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1st Editorial Decision 11th Feb 2022

Thank you for submitting your work to Molecular Systems Biology. We have now heard back from the three reviewers who
agreed to evaluate your study. As you will see below, the reviewers find the topic of your study of potential interest. They raise,
however, a series of concerns, which should be convincingly addressed in a major revision of the present manuscript.

| think the reviewers' recommendations are rather straightforward, and there is no need to reiterate all the points listed below. All
issues raised by the reviewers need to be satisfactorily addressed. As you may already know, our editorial policy allows in
principle a single round of major revision, and it is therefore essential to respond to the reviewers' comments that are as
complete as possible. Please feel free to contact me in case you would like to discuss in further detail any of the issues raised
by the reviewers.

On a more editorial level, we would ask you to address the following issues:

REFEREE REPORTS

Reviewer #1:

In this study Imkeller et al performed whole-genome CRISPR_Cas9 screens with large-scale multiomic data to delineate
functional subtypes of human colorectal cancer. They generated cell lines with APC loss-of-function mutations, resulting in
hyperactivated Wnt signaling, and examined metabolic changes. Metabolic status in APC mutant cells with low endogenous Wnt



activity was different from the metabolic status of control cells which naturally acquired Wnt hyperactivation. They showed that
the dosage level of oncogenic Wnt activity impacts the metabolic equilibrium and the mitochondrial phenotype of a cell type in a
context-dependent manner.

Overall the experiments described herein are well controlled, and the conclusions are generally supported by the data. There
are relatively minor issues that need to be addressed by the authors before publication.

Page 11:

"We found that Wnt-high colorectal cancer cell lines were more dependent on CTNNB1 and

other members of the Wnt signaling pathway than Wnt-low colorectal cancer cell lines (Fig.

3B and C)." There are more than 20 Wnt-high and only 5 Wnt-low cell lines in the Fig3. C, therefore, the conclusion here cannot
be inferred from what the plot shows. A statistical test is warranted here.

Page 12:

"Mean fold changes of negative control gRNAs (targeting luciferase) are displayed as

black circles. Mean fold changes of negative control gRNAs (chromosome 10 promiscuous) are displayed as black triangles."
Fig 3. F shows positive and negative controls but the figure legend describes both as negative controls. Also, chr10 promiscuous
guides show high variability and are not a good positive control.

Fig4.
The plots are labeled incorrectly.

Page 15:

"Many of the genes involved in mitochondrial function had an important viability effect in all

cell lines (Fig. 4D), which would have made it difficult to perform functional assays

because of cell death. "

Functional assays for the genes involved in mitochondrial function with important viability effect could be done by collecting the
cells at earlier timepoints. In this study they collected cells after 12 doubling times which is relatively a long time. To study
essential genes in a cell, they could collect the cells after for example 8 doubling instead of 12.

Page 15:

"Knockout of LARS2, a gene encoding a mitochondrial tRNA synthetase, had a low to intermediate fithess effect in our cell lines
(Fig. 4D) and was thus most suitable for use as a candidate gene for functional assays."

Here they are probably talking about plot 4E (instead of 4D), and they are other genes shown in the plot with low to intermediate
fitness effect in the cell lines, but the authors did not clarify why LARS2 is the a uniquely suitable candidate gene. Indeed the
*ARS2 mitochondrial tRNA synthetase genes would be expected to show similar phenotype, along with the mitochondrial
ribosome.

Page 16:

"This result was reproducible using two different LARS2 targeting gRNAs (Fig. 5B)."

It would be better if they could show the mean of 2 gRNAs targeting LARS2 in replicate screens, instead of showing two different
gRNAs targeting the gene. It does not show if they had the same result in different replicates.

Page 18:

"The tumors that were classified as CMS4 or CMS3 but belonged to the Wnt-low tumor subgroup showed metabolic gene and
protein expression levels comparable to Wnt-low tumors classified as CMS1 (Fig. 6C and D)."

There is no figure 6C in the paper. Figure legends do not match panels.

Reviewer #2:

This study begins with an unbiased analysis of TCGA cohorts to stratify CMS according to Wnt signaling, which led to some
discrepancies. However, stratification of the same cohorts into Wnt-low and Wnt-high was more informative. APC truncation was
seen in Wnt-high CRC (80%), but less so in Wnt-low CRC (30%). Notably, Wnt-low CRC had high prevalence of other drivers,
namely BRAF (40%) while RNF43 was also enriched in Wnt-low CRC. Stratification into Wnt-high and Wnt-low also revealed
differences in MSI and tumor location. Importantly, the same stratification of CRC cell lines into Wnt-high and Wnt-low mirrored
the cancers, indicating that the changes in gene expression were tumor cell intrinsic rather than due to the cellular components
of the tumor microenvironment.

Intriguingly, engineered hyperactive Wnt signaling in Wnt-low cell lines (HCT116 and RKO) did not mirror natural hyperactive
Whnt. Mutations in the beta-catenin gene and APC are mutually exclusive in CRC, thus introducing an APC truncation into
HCT116 cells, which harbor mutations in the beta-catenin gene, does not mimic CRC. However, this model system revealed the
complicity and context-dependence of Wnt signaling in CRC. The dependence on mitochondrial and metabolic states between



the natural and engineered Wnt hyperactivity is of particular importance as it enabled an unravelling of the underlying molecular
mechanisms and revealed a reduced capacity to compensate for loss of mitochondrial function. The switch to Warburg occurs in
both Wnt-high and Wnt-low tumors, but the degree of the shift differs between the two. Thus, the metabolic balance between
glycolysis and oxidative respiration is intricately interwoven with the sequence of acquisition of mutations in CRC. Untangling
this level of complexity was achieved in this study though comprehensive multi-omic analyses. This is an important, timely and
enlightening study.

Minor comment:
Reference Fessler et al., 2016 in the last paragraph of the discussion is not referenced

Reviewer #3:

The authors present results from a hybrid experimental computational approach aiming at exploring the role of Wnt signalling
dosage across colorectal cancer subtypes, and showing that hyper activated Wnt signalling leads to a different metabolic state
than tumours with low Wnt activity, but also that engineered Wnt signaling leads to a metabolic state that is different than that
led by naturally acquired Wnt hyper activation, implying context specificity and dependencies from the initial baseline metabolic
state.

As a first step the authors identify two groups of tumours respectively with high/low levels of Wnt signalling and distinct
mutational, molecular and transcriptional features by using public available data from the TCGA, and considering the basal
expression levels of a transcriptional signatures of Wnt target genes.

Then the authors classify a panel of cell lines, using their publica available genomic/transcriptomic characterisation also in Wnt
high/low groups, observing similar but less distinctive molecular features than those identified in the primary tumours associated
with high Wnt levels.

The authors then go further, selecting two cell lines with low Wnt activation and putatively functional APC. They engineer these
cell lines to hyper activate Wnt signaling via CRISPR mediated genetic disruption of APC.

Then, by differential expression analysis the authors find that the transcriptional changes brought about by engineered APC
inactivation in these models are quite distinct from those obtained while contrasting endougenously Wnt-high cell lines versus
Whnt-low cell lines. From this the authors conclude that the transcriptional footprints of Wnt activity are context dependant.

Going further, the authors seek to identify and compare genetic dependencies that are specific to their engineered Wnt-
hyperactivated cell lines (when contrasted to parental cell lines) and those that are specific to endogenously Wnt-high cell lines
(when compared to endogenously Wnt-low cell lines). To the first aim they perform a pooled genome wide CRISPR-cas9 screen
on their APC-inactivated cell lines (APCtrunc cell lines) as well as on their parental APCwt cell lines and they contrast the
obtained essentiality profiles. For the second aim the authors mined and contrasted public available essentiality profiles from the
DepMap.

The authors have then further contrasted the differential essentiality profiles resulting from these two analyses and spot
differences between Wnt-hyperactivation specific dependencies and endogenous Wnt-high activity dependencies. Finally the
authors functionally characterise the dependencies that are specific to their engineered Wnt-hyperactivated models, reporting a
synthetic lethality between APC truncations and mithocondrial genes.

Briefly, while the aim of this work is interesting and timely, as it detailed below, the presented pipeline and related results looks
quite biased, guided by seemingly arbitrary choices prone to cherry picking and not considering several confounding factors.

In addition, in my opinion this work doesn't show that metabolic balance in colorectal cancer is maintained by optimal Wnt
signaling levels but rather (and only) that artificially introduced oncogenic variants in APC lead to different downstreaming
transcriptional changes than those triggered by APC variants endogenously present in cancer models, which by the way might
have had the time to further optimise, by positive selection, their fitness via tuning the expression of other genes. This is a pretty
obvious finding to me.

Furthermore the differential dependency analysis is performed in a quite sloppy way, comparing outcomes of screens performed
with different sgRNA libraries (TKO vs AVANA, which of course have different and heterogenous sgRNA on/off-target efficiency),
at different assay lengths (12 days vs 21 days) and with many other potential underlying differences in the experimental setting.
All these are totally neglected by the authors but they can potentially lead to discrepancies (as shown in PMID: 31862961).
Finally, particularly suspicious are to me the findings related to the specific dependencies in mitochondrial genes, whose
essentiality has been shown to be particularly sensitive to the CRISPR screening length (PMID: 27760321)

Other (more specific) major points:



* The authors discriminate between Wnt low and high tumours via unsupervised clustering of transcriptional data of typical
CTNNB1 dependent targets of Wnt following the observation that CMS classification is not sufficient to predict Wnt activation
just by looking at the expression of a single gene (AXIN2). Shouldn't this claim be supported by showing plots similar to figure
1B for other Wnt targets? potentially as supplementary figures? In addition, | would quantify in someway the differential
expression of the Wnt targets across CMS subtypes, to show this lack of predictive power and/or highlight (and quantify) the
presence of Wnt active outliers in CMS3 and CMS4.

* In general an indication of the extent to which Wnt signalling led transcriptional differences participate to overall transcript CMS
clusters is missing and would be nice to have.

* moreover how the optimal number of clusters (2) was determined? This is not specified, looks a priori determined, and by
looking at the heat map in figure 1A, 3 clusters might have worked well too, with a third group (i.e. leftmost columns) perhaps
composed by samples with intermediate levels of Wnt signaling or more ambiguous transcriptomic profiles of the the Wnt
targets?

* Similarly, is not clear why the authors classified cell lines into Wnt low/high activity group based on the expression of one gene
only instead of using unsupervised clustering of CTNNB1 dependent targets of Wnt, as they did for the primary tumours. This
inconsistency looks suspicious and should be motivated.

* A much better/rigorous and state-of-the-art classification of cell lines into high/low Wnt group would have been an integrative
cluster analysis of tumours/cell-lines together, to check also at what extent and which cell line mirror the two primary tumour
groups. This could have been done for example following a Celligner normalisation, to remove batch effects and alling cell lines
and primary tumours (as in PMID: 33397959). Alternatively signatures of differentially expressed genes could have been derived
by contrasting low vs. high Wnt activity primary tumours and used as template classifiers for cell lines (as dane for example in
PMID: 23584089). Using just AXIN2, looks overly simplistic and prone to cherry picking. The author should consider
reperforming their cell line classification or alternatively they should provide a convincing argument against it.

* As a consequence, even the differential expression analyses results presented in figure 2B (and related comparison with those
reported in figure 2I) could have been derived in a more rigorous way. In addition, the groups contrasted to produce figure 2B
are never specified.

* The mutation prevalences shown in figures 1F to 1J look statistically significant, but this should be quantified by
fisher/hypergeometric test. In addition, it is not clear if these associations were identified unbiasedly and systematically or in a
prior knowledge guided way, just by focusing on selected mutations. This should be specified. Significance quantification would
also allow comparing these results with those reported in figure2C to G.

* Terms like 'more ambiguous' (referring to CMS classification of cell lines vs tumours) and 'less pronounced' (referring to pattern
of mutations of Wnt low/high cell lines) should be accompanied by statistical scores.



1st Authors' Response to Reviewers 14th May 2022

MSB-2021-10874
Response to Reviewers

We are glad to see that the three reviewers carefully assessed our manuscript and found our
study interesting. Our point-by-point reply addresses the important issues that were raised
and described the changes that have been incorporated into our revised manuscript.

Reviewer #1:

In this study Imkeller et al performed whole-genome CRISPR_Cas9 screens with large-scale
multiomic data to delineate functional subtypes of human colorectal cancer. They generated
cell lines with APC loss-of-function mutations, resulting in hyperactivated Wnt signaling, and
examined metabolic changes. Metabolic status in APC mutant cells with low endogenous
Whnt activity was different from the metabolic status of control cells which naturally acquired
Whnt hyperactivation. They showed that the dosage level of oncogenic Wnt activity impacts
the metabolic equilibrium and the mitochondrial phenotype of a cell type in a context-
dependent manner.

Overall the experiments described herein are well controlled, and the conclusions are
generally supported by the data. There are relatively minor issues that need to be addressed
by the authors before publication.

We thank the reviewer for the supportive comment.

Page 11:

"We found that Wnt-high colorectal cancer cell lines were more dependent on CTNNB1 and
other members of the Wnt signaling pathway than Wnt-low colorectal cancer cell lines (Fig.
3B and C)." There are more than 20 Wnt-high and only 5 Wnt-low cell lines in the Fig3. C,
therefore, the conclusion here cannot be inferred from what the plot shows. A statistical test
is warranted here.

In the initial submission we performed a statistical test to show that the genes of the
WNT_SIGNALING gene set are differentially essential between Wnt groups (Fig.
3B). Indeed, as pointed out by the reviewer, we did not specifically test the
essentiality of CTNNB1, which is part of this gene set. We now performed a
Wilcoxon-rank sum test (Fig. 3C) that shows that Wnt-high colorectal cancer cell
lines are more dependent on CTNNB1 than Wnt-low colorectal cancer cell lines
(described in Figure legend).

OF NOTE: In the revised version of our manuscript use a more recent version of the
DepMap dataset (21Q3), which means that we were able to include more cell lines
into the analysis. The analysis scripts that were part of the initial submission
remained unchanged.

Page 12:

"Mean fold changes of negative control gRNAs (targeting luciferase) are displayed as

black circles. Mean fold changes of negative control gRNAs (chromosome 10 promiscuous)
are displayed as black triangles." Fig 3. F shows positive and negative controls but the figure



legend describes both as negative controls. Also, chr10 promiscuous guides show high
variability and are not a good positive control.

We agree with the reviewer. The “chromosome 10 promiscuous” gRNAs were called
“negative control” by mistake. We adapted the Figure legend of Figure 3F and 4D
accordingly and scanned the manuscript to make sure that this error did not occur
anywhere else.

Fig4.
The plots are labeled incorrectly.

We apologize for the mistake we made and have now relabeled the figure elements
accordingly.

Page 15:

"Many of the genes involved in mitochondrial function had an important viability effect in all
cell lines (Fig. 4D), which would have made it difficult to perform functional assays

because of cell death. " Functional assays for the genes involved in mitochondrial function
with important viability effect could be done by collecting the cells at earlier timepoints. In
this study they collected cells after 12 doubling times which is relatively a long time. To study
essential genes in a cell, they could collect the cells after for example 8 doubling instead of
12.

The 12 doubling times mentioned by the reviewer apply to the whole genome
CRISPR screen, which was started 3 days after viral transduction with the gRNA
library. All functional assays in our work were started 3-5 days (i.e. maximum ca. 5
doublings) after viral transduction. For the competitive growth assay, the cell pools
were collected and analysed 2, 5, 7, 9, 12, 14 and 17 days after transduction. The
Seahorse measurement of respiration was started 5 days after transduction. The
procedure suggested by the reviewer was thus already in place, when we performed
the experiments.

In order to avoid confusion and also to clarify the rationale behind the candidate gene
selection, we have reformulated the text, also with respect to the next comment of
the reviewer. The sentence "Many of the genes involved in mitochondrial function
had an important viability effect in all cell lines (Fig. 4D), which would have made it
difficult to perform functional assays because of cell death." was removed and
replaced by an improved explanation for the candidate gene selection (Page 15).

Page 15:

"Knockout of LARSZ2, a gene encoding a mitochondrial tRNA synthetase, had a low to
intermediate fitness effect in our cell lines (Fig. 4D) and was thus most suitable for use as a
candidate gene for functional assays." Here they are probably talking about plot 4E (instead
of 4D), and they are other genes shown in the plot with low to intermediate fitness effect in
the cell lines, but the authors did not clarify why LARS2 is the a uniquely suitable candidate
gene. Indeed the *ARS2 mitochondrial tRNA synthetase genes would be expected to show
similar phenotype, along with the mitochondrial ribosome.



As indicated above, and as pointed out by the reviewer, we have relabeled the
panels in Figure 4. Figure 4B and 4C show a number of genes with intermediate
differential fitness effects. The genes related to mitochondrial function are highlighted
in black, since we observed in the gene set enrichment analysis, that there was an
effect for pathways affecting mitochondria. Selected genes are highlighted and
labeled in green in all figures 4B,C,E,F, to allow the reader to see reproducible
effects between both analyses.

We chose LARS2 as one example candidate gene involved in mitochondrial function
but we agree with the reviewer: other genes involved in mitochondrial tRNA
synthesis are expected to show the same phenotype. We reformulated the text
accordingly to clarify that LARS2 is not the most suitable candidate, but rather one of
many suitable candidates (Page 15).

Page 16:

"This result was reproducible using two different LARS2 targeting gRNAs (Fig. 5B)."

It would be better if they could show the mean of 2 gRNAs targeting LARS2 in replicate
screens, instead of showing two different gRNAs targeting the gene. It does not show if they
had the same result in different replicates.

Fig. 5B summarizes the results of three independent replicates of the competitive
growth assay illustrated in Fig. 5A. The assay is performed separately for the two
gRNAs and cell lines and with independent virus transduction for each replicate.
Displaying the result as the mean of the effect of the two gRNAs does not make
sense here, because the gRNAs were measured in different assays. In fact, we think
that displaying the results by gRNA as done in present Fig. 5B emphasizes how
reproducible the observation is in different experiments and with different gRNAs.
The reproducibility between replicates can be judged from the data points in Fig. 5B,
where each point represents one independent replicate. We have included an
explanatory statement in the figure legend and we hope that the reviewer agrees with
our choice after this clarification.

Page 18:

"The tumors that were classified as CMS4 or CMS3 but belonged to the Wnt-low tumor
subgroup showed metabolic gene and protein expression levels comparable to Wnt-low
tumors classified as CMS1 (Fig. 6C and D)." There is no figure 6C in the paper. Figure
legends do not match panels.

We apologize for the mistake we made and have now relabeled the figure elements
accordingly.

Reviewer #2:

This study begins with an unbiased analysis of TCGA cohorts to stratify CMS according to
Whnt signaling, which led to some discrepancies. However, stratification of the same cohorts
into Wnt-low and Wnt-high was more informative. APC truncation was seen in Wnt-high
CRC (80%), but less so in Wnt-low CRC (30%). Notably, Wnt-low CRC had high prevalence
of other drivers, namely BRAF (40%) while RNF43 was also enriched in Wnt-low CRC.



Stratification into Wnt-high and Wnt-low also revealed differences in MSI and tumor location.
Importantly, the same stratification of CRC cell lines into Wnt-high and Wnt-low mirrored the
cancers, indicating that the changes in gene expression were tumor cell intrinsic rather than
due to the cellular components of the tumor microenvironment.

Intriguingly, engineered hyperactive Wnt signaling in Wnt-low cell lines (HCT116 and RKO)
did not mirror natural hyperactive Wnt. Mutations in the beta-catenin gene and APC are
mutually exclusive in CRC, thus introducing an APC truncation into HCT116 cells, which
harbor mutations in the beta-catenin gene, does not mimic CRC. However, this model
system revealed the complicity and context-dependence of Wnt signaling in CRC. The
dependence on mitochondrial and metabolic states between the natural and engineered Wnt
hyperactivity is of particular importance as it enabled an unravelling of the underlying
molecular mechanisms and revealed a reduced capacity to compensate for loss of
mitochondrial function. The switch to Warburg occurs in both Wnt-high and Wnt-low tumors,
but the degree of the shift differs between the two. Thus, the metabolic balance between
glycolysis and oxidative respiration is intricately interwoven with the sequence of acquisition
of mutations in CRC. Untangling this level of complexity was achieved in this study though
comprehensive multi-omic analyses. This is an important, timely and enlightening study.

We thank the reviewer for the supporting comments.

Minor comment:
Reference Fessler et al., 2016 in the last paragraph of the discussion is not referenced

We thank the reviewer for pointing this out. The reference regarding differences
between Wnt signaling induction in intestinal stem cells compared to more
differentiated cells is now included in the text as well as in the list of references.



Reviewer #3:

The authors present results from a hybrid experimental computational approach aiming at
exploring the role of Wnt signalling dosage across colorectal cancer subtypes, and showing
that hyper activated Wnt signalling leads to a different metabolic state than tumours with low
Whnt activity, but also that engineered Wnt signaling leads to a metabolic state that is
different than that led by naturally acquired Wnt hyper activation, implying context specificity
and dependencies from the initial baseline metabolic state.

As a first step the authors identify two groups of tumours respectively with high/low levels of
Whnt signalling and distinct mutational, molecular and transcriptional features by using public
available data from the TCGA, and considering the basal expression levels of a
transcriptional signatures of Wnt target genes.

Then the authors classify a panel of cell lines, using their publica available
genomic/transcriptomic characterisation also in Wnt high/low groups, observing similar but
less distinctive molecular features than those identified in the primary tumours associated
with high Wnt levels.

The authors then go further, selecting two cell lines with low Wnt activation and putatively
functional APC. They engineer these cell lines to hyper activate Wnt signaling via CRISPR
mediated genetic disruption of APC.

Then, by differential expression analysis the authors find that the transcriptional changes
brought about by engineered APC inactivation in these models are quite distinct from those
obtained while contrasting endougenously Wnt-high cell lines versus Wnt-low cell lines.
From this the authors conclude that the transcriptional footprints of Wnt activity are context
dependant.

Going further, the authors seek to identify and compare genetic dependencies that are
specific to their engineered Wnt-hyperactivated cell lines (when contrasted to parental cell
lines) and those that are specific to endogenously Wnt-high cell lines (when compared to
endogenously Wnt-low cell lines). To the first aim they perform a pooled genome wide
CRISPR-cas9 screen on their APC-inactivated cell lines (APCtrunc cell lines) as well as on
their parental APCwt cell lines and they contrast the obtained essentiality profiles. For the
second aim the authors mined and contrasted public available essentiality profiles from the
DepMap.

The authors have then further contrasted the differential essentiality profiles resulting from
these two analyses and spot differences between Wnt-hyperactivation specific
dependencies and endogenous Wnt-high activity dependencies. Finally the authors
functionally characterise the dependencies that are specific to their engineered Wnt-
hyperactivated models, reporting a synthetic lethality between APC truncations and
mithocondrial genes.

Briefly, while the aim of this work is interesting and timely, as it detailed below, the presented
pipeline and related results looks quite biased, guided by seemingly arbitrary choices prone
to cherry picking and not considering several confounding factors.



In addition, in my opinion this work doesn't show that metabolic balance in colorectal cancer
is maintained by optimal Wnt signaling levels but rather (and only) that artificially introduced
oncogenic variants in APC lead to different downstreaming transcriptional changes than
those triggered by APC variants endogenously present in cancer models, which by the way
might have had the time to further optimise, by positive selection, their fitness via tuning the
expression of other genes. This is a pretty obvious finding to me.

The reviewer here summarizes a very important aspect of our work, which is the
context dependency of Wnt signaling effects. However, we would like to point out
that the reviewer's comment unfortunately only covers and discusses an incomplete
part of our work and findings.

When referring to the transcriptional and functional genomic difference between
engineered and endogenous effects of APC variants, the reviewer correctly
summarizes one of our main findings. Context dependency results in different
downstream effects depending on whether an APC truncation was acquired naturally
during tumorigenesis or whether it was introduced artificially into tumor cells that
underwent an alternative path of tumorigenesis. Although this finding in itself does
not yet provide a biological explanation of tumorigenesis, it is a very critical finding
that challenges the use of certain model systems to study Wnt signaling in colorectal
cancer. This is an important and highly non-trivial result with immediate implications
for the functional genomics and Wnt signaling communities.

In addition, our work goes much further than this and also provides evidence for a
direct link between metabolic balance and Wnt signaling levels. In Figure 6 we show
transcriptomic and proteomic differences in metabolic pathways between tumor
tissues with different levels of Wnt signaling. In the experiment depicted in Fig. 5D,
where we measure respiration shortly after ligand-mediated Wnt signaling activation,
we clearly show that there is a direct link between Wnt signaling and mitochondrial
function. Our findings thus clearly provide an explanation for why Wnt signaling
levels need to be optimal in order to maintain the metabolic balance in cancer cells.

Furthermore the differential dependency analysis is performed in a quite sloppy way,
comparing outcomes of screens performed with different sgRNA libraries (TKO vs AVANA,
which of course have different and heterogenous sgRNA on/off-target efficiency), at different
assay lengths (12 days vs 21 days) and with many other potential underlying differences in
the experimental setting. All these are totally neglected by the authors but they can
potentially lead to discrepancies (as shown in PMID: 31862961). Finally, particularly
suspicious are to me the findings related to the specific dependencies in mitochondrial
genes, whose essentiality has been shown to be particularly sensitive to the CRISPR
screening length (PMID: 27760321)

We agree with the reviewer, that gRNA libraries and screening length affect hit
detection in whole-genome CRISPR screens. However, the reviewer does not
explain how this would affect the analyses and results that we obtain in our study. In
fact we are aware of these well-known technical effects and thus are very careful



when comparing the results of our screen to other data. We keep all analyses and
statistical models for our screen and the DepMap screen well apart.

Moreover, our own CRISPR screen is very well controlled, and we did everything
possible to keep technical variability to a minimum. The screen duration in units of
duplication time is exactly the same in all cell lines and the cell lines have very similar
growth rates. It is thus excluded that differences in experimental settings are the
reason why RKO-APCtrunc and HCT116-APCtrunc are more vulnerable to
mitochondrial perturbation than their wildtype counterparts. In addition, our functional
assays (competitive growth assay and respiration measurement, Fig. 5)
unequivocally show that there is a difference in mitochondrial function between APC
and WT cell lines.

Since this is a very critical point, we had already included a section in the discussion
to argue why we are confident that our conclusions are not biased by technical
artifacts: “The metabolic phenotype of Wnt-low tumors correlated with a higher
vulnerability towards mitochondrial perturbation. Given the statistical model that we
used to compare the gRNA abundances (Fig. S2) as well as the successful validation
using the competitive cell growth assay (Fig. 5B), we are confident that this
observation reflects the underlying biology and is not linked to technical artifacts that
arise from differences in growth rate during the vulnerability screen.” (Page 23)

Other (more specific) major points:

* The authors discriminate between Wnt low and high tumours via unsupervised clustering of
transcriptional data of typical CTNNB1 dependent targets of Wnt following the observation
that CMS classification is not sufficient to predict Wnt activation just by looking at the
expression of a single gene (AXIN2). Shouldn't this claim be supported by showing plots
similar to figure 1B for other Wnt targets? potentially as supplementary figures? In addition, |
would quantify in someway the differential expression of the Wnt targets across CMS
subtypes, to show this lack of predictive power and/or highlight (and quantify) the presence
of Wnt active outliers in CMS3 and CMS4.

We thank the reviewer for this valuable suggestion. We now include a principal
component analysis to illustrate the limited contribution of Wnt target gene
expression to CMS subtype classification. We also include other visualizations
similar to Figure 1B for other Wnt target genes. These analyses can be found in the
newly introduced Figure S1.

* In general an indication of the extent to which Wnt signalling led transcriptional differences
participate to overall transcript CMS clusters is missing and would be nice to have.

The CMS assignment of tumor tissue transcription profiles is based on a random
forest model as implemented in the CMSclassifier package and as described in the
methods section. The algorithm operates on a matrix of whole transcriptome
expression values. It is not clear to us how the reviewer would like us to show the
contribution of Wnt-target gene expression to this classification algorithm. The
expression of Wnt target genes in the different samples and their classification into



CMS is illustrated in Fig. 1A. Also, the newly introduced figure S1 illustrates how Wnt
target gene expression and CMS classification relate to each other.

* moreover how the optimal number of clusters (2) was determined? This is not specified,
looks a priori determined, and by looking at the heat map in figure 1A, 3 clusters might have
worked well too, with a third group (i.e. leftmost columns) perhaps composed by samples
with intermediate levels of Wnt signaling or more ambiguous transcriptomic profiles of the
the Wnt targets?

We did not determine the optimal number of clusters in Fig. 1A. We decided to
classify the tumors and cell lines into Wnt-high and Wnt-low in order to make our
analyses and conclusions easier to follow. In our manuscript we focus on functional
genomics approaches to illustrate a complex interplay between signaling and
metabolism in different model systems. The clustering of tumors and cell lines is not
the main point of our work and there are certainly also other ways to perform
clustering. Nevertheless our approach is good enough to conduct our downstream
analyses. We validate our choice by quantifying the expected cancer driver
mutations for Wnt-high and Wnt-low tumors (Fig. 1E-J). For the cell lines, we verify
that Wnt-high cells are indeed more dependent on Wnt signaling than Wnt-low cells
(Fig. 3B+C).

* Similarly, is not clear why the authors classified cell lines into Wnt low/high activity group
based on the expression of one gene only instead of using unsupervised clustering of
CTNNB1 dependent targets of Wnt, as they did for the primary tumours. This inconsistency
looks suspicious and should be motivated.

The reply to this comment is combined with the reply to the following comment,
because both comments address the same question, namely the classification of cell
lines.

* A much better/rigorous and state-of-the-art classification of cell lines into high/low Wnt
group would have been an integrative cluster analysis of tumours/cell-lines together, to
check also at what extent and which cell line mirror the two primary tumour groups. This
could have been done for example following a Celligner normalisation, to remove batch
effects and alling cell lines and primary tumours (as in PMID: 33397959). Alternatively
signatures of differentially expressed genes could have been derived by contrasting low vs.
high Wnt activity primary tumours and used as template classifiers for cell lines (as dane for
example in PMID: 23584089). Using just AXIN2, looks overly simplistic and prone to cherry
picking. The author should consider reperforming their cell line classification or alternatively
they should provide a convincing argument against it.

The classification of cell lines into Wnt high and Wnt low groups is meant to separate
tumor cells that underwent Wnt-dependent tumorigenesis from those who underwent
Whnt-independent tumorigenesis. As stated throughout the manuscript, we here focus
on classical CTNNB1-dependent Wnt signaling. It is widely accepted that the
canonical Wnt-dependent pathway of tumorigenesis is distinct from the serrated
pathway, for example in terms of tumor localization, microsatellite instability and
cancer driver mutations (for example reviewed in PMID 28741479). In Figures 1E-J



and 2C-G, we demonstrate that our classification method for tumors and cell lines is
suitable to reproduce these patterns.

For classification of cell lines, we use AXIN2 expression levels since it has been
shown that AXIN2 is the main target gene of CTNNB1-dependendent classical Wnt
signaling. It is very consistently upregulated upon classical Wnt activation in multiple
different cell types and tissue and is therefore not as prone to context-dependent
effects as the other members of the Wnt target gene set. Moreover, clustering on
expression of Wnt-target gene expression in cell lines does not work very well
because some of the Wnt target genes are not expressed in cell lines, or only
expressed at a very low level. This might be due to the fact that the tissue hierarchy
is important for paracrine and juxtacrine Wnt signaling. We believe that AXIN2
expression is a valid criterion for quantifying classical Wnt signaling, also because
our grouping also shows a higher dependence on CTNNBL1 in Wnt high cell lines
compared to Wnt low (Fig. 3C). Taken together all of this, we believe that our
classification method is sufficient to distinguish between both tumor and cell line
groups and we do not see an urgent need for applying another classification method.

In fact, even though the methods suggested by the reviewer integrate cell line with
tumor expression data and are very useful and valuable for studying cancer
signaling, we believe that they do not constitute the right approach in particular to
study Whnt signaling. Paracrine and juxtacrine mediate and maintain Wnt signaling
networks in tumor tissue, which leads to Wnt target gene expression patterns that
cannot be observed in cell cultures that most likely lack structured tissue signaling
hierarchy. We therefore believe that from a biological point of view, it would not make
sense to choose a method that aligns expression profiles from highly organized
tissues with those of cell line cultures to study Wnt target gene expression. Indeed,
we observed in the analysis results provided by Celliner, that the combined analysis
of tumor and cell lines and subsequent dimension reduction and/or clustering does
not distinguish between Wnt dependent and Wnt independent pathway of
tumorigenesis. Also, when using the Celliner function to find the most similar tumor
for a set of colorectal cancer cell lines, we frequently found low distances reported for
unrelated tumor lineages, especially for the cell lines without APC truncation (for
example RKO - uterus or HCT116 - gastric).

In summary, we believe that given our results on CTNNB1 dependency, our cell line
classification approach is suitable for our analyses and is well supported from a
biological point of view. In our study, where we describe the context dependent
effects of a pathway in which tissue architecture and paracrine signaling play an
important role, we do not see an advantage from using approaches that align tumor
and cell line transcriptomes. The obvious limitations of cell line model systems in
comparison to actual tumor tissue cannot be overcome by data integration.

* As a consequence, even the differential expression analyses results presented in figure 2B
(and related comparison with those reported in figure 21) could have been derived in a more
rigorous way. In addition, the groups contrasted to produce figure 2B are never specified.



Figure 2B depicts the “differential gene expression analysis comparing Wnt-high (n =
8 cell lines) versus Wnt-low (n = 39 cell lines) CRC cell lines”. These groups are
defined in Figure 2A.

* The mutation prevalences shown in figures 1F to 1J look statistically significant, but this
should be quantified by fisher/hypergeometric test. In addition, it is not clear if these
associations were identified unbiasedly and systematically or in a prior knowledge guided
way, just by focusing on selected mutations. This should be specified. Significance
quantification would also allow comparing these results with those reported in figure2C to G.

The selection of mutations depicted here has been done in a prior-knowledge guided
way, based on genetic alterations linked to different CRC subtypes (cite). We have
modified the text accordingly: “Different frequencies of well-known CRC-driver
mutation could be observed”. We have included statistical tests for Figures 1F-J and
2C-G.

* Terms like 'more ambiguous' (referring to CMS classification of cell lines vs tumours) and
'less pronounced' (referring to pattern of mutations of Wnt low/high cell lines) should be
accompanied by statistical scores.

We have replaced the term “more ambiguous” with “more difficult” and added an
explanation why the classification is more difficult for cell lines: “presumably due to
lack of immune and stromal infiltration in cell lines, which contribute to a certain
degree to the transcriptional signature of CMS in tumors”.

We have removed the expression “less pronounced” for the mutation patterns. Since
we included the statistical tests for Figure 1F and 1J, we think that the modified
sentence “The patterns of cancer driver mutations in Wnt-low and Wnt-high
colorectal cancer cell lines were partially comparable to the ones observed in the
tumor tissue.” is sufficient. We reformulated the paragraph describing the differences
accordingly.
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1st Revision - Editorial Decision 15th Jun 2022

Dear Michael,

Thank you for sending us your revised manuscript. We have now heard back from the two reviewers who agreed to evaluate
your study. As you will see, the reviewers are overall satisfied with the modifications made.

Before we can formally accept your manuscript, we would ask you to address the following issues:

REFEREE REPORTS

Reviewer #1:

Authors have responded sufficiently to my concerns, and appear to have robustly addressed criticisms from other reviewers.

Reviewer #3:

The authors have sufficiently addressed most of my points and clarified some aspects of their analysis in their point-by-point
responses to reviewers comments.

In my previous review | expressed a major criticism about this work not showing that metabolic balance in colorectal cancer is
maintained by optimal Wnt signaling levels but rather (and only) that artificially introduced oncogenic variants in APC lead to
different downstreaming transcriptional changes than those triggered by APC variants endogenously present in cancer models,
and that these might have had the time to further optimise, by positive selection, their fitness via tuning the expression of other
genes.

The authors agree with this claim but they also replied that "although this finding in itself does not yet provide a biological
explanation of tumorigenesis, it is a very critical finding that challenges the use of certain model systems to study Wnt signaling in
colorectal cancer."

| do believe that seen under this prospective, while still valid and of potential impact, the take-home message of this manuscript
should be re-elaborated and properly re-discussed, potentially even changing the title of the the manuscript.



2nd Authors' Response to Reviewers 3rd Jul 2022

RESPONSE TO THE REVIEWERS
Reviewer #1:

Authors have responded sufficiently to my concerns, and appear to have robustly addressed
criticisms from other reviewers.

We thank the reviewer for the positive feedback.
Reviewer #3:

The authors have sufficiently addressed most of my points and clarified some aspects of
their analysis in their point-by-point responses to reviewers comments.

In my previous review | expressed a major criticism about this work not showing that
metabolic balance in colorectal cancer is maintained by optimal Wnt signaling levels but
rather (and only) that artificially introduced oncogenic variants in APC lead to different
downstreaming transcriptional changes than those triggered by APC variants endogenously
present in cancer models, and that these might have had the time to further optimise, by
positive selection, their fitness via tuning the expression of other genes.

The authors agree with this claim but they also replied that "although this finding in itself
does not yet provide a biological explanation of tumorigenesis, it is a very critical finding that
challenges the use of certain model systems to study Wnt signaling in colorectal cancer."

| do believe that seen under this prospective, while still valid and of potential impact, the
take-home message of this manuscript should be re-elaborated and properly re-discussed,
potentially even changing the title of the the manuscript.

We agree with Reviewer 3 on the fact that our manuscript shows that different
downstream effects are observed, depending on whether an APC truncation is
acquired naturally during tumorigenesis or whether it is introduced artificially into
tumor cells.

As far as we understand, Reviewer 3 would like to see that we also illustrate the
interplay between Whnt signaling and metabolism. Indeed, our work provides evidence
for this direct link between mitochondrial function and Wnt signaling levels (Figures 6
and 5D). “In Figure 6 we show transcriptomic and proteomic differences in metabolic
pathways between tumor tissues with different levels of Wnt signaling. In the
experiment depicted in Fig. 5D, where we measure respiration shortly after
ligand-mediated Wnt signaling activation, we clearly show that there is a direct link
between Whnt signaling and mitochondrial function.” (cited from our 1st response to
the reviewers)

Finally, we would like to mention that the fact that cells “optimise, by positive
selection, their fitness via tuning the expression of other genes”, as suggested by the
reviewer, is totally in the scope of the work presented and discussed in our
manuscript. The mechanism, by which Wnt signaling and metabolic balance are



linked, is not addressed in the manuscript. But certainly - and here we agree with the
reviewer - positive selection and transcriptional regulation may play a role in it.



ACCEPTED 5th Jul 2022

Thank you again for sending us your revised manuscript. We are now satisfied with the modifications made and | am pleased to
inform you that your paper has been accepted for publication.
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