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Research Article
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In the context of environmental health research,
biobank blood samples have recently been
identified as suitable for high-throughput omics
analyses enabling the identification of new bio-
markers of exposure and disease. However,
blood samples containing the anti-coagulant
heparin could complicate transcriptomic analysis
because heparin may inhibit RNA polymerase
causing inefficient cRNA synthesis and fluoro-
phore labelling. We investigated the inhibitory
effect of heparin and the influence of storage
conditions (0 or 3 hr bench times, storage at
room temperature or 280�C) on fluorophore
labelling in heparinized fresh human buffy coat
and whole blood biobank samples during the
mRNA work-up protocol for microarray analysis.
Subsequently, we removed heparin by lithium
chloride (LiCl) treatment and performed a qual-
ity control analysis of LiCl-treated biobank sam-
ple microarrays to prove their suitability for
downstream data analysis. Both fresh and bio-

bank samples experienced varying degrees of
heparin-induced inhibition of fluorophore label-
ling, making most samples unusable for microar-
ray analysis. RNA derived from EDTA and
citrate blood was not inhibited. No effect of
bench time was observed but room temperature
storage gave slightly better results. Strong corre-
lations were observed between original blood
sample RNA yield and the amount of synthe-
sized cRNA. LiCl treatment restored sample
quality to normal standards in both fresh and
biobank samples and the previously identified
correlations disappeared. Microarrays hybri-
dized with LiCl-treated biobank samples were of
excellent quality with no identifiable influence of
heparin. We conclude that, to obtain high qual-
ity results, in most cases heparin removal is
essential in blood-derived RNA samples
intended for microarray analysis. Environ. Mol.
Mutagen. 55:482–491, 2014. VC 2014 Wiley
Periodicals, Inc.

Key words: heparin interference; blood; biobank samples; transcriptomics; lithium chloride treatment;
fluorophore PCR labelling

INTRODUCTION

In biomedical research, omics technologies have

greatly contributed to the discovery of biomarkers and

improved our understanding of disease mechanisms. Bio-

banks represent herein a precious resource for human

long-term storage specimens [Ellinger-Ziegelbauer et al.,

2009; McHale et al., 2010]. Omics research is especially

relevant in generating new biomarkers from biobank

material because we have recently shown, in the context

of the European EnviroGenomarkers project (http://www.

envirogenomarkers.net), that a large fraction of human
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blood-derived samples currently in long-term biobank

storage in the absence of stabilizing agents is suitable for

analysis using high throughput omics technologies

[Hebels et al., 2013]. This includes the application of

transcriptomic analysis using high quality RNA from

blood samples, something that was previously not thought

possible without collection and storage in the presence of

an RNA preservative. Application of these powerful tech-

nologies to biological samples collected during previous

decades in the context of population-based or disease-

oriented cohorts is thus possible. By combining this with

other available information from these cohorts (e.g., envi-

ronmental exposure, dietary or lifestyle habits, disease

status), such application is likely to provide an important

contribution to research on mechanisms of disease.

A large fraction of available biobank samples consists

of whole blood drawn in anti-coagulant-containing tubes,

such as citrate, EDTA, and heparin. All three anti-

coagulants have been shown to yield more than satisfac-

tory results in downstream omics applications [Hebels

et al., 2013]. We have, however, recently come across an

interfering influence of heparin during the work-up of

samples intended for transcriptomic analysis, which may

cause technical problems in some biobank-stored blood

samples collected in heparin tubes. Although it is our

experience that heparin-containing blood samples consis-

tently generate high quality RNA with a high yield,

downstream applications may be subject to heparin-

induced inhibition of crucial enzymes. Heparin has long

been known to inhibit polymerase chain reaction (PCR)

in DNA samples, and there have been several publica-

tions describing this phenomenon [Walter et al., 1967;

Beutler et al., 1990; Goulian and Heard, 1990; Holodniy

et al., 1991; Satsangi et al., 1994; Yokota et al., 1999].

Heparin is a highly anionic glycosaminoglycan, and its

negative charges allow it to bind to lysine and arginine

residues in the DNA binding sites of the polymerase

enzyme, thereby preventing efficient replication [Berg

et al., 2002]. Its chemical properties, which resemble

nucleic acids, explain why commonly used DNA or RNA

purification columns are incapable of efficiently removing

heparin from the sample [Amersham Biosciences. 2003;

Johnson et al., 2003]. The inhibiting effect of heparin has

been described for DNA and RNA polymerases, reverse

transcriptase, restriction enzymes, and also differs

depending on the type of DNA polymerase, with alpha

and delta forms being extremely sensitive whereas the

beta and gamma forms are resistant [Walter et al., 1967;

Goulian and Heard, 1990; Coad et al., 1992; Todd and

Buccini, 1993; Gerard, 1994; Bai et al., 2000]. The

degree of inhibition is also proportional to the concentra-

tion of heparin and decreases when blood cells are first

washed or the amount of DNA in the sample is high

[Taylor, 1997; Yokota et al., 1999]. Although the inhibi-

tory effect of heparin on enzyme activity has been well

established, and sample preparation for microarray analy-

sis uses reverse transcriptase and polymerase, as far as

we know, there are no publications that describe analo-

gous effects during microarray work-up. In fact, fluoro-

phore or biotin labelling protocols for blood-derived RNA

of commonly used microarray manufacturers (e.g., Agi-

lent Technologies, AffymetrixVR , NimbleGen, etc.) do not

mention the possible negative effect of heparin. Based on

our observations and those of others [Satsangi et al.,

1994], fresh heparin blood samples that are not frozen

before RNA isolation are subject to less influence from

heparin than frozen samples. However, we have also

experienced that long-term frozen heparin blood samples

do not always suffer from interference by heparin during

fluorophore labelling. This inconsistent manifestation of

heparin-induced inhibition contributes to the absence of

literature on the subject.

There are several ways of removing heparin from

nucleic acid samples, including heparinase treatment, ion-

exchange resin treatment, and lithium chloride (LiCl) pre-

cipitation, the latter of which is the cheapest and fastest

method available, and all of which successfully enable

PCR assays again with purified DNA or RNA [Poli et al.,

1993; Jung et al., 1997; Taylor, 1997; del Prete et al.,

2007; Wang et al., 2007]. Although these methods are

usually used in standard PCR or RT-PCR assays, it seems

likely that they would also be effective in removing hepa-

rin from RNA samples intended for fluorophore labelling.

Using such heparin clean-up techniques could thus be of

great importance for both freshly isolated and long-term

storage biobank blood samples to be used for transcrip-

tomic analysis.

It is the purpose of this report to (a) describe the inhib-

itory effect of heparin and the influence of storage condi-

tions on the fluorophore labelling process in fresh as well

as archived human buffy coat or whole blood samples

during the mRNA work-up protocol for microarray analy-

sis (Agilent Technologies), (b) provide a solution to this

problem by applying LiCl treatment, and (c) present a

short quality control analysis of biobank-derived heparin

blood-based microarrays to prove their suitability for

downstream data analysis. In addition, with this study we

intend to put new focus on this issue with the aim of

increasing opportunities for investigating transcriptomics

in valuable human blood samples and preventing costly

mistakes.

MATERIAL ANDMETHODS

Sample Collection

To illustrate the inhibitory effect of heparin, we collected fresh blood

samples to investigate the short-term effect of freezing and storage at

280�C versus direct processing. Two 10 ml heparin blood tubes (BD

Vacutainer, Breda, The Netherlands) were drawn from four volunteers

(two male, ages 24 and 29, and two female, ages 32 and 34). The first
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tube of each volunteer was processed immediately while the second tube

was left at room temperature (RT) for 3 hr before processing to investi-

gate the effect of bench time. Processing consisted of centrifugation at

1,500g for 10 min at RT and isolation of the buffy coat, which was sub-

sequently split up into two equal parts of 400 ml one of which was

stored at 280�C and the other was used immediately for RNA isolation.

The total number of samples was thus 16 (i.e., both bench times and

storage temperatures for all four subjects). RNA from frozen buffy coats

was isolated after 72 hr.

In a separate experiment, we collected fresh blood samples from

another four volunteers (two male, ages 28 and 44, and two female, ages

22 and 30) in one 10 ml EDTA and two 4.5 ml sodium citrate tubes

(BD Vacutainer) to demonstrate that PCR inhibition is heparin-specific.

EDTA and citrate blood were split up into two equal parts of 200 ml

(the two citrate tubes were first mixed), and the first part was processed

immediately while the second part was left at RT for 3 hr (total n 5 8).

Buffy coats were prepared as described above and samples were subse-

quently stored at 280�C for 72 hr until RNA isolation.

The effect of heparin in biobank samples was assessed using whole

blood samples from one of the participating biobanks within the Enviro-

Genomarkers consortium, i.e., the Rhea project, which represents a pro-

spective mother-child study in the prefecture of Heraklion, Crete, Greece

[Chatzi et al., 2009]. Whole blood from the umbilical cord and corre-

sponding 4-year follow-up venipuncture blood samples from the same

children were collected in standard heparin blood tubes and kept at 4�C
until further processing. A volume of 400 ml of whole blood was mixed

with 1.2 ml of RNAlater (Life Technologies—AmbionVR ) and subse-

quently stored at 280�C for varying periods of time. Samples were

transported on dry ice to Maastricht University and a subset of 24 sam-

ples (12 cord/follow-up sample pairs) was used for further analysis.

RNA Isolation

RNA extraction from frozen buffy coats was performed by thawing

approximately 400 or 200 ml of buffy coat (see Sample collection above)

while fully immersed in 1.2 ml of RNAlater and subsequently extracting

RNA by column purification according to the manufacturer’s instruc-

tions, including a DNase I digestion to remove DNA (RiboPureTM-Blood

Kit, Life Technologies—AmbionVR ). Unfrozen buffy coats (400 ml) were

mixed with 1.2 ml of RNAlater immediately followed by extraction,

while RNAlater-containing frozen whole blood cord and follow-up sam-

ples were thawed at RT followed by extraction. Cord samples were

extracted between May and July 2009. The 4-year follow-up samples

were extracted in November and December 2012. On average, cord sam-

ples were stored at 280�C for 482 6 108 days (mean 6 standard devia-

tion) before extraction, while follow-up samples were stored for

234 6 97 days at 280�C before extraction (significantly lower,

P 5 2.6*10212, paired t-test). We quantified RNA using a Nanodrop

ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE) and

assessed the spectrophotometric A260/A280 and A260/A230 absorbance

ratios as indicators of sample purity. An Agilent 2100 Bioanalyzer (Agi-

lent Technologies, Amstelveen, the Netherlands) was used to assess

RNA quality, including its integrity number (RIN), ranging from 1 to

10, with a minimum of 6 being recommended for microarray analysis.

RNA was stored at 280�C until further processing took place, at which

point cord and follow-up samples were processed simultaneously.

LiCl Precipitation

To remove heparin from the RNA samples, LiCl solution (concentra-

tion 7.5 M, Life Technologies—AmbionVR , Bleiswijk, The Netherlands,

Catalog # AM9480) was added to 1.6 mg RNA of each sample at a final

concentration of 2.5 M and samples were chilled for 30 min at 220�C
followed by centrifugation at 13,000g for 15 min. The pelleted heparin-

free RNA was subsequently washed with 70% ethanol and resuspended

in nuclease-free water.

Labelling, Hybridization, and Scanning of Microarrays

For fluorophore labelling and microarray hybridization of samples,

we followed the One Color Microarray-Based Gene Expression Analy-

sis—Low Input Quick Amp Labeling protocol from Agilent Technolo-

gies. Briefly, labelling of samples was performed by reverse transcribing

200 ng of each RNA sample into cDNA followed by a T7 RNA poly-

merase reaction to synthesize cyanine 3 (Cy3)-labelled cRNA using

Cy3-cytidine triphosphate (CTD) nucleosides. Four universal human ref-

erence RNA samples (Agilent Technologies, Catalog # 740000) were

also included in the labelling protocol (200 ng input RNA, average RIN:

8.7 6 0.1) as non-heparin/anti-coagulant exposed controls. Labelling was

followed by hybridization of Cy3-labelled cRNA on Agilent SurePrint

G3 Human Gene Expression 8x60K v2 Microarray slides which was per-

formed only for the 24 biobank samples treated with LiCl. After hybrid-

ization, we washed the slides and scanned them using an Agilent

Technologies G2565CA DNA Microarray Scanner. The photomultiplier

tube (PMT) gain was determined automatically and laser power was set

to 100% and the PMT gain saturation tolerance to 0.02%.

Microarray Quality Control and Statistics

Microarray probes were evaluated using a quality control pipeline

that assesses the number of pixels, the mean/median intensity ratio, the

saturation levels, and the foreground/background intensity ratio. Probes

were defined as “good” when: (a) the spot contained at least 75% of the

maximum possible number of pixels; (b) the raw mean/median ratio was

above 0.9; (c) the difference between spot and background intensity was

>2.6 times the standard deviation of the background intensity; (d) the

number of saturated pixels was below 50%. In addition, several technical

aspects were evaluated based on images representing the individual

microarrays, as well as on the number of high quality probes. We estab-

lished the technical performance and quality of the microarrays by visual

evaluation of the scan images before and after between-array normaliza-

tion using the quantile normalization method [Bolstad et al., 2003].

Differences between groups were determined by paired or Student’s

t-test analysis and correlations were performed using Pearson’s correla-

tion coefficient. A P-value< 0.01 was considered significant.

RESULTS

Buffy Coat Fresh SampleWork-up and LiCl Treatment

Buffy coats prepared from freshly drawn blood samples

were used to investigate the inhibiting effect of heparin in

more detail. Blood was drawn from four individuals and

used to assess how differences in storage temperature (RT

versus 280�C) and bench time (0 hr versus 3 hr) might

influence the results of the fluorophore labelling process

and how LiCl treatment can be used to improve the

results. Buffy coats were used with the goal of also inves-

tigating this sample type in addition to whole blood (see

biobank samples). Four RNA standards were included as

non-heparin/anti-coagulant exposed controls. The results

are summarized in Table I.

During RNA isolation of fresh buffy coat samples, we

did not encounter any problems and RINs averaged at

8.7 6 0.6, indicating high quality RNA. The
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spectrophotometric A260/A280 ratio of all samples was

good (on average 2.0 6 0.1, where 2 is recommended),

while the A260/A230 ratio (on average 1.6 6 0.2, where

2–2.2 is recommended) is indicative of A230 contami-

nants (Supporting Information Table I). RT samples

yielded the highest amount of buffy coat RNA, signifi-

cantly higher compared with samples stored at 280�C,

suggesting that freezing samples influences RNA extrac-

tion of blood samples. After following the fluorophore

labelling protocol, cRNA synthesis in 25% of the samples

did not meet the minimum level of 0.825 mg cRNA rec-

ommended by Agilent Technologies and half of these

samples were even below the 0.6 mg that is needed for

microarray hybridization. Although the fluorophore label-

ling process did reach the minimum recommended level

for all samples (i.e., 6 pmol Cy3/mg cRNA), standard

deviations were very high indicating a high variation in

the labelling efficiency and 9 of 16 samples were outside

the range that our laboratory usually achieves (i.e., 12 to

18 with an average of 15 pmol Cy3/mg cRNA). Interest-

ingly, RT samples performed best during cRNA synthesis

(significantly higher yields than samples stored at

280�C), similar to what we found for the buffy coat

RNA yield. This prompted us to investigate the relation-

ship between original buffy coat sample RNA yield and

cRNA synthesis yield; the two variables were found to

strongly correlate with each other as shown in Figure 1A

(r 5 0.91, P 5 7.9*1027). This indicates that the amount

of RNA isolated from an equal amount of starting mate-

rial (i.e., 400 ml of heparin-containing buffy coat) strongly

influences the cRNA synthesis rate, even though the

amount of input material in the labelling protocol is the

same for all samples (i.e., 200 ng RNA).

To demonstrate that the interfering effect observed with

heparinized blood is heparin-specific and not related to any

other possible contaminations, we performed RNA isola-

tion and the subsequent fluorophore labelling protocol with

a set of freshly drawn blood samples collected in tubes

containing the anti-coagulants EDTA or citrate (4 subjects,

bench times 0 and 3 hr, and storage at 280�C). The over-

all RIN was good, averaging at 7.3 6 0.6. The A260/A230

Fig.1. Scatter plots showing the relationship between fresh sample buffy

coat RNA yield and cRNA synthesis yield without (A) and with (B) LiCl

treatment. Pearson correlation coefficients (r) were 0.91 and 0.10, respec-

tively. The RT 0 and 3 hr bench time samples are indicated with circles

and triangles, while the 280�C 0 and 3 hr samples are indicated with

squares and dashes, respectively.

TABLE I. Average Yields, RINs, and Labelling Efficiencies of Freshly Isolated Heparinized Buffy Coat Samples at Two Bench
Times and Two Storage Temperatures

All samples

combined (n 5 16)

0 hr bench

time (n 5 8)a

3 hr bench

time (n 5 8)a

RT storage

(n 5 8)a

280�C storage

(n 5 8)a

Heparin-free

RNA reference

controls (n 5 4)

Buffy coat

RNA yield (mg)

14.8 6 6.8 14.0 6 7.6 15.5 6 6.2 17.9 6 6.9b 11.6 6 5.2 n/a

Without LiCl

treatment

cRNA yield (mg) 1.3 6 0.7 1.2 6 0.8 1.3 6 0.7 1.7 6 0.8b 0.9 6 0.4 5.6 6 0.4c

Labelling efficiency

(pmol Cy3/mg cRNA)

14.3 6 6.1 14.6 6 7.4 14.0 6 5.0 10.7 6 1.7 17.9 6 6.9 14.6 6 0.5

With LiCl

treatment

cRNA yield (mg) 4.3 6 0.8d 4.7 6 0.8d 4.0 6 0.7d 4.6 6 0.7d 4.0 6 0.9d -

Labelling efficiency

(pmol Cy3/mg cRNA)

13.9 6 1.0 13.8 6 0.9 14.1 6 1.1 13.7 6 1.0e 14.2 6 0.9 -

aEach condition here incorporates either two storage temperatures or two bench times for all 4 subjects (i.e. n 5 8).
bSignificantly higher buffy coat RNA and cRNA yield compared with storage at 280�C (paired t-test, P< 0.01).
cSignificantly higher cRNA yield compared with all fresh samples combined without LiCl treatment (Student’s t-test, P 5 1.3*1029). Without LiCl

treatment 4 out of 16 fresh samples did not meet the minimum recommended cRNA yield.
dSignificantly higher cRNA yield compared with without LiCl treatment samples (paired t-test, P< 0.001).
eSignificantly higher labelling efficiency compared with without LiCl treatment (paired t-test, P< 0.01).
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ratios of citrate and EDTA samples were indicative of con-

taminants (1.2 6 0.3 and 1.2 6 0.5, respectively) while the

A260/A280 ratios were good (2.0 6 0.1 and 2.1 6 0.1,

respectively, see Supporting Information Table I). Yields

and labelling results are summarized in Table II,

together with the corresponding results of heparin sam-

ples under the same conditions. The cRNA synthesis

yield of EDTA and citrate samples (based on an input of

200 ng RNA) was significantly higher than that of hepa-

rin samples, and all reached the minimum recommended

level of 0.825 mg cRNA (3 of 8 heparin samples did

not). Labelling efficiencies were also all within the nor-

mal range and showed a much lower standard deviation

than in heparin samples (2.5 to 5 times lower). There

were no differences in cRNA yield or labelling effi-

ciency between bench times for either citrate or EDTA

samples and the cRNA yield showed no significant asso-

ciation with the buffy coat RNA yield (r 5 0.14,

P 5 0.73 and r 5 0.48, P 5 0.23 for citrate and EDTA,

respectively, results not shown).

To investigate whether LiCl treatment improved the

labelling process of heparinized samples, heparin was

removed from the RNA samples by treating them with a

LiCl solution to precipitate the RNA, followed by a

repeat of the labelling protocol with the LiCl-treated

RNA samples. RNA reference samples were not treated

with LiCl as they are guaranteed free of contaminants

(such as heparin, salts, and ethanol) by the manufacturer,

and LiCl is therefore not expected to improve results.

LiCl treatment of heparin samples did not affect the RIN

(8.7 6 0.7) or the A260/A280 ratios (2.0 6 0.1, see Sup-

porting Information Table I), whereas the A260/A230

ratios of all heparin samples significantly improved

(2.3 6 0.1, P 5 5.8*10213). cRNA yields significantly

increased after LiCl treatment to levels comparable with

the RNA reference controls, regardless of storage temper-

ature or bench time (Table I). The variation in labelling

efficiency was also significantly reduced following LiCl

treatment with the overall standard deviation decreasing

6-fold (Table I, “All samples combined” column). A sig-

nificant increase in labelling efficiency was only found

for samples stored at RT. Not coincidentally, this also

represented the group of samples with the lowest varia-

tion before LiCl treatment. Heparin removal by LiCl

treatment thus proved very effective, and no significant

relationship was found anymore between buffy coat RNA

yield and cRNA yield (Fig. 1B, r 5 0.10, P 5 0.71).

Direct processing of samples compared with a bench time

of 3 hr did not influence buffy coat RNA yield, cRNA

synthesis, or labelling efficiency.

To determine whether heparin also affected the reverse

transcriptase enzyme during the cDNA synthesis step, the

cDNA concentration was also measured during the dye

labelling protocol but was not found to differ between

groups of samples (cDNA yields of samples without and

with LiCl treatment were 10.7 6 0.2 and 10.8 6 0.5 mg,

respectively). Hence, the lower cRNA synthesis in

heparin-containing samples can only be attributed to an

inhibition of the T7 RNA polymerase in the labelling

protocol.

Whole Blood Biobank SampleWork-up and LiCl
Treatment

We subsequently investigated the effect of heparin in

whole blood biobank samples to determine whether

these samples would also benefit from a LiCl treatment

before microarray hybridization. RNA isolation of cord

and follow-up biobank samples proceeded efficiently and

RNA was of high quality (RINs of 9.3 6 0.2 and

9.0 6 0.5, respectively). The RNA yield was approxi-

mately twice as high in cord samples compared to

follow-up samples (P< 0.001, Table III). After follow-

ing the fluorophore labelling protocol, we observed a

highly significant difference in the amount of generated

cRNA and fluorophore labelling efficiency between both

sets of samples. Cord samples did not seem to experi-

ence an inhibitory effect of heparin during work-up as

both the amount of cRNA and the labelling efficiency

were well above the minimum recommended values and

were within the range that our lab normally obtains.

However, a similar relationship between original RNA

yield and cRNA yield as previously found for fresh hep-

arin blood samples can still be seen (Fig. 2A, r 5 0.75,

P 5 0.008). In contrast to cord samples, follow-up sam-

ples replicated very poorly (all cRNA yields< 0.6 mg)

and labelling efficiencies indicate that in most cases

labelling did not occur at all (negative values), with the

exception of 2 of 12 samples. These two samples were

also found to generate the highest amounts of cRNA

within the follow-up sample group and corresponded

with the highest RNA yields obtained from whole blood.

TABLE II. Average Yields and Labelling Efficiencies of Freshly
Isolated Buffy Coat Samples Using Heparin, Citrate, or
EDTA as Anti-coagulant

Heparin

samples

(n 5 8)a

Citrate

samples

(n 5 8)a

EDTA

samples

(n 5 8)a

Buffy coat RNA

yield (mg)

11.6 6 5.2 5.4 6 2.1b 5.1 6 2.5b

cRNA yield (mg) 0.9 6 0.4 4.0 6 1.6c 3.3 6 0.6c

Labelling efficiency

(pmol Cy3/mg cRNA)

17.9 6 6.9 15.0 6 2.7 14.9 6 1.3

aEach anti-coagulant here incorporates two bench times (0 and 3 hr) for

all 4 subjects (i.e. n 5 8).
bSignificantly lower compared with heparin samples due to half of the

volume of buffy coat (Student’s t-test, P< 0.01).
cSignificantly higher compared with heparin samples (Student’s t-test,

P< 0.001).
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Indeed original RNA yield and cRNA yield were also

observed to correlate strongly in these samples (Fig. 2B,

r 5 0.81, P 5 0.001).

Heparin was subsequently removed from the biobank

RNA samples by LiCl treatment. Although cord sample

cRNA was already of good quality, both sample sets

were treated to maintain comparability. LiCl did not

affect RNA integrity, which remained very high

(8.7 6 0.7 and 8.4 6 0.6 for cord and follow-up samples,

respectively), and the A260/A230 ratios increased signifi-

cantly in both cord blood and follow-up samples indicat-

ing an increase in sample purity (P< 0.01, Supporting

Information Table II). After following the labelling proto-

col with the LiCl-treated RNA samples, a major signifi-

cant improvement of both the cRNA yield and labelling

efficiencies was observed, with all samples meeting the

minimum requirements, thus becoming suitable for micro-

array hybridization. LiCl treatment also significantly

increased the amount of synthesized cRNA and the label-

ling efficiency in cord samples, even though these already

met the minimum requirements. The correlation between

the original whole blood RNA yield and the cRNA yield

in both cord and follow-up samples was no longer present

after LiCl treatment (r 5 0.47, P 5 0.12 and r 5 0.11,

P 5 0.74, Figs. 2C and 2D, respectively).

Biobank Samples Microarray Analysis

After obtaining labelled cRNA that met the recom-

mended standards following LiCl treatment, biobank sam-

ples were hybridized on microarrays, scanned, and

processed using our in-house quality control pipeline. Fig-

ure 3 and Supporting Information Figure 1 present an

overview of graphs generated by the pipeline that provide

insight into the quality of the generated gene expression

data. For both cord blood and follow-up samples, box-

plots of the intensity values that have been corrected for

TABLE III. Average Yields, RINs, and Labelling Efficiencies of
Heparinized Whole Blood Umbilical Cord Samples and
Their Corresponding Follow-up Samples

Umbilical

cord samples

(n 5 12)

Follow-up

samples

(n 5 12)

Whole blood RNA

yield (mg)

12.9 6 3.1 6.4 6 2.1a

Without LiCl

treatment

cRNA yield (mg) 3.0 6 1.3 0.3 6 0.2a

Labelling efficiency

(pmol Cy3/mg cRNA)

15.0 6 2.3 28.6 6 17.2a

With LiCl

treatment

cRNA yield (mg) 5.8 6 0.8b 3.9 6 1.1a,b

Labelling efficiency

(pmol Cy3/mg cRNA)

19.9 6 1.9b 14.7 6 1.0a,b

aSignificantly lower in follow-up samples compared with cord samples

(paired t-test, P< 0.001). Without LiCl treatment, none of the follow-up

samples reached the minimum cRNA yield and only 2 out of 12 reached

the minimum labelling efficiency indicated by the manufacturer.
bSignificantly higher with LiCl treatment compared with without (paired

t-test, P< 0.001).

Fig. 2. Scatter plots showing the relationship between whole blood biobank sample RNA yield and cRNA synthesis

yield of cord blood and follow-up samples without (A and B, respectively) and with LiCl treatment (C and D, respec-

tively). Pearson correlation coefficients (r) from A to D were 0.75, 0.81, 0.47, and 0.11. In Plot A, one outlier was left

out based on a Cook’s distance> 4/(n 2 2).
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background levels and those quantile-normalized did not

show any arrays that deviate strongly from the overall

pattern (Figs. 3A and 3B) indicating excellent compara-

bility and high quality data. Both sample groups reached

a number of probes that was not well above background

and a number of probes defined as “good” (Supporting

Information Figs. 1A and 1B, respectively) that were

close to the reference values considered to be normal. A

clustering analysis of the quantile-normalized intensities

showed a clear distinction between cord and follow-up

samples (Fig. 3C) suggesting clear differences in the

expression pattern between the two groups of samples.

No abnormal clustering patterns were observed. This is

supported by the spot intensity Pearson correlation heat-

map provided in Supporting Information Figure 1C,

showing strong correlations between samples from the

same group and weaker correlations between cord and

follow-up samples.

DISCUSSION

Heparin has previously been described to be an effec-

tive inhibitor of PCR [Walter et al., 1967], but this

knowledge is not widespread. Contributing to this is the

fact that heparin is not always a problematic factor during

PCR and varies in the degree of inhibition it causes. In

fact, in our recently published study on the usability of

long-term storage biobank samples in environmental

health research, heparinized blood samples were also ana-

lyzed but did not cause any issues during processing

[Hebels et al., 2013]. However, more recently we did

experience difficulties during fluorophore labelling of

RNA derived from heparin blood. In the literature, there

are no studies describing the inhibition of fluorophore

labelling by heparin, although DNA PCR assays have fre-

quently been reported to be affected [Beutler et al., 1990;

Goulian and Heard, 1990; Holodniy et al., 1991; Satsangi

et al., 1994; Yokota et al., 1999]. As LiCl treatment is

often suggested as an easy and effective heparin-removal

strategy, we decided to investigate how LiCl can improve

fluorophore labelling of RNA samples intended for micro-

array analysis. More importantly, we wanted to assess

microarray quality of heparin-purified samples to deter-

mine the usability of the gene expression data for omics

research. This is especially important considering that

many stored biobank buffy coat and whole blood samples

were collected using heparin as an anti-coagulant and

may thus be unsuitable for transcriptomic analysis.

First, freshly collected buffy coat samples were used to

determine the effect of heparin on the fluorophore label-

ling process in more detail. Heparin samples were found

to partially inhibit cRNA synthesis and cause an abnor-

mally high variation in fluorophore labelling efficiency

(Table I). No such observations were made in similar

samples containing either citrate or EDTA as anti-

coagulant, showing that this effect is heparin-specific.

Moreover, the RNA yield that was initially obtained fol-

lowing RNA isolation of equal volumes of heparinized

buffy coat correlated strongly with the eventual amount

of synthesized cRNA (Fig. 1A). It has previously been

observed that a high DNA-to-heparin ratio (and likewise

a high RNA yield-to-heparin ratio), by either increasing

Fig. 3. Quality control images of LiCl-treated whole blood biobank sam-

ples showing boxplots of probe intensities of background-corrected spots

(A) and quantile normalized high quality spots (B), and a dendogram of a

Ward’s clustering of quantile-normalized spot intensities (C). The upper

and lower dashed lines in plots A and B represent the average and

median intensities. UC 5 umbilical cord sample, Fup 5 follow-up sample,

same numbers indicate sample pairs (e.g., UC1 and Fup1 are a pair).
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the amount of template DNA or decreasing the concentra-

tion of heparin, diminishes the inhibitory effect of heparin

during PCR of DNA samples [Taylor, 1997; Yokota

et al., 1999]. As heparin is known to exert its inhibitory

effect by a direct interaction with the polymerase enzyme

[Berg et al., 2002], this would indeed explain why an

increase in nucleic acid substrate results in more synthe-

sized copy strands (i.e. competitive inhibition). However,

in the fluorophore labelling protocol that we used, the

input amount of RNA is exactly the same for each sample

(i.e., 200 ng) yet we still observe a very strong linear

relationship between the extracted RNA and synthesized

cRNA yield. It has been suggested before that heparin is

not only able to interact with polymerases but also with

nucleic acids, which are structurally similar. Although

heparin and RNA are both negatively charged, binding

between the two molecules could be mediated by a diva-

lent cation such as calcium or magnesium, but hydrogen

bonding may also be involved [Satsangi et al., 1994;

Yokota et al., 1999; Beecher et al., 2014]. A direct asso-

ciation of heparin with the RNA molecules could explain

how a lower concentration of RNA in the presence of an

equal amount of heparin (i.e., all samples were derived

from 400 ml buffy coat) would result in a higher heparin-

saturation and thus a higher carry-over of heparin than

samples with a high RNA concentration, thereby causing

a stronger inhibition of polymerase enzymes during the

cRNA synthesis step. Another possible explanation for

the relationship between RNA yield and cRNA yield is

that in samples with a high RNA yield, less heparin can

bind to the purification column and subsequently co-elute

with the RNA because more column surface binding spots

are occupied by RNA. The effect would, however, be the

same, i.e., a higher RNA-to-heparin ratio. Interestingly,

the downstream effect of the original RNA yield was

only observed during cRNA synthesis and not during the

preceding cDNA synthesis step. From this, we conclude

that only T7 RNA polymerase is affected by heparin and

not reverse transcriptase.

Blood samples that were stored at RT were also found

to perform significantly better during the labelling pro-

cess, though still suffering from an inhibitory effect. The

RNA yield of frozen samples was significantly lower than

that of RT samples, which is commonly observed [Chad-

derton et al., 1997]. This decreased yield as a result of

the freezing process could already increase the carry-over

effect of heparin. In addition, damage to the cell mem-

brane due to crystal formation during freezing may also

facilitate the interaction between RNA and heparin. It has

indeed been suggested previously that whole blood stored

for a longer time is more strongly affected by heparin

during PCR [Satsangi et al., 1994].

To prevent heparin-induced inhibition of PCRs, LiCl-

mediated precipitation of RNA is most commonly used,

although heparinase treatment should work equally well

[Wang et al., 2007]. LiCl treatment was found to improve

the results of the fluorophore labelling immensely (Table

I). The cRNA synthesis yield and labelling efficiency

both reached the level of the non-heparin exposed RNA

references and variation in the data decreased to normal

values. The previously found correlation between RNA

and cRNA yield was no longer found indicating that hep-

arin removal was successful (Fig. 1B). The spectrophoto-

metric A260/A280 and A260/A230 ratios were also

monitored as additional indicators of sample purity.

Although the A260/A280 ratio remained stable at its rec-

ommended value, the A260/A230 ratio, which indicated

presence of contaminants before LiCl treatment, increased

strongly afterward (Supporting Information Table I)

showing that LiCl treatment is efficient at removing A230

contaminants still present after column purification. These

A230 contaminants do not include heparin which absorbs

at 190 nm and does not influence the A260/A230 ratio at

a PCR inhibiting concentration [Go�scia�nska et al., 2011;

Covino et al., 2013]. Although contaminants other than

heparin could in theory contribute to the downstream

PCR interference, the absence of such interference in

citrate and EDTA samples, which showed similar low

A260/A230 ratios, makes this unlikely. Moreover, in the

majority of isolated RNA samples, low A260/A230 ratios

can be attributed to the presence of small amounts of gua-

nidine thiocyanate or guanidine hydrochloride (present in

RNA isolation kit lysis buffer) and even in extremely

high concentrations of up to 100 mM these salts do not

compromise the reliability of PCRs [von Alhfen and

Schlumpberger, 2010]. In general, low A260/A230 ratios

are not correlated with PCR inhibition [Cicinnati et al.,

2008]. Nevertheless, LiCl treatment is very effective at

purifying RNA from any contaminants still present.

The subsequent processing of biobank samples, which

consisted of whole blood umbilical cord samples and their

corresponding 4-year venous whole blood follow-up sam-

ples showed a distinct difference in fluorophore labelling

despite both being heparinized blood. This illustrates that

indeed not all heparin-containing samples are affected to

the same degree and that in some cases this effect may

be missed. RNA extracted from cord blood samples

showed both a normal cRNA synthesis as well as fluoro-

phore labelling efficiency, while RNA extracted from

follow-up samples replicated very poorly into cRNA and

fluorophore labelling was below the detection limit for

most samples (Table III). The fact that for most follow-

up samples labelling did not occur at all, but a small

amount of cRNA was generated, would indicate that

especially Cy3-CTPs are being incorporated into the

cRNA strands with difficulty. This indeed seems likely

given the lower affinity of polymerases for Cy3-labelled

nucleotides [Zhu et al., 1994]. Similar to the freshly proc-

essed blood samples, biobank sample RNA yields were

also found to correlate strongly with the cRNA yield
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(Figs. 2A and 2B). Interestingly, the effect of heparin is

not limited to only follow-up samples. Cord blood sam-

ples also show a strong correlation between cRNA and

original RNA yield, despite having an average cRNA

yield well above the minimum recommended level and

with a low variation (Table III). This indicates that hepa-

rin still has an effect here but not to an extent that would

prevent continuation with sample processing. Although

the significant difference in whole blood RNA yield

between cord blood and follow-up samples would explain

why cord blood samples perform better (i.e., a higher

RNA-to-heparin ratio in cord blood samples), it is not

entirely clear why these samples have a higher yield.

Although the blood volume that was processed was

approximately the same for each sample, it is likely that

the cord blood samples simply contained a higher concen-

tration of certain cell types, such as hematopoietic stem

cells [Lee et al., 2004]. This determining effect of RNA

yield would also explain why in our previous study we

did not encounter a heparin-associated inhibition during

labelling of biobank samples. After extraction, the RNA

concentration in those samples was approximately four

times higher than the biobank samples investigated here,

while having A260/A280 and A260/A230 ratios similar to

the samples in this study [Hebels et al., 2013]. Another

difference between the cord and follow-up whole blood

samples is their time in storage at 280�C (see Material

and Methods section), which was significantly longer for

cord samples. Although freezing of heparin is not recom-

mended with regard to its stability (product information

sheet for heparin sodium salt, Sigma-Aldrich, product

number H4748), it is unlikely that a longer freezing time

will result in an extensive degradation of heparin.

Although LiCl treatment to remove heparin was not

strictly necessary for cord blood samples given their

excellent labelling efficiency, both cord and follow-up

samples were treated to rule out any differences in gene

expression after microarray hybridization attributable to

LiCl treatment. As expected, both cRNA yield and label-

ling efficiency increased remarkably in follow-up samples

treated with LiCl (Table III), again reaching the level of

non-heparin exposed RNA reference samples (Table I).

Cord blood samples also showed a significant increase in

both parameters, which is not surprising considering the

fact that the cRNA yield also correlated strongly with the

original RNA yield and thus still experienced some effect

of heparin. After treatment, both sets of biobank samples

no longer showed a correlation between RNA yield and

cRNA yield suggesting a successful removal of heparin

from the RNA samples (Figs. 2C and 2D).

As both cord and follow-up samples reached excellent

labelling efficiencies after LiCl treatment, Cy3-labelled

cRNA samples were subsequently used for microarray

hybridization. After scanning, a quality control pipeline

was used to normalize and assess the quality of the data.

Both types of samples performed as expected, showing

numbers of measurable spots around reference values

(Supporting Information Figs. 1A and 1B). Boxplots of

the intensity values show no strongly deviating microar-

rays, neither before or after quantile normalization using

just background-corrected spots (Figs. 3A and 3B) indi-

cating excellent comparability and high quality data. Cord

blood samples can be easily distinguished from follow-up

samples as shown by the two separate main clustering

branches in Figure 3C and the strong within-sample-

group correlations in Supporting Information Figure 1C.

However, there is no indication that this would be caused

by any differences in labelling efficiency. As long as the

fluorophore labelling process of samples shows a low var-

iation, indicating a stable labelling process, normalization

would remove any small effects that still remain. In fact,

follow-up samples that showed a lower fluorophore incor-

poration than cord samples after LiCl treatment (Table

III) even tend to have slightly higher numbers of detected

probes (Supporting Information Fig. 1B). Differences

between paired samples can therefore only be attributed

to actual biological differences in gene expression.

To our knowledge, this is the first time that the inhibi-

ting effect of heparin has been systematically assessed in

blood samples intended for microarray analysis. Based on

our results, we conclude that heparin can have a detri-

mental influence on fluorophore labelling by inhibition of

T7 RNA polymerase mediated Cy3-labelled cRNA

synthesis and that LiCl treatment restores heparin-

contaminated RNA samples to more than sufficient qual-

ity for labelling reactions. The extent of the effect caused

by heparin varies depending on the amount of RNA

extracted from the blood, with some samples performing

well, while others experience varying degrees of inhibi-

tion of cRNA synthesis and Cy3 incorporation. Microar-

ray data of LiCl-treated samples are of high quality and

perfectly suitable for downstream data analysis. It is,

however, important to note that LiCl has the downside

that small RNAs such as miRNAs, may be lost [Wallace,

1987]. In those cases where miRNA needs to be isolated,

a more expensive heparinase treatment would probably be

more suitable. Although we only tested the effect of hep-

arin in the labelling protocol for microarrays from Agilent

Technologies, it is possible that the labelling protocol of

other widely used manufacturers of microarrays such as

Affymetrix and NimbleGen will have similar problems.

Although Affymetrix and NimbleGen use a different type

of labelling, in both labelling protocols a DNA polymer-

ase is used that might be sensitive to heparin inhibition.

We therefore strongly recommend that researchers who

intend to perform microarray analysis on RNA samples

extracted from heparinized whole blood or buffy coats

first assess whether a heparin purification either by LiCl

treatment or heparinase treatment is necessary before con-

tinuing with the labelling protocol.
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As a supplement to our previous study showing the

suitability of biobank blood samples for meaningful

omics analysis [Hebels et al., 2013], heparin contamina-

tion is not a major issue provided the right steps are taken

to eliminate its presence as described here.
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