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Abstract

A fully functional initial segment, the most proximal region of the epididymis, is important for
male fertility. Our previous study generated a mouse model to investigate the importance of initial
segment function in male fertility. In that model, phosphatase and tensin homolog (Pten) was
conditionally removed from the initial segment epithelium, which resulted in epithelial de-
differentiation. When spermatozoa progressed through the de-differentiated epithelial duct, they
developed angled flagella, suggesting compromised sperm maturation, which eventually resulted
in male infertility. To understand the molecular mechanisms, by which PTEN regulates epididymal
sperm maturation, we compared the transcriptome profile of the initial segment between controls
and initial segment-specific Pten knockouts and revealed that water, ion, and organic solute trans-
porter activities were one of the top molecular and cellular functions altered following loss of Pten.
Alteration in protein levels and localization of several transporters following loss of Pten were also
observed by immunofluorescence analysis. Epithelial cells of the initial segment from knockouts
were more permeable to fluorescein isothiocyanate–dextran (4000 Da) compared to controls. In-
terestingly, conditional deletion of Pten from other organs also resulted in changes in transporter
activity, suggesting a common role of PTEN in regulation of transporter activity. Taken together,
our data support the hypothesis that loss of Pten from the initial segment epithelium results in
changes in the transporting and permeability characteristics of the epithelium, which in turn altered
the luminal fluid microenvironment that is so important for sperm maturation and male fertility.

Summary Sentence

Loss of Pten from the initial segment epithelium results in changes in the transporting and per-
meability characteristics of the epithelium, suggesting PTEN regulates epididymal water, ion, and
organic solute transporter activities.
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Introduction

Phosphatase and tensin homolog (PTEN) is a well-known tu-
mor suppressor that is inactivated in a wide variety of hu-

man cancers [1]. In addition to its tumor suppressive function,
PTEN has its role in embryogenesis and in the maintenance of
normal physiological functions of many organ systems [1]. In
our previous study, phosphatase and tensin homolog (Pten) was
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conditionally deleted from the initial segment epithelium of the epi-
didymis from postnatal day 17 onwards in mice, which did not result
in cancer development in the epididymis but rather male infertility,
suggesting that PTEN played a role in the maintenance of normal
function of the epididymis [2].

Our previous study revealed that loss of Pten from the ini-
tial segment epithelium activated the AKT pathway, which sup-
pressed the ERK pathway through inactivation of RAF1. The al-
tered signal transduction pathways changed cell shape, size, and
organization in the initial segment epithelium. These morphological
changes reflected de-differentiation of the initial segment epithelium.
When spermatozoa progressed through a de-differentiated epididy-
mal duct, they developed angled flagella that prevented spermatozoa
from reaching and fertilizing an egg in the female reproductive tract,
which eventually resulted in male infertility [2].

Spermatozoa flagellar angulation was previously observed in
other transgenically modified mouse models such as Ros1 proto-
oncogene (Ros1) null mice [3] and transgenic mice carrying Simian
virus 40 small T-antigen driven by glutathione peroxidase 5 (Gpx5)
promoter [4]. Studies showed that flagellar angulation observed in
these models was due to a dysfunction in volume regulation of sper-
matozoa [5–9]. Under normal physiological conditions, the epididy-
mal lumen is rich in inorganic ions and small organic molecules
which create an environment that is hyperosmotic relative to serum
[10]. During normal epididymal transit, under a hyperosmotic lumen
environment, spermatozoa acquire the capacity to regulate their cell
volume. Thus, when spermatozoa are exposed to the iso-osmotic en-
vironment of the female tract, they are able to tolerate the sudden re-
duction in osmolality and their flagella remain straight [11]. In Ros1
null mice, spermatozoa were not able to regulate volume, and when
they encountered a lower osmolality in the female tract they devel-
oped flagellar angulation, which reduced spermatozoa motility and
prevented fertilization [5–9]. Follow-up studies on Ros1 null mice
suggested that downregulation of glutamate transporter SLC1A1,
also known as EAAC1, and alterations in luminal pH likely reflected
the changes in epididymal luminal fluid environment, which affected
normal sperm maturation [12, 13].

Although initial segment-specific Pten knockout mice, namely IS-
specific Pten KOs, shared similar flagellar angulation phenotype with
Ros1 null mice, loss of Pten did not change Ros1 mRNA levels. This
suggested that PTEN did not signal though ROS1, thereby further
suggesting that there was a different mechanism behind the similar
flagellar angulation phenotype [2]. To investigate the mechanism(s)
that resulted in the disruption of sperm maturation process in IS-
specific Pten KOs, we employed RNAseq analysis to compare the
transcriptome profiles of the initial segment of control and knockout
mice. Loss of Pten resulted in changes in a broad range of water,
ion, and organic transporters, which likely resulted in changes in
the intracellular, intercellular microenvironment of epithelial cells,
and epididymal lumen microenvironment, and eventually disrupting
sperm maturation.

Materials and methods

Animals
Mice were handled according to the approved protocols following
the guidelines of the Institutional Animal Care and Use Committee
of the University of Virginia. Mice carrying loxP-flanked Pten allele
(Pten flox/flox) were purchased from The Jackson Laboratory (Bar
Harbor, Maine). Tg(Rnase10-Cre) mice were a generous gift from
Dr Huhtaniemi (Imperial College London, UK) [14]. Mice were bred

and genotyped based upon the information provided by The Jackson
Laboratory (Bar Harbor).

We defined epididymal regions according to previous studies [15,
16], which divided the epididymis into four major regions or 10
more defined regions: initial segment (I–II), caput (III–VI), corpus
(VII–VIII), and cauda (IX–X).

RNAseq sequencing and analysis
Tissues from region I of the epididymis were dissected from 6-
month-old control and knockout mice. Total RNA was extracted
using Qiagen RNeasy Plus Mini Kit (Valencia, CA) according to the
manufacturer’s instructions. RNAsamples from the same animals
were used to perform real-time PCR and RNAseq gene expression
analysis. Quality control of RNA was conducted using TapeStation
and qPCR methods at the Beckman Coulter Genomics (Danvers,
MA). Complementary DNA synthesis and library construction were
performed using Illumina Truseq RNASeq (San Diego, CA). Three
control and three knockout sample replicates were analyzed on an
Illumina HiSeq 2000 instrument at the Beckman Coulter Genomics
(Danvers).

Initial quality assessment of sequencing reads was con-
ducted using FASTQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). After aligning data with STAR [17], counted reads
were mapped to GENCODE genes using the featureCounts soft-
ware in the Subread package [18]. DESeq2 Bioconductor package
[19] in the R statistical computing environment was used to nor-
malize count data and fit a negative binomial model to assess for
differential gene expression between knockout and control sam-
ples. The Benjamini–Hochberg false discovery rate (FDR) proce-
dure was used to estimate adjusted P-values for GENCODE/Ensembl
gene IDs mapping to known genes. The RNAseq data are available
in GEO under accession (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc = GSE92614). The following secure token has been cre-
ated to allow review of record GSE92614 while it remains in private
status: uhcbmygebtsfzyv.

To search over-represented or under-represented biological pro-
cesses, cellular components, molecular functions, and signal path-
ways, the differentially expressed gene lists generated from RNAseq
analysis were submitted to Gene Ontology (www.geneontology.org)
and Ingenuity Pathway Analysis (www.ingenuity.com) for the en-
richment and pathway analysis.

Data acquisition from public resource and microarray
analysis
Dataset GSE24691 (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE24691) was downloaded from the GEO website. Data
samples (GSM608357, GSM608358, GSM608359, GSM608360)
from prostate tissues of 3-month-old control mice (Pten floxed
mice) and data samples (GSM608364, GSM608365, GSM608366,
GSM608367) of prostate-specific Pten knockout mice were selected
for microarray analysis. Statistically significant differences in mRNA
abundance between control and knockout samples were determined
using Linear Models for Microarray Data. The differentially ex-
pressed gene lists were used for further analysis.

Dataset GSE70681 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE70681) was selected from GEO website. Five con-
trol data samples (GSM1816399, GSM1816400, GSM1816401,
GSM1816402, and GSM1816403) and three liver-specific
Pten knockout samples (GSM1816404, GSM1816405, and
GSM1816406) from 15-month-old mice were subjected to GEO2R
analysis, a build-in tool in GEO website. Top 250 differentially ex-
pressed gene lists were used for further analysis.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accprotect unhbox voidb@x penalty @M  =protect unhbox voidb@x penalty @M  GSE92614
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accprotect unhbox voidb@x penalty @M  =protect unhbox voidb@x penalty @M  GSE92614
http://www.geneontology.org
http://www.ingenuity.com
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24691
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24691
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70681
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70681
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Dataset GSE6078 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE6078) was selected from GEO website. Two data
samples (GSM140792 and GSM140816) from control mouse in-
testines and three data samples (GSM140813, GSM140817, and
GSM140818) from Pten knockout polyps were used for further anal-
ysis. This dataset in the GEO website has already been curated.

Immunofluorescence
Epididymal tissue samples were immersion-fixed in 4%
paraformaldehyde (PFA) in phosphate buffered saline overnight at
4◦C and followed by paraffin embedding and sectioning. Knockout
and control sections were placed on the same slide side by side to
ensure similar treatment. Subsequently, slides were deparaffinized
and rehydrated. For antigen retrieval, slides were microwaved in
antigen unmasking solution (Vector Laboratories, Burlingame, CA)
for 10 min on high in a 1300 W microwave and cooled for 1 h at
room temperature. Following blocking in blocking solution with
10% (v/v) normal goat or donkey serum (Vector Laboratories,
0.5% (v/v) gelatin from cold-water fish skin (Sigma, St. Louis,
MO), and TBS for 1.5 h, slides were incubated overnight at 4◦C in
blocking solution with primary antibodies. Following washing in
TBS, slides were incubated with 1:200 dilution of Alexa Fluor 594
secondary antibodies (Molecular Probe, Eugene, OR) in blocking
solution for 1.5 h at room temperature. All slides were washed
in TBS and mounted using Prolong Anti-fade reagent with DAPI
(4,6-Diamidino-2-phenylindole) for nuclear staining (Molecular
Probe, Eugene, OR) and were viewed under a Zeiss microscope
equipped with epifluorescence. The following primary antibodies
were purchased from Abcam (Cambridge, MA): NIPAL4 antibody
(ab107979, 1:50 working dilution) and SLCO1C1 antibody
(ab83972, 1:50 working dilution). Immunofluorescence labeling
using goat anti-rabbit secondary antibody alone was performed to
serve as negative controls for NIPAL4 and SLCO1C1 antibodies.
Two antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA): ATP6V1B1 (V-ATPase B1) antibody (sc-21206,
1:50 working dilution) and ATP1A1 (Na+K+-ATPase α1) antibody
(sc-21712, 1:50 working dilution). Immunofluorescence labeling
using donkey anti-goat secondary antibody alone was performed to
serve as a negative control for ATP6V1B1 antibody. Immunofluo-
rescence labeling using mouse normal IgG as a primary antibody
was performed to serve as a negative control for ATP1A1antibody.
Supplementary Table S1 lists antibody information in detail.

Measurement of epithelial permeability
Fifty microliters of fluorescein isothiocyanate–dextran (FITC-
dextran, 4000 Da; 5 mg/ml; Sigma-Aldrich) was injected into the
mice tail vein. Thirty minutes following injection, epididymal tissues
were harvested and immediately fixed in 4% PFA for 2 h. Tissues
from the initial segment region I were hand-cut to small pieces and
subjected to confocal imaging under a Zeiss 700 microscope.

Statistics
One-way analysis of variance was performed to identify significant
changes. The significant difference was indicated by ∗ (P < 0.05) and
∗∗ (P < 0.01).

Results

Verification of RNAseq data with real-time PCR
In our previous publication, real-time PCR was employed to quantify
mRNA levels of several genes [2] in epididymal region 1. In this
study, mRNA levels of the entire transcriptome were measured using

RNAseq sequencing. When comparing the mRNA levels of Ros1,
androgen receptor (Ar), dual specificity phosphatase 6 (Dusp6,) and
ets variant 4 (Etv4) measured by these two methods, the fold changes
between knockouts and controls were similar (Supplementary Figure
S1), confirming the accuracy of the RNAseq data.

Changes in the mRNA levels of water, ion, and organic
solute transporters following loss of Pten
A broad range of water, ion, and organic solute transporters had
significant changes in their mRNA levels following loss of Pten.

First, the top 500 differentially expressed genes based on
FDR-adjusted P-value were subjected to Gene ontology enrich-
ment analysis. Transporter activity was one of the top dysreg-
ulated molecular functions with P-value 7.83E-07 using Fisher’s
exact test. Fifty-three genes among the top 500 differentially ex-
pressed genes encoded transporter genes. Among these 53 genes,
38 transporter genes, including solute carriers, ATP-binding cassette
(ABC) transporters, ATPase transporters, K+, and other ion trans-
porters showed more than twofold changes (Table 1), and 15 had
more than fourfold changes in their mRNA levels following loss
of Pten.

Second, 211 genes, which showed fourfold changes in their
mRNA levels and had FDR-adjusted P-value less than 1%, were
subjected to Ingenuity Pathway Analysis. Molecular transport was
the top dysregulated molecular and cellular functions with P-value
1.61E-05 analyzed by Fisher’s exact test. A total of 52 genes among
the 211 differential expressed genes were involved in dysregulation
of transport of molecules, concentration of lipids, absorption of K+,
and uptake of D-glucose (Figure 1).

Changes in ATPase transporters and ABC transporters
following loss of Pten
Multiple ATPase transporters and ABC transporters showed differ-
ential expression in mRNA levels (FDR-adjusted P-value < 0.01) in
knockouts compared to controls (Supplementary Tables S2 and S3).

ATP6V1B1 is a subunit of H+ ATPase (also known as V-ATPase)
and is a marker of narrow and clear cells [20]. According to RNAseq
analysis, the Atp6v1b1 mRNA level in knockouts was 3.0 times of
the level in controls (Supplementary Table S2). ATP6V1B1 protein
was localized to the plasma membrane and cytoplasmic of narrow
cells. In controls, initial segment narrow cells elongated in the di-
rection of apical–basal axis and always contacted the lumen with
their apical surface protruded to the lumen (Figure 2A, yellow ar-
row). In knockouts, ATP6V1B1-positive narrow cells did not al-
ways have the elongated shape, and immunolocalization showed
that a large percentage (44.3%, n = 127) of ATP6V1B1-positive
narrow cells had lost their contact with the lumen (Figure 2B, yellow
arrowheads).

ATP1 (Na+-K+ ATPase) regulates cellular Na+ and K+ levels
and fluid volume [21]. Data from the RNAseq analysis showed
mRNA levels of two genes that encode subunits of ATP1, Atp1a1 and
Atp1b1, increased to 1.3 and 2.0 times respectively following loss of
Pten (Supplementary Table S2). ATP1A1 protein showed basolat-
eral membrane localization in epithelial cells in controls (Figure 2C).
In knockouts, ATP1A1 was also localized to the cell membrane of
epithelial cells, but the intensity varied from one group of cells to
another (Figure 2D).

The negative controls labeled with secondary anti-goat antibody
alone or normal mouse IgG followed by secondary anti-mouse anti-
body are shown in Supplementary Figure S2A and B.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE6078
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE6078
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Table 1. Thirty eight transporters showing more than twofold change in their mRNA levels.

Category Symbol Gene name Fold change Up or down

Solute carriers Slco2a1 Solute carrier organic anion transporter family, member 2a1 4.5 Up
Slco1c1 Solute carrier organic anion transporter family, member 1c1 24.0 Up
Slc46a2 Solute carrier family 46, member 2 11.0 Up
Slc22a23 Solute carrier family 22, member 23, 4.2 Up
Slc47a2 Solute carrier family 47, member 2 4.6 Down
Slc2a5 Solute carrier family 2 (facilitated glucose transporter), member 5 4.5 Up
Slc41a3 Solute carrier family 41, member 3 2.7 Down
Slc7a11 Solute carrier family 7(cationic amino acid transporter y + system), member11 2.8 Down
Slc29a4 Solute carrier family 29 (nucleoside transporters), member 4 3.4 Down
Slc2a9 Solute carrier family 2 (facilitated glucose transporter), member 9 3.8 Up
Slc7a4 Solute carrier family 7 (cationic amino acid transporter, y + system), member 4 2.1 Up
Slc22a18 Solute carrier family 22 (organic cation transporter), member 18 2.8 Up
Slc16a4 Solute carrier family 16 (monocarboxylic acid transporters), member 4 2.1 Down
Slc6a13 Solute carrier family 6 (neurotransmitter transporter, gaba), member 13 3.5 Down

ABC transporters Abcb9 ATP -binding cassette, sub-family b (mdr/tap), member 9 2.2 Down
Abcc3 ATP-binding cassette, sub-family c (cftr/mrp), member 3 2.1 Up

ATPase transporters Atp4a ATPase, H+-K+ exchanging, gastric, alpha polypeptide 9.1 Up
Atp11a ATPase, class VI, type 11a 2.1 Up

Potassium channels Kcna1 Potassium voltage-gated channel, shaker-related subfamily, member 1 6.5 Up
Kcnc3 Potassium voltage gated channel, shaw-related subfamily, member 3 8.6 Up
Kcnq1 Potassium voltage-gated channel, subfamily q, member 1 2.4 Up

Other ion channels Trpv6 Transient receptor potential cation channel, subfamily v, member 6 2.5 Up
Scnn1b Sodium channel, nonvoltage-gated 1 beta 3.8 Up

Others Mfsd2a Major facilitator superfamily domain containing 2a 5.7 Down
Nipal4 Nipa-like domain containing 4 5.8 Down
Lcn5 Lipocalin 5 5.0 Up
Steap2 Six transmembrane epithelial antigen of prostate 2 4.5 Down
Syt2 Synaptotagmin ii 4.3 Down
Sypl2 Synaptophysin-like 2 7.5 Up
Ap1s2 Adaptor-related protein complex 1, sigma 2 subunit 2.4 Up
Vldlr Very low density lipoprotein receptor 2.5 Down
Hpn Hepsin 3.4 Up
Cnga2 Cyclic nucleotide gated channel alpha 2 3.1 Up
Trf Transferrin 3.6 Down
Anxa6 Annexin a6 2.2 Up
Sec14l2 sec14-like 2 2.5 Up
Cftr Cystic fibrosis transmembrane conductance regulator 2.1 Down
Rhbg Rhesus blood group-associated b glycoprotein 2.3 Up

Changes in the protein levels of some transporters
following loss of Pten
NIPAL4 (NIPA-like domain containing 4) is a membrane-associated
protein, which acts as a Mg2+ transporter and can also transport
other divalent cations but to a much less extent [22]. Data from
RNAseq analysis showed Nipal4 mRNA levels to have decreased
5.8 times following loss of Pten (Table 1). NIPAL4 proteins were lo-
calized to the apical membrane of epithelial cells (Figure 3A, yellow
arrows) and had intensive labeling on the protruded apical mem-
brane (Figure 3A, yellow arrowhead). The intensive labeling on the
protruded apical membrane in control epithelial cells was absent in
knockouts (Figure 3A and B).

The mRNA level of Slco1c1 (solute carrier organic anion trans-
porter family, member 1c) in knockout initial segments increased
24 times following loss of Pten (Table 1). SLCO1C1 proteins
were localized to the apical area of some epithelial cells (Fig-
ure 3C and D, blue arrows), and the number of SLCO1C1-
positive cells increased by 75 ± 8.1% in knockouts compared to
controls (Figure 3C and D). The negative control labeled with
secondary anti-rabbit antibody alone is shown in Supplementary
Figure S2C.

Changes in permeability of the epithelium of the initial
segment following loss of Pten
Following 30 min FITC-detran 4000 administration, a diffuse FITC
signal was observed in control epididymal epithelial cells, while
strong, punctate FITC-positive particles, which aggregated in the
cytoplasm of epithelial cells in knockouts (Figure 4, arrow), were ob-
served. Signal was undetectable in the lumen of control and knockout
epididymides.

Changes in transporter activity following loss of Pten
in other organs
Microarray gene expression data were acquired from the prostate
tissues of 3-month-old prostate-specific Pten knockouts and con-
trols (Pten floxed mice). Loss of Pten resulted in changes of a broad
range of genes in the mRNA levels. When the top 500 differen-
tially expressed genes were subjected to gene enrichment analysis in
Gene ontology, a total of 46 genes among the 431 annotated genes
were involved in transporter activity. Positive regulation of transport
was one of the major dysregulated biological processes with P-value
8.20E-4 analyzed by Fisher’s exact test.
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Figure 1. Fifty-two genes of the 211 top differentially expressed genes involved in the transport of molecules, concentration of lipid, uptake of D-glucose, and
absorption of K+. The greater the red color intensity indicates the greater the difference in expression of that gene between control and knockout tissues based
on FDR adjusted P-values.

Loss of Pten in albumin expressing cells resulted in liver steatosis
and spontaneous liver tumors. Microarray gene expression data were
acquired from liver tissues of 15-month-old knockouts and controls.
The top 250 differentially expressed genes were subjected to gene
enrichment analysis in Gene ontology, and a total of 43 genes of
the 228 annotated genes were involved in transporter activity. Reg-
ulation of transport was one of the major dysregulated biological
processes with P-value 2.06E-3 analyzed by Fisher’s exact test.

Deletion of Pten gene from the intestine resulted in intestinal
polyps. Microarray gene expression data from Pten mutant intestinal
polyps and control intestinal of 1-month-old mice were curated on
the GEO website. A total of 374 genes were differentially expressed
following loss of Pten. Transmembrane transport of small molecules
was one of the major dysregulated pathways based on the GEO
website.

Discussion

Our previous study established a male infertile mouse model by con-
ditional deletion of Pten from the proximal epididymis [2]. In this
study, we investigated transporter activity and epithelial permeabil-
ity of this mouse model in the epididymis to better understand the
mechanisms that regulate the epididymal luminal fluid microenvi-
ronment and sperm maturation.

Pten regulated a broad range of transporters in the
epididymis
In the initial segment of the epididymis, a broad range of trans-
porter genes showed changes in their mRNA levels and/or protein
localization following loss of Pten. First, changes in many ion and
water transporters including Na+-K+ ATPase subunits e.g. Atp1a1
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Figure 2. Immunolocalization of ATP6V1B1 and ATP1A1 in 6-month-old initial segments of controls and IS-specific Pten KOs. (A and B) Representative images
of ATP6V1B1 localization in the narrow cells of controls and conditional knockouts (cKO). Yellow arrows show elongated narrow cells that are in contact with
the lumen, and yellow arrowheads show round narrow cells without luminal contact. (C and D) Representative images of membrane localization of ATP1A1 in
epithelial cells of the control and knockout initial segments. The blue arrow and blue arrowhead show two groups of cells with different labeling intensity.

and Atp1b1, H+-K+ exchangers e.g. Atp4a, Na+-H+ exchangers e.g.
Slc9a1 and Slc9a2, H+ ATPase subunits e.g Atp6v1b1, K+ channels
e.g. Kcna1, Kcnc3, and Kcnq1, and aquaporins e.g. Aqp9 were found
in the initial segment following loss of Pten. This would suggest that
Pten regulated ion and water transporters, and likely, there were
changes in ion and water homeostasis in the epididymis of IS-specific
Pten KO mice. Second, changes in many organic solute transporters,
e.g. Slcolc1and Slco2a, and ABC transporters, e.g. Abcc3 and Abcb9,
were also detected in the initial segment following loss of Pten. These
data would suggest that Pten also regulated organic solute trans-
porters, which in turn may have resulted in a loss of protection from
osmotic and/or chemical stress in the epididymis of IS-specific Pten
KO mice.

Although there have been limited previous studies examining the
functions of such a broad range of transporters in the epididymis,
many individual transporters have been studied extensively to un-
derstand their function in the regulation of the epididymal luminal
fluid microenvironment [20, 21, 23–26].

First, several water and ion transporters including Na+-
K+ATPase, Na+-H+exchangers, H+ATPase (V-ATPase), and aqua-
porins (AQPs) have been found to be essential for epididy-
mal function [20, 21, 23, 24]. For example, clear cells, which
are also known as narrow cells in the initial segment, have a

high level of expression of the proton pump V-ATPase in the
plasma membrane of epididymal epithelial cells. V-ATPase is in-
volved in acidification of luminal fluid, a process that is impor-
tant for sperm maturation; loss of V-ATPase subunits causes male
infertility [20, 24].

Second, many organic solute transporters have also been studied
in the epididymis, including ABC family of efflux transporters, amino
acid transporters, and glucose transporters [21]. Among the organic
solute transporters, ABC transporters including ABCB1 (phospho-
glycoprotein and multidrug resistance-1) and ABCG2 (breast cancer
resistance protein and mitoxantrone resistance protein) were respon-
sible for efflux of many xenobiotics and toxicants from tissues and
were expressed in the epididymis [25]. The administration of phy-
toestrogens to Abcg2 knockout mice resulted in elevated epididymal
concentrations of phytoestrogens as compared with wild-type mice,
suggesting its role in protecting the epididymis from chemical insult
[26]. In addition, several antifertility agents affected male fertility
through interfering with sugar transport in the epididymis, suggest-
ing that sugar transport played a role during sperm maturation [27,
28].

Since changes in certain individual transporters affected the lumi-
nal fluid microenvironment and sperm maturation process [20–28],
it is not surprising that changes in a broad range of transporters
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Figure 3. Immunolocalization of NIPAL4 and SLCO1C1 in 6-month-old initial segments of controls and IS-specific Pten KOs. (A and B) Representative images of
apical localization of NIPAL4 in the initial segment of controls and conditional knockouts (cKO). Yellow arrows show apical location of NIPAL4 in the epithelium,
and yellow arrowhead shows intensive NIPAL4 labeling at apical protrusions. (C and D) Representative images of apical localization of SLCO1C1 in control and
knockout initial segments. Blue arrows label punctate apical localization of NIPAL4 in the epithelium.

in IS-specific Pten KOs compared to controls would disrupt sperm
maturation function.

When FITC-detran 4000 was administrated systemically, it did
not pass through the epididymal tight junctions, suggesting that tight
junctions were intact in the epididymis of IS-specific Pten KOs. This
is consistent with our previous report, which had shown normal lo-
calization of several tight junction protein markers [2]. An increase in
the accumulation of FITC-detran 4000 in the epididymal epithelium
of IS-specific Pten KOs compared to controls suggested changes in
the transepithelial transport of molecules, for example, endocytosis
and/or pinocytosis.

Pten regulated transporter activity in other organs
Previous studies revealed a common finding that PTEN regulated
cell shape, size, and organization, likely through regulation of the
PI3K/AKT pathway [2, 29]. Increased cell size has accounted for
hypertrophy phenotypes observed in multiple tissue-specific Pten
knockout models including our IS-specific Pten KOs [2, 29]. More
importantly, alteration in cell size, shape, and organization would
change the properties of the basolateral and apical membranes.
Therefore, it is reasonable to hypothesize that changes in these mem-
brane properties would likely change a broad range of transporter

activities in many cell types following loss of Pten. To test this hy-
pothesis, we analyzed the microarray data from prostate, intestine,
and liver-specific Pten knockouts. Regulation of ion, water, and or-
ganic solute transporters was indeed one of enhanced biological pro-
cesses following loss of Pten, suggesting a common role of PTEN in
the regulation of transport of molecules.

Unlike the tumor suppression function of PTEN, the transporter
regulation function of PTEN has not been systematically studied.
However, evidence from previous studies has showed that PTEN
regulates the activities of different transporters in multiple organs
and cell types [29–34]. Specific deletion of Pten in the lens frequently
led to the development of a cataract. The study of Pten insufficiency-
associated cataract identified a direct role for Pten in the regulation
of lens Na+-K+ATPase activity through an AKT-dependent modu-
lation [30]. In thyroid cancer cells, loss of Pten was associated with
increased expression of SLC2A1 on the plasma membrane. SLC2A1
was also known as glucose transporter 1, and increased SLC2A1
expression was associated with an increase in glucose uptake [31]. It
was also concluded that PTEN functioned as a suppressor of glucose
transport through the PI3K pathway in adipocytes [32]. In chronic
myeloid leukemia, Pten regulated ABCG2 transporter [33]. More
recently, PTEN was shown to be involved in regulation of glutamate
aspartate transporter in the adult optic nerve [34].
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Figure 4. Permeability of FITC-detran 4000 in epithelial cells of control and knockout initial segments. (A and B) High magnification images. (C and D) High
magnification images merged with DAPI nuclear staining. (E and F) Low magnification images merged with DAPI nuclear staining. Note a diffuse FITC signal in
epididymal epithelial cells in controls and strong punctate FITC-positive particles aggregated in the cytoplasm of epithelial cells in knockouts (yellow arrow).
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In summary, our data coupled with previous reports suggested
that PTEN regulated a broad range of transporters in many organs
and cell types. In the epididymis, changes in transporter activity
following loss of Pten would presumably result in an alteration of the
luminal fluid microenvironment resulting in male infertility. Future
studies will focus on the examination of the composition of the initial
segment luminal fluid in Pten knockout mice to test the hypothesis
that changes in the luminal fluid microenvironment were the result
of changes in transporter activity.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Comparison of real-time PCR and
RNAseq analysis on the changes of mRNA levels of Ros1, Ar, Dusp6,
and Etv4 following loss of Pten. Samples from the same animals were
examined using real-time PCR and RNAseq. The average mRNA
levels in controls were set as 1, and the relative values in condi-
tional knockouts (cKO) were then calculated. Data are represented
as mean ± SEM.
Supplementary Figure S2. Control images of initial segments show-
ing the level of background immunofluorescence. (A) Degree of fluo-
rescence when donkey anti-goat secondary antibody was used alone.
(B) Degree of fluorescence when a primary antibody was replaced
by normal mouse IgG. (C) Degree of fluorescence when goat anti-
rabbit secondary antibody was used alone. Longer exposure times
were purposely used in these images to demonstrate the low degree
of background fluorescence.
Supplementary Table S1. Antibody information.
Supplementary Table S2. Differentially expressed ATPase trans-
porters following loss of Pten.
Supplementary Table S3. Differentially expressed ABC transporters
following loss of Pten.
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