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Abstract

Cell-to-cell variation in gene expression creates a need for techniques that characterize expression
at the level of individual cells. This is particularly true for rare circulating tumor cells (CTCs), in
which subtyping and drug resistance are of intense interest. Here we describe a method for cell
analysis — single-cell mMRNA cytometry — that enables the isolation of rare cells from whole blood
as a function of target mMRNA sequences. This approach uses two classes of magnetic particles that
are labelled to selectively hybridize with different regions of the target MRNA. Hybridization leads
to the formation of large magnetic clusters that remain localized within the cells of interest,
thereby enabling the cells to be magnetically separated. Targeting specific intracellular mMRNAs
enables sorting of CTCs from normal hematopoietic cells. No PCR amplification is required to
determine RNA expression levels and genotype at the single-cell level, and minimal cell
manipulation is required. To demonstrate this approach we use single-cell MRNA cytometry to
detect clinically-important sequences in prostate cancer specimens.

Graphical abstract

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#termsReprints and
permission information is available online at www.nature.com/reprints.

*Address correspondence to: shana.kelley@utoronto.ca.

DATA AVAILABILITY

The authors declare that data supporting the findings of this study are available within the paper and its supplementary information
file.

Author contributions. M.L., S.0.K., and E.H.S. conceived and designed the experiments; M.L., R.M.M., M.P. SU.A, LI, C.-L. H.,
and M.M. performed the experiments and analyzed the data: All authors discussed the results, and contributed to the preparation and
editing of the manuscript.

Competing financial interest statement. The authors do not have any competing financial interests.
Supplementary information available. Supplementary information is available in the online version of the paper.


http://www.nature.com/reprints

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Labib et al. Page 2

Monomeric
mANAMNP

Clustered
mRANA/MNP complexes

Introduction

Gene expression is a stochastic process, and, as a result, MRNA levels exhibit heterogeneity
even within a population of isogenic cells!. Studies of gene expression are typically carried
out via bulk transcriptome measurement approaches, wherein cells are pooled together and
their average gene expression is determined. This strategy generates a transcriptional
signature of the bulk population of cells.

The desire to instead study cellular heterogeneity in detail has motivated the development of
assays that are capable of characterizing gene expression at the single-cell level2. Most
single-cell transcriptional analysis methods are based on RNA sequencing?, quantitative
reverse transcription PCR (RT-gPCR) combined with microfluidics*®, or techniques based
on fluorescence hybridization®’. Unfortunately, RNA sequencing requires mRNA isolation
and pre-amplification using PCR, and this may result in amplification bias as well as a
significant loss of transcripts®. RT-qPCR combined with microfluidics may provide a closer
look at RNA expression within single cells; however, a large percentage of mMRNA species
can be lost during the purification and processing steps. In addition, the reverse transcription
step may introduce artifacts due to template-switching, primer-independent cDNA synthesis,
and DNA-dependent DNA polymerase activity®. Fluorescence /n situ hybridization0:11 and
other techniques based on nanoparticle probes!? do not require pre-amplification, and
several of these methods are semi-quantitative for individual cells analyzed /n situ. However,
often the target MRNA must be labeled with several fluorescent probes to achieve sufficient
signal strength, and this precludes accurate quantitation. Moreover, for the analysis of rare
cells such as circulating tumour cells (CTCs), cells must first be captured from whole blood,
identified, and then subjected to expression analysis. This introduces uncertainty about how
the analysis workflow affects the results obtained.

Measurements at the single cell level are particularly important for the study of cancer cells
and tumors. Tumors are inherently heterogeneous: different regions of a tumor may
experience different levels of exposure to oxygen, chemotherapeutics and other biochemical
factors. CTCs are rare tumour cells shed from primary and metastatic tumor sites into the
circulation as viable and apoptotic cells, and may exhibit even greater heterogeneity because
of dynamic changes correlated to their presence in the bloodstream?3.

Here, we report a novel approach — single cell mMRNA cytometry — that utilizes nanoparticle-
mediated profiling of cancer cells at the single-cell level based on the expression of specific

MRNA sequences. Cellular mRNAs are targeted with pairs of probes appended to magnetic

nanoparticles (MNPs). Hybridization of mRNA sequences with the tagged MNPs triggers
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the formation of microscale magnetic clusters that become trapped within the cells. The
clusters enhance the magnetic susceptibility of the cells and facilitate their capture within a
fluidic device (Figure 1 and Supplementary Figure 1). The device features different capture
zones that trap cells with differing magnetic susceptibilities, and after immunostaining,
individual cells are then readily visualized within the device to determine their RNA levels.
This mRNA profiling approach does not require enzymatic amplification, and is therefore
free of amplification bias. It is quantitative when benchmarked against PCR, and is
amenable to the analysis of low (~10) numbers of cells, an important feature for the analysis
of low levels of bloodborne cells like CTCs. While numerous methods have been applied to
the capture and analysis of CTCs14-28, this is the first to do so by targeting intracellular
MRNAs.

Results and Discussion

Single-cell mMRNA cytometry based on intracellular assembly of magnetic clusters

Our approach to mRNA cytometry at the single-cell level is based on magnetic capture of
cells using iron oxide nanoparticles functionalized with DNA capture probes complementary
to a mRNA sequence of interest (Figure 1A). The capture probes are designed to be specific
for a target mMRNA. To allow the nanoparticles to penetrate the cells, cells are fixed,
permeabilized, and then incubated with the particles.

We found that the use of single nanoparticle-tethered capture probes was not sufficient for
high levels of magnetic capture. In proof-of-concept studies monitoring the capture
efficiency of a model cell line, low capture efficiencies were observed when a single capture
probe was used (Figure 1B).

In contrast, when a combination of two capture probes were used, capture efficiency
increased significantly. DLS measurements revealed that combining the two capture probes
produced large aggregates in the presence of the complementary target strand, indicating that
the dual probe strategy triggered the self-assembly of large magnetic clusters. (Figure 1C
and Supplementary Figure 2). These clusters are likely retained within the permeabilized
cells, while the single nanoparticles could diffuse out of the cells even after binding a target
sequence. TEM studies confirmed the presence of nanoparticle clusters within cells
containing a target sequence (Figure 1D).

The cells bearing internalized MNPs are trapped within a fluidic device that features six
zones exhibiting differing linear velocities to allow differential sorting of cells with varying
levels of bound MNPs (Figure 1E and 1F). Because MNPs have low magnetic
susceptibilities, the fluidic channel contains X-shaped microfabricated structures to create
localized subzones of low flow velocity and favorable capture dynamics. The first zone has a
high linear velocity and thus retains cells with high magnetic content since the retaining
magnetic force overcomes the drag force created by the locally high flow velocity. The
following five zones exhibit gradually reduced linear velocities (see Figure 1F and
Supplementary Information for simulation information). This design allows cells with high
magnetic content (i.e., high mRNA expression) to be trapped in the first zone, whereas cells
with lower mRNA expression become trapped in later zones based on their mRNA level.
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This device design has been used to perform high-resolution qualitative profiling of
extracellular proteins29; however, it is the first report applied to nucleic acid-based capture.

Profiling of a mRNA sequence using single cell cytometry

In the first suite of experiments, we assessed the capture efficiency of a device designed to
facilitate mMRNA cytometry and its ability to sort cells bearing different numbers of MNPs.
Cultured PC3 cells, a prostate cancer cell line, were labeled with two MNPs targeting the
MRNA for survivin, a gene sequence that has been explored as a potential cancer biomarker.
Survivin promotes cell division and supresses apoptosis in many human cancers. The
antiapoptotic effect is related to its ability to inhibit caspases either directly or indirectly3°.
The transcription of the survivin gene is higher in tumors compared to normal tissues and is
often correlated with metastasis and poor prognosis in cancer patients3..

The cell trapping profiles obtained by targeting the survivin mRNA approach were
visualized by immunostaining cells with epithelial markers (EpCAM, CK) and also by
confirming the presence of well-defined cell nuclei using the nuclear stain DAPI (Figure
2A). CD45 was also included in the immunostaining protocol to enable the identification of
white blood cells when whole blood samples were processed. When CP1 and CP2 were used
separately, very low levels of cells were captured (Figure 2A). A non-specific capture probe
(NSP) was also used and did not produce significant levels of trapped cells. However, when
CP1 and CP2 were used together, much higher levels of cells were observed in the capture
device, and the cells were visualized primarily in the first zone of the capture device,
indicating high levels of expression. The capture profile and efficiency were unaffected if the
PC3 cells were spiked into whole blood. To provide a means to gauge the overall capture
efficiency, capture was also carried out with an anti-EpCAM antibody conjugated to MNPs.
EpCAM is an epithelial marker found on the surface of tumor cells, and therefore is a
standard protein marker to target particularly when cancer cells are isolated from blood. In
all trials in which cellular mRNA was tagged with MNPs, a separate sample aliquot was
analyzed using anti-EpCAM to provide an overall cell or CTC count.

Three prostate cancer cell lines (PC3, LNCaP, and VVCaP) were tested in parallel to compare
capture efficiencies and the profiles collected using mRNA cytometry (Figure 2B,
Supplementary Figure 3). The cells were spiked into blood to ensure that heterogeneous
samples were compatible with the approach. The number of cells captured using anti-
EpCAM was compared to the number captured using the mRNA-directed approach to
determine the overall mMRNA capture fraction. For each of the cell lines tested, the overall,
EpCAM-mediated capture efficiencies were high (VCaP 92+4%, LNCaP 95+3%, PC3
92+6%), but for the mRNA-targeted trials, the capture levels varied (VCaP 38+11%, LNCaP
66+9%, PC3 79+8%), reflecting the varied expression of survivin in these cell lines. The
comparison of the levels of capture when mRNA-targeting was used compared to EpCAM-
targeting allowed us to estimate the capture fractions (Figure 2C). Levels of nonspecific
capture were taken into account in the calculation of capture fraction (see supplementary
information). These studies were conducted with 200 cells spiked into one milliliter of
blood; comparable results were obtained with 15 and 50 cells in the same volume
(Supplementary Figure 4). While a low level of non-specific capture of white blood cells
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was observed (Supplementary Figure 5), these cells do not cause false positives because of
their distinct staining profiles.

For each cell line, the median zone of capture was determined to provide a parameter that
could be used to refine the calculation of relative RNA expression for the cell lines. The PC3
and LNCaP cells were primarily captured in the early zones of the device and had average
zone values of 1.8 and 1.9, respectively. The VCaP cells, in addition to having a much lower
overall capture efficiency, had a much larger average zone value of 4.5. An expression index
(EI) for the survivin mRNA was then calculated for each cell line; values are shown in
Figure 2D. The El was calculated by dividing the capture fraction by the average zone
parameter as described in the supporting information. For example, for PC3 cells, the
average zone value is 1.8 (Figure 2B), and the overall mMRNA-mediated capture efficiency
relative to anti-EpCAM mediated capture is 0.79 (Figure 2C). The El is therefore calculated
to be 4.4 (Figure 2D). For VCaP cells the capture efficiency is 0.38 (Figure 2C) and the
average zone is 4.5 (Figure 2B). The El is therefore calculated to be 0.84 (Figure 2B).

Reverse transcription and quantitative PCR was performed using the same cell lines to
evaluate the relative expression of survivin. The TATA-box binding protein, TBP, was used
as a standard, and the expression levels of survivin were compared to TBP for each cell line
(Figure 2E). The levels of expression measured using mRNA cytometry (Figure 2D) and
PCR (Figure 2E) are comparable, indicating that the method offers a quantitative approach
to monitoring gene expression. For example, the El values for PC3 and VVCaP calculated
using single cell mRNA cytometry are 4.4 and 0.84, respectively, and the relative expression
levels measured using PCR are 5.5 and 1. The values measured using the two methods agree
within measurement error. The concordance of our expression index measurements with
PCR-based RNA quantitation provides support to the notion that mRNA cytometry is
quantitative, which could not be assumed because cells with a given number of nanoparticles
could settle in a number of different adjacent zones (see simulations in Supplementary
Information). These results also support the notion that the uptake of magnetic nanoparticles
by the different cell types does not influence the expression profiling capability of this
mRNA-targeted approach.

We then proceeded to demonstrate the selectivity of the approach by analyzing survivin
mRNA in PC3 cells before and after silencing the survivin gene with a small interfering
RNA (siRNA). PC3 cells were transfected with LY2181308, a previously characterized
SiRNA directed against survivin.32 We found that the transfected PC3 cells have exhibited
lower Elgyrvivin cOmpared to control cells (Figure 2F and Supplementary Figure 6). Flow
cytometric analysis of the survivin protein revealed that the protein level decreased by ~83%
(Figure 2G). The results corroborated the mRNA expression data obtained using our
approach. In these measurements, the overall mMRNA-mediated capture efficiency decreases,
and the average capture zone also changes, consistent with siRNA knocking down
expression. However, the cell capture performed using anti-EpCAM remains constant
(Supplementary Figure 7). Therefore, the cells not captured by targeting survivin mRNA are
still visible in these trials and we can conclusively determine that RNA expression has
decreased.
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The sensitivity and dynamic range of the mRNA cytometry approach was also assessed
(Supplementary Figure 4). Analysis of as few as 10 cells in a milliliter of cells could be
reproducibly achieved, and the El values were constant between 10 and 500 cells. When
1000 cells were analyzed, the early zones of the device appeared to saturate and this effect
then shifted the EI to lower values. However, most clinical specimens would not contain
such a high cell count. Specimens — especially from early-stage cancer patients - could
contain fewer than 10 cells, in which case a full 10 ml blood sample would need to be
processed rather than the 1 ml samples utilized here. The throughput of the analysis — a
sample can be processed in ~ 100 minutes (600 pL/hr) — is suitable for clinical applications.

The performance of single cell nRNA cytometry was benchmarked against flow cytometry
and fluorescence in situ hybridization (FISH) in order to assess sensitivity relative to these
methods. Cells were stained (Supplementary Figure 5) with fluorescent probes and analyzed
using flow cytometry could be visualized at low cell counts when suspended in buffered
solution, but when spiked into blood, over 1000 cells were required for detection. Even after
the depletion of red and white blood cells, residual cells caused a significant background
signal that obscured the signal emitted from the RNA probes.

RNA FISH was performed on cells captured in the fluidic capture device (Figure 1E). Cells
were incubated with probes with attached MNPs and fluorophores, and then their
fluorescence was imaged after cell capture. The level of fluorescence was higher in the
earlier zones than later zones, providing independent confirmation that the number of
nanoparticles in cells captured in different zones differed.

Analysis of clinically-relevant mRNAs in rare cells

We used this approach to analyze three prostate cancer-specific mMRNAs, including full-
length androgen receptor (AR-FL), AR splice variant 7 (AR-V7), and TMPRSS2/ERG in
VCaP, LnCAP, and PC3 cells. Notably, expression of the androgen receptor is considered a
key oncogenic driver at various stages of prostate cancer development and progression33.
AR-V7 mRNA is the most abundantly expressed variant that drives prostate cancer during
androgen deprivation therapy3*. It was recently identified as a predictive biomarker for the
resistance to abiraterone and enzalutamide in metastatic castrate-resistant prostate cancer
patients3>. The TMPRSS2(Exon 1)/ERG(Exon 4) fusion is the most frequent gene fusion in
prostate cancer, appearing in about 50% of prostate cancer patients and representing 90% of
all prostate cancer gene fusions3®. In addition, the presence of TMPRSS2/ERG has been
correlated with cancer aggression and metastatic potential3’.

The expression pattern of each mRNA was analyzed using our single-cell cytometry
approach (Figure 3, Supplementary Figures 8 — 10). The expression index was calculated for
each mRNA (Figure 3D), and RT-qPCR was used to analyze the mRNAs in the three cell
lines (Figure 3E). The two methods produced comparable profiles, again indicating that
single cell mMRNA cytometry can be used to quantify gene expression levels.

To investigate whether the approach to mRNA analysis in CTCs offers an avenue to clinical
utility, we analyzed the TMPRSS2/ERG and AR-V7 mRNAs in blood samples collected
from a small cohort of patients undergoing treatment for metastatic castration-resistant
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prostate cancer. An average of 12 mL of blood was analyzed per patient and CTCs were
identified using immunofluorescence and either mRNA- or EpCAM-based capture (Figure
4). Representative images of a CTC captured from patient samples versus a white blood cell
are shown in Figure 4A. A patient sample was considered positive for the target mMRNA
when the ElTmprss2/erc Was at least 1.5. Samples that tested positive for TMPRSS2/ERG
or AR-V7 by mRNA cytometry exhibited significantly higher expression than those that
tested negative as measured by PCR (Figure 4B and 4C).

In each analysis of a patient sample, the mRNA-based measurement was conducted along
with a total CTC count obtained using anti-EpCAM labeled beads. In 10 of the 11 patients
tested, CTCs were visualized, but only 4 of the patients exhibited either of the targeted
mRNAs. This mRNA analysis method, therefore can provide both a CTC count and
information concerning the absence or presence of clinically-relevant mMRNAs.

In future, expanded studies of clinically-relevant mMRNAs will be needed to establish the
detection algorithm for each sequence; however, the initial results presented herein support
to the idea that single cell MRNA cytometry can report on the presence or absence of
clinically-relevant sequences in patient blood samples. The technique will also need to be
tested on early-stage cancer patients — whose samples typically exhibit much lower levels of
CTCs — to investigate its utility for non-metastatic patients.

CONCLUSIONS

The single-cell mMRNA cytometry method described here provides a new amplification-free
means to characterize genotypes and gene expression patterns in intact, bloodborne cancer
cells and is broadly applicable to other cell types. This approach relies on microscale
clusters of magnetic nanoparticles formed in response to the presence of a specific MRNA
inside human cells. While the self-organization and sensing applications of many different
types of nanoparticles has been studied38-42, this is the first example of an analysis approach
that reports on the self-assembly of magnetic nanoparticles.

While flow cytometry can be used to detect intracellular RNAs labeled with fluorescent
probes, high cell numbers are required. The approach reported here allows the study of
MRNA expression at the single cell level. It is quantitative, and the expression levels
measured using mMRNA cytometry correlate closely with those measured using reverse
transcription and enzymatic amplification. The method probes RNA levels directly rather
than relying on serial enzymatic reactions and isolation steps. It is of interest in the analysis
of specific mMRNAs in circulating tumor cells that are relevant for therapeutic decision-
making. Future improvements to the approach described here will be required to extend this
method to the analysis of samples from patients with early-stage cancers, and to resolve
bimodal populations of cells with differing expression levels.
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Chip fabrication

Cell culture

Chips were fabricated using Poly(dimethoxysilane) (PDMS, Dow Chemical, US) soft-
lithography. Masters were fabricated on silicon substrates and patterned in SU-8 3050
(Microchem, US). Prior to use, devices were conditioned with 1% Pluronic F68 (Sigma-
Aldrich, US) in phosphate-buffered saline (PBS) for 1 h, to reduce the nonspecific
adsorption. Each device was sandwiched between two arrays of N52 Nd FeB magnets (K&J
Magnetics, US, 1.5 mm by 8 mm) with alternating polarity.

VCaP cells (ATCC CRL-2876) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, ATCC 30-2002). PC3 cells were cultured in F-12K Medium (ATCC 30-2004).
LNCaP cells were cultured in RPMI-1640 medium (ATCC 30-2001). All media were
supplemented with 10% FBS and 1% penicillin-streptomycin and cells were cultured at
37 °C and 5% CO, in T75 flasks.

Preparation of the magnetic nanoparticles-labeled capture probes

Briefly, 100 puL of 20 uM of the antisense oligonucleotide solution in Dulbecco's phosphate-
buffered saline (DPBS, Sigma-Aldrich, US), were heated for 5 min at 60 °C for
deaggregation. Afterward, the solution was transferred to a microtitre plate and incubated
with 1.5 pL of 10 mg mL ™1 streptavidin-coated magnetic nanoparticles (100 nm, Chemicell,
US) for 30 min at room temp. Subsequently, the magnetic nanoparticles-labeled capture
probes (MNPs-CPs) were pelleted using a magnetic-ring stand (Thermofisher Scientific,
US) and washed three times with DPBS, containing 1 mM dithiothreitol (DPBS/DTT).

Cellular mRNA analysis

Cancer cells (200 cells in 100 uL DPBS) were fixed with 100 pL of 8% paraformaldehyde
(PFA, Sigma-Aldrich, US) solution in DPBS/DTT for 15 min at 37 °C. After centrifugation,
the cells were incubated with 100 uL of 0.3% Triton X-100 (TX-100, Sigma-Aldrich, US) in
DPBS/DTT for 10 min at room temp. Then, 100 pL of labeled MNPs in DPBS/DTT were
added and the suspension was gently shaken for 3 h at room temp. The cells were loaded
into the microfluidic device at a flow rate of 600 uL h™1.

Cell staining and imaging

Captured cells were counted using fluorescence microscopy. Prior to staining, captured cells
were fixed inside the chip using 100 uL of 4% PFA in DPBS/DTT followed by 100 pL of
0.2% TX-100 in DPBS/DTT for permeabilization. Captured cells were immunostained with
a mixture of 3% allophycocyanin-labeled anti-cytokeratin antibody (APC-CK, GTX80205,
Genetex, US), 3% APC-labeled anti-EpCAM antibody (APC-EpCAM, Miltenyi Biotec Inc.,
US), and 3% alexafluor 488-labeled anti-CD45 antibody (AF488-CD45, MHCD4520,
Invitrogen, US) in 100 pL PBS containing 1% bovine serum albumin (BSA, Sigma-Aldrich,
US) and 0.1% Tween-20 (Sigma-Aldrich, US). Chips were scanned using a Nikon Ti-E
Eclipse microscope with an automated stage controller and a CMOS Camera (Andor Neo).
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Calculation of capture fraction and expression index

The mRNA capture fraction is calculated from formula 1:

mRNA capture fraction = (Nop — Nygp)/N,, (1)

Ncp denotes the number of cancer cells captured using the capture probe, Nysp represents
the number of cells captured by the nonspecific probe, and Ny, is the total number of cells
in the sample captured by anti-EpCAM. The percentage of cells captured in each zone is
multiplied by the mRNA capture fraction to demonstrate the distribution of cell populations
bearing different mMRNA expression levels and generate a normal distribution fit from which
the average capture zone (Zonepe) is determined.

The mRNA expression index (Elnrna) €an then be calculated from formula 2:

El_rna = (MRNA capture fraction)/Zone ,,, * 10 (2)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cellular mRNA analysis approach
(A) Cells are fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.3% Triton

X-100 (TX-100). The cells are incubated with two capture probes (CPs), which are
composed of magnetic nanoparticles (MNPs) conjugated to DNA sequences complementary
to the target mMRNA. Clusters of MNPs are formed and trapped within the cells if two
independent CPs are used. (B) When PC3 cells are subjected to magnetic capture based on
the targeting of survivin mRNA, only low levels of cell capture are observed if single
capture probes are used, while when two capture probes are coincubated with the cells,
capture efficiency is increased significantly. (C) DLS measurements of the hydrodynamic
radius of magnetic nanoparticles subsequent to hybridization of survivin RNA with either
individual capture probes or the combined probes. Statistical analyses of data are provided in
Supplementary tables S2-S7. (D) TEM images of PC3 cells after targeting survivin mRNA
with CP1, CP2, or CP1+CP2. (E) Device featuring six sequential zones that feature different
average linear flow velocities (1%, 0.47x, 0.31x%, 0.23x. 0.18x, 0.15x) to facilitate capturing
cells with different magnetic content. Cells with high magnetic content are captured in the
first zone, whereas cells with medium to low magnetic content are captured in later zones.
(F) Distribution of linear velocities at a flow rate of 600 pL h™1 for Zone 1 - 6.
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Figure 2. Cell capture and profiling mediated by mRNA-directed magnetic nanoparticles
(A) Capture efficiency of PC3 cells after incubation with CP1 (complementary to survivin

mMRNA), CP2 (complementary to survivin mRNA), a non-specific probe (NSP), and a
combination of CP1 and CP2 in a buffer solution and blood. A control experiment was
carried out in which PC3 cells were captured using magnetic nanoparticles tagged with anti-
EpCAM. One hundred cells were used in these trials. Inset shows immunostaining
combination used to identify cancer cells. (B) Cellular analysis of survivin mRNA in PC3,
LNCaP, and VCaP cell lines. Two hundred cells were used in these trials. The curves
represent the normal distribution fit to the capture data. The mRNA capture fraction reflects
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the capture using mRNA-targeted nanoparticles relative to those labelled with anti-EpCAM.
(C) Overall mRNA capture fraction for PC3, LNCaP, and VVCaP cells, which compares the
number of cells captured with mRNA-targeted nanoparticles versus anti-EpCAM targeted
nanoparticles. (D) Expression index, which reflects the mRNA capture fraction divided by
the average capture zone. (E) Survivin expression levels determined by RT-qPCR. (F)
Elsurvivin in PC3 cells before and after silencing the survivin gene with LY2181308 siRNA.
Two hundred cells were used in these trials. The curves represent the normal distribution fit
to the data. (G) Flow cytometric analysis of survivin protein in PC3 cells before and after
silencing the survivin gene. Statistical analyses of data are provided in Supplementary tables
S8-S11.
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Figure 3. Analysis of clinically-relevant mRNAs

Analysis of (A) AR-FL, (B) AR-V7, and (C) TMPRSS2/ERG, in PC3, LNCaP, and VVCaP
cell lines using single-cell MRNA cytometry. Two hundred cells were used in these trials.
The overall mMRNA expression was determined using (D) the magnetic ranking approach and
(E) RT-gPCR. Statistical analyses of data are provided in Supplementary tables S12-S20.
The agreement between the El values measured with magnetic ranking cytometry and the
relative expression levels calculated using RT-qPCR indicates that the new single-cell level
technique is quantitative.
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Figure 4. Analysis of clinical samples
(A) Representative image of a CTC captured from a prostate cancer patient blood sample

versus a white blood cell (WBC). The cells were stained with APC-labeled anti-CK, APC-
labeled anti-EpCAM, AF488-labeled anti-CD45, and DAPI. Only CK*/EpCAM*/CD457/
DAPI* cells are counted as CTC. The scale bar is 15 um. (B) Analysis of blood samples
collected from prostate cancer patients for the TMPRSS2-ERG gene fusion. Samples that
tested positive for the gene fusion (see Supplementary Figure 11) exhibited significantly
higher expression indices than those that tested negative. (C) Analysis of blood samples
collected from prostate cancer patients for the androgen receptor splice variant AR-V7.
Samples that tested positive for AR-V7 (see Supplementary Figure 12) exhibited
significantly higher expression indices than those that tested negative.

Nat Chem. Author manuscript; available in PMC 2018 October 02.



	Abstract
	Graphical abstract
	Introduction
	Results and Discussion
	Single-cell mRNA cytometry based on intracellular assembly of magnetic clusters
	Profiling of a mRNA sequence using single cell cytometry
	Analysis of clinically-relevant mRNAs in rare cells

	CONCLUSIONS
	METHODS
	Chip fabrication
	Cell culture
	Preparation of the magnetic nanoparticles-labeled capture probes
	Cellular mRNA analysis
	Cell staining and imaging
	Calculation of capture fraction and expression index

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

