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Gene expression
profiling in single cells
within tissue
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We developed a robust multiplex fluorescent in situ
hybridization (FISH) technique in archival formalin-fixed,
paraffin-embedded (FFPE) human tissue sections while
preserving the microanatomical context. This identifies
single-cell gene expression patterns by probing multiple,
unique nascent RNA transcripts and yields predictive
quantitative gene expression signatures.

Integrating histological features and molecular profiles enhances
our understanding of cellular response to the microenvironment
and elucidates biological mechanisms of disease processes. This
integration has the potential to improve patient management,
assisting in early diagnosis and objective patient prognosis, includ-
ing outcome and response to treatment. As an example, we
investigated gene expression signatures in prostate tumor and
benign cells from individual patient samples.
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Most gene expression analyses, unlike FISH studies, extract RNA
from solubilized tissue, which destroys cellular architecture such
that expression profiles cannot be associated with specific cell types.
Analysis of small samples excludes the detection of many poten-
tially interesting low-abundance gene products. This coupled with
the lack of standardization and reproducibility as well as amplifica-
tion bias has limited the interpretation of expression data resulting
from methods such as RNA amplification and quantitative PCR!-3.

Development of FISH protocols using cultured cells yields
single-cell expression profiles previously unobtainable by other
methods*. The approach detects signal foci from multiple nascent
RNA localized at the transcription site of genes that are expressed.
The presence of nascent RNA directly correlates with early events of
gene regulation in response to external or physiological stimuli®.
This provides an opportunity to quantitatively evaluate the tem-
poral expression pattern of several genes in single nuclei.

We describe a new paraffin-embedded tissue FISH (peT-FISH)
method to simultaneously detect expression of several genes in situ
in single cells while maintaining tissue morphology. The method
uses automated fluorescence microscopy and analysis to detect
nascent RNA in archival tissue specimens from both whole-section
or tissue-microarray (TMA) format, ultimately allowing high-
throughput gene expression analysis that can be linked to clinical
outcome data.

The antigen retrieval method that uses sodium borohydride and
high heat” (Supplementary Methods online) preserves the integ-
rity of nascent RNA, promotes robust hybridization and reduces
autofluorescence, allowing the detection of genes expressed at a low
level (for example, JAGI). Housekeeping genes such as ACTB and
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Figure 1 | Detection of nascent RNA (transcription sites) in paraffin-embedded tissue. (a) Detection of SMG1 (8 probes) transcription sites (arrows) in human
PCa. Bar, 5 um. (b) Detection of SMG1 (41 probes) nascent transcripts (arrows) in human PCa. Bar, 5 um. (c) Colocalization of a gene and the respective
chromosome. Prostate carcinoma exhibiting the colocalization of a DNA locus-specific probe for AR (androgen receptor, red spots) with the AR peT-FISH on a
single section (green spots). Bar, 10 um. (d) Multiplex detection of five genes in a prostate cancer sample (1982 archive), demonstrating restricted expression
of four genes to the epithelial cells of the tumor annotated with the automated transcription site finder algorithm. The fifth gene in the barcoding scheme,
EPB49, was only rarely detected and was not identified in this particular field. Bar, 10 pm.
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Figure 2 | Correlation of single-cell multigene expression profiles with diagnostic pathology. (a-c) Hematoxylin and eosin-stained images of focal PIN (a),
PCa (b) and PCaMet (c), superimposed with the gene expression data from peT-FISH analyses of three genes (AR, JAGI and FOLH1) obtained from the slide

after destaining. Bars, 10 pm.

SMGI, a phosphatidylinositol 3 kinase-related protein kinase, were
used for quality control standards. The number of SMG! transcrip-
tion sites detected by peT-FISH was unchanged when the number
of oligonucleotide probes targeting SMGI ranged from 8 to 82
(Fig. 1a,b); however, six probes detected 50% fewer transcription
sites (data not shown). This indicated the optimal number of
probes required to detect transcription reproducibly and robustly.
Simultaneous peT-FISH and DNA FISH confirmed the specificity
of transcription site detection, as signal from nascent RNA and the
gene were coincident (Fig. 1c). Signal from DNA FISH targeting a
different gene did not correlate with the peT-FISH signal (data not
shown). Detection of nascent transcripts was not restricted to
freshly prepared tissue samples. This method robustly detected
expression of five genes from archived FFPE tissue samples, of
which the majority were 10-15 years old and one was 22 years
old (Fig. 1d).

To investigate how peT-FISH data correlate with histopatholo-
gical features, we examined epithelial cells with established patho-
logic morphologies: benign prostate tissue, prostatic intraepithelial
neoplasia (PIN), prostate cancer (PCa) and prostate cancer meta-
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=V stasis (PCaMet)8. peT-FISH was performed on destained hematoxy-

lin and eosin tissue sections (Fig. 2), an important capability to
have when patient tissue blocks are no longer available. Overlays of
peT-FISH results on morphology image data are shown. The
procedure was modified for high-throughput sampling of patient
material in TMA format’.

Software detected and analyzed transcription sites and decoded
each gene’s identity using the multiplexed barcode (Supplementary
Methods). The correlation of peT-FISH data with morphological

features in a PCa progression TMA from 59 patients indicated that
expression patterns allow for the identification and subsetting of
tumor-specific cells in all of the patient samples (Fig. 3 and
Supplementary Tables 1-3 online). The transcriptional profile of
AMACR, AR, JAGI and FOLHI in PCa samples was significantly
different from the profile from benign prostate tissue, focal PIN and
PCaMet, vielding statistically significant, disease-specific combina-
torial differences (Supplementary Table 3). Unique gene expres-
sion ‘fingerprints’ manifested discrete classes of patient samples
for similar histopathological types, suggesting true biological
similarities. In contrast to the epithelium, we did not identify a
signal in the nuclei of the noncancerous stromal fibroblasts or
endothelial cells. peT-FISH technology facilitates the development
of integrated molecular and cellular roadmaps of clinical disease.
We now have the capability to correlate morphological features
with the molecular basis of pathogenesis.

Microarray and quantitative PCR technology provide refined
disease classification schemes based on gene expression patterns
rather than classic morphology®!© resulting from correlation of
multigene expression patterns from archived tissue with a clinical
outcome, a response to therapy or a physiologic event!1!2, These
technologies cannot assign gene expression status to specific cell
types and cannot reliably detect low or transiently expressed genes.
peT-FISH is the only technology that measures in situ multiplex
gene expression while retaining tissue morphology. The published
association between gene expression profiles and changes in cellular
morphology in human tissue samples is rare. Recently the tran-
scriptional coactivator p300, previously linked to prostate cancer
progression, and the nuclear lamins were found to modulate
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nuclear morphology in prostate cancer epithelial cells'®. Our peT-
FISH data support a link between morphology and gene expression
profiles, and thus have the potential to modify present-day tumor
grading systems or identify differentiation states.

peT-FISH can potentially detect noncoding genes such as micro-
RNAs and certain transcription factors for which the necessary
reagents to establish cellular localization are lacking!®. The non-
coding gene, PCA3 (also known as DD3), is an example where
selective association with prostate cancer epithelial cells has made
this a unique target for both the diagnosis and treatment of prostate
cancer'®, peT-FISH technology enhances the biological knowledge
for a given gene by associating its expression to a specific cell type
(that is, endothelial versus epithelial versus inflammatory versus
stromal cells) and through comparative quantitative assessment
with multiple genes, can establish a link with various signaling
cascades. One may anticipate that these additional correlative data
will aid in reaching the ultimate goal—identifying and using key
signatures, based on association with clinical outcome data, to
establish predictive and prognostic markers. We expect the enor-
mous information inherent in the expression of many genes in large
cell populations will aid the understanding of relationships among
genes in single nuclei and their cooperative and cumulative roles in
physiology and disease.
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Note: Supplementary information is available on the Nature Methods website.
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