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Abstract

Background: Acute myeloid leukemia (AML) is a malignant hematological neoplasm of myeloid progenitor cells.
Mutations of FLT3 in its tyrosine kinase domain (FLT3-TKD) are found in ~ 8% of patients with AML, with D835Y as
the most common substitution. This mutation activates survival signals that drives the disease and is resistant to
the first generation FLT3 inhibitors. Development of a highly sensitive method to detect FLT3D835Y is important to
direct therapeutic options, predict prognosis, and monitor minimal residual disease in patients with AML.

Methods and results: In the present study, we developed a highly sensitive FLT3D835Y detection method by
using the restriction fragment nested allele-specific PCR technique. The method consists of three steps: 1) initial
amplification of DNA samples with PCR primers surrounding the FLT3D835Y mutation site, 2) digestion of the PCR
products with restriction enzyme EcoRV that only cleaves the wild type allele, and 3) detection of FLT3D835Y by
allele-specific PCR with nested primers. We were able to detect FLT3D835Y with a sensitivity of 0.001% by using
purified plasmid DNAs and blood cell DNAs containing known proportions of FLT3D835Y. We analyzed blood cell
DNA samples from 64 patients with AML and found six FLT3D835Y-positive cases, two of which could not be
detected by conventional DNA sequencing methods. Importantly, the method was able to detect FLT3D835Y in a
sample collected from a relapsed patient while the patient was in complete remission with negative MRD
determined by flow cytometry. Therefore, our RFN-AS-PCR detected MRD after treatment that was missed by flow
cytometry and Sanger DNA sequencing, by conventional methods.

Conclusions: We have developed a simple and highly sensitive method that will allow for detection of FLT3D835Y
at a very low level. This method may have major clinical implications for treatment of AML.
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Background
Acute myeloid leukemia (AML) is the most frequent form
of leukemia in adults, representing approximately one
third of all leukemia cases in the United States [1–3]. It is

featured by the presence of myeloblasts in marrow and/or
peripheral blood that impair normal hematopoiesis [4–6].
Although significant progress has been made in treatment
of patients with a favorable prognosis [7–10], the overall
survival of the disease remains poor [11].
To date, several molecular lesions have been identified

in patients with AML [12–14]. Among them, FMS-like
tyrosine kinase 3 (FLT3) is one of the most frequently mu-
tated genes, found in around one-third of patients [9, 15,
16]. FLT3 is a receptor tyrosine kinase that has a crucial
role in the development of hematopoietic progenitor cells.
Gain-of-function mutations of FLT3 include internal
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tandem duplication (FLT3-ITD) and point mutations in
the kinase domain (FLT3-TKD), each of which could lead
to over-activated signals for proliferation and survival of
leukemia cells [2, 17]. Studies have validated that both
FLT3-ITD and FLT3D835Y are driver mutations in AML
that cause myeloid neoplasms in murine models [18, 19],
FLT3-ITD occurs in about 25% of AML patients and rep-
resents an unfavorable prognosis unless nucleophosmin 1
(NPM1) mutations are present [20, 21]. FLT3-TKD
mainly includes the FLT3D835Y substitution and is found
in ~ 7% of patients with AML [20, 21], FLT3 mutations
could serve as important diagnostic and prognostic
markers for AML. Elimination of cells carrying mutant
FLT3 could be used to evaluate the clinical response and
minimal residual disease (MRD) of patients during treat-
ment. To date, several methods to detect FLT3-ITD have
been developed [22], but convenient and sensitive
methods to detect FLT3-TKD are still needed.
Current methods for FLT3-TKD genotyping include

Sanger sequencing, restriction enzyme fragmentation, next
generation sequencing, real-time polymerase chain reaction
(real-time PCR), and denaturing high performance liquid
chromatography [19, 23–26]. These methods have reported
sensitivities ranging from 0.3 to 5%, and each has its own
advantages and pitfalls. Some are not sensitive enough to
detect MRD while others are sensitive but give nonspecific
false positives. Also, some of these methods are labor-
intensive and time-consuming, and they may require spe-
cialized or costly equipment and reagents [19, 25]. A more
reliable and more sensitive method is still needed for the
detection of mutant FLT3. In the present study, we devel-
oped a simple and highly sensitive method to detect
FLT3D835Y based on the restriction fragment nested
allele-specific PCR (RFN-AS-PCR) technique.

Methods
Sample collection and DNA extraction
Blood samples were collected from the clinical labora-
tory of the Seventh Affiliated Hospital of Sun Yat-sen
University under an approved Institutional Review Board
protocol. Genomic DNAs were purified by using the
TaKaRa MiniBEST Universal Genomic DNA Extraction
Kit Ver.5.0 (TaKaRa, Shiga, Japan). For each PCR reac-
tion described below, around 1 μg total DNA was used.

FLT3 and FLT3D835Y plasmid DNA standards
An 856-bp DNA fragment covering the D835 region of
FLT3 was amplified from genomic DNA with primers F1_5
(5′- AGAAGCCGCACAAAGAAC) and F1_3 (5′ - CACC
CAGCCAATTCACTC) and then cloned into the pGem-T
vector (Promega, WI, USA). Plasmid DNAs were purified
from E. coli cells by using the TaKaRa MiniBEST Plasmid
Purification Kit Ver.4.0 (TaKaRa, Shiga, Japan). The plas-
mid containing FLT3D835Y was generated by PCR using

Q5® Site-Directed Mutagenesis Kit (NEB, MA, USA) with
primers 5′ - ATTGGCTCGAtATATCATGAGTG and 5′
– CCAAAGTCACATATCTTCAC. Purified FLT3 and
FLT3D835Y plasmid DNAs were sequencing verified and
mixed at different proportions and diluted to 20 μg/ml, and
1 μl of the DNA sample mixtures were used for PCR ana-
lysis described below. DNA concentrations were deter-
mined by measuring absorbance at 260 nm.

Initial PCR, EcoRV restriction enzyme digestion, and
nested AS-PCR
The method of RFN-AS-PCR was described previously
[27]. A schematic illustration is provided in Fig. 1a. In brief,
isolated plasmid or blood cell DNAs were used as a tem-
plate for initial PCR with primers F1_5 and F1_3. The PCR
was run with Taq DNA polymerase for 35 cycles with each
cycle consisting of 95 °C for 30 s, 60 °C for 30 s, and 72 °C
for 1min. The PCR products were then digested in a 10 μl
reaction mixture containing 1 μl PCR products and 0.4 unit
of EcoRV (NEB) at 37 °C for 1 h. The digested PCR prod-
ucts were further subjected to AS-PCR with nested primers
F1_5n (5′ - GCACTCCAGGATAATACAC) and F1_3n
(5′ - AGCCCAAGGACAGATGTGATG) and allele spe-
cific primers F1_mut (5′ - ATATGTGACTTTGGATTG
GCTCTAT) and F1_wt (5′ - CATAGTTGGAATCACT
CATGATCTC). The PCR was run for 35 cycles with each
cycle consisting of 95 °C for 30 s, 55 °C for 30 s, and 72 °C
for 30 s. The final PCR products were resolved on 3% agar-
ose and visualized with SYBR green (Thermo Fisher Scien-
tific, USA) staining. To ensure no cross-contamination
occurred, control experiments with water replacing DNA
samples were routinely performed and filter tips were used
throughout. For sequencing verification, PCR products
were gel-purified with TaKaRa MiniBEST Agarose Gel
DNA Extraction Kit Ver.4.0 (TaKaRa, Shiga, Japan) and
then analyzed by using an ABI3730 capillary sequencer
(Genewiz, Suzhou, China). Each of the above experiments
was repeated at least three times with consistent results.

Detection of MRD with flow cytometry
Bone marrow samples from patient No.11 during the re-
mission and relapse stages were analyzed by KingMed
Diagnostics (Guangzhou, China).

Results
Development of restriction fragment nested allele-specific
PCR (RFN-AS-PCR) for detection of FLT3D835Y
The FLT3D835Y mutation corresponds to c.2503G >T in
DNA and disrupts an EcoRV restriction site (GATATC to
TATATC). This provides a convenient way for detection of
FLT3D835Y using the so-called restriction fragment length
polymorphism technique that has a sensitivity of around
1%. On the other hand, allele-specific PCR is another com-
monly used method for detection of DNA point mutations
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with a sensitivity of around 1%. To enhance the sensitivity
and specificity, we developed the method by combining re-
striction fragment length polymorphism with allele-specific
PCR, and designated the method restriction fragment
nested allele-specific PCR (RFN-AS-PCR). A schematic dia-
gram of the procedure is illustrated in Fig. 1a. We first
employed purified plasmid FLT3 and FLT3D835Y DNAs

to determine the sensitivity of the method. The standards
were created using a mixture of the two purified plas-
mid DNAs. Our data demonstrated that nested AS-
PCR without EcoRV digestion had a sensitivity of 1%
(Fig. 1b). With the EcoRV digestion step introduced,
the RFN-AS-PCR technique increased the detection
limit to 0.001% (Fig. 1c).

Fig. 1 Development of RFN-AS-PCR for detection of FLT3D835Y. a. Schematic illustration of the RFN-AS-PCR method. b and c The sensitivities of
nested AS-PCR and RFN-AS-PCR methods were determined by using purified plasmid DNAs. Mixtures of FLT3 plasmid DNAs containing the
indicated percentages of the FLT3D835Y mutant were amplified with primers F1_5 and F1_3. The PCR products were left undigested (b) or
digested with restriction enzyme EcoRV (c) and then subjected to nested AS-PCR analyses with a primer mixture containing F1_5n, F1_3n,
F1_mut, and F1_wt. The final PCR products were analyzed on 3% agarose gel, and DNA bands were visualized by staining with SYBR green. The
positions of wild type FLT3- and mutant FLT3D835Y-specfic products are indicated. The higher molecular weight bands shared by both wild type
FLT3 and mutant FLT3D835Y are products of primer pairs F1_5n/F1_3n (403 bp), F1_5/F1_3, F1_5n/F1_3, and/or F1_5/F1_3n
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Validation of the RFN-AS-PCR method using AML patient
samples
We further validated the method by using a
FLT3D835Y-positive AML patient blood DNA sam-
ple identified by our RFN-AS-PCR method (Fig. 2a).
Sanger sequencing revealed that this particular

sample (AML11) had a mutation rate of around 50%
(Fig. 2b). We then mixed in various proportions of
this FLT3D835Y-positive DNA sample and a FLT3-
wild type blood DNA sample to create standards of
genomic DNAs. A total of 1 μg of the DNA mixtures
was used for the initial PCR, followed by nested AS-

Fig. 2 Validation of the RFN-AS-PCR method by using mixtures of DNA samples from FLT3D835Y mutant and wild type AML blood samples. a
Screening of 13 AML blood samples by using RFN-AS-PCR identified AML11 as a FLT3D835Y-positive case. b Verification of FLT3D835Y positivity
in AML11 by Sanger sequencing. c and d Blood cell DNAs from AML11 and a patient with wild type FLT3 were mixed in the indicated
proportions. AS-PCR was performed without EcoRV digestion (panel c) or with EcoRV digestion (panel d). Note that the EcoRV digestion increased
the detection sensitivity from 1 to 0.001%
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PCR with or without prior EcoRV digestion. Consist-
ent with results obtained using standard plasmid
DNA samples described above, nested AS-PCR alone
was able to detect mixtures containing 1% of
FLT3D835Y (Fig. 2c), while with the EcoRV diges-
tion step, RFN-AS-PCR increased the detection sen-
sitivity to 0.001% (Fig. 2d).

Screening of AML samples for FLT3D835Y by RFN-AS-PCR
We then applied the RFN-AS-PCR method to screen
AML patients for FLT3D835Y positivity. Out of 64 sam-
ples collected from a cohort of 64 AML patients (see
Figs. 2a, 3a, and 4a), we found 6 FLT3D835Y-positive
cases, corresponding to a 9.4% rate, which is higher than
the reported rate of all FLT3-TKD mutations in patients

Fig. 3 Screening of AML samples for identification of FLT3D835Y by using RFN-AS-PCR. a Detection of FLT3D835Y in 40 patients with AML by
RFN-AS-PCR. b Failure of Sanger sequencing to detect FLT3D835Y in AML24 and AML45
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with AML of 3.8 to 7.7% [28–30]. Figure 3a shows data
from 36 of these samples. The relative low sample size
may contribute to this high mutation rate. However, we
found two of the positive samples had a low level of mu-
tation that was not detectable with Sanger sequencing
(Fig. 3b). This partly explains the high percentage of
samples with the FLT3D835Y mutation rate observed in
this study. It should be pointed out that this a low level
of FLT3D835Y may not be the primary cause of the
AML phenotypes for patients when the samples were
collected. It probably co-exists with other mutations
(e.g., FLT3-ITD) and may be responsible for relapse and
progression of the disease to some degree. This poten-
tially explains why some FLT3-ITD-positive patients
treated with the first-generation FLT3 inhibitors often
relapse with appearance of FLT3D535Y.

Detection of MRD by RFN-AS-PCR in an FLT3D835Y-
positive AML patient in complete remission
We further applied the RFN-AS-PCR method to analyze
DNA samples collected from a 69-year-old AML patient
before and after treatment. The patient was determined to
have the FLT3D835Y mutation by Sanger DNA sequen-
cing of blood DNA samples (Fig. 4). After treatment with
decitabine plus homoharringtonine, cytarabine, and G-

CSF, complete remission was achieved with negative
MRD determined by flow cytometry analysis and DNA se-
quencing. Unfortunately, the disease relapsed 2 weeks
later with 18.4% myeloblasts in bone marrow cells and
positive Sanger DNA sequencing results. However, when
blood DNA samples were analyzed by using the RFN-AS-
PCR method, FLT3D835Y was found in all samples in-
cluding the one at remission despite a relatively weak sig-
nal. Our RFN-AS-PCR detected MRD after treatment that
was missed by flow cytometry and Sanger DNA sequen-
cing. Therefore, the RFN-AS-PCR method should be a
more reliable method to detect MRD for FLT3D835Y-
positive AML patients.

Discussion
In the present study, we developed a highly sensitive RFN-
AS-PCR method to detect FLT3D835Y by combining re-
striction enzyme digestion and AS-PCR. The method is
simple, quick, and inexpensive, and it does not require
specialized equipment and reagents. Our data show that
the method has a sensitivity of up to 0.001% and is able to
detect FLT3D835Y in samples that are not detectable with
other conventional methods. With the RFN-AS-PCR
method, we found that 9.4% (6/64) of AML were
FLT3D835Y-positive, which is higher than the reported

Fig. 4 Detection of MRD by RFN-AS-PCR in an AML patient with FLT3D835Y. Blood DNA samples from an AML patient at initial diagnosis
(AML11–1), in remission after treatment (AML11–2), and after relapse (AML11–3) were analyzed for FLT3D835Y using Sanger sequencing (a) and
RFN-AS-PCR (b). Note that AML11–2 is FLT3D835Y-positive based on RFN-AS-PCR but negative according to Sanger sequencing. Ten additional
FLT3D835Y-negative AML samples were analyzed in parallel
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3.8 to 7.7% rate for all combined FLT3-TKD mutations in
AML [28]. The data suggest that FLT3D835Y is more
common than previously thought.
Both FLT3-TKD and FLT3-ITD are gain-of-function of

mutations that cause constitutive activation of FLT3 sig-
naling. However, their activation mechanisms differ and
so do their responses to FLT3 inhibitors [17]. In fact, sev-
eral FLT3 inhibitors including sorafenib and quizartinib
potently inhibit FLT3-ITD but are not effective toward
FLT3-TKD [31]. Consequently, FLT3-TKD-positive AML
patients are resistant to treatment with sorafenib and
quizartinib. Furthermore, many FLT3-ITD-positive AML
patients relapse with the appearance of FLT3-TKD muta-
tions after initial response to FLT3 inhibitor treatment. A
plausible explanation for this is that FLT3-TKD mutations
co-exist with FLT3-ITD at a very low level and become
prevalent after FLT3-ITD-positive leukemic cells are
killed. The two AML cases with very low level of
FLT3D835Y identified in this study may belong to this
scenario. Therefore, the presence of FLT3D835Y should
be used to guide treatment plans for patients with AML.
Detection of MRD has major implications for recom-

mending therapies and predicting outcomes in the treat-
ment of AML [32]. Current methods for assessing MRD
include multicolor flow-cytometry (MFC), real-time PCR,
and next-generation sequencing (NGS) [33]. Although
NGS is capable of detecting multiple molecular lesions with
the sensitivity level of around 1%, it is considered labor-
intensive with a longer turnaround time compared with
other methods [34]. The detection of residual leukemic
cells by MFC relies on the detection of antigens that are ab-
sent or rare in normal bone marrow cells. It is fast and
cost-effective, but immunophenotypes of leukemic cells
could change during the treatment, which potentially con-
tributes to inaccuracy of the method [35]. Currently, the oc-
currence of relapse in AML patients with negative MRD
ranges roughly between 20 and 25%, reflecting a major
problem with the sensitivity and accuracy of currently avail-
able MRD detection techniques [33]. Our RFN-AS-PCR for
FLT3D835Y has the sensitivity of 0.001% that by far outper-
forms the existing methods. In this regard, our study pro-
vides a powerful tool to detect FLT3D835Y to support
diagnosis, therapeutics, and MRD-monitoring for patients
with AML.

Conclusions
We have developed a simple and highly sensitive method
that will allow for detection of FLT3D835Y at a very low
level. This method may have major clinical implications
for diagnosis and treatment of AML.
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