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Abstract: Recurrent implantation failure (RIF) remains a major clinical challenge in assisted
reproduction, largely owing to the lack of validated biomarkers and mechanism-based
therapies. The present study aimed to identify key molecular drivers of RIF and to discover
diagnostic biomarkers and therapeutic targets by integrating multi-omics bioinformatics with
experimental validation. Three endometrial transcriptomic datasets (GSE103465,
GSE111974, GSE188409) from RIF patients and fertile controls were analyzed using a
streamlined workflow that comprised batch correction and differential expression analysis (n
= 651), WGCNA identifying the RIF-associated turquoise module (r = 0.43, P =4 x 10%),
Random Forest prioritization of CTSS and CAPN6, ROC-based diagnostic evaluation, and
functional interpretation via GO/KEGG, ssGSEA, GSVA, and drug enrichment; in addition,
CTSS and CAPNG6 protein expression was validated by immunohistochemistry (IHC) in
independent clinical endometrial samples. CTSS and CAPN6 were robustly identified as
upregulated and functionally linked RIF drivers, and a two-gene model achieved an AUC of
0.835 (95% CI: 0.731-0.925), outperforming single markers. Both genes were implicated in
lysosomal proteolysis, antigen processing, and immune modulation. Notably, the RIF
endometrium exhibited elevated MO macrophages and reduced monocytes/resting mast cells,
with CAPNG6 strongly correlated with MO abundance (P < 0.001). Drug enrichment
highlighted protease inhibitors, including boceprevir, as top-ranked candidates, and IHC
confirmed significantly higher CTSS and CAPNG protein levels in RIF versus controls (both
P < 0.001). In conclusion, CTSS and CAPNG6 serve as validated diagnostic biomarkers for
RIF; their involvement in proteolytic-immune crosstalk, together with the association of
CAPNG6 with macrophage infiltration, supports targeted immunomodulatory strategies, while
the potential repurposing of boceprevir highlights the translational value of the analytical
framework.

121


mailto:jonobel@163.com

1. Introduction

Recurrent implantation failure (RIF) is defined as repeated failure to achieve clinical pregnancy
after =3 IVF-ET cycles with high-quality embryos [1]. It affects ~17% of infertile individuals and
causes significant psychological distress, repeated procedures, and clinical uncertainty [1-3]. Three
key contributors are established: uterine cavity abnormalities (e.g., polyps), immune dysregulation,
and impaired endometrial receptivity—the central determinant of embryo attachment and invasion
[4-7]. Yet the molecular basis of receptivity failure remains unclear, and validated biomarkers for
early diagnosis or personalized therapy are lacking [8,9].

Transcriptomic profiling of the human endometrium during the implantation window is still
limited [10], and prior studies—Iargely focused on single genes or pathways—fail to capture the
integrated gene-regulatory and immune microenvironmental networks governing receptivity [11,12].
Integrating transcriptomic data with WGCNA, machine learning, and immune deconvolution is
therefore essential to identify robust hub biomarkers and advance precision interventions for RIF
[12,13].

To address this, we integrated and normalized multiple endometrial transcriptomic datasets from
RIF patients and controls. Differential expression analysis and WGCNA identified RIF-associated
gene modules; Random Forest prioritized top candidate biomarkers. We assessed their diagnostic
performance and functional roles via immune infiltration, pathway activity, and drug-sensitivity
analyses. Finally, protein-level expression was validated by immunohistochemistry in independent
clinical samples. This workflow bridges computational discovery and experimental validation to
deliver actionable diagnostic signatures and therapeutic targets for RIF.

2. Materials and methods
2.1. Data acquisition and preprocessing

We retrieved three GEO datasets (GSE103465, GSE111974, GSE188409) using the keywords
“recurrent implantation failure” and “RIF”. Each included endometrial samples from RIF patients
and normal controls and was generated on a distinct microarray platform (Table 1). Raw data were
preprocessed in R (v4.4.1) and Perl (v5.4.0): probe-to-gene annotation, expression matrix
standardization, averaging of duplicate gene symbols, and log. transformation of non-log-
transformed data.

Table 1: Summary of the datasets used in this study.

Accession Platform Control (n) RIF (n) Total (n) Type
GSE103465 | GPL16043 3 3 6 Endometrium
GSE111974 | GPL17077 24 24 48 Endometrium
GSE188409 | GPL26963 5 5 10 Endometrium

Note: RIF, recurrent implantation failure. Control, normal healthy group.
2.2. ldentification of differentially expressed genes (DEGs) and co-expression network analysis

The three preprocessed datasets were merged and batch-corrected wusing limma’s
removeBatchEffect. Correction efficacy was confirmed by box plots and PCA. Differentially
expressed genes (DEGs) between RIF and normal controls were identified with limma (|log2FC| >
0.585, adj. P < 0.05) and visualized via volcano plots and hierarchical clustering heatmaps.

We applied WGCNA to identify RIF-associated modules. Low-expression (mean < —1) and low-
variance (variance < 0.5) genes were excluded. A soft-threshold power (B) ensuring scale-free
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topology (R=2> 0.9) was selected using pickSoftThreshold. Modules were detected from the
topological overlap matrix (TOM) using dynamic tree cutting (min. module size = 60, cut height =
0.25). The module most significantly correlated with RIF status (Pearson, P < 0.05) was designated
the key module. Within it, genes with high gene significance (GS) and module membership (MM)
were retained. RIF-associated hub genes were defined as the intersection of these key-module genes
and the DEGs.

2.3. Functional enrichment and characteristic gene screening

Functional enrichment analysis (GO biological process, molecular function, cellular component;
KEGG pathways) was performed on RIF-associated genes using clusterProfiler (P < 0.05). A random
forest model was trained on these genes to identify characteristic markers; the optimal number of
trees was determined by 10-fold cross-validation, and genes with importance scores > 4 were selected.
Their chromosomal positions were visualized with circlize.

2.4. Diagnostic model construction and in silico validation

Diagnostic performance of the characteristic genes was assessed by ROC analysis (pROC, glmnet);
AUC > 0.7 was considered significant. A predictive nomogram was built using rms and rmda.

2.5. Comprehensive in silico analyses of characteristic genes

Downstream analyses of the characteristic genes included: (1) PPI network construction using
GENEMANIA (integrating co-expression, genetic interactions, pathways, and physical interactions);
functional annotations with FDR < 0.05 retained; (2) Pathway activity via GSVA (GSVA,
GSEABase), comparing high- vs. low-expression groups; top 5 enriched pathways (P < 0.05, 1000
permutations) reported; (3) Immune infiltration estimated by ssGSEA for 28 immune cell types in
PBMCs; Spearman correlations computed between core genes and immune cells, and among immune
cells; (4) Drug enrichment analysis using clusterProfiler (P < 0.05) to predict candidate therapeutics.

2.6. IHC validation

Endometrial tissues from RIF patients and controls were collected at the Affiliated Hospital of
Guilin Medical University (ethics approval: 2025KJJLL-15). Protein expression of two characteristic
genes—CTSS and CAPN6—was validated by IHC. After deparaffinization, rehydration, and antigen
retrieval, sections were incubated with primary antibodies (CTSS: Proteintech #27538-1-AP, 1:300;
CAPNG: Proteintech #10120-1-AP, 1:500), HRP-conjugated secondary antibody (ABclonal #AS014,
1:500), and DAB substrate (ZSGB-BIO #ZLI1-9018). Hematoxylin counterstaining was applied.
Images were acquired using a Leica light microscope and quantified in Fiji (ImageJ).

2.7. Statistical analysis

All bioinformatics analyses were performed in R (v4.4.1). Intergroup differences for continuous
variables were compared using Student's t-test. A P-value (or adjusted P-value/FDR where specified)
of less than 0.05 was considered statistically significant.
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3. Results

3.1. Identification of RIF-associated genes and functional characterization
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Figure 1: Identification and functional characterization of RIF-associated genes. (A, B) PCA before
and after batch correction. (C) Volcano plot of DEGs in RIF. (D) Heatmap of top 50 DEGs. (E-G)
WGCNA-derived co-expression modules. (H) Module—trait correlation: turquoise module most
strongly associated with RIF. (I) Venn diagram showing intersection yielding 316 high-confidence
RIF-associated genes. (J, K) GO and KEGG enrichment of these 316 genes.
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PCA confirmed effective batch correction: post-correction samples clustered by biological group
(RIF vs. control) (Fig. 1A, B). Differential expression analysis identified 651 DEGs—299
downregulated and 352 upregulated in RIF (Fig. 1C). Unsupervised hierarchical clustering of the top
50 DEGs cleanly separated RIF from control samples (Fig. 1D). WGCNA detected six gene modules
(Fig. 1E-G). The turquoise module (1,076 genes) showed the strongest positive correlation with RIF
status (r = 0.43, P =4 x 10*) (Fig. 1G, H). Its intersection with the 651 DEGs yielded 316 high-
confidence RIF-associated genes (Fig. 11). Functional enrichment of these 316 genes (P < 0.05)
highlighted roles in organic anion transport regulation; apical plasma membrane and actin-based
projections; organic acid transmembrane transporter activity; and KEGG pathways—including
purine metabolism, ferroptosis, and transcriptional misregulation in cancer (Fig. 1J, K).

3.2. Screening of characteristic genes and evaluation of their diagnostic value

A random forest model prioritized candidate biomarkers among the 316 RIF-associated genes,
identifying CTSS and CAPNG as top-ranked characteristic genes by importance score (Fig. 2A, B).

Both genes showed significantly higher mRNA expression in RIF versus controls (P < 0.001) (Fig.
2C). ROC analysis revealed strong discriminatory power for each: CTSS (AUC = 0.802; 95% CI:
0.686 - 0.896; P < 0.001) and CAPN6 (AUC = 0.744; 95% CI: 0.622 - 0.862; P < 0.001) (Fig. 2D).
Their combination in a logistic regression model improved performance (AUC = 0.835; 95% CI.
0.731 - 0.925; P < 0.001) (Fig. 2E). Decision curve analysis showed CTSS conferred the highest net
clinical benefit across most threshold probabilities (Fig. 2F).
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Figure 2: Screening and diagnostic evaluation of characteristic genes. (A-B) Random Forest model
identifies CTSS and CAPNG as core characteristic genes. (C) mMRNA expression of CTSS and
CAPNG is significantly upregulated in RIF. (D-E) ROC curves of CTSS, CAPNG, and the combined
model. (F) Decision curve analysis of the net clinical benefit.
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3.3. Comprehensive bioinformatic analysis of CTSS and CAPNG6

The PPI network of characteristic genes and their interactors comprised 20 nodes: CTSS linked to
antigen processing/presentation and endolysosomal activity; CAPNG6 to calcium-dependent cysteine
peptidase activity (Fig. 3A).

GSVA revealed gene-specific pathway associations: high CAPN6 expression correlated with
PPAR signaling and glycolysis/gluconeogenesis; low CTSS expression correlated with steroid
hormone biosynthesis and ABC transporters (Fig. 3B, C). ssGSEA showed altered immune
infiltration in RIF endometrium—increased MO macrophages and decreased monocytes and resting
mast cells versus controls (Fig. 3D). CAPNG6 expression positively correlated with MO macrophages
but negatively with monocytes and resting mast cells (Fig. 3E), suggesting immunomodulatory
potential. Drug enrichment identified boceprevir, telaprevir, and valsartan as top candidates targeting
CTSS and CAPNG; CTSS was the primary target across all significant terms (Fig. 3F, G).

A CST5. B CAPNG

cTsw GRS KEGG_VIBRIO_CHOLERAE_INFECTION _—
KEGG_PROXIMAL_TUBULE_BICARBONATE_RECLAMATION —
CLDN3 KEGG_STEROID_BIOSYNTHESIS C—
CAMP KEGG_STEROID_HORMONE_BIOSYNTHESIS: —
‘ KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLISM C—
KEGG_ABC_TRANSPORTERS { —
1FI130 KEGG_TASTE_TRANSDUCTION —
cst3 EGG_PEROXISOME C——
PPAR_SIGNALING_PATHWAY o
KEGG. YGOSR, GLUCONEDGENEDS —
KEGG_PHENYLALANINE_METABOLISM
eTev KEGG_PYRUVATE_METABOLISM
crs8 KEGG_LONG_TERM_POTENTIATION Grou
. CAPNG EGG_TYROSINE_METABOLISM
KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION I oown
GG_SYSTEMIC_LUPUS_ERYTHEMATOSUS Net
) KEGQ_CYTOKNE_CYTOKIE RECEPTOR NTERACTION 1
-’ OCLN Shared protein domains KEGG. RENAL_CELL_ CARCINOMA
KEGG_PROGESTERONE_MEDIATED_OOCYTE MATURATION
CTSS . Functions KEGG_CYTOSOLIC | DNA SENSING_PATHWAY -
KEGG_PROTEIN_EXPORT cm——
L] KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_HEPARAN_SULFATE wm—
KEGG, CELL CYCLE oo
CT1SD CTSF L] pE—
KEGG. SPLICEOSOME C—
KEGG_DNA_REPLICATION —
- KEGG_N_GLYCAN BIOSYNTHESIS |  m—
KEGG_COLORECTAL_CANCE! —
RS cTsL KEGG_NON_HOMOLOGOUS_END_JOINING { I
. (] KEGG_P53_SIGNALING_PATHWAY { Isss—
1 S w ©
UNC8381 SERPINB4 tvalue of GSVA score
FN1 HTT
é 5 &
C cTss D Type B8 Control Ml Treat
KEGG_PROTEIN_EXPORT C—
KEGG_PENTOSE_PHOSPHATE_PATHWAY —
KEGG_CYTOSOLIC_DNA_SENSING_PATHWAY e
GG_PROTEASOME —
KEGG_NON_HOMOLOGOUS_END_JOINING E—
KEGO_ALANINE_ASPAFTATE AND_GLUTMMATE. METASOLISH =
G_BASAL_TRANSCRIPTION_FACTORS e
KEGG_ANTIGEN_ _AND_| 04
KEGG_NITROGEN_METABOLISM =
KEGG_ONE_CARBON_POOL_BY_FOLATE — c
KEGG_CHRONIC_MYELOID_LEUKEMIA- e S
KEGG_VIRAL_MYOCARDITIS je— g
KEGG_LEUKOCYTE_TRANSENDOTHELIAL_MIGRATION == Group =
KEGG_NUCLEOTIDE_EXCISION_REPAIR E— 02
5 RAFT_REJECTION- = Il oown :
KEGG_NEUROTROPHIN_SIGNALING_PATHWAY ot
KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY o .
KEGG_GAP_JUNCTION-
KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY e . “h t .‘“ * .
KEGG_RIG_|_LIKE_RECEPTOR_SIGNALING_PATHWAY
KEGG_DILATED_CARDIOMYOPATHY 0.0{ " e ety = SRS —
&

KEGG_GLYCEROPHOSPHOLIPID_METABOLISM

GLYCEROUIPID_METABOLISM $ JE S
KE \STE_TRANSDUCTION & oL &F FF 8 Q & L FFeLLLS K
KEGG_ARRHYTHMOGENIC_RIGHT_VENTRICULAR_CARDIOMYOPATHY_ARVC & & FTST g S & o £ & & &
KEGG_STEROID_HORMONE_BIOSYNTHESIS & Sy PP R S ) e & & & &
3 S

—
KEGG_ABC_TRANSPORTERS: —
KEGG_STEROID_BIOSYNTHESIS — NSRS & &
KEGG_TAURINE_AND_HYPOTAURINE_METABOLISM E— <& ,\ds' # A
— &

KEGG_OLFACTORY. ® O
PR 3 1\‘?0&‘" A
tvalue of GSVA score A
B cells naive ®
phels 8 celis mamory [l « GLYOXAL{ ) Toxoflavin
Nogasve Plasmacetis [ll | ©
Not T cells CD8 verteporfin Telaprevir
Postve T celis CD4 memory resting [l l s o ®
T celis CD4 memory activated S
T cells follicutar helper [l 1 II.I —
"”‘“’ T calls roguiatory (Tregs) CIEC I W Bossenade ®
- T cells gamma deta . - pvakio GLYOXAL i
- 02-04 NK cells resting .II | B & CAPNG ]
ki Mtk | o 7 i bleomycin @ o0 /
- 06 Monocytes Il = mom = £ 3
Macrophages Mo [ I Hom Telaprevir{ on
o praiade] CBEOBO (] i fucose me(hyfglyoxll
Macrophages M2 u gE-m L J
os Dendritic cells resting (] @ EHomomN methylglyoxal | [ ] Count
Dendritc cells actiated w Emc ol e O bleomycin valsartan
Mast cels resting I - I = I Bl | B -
s Mast cells activated [l 0 I 5 I L0 B O valsartan ®
- Eosinophis O EaCEEE S CE0 o
Neutrophils A E ool " ol
= i gy = Toxoflavin- ]
253822 ?§3322?3?2=;
§§§‘:’§ EﬁﬁgsHEEg%g
2 3 98,85
M §2§§§E§§'§35§ et »
° x 8 2838 ) . . . |
s gg. ‘x ggggégg 0.450 0475 0500 0525 0550
8= = GeneRatio
o3 2%
20 -
[E 3
-8
-

Figure 3: Comprehensive bioinformatic analysis of CTSS and CAPNG6. (A) Protein-protein
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interaction network. (B-C) GSVA of pathway activities. (D) Altered immune microenvironment in
RIF endometrium. (E) Correlation between characteristic genes and immune cells. (F-G) Prediction
of potential targeting drugs.

3.4. Experimental validation of protein expression

IHC validated CTSS and CAPNG6 protein expression in independent clinical endometrial samples.
Both showed significantly higher expression in RIF versus controls (P < 0.001) (Fig. 4A-D). Positive
staining area was 58.2% =*4.1% for CTSS and 31.8% =+3.5% for CAPNG in RIF tissues. All assays
were performed in triplicate with high reproducibility (CV < 5%).
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Figure 4: Experimental validation of CTSS and CAPNG protein expression by IHC. (A-D)
Representative IHC images of CTSS and CAPNG in control and RIF endometrial tissues (400x). (E-
F) Quantitative analysis confirms significant upregulation of both proteins in the RIF group.

4. Discussion

In this study, we identified CTSS and CAPNG as key RIF-associated genes, which may play pivotal
roles in RIF pathogenesis through various cellular processes, including immune response, cell
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adhesion, and proteolysis. Our results suggest that CTSS and CAPN6 may be potential biomarkers
for predicting RIF in women undergoing in vitro fertilization and provide a perspective on the
molecular mechanisms underlying RIF, promising avenues for future research and treatment.

Although the pathogenesis of RIF is not fully elucidated, immunologic disturbances [14], embryo
adhesion [15,16], and proteolysis [17] have been proposed to be involved. We identified 651 DEGs
in RIF-endometrial samples, and the top 50 were primarily involved in immune responses, including
the regulation of immune activation and cytokine production. Significantly, two of them, CTSS and
CAPNSG, were determined as key genes associated with RIF. CTSS, a lysosomal cysteine protease,
regulates the activation of immune cells such as T cells, macrophages, dendritic cells, and neutrophils,
and has been implicated in immune-related diseases, including Sjogren’s syndrome, cancer, and
infectious diseases [18]. CAPNSG, a calpain protease, regulates cell adhesion, invasion, and migration,
which are essential for implantation and placentation [19,20]. Dysregulation of CTSS and CAPNG6
may contribute to RIF by disrupting these crucial processes, making them promising biomarkers. This
is supported by ROC analysis: AUCs of CTSS and CAPNG were 0.802 and 0.744, respectively, and
their combination improved prediction (AUC = 0.835). Similarly, using GSVA and machine learning,
eight RIF-characteristic genes (SRD5A1, POLR3E, PPA2, PAPSS1, PRUNE, CA12, PDEGD, and
RBKS) were identified in endometrium tissues [21]. Their individual AUCs ranged from 0.614 to
0.765, and the combined AUC was 0.902, indicating that bioinformatic tools are powerful for
biomarker discovery.

No protein can fulfill its biological functions in isolation; rather, protein—protein interactions and
networks govern cellular processes and determine phenotypes. In this study, CTSS and CAPNG6 were
found to interact with proteins involved in immune response, cell adhesion, and proteolysis. CTSS-
related networks regulate immune cell activation, such as CD4+ and CD8+ T cells, indicating a role
for CTSS in modulating immune responses. CAPN6 networks are integral to cell adhesion and
migration, involving proteins such as integrin beta 1 and focal adhesion kinase, suggesting a role for
CAPNBG in regulating cell—cell interactions. These findings reinforce that CTSS and CAPNG6 regulate
immune cell activation and cell adhesion [18-20], and dysregulation may contribute to RIF [15-17,22].
The identified protein—protein interactions provide a foundation for further research into RIF
mechanisms and therapeutic strategies.

A typical pathological feature of RIF is immunologic disturbances, characterized by unbalanced
immune cell infiltrations in diseased endometrium [8,23,24]. A recent transcriptomic and single-cell
sequencing study from the GEO database revealed increased MO macrophages and decreased yoT
cells, M2 macrophages, and dendritic cells in RIF samples, with diagnostic genes PDIA4 and PGBD5
correlated with suppression of B cells and T cells, respectively [12]. Our immunoinfiltration analysis
corroborated these findings, showing increased M0 macrophages and decreased monocytes and mast
cells in RIF endometria. These results again suggest a role for immune dysregulation in RIF
pathogenesis. CTSS and CAPN6 may contribute to this dysregulation, especially by mediating the
compositions of resting NK cells, MO macrophages, monocytes, and resting mast cells. Targeting
immune dysregulation may be a promising treatment. Drug enrichment analysis identified glyoxal,
fucose, boceprevir, bleomycin, telaprevir, methylglyoxal, valsartan, toxoflavin, and fumonisin B1.
Among them, fucose has been reported to affect core fucosylation in the immune system [25,26];
boceprevir and telaprevir are protease inhibitors for Hepatitis C virus [27]; bleomycin is involved in
pulmonary fibrosis and associated with CAPN6[28,29]; and methylglyoxal inhibits inflammatory cell
accumulation and cytokine production in autoimmune encephalomyelitis[30]. These findings indicate
the importance of immune-focused considerations when developing RIF therapies.

There are several strengths to our study, including the use of a large dataset and multiple
bioinformatic approaches. However, limitations include reliance on bioinformatic analysis; findings
should be validated in larger, multi-center cohorts, and the therapeutic potential of CTSS and CAPN6
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should be explored. Further research is needed to clarify their roles in RIF mechanisms and identify
targeted therapeutic agents.

5. Conclusion

This study identifies CTSS and CAPNG as novel biomarkers and therapeutic targets for recurrent
implantation failure (RIF), driven by their roles in immune dysregulation and impaired endometrial
receptivity. Experimental validation confirms these associations and clarifies their pathogenic
mechanisms. Although clinical translation requires further validation and functional studies, the
findings provide a strong basis for targeting CTSS and CAPNG in RIF therapy.
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