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1st Editorial Decision 23 December 2019

Thanks for submitting your manuscript to The EMBO Journal. Your study has now been seen by
three referees and their comments are provided below.

As you can see from the comments, the referees find the analysis interesting and suitable for
publication here. The referees bring up a number of points that should be further addressed. Most of
them should be fairly straightforward to resolve. Some of the points raised by referee #1 might be a
bit more tricky - I am happy to discuss them further if needed. I would like to keep the behavioral
data in the MS (referee #1 point #10).

When preparing your letter of response to the referees' comments, please bear in mind that this will
form part of the Review Process File, and will therefore be available online to the community. For
more details on our Transparent Editorial Process, please visit our website:
https://www.embopress.org/page/journal/14602075/authorguide#ftransparentprocess

We generally allow three months as standard revision time. As a matter of policy, competing
manuscripts published during this period will not negatively impact on our assessment of the
conceptual advance presented by your study. However, we request that you contact the editor as
soon as possible upon publication of any related work, to discuss how to proceed. Should you
foresee a problem in meeting this three-month deadline, please let us know in advance and we may
be able to grant an extension.

Thank you for the opportunity to consider your work for publication. I look forward to your
revision.
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REFEREE REPORTS
Referee #1:

Park et al. present a very interesting study in the field of synaptogenesis research. The general focus
is on PTPd, a member of the family of LAR receptor protein tyrosine phosphatases (LAR-RPTPs)
and a known player in synaptogenesis. In this context, PTPd is particularly interesting because it is
thought to operate via multiple trans-synaptic interaction partners and because some of these
interactions are controlled by alternative splicing of PTPd mRNAs. Further, PTPd is implicated in
multiple pathophysiological conditions.

The work is very substantial and built on three (!) new mutant mouse lines, a knock-in mutant PTPd
reporter line (tdTomato-tag), a new knock-out line, and a line carrying a deletion of a small exon
(miniexonA) that is known to be required for the interaction of PTPd with its cognate interaction
partner ILIRAPL1. The 'gist' of the study is that PTPd controls the formation of specific excitatory
synapses in the hippocampus via its interaction with ILIRAPL1 and that this depends on the
miniexonA. Further data show that knock-outs of PTPd or miniexonA result in hyperactivity and
sleep aberrations.

In essence, the study is of EMBO-Journal caliber - but because it covers a lot of ground and employs
a substantial set of new mouse genetics tools, there remain a few areas where more information is
required, as far as [ see it.

I am commenting in the order in which the respective issues appear in the manuscript:

1. In order to stress the uniqueness of their study, the authors introduce it in a way that borders on
belittling previously published work. One corresponding issue relates to the role of alternative
splicing in synapse development, where the text states at one point that "it remains unclear whether
alternative splicing regulates synapse development in vivo". Unless phrased in a much more
differentiated manner (I assume the authors are specifically alluding to synapse density), such a
statement is essentially wrong. The same is true for the subsequent statement that it is unknown
whether alternative splicing of synaptic adhesion proteins regulates specific brain function. Here,
several studies on Neurexins show that their alternative splicing affects synapses in multiple circuits
and document this at a level of functional analysis that goes substantially beyond the analysis depth
of the present paper. I suggest to phrase all related passages in the introduction much more carefully
in order to reflect the published literature in a more balanced manner. I personally think that these
statements may not even be necessary at all, and neither is the rather major emphasis on the
miniexonA splicing. At least as important, as far as I see it, is the insight the study can provide into
the in vivo function of this fascinating LAR-RPTP - e.g. expression patterns, subcellular
localizations, synapse specificity, role in synapse development and function, role of miniexonA
splicing, or interaction targets.

2. In the introduction already, the authors describe their new mouse lines as "transgenic". I know
that there is confusion in the use of this term, but my understanding is that "transgenic" implies the
transfer of one gene to a (random) locus in another genome. The authors did much better as they
actually mutated the endogenous PTPd locus by homologous recombination (ES cells or CRISPR-
HDR). Why not use the more appropriate terms "knock-in" and "knock-out"?

3. The PTPd-tdTomato knock-in is a great idea given that endogenous PTPd is difficult to detect in
cells and tissues with currently available antibodies, but I think more validation of the new mouse
tool is required before one can take the data it reports at face value. After all, the tag is substantial in
size and there is the risk that it affects trafficking, subcellular localization, or even interaction with
substrates. | understand that the lack of useful antibodies prevents a comparison of the distributions
of WT and tagged PTPd. Or is there an antibody to PTPd that could be used to validate the
localization of PTPd-tdTomato in the knock-in - maybe at least in cultured neurons? If not, the next
best thing would be to show with a careful subcellular fractionation that the two variants co-
segregate across all relevant subcellular fractions (synaptic and non-synaptic). A second test that
could be done is to see whether cellular/synaptic pTyr patterns are the same in WT and PTPd-
tdTomato knock-in (analogous to Fig. 3, for instance). This is also critical in view of the fact that
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PTPd-tdTomato seems to be expressed at much lower levels than the WT variant (a phenomenon
that I would like to see quantified). Ultimately, one should also seriously consider testing the PTPd-
tdTomato knock-in for proper synapse function (e.g. in SLM). Another issue that needs some
consideration and discussion in my view is the apparently very high expression level of PTPd-
tdTomato in the corpus callosum (and the anterior commissure). This is weird for a synaptic protein.
Is this real and really within the axons, and can this be validated by Western blotting?

4. Fig. 1d is fascinating but also confusing. It shows hippocampal primary neurons from PTPd-
tdTomato knock-in hippocampus and demonstrates the axonal localization of PTPd-tdTomato. What
strikes me, though, is the fact that the cells that are cultured (i.e. hippocampal pyramidal and granule
cells) seem to be among the weakest PTPd-tdTomato expressors in the entire brain (see Fig. 1c -
where the synaptic neuropil containing presynapses of hippocampal pyramidal and granule cells is
essentially blank). Why did the authors not use cortical primary neurons for this type of analysis as
the cortex seems to be full of PTPd-tdTomato? I note that the authors show in Fig. S1 analogous
data from "hippocampal/cortical" neurons, but it is unclear to me what these are and what proportion
of the cells are cortical. A final issue regarding Fig. 1d is the strong perisomatic PTPd-tdTomato
labeling in the bottom panel series. Are these inhibitory (pre)synapses containing PTPd-tdTomato?

5. The question just posed above leads me to one key conclusion of the present paper, which is that
PTPd is specifically present at excitatory presynapses in the cells/tissues tested. Essentially, I am not
yet convinced that this is properly demonstrated. I like EM and synapse-type specificity of a given
target can be studied with EM. However, this requires careful experimentation and quantitative
analyses with proper statistics. Fig. 1e-1g is presented to demonstrate a specific localization of
PTPd-tdTomato at excitatory presynaptic terminals in the SLM. However, the corresponding large
field images (Fig. S1f-S1h) show abundant DAB signals in areas that I at least cannot attribute to
excitatory presynaptic terminals. I think this EM analysis needs to be done quantitatively with
statistics (e.g. synaptic, outside synapses, percentage of excitatory synapses labeled, etc.). In
conjunction with my concerns outlined in my point 4, [ was wondering why the authors did not try
to address the issue of synapse-type specificity using high-resolution or super-resolution
fluorescence microscopy - to study synapses first in cultured cells and then in the corresponding
tissue (note that, in contrast, Fig. 1d and Fig. 1e-1g deal with different synapses). In this manner, a
much larger dataset on a much larger variety of brain regions and synapse types could be generated,
probably with less effort than by using EM.

6. The specific deficit in SLM excitatory transmission in the PTPd knock-out (Fig. 2i) is a nice
indirect validation of the localization data obtained with the PTPd-tdTomato knock-in. The authors
associate this with a 40% reduction in PSD number per area in the SLM as assessed by EM. A
critical open question here is whether presynaptic terminals are also reduced in number. Are these
synapses really gone or just dysfunctional? Or are just the PSDs gone? Immunofluorescence
labeling for pre- and postsynaptic components should allow to resolve this issue.

7. What struck me in view of the data shown in Fig. 21 was the fact that the authors could not detect
a change in PSD95 levels (or in the levels of any other marker of excitatory postsynapses) in micro-
dissected SLM from PTPd knock-outs (Fig. S3). This is totally unexpected in view of the fact that
40% of PSDs are gone (Fig. 21). Is the micro-dissection possibly flawed?

8. The authors then moved on directly to pTyr proteomics of whole brains. In view of the data
provided up to this point, this feels like a huge step. I concede that it yielded a very important
finding, i.e. that the PTPd interaction partner ILIRAPLI is less Tyr-phosphorylated in the PTPd
knock-out. But was any quantitative proteomics done on synaptic fractions to see protein
composition correlates of the 40% PSD loss seen in SLM? I am just wondering - as it seems so
obvious - and would not want to send the authors back to the bench for this at this juncture. And:
Are overall levels of ILIRAPL1 altered anywhere in the brain of the PTPd knock-out (the second
WT-knock-out pair in Fig. 4a looks a bit as if ILIRAPL1 levels are lower in the knock-out).

9. The recapitulation of the PTPd knock-out phenotype by the knock-out of miniexonA is nice and
an essential addition to the story. A question that comes to mind when looking at Fig. 4h and 4i is
whether ILIRAPL1 is at these postsynapses. The authors state in their title that "trans-synaptic
PTPd-IL1RAPLI interaction regulates synapse formation", which is probably true but only inferred
based on previous data and the assumed effect of the genetic tools used. It seems important to show
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at least that ILIRAPL1 is postsynaptic in the SLM (showing that the biochemical changes happen
there will be more or less impossible).

10. The behavioral data are intriguing but somewhat detached from the rest of the paper as Fig. 1-4
deal with regions of the brain that are probably not directly involved in the behavioral defects of the
mutant mice. The discussion of these data reflects this detachment. I am not fully convinced that
they need to be part of this study.

Conclusion:

I would really like to see this study published in EMBO Journal. But I think - particularly for EMBO
Journal - a somewhat more elaborate analysis of the cell biology, which is at the core of the study, is
warranted. In essence, even some of the key conclusions are not watertight yet, e.g. the synapse-type
specificity of PTPd. I think resolving the issues I outlined above is necessary, but I am willing to
discuss this with the authors.

Referee #2:

PTPs are thought to mediate adhesion between pre-and postsynaptic site but many details remain to
be determined. Here Eunjoon Kim and co-workers show that PTPdelta has its highest expression
level in the SML layer of the neuropil in the hippocampus with remarkably little of this protein
present in neighboring layers including SR. Immuno-EM analysis indicates a mostly presynaptic
localization of PTPdelta. KO of PTPdelta as well as elimination of the small meA insert that
mediates binding to the postsynaptic adhesion protein ILIRAPLI lead to reduction in the strength of
synapses in SML but not SR or SO of the hippocampal CA1 area. In parallel, synapse number but
not size is reduced in the SML of these mice. The authors identified ILIRAPLI as the relevant
interaction partner by an unbiased proteomic screen for changes in tyrosine phosphorylation, another
strength of this manuscript. In this screen ILIRAPL1 showed by a large margin the highest change
in tyrosine phosphorylation. According to these functional studies, PTPdelta and especially its bind
to ILIRAPLI has a selective role in mediating synapse formation in a define hippocampal layer.

Furthermore, full PTPdelta KO as well as conditional KO in glutamatergic but not so much
GABAergic neurons and the meA deletion all result in hyperactivity as tested in open field and in
Laboras cages. Finally, EEG and EMG recordings from the meA deleted and the conditional
PTPdelta KO in glutamatergic neurons showed a reduction in nonREM sleep and delta power.

The experiments are very thorough and rigorously executed and conclusions as clearly supported
and of high interest. I only have a modest concern

Modest Concern:

Fig. 2: that PTPdelta immunolabeling is largely not overlapping with MAP2B labeling is not truly
indicative of the labeling being not within the dendrite. Microtubules and its associated MAP2B are
in the center of dendrites and proteins in or near the dendritic plasma membrane typically do not
overlap with MAP2B. However, this concern is alleviated by the immuno-EM analysis, which
shows a mostly presynaptic localization of PTPdelta at least at the synapse.

Minor Concern:

The various CAM should be better defined. For instance, for somebody outside the field it is not
clear what NGL3 stands. The authors might want to consider better defining all CAMs with full
names in the introduction or provide a table with full names.

Referee #3:

In this paper Park el al. studied extensively the function of the receptor tyrosine phosphatase

PTPdelta. Using extensively mouse genetics they clearly showed that PTPSelta in mature neurons is
essentially present only at the excitatory presynaptic membrane. The total deletion of PTPdelta in
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mice causes a specific decrease in excitatory synapse development and strength. Interestingly this is
mediated by tyrosine dephosphorylation and synaptic loss of ILIRAPL1, a major postsynaptic
partner. This was elegantly demonstrated by accurate phosphoproteomic analysis and using a
PTPdelta-mutant mouse lacking the PTPSelta-meA insert, thus expressing a PTPdelta mutant
lacking the ability to interact only with ILIRAPL1 among the other postsynaptic partners. Finally,
they also provide strong evidence that mice deleted of PTP3elta exhibit abnormal sleep behavior and
non-REM rhythms suggesting that specific alternative splicing in PTPelta and trans-synaptic
adhesion with ILIRAPLI regulates excitatory synapse development and sleep behavior.

This is a very impressive and comprehensive paper that strongly demonstrates the synaptic function
of PTPdelta. The data are very convincing and of top quality. The following two points should be
addressed to clarify a couple of open questions.

1) The paper provides very nice and convincing data indicating that PTPdelta is a presynaptic
protein localized at the excitatory synapses. They also showed, by EM analysis, that in the PTPdelta
KO mice there is a reduction of PSD density in the SLM layer of the CA1, but no changes in the
structure of the PSD. Considering that PTPdelta is a presynaptic phosphatase it should be important
to analyze the structure of the presynapses by measuring for example size of the terminals and the
density of synaptic vesicles.

2) To further strengthen the finding that PTPdelta deletion specifically reduces the localization of
IL1RAPL1 to PSD, it will be interesting to see if some of the other PTPdelta interacting
postsynaptic CAMs remain localized at PSD in PTP3elta and PTPSelta-meA KO mice. If antibodies
are available the authors should analyze the biochemical distribution on PSD fraction of some of the
other postsynaptic CAMs interacting with PTPdelta.

1st Revision - authors' response 24 February 2020
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Point-by-point responses to referees’ comments (EMBOJ-2019-104150)
Referee #1:

Park et al. present a very interesting study in the field of synaptogenesis research.
The general focus is on PTPd, a member of the family of LAR receptor protein
tyrosine phosphatases (LAR-RPTPs) and a known player in synaptogenesis. In this
context, PTPd is particularly interesting because it is thought to operate via multiple
trans-synaptic interaction partners and because some of these interactions are
controlled by alternative splicing of PTPd mRNAs. Further, PTPd is implicated in
multiple pathophysiological conditions.

The work is very substantial and built on three (!) new mutant mouse lines, a knock-
in mutant PTPd reporter line (tdTomato-tag), a new knock-out line, and a line
carrying a deletion of a small exon (miniexonA) that is known to be required for the
interaction of PTPd with its cognate interaction partner ILLIRAPL1. The 'gist' of the
study is that PTPd controls the formation of specific excitatory synapses in the
hippocampus via its interaction with ILLRAPL1 and that this depends on the
miniexonA. Further data show that knock-outs of PTPd or miniexonA result in
hyperactivity and sleep aberrations.

In essence, the study is of EMBO-Journal caliber - but because it covers a lot of
ground and employs a substantial set of new mouse genetics tools, there remain a
few areas where more information is required, as far as | see it.

- We appreciate the encouraging comments of the reviewer.

| am commenting in the order in which the respective issues appear in the
manuscript:

1. In order to stress the uniqueness of their study, the authors introduce it in a way
that borders on belittling previously published work. One corresponding issue relates
to the role of alternative splicing in synapse development, where the text states at
one point that "it remains unclear whether alternative splicing regulates synapse
development in vivo". Unless phrased in a much more differentiated manner (|
assume the authors are specifically alluding to synapse density), such a statement is
essentially wrong. The same is true for the subsequent statement that it is unknown
whether alternative splicing of synaptic adhesion proteins regulates specific brain
function. Here, several studies on Neurexins show that their alternative splicing
affects synapses in multiple circuits and document this at a level of functional
analysis that goes substantially beyond the analysis depth of the present paper. |
suggest to phrase all related passages in the introduction much more carefully in
order to reflect the published literature in a more balanced manner. | personally think
that these statements may not even be necessary at all, and neither is the rather
major emphasis on the miniexonA splicing. At least as important, as far as | see it, is
the insight the study can provide into the in vivo function of this fascinating LAR-
RPTP - e.g. expression patterns, subcellular localizations, synapse specificity, role in
synapse development and function, role of miniexonA splicing, or interaction targets.
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- We appreciate the thoughtful comments and accordingly modified the text in the
Introduction to more carefully include previous studies on alternative splicing-
dependent regulation of synapse development and brain functions. In addition, we
modified the text in a way to give more weights on the in vivo functions of LAR-
RPTPs rather than alternative splicing-dependent ‘synapse development’; i.e. we
removed the two sentences that state that whether alternative splicing regulates
synapse development or brain function is unclear.

2. In the introduction already, the authors describe their new mouse lines as
“"transgenic”. | know that there is confusion in the use of this term, but my
understanding is that "transgenic" implies the transfer of one gene to a (random)
locus in another genome. The authors did much better as they actually mutated the
endogenous PTPd locus by homologous recombination (ES cells or CRISPR-HDR).
Why not use the more appropriate terms "knock-in" and "knock-out"?

- We now use "knock-in" and "knock-out" terms in the Introduction.

3. The PTPd-tdTomato knock-in is a great idea given that endogenous PTPd is
difficult to detect in cells and tissues with currently available antibodies, but | think
more validation of the new mouse tool is required before one can take the data it
reports at face value. After all, the tag is substantial in size and there is the risk that it
affects trafficking, subcellular localization, or even interaction with substrates. |
understand that the lack of useful antibodies prevents a comparison of the
distributions of WT and tagged PTPd. Or is there an antibody to PTPd that could be
used to validate the localization of PTPd-tdTomato in the knock-in - maybe at least in
cultured neurons?

- We agree with the reviewer that there is the possibility that the C-terminal
tdTomato tag may interfere with protein trafficking, localization, and protein
interaction. Unfortunately, however, we do not have PTP3 antibodies that can be
used to visualize endogenous PTP3 proteins and to compare the synaptic
localization of endogenous PTP3 and PTP&-tdTomato proteins. However, we now
show the data from cultured neurons demonstrating that PTPs-tdTomato is mainly
targeted to excitatory synapses relative to inhibitory synapses (see our response to
your review comment #5 below). In addition, our new quantitative EM analysis
indicates that PTP3-tdTomato proteins are mainly at excitatory presynaptic sites
relative to inhibitory presynaptic sites (85% vs. 10%; see our response to your review
comment #5 below).

If not, the next best thing would be to show with a careful subcellular fractionation
that the two variants co-segregate across all relevant subcellular fractions (synaptic
and non-synaptic).

- We performed the requested experiment and found endogenous PTP6 and PTP&-
tdTomato proteins similarly distribute to different subcellular brain fractions (P1, S2,
P2, S3, P3, LP1, LS1, LP2 fractions) (Fig EV1J).



A second test that could be done is to see whether cellular/synaptic pTyr patterns are
the same in WT and PTPd-tdTomato knock-in (analogous to Fig. 3, for instance).
This is also critical in view of the fact that PTPd-tdTomato seems to be expressed at
much lower levels than the WT variant (a phenomenon that | would like to see
quantified). Ultimately, one should also seriously consider testing the PTPd-tdTomato
knock-in for proper synapse function (e.g. in SLM).

- We appreciate this thoughtful comment. In our opinion, pTyr pattern, or synaptic
transmission in SLM, is an indirect measure for synaptic localization of PTP&-
tdTomato and unlikely to give us conclusive evidence. Regarding the reduced levels
of PTP&-tdTomato, we added the following new data and text to Results: “The
reduced levels of PTP3-tdTomato proteins relative to endogenous PTPS proteins,
both of which represent the C-terminal fragment after proteolytic cleavage in the
middle of the protein (Chagnon, Uetani et al., 2004), could be attributable to the
destabilization of the hybrid PTP&-tdTomato protein. Alternatively, the tdTomato
portion of the PTP&-tdTomato protein may suppress the C-terminal PTP$ antibody to
bind to its cognate antigen. Notably, the N-terminal PTP3s antibody detected similar
amounts of the N-terminal fragment of PTP&-tdTomato (after cleavage) (Fig 1B).”

Another issue that needs some consideration and discussion in my view is the
apparently very high expression level of PTPd-tdTomato in the corpus callosum (and
the anterior commissure). This is weird for a synaptic protein. Is this real and really
within the axons, and can this be validated by Western blotting?

- We performed the suggested immunoblot analysis and found that PTP&-tdTomato
signals are indeed increased in the corpus callosum. We added the following text to
Results: “In line with the previous suggestion for presynaptic functions of PTPS,
PTPs-tdTomato signals were stronger in brain regions enriched with axonal fibers
such as the corpus callosum, as supported by immunoblot analysis of corpus
callosal samples (~50% higher in average intensity compared with the whole-brain
sample, n =4 mice, p = 0.0016, paired t-test).”.

4. Fig. 1d is fascinating but also confusing. It shows hippocampal primary neurons
from PTPd-tdTomato knock-in hippocampus and demonstrates the axonal
localization of PTPd-tdTomato. What strikes me, though, is the fact that the cells that
are cultured (i.e. hippocampal pyramidal and granule cells) seem to be among the
weakest PTPd-tdTomato expressors in the entire brain (see Fig. 1c - where the
synaptic neuropil containing presynapses of hippocampal pyramidal and granule
cells is essentially blank). Why did the authors not use cortical primary neurons for
this type of analysis as the cortex seems to be full of PTPd-tdTomato? | note that the
authors show in Fig. S1 analogous data from "hippocampal/cortical” neurons, but it is
unclear to me what these are and what proportion of the cells are cortical.

- Our sincere apologies for our mistake in our description! We actually used mixed
cultured neurons derived from two different brain regions (entorhinal cortex and
hippocampus; 1:2 mixture) where hippocampal neurons could possibly act as
postsynaptic neurons. We clarified this in the figure legends for both Fig 1D and Fig
EV1D,E.
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A final issue regarding Fig. 1d is the strong perisomatic PTPd-tdTomato labeling in
the bottom panel series. Are these inhibitory (pre)synapses containing PTPd-
tdTomato?

- We think that the strong tdTomato signals likely represent abundant axonal fibers
physically in contact with the cell body because we often observe strong signals for
tau (axonal marker) around the cell body (see the image of tdTomato-tau
colocalization below). In addition, these perisomatic tdTomato signals did not
colocalize with gephyrin (inhibitory synaptic marker) (see the image of tdTomato-
gephyrin colocalization below). Please find further details on PTPRD colocalization
with PSD-95 but not with gephyrin in our answers to your comment #5 below and the
new Fig 1E.

PTPRD-Tau localization

toTomato-gephyrin colocalization

Gephyrin

5. The question just posed above leads me to one key conclusion of the present
paper, which is that PTPd is specifically present at excitatory presynapses in the
cells/tissues tested. Essentially, | am not yet convinced that this is properly
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demonstrated. | like EM and synapse-type specificity of a given target can be studied
with EM. However, this requires careful experimentation and quantitative analyses
with proper statistics. Fig. 1e-1g is presented to demonstrate a specific localization of
PTPd-tdTomato at excitatory presynaptic terminals in the SLM. However, the
corresponding large field images (Fig. S1f-S1h) show abundant DAB signals in areas
that | at least cannot attribute to excitatory presynaptic terminals. | think this EM
analysis needs to be done quantitatively with statistics (e.g. synaptic, outside
synapses, percentage of excitatory synapses labeled, etc.).

- In response, we performed quantitative analysis of DAB signals in the EM images
and found that ~85% of PTP&-tdTomato signals are present in excitatory presynaptic
terminals apposed to PSDs, ~10% are present in presynaptic terminals not apposed
to PSDs, and ~5% are present in neuropils other than presynaptic terminals. (Fig.1l)

In conjunction with my concerns outlined in my point 4, | was wondering why the
authors did not try to address the issue of synapse-type specificity using high-
resolution or super-resolution fluorescence microscopy - to study synapses first in
cultured cells and then in the corresponding tissue (note that, in contrast, Fig. 1d and
Fig. 1e-1g deal with different synapses). In this manner, a much larger dataset on a
much larger variety of brain regions and synapse types could be generated, probably
with less effort than by using EM.

- We now show the data from cultured neurons (entorhinal cortex + hippocampus),
which clearly show that the majority of the PTP&-tdTomato signals are in contact with
PSD-95 (excitatory synaptic marker) but not with gephyrin (inhibitory synaptic
marker) (Fig 1E). Quantitative analysis indicated that PTPs-tdTomato signals were
more strongly (~2.7-folds) in contact with excitatory synapses (PSD-95) relative to
inhibitory synapses (gephyrin) (Fig EV1F), in line with the strong (~85%) excitatory
synaptic localization of PTPS-tdTomato signals at excitatory synapses in the SLM
region of the hippocampus (Fig. 1F). This difference (2.7:1 in cultured neurons and
85% vs 10% in EM) could be due to the difference between in vitro and in vivo
contexts, or that the cultured neurons were from both cortical and hippocampal
regions but not from the SLM region. This suggests the intriguing possibility that
PTP& may also be at excitatory synapses in addition to inhibitory synapses in other
brain regions.

Addressing synapse-type specificity using high-resolution fluorescence
microscopy and cultured neurons or tissues from various brain areas is indeed a
very important task. We believe, however, that this question, which should be
comprehensively and carefully addressed for convincing conclusions, constitutes a
topic for a follow-up study. It is certainly possible that brain regions other than the
hippocampal SLM may contain PTPS proteins at inhibitory synapses in addition to
excitatory synapses. We thus empathized this possibility briefly in Results as follows:
“‘However, these results do not exclude the possibility that PTPS proteins are present
at inhibitory synapses in addition to excitatory synapses in brain regions other than
the hippocampal SLM.”

6. The specific deficit in SLM excitatory transmission in the PTPd knock-out (Fig. 2i)
is a nice indirect validation of the localization data obtained with the PTPd-tdTomato
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knock-in. The authors associate this with a 40% reduction in PSD number per area
in the SLM as assessed by EM. A critical open question here is whether presynaptic
terminals are also reduced in number. Are these synapses really gone or just
dysfunctional? Or are just the PSDs gone? Immunofluorescence labeling for pre-
and postsynaptic components should allow to resolve this issue.

- We performed a quantitative EM analysis and found that the density of
presynaptic nerve terminals was decreased (~28%) in the Ptprd~- SLM, whereas the
area of nerve terminals and the density of presynaptic vesicles were normal (Fig.
2P-R), suggesting that presynaptic structures are substantially eliminated together
with postsynaptic structures. We appreciate the idea of immunofluorescence labeling
but thought that parallel pre- and postsynaptic quantifications may be informative.

7. What struck me in view of the data shown in Fig. 2| was the fact that the authors
could not detect a change in PSD95 levels (or in the levels of any other marker of
excitatory postsynapses) in micro-dissected SLM from PTPd knock-outs (Fig. S3).
This is totally unexpected in view of the fact that 40% of PSDs are gone (Fig. 2l). Is
the micro-dissection possibly flawed?

- We think that our micro-dissection procedure is reliable because SLM marker
proteins (NGL-1 and HCN1) were enriched in our SLM samples. The discrepancy
could be attributable to that the results in Fig 2L are from PSD samples, whereas
those in Fig. S3 (now Fig EV3) are from total lysates (now clarified in the figure
legend; our sincere apologies!). These results suggest that synaptic proteins
released from the eliminated excitatory synapses in mutant neurons may be present
at certain non-synaptic sites without degradation. In support of this possibility, i.e. in
Fig. 4B and G, levels of IL1RAPL1 proteins are decreased in PSDs but not
decreased in the P2 fraction. We thus added the following text to Results: “The lack
of changes in the levels of major postsynaptic proteins in the SLM region of Ptprd—"-
mice may be attributable to that total lysates, but not synapse-enriched preparations,
were used for immunoblot analyses (see the results in Fig 4 below).”

8. The authors then moved on directly to pTyr proteomics of whole brains. In view of
the data provided up to this point, this feels like a huge step. | concede that it yielded
a very important finding, i.e. that the PTPd interaction partner ILLRAPL1 is less Tyr-
phosphorylated in the PTPd knock-out. But was any quantitative proteomics done on
synaptic fractions to see protein composition correlates of the 40% PSD loss seen in
SLM? | am just wondering - as it seems so obvious - and would not want to send the
authors back to the bench for this at this juncture. And: Are overall levels of
ILLRAPL1 altered anywhere in the brain of the PTPd knock-out (the second WT-
knock-out pair in Fig. 4a looks a bit as if ILLIRAPL1 levels are lower in the knock-out).

- We have not performed a proteomic analysis of SPM (synaptic plasma
membrane) or PSD samples because the amounts of proteins in PSD samples may
not be sufficient for proteomic analysis, and SPM is a fraction where synaptic
proteins would be minimally decreased in the mutant mice, as shown in Fig. 4B and
G; we hope that the reviewer understands.

The decreasing tendency in IL1RAPL1 levels in the second WT-KO pair in
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Fig. 4Ais because a relatively small amount of sample was loaded, as shown by the
B-actin immunoblot. We replaced the images in the figure with better ones.

9. The recapitulation of the PTPd knock-out phenotype by the knock-out of
miniexonA is nice and an essential addition to the story. A question that comes to
mind when looking at Fig. 4h and 4i is whether ILLRAPLL1 is at these postsynapses.
The authors state in their title that "trans-synaptic PTPd-ILLRAPLL1 interaction
regulates synapse formation”, which is probably true but only inferred based on
previous data and the assumed effect of the genetic tools used. It seems important
to show at least that ILLRAPL1 is postsynaptic in the SLM (showing that the
biochemical changes happen there will be more or less impossible).

- This is an important question. However, unfortunately, we do not have antibodies
that work for immunostaining of IL1RAPL1 proteins in hippocampal slices. We have
to emphasize, however, that IL1RAPL1 is enriched in the PSD fraction relative to the
P2 (crude synaptosomal) fraction (Fig. 4B and G), supporting its potential
enrichment at postsynaptic sites in the SLM region, although our PSD samples were
from the whole brain. In addition, previous studies strongly support the postsynaptic
localization of IL1RAPL1. Specifically, IL1RAPL1 is enriched in PSDs and interacts
with and promotes the synaptic localization PSD-95 (Pavlowsky, Gianfelice et al.,
2010). HA-tagged IL1RAPL1 expressed in cultured hippocampal neurons is targeted
to dendritic spines to attract excitatory presynaptic nerve terminals through trans-
synaptic mechanisms and induce functional excitatory synapse formation (Valnegri,
Montrasio et al., 2011, Yoshida, Yasumura et al., 2011). IL1RAPL1 deficiency in mice
leads to a decrease in dendritic spine density in the hippocampus (Pavlowsky et al.,
2010, Yasumura, Yoshida et al., 2014). We commented on these aspects with
references in Results.

10. The behavioral data are intriguing but somewhat detached from the rest of the
paper as Fig. 1-4 deal with regions of the brain that are probably not directly involved
in the behavioral defects of the mutant mice. The discussion of these data reflects
this detachment. | am not fully convinced that they need to be part of this study.

- We agree with the reviewer’s point. However, an important component of our
study is to show the impacts of alternative splicing at both synaptic and behavioral
levels, although these correlations should certainly be studied more in future studies.
In addition, the face validity in the current study liking defective PTP3 with sleep
dysfunctions would be important information to the researchers studying synaptic
adhesion molecules (including PTP3) and sleep disorders. We also discussed this
issue with the editor. Lastly, although not requested, we added some more n
numbers for the behaviors of Ptprd-meA~ mice (Appendix Fig 1l and J and Fig
EV4E and G) to solidify our conclusion that Ptprd~- and Ptprd-meA~- mice show
similar behaviors.

Conclusion:

| would really like to see this study published in EMBO Journal. But | think -
particularly for EMBO Journal - a somewhat more elaborate analysis of the cell
biology, which is at the core of the study, is warranted. In essence, even some of the
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key conclusions are not watertight yet, e.g. the synapse-type specificity of PTPd. |
think resolving the issues | outlined above is necessary, but | am willing to discuss
this with the authors.

- We believe that we tried our best to address all of the major comments raised.
Again, we appreciate the very helpful comments of the reviewer.

Referee #2:

PTPs are thought to mediate adhesion between pre-and postsynaptic site but many
details remain to be determined. Here Eunjoon Kim and co-workers show that
PTPdelta has its highest expression level in the SML layer of the neuropil in the
hippocampus with remarkably little of this protein present in neighboring layers
including SR. Immuno-EM analysis indicates a mostly presynaptic localization of
PTPdelta. KO of PTPdelta as well as elimination of the small meA insert that
mediates binding to the postsynaptic adhesion protein ILLRAPL1 lead to reduction in
the strength of synapses in SML but not SR or SO of the hippocampal CA1 area. In
parallel, synapse number but not size is reduced in the SML of these mice. The
authors identified ILLRAPL1 as the relevant interaction partner by an unbiased
proteomic screen for changes in tyrosine phosphorylation, another strength of this
manuscript. In this screen ILLRAPL1 showed by a large margin the highest change
in tyrosine phosphorylation. According to these functional studies, PTPdelta and
especially its bind to ILLRAPL1 has a selective role in mediating synapse formation
in a define hippocampal layer.

Furthermore, full PTPdelta KO as well as conditional KO in glutamatergic but not so
much GABAergic neurons and the meA deletion all result in hyperactivity as tested in
open field and in Laboras cages. Finally, EEG and EMG recordings from the meA
deleted and the conditional PTPdelta KO in glutamatergic neurons showed a
reduction in nonREM sleep and delta power.

The experiments are very thorough and rigorously executed and conclusions as
clearly supported and of high interest. | only have a modest concern

- We appreciate the encouraging comments of the reviewer.
Modest Concern:

Fig. 2: that PTPdelta immunolabeling is largely not overlapping with MAP2B labeling
is not truly indicative of the labeling being not within the dendrite. Microtubules and
its associated MAP2B are in the center of dendrites and proteins in or near the
dendritic plasma membrane typically do not overlap with MAP2B. However, this
concern is alleviated by the immuno-EM analysis, which shows a mostly presynaptic
localization of PTPdelta at least at the synapse.

- We agree with the reviewer that the minimal colocalization of PTP3-tdTomato
signals with MAP2 does not necessarily mean that PTPd-tdTomato signals are not in
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dendrites. We clarified this point in both Results and figure legends.
Minor Concern:

The various CAM should be better defined. For instance, for somebody outside the
field it is not clear what NGL3 stands. The authors might want to consider better
defining all CAMs with full names in the introduction or provide a table with full
names.

- We provided full names for all the CAMs appearing in the Introduction.

Lastly, although not requested, we added some more n numbers for the behaviors of
Ptprd-meA~- mice (Appendix Fig 11 and J and Fig EV4E and G) to solidify our
conclusion that Ptprd~- and Ptprd-meA~- mice show similar behaviors. Again, we
appreciate the very helpful comments of the reviewer.

Referee #3:

In this paper Park el al. studied extensively the function of the receptor tyrosine
phosphatase PTPdelta. Using extensively mouse genetics they clearly showed that
PTPdelta in mature neurons is essentially present only at the excitatory presynaptic
membrane. The total deletion of PTPdelta in mice causes a specific decrease in
excitatory synapse development and strength. Interestingly this is mediated by
tyrosine dephosphorylation and synaptic loss of ILLIRAPL1, a major postsynaptic
partner. This was elegantly demonstrated by accurate phosphoproteomic analysis
and using a PTP delta-mutant mouse lacking the PTP selta-meA insert, thus
expressing a PTPdelta mutant lacking the ability to interact only with ILLRAPL1
among the other postsynaptic partners. Finally, they also provide strong evidence
that mice deleted of PTP delta exhibit abnormal sleep behavior and non-REM
rhythms suggesting that specific alternative splicing in PTPdelta and trans-synaptic
adhesion with ILLRAPL1 regulates excitatory synapse development and sleep
behavior.

This is a very impressive and comprehensive paper that strongly demonstrates the
synaptic function of PTPdelta. The data are very convincing and of top quality. The
following two points should be addressed to clarify a couple of open questions.

- We appreciate the encouraging comments of the reviewer!

1) The paper provides very nice and convincing data indicating that PTPdelta is a
presynaptic protein localized at the excitatory synapses. They also showed, by EM
analysis, that in the PTPdelta KO mice there is a reduction of PSD density in the
SLM layer of the CAL, but no changes in the structure of the PSD. Considering that
PTPdelta is a presynaptic phosphatase it should be important to analyze the
structure of the presynapses by measuring for example size of the terminals and the
density of synaptic vesicles.

- In response, we performed the suggested EM quantification and found that the
9



density of presynaptic nerve terminals was decreased by ~28% in the Ptprd=- SLM,
whereas the area of nerve terminals, or the density of presynaptic vesicles, was not
decreased (Fig 2P-R). Considering the ~40% decrease in the density of PSD, these
results suggest that presynaptic structures are substantially eliminated together with
postsynaptic structures.

2) To further strengthen the finding that PTPdelta deletion specifically reduces the
localization of ILLRAPLL1 to PSD, it will be interesting to see if some of the other
PTPdelta interacting postsynaptic CAMs remain localized at PSD in PTP delta and
PTPdelta-meA KO mice. If antibodies are available the authors should analyze the
biochemical distribution on PSD fraction of some of the other postsynaptic CAMs
interacting with PTPdelta.

- We performed the requested experiment and found, in Ptprd=- mice, that other
PTPg-binning postsynaptic adhesion molecules such as Slitrk3, IL1RAcP, and NGL-3
in synaptic fractions (P2, SPM, and PSD) were normal, being comparable to those in
WT samples (Fig EV3G). Similarly, in Ptprd-meA~- mice, levels of Slitrk3, IL1RACP,
and NGL-3 in synaptic fractions (P2, SPM, and PSD) were normal (Fig EV3H).
These results contrast with the selective decrease in IL1RAPL1 levels.

Lastly, although not requested, we added some more n numbers for the
behaviors of Ptprd-meA~ mice (Appendix Fig 11 and J and Fig EV4E and G) to
solidify our conclusion that Ptprd=- and Ptprd-meA~- mice show similar behaviors.
Again, we appreciate the very helpful comments of the reviewer.
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2nd Editorial Decision 13 March 2020

Thank you for submitting your revised manuscript to The EMBO Journal.

Your study has now been seen by the two original referees and their comments are provided below.
As you can see, the referees appreciate the introduced revisions and support publication here. [ am
therefore very pleased to accept the manuscript for publication here. Before I can send you the
formal accept letter there are just a few remaining things we should sort out in a final revision.

- The reference format should be updated to fit the EMBO Journal style.

- You need to add the appendix figure plus legend to an appendix with a ToC. . The two tables
uploaded as appendix tables should be re-labeled as Dataset EV1 and EV2 and their callouts need to
be adjusted in the text.

- The proteomic data set should be deposited in a database and the accession number provided in the
in the data availability section

- We encourage the publication of source data, particularly for electrophoretic gels and blots, with
the aim of making primary data more accessible and transparent to the reader. It would be great if
you could provide me with a PDF file per figure that contains the original, uncropped and
unprocessed scans of all or key gels used in the figure? The PDF files should be labeled with the
appropriate figure/panel number, and should have molecular weight markers; further annotation
could be useful but is not essential. The PDF files will be published online with the article as
supplementary "Source Data" files.
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comments.

That should be all.

Congratulations on a nice study
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support publication.
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1. Data

The data shown in figures should satisfy the following conditions:
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the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.

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

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

if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
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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;
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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.
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Please fill these boxes

(Do not worry if you cannot see all your text once you press retur:

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

Sample size was determined based on relevant published literature (Shah et. al., 2011) and/or by
the nature of the experimental design

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

Statement included in the Methods section

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

Outliers were excluded based on the results of the ROUT test (Q = 1%).

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.

All experiments were done in a strictly double-blind manner.

For animal studies, include a statement about randomization even if no randomization was used.

Selection of mice was based solely on genotype and sex. All other factors were randomized.

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.

Yes. All experiments and analysis was done in double-blind manner

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

Statement included in the Methods section

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

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

All assumptions were for the employed statistical tests were used unless there were no alternative
statistical analysis available. Statistical methods and details are available in the Dataset EV2.

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

Variance is estimated as part of the statistical analysis wherever necessary




Is the variance similar between the groups that are being statistically compared? Not all variances were similar. If alternative statistical tests that are not affected by dissimilar
variance was available, it has been used for that analysis.

C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog |We added the details of antibody used in the Method section.
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).

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

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

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |All relevant details are present in the Methods section
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |All animals used in this study were maintained and procedures performed in accord with the
committee(s) approving the experiments. Requirements of Animal Research at KAIST. Experimental procedures were approved by the
Committee on Animal Research at KAIST (KA2012-19).

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), €1000412, 2010) to ensure [No compliance
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.

E- Human Subjects

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.

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data Statement included in the Methods section
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

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
repositories 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 respecting|N/A
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 ina |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 supplementary information.

G- Dual use research of concern

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




