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into protein coding genes (59). Gene ontology enrichments were observed for pathways related to steroid/lipid
metabolism including INSIG2, SULT2A1, and FAAH?2 (Figure 5E). Notably, only MEsteelblue and only one other
module -- MEyellow -- had the same direction of change across all brain regions analyzed while all others

experienced divergent expression (Figure 5F).

Notably, the top DE gene across all brain regions, PIWIL2, is a master regulator of piRNA mediated DNA
methylation and an inhibitor of retrotransposition (47, 48). After confirming that PIWIL2 is also downregulated at
the protein-level (Figure 6A-C), we sought to determine whether specific classes of TEs are more broadly
dysregulated following MIA. Expression of TEs was quantified from RNA-seq reads using RepEnrich2 (41), a
computational tool for the genome-wide estimation of TE abundance (Figure S3A-C). Only one specific TE,
HERV1_LTRa, was detected with an FDR < 0.1 in the ACC while a total of 26 separate TEs had suggestive

association with MIA (p < 0.005) in at least one brain region. These include multiple elements of the human
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endogenous retrovirus (HERV) and long terminal repeat (LTR) families of retrotransposons which have been
previously shown to contain transcription factor binding sites and can modulate transcription (60). Alterations in
specific LINE-1 elements L1M6 and L1M3de were also observed in the DLPFC (Figure 6D, S3D). Other
alterations include region specific DE of piggy-bac derived PGBD3 and PGBD5 which have been co-opted into
protein coding genes (59) (Figure S3E, F). Together, these results indicate specific changes in transposable

element biology similar to what has been observed in other neurological diseases as a response to inflammatory

signals (61, 62).

Hippocampal co-expression networks implicate synaptic downrequlation and increased

myelination

Several modules were most specifically dysregulated in HC, often with divergent patterns in other regions.
Indeed, we detected both the largest number of differentially expressed genes (Figure 4A, B) and co-expression
modules (Figure 5F) in HC, suggesting greater biological vulnerability to the effects of MIA in this region.
Upregulated genes in HC showed enrichment for oligodendrocyte and endothelial cell markers, whereas
downregulated genes were enriched for excitatory neurons, inhibitory neurons, and oligodendrocyte precursor
cells (OPCs) (Figure 4D, E). These results are broadly concordant with GO term enrichment, finding “axon
ensheathment” as the most strongly enriched term among upregulated genes and “anterograde trans-synaptic
signaling” as most strongly enriched among downregulated genes (Figure 4D, E). Synaptic genes included a
number of glutamate receptors and high-confidence autism risk genes including upregulation of GRM3 and
GRMS8, and downregulation of TRIO (Table S2). Additionally, upregulation was detected among all genes
defining a core regulatory network important for the differentiation of oligodendrocytes and the production of
myelin sheaths including OLIG2, SOX10, MYRF, PLLP, MBP, CNP, MOG, and MAG (63) (Figure 7A, B),

suggesting a hyper-myelination phenotype in the HC.

These findings were similarly observed among HC co-expression network modules, with the most significantly
up- and downregulated modules, MEturquoise and Mepaleturquoise (Figure 7C, F), enriched for genes related
to axon ensheathment and neuron projections, respectively (Figure 7D-E, G-H). Other notable genes in

MEturquoise include NPC1 and NPCZ2 which regulate cholesterol export from lysosomes and are non-functional
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Figure 7. MIA increases myelination and oligodendrocyte-related genes and decreases neuron projection
genes in hippocampus of offspring. (A) Summary of changes in the HC. (B) Multiple oligodendrocyte and
myelin sheath related genes are upregulated in the HC following MIA. (C) Boxplot of MEturquoise module
eigengene expression across the brain regions analyzed. (D) Top 20 hub genes for MEturquoise. (E) Top
GO terms enriched in MEturquoise region by g:ProfileR. (F) Boxplot of MEpaleturquoise module eigengene
expression across the brain regions analyzed. (G) Top 20 hub genes for MEpaleturquoise. (H) Top GO terms
enriched in MEpaleturquoise region by g:ProfileR. (I) Boxplot of MElightgreen module eigengene expression
across the brain regions analyzed. (J) Top 20 hub genes for MElightgreen. (K) Top GO terms enriched in
MElightgreen region by g:ProfileR. (L) Boxplot of MEtan module eigengene expression across the brain

regions analyzed. (M) Top 20 hub genes for MEtan. (N) Top GO terms enriched in MEtan region by g:ProfileR.

For all GO enrichment plots, red dotted line indicates an FDR significance threshold of 0.05.
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in Neimann-Pick Type C
disease (64).
MEpaleturquoise on the other
hand contains high-
confidence autism risk genes
SCN2A and ANK2 among its
hubs and multiple ion
channels including NAV3 and
SLC9A6 (Figure 7G). Other
dysregulated co-expression
network modules in the HC
include MElightgreen which is
enriched for “neuron
projection development”
(Figure 71-K) and MEtan
which contains no significant
GO term enrichment (Figure
7L-N). MElightgreen counts
among its hub genes multiple
members of the Ras family of
G-protein coupled receptors
RAB3C and RAB27B that
have known roles in calcium
mediated synaptic vesicle
release (65, 66) (Figure 7J).

Meanwhile MEtan is notable

for containing the hub gene
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CADPS, another high confidence autism risk gene whose drosophila ortholog functions in calcium mediated

synaptic vesicle release and whose loss disturbs glutamatergic neurotransmission (67) (Figure 7M).

Minimal immune signature in MIA NHP brains

Because neuroinflammatory gene expression changes have been reported in SCZ and ASD (29) and because
cytokines are altered in a region- and temporal-specific manner in the mouse MIA brain throughout postnatal
development (39), we next examined whether there were modules enriched in glial and immune genes in the
NHP MIA brains. Although we detected co-expression modules exhibiting strong cell-type enrichment for
astrocyte (MEgreen) and microglial (MEblue) markers, differential expression of these modules was not
observed within or across brain regions (Figures 5B, F, $4). An orthologous analysis of cell-type specific marker
gene enrichment among nominally DE genes (P<0.05) showed similar results, with the exception of a possible
slight decrease in microglial cell markers in ACC (Figure 4D). The lack of a major microglial signature is
consistent with recent reports from the MIA mouse model indicating little microglial dysregulation in the brain of

adult MIA offspring (68) and from the human literature showing conflicting results from PET imaging studies (69).

While it appears that MIA NHP brains lack a broad immune signature, specific examples of immune dysregulation
do exist. Although gene expression of the majority of cytokines whose protein expression was previous analyzed
in a mouse model of MIA (39) is unchanged in the NHP MIA brains, specific upregulation of CCL3, CXCL1, and
IL-5 is detected (Figure S6). Notably, the expression changes in these cytokines are brain region specific, with
CCL3 and IL-5 solely upregulated in HC while CXCL1 is specifically upregulated in V1. Additional genes of
interest include microglial markers CX3CR1 and IGSF6 of which only /IGSF6 is downregulated and shows
suggestive association (P<0.005) with MIA in the DLPFC (Figure S7A, B). These mRNA expression results
contrast with protein level data from western blot in both DLPFC and HC. Particularly, while CX3CR1 trends
upward in the DLPFC and downward in the HC of MIA offspring, its protein levels are significantly down-regulated
in the DLPFC with no change in HC. IGSF6 is trending downwards in both DLPFC and HC, but its protein levels

are significantly upregulated in both regions (Figure S7C, D). Overall, these results suggest compensatory
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mechanisms counteracting each other at the level of transcription or mRNA translation and suggest that there

may be other protein level immune related changes that are missed by our current transcriptomic analysis.

Limited overlap in gene expression changes between adolescent NHP MIA offspring and adult

SCZ and ASD samples

When accounting for the estimated conversion of 1 macaque year to 4 human years (55), the non-human
primates examined here (3.5-4 NHP years; 14-16 human equivalent years) are significantly younger than human
subjects included in the genetic and postmortem analysis for SCZ (median age > 30; ref (29)). Thus, results
from the NHP model may provide unique information about the molecular changes that precede the onset of

psychosis. To determine if the molecular signature in the MIA NHP model at this young age overlaps with the
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Figure 8. Mitochondrial co-expression networks in V1 correlate with behavioral aberrations in offspring. (A) The total number of stereotypic behaviors
was measured in NHPs throughout development. The log2(Total # stereotypies) observed is significantly increased in MIA offspring as compared to
controls (p=0.009; Student’s t-test). (B) Correlation between module eigengene expression in a given region and the log2(Total # stereotypies) in a
given subject. The largest correlations with log2(Total # stereotypies) are found in V1, particularly MEmidnightblue and MEdarkorange. (C) Top 20 hub
genes for MEmidnightblue (D) Top GO terms enriched in MEmidnightblue by g:ProfileR. (E) Top 20 hub genes for MEdarkorange (F) Top GO terms
enriched in MEdarkorange by g:ProfileR. For all GO enrichment plots, red dotted line indicates an FDR significance threshold of 0.05.
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published signatures found in older humans with SCZ or ASD, we performed a rank-rank hypergeometric overlap
test (RRHO; ref (46)) on genes ranked by their degree of differential expression in MIA vs their DE rank in ASD
or SCZ as assessed in DLPFC by PsychENCODE (Figure S8A). No broad or region-specific overlap was
detected between the ranked genes from SCZ or ASD samples and from our study -- even when focusing on
DLPFC, which is most represented among samples from the PsychEncode Consortium (29) (Figures S8B).
However, downregulated genes from two regions -- HC and V1 -- showed slight enrichment for high-confidence
ASD risk genes (SFARI) (Figure S8C) and individual DE genes in multiple brain regions have been linked to
ASD or SCZ, as indicated above. Although we cannot determine if MIA ultimately causes similar transcriptomic
changes in adult NHP offspring, as in humans with ASD or SCZ, the signatures in our adolescent offspring

indicate molecular changes that are likely critical for the progression of the MIA-induced alterations and could

provide insight into changes that might relate to a prodromal period in humans (98).

We also sought to determine whether any gene expression signatures exhibited associations with the increased,
repetitive stereotyped behaviors observed in MIA exposed animals (Figure 8A; Table S5). The total number of
stereotypies is weakly correlated with module eigengene expression across regions, with the strongest
correlations detected in V1. MEmidnightblue and MEdarkorange in particular have the highest correlations with
the number of stereotypies (log2 transformed; R = 0.64, P < 0.027; R = 0.63, P < 0.027, respectively) (Figure
8B, S9A, S9B). MEmidnightblue displays significant GO enrichment for mitochondrial membrane compartment
while MEdarkorange is enriched for mitochondrial compartment, suggesting that cellular respiration in the visual
cortex may be loosely associated with repetitive behaviors (Figure 8C-F). These modules also display
statistically significant overlap with mitochondria enriched module geneM33 from PsychEncode (29) (Figure
S9C). Previous work from our lab has also identified mitochondria specific co-expression networks that are
differentially enriched in synaptic and non-synaptic cellular compartments (42). We observe a nominally
significant overlap between the non-synaptic (cell body) mitochondrial co-expression module from Winden et al.
(42) and MEmidnightblue, suggesting that the modules identified in this paper may also be related to activity

dependent energetic function (Figure S9D).

Finally, we examined whether the severity of maternal interleukin 6 (IL-6) induction following poly:ICLC exposure

is correlated with brain molecular phenotypes in our NHP data (Methods; Table S5). MEdarkorange and
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MEsalmon in particular have the highest correlation with the measured maternal IL-6 levels (R = 0.65; R = 0.64
respectively) (Figure S9E). As noted above, MEdarkorange is highly correlated with increased stereotypies and
is enriched for genes in the mitochondrial compartment. MEsalmon displays significant GO enrichment for
‘regulation of Ras protein signal transduction” although none of the co-expression networks that correlate with

maternal IL-6 are differentially expressed in any region.
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Discussion

Here, we provide the first transcriptomic analysis across multiple brain regions of a recently developed NHP
model of MIA. We observe robust pan-cortical and unique regional signatures of differential gene expression.
Our findings implicate alterations in transposable element biology, synaptic connectivity, and myelination with
relative hippocampal vulnerability in the adolescent NHP brain following MIA. Although we find no significant
overlap between this NHP model and patterns of DE observed in adult patients with SCZ and ASD, these NHPs
are significantly younger than human subjects included in genetic and postmortem analysis for ASD and SCZ.
Moreover, analysis of the functional pathways implicated by our analysis in the MIA NHP brains are associated
with the pathophysiology of both disorders and the magnitude of changes in several co-expression modules
correlate with aberrant behaviors. We hypothesize that the transcriptional changes reported here may provide

unique insight into prodromal changes in the brain that precede psychosis (98).

MIA has been hypothesized to exert its effect through epigenetic changes which then present dynamically over
the trajectory of brain development and maturation (1, 7). Along these lines, multiple studies have reported
changes in DNA and histone methylation following MIA (70-73). The most strongly downregulated gene in our
dataset, PIWIL2, which is detected at the mRNA and protein level, is also known to act as a global regulator of
DNA methylation through its interactions with piRNAs (47, 48). Thus, if it is correct that MIA primarily exerts its
effect through epigenetic changes, PIWIL2 may act as a driver of downstream changes that are specific to each

brain region.

Alternatively, PIWIL2 may induce changes in gene expression in a secondary manner, by altering regulation of
transposable elements, which have shown signs of increased activation in previously published MIA models (72,
74). In this regard, since PIWIL2 plays a role in transposon silencing (47, 48), a consistent increase in TE
expression would be expected in brain regions in which it is depleted. Instead, we observe both up and down-
regulated TEs with suggestive association with MIA (Figure 6D, S3D) and a downregulated module,
MEsteelblue, with an unexpectedly large number of predicted LINE-1 elements (Figure 5B-D). Changes in
transposable elements have been associated with both SCZ (75) and ASD (76), but it is unclear whether and

how the complex changes in our NHP MIA dataset are related. These data also challenge the simple hypothesis

25


https://doi.org/10.1101/2020.03.31.019190
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.31.019190; this version posted April 1, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.
that PIWIL2 affects gene expression only through the downstream effects on transposable elements, and
suggests the possibility that PIWIL2 also may regulate the expression of downstream genes through methylation
changes in MIA models. Indeed, in the adult HC, it has recently been reported that PIWIL2 regulates the
expression of plasticity-related genes with disruption of the piwi pathway enhancing contextual fear memory and

causing hyperactivity in mice (49).

One of the strongest effects of MIA in the brains of adolescent NHPs is altered transcription of genes related to
myelination and found in oligodendrocytes. Consistent with this result, defects in myelination have been reported
in other MIA models, as well as in human disease (77, 78). Myelination deficits were detected in the PFC, HC,
and nucleus accumbens (NAc) in adolescent offspring from the MIA mouse model (70, 79), although region
specific findings differed between studies. gqRT-PCR for multiple neuronal, glial, and inflammatory markers in a
pig model of MIA conversely detected a strong increase in MBP expression in addition to a decrease in neuron
density in the HC at fetal timepoints (80). This result is broadly in line with the increase in myelination and
decrease in neuron projection-related genes observed in adolescent NHPs in this study, suggesting that some
MIA related outcomes are either not detectable in rodents or are detectable at different ages than were examined.
All of these studies are limited in ease of comparison due to differences in the timing of MIA exposure. Since
altered myelination-related genes have also been reported in both ASD and SCZ (81, 82), our results highlight
the importance of future experiments to determine the progression of MIA-induced changes in myelination
through development to adulthood and the causal relationship of these changes to the neuropathological and

behavioral phenotypes in offspring.

Previous MIA studies have shown reproducible behavioral changes in MIA mouse models (83, 84), which have
led to a search for a common biological underpinning. Transcriptomic and proteomic studies have examined
both embryonic (85-87) and adult (69, 88, 89) timepoints and long-term changes were related to G-protein
coupled receptor signaling and glutamatergic and serotonergic receptors, similar to our NHP model. Changes in
synaptic connectivity have been hypothesized to be a potential point of convergence for the many diverse genes
and biological processes dysregulated in ASD (90, 91). MEdarkgreen, which is downregulated in the DLPFC
contains CNTNAP2, which causes a severe recessive neurodevelopmental syndrome associated with

hyperactivity, language dysfunction and ASD (92), as one of its hubs. Additionally, multiple co-expression
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networks in the hippocampus including MEpaleturquoise, MElightgreen, and MEtan contain genes known to
localize in dendritic spines. Especially striking is that all of these co-expression networks demonstrate down-

regulation, suggesting a very broad dysregulation at the synapse.

Non-synaptic MIA-induced DE genes may also converge on this common pathway to alter neural connectivity.
Consistent with this idea, the two most highly DE genes in the NHP MIA brain, PIWIL2 and MGARP, alter
expression of plasticity-related genes and dendritic and axonal arborization in mice (49-50). Another example
is brain-derived neurotrophic factor (BDNF), which regulates dendritic arborization, connectivity, and plasticity
during typical brain development (93) and is decreased in the aged brain following MIA (68), BDNF expression
itself trends downward in the HC (log2-FC = -1.06, p = 0.03) and BDNF is included in the MElightgreen module
which is significantly downregulated in the HC and is enriched for genes with the function of regulating
neurotransmitter levels (Figure 7J, S4B). Since BDNF has previously been implicated in the regulation of

myelination (94), it represents a potential unifying link between the diverse changes observed following MIA.

Mitochondria enriched co-expression networks MEmidnightblue and MEdarkorange may also provide insights
into the behavioral phenotypes in our NHP model. Particularly, both modules from visual cortex (V1) correlate
with the number of stereotypies observed in NHPs. There is no known relationship between V1 and repetitive
behaviors, so this may reflect more widespread alterations that were simply detectable in this region, perhaps
because of its high neuronal density (95). Repetitive behaviors are a hallmark of multiple neurodevelopmental
and neuropsychiatric illnesses and further assessment of other brain regions that have been associated with

repetitive behaviors, such as striatum is warranted in future studies (96, 97).

Although future work is clearly needed to determine if MIA ultimately leads to similar molecular changes in adult
NHP MIA offspring as in humans with SCZ, our results are relevant for understanding how MIA leads to molecular
phenotypes and behavioral aberrations in adolescent offspring in disease-related domains. Importantly, our data
may reveal molecular changes prior to the onset of psychosis, that are not accessible in human samples. In this
regard, the differences in transcriptomic changes in the MIA and human disease datasets are potentially
consistent with results from the mouse model indicating that MIA causes dynamic and brain region-specific
changes in molecules that are age-dependent, with the opposite direction of change for cytokine protein levels
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found in adolescence compared to young adulthood (39). Alternatively, MIA may be just one component of
disease risk that needs to be combined with genetic or other environmental factors to lead to conditions such as

ASD or SCZ.

Despite the inherent limitation of limited sample sizes available when working with NHPs and the limitation of
transcriptomic approaches to uncover functional protein level changes, the functional pathways implicated by
our analysis in the MIA NHP brains have been implicated in SCZ and therefore are worthy of deeper
investigation. Particularly interesting lines of future work will focus on the role of PIWIL2 methylation and
regulation of transposition in addition to dysregulated myelination trajectories following MIA. Moreover, the links
between the pathways implicated in our study are ripe for exploration. It will be important to determine if HC-
specific changes in neuron projection-related genes drive changes in myelination or vice versa and whether the
HC-specific vulnerability in adolescence spreads to other regions with the progression of MIA-induced changes
in the brains of offspring. The specific vulnerability of the HC at this age suggests that subcortical pathology may
occur earlier than cortical changes, and when coupled with the observed changes in repetitive behavior, warrant
examination of striatal and limbic regions in the future. Overall, these results provide a starting point for
understanding the molecular changes occurring subsequent to MIA during adolescence, a critical period for

development of psychosis.
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