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1st Editorial Decision 5th May 2020

5th May 2020

Dear Anna,

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We have now
received feedback from the three reviewers who agreed to evaluate your manuscript. As you will
see from the reports below, the referees acknowledge the interest of the study and are overall
supporting publication of your work pending appropriate revisions.

A cross-commenting exercise helped defining more precisely the issues that should be addressed
in priority:

1/ Strengthen the mechanistic analysis of the effect of LSD1 inhibition on MCC growth (in vitro and
in vivo)

2/ Characterize the shift in cell fate induced by LSD1 inhibitor

3/ Analyze the effects of combination treatments

4/ Discuss the Nature Cell Biology paper reporting partly overlapping results.

Moreover, we will not ask you to address the impact of LSD1 inhibition in an immunocompetent
MCC mouse model (due to the lack of model), or to repeat experiments in primary cells and PDX
(due to the rareness of the disease and availability of patient material). Similarly, we do not expect
results in other neuroendocrine tumors.

Apart from these specific points (immunocompetent mice, primary cells and other neuroendocrine
tumors), addressing the reviewers' concerns in full will be necessary for further considering the
manuscript in our journal, and acceptance of the manuscript will entail a second round of review.
EMBO Molecular Medicine encourages a single round of revision only and therefore, acceptance or
rejection of the manuscript will depend on the completeness of your responses included in the next,
final version of the manuscript. For this reason, and to save you from any frustrations in the end, |
would strongly advise against returning an incomplete revision.

**k*%

When submitting your revised manuscript, please carefully review the instructions that follow below.
Failure to include requested items will delay the evaluation of your revision:

1) A docx formatted version of the manuscript text (including legends for main figures, EV figures
and tables). Please make sure that the changes are highlighted to be clearly visible.

2) Individual production quality figure files as .eps, tif, jpg (one file per figure).
3) A .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point
responses to their comments. As part of the EMBO Press transparent editorial process, the point-

by-point response is part of the Review Process File (RPF), which will be published alongside your
paper.

4) A complete author checklist, which you can download from our author guidelines



(https/iwww.embopress.org/page/journal/17574684/authorguide#submissionofrevisions). Please
insert information in the checklist that is also reflected in the manuscript. The completed author
checklist will also be part of the RPF.

5) Please note that all corresponding authors are required to supply an ORCID ID for their name
upon submission of a revised manuscript.

6) Before submitting your revision, primary datasets produced in this study need to be deposited in
an appropriate public database (see
https//www.embopress.org/page/journal/17574684/authorguide#dataavailability).

Please remember to provide a reviewer password if the datasets are not yet public.

The accession numbers and database should be listed in a formal "Data Availability " section
(placed after Materials & Method). Please note that the Data Availability Section is restricted to
new primary data that are part of this study. If this section does not apply to your study, please
indicate: "This study includes no data deposited in external repositories”

*** Note - All links should resolve to a page where the data can be accessed. ***

7) We would also encourage you to include the source data for figure panels that show essential
data. Numerical data should be provided as individual xIs or csv files (including a tab describing the
data). For blots or microscopy, uncropped images should be submitted (using a zip archive if
multiple images need to be supplied for one panel). Additional information on source data and
instruction on how to label the files are available at

8) Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets
that were re-used and obtained from public databases. Data citations in the article text are distinct
from normal bibliographical citations and should directly link to the database records from which the
data can be accessed. In the main text, data citations are formatted as follows: "Data ref: Smith et
al,2001" or "Data ref: NCBI Sequence Read Archive PRINA342805, 2017". In the Reference list,
data citations must be labeled with "[DATASET]". A data reference must provide the database
name, accession number/identifiers and a resolvable link to the landing page from which the data
can be accessed at the end of the reference. Further instructions are available at .

9) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are
collapsible/expandable online. A maximum of 5 EV Figures can be typeset. EV Figures should be
cited as 'Figure EV1, Figure EV2" etc...in the text and their respective legends should be included in
the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be
bundled together with their legends in a single PDF file called *Appendix*, which should start with a
short Table of Content. Appendix figures should be referred to in the main text as: "Appendix Figure
S1, Appendix Figure S2" etc.

- Additional Tables/Datasets should be labeled and referred to as Table EV1, Dataset EV1, etc.
Legends have to be provided in a separate tab in case of xIs files. Alternatively, the legend can be
supplied as a separate text file (README) and zipped together with the Table/Dataset file.

See detailed instructions here:



10) The paper explained: EMBO Molecular Medicine articles are accompanied by a summary of the
articles to emphasize the major findings in the paper and their medical implications for the non-
specialist reader. Please provide a draft summary of your article highlighting

- the medical issue you are addressing,

- the results obtained and

- their clinical impact.

This may be edited to ensure that readers understand the significance and context of the research.
Please refer to any of our published articles for an example.

11) For more information: There is space at the end of each article to list relevant web links for
further consultation by our readers. Could you identify some relevant ones and provide such
information as well? Some examples are patient associations, relevant databases,
OMIM/proteins/genes links, author's websites, etc...

12) Every published paper now includes a 'Synopsis' to further enhance discoverability. Synopses
are displayed on the journal webpage and are freely accessible to all readers. They include a short
stand first (maximum of 300 characters, including space) as well as 2-5 one-sentences bullet points
that summarizes the paper. Please write the bullet points to summarize the key NEW findings.
They should be designed to be complementary to the abstract - i.e. not repeat the same text. We
encourage inclusion of key acronyms and quantitative information (maximum of 30 words / bullet
point). Please use the passive voice. Please attach these in a separate file or send them by email,
we will incorporate them accordingly.

Please also suggest a striking image or visual abstract to illustrate your article. If you do please
provide a png file 550 px-wide x 400-px high.

13) As part of the EMBO Publications transparent editorial process initiative (see our Editorial at
http//embomolmed.embopress.org/content/2/9/329), EMBO Molecular Medicine will publish online a
Review Process File (RPF) to accompany accepted manuscripts.

In the event of acceptance, this file will be published in conjunction with your paper and will include
the anonymous referee reports, your point-by-point response and all pertinent correspondence
relating to the manuscript. Let us know whether you agree with the publication of the RPF and as
here, if you want to remove or not any figures from it prior to publication.

Please note that the Authors checklist will be published at the end of the RPF.

EMBO Molecular Medicine has a "scooping protection” policy, whereby similar findings that are
published by others during review or revision are not a criterion for rejection. Should you decide to
submit a revised version, | do ask that you get in touch after three months if you have not
completed it, to update us on the status.

I look forward to receiving your revised manuscript.

With my best wishes,



Lise

Lise Roth, PhD
Editor
EMBO Molecular Medicine

To submit your manuscript, please follow this link:
Link Not Available

Please do not share this URL as it will give anyone who clicks it access to your account.

The system will prompt you to fill in your funding and payment information. T his will allow Wiley to
send you a quote for the article processing charge (APC) in case of acceptance. This quote takes
into account any reduction or fee waivers that you may be eligible for. Authors do not need to pay
any fees before their manuscript is accepted and transferred to our publisher.

*Additional important information regarding Figures

Each figure should be given in a separate file and should have the following resolution:
Graphs 800-1,200 DPI

Photos 400-800 DPI

Colour (only CMYK) 300-400 DPI"

Figures are not edited by the production team. All lettering should be the same size and style; figure
panels should be indicated by capital letters (A, B, C etc). Gridlines are not allowed except for log
plots. Figures should be numbered in the order of their appearance in the text with Arabic numerals.
Each Figure must have a separate legend and a caption is needed for each panel.

*Additional important information regarding figures and illustrations can be found at
http://bit ly/EMBOPressFigurePreparationGuideline

*xxk Reviewer's comments *****
Referee #1 (Remarks for Author):
In the present manuscript, the authors performed a pharmacological screen in Merkel cell carcinoma

cells, targeting epigenetic regulators. They discovered that LSD1 is required for MCC growth in vitro
and in vivo and that HMG20B (BRAF35), a subunit of the LSD1-CoREST complex, is also essential



for MCC proliferation. LSD1 inhibition in MCC disrupts the LSD1-CoREST complex, directly activates
TGF signaling which induces the expression of regulators of the neuronal lineage, and activates a

gene expression signature corresponding to normal Merkel cells. These results may offer a rationale
for the use of LSD1 inhibitors against MCC.

The manuscript is well written and might, likely in short term, represent a real therapeutic strategy
against Merkel cell carcinomas

Main Points

1. The authors analyze genome-wide RNAI screening data derived from the DepMap project, which
includes genetic vulnerability maps for the MCC cell lines PeTa, MKL-1, and MKL-2. We examined
the genes encoding the epigenetic regulators from their initial screen and found that LSD1 scores
among the top 5 dependencies for MCC proliferation (Fig. 1e and Extended Data Fig. 1f). Would the
finding of LSDi applicability apply only to MCC cells or in general there would be a potential
application for other neuroendocrine cancers? If neuroendocrine cancer cells different from MCC
would be analysed, would LSD1 display a high score for dependencies for proliferation?

2. If possible, a part of the data should be recapitulated in primary MCC cells (if available), at least
for response to LSDi and their anticancer potential ex vivo or in PDX.

3.In figure 1e the dependency plot depicting the mean dependency of the 3 MCC cell lines PeTa,
MKL-1, MKL-2 on the genes targeted by the compound library in Fig. 1a is shown. Would a combo
scheme of LSD1i+BRD4i or other molecules targeting PRMT5, TAF1, WDR5 be more effective
against MCC proliferation maintaining a similar specificity?

4. Allthe in vivo experiments have been performed in immune-compromised mice. If at all possible,
the authors might include in vivo data in mice, which display a functional immune system.
Alternatively, if technically this is not possible, the authors might comment on this issue in the
discussion.

5. The authors identified core members, including the histone deacetylase HDAC2, and RCOR1,
RCOR2, RCOR3, which serve as a scaffold for complex assembly, as well as non-canonical
members, including GSE1, HMG20A, HMG20B (Fig. 3c and Extended Data Fig. 3a). Would a combo
treatment targeting HDAC2 and LSD1 display any advantages against LSDi as monotherapy?

6. The authors found that LSD1i treatment of MCC leads to dissociation of this complex, in line with
studies in leukemias (Fig. 3d,ne). This evaluation is performed at 24h. Following, the authors to
investigate the molecular programs associated with LSD1i mediated growth inhibition, performed
RNAseq of DMSO- and GSK-LSD1-treated MCC cells after 6 days. The promoter motifs in the
deregulated genes had Co-/Rest binding motif enriched in the promoters of genes that become up-
regulated in MCCs upon inhibition of LSD1, indicating a direct regulation of these genes by the
LSD1-CoREST complex (Fig. 4d). The authors thus suggest that the therapeutic effect of LSD1i
treatment is mediated by the expression of neuronal genes and differentiating MCC cells into a
neuronal lineage. Interestingly, HMG20B, was identified as a subunit of the LSD1-CoREST complex
in MCC, required to maintain full repression of neuron-specific genes. Given that at 24 hours the
authors see a change in the LSD1-CoREST co-repressor complex, which complex they think is
binding to the responsive promoters at d6? And how the time d6 was chosen?

7. By mapping the direct transcriptional response to LSD1i the authors identify TGF( signaling
mediated activation of neuronal genes, suggesting that transcriptional activation of TGFf3 signaling
in LSD1i-treated MCCs phenocopies receptor-ligand based TGFJ activation and induces neuronal
differentiation. A plethora of small molecules targeting inhibition of TGF3 pathway, inhibition of BMP
receptors, SMADSs etc are commercially available and their use (with potential interference or
synergy depending on the molecule chosen) in these settings might further prove the authors
hypothesis even potentially suggesting the role of the different partners as well as additional
therapeutic options.



Minor Points
The authors might enlarge the LSDitested in MCC cell lines to a broader panel including some of
them such as TCP, IMG-7289, INCB059872, CC-90011, and ORY-2001

Referee #2 (Remarks for Author):
Review manuscript EMBO Molecular Medicine- EMM-2020-12525
" LSD1 inhibitors induce neuronal differentiation of Merkel cell carcinoma”

The manuscript from Dr. Obenauf and colleagues entitled "LSD1 inhibitors induce neuronal
differentiation of Merkel cell carcinoma" describes a vulnerability of Merkel Cell Carcinoma (MCC)
cells to pharmacological treatment with inhibitors of the histone demethylase LSD1, unraveling part
of the downstream events leading to differentiation of the MCC cells.

Specifically, the authors perform a pharmacological screen in MCC cells discovering a high
sensitivity for LSD1 inhibitors treatment, and further consolidate this finding with knockdown
experiments and data mining. The conclusion that MCC cells are dependent from LSD1 activity for
their in vitro proliferation is then translated in vivo, showing that LSD1 inhibition affects tumor
maintenance and tumor establishment in MCC xenograft models. The authors proceed to identify
via IP-Mass Spectrometry interactors of LSD1, suggesting a prominent function of RCOR1 and of
the non-canonical BRAF-histone deacetylase complex member HMG20B. Finally, the authors
investigate via gene expression profiling and cell biology techniques the events downstream of
LSD1 inhibition, identifying a function of LSD1 in inhibiting neuronal differentiation genes in MCC
cells. This signature is overlapping with the expression profile of normal Merkel cells, and overall the
data hint at the fact that LSD1 inhibition causes the de-repression of neuronal differentiation
genes, thereby triggering a shift in cell fate that induces MCC to become normal Merkel cells. Finally,
by profiling the newly transcribed RNAs with SLAMseq at different time points after LSD1 inhibition,
the authors identify members downstream components of BMP signaling as bona fide effectors of
the neuronal differentiation induction following LSD1 inhibition.

The work is well presented, technically sound and well controlled. The lack of treatment options for
Merkel Cell Carcinoma makes the findings very interesting in terms of potential clinical applications,
and the link between the LSD1 inhibitors treatment and the induction of physiological differentiation
is very relevant. Part of the findings of this paper is overlapping with the recently published paper by
Park and colleagues ("Merkel cell polyomavirus activates LSD1-mediated blockade of non-canonical
BAF to regulate transformation and tumorigenesis"”, Nature Cell Biology 2020). Considering that the
paper was published concomitantly of the submission, the non-scooping policy of EMBO related
journal should apply to this case.

Following are some general recommendations that would improve the quality of the manuscript:
- The authors claim that LSD1 inhibitor treatment induces arrest of MCC cells growth in vitro and of
tumor growth in vivo. The conclusion is that this is not due to cell death, but rather a decrease in

the speed of the cell cycle due to the induction of a differentiation program.

For the in vitro experiments, this conclusion is supported (in Figure 4 and Extended Data Figure 4)



by morphological changes of the cells, changes in gene expression, caspase dependent apoptosis
assays (PARP cleavage and Caspase cleavage) and KI-67 expression. Since this is a major point of
the paper, the authors should rule out the possibility of other forms of caspase independent cell
death (for instance, by performing TUNEL assay or AnnexinV staining) to prove that the decrease
in cell number is really not due to any contribution of cell death. Also, concerning the cell cycle
analysis, it would be advisable to extend it by performing BrdU/EdU labeling experiments, in order to
describe in detail if the cell cycle is slowed down or arrested. Finally, concerning the induction of
differentiation, I would like to have a validation of the expression of some Merkel cells markers by
immunofluorescence, to prove that LSD1 inhibition really results in a change in cell identity.

The same concepts apply to the in vivo experiments described in Figure 2 and in Extended Data
Fig. 2. In the plot in Fig. 2B, it seems that some tumors achieve a "steady state" size, some others
have a slight increase, others a small decrease. In Ext. Data Fig.2A, which focuses on the early time
points after the treatment, the impression is that overall tumors are still slowly growing for some
time. It would be interesting to perform a histological analysis of the tumors at different time points
(e.g.few days after the start of the treatment, at mid-term and at a later time point) to verify what
is happening in the tumor mass. Are the cells switching completely identity and undergoing terminal
differentiation? Is a part of the tumor undergoing cell death? Is there a significant remodeling of the
microenvironment that could explain the slowdown in tumor growth? The effect on tumor
maintenance and establishment is one of the most intriguing findings of this paper, and should
definitely be analyzed in more detailed manner.

- To make the work more complete, the authors should assess the relative importance of the genes
that are induced after LSD1 inhibition, for example by trying to mimic the differentiation induction
upon genetic manipulation in the absence of LSD1 inhibition, e.g. by inducing ectopic expression of
some of the factors that are implicated in Merkel cells normal differentiation (. The alternative
approach would be showing the absence of differentiation induction after LSD1 inhibitors treatment
upon knockdown of one or more of the genes implicated in the neuronal differentiation program.

- Also, it would be interesting to see how stable the shift in cell fate is. For instance, are MCC cells
pre-treated with LSD1 inhibitor able to form tumors (so not at day1 after grafting, but at day -2 or -
3)? If not (which would be my expectation), how long it takes for them to revert to a pro-tumorigenic
phenotype, if this is at all possible, and what are the downstream events that are involved (eg.it's
merely a reactivation of LSD17?)

- In connection to this, is it conceivable that following LSD1 inhibitor treatment other epigenetic
regulation complexes could take over the repression of pro-differentiation genes? Did the authors
observe any upregulation of other demethylases that could suggest the acquisition of resistance
mechanisms?

- My final remark is about the paper by Park et al. Obenauf and colleagues refer to this paper very
briefly stating that "Interestingly, it was recently reported that the small T antigen of the Merkel cell
polyomavirus establishes a dependency on LSD1 in MCC". The actual points of cross-talk between
the work done by the two groups are quite numerous, and it would be a good idea to referto the
other paper a bit more extensively, even possibly by making use of the data when useful (e.g. of the
ChiP-seq data).

Referee #3 (Comments on Novelty/Model System for Author):



It is a very thorough study with many different methods applied. The novelty is, however, limited
since a recent publication demonstrated that Merkel cell polyomavirus encoded small T Antigen
activates LSD-1 expression, and that LSD1 inhibtion has an effect on MCC growth in vitro and in
VivO.

Referee #3 (Remarks for Author):

In the manuscript of Leiendecker et al the authors performed a pharmacological screen in Merkel
cell carcinoma (MCC) cells targeting epigenetic regulators. T his analysis revealed that lysine-
specific histone demethylase 1A (LSD1/KDM1A) is required for MCC growth. They further
demonstrate that LSD1 inhibition triggers the TGFf signaling pathway resulting in the expression of
key regulators of the neuronal lineage and a Merkel cell like gene signature.

As the authors pointed out, currently only immune checkpoint inhibitors are approved for therapy of
metastatic patients, which sometimes have limited efficiency. Thus, there is still a medical need for
efficient therapies for MCC. Since in virus-positive tumors no prominent mutations are present,
targeted therapies directed against epigenetic regulators appear as a promising alternative.
Therefore, the object of the study is absolutely justified. The authors present a well-written,
thorough and experimental sound study. Their results are in line with a recent publication by Park et
al (Nat Cell Biol., 2020) in which the authors demonstrate that Merkel cell polyomavirus (MCPyV)
encoded small T antigen (sT) activates the expression of LSD1 rendering MCC cells sensitive to
LSD1 inhibition.

Points, which should be addressed by the authors:

- For their analyses they only used MCPyV-positive MCC cells. The effect on virus-negative cells
has not been tested. Therefore, the authors should make it clear that their observation only applies
to the virus-positive subgroup.

- The presentation of the dependency score as violin and box plots for groups with only a few data
points (three in the case of MCC) seems inappropriate.

- The authors couldn't detect apoptotic death upon LSD1 inhibitor treatment. Accordingly, the
mechanism how LSD1 inhibition affects MCC cell growth is not clear. Probably a mixture between
cell death and cell cycle arrest. To scrutinize the effect, the authors should perform cell counting
and cell cycle analysis with Edu/Brdu staining.

- According to figure 1b even at highest doses of inhibitor the viability stays at about 25%. What
happens in long time culture experiments? Do they become drug resistant?



1st Authors' Response to Reviewers 5th Aug 2020

Editorial Comments:

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We have now received feedback
from the three reviewers who agreed to evaluate your manuscript. As you will see from the reports below, the
referees acknowledge the interest of the study and are overall supporting publication of your work pending
appropriate revisions.

A cross-commenting exercise helped defining more precisely the issues that should be addressed in priority:

1/ Strengthen the mechanistic analysis of the effect of LSD1 inhibition on MCC growth (in vitro and in vivo)

2/ Characterize the shift in cell fate induced by LSD1 inhibitor

3/ Analyze the effects of combination treatments

4/ Discuss the Nature Cell Biology paper reporting partly overlapping results.

Moreover, we will not ask you to address the impact of LSD1 inhibition in an immunocompetent MCC mouse
model (due to the lack of model), or to repeat experiments in primary cells and PDX (due to the rareness of the
disease and availability of patient material). Similarly, we do not expect results in other neuroendocrine tumors.
Apart from these specific points (immunocompetent mice, primary cells and other neuroendocrine tumors),
addressing the reviewers' concerns in full will be necessary for further considering the manuscript in our
journal, and acceptance of the manuscript will entail a second round of review. EMBO Molecular Medicine
encourages a single round of revision only and therefore, acceptance or rejection of the manuscript will depend
on the completeness of your responses included in the next, final version of the manuscript. For this reason, and
to save you from any frustrations in the end, | would strongly advise against returning an incomplete revision.
Summary and General Remarks

It is our pleasure to resubmit our revised manuscript on the effects of LSD1 inhibition on Merkel cell carcinoma
(MCC). First, we would like to sincerely thank the editor and the referees for acknowledging the impact of the
study and for their thoughtful points, which helped us to improve our study. In the revised manuscript, we have
addressed all reviewer's comments and have

1.Strengthened the mechanistic analysis of the effect of LSD1 inhibition on MCC growth (in vitro and in vivo):

We show that LSD1i reduces viability and inhibits cell growth in MCC. By performing various assays,
including immunofluorescence and FACS-based staining for EAU/PI, AnnexinV/DAPI, cleaved caspase 3/7,
PARP, Ki-67, and TUNEL, we found LSD1i treatment induces cell cycle arrest and cell death (new Fig 3, point
2.1and 2.2).

2.Characterized the shift in cell fate induced by LSD1 inhibitor: We observed that LSD1i leads to an
upregulation of neuronal differentiation markers in MCC and induces a gene expression signature

resembling that of normal Merkel cells. By performing LSD1i drug wash-out experiments, we show that
cells pretreated with LSD1i in vitro before injection into NSG mice have a strongly reduced tumor formation
propensity in vivo and that the shift in cell fate is maintained in absence of LSD1i treatment (new Fig 7,
point 2.4). These data indicate that optimized LSD1i dosing-regimes might lead to a therapeutic response
while keeping systemic toxicity low.

3.Analyzed the effects of combination treatments: We performed combination treatments of drugs targeting

the top-5 genetic dependencies identified from our epigenetic regulator analysis in MCC and of targetable
members of LSD1-CoREST complex, namely HDAC1/2/3 (new Fig EV2 and EV6). We found that these drug
combinations do not provide any gain compared to LSD1i single-agent treatments.

4.Discussed the Nature Cell Biology paper: We discussed the complementary study by Park et al. (Park et al,

2020) in more detail and have also reanalyzed their ChlPseq datasets to validate the target genes identified
in LSD1i-SLAMseq experiments (point 2.6).

5.Added additional HMG20B data: We have included additional data on HMG20B indicating that LSD1
inhibition in MCC disrupts the LSD1-CoREST complex by ablating the HMG20B protein. Additionally we
show that all four HMG20B protein domains are necessary for MCC cell survival (new Fig 6).

We hope you are satisfied with our revisions and thank you again for contributing to the quality of this study.


https://paperpile.com/c/zfVEjg/R4w0
https://paperpile.com/c/zfVEjg/R4w0

Referee #1 (Remarks for Author):

In the present manuscript, the authors performed a pharmacological screen in Merkel cell carcinoma cells,
targeting epigenetic regulators. They discovered that LSD1 is required for MCC growth in vitro and in vivo and
that HMG20B (BRAF35), a subunit of the LSD1-CoREST complex, is also essential for MCC proliferation. LSD1
inhibition in MCC disrupts the LSD1-CoREST complex, directly activates TGFB signaling which induces the
expression of regulators of the neuronal lineage, and activates a gene expression signature corresponding to
normal Merkel cells. These results may offer a rationale for the use of LSD1 inhibitors against MCC.

The manuscript is well written and might, likely in short term, represent a real therapeutic strategy against
Merkel cell carcinomas

Response: We thank the referee for acknowledging the relevance of our study and are eager to evaluate the
efficacy of LSD1 inhibitors in clinical trials to improve the current treatment strategies for MCC patients.

Main Points

1.1: The authors analyze genome-wide RNAi screening data derived from the DepMap project, which includes
genetic vulnerability maps for the MCC cell lines PeTa, MKL-1, and MKL-2. We examined the genes encoding the
epigenetic regulators from their initial screen and found that LSD1 scores among the top 5 dependencies for
MCC proliferation (Fig. 1e and Extended Data Fig. 1f). Would the finding of LSD1i applicability apply only to MCC
cells or in general there would be a potential application for other neuroendocrine cancers? If neuroendocrine
cancer cells different from MCC would be analysed, would LSD1 display a high score for dependencies for
proliferation?

Response: We thank the reviewer for bringing up this interesting question. Neuroendocrine neoplasms originate
primarily in the gastrointestinal tract (~63%) and the lung (~25%, mostly small-cell lung cancer, SCLC), but also
in other organs (Oronsky et al, 2017). By interrogating dependencies for neuroendocrine tumors in the DepMap
RNAi and CRISPR-KO dataset, we found that only SCLC tumors are sufficiently represented. LSD1 is indeed a
strong dependency in some, but not all, SCLC cell lines (Fig R1), and could be a therapeutic option. The
responsiveness of SCLC to LSD1i has been previously reported (Mohammad et al, 2015; Augert et al, 2019).
Putting our findings in MCC in the broader context of studies investigating LSD1i treatment in other cancers, such
as AMLs (Fang et al, 2019; Schenk et al, 2012; Somervaille et al, 2016; Cai et al, 2020), SCLC (Mohammad et al,
2015; Augert et al, 2019), prostate cancer (Sehrawat et al, 2018), and cutaneous squamous cell carcinoma (Egolf
et al, 2019), we believe that in certain cellular lineages, the neuroendocrine lineage among them, LSD1 is a gate-
keeper of lineage plasticity, which can serve as a therapeutic entry point. We have highlighted this more
extensively in the discussion.

DepMap: LSD1 dependency
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Figure R1.1. Violin plot depicting the LSD1 dependency score in MCC compared to non-neuroendocrine skin cancer types, small-cell lung
cancer (SCLC) and non-neuroendocrine lung cancer types. Red central line: median dependency score. Data obtained from the DepMap.
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1.2: If possible, a part of the data should be recapitulated in primary MCC cells (if available), at least for response
to LSDi and their anticancer potential ex vivo or in PDX.

Response: We agree that evaluating the effects of LSD1i in primary MCC cells or PDX models would be a nice
addition. However, due to the rarity of MCC tumors, we did not have access to such model systems.

1.3: In figure 1le the dependency plot depicts the mean dependency of the 3 MCC cell lines PeTa, MKL-1, MKL-2
on the genes targeted by the compound library in Fig. 1a is shown. Would a combo scheme of LSD1i+BRD4i or
other molecules targeting PRMT5, TAF1, WDR5 be more effective against MCC proliferation maintaining a similar
specificity?

Response: We thank the referee for bringing up the concept of combination therapies and are very interested in
combining LSD1i with other drug entities. As suggested by the reviewer, we combined the top-scoring epigenetic
modifiers in our DepMap analysis for MCC, including the BRD4 inhibitor JQ1 (Filippakopoulos et al, 2010), the
PRMTS inhibitor GSK591 (Duncan et al, 2016), the TAF1 inhibitor BAY-299 (Bouché et al, 2017), and the WDR5
inhibitor OICR942 (Grebien et al, 2015) with the LSD1 inhibitor GSK-LSD1. First, we evaluated the sensitivity and
specificity of all 5 drugs alone in two MCC cell lines (PeTa, MKL1) and human dermal fibroblasts (HDFB). The
dose-response curves showed that similar to LSD1i, BRD4, and TAF1 inhibitors are effective in the nM range,
whereas WDR5 and PRMTS inhibitors are only effective at high uM concentrations (new Fig EV2A-D). However,
only LSD1i (GSK-LSD1) selectively inhibited growth in MCC cell lines; all of the other tested drugs also impaired
the growth of HDFBs, indicating general toxicity (new Fig EV2A-D). Finally, we combined LSD1i (GSK-LSD1) with
BRD4, PRMTS5, TAF1, and WDRS5 inhibitors to evaluate their synergistic effects; however, none of the tested drug
combinations showed a significant synergistic effect (new Fig EV2A-D).

1.4: All the in vivo experiments have been performed in immune-compromised mice. If at all possible, the authors
might include in vivo data in mice, which display a functional immune system. Alternatively, if technically this is
not possible, the authors might comment on this issue in the discussion.

Response: Due to the lack of appropriate murine models recapitulating MCC pathogenesis in an
immunocompetent background (Harms et al, 2018), we performed all our in vivo experiments with human MCC
cell lines in immunocompromised NSG mice. While these models recapitulate important aspects of human MCC
biology, they do not allow to assess the influence of LSD1i-induced tumor regression on the immune system.
Given the growing evidence that a dedifferentiated state contributes to immune-evasion, it is indeed tempting
to speculate that differentiation of MCC using LSD1 inhibitors could enhance responsiveness to checkpoint
inhibitors. This is in line with a recent report indicating that LSD1 depletion enhances response to checkpoint
inhibitors by activating a type 1 interferon response that stimulates a T cell response (Sheng et al, 2018). As
suggested, we comment on this aspect in the discussion.

1.5: The authors identified core members, including the histone deacetylase HDAC2, and RCOR1, RCOR2, RCORS3,
which serve as a scaffold for complex assembly, as well as non-canonical members, including GSE1, HMG20A,
HMG20B (Fig. 3c and Extended Data Fig. 3a). Would a combo treatment targeting HDAC2 and LSD1 display any
advantages against LSD1i as monotherapy?

Response: We thank the referee for this interesting question, especially because the combination of LSD1i with
histone deacetylase (HDAC) inhibitors was shown to be superior over LSD1i alone in AML, glioblastoma and
rhabdomyosarcoma in previous studies (Kalin et al, 2018; Anastas et al, 2019; Fiskus et al, 2014; Haydn et al,
2017). To assess synergistic effects of HDAC and LSD1i (GSK-LSD1) in MCC, we first assessed dose-response curves
for the HDAC2 inhibitor, Santacruzamate A (Pavlik et al, 2013), and for an HDAC1/3 inhibitor, Entinostat (Saito et
al, 1999), in two MCC cell lines (PeTa, MKL1) and HDFBs. MCC cells and HDFBs treated with Santacruzamate A
alone showed both an IC50 of about ~80 uM, indicating low sensitivity and no selectivity of MCC compared to
HDFBs (new Fig EV6I and J). For cells treated with Entinostat, we observed IC50 levels of mid-nM concentrations
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with an about 5-fold higher selectivity for MCC compared to HDFB cells (new Fig EV2l). After we determined the
IC50 concentrations for these two drugs, we combined Santacruzamate A and Entinostat with GSK-LSD1 to assess
their synergistic effect but could not identify a significant synergistic effect (new Fig EV2l and J).

1.6: The authors found that LSD1i treatment of MCC leads to dissociation of this complex, in line with studies in
leukemias (Fig. 3d,ne). This evaluation is performed at 24h. Following, the authors to investigate the molecular
programs associated with LSD1i mediated growth inhibition, performed RNAseq of DMSO- and GSK-LSD1-treated
MCC cells after 6 days. The promoter motifs in the deregulated genes had Co-/Rest binding motif enriched in the
promoters of genes that become up-regulated in MCCs upon inhibition of LSD1, indicating a direct regulation of
these genes by the LSD1-CoREST complex (Fig. 4d). The authors thus suggest that the therapeutic effect of LSD1i
treatment is mediated by the expression of neuronal genes and differentiating MCC cells into a neuronal lineage.
Interestingly, HMG20B, was identified as a subunit of the LSD1-CoREST complex in MCC, required to maintain
full repression of neuron-specific genes. Given that at 24 hours the authors see a change in the LSD1-CoREST co-
repressor complex, which complex they think is binding to the responsive promoters at d6? And how the time
d6 was chosen?

Response: We appreciate the reviewer's question, because it indicates that the presentation of our data might
have been not clear enough. In the revised manuscript, we have streamlined the presentation and added
additional data and hope that our data is now more clearly presented: In our co-IP MS analysis LSD1 of PeTa cells,
we found that LSD1 interacts with the LSD1-CoREST complex members HDAC2, RCOR1-3 and the non-canonical
proteins GSE1, HMG20A and HMG20B (Fig 6A-C). We found that 24h of LSD1i treatment is sufficient to disrupt
the LSD1-CoREST complex (Fig 6D and Fig EV6B) and induce degradation of HMG20B (new Fig 6F-H).
Interestingly, the degradation of HMG20B after 24h LSD1i treatment is maintained for at least 8 days off drug
(new Fig 7). Since the LSD1-CoREST complex is durably disrupted, we investigated the transcriptional changes
after 6 days of LSD1 inhibition which is also the readout endpoint of our proliferation assays (Fig 1A and B). In
the promoter motif analysis, we found an enrichment of the Co-/REST promoter motif at de-regulated genes (Fig
4G), indicating that the sustained dissociation of the repressive LSD1-HMG20B-CoREST complex is important for
de-repression of the LSD1 response genes.

1.7: By mapping the direct transcriptional response to LSD1i the authors identify TGFB signaling mediated
activation of neuronal genes, suggesting that transcriptional activation of TGFpB signaling in LSD1i-treated MCCs
phenocopies receptor-ligand based TGFB activation and induces neuronal differentiation. A plethora of small
molecules targeting inhibition of TGFB pathway, inhibition of BMP receptors, SMADs etc are commercially
available and their use (with potential interference or synergy depending on the molecule chosen) in these
settings might further prove the authors hypothesis even potentially suggesting the role of the different partners
as well as additional therapeutic options.

Response: We genuinely thank the referee for this excellent suggestion, which allowed us to further characterize
the induction of TGF and its role in neuronal differentiation upon LSD1i. To this end, we treated PeTa cells with
several small molecules (SB431542, TGFp, Activin, BMP-2, BMP-4, Noggin, Galunisertib, LDN-193189) acting on
receptors or downstream mediators of the TGFP pathway, alone or in combination with LSD1i (Fig R1.7A).

The activation of the canonical TGFB signaling via TGFB or Activin did not induce neuron differentiation-
specific genes such as ID1, ID3, SOX3 or NEUROD1 (Fig R1.7B and C). The pharmacological inhibition of TGFBR1
with Galunisertib and the inhibition of ACVR1B/TGFBR1/ACVR1C with SB431542 did not prevent the LSD1i-
mediated induction of those neuronal differentiation genes (Fig R1.7D and E). Collectively, these data indicate
that canonical TGFB signaling via SMAD2/3 phosphorylation is not involved in LSD1i-mediated induction of
neuronal differentiation genes in MCC.

The combination of LSD1i with Noggin, a negative regulator of the non-canonical (BMP arm of) TGFB
signaling, ablated expression of ID3, but not of neuronal markers SOX3, NEUROD1, ANK3 and SYT4 (Fig R1.7G).
The combination of LSD1i with inhibition of ACVR1/BMPR1A with LDN-193189, reduced phosphorylation of
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SMAD1/5/9 and blocked the expression of ID1 and ID3 in the presence of LSD1i, but did not alter the induction
of neuronal markers (Fig R1.7G and H). In summary, we conclude that LSD1 inhibition strongly induces the non-
canonical BMP arm of TGFp signaling, but it is not a driver of the neuronal gene expression induced by LSD1i
treatment and have revised the figures and text accordingly.
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Figure R1.7. A. Schematics of the TGFp signaling pathway with compounds and targets tested herein. B-G. RT-qPCR of TGFf pathway
components and neuromodulators upon indicated treatment. Data are represented relative to the housekeeping gene HPRT1 and
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normalized to the negative control, DMSO. n = 4 technical replicates. H. Western blot confirmation of SMAD1/5/9 phosphorylation upon
LDN193189 treatment. H3 serves as loading control.

Minor Points

1.8: The authors might enlarge the LSD1i tested in MCC cell lines to a broader panel including some of them such
as TCP, IMG-7289, INCB059872, CC-90011, and ORY-2001

Response: To elucidate important biological aspects of LSD1 inhibition in MCC, we used two independent LSD1
inhibitors (GSK-LSD1, ORY-1001), which fall both in the class of irreversible LSD1 inhibitors. Both inhibitors are
structural derivatives of tranylcypromine (TCP), inhibit MCC proliferation at low nM-IC50 values, and show
selectivity in MCC compared to HDFB (Fig 1A-C and Fig EV1A). In our manuscript, we confirmed many effects
with both pharmacological compounds (e.g., dose-response experiments, biochemical assays and in vivo
experiments). We think that 2 LSD1i are sufficient to highlight the underlying biology of LSD1 inhibition in MCC.
However, our ultimate goal is to make a clinical impact and to improve the therapy for MCC patients. In this
regard, we completely agree with the reviewer that testing additional compounds is essential. To prepare the
ground for an investigator-initiated clinical trial, we are currently in the process of selecting the most promising
LSD1i: ORY-1001, GSK-LSD1 (which is closely related to the clinical compound GSK-2879552) and other,
irreversible LSD1i (e.g., IMG-7289, INCB059872) were/are under clinical evaluation for cancer treatment.
However, irreversible LSD1i are often considered as having an unfavorable efficacy/safety profile and the results
of some phase | clinical trials have been sobering (e.g., GSK-2879552: clinicaltrials.gov: NCT02034123,
NCT02177812, NCT02929498). Other compounds are not the first choice for MCC due to their poor and
unspecific LSD1 inhibition: TCP (tranylcypromine) is mainly a monoamine oxidase (MAO) inhibitor, which only
poorly inhibits LSD1, (Fang et al, 2019), and is mainly used to treat neurological disorders such as depression
(clinicaltrials.gov: NCT02717884). Similarly, ORY-2001, structurally related to ORY-1001 (Maes et al, 2016, 2017),
is a dual inhibitor of MOAB and LSD1 and under clinical investigation for patients with mild to moderate
Alzheimer's disease (clinicaltrials.gov: NCT03867253).

More recently, structures of potent, selective, and reversible LSD1i are emerging (Romussi et al, 2020), which
might offer a better efficacy/safety profile and would be more promising to initiate clinical trials for MCC
patients. CC-90011 is the first reversible LSD1i, which is investigated in several clinical trials for patients with
advanced unresectable neuroendocrine tumors, including SCLC and other neuroendocrine carcinomas, Non-
Hodgkin lymphoma and non-small cell lung carcinoma (NSCLC) (clinicaltrials.gov: NCT02875223, NCT04350463,
NCT03850067). Thus, to pave the way for a phase | clinical trial, we will focus on the newer potent, selective, and
reversible LSD1i. However, in-depth mechanistic studies that provide guidance on the design of dosing schedules
will be necessary. Experiments in humanized mouse models to investigate whether LSD1i in MCC not only
induces neuronal differentiation of MCC, but simultaneously improves the response to immune checkpoint
inhibitors, as suggested by a recent study (Sheng et al, 2018) will be interesting. However, these preclinical
experiments will take several months and exceed the timeline and scope of this manuscript, focusing on the
underlying biology of LSD1 inhibition in MCC. Nevertheless, we want to thank the referee for this interesting
suggestion.
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Referee #2 (Remarks for Author):

Review manuscript EMBO Molecular Medicine- EMM-2020-12525

"LSD1 inhibitors induce neuronal differentiation of Merkel cell carcinoma"

The manuscript from Dr. Obenauf and colleagues entitled "LSD1 inhibitors induce neuronal differentiation of
Merkel cell carcinoma" describes a vulnerability of Merkel Cell Carcinoma (MCC) cells to pharmacological
treatment with inhibitors of the histone demethylase LSD1, unraveling part of the downstream events leading
to differentiation of the MCC cells.

Specifically, the authors perform a pharmacological screen in MCC cells discovering a high sensitivity for LSD1
inhibitors treatment, and further consolidate this finding with knockdown experiments and data mining. The
conclusion that MCC cells are dependent from LSD1 activity for their in vitro proliferation is then translated in
vivo, showing that LSD1 inhibition affects tumor maintenance and tumor establishment in MCC xenograft
models. The authors proceed to identify via IP-Mass Spectrometry interactors of LSD1, suggesting a prominent
function of RCOR1 and of the non-canonical BRAF-histone deacetylase complex member HMG20B. Finally, the
authors investigate via gene expression profiling and cell biology techniques the events downstream of LSD1
inhibition, identifying a function of LSD1 in inhibiting neuronal differentiation genes in MCC cells. This signature
is overlapping with the expression profile of normal Merkel cells, and overall the data hint at the fact that LSD1
inhibition causes the de-repression of neuronal differentiation genes, thereby triggering a shift in cell fate that
induces MCC to become normal Merkel cells. Finally, by profiling the newly transcribed RNAs with SLAMseq at
different time points after LSD1 inhibition, the authors identify members downstream components of BMP
signaling as bona fide effectors of the neuronal differentiation induction following LSD1 inhibition.

The work is well presented, technically sound and well controlled. The lack of treatment options for Merkel Cell
Carcinoma makes the findings very interesting in terms of potential clinical applications, and the link between
the LSD1 inhibitors treatment and the induction of physiological differentiation is very relevant. Part of the
findings of this paper is overlapping with the recently published paper by Park and colleagues ("Merkel cell
polyomavirus activates LSD1-mediated blockade of non-canonical BAF to regulate transformation and
tumorigenesis", Nature Cell Biology 2020). Considering that the paper was published concomitantly of the
submission, the non-scooping policy of EMBO related journal should apply to this case.

Following are some general recommendations that would improve the quality of the manuscript:

Response: We thank the reviewer for the excellent suggestions, the positive words, and for mentioning the
applicability of the non-scooping policy of EMBO related journals.

2.1: The authors claim that LSD1 inhibitor treatment induces arrest of MCC cells growth in vitro and of tumor
growth in vivo. The conclusion is that this is not due to cell death, but rather a decrease in the speed of the cell
cycle due to the induction of a differentiation program.

For the in vitro experiments, this conclusion is supported (in Fig 4 and Extended Data Fig 4) by morphological
changes of the cells, changes in gene expression, caspase dependent apoptosis assays (PARP cleavage and
Caspase cleavage) and KI-67 expression. Since this is a major point of the paper, the authors should rule out the
possibility of other forms of caspase independent cell death (for instance, by performing TUNEL assay or
AnnexinV staining) to prove that the decrease in cell number is really not due to any contribution of cell death.
Also, concerning the cell cycle analysis, it would be advisable to extend it by performing BrdU/EdU labeling
experiments, in order to describe in detail if the cell cycle is slowed down or arrested. Finally, concerning the
induction of differentiation, | would like to have a validation of the expression of some Merkel cells markers by
immunofluorescence, to prove that LSD1 inhibition really results in a change in cell identity.

Response: We sincerely thank the reviewer for these excellent suggestions that allowed us to dig deeper into
the effects of LSD1i in MCC and extend our initial findings. While LSD1i did not induce PARP or caspase-cleavage
in vitro (new Fig 3D and E), as suggested, we assessed other forms of caspase-independent cell death. We
identified time-dependent mitochondrial depolarization over 6 days of LSD1i [100 nM GSK-LSD1] using
tetramethylrhodamine (TMRE), an early marker of cell death (new Fig 3F and G). We performed Annexin V/DAPI
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staining of cells treated with LSD1i for 6 days in vitro, which revealed an increase from ~8 to ~50 % of Annexin
V-positive cells (new Fig 3H and 1). Immunofluorescence stainings for TUNEL and Ki-67 on cells treated in vitro
with LSD1i, showed a 2-fold increased TUNEL staining, indicating increased DNA fragmentation induced during
cell death and a reduction from 33% to 10 % in proliferation (Ki-67) (Fig 3A and J). To refine the effect on cell
cycle progression, we performed EdU/PI labeling experiments and treated PeTa cells for 3 and 6 days with
100 nM GSK-LSD1 or DMSO. In line with the slow doubling time of PeTa cells in vitro, we found that ~8% of
untreated (DMSO) cells are actively undergoing DNA synthesis in S-phase, but this was reduced upon LSD1i
treatment, with only ~4% of cells in S-phase. Moreover, after 3 days of LSD1i treatment, we observed an initial
increase of ~7% of the GO/1 population, whereas after 6 days of LSD1i treatment, this difference in the G0/1
population was diminished (simultaneously we found an increase in cell death), indicating a GO/1 cell cycle arrest
subsequently leading to cell death (new Fig 3B and C, Fig EV 4A). In line with these results, our transcriptome
dataset showed a strong downregulation of genes involved in cell cycle control and progression, after 6 days of
LSD1i treatment (Fig 4D and E, Fig EV 5C). Altogether, these data indicate that the LSD1li-induced expression of
fate-determining transcription factors (Fig 5B) and differentiation of MCC cells into a neuronal lineage enriched
in features of normal Merkel cells (Fig 5F-H) leads to an inhibition in cell growth and caspase-independent cell
death in vitro. These new data are now prominently highlighted in the manuscript and reflected in the title.

Regarding the validation of expression of Merkel cell markers by immunofluorescence, we are facing the
challenge that all established normal Merkel cell markers, such as Cytokeratin 20, CD56, chromogranin and
synaptophysin, are already expressed in Merkel cell carcinoma, precluding the possibility to make a qualitative
statement about differentiation using immunofluorescence.

2.2: The same concepts apply to the in vivo experiments described in Fig 2 and in Extended Data Fig. 2. In the
plotin Fig. 2B, it seems that some tumors achieve a "steady state" size, some others have a slight increase, others
a small decrease. In Ext. Data Fig.2A, which focuses on the early time points after the treatment, the impression
is that overall tumors are still slowly growing for some time. It would be interesting to perform a histological
analysis of the tumors at different time points (e.g. few days after the start of the treatment, at mid-term and at
a later time point) to verify what is happening in the tumor mass. Are the cells switching completely identity and
undergoing terminal differentiation? Is a part of the tumor undergoing cell death? Is there a significant
remodeling of the microenvironment that could explain the slowdown in tumor growth? The effect on tumor
maintenance and establishment is one of the most intriguing findings of this paper, and should definitely be
analyzed in a more detailed manner.

Response: We thank the reviewer for bringing up the interesting aspect of how LSD1i changes the histological
and immunohistological appearance. As suggested, we performed H&E staining and immunofluorescence of
MCC tumors treated with LSD1i or vehicle. After the tumors reached a size of > 50mm3, we started treatment
with LSD1i and explanted the tumors after 1 day (“D1”), 10 days (“D10”), or at the experimental endpoint
(“Endpoint”). The MCC tumors in vehicle-treated mice showed relatively uniform, small round to oval cells with
round nuclei and scant cytoplasm. LSD1 treated tumors showed slightly larger and elongated cells with irregular
shaped nuclei and ill-defined cell borders, but no complete switch of cell identity (new Fig 3M). At all time points,
we observed a ~50% decrease in cell proliferation (Ki-67 staining, new Fig 3K) and a ~5-10x increase in apoptosis
reflected in TUNEL staining (new Fig 3L). In contrast to our observation in vitro, we also identified an up to ~4-
fold increase in cleaved caspase-3 staining (new Fig EVAC). In summary, LSD1i-induced gene expression changes
translated into morphological changes in MCC cells and increased cell death in vivo.

2.3: - To make the work more complete, the authors should assess the relative importance of the genes that are
induced after LSD1 inhibition, for example by trying to mimic the differentiation induction upon genetic
manipulation in the absence of LSD1 inhibition, e.g. by inducing ectopic expression of some of the factors that
are implicated in Merkel cells normal differentiation (The alternative approach would be showing the absence



of differentiation induction after LSD1 inhibitors treatment upon knockdown of one or more of the genes
implicated in the neuronal differentiation program.

Response: We thank the referee for proposing this experiment. We overexpressed the bona fide LSD1 target
NEUROD1 (4-fold upregulation upon LSD1i treatment, new Fig 5B), which has been described as a regulator of
ATOH1 - a master transcription factor in normal Merkel cell development - and a key regulator of neuronal
differentiation programs (Mulvaney & Dabdoub, 2012; Boutin et al, 2010) and subsequently performed RT-qPCR
analysis on LSD1i-response genes in MCC (Fig R2.3). We find that overexpression of NEUROD1 alone is sufficient
to partially recapitulate the induction of differentiation in part by upregulating SOX3 (3-fold), ANK3 (2-fold) as
well as ID1 (2-fold), compared to EV control. However, we would like to note that the expression changes were
more modest in comparison to inhibition of LSD1 and expression levels of SYT4 were not changed upon NEUROD1
overexpression. These data indicate that the expression of a single factor such as NEUROD1 is able to drive part
of the neuronal differentiation program, but it is not sufficient to fully recapitulate the transcriptional program
induced by LSD1i treatment. It is likely that the induced shift in cell fate is not caused by the specific expression
of a single cell-fate defining factor but by the concerted deregulation of multiple factors that together
orchestrate the induction of a normal Merkel cell-like transcriptional program and induce cell death in MCC.

[ EV [ GSK-LSD1 Il NEUROD1
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Figure R2.3. RT-gPCR quantification of neuronal genes after ectopic expression of NEUROD1 or empty vector (EV) control. Data are relative
to the housekeeping gene HPRT1 and normalized to the respective DMSO control. n = 4 technical replicates. Bar graphs represent mean
+SD.

2.4: - Also, it would be interesting to see how stable the shift in cell fate is. For instance, are MCC cells pre-treated
with LSD1 inhibitors able to form tumors (so not at day1 after grafting, but at day -2 or -3)? If not (which would
be my expectation), how long it takes for them to revert to a pro-tumorigenic phenotype, if this is at all possible,
and what are the downstream events that are involved (e.g. it's merely a reactivation of LSD1?)

Response

We thank the reviewer for this very intriguing question that allowed us to further expand our manuscript
regarding the durability of the LSD1i-mediated shift in cell fate and allowing us to highlight the potency of LSD1i
treatment in MCC. To assess if the LSD1i treatment induces a stable shift in cell fate, we treated PeTa cells for
24h with 100 nM GSK-LSD1 or DMSO, washed the drug out and harvested cells for 8 days (new Fig 7A).

We found by RT-gPCR that a 24h LSD1i-pulse is sufficient to induce sustained transcriptional upregulation of
direct LSD1 targets of the neuronal lineage, such as ANK3, SOX3, SYT4, or NEUROD1 (new Fig 7B). Additionally,
we found that HMG20B protein levels were strongly decreasing over 8 days, suggesting a maintained disruption
of the LSD1-CoREST complex in MCC (new Fig 7D). For other LSD1-CoREST complex members, we did not observe
changes in protein levels (new Fig 7D). We also found that the induction of TGFB pathway members, indicated
by elevated levels of phospho-SMAD1/5/9 and ID1, was maintained during the drug-washout period (new Fig
7C). To uncover if maintained activation of those programs is sufficient to induce a reduction in cell proliferation,
we performed EdU/PI and Annexin V/DAPI stainings. Similar to our previous results obtained in the presence of
LSD1i (new Fig 3), during the drug-washout period, we observed a GO/1 cell cycle arrest (new Fig 7E and F)
together with strong induction of cell death (new Fig 7C and G). Finally, we probed whether the shift in cell fate
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is also stable in vivo. We pre-treated PeTa cells, either for 1, 3, or 6 days with 100 nM GSK-LSD1 and found that
pretreated cells have a strongly reduced tumor formation propensity in the absence of additional drug (new Fig
7H and 1). Altogether these data indicate that pharmacological LSD1i induces a stable shift in cell fate in MCC,
driven by the disassembly of the LSD1-CoREST complex and sustained activation of master regulators of the
neuronal lineage.

2.5: In connection to this, is it conceivable that following LSD1 inhibitor treatment other epigenetic regulation
complexes could take over the repression of pro-differentiation genes? Did the authors observe any upregulation
of other demethylases that could suggest the acquisition of resistance mechanisms?

Response: We investigated the transcriptional changes after 6 days of LSD1i treatment and found that multiple
chromatin modifier genes (GO:0016570) were differentially expressed; however, we could not identify a gene -
that to the best of our knowledge - can compensate for LSD1 loss (Fig R2.5). Second, we analyzed the LSD1
protein structure and found that it harbors a coiled-coil protein domain, that allows it to bind to the CoREST
complex (Burg et al, 2015; Yang et al, 2006). Interestingly, closely related proteins such as the demethylase
KDM1B, but also PAOX, SMOX, IL411, MAOA and MAOB, do not have this domain and can therefore not take
LSD1s function within the LSD1-CoREST complex. Finally, we treated PeTa and MKL1 cells for 12 weeks with a

sub-1C50 concentration of 1 nM GSK-LSD1 but could not observe the development of resistance.
RNA-seq
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Figure R2.5. Volcano plot of members of the GO term histone modifications transcriptionally deregulated after 6 days of 100 nM GSK-
LSD1 treatment.

2.6: - My final remark is about the paper by Park et al. Obenauf and colleagues refer to this paper very briefly
stating that "Interestingly, it was recently reported that the small T antigen of the Merkel cell polyomavirus
establishes a dependency on LSD1 in MCC". The actual points of cross-talk between the work done by the two
groups are quite numerous, and it would be a good idea to refer to the other paper a bit more extensively, even
possibly by making use of the data when useful (e.g. of the ChIP-seq data).

Response: We fully agree with the reviewer and apologize for not appropriately putting our work in the context
of the Park et al. paper. In our revised manuscript, we discuss the Park et al. paper in more detail and use the
LSD1-RCOR2 ChIP-seq dataset to validate our SLAM-seq target genes (Fig R2.6). Interestingly, we find that while
most of the direct LSD1 target genes identified in our metabolic labeling approach (SLAM-seq) show binding of
LSD1 and RCOR2 within their promoter region, the high number of additional LSD1-RCOR2 binding sites without
alteration of gene expression, indicates that promoter binding alone does not necessitate gene regulation by the
LSD1-CoREST complex.
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Figure R2.6. Upset plot representing the overlap of the differentially regulated genes identified in the SLAMseq experiment with the
binding sites of RCOR2 and LSD1 identified in ChIPseq experiments by Park et al. (Park et al, 2020).
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Referee #3 (Comments on Novelty/Model System for Author):

It is a very thorough study with many different methods applied. The novelty is, however, limited since a recent
publication demonstrated that Merkel cell polyomavirus encoded small T Antigen activates LSD-1 expression,
and that LSD1 inhibition has an effect on MCC growth in vitro and in vivo.

Response: We thank the reviewer for describing our manuscript as very thorough. Regarding the novelty, we
think that it is encouraging that DeCaprio’s and our group come independently to very similar conclusions despite
major differences, such as the studies entry points (we performed a small-molecule screen to identify
vulnerabilities, while DeCaprio’s lab comes from an etiological angle), the experiments and the methods.
Moreover, we would like to emphasize that our work also highlights the concept of targeting cell fate regulators
in solid cancers. Finally, we would like to refer to EMBO's ‘scooping protection’ policy.

Referee #3 (Remarks for Author):

In the manuscript of Leiendecker et al the authors performed a pharmacological screen in Merkel cell carcinoma
(MCC) cells targeting epigenetic regulators. This analysis revealed that lysine-specific histone demethylase 1A
(LSD1/KDM1A) is required for MCC growth. They further demonstrate that LSD1 inhibition triggers the TGF
signaling pathway resulting in the expression of key regulators of the neuronal lineage and a Merkel cell like gene
signature.

As the authors pointed out, currently only immune checkpoint inhibitors are approved for therapy of metastatic
patients, which sometimes have limited efficiency. Thus, there is still a medical need for efficient therapies for
MCC. Since in virus-positive tumors no prominent mutations are present, targeted therapies directed against
epigenetic regulators appear as a promising alternative. Therefore, the object of the study is absolutely justified.
The authors present a well-written, thorough and experimental sound study. Their results are in line with a recent
publication by Park et al (Nat Cell Biol., 2020) in which the authors demonstrate that Merkel cell polyomavirus
(MCPyV) encoded small T antigen (sT) activates the expression of LSD1 rendering MCC cells sensitive to LSD1
inhibition.

Points, which should be addressed by the authors:

Response: We thank the reviewer for her/his kind words describing our objective as "absolutely justified", and
the study as "well-written, thorough and experimental". We agree that our results are in line with the recent
publication by Park et al (Park et al, 2020). Although this independent validation of the underlying biological basis
of LSD1 inhibition in MCC came as a surprise, in times of poor reproducibility in biomedical research (Baker,
2016), it will increase the chances to start phase 1 clinical trials to evaluate the efficacy of LSD1 inhibitors in MCC
and might ultimate help to improve the therapy for MCC patients.

3.1: For their analyses they only used MCPyV-positive MCC cells. The effect on virus-negative cells has not been
tested. Therefore, the authors should make it clear that their observation only applies to the virus-positive
subgroup.

Response: We apologize for the imprecise presentation of our findings that LSD1 is a dependency in virus-
positive MCC. We changed the wording in the manuscript to highlight that the herein described LSD1-
dependency only applies to virus-positive MCC tumors. However, we would like to point out that to our best
knowledge no representative virus-negative MCC model is currently available. The 3 publicly available, virus-
negative MCC lines (UISO, MCC13, and MCC26) are controversial (Park et al, 2020; Daily et al, 2015). All virus-
negative MCC models show a gene expression profile, growth pattern and immunoprofile that is different from
fresh frozen MCC tumors, whereas that of the virus-positive MCC cell lines WaGa and MKL-1 is similar to fresh
frozen MCC (Daily et al, 2015). Due to lack of well established and representative virus-negative MCC models,
we currently do not know if LSD1 is an exploitable vulnerability in virus-negative MCC.

3.2: The presentation of the dependency score as violin and box plots for groups with only a few data points
(three in the case of MCC) seems inappropriate.
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Response: We thank the referee for pointing out the inappropriate presentation of our dependency score plots.
We depict now all individual data points, median, and a violin plot visualizing the underlying data distribution in
the revised manuscript (Fig 1F, Fig 6E and EV6D-E).

3.3: The authors couldn't detect apoptotic death upon LSD1 inhibitor treatment. Accordingly, the mechanism
how LSD1 inhibition affects MCC cell growth is not clear. Probably a mixture between cell death and cell cycle
arrest. To scrutinize the effect, the authors should perform cell counting and cell cycle analysis with Edu/Brdu
staining.

Response: We thank the reviewer for suggesting to delineate the effects that lead to cell death in MCC upon
LSD1i. To assess the effect of LSD1i on cell cycle progression, we performed EdU/PI labeling and treated PeTa
cells for 3 and 6 days with 100 nM GSK-LSD1 or DMSO. In line with the slow doubling time of PeTa cells in vitro,
we found that ~8% of untreated (DMSO) cells are actively undergoing DNA synthesis in S-phase, with a reduction
to only ~4% of cells in S-phase upon LSD1i (new Fig 3B and C). After 3 days of LSD1i treatment, we observed an
increase of ~7% of the GO/1 population, whereas after 6 days, this difference in the GO/1 population was
diminished (simultaneously we found a strong increase in cell death), indicating a GO/1 cell cycle arrest
subsequently leading to cell death (new Fig 3B and C, Fig EV 4A).

While LSD1i treatment did not induce PARP or caspase-cleavage in vitro, (new Fig 3D and E) we assessed
other forms of caspase independent cell death. Interestingly, we identified time-dependent mitochondrial
depolarization over 6 days of LSD1i [100 nM GSK-LSD1] using tetramethylrhodamine (TMRE), an early marker of
cell death (new Fig 3F and G). Moreover, we performed Annexin V/DAPI staining of cells treated with LSD1i for
6 days in vitro, which revealed an increase from ~8 to ~50 % of Annexin V-positive cells (new Fig 3H and I).
Immunofluorescence stainings for TUNEL and Ki-67 on cells treated in vitro with LSD1i, showed a 2-fold increased
TUNEL staining, indicating an increased DNA fragmentation induced during cell death and a reduction from 33%
to 10 % in proliferation (Ki-67) (new Fig 3A and J). Altogether, these data indicate that the LSD1i treatment leads
to a cell cycle arrest and caspase-independent cell death in vitro. Our observations are in line with a previous
report (Houben et al, 2010), that showed that inhibition of the T antigens induces cell cycle arrest with
subsequent caspase-independent cell death. These data suggest that T antigen-mediated transformation relies
on LSD1 to lock MCC cells in a highly proliferative stem-like state.

3.4: According to figure 1b even at the highest doses of inhibitor the viability stays at about 25%. What happens
in long time culture experiments? Do they become drug resistant?

Response: We thank the reviewer for this question. As it is our ultimate goal to make a clinical impact and to
improve the therapy for MCC patients by treatment with LSD1i alone or in combination with immunotherapy,
we are very interested in the development of resistance to LSD1i in MCC. To this end, we treated the MCC cell
lines PeTa and MKL1 for 12 weeks with a sub-IC50 concentration of 1 nM GSK-LSD1, however, were not able to
observe the development of resistance.
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manuscript. As you will see, they are both supportive of publication, and lam thus pleased to inform
you that we will be able to accept your manuscript pending the following final editorial amendments:

1) Main manuscript text:

- Please answer/correct the minor changes suggested by our data editors in the main manuscript
file in track changes mode (document attached). Please use this file for any further modification.

- Thank you for providing "The Paper Explained" section. Please place it further down in the
manuscript, above the references.

- Please modify the references format so as to have 10 authors before et al.

- In the material and method section, please indicate the source of cell lines and the gender and
source of the mice.

- Thank you for providing the Data Availability section. Please move it to the end of the Material and
Methods section. We note that the data are not yet publicly available, please note that they should
be public before acceptance of the manuscript.

- Please remove the figures from the main manuscript, only the figure legends should remain.

- In the legends, please indicate exact p= values, not a range, along with the statistical test used.

- The references for Fig. 7H-1 are missing in the main manuscript text (or mixed with Fig. 6H-1),
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2) Figures:

- We usually accommodate a maximum of 5 EV figures. Would you like to make one of your EV
figures a main figure?

- The blots presented in Fig. 7C are very dark, would you have brighter versions?

3) Source Data:

Thank you for providing source data. Could you please upload one file per EV figure (containing PDF
and excel file), similarly to what was done with the main figures?

4) You notified us that you agree with the publication of the Review Process File, thank you. Please
let us know whether you also agree with the publication of the figures included in the point-by-point
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The Authors checklist will be published at the end of the RPF.

I look forward to receiving your revised manuscript.
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Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- 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.

figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful wav.

graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.

if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
iustified

Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

2. Captions

Each figure caption should contain the following information, for each panel where they are relevant:

>

>
>
>
>
>
>
>

Any descr

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.

iptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human

subjects.

B- Statistics and general methods
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http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-repor

http://grants.nih.gov/grants/olaw/olaw.htm
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Please fill out these boxes not worry if you cannot see all ys

text once you press return)

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

No sample size calculations were performed. We determined sample size based on literature,
preliminary experiments, experience in the laboratory or based on specific requirements of a
given technique, showing that n=>3 samples per group are usually sufficient to achieve statistical
significance.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

No sample size calculations were performed. We determined sample size based on the preliminary
experiments. The 3R principle was applied to minimize the number of animal, yet sufficient to
obtain statistic significance. ~8 animals per group were targeted, except in one group were only 4
mice were used due to the limited amount of injectable cells.

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

For tumor treatment experiments, only mice that developed tumors were included in the analysis.
For in vitro experiments, no samples were excluded

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

Mice were randomly assigned to the treatment groups. For in vitro experiments, the starting
material was identical for the different treatment groups and treatment was randomly assigned.

For animal studies, include a about r evenifnor was used.

Mice were randomly assigned to the treatment groups.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results
(e.g. blinding of the investigator)? If yes please describe.

For the in vivo experiments, the investigators were blinded towards the treatment group. For in
vitro analysis, the investigators were blinded when possible by assigning random numbers to each
test tube.

4.b. For animal studies, include a statement about blinding even if no blinding was done

For the in vivo experiments, the investigators were blinded towards the treatment group. For in
vitro analysis, the investigators were blinded when possible by assigning random numbers to each
test tube.

5. For every figure, are statistical tests justified as appropriate?

For single comparisons, two-tailed Student's or Mann-Whitney test (if data not normally
distributed) were used. Welch's correction was applied if the standard deviations were not equal.
For multiple comparisons, one-/two-way ANOVA or Kurskal-Wallis test (if data not normally
distributed) were used. Log-rank test was used for the Kaplan-Meier survival analysis.

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Normality of distribution was defined with D'Agostino-Pearson test if n>7, elsewise Shapiro-Wilk
test was applied.

Is there an estimate of variation within each group of data?

As a measure of variation the standard error the the mean (S.E.M) was used unless otherwise
stated.




Is the variance similar between the groups that are being statistically compared?

F test or Brown-Forsythe test were used to define the equality of the standard-deviation across
groups. Welch's correction was applied in case of non-equal standard-deviations in normally
distributed groups.

C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
AAntibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

For all antibodies use in this study we provide the catalog number, the company it was purchased
from in the Materials and Methods section of this study. All antibodies used are commercially
available and validated throughout experiments.

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for
mycoplasma contamination.

All MCC cell lines were a kind gift from Dr. David Schrama, University of Wuerzburg, Germany and
validated by STR profiling. HEK-293T cells were purchased from Takara (Lenti-X 293T, Cat.
632180). Primary human dermal fibroblasts were purchased from ATCC (Cat. PCS-201-010). All cell
lines were regularly tested for mycoplasma. All cell lines used in this study are mycoplasma
negative.

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing
and husbandry conditions and the source of animals.

In vivo LSD1 inhibitor treatment: NSG mice were pruchased from The Jackson Laboratory (strain Noj
005557). Animals were typically 5-8 weeks old at experiment start.

Merkel cell extraction: 4-week-old C57BL/6 females/males were used, from in-house breeding
facility. Mice are kept in individually ventilated cages (Tecniplast Green/Blue line, air changes
through HEPA filters) at a room temperature of 22°C+1°C and humidity of 55%+5% in a light/dark
cycle (14 hours light/10 hours dark). Autoclaved food and drinking water (additionally acidified) is
provided ad libitum. The cages are located in animal rooms in a protected area behind a barrier
(HEPA filtered air). The microbiological status is periodically monitored by sentinel program (soiled|
bedding sentinels, contact sentinels).

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the
committee(s) approving the experiments.

All animal experiments were performed under ethical animal license protocols from the Austrian
Federal Ministry of Science, Research and Economics (BMBWF-66.015/0009-V/3b/2019 or GZ:
340118/2017/25) complying with the Austrian and European legislation.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), 1000412, 2010) to ensure
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

We confirm compliancewith the ARRIVE guidelines.

E- Human Subjects

top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

11. Identify the committee(s) approving the study protocol. NA
12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments NA
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human

Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. NA
14. Report any restrictions on the availability (and/or on the use) of human data or samples. NA
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. NA
16. For phase Il and IIl randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) |NA
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.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [NA

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

Raw sequencing and pre-processed data have been deposited at the Gene Expression Omnibus
(GEO) under the accession number GSE147817. Proteomics data was deposited at PRIDE with the
accession number PXD020590.

19. D 1is strongly r for any datasets that are central and integral to the study; please consider the
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

Raw sequencing and pre-processed data have been deposited at the Gene Expression Omnibus
(GEO) under the accession number GSE147817. Proteomics data was deposited at PRIDE with the
accession number PXD020590.

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

NA

21. Computational models that are central and integral to a study should be shared without restrictions and provided in a
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized format
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited
in a public repository or included in supplementary information.

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.

NA
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