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Abstract:

 Blood is an ideal tissue for the identification of novel genomic biomarkers for toxicity or efficacy. However, using blood for transcriptomic profiling presents significant technical challenges due to the transcriptomic changes induced by ex vivo handling and the interference of highly abundant globin mRNA. Most whole blood RNA stabilization and isolation methods also require significant volumes of blood, limiting their effective use in small animal species, such as rodents. To overcome these challenges, a QIAzol-based RNA stabilization and isolation method (QSI) was developed to isolate sufficient amounts of high quality total RNA from 25 to 500 μL of rat whole blood. The method was compared to the standard PAXgene Blood RNA System using blood collected from rats exposed to saline or lipopolysaccharide (LPS). The QSI method yielded an average of 54 ng total RNA per μL of rat whole blood with an average RNA Integrity Number (RIN) of 9, a performance comparable with the standard PAXgene method. Total RNA samples were further processed using the NuGEN Ovation Whole Blood Solution system and cDNA was hybridized to Affymetrix Rat Genome 230 2.0 Arrays. The microarray QC parameters using RNA isolated with the QSI method were within the acceptable range for microarray analysis. The transcriptomic profiles were highly correlated with those using RNA isolated with the PAXgene method and were consistent with expected LPS-induced inflammatory responses. The present study demonstrated that the QSI method coupled with NuGEN Ovation Whole Blood Solution system is cost-effective and particularly suitable for transcriptomic profiling of minimal volumes of whole blood, typical of those obtained with small animal species.
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1. Introduction

Global transcriptomic profiling is a useful tool to identify novel biomarkers for disease and toxicity [1–4]. To date, most genomic biomarkers have been identified using solid tissues, such as liver, kidney, or neoplastic masses. However, it is usually impractical to obtain tissue biopsies in clinical studies or for continuous pre-clinical monitoring.

Peripheral blood has obvious advantages for biomarker discovery due to its non-invasive collection and availability. In addition, biomarkers identified in blood should be easily translated from preclinical species to humans. A number of studies have demonstrated that transcriptomic changes in peripheral blood can serve as biomarkers of exposure to xenobiotics or as biomarkers for pathological changes occurring in other tissues [5–8].

Peripheral blood mononuclear cells (PMBCs) can be used for genomics biomarker studies since they are the most transcriptionally active cells in blood. However, the extra fractionation procedure required for PBMCs can have a significant impact on the transcriptome [9]. Isolation of PBMCs at the time of blood collection can also be a major limitation in large clinical trials as the procedure requires skilled technicians and specialized equipment. As a result, whole blood becomes a more attractive sample for blood-based genomic biomarker discovery. However, the use of whole blood for transcriptomic profiling presents a number of significant technical challenges.

First, RNA degradation and transcriptomic changes can occur quickly after the blood is drawn from subjects [10,11]. Traditional reagents, such as citrate salts, heparin, and EDTA, inhibit blood clotting, but do not stabilize mRNA transcripts [12]. Up-regulation of genes related to hypoxia and down-regulation of genes related to metabolism and cell cycle have been observed in whole blood samples when RNA was not immediately isolated after blood collection [11].

Attempts to overcome these hurdles led to the development of a number of new approaches for blood RNA stabilization [13]. One of those is the PAXgene blood RNA system that has been widely used in clinical settings for blood transcriptomic studies. The PAXgene system uses a proprietary reagent that stabilizes RNA immediately upon blood collection, making it possible to store samples for relatively long periods of time without compromising RNA integrity [12,14]. Although this system allows for easy blood collection, storage, and transport, its use in pre-clinical settings is significantly limited by its volume requirement. The PAXgene Blood RNA System is designed for the isolation of total RNA from 2.5 mL human whole blood. In animal models, particularly in rodents, such volumes are not usually achievable even at terminal blood draws especially when other parameters, such as clinical chemistry, need to be evaluated in parallel.

The second major concern for whole blood transcriptomic analysis is the interference from globin mRNA. Whole blood contains abundant α- and β-globin mRNA transcripts that comprise up to 70% of total mRNA [15]. Such a high abundance of globin mRNA can significantly mask the signal of low abundance transcripts as a result of non-specific cross-hybridization with non-globin transcripts [16,17]. Technologies to reduce globin mRNA, such as GLOBINclear (Ambion, Applied Biosystems) or globin peptide nucleic acid (PNA) oligos, are time-consuming, low throughput, and prone to additional experimental variability [17]. Although the globin reduction procedures can efficiently increase the overall sensitivity of transcript detection, they may also reduce the signal intensities for other transcripts [16,18,19].

In order to overcome these challenges, we have developed a simple whole blood processing method that immediately stabilizes RNA upon blood collection and yields high quality RNA from as little as 25 μL of rat whole blood. To circumvent the need for a separate globin reduction procedure, the NuGEN Ovation Whole Blood Solution was employed for microarray sample preparation. The NuGEN approach hybridizes biotinylated cDNA onto the microarray and has been shown to have sufficient sensitivity and reproducibility with small amounts of input RNA [17]. Using blood from rats exposed to lipopolysaccharide (LPS) as a model system, the present study demonstrates that the RNA isolated by the proposed QIAzol-based stabilization and isolation method (QSI) can provide robust transcriptomic profiles comparable to those obtained from RNA isolated with the standard PAXgene system.



2. Results and Discussion


2.1. Results


2.1.1. Quantity and Quality Assessment of Total RNA Isolated from Rat Whole Blood Using the PAXgene and QSI Methods

Total RNA was isolated from 2.5 mL rat whole blood using the standard PAXgene method or from 500 μL rat whole blood using the QSI method. When normalized with blood volume, the total RNA yield from the PAXgene method was approximately twice the yield from the QSI method (Table 1).


Table 1. Quantity and quality of total RNA isolated from rat whole blood using the PAXgene or QSI method.



	
Method

	
RNA Yield (ng/μL whole blood)

	
RIN Score






	
PAXgene

	
44.9 ± 5.6

	
9.0 ± 0.2




	
QSI_500

	
21.0 ± 1.3

	
8.8 ± 0.4




	
QSI_200

	
33.6 ± 5.4

	
9.5 ± 0.2




	






	
QSI_100

	
79.4 ± 7.0

	
8.5 ± 0.5




	
QSI_50

	
69.0 ± 6.3

	
8.8 ± 0.2




	
QSI_25

	
65.4 ± 6.0

	
8.8 ± 0.2






Samples were extracted from rats treated with saline or LPS for 2 hrs. Values are expressed as mean ± SEM (n = 6).




Given the small amount of input RNA required for NuGEN Whole Blood Solution, both isolation methods yielded a sufficient amount of RNA for microarray analysis. RNA quality from both isolation methods was excellent with an average RIN score of 9.



2.1.2. RNA Isolated from the PAXgene and QSI Methods Yield Comparable Affymetrix GeneChip® Array Performance

The array performance metrics are summarized in Table 2. The percent present calls (% P) for the RNA samples isolated using the QSI method were generally lower than those produced from the PAXgene method (p-value < 0.05). However, there was no significant difference in the GAPDH 3′/5′ ratios and β-actin 3′/5′ ratios between the PAXgene and the QSI methods.

Table 2. GeneChip array performance matrices.


	Method
	% Present
	GAPDH 3′/5′ Ratio
	Actin 3′/5′/Ratio





	PAXgene
	47.5 ± 2.1
	2.7 ± 0.03
	8.9 ± 0.3



	QSI_500
	37.9 ± 3.6*
	2.5 ± 0.11
	8.9 ± 1.2



	QSI_200
	37.2 ± 2.3*
	2.7 ± 0.08
	8.4 ± 0.3



	QSI_100
	33.7 ± 5.1*
	2.9 ± 0.15
	10.1 ± 1.1



	QSI_50
	37.0 ± 3.1*
	2.8 ± 0.12
	9.8 ± 1.1



	QSI_25
	36.5 ± 4.4*
	2.7 ± 0.14
	8.5 ± 0.6





Samples were extracted from rats treated with saline or LPS for 2 hrs. Values are expressed as mean ± SEM (n = 6).*Significant difference from the PAXgene method (p < 0.05).






2.1.3. The PAXgene and QSI Methods Yield Comparable Blood Transcriptomic Profiles in Rats Exposed to LPS

LPS induced the highest number of gene expression changes in rat blood at 2 hrs, followed by 6 hrs and 24 hrs. Figure 1 showed the agglomerative hierarchical clustering of gene expression profiles from blood samples of LPS-treated rats. The gene expression profiles were clustered according to treatment time, but not to the RNA isolation method. Furthermore, the variability introduced by the RNA isolation methods was no greater than the underlying biological variability among rats. For instance, the pair-wise correlation coefficients between the transcriptomic changes from any two rats treated with LPS for 2 hrs was 0.84 ± 0.02 using RNA isolated with the PAXgene method, and 0.87 ± 0.01 using RNA isolated with the QSI method. This was comparable to the pair-wise correlation coefficient between the transcriptomic changes using input RNA isolated by either methods from the same animal, which was 0.86 ± 0.01 (p-value = 0.44 and 0.43, respectively).

Figure 1. Agglomerative hierarchical clustering of gene expression profiles from blood samples of LPS-treated rats. Gene expression data were calculated by normalizing treatment to time-matched vehicles using the same RNA isolation method. Each column represents a single Affymetrix probe set and each row an experimental treatment. Only transcripts with a fold change higher than 2 fold and a p-value less than 0.01 in at least one ratio experiments are displayed (n = 6197). Increases in mRNA level are represented as shades of red and decreases as shades of green. If the p-value for a particular gene expression change was greater than 0.01, the log10(ratio) was represented as zero or black on the heat map. * denotes gene expression profiles from blood RNA samples isolated with the QSI method.
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To address whether blood RNA isolation methods could selectively affect transcripts of different abundance, the gene expression levels of a panel of nine transcripts representing various abundance levels were further evaluated using the 2-hr time point samples. The signal intensities of the low abundance transcripts were less than 3-fold of the microarray background signals. The intensity of the mid abundance transcripts were 14–26-fold above background levels, while the intensities of the high abundance transcripts were over 80-fold above background, representing the top 5th percentile of the rat genome. Each abundance category contained a transcript that was up-regulated, down-regulated, or unchanged (less than 2-fold relative to control treatments) by LPS treatment. The list of transcripts is provided in the supplemental table. As shown in Figure 2, the magnitudes of changes in gene expression from samples isolated with the QSI method were almost identical to the ones from the PAXgene isolation method. The r2 was over 0.9 in any abundance category.

Figure 2. Effects of blood RNA isolation methods on gene transcripts of different abundance. The gene expression changes are compared between samples isolated with the PAXgene and QSI methods for selective gene transcripts with low, mid, and high basal gene expression levels. Data on both axes are expressed as the log10 gene expression ratios from the individual LPS-treated sample vs. the vehicle controls at the 2-hr time point.
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To evaluate the impact of the RNA isolation method on characterization of biological functions, blood transcriptomic profiles were also subjected to pathway analysis using Ingenuity Pathway Analysis Software. The analysis was focused on the samples from the 2-hr time point since they represented the peak transcriptomic changes induced by LPS. As expected, LPS induced gene expression changes consistent with perturbation of immune responses. Regardless of the RNA isolation method, the top five regulated physiological functions were: hematological system development and function, immune cell trafficking, cell-mediated immune response, and tissue morphology. In addition, the top five most impacted canonical signaling pathways were the same with the two RNA isolation methods (Table 3). Figure 3 shows a comparison of the gene expression data between the two isolation methods for the genes in the top two canonical pathways, namely interferon and IL-10 pathways. In both cases, the gene expression changes showed almost a 1:1 relationship with an r2 > 0.9.

Figure 3. Effects of blood RNA isolation methods on genes in the interferon and IL-10 pathways. The gene expression changes are compared between samples isolated with the PAXgene and QSI methods for the genes in the interferon (A) and IL-10 (B) pathways. Data on both axes are expressed as the average log10 gene expression ratios from the LPS treated samples vs. the vehicle controls. Only genes with a fold change higher than 2 fold and p-value < 0.01 in either isolation methods are included in the analysis.
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Table 3. Top five canonical signaling pathways regulated in rat blood by LPS treatment for 2 hrs.



	
Pathway

	
RNA Isolation Methods

	
Total # of Genes in Pathway

	
# of Regulated Genes in Pathway*

	
% Regulated






	
Interferon Signaling

	
PAXgene

	
30

	
13

	
43




	
QSI_500

	
12

	
40




	
QSI_25

	
13

	
43




	
IL-10 Signaling

	
PAXgene

	
70

	
23

	
33




	
QSI_500

	
26

	
37




	
QSI_25

	
23

	
33




	
Activation of IRF by Cytosolic Pattern Recognition Receptors

	
PAXgene

	
74

	
23

	
31




	

	
QSI_500

	

	
22

	
30




	

	
QSI_25

	

	
25

	
34




	
Death Receptor Signaling

	
PAXgene

	
64

	
19

	
30




	
QSI_500

	
18

	
28




	
QSI_25

	
20

	
31




	
Role of PKR in interferon Induction and Antiviral Response

	
PAXgene

	
46

	
13

	
28




	
QSI_500

	
14

	
30




	
QSI_25

	
16

	
35






Genes were considered regulated if the average fold changes were greater than 2 fold over vehicle controls with p-value < 0.01.






2.1.4. Quantitative RT-PCR Validation of Microarray Results

To confirm the microarray results, the expression levels of the same panel of 9 transcripts representing different abundance levels were measured by real-time RT-PCR using 2-hr blood RNA samples isolated with the PAXgene method. Consistent with the microarray results, the transcripts were shown to be regulated in the same direction for all abundance levels (Table 4). The transcripts unchanged per microarray measurement were also shown to not be regulated by RT-PCR, except for the low abundance transcripts which fluctuated further away from vehicle control when measured by RT-PCR. However, given the low basal expression level, these changes are not likely to be biologically significant. These results indicated that the NuGEN Whole Blood Solution, while reducing the interference associated with highly abundant globin mRNA transcripts, did not selectively amplify genes according to their abundance.


Table 4. Quantitative RT-PCT validation of microarray results on selected gene transcripts.



	
Gene Symbol

	
Abundance Level

	
Regulated by LPS according to Microarray

	
Fold Change over Vehicle




	
Microarray

	
RT-PCR






	
Tcf7

	
High

	
Down

	
−4.25 ± 0.75

	
−7.74 ± 1.59




	
Nrp1

	
Mid

	
Down

	
−19.22 ± 4.13

	
−4.65 ± 0.27




	
Map2k6

	
Low

	
Down

	
−5.16 ± 0.64

	
−16.92 ± 4.63




	
Alas2

	
High

	
No Change

	
0.37 ± 0.69

	
0.55 ± 0.63




	
Canx

	
Mid

	
No Change

	
−1.22 ± 0.02

	
−1.10 ± 0.04




	
Flad1

	
Low

	
No Change

	
−1.23 ± 0.04

	
−2.77 ± 0.31




	
S100a9

	
High

	
Up

	
5.52 ± 0.62

	
16.70 ± 3.80




	
Il1b

	
Mid

	
Up

	
5.35 ± 0.99

	
9.19 ± 1.61




	
Tnf

	
Low

	
Up

	
6.04 ± 1.23

	
3.94 ± 0.76






Values are expressed as mean ± SEM from three animals treated with 5 mg/kg of LPS for 2 hrs. Blood RNA was isolated with the PAXgene method.






2.1.5. Evaluation of the QSI Method Using Small Volume of Whole Blood as Input

To assess if small blood volumes are adequate for transcriptomic profiling using the QSI method, various volumes of whole blood (25–200 μL) were collected from rats treated with saline or LPS for 2 hrs. Transcriptomic profiles were generated using the QSI method for RNA isolation followed by the NuGEN method for RNA amplification and target labeling. When normalized with blood volume, the smaller amount of blood input yielded the greatest amount of total RNA produced by volume (Table 1). Furthermore, the QSI method using ≤ 100 μL blood yielded over 50% higher total RNA per μL of blood than the standard PAXgene method. The quality of RNA isolated from small volumes of blood, as represented by RIN score, was similar to that isolated from 500 μL whole blood (Table 1).

There were no significant differences in microarray performance using RNA isolated from various volumes of blood (Table 2). Figure 4 shows the whole blood transcriptomic profiles from the LPS-treated rats using RNA isolated from different volumes of whole blood.

Figure 4. Effects of the starting blood volume on global transcriptomic profiles using the QSI method. Gene expression profiles from blood samples of rats exposed to LPS for 2 hrs were clustered using the agglomerative hierarchical algorithm. RNA was isolated using different volumes of whole blood with the QSI method. Gene expression data were calculated by normalizing treatment to the vehicles using RNA isolated from the same volume of whole blood. Each column represents a single Affymetrix probe set and each row an experimental treatment. Only genes with a fold change higher than 2 fold and p-value < 0.01 in at least one experiment are displayed (n = 4406). Increases in mRNA level are represented as shades of red and decreases as shades of green. If the p-value for a particular gene expression change was greater than 0.01, the log10 (ratio) was represented as zero or black on the heat map. Note the marked similarity in expression profiles indicating that the starting blood volume did not significantly influence microarray data.
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In general, the gene expression profiles were clustered by individual animal, not by blood volume. The impact of blood volume on specific transcript panels and biological functions were further evaluated using samples isolated from 500 μL or 25 μL whole blood. The gene expression levels from the panel of 9 transcripts representing different abundance levels were highly correlated with an r2 > 0.9 between the two sets of samples (Figure 5). The same top five canonical signaling pathways were impacted to a similar extent regardless of the starting blood volume (Table 3).

Figure 5. Effects of the starting blood volume on gene transcripts of different abundance. The gene expression changes were compared between samples prepared from 500 uL and 25 uL whole blood for selective gene transcripts with low, mid, and high basal gene expression levels. Data on both axes are expressed as the log10 gene expression ratios from the individual LPS treated sample vs. the vehicle controls at the 2-hr time point.
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2.2. Discussion

Identification of blood genomic biomarkers of efficacy or toxicity in small preclinical species, especially rodents, offers great potential for translation to the clinic. However, the sample collection, RNA isolation procedures, and microarray processing methods need to be optimized to small amount of whole blood in order to make such research activity practical in animal models. The present study describes a practical and efficient workflow using a QSI isolation method coupled with NuGEN Ovation Whole Blood Solution for blood transcriptomic profiling from as little as 25 μL whole blood, a volume easily obtained from a standard tail vein bleeding procedure. A comparison with the standard PAXgene system demonstrated that the QSI method can produce similar yields of total RNA per volume of rat whole blood. The total RNA samples produced from the QSI and the standard PAXgene methods have an average RIN score of 9, well above the RNA quality generally preferred for microarray-based profiling (RIN > 8) [10,20,21].

It is possible to modify the standard PAXgene method to isolate RNA from small amounts of whole blood. The method by Krawiec et al. [21] yielded an average of 40 ng total RNA per μL whole blood with a RIN score of 7.7 from 50 μL mouse whole blood. The method by Robison et al. [22] yielded an average of 3.6 ng total RNA per μL whole blood with a RIN score of 9.3 from 70 μL whole human blood collected via fingerstick. The low yield from this later study is likely a reflection of the difference between human and rodent blood. In general, the RNA yield and quality were comparable to the QSI method reported here. However, both modified PAXgene methods are manual and require extra steps to achieve sufficient yield. In contrast, the QSI method can be fully automated. Using the Qiagen Automated BioRobot 3000 RNeasy-96 RNA isolation protocol, only 90 min of hands-on time is needed to isolate RNA from 96 whole blood samples. The QSI method is also cheaper than the PAXgene method. The total cost for 96 samples using the automated QSI method is a quarter of the cost of the standard PAXgene method and half the cost of the modified PAXgene method.

Commercial RNA isolation and stabilization kits that are designed specifically for laboratory animals have also been recently developed from several resources. The ZR Whole Blood Total RNA Kit (Zymo Research, Orange, CA, USA), the Mouse RiboPure Blood RNA Isolation Kit (Ambion/Applied Biosystems, Austin, TX, USA), and the RNeasy Protect Animal Blood System (Qiagen, Valencia, CA, USA) are designed for blood volumes of 100–500 μL. Whether these kits can be further scaled down to 25 μL whole blood remains to be determined.

Of note, neither the PAXgene system, nor the QSI method removes globin mRNA during the RNA isolation process. To reduce the artifacts associated with highly abundant globin mRNA transcripts, the NuGEN Ovation Whole Blood Solution procedure was used downstream of the total RNA isolation from rat whole blood. Results with human blood samples suggested that globin RNA amplification can be reduced with the NuGEN procedure [17]. However, in our experience with rat whole blood, there was no significant reduction of globin peak in cDNA samples when compared to cRNA samples prepared with the standard Affymetrix protocol. Similar results were also noted by the manufacturer (personal communication). Rat blood has twice the amount of reticulocytes compared to human blood [23]. The difference in globin reduction performance between human vs. rat blood is likely a reflection of the high proportion of reticulocytes in rat blood. The NuGEN procedure generates cDNA targets as compared to the cRNA targets prepared with the standard Affymetrix protocol. Despite the pronounced globin peak in cDNA targets from rat blood, the procedure is less prone to non-specific cross-hybridization with globin transcripts as a result of higher fidelity of DNA-DNA hybridization compared to RNA-DNA hybridization [24]. In addition to the reduced interference with globin mRNA, the NuGEN procedure requires a relatively small amount (20–50 ng) of total RNA for transcriptomic profiling. The QSI method described here can easily yield over 1000 ng total RNA from 25 uL blood, an amount sufficient for several microarray experiments using the NuGEN procedure.

A comparison of RT-PCR and microarray results showed good concordance of gene expression changes for a panel of 9 transcripts selected to represent low, mid, and high abundance genes. There are differences in the absolute fold change measured by RT-PCR and microarray. However, the trend (ie., up- or down-regulation) was the same across all abundance levels. The concordance in trend, but not in absolute value, is a typical observation between RT-PCR and any type of microarray platform regardless of sample resources [25,26]. Although this is only a small sample size relative to the whole genome, these results, taken together with the prototypical LPS-induced pathway changes in the blood transcriptome, suggested that the NuGEN procedure can provide an accurate representation of transcripts across different abundance levels.

The microarray performance metrics showed that the array quality using RNA prepared from the PAXgene method was slightly superior to that from RNA isolated with the QSI method. However, the QC parameters for all samples were within the acceptable range recommended by the manufacturer and the general microarray community [27–30].

We used LPS-induced acute immune response in rats as a model system to address if the slight difference in QC parameters between the two methods affected the representation of gene transcripts and biological interpretation. LPS is a component of the bacterial cell wall of Gram negative bacteria and activates a complex of pattern recognition proteins in a variety of mammalian cell types, especially macrophages [31]. The interaction with the protein complex results in activation of a downstream signaling cascade that eventually leads to the production of pro-inflammatory cytokines, as well as the recruitment of inflammatory cells. In human whole blood, LPS induces transcriptomic changes characterized by increased expression of genes associated with the defense response to pathogens, such as cytokines, chemokines, and acute-phase transcription factors, and decreased expression of genes associated with lymphocytes and ribosomal proteins [32]. In the present study, the rat blood transcriptomic profiles revealed a pattern consistent with the underlying LPS-induced acute immune response, regardless of whether the blood total RNA was isolated with the PAXgene or the QSI method.




3. Experimental Section


3.1. Animals, Treatment, and Sample Collection

Male Sprague-Dawley rats [Crl:CD®(SD)IGS BR] weighing approximately 250 g were obtained from Charles River Laboratories, Inc, Portage, MI, USA. The animals were permitted non-certified Rodent Chow and water ad libitum. Rats were housed two or three per cage for two days after receipt to aid in acclimation.

Thereafter, rats were single housed in ventilated, stainless steel, wire bottom hanging cages equipped with feeders and an automatic watering system. The animals were administered a single intravenous injection of vehicle (saline) or LPS (5 mg/kg, Sigma-Aldrich # L2880) and euthanized 2, 6, or 24 hrs post dosing (3 rats/time point/group). Blood samples were collected via the abdominal vaudal vena cava at necropsy for RNA isolation (Figure 6). For the PAXgene method, 2.5 mL of blood were collected into PAXgene Blood RNA Tubes according to the manufacturer’s instructions (BD Biosciences, San Jose, CA). After incubation for 2 hrs at room temperature, the PAXgene tubes were stored at −20 °C until analysis. For the QSI method, approximately 25 μL, 50 μL, 100 μL, 200 μL, and 500 μL of blood were added to 1 mL or 2 mL (for 500 μL blood volume only) of QIAzol (QIAGEN, Valencia, CA). Upon addition of the blood, the tubes were inverted twice and incubated at room temperature for up to 3 hrs before storage at −80°C for future analysis. Experiments were conducted in accordance with the Guiding Principles in the Use of Animals in Toxicology [33] and approved by the local Institutional Animal Care and Use Committee.

Figure 6. Flow diagram of the study design. Varying volumes of rat whole blood (25–500 μL) were collected and immediately lysed in QIAzol (25–200 μL of blood in 1 mL QIAzol, 500 μL in 2 mL QIAzol) from rats (n = 3 per time point per treatment) treated with either saline or LPS. Blood (2.5 mL) was also collected from each rat into PAXgene tubes. Automated RNA isolation for blood collected directly into QIAzol was performed using the Qiagen 3000 BioRobot RNeasy 96 protocol. RNA isolation for PAXgene tubes was performed manually according to manufacturer’s instructions.
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3.2. RNA Isolation

RNA isolation from samples collected in PAXgene Blood RNA Tubes was performed according to the manufacturer’s specifications (BD Biosciences). For the QSI method, total RNA was isolated from 750 μL of blood-QIAzol lysate following the Qiagen Automated BioRobot 3000 RNeasy-96 RNA isolation protocol (QIAGEN). After manual centrifugation of a 96-well plate containing QIAzol lysate/chloroform mixture, the Qiagen BioRobot 3000 automatically transfers the upper, aqueous phase to a 96-well RNeasy plate for automated RNA purification. Nucleic acid concentration was determined by O.D. 260 nm (NanoDrop ND-1000, Thermo Scientific, Wilmington, DE, USA). The RNA integrity was evaluated and an RNA Integrity Number (RIN) was generated using an Agilent 2100 Bioanalyzer and its accompanying software (Agilent Technologies, Foster City, CA, USA).



3.3. Microarray Analysis

All blood RNA samples were processed to generate microarray hybridization targets using the Ovation Whole Blood Solution (NuGEN Technologies, San Carlos, CA, USA), a module containing three NuGEN products. Briefly, 50 ng of DNAase-treated RNA aliquots were amplified using the Ovation RNA Amplification System V2 coupled with the Ovation WB Reagent following the manufacturer’s instructions (NuGEN). Approximately 4.4 μg of each amplified single strand cDNA sample was then biotinylated and fragmented using the FL-Ovation cDNA Biotin Module V2. The resulting cDNA was hybridized to an Affymetrix Rat Genome 230 2.0 Array (Affymetrix, Santa Clara, CA, USA) using the NuGEN-modified hybridization protocol, with 2 min of heat denaturation of the hybridization cocktail at 99 °C and a minimum of 16 hrs of hybridization at 45 °C using an Affymetrix Hybridization Oven 640. The array was subsequently washed and stained with streptavidin-phycoerythrin (Molecular Probes) on the Affymetrix Gene-Chip Fluidics Workstation 400 following the NuGEN-recommended protocol EukGE-WS2v4_450. The array was then scanned using an Affymetrix GeneChip Scanner 3000.



3.4. Real-Time Quantitative RT-PCR

The following primers and probes were selected from the Applied Biosystems Assays-on-Demand gene expression products: Tcf7 (Rn_00493446_m1), Map2k6 (Rn_00586764_m1), Nrp1 (Rn_00595457_m1), Alas2 (Rn_00566201_m1), Flad1 (Rn_01512487_m1), Canx (Rn_00596877_m1), S100a9 (Rn0585879_m1), Tnf (Rn_99999017_m1), Il1b (Rn_01514151_m1), and 18S (Hs_99999901_s1). Expression levels of each gene were quantified by real-time RT-PCR with an ABI Prism 7900 Sequence Detection System (Applied Biosystems, Carlsbad, CA, USA). Briefly, 200 ng of total RNA was reverse transcribed using the iScriptTM cDNA Synthesis Kit according to the manufacturer’s instructions (Bio-Rad Laboratories). Real-time PCR analyses were then performed in a total volume of 10 μL containing 1:15-diluted synthesized cDNA using Taqman® Gene Expression Assays (Applied Biosystems). The PCR cycling profile was as follows: 10 min at 95 °C, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The relative fold changes were calculated using the delta delta Ct method and normalized to 18S ribosomal RNA, the endogenous control gene.



3.5. Statistical Analysis

All non-microarray statistical analyses were conducted using JMP 7.0.1 statistical software from SAS (Cary, North Carolina). Comparisons were made using the two-tailed t-test with a significance value of α = 0.05. For microarray analysis, the scanned image and intensity files were imported into Rosetta Resolver gene expression analysis software version 7.2 (Rosetta Inpharmatics, Seattle, WA). Individual gene expression ratios were built for each treatment animal versus the averaged vehicle controls at the corresponding conditions using the Rosetta Resolver error model [34]. Genes and experimental treatments were grouped for visualization by agglomerative hierarchical clustering using the Pearson correlation as described in each figure. For pathway analysis, the average gene expression ratios were calculated as the in silico pool of treated animals versus the corresponding vehicle controls using the Rosetta Resolver error model. Genes with a fold change over 2 and a p-value < 0.01 were mapped to pathways and biological functions using Ingenuity Pathway Analysis (Ingenuity Systems, www.ingenuity.com).




4. Conclusions

In the present study, we have demonstrated that the QSI method can produce sufficient quantities of high quality RNA from small volumes (25–500 μL) of rat whole blood. Furthermore, the QSI method can generate microarray results comparable to the standard PAXgene method. Given the simplicity of this blood collection procedure and the minimal volume of blood required, the method can be easily applied for blood genomics profiling in pre-clinical species.
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	QIAzol-based RNA stabilization and isolation method




	LPS
	lipopolysaccharide




	RIN
	RNA Integrity Number




	PBMC
	peripheral blood mononuclear cells









	Conflict of InterestThe authors declare no conflict of interest.





References


	1. 
Blomme, EA; Yang, Y; Waring, JF. Use of toxicogenomics to understand mechanisms of drug-induced hepatotoxicity during drug discovery and development. Toxicol. Lett 2009, 186, 22–31. [Google Scholar]

	2. 
Acharya, CR; Hsu, DS; Anders, CK; Anguiano, A; Salter, KH; Walters, KS; Redman, RC; Tuchman, SA; Moylan, CA; Mukherjee, S; et al. Gene expression signatures, clinicopathological features, and individualized therapy in breast cancer. JAMA 2008, 299, 1574–1587. [Google Scholar]

	3. 
Custodio, AB; Gonzalez-Larriba, JL; Bobokova, J; Calles, A; Alvarez, R; Cuadrado, E; Manzano, A; Diaz-Rubio, E. Prognostic and predictive markers of benefit from adjuvant chemotherapy in early-stage non-small cell lung cancer. J. Thorac. Oncol 2009, 4, 891–910. [Google Scholar]

	4. 
Fielden, MR; Eynon, BP; Natsoulis, G; Jarnagin, K; Banas, D; Kolaja, KL. A gene expression signature that predicts the future onset of drug-induced renal tubular toxicity. Toxicol. Pathol 2005, 33, 675–683. [Google Scholar]

	5. 
Umbright, C; Sellamuthu, R; Li, S; Kashon, M; Luster, M; Joseph, P. Blood gene expression markers to detect and distinguish target organ toxicity. Mol. Cell. Biochem 2010, 335, 223–234. [Google Scholar]

	6. 
Bushel, PR; Heinloth, AN; Li, J; Huang, L; Chou, JW; Boorman, GA; Malarkey, DE; Houle, CD; Ward, SM; Wilson, RE; Fannin, RD; Russo, MW; Watkins, PB; Tennant, RW; Paules, RS. Blood gene expression signatures predict exposure levels. Proc. Natl. Acad. Sci. USA 2007, 104, 18211–18216. [Google Scholar]

	7. 
Staratschek-Jox, A; Classen, S; Gaarz, A; Debey-Pascher, S; Schultze, JL. Blood-based transcriptomics: Leukemias and beyond. Expert Rev. Mol. Diagn 2009, 9, 271–280. [Google Scholar]

	8. 
Liew, CC; Ma, J; Tang, HC; Zheng, R; Dempsey, AA. The peripheral blood transcriptome dynamically reflects system wide biology: A potential diagnostic tool. J. Lab. Clin. Med 2006, 147, 126–132. [Google Scholar]

	9. 
Pahl, A. Gene expression profiling using RNA extracted from whole blood: Technologies and clinical applications. Expert Rev. Mol. Diagn 2005, 5, 43–52. [Google Scholar]

	10. 
Kim, SJ; Dix, DJ; Thompson, KE; Murrell, RN; Schmid, JE; Gallagher, JE; Rockett, JC. Effects of storage, RNA extraction, genechip type, and donor sex on gene expression profiling of human whole blood. Clin. Chem 2007, 53, 1038–1045. [Google Scholar]

	11. 
Debey, S; Schoenbeck, U; Hellmich, M; Gathof, BS; Pillai, R; Zander, T; Schultze, JL. Comparison of different isolation techniques prior gene expression profiling of blood derived cells: Impact on physiological responses, on overall expression and the role of different cell types. Pharmacogenomics J 2004, 4, 193–207. [Google Scholar]

	12. 
Rainen, L; Oelmueller, U; Jurgensen, S; Wyrich, R; Ballas, C; Schram, J; Herdman, C; Bankaitis-Davis, D; Nicholls, N; Trollinger, D; Tryon, V. Stabilization of mRNA expression in whole blood samples. Clin. Chem 2002, 48, 1883–1890. [Google Scholar]

	13. 
Asare, AL; Kolchinsky, SA; Gao, Z; Wang, R; Raddassi, K; Bourcier, K; Seyfert-Margolis, V. Differential gene expression profiles are dependent upon method of peripheral blood collection and RNA isolation. BMC Genomics 2008, 9, 474. [Google Scholar]

	14. 
Chai, V; Vassilakos, A; Lee, Y; Wright, JA; Young, AH. Optimization of the PAXgene blood RNA extraction system for gene expression analysis of clinical samples. J. Clin. Lab. Anal 2005, 19, 182–188. [Google Scholar]

	15. 
Wright, C; Bergstrom, D; Dai, H; Marton, M; Morris, M; Tokiwa, G; Wang, Y; Fare, T. Characterization of globin RNA interference in gene expression profiling of whole-blood samples. Clin. Chem 2008, 54, 396–405. [Google Scholar]

	16. 
Field, LA; Jordan, RM; Hadix, JA; Dunn, MA; Shriver, CD; Ellsworth, RE; Ellsworth, DL. Functional identity of genes detectable in expression profiling assays following globin mRNA reduction of peripheral blood samples. Clin. Biochem 2007, 40, 499–502. [Google Scholar]

	17. 
Vartanian, K; Slottke, R; Johnstone, T; Casale, A; Planck, SR; Choi, D; Smith, JR; Rosenbaum, JT; Harrington, CA. Gene expression profiling of whole blood: comparison of target preparation methods for accurate and reproducible microarray analysis. BMC Genomics 2009, 10. [Google Scholar] [CrossRef]

	18. 
Li, L; Ying, L; Naesens, M; Xiao, W; Sigdel, T; Hsieh, S; Martin, J; Chen, R; Liu, K; Mindrinos, M; Davis, R; Sarwal, M. Interference of globin genes with biomarker discovery for allograft rejection in peripheral blood samples. Physiol. Genomics 2008, 32, 190–197. [Google Scholar]

	19. 
Liu, J; Walter, E; Stenger, D; Thach, D. Effects of globin mRNA reduction methods on gene expression profiles from whole blood. J. Mol. Diagn 2006, 8, 551–558. [Google Scholar]

	20. 
Kennedy, L; Vass, JK; Haggart, DR; Moore, S; Burczynski, ME; Crowther, D; Miele, G. Hematopoietic Lineage Transcriptome Stability and Representation in PAXgene Collected Peripheral Blood Utilising SPIA Single-Stranded cDNA Probes for Microarray. Biomark. Insights 2008, 3, 403–417. [Google Scholar]

	21. 
Krawiec, JA; Chen, H; Alom-Ruiz, S; Jaye, M. Modified PAXgene method allows for isolation of high-integrity total RNA from microlitre volumes of mouse whole blood. Lab. Anim 2009, 43, 394–398. [Google Scholar]

	22. 
Robison, EH; Mondala, TS; Williams, AR; Head, SR; Salomon, DR; Kurian, SM. Whole genome transcript profiling from fingerstick blood samples: a comparison and feasibility study. BMC Genomics 2009, 10, 617. [Google Scholar]

	23. 
Fan, H; Hegde, PS. The transcriptome in blood: challenges and solutions for robust expression profiling. Curr. Mol. Med 2005, 5, 3–10. [Google Scholar]

	24. 
Eklund, AC; Turner, LR; Chen, P; Jensen, RV; deFeo, G; Kopf-Sill, AR; Szallasi, Z. Replacing cRNA targets with cDNA reduces microarray cross-hybridization. Nat. Biotechnol 2006, 24, 1071–1073. [Google Scholar]

	25. 
Dallas, PB; Gottardo, NG; Firth, MJ; Beesley, AH; Hoffmann, K; Terry, PA; Freitas, JR; Boag, JM; Cummings, AJ; Kees, UR. Gene expression levels assessed by oligonucleotide microarray analysis and quantitative real-time RT-PCR—how well do they correlate. BMC Genomics 2005, 6. [Google Scholar] [CrossRef]

	26. 
Rajeevan, MS; Vernon, SD; Taysavang, N; Unger, ER. Validation of array-based gene expression profiles by real-time (kinetic) RT-PCR. J. Mol. Diagn 2001, 3, 26–31. [Google Scholar]

	27. 
Viale, A; Li, J; Tiesman, J; Hester, S; Massimi, A; Griffin, C; Grills, G; Khitrov, G; Lilley, K; Knudtson, K; Ward, B; Kornacker, K; Chu, CY; Auer, H; Brooks, AI. Big results from small samples: evaluation of amplification protocols for gene expression profiling. J. Biomol. Tech 2007, 18, 150–161. [Google Scholar]

	28. 
Beekman, JM; Reischl, J; Henderson, D; Bauer, D; Ternes, R; Pena, C; Lathia, C; Heubach, JF. Recovery of microarray-quality RNA from frozen EDTA blood samples. J. Pharmacol. Toxicol. Methods 2009, 59, 44–49. [Google Scholar]

	29. 
Clement-Ziza, M; Gentien, D; Lyonnet, S; Thiery, JP; Besmond, C; Decraene, C. Evaluation of methods for amplification of picogram amounts of total RNA for whole genome expression profiling. BMC Genomics 2009, 10. [Google Scholar] [CrossRef]

	30. 
Ovation Whole Blood Solution Performance. Available online: http://www.nugeninc.com/tasks/sites/nugen./File/technical_documents/techdoc_wb_sol_rep_01.pdf 2010 (access on 7 April 2011).

	31. 
Dauphinee, SM; Karsan, A. Lipopolysaccharide signaling in endothelial cells. Lab. Invest 2006, 86, 9–22. [Google Scholar]

	32. 
Talwar, S; Munson, PJ; Barb, J; Fiuza, C; Cintron, AP; Logun, C; Tropea, M; Khan, S; Reda, D; Shelhamer, JH; Danner, RL; Suffredini, AF. Gene expression profiles of peripheral blood leukocytes after endotoxin challenge in humans. Physiol. Genomics 2006, 25, 203–215. [Google Scholar]

	33. 
Guiding principles in the use of animals in toxicology. Toxicol. Appl. Pharmacol. 2002, 178, 4.

	34. 
Weng, L; Dai, H; Zhan, Y; He, Y; Stepaniants, SB; Bassett, DE. Rosetta error model for gene expression analysis. Bioinformatics 2006, 22, 1111–1121. [Google Scholar]



























© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
QSI 25 puL
15

1.0
2 P
0.5
*
-20 -15 -1.0 -05 > 05 1.0
¢ -0.5 ‘Low abundance
r2=0.93
¢ -1.0 m Mid abundance
" Vet r2=0.94
) 7 -1.5 High abundance

rz=0.99

QS1_500 pL
1.5





nav.xhtml


  ijms-12-02502


  
    		
      ijms-12-02502
    


  




  





media/file5.png
(2,6,0r24h) m Il ]
—

9 Rats
LPS Blood volume (uL): 25 50 100 200 500
(5 mg/mL)
\ 9 Rats(z’ 6, or 24 h) T

PAXgene Protocol
—

Automated Qiagen
RNeasy
a8 n 8N
2,6,0r24h
o Ratd 22220 —
7 Blood volume (uL): 25 50 100 200 500
Saline PAXgene Protocol

~N (2,6, or 24 h)
9 Rats =———>

S

— [Ew]

sisAjeuy Aeiseoloip






media/file3.png
Log10(Ratio)

50 pL_rat #1
200 pL_rat #1

‘ 500 pL_rat #1

I
(1AL
|

i
|
il
\‘

100 pL_rat #2





media/file0.png
I
05 0 05
Log10(Ratio)






media/file1.png
QSl

1.5
1.0 e
b
0.5 /¥
/-
- PAXgene
-2.0 -15 -1.0 -0.5 % 05 10 15 9
77-0.5] , Low abundance
¥ .-
rz=0.97
7 Ve 1.0
- 7 « 7| gMidabundance
/./ r2=0.90
Ve -15 High abundance
- r2=0.95

=20





media/file2.png
1.5
1.0
0.5]
0 0.5 1.0 1.5
PAXgene
B
2.5 0.97
| y=0.97x
_ 201 =001
(2] .
815 .
1.0’ ot
| *
0.5 .
-10 | 051.0 1.5 2.0 25
L
*_ 10! PAXgene






media/file6.png





