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In Brief
Global phosphoproteomics on
human testicular tissue was performed by using highly efficient
titanium dioxide (TiO2) method
coupled to LC-MS/MS. Mass
spectrometry data were used to
predict the most prominent kinases, and phosphoregulation
was revealed as highly active during spermatogenesis. Protein kinases are good targets for pharmacological intervention in male
fertility and testicular cancer progression. In fact, CDK12 and
PAK4 were found to be potentially involved in the formation of
sperm structures and cancer cell
response to apoptosis,
respectively.
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Human Testis Phosphoproteome Reveals
Kinases as Potential Targets in
Spermatogenesis and Testicular Cancer*□
S
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Thang V. Pham§, Richard R. de Goeij-de Haas§, Ans M.M. van Pelt¶,
Connie R. Jimenez§, and Bastiaan J.H. Jansen‡**
Spermatogenesis is a complex cell differentiation process
that includes marked genetic, cellular, functional and
structural changes. It requires tight regulation, because
disturbances in any of the spermatogenic processes
would lead to fertility deficiencies as well as disorders in
offspring. To increase our knowledge of signal transduction during sperm development, we carried out a largescale identification of the phosphorylation events that
occur in the human male gonad. Metal oxide affinity chromatography using TiO2 combined with LC-MS/MS was
conducted to profile the phosphoproteome of adult
human testes with full spermatogenesis. A total of 8187
phosphopeptides derived from 2661 proteins were identified, resulting in the most complete report of human testicular phosphoproteins to date. Phosphorylation events
were enriched in proteins functionally related to spermatogenesis, as well as to highly active processes in the
male gonad, such as transcriptional and translational regulation, cytoskeleton organization, DNA packaging, cell
cycle and apoptosis. Moreover, 174 phosphorylated kinases were identified. The most active human protein
kinases in the testis were predicted both by the number of
phosphopeptide spectra identified and the phosphorylation status of the kinase activation loop. The potential
function of cyclin-dependent kinase 12 (CDK12) and p21activated kinase 4 (PAK4) has been explored by in silico
protein-protein interaction analysis, immunodetection in
testicular tissue, and a functional assay in a human embryonal carcinoma cell line. The colocalization of CDK12
with Golgi markers suggests a potential crucial role of this
protein kinase during sperm formation. PAK4 has been
found expressed in human spermatogonia, and a role in
embryonal carcinoma cell response to apoptosis has
been observed. Together, our protein discovery analysis
confirms that phosphoregulation by protein kinases is
highly active in sperm differentiation and opens a window to detailed characterization and validation of po-

tential targets for the development of drugs modulating
male fertility and tumor behavior. Molecular & Cellular
Proteomics 18: S132–S144, 2019. DOI: 10.1074/mcp.
RA118.001278.

Spermatogenesis is a complex cell differentiation process
that takes place in the testis, within the seminiferous tubules
(1). It includes tightly coordinated genetic, cellular, functional
and structural changes to give rise to the highly specialized
male gamete, the sperm cell (1– 8). Spermatogenesis is divided
in three main processes - mitosis, meiosis, and spermiogenesis
- and includes different germ cell types that are mechanically
and nutritionally supported by the somatic Sertoli cells (1, 9).
Spermatogonia are in the basal part of the germinal epithelium,
and experience successive mitotic divisions to undergo either
self-renewal or differentiation to spermatocytes. Thereafter,
spermatocytes go through two consecutive meiotic divisions,
which results in the generation of haploid round spermatids.
During the last step of spermatogenesis, spermatids elongate,
most of the cytoplasm is lost, chromatin is extensively remodeled, and specialized structures for fertilization are formed, such
as the flagellum and the acrosome (1, 3–5, 10, 11). At the end of
the process, the spermatozoa are released to the lumen of the
tubule, to continue the maturation in the epididymis (1, 12–16).
The process of spermatogenesis is very dynamic and disturbances in any of the steps would lead to fertility deficiencies. Therefore, it requires tight regulation at different levels.
Although hormonal regulation of spermatogenesis by the hypothalamic-pituitary-testicular axis is well understood (17, 18,
27, 28, 19 –26), other layers of regulation, such as signal
transduction through phosphorylation, remain less well explored. Protein phosphorylation is well known to be involved
in the regulation of cell cycle, cell growth, cell differentiation
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and cell death in many biological systems (29, 30). Also, a role
for protein phosphorylation in the regulation of testis-specific
events, such as the maintenance of the Sertoli cell blood
testis barrier and basal ectoplasmic specializations, has been
observed (31–33).
By adding phosphate groups to substrate proteins, protein
kinases are key regulators of cell functions, and therefore,
good targets for the modulation of spermatogenesis and the
identification of potential causes of male infertility. During the
past decades, many studies have been focused on specific
kinase families, such as the mitogen-activated protein kinases
(MAPKs), which are critical for sperm development (32, 34,
35). Other known kinases with roles in spermatogenesis are
the cell cycle regulators POLO-like kinases (PLKs) (36, 37), the
androgen receptor p21-activated kinase 6 (PAK6) (38 – 40),
and the members of the testis-specific serine/threonine-protein kinase (TSSK) family, which have a role during the last
stage of spermatogenesis called spermiogenesis (41). However, a large-scale identification of the phosphorylation events
that occur in the human testis has not been conducted so far.
The use of high-throughput techniques would provide an
in-depth picture of the molecular regulation of spermatogenesis and identify additional kinases that might also be essential in the process. Phosphopeptide enrichment combined
with MS has been used recently for the systematic analysis of
the mouse testis phosphoproteome profile (37). However,
because of biological and genetic differences that exist between rodent and primate spermatogenesis, the development
of such a study in human testis is warranted.
In the present study we performed global phosphoproteomics on human testicular tissue with full spermatogenesis,
to identify the most relevant signaling pathways taking place
during the development of the male gamete. To this end,
metal oxide affinity chromatography, using a highly efficient
titanium dioxide (TiO2) method coupled to MS (42– 44), was
carried out to profile the phosphoproteome of human testes
with histologically complete spermatogenesis. To further investigate phosphoregulation, MS data was used to predict
the most active kinases in the human testis. Our study contributes to the understanding of the regulation of human spermatogenesis that is orchestrated by protein phosphorylation.
In addition, the identification of the most active kinases in the
human testis opens the window to a detailed characterization
and validation of potential good targets for the development
of drugs modulating male germ cell development and testicular cancer progression.
EXPERIMENTAL PROCEDURES

Biological Material—The human testis samples used in this study
were donated after informed consent by patients undergoing bilat1

The abbreviations used are: DMEM, Dulbecco’s modified Eagle’s
medium; FBS, Fetal bovine serum; FDR, false discovery rate; GO,
Gene Ontology; IgG, Immunoglobulin G; MS/MS, tandem mass spectrometry; TiO2, Titanium dioxide.
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eral orchidectomy as part of prostate cancer treatment at the
AmsterdamUMC in Amsterdam (59 – 85 years old). Morphological
analyses of the testes after eosin-hematoxylin staining showed normal full spermatogenesis in all cases, indicating a similar function to
testis tissue of younger men in terms of generating testicular sperm.
None of these men had previously received chemotherapy or radiotherapy. According to Dutch law and confirmed by the Dutch Central
Committee on Research involving Human Subjects (CCMO), this
spare tissue can be used for research purposes without further
ethical approval, because no additional intervention is required to
obtain the tissue. The testes from all patients were cut into small
pieces, and either subsequently snap frozen at ⫺196 °C for later
analyses by MS or fixed for immunodetection.
Mouse testis samples were also included in this study for the validation of immunohistochemical analyses. Paraffin blocks of mouse testis
from fertile adult C57BL/6 males were used from previous experiments
that were approved by the animal ethical committee of the University of
Utrecht. Testis tissues were fixed in diluted Bouin, before embedding in
paraffin for immunohistochemical analyses.
The NCCIT cell line used for functional analysis represents an
undifferentiated pluripotent cell type from embryonal carcinoma and
was maintained in DMEM/F121 (Lonza, Basel, Switzerland), containing 10% FBS with penicillin and streptomycin (10.000 U/ml), at 37 °C
under 5% CO2. Cells were cultured as described elsewhere (45).
Testis Tissue Lysis and Digestion—Human testicular tissue from
three individuals was lysed in lysis buffer containing 9 M Urea, 20 mM
HEPES pH 8.0, 1 mM Na3VO4 (orthovanadate), 2.5 mM Na4P2O7
(pyrophosphate), and 1 mM Na2C3H7PO6 (␤-Glycerophosphate), by
vortexing and sonication. After lysis, protein concentration was determined using the BCA method (ThermoPierce, Rockford, IL). Tissue
lysates were reduced in 4.5 mM DTT for 30 min at 55 °C, cooled to
room temperature, and alkylated in 11 mM iodoacetamide for 15 min
in the dark. Subsequently, tissue lysates were diluted in 20 mM
HEPES pH 8.0 to reduce the urea concentration to 2 M, and digested
overnight with trypsin (Promega, Madison, WI) with an enzyme/protein ratio of 1:50 (w/w).
Phosphopeptide Enrichment by Titanium Dioxide (TiO2)—For phosphopeptide enrichment a titanium dioxide-based workflow that was
previously benchmarked for its high reproducibility was applied (43).
For each human testis tissue sample, 500 g of tryptic lysate digests
were acidified by adding TFA to a final concentration of 1% and
incubated on ice for 15 min. Samples were desalted with 30 mg
OASISTM HLB cartridges (Waters Corporation, Milford, MA), previously activated with 100% ACN and equilibrated with 0.1% TFA.
Briefly, peptides were loaded in the cartridge, washed with 0.1% TFA,
and eluted with 0.1% TFA/80% ACN solution. Subsequently, desalted peptides were diluted 1:1 with lactic acid solution (0.3 g/ml
lactic acid, 0.07% TFA, 53% ACN). For TiO2 capture, 2.5 mg of
TiO2 beads (GL sciences, Eindhoven, The Netherlands; 10 m) were
packed in a 200-l pipette tip fitted with a 16G-needle punch of C8
EMPORETM SPE material at the narrow end. Tips containing the TiO2
bed were washed with 200 l of 0.1% TFA/80% ACN and equilibrated
with 200 l of lactic acid solution. Desalted peptides were loaded in
the tips in 5 cycles of 200 l of peptide mixture and centrifuged at
1500 ⫻ g for 4 min. The TiO2 bed with bound phosphopeptides was
then washed, first with 200 l lactic acid solution, and then with 200
l 0.1% TFA/80% ACN. All steps were performed by centrifugation at
1500 ⫻ g for 4 min. Phosphopeptides were eluted in two steps with
50 l 0.5% piperidine (Thermo Fisher Scientific, Bremen, Germany)
and 50 l 5% piperidine, respectively, and subsequently quenched in
100 l 20% H3PO4. Phosphopeptides were desalted using 200-l
pipette tips fitted with a 16G-needle punch of SDB-XC EMPORETM
SPE material at the narrow end, which was previously washed with
20 l 0.1% TFA/80% ACN and equilibrated with 20 l 0.1% TFA.
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Phosphopeptides mixtures were loaded and centrifuged for 3 min at
1000 ⫻ g. SDB-XC beds were then washed with 20 l 0.1% TFA, and
desalted phosphopeptides were eluted with 20 l 0.1% TFA/80%
ACN. Phosphopeptides were dried in a vacuum centrifuge and dissolved in 20 l 0.5% TFA/4% ACN.
Nano LC-MS/MS—The two tryptic peptide extracts from each
human testis biological replicate, corresponding to the global and the
phosphopeptide-enriched fractions, were separated using an Ultimate 3000 nanoLC-MS/MS system (Dionex LC-Packings, Amsterdam, The Netherlands) harboring a 20-cm fused silica column (75 m
inner diameter) custom packed with 1.9-m ReproSil-Pur C18-AQ
silica particles (120 Å pore diameter; Dr. Maisch GmbH, AmmerbuchEntringen, Germany). First, peptides were trapped on a 10-mm trap
column (100-m inner diameter), packed with 5-m ReproSil-Pur
C18-AQ silica particles (120-Å pore diameter) at 6 l/min and 2%
buffer B (buffer A: 0.5% acetic acid; buffer B: 80% acetonitrile, 0.5%
acetic acid), and separated at 300 nl/min in a 10 – 40% buffer B gradient
in 60 min (90 min inject-to-inject). Eluting peptides were ionized at a
potential of ⫹ 2 kV and nanosprayed into a Q Exactive mass spectrometer (Thermo Fisher Scientific). Intact masses were measured in the
Orbitrap at a resolution of 70,000 (at m/z 200), using an automatic gain
control (AGC) target value of 3 ⫻ 106 charges. The top 10 peptide
signals (excluding charge state 1⫹) were submitted for MS/MS in the
Higher-Energy Collisional Dissociation cell, using a 1.6-amu isolation
width and 25% normalized collision energy. MS/MS spectra were acquired in the Orbitrap with a resolution of 17,500 (at m/z 200), using an
AGC target value of 2 ⫻ 105 charges and an underfill ratio of 0.1%.
Dynamic exclusion was applied with a repeat count of 1 and an exclusion time of 30 s.
Protein Identification from MS/MS Data—MS/MS spectra obtained
after nanoLC-MS/MS were searched against a Uniprot human reference proteome FASTA file (release September 2015, canonical and
isoforms, 42122 entries) supplemented with a common contaminants
FASTA file (245 entries) using MaxQuant 1.5.2.8 software (46). Enzyme specificity was set to trypsin, and up to two missed cleavages
were allowed. Cysteine carboxamidomethylation was set as fixed
modification, and serine/threonine/tyrosine phosphorylation, methionine oxidation, and N-terminal acetylation as variable modifications.
Default MaxQuant settings were used, that is peptide precursor ions
were searched with a maximum mass deviation of 4.5 ppm, and fragment ions with a maximum mass deviation of 20 ppm. Peptide and
protein identifications and site localizations were filtered at a FDR of 1%
using the decoy database strategy. Phosphosite localizations were
considered unambiguous when the localization probability was ⬎ 0.75.
The minimal peptide length was 7 amino acids, the minimum Andromeda score for modified peptides was 40, and the minimum delta score
was 6. Proteins that could not be differentiated based on MS/MS
spectra alone were grouped into protein groups (default MaxQuant
settings). Peptide identifications were propagated across samples using
the match-between-runs (MBR) option checked. Lysate searches were
performed with the label-free quantification option selected.
Label-free Phosphopeptide Quantification—Phosphopeptides were
quantified by counting MS/MS spectra (spectral counts) (48) or by their
extracted ion intensities (“Intensity” in MaxQuant). For each sample the
phosphopeptide intensities were normalized on the median log10 intensity of all identified peptides in the sample using the MaxQuant
evidence file (“normalized intensity”). For protein expression analysis of
the corresponding lysates, the spectral counts were normalized on the
sum of the counts in each sample.
Kinase Ranking—To identify the most active kinases in the human
testis, an analysis pipeline was implemented in R using custom tables
with data extracted from web resources, including currently recognized
protein kinases from KinBase (http://kinase.com) (49), and the official
gene symbols from HGNC (http://www.genenames.org) (50). An algo-
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rithm provided on the Phomics website (http://phomics.jensenlab.org)
(51) was used to identify kinase activation loop peptides.
Phosphopeptide data from the MaxQuant “modificationSpecificPeptides” table were combined with spectral count data calculated
above. Table rows with phosphopeptide data linked to multiple UniProt-derived gene symbols were deconvoluted into separate rows
with a single gene symbol that was mapped to the official HGNCapproved gene symbol. Redundant rows linking the same phosphopeptide to different UniProt gene symbols but the same HGNCmapped symbol were removed. For kinome (phosphokinase)
analysis, the table was then filtered for rows with phosphopeptides
derived from protein kinases (as defined in KinBase). For activation
loop analysis, the latter table was further filtered for peptides residing
in the activation segment of the kinase, as determined with the help of
the Phomics website.
The kinome- and activation loop-centric tables were reduced to the
data for phosphopeptides detected in all three testis tissue replicates,
and spectral counts from replicates were averaged. To consider
multiple phosphorylations of the same peptide, a modified metric was
calculated by multiplying mean spectral counts by the number of
phosphomodifications. For each analysis, after aggregation of peptide data to the protein level, a bar graph of (modified) mean spectral
counts for the top 20 phosphokinases was plotted. Stacked bars
represent the cumulated value for a given kinase, with bar segments
representing contributions by individual phosphopeptides.
Bioinformatic Analyses of Human Testis Proteome and Phosphoproteome Data—The lists of phosphopeptides and phosphoproteins
identified for each biological replicate were compared and visualized
using Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
The total list of proteins identified in human testis from the three individuals (phosphorylated and nonphosphorylated proteins; 3 replicates)
was combined with a previous protein report from one human testis
donor published by others (52), to complete the catalogue of human
testicular proteins. GO and pathway enrichment analyses were performed in DAVID v6.8 (53, 54). After Bonferroni correction for multiple
comparisons, p values ⬍0.001 were considered significant. Proteinprotein interaction networks were identified using the STRING 10.0
database (http://string-db.org/). Only those interactions with high
confidence interaction score (score ⱖ 0.7 according to STRING
10.0 indications) were included in the analysis. Proteins directly
interacting with the targets of interest (that is CDK12 and PAK4),
were classified according to their biological function using information available at the Uniprot Knowledgebase (UniProtKB/SwissProt) website (http://www.uniprot.org).
Immunodetection of the Kinases CDK12 and PAK4 in Human and
Mouse Testis Tissue—Two of the active kinases identified in the testis
phosphoproteome were selected to be further studied by immunodetection procedures. Sections from fixed and embedded human and
mouse testicular tissues were cut at 5 m and mounted on superfrost
plus slides (Menzel, Braunschweig, Germany), dried overnight at
37 °C, and stored at 4 °C until further use.
For immunohistochemical analyses, the testis sections were
deparaffinated and treated with 0.3% hydrogen peroxide in PBS for
10 min, to inhibit endogenous peroxidase. Nonspecific adhesion sites
were blocked in 5% BSA supplemented with 0.5% acetylated BSA
and 5% goat serum for 1 h at room temperature. For CDK12
detection, testis sections were incubated with 2 g/ml anti-CDK12
(orb317586; Biorbyt, San Francisco, CA) overnight at 4 °C. For PAK4
detection, sections were incubated with 4 g/ml anti-PAK4 (sc390507; Santa Cruz Biotechnology Inc, Santa Cruz, CA) overnight at
4 °C. Isotype controls containing the same concentrations of IgG
were also included. Signal was visualized on sections by incubation
with Powervision poly horseradish peroxidase conjugated antimouse/rabbit/rat antibody (Immuno Vision Technologies, Burlingame,
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CA) for 1 h at room temperature. Subsequently, 3,3⬘-diaminobenzidine (DAB) was used as a substrate, and hematoxylin as counterstain.
Slides were examined using an Olympus BX41 bright field microscope (Olympus America Inc, Center Valley, PA).
For immunofluorescence analyses, deparaffinized slides were
incubated with Trueblack (Biotium, Fremont, CA) autofluorescence
quencher and superblock (AAA999, ScyTek Laboratories, Logan, UT)
to block nonspecific staining. Slides were incubated with anti-CDK12 as
described above in combination with 4 g/ml anti-GM130 (sc-55590;
Santa Cruz Biotechnology Inc) or 2 g/ml VASA/DDX4 (sc-517247;
Santa Cruz Biotechnology Inc) and DAPI as counterstain. Signal was
visualized with donkey-anti-rabbit AF488 (for CDK12) or goat-antimouse AF555 (for GM130 and VASA/DDX4). Slides were examined
using a Leica DM 5000B (Leica Microsystems, Amsterdam, The
Netherlands).
MTS Cell Proliferation Assay After Apoptosis Induction on PAK4
siRNA NCCIT Transfected Cells—To assess the effect of PAK4 downregulation on cell proliferation, NCCIT cells, an undifferentiated cell
line from human embryonic carcinoma, were seeded in a 6-well plate
at 2 ⫻ 105 cells/well and transfected the day after at 50% confluency.
ON-TARGET Plus Human PAK4 siRNA (SMART pool, L-003615– 00,
Dharmacon, GE life sciences, Lafayette, CO) was used for transfection. As negative control, cells were transfected with ON-TARGET
Plus Nontargeting siRNA #1 (D-001810 – 01-05). NCCIT cells were
incubated in 2 ml transfection medium containing 10 nM siRNA diluted
in DharmaFECT4 Transfection Reagent (Dharmacon) at 37 °C under
5% CO2 for 48 h, following manufacturer’s instructions. The efficiency
of the PAK4 siRNA transfection was determined by quantitative PCR.
Briefly, cells were harvested in QIAzol Lysis Reagent (Qiagen GmbH,
Hilden, Germany), and mRNA was isolated following manufacturer’s
indications and measured using the NanoDrop 2000c Spectophotometer (Thermo Fisher Scientific). Subsequently, the mRNA quality was
monitored with the Agilent 2200 TapeStation System (Agilent Technologies, Santa Clara, CA). RT-PCR was performed with 0.5 g of
RNA and the iSCRIPTTM cDNA Synthesis kit (Bio-Rad, Hercules, CA).
Quantitative PCR analysis was conducted in a CFX96 thermocycler
(Bio-Rad) with iQTM SYBR® Green Supermix (Bio-Rad), and the RT2
qPCR Primer Assay for Human PAK4 (Qiagen). Two analytical replicates were made. Expression levels of HNRNPK, NONO and NUDT21
were used as endogenous controls. Relative quantification with multiple reference gene normalization, inter-run calibration and error
propagation was calculated in qbase⫹ (Biogazelle, Zwijnaarde, Belgium) according to Hellemans et al. (55).
Equal numbers of transfected NCCIT cells (either with PAK4 siRNA
or nontargeting siRNA) were seeded in culture medium in a 96-wells
plate. For the induction of apoptosis, medium was replaced the day
after by either fresh regular culture medium (control, n ⫽ 3), fresh
medium containing 0.1% FBS (serum starvation, n ⫽ 3), or fresh
medium containing 100 mM Paclitaxel (cell death inducer by mitotic
arrest; Sanbio, Uden, The Netherlands; n ⫽ 3). Cells were then incubated for 48 h at 37 °C under 5% CO2. To detect the levels of cell
proliferation after the different treatments, the CellTiter 96® AQueous
One Solution Cell Proliferation Assay (Promega) was performed following the manufacturer’s indications.
Experimental Design and Statistical Rationale—Human testicular
tissue from three individuals with morphologically normal spermatogenesis was used for global phosphopeptide enrichment by the TiO2
method. This approach is known to have high reproducibility of phosphopeptide identification within three biological replicates, and no
bias toward phosphorylated amino acid, sequence context, peptide
length or hydrophobicity (43). Any potential source of technical variance associated to this procedure was discarded after additional
quality analysis of the MS data obtained in this study. To reduce the
impact of the biological variability of the testis samples on our results,
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only those phosphopeptides identified in all three donors were used
for kinase ranking. The functional involvement of the identified proteins was predicted by enrichment analysis on GO and Reactome
terms, in which the significance was calculated by an EASE Score
corresponding to a one-tail Fisher Exact p value. Bonferroni correction for multiple comparisons was applied and p values ⬍0.001
were considered significant. Further, protein-protein interactions
were predicted using high confidence interaction score (score
ⱖ0.7).
The characterization of the expression of two of the identified
kinases, CDK12 and PAK4, in the human testis was conducted by
immunohistochemical and immunofluorescence staining on testicular
tissue from 3 men and 2 adult mice. Sections stained with isotype IgG
antibodies served as controls.
The involvement of PAK4 in cell apoptosis response was explored
in three biological replicates of NCCIT cells transiently transfected
with PAK4 siRNA, for each of the tested conditions. Nontargeting
siRNA was taken along as a control. Normal distribution was assumed, and data were statistically analyzed using a multiple t test in
Graphpad Prism 7 (GraphPad Software, La Jolla, CA). The results
were corrected for multiple comparisons using the Holm-Sidak
method. p values ⬍0.05 were considered significant.
RESULTS

Composition of the Human Testis Phosphoproteome and
Proteome—The global phosphopeptide enrichment conducted in this study using the TiO2 method combined with
LC-MS/MS analysis resulted in the identification of 8187 different phosphopeptides in the human testis with full spermatogenesis (Fig. 1A, supplemental Table S1), corresponding
to 2661 individual phosphoproteins (Fig. 1B; supplemental
Table S1). Of note, the percentage of identified phosphopeptides among the obtained hits in terms of intensity ranged
from 90.45 to 92.11% (supplemental Fig. S1), indicating highly
efficient phosphopeptide enrichment. The phosphosite localization analysis in MaxQuant assigned around 89.7% of the
phosphosites to serines, 9.8% to threonines, and 0.5% to
tyrosines (supplemental Fig. S1, supplemental Table S1). High
quantitative correlations for the identified phosphoproteins
were observed between the three donor samples included in
this analysis, with Pearson correlation coefficients ranging
from r ⫽ 0.954 to r ⫽ 0.968 and linear regression values
ranging from r2 ⫽ 0.9093 to r2 ⫽ 0.9370 (supplemental Fig.
S1). The overlap of the MS identification between the three
donor samples was 47.4% for the phosphopeptide identification (3878 phosphopeptides), and 64.5% in terms of individual
phosphoproteins (1716 phosphoproteins) (Fig. 1A–1B). Phosphopeptides belonging to the 3-replicate overlap showed
higher spectral counts than those that were not identified in all
three samples (supplemental Table S1).
MS/MS analysis of the total tissue lysates resulted in the
identification of 3576 different proteins (supplemental Table
S2). The combination of these proteins with the complete list
of phosphoproteins resulted in a total of 5158 different proteins identified in at least one of the analyzed human testis
tissue samples (Fig. 1C). When this list of human testicular
proteins was compared with the data reported previously by
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FIG. 1. Composition of the human
testis phosphoproteome and proteome. A, Venn diagram showing the
number of phosphopeptides (based on
spectral counting) identified by TiO2based phosphoproteomics in the three
human testicular tissue samples from
donors with full spermatogenesis included in this study. B, Total number of
phosphoproteins identified from the testicular phosphopeptide list and the overlap within biological replicates. C, Compilation of proteins identified in the human
testis by LC-MS/MS approaches. The total list of proteins identified in the present
study was combined with the previous
report from Liu et al. (52). D, Proportion of
phosphoproteins identified within the total
human testicular proteome (present study
and Liu et al., 2013(52)).

Liu and colleagues, who identified a total of 6985 different
proteins using human testicular tissue from one individual
with normal spermatogenesis (52), 1105 proteins were found
exclusively detected in the present study (Fig. 1C). The compiled list of testicular proteins (representing the combination
of our study and that of Liu et al., 2013 (52)) resulted in a total
of 8090 gene products identified so far in the human testis
with full spermatogenesis by using MS techniques (Fig. 1C).
From these, 32.9% were found to be phosphorylated in this
study (Fig. 1D).
Functional Annotations of the Human Testis Phosphoproteome—The testis phosphoproteome was subjected to enrichment analyses of GO and Reactome terms with DAVID
v6.8. By doing this, the phosphorylation events taking place in
human testicular tissue were found to be functionally involved
mainly in chromosome organization and DNA packaging, cell
cycle, RNA splicing, and cellular response to stress (Fig. 2A,
supplemental Table S3). Interestingly, the process of spermatogenesis was also overrepresented. Specifically, 81 of the
phosphoproteins identified in this study have been linked to
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sperm production and development (Bonferroni-corrected p
value ⬍ 0.0001; Fig. 2A, supplemental Table S3). Further, the
top 5 enriched Reactome pathways in this data set revealed
the involvement of phosphorylated proteins in signaling by
NGF and EGFR, the cell cycle, processing of capped intron
containing pre-mRNA, and apoptosis (Table I).
According to GO cellular component enrichment analysis,
testicular phosphoproteins seem to be located in all cell compartments (Table II). Remarkably, the spliceosome is overrepresented in the data set (Table II), which agrees with the
enrichment of mRNA-related processes shown in Fig. 2A.
Prediction of the Most Active Human Kinases in the Testis
Tissue—Among the phosphopeptides identified in the human
testis, a subset was derived from protein kinase sequences.
Specifically, phosphopeptides corresponding to 174 different
kinases were identified in the human testis phosphoproteome data set, which covers the 32% of the human kinome. Kinases are the enzymes responsible for phosphorylation, and their activation depends also on their own
phosphorylation state. In addition, the number of observed
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FIG. 2. Functional involvement of
testicular phosphoproteins and kinase ranking. A, Abundance of the
most overrepresented biological processes in the human testis phosphoproteome, based on GO terms. Bonferroni
corrected p values ⬍ 0.001. The GO annotations are sorted by p value (highest
significance on the top), and by the number of gene products found in the human
testis for each GO category. B, Protein
kinase ranking based on spectral counting of the phosphopeptides identified
in all the three biological replicates.
Stacked bars represent the cumulated
value for a given kinase, with bar segments representing contributions by individual phosphopeptides from the
same kinase. C, Protein kinase ranking
based on spectral counting of phosphopeptides belonging to the kinase activation loop. Only the phosphopeptides
identified in all three biological replicates
were used for kinase ranking. Stacked
bars represent the cumulated value for a
given kinase, with bar segments representing contributions by individual phosphopeptides from the same kinase.

TABLE I
Over-representation of Reactome terms in the human testis phosphoproteome data set. Analysis performed with DAVID v6.8. Reactome
term: overrepresented pathway in the human phosphoproteome data
set and the corresponding code; Gene count: number of genes corresponding to human phosphoproteins identified in the human testis
that belong to the specific reactome category; Bonferroni p value:
one-tail Fisher Exact p value after the application of the Bonferroni
correction for multiple comparisons
Reactome term
REACT_578:Apoptosis
REACT_125:Processing of Capped
Intron-Containing Pre-mRNA
REACT_152:Cell Cycle, Mitotic
REACT_9417:Signaling by EGFR
REACT_11061:Signalling by NGF

Gene
count

Bonferroni
p value

44
41

8.30E-05
1.50E-05

85
28
69

1.10E-05
9.70E-09
2.00E-11

phosphopeptide MS/MS spectra shows for a certain kinase
in the tissue is correlated to the activity of that kinase in a
pathway (56). Taking this into account, MS/MS data from
the subset of phosphopeptides identified in the three biological replicates (47.3% of the identified phosphopeptides;
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Fig. 1A) were used for kinase ranking (supplemental Table
S4). The top 20 most prominent phosphorylated kinases,
according to the number of counted spectra, are shown in
Fig. 2B. Interestingly, most of those kinases were also found
to be phosphorylated in the activation loop (Fig. 2C, supplemental Table S5), which indicates the active state of
these proteins in the human testis.
The human testicular kinase ranking conducted in this
study identified some groups of protein kinases belonging to
the same family, such as the MAPKs which are known to be
critically involved in the regulation of spermatogenesis. Additional families for which multiple active kinases were identified
in the human testis included cyclin-dependent kinases
(CDKs), serine/threonine-protein kinases D (PRKDs), and p21activated kinases (PAKs), among others (Fig. 2B–2C). Interestingly, based on information available at the Uniprot Knowledgebase (UniProtKB/Swiss-Prot) website, most of these
predicted active kinases are functionally related to overrepresented GO annotations found in the total human testis phosphoproteome (Fig. 2A). For instance, CDK12 is involved in
mRNA splicing, and PAK4 in the regulation of apoptosis and
cell cycle. Of note, neither of these two kinases has been
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TABLE II
Gene Ontology Cellular Component terms enrichment analysis of the
human testis phosphoproteome data set. Analysis made with DAVID
v6.8. GO Cellular component term: over-represented GO cellular
component annotations in the human phosphoproteome data set;
Gene count: number of genes corresponding to human phosphoproteins identified in the human testis that belong to GO Cellular component category; Bonferroni p value: one-tail Fisher Exact p value
after the application of the Bonferroni correction for multiple
comparisons
GO Cellular
Component Term

Gene
Count

Bonferroni
p value

Nuclear lumen
Cytosol
Nucleoplasm
Microtubule cytoskeleton
Chromosome
Cell junction
Ribonucleoprotein complex
Spliceosome

387
349
244
160
141
134
123
42

9.30E-43
4.20E-36
1.60E-27
1.70E-19
4.30E-19
3.30E-11
1.20E-07
1.00E-04

studied in spermatogenesis so far. Regardless, both CDK12
and PAK4 have been reported to be highly expressed in testis
and have been linked to other spermatogenesis-related proteins, such as Cyclin K and PAK6, respectively (information
extracted from the UniProtKB Knowledgebase, http://
www.uniprot.org; and The Human Protein Atlas, https://www.
proteinatlas.org/). Therefore, the potential role of CDK12 and
PAK4 in the human testis has been further explored in this
study.
CDK12 Protein-Protein Interactions and Expression in the
Testis—CDK12 was identified as one of the most prominent
active kinases in the human testis. Specifically, 11 CDK12 phosphopeptides were identified, and one of them belongs to the
kinase active loop (Fig. 2B–2C, supplemental Table S4, S5).
STRING analysis including the total human testicular proteome (phosphorylated and nonphosphorylated proteins
identified in the present study and combined with the data set
published previously by Liu and colleagues (52), Fig. 1C)
revealed high-confidence interactions of CDK12 with 23 human testicular proteins (Fig. 3A). CDK12-interacting proteins
were divided in three functional groups according to information available at the Uniprot Knowledgebase: (1) cell cycle
regulation, (2) mRNA splicing, and (3) regulation of transcription (Fig. 3A).
Immunohistochemical analysis of CDK12 revealed that it is
expressed in distinct structures in late spermatocytes of the
seminiferous tubules of the human testis (Fig. 3B). Comparable staining was observed in mouse testicular tissue sections
(supplemental Fig. S2), and not detected in the corresponding
isotype IgG controls (Fig. 3B and supplemental Fig. S2). Interestingly, using immunofluoresence microscopy, co-localization of CDK12 with the Golgi apparatus marker GM130 is
observed (Fig. 3C), whereas no overlap is detected with
DDX4, a marker for nuage granules (a germ cell-specific or-
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ganelle containing piRNAs and RNA-binding proteins; Fig.
3C). Specifically, CDK12 seems to be localized to the surroundings of the Golgi apparatus (Fig. 3C).
PAK4 Protein-Protein Interactions and Localization in the
Testis—Three PAK4 phosphopeptides were identified by MS
in the 3 donor samples (Fig. 2B, supplemental Table S4), one
of which represents the active loop of the kinase (Fig. 2C,
supplemental Table S5). STRING analysis revealed 48 highconfidence protein-protein interactions between PAK4 and
other proteins identified in the human testis by MS approaches in this study as well as in Liu et al. (52) (Fig. 4A).
Predicted PAK4-interacting proteins were divided into three
main groups, according to their corresponding biological
function, as follows: (1) those involved in cell migration and
cytoskeletal dynamics, (2) those involved in the regulation of
transcription, and (3) those involved in the regulation of the
cell cycle, proliferation and apoptosis (Fig. 4A).
In seminiferous tubules, PAK4 expression was observed on
a subset of human spermatogonia (Fig. 4B). In mouse testis,
PAK4 was detected also in Sertoli Cells, in addition to spermatogonia (supplemental Fig. S2). No staining in spermatogonia and Sertoli cells was observed in the corresponding
isotype controls performed on human and mouse testis sections (Fig. 4B and supplemental Fig. S2).
The Role of PAK4 in Embryonal Carcinoma Cells in Response to Apoptotic Stimuli—siRNA transfection targeting
PAK4 in NCCIT cells resulted in a reduction of 77% of the
PAK4 mRNA levels (Fig. 5A). Transfected cells were incubated
under either serum deprivation conditions (0.1% FBS medium) or 100 mM Paclitaxel, to induce cell stress and apoptosis. The competence of siPAK4-transfected NCCIT cells to
respond to apoptotic stimuli was monitored by the measurement of the capacity of bioreduction of the MTS tetrazolium
compound by metabolically active cells. Although the effect of
transient PAK4 knock-down in NCCIT cells was reduced by
the end of a 48-hour culture period (Fig. 5A), the number of
metabolically active (live) cells was significantly decreased (p
value ⬍0.01; Fig. 5B). Interestingly, major differences were
observed after treatment with the apoptosis inducer Paclitaxel, with 60% less metabolically active cells in the transient
knock-down cells compared with in control NCCIT cells
(Fig. 5B).
DISCUSSION

In the present study we show for the first time a comprehensive analysis of the phosphoproteome of the human testis
with full spermatogenesis. The advances in MS-based approaches make phosphoproteomics the most powerful technique nowadays for the global analysis of signaling networks
in defined biological systems (57). In the field of male reproduction, phosphoproteomics has been used to unravel the
molecular mechanisms of sperm motility (58, 59). However, an
in-depth study of the phosphoregulation in the human testis
was not conducted so far. Through phosphopeptide enrich-
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FIG. 4. PAK4 protein-protein interactions and expression in the human testis. A, Protein-protein interactions of PAK4 with human
testicular proteins (left), predicted by STRING 10.0 database (confidence score ⬎ 0.7). The interacting proteins are categorized into functional
groups according to data from the Uniprot Knowledgebase (UniProtKB/Swiss-Prot) (right). B, Representative image of PAK4 immunohistochemistry in human testicular tissue with full spermatogenesis. Insets are a higher magnification of the specific PAK4 staining in a subset of
human spermatogonia, indicated by arrows (left). The same concentration of isotype IgG was used as negative control (right).

ment using the TiO2 method combined with LC-MS/MS, we
have identified 8187 phosphopeptides from 2661 proteins,
resulting in the most complete report of the human testicular
phosphoproteins to date. It is important to highlight that the
global phosphopeptide enrichment approach conducted in
this study has been proven to be highly reproducible and

robust (43). Therefore, the limited overlap between the three
donors described here for the identification of both the phosphopeptides and the individual proteins, exposes the intrinsic
biological heterogeneity between different donors.
According to the results reported herein, phosphoproteins
represent the 32.9% of the human testis proteome and are

Fig. 3. CDK12 protein-protein interactions and expression in the human testis. A, Protein-protein interactions of CDK12 with human
testicular proteins (left), predicted by STRING 10.0 database (confidence score ⬎ 0.7). The interacting proteins are distributed in functional
groups according to data from the Uniprot Knowledgebase (UniProtKB/Swiss-Prot) (right). B, A representative image of CDK12 immunohistochemistry in human testicular tissue with full spermatogenesis. Insets are a higher magnification of the CDK12 staining in specific round
structures of human spermatocytes, indicated by arrows (left). The same concentration of IgG isotype was used as negative control (right). C,
Co-staining of CDK12 with the Golgi apparatus marker GM130 (left side) and the nuage marker DDX4 (right side). Note the co-localization of
CDK12 surrounding Golgi structures, indicated by white arrowheads. Cells were counterstained with DAPI.
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FIG. 5. PAK4 role in embryonal carcinoma cell response to
apoptotic stimuli. A, Efficiency of transient knock-down of PAK4 at
the mRNA level obtained after PAK4 siRNA transfection in NCCIT
cells (siPAK4) compared with negative controls (siNT). PAK4 mRNA
levels were determined right after transfection (Post-transfection),
and after 48h in the presence of either regular culture medium (10%
FBS medium), serum deprivation (0.1% FBS medium) or Paclitaxel in
culture medium (100 mM Paclitaxel). B, Determination of the response
of NCCIT cells to apoptotic stimuli using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay. The OD490 values (after background
subtraction) represent the proportion of metabolically active cells.

closely related to highly active processes in the male gonad,
such as transcriptional and translational regulation, cytoskeleton organization, DNA packaging, cell cycle, and apoptosis.
Of note, the term of spermatogenesis was also found overrepresented in the GO enrichment analysis conducted in the
present study. This, together with the fact that the 32% of the
human kinome was included in the human testicular phosphoproteome, confirms that phosphoregulation by protein kinases is highly active in cellular differentiation from spermatogonia to spermatozoa.

Molecular & Cellular Proteomics 18.13

Interestingly, the functional involvement of phosphoproteins in human sperm development is like rodent spermatogenesis, because comparable functional annotations were
observed previously in the mouse testis phosphoproteome
(37). However, the main protein kinases orchestrating this
regulation seem to be different between mouse and man.
Although POLO-like kinases (PLKs) were found as highly active in the mouse testis (37), no human PLKs were found in the
top 20 after kinase ranking in this study. Instead, we found
MAPK1 and MAPK3 (also known as ERK2 and ERK1, respectively) as two of the most active kinases in the human testis,
indicated by the abundance of their phosphopeptides and the
presence of phosphosites in their kinase activation loop.
These data are consistent with several publications reporting
that MAPK1 and -3 play critical roles in spermatogenesis.
Specifically, they are known to be involved in the regulation of
mitosis, meiosis, and the Sertoli-Sertoli and Sertoli-germ cell
interface (32, 34, 35). In addition, MAPK1 and -3 regulate cell
proliferation after activation by Serine/threonine-protein kinase D1 (PRKD1) (60), which was also identified in the human
testis kinase ranking.
Other highly prominent kinases in the human testis are
known to be involved in the regulation of mRNA splicing in
different cell types, such as the pre-mRNA processing factor
4B (PRPF4B) and cyclin-dependent kinases CDK12 and
CDK13 (61– 64). Alternative splicing allows a single gene to
encode different or multiple proteins (65) and this is particularly important for complex cell differentiation processes that
require tight regulation, as is the case in spermatogenesis (66,
67). In fact, testis is a tissue with one of the highest levels of
alternative splicing in the body, together with brain and liver
(68), which is consistent with the overrepresentation of this
pathway in the human testis phosphoproteomic profile. Further in silico analysis of CDK12 protein-protein interactions
have also suggested such a role for CDK12 in the male gonad,
as well as potential involvements in regulation of transcription
and the cell cycle. CDK12 is a cyclin-dependent kinase which
requires the interaction with a cyclin-regulatory partner to
become active, such as the cyclin K (61, 62, 69, 70). In fact,
the CDK12/cyclin K complex was found by others to be
required for the regulation of DNA damage response genes
through phosphorylation of the C-terminal domain of RNA
polymerase II in mammalian cells (61, 69). Interestingly, potential roles of cyclin K in spermatogenesis were also suggested by others. In particular, cyclin K is known to be expressed in rodent testicular tissue in a developmentally
regulated manner and ends with a specific localization in
primary spermatocytes of adult testes (71). Here we found
CDK12 associated with specific structures from human midto-late pachytene spermatocytes at epithelial stages VII-XII,
according to the stage classification proposed by Muciaccia
and colleagues (72). However, transcriptional activity becomes dramatically reduced at post-meiotic steps, which
could suggest additional roles for this kinase in the human
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testis. Therefore, because of its confined expression in the
human testis, as well as its function in other cell types and
tissues, two localizations could be envisioned for CDK12 in
the male gonad: either (1) an association with the nuage, a
germ-cell specific organelle that stores RNA and RNA binding
proteins and plays crucial roles in spermatogenesis, such as
the regulation of transposon elements (73–75), or (2) the association with pro-acrosomal vesicle-related structures, such
as the Golgi apparatus. To determine the localization of
CDK12 we conducted immunofluorescence analyses, which
revealed the specific localization of CDK12 surrounding the
Golgi apparatus marker GM130, whereas no co-localization
was observed with the nuage component DDX4. In mammals,
Golgi structures develop into the acrosome during the last
stages of spermatogenesis, which is a unique organelle containing various hydrolytic enzymes which, when secreted,
allow sperm penetration of the oocyte zona pellucida (76, 77).
Further, according to results reported by others (78), CDK12
expression in the human testis seems to be limited to structures that might be identified as pro-acrosomal granules.
Therefore, and although the potential involvement of CDK12
in the initiation of acrosome biogenesis demand deeper investigation, the results observed in this study, together with
the high expression of CDK12 in testis compared with other
tissues as indicated in The Human Protein Atlas, would suggest a determinant role for this kinase in sperm development
and function. CDK12 might thus be a potential pharmacological candidate for the development of drugs that modulate
male fertility.
Protein kinases are heavily pursued targets for drug development because of their capacity to modulate signaling pathways in many diseases. Especially attractive candidates are
those kinases that regulate cell survival and cell death, many
of which have been identified in this study as highly abundant
in the human testis. One of these is the serine/threonineprotein kinase PAK4, a member of the group II of the PAK
family (79). Although PAK4 role has never been studied in the
testicular environment, the results of the present study suggest a potential role in the regulation of cytoskeletal dynamics
and cell survival in sperm development. Also, PAK4 was
found to be expressed uniquely in human spermatogonia,
which suggests an involvement of this kinase in the proliferative stage of spermatogenesis. Therefore, PAK4 might be
involved in the initiation of sperm development and that its
ablation would induce alterations in this process. In addition,
PAK4 is known to protect cells from apoptosis, preventing the
activation of caspase through two different mechanisms: (1)
through phosphorylation of the pro-apoptotic protein Bad,
which results in the deactivation of cytochrome-3 release and
the blocking of the caspase cascade (80); and (2) by inhibiting
caspase-8 in a kinase-independent manner (81). In a similar
fashion, PAK4 can also protect cancer cells from apoptosis,
and thus, represents a potential therapeutic target for the
treatment of malignancies. In fact, PAK4 is the only PAK
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family member that is considered oncogenic, and it has been
found overexpressed in several tumor cell lines, such as those
from breast and prostate (79, 82). Similarly, here we show that
PAK4-deficient embryonal carcinoma cells are less capable to
resist to apoptotic stimuli, leading to a decrease number of
metabolic active cells. Collectively, we suggest that PAK4
inhibitors would provide an interesting pharmacological target
for the treatment of testicular cancer.
Together, the comprehensive analysis of the human testicular phosphoproteome contributes to our molecular
knowledge of human sperm development and allowed us to
identify the main protein kinases involved in the phosphoregulation of spermatogenesis. Because human testis tissue from healthy fertile men for research purposes is scarce
and difficult to obtain, the phosphoproteomic description of
the human testis was conducted in testicular samples that,
although showing morphological normal spermatogenesis,
do not represent the population and age of healthy fertile
men. Further studies are now required to identify age-derived changes as well as to relate the results described here
with the fertilization capacity of sperm, which is also influenced by the genetic and epigenetic profile of the cells and
post-testicular processes. Also, these results open a window to validate CDK12, PAK4, and additional predicted
active kinases that have been identified in the human testis
as potential candidates for pharmacological interventions in
male fertility or testicular cancer.
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