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Preclinical development of RNA interference (RNAi)-based therapeutics requires a rapid, accurate, and robust
method of simultaneously quantifying mRNA knockdown in hundreds of samples. The most well-established
method to achieve this is quantitative real-time polymerase chain reaction (QRT-PCR), a labor-intensive
methodology that requires sample purification, which increases the potential to introduce additional bias. Here,
we describe that the QuantiGene® branched DNA (bDNA) assay linked to a 96-well Qiagen TissueLyser Il is a
quick and reproducible alternative to qRT-PCR for quantitative analysis of mRNA expression in vivo directly
from tissue biopsies. The bDNA assay is a high-throughput, plate-based, luminescence technique, capable of
directly measuring mRNA levels from tissue lysates derived from various biological samples. We have per-
formed a systematic evaluation of this technique for in vivo detection of RNAi-based silencing. We show that
similar quality data is obtained from purified RNA and tissue lysates. In general, we observe low intra- and
inter-animal variability (around 10% for control samples), and high intermediate precision. This allows min-
imization of sample size for evaluation of oligonucleotide efficacy in vivo.

Introduction mRNA quantification for a variety of applications [10-13].
This assay monitors the exponential amplification of a target
NA INTERFERENCE (RNAIi) is an endogenous cellular mRNA following conversion to its complementary DNA
pathway widely used as a biomedical research tool to si- (cDNA). However, each step (mRNA isolation and purifica-
lence gene expression in vitro and in vivo [1-3]. RNAi is ini- tion, cDNA synthesis, and qRT-PCR) introduces systematic
tiated by a small interfering RNA (siRNA), which guides target  error [9]. These errors include insufficient or nonreproducible
mRNA silencing through an RNA-induced silencing complex mRNA purification from tissues of interest, inefficient cDNA
[4]. Tissue-specific siRNA delivery poses a major challenge to  synthesis, and errors in detection of PCR products [10].
RNAI clinical development [5]. Recent advances in delivery = Moreover, the purified RNA is subject to degradation by endo-
technologies (eg, N-acetyl galactosamine [GalNAc]-siRNA and exonucleases [14]. This complex processing makes anal-
conjugates, which show robust clinical efficacy in hepatocytes  ysis of in vivo studies highly laborious, especially in studies
[6-8]) have led to a major breakthrough in the development of  designed to test the efficacy of a compound library in distinct
novel RNAi-based therapies for liver disease. Further research  tissues, in parallel. This often results in underpowered studies,
efforts will be required to expand the clinical utility of RNAi  potentially affecting the reliability of the results. The devel-
beyond the liver. These types of studies require a rapid, simple opment and validation of methods that simplify in vivo effi-
method to assess oligonucleotide-dependent target gene si- cacy studies will constitute a step forward for RNAIi platform
lencing in vivo. The most common method to quantify target development.
mRNA silencing following siRNA treatment is quantitative The QuantiGene® branched DNA (bDNA) assay was de-
real-time polymerase chain reaction (QRT-PCR) [9,10]. veloped to circumvent the pitfalls associated with qRT-PCR
gRT-PCR is one of the most widely used methods of an-  [15,16]. Unlike qRT-PCR, this bDNA assay relies on ampli-
alyzing gene expression, and it is an indispensable tool for fication of the signal, not the cDNA of interest. This method
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utilizes a plate-based, luminescent assay to directly assess the
amount of mRNA in 96 samples simultaneously, without the
need to isolate RNA or include a standard curve [17]. It has
been used routinely for diagnostics, and to a lesser extent, to
assess the efficacy of oligonucleotides in vivo [15,17-21]. A
previous report compared qRT-PCR to the QuantiGene assay
and determined that QuantiGene has a better linear range and
relative accuracy versus qRT-PCR [22]. This makes the
QuantiGene assay a viable alternative to qRT-PCR methods.
Here, we describe a systematic evaluation of this technique for
in vivo validation of oligonucleotide therapeutics.

Methods

mRNA quantification from total isolated RNA

Animals. Five untreated YAC128 mice were euthanized,
brains were harvested, and three 300 um coronal sections
were prepared using a Leica vibratome [23]. From each
section, a single 2mm punch (#15110-20; Miltex®) was
taken from both the left and right side of the striatum and
cortex (four punches per coronal section) and placed in
RNAlater® (#AM7020; Ambion) for 24 h at 4°C. All animal
procedures were approved by the University of Massachu-
setts Medical School Institutional Animal Care and Use
Committee (IACUC, protocol numbers A-2411 and A-978).

Sample preparation. For extraction of total purified RNA,
three striatum punches and three cortical punches from the left
side of the brain were pooled into separate tubes. The pooled
tissue punches were homogenized by electronic pestle in
300 uL. of lysis buffer. Total RNA was isolated using the
mirVana™ miRNA isolation kit (#AM1560; Life Technolo-
gies), eluted in 100 pL of RNase free water, and diluted to a
volume of 260 pL. Eighty microliters of this solution was
combined with 20 pLL of a specific probe set solution (human
HD [#SA-50339; Affymetrix], mouse PPIB [#SB-10002;
Affymetrix], or mouse HPRT [#SB-15463; Affymetrix]) in a
96-well bDNA assay plate (in triplicate). Plates were covered
and incubated overnight at 55°C. The following day, the re-
mainder of the QuantiGene assay protocol was performed
(#QS0011; Affymetrix). Preamplifying, amplifying, and label
solutions were prepared according to the manufacturer’s re-
commended procedure. First, the plates were washed using an
automated plate washer. The preamplifying solution (100 pL)
was added to each well, and the plates were incubated at 55°C
for 1h. Following incubation, the plates were washed and
treated with 100 pL of amplifying solution, and incubated at
55°C for 1h. Following this step, plates were washed and
incubated with 100 pL of labeling solution at 50°C for an
additional hour. After a final wash step, 100 puL of substrate
was added and plate luminescence was read using either a
Veritas® Luminometer or a Tecan® M1000 plate reader.

mRNA quantification from tissue punch biopsies
using electronic pestle for sample preperation

Sample preparation. For individual tissue punch ho-
mogenates, three striatum and three cortex punches from the
right side of the brain, dissected as described in the previous
section, were separated into individual tubes. Homogenizing
buffer containing Proteinase K (#10642; Affymetrix) was
prepared according to the manufacturer’s recommended
protocol, and 200 pL of this solution was added to each tube.

Individual cortical or striatal punches were homogenized
with an electronic pestle and incubated for 30 min at 65°C,
vortexing for 1 min every 10 min. The homogenate was then
spun at 16,000 g for 15 min at 4°C. Supernatant was removed
and frozen at —80°C. Before mRNA analysis, tissue punch
homogenates were thawed on ice, and 60 pL of the appro-
priate probe set solution and 40 pL. of homogenate were
combined in each well of the QuantiGene bDNA 96-well
plate, to a final volume of 100 pL. Plates were sealed and
incubated overnight at 55°C. The following day, the re-
mainder of the QuantiGene bDNA assay protocol was per-
formed as described above.

mRNA quantification from tissue punch biopsies using
TissuelLyser Il for sample preparation

Oligonucleotide compounds. The siRNAs used for silenc-
ing studies were hydrophobically modified siRNAs (hsiR-
NAs). hsiRNAs are asymmetric compounds consisting of a
20-nucleotide antisense stand and a 15-nucleotide sense strand
carrying a 3’-cholesterol bioconjugate and several 2’-O-methyl
or 2’-fluoro sugar modifications. In addition, the 5" and 3’-ends
of these strands are modified with phosphorothioate backbone
substitutions to promote exonuclease resistance [24,25].

Animals. FVB/N mice 6-8 weeks of age were deeply
anesthetized with 1.2% Avertin and microinjected by stereo-
tactic placement into the right striatum (coordinates relative to
bregma: 1.0 mm anterior, 2.0 mm lateral, and 3.0 mm ventral).
Mice were injected with phosphate-buffered saline (PBS; 2 pL.
per striata, N=8 mice), 13 pg of nontargeting control (NTC)
hsiRNA, hsiRNANTC (2 uL of 500 uM stock per striata, N=8
mice), 13ug of Huntingtin-targeting hsiRNA, hsiRNA#""
(2L of 500 uM stock per striata, N=8 mice), or 25 ug of
hsiRNA”"" (2 uL of 1 mM stock per striata, N=8 mice).

Five days postinjection, the mice were euthanized and
brains were harvested. A Leica vibratome was used to cut the
area around the injection site into three, 300 pm sections. One
2mm punch was taken from the ipsilateral (injected, right
side) and contralateral (noninjected, left side) side of the
striatum and cortex of each 300 um section and placed into
RNAlater (#AM7020; Ambion) in a 96-well plate and put at
4°C overnight. Each punch was processed as an individual
sample for bDNA assay analysis as described above.

Sample preparation. mRNA was quantified using the
bDNA assay as described previously. Probes used were
human HD (#SA-50339; Affymetrix), sheep HD (#SF-
10586; Affymetrix), sheep CANX (#SF-10622; Affymetrix),
and mouse TEK (#SB-15564; Affymetrix).

Statistical analysis

Data were analyzed using GraphPad Prism 6.04 software
(GraphPad Software, Inc.) or STATA IC13. For each inde-
pendent mouse experiment, following subtraction of the plate
background, the level of gene knockdown at each dose was
normalized to the mean of the control group (PBS). In vivo
data were analyzed by calculating the 95% confidence in-
tervals. Intra- and inter-animal variability and intermediate
precision were determined by calculating the coefficient of
variation (%CV). %CV is a normalized measure of the dis-
persion of a probable distribution and is the ratio of the
standard deviation to the sample mean times 100 [26].
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Results

QuantiGene bDNA assay is a high-throughput
assay for mRNA expression detection in vivo

The bDNA assay is a plate-based ELISA-type sandwich
assay, where signal amplification is achieved by stepwise
branched oligonucleotide hybridization (Fig. 1) [17,27]. It
has been routinely used as an alternative for detection of
mRNA expression and siRNA efficacy in cell culture assays
for the past decade [15,17-21]. Here, we evaluated the merit
of using the bDNA assay for detecting mRNA expression
directly from tissue biopsies, by using the automatic Tis-
sueLyser II (Qiagen) for tissue homogenization, followed
with direct detection of mRNA levels by bDNA (see Mate-
rials and Methods for experimental details).

This method was assessed in wild-type mice (FVBN)
following direct intracranial injection of hsiRNAs targeting
huntingtin (H#f) mRNA. As a proof-of-concept, we quantified
mRNA levels in individual biopsies collected from the
striatum and cortex of treated and control animals. We
compared biological replicates by collecting three, 2 mm
punches per area of the brain. Use of punches allows nor-
malization in size and weight of collected tissues and min-
imizes variability. Tissue biopsies were collected in 96-well
plates prefilled with RNAlater, incubated overnight, and
processed directly in the TissueLyser II (Fig. 1, top panel).
The lysates were then transferred to the 96-well bDNA plate.
Maintaining a 96-plate format throughout the process is
critical for reducing the number of handling steps, and al-
lows evaluation of many animals and tissues in parallel.
Then, samples are subjected to the bDNA assay protocol
(Fig. 1, bottom panel).

An average oligonucleotide efficacy study utilizes ~40
animals, composed of 4-5 groups with 8 animals per group:
vehicle, NTC, and 2-3 test compounds (at different concen-
trations or chemistries). In an experiment evaluating just five
different tissues with three biopsies per tissue, a typical study
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can result in 600 samples. This corresponds to 6 x 96-well
lysis plates and 12 x96-well bDNA plates (one for the tar-
geted gene and one for a housekeeping gene for normali-
zation). With the bDNA assay, a study similar to that can be
completed and fully analyzed within 2 days by a single
person. Analysis of a similar study by qRT-PCR may take
significantly longer.

Gene-specific QuantiGene probe validation

Detection of gene expression requires mRNA-specific
probe sets. Validation of the linear range and signal-to-noise
ratio of the luminescent signal for each probe set is an es-
sential component of the assay. Typically, the same probe
sets are used for measuring RNAi compound efficacy
in vitro and in vivo. During probe set validation, target
mRNA expression levels were evaluated over a range of
lysate volumes. Figure 2 shows validation of six individual
probe sets in various animals or tissues, including human
HTT in YAC128 mouse brain (Fig. 2A), sheep HTT in sheep
brain (Fig. 2B), sheep CANX in sheep brain (Fig. 2C), and
mouse Tek in mouse liver (Fig. 2D), kidney (Fig. 2E), and
placenta (Fig. 2F). We observed consistent signal linearity
for all six tested probes. While levels of raw luminescence
vary significantly between different targets, the dynamic
range of the assay is robust enough to allow reliable mRNA
quantification with 20-40 pL of lysate from about 2-5 mg of
tissue. The signal-to-noise ratio observed in this study
ranged from 20 to 600. Genes with low expression levels
(eg, human HTT in the transgenic YAC128 mouse, Fig. 2A)
can have signal-to-noise ratios as low as 8-fold above
background, which may make variability more pronounced.
Pretreatment of the samples with RNAlater before per-
forming the bDNA assay is advised, since samples that are
directly processed into the lysis buffer have dramatically
lower levels of luminescent signal, indicative of nonspecific
mRNA degradation (data not shown).

Tissue Section Biopsy 96-Well Plate Organization Punch Biopsy Lysis

FIG. 1. Combination of
TissueLyser II with Quanti-
Gene® ~bDNA: A  high-
throughput method of direct
mRNA detection from tissues
biopsies. Top panel: Punch
biopsies from consecutively
sectioned coronal brain sam-
ples are collected. Biopsies
are incubated at RNALater®
at 4°C overnight. Tissue is
lysed using 96-well plate
TissueLyser II. Bottom pan-
el: mRNA Levels in lysates
are detected using Quanti-
Gene assay. Quantigene im-
age courtesy of Affymetrix,
Inc., Santa Clara, CA. Qiagen
image courtesy of © Qiagen, - I
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FIG. 2. Validation of QuantiGene probes sets shows good linearity with high signal to noise ratio for several mRNA
targets in different tissues. Various mRNAs were quantified from different tissue lysates. (A) Human Huntingtin (H7T)
quantified from YAC128 mouse striatum, (B) Sheep HTT quantified from sheep striatum, (C) Sheep CANX quantified from
sheep striatum, (D) Mouse Tyrosine Kinase (7ek) quantified from mouse liver, (E) Mouse Tek quantified from mouse
kidney, (F) Mouse Tek quantified from mouse placenta. S:N, signal to noise ratio.

mRNA levels detected from tissue biopsies
or purified RNA show similar variability

One of the major potential advantages of the bDNA assay is
direct mRNA detection from tissue lysates without the re-
quirement for RNA purification. As part of the method vali-
dation process, we compared the effect of sample processing
(purified RNA vs. homogenization of tissue punches) on target
gene expression variability (Fig. 3). To assess the variability
associated with quantifying mRNA levels from purified RNA,
three punches were taken from either the striatum or cortex of a
mouse (details described in Methods). Three punches from
each brain region were pooled together and RNA extraction
was performed using a mirVana kit (Life Technologies). This
purified RNA was used in the bDNA assay as technical repli-
cates from one RNA solution. Additionally, three biopsies from
the alternate side of the striatum or cortex were homogenized
individually, generating biological replicates from within each
animal. Using these two distinct processing methods, we ana-
lyzed the expression levels of three mRNAs, human HTT,
mouse Ppib, and mouse Hprt, using the bDNA assay. HTT
mRNA levels were normalized to housekeeping mRNA levels
(Ppib or Hprt) and the ratios were plotted in Fig. 3.

Calculations for the coefficient of variation (%CV), both
within each animal and between animals, showed minimal
differences in variability between the two methods. The level
of technical variability (the same purified RNA sample in
triplicate) is comparable to the level of biological variability
observed between different biopsies. Overall levels of Ppib
and Hprt expression were not affected by RNA purification,

while levels of HTT expression were reduced ~ 2-fold. This
may be due to the fact that Hprt and Ppib are relatively short
mRNAs, while huntingtin mRNA is significantly longer,
~ 14,000 bases. We have seen these phenomena multiple
times, where long RNAs are not purified as efficiently, re-
sulting in enhanced readings and sensitivity when detected
directly from tissue lysates. While these effects are irrelevant
in the case of silencing, which compares only relative levels
of expression, it is important to note that direct quantification
from tissue punches gives a more accurate picture of overall
endogenous mRNA expression. Taken together, these data
show that the simple and straightforward homogenization of
tissue punches is a robust method for mRNA detection.

Sample size calculations for mouse studies
using a bDNA assay

A typical mouse efficacy study for novel RNAi-based
therapeutics involves comparing a PBS-treated group (or ar-
tificial cerebrospinal fluid [aCSF]-treated group), NTC group,
and at least one group treated with an active RNAi oligonu-
cleotide compound. Therefore, we used the data obtained in
Fig. 3 to perform sample size calculations using the STATA
program (Fig. 4). For these models, we determined the number
of animals needed to detect a 20%—-80% difference from the
PBS-treated group (set to 100%) with a power of 70%—-90%.
As illustrated in Fig. 4, eight animals per group are sufficient
to detect a 50% mRNA knockdown with an 80% power. As
low as five animals are enough to detect 70% mRNA silencing
with an 80% power. Power is the ability to detect a difference



90 COLES ET AL.
A Purified RNA Punches/Lysate B Purified RNA Punches/Lysate
2.5+
5 5
@ 2.0- @
o o
g 151 g
2 10 s 2
E 1T £
0% £
0.0-
hHTT/ hHTT/ hHTT/ hHTT/ hHTT/ hHTT/ hHTT/ hHTT/
mPPIB mHPRT mPPIB  mHPRT mPPIB mHPRT mPPIB  mHPRT
Variability, %CV Variability, %CV
Cortex Within Animal I Between Animal Striatum Within Animal | Between Animal
mRNA ratios HTT/PPIB mRNA ratios HTT/PPIB
Purified RNA 28 28 Purified RNA 10 14
Punches/Lysates 26 35 PuncheslLysates 17 20
mRNA ratios HTT/HPRT mRNA ratios HTT/HPRT
Purified RNA 33 42 Purified RNA 12 36
Punches/Lysates 15 23 PuncheslLysates 19 23

FIG. 3. mRNA expression quantified from tissue lysates or purified total RNA show similar degrees of intra- and inter-
animal variability. YAC128 mouse brains were cut into 300 pm sections and three, 2 mm punches were taken from either the
(A) striatum or (B) cortex. The punches were either pooled and total RNA extracted or punches were homogenized
individually with no additional purification. Graph shows ratio of human huntingtin mRNA to either mouse PPIB or mouse
HPRT housekeeping mRNA. Table shows inter- and intra-animal variability (%CV, percent coefficient of variation). All

error bars represent mean £ SD.

between groups, if any exists. This power analysis suggests
that lower levels of knockdown require far more animals to
detect statistically significant differences between groups.
Low intra- and inter-animal variability

Next, we wanted to determine the intra- and inter-animal
variability in a mouse efficacy study (Fig. 5). As a test model,

50

-~ 90% Power
-= 80% Power
-+ 70% Power

Sample Size (n)

20 30 40 50 60 70 80

Percent Knockdown

FIG. 4. Low variability of the branched DNA (bDNA) assay
allows for fewer animals per group. A STATA power analysis
indicates that a sample size of eight animals per group is suf-
ficient to detect 50% knockdown between groups with an 80%
power (dotted line). Graph shows sample sizes necessary to
detect different knockdown percentages at powers of 70%, 80%,
or 90%. The y-axis shows the number of animals per group (n).

we used hsiRNA®"”, a compound for which efficacy and
distribution studies have been performed following direct
brain administration [24]. Eight mice per group were uni-
laterally injected in the right hemisphere with 2 uLL of PBS, a
NTC (hsiRNANTC), or two different doses of hsiRNA tar-
geting the huntingtin mRNA (hsiRNA"'"). Samples were
processed as described in the Materials and Methods section.
After subtracting the plate background values and normal-
izing to a housekeeping gene, mouse Ppib, we observed
~60% Hit silencing for both doses of the hsiRNA”"" (Fig.
5). The 95% confidence intervals for the two treatment
groups (dose 1, 13 ug hsiRNA#"": 31% [23%-38%] and dose
2,25 ug hsiRNA”"7: 21% [14%-29%]) were not overlapping
with those of the two control groups (PBS: 91% [83%—-99%]
and hsiRNANTC: 81% [75%—-88%]). Moreover, the confi-
dence intervals were narrow, indicating the data were sta-
tistically significant with high precision. We determined the
“within animal” and ‘‘animal-to-animal’’ coefficients of
variation (%CV). The %CV between different punch biopsies
from a single animal were ~10% for both PBS and
hsiRNANTCtreated groups, and ~40% for the hsiRNA#""-
treated groups. The %CV between animals was ~ 10% for
both PBS and hsiRNAN"“-treated groups, and ~ 35% for the
hsiRNA”""_treated groups. The increase in %CV for mice
treated with hsiRNA""" is most likely due to the sharp gra-
dient of diffusion observed following direct injection into the
striatum, accounting for the higher degree of variability ob-
served [24]. Additionally, the reduction in Htt expression
resulting from hsiRNA""” affects the signal-to-noise ratio.
Reproducible results are important for the progress and
translation of novel therapeutics from bench to bedside, and
experiments are often performed by different researchers. To
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FIG. 5. bDNA assay on individual punch biopsies effi-
ciently detects hydrophobically modified small interfering
RNA (hsiRNA) silencing of Hrrf mRNA. PBS, hsiRNANTC,
or two different doses of hsiRNA”"" were unilaterally in-
jected into the striatum of FVBN/j mice. Level of mouse Hit
mRNA was measured after 5 days using the bDNA assay
and normalized to housekeeping gene, mouse Ppib, and
presented as percent of untreated control (=8 mice) Each
bar represents an individual animal. All error bars represent
meant SD for three individual punch biopsies per animal.
NTC, nontargeting control; PBS, phosphate-buffered saline
(**P<0.001).

assess intermediate precision (the reproducibility among
multiple experimenters), we conducted a study where two
different operators analyzed the same samples on different
days approximately a month apart. Both the raw lumines-
cence readings and %CV were consistent, indicating that
samples can be stored and different operators have minimal
impact on data (data not shown).

Discussion

In this report, we demonstrate that a bDNA assay (Quan-
tiGene) coupled with an automatic TissueLyser II is an easy,
rapid, high-throughput, and robust method to analyze the
efficacy of therapeutic oligonucleotides in vivo. One of the
major deviations from the manufacturer’s protocol was in
the sample processing. In our hands, direct processing and
storage of tissue biopsies without RNAlater results in de-
tectable mRNA degradation and introduces variability.
RNAlater treatment was essential for longer mRNAs, such as
HTT, but may not be as critical for shorter mRNAs. We
compared the results of mRNA quantification studies fol-
lowing two different cell lysis protocols, and determined that
total RNA purification is not necessary for robust and re-
producible results. We determined that the Affymetrix probe
sets showed good linearity over a wide range of lysate con-
centrations, for a variety of different tissues in distinct or-
ganisms. This method shows low intra- and inter-animal

variability and high intermediate precision. We did observe a
higher coefficient of variance between animals treated with
an HTT-targeting hsiRNA, although the silencing effect was
still statistically significant. Additionally, using this method,
we calculated that a sample size of eight mice per group is
sufficient to detect a 50% reduction in gene expression with
an 80% power. The total time necessary from sample col-
lection to full analysis of a complete data set for a typical
in vivo dose response efficacy study is 2 days, which enables a
well-powered study design. One caveat to the bDNA assay is
that it may not be suitable for experiments that only monitor
transient or minor differences in mRNA expression levels. In
addition, qRT-PCR has a lower limit of detection for nRNA
transcripts. However, given the significant reduction in per-
sonnel hours, animals, and materials required for the bDNA
assay, it is an attractive and cost-effective methodology for
detecting mRNA silencing in vivo.
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