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Protein mRNA Profiles in the Occipital Lobes of
Human Cerebral Cortices: Implications in

Cause of Death

Ukhee Chung, Joong-Seok Seo', Yu-Hoon Kim', Gi Hoon Son*, and Juck-Joon Hwang*

Quantitative RNA analyses of autopsy materials to diag-
nose the cause and mechanism of death are challenging
tasks in the field of forensic molecular pathology. Altera-
tions in mRNA profiles can be induced by cellular stress
responses during supravital reactions as well as by lethal
insults at the time of death. Here, we demonstrate that
several gene transcripts encoding heat shock proteins
(HSPs), a gene family primarily responsible for cellular
stress responses, can be differentially expressed in the
occipital region of postmortem human cerebral cortices
with regard to the cause of death. HSPA2 mRNA levels
were higher in subjects who died due to mechanical as-
phyxiation (ASP), compared with those who died by trau-
matic injury (TI). By contrast, HSPA7 and A13 gene tran-
scripts were much higher in the Tl group than in the ASP
and sudden cardiac death (SCD) groups. More importantly,
relative abundances between such HSP mRNA species
exhibit a stronger correlation to, and thus provide more
discriminative information on, the death process than
does routine normalization to a housekeeping gene. There-
fore, the present study proposes alterations in HSP mRNA
composition in the occipital lobe as potential forensic bio-
logical markers, which may implicate the cause and proc-
ess of death.

INTRODUCTION

Postmortem RNA profiling along with the classical examination
of morphological, pathological, and laboratory changes has
become an emerging field of forensic medical science, support-
ing advanced molecular autopsy. Compared with other bio-
chemical substances, RNA transcripts have advantages in
terms of immediate responsiveness, chemical stability, and
technical convenience in quantitative analysis. Extensive stud-
ies have currently been carried out to examine gene expression
at the time of death to address essential issues in forensic

medicine, including the cause and process of death, survival
period, postmortem interval (PMI), and pathophysiological con-
ditions of diseases and injuries (Maeda et al., 2010; Venne-
mann and Koppelkamm, 2010a). For instance, postmortem
profiles of several mRNA species, such as immediate early
genes, hypoxia-inducible factor-1a, erythropoietin, vascular
endothelial growth factor, glucose transporter-1, surfactants,
and dual-specificity phosphatase 1, have been proposed to be
related to certain causes and circumstances of death (lkematsu
et al., 2005; 2008; Miyazato et al., 2012; Takahashi et al., 2009;
Zhao et al., 2006; 2008; 2009). However, in contrast to the
identification of body fluids and tissues using nucleic acid bio-
markers (Courts and Madea, 2011; Haas et al., 2009; Juusola
and Ballantyne, 2003; Zubakov et al., 2008; 2010), the applica-
tion of molecular pathological examination based on postmor-
tem gene expression profiles to death processes appears to be
still challenging. Despite technical advances in resolving the
difficulties of sensitivity and standardization (Catts, 2005;
Heinrich et al., 2007b; Lee et al., 2005), there remain limitations
primarily due to the restricted understanding of molecular
physiology at the time of death and, subsequently, the insuffi-
ciency of well-established forensic RNA biomarkers.

For this purpose, alterations in postmortem mRNA profiles
mediating cellular stress responses are worthwhile to be exam-
ined, since agonal responses to lethal insults as well as su-
pravital reactions primarily involve cellular damage. Indeed,
both genomic and proteomic analyses have suggested that key
cellular pathways involving cellular stress responses, protein
biosynthesis, cell cycle regulation, and apoptosis appear to be
induced during the acute postmortem period (Bjarnadéttir et al.,
2010; Jardine et al., 2011; Sanoudou et al., 2004). In this re-
gard, a family of transcripts encoding heat shock proteins
(HSPs) is a good candidate to be evaluated. HSPs play pivotal
roles in mediating cellular stress responses to a wide range of
cellular stresses, such as increased temperature, radiation,
exposure to toxic substances, oxidative stress, and various
physiological and pathological stimuli (Calabrese et al., 2006;
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Romi et al., 2011; Stetler et al., 2010). HSPs can be catego-
rized into several subfamilies with dozens of members accord-
ing to their molecular weights and structural characteristics,
such as HSPAs/HSP70s, HSPBs/small HSPs, HSPCs/HSP90s,
HSPD/HSP60, HSPE/HSP10, and HSPHs/HSP105/110. Al-
though HSPs were originally discovered as stress-inducible
proteins, it is currently understood that some of them are induc-
ible under the control of heat shock factor-1 (HSF1), whereas
others are highly constitutive in their expression to perform
housekeeping functions (Fujimoto and Nakai, 2010; Stetler et
al., 2010).

Considering the diversity in the modes and mechanisms of
transcriptional regulation among HSPs, we hypothesized that
differential death processes can affect HSP mRNA profiles in
response to cellular stress, which can persist and manifest in
forensic autopsy samples. To test this idea, we primarily focus
on brain tissues because neuronal cells abundantly express
HSPs and are highly vulnerable to a variety of cellular stresses,
such as hypoxia/anoxia as well as disturbances in energy ho-
meostasis (Hecker and McGarvey, 2011; Stetler et al., 2010).
Furthermore, brain tissues also have a practical advantage in
postmortem RNA profiling; it has been demonstrated that
postmortem gene transcripts in brain tissues are relatively sta-
ble and intact with longer PMI, and are thus suitable for extrac-
tion and quantitative analyses of RNA (Heinrich et al., 2007a;
2007b; Leonard et al., 1993; Popova et al., 2008). Therefore,
the present study aims to quantitatively analyze a subgroup of
brain-enriched HSP mRNA transcripts particularly in the post-
mortem human occipital lobes, thus gaining useful clues on
their differential profiles by the cause of death, such as trau-
matic injury (Tl), mechanical asphyxiation (ASP), or sudden
cardiac death (SCD).

MATERIALS AND METHODS

Subjects and tissue preparation

Tissue specimens from the occipital region of the cerebral cor-
tex were collected in selected medicolegal autopsy cases within
5 days postmortem by the help of the Korean National Forensic
Service. The occipital lobe was mainly focused on because the
cerebral cortical subregion is known to be relatively less influ-
enced by preexisting neurodegenerative diseases and psychi-
atric disorders than do other cortical lobes such as frontal and
temporal lobes (Brun and Gustafson, 1976; Dabir et al., 2004;
Forman et al., 2004; Price and Drevets, 2012). Thus, it can be
a suitable brain region for evaluating temporal alterations in
gene expression potentially by the process and circumstance of
death. The causes of death examined in the present study were
Tl, acute mechanical ASP, including both hanging and stran-
gulation, and SCD, classified by routine morphological, bio-
chemical, and toxicological findings (Table 1). Collected tissues
were immediately treated with RNAlater™ solution (QIAGEN
GmbH, Germany) according to the manufacturer’s instructions
and stored at -70°C until use.

Microarray

Gene expression profiling by microarray analysis was per-
formed to identify human brain-enriched HSP gene transcripts
as described previously with minor modifications (Choe et al.,
2011). Briefly, human brain RNA (a mixture with equal amounts
of 18 randomly chosen human RNA samples from the occipital
lobes) was subjected to microarray analysis. Two hundred ng
of total RNA was amplified and labeled. The GeneChip Human
Gene 1.0 ST arrays (Affymetrix Inc., USA) were then hybridized
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Table 1. Case profiles

Age (years) 28S:18S ratio
Range (mean + SE)  (mean + SE)

Group Size Male/female

T n=19 13/6
ASP n=22 8/14
SCD n=15 15/0

32-64 (48.11£2.20) 0.932+0.043
25-54 (40.77 £1.87) 0.877 £0.034
40-69 (53.33+1.73) 0.849+0.026

TI, traumatic injury; ASP, asphyxiation; SCD, sudden cardiac death

in the presence of 5 pg labeled cDNA, washed, stained, and
scanned according to the protocol described in the Affymetrix
GeneChip Expression Analysis Manual. Normalized hybridiza-
tion intensities for each HSP gene in comparison to glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) were analyzed.

RNA isolation and quantitative reverse transcription-
polymerase chain reaction (qQRT-PCR)

Quantitative analyses of mRNA profiles were performed as
previously described with modifications (Choe et al., 2011). Total
RNA was isolated using the RNeasy mini kit (QIAGEN) from
20-50 mg tissue and then quantified by spectrophotometry.
Aliquots of total RNA samples (5 ng) were resolved on 1.2%
denaturing agarose gels and stained with ethidium bromide.
Signal intensities of 28S and 18S rRNAs were measured with
Bio-1D image analysis software (Vilber-Lourmat, Cedex, France).
The ratio of 28S to 18S signals were used as indices for RNA
integrity (Table 1). For gqRT-PCR, 1 ng of each total RNA sample
was reverse-transcribed using MMLV reverse transcriptase
(Promega, USA) by the random priming method. Then, aliquots
of cDNA were subjected to quantitative real-time PCR in the
presence of SYBR Green | (Life Technologies Corp., USA). Se-
rial dilutions of reference cDNA samples were utilized to construct
a regression curve. HSP mRNA expression levels were normal-
ized to GAPDH. All PCR products were cloned in the pGEM-T
vector (Promega), and their sequence identities were confirmed
by chain termination sequencing. Primer sequences used for
real-time gRT-PCR were as follows: HSPA1A up, 5-GCC TTT
CCAAGATTG CTG TT-3; HSPA1A dn, 5-TCA ACATTG CAA
ACA CAG GA-3; HSPA1B up, 5-AGG GTG TTT CGT TCC
CTT TA-3; HSPA1B dn, 5-CAT TCC CAG CCT TTG TAG TG-
3'; HSPA2 up, 5-TCG AGG TGG CCG TTA GTT G-3'; HSPA2
dn, 5-AAA GGC GAG CGA CGT TAG G-3'; HSPA4 up, 5-GCA
ACA GCA GCA GAC ACC AGC A-3; HSPA4 dn, 5-GCC TTC
TTG GCT TGG GGT GGT-3; HSPA5 up, 5-TCT TGT TGG
TGG CTC GAC TC-3; HSPA5 dn, 5-ATC TGG GTT TAT GCC
ACG GG-3; HSPA7 up, 5-CAA CCT GCT GGG GCG TTT
TGA-3; HSPA7 dn, 5-CCG GCC CTT GTC ATT GGT GAT
CTT-3'; HSPA8 up, 5-GGC ATA CCT CCT GCA CCC CGA-3;
HSPA8 dn, 5-GTC TTC CTT GCT CAA ACG GCC C-3; HSPA9
up, 5-TGG AAT GCC GGC CAA GCG AC-3; HSPA9 dn, 5'-
GCC TCA ACC CAG GCA TCA CCA-3; HSPA12A up, 5-GCA
CGC CTT GCG GAA AAG CA-3; HSPA12A dn, 5-GGC ATC
TGG ACT CAT CCG CAG C-3; HSPA13 up, 5-ACC GCA GAA
GAG TTG GAG GCT GA-3; HSPA13 dn, 5-TCT GGG GAC
ACT GTG ATG GTC TCA-3; HSPD1 up, 5-TGG CCG TTA
CAA TGG GGC CAA-3; HSPD1 dn, 5-AGC AGT GGT AGT
GCC ATC CCC A-3; HSPH1 up, 5-AGG AGT TCC ATA TCC
AGA A-3; HSPH1 dn, 5-CAG CTC AAC ATT CAC CAC-3;
HSP90AA1 up, 5-AGC TCA AGC CCT AAG AGA CAA CT-3;
HSP90AA1 dn, 5-AAG ATG ACC AGA TCC TTC ACA GA-3;
GAPDH up, 5-GAA ATC CCA TCA CCA TCT TCC AGG-3;
GAPDH dn, 5-GAG CCC CAG CCT TCT CCATG-3'.
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Fig. 1. Relative mRNA levels of various HSP genes in

5 postmortem human occipital lobes of cerebral cortices.
2 mRNA levels of HSPs obtained from microarray analy-
3 ses were normalized to those of GAPDH. Signal intensi-
"*; ties from two independent replicates were averaged and
° expressed as % intensity of GAPDH in a log scale.
f Based on negative control probes, mRNA levels of
z i i HSPs higher than 5% of GAPDH were considered to be
g H 1 H N H n significantly detected.
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Statistical analysis

Group differences in HSP mRNA levels were statistically evalu-
ated by one-way analysis of variance (ANOVA) followed by
Newman-Keuls test for post-hoc comparison. Statistical signifi-
cance was set at p < 0.05.

RESULTS

Identification of HSP mRNA species enriched in the human
occipital lobe

We initially aimed to identify members of the HSP gene family
that are significantly detected in postmortem human brain tis-
sues. For this purpose, we carried out microarray analysis of
human total RNA samples derived from the cortical tissues of
the occipital lobes. Relative signal intensity for each HSP gene
relative to that of GAPDH was evaluated and expressed as the
percent intensity of GAPDH (Fig. 1). Among tested HSP mRNA
species, several members belonging to the HSPA subfamily
encoding 70-kDa HSPs (HSP70s) were significantly detected;
hybridization signal intensities for HSPA1A, A2, A4, A5, A8, A9,
and A13 exhibited more than 10% of the GAPDH signals.
HSPA1B, A7 and A12A gene transcripts were also significantly
detected at the levels of 5-10% of the GAPDH signals. By con-
trast, mMRNA transcripts for small HSPs belonging to the HSPB
subfamily were barely detectable. Their expression levels were
comparable with the average signal intensities for negative
control probes (< 5% of GAPDH transcript levels). Other mem-
bers including HSPD1, H1, and 90AA1 were also abundantly
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expressed in brain tissues. Based on their expression levels, 13
HSPs gene transcripts were chosen and subjected to qRT-PCR
analyses.

HSPs mRNA profiles in subjects with different causes of
death

In the next set of experiments, we compared mRNA profiles of
the selected HSP genes in subjects with three different causes
of death, including TI, mechanical ASP, and SCD (Fig. 2 and
Table 2). Among tested HSP gene transcripts, HSPA2 mRNA
levels were significantly higher in the ASP subjects compared
to the TI subjects by approximately 2-fold; it also shows a
higher tendency in the SCD subjects than in the TI group al-
though the difference is not significant by Newman-Keuls post-
hoc comparison (ASP: 201.73 + 34.82% of the mean value of
the TI group; SCD: 184.83 * 45.12). By contrast, HSPA7 and
A13 mRNA levels were significantly lower in both ASP and
SCD samples (ASP: 23.70 + 4.35%; SCD: 21.08 + 6.85%). Of
interest, HSP90AA1 mRNA, which is known as a housekeeping
gene, showed modestly but significantly lower levels in the SCD
group than in those of the ASP samples.

In quantitative RNA profiling of human autopsy materials,
various factors related to RNA quality as well as premortem
heterogeneity can be essential issues in the interpretation of
results. We therefore evaluated our standardization method
based on a housekeeping gene such as GAPDH. For this pur-
pose, we plotted the cycle threshold (Ct) values of each HSP
mRNA in relation to those of GAPDH, and the linearity of the
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Table 2. Statistical evaluation of group differences in HSP mRNA

levels
Gene name Fe, 53 P value
HSPA1A 0.349 0.707
HSPA1B 0.610 0.547
HSPA2 3.333 0.043*
HSPA4 2.145 0.127
HSPA5 0.010 0.990
HSPA7 5.325 0.008**
HSPA8 2.549 0.088
HSPA9 2.951 0.061
HSPA12A 0.524 0.596
HSPA13 4.582 0.015*
HSPD1 2.630 0.081
HSPH1 2.836 0.068
HSP90AA1 4.466 0.016*

*p < 0.05 and **p < 0.01 by one-way ANOVA

correlations between two factors was then examined (Fig. 3
and Table 3). Most HSP mRNA species with higher basal ex-
pression levels, regardless of stressful stimuli, such as HSPA4,
A8, A9, H1, and 90AA1 mRNA transcripts, showed a strong
correlation to GAPDH in their mMRNA abundances, with R? val-
ues usually higher than 0.6. However, mRNA levels of three
differentially expressed HSPs (i.e., HSPA2, A7, and A13) as
well as known inducible HSPAs (i.e., HSPA1A and A1B),
whose expression levels are highly induced during the acute
postmortem period (Daugaard et al., 2007; Jardine et al., 2011)
showed a less linear correlation to GAPDH. These results indi-
cate that normalization to GAPDH mRNA levels is applicable
for quantitative analyses on forensic RNA samples, which are
degraded to variable extents. Furthermore, it can be postulated
that HSP mRNA species with poor correlations to GAPDH
mRNA might be altered in their expression levels either at the
time of death or during supravital reactions.

Ratios of HSPA2 mRNA levels relative to those of HSPA7
or A13 as potential forensic biomarkers

Although several HSP mRNA species exhibit significant group
differences by cause of death, large variations within the group
are found in all selected HSP genes. Box-and-whisker dia-
grams for differentially expressed HSP mRNA transcripts indi-
cate that more than one-half of measured values in a group
overlap with those of others, indicating poor discriminating power
to be applied to molecular autopsy (Fig. 4). These results sug-
gest that mRNA abundance for a certain HSP gene relative to a
housekeeping mRNA may not provide practical information by
itself. However, it is plausible that alterations in the composition
of brain HSP gene transcripts are valuable indices with better
resolution. To test this idea, we compared ratios of the relative
abundances of HSPA2 to A7 or A13 showing larger group dif-
ferences in opposite directions by evaluating the differences in
their Ct values. As shown in Fig. 5A, 2% indices for the
HSPA2:A7/A13 ratios were higher in ASP and SCD subjects
compared to Tl subjects (for the HSPA2:A7 ratio, ASP: 728.07
+ 308.59% and SCD: 421.64 + 45.12% of the mean value of Tl
group, Fp, 53 = 4.218, p < 0.05 by one-way ANOVA; for the
HSPA2:A13 ratio, ASP: 309.82 + 65.51% and SCD: 318.37 £
75.89%, F, 539 = 4.779, p < 0.05). More importantly, box-and-
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Fig. 3. Correlation of individual HSP mRNA levels to GAPDH. The
Ct values for HSPA2 and A8 were plotted with those of GAPDH,
and linear regression was carried out for each group (TI, open; ASP,

gray; SCD, closed circles). Slopes and linear correlation coefficients
expressed as R? are summarized in Table 2.

whisker diagrams for these ratios show better resolution be-
tween Tl and the other groups (Fig. 5B). In both cases, over-
lapping sections were reduced by approximately 25%.

Next, we further dissected our results in relation to PMI or
RNA quality, particularly between the Tl and ASP subjects, as
the PMIs of our SCD cases were quite uncertain. When we
compared the individual results of the two groups of subjects in
relation to PMI, the 2% indices for HSPA2:A7 or HSPA2:A13
ratios were more clearly split than those of HSPA2:GAPDH by
cause of death. More importantly, the split patterns appear to
be influenced to a lesser extent by PMI (Fig. 6A). Rather, RNA
integrity is likely to be a crucial determinant. For cases with
relatively intact RNA (>1.0 for 285:18S rRNA ratio), the 2%
indices for HSPA2:A7 or HSPA2:A13 were clearly separated
between the Tl and ASP groups, but the 2% indices for
A2:GAPDH failed to exhibit such discrimination (Fig. 5B, left
panels). However, when severe RNA degradation (< 1.0 for
28S:18S rRNA ratio) is observed, no indices could clearly dis-
tinguish the cause of death (Fig. 6B, right panels). Taken to-
gether, our findings strongly suggest that alterations in the
compositions of the HSP isoforms may be better forensic mo-
lecular indices for cause of death than relative mRNA levels
normalized to housekeeping genes with a higher resolution.

DISCUSSION
We intended to examine whether cause and process of death

could differentially affect cellular stress responses, leading to
altered HSP mRNA profiles that can persist and become de-
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Table 3. Correlation between HSP and GAPDH mRNA levels

Gene name Slope (R?)

(vs. GAPDH) Tl ASP SCD
HSPA1A  0.2191 (0.0184) 0.4981 (0.1748) 0.6595 (0.2105)
HSPA1B  0.3977 (0.0602) 0.8076 (0.3977) 0.7671 (0.3392)
HSPA2  0.6440 (0.2532) 0.4944 (0.1100) 0.7468 (0.2596)
HSPA7 0.0672 (0.0016) 0.0285 (0.0031) -0.0956 (0.0052)
HSPA13  0.0669 (0.0019) 0.1465 (0.0193) -0.0814 (0.0087)
HSPA4  0.9944 (0.7868) 0.9781(0.8245) 0.8459 (0.6770)
HSPA5  1.2393 (0.6999) 1.2014 (0.6469) 1.1153 (0.6135)
HSPA8  1.4790 (0.9336) 1.2918 (0.8583) 1.3844 (0.9003)
HSPA9  1.1677 (0.9513) 1.1678 (0.8827) 1.1603 (0.8491)
HSPA12A 1.3192 (0.7621) 1.4035 (0.6470) 0.9991 (0.5962)
HSPD1  0.7583 (0.5742) 0.8311(0.7421) 0.8386 (0.8277)
HSPH1  1.8179 (0.8058) 1.6483 (0.8318) 1.8931 (0.9326)
HSP90AA1 0.8901 (0.5900) 0.8507 (0.6250) 0.9569 (0.6496)

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TI, traumatic
injury; ASP, asphyxiation; SCD, sudden cardiac death
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Fig. 4. Variations of selected HSP mRNA levels within the group.
Relative mRNA levels of the differentially regulated HSPs were
expressed by box-and-whisker diagrams in log scales. The median
values are expressed as lines in the middle of the boxes.

tectable in postmortem brain tissues. For this purpose, we
compared the HSP mRNA profiles in the occipital lobes from

subjects with three different causes of death: Tl, ASP, and SCD.

Although previous studies suggested that the expression of
inducible HSPs may increase in various postmortem tissues
after somatic death as a cellular stress response (Bjarnadottir et
al., 2010; Jardine et al., 2011; Mash et al., 2009; Sanoudou et
al., 2004), the present study dissects the differential profiles of
brain HSP mRNA expression according to the cause of death.
The key finding of the present study is that mRNA profiles of
several HSPs, such as HSPA2, A7, and A13, are distinct in the
ASP and SCD groups compared with the TI group. It should be
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Fig. 5. Relative mRNA abundances between two differentially ex-
pressed HSP gene transcripts. Relative mRNA abundances be-
tween HSPA2 and A7 (left) or A13 (right) were examined by use of
2% indices of two mRNA transcripts (ACt = Ctygpaz - Ctuspazats) and
then plotted using standard bar charts indicating the mean + SE (A;
*p < 0.05 vs. T by Newman-Keuls test as post-hoc comparison) or
box-and-whisker diagrams (B).

noted that mechanical ASP and SCD can evoke an immediate
anoxic/hypoxic state and subsequently disrupt metabolic/en-
ergy homeostasis in the brain tissues, leading to acute somatic
death. By contrast, Tl is usually accompanied by blood loss and
anemia, thereby causing the gradual deterioration of vital func-
tions with longer survival times in many cases (Maeda et al.,
2011; Zhao et al., 2009). Therefore, differences in mRNA pro-
files among HSPA/HSP70 members are most likely attributable
to differences in conditions of death, particularly in terms of
severity and robustness of anoxic/hypoxic damage to the brain
and survival periods after lethal insults.

The HSPA/HSP70 family of molecular chaperones is pres-
ently the most widely studied group, comprised of more than 13
highly related members that are either constitutively expressed
or induced by cellular stress (Daugaard et al., 2007). HSPA1A
and A1B are known as major inducible HSP70s. For instance,
global ischemia can dramatically increase both mRNA and
protein levels of HSPA1 (Aoki et al., 1993; Muranyi et al., 2005;
Sharp et al., 1993). HSPA1 protein levels were also reported to
be increased to a greater extent in the brain stem after drown-
ing compared with other causes of ASP (Gotohda et al., 2000).
However, we could not find any significant differences in HSPA1
mRNA levels in the occipital lobes of the cerebral cortex by
three different causes of death (Fig. 2). Rather, some of less-
inducible members, such as HSPA2, A7, and A13, exhibit sig-
nificant differences. Among tested HSPs, only HSPA2 mRNA
levels were significantly higher, whereas HSPA7 and A13
mRNA levels were lower in the ASP and SCD groups. Since
HSPA?7 and A13 are also known as inducible members of HSPs
(Leung et al., 1992; Otterson et al., 1994), it can be postulated
that these HSPs are not induced in subjects with ASP or acute
heart failure as robustly as in those with Tl. Rapid gene tran-
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scription of inducible HSP mRNAs primarily lies under the con-
trol of HSF1, acting on downstream target genes bearing heat
shock elements in their promoter region (Chang et al., 2012;
Fujimoto and Nakai, 2010), other cis-elements in the promoters
often contribute to differential modes of transcriptional induction
in different cellular contexts as well as by exposure to different
types and severities of stressful stimuli (Diller, 2006; Stetler et
al., 2010). Therefore, it is reasonable that circumstances of death
can differentially influence transcriptional induction of each
member of the inducible HSPs, leading to alterations in post-
mortem mRNA profiles.

It is also noteworthy that ubiquitously expressed HSP90AA1
mRNA levels were significantly different between the ASP and
SCD groups. HSP90AA1 belongs to the HSP90 subfamily that
accounts for 1-2% of all cellular proteins in most cells, even
under non-stress conditions (Csermely et al., 1998). Although
HSP90AA1 gene expression can be induced by severe cellular
stress, it is transcriptionally active under normal physiological
conditions. This strongly suggests that its expression can be
largely affected by preexisting pathologies and genetic diversi-
ties of the subjects. Furthermore, modest group differences in
their mRNA levels as well as their higher correlations to GAPDH
mRNA profiles (see Fig. 4 and Table 3) also suggest that
HSP90AAT1 is inappropriate as forensic biological markers for
cause of death.

It is fundamentally difficult to standardize RNA profiling re-
sults in forensic medicine. This is primarily due to the fact that
postmortem human tissues are heterogeneous. Postmortem
intervals and conditions as well as antemortem factors such as
age, gender, body mass, and the physiological/pathological
conditions of the agonal phase can profoundly affect expression
profiles and half-lives of certain gene transcripts in postmortem
tissues, obscuring the employment of molecular biomarkers to
investigate the cause and process of death (Durrenberger et al.,
2010; Preece and Cairns, 2003; Tomita et al., 2004). Therefore,
data normalization and RNA integrity have been essential is-
sues in the field of forensic molecular pathology (Vennemann
and Koppelkamm, 2010b). Various normalization methods
using the total amount of tissue, DNA, or RNA, and endoge-
nous reference genes have been proposed (Huggett et al.,
2005; Talaat et al., 2002; Vandesompele et al., 2002).

In this regard, it should be noted that there are large varia-
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tions among RNA species in susceptibility to postmortem deg-
radation. A subgroup of mRNA transcripts carrying the 3-UTR
AUUUA motif was shown to be particularly susceptible to PMI-
related degradation in animal models (Catts et al., 2005). In
addition, a systemic analysis of postmortem brain tissues also
demonstrated that RNA quality is a more critical determinant in
analyzing a broad spectrum of mMRNA transcripts, even more so
than agony factors (Popova et al., 2008). Thus, data normaliza-
tion to endogenous housekeeping reference genes without
regard to RNA quality effects could be misleading. As shown in
Fig. 6, individual HSPA2 mRNA profiles normalized to GAPDH
cannot clearly distinguish between Tl and ASP subjects, even
when total RNA samples are relatively intact. On the other hand,
alterations in mMRNA compositions among related members
belonging to a large family such as HSPs can be a better strat-
egy in postmortem analyses, because they usually show higher
homologies in their sequences and, at least in part, share post-
transcriptional regulatory mechanisms. For example, compari-
son of human HSPA2 (NM_021979) and A7 (NR_024151) mRNA
sequences revealed 77% homology in the coding region. The
indices based on the abundance of HSPA2 mRNA relative to
HSPA?7 or A13 discriminated more than 70% of examined sub-
jects belonging to the Tl and ASP groups. More importantly, our
indices appear to be less affected by PMI and better applicable
when RNA samples are less degraded (Fig. 6).

In conclusion, the present study suggests that composition of
a subset of HSP mRNA species in postmortem occipital lobes
can be affected by different death processes, thereby implying
cause of death. Although gene expression alterations in certain
classes of genes cannot be used as the sole convincing evi-
dence, accumulation of data that enables combined analyses
on a wide spectrum of gene transcripts would provide essential
information on the cause and process of death, supporting the
classical approaches based on morphological, pathological,
and toxicological features.
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