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Abstract: The presence of mutant BRAFY%F correlates with the risk of recurrence in papillary thyroid cancer (PTC)
patients. However, not all PTC patients with BRAF'6°%F are associated with poor prognosis. Thus, understanding the
mechanisms by which certain PTC patients with nuclear BRAF'6°¢ become aggressive and develop resistance to a
selective BRAF inhibitor, PLX-4032, is urgently needed. The effect of nuclear localization of BRAFY6E ysing in vitro
studies, xenograft mouse-model and human tissues was evaluated. PTC cells harboring a nuclear localization signal
(NLS) of BRAFY6%F were established and examined in nude mice implanted with TPC1-NLS-BRAF6%E cells followed
by PLX-4032 treatment. Immunohistochemical (IHC) analysis was performed on 100 PTC specimens previously
confirmed that they have BRAFY%°F mutations. Our results demonstrate that 21 of 100 (21%) PTC tissues stained
with specific BRAFY6°%E antibody had nuclear staining with more aggressive features compared to their cytosolic
counterparts. In vitro studies show that BRAF'6°% is transported between the nucleus and the cytosol through CRM1
and importin (&/B) system. Sequestration of BRAFY6°®E in the cytosol sensitized resistant cells to PLX-4032, whereas
nuclear BRAFV°E was associated with aggressive phenotypes and developed drug resistance. Proteomic analy-
sis revealed Arp2/3 complex members, actin-related protein 2 (ACTR2 aliases ARP2) and actin-related protein 3
(ACTR3 aliases ARP3), as the most enriched nuclear BRAFV¢%°E partners. ACTR3 was highly correlated to lymph node
stage and extrathyroidal extension and was validated with different functional assays. Our findings provide new in-
sights into the clinical utility of the nuclear BRAF'6°%F as a prognostic marker for PTC aggressiveness and determine
the efficacy of selective BRAFY6°%F inhibitor treatment which opens new avenues for future treatment options.
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Introduction

Frequent mutations of the Ras-dependent RAF/
MEK/ERK1/2 mitogen-activated protein kina-
se-signaling pathway lead to the development
of malignancies, including melanoma and thy-
roid cancer (TC). Although its role in cancer pro-
gression is still controversial, BRAFY®°%t has
been associated with worse clinical outcomes
in TC patients [1, 2]. The v-Raf murine sarcoma
viral oncogene homolog B (BRAF) is activated
in the cytoplasm when it binds to 14-3-3 pro-
tein dimers. Following the stimulation of cells

by growth factors, BRAF binds to Ras protein,
and then the translocates to the plasma mem-
brane. Further activation of the kinase occurs
by phosphorylation, which leads to activation of
the MEK/ERK signaling pathway [3]. Growth
factors constitutively activate BRAF but not the
other kinase isoforms [4]. The BRAF69°F muta-
tion, a substitution of the amino acid valine by
glutamic acid at position 600 in BRAF, accounts
for 80-90% of all reported BRAF mutations [5].

Papillary TC (PTC) can progress to the more
aggressive anaplastic variant (ATC), which is
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associated with higher mortality rates [6]. ATCs
that contain foci of PTC are generally positive
for BRAFY60%E implying that BRAF6°°F may play
a role in the progression from PTC to ATC [7].
The incidence of BRAF6°%F mutation in PTC var-
ies from 25% to 90%, and TC has a low mortal-
ity rate with up to a 98% overall five-year sur-
vival rate [8]. However, only 10-35% of undif-
ferentiated ATCs harbor BRAFY6C%E [1, 9-15].
Interestingly, not all TCs with BRAF'6%%¢ are
associated with poor prognosis [16-19]. We
propose that this distinction may be related to
BRAFV€0E cellular trafficking. This trafficking of
the mutant kinase may prove to be a valuable
prognostic marker of tumor progression and
recurrence in PTC patients.

Vemurafenib (PLX-4032), a selective BRAF
inhibitor, was FDA-approved for treatment of
metastatic melanoma with BRAF'69%F [20-23]
and was recently approved for aggressive PTCs
and ATCs with BRAFV699F [24]. Qualitative and
quantitative data demonstrate the effective-
ness and potency of some drugs to selectively
inhibit TCs that harbor BRAFY6C°E [25-29].
Although PLX-4032 has been shown to improve
overall survival in patients with metastatic mel-
anomas that harbor BRAFY6°°E the develop-
ment of early resistance [30-36] is a major con-
cern for patients with advanced TC. About 50%
of patients developed an acquired resistance
within seven months of treatment after initial
response [37, 38].

TC patients at high risk for recurrence or devel-
opment of resistance to selective BRAF in-
hibitors should receive an early and specific
course of treatment; However, there are no reli-
able molecular markers to distinguish these
patients. Thus, unraveling the underlying mech-
anisms by which TC cells with mutant BRAFY600¢
become more aggressive, and identifying
patients with BRAF"6%F at higher risk for recur-
rence, is critical and poorly studied. In this
study, we aim to determine the biological sig-
nificance of intranuclear BRAFY6%%E in PTC cells,
identify the molecular mechanisms by which TC
cells with BRAFY6°6 mutation become more
aggressive and re-stratify TC patients with
BRAFV690F at higher risk of recurrence.

Materials and methods
Cell culture

Thyroid cancer SW1736 and KAT18 cells were
obtained from Dr. N.E. Heldin (University of
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Uppsala, Sweden). NPA, melanoma cell line,
was provided by Dr. G. Julliard (University
California Los Angeles, CA). K1 cells were
obtained from the Health Protection Agency
Culture Collections (Salisbury, UK). TPC1 and
MDA-T32 cells were kindly provided by Dr.
Sato (Cancer Institute, Kanazawa University,
Japan) and Dr. Clayman (MD Anderson Cancer
Center, Houston, Texas), respectively. Nthy-ori
3-1 is a human immortalized follicular epithe-
lial cell line derived from a normal thyroid
(ECACC, Wiltshire, UK) [39]. BRAF” mouse
embryonic fibroblast (MEF) cells were kindly
provided by Dr. Baccarini (University Vienna,
Austria) [40] and BCPAP (PTC cell line, PSMZ).
Cells were cultured in DMEM medium (Ther-
moFisher Scientific, Waltham, MA) supplement-
ed with 10% heat-inactivated fetal bovine
serum (FBS), and 1% penicillin-streptomycin.
Cells were maintained in a 37°C humidified
incubator with 5% CO,. The BRAF and NRAS
mutation status for each cell line is summa-

rized in Supplementary Table 1.

Cell proliferation and apoptotic assays

After reaching 70% confluence, cells were sub-
cultured and seeded into 96-well plates
(Corning Inc., NY). After overnight incubation,
cells were treated with specific BRAFY°%E in-
hibitor PLX-4032 (Vemurafenib, SellekChem,
Houston, TX) at concentrations ranging from O
to 10 yM and at different time points. At the
end of treatment, 10 pl of tetrazolium salt
WST-8 (Cell Counting Kit-8, Dojindo Molecular
Technologies Inc., MD) was added into the cul-
ture medium of cells [41]. The assay was exe-
cuted in triplicate, and each experiment was
independently repeated at least twice. For
apoptotic assay, cells were treated with PLX-
4032 (2 uM) for 48 h. Collected cells were
washed and resuspended in PBS, and then
annexin-V/propidium iodide (Pl) was added
(Annexin  V-FITC Apoptosis Detection Kit,
Sigma). Stained cells were analyzed by fluores-
cence-activated cell sorter (Flow Cytometry
Core Facility, Tulane University School of
Medicine, New Orleans, LA).

Clonogenic assay

Cells were plated at 100 cells per well in a
6-well plate in a complete DMEM medium. The
following day, cells were treated with PLX-4032
(2 uM) or DMSO as a vehicle for 14 days. Cells
were fixed and stained with a mixture of 50%
methanol and 1% methylene blue.
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Generation of nuclear localization signal
(NLS)-BRAF'8%E-expressing clones

We established TC wild-type (WT)-BRAF cells
expressing nuclear localization signal (NLS)-
BRAFY6%%E and BRAFY6°°E as a control. Cells
were infected with lentiviral particles express-
ing human BRAFY6%t with the following se-
quence: pLV[Exp]-Neo-CMV>DsRed_Express2:
ORF_2373bp/Myc(hBRAFY6%%/3xNLS) or with-
out NLS pLV[Exp]-Neo-CMV>DsRed_Express2:
ORF_2301bp/Myc(hBRAFY6%%E)  tagged with
DsRed fluorescent protein as per the manufac-
turer’s instructions (Cyagen, Santa Clara,
CA). Positive clones were selected under
the pressure of antibiotic G418 (0.25 mg/
ml). The expression of NLS-BRAFY6°%E and
BRAFY6%E in these clones was confirmed
by immunofluorescence and Western blot
analysis.

Immunoprecipitation, nuclear extraction, and
Western blot analysis

Proteins from BCPAP, BCPAP-empty vector,
BCPAP-BRAFY69%E BCPAP-BRAFY6%%E-3X  NLS
were lysed in Pierce IP lysis buffer mixed with
protease inhibitors (ThermoFisher Scientific).
The concentration of protein was estimated,
and immunoprecipitation was performed using
anti-DsRed2 Magnetic Beads following the
standard protocol (Origene, TA183025). Eluted
protein bands were subjected to long gradient
LC-MS/MS analysis (Creative proteomics, NY,
USA). Cell fractionations were isolated using
the NE-PER kit from Pierce (Rockford, IL). For
western blots, the following antibodies were
used: Anti BRAFY¢%%E (Spring Bioscience), anti-
GAPDH, anti-B-Actin, anti-Lamin B, anti-ACTR2,
ACTR3 and F-actin (Santa Cruz Biotechnology,
Dallas, TX, USA), anti-phospho-p44/42 ERK1/
2, anti-ERK1/2, and anti-phospho-Akt (Cell
Signaling, Beverly, MA).

In vivo studies

Inbred homozygous six-week-old athymic
BALB/C nude female mice, provided by Charles
River (Wilmington, MA, USA), were maintained
in a pathogen-free barrier facility. Animal stud-
ies were performed in accordance with federal,
local, and institutional guidelines and with
approved IACUC protocol by Tulane University.
Under a dissecting microscope, mice were
orthotopically injected with 1.0x108 TPC-1 cells
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mixed with an equal amount of Matrigel™ (BD
Bioscience, San Jose, CA) in thyroid gland as
described [42]. Tumor growth was monitored
every other day with measuring calipers. Tu-
mor-bearing mice were randomly divided into
two groups (five mice each): TPC-1 cells har-
boring NLS-BRAF"69%¢) and TPC-1 cells harbor-
ing BRAFY699E, About 50 mg/kg/day PLX-4032
(dissolved in 0.5% hydroxypropyl methylcellu-
lose and 0.2% polysorbate 80) [43] in addition
to 14 mg/kg/day G418 [44] dissolved in PBS
were administered to each mouse by oral
gavage every day for six weeks. Tumor volume
was measured as previously described [45].
After six weeks, mice were sacrificed by eutha-
nasia and tumor tissues were collected for fur-
ther analyses.

Human TC tissue specimens

PTC tissue specimens were obtained from the
Louisiana Cancer Research Center (LCRC)
Biospecimen core following the approval of the
Institutional Review Board (IRB) of Tulane
University (Ref#2019-237). Clinicopathological
data were retrospectively retrieved from pa-
tient records. Tissue microarray (TMA) slides
for thyroid cancer (comprising 24 cases;
Cat#Th721) were purchased from the US
Biomax (US Biomax, Inc., Rockville, MD).

Immunohistochemical (IHC) analysis

FFPE PTC tissue blocks were cut into 4 um
thick slices, placed on glass slides, and stain-
ed with BRAFY6%%t gpecific clone VE1 antibody
as we previously described [46]. Briefly, tissue
sections were deparaffinized, rehydrated and
immunostained using Biocare reagents in a
Biocare Nemesis 7200 automated system
(Biocare Medical, Concord, CA). The endoge-
nous biotin and hydrogen peroxide were
quenched by sequential incubation in 3% H,0,
for 5 min and avidin-biotin blocking solution
for 10 min. Antigen retrieval (Biocare BORG
solution) was followed by the addition of VE1
(1:100 dilution) for 60 min. After incubation of
tissues with secondary antibody, the develop-
ed signal was visualized by diaminobenzidine
substrate (DAP)-chromogen solution. The slid-
es were counterstained by hematoxylin and
bluing solution. IHC scoring was performed and
scored independently by two cytopathologists
(ABS) and (KM) with perfect concordance (k=1)
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after double scope review of selected cases as
previously described [47, 48].

Immunofluorescence analysis

Cells were cultured in chamber slides at regular
and experimental conditions. At the end of
each experiment, cells were fixed with 4% para-
formaldehyde (Wako Laboratory Chemicals,
Richmond, VA) for 10 min at room temperature.
After washing with PBS, the cell membranes
were permeabilized by treating the cells with
Triton X-100 (0.1% wt/vol) in PBS for 15 min,
and then cells were incubated with 5% BSA for
1 hour at room temperature. Cells were incu-
bated overnight at 4°C with the specific prim-
ary antibody. Cells were rinsed thoroughly with
PBS and incubated with Alexa Fluor® 594 or
488 secondary antibody. Cells were then
stained with 4’ 6'-diamindino-2-phenylindole
(DAPI) and mounting medium (Vector Labo-
ratories, Burlingame, CA). Images were record-
ed by an Olympus BX51 microscope equipped
with epifluorescence optics and an Olympus
camera (Olympus America Inc., Center Valley,
PA).

Nano LC-MS/MS analysis

In this experiment, four samples (BCPAP,
BCPAP-empty vector, BCPAP-BRAF'69%¢ BCPAP-
BRAFY6090E.3X NLS) were subjected to digestion
with trypsin, and were analyzed on a high-reso-
lution mass spectrometry analysis coupled
with nanoflow UPLC. An Ultimate 3000 nano
UHPLC system coupled with a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific,
USA) with an ESI nanospray source was used to
analyze the samples.

Bioinformatics analysis

Protein outputs retrieved from MaxQuant for
all experimental groups (BCPAP, BCPAP-empty
vector, BCPAP-BRAF?%  BCPAP-BRAF600E-3X
NLS) were analyzed using ProteoCompanion,
an in-house R-based software to analyze pro-
tein differential expressions among groups
[49]. A total of 142 unique proteins in the NLS
group were further tested for gene ontology
and pathway analysis (Reactome, KEGG) using
uniprotR package [50]. For significant path-
ways, an adjusted p-value was considered sig-
nificant at P<0.05 as shown in Figure 7.
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Statistical analysis

Data are presented as mean + SEM. Com-
parisons between different groups were per-
formed using Student’s t-test or ANOVA with a
Bonferroni test. Data were considered signifi-
cant at p-value <0.05. We utilized SAS 9.3
software to perform the statistical analyses
related to this study.

Results

Detection of BRAFY6%%F nuclear staining in PTC
patient tissues

We identified nuclear versus cytoplasmic stain-
ing of BRAFY6%%E by |[HC using VE1 antibody
(Figure 1A1, 1A2). Non-counterstained PTC
tissue sections were used to confirm the nu-
clear staining (Figure 1A3: solid arrow) versus
cytosolic (Figure 1A4: arrowhead). Out of 100
BRAFY6%%E.postive human PTC tissue speci-
mens confirmed by PCR as we described [46],
21 (21%) displayed positive nuclear BRAFV600E
(Figure 1B). Interestingly, overall BRAFV600E
nuclear staining was mostly detected in FVPTC
(42.9%) and TCVPTC (41.7%), in comparison to
CVPTC (18.5%) tissue sections as shown in
Figure 1B. Importantly, nuclear BRAFV6°°E in our
cohort was correlated with the presence of
high-risk prognostic features. Patients with
nuclear BRAFV6°°E had aggressive variants such
as tall-cell variant, lateral lymph node metasta-
sis (N1b), recurrence, and higher ATA risk strati-
fication criteria.

Identification of nuclear localization of
BRAFY6%E in thyroid cancer cells

We and others recently used a specific
BRAFY60F antibody in human PTC tissues and
reported that BRAFY®?%t is |ocalized in the
nucleus of some PTC cells [46, 51]. The persis-
tence of such BRAFY°E nuclear localization
prompted us to examine whether nuclear
BRAFV69%E has any biological or clinical signifi-
cance in PTC cells. We initiated our study by
staining a large panel of TC cells that harbor
either WT BRAF or BRAFY6°%, Under normal
conditions, BRAFY6°t was detected in the
nuclei of BRAFY8%%E-positive PTC K1 but not in
normal thyroid Nthy-ori-3-1 cells (WT-BRAF) as
shown in Figure 2A. The ATC cell line SW1736
displayed an exclusively cytosolic BRAFVY60E,
The difference of BRAFY%%E |ocalization in K1

Am J Cancer Res 2022;12(7):3014-3033



Arp2/3 and BRAFY¢%°E axis in thyroid cancer

B Tumor type

Nuclear staining mScore 0 MScore1 mScore2 MScore 3

® v
o O O o

N Wb 0N
o o O

Percentage of patients
)

=
(=l

CVPTC (N=81) FVPTC (N=7)

Figure 1. Representative photomicrographs of human PTC tissue sections
showing nuclear staining of BRAFY6?E, A: After validating the PTC tissue by
H&E staining, nuclear and cytoplasmic localization of BRAFV°F was detect-
ed by immunostaining using anti-VE1 antibody (A1, A2). Non-counterstained
PTC tissues sections were used to confirm the nuclear staining (A3: solid ar-
rows) versus cytosolic (A4: arrowheads). Scale bar is 50 um. B: Relationship
between thyroid tumor type and BRAF6%°E nuclear staining.

and SW1736 cells could be related to muta-
tions and response to Vemurafenib. Though K1
has BRAF, TERT, PIK3CA mutations and IC,, of
0.827 uM to vemurafenib, SW1736 has BRAF,
TERT, p53, TSHR mutations and IC_, of 0.115
UM [27]. The specificity of BRAFY69E antibody
(VE1 clone) was examined by western blot anal-
ysis in different TC cells (Figure 2B) including
one melanoma cell line, NPA [27, 52].
The nuclear localization of BRAFY¢%%E in PTC K1
cells growing in regular culture medium (pres-
ence of FBS) was confirmed by cell fraction-
ation followed by immunoblot analysis (Figure
2C). A list of TC cells and mouse embryonic
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fibroblasts (MEF) used in the
current study indicating BRAF
and NRAS mutation status is

presented in Supplementary
Table 1.

BRAFY6%F translocates to the
nucleus upon growth factor
stimulation in BRAF'600E-
positive PTC cells

Although we were able to show
that BRAFY8%9E js |ocalized in
the nucleus of PTC cells, we
still lacked information on the
mechanism of translocation
from the cytosol to the nucle-
us and its biological signifi-
cance in cancer cells. Since
BRAF is a growth factor-stimu-
lated kinase, we set out to
examine whether removal or
p<0.001 addition of growth factors
would translocate BRAFVY600E
from the nucleus to the cyto-
sol. Interestingly, removal of
growth factors upon serum
(FBS) starvation for 48 hours
promoted an exclusively cyto-
plasmic BRAFY6%E in K1 cells
(Figure 3A), and subsequent
stimulation of these cells
with serum (10% FBS) for 24
hours induced nuclear translo-
cation of BRAFY6%%E, This find-
ing was confirmed by cell frac-
tionation followed by immu-
noblot analysis (Figure 2C). To
examine whether a specific
growth factor controls the
translocation of BRAFV600E
from cytosol to the nucleus, cells were first
starved for 36 h then treated with 10 ng/ml of
insulin-like growth factor-1 (IGF-1) at different
time intervals. The selection of IGF-1 is based
on a recent publication revealing that the acti-
vation of IGF-1 receptor (IGF1R) in melanoma
BRAF-mutant cell lines mediates resistance to
dabrafenib and trametinib and patients with
high levels of IGF1R have worst survival out-
comes [53]. Moreover, p300-mediated ace-
tylation occurs on both wild type (WT)- and
V600E-BRAF and could be induced by insulin,
which activates p300 through the phosphati-
dylinositol 3-kinase (PI3K)/AKT signaling path-
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Figure 2. Nuclear localization of BRAFV®°°E in thyroid cancer cells. A: K1 (PTC) and SW1736 (ATC) and Nthy-ori-3-1
(normal) cells were grown in a complete RPMI-1640 medium. Cells were fixed with 4% paraformaldehyde, blocked
with 1% BSA followed by staining with anti-BRAFY6°%E (VE1 antibody; Spring Bioscience) specific antibody and then
visualized by fluorescence microscopy. Red and white arrows indicate nuclear and cytosolic localization of BRAFY600F,
respectively. Nthy-ori-3-1 (WT-BRAF) did not show any staining. Magnification is 400X. Scale bar =20 ym. B: Expres-
sion of BRAFY6%%E in a panel of thyroid cancer cell lines using Western blot analysis. C: Nuclear and cytosolic frac-
tions were collected from K1 cells after serum starvation for 24 h followed by adding 10% FBS into the medium
for another 24 h. Western blot was performed as indicated using VE1, anti-lamin B and anti-GAPDH antibodies. C:

Cytosolic, N: Nuclear fractions.

way [54]. Figure 3B shows that IGF-1 exposure
was more efficient than FBS for inducing nucle-
ar translocation of BRAF°°E, Nuclear translo-
cation of BRAFY6%°F was observed as early as
one hour after stimulation. These findings sug-
gest that the nuclear translocation of BRAFV69°E
is a dynamic biological process.

Subcellular trafficking of BRAF'6°°¢ js mediated
by CRM-1 and importin-o/3

The mechanism of nuclear import and export is
a key factor in cell homeostasis and often an
important player in cancer when the transport
machinery is dysregulated [55, 56]. Taking this
into consideration, it is necessary to determine
whether such machinery is critical for BRAFVY6°0E
subcellular trafficking in PTC cells. Initially, K1
cells were serum-starved for 48 h followed by
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the addition of serum for 24 h to promote
nuclear translocation of BRAFY®°°E as shown in
Figure 3A. Next, cells were starved for another
4 h in the absence or presence of 5 ng/ml
of the specific CRM1 inhibitor leptomycin B
(LMB). Interestingly, BRAFY6°°E remained in the
nucleus upon CRM1 inhibition compared to its
cytosolic localization in the absence of LMB
(Figure 4A). This is the first evidence to show
that translocation of BRAFY¢%°E from the nucle-
us to the cytosol is CRM1-dependent. We then
investigated whether nuclear importing of
BRAFY6%% is dependent on importins. We ex-
amined the effect of inhibiting the nuclear
import system on BRAFY6°°E subcellular local-
ization. This was achieved by cell starvation for
24 h followed by adding 10 ng/ml IGF-1 into
the medium for 6 h in the presence or absence
of 10 uM ivermectin, a specific inhibitor of

Am J Cancer Res 2022;12(7):3014-3033
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Figure 3. Dynamic translocation of BRAFY6%F in K1 cells is a growth factor-dependent process. A: Cellular localiza-
tion was monitored after serum depletion for 48 h followed by serum stimulation for another 24 h. BRAF'6%¢ was
enforced to translocate to cytosol (white arrows) after serum depletion for 48 h (upper panel) and then moved back
to the nucleus (red arrows) after serum stimulation for 24 h (lower panel). Magnification was 400X. Scale bar is 10
um. B: Cells (harboring BRAF6%°8) were serum-starved for 36 h followed by the addition of 10 ng/ml IGF-1 in culture
medium for 1 and 6 h. Cells were fixed and stained as indicated. Scale bar is 20 pm.

importin /B [57]. In fact, translocation of
BRAFVY699E into the nucleus upon IGF-1 stimula-
tion was completely blocked by treating cells
with an importin inhibitor (Figure 4B). These
findings suggest that subcellular localization
of BRAFY6°°E js dynamic and controlled by the
export/import machinery in BRAFY6°°E-positive
cancer cells.
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Sequestration of BRAF'6%% in the nucleus in-
creases aggressive cell behavior and develops
resistance to vemurafenib in thyroid cancer
cells

In prior experiments, we were able to demon-

strate that BRAFV6%°E js dynamic and controlla-
ble. However, serum starvation may affect cel-

Am J Cancer Res 2022;12(7):3014-3033
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Figure 4. Cytosolic localization of BRAF'6°°t ijs CRM-1 dependent while nuclear translocation is importin o/ depen-
dent. A: CRM-1 inhibitor (Leptomycin B; LMB; 5 ng/ml) was applied as indicated. K1 cells were starved for 48 h, se-
rum stimulated for 24 h and then depleted for 48 h with and without applying LMB. Scale bar is 10 um. B: In another
experiment, cells were deprived of serum for 36 h, followed by 10 uM ivermectin (importin selective inhibitor)
treatment in serum-free medium for 4 h and then 10 ng/mL IGF-1 alone and in combination with ivermectin were
added to the culture medium for another 6 h. Cells were fixed and stained with VE1 antibody, and nuclei were
stained with DAPI. Magnification is 400X. C: In TPC1 cells, WT BRAF cellular localization was monitored after serum
depletion for 48 h followed by serum stimulation for another 12 h. No WT BRAF nuclear translocation was observed

up to 12 h. Magnification was 400X. Scale bar is 20 pm.

lular activities, which could complicate our plan
to examine the effect of BRAF'®°%E-specific
inhibitor on nuclear localization of BRAFV600E,
To prevaricate this confounding condition, we
generated a lentiviral vector in which BRAFV600¢
was inserted in-frame with a sequence encod-
ing DsRed2, which encodes a red fluorescent
protein followed by BRAFY°°E and three nu-
clear localization signal (3X NLS) domains.
KAT18 and TPC1 cells were infected by vectors
carrying NLS-BRAFVYe00E BRAFVY69%E or NLS alone
as a negative control. WT BRAF (KAT18 and
TPC1) and not mutant BRAF cell lines were cho-
sen to evade having endogenous and exo-
genous BRAFY69°E expression in the same cells
after BRAFY690E or NLS-BRAFY6°%E transduction.
The efficiency of infection was shown by wes-
tern blot analysis (Figure 5A) and immunofluo-
rescence staining (Figure 5B). Applying the
same approach, we also infected mouse embry-
onic fibroblast (MEFBRA*/) cells that lack BRAF
as described [58]. The sensitivity of these sta-
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bly transduced cells towards the BRAFVY600E
specific inhibitor vemurafenib (PLX-4032) was
examined. Cells were incubated with different
concentrations of PLX-4032 for five days (1-
10 uM), and cell viability was assessed by the
WST-8 assay. As expected, stably BRAFV600E.
expressing KAT18 (ATC) and MEFBRA cells
(BRAFY6%%E |ocalized in the cytosol) showed a
remarkable sensitivity to PLX-4032 compared
to their parental cells, which have a WT-BR-
AF. Strikingly, NLS-BRAF'6°%E-expressing cells
(BRAFY8%E |ocalized in the nucleus) provided
substantial resistance to PLX-4032 treatment.
These results were also validated using colono-
genic assay with KAT18 and MEFBR*F (Figure 5C
and 5D). Inhibition of ERK phosphorylation is a
major mechanism by which vemurafenib exerts
its effect on BRAFY6?%E-positive cells [59]. Thus,
the activity of ERK1/2 was examined in KAT18
and another WT BRAF cell line (PTC-1) where
BRAFV69E js |ocalized in the nucleus. Cells har-
boring NLS-BRAFY®°°E (nuclear) exhibited an

Am J Cancer Res 2022;12(7):3014-3033



Arp2/3 and BRAFY¢°°F axis in thyroid cancer

A [onet] ”‘1 Lo [} 8
DsRed |BRAI Nis Jepiope Torm|

BRAFV600E NLS_BRAFVGOOE

BRAFVM:: ‘P e C ———
GAPDH s &
c KAT18 BRAFWT KAT18: Vemurafenib (2 uyM) 14 days
1.2 | P<0.001 —o—NLS Nis.
| —o—mBRAF
14 NLS VGOOEVGOOE

—o—NLS-mBRAF

o
)

Cell viability

0.4
0.2
PLX4032 O T T : : .
(M) 0O 01 05 10 50 10
D MEF-BRAF-- MEF: Vemurafenib (2 pM) 14 days
12 p<0.010 ~o—NLS NLS-
14 —o—mBRAF B C NL_S VGOOE V600E

—o—NLS-mBRAF

o
o

Cell viability

0.4

0.2
PLX4032 0 T - T
(M) 0 0.1 0.5 1.0

Figure 5. Nuclear localization of BRAFY6°%¢ induces vemurafenib resistance in thyroid cancer KAT-18 cells and MEF-
BRAF7-. A: Cells were transfected with NLS-BRAFY6°%€, BRAFY6%°E or NLS (as a control vehicle) plasmid under G418
selection. Clones were examined by Western blot analysis using anti-VE1 antibody and loading control anti-GAPDH.
B: NLS-BRAFY6°%E. and BRAF6°%E-positive cells were stained with VE-1 antibody and examined under a fluorescence
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microscope. Scale bar is 20 um. C and D: Equal numbers of NLS-BRAFY6%%€, BRAF'69°E and NLS-harbored MEFBRAF/-
and KAT18 cells were cultured and treated at different concentrations of PLX-4032 for 5 days. Cell viability was
assessed by WST-8 assay and the developed color was measured at 450 nm. In another experiment, 100 cells
were cultured in 6-well plates and treated with 2 yM of PLX-4032 for 14 days, fixed and stained with crystal violet.
* indicates significance at P<0.010. Experiments were repeated at least twice.

early ERK1/2 phosphorylation, and treatment
with PLX-4032 did not reduce ERK1/2 activity
but was persistent up to 48 h after treatment.
In fact, PLX-4032 did not inhibit the activity of
ERK1/2 at early time points (2 h, 6 h) in NLS-
BRAFV6%%E-harboring cells (Figure 6A). TPC1-
NLS-BRAFY6°%Eexpressing cells exerted a simi-
lar phosphor ERK1/2 pattern after PLX4032
treatment (Figure 6B). KAT18 cell cycle analy-
sis demonstrated that PLX-4032 suppressed
S-phase by 50% in BRAFY6°°E-harboring cells,
whereas NLS-BRAFY6°®E-carrying cells had a
22% reduction in S-phase compared to control
cells (Figure 6C).

Nuclear BRAF'6%F develops PLX-4032 resis-
tance in a TC preclinical model

To confirm the in vitro results, we used a xeno-
graft mouse model to examine the effect of
PLX-4032 on nuclear BRAFYS°°E, TPC-1 cells
expressing BRAFY6°°E or NLS-BRAF V6%, validat-
ed from in vitro studies, were orthotopically
inoculated into thyroid glands of female nude
mice. After tumors became palpable, animal
groups were treated with PLX-4032 as indicat-
ed in the methods, and tumor growth was
monitored for six weeks. Surprisingly, NLS-
BRAFV¢%%E-harboring TPC-1 thyroid injected cells
produced a substantial increase in tumor size
compared to mice injected with BRAFY6O0E.
expressing cells (Figure 6D).

Nano LC-MS/MS and bioinformatics analysis:
detection of ACTR2 and ACTR3 as exclusive
partners of nuclear BRAF6°%¢

By employing nano-liquid chromatography-tan-
dem mass spectrometry deep proteomics
technology and advanced bioinformatics algo-
rithms, we comparatively examined the respec-
tive proteomic contents of BCPAP, BCPAP-
empty vector, BCPAP-BRAFY6°E and BCPAP-
NLS-BRAFV6°%E, BCPAP cell line was carefully
chosen for gender and age reasons. It originat-
ed from a 76-year-old female and these two
factors are crucial in TC. Protein profiles
retrieved from MaxQuant for all experimental
groups were analyzed using ProteoCompanion,
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an in-house R-based software to analyze differ-
ential protein expressions among groups
(Figure 7A) [49]. Unique proteins in the NLS
group (142 accession) were further tested for
gene ontology and pathway analysis (Reac-
tome, KEGG) using uniprotR package (Figure
7B), and for the cellular component, molecular
function and biological processes (Figure 7C)
[50]. For significant pathways, an adjusted
p-value was considered significant at P<0.05.

Knockdown of ACTR3 has a tumor suppressor
effect in TC cells

The top 10 protein partners of nuclear BRAF
are presented in the Figure 8A and a validation
of ACTR3 protein expression by western blot in
total proteins is shown in Figure 8B. We next
validated, by immunofluorescence, the nuclear
colocalization of ACTR2 and ACTR3 with nucle-
ar BRAFY69°E in BCPAP cells. Figure 8C shows a
clear colocalization in a particular region of the
nucleus that could be the nuclei. Our bioinfor-
matic analysis showed that only ACTR3 is relat-
ed to thyroid metastasis. Upregulation of ACTR3
has the highest p-values (P=1.01E-05 for lymph
node stage (N1 vs NO) and P=0.013 for extra-
thyroidal extension (ETE)) compared to ACTR2
(P=0.002 and P=0.084). We then established
a stable BCPAP cell line with ACTR3 knockdown
by using ACTR3 shRNA lentiviral particles as
recommended by Santa Cruz’'s protocol. Next,
we selected stable clones that express shRNA
via puromycin dihydrochloride. To confirm
ACTR3 knockdown, we performed western blot
analyses and were surprised to observe that
ACTR2 protein expression was reduced after
ACTR3 knockdown (Figure 8D). No effect was
observed on BRAF protein expression in the
BCAPAP/ACTR3 knockdown. Interestingly, in
MEF cells, BRAF knockout slightly reduced
ACTR3 protein expression and to a greater
extent ACTR2 protein expression (Figure 8E). In
an invasion assay, we found that silencing of
ACTR3 (and consequently ACTR2) decreased
cell invasion by about 35% (Figure 8F). More-
over, the colony formation assay with BCPAP
showed a reduced ability of a single cell to grow
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Figure 6. Nuclear localization of BRAFY6°% promotes vemurafenib resistance and tumor growth in thyroid cancer mouse model. (A, B) ERK1/2 activity was assessed
by its phosphorylation in stably transfected BRAFY6°°F or NLS-BRAFY6%F cells after treating KAT18 (A) and TPC-1 (B) cells with 5 uM PLX-4032 or DMSO at different
time points. (C) KAT18 cells transduced with lentiviral vectors carrying NLS-BRAF°E, BRAFY6%%E or NLS followed by vemurafenib treatment for 24 h and then fixed
and stained with Pl to evaluate the effect of nuclear BRAF®°° on cell cycle using flowcytometric analysis. (D) Female nude mice (five mice per group) were orthotopi-
cally injected in thyroid gland with TPC-1 cells transduced with either NLS-BRAFY6°%¢ or BRAF60%F (1x10° cells/mouse). Tumor size was monitored twice a week for 6
weeks during vemurafenib treatment (50 mg/kg/day). * indicates significance at P<0.010.
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Figure 7. Mass spectrometry analysis: detection of ACTR2 (ARP2) and ACTR3 (ARP2) as an exclusive partner of nuclear BRAF'%°E, A: BCPAP, BCPAP-empty vector,
BCPAP-BRAFY6°°E and BCPAP-BRAFY6°E-3X NLS were subjected to mass spectrometry analysis, and the 142 unique partners of nuclear BRAF were selected. B: 142
unique proteins were subjected to KEGG and reactome analysis. C: 142 proteins were segregated b/ased on their gen ontology (GO); cellular component (CC), mo-
lecular function (MF), and biological process (BP) analyses.
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into a colony when ACTR3 was knocked down
(Figure 8G). No significant deregulation in the
F-actin was observed after ACTR3 knockdown
(Figure 8H). The resistant form of BCPAP to
vemurafenib treatment (BCPAP-NLS-BRAF) was
treated with 1 M of vemurafenib for 14 days
before and after knocking down ACTR3. Figure
8l and 8J, show a significant reduction of the
clone formation when ACTR3 expression is
reduced by specific shRNA against ACTR3 gene.

Discussion

In addition to our previous study [46], BRAFV600E
immunostaining has been also identified in
the nucleus of different tumor tissues, but its
clinical significance has never been investigat-
ed in TC [51, 60, 61]. During the course of IHC
study [46], we stained FFPE tissue sections
with BRAFV6%%E-gpecific antibody and identified
nuclear staining of BRAFY6%%t in PTC tissues.
Similar findings in melanoma tissue sections
were recently published by our group [62]. This
recognition promoted us to closely examine
whether this phenomenon is actually dynamic,
which may present us with an opportunity to
not only understand the pathophysiological con-
sequences of such unusual subcellular local-
ization but also to determine the underlying
mechanisms through which PTC cells harboring
BRAFY69E develop resistance to the selective
BRAF inhibitor vemurafenib. A growing body of
evidence suggests that several tumor suppres-
sor proteins exhibit a change in their subcellu-
lar localization, a condition in which the tumor
suppressor activity may be compromised. The
transport of these proteins from the nucleus to
the cytosol is mediated by CRM-1 [63] while
other proteins are transported from the cyto-
plasm to the nucleus by importins [64]. Under
certain pathological conditions, these factors
promote cellular abnormalities by changing pro-
tein expression, incidence of mutations in
importin-oa/-B, or disruption of the RanGTP/GDP
[65]. Some cancer cells take advantage of the
normal cellular processes of nuclear-cytoplas-
mic transport to effectively develop resistance
to established therapies [56, 60, 63, 66].

Our in vitro results demonstrate that nuclear
localization of the kinase was identified only in
BRAFY6%%E but not in wild-type BRAF-bearing
PTC cells, which implies that such a transport
mechanism is selective to the mutant kinase.
The utility of the BRAFY®%E-specific antibody
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VE1 was validated in a wide variety of tumors in
several studies including ours [46, 61, 67-70].
In support of the immunofluorescence results,
BRAFY%E was also recognized in the nuclear
fraction of TC cells under normal conditions.
Upon growth IGF-1 stimulation, BRAFY6°E is
dynamically regulated by the removal or addi-
tion of this factor to culture medium, and such
translocation takes place within hours. By
inhibiting proteins involved in the cell trans-
port system, BRAFV69E was found to be trans-
ported from the nucleus to the cytosol through
CRM-1, and from the cytosol to the nucleus
via the importin-o/ system. One increasingly
common strategy for deterring cancer growth
and progression is to target the nuclear trans-
port system. Targeting CRM-1 revealed a reduc-
tion in tumor growth regardless of BRAF or
NRAS status and resulted in a significant
regression of tumor mass when combined with
vemurafenib [63]. However, therapeutic target-
ing of nucleo-cytoplasmic transport is limited,
because both normal and cancer cells have
common mechanisms associated with cell
transport machinery.

Remarkably, the sequestration of BRAFYS°°E in
the cytosol sensitizes TC cells to vemurafenib,
and nuclear localization of the kinase increas-
ed drug therapy resistance of KAT18 and MEF-
BRAF7 cells. This was also evidenced by ex-
tending ERK1/2 activation in the presence of
vemurafenib. A continuous but not transient
ERK activation is connected to its nuclear local-
ization, suggesting that the differential activa-
tion of ERK may be a determinant factor for
eliciting a specific biological effect [4]. Thus,
the cellular compartments of RAS/RAF/MEK/
ERK are very important for exerting a certain
biological role during normal and pathological
conditions. Extended ERK activation in cells
took place in the absence of the cytoplasmic
RAS-MEK, suggesting a novel mechanism
for resistance: Most likely, nuclear BRAFY60E
adapts cellular mechanisms to escape ve
murafenib and gain resistance even after
combination therapy is applied [71]. Target-
ing BRAFY6%%E and cyclin-dependent kinases
CDK4/6 in aggressive PTC cells is a new
approach to reduce intrinsic or acquired resis-
tance to vemurafenib [72]. Orthotopic injection
of mice with nuclear BRAFY¢°%-harboring cells
produced larger tumor size than cells harbor-
ing cytosolic BRAFY6%E, In PTC tissue speci-
mens, we were able to recognize BRAFY6°F in
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the nucleus of tumor cells. We also showed
that the incidence of nuclear BRAFY¢%%t in PTC
subtypes is varied. Nuclear BRAFY6°%E was
detected in about 40% of tall cell variant (TCV)
PTCs, which implies a contribution of nuclear
BRAFY699E to advanced tumors. It is known that
PTC patients with tall-cell variants have poor
prognosis compared to conventional variant
and follicular variant subtypes [73]. In a recent
study conducted on a large number of TC tis-
sue specimens collected from 11 medical cen-
ters, BRAFY69%E was able to segregate solitary
intrathyroidal PTC patients with higher risk of
recurrence [74]. This study highlights the an-
ticipated role of BRAFY®%F in TC aggressive-
ness. As expected, the relative lower incidence
of nuclear BRAFY8%E in PTC tissues, if the low
staining intensity of BRAFY®%F (intensity 1) was
excluded, is suggested to be linked with low
mortality rate in PTC patients [8]. By using
mass spectrometry, we discovered proteins
interacting exclusively with nuclear but not
cytosolic BRAFY69%E Actin-related protein 2 and
actin-related protein 3 (ACTR2, ACTR3), mem-
bers of the Arp2/3 complex, were the most
enriched nuclear BRAF partners, and ACTR3
was highly related to lymph node stage and
extrathyroidal extension. The knockdown of
ACTR3, and consequently ACTR2, has a tumor
suppressor effect in thyroid cells and on vemu-
rafenib resistance. Several studies showed
new roles for nuclear actin in transcriptional
regulation, DNA repair, and shaping the chro-
matin, genomic, and epigenetic landscape [75].
Recently, Huang identified Arp2/3 complex sub-
units as prognostic biomarkers for hepatocel-
lular carcinoma [76]. Further experiments are
needed to explore the role of BRAFY6%%E, ACTR2,
and ACTR3 in the nucleus.

In conclusion, our findings indicate a strong
relationship between nuclear BRAFY®?% and
tumor aggressive behavior, risk of recurrence,
and developing resistance against selective
BRAF inhibitors. Our results demonstrate that
the nuclear localization of BRAFY6°F is a dy-
namic phenomenon and may contribute to ve-
murafenib resistance by changing its subcellu-
lar localization according to biological demand.
Such abnormal changes in the kinase localiza-
tion will not only provide new insights into the
mechanism of advanced tumor in PTC patients
but also open new avenues for discovering
novel therapeutic targets. We also present a
platform for establishing a new clinical marker
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to identify PTC patients at high risk, so clini-
cians can offer them the appropriate treatment
at an earlier time. The current study anticipates
that early recognition and need for therapy with
selective BRAFY8°F inhibitors will be beneficial
only in patients with cytosolic BRAFY6°°F put not
with those who have BRAFY6%°E in the nucleus.
Large-scale studies are needed to confirm the
correlation between the incidence of nuclear
BRAFY6%E and poor prognosis in patients with
aggressive TCs. The exact role and relevance of
ACTR2, and ACTR3 with BRAFY¢%%E in the nucle-
us needs further studies, which will allow us to
better understand the role of nuclear BRAF/
ACTR complex in TC resistance.
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Supplementary Table 1. List of cell lines and their BRAF and N-RAS status used in this study

Origin Cell line BRAF status NRAS status Reference

1 Thyroid Cancer K1 V600E WT Xing et al. [1]

2 KAT18 WT WT

3 NPA V600E WT

4 TPC1 WT WT

5 SW1736 V600E WT Xing et al. [1, 2]

6 MDA-T32 V600E WT Henderson [3]

7 Thyroid Cancer BCPAP V600E WT Schweppe [4]

8 Normal Thyroid Nthy-Ori-3-1 WT WT Lemoine [5]

9 Fibroblasts MEF-BRAF” Knockout WT Baccarini [6]
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