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Abstract. Patients who have undergone curative‑intent therapy 
for head and neck squamous cell carcinoma (HNSCC) exhibit 
a high rate of development of second primary tumors (SPTs), 
which are frequently lethal. A chemoprevention strategy 
that prevents SPTs would have a major impact on patient 
outcomes. Sulforaphane, a naturally‑occurring compound 
derived from cruciferous vegetables exhibits chemopreventive 
activity against HNSCC in a preclinical model. The effects 
of sulforaphane are considered to be mediated, in large part, 
through increased protein expression of the transcription 
factor nuclear factor erythroid 2‑related factor 2 (NRF2). 
Development of sulforaphane chemoprevention for HNSCC 
would benefit from the identification of robust biomarkers of 
sulforaphane activity in HNSCC cells and normal mucosal 
epithelial cells. The present study revealed that sulforaphane 
potently induces multiple oxidative stress‑associated genes at 
the RNA and protein levels, in HNSCC cells and Het‑1A cells, 
a non‑tumorigenic mucosal epithelial cell line. In the present 
analysis, HMOX1 and HSPA1A were identified as the most 
highly upregulated genes following sulforaphane treatment, 
suggesting their potential value as biomarkers to guide clinical 
trials. Sulforaphane induction of HMOX1 and HSPA1A was 

validated in vivo in murine tissues. Furthermore, the impact 
of sulforaphane treatment of HNSCC cells on the expression 
levels of natural killer group 2D (NKG2D) and DNAX acces-
sory molecule‑1 (DNAM‑1) ligands, which are activators of 
natural killer (NK) cells, was examined. NRF2‑dependent 
upregulation of the NKG2D ligand MICA/B was observed. 
However, only one of the six HNSCC cell lines studied 
exhibited enhanced sensitivity to NK cell‑mediated killing 
following sulforaphane treatment, suggesting that this may 
not be a general mechanism of sulforaphane chemopreventive 
activity in HNSCC. In summary, the present study identified 
robust biomarkers of sulforaphane activity in HNSCC and 
normal tissues, supporting their application in the development 
of sulforaphane chemoprevention approaches for HNSCC. 

Introduction

Head and neck squamous cell carcinoma (HNSCC) is a leading 
cause of cancer mortality worldwide, with an estimated 
600,000 new cases diagnosed per year (1,2). The primary risk 
factors for HNSCC are tobacco and alcohol consumption and 
infection of the oropharynx with human papilloma virus (3‑5). 
Standard‑of‑care treatment for HNSCC includes surgery, 
radiation, and chemotherapy, often involving a combination 
of these approaches. In addition, cetuximab, an antibody 
targeting the epidermal growth factor receptor (EGFR), and 
the checkpoint inhibitors nivolumab and pembrolizumab have 
been approved for treatment of HNSCC (6‑10). Despite the 
availability of these agents and approaches, HNSCC patients 
that receive therapy intended to be curative develop second 
primary tumors (SPTs) at an alarmingly high rate of 3‑6% per 
year (11‑15). The development of SPTs is a major cause of death 
and is attributed to the ‘condemned’ nature of the mucosa, or 
epithelial field cancerization, resulting from chronic exposure 
to carcinogens (16).

Efforts to develop a chemoprevention strategy to prevent 
the development of SPTs in HNSCC have focused on 
evaluation of retinoids, EGFR inhibitors, and nonsteroidal 
anti‑inflammatory drugs (NSAIDs). In clinical testing, 
high‑dose isotretinoin, a vitamin A analogue, demonstrated 
chemopreventive activity against HNSCC SPTs, but was 
poorly tolerated, while low‑dose isotretinoin proved ineffec-
tive at preventing SPTs (17‑19). Erlotinib, an EGFR inhibitor, 
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has demonstrated chemopreventive activity in a preclinical 
model of carcinogen‑induced HNSCC, but clinical application 
was hindered by issues of effectiveness and tolerability (20). 
Epidemiological evidence from the National Cancer Institute's 
Prostate, Lung, Colorectal, and Ovarian randomized screening 
trial, and other studies, has suggested a chemopreventive effect 
of NSAIDs for HNSCC (21‑27). More recently, a retrospective 
analysis of 266 HNSCC patients found a dramatic survival 
benefit associated with regular use of NSAIDs  (28). This 
benefit was limited to patients with genetic alterations in 
PIK3CA, the gene encoding phosphatidylinositol (3)‑kinase a, 
as patients with wild‑type PIK3CA did not display a survival 
benefit with regular NSAID use (28).

An alternative strategy for chemoprevention in HNSCC 
involves the use of naturally‑occurring vegetable‑derived 
compounds. Compelling epidemiological evidence shows that 
diets rich in cruciferous vegetables are linked to reduced risk 
for developing HNSCC and, more specifically, SPTs (29‑33). 
Cruciferous vegetables contain high levels of glucoraphinin, 
which is metabolized upon consumption to sulforaphane (34). 
Sulforaphane readily disables the negative regulatory protein 
kelch‑like ECH‑associated protein 1, resulting in liberation 
of the transcription factor nuclear factor erythroid 2‑related 
factor 2 (NRF2) from destruction by the proteasome (34‑36). 
This results in elevation of NRF2 protein levels and induction 
of a large number of NRF2 target genes, many of which act 
to promote detoxication of cells from environmental carcino-
gens (34). Known NRF2 target genes include NAD(P)H quinone 
oxidoreductase 1 (NQO1), glutamate‑cysteine ligase catalytic 
subunit (GCLC), glutathione S‑transferases, and aldo‑keto 
reductases. In preclinical models, treatment with sulforaphane 
has been shown to prevent carcinogen‑induced cancers of 
breast, skin, and stomach  (37‑40). We previously reported 
that sulforaphane prevented the development of HNSCC 
tumors in mice exposed to the chemical carcinogen 4‑nitro-
quinoline‑1‑oxide (41). Importantly, consumption of vegetable 
extracts rich in glucoraphinin or sulforaphane has been shown 
to promote detoxication from common airborne pollutants in 
healthy human volunteers  (42‑44). Further development of 
sulforaphane as a chemopreventive strategy against HNSCC 
SPTs in humans requires identification of robust biomarkers of 
sulforaphane activity in normal and malignant epithelium of 
the oral cavity and upper aerodigestive tract. RNA and protein 
profiling following sulforaphane treatment has been performed 
in a variety of murine and human cancer models and has 
identified a broad number of pharmacodynamic markers of 
sulforaphane activity, including genes involved in xenobiotic 
metabolism and response to oxidative stress (45‑50). However, 
biomarkers of sulforaphane pharmacodynamic activity in 
HNSCC cells, as well as normal epithelial cells derived from 
the head and neck region, has not been investigated. 

An alternative or parallel mechanism whereby sulfora-
phane exerts chemopreventive activity may involve modulation 
of anti‑tumor immunity. Administration of sulforaphane has 
been shown to enhance the activities of natural killer (NK) 
cells with associated anti‑tumor effects in murine models of 
melanoma, prostate cancer, and leukemia  (51‑53). Further, 
sulforaphane modestly induced expression of the NK cell 
activating ligands MICA/MICB, members of the natural 
killer group 2D (NKG2D) ligand family, following treatment 

of A549 lung cancer cells and MDA‑MB‑231 breast cancer 
cells (54). The impact of sulforaphane on expression of NK 
cell activating ligands in HNSCC cells is unknown. 

In the present study we performed RNA and protein 
profiling following sulforaphane treatment of HNSCC cell 
lines, as well as a normal mucosal epithelial cell line, to 
identify robust biomarkers of sulforaphane pharmacodynamic 
activity. We identified the HMOX1 and HSPA1A genes as 
highly upregulated and reliable biomarkers of sulforaphane 
activity. In addition, while sulforaphane treatment led to 
modest NRF2‑dependent upregulation of MICA/MICB in 
HNSCC cells, enhanced sensitization to NK cell‑mediated 
killing following sulforaphane treatment was not broadly 
observed in a panel of HNSCC cell line models. 

Materials and methods

Cell lines and chemicals. Cal 27 (ATCC® CRL‑2095), FaDu 
(ATCC®, HTB‑43), Het‑1A (ATCC®, CRL‑2692) and NK‑92 
(ATCC® CRL‑2407) cells were purchased from the American 
Type Culture Collection (ATCC). PE/CA‑PJ34 (clone C12) 
(ECACC, 97062513) was purchased from Sigma‑Aldrich; 
Merck KGaA. HSC‑2, HSC‑3, and HSC‑4 were obtained from 
the Health Science Research Resources Bank (Osaka, Japan). 
All HNSCC cell lines were cultured in DMEM, 10% FBS 
and 1% penicillin‑streptomycin. NK‑92 cells were cultured in 
Alpha Minimum Essential Medium without ribonucleosides 
and deoxyribonucleosides, but containing 2 mM L‑glutamine, 
1.5  g/l sodium bicarbonate, 0.2  mM inositol, 0.1  mM 
2‑mercaptoethanol, 0.02 mM folic acid, 12.5% horse serum, 
12.5% FBS and 100 UI/ml IL‑2. Cell lines were authenti-
cated every 6 months during the course of experiments via 
short‑tandem repeat testing (UC Berkeley DNA Sequencing 
Facility). Mycoplasma testing was also performed during the 
course of this study. NK‑92 was free of mycoplasma, but other 
HNSCC cell lines were all mycoplasma positive. Cell lines 
were passaged for a period of 3 months (~24 passages) after 
thawing from liquid nitrogen. 

R,S‑sulforphane was purchased from LKT Laboratiories, 
Inc. Recombinant human IL‑2 was obtained from PeproTech. 
IL‑2 was reconstituted in 100 mM acetic acid and diluted in 
PBS containing 0.1% BSA. 

Treatment of cells. HNSCC cells or Het‑1A cells were plated in 
6 cm dishes (2 million/dish) 24 h prior to treatment. The cells 
were then treated with either vehicle (0.1% DMSO) or 10 mM 
sulforaphane for 8 or 16 h for quantitative PCR or immunob-
lotting experiments, respectively.

Reverse‑transcription quantitative PCR (RT‑qPCR). Total 
RNAs from cultured cells and murine tissues were purified 
using miRNeasy® Mini Kit (Qiagen). cDNAs were synthesized 
using Superscript III First‑Strand cDNA Synthesis System 
(Life Technologies; Thermo Fisher Scientific, Inc.)] according 
to the manufacturer's instructions. PCR reactions were 
performed using SYBR Green PCR Master Mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) and a Bio‑Rad 
CFX96 C1000 Touch™ Thermal Cycler. Quantification 
was performed using the 2‑∆∆Cq method (55). Gene‑specific 
primers for NQO1, GCLC, and GAPDH were as previously 
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described (41). Primers for AKR1C2, AKR1C18, AKR1C19, 
HMOX1 and HSPA1A were from Qiagen. Relative mRNA 
levels were standardized to the mRNA levels of GAPDH gene.

Probing the human oxidative stress plus PCR array. RNAs 
from cultured cells were purified as described above and 
cDNAs were synthesized by the RT2 First Strand kit (Qiagen) 
and used to probe the Human Oxidative Stress Plus RT2 
profiler PCR Array (Qiagen, cat. #330231), according to the 
manufacturer's recommendations. Gene expression data were 
analyzed using the Web‑Based PCR Array Data Analysis 
from SABiociences.

Treatment of mice. C57BL/6 mice (5‑6 weeks; 5 mice/group) 
were treated by vehicle (PBS) or sulforaphane (6 µmol/mouse) 
via oral gavage for 6 or 18 h. Following treatment, mice were 
sacrificed and tissues harvested.

Immunoblotting. Cells were washed with ice‑cold PBS twice 
and then lysed with RIPA lysis buffer (150 mM Tris, pH 7.4, 
100 mM NaF, 120 mM NaCl, 100 µM sodium orthovannadate, 
and 1X protease inhibitor cocktail and phosphatase inhibitor 
cocktail; Roche Diagnostics). Lysates (20 µg) were resolved 
by SDS‑PAGE, transferred to PVDF Membranes (Bio‑Rad, 
#1620177), and incubated with primary antibodies at  4̊C 
overnight, followed by incubation with horse radish peroxi-
dase‑conjugated secondary antibodies (Bio‑Rad, #170‑6516)] 
for 1 h at room temperature. Immunoreactive bands were 
visualized by chemiluminescence (Santa Cruz Biotechnology, 
#SC2048 or Thermo Fisher Scientific, #1856194). Antibodies 
against NRF2 (#12721), β‑tubulin (#2146), and GAPDH 
(#5174) were from Cell Signaling Technology. Antibodies 
against HMOX1 (#A11919) and HSPA1A (#A12948) were from 
ABclonal. Anti‑MICA/B (#SC‑2093) was from Santa Cruz 
Biotechnology. 

Crystal violet assays. Cells were seeded in 96‑well plates and 
incubated overnight. The following day, cells were treated with 
different concentrations of sulforaphane for 48 h, then stained 
with crystal violet for 30  min. Crystal violet solution was 
removed from the wells and the plates were washed under tap 
water before being dried for 24 h. Crystal violet‑stained material 
was dissolved with 100 mM sodium citrate solution and subse-
quently quantified using a colorimetric plate reader at OD590. 

Cytotoxicity assays. NK‑92 cell‑mediated cytotoxicity was 
assessed using the CytoTox 96® Non‑Radioactive Cytoxicity 
Assay (Promega Corporation, #G1780), according to the 
manufacturer's protocol. HNSCC cells were pre‑treated with 
vehicle (0.1% DMSO) or sulforaphane for 48 h, then washed 
with medium twice. NK‑92 cells and pre‑treated HSNCC cells 
were counted and plated in round‑bottom 96‑well plates at 
ratios of 2.5:1, 5:1, and 10:1. Wells containing NK‑92 cells alone 
or HNSCC cells alone served as controls for spontaneous LDH 
release of effector cells and target cells, respectively. To assess 
the target cell maximum LDH release, lysis buffer was added 
for one hour to wells containing HNSCC cells alone, followed 
by harvesting of the supernatant. Prior to supernatant harvest, 
96‑well plates were centrifuged at 250 x g for 5 min then 
kept in a 37̊C incubator for 5 h. Plates were then centrifuged 

again at 250 x g for 5 min and 50 µl of supernatant from each 
well was transferred into a new 96‑well plate. 50 µl/well of 
reconstituted substrate mix was then added to the wells. Plates 
were subsequently incubated at room temperature in the dark 
for 20 to 30 min, followed by addition of 50 µl stop solution 
to each well and reading of absorbance at 490 nm. The cyto-
toxicity mediated by NK‑92 cells was calculated as follows: 
%  cytotoxicity=(ELR‑ESR‑TSR‑MB)/(TMR‑TSR‑LBB), 
where ELR, experimental LDH release; ESR, effector sponta-
neous release; TSR, target spontaneous release; MB, medium 
background; TMR, target spontaneous release; and LBB, lysis 
buffer background.

RNA interference. Cells in 6‑cm dishes were transfected with 
25 pmol of siRNA oligonucleotides mixed with Lipofectamine 
RNAiMAX (Thermo Fisher Scientific, Inc., #13778500). 
NRF2 siRNA oligonucleotides and non‑target siRNA (siNT) 
were obtained from Sigma‑Aldrich; Merck KGaA. The target 
sequence for NRF2 siRNAs was: 5'‑UGA​CAG​AAG​UUG​ACA​
AUU​A‑3'.

Statistical analysis. Statistical differences between sulfora-
phane and vehicle treatment groups were determined using 
ANOVA followed by adjustment for multiple comparison by 
Bonferroni's method. Error bars for all figures represent SD. 

Results

Identification of oxidative stress‑related genes induced by 
sulforaphane in HNSCC cells. We first sought to identify poten-
tial biomarkers of sulforaphane activity in HNSCC cells, as 
well as normal mucosal epithelial cells. Two HNSCC cell lines, 
PE/CA‑PJ34 and FaDu, and a putative normal, non‑tumorigenic 
mucosal epithelial cell line, Het‑1A (56), were treated for 8 h 
with vehicle or 10 µM sulforaphane, followed by preparation 
of cellular RNAs. The RNAs were converted to cDNAs, then 
used to probe Human Oxidative Stress Plus PCR Arrays. This 
array enables expression profiling of 84 different human genes 
related to oxidative stress. Comparison of RNA expression 
levels in sulforaphane‑treated vs. vehicle‑treated cells allowed 
identification of genes whose expression was induced greater 
than 2‑fold by sulforaphane treatment. In both HNSCC cell 
lines we observed >2‑fold induction of 11 genes (Fig. 1A and B). 
HMOX1, encoding heme oxygenase 1, and HSPA1A, encoding 
a member of the heat shock protein 70 family, were the most 
strongly induced genes in both HNSCC cell lines, with induc-
tion levels ranging from roughly 10‑ to 20‑fold. In the normal 
epithelial cell line, Het‑1A, 9 genes were found to be induced 
>2‑fold by sulforaphane treatment, with HMOX1 again being 
the most potently upregulated (~18‑fold; Fig. 1C). HSPA1A was 
the third most potently induced gene in Het‑1A (~10‑fold). 

We next sought to validate the findings we obtained with 
the Oxidative Stress Array by performing RT‑qPCR analyses. 
PE/CA‑PJ34, FaDu, and Het‑1A cells were again treated 
with vehicle or 10 µM sulforaphane for 8 h and RNAs were 
prepared. RT‑qPCR was then performed for 4 genes (HMOX1, 
HSPA1A, AKR1C2, GCLC) that were found to be upregulated 
in the Array studies. In addition, RT‑qPCR was used to assess 
expression of NQO1, a known downstream target of sulfora-
phane (45). As shown in Fig. 2A‑C, HMOX1 and HSPA1A were 
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Figure 1. Sulforaphane induces oxidative stress‑related genes in HNSCC 
cells and normal epithelial cells. The HNSCC cell lines (A) PE/CA‑PJ34 and 
(B) FaDu, and (C) the normal mucosal epithelial cell line Het‑1A were treated 
for 8 h with 10 µM SF or vehicle control. Gene expression profiles were 
determined using Human Oxidative Stress Plus PCR Arrays. Genes induced 
>2‑fold by SF treatment are shown. HNSCC, head and neck squamous cell 
carcinoma; SF, sulforaphane.

Figure 2. Confirmation of sulforaphane gene targets by RT‑qPCR. 
(A) PE/CA‑PJ34, (B) FaDu and (C) Het‑1A cells were treated for 8 h with 
10 µM SF or vehicle control, followed by analysis of RNA expression for 
the indicated genes using RT‑qPCR. Gene expression in sulforaphane‑ and 
vehicle‑treated cells was compared using ANOVA followed by Bonferroni's 
method. The experiment was performed three times with similar results. 
Error bars represent the standard deviation of triplicate assays. ****P<0.0001; 
***P<0.001; **P<0.01; *P<0.05 vs. vehicle control. RT‑qPCR, reverse tran-
scription‑quantitative PCR; NQO1, NAD(P)H quinone oxidoreductase 1; 
SF,  sulforaphane; GCLC, glutamate‑cysteine ligase catalytic subunit; 
HMOX1, heme oxygenase 1; HSPA1A, heat shock protein family A (Hsp70) 
member 1A; AKR1C2, aldo‑keto reductase family 1 member C2.
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strongly upregulated by sulforaphane in all three cell lines, 
with induction levels ranging from roughly 8‑fold to 27‑fold. 
Similar upregulation of HMOX1 and HSPA1A was observed 
in three additional HNSCC cell lines (Cal 27, HSC‑2, HSC‑3; 
Fig. S1). In the HNSCC cell lines, HMOX1 and HSPA1A were 
the most potently induced genes, whereas AKR1C2 (~29‑fold 
induction) was the most upregulated in Het‑1A. Surprisingly, 
NQO1 was only weakly upregulated by sulforaphane.

Collectively, these experiments suggest that RNAs for 
oxidative stress genes, particularly HMOX1 and HSPA1A, 
may represent valuable biomarkers of sulforaphane activity in 
HNSCC and normal epithelium of the upper aerodigestive tract.

Sulforaphane induction of oxidative stress proteins in 
HNSCC cells. We next confirmed that sulforaphane induction 
of mRNAs for oxidative stress genes was accompanied by 
upregulation of the corresponding oxidative stress proteins. 
Five HNSCC cells lines (PE/CA‑PJ34, FaDu, Cal 27, HSC‑2, 
HSC‑3) and Het‑1A cells were treated with vehicle or sulfora-
phane (10 mM) for 16 h, followed by immunoblot detection of 
HMOX1, HSPA1A, or the control protein GAPDH (Fig. 3). As 
shown, sulforaphane treatment led to upregulation of HMOX1 
and HSPA1A in all cell lines examined (Fig. 3), although the 
fold induction was less than was observed with mRNA induc-
tion for these proteins (Fig. 2). It should be noted that while we 
observed sulforaphane induction of HMOX1 in all cell lines, 
we did not detect nuclear translocation of the protein (data not 
shown).

Sulforaphane induction of oxidative stress genes in vivo. We 
next determined whether the oxidative stress genes induced 
by sulforaphane in HNSCC cells and Het‑1A cells are induced 
in vivo in wild‑type C57BL/6 mice. Mice were treated by oral 
gavage (5 per group) with a single dose of vehicle (6 or 18 h) or 
a single dose (6 µmol) of sulforaphane (6 or 18 h). The dose of 
6 µmol/mouse was chosen, as we have previously shown that this 
dose is well tolerated and prevents the development of carcin-
ogen‑induced HNSCC tumors in mice (41). Following treatment, 
mice were sacrificed and RNAs purified from liver or peripheral 
blood mononuclear cells (PBMCs) for analysis by RT‑qPCR 
(Fig. 4A and B). Since the AKR1C2 gene is human‑specific, 
we instead analyzed the related murine genes AKR1C18 and 
AKR1C19. In liver, sulforphane treatment, primarily at the 18‑h 
time-point, led to >2‑fold upregulation of all 5 genes analyzed 

(HMOX1, HSPA1A, AKRC18, AKRC19, GCLC). HSPA1A was 
unique in being induced only at the 6‑h treatment time-point. 
In PBMCs, only HMOX1, AKRC19, and GCLC were upregu-
lated >2‑fold, and only at the 18‑h time-point. Immunoblotting 
of protein lysates from liver tissue revealed elevated expression 
HMOX1 protein in 3 of 5 mice treated with sulforaphane (18 h; 
Fig. 4C), validating upregulation at the protein level. 

Impact of sulforaphane on NKG2D and DNAM‑1 ligands in 
HNSCC cells. We next examined the impact of sulforaphane on 
expression of genes encoding members of the NKG2D ligand 
family (MICA, MICB, ULBP1‑6), as well as the DNAM‑1 
ligands CD112 and CD155. Both NKG2D ligands and DNAM‑1 
ligands stimulate NK cell cytotoxicity. Treatment of HNSCC 
cells with sulforaphane resulted in a modest upregulation of 
RNA for MICA, with little apparent effect on other members of 
the NKG2D ligand family, as assessed by RT‑qPCR (Fig. 5A). 
Immunoblotting with an antibody that cross‑reacts with both 
MICA and MICB was also performed (Fig. 5B). Consistent 
with findings at the RNA level, sulforaphane treatment of 
the HNSCC cell lines PE/CA‑PJ34 and Cal 27 also induced 
upregulation of MICA/B protein. Modest induction of RNAs 
for CD112 and CD155 was seen after 12 and 48 h of sulfora-
phane treatment, but not at the 24‑h time-point (Fig. 5A). 

Role of NRF2 in sulforaphane induction of MICA/B. To 
determine whether sulforaphane induction of MICA/B was 
dependent on NRF2 transcription factor, we utilized siRNA 
directed against NRF2 mRNA to prevent upregulation of 
NRF2 protein following sulforaphane treatment (Fig. 5C). As 
shown, in cells treated with a non‑targeting siRNA (siNT), 
sulforaphane treatment resulted in upregulation of NRF2 and 
MICA/B. Treatment with NRF2 siRNA (siNRF2) markedly 
reduced NRF2 RNA levels (Fig. 5C, left panel) and prevented 
sulforaphane induction of NRF2 protein (right panel). 
Importantly, siNRF2 treatment also blocked sulforaphane 
upregulation of MICA/B, indicating that sulforaphane effects 
on MICA/B expression are dependent on NRF2. 

Impact of sulforaphane on sensitivity of HNSCC cells to NK 
cell‑mediated cytotoxicity. The ability of sulforaphane to 
upregulate MICA/B in HNSCC suggested that sulforaphane 
treatment may sensitize HNSCC cells to NK cell‑mediated cyto-
toxicity. To test this, we first needed to identify a concentration 

Figure 3. Sulforaphane induction of HMOX1 and HSPA1A proteins in HNSCC and Het‑1A cells. The indicated HNSCC cells (PE/CA‑PJ34, FaDu, Cal 27, 
HSC‑2 and HSC‑3) and Het‑1A were treated for 16 h with vehicle of 10 µM SF, followed by immunoblotting (20 µg/lane) for HMOX1 and HSPA1A proteins. 
Numbers indicate the ratio of HMOX1 or HSPA1A to GAPDH, as determined by densitometry. The experiment was performed twice with similar results. 
HMOX1, heme oxygenase 1; HNSCC, head and neck squamous cell carcinoma; HSPA1A, heat shock protein family A (Hsp70) member 1A; SF, sulforaphane.
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of sulforaphane that would be only minimally toxic when used 
alone. Dose‑response analyses were performed (Fig. 6) with 
PE/CA‑PJ34 (IC25=9.1 µM) and Cal 27 (IC25=7.1 µM), and a 
sulforaphane concentration below the IC25's, 5 µM, was chosen 
for subsequent experiments. We then pre‑treated 6 different 
HNSCC cell lines for 48 h with vehicle or 5 µM sulforaphane 
before co‑culturing for 5 h with the NK cell line NK‑92 at 
different target to effector ratios. LDH release cytotoxicity 
assays were then performed. As Fig. 7 illustrates, sulforaphane 
treatment resulted in statistically significant sensitization to 
NK‑92‑mediated cytotoxicity in only one of the six HNSCC 
cell lines, Cal 27 cells. These findings raise questions whether 
sensitization to NK‑mediated cytotoxicity represents a general 
mechanism contributing to the chemopreventive activity of 
sulforaphane against HNSCC.

Discussion

Patients who receive curative‑intent therapy for HNSCC await 
an uncertain future. SPTs arise at the extraordinarily high 

rate of 3‑6% per year within this population. There would 
be tremendous value in delivering to these patients a chemo-
preventive agent that could delay or prevent the development 
of SPTs. Since long‑term, perhaps chronic, administration 
would be necessary, such a chemopreventive agent should be 
well tolerated and, ideally, inexpensive. Naturally‑occurring 
compounds derived from vegetables have promising potential 
to meet these criteria. Sulforaphane, in particular, has demon-
strated chemopreventive activity against carcinogen‑induced 
HNSCC in a murine preclinical model (41). Moreover, clinical 
studies of broccoli sprout extracts that are rich in glucoraphanin 
and/or sulforaphane have shown that they are well tolerated 
and demonstrate good bioavailability in healthy human volun-
teers (42,43,57). Consumption of these extracts promoted rapid 
and sustained elimination of the common airborne pollutants 
benzene and acrolein (44). Hence, there is a strong basis for 
evaluating the chemopreventive activity of sulforaphane 
in patients who have received curative‑intent treatment for 
HNSCC. These investigations will require demonstration that 
the administered sulforaphane exhibits pharmacodynamic 

Figure 4. SF induction of oxidative stress‑associated genes in vivo. Wild‑type C57BL/6 mice (n=5 per treatment group) were treated via oral gavage with 
single doses of vehicle (PBS) or SF (6 µmol/mouse). At 6 or 18 h after treatment, mice were sacrificed and tissues harvested. (A) RT‑qPCR analysis of liver 
gene expression (data from five mice in each treatment group were combined), demonstrating gene induction by SF treatment relative to vehicle treatment. 
(B) RT‑qPCR analysis of RNA expression in PBMCs. Error bars in (A) and (B) represent the standard deviation of the combined five specimens. The experi-
ment was performed twice with similar results. (C) Immunoblot analysis of HMOX1 protein levels in liver from mice treated with vehicle (18 h) or SF (18 h). 
Numbers below the HMOX1 blot indicate the ratio of HMOX1 to β‑tubulin, as determined by densitometry. The experiment was performed twice with similar 
results. AKR1C, aldo‑keto reductase family 1 member C; GCLC, glutamate‑cysteine ligase catalytic subunit; HMOX1, heme oxygenase 1; HSPA1A, heat 
shock protein family A (Hsp70) member 1A; PBMC, peripheral blood mononuclear cell; RT‑qPCR, reverse transcription‑quantitative PCR; SF, sulforaphane.
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activity in the target tissue of interest. Although gene targets 
of sulforaphane activity have been identified in some normal 
tissues, as well as colon, prostate, and breast cancer cell 
lines, little is known about the effects of sulforaphane on 
gene expression in HNSCC or normal mucosal epithelium. 
In the current study we identified biomarkers of sulforaphane 
activity in HNSCC cells as well as a normal mucosal epithelial 
cell line (Het‑1A) derived from the upper aerodigestive tract. 
Of particular note, we observed robust sulforaphane induction 
of HMOX1 and HSPA1A, and suggest their use as biomarkers 
of sulforaphane pharmacodynamic activity in future studies 
evaluating sulforaphane chemoprevention in HNSCC. 

In previous studies we have investigated sulforaphane 
pharmacodynamic activity in oral epithelium of healthy 
volunteers following consumption of glucoraphanin‑rich or 
sulforaphane‑rich beverages derived from broccoli sprout 
extracts (41). Based on RT‑qPCR analysis of buccal cell speci-
mens, >2‑fold induction of the target gene NQO1 was observed 
in 6 of 9 evaluable participants following ingestion of gluco-
raphanin‑rich beverage and in 3 of 9 participants following 
ingestion of sulforaphane‑rich beverage. In most participants 
where induction of NQO1 was observed, the level of induction 

was only modest, raising concerns about the value of NQO1 
as a strong biomarker of sulforaphane activity. Consistent with 
this, in our current studies NQO1 was only weakly upregulated 
by sulforaphane treatment in the HNSCC cell lines and Het‑1A 
cells we examined. By contrast, we observed 10‑ to 20‑fold 
induction of RNAs for HMOX1 and HSPA1A in both HNSCC 
cell lines and Het‑1A. A lesser, albeit significant, induction of 
HMOX1 and HSPA1A, as well as AKR1C18 was seen in liver 
tissue in vivo. In future studies it will be interesting to evaluate 
sulforaphane target gene expression in normal oral epithelium 
from sulforaphane‑treated mice.

Enhanced transcription of genes encoding enzymes that 
promote detoxication from carcinogens likely plays a primary 
role in the chemopreventive activity of sulforaphane. However, 
accumulating evidence suggests that sulforaphane also may 
impact immune cells, particularly NK cells, to influence 
anti‑tumor immunity (51‑53). A potential mechanism has been 
proposed wherein sulforaphane induces tumor cell expres-
sion of NK cell activating ligands such as MICA/MICB (54). 
We observed modest sulforaphane‑induced upregulation of 
MICA/MICB in HNSCC cells, but did not detect consistent 
induction of other members of the NKG2D family. Similarly, 

Figure 5. SF modulation of NKG2D and DNAM‑1 ligands in HNSCC cells. (A) HNSCC cell line Cal 27 was treated with vehicle (48 h) or 5 µM SF for 
12, 24 or 48 h, followed by performance of RT‑qPCR for RNAs encoding NKG2D ligands (MICA, MICB and ULBP1‑6) and DNAM‑1 ligands (CD112 and 
CD155). Error bars represent the standard deviation of triplicate assays. The experiment was performed three times with similar results. (B) PE/CAPJ 34 or Cal 
27 cells were treated with vehicle or 5 µM SF for the indicated times, followed by immunoblotting for NRF2 or MICA/B. Densitometric values for NRF2 or 
MICA/B compared to GAPDH and normalized to the vehicle group are indicated below each respective band. (C) Cal 27 cells were treated for 24 h with siNT 
or siNRF2. The cells were then treated for an additional 48 h with vehicle or 5 µM SF, followed by performance of RT‑qPCR (left panel) or immunoblotting 
(right panel). Numbers indicate the ratio of NRF2/GAPDH or (MICA/B)/GAPDH normalized to siNT/Veh. The experiment in (B) and (C) was performed three 
times with similar results. HNSCC, head and neck squamous cell carcinoma; NRF2, nuclear factor erythroid 2‑related factor 2; RT‑qPCR, reverse transcrip-
tion‑quantitative PCR; SF, sulforaphane; siNT, non‑targeting small interfering RNA; siNRF2, small interfering RNA targeting NRF2 mRNA; VEH, vehicle.
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we did not detect modulation of the DNAM‑1 ligands CD112 
and CD155. When we pre‑treated a panel of 6 HNSCC cell lines 
with sulforaphane, only one of the 6 lines reproducibly exhib-
ited enhanced sensitivity to cell lysis mediated by NK‑92 cells, 
despite testing a variety of pre‑treatment and co‑incubation 

conditions (data not shown). These findings suggest that direct 
effects on NK cells are unlikely to play a broad role in the 
chemopreventive activity of sulforaphane against HNSCC.

In summary, our studies identify HMOX1 and HSPA1A 
as promising biomarkers of sulforaphane activity in HNSCC 

Figure 6. SF growth inhibition of head and neck squamous cell carcinoma cells. PE/CA‑PJ34 and Cal 27 cells were treated for 48 h with varying concentra-
tions of SF. Cell growth was assessed by crystal violet assays, and percent crystal violet staining, relative to Veh treatment, was plotted against the log of SF 
concentration to determine IC25 values. Error bars represent the SEM of six replicate assays. The experiment was performed at least three times with similar 
results. SF, sulforaphane; Veh, vehicle.

Figure 7. Impact of SF on NK‑92‑mediated lysis of HNSCC cells. The indicated HNSCC cell lines were pre‑incubated for 48 h with vehicle or 5 µM SF. The cells 
were then co‑cultured with NK‑92 cells for 5 h at the indicated target:effector cell ratios. NK‑92‑mediated lysis was assessed using CytoTox 96® Non‑Radioactive 
Cytotoxicity Assay kits. Error bars represent the standard deviation of triplicate assays. The experiment was performed at least three times with similar results. 
*P<0.05 and **P<0.01 vs. Veh at the same Target:Efffector ratio. HNSCC, head and neck squamous cell carcinoma; SF, sulforaphane; Veh, vehicle.
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and normal mucosal epithelial cells. Clinical evaluation of 
sulforaphane chemopreventive activity against SPT develop-
ment in HNSCC patients should consider measurement of 
these biomarkers to assess sulforaphane biochemical activity 
in the relevant target tissues, namely the epithelial linings of 
the oral cavity, pharynx, and larynx. Further clinical studies 
of sulforaphane in humans seems warranted given the low 
cost and tolerability of this agent in healthy volunteers, and its 
effectiveness as a chemoprevention agent in preclinical models 
of carcinogen‑induced cancer.
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