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Abstract

Objectives—Aittaining high quality RNA from the tissues or organs of deceased donors used for
research can be challenging due to physiological and logistical considerations. In this
investigation,

Methods—RNA Integrity Number (RIN) was determined in pancreatic samples from 236 organ
donors and utilized to define high (=6.5) and low (<4.5) quality RNA. Logistic regression was
used to evaluate the potential effects of novel or established organ and donor factors on RIN.

Results—Univariate analysis revealed donor cause of death (Odds Ratio [OR]=0.35, 95%
Confidence Interval [C1]=0.15-0.77, p=0.01), prolonged tissue storage prior to RNA extraction
(OR=0.65, 95%CI 0.52-0.79, p<0.01), pancreas region sampled (multiple comparisons, p<0.01),
and sample type (OR=0.32, 95%CI 0.15-0.67, p<0.01) negatively influenced outcome.
Conversely, duration of final hospitalization (OR=3.95, 95%CI 1.59-10.37, p<0.01) and sample
collection protocol (OR=8.48, 95%Cl 3.96-19.30, p<0.01) positively impacted outcome. Islet
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RNA obtained via laser capture microdissection improved RIN when compared to total pancreatic
RNA from the same donor (ARIN=1.3, 95%CI 0.6-2.0, p<0.01).

Conclusions—A multivariable model demonstrates that autopsy- and biopsy-free human
pancreata received, processed, and preserved at a single center, using optimized procedures, from
organ donors dying of anoxia with normal lipase levels increase the odds of obtaining high-quality
RNA.
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pancreas; human; RNA quality; organ donors; diabetes; RIN

INTRODUCTION

Studies employing the use of RNA are routine and widespread. A measure has been broadly
accepted that standardizes RNA quality evaluation,! and isolation protocols have been
commercially available and in use for several years. However, even in the presence of
uniform sample treatment, handling, and RNA storage methods, the quality of RNA can vary
extensively in human tissue specimens.? This is particularly true of the pancreas, where
elevated levels of ribonucleasel (RNAsel), a double-stranded RNA-degrading enzyme, are
present.3-> For example, when compared to a panel of tissues taken from different donors®
or the same individual,2 RNA quality of most pancreas samples were found to be lower than
Y to % of all tissue types tested, respectively.

A limited number of studies using the human pancreas have sought to identify the factors
that may contribute to RNA quality outcomes.2%-8 Tauriainen et al. found that the storage of
pancreas tissue up to 6 years in RNA /ater, a medium that inhibits RNAse activity, preserved
the quality of RNA once extracted.” Likewise, Rudloff et al. did not find any quality
differences in RNA extracted from samples stored for different time periods in Optimal
Cutting Temperature (OCT) compound, a medium that is used for tissue embedding prior to
sample sectioning.8 Zeugner et al. showed that vacuum-sealing of tissue for short-term
storage prior to RNA extraction can minimize the drop in RNA quality. The Genotype-
Tissue Expression (GTEX) Consortium reported that RNA quality dropped in samples with
longer ischemia times,2 a finding contrary to Taurianinen’ and Rudloff®; however, sample
types and preservation methods differed between studies.

Conversely, using non-pancreas human tissue, several factors have been examined. Variables
involving time have consistently been shown to negatively affect RNA quality outcomes,
including longer post-mortem interval %11 biopsy samplel? or tissue recovery13 periods,
and sample processing times.13:14 The manner of death can also affect RNA quality; high
agonal factor scores, a quantification of certain conditions and their duration during death,
are associated with degraded RNA.1® A collection of other factors have been reported to be
important in maximizing RNA quality outcomes, including neutral to basic tissue pH,16
tissue with normal pathology,!! sample preservation in RNAlater,}” and the use of
alternative nucleic acid extraction methods.1®
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Although these studies are informative, the applicability of the findings to a biobank,9
primarily composed of human pancreas samples from deceased organ donors, is unknown.
Most of the available research is based on samples obtained from surgical biopsy,6:12.18
autopsy donations,%-11:13.15.16 or the placental®17; very few studies include the use of
pancreata from human organ donations.27 This is important because the logistics and timing
of organ or tissue recovery are very different depending on the source of the samples.
Moreover, many studies used only tumor®8 or diseased!1:12:16 tissue, did not access RNA
quality in a comparable manner,”10:15 nor were measures of outcome statistically
quantified.26.7.10 The importance of these previously established, and newly proposed,
variables in maximizing human pancreas RNA quality have not been evaluated alone or in
combination with one another. Therefore, this study was performed to identify predictors
that increase the odds of obtaining high quality human pancreatic RNA in samples made
available through the Network for Pancreatic Organ Donors with Diabetes (nPOD)
program.20:21 This initiative has been in operation for over 9 years and includes a biobank
composed mainly of pancreatic tissue obtained from deceased whole-organ donors in the
United States recovered under stringent standard operating procedures.1?

MATERIALS AND METHODS

Human Pancreatic Donors

Following acquisition of informed research consent from next of kin, from October 16, 2006
to October 24, 2014, 297 human pancreata were obtained from deceased donors in the
United States and centrally shipped to the nPOD program?! at the University of Florida for
processing, as previously described.19:2223 Excluded from consideration were 22 autopsy
cases and 12 organ donors with insufficient samples. Of the remaining 263 organ donors,
pancreatic samples were available and stored for RNA extraction as fresh frozen blocks
embedded in OCT media (Sakura Finetek, Torrance, Calif.) or minced tissue preserved in
liquid nitrogen with RNAse inhibitor (RNA/ater, Ambion, Foster City, Calif.). RNA
extraction and quality quantification was successfully performed from 236 donors (n=242
samples). All experiments were conducted under the approval of the University of Florida
Institutional Review Board.

Total RNA Extraction

Approximately 25 mg of tissue from each sample was disrupted and homogenized using
VWR® disposable pellet mixer. Total pancreatic RNA extraction was performed, as per
manufacturer’s instructions, using the RNeasy Plus Mini Kit (Qiagen, Germantown, Md.)
and included residual genomic DNA removal using gDNA eliminator columns. Following
extraction, RNA was eluted in RNAse/DNAse-free water. Purity and concentration of
extracted RNA were assessed using Epoch Microplate Spectrophotometer (BioTek,
Winooski, Vt.). Tissue RNA extraction was performed at the University of Florida, and done
in the same manner for both vials and blocks.

Laser-capture was conducted on OCT slides from 37 of the same 45 blocks used for total
pancreatic RNA extraction. Slides were fixed in cold 100% methanol for 1 min, then
dehydrated with a graded ethanol series (75%, 95%, and 100%) for 1 minute each, followed
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by Xylene for 5 minutes, then left to air-dry for 10 minutes. Laser-capture microscopy was
conducted on an Arcturus Pixcell 1l Laser-Capture Microdissection (LCM) system (Arcturus
Bioscience, Mountain View, Calif.). Methods described by Marselli et al. were used to take
advantage of the natural auto-fluorescence of human islets to identify and capture only the
islet tissue from these pancreatic sections.2* RNA was extracted from each LCM sample
using the Arcturus PicoPure RNA Isolation Kit, per manufacturer’s protocol (Applied
Biosystems, Grand Island, N.Y.). Islet RNA extraction was performed at the University of
Tennessee.

Determination of RNA Integrity Number (RIN)

RNA integrity, expressed as RIN, was uniformly determined using a Bioanalyzer 2100
(Agilent Technologies, Santa Clara, Calif.). Briefly, 1ul of each RNA sample was
electrophoretically separated on a microfluidic RNA 6000 Nano chip according to the
manufacturer’s protocol. RIN was calculated by the 2100 Bioanalyzer Expert software
(version: B.02.08.S1 648 [SR2]) using an algorithm based on a quantification estimate, that
includes the ratio of present ribosomal RNA fragments (28S and18S), height of the 28S
peak, fast area ratio (the fraction of the area in the fast region compared to the total area
under the curve), and marker height, as previously described.!

Study Outcome

Datasets

The primary outcome variable is RIN, originally designed to assess RNA quality on a scale
of 1-10, where 1 represents complete degradation and 10 perfectly intact.! To help define
‘low” and ‘high” RIN values, samples were grouped into tertiles as follows: first tertile (1.9—
4.5 RIN; n=78 samples), second tertile (4.6-6.3 RIN; n=88 samples), and third tertile (6.4—
8.7 RIN; n=76 samples). Samples in the second tertile were excluded from further analysis,
consistent with studies that show RIN values within this range represent partially degraded
RNA.25.26 As such, the analysis focused on factors that associated with high RIN values.
Based on this approach, RNA was considered low-quality if RIN <4.5 (n=75 samples) and
high-quality if RIN >6.5 (n=68 samples). A reduction in number from 78 to 75 and 69 to 68,
in the low and high-quality groups, respectively, was due to the exclusion of donors sampled
more than once; All other samples represented 1 donor each. A total of 143 pancreatic
samples were analyzed to determine factors that may increase the odds of obtaining high-
quality RNA.

This study used data provided by the nPOD program and the Organ Procurement and
Transplantation Network (OPTN). The OPTN data system includes data on all donor, wait-
listed candidates, and transplant recipients in the US, submitted by the members of the
OPTN. The Health Resources and Services Administration (HRSA), U.S. Department of
Health and Human Services provides oversight to the activities of the OPTN contractor. All
analyzed data can be accessed online, at https://npoddatashare.coh.org, to those with verified
login credentials.
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Statistical Analysis

Percentages are reported for all categorical variables. For continuous variables, the measure
of central tendency was described using either the mean + 1 standard deviation (SD) or
median plus range (min, max), based on the distribution of values and evaluation of
skewness and kurtosis.

Univariate logistic regression (ULR) model testing was used for all variables considered for
analysis. Chi-square p-values, the corresponding odds ratio (OR) and the 95% confidence
interval (95% CI) are reported for all categorical variables. In the case of continuous
variables, the OR and 95% ClI are defined based on units indicated in the parenthesis for
each factor examined, unless otherwise noted. The profile likelihood method was used to
generate the reported statistical measures.

Multivariable logistic regression (MLR) was used to test for the simultaneous effects of
multiple predictors. Candidate variables included all those from the ULR analysis with
p<0.20. To identify collinear terms in candidate models, a matrix of pairwise correlations
was generated for all continuous variables, defined as any two factors with p<0.05 and
Pearson's correlation coefficient (r) =0.80. Multicollinearity for continuous variables was
defined when the variance inflation factor (VIF) was abnormally larger than 1, as previously
described.2” Multiclass categorical variables were independently screened for relationships
using either a chi-square, fisher’s exact, or the freeman-halton extension of the fisher’s exact
test. Association between categorical variables was defined as any two factors with p<0.05
and a Cramer’s V value of >0.30 (for nominal versus nominal or multi-class nominal versus
ordinal data) or a Kendall’s Tau —b (for a x a tables) or -c (for a x b tables) value of <—0.30
or >0.30 (for ordinal versus ordinal data or dichotomous nominal versus ordinal). Interaction
terms were generated using a priori hypotheses for greater-than-additive effects on the
dependent variable. The MLR model was constructed using a 10-fold cross-validation
approach. Model performance was evaluated via 1) the area under the receiver operator
characteristic curve (AUROC),28 and 2) the Hosmer-Lemeshow goodness of fit test29:30
using the penalized likelihood method of Firth3! to reduce bias in maximum likelihood
parameter estimates where sample size is limited. An AUROC=0.5 is considered as having
no discriminatory power, 0.70<AUROC<0.8 as acceptable, 0.8<AUROC<0.9 as excellent,
and AUROC=0.9 as outstanding, as previously defined.3% A Hosmer-Lemeshow p-
value>0.05 indicates a good model fit. A previously developed SAS macro was adopted for
implementation of the 10-fold cross-validation approach.32 All reported p-values are 2-
sided, and considered significant if <0.05. All statistical analysis was performed using SAS
software version 9.4 TS Level 1M1 (SAS Institute, Cary, N.C.).

Samples from 143 organ donors (Supplemental Digital Content, Table S1) were used in this
study to help determine predictors that increase the odds of obtaining high quality total RNA
from the pancreas.
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Univariate Analysis

Only one donor variable had a significant correlation with high quality RNA (Table 1).
Overall, cause of death was determined to be an important factor (p=0.03); relative to those
succumbing to anoxia, samples from individuals with head trauma were less likely to result
in high-quality RNA (OR=0.35, p=0.01).

Time also played a key role in obtaining RNA of high quality (Table 2). The length of the
final hospitalization stay was an important factor (p=0.01); relative to those dying < 3 days
after being admitted, samples from donors who stayed in the hospital > 6 days were more
likely to yield high-quality RNA (OR=3.95, p<0.01). Tissue storage time was also found to
influence RNA quality outcome. For every year spent in storage prior to RNA extraction,
there was a decrease in the odds of obtaining high-quality RNA (OR=0.65, p<0.01).

Once samples were processed for biobank storage in the laboratory, factors related to the
type of sample and preservation procedures used were found to influence RNA quality
outcome (Table 3). Overall, pancreas region was shown to be an important variable
(p<0.01); in particular, relative to the head, samples taken from either the body (OR=0.11,
p<0.01) or the tail (OR=0.20, p<0.01) had deceased odds of obtaining high-quality RNA.
Samples from tissue blocks resulted in deceased odds of obtaining high-quality RNA
(OR=0.32, p<0.01), relative to minced tissue stored in vials. The order of sample
preservation was shown to be critical; the preparation of vials (containing RNA Later)
followed by tissue blocks (preserved in OCT or formalin-fixed paraffin embedded media)
was more likely to result in high-quality RNA (OR=8.48, p<0.01) versus when performed in
the opposite order.

Overall RNA quality was also found to be higher in LCM islet samples versus total
pancreatic tissue taken from the same donor (Figure 1). There was a statistically significant
increase in mean RIN values when using islet (5.7£1.2) versus total (4.4 £2.1) RNA
obtained from the same donor (1.3, 95%CL 0.6 to 2.0, p<0.01; two-tailed paired t-test).

Multivariable Analysis

To determine if a multifactorial influence on RNA quality was present, all variables from
tables 1-3 with p<0.20 were considered as candidate factors in an MLR model. Two
exceptions were made: 1) warm ischemia time was excluded due to small sample size, and
2) pancreas transport time was considered further because organ transit time was found to be
significant in a previous study.®

A total of 10 variables were identified as candidate factors and screened for collinearity,
multicollinearity, and interactions. Relationships existed between region of pancreas
sampled and sample type (p<0.01, Cramer’s V=0.72), region of pancreas sampled and lipase
(p<0.01, Cramer’s VV=0.32), region of pancreas sampled and order of sample collection
(p<0.01, Cramer’s V=0.44), lipase and sample type (p<0.01, tau-b=-0.38), and sample type
and order of sample collection (p<0.01, tau-b=0.47). Region of pancreas sampled and
sample type were thus, dropped from consideration as candidate variables in the MLR
model. No other collinear or multicollinear terms were identified. Interactions were
identified and judiciously chosen, based, when available, on evidence from the literature;
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terms included tissue storage time by sample collection procedures and downtime by length
of hospitalization stay. A total of 8 variables and 2 interaction terms were considered for
MLR model building.

An MLR model was created using a 10-fold cross validation approach (Table 4). There were
85 samples with complete data for all candidate variables used in the MLR model, a
reduction from 143 used in the ULR testing. Interactions terms were initially included,
found not to be significant (p>0.10), and removed before running the final model. The
AUROC for the model was found to be 0.78 (+0.15) and the Hosmer-Lemeshow p-value
0.91, indicating acceptable discrimination and good calibration (i.e. fit), respectively. A total
of 3 factors were found to affect the odds of obtaining high-quality RNA (Table 4). Similar
to the univariate analysis, cause of death altered the odds of obtaining RNA with high RIN
values; donors succumbing to head trauma (OR=0.18, p=0.02) decreased the odds of
obtaining high-quality RNA, when compared to the anoxic group. Samples from donors with
elevated or critical levels of lipase decreased the odds of obtaining high-quality RNA
(OR=0.22, p=0.05). Finally, the order and method of tissue preservation affected the odds of
obtaining high-quality RNA; compared to tissue block (15 vial (2"%) preparation, when
vials were prepared prior to blocks, the odds of obtaining high-quality RNA in both sample
types increased (OR=4.70, p=0.02).

DISCUSSION

The objective of this study was to investigate the influence of established and novel factors
in obtaining high-quality RNA, dichotomized as either high or low RIN values, from
donated human pancreata of deceased organ donors in the United States. \We developed a
multivariable model, based on univariate screening of predictors, that exhibits acceptable
discrimination of RNA quality between samples and was shown to be a good fit. The data
demonstrate that there are conditions and procedures that contribute to the degradation of
RNA prior to extraction, but before or during tissue processing.

This is the first study to show that samples from pancreas donors succumbing to head
trauma were less likely to lead to high quality RNA versus those dying from anoxia.
Although, to our knowledge, this relationship has never been evaluated, a limited number of
studies have examined the influence of organ donor cause of death on other outcomes.33:34
Kaddis et al. found that pancreata from donors who died of head trauma were less likely to
lead to successful human islet isolation when compared to the cerebrovascular/stroke group,
and although those in the anoxic group did better when compared to the same reference
group, the relationship was not found to be statistically significant.34 Beyond the pancreas,
Singhal et al. showed that lung and heart transplant recipients had lower incidence of
rejection when the donor died of anoxia versus head trauma, and that anoxia was a
significant donor predictor of lung recipient outcomes in a multivariable model.33 Sustained
stability of the organ donor over time may be required to preserve organ function; marked
pathophysiological changes, that affect multiple organs, can take place both before and after
donor brain death.3% We found that donors dying from anoxia stayed in the hospital longer
than those suffering from head trauma (data not shown), and that the odds of obtaining high
quality RNA increased, univariately, when using donors who remained in the hospital for
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longer periods of time. There was a statistically significant association between cause of
death and length of hospitalization stay; however, it did not meet our pre-defined criteria for
collinearity and was thus not reported. It may also be that donors dying from head trauma
suffer terminal brain injuries that compromise the vasomotor system, thus leading to
potentially poor blood circulation and, in turn, an inability to provide oxygen and nutrients
to organs and tissues. For example, Belzberg et al. evaluated the hemodynamic patterns of
head trauma patients who eventually were declared brain dead and found that measures of
heart performance and tissue perfusion values to be low during the pre-brain death period36;
others have reported similar findings.37 It is unknown if and how the hemodynamic status of
cerebrovascular/stroke donors differs from those dying from head trauma; however, this
cause of death was not found to be a statistically significant factor in our study.

The multivariable analysis also identified the importance of pancreatic lipase levels. Critical
levels of lipase, as how was defined in this study, are indicative of pancreatic inflammation
in the acute form, but can also be representative of other conditions.3® Repeated episodes of
inflammation can lead to scar tissue formation, atrophy of the pancreas, and loss of organ
function, as can be seen in chronic pancreatitis.3° Thus, the detrimental effects of elevated
lipase levels on RNA quality seen here may be suggestive of disease or damage to the
pancreas before the time of death.

The only modifiable factor found in this study, under the complete control of a biobank, and
statistically significant in both forms of the analysis, is the order in which samples are
preserved. Using a previously described method for processing of human pancreata, 3 i.e.
our “new” protocol, tissue vials were prepared prior to blocks. The process of pancreatic
tissue block preparation is time consuming, requiring slicing of the pancreas, from head to
tail, into blocks that must be frozen, embedded (alternating between OCT and formalin-fixed
paraffin-embedded), and then stored. In contrast, vial preparation occurs rapidly, whereby
minced tissue pieces are simply placed into cryovials with or without RNA Later, allowed to
sit at room temperature for a brief period of time (in vials with RNALater), and rapidly
frozen. RNA quality from tissue sitting at room temperature, following a prolonged period
of cold storage, has not been examined in detail; however, degradation generally occurs as a
function of time to tissue preservation,213 although these studies did not account for tissue
storage time in the analysis. Nonetheless, by collecting vials first, the time to vial
preservation was reduced significantly, with only a negligible increase in the time to block
preservation. Unfortunately, the timing of vial and block preparation was not routinely
recorded, and thus not analyzable in this study.

Although found to be relevant elsewhere, this study was not able to establish a relationship
to outcome of warm ischemia time, pancreas transport time, or C-peptide. The warm
ischemia time reported in this study was minimal, and similar to that described by
Markmann and colleagues, who found that successful human islet transplantation was
possible from such pancreas donors.%9 However, prolonged warm ischemia time, not seen
here, can result in functionally damaged organs due to the accumulation of metabolites,
inadequate oxygenation, and depletion of energy stores.#143 Next, the GTEx Consortium
reported a drop in RNA quality with longer ischemia times, a finding that contradicts
previous reports’8 and this study. The major difference between that study and ours is the
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use of a cold preservation solution to slow down the organ degradation process and hence
provide adequate time for transport without compromising the quality of the pancreas.
Moreover, GTEX collects the mid-portion of the pancreas; however, samples for this study
were obtained from a biobank that recovers the entire pancreas, often times with the spleen,
duodenum, and adipose tissue attached. This, too, may play a role in preserving tissue
quality. Finally, although C-peptide is a clinical marker of beta cell function, it was not
found to be predictive of pancreatic RNA quality.

There were challenges and limitations in this study. All of the data in Table 1, excluding
cause of death and C-peptide, were aggregated from individual laboratories across the
United States, each with potentially different normal cut-off values. To address this,
previously published general reference value ranges were used for pediatric and adult
populations.#44° Second, due to the rare and limited number of samples in the biobank,
several variables and interactions were not forced into the multivariable model despite their
clinical relevance; the factors and terms included amylase,*® creatinine,#” hematocrit,48:49
lipase by amylase, 305! lipase or amylase by creatinine, and lipase or amylase by hematocrit.
Additionally, due to collinearity issues, sample type and region of pancreas sampled were
excluded from the multivariable modeling, despite statistical significance, but cannot be
overlooked. For example, studies from Taurianinen” and Rudloff8, that examined sample
type, found no differences in RNA quality of samples stored for long periods of time in a
single tissue storage media; however, when directly comparing RNA /aterto OCT, this
investigation found that the odds of obtaining high-quality RNA was greater in vials versus
blocks, respectively. Likewise, data from Wang®? and Rahier® suggest regional differences
in islet and beta cell volume density distributions across the human pancreas, respectively; if
and how this might contribute to RNA quality outcomes, as seen in this study, is an
intriguing, yet unexplored area of research. Third, besides the order of sample preservation,
another major difference between the collection procedures is that the new protocol
routinely involved the use of 3 staff members, versus 1-2 individuals in the old. However,
the names and roles of staff members that participated in processing each case, as well as
time spent, was not consistently recorded and could not be analyzed, but may have also
played a role in preserving RNA quality. Finally, additional studies will need to be
performed to determine if the improvements seen in RIN values with the use of LCM-
obtained islet vs. total RNA extracts are attributable to sample preparation methods, cell-
type specific differences, or other factors.

In conclusion, this study demonstrates that using pancreata from cadaveric organ donors
dying of anoxia with normal lipase levels increase the odds of obtaining high quality RNA.
Using an optimized tissue collection and processing protocol is not only a key factor in
determining RNA quality outcomes, but also important in facilitating the comparison of data
across multiple laboratories.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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% Difference (Islet-Total RIN)

Figure 1. Comparison of RIN Values from Islet and Total RNA using the Same Donor Pancreas
RIN values from total RNA (both low and high quality) were compared to those from LCM

islets obtained from the same pancreas (n=37 donors). In 9 cases (blue), RIN from total
RNA was found to be a median of 16.7 absolute percentage points higher (4.3 min, 55.6
max) than that of islet RNA. In 28 cases (red), RIN from islet RNA was found to be 55.3
percentage points higher (6.9, 122.4) than that of total RNA.
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