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FLT3 is a receptor tyrosine kinase that is expressed on
early hematopoietic progenitor cells and plays an im-
portant role in stem cell survival and differentiation.
Two different types of functionally important FLT3
mutations have been identified. Internal tandem du-
plication mutations arise from duplications of the
juxtamembrane portion of the gene and result in con-
stitutive activation of the FLT3 protein. This alteration
has been identified in �20% to 30% of patients with
acute myelogenous leukemia and appears to be asso-
ciated with a worse prognosis. The second type of
FLT3 mutation, missense mutations at aspartic acid
residue 835, occurs in �7.0% of acute myelogenous
leukemia cases. These mutations also appear to be
activating and to portend a worse prognosis. Identifi-
cation of FLT3 mutations is important because it pro-
vides prognostic information and may play a pivotal
role in determining appropriate treatment options.
We have developed an assay to identify both internal
tandem duplication and D835 FLT3 mutations in a
single multiplex polymerase chain reaction. After am-
plification, the polymerase chain reaction products
are analyzed by capillary electrophoresis for length
mutations and resistance to EcoRV digestion. Here we
describe the performance characteristics of the assay,
assay validation, and our clinical experience using
this assay to analyze 147 clinical specimens. (J Mol
Diagn 2003, 5:96–102)

FMS-like tyrosine kinase 3 (FLT3 also known as STK1 and
flk2) is a member of the class III receptor tyrosine kinase
family that also includes PDGF-R, KIT, and FMS.1 The
FLT3 protein is normally expressed on hematopoietic
stem progenitor cells and appears to play an important
role in stem cell survival, and the development of den-
dritic and natural killer cells.2,3 FLT3 is overexpressed in
most cases of acute myeloid leukemia (AML).4,5 In addi-
tion, analysis of leukemic blasts from AML patients has

identified two specific somatic mutations of the FLT3
gene.6,7 Identification of these mutations in AML patients
provides independent prognostic information that may
also prove important for treatment optimization.

The first and best-studied FLT3 mutation is an internal
tandem duplication (ITD) mutation. ITD mutations typi-
cally result from the duplication and tandem insertion of a
portion of the juxtamembrane (JM) region (exons 11 to
12) of the FLT3 wild-type gene.6 The lengths of the du-
plicated segments have been reported to range in size
from 6 to 180 bases and are always in frame.8,9 ITD
mutations result in the constitutive autophosphorylation of
the FLT3 receptor and are thus gain-of-function mutations
of the FLT3 proto-oncogene.10 FLT3 ITD mutations have
been reported to occur in 20 to 30% of patients with AML
and have been associated with an increased relapse risk,
decreased disease-free survival, decreased event-free
survival, and decreased overall survival.8,9,11 In a multi-
variate analysis of FLT3 ITD mutations, cytogenetic risk
group, presentation white blood cell count, percentage
BM blasts at diagnosis, age, gender, and FAB type in 854
AML patients, the presence of a FLT3 ITD mutation was
the most significant factor adversely affecting relapse risk
(P � 0.0001) and disease-free survival (P � 0.0001).9

FLT3 ITD mutations are amenable to polymerase chain
reaction (PCR)-based molecular diagnostic DNA testing
because they are limited to a small, predictable region of
the FLT3 gene.

Recently, an additional type of FLT3 mutation has been
described. These alterations are missense mutations that
alter the wild-type aspartic acid residue at position 835
(D835) within the activation loop of the FLT3 protein.7,12

Alteration of D835 also appears to result in constitutive
activation of the FLT3 receptor and portends a worse
disease-free survival in at least some studies.7 D835
mutations have been reported to occur in �7% of pa-
tients with AML, 3% of patients with myelodysplastic syn-
drome (MDS), and 3% of patients with acute lymphocytic
leukemia.7 D835 and ITD mutations appear to occur in-
dependently but not exclusively of one another and the
presence of concurrent D835 and ITD mutations has
been reported.7 The D835 wild-type gene sequence is
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located within an EcoRV restriction endonuclease cut
site, a feature exploited by the reported assay.

Detection of ITD and D835 FLT3 mutations is clinically
important for several reasons. First, patients harboring
these mutations generally have a worse prognosis and
may benefit from aggressive up-front treatment interven-
tions. Secondly, both ITD and D835 mutations may serve
as markers for the detection of residual disease, which
may become an important part of posttreatment disease
monitoring.13 Finally, investigators have recently devel-
oped specific tyrosine kinase inhibitors of the FLT3 re-
ceptor for use as tumor-specific chemotherapeutic
agents,14–17 analogous to the use of STI-571 [imatinib
mesylate (Gleevac); Novartis, Basel, Switzerland] in the
treatment of chronic myelogenous leukemia.18 Clinical
trials are currently underway looking at the utility of FLT3
inhibitors in the treatment of relapsed or refractory AML
with FLT3 mutations. Clinical testing for FLT3 mutations in
AML may thus become critical to the determination of
appropriate therapeutic interventions in AML.

Here we describe a molecular diagnostic approach
capable of detecting both ITD and D835 mutations of the
FLT3 gene in a single multiplex PCR assay. We discuss
the assay design strategy, assay validation, and our ex-
perience with the clinical application of the assay.

Materials and Methods

Samples

For the validation study, viably frozen AML blast cells
were obtained from leukemia patients through an IRB-
approved protocol at our institution. Appropriate in-
formed consent, approved by the Johns Hopkins School
of Medicine (JHUSOM) Joint Commission on Clinical In-
vestigation was obtained before sample procurement.
For clinical testing, DNA was extracted from peripheral
blood or BM samples. The diagnosis of AML includes 1°
AML, 2° AML, and AML arising out of MDS. Other diag-
noses consist of three cases of myeloproliferative dis-
ease, three cases of acute lymphocytic leukemia, two
biphenotypic leukemias, one connective tissue disorder
with aplasia, and three cases without a known diagnosis.
For all samples, DNA was extracted using the QIAamp
DNA kit (Qiagen, Valencia, CA) according to the manu-
facturer’s instructions.

PCR

Multiplex PCR reactions were composed of 1� PCR
Buffer (Applied Biosystems, Foster City, CA), 200 �mol/L
each dNTP (Applied Biosystems), 0.2 �mol/L each of four
primers (Oligos Etc., Wilsonville, OR), 0.002% gelatin and
2.5 U Taq Gold (Applied Biosystems). Primers for the ITD
portion of the assay were 11F, 5�-6-FAM-GCAATTTAGG-
TATGAAAGCCAGC-3� and 12R, 5�-HEX-CTTTCAG-
CATTTTGACGGCAACC-3�, previously described unla-
beled.19 The primers for the D835 portion of the assay
were D835F: 5�-TET-GTAAAACGACGGCCAGCCGC-
CAGGAACGTGCTTG-3� and D835R: 5�-CAGGAAA-

CAGCTATGACGATATCAGCCTCACATTGCCCC-3�. Ther-
mocycling conditions were: 95°C for 9 minutes followed by
35 cycles of 95°C for 30 seconds, 56°C for 1 minute, 72°C
for 2 minutes, with a final extension at 72°C for 7 minutes.

Restriction Digestion and Capillary
Electrophoresis (CE)

After amplification, 8.5 �l of multiplex PCR product was
digested with 0.5 �l of EcoRV (10U/�l) and 1 �l of restric-
tion buffer REACT 2 (Invitrogen, Inc.,Carlsbad, CA). Each
digestion reaction was incubated at 37°C for 1 hour,
followed by heat inactivation at 65°C for 10 minutes. One
�l of digested multiplex PCR product was mixed with
deionized formamide and TAMRA size standard per the
manufacturer’s protocol, heated to 95°C for 5 minutes,
and placed on ice for at least 1 minute before electro-
kinetic injection to the ABI 310 capillary electrophoresis
instrument (Applied Biosystems).

Polyacrylamide Gel Electrophoresis and
Band-Stab

A small proportion of clinical cases contained low num-
bers of neoplastic cells resulting in ITD mutant peaks with
very low CE peak intensity. To enrich the proportion of
mutant PCR products so that they could be confirmed by
sequencing as ITD mutants, amplification products were
separated by PAGE, band-stabbed, and reamplified.
PCR products were separated by 5% PAGE, stained with
ethidium bromide, and visualized under UV light. A 22-
gauge needle was stabbed into the band of interest and
then rinsed into an Eppendorf tube with 20 �l of PCR-
grade dH2O. Five �l of the band-stab product was then
subjected to PCR and CE as described above.

Sequencing

Five of the ITD mutations and the single D835 mutation
identified during the assay validation were cycle se-
quenced in the forward and reverse direction to verify the
results. PCR products were purified using QIAQuick col-
umns (Qiagen) and cycle sequenced using Big Dye,
Version 2 (Applied Biosystems) according to the manu-
facturer’s protocol. For ITD sequencing the ITD PCR
primers were used. For D835 sequencing, M13F and
M13R primers were used. Sequences were aligned and
examined using Sequencher software (Gene Codes
Corp., Inc., Ann Arbor, MI).

Results

Assay Design

The overall design of this assay is a multiplex PCR with
fluorescently labeled primers followed by EcoRV restric-
tion endonuclease digestion and separation/sizing by
CE. FLT3 ITD mutations are readily detectable by PCR
amplification because the duplication occurs at a rela-
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tively small, predictable area of the FLT3 gene, the JM
region (Figure 1). The D835 mutation site is also amena-
ble to PCR testing because the mutation is conveniently
located within an EcoRV restriction endonuclease diges-
tion site. Mutation of the wild-type sequence results in
loss of this cut site, generating a larger fragment after
EcoRV digestion (Figure 1).

For PCR amplification of the ITD mutation, primers
were selected that amplify exons 11 and 12 of FLT3.
Both the forward and reverse ITD PCR primers were
fluorescently labeled with FAM and NED, respectively. A
wild-type result consists of FAM- and NED-labeled PCR
products at 330 bases (Figure 2A). ITD mutants yield
FAM- and NED-labeled PCR products that are greater in
size than wild type (Figure 2B). We chose to double-label
the ITD PCR product to increase both the sensitivity and
specificity of the assay. Because ITD mutations are of
variable size, nonspecific peaks in a single color resulting
from nonspecific PCR products or from pull-up peaks
(capillary baseline noise), could be interpreted as a pos-
itive result if only a single fluor is used in the assay. In the
assay reported here, wild-type and ITD peaks must re-
port in both colors for the result to be valid, thus decreas-
ing the likelihood of a false-positive result. In addition,
although unlikely, it is possible that an ITD mutation could
create an EcoRV restriction digestion site. In a worst-case
scenario, although highly unlikely, digestion of products
labeled with a single fluor at the newly formed cut site
could yield products exactly the same size as wild type,
generating a false-negative result. In the reported assay
if an EcoRV digestion site is generated by an ITD muta-
tion, it would be virtually impossible for digestion to yield
both FAM- and NED-labeled fragments exactly the same
size as wild-type PCR product. Digestion would lead to
an errant blue or black peak that should raise suspicion
and indicate to the interpreter that further analysis may be

necessary. Thus the use of two fluors for the ITD portion
of the assay should decrease the likelihood of both false-
positive and false-negative results.

D835 mutation detection was accomplished using a
forward PCR primer to which M13 forward (M13F) se-
quence and the fluorescent molecule TET were added at
the 5� end. The reverse PCR primer was unlabeled and
tailed with M13 reverse (M13R) sequence. In addition, an
EcoRV cut site was engineered into the reverse D835
PCR primer between the coding and M13R sequence of
the primer. PCR amplification using these primers yields
a 150-bp product. EcoRV digestion of wild-type D835
PCR product results in an 80-base TET-labeled fragment
that can be detected by CE (Figure 2, A and B). D835
mutations eliminate the EcoRV wild-type digestion site
resulting in a longer, TET-labeled fragment of 129 bases
from the mutant allele (Figure 2C). The EcoRV cut site
engineered into the reverse primer serves as an internal
control for completeness of restriction enzyme cutting,
such that the TET-labeled 150-base products that result
from incomplete digestion (Figure 2D) can easily be dis-
tinguished from D835 mutant products (TET-labeled 129
bases) (Figure 2C).

Assay Validation

Twenty-six samples from 23 AML patients previously
characterized for FLT3 mutations were analyzed during

Figure 1. Diagram of the assay design. The FLT3 gene consists of five
extracellular immunoglobulin-like domains, a transmembrane domain (TM),
a JM domain, and an interrupted kinase domain (TK1 and TK2). PCR primers
flanking the JM domain [forward primer labeled with FAM (blue), reverse
primer labeled with NED (yellow)] and primers specific for the TK2 domain
[forward labeled with TET (green), reverse unlabeled] are multiplexed into a
single PCR reaction. After amplification, the PCR products are digested with
EcoRV. The dotted lines in the TK2 PCR product represent the EcoRV cut
sites, with the recognition sequence (GATATC). The JM portion of the PCR
yields a wild-type PCR product of 330 bases labeled with both FAM and NED.
FLT3 ITD mutations result in PCR products that are longer than wild type
(�330 bp), also labeled with both FAM and NED. After digestion, the D835
portion of the assay yields wild-type products sizing at 80 bases that are TET
labeled. D835 mutant TET-labeled products size at 129 bases, and undigested
TET-labeled products size at 150 bases.

Figure 2. Examples of results of the FLT3 assay. A–D: CE pherograms; x axis
represents size of the PCR products in bases, y axis represents relative
fluorescence intensity. Red peaks represent internal size standard. Green
(TET) PCR product peaks result from the D835 portion of the assay. Blue
(FAM) and black (NED) peaks result form the ITD portion of the assay. A:
Example of a FLT3 D835 wild-type/ITD wild-type result. B: Example of a
FLT3 D835 wild-type/ITD mutant result. C: Example of a D835 mutant/ITD
wild-type result. D: Example of an incomplete digest for the D835 assay and
a wild-type ITD.
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assay validation. In addition, 25 samples from healthy
donors were tested. Fifteen AML samples (15 of 26, 58%)
yielded a wild-type result for both the ITD and D835
regions of the FLT3 gene. ITD mutations were detected in
10 AML samples (10 of 26, 38%). One of the 26 AML
validation samples (1 of 26, 4%) revealed a D835 muta-
tion. There were no cases in the validation group with
evidence of concurrent ITD and D835 mutations. No FLT3
ITD or D835 mutations were identified in any of the sam-
ples from healthy donors (0 of 25).

The FLT3 ITD mutations identified in the validation
study ranged in size from 18 to 183 nucleotides and
always resulted in in-frame alterations. Five of the sam-
ples with ITD mutations were sequenced, confirming and
characterizing the ITDs in these samples (data not
shown). The proportion of ITD to wild-type products was
heterogeneous, ranging from mutant products of low in-
tensity, comprising only a small percentage of the total
FLT3 alleles, to samples comprised virtually entirely of
ITD alleles. One of the samples (1of 26, 4%) harbored two
different ITD mutations as indicated by PCR products that
were 39 and 90 bases greater in length than the wild-type
PCR product.

The D835 mutation identified in the validation set was
confirmed by sequence analysis of the uncut PCR prod-
uct in both the forward and reverse direction using M13 F
and R primers. Sequencing revealed an A to T transver-
sion resulting in the replacement of the wild-type aspartic
acid residue at position 835 with valine (D835V), a muta-
tion that has previously been reported (data not shown).7

The validation study showed 100% concordance be-
tween the results of this multiplex PCR assay and results
obtained on the same samples using two separate re-
verse transcriptase-PCR assays.

Dilution experiments were performed to determine the
lower limit of detection for the assay. Samples with es-
sentially equal amounts of wild-type and either ITD or
D835 mutant alleles (an �100% malignant cell popula-
tion, heterozygous for either mutation) were diluted into
wild-type DNA. Using this approach we were able to
reliably detect a 1:12 dilution of heterozygous mutant
DNA (either ITD or D835) in wild type, and frequently
could detect a 1:24 dilution. For clinical diagnostic use
the lower limit of detection of this assay is quoted to be
10% malignant cells heterozygous for a mutation (5% of
the total alleles). To ensure the 10% limit of detection, we
require a wild-type peak height of �3000 RFU to interpret
a valid negative result. This cutoff ensures that we could
detect a peak that represents 5% of the total alleles (which
should yield a mutant allele peak height of �150 RFU).

Summary of Clinical Experience

At the time of submission of this article, 147 clinical
samples from 135 patients have been analyzed for FLT3
mutations using the reported approach. The majority of
the samples we have tested using this assay have been
peripheral blood or bone marrow samples from patients
with AML although we have also tested samples from
patients with MDS, acute lymphocytic leukemia, myelo-
proliferative disorders, and biphenotypic leukemia. Many
of these samples were from outside institutions and their
diagnosis could not be confirmed. Table 1 summarizes
the patients tested. Of 110 patients reported to have
AML, 22 (22 of 110, 20%) were positive for an ITD muta-
tion. The ITD mutations identified in our clinical experi-
ence have ranged in size from 18 bp to 186 bp. Several
of the mutant samples have been sequenced to confirm
and characterize the ITD (data not shown). Three of the
ITD-positive samples revealed the presence of two dif-
ferent ITD mutations (3 of 110, 2.7% of total AML, or 3 of
22, 13.6% of ITD-positive). The assay cannot distinguish
whether these two mutations occurred in the same or
different FLT3 alleles. No FLT3 ITD mutations were iden-
tified in the samples from patients with MDS (0 of 13) or
other diagnoses (0 of 13).

Three of the 110 patients with AML tested positive for a
D835 mutation (3 of 110, 2.7%). D835 mutant samples
were subjected to sequence analysis to confirm and
characterize the mutation. One of the samples positive for
a D835 mutation also contained an ITD mutation. This
assay does not distinguish whether the two mutations are
in the same or different FLT3 alleles. No FLT3 D835
mutations were identified in any of the samples from
patients with MDS (0 of 13) or other diagnoses (0 of 12).
Thus a total of 24 patients had identifiable FLT3 mutations
(21 ITD, 2 D835, 1 both ITD and D835), yielding an overall
FLT3 mutation rate of 24 of 110, 21.8%. No mutations
have been identified in any cases with diagnoses other
than AML. The results of our clinical experience are sum-
marized in Table 1.

Mutant Allele Enrichment/Advantages of CE

Two of the clinical samples with ITD mutations revealed
evidence of very small amounts of ITD mutant alleles
relative to wild type, an example of which is shown in
Figure 3A. The blast counts of both of these patient
samples were �5%, correlating with the findings of low-
intensity mutant alleles. To confirm that the small peaks

Table 1. Summary of Clinical Experience Testing for FLT3 Mutations

Diagnosis
Number of

patients

ITD positive
D835 negative

n (%)

ITD negative
D835 positive

n (%)

ITD positive
D835 positive

n (%) Total FLT3 mutations

AML 110 21 (19.1%) 2 (1.8%) 1 (0.9%) 24 (21.8%)
MDS 13 0 0 0 0
Other* 12 0 0 0 0

*See Materials and Methods.
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identified in these cases represented true ITD mutations,
we sought to enhance the mutant band using a band-
stab technique and repeat amplification. PCR products
generated from the clinical assay were subjected to
PAGE (Figure 3B). ITD bands were very faint and would
have been difficult to interpret clinically, possibly result-
ing in a false-negative (Figure 3B). PCR products greater
in size than wild type were band-stabbed and reampli-
fied. CE analysis of the products demonstrated a nearly
homogenous population of double-labeled PCR product
that was exactly the same size (in bases) as the original,
low-intensity ITD peak (Figure 3, compare A and C).
These products were confirmed to be true ITD mutants by
sequence analysis (data not shown). This example dem-
onstrates that the use of two fluors to double-label the
PCR product, and CE detection allows for small amounts
of ITD mutant products to be sensitively and specifically
identified. For samples with low percentage neoplastic
cells (at or below the stated limit of detection of this
assay, 10%), band-stab and reamplification allows for a
uniform population of mutant products to be generated
that can be subjected to cycle sequencing to confirm that
the products are the result of ITD mutations. In this situ-
ation, our clinical reports note that a low-intensity mutant
peak was detected, correlating with the patient’s low
blast count, and that the presence of a mutation was
confirmed by sequence analysis.

Another advantage of CE is its superior resolution com-
pared to PAGE. An example of this is shown in Figure 4.
In this case, the sample contains a mixture of a small
amount of wild-type PCR product, and PCR product from
two ITD mutations resulting from 18- and 21-bp inser-
tions. The two ITD mutant products can readily be iden-
tified by CE (Figure 4A). PAGE of the same PCR product
revealed a small amount of wild-type PCR product, and

what appears to be ITDs at 350 bp, 380 bp, 420 bp, and
500 bp. All of these bands were band-stabbed, reampli-
fied, and subjected to CE (data not shown). As expected,
the band at 350 yielded a mixture of the 348- and 351-
base ITD products that could not be resolved by PAGE.
Surprisingly, the 380- and 420-bp products also yielded a
mixture of the 348- and 351-bp products. Also surpris-
ingly, the 500-bp band-stab yielded a mixture of wild-
type and the 348- and 351-bp ITD products. From this
data it appears that the 380- and 420-bp bands on PAGE
may be because of heteroduplex formation between the
two different ITDs and the 500-bp band because of het-

Figure 3. Example of enrichment of a sample containing a small number of
FLT3 ITD mutant allele PCR products because of a low blast count in the
sample tested. A: CE pherogram; x axis represents size of the PCR product in
bases, y axis represents relative fluorescence intensity. Red peaks represent
internal size standard. Blue/black peaks are the FAM/NED-labeled products
of the ITD portion of the multiplexed assay. The large wild-type peak at 330
bases and small ITD mutant peak at 354 bases are indicated by black and red
arrows, respectively. B: PAGE of the same PCR product as in A. Lane 1 is a
50-bp marker. Lane 2 is the same sample analyzed by CE in A. The black
arrow indicates the 330-bp wild-type product, and the red arrow indicates
the 354-bp ITD mutant PCR product. C: CE electropherogram after band-stab
of the ITD mutant band and reamplification. Note that after band-stab and
reamplification, the FLT3 ITD mutant PCR products are dominant compared
to wild type.

Figure 4. Example of improved resolution of CE compared to PAGE. A: CE
pherogram of a sample positive for two different ITD mutations; x axis
represents size of the PCR product in bases, y axis represents relative
fluorescence intensity. Red peaks represent the internal size standard. The
wild-type peak at 330 bases (black arrow) and two ITD mutant peaks at 348
and 351 bases (red arrows) are indicated. Below, the electropherogram is
magnified to highlight the two different ITD mutations. B: PAGE of the same
PCR product as in A. Lane 1 is a 50-bp marker, lane 2 is a no template
control, lane 3 is a FLT3 wild-type control, lane 4 is a FLT3 ITD control, and
lane 5 is the same sample as run by CE in A. The black arrow indicates the
small amount of wild-type PCR product. The red arrow indicates the two
ITD bands at 348 and 351 identified by CE. The arrowheads identify bands
that are not detected by CE. These bands appear to be the result of hetero-
duplex formation between the two ITD products and between wild-type and
ITD PCR products (see text).
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eroduplex formation between the wild-type and ITD PCR
products in the nondenaturing PAGE.

Discussion

The reported FLT3 molecular diagnostic assay provides a
reliable and robust method to simultaneously detect the
two different types of FLT3 mutations currently known to
be of importance in the natural history of AML. Experi-
ence reveals the assay to function reliably for both routine
clinical testing and to be efficient enough to allow stat
clinical testing. The reported assay has allowed us to
achieve a 36-hour turnaround time from receipt of the
clinical blood or bone marrow sample to written report of
the diagnostic result. This format has facilitated rapid
eligibility determination and enrollment into a FLT3 inhib-
itor trial currently underway at our institution.

Several features of this assay make it convenient for
clinical diagnostic use. The multiplex PCR format of the
assay provides for the simultaneous detection of both
types of clinically relevant FLT3 mutations. We chose to
design the assay as a DNA-based PCR reaction rather
than a RNA-based assay to avoid assay variability often
associated with RNA instability. The D835 portion of the
assay is optimized for clinical use by the addition of an
EcoRV cut site engineered into the D835 reverse primer,
providing an internal quality control measure of the suc-
cess of the EcoRV restriction enzyme digestion. The ad-
dition of M13 sequence to both primers facilitates se-
quencing of D835-positive samples for mutation
confirmation and characterization. Our clinical reports
reflect the fact that any alteration of D835 or I836 yields a
positive result in this assay. One insertion mutation has
previously been reported that alters I836.7 Limited data
suggest this mutation also results in constitutive activa-
tion of the FLT3 receptor and may be of biological and
clinical importance.7

The ITD portion of this assay is clinically appealing
because of the use of fluorescently labeled forward and
reverse primers and the use of CE for separation of the
PCR products. Double-labeling the PCR products de-
creases the likelihood of false-positives, increasing the
specificity of the assay. Detection of PCR products by CE
allows for more accurate sizing of ITD mutations and the
ability to resolve multiple ITD bands of similar size that
cannot be resolved by PAGE. In addition, it appears that
heteroduplex formation between wild-type and ITD PCR
products can result in multiple bands on PAGE that are
not independent ITD mutations. Because the CE format
applied to this assay is denaturing, it detects only single-
stranded PCR products, and thus does not suffer from
this artifact. The significance of multiple ITD products is
unclear at this time, however accumulation of this data
may help establish the biological and clinical significance
of this finding.

The assay we describe has been optimized for use as
a qualitative diagnostic tool and is not optimal for quan-
titative assessment of minimum residual disease. Com-
pared to assays that measure translocations (Bcr-Abl,
PML-RAR�), the FLT3 assay has decreased sensitivity

because of competition between wild-type and mutant
FLT3 alleles. Without the use of mutation (patient)-specif-
ic primers, an adequately high level of assay sensitivity is
difficult to achieve in this testing situation. It is currently
unclear what role FLT3 mutation analysis will have as a
tool for minimum residual disease detection in AML.
Three groups have studied FLT3 mutations in paired
diagnostic and relapse samples.20–22 From these stud-
ies, it appears that a significant percentage of relapsed
patients will have acquired an ITD mutation that was not
detectable at diagnosis, or will have lost an ITD mutation
that was detected at diagnosis. Although the exact fre-
quency at which FLT3 mutation status is discrepant at
diagnosis and relapse is still unclear, it is clear that
molecular evolution may make minimum residual disease
detection difficult in a subset of AML patients.

Although it has been reported that the ratio of ITD
mutant peak height to the wild-type peak height provides
additional prognostic information,8 we currently do not
report this data. Clearly this ratio is highly dependent on
the percentage of neoplastic cells in the population
tested. In many clinical testing situations, this ratio may
simply reflect the ratio of the normal to neoplastic cells in
the mixture and therefore would have to be interpreted in
that context. We do however report the absence or near
absence of wild-type PCR products, indicating a FLT3
loss of heterozygosity event. It has been reported that
disease-free survival and overall survival are significantly
inferior for patients with FLT3 ITD mutations and loss of
heterozygosity of the wild-type allele (FLT3 �/�) com-
pared to patients with FLT3 wild-type (FLT3 �/�) or FLT3
ITD mutations without loss of heterozygosity (FLT3
�/�).23

Our experience has revealed a slightly higher rate of
ITD mutations in our validation study set (38%) than ex-
pected (20 to 30%) that is also higher than that seen in
our clinical experience with the assay (20%). This prob-
ably results from the use of banked samples in the vali-
dation study that are likely to have a collection bias
toward patients with high peripheral white blood cell
counts. FLT3 ITD mutations correlate with elevated white
blood cell counts, likely explaining this result and high-
lighting the need to accumulate FLT3 mutation data pro-
spectively. The FLT3 mutation rate in our clinical experi-
ence may be slightly lower than expected because of
testing samples with blast counts below the limit of de-
tection for this assay (10%).

The clinical identification of FLT3 mutations in a pro-
spective manner will yield important information about the
incidence and natural history of FLT3 mutations in AML.
In addition, identification of FLT3 mutations is likely to
become important for optimization of patient care. Be-
cause FLT3 ITD mutations portend a worse prognosis, it
has been proposed that patients testing positive for a
FLT3 mutation may benefit from aggressive up-front treat-
ment regimens such as an allogeneic bone marrow trans-
plantation. On-going clinical trials will determine whether
AML patients with FLT3 mutations will also benefit from
novel therapeutic strategies that target and inhibit FLT3
tyrosine kinase activity.
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