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Context: The antioxidant transcription factor NFE2-related factor 2 (Nrf2), encoded by NFE2L2, has
been implicated as mediator of thyroid cancer cell line resistance to proteasome inhibitors. How-
ever, the activity status of the Nrf2 pathway in human thyroid cancer remains unknown.

Objective: The aims of this study were assessment of the activity status of the Nrf2 pathway in
papillary thyroid carcinoma (PTC) and investigation of its role(s) in antioxidant transcriptional
responses and viability of cancer cells.

Design and Setting: We conducted retrospective immunohistochemical analyses of PTC specimens,
adjacent normal tissue, and benign lesions; assays of viability and gene expression in the PTC cell
lines K1 and TPC-1 after genetic/pharmacological manipulation of Nrf2; and DNA sequencing at an
academic medical center.

Patients: The study included 42 PTC and 42 benign lesions (24 adenomas and 18 nodular
hyperplasias).

Main Outcome Measures: We assessed the abundance of Nrf2, Nqo1, Keap1, and 4HNE; cell line
viability and mRNA expression of Nrf2, Nqo1, and Trdx1; and the sequence of NFE2L2, KEAP1, and
BRAF.

Results: Nrf2 and its target Nqo1 were undetectable in normal tissue; their levels were significantly
higher in PTC than in benign lesions (P � .0001 and P � .024, respectively). The Nrf2 inhibitor Keap1
was variably abundant in PTC, and its levels did not correlate with Nrf2 (P � .37), arguing against
decreased levels as the mechanism for Nrf2 activation. The oxidized lipid 4HNE was more abundant
in PTC than normal tissue (P � .001), indicating oxidative stress. Nrf2 mediated transcriptional
antioxidant responses in both the PTC cell lines K1 and TPC-1 and in the nontransformed cell line
TAD2, but it conferred a viability advantage specifically in the PTC cell lines.

Conclusions: The high activity of Nrf2 in PTC warrants further exploration of this pathway’s po-
tential diagnostic, prognostic, and/or therapeutic utility in PTC. (J Clin Endocrinol Metab 98:
E1422–E1427, 2013)
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The thyroid has a high capacity for defense against ox-
idative stress (1), likely because a minimal oxidative

load is a prerequisite for its normal function (2, 3). Specific
antioxidant/detoxification enzymes such as peroxire-
doxin 5 and thioredoxin reductase 1 presumably enable
thyrocytes to maintain homeostasis by ameliorating oxi-
dative insults (3, 4), yet the mechanisms controlling their
expression remain insufficiently elucidated.

Nrf2 (NFE2-related factor 2), encoded by NFE2L2
(NFE2-like 2), mediates a transcriptional response to ox-
idative stress in various tissues (5). In basal conditions,
Nrf2 is targeted for proteasomal degradation by its cyto-
plasmic inhibitor, Kelch-like ECH-associated protein 1
(Keap1). When oxidants react with redox-sensitive cys-
teines of Keap1, Nrf2 degradation is abolished and Nrf2
accumulates in the nucleus where it transactivates protec-
tive genes such as Nqo1 [NAD(P)H dehydrogenase qui-
none1].Bypreventingoxidationofmacromolecules,Nrf2
protects organisms across the evolutionary spectrum
against stress-related pathologies (6).

However, as a protective system, Nrf2 signaling can
also confer benefits on cancer cells: constitutive Nrf2 ac-
tivation by somatic mutations or epigenetic events is found
in various human cancers and promotes chemoresistance
(7–10). Conversely, chemosensitivity is increased in can-
cers with low Nrf2 activity due to overactive degradation
systems (11). Recently, studies in thyroid cancer cell lines
implicated Nrf2 as mediator of resistance to the chemo-
therapeutic activity of proteasome inhibitors, and thus as
a potential new target in thyroid cancer (12, 13). How-
ever, the clinical relevance of these findings is uncertain
because the activity of Nrf2 in human thyroid cancer re-
mains unknown. In this study, we aimed to assess the ac-
tivity of the Nrf2 pathway in papillary thyroid carcinoma
(PTC) and to investigate its role(s) in the antioxidant re-
sponses and viability of cancer cells.

Materials and Methods

Specimens
We analyzed 42 archived formalin-fixed, paraffin-embedded

surgical specimens from PTC and 42 from benign lesions (24
adenomas, 18 nodular hyperplasias). Specimens were reviewed
by experienced pathologists (D.J.P. and C.D.S.) to confirm the
diagnosis according to standard criteria (14) and to identify can-
cer, benign lesion, and normal tissue areas. The study was ap-
proved by the University of Patras Institutional Review Board.

Immunohistochemistry
After deparaffinization in xylene and rehydration in graded

ethanols, standard immunohistochemistry was performed as
previously described (15). Primary antibodies used were: anti-
Nrf2 (sc-13032 and sc-722, dilution 1:100; Santa Cruz Biotech-

nology, Santa Cruz, California; and HPA002990, dilution
1:100; Atlas Antibodies AB, Stockholm, Sweden); anti-Nqo1
(sc-32793, dilution 1:70, Santa Cruz Biotechnology); anti-
Keap1 (ab119403, dilution 1:100; Abcam Inc., Cambridge,
Massachusetts); and anti-4HNE (ab46545, dilution 1:350, Ab-
cam Inc.). Specific binding was detected with the Envision kit
(Dako, Glostrup, Denmark), and the color reaction was visual-
ized with 3,3�-diaminobenzidine. For negative controls, block-
ing solution was added instead of primary antibody. In pilot
experiments, the 3 independent anti-Nrf2 antibodies yielded
matching patterns, indicating specificity of the staining (Supple-
mental Figure 1, published on The Endocrine Society’s Journals
Online web site at http://jcem.endojournals.org); sc-13032 was
selected for further use.

Because in the immunopositive cases of PTC the examined
molecules were detected in virtually all evaluated cells, we did not
assess the percentage of positive cells but assessed the staining
intensity, which was scored on a scale of 0 to 3(�): 0, no im-
munoreactivity; 1(�), weak; 2(�), moderate; 3(�), strong.

Cell culture
The PTC cell line K1 (from the European Collection of Cell

Cultures) carrying a BRAF V600E mutation (16) was main-
tained in RPMI. The PTC cell line TPC-1 (from Prof. Marc
Mareel) harboring a RET/PTC rearrangement (17) was main-
tained in DMEM. The immortalized fetal thyroid cell line TAD2
(18) (from Drs Terry Davies and Rauf Latif) was maintained in
RPMI. Cells were cultured at 37°C, 5% CO2 in a humidified
incubator in specified medium with 10% fetal bovine serum
(FBS) and 1% streptomycin/penicillin. Culture media and sup-
plements were from Invitrogen. For Western immunoblotting
and analysis of protein oxidation, see Supplemental Data.

RNA interference and compound treatments
Nrf2 knockdown was performed using stealth small interfer-

ing RNA (siRNA) from Invitrogen (HSS107130); a negative
siRNA (12935-200; Invitrogen) was used as control. Cells were
transfected at a final siRNA concentration of 40 nmol/L by the
reverse transfection method using Lipofectamine RNAiMax (In-
vitrogen) according to the manufacturer’s protocol. For gene
expression assays, cells were transfected in 12-well plates in com-
plete medium for 24 hours, and then treated with 5 �M sul-
foraphane (Sigma, St Louis, Missouri) or 0.1% dimethyl sulfox-
ide for another 24 hours in medium containing 0.5% FBS. For
cell viability assays, cells were transfected in 96-well plates in
complete medium, and after 24 hours they were incubated for 48
hours with medium containing 0.5% FBS and supplemented
with 1 or 5 �M vemurafenib (PLX4032; Selleck Chemicals,
Houston, Texas) or 0.1% dimethyl sulfoxide.

Real-time RT-PCR
Total cell RNA was isolated using TRIzol (Invitrogen) and

further purified using the RNeasy mini-kit with DNAse digestion
(QIAGEN, Valencia, California). cDNA was synthesized using
the Superscript first-strand synthesis system (Invitrogen), and
real-time PCRs were performed on a StepOnePlus instrument
(Applied Biosystems, Foster City, California) using FAST SYBR
green (Kapa Biosystems, Woburn, Massachusetts): 3 minutes at
95°C, followed by 40 cycles of 10 seconds at 95°C and 30 sec-
onds at 60°C. Relative gene expression was calculated by the
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comparative cycle threshold method using GAPDH and TBP as
reference genes. Primers are shown in Supplemental Table 1.

Cell viability assay
The CellTiter-Glo Luminescent Cell Viability Assay Kit (Pro-

mega, Madison, Wisconsin) determines the number of viable
cells in culture based on quantification of ATP, which reflects the
presence of metabolically active cells. Briefly, 72 hours after
transfection, K1 or TPC-1 cells treated as above were lysed by
adding 100 �L CellTiter-Glo reagent to each well containing 100
�L cell culture medium. The luminescence intensity was mea-
sured 10 minutes later on a Victor3 plate reader (Perkin-Elmer,
Wellesley, Massachusetts).

DNA sequencing
Genomic DNA was extracted from dissected cancer speci-

mens using the Nucleospin FFPE DNA kit (Macherey-Nagel,
Düren, Germany), and from K1 and TPC-1 cells using standard
phenol-chloroform procedure. Primers and PCR conditions for
the coding exons of KEAP1 and exon 2 of NFE2L2 were as
published (7, 8). DNA was amplified by PCR with Platinum Taq
DNA Polymerase (Invitrogen) supplemented with a homemade

PCR enhancer under conditions previously described (19). Both
strands were sequenced utilizing the PCR primers. For BRAF
exon 15, primers 5�-TCATAATGCTTGCTCTGATAGGA-3�
and 5�-GGCCAAAAATTTAATCAGTGGA-3� were used for
PCR and sequencing. PCR conditions were: 4 minutes at 95°C;
35 cycles of 30 seconds at 95°C, 30 seconds at 51°C, and 45
seconds at 72°C; and 10 minutes at 72°C.

Statistics
For immunohistochemistry data, the Mann-Whitney test was

used for differences between independent samples; the Spearman
rank-order correlation coefficient was used for correlations of
matched data; and the Wilcoxon signed-rank test was used for
differences between matched samples. Tests (always 2-tailed)
were performed using IBM SPSS Statistics (IBM Corporation,
Armonk, New York).

For cell culture studies, �3 different experiments were per-
formed on different days. Student’s t test or 1-way ANOVA with
Tukey post test was performed using Prism 5 (GraphPad Soft-
ware, Inc, San Diego, California).

Results

The Nrf2 pathway is commonly
activated in PTC

In normal thyroid tissue, Nrf2
and its target Nqo1 were undetect-
able in follicular cells under the con-
ditions employed. In most PTC spec-
imens Nrf2 staining of tumor cells
was strong or moderate (few showed
weak staining and none were nega-
tive) (Figure 1 and Supplemental Ta-
ble 2), whereas it was weak or neg-
ative in most benign lesions (P �
.0001). Similarly, Nqo1 staining was
stronger in PTC than in benign le-
sions (P � .024) (Figure 1 and Sup-
plemental Table 2). These data indi-
cate that the Nrf2 pathway is
commonly activated in PTC,
whereas it is only occasionally acti-
vated in benign thyroid lesions.

There was no significant correla-
tion of Nrf2 or Nqo1 abundance
with the various histological sub-
types of PTC, such as the follicular
variant (P � .91 and P � .84, respec-
tively), or subtypes associated with a
varied or more aggressive behavior
(tall cell, solid/trabecular, diffuse
sclerosing, and/or oxyphilic variant;
P � .80 and P � .50, respectively);
with lymph metastasis (“N”, P � .17

Figure 1. Immunohistochemical detection of Nrf2, Nqo1, Keap1, and 4HNE in PTC and benign
thyroid lesions. A, Representative PTC specimen. Scores were: Nrf2, 3(�); Nqo1, 3(�); Keap1,
2(�); 4HNE, 1(�). As expected, Nrf2 stain was seen both in the cytoplasm and in nuclei; Nqo1
and Keap1 were detected in the cytoplasm; and 4HNE was detected primarily in the cytoplasm.
Original magnification, �20. B, Representative follicular variant of PTC specimen. Scores were:
Nrf2, 3(�); Nqo1, 3(�); Keap1, 1(�); 4HNE, 2(�). C, Representative adenoma specimen. Scores
were: Nrf2, 1(�); Nqo1, 0. D, Representative nodular hyperplasia specimen. Scores were: Nrf2, 0;
Nqo1, 0. E, Summary of the scores in benign lesions (white bars) and PTC (black bars). Y-axis,
number of specimens; X-axis, staining score.
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and P � .83, respectively); or with age (P � .40 and P �
.66, respectively) at the time of thyroidectomy (Supple-
mental Table 2). Notably, the abundance of Nqo1 (but not
of Nrf2) correlated significantly with tumor size/local in-
vasion (“T”, P � .02 and P � .19, respectively); higher T
correlated with relatively lower Nqo1 abundance. In ad-
dition, whereas there was a significant positive correlation
between Nrf2 and Nqo1 abundance in benign lesions (P �
.02), there was no correlation in PTC (P � .49).

Further studies inquired into the potential mecha-
nism(s) of Nrf2 activation in PTC. A random subset of
specimens (n � 11) expressing Nrf2 strongly (n � 8) or
moderately (n � 3) were sequenced for the BRAF V600E
mutation, which was present (heterozygous) in 6 of 11
(Supplemental Table 2), suggesting that Nrf2 activation is
not always associated with BRAF mutational activation.
These specimens were also negative for mutations in

KEAP1 or in NFE2L2 exon 2, encoding the Keap1-inter-
acting domain. Keap1 showed variable abundance in
PTC (Figure 1 and Supplemental Table 2), and its levels
did not correlate with Nrf2 levels (P � .37), arguing
against decreased Keap1 levels as a ubiquitous mecha-
nism for Nrf2 activation. The oxidized lipid 4HNE was
strongly present in most specimens; among the 19 sam-
ples with available matched normal tissue, 4HNE levels
were higher in the carcinomas (Figure 1 and Supple-
mental Table 2) (P � .001).

Nrf2 signaling regulates antioxidant responses and
viability of PTC cell lines

The PTC cell lines K1 and TPC-1 and the noncancerous
human thyroid cell line TAD2 were used to assay gene
expression and viability in response to pharmacological or

genetic manipulation of Nrf2.
Genomic DNA sequencing showed
no mutations in KEAP1 or in
NFE2L2 exon 2, encoding the
Keap1-interacting domain. Patterns
of mRNA expression and protein
abundance of Nrf2 pathway compo-
nents in the cell lines (Supplemental
Figures 2 and 3) paralleled the im-
munohistochemistry patterns seen in
PTC specimens (Figure 1), support-
ing the validity of these cellular mod-
els. Oxidative damage at basal con-
ditions was highest in the TAD2
cells, intermediate in the K1 cells,
and lowest in the TPC-1 cells (Sup-
plemental Figure 3). In all cell lines,
treatment with the Nrf2 activator
sulforaphane significantly increased
the mRNA of the prototypical Nrf2
target gene Nqo1 and of the antiox-
idant enzyme Txnrd1 (Figure 2,
A–C). Nrf2 knockdown signifi-
cantly repressed the basal expression
of Nqo1 and, in K1 cells, of Txnrd1,
and abolished the sulforaphane-me-
diated induction of both genes (Fig-
ure 2, A–C). These data demonstrate
that Nrf2 regulates antioxidant tran-
scriptional responses in PTC and
normal thyroid cells. Nrf2 knock-
down also significantly decreased vi-
ability of the PTC cell lines, mimick-
ing the effect of the BRAF inhibitor
vemurafenib (Figure 2, D and E). Vi-
ability of TAD2 cells was not af-

Figure 2. mRNA quantification and viability of K1, TPC-1, and TAD2 cells in response to
pharmacological or genetic manipulation of Nrf2. A, mRNA levels in K1 cells in which Nrf2 is
activated by treatment with sulforaphane or knocked down by RNA interference. B, mRNA levels
in TPC-1 cells treated as in panel A. C, mRNA levels in TAD2 cells treated as in panels A and B. D,
Viability assay on K1 cells treated with the tyrosine kinase inhibitor vemurafenib or with siRNA
targeting Nrf2. E, Viability assay on TPC-1 cells treated as in panel D. F, Viability assay on TAD2
cells treated with siRNA targeting Nrf2. Bars, means � SD; sulfor., 5 �M sulforaphane; V1, 1 �M

vemurafenib; V5, 5 �M vemurafenib; *, P � .001 compared to control; $, P � .001 compared to
sulforaphane; &, P � .01 compared to control; &&, P � .001 compared to control; #, P � .01
compared to V1.
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fected by siRNA targeting Nrf2 (Figure 2F), indicating a
specific role for Nrf2 in the viability of PTC cells.

Discussion

Although interest in oxidative stress and the thyroid is
mounting, very little is known about Nrf2 in the thyroid.
Two recent studies in thyroid cancer cell lines (mostly ana-
plastic) showed that Nrf2 mediates resistance to protea-
some inhibitors (12, 13) and emphasized the need to es-
tablish the clinical relevance of Nrf2 by characterizing its
activity in human thyroid cancer. By demonstrating that
the Nrf2 pathway is commonly activated in PTC and that
it regulates antioxidant responses and viability of cancer
cells, the present study highlights Nrf2 as a new hallmark
of PTC. Its potential utility in distinguishing PTC from
benign nodules in fine-needle aspiration material and/or in
treating advanced or refractory PTC warrants further
exploration.

The lack of KEAP1 and NFE2L2 mutations among
specimens with high Nrf2 abundance suggests that acti-
vation of the pathway in PTC is secondary to some other
phenomenon. Nrf2 activation in other cancer types has
been linked to increased NFE2L2 transcription due to
BRAF or KRAS mutations (10); whereas the BRAF V600E
mutation was found in 6 of 11 specimens, KRAS was not
analyzed due to the special technical requirements in-
volved (20). Reduced KEAP1 expression from increased
promoter methylation has also been reported as an acti-
vating mechanism (9), but Keap1 abundance was variable
among PTC specimens. The increased oxidative stress ev-
ident in PTC herein and in previous work (21) may con-
tribute to Nrf2 activation; alternatively, or additionally, it
may indicate that Nrf2 activation is insufficient to fully
restore redox balance in PTC, as suggested also by the
ability to further activate the pathway in the K1 and TPC-1
cell lines. Although in the biopsy specimens, higher levels
of oxidative damage were observed in PTC samples com-
pared to benign tumors, among the (rapidly growing) cell
lines, the highest levels of oxidative damage were observed
in the noncancerous TAD2 cells. Thus, the exact cause-
and-effect relationship between oxidative damage and
Nrf2 activity in PTC remains to be elucidated. Further-
more, the lack of correlation between Nrf2 and Nqo1
abundance in PTC and the inverse correlation of Nqo1
abundance with the carcinoma T suggest that regulation
and/or efficiency of the Nrf2 pathway in PTC are also
perturbed.

Limitations of the present study due to its retrospective
design and reliance on archived material include the lack
of Nrf2 and target gene measurements at the mRNA level

in the PTC specimens and the lack of prospective assess-
ment of the prognostic value of Nrf2 activity status. Our
ongoing studies will address these issues and also investi-
gate Nrf2 signaling in follicular differentiated and ana-
plastic thyroid carcinomas, as well as in thyroid physiol-
ogy and its various perturbations besides cancer.
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