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Abstract

Like formalin fixed paraffin embedded (FFPE) tissues, archived bone marrow aspirate slides are an abundant and untapped
resource of biospecimens that could enable retrospective molecular studies of disease. Historically, RNA obtained from
slides is limited in utility because of their low quality and highly fragmented nature. MicroRNAs are small (<22 nt) non-
coding RNA that regulate gene expression, and are speculated to preserve well in FFPE tissue. Here we investigate the use
of archived bone marrow aspirate slides for miRNA expression analysis in paediatric leukaemia. After determining the
optimal method of miRNA extraction, we used TaqMan qRT-PCR to identify reference miRNA for normalisation of other
miRNA species. We found hsa-miR-16 and hsa-miR-26b to be the most stably expressed between lymphoblastoid cell lines,
primary bone marrow aspirates and archived samples. We found the average fold change in expression of hsa-miR-26b and
two miRNA reportedly dysregulated in leukaemia (hsa-miR-128a, hsa-miR-223) was ,0.5 between matching archived slide
and bone marrow aspirates. Differential expression of hsa-miR-128a and hsa-miR-223 was observed between leukaemic and
non-leukaemic bone marrow from archived slides or flash frozen bone marrow. The demonstration that archived bone
marrow aspirate slides can be utilized for miRNA expression studies offers tremendous potential for future investigations
into the role miRNA play in the development and long term outcome of hematologic, as well as non-hematologic, diseases.
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Introduction

MicroRNA (miRNA) are a functionally-important class of small,

non-protein coding RNA that control gene expression post-

transcriptionally. This is an important layer of gene regulation

within all eukaryotic cells, and when perturbed can give rise to

disease [1,2,3]. At approximately 22 nucleotides long, the mature

miRNA is combined with RISC (RNA Induced Silencing

Complex) and Argonaute proteins to inhibit specific target

messenger RNA (mRNA) through base pair recognition [4,5]. In

silico analysis predicts over 1,000 miRNA genes within the human

genome [4], with each miRNA having the potential to regulate as

many as 200 targets, equalling over 30% of all human genes [6,7].

Aberrant expression of miRNAs has also been linked to critical

gene pathways in cancer development and progression.

Fresh tissue samples are the typically preferred source of DNA,

RNA and protein for disease analysis [2]. However with a current

absence of concomitant biobanking of disease specimens, re-

searchers are beginning to turn to alternative sources of biospeci-

mens such as those archived as part of routine clinical care.

Pathology and histology laboratories worldwide contain large

stocks of archived samples with potential utility for molecular

analysis [3] such as formalin-fixed paraffin-embedded (FFPE)

tissues and glass slide smears for haematological disorders.

Importantly, material archived as part of clinical care is usually

associated with extensive clinicopathological data, potentially

allowing for retrospective examination of specific molecular

markers and clinical disease associations [3]. Much interest has

therefore been placed on exploring the utility of various archived

biospecimens for molecular analyses.

In recent years the protocols for the extraction of DNA, mRNA,

miRNA and proteins from archived material have improved

enormously [2,8,9]. Previous reports have demonstrated the

isolation of PCR-amplifiable DNA and RNA from archival

unstained bone marrow slides [10,11], Giemsa-stained bone

marrow and peripheral blood smears [12,13,14], stored whole

peripheral blood [15] and dried blood Guthrie spots [16].

However, the isolation of sufficient amounts of DNA and RNA

for disease interrogation from FFPE samples remains challenging

[2]. Much attention therefore has been given to the possibility of

using archived FFPE samples for miRNA interrogation. It is

believed that miRNA are less susceptible to fragmentation and

degradation because of their small size [17,18]. Many studies have

demonstrated a good correlation between miRNA expression in
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FFPE and matched fresh-frozen tissues [3,8,18,19], with more

stable and consistent expression of miRNA in FFPE for

quantitative Real-Time PCR [9,17,20], microarray [19,21] and

deep sequencing analysis [22].

Unlike FFPE samples, the utility of archived bone marrow film

slides for miRNA expression studies has yet to be elucidated. The

current study is an exploratory investigation into the miRNA

expression relationship between archived slides and their matched

fresh-frozen tissue, using paediatric acute leukaemia samples (bone

marrow from acute lymphoblastic [ALL] and acute myeloid

[AML] patients).

We have investigated optimal miRNA extraction methods for

use with archived bone marrow aspirate slides and appropriate for

miRNA expression analysis. Our approach in investigating

miRNA expression on archived bone marrow smears could

equally be applied to study other hematologic diseases where

bone marrow and blood films are routinely archived. We can now

exploit a largely untapped source of samples available in most

pathology laboratories worldwide.

Results and Discussion

It has been shown in many studies that archived unstained

patient slide smear samples return good quality, amplifiable DNA

[10,11,12,13], but can have degraded total RNA [17,18]. The

innate small size of miRNAs however has been hypothesized to

decrease their chances of degradation during tissue processing

[17,18], and mature miRNAs may be less susceptible to

fragmentation due to their close association with the RISC protein

complex [1,19,21]. Here we have investigated the most efficient

RNA extraction methods which have applicability for miRNA

expression analysis; however a sufficient internal Reference gene

for normalization of our experimental expression data needed to

be first established.

Establishment of Reference Genes for Archived Bone
Marrow Samples

The accuracy of miRNA expression analysis is dependent on

the proper choice of endogenous controls, whereby inappropriate

normalization may lead to incorrect conclusions [23,24]. A

number of samples were used to identify internal reference

miRNAs that remain stably expressed, here for leukaemia and

hematopoietic diseases (Table S1). Model cell lines (n = 14) and

archived aspirate slides (n = 27) were used to evaluate the

expression stability of 14 putative miRNA reference genes utilizing

geNorm [25] and NormFinder (NF) [26] software (Table S2). The

best reference candidates identified here were hsa-miR-16 and

hsa-miR-26b (Figure 1). The expression of these miRNA are the

most consistent across the tissue types, disease states and

processing variables of the samples in our set (NF Ungrouped:

hsa-miR-16 M = 1.14; NF Grouped by cancer status: hsa-miR-16

M = 0.46 & hsa-miR-26b M = 0.73; NF Grouped by Leukaemia

subtype: hsa-miR-16 M = 0.57 & hsa-miR-26b M = 0.68; geNorm:

hsa-miR-16 & hsa-miR-26b are equal at M = 1.82). hsa-miR-16

and hsa-miR-26b have been previously reported as stable in

various human tissues and cell lines [23,27], in prostate and breast

cancer models [28] as well as in plasma and serum [29].

Optimization of miRNA Extraction from Archived Bone
Marrow Samples

To optimize RNA extraction from archived slide smear samples

several methods were trialled utilizing the Roche High Pure

miRNA isolation kit and TRIzol extraction. Unstained patient

smear samples from nine individuals (leukaemic and non-

leukaemic; Table S3) were used to evaluate the quality of six slide

miRNA extraction protocols (Table 1). We found here, as with

others, that longer Proteinase K digestion significantly increased

RNA yield (Figure 2A) [30,31,32]. The Roche overnight ‘isolation

of FFPE tissue’ protocol produced the highest total RNA yield in

this study (Mean 48.97 ng/ml (612.15 s.e.m.)). An equivalent

extraction protocol with a 3 hour digestion produced slightly lower

RNA yield for total RNA (Mean 34.7 ng/ml (66.29 s.e.m.)), and

significantly lower yield for small RNA extracts (Mean 14.77 ng/

ml (62.28 s.e.m.) Wilcoxon 2-tailed T-test p = 0.031). The

‘isolation of tissue’ protocols (homogenization of samples only)

were the least effective for RNA recovery, and returned

significantly lower yields then the FFPE overnight protocol (Mean

Small RNA: 10.78 ng/ml (64.66 s.e.m.) Wilcoxon 2-tailed T-test

p = 0.031; Total RNA: 10.14 ng/ml (62.97 s.e.m.) Wilcoxon 2-

tailed T-test p = 0.031).

To confirm these extraction techniques were suitable for

miRNA expression analysis, quantitative RT-PCR was used to

measure the expression of our identified reference miRNA (hsa-

miR-16) (Figure 2B). The methods of extraction utilizing sample

homogenization had the highest Ct results, which correspond

inversely to the lowest expression levels of hsa-miR-16, and the

lowest RNA yield. Values were improved by the addition of

Proteinase K where the kit ‘isolation of FFPE tissue’ total RNA

protocols returned the lowest Ct, therefore the highest miRNA

expression, and higher RNA yield (Total RNA 3 hr digestion

20.9960.89 s.e.m; Total RNA overnight digestion

21.6961.15 s.e.m). The TRIzol technique however provided both

a significantly lower total RNA yield in comparison to the

overnight kit protocol (Mean 11.37 ng/ml (64.51 s.e.m.) Wilcoxon

2-tailed T-test p = 0.008), as well as a higher Ct value

(23.5461.2 s.e.m) compared to all other protocols. TRIzol

extractions of total RNA from archived slides may potentially

cause the loss of small RNA species by inefficient RNA

precipitation compared to column-based isolation methods. It

has been recently suggested that loss of small RNA species in

TRIzol extractions may be due to differing GC content and

secondary structure [33]. The most efficient method of miRNA

extraction from archived slides found here was the ‘isolation of

FFPE tissue’ total RNA protocol, with an overnight Proteinase K

digestion.

Archived Slide Samples in Comparison to Fresh Bone
Marrow

The relationship in miRNA expression between matching

archived slides and flash-frozen bone marrow samples was

investigated to determine the utility of archived slides for

expression analysis. Twenty fresh bone marrow and matched

archived samples (Table S4) were analysed for hsa-miR-223, hsa-

miR-128a and hsa-miR-26b expression. We found the average

mean fold change in miRNA expression (using the Livak method

[34]) between fresh and matched archived samples for all three

miRNAs analysed to be minimal (Figure 3A, Average Fold

Change: hsa-miR-128a 0.12960.062 s.e.m.; hsa-miR-26b

0.37360.12 s.e.m.; hsa-miR-223 0.43860.154 s.e.m.). Similar

results have been reported recently for miRNA expression analysis

from FFPE sections [3,21] and Core biopsies [18].

To confirm the biological relevance of material extracted from

archived bone marrow smears, differential miRNA expression

analysis of hsa-miR-223 and hsa-miR-26b was performed on

leukaemic and non-leukaemic samples (Figure 3B; Table S4).

Human hsa-miR-223 has been identified as crucial to myeloid

regulatory networks [35,36] and dysregulated in leukaemia

[37,38,39]. Through our analysis here, we have identified hsa-

miRNA Expression from Patient Archived Slides
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miR-26b as a potential reference gene for future expression

studies. Hsa-miR-26b has also been reported previously as a stable

miRNA [27,28]. Both AML and ALL bone marrow samples in

this study showed substantial fold change differences in hsa-miR-

223 expression compared to non-leukaemic samples. The average

fold change in hsa-miR-223 expression between leukaemic and

non-leukaemic ALL samples was 2.71 (60.81 s.e.m.) from fresh

bone marrow, and 2.07 (60.83 s.e.m.) from archived slides.

Similar expression differences were observed in AML samples with

a fold change of 5.06 (61.99 s.e.m.) from fresh bone marrow

samples, and 4.36 (61.94 s.e.m.) from archived slides, confirming

observations from previous studies of hsa-miR-223 [38].

The differences we found in miRNA expression due to disease

state were far greater than the differences between archived slides

and their matching fresh bone marrow. However there are several

limitations encountered during the course of this study, such as

sample tissue and cellular heterogeneity (Table S3), as well as

degradation of samples. The miRNA we have identified here as

stable for certain hematopoietic studies have also previously been

shown as differentially expressed in other tissues. For example,

hsa-miR-26b has been implicated in carcinomas [40,41], and hsa-

miR-16 is reportedly dysregulated in Chronic Lymphoblastic

Leukaemia patients [42,43]. The careful selection of internal

reference genes for miRNA normalization is therefore critical, and

must be based on the sample types to be tested.

It has been proposed that alterations in miRNA expression play

a critical role in the pathophysiology of many, perhaps all, human

cancers [44]. Fresh frozen tissues are still seen as the gold standard

for disease studies [2], however the demands for large cohorts and

infinite resources means researchers are beginning to turn to the

archives of pathology and histology departments. To realize this

potential, development of proper methods of biomolecule extrac-

tion and analysis is warranted. In this regard FFPE samples for use

in miRNA expression profiling have been thoroughly investigated,

however the same cannot be said for archived slide smear samples.

This study to our knowledge is the first to attempt miRNA

expression analysis utilizing archived bone marrow aspirate slides.

We have developed a protocol for isolation of total RNA from

archival samples which includes an overnight Proteinase K

digestion followed by a column based kit extraction. This method

appears robust enough to allow the use of such samples in miRNA

association studies for disease classification, diagnosis and prog-

nosis.

Materials and Methods

Ethics Statement
This study was approved by the Royal Children’s Hospital

(RCH) Ethics Committee (HREC reference #27027B).

Samples
Samples used are existing archived fresh bone marrow

specimens and bone marrow films taken during diagnosis,

induction, remission and follow-up from paediatric acute leukae-

mia cases (Acute Lymphoblastic and Acute Myeloid) presented at

the Royal Children’s Hospital, Victoria, Australia. This cohort

consists of homogeneously treated patients with comprehensive

clinical annotations.

The films used during this study are archived, air-dried,

unstained bone marrow smear slides, with storage times varying

from 13 years to six months. Matched patient fresh bone marrows

(where used) were cryogenically frozen for no more than 5 years.

Figure 1. The stability of miRNA species expression in hematopoietic samples. The stability of miRNA species expression using 41 samples
of leukaemic and non-leukaemic cell lines, paediatric archived bone marrow aspirate slides (Table S1), and 14 potential miRNA candidates (Table S2).
geNorm and NormFinder (NF) were used to calculate the expression stability values for each miRNA tested. The most ‘stably’ expressed gene in a
sample group is that with an average expression stability value (M) closest to zero. The most stably expressed miRNA were; NF Ungrouped: hsa-miR-
16 M = 1.143; NF Grouped by Cancer Status: hsa-miR-16 M = 0.457; NF Grouped by Leukaemia subtype: hsa-miR-16 M = 0.573; geNorm: hsa-miR-16
and hsa-miR-26b are equal at M = 1.817.
doi:10.1371/journal.pone.0042951.g001

miRNA Expression from Patient Archived Slides
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Figure 2. A comparison of RNA extraction methods for the evaluation of RNA concentration (ng/ml) and miRNA expression from
archived bone marrow aspirate slides. The comparison of miRNA extraction methods from matched unstained archived bone marrow smears
(n = 6 or n = 8 patients; Table S3). Six different methods were used based on traditional TRIzol or using the Roche High Pure miRNA Column extraction
kit (Table 1). (A) Comparison of Total RNA yield from experimental extraction protocols. The average RNA concentration was measured by
NanoDrop (ng/ml 6s.e.m.). Kit Total RNA extraction methods with a Proteinase K digestion (‘FFPE protocol’) are higher in RNA yield compared to kit
methods without a digestion step (‘Tissue protocol’), or when extracting small RNA only. These methods are also significantly better than TRIzol
extractions. The archived slide extraction method with the highest RNA yield was the Roche kit ‘isolation from FFPE Tissue’ Total RNA extraction with
an overnight Proteinase K digestion. * Indicates RNA concentration is significantly different to the Kit Overnight FFPE: Total RNA protocol. (B)
Comparison of hsa-miR-16 expression from experimental extraction protocols. The average expression of our reverence gene (hsa-miR-16)
measured by qRT-PCR (raw Ct 6s.e.m.). Raw Ct value tracks with total RNA yield, whereby as the concentration of RNA increases the Ct value
decreases. This analysis shows extractions with a Proteinase K digestion return a lower Ct value compared to extractions without a digestion step.
TRIzol extractions also return a higher Ct value than the Proteinase K digestion protocols.
doi:10.1371/journal.pone.0042951.g002

miRNA Expression from Patient Archived Slides
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All patients were ,18 years of age. Control samples from bone

marrow of unrelated and unaffected children were analysed in

parallel, as well as multiple cell lines (K562 [45], DG-75 [46],

NALM-6 [47], Jeg-3, BEL, REH [48], CCRF-CEM [49], BeWo

[50], JWL, Jurkat [51], Kasumi-1 [52], THP-1 [53], MV-4-11 and

AML-193 [54]).

Extraction Methods
Before extraction, fresh bone marrow aspirates were processed

using a Ficoll-PaqueTM (GE Healthcare, Piscataway USA). The

white cell layer was immediately cryo-frozen or stored in

RNAlaterH (AmbionH by Life Technologies, Mulgrave, Victoria

AUST) prior to extraction.

Both fresh bone marrow and archived slides were extracted

using a TRIzol-based or kit-based method. The TRIzolH
(AmbionH, catalogue #AM9738) method was used as per the

manufacturer’s instructions. The Roche High Pure miRNA

Isolation Kit (Catalogue #05080576001, Dee Why, NSW AUST)

was used as per the manufacturer’s instructions where possible,

however modifications to the protocol were needed to improve the

total RNA yield (Table 1). After initial assessments, we chose to use

the ‘miRNA isolation from Tissue’ and ‘miRNA isolation from

FFPE’ kit extraction protocols (Table 1). The concentration and

purity of all RNA samples were assessed using the NanoDropH
ND-1000 spectrophotometer (Thermo Fisher Scientific Inc.,

Scorsby, Victoria AUST). All RNA was stored at 280uC.

Extraction Optimization Method
Nine patients (leukaemic and non-leukaemic) were used to

evaluate the quality of 6 slide extraction methods (Table 1; Table

S3). Six unstained archived slides, and two Giemsa-stained slides

were obtained for each patient. To standardize the amount of

starting material prior to extraction, the stained slides were cell

counted as an approximate measure of cell density on the

unstained slides. The volume of bone marrow added to each slide

at creation is kept equivalent, and therefore the volume of marrow

extracted from each slide was kept equivalent. Individual cell

counts are listed in Table S3. The whole material was used from

one glass slide from each patient to determine extraction

efficiency.

Both the TRIzol and kit methods were modified to include a

slide smear scraping step [12]. The cellular material was directly

dissolved in TRIzol or lysis buffer on the glass slide and scraped

using a Cell Scraper (NuncH) into a 1.5 ml microcentrifuge tube

prior to extraction.

Quantitative Real-Time PCR
Expression analysis used Applied Biosystems TaqManH micro-

RNA Assays for reverse transcription and Real-Time PCR (qRT-

PCR) (Applied BiosystemsH by Life Technologies, Mulgrave,

Victoria AUST). Amplification was measured by the Applied

Biosystems 7300 Sequence Detection System. Each singleplex

assay was performed according to the manufacturer’s instructions

with all samples run in triplicate. Replicates were omitted if

threshold cycle (Ct) standard deviation greater than 1, or where Ct

values were exactly 40. The threshold cycle (Ct) is defined as the

fractional cycle number at which the fluorescence passes a fixed

threshold [55]. All cDNA was stored at 220uC and appropriate

blanks were run.

The dynamic range and sensitivity of the TaqMan miRNA

assays was tested by using synthetic oligonucleotides of known

concentration to hsa-miR-16 and hsa-miR-26b to create a

Standard Curve (Figure S1A). Multiple real-time PCR runs for

both assays yielded consistent results for Range, Slope and R2

values, with a range of measurable values from 4.2861010

molecules/ml (Ct<5) to 36.8 molecules/ml (Ct<40).

Singleplex cDNA Reverse Transcription Conditions
Master Mix per sample: 0.15 ml 100 mM dNTPs, 1 ml Multi-

Scribe Reverse Transcriptase, 1.5 ml 106 Reverse Transcription

Buffer, 0.19 ml RNAse Inhibitor, 4.16 ml Nuclease-Free water, 3 ml

Reverse Transcription Primer. 10 ml of Master Mix was added to a

0.2 ml microcentrifuge tube, then 5 ml of RNA extract. All

samples were run on an Applied Biosystems 9700 Thermocycler

with the following PCR conditions: 30 min at 16uC, 30 min at

42uC, 5 min at 85uC, Hold indefinitely at 4uC.

Real Time PCR Conditions
Master Mix per sample: 10 ml TaqManH 26 Universal PCR

Master Mix, 7.67 ml Nuclease-Free water, 1 ml TaqManH
microRNA real-time assay primer. 18.67 ml of Master Mix was

added to an Applied Biosystems 96 well optical plate, then 1.33 ml

of reverse-transcribed RNA product. Real-time PCR conditions

Table 1. Modified protocols used for the extraction of RNA from archived bone marrow aspirate slides.

Method Name Product Used Protocol Slide Scraping Digestion RNA extraction

1: Kit Tissue: Small RNA Roche High Pure miRNA
Extraction Kit

‘Isolation from Tissue’ 300 ml Lysis buffer Homogenization Only Small RNA Only

2: Kit Tissue: Total RNA Roche High Pure miRNA
Extraction Kit

‘Isolation from Tissue’ 300 ml Lysis buffer Homogenization Only Total RNA

3: Kit FFPE: Small RNA Roche High Pure miRNA
Extraction Kit

‘Isolation from FFPE
Tissue’

200 ml Lysis buffer Proteinase K 3 hrs Small RNA Only

4: Kit FFPE: Total RNA Roche High Pure miRNA
Extraction Kit

‘Isolation from FFPE
Tissue’

200 ml Lysis buffer Proteinase K 3 hrs Total RNA

5: Kit Overnight FFPE:
Total RNA

Roche High Pure miRNA
Extraction Kit

‘Isolation from FFPE
Tissue’

200 ml Lysis buffer Proteinase K Overnight Total RNA

6: TRIzol: Total RNA TRIzol ‘Total RNA Isolation’ 400 ml TRIzol Homogenization Only Total RNA

The modified extraction protocols used in this study for the extraction of total RNA and small RNA from unstained archived bone marrow aspirate slides. Two main
methods were used, the Roche High Pure miRNA Isolation Kit and TRIzol. We followed two provided extraction protocols for the kit; ‘miRNA isolation from tissue’, and
‘miRNA isolation from FFPE tissue’. The methods provided by the manufacturers were modified to include a slide scraping step, and a digestion/homogenization step to
break down the slide material. The kit allows for the extraction of total RNA as well as small RNA only; both these methods were trialled here; samples listed in Table S3.
doi:10.1371/journal.pone.0042951.t001
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are as follows: 2 min at 50uC, 10 min at 95uC, 40 cycles of 15 sec

at 95uC then 1 min at 60uC.

Establishment of Reference Genes for Archived Bone
Marrow Samples

To establish the optimal reference genes, 14 cell line samples

were used and 27 archived patient bone marrow aspirate slides of

both leukaemic (9 ALL and 9 AML) and non-leukaemic (n = 9)

origin (Table S1). Each sample was measured using 14 RNA

assays for qRT-PCR (Applied BiosystemsH by Life Technologies).

The 14 RNA assays tested are listed in Table S2. geNorm [25] and

NormFinder [26] software packages were used to identify the most

stably expressed genes within this set. All raw Ct values for each

assay were first made linear and relative to each other using the

DCt method (outlined below, Equation 2) then input into the

software packages. Reference genes were designated as ‘stable’

when their expression was most consistent across the tested sample

types, disease states and extraction variables. The results obtained

from geNorm and NormFinder were confirmed independently

using DataAssistTM software (v.3.0 Applied Biosystems).

Expression Analysis
All data was collected using Microsoft Excel and analysed using

the LinRegPCR program v.11.0 [56]. All target and reference

Figure 3. The average fold change in miRNA expression between matched patient fresh bone marrow aspirates and archived bone
marrow slides. The average fold change in miRNA expression between matching time-point patient fresh bone marrow aspirates and archived slide
bone marrow aspirates (Table S4). (A) microRNA expression of matched patient fresh bone marrow and archived slide samples. Three
miRNA TaqMan assays were used (hsa-miR-128a, hsa-miR-26b, hsa-miR-223) and the Livak method for Fold Change analysis [34] to analyse the fold
change difference between fresh Bone marrow and matching archived slides. hsa-miR-128a and hsa-miR-223 have been previously reported to have
altered expression in leukaemia, whereas we have found here hsa-miR-26b is a stable reference. The overall difference in miRNA expression between
fresh bone marrow samples and their matching archived slide as shown here is negligible. (B) Difference in hsa-miR-223 expression in
archived and fresh leukaemic samples. Previously reported dysregulated miRNA hsa-miR-223 was used to analyse the fold change difference
between leukaemic and non-leukaemic samples, to gauge the biological relevance of archived specimens in comparison to fresh. All samples were
normalized to hsa-miR-26b. AML and ALL both showed fold change differences of hsa-miR-223 compared to non-leukaemic samples. The bone
marrow and archived slides showed similar expression in both AML (Bone Marrow: 5.161.99 s.e.m.; Slide: 4.461.94 s.e.m.) and ALL (Bone Marrow:
2.7160.81 s.e.m.; Slide: 2.160.83 s.e.m.).
doi:10.1371/journal.pone.0042951.g003

miRNA Expression from Patient Archived Slides
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genes had PCR efficiencies nearing 100% (Efficiency measures

.1.97), and each sample was within 5% of each other. All data

was statistically analysed using Graph Pad PRISMH V.5 and

confirmed using DataAssistTM software as above. The Livak

Method [34] was used for Fold Change analysis based on the

formulas below:

Equation 1: Where a Target Gene was Measured in a Test
Sample Relative to a Calibrator Sample, Normalized to
the Expression of a Reference Gene

DCt(test)~Ct(target, test){Ct(reference, test)

DCt(calibrator)~Ct(target, calibrator){Ct(reference, calibrator)

DDCt~DCt(test){DCt(calibrator)

FOLD CHANGE~2{DDCt :

Equation 2: Where the Effects of an Experimental
Treatment were Measured on the Expression of a
Candidate Gene, when only One Gene was Studied

DC’t~Ct, Treatmentx{Ct, No Treatment:

FOLD CHANGE~2{DC0
t :

Archived Slide Samples in Comparison to Fresh Bone
Marrow

To evaluate archived bone marrow aspirate slides for miRNA

expression, 20 unstained archived slides were chosen, with

matching time-point fresh bone marrow available (Table S4). All

samples were extracted using the Roche High Pure miRNA

Isolation kit, ‘isolation from FFPE tissue’ Total RNA protocol with

3 hr Proteinase K digestion, which has been described here

previously. Following extraction each sample was analysed using

TaqMan miRNA assays hsa-miR-128a, hsa-miR-223 and hsa-

miR-26b. The resulting data were corrected for PCR efficiency

using LinRegPCR and analysed using the Relative quantitation

methods above. Where slide sample miRNA expression was

compared to its matching bone marrow (Figure 3A), Equation 2

was used without normalization to a reference gene. Where a

miRNA expression difference was determined between diseased

and non-diseased states (Figure 3B), Equation 1 was used with

normalization to hsa-miR-26b.

To verify these results were reflecting the disease states, rather

than due to differing Singleplex cDNA synthesis reactions, we

undertook an additional Multiplex validation step using Applied

Biosystems MegaplexTM Primer Pools (Human Pool A v2.1)

following the manufacturers protocol. This Megaplex contains RT

primers for simultaneous cDNA synthesis of 377 human miRNA

from the one RNA sample; therefore target and reference miRNA

can be analysed from the same RT reaction. This multiplex RT

reaction then served as the starting material for independent qRT-

PCR reactions (run on the same plate) using the miRNA and

methods previously mentioned. Comparison of the qRT-PCR

results for miRNA that were reverse transcribed as a group

(Multiplex) verses those transcribed individually (Singleplex)

showed no significant differences in qRT-PCR results (example:

Figure S1B). Additionally using a subset of AML samples, we

found no difference in the fold change results (leukaemic vs non-

leukaemic hsa-miR-223 expression normalized to hsa-miR-26b)

for Multiplex RT reactions as compared to Singleplex assays (Data

not shown), as has also been reported previously [57,58,59].

Supporting Information

Figure S1 (A) Dynamic Range and Sensitivity of TaqMan

mature miRNA assays: Plotting multiple Standard curves of

Synthetic Oligonucleotides of known quantity for Reference

miRNA hsa-miR-16 and hsa-miR-26b. (B) Compatibility of

Applied Biosystems mature miRNA Singleplex and Multiplex

(utilizing Megaplex Human Primer Pool A v2.1) assays for

downstream expression analysis.

(TIF)
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utilized RNA assays.
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Table S3 Optimization of miRNA Extraction from Archived bone marrow
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study.

(DOCX)

Acknowledgments

We thank Dr Elizabeth Algar for access to flash frozen bone marrow. We

also thank Dr. Pei Tian for facilitating sample procurement.

Author Contributions

Conceived and designed the experiments: LM NW NE FM JC DA RS.

Performed the experiments: LM. Analyzed the data: LM NW. Contributed

reagents/materials/analysis tools: LM NW NE FM JC DA RS. Wrote the

paper: LM NW NE FM JC DA RS.

References

1. Xi Y, Nakajima G, Gavin E, Morris CG, Kudo K, et al. (2007) Systematic

analysis of microRNA expression of RNA extracted from fresh frozen and

formalin-fixed paraffin-embedded samples. RNA 13: 1668–1674.

2. Klopfleisch R, Weiss ATA, Gruber AD (2011) Excavation of a buried treasure –

DNA, mRNA, miRNA and protein analysis in formalin fixed, paraffin

embedded tissues. Histology and Histopathology 26: 797–810.

3. Goswami RS, Waldron L, Machado J, Cervigne NK, Xu W, et al. (2010)

Optimization and analysis of a quantitative real-time PCR-based technique to

determine microRNA expression in formalin-fixed paraffin-embedded samples.

BMC Biotechnology 10.

miRNA Expression from Patient Archived Slides

PLOS ONE | www.plosone.org 7 August 2012 | Volume 7 | Issue 8 | e42951



4. Tsai LM, Yu D (2010) MicroRNAs in common diseases and potential

therapeutic applications. Clinical and Experimental Pharmacology and

Physiology 37: 102–107.

5. Zhao G, Yu D, Weiss MJ (2010) MicroRNAs in erythropoiesis. Current Opinion

in Hematology 17: 155–162.

6. Davalos V, Esteller M (2010) MicroRNAs and cancer epigenetics: a

macrorevolution. Current Opinion in Oncology 22: 35–45.

7. Heneghan HM, Miller N, Lowery AJ, Sweeney KJ, Kerin MJ (2010)

MicroRNAs as Novel Biomarkers for Breast Cancer. Journal of Oncology 2010.

8. Siebolts U, Varnholt H, Drebber U, Dienes H-P, Wickenhauser C, et al. (2009)

Tissues from routine pathology archives are suitable for microRNA analyses by

quantitative PCR. Journal of Clinical Pathology 62: 84–88.

9. Hoefig KP, Thorns C, Roehle A, Kaehler C, Wesche KO, et al. (2008)

Unlocking Pathology Archives for MicroRNA-profiling. Anticancer Research

28: 119–124.

10. Grunewald K, Lyons J, Hansen-Hagge TE, Janssen JWG, Feichtinger H, et al.

(1991) Molecular genetic analysis of DNA obtained from fixed, air dried or

paraffin embadded sources. Annals of Hematology 62: 108–114.

11. Pabst T, Schwaller J, Tobler A, Fey MF (1996) Detection of microsatellite

markers in leukaemia using DNA from archival bone marrow smears. British

Journal of Haematology 95: 135–137.

12. Schoch R, Jenisch S, Haferlach T, Muller-Ruchholtz W, Gassmann W, et al.

(1996) Glass slide smears are a suitable source for RT-PCR-based analysis of

chromosomal aberrations in leukaemias. British Journal of Haematology 92:

140–142.

13. Zanssen S (2004) Single Cell PCR From Archival Stained Bone Marrow Slides:

A Method for Molecular Diagnosis and Characterization. Journal of Clinical

Laboratory Analysis 18: 176–181.

14. Yokota M, Tatsumi N, Tsuda I, Yano I (1995) DNA extraction and

amplification from Giemsa-stained blood smears. Journal of Clinical Laboratory

Analysis 9: 387–391.

15. Seelenfreund E, Robinson SE, Amato CM, Bemis LT, Robinson WA (2011)

Recovery of MicroRNA from Stored Human Peripheral Blood Samples.

Biopreservation and Biobanking 9: 29–33.

16. Wong NC, Morley R, Saffery R, Craig JM (2008) Archived Guthrie blood spots

as a novel source for quantitative DNA methylation analysis. BioTechniques 45:

423–430.

17. Li J, Smyth P, Flavin R, Cahill S, Denning K, et al. (2007) Comparison of

miRNA expression patterns using total RNA extracted from matched samples of

formalin-fixed paraffin-embedded (FFPE) cells and snap frozen cells. BMC

Biotechnology 7.

18. Borze I, Guled M, Musse S, Raunio A, Elonen E, et al. (2011) MicroRNA

microarrays on archive bone marrow core biopsies of leukemias–Method

validation. Leukemia Research 35: 188–195.

19. Liu A, Tetzlaff M, VanBelle P, Elder D, Feldman M, et al. (2009) MicroRNA

Expression Profiling Outperforms mRNA Expression Profiling in Formalin-fixed

Paraffin-embedded Tissues. International Journal of Clinical Experimental

Pathology 2: 519–527.

20. Doleshal M, Magotra AA, Choudhury B, Cannon BD, Labourier E, et al. (2008)

Evaluation and Validation of Total RNA Extraction Methods for MicroRNA

Expression Analyses in Formalin-Fixed, Paraffin-Embedded Tissues. Journal of

Molecular Diagnostics 10: 203–211.

21. Szafranska AE, Davison TS, Shingara J, Doleshal M, Riggenbach JA, et al.

(2008) Accurate Molecular Characterization of Formalin-Fixed, Paraffin-

Embedded Tissues by microRNA Expression Profiling. Journal of Molecular

Diagnostics 10: 415–423.

22. Weng L, Wu X, Gao H, Mu B, Li X, et al. (2010) MicroRNA profiling of clear

cell renal cell carcinoma by whole-genome small RNA deep sequencing of

paired frozen and formalin-fixed, paraffin-embedded tissue specimens. Journal

of Pathology 222: 41–51.

23. Peltier HJ, Latham GJ (2008) Normalization of microRNA expression levels in

quantitative RT-PCR assays: Identification of suitable reference RNA targets in

normal and cancerous human solid tissues. RNA 14: 844–852.

24. Tang X, Gal J, Zhuang X, Wang W, Zhu H, et al. (2007) A simple array

platform for microRNA analysis and its application in mouse tissues. RNA 13:

1803–1822.

25. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, et al. (2002)

Accurate normalization of real-time quantitative RT-PCR data by geometric

averaging of multiple internal control genes. Genome Biology 3: research0034–

0034.0011.

26. Andersen CL, Jensen JL, Orntoft TF (2004) Normalization of Real-Time

Quantitative Reverse Transcription-PCR Data: A Model-Based Variance

Estimation Approach to Identify Genes Suited for Normalization, Applied to

Bladder and Colon Cancer Data Sets. Cancer Research 64: 5245–5250.

27. Wong L, Lee K, Russell I, Chen C (2007) Endogenous Controls for Real-Time

Quantitation of miRNA Using TaqManH MicroRNA Assays. Application Note:

TaqManH MicroRNA Assays: Applied Biosystems.

28. Davoren PA, McNeill RE, Lowery AJ, Kerin MJ, Miller N (2008) Identification

of suitable endogenous control genes for microRNA gene expression analysis in

human breast cancer. BMC Molecular Biology 9.

29. Kroh EM, Parkin RK, Mitchell PS, Tewari M (2010) Analysis of circulating

microRNA biomarkers in plasma and serum using quantitative reverse

transcription-PCR (qRT-PCR). Methods 50: 298–301.

30. Glenn ST, Head KL, Teh BT, Gross KW, Kim HL (2010) Maximizing RNA

Yield from Archival Renal Tumors and Optimizing Gene Expression Analysis.

Journal of Biomolecular Screening 15: 80–85.

31. Egyhazi S, Bjohle J, Skoog L, Huang F, Borg A-L, et al. (2004) Proteinase K

Added to the Extraction Procedure Markedly Increases RNA Yield from

Primary Breast Tumors for Use in Microarray Studies. Clinical Chemistry 50:

975–976.

32. Masuda N, Ohnishi T, Kawamoto S, Monden M, Okubo K (1999) Analysis of

chemical modification of RNA from formalin-fixed samples and optimization of

molecular biology applications for such samples. Nucleic Acids Research 27:

4436–4443.

33. Kim Y-K, Yeo J, Kim B, Ha M, Kim VN (2012) Short Structured RNAs with

Low GC Content Are Selectively Lost during Extraction from a Small Number

of Cells. Molecular Cell 46: 893–895.

34. Livak KJ, Schmittgen TD (2001) Analysis of Relative Gene Expression Data

Using Real-Time Quantitative PCR and the 22DDCt Method. Methods 25: 402–

408.

35. Fazi F, Rosa A, Fatica A, Gelmetti V, De Marchis ML, et al. (2005) A

Minicircuitry Comprised of MicroRNA-223 and Transcription Factors NFI-A

and C/EBPa Regulates Human Granulopoiesis. Cell 123: 819–831.

36. Fazi F, Racanicchi S, Zardo G, Starnes LM, Mancini M, et al. (2007) Epigenetic

Silencing of the Myelopoiesis Regulator microRNA-223 by the AML1/ETO

Oncoprotein. Cancer Cell 12: 457–466.

37. Fulci V, Colombo T, Chiaretti S, Messina M, Citarella F, et al. (2009)

Characterization of B- and T-Lineage Acute Lymphoblastic Leukaemia by

Integrated Analysis of MicroRNA and mRNA Expression Profiles. Genes,

Chromosomes & Cancer 48: 1069–1082.

38. Mi S, Lu J, Sun M, Li Z, Zhang H, et al. (2007) MicroRNA expression

signatures accurately discriminate acute lymphoblastic leukemia from acute

myeloid leukemia. PNAS 104: 19971–19976.

39. Vasilatou D, Papageorgiou S, Pappa V, Papageorgiou E, Dervenoulas J (2009)

The role of microRNAs in normal and malignant hematopoiesis. European

Journal of Haematology 84: 1–16.

40. Ji J, Shi J, Budhu A, Yu Z, Forgues M, et al. (2009) MicroRNA Expression,

Survival, and Response to Interferon in Liver Cancer. The New England

Journal of Medicine 361: 1437–1447.

41. Roldo C, Missiaglia E, Hagan JP, Falconi M, Capelli P, et al. (2006) MicroRNA

Expression Abnormalities in Pancreatic Endocrine and Acinar Tumors Are

Associated With Distinctive Pathologic Features and Clinical Behavior. Journal

of Clinical Oncology 24: 4677–4684.

42. Cimmino A, Calin GA, Fabbri M, Iorlo MV, Ferracin M, et al. (2005) miR-15

and miR-16 induce apoptosis by targeting BCL2. PNAS 102: 13944–13949.

43. Calin GA, Liu C-G, Sevignani C, Ferracin M, Felli N, et al. (2004) MicroRNA

profiling reveals distinct signatures in B cell chronic lymphocytic leukemias.

PNAS 101: 11755–11760.

44. Calin GA, Croce CM (2006) MicroRNA - Cancer connection: the beginning of

a new tale. Cancer Research 66: 7390–7394.

45. Lozzio CB, Lozzio BB (1975) Human chronic myelogenous leukemia cell-line

with positive Philadelphia chromosome. Blood 45: 321–334.

46. Ben-Bassat H, Goldblum N, Mitrani S, Goldblum T, Yoffey JM, et al. (1977)

Establishment in continuous culture of a new type of lymphocyte from a

‘‘Burkitt-like’’ malignant lymphoma (Line D.G.-75). international Journal of

Cancer 19: 27–33.

47. Hurwitz R, Hozier J, LeBien T, Minowada J, Gajl-Peczalska K, et al. (1979)

Characterization of a Leukemic cell line of the Pre-B phenotype. International

Journal of Cancer 23: 174–180.

48. Rosenfeld C, Goutner A, Choquet C, Venuat AM, Kayibanda B, et al. (1977)

Phenotypic characterization of a unique non-T, non-B acute lymphoblastic

leukaemia cell line. Nature 267: 841–843.

49. Kaplan J, Mastrangelo R, Peterson WDJ (1974) Childhood lymphoblastic

lymphoma, a cancer of Thymus-derived lymphocytes. Cancer Research 34:

521–525.

50. Pattillo RA, Gey GO (1968) The establishment of a cell line of human hormone-

synthesizing trophoblastic cells in Vitro. Cancer Research 28: 1231–1236.

51. Gillis S, Watson J (1980) Biochemical and biological characterization of

lymphocyte regulatory molocules. Journal of Experimental Medicine 152: 1709–

1719.

52. Asou H, Tashiro S, Hamamoto K, Otsuji A, Kita K, et al. (1991) Establishment

of a human acute myeloid leukemia cell line (Kasumi-1) with 8;21 chromosome

translocation. Blood 77: 2031–2036.

53. Tsuchiya S, Yamabe M, Yamaguchi Y, Kobayashi Y, Konno T, et al. (1980)

Establishment and characterization of a human acute monocytic leukemia cell

line (THP-1). International Journal of Cancer 26: 171–176.

54. Lange B, Valtieri M, Santoli D, Caracciolo D, Mavilio F, et al. (1987) Growth

factor requirements of childhood acute leukemia: establishment of GM-CSF-

dependent cell lines. Blood 70: 192–199.

55. Mattie MD, Benz CC, Bowers J, Sensinger K, Wong L, et al. (2006) Optimized

high-throughput microRNA expression profiling provides novel biomarker

assessment of clinical prostate and breast cancer biopsies. Molecular Cancer 5.

56. Ruijter JM, Ramakers C, Hoogaars WMH, Karlen Y, Bakker O, et al. (2009)

Amplification efficiency: linking baseline and bias in the analysis of quantitative

PCR data. Nucleic Acids Research 37: e45.

miRNA Expression from Patient Archived Slides

PLOS ONE | www.plosone.org 8 August 2012 | Volume 7 | Issue 8 | e42951



57. Fiedler SD, Carletti MZ, Hong X, Christenson LK (2008) Hormonal regulation

of microRNA expression in Periovulatory mouse mural granulosa cells. Biology
of Reproduction 79: 1030–1037.

58. Lao K, Xu NL, Yeung V, Chan C, Livak KJ, et al. (2006) Multiplexing RT-

PCR for the detection of multiple miRNA species in small samples. Biochemical
and Biophysical Research Communications 343: 85–89.

59. Mestdagh P, Feys T, Bernard N, Guenther S, Chen C, et al. (2008) High-

thrughput stem-loop RT-qPCR miRNA expression profiling using minute

amounts of input RNA. Nucleic Acids Research 36: e143.

miRNA Expression from Patient Archived Slides

PLOS ONE | www.plosone.org 9 August 2012 | Volume 7 | Issue 8 | e42951


