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ABSTRACT

New combinatorial drug strategies are urgently needed to improve radioiodide (RAI) uptake
and efficiently ablate thyroid cancer cells, thereby addressing recurrent and metastatic
disease. Cellular iodide uptake is accomplished solely by the sodium iodide symporter (NIS),
but the complexity of NIS functional regulation and a lack of amenable high-throughput
screening assays has impeded progress. We utilised mutated yellow fluorescent protein (YFP)
as a surrogate biosensor of intracellular iodide for ~1200 FDA-approved drugs, allowing us
to appraise the impact of 73 leading compounds at 10 doses on | uptake in thyroid cancer
cell lines. Subsequent mechanistic analysis suggests three predominant modes of drug action:
Firstly, a number of drugs inhibited specific regulation of NIS function by the protein VCP.
Secondly, some drugs enhanced transcriptional or post-transcriptional regulation of NIS
expression. Thirdly, several drugs strongly implicated proteasomal degradation and the
unfolded protein response in the cellular processing of NIS. Exploiting these mechanistic
insights, multiple compounds gave striking increases in radioiodide uptake when combined
with the drug SAHA. Importantly, our new drug combination strategies were also effective in
human primary thyrocytes, suggesting they target endogenous NIS physiology. In patients
with papillary thyroid cancer, genes involved in proteostasis were remarkably altered and
predicted significantly worse outcome, but only in those patients who received RAI therapy.
Collectively, we therefore propose a new model of intracellular NIS processing, and identify

key nodes which may now be druggable in patients with aggressive thyroid cancer.

SUMMARY

Our data identify FDA-approved drugs that enhance radioiodide uptake outside of the
canonical pathways of NIS processing, leading to a new mechanistic understanding of

endogenous NIS function which is subverted in cancer.
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INTRODUCTION

For ~80 years, radioiodide (RAI) has been the central post-surgical treatment for patients
with differentiated thyroid cancer (DTC). However, around 25 percent of DTC patients have
radioiodide-refractory thyroid cancer, being unable to uptake adequate RAI for effective
therapeutic ablation (1). This is especially problematic for metastatic disease, which is
associated with a life expectancy of 3-5 years, and hence defines a clear unmet medical need
D).

NIS is the sole transporter responsible for specific cellular iodide uptake (2); exploitation
of its function remains the first — and most specifically targeted — internal radiation therapy:
high-energy p-emitting **I destroys remaining thyroid cells post-surgery, and targets
metastases. The central mechanisms which underlie radioiodide-refractoriness are decreased
levels of NIS expression and/or its diminished targeting to the plasma membrane (3). The
regulation of NIS is principally accomplished via transcription factors, histone acetylation,
post-translational modifications, hormonal signalling, and by iodide itself (4-10). These
levels of control are generally disrupted in cancer by a plethora of mechanisms including
altered histone acetylation and methylation of the NIS promoter (5, 6), distorted miRNA
expression (11-13), increased oxidative stress (14), and changed growth factor signalling (15,
16), predominantly driven by the activation of oncogenes which directly stimulate the MAPK
pathway. Thus in addressing repressed NIS function in thyroid cancer, this inherent
multiplicity of regulation adds significantly to the complexity of potential therapeutic
strategies.

Extensive pre-clinical and clinical studies have attempted to enhance NIS expression and
function, focussing mainly on ‘re-differentiation agents’, which stimulate the expression of
thyroid-specific genes including NIS. Because constitutive activation of the MAPK pathway
in thyroid cancer frequently represses NIS expression and function, and is associated with
decreased RAI uptake and poor patient prognosis, the majority of studies have focused on
MAPK inhibitors (17-20). Other valuable approaches have addressed transcriptional and
epigenetic alterations (21, 22) via the use of retinoids (23-25), PPARy agonists (26, 27) and
histone deacetylase (HDAC) inhibitors (28-31). However, while some drugs have
convincingly been shown to enhance NIS expression in a subset of patients, fresh approaches
are required to address the intricacy of altered NIS regulation in thyroid neoplasia.

For the present study we explored the hypothesis that we might identify new combinatorial

drug approaches for improving NIS function by utilising NIS as a drug target in high
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throughput screening (HTS). HTS of NIS function has been reported before, but primarily to
identify pollutants which disrupt NIS activity (32-34). Our study is therefore — to our
knowledge — the first attempt to directly screen on a large scale novel pharmacological
strategies capable of enhancing radioiodide uptake. By utilising a panel of predominantly
FDA-approved drugs we sought to define new therapeutic possibilities which might
ultimately systemically enhance thyroidal RAI uptake in patients. Thus we report a number of
drugs which have never been identified before as critical enhancers of radioiodide uptake,
and propose combinatorial approaches which markedly increase the efficacy of NIS function.
Mechanistically, our findings provide new insight into the cellular processes which govern

NIS function in normal and cancerous thyroid cells.
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MATERIALS AND METHODS
Cell culture and stable cell line generation

Human thyroid carcinoma cell lines TPC-1 and 8505C, and human breast lines MDA-MB-
231 and MCF7, were cultured as before (35), at low passage, authenticated by short tandem
repeat analysis (NorthGene) and tested for Mycoplasma contamination (EZ-PCR; Geneflow).
TPC-1 cells were kindly provided by Dr Rebecca Schweppe (University of Colorado,
Denver). Other lines were obtained from DSMZ and ECACC.

Full-length  human NIS cDNA (36) and the triple mutant enhanced YFP-
H148Q/1152L/F46L [kindly provided by Prof Alan Verkman and Dr Peter Haggie (UCSF,
San Francisco)] were cloned into pcDNA3.1. Stable NIS and/or YFP cells were generated
using FACS single cell sorting (Supplementary Table S1). RAI uptake, Western blotting and
NIS mRNA expression assays were used to monitor NIS activity as previously (35, 36). The
expression of specific mMRNAs was determined with a 7500 Real-time PCR system (Applied
Biosystems). Opera Phenix™ live cell imaging (EvoTec, Germany) was used to validate YFP
cell lines. Further details on nucleic acids and antibodies are provided (Supplementary Table
S1).

Human primary thyrocyte culture

The collection of normal human thyroid tissue was approved by the Local Research Ethics
Committee, and subjects gave informed written consent. Human primary thyrocytes were
isolated as previously (35, 37). Only cultures with positive TSH dose responses were

progressed to cell experiments after 6 days.

YFP-iodide assay based drug screening

High-throughput drug screening was performed via an automated biochemical screening
platform using the Microlab STAR Liquid Handling Robotic System (Hamilton) integrated
with a PHERAstar FS plate reader (BMG Labtech; 510 nm-550 nm optic module). Further
details on YFP-iodide high-throughput assays and data analysis are provided (Supplementary
Materials and Methods). 1200 approved compounds from the Prestwick Chemical Library
(Birmingham Drug Discovery Facility; University of Birmingham) were screened (controls

outlined in Supplementary Table S2).


https://doi.org/10.1101/2020.07.21.213967

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.21.213967; this version posted July 22, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gene expression data analyses

Normalized gene expression data and clinical information for papillary thyroid cancer
(PTC) were downloaded from TCGA via cBioPortal and FireBrowse (THCA). Gene
expression values were transformed as X=log,(X+1) where X represents the normalized
fragments per kilobase transcript per million mapped reads (FPKM) values. In total, RNA-
seq data for 59 normal thyroid and 501 PTC TCGA samples were analyzed. Further details
on TCGA data analysis are provided (Supplementary Materials and Methods).

Statistical analyses
Data were analysed using IBM SPSS, GraphPad Prism and Microsoft Excel
(Supplementary Materials and Methods).
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RESULTS
Drug screening identifies novel compounds which alter surrogate NIS activity

We first tested the known ability of mutated YFP to be fluorescently quenched by
intracellular iodide (38, 39) in TPC-1 and 8505C thyroid cancer cells stably transfected with
NIS and/or YFP. YFP fluorescence was quenched in a time and dose dependent manner (Fig.
1A and B), and we further confirmed time and dose dependent quenching via Opera
Phenix™ system live cell imaging (Fig. 1C). We therefore adapted YFP-iodide sensing to a
high-throughput screen of the Prestwick Chemical Library (~1200 drugs; 95% FDA-
approved), structured as indicated (Fig. 1A; Supplementary Fig. S1 and 2). Initial screening
(n=2 entire screens in TPC-1-NIS-YFP cells; 10 uM) revealed that most drugs either
repressed or had no impact on YFP (Fig. 1D and E). For 73 drugs which did reduce YFP
fluorescence, we performed secondary screening at 10 different drug doses (Fig. 1F). Some
drugs (e.g. clotrimazole (35)) showed increased activity over the whole 0.1 to 50 uM range of
testing; others (e.g. terfenadine) were bi-phasic, whilst several (e.g. niflumic acid) showed a
negative relationship at higher doses (Fig. 1F). Overall, adjusting for cell viability and
subtracting YFP-only effects, we ranked the top drugs which specifically dimmed YFP

fluorescence as a marker of cellular iodide uptake (Fig. 1G; Supplementary Fig. S3 and 4).

Testing the impact of HTS drugs on radioiodide uptake and NIS expression

We initially tested 38 of our top drugs in radioiodide uptake assays in TPC-1 cells stably
expressing NIS; 16 of these gave significant dose-dependent increases in *2°1 uptake (Fig. 2A;
Supplementary Fig. S5A and data not shown). To investigate potential mechanisms we firstly
assessed their impact on NIS protein expression; 3 drugs significantly increased NIS protein
levels and radioiodide uptake both in TPC-1 and 8505C cells stably expressing NIS
(formoterol, pravastatin and disulfiram; Fig. 2B-E). Niflumic acid and zimelidine additionally
increased radioiodide uptake in 8505Cs (Fig. 2F).

We next assessed the impact of our drugs on NIS mRNA expression. Although there were
some cell-specific differences, only formoterol consistently induced NIS mRNA expression
in both thyroid cancer cell lines (Supplementary Fig. S5B). Thus whereas formoterol acts
transcriptionally, pravastatin and disulfiram are likely to exert posttranscriptional effects on

NIS expression.
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Drug effects on endogenous NIS function

TPC-1 and 8505C thyroid cancer cells are likely to have inherently dysregulated cellular
signalling (40). We therefore examined whether drugs identified from our HTS approaches
would modulate endogenous NIS function in non-transformed human primary thyroid cells.
Significant inductions of radioiodide uptake were apparent for — amongst others — niflumic
acid, zimelidine, disulfiram, pravastatin and chloroquine (Fig. 3A; Supplementary Fig. S5C).
Calculated EC50 values ranged from 65 nM (astemizole) to 66.8 uM (phenformin) (Fig. 3B).
Thus disulfiram, pravastatin, formoterol, imatinib, niflumic acid, vatalanib, and chloroquine,
which all induced radioiodide uptake in thyroid cancer cells stably expressing NIS, also
induced significant *?°1 uptake in human primary cells, implicating them in the pathways
which control normal physiological NIS function.

Preliminary categorisation of YFP-screened data (AYFP>2; Fig. 1D) revealed a high
proportion of drugs that modulate the proteostasis network (~44%, 21/48 drugs;
Supplementary Table S3), including key processes in protein homeostasis such as
endoplasmic reticulum-associated protein degradation (ERAD) and autophagy (Fig. 3C). To
predict in more detail which pathways of NIS processing might be targeted by our drug
approaches, we next used Connectivity Map (CMAP) hierarchical clustering, which
identified a major cluster strongly associated with genes implicated in the proteasome
pathway and unfolded-protein response (Cluster 2; Supplementary Fig. S6). Most strikingly,
11/34 drugs in hierarchical cluster 2 were associated with loss of function of VCP, a critical
component of multiple cellular functions including ERAD and autophagy (Supplementary
Fig. S6). In support of this, 8/20 drugs (40%) validated for enhancing '*°I uptake were
associated with VCP loss of function, including ebastine and its metabolite carebastine

(Supplementary Fig. S7).

The mechanistic relationship between ebastine, carebastine and SAHA

As our most prominent drugs in terms of fold induction of NIS function were ebastine,
carebastine and the histone deacetylase SAHA (Supplementary Table S4), we investigated
their potential for mechanistic interaction. Thyroid cancers frequently show repression of NIS
MRNA expression (11), and VCP is critical to the post-translational processing of NIS (35).
We therefore addressed the hypothesis that SAHA treatment of thyroid cancer cells would
induce NIS mRNA expression, as reported before (29, 41, 42), and that subsequently

enhanced NIS protein levels might then ‘benefit’ from inhibition of VCP via repressed ER-
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associated degradation. However, a second hypothetical possibility also exists: SAHA
inhibits histone deacetylase 6 (HDACG6), known to be critical to autophagosome—lysosome
fusion. VCP is a functional binding partner of HDACG6, with VCP and HDACG6 able to
cooperatively modulate the autophagic clearance of ubiquitylated proteins (43), which might
include NIS. We therefore challenged these two potential hypotheses.

As expected, SAHA induced large dose-dependent increases in NIS protein in stable TPC-
1 cells, accompanied by marked increases in radioiodide uptake (Supplementary Fig. S8). We
previously identified ebastine as enhancing the localisation of NIS to the PM (35). Larger
fold changes in radioiodide uptake were apparent in cells treated with ebastine (EBT) and
SAHA than with SAHA alone (Fig. 4A; Supplementary Fig. S9A), predominantly reflecting
increases in NIS protein expression. Combined SAHA treatment with VCP inhibition also
revealed marked induction of **| uptake for the putative VVCP inhibitors astemizole and
clotrimazole (Fig. 4A and B; Supplementary Fig. S9A) (44), which had demonstrated
prominent increases in radioiodide uptake alone (Supplementary Table S4). Importantly, the
specific VCP inhibitors (VCPi) ES-1 and NMS-873 confirmed potent combinatorial effects
with SAHA, which reflected increases in NIS protein mediated via SAHA but also by the
VCPi themselves (Supplementary Fig. S9B and C).

Whilst ebastine and SAHA were the most potent individual drugs in NIS-positive TPC-1
cells (Supplementary Table S4), ebastine is almost entirely converted to its active metabolite
carebastine in vivo (45), and hence we also examined the functional relationship between
carebastine and SAHA. Carebastine showed a dose dependent effect on radioiodide uptake in
TPC-1 stable cells (Fig. 4C), with similar efficacy to its parent compound. To test whether
the impact of carebastine is simply a thyroid-specific phenomenon, we utilised breast cancer
MDA-MB-231 cells lentivirally expressing NIS. Carebastine was similarly potent in
stimulating radioiodide uptake, confirming that it targets a generic mechanism of NIS
processing (Supplementary Fig. S10A).

In combination with SAHA, carebastine worked additively in inducing radioiodide uptake
in parental TPC-1s (Fig. 4D). Detectable radioiodide uptake in parental TPC-1 cells reflected
SAHA induction of NIS mRNA expression, unlike carebastine, which did not impact NIS
MRNA expression (Fig. 4E). Changes in NIS protein levels were difficult to detect due to the
low NIS expression of thyroid cancer cells (40). However, VCP protein levels, which is a
highly abundant cellular protein (46), were unaltered by either treatment (Supplementary Fig.
S10B). In support of this, carebastine worked additively with SAHA to induce radioiodide
uptake in breast cancer parental MDA-MB-231 and MCF7 cells without increases in NIS

9
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MRNA or VCP protein (Supplementary Fig. S10C to H). In control experiments, combining
carebastine with the MEK inhibitor selumetinib did not enhance RAI uptake (Supplementary
Fig. S101).

Together, these combinatorial data suggest that rather than SAHA inhibition of HDAC6
acting in the same pathway as VCPi in blocking ERAD/autophagy, it is more likely that the
additive effects of the 2 drugs arise from SAHA’s induction of NIS expression, and VCPi
blockage of VCP-dependent pathways which control subsequent NIS protein processing (35).
In further support, SAHA failed to alter the protein expression of the standard autophagy
marker LC3B-I11 in TPC-1 cells (Supplementary Fig. 11A), and hence was not associated with
an obvious modulation of autophagy.

To determine to what extent SAHA is dependent upon VCP, we depleted VCP, as
previously (35). Both VCP siRNA and SAHA treatment increased radioiodide uptake, with a
maximal effect when both were combined (Fig. 4F). However, carebastine was unable to
induce '?°I uptake when VCP was depleted, whereas SAHA retained its induction of NIS
activity, confirming that carebastine’s impact is via VCP, but SAHA’s effect is not directly
via the same pathway (Fig. 4F). NIS mRNA levels were not altered by VCP siRNA or
carebastine treatment, but were altered by SAHA (Fig. 4G). Similarly, there was no induction
of radioiodide uptake after carebastine treatment of VCP-ablated MDA-MB-231 (NIS+ve)
cells (Supplementary Fig. S11B to E). In TPC-1s, NIS protein levels were increased by
SAHA, which was potentiated in the presence of VCP knockdown (Fig. 4H). Meanwhile
significant siRNA knockdown of VCP mRNA was unaffected by SAHA or carebastine (Fig.
41). Thus, the drug combination of the HDACi SAHA and the VVCPi carebastine appears to
work principally by the induction of NIS expression via SAHA and the subsequent inhibition
of VCP activity.

Combinatorial use of chloroquine enhances RAI uptake

Given that VCP has well-established roles in protein processing and degradation,
including via autophagy, we next investigated the role of the autophagy inhibitor chloroquine.
Chloroquine roughly doubled the impact of SAHA on radioiodide uptake in TPC-1 cells
stably expressing NIS (Fig. 5A), but this was independent of SAHA’s induction of NIS
MRNA expression (Fig. 5B). Virtually identical data were apparent in 8505C cells (Fig. 5C).
As a positive control, we inhibited BRAFY®"F activity via vemurafenib (VEM), which
approximately doubled radioiodide uptake in BRAF'*®*E-mutant 8505C cells (Fig. 5D).

Chloroquine did not enhance this further, whereas co-treatment of chloroguine and SAHA
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resulted in a much more potent 5.6-fold effect. Again, the predominant mechanistic theme
here was the induction of NIS protein expression (Fig. 5E). In control experiments, we
abrogated NIS function with the competitive inhibitor sodium perchlorate in TPC-1 and
human primary cells (Fig. 5F; Supplementary Fig. S11F), proving that drug-induced
radioiodide uptake was NIS-specific.

The impact of SAHA alone was relatively less effective in human primary thyrocytes
(~1.6-fold increase) than in TPC-1 cells (Fig. 5F and S5C; Supplementary Table S4), which
likely reflected lessened epigenetic repression of NIS mRNA in non-transformed thyrocytes
compared to transformed thyroid cells (5, 6). Importantly, our combination experiments did
show that chloroquine and SAHA retained a robust and additive 4.3-fold effect on
radioiodide uptake that was greater than chloroquine alone (Fig. 5G).

The highest fold induction of radioiodide uptake from combinatorial drug screening in
non-transformed primary thyroid cells came from niflumic acid plus chloroquine (7.3-fold
compared to DMSO; Fig. 5H). Interestingly, there was no additive effect from combining
disulfiram with chloroquine (Fig. 51). Full drug combination data (Fig. 5J) revealed that the
best overall strategies which enhanced radioiodide uptake across at least 4 different cell types
in multiple independent experiments were carebastine+SAHA (9.6-fold), ebastine+SAHA
(6.2-fold), and chloroquine+SAHA (5.3-fold).

Analysis of putative drug targets in human papillary thyroid cancer

Having identified drug combinations that robustly enhanced radioiodide uptake in thyroid
cells, we next appraised the expression profiles and clinical relevance of gene drug targets in
The Cancer Genome Atlas (TCGA) papillary thyroid cancer THCA dataset.

Firstly, we investigated a panel of 142 proteostasis genes in 4 functional categories
(Supplementary Table S5), as many of our candidate drugs are known to target different arms
of the proteostasis network, including proteasomal degradation, autophagy and trafficking,
which might directly influence NIS function. Of significance, mMRNA expression of a large
proportion of proteasomal genes (Fig. 6A, 29/45) was higher in thyroid tumors versus normal
tissue (Fig. 6B and Supplementary Fig. S12), whereas unfolded response protein (UPR)
genes were generally down-regulated (5/6; Fig. 6A and Supplementary Fig. S13A and B).
There was a striking correlation between proteasomal genes (Supplementary Fig. S14) that
was significantly greater than in other categories (Fig. 6C and Supplementary Fig. S15A and
B). VCP mRNA expression also positively correlated with ~80% (35/44) proteasomal versus
~34% (9/26) autophagy genes in THCA (P=0.001; Supplementary S15C to E).
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Secondly, to identify the most clinically relevant proteostasis gene drug targets linked to
NIS function and disease recurrence, we examined 347 genes (Supplementary Fig. S16) that
included proteostasis-related genes from two additional sources: (i) NIS interactors recently
detected by mass spectrometry (35) and (ii) VCP-associated genes in RAl-treated BRAF
THCA patients with reduced disease-free survival (DFS) (Fig. 6D, Supplementary Fig. S17;
Supplementary Table S5). Subsequent downstream analyses focussed on RAI-treated BRAF
patients as this group represented a more uniform cohort with advanced disease staging
characteristics (Supplementary Fig. S18).

In total the expression of 31 proteostasis genes was significantly associated with a higher
rate of recurrence (i.e. lower DFS) in RAI-treated patients (Fig. 6E and Supplementary Table
S6). Of these, 7 were proteasomal-related genes (e.g. PSMD1), 2 were autophagy-related
genes (e.g. ATG2A), and the other 22 genes were associated with protein transport/vesicular
trafficking (e.g. NECAP2) (Fig. 6E and Supplementary Fig. S19). Importantly, there was no
significant difference in DFS of those patients who did not receive RAI treatment when
stratified on median tumoral gene expression (Fig. 6F; Supplementary Fig. S20A and B;
Supplementary Table S6). In addition, apart from TAP1, CAP1 and NCBP1, clinical staging
attributes for RAI treatment groups did not differ significantly when stratified for proteostasis
gene expression (P=NS, 28 genes; Supplementary Table S6). Cox regression analysis further
highlighted that higher tumoral expression of 22 proteostasis genes in RAIl-treated THCA
patients was linked with a significantly increased risk of recurrence (Hazard ratio (HR),
P<0.05; Fig. 6G; Supplementary Table S6). In contrast, there was no corresponding
difference in the risk of recurrence in THCA patients who were not treated with RAI (HR,
P=NS; Fig. 6G; Supplementary Fig. S20C). Of particular significance, the risk of recurrence
was even greater for RAI-treated patients using a gene signature based on 4 proteasomal-
related genes, i.e. VCP, PSMD1, PSMD11 and TRPC4AP (HR=12.82; P=1.2x10* Fig. 6H).

Collectively, we show that a panel of proteostasis genes are significantly dysregulated in
PTC, with expression profiles which fit the repression of radioiodide uptake generally
apparent in thyroid cancers. We hypothesise that dysregulation of these proteostasis genes
results in reduced protein stability and trafficking of NIS to the PM. Further, we identify
proteostasis genes associated with poorer survival characteristics in RAIl-treated patients and
which thus represent promising new drug targets in patients who are RAI-refractory. Based
on our collective drug screening, experimental manipulations and clinical gene expression
analyses, we propose a new model for the targetable steps of intracellular processing of NIS

expression and function (Fig. 7).
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DISCUSSION

HTS of NIS function has been reported before, but primarily for toxicology purposes. One
previous study used HTS of the NIS promoter to detect drugs which increased NIS
expression (47). However our study is the first attempt to directly ‘drug’ NIS function.
Overall, we illustrate that pathways entirely separate to the canonical MAPK regulation of
NIS exist, which can be drugged at multiple levels. In support of this, patients with PTC
showed profound dysregulation of genes involved in proteasomal processing and the UPR,
processes targeted by several of our drug strategies.

Clear repression of the UPR has not been reported before in thyroid cancer; we
hypothesise that based on well-established mechanisms in other neoplasias, inhibition of the
UPR is likely to reduce cellular apoptosis and may thus be permissive for tumor cell growth.
In contrast, transcriptional activation of multiple components of the proteasome may enhance
the degradation of NIS, leading to reduced radioiodide uptake and hence poorer clinical
outcome.

Autophagy has been associated with NIS function in one previous report (48), though the
precise mechanisms of how this might regulate NIS remain obscure. In thyroid cancers,
markers of increased autophagy correlate with higher levels of plasma membranous NIS, and
better clinical outcome (49). Our data clearly show that well established inhibitors of
autophagy such as chloroquine and disulfiram induced dose-dependent increases in iodide
uptake in untransformed primary thyroid cells, suggesting autophagy is critical to the central
processing of NIS. SAHA and VCPi have been reported to interfere with autophagosome
maturation, and hence it is possible that autophagosome maturation or processes downstream
of it, rather than increased autophagy per se, is the more pertinent pathway to NIS
drugability.

An alternative pathway could involve endosomes recycling NIS away from the plasma
membrane, a process previously described by ourselves and others (35, 36, 50). Once
endocytic vesicles become uncoated they fuse with early endosomes and mature into late
endosomes before fusing with lysosomes. Endosomes are known to fuse with
autophagosomes as part of lysosomal degradation. Autophagy selectively degrades targets
and contributes to intracellular homeostasis (51). Drugs which interfere with autophagosome
initiation (SAHA), maturation (disulfiram, VCPi) or fusion with lysosomes (chloroquine),
could all potentially result in NIS-bearing endosomes not being degraded, and subsequently
increased intracellular NIS protein. However, these NIS-containing endosomes would then

have to return to the PM, and the notional mechanism for this is not clear.
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SAHA is a pan-HDAC inhibitor, and amongst other HDACs inhibits HDACS, required for
autophagosome—lysosome fusion. We considered it possible that SAHA may work by
inhibiting HDACS, a functional binding partner of VCP. Against this possibility, SAHA was
clearly associated with a rapid induction of NIS mRNA expression which closely mirrored its
impact on radioiodide uptake, and also failed to induce canonical markers of autophagy.

New drug strategies, such as combining BRAF or MEK inhibitors with pan-PI3K
inhibitors, are beginning to show pre-clinical promise in thyroid cancer (19). However, we
propose that pathways outside those canonical signalling pathways may be capable of
augmenting NIS expression, processing and trafficking to the PM to boost the efficacy of
radioisotope treatment. In patients with PTC, perhaps the most striking observation was the
dysregulation of multiple genes involved in proteasomal degradation, and the associated
correlation with DFS, but only in those patients treated with RAI. Whilst this represents a
circumstantial link between enhanced proteasomal degradation and reduced NIS function, it
hints that brief therapeutic targeting of the proteasome at the time of RAI treatment might
enhance RAI avidity. Of our drugs, chloroquine has a well described role in inhibiting the
fusion of autophagosomes and lysosomes (52), but can also inhibit components of the
proteasome (53). Disulfiram has recently been associated with the accumulation of
ubiquitylated proteins in oesophageal squamous cell carcinoma (54), and also inhibits the
proteasome (55). The relative brevity of treatment with drugs such as chloroquine and
disulfiram would obviate some of the issues which have dogged longer term clinical trials
into proteasome inhibitors, perhaps providing a therapeutic window in which NIS
proteasomal degradation is inhibited, prior to **'1 administration.

It is difficult to speculate which of our 3 proposed drug combinations (ebastine+SAHA,
carebastine+SAHA or chloroquine+SAHA) might represent realistic human drug strategies in
thyroid cancer. All the drugs of this study have favourable side effect profiles. Chloroquine’s
standard dose is 250 mg/day and has radiosensitising properties (56), which might enhance
the efficacy of radioiodide uptake independent of its effect on NIS. In cell experiments the
maximal effective concentration of chloroquine was relatively high at ~50 uM, but it is
known to cross cell membranes easily and to accumulate within cell structures over time.
SAHA can be taken at a dose of up to 400 mg/day giving a serum concentration of around 1.2
uM. Whilst ebastine and carebastine were consistently effective in vitro, at EC50s of around

250 nM, they are generally only taken at doses of ~20 mg/day. Therefore we would propose
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that all of these combinations merit preclinical screening for definitive insight into time and
dose dependent efficacies, as well as definitive mechanisms of drug action.

Taken together, we report the first large scale screen aimed at enhancing NIS activity. Our
findings confirm that the cellular processing of NIS involves VCP, and suggest that given the
marked dysregulation of proteasomal subunit genes in PTC patients treated with RAI who
had poorer clinical outcomes, the proteasome is an integral regulatory pathway of NIS
activity which is dysregulated in thyroid cancer. Combinatorial experiments reveal that >5-
fold inductions of *#°I uptake are routinely possible in vitro, opening the way for new in vivo

strategies to enhance radioiodide uptake in human thyroid cancer.
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Figure 1. YFP-based biosensor strategy to screen drugs that increase intracellular iodide.

(A) Overview of scheme used to identify novel compounds. (B) Validation of YFP-iodide assay in
TPC-1-NIS-YFP cells using increasing Nal (0-68mM). (C) Opera Phenix™ live cell imaging of TPC-
1-NIS-YFP cells treated with 60mM Nal. (D) Relative YFP fluorescence (AYFP) of TPC-1-NIS-YFP
cells treated with the Prestwick Chemical Library (1200 drugs, 10 uM, 24 hours) versus DMSO. (E)
Number of drugs showing maximal biological effect. (F) Representative drug dose-response YFP-
iodide profiles in TPC-1-NIS-YFP vs TPC-1-YFP cells. (G) Top 30 drugs that increase intracellular
iodide in TPC-1-NIS-YFP cells ranked on AUC and AYFP values (>70% cell viability).
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Figure 2. Validation of novel drugs enhancing RAI uptake and NIS expression.

(A) RAI uptake of TPC-1 (NIS+ve) cells treated with drugs at indicated doses for 24 hours; one-way
ANOVA followed by Dunnett’s post hoc test. (B) Western blot analysis of NIS expression levels in
TPC-1 (NIS+ve) cell as described in (A). (C) Quantification of NIS from (B); n=3. (D-F) Same as (A-
C) but RAI uptake and NIS expression in 8505C (NIS+ve) cells; unpaired t-test. NS, not significant;
*P<0.05; **P<0.01; ***P<0.001.
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Figure 3. Significant drug-induced RAI uptake in human primary thyrocytes.
(A) RAI uptake of primary human thyrocytes cells treated with drugs at indicated doses for 24 hours;
one-way ANOVA followed by Dunnett’s post hoc test (NS, not significant; *P<0.05; **P<0.01;
***P<(0.001) or unpaired t-test (*P<0.05; *P<0.01). (B) EC50 values for 13 leading candidate drugs
in TPC-1 (NIS+ve) cells and/or primary human thyrocytes. (C) Categorisation of 48 drugs (pie chart)
identified in primary screen in TPC-1-NIS-YFP cells with AYFP>2. Graph (below) shows number of
relevant drug mechanisms.
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Figure 4. Enhanced RAI uptake by combining VCP inhibitors with SAHA.

(A) RAI uptake and (B) NIS protein levels in TPC-1 (NIS+ve) cells treated with VCP inhibitors
[ebastine (EBT), clotrimazole (CLOT) and astemizole (AST)], either alone or in combination with
SAHA; one-way ANOVA followed by Tukey’s post hoc test. (C) RAI uptake of TPC-1 (NIS+ve)
cells treated with carebastine at indicated doses versus EBT; one-way ANOVA followed by Dunnett’s
post hoc test or unpaired t-test. (D) Same as (A) but parental TPC-1 cells treated with carebastine
and/or SAHA. (E) NIS expression levels in parental TPC-1 cells as described in (D). (F) RAI uptake
of TPC-1 (NIS+ve) cells following VCP-siRNA depletion and treatment with carebastine and/or
SAHA; one-way ANOVA followed by Dunnett’s post hoc test or unpaired t-test. (G) NIS mRNA and
(H) NIS protein levels in TPC-1 (NIS+ve) cells as described in (F). (1) VCP expression in VCP-
SiRNA ablated TPC-1 (NIS+ve) cells treated with carebastine and/or SAHA. NS, not significant; One-
way ANOVAs: *P<0.05; **P<0.01; ***P<0.001; Unpaired t-tests: “P<0.05; *P<0.01; **P<0.001.
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Figure 5. Chloroquine and SAHA robustly enhance radioiodide uptake.

(A) RAI uptake and (B) NIS mRNA levels in TPC-1 (NIS+ve) cells treated with chloroquine (CQ)
alone or in combination with SAHA; one-way ANOVA followed by Tukey’s post hoc test or unpaired
t-test. (C) Same as (A) but RAI uptake in 8505C (NIS+ve) cells. (D) RAI uptake and (E) NIS protein
levels in 8505C (NIS+ve) cells treated with vemurafenib (VEM)+CQ versus SAHA+CQ. (F)
Schematic indicating protocol for obtaining human thyrocytes and validation of NIS specificity for
drug-induced RAI uptake. Source: GoGraph. (G-1) RAI uptake in human primary thyrocytes treated
with drugs alone [disulfiram (DSF), niflumic acid (NFA), SAHA and CQ] or in combination as
indicated; one-way ANOVA followed by Tukey’s post hoc test. (J) RAI uptake (versus DMSQO) with
different drug combinations as indicated in thyroid and breast cells. NS, not significant; One-way
ANOVAs: *P<0.05; **P<0.01; ***P<0.001; Unpaired t-tests: “P<0.05; *P<0.01; **P<0.001.
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Figure 6. Dysregulated proteostasis gene expression linked to poorer patient survival.

(A) 100% stacked bar chart comparing frequency of altered expression (N v C) in THCA TCGA for
142 proteostasis genes divided into unfolded protein response (UPR), proteasomal, autophagy, and
protein transport/ vesicular trafficking (PT/VT) categories; Fisher’s exact test. (B) Violin plots
showing representative gene expression profiles for 14 proteasomal genes as described in (A). (C)
Cumulative frequency distribution plot comparing the correlation of 142 proteostasis versus 45
proteasomal genes as described in (A); Kolmogorov-Smirnov test. (D) Disease-free survival (DFS) for
RAI-treated BRAF THCA patients with high (Q3Q4) versus low (Q1Q2) VCP expression (left),
associated volcano plot (middle) and genes filtered for clinically relevant targets (right; n=31
proteostasis-related genes linked to reduced DFS), Examples shown: RAI-treated (E) and non-RAI
treated patients (F). (G) Hazard ratios (HR)+95% CI for RAl-treated (left) versus non-RAI treated
(right) patients stratified on median tumoral expression of 22 proteostasis genes. NS, not significant;
*P<0.05. (H) Same as (E) but patients stratified on high tumoral expression of a 4-gene proteasomal
signature.
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Figure 7. Hypothetical model of NIS intracellular processing revealed by drug screening.

Given the consistently additive induction of ***| uptake when SAHA and VVCPi are combined, we
hypothesise that the predominant mechanism reflects enhanced NIS protein expression via NIS
mRNA induction and reduced NIS degradation via ER-associated degradation (ERAD) and
proteasomal degradation, rather than by targeting of dual VCP/HDACS6 function. These and previous
data (35) suggest NIS maintains a delicate balance between protein synthesis, folding, assembly,
trafficking and degradation. (A) ARF4 recognises the NIS C-terminus (black-spot) and promotes
vesicular trafficking to the PM, where NIS is active. (B) NIS binds PBF, which has a YARF
endocytosis motif and internalises NIS away from the PM in a clathrin-dependent process (36, 50).
(C) Late endosomes merge with autophagosomes prior to fusing with lysosomes for degradation of
protein cargoes. (D) Surveillance pathways target misfolded proteins for ERAD, as well as
performing homeostatic regulation of correctly folded protein production (UPR). (E) SAHA
stimulates transcriptional expression of NIS. Similarly, the MEK inhibitor Selumetinib (SEL)
enhances NIS mRNA expression (13). (F) Disulfiram (DSF) inhibits autophagy (54) and proteasomal
degradation (55, 57). (G) Chloroquine (CQ) acts ‘downstream’ of this, inhibiting the fusion of
autophagosomes and lysosomes (52), and components of the proteasome (53). Dual inhibition of
autophagy via DSF and CQ does not produce an additive impact on radioiodide uptake, suggesting
they act in the same pathway. (H) Niflumic acid (NFA) reduces intracellular iodide efflux by
inhibiting activity of the apical iodide transporter pendrin (58).
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