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Abstract
Recent reports suggest that glucocorticoids (GCs), which can be synthesized in the oral mucosa, play an important role in cancer development. Therefore, 
the objectives of this study were to characterize the role of the oral GC system in oral cancer, and determine the effect of black raspberry (BRB) admin-
istration on GC modulation during oral cancer chemoprevention. We determined the expression of GC enzymes in various oral cancer cell lines, and 
investigated the role of the GC inactivating enzyme HSD11B2 on CAL27 oral cancer cells using siRNA mediated knockdown approaches. Using two in 
vivo models of oral carcinogenesis with 4-nitroquinoline 1-oxide carcinogen on C57Bl/6 mice and F344 rats, we determined the effect of BRB on GC 
modulation during head and neck squamous cell carcinoma chemoprevention. Our results demonstrate that HSD11B2, which inactivates cortisol to cor-
tisone, is downregulated during oral carcinogenesis in clinical and experimental models. Knockdown of HSD11B2 in oral cancer cells promotes cellular 
proliferation, invasion and expression of angiogenic biomarkers EGFR and VEGFA. An ethanol extract of BRB increased HSD11B2 expression on oral 
cancer cells. Dietary administration of 5% BRB increased Hsd11b2 gene and protein expression and reduced the active GC, corticosterone, in cancer-
induced mouse tongues. Our results demonstrate that the oral GC system is modulated during oral carcinogenesis, and BRB administration upregulates 
Hsd11b2 during oral cancer chemoprevention. In conclusion, our findings challenge the use of synthetic GCs in head and neck cancer, and support the 
use of natural product alternatives that potentially modulate GC metabolism in a manner that supports oral cancer chemoprevention.
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Abbreviations:   4NQO, 4-nitroquinoline 1-oxide; ACTH, adrenocorticotropic hormone; BRB, black raspberry; BRB-E, black raspberry extract; GC, 
glucocorticoid; GR, glucocorticoid receptor; HSD11B, 11β-hydroxysteroid dehydrogenases
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Introduction
Head and neck squamous cell carcinoma (HNSCC) is one of 
the 10 leading forms of cancer, with over 700 000 cases and 
350 000 deaths worldwide (1). Typically, HNSCC is caused 
by tobacco use, alcohol consumption and infections from the 
human papillomavirus (2). Current treatments, which include 
surgery, radiotherapy and chemotherapy (3) remain challen-
ging, especially when intervention is performed at late stages 
of the disease. Although progress has been made in its man-
agement, there remains a gap in understanding of the molecu-
lar basis of HNSCC. Identifying the underlying mechanisms 
of HNSCC establishment and growth is pivotal to the design 
of novel therapies against the disease (4,5).

Glucocorticoids (GCs) are lipid hormones involved in stress 
response regulation, metabolism and immune homeostasis. 
Cortisol is the principal GC in humans and is synthesized 
from cholesterol in the adrenal cortex upon activation by 
adrenocorticotropic hormone (ACTH). Cytochrome P450 
enzymes convert cholesterol to cortisol in a multi-step pro-
cess. 11β-Hydroxysteroid dehydrogenase 1 (HSD11B1) and 
11β-hydroxysteroid dehydrogenase 2 (HSD11B2) catalyze 
the interconversion of cortisol and the biologically inactive 
cortisone (6). HSD11B1 is responsible for the conversion of 
inactive cortisone (11-dehydrocorticosterone in mice) to ac-
tive cortisol (corticosterone in mice), while HSD11B2 inacti-
vates cortisol to cortisone. Although the adrenal gland is the 
primary source of GC, other tissues—including the thymus, 
brain, prostate gland and skin—have also been shown to be 
involved in the modulation of GCs (7). Notably, reports show 
that the oral mucosa can produce and regulate the local con-
centration of GC (8). However, there is little information on 
how modulation of GC signaling affects HNSCC develop-
ment, growth and metastasis.

A number of reports demonstrate that HSD11B2, which 
drives the conversion of cortisol to cortisone, is downregulated 
in various forms of cancers such as squamous cell carcinoma 
of the skin (9) and colorectal cancer (10). Such findings sug-
gest that cortisol levels are elevated in these cancers. In ma-
lignant colon cancer cells, cortisol production correlates with 
downregulated antitumor T-cell activity (11). GCs have also 
been shown to promote chemoresistance in breast cancer cells 
(12). In HNSCC cells, GCs have been found to increase the re-
sistance to 5-fluorouracil and doxorubicin (13). Additionally, 
a positive correlation has been observed between decreased 
HSD11B2 expression, increased GC levels and progression of 
HNSCC (8,9,14). These studies highlight the critical role of 
HSD11B2, the key enzyme in the inactivation of active GC, as 
an important regulator of HNSCC tumor progression.

In addition to tissue-specific de novo GC synthesis, syn-
thetic GCs are routinely used in the treatment of diseases such 
as cancer, either as a palliative agent to reduce the common 
side effects of chemotherapy or in combination with other 
chemotherapeutic drugs as the main line of treatment. For 
example, dexamethasone is widely used for breast cancer, 
acute lymphoblastic leukemia, chronic lymphocytic leukemia, 
multiple myeloma, Hodgkin’s lymphoma and non-Hodgkin’s 
lymphoma treatments (15). Additionally, topical GCs are used 
in the treatment of oral inflammatory diseases such as oral li-
chen planus, which is a risk factor for HNSCC (8,16). The 
activity of GCs is mediated by binding to the glucocorticoid 
receptor (GR), and subsequent translocation to the nucleus, 
where they modulate the expression of their target genes 

(17). Therefore, the intracellular concentration of active GCs 
and GR in the target tissues determines the potential activity 
of the GC system (6). The anti-inflammatory and immuno-
suppressive properties of GCs make them attractive candi-
dates for treatment of certain hematologic cancers, cancers 
potentiated by chronic inflammation and mitigation of pain 
and other symptoms associated with cancer chemotherapy 
and associated cancer pathologies (18). However, the ability 
of GCs to inhibit antitumor CD8+ T-cell responses calls into 
question their utility in the management of cancers such as 
HNSCC which require a potent antitumor immune response 
for disease resolution (9). Consequently, there is a need for 
alternative anti-inflammatory agents that also reduce tumor 
promoting GC levels in the oral mucosa.

Preclinical studies have demonstrated the remarkable abil-
ity of black raspberry (BRB) (Rubus occidentalis) to inhibit 
cancers of the oral cavity, esophagus and colon (19–23). We 
and others have demonstrated that the chemopreventive prop-
erties of BRB are mediated in part by modulation of inflam-
matory, apoptotic, angiogenic and cell cycle related pathways 
which are critical for oral cancer initiation, promotion and 
progression (19,20,24,25). Extensive clinical studies further 
demonstrate the efficacy of BRB phytochemicals in HNSCC 
chemoprevention (19,26). BRBs possess a wide array of bio-
active phytochemicals such as anthocyanins, ellagitannins, 
ellagic acid and others which may act in an additive or syn-
ergistic manner to inhibit cancer development. However, the 
mechanisms that mediate the chemopreventive properties of 
the wide array of bioactive phytochemicals in BRB remain to 
be fully explored. These studies are essential in order to fully 
exploit BRB phytochemicals in HNSCC chemoprevention.

The focus of the present study is to determine (i) the im-
pact of local (oral) GC system on oral carcinogenesis and 
(ii) the effects of BRB on the GC system during oral cancer 
chemoprevention. Our studies reveal that the GC inactivating 
enzyme, HSD11B2, is downregulated during oral carcino-
genesis and administration of BRB restores HSD11B2 ex-
pression and reduces active GC levels during oral cancer 
chemoprevention. Ultimately, our results indicate that regu-
lation of HSD11B2 affects HNSCC progression, and the im-
pact of BRB on the oral GC system demonstrates promise for 
future therapeutic applications against HNSCC.

Materials and methods
Animal handling
Six-week female C57BL/6 mice were purchased from Jackson 
Laboratories. Animals were kept in accordance with regula-
tions maintained by University Laboratory Animal Resources 
and were approved by the Institutional Animal Care and Use 
Committee (Protocol #2018A00000054) and Institutional 
Biosafety Committee of The Ohio State University.

Food and chemicals
BRB used in this feed was purchased from the Stokes Berry 
Farm (Wilmington, OH) before being shipped to Van Drunen 
Farms (Momence, IL) for freeze drying. Standard AIN-
76A and its special formulations were prepared by Dyets 
(Bethlehem, PA) and stored at −20°C. Nutrient analysis of 
the BRB diet used in this study has been published previ-
ously, and matches expected levels (21,24). The carcino-
gen 4-nitroquinoline 1-oxide (4NQO) was purchased from 
Sigma–Aldrich (St. Louis, MO; #N8141) and stored at room 
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temperature away from light. Fresh 4NQO solution was pre-
pared weekly.

BRB extract preparation
BRB powder was extracted three times with 80:19:1 ethanol/
water/formic acid, sonicated for 10 min in an ice bath, and 
vacuum filtered. The extract resulting from this extraction 
was concentrated on a rotary evaporator then lyophilized 
to remove any remaining water. This procedure yielded 40 g 
extract/100  g BRB powder and an anthocyanin content of 
57 mg cyanidin-3-glucoside equivalents/g of extract. Our ana-
lysis of the anthocyanin content in the BRB extract (BRB-E) 
was performed according to protocols described previously 
by Giusti et al. (27).

Oral carcinogenesis and chemoprevention
Rat oral carcinogenesis and chemoprevention was performed 
as described previously (24). For mouse oral carcinogen-
esis, mice were administered 4NQO (100 µg/ml in drinking 
water) for 16 weeks then regular water for 8 weeks (28). BRB 
chemoprevention mouse groups were placed on a 5% BRB 
supplemented diet at 1 week prior to 4NQO exposure and 
until terminal sacrifice.

Cell culture
Authenticated human oral cancer cell lines CAL27, CA83, 
SCC83, SCC15, UMSCC6, UMSCC22A and the normal 
tongue epithelial cell line TE1177 were kindly provided by Dr. 
Weghorst and Dr. Mitchell, and grown in Dulbecco’s modified 
Eagle’s medium/F12 media supplemented with 10% fetal bo-
vine serum and 1% Pen Strep (Life Technologies, Waltham, 
MA) and specific growth factors. Cells were maintained at 
5% CO2 at 37°C. Cells were seeded at a density of 0.6 × 105 
cells per well in 6-well dishes. After overnight incubation, the 
cells were treated with indicated concentrations of agents in 
fresh growth medium (without fetal bovine serum) for differ-
ent times.

HSD11B2 siRNA knockdown
Cells were reverse transfected with siRNA (10 nM) targeting 
HSD11B2 (ID-s531876) or scrambled vector (ID-4390843, 
Life Technologies, Waltham, MA). Lipofectamine RNAiMax 
(Life Technologies, Waltham, MA) was used to transfect 0.7 × 
105 cells/ml/well for 48 h. Confirmation of siRNA knockdown 
was performed by RT–qPCR.

Western blotting
Extracted proteins were loaded on 10% Tris–HCl gels and 
then transferred onto polyvinylidene difluoride membranes 
(0.2 µm). Blots were blocked in 5% skim milk for 1 h and 
incubated in primary antibodies overnight followed by in-
cubation with peroxidase conjugated secondary antibodies 
for 1  h. Chemiluminescence was detected by ECL Western  
blotting substrate (ThermoScientific, Waltham, MA). 
HSD11B2 Rabbit pAb (Proteintech, Rosemont, IL); HSD11B1 
Rabbit pAb (Invitrogen, Carlsbad, CA) and β-actin Rabbit 
mAb (Cell Signaling Technologies, Danvers, MA) were used 
to determine expression of proteins.

Cortisol/corticosterone ELISA
Cortisol and corticosterone competitive ELISA were per-
formed per manufacturer’s protocol (R&D Systems, 

Minneapolis, MN). The supernatant from the test samples 
were collected and added to a goat anti-mouse pAb precoated 
microtiter plate. 50 µl of cortisol or corticosterone conjugate 
and the primary antibody were added to the wells. Plates were 
washed and incubated with substrate solution. Readings were 
taken at 450 and 540 nm.

RT–qPCR
High Capacity cDNA Kit (Applied Biosystems, CA) was 
used for cDNA synthesis of extracted total RNA. PCR amp-
lification was performed with PowerUp SYBR green PCR 
master mix (Bio-Rad, Hercules, CA) in the CFX384 Real-
Time System (Bio-Rad). Primers were designed for BCL2, 
HSD11B2, HSD11B1, CYP11A1, CYP11B1, HSD3B, 
CYP21A2, VEGFA, EGFR, PCNA and CDKNA1. ACTB 
and GAPDH were used as reference genes.

Cell proliferation assay
Alamar Blue (Bio-Rad, Hercules, CA) was used to assess 
cell proliferation. A final concentration of 10% Alamar Blue 
solution was added to the cells post treatment. Absorbance 
was measured at 570 and 600 nm wavelength, respectively 
(Spectra MAX 190).

Scratch assay
Confluent monolayers of siRNA-treated CAL27 and CA83 
(after 48 h) were linearly scratched with a 200 µl tip to cre-
ate cell-free areas (29). Images were captured at 0 and 24 h 
to determine the migratory capacity of the treated cells. 
Images were captured under an inverted bright field micro-
scope at ×10 magnification with the reference mark outside 
the field of view. Percentage of migration was quantified by 
CaptaVision+™ software.

Cytotoxicity assay
Cytotoxicity assay was conducted using the LDH Cytotoxicity 
kit in accordance with the manufacturer’s protocol (Takara, 
San Jose, CA).10 000 cells/well were seeded in triplicate in 
a 96 well plate and incubated overnight at 37°C. Cells were 
treated with the appropriate test or control agents and in-
cubated for 24 h. LDH assay reagent was added to culture 
supernatants and incubated for 30 min in the dark, and ab-
sorbance was measured at 490 and 680 nm.

Immunohistochemistry
Animal tongue tissues were fixed in 10% neutral buffered 
formalin and paraffinized. Immunostaining was performed 
using HSD11B2 Rabbit pAb (Proteintech, Rosemont, IL); 
HSD11B1 Rabbit pAb (Invitrogen, Carlsbad, CA); β-actin 
Rabbit Ab (Cell Signaling Technologies, Danvers, MA). After 
secondary antibody incubation, DAB peroxidase kit (Vector 
Laboratories, Burlingame, CA) was used to detect for the 
presence of proteins. Analysis of HSD11B1 and HSD11B2 
was performed using the FIJI package in ImageJ (http://
rsbweb.nih.gov/ij/) to generate a digital histological score as 
described (30).

Statistical analysis
Statistical analysis was done using Prism (GraphPad software, 
San Diego, CA). The statistical comparisons were performed 
using either one-way analysis of variance or Student’s t-test. 
*P value ≤0.05; **P value <0.01; ***P value <0.005.

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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Results
De novo synthesis of GCs in HNSCC cells
ACTH triggers GC synthesis de novo from cholesterol. The 
cytochrome P450 enzymes CYP11A1, CYP17A1, HSD3B, 
CYP21A2, CYP11B1 and CYP11B2 catalyze the synthesis 
of the active GC cortisol (humans) or corticosterone (mice) 
(Figure 1A). We therefore determined the ability of human 
HNSCC cells to synthesize cortisol de novo. The HNSCC cell 
lines CAL27, SCC83, CA83, SCC15, UMSCC6, UMSCC22A 
and the normal oral epithelial cell, TE1177 were tested for 
expression of these enzymes after exogenous administration 
of ACTH for 24 h. It was observed that all the cell lines were 
capable of expressing the various enzymes involved in the de 
novo pathway at variable levels (Figure 1B). Next, we inves-
tigated potential changes in enzymes involved in de novo GC 
synthesis during oral carcinogenesis. F344 rats and C57BL/6 
mice were exposed to 4NQO using established oral carcino-
genesis protocols (24). Expression of de novo GC synthesis 
enzymes was determined by RT–qPCR. As observed in vitro, 
no significant changes in the enzyme levels of Cyp11a1, 
Cyp17b1, Cyp11b2 and Cyp21a2 were observed in 4NQO-
exposed groups (Figure 1C and D). Taken together these  
results suggests that although the de novo GC synthesis path-
way is viable in oral cancers cells, the enzymes associated with 
this pathway (Cyp11a1, Cyp11b2, Cyp21a2, Cyp17b1 and 
Hsd3b) are not severely altered during HNSCC.

Characterization of hydroxysteroid dehydrogenases 
expression and GC interconversion in HNSCC 
cell lines
Given that we did not observe significant differences in the 
enzymes involved in the de novo pathway between normal 
and cancer oral epithelial cells, we focused on the local inter-
conversion of GCs. Cortisone and 11-dehydrocorticosterone 
are the inactive forms of GC while cortisol and corticosterone 
are the active forms in humans and mice, respectively. The 
interconversion between the active cortisol to the inactive 
cortisone mediated by HSD11B2 while the reverse reaction 
from cortisone to cortisol is mediated by HSD11B1 (Figure 
2A). We first analyzed gene expression of HSD11B2 and 
HSD11B1 in our panel of human HNSCC and normal oral 
epithelial cell lines. We found that the HNSCC cell lines ex-
pressed HSD11B1 in low amounts whereas HSD11B2 was 
present in relatively higher yet at varying levels (Figure 2B). 
Gene expression of HSD11B2 was corroborated by expres-
sion of the HSD11B2 protein in CAL27, SCC83 and CA83 
cells (Figure 2C and Supplementary Figure 1A, available at 
Carcinogenesis Online). Given that CAL27 cells expressed 
sufficient and quantifiable amount of HSD11B2, we used 
this cell line for our further experiments. We next determined 
whether cortisol affects HSD11B2 levels in CAL27 cells. To 
do this, we incubated CAL27 cells with cortisol or cortisone 
for 24 and 48 h. We observed that the presence of cortisol or 
cortisone did not have significant effects on HSD11B2 gene 
and protein expression levels (Supplementary Figure 1B and 
C, available at Carcinogenesis Online).

HSD11B2 is downregulated during oral 
carcinogenesis in vivo
The expression of HSD11B2 is diminished in various can-
cers such as squamous cell carcinoma of the skin (9), colo-
rectal cancer (10) and ovarian cancer (31). Therefore, we 

analyzed HNSCC patients from The Cancer Genome Atlas 
(TCGA) database. Our analysis of 550 oral cancer patients 
from TCGA demonstrates that unlike HSD11B1 which has 
comparable expression between tumors and adjacent normal 
tissues (P = 0.565, Welch’s t-test), HSD11B2 expression is sig-
nificantly reduced in tumors compared with adjacent normal 
tissues (P = 0.0001, Welch’s t-test) (Figure 2D). These data cor-
roborate recent findings from Cirillo et al. (9) demonstrating 
significantly reduced HSD11B2 in patients with oral squamous 
cell carcinoma. Similarly, during experimental 4NQO-induced 
oral cancer, gene expression of Hsd11b2 was significantly  
downregulated in tongue tissue of carcinogen-exposed rats 
and mice, compared with non-carcinogen-induced control 
animals (Figure 2E and F). No notable difference was pre-
sent in the relative expression of Hsd11b1 (Figure 2E and F). 
Together, these results suggest that Hsd11b2 expression levels 
are down regulated during HNSCC in vivo.

Attenuation of HSD11B2 promotes tumor growth 
and invasion
In order to confirm the role of HSD11B2 on tumor cell 
malignancy, we transiently silenced the HSD11B2 gene in 
CAL27 and CA83 cells using HSD11B2 siRNA. siRNA me-
diated silencing was confirmed by RNA expression (Figure 
3A) A second siRNA construct was used to confirm efficient 
HSD11B2 knockdown (Supplementary Figure 2A, available 
at Carcinogenesis Online). Additionally, cortisol levels in the 
siRNA-treated HNSCC cells were significantly increased 
compared with cells treated with scrambled vector, confirm-
ing that knockdown of HSD11B2 results in increased cor-
tisol levels in HNSCC cells (Figure 3B). We found that the 
genes EGFR and VEGFA which play a role in the prolifer-
ation and angiogenesis of cancer cells, respectively, were 
significantly upregulated in the siRNA-treated CAL27 cells 
when compared with the cells treated with scrambled vec-
tor (Figure 3C and Supplementary Figure 2B, available at 
Carcinogenesis Online). We next investigated the functional 
effects of HSD11B2 knockdown on key hallmark features of 
HNSCC cancer cells CAL27 and CA83 such as proliferation 
and migration. Analysis of cell proliferation by Alamar Blue, 
indicated that HSD11B2 knockdown increased the rates of 
proliferation over time compared with CAL27 and CA83 cells 
treated with scrambled vector (Figure 3D and Supplementary 
Figure 2C, available at Carcinogenesis Online). After 48  h 
of HSD11B2 knockdown, a scratch assay was used to as-
sess the migratory capacity of CAL27 and CA83 HNSCC 
cells. We observed that knockdown of HSD11B2 increased 
HNSCC cell migration than the scramble mRNA-treated cells 
(Figure 3E and F and Supplementary Figure 2D, available at 
Carcinogenesis Online). Taken together these results show 
that inhibition of HSD11B2 increases cortisol levels and pro-
motes the tumorigenic abilities of cancer cells.

BRB-E enhances HSD11B2 expression and 
decreases tumorigenic properties in HNSCC cells
Previous studies by our group and others demonstrate the 
ability of BRB in inhibiting lesion growth in HNSCC (24). 
In order to determine if BRB exerts its anticancer effects 
by modulating the GC system in cancer cells, we tested 
its effect on the HSD11B2 expression. We tested an etha-
nol BRB-E on CAL27 cells to determine the optimal non-
lethal range. Non-lethal concentrations of 20 and 200 µg/

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data


32 Carcinogenesis, 2022, Vol. 43, No. 1

Figure 1.  De novo synthesis of GCs in HNSCC cells. (A) De novo biosynthesis of cortisol/corticosterone from cholesterol. (B) Gene expression analysis 
of CYP11A1, HSD3B, CYP21A2, CYP17A1 and CYP11B1 in CAL27, SCC83, CA83, SCC15, UMSCC6, UMSCC22A oral cancer cell lines and TE1177 
normal oral epithelial cell line, induced with ACTH (10 nM) for 24 h (N = 4 per group each from two independent experiments). Gene expression profile 
of the enzymes from the de novo synthesis pathway—Cyp11a1, Cyp21a2, Cyp17a1 and Cyp11b1 from 4NQO-exposed or control (C) F344 rats (N = 5–9 
per group) and (D) C57BL/6 mice (N = 5–7 per group). Data are presented as mean ± SE.
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ml (Supplementary Figure 3A, available at Carcinogenesis 
Online) were chosen for further analysis, which was also 
shown by previous studies (32,33). After 24 h of treatment 
with the chosen concentrations of BRB-E, we found that 

BRB-E could effectively increase the HSD11B2 mRNA levels 
at 20 and 200 µg/ml concentrations (Figure 4A). We further 
confirmed increased HSD11B2 protein expression by BRB-E 
at 20 µg/ml (Figure 4B). BRB-E also slightly decreased the 

Figure 2.  Characterization of hydroxysteroid dehydrogenases expression and GC interconversion during oral carcinogenesis. (A) Representation of the 
interconversion between cortisol and cortisone by HSD11B1 and HSD11B2. (B) RNA level expression of HSD11B1 and HSD11B2 in CAL27, SCC83, 
CA83, SCC4, SCC9, SCC15, UMSCC6, UMSCC22A oral cancer cell lines and TE1177 normal oral epithelial cell line (N = 4 per group each from two 
independent experiments). (C) Representative western blot showing the expression of HSD11B2 in CAL27, SCC83 and CA83 oral cancer cells along 
with quantification of the bands for HSD11B2 (N = 3 per group from two independent experiments). (D) mRNA normalized counts of HSD11B1 and 
HSD11B2 in tumors and adjacent normal tissues of 550 clinical oral cancer patients from TCGA data. Gene expression of Hsd11b1 and Hsd11b2 in 
tongues of 4NQO-exposed (E) F344 rats (N = 5–9 per group) and (F) C57BL/6 mice (N = 5–7 per group). Data are presented as mean ± SE *P < 0.05 
and ***P<0.001, respectively.

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
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cortisol levels in CAL27 cells (Figure 4C). These results sug-
gest that BRB-E modulates the GC system by upregulating 
HSD11B2 and subsequent inhibition of cortisol in HNSCC 
cells. Next, we investigated if the increase in HSD11B2 is 
associated with modulation of proliferation and apoptosis 
in HNSCC cells. We found that BRB-E treatment resulted in 
a significant decrease in the expression of proliferating cell 
nuclear antigen (PCNA) which plays a pivotal role in oral 
cancer proliferation (34) (Figure 4D). BRB-E also signifi-
cantly decreased the antiapoptotic gene BCL2 thereby con-
tributing to the promotion of cell death in CAL27 HNSCC 
cells (Figure 4E). There was also a significant increase in 
the expression of the tumor suppressor gene, CDKN1A in 
CAL27 cells treated with BRB-E (Figure 4F). These results 
thus suggest that HNSCC chemoprevention by BRB-E is as-
sociated with increased HSD11B2 and subsequent reduction 
in cortisol levels.

BRB regulates the GC pathway in 4NQO-induced 
oral carcinogenesis in vivo
Previous studies from our laboratory analyzed urine sam-
ples from carcinogen-exposed rats fed either control diet, or 
diets supplemented with 5% BRB. Predicted pathway activity 
profiles based on the pathway analysis of our LC–MS data 
as determined by Mummichog (MetaboAnalyst) revealed 
that steroid hormone biosynthesis was the most significantly 
modulated metabolic pathway (P < 0.0005) (20). These data 
further support our hypothesis that BRB modulates active 
GC levels during oral carcinogenesis. To confirm our in vitro 
data and more clearly define the impact of BRB administra-
tion in in vivo oral cancer models, we further analyzed tongue 
samples from control or 4NQO-induced rats fed with regular 
diet or BRB supplemented diet in our previously conducted 
chemoprevention study (24). First, we analyzed the expres-
sion of genes involved in GC biosynthesis and interconversion 

Figure 3.  Attenuation of HSD11B2 promotes tumor growth and invasion. (A) Confirmation of HSD11B2 knockdown in siRNA-treated CAL27 and CA83 
cells by RT–qPCR. (B) Quantification of cortisol in siRNA-treated CAL27 and CA83 cells by ELISA. (C) Gene expression analyses of Egfr, VegfA in 
scrambled control or siRNA-treated CAL27 cells. (D) Percentage of proliferation of the siRNA-treated CAL27 and CA83 cells as assessed by Alamar Blue 
assay. (E) Representative images of in vitro scratch assay upon treatment of CAL27 and CA83 cells with siRNA showing time dependent gap closure. 
(F) Plot of percent migration. For all experiments, error bars represent standard error of the mean (SEM) from n = 5 biological samples per group each 
from two independent experiments; *P < 0.05, **P < 0.01 and ***P < 0.005 for comparisons between control and siRNA-treated cells using Student’s 
t-test.
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in tongue tissues of the various rat groups. Gene expression 
levels of Cyp11a1, Cyp11b1 and Cyp11b2 were not sig-
nificantly altered by administration of BRB (Supplementary 
Figure 3C, available at Carcinogenesis Online). Expression 
of Hsd11b1 was unchanged, but Hsd11b2, which was 
downregulated in 4NQO-exposed rats fed normal diet, were 
restored to physiological levels in 4NQO-exposed rats fed 5% 
BRB supplemented diets (Figure 5A). Immunohistochemical 
analysis of the tongue lesions further showed that BRB diets 
significantly increased the protein expression of Hsd11b2 but 
not Hsd11b1 in the 4NQO-exposed rats fed BRB diet com-
pared with 4NQO-exposed rats fed normal diet (Figure 5B).

Next, to confirm results with our rat model, we analyzed 
effects of BRB administration in a mouse model of oral cancer 
chemoprevention. Administration of a 5% BRB diet to 4NQO 
carcinogen-induced mice resulted in a moderate but significant 
reduction in tumor lesion incidence and multiplicity (Figure 
5C) Gene expression and immunohistochemical analysis dem-
onstrated a significant increase in Hsd11b2 but not Hsd11b1 
levels of 4NQO-exposed mice fed BRB supplemented diet 
compared with 4NQO-exposed mice fed control diet (Figure 
5D and E). Similar to our rat chemoprevention model, gene 
expression levels of Cyp11a1, Cyp11b1 and Cyp11b2 re-
mained unchanged (Supplementary Figure 3D, available at 
Carcinogenesis Online). In further support of BRB mediated 
modulation of Hsd11b2, the increased corticosterone levels 
observed in 4NQO-exposed mice fed control diet was reduced 
in 4NQO-exposed mice fed 5% BRB diet (Figure 5F). In  

summary, our data suggest that BRB chemoprevention of 
HNSCC is associated with a reduction in active GC levels in 
the oral mucosa, mediated by increased levels of HSD11B2.

Discussion
Our study demonstrates the role of oral GC system in the pro-
gression of HNSCC malignancy. In particular, it reveals how 
the expression of HSD11B2 is altered in HNSCC tumor cells, 
and is linked to the enhancement of tumorigenic properties. 
The key observations made in this study are (i) HSD11B2 is 
downregulated during oral cancer progression, resulting in in-
creased cortisol levels; (ii) knockdown of HSD11B2 promotes 
increased tumorigenic properties of HNSCC cancer cells and 
(iii) BRB mediated chemoprevention of HNSCC is associated 
with increased HSD11B2 levels and concomitant reduction of 
active GC levels in vitro and in vivo. Our proposed model based 
on our data on the effects of active GC on oral carcinogenesis 
and mechanisms underlying BRB mediated modulation of GC 
during oral cancer chemoprevention is shown in Figure 6.

Our finding of downregulation HSD11B2 in HNSCC cells 
is supported by previous studies on reports (31,35). We ob-
served that different HNSCC cell lines displayed different levels 
of HSD11B2 expression, suggesting that the involvement of 
HSD11B2 and the GC pathway on tumor development might 
vary, depending on the molecular landscape and mutational char-
acteristics of the specific HNSCC. Together with our analysis of 
HSD11B2 expression in clinical HNSCC patients from TCGA 

Figure 4.  BRB-E enhances HSD11B2 expression and decreases tumorigenic properties in HNSCC cells. (A) RT–PCR analysis of HSD11B2 in control or 
BRB-treated samples. (B) Representative western blot image depicting the HSD11B2 protein levels in CAL27 cells treated with BRB-E—20 and 200 µg/
ml, along with quantification of HSD11B2 band intensity. (C) Cortisol levels in conditioned media of control or BRB-E-treated CAL27 cells for 24 h as 
assessed by ELISA. Gene expression analysis of (D) PCNA, (E) BCL2 and (F) CDK1A in CAL27 cells treated with different concentrations of BRB-E for 
24 h. All data are presented as mean ± SE from two independent experiments (N = 6 samples per group). *P < 0.05, **P < 0.01 and ****P < 0.0001 
for comparisons between control, 20 and 200 µg/ml of BRB-E.

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab118#supplementary-data
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data, we conclude that Hsd11b2 expression is inversely correl-
ated with tumor development in preclinical and clinical HNSCC.

To clearly delineate the impact of reduced levels of 
HSD11B2 in HNSCC cells, we transiently silenced the gene 
using siRNA. CAL27 cells deficient in HSD11B2 demon-
strate increased ability to proliferate and migrate which 
could be prompted by the elevated expression of EGFR and 
VEGFA. siRNA mediated silencing of CA83 cells showed simi-
lar effects as in CAL27 cells. Additionally, the cortisol levels 
were notably higher following HSD11B2 silencing in CAL27 
and CA83 cells confirming that low levels of HSD11B2 drives 
cancer malignancy. Taken together, our results demonstrate 
that HSD11B2 plays a critical role in modulating active GC 
levels, and subsequent tumorigenic properties in HNSCC 
cells. This also suggests that chemopreventive or therapeutic 

approaches that increase HSD11B2 levels and reduce active 
GC in the HNSCC tumor microenvironment can potentially 
improve HNSCC tumor outcomes.

Antitumor T-cell mediated responses play a vital role in re-
stricting tumor growth in HNSCC (36,37). Previous work 
showed that tumor-derived GCs could suppress T-cell activation 
which in turn could lead to tumor progression (9,11). Another 
recent report further showed that active GC in the tumor 
microenvironment negatively regulates CD8+ T-cell effector 
differentiation and leads to the development of dysfunctional 
CD8+ tumor infiltrating lymphocytes (38). Mechanistically, GC 
signaling in CD8+ T cells promotes the expression of checkpoint 
receptor expression including PD-1, TIM3 and LAG3, thereby 
promoting T-cell exhaustion. This suggests that increasing 
localized cortisol levels in the tumor microenvironment  

Figure 5.  BRB regulates the GC pathway in 4NQO-induced oral carcinogenesis in vivo: (A) Gene expression profiles of Hsd11b1 and Hsd11b2 in 
4NQO-exposed rats fed normal diet or 5% BRB diet. (B) Representative histological images of tongue lesions showing HSD11B1 and HSD11B2 from 
tumor bearing rats, fed control diet or BRB supplemented diet. Graph showing intensity of HSD11B1 and HSD11B2 staining is also shown. (C) Lesion 
multiplicity in 4NQO-exposed mice fed normal diet or BRB supplemented diet. (D) Gene expression profiles of Hsd11b1 and Hsd11b2 in 4NQO-exposed 
mice fed normal diet or 5% BRB supplemented diet. (E) Analysis of corticosterone levels from non-4NQO-exposed or 4NQO-exposed mice fed normal 
diet or BRB supplemented diet. (F) Representative histological images of tongue lesions showing HSD11B1 and HSD11B2 from tumor bearing mice, 
treated with control diet or BRB diet. Graph showing intensity of HSD11B1 and HSD11B2 staining is also shown. All images were taken at ×200 
magnification. Quantification of graphical images were taken from at least three fields with N = 3–5 animals per group. *P < 0.05, **P < 0.01 and 
***P < 0.005 for comparisons between 4NQO and 4NQO + BRB-treated group.
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by downregulation of HSD11B2 is an immune evasion mech-
anism exploited by HNSCC cells to inhibit antitumor immune 
responses. Given that T cells express the receptor for active 
GC (NR3C1), future work will determine whether blocking 
this interaction will inhibit the immunosuppressive effect ex-
erted by HNSCC cells on antitumor infiltrating CD8+ T cells. 
Further, the use of inhibitors of GC signaling could potentiate 
the efficacy of checkpoint inhibitors in HNSCC treatment.

It should be noted that some reports demonstrate an op-
posite effect of HSD11B2 in carcinogenesis, where the in-
creased levels of HSD11B2 promote proliferation and tumor 
progression as a result of reduced GCs (31,39). In ovarian 
cancer, the anti-inflammatory effect of cortisol in patients 
with low HSD11B2 activity was demonstrated to have a 
cancer inhibitory effect, while decreased cortisol levels due 
to increased HSD11B2 activity was suggested to play a role 
in tumor proliferation (31). Another recent report suggests 
that HSD11B2 expression promotes the invasiveness and me-
tastasis of colorectal cancer cells in vitro and in vivo (39). 
These inconsistencies with other studies could be due to the 
distinct molecular mechanisms that govern malignant trans-
formation in various types of cancer. It should be noted that 
while Chen et al. (39) overexpressed HSD11B2 in their cells 
while we knocked down HSD11B2 using siRNA approaches. 
However, these studies highlight the importance of additional 
work that clearly defines the role of GC enzymes in cancer cell 
development, metastasis and antitumor immune responses.

The use of GC in patients with oral premalignancies is com-
mon practice (15,40). Indeed, topical corticosteroids (such as 
the potent and long-acting GC dexamethasone) are considered 
as first-line therapy in the treatment of oral premalignant lesions 
for symptomatic control. Specifically, GC is used in (i) patients 
with the inflammatory oral disease oral lichen planus (which 

affects 1–2% of the world population and has a propensity to 
progress to fully evolved oral squamous cell carcinoma in up 
to 5% of cases) (41,42), (ii) oral cancer patients that have been 
treated with chemotherapeutic drugs to address side effects such 
as fatigue, weight loss and vomiting (15,43) or (iii) the miti-
gation of pain and other symptoms associated with oral can-
cer pathology. Results from this study and other recent reports, 
challenge the existing paradigm on the use of synthetic GCs in 
the management of HNSCC and other solid tumors (44,45).

Previous studies by our group have successfully established 
the chemopreventive effect of BRB in the rat 4NQO oral can-
cer model (24). It was shown that reduction of oral lesions in 
rats fed BRB correlated with a decrease in proinflammatory 
and antiapoptotic markers. Further, LC–MS analysis of urine 
samples from this cohort indicated that BRB administra-
tion significantly modulated the steroid metabolism pathway 
during HNSCC chemoprevention (20). This led us to further 
investigate the effect of BRB on enzymes and metabolites in-
volved in GC synthesis and interconversion during HNSCC 
chemoprevention. Our results reveal specific modulation of the 
GC inactivating enzyme HSD11B2, by BRB phytochemicals. 
Specifically, BRB significantly increased the HSD11B2 levels in 
CAL27 HNSCC cells, with a concomitant reduction in corti-
sol levels. In these cells, we also observed a significant decrease 
in the expression of the proliferation and antiapoptotic bio-
markers. While these results do not necessarily indicate that 
anticancer effects of BRB phytochemicals are mediated by 
modulation of HSD11B2, it does present that possibility. We are 
currently investigating whether modulation of HSD11B2 is a 
major mechanism of BRB mediated HNSCC chemoprevention.

Our in vitro results on BRB mediated modulation of the 
GC pathway were further corroborated in vivo by dietary 
BRB administration on 4NQO carcinogen-induced HNSCC 

Figure 6.  Graphical illustration of the effect of BRB on GC system during oral carcinogenesis: Low expression of HSD11B2 results in increased 
cortisol levels during oral carcinogenesis, which drives cancer cell proliferation and invasive potential. BRB administration promotes the upregulation of 
HSD11B2 which inactivates active cortisol to cortisone, thereby diminishing oral cancer progression.
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animal models. In our previously conducted rat study (24), 
our immunohistochemical analyses of tongue sections show 
that dietary BRB administration significantly increases the 
Hsd11b2 levels in the carcinogen-induced animals. These re-
sults can be correlated to the reduction in antiapoptotic and 
cell cycle associated markers with BRB administration (24). 
We also observed significant increases in Hsd11b2 protein 
in tongues of carcinogen-induced mice fed with a BRB sup-
plemented diet compared with carcinogen-induced mice fed 
control diet as detected by immunohistochemistry. There was 
also a concomitant decrease in the corticosterone levels in 
our mouse oral cancer chemoprevention models.

A number of questions remain regarding the involvement 
of HSD11B2 in BRB mediated chemoprevention of HNSCC, 
and the specific bioactive phytochemicals in BRB that modu-
late the GC pathway. These ongoing studies are essential to 
the development and application of BRB-derived bioactive 
phytochemicals for use in HNSCC chemoprevention strat-
egies. The use of natural alternatives that not only reduce in-
flammation, but also modulate GC metabolism in a manner 
that reduces tumor development can potentially be applied 
to clinical HNSCC chemoprevention and treatment. These 
phytochemicals that upregulate HSD11B2 levels in cancer tis-
sues can potentially improve patient tumor outcomes (35).

In summary, our study provides a comprehensive under-
standing of the effect of the oral GC system and the impact of 
its dysregulation in HNSCC. This is the first report showing 
the effect of BRB phytochemicals on the oral GC system, and 
HSD11B2 during HNSCC (Figure 6). Potential applications 
of HSD11B2 as a biomarker for HNSCC malignancy, and 
chemopreventive efficacy are supported by the results of this 
work. These findings also challenge the use of synthetic GCs in 
HNSCC or other cancer management, and support the use of 
natural product alternatives that potentially modulate GC me-
tabolism in a manner that supports HNSCC chemoprevention.
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