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In Brief
TEX101 protein is a validated bio-
marker of male infertility and a po-
tential germ cell-surface chaper-
one. Near-complete degradation of
variant G99V TEX101 protein was
discovered in men homozygous
and heterozygous for the missense
variant rs35033974. Differential
proteomic profiling revealed
TEX101-associated proteins down-
regulated in rs35033974hh sperma-
tozoa, including LY6K protein.
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Highlights

• Missense variant rs35033974 resulted in significantly reduced levels of human TEX101 protein in
seminal plasma and spermatozoa.

• Differential proteomics revealed TEX101-associated testis-specific proteins, including LY6K, which
were down-regulated in rs35033974hh spermatozoa.

• Deep proteome of human spermatozoa, including some “missing” proteins, was identified.
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Identification of TEX101-associated Proteins
Through Proteomic Measurement of Human
Spermatozoa Homozygous for the Missense
Variant rs35033974*□S

Christina Schiza‡§, Dimitrios Korbakis‡¶, Keith Jarvi¶�,
Eleftherios P. Diamandis‡§¶**‡‡, and Andrei P. Drabovich‡§**§§

TEX101 is a germ-cell-specific protein and a validated
biomarker of male infertility. Mouse TEX101 was found
essential for male fertility and was suggested to function
as a cell surface chaperone involved in maturation of
proteins required for sperm migration and sperm–oocyte
interaction. However, the precise functional role of human
TEX101 is not known and cannot be studied in vitro due to
the lack of human germ cell lines. Here, we genotyped 386
men for a common missense variant rs35033974 of
TEX101 and identified 52 heterozygous and 4 homozy-
gous men. We then discovered by targeted proteomics
that the variant allele rs35033974 was associated with the
near-complete degradation (>97%) of the corresponding
G99V TEX101 form and suggested that spermatozoa of
homozygous men could serve as a knockdown model to
study TEX101 function in humans. Differential proteomic
profiling with label-free quantification measured 8,046
proteins in spermatozoa of eight men and identified eight
cell-surface and nine secreted testis-specific proteins
significantly down-regulated in four patients homozygous
for rs35033974. Substantially reduced levels of testis-spe-
cific cell-surface proteins potentially involved in sperm
migration and sperm–oocyte interaction (including LY6K
and ADAM29) were confirmed by targeted proteomics and
Western blotting assays. Because recent population-
scale genomic data revealed homozygous fathers with
biological children, rs35033974 is not a monogenic factor
of male infertility in humans. However, median TEX101
levels in seminal plasma were found fivefold lower (p �
0.0005) in heterozygous than in wild-type men of European
ancestry. We conclude that spermatozoa of rs35033974 ho-
mozygous men have substantially reduced levels of TEX101
and could be used as a model to elucidate the precise
TEX101 function, which will advance biology of human
reproduction. Molecular & Cellular Proteomics 18: 338–
351, 2019. DOI: 10.1074/mcp.RA118.001170.

Recent -omics studies identified 1,079 human genes with
exclusive expression in testis (1). While function of many of
testis-specific proteins is not known, it may be assumed that
these proteins have unique and specialized roles in spermato-
genesis and fertilization. Mutations, natural knockouts, or del-
eterious single nucleotide variations in testis-specific genes
could lead to spermatogenesis arrest, reduced sperm con-
centration or motility, abnormal sperm morphology, or im-
paired sperm–oocyte interaction (2–4).

We previously discovered and validated a germ-cell-spe-
cific protein TEX1011 as a seminal plasma biomarker for the
differential diagnosis of azoospermia and male infertility (5–8).
The precise functional role of TEX101 is not known, but based
on mouse models it was suggested as a testicular germ-cell-
surface chaperone involved in the maturation of four cell-
surface proteins from the ADAM family (9, 10). Tex101 knock-
out in mice resulted in male sterility but normal sperm
concentration, morphology, and other phenotypical charac-
teristics (9). In the absence of TEX101 protein, ADAM 3–6
proteins were not properly processed and degraded. How-
ever, mouse data could not be translated into human stud-
ies because ADAM3, ADAM5, and ADAM6 genes are non-
coding pseudogenes, while ADAM4 is not present in the
human genome (11). Lack of stable human male germ cell
lines hinders identification of TEX101-associated proteins in
humans.

As an alternative, we suggested that the functional role of
TEX101 could be studied in human clinical samples, such as
spermatozoa. Our previous work on TEX101 levels in seminal
plasma revealed a small population of men with high sperm
count but very low levels of TEX101 protein in seminal plasma
and spermatozoa (8). In this work, we hypothesized that some
genomic alterations, such as natural knockouts or single nu-
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cleotide variations, could result in undetectable or low levels
of TEX101 protein. We suggested that spermatozoa obtained
from such men could be used as knockout or knockdown
models to identify proteins degraded in the absence of
TEX101 and discover the functional interactome of TEX101 in
humans. Collectively, such data could support in humans the
previously suggested function of TEX101 as a cell-surface
chaperone (9).

EXPERIMENTAL PROCEDURES

Study Design and Statistical Rationale—The objectives of this
study were to identify potential genomic alterations that could impact
levels of TEX101 protein and verify those levels experimentally in
human spermatozoa samples. According to power calculations (one-
tailed Fisher’s exact test, a � 0.05 and 80% power), at least 25 men
in each group (prevasectomy and unexplained infertility) would be
required to detect an increase of rs35033974hh prevalence from 1.5%
(prevalence in the general population) to 28.6% (hypothetical preva-
lence in men with unexplained infertility). The latter number was
calculated as a ratio of rs35033974hh prevalence (1.5%) versus the
prevalence of unexplained male infertility in the general population
(70% of 7.5%) (12). Furthermore, we suggested that differential pro-
teomic profiling of rs35033974hh spermatozoa could identify proteins
degraded in the absence of TEX101. According to power calculations,
differential profiling of spermatozoa of four wild-type (WT) and four
rs35033974 homozygous men could identify proteins down-regulated
at least 2.4-fold, assuming 80% power, � � 0.05, 1.8% coefficient of
variation for log2-transformed LFQ intensity values, and a one-tailed
t test (G*Power software, v3.1.7, Heinrich Heine University Dussel-
dorf). GraphPad Prism (v5.03) was used to generate scatter plots,
perform statistical analysis, and calculate receiver operating charac-
teristic area under the curves. Nonparametric Mann–Whitney U test
was used to compare TEX101 levels in seminal plasma of WT and
heterozygous men, and p values �0.05 were considered statistically
significant.

Study Population and Sample Collection—Semen samples (n �
386) were collected with informed consent from patients with the
approval of the institutional review boards of Mount Sinai Hospital
(approval #08–117-E) and University Health Network (#09-0830-AE).
Samples were obtained from healthy fertile men before vasectomy
and individuals diagnosed with oligospermia or unexplained infertility.
Clinical parameters are summarized in Table I. The unexplained in-
fertility group included men who were not able to father a pregnancy
after one year of regular unprotected intercourse, with normal sperm
concentration of greater than 15 million/ml. After liquefaction, semen
samples were centrifuged three times at 13,000 g for 15 min at room
temperature. Spermatozoa and SP were separated and stored at
�80 °C. Samples were analyzed retrospectively. For the differential

proteomic analysis, spermatozoa samples were obtained from four
men homozygous for TEX101 c.296G�T variant (rs35033974hh), di-
agnosed with oligospermia (n � 2) and unexplained infertility (n � 2),
median age of 29.5 years, sperm concentration 2–30 million/ml, and
TEX101 concentration in SP 3.5–47 ng/ml. Spermatozoa obtained
from the age-matched WT fertile men referred for vasectomy (n � 4,
sperm concentration �15 million/ml and TEX101 concentration in SP
of 8,000–12,500 ng/ml) were selected as a control group.

Extraction of Genomic DNA from Spermatozoa and TEX101 Geno-
typing—Genomic DNA was extracted from spermatozoa using
QIAamp DNA Mini Kit (Qiagen, Inc.). Spermatozoa were washed twice
with phosphate-buffered saline (PBS). Cells were lysed in the pres-
ence of proteinase K and DNA bound to the membrane was washed
and eluted. DNA purity and concentration were measured by spec-
trophotometer (NanoDrop 8000, Thermo Scientific). Forward (5�-
ACAGGACTGAGACAGCCAT-3�) and reverse (5�-TCCAGGGTACCT-
GTGGTCTC-3�) primers were designed to amplify a 197 base pair
fragment of TEX101 gene encompassing the rs35033974 polymor-
phism. Polymerase chain reaction (PCR) was performed with 50 ng of
genomic DNA, 1.2 units of Phusion High-Fidelity DNA polymerase
(Thermo Scientific) in Phusion HF Buffer, 200 �M deoxynucleoside
triphosphates, and 0.5 �M primers using mastercycler thermal cycler
(Eppendorf). PCR included an initial denaturation step at 98 °C for 1
min, followed by 40 cycles of denaturation at 98 °C for 10 s, annealing
at 64 °C for 30 s and extension at 72 °C for 30 s, with a final extension
at 72 °C for 7 min. PCR products were confirmed with 1.5% agarose
gel electrophoresis and purified with QIAquick PCR Purification Kit
(Qiagen). Sequencing of PCR products (n � 386 men) was performed
by the Centre for Applied Genomic (Hospital for Sick Children,
Toronto).

Sample Preparation and Protein Digestion by Endopeptidase Glu-
C—Spermatozoa pellets were washed twice with PBS, lysed with
0.1% RapiGest SF (Waters, Milford, MA) in 50 mM ammonium bicar-
bonate, and sonicated three times for 30 s. Cell lysates were then
centrifuged at 15,000 g for 15 min at 4 °C. Total protein in each
spermatozoa or SP sample was measured by the bicinchoninic acid
assay. Ten �g of total protein per patient sample in 50 mM ammonium
bicarbonate were used for protein digestion. RapiGest SF 0.05% with
5 mM dithiothreitol at 65 °C for 30 min were used to denature proteins
(purified recombinant human rhTEX101 and proteins from spermato-
zoa and SP) and reduce disulfide bonds. Free thiols were then alky-
lated with 10 mM iodoacetamide in the dark for 40 min at room
temperature. Protein digestion was completed overnight at 37 °C in
the presence of sequencing grade Glu-C enzyme obtained from
Promega (1:20 Glu-C: total protein) and supplemented with 5% ace-
tonitrile to enhance Glu-C activity. Digestion in the presence of am-
monium bicarbonate at pH 7.8 ensured specific cleavage after gluta-
mine residues. Trifluoroacetic acid (1%) was then used to inactivate
Glu-C and cleave RapiGest SF detergent. Synthetic peptides repre-
senting the WT (AITIVQHSSPPGLIV*TSYSNYCE) and the G99V vari-
ant (AITIVQHSSPPVLIV*TSYSNYCE) forms of TEX101 were labeled
with 13C5-, 15N-valine at the residue 102 and were used as internal
standards spiked-in after digestion at final concentrations of 100
fmol/�l and 250 fmol/�l, respectively. Digests were desalted, and
peptides were extracted by C18 OMIX tips (Varian, Inc., Lake Forest,
CA). Peptides were eluted into 3 �l of 70% acetonitrile with 0.1%
formic acid and analyzed by an EASY-nLC 1000 nanoLC coupled to Q
ExactiveTM Plus Hybrid Quadrupole-OrbitrapTM Mass Spectrometer
(Thermo Fischer Scientific).

Development of Parallel Reaction Monitoring (PRM) Assay for WT
and G99V Variant forms of TEX101 Protein—To evaluate Glu-C spec-
ificity and efficiency of digestion, rhTEX101 protein was digested and
analyzed in the data-dependent discovery mode. Raw files were
analyzed using the Proteome Discoverer™ software (Thermo Scien-

1 The abbreviations used are: TEX101, testis-expressed protein
101; LY6K, lymphocyte antigen 6K; ACN, acetonitrile; ADAM29, A
disintegrin and metalloproteinase domain-containing protein 29;
AGC, automatic gain control; CADD, combined annotation dependent
depletion; CFTR, cystic fibrosis transmembrane conductance regu-
lator; CID, collision-induced dissociation; DPEP3, dipeptidase 3; BH-
adjusted t-test, Benjamini–Hochberg-adjusted t-test; FDR, false dis-
covery rate; GPI, glycosylphosphatidylinositol; LED, light-emitting
diode; LFQ, label-free quantification; MWU, Mann Whitney unpaired
t-test; NHS, N-hydroxysuccinimide; PCR, polymerase chain reaction;
PRM, parallel reaction monitoring; SIFT, sorting intolerant from toler-
ant; SP, seminal plasma; SNV, Single nucleotide variation; SRM,
Selected reaction monitoring; WT, wild-type.
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tific, version 1.4.1.14), and specific generation of AITIVQHSSP-
PGLIVTSYSNYCE peptide (m/z � 1,268.6) was confirmed. Unique-
ness of these peptides in the human proteome was confirmed by
Basic Local Alignment Search Tool (http:/blast.ncbi.nlm.nih.gov/
Blast.cgi). Following that, rhTEX101 and SP were digested with Glu-C
and analyzed in the unscheduled targeted PRM mode. In the final
optimized PRM method, heavy-isotope-labeled peptide internal
standards and an additional endogenous TEX101 peptide TAILATK-
GCIPE (m/z � 637.3) were monitored (supplemental Table S1). A
four-step 16-min gradient was used: 20% to 40% of buffer B for 8
min, 40% to 65% for 2 min, 65% to 100% for 2 min, and 100% for 4
min. PRM settings were the following: 3.0 eV in-source collision-
induced dissociation (CID), 17,500 MS2 resolving power at 200 m/z,
3 � 106 automatic gain control (AGC) target, 100 ms injection time,
2.0 m/z isolation window, optimized collision energy at 27, and 100
ms scan times.

Immunocapture-PRM Measurements of WT and G99V TEX101—
Total TEX101 protein was enriched from SP and spermatozoa using
an in-house anti-TEX101 mouse monoclonal antibody 34ED556.
Briefly, protein G purified 34ED556 monoclonal antibody was immo-
bilized on N-hydroxysuccinimide (NHS)-activated Sepharose 4 Fast
Flow beads (GE Healthcare). Fifty �l of beads (�25 �g of 34ED556) in
0.1% BSA were incubated overnight at 4 °C with seminal plasma or
spermatozoa lysate. After binding, beads were washed three times
with tris buffer saline (50 mM Tris, 150 mM NaCl, pH 7.5) followed by
washing with 50 mM ammonium bicarbonate. Proteins were digested
overnight on beads using Glu-C. Supernatants were acidified with 1%
TFA. Heavy peptides (200 fmol of WT and 500 fmol of G99V) were
spiked into each sample after digestion. Digests were desalted, and
peptides were measured by PRM assay. Raw files were analyzed with
Skyline software (v3.6.0.10493), and the relative abundances of WT or
G99V variant TEX101 forms were calculated using the light-to-heavy
peptide ratios.

Sample Preparation for the Differential Proteomic Analysis—Sper-
matozoa pellets from eight men (four WT and four rs35033974hh) were
lysed with 0.1% RapiGest SF in 50 mM ammonium bicarbonate. Cell
lysates were centrifuged at 15,000 g for 15 min at 4 °C to remove
debris, and total protein concentration was measured using BCA
assay. Proteins (225 �g per sample) were denatured, reduced with 5
mM dithiothreitol, alkylated with 10 mM iodoacetamide, and digested
overnight with trypsin (Sigma-Aldrich) at 37 °C.

Strong Cation Exchange Chromatography Fractionation—Off-line
strong cation exchange chromatography fractionation was used to
facilitate deep proteome analysis. Tryptic peptides were diluted with
mobile phase A (0.26 M formic acid in 10% acetonitrile [ACN] at pH
2–3) and were loaded onto PolySULFOETHYL A™ column (2.1 mm
inner diameter � 200 mm, 5 �m, 200 Å, The Nest Group, Inc., MA).
Peptides were separated with a 60-min three-step HPLC gradient
(Agilent 1100) and eluted at 200 �l/min with 1 M ammonium formate
(0–15% for 5–25 min, 25% at 35 min, and 100% at 50 min). Twenty-
seven 400 �l fractions were initially collected but then pooled into 13
fractions based on absorbance profiles.

Protein Identification by Liquid Chromatography–tandem Mass
Spectrometry (LC-MS/MS)—Peptides of each strong cation ex-
change chromatography fraction were concentrated with C18 OMIX
tips and analyzed by an EASY-nLC 1000 system coupled to a Q
ExactiveTM Plus mass spectrometer in technical duplicates for each
fraction (13, 14). Peptides were separated with a 15-cm C18 analytical
column using a 90-min LC gradient at 300 nl/min flow rate. Full MS1
scans (400 to 1,500 m/z) were acquired with the Orbitrap analyzer at
70,000 full width at half maximum resolution in the data-dependent
mode, followed by 12 data-dependent MS2 scans at 17,500 full width
at half maximum. Only 	2 and 	3 charge states were subjected to
MS2 fragmentation.

Data Analysis and Label-free Quantification—XCalibur software (v.
2.0.6; Thermo Fisher Scientific) was utilized to generate raw files. For
protein identification and label-free quantification, raw files were an-
alyzed with MaxQuant software (version 1.5.2.8). MaxQuant searches
were performed against the nonredundant Human UniprotKB/Swiss-
Prot database (HUMAN5640_sProt-072016) at 1.0% FDR. Search
parameters included: trypsin enzyme specificity, two missed cleav-
ages, minimum peptide length of seven amino acids, minimum iden-
tification of one razor peptide, fixed modification of cysteines by
carbamidomethylation, and variable modification of methionine oxi-
dation and N-terminal protein acetylation. The mass tolerance was set
to 20 ppm for precursor ions and 0.5 Da for fragment ions with top 12
MS/MS peaks per 100 Da. MaxLFQ algorithm facilitated label-free
relative quantification of proteins (15). ProteinGroups.txt file was up-
loaded to Perseus software (version 1.5.5.3) to facilitate statistical
analysis (16). Proteins classified as “only identified by site,” “reverse,”
and “contaminants” were filtered out, and LFQ intensities were log2-
transformed. Missing LFQ values were imputed with the down shift of
1.8 and distribution width of 0.45 to ensure normal distribution, and
average LFQ intensities for two technical replicates were calculated.
A two-sample t test with Benjamini–Hochberg FDR-adjusted p values
was applied, and 5.0% FDR with calculated constant for variance
correction s0 � 0.4 were used to select proteins differentially ex-
pressed in rs35033974hh men. Data were visualized with volcano
plots. Significant up- or down-regulated proteins were filtered for the
cell-surface and secreted proteins with the testicular-tissue-elevated
(tissue-enriched, group enriched, and tissue-enhanced) expression
according to the Human Protein Atlas, version 13 (1).

Experimental Design and Rationale for Development of Selected
Reaction Monitoring (SRM) Assays and Quantification of Candidate
Proteins—To quantify candidate proteins, we developed and applied
Tier 2 SRM assays, as previously described (17–21). Briefly, LC-
MS/MS peptide identification data were used to select proteotypic
tryptic peptides and develop SRM assays. Choice of peptides was
confirmed with the SRM Atlas (www.srmatlas.org). For each protein,
peptides with 7–20 amino acids and without missed cleavages were
chosen, and heavy-isotope-labeled peptide internal standards were
synthesized. Several unscheduled 30-min SRM methods were pre-
pared and run with a pool of spermatozoa digest with TSQ Quanti-
vaTM triple quadrupole mass spectrometer (Thermo Scientific). The
three most intense transitions were selected for each heavy or light
peptide. Finally, 20 heavy and light peptides were scheduled within
2-min intervals during a 30-min gradient in a single multiplex SRM
assay (supplemental Table S2). The parameters for SRM assay in-
cluded: positive polarity, 150 V declustering and 10 V entrance po-
tentials, 300°C ion transfer tube temperature, optimized collision en-
ergy values, 20 ms scan time, 0.4 Q1 and 0.7 Q3 full width at half
maximum resolutions, and 1.5 mTorr Q2 argon pressure. Because
one rs35033974 homozygote spermatozoa sample was fully con-
sumed in the discovery experiment, candidate proteins were quanti-
fied in three rs35033974 homozygote and four WT spermatozoa
samples. Spermatozoa lysates (10 �g protein) were digested by
trypsin. TEX101 and DPEP3 internal standards with trypsin-cleavable
tags (500 fmol of AGTETAILATK*-JPTtag and SWSEEELQGVLR*-
JPTtag, respectively) were added before trypsin digestion, while eight
heavy-isotope-labeled peptides without JPT tags were spiked after
digestion (500 fmol each). Stable-isotope-labeled peptides with or
without JPTtag (serine-alanine-[3-nitro]tyrosine-glycine) were ob-
tained from JPT Peptide Technologies GmbH (Berlin, Germany). Light
and heavy peptides were monitored with a scheduled 30-min multi-
plex SRM assay. Each spermatozoa sample was analyzed. Light-to-
heavy ratio was used to calculate the accurate relative abundance of
each candidate protein.

TEX101-associated Proteins

340 Molecular & Cellular Proteomics 18.2

http://http:/blast.ncbi.nlm.nih.gov/Blast.cgi
http://http:/blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.mcponline.org/cgi/content/full/RA118.001170/DC1
http://www.srmatlas.org
http://www.mcponline.org/cgi/content/full/RA118.001170/DC1


Western Blotting—Protein levels of TEX101, LY6K, ADAM29, and
DPEP3 were assessed by Western blot analysis. Twenty �g of total
protein from one rs35033974 homozygous and one WT spermatozoa
lysate were loaded onto an SDS-PAGE gel (4–15%, Bio-Rad) and
transferred onto PVDF membranes (Bio-Rad). After blocking, mem-
branes were incubated overnight at 4 °C with rabbit polyclonal anti-
bodies against TEX101 and DPEP3 (HPA041915 and HPA058607,
Sigma-Aldrich, St. Louis, MO), sheep polyclonal antibody against
LY6K (AF6648, R&D Systems, Minneapolis, MN), mouse monoclonal
antibody against ADAM29 (H00011086-M09, Abnova Corporation,
Walnut, CA), and GAPDH antibody (AM4300, Thermo Fisher Scien-
tific, Rockford, IL). The membranes were washed then incubated with
goat anti-rabbit, donkey anti-sheep, and goat anti-mouse secondary
antibody conjugated to horseradish peroxidase (Jackson Immuno-
Research, West Grove, PA). Proteins were detected with chemilumi-
nescence substrate (GE Healthcare Life Sciences, Mississauga, ON).

Immunofluorescence Analysis—Immunofluorescence images were
taken with an Olympus BX61-Fluo upright fluorescence motorized
microscope equipped with a digital camera (Hamamatsu C8484-
03G01), a 100� oil immersion super apochromat objective (Olympus
UPlanSApo 100XO) and fluorescence filters (DAPI-5060B-OMF and
TXRED-4040B-OM, Semrock, Rochester, NY) or with Invitrogen
EVOS FL Auto 2 Imaging System equipped with a 60� oil immersion
apochromat objective (Olympus PlanApo N 60XO) and fluorescence
filters (DAPI and TxRed EVOS light-emitting diode [LED] light cubes).
Images were examined and captured using HCImage (v 4.4.5,
Hamamatsu, Japan) or EVOS™ FL Auto 2 (Invitrogen, Thermo Fisher
Scientific). Exactly the same microscope and software settings were
used for positive staining and negative controls. Spermatozoa were
immobilized onto glass slides with a cytology fixative (Adwin Scien-
tific, US), dried, blocked with goat serum, and washed with PBS.
In-house mouse monoclonal anti-TEX101 antibody 34ED229 (25 �g/
ml) or rabbit polyclonal anti-LY6K antibody (7 �g/ml; PAB21148,
Abnova, Taiwan) were used as primary antibodies and incubated for
2 h at room temperature. Goat-anti-mouse IgG1 (2 �g/ml final;
A-21125; Invitrogen) and goat-anti-rabbit IgG H	L (1 �g/ml;
A-11037, Invitrogen) labeled with Alexa Fluor 594 were used as sec-
ondary antibodies and were incubated for 1 h at room temperature in
the dark. Mountant solution with DAPI (S36973, Invitrogen) was ap-
plied overnight.

RESULTS

Database Mining for Loss-of-function Variants of TEX101
Gene—The Exome Aggregation Consortium (http://exac.
broadinstitute.org), Genome Aggregation (http://gnomad.
broadinstitute.org), and 1000 Genomes Project (www.
internationalgenome.org) databases (22, 23) were examined
for the presence of potential loss-of-function variants of the
human TEX101 gene. GnomAD database included genomic
variants identified in 138,632 individuals of diverse ethnic
background and revealed 166 potential loss-of-function vari-
ants of TEX101 (supplemental Table S3). Protein knockout or
truncating variants, such as start loss, stop-gain and frame-
shift variants, were very rare (minor allele frequencies
�0.003%), while some missense variants leading to single
amino acid substitutions were much more frequent. One such
missense variants was rs35033974 (allele frequency 8.4%).
Interestingly, rs35033974 was predicted as “deleterious” by
Polyphen (24), sorting intolerant from tolerant (SIFT) (25), and
combined annotation dependent depletion (CADD) (26) algo-

rithms. The allele frequency of rs35033974 varied among
different populations. It was more common in European non-
Finnish population (12.4%), less common in Latino (5.2%),
Ashkenazi Jewish (5.8%), South Asian (3.3%), and African
(2%), and very rare in the East Asian population (�0.00001%).
Rs35033974 (c. 296 G�T) was localized within exon 4 and
resulted in substitution of glycine to valine at position 99 (Fig.
1A). Alignment of TEX101 protein sequences suggested that
glycine-99 was a conserved residue in 17 of 19 mammals and
thus could be intolerant to substitutions (supplemental Fig.
S1). The high genotype frequency of rs35033974 (22%
hetero- and 1.6% homozygosity in European population) war-
ranted its identification in our spermatozoa biobank.

Identification of Men Heterozygous and Homozygous for
rs35033974 Variant—Genotypes for rs35033974 variant (c.
296 G�T) were determined in 386 men by amplification of
spermatozoa DNA and sequencing analysis (Table I and Fig.
1B). Four heterozygous individuals (GT, genotype frequency
11%) were identified in the group of pre-vasectomy fertile
men (n � 37). In the group of patients with unexplained male
infertility (n � 175), 23 heterozygous (13%) and 2 (1.1%)
homozygous patients (TT) were found. In the group of patients
diagnosed with oligospermia (n � 174), we identified 25
heterozygous (14%) and 2 homozygous (1.1%) patients. In-
vestigation of patients with European ancestry (178 WT, 44
heterozygous, and 4 homozygous men) revealed minor allele
frequency of 11.5% and was similar to gnomAD frequency of
12.4%. In our cohort of European men, the minor allele fre-
quency was not significantly different for fertile men prevasec-
tomy versus patients with unexplained infertility and oligo-
spermia (Fisher’s exact test p � 0.15).

According to the 1000 Genomes Project, rs35033974 var-
iant was present with the similar allele frequencies in males
and females. Interestingly, 1000 Genomes Project data (23)
included nine homozygous men, of which five had biological
children (see examples in supplemental Fig. S2). Using gno-
mAD data, we found no substantial deviation from the Hardy–
Weinberg equilibrium for homozygous men in the European
population (n � 63,332; 1,011 homozygotes identified versus
982 calculated). Based on 1000 Genomes Project and gno-
mAD data, as well as minor allele frequencies in our clinical
cohorts, we suggested that rs35033974hh is unlikely a mono-
genic factor of male infertility.

Impact of rs35033974 on TEX101 Protein Concentration in
Seminal Plasma—We previously measured by ELISA concen-
tration of total TEX101 protein in seminal plasma of 805 men
(8). Cross-checking revealed that concentration of total
TEX101 in seminal plasma of four rs35033974hh men was
extremely low (3.5 to 47 ng/ml), despite of their medium-to-
high sperm concentration (2 to 30 mln/ml; Fig. 1C). Here, we
also examined possible associations between rs35033974
heterozygous status and TEX101 levels in seminal plasma or
sperm concentration in semen. No significant difference for
sperm concentration was found for WT versus heterozygous
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European population (MWU p value � 0.94). However, levels
of TEX101 in seminal plasma were significantly lower for
rs35033974 heterozygous men (median 390 ng/ml, MWU p �

0.0005, n � 40), as compared with WT men of European
population (median 1,949 ng/ml, n � 145; Fig. 1D). Because
TEX101 concentration in seminal plasma may correlate with
the number of spermatozoa in semen, we also investigated
normalized TEX101 concentration. Thus, seminal plasma
levels of TEX101 normalized by sperm concentration were
significantly lower (fourfold change, MWU p � 0.0001) for
heterozygous men (median 40,738 attograms/cell, n � 40),
as compared with WT men (median 164,085 attograms/cell,
n � 145).

Because TEX101 levels were found significantly lower in
heterozygous and homozygous men, rs35033974 status may

be considered in the clinical use of TEX101 protein as a
biomarker of male infertility (to evaluate vasectomy success,
differentiate between nonobstructive and obstructive azoo-
spermia, and predict the success of sperm retrieval in patients
with non-obstructive azoospermia) (8). Otherwise, some
rs35033974-positive men (for example, 23% men of Euro-
pean population) could be misclassified because their TEX101
levels will be below the established clinical cut-offs (8). In
addition, patients with different ethnic backgrounds may have
different cut-off values for TEX101 due to differences in
rs35033974 frequencies.

Rs35033974 Results in Degradation of G99V TEX101 Pro-
tein—To monitor the WT and G99V variant forms of TEX101
protein in spermatozoa lysate and SP, we opted to develop a
targeted mass spectrometry assay (27, 28). Because TEX101

FIG. 1. Identification of rs35033974 variant in TEX101 gene. (A) Schematic representation of TEX101 gene and protein sequence, showing
the missense variant c.296 G�T, and the amino acid substitution p.99 G�V. (B) TEX101 DNA sequencing of WT TEX101 patient (left panel),
rs35033974 heterozygous patient (middle panel) and rs35033974hh homozygous patient (right panel). (C) Scatter plot of sperm concentration
and TEX101 levels in seminal plasma of 189 subfertile men (diagnosed with unexplained infertility or oligospermia) of European origin. WT,
rs35033974 heterozygous and rs35033974hh men are plotted in gray, green, and red, respectively. Sperm concentration (15 million/ml) and
TEX101 (65 ng/ml) cut-off values are indicated by dotted lines in black. Variant rs35033974 allele frequency is higher for the groups with
TEX101 � 65 ng/ml (58.3% for upper left group and 21% for lower left group), and lower for the groups with TEX101 � 65 ng/ml (9.8% for
lower right group and 8.7% for upper right group). (D) Seminal plasma levels of TEX101 normalized by sperm concentration were significantly
lower (fold change 4.0, MWU p � 0.0005) for G99V heterozygous European men (median 390 ng/ml, n � 40), as compared with WT men
(median 1,949 ng/ml, n � 145). Horizontal lines represent median values for each group.
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digestion by trypsin generated a 38-amino-acid peptide not
suitable for bottom-up proteomic measurements, we ex-
plored alternative proteases, such as endopeptidase Glu-C
(cleaves after aspartic and glutamic acids) and neutrophil
elastase (cleaves after valine and alanine). Endopeptidase
Glu-C was found the most suitable enzyme. Following opti-
mization of Glu-C digestion protocol, we developed a PRM
assay to monitor WT and G99V TEX101 peptides, as well as
an additional endogenous “control” peptide that represented
total TEX101. Sensitivity of PRM assay, however, was not
sufficient to measure low levels of TEX101 in seminal plasma
(�1.5 �g/ml).

To improve assay sensitivity, we developed an immuno-
PRM assay based on the immunoenrichment of TEX101 by
our in-house anti-TEX101 mouse monoclonal antibody
34ED556 coupled to Sepharose beads (Fig. 2A). Using im-
muno-PRM assay, we were able to identify barely detectable
levels of G99V variant protein in one homozygous spermato-
zoa sample, while the other two homozygous spermatozoa
samples had undetectable levels of G99V TEX101. We also
selected one heterozygous spermatozoa sample with a very
high concentration of TEX101 in seminal plasma (16.1 �g/ml)
and were able to measure levels of both WT and G99V variant
forms (Fig. 2B). Interestingly, the abundance of a G99V variant
form was substantially lower, as compared with the WT form.
Using heavy-to-light ratios of both peptides, we estimated
that the abundance of the G99V form was �97% lower than
predicted, assuming equal expression of both alleles.

To explain this phenomenon, we suggested that the G99V
variant form of TEX101 protein could be misfolded, aggre-
gated, and destroyed through proteasomal degradation (29–
31). Similar impact was previously observed for misfolded
cystic fibrosis transmembrane conductance regulator (CFTR)
(32) and some GPI-anchored proteins (33). A large residue of
valine at position 99 could introduce substantial steric con-

straints, eliminate the PPGL beta-turn, and destabilize beta-
sheets in the proximity of G99V (supplemental Fig. S3). Inter-
estingly, the TANGO algorithm (34) revealed a significant
impact of G99V substitution on the values of cross-beta ag-
gregation in unfolded proteins (increase from 3.6 to 83.8). The
impact predicted by TANGO was the most deleterious for
substitutions with hydrophobic residues of valine, isoleucine,
and phenylalanine.

Global Proteomic Profiling Revealed Testis-specific Pro-
teins Down-regulated in rs35033974hh Spermatozoa—Sper-
matozoa obtained from four rs35033974hh men were consid-
ered as a TEX101 functional knockdown model. Taking into
account degradation of ADAM3 proteins in spermatozoa of
Tex101 knockout mice (9), we hypothesized that TEX101-
associated proteins would be degraded in rs35033974hh

spermatozoa and could be identified by differential proteomic
profiling. Unlike immunoprecipitation approaches to identify
only direct and strong physical interactions, differential profil-
ing of the whole proteomes of WT versus rs35033974hh sper-
matozoa could identify strong, weak, transient, and indirect
interactions impacted in the absence of TEX101.

We thus performed a global proteomic analysis of four
WT and four rs35033974hh spermatozoa (Fig. 3A). To
achieve deep proteome coverage, peptides were subjected
to the offline fractionation by strong cation exchange chro-
matography followed by the online reversed-phase liquid
chromatography–mass spectrometry detection. As a result,
MaxQuant analysis identified and quantified 83,984 unique
peptides and 8,046 protein groups with FDR � 1.0% (sup-
plemental Table S4). Of 189 differentially regulated proteins
(FDR � 5.0% and s0 � 0.4), 96 were down-regulated and 93
were up-regulated (Fig. 3B and supplemental Table S5).
Filtering of these candidates for testis specificity using Hu-
man Protein Atlas data revealed 55 down-regulated but only
4 up-regulated proteins (potential false-positive candi-
dates). Thus, many more testis-specific proteins were af-
fected by TEX101 loss. Additional filtering for cell-surface
and secreted proteins using NextProt database revealed
eight down-regulated cell-surface and nine secreted pro-
teins but zero up-regulated proteins (Fig. 3B).

Here, we also hypothesized that differential proteomic anal-
ysis of rs35033974hh spermatozoa could reveal functional
orthologs of mouse ADAMs 3–6 proteins degraded in Tex101
knockout mice (9, 10). In our spermatozoa proteome, we
identified seven human testis-specific ADAM proteins, of
which three proteins with the adhesion activity (ADAM18,
ADAM29, and ADAM32) could be potential orthologs of
mouse ADAM 3–6 proteins (35). It was only ADAM29 protein
which levels were lower in rs35033974hh spermatozoa (Fig.
3B). Even though ADAM29 did not pass our cut-off criteria of
the global differential analysis, it was down-regulated 2.5-fold
(Benjamini-Hochberg [BH]-adjusted t test p � 0.003).

In this work, we identified and quantified one of the largest
proteomes of human spermatozoa (8,046 protein groups rep-

TABLE I
Clinicopathological variables of 386 patients

Clinical parameters N %

Number of patients 386 100
Median age 
range� 41 
19–63�
Ethnic background of patients

African-Canadian 15 3.9
Asian 37 9.6
European 226 58.5
Hispanic 6 1.5
Indo-Canadian 6 1.5
Middle Eastern 14 3.6
Native Canadian 5 1.3
Unspecified/unavailable 77 20.1

Diagnosis 
range of sperm
concentration, mln/ml�

Fertile pre-vasectomy 37 9.6
Unexplained infertility (15–36 mln/ml) 175 
15–36� 45.3
Oligospermia 174 
0.1–15� 45.1
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FIG. 2. Measurement of WT and G99V variant forms of TEX101 protein by targeted mass spectrometry. (A) Immuno-PRM assay
included immunoenrichment of endogenous TEX101 with a mouse monoclonal antibody 34ED556 coupled to Sepharose beads, followed by
Glu-C digestion and PRM measurements of WT and G99V peptides, as well as a control peptide representing total TEX101. (B) In a WT patient
(GG, left panel), high levels of TEX101 were measured in seminal plasma by PRM assay without immunoenrichment. In rs35033974
heterozygote (GT, middle panel) and rs35033974hh homozygote (TT, right panel) men, WT, G99V variant, and control peptides of TEX101 were
measured by immuno-PRM assay in spermatozoa lysates. Corresponding heavy-isotope-labeled peptides were used as internal standards to
ensure correct identification and accurate relative quantification of peaks. Assuming theoretically equal expression of both alleles and similar
ionization efficiencies of WT and G99V peptides, �3% of expected G99V variant form was found in spermatozoa of a heterozygous patient,
suggesting that G99V TEX101 form may be degraded during spermatogenesis.
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resenting 8,473 unique gene names and 8,431 UniProt protein
identifications [IDs]). Of these, 7,156 protein groups and 7,573
unique Uniprot IDs were quantified with two or more unique
peptides. Interestingly, of 2,186 proteins currently defined as
“missing” by NextProt (v2.14.0), we identified 127 proteins
with two unique peptides (101 with previous evidence only at
the transcript level, 21 inferred from homology, and 5 pre-
dicted). For example, we discovered in our dataset seven
testis-elevated missing proteins (ANKRD60, C12orf42,
LRRC63, CCDC74B, FAM47C, SPATA31A1, and TTLL8) that
were identified with two unique peptides (� 9 amino acids)
and could represent true proteins according to NextProt cri-
teria. To conclude, our spermatozoa proteome could be used

as a resource to identify and update currently missing testis-
expressed proteins.

Evaluation of Candidates by SRM and Western Blotting—
Four cell-surface and four secreted testis-specific proteins
involved in sperm migration (36), zona pellucida binding and
penetration (37–39), and sperm-oocyte fusion (40, 41) were
selected for SRM analysis (Table II). Each sample was ana-
lyzed in technical duplicates, and the mean light-to-heavy
ratios were calculated. The median technical coefficient of
variation (CV) values for all patients ranged from 1 to 31%
(supplemental Table S6). As a result of SRM measurements,
seven of eight proteins were down-regulated in rs35033974hh

spermatozoa, while levels of DPEP3 (a testis-specific

FIG. 3. Identification of proteins down-regulated in rs35033974hh spermatozoa, as compared with WT spermatozoa. (A) Spermatozoa
obtained from four WT and four rs35033974hh men were digested by trypsin, fractionated by strong-cation exchange chromatography, and
analyzed by LC-MS/MS. (B) A total of 8,046 protein groups representing 8,473 unique gene names and 8,431 UniProt protein IDs were
identified and quantified. Volcano plot revealed proteins down-regulated in rs35033974hh spermatozoa with FDR �5% (hyperbolic curve)
calculated using log2-transformed fold change ratios, BH-adjusted t test p values and s0 � 0.4 variance correction. Differentially expressed
testis-specific cell-surface and secreted proteins were plotted in blue and green, respectively. Three proteins with adhesion activity of the
ADAM family (ADAM18, ADAM29, and ADAM32) were identified. Levels of DPEP3 (a testis-specific and TEX101-interacting protein not affected
by Tex101 knockout in mice) were not changed. No testis-specific cell-surface or secreted proteins were found significantly up-regulated.
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TEX101-interacting protein not affected by Tex101 knockout
in mice (42)), were not changed (Fig. 3B, Fig. 4A, and Table II).
A single-peptide SRM assay revealed an 18-fold decrease of
TEX101 protein abundance in rs35033974hh spermatozoa.
Such decrease correlated with the 28-fold decrease meas-
ured by the global proteomic analysis based on six unique
peptides (supplemental Fig. S4). Substantial decrease of
TEX101 protein abundance in rs35033974hh spermatozoa
was also confirmed by immunofluorescence analysis (supple-
mental Fig. S5).

Interestingly, the top down-regulated protein in rs35033974hh

spermatozoa was LY6K (14-fold change; t test p value �

0.03). LY6K is a GPI-anchored protein localized at the cell
surface of testicular germ cells, with a similar expression
pattern to TEX101 based on immunohistochemistry data
available at the Human Protein Atlas. It was previously dem-
onstrated in mice that LY6K disappeared from the germ cell
surface in the absence of TEX101 protein in Tex101 knockout
mice (9, 36). Finally, we evaluated LY6K, ADAM29, and
TEX101 proteins by Western blotting. Levels of these proteins
were undetectable in rs35033974hh spermatozoa, while ex-

pression of DPEP3 monomers (75 kDa) and dimmers (150
kDa) was found at normal levels (Fig. 4B).

TEX101 and LY6K Localization in Human Spermatozoa—
Localization of TEX101 and LY6K proteins in human sperma-
tozoa was visualized with a high-magnification immunofluo-
rescence microscopy using a 100� oil immersion objective
(Fig. 5). Because human spermatozoa had very high autofluo-
rescence at the green channel (�520 nm), red channel with
Alexa Fluor 594 (peak emission at 617 nm) provided the most
sensitive analysis of medium-abundance spermatozoa pro-
teins, such as TEX101 and LY6K. As a result, the highest
intensities of TEX101 and LY6K proteins were found in the
neck region of spermatozoa, as well as postequatorial and
equatorial regions. In some spermatozoa, LY6K was also
occasionally localized in the acrosomal region. In the equato-
rial and postequatorial regions TEX101 and LY6K were local-
ized to the plasma membrane.

DISCUSSION

To identify genes essential for male fertility, �500 knockout
mouse models have been investigated to date. Some models

FIG. 4. Verification of 8 testis-specific cell-surface and secreted proteins in four WT and three rs35033974hh men by SRM and
Western blotting. (A) A multiplex SRM assay facilitated accurate relative quantification and confirmed significant down-regulation (�2-fold
change, p value �0.05, dotted lines) of seven proteins. (B) Western blot analysis of spermatozoa obtained from one WT and one rs35033974hh

men confirmed reduced levels of TEX101, LY6K, and ADAM29 proteins, while levels of a testis-specific protein DPEP3, present in spermatozoa
as both a monomer and a homodimer, were not affected. GAPDH was used as a loading control for total protein.

TABLE II
List of down-regulated testis-expressed proteins in spermatozoa of rs35033974hh homozygous men, as discovered by shotgun mass

spectrometry and measured by SRM

UniProt
accession

Gene
name

Protein
Shotgun log2-
fold change

SRM log2-
fold change

Protein class

Q9BY14 TEX101 Testis-expressed protein 101 (isoform 1) –4.8 –4.2 Cell-surface
Q17RY6 LY6K Lymphocyte antigen 6K (isoform 1) –4.9 –3.8 Cell-surface
P10323 ACR Acrosin –2.9 –3.6 Secreted
Q6X784 ZPBP2 Zona pellucida-binding protein 2 –2.9 –1.2 Secreted
Q8IXA5 SPACA3 Sperm acrosome membrane-associated protein 3 –2.6 –2.1 Cell-surface
Q5VZ72 IZUMO3 Izumo sperm–egg fusion protein 3 –2.6 –1.2 Cell-surface
P38567 SPAM1 Hyaluronidase PH-20 –2.6 –3.3 Secreted
Q8NEB7 ACRBP Acrosin-binding protein –2.6 –2.9 Secreted
Q9UKF5 ADAM29 Disintegrin and metalloproteinase domain-containing protein 29 –1.3 –1.2 Cell-surface
Q9H4B8 DPEP3 Dipeptidase 3 –0.2 0.4 Cell-surface
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resulted in male infertility with severe defects in spermato-
genesis, spermiogenesis and sperm maturation, or infertility
with no apparent defects in motility, morphology, and sperm
count (Ace, Adam2, and Adam3) (43, 44). Other models
revealed subfertile phenotypes with reduced acrosome re-
action and capacitation (Acr, Pcsk4), decreased motility
(Smcp), delayed cumulus-oocyte complex dispersion
(Spam1), weak zona pellucida binding (Press21), and re-
duced sperm-oocyte fusion (Crisp1) (45). Surprisingly,
knockout studies in mice also revealed numerous sperm cell
surface proteins not essential for fertilization in vivo, thus
suggesting compensatory mechanisms and multifactorial
nature of infertility (45).

Recently, the Human Protein Atlas profiled testis-specific
genes and proteins and identified 1,079 genes with more than
fivefold higher mRNA levels in testis as compared with all
other human tissues (1). Due to their exclusive expression in
testis, these proteins may be essential for spermatogenesis,

remodeling of sperm surface proteome, sperm transit, and
sperm-oocyte fusion (46). However, lack of cell lines ex-
pressing testis-specific proteins was the major bottleneck
to study the molecular function of human-testis-specific
proteins in vitro. Likewise, primary human germ cells iso-
lated from orchiectomy samples could not be maintained in
long-term cultures and studied with gene knockout or
knockdown approaches.

Identification of natural “human knockouts” with homozy-
gous loss-of-function mutations provided an alternative ap-
proach to study functional and pathological roles of human
proteins (47). The most valuable mutations for such studies
included protein truncating variants due to stop gain or frame-
shift mutations or single amino acid variants leading to the
loss of activity or to protein misfolding followed by protea-
somal degradation. In this work, we hypothesized that sper-
matozoa of men with natural knockouts or functional knock-
downs of testis-specific genes could emerge as valuable

FIG. 5. Localization of TEX101 and LY6K proteins in human spermatozoa. Immunofluorescence images were obtained with a 100�
oil immersion objective. TEX101 (A) or LY6K (G) were labeled with primary antibodies and visualized with secondary antibodies conjugated
to Alexa Fluor 594 (red). No primary antibodies were used for the negative controls (D and J). Spermatozoa nucleus (blue) was visualized
with DAPI (B, E, H, and K). Panels C, F, I, and L represent merged brightfield and Alexa Fluor 594 fluorescence images. TEX101 and LY6K
were localized in the neck, postequatorial and equatorial regions of spermatozoa. In some spermatozoa, LY6K was also localized in the
acrosomal region. In the equatorial and postequatorial regions TEX101 and LY6K were localized to the plasma membrane.
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models to study functional and pathological roles of human-
testis-specific proteins.

Recent population-scale studies of genetic variation dis-
covered numerous protein truncating variants or single amino
acid variants in humans, provided their accurate frequencies
in different ethnic groups and predicted their functional im-
pact (22, 48, 49). The impact of such variants on expression
and activity of germ-cell-specific proteins could be verified
experimentally in spermatozoa or testicular tissues using
mass spectrometry (50–52).

In this study, we focused on a germ-cell-specific protein
TEX101 that we previously identified and validated as a sem-
inal plasma biomarker for the differential diagnosis of azoo-
spermia and male infertility (53–55). TEX101 was previously
shown to be essential for the production of fertilization-com-
petent spermatozoa through maturation of ADAM 3–6 pro-
teins in mice (9, 10, 56–58). We have also recently completed
a co-immunoprecipitation-mass spectrometry study on
TEX101 and identified its physical interactome, including
DPEP3 protein (59). Our motivation for the present study was
to apply an orthogonal proteomic approach to discover
TEX101-associated proteins, some of which could be pro-
teins with weak and transient interactions and thus missed by
co-immunoprecipitation. Here, we identified rs35033974 var-
iant and discovered substantially lower levels of the G99V
variant form of TEX101 protein in spermatozoa of heterozy-
gous and homozygous men. We then hypothesized that
rs35033974hh spermatozoa could be used as a knockdown
model to identify proteins which co-degraded together with
G99V TEX101 in rs35033974hh spermatozoa.

As a result, we identified and verified 7 TEX101-associ-
ated proteins that were significantly down-regulated in
rs35033974hh spermatozoa. In agreement to previous studies
in mice, we identified in our previous study (59) and in the
present study two types of TEX101-interacting/associated
proteins: (i) DPEP3 and alike proteins with strong physical
interactions but no degradation in the absence of TEX101 and
(ii) LY6K and alike proteins not found in the physical interac-
tome but degraded in the absence of TEX101. It should be
emphasized that identification of LY6K protein as a top can-
didate suggested the robustness of our experimental proto-
col. Indeed, previous studies in mice revealed that LY6K
disappeared from the testicular germ-cell-surface in Tex101
knockout mice (36).

Similar to TEX101, LY6K is GPI-anchored cell-surface pro-
tein expressed by testicular germ cells and is partially shed
into seminal plasma during sperm maturation (36). Interaction
of TEX101 with LY6K in mice was shown to be crucial for
proper trafficking and posttranslational processing of LY6K.
Tex101�/� or Ly6k�/� mice were infertile due to compro-
mised migration of sperm in the oviduct (9, 36). TEX101-LY6K
complex facilitated proper processing of ADAM3 protein. In-
terestingly, levels of TEX101 and LY6K proteins on the surface
of spermatozoa but not levels of intracellular mRNA tran-

scripts were mutually dependent. Thus, LY6K protein quickly
degraded in Tex101�/� mice, and vice versa (42). Another
cell-surface GPI-anchored protein, a testis-specific dipepti-
dase DPEP3, formed a physical complex with TEX101 (58),
but DPEP3 levels were not affected in Tex101�/� mice (42).
Thus, our data on human TEX101, LY6K and DPEP3 in WT
and rs35033974hh spermatozoa (Fig. 4) confirmed previous
observations in mice.

Global proteomic profiling of spermatozoa from four WT and
four rs35033974hh men identified eight testis-specific ADAM
proteins with adhesion (ADAM2, ADAM18, ADAM29, ADAM32)
and metalloprotease (ADAM20, ADAM21, ADAM28, ADAM30)
activities (35). Interestingly, it was only ADAM29 levels that
decreased in rs35033974hh men, as discovered by global pro-
teomic profiling (2.5-fold, p � 0.003) and verified by SRM and
Western blotting. Because molecular function of human
ADAM29 protein has never been previously reported, we sug-
gest that ADAM29 protein should be further investigated as one
of the potential functional orthologs of mouse ADAM 3–6
proteins.

There may be several possibilities to explain the discrep-
ancy between molecular and clinical data on TEX101 protein:
(i) Unlike mouse TEX101, human TEX101 protein and TEX101-
LY6K interaction may not be essential for sperm maturation,
ADAM processing and fertilization; (ii) low levels of TEX101
protein in rs35033974hh men may be compensated by alter-
native cell-surface chaperons; and (iii) rs35033974 is delete-
rious for protein structure; however, unlike mouse Tex101,
human TEX101 could be a nonessential gene (60, 61). Future
studies should investigate if this highly frequent variant (1.6%
homozygous genotype frequency in European population)
predisposes males to infertility and becomes pathogenic in
combination with other factors, for example, lowered sperm
concentration in semen. Such multifactorial nature of male
infertility has previously been discovered for germ-cell-spe-
cific proteins (62).

It should be noted that our study had the following limita-
tions: (i) Even though label-free quantification using Max-
Quant algorithm is recognized as an accurate proteome-wide
quantification approach (15), its variability may still be rela-
tively high, so all candidates should be verified by orthogonal
assays, such as SRM or Western blotting; and (ii) global
proteomic quantification of a very large number of proteins
(8,046) and FDR-based cut-offs could result in numerous
false-positive (for example, intracellular non-testis-specific
proteins) and false-negative candidates (ADAM29 could be
such a false-negative candidate).

To conclude, we presented the first human study to inves-
tigate the possible functional role of TEX101 protein as a
cell-surface chaperone and identified degradation of LY6K
and additional six germ-cell-specific proteins in rs35033974hh

men. Spermatozoa of rs35033974hh men may be used as a
unique model to elucidate further details on the role of human
TEX101. Because TEX101 seminal plasma levels were found
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significantly lower in heterozygous than in WT men,
rs35033974 status could be considered in TEX101 diagnos-
tics. Our deep proteome of spermatozoa could be used as a
resource to update currently missing testis-expressed proteins.
Finally, our work may serve as a concept for future studies on
functional effects of natural knockouts or knockdowns in hu-
mans. The presented approach may facilitate verification of the
essential and nonessential testis-specific genes and proteins,
which will advance biology of human reproduction.
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C., Sullivan, R., Mullen, B., Jarvi, K., Diamandis, E. P., and Drabovich,
A. P. (2017) Preclinical evaluation of a TEX101 protein ELISA test for the
differential diagnosis of male infertility. BMC Med. 15, 60

9. Fujihara, Y., Tokuhiro, K., Muro, Y., Kondoh, G., Araki, Y., Ikawa, M., and
Okabe, M. (2013) Expression of TEX101, regulated by ACE, is essential
for the production of fertile mouse spermatozoa. Proc. Natl. Acad. Sci.
U.S.A. 110, 8111–8116

10. Li, W., Guo, X. J., Teng, F., Hou, X. J., Lv, Z., Zhou, S. Y., Bi, Y., Wan, H. F.,
Feng, C. J., Yuan, Y., Zhao, X. Y., Wang, L., Sha, J. H., and Zhou, Q.
(2013) Tex101 is essential for male fertility by affecting sperm migration
into the oviduct in mice. J. Mol. Cell. Biol. 5, 345–347

11. Cho, C. (2012) Testicular and epididymal ADAMs: Expression and function
during fertilization. Nat. Rev. Urol. 9, 550–560

12. Kothandaraman, N., Agarwal, A., Abu-Elmagd, M., and Al-Qahtani, M. H.
(2016) Pathogenic landscape of idiopathic male infertility: New insight
towards its regulatory networks. NPJ Genom. Med. 1, 16023

13. Begcevic, I., Brinc, D., Drabovich, A. P., Batruch, I., and Diamandis, E. P.
(2016) Identification of brain-enriched proteins in the cerebrospinal fluid
proteome by LC-MS/MS profiling and mining of the Human Protein Atlas.
Clin. Proteomics 13, 11

14. Cho, C. K., Drabovich, A. P., Karagiannis, G. S., Martínez-Morillo, E.,
Dason, S., Dimitromanolakis, A., and Diamandis, E. P. (2013) Quantita-
tive proteomic analysis of amniocytes reveals potentially dysregulated
molecular networks in Down syndrome. Clin. Proteomics 10, 2

15. Cox, J., Hein, M. Y., Luber, C. A., Paron, I., Nagaraj, N., and Mann, M.
(2014) Accurate proteome-wide label-free quantification by delayed nor-
malization and maximal peptide ratio extraction, termed MaxLFQ. Mol.
Cell. Proteomics 13, 2513–2526

16. Cox, J., and Mann, M. (2012) 1D and 2D annotation enrichment: A statis-
tical method integrating quantitative proteomics with complementary
high-throughput data. BMC Bioinformatics 16, S12

17. Drabovich, A. P., Pavlou, M. P., Schiza, C., and Diamandis, E. P. (2016)
Dynamics of protein expression reveals primary targets and secondary
messengers of estrogen receptor alpha signaling in MCF-7 breast cancer
cells. Mol. Cell. Proteomics 15, 2093–2107

18. Karakosta, T. D., Soosaipillai, A., Diamandis, E. P., Batruch, I., and Drabo-
vich, A. P. (2016) Quantification of human kallikrein-related peptidases in
biological fluids by multiplatform targeted mass spectrometry assays.
Mol. Cell. Proteomics 15, 2863–2876

19. Drabovich, A. P., Pavlou, M. P., Dimitromanolakis, A., and Diamandis, E. P.
(2012) Quantitative analysis of energy metabolic pathways in MCF-7
breast cancer cells by selected reaction monitoring assay. Mol. Cell.
Proteomics 11, 422–434

20. Martínez-Morillo, E., Nielsen, H. M., Batruch, I., Drabovich, A. P., Begcevic,
I., Lopez, M. F., Minthon, L., Bu, G., Mattsson, N., Portelius, E., Hansson,
O., and Diamandis, E. P. (2014) Assessment of peptide chemical modi-
fications on the development of an accurate and precise multiplex se-
lected reaction monitoring assay for apolipoprotein e isoforms. J. Pro-
teome Res. 13, 1077–1087

TEX101-associated Proteins

Molecular & Cellular Proteomics 18.2 349

http://www.ebi.ac.uk/pride/archive/login
http://www.ebi.ac.uk/pride/archive/login
http://www.peptideatlas.org/PASS/PASS01112
http://www.peptideatlas.org/PASS/PASS01112
ftp://PASS01112:NI5437g@ftp.peptideatlas.org
ftp://PASS01112:NI5437g@ftp.peptideatlas.org
https://panoramaweb.org/3jbthK.url
https://panoramaweb.org/3jbthK.url
http://www.mcponline.org/cgi/content/full/RA118.001170/DC1
http://www.mcponline.org/cgi/content/full/RA118.001170/DC1
mailto:andrei.drabovich@ualberta.ca
mailto:eleftherios.diamandis@sinaihealthsystem.ca


21. Drabovich, A. P., and Diamandis, E. P. (2010) Combinatorial peptide librar-
ies facilitate development of multiple reaction monitoring assays for
low-abundance proteins. J. Proteome Res. 9, 1236–1245

22. Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E.,
Fennell, T., O’Donnell-Luria, A. H., Ware, J. S., Hill, A. J., Cummings,
B. B., Tukiainen, T., Birnbaum, D. P., Kosmicki, J. A., Duncan, L. E.,
Estrada, K., Zhao, F., Zou, J., Pierce-Hoffman, E., Berghout, J., Cooper,
D. N., Deflaux, N., DePristo, M., Do, R., Flannick, J., Fromer, M., Gau-
thier, L., Goldstein, J., Gupta, N., Howrigan, D., Kiezun, A., Kurki, M. I.,
Moonshine, A. L., Natarajan, P., Orozco, L., Peloso, G. M., Poplin, R.,
Rivas, M. A., Ruano-Rubio, V., Rose, S. A., Ruderfer, D. M., Shakir, K.,
Stenson, P. D., Stevens, C., Thomas, B. P., Tiao, G., Tusie-Luna, M. T.,
Weisburd, B., Won, H. H., Yu, D., Altshuler, D. M., Ardissino, D.,
Boehnke, M., Danesh, J., Donnelly, S., Elosua, R., Florez, J. C., Gabriel,
S. B., Getz, G., Glatt, S. J., Hultman, C. M., Kathiresan, S., Laakso, M.,
McCarroll, S., McCarthy, M. I., McGovern, D., McPherson, R., Neale,
B. M., Palotie, A., Purcell, S. M., Saleheen, D., Scharf, J. M., Sklar, P.,
Sullivan, P. F., Tuomilehto, J., Tsuang, M. T., Watkins, H. C., Wilson,
J. G., Daly, M. J., MacArthur, D. G., and Exome Aggregation, C. (2016)
Analysis of protein-coding genetic variation in 60,706 humans. Nature
536, 285–291

23. Genomes Project, C., Auton, A., Brooks, L. D., Durbin, R. M., Garrison,
E. P., Kang, H. M., Korbel, J. O., Marchini, J. L., McCarthy, S., McVean,
G. A., and Abecasis, G. R. (2015) A global reference for human genetic
variation. Nature 526, 68–74

24. Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A.,
Bork, P., Kondrashov, A. S., and Sunyaev, S. R. (2010) A method and
server for predicting damaging missense mutations. Nat. Methods 7,
248–249

25. Sim, N. L., Kumar, P., Hu, J., Henikoff, S., Schneider, G., and Ng, P. C.
(2012) SIFT web server: Predicting effects of amino acid substitutions on
proteins. Nucleic Acids Res. 40, W452–W457

26. Itan, Y., Shang, L., Boisson, B., Ciancanelli, M. J., Markle, J. G., Martinez-
Barricarte, R., Scott, E., Shah, I., Stenson, P. D., Gleeson, J., Cooper,
D. N., Quintana-Murci, L., Zhang, S. Y., Abel, L., and Casanova, J. L.
(2016) The mutation significance cutoff: Gene-level thresholds for variant
predictions. Nat. Methods 13, 109–110

27. Martínez-Morillo, E., Cho, C. K., Drabovich, A. P., Shaw, J. L., Soosaipillai,
A., and Diamandis, E. P. (2012) Development of a multiplex selected
reaction monitoring assay for quantification of biochemical markers of
down syndrome in amniotic fluid samples. J. Proteome Res. 11,
3880–3887

28. Begcevic, I., Brinc, D., Dukic, L., Simundic, A. M., Zavoreo, I., Basic Kes, V.,
Martinez-Morillo, E., Batruch, I., Drabovich, A. P., and Diamandis, E. P.
(2018) Targeted mass spectrometry-based assays for relative quantifi-
cation of thirty brain-related proteins and their clinical applications. J.
Proteome Res. 17, 2282–2292

29. Loo, T. W., and Clarke, D. M. (1994) Functional consequences of glycine
mutations in the predicted cytoplasmic loops of P-glycoprotein. J. Biol.
Chem. 269, 7243–7248

30. Wang, Y. J., Tayo, B. O., Bandyopadhyay, A., Wang, H., Feng, T., France-
schini, N., Tang, H., Gao, J., Sung, Y. J., Elston, R. C., Williams, S. M.,
Cooper, R. S., Mu, T. W., and Zhu, X. (2014) The association of the
vanin-1 N131S variant with blood pressure is mediated by endoplasmic
reticulum-associated degradation and loss of function. PLoS Genet. 10,
e1004641

31. Vembar, S. S., and Brodsky, J. L. (2008) One step at a time: Endoplasmic
reticulum-associated degradation. Nat. Rev. Mol. Cell Biol. 9, 944–957

32. Ward, C. L., Omura, S., and Kopito, R. R. (1995) Degradation of CFTR by
the ubiquitin-proteasome pathway. Cell 83, 121–127

33. Mayor, S., and Riezman, H. (2004) Sorting GPI-anchored proteins. Nat.
Rev. Mol. Cell Biol. 5, 110–120

34. Fernandez-Escamilla, A. M., Rousseau, F., Schymkowitz, J., and Ser-
rano, L. (2004) Prediction of sequence-dependent and mutational
effects on the aggregation of peptides and proteins. Nat. Biotechnol.
22, 1302–1306

35. Primakoff, P., and Myles, D. G. (2000) The ADAM gene family: Surface
proteins with adhesion and protease activity. Trends Genet. 16, 83–87

36. Fujihara, Y., Okabe, M., and Ikawa, M. (2014) GPI-anchored protein com-
plex, LY6K/TEX101, is required for sperm migration into the oviduct and
male fertility in mice. Biol. Reprod. 90, 60

37. Baba, D., Kashiwabara, S., Honda, A., Yamagata, K., Wu, Q., Ikawa, M.,
Okabe, M., and Baba, T. (2002) Mouse sperm lacking cell surface hya-
luronidase PH-20 can pass through the layer of cumulus cells and
fertilize the egg. J. Biol. Chem. 277, 30310–30314

38. Lin, Y. N., Roy, A., Yan, W., Burns, K. H., and Matzuk, M. M. (2007) Loss of
zona pellucida binding proteins in the acrosomal matrix disrupts acro-
some biogenesis and sperm morphogenesis. Mol. Cell. Biol. 27,
6794–6805

39. Mandal, A., Klotz, K. L., Shetty, J., Jayes, F. L., Wolkowicz, M. J., Bolling,
L. C., Coonrod, S. A., Black, M. B., Diekman, A. B., Haystead, T. A.,
Flickinger, C. J., and Herr, J. C. (2003) SLLP1, a unique, intra-acrosomal,
non-bacteriolytic, c lysozyme-like protein of human spermatozoa. Biol.
Reprod. 68, 1525–1537

40. Adham, I. M., Nayernia, K., and Engel, W. (1997) Spermatozoa lacking
acrosin protein show delayed fertilization. Mol. Reprod. Dev. 46,
370–376

41. Inoue, N., Ikawa, M., Isotani, A., and Okabe, M. (2005) The immunoglobulin
superfamily protein Izumo is required for sperm to fuse with eggs. Nature
434, 234–238

42. Endo, S., Yoshitake, H., Tsukamoto, H., Matsuura, H., Kato, K., Sakuraba,
M., Takamori, K., Fujiwara, H., Takeda, S., and Araki, Y. (2016) TEX101,
a glycoprotein essential for sperm fertility, is required for stable expres-
sion of Ly6k on testicular germ cells. Sci. Rep. 6, 23616

43. Matzuk, M. M., and Lamb, D. J. (2002) Genetic dissection of mammalian
fertility pathways. Nat. Med. 8, S33–S40

44. Matzuk, M. M., and Lamb, D. J. (2008) The biology of infertility: Research
advances and clinical challenges. Nat. Med. 14, 1197–1213

45. Ikawa, M., Inoue, N., Benham, A. M., and Okabe, M. (2010) Fertilization: A
sperm’s journey to and interaction with the oocyte. J. Clin. Invest. 120,
984–994

46. Djureinovic, D., Fagerberg, L., Hallström, B., Danielsson, A., Lindskog, C.,
Uhlén, M., and Ponten, F. (2014) The human testis-specific proteome
defined by transcriptomics and antibody-based profiling. Mol. Hum.
Reprod. 20, 476–488

47. Saleheen, D., Natarajan, P., Armean, I. M., Zhao, W., Rasheed, A.,
Khetarpal, S. A., Won, H. H., Karczewski, K. J., O’Donnell-Luria, A. H.,
Samocha, K. E., Weisburd, B., Gupta, N., Zaidi, M., Samuel, M., Imran,
A., Abbas, S., Majeed, F., Ishaq, M., Akhtar, S., Trindade, K., Muck-
savage, M., Qamar, N., Zaman, K. S., Yaqoob, Z., Saghir, T., Rizvi,
S. N. H., Memon, A., Hayyat Mallick, N., Ishaq, M., Rasheed, S. Z.,
Memon, F. U., Mahmood, K., Ahmed, N., Do, R., Krauss, R. M.,
MacArthur, D. G., Gabriel, S., Lander, E. S., Daly, M. J., Frossard, P.,
Danesh, J., Rader, D. J., and Kathiresan, S. (2017) Human knockouts
and phenotypic analysis in a cohort with a high rate of consanguinity.
Nature 544, 235–239

48. Fu, W., O’Connor, T. D., Jun, G., Kang, H. M., Abecasis, G., Leal, S. M.,
Gabriel, S., Rieder, M. J., Altshuler, D., Shendure, J., Nickerson, D. A.,
Bamshad, M. J., and Akey, J. M. (2013) Analysis of 6,515 exomes reveals
the recent origin of most human protein-coding variants. Nature 493,
216–220

49. The 1,000 Genomes Project Consortium (2015) A global reference for
human genetic variation. Nature, 68–74

50. Li, J., Su, Z., Ma, Z. Q., Slebos, R. J., Halvey, P., Tabb, D. L., Liebler, D. C.,
Pao, W., and Zhang, B. (2011) A bioinformatics workflow for variant
peptide detection in shotgun proteomics. Mol. Cell. Proteomics 10,
M110.006536

51. Dimitrakopoulos, L., Prassas, I., Diamandis, E. P., Nesvizhskii, A., Kislinger,
T., Jaffe, J., and Drabovich, A. (2016) Proteogenomics: Opportunities
and caveats. Clin. Chem. 62, 551–557

52. Drabovich, A. P., Pavlou, M. P., Batruch, I., and Diamandis, E. P. (2013)
Proteomic and mass spectrometry technologies for biomarker discovery.
In: Issaq, H. J., and Veenstra, T. D., eds. Proteomic and Metabolomic
Approaches to Biomarker Discovery, pp. 17–37, Academic Press
(Elsevier), Waltham, MA

53. Schiza, C. G., Jarv, K., Diamandis, E. P., and Drabovich, A. P. (2014) An
emerging role of TEX101 protein as a male infertility biomarker. EJIFCC
25, 9–26

54. Drabovich, A. P., Saraon, P., Jarvi, K., and Diamandis, E. P. (2014) Seminal
plasma as a diagnostic fluid for male reproductive system disorders. Nat.
Rev. Urol. 11, 278–288

TEX101-associated Proteins

350 Molecular & Cellular Proteomics 18.2



55. Bieniek, J. M., Drabovich, A. P., and Lo, K. C. (2016) Seminal biomarkers for
the evaluation of male infertility. Asian J. Androl. 18, 426–433

56. Tsukamoto, H., Yoshitake, H., Mori, M., Yanagida, M., Takamori, K.,
Ogawa, H., Takizawa, T., and Araki, Y. (2006) Testicular proteins asso-
ciated with the germ cell-marker, TEX101: Involvement of cellubrevin in
TEX101-trafficking to the cell surface during spermatogenesis. Biochem.
Biophys. Res. Commun. 345, 229–238

57. Yoshitake, H., Tsukamoto, H., Maruyama-Fukushima, M., Takamori, K.,
Ogawa, H., and Araki, Y. (2008) TEX101, a germ cell-marker glycopro-
tein, is associated with lymphocyte antigen 6 complex locus k within the
mouse testis. Biochem. Biophys. Res. Commun. 372, 277–282

58. Yoshitake, H., Yanagida, M., Maruyama, M., Takamori, K., Hasegawa, A.,
and Araki, Y. (2011) Molecular characterization and expression of dipep-
tidase 3, a testis-specific membrane-bound dipeptidase: Complex for-
mation with TEX101, a germ-cell-specific antigen in the mouse testis. J.
Reprod. Immunol. 90, 202–213

59. Schiza, C., Korbakis, D., Panteleli, E., Jarvi, K., Drabovich, A. P., and
Diamandis, E. P. (2018) Discovery of a human testis-specific protein
complex TEX101-DPEP3 and selection of its disrupting antibodies. Mol.
Cell. Proteomics, 17, 2479–2495

60. Schumacher, J., Zischler, H., and Herlyn, H. (2017) Effects of different kinds
of essentiality on sequence evolution of human testis proteins. Sci. Rep.
7, 43534

61. Wang, T., Birsoy, K., Hughes, N. W., Krupczak, K. M., Post, Y., Wei, J. J.,
Lander, E. S., and Sabatini, D. M. (2015) Identification and character-
ization of essential genes in the human genome. Science 350,
1096–1101

62. Brukman, N. G., Miyata, H., Torres, P., Lombardo, D., Caramelo, J. J.,
Ikawa, M., Da Ros, V. G., and Cuasnicú, P. S. (2016) Fertilization
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