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Abstract: The chromosomal translocation t(4;,11) marks an infant acute lymphoblastic leukemia
associated with dismal prognosis. This rearrangement leads to the synthesis of the MLL-AF4 chimera,
which exerts its oncogenic activity by upregulating transcription of genes involved in hematopoietic
differentiation. Crucial for chimera’s aberrant activity is the recruitment of the AF4/ENL/P-TEFb
protein complex. Interestingly, a molecular interactor of AF4 is fibroblast growth factor receptor 2
(FGFR2). We herein analyze the role of FGFR2 in the context of leukemia using t(4;11) leukemia cell
lines. We revealed the interaction between MLL-AF4 and FGFR2 by immunoprecipitation, western
blot, and immunofluorescence experiments; we also tested the effects of FGFR2 knockdown, FGFR2
inhibition, and FGFR2 stimulation on the expression of the main MLL-AF4 target genes, i.e., HOXA9
and MEIS1. Our results show that FGFR2 and MLL-AF4 interact in the nucleus of leukemia cells
and that FGFR2 knockdown, which is associated with decreased expression of HOXA9 and MEIS1,
impairs the binding of MLL-AF4 to the HOXA9 promoter. We also show that stimulation of leukemia
cells with FGF2 increases nuclear level of FGFR?2 in its phosphorylated form, as well as HOXA9
and MEIS1 expression. In contrast, preincubation with the ATP-mimetic inhibitor PD173074, before
FGF?2 stimulation, reduced FGFR2 nuclear amount and HOXA9 and MEIS1 transcript level, thereby
indicating that MLL-AF4 aberrant activity depends on the nuclear availability of FGFR2. Overall,
our study identifies FGFR2 as a new and promising therapeutic target in t(4;11) leukemia.

Keywords: AF4; cell culture; FGFR2; HOXA9; MLL-AF4; nucleus; target therapy; t(4;11) leukemia

1. Introduction

The t(4;11) chromosomal translocation is a common cause of infant acute lymphoblas-
tic leukemia (ALL) [1,2]. It fuses in-frame the mixed-lineage leukemia (MLL, aka KMT2A) and
the AF4/FMR2 Family Member 1 (AFF1) genes, located on chromosome 11 and 4 respectively,
leading to fusion genes that encode chimeric oncoproteins—namely MLL-AF4 and the
reciprocal AF4-MLL [1-6]. This aberration has been identified in utero and in neonatal
blood, indicating it arises in the prenatal period; it is rare in adults (3-4%) and is correlated
with a very poor prognosis [1,7]. Although 80% of patients exhibit both of the fusion
proteins, only MLL-AF4 is essential for leukemic transformation and maintenance [8,9].

To exert its aberrant transcriptional activity, MLL-AF4 binds and deregulates the
expression of key target genes involved in lymphocyte differentiation, including the home-
obox A (HOXA) cluster genes and MEIS1 [5,10-12]. Indeed, in many patients, survival of
leukemic blasts depends on the maintenance of high expression levels of HOXA9, HOXAS,
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HOXA?7, and MEIS1 [12-14]; consistently, HOXA9 silencing promotes apoptotic death in
t(4;11) (q21;923) lymphoblasts [15].

The AF4 protein, which is encoded by the AFF1 gene, takes part in the AF4 family /ENL
family /P-TEFb (AEP) protein complex that is crucial for chimera’s aberrant function. In
addition to AF4, the AEP complex is formed by the transcriptional activators ENL, ELL,
and AF5q—which are also common MLL fusion partners in human leukemia—as well as
the positive elongation factor (P-TEFDb) [16]. Through the direct interaction with the scaffold
protein 14-3-30, AF4 and/or AF5q heterodimerize with MLL-AF4, thereby promoting the
constitutive assembly of the AEP complex and the subsequent retrieval of RNA Pol II
on target-gene promoters [17,18]. Moreover, MLL-AF4 forms a complex with DOT1L, a
histone H3 lysine-79 (H3K79) methyltransferase, and other MLL fusion partners, such as
AF9 and AF10 [11,18]. The recruitment of the AEP complex on target genes triggers the
aberrant activity of DOT1L; in agreement, the epigenetic signature of H3K79me2, H3K27ac,
and H3K4me3 marks all the MLL-AF4 target genes [11,18].

Consequently, the oncogenic potential of MLL-AF4 is mostly driven by the interaction
with AF4 and its protein partners, which therefore represent promising therapeutic targets
in t(4;11) leukemia. Interestingly, fibroblast growth factor receptor 2 (FGFR2) was found
among the protein interactors of AF4 [19].

FGFR?2 belongs to the family of receptor tyrosine kinases (RTKs), transmembrane-type
receptors mainly localized on the cell surface with cytoplasmic tyrosine kinase domains [20].
It is able to recognize as ligands specific fibroblast growth factors (FGFs), with autocrine
or paracrine action [21]. FGFs stimulate the intrinsic tyrosine kinase activity of the FGFRs
and trigger various intracellular transduction signals that mediate multiple biological
responses, including proliferation, differentiation, and cell survival [22].

The function of several RTKs is altered in different types of tumors and various drugs
targeting the receptors and/or their downstream signaling pathways are already available
and approved in clinical settings [23-25]. Of note, some RTK-related signaling pathways
that influence cell growth and proliferation are activated in MLL-related leukemia [26-28].

Interestingly, various receptors, including RTKs and G-proteins coupled receptors
(GPCRs), traffic from the cell surface to the nucleus [29-33]. In most cases, an intracellular
domain fragment of the receptor translocates from the cell surface to the nucleus, whereas,
for a few others, the intact receptor enters into the nucleus [28,29].

We herein analyze the function of nuclear FGFR2 in t(4;11) leukemia cells and its
potential role as a molecular target for the treatment of this rare and poorly curable form of
leukemia [7].

2. Results

We aimed to characterize the role of FGFR2 in t(4;11) leukemia. We analyzed the
interaction between MLL-AF4 and FGFR2 and studied the effect of FGFR2 knockdown and
inhibition on MLL-AF4 target gene expression.

2.1. FGFR2 Is a Nuclear Interactor of MLL-AF4

During a previous functional proteomic analysis performed in HEK293 cells, we found
FGFR2 among the molecular partners of the AF4 protein [19]. Therefore, we wondered
whether FGFR2 interacted also with the MLL-AF4 chimera in t(4;11) leukemia cell lines.
Firstly, by flow cytofluorometry, we showed that FGFR2 was significantly represented on
the cell surface of three t(4;11) leukemia cell lines that endogenously expressed MLL-AF4,
namely RS4;11, SEM, and MV4-11 (Figure 1A). Therefore, we carried out coimmunopre-
cipitation experiments in R54;11 and MV4-11 leukemia cells and found that endogenous
FGFR? interacted with endogenous MLL-AF4 (Figure 1B).
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Figure 1. FGFR?2 interacts with MLL-AF4 and localizes in the nucleus of t(4;11) leukemia cells. (A) Flow cytometry
analysis carried out in different leukemia cell lines (SEM, RS4;11, and MV4-11) using anti-FGFR2 antibody and a fluorescein
isothiocyanate (FITC)-conjugated secondary antibody. (B) Endogenous FGFR2 was immunoprecipitated from whole cellular
extract (WCE) of R54;11 and MV4-11 cells with anti-FGFR2 antibody (IP FGFR2) and with anti-IgG (IP IGG) antibodies, and
isolated using A /G plus agarose beads; immunocomplexes were analyzed by western blot, with an anti-MLL antibody. (C)
Twenty micrograms of cytosolic/membrane (C/M) and 50 ug of nuclear (N) proteins extracted from RS4;11 and MV4-11
cells were analyzed by western blot with anti-FGFR2 and anti-MLL antibodies; (~tubulin and lamin B were used as cytosolic
and nuclear control proteins, respectively.

In addition to being present on the cell surface, FGFR2 is known to have intracellular
localization [34]. Thus, to better characterize the interaction between FGFR2 and MLL-
AF4, we evaluated their cellular distribution. First, we analyzed cytosolic/membrane
and nuclear protein fractions isolated from RS4;11 and MV4-11 cells by western blot. As
expected, the MLL-AF4 oncoprotein was exclusively found in the nucleus, whereas FGFR2
was present in the cytosol/membrane—in agreement with its conventional function—and,
significantly, also in the nuclear fraction (Figure 1C). These results indicate that FGFR2 and
MLL-AF4 colocalize and therefore may interact within the nucleus of leukemia cells.

2.2. FGFR?2 Silencing Affects Expression of MLL-AF4 Target Genes

Once FGFR2 was proven to be a protein partner of MLL-AF4, we wondered whether
it contributed to MLL-AF4 transcriptional activity. To this aim, we first transfected R54;11,
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SEM, and MV4-11 cell lines with a pool of specific small interfering RNA (siRNA) directed
against the FGFR2 transcript to knock down expression of the receptor. The same cell lines
were also transfected with a scramble siRNA as a control. Seventy-two hours after transfec-
tion, total proteins were extracted and analyzed by western blot, which demonstrated a
statistically significant reduction of FGFR2 in all cell lines (Figure 2A).
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Figure 2. FGFR?2 affects transcription of MLL-AF4 target genes in three t(4;11) cell lines. (A) Western
blot analysis of total proteins (WCE) extracted 72 h after transfection with FGFR2-siRNA pool carried
out with anti-FGFR2 antibody to evaluate residual FGFR2 amount; scramble siRNA represents
the negative control; a-tubulin was used to normalize protein loading. (B) RT-qPCR analysis of
FGFR2, HOXA9, MEIS1, and MEIS?2 transcript levels in FGFR2-silenced cells. Average values from
at least three independent experiments are graphically reported as relative units (R.U.). Relative
gene expression was normalized to ACTB, POLR2A, and TUBA1A genes and expression levels were
determined using the 2~AACt
paired t-test. p-values are indicated as follows: * = p < 0.05; ** = p < 0.01; *** = p < 0.005. (C) Cell
viability determined by MTT assay at 0, 24, 48, 72, and 96 h after transfection of cells with a FGFR2
siRNA pool and with scramble siRNA as a control. R.U., relative units.

method. Statistical significance was calculated by one-way two-tail
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Therefore, we extracted total RNA from silenced cells to analyze, by quantitative
reverse transcription-polymerase chain reaction (RT-qPCR), transcript levels of HOXA9
and MEIS1, two well-known MLL-AF4 target genes, and of MEIS2, which was not a
chimera target gene. Results showed that HOXA9 and MEIS1, but not MEIS2, expression
was significantly reduced 72 h after FGFR2 silencing (Figure 2B). These results are in line
with the assumption that MLL-AF4 transcriptional activity depends on FGFR2 availability.

To evaluate whether FGFR2 knockdown affected cell survival, we evaluated viability
of RS54;11 cells, transfected with a FGFR2 siRNA pool and with scramble siRNA as a
negative control, by MTT assay. Analysis was carried out 24, 48, 72, and 96 h after
transfection and results were normalized to the untransfected cells (Figure 2C). Seventy-
two hours after transfection, cell viability was significantly reduced in silenced cells and
remained low until 96 h, whereas the viability of scrambled cells was comparable to the
untransfected ones at 48, 72, and 96 h. This result strongly suggests that FGFR2 contributes
to the survival of t(4;11) leukemia cells.

It is widely proven that MLL-AF4 binds to the HOXA9 promoter and activates the
transcription of this gene in MLL-related leukemia [17,35]. Since MLL-AF4 is a protein
interactor of FGFR2, and FGFR2 silencing decreased expression of HOXA9, we evaluated
the binding efficiency of MLL-AF4 to the HOXA9 promoter (HOXA9pr) in FGFR2-silenced
RS4;11 cells. To this aim, we performed chromatin immunoprecipitation (ChIP) assays
using an anti-MLLN and an anti-AF4 antibody; a pool of nonspecific IgG served as a
negative control (Figure 3A). More specifically, the anti-MLLN antibody was directed
against an N-terminal epitope of MLL wild type and therefore recognized also the MLL-AF4
oncoprotein; the anti-AF4 antibody served to reveal AF4, which was known to colocalize
with MLL-AF4 on the HOXA9 promoter [17]. Subsequent qPCR analysis revealed that the
percentage of the HOXA9pr sequence in chromatin precipitated with both anti-AF4 and
anti-MLLN antibodies was significantly lower in FGFR2-silenced than in scrambled siRNA
cells (Figure 3A).

Interestingly, western blot analysis performed on whole protein extracts from FGFR2-
silenced cells showed that AF4 and MLL-AF4 protein levels were unaffected in comparison
to the control cells (Figure 3B). Overall, these results demonstrate that silencing-induced
FGFR2 deficiency, which has no effect on AF4 and MLL-AF4 total protein levels, weakens
the binding of these two factors to the HOXA9 promoter, thereby confirming that HOXA9
expression specifically depends on the availability of FGFR2.

Subsequently, we investigated whether FGFR2 participated in the MLL-AF4 transcrip-
tional machinery assembled on the HOXA9 promoter. To this aim, we immunoprecipitated
the chromatin in RS4;11 cells with an anti-FGFR2 antibody and looked for the HOXA9pr
sequence by real time qPCR. Chromatin was also precipitated with the anti-MLLN antibody
and with a pool of nonspecific IgG, representing positive and negative control of ChIP
specificity, respectively; a sequence within the B-actin gene promoter (ACTBpr) was ampli-
fied as a negative control. Data analysis revealed that the anti-FGFR?2 antibody precipitated
a percentage of HOXA9pr not significantly different from that of ACTBpr. In contrast,
significant amount of DNA containing the HOXA9pr sequence was collected with the
anti-MLLN antibody (Figure 3C). These results indicate that despite FGFR2 and MLL-AF4
being protein interactors, they do not colocalize on chimera target gene promoters.

2.3. FGF2 Stimulates Nuclear Localization of FGFR2

To exert its conventional function, FGFR2 depends on cytoplasmic domain autophos-
phorylation consequent to the binding of its cognate agonists, i.e., fibroblast growth factors
(FGFs) [34]. Moreover, several studies demonstrated that FGFR?2 is also expressed in
the nucleus [36] and that its ligand-dependent autophosphorylation triggers nuclear lo-
calization [37]. Therefore, we wondered whether FGFR2 nuclear localization relied on
ligand-dependent autophosphorylation also in t(4;11) leukemia cells. To this aim, we
first stimulated serum-starved RS4;11 cells with increasing concentrations of FGF2 and
with the vehicle as a negative control, and then we purified nuclear proteins. Western
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blot analysis with anti-phospho-FGFR2 and anti-FGFR2 antibodies showed that FGF2
stimulation significantly increased both total and phosphorylated (p-FGFR2) levels of
nuclear FGFR2 in a concentration-dependent manner, strongly suggesting that the nuclear
increase in FGFR2 and pFGFR2 depends, at least in part, on the ligand concentration
(Figure 4A). Notably, values of the p-FGFR2/FGFR2 ratio were very similar among the
three tested concentrations of FGF2, indicating that the agonist-mediated activation of
FGFR?2 enhanced total and phosphorylated levels of the nuclear receptor proportionally. In
fact, the Pearson’s R = 0.99 was consistent with a strong positive correlation between total
and phosphorylated levels of the nuclear receptor (Figure 4A). Taken together, these results
indicate that FGF2 stimulation triggers activation and nuclear translocation of FGFR2 in its
phosphorylated form.
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Figure 3. FGFR2 contributes to the interaction of AF4 and MLL-AF4 at the HOXA9 promoter (HOXA9
pr), in RS4;11 leukemia cells. (A) ChIP assays performed to test the binding of AF4 and MLL-AF4 to
HOXADY pr, after FGFR2 silencing. Scramble siRNA represents the negative control. (B) Western blot
analysis of total protein (WCE) extracted 72 h after transfection of a FGFR2-siRNA pool carried out
to reveal expression level of endogenous MLL-AF4, AF4, and FGFR2; scramble siRNA represents the
negative control; a-tubulin was used to normalize protein loading. (C) Interaction of endogenous
MLL and FGFR2 with the HOXA9pr. ChIP data are expressed as percentage of HOXA9pr and B-actin
promoter (®-actin pr) in precipitated chromatin compared with the INPUT; IgG mix is the negative
control. Results represent the average of three independent experiments. Error bars indicate the
standard deviations. Statistical significance is calculated by one-way two tail paired t-test. p-values
are indicated as follows: * = p < 0.05, *** p = < 0.005. NS, not significant. R.U., relative units.
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Figure 4. FGF2 promotes FGFR2 activation and nuclear translocation. (A) Western blot analysis of
nuclear extracts obtained from serum-deprived RS4;11 cells stimulated with increasing concentrations
of FGF2 performed with an anti-phospho-FGFR2 (p-FGFR2) or an anti-FGFR2 (FGFR2) antibody;
lamin B was the control for protein loading; densitometric analysis of band intensity is graphically
shown for FGFR2, p-FGFR2, and p-FGFR2/FGFR2 ratio. (B) Cell viability assay performed following
treatment of RS4;11 cells with the FGFR inhibitor PD173074 (PD) and the vehicle (DMSO). Statistical
significance was calculated by one-way two tail paired t-test. p-values are indicated as follows:
*=p <0.05, *** = p < 0.005. Pearson’s R = 0.99 is consistent with a positive correlation between the

two set of values. NS, not significant. R.U., relative units.

To further support the evidence that FGFR2 activation and nuclear translocation were
ligand-dependent, we treated RS4;11 leukemia cells with PD173074, a synthetic compound
belonging to the pyrido (2,3-d) pyrimidine class. PD173074 has a high selectivity for a set
of RTKs, including FGFRs, and acts as an ATP mimetic; it replaces an ATP molecule in the
binding pocket, thus blocking ligand-mediated autophosphorylation of FGFRs [38,39].

Preliminarily, we carried out a growth curve using increasing amount of PD173074
and, of interest, noted a dose-dependent impairment of leukemia cell viability, which
therefore depended on RTK stimulation and autophosphorylation (Figure 4B).

Next, we incubated RS4;11 cells with the half inhibitory concentration of PD173074
for 1 h and then stimulated them with 0.1 ng/mL of FGF2 for 5 min. Western blot analysis
performed on cytosolic/membrane and nuclear proteins showed that, differently from un-
treated cells (Figure 5A) and from cells preincubated with the vehicle and stimulated with
FGF2 (Figure 5B), PD173074 treatment affected nuclear localization of FGFR2 (Figure 5C).
These results were also confirmed by immunofluorescence assays (Figure 5A-C).

Taken together, the results in Figures 4 and 5 clearly demonstrate that FGFR2 nuclear
translocation depends on its ligand-dependent autophosphorylation, so that the measure
of nuclear FGFR?2 is also a measure of nuclear p-FGFR2.
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Figure 5. PD173074 inhibition affects cellular amount of FGFR2 in RS4;11 cells. RS4;11 cells were
serum-starved for 12 h and preincubated for 1 h (A) with DMSO alone, (B) with DMSO and then
stimulated with 0.1 ng/mL FGF2, or (C) with 2 uM of PD173074 and then stimulated with 0.1 ng/mL
FGF2. Thirty micrograms of cytosolic/membrane proteins (C/M) and 50 pg of nuclear proteins
(N) were analyzed by western blot with anti-FGFR2 antibody; aTubulin and Lamin B were used
as loading control of cytosolic and nuclear proteins, respectively (upper panels); whole cellular
extract (WCE). Immunofluorescence was performed with an anti-rabbit CY2 antibody to evaluate the
localization of FGFR2, and DAP], for nuclear staining (bottom panels). Scale bars: 10 pm.

Consistent with these findings and with previous evidence that the binding of MLL-
AF4 to the HOXA9 gene promoter depended on the nuclear availability of FGFR2 (Figures 2 and 3),
we expected that an FGF2-mediated nuclear increase in p-FGFR2 would affect the MLL-AF4
chimera transactivity. Therefore, we carried out RT-qPCR analysis to evaluate chimera
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target gene expression in RS4;11 and SEM stimulated with FGF2 or pretreated with the
PD173074 inhibitor. As expected, FGF2 stimulation led to increased expression of HOXA9
and MEIS1 (but not of MEIS2) and this overexpression was prevented when the cells were
preincubated with PD173074 (Figure 6).
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Figure 6. PD173074 inhibitor prevents FGF2-induced transcription of MLL-AF4 target genes. Graphs
show transcript levels of MLL-AF4 target genes in leukemia cells, RS4;11 (left) and in SEM (right),
stimulated with FGF2 (FGF) or pretreated with PD173074 (FGF + PD). Cells treated with DMSO
(vehicle) are used as a control (CTRL); R.U., relative units; p-values are indicated as follows: * p < 0.05,
***p < 0.005.

These data definitively demonstrate that FGF2-induced nuclear translocation of p-
FGFR2 promotes aberrant activity of MLL-AF4.

3. Discussion

The t(4;11) chromosomal reciprocal translocation causes a very aggressive form of
ALL, which is driven by the aberrant transcriptional activity of the MLL-AF4 chimera.
We previously identified a few protein partners of AF4 and demonstrated that its direct
interactor 14-3-30 enhances the aberrant activity of MLL-AF4, thereby giving proof that
AF4 interactors can affect chimera function [17,19]. Among the protein partners of AF4, we
identified FGFR2 as being noteworthy [19].

Significant amount of this receptor is expressed on the plasma membrane of three
different t(4;11) leukemia cell lines, i.e., RS4;11, MV4-11, and SEM (Figure 1A). FGFRs
are involved in multiple myeloma, in myeloproliferative disorder, and, importantly, in
B-cell precursor (BCP) ALL, the latter including the MLL-rearranged leukemias, thereby
supporting their crucial role in hematologic malignancies [40—42]. Interestingly, FGFR
signaling can contribute to prednisolone resistance in BCP ALL cells; however, as activating
mutations in this RTK family are very rare, information concerning their role in ALL is
limited [41].

Herein, we showed that endogenous FGFR2 coimmunoprecipitates endogenous MLL-
AF4 in t(4;11) leukemia cells, thereby demonstrating that, similarly to AF4, it participates in
the MLL-AF4 protein complex [14,16,17]. Since MLL-AF4 and AF4 exert their activity in the
nucleus, binding with FGFR?2 is functional only if the receptor has a nuclear localization.

Similarly to other plasma membrane receptors, FGFRs have also been found in the
nucleus [29,31-33,36,37]. Indeed, after its activation by extracellular ligands, FGFR1 moves
to the nucleus where it regulates gene transcription in cooperation with cyclic AMP-
responsive element binding protein by increasing activity of Pol II and histone acety-
lation [43]. Moreover, in human breast cancer tissues, FGF stimulation causes nuclear
translocation of FGFR2, which interacts with the transcriptional factor STAT5 and increases
expression of STATS5 target genes and proteins [33].

Besides confirming that MLL-AF4 is exclusively present in the nucleus, we revealed
that an appreciable amount FGFR2 consistently localizes in the nuclear compartment of
t(4;11) leukemia cells, as evidenced by western blot and immunofluorescence analyses
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(Figures 1C and 5A). Therefore, the interaction between the two proteins can actually take
place in the nucleus.

The interaction between FGFR2 and MLL-AF4 chimera is particularly interesting,
especially based on the evidence that FGFR2 silencing reduces transcript levels of the
chimera target genes, HOXA9 and MEISI, in t(4;11) leukemia cells (Figure 2). In agreement
with the previous evidence that reduced expression of HOXA9 and MEIS1 impairs viability
of leukemia cells [15,44], FGFR2 knockdown negatively affected the proliferative rate of
RS4;11 leukemia cells (Figure 2C). Obviously, due to its main role in cellular growth, we
cannot attribute this effect entirely to the probable reduced interaction between FGFR2 and
MLL-AF4. However, our ChIP experiments demonstrated that FGFR?2 deficiency reduced
the binding of AF4 and of MLL-AF4 to the HOXA9 promoter (Figure 3A). Nevertheless,
further ChIP experiments performed with the anti-FGFR2 antibody did not detect FGFR2
on the HOXA9 gene promoter (Figure 3B). Based on this evidence, we conclude that—
despite FGFR2 not localizing directly on the chromatin—nuclear availability of the receptor
is crucial for the binding of AF4 and MLL-AF4 to the HOXA9 promoter, which in turn is
necessary for the chimera target gene expression.

As our preliminary data suggested that reducing FGFR2 nuclear import is poten-
tially therapeutic for t(4;11) leukemia, it is relevant to understand how FGFR2 enters into
the nucleus. In human breast cancer, FGFR2 moves to the nucleus after activation by
extracellular ligands; however, the commercial ATP pocket inhibitor PD173074 blocks this
agonist-induced FGFR2 nuclear translocation and inhibits RTK activity and downstream
pathways [30,36]. In general, PD173074 and similar drugs are able to inhibit FGF signaling
in vivo [39,40].

We show that stimulation with FGF2, which is highly expressed in the hematopoietic
and stromal compartments of the bone marrow [31,41], triggered phosphorylation and
nuclear translocation of FGFR2 in t(4;11) leukemia cells (Figure 4B). On the other hand,
when activation of FGFR2 was blocked with PD173074, a smaller amount of FGFR2 was
present in the nucleus of t(4;11) leukemia cells with respect to the untreated ones, as shown
by our western blot and immunofluorescence analyses (Figure 5). In agreement and of
further consequence, stimulation of t(4;11) cells with FGF2 led to increased transcription
of the MLL-AF4 target genes, HOXA9 and MEIS1, which was prevented by pretreatment
of the cells with the PD173074 inhibitor (Figure 6). Consistently, PD173074 treatment also
impaired viability of the leukemia cells (Figure 4B).

Based on our overall results, we propose a model illustrating how nuclear cross-talk
between FGFR2 and MLL-AF4 promotes aberrant transcription of MLL-AF4 target genes
in leukemia cells (Figure 7).

In our model, the ligand FGF2 triggers phosphorylation and nuclear entry of FGFR2.
In the nucleus, the activated receptor interacts with MLL-AF4 and AF4 and promotes
the binding of the MLL-AF4/AF4 complex to the target gene promoter. Lastly, the MLL-
AF4/AF4 complex recruits RNA Pol II on chromatin and activates gene transcription
(Figure 7A). Treatment of leukemia cells with the PD173074 inhibitor, which binds the ATP
pocket of FGFR2, prevents FGF2-mediated nuclear entry of pFGFR2 and, consequently, also
transcriptional activation of MLL-AF4 target genes (Figure 7B). Similarly, specific silencing
of FGFR2 leads to impaired chimera target gene transcription.

In conclusion, our study adds to the growing body of evidences that MLL-AF4, the
oncogenic chimera typical of the t(4;,11) ALL, promotes its aberrant transcriptional activity
through the recruitment of nuclear molecular partners that, like FGFR2, consequently
acquire an opportunistic oncogenic function. As our overall data give proof that the
phosphorylation-dependent nuclear translocation of FGFR2 plays a key role in the leuke-
mogenic mechanism, the use of FGFR-specific inhibitors or of molecules specifically able
to block the nuclear import of the receptor, as well as the interaction between FGFR2 and
the MLL-AF4 chimera, may be promising avenues to design new therapeutic strategies.
Therefore, we realistically consider FGFR2 a novel and useful target for treatment of this
very aggressive form of hematopoietic malignancy.
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Figure 7. Nuclear cross-talk between FGFR2 and MLL-AF4 promotes aberrant transcription of HOXA9 in leukemia cells.
(A) screen 1: in basal condition, HOXA9 transcription is not stimulated; screen 2: FGF2 binds FGFR2 and triggers its
phosphorylation; screen 3: p-FGFR2 enters the nucleus and interacts with both the MLL-AF4 chimera and AF4; screen
4: p-FGFR2 promotes the binding of the MLL-AF4/AF4 complex to the HOXA9 promoter; screen 5: the MLL-AF4/AF4
complex activates RNA Pol II-dependent transcription of HOXA9. (B) screen 1: the PD173074 inhibitor enters the cell, binds
the ATP pocket of FGFR2, and prevents FGF2-mediated autophosphorylation of the receptor; screen 2: unphosphorylated
FGFR2 does not enter the nucleus and therefore cannot promote the MLL-AF4-driven transcription of HOXA9.

4. Materials and Methods
4.1. Antibodies

The following antibodies were used: mouse monoclonal anti-mouse « tubulin; rab-
bit polyclonal anti-FGFR2; goat polyclonal anti-lamin B (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA); mouse monoclonal anti-MLL (Upstate Biotechnology, Inc., New York,
NY, USA); human phospho-FGFR1-4 (Y653/Y654) antibody (R&D Systems, Minneapolis,
MN, USA); horseradish peroxidase-conjugated anti-mouse, anti-rabbit, and anti-goat IgG
secondary antibodies (GE Healthcare Italia, Milan, Italy); anti-rabbit IgG, Cy2-conjugated
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(Merck KGaA, Darmstadt, Germany), and anti-rabbit IgG FITC-conjugated (Thermo Fisher
Scientific, Waltham, MA, USA).

4.2. Cell Lines

Leukemia cell lines were obtained from the Cell Culture Facility of CEINGE - Ad-
vanced Biotechnologies (Naples, Italy). RS4;11, SEM, and MV4-11 harbor the t(4;11) chro-
mosomal rearrangement and express endogenous MLL-AF4 chimera. The RS4;11 acute
lymphoblastic leukemia cells were grown at 37 °C, 5% CO,, in minimum essential medium
(MEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% FBS and 10 mL/L
penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA); SEM acute lymphoblastic
leukemia cells were grown at 37 °C, 5% CO,, in Iscove’s MDM (Sigma-Aldrich) supple-
mented with 10% FBS and 10 mL/L penicillin/streptomycin; MV4-11 acute monocytic
leukemia cells and 697 acute lymphoblastic leukemia cells were grown in RPMI (Sigma-
Aldrich) supplemented with 20% FBS and 10 mL/L penicillin/streptomycin.

4.3. Flow Cytometry

Leukemia cells (1 x 10°) were incubated with anti-FGFR2 antibody for 1 h. After sev-
eral washes with PBS, cells were treated with fluorescein isothiocyanate (FITC)-secondary
antibody for 30 min and read using a BD FACSCanto II (BD Biosciences-US, San Jose, CA,
USA) flow cytometer.

4.4. Protein Extraction, Subcellular Fraction Isolation, Immunoprecipitation, and Western
Blot Analysis

For immunoprecipitation (IP) experiments, RS4;11 and MV4-11 cells were lysed in
IP buffer, as previously described [21], and protein extract was incubated overnight at
4 °C with anti-FGFR2 antibody (2 pg per 5 mg of total proteins). Subsequently, the
protein mixture was incubated with 30 mL of protein A/G PLUS-Agarose (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) for each microgram of antibody [17].

Fractioned protein extracts containing cytosolic/membrane and nuclear proteins were
obtained using a Qproteome Nuclear Protein Kit (Qiagen Italia, Milan, Italy) as elsewhere
described [45,46]. Briefly, cells were washed twice with ice-cold PBS, detached by scraping,
and centrifuged for 5 min at 450 RCF. They were then lysed by incubation for 15 min in hy-
potonic nuclear lysis (NL) buffer, supplemented with protease inhibitor solution and 0.1 M
DTT. Detergent solution was then added and, after brief shaking, the cell suspension was
centrifuged for 5 min at 10,000 RCFE. The supernatant, containing the cytosol/membrane
proteins, was stored and used for further analyses. The cell nuclei, contained in the pellet,
were washed by resuspension in the NL buffer and subsequent centrifugation for 5 min
at 10,000 RCF. The nuclear pellet was resuspended in the buffer NX1, supplemented with
protease inhibitor solution, and incubated for 30 min under shaking. The suspension was
then centrifuged for 10 min at 12,000 RCF and the supernatant, containing the nuclear
proteins, was stored and used for further analyses. Buffers, solutions, and reagents were
provided by the Qproteome Nuclear Protein Kit (Qiagen Italia, Milan, Italy) and all the
procedure steps were carried out at 4 °C. Cytosolic/membrane and nuclear proteins were
analyzed with proper antibodies to verify the quality of the fractionation procedure.

Either 40 ug of WCE, or 50 ug of nuclear extract, or 20-30 ug of cytosolic/membrane
extract, or 15 pL of sample from IP experiments were loaded onto SDS/PAGE. After
electrophoretic separation, proteins were transferred onto nitrocellulose membrane and
analyzed with appropriate primary antibodies. Protein signals were visualized with
the ECL Plus detection system (GE Healthcare Italia, Milan, Italy) and protein signal
intensities were quantified with the Image] 1.46 software. Average values from at least
three independent experiments were graphically reported as relative units (R.U.).

4.5. Small Interfering RNA (SiRNA)

RS4;11, SEM, and MV4-11 leukemia cells were transfected with 100 nM FGFR2-specific
siRNAs ON-TARGET plus SMARTpool (Qiagen Italia, Milan, Italy) by electroporation



Int. J. Mol. Sci. 2021, 22, 4623

13 of 16

(Bio-Rad Laboratories S.r.l., Milan, Italy) in MEM Eagle (Sigma-Aldrich, St. Louis, MO,
USA). All Stars Negative Control siRNA scramble (Qiagen) was the nonsense control. After
incubation for 15 min at room temperature, cells were cultured under standard conditions
and harvested after 72 h to isolate total RNA and total proteins [17].

4.6. Total RNA Isolation, Reverse Transcription (RT), and Real Time Polymerase Chain
Reaction (PCR)

Total RNA was extracted from silenced cells (RS4;11, SEM, and MV4-11) with the
Nucleo Spin RNA II kit (Macherey-Nagel GmbH & Co. KG, Dueren, Germany); 200 ng
of RNA were reverse transcribed using SuperScript III and random-hexamers oligo-dT
(Thermo Fisher Scientific, Waltham, MA, USA). Real time PCR was carried out in an iCycler
iQ Real Time PCR Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) using SYBR
Green Master Mix (Bio-Rad Laboratories, Hercules, CA, USA) and specific primer pairs.
To measure expression level of HOXA9, MEIS1, and MEIS2, the primer pairs used were
described previously [17]; for the dosage of FGFR2 the following primers were used:
FGFR2-F: 5-GTCAGCTGGGGTCGTTTC-3'; FGFR2-R: 5-TCATGTTTTAACACTGCCGTT-
3’. Gene expression was normalized to POLR2A, ACTB, and TUBA1A genes and determined
using the 2742Ct method. Average values from at least three independent experiments
were graphically reported as relative units (R.U.).

4.7. Cell Viability Assays

RS4;11 cells (4 x 10% per well) were transfected with FGFR2-specific siRNAs and
siRNA nonsense control, and seeded in a 96-well plate. Cell viability was assessed by the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma Aldrich)
method [17]. MTT (0.5 mg/mL of fresh media) was added to the cells (RS4;11) 24, 48,
72, and 96 h after transfection. Absorbance was read at 570 nm using a Spectramax
spectrophotometer (Molecular Devices, San Jose, CA, USA).

To calculate the half-maximal inhibitory concentration (ICsg) of the PD173074, 2 million
RS4;11 cells were plated in a 96-multiwell plate in serum-free medium and treated with
various concentrations of the inhibitor. Then, 0.1 ng/mL of FGF2 was added to the medium
and 72 h after treatment MTT was added (0.5 mg/mL of fresh media). Absorbance was
read at 570 nm.

4.8. Chromatin Immunoprecipitation (ChIP) Assay

RS4;11 cells (30 x 10°) were fixed in MEM medium containing 1% formaldehyde for
10 min at room temperature; the reaction was stopped by glycine quenching (125 mM final
concentration). Nuclei were collected, digested in 50 mM Tris-HCL pH 8.1, 10 mM EDTA,
10% SDS, and then sonicated (3 cycles, consisting of 30 s with and without sonication) using
a Microson XL ultrasonic cell disruptor (Misonix Inc., Farmingdale, NY, USA). Proteins
tied to DNA fragments (ranging from 100-600 bp) were pulled-down overnight at 4 °C
using appropriate antibodies, then mixed with protein-G magnetic beads (Santa Cruz
Biotechnology Inc., Dallas, TX, USA) and incubated for 2 h. Beads were washed with
ChIP buffer (10 mM Tris-HCI pH 8.1, 1 mM EDTA, 10% SDS, 0.5% EGTA, 140 mM NaCl,
10x Na-deoxycholate, 100 x Triton). Immunoprecipitates were dissolved in elution buffer
(0.5 M EDTA, 1 M Tris-HCl pH 8.0) and DNA was isolated by phenol/chloroform/isoamyl
alcohol extraction and ethanol precipitation. Real time quantitative PCR (RT-qPCR) was
performed with 1 pL of DNA using a custom-made primer set [17].

4.9. Treatment of t(4,11) Leukemia Cells with FGF2 and PD173074 Inhibitor

One million RS4;11 cells were plated in serum-free medium for 12 h and then stimu-
lated with various concentrations of FGF2 (0.05-0.1-0.5 ng/mL). 50 ug of nuclear protein
were loaded onto 10% SDS-PAGE for the western blot, performed with an anti-phospho-
FGFR2 (P-FGFR2) or an anti-FGFR2 (FGFR2) antibody [47]. One million RS4;11 cells were
plated in serum-free medium for 12 h, treated with 2 pM PD173074 (Sigma Aldrich) for 1 h,
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and then stimulated with 0.1 ng/mL of FGF2 (Sigma-Aldrich). Cells were harvested 72 h
after treatment and total, cytosolic/membrane, and nuclear proteins were extracted [46,47].

4.10. Immunofluorescence Analysis

RS4;11 cells, treated with 2 uM PD173074 and stimulated with 0.1 ng/mL FGF2, as
described in the previous paragraph, were fixed in 2% paraformaldehyde (Sigma Aldrich,
St. Louis, MO, USA), permeabilized with 1% BSA in PBS, incubated with the anti-FGFR2
antibody, and subsequently treated with a CY2-conjugated secondary antibody. DAPI
solution (Thermo Fisher Scientific) was used for nuclear staining. Cells were mounted on a
slide and analyzed by confocal microscopy (LSM 510, Zeiss, Miinchen, Germany).

4.11. Statistical Analysis

All the data presented are expressed as mean + standard error mean (SEM) and are
representative of three or more independent experiments. The data of repeated experiments
were analyzed using one-way Student’s t-test (for independent samples).
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