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FLT3 overexpression is a recurrent event in various acute leukaemia subtypes. This transcriptional deregulation
is important to define the prognostic risk for many patients. Of note, the molecular mechanisms leading to this

FLT3 gene upregulation are unknown for a substantial number of cases. In this Mini-Review, we highlight the role of

Molecular mechanisms
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FLT3 overexpression in acute leukaemia and discuss emerging mechanisms accounting for this upregulation. The
benefits of using targeted therapy are also addressed in the overexpression context, posing other therapeutic
possibilities based on state-of-the-art knowledge that could be considered for future research.

1. Introduction

Recent studies involving omics sciences have been successful into
describing alterations in single genes or networks leading to benefits in
diagnosis and treatment of patients with cancer. A noteworthy example
is FMS-like tyrosine kinase 3 (FLT3) gene overexpression that is a re-
current event in several acute leukaemia subtypes. Remarkably, the
presence or absence of this transcriptional aberration is important to
define the high prognostic risk as well as to provide the best choice of
treatment strategy for many patients [1-4].

FLT3 gene is located on chromosome 13q12.2 and consists of 24
exons spanning 96 kb. This gene encodes a transmembrane ligand-ac-
tivated receptor tyrosine kinase (RTK) of 993 amino acids that belongs
to the class III RTK family which also includes platelet-derived growth
factor receptor, macrophage colony-stimulating factor receptor and
stem cell factor receptor (aka c-KIT). FLT3 plays a crucial role in early
haematopoiesis and is expressed on CD34-positive haematopoietic stem
cells, multipotential myeloid and B-lymphoid progenitor cells and
monocytic cells. FLT3 receptor comprises five extracellular, a trans-
membrane (TMD), a juxtamembrane (JMD) and two cytoplasmic

tyrosine kinase (TKD) domains. Binding of FLT3 ligand leads to the
receptor homodimerization, resulting in downstream TKD phosphor-
ylation and other mediators. Ultimately, this signalling cascade culmi-
nates in cell growth and inhibition of apoptosis [5].

FLT3 protein is commonly overexpressed in blast cells from patients
diagnosed with acute myeloid leukaemia (AML) and B-cell precursor
acute lymphoblastic leukaemia (B-ALL). Studies have reported that this
event occurs due to the presence of FLT3 gain-of-function (GOF) mu-
tations, however, a significant number of leukaemic cases lacking FLT3
GOF mutations have a higher FLT3 expression level compared to
normal bone marrow samples. It has been already demonstrated that
FLT3 overexpression is associated with autophosphorylation and an
unfavourable prognosis in acute leukaemias [5,6]. For FLT3-related
leukaemias, it is central to discuss the clonal architecture of the disease,
once it has already been shown that FLT3 GOF mutations are usually
subclonal to putative founder mutations in AML, highlighting the pre-
sence of an underlying clonal heterogeneity in these leukaemias [7,8].
In case of FLT3 overexpression, it is difficult to infer how the clonal
variegation of this event would impact in the natural history of this
disease.
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In this Mini-Review, we will address the recent scenario of FLT3
gene in the leukaemic context, highlighting known and emerging me-
chanisms of FLT3 overexpression. Furthermore, we will discuss the
current and potential therapeutic options and the results obtained with
recent clinical trials.

2. FLT3 recurrent alterations
2.1. Internal tandem duplication

In acute leukaemia, the most common type of FLT3 GOF mutation is
an internal tandem duplication (FLT3-ITD) of the intracellular JMD.
This elongated FLT3 receptor loses the capacity of auto-inhibition, a
function of the wild-type FLT3 receptor that ensures the TKD will not be
activated without ligand binding. This mutation leads to constitutive
autophosphorylation and, consequently, activation of PI3K/AKT, RAS/
ERK and STATS5 pathways [1].

The frequency of FLT3-ITD varies depending on the acute leukaemia
subtype. Herein, we have also used online databases to determine the
frequencies of alterations affecting FLT3 in different leukaemic sub-
groups, i.e. Therapeutically Applicable Research to Generate Effective
Treatment (TARGET; https://ocg.cancer.gov/programs/target/acute-
lymphoblastic-leukemia) and The Cancer Genome Atlas (TCGA) avail-
able at http://www.cbioportal.org [9,10] (Fig. 1A). In AML, FLT3-ITD
occurs in 12-20% of cases [6,11,12] (Fig. 1B and C). On the other hand,
this mutation is less frequent in ALL [6] (Fig. 1D and E). Based on
TARGET data, FLT3-ITD is observed only in T-cell ALL (T-ALL) corre-
sponding to 2.9% of ALL cases (Fig. 1E). In the literature, FLT3-ITD has
already been described in 2-4% of T-ALL cases. Of note, FLT3 is more
frequently altered in a particular T-ALL subtype known as early T-cell
precursor ALL (ETP-ALL), i.e. FLT3-ITD occurs in 12-21% of ETP-ALL
patients [2,13] (Fig. 1E).

2.2. Point mutations

Point mutations are also recurrent alterations in FLT3 and they
commonly occur in the TKD (FLT3-TKD). Alterations in the TKD of FLT3
receptor result in its ligand-independent phosphorylation due to the
constitutive opening of the activation loop which then accommodates
ATP allowing downstream protein binding. Similarly to FLT3-ITD,
FLT3-TKD leads to cell proliferation due to activation of PI3K/AKT and
RAS/ERK pathways, however, it does not result in STAT5 phosphor-
ylation [5]. The most frequent mutations in TKD affects the codon 835
for an aspartate (D835) or the 836 for an isoleucine (I836) residue.

FLT3-TKD occurs in 3-9% of AML cases, with a remarkably higher
frequency (14-16%) in those with KMT2A rearranged (KMT2A-r, aka
MLL-1r) [6,11,12] (Fig. 1B and C). In B-ALL, FLT3-TKD frequency was
found in < 5% of patients in different series of cases [14] (Fig. 1D).
However, there are two specific ALL subgroups in which FLT3-TKD is
more common: ETP-ALL and KMT2A-r cases. In ETP-ALL, FLT3-TKD
frequency varies greatly according to age groups: in adults 25% and in
children 5% [13]. Focusing in KMT2A-r ALL, FLT3-TKD is mostly re-
ported in infant cases, accounting for 12% of them [15]. Due to the
small number of ETP-ALL and KMT2A-r ALL cases in the TARGET da-
tabase, it was not possible to identify these frequencies in children and
adults.

FLT3-JMD and FLT3-TMD are another class of GOF point mutations
which were recently described [16]. FLT3-JMD have been found in
paediatric cases, corresponding to 1.4% in AML, 2.1% in KMT2A-r AML
and 2.4% in B-ALL patients (Fig. 1C and D).

3. FLT3 overexpression and acute leukaemia
FLT3 expression is significantly higher in leukaemia when compared

to other types of cancer [1] and since the 90's high levels of this gene
have already been reported in AML and ALL cases. Thus, over the years,
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FLT3 overexpression has been described as a recurrent event in acute
leukaemia characterised by higher levels of FLT3 expression in these
patients when compared with normal bone marrow samples (CD34-
positive haematopoietic stem cells) or defined by median and mean
measures as cut-off point (Fig. 2). The recent findings related to this
alteration will be further detailed in the following topics.

3.1. Acute myeloid leukaemia

FLT3 is significantly upregulated in a high proportion of AML cases
when those are compared to normal haematopoietic cells [17]. In ad-
dition, this event seems to be associated with KMT2A- and NMP1-like
signatures [1]. Although it is possible to identify these upregulated
cases (Fig. 2A and B), only those expressing extremely high transcript
levels of FLT3 present phosphorylation of the protein [17]. Studies have
shown that the membrane expression level of FLT3 receptor is not
correlated with the transcript level, however, analysis using the total
cellular protein level in leukaemic cells demonstrated proportional gene
expression levels [11,17]. Thus, as an alternative process of activation,
the significant increase of FLT3 on the cell surface, due to FLT3 over-
expression, might facilitate ligand-independent dimerization and, con-
sequently, activation of the receptor. Other possible mechanism is that
FLT3 overexpression can induce the expression of FLT3 ligand leading
to phosphorylation of the receptor by an autocrine mechanism [5,17].

Recent overall survival (OS) analyses of AML patients with normal
karyotype have shown that those with high FLT3 expression (top half
above median) have poorer OS when compared to patients with low
expression [1]. Similarly, FLT3 overexpression among FLT3-ITD-nega-
tive patients (> 200,000 copies/ugRNA) was associated with an un-
favourable prognosis in young and adult AML cases by univariate and
multivariate OS analysis [17]. Although Tarlock K et al. have not ob-
served difference in the OS in paediatric AML cases according to FLT3
status, they demonstrated that low transcript expression was associated
with a superior 3-year event-free survival compared to high transcript
expression (fourth quartile) [11].

3.2. Acute lymphoblastic leukaemia

FLT3 abnormalities that lead to this gene overexpression have been
described in ALL in few recent studies [18-21] (Fig. 2C and D). Despite
the paucity of available data in ALL, FLT3 overexpression has been
identified in particular high-risk subgroups of B-ALL and T-ALL cases,
i.e. KMT2A-r and ETP-ALL [2-4]. Although it has already been de-
monstrated that elevated expression of FLT3 is associated with a poorer
outcome in B-ALL cases [22,23], further studies should be performed to
establish the prognostic role of FLT3 overexpression in ALL.

3.3. KMT2A-rearranged leukaemia

KMT2A-r occurs in 10% of all acute leukaemias regardless the age
group and are frequent in infant ALL (iALL, <12 months of age, ~80%)
and in a much broader age range of AML patients [24]. KMT2A-r leu-
kaemias present a specific gene expression profile, with FLT3 being one
of the most upregulated genes in this leukaemic subtype [25]. FLT3
upregulation in KMT2A-r has been correlated to high FLT3 protein le-
vels, high phosphorylation and activation of the protein by different
groups [26-28]. Additionally, a recent study demonstrated that de novo
GOF mutations in FLT3 and NRAS led to an increased phosphorylation
of AKT, ERK1/2 and STAT5 which accelerates the disease onset of
KMT2A-r leukaemias [20].

FLT3 overexpression in KMT2A-r cases was recently evaluated by a
few studies [11,15]. Because FLT3 GOF mutations occur only in ~9%
(3-18%) of KMT2A-r patients [15,24], for a considerable amount of
those cases, other mechanisms ought to be involved in this gene over-
expression. Endorsing this observation, in vitro investigations have de-
monstrated that, in a KMT2A-r context, FLT3 overexpression is


https://ocg.cancer.gov/programs/target/acute-lymphoblastic-leukemia
https://ocg.cancer.gov/programs/target/acute-lymphoblastic-leukemia
http://www.cbioportal.org

C.P. Poubel, et al. BBA - Reviews on Cancer 1872 (2019) 80-88

A
TARGET
. AML  B-ALL  TALL
¢ (Age 0.1-30 years) . (Age 1-30 years) { (Age 1-30 years)
FLT3 Mutation Data
173 214 125 264
patients patients patients patients
4 E i 4 ; : : 4

FLT3 Expression Data
(RNA-seq)

AML (TCGA) AML (TARGET)

KMT2A-r AML KMT2A-r AML

FLT3 wild-type:72% FLT3 wild-type:70.3%

FLT3 wild-type:71.4% FLT3 wild-type:73.2%

7 FLT3-ITD:14.3%

; ~FLT3-TKD:16.5%
\ FLT3-TKD:14.3%
 "-FLT3-TKD:8.3%

= I %
FLT3-ITD:16.1% FLT3-ITD:15.7%

B-ALL (TARGET) T-ALL (TARGET)

ETP-ALL

FLT3 wild-type:95.2% FLT3 wild-type:97.1%

FLT3 wild-type:73.7%
—indel:1%

‘tFLT(}-TKDﬂ 4%
FLT3-JMD:2.4%

--FLT3-other:5.3%

TFLT3-ITD:21.1%

FLT3-ITD:2.9%

Fig. 1. A workflow of data provenance for this study and frequency of FLT3 mutations in different AML and ALL subgroups. (A) A flowchart to illustrate the databases
accessed, number of cases evaluated by leukaemia subtype and type of data. In our study, the frequencies displayed in the figures were calculated based on the data
available in the TCGA (AML) or TARGET (AML and ALL). Mutations frequency were estimated considering all cases genotyped either by whole genome sequencing
(WGS) or whole exome sequencing (WES), whereas for gene expression quantification, only patients with known FLT3 genotype were included in our analysis,
corresponding to the numbers in the light red (pink) rectangles. Data was mainly accessed through the cBioPortal for Cancer Genomics and TARGET website. For
cases lacking genotype information in the portal, we used the data provided as supplemental material in the consortium papers [2,14,16]. Frequency of FLT3
mutations (B) in AML based on TCGA data highlighting the KMT2A-r subtype; (C) TARGET data for AML highlighting the KMT2A-r subtype; (D) TARGET data for B-
ALL and (E) TARGET data for T-ALL highlighting the ETP-ALL cases. FLT3 mutations were classified according to either the type of mutation or affected domain:
FLT3-ITD, internal tandem duplication that occur in JMD; FLT3-TKD, point mutations in TKD; FLT3-JMD, point mutations in JMD; FLT3-other, point mutations that
occur outside JMD and TKD; both, co-occurrence of ITD and point mutation; indel, small insertions/deletions. Point mutations in TMD were not observed.
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Fig. 2. FLT3 expression pattern according to genotype among different acute leukaemias. Each boxplot shows the FLT3 expression for (A) AML (TCGA);
n = Normalized count according to cbioportal; (B) AML (TARGET); n = Reads per kilobase million (RPKM); (C) B-ALL (TARGET), n = RPKM; and D) T-ALL
(TARGET), n = Fragments per kilobase million (FPKM). Gene expression was evaluated according to the presence (dark and light red) or absence (dark and light
green) of FLT3 mutations. We also show the FLT3 expression pattern in KMT2A-r cases (blue). Dashed lines represent the overall median, which was used as the cut-
off point to classify patients with FLT3 overexpression. Solid lines represent FLT3 expression in normal haematopoietic sites extracted from: human bone marrow
RNA-seq data (ArrayExpress Archive #E-MTAB-1733) to compare with AML or B-ALL samples; human thymus RNA-seq data (Sequence Read Archive #SRX982644)
to compare with T-ALL samples. Dark red dots and squares represent FLT3 expression in cases with known GOF mutations (The Clinical Knowledgebase Core) and
ETP-ALLs, respectively. Mean differences were tested with wilcoxon test and p-values < .05 were considered statistically significant. ns, non-significant; **p < .01;
**¥%p < .001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

associated with phosphorylation and activation of the protein, even in
the absence of these GOF mutations [26,28].

With respect to prognosis, both the presence of KMT2A-r and FLT3
overexpression are commonly described as markers of poor outcome in
acute leukaemias [16,29]. However, whereas KMT2A-r is mostly shown
as a marker for dismal prognosis (in AML it may vary depending on the
translocation partner gene), the data for FLT3 still seems to be a bit
controversial. For example, a recent study on paediatric KMT2A-r ALL
showed that, differently from other studies in the infant subgroup, FLT3
upregulation was associated with good prognosis [15]. The same study
also discusses the relevance of FLT3 expression irrespective of the
presence of mutations, once it is quite challenging to establish a cor-
relation between FLT3 mutations and ALL outcome due to the lower
mutation frequency and insufficient studies in this leukaemic subtype.
For the AML scenario, the clinical significance of the association be-
tween KMT2A-r and FLT3 expression is unknown, with one recent study
in paediatric AML showing no prognostic relevance [11]. While not all
studies indicate the prognostic value of FLT3, these prognostic findings
highlight the potential therapeutic benefit of targeting FLT3 in KMT2A-
r patients.

83

3.4. Known and emerging mechanisms leading to FLT3 overexpression

As commented above, FLT3 activating abnormalities are not as
commonly observed in ALL as in newly diagnosed AML cases. FLT3 GOF
mutations (point mutations and ITDs) lead to constitutive activation of
the receptor and are the most studied mechanisms associated with FLT3
overexpression [1]. FLT3 GOFs have been identified in 3-6% ALL and
~15-35% of de novo AML cases, with missense point mutations of the
TKD being predominantly found in ALL and ITD of the juxtamembrane
domain in AML [1,30,31]. Some leukaemic subtypes exhibit a higher
frequency of FLT3 GOFs such as: high hyperdiploid B-ALL, BCR-ABLI-
like (Ph-like) B-ALL, ETP-ALL cases and normal karyotype AML
[21,32].

Mutations in genes encoding epigenetic regulators are relatively
common in acute leukaemia. In the FLT3 scenario, a recent study
showed that inactivating mutations of the Polycomb Repressive
Complex 2 (PRC2) core components (EZH2, SUZ12 and EED) are novel
oncogenic events involved in FLT3 overexpression in T-ALL patients.
PRC2 complex catalyses the trimethylation of H3 at lysine 27
(H3K27me3) and acts as a critical regulator of normal haematopoiesis
[33]. The study showed that EZH2 inactivation led to loss of H3K27me3
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patients regardless FLT3 mutational status [39]. The second investiga-
tion determined that the introduction of lestaurtinib to post-induction
regimen did not improve the outcome for infants with KMT2A-r ALL
[40]. Three studies experimentally evaluated the role of midostaurin in
ALL models and due to the lack of clinical data were not included in
Table 1. Two of them were performed by the same group [41,42], and
they initially showed that FLT3 activation was responsible for inducing
chemoresistance in KMT2A-r ALL and that this could be partially re-
verted by treatment with FLT3 inhibitor [41]. Then subsequently they
observed that a pre-treatment with CXCR7 inhibitor accelerated cyto-
sine-arabinoside-induced apoptosis of KMT2A-r ALL cells [42]. The
third one observed that the combination of midostaurin and p21-acti-
vated kinases inhibitors has a synergistic effect on growth inhibition
and apoptosis in childhood ALL [43]. Collectively these studies high-
light that the combined use of FLT3 inhibitors and other target-drugs
might become a useful alternative to treat FLT3-driven ALL.

The scenario is very different for AML with over 40 clinical-trials
currently evaluating the impact of FLT3 inhibitors in the treatment of
both children and adult patients [44]. Therefore, this vast amount of
recent data illustrates how extensively this theme has been explored
and the full translational potential of acknowledging the mechanisms
into FLT3-driven AML for future clinical benefit [45-47]. The following
reviews were elegantly written and thoroughly discussed the matter,
constituting a great source for up-to-date information on the use of
FLT3 inhibitors in AML [38,44,48]. Of note, a recent clinical in-
vestigation showed that, due to AML clonal heterogeneity, mono-
therapy with crenolanib might result in drug resistance, so drug com-
binations (with drugs targeting other alterations) are an alternative to
restore crenolanib sensitivity [47]. In this regard, considering the im-
posing underlying clonal diversity found in the majority of AML pa-
tients harbouring FLT3-GOF mutations, it is important to keep in mind
that all the data regarding the use of FLT3 inhibitors should be con-
sidered with caution. In other words, aware that some studies have
already reported the occurrence of clinical resistance to FLT3 inhibitors
[7,47,49-51], these findings might translate the extremely complex
scenario of treating distinct patients at different time points (diagnosis/
untreated or relapsed/refractory disease). Furthermore, for the devel-
opment of new therapeutic approaches, it is critical to further con-
template the use of combined therapies that could then be more effi-
cient in eradicating leukaemic cells, as well as, in controlling clonal
evolution-driven resistance.

5. Closing remarks

Different studies have shown that FLT3-related acute leukaemias are
associated with treatment failure and, therefore, contribute to a poorer
prognosis for patients. However, most investigations evaluated only
patients with AML, in which FLT3 abnormalities are frequently found.
In ALL, although fewer studies have been performed, some specific
subtypes may also benefit from a better understanding of the biology
behind FLT3 aberrant expression. Our Mini-Review shines a light on the
importance of using a better classifier for FLT3-driven leukaemias, i.e.
to evaluate FLT3 expression levels instead of simply looking for GOF
mutations. In that regard, it is also critical to define a proper and well-
established cut-off able to accurately categorise patients into the FLT3
overexpression group. Overall this new approach would not only out-
line a ‘new’ biomarker for those leukaemias, but significantly impact on
the success of FLT3 inhibitors treatment. At last, we believe that the
emerging mechanisms of gene deregulation discussed herein could
provide relevant insights into the development of new therapy strate-
gies.
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