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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

| agree that surface marker could be used to enrich and purify stem cells, which was very important in the application of stem
cells. Butin case of the colony formation assay, the ITGB4-CD24- and ITGB4-CD24+ cells could also form colony, though
the author explained that there maybe transient amplifying cell, but i think we still could not exclude the other possibilities.
So if the author insist that the cell population they studied was the ture stem cell, the lineage tracing experiment would be
required to validat the conclusion.

As the author mentioned that genetic lineage-tracing is not applicable in humans, and the author stated that ITGB4 and
CD24 can be used across species to purify mouse ectocervical stem cells, so i suggest the author conduct lineage tracing
experiment in mouse species, or the author could conduct lineage tracing in human organoid in vitro (some study already
conducted lineage tracing in human intestinal organoid in vitro).

Reviewer #2

(Remarks to the Author)
"Thank you for addressing my comments well.

Reviewer #3

(Remarks to the Author)
The authors have modified the manuscript according to the reviewer's comments. However, there are some concerns that
need to be addressed below:

1. As described in the results, ITGB4 and CD24 could mark the cervical stem cell population, which also refers to the basal
cell subcluster identified in single-cell analysis. In lines 395-413, the subtitle emphasized on network analyses to identify the
regulatory mechanisms for human cervical stem cells. However, few interactions of basal cell were found in the network
analysis, which were mainly focused on the immune cell and superbasal cell.

2. In terms of the self-renewal and differentiation of human cervical stem cells, more evidence is needed to support whether
the upregulation of the cell cycle and DNA replication reflects cell differentiation, instead of the self-renewal (Fig. 6l,m and
extended Data Fig. 8k and 8m).

3. The model diagram in Fig. 8s should be modified to reflect that Lactobacillus derived LA could play a regulatory role by
inhibiting the PIBK-ATK signaling pathway and YAP1 pathway.

Version 2:

Reviewer comments:



Reviewer #1

(Remarks to the Author)
The authors have modified the manuscript according to the reviewer's comments. However, there are some further concerns
that need to be addressed below:

1.In figure4m-o, the authors reconstructed the differentiation trajectory using pseudotime analysis, it's would be better to
demonstrate the molecular signatures (pathways of TFs) that activated or in activated along the differentiation trajectory
2.In figure 8, the authors established a long-term, three-dimensional cultures of human cervical precancerous organoids, so
is there any moleccular or cellular changes after long-term culture, compared with those of the primary culture, or short time
culture?

Reviewer #3

(Remarks to the Author)
Authors have addressed all my concerns.
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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

| agree that surface marker could be used to enrich and purify stem cells, which was very important in the
application of stem cells. But in case of the colony formation assay, the ITGB4-CD24- and ITGB4-CD24+
cells could also form colony, though the author explained that there maybe transient amplifying cell, but i
think we still could not exclude the other possibilities. So if the author insist that the cell population they
studied was the ture stem cell, the lineage tracing experiment would be required to validat the conclusion.
As the author mentioned that genetic lineage-tracing is not applicable in humans, and the author stated
that ITGB4 and CD24 can be used across species to purify mouse ectocervical stem cells, so i suggest the
author conduct lineage tracing experiment in mouse species, or the author could conduct lineage tracing
in human organoid in vitro (some study already conducted lineage tracing in human intestinal organoid in
vitro).

The reviewer questions the application of organoid formation assay in identifying stem cells and
why progenitors and differentiated subpopulations still form a few organoids. However, it is well-known that
progenitors still retain limited self-renewal capability and multi-lineage differentiation potential. For example,
multipotent progenitors (MPPSs) in the hematopoietic system still self-renew, with limited ability, and can
differentiate into every hematopoietic lineage. Likewise, progenitors and differentiated cells could form a
few organoids and sometimes dedifferentiate into stem cells in many other systems, including intestinal
and tracheal systems.

- For example, tracheal club cells can dedifferentiate into tracheal basal stem cells and generate
organoids (Nature, 2013, PMID: 24196716, from Rajagopal lab).

- Hans Clevers group also reported that EPHB2high cells are human intestinal stem cells, although
EPHB2med and EPHB2low cells also form a few intestinal organoids (Nat Med. 2011 Sep 4;17(10):12257.
doi: 10.1038/nm.2470).

- Irving Weissman’s lab also used cell surface markers to define fetal neural stem cells (Cell. 2023
Mar 16;186(6):1179-1194.e15).

Therefore, the fact that progenitors can dedifferentiate and generate organoids cannot weaken the
proof showing stem cells’ identity and self-renewal capability.

Recently, as the reviewer #1 pointed out, Toshiro Sato group performed lineage tracing to identify
LGR5+ human intestinal stem cells (Gastroenterology. 2022 Nov;163(5):1391-1406.e24. doi:
10.1053/j.gastr0.2022.07.081.). This is a different case since the LGR5 FACS antibody is not still available.
Thus, they had no choice to prove the stemness of LGR5+ intestinal cells other than performing lineage
tracing. If an LGR5 antibody is available, they would use it rather than perform a lineage tracing study.
Indeed, the same group published the paper titled with “Isolation and in vitro expansion of human colonic
stem cells” (Nat Med. 2011 Sep 4;17(10):1225-7. doi: 10.1038/nm.2470) mentioned above. In this paper,
since no LGR5 antibody for FACS is available, they used an EPHB2 antibody instead to isolate human
intestinal stem cells.

These studies suggest that lineage tracing is not the only definitive condition to identify and prove
human tissue stem cells. These studies rather suggest that organoid systems are widely accepted for
demonstrating stemness, although the gold standard experiments to prove the self-renewal capability of
stem cells are tissue reconstitution in vivo or lineage tracing. Indeed, we demonstrated the in vivo self-
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renewal and tissue reconstitution capability of ITGB4+CD24- cells in our study. Furthermore, we also
performed the cell cycle analysis and gene expression analyses of basal genes, cell cycle-related genes,
and suprabasal genes. We did not claim that ITGB4+CD24- cells are stem cells and ITGB4-CD24- cells are
progenitor cells only from organoid data.

Our comprehensive datainclude

- ITGB4+CD24- cells exclusively generate stratified squamous epithelial tissues in vivo.

- ITGB4+CD24- cells generate organoids several-fold more than ITGB4-CD24- cells.

- ITGB4+CD24- cells are slow cycling while ITGB4-CD24- cells are faster in cell cycle

- ITGB4+CD24- cells express basal genes at significantly higher levels than ITGB4-CD24- cells

- In contrast, ITGB4-CD24- cells express cell cycle-related genes at significantly higher levels
than ITGB4+CD24- cells

We concluded that ITGB4+CD24- cells are stem cells and ITGB4-CD24- cells are progenitor cells,
considering all of these data together with our single-cell data. However, we decided to tone down our
statement by removing the expression “bona fide” and “true”. We further rephrased several key sentences,
for example, by inserting “enrich for”’, which are marked in red.
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Reviewer #2 (Remarks to the Author):

"Thank you for addressing my comments well.
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Reviewer #3 (Remarks to the Author):

The authors have modified the manuscript according to the reviewer's comments. However, there are some
concerns that need to be addressed below:

1. As described in the results, ITGB4 and CD24 could mark the cervical stem cell population, which also
refers to the basal cell subcluster identified in single-cell analysis. In lines 395-413, the subtitle emphasized
on network analyses to identify the regulatory mechanisms for human cervical stem cells. However, few
interactions of basal cell were found in the network analysis, which were mainly focused on the immune
cell and superbasal cell.

We appreciate the reviewer’s careful comment. By performing the network analysis, we aimed to
identify the key intercellular regulatory pathways in three steps:
i) intercellular interactions between every cell in the ectocervix (CCL),
ii) intercellular interactions within the epithelial compartment (Notch), and
i) intercellular interactions (Desmosome, Laminin, and YAP1) regulating human cervical
basal stem cells.

From the pathway rank analysis, we identified that desmosomes and laminins were the top two
ranked signals, and in the next section, we showed that YAPL, as a downstream effector for desmosome
and laminin, regulates human ectocervical stem cells. However, we agree with the reviewer that the section
mainly focused on the intercellular interactions between every cell in the ectocervix (CCL) and intercellular
interactions within the epithelial compartment (Notch), although we briefly mentioned desmosome and
laminin. We therefore changed the section title from ‘Network analyses to identify the regulatory
mechanisms for human cervical stem cells’ to ‘Network analyses reveal key intercellular interactions in
human ectocervix’ marked in red.

2. In terms of the self-renewal and differentiation of human cervical stem cells, more evidence is needed to
support whether the upregulation of the cell cycle and DNA replication reflects cell differentiation, instead
of the self-renewal (Fig. 61,m and extended Data Fig. 8k and 8m).

Although fast-cycling stem cells such as LGR5+ intestinal stem cells have been reported,
conventional stem cells are slow in the cell cycle, and in particular, many tissue stem cells are in the GO
phase. They re-enter the G1 phase when they need to proliferate and differentiate through the progenitor
(or transit amplifying cells) stage. For example, hematopoietic stem cells (HSCs) are slow in the cell cycle,
while multipotent progenitors and lineage-committed progenitors are faster in the cell cycle and express
G1-cyclines and S-G2/M-cyclines at much higher levels for proliferation than long-term HSCs (Passegue
et al, J Exp Med (2005) 202 (11): 1599-1611).

According to our cell cycle analysis, the proportion of cells in S/G2/M phases is lowest in ITGB4*CD24
cells (~2%), while ~10% in ITGB4CD24" and ITGB4CD24"* subpopulations (Fig. 4g,h). Also, ITGB4*CD24"
cells express representative cycling genes CDC20 and MKI67 at significantly lower levels than ITGB4 CD24-
and ITGB4 CD24" subpopulations (Fig. 4e), indicating that cervical stem cells (ITGB4*CD24  cells) are slow
in cell cycle, while progenitor cells (ITGB4'CD24 cells)are fast in cell cycle.

We provide comprehensive data from different aspects regarding the role of the PISK-AKT signaling
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pathway in human cervical stem cells.

1) Our single-cell analysis and subsequent gene set enrichment analysis (GSEA) indicate that the
PI3K-AKT signaling pathway genes are more enriched in basal cells than suprabasal cells (Fig.
6a,b)

2) phosphoAKT is exclusively expressed in the cervical basal layers and outer rim or cervical
organoids (Fig. 6c¢).

3) Inhibition of the PI3K-AKT signaling pathway decreases cervical organoid formation, while
activation of the PISK-AKT signaling pathway increases cervical organoid formation (Fig.
6f,g,0,p and Supplementary Fig. 6d,e,i,j).

4) Our RNA sequencing data indicate that the treatment of LY294002, an inhibitor for the PI3K-
AKT signaling pathway, significantly depleted gene sets involved in cell-extracellular matrix
interaction such as focal adhesion (Fig. 6k,m). Conversely, LY294002 treatment significantly
induced gene sets involved in the cell cycle such as DNA replication (Fig. 6l,m).

Considering all of these data (not only from GSEA of RNA sequencing) and conventional stem cell
and progenitor characteristics, we concluded that the PI3K-AKT signaling pathway regulates the self-
renewal of the human cervical stem cells.

3. The model diagram in Fig. 8s should be modified to reflect that Lactobacillus derived LA could play a
regulatory role by inhibiting the PI3K-ATK signaling pathway and YAP1 pathway.

In our original model diagram of Figure 8a, we already marked that LA inhibits PI3K-ATK signaling
pathway and YAP1 by using blunt arrow, while we used sharp arrows to show that desmosome and laminin
activate YAP1.
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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

| agree that surface marker could be used to enrich and purify stem cells, which was very important in the
application of stem cells. But in case of the colony formation assay, the ITGB4-CD24- and ITGB4-CD24+
cells could also form colony, though the author explained that there maybe transient amplifying cell, but i
think we still could not exclude the other possibilities. So if the author insist that the cell population they
studied was the ture stem cell, the lineage tracing experiment would be required to validat the conclusion.
As the author mentioned that genetic lineage-tracing is not applicable in humans, and the author stated
that ITGB4 and CD24 can be used across species to purify mouse ectocervical stem cells, so i suggest the
author conduct lineage tracing experiment in mouse species, or the author could conduct lineage tracing
in human organoid in vitro (some study already conducted lineage tracing in human intestinal organoid in
vitro).

The reviewer questions the application of organoid formation assay in identifying stem cells and
why progenitors and differentiated subpopulations still form a few organoids. However, it is well-known that
progenitors still retain limited self-renewal capability and multi-lineage differentiation potential. For example,
multipotent progenitors (MPPSs) in the hematopoietic system still self-renew, with limited ability, and can
differentiate into every hematopoietic lineage. Likewise, progenitors and differentiated cells could form a
few organoids and sometimes dedifferentiate into stem cells in many other systems, including intestinal
and tracheal systems.

- For example, tracheal club cells can dedifferentiate into tracheal basal stem cells and generate
organoids (Nature, 2013, PMID: 24196716, from Rajagopal lab).

- Hans Clevers group also reported that EPHB2high cells are human intestinal stem cells, although
EPHB2med and EPHB2low cells also form a few intestinal organoids (Nat Med. 2011 Sep 4;17(10):12257.
doi: 10.1038/nm.2470).

- Irving Weissman’s lab also used cell surface markers to define fetal neural stem cells (Cell. 2023
Mar 16;186(6):1179-1194.e15).

Therefore, the fact that progenitors can dedifferentiate and generate organoids cannot weaken the
proof showing stem cells’ identity and self-renewal capability.

Recently, as the reviewer #1 pointed out, Toshiro Sato group performed lineage tracing to identify
LGR5+ human intestinal stem cells (Gastroenterology. 2022 Nov;163(5):1391-1406.e24. doi:
10.1053/j.gastr0.2022.07.081.). This is a different case since the LGR5 FACS antibody is not still available.
Thus, they had no choice to prove the stemness of LGR5+ intestinal cells other than performing lineage
tracing. If an LGR5 antibody is available, they would use it rather than perform a lineage tracing study.
Indeed, the same group published the paper titled with “Isolation and in vitro expansion of human colonic
stem cells” (Nat Med. 2011 Sep 4;17(10):1225-7. doi: 10.1038/nm.2470) mentioned above. In this paper,
since no LGR5 antibody for FACS is available, they used an EPHB2 antibody instead to isolate human
intestinal stem cells.

These studies suggest that lineage tracing is not the only definitive condition to identify and prove
human tissue stem cells. These studies rather suggest that organoid systems are widely accepted for
demonstrating stemness, although the gold standard experiments to prove the self-renewal capability of
stem cells are tissue reconstitution in vivo or lineage tracing. Indeed, we demonstrated the in vivo self-

333 Technojoongangdaero Dalsung-gun Daegu 42988 Korea
Office: +82.53.785.1620 - Fax: +82.53.785.1819 - E-mail: jyt@dgist.ac.kr


mailto:jyt@dgist.ac.kr

renewal and tissue reconstitution capability of ITGB4+CD24- cells in our study. Furthermore, we also
performed the cell cycle analysis and gene expression analyses of basal genes, cell cycle-related genes,
and suprabasal genes. We did not claim that ITGB4+CD24- cells are stem cells and ITGB4-CD24- cells are
progenitor cells only from organoid data.

Our comprehensive datainclude

- ITGB4+CD24- cells exclusively generate stratified squamous epithelial tissues in vivo.

- ITGB4+CD24- cells generate organoids several-fold more than ITGB4-CD24- cells.

- ITGB4+CD24- cells are slow cycling while ITGB4-CD24- cells are faster in cell cycle

- ITGB4+CD24- cells express basal genes at significantly higher levels than ITGB4-CD24- cells

- In contrast, ITGB4-CD24- cells express cell cycle-related genes at significantly higher levels
than ITGB4+CD24- cells

We concluded that ITGB4+CD24- cells are stem cells and ITGB4-CD24- cells are progenitor cells,
considering all of these data together with our single-cell data. However, we decided to tone down our
statement by removing the expression “bona fide” and “true”. We further rephrased several key sentences,
for example, by inserting “enrich for”’, which are marked in red.
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Reviewer #2 (Remarks to the Author):

"Thank you for addressing my comments well.
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Reviewer #3 (Remarks to the Author):

The authors have modified the manuscript according to the reviewer's comments. However, there are some
concerns that need to be addressed below:

1. As described in the results, ITGB4 and CD24 could mark the cervical stem cell population, which also
refers to the basal cell subcluster identified in single-cell analysis. In lines 395-413, the subtitle emphasized
on network analyses to identify the regulatory mechanisms for human cervical stem cells. However, few
interactions of basal cell were found in the network analysis, which were mainly focused on the immune
cell and superbasal cell.

We appreciate the reviewer’s careful comment. By performing the network analysis, we aimed to
identify the key intercellular regulatory pathways in three steps:
i) intercellular interactions between every cell in the ectocervix (CCL),
ii) intercellular interactions within the epithelial compartment (Notch), and
i) intercellular interactions (Desmosome, Laminin, and YAP1) regulating human cervical
basal stem cells.

From the pathway rank analysis, we identified that desmosomes and laminins were the top two
ranked signals, and in the next section, we showed that YAPL, as a downstream effector for desmosome
and laminin, regulates human ectocervical stem cells. However, we agree with the reviewer that the section
mainly focused on the intercellular interactions between every cell in the ectocervix (CCL) and intercellular
interactions within the epithelial compartment (Notch), although we briefly mentioned desmosome and
laminin. We therefore changed the section title from ‘Network analyses to identify the regulatory
mechanisms for human cervical stem cells’ to ‘Network analyses reveal key intercellular interactions in
human ectocervix’ marked in red.

2. In terms of the self-renewal and differentiation of human cervical stem cells, more evidence is needed to
support whether the upregulation of the cell cycle and DNA replication reflects cell differentiation, instead
of the self-renewal (Fig. 61,m and extended Data Fig. 8k and 8m).

Although fast-cycling stem cells such as LGR5+ intestinal stem cells have been reported,
conventional stem cells are slow in the cell cycle, and in particular, many tissue stem cells are in the GO
phase. They re-enter the G1 phase when they need to proliferate and differentiate through the progenitor
(or transit amplifying cells) stage. For example, hematopoietic stem cells (HSCs) are slow in the cell cycle,
while multipotent progenitors and lineage-committed progenitors are faster in the cell cycle and express
G1-cyclines and S-G2/M-cyclines at much higher levels for proliferation than long-term HSCs (Passegue
et al, J Exp Med (2005) 202 (11): 1599-1611).

According to our cell cycle analysis, the proportion of cells in S/G2/M phases is lowest in ITGB4*CD24
cells (~2%), while ~10% in ITGB4CD24" and ITGB4CD24"* subpopulations (Fig. 4g,h). Also, ITGB4*CD24"
cells express representative cycling genes CDC20 and MKI67 at significantly lower levels than ITGB4 CD24-
and ITGB4 CD24" subpopulations (Fig. 4e), indicating that cervical stem cells (ITGB4*CD24  cells) are slow
in cell cycle, while progenitor cells (ITGB4'CD24 cells)are fast in cell cycle.

We provide comprehensive data from different aspects regarding the role of the PISK-AKT signaling
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pathway in human cervical stem cells.

1) Our single-cell analysis and subsequent gene set enrichment analysis (GSEA) indicate that the
PI3K-AKT signaling pathway genes are more enriched in basal cells than suprabasal cells (Fig.
6a,b)

2) phosphoAKT is exclusively expressed in the cervical basal layers and outer rim or cervical
organoids (Fig. 6c¢).

3) Inhibition of the PI3K-AKT signaling pathway decreases cervical organoid formation, while
activation of the PISK-AKT signaling pathway increases cervical organoid formation (Fig.
6f,g,0,p and Supplementary Fig. 6d,e,i,j).

4) Our RNA sequencing data indicate that the treatment of LY294002, an inhibitor for the PI3K-
AKT signaling pathway, significantly depleted gene sets involved in cell-extracellular matrix
interaction such as focal adhesion (Fig. 6k,m). Conversely, LY294002 treatment significantly
induced gene sets involved in the cell cycle such as DNA replication (Fig. 6l,m).

Considering all of these data (not only from GSEA of RNA sequencing) and conventional stem cell
and progenitor characteristics, we concluded that the PI3K-AKT signaling pathway regulates the self-
renewal of the human cervical stem cells.

3. The model diagram in Fig. 8s should be modified to reflect that Lactobacillus derived LA could play a
regulatory role by inhibiting the PI3K-ATK signaling pathway and YAP1 pathway.

In our original model diagram of Figure 8a, we already marked that LA inhibits PI3K-ATK signaling
pathway and YAP1 by using blunt arrow, while we used sharp arrows to show that desmosome and laminin
activate YAP1.
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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

The authors have modified the manuscript according to the reviewer's comments. However, there are some
further concerns that need to be addressed below:

1.In figuredm-o, the authors reconstructed the differentiation trajectory using pseudotime analysis, it's
would be better to demonstrate the molecular signatures (pathways of TFs) that activated or in activated
along the differentiation trajectory

We thank the reviewer for this comment. We further analyzed our scRNA-seq dataset. In the
Supplementary Fig. 6a and 6b, we identified genetic signatures differentially enriched between basal cells
and suprabasal cells by performing the gene set enrichment analysis. We projected the top upregulated
and downregulated pathways of “Epithelial mesenchymal transition” and “Keratinization” along the
differentiation trajectory. Since these gene sets are fist mentioned in the Supplementary Fig. 6a and 6b,
we included these data in the Supplementary Fig. 6d, instead of Fig. 4.

2.In figure 8, the authors established a long-term, three-dimensional cultures of human cervical
precancerous organoids, so is there any moleccular or cellular changes after long-term culture, compared
with those of the primary culture, or short time culture?

We understand the reviewer’s concern since a long-term culture could induce genetic, molecular,
or cellular changes in the organoids or cells, which could potentially harm the representativeness of
organoids for the original tissues. Since we were well award of this point from the beginning, we used
precancerous organoids within passage 3 in our experiments. We described the following sentence in the
result section in lines 525-527 and 531 marked in red, “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”.
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