





recurrent BRAF"7VE_PTC cells (Figure 3D and Suppl. with vemurafenib did not affect migration or invasion of
Figure 6A-6B, Supplementary information) were less BRAF""-PTC and NT cells.

responsive to vemurafenib treatment, with 1.5-fold or

2-fold decrease in migration or invasion. Treatment
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Figure 3: BRAFY®E_positive papillary thyroid carcinoma (PTC) cells promote in vitro angiogenesis (tubule-like
structures formation) using patient-derived preclinical models. A. In vitro evaluation of microvascular endothelial cell tube
formation. Secretome from representative short-term primary human heterozygous BRAF""""%_positive PTC triggered human lymphatic
and blood microvascular endothelial cell (LEC and BEC, respectively) tube formation in vitro. LEC and BEC were suspended in secretome
(conditioning medium (CM)) derived from short-term primary NT or PTC cells with BRAF"7"*"E or BRAF" T treated with vehicle (DMSO)
or vemurafenib (10 M) for 24 hours and seeded on growth factor-reduced Matrigel. The secretome was utilized to induce tube formation.
LEC and BEC tubes were photographed after 5-6 hours. Histograms show numbers of LEC and BEC tubes triggered by non-metastatic
BRAF"TV"E PTC-derived secretome, metastatic/recurrent BRAF"7"5E PTC-derived secretome, or in the presence of secretome derived
from primary NT cells or PTC cells with BRAF"". Magnification: 10x. All scale bars are=200 .. These data represent the average + standard
deviation (error bars) of 2 independent experiments replicate measurements (*p < 0.05, **p <0.01, ***p <0.001, Mann-Whitney test). B.
Measurements of Leptin, VEGFA and TSP-1 secreted protein levels in the vehicle-treated or vemurafenib-treated secretome derived from
representative: short-term primary NT cells, short-term primary metastatic/recurrent BRAF"7"E_-PTC cells, spontaneously immortalized
human PTC-derived BCPAP cells (homozygous BRAF"*"’!) and metastatic PTC-derived spontaneously immortalized human KTCI cells
(heterozygous BRAF"*"F). NT or PTC cells were cultured in vitro in the presence of vemurafenib (10 uM) or vehicle (DMSO) for 24
hours. The secretome (growth medium enriched with PTC or NT-derived growth/angiogenic factors) was collected and protein levels (pg/
mL) were determined by ELISA (enzyme-linked immunosorbent assay). Protein levels were normalized to total protein content (ng/pL).
These data represent the average + standard deviation (error bars) of 2 independent experiments replicate measurements (*p < 0.05, Mann-
Whitney test). C. Assessment of PTC microenvironment in formalin-fixed paraffin-embedded clinical human PTC specimens harboring
BRAF"TVE  (n=4) versus BRAF"" (n=3). Immunohistochemical protein expression of: PAX8 (marker of PTC cells) showed nuclear
localization; PDGFRB (platelet-derived growth factor receptor beta, pericyte lineage marker and tumor cell marker) showed cytoplasmic/
plasma membrane localization; CD68 (CD68, macrophage marker), localized to plasma membrane; CD45 (also called LCA, leucocyte
lineage marker) localized to plasma membrane; and aSMA (alpha Smooth Muscle Actin, markers of smooth muscle cell lineage) mainly
localized to plasma membrane. Black bars indicate percent of colocalization between PDGFRB and PAXS. Immunohistochemical protein
expression per field was assessed semi-quantitatively using the following scoring method: 0 (negative), 1+ (1-10% positive cells), 2+
(11-50% positive cells), and 3+ (more than 50% positive cells). Microvascular density is defined by number of vessels per microscope field
showing CD31 (BEC marker) or D2-40 (Podoplanin, LEC marker) staining. Scale bars are=500 p (1000x magnification image) and 400
u (400x magnification images). These data represent the average + standard deviation (error bars) of independent replicate measurements
(*p<0.05, Mann-Whitney test). D. Migration and invasion assays with vemurafenib or DMSO (vehicle, control) treatment in representative
short-term primary human PTC cell cultures with heterozygous BRAF"7"5"F or BRAF"", and in short-term primary human NT cell cultures.
Treatment with vemurafenib at 10 M was performed in the migration and invasion assays. These data represent the average + standard
deviation (error bars) of 2 or 3 independent experiments replicate measurements (*p < 0.05, Mann-Whitney test).

Alterations of MCL1 and P16 somatic copy patients with PTC (1 from lungs, 1 from bone and 3 from
number in human PTC samples and PTC cell adrenal glands), and 5 NT (Figure 4C). One DNA control
cultures sample from healthy man (human male genomic DNA)

was also used (Figure 4C). Additionally, we analyzed
genomic DNA from 4 primary PTC cell cultures (3 PTC

We have used a new algorithm (see methods) for with BRAF"™ and 1 PTC with BRAF""), 1 primary LN
detecting somatic mutations, insertions, deletions, copy metastatic BRAF"*-PTC cell culture, 1 primary NT
number gain (ampliﬁcations), copy numbe.r loss, and cell culture and 5 spontaneously immortalized human
translocatlor.ls q51ng a targeted exome sequencing strategy. thyroid cancer cells (i.e. TPC1, BCPAP, KTC1, 8505c and
W? found significantly (p.:()'OOOl) that chromosome .1q SW1736) (Figure 4C). We found significantly that 34 of 41
(Figure 4A-4B, SUppl. Figure 7) showed SCNAs (i.e. (82.9%) BRAF""" -positive samples vs. 10 of 17 (58.8%)
copy number gain) of 26 genes (Suppl. Table 3) and BRAFYT samples (including primary PTC, LN metastatic
chromosome 9p21.§ showed loss of th? P16 gene in PTC PTC-derived specimens and primary short-term PTC cell
(Suppl. Table 2, Figure 4G, Suppl. Figure 7). Here, we cultures) harbored MCLI copy number gain (p<0.001),
have focused our attention and validations on MCLI (a and also as compared to NT tissue samples or healthy
BCL2 protein fgmily member) (one of the 26 genes with man DNA control sample which did not show any MCLI
copy number gains on chromosome 1), because it is a well- copy number gain (Figure 4C-4D). Eleven of 12 (91.6%)
known key-player in cancer progression and metastasis of the primary BRAF"**.PTC specimens with a clinical
[21], but has not been linked to metastatic BRAF"*"E- story of LN metastasis and 9 of 9 (100%) BRAF" ™.
p TC~ To validate this ﬁn(.iing, we used quantita.tive PCR PTC LN metastatic samples in the neck or mediastinum
(Figure 4C-4D) using 58 independent samples (including substantially harbored MCLI copy number gain. Lesser
22 patient-derived independent metastatic PTC clinical significant prevalence of MCLI copy number gain/
samples, Suppl. Table 2, Figure 4C), in particular: 31 amplification was found in BRAF""-PTC LN metastatic
PTC patients specimens (23 BRAF"E-PTC and 8 samples (5 of 8, 62.5%) as compared to the BRAF ™.
BRAF WT'PTCVB; 17 LN m.etastatic PTC <9 BRAF"™"*-LN PTC LN metastatic samples (p<0.01). Also, 4 of 5 (80%)
and 8 BRAF"-LN), 5 distant metastatic samples from PTC samples with distant metastasis showed MCLI copy
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number gain (Figure 4C-4D); whereas, NT samples did
not show MCLI copy number gain.

As further validation, high copy number of MCLI
gene also substantially associated with higher MCLI
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Figure 4: Analysis of MCL1 somatic copy number gain (chromosome 1q) and loss of P16 (chromosome 9p) in non-
metastatic or metastatic papillary thyroid carcinoma (PTC) samples. A. Graphical representation of the log?2 ratio of sequence
coverage in tumor versus reference for fragments sequenced using a targeted exome sequencing strategy. BRAF"*"E-PTC primary cells
or patient specimens harboring the BRAFY"F mutation were compared with PTC or NT samples with BRAF". This analysis revealed 1q
somatic copy number alterations (SCNAs) (i.e. copy number gain/amplifications) in metastatic/recurrent neck or mediastinal lymph nodes
(LN). B. Detailed view of sequenced exons in 1q, including the MCLI gene highlighted by asterisks, in metastatic/recurrent mediastinal
LN (lymph node) BRAF""E-PTC primary cells and patient specimens harboring the BRAF"*"¢ mutation compared with PTC or NT
samples with BRAF"". Probes that were colored or shaded blue or marked by blue triangles were called as gained by the analysis software.
C. MCL]I somatic copy number analysis normalized in 31 samples which included PTC and normal thyroid samples, and some established
primary PTC or NT cell cultures derived from same patients’ cohort, from independent patients. Histogram shows MCLI copy number
assay results in: 1 DNA control sample from healthy man; 1 primary NT (normal thyroid) cell culture; 3 primary PTC cell cultures (2
with BRAF"VE and 1 with BRAF"7), 1 mediastinal LN metastatic BRAF"*"’E-PTC cell culture; 5 spontaneously immortalized cell lines
established from patients with BRAF"*" (i.e., KTC1 and BCPAP) or BRAF""(TPC1) PTC, or BRAF"*"E-positive anaplastic thyroid cancer
(ATC) (i.e. 8505¢ and SW1736); 5 NT (normal thyroid) tissue samples, 31 PTC (23 BRAF"""2-PTC and 8 BRAF"'-PTC), 17 LN metastatic
PTC (9 BRAF""E-LN and 8 BRAF"'-LN) and 5 distant metastatic samples from patients with PTC (1 from lungs, 1 from bone and 3
from adrenal glands). Results were normalized against two separate reference, housekeeping (reference) genes: GAPDH and RNAase-P.
These data represent the average + standard error mean (error bars) of 2-3 independent replicate measurements. D. Box plot analysis
using: 5 NT (normal thyroid) tissue samples, 31 PTC (23 BRAF"*"E-PTC and 8 BRAF""-PTC), 17 LN metastatic PTC (9 BRAF"*"E-LN
and 8 BRAF"-LN) and 5 distant metastatic samples from patients with PTC (1 from lungs, 1 from bone and 3 from adrenal glands).
These data represent the average + standard deviation of 2-3 independent replicate measurements (*p < 0.05, **p < 0.01, ***p < 0.01,
one-way ANOVA test). E. Immunohistochemistry shows strong and diffuse MCL1 protein expression in the cytosol and stippled nuclear
staining in all neck LN metastatic PTC samples harboring BRAF""’F (n=3) (scoring, 3+) and primary PTC with BRAF"*" (n=4) (scoring,
3+), whereas NT samples (n=3) (scoring, 1+) showed focal and weak nuclear MCL1 localization. Primary BRAF"*’2-PTC (scoring, 0) or
LN metastatic BRAF""E-PTC (scoring, 0) samples did not show significant change in cytoplasmic cleaved caspase 3 (cCasp3) protein
levels compared with NT samples (scoring, 0). Protein expression was assessed semi-quantitatively using the following scoring method:
0 (negative), 1+ (1-10% positive cells), 2+ (11-50% positive cells), and 3+ (more than 50% positive cells). All scale bars are=400 p.
F. Proposed mechanisms of LN metastatic PTC spreading from primary PTC harboring the BRAF"*"E mutation along with MCLI copy
number gain/amplification. G. Graphical representation of next generation sequencing, targeted-exome sequencing results showing loss
of P16 (marked by red bars) in the chromosome 9p in PTC (i.e. heterozygous BRAF"7""E_positive human KTC1 PTC-derived cells with
P16 homozygous loss) or in ATC samples with distant metastasis (i.e. homozygous BRAF"*"-positive 8505¢ ATC cells) compared with
metastatic/recurrent LN BRAF"*"E-.PTC sample (LN1-T) or derived primary cells (e.g. LNO-PTC), BRAF"""*-PTC sample (e.g. PTC-7),
BRAF""-PTC sample (e.g. PTC-S2), or NT sample with BRAF"" (e.g. N1-T) which show neutral copy number without loss of P/6. The top
red bar shows the aggregate SCNAs for all samples. H. P16 somatic copy number alteration analysis normalized in: 1 DNA control sample
from healthy man; 3 primary PTC cell cultures (2 with BRAF""""Eand 1 with BRAF""), 1 mediastinal LN metastatic BRAF""’2-PTC cell
culture; 4 spontaneously immortalized cell lines established from patients with BRAF" (i.e., KTC1 and BCPAP) or BRAF""(TPC1) PTC,
or BRAF""E-positive anaplastic thyroid cancer (ATC) (i.e. 8505¢); 4 NT (normal thyroid) tissue samples, 27 PTC (19 BRAF"*""E-PTC and
8 BRAF"-PTC), 15 LN metastatic PTC (7 BRAF"*"-LN and 8 BRAF""-LN), 6 distant metastatic samples from patients with PTC (2 from
lungs, 1 from bone and 3 from adrenal glands). Results were normalized against two separate reference, housekeeping (reference) genes:
GAPDH and RNAase-P. Histogram shows P16 copy number assay. These data represent the average + standard error mean (error bars) of
2-3 independent replicate measurements. I. Box plot analysis using: 4 NT (normal thyroid) tissue samples, 27 PTC (19 BRAF"*"(-PTC
and 8 BRAF"-PTC), 15 LN metastatic PTC (7 BRAF"*£-LN and 8 BRAF""-LN), 6 distant metastatic samples from patients with PTC (2
from lungs, 1 from bone and 3 from adrenal glands). These data represent the average + standard deviation of 2-3 independent replicate
measurements (*p < 0.05, **p <0.01, ***p <0.01, one-way ANOVA test). J. Immunocytochemistry shows loss of P16 protein expression
in human KTC1 PTC-derived cells (BRAF"7"5"F spontaneously immortalized metastatic PTC cells) compared with primary NT cells which
show P16 protein focal staining in the nuclei. All scale bars are=100 p. K. Proposed mechanisms of metastatic spreading from primary PTC
harboring the BRAF"*""t mutation along with loss of P16.

copies) in vitro. MCLI expression levels showed 104 4H and 41) using: (i) 1 control DNA sample from healthy
mRNA copies/10° 18S copies by vemurafenib treatment in man; (ii) 27 PTC (19 BRAF""E-PTC and 8 BRAF"™-PTC),
BRAF"™E-PTC cells and 98 mRNA copies/10° 18S copies 15 LN metastatic PTC (7 BRAF"E-LN and 8 BRAF""-
in the vehicle-treated cells. There was no substantial effect LN), 6 distant metastatic samples from patients with PTC
of vemurafenib on MCLI mRNA expression in BRAF"- (2 from lungs, 1 from bone and 3 from adrenal glands),
PTC or NT cells. Additionally, immunohistochemistry and 4 NT (Figure 4I) tissue samples; and (iii) 2 primary
(IHC) analysis showed substantially strong and diffuse PTC cell cultures (2 PTC with BRAF""E and 1 PTC
MCLI1 protein immunostaining in all neck LN metastatic with BRAF"T), 1 primary LN metastatic BRAF"*E-PTC
BRAF"™E-PTC samples vs. primary BRAF""E-PTC cell culture, and 4 spontaneously immortalized human
samples, BRAF""-PTC with or NT samples (Figure 4E), thyroid carcinoma cells (i.e. TPC1, BCPAP, KTCI,
further suggesting that MCL/ SCNAs could be important and 8505c). These samples included 21 patient-derived
for metastasis in BRAF"*"2-PTC (Figure 4F). independent metastatic PTC (Suppl. Table 2, Figure

Furthermore, we validated P/6 SCNAs (Figure 4G, 4H). Our validations significantly showed that 33 of 34
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(97%) BRAF"*"E-positive samples vs. 14 of 18 (77.7%)
BRAFYT samples (including primary PTC, LN metastatic
PTC-derived specimens and primary short-term PTC
cell cultures) loss of the P16 gene (p<0.001), and also

as compared to NT tissue samples or healthy man DNA
control sample that did not show any loss of P16 (Figure
4G-41, Suppl. Figure 7). Eight of 9 (88.8%) of the primary
BRAF"E_PTC specimens with a clinical story of LN
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Figure 5: Anti-BRAFY*F (vemurafenib) and anti-BCL2/MCLI1 (obatoclax) combined therapy increases cell death
in patient-derived angioinvasive papillary thyroid carcinoma (PTC) cells harboring BRAFV*F and with somatic
copy number alterations (SCNAs) of MCL1 or P16. A. Flow cytometry analysis of non-synchronized cells normalized to the
number of events in each condition shows that 10 uM vemurafenib or 100 nM obatoclax at 48 hours post-treatment partially increased
sub-G1 (apoptosis) in representative patient-derived angioinvasive PTC cells (i.e. PTC7) harboring the BRAF"7"5F mutation and with
MCLI copy number gain/amplifications compared to vehicle-treated (DMSO, control) cells. Five uM vemurafenib and 100 nM obatoclax
combined treatment significantly increased the percent of PTC cells in sub-G1 compared to vehicle-treated (DMSO, control) cells. These
data represent the average + standard deviation (error bars) of 2 independent experiments replicate measurements (*p < 0.05, **p <0.01).
B. Arrows highlight change of cell shape (rounded up and detached) in angioinvasive BRAF"7"*"E-PTC cells (i.e. PTC7) with MCLI
copy number gain/amplifications treated for about 48 hours with vemurafenib (10 uM), obatoclax (100 nM), or vemurafenib (5 uM) +
obatoclax (100 nM) compared to vehicle-treated PTC cells (DMSO, control). All scale bars are=400 p.. C. Flow cytometry analysis of non-
synchronized cells normalized to the number of events in each condition at 48 hours post-treatment shows that 10 uM vemurafenib or 100
nM obatoclax significantly increased sub-G1 in metastatic PTC patient-derived KTC1 cells harboring the BRAF""""E mutation and with
a lower copy number of MCLI and with P16 homozygous loss compared to vehicle-treated (DMSO, control) cells. Five uM vemurafenib
and 100 nM obatoclax combined treatment strongly increased the percent of KTCI cells in sub-G1 compared to vehicle-treated (DMSO,
control) cells. These data represent the average + standard deviation (error bars) of 2 independent experiments replicate measurements (*p <
0.05, **p <0.01, ***p < 0.01). D. Arrows highlight change of cell shape (rounded up and detached) in metastatic BRAF"7"*"E-KTC1 cells
in the presence of vemurafenib (10 uM), obatoclax (100 nM), or vemurafenib (5 pM) + obatoclax (100 nM) compared to vehicle-treated
PTC cells (DMSO, control). All scale bars are=400 p.

metastasis, 7 of 7 (100%) BRAF"E-PTC LN metastatic copy (Figures 1E-1G). Mechanistically, based on the
samples in the neck or mediastinum, and 7 of 7 (100%) vemurafenib IC50 calculations (Figure 1G) we found
of the BRAF""-PTC LN metastatic samples substantially that reduced doses of 2.5 uM vemurafenib or even more
showed loss of P16. Six of 6 (100%) PTC samples with effectively 5 uM vemurafenib combined with 100 nM
distant metastasis showed P/6 SCNAs compared to NT obatoclax significantly ameliorated therapeutic response
samples (Figure 4H-4I). In particular, we found P/6 of angio-invasive BRAF"E-PTC cells compared to
heterozygous loss occurred in 13 of 60 (21.6%), and single agent therapy within 48 hours (Figure 5A). This
homozygous loss in 39 of 60 (65%) samples analyzed, combined treatment resulted in a significant increased
specifically in: 13 of 19 (68.4%) BRAF"*"E-PTC, 6 of 8 cell death (sub-Gl cell accumulation, indicator of
(75%) BRAF"™-PTC, 6 of 7 (85.7%) BRAF"E-PTC with apoptosis) detected by flow cytometry analysis by using
neck LN metastasis, 5 of 8 (62.5%) BRAF"™-PTC samples single agent vemurafenib (13.5-fold) or obatoclax (4.5-
with neck LN metastasis and 4 of 6 (66.6%) samples with fold) treatment compared to vehicle (Figure 5A). More
distant metastasis (Suppl. Table 2). Furthermore, IHC importantly, vemurafenib plus obatoclax combined
analysis showed a substantial loss of P16 protein in the treatments significantly increased number of BRAF75%-
metastatic BRAF"2-PTC derived KTC1 cells (Figure 4J) PTC cells in sub-G1 phase (p<0.05) as compared to single
vs. primary human NT cells, suggesting that this SCNA agents treatments (2.2-fold to vemurafenib and 6.8-fold to
may be important for metastatic potential of BRAF""*- obatoclax) or to vehicle treatment (30.7-fold) (Figure 5A).
PTC (Figure 4K). Importantly, this combinatorial targeted treatment was also
effective to alter BRAF"E-PTC cell shape (cells became
Combination of vemurafenib therapy with the rounded up and detached) as compared to vehicle-treated
pan-BCL2 inhibitor (obatoclax) increases death cells (Figure 5B). . .
of angio-invasive BRAFV®E_PTC cells harboring Intriguingly, metastatic BRAF""*-PTC derived

KTCI cells (Figure 5C) with a lower copy number of
MCLI (+/-) (Figure 4C) were more sensitive to single
agents treatments or more effectively to vemurafenib plus
obatoclax combined treatments compared to BRAF7%E-

MCL1 copy number alterations and decreases
intrinsic resistance to vemurafenib

Although the lack of response to vemurafenib PTC cells with a higher copy number of MCLI (Figure
has been frequently observed in different human cancer 5C); as result, these cells significantly increased in
cells lines (e.g. melanoma cells) harboring the BRAF"*"F the sub-G1 phase (apoptosis) (Figure 5C) (p<0.05). In
mutation, it is still unknown in human metastatic PTC particular, they accumulated in sub-G1 phase 24-fold by
cells. To address this unmet clinical need, we used vemurafenib (10 uM), 17.6-fold by obatoclax (100 nM),
patient-derived BRAF"*"E-positive angioinvasive PTC and 97.1-fold by vemurafenib plus obatoclax treatments
cells. Importantly, we found that angioinvasive BRAF"" compared to vehicle (Figure 5C). Furthermore, BRAF"*E-
VEE_PTC cells (i.e. PTC7 cells) with MCL1 copy number PTC KTCI1 cells with MCL1 (+/-) (Figure 5D) showed
gain (Figure 4C) were more resistant to vemurafenib- more substantial alterations in cell shape as compared to
induced inhibition of cell viability as compared to non- metastatic BRAF" -PTC cells with a higher copy number
metastatic BRAF""""E_PTC cells with MCLI neutral of MCLI (Figure 5B).
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DISCUSSION

The pre-clinical trial model for cancer treatment may
very well facilitate our ability to combat human cancer [1,
7, 22-27]. Here, we report the first patient-derived pre-
clinical model of PTC with BRAF"*E or BRAF"", or NT
using anti-BRAFVYS"E therapy. Although primary NT or
PTC cell survival in culture is limited, the benefit is that
primary cells show low likelihood of adopting cellular and
molecular changes in vitro.

Our results raise the concern that primary/intrinsic
resistance to BRAF""F inhibitors (i.e. vemurafenib) could
occur at or near the acquisition of metastatic capability
by BRAF"E-PTC. Critically, our experimental models
identify that genomic co-occurrence of BRAFF mutation
with either MCLI copy number gain (chromosome 1q)
or P16 (chromosome 9p) loss is functionally associated
with metastasis in patients with PTC and patients should
be closely monitored for disease recurrence. This paired
genomic abnormality could confer primary/intrinsic
resistance to vemurafenib therapy, possibly through
activation of BRAFY®E parallel signaling pathways
regulated by either MCLI1 or P16 in metastatic PTC
cells. Furthermore, abundance of MCLI (pro-survival
factor) or loss of P/6 (tumor suppressor) protein and
mRNA levels functionally correlated with their genomic
abnormalities. MCL1 is an anti-apoptotic member of the
BCL2 family and is known to be focally amplified in
about 10.9% of cancers across multiple tissue types (e.g.
breast cancer, lung cancer, etc.) and to increase tumor cell
survival [21]. MCLI1 is also amplified in melanoma cells
[28]. Our orthotopic mouse model of tumor harboring
the heterozygous BRAF"¢ mutation along with MCLI
and P16 copy number alterations showed focal PTC-
like nuclear features (i.e. clearing), suggesting that this
mouse model may be a helpful translational tool for
in vivo pre-clinical testing of anti-BRAFY®E therapy,
although these tumor cells (i.e. KTCI cells) showed in
vivo mixed spindled and epithelioid features which are
not characteristic of PTC. Vemurafenib therapy did not
elicit expression of pro-apoptotic markers in the orthotopic
tumor cells; interestingly, tumor cell senescence increased
with concomitant tumor size reduction via suppressed
pro-survival molecules. Moreover, our analysis of tumor
microenvironment both in our orthotopic tumors and in
PTC clinical samples provides evidence that metastatic
BRAF"E-PTC with MCLI and PI6 copy number
alterations are enriched with PDGFRB-positive stromal
cells (i.e. pericyte). Additionally, BRAFY®E_positive
PTC cell might synergize with pericytes and sustain the
viability via expression and secretion of factors crucial
for angioinvasion and angiogenesis. Furthermore, our in
vitro data indicate that BRAFY®F might regulate PTC
cell migration/invasion and viability, and its inhibition by
vemurafenib may induce cell cycle arrest and apoptosis
in non-metastatic PTC cells. In contrast, metastatic

BRAF"E-PTC cells with MCL1 copy number gain are
substantially less sensitive and responsive to vemurafenib
treatment as a single agent. Consistent with our genetic
data, we critically show that combined therapy with
vemurafenib and pan-BCL2/MCLI1 inhibitor decreased
viability of angioinvasive BRAF""E-PTC cells in vitro.
This effect could be determined by the inhibition of BCL2
and MCLI1 (1q) which are known to inhibit apoptosis and
maintain cancer cell survival. Co-treatment with BRAF
inhibitors and with inhibitors of BCL2 might overcome
intrinsic resistance to BRAF inhibitors (also seen in
melanoma cells in vitro and in vivo) [28]. BCL2 inhibitors
synergize with MEK inhibitors and induce in vitro death
of murine poorly differentiated thyroid carcinoma cells
[29]. Moreover, in lung cancer, reduced MCLI expression
sensitized epidermal growth factor receptor mutant non-
small cell lung cancers to MEK inhibitors [30]. BCL2
family inhibitors, in combination with a TORCI1/2
inhibitor, lead to apoptosis in KRAS- and BRAF-mutants
but not wild-type (WT) colorectal cancer cells. This is
accompanied by suppression of MCL1 expression in
mutant, but not WT, colorectal cancers [31]. However,
BCL2 inhibitors may be toxic, and therefore, ascertaining
the correct dosage is essential.

Importantly, the recent PTC TCGA data show
chromosome 1q amplification in aggressive BRAF V6.
positive PTC [5], suggesting key role for this genomic
region in PTC behavior. PTC heterogeneity might affect
the sensitivity for detection of copy number alterations
(MCL1, P16, etc.) in some cases, with possible epigenetic
alterations of MCL1 and P16 expression levels; therefore,
we cannot exclude the possibility that the percentage
of copy number alterations for these genes might have
some variability. However, our results were substantially
validated by our integrated in vitro functional assays and
in vivo approaches.

Molecular screening for BRAF mutations, as well
as MCLI and P16 copy number alterations might help
identify subsets of patients with PTC which have high
risk for recurrence and metastasis. They may benefit
from combined targeted therapies directed against
these alterations. This approach might provide a novel
advancement in the therapeutic strategy of aggressive
and refractory BRAF"*E-PTC for cases in which surgery
is limited by tumor location and extent of disease, or in
medically poor surgical candidates. Short-term PTC and
NT cell cultures appear to provide a novel predictive
model for evaluating therapeutic responses in patients
with PTC. Collectively, results from our PTC pre-clinical
model provide data that have value beyond predicting the
design and outcome of concurrent metastatic BRAF"50%-
PTC clinical trials which are using BRAFVY¢F inhibitors
(e.g. vemurafenib therapy) and also identify potentially
biomarkers (e.g. MCLI copy number gain, loss of P16)
for aggressive PTC.
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MATERIALS AND METHODS

Histology and immunohistochemistry

Histopathology evaluation of 7 classical type PTC
(4 PTC with BRAF"E and 3 PTC with BRAF"7), 3 neck
LN metastatic PTC samples harboring BRAF"*"E (n=3)
and 3 NT tissues was performed by pathologists (P.S. and
V.N.) on hematoxylin and eosin (HE)-stained formalin-
fixed paraffin-embedded (FFPE) tissues. For all patients
we used discarded and unidentified tissues (Beth Israel
Deaconess Medical Center (BIDMC) IRB-approved
exemption 4 protocol, Boston). All tissue specimens
were fixed with 10% buffered formalin phosphate and
embedded in paraffin blocks. These were visualized
with an Olympus BX41 microscope and the Olympus Q
COLOR 5 photo camera (Olympus Corp., Lake Success,
NY, USA). Four um sections of PTC or BRAFV60E.
positive human KTC1 tumor-derived orthotopic mouse
tissues (serial sections) were used for IHC. After baking
overnight at +37°C, deparaffinization with xylene/ethanol
and rehydration was performed. IHC analysis utilized
primary antibodies (Supplementary Table 5). The sections,
treated by pressure cooker for antigen retrieval (Biocare
Medical, Concord, CA), were incubated at 123°C in
citrate buffer (Dako Target Retrieval Solution, S1699;
DAKO Corp.), cooled and washed with PBS. Antigen
retrieval was performed for 60 min at room temperature.
The primary antibody was detected using a biotin-free
secondary antibody (K4011) (Dako Envision system)
and incubated for 30 min. All incubations were carried
out in a humid chamber at room temperature. Slides were
rinsed with PBS between incubations. Sections were
developed using 3,3-diaminobenzidine (Sigma Chemical
Co.) as a substrate and were counterstained with Mayer’s
hematoxylin [1] [32] [33]. The IHC marker expression was
assessed semiquantitatively using the following scoring
method: 0 (negative), 1+ (1-10% positive cells), 2+
(11-50% positive cells), and 3+ (more than 50% positive
cells). Microvascular density is defined by number of
vessels per microscope field showing CD31 (marker of
blood endothelial cells) or D2-40 (Podoplanin) (marker of
lymphatic endothelial cells) staining. Trichrome staining
was performed according to manufacturer instructions
(Ventana, USA) in order to assess collagen deposition in
the ECM of PTC.

Genotyping oncomap analysis and mass extend
sequenom

Genomic DNA was extracted using our previous
protocol [21] from overall 13 samples from independent
patients, which include: (i) 2 BRAFYSE-PTC, 1 BRAFV'-
PTC, 1 mediastinal LN metastatic PTC and 1 NT available

FFPE discarded/unidentified samples from 4 independent
patients (Beth Israel Deaconess Medical Center (BIDMC)
IRB-approved exemption 4 protocol, Boston); (ii) 2
primary PTC cell cultures with BRAFVY6E| | mediastinal
LN metastatic PTC cell culture with BRAFVY®E ]
primary PTC cell culture with BRAF"Tand 1 primary
NT cell culture; and (iii) 3 spontaneously immortalized
human thyroid cancer cells (8505¢c, BCPAP and KTC1,
see cell cultures paragraph for more details). Briefly,
30 um paraffin sections were lysed in denaturing buffer
containing proteinase K (1 mg/ml) (Invitrogen, USA)
during overnight incubation at +55°C. DNA was purified
using equal volumes of a phenol:chloroform mixture
(Invitrogen, USA) and eluted in distilled water. Genomic
DNA was quantified using Quant-iT PicoGreen dsDNA
Assay Kit (Invitrogen, USA) per manufacturer protocol.
250 ng of genomic DNA was used for mutation detection
through Oncomap version 3, which interrogates about
1000 known mutations (including the BRAFY¢°°E mutation)
in 112 validated oncogenes and tumor suppressors
[34]. All genomic analyses were run in the Center for
Cancer Genome Discovery (CCGD, Dana Farber Cancer
Institute (DFCI), Harvard Medical School, Boston, MA,
USA) [34]. Primers and probes were designed using
Sequenom MassARRAY Assay Design 3.0 software,
applying default multi-base extension parameters. Whole
genome amplification (WGA) was performed using the
GenomePlex Complete WGA kit (Sigma, USA) based
on chemical fragmentation followed by adapter mediated
PCR amplification. Samples were run on the mass
spectrometry-based genotyping platform (Sequenom) and
analyzed according to current standardized protocols [34].
Sample identity and the possible introduction of artifacts
by WGA were evaluated using a 48 Single Nucelotide
Polymorphisms (SNPs) panel comparing the pre-WGA
to the post-WGA DNA. If >3 SNP discrepancies were
identified between SNPs found in pre- and post-WGA
samples, this sample was discarded. Validations were
performed using homogeneous and sensitive Mass Extend
(hME) sequenom, a multi-base extension chemistry
performed on native unamplified genomic DNA [34].
For all patients, we used discarded/unidentified tissue
specimens and consent for genotyping test.

Sanger sequencing and SNaPshot mutational
analysis

PCR products were generated and sequenced for
the BRAF""E mutation screening according to previous
protocols [35, 36]. SNaPshot analysis covered a broad
panel of mutations including the BRAF"E and was
performed according to Dias-Santagata et al. [37].
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