1

$ 1

$
"l %& ! () & * +4+(, " & - +( " & "
# & #
2345 34 26
! 788 + 8! 788 + 843+9:2:8 % 33329:452
$ .3 " ; 6+3
$ <=4>&788 + 843+434<8?+" +234@+42+334
| " ) " "1 $
: & " ! +



Graphical Abstract Authors

Daniel Schulz,

Vito Riccardo Tomaso Zanotelli,

Jana Raja Fischer, ..., Xiao-Kang Lun,
Hartland Warren Jackson,

Bernd Bodenmiller

Correspondence
bernd.bodenmiller@imls.uzh.ch

In Brief

Here, we extend imaging mass cytometry
to enable multiplexed detection of mMRNA
and protein in single cells in tissue
sections. We show rigorous validation of
the method and apply it to 70 samples
from breast cancer patients. We
investigate single-cell and population-
based RNA-to-protein correlations in
tissue and identify rare chemokine-
expressing cells in the stroma that are
associated with T cell abundance.
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protein detection in situ
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d Among patients, mRNA-to-protein ratios vary for ~CK19 but
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d CXCL10-expressing cells form patches and are associated
with T cell abundance
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SUMMARY

To build comprehensive models of cellular states and
interactions in normal and diseased tissue, genetic
and proteomic information must be extracted with
single-cell and spatial resolution. Here, we extended
imaging mass cytometry to enable multiplexed
detection of mMRNA and proteins in tissues. Three
MRNA target species were detected by RNAscope-
based metal in situ hybridization with simultaneous
antibody detection of 16 proteins. Analysis of 70
breast cancer samples showed that HER2 and
CK19 mRNA and protein levels are moderately corre-
lated on the single-cell level, but that only HERZ2, and
not CK19, has strong mRNA-to-protein correlation
on the cell population level. The chemoattractant
CXCL10 was expressed in stromal cell clusters, and
the frequency of CXCL10-expressing cells correlated
with T cell presence. Our Rexible and expandable
method will allow an increase in the information con-
tent retrieved from patient samples for biomedical
purposes, enable detailed studies of tumor biology,
and serve as a tool to bridge comprehensive genomic
and proteomic tissue analysis.

INTRODUCTION

Characterization of the organization of cellular phenotypes, func-
tions, and interactions in the context of tissues is key to our under-

standing of health and disease. The function of a tissue is dePned
by the cell types it contains, their arrangement (i.e., tissue
morphology), and the state of each individual cell. The state of a
cell, in turn, is debned by multiple networks that interact with
each other to continuously adjust cell state according to internal

and external inputs. Three network types that are interwoven to
achieve cellular homeostasis are transcriptional networks, protein
networks, and signaling networks. Simultaneous measurement of
these networks in situ would allow one to derive quantitative
models that enable understanding of these networks in a spatial
context and thus enable study of many aspects of tissue biology.

aaaaaa

Until recently only a few transcripts, proteins, or other mole-
cules could be imaged at one time in tissues, but now several ap-
proaches allow for spatially resolved Oomics-type measurements
(Bodenmiller, 2016). Immunof3uorescence-based multiplexed
protein epitope detection technologies such as cyclic immuno-
Buorescence rely on cycles of epitope staining followed by
guenching and restaining to overcome spectral overlaps of Ruo-
rophores (Gerdes et al., 2013; Lin et al., 2015). Alternatively,
epitope-based imaging methods that employ a mass spectrom-
eter for readout, such as multiplexed ion beam imaging and im-
aging mass cytometry (IMC), rely on the simultaneous staining
and subsequent detection of up to 7 and 32 metal-labeled anti-
bodies in tissue samples, respectively (Angelo et al., 2014; Bod-
enmiller, 2016; Giesen et al., 2014; Schapiro et al., 2017). Despite
the power of these approaches, one common limitation is that
the antibodies used must be comprehensively validated and
optimized.

Methods based on in situ mMRNA sequencing and encoded
Buorescent in situ hybridization (FISH) probes have also been
developed for spatial transcriptomics using Buorescence-based
methods (Ke et al., 2013; Lee et al., 2014). These methods allow
for the simultaneous detection of hundreds of distinct mMRNAs
under routine settings and in some cases over 1,000 transcripts
(Chen et al., 2015). Targeted RNA detection methods using
padlock probes, in situ hybridization chain reaction, and z-
probes coupled to branched DNA amplibcation (RNAscope)
also enable robust detection of RNA in tissue (Choi et al.,
2014; Larsson et al., 2010; Wang et al., 2012) and have high
signal-to-noise ratios (Battich et al., 2013), and their multiplexing
capabilities are, among other things, limited by spectral overlaps
of the detection reagents (Gaspar and Ephrussi, 2015; Wang
et al., 2012). Although methods for the global measurement of
the components of transcriptional or protein networks with
spatial resolution in tissues are rapidly developing, approaches
that enable mRNA, protein, and protein modibcation measure-
ments in a highly multiplexed manner have, to our knowledge,
so far not been presented.

Such methods, however, are necessary to study how transcrip-
tional, protein, and signaling networks relate to each other. Many
studies have investigated such relations in the form of RNA and
protein-level correlations at a global scale in bulk samples (Liu
et al., 2016). Based on these studies, it appears that protein
expression can be largely explained by transcript abundance
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(Jingyi and Biggin, 2015; Liu et al., 2016), and gene-specibc con-
version factors have recently been shown to increase RNA-pro-
tein correlations to 0.93 (Edfors et al., 2016). In certain cancer
types, such as colon and rectal cancer, large variations in the cor-
relation of RNA and protein abundances were observed across
genes and patient samples (Zhang et al., 2014). The same study
also showed that gene copy-number aberrations, which are
among the leading causes of tumorigenesis (Stratton et al.,
2009), are well correlated with mRNA levels but not always with
protein levels, indicating the need for further investigations. In sin-
gle cells, proof-of-principle approaches based on proximity liga-
tion assays and DNA-tagged antibody sequencing indicate that
RNA-to-protein correlations are typically poor, but such measure-
ments can be challenging and are restricted to few cells in sus-
pension (Albayrak et al., 2016; Darmanis et al., 2016; Frei et al.,
2016; Stoeckius et al., 2017). The relationship of RNA-to-protein
levels in situ on the single-cell level and across tumor samples
with copy-number alterations has not been studied so far.

Here, we present an approach for the simultaneous detection
of proteins, protein phosphorylations, and transcripts using IMC.
The approach is a modibcation of the RNAscope-based in situ
hybridization protocol (Wang et al., 2012) coupled with antibody
staining. We rigorously validated the approach in sections of
human HelLa cell pellets and showed excellent agreement
with FISH measurements. Furthermore, we characterized the
mRNA expression of HER2, CK19, and CXCL10 (also known
as IP-10) in combination with 16 antibodies in 70 samples from
breast cancer patients. The HER2 gene is frequently genetically
amplibed in breast cancer patients, and HER2 mRNA expression
levels have been shown to be highly correlated to genetic status
and protein levels (Vassilakopoulou et al., 2014; Wang et al.,
2013), making HER2 an ideal gene for validation of the system.
CK19 is a type-1 cytokeratin often expressed in breast cancer
that can be used as a marker to detect disseminated tumor cells
in lymph nodes by mRNA or protein detection methods, but the
mRNA-to-protein correlation in tissues is unknown ( Visser et al.,
2008). CXCL10 is a secreted protein that recruits T cells to the
tumor microenvironment, yet its role in cancer needs to be
further rebPned (Liu et al., 2011; Luster and Ravetch, 1987; Mulli-
ganetal., 2013). We found that HER2 mMRNA and protein expres-
sion correlated well across patients on a population level,
although this correlation was weak on the single-cell level in
most cases. For CK19, we found a strong patient-dependent
heterogeneity in mRNA-to-protein ratios. The expression of
CXCL10was correlated with T cell presence in the tumor micro-
environment, and, interestingly, cells expressing CXCL10 were
found to form clusters. We expect that the ability to simulta-
neously quantify mRNAs, proteins, and post-translational modi-
pcations will broaden our understanding of cellular networks in
healthy and diseased tissues, enable measurement of markers
not readily accessible via antibodies such as cytokines, and
result in more accurate single-cell resolved tissue model gener-
ation to advance tissue biology and diagnostics.

RESULTS
RNA Detection with IMC

To enable RNA detection using IMC, we adapted the widely used
RNAscope technique (Wang et al., 2012) for detection with metal

tags. The approach makes use of serial hybridization steps to
build multiple, large DNA structures across an RNA molecule
of interest (Figure 1A). Each of these structures can then be hy-
bridized to hundreds of oligonucleotides bound to reporters. For
mass-cytometric detection we conjugated oligonucleotides with

metal-chelated polymer reporters and used these probes in the
Pnal hybridization step of the RNA detection protocol. After
mRNA tagging by RNAscope-based in situ hybridization, an
additional staining step with metal-labeled antibodies can be
performed (Figure 1A, right) for the simultaneous detection of
RNAs and proteins by IMC (Figure 1B).

Proof-of-principle experiments were carried out using sec-
tions of formalin-bxed and parafbn-embedded (FFPE) HelLa cell
pellets. Sections were stained for mMRNAs of three housekeeping
genes POLR2A, PPIB, and UBC (Figure 1C). As a negative con-
trol we used probes designed to hybridize to the DapB transcript
from Bacillus subtilis. Comparing the mean intensities per image
for each measured transcript resulted in reproducible staining in-
tensities with signal-to-noise ratios (S/N) of 18, 61, and 62 for
POLR2A, PPIB, and UBC, respectively (Figure 1D; note that
the S/N values of PPIB and UBC are similar due to slightly higher
background signal for UBC). Comparing our measured expres-
sion levels with reported results from the literature (POLR2A
expressed at low levels and PPIB and UBC expressed at high
levels) revealed similar trends. When we compared for multiplex
or single-plex detections of targets no obvious differences were
observed in signals, indicating negligible cross-hybridization be-
tween RNA channels (Figure S1A).

Previously POLR2A transcripts were quantiPed using
RNAscope and shown to be present at 14 copies per single
HelLa cell with the section thickness used here (Anderson
etal., 2016; Wang et al., 2012). For comparison of these numbers
with our IMC data, we had to dePne mRNA signals from single
cells. We used a DNA intercalator and a pan-keratin antibody
to detect nuclei and cytoplasm, respectively, in combination
with the three RNA species. Semi-supervised segmentation of
the images was employed to obtain RNA data from individual
cells (see STAR Methods). The IMC single-cell data showed
that there were large variations in POLR2A, PPIB, and UBC
amounts across cells (Figure 1E). POLR2A mRNA was detected
with a mean signal of 207 ion counts per cell. To determine the
detection limit of our approach we measured TBP, which is pre-
sent at approximately six mMRNA copies per cell. We were not
able to detect TBP mRNA (Figure S1B), indicating that our detec-
tion threshold lies between 6 and 14 mRNA molecules per HeLa
cell section. In summary, these results show that we can detect
transcripts with IMC using an adapted RNAscope-based proto-
col with high sensitivity.

Validation Using FISH
The standard application of multiplexed RNAscope in situ hy-
bridization is mRNA detection using Ruorescence microscopy
(Wang et al., 2012). Thus to benchmark the IMC-based RNA
detection against the standard in the Peld, we devised an
approach whereby mRNAs were simultaneously labeled with
metals and Ruorochromes for direct comparison of the labeling
methods.

We applied a 1:1 mix of Ruorochrome-labeled and metal-
labeled oligonucleotides in the last hybridization step for the



Figure 1. RNA Detection Using Imaging Mass Cytometry

(A) Up to 20 z-probe pairs per target RNA (up to three mRNAs may be detected simultaneously; red, green, blue) are incubated with the tissue sample. Thro ugh
pre-ampliber and ampliPer hybridization, a large DNA tree is assembled that is then hybridized by oligonucleotides labeled with metals. Metal-conj ugated
antibodies are added to enable co-detection of RNA and protein in single cells.

(B) After incubation with metal-labeled oligonucleotides for RNA detection and antibodies for protein detection, tissues are subjected to laser ab lation and
mass-cytometric measurement of the metal abundances. The metal abundances per laser shot (in pixels) are then assembled into a high-dimension image .
(C) Representative images stained for POLR2A in channel 1 (green, dynamic range 2D10 ion counts per pixel), PPIB in channel 2 (red, dynamic rage 2D20 ion
counts per pixel), and UBC in channel 3 (yellow, dynamic range 2D30 ion counts per pixel) are shown separately and overlaid. An image of the negative control
probe set is shown on the bottom right for the three channels. The dynamic range for the negative control in each channel is 2D10 ion counts per pixel. Sca le
bars 50 m.

(D) Quantibcations of the mean pixel intensities per image of three technical replicates for POLR2A, PPIB, and UBC and corresponding negative controls for each
channel.

(E) Mean pixel intensities per cell after single-cell segmentation are plotted for POLR2A, PPIB, and UBC and corresponding negative controls. Box plots are

overlaid with the single-cell data (black circles), and the single-cell data distributions are indicated.

detection of PPIB and POLR2A mRNA in HelLa cell sections
(Figure 2A). Fluorescent images of the Hela cell sections
were recorded, and the same area was subsequently analyzed
using IMC to detect metal abundances (Figure 2B). Overlay of
data from the two imaging modalities enabled direct per-cell
comparison of the ion counts from IMC with absolute copy
numbers of RNA molecules from the RBuorescent images (Fig-
ures 2C and 2D) (Battich et al., 2013). Comparison of the sin-
gle-cell RNA copy numbers with the corresponding ion count
signal per cell revealed a correlation of 0.89 for PPIB (Figure 2E).
For the comparison of FISH and IMC detection, a pixel-level
correlation was not feasible as FISH imaging was performed
in wet samples and IMC imaging was performed after the sam-
ples were dried, which resulted in slight shifts of the imaged
structures in IMC compared with FISH. For the POLR2A tran-
script, which is expressed at lower levels, we found a correla-
tion of 0.80 between Ruorescence and IMC (Figure 2F). IMC

and FISH signals were similarly distributed, and no signal
accumulation occurred around zero. We concluded from these
experiments that the adapted RNAscope-based in situ hybrid-
ization protocol yields results comparable with those for Buo-
rescence microscopy, and thus is well suited for IMC-based
single-cell RNA measurements.

The IMC RNA Detection Protocol Enables Simultaneous
Multiplexed Detection of Proteins and Their

Modibcations

The many measurement channels available in IMC make it
possible to interrogate the interplay of components of tran-
scriptional, protein, and signaling networks in tissues in single
cells by measuring mRNA and protein epitopes simultaneously.
We therefore investigated simultaneous mRNA detection and
antibody-based epitope detection with IMC in human FFPE
breast cancer samples. The RNA detection protocol involves a



Figure 2. Validation of IMC-Based RNA Measurements Using FISH

(A) A 1:1 mix of metal-labeled and Buorophore-labeled oligonucleotide probes was applied to the sample to enable detection of the same transcript by 3 uo-

rescence microscopy and IMC.

(B) False-color images from Buorescence microscopy (red, PPIB; blue, DAPI) and IMC (green, PPIB; blue, iridium DNA intercalator) of the same area are shown.

Scale bars, 100 mm.

(C) Image of overlaid Buorescent and IMC images after registration (green, PPIB from IMC; red, PPIB from FISH). Scale bar, 100 nm.
(D) Zoom-in of overlay. White dots mark spots from the Buorescent image that were counted to obtain absolute RNA counts per cell (see STAR Methods). Cell

outlines from segmentation are shown in white. Scale bar, 10 nm.

(E) Scatterplot of PPIB FISH mRNA spots versus IMC ion counts per cell. One representative replicate of the three technical replicates is shown.
(F) Scatterplot of POLR2A FISH mRNA spots versus IMC ion counts per cell. One representative replicate of two technical replicates is shown.

protease digestion step with multiple hybridization steps at
40 C that may destroy epitopes. We therefore compared anti-
body staining of 4- nm-thick serial sections of a breast cancer tis-
sue that were processed using either a standard heat-induced
epitope retrieval (HIER) protocol (STAR Methods) or the RNA
detection protocol (Wang et al., 2012).

The images derived from the two protocols were similar, sug-
gesting that protease treatment did not strongly interfere with
detection of the antibodies used here ( Figure 3A). We did, how-
ever, observe differences in CD44 staining. After HIER buffer
antigen retrieval, CD44 staining was strongest in epithelial cells,
whereas after the RNA protocol treatment the strongest staining
was observed in stromal cells (Figure S2A). For acomprehensive
and quantitative comparison we segmented the images to
generate single-cell data and clustered the single-cell data
based on the co-occurrence of marker expression ( Figure 3B).
Comparing the co-expression of cellular markers in images
from the HIER protocol with co-expression in images from
the RNA detection protocol revealed a correlation of 0.82,
which increased to 0.92 when CD44 data were excluded. This

conbrmed that the protease treatment used in our protocol
does not destroy antibody-based epitope detection; however,
the performance of each antibody to be used with the RNA
detection protocol should be assessed.

Analysis of HER2 and CK19 mRNA and Protein

Expression in Breast Cancer Tissues with Non-amplibed

and Ampliped HER2 Loci

Copy-number aberrations are among the main drivers of tumor-

igenesis (Stratton et al., 2009). How these copy-number aberra-
tions affect transcript and the corresponding protein levels in

single cells in tumors has so far not been analyzed (Albayrak
et al., 2016). Here we quantibed HER2 and CK19, and CXCL10
mRNA levels simultaneously with the analysis of 16 anti-
bodies including antibodies against HER2 and CK19 protein
(Table S1). These markers were measured in a previously
described breast cancer tissue microarray (TMA) (Carvajal-
Hausdorf et al., 2015). The amplibcation status of the HER2
gene is known for each of the samples on the microarray
(Table S2). In the 70 samples analyzed, HER2 expression as
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Figure 3. Multiplexed mRNA and Antibody Detection Using IMC
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(A) False-color images for smooth muscle actin (red), E-/N-cadherin (cyan), Ki-67 (magenta), FSP1 (green), CK5 (yellow), and DNA (blue) antibody stins are
shown for standard HIER and the RNA co-detection protocol. Consecutive tissue sections of the same region of the tumor were analyzed. Scale bars, 150 nmm.
(B) Heatmap of Pearson correlations between signals in single cells for indicated markers in samples prepared with HIER buffer and RNA detection buff er.
Correlations are shown for one biological replicate of a total of two biological and two technical replicates.

debned previously ranged from undetectable (score = 0) to
strong HER2 overexpression (score = 3+) (Carvajal-Hausdorf
etal., 2015).

To verify the specibcity of the mRNA detection probes used for
human TMA analysis, we overexpressed and detected CK19,
CXCL10, and ERBB2 in A431 cells using the RNAscope-based
IMC method (Figures S2BDBS2D). We observed strong staining
for CK19, CXCL10, and HER2 only in cells in which the mRNAs
were overexpressed, demonstrating specibcity of the probes
(Figure S2E).

After staining and data acquisition of the HER2 TMA, visual
inspection of the images revealed heterogeneous staining for
HER2 and CK19 mRNAs and proteins across single cells (Fig-
ure 4A). Analysis of the HER2 mRNA expression in epithelial cells

revealed that 21 of the 26 samples with HER2 amplibcation
showed signibcant upregulation of the HER2 mRNA compared
with control tissues (Figure 4B). Of the ampliPed samples,
16 had levels of HER2 mRNA that were more than 10-fold
higher than levels in control tissues. Of the 35 samples without
HER2 amplibcation, 21 also had signibcant upregulation of
HER2 mRNA compared with control tissues, albeit with a lower
(2- to 7-fold) induction than in the majority of HER2-amplibed
samples (Figure 4B).

For HER?2 protein, 19 of the 26 samples with HER2 amplibca-
tion showed signibcant expression of HER2 compared with con-
trol tissues. Three of these 19 HER2-ampliPed samples showed
signibcant overexpression of the HER2 protein but their levels of
HER2 mRNA were lower than in most other amplibPed samples
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