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Abstract

Many factors affect the integrity of messenger RNA from human autopsy tissues including 

postmortem interval (PMI) between death and tissue preservation and the pre-mortem agonal and 

disease states. In this communication, we describe RNA isolation and characterization of 389 

samples from 18 different tissues from elderly donors who were participants in a rapid whole-body 

autopsy program located in Sun City, Arizona (www.brainandbodydonationprogram.org). Most 

tissues were collected within a PMI of 2–6 h (median 3.15 h; N = 455), but for this study, tissue 

from cases with longer PMIs (1.25–29.25 h) were included. RNA quality was assessed by RNA 

integrity number (RIN) and total yield (ng RNA/mg tissue). RIN correlated with PMI for heart (r = 

−0.531, p = 0.009) and liver (r = −558, p = 0.0017), while RNA yield correlated with PMI for 

colon (r = −485, p = 0.016) and skin (r = −0.460, p = 0.031). RNAs with the lowest integrity were 

from skin and cervix where 22.7 and 31.4 % of samples respectively failed to produce intact RNA; 

by contrast all samples from esophagus, lymph node, jejunum, lung, stomach, submandibular 

gland and kidney produced RNA with measurable RINs. Expression levels in heart RNA of 4 

common housekeeping normalization genes showed significant correlations of Ct values with RIN, 
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but only one gene, glyceraldehyde-3 phosphate dehydrogenase, showed a correlation of Ct with 

PMI. There were no correlations between RIN values obtained for liver, adrenal, cervix, esophagus 

and lymph node and those obtained from corresponding brain samples. We show that high quality 

RNA can be produced from most human autopsy tissues, though with significant differences 

between tissues and donors. The RNA stability and yield did not depend solely on PMI; other 

undetermined factors are involved, but these do not include the age of the donor.
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Introduction

Since the decoding of the human genome and development of methods to survey transcripts 

of the whole genome, there has been an increasing need for high quality RNA from human 

tissue samples. Global gene expression profiling by microarrays or sequencing of RNA from 

normal and diseased human tissues has been a key approach for many years to identifying 

new drug targets (Tarvin and Sandusky 2014; Dawany et al. 2011; Kim and Webster 2009; 

Kampf et al. 2014). The amount of expression data accumulated during this period has been 

enormous, but a major problem has been reproducibility of results (Koppelkamm et al. 

2011). Although inherent biological variability between human samples affects gene 

expression results (Opitz et al. 2010), the reliability of gene expression profiling for human 

studies has primarily been dependent on the quality of RNA and the availability of carefully 

banked human tissue samples (Brisco and Morley 2012; Fasold and Binder 2012; Opitz et 

al. 2010; Kiewe et al. 2009; Vermeulen et al. 2011). Difficulty in obtaining high quality 

human autopsy tissues has been one factor leading to the predominant use of animal models, 

but the latter have shortcomings in relation to identifying human disease mechanisms 

(Ruggeri et al. 2014; Beach 2013).

The integrity of human RNA is dependent on a number of factors, but how these interact and 

differences between different tissue type have not been well defined (Azevedo-Pouly et al. 

2014). Assessment of the tissue storage temperature has produced conflicting results; recent 

studies have shown that storage at −80 °C is equivalent to or better than storage in liquid 

nitrogen (Andreasson et al. 2013; Auer et al. 2014). The Agilent Bioanalyzer RNA integrity 

number (RIN) has become the accepted standard for assessing the intactness of isolated 

RNA from all sources (Schroeder et al. 2006). RNA integrity appears to be dependent to 

some extent on the time after death that the tissue is collected and preserved, the postmortem 

interval (PMI), but the results obtained, mainly from brain samples, have been conflicting 

(Broniscer et al. 2010; Burke et al. 1991; Cummings et al. 2001; Ervin et al. 2007; Li et al. 

2004; Preece and Cairns 2003; Tomita et al. 2004; Birdsill et al. 2011; Sun et al. 2016; 

Rudloff et al. 2010; Micke et al. 2006). In addition, the agonal state in the immediate 

premortem period is likely to be of at least equal importance as PMI, especially if there has 

been significant fever or hypoxia–ischemia events. Other factors include disease states, age 

and gender of the subject, type of tissue, storage conditions and length of time in storage 

(Koppelkamm et al. 2011; Kap et al. 2014). One study of forensic autopsies with PMI 
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ranging from 4 to 94 h (mean 27.3 h) showed brain samples had lower mean integrity than 

cardiac muscle or skeletal muscle (Grabmuller et al. 2015). These authors showed mean RIN 

values for brain of 2.8, 3.8 for cardiac muscle, and 4.4 for skeletal muscle, which are 

considered indicative of poor quality and not suitable for research purposes. With these 

sample sets, an effect of PMI on RIN was only observed for cardiac muscle (Grabmuller et 

al. 2015). It was also recently shown that the isolation method used to extract RNA from 

frozen tissue had effects on integrity and yield. The widely-used Trizol (guanidine 

isothiocyanate/phenol/chloroform) method produced higher yields, but had poor integrity 

compared to column purification methods (Ahmed et al. 2015; Grabmuller et al. 2015), 

though this was not a uniform finding (Kap et al. 2014). A recent study examined RNA 

integrity in 37 different human tissues (mostly from tumors) that had been resected during 

surgery not at autopsy. In this series of 103 samples, they reported that 81.6 % had RIN 

values of 6.5 or greater, a parameter defined as acceptable for most gene expression studies 

(Kap et al. 2014).

In a previous study, we surveyed the features of RNA isolated from brain cerebellum 

samples collected by our rapid autopsy program. We showed a significant correlation 

between RIN and yield with PMI, and significant changes in gene expression with PMI 

(Birdsill et al. 2011). From this study, it was apparent that PMI alone is not the dominant 

factor as, even with tissue collected with very-short PMI, there were still large differences in 

RNA yield even when RIN values were high (Birdsill et al. 2011). The purpose of the 

present study was to extend our previous work to non-brain tissue samples taken over the 

last 7 years to determine the relative quality of these samples and their suitability for gene 

profiling studies. This study examined samples taken at autopsy from 18 different normal 

types of tissues. The integrity and yield varied significantly between tissues, and our results 

showed that the effect of PMI on RIN and RNA yield differs amongst tissue types. No 

correlations were observed between RIN values in certain tissues and RIN values from 

corresponding brain samples, which tended to have higher degrees of intactness. It can be 

concluded that other factors involved in RNA integrity in autopsied human tissue samples 

also need to be defined.

Materials and methods

Collection of human tissue

All tissue samples were from participants in the Arizona Study of Aging and 

Neurodegenerative Disorders (AZSAND) and were autopsied by the Brain and Body 

Donation Program (BBDP) of the Banner Sun Health Research Institute, Sun City, Arizona. 

This longitudinal clinicopathological study has been running for 27 years firstly on the basis 

of brain-only donation, but since 2006 has accepted whole-body donation. The Program has 

had continuous Institutional Review Board approval. The goal of the Program since its 

inception has been to collect the highest quality tissue within as short a period of time as 

possible after death. The details of the Program and the demographics of the participants 

have been published (Beach et al. 2015, 2008). The median postmortem interval for the 

whole program is 3.0 h (N = 1654). For the purposes of this study, some tissues with longer 

PMI were deliberately included to provide a larger range of PMIs. Most participants had 
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been studied clinically premortem, and were autopsied in a systematic manner. Tissue from 

selected organs were sampled and rapidly frozen on dry ice. All tissue samples were stored 

at −80 °C. For this study, weighed tissue samples (20–30 mg) were dissected from frozen 

tissue blocks and transferred to cooled microcentrifuge tubes. The samples did not thaw 

prior to extraction. The demographic details of all the samples analyzed are presented in 

Table 1. The majority of samples came from subjects that had shown no signs of defined 

neurodegenerative diseases. All tissues were considered to be histologically normal after 

examination by medically-certified pathologists. For comparative purposes with the results 

from the peripheral tissue samples, we have included data for brain RNA quality analyses. 

These samples were from a larger series of cerebellum tissue samples (n = 624).

RNA isolation

We employed the same method for RNA isolation for these different tissues as was used for 

our previously-published brain RNA isolation study, using the RNA EasyPlus Mini Kit 

(Qiagen, Valencia, CA) (Birdsill et al. 2011). Each tissue sample was dispersed in RNA-lysis 

buffer (containing 0.1 M β-mercaptoethanol) by mild sonication (10–15 s), and then 

processed according to the manufacturer’s instructions. In brief, extracted tissue is passed 

through a prefilter to remove DNA, adjusted with an equal volume of 70 % ethanol and 

applied to the RNA column. After washes with kit buffers, RNA is eluted from the column 

with 100 μl of water. A point to note was that for highest yield and integrity, sonication of 

tissue sample should be carried out for as brief a time as necessary to disrupt the tissue; 

excessive sonication significantly reduced the yield of RNA from tissues. Some tissues 

contained insoluble connective tissue or fat that did not dissolve in RNA lysis buffer, but 

were removed on the DNA prefilters prior to RNA isolation. This same method was used for 

all cerebellum brain samples.

RNA characterization

The concentration and purity of each RNA sample was assessed using a Nanodrop 1000 

spectrometer (Nanodrop Inc—Thermo Fisher Scientific, Wilmington, DE). The RNA yield 

from each sample was calculated as ng/mg of tissue (wet weight). To assess RNA integrity, 

samples were measured using an Agilent 2100 Bioanalyzer with RNA 6000 Nano Kits 

(Agilent Inc, Wilmington, DE). This instrument produces an RNA integrity number (RIN) 

for each sample using a proprietary algorithm (Schroeder et al. 2006) with values ranging 

from 10 (RNA completely intact) to 1 (RNA extensively degraded). For a number of 

samples, no measurable RIN values could be obtained (RIN not available—N/A). Each 

sample producing a N/A assessment was analyzed 2 separate times to ensure this result was 

not due to technical issues.

Gene expression—reverse transcription and quantitative polymerase chain reaction

Samples derived from heart were analyzed for expression of a panel of housekeeping genes 

to determine how RIN and PMI affected the stability of gene expression levels. RNA from 

each sample (0.5 μg) was reverse transcribed using a Quantitect reverse transcription kit 

according to the manufacturer’s protocols (Qiagen). Prior to use in quantitative PCR (qPCR) 

analyses, each cDNA was diluted 1:1 with water. Appropriate numbers of no-reverse-

transcriptase controls were prepared in parallel for each batch of samples. For qPCR, cDNA 
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samples were amplified using Perfecta SYBR Green Fast Mix 2× reaction mixture (Quanta 

Biosciences, Gaithersburg, MD) and mRNA-specific primers for the following housekeeping 

genes: β-Actin: sense sequence: TCCT ATGTGGGCGACGAG; anti-sense: ATGGCTGGG 

GTGTTGAAG too produce fragment size 242 bp: Beta 2-macroglobulin; sense sequence 

GGGTTTCAT CCATCCGACA; and anti-sense sequence: ACACG GCAGGCATACTCATC 

(161 bp): GAPDH: sense sequence: CGGATTTGGTCGTATTGG; anti-sense sequence: 

GGAAGATGGTGATGGGATTT (206 bp): Transferrin receptor: sense sequence: 

ATGCTGCT TTCCCTTTCCTT: anti-sense sequence: CCCATTT CCTTTATGTCTGCTC 

(292 bp). All primer-pair sequences were verified for absence of hairpin formations or 

primer-dimers that interfere with amplification efficiency (NetPrimer, Premier Biosoft), and 

had qPCR amplification efficiencies in the range of 95–105 %. QPCR was carried out using 

a Stratagene Mx3000p machine. QPCR analyses followed most of the recommended criteria 

for minimal information for publication of quantitative real time PCR experiments (MIQE) 

(Bustin et al. 2009).

Statistical analysis

All statistical analyses were carried out using Graph-pad Prism v.6 (Graphpad Software, La 

Jolla, CA). Statistical significance between measures was accepted if p < 0.05.

Results

Study design and summary of results

RNA isolation and characterization was carried out for a total of 389 samples from 18 

different tissues. The demographic details of the samples analyzed are shown in Table 1. The 

average age of the donors was 86.6 years with mean PMI of 5.3 h. The median PMI of tested 

samples was 3.25 h. The mean or median PMI of the group of samples was affected by the 

deliberate inclusion of samples with long PMI (up to 29.2 h) since one of the goals of this 

study was to examine in each tissue the effect of PMI on RNA integrity (RIN) and yield. The 

majority of the samples for each tissue were from subjects with no neurodegenerative 

diseases (NND) (Table 2). A summary of RIN and yields for each tissue is shown in Table 3. 

Some samples were extensively degraded and did not produce a measurable RIN value; 

these were excluded from mean RIN calculations but not from the mean yield calculations. 

The number of samples that produced RIN values compared to the total number analyzed is 

shown in the first column (n) (Table 3). The mean RIN values for each tissue are shown in 

the second column (RIN), but what is informative is the range of values (RIN range). Each 

tissue had samples with high RIN values as well as those that were extensively degraded 

even though most PMIs were relatively short. Considering RNA yield, there was also a high 

degree of variability for each tissue (Table 3—Yield Range). The tissues with the highest 

yields were liver, submandibular gland and pancreas. The tissues with large amounts of 

fibrous material or fat (skin, cervix and prostate) had lowest yields. It is possible that this 

material affected the efficiency of RNA extraction from these tissues, or, the lower yield may 

simply be due to lower overall cell density in samples with a large fraction of connective 

tissue. Using our methods, the tissue known to have the highest RNAse concentration—

pancreas—did not produce RNA of inferior quality to any other tissue (Griffin et al. 2012). 

If the data are presented for each individual case used (Table 4), the wide range of RIN 
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values, including samples where no RIN value (N/A) could be obtained, indicates that there 

must be tissue-specific factors, not just perimortem or postmortem donor conditions, which 

affect RNA integrity.

RNA “fit for purpose”

There is limited consensus on what are the acceptable criteria for RNA quality for 

downstream applications. The concept of “fit for purpose” came from a similar study as this 

one where a large number of different tissues were surveyed for RNA integrity. The major 

difference between the studies was the analysis of postmortem tissue in this study compared 

to surgical samples in the cited study (Kap et al. 2014). The cutoff criteria of RIN values of 

less than 6.5 as being unacceptable was established by these authors (Kap et al. 2014). In 

their tissue bank, 18.4 % of 103 surgical samples (mostly tumors) or surgical biopsy samples 

had RIN less than 6.5 (including samples where RIN could not be determined (ND). Overall, 

we had 34.4 % of samples with RIN values of less than 6.5, while 41.6 % of samples had 

RIN values of greater than 7.5. The percentage of samples with RIN values less than 6.5 for 

each tissue is shown in Table 3, varying from 14.3 % for lymph node to 63.1 % for prostate. 

By comparison, in a series of 624 brain samples, only 5.4 % had RIN values less than 6.5 

and 15.5 % had RIN values less than 7.5 (Table 3).

Does PMI affect RIN and yield?

Pearson correlation analyses were carried out for all tissues, comparing PMI and RIN; PMI 

and Yield; RIN and Yield; Age and RIN; and Age and Yield (Table 5). For the great majority 

of tissue types, both RIN and RNA yield decreased with increasing PMI (decreasing RIN for 

15/17 tissue types and decreasing RNA yield for 13/17 tissue types; p = 0.002 and 0.03, 

respectively. (One Sample Goodness of Fit Test). Correlation analyses of all tissue RIN 

values with PMI showed significance (r = −0.2251, p <0.0001). However, due to high 

variability in RIN, for individual tissue types, the correlation of PMI with RIN reached 

significance level only for heart (r = −0.531; p = 0.0092) and liver (r = −0.559; p = 0.0016)

(Fig. 1), while the correlation of PMI with RNA yield was significant only for colon and 

skin (respectively, r = −0.485, p = 0.016; r = −0.460, p = 0.031) (Fig. 2). Correlation analysis 

of RIN and yield for all tissue samples from individual cases (Table 4) did not produce 

statistical significance (data not shown).

Comparison of RNA quality from peripheral tissues with matching brain samples

As part of our tissue banking procedures, we also have collected RNA quality data on 624 

brain samples (cerebellum) as a continuation of a previously published study (Birdsill et al. 

2011). The demographics of these brain samples are included in Table 1, and RNA quality 

data in Table 3. It can be seen that RNA quality was higher in brain samples than other 

peripheral tissue samples in terms of mean RIN values and percentage of samples with RIN 

values less than 6.5. Analyses carried out showed no correlations of RIN values between 

brain, and liver (p = 0.401, Pearson r = 0.217), adrenal (p = 0.777, r = 0.091), cervix (p = 

0.584, r = 0.197), esophagus (p = 0.776, r = 0.103), kidney (p = 0.219, r = 0.325) or lymph 

node (p = 305, r = 0.3385). For the other tissues, there were insufficient numbers of 

corresponding brain values to make comparisons.
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Assessment of gene expression of housekeeping genes

A central question for gene expression studies with RNA produced from human tissue 

samples is performance in quantitative assays. We selected RNA samples (n = 23) derived 

from heart, as RNA from this tissue had shown significant correlation of RIN with PMI, to 

examine how changes in these factors affected levels of gene expression. We analyzed 

expression of 4 “housekeeping” genes—beta-2-microglobulin (β2 M), glyceraldehyde-3 

phosphate dehydrogenase (GAPDH), transferrin receptor (TfR) and β-actin—that are widely 

used in assays for normalizing purposes (Barber et al. 2005; Huggett et al. 2005; Dheda et 

al. 2004; Hellemans and Vandesompele 2014; Vandesompele et al. 2002). As such, the 

expression of these genes should not differ between samples from the same tissue. In Fig. 3, 

it can be seen that there was significant correlation between RIN and Ct values for all of the 

genes. In the left hand column, all 23 of the samples were included in the analyses, while in 

the right hand column, only samples with RIN>6.5 were analyzed. In both cases, there are 

significant correlations. This indicated that integrity does affect levels of gene expression in 

this widely-used assay. In these samples, there was marginally significant correlation 

between Ct values and PMI only for GAPDH gene expression (r = 0.446, p = 0.049).

Discussion

Human tissue banking has become an important component of the process of discovering 

new causes and treatments of diseases. The collection and storage of donated human autopsy 

tissue is complicated due to the unique medical condition of each human donor along with a 

myriad of ethical and legal requirements (Mora et al. 2014; Ravid and Ferrer 2012; Beach et 

al. 2015). The applications for human tissue principally involve analysis of alterations of 

protein expression and post-translational modifications (proteomics); small molecules 

(metabolomics), lipids (lipidomics), DNA (genomics and epigenetics) and changes in 

expression of mRNA or other RNA species, including small miRNA. Over the last decade, 

gene expression profiling studies were the most common disease screening applications of 

tissue, first with gene profiling microarrays and more recently with RNA sequencing 

procedures, and these methods identified a critical need for high quality RNA from well-

characterized human tissue (Buesa et al. 2004).

Quality control of tissue samples has focused in many studies on the quality of extracted 

tissue RNA. Many of these investigations have studied the isolation and stability of RNA 

from human brains; there have been relatively few studies on other tissues. The factors that 

could affect the quality of tissue and tissue-derived products include disease conditions of 

the subject, agonal state of the subject immediately premortem, postmortem interval, pH of 

the tissue, tissue handling and preservation techniques, storage conditions and length of time 

in storage. Although the majority of studies of brain RNA have concluded that PMI does not 

have an overall significant effect on RNA stability over the time periods under consideration, 

the methods used to assess this have varied considerably (Auer et al. 2014; Burke et al. 

1991; Condelli et al. 2014; Fajardy et al. 2009; Gonzalez-Herrera et al. 2013; Hatzis et al. 

2011; Birdsill et al. 2011; Burke et al. 1991; Cummings et al. 2001; Heinrich et al. 2007; 

Koppelkamm et al. 2011; Stan et al. 2006). It is apparent that some mRNAs, for example 

cyclooxygenase-2 mRNA in brain (Lukiw and Bazan 1997), are lost quickly while others are 
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more resistant (Nagy et al. 2015; Birdsill et al. 2011). The central issue with respect to 

studies of gene expression in human disease is the need to compare expression level of 

particular genes in a large number of different human samples with the goal of associating 

changes in expression with disease processes. If the changes in expression are significantly 

affected by tissue RNA quality, the variance could be too large to identify disease 

association. For this reason, it is important to understand possible sources of variability in 

the postmortem preservation of RNA. The published data have not been consistent, but 

overall, there are convincing studies showing that for reliable gene expression data from 

microarray or qPCR, RNA quality affects the validity of findings (Abasolo et al. 2011; 

Popova et al. 2008; Atz et al. 2007). Although recent advances in expression profiling using 

RNA sequencing methods, particular using degraded RNA extracted from formalin fixed-

paraffin embedded tissues, have suggested reliable expression profiling results can be 

obtained, it is noticeable that the manufacturers of RNA sequencing platforms still 

recommend the use of RNA with high degree of intactness as starting material (Hedegaard et 

al. 2014).

In our study of brain samples collected in this rapid autopsy program, we found a significant 

correlation between RIN and PMI (r = 0.34, p = 0.002) (Birdsill et al. 2011). In a similar 

study, 58 % of all samples of RNA derived from normal human brain tissue from 33 

autopsied subjects with a median PMI of 7.7 h had a cutoff RIN value above 7.5—defined as 

“minimally-degraded” RNA (Broniscer et al. 2010). Seventy percent of samples from the 

short-PMI autopsies had a RIN greater than or equal to 7.5 compared to only 21 % of the 

samples from the longer-PMI autopsies (p < 0.01). In our series of brain samples, 94.6 % of 

samples had RIN values greater than 6.5 and 84.7 % had RIN values of greater than 7.5 %. 

All of these findings are in contrast to other studies suggesting no PMI effect on brain 

mRNA integrity (Cummings et al. 2001; Ervin et al. 2007; Preece and Cairns 2003). It 

appears likely from the preponderance of inverse correlations presented here and in our prior 

publication (Birdsill et al. 2011) that there is a progressive loss of RNA integrity and yield 

with increasing PMI, but most of the variability in these RNA measures is due to other, as-

yet uncertain factors. For many individual comparisons, a statistically significant result 

between RIN and PMI was not obtained. Overall, our results indicate that PMI, RIN and 

RNA yield are not interrelated in a straightforward fashion and are affected by other 

variables not accounted for here.

When procuring and handling human bio-specimens, one has to consider what the standards 

for acceptable quality of samples are; what factors are affecting this and how to improve on 

the quality of processed tissues if possible? RNA integrity represents a useful marker for 

assessing tissue quality in large series of samples compared to more intensive methods such 

as histology or protein modifications (Shabihkhani et al. 2014). In addition, there is still a 

demand for human tissue for preparation of RNA for gene expression profiling studies. 

These studies have produced valuable data for most diseases. Overall, tissues analyzed in the 

present study, chosen to represent a wide range of PMI, 65.6 % had RIN >6.5 while 41.6 % 

had RIN>7.5.

From this study, we have shown that relatively high quality RNA can be isolated from all 

human postmortem tissues but with significant variability in results from case to case and 
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between tissue types. The standard parameters of RNA quality, RIN and yield, illustrate 

major sample-to-sample differences for reasons that are not immediately apparent. In our 

autopsy program, the collection, handling, storage and processing of tissue is handled in a 

highly reproducible manner according to defined protocols. Although, for the great majority 

of tissue types, RIN and RNA yield both declined with increasing PMI, there was so much 

variability that this correlation reached significance level for only two individual tissue 

types. In a series of forensic cardiac samples, it was shown that, as in our study, heart RNA 

integrity was affected by PMI; this study used materials with PMI up to 50 h (Koppelkamm 

et al. 2011). This study concluded, however, that heart RNA was significantly more stable 

than brain RNA. One other study concluded that heart RNA quality was not related to PMI 

(Gonzalez-Herrera et al. 2013).

It is not clear from these results what additional factors are responsible for variability in 

RNA quality and yield. One critical factor, not measured here, is the ambient temperature 

during cadaver storage prior to autopsy (Ferrer et al. 2007). This is a crucial question to 

address as it will aid in sample selection prior to their use in gene expression profiling 

studies. It is expensive and labor-intensive to screen a large number of samples to find many 

to be unacceptable for downstream processing. We also showed for heart that the raw gene 

expression values (Ct) for a range of housekeeping normalization genes could be affected by 

RIN. These genes are widely used to normalize for expression of genes of interest with the 

assumption that they remain relatively constant (Barber et al. 2005; Dheda et al. 2004; 

Gonzalez-Herrera et al. 2013; Vandesompele et al. 2002). A recent study reported that 

expression of common housekeeping genes is actually more stable with increased PMI than 

many other transcripts (Nagy et al. 2015).

In summary, RNA prepared from a range of human autopsy tissue had large variability in 

intactness, but the majority of samples (65.6 %) produced RNA with acceptable integrity. 

We have shown from these analyses that there are tissues that have a high success of 

producing acceptable RNA—submandibular gland (90.5 %)—and tissues with a low success

—prostate (36.9 %). Our results show considerable variability between donors and between 

tissues from the same donor. Production of high quality RNA from brains from our donors 

was achieved in a more consistent manner (Birdsill et al. 2011) (this study). Further analyses 

will demonstrate whether there are correlations between RNA integrity for different tissues 

from an individual donor or not, but larger numbers of samples need to be analyzed for such 

a study. Our preliminary estimation showed no correlation between brain RNA RIN values 

and those from 6 other tissues. It remains an accepted practice and goal to prepare RNA of 

high integrity for downstream studies, and having as short a PMI as possible is still 

advisable for this purpose (Abasolo et al. 2011; Popova et al. 2008; Atz et al. 2007).
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Fig. 1. 
Linear regression analysis for RNA integrity compared to postmortem interval for heart, 

liver, lymph node and adrenal. Results show linear regression lines for each tissue for RIN 

compared to PMI with 95 % confidence limits. Results show Pearson r values with p values 

indicating degree of significance. The distribution for samples with significant correlations 

(heart and liver) compared to those with no correlation (lymph node and adrenal) can be 

compared
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Fig. 2. 
Linear regression analysis for RNA Yield compared to postmortem interval for colon, skin, 

liver and heart. Results show linear regression lines for each tissue for RNA yield compared 

to PMI with 95 % confidence limits. Results show Pearson r values with p values indicating 

degree of significance. The distribution for samples with significant correlations (colon and 

skin) compared to those with no correlation (liver and heart) can be compared

Walker et al. Page 15

Cell Tissue Bank. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Effect of RIN on expression values of housekeeping normalization genes in RNA samples 

derived from heart. The results show linear correlation analyses for Ct values compared to 

RIN values for the genes β2 microglobulin (β2 M) (a and b), glyceraldehyde-3 phosphate 

dehydrogenase (GAPDH) (c and d), transferrin receptor (e and f), and β-actin (g and h). 

Results on left show analyses for these genes using the samples with complete range of RIN 

values (a, c, e, g), while the panels on right side show matching analyses for samples with 

RIN values meeting the criteria of>6.5 (b, d, f, h). In both cases, significant correlation of Ct 

values with RIN was shown
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Table 2

Disease states of analyzed tissue samples

Tissue (n) Control NDD

Adrenal (24) 18 3

Cervix (16) 10 5

Colon (24) 18 2

Esophagus (18) 12 3

Heart (26) 17 1

Jejunum (21) 15 3

Kidney (26) 20 2

Liver (30) 21 3

Lymph node (21) 15 3

Lung (15) 11 0

Ovary (17) 11 4

Pancreas (26) 19 3

Prostate (19) 12 3

Skin (22) 16 3

Stomach (20) 15 2

Submandibular (21) 17 2

Testis (18) 12 1

Thyroid (25) 21 0

NDD neurodegenerative disease
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Table 3

RNA integrity and Yield Results for 18 human peripheral tissues compared to brain

Tissue (n) RIN (±SD) RIN range (% <6.5) Yield (ng/mg) Yield range (ng/mg)

Adrenal (23/24) 7.2 ± 1.8 3.0–9.0 (33) 946.2 ± 668.2 50–2363

Cervix (11/16) 6.4 ± 1.8 2.4–8.3 (50) 156.9 ± 144.0 0–578

Esophagus (18/18) 7.1 ± 2.3 2.4–8.5 (37.5) 455.0 ± 399.4 23–767

Heart (23/26) 7.6 ± 2.0 2.6–9.0 (26.9) 174.9 ± 136.2 1–488

Jejunum (21/21) 6.4 ± 1.5 2.5–8.8 (33) 1010.9 ± 734.2 107–1935

Kidney (26/26) 7.0 ± 1.5 4.6–9.1 (30.8) 868.8 ± 511.5 59–2914

Liver (29/30) 7.2 ± 2.2 1.1–9.4 (23.3) 2288.3 ± 1204.5 17–4701

Lymph node (21/21) 7.6 ± 1.4 3.6–9.2 (14.3) 1709.5 ± 773.0 684–2895

Lung (15/15) 6.5 ± 2.2 1.6–8.9 (33) 410.3 ± 358.6 77–1159

Ovary (15/17) 5.9 ± 6.6 2.4–9.1 (52.9) 546.4 ± 496.4 67–1795

Pancreas (25/26) 6.5 ± 1.6 3.9–9.1 (46.1) 2225.9 ± 2152.2 14–6840

Prostate (15/19) 5.7 ± 1.9 2.2–8.3 (63.1) 251.0 ± 617.3 12–2773

Colon (23/24) 6.7 ± 1.0 4.7–8.3 (37.5) 737.2 ± 422.7 41–1370

Skin (17/22) 6.2 ± 1.8 2.4–8.2 (54.4) 89.6 ± 75.4 0.1–347

Stomach (20/20) 6.0 ± 1.7 2.4–8.0 (45) 1420.4 ± 938.9 9.7–3275

Submandibular (20/21) 7.8 ± 1.4 2.8–9.2 (9.5) 2082.1 ± 1054.5 4 –3498

Testis (16/18) 7.5 ± 2.0 3.0–9.4 (33) 342.2 ± 343.5 25–528

Thyroid (23/25) 7.0 ± 1.5 2.4–8.8 (28) 400.2 ± 277.0 9–803

Brain (401/223) 8.6 + 1.2 2.4–10 (5.4) 379.8 + 200 0–966.8

n number of samples with RIN/Total number of samples, RIN RNA integrity number
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Table 4

RNA integrity and yield results for individual cases

Case # (n) RIN range Yield range (ng/mg) Age/years PMI/h

1 (6) 5.7–9.4 428–2434 88 1.25

2 (6) 6.5–8.8 129–1812 97 1.87

3 (2) 2.2–9.1 138–670 86 2

4 (6) 5.9–9.1 31–1879 93 2

5 (3) 6–9.2 142–664 88 2.2

6 (1) 1.6 97 81 2.25

7 (7) 7.5–8.3 (1 N/A) 32–2496 81 2.25

8 (3) 6.6–9.1 44–296 61 2.33

9 (3) 2.9–88 14–350 94 2.33

10 (3) 3–8.4 41–233 80 2.35

11 (2) 3.3 (1 N/A) 2–77 95 2.5

12 (8) 4.1–8.5 (3 N/A) 41–2235 90 2.45

13 (6) 5.2–8.9 29–2863 97 2.5

14 (15) 2.4–9.5 62–3310 87 2.5

15 (14) 3.7–8.6 13–2929 73 2.5

16 (14) 7–9.4 (1 N/A) 347–5567 82 2.5

17 (6) 7.1–9.1 553–2889 82 2.67

18 (6) 4.4–8.2 63–1087 94 2.8

19 (9) 7.1–9.1 159–2488 80 2.88

20 (7) 1.1–9.0 17–4226 96 3

21 (4) 8.9–9.0 (2 N/A) 1–1154 93 3

22 (14) 3.7–9.6 (1 N/A) 19–3275 92 3

23 (3) 6.6–9.0 65–3814 79 3

24 (2) 7.9 (1 N/A) 0–457 84 3

25 (9) 7.7–9.8 0–5252 82 3

26 (14) 2.4–9.5 58–4701 91 3.16

27 (6) 7.4–9.4 548–3684 93 3.16

28 (6) 6.1–9.2 559–3498 93 3.16

29 (4) 5.3–8.6 (1 N/A) 25–2410 74 3.25

30 (2) 6.7 (1 N/A) 64–386 80 3.25

31 (4) 5.2–7.4 (1 N/A) 28–3771 75 3.3

32 (2) 7.4 (1 N/A) 0–67 79 3.3

33 (15) 5.9–8.9 (2 N/A) 112–2773 89 3.3

34 (4) 4.2–8.5 (1 N/A) 7.3–1069 97 3.5

35 (6) 2.5–7.7 (1 N/A) 12–2157 86 3.5

36 (6) 3.2–7.6 37–3020 89 3.5

37 (8) 7.1–9.2 (2 N/A) 30–2450 82 3.66

38 (6) 4.9–8.5 415–3965 99 3.75

39 (2) 6.8–7.7 88–115 91 4
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Case # (n) RIN range Yield range (ng/mg) Age/years PMI/h

40 (7) 6.5–9.0 (1 N/A) 63–2288 91 4.25

41 (14) 2.4–8.5 23–4122 84 4.25

42 (13) 2.8–8.6 4–2663 90 4.25

43 (4) 4.5–9.1 252–1216 49 4.5

44 (2) 2.4–6.7 255–889 67 5

45 (13) 4.4–9.3 66–2423 91 7.25

46 (13) 3–9.2 (1 N/A) 14–1813 93 7.33

47 (10) 2.4–8.5 31–2335 84 10

48 (14) 2.2–7.9 (1 N/A) 17–1958 87 10.3

49 (15) 2.4–8.1 9–2285 88 11.66

50 (12) 3.2–8.2 38–4378 84 12.25

51 (8) 5.1–8.5 (1 N/A) 1–3844 90 18

52 (10) 2.6–8.4 (2 N/A) 51–2655 87 29.25

n number of different tissues from each case, N/A no RIN value available
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