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METHODS FOR FIXING AND DETECTING RNA

This application claims priority to U.S. Provisional Application No. 61/512,228 filed
July 27, 2011.

This invention was made with government support under NCI RO1 CA159227-01
awarded by the National Institutes of Health. Accordingly, the government has certain rights
in the invention.

BACKGROUND OF THE INVENTION

RNA impacts nearly every aspect of gene expression and many human diseases are
caused by or result in mistakes in RNA metabolism, ¢.g. mutations in pre-mRNAs lead to
splicing defects or degradation of mRNASs by trigger nonsense-mediated mRNA decay. It has
been shown that in addition to RNA’s fundamental roles in information transfer from DNA to
protein, RNA molecules play crucial roles in gene regulation as their stability or rate of
protein synthesis is regulated by mRNA binding proteins or ribonucleoprotein complexes
(RNPs), ¢.g. microRNA-containing RNPs.

Given this widespread clinical utility, there is a significant need to develop and
optimize RNA detection, quantitation, and visualization assays for diagnostic purposes.

For example, recent studies link micro RNAs (“miRNAs”) with diseases such as
cancer and neurological disorders. To date, miRNA profiling has been used to classify
cancers of known and unknown primary origin, determine prognosis and disease progression,
predict chemoresistance, monitor therapy, and screen for disease.

miRNAs have specific expression and function in specialized cell types, emphasizing
the need to define cell-type-specific miRNA expression patterns. The most common method
for visualizing gene expression in specific cell types is in situ hybridization (ISH).

However, conventional ISH methods permit the release and diffusion of small nucleic
acids, such as miRNA, from tissue. As a consequence, current ISH are not reliable for
measuring small nucleic acids such as miRNA.

To establish miRNA-based diagnostics, it is essential to define a clinical need,
reliably extract small RNAs from clinical materials, detect and quantitate miRNA expression
differences between samples, and establish tractable molecular tests for clinical laboratory

usc.



10

15

20

25

30

WO 2013/016712 PCT/US2012/048727

Developing quantitative RNA ISH methods to detect cell-type-specific gene
expression signatures in archived clinical materials would be a major advance in molecular
diagnostics. Because RNA remains intact in archived samples (though partially hydrolyzed
into shorter segments) and next-generation RNA sequencing is being used to resolve gene
expression variation at the cellular level in tissue sections, RNA visualization methods are
urgently needed.

Therefore, there remains a need for improved methods to fix, retain, quantify,
visualize and detect RNA in a biological sample.

SUMMARY OF THE INVENTION

The invention provides a method for fixing an RNA molecule in a biological sample.
The method includes contacting the biological sample with an aldehyde-containing fixative,
and subsequently contacting the sample with a solution comprising a carbodiimide and a
heterocyclic derivative selected from the group consisting of an imidazole, pyrazole, triazole
or tetrazole or a combination thereof.

In one embodiment, the heterocyclic derivative has at least one of the following

structures:

pen “‘f A S
R> R|
(a) (b) (© (d) (e
wherein Rj, R,, and R3 independently are H, alkyl, aryl, F, CI, Br, I, CN, NO,, NH;, OH, SH,

ethylthio-, alkyloxy-, or carbonyl.

In one aspect of the invention, the aldehyde-containing fixative is formaldehyde.

In another aspect, the heterocyclic derivative is selected from the group consisting of
2-methylimidazole, imidazole, 1-hydroxyl-benzotriazole, 5-ethylthiotetrazole, and 2-
chloromidazole. In an embodiment, the heterocyclic derivative is 5-ethylthiotetrazole.

In another embodiment, the carbodiimide is selected from the group consisting of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCI), 1-cyclohexyl-3-(2-morpholinyl-(4)-cthyl)
carbodiimide metho-p-toluenesulfonate (CMC), N,N'-dicyclohexylcarbodiimide (DCC),
N,N'-diisopropylcarbodiimide (DIC), and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
methiodide (EDC-Mel). In another aspect, the carbodiimide is 1-ethyl-3-(3-
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dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide methiodide (EDC-Mel).

In a preferred embodiment, the carbodiimide is 1-ethyl-3-(3-dimethylaminopropyl)
carbodimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
methiodide (EDC-Mel) and the heterocyclic derivative is 5-cthylthiotetrazole.

In yet another embodiment, the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide methiodide
(EDC-Mel) has a concentration of about 20 mM to about 300 mM.

In one aspect, the solution comprising 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
methiodide (EDC-Mel) contacts the sample at a temperature of about 20°C to about 70°C.

In another aspect of the invention, the solution comprising a carbodiimide and a
heterocyclic derivative and has a pH of about 6.0 to about 10.0. In an alternate embodiment,
the solution comprising a carbodiimide and a heterocyclic derivative has a pH of about 7.0 to
about 8.0.

In an embodiment of the invention, the RNA molecule is a short RNA. In an
additional embodiment, the RNA molecule is a miRNA.

In yet another embodiment of the invention, the solution comprising a carbodiimide
and a heterocyclic derivative further comprises a detergent. In one aspect, the detergent is
selected from the group consisting of Tween20, Tween80, Triton X-100, Triton X-114,
Digitonin, Saponin, CHAPS, Denhardt’s solution, Heparin, Brij35, Sodium dodecyl sulfate
(SDS), and urea.

In another aspect, the method further comprises contacting the solution comprising a
carbodiimide and a heterocyclic derivative with a cyanogen halide. In one aspect, the
cyanogen halide is selected from the group consisting of cyanogen bromide, cyanogen iodide,
cyanogen chloride and cyanogen fluoride.

In a preferred embodiment, the cyanogen halide is cyanogen bromide or cyanogen
iodide.

A method for detecting a target RNA molecule in a biological sample is also
provided. The method includes contacting the biological sample with an aldehyde-containing
fixative, then contacting the sample with a solution comprising a carbodiimide and a

heterocyclic derivative to produce crosslinked RNA in the sample. The heterocyclic
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derivative can be selected from the group consisting of an imidazole, pyrazole, triazole or
tetrazole or a combination thereof. Next, the sample is contacted with a probe that is
complementary to all or a part of a region of interest of the RNA in the sample, thereby
producing hybridized RNA. Finally, the hybridized RNA is detected as the target RNA.

In one embodiment, the heterocyclic derivative has at least one of the following

structures:

i f bRy S
R> R,
(a) (b) (© (d) (e)
wherein Rj, R,, and Rj3 independently are H, alkyl, aryl, F, CI, Br, I, CN, NO,, NH;, OH, SH,

ethylthio-, alkyloxy-, or carbonyl. In one aspect of the invention, the aldehyde-containing
fixative is formaldehyde.

In another aspect, the heterocyclic derivative is selected from the group consisting of
2-methylimidazole, imidazole, 1-hydroxyl-benzotriazole, 5-ethylthiotetrazole, and 2-
chloromidazole. In an embodiment, the heterocyclic derivative is 5-ethylthiotetrazole.

In another embodiment, the carbodiimide is selected from the group consisting of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCI), 1-cyclohexyl-3-(2-morpholinyl-(4)-cthyl)
carbodiimide metho-p-toluenesulfonate (CMC), N,N'-dicyclohexylcarbodiimide (DCC),
N,N'-diisopropylcarbodiimide (DIC), and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
methiodide (EDC-Mel). In another aspect, the carbodiimide is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI).

In a preferred embodiment, the carbodiimide is 1-ethyl-3-(3-dimethylaminopropyl)
carbodimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
methiodide (EDC-Mel) and the heterocyclic derivative is 5-cthylthiotetrazole.

In yet another embodiment, the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide methiodide
(EDC-Mel) has a concentration of about 20 mM to about 300 mM.

In one aspect, the solution comprising 1-ethyl-3-(3-dimethylaminopropyl)
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carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
methiodide (EDC-Mel) contacts the sample at a temperature of about 20°C to about 70°C.

In another aspect of the invention, the solution comprising a carbodiimide and a
heterocyclic derivative and has a pH of about 6.0 to about 10.0. In an alternate embodiment,
the solution comprising a carbodiimide and a heterocyclic derivative has a pH of about 7.0 to
about 8.0.

In an embodiment of the invention, the RNA molecule is a short RNA. In an
additional embodiment, the RNA molecule is a miRNA.

In yet another embodiment of the invention, the solution comprising a carbodiimide
and a heterocyclic derivative further includes a detergent. In one aspect, the detergent is
selected from the group consisting of Tween20, Tween80, Triton X-100, Triton X-114,
Digitonin, Saponin, CHAPS, Denhardt’s solution, Heparin, Brij35, Sodium dodecyl sulfate
(SDS), and urea.

In another aspect, the method further includes contacting the solution comprising a
carbodiimide and a heterocyclic derivative with a cyanogen halide. In one aspect, the
cyanogen halide is selected from the group consisting of cyanogen bromide, cyanogen iodide,
cyanogen chloride and cyanogen fluoride. In a preferred embodiment, the cyanogen halide is
cyanogen bromide or cyanogen iodide.

In one embodiment, the probe includes a locked nucleic acid (LNA) residue. In
another embodiment, the probe includes a or PNA probe, or 2’-OMe probe or 2°-O-cthyl (2’-
OEt) probe or 2’-O-methoxyethyl (MOE) or 2°,4’-contrained MOE bicyclic nucleic acid
(cMOE BNA) probe or 2°,4’-contrained 2’-O-cthyl bicyclic (cEt BNA) probe or S-DNA
probe residue, and the like. In one aspect, the probe further includes a linker having a length
greater than about 3.0 nm.

A kit for fixing a RNA in a biological sample is also provided. The kit includes a
support substrate for holding the sample, an aldehyde-containing fixative, a carbodiimide;
and a heterocyclic derivative selected from the group consisting of an imidazole, pyrazole,
triazole or tetrazole derivative or a combination thereof.

In one embodiment, the heterocyclic derivative has at least one of the following

structures:
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i f Ry S
R> R|
(a) (b) (© (d) (e
wherein Ry, R;, and R; independently are H, alkyl, aryl, F, CI, Br, I, CN, NO,, NH,, OH, SH,

ethylthio-, alkyloxy-, or carbonyl. In one aspect of the invention, the aldehyde-containing
fixative is formaldehyde.

In one embodiment, the water soluble carbodiimide is 1-ethyl-3-
(3dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel). In another embodiment, the
heterocyclic derivative is 5-cthylthiotetrazole.

The invention also provides a method for differentiating cells in a biological sample.
The method includes contacting the biological sample with an aldehyde-containing fixative,
then contacting the sample with a solution comprising a carbodiimide and a heterocyclic
derivative to produce crosslinked RNA in the sample. The heterocyclic derivative is selected
from the group consisting of an imidazole, pyrazole, triazole or tetrazole derivative or a
combination thereof. The sample is contacted with a labeled probe that is complementary to
all or a part of a region of interest of the RNA in the sample, thereby producing hybridized
RNA. Next, hybridized RNA is detected with the labeled probe; and the cells are
differentiated based upon the detection.

In one embodiment, the heterocyclic derivative has at least one of the following

structures:

\7/R1 R N’ \7/R1 Ry \N\x,N N'N“IN
)— \S—NH JNH
A R,

(a) (b) (© (d) (e
wherein Rj, R,, and Rj3 independently are H, alkyl, aryl, F, CI, Br, I, CN, NO,, NH;, OH, SH,

ethylthio-, alkyloxy-, or carbonyl. In one aspect of the invention, the aldehyde-containing
fixative is formaldehyde.

In another aspect, the heterocyclic derivative is selected from the group consisting of
2-methylimidazole, imidazole, 1-hydroxyl-benzotriazole, 5-ethylthiotetrazole, and 2-

chloromidazole. In an embodiment, the heterocyclic derivative is 5-ethylthiotetrazole.
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In another embodiment, the carbodiimide is selected from the group consisting of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCI), 1-cyclohexyl-3-(2-morpholinyl-(4)-cthyl)
carbodiimide metho-p-toluenesulfonate (CMC), N,N'-dicyclohexylcarbodiimide (DCC),
N,N'-diisopropylcarbodiimide (DIC), and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
methiodide (EDC-Mel). In another aspect, the carbodiimide is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI).

In a preferred embodiment, the carbodiimide is 1-ethyl-3-(3-dimethylaminopropyl)
carbodimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
methiodide (EDC-Mel) and the heterocyclic derivative is 5-cthylthiotetrazole.

In yet another embodiment, the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide methiodide
(EDC-Mel) has a concentration of about 20 mM to about 300 mM.

In one aspect, the solution comprising 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel) contacts the sample at a
temperature of about 20°C to about 70°C.

In another aspect of the invention, the solution comprising a carbodiimide and a
heterocyclic derivative and has a pH of about 6.0 to about 10.0. In an alternate embodiment,
the solution comprising a carbodiimide and a heterocyclic derivative has a pH of about 7.0 to
about 8.0.

In yet another embodiment of the invention, the solution having a carbodiimide and a
heterocyclic derivative further includes a detergent. In one aspect, the detergent is selected
from the group consisting of Tween20, Tween80, Triton X-100, Triton X-114, Digitonin,
Saponin, CHAPS, Denhardt’s solution, Heparin, Brij35, Sodium dodecyl sulfate (SDS), and
urea.

In another aspect, the method further includes contacting the solution comprising a
carbodiimide and a heterocyclic derivative with a cyanogen halide. In one aspect, the
cyanogen halide is selected from the group consisting of cyanogen bromide, cyanogen iodide,
cyanogen chloride and cyanogen fluoride. In a preferred embodiment, the cyanogen halide is

cyanogen bromide or cyanogen iodide.
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In one embodiment, the probe comprises a locked nucleic acid residue. In another
embodiment, the probe comprises a or PNA probe, or 2’-OMe probe or 2’-O-cthyl (2’-OEt)
probe or 2°-O-methoxyethyl (MOE) or 2°,4’-contrained MOE bicyclic nucleic acid (cMOE
BNA) probe or 2°,4’-contrained 2’-O-cthyl bicyclic (cEt BNA) probe or S-DNA probe
residue, and the like. In one aspect, the probe further comprises a linker having a length
greater than about 3.0 nm.

In one aspect of the invention, the hybridized RNA is miRNA. In another aspect, the
detection further comprises quantifying said hybridized miRNA using the labeled probe.

In another embodiment, the contacting step includes a plurality of different probes,
wherein each probe hybridizes to a specific type of RNA and/or protein. In one aspect of the
invention, each probe has a different label.

In an embodiment, the detecting further includes quantifying the specific types of
hybridized RNA and/or protein. In another embodiment, the specific types of RNA are
selected from the group consisting of mRNA, rRNA, mt-mRNA, mt-rRNA, tRNA, shRNA,
siRNA or Piwi-interacting RNA, or a pri-miRNA, pre-miRNA, miRNA, anti-miRNA,
snRNA, snoRNA, scRNA and long ncRNA or other non-coding RNA. In a preferred
embodiment, the specific types of RNA are snRNA, snoRNA, scRNA, mt-rRNA, rRNA and
mRNA.

In one aspect, Ul snRNA, U2 snRNA, U6 snRNA, U3 snoRNA, 7SL scRNA, hy3
scRNA, 7SK scRNA, rRNA, mt-rRNA, miRNA or other non-coding RNA, mt-mRNA and
mRNA are quantified to calculate a ratio, and the ratio is indicative of a certain cell type. In
another embodiment, the specific types of RNA and protein are quantified to calculate a ratio,
and the ratio is indicative of a certain cell type. For example, the cell can be a certain type of
cancer cell.

For molecular diagnostic purposes, short (¢.g. miRNA) and long (e.g. mRNA) RNAs
can be quantitated in clinical or biological samples using a variety of methods including
barcoded RNA sequencing with reference calibration markers (here barcoded small RNA
sequencing). Specific oligonucleotide probes targeting differentially expressed transcripts
can be designed for subsequent fluorescence detection. These signals can be normalized
against signals obtained from reference RNA molecules, such as rRNA, mt-rRNA, polyA
tails (total mMRNA), mt-mRNA, snRNAs, snoRNAs, scRNAs, among others.

Normalized RNA ratios can be used to differentiate specific cell types, and normal
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and diseased states. Within disease states, RNA ratios can be used for diagnostic,
classificatory, prognostic purposes and for therapeutic monitoring.
In one embodiment, the detecting includes the use of fluorescence ISH (FISH). In

another embodiment, the different probes comprise different fluorescent stains.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1: Unsupervised hierarchical clustering of miRNA expression profiles.
Unsupervised hierarchical clustering was performed using log2 relative frequencies of
miRNA precursor cluster sequence reads for the given cell line and formalin-fixed and
paraffin-embedded (FFPE) tissue samples; MCV status is also indicated where available.
miRNA precursor clusters were selected from the top 85% expressed miRNA precursor
clusters across all samples. The number of members per precursor cluster is indicated in
brackets following the miRNA gene name; precursor clusters are named according to Farazi
et al. miR-205 and miR-375 expression values for all samples are respectively indicated by
red and green arrows.

Figure 2: Multicolor miRNA FISH enabled differentiation of MCC and BCC;
two histologically similar skin tumors. Co-detection of miR-205, miR-375, and 28S rRNA
in FFPE MCC and BCC tissue sections using multicolor miRNA FISH. All probes (0.1 uM)
were hybridized at 55 °C for 16 h in hybridization buffer containing 50% formamide and 1.0
M NaCl. Biotin-labeled miR-205 probe was detected using HRP-conjugated streptavidin and
tyramide:ATTO488. Fluorescein-labeled miR-375 probe was detected using anti-fluorescein-
HRP antibody and tyramide:ATTOS532. Directly labeled ATTO647N-conjugated probes were
used to detect 28S rRNA. Nuclei were visualized using DAPI staining. miR-375 signal
intensities were higher in MCC than BCC whereas miR-205 signal intensities were
conversely higher in BCC than MCC (see panels), which was also confirmed by RNA
sequencing analysis. 28S rRNA signals were similar for both MCC and BCC and were used
to normalize miR-375 and miR-205 signals. Images were acquired using an Olympus
microscope and recorded with a CCD digital camera at 20X magnification. Representative
areas, indicated by white rectangles, are shown at 60X magnification to illustrate signal
localization. Exposure times are indicated in s.

Figure 3: Total miRNA concentrations in clinical samples. (a) Mean total miRNA
concentrations (fmol/pg total RNA) were higher for Trizol-extracted cell lines than for
RecoverAll- or Masterpure-extracted FFPE materials (ANOVA p<0.001, N¢p =8, Npppp=27).
Higher total miRNA concentrations were seen when rRNA sequence reads, indicating rRNA
recovery, were lower (Pearson correlation -0.89, p=<0.001). (b) Significant differences in
mean total miRNA concentrations were seen between groups (ANOVA p<0.001, Nyec=12,
Ngcc=4, Nns=4); mean total miRNA concentrations were respectively 4.43 (pag=0.004) and

10
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5.35 (Pagi=0.005) fmol/pg total RNA higher in BCC than in MCC or NS whereas no
significant difference was seen between MCC and NS (pagi=0.72). Error bars indicate the
standard error of the mean.

Figure 4: miR-205 and miR-375 concentrations in clinical samples. Sequencing-
derived miR-205 and miR-375 concentrations (fmol/pg total RNA) are depicted for (a) all
samples and (b) training set samples. miRNA microarray and real-time RT-PCR analyses of a
subset of six MCC and two NS samples confirmed our sequencing-based results. Principal
component analysis differentiated MCC from non-MCC (NS) groups (data not shown). miR-
205 was 505-fold higher in NS than MCC (p=0.003) and miR-375 was 310-fold higher in
MCC than NS (p=0.006). miR-375 real-time RT-PCR expression levels were assessed for (¢)
11 MCC and 4 NS samples and were significantly higher in MCC compared to NS (ANOVA
p<0.001, Nycc=11, Nys=4, FCH=233.5). miR-205 expression was not assessed due to
paucity of material. Sequencing-derived miR-375 concentrations and real-time PCR
measurements correlated strongly (Spearman correlation 0.94 (p<0.001); Pearson correlation
of log2-transformed variables 0.99 (p<0.001). Error bars indicate the standard error of the
mean.

Figure 5: EDC crosslinking of 5' p-RNA and protein in 1-methylimidazole.
Mechanism of EDC crosslinking of 5' phosphorylated RNA and protein in 1-
methylimidazole. (a) EDC activation of the 5’-phosphate group is the first step of the
crosslinking reaction. Due to the short half-life of EDC-activated miRNA in water, 1-
methylimidazole was used to form a more stable reaction intermediate, reacting with an
amino group on the peptide to form a stable phosphoamide bond; the formation of EDC-
activated miRNA and 1-methylimidazole-miRNA intermediates were confirmed by HPLC
(data not shown). When 1-methylimidazole was replaced with triethylamine, MOPS, or
HEPES buffers (lacking phosphate and primary amines), the crosslinking reaction time
increased considerably (> 30-fold) indicating the necessity of 1-methylimidazole for
stabilizing EDC crosslinking. The EDC crosslinking reaction is affected by two equilibria.
The first equilibrium is affected by hydrolysis that can be reduced by reacting with
heterocyclic derivatives. The second equilibrium between protonated and unprotonated
amines also affects the EDC crosslinking reaction; it would be preferable to carry out the
reaction at basic pH, given the pKa of 10.5 for the Lys side chain, however hydroxide ions

begin to compete for the nucleophilic attack of the EDC-5'-p-RNA intermediate under these
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conditions. Therefore, the reaction was performed at pH 8 to balance the effects of side
reactions of both equilibria for optimal EDC crosslinking. (b) Addition of 5-ETT decreased
the reaction time for EDC crosslinking through competing intermediate formation.

Figure 6: EDC-mediated condensation using adenosine 5’ monophosphate and a
lysine-reactive peptide. (a) The reaction between AMP and peptide Pepl (Phe was included
in the peptide to allow for monitoring of the peptide by UV) at 50 °C, yielded a stable
phosphoramidate product AMP-Pepl. (b) HPLC traces recording UV 260 nm absorbance of
reaction products during a 10 h time course of a model condensation reaction at pH 8. Peaks
corresponding to AMP (highlighted blue), Pepl, and crosslinking product Amp-Pepl
(highlighted red), 1-Methylimidazole (1-Melm) are marked. Reaction times and product
yields are indicated. (¢) The highest product yield was achieved at pH 8. AMP was reacted
with an excess of Acetyl-N-Gly-Phe-Lys-Gly-C-NH,, with only the Lys residue being
crosslinked.

Figure 7: Specificity of EDC-mediated condensation reaction. When six different
peptides of similar sequence, Acetyl-N-Gly-Phe-X-Gly-C-NH, (X = Lys, Glu, Gln, Cys, Ser,
or Gly), were incubated with AMP and EDC-HCI for 10 h at 50 °C, only peptide Pepl with
Lys residue was detected to form phosphoramidate product indicating that EDC crosslinking
18 primary amino-group-specific. Peaks corresponding to AMP (highlighted blue), Pepl,
Pep2, Pep3, Pep4, PepS5, Pep6, crosslinking product Amp-Pep1 (highlighted red) product, 1-
Methylimidazole (1-Melm) and non-phosphoramidate product Pep2-Pep2 (an anhydride
dimer, see also Figure 11, below) and Pep4-S-S-Pep4 (a dimer formed by disulfide bridge)
are marked.

Figure 8: Schematic diagram of ABINA synthesis. ABINA is a highly soluble UV-
absorbing compound that was prepared by refluxing methylisonicotinate and 1,4-
Diaminobutane in water (see Methods).

Figure 9: Carbodiimide-mediated condensation using UV-absorbing model
compounds. (a) The reaction between AMP and ABINA at 50 °C yielded a stable
phosphoramidate product AMP-ABINA. (b) HPLC traces recording UV 260 nm absorbance
of reaction products during a 7 h time course of a model condensation reaction at pH 8. Peaks
corresponding to AMP (highlighted blue), synthesized amine ABINA, and crosslinking
product Amp-ABINA (highlighted red), 1-Methylimidazole (1-Melm) and side products (*)

are marked. Reaction times and product yields are indicated. The XL-product reverted to
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AMP and ABINA upon incubation in 80% acetic acid, as expected for a phosphoramidate. (c)
The highest yield (95%) of ABINA occurred at pH 8.

Figure 10: EDC-based condensation of ABINA and 3-pyridylacetic acid
indicating EDC-based crosslinking between proteins. (a) The reaction between 3-
pyridylacetic acid (PAA) and ABINA at 50 °C yielded a stable amide product PAA-ABINA.
(b) HPLC traces recording UV 260 nm absorbance of reaction products during a 6 h time
course of a model condensation reaction at pH 8. EDC-Mel was used in place of EDC-HCI,
resulting in a substantial decrease in reaction time. Peaks corresponding to synthesized amine
ABINA, PAA (highlighted blue) and crosslinking product PAA-ABINA (highlighted red), 1-
Methylimidazole (1-Melm) and side products (*) are marked. Reaction times and product
yields are indicated. When the condensation reaction proceeded without ABINA, anhydride
product formation was observed.

Figure 11: Retention of rRNA through additive effects of EDC and Denhardt’s
solution. Following EDC fixation, long RNAs, such as rRNA, were retained due to protein
networking by EDC crosslinking as evidenced by increased signal intensity (see
corresponding panel +EDC/TRNA-ATTO532). Denhardt’s solution during EDC fixation
further augmented rRNA signal intensity due to increased EDC permeabilization. rRNA
probes were directly conjugated with ATTO 532.

Figure 12: Increased linker length between oligonucleotide and hapten enables
the use of signal amplification systems without tissue permeabilization. To examine the
relationship between linker length and signal intensity in non-permeabilized mouse brain
tissue, we systematically varied the linker length between a nucleic acid probe targeting 28S
rRNA (5’AGTtGTtACACACcTCcTtaG; LNA modifications are indicated in lower case) and
its biotin hapten prior to tyramide signal amplification. (a) Linker sequences and lengths (nm)
and (b) abbreviations of linkers used in this study are provided. (¢) Signal intensities
generated by probes with varying linker lengths were normalized against reference signal
intensities obtained using four rRNA probes (Figure 21b) directly labeled with ATTO-532.
Linker lengths above 10 nm substantially enhanced signal-amplification-based fluorescence
detection. The linker length in commercial probes is typically 1.5 nm (in red) (d) The signal
intensity obtained using rRNA-biotin-ATTO-488 with a linker length of 1.2 nm (i) was
compared to the same probe using a linker length of 24 nm (iv) at the same exposure time.

Reference signals were generated using directly labeled rRNA-ATTO-647N probes (ii,v).
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Nuclei were visualized using DAPI staining (iii,vi). Images were recorded at 10x
magnification. Exposure times are indicated in ms. Scale bar, 50 pm (i-vi).

Figure 13: Poly A and rRNA signal ratios. Comparison of Poly A and rRNA
fluorescence markers versus hemotoxylin-cosin staining for delineating cytoarchitecture.
Fluorescence ratios in MCC and BCC show distinct signals and enable molecular
classification.

Figure 14: PolyA and rRNA signals in breast cancer and mouse testis
tissues. Comparison of PolyA and rRNA fluorescence markers versus hemotoxylin-cosin
(H&E) staining for delineating cytoarchitecture. (a) PolyA vs. rRNA ratio enabled
differentiation of two histologically similar breast cancers. We examined the cytoarchitecture
of two well-characterized breast carcinomas and compared PolyA and rRNA fluorescence
signal detection with conventional hemotoxylin-cosin (H&E) stain. Both tissue specimens
were obtained from breast cancer patients with absence of distant metastases, and were
diagnosed as ER and HER2 positive invasive ductal carcinomas of poor histological grade.
Even though both specimens share the same histological classification and the tumors look
identical using H&E stains (in blue circle), the patient corresponding to specimen A6
developed distant metastases and did not survive, whereas the patient contributing specimen
K2 was disease free at the 5 year time point. RNA fluorescence ratios in breast cancer
samples A6 and K2 are distinct (greenish (polyA high; rRNA low) for A6, orange (polyA
low; rRNA low) for K2, indicating higher transcription in sample A6) and could potentially
provide an additional layer of molecular classification that better correlates with prognosis.
(b) The major cells types and the epithelial developmental phase of each tubule in mouse
testis can be differentiated by polyA vs. rRNA vs. protein fluorescent signals (triple ratio).
Distinct stages of spermatogenesis in mouse testis can be distinguished based on unique
fluorescence ratios. Spermatogonia, primary and secondary spermatocytes and spermatozoa
were all identified. Furthermore, protein staining using Eosin B as a fluorescent dye
highlights yellowish (rRNA high; polyA low; protein very high) testosterone-producing
Leydig cells between the seminiferous tubules. The staining also enables rapid determination
of the epithelial developmental phase of each tubule. Spermatagonia can be seen as reddish
(rRNA high; polyA low; protein low), small, round, single-layer cells at the periphery of the
tubule. Primary spermatocytes appear orange (rRNA high; polyA high; protein low), larger

cells immediately adjacent to the spermatogonia. Secondary spermatocytes are small, round,
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brilliantly green (rRNA low; polyA very high; protein low) cells adjacent to the primary
spermatocytes. Spermatozoa are distinguished by the narrow, blue, elongated nuclei and
yellow-staining tails.

Figure 15: Comparison of different nucleic acid backbones in RNA FISH of
adult mouse brain. (a) 4 LNA, Morpholino or DNA probes (17-18 nt long) were conjugated
with fluorescent dye ATTO-532 and hybridized to 28S rRNA at 50 °C for 16 h using
hybridization buffer containing 25% or 50% formamide and 1 M NaCl. The images were
recorded using Olympus microscope and exposure time of 40 ms. Use of EDC fixation in
RNA FISH protocol increased measured signal intensity of rRNA indicating that RNA
retained in the tissue. (b) Comparison of different nucleic acid backbones by measured
intensities demonstrates different binding affinity of LNA, Mopholino and DNA (From
highest to lowest) also affected by different duplex melting stability. Signal intensity of
Morpholino in 25% formamide-based hybridization buffer was similar to signal intensity of
LNA probes. For DNA, only elongation of the probes and use of 25%f formamide increased
signal intensity comparable to the one of LNAs. (¢) Melting temperatures of the duplexes
containing different nucleic acids. (d) Sequences of target rRNA and antisense DNA,
Morpholino or LNA probes. Lower case letter indicate incorporation of LNA modification.

Figure 16: Total RNA isolation from clinical samples. Total RNA was isolated
from FFPE BCC, MCC (ten primary and two metastatic), and NS tissues, and freshly
cultured MCC-derived cell lines using three different RNA extraction methods. Sample
replicates are denoted by the suffixes a-c. FFPE tissue roll thickness in microns is indicated in
superscript. Immunohistochemical staining was performed for carcinoembryonic antigen
(CEA), chromogranin (CHR), cytokeratin 7 (CK7), cytokeratin 20 (CK20), epithelial
membrane antigen (EMA), leukocyte common antigen (LCA), low molecular weight keratin
(LMWK), neuron-specific enolase (NSE), neurofilament (NF), synaptophysin (SYN), and
thyroid transcription factor 1 (TTF-1). MCV status is indicated where available. NA denotes
measurement not available. NT denotes not tested.

Figure 17: Small RNA sequence read counts and annotation. miRNA expression
profiles were generated for all 36 samples in two barcoded sequencing runs. Total sequence
reads per sample averaged 395,855 (range: 121,271-649,145) and were similar for each run,
respectively averaging 379,502 (range: 121,271-556,983) and 416,297 (range: 193,092-

649,145) sequence reads. Following barcode extraction, sequence reads were annotated into
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the following RNA categories: calibrator (spiked in calibrator oligoribonucleotides for
miRNA quantitation), miRNA, none (sequences with unclear or no match to the human
genome), rRNA, transfer RNA (tRNA), miscellancous RNA (miscRNA: poorly annotated
non-coding RNA transcripts), and marker RNA (size marker RNAs that were used for
isolating ligation products during cDNA library preparation). Following annotation, miRNA
was the most abundant (average 78.9%, range: 45.8-93.6%) small RNA class in each sample.
The sum of proportions may not equal 100 due to rounding errors.

Figure 18: Total and specific miRNA concentrations in clinical samples. Total
miRNA and specific miRNA-205 and miR-375 concentrations were derived for all samples.
Relative miR-375 expression levels, derived from real-time RT-PCR measurements, indicate
relative fold expression in each sample over a reference value (arbitrarily set at 1) from an NS
sample. NT denotes not tested.

Figure 19: Optimized condensation reaction conditions using different
carbodiimide derivatives. Four different carbodiimide derivatives (0.1 M) were tested to
identify optimal reaction conditions for phosphate activation while minimizing hydrolysis in
I-methylimidazole buffer (0.1 M 1-methylimidazole, 0.3 M NaCl, pH 8.0). Despite the
shorter reaction time for EDC-Mel, we selected EDC-HCI to avoid overcrosslinking, which
would decrease access of antibody-based signal amplification reagents to the target-RNA-
bound probe-conjugated.

Figure 20: Optimized condensation reaction conditions using different
heterocyclic derivatives and EDC-HCIL. Five different heterocyclic derivatives (0.1 M)
combined with EDC-HCI (0.1 M) in 1-methylimidazole buffer (0.1 M 1-methylimidazole, 0.3
M NaCl, pH 8.0) were tested to identify optimal reaction conditions for minimizing
hydrolysis through intermediate formation. For miRNA FISH experiments, we selected EDC-
HCI and 5-ETT in 1-methylimidazole buffer (pH 8.0).

Figure 21: miR probe and rRNA sequences and melting temperatures of miRNA
and rRNA duplexes. (a) Several probes were designed to detect miR-205 (sense RNA
sequence: 5"UCCUUCAUUCCACCGGAGUCUG) and miR-375 (sense RNA sequence:
5’UUUGUUCGUUCGGCUCGCGUGA); LNA residues are indicated in lowercase letters.
Probe sequences that were used in the current study are highlighted in blue. (b) Four probes
were designed to detect human 28S rRNA. The sense RNA sequences for LNA1, LNA2,
LNA3 and LNA4 are 5>’ AUCAGACCCCAGAAAAG, 5’>CGGAACGGGACGGGA,
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5’AGUCGGUCCUGAGAGAUG and 5’UCAGUACGAGAGGAACC, respectively. These
probes were synthesized on 3'-amino-modifier C7 CPG (500 A) solid glass support,
deprotected, and conjugated to ATTO-647N-NHS ester. Melting temperatures were measured
using 50% formamide, 1 M NaCl, and 50 mM phosphate (pH 7.0) and probe concentrations
were 1.5 uM. Based on melting temperatures of the probes highlighted in blue, we
determined the hybridization temperature to be 55 °C in miRNA FISH experiments.

Figure 22: miR-375 LNA-probe design. miR-375 (a,d,g.j,m,p) and 28S rRNA
(b,e,h,k,n,q) hybridization patterns in BCC and MCC tissues were used to assess probe
specificity. Probe sequence matches to 28S rRNA are underlined; LNA modifications are
indicated in lower case. Antisense miR-375 LNA probe (22 nt, plus 25 nm linker) was
detected in (a) BCC and (d) MCC, indicating rRNA mishybridization. Antisense miR-375
LNA probe (15 nt, plus 25 nm linker), with a short (6 nt) sequence match with rRNA, was
detected in (g) BCC and (j) MCC, again indicating mishybridization. Removal of three LNA
modifications from the region of sequence similarity (third probe sequence) resulted in a
substantial decrease (11 °C) in melting temperature, and a specific miR-375 signal ((m) BCC
and (p) MCC). Nuclei were visualized using DAPI staining (¢,f,i,1,0,r). Images were recorded
at 20X magnification. Exposure times are indicated in ms or s. Scale bar, 50 um (a-r).

Figure 23. Multicolor miRNA FISH for BCC and MCC differential diagnosis.
Parallel detection of miR-205, miR-375, and 28S rRNA in FFPE BCC and MCC tissue
sections (samples BCC1 and MCC1) by multicolor miRNA FISH. All probes (25 nM) were
co-hybridized at 55 °C for 16 h in hybridization buffer containing 50% formamide and 1.0 M
NaCl (probe sequences are listed in Figure 31). miR-205 was detected using a 14-nt
fluorescein-labeled (conjugated to 6 fluorescein moieties) LNA-modified probe and anti-
fluorescein-HRP antibody with and tyramide:ATTO-532 signal amplification. miR-375 was
detected using a 15-nt biotin-labeled (conjugated to 6 biotin moicties) LNA-modified probe
with HRP-conjugated streptavidin and tyramide:ATTO-488 signal amplification. miR-205
signal intensities were higher in BCC (a) than MCC (g) whereas miR-375 signal intensities
were conversely higher in MCC (h) than BCC (b), consistent with our small RNA
sequencing results. 28S rRNA was detected without signal amplification by a cocktail of four
fluorescent ATTO-647N-conjugated probes (c,i). 28S rRNA signals were similar for both
BCC and MCC and used to normalize miR-205 and miR-375 signals. Nuclei were visualized

using DAPI staining (d,j). Merged images (e,k) depict BCC in yellow and MCC in green,
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enabling rapid tumor identification. Hematoxylin-cosin (H&E) stained tissue sections (k,l)
illustrate the potential for histologic similarity between BCC and MCC. Images were
recorded at 20X magnification. Representative areas, indicated by white rectangles, are
shown at 60X magnification to illustrate signal localization. Exposure times are indicated in
ms. Scale bar, 300 um, for insert, 50 um (a-l).

Figure 24. Differentiating BCC and MCC using normalized miRNA signal
intensity ratios. Following signal collection and correction (see Figure 30 and Figure 25,
respectively), miR-205 (black) and miR-375 (grey) signal intensities were normalized against
rRNA signal intensities for each tumor. A cut-off value (0.4) to differentiate BCC and MCC
was first established on a test set (BCC1 and MCC1) of tumors. This cut-off value was
subsequently used in blinded analysis to correctly identify four BCC (BCC2-5) and twelve
MCC (MCC2-13) tumors.

Figure 25. miRNA signal normalization and establishment of cut-off values to
enable tumor differential diagnosis. Mecan signal intensities for miR-375, miR-205, and
rRNA and the sum of pixels (encompassing the interval from 1,000 to 10,000 pixel intensities
representing specific RNA signal and excluding background signal) for five BCC and thirteen
were recorded for miR-375, miR-205, and rRNA. Exposure times for miR-375, miR-205, and
rRNA were 50, 100, and 250 ms, respectively.

Figure 26. Fluorescent dyes and their properties, and filters for fluorescent
imaging. Specific fluorescent dyes were used to identify DNA (nuclei) and RNA (miR-375,
miR-205 and rRNA) targets in our study. Excitation (Ex.) and emission (Em.) wavelengths
and the quantum yield (QY) of each dye, and the excitation and emission filters for the Sedat
Quad filter set are indicated.

Figure 27. EDC-based retention of long (rRNA) and short (miRNA) RNAs in
FFPE tissues. Multicolor miRNA FISH was performed on BCC and MCC tissues with (+)
and without (-) EDC fixation. rRNA signals were brighter in EDC-fixed (¢,K) than unfixed
(d,]) tissues, indicating retention. miR-205 and miR-375 signals were identified as expected
in EDC-fixed (e,g,m,0) but not unfixed (f,h,n,p) tissues. Images were recorded at 60X
magnification. Exposure times are indicated in ms. Scale bar, 300 um, for insert 50 pm (a-p).

Figure 28. miR-205 LNA-probe design. miR-205 (a,d,g,j) and 28S rRNA (b,e,h,k)
hybridization patterns in BCC and MCC tissues were used to assess probe specificity. Probe

sequence matches to 28S rRNA are underlined; LNA modifications are indicated in lower
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case. Antisense miR-205 LNA probe (22 nt, plus 25 nm linker) was detected in (a) BCC and
(d) MCC indicating rRNA mishybridization. Shortening the probe sequence and removal of
LNA modifications from the region of sequence similarity, resulted in a substantial decrease
(9 °C) in melting temperature, and specific miR-205 signal in BCC (g,j). Nuclei were
visualized using DAPI staining (¢,f,i,1). Images were recorded at 20X magnification.
Exposure times are indicated in ms or s. Scale bar, 50 um (a-1).

Figure 29. Workflow diagram of optimized miRNA FISH protocol.

Figure 30. miRNA signal normalization and establishment of cut-off values for
tumor differentiation. Signal intensity histograms for miR-375-ATTO-488, miR-205-
ATTO-532, and rRNA-ATTO-647N were used to delineate and differentiate specific RNA
and background signals; cut-off values were established on a pilot set of tumors (BCC1 and
MCCT1) and set at 1,000 pixel intensities for miR-375, miR-205, and rRNA. Corrected miR-
375, miR-205, and rRNA pixel intensities (respectively indicated by green, yellow, and red
boxes) were multiplied by their corresponding sum of pixels and these values were used to
normalize miRNA against reference rRNA signals. Blinded analysis of 16 BCC and MCC
tumors was performed using the same cut-off values as above and all tumors were correctly
identified based on normalized miR-205 and miR-375 signals; signal intensity histograms
from pilot (BCC1 and MCC1) and representative (BCC2-13 and MCC2-5) are presented. The
Y-axis is not shown here, instead sum of pixels above a defined threshold as seen in Figure
25.

Figure 31. Confirmation of miR-205 probe specificity in mouse skin tissues.
Parallel detection of miR-205 and 28S rRNA in FFPE skin tissue sections from wild-type
(WT) and miR-205 knockout (KO) mice using multicolor miRNA FISH. Probes and reaction
conditions were identical to those used in Figure 33. miR-205 signal was present in WT (a)
but not KO (f) skin tissues. 28S rRNA signals were similar for WT and KO tissues (b,g).
Nuclei were visualized using DAPI staining (¢,h). Merged images (d,i) show miR-205
signals in epidermis, hair follicles, and a dermal cell subpopulation (in green), rRNA signals
(in red), and nuclei (in blue). H&E stained WT and KO skin tissues (e,j) are histologically
indistinguishable. Images were recorded at 20X magnification. Representative areas,
indicated by white rectangles, are shown at 60X magnification to illustrate signal localization.
Exposure times are indicated in ms. Scale bar, 200 um, for insert, 50 um (a-j).

Figure 32. Confirmation of miR-375 probe specificity in mouse pancreas tissues.
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Parallel detection of miR-375 and 28S rRNA in FFPE pancreas tissue sections from wild-
type (WT) and miR-375 knockout (KO) mice using multicolor miRNA FISH. Probes and
reaction conditions were identical to those used in Figure 33. miR-375 signal was present in
WT (a) but not KO (f) pancreatic islets and ductal epithelium. 28S rRNA signals were similar
for WT and KO tissues (b,g). Nuclei were visualized using DAPI staining (¢,h). Merged
images (d,i) show miR-375 signals in pancreatic islets and ductal epithelium (in green),
rRNA signals (in red), and nuclei (in blue). H&E stained WT and KO pancreas tissues (e,))
are histologically indistinguishable. Images were recorded at 20X magnification.
Representative areas, indicated by white rectangles, are shown at 60X magnification to
illustrate signal localization. Exposure times are indicated in ms. Scale bar, 200 pum, for
insert, 50 pm (a-j).

Figure 33. EDC fixation is incompatible with immunohistochemical staining. To
assess the compatibility of EDC-based RNA fixation with immunohistochemistry, we tested
multiple EDC-fixed and unfixed tissue sections with commercial grade antibodies.
Appropriate signals for human epidermal growth factor receptor 2 (HER2), smooth muscle
actin (SMA), phospho-histone-H3 (Phh3), glucose transporter 1 (Glutl), pan-keratin, and
vimentin (VIM) were respectively seen in human breast cancer, human gastrointestinal
stromal tumor (GIST), mouse embryonic brain, mouse embryonic liver, SKOV3 xenograft,
and human placental tissues in unfixed (a-f) but not EDC-fixed (g-1) tissue sections.

Figure 34. Additive detection of probe signal intensities using RNA FISH. Eight
oligonucleotide probes targeting different regions of mouse 28S rRNA were assessed
separately (B-I), in combination (J), and in their absence (A), in neurons of mouse brain
cortex using RNA FISH. Probe signal intensities (listed in Figure 35) for this probe set were
detected in an additive fashion. All probes (100 nM) were hybridized at 55 °C for 16 h in
hybridization buffer containing 50% formamide and 1.0 M NaCl.

Figure 35. Mouse 28S rRNA probe sequences. Eight oligonucleotide probes were
designed to detect mouse 28S rRNA in neurons of mouse brain cortex using RNA FISH;
LNA residues are indicated in lowercase letters. Signal intensities were recorded for each
probe separately (RNA1-RNAS), in combination (rRNA1-8), and in their absence (blank).
Signal intensity for each probe was approx. 100 times higher than that of the no probe (blank)
control. Pooling all 8 probes yielded a signal intensity that was 8 times higher that that for an

individual probe, indicating that RNA FISH can be used for accurate target quantitation.
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Melting temperatures for select probes are shown; melting temperature was measured using
50% formamide, 1 M NaCl, and 50 mM phosphate (pH 7.0) and probe concentrations were
1.5 uM. All probes (100 nM) were hybridized at 55 °C for 16 h in hybridization buffer
containing 50% formamide and 1.0 M NaCL

Figure 36. Detection of mRNA-associated polyA tails in FFPE mouse brain. Four
oligonucleotide probes (polyT1-4, for sequences see Figure 37) were designed to target
mRNA-associated polyA tails in oligodendrocytes (characterized by scant cytoplasm) in
FFPE mouse brain. polyT1 likely targets proteins to highlight dendritic bundles (B). Specific
cellular signals are seen with polyT2-4 (E,H,K) with polyT4 (K) producing a distinct signal
without highlighting dendritic bundles, therefore polyT4 is preferred probe to target polyA
tails. Nuclear DAPI (A,D,G,J) and nucleocytoplasmic rRNA (C,F,LL) signals were similar
for each probe. Probes were hybridized using 50% Formamide and 1M NaCl at 50 °C.
Exposure times are indicated in ms. Scale bar, 100 um, (A-L).

Figure 37. Poly T probe sequences and normalized signal intensities. 4
oligonucleotide probes were designed to detect polyA tail in PEFF mouse brain using RNA
FISH; LNA residues are indicated in lowercase letters. Signal intensities were recorded for
cach probe separately. Melting temperature for polyT1 is shown; melting temperature was
measured using 50% formamide, 1 M NaCl, and 50 mM phosphate (pH 7.0) and probe
concentrations were 1.5 uM. All probes (100 nM) were hybridized at 50 °C for 16 h in
hybridization buffer containing 50% formamide and 1.0 M NaCl. Normalized intensity =
intensity of polyT / intensity of rRNA. polyT4 is preferred probe to target polyA tails.

Figure 38. Comparison of non-coding RNA, their sequencing counts from small
RNA sequencing and normalized intensity derived from RNA FISH. Read counts were
determined using approx. 2000 small RNA ¢cDNA libraries from various tissues. All probes
were conjugated to the same ATTO-550 dye and the intensity was measured using the same
window size with ca. 200 cells. Comparing intensities, the ratios between non-coding RNAs
are similar to the ratios can be calculated from read counts/transcript lenght. This
demonstrates that the same relative abundance of RNAs can be determined by read counts
and measured intensities by RNA FISH indicating that pool of 7 non-coding RNAs can be
used to determine both RNA retention and abundance of RNAS in a tissue sample. This
paramaters can be subsequently used to design specific probes for mRNA targets. The table

also shows that abundant RNAs such as ACTB, RPL8 and EEF2 are still 250 to 2,500 times
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less abundant than non-coding RNAs (from mt-rRNA to rRNA), therefore, the probes
targeting mRNAs must be design avoiding mishybridization to these non-coding RNAs.
Normalized intensity = total intensity / number of probes / exposure time (ms).

Figure 39. Multiplexed detection of specific subcellular and variably expressed
RNAs using RNA FISH. Probes targeting four RNA species (28S rRNA, Ul snRNA,
mitochondrial (mt) rRNA, and polyA tails) with different subcellular locations were assessed
in SKBR3 breast cancer cell line using RNA FISH; 28S rRNA is 3-fold more abundant than
Ul, 10-fold more abundant than mt-RNA, and 4-fold more abundant than polyA tail RNA.
Based on the relative abundance of these RNAs, 12, 7, 1, and 5 oligonucleotide probes
(containing two fluorophores per probe) were generated to detect mt-rRNA, Ul snRNA,
polyA tails, and rRNA respectively. With the exception of the rRNA probe, probes were
designed to avoid rRNA complementarity. These probes were subsequently evaluated in
FFPE cancer cell lines (SKBR3), using 5 um tissue sections to mimic a typical surgical
pathology specimen and all 5 available fluorescence channels on the scanning microscope.
Following simultaneous hybridization of all probes, each RNA was detected in the expected
subcellular location; mt-RNA in mitochondria (A), Ul snRNA in nuclear speckles (B),
mRNA-polyA tails in nuclei (overlapping with Ul snRNA) and cytoplasm (C), and rRNA in
nuclei and cytoplasm (D). Nuclei were also visualized using DAPI stain (E). Overlapping the
top 3 channels (mt-rRNA, U1 snRNA, polyA) using artificial RGB coloring shows non-
overlapping localization except for the purple appearing nuclear speckles. Probes were
hybridized using 25% formamide and 1M NaCl at 50 °C. Scale bar, 10 um, (A-F).

Figure 40. Eight (8) Color RNA FISH using 7 non-coding RNAs and DAPI. RNA
FISH was performed using HCC-1954 breast cancer cell line. The probes targeting U2
snRNA, 7SL scRNA, U1l snRNA, mt-rRNA, rRNA and U3 snoRNA are listed in Figure 43.
The sequence of polyT probe targeting polyA is shown in Figure 37 and is named polyT4. U2
snRNA, 7SL scRNA, polyA, Ul snRNA, mt-rRNA, rRNA and U3 snoRNA probes were
conjugated to ATTO-488, ATTO-532, ATTO-Rho12, ATTO-Rho14, ATTO-647N, ATTO-
680 and ATTO-550, respectively. Probes were hybridized using 25% formamide and 1M
NaCl at 50 °C.

Figure 41. Differentiating FFPE breast cancer cell lines using RNA FISH. 53
double-labeled fluorescence oligonucleotide probes targeting HER2 mRNA were assessed in

FFPE HER?2 positive (HCC-1954) and HER2 negative (MDA-MB321) cell lines. HER2
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signals were 15-fold higher in HER2 positive (A) than HER2 (B) negative cells. When mixed
(C), these cells can be differentiated visually. Reference rRNA (targeted by 5 fluorescent
probes, D-F) and DAPI (G-I) signals were similar for both cell lines. Probes were hybridized
using 25% formamide and 1M NaCl at 45 °C. Exposure times are indicated in ms. Scale bar,
50 pum, (A-I).

Figure 42. Comparative detection of HER2-ERBB?2 in breast cancer cell lines
using THC and RNA FISH. HER2 was detected in HER2 positive (HCC-1954) and HER
negative (MDA-MB231) cell lines using either IHC or RNA FISH. Positive IHC (brown) and
RNA FISH (green) signals were seen as expected in HER2 positive (A,D) but not HER2
negative (B,E) cells. Mixtures of cells yielded the expected mixture of signals (C,F). RNA
(red) and nuclei (blue) were visualized using rRNA probes and DAPI stain (D-F). Probes
were hybridized using 25% formamide and 1M NacCl at 45 °C. Scale bar, 50 um, (A-F).

Figure 43. Probe sequences targeting 28S rRNA, human and mouse mt-rRNA,
human Ul snRNA, U2 snRNA, hy3 scRNA, 7SL scRNA and U3 snoRNA. LNA residues
are indicated in lowercase letters. All 5 probes crosshybridize to both human (hsa) and mouse
(mmu) 28S rRNA. Y: 3’-PT-amino-modifier C6 CPG (Glen Research); Z: 5' Amino
Modifier C6-TFA (Glen Research).

Figure 44. Probe sequences targeting HER2/ERBB2. LNA residues are indicated
in lowercase letters. X: Fmoc amino-modifier C6 dT Phosphoramide (GlenResearch); L:
spacer 18 (GlenResearch); W: 3’-Fmoc-amino-modifier C7 CPG (Glen Research).

Figure 45a. Differentiating FFPE breast cancer cell lines using RNA FISH and
DNA probes (24-30 nt long). 45 DNA probes (24-30 nt long) conjugated to ATTO-550 were
used to differentiate two breast cancer cell lines; HCC-1954 that is HER2 positive and MDA-
MB231, which is HER2 negative. Five rRNA probes listed in Figure 43 were conjugated to
ATTO-488. The probes were designed with GC content between 50 and 64% and TC content
between 45 and 66%. No special care was taken regarding probes mishybridization to rRNA.
Melting temperature of these DNA probes vary from 48.1 to 56.9 °C; melting temperature
was measured using 50% formamide, 1 M NaCl, and 50 mM phosphate (pH 7.0) and probe
concentrations were 1.5 uM. Probes were hybridized using 25% Formamide and 1M NaCl at
40, 50 and 60 °C. HCC-1954 cell line could not be distinguished from MDA-MB231 due to
rRNA mishybridization of DNA probes. Exposure times for rRNA and HER2 were 80 ms
and 200 ms, respectively. Scale bar, 50 um, (A-R).

23



10

15

20

25

30

WO 2013/016712 PCT/US2012/048727

Figure 45b. Differentiating FFPE breast cancer cell lines using RNA FISH and
shorter DNA probes (14-21 nt long). 39 DNA probes (14-21 nt long) conjugated to ATTO-
550 were used to differentiate two breast cancer cell lines; HCC-1954 that is HER2 and
MDA-MB231. Five rRNA probes listed in Figure 43 were conjugated to ATTO-488.
Previous DNA probes (24-30 nt long) were shorten either from 5’-end or 3’-end to avoid
rRNA mishybrdization (no segment longer than 8 nt with rRNA sequence complementarity.
Melting temperature of these DNA probes vary from 38.8 to 47.1 °C (approximately 10 °C
lower than longer DNA probes (24-30 nt long); melting temperature was measured using
50% formamide, 1 M NaCl, and 50 mM phosphate (pH 7.0) and probe concentrations were
1.5 uM. Probes were hybridized using 25% Formamide and 1M NaCl at 40, 50 and 60
°C. HCC-1954 cell line could not be sufficiently distinguished from MDA-MB231 due to
rRNA mishybridization of DNA probes. Only hybridization at 40 °C allowed small
discrimination between the cell lines (M, N, O). At higher temperatures (A, B, C, G, H, I),
rRNA mishybridization dominates the signal indicating that further denaturation of rRNA
secondary structure increases rRNA mishybridization. To avoid mishybridization, the probes
need to be shorter to increase their specificity. Exposure times for rRNA and HER2 were 80
ms and 200 ms, respectively. Scale bar, 50 um, (A-R).

Figure 45c¢. Differentiating FFPE breast cancer cell lines using RNA FISH and
LNA/DNA probes (11-15 nt long). 53 LNA/DNA probes (11-15 nt long) conjugated to
ATTO-550 were used to differentiate two breast cancer cell lines; HCC-1954 that is HER2
and MDA-MB231. Five rRNA probes listed in Figure 43 were conjugated to ATTO-488. Our
probe design excludes even short homology to rRNA (no segment longer than 6 nt with
rRNA sequence complementarity) or other RNA sequences. The LNA residues were placed
to the sequence to increase duplex stability of whole probe but not stability of 6 nt long
segments, which crsohybridize to rRNA or other highly abundant RNAs. Melting
temperature of these LNA/DNA probes vary from 44.2 to 52.1 °C (approximately 5 °C lower
than longer DNA probes (24-30 nt long), but 5 °C higher than shorter DNA probes (14-21 nt
long)); melting temperature was measured using 50% formamide, 1 M NaCl, and 50 mM
phosphate (pH 7.0) and probe concentrations were 1.5 uM. Probes were hybridized using
25% Formamide and 1M NaCl at 40, 50 and 60 °C. Hybridization at 40 °C (M, N, O) allowed
great discrimination between HCC-1954 (HER2+) and MDA-MB231 (HER2-) breast cancer
cell lines. At higher temperatures (A, B, C, G, H, I), rRNA mishybridization can be observed
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but does not dominates the signal indicating great specificity of LNA/DNA probes. Exposure
times for rRNA and HER2 were 80 ms and 200 ms, respectively. Scale bar, 50 um, (A-R).

Figure 46. miRNA retention in EDC-fixed FFPE tissues. (a) Northern blotting
analysis shows substantial escape of miR-124 into ISH buffer (50% formamide, 1 M NaCl)
when EDC fixation is omitted (-EDC) compared to EDC-fixed FFPE tissues (+EDC). (b) The
signal intensities of three miR-124 standards were plotted against their amounts (2.5, 0.75
and 0.25 fmol) to give the linear equation y = 17,325*x, where the intercept b was set to zero.
The slope was used to estimate fmol amounts of miR-124 present in 2 pg total RNA from a
human brain (control), and ISH buffer solutions obtained following 16 h incubation of FFPE
monkey brain tissue with (+EDC) and without EDC (-EDC) fixation. Quantification of
Northern blot signals shows that 0.90 fmol (corresponding to approximately 90% of total
miR-124) and 0.10 fmol (corresponding to approximately 10% of total miR-124) of miR-124
were respectively present in ISH buffer from no EDC and EDC-fixed FFPE tissues,
indicating that miRNA retention is substantially increased upon EDC fixation and that the
EDC fixation is crucial for miRNA detection by miRNA FISH to get specific miRNA signal
instead of false positive signal corresponding to rRNA- or other high abundant RNA-

mishybridization .

DETAILED DESCRIPTION OF THE INVENTION

Method for Fixing

In one aspect, the invention relates to a method for fixing RNA in a biological sample.
The method includes contacting the biological sample with an aldehyde-containing fixative,
and subsequently contacting the sample with a solution comprising a carbodiimide and a
heterocyclic derivative.

“Fixing” as used herein refers to immobilizing RNA within the biological sample.
“Immobilizing” as used herein refers to binding the RNA to the biological sample such that
the binding is sufficient to be stable under conditions of washing, probing, labeling, and/or
analysis.

RNA may be any type RNA. Exemplary RNA includes mRNA, tRNA, rRNA, mt-
mRNA, mt-rRNA, shRNA, siRNA or Piwi-interacting RNA, or a pri-miRNA, pre-miRNA,
miRNA, snoRNA, scRNA, long ncRNAs, anti-miRNA, and any variants thereof. In one
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embodiment, the RNA is a short RNA molecule derived from a degraded source, such as, for
example, degraded mRNA.

RNA may include variants therecof. A "variant" as used herein refers to (i) a portion
of a referenced RNA; (ii) the complement of a referenced RNA or portion thereof; (iii) a
RNA that is substantially identical to a referenced RNA or the complement thereof; or (iv) an
RNA that hybridizes under stringent conditions to the referenced nucleic acid, complement
thereof, or a sequences substantially identical thereto.

RNA may be synthesized as a single stranded molecule or expressed in a cell (in vitro
or in vivo) using a synthetic gene. RNA may be obtained by chemical synthesis methods or
by recombinant methods.

A “short” RNA refers to an RNA that has a maximum number of base pairs in length
of about 100, 90, 80, 70, 60, 50, 40, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26, 25, 24, 23, 22, or
21 bp. The RNA has a minimum number of base pairs in length of about 5, 6, 7, 8, 9, 10, 11,
12,13, 14, 15, 16, 17, 18, 19, or 20 bp. Any minimum amount can be combined with any
maximum amount to define a range for an RNA.

In a preferred embodiment, the RNA is microRNA (miRNA). miRNA molecules are
known in the art (see, for example, Bartel, Cell, 2004, 116, 281-297 for a review on
microRNA molecules). The definitions and characterizations of miRNA molecules in the
article by Bartel are hereby incorporated by reference. Such molecules are derived from
genomic loci and are produced from specific miRNA genes.

miRNAs are typically small RNA molecules of generally about 13-33, 18-24, or 21-
23 nucleotides in length. The miRNA may also have a total of at about 5-40 nucleotides in
length. These microRNAs are non-coding RNAs, which are cleaved from hairpin precursors.
miRNAs are naturally 5' phosphorylated and carry 2', 3' dihydroxyl termini. The sequence of
the miRNA may comprise the sequence of a miRNA disclosed in U.S. Patent Nos. 7,825,229
and 7,642,348 the contents of which are incorporated herein, or variants thereof.

The source of the RNA can be any known source. In one embodiment, the source of
the RNA is a biological sample. A "biological sample" as used herein refers to a sample of
biological tissue or fluid that includes biomolecules. Such samples include, but are not
limited to, tissue or fluid isolated from animals or plants. Biological samples also include
viruses or unicellular organisms. Biological samples may also include sections of tissues such

as surgical pathology (including biopsy) and autopsy samples, frozen sections taken for
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histologic purposes, hair, and skin. Biological samples also include explants and primary
and/or transformed cell cultures derived from animal or patient tissues. Biological samples
may also be blood, a blood fraction, plasma, serum, urine, pleural effusion, mucus, ascitic
fluid, amniotic fluid, stool, tears, saliva, cerebrospinal fluid, cervical secretions, vaginal
secretions, endometrial secretions, gastrointestinal secretions, bronchial secretions, sputum,
secretions from ovarian cyst, sperm, secretions from the breast, cell line, or tissue sample.

A biological sample may be provided by removing a sample of cells from an animal,
or plant, but can also be accomplished by using previously isolated cells (e.g., isolated by
another person, at another time, and/or for another purpose), or by performing the methods
described herein in vivo. "Animal" as used herein refers to any animal, including fish,
amphibians, reptiles, birds, and mammals, such as mice, rats, rabbits, goats, cats, dogs, cows,
apes and humans.

As used herein, the term “biomolecule” refers to any molecule found in a biological
sample. Biomolecules include biological molecules, such as a protein, nucleic acid,
carbohydrate, fat, and lipid. Exemplary RNA-binding biomolecules include polypeptides,
nucleic acids, small molecules such as hormones, cytokines, and drugs. In one preferred
embodiment, the biomolecule is a nucleic acid.

Contacting the biological sample with a fixative

The method includes contacting the biological sample with an aldehyde-containing
fixative under conditions in which a biomolecule covalently bonds to a nucleic acid, as is
known in the art. Such methods are known in the art. See, e.g., Feldman, "Reactions of
nucleic acids and nucleoproteins with formaldehyde," Prog. Nucleic Acid Res Mol Biol.
1973, 13:1-49, which is incorporated by reference.

The aldehyde-containing fixative can include an aldehyde-based fixative alone, or in
combination with other fixative agents. Exemplary fixative agents include osmium tetroxide,
picric acid, dialdehyde starch, AEDP (3-[(2-Aminoethyl)dithio]propionic acid*HCI) ethanol,
Ketones, Isocyanate-containing compounds to label hydroxyl-containing molecules,
Woodward's reagent K (WRK) (N-ethyl-5-phenylisoxazolium-3'-sulphonate), 1,1'-
Carbonyldiimidazole (CDI), Bis[2-(N-succinimidyl-oxycarbonyloxy)ethyl] sulfone
(BSOCOES) and sulfo-BSOCOES, Ethylene glycol-bis(succinic acid N-hydroxysuccinimide
ester) EGS, Sulfo-EGS, N,N'-Disuccinimido Carbonate (DSC), Imidoester. Modification of
the 5’ phosphate using EDC and other coupling reagents, Cystamine followed by DTT and a
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sulthydryl crosslinker. (N -Succinimidyl 3-(2-pyridyldithio)-propionate) and LC-SPDP
(Succinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate), SPDP modification of
amines coupled to the 5 phosphate of nucleotides followed by a reducing agent, DTT,
creating a sulthydryl group attachment, and a sulthydryl crosslinker. SATA to modify a 5°-
amine derivative of oligonucleotides, forming a protected sulfthydryl for crosslinking.

Examples of an aldehyde-based fixative agent include, but are not limited to, for
example, formaldehyde, a derivative of formaldehyde, paraformaldehyde, glyoxal, and
glutaraldehyde.

By “biological sample” it is meant that the sample can be directly from an individual
(e.g. tissue sample, biopsy, etc), or previously derived from an individual and fixed with an
aldehyde-based fixative (e.g. archived samples). In the case where the sample was previously
derived from an individual and already fixed with an aldehyde-based fixative, the step of
contacting the biological sample with an aldehyde-containing fixative may not be necessary.

Therefore, in some embodiments, the biological sample is optionally contacted with
an aldehyde-containing fixative.

Contacting the biological sample with solution comprising a carbodiimide and a

heterocyclic derivative

Subsequent to the step of contacting a biological sample with an aldehyde-containing
fixative, the method includes contacting the sample with a solution comprising a
carbodiimide and a heterocyclic derivative.

Any suitable carbodiimide can be used in the methods. Both water-soluble and water-
insoluble carbodiimides can be used. Exemplary suitable water-soluble carbodiimides
include 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC-HCI), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide methiodide (EDC-Mel), 1-cyclohexyl-3-(2-morpholinyl-
(4)-ethyl)-carbodiimide metho-p-toluenesulfonate (CMC), N,N'-dicyclohexylcarbodiimide
(DCC), and N,N'-diisopropylcarbodiimide (DIC), and derivatives thereof. Examples of
carbodiimides include those illustrated in Figure 19.

In a preferred embodiment, a water-soluble carbodiimide is used. For example, 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide methiodide (EDC-Mel), can be used.
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Non-water soluble carbodiimides can also be utilized in the methods of the invention
by adding dimethylformamide (DMF), dioxane, tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO) or other polar (hydrophilic) aprotic organic solvent to the solution. Suitable
carbodiimides for the invention can also be synthesized.

Any suitable heterocyclic derivative can be used in the methods. Examples of

suitable heterocyclic derivatives include the following structures:

ph “ﬁ jr iy et
Ry R|

The heterocychc derivative can be an imidazole, pyrazole, triazole or tetrazole
derivative wherein R;, Ry, and R independently are selected from H, alkyl, aryl, F, Cl, Br, I,
CN, NO,, NH;, OH, SH, ethylthio-, alkyloxy-, or carbonyl. Examples of heterocyclic
derivatives are depicted in Figure 20 and include 2-methylimidazole, imidazole, 1-hydroxyl-
benzotriazole, 5-ethylthiotetrazole, and 2-chloroimidazole.

The carbodiimide and heterocyclic derivative solution produces crosslinking between
proteins in the biological solution, which retain also long RNA species such as, for example,
rRNA and mRNA.

The carbodiimide and heterocyclic derivative are in solution with a buffer. Any
suitable buffer can be utilized. An exemplary buffer for a water-soluble carbodiimide
includes 1-methylimidazole buffer.

The solution comprising a carbodiimide and a heterocyclic derivative has a pH of
greater than about 6.0 and less than about 10.0. In a preferred embodiment, the solution
comprising a carbodiimide and a heterocyclic derivative is about 7.0 to about 8.0.

In one embodiment, the solution comprising a carbodiimide and a heterocyclic
derivative has a concentration of about 20 mM to about 300 mM. In another embodiment,
the solution contacts the sample at a temperature of about 20°C to about 70°C.

In another embodiment, the solution comprising a carbodiimide and a heterocyclic
derivative further comprises a surfactant or detergent. Any suitable surfactant or detergent
can be used in the method. For example, the surfactant or detergent can be Tween20,
Tween80, Triton X-100, Triton X-114, Digitonin, Saponin, CHAPS, Denhardt’s solution,
Heparin, Brij35, Sodium dodecyl sulfate (SDS), or urea.
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In yet a further embodiment, the solution comprising a carbodiimide and a
heterocyclic derivative is further contacted with a cyanogen halide. Examples of cyanogen
halides include cyanogen bromide, cyanogen iodide, cyanogen chloride and cyanogen
fluoride. Preferred cyanogen halides are cyanogen bromide (CNBr) and cyanogen idodide
(CND).

Any suitable buffer can be utilized with the cyanogen halide. An exemplary buffer
for a cyanogen halide includes N-morpholinochanesulfonate (MES) buffer.

In another embodiment, a solution comprising a cyanogen halide is used in place of

the solution containing a carbodiimide and a heterocyclic derivative.

Method for Detecting

In another aspect, the invention relates to a method for detecting a target RNA in a
biological sample. The method includes contacting the biological sample with solution
comprising an aldehyde-containing fixative and subsequently contacting the sample with a
solution comprising a carbodiimide and a heterocyclic derivative to produce a cross-linked
RNA and protein. The method further includes contacting the cross-linked RNA with a
probe, said probe being complementary to all or a part of a region of interest of the RNA,
thereby producing a hybridized RNA. The method also includes detecting the hybridized
RNA as the target RNA.

“Detecting” refers to determining the presence of a component in a sample. Detection
may also mean determining the absence of a component. Detection may also mean
measuring the level of a component, either quantitatively or qualitatively.

A "target RNA" as used herein refers to any RNA that is to be identified, fixed, or
otherwise analyzed. The target RNA may be any type of RNA including mRNA, mt-mRNA,
tRNA, rRNA, mt-rRNA, shRNA, siRNA or Piwi-interacting RNA, or a pri-miRNA, pre-
miRNA, miRNA, snRNA, snoRNA, scRNA, long ncRNAs, anti-miRNA, and any variants
thereof. In one embodiment, the target RNA a short RNA molecule derived from a degraded
source, such as, for example, degraded mRNA. In a preferred embodiment, the target RNA is
miRNA.

As stated above, subsequent to fixing or cross-linking, the method includes contacting
the cross-linked RNA with a probe. In one embodiment, one or more probes may be used to

bind to the target RNA.
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The probe is capable of binding to a target RNA of complementary sequence or a
substantially complementary sequence through one or more types of chemical bonds, usually
through complementary base pairing, usually through hydrogen bond formation. Probes may
bind to RNA without complete complementarity to the probe sequence, depending upon the
stringency of the hybridization conditions.

In a preferred embodiment, the probe has 100% complementarity to all or a portion of
a region of interest of the target RNA. "Complement" or "complementary" as used herein
refers to Watson-Crick (e.g., A-T/U and C-G) or Hoogsteen base pairing between nucleotides
or nucleotide analogs of nucleic acid molecules.

“Substantially complementary” used herein may mean that a first sequence is at least
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98% or 99% identical to the
complement of a second sequence over a region of 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20-40, 40-60, 60-100, or more nucleotides, or that the two sequences hybridize
under stringent hybridization conditions.

The site on the target RNA on which the probe binds is the “target binding site.” The
target binding site may be 5-100 or 10-60 nucleotides in length. The target binding site may
include a total of 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27,28, 29, 30-40, 40-50, 50-60, 61, 62 or 63 nucleotides. Any minimum amount can be
combined with any maximum amount to define a range for a target binding site.

The probe is preferably contacted with the biological sample under stringent
hybridization conditions. “Stringent hybridization conditions” used herein may mean
conditions under which a first nucleic acid sequence (e.g., probe) will hybridize to a second
nucleic acid sequence (e.g., target RNA), such as in a complex mixture of nucleic acids.
Stringent conditions are sequence-dependent and will be different in different circumstances.
Stringent conditions may be selected to be about 5-30 °C lower than the thermal melting
point (Ty) for the specific sequence at a defined ionic strength pH. The Ty may be the
temperature (under defined ionic strength, pH, and nucleic concentration) at which 50% of
the probes complementary to the target hybridize to the target sequence at equilibrium (as the
target sequences are present in excess, at Ty, 50% of the probes are occupied at equilibrium).
Stringent conditions may be those in which the salt concentration is less than about 1.0 M
sodium ion, such as about 0.01-1.0 M sodium ion concentration (or other salts) at pH 7.0 to

8.5 and the temperature is at least about 30°C for short probes (e.g., about 10- 50 nucleotides)
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and at least about 60°C for long probes (e.g., greater than about 50 nucleotides). Stringent
conditions may also be achieved with the addition of destabilizing agents such as formamide.
For selective or specific hybridization, a positive signal may be at least 2 to 10 times
background hybridization. Exemplary stringent hybridization conditions include the
following: 50% formamide, 5x SSC, and 1% SDS, incubating at 42°C, or, 5x SSC, 1% SDS,
incubating at 65°C, with wash in 0.2x SSC, and 0.1% SDS at 65°C.

The probe may be a DNA, RNA, locked nucleic acid (LNA), 2’-O-methyl (2°-OMe),
peptide nucleic acid (PNA), phosphorothioate-linked DNA (S-DNA), 2’-fluoro (2’-F) or
Morpholino probe, 2’-O-cthyl (2’-OEt), or 2’-O-methoxyethyl (MOE), 2’,4’-contrained
MOE bicyclic nucleic acid (¢cMOE BNA), or 2°,4’-contrained 2’-O-ethyl bicyclic (cEt BNA),
or the like. The probe may have a length of from 8 to 500, 10 to 100 or 20 to 60 nucleotides.
The probe may also have a length of at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22,23, 24,25, 26,27, 28, 29, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180,
200, 220, 240, 260, 280 or 300 nucleotides. The probe is preferably about 10 to 30
nucleotides in length, more preferably 18-25 nucleotides in length. Any minimum amount
can be combined with any maximum amount to define a range for a probe. Examples of
probes are depicted in, for example, figures 15, 21, 35, 37, 43 and 44.

The probe may be directly labeled or indirectly labeled. A "label" as used herein
refers to a composition that is detectable by spectroscopic, photochemical, biochemical,
immunochemical, chemical, and/or physical means. For example, suitable labels include **P,
fluorescent dyes, electron-dense reagents, enzymes (e.g., as commonly used in an ELISA),
biotin, digoxigenin, fluorescein, 2,4-dinitrophenol (DNP) or haptens and other molecules that
can be made detectable.

The label may be a fluorophore, such as described in U.S. Patent No. 6,541,618. The
label may also be a quencher molecule, which when in proximity to another label, may
decrease the amount of detectable signal of the other label, such as described in U.S. Patent
No. 6,541,618. The label may be incorporated into nucleic acids and proteins at any position
of the nucleic acids or proteins.

Examples of direct labeling, such as chemical labeling, include Kreatech ULS
chemical labeling technology, which labels miRNA or probes or target nucleic acids with
biotin. Another example of direct labeling is part of a PerkinElmer Micromax ™ Direct

Labeling Kit, which labels miRNAs with biotins along the length of the miRNA. An
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example of enzymatic End labeling includes ligation of dinucleotides with a biotin entity
(pCU-bio). Signal amplification, such as Tyramide signal amplification (TSA) amplifies the
number of biotins in site, starting from one biotin to which a Streptavidin-horse radish
peroxidase (HRP) conjugate is bound. The Tyramide biotin substrate is processed by the HRP
to produce a non-soluble biotin that is precipitated in site, creating a cluster of biotins on the
appropriate microsphere.

The probe may further include a linker. The linker exits between the probe and the
label. The linker may be about 1.2 to about 200 nm in length. Preferably, the linker may be
about 3.0 to about 100 nm in length. More preferably, the linker is about 30 nm in length.
The linker may not be capable of forming a stable secondary structure, may not be capable of
folding on itself, or may not be capable of folding on a non-linker portion of a nucleic acid
contained in the probe. The sequence of the linker may not appear in the genome of the
animal from which the probe non-linker nucleic acid is derived. Exemplary linkers can be
found in Figure 12.

In addition to contacting the cross-linked RNA with a probe, the method may further
include contacting the biological sample with a probe complementary to all or a part of a
region of interest of another target RNA in the biological sample, thereby producing a
hybridized target RNA.

Accordingly, in one embodiment, more than one target nucleic acid may be
hybridized with a probe and identified. In a further embodiment, multiple probes with
different labels can be hybridized to different target RNA. For example, a probe can be used
that hybridizes to a miRNA of interest, concurrently with another probe that hybridizes to a
RNA that is degraded mRNA and/or an mRNA variant. The identification of a specific probe
or a combination of different probes can be used to identify the phenotype of the cell, for
example whether the biological sample is a type of cancer.

The invention also provides a method for direct visualization of rRNA, mt-rRNA, Ul
snRNA, U2 snRNA, U6 snRNA, U3 snoRNA, 7SL scRNA, hy3 scRNA, 7SK scRNA or
other non-coding RNA, mRNA and polyA tails by using fluorescently labeled probes and
fluorescently labeled polyT probe, respectively. In addition, a method for assessing RNA
retention and specificity for probe hybridization has been discovered.

Kit
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In another aspect, the invention relates to a kit for fixing RNA in a biological sample.
The kit includes a support substrate for holding the sample, an aldehyde-containing fixative,
and a carbodiimide and a heterocyclic derivative.

A “support substrate” refers to a composition that is amenable to at least one detection
method and contains individual sites that are appropriate for attachment or association of the
biological sample, probe, and nucleic acid. Exemplary support substrates include glass,
modified or functionalized glass, plastics (including acrylics, polystyrene and copolymers of
styrene and other materials, polypropylene, polyethylene, polybutylene, polyurethanes,
Teflon J, etc.), polysaccharides, nylon or nitrocellulose, resins, silica or silica-based materials
including silicon and modified silicon, carbon, metals, inorganic glasses and plastics. The
substrates may allow optical detection without appreciably fluorescing.

Preferably, the support substrate is one to which the biological sample may be bound.
The binding of the biological sample to the support substrate may be covalent or non-
covalent. Covalent bonds may be formed directly between the probe or biological sample
and the solid support or may be formed by a cross-linker or by inclusion of a specific reactive
group on either the solid support or the probe or both molecules. Non-covalent binding may
be one or more of electrostatic, hydrophilic, and hydrophobic interactions. Included in non-
covalent binding is the covalent attachment of a molecule, such as streptavidin, to the support
and the non-covalent binding of a biotinylated probe to the streptavidin. Immobilization may
also involve a combination of covalent and non-covalent interactions.

The kit may also include any or all of the following: assay reagents, buffers, probes
and/or primers, and sterile saline or another pharmaceutically acceptable emulsion and
suspension base. In addition, the kits may include instructional materials containing
directions (e.g., protocols) for the practice of the methods described herein. For example, the
kit may be a kit for the fixation, amplification, detection, identification or quantification of a
target nucleic acid sequence.

Method of Differentiating Cells

In another aspect, a method is provided for differentiating cells in a biological sample.
The method for differentiating cells includes the method of detection as described above.
The method can be performed on any type of cell, such as, for example, cancer cells.

In one embodiment, cells are differentiated by assessing the differences between the

level of miRNA that is hybridized in each cell. Probes which are complementary to specific
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miRNA can be used. As discussed above, the probes can also include a label. The levels of
miRNA expression can therefore be measured by determining the amount of label present.
For example, the miRNA can be measured using fluorescence in situ hybridization (FISH).
Cells can be differentiated by assessing the miRNA concentration in each cell and comparing
the concentrations in the cells.

In another embodiment, a plurality of probe types can be used. Each probe can be
complementary to a different type of RNA. As discussed above, the hybridized RNA of
interest can be any RNA. In addition, each probe type can have a different label, thereby
permitting the detection of the different types of RNA. In a preferred embodiment, the
differentiation of cells is based upon the detection of different types of RNA in the different
cells.

For example, the target RNA can be rRNA, mt-rRNA, Ul snRNA, U2 snRNA, U6
snRNA, U3 snoRNA, 7SL scRNA, hy3 scRNA, 7SK scRNA, polyA and mRNA, with
different probes being complementary to each RNA type. The different probes can also
include different labels Lsuch that the expression of each RNA type can be quantified by
measuring the presence of the different labels. Ratios of the different RNA types can then be
quantified that are indicative of a particular cell type. The cells in the biological sample can
be differentiated based upon the different ratios of RNA type.

By this method, differentiation between cell types, such as cancer cells, can be
determined. For example, differentiation between Merkel cell carcinoma (MCC) and basal
cell carcinoma (BCC) based on polyA:rRNA signal ratios can be accomplished. The ratio of
polyA:rRNA has been shown to be approximately three times in higher in BCC than MCC,
indicating tumor-specific changes in global markers of RNA regulation (Figure 13). PolyA
and rRNA signals potentially serve as surrogate markers of transcriptional and translational
activities, respectively, and may be useful normalization controls against which gene-specific
expression can be assessed.

In another embodiment, the method of differentiating cells can further include the use
of protein stain so as to provide a signal ratio of polyA:rRNA:protein (herein referred to as
“triple ratio”). The polyA:rRNA ratio also enables differentiation between two breast
cancers, see Figure 14. In Figure 14b, fluorescence ratios in mouse testis demarcate cellular
layers that correspond to different stages of spermatogenesis. Furthermore, protein stain using

Eosin B as a fluorescent dye highlights the Leydig cells between the seminiferous tubules.
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The major cells types of the testis can be differentiated by using a polyA vs. rRNA vs.
protein comparison.

In a further embodiment, the labels can be visualized by using a suitable fluorescent
stain. Exemplary protein stains include, for example, Eosin B; LUCY 565 from Sigma,
Sypro Ruby from Bio-rad, Deep purple from GE and Krypton Infrared from Thermo
Scientific, Eosin Y, Ethyl eosin, LUCY 506 from Sigma, LUCY 569 from Sigma, SYPRO
Orange from Invitrogen, SYPRO Tangerine from Invitrogen, SYPRO Red from Invitrogen,
Krypton Orange from Thermo Scientific, Oriole from Bio-Rad, Flamingo from Bio-Rad, and
LavaPurple from Serva electrophoresis.

Exemplary RNA stains include, for example, directly labeled LNA probe, or DNA
probe, or RNA probe, or Morpholino probe, or or PNA probe, or 2°-OMe probe or 2’-O-cthyl
(2°-OEt) probe or 2°-O-methoxyethyl (MOE) or 2°,4’-contrained MOE bicyclic nucleic acid
(cMOE BNA) probe or 2°,4’-contrained 2’-O-cthyl bicyclic (cEt BNA) probe or S-DNA
probe, or the like, directly labeled with any suitable dye, including for example, ATTO dye,
or Cy dye or Alexa dye or BODIPY dye or DyLight dye or Cyto dye or Seta dye or
RadiantDy dye or CF dye, or any fluorophore (¢.g. Fluorescein and FITC.).

PolyA stain can be a polyT probe (about 10 to 300 nucleotide long), and also a
directly labeled LNA probe, or DNA probe, or RNA probe, or Morpholino probe, or PNA
probe, or 2’-OMe probe or 2’-O-cthyl (2’-OEt) probe or 2’-O-methoxyethyl (MOE) or 2°,4’-
contrained MOE bicyclic nucleic acid (¢cMOE BNA) probe or 2°,4’-contrained 2°-O-cthyl
bicyclic (cEt BNA) probe or S-DNA probe, or the like; directly labeled with any suitable dye,
including, for example, ATTO dye, or Cy- dye or Alexa dye, or any fluorophore. An
exemplary polyT probe is polyT4 as depicted in Figure 37.

Method for Identifving Translocations

In another aspect of the invention, the described invention utilizes RNA FISH to
provide for identification of at least one of several translocations responsible for oncogenesis.
Such information is useful for identifying the origin of the tumor, molecular diagnostics, and
appropriate therapy. For example, sarcoma diagnostics benefit from simultancous monitoring
of the expression of multiple molecular markers by RNA FISH. Sarcomas constitute a
heterogencous group of tumors containing more than 100 histological types and subtypes;
considerable morphological overlap between the different diagnostic entities contributes to

difficulties in classification. Accurate sarcoma subclassification is essential since these
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different tumor entities require different treatment strategies and have different outcomes.
Some sarcomas fall into the diagnostically challenging categories of small blue round cell
tumors (SBRCTs) or spindle cell tumors (SCTs). Correct diagnosis is crucial since these
morphologically overlapping tumors come from a wider variety of different cell lineages than
sarcomas alone. SBRCTSs represent a heterogenecous group of tumors with extremely similar
histology, sharing undifferentiated small round cells with scant cytoplasm.

Using imunohisochemistry (IHC) and conventional H&E staining, many of these
entities can be distinguished. However, combining these markers can streamline the
diagnostic process or replace IHC due to its flexibility for including new markers, as well as
the associated reduction in costs. Similarly, SCTs also require a series of diagnostic tests for
unambiguous diagnosis.

The described invention encompasses the development and use of quantitative
multicolor RNA FISH assays that simultancously monitor mRNAs of multiple diagnostic
protein markers, leading to rapid and reliable sarcoma subclassification.

Other aspects of the invention will become apparent to the skilled artisan by the

following description of the invention.

EXAMPLES
Clinical materials and cell lines.

Sample collection was performed with IRB approval. Thirty-six clinical samples and
cell culture aliquots were obtained for miRNA expression profiling by barcoded small RNA
sequencing (Figure 17). Tissue punches from formalin-fixed and paraffin-embedded (FFPE)
biopsy specimens of MCC (n=12), BCC (n=4), and NS (n=4) were collected in the
Department of Pathology and Molecular Medicine, Kingston General Hospital, Canada.
Tissue rolls from FFPE biopsy specimens of MCC (n=2), BCC (n=1), and NS (n=1) were
obtained from the Department of Pathology, Fox Chase Cancer Center. Biopsy samples were
fixed in 10% neutral buffered formalin for 6-24 h before processing to paraffin using a
standard protocol. FFPE specimens were stored at room temperature for an average of 2.5 yr
(range: 1-8 yr) prior to nucleic acid extraction. Aliquots of six MCC-derived cell lines were
obtained from the Tumor Virology Laboratory, University of Pittsburgh Cancer Institute;
MCYV status was established using PCR, Southern blot, and immunohistochemical stains for

MCV T antigen.
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RNA extraction and assessment of RNA integrity.

Total RNA was extracted from FFPE tissue punches and rolls respectively using the
RecoverAll total nucleic acid isolation kit (Ambion) or the MasterPure™™ Complete DNA and
RNA Purification Kit (Epicenter Biotechnologies) according to the manufacturer’s
guidelines. Total RNA was extracted from cultured cell lines using Trizol® Reagent
(Invitrogen) following the manufacturer’s instructions. Total RNA concentrations were
determined using a Nanodrop spectrophotometer ND-1000 or a BioRad SmartSpec™™ Plus
Spectrophotometer. Concentrations of recovered total RNA respectively ranged from 0.28-
2.44,0.01-1.80, and 0.81-3.65 ug/ul for Recoverall™, Masterpure' ", and Trizol® methods.
Low RNA yields for samples NS5a and NS5b likely resulted from difficulty in dissolving
paraffin from tissue rolls. RNA integrity was assessed by visual inspection of 28S and 18S
rRNA bands following electrophoresis of 1 ug total RNA on an agarose gel stained with
cthidium bromide.

Sequencing-based miRNA expression profiling, quantitation, and sample clustering.

Barcoded small RNA sequencing was performed as described; total RNA input was
two micrograms per sample except where limited sample (NS5a, NS5b) was available.
Barcoded sequence reads were annotated as reported. We excluded one sample (MCC14b)
from further analyses due to the low (<20,000) number of miRNA sequence reads. miRNA
expression profiles were generated from relative counts of different miRNAs within a
sample. Total miRNA concentrations were calculated for each sample by multiplying the
ratios of miRNA:calibrator sequence reads by the input calibration marker: total RNA
concentrations. Hierarchical clustering was performed as described and miRNAs were
presented as precursor clusters according to our ongoing human miRNA reannotation studies.
The sequencing data discussed in this publication have been deposited in the NCBI’s Gene
Expression Omnibus and are accessible through GEO Series accession number GSE34137 at
the following link ncbi website.

Microarray-based miRNA expression profiling and data analysis.

We profiled miRNA expression in FFPE tissues from six MCC and two NS samples
using Agilent human miRNA arrays. Briefly, 100 ng total RNA was dephosphorylated,
ligated to pCp-Cy3 using T4 RNA ligase 1, purified, and hybridized to an Agilent Human
miRNA Microarray (V2) consisting of eight identical subarrays with probes for 723 human

miRNAs. Following scanning with the Agilent microarray scanner (Agilent), images were
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acquired and analyzed using Agilent feature extraction software version 9.5.3. GeneSpring
software was used to normalize and log transform raw data and perform unsupervised
hierarchical clustering. Differential expression between MCC and non-MCC groups was
assessed by an unpaired t-test. p-values were adjusted for multiplicity using the Benjamini-
Hochberg approach to control the false discovery rate (FDR). miRNAs were considered
differentially expressed if the FDR was <0.05 and the fold change > 2.

miRNA real-time PCR.

For comparison with sequencing-derived miRNA concentration estimates, we
measured miR-375 expression in total RNA extracted from FFPE tissue punches from 11
MCC and four normal skin samples using TagMan MicroRNA Assays (Applied Biosystems)
according to the manufacturer’s guidelines; miR-205 expression was not studied due to a
paucity of material. Briefly, miRNAs were reversed transcribed using miRNA-specific stem-
loop RT primers (Applied Biosystems). Subsequently, real-time PCR reactions were
performed using the Eppendorf Realplex system (Eppendorf). PCR reactions were incubated
in a 96-well plate at 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s, and 60 °C for
1 min. All samples were assayed in triplicate and data were normalized to endogenous
RNUG6B. Relative miRNA expression levels were calculated using the AACt method.
Synthesis of ABINA.

ABINA was prepared by refluxing methylisonicotinate (5.5 g, 40.0 mmol, Sigma, catalog no.
M52950) and 1,4-diaminobutane (3.5 g, 40 mmol, Sigma, catalog no. D13208) in deionized
water (2 ml) for 20 h.. Following removal of water and volatiles, the reaction was purified by
silica flash column chromatography (gradient, 2:2:1:95 to 32:32:16:20,
methanol:acetonitrile:tricthylamine:diethylether) to yield ABINA (2.5 g, 32%) as a yellowish
oil. ABINA purity was analyzed by thin layer chromatography (TLC, silica gel;
methanol/acetonitrile/triethylamine/diethylether (32:32:16:20): Rf (methylisonicotinate) =
0.90, Rf (ABINA) = 0.10) and high-pressure liquid chromatography (HPLC, only a single
peak was detected).

Tissue sectioning.

FFPE tissue blocks were first cooled on ice prior to sectioning. 5 or 20 um tissue
sections were cut using a Leica RM2255 Rotary Microtome. For mounting sections on glass
slides, sliced tissues were manually unfolded in a room-temperature water bath, then

transferred to a 42 °C water bath to allow tissue stretching. To minimizing miRNA diffusion
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during this step, incubation times at 42 °C were less than 10 s. Tissue sections were
immediately mounted on Colorfrost Plus slides (Fisher Scientific, catalog no. 12-550-18), air-
dried for 1 h, then incubated in an on oven at 56 °C for 1 h to attach the tissue slice to the
slide upon melting of the paraffin.

Synthesis of ATTO-488 and ATTO-532 tyramides.

ATTO-488-NHS (5 mg, ATTO-TEC GmbH, catalog no. AD 488-35) was dissolved
in 500 pul anhydrous N,N-dimethylformamide (DMF, Solulink, catalog no. S-4001-005) to
obtain an active ester stock solution A (10 mg/ml). The tyramine-HCI stock solution B was
prepared by dissolving 10 mg in 1 ml DMF (10 mg/ml) to which a 1.25-fold equimolar
amount of tricthylamine (10 pl, Sigma, catalog no. 90335) was added. 500 uL stock solution
A was mixed with 84 ul stock solution B and the reaction mixture was left at ambient
temperature in the dark for 2 h. After the completion of synthesis, 5.9 ul ethanolamine stock
solution C (dissolve 10 ul ethanolamine in 990 pul DMF) was added to the reaction mixture
and stirred for 5 min to quench unreacted ATTO-488-NHS ester. The synthesized tyramide
conjugate was diluted with 4.4 ml anhydrous dimethyl sulfoxide (DMSO, Sigma, catalog no.
D2438) to obtain a final volume of 5 ml.

We prepared ATTO-532 stock solution A (10 mg/ml) by dissolving 5 mg ATTO-532-
NHS (ATTO-TEC GmbH, catalog no. AD 532-35) in 500 ul anhydrous DMF. Stock
solutions B and C were prepared as above. 500 ul stock solution A was mixed with 76 ul
stock solution B, incubated in the dark for 2 h at 25 °C, quenched by 5.3 ul ethanolamine
stock solution C, and brought to a final 5 ml volume by addition of 4.4 ml anhydrous DMSO.
ATTO-tyramide solutions were aliquoted into light-protected 1.5 ml Eppendorf tubes.
miRNA FISH.
miRNA FISH was performed using an extensively modified version of our existing protocol.
Briefly, we (1) optimized EDC condensation reaction conditions for crosslinking miRNAs to
surrounding proteins (2) eliminated proteinase K treatment for tissue permeabilization,
reducing RNA diffusion (3) designed probes with increased linker lengths to increase
accessibility to HRP-mediated amplification systems and (4) synthesized fluorescent
tyramide:dye derivatives as described, developing an amplification buffer for performing
tyramide deposition containing 4-bromoboronic acid to control the oxidation process.

Antisense LNA-modified oligodeoxynucleotide probes targeting miR-205 and miR-

375 were designed using mature miRNA sequences from miRBase (http:/www.mirbase.org).
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To minimize rRNA crosshybridization, probe sequences with greater than six consecutive
nucleotide matches were avoided and shortened to 14-nt and 15-nt for miR-205 and miR-375,
respectively (Supplementary Table 6). Hairpin formation and self-dimerization of probe
sequences were predicted using MFold and LNA modifications were placed in regions with
no secondary structure or self-hybridization. LNA-probes were synthesized at 1.0 umol scale
on an ABI 3400 DNA synthesizer, deprotected, quantified, and their UV profiles determined
as previously published.

miR-205 probe was synthesized with a linker which enabled conjugation of six
fluorescein moieties: 5’-GGTGGAAtgaAgga-(L)s-F-L-F-L-F-L-F-L-F-(F-CPG); upper case:
DNA nucleotides; lower case: LNA modification; L: spacer 18 (GlenResearch, catalog no.
10-1918-02); F: 6-fluorescein serinol (GlenResearch, catalog no. 10-1994-02); F-CPG: 3’-6-
fluorescein serinol CPG (GlenResearch, catalog no. 20-2994-10). miR-375 probe was
synthesized with a linker which enabled conjugation of six biotin moieties: 5°-
AGCCGaaCGaAcaaA-(L)s;-B-L-B-L-B-L-B-L-B-(B-CPG); B: protected biotinLC serinol
(GlenResearch, catalog no. 10-1995-02); B-CPG: 3’- protected biotinLC serinol CPG
(GlenResearch, catalog no. 20-2995-10).

Following synthesis, the CPG was transferred to a 1.5 ml screw cap tube and
incubated with 1.2 ml of 28-30% aqueous ammonium hydroxide solution (EMD, catalog no.
AX1303-6) for 16 h at 55 °C. The tube was placed on ice for 5 min, and the supernatant
transferred to a 13 ml centrifugation tube. Ten milliliters of 1-butanol was added, vigorously
mixed, and the LNA pellet was collected by centrifugation at 13,000 rpm in an SS—34 rotor at
4 °C for 20 min in Sorvall RC5C Plus centrifuge. The supernatant was removed completely,
the pellet dried in an Eppendorf Vacufuge concentrator and redissolved in 400 pl water. After
deprotection and precipitation, probes were directly used in miRNA FISH approach without
further denaturing PAGE gel purification.

Four rRNA antisense 3’-amino-modified LNA probes (Supplementary Table 6) were
synthesized using 3'-amino-modifier C7 CPG (500 A) solid glass support (GlenResearch,
catalog no. 20-2957-10) and directly labeled using ATTO-647N-NHS (ATTO-TEC GmbH,
catalog no. AD 647N-31) using an established protocol. All directly labeled probes were
purified on a denaturing 18% PAGE gel.

Five-micron FFPE tissue sections from BCC and MCC samples were deparaffinized

with Histo-Clear II (National Diagnostics, catalog no. HS-202) twice for 6 min, rehydrated
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with ethanol (95-70-50%) each for 1 min, and rinsed in water. Sections were fixed in 4%
paraformaldehyde (PFA, Electron Microscopy Sciences, catalog no. 15710) in TBS (100 mM
NaCl, 10 mM Tris-HCI, pH 7.4) for 45 min and washed in TBS for 5 min. Sections were
subsequently incubated in 1-methylimidazole/5-ETT buffer (0.1 M 1-methylimidazole
(Sigma, catalog no. 336092), 0.1 M 5-ETT, 0.3 M NaCl, pH 8.0) for 10 min, followed by
incubation in 500 ul EDC fixative (0.1 M EDC-HCI, Fluka, catalog no. 03450) in 0.1 M 1-
methylimidazole/5-ETT buffer) in a humidified chamber at 50 °C for 3 h. Slides were rinsed
in 0.2% glycine in TBS for 3 min and in TBS only for 3 min. After washing, sections were
incubated in 50 ml freshly prepared acetylation solution (100 mM triethanolamine (Sigma,
catalog no. T1377), 52.9 mM (0.5% v/v) acetic anhydride (Acros, catalog no. 149490010) in
TBS) at 25 °C for 10 min. Slides were rinsed again as above. Endogenous biotin was
sequentially blocked with avidin and biotin solution from the biotin-blocking system (Dako,
catalog no. X0590) at 25 °C for 10 min; following each blocking step, slides were rinsed in
50 ml TBS at 25 °C for 3 min.

Sections were pre-hybridized in 500 ul hybridization buffer (50% formamide (Sigma,
catalog no. F7503), 1.0 M NaCl, 75 mM Tris (pH 8.5), 1X Denhardt’s solution (Applichem,
catalog no. A3792), 250 pg/ml baker’s yeast tRNA (Sigma, catalog no. R§759-2KU), 500
ug/ml salmon sperm DNA (Applichem, catalog no. A2159), 2.5 mM CHAPS (Sigma, catalog
no. C3023), and 0.5% (v/v) Tween 20 (Sigma, catalog no. p1379)) in a humidified chamber
at 25 °C for 1 h. Hybridization buffer was replaced with a hybridization solution, containing
(1) antisense miRNA-205 probe conjugated to six fluorescein moieties (2) antisense miRNA-
375 probe conjugated to six biotin moieties and (3) four antisense rRNA probes directly
labeled with ATTO-647N, each at 25 nM in hybridization buffer, and hybridization
proceeded at 55 °C for 16 h.

Following hybridization, slides were washed once in wash buffer 1 (50% (v/v)
formamide, 250 mM NaCl, 75 mM Tris-HCI (pH 8.5), and 0.1% (v/v) Tween 20) for 10 min
at 25 °C, again in wash buffer 1 for 10 min at 33 °C, once in wash buffer 2 (50 mM NaCl, 75
mM Tris-HCI (pH 8.5) and 0.1% (v/v) Tween 20) for 5 min at 25 °C, and once in TBS-T
(TBS with 0.1% (v/v) Tween 20) for 3 min at 25 °C. Sections were next incubated in 0.3%
hydrogen peroxide (Fisher, catalog no. H325) in TBS-T for 20 min at 25 °C, and washed
three times in TBS-T at 25 °C. The following steps were carried out at 25 °C. Slides were

immersed in antibody “blocking” solution (5% goat serum (Sigma, catalog no. G9023) in
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TBS-T) for 30 min. Slides were incubated with 500 ul HRP-conjugated anti-fluorescein
antibody diluted 1:250 in blocking solution in a humidified chamber for 1 h. Slides were
washed twice in TBS-T for 10 min before incubating each slide in 400 ul tyramide-ATTO-
532 solution (tyramide-dye conjugate was diluted 1:50 in PC amplification buffer (50 mM
Tris-HCI (pH 8.0), 2 M NaCl, 200 ug/ml 4-bromophenylboronic acid (Aldrich, catalog no.
B75956), and 0.015% hydrogen peroxide)) for 30 min in a dark, humidified chamber. Slides
were washed three times in TBS-T prior to incubation in 0.3% hydrogen peroxide solution.
Each slide was then incubated with 500 ul streptavidin-conjugated to HRP diluted 1:1000 for
I h in a humidified chamber. Slides were washed twice in TBS-T for 10 min before applying
400 pl tyramide-ATTO-488 solution prepared and incubated as above. Slides were washed
three times in TBS-T for 3 min, counterstained with 500 ul DAPI (5 ug/ml in TBS-T, Sigma,
catalog no. D8417) in a humidified chamber for 10 min, and washed twice in TBS-T for 3
min. Each slide was mounted with MOWIOL mounting solution (25% (w/v) glycerol, 10%
(w/v) MOWIOL (Polysciences Inc., catalog no. 17951) and 0.1 M Tris-HCI (pH 6.8)) and a
glass coverslip. Prior to imaging, slides were dried in the dark for 30 min.

Microscopy, image processing, and signal normalization.

Images in were captured on an Olympus BX50 microscope equipped with a DP70
camera and Olympus DP controller software. For fluorescent imaging, we used the following
filter sets: U-MWU2 (Olympus) for DAPI, 41001 HQ (Chroma) for Fluro488, 49004 ET
(Chroma) for Cy3, and 49006 ET (Chroma) for Cy5. Images were also captured using the
Olympus VS110 Virtual Microscopy System using 20X and 60X UPlanSApo objectives. For
fluorescent imaging, we used ATTO-dye combinations and the 86000v2 Sedat Quad filter set
(Chroma) including filters for DAPI, Cy2, Cy3, and Cy5 (Supplementary Table 8).

Coded tissue sections from 16 BCC and MCC cases were provided by the Department
of Pathology and Laboratory Medicine (Queen’s University) and miRNA FISH was
performed in the Laboratory of RNA Molecular Biology (The Rockefeller University). Under
blinded conditions, miR-205, miR-375, and rRNA signal intensities were measured on areas
with at least 85% tumor composition. miR-205, miR-375, and rRNA signal intensity
histograms were obtained to delineate specific RNA and background signals (Figure 30).
Following background removal, corrected pixel intensities for miR-205, miR-375, and rRNA
were multiplied by the corresponding sum of pixels, and these values were subsequently used

to normalize miRNA against reference RNA signals. Based on a pilot test of representative
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tumors (BCC1 and MCC1), a cut-off value of 0.4 was established to differentiate BCC from
MCC. Following data collection and interpretation by a blinded tester, sample codes were
broken and analyzed.

Immunohistochemistry on EDC-fixed and unfixed tissues.

Ten micron FFPE tissue sections of human breast cancer and 5 um FFPE tissue
sections of mouse embryonic liver, human gastrointestinal stromal tumor (GIST), human
Sloan-Kettering ovarian cancer cell line 3 (SKOV3) xenografted to mouse, mouse embryonic
brain, and human placenta were mounted on Colorfrost® Plus Microscope Slides (Fisher
Scientific catalog no. 12-550-18). Sections were deparaffinized with Histo-Clear II twice for
6 min, rehydrated with ethanol (95-70-50%) each for 1 min, and rinsed in water. Sections
were fixed in 4% PFA, in TBS for 45 min and washed in TBS for 5 min. Sections were
subsequently processed with and without EDC fixation. For EDC fixation, sections were
incubated in 1-methylimidazole/5-ETT buffer for 10 min, followed by incubation in 500 ul
EDC fixative in a humidified chamber at 50 °C for 3 h. Slides were rinsed in 0.2% glycine in
TBS for 3 min and TBS for 3 min.

Automated immunohistochemistry was performed using the Discovery XT System
(Ventana Medical Systems) and sections were processed in parallel using the same protocol.
Briefly, sections were subjected to standard deparaffinization and cell conditioning steps.
Samples were blocked for 30 min in 10% normal goat serum, followed by incubation with
either rabbit primary antibody of Glucose transporter 1 (Glutl, rabbit, Chemicon, catalog no.
AB1340, 0.5 pg/ml), Human epidermal growth factor receptor 2 (HER2, rabbit, Enzo,
catalog no. alx-810-227, 5 ug/ml), Phospho-Histone-H3 (Phh3, rabbit, Millipore, catalog no.
06-570, 1 pug/ml), or mouse primary antibody of pan Keratin (mouse, Abcam, catalog no.
ab8068, 0.5 ug/ml), Smooth muscle actin (SMA, mouse, Sigma, catalog no. A5228, 1 ug/ml),
or Vimentin (VIM, mouse, Ventana Medical Systems, catalog no. 790-2917, 2.5 ug/ml) for 4
h. After washing, samples were incubated in buffer containing biotinylated goat anti-rabbit
IgG (1:200 dilution, ABC Vectastain kit, Vector labs, catalog no. PK-4001), biotinylated
horse anti-mouse 1gG (1:200 dilution, MOM Basic kit, Vector labs, catalog no. BMK-2202)
at what temp for 1 h. For VIM IHC detection, universal secondary antibody (Ventana
Medical Systems, catalog no. 760-4205, pre-diluted) was used. Antigen detection was
completed using the DAB-MAP chromogenic detection kit (Ventana Medical Systems,
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catalog no. 760-124). Images in Figure 33 were captured using the Olympus VS110 Virtual
Microscopy System (Olympus) using the 20X objective (Olympus).
Quantitative Northern blot analyses.

To compare the effects of EDC fixation on miRNA diffusion and retention, we
prepared FFPE tissue blocks from macaque brain, obtained 10 um sections, performed
miRNA FISH with and without EDC fixation, recovered total RNA from hybridization
buffers and treated tissues, and performed quantitative Northern blot analyses for miR-124 as
described."

FFPE tissues were prepared by immersing blocks of macaque brain tissue in 40 ml of
4% PFA at 4 °C for 24 h prior to standard paraffin embedding. Three hundred milligrams of
10 um sections of FFPE tissue was transferred into a SigmaPrep'™ Spin Column (Sigma,
catalog no. SC1000) to facilitate removal of liquid by centrifugation. Tissue sections were
repeatedly incubated in 600 ul Histo-Clear 11 until the flow through was clear. Tissues were
rehydrated by successive incubation in 100%, 95%, 70%, and 50% ecthanol, each for 1 min,
prior to 3 washes in water. Tissues were incubated in 600 ul of 4% PFA for 45 min at 25 °C
and washed briefly in 600 ul of TBS. Tissues were subsequently incubated in either 600 ul of
1X TBS for 3 h at 25 °C or 600 pul of 1-methylimidazole solution for 3 min prior to fixation
in 600 ul of EDC fixative solution for 3 h at 50 °C, and consecutive washes, twice each, in
0.2% glycine in TBS for 3 min at 25 °C, and TBS for 3 min at 25 °C. EDC-fixed and unfixed
tissues were subsequently incubated in modified hybridization buffer (50% formamide, 1.0 M
NaCl, 75 mM Tris (pH 8.5), 2.5 mM CHAPS, and 0.5% (v/v) Tween 20, omitting Denhardt’s
solution, Baker’s yeast tRNA, and salmon sperm DNA to facilitate miRNA recovery) for 16
h at 50 °C. Hybridization solutions were collected (ca. 500 ul), diluted with 250 ul of 3 M
NaCl, 1.8 ml of Millipore water and 5 ul of glycogen (20 ug/ul; Thermo Scientific, catalog
no. R0551) and RNAs were precipitated upon addition of 7.5 ml 100% EtOH; RNA pellets
were dissolved in 20 ul water. Residual tissues were incubated in 700 ul Proteinase K
solution (100 pug/ul; 0.2 M Tris (pH 7.4), 0.3 M NacCl, 2% SDS (w/v), and 25 mM EDTA) for
5 hat 50 °C. Total RNA was extracted from liquids containing protease-digested tissues using
standard phenol-chloroform extraction and ethanol precipitation (adding 0.5 ul of glycogen
(20 ng/ul) as carrier) protocols. Each pellet was resuspended in 20 ul H,0 and total RNA
concentration was measured using a BioRad SmartSpec™ Plus Spectrophotometer.

Statistical analyses.
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Statistical analyses were conducted using R language (www.R-project.org) and
contributed packages. We tested normality assumptions using the Kolmogorov-Smirnov (KS)
test. All p-values are two-tailed unless otherwise specified.

We assessed differences in total miRNA concentrations following different RNA
extraction methods using Kruskal Wallis (KW) rank sum and ANOVA tests; due to the
similarity of results only ANOVA test results are presented. Normality assumption was not
rejected (KS p=0.168 and 0.285). When comparing data between BCC, MCC, and NS groups
in sequencing run 1, pairwise differences were assessed using Tukey’s ‘Honest Significant
Difference’ method; adjusted p values are referred to as pag;.

Differences in miR-205 and miR-375 concentrations and miR-375 real-time PCR
values between MCC and non-MCC groups were assessed using ANOVA after log,
transformation. In this scale, the normality assumption was not rejected (p=0.197, 0.219, and
0.318 respectively). Correlations between miR-205 and miR-375 concentrations were
assessed with Pearson correlation for log-2 transformed values and Spearman correlation.

Discriminant analyses between MCC and non-MCC were performed using linear
discriminant analysis (Ida package from R). Sequencing run one was used as the training set
to construct a classifier and sequencing run two was used as the testing set to evaluate the
performance of the classifier within an independent sample set. Identical results were
obtained using the nearest shrunken centroid (pamr package) and support vector machine
(svm). The addition of other miRNAs did not improve the performance of the classifier.

Differences in miR-205 and miR-375 fluorescence intensities between BCC and MCC
groups were assessed using ANOVA models after log2 transformation. In this scale, the
normality assumption was not rejected (p=0.145, 0.783, and 0.318 respectively).

By this invention, a quantitative multicolor RNA FISH method, independent of signal
amplification (in contrast to IHC and DNA FISH), for use on formaldehyde-fixed paraffin-
embedded (FFPE) cancer and sarcoma tissue sections is provided.

This method addresses the issues of (1) special fixation approaches to retain RNA
using EDC (2) use of multiple short fluorescent oligonucleotide probes to bypass enzyme-
based signal amplification and tissue permeabilization (3) probe design avoiding cross-
hybridization to ribosomal RNA (rRNA) and other highly abundant RNAs including non-
coding RNAs such as mt-rRNA, U1, U2 and U6 small nuclear RNAs, hy3, 7SL and 7SK
small cytoplasmic RNAs and highly abundant mt-mRNAs (4) signal normalization through
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concomitant use of rRNA, polyA, Ul snRNA, U2 snRNA, U6 snRNA, 7SL scRNA, hy3
scRNA, 7SK scRNA and U3 snoRNA probes.

Monitoring ratios of non-coding RNAs (including rRNA, polyA, mt-rRNA, U1
snRNA, U2 snRNA, U6 snRNA, 7SL scRNA, hy3 scRNA, 7SK scRNA and U3 snoRNA or
other highly abundant non-coding RNAs) is used to generate molecular signatures with
several molecular diagnostic uses including (1) assessing and/or standardizing RNA quality
and retention in cells and tissues prior to molecular testing (2) differentiating cell types within
solid or liquid specimens and identifying RNAs associated with specific subcellular
compartments (3) assessing sensitivity and specificity of mRNA probes (4) differentiating
diseased and normal cells within solid or liquid specimens (5) determining prognosis or
disease progression in clinical samples (6) predicting therapeutic response in clinical samples
(7) monitoring therapy in clinical samples and (8) disease screening in clinical samples.

Because transcription is a marker of cellular activity, RNA signatures are expected to
have widespread clinical utility, particularly for molecular diagnostic testing of cancer,
metabolic, and degenerative disease samples; specific examples include rapid identification
of pre-malignant and malignant cells in cytology specimens, tumor classification and/or
subclassfication, identification of markers (altered RNA signatures, RNA mislocalization to
ectopic subcellular compartments) with clinical significance within tumors that are not
readily detectable using immunohistochemistry or other molecular diagnostic techniques, and
loss of signal (e.g. mitochondrial RNA) in neurodegenerative diseases. RNA signature
detection is expected to be used in conjunction with mRNA FISH.

Use of paraffin-embedded cell pellets over paraffin-embedded tissues in RNA FISH
experiments have several advantages: 1. Homogenous cell lines can be easily RNA
sequenced and then chosen for RNA FISH experiment based on expression data from RNA
sequencing. 2. Sections of multiple different paraffin-embedded tumor cell line pellets
(positive or negative for desired mRNA target) can be mounted on the same slide, processed
and scanned in parallel. 3. Fluorescence intensities for desired target mRNAs can be
quantified in positive and negative cell line and compared with RNA sequencing data, which
enables specificity determination of the probes. Such specific probes can be subsequently
used for accurate gene expression quantification in precious tissue samples. 4. Acquiring cell

lines is less time consuming and more cost effective than acquiring tissues. More importantly,
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researchers don't depend on precious clinical samples, which in many cases are difficult to
achieve.

The following examples are set forth to illustrate the present invention, and are not to
be construed as limiting thereof.

Example 1:

To assess miRNA expression differences between tumors, total RNA was extracted
from 36 archived clinical materials and fresh cell lines from patients with Merkel cell
carcinoma (MCC), basal cell carcinoma (BCC), and normal skin (NS) (Figure 16).

We subsequently profiled and quantitated miRNAs in all samples using barcoded
small RNA sequencing. Sequence reads were annotated by RNA category (Figure 17). Total
miRNA concentrations were calculated for all samples using sequence read and RNA input
ratios and averaged 11.6 (range: 4.6-41.7) fmol/ug (Figure 18). Higher total miRNA
concentrations were seen in Trizol-extracted fresh cell lines (CL) compared to Masterpure- or
RecoverAll-extracted FFPE samples (Figure 4), consistent with reported differences arising
from sample processing and/or RNA extraction method. To minimize these differences, we
compared concentrations in RecoverAll-extracted FFPE samples from sequencing run one
(hereafter termed the training set). Total miRNA concentrations were significantly higher in
BCC than in MCC or NS whereas no significant difference was seen between MCC and NS
(Figure 3). Increased total miRNA concentration in certain tumors, such as BCC, may reflect
an increased rate of miRNA biogenesis and/or processing or decreased rate of degradation.

Hierarchical clustering of all miRNA expression profiles, using relative counts of
miRNA sequence reads, indicated 2 major groups corresponding to MCC (comprising MCC
tumors and MCV-infected cell lines) and non-MCC (comprising BCC, NS, and MCV-
uninfected cell lines) groups. To minimize sample processing and extraction differences, we
clustered training set samples and saw the same grouping. Interestingly, some MCC-derived
cell lines (MKL, MSI) clustered in the MCC group whereas others (MCC13, MCC26, U1S0)
clustered in the non-MCC group, mirroring their MCV status. When compared with miRNA
profiles from approx. 1,000 clinical samples in our database, MKL and MSI clustered with
MCC tissues whereas MCC13 clustered with liposarcoma cell lines and MCC26 and U1S0
clustered with breast cancer cell lines. These data may accurately reflect the origin of these
cell lines, however it is possible that non-MCC group cell lines are MCC variants with

differing gene expression and oncogenic pathways.
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Discriminant analysis identified tumor-specific miRNA biomarkers. MCC and non-
MCC groups were accurately differentiated based on miR-375 and -205 expression, with no
errors in the training set (sequence run one) and one error in the testing set (sequence run
two). Significant differences in miR-375 and -205 concentrations were seen between MCC
and non-MCC groups for all samples (ANOVA Nucc group=20, Nion-mcc group=15); miR-375
concentrations were 592-fold higher in MCC than non-MCC (p=1.5x10") and miR-205
concentrations were 81-fold higher in non-MCC than MCC (p=3.0x10"*)( Figure 4).
Significant differences were again seen when examining testing set samples (ANOVA
p=7.0x10'8, Numce=12, Npon-mcc=8); miR-375 concentrations were 577-fold higher in the
MCC than the non-MCC group (p=1.8x10"") whereas miR-205 concentrations were 308-fold
higher in the non-MCC than the MCC group (p=7.0x10%)

We confirmed these grouping and expression differences in a subset of six MCC and
two NS samples using miRNA microarray and real-time RT-PCR analyses. Principal
component analysis similarly indicated MCC and non-MCC groups. Similar differences in
miRNA expression between groups were seen as above; miR-375 was 310-fold higher in
MCC than NS (p=0.006) and miR-205 was 505-fold higher in NS than MCC (p=0.003). miR-
375 real-time PCR expression levels were also significantly higher in MCC tissues compared
to NS (ANOVA p=1.8x10"", Npce=11, Nxs=4, FCH=233.5); miR-205 expression was not
assessed due to a paucity of clinical material. Where tested, sequencing-derived miR-375
concentrations and real-time PCR measurements were strongly correlated (Spearman
correlation 0.94 (p<2.2x107'%); Pearson correlation of log2-transformed variables 0.99
(p=3.3x10"")).

After identifying a distinct, inverse relationship between miR-375 and -205
expression that differentiated MCC and BCC, we established a multicolor miRNA FISH
protocol suitable for FFPE tissue sections. To achieve this goal, we optimized RNA fixation,
probe design, and signal detection and amplification steps.

Suboptimal RNA fixation leading to RNA loss by diffusion, rather than RNA
degradation, is the primary problem in optimizing RNA ISH. To resolve this problem, we
previously reported the use of EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide), a
water-soluble condensation reagent which promotes phosphoramide bond formation between
the miRNA 5’ phosphate end and aliphatic amines from amino acid side chains of

surrounding proteins (Figure 5). We further investigated the EDC condensation reaction in
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vitro by reacting 5 adenosine monophosphate (5 AMP) and modified peptides and found
that the phosphate moiety predominantly reacted with the primary amine of lysine (Figures 6
and 7). We also observed a pH-dependent hydrolysis side-reaction of EDC-miRNA
intermediate that reduced the crosslinking between protein and miRNA (Figure 6). To
diminish this side-reaction, we prepared ABINA (Figure 8), a highly soluble model
compound with a pKa similar to the lysine side chain amine. We subsequently optimized
EDC-mediated condensation reaction conditions by reacting ABINA with AMP (Figure 9)
using different EDC-derivatives (Figure 19) and various heterocyclic compounds (Figure 20)
that form stable reaction intermediates and, therefore, decrease hydrolysis. The reaction time
was reduced to 1 h at 50 °C using EDC-methiodide (Mel) and 5-ethylthio-1H-tetrazole (5-
ETT) to decrease hydrolysis. In addition, the use of two heterocyclic derivatives (1-
methylimidazole and 5-ETT) resulted in competing intermediate formation, enhancing
nucleophilic attack of the aliphatic amine and faster crosslinking (Figure 5b). Despite the
short reaction time, these reaction conditions resulted in over crosslinking, hindering hapten-
antibody-HRP binding and weakening signal amplification. Therefore, we selected EDC-HCI
and 5-ETT in 1-methylimidazole buffer, reducing the reaction time to 3 h at 50 °C.

We also noted that EDC forms carboxylic acid amide bonds that network proteins
(Figure 10), potentially reducing RNA diffusion. We, therefore, monitored retention of RNAs
lacking 5” phosphates but possessing 5' hydroxyl and 2',3' cyclic phosphate termini formed by
partial hydrolysis during paraffin-embedding. Following EDC fixation, we observed
increased retention of long RNAs, such as rRNA; the addition of Denhardt’s solution during
EDC fixation further augmented rRNA signal intensity, presumably due to increased
membrane permeabilization for positively charged EDC molecules (Figure 11).

Increased fixation of the protein matrix following EDC treatment was anticipated to
hinder access of antibody-based signal amplification reagents to the target-RNA-bound
probe-conjugated hapten. Detection of miRNAs by directly labeled probes was not feasible
given that these small RNAs are at least 100-fold less abundant than rRNAs and the rRNA
signal obtained from directly labeled LNA-modified probes was only 100-fold above
background. Despite the need for signal amplification, we were unable to detect miRNAs
using commercially available probes and signal amplification reagents. After excluding RNA
diffusion, probe-miRNA duplex instability, and insufficient signal amplification as

contributing factors, we concluded that antibody-based signal amplification reagents were
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unable to access the target-RNA-bound probe-conjugated hapten. Since the linker length
between probe and hapten is typically short (e.g. the length between an Exiqon LNA probe
and digoxigenin is approx. 1.5 nm), we systematically varied the length between the nucleic
acid probe and hapten using multiple spacers, finding that a linker length above 10 nm
recovered signal-amplification-based fluorescence detection, presumably by displaying the
hapten at the surface of the tissue section (Figure 12).

Direct visualization of rRNA by fluorescently labeled probes enabled us to assess
RNA fixation and confirm RNA retention and specificity for probe hybridization. As
expected, the rRNA signal was predominantly cytoplasmic with the exception of nucleolar
staining, indicating the sites of rRNA biogenesis. During our initial studies, we noticed that
the probe for miR-375, but not miR-205, yielded an rRNA-like pattern, indicating cross-
hybridization. Upon sequence analysis, we realized that short segments of complementarity
to rRNA, especially when modified by LNA residues, were responsible for probe
mishybridization, and that mishybridization could be corrected through probe shortening and
placing LNAs outside segments (not longer than 6 nt) with rRNA sequence complementarity
(Figure 22 and Figure 28).

Direct visualization of polyA tails by fluorescently labeled polyT probes could also be
used to assess RNA retention, integrity, and specificity for probe hybridization. Interestingly,
we were able to differentiate solitary cases of MCC and BCC based on polyA:rRNA signal
ratios; these ratios were approximately three times in higher in BCC than MCC. PolyA and
rRNA signals potentially serve as surrogate markers of transcriptional and translational
activities respectively and may be useful normalization controls against which gene-specific
expression can be assessed.

To enhance signal detection, we used the tyramide signal amplification system. The
HRP-mediated tyramide coupling reaction was performed in the presence of 4-bromoboronic
acid to enhance HRP-catalyzed oxidation. We confirmed optimal tyramide signal
amplification for our reagent set by preparing Cy3-tyramide reagents and buffers for
comparison with commercial Cy3-tyramide equivalents. Instead of using Cy-dyes, however,
we used ATTO-dyes (http://www.atto-tec.com/) that are more stable and brighter. We
synthesized ATTO-tyramides since they were not commercially available, selecting the most

water-soluble derivatives, namely ATTO488, ATTO532 and ATTO655.
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Having identified distinct miRNA expression patterns in MCC and BCC and
optimized the herein miRNA FISH protocol, we validated our approach on FFPE tissue
sections from 12 MCC and 4 BCC cases. We performed multicolor FISH using a cocktail of
ATTO-647N-conjugated probes complementary to 28S rRNA (directly labeled), fluorescein-
labeled miR-375 probe (detected using anti-fluorescein-HRP antibody and
tyramide:ATTO532), and biotin-labeled miR-205 probe (detected using HRP-conjugated
streptavidin and tyramide: ATTO488). miR probe intensities were normalized against the
rRNA intensity and fluorescence signal ratios of 375:205 and 205:375 probes were used to
classify tumors as MCC or BCC (Figure 23).

The herein miRNA FISH method has several advantages over existing methods. For
example, (1) increased RNA retention in tissues using EDC crosslinking, omitting competing
phosphate-containing buffers (2) established controls for assessing RNA retention and
normalizing specific signals (such as miRNAs) using directly labeled fluorescent probes for
rRNA and polyA (3) enhanced antibody-based fluorescence signal amplification and
eliminated the need for tissue permeabilization through the use of long linkers between the
hapten and oligonucleotide probe providing more specific and quantitative data and (4)
optimized the method to use archived FFPE tissue sections.

The invention has lead to identification of several other interesting pathogenetic
features of MCC and BCC. It has been shown that (1) MCC and BCC consistently express
miR-375 and miR-205 despite variable underlying cytogenetic changes in these tumors,
adding further weight to their respective roles as oncomirs and tumor suppressors (2) MCV
miRNA expression in MCC is low, favoring tumor cell growth and survival (3) miRNA
sequence variation representing polyadenylation or polyuridylation sequence modifications
and RNA editing. It has also been shown that in MCC, the miR-375 signal changes from
cytoplasmic to nuclear on the same tissue section and close to areas of hypoxia or metastasis.
Example 2

miRNAs are valuable disease biomarkers because of their cell-type specificity and
abundance. We developed barcoded small RNA sequencing for simultancous miRNA
profiling and quantitation in multiple samples. Through profiling and discriminant analysis,
we identified a distinct, inverse relationship between miR-205 and miR-375 expression that
differentiated two skin tumors with shared histologic features, namely basal cell carcinoma

(BCC) and Merkel cell carcinoma (MCC).
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We designed probes targeting these tumor-specific biomarkers and rRNA to establish
multicolor miRNA fluorescence in situ hybridization (FISH) on formalin-fixed paraffin-
embedded (FFPE) tissue sections. Amplified miRNA signals were corrected and normalized
against directly detectable reference rRNA signals and tumor-specific cut-off values were
established. We subsequently validated our method on 16 BCC and MCC tumors, correctly
identifying all tumors in a blinded analysis. Parallel visualization of differentially expressed
miRNAs in FFPE tissues is a broadly-enabling advance in RNA molecular diagnostics.

Consistent detection of tumor-specific miRNA expression profiles indicates that some
small RNAs are valuable disease biomarkers. To date, miRNA profiling has been used to
classify cancers of known and unknown primary origin, determine prognosis and discase
progression, predict chemoresistance, monitor therapy, and screen for disease. Given
widespread clinical utility, there is a significant need for advanced miRNA detection,
quantitation, and visualization assays for diagnostic or classificatory purposes.

To establish miRNA-based diagnostics, it is essential to (1) define a clinical need (2)
reliably extract small RNAs from clinical materials (3) detect and quantitate miRNA
expression differences between samples and (4) establish tractable tests for clinical laboratory
use. Because miRNAs accurately identify cancer tissue origin, we sought to establish a
multicolor FISH protocol to visualize differentially expressed miRNAs in FFPE tissues.
While miRNA microarray and/or real-time PCR analyses of fresh or archived materials can
be used for molecular diagnostics, these approaches obliterate valuable cytoarchitectural
details.

To develop and optimize miRNA visualization methods, we focused on BCC and
MCC, which we posited might contain distinct miRNA expression signatures due to their
different cellular origins. These tumors can be diagnostically challenging, requiring
differentiation from each other and from small cell carcinoma (metastatic from lung),
squamous cell carcinoma, lymphoma, and amelanotic melanoma. Histologic evaluation is
typically performed using immunohistochemical stains for cytokeratins (CK7, CK20),
chromogranin, synaptophysin, and thyroid transcription factor 1, among others.
Differentiating BCC and MCC based on miRNA expression presented an unparalleled
opportunity for optimizing miRNA FISH and is clinically relevant because accurate
histopathological diagnosis guides subsequent treatment.

In this study, we detected and quantitated miRNA expression differences between
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BCC, MCC, and normal skin (NS) samples using barcoded small RNA sequencing and
developed a multicolor miRNA FISH protocol targeting tumor-specific miRNAs and rRNA.
We addressed shortcomings in (1) RNA fixation (2) signal amplification and detection and
(3) probe design that impede short (e.g. miRNA) and long (¢.g. mRNA and rRNA) RNA
visualization. We also tested our samples for Merkel cell polyomavirus (MCV) as this virus
causes approx. 80% MCC cases and encodes a miRNA, potentially influencing cellular
miRNA expression and sample clustering.

To assess miRNA expression differences between tumors, we first extracted total
RNA from 36 archived clinical materials and cultured cell lines from patients with BCC,
MCC, and NS (Figure 16). We subsequently profiled and quantitated miRNAs in all samples
using barcoded small RNA sequencing. Sequence reads were annotated by RNA category
(Figure 17). Total miRNA concentrations were calculated from sequence read frequencies of
miRNAs relative to spike-in calibrator RNAs (Figure 18). Higher total miRNA
concentrations were seen in Trizol-extracted cell lines compared to Masterpure- or
RecoverAll-extracted FFPE samples (Figure 3). To minimize the effects of sample processing
and/or RNA extraction method on RNA recovery, we compared concentrations in
RecoverAll-extracted FFPE samples from sequencing run one (hereafter termed the training
set). Total miRNA concentration was two-fold higher in BCC than in MCC or NS whereas no
significant difference was seen between MCC and NS (Figure 3). Tumor-specific differences
in total miIRNA concentration may reflect altered rates of miRNA biogenesis, processing, or
degradation.

Hierarchical clustering of miRNA cluster sequence read frequencies indicated two
major groups corresponding to MCC and non-MCC (BCC and NS) tumors and cell lines
(Figure 1). To minimize sample processing and extraction differences, we clustered training
set samples only and saw the same grouping (data not shown). Interestingly, MCV-positive
MCC-derived cell lines (MKL-1, MKL-2, MS-1) clustered in the MCC group whereas MCV-
negative MCC-derived cell lines (MCC13, MCC26, UISO) clustered in the non-MCC group.
When compared with miRNA profiles from approx. 1,000 clinical samples in our database,
MKL-1, MKL-2, and MS-1 clustered with MCC tumors whereas MCC13 clustered with
liposarcoma cell lines and MCC26 and UISO clustered with breast cancer cell lines
suggesting that some cell lines are either MCV-negative MCC variants or misclassified.

Sample clustering was not influenced by the low number of MCV miRNA sequence reads
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(<30 per sample) in MCC tissues.

We compared miRNA expression profiles between MCC and non-MCC groups and
identified tumor-specific miRNAs through discriminant analysis. These groups were
accurately differentiated based on miR-205 and miR-375 expression, with no errors in the
training set (sequencing run one) and one misassignment (sample NS5a) in the testing set
(sequencing run two). Significant differences in miR-205 and miR-375 concentrations were
seen between MCC and non-MCC groups (ANOVA NMCC group=20, Nnon-MCC
group=15); miR-205 concentrations were 4.5-fold higher in non-MCC than MCC (padj=0.26)
and miR-375 concentrations were 60-fold higher in MCC than non-MCC (padj<0.001)
groups (Figure 4). Significant differences were again seen when analyzing training set
samples only (ANOVA padj<0.001, NMCC=12, Nnon-MCC=8); miR-205 concentrations
were 308-fold higher in non-MCC than MCC (padj<0.001) whereas miR-375 concentrations
were 577-fold higher in MCC than non-MCC (padj <0.001) groups (Figure 4). We confirmed
grouping and expression differences in a subset of MCC and NS samples using miRNA
microarray and real-time RT-PCR analyses (Figure 4).

After identifying tumor-specific biomarkers for BCC (miR-205) and MCC (miR-375),
we established a multicolor miRNA FISH protocol suitable for use on FFPE tissue sections.
To achieve this goal, we revisited RNA fixation, signal detection and amplification, and
oligonucleotide probe design steps. Suboptimal RNA fixation leading to short and long RNA
loss by diffusion, rather than RNA degradation, is the primary problem in optimizing RNA
ISH. To resolve this problem, we previously reported the use of EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide), a water-soluble condensation reagent which promotes
phosphoamide bond formation between the miRNA 5’ phosphate end and aliphatic amines
from amino acid side chains of surrounding proteins (Figure 5).

We further studied the EDC condensation reaction in vitro by reacting 5’ adenosine
monophosphate (5 AMP) and modified peptides; near complete phosphoamide bond
formation was seen following incubation at pH 8 for 10 h at 50 °C (Figure 6). We found that
the phosphate moiety predominantly reacted with the primary amine of lysine (Figure 7). We
also observed a pH-dependent hydrolysis side-reaction of the EDC-miRNA intermediate that
reduced crosslinking between protein and miRNA. To further investigate the condensation
and side reactions, we prepared N-(4-aminobutyl) isonicotinamide (ABINA), a highly soluble

UV-absorbing model compound with a pKa similar to the lysine side chain amine (Figure 8).
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We subsequently optimized condensation reaction conditions by reacting ABINA with AMP
(Figure 9) in the presence of various EDC derivatives (Figure 19) and heterocyclic
compounds (Figure 20) that form stable reaction intermediates and reduce hydrolysis. The
reaction time was reduced to 1 h using EDC-methiodide (Mel) and 5-ethylthio-1H-tetrazole
(5-ETT). The use of two heterocyclic derivatives (1-methylimidazole and 5-ETT) also
resulted in competing intermediate formation, enhancing nucleophilic attack of the aliphatic
amine and rapid crosslinking (Figure 5b). We ultimately selected EDC hydrochloride (EDC-
HCl) and 5-ETT in 1-methylimidazole buffer for miRNA crosslinking because the short
reaction time (3 h) minimizes miRNA diffusion during EDC fixation. Furthermore, northern
blot analysis showed that miRNA retention substantially increased upon EDC fixation
(Figure 46).

In addition to miRNA crosslinking, EDC promoted protein crosslinking through the
formation of carboxylic acid amide bonds. We modeled this reaction using ABINA and 3-
pyridylacetic acid (Figure 10) and observed complete amide bond formation after 6 h, twice
the completion time for phosphoamide bond formation under the same reaction conditions.
To assess the effects of protein crosslinking on tissue sections, we monitored the retention of
abundant long RNAs. Paraffin-embedding of formalin-fixed tissues is accompanied by mild
RNA hydrolysis and fragmentation of RNAs in to smaller pieces. Hydrolysis products
carrying 2',3' cyclic and 2' or 3' phosphate termini do not yield stable phosphoamide bonds.
We detected 28S ribosomal RNA (rRNA) using directly labeled fluorescent LNA-modified
oligodeoxynucleotide probes complementary to rRNA sequences. As expected, the rRNA
signal was predominantly cytoplasmic with the exception of nucleolar staining, indicating the
sites of rRNA biogenesis. EDC fixation increased the retention of partially hydrolyzed
rRNAs (Figure 27). Monitoring rRNA enabled us to assess RNA fixation, confirm RNA
retention, integrity, and specificity for probe hybridization, and normalize miRNA signals.

Following EDC treatment, increased fixation of the protein matrix was anticipated to
hinder access of antibody-based signal amplification reagents to the target-RNA-bound
probe-conjugated haptens. miRNA detection by directly labeled probes was not possible
because these small RNAs are at least 100-fold less abundant than rRNAs and the rRNA
signal obtained from one directly labeled LNA-modified probe was only 100-fold above
background (data not shown). To enable access of the target-RNA-bound probe-conjugated

hapten to detection antibodies, we systematically varied the linker length between the nucleic
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acid probe and hapten. Using rRNA as a target, we compared a biotin-labeled oligonucleotide
probe with varying linker lengths to a set of directly labeled fluorescent probes hybridizing at
distinct sites; linker lengths above 10 nm substantially improved signal-amplification-based
fluorescence detection, presumably by displaying the hapten at the surface of the tissue
section (Figure 12).

To amplify the hybridization signal of hapten-conjugated probes, we used tyramide
signal amplification and enhanced the horseradish peroxidase (HRP)-mediated oxidative
tyramide coupling reaction by adding 4-bromophenylboronic acid. We confirmed optimal
tyramide signal amplification for our reagent set by preparing Cy3-tyramide reagents and
buffers for comparison with commercial Cy3-tyramide equivalents. After optimizing the
reaction, we switched to ATTO-dyes that are brighter, more stable, and water-soluble.

Direct visualization of rRNA by fluorescently labeled probes enabled us to assess
probe specificity. Mishybridization of LNA-modified miRNA probes to rRNA was detected
through co-localization of signals to nucleoli. During our initial studies, we noticed that the
probe for miR-375, and miR-205 to a lesser degree, yielded an rRNA-like pattern, indicating
cross-hybridization (Figures 22 and 28, respectively). Upon sequence analysis, we realized
that short segments of complementarity to rRNA, especially when modified by LNA
residues, were responsible for probe mishybridization to rRNA, and could be corrected
through probe shortening and placing LNAs outside segments (not longer than 6-7 nt) with
rRNA sequence complementarity (Figures 21, 22 and 28).

Having identified tumor-specific miRNA biomarkers and optimized our miRNA
FISH protocol, we validated our approach on FFPE tissue sections from four BCC and 12
MCC cases. We performed multicolor miRNA FISH (Figure 29) using a cocktail of four
ATTO-647N-conjugated probes complementary to 28S rRNA (directly labeled), fluorescein-
hexalabeled miR-205 probe (detected using anti-fluorescein-HRP antibody and ATTO-532-
tyramide), and biotin-hexalabeled miR-375 probe (detected using HRP-conjugated
streptavidin and ATTO-488-tyramide). Specific miR-205 and miR-375 FISH signals were
detected, corresponding to our small RNA sequencing results (Figure 23). miR-205 signals
were present in the cytoplasm and nuclei of BCC but absent from MCC tumor cells whereas
miR-375 signals were present in the cytoplasm and nuclei of MCC but absent from BCC
tumor cells; cytoplasmic and nuclear signals were attributed to targeting of mature and

precursor miRNAs and/or variable tyramide coupling to cellular matrix reflecting distinct
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nuclear and cytoplasmic as well as cell-type dependent protein composition. miRNA and
rRNA signals show partially overlapping cytoplasmic localization but were were not co-
localized to nucleoli. miRNA signal intensities were obtained, corrected (Figures 25 and 30),
and subsequently normalized against rRNA intensities; a cut-off value was previously
established to differentiate BCC or MCC tumors (Figures 24 and 25). miR-205 and miR-375
probe specificities were confirmed in wild-type and knockout mouse tissues (Figures 31 and
32). Substantially lower signals were seen for both probes when EDC fixation was omitted
yielding near background signals that did no longer differentiate between MCC- and BCC-
specific miRNA expression (Figure 27).

Our multicolor miRNA FISH method has several advantages over existing methods,
including our previous report on miRNA detection in non-embedded formaldehyde and EDC-
fixed tissues. We (1) improved RNA fixation, increasing RNA retention through EDC
crosslinking and omitting competing phosphate-containing buffers (2) assessed RNA
retention and normalized miRNA signals against reference rRNA signals (3) enhanced
antibody-based fluorescence signal amplification and eliminated tissue permeabilization
using long linkers between the hapten and oligonucleotide probe and (4) developed the
method for use with archived FFPE tissue sections.

Multicolor miRNA FISH for histologic differentiation offers advantages in rapid
design and high-throughput synthetic generation of nucleic acid probes, quantitative detection
of both coding and non-coding transcripts, discrimination between mRNA isoforms, and
multiplexing capacity. In contrast, immunohistochemical methods for histologic
differentiation rely on costly diagnostic-grade antibodies and require many months for
antibody generation, validation, and adaptation for antigen-retrieval in fixed tissues. It is
important to note that our miRNA FISH and conventional IHC methods are incompatible,
likely due to EDC-based protein crosslinking (Figure 33), however, conventional H&E
staining can be readily performed upon acquisition of fluorescent images.

The described invention demonstrates that (1) MCC and BCC consistently express
miR-375 and miR-205 despite variable underlying cytogenetic changes in these tumors,
adding further weight to their respective roles as oncomirs and tumor suppressors; (2) MCV
miRNA expression in MCC is low, favoring tumor cell growth and survival; and (3) miRNA
sequence variation representing polyadenylation or polyuridylation sequence modifications

and RNA editing. Additionally, it has been shown that in MCC, the miR-375 signal changes
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from cytoplasmic to nuclear on the same tissue section and close to areas of hypoxia or

metastasis.

Example 3:

We demonstrate the use of specifically designed LNA-modified DNA (LNA/DNA)
probes. Figure 45 shows comparison of LNA/DNA probes to DNA probes of various length.
Here, we show how important it is to have short LNA/DNA probes to get desired specificity.
For example, To target HER2/ERBB2, we synthesized 45 DNA probes (24-30 nt long),
which were designed with GC content between 50 and 64% and TC content between 45 and
66%. No special care was taken regarding probes mishybridization to rRNA. Melting
temperatures of these DNA probes varied from 48.1 to 56.9 °C. rRNA mishybridization of
DNA probes dominated the signal indicating that these DNA probes are not specific (Figure
45a). Subsequently, DNA probes (24-30 nt long) were shorten either from 5’-end or 3’-end to
avoid rRNA mishybrdization (no segment longer than 8 nt with rRNA sequence
complementarity) to yield 39 shorter DNA probes (14-21 nt long). Melting temperatures of
these DNA probes varied from 38.8 to 47.1 °C (approximately 10 °C lower than longer DNA
probes (24-30 nt long). However, rRNA mishybridization was still observed, especially at
elevated temperatures (Figure 45b). Only hybridization at 40 °C allowed small discrimination
between HCC-1954 (HER2+) and MDA-MB231 (HER2-) breast cancer cell lines. At higher
temperatures, rRNA mishybridization dominates the signal indicating that further
denaturation of rRNA secondary structure increases rRNA mishybridization. To avoid
mishybridization and increase probe specificity, we synthesize 53 short (11-15 nt long)
directly labeled LNA-modified DNA (LNA/DNA) oligonucleotide probes for HER2/ERBB?2.
Melting temperatures of these LNA/DNA probes vary from 44.2 to 52.1 °C (approximately 5
°C lower than longer DNA probes (24-30 nt long), but 5 °C higher than shorter DNA probes
(14-21 nt long). These LNA/DNA probes were shown to be specific and distinguished HCC-
1954 (HER2+) from MDA-MB231 (HER2-) breast cancer cell lines (Figure 45c¢).

Figure 34 shows 8 LNA/DNA probes targeting 28S RNA demonstrating that pooling
all 8 probes yield a signal intensity that is 8 times higher that that for an individual probe
(Figure 35), indicating that RNA FISH can be used for accurate target quantitation.

We utilize 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC) as a fixation

reagent forming irreversible phosphoamide bonds and amide bonds and thereby increasing
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retention of long and short (partially degraded) RNAs, followed by hybridization with short
fluorescently labeled LNA/DNA probes in order to eliminate the conventional signal
amplification steps. This probe design excludes even short homology to other RNA
sequences and the length of each probe member within the probe pool is adjusted based on
melting temperature.

This approach requires the synthesis of 20-100 short probes per target mRNA, each
carrying two fluorophores (ATTO,Alexa, Cy, BODIPY, DyLight, Cyto, Seta, RadiantDy, CF
or other dye, choosing the brightest, the most photo-stable and water-soluble, avoiding those
which produce unspecific binding to protein scaffold). Subsequently, RNA FISH signals are
scanned and normalized using control probes targeting polyA, mitochondrial and nuclear-
encoded rRNA, U1, U2 or U6 small nuclear (sn) RNA, 7SL, 7SK or hy3 small cytoplasmic
(sc) RNA and U3 small nucleolar (sno) RNA as shown in Figure 40. We have established a
robust, sensitive and specific method, and include necessary controls to monitor RNA
retention and integrity.

In one aspect of the invention, we prepare and validate probes relevant or novel in
cancer diagnostic and to quantify levels of including HER2/ERBB2, ER/ESR1, PR/PGR1
and vimentin (VIM) mRNAs or other mRNAs, which will be used in simultaneous multiple
detection with different fluorophores to subclassify breast cancer, and in similar diagnostic
applications. Sections of multiple different paraffin-embedded tumor cell line pellets are
mounted on the same slide and processed and scanned in parallel. Cell lines are chosen based
on expression data from RNA sequencing. Fluorescence intensities for target mRNAs as well
as polyA, rRNAs, and mitochondrial rRNA, U1, U2 or U6 snRNA, U3 snoRNA, 7SL, 7SK
scRNA or hy3 scRNA will be acquired and signal normalization procedures will be
developed to be most suitable for comparison of clinical samples later. Our instrumentation
(Olympus VS110 Digital Microscope) allows capture of up to 5 distinct fluorophores per
experiment, but using Vectra Intelligent Slide Analysis System, we can simultaneously detect
8 or more distinct fluorophores with partially overlapping spectra, which then would allow us
to simultaneously monitor many different transcripts leading to better diagnostic and

prognostic utility. Finally we will apply the method to archived clinical materials.

Example 4:
An illustrative example of the use of RNA FISH to provide for identification of
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translocations. Multiple different FFPE sarcoma tissue sections (2 Ewing sarcomas; 5
gastrointestinal clear cell sarcomas, 1 low grade fibromyxoid sarcoma, 1 myxoid
liposarcoma, pleom liposarcoma) were analyzed for RNA retention. Fluorescent rRNA,
poly(A) and protein (cosin B) stains were used to measure rRNA signals.RNA retention in all
samples was observed. The poly(A) signal also was present in all samples, except for Ewing
sarcoma. These data indicate that there is a sufficient amount of RNA in most tumor samples
to allow for mRNA FISH diagnostics.

We first prepare and evaluate LNA/DNA probe sets monitoring the expression pattern
and transcript levels of established IHC. We develop triple-fluorescence analysis, selecting
the combination of targets so that at least one of the three scores positive in one of the
possible tumor subtypes. If such a combination cannot be identified, we include a
housekeeping gene, encoding a ribosomal protein or rRNA itself, paired with two markers.

About 10% of mostly soft tissue sarcomas are characterized by translocations
involving members of the TET protein family. To diagnose translocations, we generate probe
sets directed against the N-terminus of FUS, EWSR1, or TAF15 and the C-terminal fusion
partners, a series of DNA binding proteins of the erythroblastosis virus-transforming
sequence (avian ETS). FUS and EWSR1 are strongly expressed transcripts and their
translocations are diagnostic for several sarcomas including multiple SBRCTs and SCTs.
Among the most frequent translocation partners are ATF1, CREB1, WT1, ERG, MYC,
NR4A3, FLI1, NFATC2, FEV, ETV1, E1AF, SP3, ZNF278, POUS5FI, and DDIT3 or others.
We initiate experiments using archived tumor specimens that have been tested for common
translocations and measure the signal ratios between N-terminally directed FUS, EWSR1 or
TAF15 probes with one fluorophore and those monitoring the C-terminal translocation
partner with different fluorophore, anticipating a dramatic increase in relative expression of
the C-terminal partner upon translocation.

This allows, for example, detection of translocation transcripts such as those from
EWSRI1 with FLI1 or ESWR1 with ERG and alike, many of which constitute fusion a
transcription factor protein (like FLI, ERG, MYC) to a strong promotor containing protein,
like (EWSR1, FUS). Probe sets with one fluorophore target the 5'-terminus upstream of the
translocation point while probe sets with a different fluorophore target the 3'-terminus of the
downstream translocation partner. The readout indicates an increase in fluorescence intensity

of the downstream translocation partner similar in intensity to the upstream probe set.
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Simultaneous detection of multiple fluorophopres allows detection of the translocation of
several possible downstream sequences such as, for example, but not limited to, FLI1 or ERG
translocated to upstream EWSR1. Fluorescence signals of similar strength involving EWSR1
and the fusion partners ERG but not FLI1 can be diagnostic for one type of translocation
causing ewing sarcoma.

Iterative approaches to detect translocations, such as, for example, in a 3-color
approach where probe sets specific to FUS and EWSR1 are used in combination with a pool
of probes directed against the C-terminal domains of all known translocation partners, can be
used. The TET proteins are extremely abundant; for example, in liposarcomas we have
measured 500,000 and 5,000,000 copies of FUS and EWSRI1 protein, respectively, whereas it
is anticipated that the DNA-binding translocation factors are much less abundant. Monitoring
the relative ratios of the fluorescence signals allows for recognition of fusion events and for
definition of FUS or EWSRI1 as the driver. The specific fusion then is identified in a using
probe sets specific to the recognized N-terminal factor in combination with at least two or
more probes now labeled such that a specific C-terminal translocation partner is recognized.

In summary, direct multicolor RNA FISH according to the invention facilitates the
capture of gene expression information at cellular resolution, allowing the use of
heterogeneous tissue samples and yield quantification of transcript levels through
fluorescence measurements. The methodology can be used to identify known cancer markers,
as well as novel RNA-based diagnostic markers, including microRNAs and other non-coding
RNAs.

The foregoing description of some specific embodiments provides sufficient
information that others can, by applying current knowledge, readily modify or adapt for
various applications such specific embodiments without departing from the generic concept,
and, therefore, such adaptations and modifications are intended to be understood within the
meaning and range of equivalents of the disclosed embodiments. It is to be understood that
the phraseology or terminology employed herein is for the purpose of description and not of
limitation. In the drawings and the description, there have been disclosed exemplary
embodiments and, although specific terms may have been employed, they are unless
otherwise stated used in a generic and descriptive sense only and not for purposes of
limitation, the scope of the claims therefore not being so limited. Moreover, one skilled in

the art will appreciate that certain steps of the methods discussed herein may be sequenced in
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alternative order or steps may be combined. Therefore, it is intended that the appended

claims not be limited to the particular embodiment disclosed herein.
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What is claimed is

1. A method for fixing an RNA molecule in a biological sample, said method
comprising contacting the biological sample with an aldehyde-containing fixative, and
subsequently contacting the sample with a solution comprising a carbodiimide and a
heterocyclic derivative selected from the group consisting of an imidazole, pyrazole, triazole

or tetrazole or a combination thereof.

2. The method of claim 1, wherein said heterocyclic derivative has at least one of the

following structures:

\7/R1 R N’ \7/R1 Ry \N\x,N N'N“IN
)— \S—NH JNH
A R,

(a) (b) (© (d) (e)

wherein Rj, R,, and R3 independently are H, alkyl, aryl, F, CI, Br, I, CN, NO,, NH;, OH, SH,
ethylthio-, alkyloxy-, or carbonyl.

3. The method of claim 1, wherein the aldehyde-containing fixative is formaldehyde, a
derivative of formaldehyde, paraformaldehyde, glyoxal, glutaraldehyde, or combination

thereof.

4. The method of claim 1, wherein the heterocyclic derivative is selected from the group
consisting of 2-methylimidazole, imidazole, 1-hydroxyl-benzotriazole, 5-cthylthiotetrazole,

and 2-chloroimidazole.
5. The method of claim 4, wherein the heterocyclic derivative is 5-ethylthiotetrazole.

6. The method of claim 1, wherein the carbodiimide is selected from the group
consisting of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI), 1-cyclohexyl-3-(2-
morpholinyl-(4)-ethyl) carbodiimide metho-p-toluenesulfonate (CMC), N,N'-
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dicyclohexylcarbodiimide (DCC), N,N'-diisopropylcarbodiimide (DIC), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel).

7. The method of claim 6, wherein the carbodiimide is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel).

8. The method of claim 1, wherein the carbodiimide is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel) and the heterocyclic derivative
is 5-ethylthiotetrazole.

9. The method of claim 8, wherein the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide methiodide
(EDC-Mel) has a concentration of about 20 mM to about 300 mM.

10. The method of claim 9, wherein the solution comprising 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel) contacts the sample at a

temperature of about 20°C to about 70°C.

11.  The method of claim 1, wherein the solution comprising a carbodiimide and a

heterocyclic derivative and has a pH of about 6.0 to about 10.0.

12. The method of claim 1, wherein the solution comprising a carbodiimide and a

heterocyclic derivative has a pH of about 7.0 to about 8.0.
13. The method of claim 1, wherein the RNA molecule is a short RNA.
14, The method of claim 1, wherein the RNA molecule is a miRNA.

15.  The method of claim 1, wherein the solution comprising a carbodiimide and a

heterocyclic derivative further comprises a detergent.

16.  The method of claim 15, wherein the detergent is selected from the group consisting
of Tween20, Tween80, Triton X-100, Triton X-114, Digitonin, Saponin, CHAPS, Denhardt’s
solution, Heparin, Brij35, Sodium dodecyl sulfate (SDS), and urea.
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17.  The method of claim 1, further comprising contacting the solution comprising a

carbodiimide and a heterocyclic derivative with a cyanogen halide.

18.  The method of claim 17, wherein the cyanogen halide is selected from the group

consisting of cyanogen bromide, cyanogen iodide, cyanogen chloride and cyanogen fluoride.

19. The method of claim 17, wherein the cyanogen halide is cyanogen bromide or

cyanogen iodide.

20. A method for detecting a target RNA molecule in a biological sample, said method

comprising
a. contacting the biological sample with an aldehyde-containing fixative;

b. subsequently contacting the sample with a solution comprising a carbodiimide and
a heterocyclic derivative to produce crosslinked RNA in the sample, said heterocyclic
derivative selected from the group consisting of an imidazole, pyrazole, triazole or tetrazole

or a combination thereof;

c. contacting the sample with a probe, said probe being complementary to all or a part

of a region of interest of the RNA in the sample, thereby producing hybridized RNA; and
d. detecting the hybridized RNA as the target RNA.

21.  The method of claim 20, wherein said heterocyclic derivative has at least one of the

following structures:

poh “‘f A S ¢
R> R|

(@) (b) © @ (©

wherein Rj, R,, and Rj3 independently are H, alkyl, aryl, F, CI, Br, I, CN, NO,, NH;, OH, SH,
ethylthio-, alkyloxy-, or carbonyl.
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22.  The method of claim 20, wherein the aldehyde-containing fixative is formaldehyde, a
derivative of formaldehyde, paraformaldehyde, glyoxal, glutaraldehyde, or combination

thereof.

23.  The method of claim 20, wherein the heterocyclic derivative is selected from the
group consisting of 2-methylimidazole, imidazole, 1-hydroxyl-benzotriazole, 5-

ethylthiotetrazole, and 2-chloroimidazole.

24.  The method of claim 23, wherein the heterocyclic derivative is 5-ethylthiotetrazole.

25.  The method of claim 20, wherein the carbodiimide is selected from the group
consisting of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI), 1-Cyclohexyl-3-(2-
morpholinyl-(4)-ethyl)carbodiimide metho-p-toluenesulfonate (CMC), N,N'-
dicyclohexylcarbodiimide (DCC), N,N'-diisopropylcarbodiimide (DIC), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel).

26. The method of claim 25, wherein the carbodiimide is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel).

27. The method of claim 20, wherein the carbodiimide is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel) and the heterocyclic derivative
is 5-ethylthiotetrazole.

28. The method of claim 27, wherein the 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
methiodide (EDC-Mel) has a concentration of about 20 mM to about 300 mM.

29.  The method of claim 27, wherein the solution comprising 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC-HCI) or 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide methiodide (EDC-Mel) contacts the sample at a temperature of about 20°C to
about 70°C.
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30.  The method of claim 20, wherein the solution comprising a carbodiimide and a

heterocyclic derivative has a pH of about 6 to about 10 in solution.

31.  The method of claim 20, wherein the solution comprising a carbodiimide and a

heterocyclic derivative has a pH of about 7 to about 8.

32.  The method according to claim 20, wherein the probe comprises a locked nucleic acid

residue.

33.  The method according to claim 20, wherein the probe comprises a morpholino

residue.

34.  The method according to claim 20, wherein the probe further comprises a linker

having a length greater than about 3.0 nm.
35. The method of claim 20, wherein the RNA molecule is a short RNA.
36. The method of claim 20, wherein the RNA molecule is a miRNA.

37.  The method of claim 20, wherein the solution comprising a carbodiimide and a

heterocyclic derivative further comprises a detergent.

38.  The method of claim 37, wherein the detergent is selected from the group consisting
of Tween20, Tween80, Triton X-100, Triton X-114, Digitonin, Saponin, CHAPS, Denhardt’s
solution, Heparin, Brij35, Sodium dodecyl sulfate (SDS), and urea.

39. A kit for fixing RNA in a biological sample, comprising

a. a support substrate for holding the sample;

b. an aldehyde-containing fixative;

C. a carbodiimide; and

d. a heterocyclic derivative selected from the group consisting of an imidazole,

pyrazole, triazole or tetrazole derivative or a combination thereof.

40.  The kit of claim 9, wherein said heterocyclic derivative has at least one of the

following structures:
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R, R R, R N‘\N N’N“\N
pie f %Y Py
Ry R,
(@) (b) (© (@) (e

wherein Ry, R;, R; = H, alkyl, aryl, F, Cl, Br, I, CN, NO,, NH,, OH, SH, ethylthio-,
alkyloxy-, or carbonyl.

41.  The kit according to claim 9, wherein the aldehyde-containing fixative is
formaldehyde, a derivative of formaldehyde, paraformaldehyde, glyoxal, glutaraldehyde, or

combination thereof.

42.  The kit of claim 9, wherein the water soluble carbodiimide is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) or 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide methiodide (EDC-Mel).

43.  The kit of claim 9, wherein the heterocyclic derivative is 5-cthylthiotetrazole.
44. A method for differentiating cells in a biological sample, said method comprising
a. contacting the biological sample with an aldehyde-containing fixative;
b. subsequently contacting the sample with a solution comprising a carbodiimide

and a heterocyclic derivative to produce crosslinked RNA in the sample, said heterocyclic
derivative selected from the group consisting of an imidazole, pyrazole, triazole or tetrazole

derivative or a combination thereof;

C. contacting the sample with a labeled probe, said probe being complementary
to all or a part of a region of interest of the RNA in the sample, thereby producing hybridized
RNA;

d. detecting the hybridized RNA with said labeled probe; and
e. differentiating between said cells based upon said detection.

45.  The method of claim 44, wherein said heterocyclic derivative has at least one of the

following structures:
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\7/':‘1 R Ri Ry NN

f %Y Py
Ry R,

(a) (b) (© (d) (e)

wherein Ry, R;, and R;3 independently can be H, alkyl, aryl, F, CI, Br, I, CN, NO,, NH,, OH,
SH, ethylthio-, alkyloxy-, or carbonyl.

46.  The method of claim 44, wherein said hybridized RNA is miRNA.

47.  The method of claim 44, wherein said detection further comprises quantifying said

hybridized miRNA using said labeled probe.

48.  The method of claim 44, wherein said contacting step comprises a plurality of

different probes, wherein each probe hybridizes to a specific type of RNA and/or protein.
49.  The method of claim 44, wherein each probe comprises a different label.

50.  The method of claim 44, wherein said detecting further comprises quantifying the
specific types of hybridized RNA and/or protein.

51.  The method of claim 48, wherein said specific types of RNA are selected from the
group consisting of of mRNA, rRNA, mt-mRNA, mt-rRNA, tRNA, shRNA, siRNA or Piwi-
interacting RNA, or a pri-miRNA, pre-miRNA, miRNA, anti-miRNA, snRNA, snoRNA,
scRNA and long ncRNA or other non-coding RNA.

52.  The method of claim 51, wherein said specific types of RNA are snRNA, snoRNA,
ScCRNA, miRNA, mt-rRNA, rRNA, mt-mRNA and mRNA.

53. The method of claim 52, wherein said rRNA, mt-rRNA, snRNA, scRNA, snoRNA,
miRNA or other non-coding RNA, mt-mRNA and mRNA are quantified to calculate a ratio,

said ratio being indicative of a certain cell type.

54.  The method of claim 50, wherein said specific types of RNA and protein are

quantified to calculate a ratio, said ratio being indicative of a certain cell type.
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55.  The method of claim 44, wherein said detecting comprises the use of fluorescence in

situ hybridization.

56.  The method of claim 48, wherein the different probes comprises different fluorescent
stains.
57. The method of claim 44, wherein said cells are cancer cells.

58.  The method of claim 44, wherein the aldehyde-containing fixative is formaldehyde, a
derivative of formaldehyde, paraformaldehyde, glyoxal, glutaraldehyde, or combination

thereof.

59. The method of claim 51, wherein the snRNA is Ul snRNA, U2 snRNA, or U6

snRNA or variants thereof.
60. The method of claim 51, wherein the snoRNA is U3 snoRNA or variants thereof.

61.  The method of claim 51, wherein the sScCRNA is 7SL scRNA, hy3 scRNA or 7SK
scRNA.

62.  The method of claim 51, wherein the miRNA is the very abundant miRNA such as
let-7, miR-21, miR-1, miR-124, miR-9, miR-122 or others.

63. The method of claim 51, wherein the rRNA is 58S, 5.8S, 18S or 28S rRNA.
64. The method of claim 51, wherein the mt-rRNA is 12S or 16S rRNA.

65. The method of claim 51, wherein the mt-mRNA is COX1 or COX2 mt-mRNA or

variants thereof.

66.  The method of claim 1, 20, and 44, wherein the contacting the biological sample with
an aldehyde-containing fixative is optionally contacting the biological sample with an

aldehyde-containing fixative.

67.  The method of claim 20 and 44, wherein the probe comprises at least one of a 2’-
fluoro residue, a 2°-O-methyl residue, a 2’-O-cthyl residue, PNA probe, or 2’-OMe probe or
2’-O-cthyl (2°-OEt) probe or 2’-O-methoxyethyl (MOE) or 2°,4’-contrained MOE bicyclic
nucleic acid (¢cMOE BNA) probe or 2°,4’-contrained 2°-O-ethyl bicyclic (cEt BNA) probe or
S-DNA probe .
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Figure 12
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Figure 19
Carbodiimide Reaction Reaction Optimal
derivative time (h) | temperature (°C) | reaction pH
HN/+ ol
/N 28 25 8.0
N=C=N
Ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride 7 50 8.0
(EDC-HCI)
-
';‘—I‘_ 12 25 8.0
N=C=N
Ethyl-3-(3-dimethylaminopropyl)carbodiimide
methiodide 3 50 7.5
(EDC-Mel)
Xy
+N\ O‘\S
N=C=N o © 10 50 7.5
N-Cyclohexyl-N*~(2-mopholinoethyl)carbodiimide
metho-p-toluenesulfonate
(CMC)
N=C=N
24 50 8.0

N,N*-Diisopropylcarbodiimide
(DIC)
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Figure 20

PCT/US2012/048727

Heterocyclic
derivative

Reaction
time (h)

Reaction Optimal
temperature (°C) | reaction pH

N
4@

2-Methylimidazole
pKa~7.8

14 50 8.0

N
«H]

Imidazole
pKa~ 7.0

11 50 7.5-8.0

N\
Ly
N
OH
1-Hydroxy-benzotriazole
pKa ~ 5.0

8.0-85

5-Ethylthio-1H-tetrazole
pKa ~ 4.3

N
cl— ]
N
H

2-Chloroimidazole
pKa ~ 2.0

15 50 8.0
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Figure 21
a
Probe|Lenght (nt) Antisense probe Tm (°C)
| LNA 22 57’ CaGaCTCCGGtGGAatGaatGGa 70.7
8, DNA 22 5’ CAGACTCCGGTGGAATGAAGGA | 41.3
% LNA 14 57 GGTGGAAtgaAgga | 61.6
@ | LNA 14 5'GGTGGAAtGaAggA | 58.5
< | DNA 14 5’ GGTGGAATGAAGGA | 33.1
LNA 22 5'tCaCGCGAgcCGAAcghaCaha | 73.0
0 DNA 22 5’/ TCACGCGAGCCGAACGAACAAA | 38.2
@t LNA 15 5’agcCGaaCGalAcaald | 75.9
T[INA| 15 5/ AGCCGaaCGaAcaah | 62.1
@ | LNA 15 5’ aGCCGRaCGaACala | 53.8
< | LNA 15 5/ aGCCGaACgAachha | 63.3
DNA 15 5'AGCCGAACGAACAAA | 30.3
b
Probe|Lenght (nt) Antisense probe Tm (°C)
« |LNAT 17 5’/ CTttTCtGggGTcTGaT 83.5
Z[LNA2| 15 5’ TCCcGTcCCgTTCCG 78.5
5;) LNA3] 18 5/ CATCTCTCAGGACCGACT 773
< |LNA4 17 5/GETtCctCLCGtACTgA 78.2

PCT/US2012/048727
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Figure 26
Target Fluorescent dye Ex. Em. Qy Filter
o e 310 nm - 390 nm (Ex.)
Nuclei/DNA . DAPI ‘ 353 nm : 430 nm - 480 nm (Em.)
i 475 nm - 505 nm (Ex.)
miR-375 ATTO 488 500 nm 523 nm 0.80 505 nm - 550 nm (Em)
miR-205 ATTO 532 532nm | 553nm | 0.0 | 535nm-575nm (Ex)
570 nm - 650 nm (Em.

1m (Ex.)
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Figure 28
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Figure 29
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Figure 31
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Figure 34

Blank

A

rBENAS8 rBRNA1-8




WO 2013/016712 35/49 PCT/US2012/048727
Figure 35
Probe Length rRNA sequence Position LNA sequence Intensity | Tm
(nt) {mmu 28S rRNA) (°C)
Blank 572
rRNA1 20 GGAAAAGAAACTAACCAGGA 57-76 TCcTGGLTAGTTLCTETTCC 58320
rRNA2 17 ATCAGACCCCAGAAAAG 17311747 | CTLLTCtGggGTcTGaT 54104 78.1
rRNA3 20 CTAAGGAGTGTGTAACAACT 1798-1817 | AGTtGTtACACACcTCcTtaG 71824
rRNA4 19 CTGAARAATGGATGGCGCTG 1839-1857 | CAGcGCcATCcCALTTtLCAG 59983
rRNAS 15 CGGAACGGGACGGGA 1897-1911 | TCCcGTcCCgTTCCG 53829 71.8
rRNAG6 18 AGTCGGTCCTGAGAGATG 2193-2210 | CATCTCcTCcAGGACCgACT 63003 71.3
rRNA7 16 GGAGCAGAAGGGCAAA 3918-3933 | TLTGCCcTTCTGCtCC 57460
rRNAS8 17 TCAGTACGAGAGGAACC 4249-4265 | GGTtCctCtCGtACTgA 69603 70.6
rRNA1-8 469068
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Figure 36
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LNA sequence Length Norm. intensity Tm (°C)
polyT1 | TETTETTLTTtTTETTLTTETTETTLTTET | 30-mer 30.15 495
polyT2 | TETCTETLTETLTETETLTET 21-mer 8.72
polyT3 | TETTLTTLTTLTTLTTETTET 21-mer 4.34
polyT4 | TELLTLLTLLTLLTLLTEETET 21-mer 16.16
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Figure 38
RNA Name | Transcript | Read counts Read counts/ Normalized Intensity
category length (nt) (Mio) transcript length from RNA FISH
rRNA 58 121 10.6 8.76E+04
rRNA 5.88 156 10.9 6.99E+04
rRNA 18S 1,869 45.2 2.42E+04
FHRNA 285 5,070 84.5 1.67E+04 2.15E+07
scHNA Hy3 102 1.28 1.25E+04 1.03E+07
snBNA U1 164 1.63 9.94E+03 6.80E+08
snoRNA U3 217 2.08 9.60E+03 3.00E+06
snHNA U2 188 1.57 8.35E+03 5.51E+08
mit-rRNA 1685 1,858 5.64 3.62E4+03 3.22E4+06
snRBNA U6 106 0.31 2.92E+03
scHNA 7SL 299 0.75 2.51E403 2.95E+06
rmi-rENA 128 954 2.20 2 31E+03 3.52E+06
snRNA 7SK 332 0.25 7.53E+02
mt-mBNA | COX1 1,642 0.64 4.15E+02
mt-mRNA | COX2 684 0.19 2.78E+02
mRNA ACTB 1,852 0.04 2.16E+01
mRNA RPL8 903 0.01 1.11E+01
mRNA EEF2 3,163 0.033 1.04E+01
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8-color RNA fluorescence in situ hybridization
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Figure 42
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Figure 43
RNA Probe | Length RNA Sequence LNA sequence
category (nt)
I, 1 17 AGGAGUGUGUAACAACU Z-aGTtGTtaCaCaCTCCt-Y
£ 5 2 17 CUGAAAAUGGAUGGCGC Z-GCGCCaTCCatTttCaG-Y
Ex 3 17 GUCGGUCCUGAGAGAUG Z-CaTCtCtCaGGaCCGaC-Y
§ (é’ 4 17 GUACCCAUATCCGCAGC Z-GCTGCGGAtatGGGtaC-Y
5 17 UCAGTACGAGAGGAACC Z-GGTtCCtCtCGtACTGa-Y
1 17 UUGGUCCUAGCCUUUCU Z-aGaaaGGCtAGGACCaa-Y
2 17 AACUAAGCUAUACUAAC Z-GTtaGTaTaGCTtaGTt-Y
3 17 GGUCACACGAUUAACCC Z-GGGTTaaTCETGtGaCC-Y
< 4 17 GCCAUCUUCAGCAAACC Z-GGTttGCtGAaGALGGC-Y
E 5 17 AAGACGUUAGGUCAAGG Z-CCttGaCCtAaCGTCLT-Y
= 6 17 AGGCUACAAAGUAAGCG Z-CGCtTaCtTtGTAGCCE-Y
£ 7 17 CUACCAGACAACCUUAG Z-CTaaGGTtGtCTGGtaG-Y
§ 8 17 CAGCUAAAAGAGCACAC Z-GtGTGCTCLTLtAGCEG-Y
9 17 GGUUGUCCAAGAUAGAA Z-TtCtaTCTtGGaCaaCC-Y
17 UCCUCACACCCAAUUGG Z-CCaAttGGGTGTGaGGa-Y
17 AAAACAUCACCUCUAGC Z-GCTaGaGGtGatGTttT-Y
17 AACAGUACCUAACAAAC Z-GtTtGTtaGGTaCtGTt-Y
1 15 GAGGGUAUCAAGCAC Z-GtGCtTGaTACCCtC-Y
2 15 GGCGUAAAACGUGUC Z-GaCaCGttTtaCGCC-Y
< 3 15 GCCAUCUUCAGCAAA Z-TttGCtGaaGAtGGC-Y
5 4 15 CCACUAUGCUUAGCC Z-GGCtAaGCATaGtGG-Y
I 5 15 GGACUCAGCAGUGAU Z-atCACTGCTGaGtCC-Y
» E 6 15 CUCCAGGCAUACGCG Z-CGCGtAtGCCTGGaG-Y
£ 7 15 CAAGAGAAAUAGAGC Z-GCtCtaTTtCtCttG-Y
g 8 15 CUGUUAACCCAACAC Z-GtGTtGGGTTaaCaG-Y
9 15 AUGCAACACUGUUAG Z-CTaaCaGtGTtGCaT-Y
10 15 CCUACGUGAUCUGAG Z-CtCaGaTCaCGTaGG-Y
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RNA Probe | Length RNA Sequence LNA sequence
category (nt)
1 12 GGAGAUACCAUG Z-CatGGTaTCtCC-Y
é 2 14 GAGGCUUAUCCAUU Z-aAtGGAtaAGCCtC-Y
% 3 12 GGAUGUGCUGAC Z-GtCAGCACALCC-Y
- 4 12 | UGCGAUUUCCCC Z-GGGGaaatCGCa-Y
i 5 14 GCAUAAUUUGUGGU Z-aCCaCaaAtTatGC-Y
2 6 12 GGGACUGCGUUC Z-GaACGCAGtCCC-Y
7 12 CGCUUUCCCCUG Z-CaGGGGAaaGCG-Y
1 15 CUUUUGGCUAAGAUC Z-GatCtTaGCCAaAaG-Y
g 2 15 GUGUAGUAUCUGUUC Z-GaaCaGaTaCtACaC-Y
% 3 15 AUAUCUGAUACGUCC Z-GGaCGTatCAGatAt-Y
g 4 15 AAUGGAUUUUUGGAG Z-CtCCAaaaATCCaTt-Y
i 5 12 AGCUUGCUCCGU Z-aCGGAGCAaGCT-Y
2 6 12 ACCUCCAGGAAC Z-GtTCCTGGAGGEL -Y
7 12 GAACGGUGCACC Z-GGTGCaCCGTtC-Y
® < 1 15 AGUGGTGTUUACAAC Z-GttGTaaACACCaCt-Y
E =z 2 15 CACAACCAGTUACAG Z-CtGTaACtGGLTGLG-Y
S‘E 3 15 GUUCCTUCUCCACUC Z-GaGtGGaGaAGGaalC-Y
< ¢ 4 15 CACUGCUTCACTUGA Z-tCaAGtGAaGCaGtG-Y
§ 1 15 GUGCCTGUAGTCCCA Z -t GGGACTaCAGGCaC-Y
% 2 15 GCACTAAGUTCGGCA Z-tGCCGAaCTtAGtGC-Y
ﬁ 3 15 ACCAGGTUGCCUAAG Z-CtTaGGCaACCTGGt -Y
Q 4 15 CAGGUCAAAACTCCC Z-GGGAGTtTtGaCCTG-Y
© 5 15 GCUGATCAGUAGUGG Z-CCaCTaCtGATCaGC-Y
2 6 15 TAGCCACUGCACTCC Z-GGAGTGCaGTGGCtA-Y
1 14 ACUAUACUUUCAGG Z-CCtgARAaGTaTagT-Y
g § 2 16 UCAUUUCUAUAGUGUG | Z-CaCAcTaTagAaATga-Y
g‘g 3 14 UGUAGAGCACCGAA Z-tTCGGTGCTCTaCa-Y
= % 4 14 GCGUUUUCUCCUGA Z-TcAGGaGaaAACGC-Y
5 12 GCUGCAACUGCC Z-GGCAGttGCAGC-Y
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Figure 44
RNA category | Probe | Length (nt) RNA Sequence LNA sequence
1 12 GCTGCUUGAGGA tCCTCaaGCAGC-L-X-L-W
2 13 CCCUTUACTGCGC GCGCAGtaRAaGGG-L-X-L-W
3 11 CCCUCUTGCCC GGGCRaGaGGG-L-X-L-W
4 12 CCACCTGGACAU atGTCCAGGTGG-L-X-L-W
5 13 CCACCTCUACCAG CtGGTaGAGGLGG-L-X-L-W
6 12 CACCAAUGCCAG CTGGCattGGtG-L-X-L-W
7 14 GCUCACAACCAAGU aCtTGGTtGTGaGC-L-X-L-W
8 11 CACUGCAGAGG CCTCTGCaGtG-L~-X-L-W
9 14 CUAGACAAUGGAGA tCTCCaTtGTCTaG-L-X-L-W
10 14 CCTCACAGAGATCU aGATCtCEGLGAGG-L-X-L-W
1 12 CAGCTCUGCUAC GtaGCaGAGCTG-L-X-L-W
12 15 GACACGATUUTGUGG CCaChAaaAtCGTGTC-L~X-L-W
13 14 GGACAUCUTCCACA tGtGGAaGaTGTCC-L-X-L-W
14 14 CCUGUTCTCCGAUGU aCaTCGGAGAaCaGG-L-X-L-W
15 12 GACUGCTGCCAU atGGCAGCaGLC-L-X-L-W
16 12 GAGCAGTGUGCU aGCaCACTGCTC-L-X-L-W
17 15 CUGGTCACCTACAAC GLTGTAGGTGACCaG-L-X-L-W
18 15 AGACACGUUTGAGUC GaCTCAaaCGTGTCL-L-X-L-W
19 14 CGGUAUACATUCGG CCGaAtGtaTaCCG-L-X-L-W
20 13 AGCTGUGTGACUG CaGTCACaCAGCt-L-X-L-W
21 18 CUACAACTACCTUTCTAC | GtAGAaAGGTAGTtGTaG-L-X-L-W
22 13 GCACAACCAAGAG CtCTTGGTLGEGC-L-X-L-W
23 11 GGAACACAGCG CGCtGTGTtECC-L-X-L-W
24 14 GTGTGCTATGGUCU aGaCCAtAGCACAC-L-X-L-W
25 14 GAGAGCTUTGAUGG CCaTCRaAGCTCtC-L-X-L-W
26 12 CUCCAACACUGC GCaGTCTEGGaG-L-X-L-W
o 27 16 CCAAGTGUTUGAGACU aGtCTCaRAaCACTEGG-L~-X-L-W
@ 28 13 AAGAGAUCACAGG CCTGTGatCtCTL-L-X-L-W
% 29 15 CCUATACAUCTCAGC GCTGAGaTGEtAtaGG-L-X-L-W
5 30 14 ACCTGCAAGUAAUC GatTaCTtGCAGGE-L-X-L-W
T 31 14 GACGAAUUCTGCAC GTGCAGaaTTCGtC-L-X-L-W
32 15 UCATCCACCAUAACA tGtTatGGTGGAtGa-L~-X-L-W
33 12 CCAAGCUCTGCU aGCAGaGCLTGG-L-X-L-W
34 14 UGUGTCAACTGCAG CtGCAGTtGACaCa-L-X-L-W
35 12 CGAGUACTGCAG CtGCAGTaCtCG-L~-X-L-W
36 13 ACCUGUUUTGGAC GtCChAaaaCaGGt-L-X~L-W
37 15 ACGTCCAUCATCUCU aGaGATGatGGACGL-L-X-L-W
38 13 GAAGUACACGAUG CatCGTGtalCttC-L-X-L-W
39 12 CUGACACCTAGC GCtAGGTGTCaG-L-X-L-W
40 12 GCACAGTCUACA tGtaGACtEGtGC-L-X-L-W
41 15 AUCTGGATCCCTGAU atCAGGGATCCAGat-L-X-L-W
42 15 GUGACACAGCTTAUG CatAAGCTGTGTCaC-L-X-L-W
43 12 CUCGUACACAGG CCTGTGtacCGaG-L-X-L-W
44 13 CCAGAGTGATGUG CaCAtCACTCLGG-L-X-L-W
45 13 GUGTGACUGTGUG CaCACaGTCACaC-L-X-L-W
46 15 CCARACCTUACGATG CAECGTaAGGTLEGG-L-X-L-W
47 15 CAUCTGCACCATUGA tCaAtGGTGCAGatG-L-X-L-W
48 15 GUGGTCATCCAGARAU atTCtGGAtLGACCaC-L-X~-L-W
49 15 CUUCUUCTGTCCAGA tCtGGACAGaaGaaG-L-X-L-W
50 12 CCTGACACUAGG CCtaGtGTCAGG-L-X-L-W
51 15 CGACAACCUCUATUA taATaGaGGTEGECG-L-X-L-W
52 12 AGAACCCAGAGUA taCTCTGGGTTCL-L-X-L-W
53 14 CUGACTUCTGCTGG CCAGCAGaAGTCaG-L-X-L-W
54 12 GACCACUUCCAG CtGGaaGTGGTC-L-X~-L-W
55 11 AAGCCUUAGGG CCCTaaGGCET-L-X-L-W
56 14 CAUTCAGAGACUGU aCaGTCtCtGRatG-L-X-L-W

(3]
be |

13

GUACAGAGTGCUU

aaGCACTCtGtaC-L-X-L-W
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