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Cervical cancer is the fourth most common female cancer, with the uterine
ectocervix being the most commonly affected site. However, cervical stem
cells, their differentiation, and their regulation remain poorly understood.
Here, we report the isolation of a population enriched for human cervical stem
cells and their regulatory mechanisms. Using single-cell RNA sequencing, we
characterize the cellular heterogeneity of the human ectocervix and identify
cluster-specific cell surface markers. By establishing normal and precancerous
cervical organoids and an intralingual transplantation system, we show that
ITGB4 and CD24 enable enrichment of human and murine ectocervical stem
cells. We discover that Lactobacilli-derived lactic acid regulates cervical stem
cells’ self-renewal and early tumorigenesis through the PI3K-AKT pathway and
YAPL. Finally, we show that D-lactic acid suppresses growth of normal and
precancerous organoids, while L-lactic acid does not. Our findings reveal roles
of human cervical stem cells and microbial metabolites in cervical health and
diseases.

With an estimated incidence of more than 600,000 cases per year
worldwide'?, cervical cancer is the fourth most common cancer in
women. Infection with high-risk human papillomavirus (HPV) strains
such as HPV16 and HPV18 is a well-known inducer of malignant
transformation of cervical epithelial cells’, and encouragingly, wide-
spread HPV vaccination has decreased cervical cancer incidence over
the past decade. More than 70% of cervical cancers are squamous cell

carcinoma (SCC), most of which develop in the ectocervix and pro-
gress through premalignant stages of low grade squamous intrae-
pithelial lesion (LSIL) and high-grade squamous intraepithelial lesion
(HSIL) into cervical cancer*.

In addition to HPV, the microbiota in the cervicovaginal tract can
regulate the integrity of the cervix and its carcinogenesis. Higher levels
of Lactobacilli seem to be protective against HPV infection®, while
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higher vaginal microbial diversity is associated with HPV infection and
cervical cancer®’. Previously, we found that Lactobacilli were more
abundant in the vaginas of healthy control women than in the pre-
malignant cervix; in contrast, Streptococcus species were more abun-
dant in the vaginas of women with cervical cancers than those with
premalignant lesions®. Experimental studies showed that Lactobacillus
supernatant inhibits the cell proliferation of diverse cancer cells®'.
Tissue stem cells often serve as the cell of origin for cancers" ™, and
microbiota regulate tissue stem cells'". Therefore, microbiota may
control cancer development by regulating tissue stem cells, especially
in a tissue like the cervix where the microbiota is in close physical
contact with the tissue. However, the regulatory roles of the cervi-
covaginal microbiota in the self-renewal of cervical stem cells are not
well understood.

The human ectocervical epithelium is composed of stratified
squamous epithelium'®?. In the ectocervical epithelium, basal cells are
attached to the basal lamina and differentiate through parabasal cells
into superficial cells. These differentiated cells form the protective
epithelial barrier that directly interacts with microbial flora and
environmental toxins. Although basal cells are thought to include
cervical stem cells, the identity and cell surface markers to isolate
human cervical stem cells have not been reported. Recent studies
performed single-cell transcriptomic analyses of mouse cervical epi-
thelium and identified murine putative stem cell clusters'®", However,
it remains unclear whether these findings in mice translate to humans.
Also, other studies have recently established human cervical organoids
for the study of cervical stem cells, but did not identify the human
cervical stem cell population, and the efficiency of organoid genera-
tion still needs to be improved®?°. In addition to the role of cervical
stem cells in the tissue maintenance and regeneration, it is thought
that cervical stem cells are the target of HPV and that HPV infection
induces uncontrolled expansion of cervical stem cells, leading to cer-
vical cancer”?. Therefore, the identification of human cervical
stem cells and a deeper understanding of their regulatory mechanisms
and intercellular networks in the human cervix are crucial to build a
picture of how the cervical epithelium maintains its integrity and
guards against cervical cancer formation. Furthermore, the identifi-
cation of human cervical stem cells will help to uncover the role of
microbial commensals in supporting or altering cervical stem cell
activity.

Here, we report the identification of a population enriched for
human ectocervical stem cells and their regulatory mechanisms. We
performed single-cell RNA sequencing of the human ectocervical
epithelium and established human cervical normal and precancerous
organoids and a murine intralingual transplantation system as new
model systems to study human cervical tissue in vitro and in vivo,
which enabled us to enrich human ectocervical stem cells and identify
their differentiation trajectory. We further show that the PI3K-AKT
signaling pathway, YAP1, and lactic acid (LA) isomers produced by
commensal Lactobacilli differentially regulate the self-renewal and
differentiation of human ectocervical stem cells. Finally, we show the
distinct role of LA isomers in cervical stem cells and precancerous
progression.

Results

Establishment of human cervical organoids

In order to identify human cervical stem cells and their differentiation
trajectory, we first aimed to establish a human cervical organoid sys-
tem and an intralingual transplantation system, which can be used to
evaluate the self-renewal capability of cervical stem cells (Fig. 1a).
Organoids are stem cell-derived 3-dimensional structures resembling
the histology of their tissue of origin®>*. Organoid passaging mimics
the self-renewal of tissue stem cells. Previous studies, including
ours, employed organoids to identify human tissue stem cells
including tracheal and esophageal stem cells***, Moreover, organoids

can provide important model systems to study tissue (patho)
physiology in vitro and in high throughput without having to rely on
animal models that often struggle to recapitulate human-specific
biology.

To establish a human ectocervical organoid system with high
efficiency from dissociated single cells, we obtained tissue samples
from HPV-uninfected, thirteen patients with uterine myoma and nine
patients with adenomyosis who underwent hysterectomy. We iso-
lated the normal ectocervical epithelia and dissociated them into
single cells. Then, we tested a panel of media conditions to find an
optimal composition containing the minimal components necessary
to efficiently generate ectocervical organoids displaying a stratified
squamous epithelium-like histology. Addition or removal of diverse
factors starting from our basal squamous organoid culture media led
us to customize the ectocervical organoid culture media to maximize
organoid-forming efficiency both in number and size (Fig. 1b—d).
Addition of fibroblast growth factor 2 (FGF2), neuregulin 1 (NRG1),
nerve growth factor (NGF), and hepatocyte growth factor (HGF)
increased either the number or size of human ectocervical organoids,
while addition of epidermal growth factor (EGF) decreased the
number and size of organoids. On the other hand, R-spondin 1 or
FGF10 did not appear to have any significant effect. Under these
optimized media conditions, human ectocervical organoids grow and
reach a diameter of up to 500 um within 10-14 days (Supplementary
Fig. 1a). The organoid-forming efficiency reached about 40% (Fig. le),
and we achieved long-term culture and passaging over at least 12
passages and 6 months (Supplementary Fig. 1b). Recapitulating the
stratified squamous epithelium of the human ectocervix, our ecto-
cervical organoids exhibited a tissue organization resembling the
concentric rings of a tree (Fig. 1f, g). Our ectocervical organoids
expressed the basal markers KRT14 and NGFR in the outer rim, while
expressing the differentiated parabasal and suprabasal markers KRT1
and Loricrin in the internal layers (Fig. 1h, i). Of note, Ki67 was
detected in the outer rim of organoids, suggesting robust cell pro-
liferation at the periphery (basal layer) of the ectocervical organoids
(Fig. 1j and Supplementary Fig. 1c).

We also established human endocervical organoids (Fig. 1k, I). In
contrast to the human ectocervix, the human endocervix is lined by
the simple columnar epithelium. Thus, the endocervical organoids
displayed a cystic shape like other columnar epithelial organoids such
as bronchial organoids, while the ectocervical organoids displayed an
internally solid shape (Fig. 1k and Supplementary Fig. 1a). Ectocervical
and endocervical organoids preferentially expressed ectocervix- or
endocervix-specific genes TP63 and KRT7, respectively, at the protein
level and KRTI, KRTS, KRT13, KRT14, KRT15 (ectocervix), and PAXS,
MUCGCSB (endocervix) at the transcript level (Fig. Im and Supplementary
Fig. 1d, e).

These data indicate the successful establishment of highly effi-
cient human ectocervical organoids that recapitulate the human
ectocervical epithelium and reflect cervical stem cells’ activity.

Establishment of an intralingual transplantation system to
examine tissue reconstitution by stem cells and organoids
Next, we aimed to establish a transplantation system to demonstrate
in vivo self-renewal capability of stem cells and organoids and employ
this method to identify human cervical stem cells. Currently, subrenal
capsule transplantation in immunocompromised mice is widely used
to demonstrate tissue reconstitution by organoids or stem cells when
orthotopic implantation is not feasible. However, the kidney capsule is
fragile, and the invasive procedure requires substantial surgical skills.
Thus, we aimed to develop an easier and more broadly accessible
system for stem cell and organoid transplantation. We focused our
efforts on the mouse tongue, as it has sufficient blood flow and
potential to hold the implanted cells within a limited space, simplifying
subsequent identification.
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Therefore, we first implanted human cervical organoids into the
tongues of immunocompromised mice to test whether they can
regenerate ectocervical stratified squamous epithelium in vivo. We
removed Matrigel from the cervical organoids when their size reached
50-70 pm, mixed organoid-containing media with growth factor-
reduced Matrigel at a 1:1 ratio, and injected 50 pl into the muscular
portion of the tongue through the right antero-lateral side of the
tongues of 1-12 months old NOD/SCID/IL2Ry™" (NSG) mice (Fig. 2a, b).

Inflation of the tongues was obvious upon implantation. After 4 weeks,
regenerated tissues at the implanted sites were still visible (Fig. 2c),
and we identified stratified squamous epithelium-like structures within
the glossal muscles (Fig. 2d and Supplementary Fig. 2a). Regenerated
tissues express KRT14 and HLA-ABC, confirming that the stratified
squamous epithelium-like structures were derived from human ecto-
cervical organoids (Fig. 2e). We also asked whether ectocervical cells in
single-cell suspension could generate stratified squamous epithelium-
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Fig. 1| The establishment and optimization of long-term, three-dimensional
cultures of human ectocervical and endocervical organoids. a Schematic
representation of experimental design. Created in BioRender. Myeong, J. (2025)
https://BioRender.com/s27e866. b—d Optimization of organoid culture medium.
Representative bright-field organoid images of each indicated culture condition (b).
Relative numbers (c) and size (d) of organoids in each culture condition. All data in
c and d are collected from four biological replicates and presented as mean + SEM
(*p <0.05; *p<0.01; **p <0.001). P-values were calculated by two-tailed unpaired
Student’s t-test with the control. Source data and exact p-values are provided as a
Source Data file. e Organoid forming efficiency in our cervical organoid culture

medium. Mean + SEM of four biological replicates are shown. f H&E staining of
human ectocervical epithelium. g H&E staining of human ectocervical organoid.
h, i Immunofluorescence staining of human ectocervical epithelium (h) and orga-
noids (i). KRT14 and NGFR were used as markers for basal cells, and KRT1 and
Loricrin were used as markers for suprabasal cells. j Immunohistochemistry staining
of human ectocervical organoids for Ki67 (up) and isotype matched control (down).
k Representative bright-field images of endocervical organoids. I H&E staining of
human endocervical organoid. m, Inmunofluorescence staining of human ecto-
cervical and endocervical organoids. KRT7 was used as the marker for endocervical
columnar cells. Scale bars: 100 pum.
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Fig. 2 | Development of an intralingual transplantation approach for assessing
tissue reconstitution by organoids and stem cells. a Representative images
showing the implantation of human ectocervical organoids in murine tongue tis-
sue. b Representative gross appearance of the organoid-transplanted sites in the
murine tongues just after the implantation. ¢ Representative gross appearance of
the organoid-transplanted sites in the murine tongues at 4 weeks after implanta-
tion. d H&E staining of the human tissues regenerated from the cervical organoids
transplanted in the murine tongues displaying a stratified squamous epithelium
histology. e Inmunofluorescence staining of the human tissues regenerated from
cervical organoids with anti-HLA-ABC and anti-KRT14 antibodies. Note the human-

derived (HLA-ABC-positive), epithelial (KRT14-positive) tissues formed between the
murine tongue musculature. f H&E staining of the human tissues regenerated from
ectocervical single cells transplanted in murine tongues, displaying a stratified
squamous epithelium histology. g Immunofluorescence staining of the human
tissues regenerated from ectocervical single cells with anti-HLA-ABC and anti-
KRT14 antibodies. h Frequency of human ectocervical tissue regeneration from
human ectocervical organoids or single cells when transplanted inside immuno-
compromised murine tongues. Tongues were harvested at 3-4 weeks after trans-
plantation. Scale bars: 100 pm.

like structures upon intralingual transplantation and found that indeed
KRT14-positive and HLA-ABC-positive stratified squamous epithelium-
like structures were formed amidst the murine tongue musculature
upon injection of cells in single-cell suspension (Fig. 2f,g and Supple-
mentary Fig. 2b). Collectively, we detected stratified squamous

epithelium-like structures within the mouse glossal muscles from all 5
trials (Fig. 2h). These data indicate that our intralingual transplantation
system can be used to test the tissue reconstitution capability of
organoids and individual stem cells, providing a method that could be
generalized to other types of stem cells and organoids in future work.
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Fig. 3 | scRNA-seq analysis of the human ectocervical epithelium. a UMAP of
19,172 ectocervix tissue cells in 8 clusters. b Cell type annotation with red for
epithelial cells, green for endothelial cells, and blue for immune cells. ¢ Pie chart
indicating the proportion of cells belonging to each cluster. d Heatmap of top
highly-expressed genes in each cell type. The color scale represents distribution of
z-score -2 (purple) to 2 (yellow) with black denoting 0. e UMAP representation of
the epithelial compartment, 18,083 cells from the analysis in b. 5 epithelial cell
types are denoted in different colors. f Heatmap of top highly-expressed genes in
each epithelial cell type. The color scale is the same as in (d). g Feature plots of six
representative marker genes (KRT14 and TP63 for basal cells, MKI67 and CDC20 for
proliferative basal cells, and KRTI and SBSN for suprabasal cells) in each epithelial

cell type. h Volcano plot showing differentially-expressed genes between basal cells
and suprabasal cells. Genes upregulated in basal cells and suprabasal cells are
colored by blue and red, respectively. FC stands for fold change. Two-sided Fisher’s
exact test was employed using negative binomial dispersions. i Feature plot
showing that ITGB4 is expressed mainly in the basal cluster. j Violin plot comparing
the expression of ITGB4 in each cell cluster. k Histogram of flow cytometric ana-
lyses of ITGB4 differentially expressed in the basal cell clusters. I Feature plot
showing that CD24 is expressed mainly in the suprabasal cluster. m Violin plot
comparing the expression of CD24 in each cell cluster. n Histogram of flow cyto-
metric analyses of CD24 differentially expressed in the basal cell clusters.

Single-cell transcriptome profiling to characterize the cellular
heterogeneity of the human ectocervical epithelium

Building on our success establishing human cervical organoid and
intralingual transplantation systems to evaluate the self-renewal of
cervical stem cells, we sought to delineate the cellular heterogeneity of
the human ectocervical epithelium and identify the potential stem cell

subpopulation. After isolating the normal ectocervical epithelia and
dissociated them into single cells, we performed single-cell mRNA
sequencing (scRNA-seq) (Fig. 1a). After stringent cell filtration and
analysis, a total of 19,172 single cells were retained, classified into 8
clusters on Uniform Manifold Approximation and Projection (UMAP),
and annotated with 3 cell types based on the expression matrix of cell
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type-specific canonical marker genes (Fig. 3a, b). Epithelial cells
represented 94.32% of cells (18,083 cells) (Fig. 3¢). Immune cells and
endothelial cells constituted 5.52% (1058 cells) and 0.16% (30 cells),
respectively. Analysis of the differentially expressed genes (DEGs),
including upregulation of cell type-specific markers such as KRT1 and
S100A8 (epithelial cells), CCL5, and /IL32 (immune cells), and SELE and
CSF3 (endothelial cells), revealed a clear separation of each cell type
(Fig. 3d and Supplementary Fig. 3a). UMAP distribution of cell type
specific markers such as EPCAM (epithelial cells), PTPRC (immune
cells), PECAMI1 (endothelial cells), COLIAI (fibroblasts), and MSLN
(mesothelial cells) further supported the cell type annotation (Sup-
plementary Fig. 3b). Interestingly, we were not able to identify clusters
for fibroblasts or mesothelial cells, likely because we peeled off the
ectocervical epithelium from the left-over underlying tissues during
the isolation steps.

We performed an independent analysis of the epithelial cell
compartment to further characterize its heterogeneity. Re-clustering
using UMAP designated the epithelial cells into 5 transcriptionally
distinct epithelial subclusters, which were separately grouped in the
heat map based on the expression matrix of top ranked DEGs: basal
cells (KRTI15, KRTI9, and CXCL14), proliferating cells I and Il (TOP2A,
CENP-E, and MKI67), suprabasal cells | (MT1X), and suprabasal cells II
(S1I00A8, S100A9, and KRTDAP) (Fig. 3e, f and Supplementary Data 1).
This annotation was supported by UMAP plots showing the distribu-
tion of representative cell type-specific genes of basal (KRT14 and
TP63), proliferating (MKI167 and CDC20), and suprabasal cells (KRT1 and
SBSN) (Fig. 3g)*™%.

In the stratified squamous epithelium, tissue stem cells stay within
or close to the basal layer and differentiate upward to the suprabasal
layers® 2 To characterize distinct genetic programs between basal
cells and suprabasal cells, we compared the gene expression profiles of
the basal cell cluster with the suprabasal cell cluster. DEGs include
CXCL14, KRTI9, COL17A1, KRTIS, and DST, which are upregulated in
basal cells, and SI00A9, SIO0AS, KRT1, KRT6A, and KRT13, which are
upregulated in suprabasal cells (Fig. 3h and Supplementary Fig. 3¢, d).
We further analyzed cluster-specific cell surface markers that could be
potentially used to isolate the cervical stem cells and differentiated
cells. While ITGB4, BCAM, NGFR, and CD40 were upregulated in the
basal cluster, CD24, CD9, CD40, and CD55 were upregulated in the
suprabasal cluster (Fig. 3h—j, I, m and Supplementary Fig. 3e, f, h, i).
Among these cell surface markers, each of ITGB4 and CD24 most
clearly separated cervical epithelial cells into two distinct subpopula-
tions when analyzed by flow cytometry (Fig. 3k, n and Supplementary
Fig. 3g, j).

This analysis catalogs the cellular heterogeneity of the human
ectocervical epithelium and suggests potential cell surface markers
that could be used to identify and purify ectocervical stem and dif-
ferentiated cells.

Isolation of a population enriched for human cervical stem cells
We next aimed to assess whether ITGB4 and CD24, the two top can-
didate cell surface markers differentiating the basal and suprabasal cell
populations from our scRNA-seq analysis, can be used as specific cell
surface markers to enrich human cervical stem cells. To this end, we
first examined their in situ expression patterns in patient tissue sam-
ples. Immunostaining revealed overlay of ITGB4 with the basal marker
KRT14 but distinct localization from the suprabasal marker KRT1
(Fig. 4a and Supplementary Fig. 4a). In contrast, CD24 stained the
KRT1-positive suprabasal layer but did not stain the KRT14-positive
basal layer (Fig. 4a and Supplementary Fig. 4b). Consistently, ITGB4
and CD24 exclusively stained the KRTI14-positive outer and KRTI-
positive inner layers of human cervical organoids, respectively, sug-
gesting that these two markers can be employed to separate human
cervical stem cells and differentiated cells (Fig. 4b and Supplementary
Fig. 4c, d).

To test this, we dissociated human ectocervical epithelium into
single cells and stained for ITGB4 and CD24 prior to analyzing the cells
via flow cytometry. This analysis yielded three distinct subpopulations
depending on ITGB4 and CD24 expression: ITGB4'CD24",
ITGB4 CD24°, and ITGB4CD24" cells (Fig. 4c and Supplementary
Fig. 4e). Thus, we sorted these subpopulations and performed diverse
tests to identify which subpopulations are enriched for stem cells or
differentiated cells. First, we compared the gene expression of repre-
sentative basal and suprabasal markers. In other contexts, tissue stem
cellsin the stratified squamous epithelium have been shown to express
higher levels of basal markers but lower levels of suprabasal markers
than differentiated cells'®*'. In our gene expression analyses,
ITGB4°CD24 cells express the highest levels of basal markers 7P63 and
KRTI14 but the lowest levels of suprabasal markers KRT1 and KRT13 and
cycling genes CDC20 and MKI67, while ITGB4 CD24" cells express the
highest levels of KRT1 and KRTI13 but the lowest levels of TP63 and
KRTI14 (Fig. 4d-f).

Next, we performed cell cycle analysis. Most tissue stem cells have
a characteristically slow cell cycle, although the stem cells of some
tissues, like the intestine, are fast cycling”**. When we measured the
ratio of cells in S/G2/M phases, the percentage of ITGB4"'CD24 cells in
S/G2/M phases was ~2%, while -10% in ITGB4' CD24 and ITGB4 CD24"
subpopulations, suggesting that ITGB4°'CD24 cells are slow cycling
cells in the human ectocervical epithelium (Fig. 4g and Supplementary
Fig. 4f). We further compared the organoid-forming capability of each
subpopulation. The ITGB4°'CD24" subpopulation generated organoids
with the highest efficiency (-10% from sorted primary cells), 11-fold
more than the ITGB4 CD24" subpopulation that had minimal organoid-
generating capacity (Fig. 4h, i). Bulk-sorted cells and the ITGB4 CD24"
subpopulation generated organoids at an intermediate level.

Finally, we examined which subpopulations of cells have tissue
reconstitution capability in vivo, employing our intralingual trans-
plantation system. The ITGB4°'CD24  subpopulation consistently
regenerated multiple stratified squamous epithelium-like tissues from
as few as 300 cells, despite the mechanical stress from fluorescence-
activated cell sorting (FACS) and the different tissue microenviron-
ment, when transplanted into the tongues of NSG mice (Fig. 4j, k and
Supplementary Fig. 4g). We conclude that the ITGB4'CD24  cells
enrich for human ectocervical stem cells, whereas ITGB4 CD24" cells
represent mostly differentiated cells.

Our successful identification of a population enriched for human
ectocervical stem cells enabled us to explore their differentiation tra-
jectory. To this end, we employed two different analytical tools,
Slingshot and Monocle. Slingshot predicted the transition states of
individual cells and suggested that the basal cluster gives rise to
suprabasal cluster II through proliferating clusters (Fig. 4l). Con-
sistently, the density plot showed the basal cluster at the earliest time
point, followed in order by proliferating cluster | and suprabasal
cluster 1, proliferating cluster 1, and suprabasal cluster Il (Fig. 4m).
Analysis using Monocle indicated that the pseudotemporal trajectory
starts with the basal cluster, proceeds through proliferating I and
proliferating Il clusters, and ends with suprabasal I and suprabasal Il
clusters although it divulges into three branches (Fig. 4n). Both ana-
lyses support a model in which basal cells (cluster O) are the stem cells,
generating proliferating cells and suprabasal cells. Collectively, these
data show that ITGB4°CD24 cells identify and enrich human ecto-
cervical stem cells, which differentiate through ITGB4CD24 transit
amplifying cells to ITGB4 CD24" differentiated suprabasal
cells (Fig. 40).

HPV infection expands the transit amplifying cell subpopulation
High-risk HPV infection is a major oncogenic event leading to cer-
vical cancers. Although the role of viral genes such as E6 and E7 and
the cervical transformation process through LSIL and HSIL into
cervical cancers are well-known, the early effects of viral infection
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on the normal cervical epithelium are not well understood. Lever-
aging our identification of cell surface markers for cervical stem
cells, transit amplifying cells, and differentiated cells, we aimed to
investigate how HPV infection affects the cellular composition of
cervical epithelium. Therefore, we used flow cytometry to analyze
the cellular composition of cervical epithelia with apparently nor-
mal appearance from patients diagnosed with HSIL. Remarkably,

Transit . i
amplifying | = | Differentiated

50 52 54 56 cell cell

Component 1

>

CD24

ITGB4'CD24*

HPV-infected normal cervical epithelia contained higher propor-
tions of ITGB4'CD24 transit amplifying cells and lower proportions
of ITGB4CD24" differentiated cells than HPV-uninfected normal
cervical epithelia, with no difference in the proportions of
ITGB4'CD24 stem cells (Fig. 4p-s). These data reveal the early stage
effect of HPV infection in cervical epithelia, which causes expansion
of transit amplifying cells.
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Fig. 4 | Identification of the cervical cell subpopulation enriched for human
cervical stem cells. a Immunofluorescence staining of ITGB4 and CD24 in human
cervical epithelium. Scale bars: 100 pm. b Immunofluorescence staining of ITGB4
and CD24 in human cervical organoids. ¢ Flow cytometry analysis of primary
human cervical epithelial cells using ITGB4 and CD24. Expression of basal markers
(d), cell cycle genes (e), and suprabasal markers (f) in each subpopulation assessed
by qPCR (n = 3). g Cell cycle analysis of each subpopulation. The percentage of cells
in S/G2/M phases in each subpopulation was measured (n =5). Cervical organoids
generated from each subpopulation and bulk sorted cells. Representative bright-
field images (h) and number (i) of organoids (n =4). j Representative H&E staining
of the human stratified squamous epithelial tissues regenerated from each sub-
population of human ectocervical cells transplanted inside immunocompromised
murine tongues. k Frequency of human ectocervical tissue regeneration from each
subpopulation of cells. Transplanted murine tongues were harvested at 3-4 weeks

after transplantation. I Pseudo-temporal trajectory plot showing the order of cell
transitions at the cluster level. The black line starts at basal cluster and ends at
suprabasal cluster II. m Density dot plot showing the number of cells in each cluster
over time. n Single-cell trajectory reconstructed by Monocle for epithelial cells.

o Schematic model of human cervical stem cell differentiation. p Representative
flow cytometry analysis of primary HPV-infected human cervical epithelial cells
using ITGB4 and CD24. Comparison of the ratios of ITGB4'CD24 ™ (q), ITGB4 CD24~
(r), ITGB4°CD24" (s) cells between six HPV-infected and eleven HPV-uninfected
normal cervical epithelia. All data are collected from indicated biological replicates
and presented as mean + SEM (*p < 0.05; **p < 0.01; **p < 0.001). P-values were
calculated by one-way ANOVA with Tukey’s multiple comparison test (d-g, i) or
two-tailed unpaired Student’s t-test (q-s). Source data and exact p-values are
provided as a Source Data file. Scale bars: 100 um.

ITGB4 and CD24 also mark the cervical stem cell population

in mice

In some tissues such as tracheal epithelium, the same basal stem cell
markers are applicable to both human and mouse tissue”, while
human and murine esophageal stem cells have different cell surface
markers®. Therefore, we explored whether ITGB4 and CD24 can also
distinguish murine ectocervical stem cells and differentiated cells. We
first re-analyzed a public

ly available murine cervical scRNA-seq dataset (NCBI GEO GSE128987).
Subsetting and an independent analysis of the epithelial cells resulted
in 4 clusters of murine ectocervical epithelial cells: basal, proliferating,
early suprabasal, and late suprabasal cell clusters (Fig. 5a, b). This cell
type annotation is supported by UMAP plots showing the distribution
of representative cell type specific genes of basal (Krt15 and Trpé3),
proliferating (Mki67 and Cdc20), and suprabasal cells (KrtI and Sbsn)
(Fig. 5¢). Of note, ltgb4 is highly expressed in the basal cell cluster,
while Cd24 is highly expressed in the early suprabasal cell cluster
(Fig. 5d, e and Supplementary Fig. 5a, b). Furthermore, in murine cer-
vical epithelium, ITGB4 is exclusively expressed in the KRT5-positive
basal layer while CD24 is expressed in the LORICRIN-positive supra-
basal layer (Fig. 5f and Supplementary Fig. 5c), suggesting that murine
ectocervical stem and differentiated cells can be purified by the same
cell surface markers as human ectocervical stem and differentiated
cells: ITGB4 and CD24.

We next established murine ectocervical organoids. Ectocervical
cells were dissociated into single cells from 1-6 months old C57BL/6
female mice for organoid culture. Addition of R-spondin 1 and
removal of FGF2, NRG1, and NGF from our human ectocervical
organoid culture media allowed the culture of murine ectocervical
organoids. Our murine ectocervical organoids grew up to 400 pm in
diameter over 2 weeks (Fig. 5g and Supplementary Fig. 5d) and could
be passaged at least twice (Supplementary Fig. 5e). These organoids
displayed stratified squamous epithelium-like histology similar to
in vivo murine cervical epithelium (Fig. 5h, i and Supplementary
Fig. 5f) and expressed ITGB4 and CD24 genes in the same pattern as
we observed in the in vivo murine cervical epithelium (Supplemen-
tary Fig. 5g).

Thus, we analyzed murine ectocervical epithelial cells by flow
cytometry using antibodies for ITGB4 and CD24 to determine whe-
ther they separate the murine cervical epithelial cells into distinct
subpopulations. Indeed, ITGB4 and CD24 antibody staining divided
murine ectocervical epithelial cells into three subpopulations, just
like the human ectocervical epithelial cells (Fig. 5j and Supplemen-
tary Fig. 5h). Subsequent sorting and organoid culture led to orga-
noid formation from ITGB4'CD24 cells with the highest efficiency,
7-fold more than ITGB4 CD24" cells (Fig. 5k, 1), mirroring what we
previously observed with the analogous human cell subpopulations.
Taken together, these data show that ITGB4 and CD24 enrich for
ectocervical stem cells in both humans and mice, suggesting broader
species applicability.

PI3K-AKT pathway regulates the self-renewal of the human
cervical stem cells

To explore signaling pathways that regulate cervical stem cell function,
we analyzed our scRNA-seq data to identify pathways or genes enri-
ched in ectocervical basal cells compared to suprabasal cells. Gene set
enrichment analysis (GSEA) revealed unique transcriptional features
and enriched pathways relevant to differentiation status (Fig. 6a, b and
Supplementary Fig. 6a-d). For example, gene sets for epithelial
mesenchymal transition and DNA repair were significantly enriched in
the basal cluster, while gene sets for keratinization, tight junction
interactions, cell-cell junction organization, and gap junction traffick-
ing and regulation were enriched in the suprabasal clusters. Of note,
GSEA of gene ontology (GO) biological process (BP) showed that the
phosphoinositide 3-kinase (PI3K) signaling pathway is a gene set
enriched in basal cells (Fig. 6a, b). The PI3K-AKT signaling pathway has
been shown to regulate the quiescence and activation of various epi-
thelial stem cells, including intestinal, prostate, and bronchioalveolar
stem cells** .

Therefore, we further investigated whether the PI3K-AKT pathway
also regulates the self-renewal of cervical stem cells. We first examined
expression of phospho-AKT1 (pAKT1) in human cervical epithelium
and organoids. We detected pAKT1 expression in the basal and lower
parabasal layers but not in the suprabasal layers (Fig. 6¢ and Supple-
mentary Fig. 6e). Consistently, pAKT1 was expressed in the outer layer
of cervical organoids where basal cells are located (Fig. 6d and Sup-
plementary Fig. 6f). In addition, expression of the PI3K-AKT pathway
genes was significantly higher in the ITGB4°CD24 human stem cell
subpopulation than ITGB4CD24 transit amplifying cell and
ITGB4'CD24" differentiated cell subpopulations (Fig. 6e). These data
indicate that the activity of the PI3K-AKT pathway is more robust in
basal cells than in other cell subpopulations, suggesting that the PI3K-
AKT signaling pathway regulates self-renewal of human cervical
stem cells.

To directly test this possibility, we interrogated whether mod-
ulation of the PI3K-AKT pathway affects cervical organoid formation.
Indeed, treatment with a PI3K-AKT signaling pathway inhibitor,
LY294002, reduced cervical organoid formation (Fig. 6f, g). Con-
versely, a PI3K-AKT pathway activator, YS-49, increased cervical
organoid formation (Supplementary Fig. 6g, h). These data indicate
that the PI3K-AKT pathway regulates cervical stem cell self-renewal.

To gain insight into the global transcriptional response elicited by
the inhibition of the PI3K-AKT pathway, we performed bulk RNA
sequencing on control and LY294002-treated cervical cells. Unsu-
pervised hierarchical clustering showed clear separation between
control and LY294002-treated cervical cells (Fig. 6h). 774 out of 10,826
genes in our dataset were differentially regulated by LY294002 treat-
ment (Fig. 6i, j). GSEA for Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways revealed that LY294002 treatment significantly
depleted gene sets involved in metabolism and cell-extracellular
matrix interaction, such as PPAR signaling pathway and focal adhesion
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Fig. 5 | ITGB4 and CD24 can be used across species to purify mouse ecto-
cervical stem cells. a Dot plot showing the expression of the representative basal
and suprabasal genes from previously published murine cervical scRNA-seq
dataset (NCBI GEO GSE128987). b UMAP of epithelial cell clusters from murine
cervical scRNA-seq dataset. ¢ Feature plots showing six representative marker
genes (Krt15 and Trp63 for basal cells, Mki67 and Cdc20 for proliferative basal cells,
and KrtI and Sbsn for suprabasal cells) in each epithelial cell type. d Violin plot
comparing the expression of /tgb4 in each cell cluster. e Violin plot comparing the
expression of Cd24 in each cell cluster. f Inmunofluorescence staining of ITGB4
and CD24 in murine cervical epithelium. g Representative bright-field image of
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murine ectocervical organoids. h H&E staining of murine cervical epithelium. i H&E
staining of murine ectocervical organoids. j Flow cytometric analysis of murine
ectocervical epithelium by CD104 and CD24. k, I Cervical organoids generated
from each subpopulation. Representative bright-field images (k) and relative
numbers (I) of organoids when organoid numbers of ITGB4°CD24" cells were set to
100. Data are collected from 3 biological replicates and presented as mean + SEM
(*p <0.05; *p < 0.01). P-values were calculated by one-way ANOVA with Tukey’s
multiple comparison test. Source data and exact p-values are provided as a Source
Data file. Scale bars: 100 pm.

(Fig. 6k, m). Conversely, LY294002 treatment significantly enriched
gene sets involved in the cell cycle such as DNA replication (Fig. 61, m).
GSEA for oncogenic signature showed a significant enrichment of gene
sets such as KRAS lung up and PTEN down in control cells compared to

LY294002-treated cells, confirming the inhibition of the PI3K-AKT
pathway by LY294002 treatment (Supplementary Fig. 6i, j).

Finally, as an orthogonal measure, we tested the effect of
genetic interruption of the PI3K-AKT pathway on cervical organoid
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formation. Silencing of AKTI and AKT2 reduced cervical organoid
formation (Fig. 6n-p). In contrast, silencing of phosphatase and
tensin homolog (PTEN) increased cervical organoid formation
(Supplementary Fig. 6k-m), consistent with the data from phar-
macologic inhibition and activation of the PI3K-AKT pathway. Taken
together, our data indicate that the PI3K-AKT signaling pathway
regulates the self-renewal and differentiation of human cervical
stem cells.

Relative organoid number

Network analyses reveal key intercellular interactions in human
ectocervix

We next investigated the intercellular network among different cell
types in the human ectocervix. To this end, we first analyzed our
scRNA-seq data with the CellChat R package, which predicts receptor-
ligand interactions based on gene expression profiles across different
cell clusters. Intriguingly, we found that endothelial cells exhibited the
highest number and strength of interactions with other cell types

Nature Communications | (2025)16:2327

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57323-6

Fig. 6 | PI3K-AKT signaling pathway regulates the self-renewal of human cer-
vical stem cells. a GSEA bar graph representing the top-ranked GO biological
process gene sets enriched in basal cells. Two-sided Fisher’s exact test was
employed using negative binomial dispersions. b GSEA enrichment plot showing
that PI3K pathway-related gene sets are enriched in basal cells compared to
suprabasal or proliferating cells. ¢ Immunofluorescence staining of phosphoAKT1
in human ectocervical epithelium. Scale bars: 100 pm. d Immunofluorescence
staining of phosphoAKT1 in human ectocervical organoids. e Relative gene
expression of genes in the PI3K-AKT pathway (n =3). f, g The effect of a PI3K-AKT
pathway inhibitor, LY294002, on cervical organoid formation. Representative
bright-field images (f) and bar graph for relative numbers (g) of the cervical orga-
noids generated (n=3). h Heat map of control and LY294002-treated human
ectocervical organoids. i Venn diagram of DEGs between control and LY294002-
treated cervical cells. j Volcano plot showing DEGs in control and VP-treated

organoids. Running sum statistics with permutation test (n =1000) was employed.
k, 1 GSEA bar graph representing the top-ranked KEGG pathway gene sets enriched
in control cervical cells (k) compared to LY294002-treated cervical cells (I)

(p <0.05). m GSEA enrichment plots of representative differential gene sets from
bulk RNA-seq data. Two-sided Fisher’s exact test was employed using negative
binomial dispersions (k-m). n Expression of AKTI and AKT2 from control or AKTI-
or AKT2-silenced cervical cells assessed by qPCR (n=3). o, p The effect of AKT
silencing on cervical organoid formation. Representative bright-field images (o)
and bar graph for relative numbers (p) of cervical organoids (n =3). All data are
collected from 3 biological replicates and presented as mean + SEM (*p < 0.05;
**p < 0.01). P-values were calculated by one-way ANOVA with Tukey’s multiple
comparison test (e, g, n, p). Source data and exact p-values are provided as a Source
Data file.

(Supplementary Fig. 7a, b). Pathway rank analysis revealed the top-
ranked signals and pathways in the whole human ectocervix, most of
which are well-known cell signaling pathways in immune or endothelial
cells, such as CCL, PECAML, and VEGF (Supplementary Fig. 7c). The
top-scoring signal was CC chemokine ligands (CCL), which inter-
connects endothelial cells and immune cells (Supplementary
Fig. 3a and 7c, d). Focusing next on interactions within the epithelial
cell compartment, we found that Notch signals are highly ranked after
basal lamina-related signals such as desmosome and laminin (Sup-
plementary Fig. 7e). More detailed analysis suggested that the Notch
signal mediates communication between the proliferating type Il cells
and suprabasal type Il cells; JAG1 and NOTCH3 were predicted to be the
strongest ligand-receptor pair between those cell types (Supplemen-
tary Fig. 7f, g). We therefore examined whether Notch perturbation
elicits changes in cervical organoid formation and thus possibly cer-
vical epithelial integrity. Indeed, treatment with the Notch inhibitor
DAPT interferes with cervical organoid formation (Supplementary
Fig. 7h, i). Altogether, our analysis highlights key pathways mediating
intercellular interactions in the human ectocervix.

YAPI1 regulates the self-renewal of the human cervical stem cells
Our network analysis revealed that desmosome and laminin signals are
top-ranked intercellular signals within the epithelial compartment
(Supplementary Fig. 7e). Desmosomes are major intercellular adhesive
junctions between epithelial cells, and major pathways mediating
downstream desmosome signals include the RAS/RAF/MAPK pathway,
Hippo pathway, PI3K-AKT pathway, and Wnt/B-catenin pathway® %,
Laminins are one of the major components in the basement membrane
and interact with integrins or dystroglycans to relay their signals®***°. One
of the major functions of integrin is sensing and mediating the force,
rigidity, and ligands of the extracellular matrix, which regulates the
nuclear-cytoplasmic distribution of transcription regulators such as Yes-
associated protein 1 (YAPI), the effector of the Hippo signaling
pathway*.. In addition, the Hippo signaling pathway and YAP1 have been
shown to regulate the self-renewal and differentiation of diverse epi-
thelial stem cells, including intestinal, tracheal, esophageal, and epi-
dermal stem cells*™*, This led us to ask whether YAP1 and the Hippo
signaling pathway also regulate the self-renewal and differentiation of
cervical stem cells. We first investigated whether the genetic programs of
the Hippo signaling pathway and YAP1 are differentially expressed
between basal cells (containing the stem cell population) and suprabasal
cells. In our scRNA-seq data analysis, the Hippo signaling pathway
enrichment score was significantly lower in the basal cell cluster than
suprabasal cell cluster, while the YAP downstream gene enrichment
score was significantly higher in the basal cell cluster (Supplementary
Fig. 7j,k). Also, the expression of most of the 20 representative YAP1
target genes*® was higher in the basal cell cluster (Supplementary Fig. 71).
Consistently, immunostaining disclosed that nuclear YAP1 expression
was detected only at the basal layer and lower parabasal layers (Sup-
plementary Fig. 8a). YAP1 was expressed in the outer layer of ectocervical

organoids where the basal cells are located (Supplementary Fig. 8b).
Also, gene expression of YAPI and its target genes, FSTLI and CYR61, was
significantly higher in the ITGB4°'CD24 human stem cell subpopulation
than ITGB4 CD24  transit amplifying cell and ITGB4 CD24" differentiated
cell subpopulations (Supplementary Fig. 8c). These data indicate that the
expression and activity of YAP1 are higher in stem cells than in transit
amplifying cells and differentiated cells, suggesting that YAP1 plays
important roles in the self-renewal of human cervical stem cells.

Primary organoid formation and secondary organoid formation
after passaging are a readout of the self-renewal capacity of stem
cells??, Therefore, we aimed to experimentally demonstrate the role
of YAP1 in cervical stem cells using organoids. Indeed, treatment with
verteporfin (VP), a YAP1 inhibitor, decreased not only primary ecto-
cervical organoid formation but also secondary organoid formation,
indicating that YAP1 regulates cervical stem cell self-renewal (Supple-
mentary Fig. 8d-g).

To determine the global transcriptional response induced by YAP1
inhibition, we performed bulk RNA sequencing on these VP-treated
and control organoids. As expected, unsupervised hierarchical clus-
tering showed clear separation between control and VP-treated cer-
vical organoids (Supplementary Fig. 8h). 736 out of 13,356 genes in our
dataset were differentially regulated by VP treatment (Supplementary
Fig. 8, j). GSEA for GO:BP demonstrated a significant enrichment of the
gene sets involved in the cell cycle progression such as tRNA proces-
sing, DNA replication initiation, and cell cycle DNA replication in VP-
treated group (Supplementary Fig. 8k, m). Conversely, gene sets
involved in the interaction between stem cell and stem cell niche such
as basement membrane organization and extracellular matrix assem-
bly were significantly depleted in VP-treated group (Supplementary
Fig. 81, m). Given that stem cells detach from the basement membrane
and begin cell cycle progression for differentiation in the stratified
squamous epithelium, these data further support that YAP1 inhibition
induces stem cell differentiation.

Finally, we examined the effect of YAPI genetic silencing on cer-
vical organoid formation (Supplementary Fig. 8n). Consistent with the
pharmacological inhibition with VP, genetic silencing of YAPI using
siRNA significantly decreased cervical organoid formation, suggesting
areduction in stem cell activity (Supplementary Fig. 8o, p). Altogether,
these data indicate that YAP1 regulates the self-renewal and differ-
entiation of human ectocervical stem cells.

A Lactobacillus metabolite regulates the self-renewal of human
cervical stem cells

We next aimed to explore the stem cell-extrinsic regulatory factors in
the human ectocervix. Normal and pathogenic microflora are known to
modulate tissue integrity and disease pathogenesis by direct contact or
through microbially-produced metabolites”’. In the human cervi-
covaginal tract, the most common bacterial constituent of the local
microbiota is Lactobacillus, with L. crispatus and L. gasseri being par-
ticularly abundant species*®. Previous studies including ours suggest a
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protective effect of Lactobacillus or their isolated metabolites against
cervical cancers®™, but it remains unclear which cervical cell type
receives and processes these extrinsic signals to mediate that effect.
We hypothesized that the effect of Lactobacillus on cervical can-
cer could act through cervical stem cells, and so we first examined its
role in their self-renewal and differentiation. Since the basal cells reside
underneath multiple layers of parabasal and suprabasal cells, we

(Fig. 7a, b

reasoned that Lactobacillus would likely communicate with stem cells
mainly through secreted metabolites rather than direct cellular con-
tact. Thus, we examined the effect of L. crispatus cell free supernatant
(CFS) and L.
the formation of ectocervical organoids was significantly decreased by
the addition of L. crispatus CFS or L. gasseri CFS compared to control

gasseri CFS on cervical organoid formation. Surprisingly,

and Supplementary Fig. 9a, b). In order to identify the
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Fig. 7 | A Lactobacillus metabolite regulates human cervical stem cell self-
renewal. a, b The effect of L. crispatus CFS on human ectocervical organoid for-
mation. Representative bright-field images (a) and bar graph for relative numbers
(b) (n=23). c Partial least squares-discriminant analysis of metabolites. d Volcano
plot showing differential metabolites between control and L. crispatus CFS. e Box
plot of metabolites more abundant in L. crispatus CFS. The center line represents
the median with the box spanning the interquartile range (IQR) and the whiskers
1.5 x IQR. Statistically significant metabolites (log2 FC > 1.0, FDR adjusted

p-value < 0.05) are labeled, with p-value calculated using the two-tailed unpaired
Wilcoxon rank-sum test (d, e) (n=23). f, g The effect of LA on primary organoid
formation. Representative bright-field images (f) and bar graph for relative num-
bers (g) (n=4). h, i The effect of LA on secondary organoid formation. Repre-
sentative bright-field images (h) and bar graph for relative numbers (i) (n = 3). j Heat
map of gene expression in HCI- or LA-treated ectocervical organoids. k Venn

diagram of DEGs by LA treatment. Most (I) and additionally (m) enriched GO:BP
gene sets in LA-treated organoids (p < 0.05). n Representative enrichment plots for
gene sets highly enriched in LA-treated organoids. Two-sided Fisher’s exact test was
employed using negative binomial dispersions (I-n). o Additional enriched onco-
genic signatures of a set of downregulated genes by YAP overexpression*’ in
LA-treated organoids. p Additional enriched oncogenic signatures of a set of
upregulated genes by PTEN in LA-treated organoids. q, r Relative gene expression
of YAP1 target genes (q) and the PI3K-AKT pathway genes (r) of control and
LA-treated cervical cells (n = 3). The effect of LA treatment and E6E7 overexpression
on cervical organoid formation. Representative bright-field images (s) and bar
graph for relative numbers (t) (n=3). Data are collected from indicated biological
replicates and presented as mean + SEM (*p < 0.05; **p < 0.01; ***p < 0.001). P-values
were calculated by two-tailed unpaired Student’s t-test (b, g, i, q, r, t). Source data
and exact p-values are provided as a Source Data file.

metabolites responsible for this effect, we performed quadrupole time
of flight liquid chromatography mass spectrometry (QTOF-LCMS) of
control MRS media and L. crispatus CFS. LA was the top enriched
metabolite in the L. crispatus CFS (Fig. 7c-e), with an orthogonal
measurement of lactate levels confirming a 60-fold enrichment of
lactate in L. crispatus CFS (Supplementary Fig. 9c). Strikingly, treat-
ment with LA alone decreased both primary and secondary cervical
organoid formation, suggesting that LA derived from local resident
Lactobacilli is sufficient to suppress the self-renewal of human cervical
stem cells (Fig. 7f-i).

To gain insight into the global transcriptomic effect induced by LA
in cervical stem cells, we performed bulk RNA sequencing of human
ectocervical organoids treated with either control media or LA-
supplemented media, both at pH 6.5. Unsupervised hierarchical clus-
tering revealed clear separation between control and LA-treated cer-
vical organoids (Fig. 7j and Supplementary Fig. 9d, e). LA treatment
differentially regulated the expression of 1153 out of 12,532 genes
(Fig. 7k). In GSEA for GO:BP, gene sets of encapsulating structure
organization and endodermal cell differentiation were enriched in LA-
treated organoids, while gene sets of keratinization and neutrophil
chemotaxis were depleted in LA-treated organoids (Fig. 7I, n and
Supplementary Fig. 9f, g). Additional analysis showed that LA treat-
ment induced the enrichment of genes involved in the gene sets of
positive regulation of epidermal cell differentiation, epithelial cell
morphogenesis, stem cell differentiation, and columnar cuboidal epi-
thelial cell differentiation, further indicating that LA treatment pro-
motes cervical stem cell differentiation (Fig. 7m,n and Supplementary
Fig. 9g). Of note, LA treatment led to a significant enrichment of the
YAP1 down gene set*’, consistent with the role of YAP1 in cervical stem
cells in Supplementary Fig. 8 (Fig. 70 and Supplementary Fig. 9g). LA
treatment also led to significant enrichment of PTEN up gene set,
consistent with the role of the PI3K-AKT pathway in cervical stem cells
in Fig. 6 and Supplementary Fig. 6 (Fig. 7p and Supplementary Fig. 9g).
Indeed, LA treatment reduced the expression of YAP1 target genes and
PI3K-AKT pathway genes (Fig. 7q, r), indicating that LA secreted by
Lactobacilli species regulates human cervical stem cells through YAP1
and the PI3K-AKT pathway.

Aberrant expansion of tissue stem cells often precedes malignant
transformation”. Because LA decreases cervical organoid formation
and promotes cervical stem cell differentiation, we asked whether LA
can interfere with cervical carcinogenesis. A recent study reported that
overexpression of HPV16 E6 and E7 proteins increased the number and
size of cervical organoids™. We therefore examined whether LA could
counteract the effect of overexpression of HPV E6 and E7 in cervical
organoid formation. Indeed, the increasing effect of cervical organoid
number by HPV E6 and E7 overexpression was inhibited by LA treat-
ment (Fig. 7s, t and Supplementary Fig. Sh).

Taken together, our data indicate that LA, a Lactobacillus meta-
bolite, inhibits self-renewal and promotes differentiation of human
cervical stem cells, suggesting that this is one of the ways that

Lactobacillus colonization of the cervicovaginal tract can be protective
against cervical cancer.

Establishment of human cervical precancerous organoids
Given our finding that LA treatment counteracts the effect of HPV E6
and E7 overexpression, we next asked whether LA has also an inhibi-
tory effect in precancerous lesions and cervical cancers. To this end,
we developed cervical precancerous (HSIL) organoid system. From
punch biopsies of HSIL samples from nine patients infected by HPV16
or HPV33, we established HSIL organoids, which grew over two weeks,
reaching up to 300 um in diameter (Fig. 8a). The efficiency of primary
HSIL organoid formation was 3.3% (Fig. 8b). HSIL organoids were
maintained and passaged over at least 6 passages and 3 months
(Supplementary Fig. 10a). Since long-term culture and passaging can
induce genetic and molecular changes in organoids compared to their
original biopsy sample, we used organoids within the third passage for
the subsequent experiments.

To analyze the mutational landscape of HSIL samples, we per-
formed whole-exome sequencing (WES) for three precancerous cer-
vical lesions. Since the amount of tissue is too limited to perform both
WES and organoid culture, we cultured for organoids for the first two
HSIL samples, then performed WES on two HSIL primary or the first
passaged organoids (CK-HSIL-1 and CK-HSIL-2) and one HSIL tissue
sample (CK-HSIL-3) (Fig. 8c). We identified 7156 somatic variants,
including 3517 missense, 655 non-frameshift, 221 frameshift, 74 non-
sense, and 2689 others (start loss, stop loss, stop gain, synonymous,
and unknown). Since we could not obtain matched normal tissues or
blood from the first two samples, we used a reference set that include
the 65 most highly mutated SCC genes defined in COSMIC, MCG (My
Cancer Genome), and a previous study based on 115 cervical
carcinoma-normal paired samples®™. 23 overlapping variants were
identified and covered 20 genes out of 65 referred genes. Among these
genes, we note FATI and KMT2A, which are frequently mutated in many
types of cancers, including cervical cancers®>,

We further investigated mutational signatures in terms of single
base substitution (SBS) and doublet base substitution (DBS) patterns
using SigProfilerExtractor, which provides ratios of mutation sig-
natures defined in COSMIC. In total, 9 SBS and 2 DBS types were
identified from 67 SBS and 19 DBS signature types, respectively. The
SBS signature shared by all three samples was SBS5, which is related to
aging (Supplementary Fig. 10b). CK-HSIL-1 and CK-HSIL-2 shared the
SBSI signature, which is strongly associated with spontaneous dea-
mination of 5-methylcytosine and aging’. Although these two sig-
natures are detected in most types of cancers, SBS1 and
SBSS5 signatures show higher linkage with cervical cancers than other
types of cancers, according to the indications on COSMIC. CK-HSIL-2
presents the SBS30 signature, which occurs due to deficiency in base
excision repair (BER). BER deficiency is associated with high mutation
rates and high risk of cervical cancers”. In DBS signatures, all three
samples displayed DBS17, which is closely connected with
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Apolipoprotein B mRNA Editing Catalytic Polypeptide (APOBEC)-like
mutagenesis (Supplementary Fig. 10c). Polymorphism in APOBEC
genes frequently leads to oncogenic pathogenesis in cervical cancer™,
Taken together, these data indicate that HSILs display some of the
mutational signatures frequently found in cervical cancers, which
could serve as potential biomarkers for cervical carcinogenesis.

We further characterized our HSIL organoids by H&E staining and
immunohistochemistry (IHC) staining. Unlike the normal ectocervical

Cervical tumorigenesis §

organoids, HSIL organoids displayed the dysplastic architecture of
human cervical HSIL and higher cellularity in the center than normal
cervical organoids (Figs. 1g and 8d, e), although both normal and HSIL
organoids are composed of squamous cells. HSIL organoids have
several features of SCCs, including anisocytosis, nuclear irregularity,
intercellular bridge, and keratin pearl. However, unlike SCCs, their
stratified features are conserved. IHC staining revealed that HSIL
organoids express P16, a surrogate marker of HPV infection. HSIL
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Fig. 8 | The establishment of long-term, three-dimensional cultures of human
cervical precancerous organoids and their utility. a Time course images of
human cervical precancerous HSIL organoids over 16 days. b Organoid-forming
efficiency of HSIL organoids in our cervical organoid culture medium (n=4).

¢ Somatic mutations called from the cervical HSIL lesions. Mutation profiles are
derived from organoids from primary HSIL cells or organoids within passage number
2. d H&E staining of human HSIL lesion. e H&E staining of human HSIL organoids.
Asterisk: anisocytosis. Arrowhead: intercellular bridge. Arrow: keratin pearl.

f Immunohistochemistry staining of human HSIL lesion. g Immunohistochemistry
staining of human HSIL organoids. h, i The effect of L. iners CFS on human normal
ectocervical organoid formation. Representative bright-field images (h) and bar
graph for relative numbers (i) of organoids (n =3). j, k, The effect of L. iners CFS on
human HSIL organoid formation. Representative bright-field images (j) and bar graph
for relative numbers (k) (n=4). The effect of lactate isomers on normal cervical

organoid formation. Representative bright-field images (I) and bar graph for relative
numbers (m) (n=4). The effect of lactate isomers on HSIL organoid formation.
Representative bright-field images (n) and bar graph for relative numbers (0) (n=4).
p The effect of lactate isomers on cell proliferation of HeLa cervical cancer cell line
(n=3). q, r, The effect of LY294002 on HSIL organoid formation. Representative
bright-field images (q) and bar graph for relative numbers (r) (n =3). s Model of
Lactobacilli metabolite in human cervical stem cells. Lactobacilli-derived lactate
regulates normal and precancerous stem cells in the human cervix and interferes
with HPV-induced tumorigenesis. Created in BioRender. Myeong, J. (2025) https://
BioRender.com/a50d432. All data are collected from indicated biological replicates
and presented as mean + SEM (*p < 0.05; *p < 0.01; **p < 0.001). P-values were cal-
culated by two-tailed unpaired Student’s t-test (I, k) or one-way ANOVA with Tukey’s
multiple comparison test (m, o, p, r). Source data and exact p-values are provided as a
Source Data file. All scale bars: 100 pm.

organoids also express the basal cell markers KRT14 and TP63, which
were sporadic and not restricted to the outer margin as SCCs are
(Fig. 8f, g and Supplementary Fig. 10d). These data indicate the suc-
cessful establishment of a human cervical HSIL organoid system that
recapitulates precancerous lesions of the human cervix.

Differential effect of lactate isomers in normal and pre-
cancerous cervical organoids

We showed above (Fig. 7a,b and Supplementary Fig. 9a,b) that CFS of
Lactobacilli species interferes with cervical organoid formation,
implicating a potential protective role against cervical tumorigenesis.
However, a recent study reported that L. iners is associated with worse
prognosis of cervical cancer patients and that lactate isomers display
differential effects in cervical SCC chemoresistance®. Another study
reported that as cervical cancers develop from the precancerous stage,
the ratio of L-LA in vaginal secretions is increased®. Of note, LA exists
in two isoforms, D(-)-lactic acid (D-LA) and L(+)-lactic acid (L-LA). L.
iners produces L-LA, while L. crispatus and L. gasseri produce D-LA.

Therefore, we hypothesized that L. iners has a cancer promoting
effect distinct from L. crispatus and L. gasseri and that LA isomers elicit
differential effects on cervical integrity and tumorigenesis. To test this
hypothesis, we examined the effect of L. iners CFS, employing both
normal cervical and HSIL organoids. Indeed, L. iners CFS enhanced the
formation of both normal cervical and HSIL organoids at the same pH
(Fig. 8h-k). We further examined the effect of each of D-LA. L-LA, and DL-
LA, the mixed form of D-LA and L-LA, in both normal cervical and HSIL
organoids. Remarkably, D-LA interfered with the formation of normal
cervical organoids, while DL-LA and L-LA did not (Fig. 8I, m). Similarly,
D-LA interfered with the formation of HSIL organoids, while DL-LA and
L-LA exerts no inhibitory effect (Fig. 8n, o). We further examined the
differential effects of LA isomers in cervical cancers, employing HelLa
and SiHa cervical cancer cell lines. Consistent with findings from normal
and HSIL organoids, D-LA inhibited proliferation of both cancer cell
lines, while L-LA did not (Fig. 8p and Supplementary Fig. 10e).

Taken together, these data demonstrate the utility of our HSIL
organoid system in cervical stem cell and cancer research. Further-
more, we find that Lactobacilli species and LA isomers have differential
roles in cervical stem cells and carcinogenesis, underscoring the need
for caution when considering Lactobacilli species and LA isomers for
regenerative medicine or cancer prevention.

Lastly, we explored the regulatory effect of the PI3K-AKT pathway
and YAP1 in HSIL organoids. LY294002 treatment dose-dependently
decreased HSIL organoid formation (Fig. 8q, r). VP treatment also
reduced HSIL organoid formation (Supplementary Fig. 10f, g). These
data indicate that the PI3K-AKT pathway and YAPI regulate the stem
cell self-renewal even in HSIL lesions.

Discussion
In this study, we report the identification and isolation of a population
enriched for human cervical stem cells (Fig. 40), by the establishment

of highly efficient systems for human ectocervical organoids and an
intralingual transplantation. Through single-cell transcriptomic ana-
lysis, we define the cell types of the human cervix and mapped their
differentiation trajectories and intercellular interactions. Moreover,
we show that commensal Lactobacillus-derived LA regulates the self-
renewal and differentiation of human cervical stem cells through the
PI3K-ATK signaling pathway and YAP1 (Fig. 8s). Finally, we established
cervical precancerous organoids and demonstrate differential effects
of Lactobacilli-derived lactate isomers in normal and precancerous
organoids. Our work provides foundational new systems and knowl-
edge that will enable a better understanding of human cervical biology
and pathophysiology.

Tissue stem cells maintain tissue integrity and often serve as the
cell of origin for cancers, but it can be difficult to map the stem cell
subpopulation in a given tissue. In the human cervix, the oncogenic
molecular mechanisms by which HPV transforms cervical cells are
relatively well understood, but the early-stage cellular and tissue-level
consequences of premalignant development remain unclear—partly
because of the lack of knowledge about cervical stem cells and their
differentiation trajectory. Here, we identified stem cells and mapped
their differentiation, gene expression, and regulation in the human
ectocervix, where most cervical cancers occur. Although a very recent
paper reported a single-cell transcriptomic analysis of the human
ectocervix, it focused on comparing the cellular and molecular dif-
ferences between normal and malignant tissues**®.. In contrast, we
asked a different set of fundamental questions: which cells are the
tissue stem cells of the human cervix?, how do they differentiate?, how
are they regulated?, and how does HPV infection affect their self-
renewal and differentiation?

We characterized cluster-specific molecular programs and dif-
ferential cell surface markers, functionally validating our ability to
enrich the stem cell subpopulation using the ITGB4 and CD24 cell
surface markers. The ITGB4°CD24 subpopulation constitutes ~30% of
the cervical epithelial cell population (Fig. 4c), and the organoid-
forming efficiency of bulk cervical epithelial cells is up to ~40% (Fig. 1e).
Considering that some of the transit amplifying cells are able to gen-
erate organoids (Fig. 4h,i)***>, our data suggest that ITGB4'CD24
cells are human cervical stem cells, which have in vivo self-renewal
capability. By identifying cell-surface markers that can be used to
isolate a population enriched for human cervical stem cells, we sub-
stantially advance previous work on human and murine cervical
organoids and stem cells. Also, our approach yields organoids at much
higher efficiency than in previous work’®*°. Our scRNA-seq data
delineate cell types and their developmental trajectory in detail, while
previous studies elucidated the differences among normal, pre-
cancerous, and cancer stages'®'***“!, Moreover, by analyzing using cell
surface markers for cervical stem cells, we show that HPV infection
expands ITGB4 CD24 transit amplifying cells, in contrast to previous
reports that cervical stem cells are the major target of HPV infection".
We speculate that HPV exerts its effect most effectively at the stage of
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transit amplifying cells by regulating cell cycle, likely through RB
destabilization, although it infects human cervical stem cells.

To evaluate in vivo regeneration capability of cervical stem cells
and organoids, we developed an intralingual transplantation method.
Although orthotopic injection of stem cells into their originating
organs is ideal for evaluating their capacity to regenerate tissue, it is
not always feasible in organs such as the esophagus and intestine due
to the high risk of puncture. Although subcutaneous transplantation is
sometimes used, it is difficult to identify regenerated normal tissues
afterward since loose subcutaneous space allows movement. Cur-
rently, subrenal capsule transplantation is widely used in these cases to
examine tissue reconstitution by stem cells?***%°, The kidney’s affluent
blood flow supports the survival and growth of transplanted stem cells,
and the renal capsule limits their movement?. However, the renal
capsule is very fragile, and it is technically challenging to surgically
implant stem cells or organoids underneath it. Our new method,
intralingual transplantation, provides the advantages of the renal
capsule system (blood flow and containment) with a much more
accessible and less technically challenging procedure. Indeed, we
demonstrate that human cervical stem cells and organoids trans-
planted into the tongues of immunocompromised mice regenerate
stratified squamous epithelium-like structures. We believe that the
intralingual transplantation technique will lower the technical hurdle
of subrenal capsule transplantation and ease the demonstration of
stem cells regenerative capacity in many contexts.

In addition, we established a precancerous cervical organoid
system. In our characterization, HSIL organoids display dysplastic but
still stratified histology and also express squamous genes, recapitu-
lating the HSIL lesion in vivo. Importantly, exome sequencing of HSIL
organoids detected somatic mutations of FATI, KMT2A, and NF1, but
not TP53; TP53 mutations are rarely detected in cervical cancers since
viral E6 protein mimics the effect of p53 mutations®>. We further show
experimental utility of HSIL organoids by testing the effects of LA
isomers, LY294002, and VP in HSIL organoid formation. Our pre-
cancerous 3D organoid system provides new experimental avenues for
cervical biology and can help to elucidate aspects of cervical carcino-
genesis in precancerous stages.

Previous studies have implicated the local microbiome and
pathogens in regulating cervical stem cells and cervical cancer
development. Lactobacilli inversely correlate with HPV infection
and malignant progression*®, while overexpression of HPV effector
proteins E6 and E7 can increase cervical organoid formation and
pathogenic Chlamydia infection enhances cell proliferation in cer-
vical organoids®. Importantly, our study extends these findings to
show that commensal Lactobacilli, the most common taxon in the
human cervicovaginal tract*, can regulate human cervical stem
cells through the production of lactic acid. Indeed, LA treatment
counteracts the increase in cervical organoid formation induced by
HPV E6 and E7 overexpression (Fig. 7s,t). Consistent with our data,
previous studies reported that L. crispatus culture supernatant
induces cell cycle arrest of diverse cancer cells’'*. Considering
that cervical stem cells are thought to be one of the major targets of
HPV infection and subsequently transform to malignant cells, Lac-
tobacilli could play an important preventive role against cervical
carcinogenesis by interfering with aberrant self-renewal of HPV-
infected cervical stem cells.

Importantly, our experiments with normal and precancerous
organoids show a differential effect of LA isomers. A recent study
reported that cancer-derived L. iners CFS and its major metabolite,
L-LA, but not D-LA, promote therapeutic resistance of cervical
cancer cells against irradiation or anticancer drugs and that cervical
cancer patients with L. iners have worse overall survival than
patients without it*. We found that D-LA reduces normal cervical
and HSIL organoids, while L-LA does not. Although our and previous

studies measured different outcomes of organoid formation or
therapeutic resistance, they are in accord on some important con-
clusions: (1) lactate isomers exert different effects; (2) only D-LA is
likely to protect the human cervix from cervical cancer; and 3) L-LA
is likely to aggravate cervical cancer. Further studies are required to
reveal the mechanisms by which lactate isomers exert these distinct
influences.

We characterized the regulatory networks in the human ecto-
cervix at multiple levels. By comparing the basal and suprabasal clus-
ters, we show that the PI3K-AKT pathway regulates cervical stem cells’
self-renewal and differentiation. We further delineated inter-cell type
and intra-epithelial signaling networks in the human ectocervix and
found that YAP1 regulates ectocervical stem cell self-renewal as a
downstream mediator of desmosomes and laminins. It appears that
YAP1 regulates stem cells of most surface epithelia, since YAP1 also
regulates epidermal, intestinal, esophageal, and tracheal stem
cells***8_ Notably, LA induces the gene sets of YAP1 down and PTEN
up, in addition to suppressing the expression of YAP target genes and
PI3K-AKT pathway genes (Fig. 7o-r and Supplementary Fig. 9g).
Therefore, we suggest a model in which commensal Lactobacilli reg-
ulate human cervical stem cells via the metabolite, LA, through YAP1
and the PI3K-AKT pathway (Fig. 8s). Furthermore, given that YAPI and
PIK3CA function as oncogenes while PTEN serves as a tumor sup-
pressor gene in many cancers®’?, we speculate that Lactobacilli can
prevent cervical carcinogenesis by interfering with YAP1 and the PI3K-
AKT signaling pathway, which could be explored in future work.

In summary, we report the development of highly efficient human
ectocervical normal and precancerous organoid culture systems and
an intralingual transplantation method. Employing these systems and
characterizing cellular heterogeneity from single-cell transcriptomic
analysis, we identified human cervical stem cells and explored their
regulatory mechanisms via the PI3K pathway, YAP1, and Lactobacillus-
produced LA isomers.

Methods

Human materials for organoid culture

All experiments using human materials were approved by the internal
review boards of DGIST and Chilgok Kyungpook National University
Hospital, Gyeongsangbuk-do, Korea, in accordance with all relevant
ethical regulations (KNUCH-2020-12-020-001 and DGIST-20210401-
BR-112-01). Human ecto- and endo-cervical tissues were provided by
the Department of Gynecology at the Chilgok Kyungpook National
University Hospital. Healthy cervical tissues were obtained from
patients who underwent total laparoscopic hysterectomy (TLH) for
their benign uterine diseases. Informed consent was obtained from all
patients. Ectocervical and endocervical tissues from a total 14 donors
were used in this study (Supplementary Table 1).

Materials availability
All organoids established in this study are available from the Lead
Contact with a completed Materials Transfer Agreement.

Mice

All experimental work complied with the Republic of Korea Animal
Scientific Procedures Act. The animal study was approved by the
Ethical Committee and the Institutional Animal Care and Use Com-
mittee at DGIST. C57BL/6) mice and NOD.Cg-Prkdc™™ [12rg™"/SzJ
(NSG) mice were obtained from Jackson laboratories, bred, and
maintained in Daegu Gyeongbuk Institute of Science and Technology
Animal Facility. All mice were accommodated under specific pathogen-
free (SPF) conditions and maintained on a 12-h light/dark circadian
cycle with free access to food and water. Ambient temperature was
maintained at 20-24 °C. 1-6 months old female C57BL/6J mice and
1-12 months old male and female NSG mice were used.
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Isolation of epithelial cells from human and mouse cervical
tissues

Human and mouse ectocervical tissues were washed once in sterile
PBS and incubated in dispase solution (2.4 U/ml of dispase, Gibco) at
37 °C for 1 h. Then, the epithelial layer was peeled off from connective
tissue, incubated in TrypLE Express (Gibco) at 37 °C for 5min and
neutralized with blocking buffer (DPBS containing 2% bovine calf
serum). After centrifugation, the pellets were incubated with 1X RBC
lysis buffer and 1X DNase I (Enzynomics) at room-temperature (RT) for
5 min. After neutralization with the blocking buffer, the cell suspension
was filtered through a 40 um cell strainer. The dissociated cells were
pelleted by centrifugation at 300 x g for 5 min and resuspended in the
optimized medium for further experiments.

Cervical organoid culture

Media containing cervical cells were mixed with growth factor-
reduced Matrigel (Corning) at a 1:1 ratio, and a final volume of 100 pl
was seeded into the inside of the cell culture insert. After solidifica-
tion, 400 pl of the growth medium was added to the external side of
the cell culture inserts. The optimized medium for human is com-
posed of Advanced DMEM/F12 (Gibco) supplemented with 1x Glu-
taMAX supplement (Gibco), 1x penicillin-streptomycin (Biowest),
10 mM HEPES (Gibco), 1X B27 supplement (Gibco), 100 ng/ml Noggin
(PEPROTECH), 1.25 mM N-acetyl-.-cysteine (Sigma), 10 uM Y-27632
(STEMCELL Technologies), 50 ng/ml FGF2 (PEPROTECH), 25 ng/ml
FGF7 (PEPROTECH), 500 nM A83-01 (Selleckchem), 10 uM forskolin
(Sigma), 100 ng/ml neuregulin 1 (PEPROTECH), 20 ng/ml NGF
(PEPROTECH). For human endocervical organoid culture, 50 ng/ml
EGF (PEPROTECH), 50 ng/ml Wnt-3a (R&D System) and 300 nM CHIR
99021 (Selleckchem) were additionally added to the optimized
ectocervical organoid medium. For murine ectocervical organoid
culture, medium was modified by adding 100 ng/ml R-spondin 1 and
withdrawing FGF2, neuregulin 1, and NGF.

For the evaluation of effects of metabolites produced by Lacto-
bacillus crispatus (L. crispatus), L. gasseri, and L. iners on human
ectocervical stem cells, we plated cervical cells in either our opti-
mized medium supplemented with L. crispatus, L. gasseri, L. iners cell
free supernatant (CFS), or the control bacterial culture media at 5% v/
v with hydrochloric acid solution added to adjust the pH to the same
level as the other treatment (pH 7.07 for L. crispatus CFS, pH 6.65 for
L. gasseri CFS, and pH 7.14 for L. iners CFS). For the evaluation of
effects of lactic acid, human ectocervical cells were cultured for
organoid formation in our optimized medium supplemented with 1/
10 diluted lactic acid solution (Sigma). For the control group,
hydrochloric acid solution was added to adjust pH to 6.5 (equivalent
to the pH of LA-supplemented media). After 8-10 days of culture, the
number of organoids of each condition was counted. Data were
analyzed using ImageJ software and experiments were performed in
at least three biological replicates.

Organoid passaging

Organoids were incubated with dispase solution at 37 °C for 40 min,
followed by treatment with TrypLE Express at 37 °C for 15 min. Dis-
sociated cells were then passed through a 40 pm cell strainer and
seeded for secondary organoid culture.

In vivo transplantation of ectocervical organoids

When organoid size reached 50-70 pum, ectocervical organoids were
resuspended in a mixture of Matrigel and medium, and then 50 pl of
organoid-containing mixture of Matrigel and medium was injected
underneath the tongue epithelium of NSG mice using a 30 G needle.
Alternatively, 300-10,000 ectocervical cells were transplanted. After
3-4 weeks, the grafted tongues were surgically removed for a series of
analyses.

Cell culture

HeLa cells, a human cervical adenocarcinoma epithelial cell line
(KCLB 10002), and SiHa cells, a human squamous cell carcinoma
cell line (KCLB 30035), were obtained from Korean cell line bank.
For the cell proliferation assay, cells were seeded at 1 x 10* cells per
well in 24-well plates (SPL) and cultured in 5% CO, at 37 °C in Dul-
becco’s modified Eagle medium (D-MEM) (Biowest), supplemented
with 10% FBS (Gibco) and 1% Penicillin-Streptomycin solution
(Biowest).

To evaluate the effect of lactic acid isoforms on cell proliferation,
cells were cultured in optimized media supplemented with DL-lactic
acid solution (Sigma), D(-)-lactic acid (TCI), and L(+)-lactic acid
(Sigma). In the control group, hydrochloric acid solution was added
to adjust the pH to 6.5 (same as the pH of the lactic acid-added
medium). 5 days after seeding, the number of cells in each well was
counted.

Untargeted metabolomics

Control media or L. crispatus cell-free supernatant (CFS) were freeze-
dried overnight using PVTFD 20 R (llsin, Republic of Korea), and stored
at —80 °C for later LC-QTOF/MS analysis. Lyophilized samples were
dissolved in 1 ml of MeOH and then vortexed at 1600 rpm for 5 min.
After centrifugation (15,000 x g for 30 min at 4 °C), the supernatants
were filtered through a 0.2 um nylon syringe filter into a glass LC vial.
This yielded a total of 18 samples (2 treatment groups, each with 3
biological replicates and 3 extraction replicates). A quality control
sample was prepared by pooling equal aliquots from each sample,
bringing the total to 19.

Untargeted metabolomics analysis was performed using a
1290 Infinity Il LC system (Agilent Technologies, USA) coupled with
a 6545XT AdvanceBio Q-TOF (Agilent Technologies, USA) equip-
ped with a Dual AJS ESI source under negative mode. The separa-
tion of compounds was achieved with an InfinityLab Poroshell 120
EC-C18 column (2.7 um, 2.1 x 150 mm). The volume of sample
injected into the column was 2 ul. In ESI- mode, binary eluent sys-
tem of water (A) and acetonitrile (B), both containing 0.1% formic
acid, was used at a flow rate of 0.15ml/min using the following
36 min-cycle: increased to 30% B within 18 min, 30-70% B in 7 min,
70-95% B within 7 min, 95-100% B within 3 min, hold at 100% B for
1min. The ion source conditions for the ESI- were as follows: gas
temperature, 325 °C; gas flow, 7 L/min; nebulizer gas, 25 psi; sheath
gas temperature, 275 °C; sheath gas flow, 12 L/min; capillary vol-
tage, 4000 V; nozzle voltage, 2000 V; fragmentor, 180 V; skimmer,
45V, octopole RF, 750V; mass range, 30-1700 m/z; collision
energy, 20 eV.

The LC-QTOF data was exported to MassHunter Qualitative Ana-
lysis version B.07.00 software (Agilent Technologies, USA) for feature
extraction and peak picking. To remove information considered as
background noise, peaks with ion abundances <50,000 were excluded
from further analysis. The extracted feature files as compound
exchange format (.cef files) were imported into Agilent Mass Profiler
Professional version 15.1 software (Agilent Technologies, USA). The
identification browser was used to identify the metabolites using
MassHunter METLIN Metabolite Accurate Mass-Personal Compound
Database and Library (AM-PCDL) version B.08.00 database. Normal-
ized data were exported as a comma-separated value file (.CSV file)
with annotated metabolites, and further analysis was performed using
R 4.0.2 software.

Lactate concentration measurement

Lactate concentration was measured using an EZ-Lactate Assay Kit
(DogenBio, Korea) according to the manufacturer’s instructions. The
fluorescent signals were detected at ExX/Em = 535/590 nm using a
fluorescence microplate reader (Bio-Rad, USA).
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Histology and immunostaining

Tissue paraffin embedding and sectioning. Cervical tissues and
organoids were fixed in 4% paraformaldehyde (PFA) at RT for 2 hours
and washed once with 100 mM glycine and then once with PBS. Fixed
cervical tissues and organoids were dehydrated sequentially in 50%,
70%, 90%, 95%, and 100% ethanol, and then with xylene. Next, they
were embedded in paraffin, sliced with a microtome at a thickness of
10 pm, and directly mounted onto a slide. The sliced cervical tissues
and organoids were deparaffinized and rehydrated sequentially in
xylene, 100%, 95%, 90%, 70%, and 50% ethanol, and water.

H&E staining. H&E staining was performed using a hematoxylin and
eosin stain kit (Vector laboratories, Cat# H-3502) according to
the manufacturer’s instructions. In brief, slides were stained with
hematoxylin at RT for 5min and washed twice with distilled water.
After incubation with a bluing reagent at RT for 10-15s, slides were
washed twice with distilled water and then, immersed in 100% ethanol
for 10 s. Slides were stained with eosin at RT for 2-3 min, washed with
100% ethanol for 10 s and dehydrated three times with 100% ethanol
for 1-2 min. Thereafter, stained slides were mounted and imaged with
a microscope with a digital camera.

Immunostaining. Cervical tissue or organoid slides were subjected to
a heat-induced antigen-retrieval procedure using IHC Antigen Retrie-
val Solution (Invitrogen) at 90 °C for 20 min. After cooling and washing
the slides with 1x PBS, blocking buffer containing 0.1-0.3% Triton X-
100, 3% BSA (MP Biomedicals), 3% normal donkey serum (Abcam) and
3% normal goat serum (Cell Signaling Technology) was applied at RT
for 1 h. Then, sample slides were incubated with primary antibodies in
Dako REAL Antibody Diluent (Dako) overnight at 4 °C. Primary anti-
bodies used in this study are as follows: rabbit anti-keratin 14 (1:1000,
Abcam), mouse anti-keratin 14 (1:1000, Invitrogen), rabbit anti-keratin
1 (1:1000, Biolegend), rabbit anti-loricrin (1:100, Biolegend), mouse
anti-keratin 7 (1:100, Invitrogen), rabbit anti-keratin 5 (1:200, Biole-
gend), rabbit anti-YAP (1:100, Cell Signaling Technology), mouse anti-
ITGB4 (1:20, Santacruz), rabbit anti-Ki67 (1:100, Abcam), mouse APC
anti-human CD24 (1:50, Biolegend), mouse FITC anti-human CD271
(NGFR) (1:50, Biolegend), mouse FITC anti-human HLA-A,B,C (1:25,
Biolegend), and rabbit HRP-conjugated anti-p63 (1:100, Abcam), rat
FITC anti-mouse ITGB4 (1:50, Biolegend), and rat APC anti-mouse
CD24 (1:50, Biolegend). After washing the slides three times with 0.1%
Triton X-100 solution in 1X PBS, sample slides were incubated with
secondary antibodies at RT for 1 hour. After washing again three times
with Triton X-100 solution, slides were incubated with DAPI solution
(1:1000, Roche) at RT for 3min and mounted using an anti-fade
fluorescence mounting medium (Abcam), and imaged using an epi-
fluorescence microscope (ZEISS, Axio Vert.Al) or a confocal micro-
scope (ZEISS, LSM800).

Image acquisition. The images were taken in a confocal microscope
(ZEISS, LSM800).

Flow cytometry analysis

Cells were suspended in PBS containing 2% FBS. Antibodies were
added at the following ratios; FITC anti-human ITGB4 (1:50, Biole-
gend), PerCP-Cy5.5 anti-human CD24 (1:50, Biolegend), PE anti-human
EpCAM (1:50, Biolegend), FITC anti-mouse ITGB4 (1:50, Biolegend), PE-
Cy7 anti-mouse CD24 (1:50, Biolegend), and APC anti-mouse EpCAM
(1:50, Biolegend). Dead cells were discriminated using Zombie dye
(1:100, Biolegend) or propidium iodide (20 pg/ml, Sigma).

Cell cycle analysis

Single cells were suspended in 150 pl of PBS, and 350 pl of absolute
ethanol was added in a dropwise manner while vortexing. After
incubating cells at 4 °C for at least 2 h, fixed cells were centrifuged at

1500 x g for 3min, and supernatant was removed. After washing
with PBS, pellets were resuspended in staining solution containing
100 pg/ml RNase A and 50 pg/ml propidium iodide and incubated at
RT for 30 min. After filtration through a cell strainer, cells were ana-
lyzed by the flow cytometer.

RNA isolation and RT-qPCR

Total RNA was isolated using the Monarch Total RNA Miniprep Kit
(New England Biolabs) according to the manufacturer’s instructions.
Reverse transcription was performed using High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. cDNA was pre-amplified by 16-18 cycles
depending on the initial amount of RNA quantities using Power SYBR
Green PCR Master Mix (Thermo Fisher Scientific). Quantitative PCR
was performed using StepOnePlus Real-Time PCR System (Applied
Biosystems). Expression of genes was analyzed by delta-delta-Ct
method with B-Actin for normalization. PCR primers used in this
paper are listed in Supplementary Table 2.

Nucleofection

Nucleofection of cervical epithelial cells was performed using Amaxa
4D-Nucleofector (EA-125 pulse code) and P4 Primary Cell 4D-
Nucleofector X kit (Lonza). After nucleofection, cells were recovered
at RT for 10 min and resuspended in growth media. Cells were plated
into cell culture inserts with Matrigel for the organoid formation and
seeded on ultralow attachment plates for 48 hours for real time PCR to
confirm the silencing of target genes. siRNA oligo sequences used in
this paper are listed in Supplementary Table 3.

Single-cell RNA sequencing analysis

scRNA sequencing reads were processed by Cell Ranger version
6.1.1 with hg38 reference transcriptome. Output files were imported
and analyzed by Seurat v3.0 in R. Datasets were integrated, and cells
with low gene numbers (<200) or with high mitochondrial gene
counts (>25) were filtered out. After the filtering process, doublets
were eliminated by Scrublet. 19,172 cells with 21,925 genes were
included in single cell objects. Whole UMI counts were normalized
and then scaled by regressing out cell-cycle score and mitochon-
drial gene counts. We performed PCA and selected 15 principal
components that were based on the top 2000 variable features. The
overall UMAP projection was organized by graph-based clustering
with resolution 0.3, and 8 clusters were generated. Performing
“FindAllMarkers” function in Seurat, DEGs were generated for each
cluster, and significance was determined with adjusted p-value <
0.05, Log,FC (Fold Change) > 0.25. With reference to the repre-
sentative cell type marker genes, we annotated 3 cell types in each
cluster. In order to examine epithelial cell conditions in detail, we
re-clustered epithelial cells alone, with an overall processing pro-
cedure identical to above. We constructed a UMAP projection with
18,083 epithelial cells and annotated 5 cell type clusters by referring
to epithelial cell type marker genes of human esophagus’ lined by
the stratified squamous epithelium like human ectocervix.

To identify DEGs between basal cells and suprabasal cells, “Find-
Marker” function in Seurat with the parameter of Wilcoxon test was
used. DEGs for each cell type with p-value <0.05 were depicted in
volcano plots and dot plots using ggplot2 and ggdotchart R packages,
respectively. Then, pre-ranked GSEA analyses were processed by GSEA
version 4.1.0. GSEA pathways used in overall plots and graphs were
selected under the condition p-value < 0.05. Whole represented heat-
maps of DEGs were illustrated by the “DoHeatmap” function in Seurat.
Pie charts were created using the ggplot2 package in R.

For the epithelial cell trajectory inference analysis, Slingshot
package version 2.4.0 and Monocle package version 2.24.1 in R was
used to predict the transition lineage of cells according to
pseudo-time.
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For the identification of murine ectocervical stem cell surface
markers, we downloaded and analyzed the mouse ectocervix epithe-
lium scRNA-seq dataset (NCBI GEO GSE128987). Raw data was pre-
processed in the same way as above and 1856 cells with 17,240 genes
were in the resultant object. We selected 15 principal components to
construct UMAP of mouse data. We checked 3 representative basal cell
type markers to specify cell types of the clusters.

For cell-cell interaction analysis, CellChat package version 1.6.1 in
R was used. To identify DEGs specifically between basal cells and
suprabasal cells, we used the “FindMarker” function in Seurat with the
parameters of the Wilcoxon test. We identified DEGs for each cell type
at p-value < 0.05. These were depicted in volcano plots and dot plots
by using ggplot2, ggdotchart R package, respectively. Whole repre-
sented heatmaps of DEGs were illustrated by “DoHeatmap” function in
Seurat. A pie chart was generated by ggplot2 package in R. Enrichment
scores for 2 gene sets (‘HIPPO pathway’ and ‘YAP downstream’) were
assigned to basal or suprabasal cells by using UCell package version
2.0.1inR.

For the gene set enrichment analysis, pre-ranked GSEA analyses
were processed by GSEA version 4.1.0. GSEA pathways used in overall
plots and graphs were selected under the condition P< 0.05.

Bulk RNA sequencing analysis

Raw files were processed by the STAR aligner package version 2.7.10
using the GRCh38 reference genome. Whole count matrices from
each dataset were merged into one. Batch effect was corrected by
“ComBat-seq()” function in sva R package version 3.44.0. DEG ana-
lyses were processed using edgeR R package version 3.38.4. GSEA
analyses were processed by GSEA version 4.1.0. GSEA pathways
used in overall plots and graphs were selected using the condition
FDR g-value < 0.05.

Whole exome sequencing

Overall fastq files from 3 HSIL samples and one blood sample were pre-
processed with Trimmomatic version 0.397* by trimming adapter
sequences and discarding sequences having low base quality. Using
bwa2 (Burrow-Wheeler Aligner) version 0.7.17”, whole sequence reads
were mapped on GRCh38. Using GATK version 4.5.07¢, generated bam
files were sorted by several properties, assigned to new read groups,
and purged of duplicated reads caused by PCR. Based on various
covariates, base quality in bam files could be specified and recali-
brated. Somatic SNVs were called based on assembly of haplotypes
using Mutect2 version 4.1.0. Tumor-only mode was applied to CK-
HSIL-1 and CK-HSIL-2 samples, while Tumor-normal mode was applied
to CK-HSIL-3 and matched WBC. Throughout the somatic variants
calling procedures, germline / normal artifacts were excluded
employing gnomAD, 1000 Genomes filter resource. Functional anno-
tations on variants were organized by computing ANNOVAR version
2020-06-08"". Only variants with depth > 10 and allele frequency > 0.2
were used in subsequent analyses. Exonic / intronic alternations pro-
filing on the most significant 65 cervical SCC mutations was computed
by oncoPrint function in ComplexHeatmap version 2.18.07%, Single-
base substitution (SBS) and doublet base substitution (DBS) pattern
compositions on overall sample variants were calculated by
SigProfilerExtractor” for pre-defined mutation signatures of COSMIC
mutational signatures version 3.4.

Statistics and reproducibility

Statistical analyses were performed using two-sided Student t-test
between two groups, and statistical significance was defined based on
P<0.05. Data are presented as mean+SEM of at least 3 or more
independent biological replicates. All immunofluorescence and
immunohistochemistry staining were performed at least twice, and the
representative images were included.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Bulk and single cell RNA sequencing data generated in this study have
been deposited at NCBI and are publicly available under the following
accession codes: PRJNA963403 (hCervix scRNA-seq data),
PRJNA963409 (Bulk RNA-seq data with or without VP treatment) and
PRJNA964006 (Bulk RNA-seq data with HCI or LA treatment). Whole
exome sequencing data generated in this study have been deposited at
NCBI and are publicly available under the following accession codes:
PRJNA1213881. Previously published murine cervical scRNA-seq data
that are re-analyzed here are available at (NCBI GEO GSE128987). All
other data, including organoid, cell cycle, and gene expression data,
are provided in the Supplementary Information/Source Data
file. Source data are provided with this paper.

Code availability
All codes used for analysis are available at https:/github.com/
MinhoLee-DGU/2025.Myeong.et.al.NatureComms.
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