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Abstract

Previous studies have established the association of sex with gene and protein expres-
sion. This study investigated the association of sex with the abundance of endogenous
urinary peptides, using capillary electrophoresis-coupled to mass spectrometry (CE-
MS) datasets from 2008 healthy individuals and patients with type Il diabetes, divided
in one discovery and two validation cohorts. Statistical analysis using the Mann-
Whitney test, adjusted for multiple testing, revealed 143 sex-associated peptidesin the
discovery cohort. Of these, 90 peptides were associated with sex in at least one of the
validation cohorts and showed agreement in their regulation trends across all cohorts.
The 90 sex-associated peptides were fragments of 29 parental proteins. Comparison
with previously published transcriptomics data demonstrated that the genes encod-
ing 16 of these parental proteins had sex-biased expression. The 143 sex-associated
peptides were combined into a support vector machine-based classifier that could
discriminate males from females in two independent sets of healthy individuals and
patients with type Il diabetes, with an AUC of 89% and 81%, respectively. Collectively,
the urinary peptidome contains multiple sex-associated differences, which may enable
a better understanding of sex-biased molecular mechanisms and the development of

more accurate diagnostic, prognostic, or predictive classifiers for each individual sex.
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1 | INTRODUCTION

Various phenotypic characteristics, including anthropomorphic traits,
sexual development, hormone regulation, immune responses, disease
features, and life expectancy, are associated with sex [1-3]. Although
societal, behavioral, and environmental factors may contribute to some
of these differences, it is essential to identify the underlying biolog-
ical and molecular mechanisms behind them. Genomic studies have
revealed that genes of the X and Y chromosomes are unequally rep-
resented within the human male and female genome [1]. Furthermore,
Olivaet al.[4] observed that many genes, located on sex and autosomal
chromosomes, show sex-associated differences in their transcriptomic
expression across human tissues. Several studies identified proteomic
differences in human tissues and body fluids between males and
females [5]. Examining the differences in urinary peptides and proteins
between the sexes was expected to further add to our understanding
of sex-biased protein abundance and turnover.

Urinary peptides are, to a large degree, specific protein degradation
products collected in urine as a result of either glomerular filtration
of blood or being derived from the kidneys and/or bladder [6]. Thus,
the urinary peptidome reflects systemic and local (patho)physiology.
The urine peptidome has been investigated in multiple studies using
capillary electrophoresis-coupled to mass spectrometry (CE-MS). Its
association with the pathology of major chronic diseases, such as dia-
betes, chronic kidney disease, cardiovascular disease, and different
tumor types has been well-established [7-14]. Recently, a highly sig-
nificant association of urine peptides with age and mortality was also
demonstrated [15, 16]. Thus, the value of urinary peptides as biomark-
ers is firmly established. Surprisingly, though, the association with sex
has not been investigated in much detail. Some differences in uri-
nary peptidome signature between healthy males and females were
reported previously by Dakna et al. [17] however the cohort used in
that study was small and consisted of only of 67 male and 67 female
healthy individuals. In this study, we investigated the differences in the
urinary peptidome content between males and females in three large
cohorts of more than 2000 subjects in total covering healthy partici-
pants, individuals from the general population, and patients with type Il
diabetes. Comparison of peptide abundance after matching for age and
estimated glomerular filtration rate (eGFR) revealed a sex-associated
signature of 90 peptides, with a consistent abundance trend in both the
general population and the diabetic cohort. As such, urinary peptidome
displays sex-associated differences, which may enable a better under-
standing of sex-biased molecular mechanisms and the development of
more accurate diagnostic, prognostic, or predictive classifiers for each

individual sex.

2 | MATERIALS AND METHODS

21 | CE-MS data

The CE-MS analysis procedures, including sample preparation, mea-
surement, and data analysis, have been previously described in detail
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Significance Statement

In the current study, we established that the urinary
peptidome displays sex-associated differences, which may
enable a better understanding of sex-biased molecular mech-
anisms. Specifically, the association of 90 urinary peptides
with sex could be verified across the general population
and in patients with type Il diabetes. These peptides were
derived from 29 parental proteins, many of which have been
previously associated with sex, supporting the validity of
the approach. Differences in the levels of peptides from
CD99 antigen (CD99), thymosin beta-4 (TMSB4X), polymeric
immunoglobulin receptor (PIGR), uromodulin (UMOD), and
hemoglobin subunit alpha (HBA) likely reflect the sex-biased
expression of the respective genes. On the other hand, the
differences in the abundances of collagen peptides may indi-
cate the sex-biased degradation of collagens. Moreover, a
classifier based on urinary peptides was capable of discrim-
inating between males and females with good accuracy, inde-
pendently of the presence of diabetes, further supporting the
strong association of urinary peptides with sex. Furthermore,
since urinary peptides have already been established as valu-
able biomarkers for many diseases, sex-associated molecular
features may enable the development of more accurate diag-
nostic, prognostic, or predictive classifiers for each individual

Ssex.

[18]. In brief, a P/ACE MDQ CE (Beckman Coulter, Fullerton, CA, USA)
coupled to a micro-TOF-MS (Bruker Daltonic, Bremen, Germany) was
used for CE-MS analysis. Technical aspects of the analytical process
have been reported in details previously [6, 18, 19]. The raw CE-MS
data were evaluated using the MosaFinder software assigning the
detected signal in silico to the list of 21,559 peptides, with >5000 hav-
ing information about the amino acid sequence, as described elsewhere
[20]. Twenty-nine collagen fragments generally unaffected in disease

served as internal standards for normalizing peptide intensities [21].

2.2 | Study population

Anonymized urinary peptidome, and phenotypic data were extracted
from the Human Urinary Proteome Database [20]. Datasets from
healthy individuals were selected based on the following criteria: (i)
availability of phenotypic data, that is, sex, age, and eGFR (CKD-EPI
equation [22]) and (ii) age >18 years old. Only the urinary peptidome
datasets representing one sample per patient (baseline sample, in
the case multiple specimens were available per individual) were con-
sidered. Following the same criteria, data from patients with type Il
diabetes were extracted. We decided to use the PRIORITY trial [13],

as it is the most extensive study of patients with type Il diabetes,
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without detectable end-organ damage, in the Human Urinary Pro-
teome Database. The subjects were divided into the discovery and two
validation phases. The discovery cohort comprised healthy participants
from numerous studies (N = 454) [23-29]. The findings were validated
in the healthy subjects from the general population-based cohort FLE-
MENGO (N = 377) [30] and in patients with type Il diabetes from the
multicenter randomized controlled trial (PRIORITY) (N = 1886). Ethical
review and approval were waived for this study by the ethics commit-
tee of the Hannover Medical School, Germany (no. 3116-2016), due to
all data being fully anonymized.

2.3 | Case-control matching

Male and female individuals were matched based on age and eGFR
in R (“Matchlt” package, default parameters) using the nearest neigh-
bor method [31]. The matching was assisted toward more similar
variable distributions between the two groups, through a series of
participant removal experiments. The matching resulted in the selec-
tion of 116 male and 113 female individuals in the discovery cohort,
169 male and 168 female individuals in the FLEMENGHO cohort, and
721 male and 721 female individuals in the PRIORITY cohort. Pep-
tidome data from these matched cohorts were investigated to define
the sex-associated urinary peptides. The cohort determination pro-
cess, including the matching step, is depicted in Figure S1. For each
cohort, body mass index (BMI), systolic, and diastolic blood pressure
were available for >50% of the matched patients.

2.4 | Statistical analysis

Analysis was limited to the 5071 peptides of known amino acid
sequence. All missing abundance values were replaced with O, as
applied in previous peptidome studies [32]. For the discovery cohort,
peptides of a frequency <30% in both groups (females and males)
were excluded. The frequency threshold of 30% has been utilized in
previous peptidome studies to deal with variables below the measure-
ment threshold, while maintaining high coverage [32]. In addition, while
biomarkers with lower occurrences might possess limited individual
clinical utility, they may contribute positively to classifiers by enhanc-
ing their stability. For the validation cohorts, no frequency threshold
was applied. Statistical analysis was performed between males and
females for each cohort using the non-parametric Mann-Whitney test
[17]. Subsequently, the calculated p-values were adjusted based on
the Benjamini-Hochberg method [33]. Adjusted p-values < 0.05 were
considered statistically significant. All the aforementioned calculations
were completed in R (R version 4.2.1, R Foundation for Statistical Com-
puting, Vienna, Austria) using the wilcox_test() function of the coin
package and the p.adjust() function of the stats package, as applica-
ble. The effect sizes were calculated as the absolute value of the test
statistic divided by the square root of the sample size.

The Spearman’s rank correlation analysis of the peptide fold

changes (calculated by dividing the average value of peptide intensity

between males and females) across the discovery as well as the two
validation cohorts was conducted using MedCalc for Windows version
12.7.5.0 (MedCalc Software, Ostend, Belgium).

2.5 | Cross-omics analysis

For the cross-omics analysis, results of two previous studies that
had examined sex-biased gene expression based on transcriptomic
data from the Genotype-Tissue Expression (GTEXx) project were inves-
tigated [34]. The top 500 significantly sex-biased genes per tissue
were retrieved across 44 tissues from Oliva et al., 2020 [4]. Because
extracellular matrix proteins generate most urinary peptides [6], 315
significantly sex-biased matrisome genes across 37 tissues were also

retrieved from Nieuwenhuis et al., 2021 [35].

2.6 | Classifier development

Peptides significantly associated with sex in the discovery cohort
were combined in a support vector machine (SVM)-based classifier
with radial basis function kernel. Kernel functions project data from
a lower-dimensional space into a higher-dimensional one, enhanc-
ing their potential to reveal distinct patterns [36]. The radial basis
function operates by measuring the similarity between data points
based on their relative distances. Points that are closer to each other
exhibit higher similarity, enabling the model to effectively identify
non-linear decision boundaries [37]. The classifier was trained to dis-
tinguish between males and females in the discovery cohort and its
classification performance was evaluated in the FLEMENGHO and
PRIORITY cohorts by calculating the AUC for each of them. To gain
insights into how much the individual peptides contributed to the
output of the classifier, Shapley additive explanations (SHAP) were
used [38]. SHAP is a novel technique for interpreting machine learn-
ing models, which employs the concept of Shapley values from game
theory to provide local explanations and allocate credit optimally.
SHAP values are calculated by considering all possible combinations
of peptides, observing how the model’s predictions change for each
combination, and then using weighted averages to determine the
individual contributions of each peptide to the model’s final predic-
tion. All the above analysis was conducted in Python version 3.9.16
with the libraries sklearn v1.2.2, pandas v1.5.3, numpy v1.22.4, scipy
v1.10.1, and shap v0.41.0. The code for these analyses is avail-
able at the following link: https://colab.research.google.com/drive/1k-
vmRkfcCry1RtdCtoulLfddL1HhheCHB?usp = sharing.

3 | RESULTS
3.1 | Cohort characteristics

The cohort determination process is graphically depicted in

Figure S1. The clinical characteristics of male and female
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participants in the discovery and validation cohorts are shown in
Table S1. The average age of the participants was 56.94 (+14.34) years
in the discovery cohort, 41.25 (+12.39) and 61.92 (+8.44) years in
the FLEMENGHO and PRIORITY validation cohorts, respectively.
Individuals in all three cohorts had an average eGFR > 80 mL/min/1.73
m2, with the participants from the FLEMENGHO cohort showing the
highest average eGFR, 92.49 (+13.62) mL/min/1.73 m2, and the PRI-
ORITY showing the lowest average eGFR, 84.38 (+17.48) mL/min/1.73
mZ2. Male and female participants were matched within each cohort,
ensuring no significant differences in average age and eGFR between
the groups. As a result, any observed differences in peptide abun-
dance between males and females are not affected by between group
differences in these variables, providing a solid foundation for the
subsequent analysis.

Individuals from the general population had the lowest average
BMI, 25.29 (+4.0) kg/m?, and as expected, diabetic individuals had
the highest average BMI 30.64 (+5.28) kg/m2. Participants of the
FLEMENGHO study were also characterized with the lowest aver-
age systolic and diastolic blood pressures, 118.92 (+9.86) and 76.32
(+7.47) mmHg respectively, while the participants of the discov-
ery cohort showed the highest average blood pressures, with 141.5
(+20.41) mmHg systolic and 80.97 (+10.77) mmHg diastolic blood
pressure. BMI and blood pressure differed between males and females,

mainly in the validation cohorts, as shown in Table S1.

3.2 | Sex-associated urinary peptides

The differences in urinary peptides between the discovery cohort’s
healthy male and female individuals were investigated. In a total datas-
pace of 5071 peptides (restricted to urine peptides with frequency
>30% in at least one sex), we identified 143 peptides that showed sta-
tistically significant differences between the two sexes. Subsequently
validation analysis was carried out to verify the association of these
peptide with sex. Specifically, these peptides were investigated in two
other cohorts consisting of healthy individuals (FLEMENGHO) and
patients with type Il diabetes (PRIORITY), respectively. This analy-
sis resulted in the verification of 90 peptides that were found to
be significantly associated with sex in at least one of the validation
cohorts and showed agreement in the regulation trend across all
three cohorts (Table S2). The fold changes of the 90 sex-associated
peptides were significantly correlated (p < 0.0001) across the dis-
covery and validation cohorts, with correlation coefficients ranging
between 0.87 and 0.92 (Figure S2). The list of 20 peptides providing
the most significant discrimination in the discovery cohort between
males and females are listed in Table 1. The study design is depicted in
Figure 1.

Additionally, the process of discovery followed by validation was
repeated, using different frequency thresholds: 0%, 15%, 50%, and
70% in at least one sex. The analysis revealed that the major-
ity of peptides present in the 90 sex-associated peptide signature,
obtained using the 30% frequency threshold, were reproduced in

the sex-associated signatures resulting from the analysis using vari-

Proteomics and Systems Biology

ous frequency thresholds. Notably, all the peptides reproduced across
the thresholds maintained consistent regulation. As expected, the
utilization of more conservative frequency thresholds led to the iden-
tification of a smaller number of sex-associated peptides, limiting the
coverage and interpretation of the findings in the context of biology
(Table S3).

Furthermore, the potential impact of menopause on the 90 sex-
associated peptides was investigated in two distinct groups of healthy
individuals, aged below 45 years and over 55 years, respectively. The
expectation was that post-menopausal females in the >55 age group
would exhibit greater similarity to males, resulting in fewer sex-specific
differences in urinary peptides among individuals over 55 years old.
Surprisingly, out of the 90 sex-associated peptides, 51 were found
to be associated with sex in individuals below 45 years old, and 66
peptides were associated with sex in individuals over 55 years old,
indicating that sex-specific differences become more pronounced after
menopause (Table S4). Additionally, 32 peptides remained associated
with sex independently of menopausal status. The average abundances
of the top 10 sex-associated peptides in the two age groups are
depicted in Figure 2. While these results provide insights into the
menopausal impact on the sex-association of urinary peptides, fur-
ther analysis is warranted within a well-defined cohort of females,
both with and without menopause, based on comprehensive clinical
records. The verified 90 sex-associated urinary peptides were frag-
ments of 29 different proteins (Figure 3). Specifically, 15 non-collagen
parental proteins were responsible for generating 34 sex-associated
peptides, while the remaining 56 sex-associated peptides were derived
from 14 different collagen proteins. In addition, a consistent regulation
trend among all peptides belonging to the same parental protein, for
proteins that give rise to at least two peptides, was found for CD99
antigen (CD99), uromodulin (UMOD), thymosin beta-4 (TMSB4X), col-
lagen alpha-2(l) chain (COL1A2), collagen alpha-2(V) chain (COL5A2),
and collagen alpha-3(IV) chain (COL4A3). Urinary levels of all peptides
derived from CD99 (n = 13), UMOD (n = 2), and COL4A3 (n = 2) were
found consistently higher in males in comparison to females. The abun-
dance of peptides from TMSB4X (n = 2), COL1A2 (n = 4), and COL5A2
(n = 2) was consistently higher in females than males. Moreover, CD99
and TMSB4X fragments were among the 20 most significant findings
(Table 1). Collagen alpha-1(l) chain (COL1A1), collagen alpha-1(ll) chain
(COL2A1), collagen alpha-1(11l) chain (COL3A1), collagen alpha-1(VI)
chain (COL6A1), collagen alpha-2(IX) chain (COL9A2), and polymeric
immunoglobulin receptor (PIGR) were also responsible for the gener-
ation of at least two sex-associated peptides each. However, peptides
derived from these proteins were not fully consistent in their regula-
tion trends. A high number of sex-associated peptides were derived
from COL1A1 (nh = 24), with almost half of them (54%) being more
abundant in females than males. From the COL2A1 fragments (n = 3),
67% were more abundant in females than males. From the COL3A1
fragments (n = 11), 73% were more abundant in males in comparison
to females. Half of the peptides from COL6A1 (n = 2) and COL%9A2
(n = 2) were more abundant in each sex. In addition, from the peptides
derived from PIGR (n = 6), 67% were more abundant in females than

males.
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TABLE 1 Thetop 20 peptides showing the most significant association with sex.

Peptide sequence
DGVSGGEGKGGSDGGGSHRKEGEEADAPGVIPGIVGAVV
sDKPDMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES
GADGQpGAKGEpGDAGAKGDAGPpGPAGPAGPPGPIG
VKQADSGSSEEKQLYNKYPDAVAT
DpGEAGPIGPKGYRGDEGPPGSEGARGAPGP
DAGAPGApGGKGDAGApPGERGpPG
TGSpGSpGPDGKTGPpGP
GADGQpGAKGEpGDAGAKGDAGPpGPAGP
EPGSAGPQGPPGPSGEEGKRGPNGEAGSAGPPGppGL
sDKPDmMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES
DRGEpGPpGP

DGQPGAKGEPGDAGAKGDAGPpGP

ApGDRGEPGPpGP

ASVDSGSSEEQGGSSRALVSTLVPLG
ERTEEQKTEVEETAGSVPAEEL
ADGVSGGEGKGGSDGGGSHRKEGEEADAPGVIPG
DADLADGVSGGEGKGGSDGGGSHRKEGEEADAPGVIPGIVGAVV
TGSpGSpGPDGKTGPpGPAG
NTGApGSPGVSGPKGDAGQpGEKGSpGAQGpPGAPGPLG
DGVSGGEGKGGSDGGGSHRKEGEEADAPGVIPG

Protein Fold

symbol change p-value
CD99 1.925 3.57E-06
TMSB4X 0.138 1.52E-05
COL1A1 0.575 2.45E-05
SPP1 0.037 2.45E-05
COL6A1 0.287 2.89E-05
COL3A1 1.533 2.03E-04
COL1A1 0.619 2.49E-04
COL1A1 0.409 2.49E-04
COL1A2 0.528 2.49E-04
TMSB4X 0.132 2.49E-04
COL7A1 0.536 2.67E-04
COL1A1 1.666 3.82E-04
COL1A1 1.484 8.80E-04
PIGR 0.390 1.39E-03
AKAP12 5.327 1.44E-03
CD99 3.250 1.44E-03
CD99 1.632 1.44E-03
COL1A1 0.805 1.57E-03
COL3A1 1.343 1.63E-03
CD99 1.540 2.10E-03

Peptides were selected from the list of 90 sex-associated peptides based on the lowest adjusted p-values in the discovery cohort. Fold change: fold changes
in the discovery cohort, calculated by dividing average value of peptide intensity in males and average value of peptide intensity in females. p-value: adjusted
p-values in the discovery cohort. In the peptide sequences N-terminal acetylated serine and hydroxyproline, and oxidized methionine, are indicated with small
p, s, and m, respectively. AKAP12, A-kinase anchor protein 12; CD99, CD99 antigen; COL1A1, collagen alpha-1(l) chain; COL1A2, collagen alpha-2(I) chain;
COL3A1, collagen alpha-1(ll) chain; COL6A1, collagen alpha-1(VI) chain; COL7A1, collagen alpha-1(VIl) chain; PIGR, polymeric immunoglobulin receptor;

SPP1, osteopontin; TMSB4X, thymosin beta-4.

3.3 | Sex-biased parental proteins’ expression
across different tissues

We investigated whether the parental proteins that generate the sex-
associated peptides show differential expression between males and
females. For that purpose, the top 500 significantly sex-associated
genes across 44 tissues, retrieved from Oliva et al., 2020 [4] and
the 315 significantly sex-associated matrisome genes across 37 tis-
sues, retrieved from Nieuwenhuis et al., 2021 [35], were examined.
Seventeen genes encoding 16 parental proteins of the sex-associated
peptides were differentially expressed between males and females at
the transcription level in at least one tissue (Table 2).

Among the non-collagen parental proteins, the most prominent
transcriptomic findings concerned CD99, glycoprotein Xg (XG) and
hemoglobin subunit alpha (HBA). CD99 showed higher expression in
males than in females in all 44 tissues [4], in agreement with the con-
sistently higher abundance of CD99 urinary peptides in males. XG
was expressed higher in females in agreement with the higher abun-
dance of one XG urinary fragment in females. The two genes encoding

HBA, HBA1 and HBA2, were expressed higher in males in agreement

with the higher abundance of one HBA urinary fragment in males.
Regarding collagens, only COL1A2 and COL6A1 showed consistent
upregulation in males in at least two tissues. However, COL1A2 uri-
nary fragments were found consistently more abundant in females
than in males and COL6A1 derived fragments did not show consistent

regulation between the two sexes.

3.4 | Sex classification based on the urinary
peptidome signature

To investigate the association of the overall urinary peptidome signa-
ture with sex, the 143 peptides that were associated with sex in the
discovery cohort were combined in an SVM classifier, trained in the
discovery cohort and validated in the FLEMENGHO and PRIORITY
cohorts. The AUCs of the classifier were 0.89 (95% Cl 0.7975-0.87)
and 0.81(95% C10.7745-0.822), for the FLEMENGHO and PRIORITY
cohort, respectively (Figure 4). To further validate the impact of the
individual peptides for sex prediction, SHAP analysis with permutation
explainer on the FLEMENEGHO and PRIORITY cohorts using the SVM
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FIGURE 1 Study design. After selection of peptides with frequency >30% in at least one sex, statistical analysis in the discovery cohort
resulted in the identification of 143 peptides with significant differences between males (3) and females (?) (p < 0.05). Subsequently, separate
statistical analyses in each validation cohort showed that of these 143 peptides, 90 were significantly associated with sex (p < 0.05) in at least one

of the validation cohorts and had the same regulation trend (i.e., consistent

increase or decrease of peptide abundance in males in comparison to

females) across the discovery and validation cohorts. BH, Benjamini-Hochberg.

classifier was conducted (Table S5). There was a very high overlap
between the top 10 peptides, with the highest impact observed in
FLEMENGHO and PRIORITY cohorts. Fragments from CD99,
COL1A1, COL1A2, COL3A1, collagen alpha-1(VIl) chain (COL7A1),
and A-kinase anchor protein 12 (AKAP12) were among the top 10
peptides that impacted mostly the output of the classifier in both
cohorts. Fragments from XG and COL6A1 were among the 10 most
impactful peptides on the output in the FLEMENGHO and PRIORITY

cohort, respectively (Figure 4).

3.5 | Comparison of sex-associated urinary
peptides in health and diabetes

We further investigated differences between sex-associated urinary
peptides defined in healthy and diabetic individuals. Out of the 100

most significant sex-associated peptides in healthy subjects, 75 were

also significantly associated with sex in patients with type Il diabetes.
Of these, 73 peptides showed the same regulation trend between
males and females across healthy individuals and patients with type
Il diabetes. Similarly, when investigating the top 100 most significant
sex-associated peptides in patients with type Il diabetes, 62 were also
significant in the pooled analysis of healthy subjects, with 58 of them
displaying a consistent regulation trend (Table Sé).

These findings indicate that a considerable number of significant
peptides associated with sex overlap between healthy and diabetic
subjects, supporting further their association with sex rather than
underlying disease. Of note: the lack of significance in certain cases
could be attributed to the varying statistical power of the anal-
ysis when investigating healthy and diabetic subjects. Therefore,
while some peptides may appear to be significant only in either the
healthy or diabetic group, the interpretation of these findings should
be considered with caution, considering the differences in cohort

size.
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FIGURE 2 Menopausal impact on intensity values of the 90 sex-associated peptides. Bar graph of the intensity values of the top 10 statistically
most significant sex-associated peptides within healthy individuals with age <45 (*) and >55 (**). Notably, the three peptides that rank as highly
significant in both age groups are denoted with ***. The intensity values have been normalized based on the intensity values from females under the
age of 45. The peptide TMSB4X with an oxidized methionine is denoted by the symbol “#”. CD99, CD99 antigen; COL1A1, collagen alpha-1(l) chain;
COL1A2, collagen alpha-2(l) chain; COL2A1, collagen alpha-1(I1) chain; COL3A1, collagen alpha-1(l1l) chain; COL4A3, collagen alpha-3(1V) chain;
COL6A1, collagen alpha-1(VI) chain; COL7A1, collagen alpha-1(VIl) chain; MUC21, mucin-21; SPP1, osteopontin; TMSB4X, thymosin beta-4.

4 | DISCUSSION

The results of the current study demonstrated that sex is asso-
ciated with a specific urinary peptidome signature. Specifically, 90
sex-associated peptides with preserved regulation across independent
cohorts of healthy individuals and patients with type Il diabetes were
identified. Of these 90 peptides, 51 were more abundant in males
and 39 were increased in females. These peptides were fragments
of 29 parental proteins, from which 15 originated from non-collagen
proteins and 14 from collagens.

One of the most striking findings was a consistent and highly sig-
nificant increase in the abundance of all 13 CD99 peptides detected
in urine of males compared to females. CD99 is a broadly expressed
cell surface protein participating in various biological processes, includ-
ing cell adhesion, migration, death, differentiation, and diapedesis, and
impacts inflammation and immune responses [39]. CD99 is encoded
by a pseudoautosomal CD99 gene located near the boundary of the
PAR1 region, found in both X and Y chromosomes. It is known that
pseudoautosomal genes typically escape X chromosome inactivation
in females [40]. However, given CD99 location, spreading the X chro-
mosome inactivation signal across the boundary may likely result in
the partial silencing of the CD99 in females [40], thus, higher expres-
sion in males. Along these lines, Johnston and colleagues [40] observed
a higher CD99 expression in lymphoblastoid cell lines derived from
males (n = 105) than those derived from females (n = 105). The
extensive recent transcriptomics study [4] by Oliva et al. also sup-
ports higher levels of CD99 expression in males across a wide range
of investigated tissue. Furthermore, Lefévre and colleagues [41] found
an increased percentage of monocytes expressing CD99 in healthy
males (n = 12) compared to females (n = 12). These observations align

with our findings and may suggest that the male-biased CD99 urinary

peptidome signature results from the higher expression of CD99 in
males.

Another important finding was the identification of two TMS4BX
fragments showing a highly significant increase in abundance in
females. TMS4BX is an actin-sequestering protein thought to be
involved in many biological functions, including tissue regeneration,
wound healing, and inflammation [42]. The TMS4BX protein is encoded
by a TMS4BX gene in the X chromosome that probably escapes X
inactivation [43]. In that case, the expression of TMS4BX by both X
chromosomes in females and by only one X chromosome in males
would lead to the higher expression of TMS4BX in females. Previ-
ous research [44] has shown higher abundance of TMSB4X in female
amniocyte samples (n = 15) compared to male samples (n = 14). In
contrast, in a recently published transcriptomics study [4], TMS4BX
expression was reported increased in males, however, this study did
not include tissues with the highest TMSB4X expression (bone mar-
row and lymphoid tissue) [45]. Collectively, it seems that increased
levels of TMS4BX peptides in female urine are associated with a prob-
able escape of TMS4BX from X inactivation. Interestingly, TMSB4X
has a homolog on the Y chromosome (TMSB4Y), encoding a protein
(TMSB4X, Y-chromosomal) with slightly different sequence, expressed
at very low levels across male tissues [34, 46]. Most likely due to the
low expression, TMSBA4Y peptides are not detected in the urinary pep-
tidome [6]. Given the potential protective role of TMS4BX in heart
failure and chronic kidney disease [47, 48], diseases exhibiting specific
sex-differences in epidemiology and pathophysiology [49, 50], as well
as previous findings indicating elevated plasma TMS4BX levels specifi-
cally in women with heart failure [47], further research is warranted to
explore the molecular functions of TMS4BX in these conditions, partic-
ularly in the context of sex differences. With its anti-inflammatory and
anti-fibrotic properties [51], increased levels of TMS4BX in females
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FIGURE 3 Sex specific regulation of urinary peptides. Heatmaps depicting the log, fold change (log, FC) of the 90 sex-associated urinary
peptides across the validation and discovery cohorts for non-collagen peptides (A), and collagen peptides (B). Fold change is the ratio of the
average value of peptide intensity in males to the respective of females. The lower-positioned TMSB4X peptide contains an oxidized methionine.
AKAP12, A-kinase anchor protein 12; CD99, CD99 antigen; COL1A1, collagen alpha-1(l) chain; COL1A2, collagen alpha-2(l) chain; COL2A1,
collagen alpha-1(Il) chain; COL3A1, collagen alpha-1(I1l) chain; COL4AS3, collagen alpha-3(1V) chain; COL5A1, collagen alpha-1(V) chain; COL5A2,
collagen alpha-2(V) chain; COL5A3, collagen alpha-3(V) chain; COL6A1, collagen alpha-1(VI) chain; COL7A1, collagen alpha-1(VII) chain; COL9A2,
collagen alpha-2(IX) chain; COL10A1, collagen alpha-1(X) chain; COL11A2, collagen alpha-2(XI) chain; COL18A1, collagen alpha-1(XVIII) chain;
CPSF6, cleavage and polyadenylation specificity factor subunit 6; CSTA, cystatin-A; FGA, fibrinogen alpha chain; HBA, hemoglobin subunit alpha;
KRT1, keratin, type Il cytoskeletal 1; LMAN2, vesicular integral-membrane protein VIP36; MUC12, mucin-12; MUC21, mucin-21; PIGR, polymeric
immunoglobulin receptor; SPP1, osteopontin; TMSB4X, thymosin beta-4; UMOD, uromodulin; XG, glycoprotein Xg.

may offer protection against these diseases. Investigating this aspect
using animal models could help elucidate the mechanisms by which
TMS4BX might exert sex-specific protective effects in heart failure and
chronic kidney disease.

Moreover, a consistently higher level of both sex-associated UMOD
fragments was observed in males. UMOD is the most abundant protein
in urine. It is produced exclusively by renal tubular epithelial cells and

plays a role in many biological functions, such as renal ion transport

and immunomodulation [52]. Previous research has shown sex differ-
ences in excretion levels of urinary UMOD [53], possibly leading to the
increased abundance of UMOD peptides in male urine.

An additional interesting finding was the identification of 6 PIGR
sex-associated fragments, most of which had increased abundance in
females. PIGR is an epithelial glycoprotein that mediates the trans-
portation of immunoglobulin A across mucosal epithelial cells [54].

PIGR is possibly regulated by sex hormones [54]. The expression
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TABLE 2 Cross-omics analysis.

Number of tissues with sex-biased
Number of

. expression

urinary

sex-associated  Olivaetal, Nieuwenhuis et

peptides 2020[4] al,, 2021[35]
Genesymbol g Q 3 Q 3 ?
CD99 13 0 44
CSTA 0 1 1 1
HBA1 1 0 14
HBA2 1 0 10
KRT1 1 0 0 1
SPP1 0 1 0 1
TMSB4X 0 2 1 0
XG 0 1 0 19
COL1A2 0 4 4 2 0
COL4A3 2 0 3 1
COL5A1 1 0 1 0
COL5A2 0 2 1
COL6A1 1 1 1 0 1 0
COL7A1 0 1 2 2
COL9A2 1 1 10 2 1 2
COL10A1 1 0 1 0
COL11A2 0 1 0 1

Using the results from two transcriptomic studies, genes encoding 16
parental proteins of sex-associated urinary peptides were found to have
sex-biased expression. The number of sex-associated peptides with abun-
dance increased in male (3) or female () and the number of tissues with
higher expression in male (3) or female () are represented here. CD99,
CD99 antigen; COL10A1, collagen alpha-1(X) chain; COL11A2, collagen
alpha-2(XI) chain; COL1A2, collagen alpha-2(l) chain; COL4A3, collagen
alpha-3(1V) chain; COL5A1, collagen alpha-1(V) chain; COL5A2, collagen
alpha-2(V) chain; COL6A1, collagen alpha-1(VI) chain; COL7A1, collagen
alpha-1(VII) chain; COL9A2, collagen alpha-2(IX) chain; CSTA, cystatin-A;
HBA, hemoglobin subunit alpha; KRT1, keratin, type |l cytoskeletal 1; SPP1,
osteopontin; TMSB4X, thymosin beta-4; XG, glycoprotein Xg.

pattern of PIGR in the human endometrium during the estrous cycle
indicates that it is positively regulated by estrogen and negatively reg-
ulated by progesterone [54], which may explain the increase of PIGR
peptides in female urine.

The transcriptomic analysis [4] indicated that differential expres-
sion of HBA1/HBA2 and XG between the two sexes might also be the
reason for the observed sex association of their peptides. The HBA1
and HBA2 genes encode HBA. Two HBA subunits and two HBB sub-
units form hemoglobin, the most abundant protein in erythrocytes,
which is involved in transporting oxygen from the lungs to the tissues
[55]. HBA1 and HBA2 were expressed consistently at higher levels in
male tissues, in agreement with the higher abundance of one HBA1-
derived fragment in males. XG, together with CD99, constitute the
Xg blood system [56]. XG was consistently expressed at higher levels
in female tissues, consistent with the higher abundance of one XG-

derived peptide in females. XG, as CD99, is encoded by a gene in the

PAR1 region and escapes X inactivation in females [57]. However, the
copy of this gene in the Y chromosome does not produce a specific
product [58]. The expression of the XG from both X chromosomes in
females but only from one X chromosome in males might result in
the higher expression of XG in females and a higher abundance of the
XG-derived peptide in female urine.

Collagens, the most abundant proteins in mammals, are deposited in
the extracellular matrix and contribute to the organization, shape and
mechanical properties of the tissues [59]. Excessive collagen accumu-
lation causes fibrosis, a common pathological component across many
chronic diseases with significant epidemiological differences between
the sexes [2]. COL1A2, COL5A2, and COL4A3 fragments showed a
consistent sex-associated regulation, with the abundance of all pep-
tides for the first two collagens being increased in females while the
last one being increased in males. Other collagens (COL1A1, COL2A1,
COL3A1, COL6A1, and COL9A2) were also responsible for the gener-
ation of at least two sex-associated peptides each, however, displaying
an apparent inconsistent distribution: up- and downregulation were
observed. The increase or decrease in peptide abundance was con-
sistent across different cohorts, indicating validity of the finding. The
exact mechanisms explaining these observations are unknown. Based
on the previously published transcriptomics analysis, the observed
results cannot be explained by increased or decreased gene expression
[4,35]. The urinary collagen peptides are protein degradation products,
a process affected by multiple factors apart from protein expression.
Collagens are characterized by extensive post-translational modifi-
cations and crosslinking and are degraded by various proteases. It
is reasonable to assume that collagen, the substrate for proteolytic
degradation, is in a state of saturation. Thus, the generated peptides do
not reflect the abundance of collagens but rather the specific protease
activity. Previous research suggests that sex hormones regulate colla-
gen remodeling. Kehlet et al. [60] observed that women in menopause
have an increased collagen turnover as compared to men of the same
age. Furthermore, estrogens seem to display a protective effect against
fibrosis, with in vivo and in vitro models indicating that estrogens
suppress collagen synthesis and upregulate collagen degradation [2].

Based on the 143 peptides that were significantly associated with
sex in the discovery cohort and using the same cohort as a training set,
a sex-discriminating SVM classifier was generated. The performance of
the classifier across in two independent validation sets (AUC 0.89 and
0.81) with individuals from the general population and patients with
type Il diabetes, respectively, highlights a strong association of the uri-
nary peptidome with sex. Investigation of the impact of each individual
peptide on the classification outcomes revealed, as expected, specific
collagen and CD99 fragments as the most impactful in both validation
sets.

Collectively, this study identified 90 urinary peptides displaying sex-
specific differences. These peptides were derived from 29 parental
proteins, many of which have been previously associated with sex,
supporting the validity of the approach. Differences in the levels of pep-
tides from CD99, TMSB4X, PIGR, UMOD, and HBA likely reflect the
sex-biased expression of the respective genes. On the other hand, the

differences in the abundances of collagen peptides may indicate the
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FIGURE 4 Classifier development. The performance of the sex-discriminating classifier, based on the 143 peptides that were associated with
sex in the discovery cohort, was evaluated in the validation cohorts. The ROC curves of the classifier in the FLEMENGHO (A) and PRIORITY (B)
cohort are shown here. Subsequently, SHAP analysis was conducted to evaluate the impact of the individual peptides for sex prediction. The plots
represent the SHAP values (x-axis) of every sample, for the 20 peptides (y-axis) with the highest absolute mean SHAP values in the FLEMENGHO
(C) and PRIORITY (D) cohort. The peptide values are represented with color. For example, the higher values for peptide COL1A2 (143-157)
improve, while lower values have a negative impact, on the classifier performance in both cohorts. AKAP12, A-kinase anchor protein 12; CD99,
CD99 antigen; COL1A1, collagen alpha-1(I) chain; COL1A2, collagen alpha-2(1) chain; COL3A1, collagen alpha-1(111) chain; COL4A2, collagen
alpha-2(IV) chain; COL5A2, collagen alpha-2(V) chain; COL6A1, collagen alpha-1(VI) chain; COL7A1, collagen alpha-1(VII) chain; COL9A2,
collagen alpha-2(IX) chain; COL18A1, collagen alpha-1(XVIII) chain; PIGR, polymeric immunoglobulin receptor; XG, glycoprotein Xg.

sex-biased degradation of collagens. As a result of these data, we plan

to investigate the hypothesis that collagen degradation is differenti-

ated between males and females. Furthermore, since urinary peptides

have already been established as valuable biomarkers for many dis-

eases such as kidney disease and heart failure [10, 20], which are

known for displaying sex differences in epidemiology and pathophys-

iology, the sex-associated peptidome signature may contribute to the

development of more accurate classifiers, to further improve on early

diagnosis, prognosis, and prediction of treatment response for each

individual sex.
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