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1st Editorial Decision 17 June 2019

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We have now
heard back from the three referees whom we asked to evaluate your manuscript.

I am happy to report that the three referees are positive and supportive of publication. A few
additional experiments should be performed, along with the provision of clarifications and details to
increase the conclusiveness of the findings.

We would therefore welcome the submission of a revised version within three months for further
consideration and would like to encourage you to address all the criticisms raised as suggested to
improve conclusiveness and clarity. Please note that EMBO Molecular Medicine strongly supports a
single round of revision and that, as acceptance or rejection of the manuscript will depend on
another round of review, your responses should be as complete as possible.

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, I do ask that you get in touch after three months if you have not completed
it, to update us on the status.

Please also contact us as soon as possible if similar work is published elsewhere. If other work is
published we may not be able to extend the revision period beyond three months.

Please read below for important editorial formatting and consult our author's guidelines for proper
formatting of your revised article for EMBO Molecular Medicine.

I look forward to receiving your revised manuscript.

*EEEX Reviewer's comments *****

Referee #1 (Remarks for Author):
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In this Manuscript, the Authors enlighten the role of the enzyme CYP46A1 in gliomagenesis and its
therapeutic potential as druggable target.

They convincingly show that CYP46A1, that converts cholesterol in 24(S)-hydroxycholesterol
(240HC), is decreased in GBM samples compared to normal brain tissue. Applying a combination
of in vitro and in vivo experiments, plus omics, they demonstrate that its ectopic expression impairs
GBM tumorigenic properties by increasing 24OHC levels, that in turns decreases cholesterol levels
and regulates LXR and SREBP signaling.

The cellular models employed, both differentiated cell lines and primary Glioblastoma Stem Cells,
is adequate, because demonstrate that the CYP46A1/240HC axis is important to promote survival
and tumorigenic properties of both differentiated and stem cell like compartment of GBM.

The dissection of the molecular mechanisms underlying the observed effects is supported by a good
amount of rescue experiments.

The translational value of these results is increased by the possibility to target GBM using Efavirenz
(EFV), whose ability to cross the blood-brain barrier has been already demonstrated.

Overall, the quality of this manuscript is high, and only a minor revision is required.

-Fig.2C-4C-51: growth curve/viability experiment has been conducted using CCKS kit. This Kit
infers the number of viable cells through a colorimetric reaction that reflects the activity of
mitochondrial dehydrogenases. Being a metabolic assay, this may be influenced by the changes of
the metabolic status of GBM cells that can eventually occur upon the administration of 24HO or
treatment able to interfere with cholesterol metabolism. To this possible bias, these experiments
should be repeated measuring the number of viable/dead cells by manual counting with an
appropriate staining, such as Erythrosine or Trypan Blue.

-FigSSA-B: Plot for H3K27ac and H4K4me3 are shown, but Chip-seq analysis should be showed in
a more quantitative manner. For instances, a scale for the number of reads count must be indicated
in the peaks plot.

-FigS5A-B: the validation of these results on the samples used by Authors should be exploited by
ChIP-qPCR.

Referee #2 (Comments on Novelty/Model System for Author):

Overall, the study is very well designed and executed. One weakness is the use of stable cells lines
(U251 and LN229 in majority of the assays despite the fact that the group had access to primary
cells/PDX models, which are superior to stable cell lines.

Referee #2 (Remarks for Author):

The manuscript by Han et al. entitled 'Therapeutic implications of altered cholesterol homeostasis
mediated by loss of CYP46A1 in human glioblastoma' identifies CYP46A1 hydrolase as a driver of
deregulated cholesterol metabolism in glioblastoma cells. Even though the concept of glioblastoma
dependency on cholesterol and its role in gliomagenesis is not novel, this study provides an
additional (and important) insight into the mechanism underpinning this dependency. This is an
elegant and well-designed study with high clinical relevance. Minor weakness is the use of stable
cell lines (U251 and LN229), which is rather surprising as the group has access to primary cell
cultures and PDX models, which are superior to stable cell lines.

1. The authors examined the active enhancer landscape of CYP46A1 across 3 matched cancer stem-
like cells (GSCs) and their differentiated counterparts (DGCs), showing decrease in GSCs - how
significant (statistical analysis missing) is this difference? - does this difference translate into
differential CYP46A1 protein expression?

2. H3K27ace-ChIPseq showed 'decreased transcription' of CYP46A1? The authors should validate
this using luciferase reporter assay. Is the promoter methylated in glioma cells (GSCs and DGCs)?
3. Is there any difference between CSCs versus DGCs in regards to their dependency on exogenous
cholesterol and/or sensitivity to 24OHC/EFV (viability assay)?

4. What is the effect of 240HC/EFV on non-malignant brain control - such as normal human
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astrocytes?

5.IVY GBM data set analysis revealed higher CYP46A1 expression in the leading edge.
Cholesterol has been shown to impact membrane fluidity - is the loss of CYP46A1 associated with
deregulated membrane repair, thus impacting migration and/or invasion (in vitro and in vivo)?

Minor:

1. p.5 - patient derived GSCs were validated by a series of functional assays - please, specify which
assays and perhaps include in supplementary file

2. Schematic fig.7 lacks symbol explanation (what is the difference between orange and yellow
circles for example?) and is a bit hard to follow based on the corresponding figure legend

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

The technical quality of the experiments is high and the statistical analysis adequate. Materials and
methods could be more detailed.

Novelty is medium in my opinion, as a large body of the findings on cholesterol metabolism as a
specific vulnerability in GBM has been described before (but correctly cited and discussed by the
authors in the context of their work). However, the link between CYP46A1, and 24-OHC as the
specific metabolite has never been demonstrated experimentally.

Still I feel that the medical impact is high, as the authors demonstrate the feasibility of
pharmacological activation of CYP46A1 for treatment of GBM (with an already approved drug).
However, I would like to see the experiments ruling out off-target effects, as detailed in the
comments to the authors.

Referee #3 (Remarks for Author):

The manuscript by Han et al. analyses the role of the enzyme CYP46A1, a cholesterol 24-
hydroxylase in glioblastoma multiforme (GBM). It has previously been shown, that cholesterol
metabolism is a critical vulnerability of GBM and that suppressing cholesterol uptake can induce
cell death in GBM cells and suppress tumor growth in vivo. Metabolites of cholesterol
(hydroxycholesterols) have been shown to act as ligands for the nuclear receptor LXR, activation of
which in turn leads to reduced intracellular cholesterol levels by induction of cholesterol efflux and
repression of cholesterol uptake. It has previously been noted, that the levels of hydroxycholesterols,
and concomitantly LXR activation, are significantly reduced in GBM as compared to normal human
astrocytes. In line with those findings, it has been shown that an agonist of LXR could be an
effective treatment for GBM (Villa et al. Cancer Cell 2016). In the brain, CYP46A1 is the major
enzyme responsible for generating 24-hydroxycholesterol (24-OHC) from cholesterol and Villa et
al. already noted that is significantly downregulated in GBM, suggesting a link between CYP46A1
and reduced 24-OHC levels in the brain. This link however has to my knowledge never been
addressed experimentally.

Han et al. investigate the contribution of reduced CYP46A levels to the enhanced cholesterol uptake
in GBM and identify activation of CYP46A1 as a druggable vulnerability in GBM. The main
findings of the manuscript are the confirmation that CYP46A1 is downregulated in a variety of
GBM patient datasets, correlates with aggressiveness and survival in GBM patients. The authors
then further show that increased expression of CYP46A1 leads to reduced GBM growth and
increased survival in vitro and in vivo, respectively. Han et al. further demonstrate that CYP46A1
acts via 24-OHC in repressing GBM growth and that its effects are mediated by LXR and SREBP1,
suppressing intracellular cholesterol levels. Finally, they demonstrate that pharmacological
stimulation of CYP46A1 activity could be a therapeutic strategy for treatment of GBM.

While alteration of the cholesterol axis as a target for GBM has previously been described and thus
part of the experiments feels like a reproduction of data from Villa et al., I am of the opinion that
this is an important manuscript. First, while the involvement of CYP46A1 downregulation in the
altered cholesterol metabolism (and thus 24-OHC as a key player) in GBM has been strongly
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suggested this link has never been directly demonstrated. Second, the authors show that
pharmacological alteration of CYP46A1 activity could provide a potential therapeutic strategy with
direct implications for treatment of GBM, especially as the drug used is already approved.

In general, the manuscript is well written and the conclusions are largely supported by the
experimental data. I have only a few specific comments and questions:

1: In the experiments involving the lentiviral expression of CYP46A1 (Figs. 2 and 3) it would be
valuable to get a better idea of CYP46A levels between the different cell lines, GBM of different
grades and normal human astrocytes. As each cell line/qPCR is provided in a spate panel this is
impossible. A comparison across different materials would also really help to judge the levels of
overexpression (do they reach normal astrocyte levels?).

2: On page 10 the authors state ' Up-regulation of CYP46A1 in the neural GB; subtype (...)". Is this
really an upregulation or rather a less pronounced downregulation as compared to normal
astrocytes?

3: In Fig. 4 the authors show rescue experiments where Cholesterol addition can partially rescue the
effects of 24-OHC. However, the culture medium already contains cholesterol, either added via
LDL for GSC cultures or naturally present in the FBS. How does the additional amount of
cholesterol added compare to the already present cholesterol? Would a rescue effect be expected at
all?

4: In Fig.6D, titration of efavirenz to concentrations exceeding S0uM has an increased effect in
suppressing cell viability. However, according to Anderson et al. (JBC2016, cited by the authors)
concentrations of 60uM and higher actually reduced CYP46A1 activity. While the data from
Anderson are in vitro enzyme assays this still leaves the possibility that the effect of efavirenz seen
by the authors might be an off target effect. On way to assess this would be to downregulate or
delete CYP46A1 in the cell lines by shRNA or CRISPR/Cas9. In those lines, efavirenz should have
no effect. I feel this would be an experiment that could significantly strengthen the message of the
manuscript that an already approved drug could be effective for treatment of GBM.

5: The authors show that SREBP1 activity is not regulated on the level of its proteolytic cleavage,
but appears rather to be on the transcriptional level. Do the authors have any suggestion or potential
candidate pathways for this regulation?

6: Materials and Methods: The authors should give more specific information on some of the
reagents, such as catalog number/clone number when the description is ambiguous. I noted this
especially for the antibodies used and reagents such as LDL (there are several types available from
Millipore).

1st Revision - authors' response 12 September 2019

Referee #1 (Remarks for Author):
In this Manuscript, the Authors enlighten the role of the enzyme CYP46A1 in gliomagenesis and its
therapeutic potential as druggable target.

They convincingly show that CYP46A1, that converts cholesterol in 24(S)-hydroxycholesterol
(240HC), is decreased in GBM samples compared to normal brain tissue. Applying a combination
of in vitro and in vivo experiments, plus omics, they demonstrate that its ectopic expression impairs
GBM tumorigenic properties by increasing 24OHC levels, that in turns decreases cholesterol levels
and regulates LXR and SREBP signalling.

The cellular models employed, both differentiated cell lines and primary Glioblastoma Stem Cells,
is adequate, because demonstrate that the CYP46A1/240HC axis is important to promote survival
and tumorigenic properties of both differentiated and stem cell like compartment of GBM.

The dissection of the molecular mechanisms underlying the observed effects is supported by a good
amount of rescue experiments.
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The translational value of these results is increased by the possibility to target GBM using Efavirenz
(EFV), whose ability to cross the blood-brain barrier has been already demonstrated.

Overall, the quality of this manuscript is high, and only a minor revision is required.

1. Fig.2C-4C-51: growth curve/viability experiment has been conducted using CCKS kit. This Kit
infers the number of viable cells through a colorimetric reaction that reflects the activity of
mitochondrial dehydrogenases. Being a metabolic assay, this may be influenced by the changes of
the metabolic status of GBM cells that can eventually occur upon the administration of 24HO or
treatment able to interfere with cholesterol metabolism. To this possible bias, these experiments
should be repeated measuring the number of viable/dead cells by manual counting with an
appropriate staining, such as Erythrosine or Trypan Blue.

Response: We agree that CCK-8 assay may be influenced by changes in the metabolic status of
cells. As suggested by the referee, we have now performed new experiments measuring the number
of viable cells by manual counting using the Trypan Blue test. The results were consistent with our
previous CCK-8 data. Accordingly, we have modified the figures (Fig. 2C, 4C, and 5I) in the
revised manuscript.

2. FigS5A-B: Plot for H3K27ac and H4K4me3 are shown, but Chip-seq analysis should be showed
in a more quantitative manner. For instances, a scale for the number of reads count must be
indicated in the peaks plot.

Response: Following reviewer’s advice, we have now included the scale in the revised ChIP-seq
plot (Fig. S3A and S3B). We also performed ChIP-qPCR to validate the results from ChIP-seq and
quantified histone modification changes (please see also Question 3).

3. FigS5A-B: the validation of these results on the samples used by Authors should be exploited by
ChIP-qPCR.

Response: As the reviewer suggested, we have now performed ChIP-qPCR to validate the ChIP-seq
data. We compared the H3K27ac levels in the CYP46A41 promoter between normal human
astrocytes (NHA) and primary GBM cells. The results showed that H3K27ac levels in GBM#P3
were decreased compared to levels in NHA (See figure below). We also observed that both
H3K4me3 and H3K27ac levels were decreased in GBM#P3 compared to serum-induced
differentiated GBM#P3 cells (DGC was induced with DMEM containing 1% FBS for 7 days) using
ChIP-gPCR [Unpublished data removed upon the authors’ request]. Taken together, these data
indicate that histone modifications may partially explain reduced CYP46A1 expression in GBM.
These data are now shown in Fig. S3D.

Referee #2 (Comments on Novelty/Model System for Author):

Overall, the study is very well designed and executed. One weakness is the use of stable cells lines
(U251 and LN229 in majority of the assays despite the fact that the group had access to primary
cells/PDX models, which are superior to stable cell lines.

Response: We acknowledge that this may be a minor weakness, yet to perform and redo all the
experiments that are included in our extensive work, using cells/PDX models, would imply
elaborate work that most likely will not lead to other conclusions related to the results presented. For
instance, it should be emphasized that most results obtained, using U251 and LN229, were validated
in human derived cells/PDX models (GBM#P3) (See Fig 2, 3, 4 and 6). It should in this context also
be mentioned that we have previously shown that GBM#P3 has DNA copy number variations that
reflect human GBMs (Keunen et al, 2011).

Referee #2 (Remarks for Author):

The manuscript by Han et al. entitled 'Therapeutic implications of altered cholesterol homeostasis
mediated by loss of CYP46A1 in human glioblastoma' identifies CYP46A1 hydrolase as a driver of
deregulated cholesterol metabolism in glioblastoma cells. Even though the concept of glioblastoma
dependency on cholesterol and its role in gliomagenesis is not novel, this study provides an
additional (and important) insight into the mechanism underpinning this dependency. This is an
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elegant and well-designed study with high clinical relevance. Minor weakness is the use of stable
cell lines (U251 and LN229), which is rather surprising as the group has access to primary cell
cultures and PDX models, which are superior to stable cell lines.

Response: We thank the reviewer for this very positive feed-back to our work. Regarding the
comment about the cell lines used, see above.

1. The authors examined the active enhancer landscape of CYP46A1 across 3 matched cancer stem-
like cells (GSCs) and their differentiated counterparts (DGCs), showing decrease in GSCs - how
significant (statistical analysis missing) is this difference? - does this difference translate into
differential CYP46A1 protein expression?

Response: We thank the reviewer for this comment and accordingly, -we have now included in our
revised manuscript a scale in the ChIP-seq data figure (Fig. S3A-S3B) and statistically validated the
results using ChIP-qPCR (Fig. S3D). Moreover, as shown in Fig S3E [Unpublished data removed
upon the authors’ request], we performed western blot analysis to determine the differences in
CYP46A1 protein levels. GSC cells showed lower expression of CYP46A1 relative to that in DGC
cells, which was accompanied by a decreased expression of GSC markers (SOX2 and OLIG2) and
an induction of the differentiation marker GFAP. We have modified this section in the revised
manuscript.

2. H3K27ace-ChIPseq showed 'decreased transcription' of CYP46A1? The authors should validate
this using luciferase reporter assay. Is the promoter methylated in glioma cells (GSCs and DGCs)?

Response: We acknowledge this comment. Consequently, in order to validate our ChIP-seq data,
we performed H3K4me3- and H3K27ac-ChIP-qPCR at the promoter region of CYP46A41 to confirm
a decreased transcriptional activity in primary GBM cells (Fig. S3D). Moreover, we performed
western blots to confirm the decreased translational activity (Fig. S3E). Our data thus confirm that
CYP46A1 is frequently decreased in GBM.

Since promoter methylation is another important epigenetic mechanism controlling gene
expression in cancer, we further assessed CYP46A41 promoter methylation in gliomas. Using data
extracted from the TCGA datasets, we found no significant differences in promoter methylation
levels between GBM and non-neoplastic brain tissues (P > 0.05; [Unpublished data removed upon
the authors’ request]). Moreover, we observed no significant correlation between CYP4641 mRNA
levels and DNA methylation at the CYP46A41 transcriptional start site (TSS) in both LGG and GBM
samples (Figure. B below). This analysis suggests that promoter methylation may not contribute to
CYP46A1 silencing in gliomas.

3. Is there any difference between CSCs versus DGCs in regards to their dependency on exogenous
cholesterol and/or sensitivity to 24OHC/EFV (viability assay)?

Response: We thank the reviewer for this insightful comment. Since GSCs and DGCs display
different endogenous CYP46A1 expression levels, there could be a difference regarding their
dependency on dysregulation of cholesterol homeostasis.

Accordingly, we performed new experiments using GBM#P3 (GSC) and serum-induced
differentiated GBM#P3 cells (DGC). We observed that adding methyl-B-cyclodextrin (MBCD; 20
uM), which is a chemical known to reduce cellular cholesterol content, led to a significant inhibition
of GSC cell growth (Trypan Blue staining). This effect was significantly weaker in DGCs (P <
0.001). Similarly, GSCs were more sensitive to 24OHC (20 pM) treatment in comparison to DGCs
(P <0.001), while no significant difference was observed under treatment with EFV (20 uM; P >
0.05). In summary, these results show that GSCs have a high dependency on exogenous cholesterol
and increased sensitivity to 240OHC. For the reviewer’s information, we have included the results
below.

4. What is the effect of 240HC/EFV on non-malignant brain control - such as normal human
astrocytes?

Response: This information was already present in our first version where we tested the effect of

240HC/EFV on normal human astrocytes (NHA) as well as on rat brain organoids. Flow cytometry
and Live/Dead cell double staining demonstrated that NHA and rat brain organoids were resistant to
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240HC (20 pM) treatment (Fig EV. 3A-3C). Flow cytometry also demonstrated that EFV induced
apoptosis in GBM cells (P < 0.001, Fig. 6G), while sparing NHA and normal brain organoids (Fig.
S9A-S9C). In summary, these data show that 240HC/EFV specifically inhibits GBM growth.

5.IVY GBM data set analysis revealed higher CYP46A1 expression in the leading edge.
Cholesterol has been shown to impact membrane fluidity — is the loss of CYP46A1 associated with
deregulated membrane repair, thus impacting migration and/or invasion (in vitro and in vivo)?

Response: This is a good question. As CYP46A1/240HC contributes to an altered cellular
cholesterol status, we wondered whether this change could impair cellular membrane structure and
cell invasion properties. We therefore performed additional experiments in order to address this
issue.

In our present study, we examined the whole transcriptome using RNA-seq to explore mechanisms
of downstream of CYP46A1/240HC. Gene Set Enrichment Analysis (GSEA) was also performed to
find phenotypes distinguishing 240OHC treatment from controls. Despite a significant association
between 240HC treatment and the dysregulation of cholesterol homeostasis (Fig. 5D), we observed
that 240HC treatment exhibited no significant enrichment for the signatures “Component of
membrane structure” (P > 0.05; Figure. A below) or “Membranes raft”, which contain most of
membrane cholesterol and influence membrane fluidity (P > 0.05). In addition, in a functional study,
the 3D spheroid invasion assay, we found that overexpression of CYP46A1 had no impact on the
invasive properties of GBM (P > 0.05; Figure. B below), suggesting that CYP46A 1-mediated
cholesterol changes may not contribute to cancer cell invasion. It should also be noted that the IVY
RNA-seq project (http://glioblastoma.alleninstitute.org/) was performed using histologically-distinct
anatomic features and laser microdissection of GBM tissues. The leading edge (LE), identified with
H&E staining, is the outermost boundary of the tumour, where the ratio of tumor to normal cells is
about 1-3/100 (Puchalski et al, 2018). Thus, the higher CYP46A1 levels observed in the LE are
more likely due to its high expression in the adjacent normal brain cells.

Since this is a negative result, we have chosen not to include this information in our revised version.

Minor:
1. p.5 - patient derived GSCs were validated by a series of functional assays - please, specify which
assays and perhaps include in supplementary file

Response: Patient-derived GSCs, including GBM#P3, GBM#BGS, and GBM#BG7, were
established from GBM surgical specimens at the K. G. Jebsen Brain Tumour Research Centre,
Department of Biomedicine, University of Bergen (Bergen, Norway). These cells were validated in
the neurosphere formation assay [Unpublished data removed upon the authors’ request]. In addition,
the expression of GSC markers, such as SOX2 and OLIG2, were examined by western blots (Fig.
S3E). Accordingly, we have modified this section in the methods section of our revised manuscript.

2. Schematic fig.7 lacks symbol explanation (what is the difference between orange and yellow
circles for example?) and is a bit hard to follow based on the corresponding figure legend

Response: We have now added a better explanation of Fig. 7. The figure legend has been revised
accordingly in our revised version:

Figure 7. Schematic representation of CYP46A1 contribution in GBM progression.

(Left panel) GBM cells have an excessive cholesterol accumulation caused by CYP46A1 down
regulation, which leads to a reduced 24OHC production that in turn cause a suppression of LXR
signaling and an induction of SREBP targets. (Right panel) Restoration of CYP46A1 activity by
EFV impairs GBM tumorigenic properties by increasing 240HC levels, which in turns decreases
intracellular cholesterol levels. Mechanistically, EFV treatment leads to the up-regulation of LXR
target genes including ABCA 1, and down-regulation of SREBP1 activity and LDLR expression.

Referee #3 (Comments on Novelty/Model System for Author):
The technical quality of the experiments is high and the statistical analysis adequate. Materials and
methods could be more detailed.
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Novelty is medium in my opinion, as a large body of the findings on cholesterol metabolism as a
specific vulnerability in GBM has been described before (but correctly cited and discussed by the
authors in the context of their work). However, the link between CYP46A1, and 24-OHC as the
specific metabolite has never been demonstrated experimentally.

Still I feel that the medical impact is high, as the authors demonstrate the feasibility of
pharmacological activation of CYP46A1 for treatment of GBM (with an already approved drug).
However, I would like to see the experiments ruling out off-target effects, as detailed in the
comments to the authors.

Referee #3 (Remarks for Author):

The manuscript by Han et al. analyses the role of the enzyme CYP46A1, a cholesterol 24-
hydroxylase in glioblastoma multiforme (GBM). It has previously been shown, that cholesterol
metabolism is a critical vulnerability of GBM and that suppressing cholesterol uptake can induce
cell death in GBM cells and suppress tumor growth in vivo. Metabolites of cholesterol
(hydroxycholesterols) have been shown to act as ligands for the nuclear receptor LXR, activation of
which in turn leads to reduced intracellular cholesterol levels by induction of cholesterol efflux and
repression of cholesterol uptake. It has previously been noted, that the levels of hydroxycholesterols,
and concomitantly LXR activation, are significantly reduced in GBM as compared to normal human
astrocytes. In line with those findings, it has been shown that an agonist of LXR could be an
effective treatment for GBM (Villa et al. Cancer Cell 2016). In the brain, CYP46A1 is the major
enzyme responsible for generating 24-hydroxycholesterol (24-OHC) from cholesterol and Villa et
al. already noted that is significantly downregulated in GBM, suggesting a link between CYP46A1
and reduced 24-OHC levels in the brain. This link however has to my knowledge never been
addressed experimentally.

Han et al. investigate the contribution of reduced CYP46A levels to the enhanced cholesterol uptake
in GBM and identify activation of CYP46A1 as a druggable vulnerability in GBM. The main
findings of the manuscript are the confirmation that CYP46A1 is downregulated in a variety of
GBM patient datasets, correlates with aggressiveness and survival in GBM patients. The authors
then further show that increased expression of CYP46A1 leads to reduced GBM growth and
increased survival in vitro and in vivo, respectively. Han et al. further demonstrate that CYP46A1
acts via 24-OHC in repressing GBM growth and that its effects are mediated by LXR and SREBP1,
suppressing intracellular cholesterol levels. Finally, they demonstrate that pharmacological
stimulation of CYP46A1 activity could be a therapeutic strategy for treatment of GBM.

While alteration of the cholesterol axis as a target for GBM has previously been described and thus
part of the experiments feels like a reproduction of data from Villa et al., I am of the opinion that
this is an important manuscript. First, while the involvement of CYP46A1 downregulation in the
altered cholesterol metabolism (and thus 24-OHC as a key player) in GBM has been strongly
suggested this link has never been directly demonstrated. Second, the authors show that
pharmacological alteration of CYP46A1 activity could provide a potential therapeutic strategy with
direct implications for treatment of GBM, especially as the drug used is already approved.

In general, the manuscript is well written and the conclusions are largely supported by the
experimental data. I have only a few specific comments and questions:

1: In the experiments involving the lentiviral expression of CYP46A1 (Figs. 2 and 3) it would be
valuable to get a better idea of CYP46A levels between the different cell lines, GBM of different
grades and normal human astrocytes. As each cell line/qPCR is provided in a spate panel this is
impossible. A comparison across different materials would also really help to judge the levels of
overexpression (do they reach normal astrocyte levels?).

Response: We thank the reviewer for this valuable comment. As suggested by the referee, we
examined the expression levels of CYP46A1 across different cell lines by western blots. Normal
human astrocytes (NHA) displayed abundant CYP46A1 protein levels, while GBM cells (GBM#P3,
GBM#05, GBM#BG7, LN229, U251, and LN18) showed much lower expression of the protein
(Figure A below). This is consistent with both our in silico analysis and immunohistochemistry
showing that CYP46A1 is frequently lost in GBM samples (Fig. 1 and Fig. S2A-S2D). In addition,
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CYP46A1 levels were also assessed in lenti-CYP46A1 stable expressed GBM cells and NHA (as
shown in the Figure B below). These results further validate an increased expression of CYP46A1 in
GBM cells transfected with lenti-CYP46A1. Accordingly, we have now included these results in the
revised manuscript (Fig. S2E).

2: On page 10 the authors state ' Up-regulation of CYP46A1 in the neural GB; subtype (...)'. Is this
really an upregulation or rather a less pronounced downregulation as compared to normal
astrocytes?

Response: We thank the reviewer for this valuable comment. We have now modified Fig. 1G and
included normal brain samples (see Figure below). Although there is a general down-regulation of
CYP46A41 in GBM compared to normal brain, higher expression of CYP46A41 was also observed in
the Neural GBM molecular subtype, which is associated with a more favorable prognosis, relative to
the other subtypes based on the TCGA Verhaak-2010 molecular classification of GBM (Noushmehr
et al, 2010).

3: In Fig. 4 the authors show rescue experiments where Cholesterol addition can partially rescue the
effects of 24-OHC. However, the culture medium already contains cholesterol, either added via
LDL for GSC cultures or naturally present in the FBS. How does the additional amount of
cholesterol added compare to the already present cholesterol? Would a rescue effect be expected at
all?

Response: The culture conditions in our rescue experiment were established based on previous
reports (Guo et al, 2011; Villa et al, 2016), where a lower concentration of FBS (1%) was utilized
for an adherent cell functional assay. In serum-free GSC cultures, we added 5 pg/mL LDL to the
neurobasal culture medium, which is a lower concentration compared to the culture conditions of
cancer stem cells (Pei et al, 2018). As for the concentration of cholesterol for the rescue study, we
used 0.5 - 0.75 pg/mL exogenous cholesterol (complexed to methyl-B-cyclodextrin, which enables
cholesterol to permeate cells) as reported (Villa et al, 2016).

To further confirm the cholesterol content in our culture system, we used the Cholesterol
Quantitation Kit to determine cholesterol concentrations in the basic media. The results showed that
the FBS (1%) culture medium contains 4.972 ng/mL cholesterol, which is consistent with a previous
publication which reported a cholesterol concentration of 120-630 ug/mL in FBS (stock solution)
((Gstraunthaler, 2003). In the neurobasal culture medium, the cholesterol concentration is 0.474
pg/mL.

In our present study, 24OHC treatment resulted in a significant decrease in total intracellular
cholesterol levels in GBM cells (Fig 4A and 4B). However, addition of 0.5 pg/mL exogenous
cholesterol to the culture medium partially rescued the inhibitory effect of 240HC in GBM cells
(Fig. 4C-4F). Finally, exposure to MBCD, a chemical that decreases cellular cholesterol content,
also inhibited GBM cell survival (Fig. 4G). In conclusion, these results show that 240OHC
suppresses GBM growth by depleting cellular cholesterol.

4: In Fig.6D, titration of efavirenz to concentrations exceeding S0uM has an increased effect in
suppressing cell viability. However, according to Anderson et al. (JBC2016, cited by the authors)
concentrations of 60uM and higher actually reduced CYP46A1 activity. While the data from
Anderson are in vitro enzyme assays this still leaves the possibility that the effect of efavirenz seen
by the authors might be an off-target effect. On way to assess this would be to downregulate or
delete CYP46A1 in the cell lines by shRNA or CRISPR/Cas9. In those lines, efavirenz should have
no effect. I feel this would be an experiment that could significantly strengthen the message of the
manuscript that an already approved drug could be effective for treatment of GBM.

Response: This is a very good point. As suggested, we used siRNA constructs that were shown to
robustly down-regulate CYP46A1 in GBM cells (LN229; Figure A below). We then used a cell
proliferation assay to examine the effect of EFV on cells transfected with si-Ctrl or si-CYP46A1.
The inhibitory effect of EFV (20 uM) was weaker in cells transfected with si-CYP46A1 compared
to si-Ctrl (P < 0.05; Figure B below). These findings, together with our results in Fig. 6 and Fig.
S9D, suggests that the anti-cancer effect of EFV (20 uM) in GBM is mediated through activation of
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CYP46A1 function. We have now included these experiments in the revised manuscript, see Fig.
S9E and SOF.

According to previous reports (Anderson et al, 2016), maximal CYP46A1 activation was observed
at 20 uM EFV in an in vitro enzyme assay, with a subsequent decrease in the CYP46A1 stimulation
and ultimately enzyme inhibition as the EFV concentrations were increased. In our present study,
we observed a significant inhibition of GBM growth by EFV at concentrations exceeding 50 pM
(Fig. 6D). Thus, EFV at higher concentrations was considered to be cytotoxic to cancer cells
independent of its intended CYP46A 1-activation properties.

EFV has been reported to exert anti-tumour effects in some other cancer types via several molecular
mechanisms. For instance, in EFV-treated pancreatic cancer cells (over 40 pM), JNK and NF-kB
signaling were significantly reduced after 24 h, which was accompanied by induction of oxidative
stress and mitochondrial damage (Hecht et al, 2018). In breast cancer, mMRNA microarray analysis
revealed that EFV suppressed several well-characterized oncogenes, including epidermal growth
factor receptor (EGFR) and the erythroblastic leukemia viral oncogene homolog (ERBB4), and
upregulated genes involved in cell projection and the formation of dendritic spines (CDC42, FBX02,
EXOC4, RSHL3, TTLL9, and ATP1A2) (Patnala et al, 2014). Therefore, multi-omics studies such
as RNA-seq and proteomics are needed to further investigate the molecular mechanisms underlying
the effects of EFV at high concentrations in GBM cells.

5: The authors show that SREBP1 activity is not regulated on the level of its proteolytic cleavage
but appears rather to be on the transcriptional level. Do the authors have any suggestion or potential
candidate pathways for this regulation?

Response: SREBPI is a transcription factor belonging to the basic helix-loop-helix leucine zipper
family, and is considered to be involved in the transcriptional regulation of cholesterol-genic and
lipogenic enzymes (Brown & Goldstein, 1997; Yokoyama et al, 1993). SREBPI is synthesized as a
precursor (P-SREBP1) bound to the endoplasmic reticulum and nuclear envelope. Upon activation,
SREBPI1 is cleaved, and the N-terminal end is released from the membrane into the nucleus as a
mature protein (N-SREBP1) through a sequential two-step proteolytic process. N-SREBP1 binds to
sterol regulatory elements (SRE) in the promoter regions of target genes. In western blot analysis,
we found that both P-SREBP1 and N-SREBP1 expression levels were decreased in GBM cells
under 240HC treatment (Fig. SH). These results indicate that 24OHC treatment significantly
inhibits SREBP1 activity.

Recent studies have demonstrated a direct role of SREBP1 in maintaining its basal transcriptional
activity (Takeuchi et al, 2010; Xu et al, 2016). An SRE site was identified in the promoter of
SREBPI; when SREBP1 was knocked down, the promoter activity of the SREBP1 gene was
significantly reduced (Takeuchi et al, 2010), indicating that SREBP1 constitutes an autoloop
regulatory circuit. Based on these findings, we hypothesize that the 240OHC-induced suppression of
P-SREBPI proteolytic processing might lead to reduced N-SREBP1 binding to the SRE site in its
promoter region and therefore decreased P-SREBP1 transcription. However, further experiments are
needed to clarify the precise mechanism of this autoloop regulatory circuit in GBM cells.

6: Materials and Methods: The authors should give more specific information on some of the
reagents, such as catalog number/clone number when the description is ambiguous. I noted this
especially for the antibodies used and reagents such as LDL (there are several types available from
Millipore).

Response: We have carefully modified the Materials and Methods section (both in the main text as
well as in supplementary M&M section) and included the catalog numbers and dilution used for
each antibody.
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2nd Editorial Decision 10 October 2019

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine. We have
now received the enclosed reports from the referees that were asked to re-assess it. As you will see
the reviewers are now globally supportive and I am pleased to inform you that we will be able to
accept your manuscript pending minor editorial amendments.

Please submit your revised manuscript within two weeks. I look forward to seeing a revised form of
your manuscript as soon as possible.

*okdak Reviewer's comments **##

Referee #2 (Comments on Novelty/Model System for Author):

This study is well designed and executed. The authors report a novel mechanistic connection
between cholesterol metabolism, CYP46A1 and GBM growth. The translational impact of this
manuscript is increased by in vivo experiments, where the authors successfully targeted GBM using
Efavirenz.

Referee #2 (Remarks for Author):

The authors have addressed all my concerns.
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Referee #3 (Remarks for Author):
The additional experimental data included significantly strengthen the manuscript and adequately

address all questions I had. I now recommend this manuscript for publication and congratulate the
authors for this interesting study.

2nd Revision - authors' response 19 October 2019

Authors made the requested editorial changes.
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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 way.
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
justified
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.
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2. Captions
Each figure caption should contain the following information, for each panel where they are relevant:

a specification of the experimental system investigated (eg cell line, species name).

the assay(s) and method(s) used to carry out the reported observations and measurements

an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.
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Any descriptions 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

USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org

http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-repo

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov

http://www.consort-statement.org

http://www.consort-: org/checklists/view/32-consort/66-title

http://www.equator-network.org/reporting: porting-recommendations-for-tun
http://datadryad.org

http://figshare.com

http://www.ncbi.nlm.nih.gov/gap

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/

http://jjj.biochem.sun.ac.za
http://oba.od.nih.gov/biosecurity/biosecurity_documents.htm|
http://www.selectagents.gov/

Please fill out these boxe: (Do not worry if you cannot see all your text once you press return)

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

Sample size were predetermined on the basis of published studies. All quantitative experiments in
this study were repeated at least three times.

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

For in vivo experiments the number of animals are defined by the statistical requirements and
respects the limited use of animals in line with the 3Rs: refine, replace and reduce.

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

No animals were excluded.

3. Were any steps taken to minimize the effects of bias when I les to treatment (e.g. Mice grouping was randomized for the treatments with drugs or vehicle. Treatment were given
randomization procedure)? If yes, please describe. per cage and multiple cages were used per group.
For animal studies, include a about r evenifnor ion was used. Mice were randomly allocated to control or treated group.

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.

Data collection and analysis was performed randomly. Ethical limit endpoint were assessed by 2
different investigators.

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

No blinding was done

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

Yes, statistical tests are described in “Materials and Methods” section.

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

The Kolmogorov—Smirnov test was used to assess the normal distribution of data.




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

Yes, clearly defined error bars indicating the standard error or the standard deviation are included
on the panels.

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

Yes

C- Reagents

D- Animal

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.,
[Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

[All information are provided in the manuscript. For each antibody used in this study, catalog
number and working dilution are mentioned in “Materials and Methods” section

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 information are provided in the manuscript. Mycoplasma contamination has been tested and
was negative for all cell lines used.

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

| Models

8. Report species, strain, gender, age of animals and genetic status where

and husbandry conditions and the source of animals.

Please detail housing

4-week-old male athymic nude mice (SLAC laboratory animal Center; Shanghai, China) were bred
under specific-pathogen-free conditions at 24°C on a 12-h day-night cycle.

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

The Institutional Animal Care and Use Committee (IACUC) of Shandong University approved all
animal procedures.

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.

Yes, we confirm compliance with these guidelines

E- Human Subjects

11. Identify the committee(s) approving the study protocol.

Experimental procedures were approved by the Research Ethics Committee of Shandong
University and the Ethics Committee of Qilu Hospital (Shandong, China)

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.

[Archived paraffin embedded glioma tissues (WHO grades II-IV) were collected from patients (n
=58) who underwent surgery in the Department of Neurosurgery, Qilu Hospital of Shandong
University.

Normal brain tissue samples (n = 6) were taken from trauma patients who underwent partial
resection of normal brain as decompression treatment for severe head injuries.The informed
consent was obtained from all subjects and that the experiments conformed to the principles set
out in the WMA Declaration of Helsinki and the Department of Health and Human Services
Belmont Report.

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

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

F- Data Accessibility

G- Dual u:

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

Data deposition and availability is reported in the Material and Methods section of the manuscript.|

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the
ljournal’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).

N/A

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).

Access to human clinical datasets is provided upon request to the corresponding author.

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.

N/A

se 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.

N/A




