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Perfluorooctanoic acid (PFOA) is an abundant perfluoroalkyl substance widely applied in industrial and consum-
er products. Among its potential health hazards, testicular toxicity is of major concern. To explore the potential
effect of miRNA on post-translational regulation after PFOA exposure, changes in miRNAs were detected via
miRNA array. Seventeen miRNAs were differentially expressed (eight upregulated, nine downregulated) in
male mouse testes after exposure to 5 mg/kg/d of PFOA for 28 d (>1.5-fold and P < 0.05 compared with the con-
trol). Eight of these miRNAs were further selected for TagMan qPCR analysis. Proteomic profile analysis indicated
that many changed proteins after PFOA treatment, including intersectin 1 (ITSN1), serine protease inhibitor A3K
(Serpina3k), and apolipoprotein a1 (APOA1), were involved in endocytosis and blood-testis barrier (BTB) pro-
cesses. These changes were further verified by immunohistochemical and Western blot analyses. Endocytosis-
related genes were selected for qPCR analysis, with many found to be significantly changed after PFOA treatment,
including epidermal growth factor receptor pathway substrate 8 (Eps8), Eps15, cortactin, cofilin, espin, vinculin,
and zyxin. We further predicted the potential interaction between changed miRNAs and proteins, which indicat-
ed that miRNAs might play a role in the post-translational regulation of gene expression after PFOA treatment in
mouse testes. Among them, miR-133b-3p/clathrin light chain A (CLTA) was selected and verified in vitro by trans-
fection and luciferase activity assay. Results showed that PFOA exposure affects endocytosis in mouse testes and

that CLTA is a potential target of miR-133b-3p.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Perfluoroalkyl substances (PFASs) are characterized by stable
and strong carbon-fluoride bonds with unique water- and oil-
repellent properties, resulting in their wide application in industrial
and consumer products and environmental persistence (Calafat
et al., 2007). Reports have shown that PFASs are not only found in
various environmental matrices, but also in serum and tissue sam-
ples from human and animal populations (Giesy and Kannan,
2002). Among PFASs, eight-carbon-chain perfluorooctanesulfonate
(PFOS) and perfluorooctanoic acid (PFOA) are two of the most abun-
dant. Studies have shown that PFOA is dose-dependently accumu-
lated in laboratory animal samples, including in serum, liver, and

Abbreviations: UTR, 3’ untranslated region; APOA1, Apolipoprotein al; BTB, Blood-
testis barrier; CLTA, Clathrin light chain A; ITSN1, Intersectin 1; iTRAQ, Isobaric tags for rel-
ative and absolute quantitation; miRNA, MicroRNA; PFOA, Perfluorooctanoic acid; PFASs,
Perfluoroalkyl substances; Serpina3k, Serine protease inhibitor A3K.
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testes (Yan et al., 2014; Zhang et al., 2014; Yan et al., 2015). In addi-
tion, PFOA has a relatively long half-life in human serum of 3.8 years
(Olsen et al., 2007). Although many countries have restricted the in-
dustrial production of PFOA since 2000 (US EPA, U.E.P.A, 2016), its
persistence as one of the most dominant PFASs in the environment
has remained due to its continued production in countries without
legal restriction and via degradation of its precursors (Prevedouros
et al., 2006; Wang et al., 2009).

Both the environmental persistence and pervasive distribution of
PFASs have increased concern in regards to their potential toxicity. Ex-
tensive research on the potential health hazards of PFOA exposure has
been conducted (Butenhoff et al., 2004; Kennedy et al., 2004; Lau
et al., 2004; Lau et al., 2007; Olsen and Zobel, 2007; Olsen et al., 2009).
Among these potential health hazards, testicular toxicity is of major
concern. Laboratory studies on adult male rats have shown that PFOA
reduces testosterone and increases estradiol levels following exposure
(Lauetal, 2007). A cross-sectional study reported negative associations
between high combined levels of PFOA and PFOS and the proportion of
morphologically normal spermatozoa in adult men (Joensen et al.,
2009). In addition, luteinizing hormone and free testosterone were
found to be positively correlated with plasma PFOA in men attending
an in vitro fertilization clinic (Raymer et al., 2012).
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MicroRNAs (miRNA) are endogenous, short RNA molecules that rec-
ognize base-paired complementary sites on their target genes and block
target gene translation or trigger degradation of target mRNA (Bartel,
2004). During spermatogenesis, accurately regulated gene expression
is fundamental. Animal studies have shown significantly different tes-
ticular miRNA profiles between immature and mature animals (Yan
et al., 2007; Luo et al,, 2010), implying that post-transcriptional control
of gene expression by miRNAs participates in spermatogenesis. In addi-
tion, among the more than 100 miRNA species found in mammalian tes-
tes, about 40% are differentially expressed between testicular and
somatic tissues (Ro et al.,, 2007; Luo et al., 2010). Aberrant miRNA ex-
pression has been observed in many diseases (Wahid et al., 2010), sug-
gesting the possibility that environmental pollutants could trigger these
changes (Wang et al.,, 2015). We hypothesized that PFOA can trigger
miRNA expression pattern alteration, which might represent a novel
mechanism for the testicular toxicity of PFOA. In our previous study,
we used isobaric tags for relative and absolute quantitation (iTRAQ) to
determine proteomic profile changes in mouse testes after PFOA expo-
sure (Zhang et al., 2014). In the present study, we identified differential-
ly expressed miRNAs in mouse testes after PFOA exposure. Combined
with the previous differentially expressed proteins, we explored testic-
ular miRNA alteration and the potential interaction between miRNAs
and changed proteins in testes after PFOA treatment to gain insight
into the molecular mechanisms of the testicular toxicity of PFOA.

2. Materials and methods
2.1. Animals and treatment

Male BALB/c mice (aged 6-8 weeks) were randomly grouped (n =
10 per group) and dosed by oral gavage with Milli-Q water or 1.25, 5,
or 20 mg/kg body weight/d of PFOA (Sigma-Aldrich, CAS No. 307-55-
1, 99% purity, St. Louis, MO, USA) for 28 d. After treatment, the mice
were sacrificed and their testes were either fixed in 4% paraformalde-
hyde or stored at — 80 °C after being immediately frozen in liquid nitro-
gen. All procedures were approved by the Ethics Committee of the
Institute of Zoology, Chinese Academy of Sciences.

2.2. Protein network

Proteomic profile (iTRAQ) analysis was performed on testes from
the control and 5 mg/kg/d PFOA-treated animals (Zhang et al., 2014).
Proteins with altered expression were selected for further analysis of
endocytosis and blood-testis barrier (BTB)-related networks, and this
analysis was a secondary analysis based on a previous proteomic profile.
All detailed iTRAQ assay data, differentially expressed protein identifica-
tion, and Pathway Studio analysis via the ResNet database (version 6.5,
Ingenuity Systems, Inc.) are shown in our previous study (Zhang et al.,
2014).

2.3. Western blot analysis

Intersectin 1 (ITSN1), serine protease inhibitor A3K (Serpina3k), and
apolipoprotein a1l (APOA1) were analyzed by Western blot assay using
testicular protein extracts from the control and 1.25, 5, and 20 mg/kg/d
PFOA treatment groups. Protein bands were analyzed with Quantity
One software (v 4.6.3, Bio-Rad, USA) and the data were normalized to
GAPDH levels.

2.4. qPCR of mRNA

To verify that PFOA treatment altered endocytosis in the mouse tes-
tes, genes involved in endocytosis were selected for real-time quantita-
tive PCR analysis. Total RNAs from the testes of the control and the 1.25,
5, and 20 mg/kg/d PFOA treatment groups were isolated using the
RNeasy plus Mini Kit (Qiagen, USA). cDNA synthesis and qPCR were

performed as per our previous description (Wang et al., 2015), and
18S rRNA was used as the internal control. Primer sequences are listed
in Supplementary Table S1. The qPCR data were analyzed with MxPro
qPCR software, and the comparative CT (2~24T) method was used to
calculate the fold change of mRNA levels (Livak and Schmittgen, 2001).

2.5. MiRNA array

To be consistent with the doses used in our previous iTRAQ assay
(Zhang et al., 2014), animals from the control and 5 mg/kg/d PFOA ex-
posure group were chosen for miRNA array. Testes from two random in-
dividuals in the same group were pooled into one sample, and three
pooled samples from each group were used for hybridization in the
mouse miRNA arrays (Agilent Technologies, Santa Clara, CA, USA).
MiRNAs with more than 1.5-fold alteration (P < 0.05) were deemed to
be significantly changed by PFOA treatment.

2.6. TagMan qPCR analysis of miRNA

Eight significantly changed miRNAs (miR-133b-3p, miR-365-3p,
miR-17-3p, miR-193-5p, miR-191-5p, miR-184-3p, miR-410-3p, and
miR-187-3p) from the miRNA analysis were selected for TagMan
qPCR assay (Life Technologies-Applied Biosystems, CA, USA) to confirm
the results and detect the miRNA levels in the 1.25, 5, and 20 mg/kg/d
PFOA exposure groups. U6 snRNA served as the internal control. All pro-
cesses were performed according to the manufacturer's protocols, and
the comparative CT (2~ 22<T) method was used to calculate the fold
change of miRNA levels (Livak and Schmittgen, 2001).

2.7. miRNA-target network prediction

The networks between altered miRNAs and their potential targets
from the differentially expressed proteins were constructed using the
online TargetScan database and drawn using Cytoscape (v 3.2.1)
software.

2.8. Plasmid transfection and dual-luciferase reporter assay

The 3’ untranslated region (UTR) of CLTA mRNA contained se-
quences complementary to the seed sites of miR-133b-3p. We amplified
this relevant 3’ UTR region from the mouse genomic DNA, as well as its
mutated sequence in the putative binding site with miR-133b-3p, and
inserted it into psiCHECK-2 dual-luciferase reporter plasmid (Promega,
Madison, WI, USA), designated as psi-CLTA 3’ UTR-wt and psi-CLTA 3’
UTR-mut, respectively. Details on the primers used for the above ampli-
fication are shown in Supplementary Table S2. The HEK 293T cells were
transfected with 1 pg of the above psiCHECK-2 recombinant vector and
50 nM miR-133b-3p agomir (miR-133b-3p) or 50 nM agomir Negative
Control (NC) (RiboBio Co., Ltd. Guangzhou, China), and then measured
with Synergy™ 2 multi-mode readers 133 (BioTek, Vermont, USA) at
48 h after transfection.

2.9. Immunohistochemical analysis

Testes from the control and three treatment groups were fixed in 4%
paraformaldehyde at room temperature (RT) for 1 d, dehydrated in 30%
sucrose solution, and then embedded in OCT compound (Sakura Finetek
USA, Torrance, CA, USA). Using a Leica CM1900 cryostat (Heidelberger,
Nussloch, Germany), frozen sections (5 um) were sliced, then air dried
and fixed in 4% paraformaldehyde at RT for 10 min. The slices were
rinsed in PBS-T buffer (25 mM Tris-HCl, pH 7.5, 150 mM NacCl, and
0.5% TritonX-100), and then incubated with 3% H,0- in the dark at RT
for 15 min to block endogenous peroxidase reaction. After blocking,
the slices were incubated with rabbit antibodies of CLTA and
peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology,
Delaware Avenue, CA, USA). Brown colored hybrid proteins were
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developed using 3, 3”-diaminobenzidine (DAB), and the sections were
observed by microscopy (Nikon Instruments Inc., Japan).

2.10. Statistical analysis

Comparisons between groups were performed using analysis of var-
iance (ANOVA), followed by Tukey's HSD test or independent-samples
t-test using SPSS software (Version 18, SPSS, Inc., Chicago, IL, USA). All
data were presented as means + SE, and P < 0.05 was considered
significant.

3. Results

3.1. PFOA treatment changed endocytosis and BTB proteins in the mouse
testes

Several proteins in the testes that changed after 5 mg/kg/d PFOA
treatment were involved in endocytic internalization and the BTB.
Therefore, all significantly changed proteins after PFOA treatment
were further analyzed to determine the networks related to endocytosis
and the BTB. In the networks, 18 proteins were associated with endocy-
tosis (Fig. 1A) and 17 proteins were associated with BTB processes
(Fig. 1B). Proteins involved in both cell processes included Serpina3k,
isoform 1 of mitogen-activated protein kinase 14 (MAPK14), apolipo-
protein A-I (APOAT1), alpha-1-antitrypsin 1-3 (SERPINAT1), carbonic
anhydrase 3 (CA3), calreticulin (CALR), isoform 2 of drebrin-like protein
(DBNL), isoform 1 of intersectin-1 (ITSN1), annexin A5 (ANXAS5), and
barrier-to-autointegration factor (BANF1). Among them, Serpina3k,
ITSN1, and APOA1 were validated by Western blot analysis. Consistent
with the iTRAQ assay results, their expressions were significantly re-
duced in the 5 mg/kg/d PFOA group compared with control group
(Fig. 2A and B). For Serpina3k, a dose-dependent decrease after PFOA
treatment was observed. We also detected Serpina3k and APOA1
mRNA levels using qPCR assay, but no significant changes were ob-
served after PFOA treatment (Supplementary Fig. S1). In addition,
these verification results were not restricted to the altered protein levels
observed by iTRAQ assay. Additional endocytosis-related genes were in-
cluded in the broad verification test using qPCR assay. Many of these se-
lected genes showed an upregulated, dose-dependent tendency in
testes after PFOA treatment, and included epidermal growth factor re-
ceptor pathway substrate 8 (Eps8), Eps15, cortactin; cofilin, espin, vin-
culin, and zyxin. These results indicate that PFOA extensively altered
the endocytosis process in the mouse testes (Fig. 3).

3.2. PFOA exposure altered miRNA profiles in mouse testes

To study the miRNA profiles, whole testes from the control and 5
mg/kg/d PFOA treatment group were examined by miRNA array. Nine
and eight miRNAs were down and upregulated, respectively (at least
1.5-fold alteration, P < 0.05) (Table 1). Among these miRNAs, miR-
187-3p, miR-410-3p, miR-223-3p, miR-127-3p, and miR-532-3p were
biologically conserved among mice, rats, and humans. To further con-
firm the microarray data, eight significantly altered miRNAs, including
four upregulated (miR-133b-3p, miR-365-3p, miR-17-3p, and miR-
193-5p) and four downregulated miRNAs (miR-191-5p, miR-184-3p,
miR-410-3p, and miR-187-3p) were selected for TagMan qPCR analysis.
Four groups (control and the 1.25, 5, and 20 mg/kg/d PFOA-treated
groups) were used, and all eight selected miRNAs showed the same ten-
dency as the microarray results after PFOA treatment (Fig. 4). The four
downregulated miRNAs were significantly decreased under all three
PFOA treatment doses using the qPCR confirmation assay. Although
three (miR-133b-3p, miR-365-3p and miR-193-5p) among the four up-
regulated miRNAs were not changed in 1.25 mg/kg/d group compared
with control group, they were significantly upregulated in 5 and 20
mg/kg/d PFOA treatment groups. For miR-17-3p, it was significantly up-
regulated after 1.25 and 5 mg/kg/d PFOA treatment, and increased
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Fig. 1. Network of differentially expressed proteins in mouse testes after PFOA treatment.
(A) Network of proteins related to endocytosis. (B) Network of proteins related to the BTB.
Network analysis of differentially expressed proteins was performed using Pathway
Studio (v 7.0) software. Full names of the proteins in the figure are as follows: CA3,
carbonic anhydrase 3; CALU, calumenin; ANXAS5, annexin A5; BANF1, barrier-to-
autointegration factor 1; Serpina3k, serine protease inhibitor A3K; CLTA, clathrin light
chain A; DBNL, isoform 2 of drebrin-like protein; ITSN1, isoform 1 of intersectin-1; CALR,
calreticulin; MEX3D, RNA-binding protein MEX3D; LTA4H, leukotriene A-4 hydrolase;
MAPK14, isoform 1 of mitogen-activated protein kinase 14; HDLBP, vigilin; APOAT1,
apolipoprotein A-I; APOA1BP, apolipoprotein A-I-binding protein; INSL3, insulin-like 3;
SERPINA1, alpha-1-antitrypsin 1-3; H1f0, putative uncharacterized protein; S100a6,
protein S100-A6; Eif3a, eukaryotic translation initiation factor 3 subunit A; Ephx1,
epoxide hydrolasel; Scp2, isoform SCPx of non-specific lipid-transfer protein; Psip1,
isoform 1 of PC4 and SFRS1-interacting protein; Pfn1, profilin-1.

nearly 1.3-fold after 20 mg/kg/d PFOA treatment compared with those
in 1.25 and 5 mg/kg/d PFOA treatment groups.

3.3. Potential miRNA targets among changed proteins
Importing miRNAs and proteins identified by the miRNA and iTRAQ

assays, respectively, we built a network between miRNAs and target
genes using TargetScan. More than 10 miRNAs and their target pairs
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Fig. 2. Western blotting results of proteins related to endocytosis and the BTB in mouse testes. Western blots (A) and band densities (B) of protein ITSN1, Serpina3k, and APOA1. All three
proteins were changed in mouse testes after PFOA exposure, as determined by iTRAQ assay. Testis homogenates from the control and PFOA-treated mice (1.25, 5 and 20 mg/kg/d, 28 d)
were used for Western blot analysis. GAPDH served as the internal reference. Results are presented as means =+ SE (n = 6), P < 0.05 compared with the control, °P < 0.05 compared with
1.25 mg/kg/d group, P < 0.05 compared with 5 mg/kg/d group by ANOVA and Tukey's HSD test.

were predicted, including miR-133b-3p/zinc finger CCCH domain-
containing protein 11A (Zc3h11a), miR-133b-3p/DBNI, miR-133b-3p/
Clta, miR-193-5p/Itsn1, miR-17-3p/Itsn1, miR-532-3p/Itsn1, miR-410-
3p/RNA-binding protein MEX3D (Mex3d), miR-410-3p/glycylpeptide
N-tetradecanoyltransferase 1 (Nmt1), miR-467d-5p/eukaryotic transla-
tion initiation factor 5 (Eif5), miR-467f/calumenin (Calu), miR-233-3p/
WD repeat-containing protein 62 (Wdr62), miR-530-5p/solute carrier
family 2, and facilitated glucose transporter member 3 (Slc2a3)
(Fig. 5). These results suggest that the genes of the changed proteins
were potential targets of the changed miRNAs. Among the miRNA-
target pairs, miR-133b-3p/CLTA was selected for further verification
by luciferase activity assay after psi-CLTA 3’ UTR vector and miR-
133b-3p agomir co-transfection in HEK 293T cells. The 3’ UTR of CLTA
mRNA contained potential binding sites with miR-133b-3p (Fig. 6A).
In addition, these potential binding sequences with miR-133b-3p in
the 3’ UTR of CLTA were conserved among many mammals (Fig. 6B).
A significant decrease in firefly luciferase activity was observed in psi-
CLTA 3’ UTR-wt and miR-133b-3p agomir co-transfected HEK 293T
cells compared with that in the control (psi-CLTA 3’ UTR-wt and agomir
NC co-transfected), whereas no significant change was observed in psi-

CLTA 3’ UTR-mut and miR-133b-3p agomir co-transfected cells
(Fig. 6C). These results imply that miR-133b-3p bound with the 3’
UTR of CLTA and inhibited the level of luciferase protein. The in vivo re-
sults (Fig. 4B) showed that compared with the control, miR-133b-3p in-
creased about 1.5-fold after 5 mg/kg/d PFOA exposure, which was
similar to the miRNA array results; and a dominant increase in miR-
133b-3p was also observed after 20 mg/kg/d PFOA treatment
(Table 1). In contrast, CLTA proteins showed a decreasing tendency in
the testes by immunohistochemical analysis (Fig. 6D), which was con-
sistent with the change observed by iTRAQ assay. The in vivo miR-
133b-3p and CLTA results support that CLTA might be a target of miR-
133b-3p.

4. Discussion

4.1. PFOA treatment changed endocytosis and BTB remodeling in mouse
testes

Testosterone stimulates spermatogenesis and supports the develop-
ment of immature spermatozoa. Exposure to PFOA, which acts as a
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Fig. 3. Fold change of mRNAs in genes related to endocytosis in the testes of control and PFOA-treated mice (1.25, 5 and 20 mg/kg/d, 28 d). The 18S gene was used as the internal reference.
Results are presented as means -+ SE (n = 6), *P< 0.05 compared with the control, °P < 0.05 compared with 1.25 mg/kg/d group, P < 0.05 compared with 5 mg/kg/d group by ANOVA and
Tukey's HSD test. Full name of the genes in the figure are as follows: AP2b1, adaptor-related protein complex 2, beta 1 subunit; AP2m1, adaptor-related protein complex 2, mu 1 subunit;
APs1, adaptor-related protein complex 2, sigma 1 subunit; Eps, epidermal growth factor receptor pathway substrate; Arf6, ADP-ribosylation factor 6.
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Table 1

Changed miRNAs in mouse testes treated with PFOA.
Downregulated Fold Pvalue Upregulated Fold P
miRNAs change miRNAs change value
miR-674-5p 0.02 1.10E-05 miR-467f 1.77 0.005
miR-187-3p* 0.16 0.035 miR-467d-5p 1.81 0.029
miR-337-5p 0.23 0.002 miR-680 1.82 0.049
miR-410-3p* 0.32 0.019 miR-532-3p 1.82 0.047
miR-191-5p 0.53 0.002 miR-133b-3p 1.83 0.029
miR-184-3p 0.53 0.002 miR-365-3p 2.21 0.022
miR-503-5p 0.54 0.031 miR-17-3p 7.15 0.039
miR-223-3p* 0.64 0.041 miR-193-5p 8.6 0.005
miR-127-3p* 0.64 0.042

These miRNAs were consistently changed 1.5-fold or more between the 5 mg/kg/d PFOA
treatment and control testis sample replicates, and were statistically significant (Student's
t-test, P < 0.05).

¢ miRNAs with conserved sequences among mice, rats, and humans.

suspected endocrine disruptor, results in lower testosterone in labora-
tory animals (Shi et al.,, 2007; White et al., 2011). Testosterone inhibi-
tion by PFOA has also been reported in isolated Leydig cells (Biegel
et al., 1995; Zhao et al., 2010). Under our exposure dose, the body
weight of mice in the 5 and 20 mg/kg/d dose groups significantly de-
creased by 4.6% and 20.5%, respectively, compared with the control
group (Yan et al.,, 2014). Absolute testis weight was significantly dimin-
ished by 26.8% in the 20 mg PFOA/kg/d group, but no change was ob-
served in 1.25 and 5 mg/kg/d dose groups. Testis weight relative to
body weight was also calculated, and none of the PFOA doses signifi-
cantly altered this parameter (Zhang et al., 2014). Our previous study
showed that accompanied with a dose-dependent decrease in PFOA-
treated group testosterone levels, sperm quality was reduced and adhe-
sion between germ cells and Sertoli cells was lost, suggesting that PFOA
can induce functional lesions in the testes (Zhang et al., 2014). However,
the molecular mechanism behind these pathological lesions in testes
was not clear. To uncover the global proteomic alteration in mouse tes-
tes after PFOA treatment, we previously conducted iTRAQ analysis and
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Fig. 4. qPCR of miRNA. RNAs from the control and PFOA-treated mouse (1.25, 5 and 20
mg/kg/d, 28 d) testes were prepared and fold changes of differentially expressed
miRNAs were determined by TagMan miRNA assay. U6 was used as the internal
reference. Results are presented as means + SE (n = 6), °P < 0.05 compared with the
control, °P < 0.05 compared with 1.25 mg/kg/d group, P < 0.05 compared with 5
mg/kg/d group by ANOVA and Tukey's HSD test.

identified 93 proteins that differed in expression level (Zhang et al.,
2014). Among the significantly changed proteins, bioinformatics analy-
sis showed that 18 were associated with endocytosis. Endocytosis,
which describes the phenomenon in which internal membranes are
produced from plasma membrane de novo, plays a prominent role not
only in cell nutrient uptake, but also in cell signaling and shaping
(Doherty and McMahon, 2009). Several endocytic pathways were de-
fined, including clathrin-mediated endocytosis, caveolae-/caveolin1-
dependent endocytosis, and Arf6 dependent endocytosis. The endocy-
tosis disturbance effect of PFOA in testes was further verified by qPCR
assay, with the mRNA alteration of genes, including AP2b1, APs1,
Eps8, Eps15, cofilin, espin, cortactin, vinculin, and zyxin. All the above
genes were involved in the endocytic pathway of the seminiferous epi-
thelium (Vogl et al., 2014).

Seventeen differentially expressed proteins were associated with
the BTB. The BTB creates an immunological barrier to prevent exoge-
nous chemicals from entering the apical compartments, thereby provid-
ing a suitable environment for spermatogenesis (Steinberger and
Klinefelter, 1993; Siu et al., 2009). The BTB is sensitive to environmental
toxicants, including PFASs (Zhang et al., 2008; Qiu et al., 2013; Wan
et al,, 2014). Our previous study demonstrated BTB damage after PFOA
treatment, as observed by impermeable biotin fluorescence passing
through the BTB to the lumen tubular of the testes and the decrease in
transepithelial electrical resistance in Sertoli cells in vitro. In addition,
the levels of important structure proteins in gap junctions and tight
junctions, such as connexin-43 and claudin-11, were significantly re-
duced in the testes after PFOA treatment. These results indicate that BTB
disturbance between germ cells and Sertoli cells might be crucial to
PFOA-induced male reproductive dysfunction in mice (Lu et al,, 2016).

Among the 17 proteins associated with BTB, 10 were also involved in
endocytosis. Endocytosis and BTB remodeling are closely related cell
processes. Endocytosis plays an important role in the regulation of pro-
tein levels and turnover at cell junctions (Maxfield and McGraw, 2004;
Ivanov et al., 2005; Vogl et al., 2014). More importantly, endocytic
vesicle-mediated protein trafficking is crucial to spermatogenesis dur-
ing the epithelial cycle. During the intermittent phases, the junctions
between Sertoli cells disassemble and reassemble to facilitate
preleptotene and/or leptotene spermatocytes transiting cross the
Sertoli-Sertoli cell interface without compromising barrier function
(Mruk and Cheng, 2004; Yan et al., 2008; Wong et al., 2009; Wong
et al,, 2010; Smith and Braun, 2012; Su et al., 2013; Vogl et al., 2013).
Studies have shown that the endocytosis protein dynamin (McNiven
et al., 2000; Sever et al., 2000), which was identified as differentially
expressed in our iTRAQ assay, is also structurally associated with inte-
gral membrane proteins at the BTB (Kamitani et al., 2002; Lie et al.,
2006). Among the proteins involved in endocytosis and BTB remodel-
ing, ITSNT1, Serpina3k, and APOA1 were validated by Western blotting
and found to be significantly reduced in the 5 mg/kg/d PFOA treatment
group. ITSN1 is a widely expressed, evolutionarily conserved
multidomain scaffold protein, which is mainly engaged in clathrin-
mediated endocytosis and cell signaling (O'Bryan, 2010; Tsyba et al.,
2011). ITSN1 interacts with many endocytic proteins, including
dynamin, AP2 (adaptor protein 2), and epsin family members. ApoA-I
protects ABCA1 from intracellular proteolysis after ABCA1 clathrin-
mediated endocytotic internalization (Lu et al., 2008). Serpina3k is a
serine protease inhibitor, which prevents the hypoxia-induced decrease
of the tight junction protein occludin and protects the integrity in the
corneal endothelial junctional barrier (Zhang et al., 2009). Altered ex-
pression of two endocytosis and BTB remodeling proteins, CALR and
MAPK14, was also verified previously (Zhang et al., 2014).

Although levels of many endocytosis proteins was altered in the tes-
tes after PFOA treatment, histological endpoints showing endocytosis
change will be more helpful. The testes tissue was not prepared for elec-
tron microscope observation after PFOA treatment, and a more detailed
histological and immunochemical analysis focused on selected endocy-
tosis pathways will be necessary in the future.
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Fig. 5. Predicted miRNA targets from differentially expressed proteins in mouse testes after PFOA exposure. Target prediction was performed using TargetScan, and the networks were
drawn using Cytoscape (v 3.2.1). Full names of the proteins in the figure are as follows: Calu, calumenin; Dbnl, isoform 2 of drebrin-like protein; Zc3h11a, zinc finger CCCH domain-
containing protein 11A; Itsn1, isoform 1 of intersectin-1; Mex3d, RNA-binding protein MEX3D; Nmt1, glycylpeptide N-tetradecanoyltransferase 1; Eif5, eukaryotic translation initiation
factor 5; Clta, clathrin light chain A; Wdr62, WD repeat-containing protein 62; Slc2a3, solute carrier family 2, facilitated glucose transporter member 3.

4.2. MiRNA profile alteration in testes might be involved in the toxicological
effect of PFOA

MiRNAs are RNA molecules 21-23 nucleotides in length, which re-
press target genes at the post-transcriptional level in animals (Lee
et al, 1993). MiRNAs regulate target mRNAs mainly through the recog-
nition and binding of mRNA 3’ UTR motifs, which are complementary to
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its seed region (nucleotides 2-7) (Lewis et al., 2003). One reasonable
explanation for the inconsistency between mRNAs and their corre-
sponding proteins is that miRNAs might be involved in the post-
transcriptional regulation of their targets (Novotny et al., 2007a;
Novotny et al.,, 2007b). In addition, compared with somatic cells, higher
abundances of some miRNAs are found in primordial germ cells, germ
cells, and germ line stem cells (Buchold et al., 2010). In the present
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Fig. 6. CLTA as a potential target of miR-133b-3p. (A) Predicted binding site of miR-133b in the 3” UTR of CLTA. (B) Predicted binding site of miR-133b in the 3” UTR of CLTA is highly
conserved among many mammals. (C). Luciferase activity. The psiCHECK-2, psi-CLTA-3” UTR-wt, or psi-CLTA-3” UTR-mut vectors were co-transfected with miR-133b agomir or agomir
NC into HEK 293T cells, and normalized Renilla luciferase activity was determined. Results are presented as means =+ SE, **P < 0.01. (D) Immunohistochemical analysis of CLTA protein in
testes of the control and PFOA-treated mice (1.25, 5 and 20 mg/kg/d, 28 d). Micrographs using frozen sections of testes were observed following CLTA antibody incubation.
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study, PFOA exposure changed miRNA expression profiles in the mouse
testes, with eight upregulated and nine downregulated, implying that
the complicated effects of PFOA on testes might be partially exerted
through miRNAs. Among the seventeen altered miRNAs, eight (four up-
regulated and four downregulated) was further confirmed by TagMan
qPCR assay. Significant changes of miRNAs profile were also observed
in our previous studies in liver and serum after PFAS treatment (Yan
et al,, 2014; Wang et al.,, 2015). However, the liver miRNAs showed to-
tally different profiles to that of the testes, implying divergent regula-
tion between the two organs.

Although the regular population has serum PFOA levels of no more
than 10 ng/mL, occupational workers can possess very high serum
PFOA levels. For example, in one of our previous studies of occupational
participants from a fluorochemical plant in Jiangsu China, we reported a
median serum level of 1.64 pg/mL (Wang et al., 2012). In our current
subacute toxic study, a relatively high PFOA dosage was selected, with
1.25 mg/kg/day PFOA exposure leading to PFOA testicular levels of
0.01 pg/g wet weight and in 5 and 20 mg PFOA/kg/day groups reaching
5.37 and 8.06 pg/g wet weight (Zhang et al., 2014). Our previous study
showed that serum PFOA levels was 23.83 pg/mL, 56.24 ng/mL and
105.29 ug/mLin the 1.25, 5 and 20 mg PFOA/kg/day groups, respectively
(Yan et al.,, 2014). Although the internal serum exposure concentration
in the current animal study was 1-2 orders of magnitude higher than
that in occupational workers, given the fact that PFOA is persistent
and bioaccumulative, with a nearly 3.8 year half-life in humans, the tes-
tes proteome and miRNA profile alteration in mice after 28 day expo-
sure can be served as a sort of alarm revealing the potential hazards of
high PFOA burden.

4.3. CLTA is a potential target of miR-133b-3p

Due to the unavailability of effective high-throughput methods and
the laborious nature of experiments, computational prediction of
miRNA targets based on features, including 5’ seed matches, conserva-
tion and secondary structure of mRNA sequences are a popular choice
(Lewis et al., 2003; Bartel, 2009; Min and Yoon, 2010). More than 10
miRNAs and protein targets pairs were built using TargetScan, implying
that miRNAs might play a role in the regulation of post-translational
protein repression in mouse testes after PFOA treatment. Among these
miRNAs and protein targets pairs, miR-133b-3p/CLTA was selected
and further verified by luciferase activity assay. Results showed that
miR-133b-3p bound with the 3’ UTR of CLTA and inhibited the level of
recombinant luciferase protein. As observed in the in vivo results, miR-
133b-3p was increased after 5 mg/kg/d PFOA treatment compared
with that in the control, whereas CLTA proteins showed a decreasing
tendency in testes by immunohistochemical assay, supporting that
CLTA might be a target of miR-133b-3p. Studies on miR-133 have
shown that it is mainly involved in muscle development, and its aber-
rant expression is linked to diseases such as heart failure, cardiac hyper-
trophy, and muscular dystrophy (Townley-Tilson et al., 2010; Yu et al,
2014). In addition, miR-133b has been found consistently downregulat-
ed in eight tumor types (including testicular), implying its important
role in cancer pathogenesis and development (Navon et al., 2009).
Clathrin-mediated endocytosis is the principal way by which mammali-
an cells internalize cell surface receptors (Doherty and McMahon,
2009), and clathrin is a major protein in coat membranes of vesicles
during clathrin-mediated endocytosis and sorting in the trans-Golgi
network/endosomal system (Traub, 2005; Brodsky, 2012). The miR-
133b-3p regulation of CLTA, an important molecule in the self-
assembly of the clathrin coat, suggests that miRNA is involved in the dis-
turbance of endocytosis in testes following PFOA exposure.

5. Conclusions

Results demonstrated that PFOA treatment resulted in dominant al-
teration of proteins involved in endocytosis and BTB remodeling in the

testes. miRNA profiles in mouse testes were changed after PFOA
treatment, with eight upregulated and nine downregulated. MiRNA-
protein interaction prediction supported the concept that miRNAs
might play a role in testicular toxicity induced by PFOA treatment. The
regulation of CLTA by miR-133b-3p was verified in vitro with transfec-
tion and luciferase activity assay.
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sults are shown in Supplementary Fig. 1. Supplementary data associated
with this article can be found in the online version, at doi 10.1016/j.taap.
2017.01.014.

References

Bartel, D.P., 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116,
281-297.

Bartel, D.P., 2009. MicroRNAs: target recognition and regulatory functions. Cell 136,
215-233.

Biegel, L.B,, Liu, R.C,, Hurtt, M.E., Cook, ].C., 1995. Effects of ammonium perfluorooctanoate
on Leydig cell function: in vitro, in vivo, and ex vivo studies. Toxicol. Appl. Pharmacol.
134, 18-25.

Brodsky, F.M., 2012. Diversity of clathrin function: new tricks for an old protein. Annu.
Rev. Cell Dev. Biol. 28, 309-336.

Buchold, G.M,, Coarfa, C., Kim, J., Milosavljevic, A., Gunaratne, P.H., Matzuk, M.M., 2010.
Analysis of microRNA expression in the prepubertal testis. PLoS One 5, e15317.
Butenhoff, ].L., Gaylor, D.W., Moore, ].A,, Olsen, G.W., Rodricks, ]., Mandel, ].H., Zobel, LR.,
2004. Characterization of risk for general population exposure to perfluorooctanoate.

Regul. Toxicol. Pharmacol.: RTP 39, 363-380.

Calafat, AM., Wong, LY., Kuklenyik, Z., Reidy, J.A., Needham, L.L,, 2007. Polyfluoroalkyl
chemicals in the U.S. population: data from the National Health and Nutrition Exam-
ination Survey (NHANES) 2003-2004 and comparisons with NHANES 1999-2000.
Environ. Health Perspect. 115, 1596-1602.

Doherty, GJ., McMahon, H.T., 2009. Mechanisms of endocytosis. Annu. Rev. Biochem. 78,
857-902.

Giesy, J.P., Kannan, K., 2002. Perfluorochemical surfactants in the environment. Environ.
Sci. Technol. 36, 146A-152A.

Ivanov, AL, Nusrat, A., Parkos, C.A., 2005. Endocytosis of the apical junctional complex:
mechanisms and possible roles in regulation of epithelial barriers. BioEssays: News
and Reviews in Molecular, Cellular and Developmental Biology 27, 356-365.

Joensen, U.N,, Bossi, R,, Leffers, H., Jensen, A.A., Skakkebaek, N.E., Jorgensen, N., 2009. Do
perfluoroalkyl compounds impair human semen quality? Environ. Health Perspect.
117, 923-927.

Kamitani, A., Yamada, H., Kinuta, M., Watanabe, M., Li, S.A.,, Matsukawa, T., McNiven, M.,
Kumon, H., Takei, K., 2002. Distribution of dynamins in testis and their possible rela-
tion to spermatogenesis. Biochem. Biophys. Res. Commun. 294, 261-267.

Kennedy Jr., G.L, Butenhoff, J.L., Olsen, G.W., O'Connor, J.C., Seacat, A.M., Perkins, R.G.,
Biegel, L.B., Murphy, S.R., Farrar, D.G., 2004. The toxicology of perfluorooctanoate.
Crit. Rev. Toxicol. 34, 351-384.

Lau, C., Butenhoff, ].L., Rogers, ].M., 2004. The developmental toxicity of perfluoroalkyl
acids and their derivatives. Toxicol. Appl. Pharmacol. 198, 231-241.

Lay, C.,, Anitole, K., Hodes, C., Lai, D., Pfahles-Hutchens, A., Seed, J., 2007. Perfluoroalkyl
acids: a review of monitoring and toxicological findings. Toxicological sciences: an of-
ficial journal of the Society of Toxicology 99, 366-394.

Lee, R.C,, Feinbaum, R.L., Ambros, V., 1993. The C. elegans heterochronic gene lin-4 en-
codes small RNAs with antisense complementarity to lin-14. Cell 75, 843-854.

Lewis, B.P., Shih, LH., Jones-Rhoades, M.W., Bartel, D.P., Burge, C.B., 2003. Prediction of
mammalian microRNA targets. Cell 115, 787-798.

Lie, P.P., Xia, W., Wang, C.Q., Mruk, D.D., Yan, H.H., Wong, C.H., Lee, W.M., Cheng, C.Y.,
2006. Dynamin Il interacts with the cadherin- and occludin-based protein complexes
at the blood-testis barrier in adult rat testes. ]. Endocrinol. 191, 571-586.

Livak, KJ., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25, 402-408.

Ly, R,, Arakawa, R., Ito-Osumi, C., Iwamoto, N., Yokoyama, S., 2008. ApoA-I facilitates
ABCAT1 recycle/accumulation to cell surface by inhibiting its intracellular degradation
and increases HDL generation. Arterioscler. Thromb. Vasc. Biol. 28, 1820-1824.


http://dx.doi.org/10.1016/j.taap.2017.01.014
http://dx.doi.org/10.1016/j.taap.2017.01.014
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0005
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0005
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0010
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0010
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0015
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0015
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0015
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0020
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0020
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0025
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0030
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0030
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0035
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0035
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0035
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0035
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0040
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0040
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0045
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0045
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0050
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0050
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0050
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0055
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0055
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0055
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0060
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0060
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0065
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0065
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0070
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0070
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0075
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0075
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0075
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0080
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0080
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0085
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0085
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0090
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0090
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0095
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0095
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0100
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0100
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0100

48 Y. Lu et al. / Toxicology and Applied Pharmacology 318 (2017) 41-48

Ly, Y., Luo, B., Li, J,, Dai, ]., 2016. Perfluorooctanoic acid disrupts the blood-testis barrier
and activates the TNFalpha/p38 MAPK signaling pathway in vivo and in vitro. Arch.
Toxicol. 90, 971-983.

Luo, L., Ye, L, Liu, G., Shao, G., Zheng, R., Ren, Z., Zuo, B., Xu, D., Lei, M,, Jiang, S., Deng, C.,
Xiong, Y., Li, F., 2010. Microarray-based approach identifies differentially expressed
microRNAs in porcine sexually immature and mature testes. PLoS One 5, e11744.

Maxfield, F.R., McGraw, T.E., 2004. Endocytic recycling. Nat. Rev. Mol. Cell Biol. 5,
121-132.

McNiven, M.A.,, Cao, H. Pitts, KR, Yoon, Y. 2000. The dynamin family of
mechanoenzymes: pinching in new places. Trends Biochem. Sci. 25, 115-120.

Min, H., Yoon, S., 2010. Got target? Computational methods for microRNA target predic-
tion and their extension. Exp. Mol. Med. 42, 233-244.

Mruk, D.D., Cheng, C.Y., 2004. Sertoli-Sertoli and Sertoli-germ cell interactions and their
significance in germ cell movement in the seminiferous epithelium during spermato-
genesis. Endocr. Rev. 25, 747-806.

Navon, R., Wang, H., Steinfeld, I, Tsalenko, A., Ben-Dor, A., Yakhini, Z., 2009. Novel rank-
based statistical methods reveal microRNAs with differential expression in multiple
cancer types. PLoS One 4, e8003.

Novotny, G.W., Nielsen, J.E., Sonne, S.B., Skakkebaek, N.E., Rajpert-De Meyts, E., Leffers, H.,
2007a. Analysis of gene expression in normal and neoplastic human testis: new roles
of RNA. Int. J. Androl. 30, 316-326 (discussion 326-317).

Novotny, G.W., Sonne, S.B., Nielsen, J.E., Jonstrup, S.P., Hansen, M.A., Skakkebaek, N.E.,
Rajpert-De Meyts, E., Kjems, ]., Leffers, H., 2007b. Translational repression of E2F1
mRNA in carcinoma in situ and normal testis correlates with expression of the
miR-17-92 cluster. Cell Death Differ. 14, 879-882.

O'Bryan, J.P., 2010. Intersecting pathways in cell biology. Sci. Signal. 3, re10.

Olsen, G.W.,, Zobel, LR, 2007. Assessment of lipid, hepatic, and thyroid parameters with
serum perfluorooctanoate (PFOA) concentrations in fluorochemical production
workers. Int. Arch. Occup. Environ. Health 81, 231-246.

Olsen, G.W., Burris, ].M., Ehresman, D,J., Froehlich, J.W., Seacat, A.M., Butenhoff, ].L., Zobel,
LR, 2007. Half-life of serum elimination of perfluorooctanesulfonate,
perfluorohexanesulfonate, and perfluorooctanoate in retired fluorochemical produc-
tion workers. Environ. Health Perspect. 115, 1298-1305.

Olsen, G.W., Butenhoff, J.L., Zobel, LR., 2009. Perfluoroalkyl chemicals and human fetal de-
velopment: an epidemiologic review with clinical and toxicological perspectives.
Reprod. Toxicol. 27, 212-230.

Prevedouros, K., Cousins, L.T., Buck, R.C., Korzeniowski, S.H., 2006. Sources, fate and trans-
port of perfluorocarboxylates. Environ. Sci. Technol. 40, 32-44.

Qiy, L, Zhang, X, Zhang, X., Zhang, Y., Gu, J., Chen, M., Zhang, Z., Wang, X., Wang, S.L.,
2013. Sertoli cell is a potential target for perfluorooctane sulfonate-induced repro-
ductive dysfunction in male mice. Toxicological Sciences: An Official Journal of the
Society of Toxicology 135, 229-240.

Raymer, ].H., Michael, L.C,, Studabaker, W.B., Olsen, G.W., Sloan, C.S., Wilcosky, T., Walmer,
D.K, 2012. Concentrations of perfluorooctane sulfonate (PFOS) and
perfluorooctanoate (PFOA) and their associations with human semen quality mea-
surements. Reprod. Toxicol. 33, 419-427.

Ro, S., Park, C., Sanders, K.M., McCarrey, J.R., Yan, W., 2007. Cloning and expression profil-
ing of testis-expressed microRNAs. Dev. Biol. 311, 592-602.

Sever, S., Damke, H., Schmid, S.L., 2000. Dynamin:GTP controls the formation of constrict-
ed coated pits, the rate limiting step in clathrin-mediated endocytosis. J. Cell Biol. 150,
1137-1148.

Shi, Z., Zhang, H., Liu, Y., Xu, M., Dai, J., 2007. Alterations in gene expression and testoster-
one synthesis in the testes of male rats exposed to perfluorododecanoic acid. Toxico-
logical sciences: an official journal of the Society of Toxicology 98, 206-215.

Siu, E.R., Mruk, D.D., Porto, C.S., Cheng, C.Y., 2009. Cadmium-induced testicular injury.
Toxicol. Appl. Pharmacol. 238, 240-249.

Smith, B.E., Braun, R.E., 2012. Germ cell migration across Sertoli cell tight junctions. Sci-
ence 338, 798-802.

Steinberger, A., Klinefelter, G., 1993. Sensitivity of Sertoli and Leydig cells to xenobiotics in
in vitro models. Reprod. Toxicol. 7 (Suppl. 1), 23-37.

Su, W., Mruk, D.D., Cheng, C.Y., 2013. Regulation of actin dynamics and protein trafficking
during spermatogenesis—insights into a complex process. Crit. Rev. Biochem. Mol.
Biol. 48, 153-172.

Townley-Tilson, W.H., Callis, T.E., Wang, D., 2010. MicroRNAs 1, 133, and 206: critical fac-
tors of skeletal and cardiac muscle development, function, and disease. Int.
J. Biochem. Cell Biol. 42, 1252-1255.

Traub, L.M., 2005. Common principles in clathrin-mediated sorting at the Golgi and the
plasma membrane. Biochim. Biophys. Acta 1744, 415-437.

Tsyba, L., Nikolaienko, O., Dergai, O., Dergai, M., Novokhatska, O., Skrypkina, 1., Rynditch,
A, 2011. Intersectin multidomain adaptor proteins: regulation of functional diversity.
Gene 473, 67-75.

US EPA, U.E.P.A, 2016. PFOA Stewardship Program.

Vogl, AW,, Young, ].S., Du, M., 2013. New insights into roles of tubulobulbar complexes in
sperm release and turnover of blood-testis barrier. Int. Rev. Cell Mol. Biol. 303,
319-355.

Vogl, AW, Du, M., Wang, X.Y., Young, ].S., 2014. Novel clathrin/actin-based endocytic ma-
chinery associated with junction turnover in the seminiferous epithelium. Semin. Cell
Dev. Biol. 30, 55-64.

Wabhid, F., Shehzad, A., Khan, T., Kim, Y.Y., 2010. MicroRNAs: synthesis, mechanism, func-
tion, and recent clinical trials. Biochim. Biophys. Acta 1803, 1231-1243.

Wan, H.T., Mruk, D.D., Wong, CK., Cheng, C.Y., 2014. Perfluorooctanesulfonate (PFOS)
perturbs male rat Sertoli cell blood-testis barrier function by affecting F-actin organi-
zation via p-FAK-Tyr(407): an in vitro study. Endocrinology 155, 249-262.

Wang, N., Szostek, B., Buck, R.C., Folsom, P.W., Sulecki, L.M., Gannon, ].T., 2009. 8-2
Fluorotelomer alcohol aerobic soil biodegradation: pathways, metabolites, and me-
tabolite yields. Chemosphere 75, 1089-1096.

Wang, J.S., Zhang, Y.T., Zhang, W., Jin, Y.H., Dai, J.Y., 2012. Association of perfluorooctanoic
acid with HDL cholesterol and circulating miR-26b and miR-199-3p in workers of a
fluorochemical plant and nearby residents. Environ. Sci. Technol. 46, 9274-9281.

Wang, J,, Yan, S., Zhang, W., Zhang, H., Dai, J., 2015. Integrated proteomic and miRNA tran-
scriptional analysis reveals the hepatotoxicity mechanism of PFNA exposure in mice.
J. Proteome Res. 14, 330-341.

White, S.S., Fenton, S.E., Hines, E.P., 2011. Endocrine disrupting properties of
perfluorooctanoic acid. J. Steroid Biochem. Mol. Biol. 127, 16-26.

Wong, EW,, Sun, S, Li, MW, Lee, W.M., Cheng, C.Y., 2009. 14-3-3 Protein regulates cell
adhesion in the seminiferous epithelium of rat testes. Endocrinology 150, 4713-4723.

Wong, EW., Mruk, D.D., Lee, W.M.,, Cheng, C.Y., 2010. Regulation of blood-testis barrier
dynamics by TGF-beta3 is a Cdc42-dependent protein trafficking event. United States
of America]->Proc. Natl. Acad. Sci. U. S. A. 107, 11399-11404.

Yan, N,, Ly, Y., Sun, H,, Tao, D., Zhang, S., Liu, W., Ma, Y., 2007. A microarray for microRNA
profiling in mouse testis tissues. Reproduction 134, 73-79.

Yan, HH., Mruk, D.D., Lee, W.M., Cheng, C.Y., 2008. Blood-testis barrier dynamics are reg-
ulated by testosterone and cytokines via their differential effects on the kinetics of
protein endocytosis and recycling in Sertoli cells. FASEB Journal: Official Publication
of the Federation of American Societies for Experimental Biology 22, 1945-1959.

Yan, S., Wang, J., Zhang, W., Dai, ]., 2014. Circulating microRNA profiles altered in mice
after 28 d exposure to perfluorooctanoic acid. Toxicol. Lett. 224, 24-31.

Yan, S., Wang, ], Dai, J., 2015. Activation of sterol regulatory element-binding proteins in
mice exposed to perfluorooctanoic acid for 28 days. Arch. Toxicol. 89, 1569-1578.

Yu, H, Ly, Y., Li, Z., Wang, Q., 2014. MicroRNA-133: expression, function and therapeutic
potential in muscle diseases and cancer. Curr. Drug Targets 15, 817-828.

Zhang, Y.H.,, Lin, L, Liu, ZW.,, Jiang, X.Z.,, Chen, B.H., 2008. Disruption effects of
monophthalate exposures on inter-Sertoli tight junction in a two-compartment cul-
ture model. Environ. Toxicol. 23, 302-308.

Zhang, B, Huy, Y., Ma, ].X.,, 2009. Anti-inflammatory and antioxidant effects of SERPINA3K
in the retina. Invest. Ophthalmol. Vis. Sci. 50, 3943-3952.

Zhang, H., Ly, Y., Luo, B,, Yan, S., Guo, X., Dai, ]., 2014. Proteomic analysis of mouse testis
reveals perfluorooctanoic acid-induced reproductive dysfunction via direct distur-
bance of testicular steroidogenic machinery. J. Proteome Res. 13, 3370-3385.

Zhao, B., Chu, Y., Hardy, D.O., Li, X.K., Ge, R.S., 2010. Inhibition of 3beta- and 17beta-
hydroxysteroid dehydrogenase activities in rat Leydig cells by perfluorooctane acid.
]. Steroid Biochem. Mol. Biol. 118, 13-17.


http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0105
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0105
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0105
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0110
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0110
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0115
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0115
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0120
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0120
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0125
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0125
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0130
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0130
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0130
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0135
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0135
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0135
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0140
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0140
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0145
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0145
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0145
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0150
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0155
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0155
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0155
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0160
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0160
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0160
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0165
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0165
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0165
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0170
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0170
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0175
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0175
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0175
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0180
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0180
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0180
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0185
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0185
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0190
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0190
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0190
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0195
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0195
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0195
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0200
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0200
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0205
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0205
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0210
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0210
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0215
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0215
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0215
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0220
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0220
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0220
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0225
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0225
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0230
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0230
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0235
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0240
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0240
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0240
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0245
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0245
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0245
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0250
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0250
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0255
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0255
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0255
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0260
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0260
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0260
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0265
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0265
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0265
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0270
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0270
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0270
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0275
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0275
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0280
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0280
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0285
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0285
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0285
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0290
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0290
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0295
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0295
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0295
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0295
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0300
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0300
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0305
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0305
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0310
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0310
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0315
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0315
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0315
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0320
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0320
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0325
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0325
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0325
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0330
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0330
http://refhub.elsevier.com/S0041-008X(17)30034-0/rf0330

	Perfluorooctanoic acid affects endocytosis involving clathrin light chain A and microRNA-�133b-�3p in mouse testes
	1. Introduction
	2. Materials and methods
	2.1. Animals and treatment
	2.2. Protein network
	2.3. Western blot analysis
	2.4. qPCR of mRNA
	2.5. MiRNA array
	2.6. TaqMan qPCR analysis of miRNA
	2.7. miRNA-target network prediction
	2.8. Plasmid transfection and dual-luciferase reporter assay
	2.9. Immunohistochemical analysis
	2.10. Statistical analysis

	3. Results
	3.1. PFOA treatment changed endocytosis and BTB proteins in the mouse testes
	3.2. PFOA exposure altered miRNA profiles in mouse testes
	3.3. Potential miRNA targets among changed proteins

	4. Discussion
	4.1. PFOA treatment changed endocytosis and BTB remodeling in mouse testes
	4.2. MiRNA profile alteration in testes might be involved in the toxicological effect of PFOA
	4.3. CLTA is a potential target of miR-133b-3p

	5. Conclusions
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


