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Abstract

Background: Digital multiplex gene expression profiling is overcoming the limitations of many tissue-processing
and RNA extraction techniques for the reproducible and quantitative molecular classification of disease. We
assessed the effect of different skin biopsy collection/storage conditions on mRNA quality and quantity and the
NanoString nCounter™ System's ability to reproducibly quantify the expression of 730 immune genes from skin
biopsies.

Methods: Healthy human skin punch biopsies (n=6) obtained from skin sections from four patients undergoing
routine abdominoplasty were subject to one of several collection/storage protocols, including: i) snap freezing in
liquid nitrogen and transportation on dry ice; i) RNAlater (ThermoFisher) for 24 h at room temperature then stored
at — 80 °C; iii) formalin fixation with further processing for FFPE blocks; iv) DNA/RNA shield (Zymo) stored and
shipped at room temperature; v) placed in TRIzol then stored at — 80 °C; vi) saline without RNAse for 24 h at room
temperature then stored at — 80 °C. RNA yield and integrity was assessed following extraction via NanoDrop,
QuantiFluor with RNA specific dye and a Bioanalyser (LabChip24, PerkinElmer). Immune gene expression was
analysed using the NanoString Pancancer Immune Profiling Panel containing 730 genes.

Results: Except for saline, all protocols yielded total RNA in quantities/qualities that could be analysed by
NanoString nCounter technology, although the quality of the extracted RNA varied widely. Mean RNA integrity was
highest from samples that were placed in RNALater (RQS 8.2 + 1.15), with integrity lowest from the saline stored
sample (RQS < 2). There was a high degree of reproducibility in the expression of immune genes between all
samples with the exception of saline, with the number of detected genes at counts < 100, between 100 and 1000
and > 10,000 similar across extraction protocols.
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processing

Conclusions: A variety of processing methods can be used for digital immune gene expression profiling in mRNA
extracted from skin that are comparable to snap frozen skin specimens, providing skin cancer clinicians greater
opportunity to supply skin specimens to tissue banks. NanoString nCounter technology can determine gene
expression in skin biopsy specimens with a high degree of sensitivity despite lower RNA yields and processing
methods that may generate poorer quality RNA. The increased sensitivity of digital gene expression profiling
continues to expand molecular pathology profiling of disease.
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Introduction

Molecular profiling of tissue for insight into mechanisms
of disease, stratification of individuals for disease risk
and to monitor therapeutic responses is rapidly
increasing due to advances in technology. Driven by
high-throughput molecular technology, such as digital
sequencing, there is a growing body of molecular
biomarker data across cancer phenotypes that aim to
allow for personalised medical approaches that minimise
unnecessary treatment.

A key consideration in molecular biomarker analysis is
the need to extract high quality RNA from tissue sam-
ples [1]. The cross-linking of nucleic acids to proteins
and other cellular components, such as in formalin fix-
ation, makes the extraction of high-quality RNA difficult
[2] . In recent years, the development of the NanoString
nCounter platform, which utilises direct, digital quanti-
tation of mRNA transcripts via hybridisation to colour-
coded sequence specific probes, has overcome the limi-
tations associated with detecting nucleic acid targets at
all levels of biological expression [3]. The ability to
multiplex targets reproducibly from RNA extracted from
formalin fixed paraffin embedded (FFPE) samples has
provided greater avenues for molecular research, par-
ticularly for clinicians located at sites not located near
pathology or research facilities.

Various methods are also available for RNA protec-
tion, such as with TRIzol [4] or RNAlater, to overcome
challenges with low quantity or low quality mRNA de-
rived from FFPE samples. Given that mRNA quality and
concentration impacts data quality, it is necessary to
optimise collection/storage techniques for the sample
processing [5]. Reliable and reproducible methods of
obtaining sufficient amounts of high-quality RNA from
tissue remain a challenge for biomarker studies, in par-
ticular studies involving skin samples. Skin biopsies are
recognised to be difficult samples to achieve consistently
high-quality RNA [6]. Investigations with the nCounter
technology indicate the ability to measure mRNA with
low yield and sub-optimal RNA quality. In this study we
compared the impact of six tissue-processing methods
on skin biopsies total RNA vyield/integrity and the

multiplex gene expression using the NanoString nCoun-
ter analysis system.

Methods

This was a comparison of immune gene expression from
six skin tissue biopsy RNA extraction methods collected
from three healthy patients undergoing abdominoplasty,
with biopsies 3 and 4 collected from the same patient.
All six methods were performed on abdominoplasty tis-
sue collected from each person. Following excision of
tissue, six 4 mm biopsies were collected with standard
techniques. The study was conducted under approval
from the Griffith University Human Research Ethics
Committee and the United HealthCare Human Research
Ethics Committee (HMR/05/15/HREC).

Tissue processing and storage

Following collection of the six skin biopsies from tissue
from each patient the following storage and transport
procedures were used: i) snap freezing in liquid nitrogen
and transportation on dry ice; ii) RNAlater (Thermo-
Fisher Scientific, Waltham, MA, USA) for 24 h at room
temperature then stored at - 80 °C; iii) formalin fixation
and storage of FFPE blocks at room temperature; iv)
DNA/RNA Shield (Zymo, Irvine, CA, USA) stored and
shipped at room temperature; v) placed in TRIzol
(ThermoFisher Scientific, Waltham, MA, USA) then
stored at - 80°C; vi) 0.15ml saline without RNAse for
24h at room temperature then stored at - 80°C. First
homogenization of skin biopsies using ZR BashingBead
Lysis Tubes (Zymo) and Tissue Lyser II (Qiagen) was
unsuccessful, therefore it was re-done using gentle-
MACS octo and M tubes (Miltenyi Biotec). For the sam-
ples processed with liquid nitrogen, saline and RNAlater,
RNA was extracted using the Maxwell® RSC simplyRNA
Tissue Kit (Promega, Madison, USA). For the FFPE sam-
ples the RNeasy® mini kit (QIAGEN, Hilden, Germany)
and ReliaPrep™ FFPE Total RNA Miniprep System (data
is not shown) were used for RNA extraction. From sam-
ples in TRIzol RNA was extracted using the Direct-Zol™
RNA kit (Zymo, Irvine, CA, USA) while the Quick
RNA™ Miniprep Kit (Zymo, Irvine, CA, USA) was used
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for extraction of RNA from DNA/RNA shield (Zymo,
Irvine, CA, USA) stored biopsies. After isolation RNA
samples were aliquoted and stored at — 80 °C until fur-
ther analysis.

RNA yield and integrity

RNA extraction was performed in an RNAse-free envir-
onment following the manufacturer’s protocol for each
kit. The concentration of extracted RNA (ng/pL) was
assessed using three different methods: i) UV-
spectrophotometry (NanoDrop, ThermoScientific); ii)
LabChip24 with Standard and Pico sensitivity RNA re-
agents (PerkinElmer); iii) Quantifluor direct RNA dye
(Promega). Ajgy ; Azgo ratio was measured with the
NanoDrop 1000 UV-Vis spectrophotometer (Thermo-
Scientific, Massachusettes, United States) with an A,g ,
Ajgo ratio > 1.9 considered an indicator of pure RNA.
RNA quality score (RQS) was calculated by a LabChip
24 bioanalyzer (PerkinElmer). Based on data using RNA
Pico Sensitivity Reagent Kit, all RNA samples except
LN1, LN2, RL1 and RL2 were concentrated using the
Zymo RNA Concentrator kit (Zymo). After concentra-
tion, RNA was assessed using Quantifluor direct RNA
dye (Promega) and LabChip 24 RNA Pico Sensitivity Re-
agent Kit (PerkinElmer).

NanoString gene expression analysis

Immune gene expression analysis was undertaken using
the NanoString nCounter analysis system (NanoString
Technologies, Seattle, WA) using the commercially
available nCounter PanCancer Immune Profiling panel
kit. The PanCancer Immune profiling panel contains
n =730 genes of key inflammatory pathways and #n =40
reference/housekeeping genes. The manufacturer’s
protocol was followed with small modification in that
300 ng of total RNA extracted from skin biopsies was
hybridised with probes at 65°C for 24 h. Samples were
processed on the NanoString Prep Station and the
target-probe complex was immobilised onto the analysis
cartridge. Cartridges were scanned by the nCounter
Digital Analyser for digital counting of molecular bar-
codes corresponding to each target at 280 fields of view.

Data approach

Gene expression data was analysed using the Advanced
Analysis Module in the nSolver™ Analysis Software ver-
sion 4.0 from NanoString Technologies (NanoString
Technologies, WA, USA) and TIGR Multi-Experiment
Viewer (http://mev.tm4.org). The Advanced Analysis
Module enables quality control (QC), normalisation,
cluster analysis, differential gene expression (DGE),
Pathview Plots and immune cell profiling. Raw data was
normalised by subtracting the mean plus one standard
deviation of eight negative controls while technical
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variation was normalised through internal positive con-
trols. Data was corrected for input volume via internal
housekeeping genes using the geNorm algorithm. Im-
mune cell scores were determined using cell specific
gene expression from The Cancer Genome Atlas
(TCGA) as detailed in [7, 8]. A Pearson correlation was
used to determine degree of similarity of gene expression
counts with significance accepted at p < 0.001.

Results

Yield and integrity of extracted RNA

The average concentrations of extracted RNA for each
processing method is shown in Table 1. RNA could be
extracted from all samples, although the concentration
and quality varied widely between and within processing
methods. We found that in samples from one patient
(set 3 and 4) stored in liquid nitrogen, RNAlater and sa-
line RNA extraction did not yield enough RNA for
nCounter Nanostring assay. RNA extracted from FFPE
samples exhibited the most consistent concentrations
and RQ scores while RNA / DNA shield resulted in con-
sistent RQ scores but variable concentrations. RNA yield
from biopsies stored in Liquid nitrogen, RNAlater and
TRIzol of same participant was very low (set 3 and 4).
We considered RNA concentration data assessed by
UV-spectrophotometry (NanoDrop 1000, ThermoScien-
tific) as unreliable for use with nCounter Nanostring
system.

Immune gene expression

Counts for genes above background threshold, below
100, between 101 and 1000 and above 1000 by sample
are shown in Table 2. Total RNA extracted from FFPE,
LN and RNAlater returned the highest gene expression
counts above background threshold levels (the geometric
mean of the negative control samples). All samples
showed similar counts at expression levels > 1000. The
similarity across samples is depicted in Fig. 1, which is a
heatmap from an unsupervised clustering of the 730
genes included in the PanCancer Immune Profiling
panel. On average the FFPE samples had higher gene ex-
pression counts than total RNA extracted from samples
using other protocols. There was a high correlation co-
efficient in immune gene expression counts between the
tissue processing and RNA extraction methods (r=~
0.88-0.97; p < 0.001).

Discussion

The role of molecular profiling in pathology to classify
disease was recognised in 2014 through the formalisa-
tion of an informatics subdivision within the Association
for Molecular Pathology given the growing use of high
throughput quantitative data to deliver health care [9]. A
recognised limitation to the generation of high-quality
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Table 1 RNA concentration and quality scores in the collected samples

Method Concentration A260 Concentration RQS nCounter

NanoDrop (ng/ul) /AZSO Quantifluor (ng/uL) counts

LN1 31548 1.9 67.2 6.5 ok
LN2 106.69 1.83 864 48 ok
LN3 19.44 247 0.2 NA NA
LN4 90.22 1.52 1.7 NA ND
RL1 88.83 211 69.5 94 ok
RL2 68.38 2.06 402 8.1 ok
RL3 15.6 244 1.6 7.1 ND
RL4 9.01 33 ND ND NA
Q_FFPE1 68.02 163 13 53 ok
Q_FFPE2 63.62 1.74 256 54 ok
Q_FFPE3 30.13 1.94 16 56 ok
Q_FFPE4 36.21 1.82 13.2 59 ok
P-FFPET 24.44 1.89 11.0 45 ok
P-FFPE2 49.53 1.79 19.0 44 ok
P-FFPE3 4861 1.98 359 4 ok
P-FFPE4 45.24 1.87 208 32 NA
TR1 0.79 1.5 494 46 ok
TR2 191 255 379 46 ok
TR3 0.1 0.21 12 NA ok
TR4 0 0.68 16.7 49 ok
RS1 20.84 2.88 346 4.2 ok
RS2 9.12 332 11 55 ok
RS3 365 -343 45 6.2 ok
RS4 19.34 249 48 53 NA
S1 12741 1.59 1.8 ND ND
S2 2112 223 35 2.1 ND
S3 11.87 1.76 ND ND ND
S4 93.72 1.53 ND ND NA

Processing and storage methods: LN- liquid nitrogen; RL — RNAlater; FFPE - formalin fixed paraffin embedded; TR - trizol; RS - RNA/DNA shield; S - saline; ng -
nanograms; pL — microlitres; RQS - RNA integrity number. ND - under limit of detection; NA - sample was not run on nCounter. Quantifluor and RQS data was
acquired after RNA concentration with.

Zymo RNA Concentrator kit (Zymo).

Table 2 Immune gene expression counts above background, below 100, between 100 and 1000 and above 1000 by mRNA
extraction method. Values presented are mean counts + standard deviation of the four processing storage methods. No counts
could be determined from the saline samples

FFPE LN TR RS RLT
Above background 730 663.5 £ 53.03 71967 + 896 730 57950 + 65.76
Below 100 494 +8.28 523 £ 2545 504 £ 1345 514.75+45 5475 %919
between 100 and 1000 199.25 + 946 1745 + 1767 193.33 £ 14.01 1805+ 16.7 155 £ 9.89
above 1000 367515 325777 3266 + 057 3475+434 275+ 07

Processing and storage methods: LN- liquid nitrogen; RL — RNAlater; FFPE - formalin fixed paraffin embedded; TR - trizol; RS — RNA / DNA shield;
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Fig. 1 A hierarchical cluster heatmap of the 730 immune genes by group. With the exception of FFPE which shows higher immune gene
expression, the groups show similar gene expression counts. Each row is a gene and each column a group. Green is low expression and red is
high expression. Immune gene expression from samples stored in saline are not included. LN- liquid nitrogen; RL — RNAlater; FFPE — formalin

fixed paraffin embedded; TR - trizol; RS — RNA / DNA shield

omics data is RNA yield and quality [6]. This study com-
pared total RNA yield and quality on immune gene ex-
pression from healthy skin biopsies across six tissue
processing/storage protocols. All protocols yielded RNA
quantities with wide ranges of quality and concentration
metrics. Skin tissue is recognised to be difficult to
reliably extract high quality mRNA as a result of sub-
optimal biopsy procedures not vyielding sufficient
quantity of tissue, RNase activity and the nature of the
collagen matrix [6]. Recent studies highlight the difficul-
ties of obtaining sufficient RNA from skin even with the
latest extraction techniques [6]. In our investigation, for-
malin fixation and storage in RNA / DNA shield yielded
the most consistent quality scores across all samples.
Importantly, all processing methods except saline
storage (RNA degradation) were compatible with Nano-
String nCounter analysis, highlighting the versatility of
this hybridisation-based application to overcome the
limitations of extraction protocols for undertaking mo-
lecular profiling. This versatility provides researchers
and pathologists with simpler options to collect and
store biological samples for more comprehensive classifi-
cation of disease.

Variation in RNA quality results in inaccurate and
misleading changes in molecular profiling, underpinning
the need for reliable and reproducible protocols for the
processing of tissue and extraction of RNA [10]. Numer-
ous studies have compared extraction kits for the isola-
tion of nucleic acids from FFPE tissue, with key factors
to consider listed for researchers prior to undertaking
experimental processes [1, 11]. While DNA/RNA Shield
yielded similar quality scores to RNA extracted from
FFPE tissue, there was substantial variation in the total
yield of RNA. The highest quality RNA was obtained
from the samples stored in RNAlater, although there
was a high degree of variation in the quality scores and
RNA concentration from samples utilising this protocol.
Overall, FFPE samples appear to provide the most con-
sistent RNA quality scores and yields.

The NanoString nCounter Analysis system has been
one of the latest advances in genomic technology for
molecular profiling. As a hybridisation-based system, the
technology eliminates the need for amplification bias
common to PCR for direct counting of molecular tran-
scripts. Research has demonstrated that the NanoString
System is able to quantify transcripts from total RNA of
lower quality and quantity, potentially providing re-
searchers with additional options for the collection of

tissue for molecular profiling. We utilised the PanCancer
Immune Profiling kit to undertake broad-based molecu-
lar profiling of mRNA extracted from tissue using the
various tissue processing techniques. The technology
had high sensitivity of target detection across the sample
set even at lower quality scores and yields, which is con-
sistent with previous research [3, 12]. Absolute gene ex-
pression counts were similar across the various skin
tissue processing and RNA extraction protocols. Our
data highlight the utility of the system for use with a
range of tissue processing and RNA extraction protocols.
This gives primary care physicians, researchers and pa-
thologists, particularly in locations without access to li-
quid nitrogen facilities, greater flexibility to collect skin
samples for the molecular classification of disease, par-
ticularly in oncology, aging, the endotypes of atopic
dermatitis and other hypersensitivity reactions [13]. Pro-
vided consistency in the use of these methods by proto-
col, this gives researchers and primary care skin
clinicians a wide variety of options to undertake molecu-
lar profiling of biological samples.

In conclusion, our study shows that several tissue pro-
cessing and extraction techniques successfully isolate
RNA for analysis using high throughput digital counting.
We observed substantial variation in the quality and
yield of these techniques, with tissue stored in FFPE
blocks providing the most consistent yield and quality
scores in all participants. We note a number of limita-
tions, in particular the small number of samples per
protocol, that each processing method utilised a differ-
ent RNA extraction method, that the results relate to
skin samples only and that these samples were fresh tis-
sue not older samples so caution should be taken in ex-
trapolating these results. Many of these limitations are
consistent with clinical research and increases the eco-
logical validity of the results for research and pathology
purposes. Despite the variation and quality of mRNA,
the NanoString nCounter analysis system was able to
quantify 730 genes across protocols with a high degree
of similarity, highlighting the benefits of hybridisation-
based technology for molecular profiling.
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