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Abstract

Ubiquitin specific protease 26 (USP26), a deubiquitinating enzyme, is highly expressed early during murine
spermatogenesis, in round spermatids, and at the blood-testis barrier. USP26 has also been recognized as a regulator of
androgen receptor (AR) hormone-induced action involved in spermatogenesis and steroid production in in vitro studies.
Prior mutation screening of USP26 demonstrated an association with human male infertility and low testosterone
production, but protein localization and expression in the human testis has not been characterized previously. USP26
expression analysis of mRNA and protein was completed using murine and human testis tissue and human tissue arrays.
USP26 and AR mRNA levels in human testis were quantitated using multiplex qRT-PCR. Immunofluorescence colocalization
studies were performed with formalin-fixed/paraffin-embedded and frozen tissues using primary and secondary antibodies
to detect USP26 and AR protein expression. Human microarray dot blots were used to identify protein expression in extra-
gonadal tissues. For the first time, expression of USP26 and colocalization of USP26 with androgen receptor in human testis
has been confirmed predominantly in Leydig cell nuclei, with less in Leydig cell cytoplasm, spermatogonia, primary
spermatocytes, round spermatids, and Sertoli cells. USP26 likely affects regulatory proteins of early spermatogenesis,
including androgen receptor with additional activity in round spermatids. This X-linked gene is not testis-specific, with
USP26 mRNA and protein expression identified in multiple other human organ tissues (benign and malignant) including
androgen-dependent tissues such as breast (myoepithelial cells and secretory luminal cells) and thyroid tissue (follicular
cells). USP26/AR expression and interaction in spermatogenesis and androgen-dependent cancer warrants additional study
and may prove useful in diagnosis and management of male infertility.
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Introduction

Infertility affects up to 15% of couples, and it is estimated that

approximately 50% of cases involve some degree of male factor

infertility. Male factor infertility may be attributed to genetic

defects in up to 30% of cases. Wang et al. initially identified X-

linked genes expressed exclusively in the testis, and USP26 has

been previously considered to be testis-specific[1]. Ubiquitin

specific protease 26 (USP26) is an X-linked gene located at

Xq26.2 with a single exon encoding a 93 kDa protein. USP26 is

part of a larger family of deubiquitinating enzymes (DUBs), which

have high levels of substrate specificity expression [2-4].

Ubiquitination regulates cell proliferation and function through

proteasome 26 and other systems [5]. Deubiquitination, an

opposing process, can prevent structural and regulatory proteins

from undergoing degradation. The delicate balance between

ubiquitination and deubiquitination is essential for cellular

function. Each phase of mammalian spermatogenesis necessitates

different activities of the ubiquitin system[6,7]. Adult murine

models indicate that USP26 is highly expressed in spermatogonia

types A and B, pre-leptotene spermatocytes, round spermatids,

and at the blood-testis barrier[8]. USP26 protein localization and

expression in the human testis, however, has not been well

characterized[8–13].

Our group and others have described specific mutations in

USP26 which are associated with male infertility; however the

mechanism of how such mutations modulate testicular function is

unknown [10,12,14–17]. In one of the most comprehensive single

nucleotide polymorphism (SNP) studies based on a genome wide

association study and published male infertility genes, 147 SNPs

were evaluated and 14 had significant association with male

infertility including USP26 (rs35397110)[18].

PLOS ONE | www.plosone.org 1 June 2014 | Volume 9 | Issue 6 | e98638

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0098638&domain=pdf


Based on mutational screening-phenotype analysis we hypoth-

esize that USP26 plays a critical role in the regulation of early

stages of maturation including mitotic divisions of spermatogonia

or migration of primordial germ cells, as mutations in USP26

occur in patients with Sertoli cell only syndrome and early

maturation arrest[10,12]. USP26 may also be involved with

regulation of protein turnover (such as histone removal) prior to

meiosis as well as the movement of germ cells across the blood-

testis barrier.

Recent discovery that USP26 regulates androgen receptor (AR)

transcriptional activity provides additional support for the role of

USP26 in spermatogenesis, Leydig cell steroidogenesis and Sertoli

cell factor secretion[19–21]. The binding of testosterone or its

metabolite 5a-dihydroxytestosterone (DHT) to AR induces loss of

heat shock proteins, receptor dimerization, promoting AR to bind

to its response elements in the nucleus and to recruit coregulators

to promote target gene expression. Androgen receptor coregula-

tors are recruited by AR and assure the ability of AR to influence

gene expression by modulating AR folding, AR stability, and

subcellular localization[22]. A loss-of-function screen in AR

signaling was conducted by Dricac et al., which identified

USP26 as a novel regulator of hormone-induced AR signaling,

binding nuclear AR and reversing AR ubiquitination (the result of

hormonal stimulation). USP26 inhibition in the presence of

androgen stimulation consistently represses hormone induced-

AR target gene expression.

Disrupted regulation of AR signaling has been described in the

development and progression of multiple cancers including

testicular cancer, breast, and thyroid cancer. Given USP26

interaction with the androgen receptor, we conducted this study

to characterize USP26 as a potential target affecting human

testicular function and fertility and androgen-dependent cancers.

Methods

Ethics Statement
This research study including human and animal tissue, has

been approved by Weill Cornell Medical College IRB (IRB

1209013045 and IRB 1202012193 and IRB 0102004794) in

accordance with principles of the Declaration of Helsinki. Written

informed consent from the donor or next of kin was obtained for

use of human tissues samples for research when possible. If

patients were lost to follow-up, the Weill Cornell Medical College

IRB waived the need for consent. Tissue samples were collected in

accordance with Weill Cornell Medical College Department of

Pathology (http://www.cornellpathology.org) protocols approved

by the IRB. All animal tissue procedures were approved by the

Weill Cornell Medical College IRB according to the Cornell

Institutional Animal Care and Use Committee (IACUC). Mice

were cared for according to Cornell IACUC principles and the

Guiding Principles for Biomedical Research Involving Animals.

Identification of antibody for USP26/Cloning vectors
To test specificity of commercial anti-USP26 antibody, the

USP-26-GST vector was first constructed and then expressed by

our group for further analysis using western blot. Wild type USP26

has been subcloned into pF1K and pFN2A GST Flexi vectors,

sequenced and co-expressed in BL21 (DEC3) E. coli together with

a classic substrate for deubiquitinating enzymes (Ub-b-galactosi-

dase) (Figure 1) [23,24]. Conjugated Ub-b-galactosidase plasmid

(provided by Dr. Hochstrasser, Yale University- original constructs

of pACUb-R-b-gal and pACUb-M-b-gal are based on the

pACYC184 plasmid) was linearized using Ahd I and subsequently

cDNA of Ub-R-b-gal and Ub-M-b-gal was formulated using PCR

and SgfI and PmeI site-specific overhanging primers. The human

cDNA was subcloned into described vectors and transformed into

BL21(DE3) E. coli strain. The original vectors were subcloned in

plasmid for use in deubiquitination assays and immunodetection.

The transformant was grown on kanamycin selected LB plates

with X-gal. Those colonies were selected and the presence of

constructs verified by sequencing.

Real-Time PCR
Evaluation of mRNA USP26 expression using quantitative

PCR. Quantitative PCR was performed using cDNA synthe-

sized from total RNA obtained from benign and malignant frozen

tissue from normal testis (2 healthy males with normal spermato-

genesis), thyroid cancer (3 males, and 2 females with papillary

thyroid carcinoma), and breast cancer (5 females with ductal

breast carcinoma). Frozen tissue identified by a single pathologist

was weighed, thawed, and homogenized. Total RNA was obtained

using Exiqon miRCURY RNA Extraction Kit (Roche Diagnos-

tics, Exiqon). RNA concentration was measured via Qubit

fluorometer (Life Technologies) and purity and RNA integrity

were confirmed (Agilent Bioanalyzer). cDNA was synthesized from

1 mg of purified total RNA using the Transcriptor First Strand

cDNA Synthesis Kit (Roche Diagnostics, Indiana) with random

hexamer primers. cDNA was subsequently stored at -20 degrees

Celsius until utilized. USP26 and AR mRNA levels were measured

using dual-color multiplex qRT-PCR with the Universal Probe

Library (UPL) hydrolysis probe set on Roche LightCycler 480

instrument (Roche Diagnostics, Indiana). TATA-binding protein

(TBP) served as the housekeeping gene for relative quantification

experiments due to consistent and reliable TBP expression in

testis, breast, and thyroid samples. TBP has been recognized to be

an ideal housekeeping gene for thyroid studies[25].

Multiplex assays were designed with the UPL Assay Design

resource (http://www.roche-applied-science.com/webapp/wcs/

stores/servlet/CategoryDisplay?catalogId = 10001&tab = &identifier

= Universal+Probe+Library&langId = -1&storeId = 15016#tab-0).

Universal Probe Library permits optimal design of real time PCR

experiments with increased specificity. USP26 was detected with

the forward and reverse primers (0.8 mM) L-CGATGA-

TATGCGGGTGTTAG and R-GTACCCAGTGCAACGCC-

TAT with UPL probe #79. AR was detected with the forward

and reverse primers (0.6 mM) L-GCCTTGCTCTCTAGCCT-

CAA and R-GTCGTCCACGTGTAAGTTGC with UPL

Figure 1. USP26 pF1K and pFN2A GST Flexi Vectors. Adapted
from pF1KT7 Flexi Vector map with sequence reference points
(Promega: Madison, WI)
doi:10.1371/journal.pone.0098638.g001
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probe#14. TBP mRNA was detected using Human TBP Gene

assay (Roche Diagnostics).

All qRT-PCR reactions incorporated identical total RNA

quantity, and all reactions were performed in duplicate using 96-

well plates. Each 20 ul reaction mixture contained 1x Lightcycler

480 Probes Master Mix (Roche Diagnostics), 1 mL cDNA, UPL

probe (200 nmol/l), TBP probe (100 nmol/l), and forward and

reverse primers for USP26#79 and TBP or AR#14 and TBP

(Roche Diagnostics). Each run included denaturation at 95uC for 5

minutes, followed by 45 cycles of 95uC for 10 seconds, and 60oC

for 30 seconds, followed by a cooling cycle to 55oC. Fluorescence

versus cycle number curves for each sample were converted to log-

linear curves, and crossing points were analyzed using the second

derivative maximum method of Roche LightCycler software.

Amplification of the specified fragment was confirmed by gel

electrophoresis. RNA expression was normalized to expression of

the housekeeping gene TBP. USP26/TBP and AR/TBP expres-

sion ratio was calculated using LightCycler 480 software (Roche

Diagnostics) for relative quantification. Standard curves were

generated (via triplicate multiplex RT PCR reaction) for each

target (USP26, AR) and reference (TBP) gene using serial 5-fold

dilutions of cDNA from a patient with normal spermatogenesis for

PCR efficiency corrections in all relative quantification analysis.

Software application of PCR efficiency corrections were based on

the standard curves for USP26 (1.8), AR (1.81), and TBP (1.7).

Since USP26 is intron-less, every amplification run was performed

with negative control (no reverse transcriptase) to exclude genomic

amplification.

Immunofluorescence (IF)
Formalin-fixed/paraffin-embedded and frozen normal testis

tissue as well as formalin-fixed/paraffin-embedded benign/malig-

nant breast and thyroid tissue were utilized for analysis. Multi-

channel IF with antibodies against USP26 (rabbit polyclonal IgG,

Ab101650, Abcam) and AR (mouse monoclonal IgG, AR441: sc-

7305, Santa Cruz Biotechnology) to define expression patterns of

USP26 very early during spermatogenesis and during early

meiotic divisions. Formalin-fixed/paraffin-embedded slides were

treated with xylene, ethanol, rehydrated with 1xPBS, and

permeabilized with PBT (0.2% Triton X-100). Frozen tissue slides

were fixed in 4% paraformaldehyde for 10 minutes, followed by

rehydration and permeabilization in PBT. Slides were subse-

quently blocked using normal goat serum for 1.5 hours. After

application of primary antibody (20 ug/mL for USP26 and 4 ug/

mL for AR), slides were incubated at 4 degrees Celsius overnight.

After rinsing with PBT, secondary antibodies Alexa Fluor 488

(goat anti-rabbit IgG, A-11008, Life Technologies) and Alexa

Fluor 555 (goat anti-mouse IgG, A21422) were applied at 1:1000

concentration for 1 hour at 37uC. Following rinse with 1x PBS,

ProLong Gold AntiFade with DAPI (P36931, Life Technologies)

was used for nuclear staining. Images were acquired using Nikon

E800 epifluorescent microscope with a deconvolution mechanism

controlled by Vincent Associates shutter system, and analyzed with

Image Pro-Plus 4.5 software. The USP26 emitted green fluores-

cence, which contrasted well with red fluorescence of AR and blue

fluorescence of the nucleus. The software was initially optimized

and the analysis algorithm subsequently applied to testis tissue[26–

28].

Immunohistochemistry
Testicular tissue samples (fixed in Bouin’s solution, and

prepared in 5 mm sections) were obtained from patients with

SCO. USP26 was identified using C-terminal antibody, rabbit

anti-human anti USP26 C- terminal (region 916–931) (Abgent,

AP2151b) primary antibody (dilution 1:50) to detect USP26. This

was followed by secondary antibody conjugated to Streptavidin–

horseradish peroxidase (Histostain-SP DAB broad kit, Zymed 85–

9643). Antigen exposure was completed using citric-buffer and

microwave protocol. C-terminal antibody was localized using

secondary alkaline phosphatase (AP)-conjugated antibody NBT/

BCIP (Pierce) was used to detect activity of AP (purple-brown

color). Human muscle slides were used as a negative control.

Microarray Dot Blot Protein Expression
Protein array was utilized to screen multiple normal and

neoplastic human tissues for USP26 expression levels. Three

human tissue extract microarrays derived from cancer tissue from

various organs were analyzed. The blot was blocked and

incubated with primary antibody and washed with TBS/Triton

wash. Secondary antibody coupled with HRP were used to detect

anti-USP26 antibody. ECL was utilized for chemiluminescence

detection. ImageJ (NIH) software was used after background/

linearity correction. Expression ratios were calculated as cancer/

normal tissue normalized optical density. Expression was con-

firmed using protein lysates.

Statistical analysis was performed using JMP software (SAS,

2012). Serum hormonal parameters, average testicular volume,

age, and mean USP26/TBP and AR/TBP ratios were analyzed in

relation to microdissection TESE outcome with Mann-Whitney

test and linear regression. Performance of USP26/TBP and AR/

TBP expression ratio in predicting retrievable sperm from

microdissection TESE was determined by logistic regression and

receiver operating characteristic (ROC) curve analysis.

Results

Antibody Evaluation
Given lack of adequate positive and negative controls to test

different antibodies to study human samples, we cloned and

expressed human USP26-GST and subsequently verified specific-

ity of various commercial antibodies. Wild type USP26, which has

been subcloned into pF1K and pFN2A GST Flexi vectors,

sequenced and expressed in BL21 (DEC3) E. coli. USP26 was co-

expressed in E. coli together with a vector carrying classic substrate

for deubiquitinating enzymes (Ub-b-galactosidase). The insert was

confirmed by sequencing selected vectors. Anti-GST and com-

mercial anti-USP26 antibodies were used to select the optimal

antibody using Western blots.

The best antibody to identify native human USP26 protein

from testis for Western blot is N-terminal, polyclonal antibody

(Abgent) detecting 100 kDa product with minimal background.

Western blot illustrating antibody against N-terminal was used to

detect USP26 in HeLa cells, testis tissue for men with normal

spermatogenesis, human bladder, and human ureter (results not

shown). Although the N-terminal antibody is best for western blot,

the C-terminal antibody has been determined to be specific for

USP26 in IHC applications. The N-terminal antibody was optimal

for IF applications given our slide preparation protocol.

USP26 and AR mRNA expression by qRT-PCR in testis and
non-testis tissues

USP26 expression was verified by quantitative real time-PCR

(qRT-PCR) in human normal testis tissue. Specifically, normal

human testis tissue demonstrates expression of USP26 between 20

and 1000 fold of the expression in thyroid cancer and at least 3

fold greater than breast cancer tissue. This represents the first

demonstration of USP26 in organs other than testis, altering the

previous assumption that USP26 expression was testis-specific

USP26 Expression Analysis in Human Testicular and Extragonadal Tissues
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(Tables 1A and 1B). Real-time PCR results were verified by gel

electrophoresis (Figure 2). No expression of USP26 was identified

in human brain, or murine epididymis, kidney, liver establishing

reliable negative controls for expression studies.

Additionally we analyzed androgen receptor (AR) mRNA

expression simultaneously with USP26 and noted that AR

expression was lower in testis tissue than breast or thyroid tissue

with AR target/reference expression ratios for normal testis

ranging between .0372 to .0915, thyroid (benign) ranging between

.169 to .313, thyroid (malignant) between .169 to 1.494, breast

(benign) between .907 to 1.703, and breast (malignant) between

.525 to 1.020 (Table 1 and additional data not shown). Breast

cancer exhibited lower AR expression than benign breast tissue.

Expression levels of AR varied in thyroid tissue without clear

differences in expression between benign and malignant tissue.

Localization of human USP26 protein
Immunofluorescence studies were conducted using formalin-

fixed/paraffin-embedded and frozen normal testis, and formalin-

fixed/paraffin-embedded benign and malignant breast and

thyroid tissue (5 um thickness). Results in five human patients

with normal testis histology demonstrated consistent USP26

expression in the nucleus and less in the cytoplasm of Leydig

cells with significant colocalization with androgen receptor in the

nucleus (Figure 3A). Additionally, select spermatogonia, primary

spermatocytes, and Sertoli cells demonstrate nuclear USP26

expression with partial colocalization with AR (Figure 3B, 3C).

Further, round spermatids are noted to have USP26 expression

(Figure 3D). Negative control is shown without USP26/AR

expression establishing staining specificity (Figure 3E). The

differentiation between Sertoli cell and spermatogonial nuclei

was based on morphologic appearance and histologic analysis.

Sertoli cells typically have smaller and more slender, elongated

ovoid, pear-shaped nuclei compared with spermatogonia which

have larger and rounder nuclei. Sertoli cells have indented nuclear

envelopes and large nucleoli which are distinctly different than

spermatogonia which have less defined nuclei and nucleoli away

from the nuclear envelope. Additionally, Sertoli cell nuclei often

appear 1 cell away from basement membrane, while spermato-

gonia nuclei sit on the basement membrane. Histologically the

difference between Sertoli cells and spermatogonia was confirmed

by vimentin staining (to identify Sertoli cells) and DDX4 (VASA)

staining (to stain germ cells)[29]. Breast tissue from 5 patients also

demonstrated cytoplasmic and nuclear USP26 expression in

myoepithelial cells and secretory luminal cells of benign tissue

(Figure 4A). Thyroid tissue from 5 patients exhibited cytoplasmic

and perinuclear USP26 staining in follicular cells of benign tissue

which co-localized with AR in specific regions (Figure 4B).

Within human testis, USP26 was expressed in Leydig cells and

early spermatogonia, as expected from our previously published

mutational analysis showing USP26 mutations associated with

infertility and low testosterone in men (Figures 3 and 4) and our

murine studies (not shown). In biopsies of human testicular tissue

with Leydig cell hyperplasia and a lack of germ cells in tubules,

USP26 was identified by IHC using C-terminal antibody with

signal detected solely in Leydig cells in four human patients all

with similar staining patterns (Figure 5).

Protein array results
USP26 is expressed in testis as well as other organs, including

prostate, ovary, cervix, and breast. Thyroid, adrenal, and stomach

cancer highly overexpress USP26, while prostate, and ovarian

cancers have lower expression of USP26. Breast cancer tissue may

either overexpress or underexpress USP26. Protein array results

are shown (Table 2). Only thyroid, adrenal, stomach, bladder, and

liver cancer exceeded expression threshold of 3-fold difference.

USP26 was especially overexpressed in thyroid cancer as

compared to normal thyroid. The expression in breast cancer

and in cervical cancer were lower than in normal tissues. This may

be explained by fact that only hormone dependent breast cancer

Table 1. USP26 and Androgen (AR) mRNA Expression Levels in Testis, Breast and Thyroid Tissue.

Sample Histology Mean Cp Target Mean Cp Reference (TBP) Target/Reference (TBP)

USP26

Th2T Thyroid (cancer) 38.5 28.5 0.901

Th5B Thyroid (benign) 0 29.9 0

Th5T Thyroid (cancer) 37.6 28.5 1.78

T436 Normal testis 31.0 25.5 44.0

AR

Th2T Thyroid (cancer) 28.9 27.8 0.169

Th5B Thyroid (benign) 27.8 27.9 0.169

Th5T Thyroid (cancer) 24.2 26.3 0.639

T436 Normal testis 27.9 25.4 .0372

USP26

Br9T Breast (cancer) 34.2 29.1 31.82

T436 Normal testis 30.4 25.9 87.02

AR

Br9T Breast (cancer) 25.9 28.6 0.913

T436 Normal testis 28.1 26.3 .0538

doi:10.1371/journal.pone.0098638.t001
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overexpressed USP26 in microarray experiments. Expression in

cervix and cervical cancer is very highly consistent with high

expression levels of USP26 in HeLa cells.

Discussion

USP26 is a novel candidate gene for male infertility with USP26

expression previously reported in murine spermatogonia (types A

and B), Sertoli cells, and potentially embryonic stem cells. This

study provides detailed description of USP26 localization using

multiple complementary detection techniques: IHC, IF, protein

array, and quantitative analysis of mRNA expression. Our results

demonstrate USP26 mRNA and protein expression in human

testicular tissue, for the first time, occurring most prominently in

Leydig cells. Additionally, selected spermatogonia and primary

spermatocytes, round spermatids, and Sertoli cells demonstrate

USP26 protein expression. Expression during early and late

spermatogenesis may reflect meiotic sex chromosome inactivation

(MSCI) characterized by transcriptional silencing of genes on both

the X and Y chromosomes in mid to late pachytene spermatocytes

with incomplete post-meiotic X repression allowing X chromo-

some reactivation after MSCI[30–32]. However, USP26 is not

testis-specific, as it was previously characterized, with mRNA and

protein expression identified in multiple other human organ tissues

(benign and malignant) including breast (myoepithelial cells and

secretory luminal cells) and thyroid tissue (follicular cells). For the

first time, to our knowledge, colocalization with androgen receptor

in human testis has been confirmed in Leydig cells, and early cells

of spermatogenesis, as well as in follicular cells of benign and

malignant thyroid tissue.

Since USP26 seems to be preferentially expressed in Leydig

cells, spermatogonia, and primary spermatocytes, it is likely that

USP26 affects regulatory proteins of early spermatogenesis,

including androgen receptor[19]. Our mutation screening re-

vealed that USP26 mutation is associated with infertility and low

testosterone levels [10,14,15]. We hypothesize that hypogonadism

is secondary and subsequent to aberrations in Leydig cell function

and spermatogenesis. Our finding of USP26 expression predom-

inantly in Leydig cells is intriguing. This confirms prior murine

findings of USP26 expression in Leydig cell and spermatids for the

first time in humans[32]. Indeed, impaired Leydig cell function

and impaired spermatogenesis may represent a congenital

dysfunction caused by a testicular dysgenesis or Leydig cell

dysfunction during fetal or infant development[20,33,34]. In prior

work by our group, sequence alterations in the USP26 gene were

identified in approximately 11% of patients with severe oligosper-

mia and non-obstructive azoospermia but were not identified in

fertile controls. Patients with USP26 mutations had statistically

significant lower testosterone levels (277 ng/dl vs. 405 ng/dl) as

well as reduced testicular size (8.5 ml vs 12.4 ml). This is

noteworthy since particular USP26 mutations were associated

with impairment in testosterone possibly due to impaired USPS26-

androgen receptor interaction in Leydig cells. Additionally, an

association between impaired Leydig cell function and testicular

cancer has been indicated by identification of increased LH levels

and generally low testosterone levels in men with testicular

Figure 2. Gel Electrophoresis demonstrating USP26 mRNA expression in thyroid and breast cancer tissue following qRT-PCR. USP26
mRNA expression in breast and thyroid cancer confirmed by gel electrophoresis with amplicon for USP26 noted in breast cancer, thyroid cancer, and
normal testis.
doi:10.1371/journal.pone.0098638.g002
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Figure 3. USP26 and AR protein expression in normal testis by immunofluorescence. All images of stained sections were captured at 400x
total magnification; scale bar = 100 mm. 3A: Colocalization of USP26 and AR in nucleus and cytoplasm of Leydig cell (A), spermatogonia (B), primary
spermatocyte (C), and Sertoli cell (D) in normal human testis (frozen tissue). 3B: Partial colocalization of USP26 and AR in nucleus and cytoplasm of
Sertoli cell (left arrow) and spermatogonia (right arrow) of normal human testis (frozen tissue). 3C: Colocalization of USP26 and AR in nucleus and
cytoplasm of Sertoli cells (left arrow) and spermatogonia (right arrows) of normal human testis (frozen tissue). 3D: USP26 expression in spermatids
(double arrows), and USP26/AR partial colocalization in early cells of spermatogenesis (single arrows) of normal human testis (frozen tissue). 3E:
Negative control demonstrating specificity of antibody without staining of USP26 or AR, or auto-fluorescence of normal human testis (frozen).
doi:10.1371/journal.pone.0098638.g003
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carcinoma in situ (precursor cells of testicular cancer) when

compared to men without CIS of the testis[35]. Abnormal semen

parameters associated with testicular cancer have been well

documented and supports further study of USP26 in testicular

cancer models [36,37].

Confirmation of colocalization of USP26 with AR by immu-

nofluorescence in normal testicular tissue provides the first

evidence of this interaction in humans. The AR signaling pathway

is critical for male sexual differentiation and maturation,

spermatogenesis maintenance, and prostate development and

function. AR is known to be expressed in Sertoli, Leydig cells,

peritubular myoid cells, and perivascular smooth muscle cells in

the testis[38]. There is historical debate that has existed regarding

AR expression in germ cells, but several studies describe that AR is

present in germ cells in different species including humans[39–42],

while other groups describe lack of AR expression more often in

rodent studies[43–45]. Regulation of AR by various coregulators

has been observed in testicular, prostate, bladder, breast, and

thyroid cancer[29,32,45]. For example, multiple deubiquitinating

enzymes have been identified which influence AR signaling in

both cytoplasm and nucleus including TRIM68 which is

specifically upregulated in prostate cancer and influences AR

stability[46,47]. Small-interfering RNA mediated knockdown of

AR coactivators has resulted in marked decreases in androgen-

induced bladder cancer cell proliferation[29,48]. Transfection of

GFP-USP26 into HEK293 cells revealed nuclear localization with

an accumulation and colocalization with AR in subnuclear foci

which is similar to the effect of a specific AR mutation of the

DNA-binding domain which confers androgen insensitivity

syndrome (AIS) in patients via impaired ligand-dependent nuclear

translocation, subnuclear foci formation, and intranuclear mobility

of the receptor[19,49,50]. The combined cytoplasmic and nuclear

localization of USP26 is substantiated by localization prediction of

USP26 using PSORT II software which demonstrates 6 pat4 and

2 pat7 nuclear localization signals (NLS) with Reihnardt’s

method predicting nuclear localization with reliability of 89

points. Therefore, it is logical that USP26 was localized to nuclei

of Leydig cells and proliferating spermatogonia A and B,

which corroborates a critical role in regulation of mitosis in

spermatogonia.

With mRNA and protein expression of USP26 confirmed in

breast and thyroid cancer, the interaction of USP26 and AR may

play a significant role in tumorigenesis. With abnormal USP26

expression (both under and overexpression) identified in breast

tissue, additional investigation is warranted given the known

USP26 interaction with androgen receptor. Preclinical studies

have demonstrated that androgens can induce proliferative

changes in breast cancer cell lines and promote tumorigenesis in

animal models. Preclinical studies have demonstrated that

androgens can induce proliferative changes in breast cancer cell

lines and promote tumorigenesis in animal models. Both estrogen

and testosterone can induce tumorigenesis in young-adult female

rats with testosterone acting as a tumor promoter in this

model[51]. Large-scale retrospective reviews of AR status in

breast cancer indicate a significant association between AR

expression and overall survival, which remain significant even

Figure 4. USP26 and AR protein expression in breast and thyroid tissue by immunofluorescence in formalin-fixed, paraffin-
embedded human tissue. 4A: USP26 staining in benign breast tissue (paraffin-embedded fixed), mostly cytoplasmic with some nuclear staining in
secretory luminal cells (right arrow) and myoepithelial cells (left arrow). 4B: USP26 staining in benign thyroid follicular cells (arrows), mostly
cytoplasmic localization.
doi:10.1371/journal.pone.0098638.g004

Figure 5. Localization of human USP26 protein. In this patient
with Leydig cell hyperplasia and a lack of germ cells in tubules (SCO),
USP26 was identified using C-terminal antibody in human Leydig cells,
with signal detected solely in Leydig cells. These staining pattern
findings were validated in a total of four patients, all with similar
findings.
doi:10.1371/journal.pone.0098638.g005
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when controlled for ER status[52]. Higher AR expression was

significantly correlated with a decreased risk of recurrence and

death when compared with patients having breast cancer with low

AR levels. Thyroid is also known to express AR in benign and

malignant tissue, and AR is known to play a significant role in

thyroid cancer development, with higher AR concentration,

malignancy rate, and poorer prognosis in males than females[53].

The mechanism, however, by which androgens influence

hormonal sensitivity and disease progression in breast and thyroid

cancer requires further investigation.

Testicular CIS/ITGCN cells express AR unlike normal adult

male germ cells, and may respond directly to androgens after

puberty[38,54]. Paracrine effects of androgens are postulated to be

mediated by adult Sertoli cells, which express AR and promote

adult germ cell regulation. There is a significantly increased

testicular germ cell tumor risk among men with shortened AR

CAG repeat length which leads to increased AR transactivation

that may be involved in seminoma development or progression of

CIS/ITGCN to seminoma[55]. The AR-mediated androgen

signals cross-talk with proteins encoded by the Y chromosome

(i.e. TSPY), and co-expression of TSPY and AR occurs in

testicular germ cell tumors and model cell lines, but not in normal

testicular cells[56]. The relationship between USP26 and AR in

testicular cancer requires further study.

Future studies
Study of various types of testicular histologies (SCO, MA, HS,

seminoma, nonseminomatous germ cell tumor) for USP26 and AR

expression is required. qRT-PCR will further examine the isolated

cellular components of testis with the highest expression of USP26

by IF. Preparation of purified Leydig and Sertoli cells should

elucidate the localization and expression levels of the USP26 in

somatic cells[57,58]. In addition, human and mice meiotic spreads

are being employed in our laboratory. Correlation with hormonal

lab values and microdissection TESE outcomes may also be

helpful. Several nuclear receptor interaction motifs (L2, L3, F2)

were identified in USP26 to result in severely diminished binding

to AR when mutated. These warrant further investigation in cell

lines and testicular tissue. USP26 is predicted to exhibit

deubiquitinating activity according to sequence homology and

ubiquitin carboxy-terminal hydrolase (UCH) motif presence.

USP26 deubiquitination action and substrate must be verified in

humans. Deubiquitinating activity of wild type and mutated

variants of USP26 will be compared using deconjugation and co-

precipitation assays.

Conclusion

USP26 mRNA and protein expression and localization have

been demonstrated in murine testis and, for the first time, human

testis as well as non-testicular benign and malignant tissues.

Human USP26, with highest expression in the testis, is localized in

testicular Leydig cells with significant nuclear colocalization with

androgen receptor. Spermatogonia, primary spermatocytes and

Sertoli cells exhibit partial colocalization with androgen receptor.

Colocalization of USP26 with AR has been identified in benign

and malignant breast and thyroid tissue as well. The role of USP26

in male infertility, hypogonadism, and androgen-dependent

cancer requires additional study.
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Table 2. Mean absolute expression of human USP26 protein in an array of human normal and neoplastic tissues.

Tissue Normal Cancer Expression ratio Cancer vs. normal

Thyroid 2 3193 1596.5 +

Adrenal 255 2721 10.7 +

Stomach 787 4618 5.9 +

Bladder 4139 16057 3.9 +

Liver 692 2156 3.1 +

Kidney 2943 7400 2.5 +

Brain 4581 10681 2.3 +

Colon 4604 5302 1.2 -

Cervix 12383 10093 1.2 -

Uterus 6415 5968 1.1 -

Skin 12222 7501 1.6 -

Prostate 5043 1931 2.6 -

Ovary 6542 1781 3.7 -

Rectum 3749 1013 3.7 -

Esophagus 1233 236 5.2 -

Lung 4974 784 6.3 -

Breast 6517 519 12.6 -

Table 2 demonstrates USP26 protein expression in non-testicular tissue including androgen-dependent cancers. Expression ratio is defined as higher expression divided
by lower expression. Cancer versus normal column is directional change showing increased or decreased in cancer relative to normal tissue from each organ (+ =
increase as compared to normal tissue; 2 = decrease in expression compared with normal tissue). Expression ratio then used to classify expression pattern (Green =
overexpression; White = ratio +2 to 22 (equivocal expression), Red = lower expression compared to normal tissue).
doi:10.1371/journal.pone.0098638.t002

USP26 Expression Analysis in Human Testicular and Extragonadal Tissues

PLOS ONE | www.plosone.org 8 June 2014 | Volume 9 | Issue 6 | e98638



Author Contributions

Conceived and designed the experiments: MSW AM PNS DAP.

Performed the experiments: MSW AM DAP. Analyzed the data: MSW

AD AM DAP. Contributed reagents/materials/analysis tools: MSW AM

AD BDR PNS DAP. Wrote the paper: MSW AM DAP. Pathology

analysis: BDR.

References

1. Wang PJ, McCarrey JR, Yang F, Page DC (2001) An abundance of X-linked
genes expressed in spermatogonia. Nat Genet 27: 422–426.

2. Wilkinson KD (1997) Regulation of ubiquitin-dependent processes by

deubiquitinating enzymes. FASEB J 11: 1245–1256.

3. Hochstrasser M (1995) Ubiquitin, proteasomes, and the regulation of
intracellular protein degradation. Curr Opin Cell Biol 7: 215–223.

4. Hochstrasser M (1996) Ubiquitin-dependent protein degradation. Annu Rev

Genet 30: 405–439.

5. Finley D, Ciechanover A, Varshavsky A (2004) Ubiquitin as a central cellular
regulator. Cell 116: S29–32, 22 p following S32.

6. Agell N, Mezquita C (1988) Cellular content of ubiquitin and formation of

ubiquitin conjugates during chicken spermatogenesis. Biochem J 250: 883–889.

7. Baarends WM, van der Laan R, Grootegoed JA (2000) Specific aspects of the

ubiquitin system in spermatogenesis. J Endocrinol Invest 23: 597–604.

8. Lin YW, Hsu TH, Yen PH (2011) Localization of ubiquitin specific protease 26
at blood-testis barrier and near Sertoli cell-germ cell interface in mouse testes.

Int J Androl 34: e368–377.

9. Hochstrasser M (2004) Ubiquitin signalling: what’s in a chain? Nat Cell Biol 6:
571–572.

10. Paduch DA, Mielnik A, Schlegel PN (2005) Novel mutations in testis-specific

ubiquitin protease 26 gene may cause male infertility and hypogonadism.
Reprod Biomed Online 10: 747–754.

11. Shima JE, McLean DJ, McCarrey JR, Griswold MD (2004) The murine

testicular transcriptome: characterizing gene expression in the testis during the

progression of spermatogenesis. Biol Reprod 71: 319–330.

12. Stouffs K, Lissens W, Tournaye H, Van Steirteghem A, Liebaers I (2005)

Possible role of USP26 in patients with severely impaired spermatogenesis.

Eur J Hum Genet 13: 336–340.

13. Wilkinson KD (2000) Ubiquitination and deubiquitination: targeting of proteins

for degradation by the proteasome. Semin Cell Dev Biol 11: 141–148.

14. Varshavsky A (1997) The ubiquitin system. Trends Biochem Sci 22: 383–387.

15. Ciechanover A, Finley D, Varshavsky A (1984) Ubiquitin dependence of
selective protein degradation demonstrated in the mammalian cell cycle mutant

ts85. Cell 37: 57–66.

16. Zhang J, Qiu SD, Li SB, Zhou DX, Tian H, et al. (2007) Novel mutations in
ubiquitin-specific protease 26 gene might cause spermatogenesis impairment and

male infertility. Asian J Androl 9: 809–814.

17. Lee IW, Kuan LC, Lin CH, Pan HA, Hsu CC, et al. (2008) Association of
USP26 haplotypes in men in Taiwan, China with severe spermatogenic defect.

Asian J Androl 10: 896–904.

18. Aston KI, Krausz C, Laface I, Ruiz-Castane E, Carrell DT (2010) Evaluation of
172 candidate polymorphisms for association with oligozoospermia or

azoospermia in a large cohort of men of European descent. Hum Reprod 25:

1383–1397.

19. Dirac AM, Bernards R (2010) The deubiquitinating enzyme USP26 is a

regulator of androgen receptor signaling. Mol Cancer Res 8: 844–854.

20. Andersson AM, Jorgensen N, Frydelund-Larsen L, Rajpert-De Meyts E,
Skakkebaek NE (2004) Impaired Leydig cell function in infertile men: a study of

357 idiopathic infertile men and 318 proven fertile controls. J Clin Endocrinol

Metab 89: 3161–3167.

21. De Gendt K, Swinnen JV, Saunders PT, Schoonjans L, Dewerchin M, et al.

(2004) A Sertoli cell-selective knockout of the androgen receptor causes

spermatogenic arrest in meiosis. Proc Natl Acad Sci U S A 101: 1327–1332.

22. Heinlein CA, Chang C (2002) Androgen receptor (AR) coregulators: an

overview. Endocr Rev 23: 175–200.

23. Varshavsky A (2000) Ubiquitin fusion technique and its descendants. Methods
Enzymol 327: 578–593.

24. Tobias JW, Varshavsky A (1991) Cloning and functional analysis of the

ubiquitin-specific protease gene UBP1 of Saccharomyces cerevisiae. J Biol Chem
266: 12021–12028.

25. Lisowski P, Pierzchala M, Goscik J, Pareek CS, Zwierzchowski L (2008)

Evaluation of reference genes for studies of gene expression in the bovine liver,

kidney, pituitary, and thyroid. J Appl Genet 49: 367–372.

26. Steger K, Aleithe I, Behre H, Bergmann M (1998) The proliferation of

spermatogonia in normal and pathological human seminiferous epithelium: an

immunohistochemical study using monoclonal antibodies against Ki-67 protein
and proliferating cell nuclear antigen. Mol Hum Reprod 4: 227–233.

27. Wrobel KH (2000) Prespermatogenesis and spermatogoniogenesis in the bovine

testis. Anat Embryol (Berl) 202: 209–222.

28. Ortego LS, Hawkins WE, Walker WW, Krol RM, Benson WH (1994) Detection

of proliferating cell nuclear antigen in tissues of three small fish species. Biotech

Histochem 69: 317–323.

29. Johnson L, Staub C, Neaves WB, Yanagimachi R (2001) Live human germ cells

in the context of their spermatogenic stages. Hum Reprod 16: 1575–1582.

30. de Vries M, Vosters S, Merkx G, D’Hauwers K, Wansink DG, et al. (2012)
Human male meiotic sex chromosome inactivation. PLoS One 7: e31485.

31. Wang PJ, Page DC, McCarrey JR (2005) Differential expression of sex-linked

and autosomal germ-cell-specific genes during spermatogenesis in the mouse.

Hum Mol Genet 14: 2911–2918.

32. Zhang J, Tian H, Huo YW, Zhou DX, Wang HX, et al. (2009) The expression

of Usp26 gene in mouse testis and brain. Asian J Androl 11: 478–483.

33. van den Driesche S, Kolovos P, Platts S, Drake AJ, Sharpe RM (2012) Inter-

relationship between testicular dysgenesis and Leydig cell function in the

masculinization programming window in the rat. PLoS One 7: e30111.

34. Joensen UN, Jorgensen N, Skakkebaek NE (2007) Testicular dysgenesis

syndrome and carcinoma in situ of the testes. Nature clinical practice Urology

4: 402–403.

35. Petersen PM, Giwercman A, Hansen SW, Berthelsen JG, Daugaard G, et al.

(1999) Impaired testicular function in patients with carcinoma-in-situ of the

testis. J Clin Oncol 17: 173–179.

36. Jacobsen R, Bostofte E, Engholm G, Hansen J, Olsen JH, et al. (2000) Risk of

testicular cancer in men with abnormal semen characteristics: cohort study. BMJ

321: 789–792.

37. Mancini M, Carmignani L, Gazzano G, Sagone P, Gadda F, et al. (2007) High

prevalence of testicular cancer in azoospermic men without spermatogenesis.

Hum Reprod 22: 1042–1046.

38. Zhou Q, Nie R, Prins GS, Saunders PT, Katzenellenbogen BS, et al. (2002)

Localization of androgen and estrogen receptors in adult male mouse

reproductive tract. Journal of andrology 23: 870–881.

39. Aquila S, Middea E, Catalano S, Marsico S, Lanzino M, et al. (2007) Human

sperm express a functional androgen receptor: effects on PI3K/AKT pathway.

Hum Reprod 22: 2594–2605.

40. Solakidi S, Psarra AM, Nikolaropoulos S, Sekeris CE (2005) Estrogen receptors

alpha and beta (ERalpha and ERbeta) and androgen receptor (AR) in human

sperm: localization of ERbeta and AR in mitochondria of the midpiece. Hum

Reprod 20: 3481–3487.

41. Merlet J, Racine C, Moreau E, Moreno SG, Habert R (2007) Male fetal germ

cells are targets for androgens that physiologically inhibit their proliferation.

Proc Natl Acad Sci U S A 104: 3615–3620.

42. Janssen PJ, Brinkmann AO, Boersma WJ, Van der Kwast TH (1994)

Immunohistochemical detection of the androgen receptor with monoclonal

antibody F39.4 in routinely processed, paraffin-embedded human tissues after

microwave pre-treatment. The journal of histochemistry and cytochemistry:

official journal of the Histochemistry Society 42: 1169–1175.

43. Bremner WJ, Millar MR, Sharpe RM, Saunders PT (1994) Immunohistochem-

ical localization of androgen receptors in the rat testis: evidence for stage-

dependent expression and regulation by androgens. Endocrinology 135: 1227–

1234.

44. Pelletier G, Labrie C, Labrie F (2000) Localization of oestrogen receptor alpha,

oestrogen receptor beta and androgen receptors in the rat reproductive organs.

J Endocrinol 165: 359–370.

45. Suarez-Quian CA, Martinez-Garcia F, Nistal M, Regadera J (1999) Androgen

receptor distribution in adult human testis. J Clin Endocrinol Metab 84: 350–

358.

46. Cardozo CP, Michaud C, Ost MC, Fliss AE, Yang E, et al. (2003) C-terminal

Hsp-interacting protein slows androgen receptor synthesis and reduces its rate of

degradation. Arch Biochem Biophys 410: 134–140.

47. Miyajima N, Maruyama S, Bohgaki M, Kano S, Shigemura M, et al. (2008)

TRIM68 regulates ligand-dependent transcription of androgen receptor in

prostate cancer cells. Cancer Res 68: 3486–3494.

48. Sciarra A, Abrahamsson PA, Brausi M, Galsky M, Mottet N, et al. (2013)

Intermittent androgen-deprivation therapy in prostate cancer: a critical review

focused on phase 3 trials. European urology 64: 722–730.

49. Black BE, Vitto MJ, Gioeli D, Spencer A, Afshar N, et al. (2004) Transient,

ligand-dependent arrest of the androgen receptor in subnuclear foci alters

phosphorylation and coactivator interactions. Mol Endocrinol 18: 834–850.

50. Kawate H, Wu Y, Ohnaka K, Tao RH, Nakamura K, et al. (2005) Impaired

nuclear translocation, nuclear matrix targeting, and intranuclear mobility of

mutant androgen receptors carrying amino acid substitutions in the deoxyribo-

nucleic acid-binding domain derived from androgen insensitivity syndrome

patients. J Clin Endocrinol Metab 90: 6162–6169.

51. Wong YC, Xie B (2001) The role of androgens in mammary carcinogenesis.

Italian journal of anatomy and embryology = Archivio italiano di anatomia ed

embriologia 106: 111–125.

52. Bryan RM, Mercer RJ, Bennett RC, Rennie GC, Lie TH, et al. (1984)

Androgen receptors in breast cancer. Cancer 54: 2436–2440.

53. Stanley JA, Aruldhas MM, Yuvaraju PB, Banu SK, Anbalagan J, et al. (2010) Is

gender difference in postnatal thyroid growth associated with specific expression

patterns of androgen and estrogen receptors? Steroids 75: 1058–1066.

54. Rajpert-De Meyts E, Skakkebaek NE (1992) Immunohistochemical identifica-

tion of androgen receptors in germ cell neoplasia. J Endocrinol 135: R1–4.

USP26 Expression Analysis in Human Testicular and Extragonadal Tissues

PLOS ONE | www.plosone.org 9 June 2014 | Volume 9 | Issue 6 | e98638



55. Davis-Dao CA, Siegmund KD, Vandenberg DJ, Skinner EC, Coetzee GA, et al.

(2011) Heterogenous effect of androgen receptor CAG tract length on testicular
germ cell tumor risk: shorter repeats associated with seminoma but not other

histologic types. Carcinogenesis 32: 1238–1243.

56. Akimoto C, Ueda T, Inoue K, Yamaoka I, Sakari M, et al. (2010) Testis-specific
protein on Y chromosome (TSPY) represses the activity of the androgen receptor

in androgen-dependent testicular germ-cell tumors. Proc Natl Acad Sci U S A
107: 19891–19896.

57. Ge RS, Dong Q, Sottas CM, Chen H, Zirkin BR, et al. (2005) Gene expression

in rat leydig cells during development from the progenitor to adult stage: a

cluster analysis. Biol Reprod 72: 1405–1415.

58. Weissman BA, Niu E, Ge R, Sottas CM, Holmes M, et al. (2005) Paracrine

modulation of androgen synthesis in rat leydig cells by nitric oxide. J Androl 26:

369–378.

USP26 Expression Analysis in Human Testicular and Extragonadal Tissues

PLOS ONE | www.plosone.org 10 June 2014 | Volume 9 | Issue 6 | e98638


