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Reviewers' Comments from Review Commons (transferred files) 11th May 2024

Review #1
1. Evidence, reproducibility and clarity:
Evidence, reproducibility and clarity (Required)

**Summary:**

In this study, the authors performed single cell RNA sequencing to study the expression of
APOBECS3A (A3A) and APOBEC3B (A3B) across different healthy and malignant tissue
samples. The key finding of the study is that while A3B expression was restricted to
proliferating cells, ASA was expressed mainly in differentiating normal cells. These results
were validated by spatial transcriptomics, IHC and functional experiments. The study
identified Grainyhead-like transcription factor 3 (GRHL3) as a transcriptional regulator of
A3A in terminally differentiating keratinocytes and SCC tumor cells. GRHL3 was found to
correlate with the expression and cytidine deaminase activity of A3A. Overall the study
identifies specific cell lineages that express either A3A or A3B in normal tissues and
identifies GRHLS3 as a previously unknown transcriptional regulator of A3A in normal
tissues and certain cancers.

**Major comments:**

1. The authors discuss breast cancers to be rich in A3B, consistent with cancer cell
proliferation, however cancers like head and neck and that of the oesophagus appear to
express both A3A and A3B. Itis unclear from the description whether there are cases where
A3A and A3B are coexpressed in cancer. Can the authors determine this from their
dataset?

2.Inline 130 the authors state "To address this question, the 2,649 epithelial cells derived
from normal tonsil were subset from our 21,937 epithelial cell dataset (Figure 2a) and
pathway analysis using gene ontology biological processes (GOBP) was performed on the
top 100 genes co-expressed with either APOBEC3A or APOBECS3B (Table S3)." This
sentence is a bit confusing and looking at 2a, it is impossible to extrapolate what subset
they are referring to. This statement and accompanying data could use some clarification
for the reader.

3. Inline 236-239 authors say, "Furthermore, GRHL3 was the only transcription factor
among those whose activity was correlated with APOBECS3A expression that was
significantly upregulated in the differentiating compartment of the normal tonsil



epithelium, in which most APOBEC3A-expressing cells were clustered (Figure 4a, b, Figure
1e, Table S6)". However, there is no figure 1e provided.

4. Was a similar peak motif also found in the promoters/enhancers of A3A for IVL and ELF3
that are also downregulated upon GHRL3 depletion? From the data it would appear that
A3A s transiently expressed during differentiation and then repressed in terminally
differentiated cells, suggesting that some repressors must be subsequently recruited.

5. How specific is GHRL3 expression to keratinocytes? In other words, would this
mechanism potentially be relevant in breast or other tissue that exhibits APOBEC
mutational signatures?

6. Did the authors identify any transcription factors in spatial sScRNA-seq data that
correlate with A3B expression?

7. The results heading for Figure 4 states that A3A expression is induced by GRHL3. While
the data is consistent with this, it is not actually demonstrated that expression of GRHL3
directly causes A3A induction. The converse is shown in depletion experiments, however |
feel that stating A3A expression in differentiation requires GRHL3 or something to that
effect more accurately reflects the data in the absence of evidence for a more cause-effect
relationship. Similarly, the heading for the next section "GRHL3 drives APOBEC3A
expression in HNSCC and ESCC" is based entirely on correlation. | therefore feel that, while
likely, this is an overstatement of the actual data presented.

**Minor comments:**

1. APOBECSG is misspelled in line 368.

2. We did not have access to any supplementary tables for review.
2. Significance:

Significance (Required)

**Significance:**

*General assessment:* The study provides new information about the endogenous
regulation of APOBECSs, a topic for which there is little knowledge and considerable interest



given their roles in cancer. It also adds additional detail to previous observations that EGFR
inhibitors can activate A3A expression.

*Advance:* The authors demonstrate that A3A and A3B are differentially regulated and
implicated GRHL3 as a main regulator of A3A in differentiating cells, also identifying a likely
promoter element for A3A. Further, they provide evidence that A3B is expressed primarily in
cycling cells. These observations raise interesting questions about the role of A3Ain
cancer. Many cancers exhibit a gradient of differentiation and these results may suggest
that this process would lead to A3A expression and subsequent mutations that could lead
to more aggressive tumor growth. Additionally, it suggests that there may be a role for A3A
expression in differentiating cells under homeostatic conditions.

*Limitations of the study:* The results rely heavily on the analysis of scRNAseq
experiments. While these approaches are ideal for identifying cell populations, they are
also not as sensitive as other methods for detecting the expression of genes. While some
depletion and ChIP experiments are carried out, much of the model relies on correlation
rather than direct manipulation of promoter elements etc. While all of the data is
consistent with the author's proposals, it is a limitation of the study.

*Audience:* The results will be of interest to a wide audience interested in cancer
mutational signatures, cancer etiology, antiviral responses and DNA damage and repair.

*Expertise:* Our expertise is in the mechanisms of the DNA damage response, including to
APOBEC activity, and its impact on cancer etiology. We do not have significant experience
with the generation or analysis of scRNAseq data.

3. How much time do you estimate the authors will need to complete the suggested
revisions:

Estimated time to Complete Revisions (Required)
(Decision Recommendation)
Less than 1 month

4. Review Commons values the work of reviewers and encourages them to get credit
for their work. Select 'Yes' below to register your reviewing activity at Web of Science

Reviewer Recognition Service (formerly Publons); note that the content of your review

will not be visible on Web of Science.

Web of Science Reviewer Recognition


https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/
https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/

Yes

Review #2
1. Evidence, reproducibility and clarity:
Evidence, reproducibility and clarity (Required)

**Summary:**

Smith and colleagues report novel findings related to regulation of expression of
APOBECS3A and APOBECS3B, two candidate cancer mutagens, in both squamous cell
cancers and healthy epithelia. Through de novo single cell RNA sequencing and analysis of
published data sets, Smith et al find that the GRHL3 pioneer transcription factor regulates
APOBECS3A to restrict expression to differentiating/terminally differentiated cells. In
contrast, APOBECS3B is expressed in proliferating cells during G2-M phase and expression
is associated with mitotic markers.

I have only minor comments/suggestions:

1. Could the authors comment on the difference in scale between A3A and A3B expression
in Fig 2e? It seems that A3B is expressed at much lower levels than A3A in tonsils. Is the
same true in oesophagus (Fig S1)?

2. NIKS experiments in Fig 3/S2 would benefit from a non-qPCR marker of cell cycle and/or
proliferation. While data regarding A3A/B expression correlated with proliferation/cycle
markers are robust, it would be nice to see complementary experiments to show
proliferation or cell cycle in this system.

3. Does GRHL3 mediate A3A expression in non-afatinib induction conditions? In other
words, if one of the other systems used in Fig 3 were subject to GRHL3 depletion, would
A3A expression be inhibited?

4. In Fig 4f the GRHL3 transcription factor is identified from in silico data at two regulatory
sites proximal to A3A. WDR5 is presumably recruited by GRHL3 and is found at similar
locations. Do the authors think that the same chromatin regulation of A3A occurs in all
cells?



5. NFkb has been reported as a transcriptional mediator of APOBEC3A expression in two
recent publications (Isozaki, et al PMID 37407818, Oh, et al PMID 34389714). However,
NFkb does not appear in the list of transcription factors whose activity correlated with
APOBECS3A expression in keratinocytes (Fig 4a). Can the authors comment on where NFKb
might fit into the GRHL3-APOBECS3A axis?

**Minor clarifications:**

- There is a typo on line 239 where Figure 1e is called out, but | believe the authors meant
2e.

- Supplemental Fig 6d - the heatmap legend does not have color variation, which seems to
be an error.

- In Fig 5b, was qPCR performed on sub-confluent cultures (as in Fig S9)?

2. Significance:
Significance (Required)

This manuscript tackles an essential problem in cancer mutagenesis, which is the normal
and aberrant regulation of the APOBEC enzymes. The data are robust and the manuscriptis
well written. The switch between A3B expression in cycling cells and A3A expression in
differentiating cells fills a gap in knowledge that makes sense of many prior published
findings. The impact of this manuscript is substantial and sets up the field for further
analysis of APOBEC regulation and dysregulation in both healthy and malignant tissues
beyond keratinocytes and squamous cell tumors.

3. How much time do you estimate the authors will need to complete the suggested
revisions:

Estimated time to Complete Revisions (Required)
(Decision Recommendation)
Between 1 and 3 months

4. Review Commons values the work of reviewers and encourages them to get credit
for their work. Select 'Yes' below to register your reviewing activity at Web of Science

Reviewer Recognition Service (formerly Publons); note that the content of your review

will not be visible on Web of Science.
Web of Science Reviewer Recognition

No


https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/
https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/

Review #3
1. Evidence, reproducibility and clarity:
Evidence, reproducibility and clarity (Required)

This study explores APOBEC3A and APOBEC3B expression, regulation, and their
implications for normal cellular function versus potential cancer-related dysregulation. The
emphasis is on squamous cell carcinomas of head and neck (HNSCC) and esophagus
(ESCC).

**Approach:**

A robust, multi-pronged approach is used, including single-cell RNA sequencing (scRNA-
Seq), spatial transcriptomics, antibody validation, and computational analysis.

**Findings:**

- GRHL3 emerges as a central regulator of APOBECS3A, particularly in keratinocytes.
APOBECS3B expression aligns with cell division patterns, supporting its role in DNA
replication-linked mutagenicity.

- The correlation of GRHL3, APOBECS3A, and cellular replication status in HNSCC and
ESCC suggests a potential oncogenic mechanism.

**Conclusions:**

APOBECSA appears to have a tightly controlled role in normal skin cell differentiation with
implications for skin health. GRHLS, or its associated signaling networks, may represent
promising therapeutic targets in cancers driven by APOBEC3-related mutations.

2. Significance:
Significance (Required)

The link between GRHL3 and APOBEC3A discovered in the manuscriptis compelling,
however, further validation will strengthen the study. Directly manipulating GRHL3 in
cancer models to observe changes in APOBEC-induced mutations would support the
conclusion that itis a primary driver of this mechanism.

**GRHL3 Specificity:**



*Tissue Context:* It's important to determine if GRHL3-mediated APOBEC3A activation is
unique to cancers explored here, or a broader principle in epithelial malignancies.

*Regulation:* Clarify if the link is unique to dysregulated cancer cells, or might reflect
normal cellular processes amplified in oncogenesis.

*Differentiation Focus:* This study uniquely emphasises APOBEC3A's potential in
differentiation, an angle to explicitly highlight as it may have far-reaching implications
beyond cancer understanding.

*Therapeutic Breadth:* Explore if the results are likely limited to the studied cancers, or
have potential application across a wider range of epithelial cancers.

This study presents a significant contribution to our understanding of APOBEC3A and
APOBECSB function, with particular emphasis on their roles in both normal cellular
processes and cancer development. The methodological rigor, including the multi-pronged
approach and focus on cellular context, provides a detailed and insightful view. The
identification of GRHL3 as a central regulator of APOBEC3A presents a promising novel
therapeutic target for combating APOBEC-related mutations in cancer. Furthermore, by
highlighting APOBECS3A's potential role in cellular differentiation, the study offers a new
perspective on these enzymes that could have broader implications for understanding skin
health and other physiological processes. While further experimental validation would
definitively solidify the causative link between GRHL3 and APOBEC-induced mutagenesis,
this work meaningfully advances the field. Its conceptual insights into episodic mutation
and potential dysregulation of differentiation in cancer have the potential to influence
future research directions and cancer treatment strategies.

3. How much time do you estimate the authors will need to complete the suggested
revisions:

Estimated time to Complete Revisions (Required)
(Decision Recommendation)
Between 1 and 3 months

4. Review Commons values the work of reviewers and encourages them to get credit
for their work. Select 'Yes' below to register your reviewing activity at Web of Science



https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/

Reviewer Recognition Service (formerly Publons); note that the content of your review

will not be visible on Web of Science.
Web of Science Reviewer Recognition

Yes


https://clarivate.com/products/scientific-and-academic-research/research-publishing-solutions/reviewer-recognition-service/

Authors' Response to Reviewer Comments (transferred files) 11th May 2024

Revision Plan Relﬁew
COMMONS

Manuscript number: RC-2024-02419
Corresponding author(s): Tim Fenton

[The “revision plan” should delineate the revisions that authors intend to carry out in response to
the points raised by the referees. It also provides the authors with the opportunity to explain
their view of the paper and of the referee reports.

The document is important for the editors of affiliate journals when they make a first decision on
the transferred manuscript. It will also be useful to readers of the reprint and help them to obtain
a balanced view of the paper.

If you wish to submit a full revision, please use our "Full Revision" template. It is important to
use the appropriate template to clearly inform the editors of your intentions.]

1. General Statements [optional]

This section is optional. Insert here any general statements you wish to make about the goal of
the study or about the reviews.

Despite their prominent role in cancer and their emergence as cancer drug targets, remarkable little is
known regarding the regulation of APOBEC3A and APOBEC3B gene expression. This knowledge gap
has led to considerable debate in the field and confusion as to whether efforts should be made to
selectively target either enzyme in different contexts / cancer types (Petljiak et al Nature Genetics
54, pages 1599-1608 (2022)).

In this study, we used a combination of single cell RNA sequencing, spatial transcriptomics and
immunohistochemical analysis of human tissue samples, supported by experiments in cultured
keratinocytes and cancer cell lines to enhance our understanding of APOBEC3A and APOBEC3B
regulation.

We thank the reviewers for their appraisal of our manuscript and were pleased to note their positive
comments regarding the robustness of our data and of the significance of our findings to a wide audience.

2. Description of the planned revisions

Insert here a point-by-point reply that explains what revisions, additional experimentations and
analyses are planned to address the points raised by the referees.

Reviewer #1


https://reviewcommons.org/templates/full-revision.docx

.. Re\ﬂew
Revision Plan COMMONS

Comment 1: The authors discuss breast cancers to be rich in A3B, consistent with cancer cell
proliferation, however cancers like head and neck and that of the oesophagus appear to
express both A3A and A3B. It is unclear from the description whether there are cases where
A3A and A3B are coexpressed in cancer. Can the authors determine this from their dataset?

We do indeed see a minority of A3A expressing cells that also express A3B, both in normal and
cancer samples. We speculate that at least in normal epithelium, these are cells that may have
exited cell cycle in G2/M and initiated differentiation, as has been described previously for
keratinocytes. In cancers, co-expression may (also) occur due to dysregulation of either A3A or
A3B expression, for example where we see A3A expression in a minority population of dividing
cells in some HNSCC cases (Figure 5f). However, this population is so small that we don’t
currently have enough cells available to conduct a meaningful analysis (e.g. to determine which
other genes are co-expressed / pathways enriched) in these A3A/A3B co-expressing cells. We
will endeavour to find additional published scRNA-seq datasets with sufficient numbers of
A3A/A3B co-expressing cells to address this question if possible.

Comment 4: Was a similar peak motif also found in the promoters/enhancers of A3A for IVL
and ELF3 that are also downregulated upon GHRL3 depletion? From the data it would appear
that A3A is transiently expressed during differentiation and then repressed in terminally
differentiated cells, suggesting that some repressors must be subsequently recruited.

We will inspect GRHL3 ChlP-seq data for binding peaks in the IVL and ELF3 promoters and will
include other GRHL3 target genes including TGM1. In cases where peaks are present, we will
search for the putative GRHL3 binding motifs we identified in APOBEC3A.

We agree that APOBECS3A expression could be repressed in terminally differentiated cells and
will inspect our SCENIC analysis for the presence of any transcriptional repressors that show
increased activity in terminally differentiated cells, and which include APOBEC3A among their
regulon (set of predicted target genes).

It will be difficult for us to validate such a repressor in our cell culture system as the
keratinocytes do not reach a fully differentiated state but the identification of such a candidate
factor would be of interest and would likely stimulate further investigation.

Comment 5: How specific is GHRL3 expression to keratinocytes? In other words, would this
mechanism potentially be relevant in breast or other tissue that exhibits APOBEC mutational
signatures?

We agree that establishing this would give valuable insight into how widely this mechanism may
operate across human cancers in which APOBEC signature mutations are observed. In our
analysis of scRNA-seq datasets from cancer types including head/neck, oesophagus, lung,
breast and bladder, we only observed APOBEC3A expression in a sufficient number of cells to
permit SCENIC analysis (to identify potential transcription factors) in head/neck and



.. Re%ew
Revision Plan COMMONS

oesophagus. However, having identified GRHL3 as a potential APOBEC3A regulator from the
HNSCC and ESCC datasets, we will attempt to determine the extent to which GRHL3 and
APOBEC3A are co-expressed in the scRNA-seq data from these additional cancer types.

We will also assess GRHL3 and APOBECS3A expression in publicly available datasets including
GTEX and the Human Protein Atlas (both contain scRNA-seq and bulk RNA-seq from normal
tissues), The Cancer Genome Atlas project (bulk RNA-seq from cancer samples) and the
Cancer Cell Line Encyclopaedia (bulk RNA-seq from cancer cell lines). Initial inspection of these
datasets suggests oral and oesophageal mucosa are indeed sites of particularly high
APOBEC3A expression, and that GRHLS3 is also expressed at high levels in these tissues. Initial
analysis of TCGA data suggests strong correlation between GRHL3 and APOBEC3A
expression in squamous cell carcinomas of the head and neck, oesophagus, lung and cervix but
not in breast cancers, where GRHL3 and APOBEC3A expression is considerably lower. We
propose to conduct further analysis, including stratification of the cervical and lung cancer data
into squamous cell carcinomas and adenocarcinomas.

Reviewer #2

Comment 2: NIKS experiments in Fig 3/S2 would benefit from a non-qPCR marker of cell cycle
and/or proliferation. While data regarding A3A/B expression correlated with proliferation/cycle
markers are robust, it would be nice to see complementary experiments to show proliferation or
cell cycle in this system.

We will perform flow cytometry on fixed and Propidium lodide-stained cells collected under
these conditions to provide a complementary and more direct assessment of cell cycle status in
these experiments. These results will be added to Figure 3 and/or Figure S2.

Comment 3: Does GRHL3 mediate A3A expression in non-afatinib induction conditions? In
other words, if one of the other systems used in Fig 3 were subject to GRHL3 depletion, would
A3A expression be inhibited?

We are currently performing GRHL3 knockdown experiments using these additional methods of
inducing differentiation / A3A expression and include the results in a new supplementary figure.

Comment 4: In Fig 4f the GRHL3 transcription factor is identified from in silico data at two
regulatory sites proximal to A3A. WDRS5 is presumably recruited by GRHL3 and is found at
similar locations. Do the authors think that the same chromatin regulation of A3A occurs in all
cells?

This is an interesting point. Apart from keratinocytes, A3A is also highly expressed in
neutrophils and monocytes, and remains interferon-inducible in macrophage. Based on their
expression patterns, it is unlikely that GRHL3 or other Grainyhead family transcription factors
are involved in regulating A3A in these cell types. We will analyse publicly available ChlP-seq



.. Re%ew
Revision Plan COMMONS

data to determine the histone modification status of the relevant regulatory sites across different
cell types.

Comment 5: NFkb has been reported as a transcriptional mediator of APOBEC3A expression
in two recent publications (Isozaki, et al PMID 37407818, Oh, et al PMID 34389714). However,
NFkb does not appear in the list of transcription factors whose activity correlated with
APOBEC3A expression in keratinocytes (Fig 4a). Can the authors comment on where NFKb
might fit into the GRHL3-APOBEC3A axis?

As the reviewer points out, we do not see a positive correlation between inferred RELA activity and
APOBECS3A expression in scRNA-seq data, at least from normal tonsil. We note that in the study by
Oh et al cited by the reviewer, RELA is required for APOBEC3A induction by replication stress in
cancer cell lines and we do see positive correlations between predicted RELA activity and
APOBEC3A expression in some of the scRNA-seq datasets from tumours (particularly so in
oesophageal SCC). GRHL3 has been described as a pioneer factor (Jacobs et al Nat. Genet. 50,
1011-1020 (2018); a transcription factor that can bind to regions of closed chromatin and recruit
factors (in the case of GHRL3, the WDR5-containing trithorax H3K4 methyltransferase complex)
required for the initial priming of a gene for activation by additional transcription factors. We
hypothesize that GRHL3 may therefore be necessary for the activation of APOBEC3A expression by
other transcription factors such as NFkB and STAT2.

We propose to conduct transfection experiments in readily transfectable cell lines that do not
express APOBEC3A (HelLa, HEK293), to determine whether GHRL3 or RELA overexpression alone
or in combination is sufficient to induce APOBEC3A expression. We will also conduct siRNA
experiments in which we will target GRHL3 and RELA alone or in combination, to test whether RELA
is required for the GRHL3-dependent APOBEC3A expression we observe in cultured keratinocytes.

Reviewer #3

GRHL3 Specificity:

Tissue Context: It's important to determine if GRHL3-mediated APOBEC3A activation is unique
to cancers explored here, or a broader principle in epithelial malignancies.

See response to Reviewer #1, comment 5 (directly above).

Therapeutic Breadth: Explore if the results are likely limited to the studied cancers, or have
potential application across a wider range of epithelial cancers.

This should also be covered by the investigations we have proposed in response to the point
concerning GRHL3 specificity (tissue context) — see response to Reviewer #1, comment 5.



.. Re\ﬂew
Revision Plan COMMONS

3. Description of the revisions that have already been incorporated in
the transferred manuscript
Please insert a point-by-point reply describing the revisions that were already carried out and

included in the transferred manuscript. If no revisions have been carried out yet, please leave
this section empty.

All revisions that have been incorporated in revised manuscript are displayed in blue text.
Reviewer #1

Comment 2: In line 130 the authors state "To address this question, the 2,649 epithelial cells
derived from normal tonsil were subset from our 21,937 epithelial cell dataset (Figure 2a) and
pathway analysis using gene ontology biological processes (GOBP) was performed on the top
100 genes co-expressed with either APOBEC3A or APOBEC3B (Table S3)." This sentence is a
bit confusing and looking at 2a, it is impossible to extrapolate what subset they are referring to.
This statement and accompanying data could use some clarification for the reader.

We have clarified this section of the text to read as follows (lines 131-135): “To address this
guestion, we identified the top 100 genes co-expressed with either APOBEC3A or APOBEC3B
(Table S3) in the 2,649 epithelial cells from our healthy tonsil samples (Figure 2a, teal) and used
pathway analysis to examine the gene ontology biological processes (GOBP) enriched among
each geneset (Figure 2b).”

We have also amended the legend for Figure 2 as follows: “(a) UMAP projection of 21,937
epithelial cells from oropharyngeal squamous cell carcinoma samples (n = 10; 19,314 cells
(pink)), and matched normal tonsil (n = 7; 2,649 cells (teal)). b) GOBP terms enriched amongst
the sets of 100 genes that were co-expressed with either APOBEC3A or APOBEC3B in the
2,469 epithelial cells from normal tonsil.”

Comment 3: In line 236-239 authors say, "Furthermore, GRHL3 was the only transcription
factor among those whose activity was correlated with APOBEC3A expression that was
significantly upregulated in the differentiating compartment of the normal tonsil epithelium, in
which most APOBEC3A-expressing cells were clustered (Figure 4a, b, Figure 1e, Table S6)".
However, there is no figure 1e provided.

The reference to Figure 1e was a mistake. We have corrected this to Figure 2e.

Comment 6: Did the authors identify any transcription factors in spatial sScRNA-seq data that
correlate with A3B expression?

We have added the A3B results of our SCENIC analysis to Table S5 and have added the
following to the results text (lines 272-276): “Although no single transcription factor activity



.. Re%ew
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displayed a consistently strong correlation with APOBEC3B expression (Table S5, possibly due
to the lower number of A3B-expressing cells in several of the datasets), correlations with E2F
family transcription factors are consistent with previous reports linking repressive E2F-
containing complexes to APOBEC3B regulation (Periyasamy et al Nucleic Acids Research
45(19):11056-11069 (2017); Roelofs et al Elife 9:e61287 (2020) and with its expression in
proliferating cells.”

Comment 7: The results heading for Figure 4 states that A3A expression is induced by GRHL3.
While the data is consistent with this, it is not actually demonstrated that expression of GRHL3
directly causes A3A induction. The converse is shown in depletion experiments, however | feel
that stating A3A expression in differentiation requires GRHL3 or something to that effect more
accurately reflects the data in the absence of evidence for a more cause-effect relationship.
Similarly, the heading for the next section "GRHL3 drives APOBEC3A expression in HNSCC
and ESCC" is based entirely on correlation. | therefore feel that, while likely, this is an
overstatement of the actual data presented.

We agree with the reviewer that our data demonstrate that GRHLS3 is required for APOBEC3A
expression during differentiation as opposed to demonstrating a direct role for GRHL3 in
APOBEC3A induction. We have revised the titles of Figure 4 (now “Grainyhead-like transcription
factor 3 is required for APOBEC3A expression during keratinocyte differentiation”) and the
relevant results section (now “APOBEC3A expression during keratinocyte differentiation
requires Grainyhead-like transcription factor 3” (line 229-230) accordingly. Similarly in cancer
cells, our siRNA experiments in the BICR6 and BICR22 HNSCC cell lines demonstrate a
requirement for GRHL3 in maintaining APOBEC3A expression. We have revised the
subheading for this last Results section to “Evidence for regulation of APOBEC3A by GRHL3 in
SCC tissues and cell lines” (line 304).

Comment 8: APOBEC3G is misspelled in line 368.

Corrected.

Comment 9: We did not have access to any supplementary tables for review.

We checked with the editorial team and as far as they could tell, our supplementary tables were
available. We will ensure all reviewers have access to these when reviewing our revised
submission.

Reviewer #2

Comment 1: Could the authors comment on the difference in scale between A3A and A3B

expression in Fig 2e? It seems that A3B is expressed at much lower levels than A3A in tonsils.
Is the same true in oesophagus (Fig S1)?



.. Re\ﬂew
Revision Plan COMMONS

Yes, this is correct. A3A is expressed at higher levels than A3B in both normal tonsil and
oesophageal epithelium (at least at the mRNA level). This can be seen by comparing the A3A
and A3B expression data in Figure 1 (the data displayed in Figure S1 is derived from the study
by Madissoon et al (2020), which represents 80,489 epithelial cells) and we have added a
comment to the text (lines 108-110: “...and the mean APOBEC3A expression per cell was
significantly higher than that of APOBEC3B in both tonsil and oesophagus” (Figure 1, p<2.22E-
16 (unpaired Wilcoxon’s Rank Sum test)).”

* There is a typo on line 239 where Figure 1e is called out, but | believe the authors meant 2e.
Corrected.

» Supplemental Fig 6d - the heatmap legend does not have color variation, which seems to be
an error.

Corrected.
* In Fig 5b, was qPCR performed on sub-confluent cultures (as in Fig S9)?

Yes, BICR6 and BICR22 cells were sub-confluent at harvest in both cases. We have added this
information to the legend for figure 5.

Reviewer #3

Regulation: Clarify if the link is unique to dysregulated cancer cells, or might reflect normal
cellular processes amplified in oncogenesis.

Our initial identification of GRHL3 as a potential regulator of APOBEC3A was made using
scRNA-seq data from healthy tonsil epithelium and validated using siRNA in NIKS - a
spontaneously immortalised epidermal keratinocyte cell line, originating from neonatal foreskin.
We also see a correlation between APOBEC3A expression and GRHL3 activity in healthy
squamous oesophageal epithelium, so we propose that the link does indeed reflect normal
cellular processes that could be amplified in oncogenesis, as the reviewer suggests. The same
is true for the expression patterns of APOBEC3B.

Differentiation Focus: This study uniguely emphasises APOBEC3A's potential in differentiation,
an angle to explicitly highlight as it may have far-reaching implications beyond cancer
understanding.

We agree that our observations do raise interesting questions regarding a possible role for
APOBEC3A in differentiation (a point also noted by Reviewer 1). Some thoughts on this are
included in the Discussion (lines 454-471) but in our revised manuscript we have also included
mention in the abstract (lines 42-43), which now concludes “These findings suggest that



.. Re\ﬂew
Revision Plan COMMONS

APOBEC3A may play a functional role during keratinocyte differentiation and offer a mechanism
for acquisition of APOBEC3A mutagenic activity in tumours”. We are actively working on this
question having deleted APOBEC3A in NIKS but would respectfully suggest (we think we are in
agreement with the reviewer on this point) that the question of APOBEC3A’s potential
function(s) in differentiation lies beyond the scope of this manuscript.

4. Description of analyses that authors prefer not to carry out

Please include a point-by-point response explaining why some of the requested data or
additional analyses might not be necessary or cannot be provided within the scope of a revision.
This can be due to time or resource limitations or in case of disagreement about the necessity of
such additional data given the scope of the study. Please leave empty if not applicable.

Reviewer #3 (Significance (Required)):

The link between GRHL3 and APOBECS3A discovered in the manuscript is compelling, however,
further validation will strengthen the study. Directly manipulating GRHL3 in cancer models to
observe changes in APOBEC-induced mutations would support the conclusion that it is a
primary driver of this mechanism.

We agree that deletion of GRHL3 in cancer models (e.g. BICR6, BICR22) and assessment of
the effects on APOBEC-mediated mutagenesis would provide strong evidence regarding the
significance of this regulatory mechanism in cancer. Such experiments have been conducted for
the deletion of APOBEC3A and APOBEC3B themselves (Petljak et al Nature 607(7920):799-
807 (2022)), clearly demonstrating that loss of expression results in a loss of ongoing
mutagenesis. These experiments are lengthy however (following the generation of suitable
clones, they were cultured over several months to allow time for sufficient accumulation of
mutations) and costly (whole genome sequencing of multiple clones is necessary to provide the
statistical power required to observe the effect on mutagenesis). We suggest that in the
interests of publishing our findings (which as all reviewers have pointed out, will be of
considerable interest) in a timely manner, we include in our discussion the following sentence
“‘while our data suggest aberrant activation of GRHL3-APOBECS3A signalling could be an
important mechanism leading to APOBEC-mediated mutagenesis in cancer, this will need to be
investigated further, for example by following the effect of GHRL3 deletion on APOBEC3A
expression and the accumulation of APOBEC signature mutations in long-term cell culture
studies. We note that APOBEC3A expression is only one part of the picture: mutagenesis also
requires the availability of ssSDNA substrate, for example during DNA replication. Again, our
scRNA-seq analysis of a limited number of cancers suggests APOBEC3A is expressed in a
minority of tumour cells that are undergoing DNA replication (and that these cells also exhibit
GRHL3 activation) but whether this results in APOBEC-mediated mutagenesis requires further
investigation.”



.. Re\ﬂew
Revision Plan COMMONS

In lieu of demonstrating an effect on mutagenesis, we propose to do the following:

1. Demonstrating the effect of GRHL3 knockdown on APOBEC3A RNA editing activity in cancer
cell lines. Measuring the extent of C>U editing at an APOBEC3A target site (C558) in the
DDOST mRNA has been shown to be superior to APOBEC3A protein- and mRNA-based
assays in predicting the activity of APOBECS3A on DNA (Jalili et al Nature Communications
11(1):2971 (2020)). It has been used either in parallel with (Petljak et al Nature
607(7920):799-807 (2022), or in place of (Isozaki et al Nature 620(7973):393-401 (2023)).
We have shown in this manuscript (Figure 4e) that GRHL3 knockdown results in a decrease
in DDOST mRNA editing and we propose to conduct this assay on the HNSCC cell lines
(BICR6 and BICR22) in which we have observed a decrease in APOBEC3A mRNA levels
following GRHL3 knockdown (Figure 5b).

2. Evaluating markers of replication stress (phospho-Chkl) and DNA damage (yH2AX) that
become elevated in cancer cells expressing APOBEC3A and that function as a more
immediate biomarker for genotoxic activity than the eventual occurrence of mutations. We
will conduct immunofluorescence microscopy and/or immunoblotting to monitor pChkl and
yH2AX in NIKS and HNSCC cell lines -/+ GRHL3 knockdown.

3. Examine whether tumours harbouring GRHL3 deletions in The Cancer Genome Atlas
database display reduced APOBEC signhature mutation burdens.
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Dear Dr. Fenton,
Thank you for transferring your manuscript with Review Commons referee reports and responses to The EMBO Journal.

Given the referees' positive recommendations, | would like to invite you to submit a revised version of the manuscript,
addressing the comments of all three reviewers. | should add that it is EMBO Journal policy to allow only a single round of
revision, and acceptance of your manuscript will therefore depend on the completeness of your responses in this revised
version.
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Kelly M Anderson, PhD
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k.anderson@embojournal.org

Instructions for preparing your revised manuscript:
Please make sure you upload a letter of response to the referees' comments together with the revised manuscript.
Please also check that the title and abstract of the manuscript are brief, yet explicit, even to non-specialists.

When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability in
print as well as on screen:

https:/bit.ly/EMBOPressFigurePreparationGuideline

See also figure legend guidelines: https://www.embopress.org/page/journal/14602075/authorguide#figureformat

At EMBO Press we ask authors to provide source data for the main manuscript figures. Our source data coordinator will contact
you to discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload
and organize the files.

IMPORTANT: When you send the revision we will require
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- individual production quality figure files (one file per figure)
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1st Authors' Response to Reviewers 11th Sep 2024

We thank the referees for their appraisal of our manuscript and are pleased to note their
positive comments regarding the robustness of our data and the significance of our
findings to a wide audience.

In addition to performing further experiments and analyses to address the specific
comments below, we have also added the following:

1) We applied a method (inferCNV) to our scRNA-seq data from tumour samples to
infer copy number variation (CNV) profiles for each cell by averaging gene
expression levels over large genomic regions (see methods for details). This
enabled us to identify 695 of 19,314 the epithelial cells from our tumour samples
with inferred CNV profiles that closely resembled those of cells from our matched
normal tonsil cells (Appendix Figure S8). These were classed as non-malignant
and further analyses were based on the 18,619 malignant epithelial cells
remaining. This has not altered any of the findings but allows us to state with
confidence that when describing APOBEC3A and APOBEC3B expression patterns
in tumours, we are indeed referring to malignant tumour cells and not to non-
malignant cells within those samples. This is described in the Results text (lines
292-297) and in the Methods section.

2) We added a detailed description of the methods used to generate APOBEC3A KO
NIKS that were used to demonstrate specificity of the anti-APOBECS3A antibody
(see Methods section and Appendix Fig S14).

Revisions to the text are in blue font in the manuscript file and we’ve indicated the line
numbers where revisions have been made.

Reviewer #1
Evidence, reproducibility and clarity

Summary

In this study, the authors performed single cell RNA sequencing to study the expression of
APOBEC3A (A3A) and APOBEC3B (A3B) across different healthy and malignant tissue
samples. The key finding of the study is that while A3B expression was restricted to proliferating
cells, A3A was expressed mainly in differentiating normal cells. These results were validated by
spatial transcriptomics, IHC and functional experiments. The study identified Grainyhead-like
transcription factor 3 (GRHL3) as a transcriptional regulator of A3A in terminally differentiating
keratinocytes and SCC tumor cells. GRHL3 was found to correlate with the expression and
cytidine deaminase activity of A3A. Overall the study identifies specific cell lineages that
express either A3A or A3B in normal tissues and identifies GRHL3 as a previously unknown
transcriptional regulator of A3A in normal tissues and certain cancers.

Major comments-
1. The authors discuss breast cancers to be rich in A3B, consistent with cancer cell proliferation,

however cancers like head and neck and that of the oesophagus appear to express both A3A
and A3B. It is unclear from the description whether there are cases where A3A and A3B are



coexpressed in cancer. Can the authors determine this from their dataset?

We do indeed see a minority of A3A expressing cells that also express A3B, both in
normal and cancer samples. We speculate that at least in normal epithelium, these are
cells that may have exited cell cycle in G2/M and initiated differentiation, as has been
described previously for keratinocytes. In cancers, co-expression may (also) occur due
to dysregulation of either A3A or A3B expression, for example where we see A3A
expression in a minority population of dividing cells in some HNSCC cases (Figure 5F).
However, this population is too small to conduct a meaningful analysis (e.g. to determine
which other genes are co-expressed / pathways enriched) in these A3A/A3B co-
expressing cells. We have not been able to find any scRNA-seq datasets containing
sufficient A3BA/A3B co-expressing cells to determine whether there is anything different /
uniqgue about this population. This interesting question will have to be revisited once
more scRNA-seq data are available from tissues that express both A3A and A3B.

2. In line 130 the authors state "To address this question, the 2,649 epithelial cells derived from
normal tonsil were subset from our 21,937 epithelial cell dataset (Figure 2a) and pathway
analysis using gene ontology biological processes (GOBP) was performed on the top 100 genes
co-expressed with either APOBEC3A or APOBEC3B (Table S3)." This sentence is a bit
confusing and looking at 2a, it is impossible to extrapolate what subset they are referring to.
This statement and accompanying data could use some clarification for the reader.

We have clarified this section of the text to read as follows (lines 136-140): “To address
this question, after further quality control (see Methods), we identified the top 100 genes
co-expressed with either APOBEC3A or APOBEC3B (Table EV3) in the 2,649 epithelial
cells from our healthy tonsil samples (Figure 2A, blue) and used pathway analysis to
examine the gene ontology biological processes (GOBP) enriched among each geneset
(Fig 2B).”

We have also amended the legend for Figure 2 as follows: “(a) UMAP projection of 22,595
epithelial cells from oropharyngeal squamous cell carcinoma samples (n = 10; 18,619
malignant cells (red), 695 non-malignant cells (purple), and matched normal tonsil (n = 7;
3,281 cells (blue)). b) GOBP terms enriched amongst the sets of 100 genes that were co-
expressed with either APOBEC3A or APOBECS3B in the 2,649 (after QC) epithelial cells
from normal tonsil.”

3. In line 236-239 authors say, "Furthermore, GRHL3 was the only transcription factor among
those whose activity was correlated with APOBEC3A expression that was significantly
upregulated in the differentiating compartment of the normal tonsil epithelium, in which most
APOBEC3A-expressing cells were clustered (Figure 4a, b, Figure le, Table S6)". However,
there is no figure le provided.

The reference to Figure 1E was a mistake. We have corrected this to Figure 2E.

4. Was a similar peak motif also found in the promoters/enhancers of A3A for IVL and ELF3 that
are also downregulated upon GHRL3 depletion?



We identified a GRHL3 binding peak containing three putative GRHL3 binding motifs in
the ELF3 promoter but not in the IVL promoter and have included a new supplementary
figure (Appendix Fig S7B) and the following text to our Results section (lines 265-267)
“GRHL3 and WDR5 binding to a region of the ELF3 promoter containing three putative
GRHL3 binding motifs was also evident in this ChlP-seq dataset (Appendix Fig S7) but no
peaks were observed at the IVL promoter.” It should be noted that neither ELF3 nor IVL
have definitively been shown to be direct GRHL3 target genes but at least for ELF3 (and
APOBEC3A), the evidence from GRHL3 and WDR5 ChlP-seq is consistent with direct
regulation).

From the data it would appear that A3A is transiently expressed during differentiation and then
repressed in terminally differentiated cells, suggesting that some repressors must be
subsequently recruited.

Thank you for raising this interesting point. We agree that this is certainly of interest to
pursue in future studies, for example by using organotypic culture systems in which
terminal differentiation can be achieved. We have added mention of this to the
discussion (lines 511-517) “Repression of APOBEC3B expression by the E2F4/RB-
containing DREAM (dimerization partner, RB-like, E2F and MuvB) complex has been
reported (Periyasamy et al., 2017), which may explain its confinement to proliferating
cells in healthy squamous epithelia. The absence of APOBEC3A in basal and terminally
differentiated cells suggests it too is subject to transcriptional repression; another mode
of regulation that if disrupted could enable bursts of mutagenic APOBEC activity in
cancer cells.”

5. How specific is GHRL3 expression to keratinocytes? In other words, would this mechanism
potentially be relevant in breast or other tissue that exhibits APOBEC mutational signatures?

To address this question, we used bulk RNA sequencing data from TCGA to analyse
APOBEC3A and GRHL3 mRNA expression and predicted GRHL3 transcriptional activity
across cancers arising in different tissues and have included the results in a new figure
(Fig EV2). Except for acute myeloid leukaemia (APOBEC3A expression is known to be
high in myeloid cells but GRHL3 is not, and our analysis of ChIP-seq and scRNA-seq
data suggest differential regulation of APOBEC3A in monocytes and keratinocytes (Fig
4F, G), the cancer types that display the highest APOBEC3A expression are also those
that express the most GRHL3, and the majority are squamous cell carcinomas.

While the strongest correlations between GRHL3 expression / activity and APOBEC3A
expression are seen in oesophageal and cervical SCCs, we do see strong correlations
also in adenocarcinomas from these tissues. APOBEC3A expression is significantly but
weakly correlated with GRHL3 expression (rho =0.19, adj p = 4.07E-10) and activity (rho =
0.17, adj p = 2.0E-9) in breast cancer (BRCA). We describe our analysis of TCGA RNA-seq
data in the Results text (lines 317-341).

We also analysed a recently published single cell atlas of healthy human airways
(nasopharynx to lungs)) that clearly shows expression of APOBEC3A in secretory
(differentiated) cells of the nose, which also express GRHL3, IVL, KRT10 and ELF3 ((new
Fig 4G), while APOBEC3B expression is mainly seen in ‘cycling basal’ cells, along with
Ki-67 and MCM7 (new Fig EV1). These results further support our findings on APOBEC3A
and APOBEC3B expression in distinct epithelial cell populations from healthy tonsil and



oesophagus and indicate higher APOBEC3A expression in the nose than in other parts
of the airway epithelium. We describe these findings in the Results text (lines 269-277).

6. Did the authors identify any transcription factors in spatial sScRNA-seq data that correlate with
A3B expression?

We have added the A3B results of our SCENIC analysis to Table EV5 and have added the
following to the results text (lines 280-285): “Although no single transcription factor
activity displayed a consistently strong correlation with APOBEC3B expression (Table
EV5), possibly due to the lower number of APOBEC3B-expressing cells in several of the
datasets), correlations with E2F family transcription factors are consistent with previous
reports linking repressive E2F-containing complexes to APOBEC3B regulation regulation
(Periyasamy et al, 2017; Roelofs et al, 2020), and with its expression in proliferating
cells.”

7. The results heading for Figure 4 states that A3A expression is induced by GRHL3. While the
data is consistent with this, it is not actually demonstrated that expression of GRHL3 directly
causes A3A induction. The converse is shown in depletion experiments, however | feel that
stating A3A expression in differentiation requires GRHL3 or something to that effect more
accurately reflects the data in the absence of evidence for a more cause-effect relationship.
Similarly, the heading for the next section "GRHL3 drives APOBEC3A expression in HNSCC
and ESCC" is based entirely on correlation. | therefore feel that, while likely, this is an
overstatement of the actual data presented.

We agree that our data demonstrate that GRHL3 is required for APOBEC3A expression
during differentiation as opposed to demonstrating a direct role for GRHL3 in
APOBEC3A induction. We have revised the titles of Figure 4 (now “Grainyhead-like
transcription factor 3 is required for APOBEC3A expression during Kkeratinocyte
differentiation”) and the relevant results section (now “APOBEC3A expression during
keratinocyte differentiation requires Grainyhead-like transcription factor 3” (line 213-214)
accordingly. Similarly in cancer cells, our siRNA experiments in the BICR6 and BICR22
HNSCC cell lines demonstrate a requirement for GRHL3 in maintaining APOBEC3A
expression. We have revised the subheading for this last Results section to “Evidence
for regulation of APOBEC3A by GRHL3 in SCC tissues and cell lines” (line 287).

Minor comments

8. APOBEC3G is misspelled in line 368.

Corrected.

9. We did not have access to any supplementary tables for review.

We are sorry to hear this. We checked with the editorial team at Review Commons, who
couldn’t see any problems with the files and we hope these tables are now accessible.



Significance

General assessment: The study provides new information about the endogenous regulation of
APOBEC:S, a topic for which there is little knowledge and considerable interest given their roles
in cancer. It also adds additional detail to previous observations that EGFR inhibitors can
activate A3A expression.

Advance: The authors demonstrate that A3A and A3B are differentially regulated and implicated
GRHL3 as a main regulator of A3A in differentiating cells, also identifying a likely promoter
element for A3A. Further, they provide evidence that A3B is expressed primarily in cycling cells.
These observations raise interesting questions about the role of A3A in cancer. Many cancers
exhibit a gradient of differentiation and these results may suggest that this process would lead
to A3A expression and subsequent mutations that could lead to more aggressive tumor growth.
Additionally, it suggests that there may be a role for A3A expression in differentiating cells under
homeostatic conditions.

We thank the reviewer for highlighting the significance and implications of our study.
The fact that our data suggest a potential role for A3A in differentiating keratinocytes
was also raised by reviewer 3. Our discussion contains a comment on this (lines 464-466)
and we have added mention in the abstract (lines 42-43).

Limitations of the study: The results rely heavily on the analysis of sScRNAseq experiments.
While these approaches are ideal for identifying cell populations, they are also not as sensitive
as other methods for detecting the expression of genes. While some depletion and ChIP
experiments are carried out, much of the model relies on correlation rather than direct
manipulation of promoter elements etc. While all of the data is consistent with the author's
proposals, it is a limitation of the study.

We agree that this is a limitation of the study, and that a detailed exploration of the
mechanism by which GRHL3 regulates APOBEC3A expression will be an important next
step. As noted in our response to comment 7, we have modified our wording to avoid
overstating the evidence for direct regulation of APOBEC3A by GRHL3. We did conduct
further analysis of ChIP-seq data for active chromatin marks (H3K27Ac, H3K4Mel and
H3K4Me3) upstream of the APOBEC3A transcriptional start site in differentiating
keratinocytes versus monocytes — a cell type in which in which APOBEC3A is highly
expressed but GRHL3 is not (see for example, our analysis of the healthy human airways
single cell atlas, new Figure 4G). Interestingly the -33kb enhancer, at which we see the
GRHL3 and WDR5 binding peaks displays strong peaks for all three histone marks
across multiple ChiP-seq datasets from keratinocytes but no peak is seen at this location
in monocytes, which instead display abundant peaks at the -4kb and -15kb regulatory
regions (new Figure 4F, new results text, lines 256-267). This suggests differential usage
of cis-acting regulatory elements to drive APOBEC3A expression in keratinocytes and
monocytes. The fact that we observe a GRHL3 binding peak in the -33kb enhancer lends
support to a model for direct regulation but further work, beyond the scope of our
current study, will be required to definitively demonstrate this.



Audience: The results will be of interest to a wide audience interested in cancer mutational
signatures, cancer etiology, antiviral responses and DNA damage and repair.

We thank the reviewer for highlighting the broad audience to whom our manuscript will
be of interest.

Expertise: Our expertise is in the mechanisms of the DNA damage response, including to
APOBEC activity, and its impact on cancer etiology. We do not have significant experience with
the generation or analysis of sScRNAseq data.

Reviewer #2
Evidence, reproducibility and clarity

Summary: Smith and colleagues report novel findings related to regulation of expression of
APOBEC3A and APOBEC3B, two candidate cancer mutagens, in both squamous cell cancers
and healthy epithelia. Through de novo single cell RNA sequencing and analysis of published
data sets, Smith et al find that the GRHL3 pioneer transcription factor regulates APOBEC3A to
restrict expression to differentiating/terminally differentiated cells. In contrast, APOBEC3B is
expressed in proliferating cells during G2-M phase and expression is associated with mitotic
markers.

I have only minor comments/suggestions:

1. Could the authors comment on the difference in scale between A3A and A3B expression in
Fig 2e? It seems that A3B is expressed at much lower levels than A3A in tonsils. Is the same
true in oesophagus (Fig S1)?

Yes, this is correct. APOBEC3A is expressed at higher levels than APOBEC3B in both
normal tonsil and oesophageal epithelium (at least at the mRNA level). This can be seen
by comparing the APOBEC3A and APOBEC3B expression data in Figure 1 (the data
displayed in Appendix Figure S1 is derived from the study by Madissoon et al (2020),
which represents 80,489 epithelial cells) and we have added a comment to the text (lines
119-121: “...and the mean APOBEC3A expression per cell was significantly higher than
that of APOBEC3B in both tonsil and oesophagus” (Figure 1, p<2.22E-16 (unpaired
Wilcoxon’s Rank Sum test)).”

2. NIKS experiments in Fig 3/S2 would benefit from a non-gPCR marker of cell cycle and/or
proliferation. While data regarding A3A/B expression correlated with proliferation/cycle markers
are robust, it would be nice to see complementary experiments to show proliferation or cell cycle
in this system.

We performed flow cytometry on fixed, propidium iodide-stained cells collected under
these conditions to provide a complementary and more direct assessment of cell cycle
status in these experiments. These results have been added to Figure 3 and to Appendix
Figure S2.

3. Does GRHL3 mediate A3A expression in non-afatinib induction conditions? In other words, if



one of the other systems used in Fig 3 were subject to GRHL3 depletion, would A3A expression
be inhibited?

We have added new data showing that GRHL3 siRNA reduces the level of APOBEC3A
expression seen following acute (3-hour) treatment of NIKS with the known APOBEC3A
inducer, 12-myristate 13-acetate (PMA, Appendix Figure S6A), and following withdrawal
of all growth factors (Appendix Fig S6B) or following removal of EGF alone (Appendix Fig
6C). We have added the following to the results text (lines 241-243): “GRHL3 knockdown
also decreased APOBEC3A mRNA levels in PMA-treated NIKS (Appendix Fig S6A), and
following growth factor withdrawal (Appendix Fig S6B, C).”

We were not able to examine the effect of GRHL3 siRNA upon induction of APOBEC3A at
high cell density due to the technical difficulty of achieving sufficient transfection
efficiency followed by sufficient cell proliferation to achieve the cell density at which we
see APOBECS3A induction (indeed, we were not able to achieve sufficient cell densities to
observe optimal induction of A3A in response to PMA or growth factor withdrawal
following transfection, as noted in the legend to Appendix Fig S6 but we were able to
achieve sufficient induction to be able to observe the effects of GRHL3 siRNA). Given the
consistency with which we observe the effects of GRHL3 siRNA on APOBEC3A
expression in response to afatinib, starvation and PMA however (in addition to the
scRNA-seq data showing APOBEC3A is expressed in differentiating keratinocytes in
human tissue), we fully expect that GRHL3 is also required for APOBEC3A expression in
density-induced differentiation.

4. In Fig 4f the GRHL3 transcription factor is identified from in silico data at two regulatory sites
proximal to A3A. WDRS5 is presumably recruited by GRHL3 and is found at similar locations. Do
the authors think that the same chromatin regulation of A3A occurs in all cells?

We thank the referee for raising this interesting point. Apart from keratinocytes,
APOBEC3A is also highly expressed in monocytes/macrophages. Based on their
expression patterns, it is unlikely that GRHL3 or other Grainyhead family transcription
factors are involved in regulating APOBEC3A in myeloid cells (indeed, there is no GRHL3
expression in monocytes or macrophages from the single cell atlas of healthy human
airways that we analysed during these revisions but APOBEC3A is expressed (new
Figure 4G).

We therefore compared ChlIP-seq data for active histone marks (H3K27Ac, H3K4Mel and
H3K4Me3) from keratinocytes and monocytes. Interestingly we see clearly distinct
patterns, with minimal peaks at the -33kb region in monocytes (in which much stronger
peaks are seen at predicted regulatory regions -15kb and -4kb from the APOBEC3A TSS).
In keratinocytes, the histone modification peaks are strongest at the -33kb region where
we see evidence of GRHL3 and WDR5 binding. So it would appear that APOBEC3A is
regulated by different cis-acting elements in keratinocytes and monocytes. We have
added these important new findings in a new version of Figure 4F and have described
them in the text (lines 256-267).

5. NFkb has been reported as a transcriptional mediator of APOBEC3A expression in two
recent publications (Isozaki, et al PMID 37407818, Oh, et al PMID 34389714). However, NFkb
does not appear in the list of transcription factors whose activity correlated with APOBEC3A



expression in keratinocytes (Fig 4a). Can the authors comment on where NFKb might fit into the
GRHL3-APOBEC3A axis?

As the reviewer points out, we do not see a positive correlation between inferred RELA
activity and APOBEC3A expression in scRNA-seq data, at least from normal tonsil. We
note that in the study by Oh et al, RELA is required for APOBEC3A induction by
replication stress in cancer cell lines, while in the study by Isozaki et al, NFKkB1 was
found to mediate expression in EGFR-mutant lung cancer cell lines treated with EGFR
inhibitor. Although we also see induction of APOBECS3A in response to EGFR inhibition
in keratinocytes, the context is distinct. In the EGFR-mutant (‘EGFR-addicted’) NSCLC
cell lines used by Isozaki et al, EGFR inhibition causes apoptosis in most cells, leaving a
subpopulation of what they describe as drug tolerant persister cells, in which NFkB-
dependent APOBECS3A induction is observed.

EGFR inhibition in normal keratinocytes does not cause cell death (at least over the 24-
hour treatments used) but instead drives differentiation, so the cellular response is quite
different. To check whether GRHL3 may play a role in APOBEC3A induction in drug
tolerant persister cells, we transfected PC9 cells (as used by Isozaki et al) with GRHL3
siRNAs but did not see a dependence on GRHL3 for APOBECS3A induction in response to
EGFR inhibition in this EGFR-mutant lung cancer cell line, consistent with a distinct
mechanism acting in this scenario.

Given NFkB’s established role as a mediator of responses to a variety of cellular
stresses, we hypothesize that APOBEC3A induction by replication stress (Oh et al) or in
EGFR-mutant drug-tolerant persister cells that survive EGFR inhibition (Isozaki et al) are
both examples of NFkB-mediated stress responses, while APOBEC3A induction during
differentiation appears to be a normal physiological process (as evidenced by our data
from healthy tonsil, oesophagus and airways).

We do see positive correlations between predicted NFkB activity and APOBEC3A
expression in some of the scRNA-seq datasets from tumours (particularly so in
oesophageal SCC, where it is possible that replication stress and/other stresses
encountered by tumour cells may act to induce APOBEC3A via NFkB). GRHL3 has been
described as a pioneer factor (Jacobs et al Nat. Genet. 50, 1011-1020 (2018); a
transcription factor that can bind to regions of closed chromatin and recruit chromatin
remodellers required for the initial priming of a gene for activation by additional
transcription factors. We hypothesize that GRHL3 may therefore be necessary for the
activation of APOBEC3A expression by other transcription factors (potentially including
NFkB), at least in keratinocytes. We plan to include experiments to test this as part of a
detailed analysis of how GRHL3 regulates APOBECS3A but this goes beyond the scope of
the present manuscript.

Minor clarifications:
* There is a typo on line 239 where Figure le is called out, but | believe the authors meant 2e.

Corrected.



» Supplemental Fig 6d - the heatmap legend does not have color variation, which seems to be
an error.

Corrected.

* In Fig 5b, was qPCR performed on sub-confluent cultures (as in Fig S9)?

Yes, BICR6 and BICR22 cells were sub-confluent at harvest in both cases. We have
added this information to the legend for figure 5 and it is also in the Methods.

Significance

This manuscript tackles an essential problem in cancer mutagenesis, which is the normal and
aberrant regulation of the APOBEC enzymes. The data are robust and the manuscript is well
written. The switch between A3B expression in cycling cells and A3A expression in
differentiating cells fills a gap in knowledge that makes sense of many prior published findings.
The impact of this manuscript is substantial and sets up the field for further analysis of APOBEC
regulation and dysregulation in both healthy and malignant tissues beyond keratinocytes and
squamous cell tumors.

We thank the reviewer for highlighting the substantial impact of our manuscript and the
robustness of our data.

Reviewer #3 (Evidence, reproducibility and clarity (Required)):

This study explores APOBEC3A and APOBEC3B expression, regulation, and their implications
for normal cellular function versus potential cancer-related dysregulation. The emphasis is on
squamous cell carcinomas of head and neck (HNSCC) and esophagus (ESCC).

Approach: A robust, multi-pronged approach is used, including single-cell RNA sequencing
(scRNA-Seq), spatial transcriptomics, antibody validation, and computational analysis.

Findings:

-GRHL3 emerges as a central regulator of APOBECS3A, particularly in keratinocytes.
APOBEC3B expression aligns with cell division patterns, supporting its role in DNA replication-
linked mutagenicity.

-The correlation of GRHL3, APOBEC3A, and cellular replication status in HNSCC and ESCC
suggests a potential oncogenic mechanism.

Conclusions:

APOBEC3A appears to have a tightly controlled role in normal skin cell differentiation with
implications for skin health. GRHL3, or its associated signaling networks, may represent
promising therapeutic targets in cancers driven by APOBEC3-related mutations.

Reviewer #3 (Significance (Required)):

The link between GRHL3 and APOBEC3A discovered in the manuscript is compelling, however,
further validation will strengthen the study. Directly manipulating GRHL3 in cancer models to



observe changes in APOBEC-induced mutations would support the conclusion that it is a
primary driver of this mechanism.

We agree that deletion of GRHL3 in cancer models (e.g. BICR6, BICR22) and assessment
of the effects on APOBEC-mediated mutagenesis would provide strong evidence
regarding the significance of this regulatory mechanism in cancer. Such experiments
have been conducted for the deletion of APOBEC3A and APOBEC3B themselves (Petljak
et al Nature 607(7920):799-807 (2022)), clearly demonstrating that loss of expression
results in a loss of ongoing mutagenesis. These experiments are lengthy however
(following the generation of suitable clones, they were cultured over several months to
allow time for sufficient accumulation of mutations) and costly (whole genome
sequencing of multiple clones is necessary to provide the statistical power required to
observe the effect on mutagenesis). We suggest that in the interests of publishing our
findings (which as all reviewers have pointed out, will be of considerable interest) in a
timely manner, we include in our discussion the following sentence “while our data
suggest aberrant activation of GRHL3-APOBEC3A signalling could be an important
mechanism leading to APOBEC-mediated mutagenesis in cancer, this will need to be
investigated further, for example by following the effect of GHRL3 deletion on
APOBEC3A expression and the accumulation of APOBEC signature mutations in long-
term cell culture studies. We note that APOBEC3A expression is only one part of the
picture: mutagenesis also requires the availability of ssDNA substrate, for example
during DNA replication. Again, our scRNA-seq analysis of a limited number of cancers
suggests APOBECS3A is expressed in a minority of tumour cells that are undergoing DNA
replication (and that these cells also exhibit GRHL3 activation) but whether this results in
APOBEC-mediated mutagenesis requires further investigation.”

We did assess markers of acute genotoxicity (gamma-H2AX and phospho-CHK1) by
immunofluorescence microscopy following 24h treatment of WT or APOBEC3A KO NIKS
to afatinib but saw no increase in these markers, and no difference between WT and
APOBECS3A KO clones.

GRHL3 Specificity:
Tissue Context: It's important to determine if GRHL3-mediated APOBEC3A activation is unique
to cancers explored here, or a broader principle in epithelial malignancies.

We agree that it is important to understand how widespread this mechanism of
APOBEC3A regulation may be. As detailed in our response to Reviewer #1, comment 5:

To address this question, we used bulk RNA sequencing data from TCGA to analyse
APOBEC3A and GRHL3 mRNA expression and predicted GRHL3 transcriptional activity
across cancers arising in different tissues and have included the results in a new figure
(Fig EV2). Except for acute myeloid leukaemia (APOBEC3A expression is known to be
high in myeloid cells but GRHL3 is not, and our analysis of ChlP-seq and scRNA-seq
data suggest differential regulation of APOBEC3A in monocytes and keratinocytes (Fig
4F, G)), the cancer types that display the highest APOBEC3A expression are also those
that express the most GRHL3, and the majority are squamous cell carcinomas.

While the strongest correlations between GRHL3 expression / activity and APOBEC3A
expression are seen in oesophageal and cervical SCCs, we do see strong correlations
also in adenocarcinomas from these tissues. APOBEC3A expression is significantly but



weakly correlated with GRHL3 expression (rho =0.19, adj p = 4.07E-10) and activity (rho =
0.17, adj p = 2.0E-9) in breast cancer (BRCA). These analyses are described in the
Results text, lines 317-341.

We also analysed a recently published single cell atlas of healthy human airways
(nasopharynx to lungs)) that clearly shows expression of APOBEC3A in secretory
(differentiated) cells of the nose, which also express GRHL3, IVL, KRT10 and ELF3 ((new
Fig 4G), while APOBEC3B expression is mainly seen in ‘cycling basal’ cells, along with
MKI67 and TOP2A (new Fig EV1). These results further support our findings on
APOBEC3A and APOBEC3B expression in distinct epithelial cell populations from
healthy tonsil and oesophagus and indicate higher APOBEC3A expression in the nose
than in other parts of the airway epithelium. These findings are described in the Results
text, lines 269-277.

Regulation: Clarify if the link is unique to dysregulated cancer cells, or might reflect normal
cellular processes amplified in oncogenesis.

Our initial identification of GRHL3 as a potential regulator of APOBEC3A was made using
scRNA-seq data from healthy tonsil epithelium and validated using siRNA in NIKS - a
spontaneously immortalised epidermal keratinocyte cell line, originating from neonatal
foreskin. We also see a correlation between APOBEC3A expression and GRHL3 activity
in healthy squamous oesophageal epithelium, so we propose that the link does indeed
reflect normal cellular processes that could be amplified in oncogenesis, as the reviewer
suggests. The same is true for the expression patterns of APOBEC3B.

Differentiation Focus: This study uniquely emphasises APOBEC3A's potential in differentiation,
an angle to explicitly highlight as it may have far-reaching implications beyond cancer
understanding.

We agree that our observations do raise interesting questions regarding a possible role
for APOBEC3A in differentiation (a point also noted by Reviewer 1). This is noted in our
Discussion (lines 464-466), and in our revised manuscript we have also included mention
in the abstract (lines 42-43), which now concludes “These findings suggest that
APOBEC3A may play a functional role during keratinocyte differentiation and offer a
mechanism for acquisition of APOBEC3A mutagenic activity in tumours”. We are actively
working on this question having deleted APOBECS3A in NIKS but would respectfully
suggest (we think we are in agreement with the reviewer on this point) that the question
of APOBEC3A’s potential function(s) in differentiation lies beyond the scope of this
manuscript.

Therapeutic Breadth: Explore if the results are likely limited to the studied cancers, or have
potential application across a wider range of epithelial cancers.

The findings we made in response to the point concerning GRHL3 specificity (tissue
context, and to Reviewer #1, comment 5 indicate that APOBEC3A and GRHL3 are co-
expressed at highest levels in squamous cell carcinomas of the head/neck, cervix
oesophagus and lung (Fig EV2). We do see strong correlations between GHRL3 and



APOBEC3A expression also in adenocarcinomas of the cervix and oesophagus, albeit
the levels of expression are lower in these tumours. Weaker but significant correlations
are also observed in breast cancer and bladder cancer, suggesting this mechanism may
operate across a wide range of epithelial cancers but this will need to be further
investigated.

This study presents a significant contribution to our understanding of APOBEC3A and
APOBEC3B function, with particular emphasis on their roles in both normal cellular processes
and cancer development. The methodological rigor, including the multi-pronged approach and
focus on cellular context, provides a detailed and insightful view. The identification of GRHL3 as
a central regulator of APOBECS3A presents a promising novel therapeutic target for combating
APOBEC-related mutations in cancer. Furthermore, by highlighting APOBEC3A's potential role
in cellular differentiation, the study offers a new perspective on these enzymes that could have
broader implications for understanding skin health and other physiological processes. While
further experimental validation would definitively solidify the causative link between GRHL3 and
APOBEC-induced mutagenesis, this work meaningfully advances the field. Its conceptual
insights into episodic mutation and potential dysregulation of differentiation in cancer have the
potential to influence future research directions and cancer treatment strategies.

We thank the reviewer for highlighting the significance and methodological rigour of our
study, and for its potential to influence future research and cancer treatment strategies.



1st Revision - Editorial Decision 11th Oct 2024

Dear Dr Fenton,

Thank you for submitting your revised manuscript (EMBOJ-2024-117861R) to The EMBO Journal. Please note that | have taken
over this process from my editorial colleague Kelly Anderson since she recently progressed to a different role outside the office.
Your amended study was sent back to the three referees for their scientific re-evaluation, and we have received detailed
comments from two of them, which | enclose below. As you will see, the experts state that the work has been substantially
improved by the revisions and they are now broadly in favour of publication. Please note that we have editorially assessed your
response to referee #3 and found the concerns to be addressed satisfactorily.

Thus, we are pleased to inform you that your manuscript has been accepted in principle for publication in The EMBO Journal.

We now need you to take care of a number of issues related to formatting and data presentation as detailed below, which should
be addressed at re-submission.

Please contact me at any time if you have additional questions related to below points.

As you might have seen on our web page, every paper at the EMBO Journal now includes a 'Synopsis', displayed on the html
and freely accessible to all readers. The synopsis includes a 'model’ figure as well as 2-5 one-short-sentence bullet points that
summarize the article. | would appreciate if you could provide this figure and the bullet points.

Thank you for giving us the chance to consider your manuscript for The EMBO Journal. | look forward to your final revision.
Again, please contact me at any time if you need any help or have further questions.

Best regards,

Daniel Klimmeck

Daniel Klimmeck PhD
Senior Editor
The EMBO Journal

Kkkkkkk

Formatting changes required for the revised version of the manuscript:

>> Recheck functionality of the author e-mail address for co-author Z.K. .

>> Limit the number of keywords for your study to maximally five.

>> Author Contributions: Please remove the author contributions information from the manuscript text. Note that CRediT has
replaced the traditional author contributions section as of now because it offers a systematic machine-readable author
contributions format that allows for more effective research assessment. and use the free text boxes beneath each contributing
author's name to add specific details on the author's contribution.

More information is available in our guide to authors.

https://www.embopress.org/page/journal/14602075/authorguide

>> Dataset EV legends: The legends for all EV tables do not need to be duplicated and zipped with the excel files if they are
already present in the files themselves. Please rename Tables EV 4,5,7,8,9 and 10 to make them Dataset EV1 - 6. Please
adjust the numbering of the remaining EV tables accordingly, and update the callouts in the manuscript text.

>> Appendix file: the appendix file needs a ToC added on its first page, including page numbers.

>> Add a separate 'Statistical Analysis' section to the Methods part, detailing the algorithms and statistical tests applied.



>> References: adjust reference format to EMBO Journal format, 10 authors et al, and remove the DOls.

>> Callouts: There is a callout for a Supp Table 2 in the legend of Fig 1, please correct; add a callout for Fig 3H in the running
text.

>> Consider additional changes and comments from our production team as indicated below:

- Figure legends:

1. Please note that the legend for figure 3g-h is mislabeled as figure 3b, d in the statistical test section of the legend in the
manuscript. This needs to be rectified.
2. Please define the annotated p values
as appropriate.

3. Please note that the exact p values are not provided in the legends of figures 2e; 3a, ¢, e, g-h; 4c-e; 5b.

4. Please indicate the statistical test used for data analysis in the legends of figures 2b; 4a; EV 3a.

5. Please note that the box plots need to be defined in terms of minima, maxima, centre, bounds of box and whiskers, and
percentile in the legends of figures 4c; 5f; EV 2a-c.

6. Please note that information related to n is missing in the legends of figures 2e; 4c; 5f; EV 2a-b.

***/**/*

as well as provide the exact p-values for the same in the legend of figure EV 3a;

Further information is available in our Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide

Please click on the link below to submit the revision:

Link Not Available

Referee #1:
Summary

The authors performed single cell RNA sequencing to study the expression of APOBEC3A (A3A) and APOBEC3B (A3B) across
different healthy and malignant tissue samples. The key finding of the study is that while A3B expression was restricted to
proliferating cells, ASA was expressed mainly in differentiating normal cells. These results were validated by spatial
transcriptomics, IHC and functional experiments. The study identified Grainyhead-like transcription factor 3 (GRHL3) as a
transcriptional regulator of A3A in terminally differentiating keratinocytes and SCC tumor cells. GRHL3 was found to correlate
with the expression and cytidine deaminase activity of ASA. Overall the study identifies specific cell lineages that express either
A3A or A3B in normal tissues and identifies GRHL3 as a previously unknown transcriptional regulator of A3A in normal tissues
and certain cancers. These data suggest that ABA may have roles during normal differentiation and help to identify regulatory
networks that may be altered in A3A expressing cancers that are identifiable due to their distinct mutagenic signature.

Major concerns
The authors have adequately addressed all major concerns that included several typos, questions about the applicability of the
data to other cancers and the strength of some conclusions by including additional data and analysis, text corrections and

additional discussion. They have also, in my opinion, thoughtfully addressed many of the concerns raised by other reviewers. |
do not have any additional major of minor concerns and feel the study is suitable for publication.

Referee #2:

The authors have adequately addressed all of my queries and, in my opinion, those of other referees. This manuscript is
suitable for publication.
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Rev_Com_number: RC-2024-02419

New_manu_number: EMBOJ-2024-117861R

Corr_author: Fenton

Title: Differentiation signals induce APOBEC3A via GRHL3 in squamous epithelia and squamous cell carcinoma



2nd Authors' Response to Reviewers 21st Oct 2024

The authors addressed the remaining editorial issues.



2nd Revision - Editorial Decision 24th Oct 2024

Dear Dr Fenton,

Thank you for submitting the revised version of your manuscript EMBOJ-2024-117861R1. | have now evaluated your amended
manuscript and concluded that the remaining minor concerns have been sufficiently addressed.

I am thus pleased to inform you that your manuscript has been accepted for publication in the EMBO Journal.

Your manuscript will be processed for publication by EMBO Press. It will be copy edited and you will receive page proofs prior to
publication. Please note that you will be contacted by Springer Nature Author Services to complete licensing and payment
information.

Please note that it is The EMBO Journal policy for the transcript of the editorial process (containing referee reports and your
response letter) to be published as an online supplement to each paper. If you do NOT want this, you will need to inform the
Editorial Office via email immediately. More information is available here: https://www.embopress.org/transparent-
process#Review_Process

You may qualify for financial assistance for your publication charges - either via a Springer Nature fully open access agreement
or an EMBO initiative. Check your eligibility: https://www.embopress.org/page/journal/14602075/authorguide#chargesguide

Should you be planning a Press Release on your article, please get in contact with embo_production@springernature.com as
early as possible in order to coordinate publication and release dates.

On a different note, | would like to alert you that EMBO Press offers a format for a video-synopsis of work published with us,
which essentially is a short, author-generated film explaining the core findings in hand drawings, and, as we believe, can be very
useful to increase visibility of the work. Please see the following link for representative examples and their integration into the
article web page:

https://www.embopress.org/video_synopses

https://www.embopress.org/doi/full/10.15252/embj.2019103932

Please let me know, should you be interested to engage in commissioning a similar video synopsis for your work. According
operation instructions are available and intuitive.

If you have any questions, please do not hesitate to contact the Editorial Office. Thank you for your contribution to The EMBO
Journal.

Thank you again for this contribution to The EMBO Journal and congratulations on a successful publication! Please consider us
again in the future for your most exciting work.

Best regards,

Daniel Klimmeck

Daniel Klimmeck, PhD

Senior Editor

The EMBO Journal

EMBO

Postfach 1022-40

Meyerhofstrasse 1

D-69117 Heidelberg
contact@embojournal.org

Submit at: http://emboj.msubmit.net
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EMBO Press Author Checklist

Corresponding Author Name: Tim Fenton USEFUL LINKS FOR COMPLETING THIS FORM
Journal Submitted to: EMBO Journal The EMBO Journal - Author Guidelines
Manuscript Number: EMBOJ-2024-117861-T EMBO Reports - Author Guidelines

Molecular Systems Biology - Author Guidelines
EMBO Molecular Medicine - Author Guidelines
Reporting Checklist for Life Science Articles (updated January
This checklist is adapted from Materials Design Analysis Reporting (MDAR) Checklist for Authors. MDAR establishes a minimum set of requirements in
transparent reporting in the life sciences (see Statement of Task: 10.31222/0sf.io/9sm4x). Please follow the journal's guidelines in preparing your
Please note that a copy of this checklist will be published alongside your article.

Abridged guidelines for figures
1. Data
The data shown in figures should satisfy the following conditions:
— the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the experiments in an accurate
and unbiased manner.
ideally, figure panels should include only measurements that are directly comparable to each other and obtained with the same assay.
plots include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should not be shown for technical
if n<5, the individual data points from each experiment should be plotted. Any statistical test employed should be justified.
Source Data should be included to report the data underlying figures according to the guidelines set out in the authorship guidelines on Data
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2. Captions
Each figure caption should contain the following information, for each panel where they are relevant:
— a specification of the experimental system investigated (eg cell line, species name).
— the assay(s) and method(s) used to carry out the reported observations and measurements.
— an explicit mention of the biological and chemical entity(ies) that are being measured.
— an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.
— the exact sample size (n) for each experimental group/condition, given as a number, not a range;
— a description of the sample collection allowing the reader to understand whether the samples represent technical or biological replicates (including
how many animals, litters, cultures, etc.).
a statement of how many times the experiment shown was independently replicated in the laboratory.
= definitions of statistical methods and measures:
- common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney tests, can be
unambiguously identified by name only, but more complex techniques should be described in the methods section;
- are tests one-sided or two-sided?
- are there adjustments for multiple comparisons?
- exact statistical test results, e.g., P values = x but not P values < x;
- definition of ‘center values’ as median or average;
- definition of error bars as s.d. or s.e.m.

!

Please complete ALL of the questions below.
Select "Not Applicable" only when the requested information is not relevant for your study.
Materials
Information included in In which section is the information available?
T et RS the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
New materials and reagents need to be available; do any restrictions apply? Yes Data and Materials Availability Section
Antibodies Information included in In which section is the information available?
the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
For antibodies provide the following information:
- Commercial antibodies: RRID (if ible) or lier nam tall
Commercial antibodies: (if possible) or supplier name, catalogue Yes Regents and Tools Table
number and or/clone number
- Non-commercial: RRID or citation
Information included in In which section is the information available?
(R L] (R SR EEES the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
Short novel DNA or RNA including primers, probes: provide the Yes Manuscript file, Table 1
sequences.
Cell materials Information included in In which section is the information available?
the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
Cell lines: Provide species information, strain. Provide accession number
in repository OR supplier name, catalog number, clone number, and/OR Yes Reagents and Tools Table
Prlrﬂgry gultures: Provide species, strain, sex of origin, genetic Yes Reagents and Tools Table
modification status.
Report if the cell lines were recently authenticated (e.g., by STR profilin 3 3 a
P Y aut (eg. by P 9) Yes Materials and Methods (tested for mycoplasma and confirmed negative)
and tested for mycoplasma contamination.
. Information included in i ion i i i 7
Experimental animals v In which section is the information available?
the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
Laboratory animals or Model organisms: Provide species, strain, sex,
age, genetic modification status. Provide accession number in repository
OR supplier name, catalog number, clone number, OR RRID.
Animal observed in or captured from the field: Provide species, sex,
and age where possible.
Please detail housing and husbandry conditions.
Information included in i ion i i ?
s avel mierehEs v In which section is the information available?
the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
Plants: provide species and strain, ecotype and cultivar where relevant,
unique accession number if available, and source (including location for
collected wild specimens).
Microbes: provide species and strain, unique accession number if
available, and source.
Information included in In which section is the information available?
Limaieseactipaicoants the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
If collected and within the bounds of privacy constraints report on age, sex
P! Y P 9 Yes Table EV1 (sex and age collected and reported)
and gender or ethnicity for all study participants.
Core facilities Information included in In which section is the information available?
the manuscript? (Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
If your work benefited from core facilities, was their service mentioned in q
V! " Yes Acknowledgements section
the acknowledaments section?
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Ethics

Study protocol

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If study protocol has been pre-registered, provide DOI in the
manuscript. For clinical trials, provide the trial registration number OR cite
DOI.

Report the clinical trial registration number (at ClinicalTrials.gov or
equivalent), where applicable.

Laboratory protocol

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Provide DOI OR other citation details if external detailed step-by-step
protocols are available.

Yes

Reference for STAR Protocols paper on DDOST editing assay cited (Oh
and Buisson)

Experimental study design and statistics

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Include a statement about sample size estimate even if no statistical
methods were used.

Yes

Materials and Methods (Ethics / Patient samples section)

Were any steps taken to minimize the effects of subjective bias when
allocating animals/samples to treatment (e.g. randomization procedure)?
If yes, have they been described?

Include a statement about blinding even if no blinding was done.

Materials and Methods (immunohistochemistry section)

Describe inclusion/exclusion criteria if samples or animals were excluded
from the analysis. Were the criteria pre-established?

If sample or data points were omitted from analysis, report if this was due
to attrition or intentional exclusion and provide justification.

For every figure, are statistical tests justified as appropriate? Do the data
meet the assumptions of the tests (e.g., normal distribution)? Describe any
methods used to assess it. Is there an estimate of variation within each
group of data? Is the variance similar between the groups that are being
statistically compared?

Sample definition and in-laboratory replication

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

In the figure legends: state number of times the experiment was replicated
in laboratory.

Yes

Figure legends

In the figure legends: define whether data describe technical or biological
renli

Yes

Figure legends

Ethics

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Studies involving human participants: State details of authority granting

ethics approval (IRB or equivalent committee(s), provide reference Yes Materials and Methods
number for aoproval

Studies involving human participants: Include a statement confirming that

informed consent was obtained from all subjects and that the experiments Yes Materials and Methods

conformed to the principles set out in the WMA Declaration of Helsinki and
the Department of Health and Human Services Belmont Report.

Studies involving human participants: For publication of patient photos,
include a statement confirming that consent to publish was obtained.

Studies involving experimental animals: State details of authority granting
ethics approval (IRB or equivalent committee(s), provide reference number
for approval. Include a statement of compliance with ethical regulations.

Studies involving specimen and field samples: State if relevant permits
obtained, provide details of authority approving study; if none were
required, explain why.

Dual Use Research of Concern (DURC)

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Could your study fall under dual use research restrictions? Please check
biosecurity documents and list of select agents and toxins (CDC):
https:/h nts.gov/sat/list.htm

If you used a select agent, is the security level of the lab appropriate and
reported in the manuscript?

If a study is subject to dual use research of concern regulations, is the
name of the authority granting approval and reference number for the
regulatory approval provided in the manuscript?

Reporting
The MDAR framework recommends adoption of discipline-specific guidelines, established and endorsed through community initiatives. Journals have their own policy about requiring

specific guidelines and recommendations to complement MDAR.

Adherence to community standards

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

State if relevant guidelines or checklists (e.g., ICMJE, MIBBI, ARRIVE,
PRISMA) have been followed or provided.

For tumor marker prognostic studies, we recommend that you follow the
REMARK reporting guidelines (see link list at top right). See author
guidelines, under ‘Reporting Guidelines’. Please confirm you have followed
these quidelines.

For phase Il and Il randomized controlled trials, please refer to the
CONSORT flow diagram (see link list at top right) and submit the
CONSORT checklist (see link list at top right) with your submission. See
author guidelines, under ‘Reporting Guidelines’. Please confirm you have
submitted this list.

Data Availability

Data availability

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Have primary datasets been deposited according to the journal's
guidelines (see 'Data Deposition’ section) and the respective accession
numbers provided in the Data Availability Section?

Yes

Processed scRNA-seq data (Seurat Object) for the epithelial cells analysed
in this study has been uploaded to Zenodod
(https://zenodo.org/doi/10.5281/zenodo.13742281).

Were human clinical and genomic datasets deposited in a public access-
controlled repository in accordance to ethical obligations to the patients and
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