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Fig 11. % of upregulated genes by postmortem time and category. Number of total
genes by organism and category are shown. “All genes” refers to the genes that
significantly contributed to the ordination plots. Mouse is red; Zebrafish is black.

DISCUSSION

Active gene expression or residual transcription levels?

One could argue that our study identifies only residual transcription levels of pre-
synthesized mRNA (rather than newly-synthesized mRNA) in dead tissues that happen to
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be enriched with postmortem time. In other words, the observed upregulation of genes
may be viewed as an artifact merely reflecting the “enrichment of specific mRNA
transcripts” (e.g. stable mRNA) with time. The data, however, does not support this idea
because if it were true, one would expect stable transcripts to monotonically increase with
time, as they become more enriched (higher abundances) with postmortem time. The
data show that the transcripts of most upregulated genes did not display monotonic
behavior; rather, the transcripts reached abundance maximum (peak) or maxima (peaks)
at various postmortem times (Fig 2D and 2E). This finding should not be a surprise
because a statistical procedure was implemented to detect genes that were significantly
upregulated — which is essentially selecting gene transcriptional profiles that had peaks.
The statistics for the procedure was calibrated with more than a billion simulations. The
simulation process corrected for multiple comparisons. The residual transcription level
and enrichment idea is also not supported by transcriptional profiles displaying an up-,
down-, and up- regulation pattern, which putatively indicates feedback loops (Fig S3).
Similarly, simple differential decay rates of mRNAs would not display this pattern
because a transcript cannot be stable at one postmortem time, unstable at a subsequent
time, and then stable again. A mRNA transcript is either stable or it is not. In
conclusion, the gene profiles showing upregulation are the results of active transcription.

It should be noted that postmortem upregulation of genes has been previously reported in
cadavers. Using reverse transcription real-time quantitative PCR (RT-RTqPCR), a study
showed significant increases in expression of myosin light chain 3 (Myl3), matrix
metalloprotease 9 (Mmp9), and vascular endothelial growth factor A (Vegfa) genes in
body fluids after 12 h postmortem (187). Interestingly, postmortem upregulation of
myosin-related and matrix metalloprotease genes was also found in our study.
Specifically, the myosin-related genes included: Myosin-Ig (Myolg) in the mouse, and
Myosin-Illa (Myo3a) and Myosin-9 (Myh9) in the zebrafish. The matrix
metalloproteinase gene included the metalloproteinase-14 (Mmp14b) gene in the
zebrafish. The Myolg gene encodes a protein regulating immune response (189), the
Myosin-IIla (Myo3a) gene encodes an uncharacterized protein, the Myosin-9 (Myh9)
gene encodes a protein involved in embryonic development (190), and the Mmp14b gene
encodes an enzyme regulating cell migration during zebrafish gastrulation (188). The
Myolg, Myh9 and Mmp14b transcripts increased right after death and reached abundance
maxima at 24 h postmortem, while the Myo3a transcript reached an abundance maximum
at 12 h postmortem. The significance of these results is two-fold: (i) two different
technologies (RT-RTqPCR and Gene Meters) have now demonstrated active postmortem
upregulation of genes and this expression has now been reported in three organisms
(human, zebrafish, and mouse), and (ii) there might be significant overlap in genes
upregulated in death as we have showed with myosin- and matrix metalloprotease genes,
which warrants further studies using other vertebrates. The purpose of such studies
would be to understand common mechanisms involved in the shutdown of highly ordered
biological systems.

Why study gene expression in death?
The primary motivation for the study was driven by curiosity in the processes of shutting

down a complex biological system — which has received little attention so far. While the
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953  development of a complex biological system requires time and energy, its shutdown and
954  subsequent disassembly entails the dissipation of energy and unraveling of the complex
955  structures, which does not occur instantaneously and could provide insights into

956  interesting paths. Moreover, other fields of research have examined the shutdown of

957  complex systems (e.g., societies [191], government [192], electrical black outs [193]).
958  Yet, to our knowledge, no study has examined long-term postmortem gene expression of
959  vertebrates kept in their native conditions. The secondary motivation for the study was to
960  demonstrate the precision of Gene Meter technology for gene expression studies to

961  biologists who believe that high throughput DNA sequencing is the optimal approach.

962  Thermodynamic sinks

963  We initially thought that sudden death of a vertebrate would be analogous to a car driving
964  down a highway and running out of gas. For a short time, engine pistons will move up
965  and down and spark plugs will spark -- but eventually the car will grind to a halt and

966  “die”. Yet, in our study we find hundreds of genes are upregulated many hours

967  postmortem, with some (e.g., Kenv2, Pafr, Degs2, Ogfodl, Ppp2rla, Rorl, and Ifim1)

968  upregulated days after organismal death. This finding is surprising because in our car

969  analogy, one would not expect window wipers to suddenly turn on and the horn to honk
970  several days after running out of gas.

971  Since the postmortem upregulation of genes occurred in both the zebrafish and the mouse
972 in our study, it is reasonable to suggest that other multicellular eukaryotes will display a
973 similar phenomenon. What does this phenomenon mean in the context of organismal

974  life? We conjecture that the highly ordered structure of an organism — evolved and

975  refined through natural selection and self-organizing processes — undergoes a

976  thermodynamically driven process of spontaneous disintegration through complex

977  pathways, which apparently involve the upregulation of genes and feedback loops. While
978  evolution played a role in pre-patterning of these pathways, it does not play any role in its
979  disintegration fate. One could argue that some of these pathways have evolved to favor
980  healing or “resuscitation” after severe injury. For example, the upregulation of

981  inflammation response genes indicate that a signal of infection or injury is sensed by the
982  still alive cells after death of the body. Alternatively, the upregulation may be due to fast
983  decay of some repressors of genes or whole pathways (see below). Hence, it will be of
984  interest to study this in more detail, since this could, for example, provide insights into
985  how to better preserve organs retrieved for transplantation.

986  Chemical automator — on the way down to equilibrium

987  As one would expect, a living system is a collection of chemical reactions linked together
988 by the chemicals participating in them. Having these reactions to depend on one another
989  to a certain extent, we conjecture that the observed upregulation of genes is due to

990  thermodynamic and kinetic controls that are encountered during organismal death. For
991  example, epigenetic regulatory genes that were upregulated included histone modification
992 genes (e.g., Histhll) and genes interacting with chromatin (e.g., Grwdl, Chd3, Yeats,

993  JmjdIc) (Fig 10). It is possible that the activation of these genes was responsible for the
994  unraveling of the nucleosomes, which enabled transcription factors and RNA

995  polymerases to transcribe developmental genes that have been previously silenced since
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embryogenesis. The energy barrier in this example is the tightly wrapped nucleosomes
that previously did not allow access to developmental genes. Other energy or entropy
barriers could be nucleopores that allow the exchange of mRNA and other molecules
between the mitochondria and the cytosol (e.g., Tpr, Tnpol, Lrrc59), or the ion/solute
protein channels (e.g., Aralar2, Slc38a4) that control intracellular ions that regulate
apoptotic pathways [194,195].

The upregulation of genes indicates new molecules were synthesized. Hence, there was
sufficient energy and resources (e.g., RNA polymerase, dANTPs) in dead organisms to
maintain gene transcription to 96 h (e.g., Zfand4, Tox2, and Slc14a?2) in the zebrafish and
to 48 h (e.g., Deg2, Ogfodl, and IfitmI) in the mouse. Gene transcription was apparently
not prevented due to a lack of energy or resources. Several genes exhibited apparent
regulation by feedback loops in their transcriptional profiles (e.g., Rbm45 and Cdc42
genes in the mouse (Fig 8 and 9, respectively; Fig S3)). Hence, an underlying regulatory
network appears to be still turning “on” and “off” genes in organismal death.

Interrupt the shutdown?

A living biological system is a product of natural selection and self-organizing processes
[196]. Genes are transcribed and proteins translated in response to genetic and epigenetic
regulatory networks that sustain life. In organismal death, we assumed most of the
genetic and epigenetic regulatory networks operating in life would become disengaged
from the rest of the organism. However, we found that “dead” organisms turn genes on
and off in a non-random manner (Fig 2D and 2E). There is a range of times in which
genes are upregulated and transcript abundances are maximized. While most genes are
upregulated within 0.5 h postmortem (Fig 11), some are upregulated at 24 h and still
others at 48 h. A similar pattern occurs with peak transcript abundances and the timing
when upregulation is apparently stopped. These differences in timings and abundances
suggest some sort of global regulation network is still operating in both organisms. What
makes gene expression of life different from gene expression in death is that postmortem
upregulation of genes offers no obvious benefit to an organism. We argue that self-
organizing processes driven by thermodynamics are responsible for the postmortem
upregulation of genes. We emphasize that such postmortem conditions could allow
investigators to tease apart evolution from self-organizing processes that are typically
entangled in life.

Since our results show that the system has not reached equilibrium yet, it would be
interesting to address the following question: what would happen if we arrested the
process of dying by providing nutrients and oxygen to tissues? It might be possible for
cells to revert back to life or take some interesting path to differentiating into something
new or lose differentiation altogether, such as in cancer. We speculate that the recovering
cells will likely depend on the postmortem time — at least when such potentially
interesting effects might be seen.

Methodological validity

The Gene Meter approach is pertinent to the quality of the microarray output obtained in
this study because conventional DNA microarrays yield noisy data [197,198]. The Gene
Meter approach determines the behavior of every microarray probe by calibration —
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which is analogous to calibrating a pH meter with buffers. Without calibration, the
precision and accuracy of a meter is not known, nor can one know how well the
experimental data fits to the calibration (i.e., R”). In the Gene Meter approach, the
response of a probe (i.e., its behavior in a dilution series) is fitted to either Freundlich or
Langmuir adsorption model, probe-specific parameters are calculated. The “noisy” or
“insensitive” probes are identified and removed from further analyses. Probes that
sufficiently fit the model are retained and later used to calculate the abundance of a
specific gene in a biological sample. The models take into consideration the non-linearity
of the microarray signal and the calibrated probes do not require normalization
procedures to compare biological samples. In contrast, conventional DNA microarray
approaches are biased because different normalizations can yield up to 20 to 30%
differences in the up- or down-regulation depending on the procedure selected [199-202].
We recognize that next-generation-sequencing (NGS) approaches could have been used
to monitor gene expression in this study. However, the same problems of normalization
and reproducibility (mentioned above) are pertinent to NGS technology [203]. Hence,
the Gene Meter approach is currently the most advantageous to study postmortem gene
expression in a high throughput manner.

Practical implications

The postmortem upregulation of genes in the mouse has relevance to transplantation
research. We observed clear qualitative and quantitative differences between two organs
(liver and brain) in the mouse in their degradation profiles (Fig 1). We also showed the
upregulation of immunity, inflammation and cancer genes within 1 h of death (Fig 11). It
would be interesting to explore if these differences are comparable to what occurs in
humans, and we wonder how much of the transplant success could be attributed to
differences in the synchronicity of postmortem expression profiles rather than
immunosuppression agents [204,205]. Our study provides an alternative perspective to
the fate of transplant recipients due to the upregulation of regulatory and response genes,
after the sample has been harvested from the donor.

Conclusion

This is the first study to demonstrate active, long-term expression of genes in organismal
death that raises interesting questions relative to transplantology, inflammation, cancer,
evolution, and molecular biology.
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Fig S1. Bioanalyzer results showing total mRNA from the zebrafish. Only one replicate per
sampling time is shown. The dominant bands represent the 28S and 18S rRNAs.
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Fig S2. Bioanalyzer results showing total mRNA from the mouse. All replicates per sampling
time are shown. The dominant bands represent the 28S and 18S rRNAs.
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Fig S3. Transcriptional profiles in the zebrafish (Acer3 gene) and mouse (Cdc42 and Rbm45
genes) by postmortem time. Red arrows, up-regulation; blue arrows, down-regulation. One-way
T-tests show significant differences between means. Results suggest that the differences in up-
and down regulation by postmortem time are due to changes in regulation rather than changes in
“residual transcription levels”.
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Table S1. Total mRNA extracted (ng/pl tissue extract) from zebrafish by time and replicate

sample.
Time (h) Repl#1 Repl#2

Live 1606 1648

0 1632 1481
0.25 1768 1573
0.5 1457 1481
1864 1514

1251 1651

8 1605 1499

12 1365 1422
24 1087 539

48 339 428
96 183 183

a, no replicate taken

Table S2. Total mRNA extracted (ng/pl tissue extract) from mouse organ/tissue by time

and replicate sample.

Organ Time (h) Repl#l Repl#2 Repl#3
Liver 0 432 387 443
Liver 0.5 533 651 569
Liver 1 421 426 601
Liver 6 541 624 528
Liver 12 839 450 845
Liver 24 1021 510 1066
Liver 48 1453 1197 -
Brain 0 169 226 210
Brain 0.5 174 166 410
Brain 1 194 485 264
Brain 6 401 269 256
Brain 12 379 258 203
Brain 24 249 324 400
Brain 48 397 310 -

a, no replicate taken
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Table S3. % of global regulator genes and response genes. Approx. 33% of all upregulated

genes are involved in global regulation.

Global gene regulators and

other response genes Zebrafish Mouse Combined
Transcription factors and

transcriptional regulatory genes 17 12 14
Cell signaling genes 24 16 19
Other response genes 59 73 67
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