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Abstract

We quantitatively address the effect of T7 RNA amplification on expression profiling data, and answer the following
questions: (1) What fraction of genes sampled is amplified non-linearly? (2) What is the effect of RNA amplification on
comparative expression measurements? (3) If there is amplification bias, is the bias dependent on the degree of amplificatior
or the amount of starting material and (4) Does amplification increase the overall variability of the results? We show that
while there is significant amplification bias, the bias is consistent and generally has little effect on array comparisons between
amplified samplesTlo cite thisarticle: J. Li et al., C. R. Biologies 326 (2003).

0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Amplification d’ARN, fidélité et reproductibilité du profilage d’expression. L'effet de I'amplification de 'ARN par
I’ARN polymérase de T7 sur les données de profils d’expression a été étudié quantitativement pour répondre aux question:s
suivantes : (1) Quelle fraction des genes échantillonnés est-elle amplifiée de maniere linéaire? (2) Quel est l'effet de
I'amplification de I'’ARN sur les mesures comparatives d’expression ? (3) S’il y a un biais d’amplification, est-il dépendant
du degré d’amplification ou de la quantité de matériel de départ? (4) L'amplification augmente-t-elle la variabilité globale
des résultats ? Bien qu'il existe un biais significatif, il est reproductible et a en général peu d’effet sur les comparaisons entre
échantillons amplifiéPour citer cet article: J. Li et al., C. R. Biologies 326 (2003).
0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The application of expression arrays to many types
* Corresponding author. of analyses is limited by the amount of available sam-
E-mail addressrogerb@u.washington.edu (R.E. Bumgarner).  ple. Without RNA amplification, most array protocols
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require a minimum of 20 pg of total RNA or 1-2 ug function of the amount of input total RNA and polyA
of mMRNA [1,2]. In practice, this corresponds to the RNA [24]. The work of Reynolds et al. [26] showed
RNA from approximately 18-1P cells. Acquiring  that ratio data was generally consistent when amplified
this number of cells is simply not possible with many and non-amplified samples are compared, but did not
kinds of clinical specimens such as those from nee- provide detailed data on how many false positives and
dle biopsies [3], microdissected tissues [4], single cell false negatives might be selected when amplified sam-
studies [5,6], experimental models for studying em- ples are used, e.g., the primary focus was on demon-
bryonic tissue [7], or rare cell types [8]. strating that overall, the trends and ratios were well
Two primary approaches have been taken to over- correlated as opposed to investigating the percentage
come this |imitati0n, amplification of the Signal and of outliers. Since the focus of many array investiga_
amplification of RNA. Signal amplification takes many tjons is the definition of expression differences be-
forms ranging from the tyramide-based signal amplifi- yeen different samples, the percentage of false pos-
cation (TSA) procedure, which claims to enhance flu- itjyes in the list of genes selected as ‘differentially ex-
orescent signal up to 1000-fold [9] to dendrimer tech- pressed’ is a major concern. All of the previous inves-
nology (many fluors per label), which is reported t0 {igations of amplification fidelity left several questions
increase signal by up to 16 fold [10]. While these ,nanswered. Prior to fully adopting RNA amplifica-
methods are highly promising, the amplification of the i, i our own laboratories, we felt that the following
RNA sample itself is in more common use. RNA am- questions needed to be carefully investigatsdhat

F’”ﬁca“O” is typically based on either T7 amplifica- fraction of genes sampled are amplified non-linearly?
tion of RNA [5,6] or PCR methods [11-16]. The ad- (i) What is the effect of RNA amplification on com-

vantage and dlsadvarjtage of these amplification meth'parative expression measurements? E.g., does RNA
ods have been described [17—-20]. We chose the Eber- e .
amplification of two different samples affect gene ex-

wine method mainly based on the advantage of it is pression ratios and if so how often and by how much?

linear amplification, which will generate less amplifi- (i) If there is amplification bias, is the bias dependent

cation bias than PCR. Moreover, RNA amplification e .
! ! v pimicat on the degree of amplification or the amount of starting

by in vitro transcription has become the standard la- terial? i) D lification | th I
beling protocol for the Affymetrix GeneChip technol- ma'erlla' ? ) Does amplifica Ior.] increase e overq
variability of the results? E.g., is the standard devia-

ogy [1,21] and is in common use in a number of labo- i - X .
ratories using other microarray systems [4,13]. There t!on of replicate measurements increased with ampli-
are many protocols for RNA amplification and sev- 1ed samples and if so by how much?
eral amplification kits have been commercially devel- 10 @nswer these questions we performed array ex-
oped and tested on arraysttp://www.ambion.com periments in WhIC!’I'RNA was amp_hﬁed and compared
http:/Awvww.arctur.com to both non-amplified and amplified samples. As de-
To date, there have been numerous publications on SCribed in detail in the methods section below, sev-
the use of T7-based amplification for array analysis €ral variables were investigated — reproducibility of
[4-6,22,23]. However, there has been little data pre- the amplifications (via replicate amplifications), re-
sented in which a systematic analysis of the fidelity Producibility of the array results (replicate arrays and
of RNA amplification system was undertaken [4,24, replicate amplifications), the effect of varying the in-
25]. The majority of the literature to date focuses on Put amount, the effect of starting with mRNA or to-
the range of amplification and use aRNA from multi- tal RNA, and the effect of using different methods
ple rounds of amplification directly, without present- of amplification (kits and in-house methodologies).
ing an investigation of the quality of the first-round A total of 64 arrays containing 7500 genes spotted
amplified products. In a few recently published papers in duplicate on each array were used in this study. To
in which amplification fidelity was investigated [24, our knowledge, this is the first large-scale array-based
25], there was limited replica data and hence limited analysis of amplification in which numerous replicate
statistical analysis. For example, Marincola et al. only analyses were performed across such a wide range of
showed the reproducibility of the selected genes as a starting amounts and amplification protocols.
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2. Material and methods eral different amounts of starting material (50, 200,

600 ng of MRNA and 0.1, 1 and 4 ug of total RNA).
Each array contained 7680 cDNAs spotted in dupli-
cate (15360 spots). For each sample that was ampli-
Two celllines, Hela [27] and HelaE4 [28], were se-  fied, three independent amplifications were performed
lected as a model system for these studies. HelaE4 is atg produce aRNA samples that were used on arrays.

Hela cell line that has been transfected with an empty For each comparison, duplicate arrays were hybridized
PTRE [29] expression vector. Hela and HelaE4 show (gne in which Hela and HelaE4 were labeled with Cy3
reproducible differential expression when cultured un- 54 Cy5, respectively, and one in which the labeling
der similar conditions. These cell lines are easy to cul- was reversed).

ture in large quantities and are in regular use in our lab- We used the same pools of mRNA for all these

oratory as a source of RNA with which to quality con- : :
4 experiments to reduce artifacts that could be caused
trol our arrays, develop new protocols and train new

array users. To carefully evaluate the effect of T7 am- b_y gelll cglturef d|ﬁerihces or differential d.e:*grada-

plification on gene expression measurements, we iso- ion/isolation of specific messages. In addition, we
lated approximately 200 pug of mMRNA from both HeLa also performed similar experiments in which total

and HeLaE4. The mRNA was then aliquoted and used RNA was the starting material and in which commer-

in array experiments as indicated in Table 1. Messen- cial amplification kits were used. The growth condi-

ger RNA from these two cell lines was compared with tions for the cell lines and the methods used to isolate
and without amplification on three replicate arrays per the RNA can be found at our supplemental data web
comparison. Amplification was performed using sev- site http://www.expression.washington.edu/puplic

2.1. Cell lines and microarrays

Table 1

Experiments done to investigate the effects of RNA amplification on gene expression ratios. In the column labeled ‘Amplification method’,
E = Eberwine using the protocol described in the methods sectios, M amplification and A= amplification using a kit from Arcturus.

The last column indicates the number of replica amplifications, slides that were used and labeling schemes on each slide. F{8, 8&kample
indicates that 3 replica amplifications were performed and were hybridized to 3 slides — 3 slides for which the first cell type was labeled in Cy3
and the other cell type was labeled in Cy5 (Cy3/Cy5) and 3 slides for the labeling scheme was reversed (Cy5/Cy3). In experiments 1-3, the
effect of comparing non-amplified mRNA to amplified mMRNA from the same sample was investigated. In these experiments, a large number of
genes (2—6%) were observed to be differentially amplified. In experiment 4, it was discovered that amplified vs. amplified samples did not show
significant differential amplification, even with a 3-fold difference in starting amount. Experiments 5-8 were designed to investigate the effect
of amplification on gene expression ratios using two different samples (Hela vs. HelaE4) andzasrd8dold range of sample amount. In
experiments 1-8, if the sample was amplified it was amplified from mRNA to assure that any differences observeed were not due to differential
isolation of during the polyA selection step. Experiments 9-14 look at the effect of amplifying from total RNA as is more typically done

Expt. # Cell types RNA type for RNA input for Amplification RNA type used Number of replicates

compared or labeling amplification (ng) method for labeling [Cy3/Cy5, Cy5/Cy3]
1 Hela/Hela MRNA/MRNA 50/N E/N aRNA/mMRNA [3,3]
2 Hela/Hela MRNA/MRNA 200/N E/N aRNA/MRNA [3,3]
3 Hela/Hela MRNA/MRNA 600/N E/N aRNA/mMRNA [3, 3]
4 Hela/Hela mMRNA/MRNA 200/600 E/E aRNA/aRNA [1,1]
5 Hela/HelaE4 MRNA/MRNA N/N N/N MRNA/MRNA [3,3]
6 Hela/HelaE4 MRNA/MRNA 50/50 E/E aRNA/aRNA [3,3]
7 Hela/HelaE4 MRNA/MRNA 200/200 E/E aRNA/aRNA [3, 3]
8 Hela/HelaE4 MRNA/MRNA 600/600 E/E aRNA/aRNA [3,3]
9 Hela/HelaE4 total/total 1000/1000 E/E aRNA/aRNA [3, 3]
10 Hela/HelaE4 total/total 4000/4000 E/E aRNA/aRNA [3,3]
11 Hela/HelaE4 total/total 1000/4000 E/E aRNA/aRNA [1,1]
12 Hela/HelaE4 total/total 100/100 AIA aRNA/aRNA [1,1]
13 Hela/HelaE4 total/total 1000/1000 A/A aRNA/aRNA [1,1]
14 Hela/HelaE4 total/total 4000/4000 AIA aRNA/aRNA [1,1]
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2.2. T7 amplification of RNA pressed genes. Briefly, this software is split into three
components — Spot-on Image, Unite and Select. Spot-
We used the Eberwine T7 amplification proto- on Image is a program that performs spot finding and
col [10,11], with some minor modifications. The quantification of the image. Spot-on Unite performs a
complete protocol may be found on our web site non-linear normalization [30] and averages replicate
(http://www.expression.washington.edu/puplio test  data (including that produced in a flipped color exper-
the viability of using a commercially available kit for  iment) to produce means and error estimates for each
RNA amplification, we tested both the Ambion and measurement. Spot-on Select is used to select genes
Arcturus RNA amplification kits. All the kit-based that are differentially expressed by a statistically sig-
data presented in this publication was produced us- nificant amount.

ing the Arcturus kit. Amplification using the Arc- Genes with ratios that did not agree between meth-
turus kit followed the provided instructions (wetitp: ods (non-amplified or different methods of amplifica-
Ilwww.arctur.con. tion) were further investigated by Northern analysis

[31]. Full protocols are available at our supplemental
2.3. Microarrays, preparation of labeled sample and data web site. Washed blots were exposed to phosphor
hybridization image screens and scanned on a Storm phosphor im-
ager (Molecular Dynamics). Data from the Phospho-
DNA microarrays were prepared in the Center for rimager were quantified using Image Quant software
Expression Array (CEA) at University of Washington. (Molecular Dynamics), to integrate the relative inten-
The arrays were produced by spotting PCR products sity of each band. Data from GAPDH was used to nor-
derived from a 15K set of sequence-verified human malize that data across all samples. Our array analyses
cDNAs obtained from Research Genetics. The arrays indicate that GAPDH is not differentially expressed
were spotted onto Amersham Pharmacia Biosciencesbetween Hela and HelaE4 cell lines under the condi-
(APB) type 7 mirrored slides using a Generation Ill tions used in this publication.
Microarrayer from the Molecular Dynamics Division
of APB. Each slide contains 7680 cDNAs spotted in
duplicate (15360 spots). Labeled cDNAs were pro- 3. Results
duced via reverse transcription from target RNA us-
ing oligo-dT, random primers, dNTPs and Cy3 or Cy5 3.1. Quality/quantity of amplified RNA
labeled dCTPs. Labeled samples were hybridized to
arrays as indicated in Table 1. Hybridization was done ~ RNA quantity was quantified by UV/Vis spec-
in a 50% formamide buffer at 4L for 16 hrs. Af- troscopy both pre- and post-amplification. For one-
ter incubation, the slides were washed following stan- round of amplification with our modified Eberwine
dard protocols. After washing, the arrays were scanned T7 amplification protocol, we obtained a range of 180
using Array Scanner generation Il from the Molecu- to 40 fold amplification from 50 to 600 ng of input
lar Dynamics division of APB. The complete proto- mMRNA and a range of 9-140 fold from 4 to 0.1 ug
cols for array production, sample labeling, hybridiza- of total RNA Note that the fold change was calcu-
tion and slide washing may be found on our web site lated as [amount of aRNA/amount of input RNA] for
(http://ra.microslu.washington.edu/microarray/index. both total and mRNA (Fig. 1). Since total RNA is esti-

htm). mated to contain approximately 2% mRNA, the true
fold change for the total RNA samples is probably
2.4. Data analysis and verification 50 fold higher. When quantification is only done by

UV/Vis spectroscopy, smaller amounts of input RNA
Microarray data was quantified and analyzed using generated higher apparent degree of amplification (up
an in-house software package named ‘Spot-on’. This to 10*-fold from 2 ng of MRNA). However, as shown
software has been developed by our group to perform in Fig. 2, the size distribution of aRNA is strongly de-
image analysis, normalization, and statistical analy- pendent on input quantity. When the RNA input is be-
sis of replicate data and selection of differentially ex- low 50 ng of mMRNA or 100 ng of total RNA, the av-
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Fig. 1. Quantification of amplified RNA from different amount of
input RNAs. @A) Amplification from mRNA. B8) Amplification
from total RNA. The solid line indicates the yield of amplification
change as shown on the left; the dotted line indicates the fold of
amplification change on the right. The bars indicate the standard
deviation based on multiple sets of amplifications.

erage size of the aRNA is less than 200 nucleotides.
No detectable product was detected with the Bioana-

lyzer for the negative control (e.g., no input RNA) for

the amplification (data not shown). This decrease in
aRNA size as a function of input level has also been
observed after the second round of amplification by
Eberwine et al. [6] or after a single round amplifica-

tion by the Arcturus grouphftp://www.arctur.com

3.2. Comparison of amplified to non-amplified RNA

In order to investigate bias in RNA levels due
to amplification, we first compared non-amplified
mMRNA and amplified RNA (aRNA) using wild type
Hela cells via microarray analysis. We used 2 pg of
each mRNA and aRNA (amplified from 600, 200, 50
and 10 ng input mRNA) to make probes. The RNA
used in the amplification procedure was an aliquot
of the mRNA preparation used for the non-amplified
sample. Two micrograms of aRNA or mRNA (as
determined by UV/Vis spectroscopy) was used in
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Fig. 2. Bioanalyzer analysis of aRNA qualityAX Amplification
from mRNA input. 8) Amplification from total RNA input. The
numbers on the left show the size of the ladder in kb. The numbers
below the gel show the amount of input RNA&. stand for the
positive control using control RNA from the amplification Kkit.

yield of fluorescently labeled probe decreased as a
function of input RNA amount. This is consistent with
the observed decrease in the size of the aRNA as a
function of input amount. We got only background
level of probes using aRNA generated from 10 ng of
MRNA.

The array results from the comparison of aRNA
with mRNA showed a significant number of differen-
tially expressed genes (Fig. 3). However, no significant
difference was found between aRNA from 200 ng in-
put and 600 ng input. This demonstrated that there is
an apparent bias in the amplification of certain RNAs
but that the bias is consistent across different samples
and at least a 3-fold difference in input RNA level.

To estimate the percentage of differentially ex-
pressed genes caused by amplification, we performed
triplicate experiments comparing aRNA from 50, 200
and 600 ng input with mRNA. Using a selection cri-
terion of intensity above 500, we filtered our data to
1075, 3112 and 3307 genes in each group. These data
were then filtered using the criterion ‘ratio greater than

each labeling reaction. For the amplified samples, the +2’, to obtain 19, 66 and 75 differentially expressed
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Fig. 3. Microarrays with aRNA and mRNA. Total and messanger RNA were isolated from cultured wild-type Hela cells. Different amount of
mRNA (50, 200, 600 ng) were amplified and same amount of aRNA and mRNA were labeled either with red or green dye and hybridize on the
glass arrays. The three figures on the left showed the third of the 12 fields on each slide as labeled, the right showed the inverted color labelec
arrays.
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Fig. 4. Consistency of array data between amplified RNA verse non-amplified RNA. Genes are selected from three sets of three different input
amount of MRNA, the mean ratio of each gene were plotted in the order of increased ratio of selected genes. Each kind of dot show one set o
different amount of input mMRNA.

genes. These numbers represent 1.8, 2.1 and 2.3% ofn the amplification. Furthermore, for the same cell
the detectable genes. We found that the direction of type, a comparison aRNA vs aRNA (experiment 4)
mean ratio change in the selected genes in each in-show no detectable differential expression even when
dividual experiment of triplicate amplifications (Ta- the amplifications have differentinput RNA. These re-
ble 1) is reproducible, and that the data are repro- sults showed that the bias in amplification of RNA is
ducible even with different amounts of input mMRNA not random and is in fact quite reproducible (Fig. 4).
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Hence from the above data, it does not make sense toamplification experiments. Error bars are indicated as
compare amplified samples to non-amplified samples standard deviations of replicate measurements. For the
on the same array. However, a comparison of ampli- data generated using the in-house Eberwine procedure
fied sample to amplified sample should produce array for amplification, the replicate data includes both
results that are consistent with those obtained using thereplicate amplifications and replicate array results. For
same samples without amplification. the data generated using the Arcturus kit, the replicates
To investigate this more thoroughly, we designed a only include replicate array data — e.g., for each input
set of experiments to compare two different cell lines RNA amount, only a single amplification was done.
(Hela and HelaE4) with and without amplification and In general, the ratio measurements agree within the
with amplification at various levels of input RNA,  error estimates for nearly all genes and nearly all
using mRNA or total RNA as input to the amplification  experimental conditions.
procedure and with different methods of amplification
(Table 1, experiments 5-14). In all experiments the
source of RNA (mRNA or total) was from one master
batch of total RNA. All amplifications were performed
in triplicate except for those done with the Arcturus

4. Discussion

Kit. In the data presented above, we looked at both bias
due to amplification and the reproducibility of ampli-
3.3. Data analysis fication bias. We found that while the T7 amplification

procedure does differentially amplify some genes, the

All experiments were analyzed using the same set Pias is quite reproducible. Approximately 2-5% of the
of criterion for selection of differentially expressed 9€nes have apparent differential gene expression ra-
genes. These criterion aré) The intensity of the sig- ~ ti0S (more thant-2-fold) when an amplified sample
nal (sum of Cy3+ Cy5 signal) must exceed a value IS compared to the same non—ampll|f|§d samplg. How-
500 arbitrary fluorescent units. A value of 500 was €Ver, when both samples undergo similar amplification
chosen by visual inspection of log ratio vs. log inten- Procedures the differences are negligible.
sity plots to be approximately 3-5 fold above back- By comparing RNA from two different cell lines
ground noise;i{) The ratio(+) 1 standard deviation ~ Over a 10-fold range of starting material, several dif-
of the replicate measurements must be greater thanferentamplification protocols, replicate amplifications
+2-fold. and replicate arrays, we have shown that, for the most

Due to experimental variation and signal-to-noise Part, the measured gene expression ratios agree within
differences, different experiments will yield different €xperimental error for all methods (Fig. 5). The ex-
numbers of genes and slightly different sets of genes ceptions to this statement are that for a small num-
when the above criteria are applied. Hence, the com- ber of genes (1 in our case) there are differences in
parison of the array results by looking only at the se- gene expression ratio that seem to depend on when
lected sets of genes is not useful. To overcome this, MRNA or total RNA is used for the input to RNA am-
we took the union of all the genes that were differ- plification. Preliminary Northern blot analysis shows
entially expressed in any one-array experiment. This consistency of the microarray data with amplification
resulted in a list of 121 genes. For all of these genes, from total RNA input (selected gene number 102 on
we extracted the ratio data from each experiment and Fig. 5 Northern data on supplement website). This ef-
calculated a mean and standard deviation for all repli- fect was observed for 0.8% of those selected as dif-
cates. The full data set and the extracted set of genesferentially expressed or 0.013% of the total number
are available on our supplemental web site. of genes on the array. We note that the quoted per-

Fig. 5 shows the results of the above analysis for the centages are dependent on the criteria used for ‘differ-
20 most highly expressed and the 20 lowest expressedentially expressed’, but in general, the percentage of
genes in the set of 121 differentially expressed genes. genes that appear to show this effect is very small. Re-
Each set of bars represents the ratio measurementgardless of the criteria used for selection of differential
(Hela/HelaE4) for one gene across multiple different expression, greater than 95% of all measured expres-
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Fig. 5. Mean ratio comparison of all nine sets of microarray data. Selected genes from nine different experiment sets (Table 1) were united, anc
the mean ratios of the selected genes are plotted in the increasing order of intensity. Here show the 20 lowest and 20 highest intensity gene:s
The bars on each column show the standard deviation of the mean ratio.
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sion ratios agree within the error estimates for all the
experiments we have performed.

the inherent limitations of PCR amplification due to
the ‘Monte Carlo’ effect—e.g., there are small and ran-
We have not yet tested multiple rounds of ampli- dom differences in amplification efficiency depending
fication on the reproducibility of microarray results. on the abundance of the template [33]. We anticipate
However, we suspect that the observed variation in that the Monte Carlo effect will be seenin RNA ampli-
amplified samples is generated primarily in the initial fications from very small samples such as RNA from
reverse transcription step. In our hands, the averagesingle or very few cells. Therefore, one should antici-
length of amplified RNA is strongly dependent on the pate that both random fluctuations in amplification ef-
amount of input RNA. While we have obtained very ficiency and cellular fluctuations in the abundance of
good results using as little as 50 ng of input mMRNA, rare messages would result in significant variability in
the average length of the aRNA produced from smaller gene expression measurements. Hence, even if suffi-
input amounts was quite short and the signal-to-noise cient quantities of aRNA are produced from these very
of the array data from these samples was low. Hence, small samples, the results of gene expression mea-
there is a lower limit to the amount of RNA that we surements on low abundance transcripts may not be
can effectively amplify. For us, this lower limit is ap-  biologically meaningful. Additional research should
proximately 50 ng of mRNA (using our protocol) or be done to more fully investigate the reproducibil-
100 ng of total RNA (using the Acturus kit, which has ity of multiple rounds of RNA amplification and both
been highly optimized for low sample amounts). Pre- the practical and theoretical limitations of amplifying
vious papers showed that the first round of amplifi- RNA from very small samples.
cation can generate as much as 1000 to 2000 fold of
amplification, and the second-round may generate an-
other 1000 fold [10,29,31]. Typically these results are Acknowledgements
based solely on UV/Vis spectrometric measurements
to quantify the RNA. We showed here that this mea-  The authors would like to thank Kimberly Smith,
sure couldn’t be used to judge the efficiency or quality Suzanne Oakley, Darran May for the technical support
of the amplification, as the average length of the aRNA in preparing the RNA, and DNA arrays and Dr. Masha
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