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Lysyl Oxidase Is a Key Player in BRAF/MAPK
Pathway-Driven Thyroid Cancer Aggressiveness
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Background: The BRAF"°°°® mutation is the most common somatic mutation in thyroid cancer. The mecha-
nism associated with BRAF-mutant tumor aggressiveness remains unclear. Lysyl oxidase (LOX) is highly
expressed in aggressive thyroid cancers, and involved in cancer metastasis. The objective was to determine
whether LOX mediates the effect of the activated MAPK pathway in thyroid cancer.

Methods: The prognostic value of LOX and its association with mutated BRAF was analyzed in The Cancer
Genome Atlas and an independent cohort. Inhibition of mutant BRAF and the MAPK pathway, and over-
expression of mutant BRAF and mouse models of BRAF"°°’% were used to test the effect on LOX expression.
Results: In The Cancer Genome Atlas cohort, LOX expression was higher in BRAF-mutant tumors compared to
wild-type tumors (p<0.0001). Patients with BRAF-mutant tumors with high LOX expression had a shorter
disease-free survival (p=0.03) compared to patients with a BRAF mutation and the low LOX group. In the
independent cohort, a significant positive correlation between LOX and percentage of BRAF mutated cells was
found. The independent cohort confirmed high LOX expression to be associated with a shorter disease-free
survival (p=0.01). Inhibition of BRAF"°?’F and MEK decreased LOX expression. Conversely, overexpression
of mutant BRAF increased LOX express10n The mice with thyroid- spe01ﬁc expression of BRAF"%"’F showed
strong LOX and p-ERK expression in tumor tissue. Inhibition of BRAF"°*’% in transgemc and orthotopic mouse
models significantly reduced the tumor burden as well as LOX and p-ERK expression.

Conclusions: The data suggest that BRAFV*’°F tumors with high LOX expression are associated with more
aggressive disease. The biological underpinnings of the clinical findings were confirmed by showing that BRAF
and the MAPK pathway regulate LOX expression.
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Introduction behavior useful for clinical management remain relatively
scarce and an active area of investigation.

T HYROID CANCER, the most common endocrine malig- The most common mutation in thyroid cancer is BRAF VGOOE,

nancy shows divergent behavior based on the histologic =~ which is present in approximately 40% of patients with PTC

subtype, ranging from near-normal life expectancy in pa- (3-5). BRAF"%°F constitutively activates a serine/threonine
tients with papillary microcarcinomas to a lethal course in  kinase and initiates malignant transformation by activating the
patients with anaplastic thyroid cancer (1,2). Despite diverse ~MAPK pathway (6,7). Other common thyroid cancer muta-
disease progression and outcomes for patients with papillary tions (RAS, RET rearrangements) also constitutively activate
thyroid cancer (PTC), molecular markers predictive of tumor  the MAPK pathway. Although most studies have observed an
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association between the BRAF'°’* mutation and more ag-

gressive clinicopathologic features (8—11), its usefulness as a
prognostic marker remains controversial because of its prev-
alence in incidental or microscopic PTC (8,12-14). Therefore,
it remains unclear whether the presence of mutation alone
should affect the treatment of thyroid cancer patients.
Coexisting BRAFV°°F and TERT promoter mutations are
associated with higher mortality but occur in only 3—-6% of
patients with PTC (15,16).

Lysyl oxidase (LOX) is a copper-dependent amine oxidase
that plays a critical role in the biogenesis of connective tissue
matrices by cross-linking collagen and elastin (17). Increased
LOX expression has been associated with cancer aggres-
siveness and metastasis (18-21). LOX is highly expressed
in aggressive thyroid tumors and is involved in progression
and metastasis. High expression of LOX is associated with a
higher mortality rate (22,23). Furthermore, LOX upregula-
tion is associated with lower disease-free survival (DFS)
in transgenic mice with BRAF"°°°F and PTEN inactivating
mutations (24).

The objectives of this study were to assess the potential of
BRAF and LOX as markers of disease aggressiveness in
thyroid cancer and to characterize the biological interplay
and underpinning of BRAF and LOX in thyroid cancer ag-
gressiveness. It was found that BRAF"*°°_mutant tumors are
associated with higher LOX expression and more aggressive
disease than BRAF"°*’ _mutant only or wild-type tumors,
and that BRAF"%°°F and the MAPK pathway regulate LOX
expression.

Methods
Tissue samples and patient information

The Cancer Genome Atlas (TCGA) thyroid cancer cohort
(THCA) and a cohort from the National Institutes of Health
(NIH) were utilized to explore the association between LOX
and BRAF mutations. All patients participated in a clinical
protocol for tumor tissue procurement after providing written
informed consent.

Patient demographics, clinical information, and tissue
specimens from the NIH were prospectively collected under a
protocol approved by the Institutional Review Board protocol
(NCTO01005654) after obtaining written informed consent.
Thyroid tissue was procured at the time of surgical resection,
snap-frozen, and stored at —80°C. Slides for each tumor
stained with hematoxylin and eosin (H&E) were reviewed by
a pathologist to confirm the diagnosis and to ensure tumor
nuclei content of >80% in the tissue specimen.

Cell lines and drug treatment

The TPC-1 cell line (originated from PTC) was provided
by Dr. Nabuo Satoh (Cancer Institute of Kananzawa Uni-
versity, Osaka, Japan), and the FTC-133 cell line was
provided by Dr. Peter Goretzki (University of Diisseldorf,
Diisseldorf, Germany). The 8505C ATC cell line (BRAF"°™~,
TP53, EGFR, PIK3R1, and PIK3R2 mutations) was obtained
from the European Collection of Cell Cultures (Salisbury,
United Kingdom) (25). The THJ-16T (TP53, RB, and PIKCA
mutations) and THJ-19T (RB mutations) were kindly provided
by Dr. John A. Copland (Mazo Clinic, Jacksonville, FL) (26).
The SW1736 cell line (BRAF"**°* and TP53) and PIK3CB cell
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line was purchased from Cell Lines Service (CLS; Eppelheim,
Baden-Wiirttemberg, Germany). The BCPAP papillary thy-
roid cancer cell line (BRAFV600E and TP53 mutations) was
obtained from the Leibniz Institute DSMZ (Braunschweig,
Lower Saxony, Germany) (27). All cell lines were maintained
in Dulbecco’s modified Eagle’s medium with D-glucose
(4500 mg/L), L-glutamine (2mM), and sodium pyruvate
(110mg/L), supplemented with 10% fetal calf serum, peni-
cillin (10,000 TU/mL), streptomycin (10,000 IU/mL), and
fungizone (250 mg/mL), in a standard humidified incubator at
37°Cina5% CO, atmosphere. All cell lines were used at early
passages and authenticated by short tandem repeat assay.

PLX4720 was used to inhibit BRAF"**°", and selumetinib
(MEK inhibitor) and U0126 (MEK inhibitor) were used to
inhibit the MAPK pathway. All compounds were purchased
from Selleck Chemicals (Selleck Chemicals, Houston, TX).
All experiments were performed at least three times. Addi-
tional information is provided in the Supplementary Data
(Supplementary Data are available online at www.liebertpub
.com/thy).

RNA, DNA extraction, and sequencing

Total RNA was extracted from cell lines by using an
RNeasy kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. RNA yield was determined using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, Rockford, IL). Gene expression levels were measured
using specific primers and probes. Briefly, 500-1000ng of
total RNA was reverse transcribed using a High-Capacity
cDNA Reverse Transcription kit (cat no. 4374967; Applied
Biosystems, Thermo Fisher Scientific), and the resulting cDNA
was diluted and amplified according to the manufacturer’s in-
structions. Four housekeeping genes were used as an endoge-
nous control (GAPDH, RPLPO, HPRT1I, and actin beta). Gene
expression levels were calculated using QuantStudio software
(Applied Biosystems, Thermo Fisher Scientific).

Genomic DNA extraction was performed using a QIAamp
DNA mini kit (Qiagen), and DNA was quantified on a Na-
noDrop spectrophotometer. Bidirectional Sanger sequencing
for the detection of BRAF mutations was performed using
purified polymerase chain reaction (PCR) products (PCR
purification kit; Qiagen). PCR reactions were performed in
50 uL containing DNA, specific reverse and forward primers,
and High-Fidelity PCR master mix (Qiagen). Sequencing
results were analyzed using Chromas software (Technely-
sium Pty. Ltd., South Brisbane, Australia).

For the RNA and DNA isolation from formalin-fixed
paraffin-embedded (FFPE) samples, slides stained with H&E
were reviewed by a pathologist, and the tumor areas were
identified and scraped from unstained slides. DNA and RNA
were extracted using a QIAamp DNA FFPE kit and an RNeasy
FFPE kit (Qiagen), respectively, according to the manufac-
turer’s protocol. Extracted RNA samples were used for real-
time PCR (RT-PCR), and DNA samples were used for droplet
digital PCR (ddPCR). The detection of BRAF"**% by ddPCR
was performed using BRAF"°?F and WT BRAF for V60OE
primers and probes (Bio-Rad Laboratories, Hercules, CA). For
the detection of TERT promoter mutations, specific ddPCR
probes detecting C228T and C250T and WT TERT were used
(Bio-Rad Laboratories). ddPCR results were analyzed with
QuantaSoft v.1.3.2 software (Bio-Rad Laboratories).
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Immunohistochemical analysis

Sections were deparaffinized and rehydrated, and antigen
retrieval was performed with citrate buffer in a water bath at
120°C. The sections were incubated with the anti-LOX an-
tibody (for human tissuel:100; Abcam, Cambridge, MA; for
mouse tissue: Cloud Clone Corp., Katy, TX) overnight at 4°C
and then incubated with a biotinylated secondary antibody
for one hour at room temperature. The slides were developed
with diaminobenzidine (DAB; EnVision+ Kit system HRP
[DAB]; Dako, Carpinteria, CA) and counterstained with he-
matoxylin. For phosphorylated ERK (p-ERK), the slides
were incubated with an anti p-ERK antibody overnight at 4°C
(Cell Signaling Technology, Danvers, MA), incubated for
one hour at room temperature with the signal stain boost, and
developed using DAB (Vector Laboratories, Burlingame,
CA). The slides were scanned at 20 X magnification using a
ScanScope XT digital slide scanner (Aperio Technologies,
Leica, Buffalo Grove, IL) to create whole-slide image data
files at a resolution of 0.5 um/pixel, and they were viewed
using ImageScope software (Aperio Technologies).

Mouse models

To assess the effects of BRAFY**F inhibition on LOX
expression, a metastatic mouse model was utilized (28). These
animal studies were approved by the Institutional Animal Care
and Use Committee of the NIH. The mice were maintained per
guidelines set by the Animal Research Advisory Committee of
the NIH. The 8505C-Luc cells (n=30,000) were injected into
the tail veins of Cg-Prkdc*™ 112rg™"™"/SzJ mice (28). Ten
days after injection, the mice were treated by daily gavage with
100 mg/kg of PLX4032. For the in vivo imaging, the mice were
injected intraperitoneally with 30 mg/mL of luciferin. Fol-
lowing anesthesia, the mice were imaged, and the images were
analyzed using IVIS Living Image software (Caliper Life
Sciences, Hopkinton, MA).

Tissue slides from the 8505C and BCPAP orthotopic xe-
nograft mouse model were used. Slides from the BCPAP
orthotopic xenografts model were kindly provided by Dr.
Carmelo Nucera (Harvard Medical School, Boston, MA) (29).
The 8505C cells (5% 10%) were suspended in 10 uL of serum-
free medium and injected to the thyroid of six-week-old severe
combined immunodeficiency (SCID) mice. Twenty-eight days
after cell injection, PLX4720 was given (120mg/mL) to the
treatment group. For the BCPAP mouse model, 10° cells were
injected into the thyroid of 10-week-old SCID mice (29). Four
weeks after injection, the mice started receiving a diet of
PLX4720 (418 mg/kg) or vehicle. To assess the expression of
LOX in thyroid specific BRAFV*”F transgenic mouse model,
LSL-BRAF"°™E mice were used (30). These mice harbor a
latent oncogenic BRAF knock-in allele that, following Cre-
mediated recombination, results in the expression of
BRAFV°’E In this model, the Cre-recombinase is under the
control of a TPO promoter that is active only in thyroid cells,
thus making the expression of BRAF VOOOE thyroid specific. All
tissue slides were scanned and visualized using Aperio Image
Scope v12.1.0.5029 (Leica, Wetzlar, Hesse, Germany).

Statistical analyses

For in vitro studies and gene expression analyses, a two-
tailed z-test was used (GraphPad Software, Inc., La Jolla,
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CA). All experiments were performed at least three times.
Associations between dichotomized patient clinical charac-
teristics were assessed using Fisher’s exact test to assess the
differences. DFS was measured from the surgery date to the
date of recurrence or last follow-up. Persistent/recurrent
disease was defined as structural incomplete treatment re-
sponse (31,32). Probabilities of DFS over follow-up time
were determined by the Kaplan—-Meier method. Proportional
hazards regression was used for estimates of hazard ratios
(HRs), profile-likelihood-based confidence intervals of HRs,
likelihood ratio tests of HRs in one- and two-factor models,
and Wald tests of pairwise comparisons within four-factor
models. Cox proportional hazards regression was used to
estimate the HRs and profile likelihood-based confidence
intervals of HRs. Two-tailed p-values of <0.05 was consid-
ered statistically significant.

Results

LOX expression and BRAF mutation in thyroid
cancer recurrence

LOX mRNA expression in THCA (n=501) database
was significantly higher in BRAF-mutated tumors compared
to wild-type BRAF (p<0.0001; Fig. 1A). Consistent with
the constitutively activated MAPK pathway in BRAF"°%’E-
mutant tumors, the analysis of MAPK pathway-associated
genes revealed a significant positive correlation between
LOX expression and p-ERK signature (r=0.61, p<0.0001;
Fig. 1B). Next, the prognostic value of LOX alone and in
combination with BRAF status was analyzed. High LOX
expression was defined as higher than the 75th percentile
after dividing the data into quartiles because the highest
HR was near the 75th percentile. Utilizing this cutoff, high
LOX expression was associated with a higher recurrence rate
(HR=2 [CI 1.1-3.6], p=0.019; Fig. 1C). The prognostic
value of LOX in combination with the presence of a BRAF
mutation status was then analyzed. Patients with a BRAF
mutation and with high LOX expression had a recurrence
rate 2.3 times that of patients with a BRAF mutation and low
LOX expression (HR=2.3 [CI 1.1-4.9], p=0.03; Fig. 1D).
However, LOX expression did not affect recurrence in pa-
tients with wild-type BRAF (HR=1 [CI 0.2-3.6], p=0.98;
Fig. 1D). Moreover, mutated BRAF tumors with high LOX
expression have a higher recurrence rate compared to wild-
type BRAF tumors with low LOX levels (HR=2.3 [CI 1.1-
4.6], p=0.019; Fig. 1D).

Clinicopathologic factors associated with LOX
expression and BRAF mutation status

Given the prognostic synergy of the BRAF"%°F mutation

and LOX expression, clinicopathologic factors were analyzed.
Patients with a BRAF"°*F mutation, stages I and II thyroid
cancer, and high LOX expression were found to have a trend
toward a shorter DFS (HR=2.9 [CI 0.9-9.8], p=0.06) com-
pared to patients with a BRAF"5°°F mutation, stages I and II
thyroid cancer, and low LOX expression (Fig. 1E). However,
patients with a BRAF"°?’ mutation and with advanced thyroid
cancer (stages III and IV) showed no difference in DFS when
stratified by LOX expression level (HR=1.40 [CI 0.5-3.8],
p=0.55; Fig. 1E). Clinical factors associated with patients
with BRA F-mutated tumors and high LOX expression included
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FIG. 1. LOX expression and BRAF mutations in thyroid cancer. (A) TCGA analysis of LOX mRNA expression in mutated

BRAF and WT tumors. (B) Correlation analysis of LOX and genes/proteins associated with the ERK pathway from TCGA
data set (r=0.61, p<0.0001). (C) Estimated DFS by Kaplan—Meier analysis that uses all tumors from TCGA data set to
compare the DFS of patients with high and low LOX expression levels (HR =2 [CI 1.1-3.6], p=0.019). (D) Estimated DFS
by Kaplan—Meier analysis that uses all tumors from TCGA data set to compare the DES of patients with high and low LOX
expression levels and with and without BRAF mutation (mutated BRAF and high LOX vs. mutated BRAF and low LOX:
HR=2.3 [CI 1.1-4.9], p=0.03; WT BRAF and high LOX vs. WT BRAF low LOX: HR=1 [CI0.2-3.6], p=0.9; mutated
BRAF and high LOX vs. WT BRAF and low LOX: HR=2.3 [CI 1.1-4.6], p=0.019). (E) Estimated DFS by Kaplan—-Meier
analysis of patients with BRAF mutations from TCGA data set. Patients were categorized into four groups according to the
overall stage and LOX expression level: low-stage high LOX versus low-stage low LOX (HR=2.9 [CI 0.9-9.8], p=0.06) and
high-stage high LOX versus high-stage low LOX (HR=1.4 [CI 0.5-3.8], p=0.55). (F) Correlation analysis of LOX ex-
pression by RT-PCR and percentage of BRAF"°°F mutations detected by ddPCR (r=0.56, p <0.0001). (G) Estimated DFS
by Kaplan—Meier analysis of patients with thyroid cancer from the authors’ institution comparing DFS of patients with high
and low LOX expression levels determined by RT-PCR (p=0.01). (H) Estimated DFS by Ka‘plan—Meier analysis of patients
with thyroid cancer from the authors’ institution comparing DFES of patients with BRAF**’* mutation and WT BRAF
(p=0.8). (I) Estimated DFS of patients with BRAF V6OOE from the authors’ institution. Patients were categorized according
to their LOX expression level. TCGA, The Cancer Genome Atlas; DFS, disease-free survival; HR, hazard ratio; CI,
confidence interval; RT-PCR, real-time polymerase chain reaction; ddPCR, droplet digital PCR; WT, wild type.

increased risk of recurrence (p=0.03), more advanced stage
(p=0.006), larger tumor size (p<0.0001), higher rate of
lymph node metastasis (p=0.002), and extrathyroidal ex-
tension (p<0.0001; Supplementary Table S1). A single
factor analysis of clinical factors showed that advanced
thyroid cancer (stages III-1V), larger tumor size (T3-T4),
histology (tall-cell variant), extrathyroidal extension, and
higher LOX expression were the only variables significantly
associated with shorter DFS (Table 1). On multiple re-

gression analysis, advanced thyroid cancer (stages I1I-IV;
HR=2.4 [CI1.3-4.3], p=0.004) was the only independent
variable associated with shorter DFS. High LOX expression
(HR=1.7 [CT 0.9-3], p=0.1) was statistically trending to-
ward a shorter DFS (Table 1).

An independent cohort (NIH) of 109 patients with thyroid
cancer (median follow-up of 32 months) was tested to con-
firm THCA cohort findings. Thyroid cancer tissue samples
were microdissected, and LOX mRNA expression was
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TABLE 1. UNIVARIATE AND MULTIVARIATE ANALYSIS OF CLINICAL AND HISTOLOGICAL CHARACTERISTICS
BY OVERALL SURVIVAL IN TCGA COHORT OF PATIENTS WITH THYROID CANCER
Single factors Backward selection
n HR CI p HR CI p

BRAF Negative 260

Positive 232 1.5 [0.8-2.6] 0.20
Sex Female 361

Male 131 1.4 [0.7-2.6] 0.27
Stage I-1I 333

II-1v 157 2.5 [1.4-4.4] 0.001 2.4 [1.3-4.3] 0.004
T stage T1-T2 306

T3-T4 184 2.4 [1.3-4.3] 0.004
Histology Other 455

Tall cell 37 2.5 [1.0-5.2] 0.05
LOX <75th percentile 368

>75th percentile 118 2.0 [1.1-3.6] 0.03 1.7 [0.9-3.0] 0.10
Extrathyroidal extension No 332

Yes 143 1.8 [1.0-3.2] 0.05

LOX, lysyl oxidase; HR, hazard ratio; CI, confidence interval.

measured (Supplementary Table S2). All tissue samples
contained >85% of tumor cells. After excluding two RNA
samples with low yield, LOX expression and BRAF"*"F
mutation analysis showed a significant positive association
between LOX mRNA expression and the mutant copies of
BRAF"%° (r=0.57, p<0.0001; Fig. 1F). After excluding
seven patients with incomplete clinical information, DFS
analysis was performed. In this cohort, the optimal cutoff
for LOX mRNA expression was the 59th percentile (=0.08).
Patients with high LOX expression had a shorter DFS
compared to patients with low LOX expression level
(p=0.02; Fig. 1G). BRAF"%°E mutation status did not af-
fect DFS (p=0.8; Fig. 1H). In patients with BRAF-mutated
tumors and high LOX expression, there was a trend toward a
shorter DFS compared to patients with BRAF-mutated tu-
mors and low LOX expression (p=0.3; Fig. 11).

Although a difference in DFS by LOX expression level
(p=0.3) was not found in patients with BRAF-mutated tu-
mors (n=47), none of the patients with a BRAF V6OOE muta-
tion and low LOX expression developed a recurrence, while
four patients with a BRAF"*?’F mutation and high LOX ex-
pression did. In the BRAF-mutated group, there was no dif-
ference in duration of follow-up by LOX expression level
(p=0.57). The lack of statistical significance likely results
from a type II statistical error, given the smaller sample size
and few recurrences compared to TCGA cohort.

Because co-existing TERT promoter and BRAF muta-
tions have been shown in thyroid cancer, TERT promoter
mutations (C228T and C250T) were assessed using ddPCR
in the independent cohort (NIH). Seven cases with a TERT
C228T (6.5%) and two cases with a TERT C250T (1.8%)
promoter mutation were discovered. However, only six
cases with co-existence of BRAFV°°F and TERT promoter
mutations had high LOX expression. This suggests that high
LOX expression is not due to the presence of TERT muta-
tions in aggressive thyroid tumors. DFS analysis was not
performed because of the limited number of patients with
TERT promoter mutations, BRAF mutations, and high LOX
expression.

Mutant BRAF and the MAPK pathway regulate
LOX expression in thyroid cancer cells

Given the positive and prognostic associations between
BRAF-mutant tumors and LOX expression, the BRAF V60OE
mutation and/or the MAPK pathway were assessed for their
ability to regulate LOX expression. PLX4720, an inhibitor of
BRAFY®?E showed a decrease in LOX and p-ERK expres-
sion at 48 hours after treatment in a dose-dependent manner
(Fig. 2A). This effect was more pronounced in BRAF"°%’E-
mutated cell lines (BCPAP, 8505C, and SW1736) compared
to wild-type BRAF cell lines.

Next, the effect of two MEK inhibitors, selumetinib and
U0126, on LOX expression was assessed. At 48 hours post
treatment, selumetinib showed a dose-dependent decrease of
LOX and p-ERK protein levels in the BRAF-mutated cell
lines BCPAP, 8505C, and SW1736, as well as THJ-29T
(wild-type BRAF; Fig. 2B). Conversely, FTC-133 cells,
which carry a PTEN-inactivating mutation, showed lower p-
ERK levels with increased LOX expression. Comparable
results have been reported in colorectal cancer cells treated
with selumetinib, showing that resistance to the MEK in-
hibitor is mediated by the activation of the PI3K/Akt pathway
(33). This suggests that MEK inhibitor—induced feedback
might maintain LOX expression (Fig. 2B). Treatment with
U0126 decreased LOX expression in three cell lines with
MAPK-activating mutations: TPC1 (RET/PTCI), 8505C
(BRAFY®%E) and SW1736 (BRAF'°"E; Fig. 2C). Taken
together, these data suggest that mutant BRAF and the
MAPK pathway regulate LOX expression in thyroid cancer
cell lines.

LOX knockdown sensitizes cancer cells to PLX4720
treatment in BRAF-mutant thyroid cancer cells

Given the high expression of LOX in BRAF-mutated tu-
mors and the in vitro data showing possible MAPK regu-
lation of LOX expression, the study investigated whether
LOX suppression could enhance PLX4720 treatment re-
sponse in BRAFV** _mutant cell lines. PLX4720 treatment
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Inhibition of the MAPK pathway decreases LOX expression. (A) Western blot analysis of LOX and p-ERK
expression in thyroid cancer cells treated for 48 hours with increasing concentrations of PLX4720 (PLX: 0, 5, 10, and 15 uM),

FIG. 2.

(B) selumetinib (SELU: 0, 0.01, 0.1, and 1
from Western blots. *Cell lines with BRAF

%l\é[&% or (C) U0126 (0, 1, and 10 uM). Right panel shows the band densitometry

mutation. All experiments were performed at least three times.
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FIG. 3. LOX depletion inhibits cell growth in PLX4720-resistant thyroid cancer cells. (A) Colony formation assay of
naive and resistant cells treated with high concentrations of PLX4720. (B) Chromatograms from Sanger sequencing
showing a nucleotide change in position 1799T>A (red arrow). (C) Drug resistance PCR array analyzing the expression
profile of 96 genes in the resistant cells compared to the parental cells. (D) Western blot analysis of LOX and p-ERK
expression in resistant cells treated with high concentrations of PLX4720 (0, 10, 15, and 20 uM for BCPAP-R; 0, 15, 30, and
80 uM for 8505C-R and SW1736-R). (E) Colony formation assay of PLX-resistant cells transfected with siControl, siRNA
LOX(1) or siRNA LOX(2) and treated with high concentrations of PLX4720. (F) Treatment schedule and LOX expression
in patient with resistant residual anaplastic thyroid cancer to vemurafenib and cobimetinib dual therapy. R, resistant cells;
Par, parental cells. All experiments were performed at least three times.
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of BRAFV*™ cell lines had a modest but significant anti-
proliferative effect (Supplementary Fig. SIA-C). To assess
the effect of LOX depletion on PLX4720 response, varying
concentrations of PL.X4720 with siControl were compared
to each corresponding concentration of PLX-4720 with
siRNA(1) or siRNA(2). The observed effects were variable
among the cell lines. BCPAP was the most sensitive to the
combination of siRNA LOX(1) or siRNA LOX(2) and
PLX4720, which correlated with the Western blot analysis
showing a similar protein expression reduction with both
siRNAs (Supplementary Fig. SIA and D). In 8505C and
SW1736, the LOX depletion combined with PLX4720 re-
duced cell growth especially with siRNA LOX(1), the most
effective siRNA on LOX expression, compared to siRNA
LOX(2) (Supplementary Fig. S1B-D). These data suggest
that LOX depletion sensitizes BRAF-mutated cells to PLX-
4720 treatment.

Chronic exposure to high concentrations of PLX4720
induces resistance to the drug and attenuates
the inhibitory effect of PLX4720 on LOX expression

Given the strong association between presence of the
BRAFY®? mutation, LOX expression, and more aggressive
thyroid cancer phenotypes, it was considered whether LOX
could mediate drug resistance. Three cell lines—BCPAP,
8505C, and SW1736—were exposed to increasing concen-
trations of PLX4720 for six months. When neither cell death
nor response to PLX4720 was observed, the cells were con-
sidered resistant to 20 uM of PLX4720 for BCPAP and
30 uM for 8505C and SW1736. A colony formation assay
confirmed the resistance of the cell lines, as it decreased
colonies in parental cells with little or no effect on the “‘re-
sistant”” cells (Fig. 3A). Sequencing for the BRAF'*?°F mu-
tation in the resistant cells confirmed the presence of the
mutation, indicating that the resistance is not due to a se-
lection of cells with no BRAF"%°° (Fig. 3B). To validate the
resistance to PLX4720 treatment, a drug resistance array was
also performed. The analysis revealed a significant change in
the multidrug resistance (MDR) gene expression levels
(Fig. 3C). Two of them (ABCC1 and ABCBI) were validated
by RT-PCR (Supplementary Fig. S2A). Treatment of resis-
tant cells with increasingly high concentrations of PLX4720
showed a minor decrease of LOX and p-ERK at 20 uM for
BCPAP and 30 uM in SW1736 and 8505C, indicating that the
resistance to PLX4720 abrogates its effect on LOX expres-
sion and that alternative activators of the MAPK pathway
such as RAS or AKT may be present in the resistant cells

BOUFRAQECH ET AL.

(Fig. 3D) (34,35). To analyze the association between re-
sponse to MEK inhibitors and LOX level, the NCI-60 drug
screening data were used. Since selumetinib was not used in
the screening, the response for another MAPK inhibitor,
trametinib (https://discover.nci.nih.gov/cellminer/), was
analyzed, and a significant inverse correlation was found
between LOX expression and drug response (p=0.03,
r=-0.27; Supplementary Fig. S2B).

Next, the study considered whether LOX is still necessary
for colony formation in the PLX4720-resistant but BRAF-
mutant cells. As it did in the parental cells, LOX depletion
decreased the clonogenicity of BCPAP-R, 8505C-R, and
SW1736-R when grown in PLX4720-containing medium.
These data suggest that LOX depletion in PLX4720-resistant
cells may effectively overcome resistance (Fig. 3E).

In order to evaluate the biological relevance of the findings
in patients treated with MAPK inhibitors, LOX expression
was analyzed in a 78-year-old patient treated at the authors’
institution for anaplastic thyroid cancer with vemurafenib
and cobimetinib (36). Since drug resistance can be mediated
by acquired mutations in the tumor (37), next-generation
sequencing of hot spots was performed in 50 tumor sup-
pressors and oncogenes, and sequencing of genes involved in
thyroid carcinogenesis were targeted that showed no addi-
tional genetic alterations besides BRAF"°°°F (Supplementary
Fig. S2C). Pathology review of the residual tumor revealed
the presence of anaplastic thyroid cancer that was positive
for LOX expression (Fig. 3F). These data suggest that the
BRAFY*"E_positive residual tumor is drug resistant and har-
bors strong LOX expression. Targeting LOX might overcome
the resistance to BRAF and MEK inhibitors in patients with
aggressive tumors.

Expression of mutated BRAF enhances
LOX expression

HEK-293 and THJ-16T cell lines were established with
doxycycline-inducible expression of BRAF'°?’F or BRA-
FE9%K mutants to test directly whether BRAF mutations
regulate LOX expression. BRAF"°°F and BRAF®%°X are the
two most common BRAF mutations with high kinase activity
in cancer cells. The mutations in the vectors were first validated
by Sanger sequencing (Supplementary Fig. S3A and C). In the
presence of doxycycline, the cell lines showed a dose-
dependent increase in BRAF expression (Fig. 4A, B, D, and
E). In the absence of MG-132, a proteasome inhibitor, the
doxycycline-dependent increase in BRAF protein expression
was associated with increased LOX protein expression that

FIG. 4.

>

Induction of BRAF'°"E or BRAF¥%°F increases LOX e)%}é)ression. (A and B) Top panels: LOX and BRAF
expression in THJ-16T and HEK-293 stably transfected with BRAF'°%’F

vector. The cells were treated with increasing

concentrations of doxycycline (0, 0.05, 0.1, 0.2, and 0.5 ug/mL) for 48 hours and incubated with 10 uM of MG-132 for
24 hours. Lower panels: Band densitometry of LOX and BRAF normalized to H3. (C) Colony formation assay of
BRAF"%’E cell lines transfected with either siControl or siRNA LOX(1). (D and E) Top panels: LOX and BRAF expression
in THJ-16T and HEK-293 stably transfected with BRAF™ %% vector. The cells were treated with increasing concentrations
of doxycycline (0, 0.05, 0.1, 0.2, and 0.5 ug/mL) for 48 hours and incubated with 10 uM of MG-132 for 24 hours. Lower
panels: Band densitometry of LOX and BRAF normalized to H3. (F) Colony formation assay of BRAF"=%K cell lines
transfected with either siControl or siRNA LOX(1). (G) Invasion and migration assay of BRAF VOOOE and BRAFVE 30K cell
lines induced with doxycycline and transfected with either siControl or siRNA LOX(1). All experiments were performed at
least three times.
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was more pronounced in BRAF= %% compared to BRAF"%%F
cell lines. However, treatment with MG-132 for 24 hours,
combined with doxycycline, markedly increased LOX ex-
pression in cell lines overexpressing either BRAF'°?F or
BRAF™%X (Fig. 4A, B, D, and E) compared to no-doxycycline
samples. As expected, the induction of mutated BRAF increased
p-ERK expression (Supplementary Fig. S3E). These results
further indicate that an overactivated MAPK kinase pathway
mediated by activating mutations in BRAF can induce LOX
expression that is more pronounced, particularly when protea-
some degradation is inhibited.

Since a BRAF-activating mutation is responsible for cell
transformation and cancer metastasis, the study asked whe-
ther BRAF-induced LOX mediates the oncogenic functions
of mutated BRAF. Induction of BRAFV*?°F or BRAF®%K
slightly increased the number of colonies in HEK-293 cells
only (Fig. 4C and F). However, no difference was observed in
THIJ-16T with either mutant (Fig. 4C and F). As expected,
knocking down LOX in the four cell lines significantly re-
duced the number of colonies (Fig. 4C and F and Supple-
mentar Eg S3B and D). Cell motility analysis showed that
BRAF"% cells have higher invasion and migration capacity
in both cell lines, whereas BRAFZ"%%% only had similar ef-
fects in THJ-16T cells and that was reduced with LOX de-
pletion (Fig. 4G). In aggressive cancer cells, the two
processes of cell proliferation and invasion tend to be mu-
tually exclusive (38). These data show that inducing
BRAF"5%F or BRAF®%K increases cell motility and that the
phenotype conferred by mutated BRAF is abrogated with
LOX depletion. The data suggest that the effects of mutant
BRAF are mediated by LOX, at least in part.

PLX4720 and vemurafenib inhibit tumor growth,
metastasis, and LOX expression in vivo

Given the in vitro data, LOX expression was analyzed in a
thyroid-specific BRAF'°?’F transgenic mouse model. Im-
munohistochemical staining showed strong staining of LOX
and p-ERK in thyroid tumors compared to adjacent normal
tissue (trachea, salivary glands, and muscles) harboring wild-
type BRAF (Fig. 5A). This confirms the observations in hu-
man samples showing high LOX levels in BRAF-mutated
tumors. In an orthotopic mouse model of thyroid cancer using
BCPAP and 8505C cells, PLX4720 treatment reduced tumor
size and tumor invasion (29). In the same samples, significant
reduction of p-ERK and LOX staining was also found in the
treated group compared to the vehicle control group (Fig. 5B
and C). Next, the effect of BRAFY®%E jnhibition was eval-
uated in a metastatic mouse model of thyroid cancer. Animals
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receiving PLX4032, the precursor compound to PL.X4720,
exhibited significantly smaller tumors and decreased LOX
and p-ERK expression (Fig. 5D, E). Interestingly, histologi-
cal analysis of the lungs from the treated group revealed drug-
resistant nodules that were positive for p-ERK and LOX
expression similar to the vehicle control group tumors (red
arrows).

Discussion

The data show increased LOX in BRAF"**’!-mutant tu-
mors, and indicate that patients with BRAF-mutated tumors
and high LOX expression levels have a shorter DFS than the
low LOX group. Therefore, LOX may be an additional event
in BRAF"°"’_mutated tumors that can prompt more ag-
gressive tumor behavior. Most thyroid cancer patients have
low-risk disease at presentation. However, it is challenging to
identify patients with higher risk of recurrence or locor-
egional disease in this category, which accounts for nearly
80% of all patients with thyroid cancer. The study on TCGA
cohort shows that in BRA F-mutated tumors, low-risk patients
with high LOX expression have a shorter DFS compared to
low-risk patients, with low LOX levels. Therefore, LOX ex-
pression levels may help in stratifying patients at risk for
recurrence who could benefit from more aggressive initial
treatment and closer surveillance. Larger studies are highly
needed to validate the cutoff for LOX expression that may be
used in patient samples.

To understand the interaction between mutated BRAF and
LOX expression, mechanistic in vitro and in vivo models
were used. It was found that BRAF"%°° and MEK inhibition
decreased LOX expression, while overexpression of mutated
BRAF increased it. The data suggest that BRAF'°"F in-
creases LOX by activating the MAPK pathway.

Next, the study sought to decipher the potential therapeutic
relevance of the findings. It was found that LOX depletion
sensitizes cancer cells to low concentrations of PLX4720.
Moreover, LOX depletion restored the responsiveness of
PLX4720-resistant cells. Although no current agents are
known to target LOX, the results suggest that LOX depletion/
inhibition could be an effective treatment strategy.

When mutant BRAF was ectopically expressed, it in-
creased LOX expression, which was only detected when
using a proteasome inhibitor. Therefore, LOX protein sta-
bility can be regulated by a post-translational modification
that induces LOX proteasomal degradation. In addition to its
role in cancer invasion, LOX generates H,O, as a byproduct
that can lead to DNA damage and cell senescence. It is be-
lieved that LOX protein is quickly synthesized and degraded

>

FIG. 5. BRAF"%°°F mutation is associated with high LOX expression, and PLX4720 inhibits its expressmn in vivo. (A)

H&E staining, LOX,, and p-ERK expression by immunohistochemistry in the thyroid tumors of the BRAF""E

transgenic

mouse model. High-power images are presented on the right of each immunostaining (n=4 for each group). (B) LOX
staining by immunohistochemistry in an orthotopic mouse model of thyroid cancer using BCPAP (n=3 for each group). (C)
LOX staining by immunohistochemistry in an orthotopic mouse model of thyroid cancer using ATC 8505C cells after two
weeks of treatment with PLX4720 or vehicle control. High-power images are represented on the right (n =3 for each group).
(D,E) H&E, LOX, and p-ERK staining by immunohistochemistry in the metastatic anaplastic thyroid carcinoma mouse
model using 8505C treated with PLX4032 or vehicle control (n=5 for the vehicle control group and n=38 for the treated
group). The lower panel represents high-power images of the staining. All experiments were performed at least three times.

H&E, hematoxylin and eosin.
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within hours, as observed for another H,O,-producing en-
zyme, NOX4 (39). Also, previous studies have shown strong
expression of LOX during mitosis when the kinase activity
peaks (40—42). Moreover, LOX protein sequence analy-
sis showed potential phosphorylation sites that are serine
and threonine residues (www.phosphosite.com). However,
it remains unclear whether the serine/threonine kinases
BRAF or MEK regulate and activate LOX, which needs
to be carefully investigated. The interaction between LOX
and BRAF could also occur at the post-transcriptional
level. It was previously shown that miR-30a regulates LOX
expression (22), and analysis of THCA data revealed sig-
nificantly lower miR-30a in BRAF-mutated tumors (Sup-
plementary Fig. S4). This suggests that downregulation
of miR-30a in BRAF-mutated tumors might lead to LOX
overexpression, at least in part. Furthermore, a study per-
formed in a lymphoma model revealed increased BRAF
expression that was associated with aberrant expression of
the pseudogene BRAFPI, which acts as a sponge for miR-
30a. Although BRAFPI-mediated sequestration of miR-30a
did not affect the miRNA abundance, it is possible that in
thyroid cancer, the high affinity of BRAFPI for miR-30a
might be involved in LOX overexpression (43).

In summary, this study shows for the first time that LOX
is a marker for identifying a subgroup of patients with
BRAFY®%F mutations and high-risk clinicopathologic
features of thyroid cancer. The duet of markers of LOX
expression level and BRAF"°?°F mutation may be useful to
predict clinical outcomes, even in low-risk thyroid tumors.
Validation by large multicenter studies will be instru-
mental in determining whether this duet of markers can
predict patients outcomes. The BRAF-LOX axis drives
thyroid cancer progression, suggesting that targeting LOX
could enhance the efficacy of BRAF and MAPK targeted
treatment.
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