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D-HPLC analysis of the entire FLT3 gene in MLL rearranged and
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MLL rearranged and hyperdiploid acute lymphoblastic leukemia (ALL) are character-
ized by high-level FLT3 expression and constitutive FLT3 activation. As known activat-
ing FLT3 mutations are often absent in these patients, we screened the entire FLT3
coding sequence in MLL rearranged and hyperdiploid ALL cases for yet unidentified
additional genetic alterations using denaturing D-HPLC. Both in MLL rearranged and
hyperdiploid ALL we found that a small minority of samples, 7% and 10% respective-
ly, carried genetic alterations. Although some of these alterations may  induce FLT3
activation, the majority of these patients carry wild-type FLT3 genes. 
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ABSTRACT

Constitutively activated FLT3 as a con-
sequence of mutation has become a
hallmark of acute myeloid leukemia

(AML) and occurs in approximately 30% of
cases.1 Two well described types of activat-
ing FLT3 mutations are in-frame internal tan-
dem duplications (ITDs) within the jux-
tamembrane (JM) domain, and point muta-
tions or small deletions/insertions either
affecting codon D835 or I836 within the
tyrosine kinase domain (TKD). Both types of
mutation result in loss of the auto-inhibitory
activity of the receptor, giving rise to ligand-
independent FLT3 signaling, providing
leukemic cells with a growth advantage and
transforming capacity.1 These findings
prompted the development of small mole-
cule tyrosine kinase inhibitors to specifically
target leukemic cells that are dependent on
abnormal FLT3 activity. These FLT3
inhibitors (including PKC412, CEP-701,
SU5416) induce apoptosis in vitro in cells
expressing different types of activating FLT3
mutations. The therapeutic potential of
these inhibitors has been explored in phase
I/II clinical trials with promising results,2-4

and phase III studies for AML in adults are in
progress.5,6 In pediatric acute lymphoblastic
leukemia (ALL), the occurrence of activating
FLT3 mutations seems restricted to MLL
gene rearranged and hyperdiploid (>50 chro-
mosomes) cases. In these subtypes of ALL,
mutations in the TKD of the FLT3 gene

occur in a minority (3-21%) of cases,7-10

whereas FLT3/ITDs are rarely found.11

However, in the majority of both MLL
rearranged and hyperdiploid ALL, a mecha-
nism other than mutation appears to result
in constitutive FLT3 activation. We have
demonstrated along with others that high-
level FLT3 expression, which is characteristic
of MLL rearranged12 and hyperdiploid ALL,13

in the absence of ITDs and known TKD
mutations, is associated with FLT3 phospho-
rylation (activation) and sensitivity towards
FLT3 inhibitors.8,10

Until now, most studies have mainly
focused on activating ITDs and TKD muta-
tions in FLT3, and leukemic samples tested
negative for the presence of these mutations
are often considered to be wild-type.
However, reports on novel FLT3 mutations
also resulting in ligand-independent FLT3
signaling are slowly emerging.14-16 Therefore,
the occurrence of yet unidentified activating
FLT3 mutations may challenge the assump-
tion that constitutive activation of FLT3 as
observed in primary MLL rearranged and
hyperdiploid ALL is only a consequence of
wild-type FLT3 over-expression. We
screened the entire FLT3 coding sequence for
genetic abnormalities using Denaturing High
Performance Liquid Chromatography (D-
HPLC) and subsequent sequence analysis in
a large cohort of primary MLL rearranged
and hyperdiploid pediatric ALL samples. 



R.W. Stam et al. 

| 1566 | haematologica/the hematology journal | 2007; 92(11)

Design and Methods

Patient samples
Bone marrow and/or peripheral blood samples from

untreated infants (<1 year of age) with MLL rearranged
ALL were collected at diagnosis at the Erasmus MC –
Sophia Children’s Hospital (Rotterdam, The Netherlands)
and other hospitals participating in the INTERFANT-99
collaborative treatment protocol. Pediatric hyperdiploid
ALL samples were collected at the Erasmus MC – Sophia
Children’s Hospital. Within 24 hours after sampling,
mononuclear cells were isolated applying density gradient
centrifugation using Lymphoprep (Nycomed Pharma,
Oslo, Norway). All samples contained at least 90%
leukemic cells, as determined morphologically on May-
Grünwald-Giemase (Merck, Darmstadt, Germany)
stained cytospins. When necessary, contaminating non-
malignant cells were removed using immunomagnetic
beads as reviously described.10 Non-leukemic mononu-
clear cells were isolated from peripheral blood samples
obtained from healthy adult volunteers.  

RNA extraction and cDNA synthesis
Total cellular RNA was extracted from a minimum of

5x106 leukemic cells using TRIzol reagent (Gibco BRL, Life
Technologies) according to the manufacturer’s protocol.
The integrity of the extracted RNA was assessed on 1%
agarose gels and quantified spectrophotometrically at 260
and 280 nm. One µg of RNA was reverse transcribed into
single stranded cDNA as previously described.10

PCR amplification
With the exception of the first 34 nucleotides the entire

FLT3 coding sequence (NCBI accession number: U02687)
was amplified as 9 partially overlapping PCR products,
using primer combinations as listed in Table 1. All PCRs
were performed in a total reaction volume of 50 µL con-
taining 1x TaqGold buffer II (Applied Biosystems, Foster
City, CA, USA), 2 mM MgCl2, 200 µM of each dNTP
(Amersham Pharmacia Biotech.), 300 nM forward and
reverse primer, 1.25 U AmpliTaq Gold DNA polymerase
(Applied Biosystems) and 40 ng of cDNA as a template.
PCRs were initiated by a denaturation step at 95°C for 10
minutes, after 40 cycles of 15 seconds at 95°C and 1
minute at 60°C. 

Denaturing high performance liquid chromatography
(D-HPLC) analysis

PCR products were denatured at 95°C for 5 minutes and
slowly cooled down to 4°C to allow heteroduplex forma-
tion. Then, 10 µL aliquots of PCR product were injected
under temperature and acetonnitrile gradient conditions as
listed in Table 1, and analyzed for the presence of genetic
alterations by D-HPLC using the WAVETM-system 3500HT
(Transgenomic Inc., Omaha, NE, USA). Abnormal PCR
products were identified by examination of the WAVE
patterns using Navigator software (Transgenomic). PCR
products with divergent WAVE patterns were sequenced
at least two times. Sequence analysis was performed on a
3100 Genetic Analyser (Applied Biosystems) using the
BigDye Terminator v1.1 cycle sequencing protocol
(Applied Biosystems). For each PCR, several samples dis-

Table 1. Primer combinations and D-HPLC analysis conditions.

PCR Sequences† First nt§ Temp (ºC)# Acetonitrile gradient (%)*

PCR 1
Forward 5’-CGC TGC TCG TTG TTT TT-3’ 92 57 56.7 – 65.7
Reverse 5’-TTG GGT TTC TGT CAT TTT CA-3’ 468

PCR 2
Forward 5’-GCC CCA GGG AAC ATT T-3’ 346 57 58.8 – 67.8
Reverse 5’-AAG GGT TCC CCT ACT TTA AGA-3’ 860

PCR 3
Forward 5’-CAG GGG GAA AGC TGT AAA-3’ 661 56 59.2 – 68.2
Reverse 5’-GAA GGT CCA CGT ACA TCT GA-3’ 1212

PCR 4
Forward 5’-AAA GCA TCC CAG TCA ATC A-3’ 1056 56 57.4 – 66.4
Reverse 5’-TGG GAG ACT TGT CTG AAC AC-3’ 1474

PCR 5
Forward 5’-AAG CAT CGG CAA GTC AG-3’ 1388 58 58.3 – 67.3
Reverse 5’-TCC CAT TTG AGA TCA TAT TCA-3’ 1868

PCR 6
Forward 5’-ATG AAA GCC AGC TAC AGA TG-3’ 1772 56 58.1 – 67.1
Reverse 5’-GGG GTA AAA ACT GAA ATT GTG-3’ 2238

PCR 7
Forward 5’-GGG CGT GCA CAC TGT-3’ 2093 57 58.1 – 67.1
Reverse 5’-AGC CAA TCC AAA GTC ACA TA-3’ 2555

PCR 8
Forward 5’-AAG TCG TGT GTT CAC AGA GAC-3’ 2470 58 56.8 – 65.8
Reverse 5’-GGC CGT TTC CTT GAG TC-3’ 2858

PCR 9
Forward 5’-TTC CGG TTG ATG CTA ACT T-3’ 2732 57 57.5 – 66.5
Reverse 5’-TGA AGC AGC AGT TGA TAA TAG AT-3’ 3155

†All oligonucleotides were designed using the OLIGO 6.22 software (Molecular Biology Insights, Cascade, CA, USA); §the position of the first nucleotide (nt) given for
each primer is based on the complete coding sequence for FLT3 with NCBI accession number U02687; #temperatures used for D-HPLC analysis for indicated PCRs.
*% WAVE Optimised TEAA buffer B (Transgenomic) from time 0.5–5 minutes. 



playing WAVE patterns that were considered to be wild-
type were also sequenced to confirm the absence of genet-
ic variation associated with this pattern.  

Results and Discussion

Using 9 partially overlapping PCRs, we amplified the
coding sequence of the FLT3 gene in leukemic samples
from 45 MLL rearranged infant ALL patients and 30 pedi-
atric hyperdiploid ALL patients, as well as in mononuclear
cell samples from 23 healthy adults. All PCR products
were screened for the presence of genetic variations using
D-HPLC. A total of 8 different divergent D-HPLC patterns
was observed, all of which corresponded to genetic alter-
ations as determined by sequence analysis. One of the
genetic abnormalities was a known C→T single
nucleotide polymorphism (SNP) (NCBI: rs1933437). With
the exception of this SNP, none of these genetic variants
were observed in mononuclear cell samples from healthy
individuals.

MLL rearranged infant ALL
Within the MLL rearranged infant ALL group (n=45), 6

out of 45 (~13%) patients carried genetic alteration (Table
2). Three patients carried an A→G substitution at codon
L561, residing within the transmembrane (TM) domain.
This proved to be a synonymous variant that had been
described before.17 In the three remaining patients (~7%),
the alteration actually resulted in an amino acid change.
The first of these 3 patients carried an A→T change that
resulted in the substitution of the basic amino acid argi-
nine (R) for a polar (uncharged) serine (S) at codon 391
within the extracellular Ig-like domain of the FLT3 recep-
tor. The extracellular Ig-like domains of receptor tyrosine
kinases are responsible for ligand binding, and therefore a
conformational change as a result of this amino acid sub-
stitution may affect binding of FLT3 ligand (FLT3L) to its
receptor. For example, point mutations within the Ig-like
region of the fibroblast growth factor receptor 2 have been
reported to affect ligand binding specificity.18 Therefore,
point mutations within the extracellular region may also
influence ligand binding of FLT3, provided that these
mutations occur at critical amino acids. Nevertheless, it
seems unlikely that such mutations are involved in ligand-
independent FLT3 signaling.

The second MLL rearranged infant ALL patient carried a
G→A substitution, replacing valine (V) for isoleucine (I),
both of which are non-polar, hydrophobic amino acids, at
codon 557 within the TM domain (Table 2). The fact that
this alteration resides within the TM domain, suggests
that it may not affect domain that appeared critical in the
regulation of the FLT3 receptor. However, Akin et al.
recently described a patient diagnosed with mast cell dis-
ease as carrying a germ line F522C mutation within the
TM region of the Kit receptor protein, a class III receptor
tyrosine kinase family member of FLT3. Interestingly,
introducing c-kit carrying this mutation in Cos-7 cells

induced ligand-independent activation of Kit which could
be inhibited by imatinib mesylate.19 Similarly, although
extremely rare, an activating mutation within the TM
region of the non-tyrosine kinase granulocyte colony-
stimulating factor (G-CSF) receptor occurs in patients with
AML.20 Both of these examples suggest a significant role
for the TM domain in receptor activation. By contrast,
however, 3 described point mutations occurring in the TM
region of the fibroblast growth factor receptor 3 (FGF3),
another receptor tyrosine kinase, do not seem to influence
receptor activation directly, but induced increased sensitiv-
ity of FGF3 to its natural ligand.21 A third MLL rearranged
infant ALL patient was found to harbor a known FLT3
activating ∆836 mutation, which is a three base pair (CAT)
deletion affecting codon I836 within the activation loop of
the TKD.10, 22

Pediatric hyperdiploid ALL
Within the childhood hyperdiploid ALL group, 5 out of

30 (~17%) patients carried a genetic alteration (Table 3).
Two patients appeared to harbor the synonymous variant
also found in three MLL rearranged ALL cases (see above).
The remaining three patients (~10%) carried genetic alter-
ations that resulted in amino acid changes. Two of these
samples harbored single nucleotide substitutions, both
located within the juxtamembrane (JM) domain of FLT3.
One patient carried an A→T alteration resulting in the
substitution of basic amino acid lysine (K) for a non-polar
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Table 2. Novel and known FLT3 mutations identified in primary
MLL rearranged infant ALL samples.

Mutation Frequency* Exon Amino acid Location Described
change before

A→T 2% (1/45) 9 R391S Ig-like domain 4 No

G→A 2% (1/45) 13 V557I TM domain No

A→G 7% (3/45) 13 Synonymous TM domain Yes, in AML25

at codon L561

CAT del 2% (1/45) 20 ∆836 JM domain Yes, in 
MLL+ ALL7

*6/45 (∼13%) MLL rearranged infant ALL patients carried a mutation.
In 3/45 (∼7%) cases the mutation resulted in an  amino acid change.  

Table 3. Novel and known FLT3 mutations identified in primary
childhood hyperdiploid ALL samples.

Mutation Frequency* Exon Amino acid Location Described
change before

A→G 7% (2/30) 13 Synonymous TM domain Yes, in AML25

at codon L561

A→T 3% (1/30) 14 K567I JM domain No

T→A 3% (1/30) 14 V579Q JM domain No

Insertion 3% (1/30) 14 7 aa insert JM domain No
at D586 

*5/30 (∼17%) childhood hyperdiploid ALL patients carried a mutation.
In 3/30 (∼10%) cases the mutation resulted in an amino acid change.   
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(hydrophobic) isoleucine (I) at codon 567. In the second
patient, a T→A substitution was detected changing the
non-polar (hydrophobic) amino acid valine (V) into a polar
(uncharged) glutamine (Q) at codon 579 (Table 3). In a
third hyperdiploid ALL patient, a 7 amino acid insertion
was identified at codon 586 within the JM domain, in the
vicinity of the insertion site at which most activating
FLT3/ITDs have been identified. The JM domain is
believed to play an important role in the auto-inhibitory
activity of the receptor, and disruption of this domain by
ITDs for example, releases its repressive conformation
allowing ligand-independent activation.23 However,
whether the observed single amino acid substitutions, or
the seven amino acid insertion are sufficient to significant-
ly disrupt the JM domain must still be explored. 

In conclusion, some of the observed leukemia-specific
alterations which lead to actual amino acid changes may
potentially result in constitutive FLT3 activation.
Unfortunately, due to a lack of sufficient primary patient
samples, we were not able to evaluate the phosphoryla-
tion status of FLT3 in samples in which we identified these
genetic alterations. However, these alterations only
occurred in a small minority (~7-10%) of the cases stud-

ied. Considering that FLT3 is consistently highly expressed
in the majority of MLL rearranged and hyperdiploid ALL
cases, and that high-level FLT3 expression is associated
with FLT3 phosphorylation,8,10 these alterations do not
explain FLT3 phosphorylation in the majority of these
patients. We therefore conclude that constitutive FLT3
activation as a consequence of mutation occurs in a small
minority of MLL rearranged and childhood hyperdiploid
ALL patients, but that in the majority of these patients the
constitutively activated FLT3 signal is a consequence of
high-level expression of wild-type FLT3.

Authors’ contributions
RWS: conception and design, data acquisistion, analysis and

interpretation, drafting article; MLdB: data interpretation, and revis-
ing article for important intellectual content; PS: conception and
design, data acquisition and analysis, revising article; MM: data
analysis and interpretation, revising article; HBB: revising article for
important intellectual content and data acquisition; RB: revising arti-
cle for important intellectual content, and final approval of the version
to be published.

Conflicts of Interest
The authors reported no potential conflicts of interest.

References
1. Gilliland DG, Griffin JD. The roles of

FLT3 in hematopoiesis and leukemia.
Blood 2002; 100:1532-42.

2. Stone RM, De Angelo DJ, Klimek V,
Galinsky I, Estey E, Nimer SD, et al.
Patients with acute myeloid leukemia
and an activating mutation in FLT3
respond to a small-molecule FLT3 tyro-
sine kinase inhibitor, PKC412. Blood
2005;105:54-60.

3. Smith BD, Levis M, Beran M, Giles F,
Kantarjian H, Berg K, et al. Single-agent
CEP-701, a novel FLT3 inhibitor, shows
biologic and clinical activity in patients
with relapsed or refractory acute
myeloid leukemia. Blood 2004;103:3669-
76.

4. O’Farrell AM, Yuen HA, Smolich B,
Hannah AL, Louie SG, Hong W, et al.
Effects of SU5416, a small molecule tyro-
sine kinase receptor inhibitor, on FLT3
expression and phosphorylation in
patients with refractory acute myeloid
leukemia. Leuk Res 2004;28:679-89.

5. Stone RM, Fischer T, Paquette R, Schiller
G, Schiffer CA, Ehninger G, et al. Phase
IB study of PKC412, an oral FLT3
inhibitor, in sequential and simultaneous
combinations with daunorubicin and
cytarabine (DA) induction and high-dose
cytarabine consolidation in newly diag-
nosed adult patients (pts) with acute
myeloid leukemia (AML) under age 61.
In: American Society of Hematology
(ASH) conference; 2006; Orlando,
Florida, USA; 2006. Abstract #157.

6. Heidel F, Mirea FK, Breitenbuecher F,
Dove S, Huber C, Bohmer FD, et al.
Bis(1H-indol-2yl)methasones are effec-
tive inhibitors of mutated FLT3 tyrosine
kinase, overcome resistance to PKC412A
in  vitro and show synergy with chemo-
therapy. In: American Society of
Hematology (ASH) conference; 2006;
Orlando, Florida, USA; 2006. Abstract
#1369.

7. Taketani T, Taki T, Sugita K, Furuichi Y,
Ishii E, Hanada R, et al. FLT3 mutations

in the activation loop of tyrosine kinase
domain are frequently found in infant
ALL with MLL rearrangements and pedi-
atric ALL with hyperdiploidy. Blood
2004;103:1085-8.

8. Brown P, Levis M, Shurtleff S, Campana
D, Downing J, Small D. FLT3 inhibition
selectively kills childhood acute lym-
phoblastic leukemia cells with high levels
of FLT3 expression. Blood 2005;105:812-
20.

9. Armstrong SA, Mabon ME, Silverman
LB, Li A, Gribben JG, Fox EA, et al. FLT3
mutations in childhood acute lym-
phoblastic leukemia. Blood 2004;103:
3544-6.

10. Stam RW, den Boer ML, Schneider P,
Nollau P, Horstmann M, Beverloo HB, et
al. Targeting FLT3 in primary MLL-gene-
rearranged infant acute lymphoblastic
leukemia. Blood 2005;106:2484-90.

11. Xu F, Taki T, Eguchi M, Kamada N, Ishii
E, Endo M, et al. Tandem duplication of
the FLT3 gene is infrequent in infant
acute leukemia. Japan Infant Leukemia
Study Group. Leukemia 2000;14:945-7.

12. Armstrong SA, Staunton JE, Silverman
LB, Pieters R, den Boer ML, Minden MD,
et al. MLL translocations specify a dis-
tinct gene expression profile that distin-
guishes a unique leukemia. Nat Genet
2002;30:41-7.

13. Yeoh EJ, Ross ME, Shurtleff SA, Williams
WK, Patel D, Mahfouz R, et al. Class-
ification, subtype discovery, and predic-
tion of outcome in pediatric acute lym-
phoblastic leukemia by gene expression
profiling. Cancer Cell 2002;1:133-43.

14. Jiang J, Paez JG, Lee JC, Bo R, Stone RM,
De Angelo DJ, et al. Identifying and char-
acterizing a novel activating mutation of
the FLT3 tyrosine kinase in AML. Blood
2004;104:1855-8.

15. Kindler T, Breitenbuecher F, Kasper S,
Estey E, Giles F, Feldman E, et al.
Identification of a novel activating muta-
tion (Y842C) within the activation loop
of FLT3 in patients with acute myeloid
leukemia (AML). Blood 2005;105:335-40.

16. Schittenhelm MM, Yee KW, Tyner JW,
McGreevey L, Haley AD, Town A, et al.

FLT3 K663Q is a novel AML-associated
oncogenic kinase: determination of bio-
chemical properties and sensitivity to
Sunitinib (SU11248). Leukemia 2006;20:
2008-14.

17. Bianchini M, Ottaviani E, Grafone T,
Giannini B, Soverini S, Terragna C, et al.
Rapid detection of Flt3 mutations in
acute myeloid leukemia patients by
denaturing HPLC. Clin Chem 2003;49:
1642-50.

18. Yu K, Herr AB, Waksman G, Ornitz DM.
Loss of fibroblast growth factor receptor
2 ligand-binding specificity in Apert syn-
drome. Proc Natl Acad Sci USA 2000;
97:14536-41.

19. Akin C, Fumo G, Yavuz AS, Lipsky PE,
Neckers L, Metcalfe DD. A novel form of
mastocytosis associated with a trans-
membrane c-kit mutation and response
to imatinib. Blood 2004;103:3222-5.

20. Forbes LV, Gale RE, Pizzey A, Pouwels K,
Nathwani A, Linch DC. An activating
mutation in the transmembrane domain
of the granulocyte colony-stimulating
factor receptor in patients with acute
myeloid leukemia. Oncogene 2002;21:
5981-9.

21. Raffioni S, Zhu YZ, Bradshaw RA,
Thompson LM. Effect of transmembrane
and kinase domain mutations on fibrob-
last growth factor receptor 3 chimera sig-
naling in PC12 cells. A model for the con-
trol of receptor tyrosine kinase activa-
tion. J Biol Chem 1998;273:35250-9.

22. Armstrong SA, Kung AL, Mabon ME,
Silverman LB, Stam RW, Den Boer ML, et
al. Inhibition of FLT3 in MLL. Validation
of a therapeutic target identified by gene
expression based classification. Cancer
Cell 2003; 3:173-83.

23. Griffith J, Black J, Faerman C, Swenson L,
Wynn M, Lu F, et al. The structural basis
for autoinhibition of FLT3 by the jux-
tamembrane domain. Mol Cell 2004;13:
169-78.

24. Rosnet O, Marchetto S, deLapeyriere O,
Birnbaum D. Murine Flt3, a gene encod-
ing a novel tyrosine kinase receptor of
the PDGFR/CSF1R family. Oncogene
1991; 6:1641-50. 




