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Abstract
In situ hybridization (ISH) is a powerful tool that can be used to localize mRNA expression in
tissue samples. Combining ISH with immunohistochemistry (IHC) to determine cell type provides
cellular context of mRNA expression, which cannot be achieved with gene microarray or
polymerase chain reaction. To study mRNA and protein expression on the same section we
investigated the use of RNAscope® ISH in combination with fluorescent IHC on paraffinembedded human brain tissue. First, we developed a high-throughput, automated image analysis
workflow for quantifying RNA puncta across the total cell population and within neurons
identified by NeuN+ immunoreactivity. We then applied this automated analysis to tissue
microarray (TMA) sections of middle temporal gyrus tissue (MTG) from neurologically normal
and Alzheimer’s Disease (AD) cases to determine the suitability of three commonly used
housekeeping genes: ubiquitin C (UBC), peptidyl-prolyl cis-trans isomerase B (PPIB) and DNA-
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directed RNA polymerase II subunit RPB1 (POLR2A). Overall, we saw a significant decrease in
total and neuronal UBC expression in AD cases compared to normal cases. Total expression

results were validated with RT-qPCR using fresh frozen tissue from 5 normal and 5 AD cases. We
conclude that this technique combined with our novel automated analysis pipeline provides a
suitable platform to study changes in gene expression in diseased human brain tissue with cellular
and anatomical context. Furthermore, our results suggest that UBC is not a suitable housekeeping
gene in the study of post-mortem AD brain tissue.

1. Introduction

Many studies rely on high-throughput transcriptomic techniques such as microarrays or RNA
sequencing to identify novel genes implicated in disease pathogenesis. While these techniques are
instrumental in screening for mRNA expression changes, a significant drawback is the inability to
obtain the cellular context of mRNA expression or identify spatial variation patterns across a
tissue section. This means that whilst many gene expression changes can be identified, the specific
cell types driving these changes cannot be determined. One technique that overcomes these issues
is in situ hybridization (ISH). RNAscope® (ACD Bio) is an ISH method allowing the detection of
single RNA transcripts through several hybridization-based signal amplification steps. This
technique uses two independent probes that hybridize the mRNA target sequence of choice in

This article is protected by copyright. All rights reserved

Accepted Article

tandem for signal amplification. This subsequently enables the amplification of target-specific
sequences and prevents background noise from non-specific hybridization. Therefore, this
technique provides highly sensitive and specific mRNA detection in tissue (Wang et al., 2012).
This allows the cellular context of mRNA expression as well as spatial variation patterns to be
investigated. More recently, RNAscope® ISH combined with immunohistochemistry (IHC) has
allowed simultaneous detection of both gene and protein expression at the single-cell level
(Grabinski et al. 2015). In this study we provide a streamlined workflow for the analysis and
quantification of ISH signal once identified by IHC.
We developed an automated analysis method for quantifying RNAscope® ISH puncta across the
total cell population and specific cells of interest identified by fluorescent IHC. We applied our
fully customizable automated analysis to post-mortem human brain tissue and determined whether

three common housekeeping genes available as positive control probes for RNAscope® are
altered in Alzheimer’s Disease (AD) within all cells or within the neuronal population specifically
(Antonell et al. 2016; Coulson et al. 2008; Penna et al. 2011; Rydbirk et al. 2016; Q. Wang et al.
2012). AD is a neurodegenerative disease characterized by a progressive decline in memory and
cognitive functions (Alzheimer et al. 1991). The hallmark pathologies of AD include cortical
atrophy and the progressive accumulation of extracellular amyloid plaques (Aβ), and intracellular
neurofibrillary tau tangles within the brain (Stelzmann, Schnitzlein, and Murtagh 1995). The
degree of neuronal death directly correlates with both Aβ and tau tangle load (Bloom 2014). Many
large-scale studies have identified genes that are implicated in AD pathogenesis (Allen et al. 2016;
Loring et al. 2001; Mathys et al. 2019; Xu et al. 2007). However, these studies rely on appropriate
housekeeping genes for normalization. For reliable results, it is important that the expression of
housekeeping genes is uniform between normal and AD groups. Housekeeping genes offered as
positive control probes for RNAscope® include ubiquitin C (UBC), peptidyl-prolyl cis-trans
isomerase B (PPIB), and DNA-directed RNA polymerase II subunit RPB1 (POLR2A). Therefore,
we sought to determine the suitability of these housekeeping genes in AD using our ISH-IHC
analysis workflow, followed by validation with RT-qPCR. We then correlated the ISH signal with
AD pathology identified by immunohistochemistry, as well as age at death and post-mortem delay.
We utilized paraffin-embedded human brain tissue microarray (TMA) sections comprising middle
temporal gyrus (MTG) cores from neurologically normal and Alzheimer’s disease to study the
expression of UBC, PPIB and POLR2A within the total cell population and within neurons
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identified by NeuN+ immunoreactivity. UBC encodes a ubiquitin source, which binds to misfolded
proteins targeted for the ubiquitin-proteasome degradation system (UPS) (Hershko and
Ciechanover 1998). PPIB regulates the folding of type I collagen (Barnes et al. 2010), while
POLR2A encodes the largest subunit of RNA polymerase II (Wintzerith et al. 1992). This study
provides a fully integrated and customizable workflow to study mRNA expression changes in
diseased brain tissue with both cellular and anatomical context. It also highlights that care must be
taken when selecting suitable housekeeping genes for microarray and RT-qPCR studies.
2. Materials & methods

2.1. Human brain tissue

The adult human brain tissue used in this study was obtained from the Neurological Foundation
Human Brain Bank (Centre for Brain Research, University of Auckland). The University of
Auckland Human Participants Ethics Committee approved the protocols used in these studies
(011654) and all tissue was obtained with full informed consent of the families. The following
study was not pre-registered prior to beginning.
Upon arrival at the Brain Bank, the brains were perfused according to previously published
protocols (Waldvogel et al. 2007) and the middle temporal gyrus (MTG) was cut into three equally
sized blocks. The blocks were then post fixed by immersion in fresh fixative for 24 h and
transferred into a cryoprotective 20% sucrose solution for two weeks then subsequently
dehydrated in a series of progressive ethanol baths, before clearing twice in xylene and paraffin
infiltration. Middle temporal gyrus (MTG) tissue microarray sections were prepared using paraffin
embedded, formalin fixed MTG samples obtained from 38 neurologically normal and 37 AD cases
(Supplementary Tables 1 and 2). The normal cases included 27 males and 11 females, aged 60 to
98 years (mean = 72.6 years), with a post-mortem delay of 5 to 28 hours (mean = 16.6 hours). The
AD cases included 18 males and 19 females, aged 51 to 85 years (mean = 74.9 years), with a postmortem delay of 4 to 57 hours (mean = 14.5 hours). A breakdown of the age at death and sex of
the two groups is provided in Supplementary Figure 1.
2.2. TMA construction
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2 mm-diameter cores containing all cortical layers of the MTG were extracted from blocks and
inserted into a recipient paraffin block to form tissue microarrays using previously published
protocols (Narayan et al. 2015). 7 µm-thick sections from this block were then cut on a rotary
microtome (Leica Biosystems RM2235) and mounted onto slides prior to dual in situ
hybridization and immunohistochemical labelling.
2.3. Dual in situ hybridization and immunohistochemistry

Sections were first subjected to the RNAscope® 2.5 HD Detection Kit (Red) (ACD Bio cat.no
322350) as per the manufacturer’s instructions for probes against UBC (cat.no 310041) , PPIB

(cat.no 313901), POLR2A (cat.no 310451), as well as the negative control probe dapB (cat.no
310043). After the addition of the Fast Red chromogen, sections were washed in MilliQ water
before immediately blocking in 10% normal goat serum (NGS) (Gibco cat.no 16210072) for 1 h at
RT to prevent non-specific binding of secondary antibodies. An antibody against NeuN (guinea
pig NeuN Merck cat.no ABN90, concentration 1:500) was then added in 1% NGS and left to
incubate overnight at 4°C. Sections were then incubated with the corresponding goat anti-guinea
pig secondary AlexaFluor 488 conjugated antibody (ThermoFisher cat.no A-11073) at 1:500 for 3
h at RT. Finally, sections were incubated with Hoechst 3342 (Invitrogen cat.no H3570) at
1:20,000 for 5 min at RT, then coverslipped with ProLong Diamond antifade reagent (Invitrogen
cat.no P36965). All washes between IHC steps were done with PBS (3 x 5 min). To determine any
correlations between the degree of pathology and the expression of each housekeeping gene, a
single section was subjected to the same immunohistochemistry protocol used in the dual ISH/IHC
protocol, however the section also went through antigen retrieval with 100% formic acid (VWR
chemicals cat.no 64-18-6) for 3 mins prior to blocking in 10% NGS. β-amyloid (DAKO cat.no
M0872, concentration 1:100) and tau (DAKO cat.no A0024, concentration 1:1,000) antibodies
were co-labelled for quantification of AD associated pathologies.
2.4. Imaging & Analysis

Following the dual ISH + IHC labelling, we developed an imaging and automated analysis
workflow (summarized in Figure 1. The resulting slide was imaged on a Zeiss Axio Imager Z2
running MetaSystems® Metafer5 VSlide software using a 10x objective (0.45 numerical
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aperture); with the in situ puncta being imaged under both the green transmitted light (GTL) filter
and TexasRed (TxRed), whilst cell nuclei and NeuN (FITC) staining were captured using their
respective fluorescence filters. Note that although the RNAscope® 2.5 HD Detection kit utilizes
the Fast Red chromogen, it also shows excitation at the TxRed wavelength (Murdoch et al. 1990;
Speel et al. 1992). Imaging the in-situ puncta using both GTL and TxRed filters allowed us to

exclude autofluorescence and tissue artifacts in our subsequent analysis and more accurately
identify the ISH puncta.
Images were exported from the VSlide software as uncompressed 8-bit TIFFs for analysis using
FIJI (version #1.52p). First, the GTL image contrast was inverted to emulate a fluorescent image.
The white edge of the tissue core was found by setting a high threshold (0 for inverted image), and
then dilated by 8 pixels. This mask was subtracted from the original image. We then conducted
Difference of Gaussian (DoG) based background subtraction (Gaus01 Ω = 0.6, Gaus02 Ω = 2.0) to

smooth single pixel variation and set the upper limit for identifying puncta before the image was
auto-thresholded based on the ‘Triangle’ method and converted to a mask. Puncta were then
cleared and dilated by 5 pixels (1.8 µm2) to compensate for errors in alignment between GTL and
TxRed filters.
The TxRed image was processed in the same manner, but not cleared and dilating puncta in the
final step. Instead, the puncta masks were watershed separated and single pixels were filtered. The
TxRed channel was also used to identify the entire tissue core area through DoG based
background subtraction (Gaus01 Ω = 0.6, Gaus02 Ω = 1.5), before the image was auto-thresholded
using the ‘Isodata’ method. The number of overlapping puncta between GTL and TxRed was then
found by combining the two processed images using the ‘AND’ function and counting the
overlapping number of puncta, with a minimum puncta size of 4 pixels. Combining these two
images and counting the overlapping puncta meant that any autofluorescence detected in the
TxRed channel, or any tissue debris detected in the GTL channel could be removed: i.e. only
overlapping positive puncta were counted as real signal.
Next, the image containing NeuN staining was processed. A median filter (Ω= 2.0) and gaussian
filter (Ω= 15.0) were applied to duplicates of the image before subtracting the Gaussian processed
image from the median processed image to reduce noise and identify the background respectively.
The resultant image was auto-thresholded using the ‘Otsu’ method and converted to a mask. The
edge of the tissue found during the GTL processing was then removed from this image. The NeuN
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masks were then slightly dilated to account for puncta sitting just outside of the cell nucleus before
the number of NeuN masks were counted, with a minimum cell size of 100 pixels2.
Following this, the image containing nuclei staining was processed by identifying nuclei based on
DoG based background subtraction before removing the edge from GTL processing and slightly
blurring nuclei with a median filter (Ω= 2.0) to reduce single pixel noise. The image was then
auto-thresholded using the ‘Triangle’ method and converted to a mask. Masks were then eroded to
improve nuclear separation. This made the nuclei smaller, but better separated. Nuclei were then
watershed to split nuclei, and then any nuclei smaller than 4 pixels were filtered out.
Finally, each final processed image was combined and the total number of puncta, total cell
number, total NeuN+ puncta and total NeuN+ cell number were scored. Note that this output also
gave total area of puncta staining per total cell area, however, only total puncta per cell numbers
have been reported as both measures showed the same trends for all analyses. (refer to
Supplementary Figure 2 & Supplementary Table 3). All of the analysis completed was done by
one individual (BH), who was blinded to the case number and disease status of each core on the
TMA until the automated analysis had been completed for all cores. The script and output data for
this analysis is available through Mendeley Data at (http://dx.doi.org/10.17632/wvpydygkdh.2).
To quantify the degree of β-amyloid and tau pathology, a median filter (Ω= 2.0) and gaussian filter
(Ω= 50.0) were applied to duplicates of the image before subtracting the Gaussian processed
image from the median, similar to the NeuN processing above. A threshold filter was applied (15 –
255 grayscale pixel values for β-amyloid, 20-255 for tau) before converting to a mask. The total
amount of staining was then measured (min. size tau staining 10 pixels, min. size β-amyloid
staining 500 pixels). The total area of tissue was then measured using the same processing as
described in the TxRed image processing. This gave the total percentage of the tissue core that
stained for either pathological protein.
Note that any TMA cores that were folded or largely missing, or cases that did not show
expression of one of the three housekeeping probes were excluded from analysis.
2.5. RNA extraction
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RNA was extracted from fresh-frozen human brain tissue using the RNeasy Mini kit (QIAGEN
cat.no 74104). Fresh frozen MTG blocks from 5 normal and 5 AD cases (Table #1) were chipped
using a razor blade, and the tissue was weighed on a microscale. All samples were less than 30 mg
(maximum recommended input). The tissue was then placed into 300 µL of lysis buffer (Buffer
RLT), and thoroughly disintegrated using pre-chilled plastic pestles off ice quickly to avoid RNase
degradation. An additional 300 µL of lysis buffer was then added, before removing the pestle and
homogenizing the sample through a needle. The solution was passed through a 21g needle 10
times, then through a 25g needle 5-10 times or until no visible tissue remained. Following
homogenization, the sample was subjected to the protocol as per the manufacturer’s instructions.
RNA concentration was determined using spectrophotometry (NanoDrop 1000, Thermo Fisher),
and RIN values were obtained using an Agilent 2100 Bioanalyzer (Agilent Technologies).
Extracted RNA yields per tissue weight and RIN values are included in Table 1. Note that the
median RIN was lower in RNA extracted from AD cases compared to normal cases (Table 1) as
has previously been reported (Gebhardt, Scott, and Dodd 2010), although this difference was not
statistically significant (Mann-Whitney test, p = 0.0873).
2.6. cDNA synthesis & RT-qPCR

Maximal RNA input from each sample was used to generate cDNA using the Superscript III FirstStrand Synthesis kit (Life Technologies). cDNA was diluted 1:5 in DPEC-treated water before
subsequent use in RT-qPCR on a 7900HT Fast Real-Time PCR machine (Applied Biosystems)
using Platinum® SYBR® Green RT-qPCR SuperMix-UDG with Rox (Life Technologies cat.no
11744100). Relative gene expression analysis was conducted using the 2-ΔΔCt method with the

housekeeping gene RPL30, a suitable candidate housekeeping gene for comparisons between
normal and AD tissue (Rustenhoven et al. 2018). Note we found moderate, negative correlations
between all genes of interest average CT (UBC, PPIB, POLR2A) and RIN value, but this
correlation was also detected for the reference gene (RPL30) (Supplementary Figure 4). Therefore,
because we have used the ΔΔCT method normalizing to RPL30, these differences in RIN should
not influence the result. Results are presented as log2 fold changes relative to normal mean
expression values. All RT-qPCR amplifications were carried out in triplicate. Details for the
primers used in this study are included in Table 2. Primer efficiencies were determined for all
primers by performing RT-qPCRs using serial dilutions of cDNA (standard curve method) from
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case H245. Efficiencies were calculated as 103.16% for UBC, 110.95% for PPIB and 102.5% for
POLR2A, and all standard curves had an R2 of 0.995. All primers produced melt curves with
single peaks indicating amplification of a single, specific product.
2.7. Validation of neuronal specific expression

To validate neuronal specific expression of housekeeping genes in normal and AD MTG tissue,
the GSE5281 dataset was utilized (https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE5281), in
which the authors expression profiled layer III cortical neurons using laser capture microscopy
from 12 healthy elderly individuals and 16 AD afflicted individuals using the Affymetrix Human
Genome U133 Plus 2.0 microarray (Liang et al. 2008).
2.8. Statistical analysis

All statistical analysis was completed using GraphPad Prism statistics and graphing package
v8.02. Given non-normal distribution as assessed by an F-test of equality of variances, nonparametric Mann-Whitney rank sum tests were used to compare both total and neuronal
housekeeping gene expression with statistical significance set at p ≤ 0.05. No test for outliers or

sample calculation was conducted on this dataset. RT-qPCR and GSE5281 results were considered
statistically significant if there was at least a two-fold change in expression (fold change ≤0.5/≥2)
and a significant difference in mean expression (paired t-test of ΔCt, p ≤ 0.05). Statistical
significance of correlations between housekeeping gene expression and pathology/age at
death/post-mortem delay was assessed using Pearson correlation coefficients, with 0 ≤ r ≤ 0.3 and
-0.3 ≤ r ≤ 0 considered weak and r = 0.3 to 0.7 and r = -0.3 to -0.7 considered moderate
correlations. All values are presented as medians and range unless otherwise stated with n =
number of cases. In box and whiskers plots in Figure 2, median bars are presented with boxes
extending from the 25th to 75th percentile and whiskers showing minimum to maximum data points
For RT-qPCR and GSE5281 data presented in Figure 3, solid bars indicate mean values with error
bars representing ± 1 standard deviation. Significance is indicated by * = p < 0.05, ** = p < 0.01,
*** = p < 0.001 and **** = p < 0.0001 in figures.
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3. Results
3.1. Total and neuronal UBC expression is decreased in AD MTG cores

Once the analysis pipeline had been established, we compared both the total expression and
neuronal specific expression of UBC, PPIB and POLR2A between normal and AD MTG tissue
(Figure 2). A significant decrease in total UBC (Figure 2-A1) expression was seen in AD (Normal
UBC: 1.421, range = 7.897 puncta/cell. AD UBC: 0.3186, range = 2.934 puncta/cell, p = 0.0005),
whilst no difference in total PPIB (Figure 2-A2) or POLR2A (Figure 2-A3) expression was seen

(Normal PPIB: 0.500, range = 2.171 puncta/cell. AD PPIB: 0.2518, range = 1.435 puncta/cell, p =

0.0588. Normal POLR2A: 0.04112, range = 0.3831 puncta/cell. AD POLR2A: 0.01937, range =
0.4197 puncta/cell, p = 0.1327). Furthermore, UBC neuronal expression (Figure 2-B1) was also
significantly decreased in AD (Normal UBC: 2.313, range = 8.586 puncta/cell. AD UBC: 0.5594,
range =3.413 puncta/cell, p = 0.0010), whilst no significant difference in PPIB (Figure 2-B2) or
POLR2A (Figure 2-B3) neuronal expression was seen (Normal PPIB: 0.3447, range = 2.77
puncta/cell. AD PPIB: 0.1852, range = 2.176 puncta/cell, p = 0.4286. Normal POLR2A: 0.1020,

range = 0.631 puncta/cell, AD POLR2A: 0.08148, range = 0.8475 puncta/cell, p = 0.4126). It
should be noted that when each group is broken down by sex, the significant differences in both
total and neuronal UBC expression are only seen between normal and AD males and not normal

and AD females (Supplementary Figure 3-A1-2). No significant differences are seen in expression
of the other genes when broken down by sex (Supplementary Figure 3-B1-2, C1-2). These results
reflected the staining patterns seen in the tissue (Figure 2-C1-C6). Note that the mean neuronal
counts were higher than the mean total cell counts for all three genes. Whilst no significant
differences in either total (Figure 2- D1) or neuronal (Figure 2- D2) cell densities were observed
between normal and AD cases, (Normal total cell density: 1679, range = 1758 cells/mm2, AD total
cell density: 1753, range = 3805 cells/mm2, p = 0.3396. Normal neuronal density = 513, range =

765.6 cells/mm2, AD neuronal density = 423, range = 811.9 cells/mm2, p = 0.4572), the proportion

of neuronal cells was significantly decreased in AD cases (Normal neuronal proportion: 29.97,
range = 24.91 %, AD neuronal proportion: 25.77, range = 30.35 %, p = 0.0057).
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3.2. RT-qPCR and publicly available dataset results validate RNAscope® housekeeping gene
expression changes

To validate the total expression results, RT-qPCR was performed using primers against UBC,
PPIB and POLR2A on cDNA synthesized from RNA extracted from fresh frozen MTG blocks. A

significant 3.64 log2-fold reduction in UBC expression (Figure 3-A1) was seen (p = 0.00424), and
although not significant, a 2.21 log2-fold reduction in PPIB expression (Figure 3-A2) was

observed (p = 0.05338) in AD. No difference in POLR2A expression (Figure 3-A3) was observed
(p = 0.1795). Therefore, the RT-qPCR results validate the RNAscope® total expression results.
To validate the neuronal expression results, we used the GSE5281 dataset that contains expression
profiling results from laser-microdissected layer III cortical neurons from the MTG of 12 healthy
elderly controls and 16 individuals diagnosed with late onset AD. A significant 1.4 log2-fold
reduction in neuronal UBC (Figure 3-B1) was observed (p = 0.0005). The neuronal PPIB fold
change did not meet our criterion for significance (Figure 3-B2), as although there was a
significant difference between normalized expression values (p = 0.0322), there was not at least a
two-fold change in expression. No significant difference in neuronal POLR2A (Figure 3-B3)
expression was observed (p = 0.7002). Therefore, alongside the RT-qPCR results, these results
reflect the RNAscope® neuronal expression values.
3.3. Total UBC & both total and neuronal PPIB expression is correlated with β-amyloid
pathology in normal cases

To determine whether there was any correlation between housekeeping gene expression and
disease pathology, the total and neuronal expression results were plotted against the percentage of
the total tissue area stained for β-amyloid or tau pathology (Figure 4). β-amyloid pathology was
moderately negatively correlated with both total UBC (Figure 4-A1) and PPIB expression (Figure
4-A3), but only within the normal group (Total UBC normal: r = -0.3873, p = 0.0459. Total PPIB
normal: r = -0.4686, p = 0.0209). No significant correlation was observed between β-amyloid
pathology and POLR2A in either group (Figure 4-A5). β-amyloid pathology also moderately
negatively correlated with neuronal PPIB expression (Figure 4-A4), but again this correlation was
only observed within the normal group (Neuronal PPIB normal: r = -0.4762, p = 0.0186). No
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significant correlations were observed between β-amyloid pathology and either neuronal UBC
(Figure 4-A2) or POLR2A (Figure 4-A6) for either group. No significant correlations were
observed for either total or neuronal expression and tau pathology for any of the housekeeping
genes in either group (Figure 4-B1-6). As expected, a significantly larger proportion of the tissue in

the AD cases stained for both β-amyloid (Supplementary Figure 5-A) and tau (Supplementary
Figure 5-B) compared to the normal cases (β-amyloid normal: 0.1966%, range = 0.7026 %, AD =

0.5024%, range = 1.903 %, p < 0.0001. Tau normal: 0.0003516%, range = 0.02570 %, AD =
0.8684%, range = 2.674 %, p < 0.0001). Furthermore, a moderate positive correlation was seen
between β-amyloid and tau pathology (Supplementary Figure 5-C) (r = 0.3168, p = 0.0121).

These results reflected the staining pattern seen in the tissue (Figure 4-C1-2).
3.4. POLR2A expression is correlated with age at death in normal cases

To determine whether there was any correlation between housekeeping gene expression and age at
death, the total and neuronal expression results were plotted against the age at death (Figure 5).
Negative, moderately significant correlations were observed between age at death and both total
(Figure 5-C1) and neuronal (Figure 5-C2) POLR2A expression, but again, these correlations were
only observed in normal cases (Total POLR2A normal: r = -0.4865, p = 0.0055. Neuronal
POLR2A normal: r - -0.3686, p = 0.0413). No significant correlations were observed between age
at death and either total or neuronal UBC (Figure 5-A1, B1) or PPIB (Figure 5-A2, B2) in either
group.

3.5. No correlations between housekeeping gene expression and post-mortem delay
To determine whether there was any correlation between housekeeping gene expression and postmortem delay, the total and neuronal expression results were plotted against post-mortem delay
(hours, Figure 6). No significant correlation was observed between any of the total (Figure 6-A1-3)

or neuronal (Figure 6-B1-3) gene expression results and post-mortem delay.

5. Discussion

Overall, we have demonstrated that a dual in situ hybridization and immunohistochemistry
technique successfully allows the study of changes in mRNA expression in disease whilst
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maintaining both cellular and spatial context of the tissue. Validation of the in situ hybridization
result using RT-qPCR and a publicly available microarray dataset gives us confidence in this
approach. The combination of ISH and IHC on a single section as well as accurate detection of
puncta using our custom automated analysis for counting ISH puncta within masked IHC staining
provides a powerful tool for further studies in disease whilst preserving tissue cytoarchitecture.
We have determined that UBC is not a suitable housekeeping gene in the study of post-mortem
AD human brain tissue. This finding highlights that caution must be exhibited when selecting
housekeeping genes for analysis of diseased human brain tissue. We observed a large decrease in
both total and neuronal UBC expression in AD MTG cores, which was validated by both RTqPCR and the GSE5281 dataset respectively. In addition, the total UBC expression negatively
correlated with β-amyloid pathology in normal cases, but not in AD cases. As the range of βamyloid pathology within normal cases is very narrow compared to AD, this result is likely not
indicative of a relationship between this pathology and UBC expression. UBC is involved in
ubiquitination and proteolysis of misfolded proteins. When labelled with ubiquitin, the misfolded
protein is broken down into polypeptide chains by the 26S proteasome via proteolysis in the
lysosome, thereby preventing the build-up of toxic misfolded proteins within the cell (Hershko and
Ciechanover 1998; Rubinsztein 2006). This pathway is implicated in many neurodegenerative
diseases, including AD where its activity is reduced (Gadhave et al. 2016; Oddo 2008; Tramutola
et al. 2016). Indeed, both Aβ plaques as well as neurofibrillary tau tangles have been found to colabel with ubiquitin (Lowe et al. 1988). The cause of reduced UPS activity in AD remains unclear.
Decreased activity of the 26S proteasome in the AD MTG has been attributed to a frameshift
mutation in ubiquitin B (UBB), leading to the generation of aberrant ubiquitin B proteins
(UBB+1) lacking the capacity to ubiquitinate misfolded proteins (Qing et al. 2004). Another study
found that UBC acts as a pivotal protein in the interaction of AD associated pathophysiological
factors using ingenuity pathway analysis from post-mortem AD brain tissue, suggesting reduced
UPS as a causative factor of AD (Manavalan et al. 2013). Furthermore, the decrease in UBC
expression was specifically seen in males and not females between normal and AD cases. Whilst
this may be due to the relatively smaller case numbers comprising the female groups compared to
the male groups, it further highlights the growing evidence regarding sex differences in AD (for
review, see: Toro, Zhang, Cao, & Cai, 2019). Nevertheless, further work is required to validate
UBC as a sexually dimorphic gene implicated in AD. Overall, whilst there is strong evidence for
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impaired UPS in AD, this study is the first to suggest that decreased expression of UBC and
therefore, a lack of ubiquitin, could contribute to this impairment.
Another consideration is that a suitable housekeeping gene for one brain region does not
necessarily extend to the whole brain. For example, whilst we observed a significant decrease in
UBC expression within the MTG, others report no changes in UBC expression in the AD
prefrontal cortex and increased expression in the AD cerebellum (Rydbirk et al. 2016). Ideally,
housekeeping genes should have uniform expression across all regions, therefore, this further
emphasizes the limited applicability of UBC as a housekeeping gene in AD due to its differential
expression across brain regions.
Additionally, whilst we did not see a significant difference in PPIB expression, its validity as a
housekeeping gene in the study of AD MTG brain tissue remains dubious given the apparent
decrease seen in both the total and neuronal expression data and log-fold change in the RT-qPCR
data (although not statistically significant). Furthermore, both the total and neuronal PPIB
expression negatively correlated with β-amyloid pathology in normal cases, but as mentioned in
the context of UBC, this relationship is weak given it was not also observed in AD. Addition of
Aβ1-42 fragments to HM06 human microglial cultures was found to upregulate PPIB in vitro, and
increased immunohistochemical staining was observed within activated microglial cells in the
5xFAD mouse model (Yoo et al. 2015). Whilst we did not investigate the expression of PPIB
within microglial cells, this is a future experiment that could be done with a suitable microglial
marker rather than a neuronal marker used for the purpose of this study.
In contrast, our data suggests that POLR2A is a more suitable housekeeping gene in the study of
AD MTG given its relatively similar expression between normal and AD cases. No evidence to
date suggests that expression of this gene or the protein produced becomes implicated in AD.
Whilst our data suggests POLR2A is a suitable housekeeping gene, we did observe a correlation in
both the total and neuronal expression and age at death in the normal group. Again, this observed
correlation should not be overinterpreted given it wasn’t also observed in the AD group, however
it highlights the importance of ensuring groups are adequately age-matched when performing
analysis on post-mortem tissue. Whilst there is evidence for impairments in the UPS with ageing,
these findings have been attributed to decline in proteasome activity rather than decreases in
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ubiquitin expression given the accumulation of ubiquitin positive inclusions in the ageing brain
(Gray 2003; Löw 2011).
Lastly, the observation of no correlation between gene expression and post-mortem delay agrees
with studies suggesting that post-mortem delay is not associated with RIN (Barton et al. 1993;
Perrett, Marchbanks, and Whatley 1988; Sherwood et al. 2011). Nevertheless, the unique design of
RNAscope® target probe pairs spanning between 40 – 50 nucleotides along the target RNA
molecules (Wang et al., 2012) allows for accurate detection in samples even with partially
degraded RNA as seen in the AD samples used for RT-qPCR in this study.
6. Conclusion

In conclusion, we have demonstrated a dual in situ hybridization and immunohistochemistry

technique which, used together with our custom automated analysis, provides a suitable platform
to study changes in gene expression in archived, diseased human brain tissue with both cellular
and anatomical context. Furthermore, we show that UBC is not a suitable housekeeping gene,

whilst POLR2A is more suitable in the study of post-mortem AD brain tissue.
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Tables

Table 1: RNA concentrations and RIN values for samples used for RT-qPCR:
Case No.

Pathology

RNA yield per tissue weight

RIN

(µg/mg)
H170

Neurologically normal

0.19

7.5

H230

Neurologically normal

0.19

4.8

H239

Neurologically normal

0.11

6.5

H245

Neurologically normal

0.24

7.6

H246

Neurologically normal

0.26

5.9

0.20 ± 0.06

6.46 ± 1.2

AVERAGE ± SD
AZ89

AD

0.19

4.9

AZ98

AD

0.10

4.1

AZ111

AD

0.13

6.1

AZ124

AD

0.21

3.9

AZ127

AD

0.07

4.9

0.14 ± 0.06

4.78 ± 0.87

AVERAGE ± SD

Table 2: Details for the primers used in this study
Accession

Gene

Sequence (5’ – 3’)

Number

NM_000989.3

NM_021009.7

NM_000942.4

NM_000937.5

Amplicon
Length

RPL30

UBC

PPIB

POLR2A

Fw

TACGTCCTGGGGTACAAGCA

Rv

AAAGCTGGGCAGTTGTTAGC

Fw

CCGGGATTTGGGTCGCAG

Rv

TCACGAAGATCTGCATTGTCAAG

Fw

GGCCCAAAGTCACCGTCAAG

Rv

AGCCAAATCCTTTCTCTCCTGTA

Fw

GGCTATAAGGTGGAACGGCA

Rv

TTTTGTGCAGAGTTGGCTGC
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Figure Captions

Figure 1: Workflow for staining and analysis of TMA sections for housekeeping genes (A)
Workflow for dual ISH + IHC protocol involves processing sections for RNAscope before
conducting fluorescent IHC for the detection of NeuN+ cells. (B1-4) PPIB in situ signal obtained
using the RNAscope 2.5 HD Detection Kit (Red) within NeuN+ cells (green) in the MTG. (B5)
Threshold masking of the RNA puncta (white – overlapping brightfield and Texas red channels)
and NeuN immunoreactivity (blue) as well as a dilated mask of the cell nuclei (red). These masks
allowed for the quantification of RNA puncta within all cells (defined by nuclei mask) and all
neurons (defined by NeuN mask). Scale bars = 10 µm).
Figure 2: Total and neuronal specific expression of housekeeping genes within normal and AD
MTG cores. (A) Total expression of housekeeping genes (total puncta/total cell number). A
significant decrease in both total UBC (A1) expression was seen in AD, whilst no difference in
PPIB (A2) or POLR2A (A3) expression was seen. (B) UBC (B1) neuronal expression was also
significantly decreased in AD, whilst no significant difference in PPIB (B2) or POLR2A (B3)

neuronal expression was seen. (C) Representative images of housekeeping gene expression within
NeuN+ cells (C1: normal UBC, C2: AD UBC, C3: normal PPIB, C4: AD PPIB, C5: normal
POLR2A, C6: AD POLR2A). Scale bar = 10 µm. (D) Total and neuronal cell densities between
normal and AD cases: No significant changes in total cell density (D1) or neuronal density (D2)
were seen, however the proportion of NeuN+ cells were significantly decreased in AD cases

(Normal, n = 26 – 38 cases, AD, n = 23 – 37 cases as indicated under graphs).
Figure 3: RT-qPCR and GSE5281 microarray results validate RNAscope® results for
housekeeping genes between normal and AD MTG tissue. (A) RT-qPCR result validates
RNAscope® total expression results (n = 5 cases for both normal and AD). A significant 3.64-fold
reduction in UBC expression (A1) is seen, and although not significant, a 2.21-fold reduction in
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mean PPIB expression (A2) is observed. No difference in POLR2A expression (A3) is observed.
(B) Gene microarray results from GSE5281 dataset validates RNAscope® neuronal specific
results. A significant reduction in neuronal UBC (B1) expression is seen, whilst no difference in
neuronal PPIB (B2) or POLR2A (B3) expression is observed (Normal, n = 12 cases. AD, n = 16
cases).

Figure 4: Total UBC and both total and neuronal PPIB expression is correlated with β-amyloid
pathology in normal cases. A moderate, negative correlation was observed between both total
UBC (A1) and PPIB (A3) expression and β-amyloid pathology, but only within the normal group.
No significant correlation was seen between POLR2A expression and β-amyloid pathology in

either group (A5). Furthermore, a moderate negative correlation was also observed between

neuronal PPIB (A4) expression and β-amyloid pathology, but again, only within the normal group.

No significant correlations were seen between neuronal UBC (A2) or POLR2A (A6) pathology in

either group. No significant correlations were observed between either total or neuronal gene
expression and tau pathology for either groups (B1 – B6). (Normal, n = 24 – 28 cases, AD, n = 21 –
25 cases as indicated under graphs). Representative images of pathological staining in normal (G1)
and AD (G2) cases. Scale bar = 50 µm.

Figure 5: Correlations between housekeeping gene expression and age at death. A moderately
negative correlation was observed between both total (A3) and neuronal (B3) POLR2A expression
and age at death, but only within the normal group. No significant correlations were observed
between either total (A1) or neuronal (A2) UBC expression and age at death or either total PPIB
(A2) or neuronal (B2) PPIB expression and age at death (Normal, n = 26 – 31 cases, AD, n = 23 –
31 cases as indicated under graphs).
Figure 6: Correlations between housekeeping gene expression and post-mortem delay. No

significant correlations were observed between either total UBC (A1), PPIB (B1) or POLR2A (C1)
expression and post-mortem delay. No significant correlations were observed between neuronal

UBC (A2), PPIB (B2) or POLR2A (C2) expression and post-mortem delay (Normal, n = 26 – 31

cases, AD, n = 23 – 31 cases as indicated under graphs).
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