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We have developed a sensitive and quantitative re-
verse-transcription polymerase chain reaction (RT-
PCR) assay for detection of PML-RAR� , the fusion
oncogene present as a specific marker in >99% of
cases of acute promyelocytic leukemia (APL). The
assay is linear over at least 5 orders of magnitude of
input DNA or RNA, and detects as few as 4 copies of
PML-RAR� plasmid DNA. PML-RAR� transcripts
could be detected in mixtures containing 2 to 5 pg
of RNA from fusion-containing cells in a back-
ground of 1 �g of RNA from PML-RAR�-negative
cells. Using 1.0 to 2.5 �g of input RNA, the sensitiv-
ity of the assay was between 10�5 and 10�6. Fur-
thermore, determination of GAPDH copy number
in each reaction allowed an accurate assessment of
sample-to-sample variation in RNA quality and re-
action efficiency, with consequent definition of a
detection limit for each sample assayed. Using an
internal calibrator , assay precision was high, with
coefficients of variation between 10 and 20%. An
interlaboratory study using coded samples demon-
strated excellent reproducibility and high concor-
dance between laboratories. This assay will be used
to test the hypothesis that sensitive and quantitative
measurement of leukemic burden, during or after ther-
apy of APL, can stratify patients into discrete risk
groups, and thereby serve as a basis for risk-adapted
therapy in APL. (J Mol Diag 2001, 3:141–149)

Many cases of leukemia are caused by translocations
that result in the formation and expression of chimeric

fusion genes,1 and it is now routinely possible to detect
extremely small numbers of transcripts from these leuke-
mia-associated fusion genes in the blood or bone marrow
of affected patients. Clinical application of these exquis-
itely sensitive reverse-transcription polymerase chain re-
action (RT-PCR) assays has been slow due to a variety of
factors, including a lack of interlaboratory standardization
and the non-quantitative nature of most such assays.
Interpretation of negative results is complicated by issues
of RNA integrity and assay sensitivity that can vary dra-
matically from one center to another and even from day to
day in the same laboratory. Positive results are more
readily accepted, but the mere detection of transcripts of
leukemia-associated fusion genes has not proven to be a
reliable marker for impending relapse.2–4 The accumu-
lated evidence suggests that there exists a threshold of
leukemic burden above which relapse is highly likely, but
below which continued remission is the expected out-
come. Definition of such a threshold is an important goal
in APL and other leukemias, and will require a standard-
ized, sensitive, and quantitative assay that can expedi-
tiously analyze large numbers of samples from uniformly
treated patients enrolled on collaborative clinical trials.

The majority of APL patients harbor a translocation
between chromosomes 15 and 17, with resultant fusion of
the PML gene, at 15q12, with the retinoic acid receptor �
(RAR�) gene, at 17q22.5 This gene fusion results in pro-
duction of a leukemia-specific chimeric mRNA, PML-
RAR�. In the present study, we present the technical
details, pre-clinical validation, and initial clinical applica-
tion of a sensitive, quantitative RT-PCR assay that can
detect and measure the PML-RAR� fusion transcript. The
assay utilizes the 5�-nuclease technique, in which nucle-
ase degradation of a dual-labeled fluorogenic probe re-
sults in a measurable fluorescence signal that is detected
during the PCR process (“real-time” PCR, or TaqMan
assay).6,7 Our data indicate that the sensitivity of this
quantitative method is at least equal to that of a published
manual RT-PCR assay for detection of PML-RAR�, and
that it is 100% specific. Furthermore, the precision of this
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method is good, and it is amenable to interlaboratory
standardization; these features suggest that it is ideally
suited for high throughput analysis of large numbers of
clinical specimens.

Materials and Methods

Cells and Cell Culture

NB48 and UF1 cells9 were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum and antibiotics.
HL-60 cells were cultured in Iscove’s modified Dulbec-
co’s medium � 20% fetal calf serum. The NB4 cell line
contains the PML-RAR� type L (long) isoform, while UF1
cells express the S (short) isoform (Figure 1). The HL-60
promyelocytic cell line does not express PML-RAR�. For
RNA dilution experiments, RNA was extracted from ex-
ponentially growing cells, quantified by spectrophotom-
etry, and mixed at dilutions indicated in the text or figure
legends. After informed consent, blood or bone marrow
was collected from normal donors or from patients with
leukemia into Vacutainer tubes containing either diso-
dium heparin or EDTA anticoagulant. Mononuclear cells
were prepared from blood or bone marrow by Ficoll-
Hypaque density-gradient centrifugation.

PCR Precautions

All pre-PCR manipulations (RNA isolation, RT and PCR
set-up) were performed in a clean room that was physi-
cally isolated from the PCR machine and the post-PCR
processing area.10 Dedicated pipettes and reagents
were used. Negative controls were run with all assays
and were uniformly negative. Plasmids used for standard
curve generation were added to 96-well plates in a sep-
arate room, and after experimental wells had been
capped. PML-RAR� and GAPDH plasmid standards
were never taken into the RT-PCR set-up room.

Isolation of RNA and Reverse Transcription into
cDNA

Total cellular RNA was isolated using either a modifica-
tion of the guanidinium acid-phenol extraction method11

(STAT-60 reagent; Tel-Test, Inc., Friendswood, TX), or
one of two proprietary column affinity procedures
(RNeasy kits, Qiagen, Inc., Valencia, CA; or RNAqueous
kits, Ambion Inc., Austin, TX), in each case according to
the respective manufacturers’ instructions. RNA quality
was assessed visually by confirmation of intact 28S and
18S ribosomal bands following agarose gel electrophore-
sis and ethidium bromide staining. Before cDNA synthe-
sis, RNA (1.0–2.5 �g) was heated at 75°C for 10 minutes
and snap-cooled on ice. Two different RT protocols were
used, which differed only by the inclusion of either gene-
specific primers or random hexamers to prime first strand
cDNA synthesis. Both protocols included 1X Taq poly-
merase buffer II (Applied Biosystems, Foster City, CA;
final concentrations: 50 mmol/L KCl, 10 mmol/L Tris-HCl,
pH 8.3), 5 units/�l Moloney murine leukemia virus (Ap-
plied Biosystems) or Superscript II RNase H–(Life Tech-
nologies, Grand Island, NY) reverse transcriptase, 250
�mol/L each dGTP, dCTP, dATP, dTTP, 3.0 mmol/L
MgCl2, and 1.6 units/�l RNase inhibitor (Applied Biosys-
tems or Promega, Madison, WI). Random hexamers were
used at a final concentration of 5 �mol/L, and gene-
specific primers at a final concentration of 0.125 �mol/L
each. Sequences for the gene-specific primers were as
follows: RAR�, 5�-TGTTCTTCTGGATGCTG-3�; GAPDH,
5�-ACTTGATTTTGGAGGGA-3�. The final reaction volume
was either 20 or 25 �l. cDNA synthesis was performed at
48°C for 60 minutes, followed by an incubation at 95°C for
10 minutes to inactivate the RT enzyme; in reactions
including random hexamers, an initial 10-minute incuba-
tion at 25°C was included before the 48°C cDNA synthe-
sis reaction. In the experiment shown in Figure 4, gene-
specific primers were used for RT, dNTP concentrations
were 1 mmol/L each, and MgCl2 concentration was 7.5
mmol/L. These variations did not materially affect the
sensitivity or specificity of the assay.

Primer and Probe Design

Primers and probes were designed using Primer Express
software, version 1.0 (Applied Biosystems). The names,
sequences, and locations of the PML and RAR� primers
and probe used in this work are indicated in Figure 1. All
probes contained a 3� TAMRA (6-carboxy-tetramethyl-
rhodamine) quencher dye and were synthesized at Per-
kin Elmer. The P4 primer was synthesized at the Biopoly-
mer facility of Roswell Park Cancer Institute. The RAR�
probe (R1) was labeled at the 5� end with a FAM (6-
carboxyfluorescein) reporter fluorescent dye, while the
GAPDH probe contained a 5� JOE label. GAPDH primers
and probe were purchased from or provided by Applied
Biosystems. Final concentrations of probes and primers
(Figure 1) were chosen based on preliminary optimization
experiments (data not shown).

Figure 1. Primers and probe used in real-time PML-RAR� PCR. The primer
and probe names, locations, and sequences are shown, along with the final
concentrations used in PCR, and the S- and L-form amplicon sizes. PML exons
1–6 are shown as shaded rectangles, while RAR� exon 3 is represented by
an open rectangle. The S and L genomic breakpoints are designated by
double slanted lines.

142 Slack et al
JMD November 2001, Vol. 3, No. 4



Standard Curve Generation

Plasmids containing the PML-RAR� and GAPDH cDNAs
were constructed using standard recombinant DNA
methods. Plasmid DNA was prepared and its concentra-
tion determined using the PicoGreen assay.12 The DNA
was 10-fold serially diluted in water and aliquots were
stored at �70°C until use. Standard curves were gener-
ated using from 4 to 4 � 107 copies of plasmid DNA. It is
emphasized that the copy numbers/�g RNA, as cited in
the text for test samples, were derived by reference to
these standard curves and do not precisely indicate the
number of mRNA molecules, since the efficiency of RT
was not directly determined.

Real-Time PCR

For PML-RAR� PCR, the 50 �l reaction contained 25 �l
2X TaqMan Universal PCR Master Mix (Applied Biosys-
tems), 2.5–5 �l of RT product, and appropriate PML-
RAR� primers and probe at concentrations listed in Fig-
ure 1. For GAPDH PCR, the final reaction volume was
either 25 or 50 �l, and generally 2.5 �l of RT product was
used. Amplifications were carried out at 50°C for 2 min-
utes, 95°C for 10 minutes, followed by 40 PCR cycles at
95°C (15 seconds) and 60°C (1 minute). All reactions
were carried out in MicroAmp optical tubes or MicroAmp
optical 96-well reaction plates (Applied Biosystems) us-
ing an ABI PRISM 7700 sequence detection system.
Real-time PCR data were collected using the ABI Prism
7700 sequence detection system (Applied Biosystems)
as previously published.7 Briefly, the normalized fluores-
cence intensity of the reporter dye (�Rn) is plotted
against cycle number to derive a graphical representa-
tion of the PCR reaction. The threshold cycle CT is de-
fined as the cycle number at which the �Rn crosses a
software-generated threshold defined as 10 standard de-
viations above baseline (during cycles 3–15). The CT is
linearly proportional to the logarithm of the input copy
number. By construction of an appropriate standard
curve, the starting copy number of an unknown sample
relative to the standard can be derived.

Manual RT-PCR

Reverse transcription from random hexamers and first-
round PCR amplification of PML-RAR� were performed
essentially as described previously,13 making adjust-
ments to ensure that 1 �g RNA equivalent of cDNA was
used in the PCR reaction. After 40 PCR cycles, 2 �l of a
1:20 dilution of the first-round PML-RAR� L-form product
was amplified in a standard 50 �l second-round, nested
reaction for 37 PCR cycles, using the following primers:
upstream, anchored in the proximal portion of PML exon
6 (5�-ACAACGACAGCCCAGAAGAGGAAGT-3�); down-
stream, crossing the PML-RAR� junction (5�-GCT-
GCTCTGGGTCTCAATGGCTG-3�). PCR amplifications
were performed in a PTC-100 programmable thermal
controller (MJ Research, Inc., Watertown, MA). We found
that utilization of the PTC-100 “Hot Bonnet” attachment,

performance under a layer of mineral oil, and thorough
denaturation of both rounds of PCR amplification, using
heat-activatable Taq polymerase (Amplitaq Gold, Perkin
Elmer, Inc., Norwalk, CT) were important elements in
achieving high sensitivity. The effectiveness of RNA tran-
scription was evaluated by using 0.1 �g RNA equivalent
of cDNA from each RT reaction for PCR amplification of
GAPDH mRNA in the presence of a fixed amount of a
Mimic DNA competitor, as previously described.14 Gel
electrophoretic analysis of the second-round products
was as previously described.13

Results

Pre-Clinical Assay Validation

The PR-S and -L primer and probe sets each include a
distinct, exon-specific PML forward primer, a common
RAR� reverse primer, and a probe that hybridizes to
RAR� sequence at the junction of the fusion transcript
(Figure 1). To optimize protocols for efficient cDNA syn-
thesis and real-time PCR, GAPDH mRNA levels were
measured in clinical samples or cell lines by reference to
standard curves generated with GAPDH plasmid DNA
(Figure 2A). As previously reported,15 RNA isolated from
blood or marrow samples anti-coagulated with heparin
appeared to contain an inhibitor of RT or PCR (Figure 2B).
This problem was overcome by isolation (or “clean-up”)
of RNA using either of two column-based purification
protocols (Rneasy, Qiagen; or RNAqueous, Ambion)
(Figure 2B). cDNA yield was also influenced, albeit mod-
estly, by the type of primer used to initiate cDNA synthe-
sis (Figure 2C and data not shown). Using optimal RNA
isolation procedures and plasmid-based standard
curves, the calculated number of GAPDH copies/�g RNA
was approximately 5 � 106 (�3 � 106) using RNA from
Ficoll-purified normal blood or marrow mononuclear cells
(Figure 2D), and approximately 1.5 � 107 (�5 � 106)
using RNA from leukemic blood or marrow mononuclear
cells. The number of calculated GAPDH copies per �g of
RNA from cultured hematopoietic cell lines (HL-60, Jur-
kat, etc.) was significantly higher (Figure 2D).

Using plasmid DNA standards, as few as 4 copies of L-
or S-form DNA could be reproducibly detected (Figure
3A), and the CT was linearly proportional to the logarithm
of the input copy number over at least 5 orders of mag-
nitude (R2 � 0.99). The dynamic range and detection
limit was similar for GAPDH (Figure 2A and data not
shown). The Y intercept reflects the theoretical CT value
at one copy of input DNA, while the slope (S) of the linear
regression curve correlates with the efficiency (E) of the
PCR reaction, according to the following formula: E �
10�1/S �1. A PCR efficiency of 1 (slope � �3.322) indi-
cates that the copy number doubles in each cycle. Using
plasmid DNA as a template, the reaction efficiencies for
the PR-S, PR-L, and GAPDH probe and primer sets were
generally 0.95 or higher, indicating near optimum PCR
amplification. A similar analysis was performed using
NB4 or UF1 RNA as starting material. The results (Figure
3B) indicate that PML-RAR� transcripts could be de-
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tected using as little as 10 pg of either NB4 or UF1 RNA,
and confirm that the assay is linear over at least 4 orders
of magnitude, from 10 pg to 100 ng of input NB4 or UF1
RNA (R2 � 0.982 and 0.998, respectively). The respec-
tive efficiencies, calculated from the slopes of the linear
regression equations, were 98% and 94%, suggesting
little to no decrease in PCR efficiency despite the more
complex nature of the cDNA starting material. Additional
experiments confirmed an even lower detection limit of
PML-RAR� in RNA dilutions, in the range of 3 to 5 pg of
NB4 or UF1 RNA admixed with control RNA (data not
shown).

The specificity of the assay was evaluated by testing
28 non-APL samples, including RNA from blood and/or
marrow from 6 normal donors, RNA from 5 different
pooled human tissues (bone marrow, colon, spleen, thy-
mus, and placenta), RNA from 8 cases of various hema-
tological malignancies (5 non-M3 AML, 2 chronic myeloid
leukemia, one myelodysplastic syndrome), and RNA from
9 hematopoietic and non-hematopoietic cell lines. For all

28 specimens, from 1.0 to 2.5 �g of RNA was reverse-
transcribed into cDNA, and 20% of the RT product was
analyzed in duplicate in TaqMan PCR reactions with both
the PR-L and PR-S primer and probe sets (112 total data
points). All 112 CT values were 40, indicating no aberrant
amplification, and no detection of false products, with
either L or S primer/probe set (data not shown). The
integrity of the RNA from each sample was confirmed by
simultaneous GAPDH amplification (data not shown). To
evaluate interlaboratory reproducibility, coded RNA sam-
ples were assayed blindly and independently at separate
sites (University of New Mexico and Roswell Park). As
shown in Table 1, there was excellent concordance be-
tween the two laboratories, and the sensitivities achieved
(10�5 for UF1 [S isoform] dilutions, and 10�4 or 10�5 for
NB4 [L isoform] dilutions) were similar. Finally, the PML-
RAR� normalized quantities (NQ, number of PML-RAR�

copies per 1 � 106 GAPDH copies), were also similar
between the two laboratories (Table 1).

Figure 2. GAPDH copy number related to sample processing technique, type of primer used to initiate cDNA synthesis, and tissue source. A: GAPDH standard
curve generated with 10-fold serial dilutions of GAPDH plasmid standards. B: Effects of sample processing and RNA extraction. Solid columns: bone marrow
was collected in EDTA or heparin and RNA was isolated using STAT-60. Cross-hatched columns: bone marrow was collected in heparin and cryopreserved.
Vials were thawed, divided into two aliquots, and RNA was extracted using either STAT-60 or Qiagen RNeasy columns. In all cases, equivalent amounts of RNA
(measured by spectrophotometry) were reverse-transcribed into cDNA and equal amounts of cDNA were amplified using GAPDH primers and probe. The number
of GAPDH copies was determined by reference to the GAPDH standard curve shown in A. C: Comparison of random hexamers to gene-specific primers in cDNA
synthesis. Equal amounts of the RNA from the cells shown were reverse-transcribed into cDNA using either gene-specific primers or random hexamers, and
GAPDH copy number was calculated from the same amount of cDNA equivalent using real-time PCR. D: GAPDH copy number/�g of RNA from different tissue
sources. The cell lines were a mixture of hematopoietic and epithelial cells. RNA from normal tissue (spleen, placenta, colon, and lung, all pooled) was purchased
from Clontech. All RNAs, except those purchased from Clontech, were isolated using Qiagen RNeasy columns.
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Assay precision was evaluated by serial testing, over 4
working days, of the same RNA from both a high and low
copy number clinical specimen. Three replicates for the
high and low copy number PML-RAR� samples were
tested on each day, as well as an internal calibrator (NB4
RNA diluted 1:100 in HL-60 RNA), and a negative control
(HL-60 RNA). All 12 HL-60 assays were negative, as
expected. On each day, separate standard curves were
generated for PML-RAR� and GAPDH. The results (Table
2) are reported as 1) the number of PML-RAR� copies
per �g of starting RNA; 2) as a GAPDH normalized quan-
tity, NQ; and 3) as a normalized, calibrated quantity
(NQC), in which the NQ for the experimental sample is
divided by the NQ for the internal calibrator. The coeffi-
cients of variation (CVs) were lowest (12–16%) when data
were reported with reference to an internal calibrator
(Table 2).

Comparison of the Sensitivity of Real-Time and
Manual RT-PCR

Table 3 presents the data from a direct comparison,
using the same RNA preparation, between real-time and
manual RT-PCR procedures following serial dilution of
NB4 cells in HL-60 cells (or NB4 RNA in HL-60 RNA).
Although the amounts of RNA differed between the qual-
itative and quantitative assays, it can be concluded that
the real-time procedure is at least as sensitive, and per-
haps more sensitive, than the optimized manual proce-
dure in detecting PML-RAR�, and that the dilution range
over which the real-time procedure becomes variably
positive is more narrow than for the manual assay. The
results in Table 3 also suggest that the practical sensi-
tivity limit of the real-time assay is between 1 in 10�5 and
1 in 10�6, assuming a more standard input RNA equiva-

Figure 3. A: Detection limit and dynamic range of detection of PML-RAR� using plasmid DNA standards. Ten-fold serial dilutions of PML-RAR� standards (L and
S isoform) were amplified in TaqMan PCR using conditions outlined in Materials and Methods. The threshold cycle CT was computed using the 7700 Sequence
Detector software and is plotted against the logarithm of the input copy number. The linear regression equations and correlation coefficients are shown. B:
Detection limit and dynamic range of detection of PML-RAR� using RNA from APL cell lines. NB4 or UF1 total RNA was mixed with HL-60 total RNA at dilutions
ranging from 10�1 to 10�6. Five �g of RNA from each dilution was reverse-transcribed into cDNA and 20% (1 �g RNA equivalent) was amplified in TaqMan PCR
reactions using the PR-L or -S primer/probe set. The amount of NB4 or UF1 RNA equivalent in each TaqMan reaction ranged from 1 pg (10�6 dilution) to 100
ng (10�1 dilution).

Real-Time Measurement of PML-RAR� mRNA 145
JMD November 2001, Vol. 3, No. 4



lent of 500 ng to 1 �g, commonly achieved with clinical
samples.

Analysis of Clinical Samples: Application of the
Detection Limit Concept

A representative case of APL was analyzed (Figure 4) to
demonstrate the clinical utility of the assay and introduce
several concepts related to analysis of clinical samples.
The detection limit (DL) is defined as [(1/GAPDH copy
number) � 106], and thus is the NQ value that would
result if one copy of PML-RAR� were present in the PCR
reaction (the arbitrary 106 multiplier is the same multiplier
used to calculate the NQ values). Note that any sample
with an NQ value above the DL is considered positive
(�1 copy). By definition, the DL depends on the number
of GAPDH molecules in each tested sample, and thus is
a quantitative measurement of the sensitivity achieved
with each specimen. In a small percentage of cases (ie,
sample 5 in Figure 4A), the PML-RAR� NQ value, while
measurable, is nevertheless below the theoretical DL of 1

copy. These samples generally have very high CT values
(�39), and reference to the standard curve generates a
calculated starting PML-RAR� copy number of 	1, which
is a theoretical impossibility. While the appropriate way to
handle such data points is not clear, it seems likely that
most such samples are true positives, and that the cal-
culated copy number of 	 1 reflects quantitative impre-
cision at very low input copy numbers.

Proper interpretation of negative results (samples 6–8
in Figure 4, A and B) requires definition of a sensitivity
threshold, which is based on the number of GAPDH
copies in each sample. This threshold is by definition
user-selected but should be consistently applied across
all samples (in Figure 4, this threshold is set at 2.5 � 105

GAPDH copies, or an approximately 10�4 sensitivity). If
the DL falls below this threshold in a given specimen
(samples 6–8 in Figure 4A, and sample 7 in Figure 4B),
then the assay was theoretically capable of detecting 1
PML-RAR� copy at that sensitivity threshold, and such a
sample is considered to be a true negative. Specimens
with NQs of 0 but with DLs above the sensitivity threshold

Table 1. Blinded Inter-Laboratory Comparison of Real-Time RT-PCR for Detection of PML-RAR�

L isoform sample
(dilution)

PML-RAR�
CT-L (UNM)

PML-RAR�
CT-L (RPCI)

NQ1

(UNM)
NQ

(RPCI)

NB4 (10�3) 33.0 34.3 30.3 22.8
NB4 (10�4) 36.2 36.8 3.31 3.90
NB4 (10�5) 39.0 40.0 0.76 0.00
NB4 (5 � 10�6) 40.0 40.0 0.00 0.00
NB4 (10�6) 40.0 40.0 0.00 0.00
Blood MNCs 40.0 40.0 0.00 0.00
Bone Marrow MNCs 40.0 40.0 0.00 0.00

S isoform sample
(dilution)

PML-RAR�
CT-S (UNM)

PML-RAR�
CT-S (RPCI)

NQ
(UNM)

NQ
(RPCI)

UF1 (10�3) 32.6 32.5 47.0 38.7
UF1 (10�4) 37.4 36.7 2.70 3.77
UF1 (10�5) 38.7 37.5 0.83 1.12
UF1 (5 � 10�6) 40.0 39.5 0.00 0.42
UF1 (10�6) 39.9 40.0 0.12 0.00
Blood MNCs 40.0 40.0 0.00 0.00
Bone Marrow MNCs 40.0 40.0 0.00 0.00

One laboratory (University of New Mexico) prepared coded samples of UF1 or NB4 RNA mixed with RNA from normal blood leukocytes at dilutions
ranging from 10�3 to 10�6 (or RNA from normal bone marrow and blood mononuclear cells). Samples were assayed independently in both
laboratories using the same amount (1 �g) of RNA for RT, and the same amounts of cDNA for TaqMan PCR with PR-L, PR-S, and GAPDH probe and
primer sets (225 ng cDNA equivalent for PR-L and PR-S, and 100 ng for GAPDH).

NQ, normalized quantity (number of PML-RAR� copies per 1 � 106 GAPDH copies).
MNCs, mononuclear cells. UNM, University of New Mexico.

Table 2. Precision of PML-RAR� TaqMan Assay

Input PML-RAR�
copy number*

PML-RAR� copies/�g† PML-RAR� NQ‡ PML-RAR� NQC
§

Mean (range) SD
CV
(%) Mean (range) SD

CV
(%) Mean (range) SD

CV
(%)

Low 37 (23–59) 16 43 24 (16–27) 5.2 22 0.87 (0.82–1.02) 0.10 12
High 4768 (3335–6490) 1485 31 1979 (1519–2402) 398 20 73 (59–86) 11 16

Assays were performed four times on 4 successive days. Results shown are the means (ranges) of the four independent determinations, with
standard deviation (SD) and coefficient of variation (CV) shown.

*RNA from L-isoform blasts at diagnosis of APL. High, undiluted RNA; low, RNA diluted 1:100 in RNA from normal peripheral blood mononuclear
cells.

†Number of PML-RAR� copies per �g of input RNA, calculated by reference to a standard curve.
‡NQ, normalized quantity: number of PML-RAR� copies per 106 GAPDH copies.
§NQC, normalized, calibrated quantity: number of PML-RAR� copies per 106 GAPDH copies divided by an internal calibrator.
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(Figure 4B, samples 6 and 8) are considered to be false
negatives. The sensitivity threshold can be applied con-
sistently across a large clinical dataset to ensure exclu-
sion of samples that do not meet minimum requirements
for RNA input and assay performance. Figure 4 also
graphically demonstrates the kinetics of clearance of
PML-RAR� in this patient who received all-trans retinoic
acid for induction and chemotherapy consolidation. The
eventual relapse at 2 years was clearly anticipated by
TaqMan analysis of both blood and bone marrow sam-
ples analyzed 6 months earlier, when the PML-RAR�
quantity was 4 orders of magnitude less than the value
observed at frank relapse.

Discussion

The management of APL may be facilitated by use of
highly sensitive and specific molecular assays that mea-
sure the amount of residual leukemia burden at various
times during and after therapy.16 Since manual end-point
RT-PCR assays can detect fusion transcripts in bone
marrow from APL patients in long-term CR,3 there is a
clear mandate to develop quantitative assays and to
relate the level (not just presence) of fusion PML-RAR�
mRNA with relapse risk. From a technical standpoint,
cumbersome competitive quantitative RT-PCR protocols
are being replaced by assays that use dual-labeled flu-
orescent probes and continuous detection of PCR ampli-
cons in “real time.”7,17 These TaqMan, or real-time, RT-
PCR assays are high-throughput, quantitative, and,
assuming proper probe and primer design and adequate
RNA input, highly sensitive. The assays can be used to
quantify serial changes in RNA expression relative to a
baseline sample or, by reference to RNA- or DNA-based
standard curves, to determine absolute starting copy
number of a specific RNA in all samples. The purpose of
the current report is to present the technical details and
pre-clinical validation of a newly developed TaqMan pro-
tocol for detection of PML-RAR� in bone marrow or blood
specimens from APL patients. The assay described here
is sufficiently sensitive and specific to quantify low levels
of minimal residual disease in APL, and will be useful to
test the hypothesis that a threshold of leukemic burden
can be defined that will correlate with outcome. Indeed,
we have recently applied this assay to a large clinical
dataset of over 800 APL samples, and our preliminary

results show a statistically significant correlation between
the level of PML-RAR� at the end of consolidation and
relapse risk.18 (Gallagher RE, Yeap B, Bi W, Slack JL,
Harrington DP, Livak K, Appelbaum FR, Bloomfield CD,
Tallman MS, Willman CW, manuscript submitted for pub-
lication).

Figure 4. Application of real-time PML-RAR� RT-PCR to analysis of clinical
specimens. Total RNA was isolated from bone marrow (A) or blood (B)
mononuclear cells from a single patient with APL (L-isoform) who was
treated with all-trans retinoic acid (RA) until complete remission (CR), and
then with 2 cycles of daunorubicin and cytosine arabinoside consolidation
chemotherapy. Real-time RT-PCR was performed as described in Materials
and Methods using both L-form and GAPDH primers and probes. Dx, diag-
nosis; Consol1, sample obtained after one cycle of consolidation; Pre-M,
sample obtained after two cycles of consolidation and before randomization
to maintenance therapy. Additional samples were taken at 6-month intervals
during follow-up. Pathological analysis of the sample taken at 2 years re-
vealed relapsed APL. The definitions of NQ value and detection limit are
given in the text.

Table 3. Comparison of the Sensitivity of Real-Time RT-PCR and Manual RT-PCR for the Detection of PML-RAR� in NB4 Cells or
RNA Serially Diluted in HL-60 Cells or RNA

RT-PCR
type

cDNA equivalent
assayed (range)

Dilution
method

NB4 cell/RNA dilution (no. positive/no. tested)

Control10�4 10�5 10�6 10�7

Real-time 4.52 �g (3.08–6.08) Cell 12/12 12/12 12/12 4/12 0/12
Manual 1 �g Cell 10/10 9/10 3/10 NT 0/1

1 �g RNA 12/12 16/21 5/21 0/1 0/3

For the manual assay, 1 �g of RNA equivalent cDNA was used in each PCR reaction, and samples were interpreted as positive or negative based
on the presence or absence of strong ethidium-bromide staining bands of appropriate size after double nested PCR and gel analysis. A
corresponding reaction for GAPDH was performed for each sample in the presence of a fixed amount of competitor DNA using 0.1 �g RNA equivalent
to ensure that negative reactions were not false negatives due to RNA degradation or failure of RNA transcription.14 For real-time RT-PCR, performed
in a separate laboratory, the amount of input RNA equivalent cDNA varied for each dilution, as indicated (average 4.52 �g). For each real-time PCR
assay, 1/20 of the RT reaction product was amplified using GAPDH primers and probe to confirm RNA integrity.
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A major criticism of end-point RT-PCR assays is the
lack of a quantitative measure of sensitivity on a per-
sample basis. Sensitivities are generally inferred from
serial dilutions of cell line RNA, but extrapolation from
such ideal mixtures to clinical specimens is not neces-
sarily valid, given issues such as PCR inhibitors, poor
RNA integrity, etc. Using TaqMan, the success (and by
extension sensitivity) of each individual RT-PCR reaction
can be quantified by measurement of GAPDH or other
control transcript. A minimum sensitivity level can be
established that is then used for an entire data set, and
the detection limit concept can be applied to each sam-
ple to determine whether one copy of PML-RAR� was
theoretically detectable in that sample. The critical point
is that sensitivity, as generally and previously defined,
has not accounted in a quantifiable way for day-to-day
differences in specimen quality and reaction efficiency
that can clearly be significant, particularly using clinical
samples. TaqMan RT-PCR can measure these differ-
ences and include them in the read-out, removing one of
the largest variables, and sources of inaccuracy, in stud-
ies using manual or end-point RT-PCR. Thus, the power
of the TaqMan assay is that it not only provides quanti-
tative results that allow comparison among positive sam-
ples, but it also permits direct assessment of the sensi-
tivity achieved for each negative sample. For the TaqMan
assay to be accurate in determination of sensitivity for a
specific sample, the degradation rates of the target
(PML-RAR�) and control (GAPDH or other) transcripts
must be relatively similar. This issue is of paramount
importance to clinical application of the assay, since
blood or marrow samples are often shipped long dis-
tances, with unavoidable delays in processing of cells. If
the target mRNA undergoes significant degradation on
storage or shipment, while the control transcript is stable,
then the sensitivity of some samples would likely be over-
estimated. Experiments to address this theoretical con-
cern are clearly required.

Additional issues that are critical to application of this
assay to large clinical datasets include assay precision
and potential for interlaboratory standardization. The pre-
cision of an assay can be estimated by calculation of a
coefficient of variation (CV), which reflects the day-to-day
differences in results of testing the same sample. Clearly,
the CV needs to be acceptably low to propose applica-
tion of a given assay to a large dataset. The CVs reported
in Table 3 (approximately 20%) compare favorably with
clinically accepted and commercially used tests, eg, for
measurement of HIV RNA levels in plasma.19 The use of
an internal PML-RAR� calibrator, in addition to the use of
GAPDH as a measure of RNA integrity and reverse tran-
scription efficiency, gave the lowest CVs (12 to 16%), and
may be a useful protocol addition if the assay is to be
performed by multiple independent laboratories.20 The
results of a blinded, interlaboratory comparison (Table 1)
indicated an acceptable degree of agreement, both in CT

values and in calculated copy numbers for PML-RAR�,
suggesting that this assay can be standardized for use
by different laboratories, which is a prerequisite for its
application to a rare disease like APL.

The TaqMan, or 5�-nuclease assay, has previously
been used to quantify disease-specific transcripts from a
variety of hematological malignancies.21–27 Several
groups21,22,26 have published data regarding detection
of BCR-ABL (the leukemia-specific fusion transcript
found in chronic myeloid leukemia) using real-time RT-
PCR. Using a one-step protocol, Preudhomme et al22

could detect 20 pg of positive control RNA from the
BCR-ABL-positive cell line K562, which translated into a
sensitivity of approximately 10�4. Mensink et al,21 using a
different primer and probe set and using a two-step
procedure similar to that reported in the current study,
could detect at least 10 copies of BCR-ABL plasmid DNA
and 10 pg of K562 RNA, for a calculated sensitivity of 1 in
105. The TaqMan probe used to detect the BCR-ABL
amplicon was, in both cases, derived from ABL cDNA
sequence and did not cross the BCR-ABL fusion junction.
Similar to our data using a probe entirely from RAR�, this
approach did not lead to any appreciable incidence of
false positive results, suggesting that non-junction-spe-
cific probes provide acceptable specificity in the TaqMan
assay. These studies and others suggest that real-time
RT-PCR, assuming properly designed primers and
probes, will have sufficient sensitivity to provide valuable
prognostic information in human leukemias.

While these experiments were in progress, Cassinat et
al28 published a slightly different protocol to detect PML-
RAR� using the TaqMan method. Although those authors
used a different PML-RAR� primer and probe set, and a
different internal control mRNA (porphobilinogen deami-
nase), the sensitivity, specificity, and precision of their
assay was similar to that reported here. Given the rarity of
APL, it may be desirable to agree on a “universal” primer
and probe set that can be used world-wide to quantify
PML-RAR�. Such an approach would allow more ready
comparison of quantitative RT-PCR results among differ-
ent APL molecular diagnostic centers, and perhaps lead
to more universal agreement about the level of PML-
RAR� that correlates with poor clinical outcome. Our
results, combined with those of Cassinat et al,28 strongly
suggest that “real-time” RT-PCR methodology is suffi-
ciently robust to accurately quantify small amounts of
PML-RAR� mRNA in clinical specimens, and it is ex-
pected that clinical application of this assay will provide
important information for the management of APL pa-
tients. However, while this elegant technology can clearly
provide a precise measurement of the amount of fusion
RNA present in a given clinical specimen, extensive fur-
ther study is necessary to formally define transcript levels
that correlate with relapse risk at specific time points.
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