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Purrose. To evaluate whether extending the postmortem interval (PMD) from 12 to
18 hours affects transcript and protein abundances in the human retina.

MerHoDs. Donor eyes were recovered from postmortem donors (z = 7 pairs) and stored
at 2°C-8°C. Only donor eyes with ocular cooling within eight hours of death were exam-
ined. The OD retina was preserved at 12 hours and the OS retina at 18 hours post-
mortem. Retinas were flash frozen with liquid nitrogen. The macular region superior
to the fovea was used for RNA sequencing (RNA-seq), whereas the inferior region was
processed for tandem mass tag (TMT) quantitative proteomics. RNA library preparations
were performed simultaneously, and the sequencing of all samples were conducted on
the same chip. Proteins were isolated and labeled with 16-plex TMTPro isobaric tags, and
all samples were analyzed in a 20-fraction TMT-mass spectrometry experiment. RNA-seq
data were processed using DESeq2 (Bioconductor) and proteomic data were analyzed
using the previously published PAW pipeline.

Resucrs. RNA-seq identified 22,446 transcripts, with only five transcripts showing signif-
icant differential expression (adjusted P < 0.1 and a Log2FoldChange > 1) between 12
and 18 hours. No enriched pathways were associated with these changes. Proteomic anal-
ysis identified 6,109 proteins, with no significant differences in abundance (all adjusted
P > 0.05). Retinal cell-type specific markers and markers relevant for disease research,
such as age-related macular degeneration and glaucoma, remained stable across both
time points.

Concrusions. Extending the PMI cutoff from 12 to 18 hours did not significantly impact
transcriptomic or proteomic integrity in human donor retinas. This PMI extension greatly
increases the availability of donor eyes for biomedical research.

Keywords: postmortem interval, retina transcriptome, retina proteome, retina, eye
banking

nlike other human tissues that can be procured for
biomedical research via surgical biopsy, the retina must
be obtained postmortem, necessitating collaboration with
eye banks or other tissue procurement agencies. Researchers
studying retinal diseases are increasingly requesting human
donor retina with short postmortem intervals (PMI), typi-
cally defined as the time between the donor’s death and final
tissue preservation, often within 12 hours of donor death.
Although eye banks actively support ocular research, legal
and logistical constraints, such as transporting tissues back
to the laboratory for preservation, can result in PMIs extend-
ing beyond the preferred time frame.!
Many researchers set current PMI restrictions based on
studies in animal models demonstrating increased RNA and
protein degradation with longer PMIs. However, these find-
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ings are inconsistent and vary depending on species, tissue
handling, and storage conditions.>® For example, a study
on mice and baboon retinas found increased RNA degra-
dation with longer PMIs, but the enucleated eyes were
stored at room temperature for the duration of the exper-
iment.? In contrast, porcine eyes stored under refrigeration
in humidified chambers, consistent with eye banking proto-
cols, resulted in retinal RNA that were stable for up to 48
hours postmortem.>1?

There are substantial structural and cellular differences
between the human retina and those of commonly used
animal models that complicate direct comparisons. These
differences include the differences of the fovea centralis,'!"1?
the lack of a true macula in mice,'>!'% and species-specific
variations in the abundance and distribution of photore-
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Ficure 1. Methods and analysis techniques. Donor whole eyes or poles were recovered from postmortem donors (1 = 7 pairs) and stored at
2°C-8°C. Tissues were dissected, and two 8.0 mm diameter retina punches were taken, the OD retina punches were frozen at 12 hours, and
the OS retina punches were frozen at 18 hours postmortem. The punch above the fovea was designated for RNA sequencing (transcriptome)
analysis and the punch below the fovea was designated for tandem mass tag (TMT)-mass spectrometry (proteome) analysis. Analogous
techniques were used for transcriptome and proteome analysis: RNA sequencing of all donor samples was conducted on the same chip
using specific barcode tags for each respective donor, and mass analysis of all donor protein samples was analyzed in a single TMT-
mass spectrometry experiment using specific TMTPro isobaric tags for each respective donor. RNA-seq data were processed using DESeq2
(Bioconductor) and proteomic data were analyzed using the PAW pipeline.?’

ceptors and other retinal cell types, even among nonhu-
man primates.’>~'7 Consequently, the applicability of animal
model data to human retinal tissue is limited, and the opti-
mal PMI range for human retina remains uncertain.

Our literature review identified a lack of systematic stud-
ies on human retinal tissue stability under eye bank condi-
tions. To address this gap, we examined the transcript and
protein abundance in the human retina at 12 and 18 hours
postmortem. The 12-hour PMI represents a compromise
between the scientific preference for minimal degradation
and the practical realities of tissue donation. Our findings
suggest that extending the upper limit of PMI from 12 to
18 hours could increase donor tissue availability by approxi-
mately 92%, based on data presented in our previous report.!

METHODS
Donor Characteristics

Donor eye tissues were recovered with legal authorization
for donation by the legal next of kin in accordance with
the Uniform Anatomical Gift Act. Eyes were placed in moist
chambers (jars containing cotton soaked with sterile-BSS)
and kept at 2°C-8°C until retina preservation took place at
12 or 18 hours postmortem.

Tissue Preservation

Tissue dissections were performed under a microscope at
VisionGift (Portland, OR, USA). For recovered whole eyes,
the cornea was excised according to our eye bank’s stan-

dard operating procedures. For recovery of posterior parts,
aseptic excision of the cornea was performed in field, and
the posterior parts containing the iris and all eye tissues
posterior to it, were also placed into moist chambers for
storage and transport. To isolate the retina, the iris and
lens were removed, and the remaining retina, choroid, and
scleral complex was cut at 3-, 6-, 9-, and 12-o’clock posi-
tions. The vitreous was carefully dissected away from the
retina.

Preservation of retina tissues for downstream analysis is
outlined in Figure 1. Two 8-mm punches were taken from
the retina, one above the fovea (used for RNA-seq analy-
sis) and one below the fovea (used for proteomics analysis).
Retina samples for the oculus dexter (OD) eye were flash
frozen with liquid nitrogen at 12 hours postmortem, and this
process was repeated for the oculus sinister (OS) eye at 18
hours postmortem. All retina samples were stored at —80°C
until they were processed for RNA-seq or tandem mass tag
(TMT)-mass spectrometry.

RNA Extraction and Sequencing

RNA was extracted from each retina sample using the Zymo
Direct-Zol RNA kit (cat no.: R2053; Zymo Research, Irvine,
CA, USA) as per the manufacturer’s instructions. Specifically,
cell samples were lysed in TRI Reagent and incubated for
one hour at room temperature, followed by centrifugation
to remove debris. After ethanol addition, RNA was bound
to Zymo-Spin IICR columns (Zymo Research), washed with
RNA Wash Buffer, and eluted with DNase/RNase-Free Water.
RNA samples were analyzed using an Agilent 5200 Frag-
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TasLe 1. Donor and Tissue Characteristics
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RIN
Donor Donor ID Age DtoC DtoR Tissue Recovered Cause of Death Ethnicity 12-Hour 18-Hour
D1 24-0686 80 1:07 8:26 Whole eyes Septic shock C 6.2 6.4
D2 24-0722 80 2:23 3:24 Whole eyes Respiratory failure C 6.3 5.9
D3 24-1108 77 1:58 4:03 Whole eyes Pancreatic cancer C 4.8 5.0
D4 24-1259 64 2:11 5:06 Whole eyes Respiratory failure C 6.3 6.8
D5 24-1287 77 2:22 5:24 Whole eyes Dementia C 6.1 4.4
D6 24-1408 47 2:36 3:43 Posterior Poles Anoxic brain injury C 6.7 4.4
D7 24-1432 75 6:20 11:10 Posterior Poles Respiratory failure C 5.3 5.8
Avg £SD 71 £11 2:42 + 1:32 5:53 £ 2:39

C, Caucasian; DtoC, death-to-cooling; DtoR, death-to-recovery; RIN, RNA integrity number.
DtoC is time between donor death and initiation of cooling of the eyes with wet ice or cooling of the whole body. DtoR is the time
between donor death to eye tissue recovery. After recovery, the whole eyes or poles are kept in a moist chamber at 2°C-8°C until retina

preservation. Eyes from seven donors were procured for this work.

ment Analyzer (Agilent Technologies, Winooski, VT, USA)
and reported in Table 1 for all samples.

Library Preparation and Sequencing

Total RNA samples were subjected to library preparation
using the Watchmaker RNA Kit with Polaris Depletion (cat
no.: 7BK0002; Watchmaker Genomics, Boulder, CO, USA)
as per the manufacturer’s instructions to remove ribosomal
RNA. The Polaris Depletion reactions were performed at full
scale, and the library preparation reactions were performed
at half scale. RNA fragmentation, first-strand cDNA synthesis,
second-strand synthesis, A-tailing, and adapter ligation were
performed following the Kkit’s instructions. The libraries were
amplified, and a post-ligation cleanup was applied using
SPRI beads (Beckman Coulter, Inc, Southfield, MI, USA). The
final libraries were sequenced on the Illumina NovaSeq6000
S1 300 (Illumina, San Diego, CA, USA) Cycle in 2 x 150 bp
fashion, producing between 46.8 and 80.5 million reads per
sample.

Quality Validation, Trimming, and Read Alignment

Quality of sequence reads was evaluated using FastQC
to assess the overall quality and sequence composition.
Cutadapt was used to separate reads with adapters from the
reads without adapters. The reads with no adapter contam-
ination were further processed using Trimmomatic to vali-
date read pairs and to remove low-quality reads, based on
predefined thresholds of LEADING:30, TRAILING:30, and
MINLEN:101. Quality of trimmed reads was re-validated
using FastQC. Final libraries contained between 25.9 and
33.7 million reads per sample.

The cleaned reads were aligned to the human GRCh38
(GENCODE v32/Ensembl 98) reference genome using the
splice-aware aligner STAR. The STAR alignment was carried
out with default settings, and the resulting BAM files were
processed using HTSeq-count to quantify transcript counts
and generate count tables from the aligned reads for each
sample.

Data Transformation and Downstream Analysis

The HTSeq-count tables were imported into R for differ-
ential expression analysis using DESeq2.!® First, a DESeq
DataSet object was created from the count tables, specify-
ing the experimental design and conditions. The dataset was

filtered to retain genes with counts greater than one across
all samples to reduce the size of the dataset.

Variance stabilizing transformations and rLog transfor-
mations were performed to normalize the data and stabi-
lize the variance across samples. Both transformations were
visualized through various plots to assess the relation-
ships between the samples. Principal component analy-
sis (PCA) was conducted to explore the variance between
the samples, with the transformed data (variance stabiliz-
ing transformations and rLog) used to generate the PCA
plots.

For differential expression analysis, DESeq2 was used
to estimate size factors and perform the differential anal-
ysis using a Log,Fold Change (Log,FC) threshold. Differ-
entially expressed transcripts were identified as those
having an adjusted P-value (P-adj) < 0.1 and Log,FC >
1. The results were further analyzed and visualized using
ggplot2, including MA plots, heatmaps, and gene cluster-
ing to highlight the differentially expressed genes across the
samples.

Meta-Analysis of Six- and 12-Hour Postmortem
Samples

Bulk RNA-seq data previously reported for retinal samples
with a six-hour PMI'® were compared with our 12-hour PMI
samples. Raw sequencing data were downloaded from the
Gene Expression Omnibus (accession number GSE169046)
and processed using the same analysis pipeline described
above.

Protein Homogenization and Extraction

Frozen retina samples were suspended in 500 pL of 5%
SDS, 50mM TEAB, then subject to bead beating for six
20-second cycles in a Precellys Evolution bead beater
(Bertin Instruments, Montigny-le-Bretonneux, France) at
4°C. Samples were spun in a centrifuge at 8000g for five
minutes at 4°C. The bead beating and centrifugation proce-
dure was repeated once. Samples were heated to 90°C for
10 minutes in an Eppendorf Thermomixer C (Eppendorf,
Hamburg, Germany), then spun in a centrifuge at 8000g
for five minutes at 4°C. Samples were subject to ultra-
sonication for 40 minutes using a Covaris Evolution E220
ultrasonicator (Covaris, Woburn, MA, USA), then spun in
a centrifuge for five minutes at 16,000g, and then stored
at —80°C.
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TaBLe 2. RNA-Seq Normalized Counts and TMT Mass Spectrometry Normalized Intensity of Common Retinal Markers and Housekeeping Genes

Transcriptomics Proteomics
Normalized RNA Normalized Spectral
Seq Counts Intensity
Gene 12-Hour 18-Hour Adj. Protein 12-Hour 18-Hour Adj.
Cell Type Gene Name Symbol Average Average Log2FC  P-Value Symbol Average Average Log2FC P-Value
Photoreceptor Recoverin RCVRN 23.47 26.16 <0.0001 0.94 RECO 26,845,128 25,915,900 —0.051  0.999
Phosducin PDC 22.90 23.65 <0.0001 0.99 PHOS 17,954,290 16,698,544 —0.093  0.999
Rhodopsin RHO 28.74 32.36 <0.0001 0.90 OPSD 40,905,978 44,700,155 0.128  0.999
Horizontal cells Calbindin CALB1 18.79 17.97 <0.0001 0.97 CALB1 3,259,793 3,079,026 —0.082  0.999
Bipolar cells Visual system homeobox 2 vsx2 2.90 1.25 <0.0001 0.47 VSX2 853,279 857,891 0.015 0.999
Transient receptor potential TRPM1 1.10 2.01 <0.0001 0.83 TRPM1 99,772 100,218 0.003 0.999
cation channel subfamily M
member 1
Amacrine cells Paired box 6 PAX6 100.03 97.82 <0.0001 0.97 PAX6 49,291 55,337 0.167 0.999
RGCs RNA-binding protein with RBPMS 147.24 150.00 <0.0001 0.97 RBPMS 76,753 77,979 0.023  0.999
multiple splicing
Calretinin CALB2 0.76 0.13 <0.0001 0.75 CALB2 4,271,049 4,039,635 —0.080 0.999
Miiller glia Retinaldehyde-binding protein 1 RLBP1 1.75 1.38 <0.0001 0.96 RLBP1 40,172,107 36,810,717  —0.126  0.999
Prospero-related homeobox 1 PROX1 77.56 63.54 <0.0001 0.76 PROX1 52,058 51,384 —0.019 0.999
Housekeeping genes Glyceraldehyde-3-phosphate GAPDH 5.58 5.71 <0.0001 0.99 G3pP 349,443,239 345,398,742 —0.017  0.999
(non-specific cells) dehydrogenase
Peptidyl-prolyl cis-trans PPIB 1.08 0.29 <0.0001 0.36 PPIB 3,620,352 3,621,736 0.001  0.999
isomerase B
Actin, cytoplasmic 1 ACTB 3.61 3.05 <0.0001 0.96 ACTB 22,756,920 23,027,917 0.017  0.999
Tubulin beta chain TUBB 0.38 0.0 <0.0001 0.95 TBB5 10,019,609 10,449,367 0.061  0.999

Gene names and corresponding gene symbols are shown with the average measurements for the 12- and 18-hour groups from the RNA-seq and mass spectrometry experiments. Log2
fold change (Log2FC) and associated adjusted P-values are also shown.
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TaBLe 3. RNA-Seq Normalized Counts and TMT Mass Spectrometry Normalized Intensity of Common Apoptosis Markers and Cellular Repair Genes

Proteomics

Transcriptomics

Normalized
Spectral Intensity

Normalized RNA

Seq Counts

Adj.

Log2FC P-Value

18-Hour

Protein 12-Hour
P-Value Symbol

Adj.

12-Hour 18-Hour

Average Average

Gene

Average

Average

Log2FC

Symbol

Marker Name

Marker Type

0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999

—0.072

265,248
10,549,958

278,467
10,208,695

CASP3
ATFM1

0.37
0.74
0.96
0.88

0.

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

3.44
0.56
0.42
2.40
2.71
0.97
0.29
1.93

83.27

1.74
1.08

CASP3
AIFM1

Caspase 3

Apoptosis markers

0.047
—0.044

Apoptosis inducing factor

63,482
34,950
177,544

2,382,199
12,430,503

65,451

34,515

172,824
2,311,184
12,807,298
1,473,969
9,360,729
3,538,208

CRADD

16

0.
3.13

CRADD
TP53BP2

Death domain-containing protein CRADD
Apoptosis-stimulating of p53 protein 2

Serine protease HTRA1

Cytochrome ¢
Cellular repair markers Poly [ADP-ribose] polymerase

0.018

ASPP2
HTRA1
CYC
PARP1
RPB1

0.039
0.044
—0.043
—0.009

03

7.19
0.27

HTRA1
CYCS

0.49
0.20
0.31
0.49
0.97

2.13

PARP1
POLR2A

1,464,814
9,842,892

3.99
101.57

DNA-directed RNA polymerase II subunit RPB1

Superoxide dismutase [Mn]

0.072
—0.005

SODM
GPX4

SOD2
GPX4

3,526,659

1.47

1.71

Phospholipid hydroperoxide glutathione

peroxidase
DnaJ homolog subfamily B member 1 (HSP40)

Heat shock 70 kDa protein 1A

0.999
0.999

—0.057
—0.018

999,855
15,993,964

55.73  <0.0001 0.96 DNJB1 1,023,452
1.0 HS71A

59.64

DNAJB1

16,189,808

0.0

0

HSPA1A

Gene names and corresponding gene symbols are shown with the average measurements for the 12- and 18-hour groups from the RNA-seq and mass spectrometry experiments. Log2

fold change (Log2FC) and associated adjusted P-values are also shown.
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Protein Assay

Protein concentration was determined using a Pierce BCA
protein assay kit (Pierce, Appleton, WI, USA). Absorbance
measurements were taken with a BioTek Epoch Microplate
Spectrophotometer (Agilent BioTek, Santa Clara, CA, USA)
at 562 nm. Once concentration was determined, 50 ng of
protein was taken from each sample for S-trap digestion.

S-Trap Micro Digestion

Dithiothreitol was added to each sample to achieve a final
concentration of 22 mM, then samples were incubated for 10
minutes at 95°C. Iodoacetamide was added to each sample
to achieve a final concentration of 40 mM and samples incu-
bated at room temp in the dark for 30 minutes. Phosphoric
acid was added to each sample to achieve a final concentra-
tion of 1.2% phosphoric acid. Six times the sample volume
of S-Trap protein binding buffer (90% aqueous methanol
containing 100 mM TEAB, pH 7.5) was added to each
sample.

Small portions of each sample were added to individ-
uval S-Trap micro columns and columns were spun in a
centrifuge for three minutes at 4000g. This process was
repeated until all sample volumes eluted from the column.
Captured protein was washed six times by adding 150 pL of
S-Trap protein binding buffer and spinning in a centrifuge
at 4000g for three minutes. The digestion buffer (80 ng/L
trypsin in 50 mM TEAB) was added (1:16 enzyme/substrate
ratio) to the top of each column and incubated overnight at
37°C.

The peptide digests were eluted with 50 mM TEAB
followed by 0.2% aqueous formic acid. The elutions were
spun in a centrifuge at 4000g for four minutes. Hydropho-
bic peptides were eluted with 40 pL of 50% acetonitrile
containing 0.2% formic acid. Eluted peptides from individual
samples were pooled and dried down in a Thermo Savant
Speedvac (Thermo Fisher Scientific, Waltham, MA, USA) at
room temperature.

Peptide Assay

Samples were resuspended in 100 pL of HPLC grade water,
shaken at 37°C for 15 minutes, and spun in a centrifuge at
12,000g for five minutes. A Pierce Peptide Assay Kit was
used to determine the concentration of peptide digests.
Absorbance measurements were taken with a BioTek Epoch
Microplate Spectrophotometer at 480 nm. Peptide digest
aliquots of 15 pg from each sample was taken for TMTpro
(Thermo Fisher Scientific) 16-plex labeling.

TMT Labeling and Multiplexing

Dried samples were dissolved in 20 pL of 100 mM TEAB
(pH 8), shaken at 37°C for 10 minutes, and then spun
in a centrifuge for five minutes at 14,000g. A solution of
anhydrous acetonitrile and TMTpro labeling reagent was
vortexed and spun in a centrifuge for five minutes at
14,000g. Label (12 pL) was added to each sample, shaken
at room temperature at 850 rpm for one hour and spun in a
centrifuge for five minutes at 14,000g.

From each sample, 2 pL was pooled and 2 pL of 5%
hydroxylamine was added to create a TMT equal-volume-
per-sample mixture. This mixture was dried and then resus-
pended in 5% formic acid for mass spectrometry analysis
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using a 140-minute method. Multiplexing adjustment factors
were calculated to equalize the sum of reporter ion signals
per sample in the 35 pg final mixture, and volumes taken
from each labeled sample were determined by the equal-
intensity adjustment factors.

Hydroxylamine was added to the final pooled sample
mixture such that the concentration was 0.5%. The mixture
was dried, and 10.0 mM ammonium formate was added.
The mixture was fractionated by a Dionex NCS-3500RS
UltiMate RSLCnano UPLC (Thermo Fisher Scientific) into
20 fractions (online high pH 17% to 90% acetonitrile step
elutions). Eluted fractions were separated with 140-min low-
pH reverse phase chromatography and analyzed by an Orbi-
trap Eclipse Tribrid (Thermo Fisher Scientific) with survey
scans performed in the Orbitrap (resolution 120K), and
data-dependent MS2 scans in the linear ion trap using CID.
Reporter ion detection was performed in the Orbitrap using
MS3 scans (resolution 50K) after synchronous precursor
isolation in the linear ion trap, and HCD in the instrument’s
ion-routing multipole.

Proteomic Data Analysis

Raw mass spectrometry files were analyzed using the PAW
pipeline.?’ Comet (version 2016.3) searches were performed
against a UniProt canonical human FASTA database (one
protein per gene UP000005640 downloaded April 2024 with
20,598 protein sequences) with common contaminants and
sequence-reversed decoys added.?! Search parameters were
1.25 Da monoisotopic peptide mass tolerance, 1.0005 Da
monoisotopic fragment jon tolerance, semi tryptic cleavage
with up to three missed cleavages, variable oxidation of
methionine residues, static alkylation of cysteines, and static
modifications for TMTpro labels (at peptide N-termini and
lysine residues).

The target/decoy method was used to filter peptide spec-
trum matches to a 1% false discovery rate (FDR). Parsimo-
nious protein inference was used with a protein identifica-
tion requirement of at least two distinct peptides per protein.
Contaminants (keratins) were removed from the MS data.
TMT reporter ion intensities were summed from all scans
associated with unique peptides to produce total protein
intensity values. Protein intensity values were normalized
using the trimmed mean of M-values (TMM) normalization
method?? and statistical testing was done with the Biocon-
ductor package edgeR.?> Pairwise comparisons used the
exact test with Benjamini-Hochberg multiple testing correc-
tions.

RESULTS
Donor and Tissue Characteristics

Eight pairs of donor retinas were originally collected and
sent for sequencing and mass spectrometry. It was later
discovered that one donor (the only female in the group) had
active metastatic cancer at the time of death and had received
chemotherapy within three months before death. Because
chemotherapy could introduce retina-specific changes,*t
samples from this donor were excluded from our analysis to
minimize variation unrelated to PMI. Of the seven remaining
donors, five pairs of whole globes and two pairs of posterior
segments were recovered, all from male donors. The average
donor age was 71 £ 11 years (range 47 years to 80 years).
The average death to time of ocular cooling was 2:42 + 1:32
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(hh:mm; range 1:07-6:20), and average time of death to eye
recovery was 5:53 & 2:39 (range 3:24 to 11:10). Donor age,
death-to-cooling, death-to-recovery, the type of tissue recov-
ered, and the cause of death for each donor are presented
in Table 1.

Transcriptome Analysis

Average RNA integrity numbers for the 12-hour cohort were
5.9 (range 4.8 to 6.7) compared to the 18-hour cohort which
were 5.6 (range: 4.4 to 6.8). The RNA-seq analysis yielded
42,243 unique RNA transcripts that include coding, non-
coding, microRNAs, and novel transcripts (Supplementary
Table S1). Of the total transcripts, 22,446 transcripts were
annotated in the GRCh38 reference genome. In the pair-
wise comparison of all donors at 12-hour PMI, correlation
of transcript abundance was high across all samples (*
> 0.96, Fig. 2A). Comparison of transcript counts between
the 12- and 18-hour samples also showed high similarity
between the two cohorts (#? = 0.999, Fig. 2B; Tables 2, 3).

The transcriptomic PCA analysis based on the top 500
transcripts by variance shows clustering of samples based on
donors rather than on time of tissue preservation (Fig. 3A).
There is no distinct separation of the 12- and 18-hour
cohorts. The transcriptomic MA analysis shows 766 tran-
scripts with significant changes (P-adj < 0.1, Fig. 3B);
however, only five (two downregulated and three upregu-
lated) had a Log,FC >1 (Fig. 3C). There was no enrichment
of any specific pathways among those five genes. Subse-
quent proteomics analysis (below) confirm the lack of path-
way enrichment (Figs. 4, 5).

Approximately 40% of all transcripts in our RNA-seq
study had a basemean value of one or less, near the detec-
tion limit of the method, at the 12-hour PMI. Previous
studies have reported median half-lives of ~9 hours for
mammalian mRNAs and 5.1 hours for IncRNAs.?>-2° To inves-
tigate the potential changes before the 12-hour cutoff, we
performed a meta-analysis comparing a published dataset
of retina samples with a six-hour PMI with our 12-hour
samples.'® Principal component analysis showed clear sepa-
ration between the two cohorts (Fig. 6A) and identified
14,580 differentially expressed transcripts (Fig. 6B; Supple-
mentary Table S3). Of these, 5091 annotated transcripts
showed a significant decrease in abundance, whereas 1969
were more abundant at 12 hours compared with six hours
postmortem.

The PANTHER overrepresentation test (Version 19.0,
released 2024-08-07)?7% performed on all annotated genes
that were significantly reduced at 12 hours revealed signif-
icant enrichment for pathways related to light stimu-
lus response and retinal homeostasis (~2.5-fold, FDR <
0.05). Consistent with this PANTHER analysis, photoreceptor
markers RCVRN, RHO, PDC, and ARR3® and the ganglion
cell marker RBPMS*® were significantly less abundant at 12
hours postmortem, whereas markers for horizontal cells,
bipolar cells, amacrine cells, and Miiller glia remained stable
(Fig. 6C). Thus changes in retinal cell-identity markers
appear to be selective, suggesting differential changes in reti-
nal cell types during this postmortem interval.

Overrepresentation test of genes that were more abun-
dant at 12 hours revealed significant enrichment for path-
ways involved in DNA repair and regulation of cellular stress
responses (>2-fold, FDR < 0.05). Within a targeted panel
of apoptosis and cellular repair genes, HTRA1 decreased,
whereas canonical apoptosis markers (e.g., BCL2, BAX,
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Ficure 2. Transcriptome analysis results. (A) Scatter plot grid pair-wise comparisons of normalized RNA sequence counts for each of the
12-hour retinal samples. (B) Scatter plot of averaged normalized RNA sequence count values for all 12-hour samples compared to 18-hour

samples.
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Ficure 3. Differential expression analysis. (A) Principal component analysis of all RNA Seq samples. Red = 12-hours, Blue = 18-hours.
Donors tend to cluster more closely based on their respective tissue donor rather than on time. (B) MA plot for differentially expressed
transcripts. Blue dots represent 473 genes with adjusted P < 0.1. (C) Table summarizing the five differentially expressed genes with Log2FC

> 1 and adjusted P < 0.1.

CYCS, CASP3, PARPI) remained stable (Fig. 6C). Similarly,
among housekeeping genes, ACTB declined while GAPDH,
PPIB, and TUBB remained unchanged. Taken together,
these results indicate that early postmortem transcriptomic
changes reflect selective cellular vulnerability and active
stress-response signaling, rather than passive RNA degrada-
tion and uniform stress response (see Discussion).

Proteome Analysis

The mass spectrometry analysis yielded 487,693 acquired
MS2 scans. Of these, 159,894 scans were successfully identi-
fied (using a 1% FDR) by the Comet/PAW pipeline repre-
senting a 32.8% identification rate. The resulting peptide

sequences mapped to 6224 unique proteins. After remov-
ing 63 decoy sequences and contaminant matches (e.g.,
keratins), as well as 52 proteins below the limit of quan-
tification, a total of 6109 unique proteins were quantifiable
(Supplementary Table S2).

Similar to the transcriptomic analysis, pairwise compari-
son of TMM-normalized signal between the seven biological
replicates at 12-hours postmortem show high levels of simi-
larity in the retinal proteomes (* > 0.99, Fig. 4A). Compar-
ison of protein abundance between the 12- and 18-hour
cohorts indicate minimal differences (#* > 1.00, Fig. 4B,
Tables 2, 3), suggesting there were no changes in protein
abundance in the additional six hours of storage over the
full range of spectral intensities (Fig. 5B).
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Ficure 5. Differential protein abundance analysis. (A) Multidimensional scaling (MDS) plot. Axes show dimensions based on the leading
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for all valid quantifiable proteins. Solid black lines in each plot indicate a one-to-one relationship, and dotted lines indicate a twofold change.
No proteins were statistically significant (FDR < 0.10), and only five proteins displayed a Log2FC > 1. No proteins displayed a Log2FC > 2.

Multidimensional scaling analysis also indicates that parts were recovered showed higher variance, which was
samples cluster more closely based on tissues from the due to increased abundance of Albumin and other blood
same donor rather than on time of preservation (Fig. 5A). components (see Discussion). Differential expression analy-
There is no distinct clustering of samples based on PMI, sis did not identify any proteins with differential abundance

although samples from the two donors where the posterior between the two PMIs.
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C. Non-Uniform Remodeling of Cell Identity and Stress-induced Pathway Genes
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FiGure 6. Meta-analysis of retinal transcripts at six and 12 hours PMI. (A) Principal component analysis of samples from the meta-analysis.
Red = 12-hour samples from this study, and Blue = six-hour samples from Voigt et al.,'” (v denotes Voigt). (B) MA plot for differentially
expressed transcripts. Blue dots represent transcripts with adjusted P < 0.1. (C) Table with selected genes demonstrating heterogeneity
of cell identity and stress-induced pathway markers. Asterisk denotes potentially interesting changes that did not meet our minimum >1

Log2FC criteria in this study (see Discussion).

DIScUSSION

The consensus among vision researchers is that donor eye
tissue is in high demand but in short supply for vision
science research.*® Eye banks, meanwhile, have been will-
ing partners in procuring tissue for research.3! The issue,
however, is not the absolute number of donor eyes avail-
able but the limited proportion that meet essential crite-
ria. Stamer et al.3? reported that many researchers request
eyes with very short PMI but typically receive tissue with
longer preservation times, especially those studying AMD
and other retinal diseases. And PMI is only one factor—
additional exclusion criteria such as sepsis, chemotherapy,
and negative serology results further narrow the pool. As a
field, it is therefore to our advantage to expand the donor
pool wherever possible, particularly in areas we can control,
such as PMI.

Although researchers often request the shortest possi-
ble PMI, logistical constraints in the U.S. donation process,
outlined in our prior publication,! make it difficult to achieve
intervals under six hours. As a practical compromise, many
collaborators have accepted a 12-hour PMI because it is
the shortest interval consistently feasible for tissue procure-
ment. In this study, we therefore examined transcript and
protein abundance at 12 hours postmortem and tested the
hypothesis that minimal changes occur between 12 and 18
hours, provided the eyes were subjected to ocular cooling
after donor death and are refrigerated at 2°C-8°C in moist
chambers after recovery in accordance with standard U.S.
eye banking practices.

Our results demonstrated 99.9% similarity in the retinal
transcriptome and proteome between samples preserved at
12- and 18-hours postmortem. Several groups have success-
fully isolated high-quality RNA from human retinas with
PMIs up to 48 hours.#® At the Veneto Eye Bank Founda-
tion (Venice, Italy), colleagues showed that high-quality RNA
can be obtained within 25 hours postmortem.? Thus it is
not surprising that our study showed minimal changes in
transcript abundance in the additional six hours of stor-
age. Likewise, most proteins are known to be stable, and
our results show that there is high protein stability in the
retina between these two postmortem time points. Addition-
ally, comparisons of semi-tryptic peptide intensities out of
the total intensity per sample were compared between the
two PMIs and showed no differences (paired #-test), suggest-
ing that there was no significant protein degradation. Alto-
gether, our results show that it may be possible to extend
the preservation window for donor retinas from 12 to 18
hours, and this can substantially expand the available donor
pool. In our prior analysis, this extension was estimated to
increase the total number of eligible donor eyes by 92%.!
Such an increase would accelerate tissue acquisition for reti-
nal research, reduce experimental delays, and do so without
compromising data quality.

Our meta-analysis between RNA abundance at six- and
12-hour PMI revealed early postmortem transcriptomic
changes that reflect selective cellular vulnerability rather
than uniform retinal degradation. The apparent discrepancy
between RBPMS and CALB2 further reflects differences in
cell-type specificity, as CALB2 is expressed in both ganglion
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and amacrine cells,>® whereas RBPMS is highly restricted
to retinal ganglion cells. Pathway analysis further supports
this selective vulnerability model, showing decreased abun-
dance of transcripts associated with light detection and reti-
nal homeostasis,>*~3° rather than a global collapse of retinal
gene expression. Together, these findings suggest that early
postmortem RNA changes are driven by cell-type-specific
susceptibility and pathway-specific degradation during early
ischemia,?” followed by relative transcriptomic stabilization
at later time points (from 12 to 18 hours).

Although many canonical apoptotic effectors (including
CASP3, BAX, CYCS, AIFM1, CRADD, and TP53BP2)* showed
little or no change in transcript abundance between six and
12 hours, transcripts of HTRA1, a mitochondrial-associated
serine protease implicated in proteostasis and stress adapta-
tion, %0 were significantly reduced, suggesting that specific
components of mitochondrial quality control may be lost
earlier than the core apoptotic machinery.*!42

Several genes involved in oxidative stress defense and
cellular damage control exhibited selective regulation. Key
regulators of oxidative stress defense showed coordinated
but modest changes, with NFE2L2 and SOD2 trending
upward (~1.5-fold increase, although they did not meet
our twofold increase criteria for this study), consistent with
an acute response to ischemia-induced reactive oxygen
species.®>% In contrast, GPX3, an extracellular perox-
ide scavenger, remained stable, indicating that the entire
antioxidant pathway is not engaged equally. Strikingly, the
molecular chaperone DNAJ/B1 and the RNA polymerase
II subunit POLR2A were strongly upregulated (~4-fold
increase), reflecting increased demand for protein quality
control and sustained stress-responsive transcription at 12
hours postmortem. Together, this pattern is consistent with
a biologically regulated stress-adaptation program in the
retina during the first hours after death, rather than passive
degradation of the transcriptome.

Prior studies have characterized the number of RNA
transcripts in the human retinal transcriptome,®4>4 and
our results fall within this reported range. Lukowski
and colleagues?” identified 21,990 characterized transcripts
across all retinal cell types using the same reference genome
annotation, consistent with the 22 446 transcripts found in
our study. In addition, we identified 19,797 transcripts with
Ensembl gene IDs not yet named in the reference annotation.
Many are likely non-coding or antisense RNAs. As transcrip-
tomics advances, these unclassified transcripts will likely
be annotated,®® allowing our data to be reanalyzed with
updated references. Comparison of our results with previ-
ously published studies indicates that our RNA-seq data are
consistent with prior observations and support the conclu-
sion that our dataset is informative and can be a useful tool
for researchers.

The lack of significant change in protein abundance
between 12- and 18-hour PMI is consistent with prior
proteomic studies of kidney, liver, and lung tissue recov-
ered within 24 hours,? suggesting that proteins remain rela-
tively stable during this period. In our study, we identified
6109 proteins, substantially more than previous reports of
the human retinal proteome.’®>! For example, Zhang and
colleagues®® identified 3436 proteins in their 2015 study
(R56% of our dataset). Although their eyes were recov-
ered within seven hours postmortem, the retinas were not
dissected and frozen until 24-36 hours post donor death,
which may have led to protein loss during the additional
storage time. In addition, in-gel separation and digestion is
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less sensitive than our current technique, which may further
contribute to the observed differences. A second possibility,
one that may also explain the difference in proteins identi-
fied in our study compared to amount found in the Zhang
study and the 4832 found by Velez and colleagues,’® is the
substantial improvement in mass spectrometry sensitivity
(older Orbitrap models and the Agilent 1100 LC systems
used in these previous studies compared to the model
described in this study).>*>3

One observation from our study was a noticeable increase
in albumin and other blood-related proteins in retinal
samples isolated from donor posterior segments. We believe
these proteins account for the greater variance observed
in the multidimensional scaling analysis (donors 6 and
7, Fig. 5A). These donor tissues differed in that the corneas
were excised in the field, with the posterior segments recov-
ered immediately afterward. During cornea excision, blood
from surrounding tissue can enter the poles. In contrast, all
other eyes in this study were recovered intact and dissected
in the laboratory, which minimized additional blood expo-
sure during recovery.

Although blood proteins were elevated in retinas
obtained from posterior segments, RNA transcripts for
the major plasma proteins—albumin, globulins, and
fibrinogen—were not detected in any donor sample.
Because these proteins are likely synthesized in the liver
and bone marrow and transported to the retina, the absence
of their transcripts is not unexpected.’*>> This variability
in blood protein content, driven by recovery technique and
logistics, should be taken into account when requesting reti-
nal tissues for proteomic studies.

The results of our study also provide researchers with a
valuable tool to examine transcript and protein abundance in
the human retina for up to 18 hours postmortem. An exam-
ple of the dataset’s utility is during the experimental design
phase of a project where selection of molecular markers is
required. For instance, those studying Miller glia cells may
choose RLBP1 as a protein marker given its high abundance,
whereas those examining gene transcripts may elect to use
PROX]1, as its transcript levels remain high at 18 hours post-
mortem. This example highlights the practical value of the
dataset, which can support not only current research needs
but also future studies in ways we cannot yet anticipate.

In both our transcriptomic and proteomic analyses
(Figs. 3, 5), we observed that samples consistently clus-
tered by donor rather than by PMI, indicating that inter-
individual biological variability outweighed any molecular
differences attributable to the 12- versus 18-hour time points.
This pattern reflects a well-recognized challenge in human
tissue research: each donor presents a unique combina-
tion of genetic background, medical history, lifestyle factors,
and environmental exposures that can introduce substantial
varjation into omics datasets. Our study design sought to
minimize these confounding variables by using paired right
and left eyes from the same donor, allowing each individ-
ual to serve as their own biological control. By compar-
ing tissues collected from the same donor at two PMIs, we
effectively controlled for genetic and donor-specific influ-
ences, thereby isolating PMI as the primary variable of inter-
est. The fact that paired samples cluster together while
failing to separate by PMI reinforces our conclusion that
molecular changes between 12 and 18 hours postmortem
are minimal and underscores the importance of careful
study design when using human donor tissues for molecular
analyses.
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Study Limitations

Although our meta-analysis revealed biologically plausi-
ble patterns, its interpretation is necessarily constrained
by substantial methodological differences between the
contributing datasets. The studies differed in RNA extraction
protocols, library preparation methods, sequencing plat-
forms, and donor sources, making it difficult to fully disen-
tangle technical and inter-individual variability from true
PMI-dependent effects. For this reason, we view the meta-
analysis primarily as a hypothesis generating tool, whereas
our within-donor experimental design provides a more
rigorous framework for quantifying postmortem transcrip-
tomic changes. Definitive validation of the observed trends
will require replication using the standardized experimental
and analytical pipeline established here.

The main study is itself limited by the range of PMIs
examined, which was restricted to 12-18 hours. However,
our meta-analysis of the six-hour samples along with
previous studies comparing live and postmortem retina
samples®® suggests that there can be pronounced transcrip-
tomic remodeling that occurs during earlier postmortem
times. Building on these findings, future work will extend
our sampling to earlier PMIs to capture the initial ischemic
response, as well as to later PMIs to better define down-
stream effects on protein abundance and tissue function.
Nevertheless, the present dataset already offers actionable
insight that can immediately support broader use of donor
retinas for research and therefore stands as a meaningful
contribution on its own.

CONCLUSIONS

Our controlled study of donor eyes with ocular cooling
after death shows that transcript and protein abundance
remain essentially unchanged between 12 and 18 hours
postmortem. Extending the current 12-hour cutoff to 18
hours provides a scientifically sound and logistically prac-
tical approach to accessing more donor eyes for biomedi-
cal research that better aligns with the logistical realities of
tissue donation and eye banking.
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