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Abstract

Finding targetable gene fusions can expand the limited treatment options in radioactive
iodine-refractory (RAI-r) thyroid cancer. To that end, we established a novel cell line
‘)VE404' derived from an advanced RAI-r papillary thyroid cancer (PTC) patient, harboring
an EML4-ALK gene fusion variant 3 (v3). Different EML4-ALK gene fusions can have different
clinical repercussions. JVE404 cells were evaluated for cell viability and cell signaling in
response to ALK inhibitors crizotinib, ceritinib and lorlatinib, in parallel to the patient's
treatment. He received, after first-line lenvatinib, crizotinib (Drug Rediscovery Protocol
(DRUP) trial), and lorlatinib (compassionate use). In vitro treatment with crizotinib

or ceritinib decreased viability in JVE404, but most potently and significantly only

with lorlatinib. Western blot analysis showed a near total decrease of 99% and 89%,
respectively, in pALK and pERK expression levels in JVE404 cells with lorlatinib, in contrast
to remaining signal intensities of a half and a third of control, respectively, with crizotinib.
The patient had a 6-month lasting stable disease on crizotinib, but progressive disease
occurred, including the finding of cerebral metastases, at 8 months. With lorlatinib, partial
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response, including clinical cerebral activity, was already achieved at 11 weeks' use and
ongoing partial response at 7 months. To our best knowledge, this is the first reported
case describing a patient-specific targeted treatment with lorlatinib based on an EML4-

ALK gene fusion v3 in a thyroid cancer patient, and own cancer cell line. Tumor-agnostic
targeted therapy may provide valuable treatment options in personalized medicine.

Endocrine-Related Cancer
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Introduction

Thyroid cancer is the most common endocrine
malignancy and its incidence is on the rise (Siegel et al.
2019). Non-medullary thyroid cancer (NMTC) includes
differentiated thyroid cancer (DTC), accounting for ~95%
of thyroid cancers, with main histologic subtypes papillary
(PTC), follicular thyroid carcinoma (FTC) and Hirthle
cell carcinoma (HCC). Usually, prognosis is favorable in

differentiated thyroid cancer cases with standard therapy

including thyroidectomy combined with RAI therapy
(Haugen et al. 2016). However, a subset may be in or
progress to RAl-refractory status which implies a very
poor 10-year survival of <10% (Schlumberger et al. 2015).

Treatment options in RAl-refractory differentiated
thyroid cancer (RAI-tDTC or RRDTC) are limited and
include local treatments or registered first-line drugs
lenvatinib and sorafenib. When these treatment options
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have been exhausted, inclusion in trials may sometimes
be warranted (Haugen et al. 2016). Yet, over the last few
years, advanced diagnostics are evolving and their role
becomes more pivotal in directing the most suitable
patient management choices. The application of
therapeutic options across cancer types of various affected
organs based on their molecular profiling (a tumor-
agnostic approach), facilitates tailored therapy in precision
medicine and several basket trials have been initiated and
are ongoing for this purpose (ClinicalTrials.gov) (van der
Velden et al. 2019). However, unique molecular profiles in
one type of cancer may potentially render (in)sensitivities
to certain drugs that have otherwise proven to be effective
in another cancer type. For instance, favorable results
with vemurafenib in BRAF mutated melanoma vs limited
effect in colon cancer (Flaherty et al. 2010, Kopetz et al.
2015), or panitumumab (EGFR inhibitor) in RAS WT colon
cancer vs Hirthle cell cancer of the thyroid (Aydemirli
et al. 2019, Battaglin et al. 2019).

Echinoderm microtubule-associated protein-like 4 —
anaplastic lymphoma kinase (EML4-ALK) gene fusions are
prevalent in lung cancer and treatment with ALK inhibitors
is a part of conventional care (Recondo et al. 2018). This
set of targetable gene fusions may also present in thyroid
cancer (Cancer Genome Atlas Research Network 2014,
Demeure et al. 2014, Kelly et al. 2014, Chou et al. 2015,
Landa et al. 2016, Panebianco et al. 2019, van der Tuin et al.
2019). EML4-ALK gene fusions (by the EML4 coiled-coil
domain that mediates constitutive dimerization) result in
constitutive ALK kinase activation (Soda et al. 2007, Mano
2008, 2015) and thereby lead to oncogenic signaling via
several pathways including phosphatidylinositol 3-kinase
(PI3K)/AKT, RAS/extracellular signal-regulated Kkinase
(ERK), Janus kinase/signal transducer and activator of
transcription protein (JAK/STAT) (Hallberg & Palmer
2016, Sabir et al. 2017). Depending on varying gene fusion
points of EML4, different EML4-ALK fusion variants, of
varying lengths, may arise (Sabir et al. 2017). For instance,
EML4-ALK fusion variants 3 and 5 are ‘shorter’ and lack
the tandem atypical beta-propeller (TAPE) domain that is
present in v1 or v2 (Bayliss et al. 2016). Their respective
susceptibility to various ALK inhibitors is reported to vary
(Heuckmann et al. 2012, Sabir et al. 2017).

Crizotinib and ceritinib are the first- and a second-
generation ALK TKI, respectively, approved for the
treatment of patients with ALK-positive advanced non-
small cell lung cancer (NSCLC), and lorlatinib is a third-
generation ALK TKI approved for previously treated
ALK-positive metastatic NSCLC (Recondo et al. 2018) (also
see https://www.drugs.com/history/xalkori.html, https://
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www.drugs.com/history/zykadia.html and https://
www.drugs.com/history/lorbrena.html). With lorlatinib
treatment, the NSCLC patients who harbored EML4-ALK
v3 have been reported to show a longer progression-free
survival (PFS) than those harboring EML4-ALK v1 (Lin
et al. 2018). With crizotinib, for those with EML4-ALK
fusion variants 1/2/others (i.e. non-v3) longer PFS have
been reported than for EML4-ALK v3 among treated
patients (Seo et al. 2017, Woo et al. 2017, Christopoulos
et al. 2018). Further studies with crizotinib reported
longer PES for v1 (Yoshida et al. 2016), longer PES for v2
(Li et al. 2018), and lower PES and overall survival (OS)
for v3 or v5 than other fusion variants (Su et al. 2019).
However, several other studies reported no differences in
PFS with crizotinib based on the EML4-ALK fusion variant
(Cha et al. 2016, Lei et al. 2016, Lin et al. 2018, 2019,
Mitiushkina et al. 2018).

All in all, the standard of care regarding ALK TKIs
for ALK rearranged NSCLC is rapidly evolving with the
elucidation of the complexity, for example, resistance
mechanisms, efficacy, CNS-penetrance of various ALK
TKIs. In ALK rearranged NSCLC in general, standard first-
line treatment is now shifting from crizotinib to second-
generation ALK TKIS ceritinib and alectinib (McCusker
et al. 2019). With crizotinib, its poor CNS-penetrance may
account for the fact that CNS metastasis is common among
the 70% of patients who failed on this first-generation
ALK TKI (Costa et al. 2015, McCusker et al. 2019). Second-
or third-generation ALK TKIs have a higher intracranial
activity and may constitute more appropriate ALK TKIs
in case of CNS involvement (Zhang et al. 2015, McCusker
et al. 2019).

Thyroid cancer has its own general molecular profile
(Pozdeyev et al. 2018, van der Tuin et al. 2019) with PI3K/
AKT and RAS/ERK constituting major signaling pathways
involved in thyroid tumorigenesis (Ricarte-Filho et al.
2009, Nikiforov 2011, Brehar et al. 2013, Xing 2013, Penna
et al. 2016, Yarchoan et al. 2016). Conversely, as various
mutations or variants of the EML4-ALK gene fusion may
be present (Sabir et al. 2017, Recondo et al. 2018), it would
be informative to investigate the patient’s treatment
response and put real-life outcome into perspective in
parallel to a surrogate in vitro findings.

At our institution, a patient presented with refractory
papillary thyroid cancer (PTC) wherein an EML4-ALK gene
fusion was detected. Hence, after lenvatinib treatment,
the patient was included in the Drug Rediscovery Protocol
(DRUP) basket trial (NCT02925234) as a candidate for
treatment with the ALK tyrosine kinase inhibitor (TKI)
crizotinib. From the patient’s papillary thyroid cancer
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(Iymph node metastasis) we derived a primary cell line
harboring an EML4-ALK gene fusion v3. As they share
the same essential growth driver due to constitutively
activated ALK, we investigated the applicability of ALK
inhibitors, such as in conventional therapy of lung cancer
harboring EML4-ALK, to thyroid cancer.

Materials and methods
Patient

Lenvatinib was used as standard therapy. Crizotinib was
made available within the DRUP trial (ethical approval
central committee Dutch Cancer Institute 19 April 2016;
Clinical Trials registration October 5, 2016, NCT02925234)
(van der Velden et al. 2019). Lorlatinib was used within
the context of compassionate use. Overall lesion response
was evaluated using RECIST 1.1 (Eisenhauer et al. 2009).
Specimens were handled in compliance with the Code
of Conduct for Proper Secondary Use of Human Tissue
according to the Federation of Dutch Medical Scientific
Societies (Federa) (https://www.federa.org/codes-
conduct). The patient was informed about the secondary
use of coded residual material for research and had no
objections (opt-out policy, exempt from institutional
review board approval). Additional informed consent for
the publication of anonymized information on clinical
data and research on the cancer cell line was obtained
from the patient.

Gene fusion and somatic gene variant screening

Gene fusion and DNA variant analyses were extensively
described previously (van der Tuin et al. 2019). A fully
automated procedure for nucleic acid isolation was used
(van Eijk et al. 2013). Isolated nucleic acids (DNA and RNA)
from resected formalin-fixed paraffin-embedded (FFPE)
tumor material were analyzed for the detection of fusion
genes using next generation sequencing (NGS) with the
Archer® FusionPlex CTL panel (ArcherDX Inc., Boulder,
CO, USA). Somatic mutation analysis was performed using
NGS with a custom AmpliSeq™ Cancer Hotspot Panel v6
(Thermo Fisher Scientific). Additionally, copy number
analysis was performed. Additional TERT-promoter
mutation analysis was done using Sanger sequencing,
at Macrogen (Amsterdam, the Netherlands). Detected
class 5 (pathogenic) and class 4 (likely pathogenic) DNA
variations were reported. Within the context of the
DRUP trial, metastatic tissue biopsied from the lymph

node was analyzed using whole genome sequencing
(WGS) (Illumina X10 setup, https://emea.illumina.com/
company.html#) at the Hartwig Medical Foundation as
described previously by Priestley ef al. (2019), along with
a control blood sample (peripheral blood leukocytes).

Immunohistochemistry

Immunohistochemistry was performed as previously
described (Hermsen et al. 2013), with the use of primary
antibody: ALK rabbit mAb, 1:100 (Cell Signaling
Technology (CST), #3633).

Compounds

For laboratory assessment, the compounds crizotinib
(PF-02341066, Cat. No. S1068, Selleck Chemicals LLC,
Houston, TX, USA), ceritinib (LDK378, Cat. No. S7083,
Selleck Chemicals LLC, Houston, TX, USA) and lorlatinib
(PF-6463922, Cat. No. S7536, Selleck Chemicals LLC,
Houston, TX, USA) were prepared as stock solutions of 5
mM in DMSO (J.T. Baker, Avantor Performance Materials
Poland S.A., Gliwice, Poland).

Cell line establishment, DNA/RNA isolation, cell line
authentication, cell culture, cell count

Cell line establishment was performed as previously
described (Boot et al. 2016). Cancer cell line DNA isolation
was performed using the NucleoSpin® DNA purification
kit (Macherey-Nagel GmbH & Co. KG, Diiren, Germany)
according to the manufacturer’s instruction. Cancer cell
line RNA isolation was performed using the NucleoSpin®
RNA purification kit (Macherey-Nagel GmbH & Co. KG)
according to the manufacturer’s instruction. DNA and
RNA concentrations were measured using Nanodrop 1000
(Isogen, De Meern, the Netherlands). The cancer cell lines
(Table 1) were authenticated by short tandem repeat (STR)
profiles (GenePrint® 10 system, Promega). STR profile of
the novel cancer cell line JVE404 is as follows: AM: X,Y;
CSF1PO: 11,12; D13S317: 9; D16S539: 11,13; D21S11:
31.2,33.2; D5S818: 11,12; D7S820: 10,11; THO1: 9.3;
TPOX: 8,1; VWA: 15,17.

Cells were cultured under standard conditions in a
humidified atmosphere (5% CO,, 95% air, 37°C). Cells
of the cell lines JVE404, NCI-H2228 and BHP 2-7 were
cultured in DMEM/F-12 medium (Cat. No 11330032,
Gibco, Life Technologies) and cells of Karpas-299 in
RPMI medium 1640 (Cat. No 52400025, Gibco, Life
Technologies). The media were supplemented with
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Table 1 Cancer cell line characteristics.
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Cell Line Sex Age Origin Localization Gene fusion Ref.

JVE404 m 61 PTC LN metas. EML4-ALK v3 *

NCI-H2228 f uk NSCLC primary EML4-ALK v3 (Koivunen et al. 2008), (Phelps et al. 1996)
ALK-PTPN3 (Jung et al. 2012)**

Karpas-299 m 25 TCNHL primary NPM1-ALK (Krumbholz et al. 2018) (Fischer et al. 1988)

BHP 2-7 f uk PTC primary RET/PTC1 (Melillo et al. 2005, Schweppe et al. 2008) (Ohta et al. 1997)

*First described in the present study. **Non-pathogenic gene fusion.

f, female; LN, lymph node; m, male; metas., metastasis; NSCLC, non-small cell lung cancer; PTC, papillary thyroid carcinoma; Ref., references; TCNHL,

T cell non-Hodgkin lymphoma; uk, unknown.

penicillin (50 U/mL), streptomycin (50 pg/mL) (Cat.
No 15140122, Gibco, Life Technologies) and 10% heat-
inactivated fetal bovine serum (Cat. No 758093, Greiner
bio-one, Longwood, FL, USA).The cancer cells were tested
for mycoplasma using a mycoplasma-specific PCR (van
Kuppeveld et al. 1993).

Cells were harvested using Hank’s balanced salt
solution (HBSS, Sigma-Aldrich) containing 0.125%
trypsin (Gibco, Life Technologies) and 0.25 mM EDTA at
37°C for cell passaging.

Cells were counted using a 1:20 dilution of AO-DAPI
(solution 18, Cat. No 9103018, Chemometec, Allerad,
Denmark), loaded in quadruplicate onto the NC-Slide
A8 (Chemometec) and subsequently read out using
the automated cell analyzer nucleoCounter NC-250
(Chemometec) with NucleoView NC-250
(Chemometec).

software

Quantitative multiplexed near-infrared fluorescent
Western blotting

For the preparation of protein lysates for Western
blotting, the cells were cultured until 70 to 80%
confluency and treated with DMSO (0.006%), crizotinib
(30, 100, 300 nM) or lorlatinib (30, 100, 300 nM) for
2 hours, followed by washing with ice-cold PBS and
lysed with Hot-SDS buffer containing PhosSTOP™ (Cat.
No 04906837001, Roche Diagnostics) and cOmplete™
(Cat. No 11697498001, Roche Diagnostics). Quantitative
multiplexed near-infrared fluorescent Western blotting
was performed as previously described (Aydemirli et al.
2019). The Bio-Rad DC™ protein assay was used for the
determination of protein concentrations, according to
the manufacturer’s instructions (Bio-Rad Laboratories,
Inc.). For each sample, 20 pg of lysate was mixed with
4x Laemmli sample buffer (Cat. No 1610747, Bio-Rad
Laboratories, Inc.) containing fME, heated for 5 min at
100°C and loaded onto a 1.5 mm 10% acrylamide gel
in addition to molecular weight markers (92840000

310014776 LI-COR, Lincoln, NE, USA). Electrophoresis
was performed at 50 V throughout the gel. The Bio-Rad
semi-dry Trans-Blot Turbo Transfer System was used for
blotting (Limit 25V, constant 2.5A, 15 min). Blots were
washed in 1x TBS, blocked for 1 h in Odyssey blocking
buffer (TBS) (Cat. No 92750000, LI-COR, Lincoln, NE)
1:1 with 1x TBS, washed in 1x TBS, incubated overnight
at 4°C with primary antibodies in 1x TBS/0.1% Tween-
20/5% BSA (Sigma-A9647, Sigma-Aldrich). Blots were
washed in 1x TBS/0.1% Tween-20, then incubated for
1 h with secondary antibodies in 1x TBS/0,1% Tween-
20/5% BSA protected from light, then washed with 1x
TBS. Western blotting experiments were repeated three
times. The blots were imaged at high-resolution using
the Odyssey infrared imaging system (LI-COR, Lincoln,
NE). Image Studio Lite Ver 5.2 software package (LI-COR,
Lincoln, NE) was used for image analysis. Signal intensity
values were corrected to the loading control (a-Tubulin),
followed by percentual calculations against DMSO
control, then plotted in bar charts, along with two-way
ANOVA followed by Tukey’s post-hoc test (statistical
significance was considered at P < 0.05), using GraphPad
Prism (version 8.0.1 (244) for Windows, GraphPad
Software, www.graphpad.com).

Antibodies

Primary antibodies: anti-a tubulin mouse, 1:50,000 (clone:
DM1A, Cat. No. 14450282, eBioscience, San Diego,
CA, USA); ALK rabbit mAb, 1:2000 (CST #3633); pALK
(Tyr1507) rabbit mAb (CST #14678); Akt mouse mAb,
1:2000 (CST #2920); pAkt (Ser473) rabbit mAb, 1:1000
(CST #9277); Erk 1/2 mouse mAb, 1:1000 (CST #4696);
pErk 1/2 (Thr202/Tyr204) rabbit mAb, 1:2000 (CST #4370);
STAT3 mouse mAb, 1:1000 (CST #9139); pSTAT3 (Tyr705)
mouse mAb, 1:2000 (CST #4113). Secondary antibodies:
green-fluorescent goat anti-rabbit IRDye 800CW, 1:10,000
(92632211 LI-COR, Lincoln, NE). Red-fluorescent goat
anti-mouse IRDye 680LT, 1:10,000 (92668020 LI-COR,
Lincoln, NE).
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Toxicity profiling

Cells were seeded in 96 well cell culture microplates
(655090, Greiner Bio-One GmbH, Frickenhausen,
Germany) at 10,000 cells per well. Twenty-four hours
after seeding, the compounds crizotinib, ceritinib,
lorlatinib or DMSO were added to the wells. After 72
h of incubation with the compounds, PrestoBlue™
cell viability reagent (invitrogen by Thermo Fisher
Scientific, Life Technologies Corporation) was added to
the wells and viability was measured according to the
manufacturer’s instructions. The cell viability assessments
were performed in quadruplicate and reproduced in
two independent experiments. Dose-response curves
(expressed as mean values with standard deviation), ICg,
values and comparison between compounds (RM one-
way ANOVA test followed by Tukey’s post-hoc test) were
determined using GraphPad Prism (version 8.0.1 (244)
for Windows, GraphPad Software, www.graphpad.com).
Statistical significance was considered at P < 0.05.

Results
Patient

A 60-year-old man without past medical history presented
with a palpable thyroid nodule and a swollen lymph node
in the neck, suspicious of metastasis. The lymph node was
excised and corresponded on histologic examination to a
poorly differentiated follicular variant of papillary thyroid
carcinoma (FVPTC). Thyroidectomy with lymph node
dissection was performed for the T4N1MO-staged partly
poorly differentiated papillary thyroid carcinoma with
subsequent I-131 therapy, also see Supplementary Fig. 1
(see section on supplementary materials given at the end
of this article). Over the next 4 years after initial diagnosis,
the [-131 was iterated multiple times to a cumulative dose
of 27.7 GBq of RAI (Fig. 1).

A vyear after the surgery, a re-excision of lymph
node metastases in the neck (paratracheal and caudal
to the sternocleidomastoid muscle) was performed,
corresponding to PTC, partly poorly differentiated.
Molecular analysis of tumor tissue showed an EML4-
ALK gene fusion. EML4 exon 6, NM_019063.3: ALK
exon 20, NM_004304.4. Copy number analysis showed
homozygous deletion of CDKN2A (P16) gene. Also, a TERT
promoter ¢.-124C>T (C228T; COSM1716558) variant was
detected. No other class 4 or 5 pathogenic variants were
detected. Congruently, immunohistochemical analysis
of the tumor metastasis in the lymph node showed

ALK overexpression in the tumor cells, indicative of the
functional nature of this fusion gene. Both the EML4-
ALK gene fusion and the promoter TERT variant were
confirmed in the primary tumor.

Despite these therapies, thyroglobulin levels were
on the rise and his disease had progressed to radioiodine
refractory status. In retrospect, the last RAI dose proved to
be unjustified. The patient showed a progression of lymph
node metastases (mediastinum, neck, supraclavicular)
and pulmonary metastases. No osseous lesions were
seen. Recurrent tumor tissue was causing local mechanic
compression with focal vascular invasion into the left
subclavian vein, which manifested in s.c. edema of the
left arm. For decompression, the re-excision of recurrent
thyroid tissue along with excision of lymph node
metastasis in the neck was performed.

The patient was treated with lenvatinib (the
conventional daily dosage of 24 mg) according to local
practice with TKI treatment registered for RR-DTC. The
patient used lenvatinib for two-and-a-half months till
adverse events of acute cholecystitis (due to existent
gallbladder stones) and intra-abdominal abscess
formation, possibly due to intestinal perforation, emerged,
of which relatedness to lenvatinib could not be excluded.
Hereupon, lenvatinib was ceased. Due to the relatively
short treatment course, response evaluation according to
RECIST had not been performed during therapy. However,
asasubjective and, in fact, the ostensive measure of clinical
benefit, the edema in the patient’s arm had diminished
within 2 weeks of lenvatinib therapy, suggestive of
response to lenvatinib. When lenvatinib was ceased,
partial response was noted on the following CT scan 2
weeks later. However, clinical progression was suspected
based on swollenness of the arm and progressive disease
(PD) was noted, based on a CT scan according to RECIST
6 weeks later.

Because the somatic EML4-ALK v3 rearrangement was
affirmatively identified in newly acquired biopsy material
from a lymph node metastasis using whole genome
sequencing, the patient was considered a potential
candidate for inclusion in the DRUP trial with ALK as a
therapeutic target. Other genetic alterations detected in
the biopsy material using WGS were a somatic variant
(MUC6 c. 793G>A, p.(Gly26S5Ser)). Inactivation of the
CDKNZ2A gene encoding for pl6 was confirmed. Within
the context of the DRUP trial, the first-generation ALK
TKI crizotinib was made available to the patient. Two-
and- a-half months after the prior lenvatinib regimen,
the 66-year-old patient commenced crizotinib treatment
with a daily dosage of 2x 250 mg. The first RECIST
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evaluation showed SD after 2 months use, as well as after ~ progression of multiple cerebral metastases, whereupon
4 and 6 months and no treatment-emergent adverse  lenvatinib was stopped.
events had occurred. Two weeks later, within the context of compassionate
After 8 months of crizotinib use, the radiologic = use and on basis of the tumor cell line experiments
evaluation revealed progressive disease on the CT scan  described below, the patient started with the third-
of neck/thorax and abdomen and on a CT brain which  generation ALK TKI lorlatinib (100 mg per day). Within
was made after traumatic injury to the head, multiple 2 weeks, thyroglobulin levels dropped by about 75%.
cerebral lesions were seen. It is unknown whether these  After 11 weeks of lorlatinib therapy, the CT scan showed
lesions were already present. Hereupon, crizotinib was  partial response (PR), with a 37% decrease in the sum of
ceased and lenvatinib was restarted. With lenvatinib use, the target lesions. Also after 7 months of initiation with
clinical benefit was noted by the patient with reduced  lorlatinib treatment, an ongoing PR was determined
swollenness of palpable lymph nodes and decreasing  with a 38% decrease in the sum of the target lesions as
levels of thyroglobulin. Gastrointestinal adverse events  compared with the previous CT scan (61% decrease from
of nausea, vomiting and abdominal pain ensued because  baseline), also see Figs 1 and 2. Two of three cerebral foci
of elevation of the left diaphragm, requiring hospital  also decreased in maximum diameter (from 9 to 6 mm,
admission but was manageable with analgesics and and 10 mm to indiscernible, respectively), while one
supportive measures. The first RECIST evaluation showed  focus showed growth (from 8 to 12 mm). No toxicity was
SD after 2 months of lenvatinib treatment. However, the  reported with lorlatinib. The patient is currently alive, he
evaluation after four-and-a-half months showed PD on  has been scheduled for stereotactic radiotherapy for the
the CT scan of the neck/thorax and abdomen and the  cerebral lesions and treatment with lorlatinib is ongoing.
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Figure 1

Timeline showing the disease course of our patient since his thyroidectomy, along with thyroglobulin plasma levels (upper line graph) and RECIST
evaluations with the sum of the target lesions (lower line graph) during the targeted therapies. The patient received first lenvatinib for two and a half
months, then the ALK inhibitor crizotinib within the DRUP trial for 8 months, followed by lenvatinib for four and a half months, and then (until now) the
ALK inhibitor lorlatinib for about 7 months as part of compassionate use. MD, molecular diagnostics; LN, lymph node; WGS, whole genome sequencing;
LEN, lenvatinib; CRI, crizotinib; LOR, lorlatinib; B, baseline; PR, partial response; SD, stable disease; PD, progressive disease. ‘LN+, ‘Lung+, ‘Brain+',
indicates new metastatic spread.
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Figure 2

CT scan impressions of the (ongoing) partial
response (according to RECIST) on 7 months of
lorlatinib treatment. The sum of four target
lesions has decreased from 192 mm at baseline
to 75 mm; two of these target lesions are shown
in the figure. A subcarinal lymph node metastasis
reduced from 64 mm at baseline (A) to 28 mm
after 7 months lorlatinib (B) in diameter. A
pretracheal lymph node metastasis showed a
reduced diameter from 29 mm at baseline (C) to 8
mm after 7 months lorlatinib treatment (D).

Matching novel thyroid cancer cell line Toxicity profiling

JVE404 (Supplementary Fig. 2), the PTC-derived cell =~ As the specific variants of the EML4-ALK gene fusion
line harboring the EML4-ALK gene fusion variant 3 may be associated with higher sensitivity or resistance to
has been established from the patient’s lymph node at  certain types of ALK inhibitors, additional clinically used
age 61 that was resected 1 year after thyroidectomy. 2nd and 3rd generation ALK TKIs (ceritinib and lorlatinib,
Localization of the known papillary thyroid cancer respectively) were tested in comparison to crizotinib (1st
was present in the lymph node but with poorly  generation ALK TKI) that was administered to the patient.
differentiated parts and frequent mitotic figures. STR Treatment with crizotinib, ceritinib or lorlatinib led to
profiles of the novel cancer cell line JVE404 matched  decreased viability in JVE404, H2228 and Karpas-299 (Fig.
with the original metastatic material localized in the 3 and Table 2). As shown in the dose-response curves, the
lymph node. Immunohistochemical analyses of the  cancer cell lines had a higher sensitivity to lorlatinib as
cancer cell line (passage number 23) also showed ALK  compared to crizotinib. In JVE404, the inhibitory effect
expression (ALK-positive) and confirmed thyroidal of only lorlatinib was significantly superior compared
origin (TTF1 positive, PAX8 positive, thyroglobulin to control (P= 0.0022), while crizotinib (P= 0.239) or
negative) (Baloch et al. 2018). The absence of ceritinib (P= 0.0624) were not. Further, in JVE404, the
thyroglobulin staining may comply with poorly inhibitory effect of lorlatinib was significantly higher
differentiated thyroid cancer (PDTC) (Baloch et al. compared to crizotinib (P= 0.0097) and of ceritinib
2018) or with loss of thyroglobulin expression in cell compared to crizotinib (P= 0.0153). In NCI-H2228, the

culture in absence of TSH (Bravo et al. 2013). inhibitory effect of lorlatinib (P= 0.0006) and of ceritinib
JVE404 (EML4-ALK v3) NCI-H2228 (EML4-ALK v3) Karpas-299 (NPM1-ALK) BHP 2-7 (RETIPTC1)
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Figure 3
Dose-response curves. In the graphs, the mean relative viability of JVE404, NCI-H2228, Karpas-299 and BHP 2-7 cancer cells are shown for increasing

concentrations of DMSO control (grey dot line) and treatment with three ALK TKils (black lines): crizotinib (solid line), ceritinib (dash line), lorlatinib
(dot line).
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Table 2 |C;, values, with 95% ClI, for the ALK TKIs in the
cancer cell lines.

JVE404 NCI-H2228 Karpas-299
Crizotinib 196.4nM, 95% 86.8 nM, 95% 131.3 nM, 95%
Cl:113.8-350.2 Cl:56.1-134.7 Cl: 77.4-228.7
Ceritinib 58.1nM,95%  21.6nM,95%  59.9 nM, 95%
Cl:34.7-97.0 Cl:12.3-37.4 Cl:36.1-99.9
Lorlatinib 0.718 nM, 95% 0.322nM, 95% 2.399 nM, 95%
Cl: 0.483-1.069 CI: 0.159-0.672 Cl: 1.104-5.310
1Cs,, half maximal inhibitory concentration.
(P= 0.015), respectively, was significantly superior

compared to control, while crizotinib (P=0.1217) was not.
In NCI-H2228, both lorlatinib and ceritinib, respectively,
were significantly superior compared to crizotinib. In
Karpas-299, only lorlatinib showed significantly superior
inhibition compared to control (P= 0.0247). The DMSO
control appeared to exert no substantial toxicity. BHP
2-7, the negative control cell line harboring no ALK
target, showed no substantial change in response to the
compounds on cell viability.

Western blot analysis

Western blot analysis (Fig. 4) showed a gradual decrease
in pALK and pERK expression upon 30, 100, 300 nM
crizotinib on the EML-ALK v3 harboring JVE404 cells (pALK
+2, =8, —49%, respectively, and pERK —35, —63, —68%,
respectively), but less pronounced than on NCI-H2228
(lung cancer cell line, also characterized by EML4-ALK v3)
(pALK -35, —-59, —80%, respectively, and pERK -58, -89,
-96%, respectively) (also see Supplementary Figs 3 and 4).
Comparatively, the impact on protein expression levels
of phosphorylated ALK and downstream effectors was
higher with lorlatinib (JVE404: pALK -93, —97, —98%,
respectively, and pERK -79, -89, —88%, respectively;
NCI-H2228: pALK -94, -98, —99%, respectively, and
PERK -97, —97, —98%, respectively).

Targeting EML4-ALK v3 in
thyroid cancer

28:6 384

Interestingly, despite these significantly reduced
expression levels in JVE404 of pALK, up to —49 (P=0.004)
and -98% (P < 0.0001), upon increasing crizotinib dose or
lorlatinib treatment, respectively, the treatment did not
show a strong change in expression levels of pAKT (about
-30 and -22%, respectively, not significant) in JVE404.
The latter holds true also in contrast to pAKT in NCI-
H2228 cells that showed significantly reduced expression
(up to =73 and -79% with crizotinib and lorlatinib,
respectively, P < 0.0001) levels upon treatment. However,
compared to JVE404, the baseline expression level of
PAKT was ~20% higher in NCI-H2228 and highest (>16x)
in BHP 2-7 cells (Fig. 4, also see Supplementary Figs 5
and 6). NCI-H2228 cells seemed to express pSTAT, albeit
at low levels, but nevertheless ~3x more than JVE404
(pSTAT expression not reliably distinguishable) (also see
Supplementary Fig. 3C).

In the control cells Karpas-299 (harboring NPM1-
ALK) ALK was relatively overexpressed and pALK and
pSTAT expression levels showed a decrease (up to —84 and
—86%, respectively, P < 0.0001) upon crizotinib and even
more upon lorlatinib (up to —98 and —-94%, respectively,
P <0.0001). In Karpas-299, expression levels of pAKT and
pERK were not reliably distinguishable. In the control
cells BHP 2-7 (harboring RET/PTC1) ALK was not present
indeed, STAT was present, but pSTAT expression was not
distinguishable. In BHP 2-7, the levels of pAKT fluctuated
for the various treatment conditions with DMSO and ALK
TKIs, while remaining overexpressed. The levels of pERK
decreased upon treatment in BHP 2-7 cells, however, still
overexpressed, unlike JVE404 or NCI-H2228.

Discussion

We present a patient with metastatic refractory thyroid
cancer harboring EML4-ALK gene fusion variant 3. This
patient was treated with the ALK inhibitor lorlatinib after

Figure 4

Quantitative, multiplexed near-infrared
fluorescent Western blotting. In the Western blot,
the expression of proteins and phosphorylated

JVE404 NCI-H2228 Karpas-299 BHP 2-7
328833828323 33283°8382882°8
oo [+ s 41 4 oo oo
00009990000999 0009990000999

proteins ((p)ALK as the fusion protein of EML4 or
NPM1 with conformable molecular sizes, (p)STAT,
(P)AKT, (p)ERK and household protein control
a-Tubulin) for the cancer cell lines JVE404,
NCI-H2228, BHP 2-7 and Karpas-299 are shown in
the treated conditions of DMSO control, crizotinib
(30, 100, 300 nM) and lorlatinib (30, 100, 300 nM),
respectively. aTub, a-Tubulin; CR, crizotinib; LO,
lorlatinib.
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matching tumor cell line data showed that lorlatinib
was a more potent drug than the already administered
crizotinib. Apart from inhibiting EML-ALK v3 better than
crizotinib, lorlatinib also exhibited CNS-activity.

The novel and unique patient’s cancer cell line JVE404
showed response, in terms of viability and reduction in cell
signaling effectors, to ALK inhibitors in vitro. Moreover,
the in vitro impact of targeting constitutively activated
ALK in the context of a variant 3 of the EML4-ALK gene
fusion was more pronounced with lorlatinib (highly
significant compared to control and lowest ICg, value)
than for crizotinib (not significant compared to control)
or ceritinib (significance and half-maximal inhibitory
value inferior to lorlatinib; not significant compared to
control in JVE404, but significant in NCI-H2228). The
latter corroborates previous studies in lung cancer (Zou
etal. 2015, Seo etal. 2017, Woo et al. 2017, Lin et al. 2018).

The presented approach of investigating single cases
and cell lines may serve as a rationale to substantiate the
use of tested drugs in thyroid cancer by evaluating cell
signaling mechanisms combined with analysis of cell
viability. Although valuable, this is a very exceptional
approach as even only the establishment of a cancer
cell line takes a large amount of time and effort and
is rarely successful. Demeure et al. also described a
papillary thyroid cancer patient carrying an EML4-
ALK v1 gene fusion with stable disease on 6 months’
crizotinib treatment (Demeure et al. 2014). To the best
of our knowledge, our report presents the first case of
an advanced thyroid cancer patient carrying an EML4-
ALK gene fusion v3 who was treated with lorlatinib. The
present study also demonstrates the applicability of a
tumor-agnostic approach, whilst carefully taking note of
various considerations. Although, this is not yet approved
common practice for every druggable mutation that is
clinically confirmed in another cancer type.

With tissue-agnostic targeted therapy approaches,
such as in the context of basket trials or in the context of
compassionate use, itisinteresting to investigate the intended
impact against the targeted tumor’s own background.

Presumably, the differences in expression levels of
the phosphorylated proteins as shown in the Western
blot analysis may be indicative of relative insensitivity to
the compound, as shown by varying IC,, values. It may
also be a reflection of general cell signaling characteristics
inherent to the cell line with its specific gene fusions or
gene variants or to the organ it was derived from. For
instance, our patient’s PTC-derived cell line showed pAKT
protein expression that remained relatively unaffected
(decreased signal intensity of ~20%, not significant),

in contrast to a near total 98-88% decrease of pALK and
PERK expression, and in contrast to the lung cancer-
derived cell line NCI-H2228 (also harboring EML4-ALK
v3) that showed a decrease of ~80%. Major signaling
pathways involved in thyroid tumorigenesis include the
MAPK and the PI3K/AKT signaling pathways (Nikiforov
2011, Xing 2013). Moreover, in PTC, pAKT is upregulated
(Miyakawa et al. 2003, Vasko 2004, Faustino et al. 2012,
Matson et al. 2017) and its nuclear expression has been
associated with metastases (Tavares et al. 2018). Therefore,
in general, AKT seems an interesting target of therapy. On
the other hand, it has been shown by a previous study
that depletion of EML4-ALK v1 or v3 suppressed pERK
and pSTAT3, but not pAKT in non-transformed mouse
fibroblast cells and in the lung cancer cell line H3122
(harboring EML4-ALK v1); therefore suggesting activation
of ERK and STAT3 signaling by such gene fusions but
not of the PI3K-AKT pathway (Takezawa et al. 2011).
Moreover, in comparison to two other thyroid cancer cell
lines with known constitutively activated AKT (Aydemirli
etal. 2019) (being XTC.UC1 cells derived from Hiirthle cell
cancer and BHP 2-7 cells derived from PTC harboring RET/
PTC1), baseline pAKT expression levels in JVE404 were
~94% lower (as shown in Supplementary Figs 5 and 6).
Also baseline levels of pSTAT in JVE404 were about a third
of the expression in NCI-H2228 and subtly discernible,
and in these two cell lines, about 97% lower compared to
Karpas-299. However, STAT3 activation has been shown
to be strongly implicated in lymphomagenesis mediated
by NPM-ALK (Chiarle et al. 2005). These considerations,
taken altogether, suggest that in JVE404 predominantly
the MAPK pathway is upregulated by the EML4-ALK
gene fusion v3, as reflected by highly activated ERK that
could be brought down concurrently with pALK, upon
treatment with ALK inhibitors. This appears to be in line
with previous findings of dependence on MAPK in lung
adenocarcinoma harboring EML4-ALK (Takezawa et al.
2011, Hrustanovic et al. 2015).

In terms of effectiveness and toxicity, targeted
therapy might potentially be more advantageous when
an essential growth driver is aimed over a multi-targeted
therapy approach (Mano 2015). Kohler et al. showed that
constitutively activated ALK induced metastatic, poorly
differentiated thyroid cancer (PDTC) in mice; therefore,
it appears to be a driver of thyroid carcinogenesis (Kohler
et al. 2019). Moreover, ALK-driven thyroid cancers seem
to be associated with solid/trabecular architecture and
an increased mitotic rate in PDTC or anaplastic thyroid
carcinoma (ATC) (Hamatani et al. 2012, Godbert et al.
2015, Kohler et al. 2019). Detailed characterization of
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ALK-driven thyroid cancer has recently been described
elsewhere, with infiltrative (FV)PTC as the most typical
morphology (Panebianco et al. 2019). For instance, in the
ATC case study by Godbert and colleagues (Godbert et al.
2015), a patient is reported with an ALK rearrangement in
both its well-differentiated part as well as anaplastic part
of the tumor. Also, the presence of the ALK rearrangement
in both components would favor it to constitute an early
carcinogenic driver event, in addition to the excellent
response to crizotinib in their patient (Godbert et al. 2015).
The histologic examination concerning our patient case
had revealed FVPTC in a lymph node metastasis, partly
poorly differentiated PTC in the primary tumor (also
see Supplementary Fig. 1), and metastases with poorly
differentiated areas. This seems to fit the range of previously
observed morphologies in ALK-driven thyroid cancer.

Furthermore, the impact of effectively targeting
essential growth drivers might probably prove to be
even more relevant in RAI-rDTC in particular, regarding
the potential of possibly inducing redifferentiation and
contingent regain of iodine uptake (Buffet et al. 2020).
The latter, in case it would supervene from the treatment
with the drug, may facilitate radioactive-iodine therapy in
the patient, and thereby, potentially raising the chances
for a cure rather than a prolongation of the progression-
free interval (Buffet ef al. 2020). However, due to practical
reasons, we could not investigate this.

Another interesting point of discussion is that a
CDK4/6 inhibitor, currently available in the DRUP study
(van der Velden et al. 2019), constitutes an additional
(future) option for targeted therapy aiming for the
homozygous CDKN2A deletion in our patient. Moreover,
even in the absence of this deletion, a synergistic in vitro
activity of the combination of an ALK inhibitor with a
CDK inhibitor in neuroblastoma was reported in the
literature (Wood et al. 2017). However, this dual therapy
was not tested in our experiments or clinically applicable.

Regarding the general toxicity profile; that of
multi-targeted TKIs registered for RAI-
rDTC, lenvatinib or sorafenib (Yu et al. 2019), may
differ from that of lorlatinib (Bauer et al. 2019) or
crizotinib (Hou et al. 2019), as is also illustrated by
the patient. Also, the patient described in the current
study developed CNS metastasis after treatment with
crizotinib failed, as may be seen in a subset of patients
who failed on crizotinib treatment due to its poor CNS-
penetrance (Costa et al. 2015, McCusker et al. 2019).
In that regard, higher generation ALK TKIs, such as
lorlatinib, may be considered in case of CNS metastasis
(McCusker et al. 2019).

available
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Conclusion

In this study, ALK targeted therapy with crizotinib and
lorlatinib in a thyroid cancer patient harboring an EML4-
ALK gene fusion v3, is illustrated. Additionally, analyses
of cell viability and cell-signaling protein molecules have
been performed on the novel papillary thyroid cancer
cell line harboring an EML4-ALK v3 derived from the
patient’s tumor. Our findings corroborate that also in
thyroid cancer with EML4-ALK v3, targeting ALK appears
feasible. We observed clinical activity and in vitro impact
on viability and downstream signaling in response to
the 1st generation ALK TKI crizotinib, although stable
disease lasted 6 months and progressive disease included
the finding of cerebral metastases at 8 months, but
higher sensitivity and clinical partial response with
CNS activity to the 3rd generation ALK TKI lorlatinib.
With the increasing application of techniques as NGS
in daily clinical practice, it seems valuable to recognize
molecularly targetable drivers, when treatment options
are limited, and even more so in refractory thyroid cancer.
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