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Measurement and validation of microarray gene signatures in routine clinical samples is problematic and
a rate limiting step in translational research. In order to facilitate measurement of microarray identified
gene signatures in routine clinical tissue a novel method combining quantum dot based oligonucleotide
in situ hybridisation (QD-ISH) and post-hybridisation spectral image analysis was used for multiplex in-
situ transcript detection in archival bone marrow trephine samples from patients with acute myeloid leu-
kaemia (AML). Tissue-microarrays were prepared into which white cell pellets were spiked as a standard.
Tissue microarrays were made using routinely processed bone marrow trephines from 242 patients with
AML. QD-ISH was performed for six candidate prognostic genes using triplex QD-ISH for DNMTI,
DNMT3A, DNMT3B, and for HOXA4, HOXA9, Meis1. Scrambled oligonucleotides were used to correct for
background staining followed by normalisation of expression against the expression values for the white
cell pellet standard. Survival analysis demonstrated that low expression of HOXA4 was associated with
poorer overall survival (p = 0.009), whilst high expression of HOXA9 (p < 0.0001), Meis1 (p = 0.005) and
DNMT3A (p = 0.04) were associated with early treatment failure. These results demonstrate application
of a standardised, quantitative multiplex QD-ISH method for identification of prognostic markers in for-
malin-fixed paraffin-embedded clinical samples, facilitating measurement of gene expression signatures
in routine clinical samples.
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1. Introduction

Diagnosis of cancer typically relies on morphological appear-
ances and immunohistochemistry (IHC), together, in some cancers,
with cytogenetic and molecular analyses. However, in the
emerging era of tailored therapy there is a growing need for new
predictive biomarkers. Global gene expression profiling using
microarrays has been used to identify such markers. However,
though expression microarrays are ideal for discovery their use is
limited by lack of morphological correlation, a semi-quantitative
nature and requirement for high quality fresh-frozen tissues, most
routinely processed biopsy samples being in the form of formalin-
fixed and paraffin-embedded tissue (FFPET) [1]. A combined
approach enabling quantitative measurement of the expression
of multiple genes together with morphological assessment in fixed
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tissue samples would overcome the above problems and provide a
tool for investigation of the expression patterns and roles of micro-
array identified genes in cancer.

In situ hybridisation (ISH) and IHC can be used for in situ visual-
isation of mRNA and protein, respectively in routinely processed
FFPET sections [2]. Whilst IHC is limited by the availability of anti-
bodies, probes for ISH can easily be constructed for any gene of
interest [2,3]. However, ISH has been compromised by poor sig-
nal-to-noise ratio due to low fluorescence efficiency of fluorescent
markers and high autofluorescence of paraffin embedded tissues
[4-7]. Additionally, neither ISH nor IHC are quantitative in most
studies.

We have previously demonstrated the utility of a novel quan-
tum dot (QD) based ISH (QD-ISH) method in FFPET [8,9]. In order
to facilitate translation of this approach to clinical research and
diagnostics, this method requires capacity for high-throughput,
and robust quantitation and standardisation to correct for inter-
experimental and inter-laboratory variations. Jubb et al. [10] were
the first to use standards for quantitative analysis of tumor
markers identified by IHC and ISH in tissue microarrays (TMAs),
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embedding sense and anti-sense RNA standards into agarose. How-
ever, RNA strips do not fully recapitulate tissue as their hybridisa-
tion kinetics are likely to differ due to reasons of mRNA fixation in
tissue and the presence of surface irregularity after tissue section-
ing, both of which may result in different hybridisation efficiency.
For this reason we used cell pellets embedded into agarose gel as
standards across TMAs instead, the cellular nature of which more
accurately reflects the hybridisation dynamics than does a synthet-
ically prepared RNA sample. As previously described, we applied
triplex QD-ISH and spectral imaging for data capture and analysis
[9] and developed an equation for normalisation and standardisa-
tion of expression values. In the present study this method was ap-
plied to a large cohort of patients with acute myeloid leukaemia
(AML), a genetically heterogeneous disease for which new prog-
nostic molecular markers are needed.

Here we describe a novel method of quantitative expression
measurement of multiple genes in routinely processed FFPET bone
marrow trephines using multiplex QD-ISH in tissue microarrays,
which allowed us to analyse a large number of patient samples.

2. Materials and methods
2.1. Sample selection

Presentation bone marrow trephine samples from 242 patients
diagnosed with AML between 1994 and 2005 were retrieved from
the histopathology archives at Manchester Royal Infirmary. All tre-
phine biopsy samples were routinely processed, formalin-fixed,
paraffin-embedded and EDTA decalcified at presentation. All mate-
rial used was residual diagnostic tissue, anonymised and consent
for its use in research granted.

2.2. Preparation of standard

For this, peripheral blood white cells were used. Thirty millili-
ters of peripheral blood was obtained prior to a peripheral blood
haemopoietic progenitor cell collection. The donor had received
10 pg/kg granulocyte stimulating growth factor (Lenograstim;
Chugai, London, UK) for 5 days prior to collection. Peripheral blood
was poured into Ficoll (Pharmacia, St Albans, UK) and centrifuged
at 2000 rpm for 20 min. The mononuclear layer was removed,
washed with normal saline and fixed in 4% (v/v) formaldehyde/
PBS (Genta Medical, York, UK). White cell pellets were then
embedded in agar (Agar Scientific, Essex, UK) followed by embed-
ding in paraffin wax using standard protocols.

2.3. TMA construction

Tissue microarrays were prepared using an ATA 100 tissue array
machine (Chemicon International, Temecula, CA, USA). For this,
cylindrical cores 1.5 mm in diameter were taken from paraffin
embedded bone marrow trephine samples using a hollow needle

and inserted into a precisely spaced ‘recipient’ paraffin wax block.
Cores were obtained from areas showing leukaemic infiltration on
H&E staining.

Each TMA contained between 20 and 24 different patient sam-
ples. From each patient sample three cores were removed and
placed at different sites of the TMA block to maximise separation
between related cores within a TMA. Similarly, three cores of the
pre-prepared cell pellets were embedded in each TMA. A total of
fourteen TMAs were prepared. Sections were cut from the TMA
blocks and mounted onto coated glass slides; using four micron
thick sections for H&E staining and seven micron sections for
ISH. Each core from each patient contained at least 20% leukaemic
blasts and was representative of the whole trephine sample.

2.4. In situ hybridisation

A total of six genes from two gene families were studied:
HOXA4, HOXA9 and Meis1 from the homeobox gene family, and
DNMT1, DNMT3A and DNMT3B from the DNA-methyl transferases.
ABL and beta 2 microglobulin were used as housekeeping genes to
evaluate sample viability; ABL is a well established housekeeping
gene and used widely in gene expression analysis in acute leukae-
mia. Anti-sense cDNA oligonucleotide probe sequences (50-mer)
specific to the above genes and their corresponding scramble
probes were used (anti-sense probe sequences are shown in
Table 1). The probes were HPLC purified and biotin modified via
a TEG spacer at the 3’end (Eurogentec, Seraing, Belgium). Probes
targeting the genes from each gene family were conjugated to
three different quantum dots (QDs) (605, 655, 705 nm) per family.
Triplex QD-ISH for each family was performed on 7 pm thick
sections for both anti-sense and scramble probes. QD-ISH for the
control genes was performed in duplex. Probe design and QD-ISH
was performed as previously detailed in Tholouli et al. [9].

2.5. Imaging analysis

Up to four images per core sample were captured at 400x using
a Leitz Diaplan fluorescence microscope (Leitz, Germany) with a
490 nm excitation long pass filter and a CRI Nuance spectral ana-
lyzer (Cambridge Research and Instrumentation Inc., Woburn,
USA) [9]. Images were collected using a standard exposure time
of 1000 ms at 5 nm wavelength intervals from 450 to 720 nm cre-
ating a 3D optical profile (cube) with the dimensions x, y and wave-
length, containing the complete spectral information for every
pixel at each wavelength. Using the spectra for autofluorescence
and that of the relevant QDs, spectral unmixing allowed digital
separation of this information [11].

2.6. Signal quantitation

The resultant unmixed images were then transferred to IPLab
(Scanalytics, MD, USA) for measurement of fluorescent signal

Table 1

Reverse complement sequences of anti-sense probes.
Gene Reverse complement oligonucleotide sequence
ABL 5-ACTCAGACCCTGAGGCTCAAAGTCAGATGCTACTGGCCGCTGAAGGGCTT-3'
B2M 5-CCAGAAAGAGAGAGTAGCGCGAGCACAGCTAAGGCCACGGAGCGAGACAT-3’
HOXA9 5-CCGCTTTTTCCGAGTGGAGCGCGCATGAAGCCAGTTGGCTGCTGGGTTAT-3'
HOXA4 5-CTCGAAGGGAGGGAACTTGGGCTCGATGTAGTTGGAGTTTATCAAAAACG-3'
Meis1 5'-CCTCCATGCCCATATTCATGCCCATTCCACTCATAGGTCCTGGTGCTCTA-3'
DNMT1 5-GCCAGGTAGCCCTCCTCGGATAATTCTTCTTTACGTAATTTGGTTTCCAA-3’
DNMT3A 5'-TTCTCAACACACACCACTGAGAATTTGCCGTCTCCGAACCACATGACCCA-3'
DNMT3B 5-AGTTTGTCTGCAGAGACCTCGGAGAACTTGCCATCGCCAAACCACTGGAC-3’

B2 M = B2 microglobulin.
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intensity of each gene in each sample. For the cell pellets, each
white cell was individually marked and fluorescence measured.
The resulting data was transferred to Excel (Microsoft Office, Seat-
tle, USA) and the mean calculated using all 3 cores of each sample
for each gene. For the cell pellets, the average numerical value
across all cells and all cores for each TMA was calculated.

2.7. Statistical analysis

The mean expression of each gene was calculated for each pa-
tient, divided into quartiles and correlated with clinical outcome
data. Statistical analysis was performed using the chi-square test
on contingency tables and Mann Whitney-U. Overall survival
(0S) and disease free survival (DFS) were analysed using Kaplan-
Meier analysis and Cox regression was performed for univariate
and multivariate analysis.

3. Results
3.1. Patients

Clinical data including patient age, diagnostic information,
treatment, remission status and survival details were collected
for all 242 patients. For statistical analysis, 192 AML patients were
included as the remainder either died before, during or immedi-
ately after one course of chemotherapy or incomplete data was
available. The median age in these patients was 52 years (range
17-77) with an equal proportion of males to females. Patient
demographics are summarised in Table 2. All patients included re-
ceived intensive chemotherapy according to standard UK MRC
AML protocols.

3.2. Method standardization and quality control

To correct for inter-experimental variability peripheral blood
white cell pellets embedded in agar were used as a standard across
each TMA. Composition of these cell pellets was defined using a
manual differential cell count on haematoxylin and eosin (H&E)
stained sections demonstrating a uniform myeloid to lymphoid ra-
tio of approximately 1:5 across all TMAs and including a mixture of
myeloid cells from immature progenitors (myeloblasts) to mature
neutrophils. Viability of sample mRNA was evaluated by measure-
ment of expression of the housekeeping genes ABL and beta 2
microglobulin which were present in all cores.

Table 2
Patient demographics (n =192).
Median age (range) 52 years (17-77) P <0.0001
<60 years 134
>60 years 58
Sex
Female 97 P=0.143
Male 95
WCC at diagnosis
<100 x 10°/L 176 P=0.009
>100 x 10°/L 16
AML
De Novo 163 P=0.056
Secondary 29
FAB classification
MO 13 P=0.008
M1 47
M2 49
M3 17
M4 18
M5 13
M6 13
M7 7
Not available 15
Cytogenetics
Good 29 P <0.0001
Intermediate 108
Poor 26
Not evaluated 29
Disease status post induction chemotherapy
Complete remission (<5% blasts) 147 P<0.0001
Partial remission (5-14.9% blasts) 9
Residual disease (>15% blasts) 36
Stem cell transplant 66
Autologous 15 P<0.0001
Allogeneic sibling/unrelated donor 51

3.3. Gene expression measurement

Triplex QD-ISH was successfully performed for all genes and
hybridisation signal intensity measured for each gene in each sam-
ple (Fig. 1a and b). The signal intensity values were corrected for
background staining and normalised to the standards (Fig. 2a and
b) and as detailed below (the resultant equation is shown in
Fig. 2c). First, signal intensity was measured in patient samples
for both anti-sense and scrambled probes for each core. Next, the
signal intensity of all three representative cores, anti-sense and
scramble, was used to calculate the mean anti-sense and scramble

Fig. 1. Composite images following triplex QD-ISH. (a) TMA core of a patient sample with AML following triplex QD-ISH using anti-sense probes for DNMT3A, DNMT1 and
DNMT3B (x1000). Hybridisation signal displayed for DNMT3A was pseudo-colored red, for DNMT1 was pseudo-colored green and for DNMT3B was pseudo-colored blue. (b)
TMA core of white cell pellet standard following triplex QD-ISH using anti-sense probes for HOXA4, Meis1 and HOXA9 (x1000). Hybridisation signal displayed for HOXA4 was
pseudo-colored red, for Meis1 was pseudo-colored green and for HOXA9 was pseudo-colored blue(For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.).
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Fig. 2. Flow chart for calculation of standardisation and normalisation of gene expression values. (a) The mean intensity for each sample and standard was measured and
calculated for all three cores for both anti-sense and scramble before division for background correction. (b) Background corrected patient samples were then divided by the
background corrected standard for that TMA for that gene. (c) Equation. Yx = normalized and standardized value for sample x; M =mean anti-sense value; Ms = mean
scramble value; x1-3 = measurements of anti-sense values for sample x from cores 1-3; xs1-3 = measurement of scramble value for sample x from cores 1-3; nl1-
3 = measurements for anti-sense values for standards 1-3; ns1-3 = measurement for scramble values for standards 1-3.

signal intensities for each sample. The mean anti-sense intensity
value for each patient sample was then corrected for background
hybridisation signal by division by the mean scramble signal for
that sample. This allowed for correction of anti-sense probe inten-
sity against background noise; this principle is used for back-

ground noise correction in microarray studies. The same
procedure was performed for the standards with the exception
that signal intensity was measured in each white cell in each core.
Finally, the background corrected anti-sense signal intensity for
each patient sample was normalised by division by the background
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Fig. 3. Hybridisation signal intensity of white cell pellet standards in each TMA for HOXA4, HOXA9 and Meis1. Fluorescence intensity is displayed for each cell in each pellet in
each TMA (each dot in histogram corresponds to single cell signal intensity, mean for each TMA displayed as horizontal bar), demonstrating marked variation of signal
expression values for the standards across all TMAs; anti-sense intensity values shown for representative genes (HOXA4, Meis1 and HOXA9) in top panel and corresponding
scramble intensity values shown in bottom panel, demonstrating low level background signal. Fluorescence intensity is displayed in arbitrary units.

corrected standard for the corresponding TMA. Normalisation
against standards was required due to the presence of variability
of un-normalised signal intensity values across the TMAs (Fig. 3).

3.4. Survival analysis

The overall survival in this cohort of patients was 43% at 5 years.
Older age (>60years), high white blood count at diagnosis
(=100 x 10°/L) and adverse cytogenetics were associated with
poorer outcome. In addition, achieving CR was an independent
prognostic marker for survival (Fig. 4a).

Low HOXA4 expression (median 577; [95% CI 325-828]) was
associated with poorer OS (p=0.013) by Kaplan-Meier analysis
(Fig. 4b) and disease free survival (DFS) (p = 0.025) by Cox regres-
sion. High expression of HOXA9 (median 0.843 [0.145-7.479];
p<0.0001), Meis1 (median 0.716 [0.05-7.84]; p=0.005) and
DNMT3A (median 1.305 [0.073-5.477]; p =0.04) were associated
with failure to achieve CR (Fig. 4c-e). These, however, had no im-
pact on OS or DFS. Expression levels of the remaining 5 genes did
not show any association with CR, DFS or OS.

4. Discussion

Expression microarrays have identified prognostic and diagnos-
tic biomarkers for an ever increasing number of cancers, and there
is now a need to develop high-throughput analytical systems for
validation of the hypotheses suggested by microarray results
[12-14]. Furthermore, it is also desirable to correlate these mark-
ers with tissue morphology. We have sought to achieve this by
using a novel method of multiplexed QD-ISH, which enables detec-
tion and measurement of several genes simultaneously. Addition-
ally, to facilitate analysis of a large number of samples we have
applied this method to TMAs representing 242 cases of AML.

The standardised normalised expression values HOXA4, HOXA9,
DNMT3A and Meis1 were associated with outcome. Specifically,
concordant with other reports, low expression of HOXA4 was asso-
ciated with poor outcome in adult AML [15]. Similarly, in the pres-
ent study high levels of HOXA9 and Meis1 were associated with
treatment failure, as previously demonstrated by others [16-19].
Co-expression of Meis1 with HOXA9 has been shown to be leu-
kaemogenic in both murine and human AML [18,20], and though
AML may be induced by over-expression of either gene alone the
process was accelerated by their co-expression [18,20,21] with or
without the presence of any fusion genes such as nucleoporin
(NUP)98/HOXA9 [22]. These transcription factors of the homeobox
gene family are believed to control cytokine-specific differentia-
tion responses and are down-regulated during normal myelopoie-
sis [23]. In particular, they immortalise myeloid progenitors,
prevent differentiation stimulated by G-CSF or GM-CSF and permit
proliferation in response to stem cell factor. Meis1 over-expression
may also induce apoptosis via a caspase-dependant mechanism
which can be inhibited by proteins such as XIAP [24,25].

Using cDNA microarrays, Bullinger et al. [13] identified new
molecular subtypes of AML, including two prognostically relevant
subgroups in patients with normal karyotype, one of which
showed a high expression of the methyltransferases DNMT3A and
DNMT3B suggesting their potential role in leukaemic pathogenesis.
This is consistent with previous studies which implicated aberrant
hypermethylation of tumor suppressor genes in the development
of many tumours, including hematological malignancies [26,27].
It is also thought that DNA methylation plays a role in control of
the p53 network. Esteve et al. [28] demonstrated interaction be-
tween DNMTT1 and p53 and showed that methylation of the survivin
promotor region contributed to gene repression. Of the three
DNMTs studied in this project, only DNMT3A was associated with
treatment failure; association of DNMT3A with outcome has very
recently been reported by Ley et al. who showed association of
DNMT3A mutations with poor outcome in AML [29].
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Fig. 4. Kaplan-Meier survival analysis of AML patients showed; (a) response to induction chemotherapy, specifically complete or partial remission, or refractory disease was
predictive of overall survival, and that (b) low expression of HOXA4 was associated with poorer overall survival. High expression of HOXA9 (c), Meis1 (d) and DNMT3A (e)
were associated with failure to achieve complete remission after induction chemotherapy.

Central to the new method developed is standardisation and
normalisation of the expression data, which is key for direct com-
parison and reproducibility of quantitative in situ data, and which
remains a significant challenge for both IHC and ISH. Jubb et al. ad-
dressed this by design of standards for quantitative ISH analysis of
tumor markers [10]. They prepared TMAs using positive and nega-
tive control blocks containing synthetically prepared sense and
anti-sense RNA strips which were embedded into agarose gel.
Using Alexa fluorophores as well as radiolabelled riboprobes and
a laser imaging system they quantitated expression of several
genes and proteins in triplicates of colorectal tissues. In adapting
our previously reported method of multiplex QD-ISH [9] for quan-
titative measurement in a TMA we instead used a cell pellet stan-
dard spiked in each TMA from which to normalise gene expression
values. The approach taken described here is logistically simpler
since white cell pellets are easily obtained and the cellular nature
of such a standard more accurately reflects the hybridisation
dynamics than does a synthetically prepared RNA pellet. Each
white cell pellet was embedded into agarose gel, FFPE treated,
and used for signal value normalisation, enabling quantitative
comparison of data across multiple TMAs.

In summary, these results demonstrate application of standard-
ised quantitative multiplex QD-ISH for identification of prognostic
markers in FFPET samples. Low expression of HOXA4 was associ-
ated with poor survival whilst high expression of HOXA9, Meis1
and DNMT3A were linked to failure to achieve complete remission
(CR). Furthermore application of the method to TMAs allows high

sample throughput, use of archived materials and ease of transfer
to a wide range of malignancies.
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