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Abstract

A number of diagnostic and research assays rely on accurately measuring the levels of ribonucleic acids (RNAs)
in tissue. The best way to obtain high quality intact RNA from tissues is to use samples that are fresh. The standard
for treating tissues used in pathology workflow is to treat with 10% neutral buffered formalin, alcohols, xylenes and
waxes but produces lower quality material for detection of RNA. One barrier to analyzing RNA species in formalin-
fixed paraffin embedded tissues (FFPE) is the use of variable times that institutions fix tissue samples which causes
variable preservation and assay results. Another barrier is how long samples sit at room temperature (RT) before
fixing, so called cold ischemia time. We report here on increased detection of RNA species from our rapid two-
temperature formalin fixation protocol (cold+warm) which standardizes tissue collection and reduces cold ischemic
time as variables in RNA ISH analysis. Human tonsils, mouse xenograft tumors and cell culture samples were used
as model systems in fixation time course experiments to determine sensitivity of RNA preservation to the level of
fixation. To extend these results colon, breast and lung carcinoma clinical patient samples were also examined. The
amount of detectable β-actin RNA or miRNAs increased with increasing fixation times in model systems. In clinical
tissues, the amount of detectable RNA species dramatically increased (20-40 fold) in tissues fixed with the cold
+warm method. A dramatic reduction (20-50 fold) in RNA levels was observed when the tissues had longer cold
ischemia times with standard room temperature fixation.
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Introduction
A number of diagnostic and research assays rely on accurately

measuring the levels of RNA species in tissues [1-15]. The best way to
obtain high quality intact RNA from tissues is to use samples that are
fresh [16-22] or to use only alcohols to “fix” samples [23-25]. However,
these options are not the standard way of treating tissues used in
standard pathology workflow. Tissue is typically fixed in formalin,
chemically processed and embedded into paraffin (wax) blocks. In
these routine tissue samples the preservation of nucleic acids,
especially RNA species, is a topic of growing importance in tissue
diagnostics.

One barrier to analyzing RNA species in formalin-fixed paraffin
embedded (FFPE) tissues is the lack of standard fixation times and
tissue thickness which leads to variable penetration of the fixative from
the edge of the tissue to the middle. Since an over whelming number of
histology tests, IHC and ISH, rely on detecting epitopes from fully
crosslinked and epitope retrieved tissues, these under-fixed samples
often exhibit signal gradients (edge to middle) and errors in routine
histological assays [9,26-33]. For example, phosphorylated protein
kinase B (pAKT) expression in samples fixed for only 1-4 hours has
been documented to exhibit a large spatial gradient from edge to
middle [34]. Longer fixation protocols, greater than 8 hours, typically
have fewer signal gradients and IHC and ISH signals are stronger in
intensity. Unfortunately the duration of fixation of clinical samples is
variable, often rushed, and leads to variable results for RNA in situ
hybridization (ISH) assays.

Another barrier is how long the samples sit fresh at room
temperature (RT) before being placed into fixative, the so called cold
ischemia time. During cold ischemia, RNases are active and cause
degradation of important RNA species. For high quality tissue samples,
it will be imperative to develop and standardize rapid protocols for
tissue fixation.

We previously reported on a novel, rapid two-temperature formalin
fixation strategy that preserves key features of tissue such as
morphology, as well as improving preservation of hard to detect
markers [35]. In Calu3 mouse xenografts, human tonsil and cancerous
tissues; significantly more phosphorylated-AKT protein was preserved
in tissues with cold+warm fixation in comparison to standard room
temperature procedures. To extend the capabilities of this rapid
protocol, we investigated if this technology aided in the preservation of
long and short RNA species in mouse xenografts, a cell culture system
and human normal and carcinoma tissues. We report here on the
increased preservation of RNA species from our rapid two-
temperature formalin fixation protocol and the importance of cold
ischemic time as a variable in RNA ISH analysis.

Materials and Methods

Tissue collection and fixation
For experiments involving human tumors Figures 1 and 2: Human

colorectal (N=23), breast (N=10) and lung (N=10) carcinoma patient
samples were collected in an OR setting with low cold ischemia times
by Indivumed GmBH (Hamburg, Germany) to better preserve labile
biomolecules under the company’s IRB protocol. De-identified tissues
were collected, fixed and processed by Indivumed GmBH scientists
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and the wax blocks provided to Roche tissue diagnostics for
microtomy and staining. Fixation consisted of immersion in 10%
neutral buffered formalin (10% saturated aqueous formaldehyde from
Fisher Scientific, Houston, TX, buffered to pH 6.8–7.2 with 100 mM
phosphate buffer) for varying times at temperatures ranging from
4-45°C. Room temperature ranged from 20–25°C. The portion of the
tumor which was allowed by the attending pathologist was split into 3
4mm thick sections and each fixed differently. One piece was wrapped
in saline soaked gauze and kept at RT for 1 hour (“1 hour cold
ischemia”) before 24 hr fixation at RT. This was to test the effect of the
longer guideline-prescribed cold ischemia interval of one hour. The
remaining two pieces were used to test the effect of shorter (less than
17 minutes) cold ischemia.

One piece was placed directly into RT formalin for 24 hours (“24
hr”). A third piece was placed directly into 4°C formalin for 2 hours
followed by 2 hours in 45°C formalin (‘‘cold+warm’’)[35] to test if the
process could be sped up to increase work efficiency in the hospital.
Fixation was carried out in 100– 500 mL covered beakers in a
refrigerator for 4°C treatment, or in a standard chemical fume hood for
higher temperatures. Cold ischemia times for the “24” and “cold
+warm” samples averaged 10 ± 3 minutes (range 6-17 min) (Figures 1
and 2).

Figure 1: β-Actin and miR21 Staining on Poorly and well Fixed
Tonsil. Whole human tonsil organs were soaked in 4 CO 10%
neutral buffered formalin for 4 hours and then soaked in 45 CO
10% NBF for 1 hour (Top panels). Organs were sliced to 4 mm
thickness and further processed overnight into wax blocks (Poorly
fixed example). For well-fixed samples, 4mm thick human tonsils
were fixed with the cold+warm method and processed into wax
blocks. 4 um sections were stained with either a probe to β-Actin
(left panels) or to miR21 (right panels). Insets at bottom right of
pictures show staining of same tissues with a scrambled probe.
Graph at bottom shows semi-quantitation of the silver signals from
the well-fixed samples (blue bar) and from the edge and middle of
the poorly fixed (Orange bars) samples.

Figure 2: Anti-Sense Probe Controls. Human tonsil tissues were
probed with an anti-sense probe to either β-actin or miR21. Stained
tissue slides were scanned and images represent 2X.

For experiments involving human tonsil organs (Figures 3-5):
Human tonsil organs deemed medical waste and de-identified were
obtained on wet ice from a local medical center unfixed with the
following procedure to ensure high quality tissues. Whole tonsil organs
from surgeries were immediately placed into biohazard clear plastic
bags, sealed and placed into a refrigerator. Periods of cold ischemia
were unknown other than confirmation the associated surgery took
place the day of delivery. Tonsil organs from those days’ surgeries did
not undergo any histologic or pathologic procedures, including
grossing, and were delivered intact, unfixed and fresh.

Whole tonsils were immediately sectioned into 4 mm thick samples,
routine histologic size, and placed into 10% NBF at RT or 4°C. Samples
were removed from the RT container at various times as indicated up
to 24 hrs to make a time course of fixation. Alternatively for cold
+warm fixation, samples were soaked in 4°C NBF for 2 hours, followed
by 2 hours in 45°C NBF for 2 hours (cold+warm). For experiments on
whole tonsils, the entire tonsil was placed directly into 4°C or room
temperature NBF for the indicated times (Figures 3 and 4).

Figure 3: Fixation Time Course Dependence of miR21 and β-actin.
MCF7 mouse xenografts tumors were fixed for 0-24 hours or with
the cold+warm protocol as labeled. Tissues were probed with a
probe to either miR21 (top pictures) or β-actin (bottom pictures)
and developed with DAB (brown).
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Figure 4: Staining of mRNA in Cell Culture Model. SNU-16 cells,
which are highly amplified for FGFR2 expression, were fixed either
with the cold+warm (top) or 24 hr (bottom) fixation methods. A
multi-block containing both samples was made and stained with a
scrambled negative control (left), FGFR2 probe sequence (center),
or β-actin (right).

For experiments involving mouse xenografts (Figures 5): An MCF7
cell line (ATCC HTB-22) was obtained from The American Type
Culture Collection (Manasas, Virginia) and xenograft tumors were
provided by the Assay Development Support Service (ADSS) at
Ventana Medical Systems, Inc. (Tucson, AZ). Whole MCF7 mouse
xenograft tumors were immediately sectioned into 4mm thick samples,
routine histologic size, and placed into 10% NBF at RT or 4°C. Samples
were removed from the RT container at various times as indicated up
to 24 hrs to make a time course of fixation.

Figure 5: β-actin staining on diseased tissue samples. Representative
samples from 10 breast carcinomas, 23 colorectal carcinomas and
10 lung carcinomas. Three samples from each patient case was fixed
according to figure labels (cold+warm, 24 Hr RT or 1 Hr Ischemia
+24 Hr RT). Amount of silver was assessed by digital means (see
Methods) and expressed as relative RNA level (graphs). Black: cold
+warm, Brown: 24 Hr RT Orange: (Isch) 1 Hr purposeful Ischemia
with 24 Hr RT fixation.

Alternatively for cold+warm fixation, samples were soaked in 4°C
NBF for 2 hours, followed by 2 hours in 45°C NBF for 2 hours (cold
+warm), a procedure worked out in a previous publication that
correlates tissue fixation with acceptable pathologic scoring (Figure 5)
[35].

For experiments involving cell culture (Figure 6): Cells grown in
culture were obtained from Ventana Medical Systems Inc. CDx

Pharma Services group. Cells were trypsinized and pelleted at 250 xg
for 5 minutes. Pelleted cells were fixed in two different ways. For
standard 24 hour fixation cells were vortexed and incubated for 24
hours in formalin at 4°C. For cold+warm fixation cells were vortexed,
incubated at 4°C in formalin for 2 hours, pelleted at 250 x g for 5
minutes, cold formalin was removed and replaced with warm (45°C)
10% neutral buffered formalin, vortexed, and incubated at 45°C for 2
hours.

Figure 6: Fixation Dependence of miRNA in Diseased Tissue.
Representative samples from 10 breast carcinomas, 23 colorectal
carcinomas and 10 lung carcinomas. Three samples from each
patient case was fixed according to figure labels (cold+warm, 24 Hr
RT or 1 Hr Ischemia + 24 Hr RT). Amount of silver was assessed by
digital means (see Methods) and expressed as relative RNA level
(graphs). Black: cold+warm, Brown: 24 Hr RT Orange: (Isch) 1 Hr
purposeful Ischemia with 24 Hr RT fixation.

Media was removed and replaced with cold (4°C) 10% neutral
buffered formalin (SIGMA HT501128). After the formalin fixation was
complete cells were pelleted at 250 xg for 5 minutes, formalin was
removed, and cold (4°C) 70% ethanol was added. To embed the cells
into a form capable of being sectioned, cells were centrifuged at 250 xg
for 5 minutes. 70% ethanol was removed, and the cells transferred to
2ml microcentrifuge tubes (BIO PLAS, catalog #4204). Cells were
centrifuged at 250 xg for 5 min and remaining ethanol removed.

Cells were mixed with hot (70°C) HistoGel (Thermo, Catalog # HG
4000-012) by aspiration, and incubated on ice for 10 minutes. Histogel
embedded cells were then placed in a cassette in cold 70% ethanol and
embedded in paraffin. cold+warm fixed cells and standard 24 hour
fixed cells were embedded in the same paraffin block (Figure 6).

Tissue processing of all tissue samples: All samples after fixation
were further processed on an automated Leica tissue processor with
cycle times as follows: 70% ethanol for 2 hours, 95% ethanol for 3
hours, 100% ethanol for 3 hours, xylene for 3 hours, and paraffin for 3
hours. Ethanol solvent processor steps were kept at RT under ambient
pressure, xylene steps were kept at 42◦C and the paraffin step was held
at 62°C under vacuum (Figure 5).

Design and synthesis of probes: Probes for each mRNA target were
selected from their respective reference sequence in GenBank. First,
potential repetitive sequences were removed by conducting the
repeatmasker; then overlapping 80 nucleotide long fragments were
generated and screened by GC content filter (40-60%), devoid of
continuous runs of nucleotides of 5 As, 4 Cs, 4 Gs, or 5 Ts for synthesis
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accuracy; calculated melting temperature ranges from 70-90°C. 80-
mers that pass these filters are subject to search against the human
RNA library with BLASTN and results were inspected for specificity
and accuracy.

Probe Sequence

asACTB-1

MVVVVMCGGGAGCCACACGCAGCUCAMUUGUAGAAGGUGU
GGUGCCAMGAUUUUCUCCAUGUCGUCCCMAGUUGGUGACG
AUGCCGUGCMVVVVMT

asACTB-2

MVVVVMACGAUGCCAGUGGUACGGCCMAGAGGCGUACAGG
GAUAGCAMCAGCCUGGAUAGCAACGUACMAUGGCUGGGGU
GUUGAAGGUMVVVVMT

asACTB-3

MVVVVMGAAGCAGCCGUGGCCAUCUCMUUGCUCGAAGUCC
AGGGCGAMCGUAGCACAGCUUCUCCUUAMAUGUCACGCAC
GAUUUCCCGMVVVVMT

sns18S

MVVVVMCUGAAACUUAAAGGAAUUGAMCGGAAGGGCACCAC
CAGGAGMUGGAGCCUGCGGCUUAAUUUMGACUCAACACGG
GAAACCUCMVVVVMT

ExR22 MVVVVMGUGUAACACGUCUAUACGCCCAMVVVVMT

asmiR-21 MVVVVMUCAACAUCAGUCUGAUAAGCUAMVVVVMT

asmiR-21_
TL MVVVVMGUUGCCAUGAGAUUCAACAGUCMVVVVMT

asmiR-21_
S MVVVVMCAGCCAUGGAGAUGUCACGAUGMVVVVMT

asmiR-17 MVVVVMCUACCUGCACUGUAAGCACUUUGMVVVVMT

asmiR-205 MVVVVMCAGACUCCGGUGGAAUGAAGGAMVVVVMT

asmiR200c MVVVVMUCCAUCAUUACCCGGCAGUAUUAMVVVVMT

asmiR-25 MVVVVMUCAGACCGAGACAAGUGCAAUGMVVVVMT

M abasic amine

V deoxynucleotide A

Table 1: Probe names and sequences.

Each 80-mer probe (Table 1) incorporates 7 abasic amines during
the synthesis. Five amines were placed every 20 nucleotide on an 80-
mer. To increase the amine load on the probes, two “tails” of four
deoxynucleotide A were added to both 5’ and 3’ ends, and two
additional amines were added at the end of “tails”. MicroRNA probes,
which are usually 20-24 nucleotide long, incorporate four amines, with
two at the 5’ and 3’ ends and two additional by using two “tails” as in
80-mer probes. Labeling of amine probes with Digoxigenin NHS-ester
(Sigma-Aldarich, St. Louis, MO) was performed according to the
manufacturer's instructions, and labeled probes were purified with the
Oligo Clean & Concentrator kit (Zymo Research, Irvine, CA).

Probes were synthesized on a MerMade 192 oligonucleotide
synthesizer (BioAutomation, Irving, TX), 2’-o-methyl RNA
phosphoramidites were purchased from Glen Research (Sterling,
Virginia), Amine phosphoramidite was synthesized in house. All other
reagents for synthesis were purchased from BioAutomation. Synthesis
protocol was as recommended by the vendors.

RNA in situ hybridization and tyramide-chromogen
detection

All FFPE tissue sections were mounted on positively charged glass
microscope slides and stained using the Ventana Medical Systems, Inc.
Discovery XT automated stainer. Slides were de-paraffinized and
antigen retrieved using CC1 reagent and protease 3 (cat. 760-2020,
Ventana Medical Systems Inc, Roche Group, Tucson, AZ). Following
retrieval, the 2’ O-methyl RNA oligomer probe(s) labeled with
digoxigenin were diluted in DISCOVERY RiboHybe (cat. 760-104,
Ventana Medical Systems Inc, Roche Group) and dispensed onto the
slide, denatured at 80°C for 8 min, and hybridized at 75°C for 2 hrs.
After hybridization, slides were rinsed with reaction buffer (cat.
950-300, Ventana Medical Systems Inc, Roche Group) three times at
65°C to prevent non-specific hybridized probe binding followed by
inactivation of endogenous tissue peroxidase activity using PO
inhibitor (cat. 760-4143, Ventana Medical Systems Inc, Roche Group).
Silver chromogen detection of each bound probe was accomplished in
a two tier amplification method. The first tier applies an anti-
digoxigenin antibody (cat.11333062910, Roche) conjugated to
horseradish peroxidase (HRP) and incubated for 32 minutes at 37°C,
followed by a HRP catalyzed hapten amplification using a tyramide-
DIG conjugate and TSA-H2O2 reagent (cat. 760-4141, Ventana
Medical Systems Inc, Roche Group). The second tier applies another
application of the anti-digoxigenin HRP antibody for 32 minutes at
37°C which catalyzes the deposition of an insoluble silver chromogen
(ultraView SISH Detection Kit cat. 780-001 Ventana Medical Systems
Inc, Roche Group). The slides were counterstained with hematoxylin
(cat. 790-2208 Ventana Medical Systems Inc, Roche Group) for 4
minutes at 37°C and then counterstained with bluing reagent (cat.
760-2037 Ventana Medical Systems Inc, Roche Group) for 4 minutes to
visualize tissue morphology. Slides were then dehydrated using
gradient alcohols, xylene and cover slipped. Sense strand probes were
used as negative controls to determine background resulting from any
non-specific probe interactions.

Staining and quantitation of silver signals
Each slide was imaged on a microscope (Nikon Eclipse 80i) with a

20X objective (Nikon Plan Apo) and images were collected at a field of
view that was representative of the specimen. Collected images were
dynamically compensated for the illumination pattern of the
microscope using a top hat algorithm to produce an optically flat
image. RGB images were then converted to intensity images (i.e.,
grayscale) using the total luminosity which calculates grayscale values
based on a weighted sum of the red, green, and blue channels (For
example see Figure 7).
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Figure 7: Description of image segmentation algorithm. a) Original
brightfield image. b) Luminance of original displayed in greyscale.
c) Luminance image after illumination compensation. d) Low-pass
filtered image. e) Binomial thresholded image. f) Final
segmentation after removing small disjoint objects and filling small
holes in contiguous tissue sections. Lower Panels indicate two
different tissue samples before (bottom left) and after (bottom right)
segmentation.

The greyscale image was smoothed with a low-pass filter. Next,
regions of tissue where identified by using Otsu’s binomial separation
method to calculate an optimal threshold to distinguish background
from tissue. Small isolated sections of tissue were removed and small
holes within sections of the tissue were filled in to produce a
contiguous mask representing adjoining sections of the tissue. Large
regions of the images that were negative for tissue of interest (e.g. blank
regions, stroma) were excluded from the image analysis so that the size
of the tissue did not bias the results. Finally, black pixels positive for
silver stain were identified against the lighter background using a
linear binary threshold on the intensity image. The total number of
positive pixels and the total number of pixels contained within the
tissue were used to calculate the percentage of the tissue that expressed
silver stain. In Figures 1 and 2 the percentage of tissue staining was
normalized to the value for the cold+warm fixation to account for the
large absolute differences in the amount of staining between the
different types of tissue.

Results
To show the sensitivity of RNA ISH assays to fixation time, we

compared a partially fixed whole tonsil (2 hours RT formalin) to one
that was well fixed (2 hr cold + 2 hr warm fixation) (Figure 1). Sections
from these whole tonsils were probed with either a sequence to the -
actin mRNA or with a sequence to a shorter RNA, miR21 (See
Methods). Tissue samples were subjected to a silver stain procedure on
a Ventana Medical Systems Inc. Discovery XT automated slide stainer
to reveal the location of probe binding. Poorly fixed tonsil exhibited
extreme edge staining forming a dark silver ring structure. Staining
quickly disappeared towards the center of these poorly fixed tissues
indicating that robust probe binding only occurs in areas of sufficient
fixative penetration and crosslinking. This result is consistent with

ring-like darker hematoxylin staining on negative control (sense
probes) (picture insets and Figure 2). In contrast, the well-fixed tonsil
had uniform and strong silver signals throughout the entire tissue
sample, as well as consistent hematoxylin staining across the negative
control (sense probes). Both probe types (mRNA or miRNA) showed
the same pattern indicating that RNA ISH assays are in general
sensitive to the amount of crosslinking during fixation.

Since there is not yet an accepted method, qualitative or
quantitative, of scoring silver signals, we developed a segmentation-
based algorithm to score samples in this study. This was tested on the
tissue samples in Figure 1 and confirms the large gradient between the
edge and middle of poorly fixed tissues (Figure 1 graph).

To determine if there are benefits of using the rapid two-
temperature fixation protocol (cold+warm), we studied in house
model systems where the time of fixation and/or cold ischemia (time
to fixation) conditions could be carefully manipulated. A mouse
xenograft (MCF7) tumor model and human tonsil samples were fixed
for increasing times (0-24 hours) or subjected to the cold+warm
method (Figure 3). Samples were incubated with probes to the -actin
mRNA sequence (tonsil) or miR21 (MCF7) as described and detected
as in Figure 1. At short (incomplete) fixation times, a clear gradient of
staining was observed from the periphery to center of the samples
(Figure 3, miR21 and β-actin 1-6 hours). The gradient was not as
evident on samples that were fixed for longer than 6hours(Figure 3
miR21 and β-actin 8-24 hours). As expected, the number of positively
staining cells and the signal strength greatly increased as the length of
fixation time increased. More importantly, samples fixed with the cold
+warm protocol (4 hours total fixation) had similar levels of
preservation as 24 hour RT samples (compare cold+warm with 24
hours).

We also wanted to determine if placing cells directly from culture
into 4°C 10% NBF would show the same results as the tissue models as
a way to suggest a mechanism for this increased preservation. One
possible mechanism is the rapid decrease in temperature limits the
activity of RNAses in the cell that might degrade the molecules during
RT fixation methods. Another consideration is the time taken for the
formalin to penetrate the tissue; this delay is eliminated in the cell
culture model as these are single cells. We fixed SNU-16 cells with both
the cold+warm and standard 24 hour RT protocols (see materials and
methods) and compared the level of FGFR2 messages (Figure 4). The
level of background was significantly reduced with the cold+warm
protocol when a non-homologous sequence was used (compare left
panels, negative mRNA ISH). More importantly, the level of two
specific mRNA messages, FGFR2 (middle) and β-actin (right), was
significantly higher in the cold+warm compared to the 24 HR RT
protocol. This suggests that dropping the temperature in the initial
collection is a key component for biomolecule preservation.

We next wanted to determine if the cold+warm fixation protocol
preserves more RNA in clinical samples that could be used for routine
histological assays. We probed a set of breast, lung and colorectal
carcinoma patient samples collected with cold ischemia times under 15
minutes but with different fixation protocols (see Methods). Each
patient sample was split into three pieces and fixed in a conventional
manner (24 hr of RT 10% NBF) or fixed after a purposeful 1 hr of
additional cold ischemia (1 hr ischemia) or fixed with the cold+warm
protocol. The amount of β-actin mRNA and various miRNAs that were
subsequently detected were greatly dependent on the fixation protocol
in these clinical samples (Figures 5 and 6). In all patient samples tested
the cold+warm fixation protocol resulted in greater RNA signals than
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conventional fixation and usually much greater than when additional
cold ischemia was present. In breast samples cold+warm fixation
resulted in nearly twice as much β-actin expression compared to both
24 hr and 1 hour ischemic fixation. Additionally, colorectal and lung
tissue samples fixed with cold+warm fixation exhibited a 5 to 10 fold
increase in β-actin staining over the other two fixation protocols. For
miRNAs, cold+warm fixation samples repeatedly expressed 20-100%
more than 24 hr RT samples and 1 hour cold ischemia samples
typically had suppressed signal levels even compared to standard 24 hr
RT fixation.

Discussion and Conclusion
We have previously developed novel fixation protocols to address

standardization of tissue collection and increased preservation of
biomolecules [35]. In the previous work, we were able to show greater
efficacy in preservation of highly labile protein phosphorylation events.
In this study, we have extended the results for RNA species and shown
a greater ability to detect both long and short RNAs using the cold
+warm protocol vs standard fixation techniques.

It has been long known that mRNAs are unstable and degrade
rapidly during the course of cellular metabolism, making them ideal as
regulatory molecules. As such, RNAs have also become an important
predictor of levels of expression of key proteins and are the target of a
growing list of diagnostic molecular assays. Since RNAs are unstable, it
is necessary to develop preservation techniques that are rapid and
standardized to ensure these assays are measuring biologically relevant
levels. This is especially true for RNA ISH techniques, using FFPE
tissue that was generated for pathology, where tissues are often
subjected to a variety of pre-analytical conditions that could affect the
amount of signal observed. We and other researchers have found the
amount of cold ischemia and the specific fixation protocol to be the
biggest factors in preserving biological molecules. Again, these two
factors seem to be the key in preserving both long and short RNA
species.

miRNAs, especially low expressing ones, have been difficult to
detect in FFPE. At least one report suggests these short RNAs are lost
during target retrieval and staining [36]. Increased signals have been
demonstrated when a bi-functional crosslinking agent is used to trap
miRNA during fixation [36]. The use of a bi-functional linker is
problematic on clinical tissues since these molecules tend to be of
much higher molecular weight than formaldehyde and therefore have
slower diffusion rates. Also, bi-functional linkers tend to be extremely
active, making it hard to control their reactivity. Here we have shown
much higher levels of miRNA preservation by using the cold+warm
fixation protocol with standard off-the-shelf formalin. In theory,
RNases are much less active during the cold diffusion step, thus
protecting biomolecules from changes due to metabolic enzymes.
When the temperature is abruptly raised, the already diffused formalin
is able to act rapidly to crosslink, prevent these metabolic activities and
preserve the tissue in a state much closer to the in vivo status.

The medical relevance of both long and short RNA species is
gaining traction for precision medicine. Many clinical studies have
measured RNA expression as a correlation of disease state
[1,3,6,11,37-43]. While many long and short RNAs have been
identified and correlated to various types of cancers, the medical value
of measuring the expression of these molecules is a bit unclear.
Hampering the effort is an inability to reliably detect these short RNAs
due to degradation or loss. Even with the careful collection effort for

this study, it is evident that samples will have an inherent variability in
expression of key biomarkers. Making further meaningful progress will
require more efficient and standardized collection efforts.
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