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(Bacl(ground: Exosomes are small vesicles in the tumor\
microenvironment containing nucleic acids and proteins
with the capacity to influence cell behavior.

Results: Exosomes contain double-stranded genomic
DNA.

Conclusion: Exosomes have the capacity to carry and
transport genomic DNA spanning all chromosomes with
KRAS and p53 mutations.

Significance: Exosomes can aid in identifying genomic
mutations in patients with pancreatic cancer.
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Exosomes are small vesicles (50 -150 nm) of endocytic ori-
gin thatare released by many different cell types. Exosomes in
the tumor microenvironment may play a key role in facilitating
cell-cell communication. Exosomes are reported to predomi-
nantly contain RNA and proteins. In this study, we investigated
whether exosomes from pancreatic cancer cells and serum from
patients with pancreatic ductal adenocarcinoma contain
genomic DNA. Our results provide evidence that exosomes con-
tain >10-kb fragments of double-stranded genomic DNA.
Mutations in KRAS and p53 can be detected using genomic DNA
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from exosomes derived from pancreatic cancer cell lines and
serum from patients with pancreatic cancer. In addition, using
whole genome sequencing, we demonstrate that serum exo-
somes from patients with pancreatic cancer contain genomic
DNA spanning all chromosomes. These results indicate that
serum-derived exosomes can be used to determine genomic
DNA mutations for cancer prediction, treatment, and therapy
resistance.

In addition to direct cell-to-cell contact via soluble factors
such as cytokines and chemokines, there is emerging evidence
that exosomes play a pivotal role in intercellular communica-
tion (1). Exosomes are small membrane vesicles with a size of
50-150nnm (2, 3). They are secreted by many different cell types
such as cancer cells, mesenchymal cells, and thrombocytes (1, 4,
5). The first step in exosome biogenesis involves the inward
budding from the limiting membrane of late endosomes (6).
During this process, exosomes are packed with RNA molecules
and proteins from the parental cells (3, 6). After the release into
the extracellular space, tumor-derived exosomes can transfer
proteins and RNAs with oncogenic activity to recipient cells
(7-9). Because exosomes are very stable under different condi-
tions, they can protect the biological cargo against degradation
and denaturation in the extracellular environment (10). Exo-
somes are found in all body fluids of cancer patients such as
serum, saliva, and ascites (9, 11, 12). Therefore, exosomes are
recognized as promising diagnostic and predictive biomarkers
in cancer. However, whether exosomes contain DNA is largely
unknown.

It has been reported that exosomes from astrocytes and glio-
blastoma cells carry mitochondrial DNA (13). Furthermore, it
has been shown that exosomes from glioblastoma cell lines
contain small amounts of single-stranded DNA as well as high
levels of transposable elements (14). In the current study, we
investigated whether exosomes contain double-stranded
genomic DNA. To test this hypothesis, we extracted DNA from
exosomes derived from pancreatic cancer cell lines and serum
from pancreatic cancer patients. We show that exosomes from
human serum samples, which span all chromosomes and con-
tain DNA with mutated KRAS and p53, contain genomic DNA.

EXPERIMENTAL PROCEDURES

Patient Samples and Tissue Collection—Collection of serum
samples was approved by the Ethics Committee of the Univer-
sity of Heidelberg. A written informed consent for the serum
sampling was obtained preoperatively from all patients with
disclosure of planned analyses regarding potential prognostic
markers. No neoadjuvant radiotherapy or chemotherapy was
provided prior to surgical resection tumors in the patients. On
the day of surgery, 10-ml serum separator tubes were used to
collect blood samples through a central venous catheter imme-
diately before surgical incision. To prevent dilution with block-
ing saline, the first 5-7 ml of the drawn blood were discarded.
The blood samples were then centrifuged at 2500 X g for 10 min

JOURNAL OF BIOLOGICAL CHEMISTRY 3869



REPORT: Exosomes and Genomic DNA

to extract the serum, and the serum was stored at —80 °C until
analysis.

Cell Lines—The following human cell lines were used: Panc-1
cells (American Type Culture Collection (ATCC)) and T3M-4
cells (Cell Bank, RIKEN BioResource Centre). Panc-1 and
T3M4 cells were maintained in RPMI 1640 (Sigma), supple-
mented with 10% (v/v) fetal bovine serum (FBS), 100 units/ml
penicillin, amphotericin B, and 100 ug/ml streptomycin. Both
cell lines were cultured in a humidified atmosphere of 5% CO,
at 37 °C.

Isolation of Exosomes from Cells—Cells were grown in T225-
cm? flasks for 2-3 days until they reached a confluency of
60-70%. Next, cells were cultured in serum-free medium for
48 h. The media were collected and centrifuged at 1000 rpm for
5 min followed by a centrifugation step of 3000 rpm for 10 min
to discard cellular detritus. Afterward, the medium was filtered
using a 0.22-um pore filter (Thermo Fisher Scientific). A total
of 225 ml of conditioned medium was collected and ultracen-
trifuged at 4 °C for 2 h. The supernatant was collected and
stored on ice until further processing on the same day. An addi-
tional 225 ml of conditioned, filtered medium was ultracentri-
fuged at 4 °C for 2 h. The exosome pellets of each ultracentri-
fugation step were pooled in 500 ul of PBS and incubated with
10 wl of DNase I (1 unit/pul, catalog number M6101, Promega)
at 37 °C for 30 min. Subsequently, 50 ul of DNase stop solution
(catalog number M199A, Promega) were added, and the sam-
ples were heated at 65 °C in a water bath for 5 min. Next, the
pooled exosome pellet was washed in 30 ml of PBS, and a sec-
ond step of ultracentrifugation was performed at 150,000 X gat
4. °C for 2 h. After aspiration of the supernatant, the exosome
pellet was suspended in 200 ul of PBS. Five ul of this sample
were obtained and diluted at 1:100 in PBS and stored at —20 °C
for further analysis with NanoSight® LM10 (NanoSight Ltd.,
Minton Park, Amesbury, UK). Exosomes validation included
flow cytometry analysis (FACS)* and immunoblotting with
exosomal markers as well as electron microscopy (see sections
below).

Exosome Isolation from Human Serum Samples— After cell-
free serum samples were thawed on ice, 500 ul of serum (5 ml of
serum in the case of Bioanalyzer analysis) were diluted in 11 ml
of 1 X PBS, filtered through a 0.22-um pore filter (syringe filter,
catalog number 6786-1302, GE Healthcare), and ultracentri-
fuged at 150,000 X gat4 °C overnight. Afterward, the exosome-
depleted serum (~11 ml) was collected and stored on ice until
further processing on the same day. The exosome pellet was
incubated with 1 ul of DNase I in 200 ul of PBS (1 unit/ul,
catalog number M6101, Promega) at 37 °C for 30 min. Subse-
quently, 5 ul of DNase stop solution (catalog number M199A,
Promega) were added, and the samples were heated at 65 °C in
a water bath for 5 min. Next, the exosome pellet was washed in
11 ml of 1X PBS, and a second step of ultracentrifugation was
performed at 150,000 X gat4 °C for 2 h. The supernatant of the
second step was discarded, and the pellet was suspended in 200
wl of PBS. Five ul of this sample were obtained and diluted 1:100
and stored at —20 °C for further analysis using NanoSight®

*The abbreviation used is: FACS, flow cytometry analysis.
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LM10. The supernatant of this first run was filtered by using a
fiber filtration system with a pore size of 70 kDa (catalog num-
ber C02-E070-05-N, Spectrum Laboratories, Inc.). NanoSight
measurements using NanoSight® LM10 confirmed the deple-
tion of exosomes.

DNA Extraction—The DNA was extracted using the DNeasy
blood and tissue kit (catalog number 69506, Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Finally, the DNA was eluted in 50 ul of AE buffer and stored at
—20 °C until processing. Double-stranded DNA was analyzed
using an Agilent DNA 7500 reagent kit (catalog number 5067-
1507, Agilent Technologies). To conduct DNA extraction on
the whole exosome-depleted serum supernatant (~10 ml), 1 ml
of proteinase K and 10 ml of lysis buffer were added. After heat
inactivation at 56 °C in a water bath, 10 ml of ethanol (100%)
were supplemented. Subsequently, the whole volume was
sequentially centrifuged in one spin column. After the washing
steps had been performed according to the manufacturer’s
instructions, 50 ul of AE buffer were pipetted directly onto the
column membrane, incubated at room temperature for 1 min,
and then centrifuged for 1 min at 6000 X g (8000 rpm) to elute.
The eluate was stored at —20 °C until processing.

FACS—Exosomes were attached to 4-um aldehyde/sulfate
latex beads (Invitrogen) by mixing ~30 ug of exosomes in a
100-ul volume of beads for 2 h at room temperature. This sus-
pension was diluted to 1 ml with PBS, and the reaction was
stopped with 100 mMm glycine and 2% BSA in PBS. Exosome-
bound beads were washed in PBS/1% BSA, blocked with 10%
BSA, and stained for FACS with CD9 (Abcam, 1:400, ab92726),
TSG101 (Abcam; 1:400; anti-ab83), and CD63 antibodies
(Santa Cruz Biotechnology, 1:400; sc-15363). Secondary anti-
bodies with Alexa Fluor 488 (Life Technologies) were used.

Western Blot and Antibodies—'To monitor exosomal expres-
sion of TSG101 and CD63, exosomes were harvested in 8 M
urea/2.5% SDS, 5 ug ml ™" leupeptin, 1 wg ml~ " pepstatin, and 1
mM phenylmethylsulfonyl fluoride buffer. Samples were loaded
according to Bradford quantification and analyzed using acryl-
amide gels. Wet electrophoretic transfer was used to transfer
the proteins in the gel onto PVDF membranes (Immobilon P).
The protein blot was blocked for 1 h at room temperature with
5% nonfat dry milk in PBS/0.05% Tween and incubated over-
night at 4 °C with the following primary antibodies against
TSGI101 (Abcam; 1:400 anti-ab83) and CD63 (Santa Cruz Bio-
technology, 1:400; sc-15363). Afterward, secondary antibodies
were incubated for 1 h at room temperature. Washes after anti-
body incubations were done on an orbital shaker, four times at
10-min intervals, with 1X PBS/0.05% Tween 20. Blots were
developed with chemiluminescent reagents from Pierce.

PCR—The amount of DNA from cells and cell medium-de-
rived exosomes was quantified using a Nanodrop® 1000 spec-
trophotometer (Thermo Fisher Scientific). The amount of
DNA from human serum-derived exosomes was quantified
using PicoGreen® (Quant-iT™ PicoGreen® dsDNA assay kit,
catalog number P11496, Life Technologies). PCR was per-
formed in a 25-ul reaction tube consisting of 10 ul of template
DNA, 1 uM of each primer, 2.5 mm dANTP, 2.5 mm 10X PCR
buffer, 25 mM magnesium solution, 0.5 ul of H,O, and 2.5 ul of
Taq polymerase. Amplification was carried out in a T100 Ther-
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mocycler (Bio-Rad) under the following conditions: 94 °C for 1
min, 2 cycles of 94.°C for 10 s, 67 °C for 30 s, 70 °C for 30 s; 2
cycles of 94 °C for 10 s, 64 °C for 30 s, 70 °C for 30 s; 2 cycles of
94 °Cfor 105,61 °C for 30 s, 70 °C for 30 s; 35 cycles of 94 °C for
10's, 59 °C for 30 s, 70 °C for 30 s; endless 4 °C. KRAS analysis
was performed using the following primers: forward
5'-AAGGCCTGCTGAAAATGACTG-3', 5'-TCACAATAC-
CAAGAAACCCAT-3'. p53 analysis was performed using the
following primers: p53 Exon 7-8p (609 bp), forward 5'-TCCT-
AGGTTGGCTCTGAC-3',reverse 5'-CCTGCTTGCTTACC-
TCGCT-3' and p53 Exon 5-8 (1564 bp), forward 5'-TTCCTC-
TTCCTACAGTACTCC-3, reverse 5'-CCTGCTTGCTTAC-
CTCGCT-3'. PCR products were purified using the QIAquick
PCR purification kit (Qiagen). Subsequently, a sequencing rea-
ction was performed using BigDye terminator kit (v3.1, Life Te-
chnologies) according to the manufacturer’s instructions.

For sequencing, the following primers were used: KRAS
5'-AAGGCCTGCTGAAAATGACTG-3', 5'-AGAATGGTC-
CTGCACCAGTAA-3'; p53 Exon 5-8 forward 5'-TCTTCCT-
ACAGTACTCCCCT-3/, reverse 5'-GCTTGCTTACCTCGC-
TTAGT-3'; p53 Exon 7-8 forward 5'-TAGGTTGGCTCTGA-
CTGT-3', reverse 5'-GCTTGCTTACCTCGCTTAGT-3'".
Sequencing products were separated on an ABI 3730 autom-
ated sequencer (Life Technologies).

Electronic Microscopy—Samples were placed on 400 mesh
Formvar-coated copper grids treated with poly-L-lysine for 1 h.
Excess samples were blotted with filter paper and then nega-
tively stained with Millipore paper-filtered aqueous 1% uranyl
acetate for 1 min. Stain was blotted dry from the grids with filter
paper, and samples were allowed to dry. Samples were then
examined in a JEM 1010 transmission electron microscope
(JEOL, USA, Inc., Peabody, MA) at an accelerating voltage of
80 kV. Digital images were obtained using the AMT imaging sys-
tem (Advanced Microscopy Techniques Corp., Danvers, MA).

Whole Genome Shotgun Sequencing—Whole genome sequenc-
ing was performed using the ThruPLEX-FD library prep technol-
ogy (catalog number R40048, Rubicon Genomics, Ann Arbor,
MI) in combination with the Illumina HiSeq2000 sequencing
platform, paired-end 2X 51 bp, to a coverage depth of 4X in
exosomes and matched tumor samples. To assess copy number
profile and gain additional insights into structural rearrange-
ments, an algorithm called BIC-seq was utilized (15).

RESULTS

Exosomes Contain >10-kb Fragments of Double-stranded
Genomic DNA—Exosomes were isolated from two human pan-
creatic cancer cell lines (Panc-1 and T3M4), two serum samples
of healthy donors, and patients with pancreatic cancer (16, 17).
To reduce external DNA contamination, prior to DNA extrac-
tion, exosomes were treated extensively with DNase I as
described previously (14). The presence of exosomes and their
concentration from both cancer cell lines and serum samples
were confirmed using the NanoSight® LM10 (Fig. 1A and
supplemental movie). Moreover, exosomes were identified as
homogeneous population by electron microscopy (Fig. 1B) and
by the expression of exosome markers 7SG101, CD9, and CD63
(Fig. 1, C and D). Additionally, after extraction of exosomal
DNA from cancer cell lines, the eluate was subjected to RNase
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A to exclude RNA. Subsequently, we analyzed the pretreated
eluate on a 2% agarose gel (Fig. 1E). Our assessment revealed
the presence of long fragments of DNA in exosomes without
RNA. By using a double-stranded DNA detection kit, we show
that exosomes from pancreatic cancer cells and serum samples
contain genomic double-stranded DNA (Fig. 1F).

Exosomes Contain Mutated KRAS and p53 DNA—KRAS and
p53 are the most frequently mutated genes in pancreatic ductal
adenocarcinoma (18). We amplified a 466-bp fragment of
KRAS encoding exon 2 and partial intron 2, as well as a 1564-bp
fragment of p53 spanning from exon 5 to exon 8, including
introns 5, 6, and 7, from both cell lines and DNA isolated from
exosomes derived from the same cell lines (Fig. 24). KRAS and
p53 mutations in Panc-1 and T3M4 have been described previ-
ously (19). Panc-1 displays a heterozygous KRAS mutation in
codon 12 (glycine to aspartate) and a homozygous p53 muta-
tion in codon 273 (arginine to histidine) (19). T3M4 cells con-
tain wild type sequence of KRAS, but display a homozygous p53
mutation in codon 220 (tyrosine to cysteine) (19). By Sanger
sequencing of the PCR amplified DNA, we were able to detect
identical KRAS and p53 mutations in the DNA isolated from
exosomes derived from Panc-1 cells and the identical p53
mutation in the DNA from exosomes derived from the T3M4
cells (Fig. 2B). Mutation in the KRAS DNA was not detected in
the T3M4 cells and the exosomes isolated from them (data not
shown).

Based on our observations using cell lines, we speculated that
human circulating serum exosomes might also contain KRAS
and p53 DNA. We amplified a 466-bp fragment of KRAS encod-
ing exon 2 and a portion of intron 2 in two samples from
patients with pancreatic cancer and two samples from healthy
donors (Fig. 2C). Subsequently, we also isolated a 609-bp DNA
fragment of p53 overlapping exons 7 and 8 and intron 7 in all
human samples (Fig. 2C). To evaluate the presence of DNA in
serum samples depleted of exosomes, we also performed a PCR
for KRAS and p53. However, we could not detect any amplified
PCR product of KRAS or p53 (Fig. 2C) in the exosome-depleted
serum. The PCR amplicons from the DNA isolated from exo-
somes were subjected to Sanger sequencing. Sanger sequencing
detected DNA with a KRAS mutation in serum samples of
patients with pancreatic cancer (Fig. 2D). One KRAS mutation
was located on codon 12 and was characterized by a base
exchange of GGT to TGT. The second KRAS mutation was
found on codon 22 with a base exchange from CAG to CTG.
Additionally, in one patient with pancreatic cancer, we were
able to detect a p53 mutation on codon 273 with a base
exchange from CGT to CAT (Fig. 2D).

Circulating Exosomes from the Peripheral Blood of Pancreatic
Ductal Adenocarcinoma Patients Contain Double-stranded
Genomic DNA Spanning All Chromosomes—Two pancreatic
cancer samples were investigated using paired serum exosomal
DNA and matched tumor sample. A 4X whole genome
sequence coverage was achieved with inferred insert size of
libraries ~160 bp. The percentage of reads mapped to the
human genome was around 96%. The properly paired percent-
age read ~92% between tumor genomic DNA and exosomal
genomic DNA. Sequence complexity as a number of unique
reads was over 9 X 10% in all samples. Our analysis revealed that
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FIGURE 1. Exosomes contain >10-kb fragments of double-stranded genomic DNA. A and B, the presence and concentration of exosomes from human
pancreatic cancer cell lines and human serum samples from patients with pancreatic cancer were determined by using a NanoSight® LM10 (A) and electron
microscopy (B). C and D, exosomes were characterized by the exosome-specific expression of CD9, TSG101, and CD63 by FACS analysis (C) and the exosome-
specific expression of TSG107 and CD63 by Western blotting (D). E, to exclude RNA contamination after exosome lysis and DNA extraction, the DNA eluate from
two cell lines (Panc-1 and T3M4) and the DNA eluate from corresponding exosomes were treated with DNase | and RNase A. Subsequently, the eluate was run
ona2% agarose gel. F, the presence of double-stranded DNA from cellular Panc-1 exosomes and human serum exosomes was confirmed by a double-stranded
detection kit (representative figure for exosomal DNA from Panc-1, one healthy donor, and one patient with pancreatic cancer). PDAC, pancreatic ductal

adenocarcinoma. SSC-A, side scatter detector A.
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FIGURE 2. Exosomes contain mutated KRAS and p53 DNA. A, by PCR, we amplified a 466-bp fragment of KRAS spanning exon 2 and intron 2 and a 1564-bp
fragment of p53 spanning 4 exons and 3 introns. B, Sanger sequencing of genomic DNA from Panc-1 cells and corresponding exosomes revealed the same
heterozygous mutation of KRAS on codon 12 (GGT to GAT) and the similar homozygous mutation of p53 on codon 273 (CGT to CAT). T3M4 cells and
corresponding exosomes displayed the same homozygous mutation of p53 on codon 220 (TAT to TGT). C, PCR amplification provided evidence for long
fragments of DNA in circulating exosomes from two healthy donors and two patients with pancreatic cancer. We could retrieve a 466-bp fragment of KRAS DNA
and 609-bp fragment of p53 DNA spanning exons 7 and 8 and intron 7. When serum samples depleted of exosomes were subjected to PCR, no KRAS or p53
amplicon could be detected. PDAC, pancreatic ductal adenocarcinoma. D, Sanger sequencing of serum exosome-derived DNA was able to detect DNA with a
KRAS mutation on codon 22. In a second patient, Sanger sequencing revealed a KRAS mutation on codon 12 and a p53 mutation on codon 273.

a bulk of serum-derived exosomes contain DNA spanning uni-  in cancer and other diseases (1, 20). However, the presence of

formly across all chromosomes resembling nuclear genomic
DNA (Fig. 3, A and B).

DISCUSSION

There is emerging evidence that the exosome-mediated cell-
to-cell communication might have importance in health and
disease. Because tumor-derived exosomes contain a wide range
of RNA molecules and proteins, they have been considered to
be promising candidates for discovery of diagnostic biomarkers

asEvB\
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DNA in exosomes is largely undetermined (21). Two previous
studies have shown that exosomes contain mitochondrial
DNA, single-stranded DNA, and transposable elements (13,
14). Our study provides evidence that exosomes can carry large
fragments (>10 kb) of double-stranded genomic DNA, apart
from mitochondrial DNA and small amounts of single-
stranded DNA (13, 14). Moreover, we show that exosomes from
human serum samples contain genomic DNA spanning all
chromosomes. This novel finding contradicts the current opin-
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A

Primary Pancreatic Cancer - Patient 3

B

Primary Pancreatic Cancer - Patient 4
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FIGURE 3. Serum-derived exosomes contain genomic DNA spanning all chromosomes. A and B, whole genome sequencing was conducted on serum-
derived, exosomal DNA and corresponding primary tumor from two patients. BIC-seq control-free log2 copy-number profile across all human chromosomes,
bin size 1000 bp; RAW profile, black; segmented, red line. Profiles demonstrate somatic chromosomal gains (upper) and losses (lower), as well as normal
polymorphism. In the second case (B), a lack of structural chromosomal rearrangement expected for pancreatic ductal adenocarcinoma is explained due to the
possible low number of cancer cells in the sample. Sequencing revealed that circulating exosomes contain genomic DNA spanning all chromosomes.

ion that circulating DNA is highly fragmented with an esti-
mated length of only 60 -100 bp (22). Intriguingly, although we
were able to extract >10-kb fragments of DNA from serum
exosomes, we could not detect any PCR product in the exo-
some-depleted serum. These data require further validation but
suggest that the majority of circulating DNA isolated from the
serum samples may come from inside the exosomes and are not
present as free floating circulating DNA. Our studies suggest a
new source of circulating DNA in addition to potential cell-free
DNA derived from cell lysis or apoptosis (23).

As a proof of concept, we were able to demonstrate that exo-
some-derived DNA carry mutations identical to their parental
cancer cells or tumors. Additionally, our preliminary whole
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genome sequencing attempt led to the identification of signifi-
cant genomic DNA in the exosomes covering all chromosomes.
We speculate that our inability to detect mutation via our low
coverage whole genomic sequencing effort may be due to
extensive contribution of exosomes from non-cancer cells in
the serum samples. Future studies can attempt deep coverage
sequencing or identify methods to specifically isolate cancer
cell-specific exosomes. Nevertheless, our study provides
unequivocal evidence for the presence of double-stranded
genomic DNA in the exosomes that spans across all the chro-
mosomes. Whether our discovery will enable the use of
genomic DNA from circulating exosomes to sequence a signif-
icant portion of human genome for diagnostic and therapeutic
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purpose remains to be determined. Exosomes may turn out to
be a powerful DNA diagnostic tool and likely also provide new
methods to predict the prognosis of cancer patients and
improve treatment via a personalized medicine approach.
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