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Fig. S1. Total miRNA concentrations in clinical samples. (A) Mean total miRNA concentrations (fmol/µg 
total RNA) were higher for cell lines than for archived FFPE materials (ANOVA p<0.001, NCL=8, NFFPE=27). 
(B) Significant differences in mean total miRNA concentrations were seen between groups (ANOVA 
p<0.001, NMCC=12, NBCC=4, NNS=4); mean total miRNA concentrations were respectively 4.43 (padj=0.004) 
and 5.35 (padj=0.005) fmol/µg total RNA higher in BCC than in MCC or NS whereas no significant 
difference was seen between MCC and NS (padj=0.72). Error bars indicate the standard error of the mean. 
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Fig. S2. miR-205 and miR-375 concentrations in clinical samples. Sequencing-derived miR-205 and 
miR-375 concentrations (fmol/µg 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 (C) 
11 MCC and 4 NS samples and were significantly higher in MCC compared to NS (ANOVA p<0.001, 
NMCC=11, NNS=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. 
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Fig. S3. RNA elution and retention during miRNA FISH. (A) 150 mg of 10 µm slices of FFPE monkey 
brain tissue were deparaffinized, rehydrated, refixed with 4% PFA, and processed with (+EDC) and without 
(-EDC) EDC fixation; 50% total tissue weight was attributed to paraffin. To monitor the loss of RNA during 
probe hybridization, tissue slices were then incubated for 16 h at 50 ºC in hybridization solution (hyb) and 
total RNA was recovered from hyb and incubated tissue. We respectively recovered 115 µg total RNA (83 
µg hyb. and 32 µg tissue) but only 31 µg total RNA (16 µg hyb. and 15 µg tissue) from -EDC and +EDC 
samples as determined by UV 260 nm absorbance. From 100 mg fresh tissue, we obtained 140 µg of total 
RNA. The amount of total RNA recovered from +EDC tissue is likely underestimated; RNA enmeshed in 
irreversibly EDC-crosslinked protein presumably distributed to the phenol/chloroform phase during the RNA 
isolation. Half of each RNA sample was separated on a 15% polyacrylamide gel and visualized through 
ethidium bromide staining prior to Northern blotting. (B) Quantitative Northern blot analysis was used to 
determine miR-124 content in -EDC and +EDC hyb. buffers and tissues. Based on signal intensities for 
defined amounts of synthetic miR-124, we found that 0.46 and 0.05 fmol miR-124 was respectively lost and 
retained in -EDC hyb and tissue whereas 0.07 and 0.52 fmol miR-124 was respectively lost and retained in 
+EDC hyb and tissue. The total amount of miR-124 recovered from hyb and tissue was comparable for -
EDC and +EDC samples. The signal of miR-124 from 4 µg of total RNA from fresh tissue corresponded to 
0.68 fmol, therefore indicating that approx. 90% miR-124 present in fresh tissue escaped prior to 
hybridization. Two other replicates of these experiments showed losses of miR-124 of 50-70%. The escape 
of miR-124 likely occurred during deparaffinization and rehydration steps and refreshing of formalin-fixation 
of tissue slices prior to EDC-fixation. In summary, EDC fixation resulted in at least 10-fold better retention 
of miRNAs and 5-times better retention of longer RNAs during probe hybridization. 
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Fig. S4. 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 participation of 1-methylimidazole in EDC crosslinking. The EDC crosslinking 
reaction is affected by hydrolysis of EDC adducts that can be reduced by reacting with heterocyclic 
derivatives. Protonation of 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 conditions. 
Therefore, the reaction was performed at pH 8 to balance the effects of side reactions for optimal EDC 
crosslinking. (B) Addition of 5-ETT decreased the reaction time for EDC crosslinking through competing 
intermediate formation.   
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Fig. S5. EDC-mediated condensation using adenosine 5’ monophosphate and a lysine-reactive 
peptide to model EDC crosslinking between a 5’ phosphate RNA and protein. (A) The reaction 
between AMP and peptide Pep1 (Phe was included in the peptide to allow for monitoring of the peptide by 
UV) at 50 ºC, yielded a stable phosphoamide product AMP-Pep1. AMP was reacted with an excess of 
Pep1 and EDC-HCl, with only the Lys residue being crosslinked.  (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), Pep1, and crosslinking product Amp-Pep1 (highlighted 
red), 1-methylimidazole (1-MeIm) are marked. Reaction times and product yields are indicated. (C) The  
highest product yield was achieved at pH 8. 
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Fig. S6. Specificity of EDC-mediated condensation reaction. When six different peptides of similar 
sequence, Acetyl-N-Gly-Phe-X-Gly-CO-NH2 (X = Lys, Glu, Gln, Cys, Ser, or Gly), were incubated with AMP 
and EDC-HCl for 10 h at 50 ºC, only peptide Pep1 with Lys residue was detected to form phosphoamide 
product indicating that EDC crosslinking is primarily amino-group-specific. Peaks corresponding to AMP 
(highlighted blue), Pep1, Pep2, Pep3, Pep4, Pep5, Pep6, crosslinking product Amp-Pep1 (highlighted red) 
product, 1-methylimidazole (1-MeIm) and non-phosphoamide product Pep2-Pep2 (an anhydride dimer, see 
also Fig. S9) and Pep4-S-S-Pep4 (a dimer formed by disulfide bridge) are marked. 
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Fig. S7. 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 Materials and 
Methods). 
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Fig. S8. Carbodiimide-mediated condensation using UV-absorbing model compounds. (A) The 
reaction between AMP and ABINA at 50 ºC yielded a stable phosphoamide 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), ABINA, crosslinking 
product AMP-ABINA (highlighted red), 1-methylimidazole (1-MeIm) and side products (*) are marked. 
Reaction times and product yields are indicated. The crosslink (XL) product reverted to AMP and ABINA 
upon incubation in 80% acetic acid, as expected for a phosphoamide (data not shown). (C) The highest 
yield (95%) of AMP-ABINA occurred at pH 8.  
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Fig. S9. EDC-based condensation of ABINA and PAA indicating EDC-based crosslinking between 
proteins. (A) The reaction between PAA and ABINA at 50 ºC yielded a stable carboxylic acid 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-MeI was used in place of EDC-HCl, resulting in 
a substantial decrease in reaction time. The 6 h completion time for amide bond formation is twice that for 
phosphoamide bond formation under the same reaction conditions, indicating that phosphoamide bond 
formation is favored over amide bond formation.  Peaks corresponding to synthesized amine ABINA, PAA 
(highlighted blue) and crosslinking product PAA-ABINA (highlighted red), 1-methylimidazole (1-MeIm) and 
side products (*) are marked. Reaction times and product yields are indicated. When the condensation 
reaction proceeded without ABINA (no ABINA control), anhydride product formation was observed. 
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Fig. S10. 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 (C,K) than unfixed (D,L) tissues, indicating retention. miR-205 and miR-375 
signals were identified as expected in EDC-fixed (E,G,M,O) but not unfixed (F,H,N,P) tissues. Images were 
recorded at 60X magnification. Exposure times are indicated in ms. Scale bar, 300 µm, for insert 50 µm (A-
P). 
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Fig. S11. 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 an oligodeoxynucleotide probe targeting 28S rRNA (5’AGTtGTtACACAcTCcTtaG; 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. (C) 
Signal intensities generated by probes with varying linker lengths were normalized against reference signal 
intensities obtained using four rRNA probes (Table S6) 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). Nuclei were visualized using DAPI staining (iii,vi). Images were recorded at 10X 
magnification. Exposure times are indicated in ms. Scale bar, 50 µm (i-vi). 
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Fig. S12. 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 highlighted and underlined in red; 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 ºC) in melting temperature, and a specific miR-375 signal ((M) BCC and (P) 
MCC). Nuclei were visualized using DAPI staining (C,F,I,L,O,R). Images were recorded at 20X 
magnification. Exposure times are indicated in ms or s. Scale bar, 50 µm (A-R). 
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Fig. S13. 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 highlighted and underlined in red; LNA modifications are indicated in lower 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 ºC) in melting temperature, 
and specific miR-205 signal in BCC (G,J). Nuclei were visualized using DAPI staining (C,F,I,L). Images 
were recorded at 20X magnification. Exposure times are indicated in ms or s. Scale bar, 50 µm (A-L). 
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Fig. S14. Workflow diagram of optimized miRNA FISH protocol. 
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Fig. S15. 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 MCC1) and set to a pixel intensity of 1,000 for miR-375, miR-205, and rRNA. 
Corrected miR-375, miR-205, and rRNA fluorescence signals (respectively indicated by green, yellow, and 
red boxes) were multiplied by their corresponding integral of pixel intensities 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  
(BCC2-13 and MCC2-5) tumors are presented. The Y-axis is not shown here, instead sum of pixels above 
a defined threshold as seen in Table S7. 
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Fig. S16. 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 Fig. 2. 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 (C,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 µm, 
for insert, 50 µm (A-J). 
 



 
 
 

20 

 
Fig. S17. Confirmation of miR-375 probe specificity in mouse pancreas tissues. Parallel detection of 
miR-375 and 28S rRNA in FFPE pancreatic 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 
Fig. 2. 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 (C,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,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 µm, for insert, 50 µm (A-J). 
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Fig. S18. 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 
(Glut1), 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-L) tissue sections.  
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Table S1. 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 µm 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 sample not tested.  
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Table S2. 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 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, tRNA, miscellaneous 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%) RNA class in each sample. The sum of proportions may not equal 100 due to rounding errors. 
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Table S3. Total and specific miRNA concentrations in clinical samples. Total miRNA and specific miR-
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. 
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Table S4. 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 1-methylimidazole buffer (0.1 M 1-methylimidazole-HCl, 
pH 8.0, 0.3 M NaCl). Despite the shorter reaction time for EDC-MeI, we selected EDC-HCl to avoid 
overcrosslinking, which would decrease access of antibody-based signal amplification reagents to the 
target-RNA-bound probe-conjugated hapten.  
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Table S5. Optimized condensation reaction conditions using different heterocyclic derivatives and 
EDC-HCl. Five different heterocyclic derivatives (0.1 M) combined with EDC-HCl (0.1 M) in 1-
methylimidazole buffer were tested to identify optimal reaction conditions for minimizing hydrolysis through 
intermediate formation. For miRNA FISH experiments, we selected EDC-HCl and 5-ETT in 1-
methylimidazole buffer. 
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Table S6. miRNA and rRNA probe sequences and melting temperatures of duplexes with target 
RNA. (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 were 
5’AUCAGACCCCAGAAAAG, 5’CUGAAAAUGGAUGGCGCUG, 5’AGUCGGUCCUGAGAGAUG and 
5’UCAGUACGAGAGGAACC, respectively. These LNA-modified DNA probes also target mouse 28S 
rRNA. These probes were synthesized on 3'-amino-modifier C7 CPG (500 Å) 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 µM. Based on 
melting temperatures of the probes highlighted in blue, we chose a hybridization temperature slightly below 
at 55 ºC for miRNA FISH experiments. 

 



 
 
 

28 

 

 
Table S7.  miRNA signal normalization and establishment of cut-off values to enable tumor 
differential diagnosis. Mean 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 MCC were recorded. Exposure times for miR-375, 
miR-205, and rRNA were 50, 100, and 250 ms, respectively. 
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Table S8. 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. 

 

  
 


