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Figure S1 (related to Fig. 1, 2G, 3C, 3D). Identification of FDA-Approved Drugs that 

Enhance NIS Function 

(A) High throughput screen (HTS) based on a newly adapted YFP biosensor assay was used in 

the primary screen (green boxes) to determine the efficacy of 1200 drugs (Prestwick Chemical 

Library, single dose) to increase intracellular iodide in TPC1-NIS-YFP cells. A secondary 
multi-dose screen (orange boxes) was undertaken to validate 73 of these drugs at 10 different 

doses in two YFP-expressing cell lines (i.e., TPC-1-NIS-YFP and TPC1-YFP). From this, a 

total of 40 drugs were validated in radioiodide uptake assays (red box) in multiple cell types as 

listed. Finally, a shortlist of 10 drugs was generated (blue box) and different drug combinations 
evaluated in radioiodide uptake assays. (B) TPC-1-NIS-YFP cell viability following treatment 

with a 10 M dose of 1200 drugs (Prestwick Chemical Library) for 24 hr. Each circle represents 

a mean value from 2 biological replicates. Table (left) summarizes number of drugs associated 

with TPC-1-NIS-YFP cellular viability equal or greater than 70, 80 or 90%. Cellular viability 
determined using the alamarBlue (resazurin) assay. (C) YFP-based biosensing and cell 

viability of TPC-1-NIS-YFP cells treated for 24 hr at 10 different drug doses (0.1 – 50 M). 8 

out of 73 representative drug profiles are shown. Blue circles represent mean YFP values 
from 2 biological replicates. Cell viability (red circles) was determined using the alamarBlue 

(resazurin) assay (Mean ± S.E.M., n = 4). Pharmacologic parameters (e.g., AUC) were 

determined up to maximum drug dose associated with cell viability > 70% (indicated by 

vertical black line). (D, E) Radioiodide uptake of TPC-1-NIS cells (D) and primary human 

thyrocytes (E) treated with the indicated drug for 24 hr. Data for astemizole
†
is compiled from 

human primary thyrocytes treated with two different doses (0.5 and 0.75 M). (F) Western blot 

analysis of NIS expression in TPC-1-NIS cells treated with SAHA at indicated doses for 24 hr. 

(G) Radioiodide uptake of TPC-1-NIS cells treated with SAHA at indicated doses for 24 hr.(H) 
Western blot analyses of NIS protein levels in TPC-1-NIS (upper) and 8505C-NIS cells (lower) 

at indicated times post-treatment (hr) with 2.5 M SAHA. (I) Same as (D) but radioiodide 

uptake in TPC-1-NIS cells at indicated times post-treatment (hr) with 2.5 M SAHA. Data 
presented as mean ± S.E.M., n = 3, one-way ANOVA followed by Dunnett’s post hoc test (NS, 

not significant; *p < 0.05; **p < 0.01; ***p < 0.001) or unpaired two-tailed t-test (#p < 0.05). 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

Figure S2 (related to Fig. 3). Combined VCP Inhibitor and SAHA Treatment Augments 

Radioiodide Uptake in Thyroid and Breast Cancer Cells 

(A, B) Radioiodide uptake (A) and relative NIS expression (B) in TPC-1-NIS cells treated with 

2.5 M eeyarestatin-1 (ES-1) or 5.0 M NMS-873 either alone or in combination with 2.5 M 

SAHA. SAHA was added 12 hr prior to ES-1 or NMS-873. (C) Radioiodide uptake of MDA-
MB-231-NIS cells treated with carebastine (CBT) at indicated doses for 24 hr. Controls: 

DMSO and 0.5 M ebastine (EBT). (D) Relative NIS protein expression in parental TPC-1 

cells treated with 0.2 M selumetinib (SEL), 2.5 M SAHA, 0.5 μM EBT and 1.0 μM CBT, 
either alone or in combination as indicated. SEL treatment included for comparison. (E) 

Relative VCP expression in parental TPC-1 cells treated with 2.5 M SAHA and 1.0 μM CBT 

either alone or in combination. (F, G) Radioiodide uptake (F) and relative NIS mRNA levels 

(G) in parental MDA-MB-231 cells treated with 2.5 M SAHA and 1.0 M CBT either alone 

or in combination. (H) Same as (E) but with parental MDA-MB-231 cells. (I-K) Same as (F-

H) but with parental MCF7 cells. (L) Same as (D) but with parental MCF7 cells. Red boxes 

highlight induction of NIS protein by SAHA and SAHA+CBT compared to DMSO or CBT 
treatment alone. (M) Relative VCP protein levels in TPC-1-NIS cells following VCP-siRNA 

depletion and treatment with 1.0 μM CBT and/or 2.5 M SAHA. (N, O) Radioiodide uptake 

(N) and relative NIS mRNA levels (O) in MDA-MB-231-NIS cells following VCP-siRNA 

depletion and treatment with 1.0 M CBT. (P, Q) Relative VCP mRNA (P) and protein levels 

(Q), as well as NIS expression (Q), in MDA-MB-231-NIS cells following VCP-siRNA 

depletion and treatment with 1.0 M CBT and/or 2.5 M SAHA. Data presented as mean ± 
S.E.M., n = 3-6, one-way ANOVA followed by Tukey’s (A, F, I) or Dunnett’s (C, M, N, O) 

post hoc test (NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001) or unpaired two-tailed 

t-test (#p < 0.05; ##p < 0.01; ###p < 0.001). 
 

 

 

 

 



 

 



 

Figure S3 (related to Fig. 3L, 4A-E). Autophagy Inhibitor BafA1 Augments NIS 

Expression and Radioiodide Uptake in Thyroid Cells 

(A) Scanning densitometry performed relative to -actin on Western blot analysis of LC3B-II 

(left) and p62 protein levels (right) in TPC-1-NIS cells treated with 1.0 M carebastine (CBT, 
red spots) or 100 nM bafilomycin A1 (bafA1, blue spots) for the indicated timecourse (hr). See 

also Figure 3L. (B) Western blot analysis of LC3B-I, LC3B-II and p62 protein levels in 8505C-

NIS cells treated with 1.0 M CBT (left) or 100 nM bafA1 (right) for the indicated timecourse 

(hr). Scanning densitometry (below) performed relative to -actin. Relative NIS expression 
levels are also shown for CBT treated 8505-NIS cells. (C-D) Western blot analysis of NIS 

protein levels in TPC-1-NIS and 8505C-NIS cells treated with 100 nM bafA1 for the indicated 

timecourse (hr). Scanning densitometry performed relative to -actin (D). (E) Radioiodide 
uptake of primary human thyrocytes treated with bafA1 at the indicated dose for 24 hr. (F) 

Radioiodide uptake of TPC-1-NIS and 8505C-NIS cells treated with 0.5 M disulfiram for the 

indicated timecourse. (G) Relative NIS protein levels in TPC-1-NIS and 8505C-NIS cells 

treated with 0.5 M disulfiram for the indicated timecourse (hr). Scanning densitometry (right) 

performed relative to -actin (n = 6). (H) Western blot analysis of LC3B-I, LC3B-II and p62 

protein levels in TPC-1-NIS and 8505C-NIS cells treated with 0.5 M disulfiram for the 

indicated timecourse (hr). Scanning densitometry (below) performed relative to -actin (n = 

3). (I) Evaluation of VCP binding to NIS using NanoBiT in HeLa cells treated with disulfiram 

or VCP inhibitor CB5083 for 24 hr at the indicated dose (left, n = 4). Normalised NanoBiT 
assay results shown at 6 min after addition of Nano-Glo live cell assay solution (right). (J) 

Radioiodide uptake of 8505C-NIS cells following VCP-siRNA depletion and treatment with 

0.5 M disulfiram. (K) Relative NIS and VCP protein levels in 8505C-NIS cells following 

VCP-siRNA depletion and treatment with 0.5 M disulfiram. Data presented as mean ± 
S.E.M., one-way ANOVA followed by Dunnett’s post hoc test (NS, not significant; *p < 0.05; 

**p < 0.01; ***p < 0.001) or unpaired two-tailed t-test (#p < 0.05; ##p < 0.01; ###p < 0.01). 
 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

Figure S4 (related to Fig. 5A-C). Identification of Proteostasis Modulators Associated 

with Cancer Genetic Signature, Recurrence and Radioiodide Therapy 

(A) (upper) Volcano plots comparing log2FC with q-value (-log base 10) for 142 core 

proteostasis genes in the BRAF-like (left) or RAS-like (middle) THCA cohort (C) versus 

normal (N). (upper right) Volcano plot illustrating log2FC with q-value (-log base 10) for 142 
core proteostasis genes in the RAI-treated THCA cohort [recurrent (REC) versus non-recurrent 

(NON-REC)]. (lower) Volcano plots comparing log2FC with q-value (-log base 10) for 142 

core proteostasis genes in the BRAF-like (left), RAS-like (middle) or entire (right) THCA 

cohort [REC versus NON-REC]. Gene categories indicated by coloured spots. (B) Box and 
whisker plots showing expression (log2) of 13 core proteostasis genes in the BRAF-like, RAI-

treated THCA cohort [recurrent (REC) versus non-recurrent (NON-REC)]; P-values 

determined by Mann-Whitney test and adjusted using the Benjamini-Hochberg FDR correction 

procedure (NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001). (C) Stacked bar charts 
showing clinical characteristics of (i) RAI (n = 260) versus non-RAI (n = 173) treated THCA 

patients or (ii) THCA patients stratified by BRAF-like (n = 272) or RAS-like (n = 119) tumoral 

genetic signatures. Clinical staging attributes include risk group, tumor staging, lymph node 

staging and disease staging. P-values derived using Chi-Squared test and adjusted using the 
Benjamini-Hochberg FDR correction procedure. NS, not significant. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

Figure S5 (related to Fig. 5D-F). A 13 Proteostasis Gene Panel is Associated with 

Recurrence in the BRAF-like, RAI-Treated THCA Cohort 

(A) Representative ROC curves of 6 proteostasis genes in the BRAF-like, RAI-treated THCA 

cohort (n = 137). (B) Comparison of clinical sensitivity and specificity of 13 proteostasis genes 

derived by ROC analysis using optimal cut-off expression values (log2 values) in the BRAF-
like, RAI-treated THCA cohort (n = 137). (C) Representative Kaplan-Meier analysis of DFS 

for the BRAF-like, RAI-treated THCA cohort stratified on high versus low tumoral expression 

of indicated core proteostasis genes; log-rank test. Number (n) of patients per expression sub-

group (high/low), p-values and q-values are shown. (D) Kaplan-Meier analysis of the BRAF-
like, RAI-treated THCA cohort stratified on high versus low tumoral expression according to 

indicated percentile cut-off values; log-rank test. Significance indicated by p- and q-values. 

NREC = number of recurrent cases in cohort with either high (left) or low (right) tumoral 

proteostasis expression. Green = FDR < 5%; Orange = greatest level of significance per 
percentile cut-off group; Yellow = highest percentage of stratified recurrent cases per percentile 

cut-off group.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

Figure S6 (related to Fig. 5C, G, H, I). Profiling and Validation of the 13 Proteostasis 

Gene Riskscore Classifier 

(A) Regression coefficients of 13 proteostasis genes in the BRAF-like, RAI-treated THCA 

cohort (multivariate Cox regression analysis). (B) Profile of riskscore cut-off values of the 13 

gene proteostasis riskscore classifier along with estimations of sensitivity and specificity (%) 
for the BRAF-like, RAI-treated THCA cohort (n = 137). Hazard ratios (HR) ± 95% CI using 

riskscore cut-off values to stratify into high and low risk cohorts are shown (univariate Cox 

regression analysis). (C, D) Volcano plot comparing log2FC with q-value (-log base 10) for 

142 core proteostasis genes in the GSE27155 dataset [BRAF T1799A PTC versus N (C) and 
RAS mutation PTC versus N (D)]. Gene categories indicated by coloured spots. (E) 

Representative box and whisker plots showing expression (log2) of 5 core proteostasis genes 

in the GSE27155 (BRAF T1799A PTC versus normal; left) and THCA (BRAF-like PTC versus 

normal; right) datasets; P-values determined by Mann-Whitney test and adjusted using the 
Benjamini-Hochberg FDR correction procedure (**p < 0.01; ***p < 0.001). (F) Venn diagram 

showing significant overlap in the 142 core proteostasis gene panel between the GSE27155 

(BRAF T1799A PTC versus normal) and THCA (BRAF-like PTC versus normal) datasets. 

Genes in the 13 gene proteostasis riskscore classifier are underlined. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

Figure S7 (related to Fig. 5). Greater Predictive Value of the 13-Gene Riskscore Classifier 

Compared to a Panel of Molecular Biomarkers 

(A) Volcano plot comparing log2FC with q-value (-log base 10) for 142 core proteostasis genes 

in the GSE276039 dataset [anaplastic thyroid cancer (n = 17) versus PDTC (n = 12)]. (B) 

Volcano plot illustrating log2FC with q-value (-log base 10) for 142 core proteostasis genes in 
the entire THCA cohort [T3+T4 versus T1+T2 (middle); N1 versus N0 (right)]. Gene 

categories indicated by coloured spots. (C) Venn diagram showing overlap in the 142 core 

proteostasis gene panel between the GSE276039 (anaplastic thyroid cancer versus PDTC), 

THCA (T3+T4 versus T1+T2) and THCA (N0 versus N1) datasets. Genes in the 13 gene 
proteostasis risk score classifier are underlined. (D) Representative ROC curves (left) of 3 

molecular biomarkers in the BRAF-like, RAI-treated THCA cohort (n = 137). Comparison of 

ROC analysis (right) using 7 molecular biomarkers in the BRAF-like, RAI-treated THCA 

cohort (n = 137). AUC, p-values and optimal cut-off expression values (log2 values) are shown.  
(E) Representative Kaplan-Meier analysis of DFS for the BRAF-like, RAI-treated THCA 

cohort (n = 124) stratified on high versus low tumoral expression of 7 genes reported as 

biomarkers of thyroid cancer recurrence; log-rank test. Kaplan-Meier analysis using the 13-

gene riskscore classifier to stratify patients is included for comparison. Number (n) of patients 
per expression/risk sub-group (high/low) and p-values are shown.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table S1 (related to Fig. 1D, 1E, S1A, S1B). Top 50 Drugs Identified in the Primary High 

Throughput Screen Using YFP as a Biosensor of Intracellular Iodide 

Drugs listed in order of YFP values utilizing TPC-1-NIS cells treated with a 10 M dose for 24 

hr. TPC-1-NIS cell viability (%) after 24 hr drug treatment, drug category and known or putative 

proteostasis drug targets are shown. 

 



 

 

 



 

Table S2 (related to Fig. 1F, S1C). Ranking of Drug Efficacy to Enhance Intracellular 

Iodide Adjusting for Multiple Doses, YFP-Only Effects, and Cell Viability 

(A) Top 30 drugs ranked on area under the curve (AUC) values derived from YFP values of 

TPC-1-NIS-YFP cells treated with multiple drug doses (0.1-50 M) and > 70% cell viability. 

Maximal YFP value and associated dose (M) for each drug are shown. Drugs with maximal 

YFP values < 2 were ranked lower. (B) Same as (A) but with TPC-1-YFP cells. (C) Top 30 

drugs ranked on AUC values, i.e., difference in AUC values between drug-treated TPC-1-
NIS-YFP and TPC-1-YFP cells. (D) Representative dose response YFP-iodide profile 

highlighting pharmacologic parameters used in analysis, i.e., area under the curve (AUC) and 

maximal YFP values, in TPC-1-NIS-YFP cells treated with niflumic acid. (E) Comparison 

of drug efficacy in thyroid cells with different NIS levels. Cumulative frequency distribution 
plot comparing AUC values for top 30 drugs identified to increase intracellular iodide in 

parental TPC-1-YFP and TPC-1-NIS-YFP cells; P-value determined by the Kolmogorov-

Smirnov test. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table S3 (related to Fig. 3A, Table 1). Chemical Structure of Putative VCP inhibitors  

2D and 3D images of putative VCP inhibitors are shown, as well as supporting evidence for their 

ability to target VCP function and enhance NIS function to increase radioiodide uptake. Source: 

ChemSpider; PubChem. 



 

Table S4 (related to Fig. 5, S4, S6, S7). Panel of 142 Core Proteostasis Genes 

Functional categories of core proteostasis genes used in study which include: the unfolded protein 

response (UPR, 6 genes, orange), proteasomal degradation (45 genes, red), autophagy (26 genes, green) 

and transport (protein/ vesicular, 65 genes, blue). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table S5 (related to Fig. 5F). Core Proteostasis Genes are Predictive Indicators of an Increased 

Risk of Recurrence 

Univariate Cox regression analysis in the BRAF-like, RAI-treated THCA cohort stratified using 

optimal expression cut-off values for 13 proteostasis genes. Cut-off value- log2 expression value; 

B- regression coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table S6 (related to Fig. 5H, I). Univariate and Multivariate Analysis of the RAI-Treated (BRAF-

like) and Non-RAI Treated THCA Cohort 

(A) n, number; HR, hazard ratio; CI, confidence interval. P-values in bold were less than 0.05 and 

considered statistically significant. Some patients in the BRAF-like, RAI-treated (n = 13) and non-

RAI treated cohorts (n = 16) were not included in univariate and multivariate analysis of the THCA 

dataset due to missing clinical variables. (B) Same as (A) except VCP expression was used instead 
of the 13-gene risk score classifier in multivariate analysis1. 

 

 

 

 

 

 

 

 

 

 



 

Table S7 (related to Fig. 5H, I). Univariate and Multivariate Analysis of the RAI-Treated and 

Entire THCA Cohorts 

(A) n, number; HR, hazard ratio; CI, confidence interval. P-values in bold were less than 0.05 and 

considered statistically significant.  Some patients in the RAI-treated (n = 31) and entire THCA 

cohorts (n = 50) were not included in univariate and multivariate analysis of the THCA dataset due 
to missing clinical variables. (B) Same as (A) except VCP expression was used instead of the 13-

gene risk score classifier in multivariate analysis1. 


