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Abstract

Mutations of subunits of the SWI/SNF chromatin remodeling complexes occur commonly in
cancers of different lineages, including advanced thyroid cancers. Here we show that thyroid-
specific loss of Aridla, Arid2or Smarchl in mouse BrafV690E-mutant tumors promotes disease
progression and decreased survival, associated with lesion-specific effects on chromatin
accessibility and differentiation. As compared to normal thyrocytes, BrafV600E-mutant mouse
PTCs have decreased lineage transcription factor expression and accessibility to their target DNA
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binding sites, leading to impairment of thyroid differentiated gene expression and radioiodine
incorporation, which is rescued by MAPK inhibition. Loss of individual Swi/Snf subunits in Braf
tumors leads to a repressive chromatin state that cannot be reversed by MAPK pathway blockade,
rendering them insensitive to its redifferentiation effects. Our results show that SWI/SNF
complexes are central to the maintenance of differentiated function in thyroid cancers, and their
loss confers radioiodine refractoriness and resistance to MAPK inhibitor-based redifferentiation

therapies.

Introduction

Therapeutic interventions to reprogram the differentiation state of cancers have met with
considerable success, particularly in the setting of a subset of myeloid malignancies. The
prototypic paradigm is acute promyelocytic leukemia (APL) driven by the PML-RARa
fusion, which is the product of a recombination between the promyelocytic leukemia (PML)
and the retinoic acid receptor-a genes (RARa). This fusion protein blocks myeloid
differentiation at the promyelocytic stage of myelopoiesis (1). Its relief by treatment with
all-trans retinoic acid and arsenic trioxide has revolutionized the treatment of the disease (2).
Acute myeloid leukemias driven by mutations of the isocitrate dehydrogenase genes /DH1
and /DHZ lead to production of the oncometabolite 2-hydroxyglutarate, which alters DNA
methylation and impairs differentiation (3,4). Small molecule IDH1 and 2 inhibitors induce
myeloid differentiation and provide therapeutic benefit for these patients (5).

The differentiation state of thyroid cancers is a critical determinant of their response to
medical therapy, since the efficacy of radioiodine is dependent on the expression of genes
required for iodine uptake, oxidation and incorporation into tyrosine residues of
thyroglobulin. Papillary thyroid cancers (PTC) are the most common form of the disease.
They are genetically simple tumors harboring mutations of genes encoding effectors that
signal primarily through MAPK (6-8) : BRAFV600E (60%), RAS (15%), and gene fusions
of BRAF, RET, NTRK, and ALK (12%) (9). NGS studies of poorly differentiated (PDTC)
and anaplastic thyroid cancers (ATC) reveal a more complex picture, characterized by a
stepwise increase in mutation burden (10,11) and progressive accumulation of mutations of
the TERT promoter and 7P53(10,12-15). A particularly salient feature is the development
of mutations of genes encoding epigenetic modifiers, most prominently of individual
subunits of the SWI/SNF (BAF and PBAF) chromatin remodeling complexes (10). The
functional relevance of this finding is supported by an /n vivo Sleeping Beauty transposon
mutagenesis screen that found that disruptions of chromatin modifiers, including Swi/Snf
subunits, significantly cooperate with oncogenic Hras in progression to PDTC (16).

The SWI/SNF complexes consist of 12 to 15 subunits, which when assembled hydrolyze
ATP to mobilize nucleosomes and remodel chromatin. SWI/SNF complexes are
preferentially targeted to enhancers distal to the transcription start sites of genes, many of
which are linked to developmental processes and lineage specification (17). The mSWI/SNF
complexes have been classified broadly as BAF (BRG1/BRM-associated factors), PBAF
(polybromo-associated factors), and ncBAF (non-canonical BAF) complexes (18,19). The
three complexes share core subunits such as SMARCC1/2 and SMARCD1/2/3, but also
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contain subunits that are unique to each class: e.g. ARID1A or ARID1B in BAF, ARID2 and
PBRML1 in PBAF, and GLTSCR1 and BRD9 in ncBAF (18). Recurrent mutations in genes
encoding various subunits of the SWI/SNF complex have been found in ~ 20% of human
cancers across multiple tumor lineages (20,21). SWI/SNF is antagonistic with the activity of
the polycomb repressive complex 2 (PRC2) in development (22) and in certain tumor types
(23). Loss of SWI/SNF function has been suggested to promote oncogenesis via
derepression of PRC2 and upregulation of a stem cell-associated program (23). Mutations in
SWI/SNF create a dependency on EZH2, the catalytic histone methyltransferase subunit of
the PRC2 complex (24,25). The mechanisms by which SWI/SNF mutations cooperate with
other oncogenic drivers in disease progression are poorly understood, with growing evidence
that this is lineage and context-dependent (26).

The lineage transcription factors (TF) PAX8, NKX2-1 and FOXEL1 are required for thyroid
development (27) and for expression of genes involved in thyroid hormone biosynthesis
(28). Oncoproteins that activate MAPK signaling impair expression of these genes and their
transcriptional targets in thyroid cancers, which renders them unresponsive to radioiodine
(RAI) therapy. RAF or MEK inhibitors reverse this effect in GEM models of Braf-induced
thyroid cancer (29,30) and in patients with metastatic disease (31,32). However, they are
ineffective for most patients with PDTC and all patients with ATC.

Here we asked how disruptions of SWI/SNF impact the biology of thyroid cancers and
specifically on their differentiation state. We demonstrate that disruption of distinct
SWI/SNF subunits result in unique chromatin and transcriptional landscapes leading to
thyroid dedifferentiation and tumor progression. Importantly, we show that SWI/SNF loss
promotes resistance to RAF/MEK inhibitor-based redifferentiation therapies in mice and in
selected patients enrolled in clinical trials.

SWI/SNF subunit mutations are associated with advanced forms of human thyroid cancer.

Papillary thyroid carcinomas (PTC) are driven primarily by constitutive MAPK activation,
most commonly through BRAFV600E (9)_ Poorly differentiated (PDTC) and anaplastic
thyroid carcinomas (ATC) have a higher mutation burden (10,11), including of genes
encoding subunits of the SWI/SNF chromatin remodeling complexes (10) (Fig. 1A and 1B,
Supplementary Fig. S1A, Supplementary Table 1). When present in PTCs, SWI/SNF gene
mutations are subclonal, whereas they are clonal in PDTCs and ATCs, consistent with a role
in tumor microevolution (Fig. 1C). As opposed to rhabdoid tumors, ovarian cancers and
renal clear cell carcinomas, where a specific SWI/SNF subunit gene is preferentially
mutated, in PDTCs and ATCs there are non-overlapping mutations of several components of
BAF (ARID1A, ARID1B), PBAF (ARID2), or of SMARCBI, which is common to both
complexes (Fig. 1D).
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Aridla, Arid2, or Smarcb1 loss promote progression of mouse thyroid cancers driven by

BrafV600E

To determine the role of Swi/Snf loss in tumor progression we generated mice with thyroid-
specific homozygous loss of Arid1a, Arid2or Smarcbhl, either alone or in the context of a
knock-in allele of BrafV690F (Fig. 2A). TPO-Cre/Caggs-L.SL-YFP/Arid1a™f, TPO-Cre/
Caggs-LSL-YFP/Arid2" and TPO-Cre/Caggs-LSL-YFP/Smarcb1™™ (hereafter TAl1a,
TAZ, and T7SbI) thyroids had no histological changes through 20 weeks. Whereas 7PO-Cre/
Caggs-LSL-YFP/LSL-Braf"b%E ( TBrafy mice develop PTC by 5 weeks, TBraf/Ala,
TBraf/AZ, and TBraf/Sb1 mice developed PDTC or ATC with short latency, characterized
by a solid growth pattern, spindle cells, a high mitotic rate and necrosis (Fig. 2B, and
Supplementary Fig. S2A and S2B). The Arid1a™" locus was only partially recombined in
TAlIamice, whereas in the 7Braf/Alarecombination was almost complete. Accordingly,
Western blots of cell lines generated from TBraf/Ala, TBraf/AZ and TBraf/Sb1tumors
showed complete loss of the respective Swi/Snf subunit (Supplementary Fig. S3A).
TBraf/Alatumors had increased Arid1b expression (Supplementary Fig. S3B), consistent
with evidence that ARID1B partially compensates for ARID1A loss and is synthetic lethal
in ARID1A-deficient tumors (33). Human ATC with loss of SMARCB1 commonly show
presence of rhabdoid cells consisting of large cells with eccentric nuclei and eosinophilic
globular cytoplasm (Fig. 2C), which is morphologically similar to SMARCBI-mutant
tumors of other lineages. 7Braf/Sb1tumors phenocopy these features and exhibit vascular
invasion, lymph node and lung metastasis (Fig. 2C). 7Braf/Alaand TBraf/Sb1 mice had
decreased survival compared to 7Brafanimals (Fig. 2D). Whereas 7Brafmice developed
PTC, 7Braf/Alaand TBraf/Arid2 mice displayed tumor progression to PDTC or ATC, with
a penetrance of 40% and 35% respectively. Strikingly, loss of the core Swi/Snf subunit
Smarcbl yielded a highly penetrant anaplastic transformation in 39 of 45 mice (87%) (Fig.
2E).

Swi/Snf loss downregulates thyroid differentiation gene expression and decreases
chromatin accessibility at key thyroid lineage transcription factors.

SWI/SNF complexes support terminal differentiation (34) and their loss can promote stem
cell-like properties and tissue regeneration (23,35). Foxel, Nkx2-1, and Pax8are key thyroid
lineage transcription factors (TF) expressed in embryonic day E8.5-E10.5 during
specification of the definitive endoderm (36). Loss of Arid1a, Arid2or Smarcbl attenuated
expression of thyroid lineage TF, as well as of key genes involved in iodine organification in
wild type thyrocytes (Fig. 3A and 3B). Impairment of thyroid differentiated gene expression
in 7561 mice resulted in a compensatory increase in serum thyrotropin levels
(Supplementary Fig. S4A).

To further investigate the impact of Swi/Snf loss on genome-wide chromatin accessibility we
performed ATAC-Seq on YFP-sorted 7Ala TAZand 75b1 thyroid cells. Loss of Aridla,
Arid2 or Smarcbl led to an overall decrease in chromatin accessibility compared to WT
thyroid cells (Supplementary Fig. S4B). The majority of the dynamic peaks localized to
intergenic regions or within introns (Supplementary Fig. S4C). ARID1A and SMARCB1
have been reported to maintain active enhancers that are primarily located within introns and
intergenic regions (37-39). To compare the consequences of loss of the individual Swi/Snf
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subunits we clustered all dynamic ATAC peaks from wild-type thyroid, 741a, 7AZ, and
75b1 cells. Unsupervised k-means clustering resolved the ATAC peaks into 4 clusters (Fig.
3C). We identified transcription factor motifs enriched in the ATAC peaks in each cluster
using HOMER de novo motif discovery (40). Cluster 1 showed enrichment of CTCF motifs
in WT and 7561 cells (Fig. 3D), aligning with reports showing that loss of SMARCB1
promotes formation of a BRD9-containing non-canonical BAF complex, which localizes to
CTCF sites (19,41). BRD9 occupancy is enriched at motifs for ETS family of transcription
factors (42), consistent with increased accessibility at these sites in 7561 cells in clusters 2
and 4. Intersection of RNA-seq and ATAC-seq revealed concordant changes for genes
encoding lineage TF (ATAC down, RNA down) in all Swi/Snf knockout contexts compared
to wild-type (Supplementary Fig. S5A-C).

There was a remarkable loss of accessibility to sites with DNA binding motifs of Foxel,
Nkx2-1, and Pax8 in all Swi/Snf KO contexts (Fig. 3D and 3E). This was also true for NF1/
CTF, which forms a complex with FOXEL, a pioneer TF of the thyroid lineage (43).
Consistent with this, NF1/CTF and Foxel motifs co-occur at 29% of Foxel sites within
peaks in cluster 3 (relative to the background distribution of Foxel motifs in non-accessible
sites; p=6.478e-09, Fisher exact test). The integrated activity of these TFs is required for
expression of genes regulating iodide transport, oxidation, incorporation into thyroglobulin
and thyroid hormonogenesis (27,44-46). Loss of the individual Swi/Snf subunits consistently
decreased accessibility to the entire set of genes involved in thyroid hormone biosynthesis
(Fig. 3F). Example tracks of loci adjacent to Foxel, Pax8and S/c5a5 (the gene encoding
Nis, the sodium iodide symporter) show loss of peaks within gene bodies or putative
enhancers in all Swi/Snf KO contexts (Fig. 3G). Interestingly, the far-upstream S/c5a5 peak
corresponds to a functionally characterized S/c5a5 enhancer in rat and human thyroid cells
(47).

Murine thyroid tumors with Swi/Snf loss are resistant to the redifferentiation effects of
MAPK inhibition.

Endogenous activation of BrafV690E downregulates expression of thyroid TFs as well as
genes involved in iodine metabolism (48) (Supplementary Fig. S6A and S6B). Inhibition of
MAPK signaling in thyroid cancers driven by oncogenic BRAF or RAS restores expression
of thyroid differentiation genes in mice and in patients (30,31). We asked whether the
differentiation state of BrafV690E_driven tumors in the context of Swi/Snf gene deletions
could also be restored by MAPK pathway blockade in the murine thyroid cancers (Fig. 4A).
The expression of Pax8, Nkx2-1and Foxel is suppressed in 7Brafmice and restored by
treatment with the MEK inhibitor CH5126766 (CKI) (30,49). Loss of Smarcbl renders
TBraf/Sh1 tumors refractory to the redifferentiation effects of CKI (Fig. 4B and 4C). Despite
partial rescue of the lineage TFs in 7Braf/Alaand TBraf/AZ2thyroid tissues by CKI, the
expression of Nis, which is particularly critical for iodine uptake and thyroid
hormonogenesis, was not restored (Fig. 4C).

We next asked whether the changes in gene expression resulting from treatment with CKI
were associated with concordant effects on chromatin accessibility. The ATAC-seq dynamic
peaks were resolved into 7 clusters (Fig. 4D and Supplementary Fig. S7A). Associated
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genes per ATAC-seq cluster showed an expression profile consistent with that of the
changing chromatin (Fig. 4E and Supplementary Table 2). We used HOMER motif analysis
to identify TF motif enrichments in the 7 ATAC clusters (Fig. 4F and Supplementary Fig.
S7B). Accessibility to NF1/CTF, Foxel, Nkx2-1and Pax8binding motifs increased upon
CKI treatment in 7Brafcells, which was attenuated in 7Braf/Alaand TBraf/Sb1 cells (Fig.
4F: Cluster 6 and Supplementary Fig. S8A). Conversely, peaks with ETS1 and JUN/AP1
motifs decreased upon CKI treatment in 7Braftumors, an effect that was dampened in
TBraf/Alaand TBraf/Sb1 cells (Supplementary Fig. S8B). ETS1 and JUN/AP1 motifs mark
potential sites of regulation by MAPK, suggesting that AridZaand Smarcb1 loss may
attenuate transcriptional responses to MAPK inhibition through effects distal to the
phosphorylation state of canonical MAPK signaling effectors. Although CKI rescued
expression of thyroid lineage TFs in 7Braf/Ala cells, decreased accessibility to their
respective DNA binding motifs likely impaired expression of key target genes (Fig. 4G and
Supplementary Fig. S8B and S8C). Interestingly, treatment of 7Braf/AZ2 thyroid tumors with
CKI restored expression of all three TFs and increased accessibility to their respective DNA
binding motifs. However, this was insufficient to restore expression of Nis. Despite an
increase in chromatin accessibility post-CKl in cluster 6 in 7Braf/AZ cells, the RNA-seq z-
score of genes in this cluster post-CKI remained down, suggesting that disruption of other
mechanisms, such as TF activity or histone modifications, may be implicated in this process.
Overall, the majority of the top 50 differentially expressed genes upon CKI treatment had
corresponding changes in chromatin accessibility in surrounding regulatory regions
(Supplementary Fig. S9A).

Cluster 2 (TBraf/Alaand TBraf/Sb1) and cluster 5 (7Braf/Sb1) peaks were enriched for
CTCF/BORIS matifs, suggesting that ncBAF maintains accessibility at these sites, and that
this is insensitive to MAPK inhibition (Fig. 4F and Supplementary Fig. S10A).

Mouse thyroid tumor cell lines fail to recapitulate the redifferentiation effects of MAPK
inhibition in vivo, but display consistent epigenomic vulnerabilities.

We performed transcriptomic and epigenomic analyses in three independent cell lines
derived from 7Braf, TBraf/Ala, TBraf/AZ and TBraf/Sb1tumors, respectively, after
incubation with CKI or vehicle for 8 days in the presence of bovine TSH (Fig. 5A). By
contrast to the effects of MAPK inhibition on 7Braftumor gene expression in vivo (Fig. 4B,
C), treatment of 7Brafcell lines with CKI lead to no appreciable increase in expression of
Foxel or of genes involved in iodine uptake and metabolism (Nis, Tg, Tpo, Tshr) (Fig. 5B
and Fig. 5C). Accordingly, the increased chromatin accessibility at thyroid TF binding sites
observed in response to CKI in 7Braftumors (Fig. 4D) was not recapitulated /n vitro (see
Fig. 5D, cluster 6: “differentiation cluster”). 7Braf/Ala, TBraf/A2, and TBraf/Sb1 cell lines
were uniformly dedifferentiated and unresponsive to CKI.

Whereas the cell lines proved inadequate to study thyroid redifferentiation, we found that
TBraf/Sb1 cell lines retained the increased accessibility at CTCF motifs observed /n vivo
(Fig. 5D). Upon SMARCBL loss, SWI/SNF complex subunits reassemble into BRD9-
containing ncBAF complexes that bind to active enhancers and active promoter regions
enriched for CTCF motifs (41,42). ChlP-Seq of the murine thyroid tumor cell lines showed
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strong enrichment of H3K4mel (active enhancer), H3K4me3 (active promoter), and
H3K27ac (active promoter and enhancer) marks in the CTCF-enriched cluster 5 in
TBraf/Sb1 cells (Supplementary Fig. S11A and S11B). To test whether 7Braf/Sb1 cells are
dependent on the ncBAF complex for survival, we treated cells with the BRD9 inhibitor I-
BRD9 (50). BRD9 is a subunit of ncBAF and its inhibition is synthetic lethal upon
SMARCB1 loss in malignant rhabdoid and synovial sarcoma cell lines (41,42,51). Similar to
the synovial sarcoma cell line SYO-1, which is synthetic lethal to I-BRD9 (51), 7Braf/Sb1
cell lines were sensitized to I-BRD9 treatment as compared to the other cell line genotypes
(Fig. 5E).

Loss of Swi/Snf subunits promotes refractoriness to radioiodide uptake upon treatment
with MEK inhibitor in mice.

Expression of genes required for iodide transport and organification into thyroglobulin is
central to the ability of thyroid cancers to respond to radioiodine (RAI) therapy. There is an
inverse relationship between the transcriptional output of MAPK and the expression of
thyroid differentiation genes in papillary thyroid cancers (9). Accordingly, RAF or MEK
inhibitors restore RAI uptake in mice and humans with RAIl-refractory BRAF or RAS
mutant differentiated thyroid cancers (30,31). As previously reported, CKI increased 124|
uptake in 7Brafmice (30), which was attenuated in 7Braf/A1and TBraf/Sb1tumors, and to
a lesser extent in 7Braf/A2mice (Fig. 6A and 6B). Whereas treatment with CKI profoundly
inhibited ERK phosphorylation in 7Brafand Braf-Swi/SnfKO mice, it failed to restore
membrane Nis expression following Swi/Snf loss (Fig. 6C and 6D, and Supplementary Fig.
S12A and S12B).

Loss of ARID1A, ARID2 or SMARCBL1 is associated with resistance to MAPK inhibition
based redifferentiation therapy and radioiodide uptake in a limited dataset of human
thyroid cancers.

The MEK inhibitor selumetinib restored RAI-responsiveness in patients with RAI-refractory
RAS-mutant cancers, whereas BRAFY690F_driven tumors had an attenuated response (31).
BRAFmutated thyroid cancers exhibit adaptive resistance to RAF inhibitors driven by
neuregulin-dependent HER3/HER? activation (52). Based on this, we designed a pilot study
of vemurafenib in combination with the HER3 targeting antibody CDX-3379
(NCT02456701) for BRAF-mutant RAI refractory metastatic thyroid cancer, focusing on
their combined effects on redifferentiation and response to RAI therapy (Supplementary Fig.
S13A). 124] uptake was markedly increased by this combination in a representative patient
with lung metastases (Fig. 7A). By contrast, a patient harboring a BRA~mutant tumor with
biallelic truncation mutations of AR/DZ2failed to show clinically significant restoration of
RAI incorporation on this treatment. RNAseq of serial lesional biopsies of these two patients
(prior to treatment, on vemurafenib, and on vemurafenib + CDX-3379) showed restoration
of the thyroid differentiation score (9,53) in the BRAF~SWI-SNF wild type compared to the
BRAF-ARID2 mutant metastases (Fig. 7B). The MAPK pathway transcriptional output (54)
was inhibited by vemurafenib and vemurafenib + CDX-3379 in the index metastases of both
these patients.
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We also explored the impact of SWI/SNF mutations in a phase Il redifferentiation trial of
trametinib for patients with RAS-mutant RAI-refractory thyroid cancer (NCT02152995)
(Supplementary Fig. S13B). Out of 25 patients, 2 harbored SMARCB1 and 1 an ARIDIA
mutation (Supplementary Fig. S13C). None of these 3 patients showed clinically significant
restoration of iodine uptake in response to the MEK inhibitor. 124] PET-CT scans of these
patients and of a representative KAS-mutant responder are shown in Fig. 7C.

Discussion

Soon after the discovery of BRAFV800E mytations in PTC, these tumors were found to
exhibit a greater decrease in expression of iodine metabolism genes as compared to BRAF-
negative PTCs (55) and to be disproportionately refractory to RAI therapy (56). BRAFY600E
signals as a monomer and is unresponsive to negative feedback of pERK on RAF dimers,
and consequently has a higher MAPK signaling output than that induced by fusion RTKs or
mutant RAS (57). There is a tight inverse relationship between the intensity of the MAPK
signaling flux, as measured by its integrated transcriptional output (58), and the expression
of thyroid differentiation genes (59). This reciprocal relationship is causal, as shown
following the conditional activation and silencing of BRAFY690E in thyroid cells /7 vivo
(60). The mechanisms that account for this interaction are complex, but are rooted in
inhibitory effects of pERK on key nodes of the CAMP signaling pathway, which mediates
TSH-stimulated expression of iodide metabolizing genes (61-63). In addition, constitutive
MAPK activation interferes with the transcriptional activities of Nkx2-1 and Pax8 (64,65).
Here we show that endogenous expression levels of BrafV800E almost completely silence
expression of the three thyroid lineage TFs /n vivo. This is associated with decreased
chromatin accessibility at multiple sites adjacent to or within these genes, all of which are
restored by treatment with the MEK inhibitor CKI (Fig. 7D). This is also true across the
entire differentiation gene cluster. Following treatment with CKI there was also a marked
increase in accessibility at peaks with binding motifs for the three thyroid transcription
factors, with the binding sites for NF1/CTF, a transcription factor that forms a complex with
Foxel, being the most highly represented. Foxel is a pioneer transcription factor in thyroid
follicular cells (66). The increase in Foxel by MAPK pathway blockade may play a central
role in driving the overall gains of chromatin accessibility in the differentiation gene cluster,
although this has not been tested experimentally.

Deletion of Arid1a, Arid2 or Smarcbl in thyroid follicular cells did not cause an overt
phenotype. There was no difference in mouse weight or longevity through 1 year of life, or
histological abnormalities in the thyroid. This needs to be reconciled with the attenuated
expression of the lineage TFs and the iodide metabolizing genes, and the decreased
chromatin accessibility at those sites. Inactivation of the Swi/Snf genes in these mouse
models took place through Cre recombinase expression beginning at E14.5, a time when
thyroid organogenesis has already taken place (67). The mitotic rate and overall turnover of
thyroid follicular cells in late gestation and throughout postnatal life is very low (68). This
suggests that integrity of Swi/Snf complexes may not be required for maintenance of the
thyroid differentiated state. This is particularly noteworthy in the setting of Smarcb1 loss,
which disrupts both the BAF and PBAF complexes. 7561 mice did, however, have a modest
increase in TSH levels, consistent with a state of compensated hypothyroidism.
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The increase in chromatin accessibility at Foxel, Nkx2-1 and Pax8 binding sites post-CKI
was dampened in 7Braf/Alaand TBraf/Sb1tumor cells, which was associated with
impaired expression of their target genes. Curiously this was not the case for 7Braf/A2
tumor cells. Disruption of the PBAF complex by loss of Arid2 did not blunt the restoration
of lineage TF expression by CKI, or chromatin accessibility to their binding sites. Despite
this, Nis, the plasma membrane symporter required for iodide uptake (69), was not restored
by CKI. Inspection of the ATACseq IGV plots did show shallower peaks at the Ais gene
following CKI in 7Braf/A2as compared to 7Brafcells. The attenuated Nis expression upon
Arid21oss could in part be also mediated by secondary effects, such as histone modifications
or mRNA stability.

Difficulties in obtaining a high enough yield of YFP-labeled thyroid cells from thyroid
tumors /n vivo precluded our ability to do ChIP-seq analyses to study the Swi/Snf and
histone modifications that likely mediate the dynamic changes in chromatin accessibility
seen upon MAPK inhibition. Moreover, BrafV600E-mutant tumor cell lines derived from
mouse tumors fail to recapitulate the restoration of thyroid differentiated gene expression
seen upon MAPK inhibition /n vivo. This may require development of new /in vitro models
that allow cells to maintain cell polarity, which is critical for most normal thyrocyte
functions, and/or the presence of other cell types.

Whereas mouse thyroid tumor cell lines were inadequate to study thyroid redifferentiation,
the epigenomic vulnerability created by Smarcbl loss was conserved. 7Braf/Sb1 cell lines
had increased chromatin accessibility at CTCF/BORIS motifs, which were decorated with
active enhancer/promoter histone marks. Like rhabdoid and synovial cancer cells with
SMARCB1 loss, 7Braf/Sb1 cell lines were sensitized to BRD9 inhibition, indicating that the
dependency on ncBAF occurs across tumor lineages. Mutations in SWI/SNF complexes also
create a dependency on the PRC2 complex, which manifests in synthetic lethality when the
activity of its EZH2 methyltransferase subunit is inhibited (24,25). However, activation of
the RAS pathway has been shown to abrogate this dependency (70). Whether this also
applies to BRAF-driven thyroid cancers remains to be tested, as well as whether the EZH2
dependency for viability in SWI/SNF mutant cells can be rescued by MAPK pathway
blockade.

Aside from the impact of Swi/Snf loss on the differentiation state of thyroid cancer and on
its plasticity in response to MAPK pathway inhibition, deletion of Aridlaor Smarcbl
promoted progression to more advanced forms of the disease, and in the case of Smarcb1 to
a high penetrance of distant metastases. This is consistent with data from a forward genetic
screen for lesions that cooperate with oncogenic Ras in tumor progression, which identified
chromatin modifiers as the dominant class (16), and from the relative frequency of SWI/SNF
mutations in human PDTC and ATC as compared to PTCs. Swi/Snf mutations have also
been reported to favor metastatic spread in breast and hepatocellular carcinomas (71,72).

TBraf/Ala, TBraf/A2, and TBraf/Sb1 mice had significantly attenuated 1241 uptake post-
CKIl as compared to 7Braftumors. A recent series of pilot clinical trials have shown that a
short course of treatment with RAF or MEK inhibitors can restore RAI responsiveness in a
subset of RTK fusion-, BRAF or RAS-mutant RAI-refractory thyroid cancer patients
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(31,32,53). Among patients treated at our institution the few whose tumors harbored
SWI/SNF mutations consistently failed to redifferentiate in response to MAPK pathway
inhibition. BRAFV600E_mutant thyroid cancers develop adaptive resistance to RAF kinase
inhibitors through activation of neuregulin-driven HER3/HER2 signaling (73). One patient
enrolled in an ongoing small pilot redifferentiation trial of a combination of vemurafenib
with the HER3 monoclonal antibody CDX-3379, given sequentially, harbored biallelic
truncation mutations of AR/DZ2. An index metastatic lesion was serially biopsied throughout
the study allowing analysis of the transcriptomic changes in response to the drugs. Despite
strong suppression of the MAPK transcriptional output there was no increase in the TDS or
in the lesional 124] uptake, whereas a comparator patient without SWI/SNF alterations
showed a robust restoration of TDS and lesional 1241 incorporation. Similarly, 3/25 patients
enrolled in a redifferentiation trial with the MEK inhibitor trametinib for FAS-mutant
metastatic RAI-refractory thyroid cancers harbored mutations of SWI/SNF genes, and all
failed to increase lesional 1241 uptake in the metastases while on the drug. These case
examples do not conclusively demonstrate that deleterious mutations of these SWI/SNF
complex genes render patients irreversibly RAI refractory, which would require a much
larger patient cohort. Instead, they represent a signal pointing to the plausibility of this
effect. In the context of our mouse data they lend credibility to the premise that loss of
function of these SWI/SNF subunits locks thyroid cancer cells with constitutively activated
MAPK signaling into a dedifferentiated state that cannot be reprogrammed by inhibitors of
the pathway.

The effects of SWI/SNF complex gene mutations on differentiation has also been seen in
other therapeutically relevant disease contexts. Loss of AR/DI1A in estrogen receptor
positive (ER™) breast cancer cells promotes resistance to ER antagonists by facilitating a
switch from luminal to ER-independent basal-like cells (74,75). In the setting of thyroid
cancer, presence of deleterious SWI/SNF subunit lesions may prompt physicians to consider
treatment alternatives other than RAI, as the toxicities of RAI cannot be disregarded (76-78).
There is a compelling need to identify patients most likely to benefit from treatments
requiring high administered activities of 1311, as opposed to the current practice of
empirically treating patients with this radioisotope irrespective of tumor genotype.

Thyroid cancer genotyping.

Somatic mutation frequency of the indicated genes in PTCs was obtained from TCGA (9).
Somatic mutations of SWI/SNF complex encoding genes in PDTC and ATC were obtained
from Landa et a/. (10) as well as from an MSK clinical cohort profiled using MSK-IMPACT
(Integrated Mutation Profiling of Actionable Cancer Targets) assay. This assay involves
hybridization of barcoded libraries to custom oligonucleotides (Nimblegen SeqCap)
designed to capture all protein-coding exons and select introns of commonly implicated
oncogenes, tumor suppressor genes and members of pathways deemed actionable by
targeted therapies. Libraries were prepared using 100-200ng genomic DNA with the KAPA
Hyper Prep Kit (Kapa Biosystems KK8504) and combined in a single equimolar pool. The
captured pool was subsequently sequenced on an Illumina HiSeq 2500 or HiSeq 4000 as
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paired-end 100-base pair reads, producing an average of 849-fold coverage per tumor.
Oncoprints of the SWI/SNF mutations in thyroid cancer patients, lollipop plots, as well as
frequencies of SWI/SNF subunit mutations were obtained from the cBioPortal for Cancer
Genomics (http://www.cbioportal.org) (79).

Clonality of the SWI/SNF and 7ERT mutations was calculated by correcting the allelic
frequency of the mutations for tumor purity, which was assessed using allele frequency of
BRAF or RAS mutations (heterozygous BRAF or RAS mutations are considered clonal)
(10). Tumors with BRAFor RAS allele frequency <0.05 (<10% tumor purity) were
excluded from the analysis.

Generation of thyroid-specific Aridla, Arid2, Smarcb1l KO mice.

All animals used in this study were maintained on a mixed strain background. Animal care
and all experimental procedures were approved by the MSKCC Institutional Animal Care
and Use Committee. 7PO-Cre mice obtained from Dr. Shioko Kimura (67) were bred to
LSL-EYFP mice purchased from Jackson Labs (Stock number 007903) to generate the
TPO-Cre/EYFP (TE) line. FRT-lacZ-neo/Arid2™* mice purchased from MMRC (Stock
number 036982-UNC) were bred to g-actin-Fipe mice (Jackson Labs, Stock number
003800) to generate Arid2™"* mice, and the littermates were interbred to breed out g-actin-
Flpe and generate Arid2"f mice. Arid1a™" (obtained from Dr. Zhong Wang (80)),
Arid2" and Smarch1™" mice (obtained from Dr. Charles W. M. Roberts (81)), were then
bred to the 7E£ line to generate TE/Arid1a™ (TA1a), TE/Arid2" (TA2) and TE/
Smarch1™ (TSb1) mice. Expression of Cre recombinase at E14.5 days under the control of
the thyroid-specific 7P0O promoter results in expression of YFP, as well as deletion of exon 9
in Arid1a, exon 4 in AridZ, or exon 1 in Smarcbhl, respectively. To study the role of Swi/Snf-
loss in the context of BrafV600E  Arig1a" Arid2" and Smarch1™ mice were bred to

L SL-Braf“690E/+ (82) mice and the resulting Braf Ve99E/*/Arid1a™", Braf VEOOE /A rig oM
and Braf V99E/* /Smarch 1™ mice were bred to 7Ala, TAZ, and TSb1 mice respectively to
generate the following lines: T7E/BrafVe9%/*/Arid1a™" ( TBraf/A1a), TE/BrafV690c/%/
Arid2"1 (TBraf/A2), TE/Braf"6%0 " /Smarch1™ ( TBraf/SbI). Toe clips were submitted to
Transnetyx (Cordova, TN) for genotyping.

For survival analysis, mice were monitored for health and euthanized because of tumor
burden upon recommendation by the RARC veterinary staff. For in vivo treatments mice
were randomized into treatment with vehicle (40% Trappsol, Cyclo Therapeutics, Alachua,
FL) or CH5126766 (CKI) 1.5 mg/kg (Chugai Pharmaceutical) once a day by gavage for
eight days. Mice were euthanized and blood and thyroid tumors harvested ~2 hours after the
last dose.

124| Autoradiography.

Mice were treated with vehicle or CKI for 8 days, and at day five 70 uCi of 124 was
administered by oral gavage. Three days after the 1241 administration mice were euthanized
and thyroid tumors dissected and embedded in OCT blocks. Three to four 10 um thick
cryosections of each tumor ~250 um apart were obtained and affixed to a glass slide. Slides
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were exposed to a phosphor screen for 24 h prior to scanning with a Typhoon FLA 7000
scanner. The autoradiogram was analyzed using ImageJ.

Ultrasound Imaging.

TSH Assay.

Mice were anesthetized by inhalation with isofluorane (Henry Schein, Melville, NY) with
1% O,. Thyroid tumors were imaged using Vevo 770 High-Resolution In Vivo Micro-
Imaging System (VisualSonics, Toronto, CA). Aqueous ultrasonic gel was applied to the
denuded skin overlying the thyroid gland prior to placement of the ultrasound transducer.
Volume was calculated by manually tracing the margin of the tumor every 250 microns
using the instrument software.

Blood from mice was collected immediately after euthanasia with CO, and centrifuged at
maximum speed at 4 °C for 15 min, and serum was removed and stored at =70 °C until
assayed. Serum TSH levels were determined as previously described (83). The lower limit of
detection for TSH in this assay is 10 mU/L.

Histology and Immunohistochemistry.

PFA-fixed paraffin-embedded thyroid tissues were sectioned, stained with H&E, and graded
by a pathologist blinded to mouse genotype. For immunofluorescence staining, sections
were deparaffinized, blocked and permeabilized with 1% BSA and 0.1% Triton X 100, and
stained with antibodies for Ki67 (Abcam; Catalog # ab15580), pERK (Cell Signaling
Technology; Catalog # 4370,) and rabbit anti-Rat SLC5A5 (kindly provided by Dr. Nancy
Carrasco, Vanderbilt School of Medicine), followed by biotinylated goat anti-rabbit
secondary antibody (1:200, Vector Laboratories; Catalog # PK-6101). The biotinylated
secondary antibody was detected using Alexa Fluor 647 Tyramide reagent (Invitrogen;
Catalog # B40958). Slides were scanned with Pannoramic P250 Flash scanner (3DHistech,
Hungary) using 20x/0.8NA objective lens. Regions of interest around the tissues were then
drawn and exported as .tif files using Caseviewer (3DHistech, Hungary). Images were
analyzed using ImageJ/FIJI (NIH, USA) where a median filter, thresholding, and
watershedding were used to segment the nuclei in the DAPI channel. Thresholding in A647
channel was then used to determine the fluorescence intensity.

Flow Cytometry.

To isolate YFP+ thyroid cells for transcriptomic and epigenomic characterization, tumor and
WT thyroids were harvested in cold Minimal Essential Medium (MEM), minced in
dissociation buffer (Collagenase A 0.42 mg/ml; Dispase 1.1 mg/ml in MEM) and incubated
at 37°C for one hour with intermittent vortexing every 10 min. Dissociated thyroid cells
were collected by centrifugation at 500 g for 5 min, and the pellet washed and resuspended
in cold F-12 Coon’s media containing 5% FBS, 0.5% bovine brain extract, 100 units/ml
penicillin, and 0.1mg/ml streptomycin (Complete Medium). The cells were passed through a
40-um mesh, and the YFP+ pure thyroid cell population sorted using a BD FACSAria flow
cytometer into TRIzol LS (Invitrogen, #10296010) for RNA-sequencing or Complete
Medium for ATAC-Seq. Thyroids pooled from approximately 15 non-Braf mice (W7, TAla,
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TAZ, TSb1) or 3 tumor bearing mice in the various Braf contexts were used to generate
individual replicates for ATAC-Seq and/or SMARTer Amp RNA-seq.

RNA-seq of mouse thyroid cells.

ATAC-Seq.

Total RNA was isolated from ~20,000 YFP+ cells sorted into TRIzol LS reagent. Phase
separation in cells lysed in TRIzol Reagent was induced with chloroform. RNA was
precipitated with isopropanol and linear acrylamide and washed with 75% ethanol. The
samples were resuspended in RNase-free water. After RiboGreen quantification and quality
control by Agilent BioAnalyzer, 1-2 ng total RNA with RNA integrity numbers ranging
from 7.5 to 10 underwent amplification using the SMART-Seq v4 Ultra Low Input RNA Kit
(Clonetech catalog # 63488), with 12 cycles of amplification. Subsequently, 9.2-10ng of
amplified cDNA was used to prepare libraries with the KAPA Hyper Prep Kit (Kapa
Biosystems KK8504) using 8 cycles of PCR. Samples were barcoded and run on a HiSeq
4000 in a 50bp/50bp paired end run, using the HiSeq 3000/4000 SBS Kit (Illumina). An
average of 48 million paired reads were generated per sample and the percent of mMRNA
bases per sample ranged from 57% to 81%.

Raw reads were 3’ trimmed for quality (threshold of 15) and adapter sequences using
version 0.4.5 of TrimGalore (https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore), and then aligned to mouse assembly mm9 with STAR v2.4 (84) using default
parameters. Post-alignment quality and transcript coverage were assessed using the Picard
tool CollectRNASeqMetrics (http://broadinstitute.github.io/picard/). Raw read count tables
were created using HTSeq v0.9.1 (85). Normalization and expression dynamics were
conducted with DESeq2 (86) using the default parameters including library size factor
normalization.

50,000 YFP-sorted cells from tissues or cell lines were lysed in 50 ul lysis buffer (87) and
subjected to transposition with Nextera Tn5 transposase according to manufacturer’s
instructions (Illumina FC-121-1030). DNA was eluted from a MinElute column in 11.5 ul
elution buffer (Qiagen). ATAC libraries were constructed using the NEBNext High-Fidelity
2x PCR Master Mix (NEB MO0541) as in Buenrostro et al. (87) with the following
modifications: DNA was PCR-amplified for 1 cycle of 5” at 72°C and 30’ at 98°C followed
by 12 cycles of 10° at 98°C, 30’ at 63°C and 1’ at 72°C. Amplified DNA was purified on a
Qiagen MinElute column and eluted in 22 ul of Qiagen elution buffer. Purified libraries were
assessed using a Bioanalyzer High-Sensitivity DNA Analysis kit (Agilent). Paired-end 50 bp
reads were sequenced at the Center for Epigenetics Research at MSKCC. ATAC sequencing
reads were 3’ trimmed and filtered for quality and adapter content using version 0.4.5 of
TrimGalore, with a quality setting of 15, and running version 1.15 of cutadapt and version
0.11.5 of FastQC. Reads were aligned to mouse assembly mm9 with version 2.3.4.1 of
bowtie2 (88) (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) and were deduplicated
using MarkDuplicates in version 2.16.0 of Picard Tools. To ascertain enriched regions,
MACS?2 (89) (https://github.com/tacliu/MACS) was used with a p-value setting of 0.001
with input sequence as background control. The BEDTools (90) suite (http://
bedtools.readthedocs.io) was used to create normalized read density profiles. A global peak
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atlas was created by first removing blacklisted regions (http://mitra.stanford.edu/kundaje/
akundaje/release/blacklists/mm9-mouse/mm?9-blacklist.bed.gz) then merging all peaks
within 500 bp and counting reads with version 1.6.1 of featureCounts (91) (http://
subread.sourceforge.net). Comparison of intra vs inter-group clustering in principle
component analysis was used to determine normalization strategy, using either the median
ratio method of DESeq?2 or a sequencing depth-based factor normalized to ten million
uniquely mapped fragments. Differential enrichment was scored using DESeq2 for all
pairwise group contrasts. All differential peaks were then merged for all contrasts in a given
dataset, and k-means clustering was performed from k=4 to the point at which cluster groups
became redundant. Peak-gene associations were created using linear genomic distance to
transcription start site. Motif signatures were obtained using Homer (40) v4.5 (http://
homer.ucsd.edu). Composite and tornado plots were created using deepTools (92) v3.3.0 by
running computeMatrix and plotHeatmap on normalized bigwigs with average signal
sampled in 25 bp windows and flanking region defined by the surrounding 3 kb.

ChIP-Seq was performed as previously described (93). Briefly, 5 million cells were
crosslinked for 10 min with 1% paraformaldehyde, washed and lysed. Chromatin was
sheared using Bioruptor (Diagenode) and incubated with Protein A/G magnetic beads
(Pierce catalog # 26162) that were pre-incubated with specific anti-histone antibodies (~7.5
ug of antibody conjugated to 75 pl of beads were used for each ChlP reaction), washed and
eluted. The eluted chromatin was reverse-cross-linked, and DNA was column purified using
MinElute PCR Purification Kit (Qiagen catalog # 28004). The following antibodies were
used for immunoprecipitation: H3K27ac (Abcam catalog # ab4729), H3K4mel (Abcam
catalog # ab8895), H3K4me3 (Cell Signaling Technology catalog # 97515S).

ChIP-Seq libraries were prepared at the Center for Epigenetic Research (MSKCC) using the
NEBNext® ChlP-Seq Library Prep Master Mix Set for Illumina® (New England BioLabs)
following the manufacturer’s instructions. Samples were QC’d using a Bioanalyzer
TapeStation (Agilent Technologies 2200) to determine fragment size. Samples were pooled
and submitted for SE50 sequencing using an lllumina HiSeq 2500 System at New York
Genome Center. Reads were trimmed for quality and Illumina adapter sequences using
‘trim_galore’ before aligning to mouse assembly mm9 with bowtie2 using the default
parameters. Aligned reads with the same start site and orientation were removed using the
Picard tool MarkDuplicates (http://broadinstitute.github.io/picard/). Density profiles were
created by extending each read to the average library fragment size and then computing
density using the BEDTools suite (http://bedtools.readthedocs.io). Enriched regions were
discovered using MACS2 and scored against matched input libraries (fold change > 2 and p-
value < 0.001). Peaks were then filtered against genomic ‘blacklisted’ regions (http://
mitra.stanford.edu/kundaje/akundaje/release/blacklists/mm9-mouse/mm9blacklist.bed.gz)
and those within 500 bp were merged. All genome browser tracks and read density tables
were normalized to a sequencing depth of ten million mapped reads. Composite ChIP signal
was calculated over each ATAC cluster using normalized bigwig files processed with
deepTools v3.3.0.
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Derivation of mouse thyroid cancer cell lines.

To generate mouse tumor cell lines, tumors were dissected, minced in PBS, and resuspended
in 10 mL of digestion medium (minimum essential media containing 112 U/mL type |
collagenase (Worthington catalog # CLS-1), 1.2 U/mL dispase (Gibco catalog # 17105-041),
penicillin (50 U/mL), and streptomycin (50 mg/mL). Cells were incubated at 37°C for 60
minutes with vigorous shaking, after which cells were spun down and resuspended in
Coon’s modified F12 medium with penicillin/streptomycin/L-glutamine (P/S/G; Gemini;
#400-110) and 0.5% bovine brain extract, plated into CellBind plates (Corning Inc., Lowell,
MA, USA) for two weeks and then switched to Coon’s modified F12 medium with P/S/G
containing 5% FBS for routine culturing and maintenance. Cell lines were maintained at
37°C and 5% CO2 in humidified atmosphere and were passaged at least five times prior to
use in experiments.

Western blotting

Cells were harvested with 0.05% tryspin/0.02% EDTA solution, and cell pellets washed with
cold PBS. Proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific catalog # 78835) as per manufacturer’s instructions. Protein
concentrations were estimated by BCA kit (Thermo Scientific) on a microplate reader
(SpectraMax M5). Comparable amounts of proteins in the nuclear extract were subjected to
SDS-PAGE using NUPAGE 4%-12% Bis—Tris gradient gels (Invitrogen) and were
transferred to PVDF membranes. Following overnight incubation with primary antibody at
4°C, membranes were incubated with goat anti-rabbit or goat anti-mouse secondary
antibodies coupled to IRDye fluorophores for 1 hour at room temperature, and fluorescence
was detected using Odyssey CLx Imaging System (LI-COR Biosciences). The following
primary antibodies were used at 1:1000 dilution: ARID1A (Bethyl Labs # A301-040A),
ARID1B (Abcam # ab57461), ARID2 (Bethyl Labs # A302-230A), SMARCBL1 (BD
Biosciences # 612111), SMARCC1 (Santa Cruz Biotechnology # sc-32763), B-ACTIN
(Sigma # A2228).

BRD9 inhibitor sensitivity assay

Cells were plated in triplicate into 96-well plates at 5000 cells per well, and treated with
DMSO or increasing concentrations of I-BRD9 (Selleckchem S7835) for 7 days, at which
time cell viability was determined using CellTiter-Glo (Promega # G7572) on a GloMax 96
Microplate Luminometer (Promega) as per manufacturer’s instructions. IC50 values were
calculated by nonlinear regression using Prism v8.3 (GraphPad Software).

Quantitative Real-Time PCR.

Total RNA was isolated using RNeasy Mini Kit (Qiagen catalog # 74104) with on-column
DNase digestion according to the manufacturer’s instructions. 1 ug of total RNA was reverse
transcribed into cDNA using SuperScript 111 Reverse Transcriptase (Invitrogen) using
random hexamers. qRT-PCR was carried out in triplicate using Power SYBR Green PCR
Master Mix (Applied Biosystems) on the ViiA 7 Real-Time PCR System (Applied
Biosystems). Gene-specific primer sets used are shown in Supplementary Table 3. Beta-actin
served as the endogenous normalization control.
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Human clinical trials.

The redifferentiation trials NCT02456701 and NCT02152995 were performed after approval
by the MSKCC Institutional Review Board (IRB numbers 15-046 and 13-157, respectively).
Written informed consent was obtained from all patients in these studies. We show
representative examples of patients enrolled in two re-differentiation clinical trials for RAI-
refractory metastatic thyroid cancer: 1) Vemurafenib + CDX-3379 (NCT02456701) for
BRAFVY600E_mytant tumors and 2) Trametinib for RAS-mutant tumors (NCT02152995).
Supplementary Fig. S13A and S13B illustrate the schema for these studies. Briefly, baseline
RAI avidity was assessed with 1241 PET/CT lesional dosimetry while patients were on a low-
iodine diet. Patients were given 0.9 mg thyrotropin alfa (Thyrogen, Sanofi Genzyme) by
intramuscular injection on 2 consecutive days, followed by 6 mCi of 124 by mouth (range:
4.8 t0 7.2 mCi) on the third day. 124I-PET/CT images were obtained on day 5. In the
NCT02456701 study patients received vemurafenib 960 mg orally twice daily for 4 weeks,
with addition of CDX-3379 1000 mg IV every 2 weeks beginning on week 3. For
NCT02152995 they were treated with trametinib 2 mg daily for 4 weeks. The 124| PET/CT
lesional dosimetry was repeated during the fourth week of therapy. Patients had sequential
biopsies of the same index lesion at baseline (prior to drug), at 2 weeks while on
vemurafenib and at 4 weeks while on vemurafenib + CDX-3379 (Trial 1). If at least one
index tumor (>5 mm in maximal diameter) was predicted to absorb >2000 cGy with a
clinically administered 1311 activity of <300 mCi the patient was categorized as an 124|
responder. Tumor and normal DNA from these patients were profiled by MSK-IMPACT.

RNA-seq of Tissue Biopsies.

Serial lesional biopsies were obtained and the samples flash frozen. Frozen tissue was
homogenized in TRIzol using the QIAGEN TissueLyser at 15Hz for 2-3 minutes with a
Stainless Steel Bead (QIAGEN catalog # 69989). Phase separation was induced with
chloroform. RNA was precipitated with isopropanol and linear acrylamide and washed with
75% ethanol. The samples were resuspended in RNase-free water. After RiboGreen
quantification and quality control by Agilent BioAnalyzer, 66ng-1ug of total RNA
underwent ribosomal depletion and library preparation using the TruSeq Stranded Total
RNA LT Kit (Illumina catalog # RS-122-1202) with 6 cycles of PCR. Samples were
barcoded and run on a HiSeq 2500 in High Output mode or HiSeq 4000 in a 50bp/50bp
paired end run, using the TruSeq SBS Kit v4 or HiSeq 3000/4000 SBS Kit (Illumina). On
average, 96 million paired reads were generated per sample and 30% of the data mapped to
the transcriptome. Reads were aligned to human reference genome hg19 using STAR aligner
2.5.3a and normalized using Fragments Per Kilobase of transcripts per Million mapped
reads (FPKM) using Partek Flow software (Partek Inc., St. Louis, MO). The MAPK Output
score was computed using the 52 genes described by Pratilas ef a/ (54). The MAPK output
score and eTDS scores were calculated from RNA-seq data as described previously (9,53).

Statistical Analysis.

The statistical software GraphPad-Prism (version 8.0; GraphPad Software, Inc. CA, USA)
was used to analyze the data. All data for gRT-PCR/RNA-seq expression values,
ultrasonography, immunofluorescence image quantification, and autoradiography are
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represented as mean +/— SEM, and p-values were calculated using unpaired two-tailed
Student t tests. For Kaplan-Meier survival analyses, p-values were calculated using log-rank
Mantel-Cox test. Comparing of mouse tumor H&E sections for tumor progression Fisher’s
exact test was used to calculate the p-value. A p-value of <0.05 was considered significant.

The correlation of RNA-seq with ATAC clusters in response to vehicle vs CKIl in Fig. 4D,E
was evaluated in the following way: for each ATAC cluster, the number of gene associations
with that cluster was used to create a size-matched sampling from the gene expression
matrix, keeping group (genotype) assignments, but shuffling the rows (genes), then
collapsing to z-score, and testing how often the cluster with the ATAC-enriched signal has an
expression z-score at least as high as that observed in the actual linked RNA-seq data. One
million shuffles were performed per cluster.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Reprogramming cancer differentiation confers therapeutic benefit in various disease
contexts. Oncogenic BRAF silences genes required for radioiodine responsiveness in
thyroid cancer. Mutations in SWI/SNF genes result in loss of chromatin accessibility at
thyroid lineage specification genes in BRAF~mutant thyroid tumors, rendering them
insensitive to the redifferentiation effects of MAPK blockade.
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Figure 1: Mutations of SWI/SNF subunit genes are associated with thyroid tumor progression.
(A) Oncoprint of SWI/SNF subunit mutations in human thyroid cancers. The color- coded

bars in the top row represent the data study source for each sample. Tissues from the MSK
clinical cohort and from Landa et a/. (10) were sequenced by MSK-IMPACT. TCGA
genotyping was by WES (9). (B) Frequency of SWI/SNF mutations in human papillary

(PTC), poorly-differentiated (PDTC), and anaplastic thyroid cancer (ATC). (C) Clonality of

SWI/SNF mutations in PTC vs PDTC/ATC. (D) Frequency of SWI/SNF mutations in
different cancer types. Unlike renal and rhabdoid cancers that predominantly harbor a

distinct SWI/SNF subunit mutation, thyroid (ATC) and some other cancers have mutations

in diverse SWI/SNF subunits.
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Figure 2: Modeling Swi/Snf lossin genetically engineered mouse models with endogenous
BrafV600E expression.

(A) Schema of mouse models: Thyroid-specific expression of Cre recombinase driven by
Tpo-Cre substitutes exon 15 of wild type Brafby a mutant allele, resulting in endogenous
expression of Braf69%0F (82). Cre-excision of stop cassette also enables YFP expression in
thyroid cells. E9 of Aridla, E4 of Arid2, and E1 of Smarcb1 are floxed to inactivate the
respective alleles. (B) Representative H&E-stained thyroid sections of W4, TBraf, and
compound 7Brafmice with homozygous Ala, A2, or Sb1loss. TBrafmice develop classical
PTC, whereas 7Braf/Alaand TBrafA2have PDTC-like histology. 7Braf/Sb1 mice develop
ATC at 15 weeks with spindle cells, irregular nuclei, and areas of necrosis. (C) i-iv:
Rhabdoid cells (arrows) in (i) human sinonasal carcinoma and (ii) human ATC with
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SMARCBI loss, and (iii) mouse TBraf/Sb1 thyroid tumor. (iv) 7Braf/Sb1 mice exhibit
frequent lung metastases (arrows). (D) Kaplan-Meier survival analysis for mice with the
indicated genotypes. TBraf/Alaand TBraf/Sb1 mice had median survival of 11 and 15
weeks, with a log-rank p-value of 0.0043 and <0.0001, respectively. (E) Histological
classification of tumors obtained from mice with the indicated genotypes. p-values for PTC
vs PDTC/ATC in TBrafvs compound 7Brafwith homozygous Ala, A2, or Sb1loss were
calculated using Fisher’s exact test.
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Figure 3: Swi/Snf loss downregulates expression and decreases chromatin accessibility of thyroid
differentiation genes.

Thyroid tissue lineage transcription factor (A) and iodine metabolism (B) gene expression in
homozygous AZa, A2and Sb1 knockout mice by RNAseq as compared to WT. #Due to
incomplete recombination of the floxed AridZaallele in TAZamice, RNAseq was performed
in YFP*-sorted compared to WT YFP+ cells (n=3 per group; Mean + SEM; Student's #test,
* P<0.05; ** P<0.01 vs WT). (C) Unsupervised k-means clustering of ATAC-seq peak
gains (red) and losses (blue) in the indicated genotypes (n = 3 biological replicates for WT,
and 2 each per 7Ala, TAZand 7SbI). Four groups are noted by unsupervised k-means
clustering. (D) TF motifs enriched in specific clusters identified using HOMER de novo
motif discovery. Thyroid lineage TF motif enrichments are indicated as red bars in cluster 3.
(E) Tornado plots of ATAC-seq signals representing 1592 sites around the Foxel, Nkx2-1
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and Pax8binding sites sorted by log2 fold change (+ 3 kb of the peak center). (F) Heatmap
of chromatin accessibility at the indicated thyroid differentiation genes. (G) Representative
IGV plots showing ATAC-seq peak losses at key thyroid lineage TFs: Pax8 and Foxel at
putative enhancer and promoter regions; Ais proximal promoter and upstream enhancer
elements [* marks confirmed A/isenhancer (47)].
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Figure 4: Braf-mutant thyroid tumorswith Swi/Snf loss arerefractory to theredifferentiation
effectsof MEK inhibition.

(A) Mice were treated with the MEK inhibitor CKI for 8 days, and bulk thyroids collected
for gRT-PCR of thyroid differentiation markers or disaggregated and YFP-sorted for ATAC-
Seq and RNA-Seq profiling. (B) Quantitative RT-PCR of lineage transcription factors and of
(C) iodine metabolism genes (n = 3/group; Mean £ SEM). (D) Unsupervised k-means
clustering analysis of differential ATAC-Seq peaks of YFP-sorted thyroid tumors treated
with or without CKI (n=3 for Vehicle and CKl-treated 7Braf, TBrafiAla, TBrafiAZ, n=2 for
TBrafiSbl). (E) RNA-seq mean z-score of the genes present in each of the 7 ATAC-seq k-
means clusters (p-values for ATAC-seq to RNA-seq concordance are shown in
Supplementary Table S2). (F) TF motifs enriched in clusters 2, 3, 5 and 6 identified using
known sequence motifs curated by the HOMER suite. Thyroid lineage TF motif enrichments
are indicated as red bars in cluster 6. TF motif enrichments for clusters 1, 4 and 7 are shown
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in Supplementary Fig. S7B. (G) ATAC-seq IGV plots of the indicated genotypes treated with
or without CKI.
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Figure 5: Response of mouse thyroid cancer cell linesto MAPK and BRD9 inhibitors:
(A) Three thyroid tumor cell lines derived from each of the mouse genotypes were treated

with 300 nM CKI for 8 days in the presence of bovine TSH, after which cells were harvested
for RNA-seq or ATAC-seq. (B) Expression of thyroid lineage TFs and (C) iodine
metabolism genes in 7Braf, TBraf/Ala, TBraf/AZ, and TBraf/Sb1 cell lines compared to
normal thyroid tissue (each dot represents an independent thyroid tumor cell line; n = 3;
Mean + SEM). (D) Tornado plots of averaged ATAC-seq signals +3 kb of peak center in cell
lines treated with or without CKI for genes in cluster 5 (top right, 17157 sites) and cluster 6
(bottom right, 12618 sites) compared to the ATAC-seq signals /n vivo (top left and bottom
left for clusters 5 and 6, respectively). (E) CellTiter-Glo cell viability assay in the indicated
panel of cell lines treated with BRD9 bromodomain inhibitor 1-BRD9 for 6 days (n=3, Mean
+ SD); IC50 values are shown on the right.
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Figure 6: Swi/Snf loss preventsrestoration of RAl uptake by the MEK inhibitor CKI1.
(A) Representative autoradiograms of thyroid cancer tissue sections of mice with the

indicated genotypes treated with or without CKI for 8d. At day 5 they received 70 uCi of
124] py gavage. (B) 1241 uptake quantified using ImagelJ. (C,D) Quantification of
immunofluorescence staining for pERK (C) and SLC5A5 (D). n=3; mean £ SEM.* p< 0.05;
** p<0.01; *** p<0.001; **** p< 0.0001; Student's #test.
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Figure 7: Thyroid cancerswith ARID1A, ARID2, or SMARCB1 mutations areresistant to
redifferentiation by MAPK pathway inhibitors.

(A) Axial CT (left) and fused 1241-PET-CT chest images (middle and right) of 2 thyroid
cancer patients (P1 and P2) with RAI-refractory metastatic thyroid cancer treated for 4
weeks with vemurafenib combined with the HER3 monoclonal antibody CDX-3379.
Baseline 1241-PET-CT was performed prior to drug exposure; On Rx 124]-PET-CT was done
while on the drug combination. P1 harbored a BRAFY600E_mutant tall cell variant PTC and
showed restoration of 124] uptake in previously negative metastatic lesions. P2 harbored a
BRAF and ARID2-mutant PDTC that failed to incorporate 124] after Vem + CDX-3379. (B)
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Enhanced thyroid differentiation (eTDS) and MAPK output scores in RNAseq of 3 serial
biopsies of the index lesions (arrows) in P1 (responder) and P2 (non-responder). Bars
represent the eTDS and MAPK scores prior to treatment, on vemurafenib alone, and after
adding CDX-3379. (C) Axial CT and fused 124|-PET-CT chest images of patients enrolled in
a redifferentiation trial with the MEK inhibitor trametinib. P3 harbored a RAS-mutant PTC
that showed restoration of 1241 uptake with trametinib, whereas patients P4 (RAS +
ARIDI1A), P5 and P6 (RAS + SMARCBI) failed to enhance 124] uptake on trametinib. (D)
Model depicting loss of chromatin accessibility at thyroid lineage genes and resistance to
MAPK inhibitor-based redifferentiation in BRAFY690E_mutant thyroid cancers with
SWI/SNF loss.
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