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Abstract

Cervical cancer (CC) represents a leading malignant threat to women'’s health globally. Patients with advanced-
stage CC frequently encounter limited therapeutic efficacy and prominent drug resistance, highlighting the urgent
need for molecular-driven precision treatment strategies. Herein, we developed a proteomics-based molecular
classification for CC. A total of 198 CC patients were classified into four distinct molecular subtypes: CC-l (n=55),
CCAl (n=32), CCHIl (n=43), and CC-IV (n=68). This classification system was further validated in an independent
cohort, confirming its clinical reliability. Survival analysis indicated significant prognostic differences among the
four subtypes (log-rank test, p <0.001). Functional analysis revealed distinct molecular characteristics: CC-l and
CC-IV were characterized by enrichment of immune-related pathways, while CC-Il and CC-lll displayed upregulated
metabolism-associated pathways. Notably, CC-IV overexpressed pathways associated with cell cycle regulation, p53
signaling, and DNA repair, potentially contributing to its aggressive phenotype. Meanwhile, CC-| and CC-IV had
higher immune scores and were enriched with T cells and B cells, suggesting potential favorable responsiveness
to immunotherapies. Focusing on the CC-IV, we observed that high CDK4/6 expression was correlated with

poor clinical outcomes. Patient-derived organoid (PDO) models confirmed that CDK4/6 inhibitor (palbociclib)

had significant growth-inhibitory effects on CC patients with high CDK4/6 expression. In conclusion, this study
established the first validated proteome-based molecular subtyping system for CC, and identified actionable
therapeutic targets, and provided a robust foundation for personalized treatment strategies in CC.
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To the editor

Cervical cancer (CC) severely threatens women’s health
globally, with over 600,000 new cases and approximately
340,000 deaths annually and rising incidence/mortality
in developing countries [1]. However, current treatments
for CC are far from satisfactory. The efficacy of targeted
drugs or immunotherapies remains limited, highlighting
an urgent need to break through the current therapeutic
bottleneck [2]. Accurate molecular subtyping is critical
for CC. Extensive efforts have been made using genomic
and transcriptomic data, but with limited impact on
clinical decisions [3]. Proteins provide insight into the
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disease at the protein level. To date, there is still a lack
of a well-validated CC classification system based on pro-

teomics [4].
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We performed comprehensive proteomic analysis to
define CC molecular subtypes using a discovery cohort

(198 samples) (Fig. 1A and Supplemental Table. S1) and
a validate cohort (129 samples) [5]. Consensus clustering
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Fig. 1 Proteome-based molecular subtyping of cervical cancer (CC). (A) schematic illustration of the workflow, including tissue sample punching, sample
information annotation, batch design, and subsequent proteomic data analysis. (B) heatmap visualizing the expression profiles of significantly differ-
entially expressed proteins (DEPs) among the four CC subtypes. Six clusters of subtype-specific DEPs are highlighted with the top enriched pathways
(analyzed by Metascape) labeled alongside the corresponding proteins in each cluster. (C) cancer-specific overall survival (OS) curves of the four subtypes,
depicting changes in survival probability (y-axis) over time (x-axis). P-value is calculated by two-sided log rank test. (D) comparison of immune score and
stromal score among the four subtypes. Boxplots are constructed with the box representing the interquartile range (IQR, 25th to 75th percentiles), the
horizontal line inside the box indicating the median, and whiskers extending to data points within 1.5x IQR. (***p <0.001, **p < 0.01). (E) heatmap illustrat-
ing marker proteins across the four subtypes, with annotations of metabolism, cell cycle, immune/stromal signatures derived from global proteomics
data. (F) comparison of significantly enriched functions among the four subtypes. Boxplot construction follows the criteria described in (D). (***p <0.001,
**p<0.01). (G) heatmap illustrating cell-type compositions and pathway activities across the four subtypes. The upper section presents immune/stromal
signatures inferred by xCell; the lower section shows single-sample gene set enrichment analysis (ssGSEA) scores of upregulated biological pathways in
the four subtypes, based on global proteomics data. (H) multilabel immunofluorescence (MIF) staining of CC samples from the four CC subtypes. Antibod-
ies against CD8 (red), CD206 (green), CD68 (red), ACTA2 (green), FAP (red), CD31 (red) and CD105 (green) are used to quantify cell types in tissue sample of
the four subtypes. Scale bars, 50 mm. (I) comparison of cell-type abundance in CC samples across the four CC subtypes based on MIF profiling. Each dot

in boxplot represents one CC specimen. Boxplot construction follows the criteria described in (D). (***p <0.001, **p <0.01)

of 198 samples based on 486 survival-related proteins
(Fig. 1A-B) identified four subtypes (Fig. 1B and Supple-
mental Table. 1). Survival analysis revealed a significant
association between these proteomic subtypes and prog-
nosis (Fig. 1C). CC-IV was characterized by advanced
clinical stage, and a higher proportion of squamous cell
carcinoma (Fig. 2A-B). The four subtypes were further
verified in an independent cohort [4], confirming the reli-
ability of the classification (Figure. S1A-B and Figure. S4).

Subtype-specific functional analysis revealed distinct
differences among the four subtypes (Fig. 1D-E). Gene
Set Variation Analysis showed that immune-related path-
ways were highly enriched in CC-I and CC-1V; metabo-
lism-related pathways in CC-II and CC-III; and cell cycle,
DNA repair, and p53 pathways specifically in CC-1V (Fig-
ure. S5A-B). We then explored the functional differences
between CC-I and CC-IV (Figure. S6A-C and Supple-
mental Table. S3). Up-regulated proteins in CC-IV were
associated with mismatch repair, p53 signaling, and cell
cycle, whereas cell adhesion molecules, focal adhesion,
and apical junction were highly enriched in CC-I (Figure.
S6B-C). CC-III and CC-IV represented two distinct sub-
types (Fig. 1D—E and Supplemental Table. S4). Compara-
tive analysis (Figure. S6D-F and Supplemental Table. S5)
showed that CC-III was associated with high enrichment
of metabolism-related pathways, ECM receptor interac-
tion, and focal adhesion, while CC-IV was enriched in
cell cycle, and immune-related pathway signaling path-
ways (Fig. 1E-F). Notably, CC-IV also exhibited high
enrichment of P53 signaling, hypoxia, and angiogenesis
(Figure. S6D-F). Screening of transcription factors (TFs)
activity can enhance our understanding of CC hetero-
geneity. We evaluated inferred TFs activities and their
targets at the proteomic level and identified the master
TFs in each subtype: ZEB1/2 dominated in CC-III, while
E2F8, TFDP1, and MCM2 were dominant in CC-IV
(Figure. S7A-B). Functional analysis based on TFs also
revealed consistent characteristics with proteomic pro-
files (Figure. S7C).

To systematically characterize the tumor microenvi-
ronment (TME) across the four subtypes, we analyzed
the distribution of major tumor-infiltrating immune
cells. CC-I and CC-IV were associated with high levels
of CD4+T cell, Th1 cells, Mast cell and B cells (Fig. 1G).
ssGSEA showed that CC-I and CC-IV had high enrich-
ment of immune-related signaling pathways (Fig. 1G).
The expressions of immune molecules were up-regu-
lated in CC-I and CC-IV (Figure. S8A-B). The infiltra-
tion of immune and mesenchymal cells was validated by
multilabel immuno-fluorescence (MIF) staining. CC-I
and CC-IV subtypes were enriched with macrophages
and CD8 T cells, while CC-II and CC-III subtypes were
enriched with endothelial cells and fibroblasts (Fig. 1H-
I). We thus hypothesized that both CC-I and CC-IV have
an active TME and may benefit from immunotherapy,
which may be attributed to immune dysfunction driven
by T-cell exhaustion, immunosuppressive cell domi-
nance, and tumor cell-intrinsic resistance, forming a non-
functional “inflamed” TME [6, 7].

Focusing on the CC-IV, we investigated the thera-
peutic potential of targeting the cell cycle. First, we
observed that a series of cell cycle-related proteins were
highly expressed in CC-IV (Fig. 2A). Among these, high
expressions of CDK4 and CDK6 were associated with
poor prognosis (Fig. 2B). TCGA confirmed that high
CDK6 correlated with unfavorable survival (Fig. 2C).
Immunohistochemical analysis revealed that high CDK4
and CDK6 expressions were associated with poor OS
(Fig. 2D). We then established patient-derived organ-
oids (PDOs) from fresh tumor tissues with high or
low CDK4/6 expression (Fig. 2E). Compared with the
CDK4/6°" PDOs, palbociclib significantly inhibited the
growth of CDK4/6"8" PDOs at a concentration of 5uM
(Fig. 2F). Drug sensitivity analysis showed that the half
maximal inhibitory concentration (IC50) of palboci-
clib was higher in CDK4/6"°Y PDOs (21.35 uM) than in
CDK4/6"8" PDOs (IC50 =7.47 uM) (Fig. 2G), suggesting
that CC with high cell cycle activity may be sensitive to
palbociclib.
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Fig. 2 (See legend on next page.)

In addition, we identified other potential subtype-spe-
cific therapeutic targets by screening solid tumor drug
targets from the DrugBank database [5]. 119 quantifi-
able drug targets with significant abundance differences
among the four subtypes were identified (Fig. 2H and
Supplemental Table. S6). For example, DNA damage
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repair-related targets were highly expression in CC-IV,
suggesting the potential value of Olaparib and Prexaser-
tib [8, 9]. The high kinase activity of EGFR and MAP2K1
in CC-IV, suggested that combination therapy targeting
EGFR and mTOR pathways may be a more effective for
CC-1V (Fig. 2I). We also identified ten potential targets
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Fig. 2 Potential drug targets across the four subtypes. (A) comparison of cell cycle-related marker protein expression among the four subtypes. (B) as-
sociation of CDK4 and CDK6 expression with patient survival in the proteomic cohort. P-value is calculated by two-sided log rank test. (C) association
of CDK4 and CDK6 expression with patient survival in the cancer Genome Atlas (TCGA) cohort. P-value is calculated by two-sided log rank test. (D) im-
munohistochemical analysis of CDK4 and CDK6 expression and its correlation with patient prognosis. (E) comparison of cell counts between CDK4/6Me"
and CDK4/6'°%. ***p < 0.001. P-value is calculated by two-sided log rank test. (F) Bright-field images and cell viability of patient-derived organoids (PDOs)
from CC-IV subtype treated with palbociclib. ***p < 0.001. Data are presented as mean + standard deviation (SD). Statistical analysis was performed using
two-way ANOVA followed by Benjamini-Hochberg corrected post-hoc tests. Scale bar, 200 um. (G) half-maximal inhibitory concentration (IC50) of pal-
bociclib in PDOs. ***p <0.001. Data are presented as mean + SD. Statistical analysis follows the criteria described in (F). (H) heatmap illustrating potential
drug targets across the four subtypes, with each row representing a drug-targeting protein. The color gradient indicates the abundance of drug-targeting
proteins. (1) differences in kinase activity of drug targets among four subtypes. Boxplot construction follows the criteria described in Fig. 1D. (***p <0.001,

**p<0.01, *p<0.05). (J) schematic summary of the characteristics of the four CC subtypes

of immunotherapy in CC (Figure. S9A-B) [10]. These
molecules provided a biological basis for the synergistic
effects of palbociclib and immune checkpoint inhibitors,
especially in CC-IV.

Our findings established a proteome-based molecu-
lar classification of CC, which refined CC heterogeneity,
TME characterization, and identified potential therapeu-
tic targets for each subtype (Fig. 2J). We also conducted
in-depth research on the therapeutic effect of palbociclib
on CC-1V, highlighting its significant potential. A poten-
tial limitation of our study is the sample size. Future stud-
ies in large prospective cohorts are warranted to validate
the proteomic subtypes and evaluate the efficacy of pal-
bociclib in clinical trials.
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