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Abstract

The RNA Integrity Number (RIN) is often considered to be a critical measure of the quality of
postmortem human brains. However, it has been suggested that RINs do not necessarily reflect the
availability of intact mMRNA. Using the Agilent bioanalyzer and gRT-PCR, we explored whether
RINs provide a meaningful way of assessing mRNA degradation and integrity in human brain
samples by evaluating the expression of 3’-5” mRNA sequences of the cytochrome C-1 (CYCJ)
gene. Analysis of electropherograms showed that RINs were not consistently correlated with RNA
or cDNA profiles and appeared to be poor predictors of overall cDNA quality. Cycle thresholds
(CT) from gRT-PCR analysis to quantify the amount of CYCIZ mRNA revealed positive
correlations of RINs with amplification of full-length transcripts, despite the variable degree of
linear degradation along the 3’-5’ sequence. These data demonstrate that in postmortem human
brain tissue the RIN is an indicator of mMRNA quantity independent of degradation, but does not
predict mRNA integrity, suggesting that RINs provide an incomplete measure of brain tissue
quality.

Graphical Abstract

Quality assessment of postmortem human brains by RNA integrity numbers (RINS) may be
misleading, as they do not measure intact MRNAs. We show that the RIN is an indicator of mMRNA
quantity independent of degradation, but does not predict mMRNA integrity, suggesting that RINs
provide an incomplete measure of brain tissue quality. Our results resolve controversial
assumption on interpreting quality assessments of human postmortem brains by RINSs.
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Introduction

Studies of gene expression in postmortem human brain tissues require well-characterized
cases with minimal RNA degradation related to age, postmortem interval (PMI), disease
states and medication effects. In particular, novel technology developments, such as whole
genome or RNA sequencing (RNA-Seq) and laser-assisted microdissection (LMD), have
resulted in an increase in studies to analyze the molecular composition of human brains
(Benes 2006, Benes et al. 2007). The success of these labor-intensive efforts relies on the
availability of well-characterized, high-quality postmortem brain tissues, which are usually
provided by brain/tissue resource centers that determine brain quality by measuring tissue
pH and RNA integrity (RIN) expressed either as 18S-28S ratios obtained with the Agilent
bioanalyzer platform (Benes 2006, Konradi et a/. 2004) or later, using RINs generated with
additional software packages applied to Agilent bioanalyzer electropherogram data
(Schroeder et al. 2006, Imbeaud ef a/. 2005). The RIN ranges between 1 and 10 indicating
low or high RNA integrity, respectively; a RIN of 6 is typically considered by some to be a
“quality threshold” in postmortem human brains, although these numbers are not consistent
throughout the literature and across brain repositories.

In postmortem human brain materials, it is often generally assumed that determination of
RINs, which measure the integrity of total RNA, is a surrogate for the characterization of
MRNA quality. Extensive experience in this area, however, has suggested that RINs do not
necessarily reflect the availability of intact mMRNAs, and that this parameter is thought to be
potentially misleading, particularly when used as a measure of the overall quality of
postmortem brain tissue (Benes 2006). Consistent with this, in our studies using RNA
derived from postmortem human brains (Benes et al. 2009, Konopaske et a/. 2015, Pietersen
et al 2011, Pietersen et al. 2014a, Pietersen et al. 2014b, Ruzicka et a/. 2015, Simunovic et
al. 2009, Simunovic et al. 2010, Benes et al. 2007), we observed that 18S-28S ratios or the
RIN were not necessarily reliable predictors of mMRNA quality, as we were able to obtain
high-quality expression profiling data from brain samples with both high or low RINSs. In
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order to experimentally determine whether the RIN is in fact a meaningful and reliable
predictor of mMRNA integrity in human postmortem brain tissue, we systemically evaluated
the relationship between RINs and the quantity and degradation of the cytochrome C-1
(CYCI) mRNA, as determined by quantitative real-time polymerase chain reaction (QRT-
PCR), using RNA extracts available through the Harvard Brain and Tissue Resource Center
(HBTRC).

Material and methods

Human tissue collection and RNA preparation

Postmortem human brains were collected using standard procedures at HBTRC that were
approved by the Partners Human Research Committee. Written informed consent for the use
of brains for research from male and female donors has been obtained by the legal next-of-
kin. RNA was extracted from 50-100 mg occipital lobe tissue (Brodmann area 17) removed
from snap frozen coronal slices that were immediately processed upon arrival at the
HBTRC, placed in 1.0 ml TRIzol Reagent (Life Technologies, Grand Island, NY), and
stored at —80 °C. To extract total RNA, the tissue was homogenized with motorized
disposable pellet pestles (Sigma-Aldrich, St. Louis, MO), or using a Bead Ruptor 4 Mill
Homogenizer (Omni International, Kennesaw, GA), mixed with 0.2 ml Chloroform, and
centrifuged. The RNA-containing aqueous phase was collected, mixed with an equal amount
of 75 % ethanol, and RNA was purified using the RNeasy Mini Kit (Qiagen, Valencia, CA)
that included a DNase digestion step with RNase-free DNase | (Quiagen) for 15 min to
eliminate genomic DNA contamination.

Brain quality measurement by Agilent bioanalyzer and qRT-PCR

Statistics

RNA and cDNA samples were analyzed on an Agilent 2100 bioanalyzer using the 6000
Nano or Pico Kit, respectively, according to manufacturer's instructions (Agilent
Technologies, Waldbronn, Germany). 1.2 ug of total RNA was converted to cDNA using the
SuperScript I First-Strand Synthesis System with poly-dT primer extension and final
RNase H treatment (Life Technologies). For detecting CYCL1 transcripts, cDNA samples
were subjected to PCR using the following primers: 5’-region: Forward (FW): 5'-
GTCGTCGAAGTCTGGCCTTT-3, Reverse (RV): 5-CACGGTGAGACCACGGATAG-3;
Central-region: FW: 5-GCCTCCTCTCTTCCTTGGAC-3, RV: &'~
TCTTCATTGGGGCCGTCTTG-3; 3/-region: FW: 5-GGCATGGTGGTGAGGACTAC-%,
RV: 5-CCCATGCGTTTTCGATGGTC-3'. For each sample, 1 pl of the cDNA solution (57
ng total RNA equivalent) was serially diluted 1:10, 1:100, 1:1,000, and 1:10,000, and PCR
amplified in a Bio-Rad CFX Connect Real-Time PCR cycler using 0.2 uM primers and the
iTaq Universal SYBR Green reagent (Bio-Rad, Hercules, CA).

Pearson's correlation coefficients and p values were calculated using the Social Science
Statistics program (http://www.socscistatistics.com/tests/pearson/Default2.aspx).
Correlations were considered statistically significant when p values were less than 0.05 (p <
0.05).
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We determined the RINs of 179 brain samples (86 females, 93 males) and two control
human skin fibroblasts from cell culture. Brains were from healthy individuals (n=33; 10
females, 23 males) or patients with neurodegenerative (n=101; 54 females, 47 males) or
psychiatric disorders (n=45, 22 females, 23 males) with an average age of 69.6 +/-13.5
years (range 16 - 100). The average postmortem interval (PMI) was 20.1 +/-6.3 hrs (range
4.5 - 34.5) and average brain pH was 6.23 +/-0.27 (range 5.37 - 7.09) with consistent values
across groups and sexes. Demographic analysis did not reveal any significant correlations of
RIN with age, PMI, or diagnosis in all groups and sexes. However, we observed significant
correlations of RINs with pH in all group and sex comparisons (7 values between 0.2 and
0.55, pvalues < 0.05), except for healthy females (n=10; r=0.546, p= 0.11) and males with
neurodegenerative diseases (n=47; r=-0.0852, p=0.57).

Consistent with observations from other studies (Birdsill et al, 2011, Chevyreva et al. 2008,
Coulson et al. 2008, Koppelkamm et al. 2011, Lipska et al. 2006, Sheedy et a/. 2012, Stan et
al. 2006, Trabzuni et al. 2011, Webster 2006, Weis et a/. 2007) we found a high variation of
RINSs in a range between 2.2 and 7.7, which prompted us to systematically evaluate the
electrophoresis and electropherogram data obtained from the Agilent 2100 bioanalyzer in
more detail. RNA electrophoretic traces consist of a series of different regions (pre-, 5S-,
fast-, inter-, precursor-, and post-region), and peaks (marker, 18S and 28S ribosomal RNA)
(Schroeder et al. 2006, Imbeaud et al. 2005, Weis et al. 2007), which change during RNA
degradation. As expected, there was a good association of typical electropherogram traces
(ribosomal peaks and baseline flatness (Schroeder et al. 2006, Imbeaud et al. 2005)) with
calculated high or low RINs, e.g., 7.7 and 2.4, respectively (Fig. 1). However, there was also
a substantial number of RINs that appeared to be inconsistent with the shape of the traces,
and in most cases the differences were within a reading range of £1.0. These inconsistencies
were in particular observed with lower RINs (< 5), but also occurred at higher RINs (> 5)
(Fig. 1), and could be attributed to reported detection of anomalies, such as additional or
noise peaks between ribosomal peaks, and low molecular weight species (Schroeder et al.
2006, Imbeaud et al. 2005). In an attempt to quantify the results obtained from the Agilent
bioanalyzer, we found no significant correlations between RINs and RNA concentration,
signal area, or rRNA ratios (285/18S), with the exception of RIN and rRNA ratio when
RINs were greater than 6 (Table 1). Together with our observations on the electropherogram
traces these data demonstrate that the RIN is an unreliable measure of RNA quality from
postmortem brain tissue. Notably, these results did not depend on the methodology of RNA
preparation, e.g., omitting the phenol (TriReagent) purification step, or using an Omni Bead
Ruptor 4 homogenizer instead of manual pestle homogenization; however, variations in
traces and corresponding RIN readings were also observed from the same RNA samples
when repeatedly measured on separate chips or when analyzed by independent investigators
on different Agilent bioanalyzers (data not shown).

The quality of the RIN system has been determined to compute assessment metrics for 91%
of RNA profiles (Imbeaud et al. 2005). However, the observed variability in the
electropherograms of our sample collection prompted us to question if RIN, indeed,
represents a reliable measure of mMRNA integrity and thus brain tissue quality; afterall,
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MRNAs constitute less than 5% of all RNA species. We, therefore, analyzed the cDNA from
24 selected RNA samples with lower RINs ranging from 2.4 to 6.5 and the two fibroblasts
controls (RINs 9.6 and 9.8) by an Agilent bioanalyzer (Fig. 2). There was a typical bell-
shape curve in the control samples reflecting the expected transcription of small- and large-
sized mRNAs. In contrast, all cDNAs from the brain samples had a left shift of the curves
indicating an increase in the smaller and a decrease in the larger transcripts, consistent with
MRNA degradation. However, in all cases, there was no apparent association of the cDNA
electropherograms with the RNA profiles and the corresponding RINs, indicating that in the
postmortem brain tissue RIN is a poor predictor of overall cDNA integrity.

To determine the integrity of the mRNA, we analyzed serial dilutions of equal cDNA input
material from eight representative brain samples and the two fibroblast controls by PCR,
amplifying the 57, center, and 3’ region of the CYCI transcript (Fig. 3a) - CYC1 is a gene
integrally associated with the electron transport chain and has been determined as a suitable
housekeeping transcript in studies on postmortem brain material from patients that are
affected with Alzheimer's disease (Penna et al. 2011) or glioma (Grube et a/. 2015). In all
samples we found linear amplification across the entire length of the cDNA (Fig. 3b), with
significant cycle threshold (CT) correlations for the 3’ and 5’ region (Fig. 3c, Table 2). In
addition, there were significant negative correlations between CT values and RINs (Fig. 3d,
Table 2).

Discussion

A number of studies, including our own, have shown that good-quality RNA can be derived
from postmortem human brain tissue and that samples with varying RINs can successfully
be assessed using biochemical and molecular assays, such as microarrays, gPCR, or RNA-
Seq (Benes et al. 2009, Konopaske et al. 2015, Pietersen et al. 2011, Pietersen et al. 2014a,
Pietersen et al. 2014b, Ruzicka et al. 2015, Simunovic et al. 2009, Simunovic et al. 2010,
Trabzuni et al. 2011, Gilbert ef a/. 1981, Sajdel-Sulkowska ef a/. 1988). Here, we report
inconsistencies between RINs and corresponding RNA electropherogram profiles, as well as
a lack of correlations of RINs with RNA concentration, signal area, and rRNA ratios, that
limit the interpretation of the RIN as a singular or absolute measure of RNA quality from
postmortem human brains. In particular, variations of readings in the range of +1.0 should be
taken into account when interpreting RINSs. It should be noted that our traces and RINs
matched those reported by other investigators that analyzed RNA degradation (Stan et al.
2006, Imbeaud et al. 2005, Schroeder et al. 2006, Weis et al. 2007). However, in contrast to
these published data, in which RNA degradation was controlled under laboratory conditions,
RNA degradation in the postmortem brain tissue was uncontrolled, which could have been a
contributing factor to the observed variability in trace patterns.

As for measuring mRNA integrity, our data show that RINs in the lower ranges appear to be
a poor predictor of cDNA quality when analyzed by the Agilent platform. However, the gRT-
PCR results demonstrated that samples with both low and high RINs had full-length cDNA
and that descending RINs correlate with decreasing cDNA input material, indicating that
RINSs positively correlate with the amount of intact mRNA, regardless of the degree of linear
degradation along the 3’-5” sequence. These results are consistent with data from other
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studies using Exon arrays (Trabzuni et al. 2011) or gPCR on housekeeping genes to assay
RNA qualities measured by RINs (Imbeaud et al. 2005, Koppelkamm et al. 2011), i.e., RINs
were the highest for cell culture samples when compared with RINs from tissue, and RINs
significantly correlated with relative gene expression (CT values) and RNA degradation
under laboratory conditions. Importantly, the study by Imbeaud et al. demonstrated equal
PCR amplification of the 3’ and 5’ cDNA regions of the glucoronidase 3 (GUSB) and
transferrin receptor (TFRC) genes on samples with different RINs, corroborating our results
on postmortem tissue that RINs are indicative of linear degradation of full-length mRNA.

Taken together, our data indicate that, in analyzing postmortem human brain tissue, the RIN
reflects a decrease in full-length mRNA quantity, rather than integrity, suggesting that it is
an incomplete measure of overall brain quality.
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RNA analysis by Agilent 2100 bioanalyzer. Electropherogram and electrophoresis assays

from representative total RNA measurements with RINs between 2.4 and 7.7. Numbers

indicate brain sample identification numbers.
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Fig. 2.

RNA and cDNA analysis by Agilent 2100. Representative electropherogram and
electrophoresis assays from 10 RNA and corresponding cDNA measurements used in qRT-
PCR analysis. Numbers indicate brain sample identification numbers.
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Fig. 3.

P(?R analysis of full-length CYCZ cDNA. (a) Schematic of primer design covering the ¥/,
center, and 3’ regions of the CYCI mRNA between the ATG (start) and TGA (stop) codon.
Numbers indicate nucleotide positions. (b) CT values for 10 samples (8 brains and 2
fibroblast controls (#205 and #231)) show linear amplification of PCR products in 4
dilutions along the entire cONA. RINSs for individual samples are 2.4 (#06885), 2.9
(#17270), 3.4 (#15490), 3.8 (#08067), 4.4 (#02315), 5.0 (#17717), 6.0 (#04630), 6.5
(#02646), 9.6 (#205), and 9.8 (#231) (see Fig. 2). The linear regression curves depict
average CT values for all samples in each dilution. 3’: r=0.99064, p=0.0094; center: r=
0.99712, p=0.0027; 5: r=0.98567, p=0.0144. (c) Linear regression curve showing
distribution of CT values for the 3’ and 5’ region demonstrate positive correlations in all
dilutions. (d) RINs negatively correlate with CT values. The rand p values in panels (c) and
(d) are summarized in Table 2.
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