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Accomplishments

In the second year of the DoD-funded project, we performed the very first large-scale DNA analysis of two distinct
extracellular vesicle (EV) populations, large (L-) and small (S-)EVs, isolated from 2ml plasma specimens obtained from
two patients with metastatic castration resistant prostate cancer (mCRPC). For each patient, sequencing data/genetic profile
of matching metastatic tissue biopsy was available to us through Dr. Edwin Posadas at Cedars-Sinai Medical Center. L- and
S-EVs were isolated by differential centrifugation. Total amount of dsSDNA in the L-EV fractions was 7.32 ng and 228.3 ng,
in the S-EV fractions the amount of dSDNA was 9.33 ng and 3.45 ng, respectively. After standard quality control of the EV
DNA samples, whole exome sequencing at 1500-2000x was performed at the Genomics Resources Core Facility at Weill
Cornell Medical College, New York, USA. Germline DNA (buffy coat) from each patient was used as control. For data
analysis of this highly reach sequencing, we established a collaboration with Dr. Francesca Demichelis, University of
Trento, Italy. Dr. Demichelis has established a pipeline for analysis of whole sequencing data on cell free (cf)DNA (PMID:
25232177, PMID: 26537258). Somatic copy number aberrations and mutations specific for mCRPC were identified.

In the L-EV DNA from one of the two patients, a tissue-quality tumor signal showing 65% tumor purity and 2.86 ploidy
was detected. Moreover, this tumor signal was represented by typical mCRPC genomic alterations, such as amplifications
of AR and MYC, and deletions in BRCA2 and RBI (Figure 1). When we compared these results with the results of the
FoundationOne test, which detects all classes of genomic alterations in more than 300 cancer-related genes, on the matched
tumor tissue from this patient, we identified the same alterations (e.g. AR amplification, BRCA2 deletion). Importantly,
plasma L-EV DNA reported additional mCRPC-specific genomic aberrations that had not been detected in the tissue biopsy
(e.g. MYC amplification, RBI deletion). This suggests that the DNA associated with circulating L-EVs might be more
informative in comparison with the DNA extracted from tissue biopsy, because it contains genetic information from
different metastases throughout the body. The S-EV DNA from the same patient exhibited a similar profile (not shown).
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Figure 1. EV-associated DNA reflects typical for mCRPC genomic alterations. Upper panel shows genetic landscape
across all chromosomes; amplifications are marked in red, deletions are marked in blue. Lower panel shows genomic
aberrations in the genes commonly altered in mCRPC.

We have demonstrated that most of the tumor DNA circulating in prostate cancer patient plasma is associated with L-EVs
(Vagner, Spinelli, et al. Journal of Extracellular Vesicles 2018). However, the tumor signal detected in the L-EV fraction
might also arise from the circulating cfDNA, which might co-precipitate with L-EVs or/and be associated with the surface
membrane of vesicles. To find out if the tumor signal detected in the L-EV fraction originates from the DNA content of
these vesicles (and, thus, may provide different from the circulating cell-free tumor DNA information), we (i) developed a
nuclease treatment protocol for EVs, to get rid of extravesicular DNA, and (ii) established a system that allows us to
distinguish between the extravesicular DNA and the DNA contained inside the EVs.



(1) First, we treated the samples with

nucleases, DNasel and Exolll, to
quantitatively assess the amount of
extravesicular and intravesicular EV-

associated DNA. Briefly, EVs from PC3 cell
line were spiked into 1 ml of plasma obtained
from healthy donors. L- and S-EV fractions
were isolated from plasma specimens and
DNA was extracted either from EVs directly,
without any pre-treatment, or following pre-
treatment with nucleases (Figure 2, upper
panel). We observed that the amount of DNA
recovered from either L- or S-EV fractions
was substantially reduced when EVs had
been pre-treated with nucleases (Figure 2).
This result suggested that a large portion of
EV DNA is extravesicular and accessible to
nucleases. However, more than 1/3 of the
DNA in L-EVs and 1/10 of the DNA in S-
EVs was clearly intravesicular leading us to
the conclusion that a portion of the DNA is
enclosed into EVs, and the relative portion of
DNA in L-EVs is higher than in S-EVs —
possibly due to the fact that the L-EV volume
is ~1,000 times larger than the S-EV volume.

(i1) We next sought to confirm that the DNA
that resists nuclease treatment (upon pre-
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Figure 2. Large portion of EV-associated DNA is extravesicular.
Experimental design (upper panel) and quantification of the results
(lower panel) of the spike-in experiment. PC3-derived EVs were spiked
into 1 ml of plasma from healthy donors. Following EV isolation by
ultracentrifugation, the EV DNA was extracted with or without pre-
treatment with nucleases. The DNA yield was quantified by High
Sensitivity dsSDNA Qubit Assay.
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Figure 3. Nuclease treatment digests DNA outside of the EVs leaving the
intravesicular DNA intact. The scheme on the left shows experimental design and
quantification of the results. PC3-derived EVs and IMR90 gDNA were spiked into 1 ml
of plasma from healthy donors. Following EV isolation by ultracentrifugation, the EV
DNA was extracted with or without pre-treatment with nucleases. The DNA yield was
quantified by High Sensitivity dsDNA Qubit Assay and PTEN copy number per diploid
genome was quantified by dPCR (plot on the right).

detectable in the extravesicular IMR90 DNA by digital (d)PCR. Thus, the presence of the PTEN dPCR product would
indicate the presence of extravesicular DNA in the sample, and the absence of the PTEN dPCR product would indicate that
only intravesicular DNA is present in the sample. We used dPCR with specific PTEN primers to test this hypothesis.

After spiking PC3-derived EVs and IMR90 gDNA into plasma, L- and S-EVs were isolated from the plasma specimens,
and DNA was extracted from the EVs directly or following nuclease treatment (Figure 3) — like in the previous experiment.



In agreement with the previous result, there was a substantial decrease in the amount of DNA obtained from the nuclease-
treated EVs (Figures 2 and 3). To find out the intra- or extravesicular localization of the EV-associated DNA, dPCR was
performed on the L-EV DNA samples and PTEN CNV per diploid genome was quantified using RNaseP as a reference
gene. We found that PTEN transcripts were present in the DNA from the untreated L-EVs, which meant that extravesicular
gDNA had co-precipitated with the vesicles and was present in the L-EV DNA sample (Figure 3, green). However, PTEN
transcripts were undetectable in the DNA from the nuclease-treated L-EVs, suggesting that the extravesicular gDNA had
been digested by nucleases and only intravesicular DNA was present in the sample (Figure 3, yellow and blue).

Future Directions:

The EVs used for the whole exome sequencing experiment described above were not pre-treated with nucleases. Therefore,
it cannot be concluded if the tumor signal detected in the EV DNA originated from the intravesicular DNA, or the mixture
of intra- and extravesicular circulating tumor DNA. As a next step, we are planning on interrogating the origin of the tumor
signal in the plasma EV fractions by comparing, side-by-side, the tumor signal in the DNA extracted from (i) plasma
(circulating cfDNA), (ii) EVs without nuclease treatment (like in the original experiment), and (iii) EVs treated with
nucleases. For this experiment, 6 ml of plasma obtained from mCRPC patients will be provided by our collaborator
Dr. Posadas, and will be split in 3 x 2 ml aliquots. One aliquot will be used for the direct extraction of cfDNA (i) and the
remaining two aliquots will be used for EV isolation followed by the DNA extraction with or without nuclease treatment
((i1) and (iii)). After standard quality control of the EV DNA samples, whole exome sequencing will be performed and data
analyzed as described above.

In parallel experiments, during the first year of the DoD funding, we identified molecules whose alterations are responsible
for nuclear membrane instability and provided evidence that this results in the shedding of EVs that contain nuclear material.
During the second year of the DoD funding, these results were published (Reis-Sobreiro et al., Cancer Res. 2018). We have
now also determined the size of the intact vesicular DNA, which supports our hypothesis that EVs can contain nuclear
material. To accomplish this, we lysed EVs directly in agarose plugs and resolved EV DNA by pulse-field gel
electrophoresis (PFGE). Resolution of high molecular weight DNA, which was possible with this method, revealed that L-
EVs contain DNA fragments up to 2 Mbp (Figure 4A). In addition, DNA fragments in the size range of 100 Kbp—2 Mbp
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Figure 4. EVs contain high molecular weight DNA. A. PC3 L-EV and S-EV DNA was extracted in

packaging in agarose plugs by incubation in lysis buffer for 24, 48 or 72 h, and high molecular weight DNA was
L-EVs. We  resolved by PFGE, which revealed that L-EVs contain large DNA fragments (100 kbp—2 Mbp). B. EVs
have  also  were isolated from 1 ml of plasma obtained from mCRPC patients, EV DNA was extracted in agarose
apalysed the  plugs by incubation in lysis buffer for 48 h, and high molecular weight DNA was resolved by PFGE.
high Similar to L-EVs in vitro, patient plasma-derived L-EVs contain high molecular weight DNA (100 kbp—
molecular 2 Mbp) (indicated by red dashed lines).

weight DNA

contained in plasma-derived EVs. Even though the amount of EV DNA obtained from 1 ml of plasma was significantly
lower than the amount of DNA in our in vitro system, the size of the intact DNA in plasma-derived L-EVs was in the size
range of 100 kbp—2 Mbp (Figure 4B), replicating our in vitro findings. The amount of DNA in S-EVs was, again,
undetectable.

Products:



Eight manuscripts were published under this second year of funding, one more is under review in Proteomics, and one more
is in preparation.
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