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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

This manuscript is well written and describes a significant advancement in the genetic associations in
schizophrenia. Through TWAS and SMR using placental and fetal brain tissues, authors identified many
significant associations that 1) explain genetic mechanisms, 2) are sex-specific, and 3) correlate with
other traits. The authors also explored the single-cell data to elucidate mechanisms related to different
compartments and cell types of the placenta, which is unique. Lastly, since the pathways analyses
identified a link with coronavirus pathogenesis pathways, an additional assessment of genomic risk
between SCZ and maternal Sar-COV?2 infections was performed. Authors use well-established methods
and datasets to perform these analyses, and the details provided in the online methods sections are
appropriate for the reproducibility of the results.

Major Concerns:

The association with mTOR signaling genes is interesting, as identified by the TWAS and pathway-
based analyses. An important extension to understanding the role of the genes in this pathway would
be to perform a Colocalization analysis to identify causal genes and variants that contributed to SCZ
risk and gene expression in placental tissues. This approach applies to all analyses, whether sex-
stratified, associations with other traits, etc. Therefore a complementary COLOC analysis is
recommended.

TWAS studies are prone to high false positive rates. Therefore, a replication dataset or attempt to
replication the findings is necessary.

A large number of genes are identified as statistically significant in this study. An attempt at
characterizing these genes that play a role in the brain and placenta and how those might influence
the risk of SCZ would help orient the readers towards the bigger picture of this analysis.

Minor Concerns:

Figure 3i: It is unclear why the authors used the Bonferroni p-value for all results except fetal brain;
they used FDR. Please explain why and I would suggest the use of the same Bonferroni. Is it that with
the Bonferroni correction, no overlapping genes are present?

Figure 4 is hard to parse through. Clear distinctions on which quadrant reflects concordant and
discordant associations should be labeled for clarity.

Reviewer #2 (Remarks to the Author):

In this manuscript, Ursini and colleagues describe interesting work identifying placental gene
expression differences associated with genetic risk variants for schizophrenia. The methods, which
include TWAS and SMR / HEIDI, appear to be performed correctly. My only comment is that, in the
Introduction, as well as citing the currently unpublished work of Wortinger et al, the authors need to
cite the recent study of Vassos et al (Schizophrenia Bulletin 2022) where an interaction between
schizophrenia genomic risk and obstetric complications was not observed.



RESPONSE to REVIEWERS

Reviewer #1 (Remarks to the Author):

This manuscript is well written and describes a significant advancement in the genetic associations in
schizophrenia. Through TWAS and SMR using placental and fetal brain tissues, authors identified many
significant associations that 1) explain genetic mechanisms, 2) are sex-specific, and 3) correlate with
other traits. The authors also explored the single-cell data to elucidate mechanisms related to different
compartments and cell types of the placenta, which is unique. Lastly, since the pathways analyses
identified a link with coronavirus pathogenesis pathways, an additional assessment of genomic risk
between SCZ and maternal Sar-COV2 infections was performed. Authors use well-established methods
and datasets to perform these analyses, and the details provided in the online methods sections are
appropriate for the reproducibility of the results.

We are thankful to the reviewer for this comment and the overall appreciation of our work.
Major Concerns:

1.1. The association with mTOR signaling genes is interesting, as identified by the TWAS and pathway-
based analyses. An important extension to understanding the role of the genes in this pathway would be
to perform a Colocalization analysis to identify causal genes and variants that contributed to SCZ risk and
gene expression in placental tissues. This approach applies to all analyses, whether sex-stratified,
associations with other traits, etc. Therefore a complementary COLOC analysis is recommended.

We agree with the Reviewer that a Colocalization analysis (COLOC) represents a complementary
approach to TWAS and SMR useful to prioritize not only candidate causal genes associated to diseases
but also potential causative variants. We have performed a COLOC analysis*? in the whole sample and in
subsets of female and male placentae. In addition to variant-level COLOC, we have performed a locus-
level COLOC analysis. The latter approach has been recently shown to improve not only specificity but
also sensitivity when using both TWAS and COLOC to detect biologically relevant genes with a possible
causative role on disease?. In the revised Table $54, we now report gene variant-level colocalization
probability (GRCP, which is associated with regional colocalization probability, RCP) and gene locus-level
colocalization probability (GLCP) for all the 502 genes whose expression in placenta at gene and/or
transcript level is predicted to be associated with schizophrenia, in the whole sample, and/or in male,
and/or in female placentae; we report detailed results from the COLOC analysis in Tables S56-61.
Noteworthy genes from COLOC analyses are usually identified based on RCP/GRCP and GLCP values >
0.50%2, or > 0.10°. By using these criteria, we have identified 48 placental genes with GRCP/GLCP > 0.50,
and 113 genes with GRCP/GLCP > 0.10. We found these results remarkable considering the lower
number of schizophrenia risk genes that have been prioritized by COLOC analysis using transcriptomic
datasets with larger sample size. For example, by using a similar approach, Benjamin and coll.* (our
colleagues at the Lieber Institute) prioritized 9 genes with regional colocalization probability (RCP) > 0.50
in the caudate nucleus, leveraging transcriptomic data from 443 individuals; their analyses were
performed in the whole sample, without stratifying by sex. In the latest schizophrenia GWAS published
in Nature (2022), and earlier in Cell in 2020 (Pardinas), potential causative genes were highlighted with
SMR, but colocalization analyses were not performed. In our datasets of 147 placentae, we find 38
genes with RCP > 0.50 in the whole sample, without stratifying by sex; as predictable, these genes have
also GRCP > 0.50, given that GRCP values summarize RCP values. By adding the analyses by sex, we
identify a total of 42 genes (4 more genes) with RCP and GRCP > 0.50, and 48 placental genes with



RCP/GRCP or GLCP = 0.50. We believe that these results support the hypothesis of a relevance of the
placental transcriptome in mediating part of the genomic risk for schizophrenia. In the revised
manuscript, we are using the COLOC results to identify - among the 139 prioritized genes - 33 top-
prioritized genes, i.e. further validated by COLOC. Of note, the schizophrenia risk genes prioritized by
COLOC include genes associated with the mTOR pathway, such as RPS17°, ESAM® and ESAM-AS?,
CENPM’, NRGN?, CD14°, DGCR8%12, RNF383, VSIG2 (a gene involved in protein-protein interaction with
mTOR: https://thebiogrid.org/interaction/3096026/vsig2-mtor.html#). Moreover, a causal network
analysis'* in IPA shows that two top master regulators of 13 and 14 of these 33 top-prioritized genes are
respectively WNT7 (p= 0.0000109, ps-rcorrected=0.0129) and IL-2R (p= 0.000017, ps-Heorrected=0.0129), which
are known activators of the mTOR pathway’>¢ (Table S55). We thank the reviewer for this suggestion,
which provides a further criterion for the prioritization of placental genes potentially causative for
schizophrenia. At the end of the results section, we have now added a paragraph summarizing these
results (“Colocalization and replication analyses support the relationship between the placenta
transcriptome and genomic risk for schizophrenia”)

1.2. TWAS studies are prone to high false positive rates. Therefore, a replication dataset or attempt to
replication the findings is necessary.

We agree with the reviewer about the importance of replication and, indeed, we are going to generate
in our lab well-powered placental transcriptomic datasets that will be used also for this purpose.
Unfortunately, these datasets will not be abailable in the short term; therefore, we have explored the
possibility of analyzing other publicly available placental transcriptomic datasets. We have contacted

the corresponding authors of a paper focused on the analyses of placenta transcriptomic data'’. Unfortu
nately, genotype data are not yet available, so that a replication analysis is not possible in this well-powe
red sample. We have instead obtained dbGaP access (Study Accession:

phs001717.v1.p1) to transcriptomic and genomic data from 70 placentae from the Eunice Kennedy
Shriver National Institute of Child Health and Human Development (NICHD) Fetal Growth Study®®,
Unfortunately, the related raw sequencing data were not publicly available, so that we could not use our
RNAseq processing pipeline to obtain expression data at gene and transcript level. We therefore used
only the gene expression data available as FPKM on the dbGaP website.

In the whole dataset (N=70), we detected 4850 genes with heritable gene expression, 3535 of which
overlapped the 8558 genes with heritable cis-regulated expression in our discovery sample. 57 of these
3535 genes were among the 187 TWAS-significant genes in the analyses in our whole discovery sample.
The TWAS association was replicated (p<0.05) for 21 out of these 57 genes with the same directionality
(i.e., Z-score sign), thus showing a level of replication higher than expected by chance (x* with Yates
correction = 29.79, p<0.0001). Consistently, we found a significant positive (Fig.S3a; Fig.S3 is also
reported below for the reviewer’s convenience) and concordant (Fig.53b) association between the Z
scores from the two TWAS analyses in the discovery and in the replication samples (relationship
between Z scores: t= 23.40, r=0.36, Rho=0.40, p<2e-16; Fig. S3a,b). The correlation was stronger when
considering only TWAS-significant genes in the discovery sample (r=0.51, Rho=0.60, p=5.02e-05;
Fig.S3a).

In the female dataset (N=35), we detected 5363 genes with heritable gene expression, 3856 of which
overlapped the genes with heritable cis-regulated expression in our discovery sample. 49 out of these
3856 genes were among the 225 TWAS-significant unique genes in the analyses in our female discovery
sample. The TWAS association was replicated (p<0.05) for 13 out of these 49 genes with the same
directionality (i.e., Z-score sign), thus showing a level of replication higher than expected by chance (x?
with Yates correction = 7.82, p=0.005). Consistently, we found a significant positive (Fig.53c) and
concordant (Fig.S3d) association between the Z scores from the two TWAS analyses in the discovery and
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in the replication samples (relationship between Z scores: t= 22.24, r=0.34, Rho=0.39, p<2e-16; Fig.
S3c,d). The correlation was slightly stronger when considering only TWAS-significant genes in the
discovery sample (r=0.40, Rho=0.42, p=0.0025; Fig.S3c).

In the male dataset (N=35), we detected 5299 genes with heritable gene expression, 3764 of which
overlapped the genes with heritable cis-regulated expression in our discovery sample. 43 out of these
3764 genes were among the 215 TWAS-significant unique genes in the analyses in our male discovery
sample. The TWAS association was replicated (p<0.05) for 22 out of these 43 genes with the same
directionality (i.e., Z-score sign), thus showing a level of replication higher than expected by chance (x>
with Yates correction = 61.02, p<0.0001). Consistently, we found a significant positive (Fig.S3e) and
concordant (Fig.S3f) association between the Z scores from the two TWAS analyses in the discovery and
in the replication samples (relationship between Z scores: t= 24.24, r=0.37, Rho=0.40, p<2e-16; Fig.
S3e,f). The correlation was stronger when considering only TWAS-significant genes in the discovery
sample (r=0.73, Rho=0.65, p=3.2e-08; Fig.S3e).

Given the limited sample size of this dataset, a more cautious approach would be not to draw strong
conclusions from these results; we would prefer, therefore, not to use these results to further prioritize
placental genes with a potential causative role on risk for schizophrenia. However, considered as a
whole, these analyses support the reliability of our findings and the relevance of the placental
transcriptome in mediating the effect of genomic risk for schizophrenia. At the end of the results
section, we have now added a paragraph summarizing these results (“Colocalization and replication
analyses support the relationship between the placenta transcriptome and genomic risk for
schizophrenia”). Replication analyses are also presented in a Supplementary Note (“TWAS replication”).
Tables S62-65 report statistics from the replication analyses.
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Fig. S3. TWAS replication in placenta. Relationship between the Z-scores from the schizophrenia TWAS analyses, performed
in the whole sample (A,B), in the female (C,D) and in the male sample (E,F). Z-scores are from the TWAS performed in the
discovery placental dataset'® (N=147: 73 females and 74 males) and in the replication placental dataset'® (N=70: 35 females and
35 males). A,C,E: Scatterplots of the correlation between the Z scores from the TWAS analyses in the discovery dataset (x-axis)
and in the replication dataset (y-axis), in the whole sample (A), and in placentae from female (C), and male (E) offspring. Genes
TWAS-significant in the discovery dataset are highlighted as red dots. Pearson correlation coefficients (“r”’) are reported for the



total number of genes (black font) and for the TWAS-significant genes in the discovery dataset (red font). B,D,F: RRHO22°
heatmaps showing concordant (bottom-left and top-right quadrant in each panel, highlighted in a red frame) and discordant (top-
left and bottom-right quadrant in each panel, highlighted in a green frame) TWAS association with schizophrenia in the discovery
and in the replication dataset, in the whole sample (B), and in placentae from female (D) and male (F) offspring. Concordant and
discordant associations are estimated using a threshold-free algorithm based on a rank-rank hypergeometric overlap approach, as
described elsewhere®. Color bar represents negative logarithm of p-value of the overlap.

1.3. A large number of genes are identified as statistically significant in this study. An attempt at
characterizing these genes that play a role in the brain and placenta and how those might influence the
risk of SCZ would help orient the readers towards the bigger picture of this analysis.

We agree with the reviewer that a functional characterization of these genes would be crucial to put
them in context. We are now providing additional information on all the top-prioritized and selected
placental genes with a potentially causative role for schizophrenia in the revised Table S54, in Table S55,
and in the Supplementary Note “Selected placental genes potentially causative for schizophrenia”, to
facilitate the reader to link information about genes with possible mechanisms of risk mentioned in the
discussion. We indeed believe that this was a missing information in the previous version of the
manuscript, and we thank the reviewer for their suggestion.

Minor Concerns:

1.4. Figure 3i: It is unclear why the authors used the Bonferroni p-value for all results except fetal brain;
they used FDR. Please explain why and | would suggest the use of the same Bonferroni. Is it that with the
Bonferroni correction, no overlapping genes are present?

We apologize for having created some confusion in this regard. We would like to reassure the reviewer
that the overlapping genes between placenta and fetal brain were identified using the same Bonferroni
threshold (<0.05) in placenta and in fetal brain (Fig.3j in the manuscript). In fetal brain, we have used an
FDR threshold only to have a conservative criterion to identify placenta-specific TWAS- genes, that is,
genes that are TWAS significant in placenta with Bonferroni p-value <0.05, and are not TWAS significant
in brain, having in brain not only a Bonferroni p-value >0.05, but also a FDR corrected p-value >0.01
(Fig.3i in the manuscript). We think that this is a conservative criterion to decrease the risk of
considering, as placenta-specific TWAS-genes, false negative TWAS-genes in fetal brain. Indeed, with this
criterion (Bonferroni corrected p-value in placenta <0.05 and FDR-corrected p-value in fetal brain >0.01)
we identify 206 placenta-specific TWAS, while the placenta-specific TWAS genes would be 303 using
Bonferroni corrected p-value in placenta <0.05 and Bonferroni-corrected p-value in fetal brain >0.05.
Because one aim of our work is to prioritize potentially causative genes for schizophrenia which are
more likely to play an etiological role in placenta, and not in fetal brain, we prefer to keep the current
criterion to define placenta-specificity. In the current version of the manuscript, we clarify the rationale
for this criterion to define placenta-specificity, we specify that overlapping genes were detected using
Bonferroni-corrected p-values in both organs, and we report also results related to placenta specificity
using only Bonferroni-corrected p-values.

1.5. Figure 4 is hard to parse through. Clear distinctions on which quadrant reflects concordant and
discordant associations should be labeled for clarity.



We thank the reviewer for this recommendation. We have highlighted the distinction between
quadrants reflecting concordant and discordant associations, by putting them in a red and green frame
respectively. We'll forward this recommendation to the curators of the RRHO2 package that we have
used to create these heatmaps.

Reviewer #2 (Remarks to the Author):

In this manuscript, Ursini and colleagues describe interesting work identifying placental gene expression
differences associated with genetic risk variants for schizophrenia. The methods, which include TWAS
and SMR / HEIDI, appear to be performed correctly.

We thank the reviewer for this comment and the appreciation of our work.

2.1. My only comment is that, in the Introduction, as well as citing the currently unpublished work of
Wortinger et al, the authors need to cite the recent study of Vassos et al (Schizophrenia Bulletin 2022)
where an interaction between schizophrenia genomic risk and obstetric complications was not observed.

In the revised manuscript we cite, in addition to the preprint from Wortinger et al?, also the study from
Vassos et al.?, the two commentaries on this article?®?*, and a further article?® that announce on-going
research on this topic, as follows:

“One subsequent study?? that used a less detailed inventory for the assessment of ELCs and that
did not survey many of the ELCs associated with schizophrenia?®2” did not observe a statistical
interaction between genomic risk and ELCs?2. In contrast, the principal findings from our two studies®
have been largely replicated in a recent study from Norway?!, which detected an interaction between
placental genomic risk for schizophrenia and serious ELCs associated with birth asphyxia. These results
have triggered broader perspectives in gene by environment research related to psychiatric illness?®

and...
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REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

The authors have revised the manuscript appropriately. I have no more conserns.

Reviewer #2 (Remarks to the Author):

The authors have addressed my comment



RESPONSE to REVIEWERS

Reviewer #1 (Remarks to the Author):

The authors have revised the manuscript appropriately. | have no more conserns.

Reviewer #2 (Remarks to the Author):

The authors have addressed my comment

We thank the reviewers for their precious advice, previously provided, and we are glad for their
comments, which reflect an appreciation of our work.



