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Introduction

We were the first to identify a novel class of atypically large (1-10um diameter), bioactive extracellular vesicles (EVs),
referred to as large oncosomes (LO) [1], which are released by amoeboid tumor cells, which are highly invasive and
metastatic, as a consequence of DIAPH3 silencing [1-4]. These EVs contain signaling proteins and upon paracrine transfer
to other cells can induce functional changes that are relevant to malignant tumor cell behavior [1, 2]. We have developed a
suite of methods and assembled several lines of evidence that LO can be identified in tumor tissues and in plasma [1, 4,
5]. LO contain abundant RNA, miRNA, DNA, and protein cargo, and can be purified from biological fluids (i.e. plasma
and urine). The molecular makeup of the LO tends to reflect the cell of origin. The overarching goal of my laboratory is to
investigate whether circulating LO report clinically relevant information and tumor-specific genomic alterations, thus
representing a valuable alternative and/or complement to other technologies proposed as a means of liquid biopsy. We are
therefore characterizing the molecular content of LO. With funding by the NIH-NCI to profile the palmitoyl proteome of
circulating LO by mass spectrometry, and by the DoD to characterize the DNA in LO by next generation sequencing, we
are mostly focused on prostate cancer (PC). Our effort is highly significant because it might result in establishing a
strategy for 1) early detection of high-risk PC, 2) early detection of metastatic CRPC, 3) identification of actionable
tumor-derived genomic alterations in patient plasma for guided treatment. Our study is supported by preliminary results
demonstrating that LO contain double stranded (ds) DNA that spans all chromosomes and recapitulates the genomic
alterations of the donor cell. Furthermore, the mean somatic copy number aberrations (SCNA) of LO-derived DNA
mirrors the mean SCNA of the genomic DNA of the cells of origin (PC3). Collectively our findings at the time of our
proposal submission suggest that DNA analyses of LO in blood (plasma) may provide a faithful representation of the
genome of the tumor cells of origin. Because we have performed also comparative analysis with other EVs and shown
that LO are a source of high quality and abundant DNA and they contain the whole genome of donor tumor cells, our
overall objective is to test whether enumeration and genomic profiling of LO circulating in patient blood allow early
detection of metastatic PC and identification of clinically significant PC-specific genomic aberrations, thereby
overcoming the current limitations of the “liquid biopsy” and changing the landscape of precision medicine.

Keywords
Prostate Cancer, Metastatic Castration Resistant Prostate Cancer, Extracellular Vesicles, Extracellular DNA, Large
Oncosomes, Next Generation Sequencing, Liquid Biopsy, digital droplet PCR

Accomplishments
In this first year of the DoD funded project, we have performed extensive in vitro and in vivo experiments that will be
enclosed in a manuscript that is in preparation. First of all, we aimed to confirm our initial findings that LO in plasma can
provide an alternative source of tumor-derived ,
DNA. We anticipated challenges to detect SCNA 0
in this setting, because, unlike detecting SCNA of
human cell DNA in mouse plasma, human plasma
can contain human DNA originating from normal
cells that might reduce the signal-to-noise-ratio.
We isolated LO from plasma of PC patients with MYC AKT PTEN PTK2 KLF10 MYC AKT PTEN PTK2 KLF10
metastatic disease and tested SCNA. The assay
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We isolated large EV fractions containing LO  gigure 1. ) SCNA of MYC, AKT, PTEN, PTK2, and KLF10 in PC3-derived LO
from plasma specimens of 12 prostate cancer  were measured by dPCR. Each target gene as normalized to gene reference
patients' As Controls, we 1solated the same RNaseP. b) SCNA.alterations of MYC,. AKT, PTEN, PTK.Z, and I.(LF.I(.) w.ere
biochemical fractions from the plasma of healthy validated by dPCR in mouse plasma—derlx{ed LO, following intracardiac injection
individuals. We th ¢ d DNA f h of PC3 cells. Each target gene as normalized to gene reference RNaseP. ¢) LO-
1y IV_I ua S'_ e then extracte : rom_ these derived DNA was detected in prostate cancer patient plasma but not in the plasma
fractions using DNeasy Blood & Tissue Kit (50)  of healthy individuals. EVs were isolated from 1 ml of plasma.



(Qiagen, #69504). The amounts of DNA extracted from the large EV fractions were significantly higher in patient
preparations than preparations from healthy individuals (Figure 1¢). This result is consistent with our previous studies that
have shown increased numbers of LO in patients with aggressive disease than in patients with low-risk prostate cancer
and in healthy individuals [5].

Using digital PCR (dPCR), we measured the MYC/PTEN copy number ratio. These two genes are known to undergo
genomic loss and amplification, respectively, which occurs at high frequency in patients with metastatic PC. Such an
assay, if successfully validated in large number of samples, could potentially detect the instability of tumor genomes
(copy number imbalance) in a wide range of prostate tumors. In the in vitro and mouse experiments (Figure 1a and b),
we measured the copy number of a target gene (such as MYC or PTEN) and a reference gene (RNaseP) in a single dPCR
chip, which allows us to determine the copy number ratio (MYC/PTEN) indirectly. Instead, for human samples, we
developed an assay to measure MYC/PTEN ratio directly in one chip, thus eliminating the noise introduced by the indirect
comparison (of MYC or PTEN versus RNaseP) and leveraging precious DNA samples from patients. Our results are not
quantitative, in that they do not contain precise information about the exact copy number of either gene. Also, it is not
possible to determine whether the copy number imbalance is due to MYC amplification or PTEN deletion. However, our
results suggest that there is an imbalance about the MYC/PTEN ratio, which can be due to either MYC amplification or
PTEN deletion. We found this ratio to be higher in cancer versus benign samples and the difference is significant (Figure
2-3.

More in details, we tested the MYC/PTEN ratio using variable amount of DNA from ENCODE normal cells (IMR90
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detecting copy number imbalance between
different amounts of template DNA using DNA
from PC3 10K fraction. In PC3, PTEN is
deleted in homozygosity from intron 2 to the
telomeric side but retained DNA from exon 2 to
the centromeric side (not shown). Using the Tagman probe designed for the intron 1, we can evaluate the MYC/PTEN
ratio in PC3. MYC/PTEN ratio was consistent between duplicates with 1 ng (3.2 and 3.4) and 5 ng template DNA (2.9 and
2.9) (Figure 2b). However, the ratio deviated between duplicates with 0.2 ng DNA (2.2 and 2.5), indicating that at least 1
ng DNA is needed to consistently call the ratio.

Figure 2. a) MYC/PTEN ratio in normal cell-derived DNA was validated by dPCR
using different amounts of template DNA. b) MY C/PTEN copy number imbalance in
PC3-deived LO. was assessed by dPCR using different amounts of template LO
DNA.

Using this methodology, we evaluated MYC/PTEN ratio in a subset of patient samples (Figure 3). We performed the
experiments in triplicate. We also had a case in which 55

DNA from two independent blood draws (two independent gl
visits to clinic) was available to wus through our uz: 15
collaboration with Dr. Posadas. We found that MYC/PTEN & | | | -
ratio was frequently above 1 in patients’ DNA. In one case % s RER HERN

(Patient 2), we saw a small but significant deviation in all o MEN NEEN
three independent chips. In another case, deviations are t2s t2z3+5 1+ 23 t2rs t+25 t23
larger and consistent between two independent blood — Patients 2 3 25a 28 39 25b

draws (Patient 25a and 25b). In this case, MYC/PTEN ratio
fluctuated between experiments (Patient 25a: 1.39-1.61-
1.24, and 25b: 1.91-2.23-2.06). The limited amount of

Figure 3. MYC/PTEN copy number imbalance was assessed by dPCR
in LO isolated from 1 ml of metastatic prostate cancer patient plasma.
Numbers 1-3 for patient samples 2, 25a and 25b refer to the number of
replicates.

template DNA for these experiments may explain the
fluctuation.

These results may indicate that LO provides an ideal material for cancer diagnosis. Since genome instability is a hallmark
of tumors, the principle of the assay could be applicable to plasma LO in patients with many cancer types.

We also performed the very first large-scale DNA analysis of EVs isolated from the plasma of one patient with metastatic
PCa. A Comprehensive Genomic Profiling (CGP) was performed, in collaboration with Foundation Medicine, to




interrogate patient plasma-
derived EVs about Prostate
Cancer Specific SCNA. The
commercial name of the test
is FoundationOne, and this is
a validated test to detect all
classes of genomic alterations
in more than 300 cancer- 208 : 2000 * ; ’ >4000 ) . 5000 BT e 5600
related genes, including select  Figure 4. Prostate cancer-specific SCNA detected by genomic profiling of EVs isolated from 1 ml of
introns from more than 25 metastatic prostate cancer patient plasma.

genes often rearranged or

altered in solid tumors.

What we learned from this single patient data is that we can perform this large scale analysis with 97% of exons covered
at >100x, and at Median Unique Exon Coverage of 191x. We found 1) evidence for TMPRSS2-ERG fusion at lower limit
of detection, 2) evidence for aneuploidy characteristic specific to prostate cancer (8p loss, 8q amplified), 3) Two ‘likely’
cancer-specific short indels were detected: BRCA2 (44% MAF) and PBRM1 (7% MAF), 4) evidence for PTEN loss.
Importantly, a comparison with the CGP performed on the matched tumor tissue of the same patient displayed similar
genomic alterations.

In parallel experiments, we have identified molecules, whose alterations are responsible for nuclear membrane instability
as a mechanism for LO formation and/or for the export of DNA in LO:
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extracellular release of LO, Zos T
which are a subclass of Z o4
particularly large g,,
EV originating from amoeboid —
cancer cells [2]. During this first Control snRNA. LaminA/C shRNA

year of the DoD funding, we Figure 5. DIAPH3 silencing induce emerin mislocalization and nuciear membrane instability. a)
demonstrated that DIAPH3 Confocal 3D images of DU145 prostate cancer cells transfected with control shRNA or DIAPH3

ilencin i foll shRNA. DNA  (Hoeschst), emerin (FITC) and membrane (1,1’-Dioctadecyl-3,3,3°3’-
Z ence % . s 0 dOWedl bz Tetramethyilindocarbocyanine Perclorate, Dil) staining are shown, scale bar 10mm. b,c) DIAPH3

ysregu .atlon aI_l altere silencing induces the shedding of EVs containing DNA. The DNA concentration in EVs was
localization of the inner nuclear  determined by Qubit. d) Confocal 3D images of DU145 prostate cancer cells transfected with control
envelope protein emerin, and by shRNA or nuclear envelope regulator LaminA/C shRNA inducing similar effects to the ones induced
the emergence of nuclear blebs by DIAPH3 silencing. Also Lamin A/C silencing induces increased shedding of EV's containing DNA.
that seem to give rise to cytosolic vesicles (Fig. 5). Analysis of EV isolated from the culture medium of these cell
lines indicates they contain emerin as well as genomic DNA (Fig. 5). Based on these findings, we hypothesize that NM
instability and the resulting formation of nuclear blebs could be a potential mechanism by which the genomic DNA enters
in EV. We also hypothesize that we can mark the nuclear origin of these particles with emerin and possibly other nuclear
proteins (add in tissues also). These findings suggest that NM instability may be detectable using a blood test in a liquid
biopsy format. A mechanism where EV carrying genomic DNA arise from nuclear blebs has not been described.

Importantly, in collaboration with Andries Zijlstra, at Vanderbilt University, we have demonstrated that this same feature
is present in high grade PC in humans and is significantly higher in cancer versus normal and correlates with
biochemical recurrence (Fig 6). From these data, we hypothesize that emerin can serve as a biomarker for the highly
migratory and metastatic amoeboid phenotype, and that it can be used to detect and measure nuclear membrane



instability in cancer tissues and plasma. Merge HH3 Keratin 18 Emerin Nuclei Graphic
They also suggest that this is the '
mechanism that allow the DNA to
enter EVs. This is a hypothesis that we
will  investigate under different
funding.

Impact

LO-derived DNA reports the genomic
makeup of the tumor and support LO
as the fraction of plasma DNA to be
interrogated for tumor-derived genomic
alterations. This finding has profound
implications on the field because it
provides a wvalid alternative to other

strategies that are being implemented b .. C 10007 wicanon <6000 d, e oy —————
for liquid biopsy. The impact of our  ™] - i . ’

study is very high also because the £ ™ i
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because low levels of DIAPH3 increase

sensitivity to taxanes [2, 6] and . . . L . . . . .
beca atient ith 1 DIAPH3 Figure 6. Emerin mislocalization and emerin-positive particles are associated with
cc use_ p . ents . w OW biochemical recurrence. a) IF imaging of a human prostate cancer TMA stained with the
h h ging p
expression 1n their tumor tissue show  jngicated antibodies demonstrates the presence of emerin positive structures outside the cancer
better responses to taxane-containing cell nuclei, suggesting that features of nuclear membrane instability can be identified in vivo. b-
chemotherapy than patients with high e) the emerin features correlate to prostate cancer and biochemical recurrence

DIAPH3 expression [2, 6], these
findings suggest that measurement of emerin mislocalization, as a surrogate for NM instability, can serve as a biomarker
for taxane sensitivity. This structural feature has never been described in PC.
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Changes/Problems: There are not substantial changes to the specific aims and tasks. However, we have delayed the
execution of the large-scale profiling of LO from the proposed numbers of patient plasma samples. This is due in part to
the time that was spent to obtain IRB approval, and in part to the time that was spent in the optimization and
standardization of DNA analysis in LO. We plan to perform these experiments in year 2.

Products:
Nine manuscripts were published under this first year of funding, one more is under consideration in Nature Medicine,
and two more are in preparation.
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