The EMBO Journal - Peer Review Process File - EMBO-2017-96797

THE

EMBO

JOURNAL

Manuscript EMBO-2017-96797

Increased localization of APP-C99 in mitochondria-
associated ER membranes causes mitochondrial
dysfunction in Alzheimer disease

Marta Pera, Delfina Larrea, Cristina Guardia-Laguarta, Jorge Montesinos, Kevin R. Velasco, Rishi
R. Agrawal, Yimeng Xu, Robin B. Chan, Gilbert Di Paolo, Mark F. Mehler, Geoffrey S. Perumal,
Frank P. Macaluso, Zachary Z. Freyberg, Rebeca Acin-Perez, Jose Antonio Enriquez, Eric A. Schon
& Estela Area-Gomez

Corresponding author: Estela Area-Gomez, Columbia University Medical Center

Review timeline: Submission date: 23 February 2017
Editorial Decision: 20 March 2017
Revision received: 24 July 2017
Editorial Decision: 14 August 2017
Revision received: 18 August 2017
Accepted: 01 September 2017

Editor: Andrea Leibfried

Transaction Report:
(Note: With the exception of the correction of typographical or spelling errors that could be a source of ambiguity,

letters and reports are not edited. The original formatting of letters and referee reports may not be reflected in this
compilation.)

1st Editorial Decision 20 March 2017

Thank you for submitting your manuscript for consideration by the EMBO Journal. It has now been
seen by three referees whose comments are shown below.

As you will see, the referees appreciate your findings. However, they also think that further insight
is needed for publication in The EMBO Journal. Importantly,

- controls need to be added (referee #1, point 4; referee #2 points 1-2, 8)

- the physiological relevance of your conclusions needs to be better demonstrated (referee #2, points
3-4,6)

- some observations need further explanations (referee #1, point 3; referee #3, points 2-3, 5)

Given the referees' positive recommendations, I would like to invite you to submit a revised version
of the manuscript, addressing the comments of all three reviewers and especially those noted above.
I should add that it is EMBO Journal policy to allow only a single round of revision, and acceptance
of your manuscript will therefore depend on the completeness of your responses in this revised
version. Please get in touch in case you would like to discuss individual revision points further.

Thank you for the opportunity to consider your work for publication. I look forward to your
revision.

© European Molecular Biology Organization
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REFEREE REPORTS

Referee #1:

Summary

The authors of this manuscript have followed up on previous work (2009, 2012) in which they
showed that gamma secretase activity is present in mitochondria-associated ER membranes (MAM)
and that in models of Alzheimer disease alterations in the activity of this protein increases MAM
function and the apposition between ER and mitochondria. They now report that the 99 aa C-
terminal fragment (C99) of APP is present in MAM and that in models of AD the concentration of
C99 in MAM is increased, resulting in increased sphingomyelin degradation. They conclude that
mitochondrial function is thereby impaired, consistent with the mitochondrial defects observed in
AD.

Major Comments

1. This study is, in general, well performed with many appropriate controls. Moreover, the topic of
the study is very interesting and the results are novel. In addition, the manuscript is well written and
well organized.

2. Lipid analyses: the way in which lipid amounts are reported - as "molar mass over total moles of
lipids analyzed" (mol %; e.g. in Fig 4) -is somewhat problematic. It is not at all clear what these
numbers represent. A much more definitive number would be to give the nmoles of each lipid/mg
cell protein so that the reader can directly assess whether the amount of that lipid is increased or not
under a specific condition. It is also very unclear what is meant by "total moles of lipids analyzed"
(mol %). Importantly it is not stated which lipids were included in this total value? Please either
quote the data as nmole lipid/mg protein or give the 100% value of total nmoles of lipids analyzed.

3. Sphingolipid metabolism: it is obviously complicated to analyze sphingolipid synthesis and
degradation in this situation. For example in Fig 4D, the incorporation of [3H]serine into ceramide
and sphingomyelin is higher in the DKO than in controls. However, this result does not necessarily
mean that ceramide synthesis or SM synthesis is increased in the DKO. First, it is not possible from
this experiment to determine if synthesis is increased or if degradation is decreased in the DKO.
Second, SM is a precursor of ceramide (SM degradation), and ceramide is a precursor of SM (SM
synthesis). If radiolabel in SM were derived from radiolabeled ceramide, and if the radiolabel (and
therefore specific radioactivity) in ceramide were higher in DKO than in control, the labeling of SM
would automatically be higher in the DKO without an increase in SM synthesis. This is not the only
complicating scenario. Thus, the wording about increased sphingolipid synthesis needs to be
carefully modified: there is in fact no evidence that the synthesis of ceramide or SM is increased in
the DKO (see text page 8 etc). Nevertheless, the data on the SMase assays do indicate that SMase
activity is higher in the DKO, and that the increase in ceramide is probably due to the increase in
SMase activity rather than de novo ceramide synthesis.

4. Myriocin expts Fig 6A: as a positive control for these expts, it would be very appropriate to
confirm that amounts of sphingolipids (e.g. ceramide, SM as nmol/mg protein) in MAM and mito
are indeed reduced by myriocin under the conditions used in these experiments.

Minor Comments
1. Why not include Fig S2C as a main Fig rather than a Supp Fig?

2. Page 13, para 2. Further to the discussion on the role of phosphatidylserine the authors should
consider adding some discussion of the role of the anionic lipid, PS, in mediating contacts between

the ER and mitochondria [see Wu and Voelker (2004) JBC 279:6635 and a very recent paper from
Prinz lab in J Lipid Res (2017)].

Referee #2:
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Pera and colleagues provide an interesting study addressing the molecular mechanisms underlying
neurotoxicity in Alzheimer's disease (AD). The authors suggest that increased localization of a
specific APP fragment (C99) in mitochondria-associated ER membranes (MAM) causes
mitochondrial dysfunction in AD. This conclusion is mostly based on the use of mouse embryonic
fibroblasts (MEF) either lacking presenilin (PS) the catalytic subunit of gamma-secretase) or
overexpressing a mutant PS with reduced activity. With these cells the authors demonstrate altered
lipid processing and composition of both MAMs and mitochondria. Finally, the authors demonstrate
mitochondrial dysfunction in situations of increased C99 levels. This is a novel and beautiful cell
biological and biochemical study addressing a central question in neurodegeneration research.
However, my major criticism is two-fold. First, essential control experiments are missing. Second,
the physiological relevance of the key findings is not provided as the study is mostly done with MEF
cells.

The following points need to be addressed to improve the quality of the manuscript.

Major points:

1. The different MEF cell lines (WT, PS1 KO, PS2 KO, DKO) are not of the same origin and may
show protein expression level changes that go well beyond the genetic differences (PS KO). For this
reason it is state of the art to repeat at least the essential experiments with DKO cells re-
transfected/reconstituted with either PS1 or PS2 or both to ensure the same background of the cells.
This needs to be included.

2. BACE inhibitors are prone to off-target effects, e.g. on cathepsin D, which is a main reason for
several failed clinical trials with BACE inhibitors. Thus, key experiments in the study need to be
repeated with a knock-down or knock-out/CRISPR of BACE] or at least a BACE inhibitor with a
different chemical structure.

3. Please show lipid and mitochondrial changes in BACE1-deficient mice and in APP-deficient mice
or in APP-transgenic mice. They do all have altered C99 levels compared to WT mice and thus
should show changes similar to MEF cells, if the proposed function and mechanism are true.
Importantly, show WT mice as a control. They are currently missing in figure S7.

4. Many experiments are done in PS DKO cells, which (artificially) increase C99 levels. PS has
around 100 different substrates and has additional functions in calcium signaling. Thus, I am not yet
convinced that the artificial situation of PS DKO is relevant to the situation in vivo.

5. In mice, so far only one PS mutant is tested. This represents one form of familial AD, which
makes up about 1% of all AD cases. 99% of AD are sporadic and do not involve PS abnormalities
and probably also not C99 abnormalities. Yet, the title of the manuscript is about mitochondrial
dysfunction in general in AD. Thus, you either need to test another AD model as well or change the
title to better reflect the content of the manuscript.

Minor points:

6. In the introduction the authors claim that increased C99 contributes to AD. This is an overselling
of two previous publications and does not reflect the general state of the field.

7. Fig. 1C: show C99 and C83 levels. It is known that under conditions of gamma-secretase
inhibition there is more conversion of C99 to C83.

8. Figure 2A: include an APP ko to ensure that the APP CTFs are specific bands. Also include -
ideally in all gels - molecular weight markers. APP ko material will also help to ensure the
specificity of the apparent AICD band in figure S21. AICD is typically very difficult to detect.

9. Figure 2C: better separate the C99 and C83. Currently, it looks like one band instead of two.
Indicate for the C99 gels which antibody was used. This is not clear from the methods section (N- or
C-terminal antibody to C99).

Referee #3:

The authors have investigated the effects of the accumulation of the C99 fragment of APP in MAMs
on mitochondrial respiratory chain function and on ceramide metabolism. They show significant
decreases on oxygen consumption in cells from FAD patients, in MEFS in which both PS genes are
knocked out, and in mitochondria from a mouse model of AD. They show that C99 accumulates in
MAMs in the absence of gamma secretase activity and that this affects the turnover of ceramides,
ultimately resulting in an increased ceramide content in mitochondria, that is associated with
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decreased formation of respiratory chain supercomplexes, which they argue underlies the oxygen
consumption defect.

This is a carefully executed study that I think goes some way to demonstrating that accumulation
C99 at the MAM may underlie early AD pathology by interfering with mitochondrial respiratory
chain activity.

I have the following comments:

(1) It might be useful o show the Seahorse traces from Fig. 1 in the Supplemental data. Was the
defect in CR compensated by an increase in ECAR? What about maximum uncoupled rate?

(2) In Figure 2A why is Lamp 1 completely localized to the mito fraction and in 2B why is VDAC
in every fraction of the gradient? Is that true for other mitochondrial markers? In 2 D what is the
explanation for the fact that the C99 positive foci are in many cases much larger than mitochondria?
(3) Any rationale for the ceramide effect being due to a single chain length (C16)?

(4) In Fig 5 B why was complex I not included in the DKO MEFs?

(5) A crucial piece of the argument in this manuscript is that the effects of PS inhibition on
mitochondrial function is a result of failure to assemble the supercomplexes, resulting in the oxygen
consumption defect. In Fig 6 B and C (BI and Myr) it looks to me that there is a general increase in
the individual respiratory chain complexes that it driving what is apparently more supercomplex
formation. Can this be ruled out? Maybe it would be useful to look at the total amount of each of the
complexes on a DDM gel. If there are simply more complexes, this could in itself explain the rescue
of the oxygen consumption defect.

1st Revision - authors' response 24 July 2017

© European Molecular Biology Organization
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Response to reviewers' comments

We would like to thank the reviewers for their comments and suggestions, most of
which have helped to make the manuscript stronger. All substantive changes have been
highlighted in yellow.

Comments of Reviewer #1

Major points:

1. Lipid analyses: the way in which lipid amounts are reported - as "molar mass over
total moles of lipids analyzed"” (mol %, e.g. in Fig 4) -is somewhat problematic. It is not
at all clear what these numbers represent. A much more definitive humber would be to
give the nmoles of each lipid/mg cell protein so that the reader can directly assess
whether the amount of that lipid is increased or not under a specific condition. It is also
very unclear what is meant by "total moles of lipids analyzed" (mol %). Importantly it is
not stated which lipids were included in this total value? Please either quote the data as
nmole lipid/mg protein or give the 100% value of total nmoles of lipids analyzed.

We apologize for the lack of clarity. Mol% is a term regularly used by lipidomics
facilities. In this context, mol% represent nmol/pl/ug of protein normalized by the total
amount of lipids extracted and analyzed. We believe that representing lipid
concentrations normalized only by protein content can sometimes be misleading, as this
measurement does not account for changes in total amount of lipid per protein or
technical variations during lipid extractions. We chose to use mol% rather than specific
lipid concentrations in order to help us deduce the relative changes in lipid composition
between control and mutant over the total lipid mass and protein content, but in truth,
arguments can be made in support of both ways of representing the data.

We have therefore changed the graphs in the relevant figures to specify that our
results represent nmol of lipid/ug of protein (or nmol lipid/ul) normalized by the total
amount of lipids measured. In addition, we have included new supplementary figures
showing the total nmols of lipids analyzed, normalized only by the protein concentration,
in nmol/ug of protein.

2. Sphingolipid metabolism: it is obviously complicated to analyze sphingolipid synthesis
and degradation in this situation. For example in Fig 4D, the incorporation of [3H]serine
into ceramide and sphingomyelin is higher in the DKO than in controls. However, this
result does not necessarily mean that ceramide synthesis or SM synthesis is increased
in the DKO. First, it is not possible from this experiment to determine if synthesis is
increased or if degradation is decreased in the DKO. Second, SM is a precursor of
ceramide (SM degradation), and ceramide is a precursor of SM (SM synthesis). If
radiolabel in SM were derived from radiolabeled ceramide, and if the radiolabel (and
therefore specific radioactivity) in ceramide were higher in DKO than in control, the
labeling of SM would automatically be higher in the DKO without an increase in SM
synthesis. This is not the only complicating scenario. Thus, the wording about increased



sphingolipid synthesis needs to be carefully modified: there is in fact no evidence that
the synthesis of ceramide or SM is increased in the DKO (see text page 8 elc).
Nevertheless, the data on the SMase assays do indicate that SMase activity is higher in
the DKO, and that the increase in ceramide is probably due to the increase in SMase
activity rather than de novo ceramide synthesis.

We agree with the reviewer. In Figures 4D and 4E we show that DKO cells have
increased de novo synthesis of sphingolipids and SMase activity. However, as Figures
5C and S4 show, our data suggest that the main source of the elevated concentration of
ceramide is indeed upregulated SMase activity. We proposed that the increase in the de
novo synthesis of sphingolipids is just the consequence of the need to replace the loss
of SM due to its elevated hydrolysis by SMases. We have included and clarified this
point in the text.

3. Myriocin expts Fig 6A: as a positive control for these expts, it would be very
appropriate to confirm that amounts of sphingolipids (e.g. ceramide, SM as nmol/mg
protein) in MAM and mito are indeed reduced by myriocin under the conditions used in
these experiments.

Please see new supplementary Figures S6A and S6B.

Minor Comments
1. Why not include Fig S2C as a main Fig rather than a Supp Fig?

We thank the reviewer for this suggestion. We have moved the figure into the main text
as Figure 2B.

2. Page 13, para 2. Further to the discussion on the role of phosphatidylserine the
authors should consider adding some discussion of the role of the anionic lipid, PS, in
mediating contacts between the ER and mitochondria [see Wu and Voelker (2004) JBC
279:6635 and a very recent paper from Prinz lab in J Lipid Res (2017)].

We have included these papers in the discussion.

Comments of Reviewer #2

Major points:

1. The different MEF cell lines (WT, PS1 KO, PS2 KO, DKO) are not of the same origin
and may show protein expression level changes that go well beyond the genetic
differences (PS KO). For this reason, it is state of the art to repeat at least the essential
experiments with DKO cells re-transfected/reconstituted with either PS1 or PS2 or both
to ensure the same background of the cells. This needs to be included.

We thank the reviewer for this suggestion. As shown in the new figures S4D, S4E, S4F
and S4K, we transfected PS-DKO cells with plasmids expressing WT and mutant PS1
(A246E mutation) and found that WT, but not mutant PS1, was indeed capable of



partially rescuing the sphingolipid alterations and the upregulation of sphingomyelinase
activity.

2. BACE inhibitors are prone to off-target effects, e.g. on cathepsin D, which is a main
reason for several failed clinical trials with BACE inhibitors. Thus, key experiments in
the study need to be repeated with a knock-down or knock-out/CRISPR of BACE1 or at
least a BACE inhibitor with a different chemical structure.

Please see new Figures S3B (using a different BACE1 inhibitor on PS-DKO cells) and
S3D (using BACE1-KO cells).

3. Please show lipid and mitochondrial changes in BACE 1-deficient mice and in APP-
deficient mice or in APP-transgenic mice. They do all have altered C99 levels compared
to WT mice and thus should show changes similar to MEF cells, if the proposed function
and mechanism are true. Importantly, show WT mice as a control. They are currently
missing in figure S7.

Regarding the lipid changes, we have run lipidomics analysis of total homogenates and
subcellular fractions from APP-KO mice and APP/APLP2-DKO MEFs. We do not see
any significant differences in the ceramide or sphingomyelin levels in total homogenates
or MAM membranes, and a decrease in phosphatidylserine levels in MAM membranes
isolated from APP/APLP2-DKO cells, which lack C99 (please see the attached figures
below). We believe that these data support our hypothesis, as these cells do not show
sphingomyelinase activation when C99 is absent. On the other hand, many other lipid
alterations are seen in the absence of APP and/or APLP2, but analysis of this
phenomenon is outside the scope of the paper.



Lipid analysis of APP/APLP2-DKO MEFs

Lipid analysis of brain tissue from APP-KO mice
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Regarding analyses in mitochondria, we have now also analyzed the lipid composition
of mitochondria isolated from APP-KO mice and APP/APLP2-DKO cells, both of which
lack C99. As in the case of total homogenates and MAM membranes, we believe that
the absence of C99 in these samples impinges on sphingomyelinase activity. This is
consistent with the finding of no significant differences in ceramide and sphingomyelin
content in these cells vs controls (please see figure below).

SPHINGOMYELIN

1]

APP-KO  WT APP/APLP2-DKO
Mltochondna Mitochondria

n.s.

o
1

IS

N

Sphingomyelin content
(nmol/ wl/ mgr protein/ nmol ot total lipid)

CERAMIDE

0.4+

0.34

0.2

0,1-

APP KO WT APP/APLP2-DKO
Mltochondna Mitochondria

Ceramide content
(nmol/ ul/ mgr protein/ nmol ot total lipid)

Regarding Figure S7, control levels in the WT mice are shown by the dotted lines in
panels A and B.

4. Many experiments are done in PS DKO cells, which (artificially) increase C99 levels.
PS has around 100 different substrates and has additional functions in calcium
signaling. Thus, | am not yet convinced that the artificial situation of PS-DKO is relevant
to the situation in vivo.

We understand that many of our conclusions are based on assays done in PS-DKO
cells, however, we have replicated all our main data in chemically treated cells, in
fibroblasts from human patients, and in cells and tissues from animal models. We note
that many of the assays are dynamic studies that require fresh tissue. Thus, the use of



human samples has been technically challenging, for obvious reasons. Nevertheless,
the consistency of our results in the various patient and model systems that we have
employed support our contention that the phenotypes that we have observed are real.

Finally, while it would be possible to perform a lipidomic analysis in brains from human
AD patients and controls, we believe that this would be redundant, as the many studies
already published in this area (some of which are cited in the text) describe the same
lipid alterations that we have found in our samples, namely, increases in ceramide and
subsequent decreases in sphingomyelin.

Lastly, in addition to replicating these changes, our goal in this manuscript has been to
provide a potential mechanistic explanation for the lipid alterations seen not only in vitro
but also in vivo, and the impact of these alterations on mitochondrial biology.

5. In mice, so far only one PS mutant is tested. This represents one form of familial AD,
which makes up about 1% of all AD cases. 99% of AD are sporadic and do not involve
PS abnormalities and probably also not C99 abnormalities. Yet, the title of the
manuscript is about mitochondrial dysfunction in general in AD. Thus, you either need to
test another AD model as well or change the title to better reflect the content of the
manuscript.

We are willing to change the title to reflect this point, although we note that elevated
C99 levels in sporadic AD have been reported numerous times in the literature. Those
observations, together with our finding that the MAM deficits found in FAD are also
present in SAD (see Area-Gomez et al, 2012, in which we analyzed 8 different FAD
patients [with 6 different mutations in PS1, PS2, and APP], and 9 different SAD
patients), reinforces our belief that, at bottom, FAD and SAD are fundamentally the
same disorder from a pathogenetic point of view, and was the justification for the
wording in the title.

Minor points:

6. In the introduction, the authors claim that increased C99 contributes to AD. This is an
overselling of two previous publications and does not reflect the general state of the
field.

We respectfully disagree with the reviewer. Although we cite 2 papers due to space
limitations, numerous publications have shown the contribution of C99 to the disease
(e.g. Forman et al., 1997; Kosik et al., 1999; Busciglio et al., 2002; Holsinger et al.,
2002; Evin et al., 2003; Yang et al., 2003; Li et al., 2004; and Kim et al., 2016).

7. Fig. 1C: show C99 and C83 levels. It is known that under conditions of gamma-
secretase inhibition there is more conversion of C99 to C83.

Please see previous Figure S2C, now Figure 2B.



8. Figure 2A: include an APP KO to ensure that the APP CTFs are specific bands. Also
include - ideally in all gels - molecular weight markers. APP KO material will also help to
ensure the specificity of the apparent AICD band in figure S2I. AICD is typically very

difficult to detect.

We have transfected APP/APLP2-DKO cells with two different C99 plasmids. As shown
in the WBs below, C99 signal is absent in untransfected DKO cells.

APP/APLP2 WT
-DKO WT +DAPT

-aC99
' -«C83

‘“ S S (Tubulin

APP/APLP2 APP/APLP2 APP/APLP2
-DKO -DKO+C99 -DKO+C99

R —
. C83 (?)

A S TUDulin

APP/APLP2 APP/APLP2 APP/APLP2
-DKO -DKO -DKO
Total Homogenates MAM ER
SIS SIS SR
) D D ) [e2] D ) (o] (o] —1 0
c ) N c o)) o)) c S S = <
[} @) &) o &) &) o &) &) [ONa)
z + + z + + z + + +
Higher — — . -« C99
Exposure — e | Cs3 (?)
- " -«C99

Lower
Exposure - g. S (.83 (?)

e — e g | TUbuUlin

However, after transfection of APP/APLP2-DKO with these C99 plasmids, a band
corresponding to C83 appears on the gel (compare with CTL cells exposed to DAPT).
We do not understand why this is the case, although we note that we are not the first

ones to see this C99 cleavage product.



We agree with the reviewer that AICD is quite difficult to detect, and in fact, we were not
able to detect it in the western blot shown above. Nevertheless, the goal behind this
figure is to show the increased C99 localization in MAM fractions isolated from brain
tissues from PS1-KI mice compared to controls. That y-secretase cleavage occurs in
ER-MAM domains was already published by our group in 2009 (Area-Gomez, de Groof
et al., 2009), and replicated by others (Schreiner, Hedskog et al., 2015)

9. Figure 2C: better separate the C99 and C83. Currently, it looks like one band instead
of two. Indicate for the C99 gels which antibody was used. This is not clear from the
methods section (N- or C-terminal antibody to C99).

We apologize for the lack of clarity. The antibody used is a C-terminal antibody to APP
(Sigma # A8717).

Regarding Figure 2C (now Figure 2D), the higher concentration of C83 versus C99
makes the resolution of both bands in the upper part of the gradient quite challenging.
Nevertheless, the goal of the gradient is to show how C99 can be found co-migrating
with MAM markers. We tried to separate as much as possible both CTFs on the sucrose
gradient and we believe that both bands are apparent in the inset shown below. The
signal co-migrating with MAM markers is a single band corresponding only to C99, not
C8as.

Comments of Reviewer #3

1. It might be useful to show the Seahorse traces from Fig. 1 in the Supplemental data.
Was the defect in CR compensated by an increase in ECAR? What about maximum
uncoupled rate?

For Seahorse traces, please see new Figures S1P-T. Maximal uncoupled rate was
reduced in PS mutant cells, as well as in cells treated with DAPT, indicating a lower
spare respiratory capacity. We did not see any significant increases in ECAR during
Seahorse analysis (data not shown).

2. In Figure 2A why is Lamp 1 completely localized to the mito fraction and in 2B?

Standard subcellular fractionations (as in Figure 2A) cannot successfully separate
lysosomes, endosomes and mitochondria. For that reason, we decided to further
analyze our sample by sucrose density gradients, as shown in Figure 2C. This more
fine-grained approach allowed us to discriminate between endosomal, lysosomal, and
mitochondrial and MAM markers to accurately localize C99.

why is VDAC in every fraction of the gradient? Is that true for other mitochondrial
markers?

VDAC 1 is a mitochondrial marker also known to be enriched in areas of the
mitochondria in contact with the ER (e.g., Prasad et al., 2015). We do not know the



reason why this marker is dispersed widely on the density gradient, although is possible
that this “dual” localization of VDAC in both the mitochondrial outer membrane and
areas of the mitochondria in touch with the ER could affect its migration in this density
gradient.

While the goal of this specific experiment was not to determine the localization of
other mitochondrial markers, previous results in our lab have shown that mitochondrial
markers with more "conspicuous" localizations, such as complex | subunits (inner
membrane) or Tom20 (outer membrane), behave very differently in gradients compared
to VDAC, and migrate to higher density areas of the gradient.

In 2D what is the explanation for the fact that the C99 positive foci are in many cases
much larger than mitochondria?

We do not believe that this is the case. While the reason for the large C99 foci is
puzzling, one possible reason is that the limited resolution of the confocal microscope is
not sufficient to show individual C99 foci. For this reason, the accumulation of C99 at
ER-mitochondria connections would appear as large foci instead of individual dots. The
EM pictures showing "clusters" of presumably individual C99's (Figs. 4E and 4F) would
support this view.

(3) Any rationale for the ceramide effect being due to a single chain length (C16)?

This is a very interesting point. We agree that C16 is the ceramide species where the
changes seem more abrupt, although significant changes are also detected in C22,
C24, and C24:1. We do not understand the reason behind these differences in
ceramide species, although it is possible that C16 increases are not only the result of
the upregulation of sphingomyelinase activity, but also the consequence of increases in
the de novo synthesis by ceramide synthases 5 and/or 6.

(4) In Fig 5 B why was complex | not included in the DKO MEFs?

We apologize for this. During the development of this western blots we ran out of
complex | antibody and used Tom20 instead.

(5) A crucial piece of the argument in this manuscript is that the effect of PS inhibition
on mitochondrial function is a result of failure to assemble the supercomplexes,
resulting in the oxygen consumption defect. In Fig 6 B and C (Bl and Myr) it looks to me
that there is a general increase in the individual respiratory chain complexes that it
driving what is apparently more supercomplex formation. Can this be ruled out? Maybe
it would be useful to look at the total amount of each of the complexes on a DDM gel. If
there are simply more complexes, this could in itself explain the rescue of the oxygen
consumption defect.

We thank the reviewer for this nice suggestion. Please see new supplementary figure
SG6E.
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2nd Editorial Decision 14 August 2017

Thank you for submitting your manuscript for consideration by the EMBO Journal. It has now been
seen by the three original referees again, whose comments are enclosed.

As you will see, referee #1 and #3 now support publication, while referee #2 thinks that the in vivo
support for your findings is not sufficiently compelling and does not answer the initial criticisms
raised by this referee. I consulted further with referee #3 who thinks that embarking into additional
mouse work would take up a considerate amount of time and who endorses publication without
further in vivo data. Given this input, I would like to ask you to address the remaining concerns in a
point-by-point response and by clearly outlining in your manuscript text what kind of additional in
vivo support would be needed to better support the physiological relevance of your findings for AD.

I am therefore formally returning the manuscript to you for a final round of minor revision. Once we
should have received the revised version, we should then be able to swiftly proceed with formal
acceptance and production of the manuscript!

REFEREE REPORTS

Referee #1:

Summary

The authors have followed up on previous work (2009, 2012) in which they showed that gamma
secretase activity resides in MAM, and that in models of AD alteration in activity of this protein
modulates MAM function and the apposition between the ER and mitochondria. They now report
that the 99 aa C-terminal fragment (C99) of APP is present in MAM. The authors also demonstrate
that in models of AD the concentration of C99 in MAM is increased, resulting in increased
degradation of sphingomyelin, consistent with the mitochondrial defects observed in AD.

Major and minor concerns
None. The authors have very carefully addressed all of my previous concerns. No additional
suggestions for improving the manuscript.

Referee #2:

The authors have adequately addressed several of my previous points, although some of the
experimental choices are surprising, such as the use of Gleevec, that is clearly not a BACE1
inhibitor, even though it affects (indirectly) BACE]1 cleavage of APP.

However, my major concern is still the lack of evidence that C99 contributes to the lipid and
mitochondrial alterations under in vivo conditions and not only in cells. The (new) data provided
correlate changes in C99 with alterations in lipid and mitochondrial metabolism, but they do not
prove the causal link to C99 beyond cultured cell lines. For example, in the rebuttal letter the authors
now report the absence of lipid changes in APP KO mice. This either speaks against a role of C99 in
controlling lipid metabolism or could be interpreted in such a way that normal C99 levels need to be
increased (for example with a PS mutation) in order to see the lipid changes. If the latter is true then
APP tg mice (having WT and not mutated PS) should show similar lipid and mito changes as PS
mutant mice. An alternative would be to cross BACE1-deficient mice with PS mutant mice. In this
case, no C99 is anymore formed and the observed changes should be abolished. However, such an
analysis is still lacking from the manuscript. This needs to be added to the manuscript or otherwise
the data appear better suited for a more specialized journal.

© European Molecular Biology Organization
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Referee #3:

I think that the authors have now satisfactorily addressed the comments/questions of the reviewers
and I have no further comments
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Response to Reviewer #2

The authors have adequately addressed several of my previous points, although
some of the experimental choices are surprising, such as the use of Gleevec, that
is clearly not a BACE1 inhibitor, even though it affects (indirectly) BACE1
cleavage of APP.

The use of Gleevac as BACE1 inhibitor tried to answer the previous suggestion from the
reviewer: “BACE inhibitors are prone to off-target effects, e.g. on cathepsin D, which is a
main reason for several failed clinical trials with BACE inhibitors. Thus, key experiments
in the study need to be repeated with a knock-down or knock-out/CRISPR of BACE1 or
at least a BACE inhibitor with a different chemical structure”

We could not find any commercially available BACE1 inhibitors that did not have off
target effects. Therefore, instead of trying another chemical inhibitor, we decided to use
Gleevec, based on data published by the groups of Victor Bustos and Paul Greengard,
that demonstrates that Gleevec shifts APP cleavage towards the non-amyloidogenic
pathway (Netzer et al, PNAS, 2017). Whether directly or indirectly, the goal of our
experiments is reduction in C99, not inhibition of BACE1 (which is merely a means to
that end).

We also added data from BACE1 knock-out cells. Some of the previously suggested
CRSPR experiments were extremely interesting, but the production, characterization
and authentication of these cells would take longer than the allowed resubmission time.

However, my major concern is still the lack of evidence that C99 contributes to
the lipid and mitochondrial alterations under in vivo conditions and not only in
cells. The (new) data provided correlate changes in C99 with alterations in lipid
and mitochondrial metabolism, but they do not prove the causal link to C99
beyond cultured cell lines.

While we believe that our data in AD patients and in animal models support the role on
C99 in inducing these lipid changes, our results mainly show a correlation between
MAM-localized C99 and lipid and mitochondrial alterations. However, this correlation
does not negate that the fact that C99 is playing a key role in the induction of these
phenotypes, as abrogation or reduction in C99 production reverses those phenotypes.
Whether this effect is mediated directly by C99 at the MAM or indirectly via a yet-
unidentified MAM-localized C99-binding partner is still under investigation.

For example, in the rebuttal letter the authors now report the absence of lipid
changes in APP KO mice. This either speaks against a role of C99 in controlling
lipid metabolism or could be interpreted in such a way that normal C99 levels



need to be increased (for example with a PS mutation) in order to see the lipid
changes.

We apologize for not being clearer. The APP-KO cells and mice show many lipid
changes, but we only included those related to the phenotype under study (i.e.,
sphingolipid metabolism). As mentioned by the reviewer, we indeed suggest that MAM-
localized C99 needs to be increased (e.g. via a PS mutation) to trigger sphingomyelin
hydrolysis and the subsequent elevation in ceramide. This does not occur in APP-KO
where C99 is, of course, absent. Nevertheless, these animal models display many other
lipid changes, but we feel that reporting/analyzing those changes is outside of the scope
of this paper.

Of note, our data showing that elimination of C99 (by BACE1 inhibitors) rescues lipid
disturbances in AD cells, suggest that C99 has a causative role in the induction of these
lipid alterations. However, we used this approach (i.e. BACE1 inhibition) as a proof of
principle, and we do not believe, nor do we suggest, that total inhibition of C99
production is innocuous.

If the latter is true then APP tg mice (having WT and not mutated PS) should show
similar lipid and mito changes as PS mutant mice.

We agree with the reviewer. Our data show that C99 needs to be elevated in order to
cause these lipid alterations. These elevations in C99 are detected in familial cases of
AD (due to either mutations in PS's or APP), Down syndrome cases due to APP
triplications, and SAD due to currently unknown reasons.

An alternative would be to cross BACE1-deficient mice with PS mutant mice. In
this case, no C99 is anymore formed and the observed changes should be
abolished. However, such an analysis is still lacking from the manuscript. This
needs to be added to the manuscript or otherwise the data appear better suited
for a more specialized journal.

While we will be happy to do these experiments, we would not be able to provide these
data in the time frame of the resubmission process.
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Thanks for submitting your revision to the EMBO Journal and for sorting out the last few details. I
am very pleased to accept the manuscript for publication here.
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Reporting Checklist For Life Sciences Articles (Rev. July 2015)

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.

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

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

2 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.

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 that are

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

>
>
>
>
>
>
>

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

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

idell

www.equator-network.org/reporting -research-repo

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

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

http://www.eq k.or ions-for-tun

reporting: porting-rec
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/

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

Please fill out these boxes W (Do not worry if you cannot see all your text once you press returi

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

Sample size was chosen by power analysis (Sigmastat for Windows version 2.0, Jandel
Corporation, San Rafael, CA or The R Project for Statistical Computing) using our historical,
published and pilot data. The premise for power analysis has been that it is equally important to
reject either the null hypothesis (HO) or the alternative hypothesis (H1) with confidence.

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

Based on our sample size calculation and our preliminary data we have generated estimations of
the number of mice necessary to power properly (B 2 0.80) the present study, hence minimizing
the risk of false negative.

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

We did not exclude any animal dat from our analysis. The estimated animal numberswas sufficient
to reach, in each situation, a statistical power of no less than 80%.

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

[Allexperimens were done by three independent investigators. When possible, all samples were
analyzed blindly

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

N/A

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.

[All experimens were done by three independent investigators. When possible, all samples were
analyzed blindly

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

[All experimens were done by three independent investigators. When possible, all samples were
analyzed blindly

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

Ves. Each experiment was run in 3-4 technical replicates per condition to limit the random noise
associated with protocols or equipment, and the number of biological replicates, i.e. numbers of
independent cultures or mice per condition achieved signficance by appropiate methods such as T-
test (p<0.05-0.001)

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

We used 2-side T-test analysis p<0.05-0.001.

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

Yes. Variation is shown as standar deviation

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




C- Reagents

D- Anima

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
Inumber 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).

We used antibodies to ACAT1 (Abcam, ab39327), APP C-terminal (Sigma; A8717, polyclonal), APP-
€99 (Covance; SIG-39320-200 [6E10], monoclonal), the a-subunit of mitochondrial ATP synthase
(complex V) (Invitrogen; 459240), the a-subunit of ATPase (Abcam, ab7671), BACEL (Cell
Signaling; D10ES), CANX (Chemicon, MAB3126), CDH2 (ref), complex | subunit NDUFA9 (Abcam;
ab14713), complex Il subunit core-1-ubiquinol-cytochrome c reductase (Abcam; ab110252),
0xPhos complex IV subunit IV (COX IV) (Abcam; ab14744), Ergic53/pS8 (Sigma; E1031), Erlin-2 (Cell
Signaling; #2959), ERp72 (Cell Signaling, D70D12), FACLA (Abgent, AP2536b), GM130 (BD
Transduction Laboratories, 610822), G6PC (ref), Lamp2 (Novus biologicals; NBP1-71692), Na+/K+
[ATPase (Abcam, ab7671), PEMT (a gift of Joan Vance, University of Alberta), Presenilin 1

(C ; PC267; NOVUS EP1998Y), RabSa (NOVUS Biologicals; NBP1-58880),
Rab7a (Novus Biologicals; NBP1-87174), TRAP-ct (ref), nSMAse (Thermo Scientific; PA5-24614),
total OXPHOS mouse cocktail (abcam, ab110413), TOM20 (Santa Cruz; sc-11415), B-tubulin (Sigmaj|
14026), vinculin (Sigma, V4505) and VDAC1 (Abcam; 34726).

7. 1dentify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for
imycoplasma contamination.

[Allour cell lines are routinely checked for and inthe
presence of mycoplasma profilaxis (plasmocin from Invivogen). We used, SH-SY5Y, and COS-7 cells
obtained from the American Type Culture Collection. WT, PS1-KO, PS2-KO, and PS1/2-DKO (called
PS-DKO) mouse MEFs were provided by Dr. Bart De Strooper (University of Leuven). APP/APLP2-
KO (called APP-DKO) (Herms, Anliker et al., 2004) . Fibroblasts from patients were obtained from
Coriell Biorepository. All genotypes were chekced by PCR and sequencing.

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

| Models

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

PS1-KIM146V knock-in mice (Guo et al., 1999) were generated as described. All experiments were
performed according to a protocol approved by the Institutional Animal Care and Use Committee
of the Columbia University Medical Center and were consistent with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Mice were housed and bred according
to international standard conditions, with a 12-h light, 12-h dark cycle, and sacrificed at 3, 5, 7, 8,
and 12 months of age.

E- Human Subjects

F- Data A«

G- Dual u;

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.

9. For experiments involving live vertebrates, include a of with ethical and identify the |N/A
committee(s) approving the experiments.

10. We the ARRIVE (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.

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

Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. 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 Ill 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
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.
ccessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data N/A
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. Cr ic data for small

d. Functional genomics data

e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the |N/A
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of

datasets in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in

unstructured such as Dryad (see link list at top right) or Figshare (see link list at top right).

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while N/A
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).

21. Computational models that are central and integral to a study should be shared without restrictions and provided in a |N/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 y information.

se research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top  |N/A
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