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Abstract

Mortalin (encoded by HSPAY) is a mitochondrial chaperone often overexpressed in cancer through
as-yet-unknown mechanisms. By searching different RNA-sequencing datasets, we found that
ESRRA is a transcription factor highly correlated with H#SPA9in thyroid cancer, especially in
follicular, but not C cell-originated, tumors. Consistent with this correlation, ESRRA depletion
decreased mortalin expression only in follicular thyroid tumor cells. Further, ESRRA expression
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and activity were relatively high in thyroid tumors with oncocytic characteristics, wherein ESRRA
and mortalin exhibited relatively high functional overlap. Mechanistically, ESRRA directly
regulated HSPAZtranscription through a novel ESRRA-responsive element located upstream of
the HSPA9 promoter. Physiologically, ESRRA depletion suppressed thyroid tumor cell survival
via caspase-dependent apoptosis, which ectopic mortalin expression substantially abrogated.
ESRRA depletion also effectively suppressed tumor growth and mortalin expression in the
xenografts of oncocytic or ESRRA-overexpressing human thyroid tumor cells in mice. Notably,
our Bioinformatics analyses of patient data revealed two ESRRA target gene clusters that contrast
oncocytic-like and anaplastic features of follicular thyroid tumors. These findings suggest that
ESRRA is a tumor-specific regulator of mortalin expression, the ESRRA-mortalin axis has higher
significance in tumors with oncocytic characteristics, and ESRRA target gene networks can refine
molecular classification of thyroid cancer.
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Introduction

Thyroid cancer is the most common neoplasm of the endocrine system and the seventh
most frequent human malignancy among females in the United States, with rapidly rising
incidence 1. Thyroid cancer is histologically classified as follicular- and C-cell-originated
tumors 2. Follicular cell-originated tumors include papillary thyroid carcinoma (PTC, over
70% of all thyroid carcinomas), follicular thyroid carcinoma (FTC, 10-20%), anaplastic
thyroid carcinoma (ATC, 1-2%), and oncocytic carcinomas of the thyroid (OCA, 3-5%),
while C cell-originated tumors present exclusively medullary thyroid carcinoma (MTC,
3-5%). PTC and FTC generally show favorable prognoses with nearly 100% 5-year
survival 1. OCA is relatively aggressive, with a 5-year survival of 65-91% 3-5. ATC is

the most aggressive type, with only 7% 5-year survival 6. Metastatic aggressive MTC
also shows an unfavorable prognosis of about 89% 5-year survival 1. Despite decades

of pathophysiological mechanism studies, therapeutic modality for thyroid cancer is still
limited due to the heterogeneity of tumor subtypes /. Identifying a tumor subtype-specific
weakness would help develop additional therapeutic strategies.

Growing evidence supports the significance of mitochondrial metabolism for tumor cell
survival and proliferation. We recently demonstrated that the mitochondrial molecular
chaperone mortalin [also known as heat shock protein family A member 9 (HSPA9) or
glucose-regulated protein 75] protects tumor cells from mitochondrial death caused by
bioenergetic and redox stresses 8-10, We showed that mortalin is upregulated in thyroid
cancer and that mortalin depletion can effectively suppress different thyroid tumor cell lines
in vitro and in vivo 811, Importantly, mortalin overexpression also facilitates the survival of
other tumor types, including pancreatic cancer and melanoma 91012 preast cancer 13, lung
cancer 14, and colon cancer 15, Despite the potential of mortalin as a candidate therapeutic
target and prognostic marker of cancer, the mechanism that increases its expression in the
disease has been unclear.
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Estrogen-related receptor alpha (ESRRA) is a transcription factor that belongs to the
estrogen-related receptor family, a group of orphan nuclear receptors expressed mainly in
metabolically active tissues 16. ESRRA regulates transcriptions of various enzymes involved
in glycolysis, tricarboxylic acid cycle, and oxidative phosphorylation 7. ESRRA also
facilitates tumor progression through physically or functionally interacting with different
tumor promoters such as hypoxia-inducible factor 1819 Myc 20, and transforming growth
factor-B 21. However, its relationship with mortalin has been unknown. ESRRA has been
proposed as a therapeutic target in esophageal cancer 22, breast cancer 23-26, bladder cancer
21 oral squamous cell cancer 28, and prostate cancer 29, Nevertheless, the role of ESRRA in
thyroid cancer needs to be established.

In this study, we tested a hypothesis that ESRRA promotes thyroid tumor cell survival by
increasing mortalin expression through transcription. Employing a comprehensive analysis
of RNA-sequencing (RNA-seq) datasets from thyroid cancer patients, molecular analyses of
HSPA9 DNA promoter, and /n vitro and preclinical studies of human thyroid tumor lines,
we demonstrate that ESRRA directly regulates HSPAZdtranscription to facilitate tumor cell
survival in follicular cell-, but not C cell-, originated thyroid cancer subtypes. Our patient
sample analysis and preclinical studies also suggest a vital significance of the ESRRA/
mortalin axis in tumors with oncocytic features.

ESRRA and HSPA9 are correlatively expressed in thyroid cancer in a tumor subtype- and
tumor cell origin-specific manner

To determine the molecular mechanism underlying mortalin upregulation in cancer, we
searched, using R2 Genomics Analysis and Visualization Platform 12, the TCGA patient
MRNA datasets (11033 patients, 33 cancer types) for the transcription factors expressed in
correlation with HSPA9. This screening identified ESRRA as one of the top candidates (Fig.
1A and Fig. S1), revealing that the ESRRA-HSPAZ correlation is higher in thyroid cancer
than other common cancer types, including carcinomas of prostate, lung, colon, and breast
(R=0.571, p=3.53e-48, Fig. 1B). Notably, the Kaplan-Meier plots, generated by Gepia 3,
based on the TCGA thyroid cancer datasets revealed that high ESRRA or HSPA9ImMRNA
levels in the tumor are correlated with poor patient survival (Fig. 1C), suggesting a potential
significance of these genes in the pathogenesis of thyroid cancer.

The TCGA thyroid cancer study was conducted on PTC 31, To explore other thyroid

cancer subtypes, we analyzed the ESRRA-HSFAZ correlation using additional patient data
available at Seoul National University Hospital (SNUH) in South Korea, which included
PTC (n = 129), FTC (n = 35), ATC (n = 26), OCA (n = 7), and MTC (n = 27) 32:33,

and the OCA data (n = 49) published by Chan group previously 34. Our analysis of these
data confirmed the ESRRA-HSPAZ correlation detected in the TCGA data for PTC while
revealing a tumor subtype- and cell type-specific correlation. Briefly, we found that ESRRA
is positively correlated with HSPAZin follicular cell-originated PTC, FTC, OCA, and ATC,
as well as in normal thyroid tissues (Fig. 1D). Our meta-analysis on these RNAseq datasets
for each subtype consistently indicated the ESRRA-HSFAJ correlation in follicular cell-
originated tumor subtypes (Fig. 1E). Moreover, our IHC analysis of follicular cell-originated
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patient tumor samples revealed that tumors exhibiting high ESRRA IHC positivity express
high HSPA9ImRNA levels (Fig. 1F). However, in contrast, ESRRA was not correlated

with HSPA9in MTC, which is C cell-originated tumor (Fig. 1D). ESRRB and ESRRG

often show complementary functions of ESRRA 3°. We found that these isoforms are
differentially expressed in the same datasets (Fig. S2A), that £SRRA is negatively correlated
with ESRRB while uncorrelated with £ESRRG (Fig. S2B), and that, unlike ESRRA, these
isoforms are not correlated with H#SPAZin any tumor subtype in the datasets (Fig. S2C to
S2E). These data suggested that ESRRA and mortalin expression has a cancer type- and

cell type-specific correlation, leading us to hypothesize that ESRRA determines mortalin
expression levels in follicular cell-originated tumor subtypes.

Depletion or inhibition of ESRRA suppresses thyroid tumor cell survival by inducing
caspase-dependent apoptosis

To determine the role of ESRRA in thyroid tumor cells, we examined the effects of ESRRA
depletion or inhibition in a panel of human thyroid cancer cell lines derived from PTC
(TPC1 and BCPAP), FTC (FTC133), OCA (XTC.UC1), ATC (8505C) and MTC (TT and
MZ-CRC-1). ESRRA knockdown using different lentiviral small hairpin RNA (shRNA)
constructs consistently and significantly suppressed the viability of these cell lines by
increasing cell death, as determined by TO-PRO3 assays (Fig. 2A; BCPAP results shown in
Fig. S3A). Consistent with this, Western blotting revealed that ESRRA knockdown robustly
induced the cleavage of lamin A in all these cell lines although it increased the cleavage of
poly (ADP-ribose) polymerase (PARP) in TPC1, BCPAP, and FTC133 cells (Fig. 2B and
Fig. S3B). The cleavage of lamin A and PARP is a surrogate marker for caspase-dependent
apoptosis 3. Indeed, as determined by the annexin V/propidium iodide co-staining in TPC1
and FTC133 cells, ESRRA knockdown induced apoptotic cell death, which was completely
abrogated by the pan-caspase inhibitor, ZVAD (Fig. 2C). This inhibitor also abrogated
ESRRA knockdown-induced cleavage of lamin A in these cells (Fig. 2C). However, ESRRA
knockdown induced varied effects on the cell cycle inhibitors, p16!NK4a p21CIP1 ang
p27KIP1 (Fig. 2B and Fig. S3B), while not markedly affecting the cell cycles, as determined
in TPC1, BCPAP, FTC133 and 8505C cells (Fig. 2D). Moreover, when tested by XCT790,
a highly selective ESRRA inhibitor that promotes proteasomal degradation of ESRRA

37.38 the follicular cell-originated cell lines exhibited lower 1Csq values than the C cells-
originated MTC lines, TT and MZ-CRC-1 (Fig. 2E). However, this inhibitor decreased
ESRRA protein levels effectively in all these cell lines (Fig. S4). Importantly, the exogenous
expression of an ESRRA gene engineered to avoid ShESRRA#1 (hereafter referred to as
ESRRA*) significantly abolished ShESRRA#1-induced viability loss and lamin A cleavage,
as determined in TPC1, FTC133, and 8505C cells (Fig. 3A, 3B, and Fig. S5A), confirming
the specificity of the ESRRA knockdown effects. These data suggest that ESRRA has a role
in facilitating thyroid tumor cell survival by suppressing caspase-dependent apoptosis and its
role may be more important in the tumor cells originated from follicular cells than C cells.

ESRRA knockdown decreases mortalin levels in follicular cell-, but not in C-cell-,
originated tumor cells, and mortalin overexpression rescues them from ESRRA depletion

We sought to determine whether mortalin has a role in mediating the effects of ESRRA
in thyroid tumor cells. Intriguingly, ESRRA knockdown decreased mortalin protein levels
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in the follicular cell-originated tumor cell lines, but not in the C-cell originated TT (Fig.
2B), which is consistent with the contrasting correlation of £SRRA and HSPAZin thyroid
tumors of these origins (Fig 1C). ESRRA™* overexpression restored mortalin levels in TPC1,
FTC133, and 8505C cells depleted of ESRRA, confirming the specificity between ESRRA
and mortalin (Fig. 3A and Fig. S5A).

Given these data, we determined whether an ectopic overexpression of mortalin can
compensate for ESRRA deficiency in these tumor cells. Indeed, mortalin overexpression
substantially rescued these tumor cells from the cell death induced by ESRRA knockdown
(Fig. 3B). Mortalin overexpression also substantially abrogated ESRRA knockdown-induced
lamin A cleavage and decreases in cytochrome C oxidase subunit IV (COX V) levels,

a surrogate marker for mitochondrial integrity 39, in these cells (Fig. 3B and Fig. S5B).
These rescue effects of mortalin overexpression are quite comparable to those of ESRRA
overexpression in these ESRRA-depleted cells seen in Fig. 3A, and Fig. S5A. These data
suggest that mortalin might be a downstream effector of ESRRA in facilitating tumor cell
survival and mitochondria integrity for follicular cell-originated tumor cells.

ESRRA binds to the DNA promoter of HSPA9

Consistent with its effect on cellular mortalin levels, ESRRA knockdown also decreased
HSPA9ImMRNA levels in TPC1, FTC133, and 8505C cells, but not in TT cells, as
determined by the gPCR analysis (Fig. 4A). These decreases were abrogated upon ESRRA*
overexpression in the cells, confirming the specificity of the knockdown effects (Fig. 4A).
ESRRA binds to a conserved DNA element known as ESRRA response element (ERRE)

in the promoter region of its target genes 40. A genome-wide ESRRA ChIP-sequencing
screening revealed a putative ERRE site in mouse Hspa9 41, and we found that this site is
conserved in humans and other higher species (Fig. 4B). As predicted by TRAP web tool
42 this putative ERRE is located between —377 and —366 base pair (bp) upstream of the
transcription initiation site of human HSPAY, and this site (corresponding to 4501-4700

bp) displayed the highest affinity score among the five potential sites identified within

5000 bp upstream of the initiation site (Fig. 4C). Given this information, we determined
whether ESRRA can directly bind to the human HSPA9J promoter region containing the
top-scored putative ERRE in FTC133 and TT cells, using the previously established ESRRA
ChIP protocol and control oligomers for ESRRA binding 4°. Our data showed that HSPA9
promoter was highly enriched in the ChIP fraction pulled by an ESRRA-specific antibody
in FTC133 cells (Fig. 4D, top panel), and that this enrichment was significantly abrogated
upon ESRRA knockdown (Fig. 4E and 4F). These data demonstrate that ESRRA can
directly bind to the DNA promoter of HSPA9. In contratst, HSPA9 promoter was not
signficantly enriched in the ChIP fraction from TT cells (Fig. 4D, bottom panel). These data
are consistent with the contrasting effects of ESRRA knockdown in these cell lines.

ESRRA regulates HSPA9 transcription through a putative ERRE in the HSPA9 promoter

To determine whether ESRRA regulates HSPAZtranscription and, if so, whether the putative
ERRE located between —377 and —366 bp is necessary for this regulation, we generated a
series of luciferase promoter-reporters containing DNA fragments spanning —1,259 bp to
+22 bp and —401 bp to +22 bp of human HSPA9 promoter, referred to hereafter as p1259
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and p401, respectively (Fig. 5A). We mutagenized the putative ERRE, using a previously
reported algorithm 43, to disable its recognition by ESSRA (Fig. 5A). These reporters were
examined in HEK293 cells that express wild type ESRRA or its DNA-binding domain
mutant (DBDm) 44, depicted in Fig. 5B in comparison with the positive control reporter
3XERRE (3 repeats of validated ERRE) #° and the negative pGL2 control. We found that
both p1259 and p401 expressed the luciferase activity highly in cells expressing wild-type
ESRRA, but not in cells expressing DBDm (Fig. 5C and 5D). Consistent with this data,

the mutagenesis disabling the putative ERRE nullified the ability of these reporters to
express the luciferase activity in response to ESRRA overexpression (Fig. 5C and 5D).

To substantiate this observation, we designed a lentiviral CRISPR/Cas 9 sgRNA system
targeting this ERRE (sgERRE, illustrated in Fig. 5E) and disrupted the endogenous HSPA9
promoter region containing this element. CRISPR/Cas9 is known to typically generate
deletions less than 30 bp or small insertions of 1 to a few bp in size 6. Indeed, the
lentiviral-sgERRE substantially suppressed cell viability and mortalin expression, at protein
and mRNA levels, in FTC133 and 8505C cells when compared with the control sgRNA
lentivirus (Fig. S6A to S6C). Moreover, the ectopic mortalin expression substantially
rescued these cells from the sgERRE infection (Fig. 5F, 5G, and S6D), supporting the
mortalin specificity of these SQERRE effects. Together, these data strongly suggest that
ESRRA indeed regulates HSPAJtranscription and mediates its regulation through the
putative ERRE in the HSPA9 promoter.

OCA exhibits higher ESRRA expression and activity than other thyroid tumor subtypes

The transcriptional activity and biological significance of ESRRA cannot be predicted
simply by its protein levels but requires determining the expression of its defined target
genes 222547 \\e systemically analyzed ESRRA expression and activity in the patient
samples and data for follicular cell-originated tumor subtypes. First, our IHC data revealed
that ESRRA protein levels are high in OCA relative to other follicular cell-originated tumor
subtypes and normal thyroid tissues (Fig. 6A and 6B). OCA also exhibited the highest
mortalin protein levels (Fig. 6A and 6B). Second, our heatmap analysis of the patient data
for 120 ESRRA target genes, previously identified for determining ESRRA activity 2325,
revealed that these genes are thyroid histology-specifically expressed (Fig. 6C; the heatmap
for individual patient grouped by tumor subtypes shown in Fig. S7). Strikingly, our data
correlated relatively high expression of 79 genes (Cluster 1) and 41 genes (Cluster 2) with
OCA and ATC, respectively (Fig. 6C and 6D). Further, our data indicated that the Cluster 1
and 2 genes might be expressed in a negatively correlated manner in thyroid epithelium (p <
0.0001, Fig. 6E).

Subsequently, our Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Gene
Ontology (GO) enrichment analyses, using ENRICHR 48, revealed that the gene clusters 1
and 2 are associated with different cellular processes (Fig. 6F, complete list in Table S1). For
example, the Cluster 1 genes were mainly associated with mitochondrial processes, which is
consistent with the role of ESRRA in regulating mitochondrial metabolism 4°. In contrast,
the Cluster 2 genes were associated with other various pathways. These data suggest that
ESRRA may have a thyroid tumor subtype-specific role. Mortalin belongs to the Cluster 1
gene group (Fig. 6C). Intriguingly, the mortalin-associated cellular processes and pathways
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(Table S2), which we recently identified by proteomic analysis of mortalin interactome °,
exhibited a significantly positive correlation by adjusted p values (in —log10 scale) with the
Cluster 1 gene set-associated pathways but no significant correlation with the Cluster 2 gene
set-associated pathways (o = 0.0002 for Cluster 1 and p = 0.3574 for Cluster 2; Fig. 6G).
Therefore, ESRRA and mortalin might have a higher functional overlap in OCA than in
other tumor subtypes.

A novel molecular subtyping based on ESRRA signature gene expression

Because the data above suggested that the ESRRA signature scoring can reveal a novel
molecular feature in thyroid cancers, we performed an unsupervised hierarchical clustering
algorithm on our patient data based on the ESRRA signature genes, irrespective of the
histology. Indeed, we found that the patient samples can be clustered into two distinct
molecular subtypes, namely Type 1 and Type 2 (Fig. 7A). We confirmed the robustness

of this molecular subtyping by fitting a random forest supervised machine learning
algorithm to classify the Type 1 and Type 2 subtypes and evaluating them by receiver
operating characteristic (ROC) analysis with leave-one-out cross-validation with ROC
analysis (LOOCV AUC = 0.997, Fig. 7B). Strikingly, entire OCA and ATC samples were
exclusively classified as Type 1 and Type 2, respectively, according to this molecular
subtyping (Fig. 7C). Meanwhile, PTC, FTC, and the non-tumor tissue samples included
both types, wherein the non-tumor tissue and FTC samples contained similarly higher Type
1 distributions whereas PTC samples contained a higher Type 2 distribution (Fig. 7C). We
found that the Type 1 patient samples expressed the Cluster 1 genes higher whereas the
Type 2 samples expressed the Cluster 2 genes higher, irrespective of their histology (Fig.
7D). Using the random forest algorithm, we also ranked these genes, wherein a higher
rank meant a larger effect in distinguishing Type 1 and Type 2, to identify 30 candidate
biomarkers for predicting these molecular subtypes (Fig. 7E). These data demonstrate that
a novel molecular subtyping based on the ESRRA signature genes can refine conventional
thyroid histology subtyping.

ESRRA depletion suppresses xenografts of XTC.UC1 and FTC133 in mice

We sought to evaluate the preclinical significance of ESRRA for thyroid cancer, especially
for those that exhibit oncocytic features because the data above suggested a relatively high
significance of ESRRA for OCA. To this end, we used XTC.UC1, the only human OCA cell
line %0, and FTC133, which exhibits a metabolic feature similar as oncocytic tumors 51, Both
cell lines expressed ESRRA higher than other follicular cell-originated tumor lines (Fig. 2E)
and were sensitive to ESRRA knockdown in vitro (Fig. 2A and 2B). When XTC.UC1 cells
infected with the lentiviral ShESRRA#1 were injected into immune-compromised mice, their
tumors grew more slowly than those infected with pLL3.7 control virus (Fig. 8A to 8C).
Similarly, ESRRA knockdown significantly suppressed the growth of FTC133 xenografts

in mice (Fig. 8D), and it also prolonged mice survival (Fig. 8E). Both cell line xenografts
did not affect animal body weights regardless of the virus used (Fig. S8). Although the
effects were varied in different mice, ESRRA knockdown also decreased protein (Fig. 8F,
densitometry in 8G) and mRNA (Fig. 8H) levels of mortalin in the tumors of XTC.UC1

and FTC133. These effects are consistent with the 7n vitro effects of ESRRA knockdown

in these cell lines (Fig. 2B). Lastly, we tested Compound 29 (C29), an advanced ESRRA
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inhibitor 52, in the XTC.UC1 xenograft model. Consistent with ESRRA knockdown, C29
significantly suppressed the growth of XTC.UC1 xenografts in mice (Fig. 81 to 8K), and
decreased mRNA (Fig. 8L) and protein (Fig. 8M, densitometry in 8N) levels of mortalin.
Together, these data suggest that ESRRA may have potential as a therapeutic target for
thyroid cancer.

Discussion

Our findings reveal a novel ESRRA-mortalin axis in thyroid cancer. Our RNA-seq and IHC
analyses of patient tumors have revealed a positive correlation between ESRRA and HSPA9
RNA levels, which is specific to the follicular cell-originated tumors. This correlation

led us to reveal a functional relationship between mortalin and ESRRA in the tumors.
Mechanistically, our data suggest that ESRRA increases mortalin levels in the follicular
cell-originated tumor cells by directly binding to an ERRE located in the #SPA9 promoter
and, subsequently, facilitating HSPAZtranscription. In stark contrast, the C cell-originated
MTC did not show any correlation between £SRRA and HSPAY, and ESRRA knockdown
did not affect mortalin levels in MTC cells. These data suggest that ESRRA regulates
mortalin expression in thyroid cancer in a tumor subtype-specific manner. Moreover, our
study has identified the relatively high significance of the ESRRA-mortalin axis in OCA and
a novel molecular signature that contrasts oncocytic-like subtypes and ATC in stark based on
ESRRA target gene expression.

The differential mortalin regulation by ESRRA between the tumors originated from
follicular cells and the C cells may be attributed to a critical difference determined by

these proteins in these tumor types, probably due to a unique biological characteristic in
the thyroid gland or a tumor subtype-specific alteration. For example, follicular cells exhibit
typical epithelial cell features and produce thyroid hormones, whereas the less abundant

C cells exhibit neuroendocrine features secreting calcitonin 3. Nevertheless, the molecular
mechanism underlying this dichotomy between these cells is yet to be identified. Given
that ESRRA is a key regulator of metabolism, different metabolic features in these cells or
their tumors may underlie the differential regulation. Indeed, MTC exhibits relatively high
fatty acid levels 24, relatively low expression of hexokinase 2, the first rate-determining
enzyme in glycolysis 5, and carbonic anhydrase 1X, which regulates hydrogen ion flux and
is a hypoxia-inducible factor target activated by the oncogenic kinase REarranged-during-
Transfection in MTC 9556, Given that ESRRA and mortalin are also crucial for the survival
of MTC cells (this study and 8), we speculate that these proteins might facilitate MTC cell
survival via independent mechanisms.

Our patient data show that OCA exhibits relatively high ESRRA and mortalin expression.
Our /n vitro and preclinical studies suggest that ESRRA targeting can effectively suppress
OCA and oncocytic variant tumor cells. OCA is a relatively aggressive thyroid tumor

with a higher incidence of distant metastases 37, and there is a significant challenge in
diagnosing and treating the tumor 8, OCA is characterized by abnormally high amount

of dysfunctional mitochondria and mutations in the mitochondrial genome 345960, This
mitochondrial abnormality is suspected as a compensatory effect to complex I dysfunction,
possibly cellular effort to increase mitochondrial biogenesis and oxidative metabolism 61.62,
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However, patient-derived OCA cells exhibit low mitochondrial respiration but high rates
of glycolysis, indicating compensation through the Warburg effect 6364, These alterations
are in line with the upregulation of ESRRA and mortalin in the tumor, as both proteins
play an important role in mitochondrial metabolism. The present study suggests that the
ESRRA-mortalin axis is especially important in OCA and certain oncocytic variant thyroid
tumors, proposing the pathway as a candidate therapeutic target for these tumors.

The present study demonstrates that ESRRA differentially regulates its target genes in
follicular cell-derived thyroid cancers. Notably, OCA and ATC exhibited contrasting
expression patterns of ESRRA target genes, which are clustered into two gene signature
groups, Cluster 1 and Cluster 2. These ESRRA signatures enabled us to classify thyroid
follicular epithelium into the Type 1 and Type 2 molecular subtypes, wherein OCA contains
only the Type 1 subtype with the highest Cluster 1 gene score, whereas ATC contains only
the Type 2 subtype with the highest Cluster 2 gene score. Because other tumor subtypes and
normal follicular epithelium contain these subtypes in a mixed manner along with varied
cluster scores, it is conceivable that the differential expression of the cluster genes indicates
a differentiation or dedifferentiation program that determines the path of oncogenesis. For
example, the Type 2 population and the cluster 2 score increased in the order of non-tumor
tissues, PTC, and ATC, which is consistent with the posit that ATC arises from PTC 65.
Similarly, expression of the Cluster 1 genes may enrich the Type 1 population and facilitate
the development of OCA and oncocytic PTC and FTC variants (illustrated in the graphic
abstract). Importantly, ESRRA is a biomarker for the Non-BRAFNon-RAS molecular
subtype of thyroid cancer, which mainly includes OCA and certain oncocytic PTC and FTC
variants that exhibit altered tricarboxylic acid cycle and oxidative phosphorylation 32. The
novel molecular subtyping identified in this study advances the use of ESRRA to refine
current molecular subtypes in thyroid cancer.

In summary, our study reveals a novel regulatory and functional relationship between
ESRRA and mortalin in follicular cell-originated thyroid cancer, providing a novel insight
into the mechanism underlying mortalin upregulation in cancer. Based on our findings,

we propose that ESRRA is a tumor-type-specific regulator of mortalin expression and that
ESRRA facilitates the survival of thyroid tumor cells through differential transcriptional
programs specific to tumor cell origin. In support of this notion, differential gene regulation
by ESRRA was also detected in a manner specific to different breast cancer subtypes
24,26,44.66 How does ESRRA regulate diverse transcription? While being an orphan nuclear
factor, ESRRA regulates gene expression in cooperation with co-transcription factors,
including peroxisome proliferator-activated receptor -y co-activators 1la and 1@, peroxisome
proliferator-activated receptor -y co-activator-related protein 1, nuclear receptor co-repressor
1, and nuclear-receptor-interacting protein 1 4967, These co-regulators determine the target
specificity of ESRRA 49, A future study remains on whether ESRRA utilizes these co-
regulators differentially in thyroid tumors.
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Materials and Methods

Ethics statement

This study was approved by the Institutional Review Board (IRB) of Seoul National
University Hospital (SNUH) and Medical College of Wisconsin (MCW) in accordance with
the Declaration of Helsinki (approved ID: H-1108-041-372 and H-2303-179-1418). Written
informed consent was obtained from each subject.

RNA sequencing and data analysis

The RNA sequencing (RNA-seq) analyses were performed using TCGA data (https://
portal.gdc.cancer.gov/) and the data previously published by SNUH 32:33 and the Chan
group 34, TCGA data include 505 PTCs with 59 partially matched normal thyroid tissues,
and SNUH-2 data include 224 thyroid cancer samples (129 PTCs, 35 FTCs, 7 OCAs, 26
ATCs, and 27 MTCs) and 90 partially matched normal tissue samples. The majority of MTC
samples were collected from patients at SNUH. The MTC data, labeled SNUH-1 dataset,
were jointly generated by the Korea Research Institute of Bioscience and Biotechnology and
Chungnam National University. The sequenced paired-end reads were aligned to GRCh38
human reference genome using STAR 2-pass method 8:69 after trimming by Trimmomatic
70, The read counts and TPM values were quantified by RSEM 71 with default parameters.
To analyze the 120 ESRRA signature genes 2325, their read counts were normalized

using the variance stabilizing transformation in the DESeq2 package and visualized using

R package ComplexHeatmap 72. Clustering analysis for ESRRA signature genes was
performed by hierarchical clustering algorithm. The ESRRA Cluster 1 and Cluster 2

scores for each sample were calculated by taking the average normalized expression level
from each cluster respectively. Patient samples were clustered into Type 1 and Type 2 by
hierarchical clustering algorithm. To further identify top molecular markers that distinguish
Type 1 and Type 2 patient samples, we fitted a random forest machine learning algorithm
(R package randomForest 73) and performed a receiver operating characteristic (ROC)
curve analysis with leave-one-out cross-validation (LOOCYV) to verify the robustness of this
classification. The area under the curve (AUC) was calculated to evaluate the performance.
R package randomForest and ROCR were used for fitting the random forest algorithm

and ROC curve, respectively. Mean decrease Gini impurity measurement was used to

rank efficiently the ESRRA signature genes that contributed to the Type 1 and Type 2
classification and to identify the top molecular markers for this classification.

Tissue microarray and immunohistochemistry

Thyroid tissue microarrays were constructed as previously described 74. Briefly, thyroid
tissue samples from patients who underwent thyroidectomy were obtained from the surgical
pathology files of the Departments of Pathology at Seoul National University Boramae
Medical Center and Seoul National University Hospital. Hematoxylin and eosin (H&E)
stained thyroid tissues were examined using slides by two independent pathologists, and
the appropriate paraffin blocks were chosen. Core thyroid tissue samples (2 mm in
diameter) were taken from the individual paraffin-embedded thyroid tissue donor blocks
and arrayed on the recipient paraffin blocks. Using tissue microarrays, 1246 and 314
samples were subjected to IHC staining for ESRRA (191 thyroids, 825 PTCs, 156 FTCs,
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20 OCAs, and 54 ATCs) and mortalin (14 thyroids, 181 PTCs, 71 FTCs, 2 OCAs, and

46 ATCs), respectively. IHC staining was performed on formalin-fixed paraffin-embedded
tissue sections 4 um thick using an automated immunostainer (Leica Microsystems, Milton
Keynes, UK). Briefly, the slides were heated for 20 min at 100 °C in epitope retrieval
solution, pH 9.0 (Leica Microsystems). The slides were then incubated with a monoclonal
rabbit anti-human ESRRA antibody (Cell Signaling, Danvers, MA, #13826) and monoclonal
mouse anti-human mortalin antibody, D-9 (Santa Cruz Biotechnology, Santa Cruz, CA,
#sc-133137). Staining intensity (nuclear staining for ESRRA and cytoplasmic staining for
mortalin) was scored as 0, negative; 1, weak; 2, medium; and 3, strong.

Cell culture and Reagents

The human thyroid cancer cell lines TPC1 (ATCC, Manassas, VA), BCPAP (ATCC),
8505C (ATCC), and C643 (ATCC) were maintained in RPMI 1640 (Invitrogen,

Thermo Fisher Scientific, Waltham, MA, #11875) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, #16000-044)

and 100 U of penicillin-streptomycin (Gibco, #15140) per mL. FTC133, XTC.UC1

and MZ-CRC-1 were maintained in DMEM (Gibco, #11965) supplemented with

10% heat-inactivated FBS and 100 U of penicillin-streptomycin per mL. TT was
maintained in DMEM supplemented with 16% heat-inactivated FBS and 100 U of
penicillin-streptomycin per mL. HEK293T and HEK293 were maintained in DMEM
supplemented with 10% bovine growth serum (Hyclone, Cytiva, Muskegon, Ml,
#SH30541.03). All experiments were performed using cells within ten passages

from the acquisition point. 3-[4-(2,4-Bis-trifluoromethyl benzyloxy)-3-methoxyphenyl]-2-
cyano-N-(5-trifluoromethyl-1,3,4-thiadiazol-2-yl)acrylamide (XCT790) and carbobenzoxy-
valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (ZVVAD) were purchased from Tocris
(Minneapolis, MN, #3928) and Selleckchem (Houston, TX, #57023), respectively. C29 was
purchased from MilliporeSigma (St. Louis, MO, #533659).

Cell viability and cell cycle analyses

Cell viability was determined by flow cytometry of cells stained with the fluorescent DNA
intercalator Thiazole Red (TO-PRO®3, Invitrogen, #T3605) using Guava EasyCyte flow
cytometry system (MilliporeSigma, St. Louis, MO, #05005007). To determine apoptosis,
cells were co-stained with Annexin V (Invitrogen, #A35122) and 7-Aminoactinomycin D
(7-AAD) (Invitrogen, #00-6993-50) according to manufacturer’s instructions, and then flow
cytometry was performed using BD® LSR 11 Flow Cytometer (Franklin Lakes, NJ). To
analyze cell cycle, cells were stained with propidium iodide (PI, Invitrogen, #P1304MP)
and flow cytometry was performed using the Guava EasyCyte flow cytometry system, as
previously described 7. Flow cytometry data were analyzed by FCS EXPRESS software
(De Novo Software, Los Angeles, California). To determine the ICsq value, cells in 96-well
plates were fixed in formaldehyde (Fisher Chemical, Thermo Fisher Scientific, #BP531),
stained with 0.05% Crystal Violet (Fisher Chemical, #C58125) for 30 minutes, washed with
water three times, air-dried, and incubated in 200 pL of methanol (VWR Chemicals BDH®,
Radnor, PA #BDH1135) for 10 min at room temperature before measuring absorbance at
540 nm.
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Immunoblotting

Cells were harvested in lysis buffer containing 62.5 mM Tris-HCI (pH 6.8), 2%

sodium dodecyl sulfate, protease inhibitor, and phosphatase inhibitor cocktails 2 and

3 (MilliporeSigma, #P8340, P5726, and P0044, respectively). Protein concentration

was determined using the Pierce™ BCA Protein Assay Kit (Pierce, Thermo Fisher
Scientific, #23227). Protein samples were resolved on the sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and transferred to the polyvinylidene difluoride
membrane filter (Bio-Rad, Hercules, CA, #1620177). After transfer, membranes were
blocked in a buffer containing 0.1 M Tris (pH 7.4), 0.9% NaCl, 0.1% Tween 20,

and 5% nonfat dry milk for 1 h at 25 °C. Membranes were then incubated with

the appropriate antibody overnight at 4 °C with agitation at the following dilutions:
ESRRA (Cell Signaling, #13826) 1:1000; PARP (Cell Signaling, #9542) 1:2000; cleaved
lamin A (Cell Signaling, #2035) 1:1000; cytochrome ¢ oxidase subunit IV (COX

IV, Cell Signaling, #4850) 1:2000; mortalin (Santa Cruz Biotechnology, #sc-133137)
1:5000; p21C'P1 (Santa Cruz Biotechnology, #sc-56335) 1:1000, p27KIP1 (Santa Cruz
Biotechnology, #sc-1641) 1:1000; p16'NK4A (BD Bioscience, San Jose, CA, #554079)
1:1000 and B-actin (MilliporeSigma, #A2228) 1:5000. Chemiluminescence signals of
immunoblots were visualized by SuperSignal West Pico and Femto chemiluminescence kits
(Pierce, #34079 and #23227), captured by ChemiDoc XRS+ (Bio-Rad), and analyzed by
Image Lab software (Bio-Rad) for densitometry.

RNA interference, CRISPR/Cas 9, and recombinant lentiviral constructs

ESRRA was depleted using the lentiviral sShRNA expression systems pLL3.7-

ShESRRA#1, sShESRRA#2, and ShESRRA#3 that target three different coding regions of
human ESRRA GAGAGGAGTATGTTCTACTAA, AAGACAGCAGCCCCAGTGAA and
CTACCACTATGGTGTGGCA, respectively. Briefly, complementary oligos with Hpal/Xhol
sites were ordered from Thermo Fisher Scientific, annealed, and ligated to Hpal/Xhol

sites of pLL3.7 75. To construct the lentivirus expressing N-terminally HA-tagged ESRRA
(PHAGE-HA-ESRRA), £ESRRA coding region was amplified from pCMV flag ESRRA
(Addgene, Watertown, MA, #10975) 76 using AccuPrime™ Pfx SuperMix (Invitrogen,
#12344040) and the primers, TTATCCGCTAGCTCCAGCCAGGTGGTGGGCATTGAGCC
and TTTCTGGGATCCTCAGTCCATCATGGCCTCGAGCATC. Obtained £ESRRA

cDNA was ligated to the Nhel/BamH] sites of pHAGE-HA 75, The non-
ShESRRA#1-targetable pHAGE-HA-ESRRA* was generated using the QuikChange
Lightning site-directed mutagenesis kit (Agilent, Santa Clara, CA, #210518)

and the primers, GGCTGGAGCGAGAGGAATACGTACTACTAAAGGCCTTGG and
CCAAGGCCTTTAGTAGTACGTATTCCTCTCGCTCCAGCC. The pHAGE expression
systems for mortalin were previously described 7°. LentiCRISPR v2-sgControl (sgCont)
was a gift from Dr. Boyi Gan /7 (Addgene # 125836). The lentiviral SERRE was

generated by ligated the annealing product of CACCGAGGAAAGACTCAAGGTCACA
and AAACTGTGACCTTGAGTCTTTCCTC to LentiCRISPR v2, which was a gift from Dr.
Feng Zhang /8 (Addgene # 52961). Lentiviruses were generated from HEK293T cells and
used, as we previously described 7°.
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Quantitative real time-PCR (qPCR)

Total RNA was extracted using TRIzol® reagent (Invitrogen, #15596026) and reverse-
transcribed using Superscript 11 (Invitrogen, #18080093), dNTP (Invitrogen, #18427013),
and oligo(dT)1,_1g primer (Invitrogen, #18418012), according to the manufacturer’s
instruction. gPCR was performed using the PerfeCTa® SYBR® Green FastMix®,

Low ROX™ (Quantabio, Beverly, MA, #95074-250) and Stratagene MX3005P
instrument (Agilent). TTATCCGCTAGCAATGAGCCCACAGCTGCTGCTCTTGCC and
TTTCTGGGATCCTTACACATCCGTGACATCGCCGGCC are primers for HSPAY.
GTCCTCTCCCAAGTCCACAC and GGGAGA CCAAAAGCCTTCAT are primers for
ACBT.

Luciferase reporter assays

A DNA fragment spanning from —1259 base pair to +22 base pair of

HSPA9 promoter was PCR amplified from the genomic DNA of TPCL1 cells,

using AccuPrime™ Pfx SuperMix (Invitrogen, #12344040) and the primers
GTAGTTGACATCCTGCCACC and CAGCTCGGCTGGCACTTATC, and cloned into
TOPO-TA vector (Invitrogen, #K466040). To generate the luciferase reporter

p1259, the HSPA9 promoter in this TOPO vector was amplified using
TTCGCCCTGGTACCTGACATCCT and GCCCTTCAGATCTGCTGGCACTT and was
ligated into the Kpnl/Bglll sites of pGL2 basic vector (Promega, Madison, WI,

#E1641). To generate the luciferase reporter p401, a HSPA9 promoter DNA

fragment spanning from —401 to +22 was generated by PCR from p1259 using
GGTACCGGTTCGCAATTTATCCCG and GCCCTTCAGATCTGCTGGCACTT, and
then ligated into Kpnl/Bglll sites of pGL2 basic vector. Putative ERRE sites

in p1259 and p401 were mutated using the QuikChange Lightning site-directed
mutagenesis kit, and the primers GCAATTTATCCCGTGCACAATTGAGTCTTTCC and
GGAAAGACTCAATTGTGCACGGGATAAATTGC. To generate reporter cell lines,
HEK?293 cells were stably transfected with pGL2, 3XERRE (Addgene, #37851), p1259,
or p401 with the wildtype or mutant ERRE together with pcDNA™3.1/Hygro(+) with 10:1
ratio in 6-well plates using 293Expresso™ Transfection Reagent (Excellgen, Waltham, MA,
#EG-1089), and selected with 500 pg/mL hygromycin B (Invitrogen, #10687010) for 72 h.
To measure the reporter activity, total cell lysates were extracted and analyzed using the
Luciferase® Assay System (Promega, #£1960) according to the manufacturer’s instructions.
Data were normalized to total protein concentrations, measured by Bradford protein assay
(Bio-Rad, #2000001).

Chromatin immunoprecipitation (ChIP) -qPCR

ChIP assay was performed as described previously 8% with minor modifications. Briefly,
cells in 100 mm dishes were crosslinked with 1% formaldehyde for 10 min. Then, reactions
were quenched by adding glycine to the 0.125 M final concentration (MilliporeSigma,
#50046). Cells were washed, scraped, and lysed in the lysis buffer containing 20

mM Tris [pH 8.1], 5 mM PIPES, 85 mM KClI, and 0.5% NP40. Nuclei were then

lysed in the lysis buffer containing 50 mM Tris-HCI [pH 8.1], 10 mM EDTA and

1% SDS. Chromatin was sonicated to an average size of approximately 500 base
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pairs, diluted in 16.7 mM Tris buffer [pH 8.1] containing 0.01% SDS, 1% Triton

X-100, 1.2 mM EDTA, 167 mM NaCl, and precleared with Dynabeads™ Protein A
(Invitrogen, #10001D). Protein was quantified using Bradford assay (Bio-Rad). 1%

of starting chromatin was used as input. Four hours of immunoprecipitations were
performed using an ESRRA-specific antibody (Cell Signaling, #13826) and the control
normal rabbit 1gG (Cell Signaling, #2729). Immunoprecipitants were incubated at 67

°C for 4 h to reverse the formaldehyde crosslinking. DNA was then purified using the
StrataPrep PCR Purification Kits (Agilent, #400771) and subjected to gPCR using the
following primers. GTCTCCACCCATGTTTTCCG and ATGAAGGCCGTATCTCGGAC
amplify =519 to —318 base pairs of HSPA9J promoter in which the putative ERRE is
present between —377 and —366 base pairs. CCATCCGAGTGGAATTTGAGTCCTAAAG
and GAACCGTAGACCCAGTAGCCCCACAGAG were the

positive control. GTGGCCCACAGGTGTCGCTCAAGTCTTC and
GGATGCAGTGTCCTTCTCCCCCAGATTG were the negative control 40. Percent input
81 and fold enrichment 82 were used to normalize ChIP-gPCR data.

Tumor xenografts

For ESRRA knockdown, a total of 4 x 10° cells harvested at 24 h post-infection with pLL3.7
or shESRRA#1 and suspended in 100 uL of Hank’s balanced salt solution (Gibco, #14025)
mixed with Extracellular Matrix Gel (MilliporeSigma, #E6909) at 1:1 ratio were inoculated
subcutaneously into the rear flanks of 6-week-old female athymic nude (nu/nu) mice (The
Jackson Laboratory, Bar Harbour, ME, #007850). Once palpable, tumors were measured
using Vernier calipers twice a week. Tumor volumes were calculated using the formula:
length x width x height x 0.5236. For C29 treatment, 4 x 10° cells were inoculated into
mice as described above. When tumor volumes reached 50 mm3, mice were randomized and
sorted into 2 groups of 5 animals to achieve equal tumor size distribution in all treatment
groups. Drugs dissolved in 100 pl vehicle (1:12 mixture of DMSO/15% B-cyclodextrin)
were orally administered by gavage daily. The control group received only the vehicle, the
C29 group received 30 mg drug/kg body weight/dose. Ethical endpoints were when tumors
showed ulceration or their size reached 1200 mm3. At the end of the experiments, animals
were euthanized by CO» asphyxiation, and tumor tissues were harvested. All animal studies
were performed according to protocols approved by the Institutional Animal Care and Use
Committee at the Medical College of Wisconsin (AUA00001327).

Quantification and statistical analyses

All graphs represent the mean + the standard deviation of biological triplicates’ mean
(SEM). Statistical significance was determined by one-way or two-way ANOVA, mixed
effects model analysis with Bonferroni tests for multiple testing corrections, and Student’s
t-test using PRISM (Graph-Pad Software, La Jolla, CA) unless stated otherwise in the

figure legend. 1C5q values were determined by PRISM. Gene expression and patient

survival datasets from the TCGA-thyroid carcinoma (THCA) study 31 were analyzed by R2
Genomics Analysis and Visualization Platform (http://r2.amc.nl) 12 and the Human Protein
Atlas 83, pvalues for the Kaplan-Meier curves were determined by the log-rank test. p
values of < 0.05 were considered statistically significant. Meta-analysis was performed using
the Fisher’s method 84.
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Statement of significance

This study identifies ESRRA as a tumor type-specific regulator of mortalin expression
and demonstrates that the ESRRA-mortalin axis has potential as a biomarker and
candidate therapeutic target for thyroid cancer.
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Figure 1. Corréation analysis of ESRRA and HSPA9 in different thyroid tumor subtypes.
(A) Transcription factors expressed in correlation with HSPA9in the TCGA datasets

available from R2 platform (R2 ID: ps_avgpres_tcgapangdcall003_tcgagdcrs). Volcano plot
was generated using R2 12 to indicate the Pearson’s correlation coefficient (/) and the
significance of association (p) of the transcription factors. £and p values were generated

by R2. (B) Correlation between ESRRA and HSPA9RNA levels analyzed for selected
tumors in the data in (A). (C) Kaplan-Meier plots generated using TCGA-thyroid carcinoma
dataset from the Human Protein Atlas using the best cutoff threshold. The number of
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events per each timepoint are indicated beneath the plots. p values were determined by the
Log-rank test. (D) Correlation between £ESRRA and HSPA9RNA levels analyzed using the
TGCA-thyroid carcinoma [505 PTCs with 59 matched normal thyroid tissues (NTs)], the
SNUH RNA-seq datasets (SNUH-1 includes 21 NTs, 27 MTCs; SNUH-2 129 PTCs, 35
FTCs, 7 OCAs and 26 ATCs, and 90 paired NTs), and the Chan group dataset (5 NTs and
49 OCAs). (E) Meta-analyses of (D) NT (TCGA, SNUH-1, SNUH-2 and Chan group data),
PTC (TCGA and SNUH-2), OCA (SNUH-1 and Chan group data), and follicular-originated
tumors combined (TCGA, SNUH-2, and Chan group data). Indicated are aggregated p
values. (F) Distribution of HSPA9RNA levels by ESRRA IHC positivity in the SNUH-2
patient cohort. The values in the Box plot range from 25t to 75!. Whiskers indicate
minimum to maximum values. Dashed lines indicate the median value of all data-points.
*p<0.05, ***p<0.001, one-tailed Mann-whitney U test compared to negative ESRRA
expression samples.
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Figure 2. ESRRA depletion suppresses thyroid tumor cell viability through caspase-dependent
apoptosis.

(A) Time course cell viability determined by TO-PRO-3 assays (mean + SEM, n > 3)

of cells infected with pLL3.7 lentiviruses expressing different ShRNA constructs targeting
ESRRA (shESRRA) at the indicated days. **p < 0.005, ***p < 0.001, two-way ANOVA
with Bonferroni post-tests. (B) Western blotting of total lysates of cells infected with pLL3.7
or ShESRRA for 72 h. p-actin is the control for equal protein loading. (C) Apoptotic cell
death determined by annexin V assays of cells infected with pLL3.7-shESRRA for 72 h with
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or without 25 uM ZVAD for 24 h. Western blots are representative images. *p < 0.05, ***p
< 0.001, one-way ANOVA with Bonferroni post-tests. (D) Cell cycle analysis determined
by propidium iodide staining of cells infected with pLL3.7-shESRRA for 72 h. *p < 0.05,
**p < 0.005, ***p < 0.001, two-way ANOVA with Bonferroni post-tests. (E) Analysis of
ICgq values (mean = SEM, n = 3) determined by crystal violet staining of cells treated with
XCT790 for 48 h. *p < 0.05, one-way ANOVA with Bonferroni post-tests. ESRRA and
mortalin levels of corresponding cell lines were determined by of western blotting.
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Figure 3. shRNA non-targetable ESRRA and mortalin overexpression rescues ESRRA-depleted

cels.

TO-PRO-3 assay of cells infected with pLL3.7-shESRRA#1 virus for 48 h after 48 h
overexpression of (A) lentiviral pHAGE with N-terminal HA-tagged shRNA non-targetable
ESRRA (HA-ESRRA*) and (B) lentiviral pHAGE mortalin. Total lysates of these cells were
analyzed by western blotting, B-actin is the control for equal protein loading. Data are mean
+ SEM, n = 3, *p< 0.05, **p < 0.005, ***p < 0.001, two-way ANOVA with Bonferroni

post-tests.
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Figure 4. ESRRA increases HSPA9 expression through an interaction with HSPA9 promoter in
follicular cell-originated tumor cells.

(A) gPCR quantitation of HSPAImMRNA levels in cells infected with pLL3.7-sShESRRA#1
virus for 48 h after 48 h overexpression of pHAGE-HA-ESRRA* viruses. Data (mean +
SEM, n = 3) were normalized for ACBT mRNA levels in the cells. *p < 0.05, **p < 0.005,
two-way ANOVA with Bonferroni post-tests. Two-sample t-test for TT. (B) The partial
HSPA9 promoter region of humans, mice, rats, and chickens aligned by Clustal Omega

85 and visualized by Jalview 86, Highlighted area (teal) indicates predicted ERRE. Homo
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sapiens ERRE at right is visualized by JASPAR 87, (C) ESRRA binding sites prediction

by TRAP 42 using HSPA9gene sequence (GenBank NG_029469.1). The bars indicate
predicted binding affinities and values indicate weight score. (D) ChIP-gPCR analysis (mean
+ SEM, n = 3). *p < 0.05, two-sample t-test. The ESRRA interaction control oligomers are
described in the Method section. (E) ChIP-gPCR analysis (mean £ SEM, n = 3) of cells
infected with pLL3.7-shESRRA virus for 48 h. **p < 0.005, two-sample t-test. (F) Western
blotting of total lysates of cells in (E).
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Figure 5. ESRRA increasesthe activity of HSPA9 promoter through an ERRE.
(A) Hlustration of p1259 and p401 HSPA9 promoter luciferase reporters. The reporters

contain wildtype (WT) or mutant (mut) putative ERRE. (B) Illustration of the ESRRA
construct and its DNA-binding domain mutant (DBDm). Activation function (AF)-1 and -2
indicate transcriptional activation domains; P-box is proximal-box defines DNA sequence
specificity. (C) Activity of the luciferase reporters (mean + SEM, n > 3) in HEK?293 cells
infected with pHAGE virus expressing HA-ESRRA or HA-ESRRA DBDm for 48 h. *p

< 0.05, ***p < 0.001, two-way ANOVA with Bonferroni post-tests. (D) Western blotting
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of the assay samples in (C). Shown are representative images. (E) Design of CRISPR/
Cas9 sgRNA targeting the putative ERRE in H#SPA9 promoter (SQERRE). (F) Crystal
violet staining of cells infected with the lentiviral sgERRE or its scramble sgRNA control
(sgCont). Cells were selected for 2 days with 2 pg/ml puromycin prior to pHAGE-mortalin
infection for 5 days. (G) Cell viability determined by TO-PRO-3 assays (mean £ SEM, n
=3) and Western blotting of total lysates of cells treated as described in (F). **p < 0.005,
*** < 0.001, two-way ANOVA with Bonferroni post-tests.
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Figure 6. ESRRA expression and activity in different thyroid tumor subtypes.
(A) ESRRA and mortalin protein levels determined by IHC (191 normal thyroids, 825 PTCs,

156 FTCs, 20 OCAs, and 54 ATCs for ESRRA, and 14 thyroids, 181 PTCs, 71 FTCs, 2
OCAs, and 46 ATCs for mortalin). Data are presented as percentage (%) of total population
with different IHC staining intensity (0 to 3). **p < 0.005, ***p < 0.001, Kruskal-Wallis test
(nonparametric ANOVA) with Dunn post-test for multiple comparison. (B) Representative
IHC images for (A). Scale bar represents 20 pm. (C) A heatmap displaying averaged
expression of ESRRA target genes in different thyroid histology in the SNUH-2 RNA-seq
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data. The heatmap for individual patient is shown in Fig. S7. Gene expression is represented
as variance stabilized (vst) values calculated by R package DESeq2. (D) ESRRA Cluster 1
and Cluster 2 scores determined hierarchical clustering. The values in the box plot range
from 25 to 751, Whiskers indicate minimum to maximum values. Lines indicate the
median value of all data-points. *p < 0.05, ***p < 0.001, two-sample t-test. (E) Pearson’s
correlation between ESRRA Cluster 1 and Cluster 2 gene expression determined using the
SNUH-2 RNA-seq data. (F) Top 5 terms of KEGG and GO enrichment of ESRRA Cluster
1 and Cluster 2 genes. (G) Overlap between the mortalin-related pathways and the ESRRA
Cluster 1- or Cluster 2-related pathways. Pearson’s correlation was calculated based on
adjusted pvalues in —1og10 scale.
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Figure 7. A molecular subtyping using ESRRA signature genes.
(A) A heatmap clustering patient samples for the SNUH-2 RNA-seq data into Type 1

and Type 2 molecular subtypes based on ESRRA target gene expression patterns. (B)
Receiver operating characteristic (ROC) curve with leave-one-out cross validation (LOOCV)
generated from random forest algorithm for Type 1 and Type 2 classification and with the
value of area under curve (AUC) calculated. (C) Histology-based distribution of Type 1 and
Type 2 samples in (A). (D) Cluster 1 and Cluster 2 scores of Typel and Type 2 samples by
subtypes. The values in the box plot range from 25 to 75, Whiskers indicate minimum
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to maximum values. Lines indicate the median value of all data-points. *p < 0.05, ***p <
0.001, two-sample t-test of Type 1 or Type 2 tumor subtypes compared to the same type of
normal thyroid samples. ##p < 0.001, two-sample t-test of different types within the same
subtypes. (E) Top 30 ESRRA target genes predicted by the random forest algorithm to have
larger influence on Type 1 and Type 2 classification. Red and blue indicate the genes in
Cluster 1 and Cluster 2, respectively.
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Figure 8. ESRRA knockdown suppressesthe growth of XTC.UC1 and FTC133 xenogr aftsin
athymic nude mice.

(A) Changes in tumor volume (mean + SEM, n = 6) of XTC.UC1 xenografts infected
with pLL3.7-shESRRA#1 and the control virus. p< 0.001 (pLL3.7 vs. ShESRRA#1, mixed
effects model analysis). *p < 0.05, ***p < 0.001 (adjusted for multiple comparisons by
Bonferroni tests, interaction terms included). (B) Images of XTC.UCL1 tumors harvested
at the end of the experiment. One of the ESRRA-knocked down tumors was too small

to collect. (C) Weight (mean £ SEM, n = 6 for control, n = 6 for ShESRRA) of tumors

in (B). *p < 0.05, two-sample t-test. (D) Changes in tumor volume (mean £ SEM, n =

5) of FTC133 xenografts infected with pLL3.7-shESRRA#1 and the control virus. p=
0.001 (pLL3.7 vs. ShESRRA#1, mixed effects model analysis). ***p < 0.001 (adjusted for
multiple comparisons by Bonferroni tests, interaction terms included). (E) Probability of
animal survival in (B) determined by Kaplan-Meier curves. p values were determined by
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the Log-rank test. Mice were sacrificed when tumor size reached 1000 mm3. (F) Western
blotting of homogenates of the tumors harvested in (B) and (E). (G) Densitometry of
mortalin signals in the Western blots in (F) normalized by B-actin signals. *p < 0.05, **p
< 0.005, two-sample t-test. (H) qPCR quantitation of HSPA9 mMRNA levels in the tumors
harvested in (B) and (E). ACBT mRNA levels were used for normalization. *p < 0.05, two-
sample t-test. (I) Changes in tumor volume (mean + SEM, n = 5) of XTC.UC1 xenografts
treated with C29 and the control vehicle. p=0.03 (vehicle vs. C29, mixed effects model
analysis). *p < 0.05, ***p < 0.001 (adjusted for multiple comparisons by Bonferroni tests,
interaction terms included). (J) Images of tumors harvested at the end of the experiment in
(D). (K) Weights (mean = SEM, n = 5) of tumors in (J). *p < 0.05, two-sample t-test. (L)
gPCR quantitation of HSPA9ImMRNA levels in the tumors harvested in (J). ACBT mRNA
levels were used for normalization. *p < 0.05, two-sample t-test. (M) Western blotting of
tumor homogenates harvested in (J). (N) Densitometry of mortalin signals in the Western
blots in (M) normalized by B-actin signals.
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