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Cervical cancer epitomizes the success of cancer prevention through the human papillomavirus (HPV) vaccine,
but significant challenges remain in the treatment of advanced disease. We report the first three cases of cervical
carcinoma harboring an FGFR3–TACC3 fusion, which serves as a novel therapeutic target. The fusion, identified by
comprehensive genomic profiling, activates the FGFR pathway that has been implicated in HPV-driven carcino-
genesis. One of the patients whose tumor contained the FGFR3–TACC3 fusion was treatedwith an investigational
FGFR tyrosine kinase inhibitor. Concomitant molecular alterations involving the PI3K/AKT/mTOR and RAF/MEK
pathways were also identified and suggest other treatment strategies that deserve investigation. This case series
highlights the role of comprehensive genomic profiling in the identification of new therapeutic targets and in
targeted therapy selection for patients with cervical cancer.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cervical cancer is a major health challenge with approximately
530,000 news cases and 270,000 deaths annually worldwide despite
remarkable advances in screening and prevention through the develop-
ment of human papillomavirus (HPV) vaccine. While the majority
of cervical cancer cases can be potentially cured with surgery, chemora-
diation or a combination of these strategies, treatment options for
recurrent ormetastatic disease are limited to pelvic exenteration or pal-
liative chemotherapy. A recent phase III trial evaluating the combination
of cisplatin, paclitaxel and bevacizumab (monoclonal antibody against
vascular endothelial growth factor receptor) in the first-line treatment
of metastatic disease elicited a 50% response rate and median overall
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survival (OS) of approximately 17months (Tewari et al., 2014). Despite
these relatively positive data that led to the approval of thefirst targeted
therapy for this disease (bevacizumab), the median progression-free
survival of 8 months demonstrates the aggressive behavior of this dis-
ease. Hence, there is an urgent need to advance the understanding of
the molecular abnormalities driving cervical cancer pathogenesis that
could lead to novel targeted therapies. Comprehensive genomic profil-
ing of metastatic tumors is an increasingly relevant tool to identify
somatic alterations leading to additional therapeutic options and a
better understanding of tumor molecular pathogenesis. Herein, we
describe the first three cases of cervical carcinoma harboring FGFR3–
TACC3 fusions revealed by a next-generation sequencing assay able to
detect all classes of genomic alterations including gene fusions. The
fusion of the fibroblast growth factor receptor gene 3 (FGFR3) with the
transforming acidic coiled-coil containing gene (TACC3) has been de-
scribed in glioblastoma multiforme, bladder urothelial carcinoma,
and non-small cell lung cancer (Wu et al., 2013). While FGFR muta-
tions have been described in cervical carcinomas, the FGFR3–TACC3
fusion has not been reported previously (Cappellen et al., 1999).
This fusion resulting in FGFR pathway activation provided the ratio-
nale for treating one of the patients with a FGFR tyrosine kinase in-
hibitor (TKI) in a clinical study setting and other molecular
alterations involving the PI3K/AKT/mTOR pathway hold the poten-
tial to inform treatment decisions.
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Fig. 1. Left upper lobe lung transbronchial biopsy of cervical carcinomametastasis utilized for comprehensive genomic profiling (A, H&E, 4×mag). B) Representative tissue fragment is a
mixture of metastatic carcinoma, reactive stroma, and inflammatory cells. Tumor nuclei account for approximately 30% of total nuclei (H&E, 20× mag). C) Carcinoma demonstrates both
squamous and glandular differentiation (H&E, 200× mag).
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2. Case 1

The patientwas diagnosed in 1997 at age 36with stage IB1 adenocar-
cinoma of the cervix and underwent a modified radical hysterectomy,
left salpingo-oophorectomy and bilateral pelvic lymphadenectomy.
Adjuvant therapy was not indicated. Twelve years later she developed
sudden, significant hemoptysis, and work-up revealed bilateral upper
and lower lobe lung masses with left hilar adenopathy. She developed
respiratory failure requiring intubation, two arterial embolizations and
eventually palliative rightmiddle lobectomy to ameliorate the persistent
bleeding. Histopathologic examination of the resected lung mass re-
vealed a carcinoma with mixed glandular and squamous features
(adenosquamous carcinoma). The tumor cells were diffusely immu-
noreactive for p16 and were positive for HPV by PCR, consistent with
recurrent cervical cancer. The original hysterectomy specimen was
unavailable for comparison.

The patient received multiple palliative chemotherapy regimens
(i.e., paclitaxel/carboplatin, cisplatin/topotecan, pemetrexed) as well
as stereotactic body radiation therapy. Following two years of active
surveillance, her PET/CT scans showed an enlarging left upper lobe
mass (5.4 cm with SUV 12.6) causing destruction of the left third rib,
and a pleural-based lesion in the right lung (SUV 2.9). Transbronchial
lung biopsy of the left upper lobe mass revealed a tumor with both
squamous and focal glandular differentiation (Fig. 1). The tumor cells
were diffusely positive for p16, Pax8, and p63 by immunohistochem-
istry and HPV 16 by PCR. The morphology, immunohistochemical
staining pattern, and HPV results were consistent with those of the
right lungmetastatic lesion resected 5 years previously. Comprehensive
genomic profiling of the left upper lobe lung tumor was performed to
identify additional therapeutic options. Hybridization capture of 236
Fig. 2. Chest computed tomography showing the tumor response to treatment with FGFR inhi
54 mm.
cancer-related genes and 19 genes commonly rearranged in cancer
(FoundationOne®)was applied to ≥50 ng of DNA extracted from archi-
val formalin-fixed, paraffin embedded left upper lung tumor tissue and
sequenced to high, uniform coverage. All classes of genomic alterations
(base substitutions, small indels, rearrangements, copy number alter-
ations) were determined and revealed the following: FGFR3–TACC3
fusion (breakpoints at FGFR3 intron 17 and TACC3 intron 10), AKT1mis-
sense mutation (E17K), mTOR point mutation (P1312L), and ATRX
truncating nonsense mutation (W1883*).

Based on the genomic profiling results, the patient was enrolled
in a clinical study evaluating a multi-kinase TKI targeting FGFR
(NCT1831726). The patient was treated with the study drug for four
cycles with best response of stable disease suggesting expected target
(FGFR) inhibition (Fig. 2). The treatment was complicated by skin rash
and significant fatigue requiring suspension of therapy.

3. Case 2

A 47 year-old female underwent investigation of abnormal uterine
bleeding and a cervical biopsy showed an invasive well-differentiated
keratinizing squamous cell carcinoma of the cervix. At the time of
diagnosis pelvic soft tissue and pelvic lymph node involvement were
demonstrated radiographically (FIGO stage IIIB), and she was treated
with primary chemoradiation achieving remission. No additional tissue
sampling or surgical procedures were performed at this time. The
patient developed recurrent disease in the pelvis and adnexa 20months
later and was treated with carboplatin and paclitaxel with partial
response after three cycles, receiving a total of five cycles. In July 2014,
CT scans showed disease progression, and the patient was started on
topotecan and bevacizumab, which was administered for 4 cycles
bitor. Panel A: baseline tumor measuring 61 mm. Panel B: tumor after 4 cycles measuring



Fig. 3. Tileplot comparing co-occurring clinically relevant genomic alterations observed in
three cases of invasive cervical carcinomawith FGFR3–TACC3 fusions. Key: Base substitutions
(red), homozygous deletions (blue), truncations (purple), and fusions (yellow).
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before disease progression causing sigmoid colon involvement and ure-
teral obstruction. Pemetrexed was started resulting in relief of urinary
tract obstruction, but also led to development of a colorectal fistula re-
quiring a colostomy. The patient had excellent performance status and
was evaluated for debulking surgery but was deemed not to be a candi-
date for pelvic exenteration. Comprehensive genomic profiling of the
original cervical biopsy was pursued to identify additional therapeutic
options and revealed the following: FGFR3–TACC3 fusion (breakpoints
at FGFR3 intron 18 and TACC3 intron 7), BRAF 3′ tandem duplication
(breakpoint in intron 9 with duplication of exons 10–18), activating
PIK3CAmissensemutation (E545K), CDNK2A loss, and subclonal activat-
ingmissense mutations in KRAS (G12C), and HRAS (G13R). Recently, CT
scans showed disease progression and the patient enrolled on a clinical
trial evaluating a pan-FGFR inhibitor.

4. Case 3

A 33-year-old womanwas diagnosed with stage II poorly differenti-
ated non-keratinizing carcinoma of the cervix and she underwent a rad-
ical hysterectomy and bilateral salpingo-oophorectomy. The primary
tumor measured 5.5 cm and invaded through the inner two-thirds of
the cervix. The immunostain profile (positive: p16 and p63; negative:
CK20, ER, PR, chromogranin and synaptophysin) was consistent with
cervical squamous cell carcinoma. The patient developed rapid disease
progression with intra-abdominal and lung metastases leading to palli-
ative treatment with carboplatin/paclitaxel followed by gemcitabine.
Comprehensive genomic profiling of the tumor from the hysterectomy
specimen was pursued to identify additional therapeutic options,
which revealed the following: FGFR3–TACC3 fusion (breakpoints at
FGFR3 intron 17 and TACC3 intron 10), partial loss of STK11 (loss of
exons 2–9), and RB1 loss (breakpoints in introns 6 and 12). The patient
died of uterine hemorrhage 10 months after diagnosis before targeted
therapy could be initiated.

5. Discussion

The FGFR family consists of four structurally related subtypes of
tyrosine kinase receptors that play an important role in cell growth, dif-
ferentiation and angiogenesis via binding of twenty different FGF family
ligands (Wu et al., 2013). Ligand binding triggers activation of down-
stream pathways implicated in carcinogenesis, including the PI3K/
AKT, RAS/MAPK, phospholipase Cγ, and STAT pathways. Anomalous
signaling through FGFR can occur through overexpression of receptors,
activating mutations, amplification of the wild type gene, or by FGFR-
containing translocations. FGFR3 amplification or activating mutation
may lead to activation of FGFR3 and may therefore confer sensitivity
to FGFR family inhibitors. FGFR3–TACC3 fusions have been reported to
transform rat fibroblasts and to induce tumors in mice.

FGFR3 mutations have been described in approximately 2–5% of
cervical carcinomas in large studies (Cappellen et al., 1999; Rosty
et al., 2005; Wu et al., 2000). In the COSMIC database, FGFR3 mutation
has been found in 2 out of 120 cervical squamous cell carcinoma speci-
mens. In the cervical squamous cell carcinoma and endocervical adeno-
carcinoma TCGA dataset, putative high-level amplification of FGFR3was
reported in b1% (1/212) of samples analyzed (cBioPortal, Dec 2014).
While transcriptome sequencing revealed rare FGFR3 fusions in glio-
blastoma, cholangiocarcinoma, breast, prostate, lung, bladder, head
and neck, and thyroid cancers (Wu et al., 2013), FGFR3 fusions have
not previously been described in cervical carcinoma. FGFR3 fusions are
formed by both interchromosomal and intrachromosomal rearrange-
ments, the latter typically involving the TACC3 locus, which is located
within 150 kb of the FGFR3 gene on chromosome 4p16 (Still et al.,
1999). Similar to the chromosomal proximity of FGFR3 and TACC3,
TACC1 and TACC2 genes are also located near their respective FGFR1
and FGFR2 genes, leading to the suggestion that these gene families
arose through duplication of a common ancestral FGFR/TACC gene pair.
TACC proteins have been implicated in regulation of mitosis and
epithelial mesenchymal transition (EMT). TACC interacts with histone
acetyltransferases, and drives proteins to the mitotic spindle via its
distinctive coiled-coil domain at the C terminus. TACC3 transcript is
overexpressed in cervical cancer human specimens compared to nor-
mal cervical tissue and mediates the epidermal growth factor (EGF)-
induced EMT in cervical cancer cell lines through upregulation of
PI3K/AKT and ERK pathways (Ha et al., 2013). In contrast, FGFR3–
TACC3 fusion proteins appear to localize to spindle poles and cause dis-
ruption of chromosome segregation and aneuploidy by a mechanism
dependent on FGFR tyrosine kinase activity. These preclinical results
suggest a role for FGFR3–TACC3 fusion as an oncogenic-driver in multi-
ple tumor types, worthy of target inhibition by small molecule kinase
inhibitors. These preclinical results are supported by the observable
clinical response in case 1 to FGFR signaling blockade.

In each of these three cases, additional clinically relevant alterations
were detected coincidentwith the FGFR3–TACC3 fusion (Fig. 3). In addi-
tion to putative activation of FGFR signaling, each of the three cases dis-
plays co-occurring mutations predicted to activate the PI3K/AKT/mTOR
pathway, which has been implicated in cervical tumorigenesis. PI3K/
AKT/mTORpathway activation can bemediated by activatingmutations
in PIK3CA, AKT1, ormTOR or loss of function of STK11. PIK3CAmutations
are common in cervical carcinoma (up to 38%; 11% of COSMIC [Jan 2015]
and 25% of TCGA [cBioPortal, Jan 2015] cervical cancer datasets). Less
commonly, homozygous loss of STK11 (10% of COSMIC [July 2014] and
3% of TCGA [cBioPortal, Feb 2015]) and AKT1 activating mutations (not
reported in COSMIC [March 2015]; observed in 2% (3/194) of TCGA
[cBioPortal, May 2015]) have been reported in the cervical carcinoma
datasets.

PIK3CA encodes the p110-alpha catalytic subunit of PI3K. Base
substitutions in the E545 hotspot codon located in the helical domain,
such as observed in case 2, have been shown to be oncogenic (Kang
et al., 2005). Activated PI3K converts phosphatidylinositol 4,5-
biphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3),
which in turn recruits AKT to the cell membrane for activation through
phosphorylation. AKT is an intracellular serine/threonine kinase that
promotes cell proliferation and survival by activating the mTOR path-
way, interacting with cell-cycle proteins and apoptotic proteins. AKT
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E17K, observed in case 1, is a constitutively activating missense muta-
tion within the AKT1 pleckstrin homology domain that causes PI3K-
independent recruitment to the cell membrane. STK11 encodes serine/
threonine-protein kinase 11, also known as Lkb1, that activates AMPK,
and negatively regulates the mTOR pathway in response to cellular
energy levels (Shaw et al., 2004). STK11 alterations that result in the
partial or complete loss of the kinase domain, such as observed in case
3, are predicted to result in a loss of function.

Studies have shown an association ofmTOR signalingwith prognosis
and response to chemotherapy and radiation therapy and the frequency
of mutations activating this pathway provided the rationale for clinical
studies evaluating the efficacy of mTOR inhibitors for the treatment of
cervical cancer. A phase 2 study of single agent temsirolimus in patients
with recurrent or metastatic cervical carcinoma reported partial re-
sponse and stable disease rates of 3% (1/33) and 57% (19/33), respec-
tively (Tinker et al., 2013). In a study of 23 patients with PIK3CA
mutated breast or female gynecological cancers, treatment with PI3K/
AKT/mTOR pathway inhibitors in combination with other drugs result-
ed in a partial response of 40% among five patients with advanced
cervical SCC (Janku et al., 2012). Despite the small number of patients
on these studies, the results suggest a higher efficacywhenmTOR inhib-
itors are combined with inhibitors of other pathways that can circum-
vent feedback loops causing resistance.

The contribution of the additional co-occurring alterations in the
RAF/MEK pathway and in tumor suppressor genes also deserves consid-
eration, as they may be impacting the clinical course or be expected
to alter responsiveness to single-agent therapy. In case 2, the BRAF 3′
tandem duplicationmay result in expression of the constitutively active
BRAF kinase domain in the absence of the BRAF N-terminal auto-
inhibitory domain, and subsequent hyperactivation of the MAPK path-
way (Sievert et al., 2013). Similarly, the subclonal missense mutations
(codons 12 and 13) in the ‘G box’ domains of the Ras-family GTPases,
KRAS and HRAS, also observed in case 2 are predicted to create proteins
incapable of GTP hydrolysis and therefore constitutively activate MEK
signaling. Finally, p53 and Rb somatic mutation is generally uncommon
in HPV-associated cervical carcinomas as the high risk HPV early gene 6
and 7 proteins cause a functional loss of these master tumor suppres-
sors. It seems reasonable to speculate that the unusual RB1 somatic
loss observed in case 3 could have also contributed to the especially
aggressive clinical course in this patient.

The identification of FGFR3–TACC3 fusion, in addition to previously
observed genomic drivers, in these three cases of cervical carcinoma,
supports preclinical evidence of the role of FGFR signaling in a subset
of HPV-driven carcinogenesis. Specimens from cervical cancer xeno-
graft models exhibit increased expression of FGF2 and FGFR1 genes,
while HPV16 E6/E7 oncoproteins reduce their ligand-induced prolifera-
tion (Cheng et al., 2012). In addition, HPV E6 oncoprotein has been
shown to induce the expression of fibroblast growth factor binding pro-
tein (FGF-BP), which regulates the bioavailability of FGF-1 and FGF-2 in
the extracellular matrix, and thereby modulates tumor angiogenesis
(Stoppler et al., 2001). These observations coupled with the clinical re-
sponse observed in case 1 support FGFR signalingpathwayas a potential
therapeutic target in the treatment of cervical carcinoma. Results of
ongoing clinical studies investigating potent and specific inhibitors
of FGFR could provide a signal of efficacy in this disease. The potential
utility of FDA-approved multikinase inhibitors such as pazopanib,
lenvatinib and regorafenib in cervical carcinoma carrying FGFR mo-
lecular alterations also deserves investigation since these agents
inhibit FGFR family members with distinct specificity. Pazopanib,
FDA-approved for advanced soft tissue sarcoma and renal cell carci-
noma, inhibits FGFR1 and 3; lenvatinib, FDA-approved for advanced
radioactive iodine-refractory differentiated thyroid cancer, inhibits
FGFR1, 2, 3 and 4; regorafenib, FDA-approved for metastatic colorectal
cancer, inhibits FGFR1 and 2. However, at this time, there is no approved
indication to use these agents for treatment of solid tumors harboring
FGFR molecular aberrations.
This case series highlights the importance of a comprehensive geno-
mic profiling approach able to detect all classes of genomic alterations
including uncommon gene fusions to reveal potentially targetable
somatic alterations formutation-matched therapy selection. Case 1 pro-
vides proof of concept that treating with an FGFR inhibitor can result in
clinical benefit in metastatic cervical cancer carrying FGFR3–TACC3
translocation in agreementwith results observed in othermalignancies.
In a preliminary report, a patient with refractory bladder cancer and
lungmetastasis harboring a FGFR3–TACC3 fusion demonstrated a partial
response to treatment with a pan-FGFR inhibitor, supporting this strat-
egy in patients with similar translocations, irrespective of tumor histol-
ogy (Bahleda et al., 2014). Cases 1 and 2 also highlight the importance
of utilizing a molecular profiling approach able to detect all classes of
genomic alterations (base substitutions, insertion/deletions, copy num-
ber alterations, and gene fusions) simultaneously on a small tissue
sample. Based on the small amount of material available for testing, it
is certain that this fusion would not have been detected by a sequential
testing approach. These three cases also demonstrate a co-occurrence of
more common genomic alterations in PI3K/AKT/mTOR pathway that
might require combinatorial treatment strategies given the challenge
in identifying the primary “driver” mutation for the tumor.
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