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Background and Objectives. The karyotypically silent
t(4;14)(p16.3;032) translocation can be found in approx-
imately 15-20% of multiple myeloma (MM) patients and
results in the ectopic expression of fibroblast growth fac-
tor receptor 3 (FGFR3) from der4. Point mutations in spe-
cific FGFR3 domains can be found in the translocated
allele, and have been recently proven to be oncogenic.
These mutations produce a constitutively activated recep-
tor, which shows dimerization and autophosphorylation
even in the absence of ligand. We investigated the pres-
ence of FGFR3 expression and activating mutations in a
series of newly diagnosed MM patients.

Design and Methods. We validated a new sensitive and
specific Tagman real-time reverse-transcription poly-
merase-chain-reaction (RT-PCR) set up to evaluate FGFR3
mRNA expression, and applied it to 78 newly diagnosed
patients; in positive cases, FGFR3 mRNA transcripts were
sequenced. Fluorescence in situ hybridization (FISH) was
done in 32 cases with sufficient material.

Results. Real-time RT-PCR revealed FGFR3 mRNA expres-
sion in 10/78 (13%) patients. In two cases, sequence
analysis revealed novel FGFR3 mutations. In a patient
with FISH evidence of the t(4;14), a CGC to TGC transi-
tion was detected in codon 248. In a patient without the
t(4;14), three additional, abnormal-sized transcripts were
detected, corresponding to truncated transcripts origi-
nating from cryptic splice donor sites located within exon
7.

Interpretation and Conclusions. We describe a novel
FGFR3 mutation (with a demonstrated deregulatory mech-
anism), as well as a case of alternative splicing in the
absence of t(4;14), detected in newly diagnosed MM
patients overexpressing FGFR3. This implies that FGFR3
mutation can occur at an early stage of myelomagenesis
and even in the absence of the t(4;14).
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larly associated with multiple myeloma (MM),

recent studies have shown that the most fre-
quent chromosomal abnormality is 14qg*.! In
approximately 15-20% of cases, this marker origi-
nates from a karyotypically silent t(4;14)(p16.3;q32)
translocation resulting in ectopic expression of
fibroblast growth factor receptor 3 (FGFR3) from
der4.>4FGFR3 is a transmembrane tyrosine-kinase
receptor normally expressed at barely detectable
levels in adult hematopoietic tissue.® Germline
point mutations in specific FGFR3 domains are
associated with autosomal dominant disorders of
human skeletal development such as achon-
droplasia, thanatophoric dysplasia types | and II
(TD-1 and -Il), and hypochondroplasia.t These
mutations produce a constitutively activated
receptor, which shows dimerization and autophos-
phorylation even in the absence of ligand.” Inter-
estingly, some of the FGFR3-activating mutations
that are known to cause dwarfism have been found
to be associated with the t(4;14) and the high
expression of FGFR3 found in certain MM
patients.2? Recently, Chesi et al.® and Li et al.®
demonstrated that FGFR3 mutations associated
with MM are oncogenic. Such mutations are
thought to occur at a relatively late stage of
myelomagenesis.

The frequency of FGFR3 mRNA high expression
in MM patients is currently unknown. In the pre-
sent study, we validated a new sensitive and spe-
cific Tagman real-time reverse-transcription poly-
merase-chain-reaction (RT-PCR) set up to quanti-
fy FGFR3 mRNA expression. We applied the tech-
nique to a series of newly diagnosed MM patients.
Sequencing of the FGFR3 mRNA transcripts in pos-
itive cases led to the identification of a novel
FGFR3 mutation, as well as a case of alternative
splicing in the absence of t(4;14), both detected at
the time of diagnosis.

Q [though no specific genetic lesions are regu-
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Design and Methods

Study design

We validated a novel TagMan real-time RT-PCR
set up for the quantification of FGFR3 mRNA, and
applied it to diagnostic bone marrow (BM) samples
from 78 MM patients at diagnosis. Bone marrow
infiltration by plasma cells was in all cases over
75%. To evaluate whether FGFR3 expression was
associated with activating mutations, we amplified
and sequenced five distinct cDNA fragments con-
taining the codons usually affected by amino acid
substitutions. In 32 cases with sufficient material,
fluorescence in situ hybridization (FISH) analysis was
also done, as described elsewhere,!° to evaluate the
presence of the t(4;14).

Real-time RT-PCR set-up and validation

For real-time RT-PCR, mononuclear cells from
samples from the patients and 7 healthy donors were
obtained by Ficoll-Hypaque density gradient cen-
trifugation and stored at -20°C in guanidinium thio-
cyanate until use. Total cellular RNA was obtained as
described elsewhere.* RNA was spectrophotometri-
cally quantified at 260 nm and its integrity was
assessed by electrophoresis on a 2% agarose gel.
Reverse transcription to cDNA was done using 1 ug
of total cellular RNA in a 20 ul final volume con-
taining 25 mM random hexamers as primers, as pre-
viously described.’2 TagMan real-time RT-PCR was
performed on an ABI PRISM 7700 Sequence Detec-
tor (ABI/Perkin Elmer, Foster City, CA, USA) accord-
ing to described principles.t® Triplicate experiments
were done for each sample, and threshold cycle (Ct)
values were averaged. According to the comparative
Ct method,** the average Ct values for FGFR3 were
normalized with respect to the average Ct values for
an endogenous reference (the ABL housekeeping
gene), to yield the ACt. The average ACt value
obtained from 7 healthy donors’ BM samples (cho-
sen as the calibrator) was then subtracted from the
average ACt value for each patient, to give the AACt.

For FGFR3, a set of primers and probe positioned
on exon 6 was designed (forward:GCCTGGTCATG-
GAAAGCGT; reverse:CGGATGCTGCCAAA CTTGTT;
probe: FAM-ACCGCGGCAACTACACCTGCGT-TAMRA);
for ABL, a forward primer was positioned on exon la
(forward:TCCTCCAGCTGTTATCTGGAAGA), and a
reverse primer and probe were both positioned on
exon 2 (reverse: TGGGTCCAGCGAGAAGGTT; probe:
FAM-CCAGTAGCATCTGACTTTGAGCCTCAGGG-TAM-
RA). Primers and probes were all selected using
Primer Express software (Perkin Elmer, Foster City,
CA, USA). Real-time amplification was done using a
25 ul reaction mixture as previously described.*2

RT-PCR for IgH-MMSET translocation and
spanning the t(4;14)

In order to confirm the validity of FGFR3 Tagman
quantification as a screening assay in the patient
without FISH evidence of t(4;14) we performed RT-
PCR analysis of the IgH-MMSET translocation as
reported by Chesi et al #

Sequence analysis

To search for activating mutations in BM samples
showing FGFR3 high expression, we amplified and
sequenced five distinct cDNA fragments containing
the codons usually affected by amino acid substitu-
tions: namely, codon 248; the entire transmembrane
domain (i.e. codons 371, 373, 375, and 380); codon
540; codon 650; and codon 807 (cod.248: forward,
AACCCCACTCCCTCCATCTCC; reverse, CAAGGAGA-
GAACCTCTAGCT; TD: forward, AGGAGCTGGTGGAG-
GCTG; reverse, GGAGATCTTGTGCACGGTGG; cod.540:
ACTGACAAGGACCTGTCGGAC; reverse, GCCCTGCGT-
GCAGGCGCC; cod.650: GCATCCACAGGGACCTGG;
reverse, TGAGTGTAGACTCGGTCA; cod.807: forward:
CCTGTCGGCGGCCTTTCGAGCAGTAC;reverse,CACCAG
CAGCAGGGAGGGCTGGCTAG). PCR experiments
were performed in 50 mLfinal volume containing 10
uL of cDNA, 1U of Taq Gold DNA polymerase (PE
Applied Biosystems), 10xPCR buffer, 100 mM of
each dNTP, 2.5 mM MyCl,, and 1 mM of each primer.
An initial denaturation step of 5 min at 95° C was
followed by amplification for 50 cycles (denatura-
tion: 30 sec at 95°C; annealing: 40 sec at 60°C;
extension: 50 sec at 72°C) and final extension for 7
min at 72°C. The amplified fragments were purified
by electrophoresis on a 1.25% agarose/TAE gel pri-
or to DNA extraction from gel slices (Ultrafree-DA,
Millipore). Sequence analysis was performed by an
automated method (ABI Prism 3700 DNA Analyzer,
PE Applied Biosystems), according to the manufac-
turer’s instructions. Genomic DNA was obtained as
described.’> Amplification of the genomic DNA
region encompassing codon 248 was performed
using the same PCR protocol and the following
primers: forward: GGAGAACAAGTTTGGCAGCA (exon
6); reverse: TIGCGTGAGGATTTGGATCTA (intron 7).

Results

FGFR3 high expression was detected in the orig-
inal diagnostic BM samples of 10/78 (13%)
patients. Patients who overexpressed FGFR3 had a
AACt mean value of -7.5 (range, -10.5 to -3.1) as
compared with 0.5 (range, -0.9 to 1.6) for those
who did not. We found a strong concordance
between the high expression of FGFR3 by RT-PCR
Tagman analysis and the results of FISH analysis in
31 of 32 patients analyzed by both methods. In the
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remaining patient, RT-PCR analysis of the IgH-
MMSET translocation performed as reported# con-
firmed the presence of translocation and the sus-
picion of an internal deletion (which could give rise
to lack of recognition by the FISH probe).

Apparently, our real-time assay for FGFR3
expression is able to recognize all cases with evi-
dent or cryptic t (4;14) translocation. No statisti-
cal differences were found in age, gender, immu-
noglobulin isotype, stage at diagnosis, BM plasma
cell infiltration, serum p2-microglobulin, C-reac-
tive protein and creatinine levels between patients
who expressed a high level of FGFR3 and those
who did not.

Sequence analysis revealed mutations in the
samples of 2 of these 10 patients, one with and
one without t(4;14), as evaluated by FISH.

Firstly, in a patient for whom FISH analysis had
confirmed the presence of the t(4;14), we detect-
ed a single base-pair mutation in codon 248 in the
form of a C to T transition (CGC—TGC) leading to
an Arg to Cys amino acid substitution (Figure 1).
Approximately 52% of the entire FGFR3 mRNA has
been sequenced by our PCR analysis.

Secondly, in a patient without t(4;14), as evalu-
ated by FISH (but positive for a breakpoint into the
MMSET gene detected by PCR), primer-specific
amplification of sequences encompassing codon
248 revealed not only the expected fragment (WT)
corresponding to the FGFR3-IIlb isoform, but also
three additional abnormal-sized transcripts (AT-I, -
[l and -I1l in Figure 2A). Sequence analysis showed
that these should correspond to truncated tran-
scripts originating from cryptic splice donor sites
located within exon 7, at positions 829 (AT-I), 868
(AT-1), and 892 (AT-III). As a consequence, these
shorter transcripts had deletions of 39, 63 and 102
nucleotides, respectively (Figure 2B).

Thus, the translation products of AT-I, -Il and -
[l can be predicted as truncated proteins lacking
13, 21 and 34 amino acids in the third immuno-
globulin-like domain (Figure 2C). Sequence analy-
sis of the genomic DNA sequences surrounding the
cryptic splice donor sites did not show any muta-
tion or deletion. Further analysis has been set up
and is presently ongoing in order to detect the fre-
quency of the FGFR3 splice variant.

Discussion

It has been shown that specific mutations in the
overexpressed FGFR3 found in some MM patients
exert an oncogenetic effect. Nevertheless, little is
currently known about the frequency of FGFR3
expression and mutation in MM patients. Having
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Figure 1. C to T transition in FGFR3 codon 248. Sequence
analysis of the RT-PCR product from the first patient, show-
ing the single base-pair mutation in codon 248 (CGC
—=TGC).

set up a sensitive and reliable real-time RT-PCR
method capable of quantifying FGFR3 mRNA
expression, we found that in a series of 78 newly
diagnosed MM patients, 10 (13%) expressed FGFR3
at high level.

Sequencing of the transcripts of the positive cas-
es uncovered a novel FGFR3 mutation and a case of
alternative splicing. Firstly, in a patient for whom
FISH analysis had confirmed the presence of the
t(4;14), we detected a C to T transition leading to an
Arg to Cys amino acid substitution at codon 248.
When arising within the germline, this mutation
causes the most severe form of dwarfism (i.e. TD-I),
and has been demonstrated to result in strong lig-
and-independent activation of the receptor. To our
knowledge, this mutation had never been reported
in MM patients.

We also found a case of alternative splicing lead-
ing to truncated FGFR3 transcripts, which presum-
ably originated from cryptic splice donor sites locat-
ed within exon 7. Sequence analysis of the genom-
ic DNA sequences surrounding the cryptic splice
donor sites did not show any mutation or deletion.
However, these sequences were identical in seven
(CAAG/GTG), four (CAAG) and eleven bases
(CAAG/GTGGGCC) to the normal exon 7/intron7
boundary (...CAAG/GTGGGCCGG...) and shared the
presence of a common CAAG tetranucleotide (Gen-
Bank sequence L78726). This suggests that the three
abnormal-sized transcripts arose from the activation
of cryptic splicing sites and occurred mechanisti-
cally in trans. The cryptic splice donor site at posi-
tion 829 has already been reported in colorectal
cancer.26The functional significance of this aberrant
splicing pattern is still unclear and ideally a kinase
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t(4;14). (A) In addition to the wild type LY FATEROCSAE -
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FGFR3 sequences encompassing codon A Hoan .
248 revealed three abnormal-sized tran- AT 11 P FTPE R B P R TAGANTT
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Lane 1, the expected WT fragment; lane
2, WT fragment and the three ATs; CTR,
negative control. (B) Schematic repre-
sentation of the abnormal (AT-l, -l and -
1) splicing patterns. (C) Predicted amino
acid sequence of the truncated FGFRs,

lacking 13, 21 and 34 residues in the A —
lg - ke domalns ™

third immunoglobulin-like (Ig-like) domain
according to the sequence in GenBank
assigned as AAM22078.

assay on the patient’s purified myeloma cells would
be useful to address the significance of the splice
variants. Unfortunately, we do not have cells col-
lected from the patient at diagnosis in order to per-
form this analysis.

It remains to be seen whether the same pattern
can be found in other MM patients. Interestingly,
the alternative splicing was found in a patient with-
out the t(4;14) as evaluated by FISH.

Chesi et al.8 have suggested that FGFR3 mutations
occur during tumor progression and are strictly
associated with the t(4;14). However, our findings
demonstrate that mutations and alternative splic-
ings in the overexpressed FGFR3 can also occur in
the absence of this translocation. Furthermore,
these variants were detected at the time of diagno-
sis of MM, suggesting that FGFR3 mutations may

o y{m
e A

- 3 --

. kinase dowsain
hosrmmin

actually occur at a much earlier stage of myeloma-
genesis than has hitherto been thought.

In conclusion, the present study suggests that as
many as 10% or more MM patients may overex-
press FGFR3 at diagnosis. Our finding in diagnostic
samples of a novel mutation and a case of alterna-
tive splicing that occurred in the absence of the
t(4;14) questions the notion that FGFR3 mutations
may be a relatively late myelomagenetic event
linked to the t(4;14). This concept should be borne
in mind in further studies investigating the fre-
quency and biological significance of FGFR3 muta-
tions.

Contributions and Acknowledgments

SS and CT designed the study and were the prin-
cipal investigators. Moreover, they set up the PCR
procedures and drafted the paper. NT and DR were

haematologica vol. 87(10):0ctober 2002



1040

responsible for cytogenetic analyses. PT, EZ and CC
contributed to the analysis and interpretation of
data and revised the article critically. GM was
responsible for funding and direct supervision. MC,
ST and MB gave the final approval for submission-
We are grateful to Robin M.T. Cooke for editing. GM:
primary responsible for the manuscript writing; SS:
responsible for the Figures.

Funding

This work was supported by grants from Associ-
azione Italiana per la Ricerca sul Cancro (AIRC), AlL,
COFIN 2001 (M. Baccarani), Universita di Bologna
Progetti di Ricerca ex-60% (M.Cavo), Universita di
Bologna Progetti di Ricerca ex-60% (M.Fiacchini).

Disclosures

Conflict of interest: none.
Redundant publications: no substantial overlap-

ping with previous papers.

References

1

10.

Bergsagel PL, Chesi M, Nardini E, Brents LA, Kirby SL, Kuehl
WM. Promiscuous translocations into immunoglobulin
heavy chain switch regions in multiple myeloma. Proc Natl
Acad Sci USA 1996; 93:13931-6.

Chesi M, Nardini E, Brents LA, Schrock E, Ried T, Kuehl WM,
et al. Frequent translocation t(4;14)(p16.3;g32.3) in multi-
ple myeloma is associated with increased expression and
activating mutations of fibroblast growth factor receptor 3.
Nat Genet 1997; 16:260-4.

Richelda R, Ronchetti D, Baldini L, Cro L, Viggiano L, Marzel-
la R, et al. A novel chromosomal translocation t(4;14)
(p16.3; 932) in multiple myeloma involves the fibroblast
growth-factor receptor 3 gene. Blood 1997; 90:4062-70.
Chesi M, Nardini E, Lim RS, Smith KD, Kuehl WM, Bergsagel
PL. The t(4;14) translocation in myeloma dysregulates both
FGFR3 and a novel gene, MMSET, resulting in I|gH/MMSET
hybrid transcripts. Blood 1998; 92:3025-34.

Keegan K, Johnson DE, Williams LT, Hayman MJ. Isolation
of an additional member of the fibroblast growth factor
receptor family, FGFR-3. Proc Natl Acad Sci USA 1991; 88:
1095-9.

Webster MK, Donoghue DJ. FGFR activation in skeletal dis-
orders: too much of a good thing. Trends Genet 1997; 13:
178-82.

Naski MC, Wang Q, Xu J, Ornitz DM. Graded activation of
fibroblast growth factor receptor 3 by mutations causing
achondroplasia and thanatophoric dysplasia. Nat Genet
1996; 13:233-7.

Chesi M, Brents LA, Ely SA, Bais C, Robbiani DF, Mesri EA,
et al. Activated fibroblast growth factor receptor 3 is an
oncogene that contributes to tumor progression in multi-
ple myeloma. Blood 2001; 97:729-36.

Li Z, Zhu YX, Plowright EE, Bergsagel PL, Chesi M, Patterson
B, et al. The myeloma-associated oncogene fibroblast
growth factor receptor 3 is transforming in hematopoietic
cells. Blood 2001; 97:2413-9.

Finelli P, Fabris S, Zagano S, Baldini L, Intini D, Nobili L, et
al. Detection of t(4;14)(p16.3;932) chromosomal translo-
cation in multiple myeloma by double-color fluorescent in
situ hybridization. Blood 1999; 94:724-32.

haematologica vol. 87(10):october 2002

11

12.

13.

14.

15.

16.

S. Soverini et al.

Martinelli G, Ottaviani E, Testoni N, Montefusco V, Pastano
R, Tura S. Long-term disease-free acute myeloblastic
leukemia with inv(16) is associated with PCR undetectable
CBFB/MYH11 transcript. Haematologica 2000; 85:552-5.
Buonamici S, Ottaviani E, Testoni N, Montefusco V, Visani
G, Bonifazi F, et al. Real-time quantitation of minimal resid-
ual disease in inv(16)-positive acute myeloid leukemia may
indicate risk for clinical relapse and may identify patients
in a curable state. Blood 2002; 99:443-9.

Holland PM, Abramson RD, Watson R, Gelfand DH. Detec-
tion of specific polymerase chain reaction product by uti-
lizing the 5'----3" exonuclease activity of Thermus aquati-
cus DNA polymerase. Proc Natl Acad Sci USA 1991; 88:
7276-80.

Applied Biosystems. Relative quantitation of gene expres-
sion. ABI PRISM 7700 Sequence Detection System. User
Bulletin no. 2. PE Applied Biosystems, 1997.

Lemoli RM, Martinelli G, Zamagni E, Motta MR, Rizzi S, Ter-
ragna C, et al. Engraftment, clinical, and molecular follow-
up of patients with multiple myeloma who were reinfused
with highly purified CD34* cells to support single or tandem
high-dose chemotherapy. Blood 2000; 95:2234-9.

Jang JH, Shin KH, Park YJ, Lee RJ, McKeehan WL, Park JG.
Novel transcripts of fibroblast growth factor receptor 3
reveal aberrant splicing and activation of cryptic splice
sequences in colorectal cancer. Cancer Res 2000; 60:4049-
52.

PEer ReviEw QUTCOMES
Manuscript processing

This manuscript was peer-reviewed by two external ref-
erees and by Professor Mario Cazzola, Editor-in-Chief.
The final decision to accept this paper for publication
was taken jointly by Professor Cazzola and the Editors.
Manuscript received May 8, 2002; accepted August 20,
2002.

What is already known on this topic

A subset of patients with multiple myeloma have the
t(4;14)(p16.3;932) translocation, which results in
ectopic expression of wild-type fibroblast growth factor
receptor 3 (FGFR3). In some cases, FGFR3 kinase-acti-
vating mutations can subsequently occur that might
have a role in disease progression.

What this study adds

P

This study suggests that as many as 10% or more mul-
tiple myeloma patients may over-express FGFR3 at diag-
nosis, and shows that FGFR3 mutation can occur even
in the absence of the t(4;14).

otential implications for clinical practice

Mutation analysis of genes can nowadays be performed
with relatively simple approaches. However, before
including evaluation of FGFR3 mutations in clinical prac-
tice, prospective studies are required to show any clin-
ical relevance of these mutations in patients with mul-
tiple myeloma.

Mario Cazzola, Editor-in-Chief (Pavia, Italy)





