Reviewers' comments:
Reviewer #1 (Remarks to the Author):

The paper by Moreau and colleagues examines the functional connectivity (FC) correlates of four
CNVs that confer high risk for psychiatric disorders (16p11.2 and 22q11.2 deletion/duplication),
particularly ASD and schizophrenia (Sz). Using an exploratory “connectome-wide association
studies” (CWAS) approach, they find that gene dosage is associated with mirrored effects in the
functional connectome, with 16p11.2 deletions and 22q11.2 duplications being associated with
hyperconnectivity while 16p11.2 duplications and 22q11.2 deletions are associated with
hypoconnectivity with larger effect sizes than seen for idiopathic ASD, Sz, and ADHD. The authors
go on to show that the signatures of idiopathic Schizophrenia and ASD at the individual level are
correlated with the group-level “signatures” of the four CNVs (primarily, 16p11.2
deletions/duplications and 22q11.2 deletions) and that there are regional relationships between
symptom severity and the degree of similarity between individuals with idiopathic diagnoses and
the CNV FC signatures. Finally, the authors show robust similarity between the gene co-expression
patterns for the 16p11.2 and 22q11.2 deletions.

The paper presents an innovative set of analyses and addresses a novel and important research
question about the similarity between the brain signatures of neuropsychiatric CNVs and those of
idiopathic diagnoses. The proof-of-concept findings will be of broad interest to researchers working
in the area of neuropsychiatric genetics and neuropsychiatry more generally. The paper is well
written, the data and analyses are sound, the results are compelling, and the figures are excellent.

I have reviewed this paper once already for a different journal. My original review was very
positive, though I highlighted some weaknesses, omissions, and issues for clarification. I am
pleased to see that these concerns have been addressed by the authors in this version. In
particular, the authors have improved their description of the participant samples and have
clarified the analysis of similarities between CNV signatures and the idiopathic diagnoses at the
individual-level, adding an explanatory schematic (Fig. 2). In addition, they have made changes to
address concerns about sample size and gender distribution as well as the presence of psychiatric
diagnoses amongst CNV carriers. There are several welcome additions to the paper, such as the
gene co-expression analysis. Below, I have outlined some minor remaining issues and clarifications
that could be addressed to further improve the paper.

There are several welcome additions to the discussion. However, I still find the discussion
somewhat lacking in terms of consideration of the results in the light of existing literature and in
terms of outlining the implications of the findings. For example, the pattern of underconnectivity
obtained for ASD is different from the more mixed pattern reported in the literature and referred
to in the introduction (e.g., Holiga et al.). Given that the data analyzed here (from the ABIDE
sample) have already been reported on (by e.g., Di Martino et al., 2014), can the authors explain
the discrepancy? Another point that merits elaboration in the discussion is the contrast between
the overall categorical diagnostic effects and the individual-level correlations with CNV patterns -
for example, does this suggest the potential presence of genetic subgroups within the indiopathic
cohorts with more diverse connectopathies? On the other hand, given the direct comparison of
CNV carriers and idiopathic groups, the prevalence of the same psychiatric diagnoses amongst
CNV carriers (e.g., half of the 22q11.2 deletion carriers have a diagnosis of ASD, per Table 1)
seems an important issue that should be considered in the discussion.

Supplementary Figure 8 shows that there is considerable variation in motion between cohorts, and
that a very substantial proportions of frames have been removed (“scrubbed”) from the analysis
for many participants. Further, the minimum number of frames (40) required for inclusion in the
study is very low. Importantly, there appear to be very significant case-control cohort differences
in the extent of scrubbing. Are the authors confident that the results are robust to the choice of
motion mitigation strategy - that is, that the same results would be obtained if a different



approach than “scrubbing” had been used such as global signal regression or participant
elimination? In the context of group comparisons, what is the impact of one group having
significantly fewer frames than the other from which to compute FC?

Page 5 - the expression “mirror effects” appears here for the first time (after the abstract). The
meaning of this phrase may not be clear to all readers and should be explained upon its first
appearance.

Table 1 - the legend doesn’t explain the meaning of the right-most columns indicating diagnoses.

Clare Kelly

Reviewer #2 (Remarks to the Author):

The study describes a connectome-wide association study based on functional connectivity. The
novel part of the study is comparing carriers of pathogenic CNVs (16p11.2 and 22q11.2) and
idiopathic psychiatric conditions (autism, schizophrenia and ADHD). But there are previous studies
that did analyzed functional connectivity in 22q11.2 and 16p11.2 deletion carriers — although not
by CWAS. Deletions and duplications of the above CNVs showed opposite effects, which strengthen
the reliability of the results, with effect size larger compared to the psychiatric conditions. They
also analyses gene co-expression as a way to understand the similarities between the CNVs.

General comment:

Overall I found the study interesting, but because of its descriptive nature, the paper does not
provides new understanding and mechanisms for psychiatric disorders or for the effect of the
CNVs. Giving the large number of tests and potential confoundings it is not clear that the findings
are directly related to the conditions.

Specific comments:

1. In this study the CWAS was conducted using linear regression. I am not sure that this is the
best way to analyses the data. Most common methods are based on general linear model (GLM),
but there are more advanced and robust methods to analyses the data:

Gong W, Cheng F, Rolls ET, Lo CY, Huang CC, Tsai SJ, Yang AC, Lin CP, Feng J. A powerful and
efficient multivariate approach for voxel-level connectome-wide association studies. NeuroImage.
2019 Mar 1;188:628-41.

2. In this study they found overall under-connectivity for ASD, but I am not sure what the
explanation is for the inconsistencies with previous studies.

Reviewer #3 (Remarks to the Author):

This premise of this study by Moreau is an important one: how do common CNVs associated with
neuropsychiatric disorders correlate with functional connectivity measures as assessed by fMRI? To
address this question, the authors assembled data from a large cohort of individuals with either
deletion or duplication of 16p11.2 or 22q11.2 together with a cohort of individuals with either
idiopathic autism or schizophrenia (and matched controls for both).

The authors find that at a network level, 16p11.2 has a mirror effect but 22q11.2 does not.
One of the most interesting findings is the integration of symptom data with the FC signatures. In



this case, similarity between idiopathic ASD and CNV deletions correspond to particular
connections and ADOS/FSIQ scores, whereas no such similarities were found for schizophrenia
data.

While this manuscript has some results that might be informative for the field, there are some
issues that should be addressed to improve the presentation of the results.

Major issues:

1) In general, each of the main results appears to be of general interest for understanding the
biology of these disorders, however, the authors do not link the finding together in a cohesive
manner. It is still not clear to me how specific CNV deletions or duplications are related to brain
properties. I am only left with the knowledge that these are still somehow related to “abnormal”
brain function, that there are similarities and differences, but a clearly defined mechanism or
hypothesis is not generated.

2) To understand which regions are responsible for dysconnectivity, the authors find the regions
with preserved connectivity in CNV and idiopathic conditions but not in control subjects. Since
delineating the regions important for this phenomenon is a crucial part of any in-depth future
study, it would be much more comprehensive if the authors grouped the regions based on altered
connectivity w



Reviewer 1

Preamble

The paper presents an innovative set of analyses and addresses a novel and important research question about the
similarity between the brain signatures of neuropsychiatric CNVs and those of idiopathic diagnoses. The
proof-of-concept findings will be of broad interest to researchers working in the area of neuropsychiatric
genetics and neuropsychiatry more generally. The paper is well written, the data and analyses are sound, the

results are compelling, and the figures are excellent.

I have reviewed this paper once already for a different journal. My original review was very positive, though |
highlighted some weaknesses, omissions, and issues for clarification. I am pleased to see that these concerns
have been addressed by the authors in this version. In particular, the authors have improved their description of
the participant samples and have clarified the analysis of similarities between CNV signatures and the idiopathic
diagnoses at the individual-level, adding an explanatory schematic (Fig. 2). In addition, they have made changes
to address concerns about sample size and gender distribution as well as the presence of psychiatric diagnoses
amongst CNV carriers. There are several welcome additions to the paper, such as the gene co-expression
analysis. Below, I have outlined some minor remaining issues and clarifications that could be addressed to

further improve the paper.

There are several welcome additions to the discussion.

Question 1

However, [ still find the discussion somewhat lacking in terms of consideration of the results in the light of
existing literature and in terms of outlining the implications of the findings. For example, the pattern of
underconnectivity obtained for ASD is different from the more mixed pattern reported in the literature and
referred to in the introduction (e.g., Holiga et al.). Given that the data analyzed here (from the ABIDE sample)

have already been reported on (be.g., Di Martino et al., 2014), can the authors explain the discrepancy?

Response: We fully agree that it is important to discuss the consistency of our findings with previous studies on
ASD and schizophrenia. As suggested by the reviewer, we compared our findings on ASD with the paper by Di
Martino' that also used data from the ABIDE 1 sample. Despite preprocessing and analytical differences in the
work of Di Martino, the pattern of ASD associated FC-alterations is highly consistent. Our findings of general

underconnectivity with overconnectivity of cortico-subcortical connections between the thalamus and


https://paperpile.com/c/bWtST7/uJua

sensorimotor areas (Supplementary Figure 4.a-d) are in line with those reported by Di Martino, and other studies

>4 (eg. the “Generalizability and reproducibility of functional connectivity in autism” by King et al).

Work by Holiga and colleagues > reports findings of prefrontal and parietal overconnectivity, and sensory-motor
underconnectivity in autism. A direct comparison with these findings is more challenging, both because of
differences of methodology (data in Holiga’s work are corrected for global signal during preprocessing and
analyzed with respect to degree centrality) and analytic focus. Holiga’s work targets reproducibility of degree
centrality findings, and FC alterations are reported for areas within a mask of altered degree centrality. Authors
report reproducible alterations of degree centrality across datasets that include ABIDE using a mask based on FC

alterations observed in the EU-AIMS data that is not currently available to the research community.

Based on our new review of the literature, we modified the introduction:

(13

Studies applying this analytical strategy in ASD have repeatedly shown patterns of widespread
under-connectivity with the exception of overconnectivity in cortico-subcortical connections, particularly

b

involving the thalamus '?...’
We also added the following section in the discussion:

“..Reproducibility of rs-fMRI in psychiatry has been challenging. However, when studies using similar
analytical strategies are compared, there are consistent results. In SZ and ASD, a global decrease in FC has been
reported by most studies except for those adjusting for global signal *°. Increased thalamocortical connectivity is
also repeatedly reported in both conditions >"*. These previous findings are consistent with our results (see
Supplementary Results). The 22q11.2 deletion FC signature is consistent with previous works on 22q11.2 FC
alterations that showed 1) underconnectivity of the DMN *'°, 2) thalamocortical overconnectivity and
underconnectivity involving the hippocampus ''. The only rs-fMRI study previously published for the 16p11.2
deletion focused on the dmPFC '. Using the same approach and regressing global signal, we also found
underconnectivity of the dmPFC with the same set of regions. This highlights the fact that many seemingly

discrepant results can be reconciled once methodologies are aligned....”

Finally, we added this Supplementary figure 4.


https://paperpile.com/c/bWtST7/zsTz+BjsBe+5rNCR
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Supplementary Figure 4: Effects of ASD and SZ on FC before and after adjustment for global signal. The
adjustment removes the mean shift (global underconnectivity observed in ASD and SZ). The alterations of each

region and network relative to one another remain similar before and after adjustment and both FC-signatures
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(beta maps) are highly correlated (r=0.98). This also demonstrates that ASD and SZ are associated with a mean

shift in connectivity as well as a reorganisation of networks relative to one another.



Question 2

Another point that merits elaboration in the discussion is the contrast between the overall categorical diagnostic
effects and the individual-level correlations with CNV patterns — for example, does this suggest the potential

presence of genetic subgroups within the idiopathic cohorts with more diverse connectopathies?

Response: It is highly unlikely that subgroups of CNV carriers within the idiopathic cohorts are driving the
CNV-idiopathic similarities observed in our study. Indeed, 22q11.2 and 16p11.2 CNVs are observed in less than

1% of autism or schizophrenia cohorts .
We added the following sentences in the limitations :

“There is no available genetic data for any of the three idiopathic cohorts. However, the frequency of 16p11.2
and 22q11.2 CNVs in ASD or SZ is < 1% "*'*. This suggests that the observed FC similarities between CNVs
and ASD or SZ, are driven by other factors.”

Question 3

On the other hand, given the direct comparison of CNV carriers and idiopathic groups, the prevalence of the
same psychiatric diagnoses amongst CNV carriers (e.g., half of the 22q11.2 deletion carriers have a diagnosis of

ASD, per Table 1) seems an important issue that should be considered in the discussion.

Response: This is indeed an important issue to consider. Previous studies including some from our lab " have
demonstrated that the main structural neuroimaging alterations associated with CNVs were not influenced by the
different psychiatric diagnoses present in CNV carriers '°. This suggests that the neuroimaging alterations
reflect the biological risk associated with the CNV and not the final diagnosis which results from the sum of

CNYV effects + additional factors.

To address this comment, we performed a sensitivity analysis to understand if the presence of a psychiatric
diagnosis impacts the CNV FC signature. We compared the FC signatures of 22q11.2 deletion carriers with and
without ASD. Both FC signatures showed the same global underconnectivity (Supplemental Figure 1) and were
strongly correlated with the one presented in the manuscript despite the smaller sample size (r=0.83 to 0.90). The
same sensitivity analysis also showed that ADHD diagnosis had no detectable influence on the 22q11.2 deletion

FC signature.


https://paperpile.com/c/bWtST7/Njgv
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We performed the similarity analyses between 22ql11.2 deletion profiles and idiopathic conditions after
exclusion of 22q11.2 subjects with either ASD or ADHD. Results in the new supplemental Figure 1 (below)

show that the same regions are driving similarities with 22q11.2 FC profiles irrespective of diagnoses.

To conclude, although there is likely an effect of psychiatric diagnosis on CNV connectivity profiles, we expect
those effect sizes to be small (comparable to those observed in cases control studies of ASD and SZ). Therefore,
it would require CNVs sample sizes in the hundreds to observe the effects of ascertainment and psychiatric

diagnoses in CNV carriers.
We added a section on this point in the legend of table 1:

“...Sensitivity analysis also showed that the FC-signature of 22q11.2 deletions is not influenced by a diagnosis of
ASD or ADHD...”

In the results :

“... Sensitivity analysis showed that the same regions are driving similarities with SZ and ASD irrespective of

psychiatric diagnoses in 22q11.2 deletion carriers (see supplemental Figure 1)....”
And in the discussion :

“..Those include sex bias, which is present across all 3 psychiatric cohorts, age differences in the 16p11.2

deletion group, diagnosis of ASD and ADHD in 22q11.2 deletion carriers, and...”

We added the following figure in Supplementary results:
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Supplemental Figure 1: Sensitivity analyses psychiatric diagnoses in 22q11.2 deletion

Legend: a) Density plots show the distribution of beta coefficients of CWAS contrasting controls and subgroups
of 22q11.2 deletion (with and without diagnoses, in orange and green respectively). The full 22q11.2 sample is
in blue. Under-connectivity is present in all 22q11.2 subgroups irrespective of diagnosis. b) Similarities between
22q11.2 regional FC-signature and individuals with ASD and SZ. The same regions showed similarities in all
22q11.2 subgroups irrespective of psychiatric diagnosis, despite the 2-fold decrease in sample size. Maps are
thresholded maps (FDR). Color scale represents the similarity effect size (Mann Whitney, rank biserial

correlation).

Question 4

Supplementary Figure 8 shows that there is considerable variation in motion between cohorts and that a very
substantial proportions of frames have been removed (“scrubbed”) from the analysis for many participants.
Further, the minimum number of frames (40) required for inclusion in the study is very low. Importantly, there

appear to be very significant case-control cohort differences in the extent of scrubbing.
Response:

Motion is an essential confounding factor in populations with neurodevelopmental disorders. We have carefully
investigated the potential effects of motion and scrubbing throughout the analyses. As requested by the reviewer,
we performed additional sensitivity analyses by excluding all individuals with less than 60 frames (n=4 deletion
carriers, 4 duplication carriers, 10 controls). The CWAS results are very close to those obtained with all
participants. FC-signatures before and after exclusion showed an r=0.94 and r=0.89 for 16p11.2 deletions and

duplications respectively.

We also analyzed additional deletions (n=16), and duplications (n=5) and controls (n=1300) from 4 additional sites
including the UK Biobank. All individuals had >60 frames. The new FC-signatures profiles were correlated with the
initial ones (r=0.79 et r=0.87 for deletions and duplications) and demonstrated similar overconnectivity and
thalamo-sensory disturbance despite different ascertainments, and noise introduced by additional sites. The 16p11.2
FC-signature obtained with this larger sample shows the same similarities with ASD and SZ and the thalamus remains
a central region driving similarities with both conditions. We did not include these new data in the manuscript,
because they do not change the results and conclusions of the study and would require updating every single

downstream analysis throughout the main manuscript and supplemental file.

Of note, we did not perform this sensitivity analysis on the 22q11.2 data since all individuals had>60 frames.



We added the following information in the results:

“...A sensitivity analysis showed that results are unaffected by differences in age distribution between deletions
and control groups as well as the number of remaining frames available after scrubbing (see Supplementary

Results)...”
As well as in the Supplementary Results:
“Sensitivity analysis on the number of remaining frames in 16p11.2 deletion carriers

We performed a sensitivity analysis by excluding all individuals with less than 60 frames (n=4 deletion carriers,
4 duplication carriers, 10 controls). The CWAS results were very close to those obtained with all participants.
FC-signatures before and after exclusion showed an r=0.94 and r=0.89 for 16p11.2 deletions and duplications

respectively.

Question 5

Are the authors confident that the results are robust to the choice of motion mitigation strategy — that is, that the
same results would be obtained if a different approach than “scrubbing” had been used such as global signal
regression or participant elimination? In the context of group comparisons, what is the impact of one group

having significantly fewer frames than the other from which to compute FC?:
Response :

We also performed additional analyses by regressing for the global signal. FC-signatures of deletions and
duplication before and after this adjustment were highly correlated: r=0.90 and r=0.85 respectively. Of note, the
GSR centred the beta maps (eg. 16pl1.2 deletions showed a similar proportion of under and overconnectivity
alterations after global signal regression compared to general overconnectivity before adjustment but the ranking
of alterations remains identical). We also performed additional analyses by regressing for the global signal in the
idiopathic psychiatric conditions. FC-signatures before and after this adjustment were also highly correlated

(>0.97).

Overall, these sensitivity procedures together with the analysis of novel, independent data show that the

connectome profiles of CNV carriers are robust and not secondary to motion-related artefacts.



Question 6

Page 5 — the expression “mirror effects” appears here for the first time (after the abstract). The meaning of this

phrase may not be clear to all readers and should be explained upon its first appearance.
Response: We gave a definition of mirror effect in the introduction :

“Gene dosage (deletions and duplications) affect the same neuroimaging measures in opposite directions (mirror

effect).”

Question 7
Table 1 — the legend doesn 't explain the meaning of the right-most columns indicating diagnoses.

Response: The right-most column represents the number of each diagnosis in each group. Subjects can have

multiple psychiatric diagnoses.
We added the following legend :

“...Columns ASD, SZ, and ADHD represent the number of subjects with those diagnoses. One subject may have

several diagnoses. For example, 9 subjects with ASD also have an ADHD diagnosis. ...”



Reviewer 2

Preamble

The study describes a connectome-wide association study based on functional connectivity. The novel part of the
study is comparing carriers of pathogenic CNVs (16p11.2 and 22q11.2) and idiopathic psychiatric conditions
(autism, schizophrenia and ADHD). But there are previous studies that did analyzed functional connectivity in
22ql11.2 and 16p11.2 deletion carriers — although not by CWAS. Deletions and duplications of the above CNVs
showed opposite effects, which strengthen the reliability of the results, with effect size larger compared to the
psychiatric conditions. They also analyses gene co-expression as a way to understand the similarities between

the CNVs.

Discussion

Question 8

Overall 1 found the study interesting, but because of its descriptive nature, the paper does not provides new

understanding and mechanisms for psychiatric disorders or for the effect of the CNVs.

Response: This is a fundamental question. All human genetic studies are based on statistical associations and
mechanisms can only be inferred but not directly tested. This paper provides a full characterization of the
connectivity alterations in CNVs carriers. Subsets of these alterations are similar to those observed in idiopathic
autism or schizophrenia who do not carry CNVs. In particular, the overconnectivity between the thalamus and

sensory-motor, auditory and visual networks are altered across CNVs and psychiatric conditions.

Sensory processing and perceptual dysfunction is a core feature in SZ and ASD . Auditory and visual
hallucinations are experienced by more than 69% and 27% of patients with SZ "', Individuals with autism
present several visual task impairment such as gestalt perception and discrimination of visual motion *. They
also present disturbances in auditory and tactile discrimination tasks. Hippolyte and colleagues showed that
deletion carriers present severe impairments of phonology *'. Deletion at the 22q11.2 locus is also strongly
associated with visual and auditory deficits ***. We, therefore, infer that a general thalamo-sensory disturbance
may be central across psychiatric diagnoses and genomic mutations. This in itself is novel and may explain why
so many genomic variants lead to the same psychiatric conditions. Animal studies may help understand the

convergence of genomic mutations on large scale brain alterations.


https://paperpile.com/c/bWtST7/JZBgI
https://paperpile.com/c/bWtST7/wjZn1+JLtDW
https://paperpile.com/c/bWtST7/1nwkj
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We modified the discussion to highlight this mechanistic hypothesis :

“Among the regions, results highlighted overconnectivity between the thalamus and sensory-motor, auditory and
visual networks as a common alteration across CNVs and individuals with idiopathic autism or schizophrenia
who do not carry CNVs. This is in line with recent rs-fMRI studies performed across psychiatric illnesses .
Perceptual dysfunction are core features of SZ and ASD . Those include auditory and visuals hallucinations in
SZ " impairments in gestalt visual perception and discrimination of visual motion *°, disturbances in auditory
and tactile discrimination in Autism. Impairments in phonology *', as well as visual and auditory deficits, have
also been demonstrated in 16p11.2 and 22q11.2 deletion carriers *>*. A general thalamo-sensory disturbance
may, therefore, be central across genomic mutations and psychiatric diagnoses. Further studies are required to
investigate genome-wide, the genetic determinants of thalamo-sensory disturbance. Because it appears

ubiquitous across conditions, the genetic basis is likely to be very broad. ”

Question 9

Giving the large number of tests and potential confoundings it is not clear that the findings are directly related

to the conditions.

Response: We performed multiple sensitivity analyses and showed that the effects of the CNVs are robust and
not secondary to confounding factors. This includes investigating the effect of sex (cf supplementary methods),
the effect of psychiatric diagnosis in CNV carriers (cf. response to comment 3 of reviewer# 1), the effect of
motion (cf. response to comment 4 of reviewer# 1), the effect of the number of remaining frames (cf. response to
comment 5 of reviewer# 1). We also analyzed new data on CNV carriers that confirm the robustness of the

FC-signatures (cf. response to comment 4 of reviewer# 1).

Question 10

In this study they found overall under-connectivity for ASD, but I am not sure what the explanation is for the

inconsistencies with previous studies.

Response: The reviewer 1 also asked to compare findings with previous reports. We provided a detailed
comparison of our findings on ASD with previous reports and show highly correlated results. We also provided a

comparison with SZ, which also shows highly consistent results. (cf. reviewer 1, comment#1).

We added the following section in the discussion:

10
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“...Reproducibility of rs-fMRI in psychiatry has been challenging. However, when studies using similar
analytical strategies are compared, there are consistent results. In SZ and ASD, global decrease in FC has been
reported by most studies except for those adjusting for global signal *°. Increased thalamocortical connectivity is
also repeatedly reported in both conditions >"*. These previous findings are consistent with our results (see
Supplementary Results). The 22q11.2 deletion FC signature is consistent with previous works on 22q11.2 FC
alterations that showed 1) underconnectivity of the DMN *'° 2) thalamocortical overconnectivity and
underconnectivity involving the hippocampus ''. The only rs-fMRI study previously published for the 16p11.2
deletion focused on the dmPFC '*. Using the same approach and regressing global signal, we also found
underconnectivity of the dmPFC with the same set of regions. This highlights the fact that many seemingly

discrepant results can be reconciled once methodologies are aligned....”

Question 11

In this study the CWAS was conducted using linear regression. I am not sure that this is the best way to analyse
the data. Most common methods are based on general linear model (GLM), but there are more advanced and
robust methods to analyses the data : Gong W, Cheng F, Rolls ET, Lo CY, Huang CC, Tsai SJ, Yang AC, Lin
CP, Feng J. A powerful and efficient multivariate approach for voxel-level connectome-wide association studies.

Neurolmage. 2019 Mar 1;188:628-41.
Response:

The reviewer suggested that a voxel-wise multivariate approach may represent a more powerful method to
analyze the resting-state data, specifically citing the work *. The Gong et al. (2019) technique entails two ideas:
reducing the dimensionality of connectome data through a kernel principal component analysis, and using an
adaptive regression technique instead of the general linear model (GLM) to select the optimal resolution. Our

1. ¥ proposed a multi-resolution dimensionality

technique actually follows a similar philosophy: Bellec et a
reduction technique based on ensemble clustering ** applied on an independent dataset to create a reference atlas
¥ Multiple comparisons are corrected using false-discovery rate (FDR *°). Bellec et al. *” demonstrated using
extensive simulation and empirical data that (1) the FDR algorithm precisely controls the effective FDR at
nominal value, i.e. the statistical technique works as expected; (2) the resolution of the atlas achieves a critical
trade-off between statistical power (sensitivity, lower resolution is better) and the match between parcel-based
and voxel-based results (compression quality, higher resolution is better). We selected the scale for the present

1%

analysis based on this prior work. The reviewer claims that Gong et al. = achieves more statistical power, but no

comparison was made with our algorithm in this reference. Because the philosophy of both techniques is

11
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somewhat similar (data-driven dimension reduction, dimensionality optimization), it is not clear to the authors

that substantial gains could actually be achieved.

We attempted to evaluate the procedure proposed by Gong et al., 2019 which is available through a public code
(https://github.com/weikanggong/sKPCR), at a beta stage of development. A listed requirement for the sKPCR
library is “Your CPU memory should be enough to put all your rfMRI data into it.” which would only be
possible on select servers from the high-performance computing facility our lab has access to. In the

documentation, the authors suggested using a separate library (https://github.com/weikanggong/BWAS) which

does not have the same memory requirement, so we started benchmarking that other algorithm. However, both
applications (sSKPCR and BWAS) do not let users flexibly select a subset of subjects in their analysis. We thus

had to implement a wrapper in order to try and replicate our analysis (https://github.com/simexp/bwas_wrapper).

We ran a pilot test on 30 subjects (https://github.com/SIMEXP/bwas_wrapper/blob/master/bwas_demo.py)

which took several hours to run on a 64 cores server, and eventually crashed because of a missing dependency
on Matplotlib’s jpg plugin. This dependency was not listed in the requirements of the library. At this stage we

abandoned our experiment, as computation time with hundreds of subjects would be absolutely prohibitive.

In summary, our approach has several key advantages to the approach suggested by the reviewer: (1) our brain

9

parcels are carefully labeled for interpretability * and publicly available in the popular nilearn library

(https://nilearn.github.io/), which is very well documented and tested, and straightforward to install; (2) the FDR

algorithm is widely known and used, has been carefully validated for our application, and high-quality
implementations are available in all major languages; (3) because of the selected low resolution, the analysis
runs in a matter of seconds on a low-end machine, which greatly facilitates reproducibility at a practical level;
(4) we were able to implement a similarity analysis between CNV signatures and individual connectivity profiles
in idiopathic populations because of the low number of brain parcels. Increasing the number of parcels would not
only increase the computational load, but also dramatically inflate the apparent effect size, an issue well
documented in voxel-based analyses *'. As we stated above, the only advantage mentioned by the reviewer
(increased statistical power) is actually not established and, if true, would not outweigh the advantages listed

above.
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Reviewer 3

This premise of this study by Moreau is an important one: how do common CNVs associated with
neuropsychiatric disorders correlate with functional connectivity measures as assessed by fMRI? To address this
question, the authors assembled data from a large cohort of individuals with either deletion or duplication of
16p11.2 or 22q11.2 together with a cohort of individuals with either idiopathic autism or schizophrenia (and

matched controls for both).
The authors find that at a network level, 16p11.2 has a mirror effect but 22q11.2 does not.

One of the most interesting findings is the integration of symptom data with the FC signatures. In this case,
similarity between idiopathic ASD and CNV deletions correspond to particular connections and ADOS/FSIQ

scores, whereas no such similarities were found for schizophrenia data.

While this manuscript has some results that might be informative for the field, there are some issues that should

be addressed to improve the presentation of the results.

Question 12

In general, each of the main results appears to be of general interest for understanding the biology of these
disorders, however, the authors do not link the finding together in a cohesive manner. It is still not clear to me
how specific CNV deletions or duplications are related to brain properties. I am only left with the knowledge
that these are still somehow related to “abnormal” brain function, that there are similarities and differences, but

a clearly defined mechanism or hypothesis is not generated.

Response: The reviewer is absolutely correct and so far, results do not identify relationships between specific
CNVs and brain properties. This is consistent with the clinical studies showing that many different CNVs confer
risk for a similar range of psychiatric phenotypes *. In fact, there is mounting evidence in the genetic literature
that genes may not have specific effects on brain properties. As an example, studies show that common variation
in every megabase in the genome has a 75% probability of increasing risk for SZ **. Studies have also estimated
that any 1MB deletion (containing coding genes) across the genome increases risk for ASD. Such results are
puzzling and question the nature of the relationship between genomic variants and higher-order brain phenotypes

such as large-scale connectivity and behaviour.
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The main brain property affected across both CNVs and idiopathic conditions is the connectivity between
thalamus and cortical sensory networks which is also correlated to ASD severity. We added the following

section in the discussion:

“Among the regions, results highlighted overconnectivity between the thalamus and sensory-motor, auditory and
visual networks as a common alteration across CNVs and individuals with idiopathic autism or schizophrenia
who do not carry CNVs. This is in line with recent rs-fMRI studies performed across psychiatric illnesses .
Perceptual dysfunction are core features of SZ and ASD . Those include auditory and visuals hallucinations in
SZ " impairments in gestalt visual perception and discrimination of visual motion *°, disturbances in auditory
and tactile discrimination in Autism. Impairments in phonology *', as well as visual and auditory deficits, have
also been demonstrated in 16p11.2 and 22q11.2 deletion carriers *>*. A general thalamo-sensory disturbance
may, therefore, be central across genomic mutations and psychiatric diagnoses. Further studies are required to
investigate genome-wide, the genetic determinants of thalamo-sensory disturbance. Because it appears

ubiquitous across conditions, the genetic basis is likely to be very broad.”
We added the following section in the conclusion

“Thalamo-sensory disturbance may represent one dimension central across genomic mutations and psychiatric
diagnoses. The redundant associations observed, genome-wide, between gene expression and connectivity may
explain similarities across genomic variants and idiopathic conditions and the fact that many CNVs affect a

similar range of neuropsychiatric symptoms.”

14


https://paperpile.com/c/bWtST7/hbeVz
https://paperpile.com/c/bWtST7/JZBgI
https://paperpile.com/c/bWtST7/wjZn1+JLtDW
https://paperpile.com/c/bWtST7/1nwkj
https://paperpile.com/c/bWtST7/Ubtt0
https://paperpile.com/c/bWtST7/03z16+nI197+tNUmf

Question 13

To understand which regions are responsible for dysconnectivity, the authors find the regions with preserved
connectivity in CNV and idiopathic conditions but not in control subjects. Since delineating the regions
important for this phenomenon is a crucial part of any in-depth future study, it would be much more
comprehensive if the authors grouped the regions based on altered connectivity with respect to control subjects
(i.e. separately calculate FC for SCZ, ASD, CNV, CTL per region and compare). Among many other things, this

would tell us:

a) are there any regions altered in SCZ or ASD but not in individuals with CNVs?

b) are there regions altered in SCZ or ASD that are more severely affected with CNVs?
¢) which regions are the most affected overall?

Response: We assume that the reviewer meant “...the authors find the regions with altered (not preserved)

connectivity in CNV and idiopathic conditions...”.

a) Regions altered in SZ and ASD but not in individuals with CNVs are the cerebellum Crus-1, the

Cerebellum-7b, the right inferior frontal sulcus, the left superior frontal gyrus anterior (Figure A.a).

b) Regions altered in SZ and ASD that showed higher percentage discovery in CNVs (top 10, Figure A.b)
include the perigenual anterior cingulate cortex, the lateral frontal pole, the caudate nucleus, the dorsal
anterior cingulate cortex, the anterior medial frontal gyrus, the inferior temporal gyrus, the putamen, the

right cerebellum crus 2, the lateral occipital gyrus, the anterior lateral visual network.

¢) Regions with the highest percentage discovery overall (Figure A.c) are the dorsal anterior cingulate
cortex, the perigenual anterior cingulate cortex, the dorsal posterior insula, the somatomotor network. the
ventral anterior insula and posterior insular sulcus, the temporal pole, the ventral posterior insula, the

anterior medial temporal gyrus, the inferior marginal sulcus.
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Figure A Legend: a) Regions altered in SCZ and ASD but not in individuals with CNVs, b) Regions altered in
SZ and ASD that showed higher percentage discovery in CNVs, ¢) Regions with the highest percentage

discovery overall.

We did not include these brain maps in the main manuscript because demonstrating an absence of association is
highly sensitive to sample size. Indeed, a larger sample of CNV carriers will most likely identify additional

connectivity alterations CNV carriers and idiopathic conditions.

Question 14

The authors attempt to integrate gene expression data from the Allen Human Brain Atlas for the genes that are
found within the CNV blocks. However, these results are ultimately not integrated with the CNV-specific FC
findings in a substantial way nor are they linked to the symptom findings. In fact, the gene co-expression
analysis could be performed without the knowledge gained from this paper regarding the FC. For example, it is

not clear how the 34 brain regions used to look at gene expression were even selected.

Response: As the reviewer accurately pointed out, we did not directly integrate the gene expression data with the
CNV-specific FC findings. To address this important comment, we completely re-analyzed the data and rewrote

this section:

1) We first remapped the gene expression data from Allen Human Brain Atlas onto the 64 MIST brain
parcellation used throughout our study (the 34 regions of the Desikan atlas were initially selected because gene

expression had previously been mapped onto this atlas by our collaborators).
2) We investigated the association between functional connectivity alteration profiles and gene expression.

3) We have included the code for reproducing the analysis reported in this section in the publicly shared Github

repository ( https:/github.com/surchs/Neuropsychiatric CNV_code_supplement.)

- The new result section reads as follow:
“Association between gene expression spatial patterns and deletion FC-signatures

We performed Partial Least Squares Regression (PLSR) to investigate the association between FC-signatures of
each deletion and the expression patterns of 37 and 24 genes encompassed in the 22q11.2 and 16p11.2 genomic
loci respectively. The 2 components required to reach a significant association explained 24.2% of the variance
of the 16p11.2 deletion FC profile (p=0.041, 5000 random FC profiles). For the 22q11.2 deletion, either one or 2
components were significant (p<0.0002, 5000 random FC profiles). The 2 components explained 43.2% of the
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variance of the 22ql11.2 deletion FC signature. Similar PLSR analyses performed for each of the 64 regions
showed that 18 and 32 regional FC-signatures were significantly associated (5000 random FC-signatures, FDR
64 regions) with spatial patterns of gene expression at the 16p11.2 and 22q11.2 loci respectively (Figure Sb-c).
However, this relationship was not specific because 22q11.2 genes were also associated with n=20 regions of the
16p11.2 FC signature. Conversely, the 16p11.2 genes were associated with n=19 regions of the 22q11.2 FC
signature (Figure 5.c, Supplementary Table S4.2).

To further investigate the low specificity of the connectivity/gene expression relationship, we tested the
individual correlation (Pearson) of all 15663 genes with available expression data with deletion FC signatures
(Figure 5d, e). Correlations with the 16p11.2 and 22q11.2 FC signatures were observed for 421 and 3883 genes
respectively (5000 random FC-signatures). After genome-wide FDR correction, the expression of 1834 genes
remained spatially correlated with 22q11.2 and none with the 16p11.2 deletion FC signature. The median
correlation values for the n=24 16p11.2 genes and the 16p11.2 FC signature was not higher than the median
correlation of 10000 randomly sampled gene sets of the same size (n=24, p=0.31). The same was true for
22q11.2 genes (n=37, p=0.36). However, both deletions were enriched in genes with correlations ranking higher
than the genome-wide 98th percentile: MVP and KIF22 showed correlations (r,,,,=0.33, r,,,,=0.26) ranking at
the 99.76th and 98.76th percentile genome-wide (p=0.03; null:10000 random gene sets). For 22q11.2, AIFM3,
TBX1 and P2RX6 showed correlations in the 99.5, 98.84, 98.33th percentile (p=0.04).”

- We replaced the Figure 5 by the following figure:

“Figure 5. FC similarities between 16p11.2 and 22q11.2 and relationship with gene expression
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Legend: (a) FC similarities between both deletions at the regional level. The values in the brain map represent
the level of the FC similarity between deletions (rank biserial correlation, Mann Whitney test). The values are
thresholded (FDR, 64 regions): 18 out of 64 regions are similar between deletions.

(b) Relationship between spatial patterns of gene expression within the 16p11.2 locus and regional FC signatures
of the 16p11.2 deletion. A partial least square regression (PLSR) was conducted for each of the 64 regions. Maps
are thresholded (FDR corrected for 64 regions) and color code represents the percentage of variance explained
by gene expression using 2 components in the PLSR.

¢) The same analysis was conducted for 22q11.2 genes and the 22q11.2 deletion FC signature.

(b,c) Eleven regions overlapped across PLSR maps: thalamus, caudate, anterior insula and posterior insula
sulcus, amygdala and hippocampus, cerebellum 9 and right crus-2, dorsal anterior cingulate, left inferior parietal
lobule, medial posterior visual network, lateral posterior visual network, and dorsal visual network. Three (over

the 18) regions identified in the between deletion similarity (a) analysis are also present in the gene
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expression/FC-signature association maps (b,c): Thalamus, dorsal anterior cingulate and left inferior parietal
lobule.

(d) Low specificity for the relationship between spatial patterns of gene expression and regional FC deletion
signatures. In red: the 16p11.2 regional FC associated with the expression patterns of both the 16p11.2 and the
22q11.2 genes. In blue, the 22q11.2 regional FC is associated with the expression patterns of genes in both
genomic loci. In purple, 7 regions were found with both deletion FC-signatures, and the expression patterns of
genes encompassed in both genomic loci.

(e-f) Expression patterns of genes within and outside CNVs correlate with FC-signatures of 16p11.2 and 22q11.2
deletions. The light blue histogram represents the distribution of correlations for 15663 genes with available
gene expression data from the AHBA. X-axis values : Pearson coefficients. Y-axis values: number of genes.
Genes within the CNVs have font-size scaled based on p values. Dotted lines represent the 5th and 95th

percentiles of the correlation distribution genome-wide.”

- We changed the method section in the manuscript:
“Gene expression analyses

We aligned the gene expression maps from AHBA to the MIST64 functional parcellation following previously
published guidelines ** and adapting the abagen toolbox * (supplementary methods). For all analyses, we used a
dataset including 1 expression value per gene and per functional region. Expression values were associated with

the average connectivity alteration of the corresponding regions (mean of all 64 beta values of each region).

PLSR method was used to investigate the association between spatial patterns of gene expression (of the 37 and
24 genes encompassed in the 22q11.2 and 16p11.2 genomic loci) and the 16p11.2 and 22q11.2 FC signatures.
PLSR is a multivariate approach, which has previously been applied to investigate the relationship between
neuroimaging phenotypes and spatial patterns of gene expression’® . PLSR was performed separately for
16p11.2 and 22q11.2 genes. Components defined by PLSR were the linear combinations of the weighted gene
expression scores (predictor variables) that most strongly correlated with FC-signatures of deletions (response
variables). To assess significance, we recomputed PLSR using 5000 null FC-signature maps and counted the
number of times the explained variance was higher than the original observation. Null FC-signatures were
obtained by computing 5000 times the contrast between CNVs and controls after label shuffling for 16p11.2 and
22q11.2 separately.

To investigate the association between FC alterations and expression patterns of individual genes, we computed
Pearson correlations. The null distribution was defined by the same 5000 random FC-signatures described above.

To test the specificity of the relationship between gene expression and FC, we randomly sampled 10000 gene
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sets (n=24 for 16p11.2 genes and n=37 for 22q11.2 genes) from 15633 genes and re-computed the PLSR 10000
times. The explained variance (R-squared) was used as test-statistics for the null distribution, and the p-value
was calculated as the number of times the explained variance of the random gene-set exceeded the variance
explained by 16p11.2 or 22q11.2 genes. A similar approach was performed for the individual gene correlations

using median correlation as test-statistics.”
- We also added this sentence in the introduction:

“Robust functional brain networks measured by rsfMRI are also recapitulated by spatial patterns of gene

expression in the adult brain *4!.”

- We added these paragraphs in the discussion:

“The spatial expression patterns of genes encompassed in both genomic loci were associated with FC-signatures
of the corresponding deletion but many genes outside these 2 loci also show similar levels of association. This

redundancy may represent a factor underlying shared FC signatures between both deletions.”

“Recent work has shown that the brain transcriptome follows broad spatial trends that are closely related to the

243 and many genes share similar spatial patterns of expression *. In line with

functional network architecture
these broad spatial trends, we show that FC-signatures of deletions are associated with spatial expression
patterns of genes within as well as outside the genomic loci of interest. The FC profile of the thalamus, dorsal
anterior cingulate, and left inferior parietal lobule were associated with expression patterns of genes at both loci

and may explain in part, the FC similarities between both deletions.”
- We changed the last sentence of the abstract:

“The FC-signatures of both deletions were associated with the spatial expression pattern of genes within as well
genes outside these 2 loci. This genetic redundancy may represent a factor underlying shared FC signatures

between both deletions and idiopathic conditions.”

- We added this section in the Supplementary method:

“Aligning the gene expression maps from AHBA to the MIST64 functional parcellation:

To investigate the transcriptomic relationship of altered FC in each deletion, we aligned publicly-available atlas
of gene expression in the adult human cortex from the Allen Human Brain Atlas (AHBA) dataset *' to the
MIST64 brain parcellation following previously published guidelines for probe-to-gene mappings and
intensity-based filtering ** and adapting the abagen toolbox *°. We normalized expression values within each

brain sample across genes for each of the 6 donors and then for each gene across samples for each donor using a
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scaled robust sigmoid normalization. We computed the mean of the normalized values of all samples
encompassed within each functional region of the MIST64. This was performed for each donor and then
averaged across donors. A leave-one-donor out sensitivity analysis generated 6 expression maps. The principal
components of these 6 expression maps were highly correlated (average Pearson correlation of 0.993). The same
high correlation was observed for the differential Stability score (average Pearson correlation of 0.987).
Normalized gene expression value was available for each of the 15663 genes and for each of the 64 functional
brain regions.”

- We edited the Supplementary material section “Objectives and methods overview”

- We changed the Supplementary table 4

- We added in the limitation section:

“Expression data were derived from 6 adult brains of the AHBA and results should be interpreted with caution.”
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Question 15

Moreover, the claims made using these genes lack either novelty or proper control. For example, the authors
found that genes encompassed in 16pl1.2 and 22ql11.2 loci are highly correlated across anatomical regions.
While R=0.67 is a decent correlation value, is it better than a randomly selected background of 57 genes

expressed in the brain? If not, what is interesting about this finding?
Response:

The question raised by the reviewer is important and we agree that this correlation is not specific to 16p11.2 and
22q11.2. To address this comment, we sampled randomly gene-sets outside the 16p11.2 and 22q11.2 locus and
performed the same correlation 1000 times. It shows that the correlation is not specific to 22q11.2 and 16p11.2.
The distribution of correlation over 1000 randomly sampled gene sets are displayed in Figure B below. This
non-specific correlation highlights the fact that many large CNVs sampled genome-wide (random gene sets) will
include genes covering the most common co-expression modules observed in the brain *'. This could explain
why so many genomic variants are associated with risk for the same psychiatric conditions. This figure and these
results are not included in the new manuscript since responding to comment #14 of the same reviewer required
completely reshaping the result section on gene expression. The low specificity is addressed in this new result

section.

Figure B: Caption: Figure on the unspecific
correlations between co-expression matrices of the
16p11.2 and 22q11.2 genes. The vertical red line
300 1 represents the correlation between co-expression

400 ‘
p =0.44

matrices of the 16p11.2 genes (n=26) and

200+ : 22ql1.2genes (n=45) using AHBA data from
French-Pauss mapped on the Desikan atlas. (**). The
100 ! ] histogram represents the null distribution, which is
generated by randomly sampling 26 and 45 genes from

mefmﬂwm L a total of 20736 genes, and re-computing co-expression
0 05 1 matrices and correlation between upper triangular

Correlation (r) matrices 10000 times. Y-axis: count; X-axis
correlation (r) values. Vertical lines show the empirical
p-value and correlation between 16p11.2 and 22q11.2
co-expression matrices.

22


https://paperpile.com/c/bWtST7/WB3P
https://paperpile.com/c/bWtST7/Skkz

Question 16

The authors also perform PCA on the expression levels of these genes and report that genes in PC1 have higher
differential stability score. While this arguably provides more interesting genes, the initial gene number of 57 is

already a small set.
Response :

The reviewer is correct. The set of genes within the 22q11.2 and the 16p11.2 loci are too small to provide a clear
interpretation of the relationship between DS and any particular component. This analysis is not essential to the
interpretation of the gene expression results of the updated manuscript according to comment #14 of the

reviewers.

Minor issues:

Question 17

Can the authors explain how the permutation p-values were calculated? The reference points to a method paper

but a brief description would be better.
Response:

We edited the method as follow:

“We defined the global FC shift as the average of the B values across all 2,080 connections and tested for
significance using a permutation test. We performed 5000 random CWAS by contrasting CNV carriers and
controls after shuffling the genetic status labels. For example, we randomly permuted the clinical status of
16p11.2 deletion carriers and their respective controls in the 16p11.2 deletion vs control CWAS. We then
estimated the p-value by calculating the frequency of random global FC shifts that were greater than the original

observation®. ”
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Question 18

Can the authors describe which measurement FC calculations rely on? I could not find this in the supplementary

method.
Response:
We added a few lines in the introduction on the definition of FC for non-experts.

“FC represents the intrinsic low-frequency synchronization between different neuroanatomical regions. It is
measured by means of resting-state functional magnetic resonance imaging (rs-fMRI) which captures
fluctuations of blood oxygenation as an indirect measure of neural activity across brain areas when no explicit
task is performed ***’. Robust functional brain networks measured by rs-fMRI are also recapitulated by spatial

patterns of gene expression in the adult brain ***'.”
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Software / Code

We noticed that your paper appears to rely on the use of custom code/software. We would like to clarify if and
how the software/algorithms necessary to reproduce the results will be made available to the scientific
community upon publication as required by our material sharing requirements. For more information on this

please see http://www.nature.com/authors/policies/availability.html#code
Response

We added in the paper:

“Data availability

Beta maps from all Connectome wide association studies (16p11.2 deletion and duplication, 22q11.2 deletion
and duplication, ASD, SZ, and ADHD) performed in this study are available in the supplemental table 1 and on

GitHub. Expression data used in this study are also available in supplemental table 4.

Code availability

The processing scripts and custom analysis software used in this work are available in a publicly accessible
GitHub repository with instructions on how to set up a similar computation environment and with examples of

key visualizations in the paper:

https:/github.com/surchs/Neuropsychiatric CNV_code supplement”
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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

The authors have comprehensively addressed my comments in the revised manuscript and
response letter. I have no further concerns.
Clare Kelly

Reviewer #2 (Remarks to the Author):

The authors have fully addressed all of my review comments. I do not have additional comments.

Reviewer #3 (Remarks to the Author):

The authors have been very responsive to my previous concerns and I appreciate the changes
made. I have just a few minor questions/comments that would be great to have addressed by text
additions/changes:

1- If I understood correctly, predictor variables of PLSR analysis were gene expression values and
the response variable was the FC between the region that is being tested and other regions (one
region per row). A significant p-value was reported for the tested region if the genes predicted that
region’s FC pattern better than randomized FC signatures.

Interestingly, many significant regions are similar when the genes in 16p11.2 and 22q11.2 are
switched to predict FC pattern in 16p11.2 and 22q11.2. But do the authors know if this is different
than randomized gene selection? Perhaps randomized selection would also highlight the same
regions? It appears the methods section already has this analysis for PLSR:

“To test the specificity of the relationship between gene expression and FC, we randomly sampled
10000 gene sets (n=24 for 16p11.2 genes and n=37 for 22q11.2 genes) from 15633 genes and
re-computed the PLSR 10000 times. The explained variance (R-squared) was used as test-
statistics for the null distribution, and the p-value was calculated as the number of times the
explained variance of the random gene-set exceeded the variance explained by 16p11.2 or
22q11.2 genes.”

However, I did not see the results of such analysis reported in the results section of the
manuscript. Given that the p-value for PLSR was calculated by randomizing FC values and not by
randomizing the gene expression values, it would be interesting to know which regions are specific
to which CNV and which are shared based on randomized gene expression background.

2- While the genome wide correlation analysis has some interesting results, the methodology is
not very detailed and the results are not interpreted in much detail.

For methodology: Was correlation performed for global connectivity of each region? The
expression values from AHBA should be from 6 individuals, was mean expression taken across
individuals? How was the expression data handled? Was the expression data z-transformed
(otherwise spearman correlation would be a better option)?

For interpretation: The results show no significant genes for 16p11.2 but hundreds of genes for
22g11.2. How do the authors interpret this?

3- The authors wrote: "However, both deletions were enriched in genes...”



Enrichment typically implies statistical analysis of overlap. If that is not the case, please change
the wording.



Reviewer #1 (Remarks to the Author):

The authors have comprehensively addressed my comments in the revised manuscript and response
letter. I have no further concerns.

Clare Kelly

Reviewer #2 (Remarks to the Author):

The authors have fully addressed all of my review comments. I do not have additional comments.

Reviewer #3 (Remarks to the Author):

The authors have been very responsive to my previous concerns and I appreciate the changes made. I
have just a few minor questions/comments that would be great to have addressed by text

additions/changes:

Question 1

If I understood correctly, predictor variables of PLSR analysis were gene expression values and the
response variable was the FC between the region that is being tested and other regions (one region per
row). A significant p-value was reported for the tested region if the genes predicted that region’s FC
pattern better than randomized FC signatures.

Interestingly, many significant regions are similar when the genes in 16p11.2 and 22ql11.2 are
switched to predict FC pattern in 16p11.2 and 22q11.2.

But do the authors know if this is different than randomized gene selection? Perhaps randomized
selection would also highlight the same regions? It appears the methods section already has this
analysis for PLSR: “To test the specificity of the relationship between gene expression and FC, we

randomly sampled 10000 gene sets (n=24 for 16p11.2 genes and n=37 for 22q11.2 genes) from 15633



genes and re-computed the PLSR 10000 times. The explained variance (R-squared) was used as
test-statistics for the null distribution, and the p-value was calculated as the number of times the
explained variance of the random gene-set exceeded the variance explained by 16p11.2 or 22q11.2
genes.” However, I did not see the results of such analysis reported in the results section of the
manuscript. Given that the p-value for PLSR was calculated by randomizing FC values and not by
randomizing the gene expression values, it would be interesting to know which regions are specific to

which CNV and which are shared based on randomized gene expression background.

Response:
Yes, the reviewer is correct, the predictor variables of PLSR analysis were gene expression values,
and the response variable was the FC between the region that is being tested and other regions (one

region per row).

Similar to the results reported for correlations with individual genes, we find that genes outside both
CNV loci (Genome-wide randomly sampled gene sets) can explain similar percentages of variance in
PLSR model for both global and regional FC signatures.

We added the following sentence in the result section::

“Overall, this relationship was repeatedly observed across the genome: a large proportion of gene sets
(randomly sampled genome-wide, n=37 and 24) showed a similar level of association with either

global or regional FC-signature of both deletions especially for the 22q11.2.”

In addition, we have included the code and results for assessing the specificity using

RandomGeneSets in the GitHub repository (see function: scriptl _call PLSR nodal and regional.m).



Question 2

While the genome-wide correlation analysis has some interesting results, the methodology is not very
detailed and the results are not interpreted in much detail.

2.1 Was correlation performed for global connectivity of each region?

Response:

The correlation was indeed performed between gene expression and the mean connectivity of each
region. This information is available in the “Gene expression analyses method”:

“Expression values were associated with the average connectivity alteration of the corresponding
regions (specifically, we computed the mean of all 64 beta values of each region, a measure of global

connectivity).”

2.2 The expression values from AHBA should be from 6 individuals, was mean expression taken
across individuals? How was the expression data handled? Was the expression data z-transformed
(otherwise spearman correlation would be a better option)?

Response:

The reviewer is correct. We computed the mean of the normalized values of all samples encompassed
within each functional region of the MIST64 functional atlas. This was performed for each donor and
then averaged across donors according to previously published methods .

We moved the section previously in the supplemental methods to the methods of the main text to
provide the details requested by the reviewer:

“...Aligning the gene expression maps from AHBA to the MIST64 functional parcellation

To investigate the transcriptomic relationship of altered FC in each deletion, we aligned gene
expression values in the adult human brain from the Allen Human Brain Atlas (AHBA) dataset = to
the MIST64 brain parcellation following previously published guidelines for probe-to-gene mappings

and intensity-based filtering *° and adapting the abagen toolbox ~.. We normalized expression values


https://paperpile.com/c/b9DO22/UYCFB
https://paperpile.com/c/b9DO22/3zXdw
https://paperpile.com/c/b9DO22/UYCFB
https://paperpile.com/c/b9DO22/vnHjq

within each brain sample across genes for each of the 6 donors and then for each gene across samples
for each donor using a scaled robust sigmoid normalization ‘. We computed the mean of the
normalized values of all samples encompassed within each functional region of the MIST64. This was
performed for each donor and then averaged across donors. A leave-one-donor out sensitivity analysis
generated 6 expression maps. The principal components of these 6 expression maps were highly
correlated (average Pearson correlation of 0.993). The same high correlation was observed for the
differential Stability score (average Pearson correlation of 0.987).

Normalized gene expression value was available for each of the 15663 genes and for each of the 64

functional brain regions...”

2.3 For interpretation: The results show no significant genes for 16p11.2 but hundreds of genes for

22q11.2. How do the authors interpret this?

Response

This observation is indeed intriguing and important.

We added the following interpretation in the discussion :

“...Expression data were derived from 6 adult brains of the AHBA. Gene expression studies reported a
later window of susceptibility in SZ compared to ASD *. The 22q11.2 deletion may, therefore, be in
part driven by later onset mechanisms, which could explain why its FC-signature correlates to the
adult spatial expression patterns of so many genes. On the other hand, the 16p11.2 deletion which is
preferentially associated with autism may be linked to earlier developmental mechanisms which may
explain why its FC-signature is much less correlated to patterns of adult brain expression. further
analyses are required to understand the potential relationship between regional connectivity and

temporal gene expression....”


https://paperpile.com/c/b9DO22/UYCFB
https://paperpile.com/c/g0m3ia/AzxXN

Question 3

The authors wrote: “However, both deletions were enriched in genes...”
Enrichment typically implies statistical analysis of overlap. If that is not the case, please change the

wording.

Response:
We agree with the reviewer. We modified the text as followed:
“However, genes with correlations ranking higher than the genome-wide 98th percentile were

over-represented in both deletions”

CONSORTIA

We note that your study has one or more consortia included in the author list. In order for a
consortium to appear in the main author list, at least one member of the consortium must be
considered as an author on the manuscript. All members of the consortium who are considered authors
must be listed in the published article. If not all members of the consortium agree to the
responsibilities of authorship, the remaining, non-author members of the consortium can be listed
separately in the Supplementary Note. If no individual member of a consortium can be considered an
author on the manuscript, the consortium should be listed in the Acknowledgments section.

Response:

We deleted the Simons Variation in Individuals Project Consortium from the author list and we added
the following information in the acknowledgement section:

“..We are grateful to all of the families at the participating Simons Simplex Collection (SSC) sites, as
well as the principal investigators (A. Beaudet, R. Bernier, J. Constantino, E. Cook, E. Fombonne, D.

Geschwind, R. Goin-Kochel, E. Hanson, D. Grice, A. Klin, D. Ledbetter, C. Lord, C. Martin, D.



Martin, R. Maxim, J. Miles, O. Ousley, K. Pelphrey, B. Peterson, J. Piggot, C. Saulnier, M. State, W.
Stone, J. Sutcliffe, C. Walsh, Z. Warren, E. Wijsman). We appreciate obtaining access to imaging and
phenotypic data on SFARI Base. Approved researchers can obtain the Simons Variation in Individuals

Project population dataset described in this study by applying at https://base.sfari.org...”



REVIEWERS' COMMENTS
Reviewer #3 (Remarks to the Author):

Thank you for the additional responses, all of my questions have been answered.



