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Abstract

Unfrozen archived newborn blood spots (NBS) have been shown to retain sufficient messenger 

RNA (mRNA) for gene expression profiling. However, the effect of storage time at ambient 

temperature for NBS samples in relation to the quality of gene expression data is relatively 

unknown. Here, we evaluated mRNA expression from quantitative real-time PCR (qRT-PCR) and 

microarray data obtained from NBS samples stored at ambient temperature to determine the effect 

of storage time on the quality of gene expression. These data were generated in a previous case-

control study examining NBS in 53 children with cerebral palsy (CP) and 53 matched controls. 

NBS sample storage period ranged from 3 to 16 years at ambient temperature. We found 

persistently low RNA integrity numbers (RIN = 2.3 ± 0.71) and 28S/18S rRNA ratios (∼0) across 

NBS samples for all storage periods. In both qRT-PCR and microarray data, the expression of 

three common housekeeping genes—beta cytoskeletal actin (ACTB), glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), and peptidylprolyl isomerase A (PPIA)—decreased with increased 

storage time. Median values of each microarray probe intensity at log2 scale also decreased over 

time. After eight years of storage, probe intensity values were largely reduced to background 

intensity levels. Of 21,500 genes tested, 89% significantly decreased in signal intensity, with 

13,551, 10,730, and 9,925 genes detected within 5 years, > 5 to < 10 years, and > 10 years of 

storage, respectively. We also examined the expression of two gender-specific genes (X 
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inactivation-specific transcript, XIST and lysine-specific demethylase 5D, KDM5D) and seven 

gene sets representing the inflammatory, hypoxic, coagulative, and thyroidal pathways 

hypothesized to be related to CP risk to determine the effect of storage time on the detection of 

these biologically relevant genes. We found the gender-specific genes and CP-related gene sets 

detectable in all storage periods, but exhibited differential expression (between male vs. female or 

CP vs. control) only within the first six years of storage. We concluded that gene expression data 

quality deteriorates in unfrozen archived NBS over time and that differential gene expression 

profiling and analysis is recommended for those NBS samples collected and stored within six 

years at ambient temperature.
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1. Introduction

Newborn blood spotted on filter paper is used throughout the United States and in most 

industrialized countries for newborn genetic screening. Archives of leftover newborn blood 

spot (NBS) samples are available in many states [1]. Even after many years of unfrozen 

storage, mRNA can be extracted from NBS [2–4] and analysis of mRNA phenotype can 

distinguish individuals with different thalassemia genotypes using archived NBS samples 

[5]. In our previous studies, we showed that mRNA extracted from unfrozen archived NBS 

can be applied on microarrays to perform genome-wide gene expression profiling, even 

though the yield of RNA declined over storage time of NBS samples [6]. We also showed 

that differential expression could be detected between genders [7] and between cerebral 

palsy (CP) cases and matched controls [8]. Thus, archived NBS samples can serve as an 

essential research resource to examine gene expression profiles in the newborn period and 

possible relation to later child health.

NBS collection differs from most human blood collection methods in that no collecting tube 

is used, but blood is spotted directly, usually from a heel prick, onto filter paper and dries in 

minutes. The absence of a liquid environment appears to reduce the activity of ribonucleases 

and micro RNAs that degrade mRNA, and most mRNA species within the cell are quickly 

degraded after being transcribed. Some loss of mRNA is likely, especially in older blood 

spot samples, and this may affect the quality of data such as gene expression profiles 

obtained from these samples. mRNA degradation is especially possible if blood spots are 

stored at ambient conditions [9].

A commonly used method for assessing RNA quality is the RNA integrity number (RIN), 

which ranges from 1 (indicating severe mRNA degradation) to 10 (indicating high quality, 

largely intact mRNA) [10]. Another common approach for RNA quality assessment is 

examining the 28S/18S ribosomal RNA (rRNA) ratio. This approach assumes that rRNA 

quality and quantity reflect that of the underlying mRNA population and a ratio of 2:1 is 

considered the benchmark for intact RNA [11,12].
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Although RIN and 28S/18S rRNA ratios are useful proxies for assessing RNA quality, they 

are indirect measures of mRNA and do not directly describe the quality and quantity of 

mRNA. Low scores on these measurements do not necessarily preclude the detection of 

biologically-relevant, differentially-expressed genes between experimental and control 

groups.

In this study, we addressed two topics related to assessing the quality of mRNA microarray 

data obtained from unfrozen archived NBS samples. First, we evaluated whether mRNA 

microarray data quality reflects the yield of mRNA or level of mRNA degradation with 

respect to NBS storage period. Second, we assessed the detectability of differentially-

expressed genes between genders and CP vs. controls from mRNA microarray data, also 

based on NBS storage period. Our study will provide the optimal cutoff for a recommended 

ambient storage period of NBS samples to maximize the benefit of using these samples for 

microarray gene expression profiling studies.

2. Materials and methods

2.1. Study subjects

Our mRNA microarray dataset was acquired from unfrozen archived NBS of 53 singleton 

CP cases and 53 matched controls (similar year of birth, sex and gestational age) included in 

our previous case-control study to investigate the molecular etiology of CP [8]. Among the 

106 study subjects, 31 were females and 75 were males, with an NBS storage period ranging 

from 2.9 – 16 years. In 2009, Michigan Department of Community Health (MDCH) began 

storing all newly collected NBS at −20 °C. However, our study subjects were born within 

1994 – 2007 and NBS samples were retrieved from the archive in 2008 (stored at ambient 

temperature without climate control). These NBS samples were retrieved from MDCH upon 

receipt of written informed consent from parents or guardians. This project was approved by 

the institutional review boards of all participating institutions.

2.2. RNA isolation, microarray and qRT-PCR assays

Total RNA was extracted from three 3 mm punches of NBS using the illustra RNAspin Mini 

RNA kit (GE Healthcare). Due to large sample size, all spots were not extracted at the same 

time but in batches of 24. Extracted mRNA was treated the same way for all spots prior to 

analysis. To minimize variables, all assays were performed by a single technician and 

extracted mRNA was immediately stored at −80 °C until the next procedure. The Agilent 

Whole Human Genome Gene Expression 8 × 60 K Microarray platform was used for 

microarray assays. Quantitative real-time PCR (qRT-PCR) was performed using Applied 

Biosystems 7500 Fast Real-Time PCR System. Details regarding sample processing, RNA 

isolation, microarray and qRT-PCR techniques were published in our previous study [8].

2.3. Assessment of mRNA microarray data quality

We examined the following four features to assess mRNA microarray data:

1. Distribution of RIN and 28S/18S rRNA ratios across storage periods of 

NBS samples.
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2. Overall distribution of raw fluorescent probe intensity data across storage 

periods of NBS samples, illustrated by brightness of raw digital images as 

well as density and scatter plots of log2 signal intensity.

3. Linear regression slopes of log2 signal intensity across storage periods of 

NBS using raw aggregated gene expression data for all genes available in 

the microarrays.

4. Number of aggregated genes being filtered and number of remaining 

genes after filtering, in correspondence with storage period of NBS 

samples.

We employed the commonly used approach for filtering unqualified spots of microarray data 

by Paterson et al. in which probe intensity was removed when the gProcessed signal was less 

than two times the gProcessed signal error [13]. We applied quantile normalization on 

filtered microarray data with a slight modification, which was stratifying the storage period 

of NBS samples. Probe intensity data was then aggregated to a gene level using the average 

values of log2 signal intensity data for each gene with multiple probes. R limma package 

[14] was used for microarray data processing.

2.4. Assessment of housekeeping gene expression based on NBS storage period

To further evaluate the pattern of mRNA expression signals over storage period of NBS 

samples, we examined the signal intensities of three commonly used housekeeping genes—

peptidylprolyl isomerase A (PPIA), beta cytoskeletal actin (ACTB), and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH)—in microarray and qRT-PCR data.

2.5. Evaluation on the power of detecting differentially-expressed genes in NBS samples 
stored across 3 – 16 years at ambient temperature

We also assessed the impact of storage period on the power of detecting differentially-

expressed genes in NBS samples. First, we examined the effect of storage period on 

detecting two sex-linked genes—X inactivation-specific transcript, XIST and lysine-specific 

demethylase 5D, KDM5D—that are known to be differentially-regulated between male and 

female samples [7]. A linear model for microarray data implemented in the R limma 

package [14] was used to analyze differential expression of these two genes. Second, we 

examined the effect of storage period on detecting seven gene sets—four empirical and three 

canonical gene sets representing the inflammatory, hypoxic, coagulative, and thyroidal 

pathways—hypothesized to be differentially-expressed in newborns who later developed CP 

or without CP. GAGE (generally applicable gene set enrichment for pathway analysis) [15] 

was applied for gene set statistical analysis, as described in our previous study [8]. GAGE t-

statistics of each matched case-control pair were standardized by converting to the 

equivalent z-statistics for empirical inflammatory, hypoxic, and thyroidal gene sets, using 

Stouffer's method [16], which showed significant differential expression between CP and 

controls in our previous study. The absolute values of these converted z-statistics were then 

plotted against storage period of NBS samples for each case-control pair. All analyses were 

performed using R version 2.13.2.
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3. Results

3.1. mRNA microarray and qRT-PCR data quality in relation with storage period of NBS 
samples

3.1.1. Variation in RIN and 28S/18S rRNA ratio—Average RIN in 106 NBS samples 

was 2.3 ± 0.71 and RIN values did not vary significantly over storage period of 3 – 16 years 

at ambient temperature (Figure 1a). The overall 28S/18S rRNA ratio was zero (presumably 

reflecting the absence of 28S rRNA peaks) and similar with RIN, the ratio showed no time-

related trend (data not shown).

3.1.2. Fluorescent probe intensity of raw microarray data—Direct visual 

inspection of the raw digital image of microarray is part of the quality control procedure to 

ensure that overall fluorescent probe intensity of mRNA is not affected by image artifacts. In 

general, visual inspection showed “brighter” microarray images in newer NBS samples 

compared with older samples (Figure S1). This observation is confirmed with density plots 

of log2-transformed raw (non-normalized) probe intensity data showing higher signal 

intensities in NBS with shorter storage periods (Figure S2). The median values of log2 probe 

intensity/unfiltered gene expression declined significantly and linearly over time (p < 

0.0001). The average median values of log2 signal intensity in raw microarray data before 

filtering declined from 5.8 in NBS samples within 5 years of storage to 5.2 in NBS samples 

at 5 – 10 years of storage, with little or no further decline after 10 years of storage at 

ambient temperature. In addition, median values of log2 signal intensity were reduced to 

background intensity levels for the majority of NBS samples older than 8 years of storage 

(Figure 1b).

After raw probe signal was aggregated to a gene level, log2 signal intensity of each gene was 

regressed against the duration of storage. Detection of hemoglobin subunit alpha 2 (HBA2) 

and hemoglobin subunit beta (HBB) genes declined significantly over time with linear 

regression slopes of −0.18 (p = 0.0003) and −0.25 (p < 0.0001), respectively (Figure S3). 

Since these NBS samples were processed without globin depletion, globins remain the most 

abundant genes, with log2 signal intensity > 12 even in NBS samples stored for more than 

10 years at ambient temperature.

After filtering, log2 signal intensity/gene expression of the majority of genes declined over 

storage time. The linear regression slopes were negative for the majority of genes (median 

slope = −0.06), with −0.37 as the most negative slope (Figure 1c). Of 21,500 genes tested, 

89% significantly declined with storage time at ambient temperature (negative slope p < 

0.05).

3.1.3. Number of detected genes in various NBS storage periods—We examined 

the number of genes in the microarray data that showed signal intensity either above or 

within the background intensity level. After filtering, the number of genes within the 

background level increased linearly with storage time (p < 0.0001), with approximately 

35%, 50% and 55% of genes within background intensity for storage up to 5 years, 5 – 10 

years, and more than 10 years, respectively. For the same storage periods, of 21,500 genes 
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available in the arrays, the mean number of genes above background intensity was 13,551, 

10,730 and 9,925, respectively (Figure 1d).

3.1.4. Expression of housekeeping genes in microarray and qPCR data—We 

found log2 signal intensity of ACTB, PPIA, and GAPDH to be significantly decreased over 

time in the microarray data (linear regression slopes = −0.23, −0.15, and −0.14, respectively; 

p < 0.0001 for all) (Figure 2 upper panel). In addition, the mean qRT-PCR cycle threshold 

(i.e. number of PCR cycles required for signal detection; cycle threshold is inversely 

proportional to the relative expression in the gene of interest) was found to be significantly 

increased over NBS sample storage time (Figure 2 lower panel).

3.2. Detecting differential gene expression in NBS stored at ambient temperature over time

3.2.1. Detecting differential expression of gender-specific genes over time—
Previously, we showed that gender-specific genes can be detected and differentially-

expressed in NBS samples [7]. Here, we evaluated XIST and KDM5D gene expression 

changes in NBS samples over time. XIST is expressed exclusively in female samples as part 

of the X chromosome inactivation process, and thus, XIST expression in female samples is 

expected to be distinctly higher than that of male samples. From our NBS data, we found 

XIST gene expression at 41th percentile of transcription levels in male samples and 70th 

percentile in female samples. The mean log2 signal intensity of XIST in female NBS 

samples was significantly higher than that of male NBS samples (p < 0.0001). Log2 signal 

intensity of XIST significantly decreased over storage time in both female (slope = −0.14, p 
= 0.0012) and male (slope = −0.02, p = 0.0226) samples. However, signal intensity values 

declined more dramatically in female than male samples (Figure 3a). Log2 signal intensity 

of XIST in female NBS samples started to overlap with those in male samples > 6 years of 

storage. Differences in mean log2 signal intensity (Δ mean) between female vs. male were 

1.58 and 1.05 for ≤ 6 years of storage and > 6 years of storage, respectively (Figure 3a).

KDM5D is mapped on the Y chromosome and gene expression of KDM5D is detected in all 

male tissues. Thus, the expression signal of KDM5D is expected to be higher in male than 

female samples. From our NBS data, we found KDM5D gene expression at the 80th 

percentile of transcription levels in male samples and 68th percentile in female samples. 

Log2 signal intensity of KDM5D significantly decreased over time in male (slope = −0.08, p 
= 0.0205) but not female NBS samples (slope= −0.09, p = 0.115), probably due to a smaller 

female sample size (Figure 3b).

3.2.2. Detecting differential expression of gene sets over time—In our previous 

study, we hypothesized that gene sets representing hypoxia, coagulation, thyroid hormone 

function, and inflammation pathways would be dysregulated in infants who later developed 

CP [8]; fetal inflammatory response syndrome (FIRS) gene set [17] showed the greatest 

differential expression between CP and healthy controls. Here, by comparing cases to 

controls, we found that absolute values in z-statistics declined substantially over time (slope 

= −0.72, p < 0.001) and the majority of significant differences (absolute values in z-statistics 

> 1.96) was found in NBS samples < 6 years of storage (Figure 3c). The Chi-square test for 

global significance in z-statistics between case-control pairs for the FIRS gene set was 
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statistically significant in NBS samples ≤ 6 years of storage (p < 0.0001) and not significant 

in NBS samples > 6 years of storage (p = 0.43). On the other hand, empirical hypoxia and 

thyroidal gene sets—two other gene sets that were significantly up-regulated in preterm-born 

CP compared to healthy controls—did not show any significant difference in z-statistics over 

NBS storage time. After filtering, the number of genes detected in our seven gene sets that 

reflect four pathophysiological pathways to CP also declined significantly and linearly with 

storage duration (p < 0.0001) (Figure 4).

4. Discussion

Zero 28S/18S ratio in the majority of NBS samples was primarily due to the absence of 28S 

peak data. 28S/18S ratio is an indirect measurement of mRNA degradation since it is based 

on the availability of rRNA. Although rRNA accounts for more than 80% of RNA in cells, it 

is unclear how rRNA reflects the quality of an underlying mRNA population within NBS 

samples. Some studies suggest that the correlation between 28S/18S ratio and mRNA 

integrity is weak [18,19]. Also, the consistently low RIN scores suggested mRNA 

degradation occurred in NBS samples stored between 3 to 16 years at ambient temperature. 

While RIN may describe the relative quality of mRNA, it cannot by itself reveal how mRNA 

degradation affects the detection of gene expression in microarray or qRT-PCR technique. 

Here, we demonstrated that low 28S/18S ratio and RIN scores did not necessarily preclude 

detection of mRNA species, as it was possible to detect mRNA gene expression in NBS 

samples up to 16 years of storage at ambient temperature.

Microarray data acquired from archived NBS samples stored at ambient temperature showed 

a consistent and nearly linear decline of mRNA expression signal with increased storage 

periods. After approximately 8 years of storage, median values of log2 probe intensity 

decreased to background intensity levels for most of the samples. Expression for the 

majority of genes also reduced significantly over time. This inclination was not an artifact 

from microarray processes as the expression of three common housekeeping genes (ACTB, 

PPIA and GAPDH) was also reduced over time when validated with qRT-PCR. Since 

globins, the most abundant proteins, were not removed from our samples, we also 

investigated their gene expression changes over time. Although the gene expression of 

HBA2 and HBB declined significantly over time, their log2 signal intensity remained high 

(> 12) after 10 years of storage. On the other hand, genes with lower abundance exhibited 

reduced signal intensities to that of background levels after 10 years.

In older NBS samples with overall signal intensities that are lower compared to newer 

samples, one would presume that the power to detect differential expression of biologically-

relevant genes will be reduced. In this study, differential expression of two gender-specific 

genes, XIST and KDM5D, could be distinctly detected in NBS samples stored up to 6 years 

at ambient temperature. Similarly, the FIRS gene set which was the most differentially-

expressed between CP and healthy controls was found to be statistically significant only in 

NBS samples ≤ 6 years of storage. However, the empirical hypoxia and thyroidal gene sets, 

two other gene sets that were significantly up-regulated in CP, did not show a significant 

difference in z-statistics over the same NBS storage periods. This may be due to a smaller 

number of genes in the FIRS gene set (36 genes) compared with the empirical hypoxia and 
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thyroidal gene sets (n = 127 and n = 140, respectively). Further study is needed to investigate 

the power of detection over time in relation to the number of genes in our gene set analysis. 

We showed that although mRNA can still be recovered from older blood spots, the power to 

detect differentially-expressed biologically-relevant genes may be limited to NBS samples 

stored within 6 years at ambient temperature.

In Michigan, NBS samples were archived at ambient temperature from 1987 to 2008. Since 

2009, NBS samples have been stored at a controlled temperature storage of −20 °C and 

those prior to 2009 have since been moved to −20 °C storage. We have previously shown 

that storing NBS samples at −20 °C significantly improves the number of genes detected in 

the microarray platform [9]. For NBS samples stored at −20 °C, microarray gene expression 

data did not change significantly between samples collected 10 years apart [20]. Therefore, 

whenever possible, NBS samples are recommended for archival storage at −20 °C to 

maximize the retrieval of gene expression data.

5. Conclusions

In summary, gene expression data can be generated from mRNA of NBS samples stored for 

3 – 16 years at ambient temperature. However, median values of log2 probe intensity in raw 

gene expression microarray data decreased over time, with values reduced to background 

intensity levels for the majority of NBS samples older than 8 years of storage. After filtering, 

the number of genes detected above background intensity decreased over time, with less 

than 10,000 genes detected in NBS samples > 10 years of storage. Expression of 

housekeeping genes also decreased over time. Biologically-relevant genes are significantly 

differentiated in NBS samples < 6 years of storage. Thus, to study differential gene 

expression using microarray, NBS samples stored within 6 years at ambient temperature are 

recommended.
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Figure 1. 
RNA and gene expression microarray data quality in NBS samples stored for 3 to 16 years at 

ambient temperature. a. Distribution of RIN (RNA integrity number) across storage time 

(year) of blood spots; b. Median values of log2 probe intensity in microarray data acquired 

from NBS samples stored for 3 to 16 years (background intensity levels are below the 

horizontal line); c. Linear regression slopes of log2 signal intensity for all genes plotted 

against storage period of NBS after filtering and aggregated to a gene level; d. Number of 

genes being filtered and number of remaining genes after filtering by NBS storage periods.
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Figure 2. 
Expression of three commonly used housekeeping genes over NBS sample storage time (in 

year) from microarray and qRT-PCR data. Upper panel (microarray gene expression data): a. 

ACTB gene expression; b. GAPDH gene expression; c. PPIA gene expression. Lower panel 

(qRT-PCR data): d. Mean CT value of ACTB; e. Mean CT value of GAPDH; f. Mean CT 

value of PPIA. qRT-PCR: quantitative real time polymerase chain reaction; ACTB: beta 

cytoskeletal actin; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; PPIA: 

peptidylprolyl isomerase A; CT: cycle threshold.
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Figure 3. 
Effect of NBS sample storage time (in year) on detecting differential gene expression in 

microarray. a. Signal intensities of XIST in male and female NBS samples; b. Signal 

intensities of KDM5D in male and female NBS samples; c. Absolute values of GAGE z-

statistics for the FIRS gene set in matched case-control pairs of NBS samples. XIST: X 

inactivation-specific transcript; KDM5D: lysine-specific demethylase 5D; FIRS: fetal 

inflammatory response syndrome; GAGE: generally applicable gene set enrichment for 

pathway analysis.
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Figure 4. 
Number of genes after filtering in 7 gene sets across storage period of 3 to 16 years. a. 

Canonical coagulation gene set; b. Canonical inflammation gene set; c. Empirical 

inflammation (or fetal inflammatory response syndrome (FIRS)) gene set; d. Canonical 

hypoxia gene set; e. Empirical hypoxia gene set; f. Empirical thyroidal gene set; g. 

Canonical thyroidal gene set.
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