uNLS) cells could not induce ROS, but expression of wild-type Abl restored that activity.
Because nuclear Abl stimulates miR-34c biogenesis, we measured miR-34c in EV and found
that its levels correlated with the ROS-inducing activity of EV. We then showed that EV from
miR-34c minigene-transfected, but unirradiated cells induced ROS; and transfection with
miR-34c-mimic, without radiation or EV addition, also induced ROS. Furthermore, EV-IR from
miR34-family triple-knockout cells could not induce ROS, whereas EV-IR from wild-type cells
could cause miR-34c increase and ROS induction in the miR-34 triple-knockout cells. These
results establish a novel role for extracellular vesicles in transferring nuclear Abl-dependent
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and radiation-induced miR-34c into unirradiated cells to cause bystander oxidative stress.

INTRODUCTION

lonizing radiation (IR) causes oxidative stress and DNA damage that
activate a wide range of biological responses in cells that are directly
targeted by the radiation energy. In multicellular organisms, radiation
also induces bystander effects (RIBE) in neighboring or distant cells
not targeted by IR (Prise and O’Sullivan, 2009; Mukherjee et al.,
2014; Verma and Tiku, 2017). The nontarget, or bystander, effects of
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IR occur when irradiated cells secrete soluble factors and/or extracel-
lular vesicles (EV) to propagate the damage signal to naive, unirradi-
ated responder cells (Prise and O’Sullivan, 2009; Mukherjee et al.,
2014; Jelonek et al., 2016; Verma and Tiku, 2017). The master regula-
tors of DNA damage response (DDR), ATM and p53, are required for
irradiated cells to secrete bystander effectors (Komarova et al., 1998;
Burdak-Rothkamm et al., 2008); however, how other DDR pathways
participate in the transmission of RIBE signals is mostly unknown.
Previous studies have established that IR stimulates nuclear Abl
tyrosine kinase to regulate transcription, DNA repair, and microRNA
(miR) processing (Baskaran et al., 1997; Shaul and Ben-Yehoyada,
2005; Preyer et al., 2007; Kaidi and Jackson, 2013; Wang, 2014,
Tu et al., 2015). The ubiquitously expressed Abl has many context-
dependent biological functions that are determined by its activating
signals, its interacting proteins, and its subcellular localization
(Wang, 2014). We have been investigating the biological functions
of Abl in DDR, and because the DNA damage signal initiates in the
nucleus, we have focused on the nuclear Abl. To identify the essen-
tial functions of nuclear Abl in DDR, we mutated the three nuclear-
localization signals (NLS) in the mouse Abl1 gene to create the
Abl-uNLS () allele (Preyer et al., 2007). While the Abl”~ mice show
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a wide range of developmental defects and suffer from embryonic
and neonatal lethality, the AbI* mice are healthy and fertile (Sridevi
et al., 2013). However, DNA damage—induced apoptosis is defec-
tive in the Abl# embryonic stem cells and in the renal proximal tu-
bule epithelial cells (RPTC) of the Abl* mice (Preyer et al., 2007;
Sridevi et al., 2013). Thus, studies of the Abl-uNLS mutant mice have
provided in vivo evidence for the conclusion that DNA damage ac-
tivates nuclear Abl to stimulate apoptosis (Gong et al., 1999). To
identify nuclear Abl-stimulated proapoptotic factors, we searched
for DNA damage-induced microRNA that required nuclear Abl for
expression, because several microRNAs have been implicated as
apoptosis promoters in DDR (He et al., 2007). In a previous studly,
we found that Abl kinase phosphorylates the DGCRS8 subunit of the
microprocessor complex to stimulate the processing of miR-34c (Tu
et al., 2015). We also showed that DNA damage-induced expres-
sion of miR-34c is defective in the Abl-uNLS mice (Tu et al., 2015).

Transcription of the miR-34-family of microRNAs is activated by
p53 in DDR (He et al., 2007). In cell-based studies, miR-34a is found
to promote apoptosis (Chang et al., 2007; Raver-Shapira et al.,
2007). However, mouse genetics study has shown that p53-depen-
dent apoptosis is not diminished in mice with single knockout of
miR-34a or triple knockout (TKO) of the three members (a, b, c) of
the miR-34 family (Concepcion et al., 2012). The finding that the
miR-34 family of microRNAs are not essential to DNA damage—
induced apoptosis in mice inspired us to consider alternative func-
tions for the Abl-miR34c pathway in DDR. It has been shown that
extracellular vesicles (EV) can transfer microRNA between cells
(Tkach and Thery, 2016; Valadi et al., 2007). Recent results have also
suggested that EV and microRNA are involved in the communica-
tion between irradiated and bystander cells (Chaudhry, 2014;
Jelonek et al., 2016). Therefore, we investigated the role of nuclear
Abl, miR-34c, and EV in RIBE and found that EV could indeed trans-
fer miR-34c from irradiated cells to unirradiated cells to cause oxida-
tive stress.

RESULTS

Isolation and characterization of extracellular vesicles

We isolated EV by differential ultracentrifugation from media condi-
tioned by unirradiated (Con) or irradiated (IR) mouse embryo fibro-
blasts (MEFs) (Figure 1A). Nanoparticle tracking analyses showed
comparable size distributions and particle concentrations between
EV-C isolated from media of unirradiated MEFs and EV-IR isolated
from media of irradiated MEFs (Figure 1B). As the particles ranged
from 50 to 300 nm in diameter, these EV preparations were likely to
contain a mixture of microvesicles derived from different intracellu-
lar compartments (Cocucci et al., 2009). The total protein (Figure
1C) and RNA content (Figure 1D) of multiple independent EV-C and
EV-IR preparations was comparable, showing that IR did not signifi-
cantly affect the overall production of EV. When added to naive,
unirradiated responder MEFs, fluorescently labeled EV-C and EV-IR
were internalized by 98-100% of cells at 24 h (Figure 1E) and to
comparable intracellular levels (Figure 1F). Thus, the differential re-
sponse of unirradiated MEFs to EV-C and EV-IR was unlikely to be
due to differential uptake of these vesicles.

To compare EV preparations from different producer cells used
in this study, we calculated the protein-to-particle ratios of EV prep-
arations from MEFs with different Abl genotypes and found that
neither irradiation nor Abl genotypes had a significant effect on
those ratios (Figure 1G). The protein-to-particle ratios of EV from
HEK293T cells were also comparable and not affected by the trans-
fected plasmid DNA (Figure 1G). The protein-to-particle ratios of EV
produced by MEFs, however, were significantly different from those
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produced by HEK293T cells (Figure 1G). These results showed that
the biological activity of EV from MEFs of different Abl-genotypes
could be compared by normalizing for EV protein.

EV-IR but not EV-C inhibited colony formation

Inhibition of colony formation is both a direct and a bystander effect
of ionizing radiation (Mladenov et al., 2018), as media conditioned
by irradiated MEFs (CM-IR) inhibited colony formation when trans-
ferred to unirradiated responder MEFs (Figure 2, A and B). We
found that the EV fraction retained the colony-inhibitory activity of
CM-IR, whereas the supernatant fraction lost most of that activity
(Figure 2, A and B). Titration experiments showed that EV-IR inhib-
ited colony formation in a dose-dependent manner, reaching satu-
ration at an EV-protein level (100 pg) that was equivalent to around
20 million particles per responder cell (Figure 2, E and F). In con-
trast, EV-C did not elicit such a dose response (Figure 2, C and D).
Previous studies have suggested that irradiated cells secrete induc-
ers of reactive oxygen species (ROS) to inhibit colony formation in
bystander cells (Mladenov et al., 2018). Consistent with those re-
sults, we found that treatment of responder MEFs with the anti-
oxidant N-acetylcysteine (NAC) interfered with the colony-inhibitory
activity of EV-IR (Figure 2, G and H). Taken together, these results
showed that irradiated MEFs secreted extracellular vesicles with
colony-inhibitory activity.

EV-IR but not EV-C increased reactive oxygen species

To measure the effect of EV-C and EV-IR on the levels of reactive
oxygen species (ROS), we labeled live responder cells with fluores-
cent dyes at 24 h after EV addition and determined the ROS/cell
volume ratio by digital imaging (Figure 3). We found that EV-IR, but
not EV-C, increased the ROS levels in unirradiated MEFs (Figure 3,
A-C). The ROS increase also showed EV-IR dose dependency: in-
duction of ROS was detectable at 3.75 pg of EV-IR and reached a
peak at 25 pg of EV-IR (Figure 3D). Treatment of responder cells with
the anti-oxidant NAC neutralized EV-IR-induced ROS increase
(Figure 3, B and C, EV-IR+NAC). Because NAC also interfered with
the colony-inhibitory activity of EV-IR (Figure 2, G and H), these
results suggested that ROS was a major factor contributing to EV-IR-
induced inhibition of colony formation. Treatment with proteinase K
or RNase A did not abolish either the colony-inhibitory or the ROS-
inducing activity of EV-IR (Figure 3E), indicating that this activity was
mediated by factors inside the vesicles.

IR-induced reactive oxygen species in Abl-uNLS mouse
embryo fibroblasts but pEV-IR could not induce reactive
oxygen species in unirradiated cells

To determine the essential function of nuclear Abl in DDR, we
constructed the Abl-uNLS allele in the mouse AblT gene by mu-
tating the three nuclear-localization signals (NLS) in the Abl pro-
tein (Figure 4A,; Preyer et al., 2007). We established embryo fibro-
blasts (MEFs) from littermate Abl* (Abl-wt) and AblF* (Abl-uNLS)
mice through serial passages in culture (Sridevi et al., 2013). Irra-
diation of Abl-wt MEFs significantly increased the nuclear levels of
Abl protein, whereas irradiation of Abl-uNLS MEFs had no such
effect (Figure 4, B and C). Thus, mutation of the NLS is sufficient
to abolish IR-induced Abl nuclear accumulation. Despite this de-
fect, we found that IR still induced ROS in the Abl-uNLS MEFs
(Figure 4, D and E).

We then isolated HEV-C and pEV-IR from control and irradiated
Abl-uNLS MEFs, respectively. The pHEV preparations consistently
showed similar levels of total protein and RNA when compared
with EV preparations from Abl-wt MEFs (Figure 4, F and G). The

miR-34c induces ROS | 2229



1A. 1B. 1E.
Switch Media
2hr

DNA

EV-C
Mean Size:143+/-3.7nm
Total Concentration:
5.66 +/- 0.28 E8
particles/ml

Irradiate (IR) or not (Con)
24 hr

Collect Conditioned Media

2000x%g, 20’¢ 0 500 1k
SIZE (nm)

Concentration (particles/ml)

>.
Supernatant-1  58x105— %
10,000xg, 30’ E x
@ 4
Supernatant-2 2 o
) @
100,000%g, 70 % SR 92% E_
2 Mean Size:120+/-3.7nm
Pellet :_E Total Concentration:
) 8 4.84 +/-0.45 E8
Wash in PBS’ § particles/ml Q
100,000x%g, 70 o E
0 500 L 100% __
Pellet = Extracellular Vesicles SIZE (nm) S
(EV-C & EV-IR)
x
>
w
98% %
1C 1D. 1F. 1G.
3007, Nns 4 © 4001 el 101
c L s g 8
= |~ |
5~ c_ ) T 6
>2 o2 2 I & 2004 { S
= = o} £ 4
T 100 3 . 3
o = 14 § 100- 2 5
0 E a
LI N . 1 1l s
o & M- o ¢ M —
& 3 & 3 @
1 w w w MEF-EV |293T-EV

Isolation, quantification, and uptake of extracellular vesicles. (A) Flowchart summarizing the EV isolation
protocol: EV-C from media of unirradiated (Con) cells and EV-IR from media of irradiated (IR) cells. (B) Nanoparticle
tracking analysis of EV-C and EV-IR. (C) Total protein in EV-C and EV-IR from 100 ml of conditioned media. Values shown
are mean * SD of six independent EV preparations. ns, not significant, one-way ANOVA. (D) Total RNA in EV-C and
EV-IR from 100 ml of conditioned media. Values shown are mean + SD of three independent EV preparations. ns, not
significant, one-way ANOVA. (E) Uptake of PKH26-labeled EV-C (25 pg) and EV-IR (25 pg) by unirradiated MEFs
detected by fluorescence microscopy at 3 and 24 h after EV addition. Representative images (scale bar 35 um) with the
percentage of cells stained positive for PKH26 indicated. Note that PKH26 dye was added to the PBS sample, but the
signal was too dilute to be visualized. (F) Quantification of PKH26 mean gray values in MEFs treated with PKH26-PBS,
PKH26-EV-C (25 pg), or PKH26-EV-IR (25 pg). The mean + SD from at least six images are shown. ns, not significant,
one-way ANOVA. (G) Protein-to-particle ratios of EV preparations from MEFs and HEK293T cells. MEF-EV (C): protein-
to-particle ratios from EV-C, pEV-C, pEV-C-AbIWT, pEV-C-AbI¥NS. MEF-EV (IR): ratios from EV-IR, pEV-IR, pEV-IR-AbIVT,
MEV-IR-AbIHNLS, 293T-EV: ratios from EV-Vector, EV-AbIPPn, EV-miR34c, EV-miR34c+AbIPPn. Values shown are mean +
SD. ns, not significant, ***P < 0.001, one-way ANOVA.

protein-to-particle ratios of pEV were also similar to those of EV
(Figure 1G). Thus, the uNLS mutation did not affect the overall pro-
duction of EV. However, we found that pEV-IR could not induce
ROS when added to unirradiated cells (Figure 4, H and |), despite
the ROS increase in the irradiated Abl-uNLS producers (Figure 4, D
and E). Together, these results showed that nuclear Abl is not re-
quired for IR to induce ROS, but its absence prevented irradiated
cells from producing EV-IR with ROS-inducing activity.

2230 | S.Rastogietal

Expression of AbI"T in Abl-uNLS mouse embryo fibroblasts

restored reactive oxygen species-inducing activity to pEV-IR
To determine whether restoration of nuclear Abl could rescue the
ROS-inducing activity of LEV-IR, we stably expressed AblT or AbHNLS
in Abl-uNLS MEFs through retrovirus-mediated gene transfer (Figure
5A) without significantly raising the steady state levels of Abl protein
(Figure 5B). After irradiation, nuclear Abl increased in the Abl-uNLS-
AbMT but not the Abl-uNLS-AbINS MEFs (Figure 5, C and D).
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FIGURE 2: Extracellular vesicles from irradiated cells (EV-IR) inhibited colony formation.

(A) Clonogenic survival fractions and (B) representative images of MEFs at 15 d after the
following treatments: unirradiated (Direct, Con), irradiated (Direct, IR, 10Gy), treated for 24 h
with CM (conditioned media), Sup (supernatant-2 of CM), EV-C or EV-IR (25pg each) from
unirradiated (Con) or irradiated (IR) MEFs (see Figure 1A). Values shown are mean + SD from
three independent experiments. *P < 0.05, ***P < 0.001, ****P < 0.0001, one-way ANOVA.

(C) Clonogenic survival fractions and (D) representative images of MEFs at 15 d after treatment
with PBS or the indicated amounts of EV-C for 24 h. Values shown are mean + SD from two
independent experiments. (E) Clonogenic survival fractions and (F) representative images of
MEFs at 15 d after treatment with PBS or the indicated amounts of EV-IR for 24 h. Values shown
are mean + SD from two independent experiments. (G) Clonogenic survival fractions and

(H) representative images of MEFs at 15 d after the indicated treatments for 24 h. NAC:
N-acetylcysteine (5 mM). EV-C and EV-IR: 25 ug each. Values shown are mean + SD from three
independent experiments. ns, not significant, *P < 0.05, ****P < 0.0001, one-way ANOVA.

Because the exogenous AbI"T was not overproduced relative to the
endogenous AbIMNS (Figure 5B), the IR-induced increase in nuclear
Abl was less in Abl-uNLS-AbIVT cells than in Abl-wt cells (compare
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Figure 5D with Figure 4C). The expression of
AbIWT or AblMNSS did not alter the direct ef-
fect of IR on ROS (Figure 5, E and F), again
showing that nuclear Abl did not contribute
to ROS induction by direct irradiation.

We then isolated pEV from Abl-uNLS-
Ab"WT and Abl-uNLS-Abl*NS  MEFs  and
found comparable total protein and RNA
content among several independent pEV
preparations (Figure 6, A and B). The pro-
tein-to-particle ratios of pEV from these
reconstituted Abl-uNLS MEFs were also
comparable to those of EV from Abl-wt cells
and pEV from parental Abl-uNLS cells
(Figure 1G). The unirradiated responder
MEFs internalized the pEVs from Abl-uNLS-
AbWTand Abl-uNLS-Abl*NtS MEFs to a simi-
lar extent (Figure 6, C and D). Thus, expres-
sion of AbI"T or AbIMN'S did not affect the
overall production or the uptake ability of
EV. Nevertheless, pEV-IR-Ab"T, but not
WEV-IR-AbIMNLS, regained ROS-inducing ac-
tivity (Figure 6, E and F). Because nuclear
entry of wild-type Abl protein was sufficient
to correct the ROS-induction defect of
HEV-IR, these results established that nu-
clear Abl is required for irradiated cells to
produce EV-IR with ROS-inducing activity.

Abl kinase activity required for
irradiated cells to produce reactive
oxygen species-inducing EV-IR

lonizing radiation not only induces Abl nu-
clear accumulation but also activates Abl
kinase activity (Baskaran et al., 1997; Kaidi
and Jackson, 2013). To assess the role of Abl
kinase, we pretreated MEFs with the Abl
kinase inhibitor imatinib before irradiation
(Figure 7A) to generate EV-(IM+IR). We
found that the ROS-inducing activity of EV-
(IM+IR) was significantly reduced when com-
pared with that of EV-IR (Figure 7, B and C),
suggesting a requirement for Abl kinase in
the production of EV-IR with ROS-inducing
activity.

Because imatinib is a selective but not a
specific inhibitor of Abl kinase, we further
investigated the kinase requirement by sta-
bly expressing a kinase-defective (KD) AbI*P
(with K290H substitution to disrupt ATP
binding) through retrovirus-mediated gene
transfer to generate Abl-uNLS-Abl® MEFs
(Figure 7D). Irradiation induced nuclear ac-
cumulation of Abl in Abl-uNLS-AbI® MEFs
(Figure 7, E and F), consistent with previous
findings that kinase activity is not necessary
for Abl nuclear import. The Abl-uNLS-AbI<P
cells produced pEV-C-AbI® and pEV-IR-
AblfP with protein content similar to that of

those from Abl-uNLS- AbIVT cells (Figure 7G). The uEV-C-AbI*P and
WEV-IR-AbIP were internalized by unirradiated MEFs with efficien-
cies similar to those from Abl-uNLS-AbI"T cells (Figure 7, H and ).
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However, uEV-IR-AbIKP cells failed to induce ROS when added to
unirradiated MEFs (Figure 7, J and K). Together, these results show
that radiation-induced Abl nuclear localization and kinase activity
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are both required for irradiated cells to pro-
duce EV-IR with ROS-inducing activity.

Nuclear Abl-dependent miR-34c
increase in EV-IR and EV-IR-treated cells
lonizing radiation stimulates the expression
of many microRNAs, including miR-34c, in
directly irradiated cells (He et al., 2007;
Chaudhry, 2014). We have previously shown
that nuclear Abl stimulates the biogenesis
of miR-34c in DNA damage response (Tu
et al., 2015). A recent study found that
the majority of intracellular microRNAs are
present in EV produced by cultured cells
(Shurtleff et al., 2016). We therefore tested
the hypothesis that nuclear Abl-dependent
and radiation-induced increase in miR-34c
may raise the levels of miR-34c in EV-IR.

As would be predicted, intracellular miR-
34c levels were higher in irradiated (IR) than
control (Con) MEFs (Figure 8A). This IR-
induced increase in miR-34c was lower in
Abl-pNLS than in Abl-wt MEFs (Figure 8, A
and B) and the expression of AbI"T en-
hanced the -34c induction by IR (Figure 8, B
and C). With the EV preparations from Abl-
wt MEFs, we found higher levels of miR-34c
in EV-IR than in EV-C (Figure 8D). However,
WEV-IR from Abl-uNLS MEFs did not contain
higher levels of miR-34c than pEV-C (Figure
8E). Expression of AbI"T in Abl-uNLS MEFs
restored the miR-34c increase in pEV-IR-
AbMT relative to uEV-C-AbWT (Figure 8F),
although the relative abundance of miR-34c
was only twofold higher in pEV-IR-Ab/WT
relative to PEV-C-AbI™WT and significantly
lower than the 20-fold difference between
EV-IR and EV-C (compare Figure 8D to
Figure 8F). This partial rescue of miR-34c
levels in PEV-IR-AbI"T was likely to be due
to the lower- than-endogenous levels of
exogenous AbI"T in the reconstituted Abl-
uNLS-AbI"T MEFs (Figure 5B).

We also measured the levels of miR-34c
in the unirradiated responder MEFs after in-
cubations with EV. We found a twofold in-
crease in miR-34c in responder cells after
treatment with EV-IR, but not EV-C (Figure
8G). Treatment with pEV-C or pEV-IR,
however, did not raise the intracellular
miR-34c levels in responder cells (Figure
8H). Expression of AbI"T in Abl-uNLS MEFs
not only raised miR-34c levels in PEV-IR-
AbIVT (Figure 8F) but also restored the miR-
34c increase in PEV-IR-AblVT-treated re-
sponders (Figure 8l). Together, these results
showed that nuclear Abl is required to raise
the miR-34c levels in EV-IR and that treat-
ment with EV-IR raised the intracellular miR-

34c levels in unirradiated responder cells. In addition, these results
showed a correlation between the miR-34c levels and the ROS-
inducing activities of EV.

Molecular Biology of the Cell



EV-miR34c from unirradiated cells and miR-34c-mimic
induce reactive oxygen species

To determine whether it is possible to program EV from unirradi-
ated cells to induce ROS, we overproduced miR-34c in HEK293T
cells, which have been shown to secrete the majority of intracellular
miR in EV (Shurtleff et al., 2016). Transfections of HEK293T cells
with the vector miR-34c minigene (Figure 9A) and/or AblIPPn
(Figure 9B) did not alter the total protein (Figure 9C), RNA (Figure
9D), or protein-to-particle ratios (Figure 1G) of EV from HEK293T
cells. However, transfection with the miR-34c minigene raised miR-
34c levels in transfected cells and in EV-miR-34c isolated from the
media of those cells compared with cells transfected with vector or
AbIPPn (Figure 9, E and F). Cotransfection of miR-34c minigene
with AblPPn further increased the intracellular levels of miR-34c
and resulted in higher levels of miR-34c in EV-miR-34c+AblPPn
than in EV-miR-34c (Figure 9, E and F). When added to unirradiated
responder MEFs, EV-miR-34c and EV-miR-34c+AblPPn increased
the intracellular levels of miR-34c in proportion to those found in
the EVs (Figure 9G). These results showed that ectopically ex-
pressed miR-34c was secreted in EV by unirradiated HEK293T cells
and that the miR-34c levels in EV correlated with those in the pro-
ducer cells and determined those in responder MEFs incubated
with the HEK293T-EV.

We then measured ROS levels in responder MEFs after incuba-
tion with the HEK293T-EV preparations. We found that treatment
with EV-miR-34¢ and EV-miR-34c+AblPPn, but not EV-vector or EV-
AbIPPn, raised ROS levels (Figure 9, H and ) that were proportional
to the miR-34c levels in the responders (compare Figure 91 with
Figure 9G). These results showed that irradiation is not required for
HEK293T cells to produce miR-34c—containing EV with ROS-induc-
ing activity. We also transfected unirradiated MEFs with miR-34c
mimic to raise the intracellular levels of miR-34c (Figure 9, J and K)
and found that transfection with the miR-34c mimic but not the con-
trol mimic could induce ROS in unirradiated responder MEFs with-
out the need for EV addition (Figure 9, L and M). Taken together,
results in Figure 9 show a quantitative correlation between miR-34c
levels in EV and in EV-treated responder cells. Furthermore, these
results show that miR-34c—containing EV from unirradiated cells can
induce ROS and that ectopic expression of high levels of miR-34c
can also induce ROS without added EV.

EV-IR from miR-34—family triple knockout mouse embryonic

fibroblasts cannot induce reactive oxygen species

To determine whether endogenous miR-34c is necessary for ROS
induction, we irradiated primary MEFs derived from the miR34-
family (a/b/c) triple knockout (TKO) and littermate wild-type (WT)
mice (Concepcion et al., 2012; Figure 10A). We found that irradia-
tion induced comparable levels of ROS in the miR34"T and the
miR34TKC MEFs (Figure 10, B and C), showing that the endoge-
nous miR-34a/b/c are not required for ROS induction by direct
irradiation. We then isolated EV from irradiated miR34"" and
miR347<C MEFs (Figure 10D) and found similar protein content in
those EV preparations (Figure 10E). When added to unirradiated
responder MEFs, EV-IR-miR34"T induced ROS (Figure 10, F and
G), showing that EV-IR isolated from primary (miR34"T) MEFs also
had ROS-inducing activity. However, EV-IR-miR347C failed to in-
duce ROS in responder cells (Figure 10, F and G). As would be
expected, treatment with EV-IR-miR34"T, but not EV-IR-miR34TC,
raised the intracellular levels of miR-34c in the unirradiated re-
sponder cells (Figure 10H). These results show that the miR-34
family of miR is required for irradiated cells to produce EV-IR with
ROS-inducing activity.

Volume 29  September 1, 2018

EV treatment raised miR-34c and reactive oxygen species
levels in miR-34"%° mouse embryonic fibroblasts

To determine whether endogenous miR-34c is required for EV-IR
to induce ROS, we treated unirradiated miR347K° MEFs with EV-C
and EV-IR (from Abl-wt MEFs) and then measured ROS and miR-
34c levels in these miR347KC cells (Figure 101). We found that
treatment of miR34™© MEFs with either EV-C or EV-IR led to a
detectable increase in the intracellular levels of miR-34c, with EV-
IR raising miR-34c more than EV-C (Figure 10L). Correlating with
these increases in intracellular miR-34c, we found significantly
higher levels of in ROS in EV-C- and EV-IR-treated miR34™<©
MEFs, with EV-IR-treated cells containing significantly higher lev-
els of ROS than EV-C—treated cells (Figure 10, J and K). Because
the miR-34a/b/c loci are knocked out in miR347<C cells, the EV-
mediated increase in intracellular miR-34c (Figure 10L) could not
have been derived from the endogenous locus. Thus, these re-
sults strongly suggest that EV can transfer exogenous miR-34c
into unirradiated cells for ROS induction.

DISCUSSION

Extracellular vesicles from irradiated cells induce

bystander effects

This study has established a role for extracellular vesicles (EV) in RIBE
on colony formation and redox homeostasis. We show that IR does
not have significant effects on the overall particle numbers, total pro-
tein, or RNA content of EV. However, IR can alter the biological activity
of EV because EV-IR isolated from media of irradiated MEFs, but not
EV-C from control MEFs, can induce ROS and inhibit colony formation
in unirradiated MEFs. We also show that EV-IR-induced ROS contrib-
utes to colony inhibition because an anti-oxidant NAC neutralized the
ROS and reduced the colony-inhibitory activity of EV-IR. A large num-
ber of previous studies have shown that conditioned media from ir-
radiated cells contained ROS-inducing factors (Mladenov et al., 2018).
Our results suggest that at least one of those ROS inducers is present
in the EV fraction of the conditioned media, thus supporting the con-
cept that extracellular vesicles can transmit RIBE signals.

Nuclear Abl kinase requirement for production

of extracellular vesicles with reactive oxygen
species—inducing activity

Results from this study have uncovered a new function for nuclear
Abl kinase in DNA damage response: it is required for irradiated
cells to produce EV with ROS-inducing activity. Using MEFs with the
Abl-uNLS allele created in our lab (Preyer et al., 2007), we show that
ROS induction in irradiated cells does not require nuclear localiza-
tion of Abl. This is not a surprising observation, since IR-induced
ROS occurs in the cytoplasm and involves the mitochondria (Leach
et al., 2001). However, we demonstrate here that nuclear Abl and its
kinase activity are required for the production of RIBE-competent
EV. Supporting this conclusion are the results that the Abl-geno-
types did not affect the overall production of EVs, but pEV-IR from
the Abl-uNLS MEFs could not induce ROS, and that expression of
Ab"T, but not AbI*NS or AbI€P, in the Abl-uNLS MEFs restored the
ROS-inducing activity of HEV-IR. These experiments with the Abl-
uNLS germline mutant established that nuclear Abl is nonessential
for radiation to induce ROS, but nuclear Abl is essential for irradi-
ated cells to produce EV with ROS-inducing activity.

Extracellular vesicle-mediated transfer of miR-34c

The concept that extracellular vesicles play a role in cell-cell com-
munication by exchanging cellular contents is well established
(Valadi et al., 2007; Tkach and Thery, 2016). In this study, we show
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IR: 3 h after 10 Gy (scale bar 35 um). (C) Percent nuclear intensity of Abl in the indicated MEFs with no irradiation (Con)
or irradiation (IR). Values shown are the medians and interquartile ranges from 20-30 cells per sample. ns, not
significant, ****P < 0.0001, Kruskal-Wallis test. (D, E) Radiation-induced ROS: (D) representative images of indicated live
cells stained with CTR (magenta) and DCFDA (green) 24 h after no irradiation (Con) or irradiation (IR, 10 Gy; scale bar
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that treatment with EV-IR from irradiated
MEFs, or with EV-miR-34¢c from miR-34c-
minigene-transfected but unirradiated
HEK293T cells, can increase the levels of
miR-34c in unirradiated responder cells.
Our results showed a quantitative correla-
tion between the levels of miR-34c in EV
and those in EV-treated responder cells.
Furthermore, we show that treatment with
EV-IR led to miR-34c increase in the
miR34T<C MEFs that lacked the endoge-
nous miR-34c gene. These results strongly
support the conclusion that miR-34c can
be transferred from cell to cell via EV. How-
ever, we cannot rule out the possibility that
EV-IR may also induce the expression of
endogenous miR-34c. Because EV-IR
transfers miR-34c to increase ROS that
may damage DNA, it is conceivable that
the exogenous miR-34c-induced ROS may
activate DDR in unirradiated cells to stimu-
late expression of the endogenous miR-
34c and thus amplify and spread EV-miR-
34c-mediated bystander effects.

ROS induction by miR-34c

In previous studies, we have established
that nuclear Abl is required for the expres-
sion of p53-target genes in DDR to induce
apoptosis (Gong et al., 1999; Sridevi et al.,
2013) and for the processing of p53-
induced pre-miR-34c (Tu et al., 2015). Be-
cause miR-34c is not essential to DDR-in-
duced apoptosis (Concepcion et al., 2012),
we searched for alternative functions for
miR-34c in DDR and found that nuclear
Abl-dependent and [R-induced miR-34c

are the medians and interquartile ranges
from 20-30 cells per sample. ns, not
significant, *** P < 0.001, Kruskal-Wallis

test. (E, F) Radiation-induced ROS:

(E) representative images of the indicated live
cells stained with CTR (magenta) and DCFDA
(green) at 24 h after no irradiation (Con) or
10 Gy IR (scale bar 35 pm). (F) DCFDA/CTR
ratios shown are the medians with
interquartile ranges from two independent
experiments with at least 200 cells analyzed
per sample per experiment. **** P < 0.0001,
Kruskal-Wallis test.

at least 200 cells analyzed per sample per experiment. ****P < 0.0001, Kruskal-Wallis test. (F) Total protein in uEV-C or
HEV-IR isolated from media of unirradiated (C) and irradiated (IR) Abl-uNLS MEFs compared with total protein in EV-C or
EV-IR isolated from media of Abl-wt MEFs. Values shown are mean * SD from five independent EV preparations. ns, not
significant, one-way ANOVA. (G) Total RNA in the indicated EV. Values shown are mean + SD from three independent
EV preparations. ns, not significant, one-way ANOVA. (H, I) EV-induced ROS: (H) representative images of live
responder MEFs (unirradiated Abl-wt) stained with the indicated dyes at 24 h after treatment with 3.5 pg each of the
indicated EV (scale bar 35 pm). () DCFDA/CTR ratios shown are the medians with interquartile ranges from three
independent experiments with at least 200 cells analyzed per sample per experiment. ns, not significant, ****P < 0.0001,

Kruskal-Wallis test.
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Expression of AbI"T but not Abl*N'S restored ROS-inducing activity to pEV-IR. (A) Total protein in the
indicated pEV, uEV-AbIFNS, and pEV-AbI™T preparations from 100 ml media conditioned by Abl-uNLS, Abl-uNLS-Ab[FNLS,
or Abl-uNLS-AbI"T MEFs. C: no irradiation, IR: 10 Gy irradiation. Values shown are mean + SD from three independent
EV preparations. ns, not significant, one-way ANOVA. (B) Total RNA in the indicated pEV from 100 ml conditioned
media from the indicated MEFs. Values shown are mean + SD from three independent EV preparations. ns, not
significant, one-way ANOVA. (C, D) Uptake of PKH26-labeled pEV by unirradiated MEFs: (C) representative images
(scale bar 35 pym) with the percentage of responder cells stained positive for the indicated PKH26-uEV at 24 h after yEV
addition. (D) Quantification of PKH26 mean gray values in cells treated with the indicated PKH26-uEV (25 pg each).

The mean + SD from at least six images are shown. ns, not significant, one-way ANOVA. (E, F) pEV-induced ROS:

(E) representative images of live responder cells treated with the indicated uEV preparations (3.5 pg each) and stained
with CTR (magenta) plus DCFDA (green) at 24 h after uEV addition (scale bar 35 pm). (F) DCFDA/CTR ratios shown are
medians with interquartile ranges from three independent experiments with at least 200 cells analyzed per sample per
experiment. ns, not significant, ****P < 0.0001, Kruskal-Wallis test.

expression is required for increasing the miR-34c levels in EV-IR for ~ These results suggest a novel function for miR-34c in radiation-in-
transfer into unirradiated cells to induce ROS. We show that EV-IR  duced bystander oxidative stress.

from miR34™© MEFs cannot induce ROS. We also show that EV- It is of interest to note that neither nuclear Abl nor the miR-34
miR34c produced by unirradiated cells and transfection with miR-  family of microRNAs are required for irradiation to induce ROS, but
34c mimic without EV addition are each sufficient to induce ROS.  nuclear Abl and the miR-34 family are both required for transmission
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Abl kinase required for irradiated cells to produce EV-IR with ROS-inducing activity. (A) Timeline of Imatinib
(IM) treatment. (B, C) EV-induced ROS: (B) representative images of live responder cells treated with the indicated EV and
stained with CTR (magenta) and DCFDA (green) at 24 h after EV addition (scale bar 35 um). (C) DCFDA/CTR ratios shown
are medians with interquartile ranges from three independent experiments with at least 200 cells analyzed per sample
per experiment. ns, not significant, ****P < 0.0001, Kruskal-Wallis test. (D) Summary of experiments with Abl-uNLS-AbI*®
MEFs. (E, F) Radiation-induced nuclear Abl: (E) representative immunofluorescence images of Abl (green) and DNA (blue)
in the indicated MEFs: Con, no irradiation; IR: 3 h after 10 Gy (scale bar 35 pm). (F) Percent nuclear intensity of Abl in the
indicated MEFs with no irradiation (Con) or irradiation (IR). Values shown are the medians and interquartile ranges from
20-30 cells per sample. **P < 0.01, ***P < 0.001, Kruskal-Wallis test. (G) Total protein in pEV isolated from 100 ml media
conditioned by Abl-uNLS-AbI® (UEV-C-AbI¥P, LEV-IR-AbI*P) or Abl-uNLS-AbIWT (LEV-C-AbIVT, LEV-IR-AbIVT) MEFs.
(H, 1) Uptake of PKH26-labeled pEV by unirradiated MEFs: (H) representative images (scale bar 35 pm) with the
percentage of cells stained positive for the indicated PKH26-uEV at 24 h after pEV addition. (I) Quantification of PKH26
mean gray values in MEFs treated with the indicated PKH26-UEV. The mean and SD from at least six images are shown.
ns, not significant, one-way ANOVA. (J, K) uEV-induced ROS: (J) representative images of live responder cells treated with
the indicated PEV preparations and stained with CTR (magenta) plus DCFDA (green) at 24 h after yEV addition (scale bar
35 pm). (K) DCFDA/CTR ratios shown are medians with interquartile ranges from one independent experiment with at
least 200 cells analyzed per sample per experiment. ns: not significant, ****P < 0.0001, Kruskal-Wallis test.

Volume 29  September 1, 2018 miR-34c induces ROS

2237



8A. 8B 8C.
O O g
3 3 e
Qé 5- *kkk QL: 2 5- % x 5= *%
E ! I E ! | I
— 4~ @ — 2.0+ 8% °
5% L. 2% 28,
T S5 3 c 5 1.5+ _‘g =1
5 2 24 S 2 1.04eee 5 2 21
o0 o oo
© ~— 1] eee © >~ 0.54 © >~ 14000
-% (O —— :.% 0.0-+—7—"—"7 'g o+—
X Con IR < Con IR < Con IR
. I‘;f Abl-wt 8°E‘ Abl-UNLS 8F°‘ Abl-tINLS-AbIWT
1% o '
% 5 ™3
pé 301 |L| % 1.0,000 o
S
o 0.81 o>
% — 20+ E—pe 8
g} ~rhed 3
= c = _ c
S S 0.2 <
S oleger 2 ool —— 2
K 0O 5 0 ©
& = 2 > 3 s —_—
o oo CRT) HEV-AbIWT
. 8H. 8l.
2 o 9
@ ;r) ns o‘,l') *%
14 : | | ' | '
E 41 *% % 159 ns % 2.0 I
QG 3 o= 1 = Q S 4 =] DS
! ns I 8%1.0-*31 %1«31'5 |
- 9 24| | S0 "3010-0“:
S % g2 Sg
3 =} . o)
%51--I_ 2¢0° T (5
o o o
2 o 2 ool £ ool
° N O X I N O = ? O
g £33 g £ & a_——_
T W g & LEV-ALIVT
=

FIGURE 8: Radiation-induced and nuclear Abl-dependent increase of miR-34c in irradiated cells,
EV-IR, and EV-IR-treated cells. (A-C) Radiation-induced miR-34c: Abl-wt (A), Abl-uNLS (B), and
Abl-uNLS-AbI"T MEFs (C) were unirradiated (Con) or irradiated (IR, 10 Gy, 24 h) and the relative
abundance of miR-34c in total cellular RNA quantified and with each Con sample set to 1. Values
shown are mean + SD from three independent experiments. **P < 0.01, ****P < 0.0001, one-way
ANOVA. (D-F) miR-34c levels in EV. Relative abundance of miR-34c in total RNA extracted from
the indicated EV: (D) EV-C, EV-IR from Abl-wt MEFs, (E) pEV-C, pEV-IR from Abl-uNLS MEFs,

(F) MEV-C-AbIWVT, LEV-IR-AbIYT from Abl-uNLS-AbI"T MEFs. Values shown are mean + SD from
three independent experiments with each control EV set to 1. ns, not significant, *P < 0.05,
***P < 0.001, one-way ANOVA. (G-I) miR-34c levels in EV-treated responder cells: unirradiated
responder cells (Abl-wt MEFs) treated with PBS or the indicated EV (25 pg): (G) EV-C, EV-IR,

(H) HEV-C, PEV-IR, and (I) uEV-C-AbIWVT, LEV-IR-AbI"T were harvested at 24 h and the relative
abundance of miR-34c in total cellular RNA quantified with each PBS-treated sample was set to
1. Values shown are mean * SD from three independent experiments. ns: not significant,

**P < 0.01, one-way ANOVA.

of the ROS response to bystander cells. While our results have es-
tablished a role for miR-34c¢ in the induction of ROS, they do not
exclude the possibility that EV-IR may also directly transfer ROS from
irradiated cells to bystander cells. However, if a direct transfer of
ROS by EV-IR were to exist, our results suggest that such a direct

2238 | S.Rastogietal.

ROS transfer by EV must still require both
the nuclear entry of Abl and the miR-34
family of microRNAs.

Previous studies have found that expo-
sure to IR causes the intracellular abundance
of many microRNAs to increase (He et al.,
2007; Mao et al., 2014), and these IR-induc-
ible microRNAs may affect an array of cel-
lular responses to radiation (Chaudhry,
2014). We show here for the first time that
IR-induced miR-34c is secreted in extracel-
lular vesicles for transfer into unirradiated
cells to cause oxidative stress. Computa-
tional analyses have predicted hundreds of
miR-34c target genes that might collectively
be involved in the observed induction of
ROS. However, it is also possible that miR-
34c may trigger a cascade of gene expres-
sion alterations beyond the computationally
predicted targets to increase ROS. Identifi-
cation of the relevant miR-34c target genes
in RIBE awaits future investigation.

MATERIALS AND METHODS

Cell lines

Fibroblasts were derived from AblF* (Abl-
wt) or littermate AbF¥ (Abl-uNLS) mouse
embryos. The Abl-uNLS allele was gener-
ated by knock-in mutations to replace the
11 lysines and arginines in the three nuclear
localization signals (NLS) with glutamine
(Preyer et al., 2007). The Abl-wt and Abl-
uNLS MEFs were immortalized by serial
passages, and these MEFs do not express
p53. Primary, nonimmortalized MEFs from
miR-34a/b/c-triple knockout mice
(MiR34™C)  and  wild-type littermates
(miR34WT: (Concepcion et al., 2012) were ir-
radiated between passages 3 and 6. MEFs
and HEK293T cells (Thermo Fisher Scien-
tific) were cultured in DMEM high-glucose
with 10% fetal bovine serum (FBS) and
antibiotics.

Irradiation

Cells were exposed to 10 Gy of gamma ir-
radiation using a Mark | Model 50 irradiator
with cesium 137 isotope as source (J.L.
Shepherd & Associates).

Isolation of extracellular vesicles

To isolate EV from MEFs, two batches of 107
cells (in 10 10-cm dishes) were switched to
FBS-free media with 1% bovine serum
albumin (BSA) 2 h before transfer to the ra-
diation facility, where one batch was irradi-
ated while the other batch was not irradi-

ated (unirradiated). At 24 h after radiation, the conditioned media
(CM) were collected for EV isolation by differential ultracentrifuga-
tion as previously described (Thery et al., 2006; Figure 1A). The pel-
leted EV fraction was washed and resuspended in 300 pl of phos-
phate-buffered saline (PBS) and stored in 50-ul aliquots at —80°C.

Molecular Biology of the Cell



©
(2]

9A. 9B.

miR34c 30 T T ]
1143

minigene 1 AbIPPn

100 bp | |100 bp

Total EV protein
(Hg)

CMV 10
pre-miR-34c stem-loop P242EP249E | 1109A
V A M MA
9D. 9E. 9F. oQG. EV-HEK293T
O e e de
3 ns § Aid 3 100 = ilrw. ==
= — £ ] 84
s 2 ‘ | | 59300 g 80 I §§ &
ga I. g§200 s8%1 b—= ggﬁ- -
A [ =
2=k £8 £%40 | 284
e M 8.0 ® ns  *%» s 8 e
2 g 20 LS I A
5 5 5 o
0 T T T T [} 0 [] 0 ] 0 T T T T T
V A M M+A V A M M+A & V A M M+A K PBS V. A M M+A
EV-HEK293T Cells-HEK293T EV-HEK293T EV-HEK293T
9H. CTR  DCFDA  Merge 9l. .
0.5- e de e ke
[}
§ - g3 04 - | I Transfection of un-irradiated
N oz [ﬁ MEFs with
= > =
é g g 95 ns { control or miR-34¢ mimic
3P 5§07 |I I| ; ¢(24 hrs)
w
= = 0.14
RNA, ROS
0.04— T T T
vV A M M+A
9K. 200 oL. EV-HEK293T oM.
8 CTR  DCFDA  Merge 012
§ 150 } - o % 0.1
¢ B 5 S 0.08
B £ 100 € & §oos I
e olO o] I
% 50 E 8§ oo )
& € :
0 3
©° [=]
ES £ 3 & §8 £ %
S & S o = §2 =2 3§ @
g mimic = mimic

FIGURE 9: ROS induction by EV-miR-34c from unirradiated cells and by transfection with miR-34c mimic.

(A, B) Schematics of the miR-34c-minigene and the AbIPPn expression constructs. (C) Total protein in EV isolated from
100 ml of media conditioned by HEK293T cells (EV-HEK293T) transfected with Vector (V), AbIPPn (A), miR-34c minigene
(M), or miR-34c minigene and AbIPPn (M+A). Values shown are mean * SD from three independent EV preparations.
ns: not significant, one-way ANOVA. (D) Total RNA in the indicated EV, each from 100 ml of media. Values shown are
mean * SD from three independent EV preparations. ns: not significant, one-way ANOVA. (E-G) Relative abundance of
miR-34c in (E) unirradiated HEK293T cells transfected with the indicated plasmid DNA, with normalized abundance of
miR-34 in vector (V)-transfected cells set to 1; (F) EV from transfected HEK293T cells with normalized miR-34c
abundance in EV-vector (V) set to 1; (G) unirradiated MEFs after treatments with the indicated EV (25 pg each) from
transfected HEK293T cells with normalized miR-34c abundance in PBS-treated MEFs set to 1. Values shown are mean +
SD from three independent experiments. ns: not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA.
(H, 1) EV-miR-34c induced ROS: (H) representative images of live responder cells treated with the indicated EV
preparations and stained with CTR (magenta) plus DCFDA (green) at 24 h after EV addition (scale bar 35 pm).

(I) DCFDA/CTR ratios shown are medians with interquartile ranges from three independent experiments with at least
200 cells analyzed per sample per experiment. ns: not significant, ***P < 0.001, ****P < 0.0001, Kruskal-Wallis test.

(J) Timeline of miR mimic transfection experiment. (K) Relative abundance of miR-34c in transfected MEFs at 24 h after
transfection with no RNA (mock) or control or miR-34c mimic. Normalized miR-34c abundance in nontransfected cells
was set to 1. Values shown are mean * SD from three technical repeats. (L, M) miR-34c-mimic induced ROS:

(L) representative images of live responder cells stained with CTR (magenta) and DCFDA (green) at 24 h after
transfection with control or miR-34c mimic (scale bar 35 pm). (M) DCFDA/CTR ratios shown are medians with
interquartile ranges from 400 cells per sample. ****P < 0.0001, Kruskal-Wallis test.
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Experiments with MiR34™° MEFs. (A) Timeline of irradiation of primary MEFs from miR34"T and miR347<°
mice. (B, C) Radiation-induced ROS: (B) representative images of indicated live cells stained with CTR (magenta) and
DCFDA (green) at 24 h after no irradiation (Con) or irradiation (IR, 10Gy; scale bar 35 pm). (C) DCFDA/CTR ratios shown
are the medians with interquartile ranges from one experiment with at least 200 cells analyzed per sample per
experiment. ****P < 0.0001, Kruskal-Wallis test. (D) Timeline of experiment with EV-IR from miR34"T and miR347O
MEFs. (E) Total protein in EV-IR isolated from 100 ml media conditioned by irradiated miR34"Tand miR34™° MEFs.
Values shown are mean + SD from two independent EV preparations. (F, G) EV-IR from miR34™<® MEFs failed to induce
ROS: (F) representative images of live responder cells (unirradiated Abl-wt MEFs) stained with CTR (magenta) and
DCFDA (green) after 24 h of treatment with the indicated EV-IR (25 pg each; scale bar 35 pm). (G) Values shown are
medians with interquartile ranges from two independent experiments with at least 200 cells analyzed per sample per
experiment. ns, not significant, ****P < 0.0001, Kruskal—Wallis test. (H) Relative abundance of miR-34c in responder cells
treated with the indicated EV-IR (25 pg each) with normalized miR-34c abundance in PBS-treated responder cells set to
1. Values shown are mean + SD from three technical repeats. (I) Timeline of experiment with unirradiated miR347<C
MEFs as responder cells. (J, K) EV-IR-induced ROS in miR347<0 MEFs: (J) representative images of live miR34™° MEFs
stained with CTR (magenta) and DCFDA (green) at 24 h after treatment with EV-C or EV-IR from Abl-wt MEFs (25 pg
each). (K) DCFDA/CTR ratios shown are medians with interquartile ranges from one experiment with at least 200 cells
analyzed per sample. **P < 0.01, ***P < 0.001, ****P < 0.0001, Kruskal-Wallis test. (L) Relative abundance of miR-34c in
miR34TKO MEFs after 24 h of treatment with EV-C or EV-IR (25 pg) with normalized miR-34c abundance in EV-C-treated
cells was set to 1. Values shown are mean * SD from three technical repeats.
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For isolation of EV from HEK293T cells, supernatant-1 collected af-
ter the 2000 x g spin (Figure 1A) was filtered through a 0.45-pm filter
(Corning) before continuing to the next steps of ultracentrifugation.
Protein content of EV was determined by the Lowry method.

Nanoparticle tracking analysis

Nanosight LM-10HS was used for nanoparticle tracking analysis.
This analysis uses diffraction measurement of the Brownian motion
of particles. The EV suspension was diluted 300-fold in PBS and 1 pl
of the diluted suspension was videotaped by Nanosight to deter-
mine the size distribution and the concentration of particles. Each
EV preparation was analyzed in triplicate as previously described
(Akers et al., 2016).

Uptake of extracellular vesicles

EV suspensions were incubated with PKH26, a fluorescent mem-
brane-binding dye (Sigma Aldrich), for 5 min at room temperature,
followed by addition of 1% BSA, and then centrifuged at 100,000 x g
for 70 min to isolate PKH26-labeled EV as previously described
(Mineo et al., 2012). Responder MEFs were incubated with PKH26 in
PBS or PKH26-labeled EV-C or PKH26-labeled EV-IR (25 pg each).
After 3 or 24 h, cells were fixed with 4% para-formaldehyde (PFA) for
20 min at room temperature and counterstained with Hoechst
33342. Cells were viewed using an Olympus FV1000 Spectral Con-
focal microscope at 40x objective with images taken at 1024 x 1024
(Figure 1E), and using Leica TCS SP5 at 60x objective with images
taken at 512 x 512 (Figures 6C and 7H). No fluorescence was de-
tected in cells incubated with PKH in PBS. Using FIJI (ImageJ), we
measured the total PKH26 mean gray value per image and calcu-
lated the mean and SD from at least six images per sample. The
number of PKH26-positive cells per image was counted by eye, and
the percentage was calculated from PKH26-positive cells over the
total number of nuclei from at least six images per sample.

Colony formation assay

Responder cells (Abl-wt MEFs) were seeded at 1000 cells per 6-cm
plate. Media were changed to 1% BSA without FBS before incuba-
tion with EV. After 24 h, cells were switched back to media with 10%
FBS and cultured for 15 d with media refreshed every other day. The
colonies were fixed with 100% methanol and stained with 0.05%
crystal violet. Excess dye was removed, and plates were left to dry
overnight. Clusters of more than 50 cells were considered as colo-
nies. Survival fraction was calculated as colonies/cells seeded, with
the survival fraction in PBS-treated plates set to 1. Images of the
colonies were acquired using an Alpha imager HP System.

Reactive oxygen species assay

ROS was measured using the ROS-ID kit (Enzo Life Sciences) accord-
ing to the manufacturer’s protocol. Live cells were also stained with
Cell Tracker Red (CTR; Molecular Probes) as a control for cell vol-
ume. Responder cells were seeded into chamber slides, incubated
for 24 h with EV in media +1% BSA, stained with CTR (1:500, 30 min
in media) followed by DCFDA (1: 5000, 45 min in PBS), washed with
PBS, and then imaged. Live cell images were captured using an
Olympus FV1000 spectral confocal microscope for CTR (Channel 3)
and DCFDA (Channel 1). FIJI (ImageJ) software was used to create
masks from channel 3 (CTR), and then the masks were transferred
onto channel 1 (DCFDA). The mean gray values (MGVs) in channels
1 and 3 were recorded within the masks, and the DCFDA/CTR MGV
ratio was calculated for each mask. See Figure 3B for plots of ranked
DCFDA/CTR ratios of individual cells from representative experi-
ments. From each experiment, we collected the ratios from at least
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200 cells per sample. We then determined the median and the in-
terquartile range of ratios collected from one to three experiments
(200-600 cells) as indicated in the figure legends.

Immunofluorescence

Acid-washed coverslips stored in 100% ethanol were placed in
24-well plates, and ~20,000 MEFs were seeded per well. After incu-
bation with EV for 24 h in serum-free media containing 1% BSA,
cells were fixed in 4% PFA for 15 min, washed with 0.02% Tween-20
in Tri-buffered saline (TBS) twice (5 min each), permeabilized with
1% Triton X-100 in TBS for 15 min, and then blocked with 5% BSA
for 30 min at room temperature. The coverslips were incubated
with primary antibody for 1 h at 37°C: anti-Abl (8E9; 6 ug/ml) from
Thermo Fisher Scientific. Coverslips were washed twice with 0.02%
Tween-20 in TBS twice (5 min each) and then incubated with ALEXA
fluor-488 (Invitrogen)-chicken anti-mouse (1/500) for 30 min. Nuclei
were stained with Hoechst 33342. Coverslips were mounted with
Prolong Gold Antifade Reagent and sealed with nail polish before
imaging. Images were captured using an Olympus FV1000 spectral
confocal microscope.

Quantification of nuclear Abl

Using the Analyze Particle (AP) tool in FIJI (ImageJ), nuclear masks
were generated from Hoechst images. The nuclear masks were
transferred to the corresponding Abl images to capture the inte-
grated density (IntDen) of nuclear Abl. To capture the IntDen of cy-
toplasmic Abl, the masks were used to fill in the nuclei with black,
and the AP tool was used again to generate masks of individual
cells. The percentage of nuclear Abl intensity was calculated by di-
viding nuclear IntDen by the sum of nuclear plus cytoplasmic IntDen
for each cell, and the median and interquartile range of values from
at least 20 cells per sample are shown in the figures.

Immunoblotting

Cell pellets were lysed in RIPA buffer (25 mM Tris-HCI, pH 7.6, 10%
glycerol, 1% NP40, 0.5% sodium deoxycholate, 1x protease inhibi-
tors [Roche], 150 mM sodium chloride, 50 mM sodium fluoride,
10 mM sodium beta-glycerophosphate, 10 mM sodium orthovan-
date, 10 mM sodium pyrophosphate, 1 mM phenyl-methane-
sulfonyl-fluoride). Proteins were separated using SDS-PAGE and
transferred onto nitrocellulose membranes (Millipore). Membranes
were blocked for 1 h at room temperature, incubated with anti-Abl
(8E9) (1/500) and anti-actin (1/2000) from Sigma Aldrich for 1 h,
washed and incubated with secondary antibody (Anti-mouse: HRP-
linked), and developed using ECL reagents (Pierce).

Retrovirus packaging and infection

Each of AbI"T, AbHNS, and AbIXP stably expressed in Abl-uNLS
MEFs by retroviral infection. BOSC23 cells were transfected with
retroviral vector pMSCV expressing Ab"T, AbI*NS, or AbI<P. Culture
media collected at 48 h after transfection were filtered and added to
Abl-uNLS MEFs with polybrene (4 pg/ml). Infected cells were then
selected for resistance to hygromycin (150 pg/ml).

Transfection

Genetran (Biomiga) was used to transfect HEK239T cells with
miR-34c-minigene and pCDNA3-AbIPPn plasmid DNA (Tu et al.,
2015). Transfected cells and their media (for EV isolation) were col-
lected 24 h after transfections. RNAIMAX was used to transfect
MEFs with control mimic (CGGUACGAUCGCGGCGGGAUAUC)
and miR-34c mimic (AGGCAGUGUAGUUAGCUGAUUGC) (Sigma).
The transfection efficiency was ~80%, as determined by siGLO
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green (Dharmacon). The ROS levels in live transfected cells were
measured at 24 h posttransfection as described above.

RNA measurements

A SeraMir Exosome RNA amplification kit (System Biosciences) was
used to extract RNA from EV pellets. Total cellular RNA was ex-
tracted using TRIzol (Life Technologies). Synthesis of cDNA was car-
ried out using an ABI reverse transcription kit (Life Technologies). For
measurements of mature miR-34c, stem-loop primer was used for
reverse transcription (Tu et al., 2015). U6 was used as the reference
gene for normalization of miR-34c abundance. Real-time PCRs were
carried out using a StepOnePlus system. Subtraction of the refer-
ence gene CT value from the experimental gene CT value gener-
ated the normalized ACT. Relative abundance was then calculated as
284CT \where AACT values were ACT of vehicle-treated or vector
transfected cells subtracted from ACT of sample. Primer sequences:

U6-F: CTCGCTTCGGCAGCACA, U6-R: AACGCTTCACGAATTT-
GCGT,

Stem-loop miR34c: GTCGTATCCAGTGCAGGGTCCGAGGTATT-
CGCACTGGATACGACGCAATC,

g-miR34c-F: AGGCAGTGTAGTTAGCTG, g-miR-R: GTGCAG-
GGTCCGAGGT

Statistical analysis

The statistical analyses were performed using Graph-Pad Prism 6.
For clonogenic survival and quantitative reverse transcription-PCR
measurements the mean + SD from three independent experiments
were analyzed using one-way analysis of variance (ANOVA). For
PKH26 quantification, the mean + SD of total mean gray values from
at least six images per sample were analyzed by one-way ANOVA.
For ROS measurements, the DCFDA/CTR ratios from 200-600 cells
from one to three independent experiments per sample were
ranked across samples and the mean ranks analyzed using the non-
parametric Kruskal-Wallis test. For nuclear Abl quantification, the
percent nuclear IntDen from 20-30 cells per sample were ranked
across samples and the mean ranks analyzed using the nonparamet-
ric Kruskal-Wallis test. For each statistical test, ns: not significant,
*P<0.05,**P<0.01, ***P<0.001, ****P <0.0001.
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