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1. General Statements [optional]

The goal of this study was to identify how dysregulation of lipid metabolism and the consequential
dysfunction of the lysosome has a broader impact on neurons via remodelling of the plasma
membrane with functional impact on synaptic signalling.

We thank the reviewers for their comments and have included substantial new data to strengthen
the work by specifically addressing questions regarding the molecular mechanisms driving the
proteomic and phenotypic changes observed in these disease models. We have generated a new
ganglioside disease model (GM1 gangliosidosis) and demonstrated that the lysosomal exocytosis
mechanism identified for GM2 gangliosidosis is a conserved mechanism that alters the PM
proteome (see new Figure 5).

We have also carried out substantial additional experimental work to address the question of
whether specific protein-lipid interactions drive some of these changes. We have preliminary data
supporting this (included below) but we are not confident that these data are robust enough for
inclusion in this manuscript. This work required substantial in vitro experiments including the
expression and purification of several proteins for use in liposome binding assays. Although these
data are promising, they have been challenging to reproduce and we would prefer to develop this
work further for inclusion in a subsequent paper.

Although not requested by any reviewers we have also included substantial additional
multielectrode array (MEA) data in Figure 4 to further support the phenotypic changes to electrical
signalling seen in the Tay Sachs disease model.

We would like to note that even without these new data the reviewers highlighted that the “high-
quality data presented significantly advance the field” and that the work “exposes key conceptual
novelties” using “new insight” and “new tools” that shed “light on the complex pathophysiology
that links lipid accumulation to neuronal dysfunction”. And that this highlights “an
underappreciated dimension of these diseases” allowing them to be “understood better thanks to
this study”. More generally the reviewers state that the work is of interest to both “clinicians and
basic researchers” and is relevant to “broader fields in cellular and neurodegenerative biology”.
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2. Point-by-point description of the revisions

This section is mandatory. Please insert a point-by-point reply describing the revisions that were
already carried out and included in the transferred manuscript.

Reviewer 1

» Confirmation of Neuronal Differentiation: To confirm neuronal differentiation in their i3N cell
model, the authors show qPCR results indicating the expression of mature neuronal markers and
the downregulation of stem cell markers by day 14. However, single-cell RNA sequencing
(scRNA-seq) could provide a more detailed evaluation of the differentiation process, addressing
the fine-grained cell-type composition within the cell population. Depending on the results, the
authors might more precisely interpret functional data and assess the possible influence of
increased GM2 levels on cell fate decisions.

The accumulation of GM2 may not be identical across all neurons and so it is possible that,
although the neuronal populations as a whole display mature differentiation, individual cells may
respond differently to the amount of lipid debris. However, there are several technical reasons
why obtaining samples for scRNAseq is extremely challenging. By 14 dpi the separation of
individual neurons from each other is very difficult as they are in a densely grown and highly
attached and interconnected network. Furthermore, the individual neurons have a highly polarized
differentiated morphology with long delicate axonal and dendritic projections, that are readily
cleaved and lysed in the process of harvesting and dissociation to obtain single cell suspensions
for FACS sorting. In neurons, mRNAs are also abundantly localised along the length of their
neuritic projections [1], thus these damaged preparations would provide unreliably meaningful
data. Alternatively, sufficiently isolated individual neurons show poor survival and do not mature.
If these technical difficulties could be overcome, in order to monitor altered differentiation, it would
be necessary to determine which timepoint was most relevant to capture differences between day
0 stem cells and day 28 when they are synchronously firing glutamatergic neuron cultures. For
this analysis to be robust it would require sample preparation and analysis of multiple stages of
the differentiation process. For all the reasons above we cannot address this reviewer’s request.

* Mechanistic Links Between Lipid Accumulation and Proteomic Changes: The authors report
specific proteome changes upon HEXA/B KO. What are the mechanistic links between lipid
accumulation and proteomic changes? Is the overall degradative performance of lysosomes
compromised? The authors note that certain proteins, such as TSPANSs, can bind directly to GSL
headgroups. Clarifying whether the observed proteomic changes result from specific, direct lipid-
protein interactions versus indirect effects could strengthen the argument for targeted lipid-
mediated proteomic shifts.

In response to these questions, we have carried out substantial additional experimental work
testing the lipid interactions of some of the proteins that are most altered in their abundance at
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the PM. We focussed on the top non-lysosomal proteins as we are proposing that the lysosomal
ones are primarily changed due to lysosomal exocytosis, suggesting the non-lysosomal are the
best candidates for direct GSL-binding. To robustly identify specific lipid-protein interactions is
highly challenging but something we have demonstrated previously [2].

In vitro lipid-binding assays require expression and purification of the proteins of interest to then
be used in liposome pulldown experiments using liposomes of defined composition. As we are
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Figure R1. GSL-binding by top non-lysosomal
PMP hits. (A) Coomassie-stained SDS-PAGE of
CNTN5, CNTNAP4 and NTRK2 extracellular
domains following expression in HEK293F cells
and purification by affinity and size-exclusion
chromatography. (B) Liposome pulldown assays
using liposomes composed of 80% PC and 20%
different sphingolipids including sphingomyelin
(SM), lactosylceramide (LacCer), sulfatide (Sulf)
and specific gangliosides including GM2.

most interested in the specificity of the headgroup
interaction we focussed on producing the extracellular
portions of these proteins that would be predicted to
bind these headgroups (again this is a strategy we have
successfully used previously [2]). We expressed and
purified the extracellular domains of three top non-
lysosomal hits: CNTNAP4, CNTN5 and NTRK2 (Fig.
R1A). These purified proteins were used in liposome-
binding assays using liposomes composed of different
sphingolipids and gangliosides (Fig. R1B). These data
demonstrate that the GPl-anchored protein CNTN5 and
its potential binding partner CNTNAP4 bind
promiscuously to different headgroups. This may be
consistent with their being incorporated into GSL-rich
membrane microdomains via the GPl-anchor.
Interestingly, in this assay NTRK2 demonstrates
specific and substantial binding to GM2, with some
weaker binding to GD3.

These data support that the increased abundance of
NTRK2 at the PM could be driven by direct interactions
with the same lipid that is accumulating at the PM. As
exciting and compelling as these data are, we have
subsequently been unable to repeat this observation for
NTRK2. We are unsure why and have tried several
different strategies to test this interaction, but at this
stage with only an N=1 for this observation we do not
feel confident to include these data in the manuscript.

We intend to pursue this further using a range of
alternative techniques and protein constructs but this
will take substantial additional time and effort that we
feel go beyond the scope of this current manuscript.
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Additionally, does this phenomenon extend to other sphingolipidoses (e.g., Gaucher disease)?
Comparing the proteomes of i3N cells across different sphingolipidoses could reveal whether the
accumulation of distinct GSLs produces unique or shared proteomic profiles, highlighting
similarities or specificities across lysosomal storage disorders.

We agree with the reviewer that this is an interesting and important question and had intended to
do this as follow-up work in a future publication. However, in the interests of addressing this point
here, we are including additional data we have generated from a new i3N model of GM1
gangliosidosis. As for the GM2 gangliosidosis models, we used CRISPRi to knockdown GLB1
and have confirmed this KD by g-PCR. We have also profiled the GSL composition and quantified
the increased GM1 abundance. We have followed this up with both whole-cell and PM
proteomics. We have presented comparative proteomics of the two models and demonstrated
that they both result in significant accumulation of lysosomal proteins both in cells and at the PM.
This shared proteomic profile is consistent with lysosomal exocytosis being a conserved
mechanism driving altered PM composition in these diseases. We have included this work as an
additional results section and an additional figure (Figure 5) as well as expanding the discussion.
For this analysis we collected mass spec data at 28 dpi based on our observations in the paper
that electrical signalling was synchronised at this point (Fig 4). In the text we discuss additional
changes in these new WCP data such as the appearance of other trafficking molecules such as
Arl8a that further support a lysosomal exocytosis mechanism.

In terms of the unique proteomic profiles of these diseases, the read depth of the PMP data in
this case was not sufficient to confidently identify differences between the two gangliosidosis
models and therefore we intend to pursue this work with additional LSDs in future studies to be
included in a follow-up paper.

In terms of mechanistic links between lipid accumulation and proteome changes, we feel these
new data provide substantial additional support that the appearance of lysosomal proteins at the
PM is driven by lysosomal exocytosis and have preliminary data supporting that some non-
lysosomal protein changes may be driven by altered protein-lipid interactions.

* Impact of Increased PM GM2 Levels on Endocytic Pathways: Along similar lines, the authors
show differences in the PM proteome and in the representation of specific PM lipid domain-
associated proteins. As some of these proteins are turned over by mechanisms involving lipid
domain-dependent endocytosis, the authors might want to examine the effect of increased PM
GM2 levels on various endocytic pathways.

We thank the reviewer for this suggestion and have attempted assays monitoring endocytosis
using several approaches including the uptake of fluorescently labelled bovine serum albumin
(DQ-BSA) [3-5]. These endocytosis assays are well established in standard cell lines such as
HelLa cells. Despite several attempts by us to get this working in neurons using multiple alternative
readouts (microscopy and plate-based fluorescence) we have been unable to measure changes
in endocytosis. Exploration of alternative methods to probe Clathrin-independent/dynamin-
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independent endocytosis (CLIC/GEEC) suggests these pathways are difficult to observe by
fluorescence microscopy as there is minimal concentration of cargo proteins during the formation
of carriers before endocytosis [6]. As an alternative strategy to probe changes in lipid-domain
dependent endocytosis we have analysed the proteomics data for changes in galectins but no
changes were identified in the data. We also explored available tools for modulating lysosomal
exocytosis and monitoring lysosomal movement including activating TRPML1 to trigger
exocytosis and activating ABCA3 to drive more lipid accumulation [7—10]. Similarly to the
endocytosis assays above, these were not translatable to neurons in our hands due to a range of
challenges including increased toxicity of these drugs on this cell type. We have made a
substantial effort to try and address these questions and have conferred with colleagues who
have also reported difficulties in establishing these assays in neurons. We are keen to continue
to pursue this question but due to the technical challenges we feel this work lies beyond the scope
of the current manuscript.

» Multifaceted Nature of Gangliosidoses as PM Disorders: The manuscript presents an important
perspective by reframing gangliosidoses as multifaceted PM disorders that disrupt neuronal
function and membrane composition. By further elaborating on the connection between
membrane lipid alterations, neuronal excitability, and synaptic composition, and by exploring the
interplay with lysosomal dysfunction, the authors could provide a richer understanding of
gangliosidoses and GSL function in general.

We appreciate that the reviewer agrees with us that reframing gangliosidoses as more complex
multifaceted diseases is important. We are not sure if there is a request here for more elaboration
in the text but based on the new data included in the paper, we have expanded some of the
discussion around these points. We are very enthusiastic to continue to probe the connections
and interplay as described by the reviewer and this is the focus of our ongoing studies.

Reviewer 2

1. T-tests and one-way ANOVAs were used, but it is not clear if datasets were tested for normality
and equal standard deviations. Please add these details. If data are not normal or standard
deviations are unequal, other tests will have to be used.

All graphs were checked for normality and variance in standard deviation and for figure 1F, where
the data was not normally distributed, a Kruskal-Wallace test was used in place of a one-way
ANOVA. All significantly different results are now labelled on graphs and the relevant tests
described in the figure legends. This has also all been updated in the Supplementary data.

2. It needs to be clearly explained how many data points were used for statistical analyses and
what the data points were. E.g., N=3 independent experiments on 3 different days, each done in
n=3 different wells, total n=9. Each well can be considered a biological replicate, but it's of lesser
value than the "big Ns" done on different days. The authors can choose different ways of defining
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their N/n numbers, but it has to be transparent. The bar graphs would ideally display the data
points.

All figure legends now clearly explain N and n numbers used in experiments. Individual data points
are displayed on qPCR graphs where N and n are mixed, with shapes denoting the biological
repeat (N). In addition to clarification in figure legends, N and n numbers are described in the
methods sections where appropriate.

For completeness we also include here details of these N/n numbers.

e For the g-PCR experiments, technical triplicates (repeats on the same day, n=3) were
carried out for 3 separate biological replicates on different days (N=3). We have changed
how these data are plotted to clarify this.

e For the activity assays, N=3 biological replicates were carried out on cell lysates from
cultures grown on different days.

e For the microscopy analysis, coverslips from N=3 biological replicates on different days
were used. n=2 coverslips per N were used to generate 15 images per N.

e For the glycan analysis, N=3 independent cell pellets were prepared on different days.

e Forthe proteomics experiments, these were done as N=3 independent cell cultures grown
and prepared on different days. Specifically, one of each cell line SCRM, HEXA-1, HEXA-
2, HEXB-1 and HEXB-2 were grown and harvested or biotinylated at a time (for WCP or
PMP), with repeats on different days. These N=3 were then combined for the AHEX-A/B
lines to provide N=12 biological repeats for disease cell lines to be compared to N=3
biological repeats for “SCRM” control cell lines.

e For calcium imaging, n=4 wells for each of SCRM, AHEXA-1 and AHEXB1 were averaged
and the mean from each was used to provide n=3 data points across two biological repeats
of this experiment, N=2.

o For the MEA data, we now include substantially more data than in the original manuscript
(see comments at the top of this document). This is now N=3 biological replicates across
n=52 wells over a time period from 38-45 dpi.

e The N/n values and statistical tests have also all been updated in the Supplementary data.

3. There should be a comment on how statistical power was calculated upfront and if not: how
N/n numbers were chosen ("based on similar expts in the past").

N/n numbers, as detailed above, were chosen based on previous experiments by ourselves and
others, as well as recommended practice [2,11-15]. Typically, these papers do not describe the
statistical power upfront. We have added statements to this effect and relevant references to the
methods section of the manuscript.

4. "This suggests that some of the proteins that are accumulating in these diseases are
specifically products of lipid accumulation rather than a product of general lysosomal dysfunction.
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In further support of this, several lysosomal proteins including V-type ATPases (ATP6 family),
mannose-6-phosphate receptor (M6PR) and biogenesis of lysosomal organelle complex subunits
(BLOC1) are quantified in the WCP but are not increased in abundance." This part is confusing.
It seems like the authors observe an accumulation of endolysosomes in general (page 6), but
then only certain endolysosomal proteins accumulate - and the authors speculate that this is due
to decreased degradation or enhanced translation (MRNA levels are unaffected). This question
should be addressed better, ideally experimentally: are endolysosomes accumulating in general
or not? And what defines the endolysosomal proteins that accumulate vs. those that don't? How
is that regulated?

Recently published work has identified that late endosomes/lysosomes do not possess one
composition; they are dynamically remodelled and there is substantial heterogeneity in the
composition of different lysosomes [16,17]. While some components, such as LAMP1 and
Cathepsin D, are common across all lysosomal compartments there is considerable heterogeneity
in the composition of these organelles. These studies also demonstrate that in disease-relevant
conditions or upon drug treatment, lysosomes change their protein composition. For example, in
a LIPL-4 KO mouse model they observe an increased abundance of Ragulator complex
components, similarly to the increase in LAMTORS seen in our new 28 dpi WCP data for GM1
and GM2 gangliosidoses. Interestingly, in this study they demonstrate that lysosomal lipolysis
leads to bigger changes in lysosomal protein composition than other pro-longevity mechanisms
[17]. Another recent paper looking at a different lysosomal storage disease in microglia with
accumulating GSLs and cholesterol has also identified abundance changes in a subset of
lysosomal proteins including several we observe here including TTYH3, NPC1, PSAP and
TSPANTY [18]. Beyond proteomic analyses, the experimental tools for identifying these different
populations are currently very limited, but these published studies support that it is possible to
have accumulation of what we define as lysosomes by IF (using LAMP1 or lysotracker) but for
the proteomic analysis to identify increased abundance of only a subset of lysosomal proteins.

These papers do not identify or speculate on how these differences are regulated. Analysis of the
changes in our WCP as well as the new data for GM1 gangliosidoses support that the proteins
that are most changed in response to GSL accumulation are membrane proteins involved in lipid
and cholesterol binding and transport (New Fig 2D and 5E and see response below). This specific
enrichment suggests that the changes are directly linked to the lipid changes, thus our suggestion
that these accumulate due to a need for the cell to process these lipids but also that they may get
“trapped” in the membrane whorls such that they are not efficiently degraded.

We have included the references above and a more detailed description of lysosomal
heterogeneity into the main text to help address the reviewer’s questions.

5. Fig. 1D: The GO terms are confusing. Why are there more proteins in the category lysosomal
membrane than lysosome as a whole? Other categories seem to be overlapping as well.
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We apologize for the confusion; this graph does not display protein counts it is the adjusted P
values for the enrichment of the term. To make this clearer, the DAVID analysis graphs are now
presented in a new format. We present in this new graph the false discovery rate (FDR) (adjusted
P value) which is a measure of the significance of whether that GO term is specifically enriched
in the dataset. We have also expanded the GO term analysis to include molecular function and
biological process descriptors in addition to the cellular component originally described. For full
clarity, to the right of each term we include the number of significant hits that have this term, that
being the number of proteins that are contributing to this GO term enrichment.

6. Fig. 2C/3A: It'd be good to also show the hits that don't match the expectation/pathways of
interest.

We provide a full list in the Supplementary Information of all hits that are considered significant
allowing the reader to access this information without having to download the datasets from
PRIDE. We did not label all hits in these panels to avoid cluttering the image. In the main text we
have focused on those that clearly fall within related categories or pathways as we feel that
several “hits” in the same area represents a more compelling and confident assessment of the
data. Several of the additional hits not mentioned in the main text do still match the
expectations/pathways. For example, one of the top hits not labelled in the WCP is GPR155 (a
cholesterol binding protein at the lysosomal membrane) and one of the top unlabelled hits in the
PMP data is OPCML (a GPIl-anchored protein that clusters in GSL-rich microdomains). There are
some, such as KITLG (up in the PMP data), that we don’t currently have a hypothesis for why/how
they change, but we are reluctant to describe and speculate upon additional isolated/orphan hits
in the main text when these have not been further validated.

7. Fig. 3: It is not intuitive that synaptic proteins in particular would accumulate at the plasma
membrane due to the lipid storage defect. Are they mis-trafficked or are they at synaptic
membranes? That could, e.g, be addressed by isolating synaptosomes. And why this selectivity
for synaptic proteins? Neurons should have more plasma membrane that is not synaptic. And,
e.g, the release of lysosomal material should not happen at synapses (and lysosomes should not
deliver synaptic proteins to the PM, unless there is a failure to degrade them).

We agree that synapses represent a relatively small proportion of the entire PM of neurons, but
synapses are particularly enriched with glycosphingolipids where they affect synaptogenesis and
synaptic transmission [19-22]. For these reasons we think that some synaptic proteins are
particularly sensitive to these lipid changes as they are localised in GSL-rich membrane
microdomains. We have now clarified this point in the text. We have also further clarified that we
were not proposing that lysosomal proteins are present at the synapses. We observed that
lysosomal proteins are enriched at the PM and this may be more generally across the whole PM,
while the changes to synaptic proteins may or may not be localised at the synapse. We apologise
for the confusion and have modified the text at the end of the PM proteomics results section to
make this clearer.
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To try and address experimentally the question of whether these proteins are at synapses, we
have attempted synaptosome enrichment. However, lysosomal compartments co-sedimented
with synaptosomes during the preparation — LAMP1 staining was enriched in the synaptosome
preparations of all samples including SCRM controls. Therefore, we cannot distinguish these
compartments which is particularly problematic in this disease model.

(7. Continued) Or is there an effect on synaptic vesicles? Are there more? Do they deliver their
cargo more readily? Or is there a failure to do endocytosis of synaptic proteins, and that's why
the accumulate? What is the connection between SVs and endolysosomes? More clarity would
be good here.

We do think that there is an effect on synaptic vesicles particularly as the SV proteins SYT1 and
SV2b are significantly increased in abundance at the PM suggesting they are not being
internalized normally. Furthermore, the new WCP data going out to 28 dpi for both GM1 and GM2
gangliosidoses have identified a significant increase in Arl8a which plays a shared role in
lysosomal and SV anterograde trafficking [23,24]. Whilst previously thought of as discrete
pathways, evidence now suggests that endolysosomal and SV recycling pathways form a
continuum with several shared proteins involved in the fusion, trafficking and sorting in both
pathways [25]. Arl8a provides a good example of an adaptor protein that functions in both
pathways and also when overexpressed results in enhanced neurotransmission consistent with
our studies [26]. We have adjusted the discussion text to include a description of the links between
SVs and endolysosomal trafficking and the potential shared role Arl8a may be playing in both
pathways.

Regarding the question of whether there are more SVs or not, this is hard to determine directly
as they are particularly small (~50 nm) and difficult to visualise or specifically stain for using
microscopy. Not all SV-associated proteins are increased in the PMP data, for example SNAP25
and several other synaptotagmins are not changed in the 28 dpi data for both gangliosidosis
models. We hope in the future to address SV changes more directly with higher resolution imaging
such as electron microscopy or cryo-tomography but cannot currently confidently answer these
specific questions.

8. Fig. 4: The assumption that there is more synaptic activity because there are more synaptic
proteins at the membrane seems to be plausible, but also speculative at this point.

We have modified the text at the end of this results section to highlight that this is a speculative
link.

9. The possible contribution of glial cells should at least be discussed.
We mention potential deleterious effects on bystander cells including other neurons, astrocytes

and microglia in the second last paragraph of the discussion. In response to this request we have
expanded and modified this text.
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Minor: there are some typos etc.

Although no specific examples were listed, we have endeavored to find and correct typos, we
have also checked for English spelling (not American) throughout.

Reviewer 3

1. Results section, 1st paragraph- to develop disease models- -- Please add cellular models as
we already have KO mouse models.

This has been added to the text.
2. It was not clear what was the percentage of mutation success with their CRISPR technique.

The CRISPR method employed here was CRISPRI so there is no mutation of the genome.
Instead, inactive/dead-Cas9 is targeted to the promotor/early exon of the HEXA or HEXB gene to
inhibit mMRNA production. We have included gPCR data to demonstrate the extent of the KD for
two different guides to each of these genes in Fig 1.

3. Will the anti-GM2 antibody be available for other researchers? The researcher details needs to
be clarified.

The anti-GM2 antibody is not commercial available and was generated by one of the co-authors.
We invite scientists with an interest in this antibody to contact the corresponding author for details.

4. Hex activity assay was shown in 1C, but it was not clear that it is MUG or MUGS.

We apologise for this and have relabelled these activity assay graphs and expanded the legend
text to clarify how these two substrates were used to distinguish the two different KD lines. We
also corrected a small mistake in the methods section.

5. Is there a significance in Figure 2 B, 4A, 4B,4C and 4E?

Based on additional requests from reviewer 2 we have added significance indicators and details
of significance tests for several panels in Figures 1-5 including 2B and 4B. For 4A we do not state
a significant difference, we use these data to select a timepoint (28 dpi) where all cell lines have
synchronous (correlated) signal. The data in Figure 4C and D have been substantially updated
and expanded. Analysis of the data in 4C is plotted in 4D where we show significance. For 4E we
are stating that the applied stimulation (white triangles) stimulates the HEXA cells every time but
the SCRM do not respond to each stimulation. It is not clear how we would quantify this difference
and there is no precedent for doing this in the MEA literature or by the Axion company who
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provided the instrument. We have also included additional references for best practice when
analysing MEA data.
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