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Introduction

While mantle cell lymphoma (MCL) is characterized by a nearly 80% male predominance, 

the biological underpinnings of this observation are unknown.[1] Sex-steroid receptors are 

widely expressed in the hematopoietic system and directly influence hematopoietic 

differentiation and activity: androgen exposure down-regulates NK cells/macrophages in 
vitro, while estrogen exposure enhances differentiation of antigen presenting cells and 

expansion of regulatory T-cells [2–5] Sex-related differences in receptor expression include 

higher AR expression in leukocytes and macrophages from male donors [6–8]. Notably, 

disease-specific differences include hypermethylation of AR in follicular and some diffuse 
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large B cell lymphomas (DLBCL), whereas in MCL AR is unmethylated allowing gene 

transcription [9–13].

We hypothesized that the male-biased incidence of MCL may reflect sex-related differences 

in AR signaling during MCL lymphomagenesis and that AR may represent a unique 

therapeutic target. We evaluated AR expression in MCL cell lines and human specimens, 

and determined whether the potent AR antagonist enzalutamide inhibited MCL proliferation.

Methods

Cell lines and human MCL specimens

All studies were approved by the institutional review board of the Hutchinson Center. 

Prostate cancer (PCa) and MCL cell lines were obtained from American Type Culture 

Collection (ATCC, Rockville, Maryland, USA). Buffy coat RNA was isolated from three 

MCL patients with circulating tumor cells for analysis of AR transcript expression. Formalin 

fixed samples from twelve archival MCL tumor specimens were obtained for AR 

immunohistochemistry (IHC).

RNA Isolation, quantitative RT-PCR and immunohistochemistry

RNA isolation, quantitative real time PCR (qRT-PCR), and IHC staining for AR (clone 

C-19, Santa Cruz Biotechnology, Dallas, TX) were carried out as previously described [14, 

15]. Fold changes were determined by the 2−ΔΔCT method [16].

Proliferation assays

Cells were brought up in serum free media (DMEM/F12 with 5% charcoal-stripped FBS) 

and incubated under standard culture conditions (37°C with 5% CO2) for 24 hours before 

being plated in triplicate in serum free media at 0.25×106 cells/ml with the AR antagonist 

enzalutamide (10uM), the synthetic AR agonist R1881 (1nM) or the combination for 96 

hours. Proliferation was quantified using the CyQUANT Assay Kit (Thermo-Fisher). 

Confirmatory experiments were repeated over a dose range of enzalutamide, and the 

influence of 10uM enzalutamide was evaluated over a dose range of R1881 using the 

CellTiter 96 Aqueous Cell Proliferation Assay Kit (Promega).

Statistical analysis

Unpaired t tests were used to compare AR expression in MCL vs non-MCL or PCa cell 

lines, and to compare mean levels of proliferation in cell lines treated with enzalutamide or 

R1881. Correlation of AR and PSA expression was assessed by Spearman rank correlation. 

P-value <0.05 was considered significant.

Results and Discussion

Androgen receptor (AR) expression in MCL cell lines and human tumors

We quantified AR expression in seven MCL and three non-MCL B-NHL lines. The median 

difference in cycle threshold (dCT) for AR (normalized to the housekeeping gene RPL13A) 

was −12 in MCL lines vs −18 in non-MCL lines (p=0.006, Figure 1A–1B), representing a 
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64-fold higher level. AR in MCL lines was considerably lower than in AR-positive PCa lines 

(LNCaP and VCaP, p=<0.0001), yet clearly higher than AR-negative PCa cells (PC3 and 

DU145, median dCT −17, p= 0.0048).

Expression of the canonical AR-regulated target gene, PSA (Figure 1A) and the tight 

correlation of PSA with AR (r=.715, p=0.001, Figure 1C) suggest AR expression within 

these MCL lines is capable of driving transactivation of target genes.

We next interrogated a limited number of frozen patient-derived MCL tumor cells. Two of 

three patients had AR and PSA levels similar to the MCL lines, while one was more similar 

to AR-negative PCa and non-MCL NHL lines (Figure 1D). As before, PSA and AR levels 

tracked together. A range of AR expression was also observed in biopsies from twelve 

patients (clinical characteristics summarized in Supplementary Table S1), ranging from no 

staining (patients 1–3), to predominantly cytoplasmic AR staining of uncertain significance 

(patients 4–7), to varying degrees of scattered nuclear AR staining (patients 8–12) (Figure 

1E). There was no consistent association between AR expression and patient sex.

Impact of androgen-axis blockade on MCL proliferation

Treatment of four AR-positive MCL lines with the potent anti-androgen enzalutamide 

(10uM, similar to serum levels achieved with therapeutic dosing) showed statistically 

significant suppression in three lines (Grants, Jeko-1, Maver-1) with a trend toward 

significance in the fourth (Rec-1; p=0.16), while AR-negative Ramos cells showed no 

change (p=0.92) (Figure 2A)[17]. The AR agonist R1881 did not stimulate MCL growth (in 

contrast to stimulation of LNCaP growth), suggesting a possible ligand-independent 

function of AR in these cell lines, as has been reported in PCa cells [18].

Notably, concurrent presence of R1881 did not dampen the suppressive effect of 

enzalutamide on MCL proliferation (Figure 2B), suggesting that circulating androgen levels 

in male patients (12–25nM for testosterone) would not abrogate activity of enzalutamide in 
vivo. Importantly, most MCL cells lines (but not Ramos) showed a dose-dependent response 

to AR inhibition (Figure 2C) that was maintained over a wide androgen concentration (0.1–

100uM, Figure 2D). Of the four MCL lines evaluated, Jeko-1 is derived from a female donor 

and demonstrated a robust response to AR inhibition, suggesting possible anti-tumor 

efficacy in both male and female patients.

This first report of AR activity in MCL is hypothesis generating. Many questions remain 

regarding the potential role of AR in MCL pathogenesis and AR-associated inhibition of 

MCL proliferation. The ectopic expression of cyclin D1 in MCL is unlikely to be involved in 

driving AR activity, as the primary Cyclin D isoform in MCL tumors is D1a which 

negatively regulates AR activity [19].

The behavior of established MCL cell lines may not accurately reflect developmental 

pathobiology. Thus, while proliferation of MCL lines in vitro was not stimulated by ligand-

mediated AR activation this does not preclude an influence of circulating androgens on 

tumor pathogenesis in male patients. Conversely, while gender-related differences favoring 

AR activity may underlie the male predominance of this disease, this does not preclude the 
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possibility that AR activity plays a role in female MCL patients, as suggested by sensitivity 

of the female-derived Jeko-1 cells to enzalutamide.

Castration resistant prostate tumors express AR splice variants (ARVs) which lack the ligand 

binding domain (LBD), rendering them resistant to enzalutamide which binds AR in the 

LBD [20, 21]. We did not detect transcripts encoding the common AR variant 7 (ARv7) in 

MCL cell lines or in circulating MCL tumor cells (data not shown), and the MCL lines were 

clearly responsive to enzalutamide. However, ARVs in human MCL tumors could associate 

with a lack of response or development of resistance to enzalutamide.

Like other NHL, MCL cell lines and human tumors express both alpha and beta estrogen 

receptors (Figure S1)[7, 22, 23]. While inhibition of MCL proliferation by enzalutamide 

may occur via direct AR inhibition, it may also occur indirectly via inhibition of AR cross-

talk with other steroid receptors such as ER, as observed in breast cancer models [24, 25].

Our studies show that AR is expressed in MCL cells and that AR-axis blockade yields 

reproducible suppression of MCL proliferation in vitro. The range of AR expression in 

human tumor samples suggests the hypothesis that targeting the AR-axis may have clinical 

efficacy in a subset of MCL patients, leading to initiation of an NCCN-supported pilot study 

of enzalutamide in patients with relapsed or refractory MCL (NCT02489123). Should 

enzalutamide show efficacy, understanding mechanisms of response and resistance will be 

critical for optimizing patient selection and designing combination treatment strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Androgen receptor (AR) expression is increased in mantle cell lymphoma 

(MCL)

2. AR-axis blockade with enzalutamide results in suppression of MCL 

proliferation

3. AR-axis blockade may be a novel treatment strategy in MCL; clinical trials 

are ongoing
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Figure 1. Expression of the androgen receptor (AR) in MCL cell lines and tumors
(A) Transcript expression of AR and the androgen-regulated gene PSA were measured by 

quantitative RT-PCR in each of the indicated prostate cancer (PCa), MCL, and non-MCL 

lymphoma cell lines (SUDHL4 (DLBCL), FL18 (follicular), and Ramos (Burkitt’s)). Data 

are represented as the difference in cycle thresholds (dCT) of AR or PSA vs the 

housekeeping gene RPL13A. (B) Box and whisker plot of the median AR expression in the 

AR positive and AR negative PCa cells compared to the MCL and non-MCL lymphoma cell 

lines. Horizontal lines indicate median values; white boxes denote the 75th (upper margin) 
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and 25th percentiles (lower margin). Upper and lower bars indicate minimum and maximum 

values, respectively. Unpaired t tests were used to assess significance. (C) Spearman rank 

correlation between transcript levels of AR and PSA in the MCL and non-MCL lymphoma 

cell lines. (D) Box and whisker plot of the median AR and PSA expression in frozen tumor 

cells from three MCL patients. (E) Expression of AR by IHC in formalin fixed tumor 

biopsies from male and female (cases 1, 3 and 9) MCL patients. Samples 10–12 were 

stained without the hematoxylin counterstain to better appreciate nuclear staining. Images 

acquired with an Aperio Scanscope AT Turbo microscope using a Basler L301KC camera at 

20× magnification (resolution 0.50 um/pixel). Scale bar = 100um.

Mostaghel et al. Page 8

Exp Hematol. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Response of MCL cell lines to androgen receptor inhibition
(A) Proliferation of the LNCaP prostate cancer cell line, the Ramos Burkitt’s cell line, and 

the Granta, Jeko-1, Rec-1 and Maver-1 MCL cell lines plated in charcoal stripped serum for 

96 hours in the absence or presence of enzalutamide (10uM). Data are representative of 3 

independent experiments. (B) Proliferation of the same cell lines in the presence of the 

synthetic androgen agonist R1881 (1nM) or the combination of R1881 and enzalutamide 

(10uM). (C) Proliferation of the indicated cell lines over a dose response of enzalutamide. 

(D) Proliferation of the Granta, Jeko-1 and Rec-1 MCL cell lines over a dose response of 
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R1881 in the absence or presence of enzalutamide (10uM). Unpaired t tests were used to 

assess significance.
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