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Abstract

FGFR–TACC, found in different tumor types, is characterized by the fusion of a member of
fibroblast grown factor receptor (FGFR) tyrosine kinase (TK) family to a member of the trans-
forming acidic coiled-coil (TACC) proteins. Because chromosome numerical alterations, hall-
marks of FGFR–TACC fusions are present in many hematological disorders and there are no
data on the prevalence, we studied a series of patients with acute myeloid leukemia and
myelodysplastic syndrome who presented numerical alterations using cytogenetic traditional
analysis. None of the analyzed samples showed FGFR3–TACC3 gene fusion, so screening for this
mutation at diagnosis is not recommended.
� 2020 King Faisal Specialist Hospital & Research Centre. Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
To the Editor:
Glioblastoma is the most aggressive among brain cancers
with a median survival of 12–15 months and with less than
3–5% survival rate at 5 years [1]. Recently, a new molecular
abnormality has been identified in 3% of a subset of human
glioblastoma multiforme (GBM), characterized by the fusion
alignan-
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of a member of fibroblast grown factor receptor (FGFR) tyr-
osine kinase (TK) family to a member of the transforming
acidic coiled-coil (TACC) proteins [2,3] FGFR–TACC fusion
transcripts, which have been found in different tumor types
[4], confer a phenotype combining growth-promoting
effects with aneuploidy through a yet unclear mechanism.
FGFR–TACC fusion proteins feature a constitutively active
TK and are considered tumor-initiating events, and are highly
sensitive to specific tyrosine kinase inhibitors [3,5–7].

FGFR signaling is important for central nervous system
development and contributes to regulate cell proliferation,
survival, and cytoskeletal regulation. Molecular anomalies
of FGFR have been implicated in tumor development and
progression [8].

TACC proteins are essential for the stabilization of kine-
tochore fibers and the mitotic spindle driving the chromoso-
mal separation during prometaphase.

In 4853 tumor samples analyzed by Helsten et al. [9],
FGFR alterations were found in about 7% of cases encom-
passing 47 histological types (urothelial, 31.7%; breast,
17.4%; endometrial, 11.3%; endometrial/ovarian carcino-
mas, 8.1%). Only 28 of these exhibited FGFR gene fusions,
and 14 samples had FGFR3–TACC3 fusions [9]. FGFR–TACCs
activate the phosphoinositide 3-kinase (PI3K)/AKT/mam-
malian target of rapamycin (mTOR) pathway and cause
alterations of the cell cycle control genes as CDK4, CDK2,
and CCNE1 [10]. Currently, several clinical trials are in pro-
gress targeting the FGFR pathway in solid and hematological
malignancies.

AML is a heterogeneous group of hematological neo-
plasms. Cytogenetic and molecular profiling allows disease
stratification and has a significant impact on therapeutic
Fig. 1 Representative results of FGFR3ex12_TACC3ex14 PCR (a) a
MDS samples are shown. AML = acute myeloid leukemia; MDS = my
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choices. Because chromosome numerical alterations, hall-
marks of FGFR–TACC fusions, are present in many hemato-
logical disorders and there are no available data on the
prevalence [9], we studied a series of patients with acute
myeloid leukemia (AML) and myelodysplastic syndrome
(MDS) who presented numerical alterations by cytogenetic
traditional analysis.

FGFR3–TACC3 fusion is difficult to identify using tradi-
tional cytogenetic banding analysis, and identification by
fluorescence in situ hybridization (FISH) is technically chal-
lenging because of the proximity of the two parental genes.
The most common method used to identify FGFR3–TACC3 is
reverse transcription polymerase chain reaction (RT–PCR)
in addition to next-generation sequencing (NGS) targeted
to FGFR.

Because FGFR3–TACC3 mutation is associated with
numerical abnormalities in different cancers, for this study
we selected a cohort of 40 AML, 11 MDS, and two chronic
myeloid leukemia (CML) patients who had numerical chro-
mosome alterations at conventional karyotype analysis,
from 1200 patients studied at diagnosis at the Department
of Biomedicine and Prevention, University of Rome Tor Ver-
gata, Rome, Italy, between 2014 and 2018. Written
informed consent was obtained from all patients according
to institutional guidelines and the Declaration of Helsinki.
The study had been approved by the institutional ethical
commitment of Policlinico Tor Vergata, Rome.

Conventional karyotyping was performed and reported
according to the International System for Human
Cytogenetic Nomenclature. For molecular diagnostic stud-
ies, total RNA was extracted from bone marrow (BM)
mononuclear cells separated by Ficoll–Hypaque [11].
nd FGFR3ex10_TACC3ex12 nested PCR (b) of line 11 AML and 6
elodysplastic syndrome; PCR = polymerase chain reaction.
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Table 1 Molecular and cytogenetic characterization of sample patients.

Code number Disease Karyotype Molecular alteration

1 AML 47,XY,+8[20] Not available
2 AML 47,XY,+8[20] AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) pos; NPM1 neg
3 AML 48,XY,+4,dup(5)(p15.1p13),+8 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
4 AML 47,XY,+14,+21,der(21;22)(q11;q11)[5]/47,XY,+14[3]/

46,XY[7]
AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

5 AML 50,XY,+1,+6,der(7)(p12),+8,der(11)(p15),+der(11)(p15) AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

6 AML 47,XY,+8[14]/46,XX[1] AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

7 AML 43,XY,+del5q31,–6,–10,–11,–14,+M[9]/46,XY[4] AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

8 AML 50,XY,+4,+20,+22,+M AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

9 AML 50,XX,+4,+6,+8,inv(16)(p13q22)[18]/46,XX[2] Not available
10 AML 47,XY,del(3q),+8[18]/46,XY[2] AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
11 AML 47,XY,+8[20] not available
12 AML 47,XY,del(5)(q13q33),+8[7]/46,XY[3] AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
13 AML 47,XX,+5[14]/46,XX[6] AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
14 AML 47,XY,+13[8]/46,XY,+M[2]/46,XY[10] AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
15 AML 47,XY, +8[8]/46,XY [2] Not available
16 AML 45,XX,–7 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
17 AML 48,XX,+8,+22,inv(16) AML1/ETO neg; CBFb/MYH11 pos type A;

DEK/CAN neg; BCR/ABL neg; FLT3 (ITD) neg;
NPM1 neg

18 AML 64–71 chromosomes AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

19 AML 45,XX,–5,der(7)t(7;?),–13,der(16)t(16;?),–20 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

20 AML 48,XX,+8,inv(16),+22 AML1/ETO neg; CBFb/MYH11 pos; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

21 AML 45,XY,der(3)t(3;?),–7 Not available
22 AML 45,XY,–10,der(18)t(10;18) AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
23 AML 47,XX,+8 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
24 AML 47,XX,del(4q),der(5)t(5;?),del(9),+11 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
26 AML 45,X0 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
27 AML 48,XX,del(5q),del(6q),del(7q),del(11q),+2mar AML1/ETO neg; CBFb/MYH11 pos; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
28 AML 47,XX,+8 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
29 AML 48,XX,del(5q),–7,add(11p),–19,–21,+5mar AML1/ETO neg; CBFb/MYH11 pos; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
30 AML 46,XY,–5,del(13q),der(17)t(17;?) AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
31 AML 45,XY,del(5q),del(6p),–7 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg
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Table 1 (continued)

Code number Disease Karyotype Molecular alteration

32 AML 45,XX,–7 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

33 AML 45,XY,del(1p),del(4q),–5,der(11)t(11;?),der(12)t
(12;?),–16,der(16)t(16;?),+mar

AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

34 AML 45,XX,t(1;4),del(5q),–7 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

36 AML 46,XY,del(5q),–7,+mar AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

37 AML 45,XX,+1,–4,del(5q),+8,–13,–15,–19,–20,–21,–22,
+4mar

AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

38 AML 43,XY,del(5q),–7,–12,–13,+6,–17,–18,+20,+2mar AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

39 AML 47,XY,+8 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 pos

40 AML 45,XY,–7 AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

41 AML 46,XY,del(1q),–5,del(7q),der(12)t(12;?),add(13p),del
(17p). + mar

Not available

42 AML 45,XY,–5.der(15)t(15;?),–16,+mar AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN
neg; BCR/ABL neg; FLT3 (ITD) neg; NPM1 neg

CML 45,XY,+der(1),–2,del(5q),–13,–19,+3mar not available
CML 45,XX,–7,t(9;22) AML1/ETO neg; CBFb/MYH11 neg; DEK/CAN

neg; BCR/ABL pos; FLT3 (ITD) neg; NPM1 neg
43 MDS 45,XX,der(1)t(1;17)(p11;q11),der(5)t(5q;?),–17 ASXL1 L775*fs (10,8%); CSF3R neg; DNMT3A

neg; EZH2 E51*(12,5%); IDH1 R132C(7%); IDH2
R140Q(1.3%); PTPN11 neg; RUNX1 H242Tfs*
(12,2%); SETBP1 neg; SF3B1 neg; TET2 neg;
P53 neg; ZRSF2 neg

44 MDS 46,XX in 4 metaphases, 45XX de(1)(p31\ p12), der(5)t
(5;6) (q13;p25), del (13)(q13 q14) in 19 metaphases

ASXL1 neg; CSF3R neg; DNMT3A N501S
(46,1%); EZH2 neg; IDH1 neg; IDH2 neg;
PTPN11 neg; RUNX1 neg; SETBP1 I404V (50%);
SF3B1 neg; TET2 P333L(50,2%); P53 H115Afs*
(3,2%) e splice c.559 + 1G > A (2,2%); ZRSF2
neg

45 MDS 40,X,–Y,+der(3), del(5)(q13q33),der(7),–9,–14,der(17)
t(9;17)(p12;p11),der(22)add(p11)

ASXL1 neg; CSF3R Q749*(2,4%) e Q739*(6,1%);
DNMT3A neg; EZH2 neg; IDH1 neg; IDH2 neg;
PTPN11 T73I(1,2%); RUNX1 neg; SETBP1 neg;
SF3B1 neg; TET2 neg; P53 neg; ZRSF2 neg

46 MDS 46,XX,del(5)(q13q33),i(7)(q10),der(17)t(12;17)(p13;
p21)t(17;20)(q11q13),ish der(17)(TP53–,D17Z1 + )t
(12;17)(TP53+,D17Z1 + )–;TP53–,D17Z1 + ) su 21
metaphases/46,XX su 4 metaphases

ASXL1 neg; CSF3R neg; DNMT3A neg; EZH2
neg; IDH1 neg; IDH2 neg; PTPN11 neg; RUNX1
L56S(48,2%); SETBP1neg; SF3B1 neg; TET2
neg; P53 C242Y (45%) e I162N(46,8%); ZRSF2
neg

47 MDS Presence of a single metaphase with a normal male
karyotype and of 3 altered lines: one characterized by
monosomy of chromosome 7 (2 metaphases); one
characterized by terminal deletion of the short arm of a
chromosome 12 (5 metaphases)

ASXL1 neg; CSF3R neg; DNMT3A neg; EZH2
neg; IDH1 neg; IDH2 neg; PTPN11 neg; RUNX1
L56S(48,3%); SETBP1neg; SF3B1 neg; TET2
neg; P53 S127F (92.6%); ZRSF2 neg

48 MDS 40–42,XX,del(3)(p11),–5,–11,–12,–13,–14,add(14)
(q24),–18,–20,+3mar[cp4]/46,XX[6]

ASXL1 E1102D(51,5%) CSF3R neg; DNMT3A
neg; EZH2 neg; IDH1 neg; IDH2 neg; PTPN11
neg; RUNX1 neg; SETBP1 P301L(1,1%); SF3B1
neg; TET2 neg; P53 S241Y (70,4%); ZRSF2 neg
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Table 1 (continued)

Code
number

Disease Karyotype Molecular alteration

49 MDS 41–46,XY,del(4)(q21),del(5)(q14),del(7)
(q22),–11,der(12)t(12;?),–13,+21,+mar su
18 cell./ 46,XY su 2 cell

ASXL1 neg; CSF3R neg; DNMT3A neg; EZH2 neg;
IDH1 neg; IDH2 neg; PTPN11 neg; RUNX1 p.
Tyr349Alafs*(25,6%); SETBP1neg; SF3B1 neg;
TET2 neg; P53 p.Phe338Serfs*7(2,2%) e p.
Tyr220Cys(32,6%) e p.Pro177Ser(30,3%); ZRSF2
neg

50 MDS 45,XY,der(5)t(5;?)(q13;?),–7,add(8)(p21),del
(12)(p11,2)

ASXL1 neg; CSF3R neg; DNMT3A Q231*(3,6%);
EZH2 neg; IDH1 neg; IDH2 neg; PTPN11 neg;
RUNX1 neg; SETBP1neg; SF3B1 neg; TET2 neg;
P53 R306* (6,9%); ZRSF2 neg

51 MDS 46,XY[3/6] ASXL1 neg; CSF3R neg; DNMT3A neg; EZH2 neg;
IDH1 neg; IDH2 neg; PTPN11 neg; RUNX1 neg;
SETBP1neg; SF3B1 (K700E(2,6%); TET2 neg; P53
C277Y (19,8%); ZRSF2 neg

52 MDS 42–45,XY,del(1p),del(6q),–7,–8,add(10p),
–17,?add(18p,del(20q),+mar1,+mar2

ASXL1 I981*fs (41,5%) e S1422T (1,1%); CSF3R
neg; DNMT3A R882H (45.6%); EZH2 neg; IDH1
neg; IDH2 neg; PTPN11 neg; RUNX1 neg; SETBP1
D868N (44.2%); SF3B1 neg; TET2 neg; P53 neg;
ZRSF2 neg

53 MDS 45,X,+X,–Y,del(3)(p2?1),del(5)(q14q34),–7,
add(12)(p?12),–15,der(17)t(Y;17)(q11;p?11),
+mar[19]/47,XXYc[1]

ASXL1p.Ala716Glufs*7(19,2%); CSF3R neg;
DNMT3A p.Glu30Ala(52,4%); EZH2 neg; IDH1 neg;
IDH2 neg; PTPN11 neg; RUNX1 neg; SETBP1 neg;
SF3B1 neg; TET2 p.Gln622*(3,8%); P53 neg;
ZRSF2 neg

AML = acute myeloid leukemia; CML = chronic myeloid leukemia; MDS = myelodysplastic syndrome.
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Samples were characterized for the presence of BCR–ABL,
PML–RARA, CBFB–MHY11, RUNX1–RUNX1T1, and DEK–
CAN fusion genes, and for NPM1 and FLT3-internal tandem
duplication (ITD) mutations using methods reported else-
where [12,13]. MDS samples were characterized by ultra-
deep NGS, using the commercial Myeloid Solution produced
by SOPHiA GENETICS (Saint-Sulpice, Switzerland) on a HiSeq
sequencing platform (Illumina, San Diego, CA, USA).

Total RNA was extracted from frozen blasts using Euro-
gold Trifast (Euroclone) according to the manufacturer’s
instructions. Briefly, 100 ng of total RNA were retro- tran-
scribed with the Maxima First Strand cDNA Synthesis Kit
(Thermo Scientific) or SuperScript II (Invitrogen). RT–PCR
was performed using AccuPrime Taq DNA Polymerase
(Invitrogen).

The primer pairs used for the FGFR3–TACC3 fusion
screening were [14]: FGFR3ex12-FW: 50-CGTGAAGATGCT
GAAAGACGATG-3 and TACC3ex14-RV: 50-AAACGCTTGAA
GAGGTCGGAG; amplification conditions were as follows:
95 �C for 10 minutes (95 �C for 15 seconds/61 �C for 30 sec-
onds/68 �C for 1 minute and 40 seconds) for 35 cycles, 72 �C
for 5 minutes.

None of the analyzed samples showed FGFR3–TACC3
gene fusion. To confirm the results, we designed a new pri-
mer pair and performed a nested PCR to reduce nonspecific
binding in products because of the amplification of unex-
pected primer binding sites (Fig. 1). Data of molecular and
cytogenetic analysis are reported in Table 1.

Primer pairs used for the FGFR3–TACC3 nested PCR
were: FGFR3 ex10-FW: 50-CTGAGATGGAGATGATGAAGATG-
30 and TACC3 ex12-RV: 50-ATGGAGTTCAGATCTGTGGTAAG;
Please cite this article as: C. Banella, M. Ginevrino, G. Catalano et al., Ab
cies with numerical chromosomal alteration, Hematol Oncol Stem Cell T
amplification conditions were 95 �C for 10 minutes (95 �C
for 15 seconds/61 �C for 30 seconds/68 �C for 1 minute
and 40 seconds) for 35 cycles, 72 �C for 5 minutes.

A plasmid (pLOC FGFR3–TACC3) generously donated by
Professor Antonio Iavarone was used as positive control.

Our data confirm the rarity of FGFR3–TACC3 rearrange-
ment also in AML and myelodysplasia. Despite the limited
number of samples, screening for this mutation at diagnosis
is not recommended.
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