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GRAPHICAL ABSTRACT

e Localized RNA microsampling from
tissue using IR laser ablation capture.

o RNA sampling efficiency 75%.

e RNA integrity >90% after laser
ablation.

e Captured RNA used for cDNA syn-
thesis and mRNA quantification. Tissue @
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RNA was obtained from discrete locations of frozen rat brain tissue sections through infrared (IR) laser
ablation using a 3-um wavelength in transmission geometry. The ablated plume was captured in a
microcentrifuge tube containing RNAse-free buffer and processed using a commercial RNA purification
kit. RNA transfer efficiency and integrity were evaluated based on automated electrophoresis in
microfluidic chips. Reproducible IR-laser ablation of intact RNA was demonstrated with purified RNA at
laser fluences of 3—5 kj/rn2 (72 + 12% transfer efficiency) and with tissue sections at a laser fluence of 13
KJ/m? (79 + 14% transfer efficiency); laser energies were attenuated ~20% by the soda-lime glass slides
used to support the samples. RNA integrity from tissue ablation was >90% of its original RIN value (~7)

RNA and the purified RNA was sufficiently intact for conversion to cDNA and subsequent qPCR assay.
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1. Introduction

Ribonucleic acid (RNA) is the link between the transcription of
DNA and the expression of proteins [1,2], and can reveal or modify
biological function throughout the protein synthesis process [3,4].
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As such, RNA biomarkers can be used for detection of a disease even
before expression of the associated proteins. Further, RNA-based
therapeutics can alter the production of aberrantly expressed
proteins. With the increasing availability of high-throughput RNA
analysis techniques such as quantitative polymerase chain reaction
(gqPCR) [5,6], microarray assays [7], and next generation sequencing
[8—11], analyzing RNA extracted from tissue is becoming more
valuable in disease diagnosis, prognosis, and drug development
[12—15].

Analyte extraction and purification influences both the quantity
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and the integrity of RNA and plays a critical role in the accuracy and
reproducibility of high throughput RNA analysis [ 16—24]. Isolation
and purification of RNA generally starts with tissue homogeniza-
tion and cell lysis. For instance, tissue samples may be snap-frozen,
pulverized into powder, and extracted with guanidinium thiocya-
nate and phenol-chloroform mixtures [25,26]. Alternatively, fresh
or frozen tissue may be immersed in an RNA-stabilizing buffer and
homogenized by vortexing or bead-beating [27,28]. The RNA can
then be purified using a wide variety of in-house developed pro-
tocols or commercial RNA extraction kits [29—35].

Frozen or formalin-fixed paraffin embedded (FFPE) tissue is a
common clinical sample type, and it is often critical to obtain RNA
from a particular region of cells within a block. In this context,
analysis of RNA presents challenges in maintaining analyte integ-
rity as well as spatial localization [36]. First, the sampling method
must overcome the usual obstacles to the extraction of high-quality
RNA such as tissue types recalcitrant to homogenization or rich in
co-purifying biomolecules (lipids, proteins, DNA) as well as
degradation by ribonucleases (RNase) [29,30,37,38]. RNases are of
particular concern because they can rapidly digest the RNA and are
ubiquitous in tissue and the environment; therefore, fast sample
processing and an RNase-free work area are critical [23,24,39].
Second, the sampling method must permit analysis of multiple RNA
targets from a limited number of cells in the specific region of in-
terest [36,40]. To date, most sampling methods cannot fully resolve
these issues simultaneously. For instance, nuclease-integrity can be
ensured by immediately immersing an entire tissue section in an
RNA-stabilizing buffer and then homogenizing the tissue by bead-
beating, but this merges the transcriptomes from all cells in the
section [24]. Alternatively, single cell technologies can prevent the
merging of transcriptomes, but each cell's original location within
the tissue section is unknown [40—43]. Finally, techniques such as
in situ hybridization [44] and in situ sequencing [45] can sample
specific cells, but are limited in the number of RNA targets that can
be assessed at one time [36,44].

Laser capture microdissection (LCM) is an established method
for excising localized regions of interest (ROI) from tissue sections
for RNA extraction from as little as a few cells [46,47]. With infrared
LCM, the laser melts a thermoplastic film in contact with the tissue,
causing it to stick to the film and allowing separation of the ROI
from the remaining tissue [48]. With ultraviolet LCM, the laser
ablates the border of the ROI and the tissue is detached from the
slide with a defocused pulse [48]. The dissected material can be
captured in a microcentrifuge tube and stabilized either by cooling
in dry ice or by using a stabilizing RNA buffer [48—51]. Sampling
time for LCM varies from 20 min to 1 h, depending on number of
cells, tissue type, and type of microscope slide employed
[46,52—54].

Infrared (IR) laser ablation can be used to excise ROI from tissue
sections with direct collection in an appropriate biomolecule-
stabilizing buffer. IR lasers operating at a 3-pm wavelength ablate
tissue efficiently due to the overlap with the OH-stretch of abun-
dant biomolecules (e.g., H,0) [55—57], and the method has been
used to sample tissues for large biomolecules such as proteins
[52,58,59], biologically active enzymes [57,60], and DNA [61].
Several characteristics of IR laser ablation may be particularly
useful for RNA analysis of clinical samples: disruption of connective
tissue and membranes permits RNA purification without a separate
cell lysis step [52,60,61]; and, 1 mm? regions can be sampled in
under 60s [52]. Thus, IR laser ablation combines sample localiza-
tion with rapid sampling of the ROL

In this work, IR laser ablation and capture was used to collect
RNA from tissue. Thin fresh-frozen tissue sections of rat brain were
ablated at various laser fluences, and the RNA integrity, total RNA
recovery, and sample transfer efficiency for the collected material

were determined. Finally, RNA obtained by IR laser ablation was
analyzed with a simple qPCR assay.

2. Experimental
2.1. Reagents and samples

Reagent suppliers were as follows (see Table S1 for a complete
listing): Zymo Research (Irvine, CA) for RNA sample preservation
and extraction reagents; Agilent Technologies (Santa Clara, CA) for
Bioanalyzer reagents; Sakura Finetek (Torrance, CA) for tissue
mounting solution; and, ThermoFisher Scientific (Waltham, MA)
for all other reagents. Brain tissue samples were obtained from 4-
month-old breeding rats at the LSU School of Veterinary Medi-
cine Division of Laboratory Animal Medicine in accordance with the
requirements of the LSU Institutional Animal Care and Use Com-
mittee. Rats were sacrificed by exposure to carbon dioxide (5 psi)
and the brain was subsequently removed intact, snap-frozen in
liquid nitrogen within 30 min, and stored at —80°C before
sectioning at a thickness of 50 um. For sectioning, one side of a rat
brain was fixed to the cryostat (CM1850, Leica Microsystems,
Wetzlar, Germany) support using optimal cutting temperature so-
lution, and cryostat sections were thaw-mounted on glass micro-
scope slides at —25 °C. Tissue sections were vacuum-dried for 3 min
prior to laser ablation.

2.2. Infrared laser ablation and capture

Samples were ablated with a wavelength tunable pulsed IR
optical parametric oscillator (IR Opolette, Carlsbad, CA, USA) in
transmission geometry at a repetition rate of 20 Hz and 2940 nm
wavelength [60,61]. The laser has a pulse width of 7 ns and was
focused to a spot size of 200 x 250 pm at 2 m] pulse energy and was
attenuated using an external element. Prepared microscope slides
were mounted on a two-axis translation stage (2 x LTA-HS, New-
port, Irvine, CA, USA) with the samples facing downward. The laser
was focused with a 50-mm focal length lens and directed through
the microscope slide at a 45° angle. The soda—lime glass slides had
~80% transmission at the ablation laser wavelength. Visualization of
samples was achieved with a CMOS camera (DCC1645C, Thorlabs,
Newton, NJ). Samples were ablated into 200 pl capture buffer in a
nuclease-free PCR tube mounted 5 mm below the ablation spot
[52]. Custom Lab-VIEW software was used to control the laser,
translation stages, and camera, allowing ablation of selected ROI in
a raster pattern at 1 mmy/s. Raster lines overlapped by ~50% and
were separated by approximately half the 200 um laser spot
diameter.

For ablation of purified RNA, 1 ul (1 pg/ul) of human kidney total
RNA was deposited on a microscope slide and vacuum-dried
(1 min) prior to laser ablation. The ablated material was captured
in RNA storage solution (1 mM sodium citrate, pH 6.4 + 0.2, Ther-
moFisher), and the samples were stored at —80 °C prior to analysis.
For tissue sections, the ablated material was captured in DNA/RNA
Shield solution which, according to the manufacturer (Zymo
Research), stabilizes nucleic acids for up to 30 days at 4°C - 25°C.
Samples were stored at room temperature (~20 °C) up to one week
until further analysis.

2.3. RNA purification

Human kidney RNA samples were loaded on the Bioanalyzer
chip with no further purification. The tissue samples (ablated and
positive control) were first purified using the Direct-zol RNA
MicroPrep kit. The purification procedure was modified (see sup-
porting information) to minimize salt-carryover into the eluted
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sample. Without these modifications, the final salt concentration
exceeded the maximum recommended for the RNA 6000 Pico kit
due to the high volume of wash buffer required to process the large
sample volume.

Briefly, the ablated tissue was captured in 200 pl of DNA/RNA
Shield solution and transferred to a 0.5-ml tube for digestion with
Proteinase K (30 min, 55°C). Following centrifugation to pellet
cellular debris, the cleared supernatant was transferred to a 2.0-ml
tube containing ~800 ul of TRI-reagent and rotated in a 30 °C oven
(5 min). Following the addition of 1 mL of 100% ethanol, the tube
was briefly rotated in the oven to ensure thorough mixing. For each
sample, a spin-column (Zymo IC, designed for low elution volumes)
was loaded and centrifuged three times to filter the entire 2000 ul
of RNA extraction reagents. Unless otherwise noted, centrifugation
was performed at 15,000 rcf and limited to 15 s to prevent column
drying, which can increase the salt in the final elution. Following
the application of RNA wash buffer (400 pl, 30s), an in-column
DNAse I digestion was performed (30 °C, 15 min). After two appli-
cations of pre-wash buffer (400 pl), RNA wash buffer was applied
three times (350 pl, 700 pl, and 350 pul) to completely remove salt
from each sample. After discarding the final flow-through, the
column was centrifuged for 60s to fully remove the RNA wash
buffer. Finally, RNA was eluted in 15 pl nuclease-free water (60 s,
10,000 rcf) and stored at —80 °C.

Positive controls were generated by directly placing a frozen rat
brain tissue section (~1 mg) into 200 ul of DNA/RNA Shield solution.
These samples were initially homogenized by brief vortexing and
then completely homogenized in ZR Bashing-Bead lysis tubes.
Following centrifugation, the supernatants were transferred to
0.5 mL tubes and processed with the same workflow as the ablated
samples.

2.4. RNA analysis

For choosing the optimal capture buffer, the RNA integrity was
assessed by comparing the relative height for the peaks associated
with ribosomal subunits 18S and 28S in control vs. laser ablated
samples. However, the 28S:18S peak ratio can be a highly variable
metric [62,63]; thus, RNA concentration and integrity for all other
experiments were assessed using an Agilent Bioanalyzer 2100 with
an RNA 6000 Pico Kit. This system uses microfluidic chip-based
electrophoresis to separate RNA samples by molecular weight
and quantify the RNA with respect to a standard RNA ladder run
concurrently on the chip. In this assay, a typical trace displays the
fluorescence intensity of the eluting components, with the lower
marker eluting first (~22s), followed by smaller RNA fragments
collectively labeled as the 5S region (~24—28s) and finally the
peaks for the 18S (~40s) and 28S subunits (~48s). Further, the
software assesses multiple regions from the electrophoretic trace to
determine an RNA integrity number (RIN). RIN values can range
from 1 to 10, with 1 indicating highly degraded RNA and 10 rep-
resenting fully intact RNA [63].

2.5. ¢DNA synthesis and qPCR quantification

Captured and purified RNA was reverse transcribed into cDNA.
Samples were analyzed in triplicate by qPCR on a real-time PCR
system (QuantStudio 6 Flex, Applied Biosystems) using 22-pul re-
action volumes: 10 ul of 1X SYBR Select Master Mix; 1L each
forward and reverse primer (10 pM, Table S2); and, 10 ul of cDNA
template. Cycling parameters were: 1 cycle at 50 °C (2 min); 1 cycle
at 95°C (10 min); and, 40 amplification cycles of 95°C (15s) and
60 °C (1 min). The specificity of the amplified product was assessed
by a melt curve analysis.

3. Results

Initial experiments were performed to determine whether RNA
could be captured intact using IR laser ablation and to quantify the
ablation and capture efficiency. To assess RNA integrity, a
commercially-purified stock of RNA (isolated from human kidney)
was ablated at laser fluences ranging from 3 to 11 kj/m?. For the
positive control, a 1 ul aliquot of the RNA was added to 200 ul of
RNA storage solution. Bioanalyzer data for the ablated and control
RNA samples were compared with regard to their RNA integrity
number (RIN) and their electrophoretic traces. Representative
electropherograms are shown in Fig. 1 (triplicate electrophero-
grams are shown in Fig. S1).

Initially, a tris-EDTA buffer (10 mM Tris, 0.05 mM EDTA, ~pH 8)
was used as the capture buffer; however, the 28S peaks were
consistently smaller than the 18S peaks when these samples were
processed on the Bioanalyzer. By contrast, ablated samples
captured in RNA storage solution typically displayed 28S peaks of
equal or greater intensity than the 18S peaks, indicating that this
buffer promotes greater RNA stability than does the tris-EDTA
buffer.

The measured RIN values were comparable between the posi-
tive control (RIN 8.8 + 0.4) and purified RNA ablated at low fluences
(3KkJ/m?, RIN 8.6 +0.2; and, 5kJ/m?, RIN 8.1 +0.2). Further, based
on a two-tailed T-test, the differences between controls and ablated
samples were not statistically significant at either 3kj/m? (p-
Value = 0.471) or at 5 kJ/m? (p-Value = 0.053). The difference be-
tween control and sample ablated at 5 kj/m? was near the limit of
statistical significance but yielded high quality RNA. By contrast,
RIN values were ~30% lower for purified RNA samples ablated at 7
and 9 kJ/m? (RIN 6.8 + 0.1 and 6.3 + 0.4, respectively). At 11 k]/m?,
fluorescence readings from the small RNA region of the electro-
pherogram were extremely high, resulting in a RIN estimate of “N/
A” (not available). Manually increasing the threshold value [63,64]
for the “5S Region Anomaly Threshold” from 0.5 (default setting) to
0.62 resulted in a RIN of 4.5 + 0.4, which was ~50% lower than RIN
for the positive control.

To summarize, with purified RNA, laser fluences of <5 kj/m?
generated RIN values and electropherograms similar to those of the
positive control sample. By contrast, corresponding data for RNA
obtained at laser fluence >7 k]/m? demonstrated that higher laser
fluences caused degradation (i.e. fragmentation) of the purified
RNA, although the RIN estimates (>5) indicated that the RNA could
still be used for qPCR [65,66]. As such, RNA appears to be more
sensitive to IR laser ablation than was found for DNA, where a laser
fluence of 24 kJ/m? did not influence purified plasmid DNA integ-
rity [61]. These results may reflect the greater stability of double-
stranded DNA compared to single-stranded RNA [67].

As assessed with the Bioanalyzer, recovery of high-quality pu-
rified RNA was the highest at 5kj/m?, and then progressively
decreased with increasing fluences. Here, we compared fluores-
cence readings from the entire electrophoretic trace (full trace)
with those from just the 18S and 28S subunits (Table 1). Both
metrics indicated that increasing the laser fluence from 3 to 5 kj/m?
resulted in higher RNA recovery. By contrast, as the fluence
increased from 7 to 11 kJ/m?, RNA recovery appeared to increase by
the full trace metric whereas it decreased by the 18S/28S peak
metric. These results reflect the fact that, upon degradation, 18S and
28S ribosomal RNA shifts towards the 5S region (Fig. 1d, f) where
the degraded fragments are retained in the calculation of total RNA.

Transfer efficiency can be defined as the ratio of the quantity of
material captured to the quantity originally deposited. To assess the
capture efficiency, a 1 ug quantity of RNA in 1 pL of sodium citrate
(pH 6.8) was deposited on a microscope slide and completely ab-
lated into 200 pl of capture buffer. For the control, 1 ug of RNA was
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Fig. 1. Agilent Bioanalyzer electropherograms (RNA Pico 6000 kit) of purified human kidney total RNA (diluted in RNA storage solution) comparing RNA integrity number (RIN)
values for a positive control (a) with RNA collected by infrared laser ablation at five different fluences (b—f: 3, 5, 7,9, & 11 kJ/m?). At higher laser fluence, RNA is lost from the 18S and

28S peaks, with the degraded fragments contributing to baseline and the 5S region.

Table 1
RNA recovery as a function of laser fluence.

Laser Fluence (kJ/m?) RNA (ug), full trace RNA (ng), 18S & 28S peaks

3 0.50 +0.09 0.17 +£0.02
5 0.67 +0.06 0.19+0.02
7 0.72+0.11 0.11+0.02
9 0.77 +0.01 0.10+0.01
11 0.88 +0.06 0.07 £0.01
Positive control 0.83+0.19 0.30+0.02

added to 200 pl of capture buffer. Transfer efficiency was quantified
using Bioanalyzer data for samples ablated at fluences of 3 and 5 kJ/
m? because they produced RIN values similar to those of controls.
The average transfer efficiency for purified RNA ranged from

72 +12% (full trace, which includes degraded RNA) to 60 + 6% (18S/
28S subunits, which represent fully intact RNA). The RNA transfer
efficiency determined here is similar to the IR laser ablation
transfer efficiency determined for DNA (59 + 3) [61] and enzymes
(75 +8) [60].

After demonstrating that RNA can be ablated and captured
intact, IR-laser ablation and capture of RNA from tissue was tested.
Consecutive rat brain tissue sections were used to evaluate the
quality of the total RNA after laser ablation. A rat brain was
sectioned along the coronal plane at a thickness of 50 um, and
consecutive sections were thaw-mounted on microscope slides for
laser ablation (samples) or placed in tubes immersed in dry ice
(controls); all slides and controls were then stored at —80 °C. For
the ablation experiments, TRI-Reagent (guanidine thiocyanate and
phenol) was initially used as the capture buffer; however, the 28S
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peaks were consistently smaller than the 18S peaks. Ultimately,
DNA/RNA Shield solution was used as the capture buffer because it
maintained a more intense 28S peak (vs. the 18S peak), which in-
dicates better preservation of RNA. Tissue sections (~20 mm? each,
~1 mg) mounted on microscope slides were ablated in their en-
tirety using a laser fluence of 13 kJ/m?; visual inspection of the
slides indicated that 13kJ/m? was the minimum laser fluence
required for complete tissue ablation. Concurrently with the abla-
ted samples, control samples were homogenized in DNA/RNA
Shield solution using a bead-beating protocol (Section 2.3).

The entire volume of each ablated and control sample was pu-
rified with the Direct-zol RNA MicroPrep kit. Prior to analysis, the
purified samples were diluted in nuclease-free water to bring them
into the Bioanalyzer quantitation range. Control samples processed
with the bead-beating method had a RIN of 7.4 + 0.3, whereas ab-
lated and captured RNA had a RIN of 6.8 +0.3 (Fig. 2). RNA con-
centrations were calculated with the area under the curve method
using both the full electrophoretic trace (including degraded RNA)
as well as the signal for only 18S and 28S subunits (intact RNA).
Transfer efficiencies ranged from 79 +14% for the full trace
(649 +100ng vs. 515+93ng) to 71 +7% for the 18S-28S peaks
(245 + 8.6 ng vs. 174 + 18 ng).

RNA samples with RIN >5 have been analyzed with microarray
assays, qPCR, and RNA sequencing [65,66,68—71]. In the results
described above, RNA from ablated tissue sections had a RIN of ~7,
representing only an 8% decrease compared to the conventional
bead-beating method. Further, this RIN is generally consistent with
values previously reported for LCM, although LCM results vary
greatly depending on sampling conditions [47,49,53,72—83].
Complete ablation occurred with 3—5kJ/m? for purified RNA;
however, 13 k]/m? was required to completely ablate rat brain tis-
sue sections. Nevertheless, at their respective laser energies, the
captured RNA for both sample types had RIN values of ~7 and the
associated electropherograms were similar (Fig. 1). It is possible
that the water in the tissue allows the use of higher laser energies,
which are required to overcome the tensile strength of the tissue
itself, without compromising the stability of the RNA molecules
[84]. Preliminary experiments showed that tissue dried for more
than 5 min required higher energy (>20 kj/m?) for complete abla-
tion and the captured RNA had lower RIN.

Finally, to augment the Bioanalyzer results, qPCR was used to
assess the compatibility of laser-ablated RNA with downstream
assays. Further, to demonstrate the spatial control possible with
this method, RNA was laser ablated from two discrete, differently-

100 -
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40-:
20-:
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18S 28S
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60 -
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Fig. 2. Representative electropherograms of RNA from 20-mm? regions of paired consecutive 50 um tissue sections (triplicate, see Fig. S2), showing only minor RNA degradation in
the ablated sample as evidenced by the slightly reduced 28S peak and the slightly greater baseline. (a) Positive control (RIN 7.4 + 0.3) (b) Infrared laser ablation (RIN 6.8 +0.3): see

text for details.
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shaped regions of rat brain tissue sections (Fig. 3). Location 1
comprised two 4-mm? crescents covering the corpus callosum re-
gion and location 2 comprised a 3-mm? circle in the hypothalamus
region. Following purification, the ablated RNA had intense 18S/28S
peaks and good overall integrity (Location 1, RIN 7.4; Location 2, RIN
7.3). For qPCR, two sets of primers targeting two different genes
were used [85]. One primer was designed for the house-keeping
gene glyceraldehyde-3-phosphate dehydrogenase. The other primer
targeted myelin basic protein (MBP), an important protein in the
process of myelination of nerves in the nervous system [86]. For
both locations and both genes, the cDNA produced from the RNA
generated C; values between ~22 and 28 cycles (Fig. 3-a) and melt
curves which indicated that each primer pair produced a single,
specific final product (Fig. 3-b).

4. Conclusions

IR laser ablation can be used to ablate and capture intact RNA
from pure samples and from tissue sections. The transfer efficiency
ranged from 60 to 80% and is comparable to that observed for IR
laser ablation of DNA and proteins [60,87]. For dried purified RNA

samples, a laser fluence of 5 kJ/m? (ca. 300 p energy) resulted in
efficient ablation and high RNA integrity. Considerably more energy
(~2.5X) was required to ablate the tissue samples for comparable
RNA capture efficiency and integrity. The higher energy required for
tissue is likely due to the need to disrupt the connective structures
of the tissue.

The ability to sample both proteins and RNA from tissue opens
up new opportunities for combined proteomics and tran-
scriptomics. The combination of mass spectrometry-based pro-
teomics with mRNA transcriptomics has been used to study the
correlation between protein level and corresponding mRNA level
[88—91], and to elucidate factors of correlation such as post-
translational regulation [92,93] and gene copy number varia-
tion [94]. Future studies will combine the localized RNA ablation
and capture described above with previously demonstrated
infrared laser ablation and capture for proteomics [52,58] for
localized proteomics/transcriptomics studies. This combined
approach has the potential to provide information about gene
transcription as well as protein quantification from the same
region of interest.

15 PR SR R N S TR T T [ T S T S N T SR SN S | | S S T | 1
—+GPDH_Location 1 a
—+—GPDH_Location 2

] -~-MBP_Location 1
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c ]
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Fig. 3. Analysis by qPCR of RNA captured from two locations of a rat brain tissue section (a, insert): Location 1, corpus callosum (two 4-mm? crescents); Location 2, hypothalamus
(3-mm? circle). The cDNA from both locations generated similar qPCR results (a — amplification curves; b — melt curves) for two genes (MBP; GPDH).
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