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Background: Many tRNA synthetases (AARS) have
extracellular and nuclear functions. Some of these func-
tions might require the export of their mRNAs.
Results: Packaging in exosomes of mRNAs for AARSs
and a splice variant was demonstrated.
Conclusion: Exosomes capture translation-competent
AARS-derived mRNAs, which can be regulated by exter-
nal stimuli.
Significance: Exosomes are a source for extracellular dis-
tribution of AARS-derived RNA information.

Although tRNA synthetases are enzymes that catalyze the
first step of translation in the cytoplasm, surprising functions
unrelated to translation have been reported. These studies, and
thedemonstrationofnovel activitiesof splicevariants, suggest a far
broaderreachof tRNAsynthetases intocellbiologythanpreviously
recognized.Herewe show thatmRNAs formost tRNAsynthetases
can be detected in exosomes. Also detected in exosomes was an
mRNAencoding a unique splice variant that others had associated
with prostate cancer. The exosomal mRNAs encoding the native
synthetase and its cancer-associated splice variant could be trans-
lated in vitro and in mammalian cells into stable proteins. Other
results showed that selection by exosomes of the splice variant
mRNA could be regulated by an external stimulus. Thus, a broad
and diverse regulated pool of tRNA synthetase-derived mRNAs is
packaged for genetic exchange.

The aminoacyl tRNA synthetases (AARSs),2 as a protein
family (1), have progressively added novel domains in evolution
with a fecundity that is not matched by any other family (2).
These domain additions are not needed for catalysis, but rather
to endow the synthetases with functions beyond translation.
These functions are associated with secreted, extracellular
forms and with nuclear forms that are active in many different
cell-signaling pathways (3–12). In addition, a recent study dem-
onstrated that a novel domain, appended to SerRS at the time of
the invertebrate to vertebrate transition, was essential for
development of the closed vascular system (13). Thus, novel
domains added to tRNA synthetase are endowed with non-
translation functions that are as essential as the activity of the
synthetase in protein synthesis (12).
The discovery and analysis of exosomes revealed yet another

mechanism for cells to communicate and to transfer intracel-
lular components. These components include specific mRNAs
that can be translated and thus highlight how exosomes imple-
ment genetic exchange between cells (14–17). With this per-
spective, we were especially interested in the idea that, in addi-
tion to protein secretion, the exosome-driven intercellular
transmission of AARSmRNAs is a genetic communication that
brings new functions to the targeted recipient. In addition, we
were interested in finding at least oneAARSmRNAvariant that
encoded a novel appended domain, but had ablated at least part
of the core enzyme needed for catalysis. We infer that such a
variant would have to be redirected to an alternative function.
In this connection, a splice variant of human GlnRS was
reported to be associated with some cancers (18, 19). This var-
iant (designated here asGlnRS�iABD) has an internal deletion of
42 amino acids in the anticodon binding domain (ABD). This
deletion eliminates anticodon recognition by GlnRS�iABD and
in some ways is reminiscent of the recently reported internally
deleted splice variant of human HisRS (HisRS�CD), which
lacks the entire catalytic domain (20). Thus, we were also moti-
vated to search in exosomes for mRNA encoding GlnRS�iABD

and, if successful, to see whether its appearance could be
regulated.

EXPERIMENTAL PROCEDURES

Jurkat T Cell Activation and Exosome Purification—Jurkat T
cells were grown and maintained in RPMI 1640 medium sup-
plemented with 10% FBS and 0.5% penicillin/streptomycin.
Human CD3� monoclonal antibody (clone UCHT1) was
obtained from R&D systems (Minneapolis, MN). For activa-
tion, culture flasks were coated with 1 �g/ml CD3� antibody in
PBS or PBS alone at 37 °C overnight. The flasks were washed
once with PBS before use. Jurkat cells suspended in culture
medium, which consisted of exosome-free medium cleaned
by overnight centrifugation at 100,000 � g (Hitachi CP100,

* This work was supported in part by the Innovation and Technology Fund of
Hong Kong (UIM181, UIM192, and UIM199), Grant CA092577 from the NCI
(to P. S.) and Grant GM 088278 from the National Institutes of Health (to
Y.-X. L.), aTyr Pharma, and by a fellowship from the National Foundation for
Cancer Research. Professors Mingjie Zhang, Xiang-Lei Yang, and Paul
Schimmel have a financial benefit from aTyr Pharma in the form of com-
pensation or stock ownership or both. The partial support of this work by
aTyr Pharma is stated in this footnote. The rest of the authors have affilia-
tions that are annotated, and these affiliations include aTyr Pharma and
Pangu Biopharma.

□S This article contains supplemental Table 1.
1 To whom correspondence should be addressed: IAS HKUST–Scripps R&D

Laboratory, Institute for Advanced Study, HKUST, Clear Water Bay,
Kowloon, Hong Kong. Tel.: 852-23585022; Fax: 852-27198158; E-mail:
schimmel@scripps.edu.

2 The abbreviations used are: AARS, aminoacyl tRNA synthetase; QRS, GlnRS,
glutaminyl-tRNA synthetase; ABD, anticodon binding domain; qRT-PCR,
quantitative real-time PCR; qPCR, quantitative PCR; Bis-Tris, 2-(bis(2-hy-
droxyethyl)amino)-2-(hydroxymethyl)propane-1,3-diol; B2M, �-2 micro-
globulin; CD, catalytic domain.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 41, pp. 29223–29228, October 11, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

OCTOBER 11, 2013 • VOLUME 288 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 29223

REPORT

 at H
ong K

ong U
niversity of Science &

 T
echnology on M

ay 4, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Hitachinaka, Ibaraki, Japan), were added to the CD3� antibody-
coated flask for activation or to a PBS-coated flask as a control.
After incubation for 6 h, cells were harvested by centrifugation
at 300 � g for 10 min. Exosomes were purified from the col-
lected medium by differential centrifugation as described pre-
viously (21). Briefly, mediumwas centrifuged at 2000� g for 10
min at 4 °C followed by filtration through a 0.22-�m filter. Exo-
someswere pelleted by ultracentrifugation at 100,000� g for 90
min at 4 °C. The pellet was washed once with PBS and then
resuspended in PBS. The protein content in the purified exo-
somes was quantified by the BCA protein assay kit (Pierce).
RNA Isolation—The cellular or exosomal RNA was isolated

by the RNeasy mini kit (Qiagen, Hilden, Germany). Cells or
exosomes were lysed in the RLT buffer and added with 3.5 vol-
umes of 100% ethanol before passing through the RNeasy mini
spin column. The subsequent steps were performed according
to themanufacturer’s instructions. Residual genomic DNAwas
removed by TURBO DNase (Invitrogen). To confirm that the
extracted RNAwas from inside the exosomes, Jurkat exosomes
were pretreatedwith 0.1�g/�l RNaseA (Invitrogen) for 10min
at 37 °C. Then, RNaseAwas inactivated by 0.4�g/�l proteinase
K (Bioline, London, UK) for 20 min at 37 °C before RNA puri-
fication. As a control for RNase activity, 5 �g of cellular RNA
were included.
Isolation of Polyribosomal RNA—Polyribosomal mRNA was

isolated from Jurkat T cells according to the protocol described
by del Prete et al. (22) with slight modifications. Briefly, cells
were firstly lysed in RLN lysis buffer (Qiagen,Hilden,Germany)
to which was added 0.5% IGEPAL (Sigma-Aldrich), 40 mM

dithiothreitol, 500 units/ml RNase inhibitor (ABI Biosystems,
Foster City, CA), 150�g/ml cycloheximide, 650�g/ml heparin,
and 10 mM proteinase inhibitor. After centrifugation at
12,000� g for 5min at 4 °C, the supernatant was layered onto a
linear sucrose gradient (10–40% sucrose (w/v) supplemented
with 10 mM Tris-HCl (pH 7.5, 140 mMNaCl, 1.5 mMMgCl2, 10
mM dithiothreitol, 100 �g/ml cycloheximide, 0.5 mg/ml hepa-
rin) and centrifuged at 36,000 rpm (Hitachi CP100) for 6 h at
4 °C. Fourteen fractions (500 �l) were collected. For each frac-
tion, absorbance at 260 nm was determined and plotted. To
removeheparin, RNAs in these fractionswere thenprecipitated
with 2M lithium chloride at 4 °C overnight. After centrifugation
at 12,000 � g for 15 min at 4 °C, the RNA pellet was washed
twice with 70% ice-cold ethanol, air-dried, and resuspended in
RNase-free water. Proteins were separated from RNAs using
the RNeasy kit.
Quantitative Real-time PCR (qRT-PCR)—All human tissue

poly(A)� RNAs were obtained from Clontech (catalog num-
bers: 636102, 636106,636170, 636591, 636128, 636105, 636113,
636119, 636121, 636101, 636118, 636146, 636125, 636162, and
636120). Total RNAof human Jurkat T, Raji B, THP-1, IMR-32,
MCF-7, or MDA-MB-231 cells was extracted with the
PureLinkTM RNA mini kit (Invitrogen). Complementary DNA
(cDNA) was synthesized from RNA samples using a Super-
Script III first-strand synthesis kit (Invitrogen) and an oligo(dT)
primer. The PCR reactions were performed using the SYBR
Green master mix (Roche Applied Science, Mannheim, Ger-
many) and with the optimized primer pairs (supplemental
Table 1) on a ViiATM 7 real-time PCR system (Life Technolo-

gies). The thermal cycling steps were as follows: 2 min at 50 °C,
10min at 95 °C, and then 45 cycles of 95 °C for 30 s and 60 °C for
30 s. The data were analyzed using the ViiATM 7 RUO software
(Life Technologies). For tissue distribution analysis, mRNA
expression of QRS1 or GlnRS�iABD was normalized to two
housekeeping genes, RPL9 and RPS11. For analysis of RNA lev-
els in exosomes, U6 snRNA was employed for normalization
(17). To determine the copy numbers of QRS1 andGlnRS�iABD

mRNAs in the samples, the standard curve method was
employed. Briefly, cDNAs encoding QRS1 or GlnRS�iABD were
cloned into a pET21a vector and confirmed by sequencing. The
constructs were quantified with NanoDrop 1000 (Thermo Sci-
entific). The standard curves were constructed using 10, 50,
102, 103, 104, and 105 copies of QRS1 or GlnRS�iABD as the
templates in qPCR reactions, which were run in parallel with
the samples. (Copy numbers were calculated using the URI
Genomics and Sequencing Center dsDNA copy number calcu-
lator.) The standard curves were plotted as cycle threshold (Ct)
values versus the logarithm of copy number. The copy number
of QRS1 or of GlnRS�iABD mRNAs in the samples was extrap-
olated from the standard curve.
Western Blot Analysis—Total proteins were extracted from

Jurkat cells with 50 mM Tris buffer (pH 8.0) containing 1% Tri-
ton X-100 and 5mM EDTA. To release exosomal proteins, exo-
somes were mixed with 1:1 2� SDS loading buffer and incu-
bated at 70 °C for 10 min and at 95 °C for 5 min. Proteins were
separated on a NuPAGE 4–12% Bis-Tris gel (Invitrogen) and
transferred to a nitrocellulose membrane. The membranes
were separately stained with amonoclonal antibody targeted to
TSG101 (Abcam, Cambridge,MA) a polyclonal antibody to Bip
(Abcam), or a polyclonal antibody to Alix (Santa Cruz Biotech-
nology, Dallas, TX).
In Vitro Coupled Transcription/Translation Assay—The

cDNA encoding GlnRS�iABD was cloned into a pcDNA3.1 vec-
tor and confirmed by sequencing. The TNT� T7-coupled
reticulocyte lysate system was purchased from Promega (Mad-
ison, WI). The reaction was performed according to the man-
ufacturer’s protocol. The empty vector pcDNA3.1was included
as a negative control. After the reaction, 1% of product was
subjected to Western blot analysis with a mouse anti-QRS1
polyclonal antibody (Abcam).

RESULTS

As part of our ongoing investigations of novel functions of
tRNA synthetases, we chose Jurkat cells in part because they
can be studied in both a quiescent and an activated (by CD3
stimulation) state. Following standard protocols with differen-
tial centrifugation methods, about 20 �g of exosomes were
purified from 100 ml of culture medium of 108 Jurkat cells. For
evaluation of the purity, a sample of the exosomes was sub-
jected toWestern blot analysis to detect components known to
be markers for exosomes. We also tested for contamination
from the endoplasmic reticulum (Fig. 1). This analysis showed
clearly the presence of exosomalmarkers TSG101 (Fig. 1A) and
Alix (Fig. 1B) and the absence of the Bip marker of the endo-
plasmic reticulum (Fig. 1C) (21, 23).
To start our search for mRNAs encoding for AARSs in exo-

somes from Jurkat cells, we first investigated exosomal RNA
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from Jurkat cells. In contrast to added cellular RNA, which was
degraded by RNase, there was no difference between control
and RNase-treated exosomes (Fig. 1D), suggesting that exo-
somal RNAwas protected within the exosomes. Then, we used
qRT-PCR to annotate the number of cycles above the back-
ground threshold (Ct) that is needed to detect a specificmRNA.
U6 snRNA, an RNA commonly found in exosomes, was used as
a positive marker and was easily detected. As expected, expres-
sion ofU6 snRNA in the cellular RNAwas relatively stable upon
activation (Ct for quiescent � 26.7 � 0.1 versus 26.2 � 0.2 for
activated) and in exosomal RNA (Ct for quiescent 24.6 � 0.1
versus 23.8� 0.2 in activated) (Fig. 1E). To search for a negative
control, we also checked the expression levels of six other
housekeeping genes (Fig. 1E). Importantly, of these six genes,
�-2microglobulin (B2M) had a similar level of expression asU6
snRNA inside the cell. In contrast, B2M mRNA was not
detected in the exosomes. Thus, exosomal RNAs appear not to
be contaminated by cellular RNAs. We also investigated the
expression level of IL-2 mRNA in quiescent and activated Jur-
kat cells and in exosomes. As expected (24), IL-2 mRNA was
up-regulated after activation (Ct value changed from 39.3� 0.4

to 34.2 � 0.8). In contrast, after 45 cycles of qPCR, IL-2mRNA
was not detected in exosomal RNA samples from either quies-
cent or activated Jurkat cells (Fig. 1E).
Next, we investigated the presence of mRNAs encoding 15

different cytoplasmic tRNA synthetases. These included
mRNAs for alanyl-tRNA synthetase (AlaRS, ARS1), ArgRS
(RRS1), AsnRS (NRS1), AspRS (DRS1), CysRS (CRS1), GlnRS
(QRS1), Glu-ProRS (EPRS), GlyRS (GRS1), HisRS (HRS1),
IleRS (IRS1), MetRS (MRS1), SerRS (SRS1), ThrRS (TRS1),
ValRS (VRS1), and TyrRS (YRS1). (ThemRNAs encoding cyto-
plasmic histidyl-tRNA synthetase (HRS1), cytoplasmic trypto-
phanyl-tRNA synthetase (WRS1), and mitochondrial asparag-
inyl-tRNA synthetase (NRS2) were annotated in exosomes
extruded from twomast cell lines (MC/9 and HMC-1) (14, 25).
Our work also showed the presence of HRS1 in exosomes
from Jurkat cells.) The primers used for this analysis are
listed in supplemental Table 1. (The average length of the
coding sequences for 15 AARS genes was around 2400 bp.
The average distance between two pairs of primers for each
AARS mRNA was 1050 bp.) To assure and validate that we
covered a large portion of the mRNA, these primers were

FIGURE 1. Detection of AARS mRNAs in the exosomal RNA from Jurkat cells. A–C, exosomes were purified from conditioned medium of Jurkat T cells. Four
�g of cell lysates and of exosome samples were subjected to Western blot analysis with polyclonal antibodies against TSG101 (A), Alix (B), and Bip (C). D, cellular
RNA was degraded after RNase treatment. Jurkat exosomes treated with RNase showed no difference on the agarose gel and RT-PCR (U6 snRNA) as compared
with control exosomes. E, representative Ct values of IL-2 mRNAs and seven housekeeping genes (U6 snRNA, B2M, CYC1, RPL9, RPS11, HSP90, and PP1A) were
expressed as mean � S.E. (n � 3). F, the level of mRNAs for 15 genes from the family of cytoplasmic AARSs. The mRNAs for ARS1, CRS1, DRS1, EPRS, GRS1, HRS1,
IRS1, MRS1, NRS1, QRS1, RRS1, SRS1, TRS1, VRS1, and YRS1 were analyzed with qRT-PCR. The Ct values for cellular RNA of nonactivated (the control, purple
column) or activated (blue) Jurkat cells and for exosomal RNA from control (red) or activated (green) Jurkat cells are presented with a mean � S.E. (n � 3).
G, the expression level in cellular (blue column) or exosomal (green) RNA from activated Jurkat cells was normalized as the -fold change relative to control
(con) (nonactivated) cellular (purple) or control exosomal (red) RNA, respectively. The data were expressed as mean � S.E. of three independent
experiments.
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designed to detect exon junctions at two well separated
regions of the mRNAs.
In most cases, two pairs of primers were used for confirma-

tion. Because in this and other work (20) we found that the
abundance of splice variants (such as those that might contain
an internal deletion) was less than 1% of that of the full-length
mRNAs, the primers essentially yieldCt values thatmonitor the
amount of the full mRNA.
The mRNAs for all 15 cytoplasmic tRNA synthetases were

found in both whole cell lysates and exosomal fractions. The Ct
values for the whole cells lysates were in the range of Ct �
23.1–29.4. For the exosomes, the Ct values ranged from 29.9 to
40.9. Thus,Ct values for the exosomal mRNAs for the cytoplas-
mic AARSs suggest a level that is about 1% or less of that found
in whole cells (23.1 versus 29.9, for example, is a difference of
26.8 � 111.4 (Fig. 1F)).
The data were further analyzed, with normalization to con-

trol cellular or exosomal RNA, to evaluate regulation upon Jur-
kat cell activation. For either cellular or exosomal RNAs,
expression levels of 15 cytoplasmic AARS genes were not
altered (after activation) in a statistically significant way as
compared with the controls (Fig. 1G).
As mentioned in a recent publication on HisRS�CD (20), an

amplification-based transcriptome sequencing method was
developed for the discovery of splicing variants of mRNAs for
AARSs. Because of a prior study indicating an association of a
specific splice variant (designated as GlnRS�iABD) of GlnRS
mRNA with cancer (19), first reported in a prostate cancer cell
line, we were particularly interested in screening for the pres-
ence of this variant (Fig. 2). The splice variantmRNAskips exon
23 and results in deletion of a region encoding a 42-amino acid
segment in the ABD that is needed for recognition of the anti-
codon of tRNAGln (26) (Fig. 2A). Based on the location of the
exon-skipping event, we designed a pair of GlnRS�iABD

mRNA-specific primers that do not amplify mRNA for QRS1
(Fig. 2B). Interestingly, GlnRS�iABD was found in the exosomal
RNA of both quiescent and activated Jurkat cells (Fig. 2C). In
contrast, two splicing variants of SerRS expressed in the cell
were not detected in the exosomal RNA (Fig. 2D). To support
the conclusion that the exosomal RNA preparation was not
contaminated by cellular RNA, we reconfirmed the presence of
U6 snRNA and absence of mRNA encoding B2M and IL-2.

A qRT-PCR analysis was used to determine the levels of the
transcripts for QRS1 andGlnRS�iABD. The levels of mRNAs for
QRS1 and GlnRS�iABD were not significantly changed after
activation of Jurkat cells (copy number � 6170.8 � 1672.9
and 8124.6 � 2167.9 and copy number � 1256.1 � 462.0 and
1898.9 � 314.2, respectively, for mRNAs of QRS1 and
GlnRS�iABD). In contrast, transcripts for GlnRS�iABD were
most clearly enhanced in the exosomes from activated Jurkat
cells (copy number� 120.2� 21.7 versus 249.7� 69.1 (p� 0.1,
quiescent versus activated) for QRS and copy number� 27.3�
6.6 versus 82.0 � 12.6 for GlnRS�iABD (p � 0.009) (Fig. 2E)).

These results prompted us to investigate the expression of
mRNA for GlnRS�iABD in additional cell types. Across 15 tis-
sues and seven cell lines, expression levels of mRNAs for QRS1
were not significantly different. In contrast, for the mRNA for
GlnRS�iABD, the expression level in Jurkat T, THP-1monocyte,

macrophage, andMDA-MB-231 cells stood out from the panel
of the others (�3 median) (Fig. 2F). The expression level of
GlnRS�iABD mRNA was significantly up-regulated in the more
advanced and invasive MDA-MB-231 cells as compared with
MCF-7 cells.
We next investigated the potential for translation of the

GlnRS�iABD mRNA. First, we used specific PCR primers to
identify the mRNA for endogenous GlnRS�iABD in polyribo-
somal RNA. Using sucrose gradient centrifugation to separate
polyribosomes, we were able by RT-PCR to identify the
GlnRS�iABDmRNA in the polyribosome but not free RNA frac-
tions, which was similar to the result with QRS1 mRNA (Fig.
2G). We then constructed a recombinant cDNA gene for the
GlnRS�iABD mRNA detected in exosomes. The idea was to test
whether the mRNA could be translated into a stable protein.
First, we used the rabbit reticulocyte-coupled transcription-
translation system (27, 28). As shown in Fig. 2H, a protein prod-
uct of the expected size for GlnRS�iABD was easily detected. This
result showed that exosomal mRNA for GlnRS�iABD is active for
translation. It also demonstrated that the GlnRS�iABD-encoded
protein is internally deleted in a way that allows it to fold into a
stable structure.
Next, we transfected HEK 293T cells with the vector encod-

ing the GlnRS�iABD gene. Cell lysates were then analyzed by
Western blot methods. As shown in Fig. 2I, proteins corre-
sponding in size to endogenous QRS1 and GlnRS�iABD were
easily detected. These results further support the conclusion
that the exosomal mRNA sequences for tRNA synthetases and
their splice variants are functional in protein synthesis.

DISCUSSION

Given the expansion of tRNA synthetase functions into areas
of biology beyond translation, the question of whether exo-
some-mediated export of their mRNAs could play a role in the
distribution of synthetase-derived information was of some
interest. Genetic material consisting of mRNA was first identi-
fied in exosomes extruded from two human mast cell lines
(MC/9 and HMC-1) (14). Significantly, the exosome mRNA
from these mast cell lines was functional in both in vitro and in
vivo translation assays (14). Although several components of
the translational apparatus, such as ribosomal proteins and
elongation factors, were also found in the exosomes (29), no
evidence supported the presence of rRNAs (14). The absence of
rRNAs suggests that translation is not actively taking place in
exosomes. Thus, although tRNA synthetases are essential com-
ponents of the translation apparatus, the capture of their
mRNAs is not for translation nor to implement translation in
exosomes. In that connection, several recent studies document
a regulatory role for specific mRNAs, which is distinct from a
role in translation (30–32).
The presence of mRNAs for specific proteins in exosomes

and the discovery ofmicroRNAs in exosomes have enlarged the
perspective for how RNAs can play a role in genetic exchange
between cells. In that connection, recentwork byMontecalvo et
al. (33) has reinforced the concept of the functional significance
of exosome-based export of RNAs. Our work shows that most,
if not all, mRNAs encoding human cytoplasmic tRNA synthe-
tases, and the mRNA for a specific splice variant, are captured
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by exosomes. Interestingly, the absence of detectable mRNA in
exosomes for B2M and IL-2 (even when expression of IL-2 was
up-regulated (Fig. 1E)) highlights a mechanism for mRNA
selection that is yet to be understood.However, the observation

that the relative abundance of the exosomal GlnRS�iABD

mRNA splice variant was regulated by an external stimulus (for
activating Jurkat cells (Fig. 2E)) shows that the selection mech-
anism is sensitive to specific exogenous signals. In addition, the

FIGURE 2. GlnRS�iABD was present in exosomes extruded from Jurkat cells. A, the consequence of the internal deletion in the ABD of GlnRS (to give
GlnRS�iABD) is modeled based on the structure of several lower homologs (Protein Data Bank (PDB) numbers 3tl4, 2hz7, and 1exd). The location of the splice
junction in the structure is marked with a red arrow. B, The specific primers for GlnRS�iABD were tested in a qPCR reaction with the templates of 106 copies of
QRS1, 106 copies of GlnRS�iABD, and cDNA generated from RNA of Jurkat cells. C, using RT-PCR, expression of GlnRS�iABD was tested using cellular (cell) and
exosomal (exo) RNA samples. (The notation � is for nonactivated Jurkat cells, and � is for activated Jurkat cells.) D, two SerRS splicing variants were present in
the cells but not in the exosome. Using RT-PCR, expression of SRS1, SerRS�E2, and SerRS�E9 was tested using cellular (cell) and exosomal (exo) RNA samples.
SerRS�E2 and SerRS�E9 are SerRS splicing variants with deletion of the second and ninth exons, respectively. E, the copy numbers of QRS1 and GlnRS�iABD were
determined by qRT-PCR and using a standard curve. The data represent mean � S.E. of three independent experiments. ** designates p � 0.01 in a Student’s
t test. F, the tissue distribution across 22 samples of QRS1 (empty column) and GlnRS�iABD (pink column) was determined by qRT-PCR, using primers that
specifically target QRS1 or GlnRS�iABD. The data are expressed as mean � S.E. (n � 3). A light magenta dashed line marks 3 times the median (3M) from the
expression levels in 22 samples. G, endogenous GlnRS�iABD mRNA was detected in the polyribosomal fractions but not free mRNA fractions isolated from Jurkat
cells. Fourteen fractions were obtained from across a 10 – 40% sucrose gradient. The mRNA for QRS1 and GlnRS�iABD was detected with specific PCR primers.
H, a recombinant gene encoding GlnRS�iABD in pcDNA3.1 and an empty vector control (con) were subjected to a rabbit T7 RNA polymerase-coupled transla-
tion-transcription reticulocyte lysate system, and the products were analyzed by Western blotting. The black arrow points to rabbit QRS1, whereas the
arrowhead marks human GlnRS�iABD. I, The HEK 293T cells were transfected with a recombinant gene encoding GlnRS�iABD in a pcDNA3.1 vector or with an
empty vector (Con). Cell lysates were analyzed by Western blot analysis. The position of QRS1 is indicated by a black arrow, and an arrowhead marks the position
of GlnRS�iABD.
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abundance of the GlnRS�iABD mRNA variant was tissue-spe-
cific (Fig. 2F), suggesting that parameters determining cell type
also play a role in mRNA selection. Thus, exosomes provide a
versatile format for selection and distribution of tRNA synthe-
tase-derived genetic information. Also, the observation that an
mRNA encoding a catalytically impaired splice variant is pack-
aged by exosomes further highlights the potential for the broad
reach of alternative noncatalytic forms of tRNA synthetases
into areas of biology that are outside of translation.
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