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SUMMARY

Itis unclear how disease mutations impact intrinsically disordered protein regions (IDRs), which lack a stable
folded structure. These mutations, while prevalent in disease, are frequently neglected or annotated as var-
iants of unknown significance. Biomolecular phase separation, a physical process often mediated by IDRs,
has increasingly appreciated roles in cellular organization and regulation. We find that autism spectrum dis-
order (ASD)- and cancer-associated proteins are enriched for predicted phase separation propensities, sug-
gesting that IDR mutations disrupt phase separation in key cellular processes. More generally, we hypothe-
size that combinations of small-effect IDR mutations perturb phase separation, potentially contributing to

“missing heritability” in complex disease susceptibility.

INTRODUCTION

Proteins exhibit a continuum of structures ranging from fully
folded to proteins that do not contain any fixed tertiary structure,
also referred to as intrinsically disordered proteins. In the human
proteome, fully folded proteins (~37%) or entirely intrinsically
disordered proteins (~5%) only represent the two extremes of
the continuum (Figure 1). The majority of human proteins
(~58%) contain both folded protein domains and intrinsically
disordered protein regions (IDRs) (Figure 1). Many of these pro-
teins contain disease mutations in both their folded regions and
IDRs, including the notable example of tumor suppressor protein
p53 (Joerger and Fersht, 2008). However, studies tend to focus
on mutations in folded regions while disregarding mutations in
IDRs or annotating them as variants of unknown significance,
even though IDRs are enriched in disease-associated proteins
(Midic et al., 2009; Uversky et al., 2008) and up to 25% of dis-
ease-associated missense mutations co-locate to IDRs (Vacic
and lakoucheva, 2012). These observations raise important
questions of how to better assess and predict the functional rele-
vance of putative mutations impacting IDRs in disease.

Current computational algorithms that attempt to predict the
“pathogenicity” or clinical relevance of a specific mutation
have been developed based on the characteristics of folded pro-
tein regions (Stefl et al., 2013) with little consideration of under-
standing the equivalent mutational-impact on IDRs. These
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methods involve predicting the effect of mutations based on
changes in the stability of a tertiary protein structure, which relies
heavily on amino acid features relevant to protein folding such as
hydrogen bonding, charge states, and exposure of hydrophobic
cores (Stefl et al., 2013). However, it makes little sense to use
these metrics to evaluate the “stability” of IDRs since IDRs do
not contain any single fixed tertiary structure. Other methods
incorporate multiple sequence alignments to determine if any
mutations fall into evolutionary conserved positions, which could
imply a deleterious effect (Stefl et al., 2013). Although this
approach is useful for folded proteins, it does not always apply
well to IDRs because many IDRs have poor positional protein
sequence alignments (Colak et al., 2013), even though they
can have conserved features (Zarin et al., 2019). Moreover, the
conceptual difficulty in understanding how mutations in IDRs
can mechanistically contribute to disease is exacerbated by
the long-standing simplistic view that a protein’s function is pre-
dominantly dictated by a fixed structure, despite many examples
contradicting such a “structure-function” paradigm (Wright and
Dyson, 2015).

To accurately predict the potential for pathogenicity of muta-
tions in IDRs, it is important to understand their biological func-
tions. One recently appreciated and widespread function of
IDRs, in particular low-complexity IDRs (i.e., little amino acid
type diversity), is their role in mediating liquid-liquid phase sepa-
ration, which is a physical process that forms coexisting but
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Human proteome: continuum of protein structures
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Figure 1. The Human Proteome Exhibits a Continuum of Structures with the Majority of Human Proteins Containing both Folded Protein

Domains and Intrinsically Disordered Protein Regions

Continuum of protein structures in the human proteome. Left: fully folded proteins are depicted with a protein globule representing a tertiary protein structure
(87%); Center: proteins containing both folded protein domains and intrinsically disordered protein regions (58%). Within this category, around three quarters of
the proteins have less than half of their amino acids within IDRs, while the remaining quarter have half or more of their amino acids within IDRs; Right: intrinsically
disordered proteins which contain no fixed tertiary protein structure (5%). Disorder predictions of canonical isoforms were calculated using SPOT-Disorder on the
human proteome dataset (Uniprot, Proteome ID: UP000005640, Species ID: 9606, downloaded: Aug 2, 2019). Predicted disorder regions separated by seven or
less “ordered” residues were concatenated together. Fully ordered or intrinsically disordered is defined as >95% of their amino acid sequence predicted to be
ordered or disordered, respectively. An IDR is defined as > 30 consecutive amino acids predicted to be disordered.

distinct phases (compartments), similar to oil droplets separating
from water (Figures 2A and 2B). To phase separate, IDRs can
interact with other IDRs, folded proteins or nucleic acids through
different types of multivalent interactions (Box 1). In living cells,
the consequence of phase separation is the formation of mem-
brane-less organelles, also referred to as biomolecular conden-
sates (or condensates for short). Some examples of conden-
sates include the nucleolus and transcription factories in the
nucleus, stress granules, P-bodies and neuronal granules in
the cytoplasm, and synaptic densities at neuronal synapses
[extensively reviewed elsewhere (Banani et al., 2017; Gomes
and Shorter, 2019)]. Here, we use the word “condensate” to
represent any higher-order membrane-less assembly that,
regardless of its size, can exclude or specifically concentrate
biomolecules (proteins or nucleic acids) into compartments or
provide a unique environment to regulate biological processes.
We use the phrase “liquid information flow” to underscore the
role of condensates formed by liquid-liquid phase separation in
organizing and regulating key biological processes, from chro-
mosome condensation, transcription, splicing, and translation,
to synaptic activity or receptor activation and then downstream
signaling (Gueroussov et al., 2017; Hnisz et al., 2017; Su et al,,
2016; Tsang et al., 2019). While interactions of folded protein do-
mains and nucleic acids can also mediate phase separation, with
a recent review showing general links between perturbations of
phase separation and disease (Alberti and Dormann, 2019), the
focus here is on IDR-regulated phase separation given the po-
tential for illuminating the consequences of mutations
within IDRs.

In this perspective, we begin by discussing how different puta-
tive mutations impacting IDRs might affect the general proper-
ties of phase separation. We then illustrate how widespread

phase separation is in disease and the utility of using phase sep-
aration as a framework to study the wealth of mutational data
coming from genome sequencing projects. In particular, we
focus our discussion on mutations found by genetic studies of
common disorders, including autism spectrum disorder (ASD)
and cancer.

For ASD, phase separation is especially relevant because
many of the susceptibility genes identified have a role in biolog-
ical processes involving phase separation, such as RNA pro-
cessing and synapse function. Moreover, while a growing frac-
tion of ASD can be explained by penetrant “loss-of-function”
mutations typically affecting folded protein regions, these high-
impact mutations, in an otherwise complex disorder, explain
perhaps 5%-25% of the families depending on the severity of
symptoms (Fernandez and Scherer, 2017; Satterstrom et al.,
2020); it could be that at least some of the “missing heritability”
in ASD and other neurodevelopmental disorders (Sanders et al.,
2019) may be explained by other mutations such as missense
events in IDRs. Such subtle DNA sequence changes, which
are readily detected by genome sequencing, can most certainly
alter IDRs in known ASD susceptibility or other ASD-associated
pathways, but they are not yet regularly assessed in standard
medical annotation experiments and genotype-phenotype
studies (Geisheker et al., 2017; Schaaf et al., 2020).

Similarly, there are a large number of genetic variants that can
increase cancer risk, yet the majority of these variants are infre-
quently observed and explain a small fraction of the risk (Sud
et al., 2017; Taipale, 2018). The key biological processes
impacted in ASD are also implicated in cancer, with synapse orga-
nization more broadly characterized by receptor activation and
subsequent downstream signaling. Numerous genes associated
with ASD are also involved in cancer, supporting dysfunction in
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Figure 2. Mutations in IDRs can Change the Propensity for Phase Separation, the Material Properties of Condensates and Partitioning of
Interacting Partners

(A) Cellular phase separation driven by IDRs (green tails) leads to the formation of condensed membrane-less droplets that preferentially include or exclude
specific molecules.

(B) Phase separation has a sharp cooperative concentration-dependent threshold which may exhibit a range of physiological threshold concentrations shown as
green dotted bar lines. Mutations in IDRs can cause aberrant shifts of threshold concentration outside of normal ranges. Square 1 shows minimal protein while
Square 2 shows a drastic increase in protein concentration that is at the cusp of phase separation. Square 3 shows green proteins phase separating.

(C) Conceptual model of a free energy landscape showing that ensembles of interacting IDRs can sample a diverse range of states with distinct dynamics and
condensate properties.

(D) Mutations in IDRs may change dynamics and sampling of the ensemble of interactions from one state (e.g., liquid condensates) to another (e.g., gelled
condensates) or directly change the energy landscape.

(E) Summary of how different mutations in IDRs may lead to biophysical perturbations and biological dysregulation.

the overlapping mechanistic processes. Given these parallel ob-
servations between common disorders such as ASD and cancer,
we propose a new phase separation “framework” in which IDR
mutations may have synergistic effects that contribute to the un-
derlying genetic complexity of disorders for which single genetic
variations do not explain most of the heritability.
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HOW CAN MUTATIONS IN IDRs IMPACT PHASE
SEPARATION?

As noted before, IDRs are important for regulating phase sepa-
ration; but not all IDRs contribute to phase separation and so
not every IDR mutation will necessarily affect phase separation.
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Box 1. IDR Interactions Driving Phase Separation

There are multiple mechanisms that IDRs, nucleic acids, or folded proteins use to phase separate to form condensates, but here we
focus our attention on phase separation driven by IDR interactions. IDRs that phase separate typically contain low-complexity se-
quences, i.e., little amino acid diversity, that mediate different multivalent interactions to facilitate phase separation.

(i) Piinteractions: Aromatic residues have been demonstrated to be important for facilitating phase separation, with mutations
disrupting phase separation in numerous examples in vitro and in cells (Lin et al., 2015). Mechanistically, these aromatic residues
facilitate cation-pi or long-range pi-pi contacts (Vernon et al., 2018). For cation-pi mediated interactions, the number of aromatic
and charged residues within a sequence can be predictive of phase separation (Wang et al., 2018). Pi-pi interactions are more
widespread than simple aromatic-aromatic stacking contacts. Any chemical groups with linked sp2-hybridized atoms, including
the peptide backbone and arginine guanidinium group, can participate in pi-pi interactions and thus potentially contribute to phase
separation (Vernon et al., 2018), enabling the development of a valuable predictive algorithm for IDR phase separation based on
long-range planar pi-pi interactions. This tool, called PScore (Vernon et al., 2018), returns a score reflecting the Z-score “distance”
from values for folded protein sequences, with values >=4 providing a strong prediction for phase separation, and has been vali-
dated for an increasing number of proteins. Since it focuses only on planar pi-pi interactions of IDRs, it is not a comprehensive
predictor and significantly under-predicts phase separation.

(ii) Electrostatics: Positively and negatively charged stretches of IDRs can facilitate multivalent interaction. IDRs often contain
regions enriched in positively charged residues that can interact and phase separate with negatively charged residues on another
IDR (Pak et al., 2016) or negatively charged nucleic acids (DNA/RNA) (Zhang et al., 2015). Some IDRs have charge-based sequence
patterning with blocks of net positive and net negative charges that can mediate multivalent interactions, such as in DDX4, a germ
granule protein (Nott et al., 2015), and FMRP, a translational regulator and RNA-binding protein (Tsang et al., 2019). Scrambling the
charge blocks in DDX4 disrupted phase separation (Nott et al., 2015), while enhancement of the negative charge blocks in FMRP
increased phase separation (Tsang et al., 2019), supporting the role of charge block patterning.

(i) Hydrophobicity: The hydrophobic effect is an entropically driven process that originates from the relationship between the
protein and its solvent environment. Increasing the temperature is predicted to enhance phase separation that is primarily directed
by the hydrophobic effect. Numerous IDR-containing proteins/peptides with a relatively high percentage of hydrophobic residues
phase separate in response to increasing temperatures (Reichheld et al., 2017).

(iv) Sequence motifs: Motifs within IDRs can facilitate phase separation. For instance, arginine glycine-rich (RG/RGG) motifs are
often found in tandem in IDRs of RNA-binding proteins and can form both pi and charge interactions with RNA (Chong et al., 2018).
Phase-separation to hydrogels is associated with short motifs referred to as LARKS (low-complexity, aromatic-rich, kinked seg-
ments). LARKS provide weak reversible interactions, described as “Velcro-like”, in the form of labile amyloid-like cross-beta in-
teractions (Hughes et al., 2018). These motifs have been identified in numerous low-complexity IDRs, suggestive of their wide-
spread function (Hughes et al., 2018). LARK-like interactions can lead to ordered fibrillar structures, but are dynamic and
reversible, consistent with their contribution to liquid phase separation.

(v) Linkers: Computational studies have predicted that increasing the solvation of IDR linkers by forming favorable interactions
with solvent disfavors phase separation (Harmon et al., 2017). In contrast, having some compaction due to intra-linker self-attrac-
tive forces favors phase separation (Harmon et al., 2017). Moreover, the compactness of these linkers can regulate inter-domain
distances that may play a role in their binding and multivalent interactions. In terms of intermolecular linker interactions, linkers may
interact, repel, or entangle. Consequently, this may have positive or negative cooperative effects on the binding affinities of teth-
ered modular interaction domains and thus phase separation. Inter-linker entanglement can keep binding domains close for inter-
action, while inter-linker repulsion would result in a higher energy barrier to interaction. Perturbations of IDR linkers may have pro-
found effects on condensate properties and formation, with mutations or post-translational modifications changing the nature of
linkers by modifying compactness and entanglement. Aberrant splicing can affect the length and properties of the linker. These
perturbations can affect the total avidity of scaffold protein interactions and thus change the threshold concentrations and potential
valency for phase separation.

Thus, the first step is to determine if an IDR of interest linked to
disease will phase separate, either experimentally or by using
recently established predictive tools such as PScore (see Box
1 for more information) (Vernon and Forman-Kay, 2019; Vernon
et al., 2018). If an IDR is not predicted to phase separate, it still
likely has other important regulatory functions, extensively re-
viewed elsewhere (Wright and Dyson, 2015). If phase separation
is predicted or experimentally demonstrated for an IDR of inter-
est, then how could different mutations in that IDR affect its
phase separation? Given the cooperative threshold properties
of phase separation, mutations that affect IDR protein concen-

trations or even a single amino acid change in an IDR can perturb
the threshold concentration for phase separation, i.e., conden-
sate formation (Figure 2B). Similarly, IDR mutations may also
change the material properties of condensates ranging from dy-
namic liquids to aberrant fibrils (Figures 2C and 2D).

Based on the IDR interactions that regulate phase separa-
tion, different classes of mutations may have different effects
(Figure 2E). For example, nonsense mutations that truncate
large IDR segments will eliminate potential multivalent pro-
tein-protein interactions facilitating phase separation and cause
anomalous shifts in threshold protein concentrations necessary
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for condensate formation (Figure 2B). Threshold concentrations
are certainly not fixed since cells can exhibit a range of physi-
ological thresholds depending on the types and strengths of
protein interactions (homotypic and heterotypic) (Riback
et al., 2020), but we emphasize that mutations can cause aber-
rant shifts from physiologically relevant to pathological
threshold concentrations. Nonsense mutations typically lead
to haploinsufficiency, and the underlying molecular mechanism
may be from the perturbation of phase separation due to the
abnormal increase in threshold protein concentration required
to phase separate, with similar effects due to mutations that
delete genes encoding proteins IDRs. Truncations of IDRs
could also affect protein stability (Babu et al., 2011), which
would result in lower protein concentrations. IDR truncations
may also disrupt specific protein-protein interactions that affect
protein partitioning into condensates (Miyake et al., 2020) and
alter protein-protein interactions that change normal threshold
concentrations for phase separation (Riback et al., 2020).
Missense mutations in IDRs can change the strength of the un-
derlying physicochemical interactions (Box 1) that give rise to
material properties of a condensate, varying from a dynamic
liquid (readily assembling and disassembling) to an aberrant
gelled or fibrillar state in disease (Molliex et al., 2015; Murakami
et al., 2015; Patel et al., 2015). These mutations have the po-
tential to produce dominant-negative effects by altering the
wild-type properties of condensates. For example, pathological
gelled condensates have been functionally associated with the
trapping of proteins and nucleic acids and perturbing their
transport or disassembly required for translational regulation
(Gopal et al., 2017; Murakami et al., 2015). Missense mutations
in IDRs may also disrupt specific protein interactions that affect
protein or nucleic acid partitioning into condensates causing
mis-localization and associated gain or loss-of-function effects
(Hofweber et al., 2018; Niaki et al., 2020). Conformations of
IDRs may also be affected by missense mutations that promote
intramolecular interactions (inhibiting phase separation) instead
of expanded multivalent intermolecular interactions (favoring
phase separation) (Sanders et al., 2020). Moreover, because
IDRs are the predominant sites of post-translational modifica-
tions (PTM) (Tompa et al., 2014), missense mutations that alter
PTM sites can lead to dysregulation of phase separation (Mon-
ahan et al., 2017).

Insertions or deletions that lead to frameshifts can act as
nonsense mutations. In-frame insertions or deletions can
have more significant biophysical effects than missense muta-
tions depending on how many residues and which ones.
Repeat expansion mutations can add sizeable low-complexity
phase-separating regions that often have high propensity to
phase separate (Alberti and Dormann, 2019) mRNA regions
that code for IDRs are frequently sites of alternative splicing,
thereby enabling modulation of specific protein interactions,
phase separation propensities and cellular signaling pathways
(Buljan et al., 2013; Ellis et al., 2012; Romero et al., 2006).
Different alternative splice isoforms that incorporate or remove
different multivalent elements in IDRs (Box 1) have been shown
to produce different phase separation propensities and
changes in function, with effects mimicking those for insertion
and deletion mutations. For example, different protein isoforms
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can disrupt or modulate phase separation (Smith et al., 2020) or
cause irreversible protein aggregation in disease (Batlle et al.,
2020). Moreover, changing the multivalent patterns in IDRs
may lead to gain-of-toxic function by introducing new interac-
tion partners and activating aberrant pathways (Han et al.,
2020). Importantly, regulation of phase separation by alterna-
tive splicing may be a mechanism to allow proteins to “escape”
specific condensates to diversify their function, and mis-
splicing will dysregulate this process (Gueroussov et al,
2017). In summary, mutations in IDRs can perturb function by
altering phase separation propensities, the physical features
of condensates and the partitioning and interactions of other
proteins (Figure 2E).

COMPLEX DISEASES EXAMINED THROUGH A NEW
FRAMEWORK

How widespread and relevant is phase separation in medical
conditions involving genes that code for proteins enriched with
IDRs? By analyzing different databases, we find significant
enrichment for phase separation (as predicted by PScore) of
disease-associated proteins including ASD (p = 2.46 x 107 '),
cancer (p = 3.08 x 10~'% and neurological disorders in general
(p =8.75 x 1075) (see Figures 3A and 3B for methods and data-
bases used). There is no significant difference in PScore for pro-
teins associated with type 2 diabetes, consistent with the smaller
sample size for type 2 diabetes, but also suggestive of some
specificity of phase separation to disease mechanisms. This
result highlights the potential functional importance of phase
separation in a range of diseases. Importantly, PScore predicts
only proteins expected to phase separate due to planar pi-pi in-
teractions in their IDRs, which does not account for the many
other interactions contributing to IDR-driven phase separation
(see Box 1). Thus, our predictions based on PScore are consid-
ered conservative estimates that are expected to be substantial
under-predictions of phase separation (Vernon and Forman-
Kay, 2019; Vernon et al., 2018).

From our pilot analysis, we selected ASD as a significant
exemplar for studying IDR mutations and phase separation for
multiple reasons. First, genes associated with ASD demonstrate
a strong enrichment for predicted phase separation propensity
(Figure 3B). Moreover, because the PScore of ASD-associated
proteins is significantly greater than the PScore of other proteins
encoded by highly abundant brain genes (p = 2.27 x 1077)
(Figure 3B), this result strongly suggests that phase separation
is not a baseline property of highly expressed neuronal proteins;
rather, phase separation may specifically be involved in biolog-
ical processes underlying ASD. Of equal importance is the
wealth of high-quality genome sequence data available for
ASD and the growing body of literature testing the myriad of pu-
tative mutations of all classes for their functional and clinical
impact through population genetic studies, and model systems
(de la Torre-Ubieta et al., 2016; Vorstman et al., 2017). We use
cancer as a second example, given the highly significant enrich-
ment for phase separation (as predicted by PScore) of cancer-
associated proteins (p = 3.08 x 10~ '%). The substantial overlap
of cellular processes implicated in ASD and cancer also hints
at common mechanisms and pathways.
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Figure 3. Proteins Encoded by Genes Implicated in Numerous Diseases are Enriched for Predicted Phase Separation Propensity

(A) As an example, Transcription factor 4 (SFARI Score: 1; PScore: 5.77) contains a long predicted intrinsically disordered tail shown in black with a C-terminal
DNA-binding and dimerization domain shown in red [PDB:60D3]. Predicted phase separation propensities (PScore) is shown below. A score of > 4 is considered
a confident phase separation prediction and a score of 0 represents the PDB average.

(B) Percentage of proteins with predicted phase-separation propensity (PScore > 4). The human proteome retrieved from UNIPROT (ID UP000005640) (n =
20401). Highly expressed brain genes represent the 75" percentile from BrainSpan (n = 4667). Genes associated with Autism retrieved from the SFARI database
including high confidence or strong ASD candidates “SFARI 1, 2” (n = 369). Genes associated with cancer retrieved from COSMIC cancer gene consensus (n =
735). Genes associated with neurological disease retrieved from a subset from OMIM (n = 1390). Genes associated with type 2 diabetes retrieved from the Type 2
Diabetes Knowledge Portal including only ‘CAUSAL’ and ‘STRONG’ categories (n = 69). PScore is enriched in autism relative to the human proteome (p = 2.46 x
1079 or highly expressed brain genes (p = 2.27x107). P values derived from Fisher’s exact test.

In the subsequent sections, we discuss existing data and ev-
idence-guided hypotheses regarding the impact of IDR muta-
tions on phase separation in established ASD- and cancer-asso-
ciated cellular processes, namely, (1) chromatin regulation, (2)
transcription, (3) splicing, (4) translation, and more specifically
for each (5) synapse organization or (6) receptor activation and
signaling. We tabulate all mentioned (and additional) ASD-asso-
ciated candidate genes (proteins) with their PScore, evidence for
phase separation, the strength of autism association (e.g., SFARI
scores) (Larsen et al., 2016), and annotated missense or trunca-
tion mutations within IDRs along with clinical annotations (e.g.,
ClinVar) in Table S1. The examples we cite are for genes having
mutations in their IDRs and, for clarity, these IDR mutations are
also mapped to corresponding canonical protein isoforms in Ta-
ble S1. IDR variants and PScore values for selected cancer-
associated proteins with mutations in their IDRs are provided
in Table S2. The need to understand consequences of IDR mu-
tations is underscored by the high percentages of ASD and can-
cer variants mapping to IDRs, with Table 1 showing the average
percentages, 69% and 50%, respectively, for the selected genes
we highlight in Tables S1 and S2.

ASD and cancer have previously been noted to share risk
genes (Crawley et al., 2016), though their relationships are un-
clear. Using the lens of phase separation, we identify an overlap
between ASD and cancer-associated genes that are predicted
to phase separate (Table S3), suggestive of overlapping affected
core pathways. Importantly, introducing phase separation as a
framework for understanding IDR mutations does not imply
that other established or proposed mechanisms for ASD and
cancer are not operative. In many cases, these are described
through effects on regulation of chromatin, transcription,
splicing, translation, synapse organization, receptor activation
and downstream signaling. What we are proposing is biophysi-
cal insight into how IDR mutations can feed into these previously
described mechanisms.

Chromatin Regulation

Transcriptional profiling studies have reported altered gene
expression patterns in post-mortem brains from individuals
with ASD (Gandal et al., 2018; Velmeshev et al., 2019), as well
as in studies of cell-based and animal models of ASD (Tran
et al., 2019). Cancer has very strong associations with
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Table 1. Percentage of Variants Mapping to IDRs for Described
ASD? and Cancer® Genes

Predicted Pathogenic

Variants in IDRs (%) Missense in IDRs (%)
ASD 69 N/A
Cancer 50 48
®averages of the selected genes listed in Table S1 (SELECTED_
GENES_SFARI)
Paverages of the selected genes listed in Table S2 (SELECTED_
GENES_COSMIC)

dysregulated chromatin (Valencia and Kadoch, 2019). Given the
recent evidence supporting protein-DNA phase separation as a
mechanism that can organize condensed chromatin structures
at different length scales from clusters of nucleosomes to kilo-
base-sized and larger domains (Gibson et al., 2019; Larson
et al., 2017; Sanulli et al., 2019; Strom et al., 2017; Wang et al.,
2019), we can begin to speculate how ASD and cancer muta-
tions impacting chromatin regulators could perturb phase sepa-
ration and lead to transcriptional dysregulation.

For example, the Polycomb repressive complex (PRC1) is a
group of proteins that perform post-translational modifications
on histone tails to compact chromatin and inhibit gene expres-
sion. (Francis et al., 2004). Phase separation of PRC1 is medi-
ated by one of its core protein components, chromobox 2
(CBX2) (Plys et al., 2019; Tatavosian et al., 2019). PRC1 can
also activate gene expression by interacting with other predicted
phase-separating proteins including autism susceptibility candi-
date 2 (AUTS2) (Gao et al., 2014). ASD-associated mutations of
AUTS2 (Table S1), initially predicted to act via haploinsufficiency
(Beunders et al., 2013), could decrease AUTS2 cellular concen-
tration and potentially alter PRC1-AUTS2 condensates. In this
instance, mutations in IDRs may lead to dominant-negative ef-
fects resulting from altered condensates properties or phase
separation threshold concentrations.

Other histone-modifying enzymes are predicted to phase
separate and contain ASD and cancer mutations in their IDRs
(e.g., EP300, KDM6B, KMT2A/C). These mutations may result
in mis-localization of these enzymes such that they fail to modify
appropriate histones and perturb condensate formation and
properties (Tables S1, S2). Chromodomain Helicase DNA-bind-
ing Protein 8 (CHD8) is a chromatin remodeler predicted to
phase separate and is linked to ASD due to its regulation of other
ASD candidate genes during neurodevelopment (Katayama
et al., 2016). CHD8 haploinsufficiency in ASD supports the
concept of achieving a certain protein concentration threshold
to form condensates to regulate gene expression. Other Chro-
modomain Helicase DNA-binding Proteins (CHD1/2/7) and chro-
matin-remodeling factors (e.g., ARID1B, SMARCA4, SMARCC?2)
are predicted to phase separate, and we speculate that ASD mu-
tations in their IDRs (as well as cancer-associated mutations
specifically in ARID1B) could perturb their phase separation pro-
pensity (Tables S1, S2, S3). Many chromatin regulators impli-
cated in cancer (Gibbons, 2005; Morgan and Shilatifard, 2015)
are predicted to phase separate. These proteins include compo-
nents of the Polycomb repressive complex (e.g., ASLX2), his-
tone-modifying enzymes (KMT2D) and chromatin remodelling
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factors (e.g., ARID1A, SMARD1). We propose that these muta-
tions impact the properties of chromatin condensates, alter
protein-protein interactions and influence gene expression. In
particular, changes in gene expression may alter the composi-
tions of other condensates that may affect their function by
changing their interaction partners and threshold concentrations
for phase separation.

Transcription

Regulation of gene transcription in response to neuronal activity
has been hypothesized to play a key role in the etiology of ASD
(Ebert and Greenberg, 2013). Transcriptional dysregulation is a
known core driver of cancer (Bradner et al., 2017). The dynamic
properties of phase separation to readily assemble and disas-
sembile likely contributes to transcriptional processes underlying
ASD and cancer. Newer studies suggest that phase separation
could provide a mechanism for concentrating co-activators,
transcription factors and RNA polymerase Il into dynamic tran-
scription condensates at super-enhancers (Boehning et al,
2018; Boija et al., 2018; Cho et al., 2018; Sabari et al., 2018),
although rigorous experiments testing and confirming these
ideas and observations are still needed (McSwiggen et al.,
2019; Mir et al., 2019).

The C-terminal IDR (CTD) of RNA polymerase Il phase sepa-
rates in vitro and clusters with chromatin in cells dependent on
the number of heptapeptide repeats it harbors (Boehning et al.,
2018). Phosphorylation of the CTD can modify intermolecular
interactions and allow RNA polymerase Il to partition into
different transcriptional or splicing condensates (Guo et al.,
2019; Lu et al., 2018) to facilitate the processing of “informa-
tion” stored in mRNAs. Interestingly, a set of ASD-candidate
genes includes specific kinases (CDK13, CCNK, DYRK1A) (Ta-
ble S1) that may phase separate to capture and phosphorylate
the CTD (Lu et al., 2018) and to target RNA Pol Il to different
condensates. The cancer-associated kinase, CDK12, also
phosphorylates RNA Pol Il with a potentially similar effect on
RNA Pol |l partitioning (Bonnal et al., 2020; Pilarova et al.,
2020). Given these observations, we expect that ASD- and
cancer-associated mutations in IDRs of these kinases (Table
S1, S2, S3) could alter their phase separation propensities
leading to aberrant localization and phospho-regulation of
RNA Pol Il. The functional effects of kinase or RNA Pol Il phase
separation could be evaluated by examining the transcriptional
activity of highly transcribed synaptic genes with broad
enhancer-like domains implicated in ASD, referred to as
BELD genes (Zhao et al., 2018) or similarly the transcription
of oncogenic-drivers.

Transcriptional regulators are predicted to phase separate
with mutations affecting IDR elements. In particular, Transcrip-
tion Factor 4 (TCF4) is an activity-dependent transcription factor
with a significant number of binding sites found within numerous
ASD candidate genes (Forrest et al., 2018), which is reflective of
its direct regulatory role in synaptic plasticity and neurodevelop-
ment (Jung et al., 2018). TCF4 organizes transcriptional net-
works necessary for neuronal differentiation (Quevedo et al.,
2019) in a phosphorylation-regulated manner (Sepp et al.,
2017), which likely plays a role in its phase separation propen-
sities. Moreover, numerous TCF4 isoforms contain variable



Cell

C-terminal IDR lengths that we predict would alter its predicted
phase separation propensity. Thus, we expect that mutations
in TCF4 IDRs and mis-splicing of its C-terminal IDR will perturb
its phase separation leading to dysregulated transcription.

Ligand-dependent transcriptional regulators have been
shown to have tunable transcriptional activities correlated with
altered condensate properties (Nair et al., 2019). Acute estrogen
stimulation forms transcriptionally active and reversible estrogen
receptor alpha (ERa) condensates while chronic stimulation
forms stabilized gelled ERa condensates that are transcription-
ally less active (Nair et al., 2019). The potential link between these
findings and the finding that elevated prenatal estrogen levels
significantly modulate developmental trajectories in ASD
(Baron-Cohen et al., 2020) might be worth considering. More-
over, an ASD-associated C-terminal IDR truncation of the tran-
scription factor B-catenin (CTNNB1) is predicted to abolish its
phase separation capacity (Zamudio et al., 2019) (Table S1),
and potentially disrupt Wnt/B-catenin-dependent signaling
strongly implicated in ASD (Kwan et al., 2016). In cancer, phos-
phorylation of the disordered N terminus of B-catenin leads to
its degradation, likely via phase separation of a multi-protein
destruction complex (Kim et al., 2010; Schaefer and Peifer,
2019). This region is a cancer “mutation hotspot” with 9 muta-
tions in the Online Mendelian Inheritance in Man (OMIM) data-
base of genes and genetic disorders (Kim and Jeong, 2019) (Ta-
ble S3); these mutations may prevent phosphorylation, stabilize
B-catenin, and enhance expression of specific target genes to
promote cellular proliferation in various cancers (Morin et al.,
1997). Therefore, phase separation of transcription factors like
ERo and B-catenin can act as sensors to specific intracellular
and extracellular changes and respond to the “information”
flow from the environment by modulating appropriate gene
expression programs.

Splicing

Transcriptome-wide dysregulation of mMRNA splicing levels has
been observed in post-mortem brains of people with ASD (Gan-
daletal.,2018; Irimia et al., 2014; Voineagu et al., 2011). Aberrant
mRNA splicing has also been shown to be a driver of cancer
(Sveen et al., 2016). These findings raise questions about the
properties of spliced regions and their mechanistic contributions
to disease. We postulate that given the abnormal splicing pat-
terns and isoform usage reported in ASD and cancer, and the
tendency of IDRs to undergo alternative splicing, it is likely that
alternative splicing modulates the phase-separation propen-
sities of spliced proteins. Moreover, IDR mutations can affect
the formation and function of phase-separated splicing assem-
blies and directly cause mis-splicing of proteins which perturbs
their biological and regulatory functions. For example, cancer-
associated mutations are found in IDRs of a number of splicing
regulators predicted to phase separate (e.g., HNRNPA2B1,
RBM10, SFPQ, Table S2), and we suspect that these mutations
perturb their phase separation propensities and splicing
function.

The hnRNPA/D protein family forms distinct multivalent as-
semblies, regulated by phase separation with additional
hnRNPs, to globally control alternative splicing (Gueroussov
et al., 2017). Note that HNRNPA2B1 is overexpressed in breast
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cancers (Hu et al., 2017). Splicing of alternative exons overlap-
ping glycine-tyrosine rich (GY) motifs within hnRNPA/D C-termi-
nal IDRs can regulate their phase separation propensity and
splicing functions (Batlle et al., 2020; Gueroussov et al., 2017).
Fibrillization can be enhanced in liquid condensed phases (Mur-
akami et al., 2015; Patel et al., 2015), and missense mutations in
the IDR of hnRNPAT1 leading to pathological fibrillization have
been reported (Molliex et al., 2015). This raises the possibility
that mutations in other hnRNP gene families linked to ASD
(e.g., hnRNPU and hnRNPH2) (Table S1) may have similar path-
ological mechanisms via phase separation to disrupt splicing
function.

The splicing factor protein RBFOX1 regulates alternative
splicing of neuronal gene networks enriched with ASD candidate
genes (Lee et al., 2016; Weyn-Vanhentenryck et al., 2014).
Intriguingly, the splicing activity of RBFOX1 was shown to be
correlated with the propensity of its C-terminal IDRs to form
higher-order splicing protein assemblies (Ying et al., 2017). Mu-
tations in RBFOX1-IDR disrupted the formation of splicing as-
semblies and led to aberrant splicing and inclusion (Ying et al.,
2017). Thus, truncation mutations affecting the C-terminal IDR
of RBFOX1 (Lee et al., 2016) (Table S1) may perturb protein-pro-
tein interactions and shift the phase separation threshold of
splicing assemblies resulting in the dysregulated splicing
observed in ASD.

Highly conserved neuronal microexons (3-27 nt) are most
frequently mis-spliced in ASD (Irimia et al., 2014; Voineagu
et al., 2011). Microexon splicing events generally lead to the
skipping of one to nine amino acids, which would be sufficient
to remove specific motifs in IDRs important for phase separation
including short linear motif (SLiM), multivalent repeats, or a
stretch of low-complexity sequence (Irimia et al., 2014) (Box 1).
For example, splicing of an ASD-associated microexon in the
N-terminal IDR of the cap-binding initiation factor elF4G modu-
lated its ability to phase separate which coincides with dysregu-
lation of synaptic protein synthesis and altered synaptic plas-
ticity in mouse models (Gonatopoulos-Pournatzis et al., 2020).
More studies of the transcriptomes in ASD and cancer are
needed to probe the link between alternative splicing patterns
and pathology for these diseases.

Translation
ASD-relevant genes encode proteins such as FMRP, CAPRIN1
(also known as FMR2), and TSC1/2 that regulate localized trans-
lation in a neuronal activity-dependent manner (Jung et al.,
2014). Disruption of activity-dependent translation has been pro-
posed to be linked to ASD (Gkogkas et al., 2013; Kelleher and
Bear, 2008). Dysregulation of RNA processing (e.g., LSM14A)
and translational control (DROSHA) are also linked to cancer (An-
derson et al., 2015; Jansson and Lund, 2012) and have a clear
relationship to phase separation (Table S2). Specific signaling
systems such as the mammalian target of rapamycin (mTOR)
pathway can regulate activity-dependent translation with several
proteins in this pathway implicated in ASD (Winden et al., 2018)
and regulation of translation by mTOR has very strong links to
cancer and tumor cell proliferation (Mossmann et al., 2018).
For ASD, activity-dependent translation involves packaging
and transporting mRNAs toward distal sites of a neuron via
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phase separation of RNA-binding proteins that form neuronal
granules (Jung et al., 2014). An ASD truncation mutation that re-
moves the C-terminal IDR of the neuronal granule protein CAP-
RIN1 is predicted to impede its phase separation (Table S1).
This mutation may impair CAPRIN1 mediated localization and
translation of MRNAs. Moreover, phase separation may facilitate
localized translation in axons and dendrites in response to
neuronal activity. Phosphorylation of the C-terminal IDR of the
RNA-binding protein FMRP promotes its phase separation
which correlates with in vitro translation inhibition (Tsang et al.,
2019). This result raises the interesting hypothesis that loss of
FMRP expression in Fragile X syndrome, a monogenic disorder
often exhibiting ASD (Kelleher and Bear, 2008), may dysregulate
translation in part due to perturbed phase separation properties
of neuronal granules. Thus, in neurons, mRNAs are first pack-
aged and transported within condensates in a translationally si-
lent state; after arriving at their cellular destination (axon/syn-
apse), signaling dependent post-translational modifications
modulate condensate properties to release mRNAs for trans-
lation.

Cytoplasmic polyadenylation element-binding, encoded by
the CPEB1-4 genes, regulates the stability and translation of
CPEB targeted mRNAs via their polyA tails (Richter, 2007).
Mis-splicing of CPEB4 causes an aberrant shortening in polyA
tail length (de-adenylation) of known ASD candidate genes and
a corresponding reduction in their protein levels (Parras et al.,
2018). It would be interesting to investigate the predicted phase
separation of CPEB4 and its isoforms and their mechanistic
impact on polyA tail regulation and translation. Moreover, phase
separation may fine-tune de-adenylation and translation rates
(Kim et al., 2019). Modulating the PTM states of FMRP and CAP-
RIN1 produced different FMRP-CAPRIN1 condensate environ-
ments which corresponded to different in vitro de-adenylation
or translation rates (Kim et al., 2019). It remains to be tested if
IDR mutations in other ASD-associated deadenylases (Table
S1) can alter phase separation propensities and contribute to
the abnormal de-adenylation and translation activity reported
in ASD.

Synapse Organization

An imbalance in excitatory and inhibitory synaptic activity is hy-
pothesized to underlie ASD (Nelson and Valakh, 2015). Recently,
in vitro phase separation of ASD-associated synaptic receptors
and scaffolding proteins (Table S1) were shown to form pre
and postsynaptic condensates, which mimicked the organiza-
tion of synapses (Milovanovic et al., 2018; Zeng et al., 2016,
2018). These experimental findings have led to proposals for
the role of phase separation in regulating the organization of
excitatory and inhibitory synapses.

For example, ASD-associated proteins SynGAP and PSD95
formed post-synaptic condensates with a sharp concentration-
dependency (Zeng et al., 2016). This result supports the haploin-
sufficiency reported for SynGAP in ASD since condensate for-
mation occurs only when a threshold concentration is reached.
Moreover, because PSD95 is an interaction hub connecting
numerous synaptic proteins (Feyder et al., 2010), perturbations
to PSD95 phase separation would be expected to disrupt post-
synaptic condensate formation and cause mis-localization of
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regulatory components (Table S1). In particular, the SHANK1,
SHANK2, and SHANK3 genes encode scaffolding proteins that
interact with PSD95 and contain numerous ASD mutations in
their long IDR linkers (Leblond et al., 2014) (Table S1). Mutations
in IDR linkers can affect molecular interactions that modulate
phase separation properties (Box 1), making them targets for
further investigation.

Both genetic and functional studies have linked numerous mu-
tations in voltage-gated calcium channels to ASD (Heyes et al.,
2015). For example, pre-synaptic Calcium Voltage-Gated Channel
Subunit alpha 1A (CACNA1A) is predicted to phase separate and is
involved in calcium signaling, with mutations implicated in Timothy
Syndrome, a condition characterized by cognitive impairments
and ASD symptoms (Splawski et al., 2004). The cytoplasmic C-ter-
minal IDR of CACNA1A exhibits polyQ expansions (Zhuchenko
et al., 1997) that may rigidify postsynaptic condensates and impair
their regulatory function, as shown previously for other phase-
separating proteins (Peskett et al., 2018). Other protein repeat
expansions have also been shown to alter protein-protein interac-
tions and condensate compositions, leading to dysregulated
function and disease (Basu et al., 2020). Moreover, cytosolic loops
and IDR tails of other membrane receptors (e.g., SCN4A and
HCN1, Table S1) have mutations linked to ASD; valuable insights
may come from establishing the impact of these ASD-associated
variants on post-synaptic condensates and their effect on clus-
tering receptors to regulate synaptic transmission.

Reception Activation and Signaling

Predicted phase separation of transmembrane NOTCH recep-
tors (e.g., NOTCH1/2, Table S2) may represent a crucial mecha-
nism of information transfer from cellular surfaces to the nucleus
via cell-to-cell contacts and downstream signaling (Nowell and
Radtke, 2017). Phase separation of activity-dependent tran-
scription factors is implicated in the relay of cellular stimuli
back to the nucleus (e.g., NF-«xB), and its dysregulation may
result in oncogenic cellular proliferation and survival (Hoesel
and Schmid, 2013). Oncogenic disruption of signaling pathways
can dysregulate protein phase separation resulting in aberrant
downstream signaling and protein regulation including actin fila-
ment organization (e.g., WASP) implicated in cancer (Yamaguchi
and Condeelis, 2007). Thus, both receptor activation and down-
stream signaling in cancer can involve phase separation.

A PHASE SEPARATION FRAMEWORK FOR
UNDERSTANDING DISEASE-ASSOCIATED MUTATIONS
IN IDRs

The formation and regulation of condensates driven through
IDR-mediated phase separation is central in organizing the dy-
namic “liquid” flow of information from DNA to RNA to protein
and back (Figure 4). Beginning in the nucleus of a cell, different
condensates can regulate various aspects of chromatin regula-
tion, transcription, and alternative splicing. Formation of trans-
port condensates moves mRNAs from the nucleus to sites of
local translation, including the synapse for activity-dependent
translation in neurons. The dynamic nature of phase separation
allows condensates to regulate translation in response to various
stimuli, including synaptic transmission. Translated synaptic
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Figure 4. Schematic Model for How Synaptic Plasticity or Cell Growth may be Regulated via Liquid Information Flow from DNA to RNA to

Protein in a Feedback-Dependent Manner

1. Beginning in the nucleus, specific promoter condensates are formed in response to phase separation of specific signaling factors, transcription factors and
ligands. RNA Pol Il is shuttled between promoter and elongation condensates based on its phosphorylation state. Transcribed mMRNAs are processed and spliced
in specific condensates and packaged into specific condensates for transport. 2. mRNA transport condensates transport translationally silenced mRNAs toward
sites of local translation, including dendrites and axons in neurons. 3. At synaptic sites, neuronal condensates can reversibly disassemble to release mRNAs for
translation or reassemble to capture mRNAs for translational silencing in response to stimuli. Proteins synthesized here include synaptic scaffolding and adhesion
proteins and receptor subunits that remodel post-synaptic condensates. Note localized translation occurs in pre-synaptic compartments, as well (not shown). 4.
Post-synaptic condensates cluster receptors to facilitate synaptic transmission and signaling processes. Pre-synaptic condensates (not shown) can also cluster
receptors and synaptic vesicles to facilitate signal transmission. Receptor clustering is associated with activation of growth factor receptors in all cells. 5.
Activation of signaling processes promotes the formation of signaling condensates that are trafficked from synapses or from the growth factor receptors of cells

back to the nucleus to modulate transcription and splicing.

proteins build and organize the synapse to facilitate appropriate
synaptic transmission. Translation in cells in general enables cell
growth, a key factor in cancer. Activation of different signaling
pathways can send information back to the nucleus via activ-
ity-dependent transcription factors. Phase separation of these
transcription factors helps organize different signaling and activ-
ity-dependent transcription/splicing programs by changing
condensate properties, molecular compositions or phase sepa-
ration propensities. This effectively controls mRNA isoform
expression and protein translation, which in turn can further
impact phase separation processes involving genes and pro-
teins. This general understanding of biology in terms of phase
separation is relevant to normal cellular processes as well as un-
derstanding how mutations in these proteins cause disease.

In the framework of phase separation, mutations that pro-
foundly alter IDR properties might cause a drastic effect on
phase separation thresholds resulting in pathological conden-
sates disrupting processes related to synaptic plasticity or cell
growth (Figure 5A). However, the formation of condensates
and their characteristics could also be impacted by a combina-
tion of IDR mutations that have lower impact on IDR properties.
Due to the sensitivity of phase separation to local protein con-
centrations, these variants, which individually may have smaller
functional effects, could collectively cause drastic shifts in phase
separation thresholds. In this way, individual mutations affecting
IDRs that may appear benign, i.e., variants that would not be ex-
pected to have a major gain or loss-of-function individually, may
together have a substantial and aberrant effect on phase
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Figure 5. Pathogenic Perturbations to Phase Separation Thresholds as an Overarching Mechanism Underlying Disease
(A) A single or limited number of mutations that profoundly alter IDR properties (high impact) may cause dramatic aberrant shifts to the normal cellular phase
separation threshold (represented by black line in middle). This results in pathological or decreased propensities of condensate formation in related cellular

pathways.

(B) Mutations causing small alterations in IDR properties (low impact) may have subtle effects on the normal cellular phase separation threshold (represented by
black line in middle). Accumulation of specific IDR mutations may cause aberrant shifts to the phase separation similar to high impact IDR mutations. Additive
effects between high and low impact IDR mutations may result in pathological or decreased propensities for condensate formation in related cellular pathways.

separation in related pathways (Figure 5B). Thus, the ‘right’ com-
bination of high and low impact mutations in IDRs may provide a
sufficient threshold for “ASD susceptibility” by causing anoma-
lous shifts in phase separation propensities of individual proteins
in related pathways, potentially explaining “missing heritability.”
Mutations in IDRs, including their impact on cellular phase sep-

Box 2. Approaches to Study the Impact of IDR Disease Variants
on Phase Separation

We can examine the collective properties of IDRs as condensates to pro-
vide insights into their function and the effects of mutation using a variety
oftools (Mitrea et al., 2018). Phase separation can be induced in the test-
tube using purified proteins (Alberti et al., 2018). The biophysical proper-
ties and partitioning into reconstituted condensates and mutational ef-
fects can be examined using microscopy. IDR interactions within con-
densates can also be studied using NMR spectroscopy (Brady et al.,
2017; Kim et al., 2019). In vitro reconstitution of receptor clustering
and synaptic scaffolding proteins can be performed on 2D lipid mem-
branes with mutation that can be used to evaluate partition coefficients
and specific biochemical assays (Feng et al., 2019). High resolution mi-
croscopy and single molecule tracking can characterize condensates in
cells and track diffusion of proteins through condensates (Cho et al.,
2018). Engineered optogenetic approaches have been designed to
induce phase separation with light in both the nucleus and cytoplasm
(Bracha et al., 2019). With the development of new tools coupled with es-
tablished methods, the mutational impact on phase separation can be
evaluated to link mutations to functional effects.
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aration, represent a largely unexplored area of research; howev-
er, their roles in biological processes linked to phase separation,
from regulation of chromatin, transcription, splicing, and other
mRNA processing, translation, to receptor activation and down-
stream signaling, demonstrate the generality of this phase sepa-
ration framework for understanding complex diseases.

CONCLUSION

Current bioinformatics tools are not well-suited for examining
and predicting a putative mutation’s impact concerning IDRs.
Here, we demonstrate phase separation as a general property
of proteins associated with common diseases. We provide a
range of testable hypotheses involving IDR-mediated phase
separation that can provide mechanistic insights into genetically
complex disorders such as autism and cancer (Tables S1, S2,
and S3). Numerous tools are being developed to study phase
separation and IDRs, which we recommend be built into stan-
dard genotype-phenotype algorithms of analysis, and in partic-
ular for autism and cancer (Box 2). Ultimately, measuring the
impact of DNA mutation on phase separation may provide a
leap forward in understanding complex genetic disease.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.
cell.2020.11.046.


https://doi.org/10.1016/j.cell.2020.11.046
https://doi.org/10.1016/j.cell.2020.11.046

Cell

ACKNOWLEDGMENTS

The authors thank Benjamin Blencowe, Jonathon Ditlev, Nahum Sonenberg,
Lu-Yang Wang, Mehdi Zarrei, and the Forman-Kay and Scherer lab members
for helpful discussions and critical review of the work. This work was sup-
ported by the Canadian Institutes of Health Research (CIHR) FDN-148375 to
J.D.F.-K., and MOP-119579 to A.M.M. and J.D.F.-K., and by the Canada
Research Chair program to J.D.F.-K. S.W.S. is supported by the GlaxoSmithK-
line CIHR Endowed Chair in Genome Sciences.

DECLARATION OF INTERESTS
The authors declare no competing interests.
REFERENCES

Alberti, S., and Dormann, D. (2019). Liquid-Liquid Phase Separation in Dis-
ease. Annu. Rev. Genet. 53, 171-194.

Alberti, S., Saha, S., Woodruff, J.B., Franzmann, T.M., Wang, J., and Hyman,
A.A. (2018). A User’s Guide for Phase Separation Assays with Purified Pro-
teins. J. Mol. Biol. 430, 4806-4820.

Anderson, P., Kedersha, N., and Ivanov, P. (2015). Stress granules, P-bodies
and cancer. Biochim. Biophys. Acta 7849, 861-870.

Babu, M.M., van der Lee, R., de Groot, N.S., and Gsponer, J. (2011). Intrinsi-
cally disordered proteins: regulation and disease. Curr. Opin. Struct. Biol. 21,
432-440.

Banani, S.F., Lee, H.O., Hyman, A.A., and Rosen, M.K. (2017). Biomolecular
condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol.
18, 285-298.

Baron-Cohen, S., Tsompanidis, A., Auyeung, B., Nergaard-Pedersen, B., Hou-
gaard, D.M., Abdallah, M., Cohen, A., and Ponhl, A. (2020). Foetal oestrogens
and autism. Mol. Psychiatry 25, 2970-2978.

Basu, S., Mackowiak, S.D., Niskanen, H., Knezevic, D., Asimi, V., Grosswendt,
S., Geertsema, H., Ali, S., Jerkovic, I., Ewers, H., et al. (2020). Unblending of
Transcriptional Condensates in Human Repeat Expansion Disease. Cell 187,
1062-1079.e30.

Batlle, C., Yang, P., Coughlin, M., Messing, J., Pesarrodona, M., Szulc, E., Sal-
vatella, X., Kim, H.J., Taylor, J.P., and Ventura, S. (2020). hnRNPDL Phase
Separation Is Regulated by Alternative Splicing and Disease-Causing Muta-
tions Accelerate Its Aggregation. Cell Rep. 30, 1117-1128.e5.

Beunders, G., Voorhoeve, E., Golzio, C., Pardo, L.M., Rosenfeld, J.A., Talkow-
ski, M.E., Simonic, I., Lionel, A.C., Vergult, S., Pyatt, R.E., et al. (2013). Exonic
deletions in AUTS2 cause a syndromic form of intellectual disability and sug-
gest a critical role for the C terminus. Am. J. Hum. Genet. 92, 210-220.
Boehning, M., Dugast-Darzacq, C., Rankovic, M., Hansen, A.S., Yu, T., Marie-
Nelly, H., McSwiggen, D.T., Kokic, G., Dailey, G.M., Cramer, P., et al. (2018).
RNA polymerase Il clustering through carboxy-terminal domain phase separa-
tion. Nat. Struct. Mol. Biol. 25, 833-840.

Boija, A., Klein, I.A., Sabari, B.R., Dall’Agnese, A., Coffey, E.L., Zamudio, A.V.,
Li, C.H., Shrinivas, K., Manteiga, J.C., Hannett, N.M., et al. (2018). Transcrip-
tion Factors Activate Genes through the Phase-Separation Capacity of Their
Activation Domains. Cell 175, 1842-1855.e16.

Bonnal, S.C., Lopez-Oreja, |., and Valcércel, J. (2020). Roles and mechanisms
of alternative splicing in cancer - implications for care. Nat. Rev. Clin. Oncol.
17, 457-474.

Bracha, D., Walls, M.T., and Brangwynne, C.P. (2019). Probing and engineer-
ing liquid-phase organelles. Nat. Biotechnol. 37, 1435-1445.

Bradner, J.E., Hnisz, D., and Young, R.A. (2017). Transcriptional Addiction in
Cancer. Cell 168, 629-643.

Brady, J.P., Farber, P.J., Sekhar, A, Lin, Y.-H., Huang, R., Bah, A., Nott, T.J.,
Chan, H.S., Baldwin, A.J., Forman-Kay, J.D., and Kay, L.E. (2017). Structural
and hydrodynamic properties of an intrinsically disordered region of a germ
cell-specific protein on phase separation. Proc. Natl. Acad. Sci. USA 114,
E8194-E8203.

¢? CellPress

Buljan, M., Chalancon, G., Dunker, A.K., Bateman, A., Balaji, S., Fuxreiter, M.,
and Babu, M.M. (2013). Alternative splicing of intrinsically disordered regions
and rewiring of protein interactions. Curr. Opin. Struct. Biol. 23, 443-450.
Cho, W.-K., Spille, J.-H., Hecht, M., Lee, C., Li, C., Grube, V., and Cisse, I.I.
(2018). Mediator and RNA polymerase |l clusters associate in transcription-
dependent condensates. Science 367, 412-415.

Chong, P.A., Vernon, R.M., and Forman-Kay, J.D. (2018). RGG/RG Motif Re-
gions in RNA Binding and Phase Separation. J. Mol. Biol. 430, 4650-4665.
Colak, R., Kim, T., Michaut, M., Sun, M., Irimia, M., Bellay, J., Myers, C.L.,
Blencowe, B.J., and Kim, P.M. (2013). Distinct types of disorder in the human
proteome: functional implications for alternative splicing. PLoS Comput. Biol.
9, e1003030.

Crawley, J.N., Heyer, W.-D., and LaSalle, J.M. (2016). Autism and Cancer
Share Risk Genes, Pathways, and Drug Targets. Trends Genet. 32, 139-146.
de la Torre-Ubieta, L., Won, H., Stein, J.L., and Geschwind, D.H. (2016).
Advancing the understanding of autism disease mechanisms through ge-
netics. Nat. Med. 22, 345-361.

Ebert, D.H., and Greenberg, M.E. (2013). Activity-dependent neuronal signal-
ling and autism spectrum disorder. Nature 493, 327-337.

Ellis, J.D., Barrios-Rodiles, M., Colak, R., Irimia, M., Kim, T., Calarco, J.A.,
Wang, X., Pan, Q., O’Hanlon, D., Kim, P.M., et al. (2012). Tissue-specific alter-
native splicing remodels protein-protein interaction networks. Mol. Cell 46,
884-892.

Feng, Z., Chen, X., Wu, X., and Zhang, M. (2019). Formation of biological con-
densates via phase separation: Characteristics, analytical methods, and phys-
iological implications. J. Biol. Chem. 294, 14823-14835.

Fernandez, B.A., and Scherer, S.W. (2017). Syndromic autism spectrum disor-
ders: moving from a clinically defined to a molecularly defined approach. Dia-
logues Clin. Neurosci. 19, 353-371.

Feyder, M., Karlsson, R.-M., Mathur, P., Lyman, M., Bock, R., Momenan, R.,
Munasinghe, J., Scattoni, M.L., Ihne, J., Camp, M., et al. (2010). Association
of mouse DIg4 (PSD-95) gene deletion and human DLG4 gene variation with
phenotypes relevant to autism spectrum disorders and Williams’ syndrome.
Am. J. Psychiatry 167, 1508-1517.

Forrest, M.P., Hill, M.J., Kavanagh, D.H., Tansey, K.E., Waite, A.J., and Blake,
D.J. (2018). The Psychiatric Risk Gene Transcription Factor 4 (TCF4) Regulates
Neurodevelopmental Pathways Associated With Schizophrenia, Autism, and
Intellectual Disability. Schizophr. Bull. 44, 1100-1110.

Francis, N.J., Kingston, R.E., and Woodcock, C.L. (2004). Chromatin compac-
tion by a polycomb group protein complex. Science 306, 1574-1577.
Gandal, M.J., Zhang, P., Hadjimichael, E., Walker, R.L., Chen, C., Liu, S., Won,
H., van Bakel, H., Varghese, M., Wang, Y., et al.; PsychENCODE Consortium
(2018). Transcriptome-wide isoform-level dysregulation in ASD, schizo-
phrenia, and bipolar disorder. Science 362, 362.

Gao, Z., Lee, P., Stafford, J.M., von Schimmelmann, M., Schaefer, A., and Re-
inberg, D. (2014). An AUTS2-Polycomb complex activates gene expression in
the CNS. Nature 5716, 349-354.

Geisheker, M.R., Heymann, G., Wang, T., Coe, B.P., Turner, T.N., Stessman,
H.A.F., Hoekzema, K., Kvarnung, M., Shaw, M., Friend, K., et al. (2017). Hot-
spots of missense mutation identify neurodevelopmental disorder genes and
functional domains. Nat. Neurosci. 20, 1043-1051.

Gibbons, R.J. (2005). Histone modifying and chromatin remodelling enzymes
in cancer and dysplastic syndromes. Hum. Mol. Genet. 74, R85-R92.
Gibson, B.A., Doolittle, L.K., Schneider, M.\W.G., Jensen, L.E., Gamarra, N.,
Henry, L., Gerlich, D.W., Redding, S., and Rosen, M.K. (2019). Organization
of Chromatin by Intrinsic and Regulated Phase Separation. Cell 179, 470-
484.E21.

Gkogkas, C.G., Khoutorsky, A., Ran, |., Rampakakis, E., Nevarko, T., Weath-
erill, D.B., Vasuta, C., Yee, S., Truitt, M., Dallaire, P., et al. (2013). Autism-
related deficits via dysregulated elF4E-dependent translational control. Nature
493, 371-377.

Gomes, E., and Shorter, J. (2019). The molecular language of membraneless
organelles. J. Biol. Chem. 294, 7115-7127.

Cell 183, December 23, 2020 1753



http://refhub.elsevier.com/S0092-8674(20)31622-6/optfjtMqvONiF
http://refhub.elsevier.com/S0092-8674(20)31622-6/optfjtMqvONiF
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref2
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref2
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref2
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref3
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref3
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref4
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref4
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref4
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref5
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref5
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref5
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref6
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref6
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref6
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref7
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref7
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref7
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref7
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref7
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref8
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref8
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref8
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref8
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref9
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref9
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref9
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref9
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref10
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref10
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref10
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref10
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref11
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref11
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref11
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref11
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref12
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref12
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref12
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref13
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref13
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref14
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref14
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref15
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref15
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref15
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref15
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref15
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref16
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref16
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref16
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref17
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref17
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref17
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref18
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref18
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref19
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref19
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref19
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref19
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref20
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref20
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref21
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref21
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref21
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref22
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref22
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref23
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref23
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref23
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref23
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref24
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref24
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref24
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref25
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref25
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref25
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref26
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref26
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref26
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref26
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref26
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref27
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref27
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref27
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref27
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref28
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref28
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref29
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref29
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref29
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref29
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref30
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref30
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref30
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref31
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref31
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref31
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref31
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref32
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref32
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref33
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref33
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref33
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref33
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref34
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref34
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref34
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref34
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref35
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref35

¢? CellPress

Gonatopoulos-Pournatzis, T., Niibori, R., Salter, E.W., Weatheritt, R.J., Tsang,
B., Farhangmehr, S., Liang, X., Braunschweig, U., Roth, J., Zhang, S., et al.
(2020). Autism-Misregulated elF4G Microexons Control Synaptic Translation
and Higher Order Cognitive Functions. Mol. Cell 77, 1176-1192.e16.

Gopal, P.P., Nirschl, J.J., Klinman, E., and Holzbaur, E.L.F. (2017). Amyotro-
phic lateral sclerosis-linked mutations increase the viscosity of liquid-like
TDP-43 RNP granules in neurons. Proc. Natl. Acad. Sci. USA 114,
E2466-E2475.

Gueroussov, S., Weatheritt, R.J., O’Hanlon, D., Lin, Z.-Y., Narula, A., Gingras,
A.-C., and Blencowe, B.J. (2017). Regulatory Expansion in Mammals of Multi-
valent hnRNP Assemblies that Globally Control Alternative Splicing. Cell 7170,
324-339.e23.

Guo, Y.E., Manteiga, J.C., Henninger, J.E., Sabari, B.R., Dal’Agnese, A., Han-
nett, N.M., Spille, J.-H., Afeyan, L.K., Zamudio, A.V., Shrinivas, K., et al. (2019).
Pol Il phosphorylation regulates a switch between transcriptional and splicing
condensates. Nature 572, 543-548.

Han, X, Yu, D., Gu, R., Jia, Y., Wang, Q., Jaganathan, A., Yang, X., Yu, M., Ba-
bault, N., Zhao, C., et al. (2020). Roles of the BRD4 short isoform in phase sep-
aration and active gene transcription. Nat. Struct. Mol. Biol. 27, 333-341.

Harmon, T.S., Holehouse, A.S., Rosen, M.K., and Pappu, R.V. (2017). Intrinsi-
cally disordered linkers determine the interplay between phase separation and
gelation in multivalent proteins. eLife 6, €30294.

Heyes, S., Pratt, W.S., Rees, E., Dahimene, S., Ferron, L., Owen, M.J., and Dol-
phin, A.C. (2015). Genetic disruption of voltage-gated calcium channels in psy-
chiatric and neurological disorders. Prog. Neurobiol. 134, 36-54.

Hnisz, D., Shrinivas, K., Young, R.A., Chakraborty, A.K., and Sharp, P.A.
(2017). A Phase Separation Model for Transcriptional Control. Cell 169, 13-23.

Hoesel, B., and Schmid, J.A. (2013). The complexity of NF-kB signaling in
inflammation and cancer. Mol. Cancer 12, 86.

Hofweber, M., Hutten, S., Bourgeois, B., Spreitzer, E., Niedner-Boblenz, A.,
Schifferer, M., Ruepp, M.-D., Simons, M., Niessing, D., Madl, T., and Dormann,
D. (2018). Phase Separation of FUS Is Suppressed by Its Nuclear Import Re-
ceptor and Arginine Methylation. Cell 173, 706-719.e13.

Hu, Y., Sun, Z., Deng, J., Hu, B., Yan, W., Wei, H., and Jiang, J. (2017). Splicing
factor hnRNPA2B1 contributes to tumorigenic potential of breast cancer cells
through STAT3 and ERK1/2 signaling pathway. Tumour Biol. 39,
1010428317694318.

Hughes, M.P., Sawaya, M.R., Boyer, D.R., Goldschmidt, L., Rodriguez, J.A.,
Cascio, D., Chong, L., Gonen, T., and Eisenberg, D.S. (2018). Atomic struc-
tures of low-complexity protein segments reveal kinked B sheets that
assemble networks. Science 359, 698-701.

Irimia, M., Weatheritt, R.J., Ellis, J.D., Parikshak, N.N., Gonatopoulos-Pournat-
zis, T., Babor, M., Quesnel-Valliéres, M., Tapial, J., Raj, B., O’Hanlon, D., et al.
(2014). A highly conserved program of neuronal microexons is misregulated in
autistic brains. Cell 7159, 1511-1523.

Jansson, M.D., and Lund, A.H. (2012). MicroRNA and cancer. Mol. Oncol. 6,
590-610.

Joerger, A.C., and Fersht, A.R. (2008). Structural biology of the tumor suppres-
sor p53. Annu. Rev. Biochem. 77, 557-582.

Jung, H., Gkogkas, C.G., Sonenberg, N., and Holt, C.E. (2014). Remote control
of gene function by local translation. Cell 157, 26-40.

Jung, M., Haberle, B.M., Tschaikowsky, T., Wittmann, M.-T., Balta, E.-A., Sta-
dler, V.-C., Zweier, C., Dorfler, A., Gloeckner, C.J., and Lie, D.C. (2018). Anal-
ysis of the expression pattern of the schizophrenia-risk and intellectual
disability gene TCF4 in the developing and adult brain suggests a role in devel-
opment and plasticity of cortical and hippocampal neurons. Mol. Autism 9, 20.
Katayama, Y., Nishiyama, M., Shoji, H., Ohkawa, Y., Kawamura, A., Sato, T.,
Suyama, M., Takumi, T., Miyakawa, T., and Nakayama, K.I. (2016). CHD8 hap-
loinsufficiency results in autistic-like phenotypes in mice. Nature 537,
675-679.

Kelleher, R.J., 3rd, and Bear, M.F. (2008). The autistic neuron: troubled trans-
lation? Cell 135, 401-406.

1754 Cell 183, December 23, 2020

Cell

Perspective

Kim, S., and Jeong, S. (2019). Mutation hotspots in the B-catenin gene: Les-
sons from the human cancer genome databases. Mol. Cells 42, 8-16.

Kim, E.A., Kim, J.E., Sung, K.S., Choi, D.W,, Lee, B.J., and Choi, C.Y. (2010).
Homeodomain-interacting protein kinase 2 (HIPK2) targets p-catenin for phos-
phorylation and proteasomal degradation. Biochem. Biophys. Res. Commun.
394, 966-971.

Kim, T.H., Tsang, B., Vernon, R.M., Sonenberg, N., Kay, L.E., and Forman-Kay,
J.D. (2019). Phospho-dependent phase separation of FMRP and CAPRINT re-
capitulates regulation of translation and deadenylation. Science 365, 825-829.

Kwan, V., Unda, B.K., and Singh, K.K. (2016). Wnt signaling networks in autism
spectrum disorder and intellectual disability. J. Neurodev. Disord. 8, 45.

Larsen, E., Menashe, |., Ziats, M.N., Pereanu, W., Packer, A., and Banerjee-
Basu, S. (2016). A systematic variant annotation approach for ranking genes
associated with autism spectrum disorders. Mol. Autism 7, 44.

Larson, A.G., Elnatan, D., Keenen, M.M., Trnka, M.J., Johnston, J.B., Burlin-
game, A.L., Agard, D.A., Redding, S., and Narlikar, G.J. (2017). Liquid droplet
formation by HP1a suggests a role for phase separation in heterochromatin.
Nature 547, 236-240.

Leblond, C.S., Nava, C., Polge, A., Gauthier, J., Huguet, G., Lumbroso, S., Giu-
liano, F., Stordeur, C., Depienne, C., Mouzat, K., et al. (2014). Meta-analysis of
SHANK Mutations in Autism Spectrum Disorders: a gradient of severity in
cognitive impairments. PLoS Genet. 710, e1004580.

Lee, J.-A., Damianov, A., Lin, C.-H., Fontes, M., Parikshak, N.N., Anderson,
E.S., Geschwind, D.H., Black, D.L., and Martin, K.C. (2016). Cytoplasmic
Rbfox1 Regulates the Expression of Synaptic and Autism-Related Genes.
Neuron 89, 113-128.

Lin, Y., Protter, D.S.W., Rosen, M.K., and Parker, R. (2015). Formation and
Maturation of Phase-Separated Liquid Droplets by RNA-Binding Proteins.
Mol. Cell 60, 208-219.

Lu, H., Yu, D., Hansen, A.S., Ganguly, S., Liu, R., Heckert, A., Darzacq, X., and
Zhou, Q. (2018). Phase-separation mechanism for C-terminal hyperphosphor-
ylation of RNA polymerase II. Nature 558, 318-323.

McSwiggen, D.T., Mir, M., Darzacq, X., and Tjian, R. (2019). Evaluating phase
separation in live cells: diagnosis, caveats, and functional consequences.
Genes Dev. 33, 1619-1634.

Midic, U., Oldfield, C.d., Dunker, A.K., Obradovic, Z., and Uversky, V.N. (2009).
Protein disorder in the human diseasome: unfoldomics of human genetic dis-
eases. BMC Genomics 70 (Suppl 1), S12.

Milovanovic, D., Wu, Y., Bian, X., and De Camilli, P. (2018). A liquid phase of
synapsin and lipid vesicles. Science 361, 604-607.

Mir, M., Bickmore, W., Furlong, E.E.M., and Narlikar, G. (2019). Chromatin to-
pology, condensates and gene regulation: shifting paradigms or just a phase?
Development 746, dev182766.

Mitrea, D.M., Chandra, B., Ferrolino, M.C., Gibbs, E.B., Tolbert, M., White,
M.R., and Kriwacki, R.W. (2018). Methods for Physical Characterization of
Phase-Separated Bodies and Membrane-less Organelles. J. Mol. Biol. 430,
4773-4805.

Miyake, N., Takahashi, H., Nakamura, K., Isidor, B., Hiraki, Y., Koshimizu, E.,
Shiina, M., Sasaki, K., Suzuki, H., Abe, R., et al. (2020). Gain-of-Function
MN1 Truncation Variants Cause a Recognizable Syndrome with Craniofacial
and Brain Abnormalities. Am. J. Hum. Genet. 7106, 13-25.

Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj, A.P., Kim, H.J., Mit-
tag, T., and Taylor, J.P. (2015). Phase separation by low complexity domains
promotes stress granule assembly and drives pathological fibrillization. Cell
163, 123-133.

Monahan, Z., Ryan, V.H., Janke, A.M., Burke, K.A., Rhoads, S.N., Zerze, G.H.,
O’Meally, R., Dignon, G.L., Conicella, A.E., Zheng, W., et al. (2017). Phosphor-
ylation of the FUS low-complexity domain disrupts phase separation, aggre-
gation, and toxicity. EMBO J. 36, 2951-2967.

Morgan, M.A., and Shilatifard, A. (2015). Chromatin signatures of cancer.
Genes Dev. 29, 238-249.


http://refhub.elsevier.com/S0092-8674(20)31622-6/sref36
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref36
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref36
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref36
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref37
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref37
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref37
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref37
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref38
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref38
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref38
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref38
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref39
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref39
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref39
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref39
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref40
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref40
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref40
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref41
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref41
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref41
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref42
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref42
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref42
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref43
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref43
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref44
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref44
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref45
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref45
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref45
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref45
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref46
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref46
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref46
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref46
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref47
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref47
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref47
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref47
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref48
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref48
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref48
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref48
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref49
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref49
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref50
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref50
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref51
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref51
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref52
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref52
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref52
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref52
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref52
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref53
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref53
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref53
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref53
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref54
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref54
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref55
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref55
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref56
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref56
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref56
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref56
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref57
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref57
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref57
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref58
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref58
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref59
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref59
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref59
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref60
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref60
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref60
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref60
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref61
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref61
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref61
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref61
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref62
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref62
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref62
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref62
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref63
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref63
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref63
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref64
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref64
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref64
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref65
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref65
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref65
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref66
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref66
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref66
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref66
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref67
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref67
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref68
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref68
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref68
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref69
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref69
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref69
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref69
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref70
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref70
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref70
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref70
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref71
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref71
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref71
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref71
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref72
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref72
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref72
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref72
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref73
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref73

Cell

Perspective

Morin, P.J., Sparks, A.B., Korinek, V., Barker, N., Clevers, H., Vogelstein, B.,
and Kinzler, K.W. (1997). Activation of B-catenin-Tcf signaling in colon cancer
by mutations in B-catenin or APC. Science (80-.) 275, 1787-1790.

Mossmann, D., Park, S., and Hall, M.N. (2018). mTOR signalling and cellular
metabolism are mutual determinants in cancer. Nat. Rev. Cancer 18, 744-757.

Murakami, T., Qamar, S., Lin, J.Q., Schierle, G.S.K., Rees, E., Miyashita, A.,
Costa, A.R., Dodd, R.B., Chan, F.T.S., Michel, C.H., et al. (2015). ALS/FTD Mu-
tation-Induced Phase Transition of FUS Liquid Droplets and Reversible Hydro-
gels into Irreversible Hydrogels Impairs RNP Granule Function. Neuron 88,
678-690.

Nair, S.J., Yang, L., Meluzzi, D., Oh, S., Yang, F., Friedman, M.J., Wang, S.,
Suter, T., Alshareedah, ., Gamliel, A., et al. (2019). Phase separation of
ligand-activated enhancers licenses cooperative chromosomal enhancer as-
sembly. Nat. Struct. Mol. Biol. 26, 193-203.

Nelson, S.B., and Valakh, V. (2015). Excitatory/Inhibitory Balance and Circuit
Homeostasis in Autism Spectrum Disorders. Neuron 87, 684-698.

Niaki, A.G., Sarkar, J., Cai, X., Rhine, K., Vidaurre, V., Guy, B., Hurst, M., Lee,
J.C., Koh, H.R., Guo, L., et al. (2020). Loss of Dynamic RNA Interaction and
Aberrant Phase Separation Induced by Two Distinct Types of ALS/FTD-Linked
FUS Mutations. Mol. Cell 77, 82-94.e4.

Nott, T.J., Petsalaki, E., Farber, P., Jervis, D., Fussner, E., Plochowietz, A.,
Craggs, T.D., Bazett-dones, D.P., Pawson, T., Forman-Kay, J.D., and Baldwin,
A.J. (2015). Phase transition of a disordered nuage protein generates environ-
mentally responsive membraneless organelles. Mol. Cell 57, 936-947.

Nowell, C.S., and Radtke, F. (2017). Notch as a tumour suppressor. Nat. Rev.
Cancer 17, 145-159.

Pak, C.W., Kosno, M., Holehouse, A.S., Padrick, S.B., Mittal, A., Ali, R., Yunus,
A.A,, Liu, D.R., Pappu, R.V., and Rosen, M.K. (2016). Sequence Determinants
of Intracellular Phase Separation by Complex Coacervation of a Disordered
Protein. Mol. Cell 63, 72-85.

Parras, A., Anta, H., Santos-Galindo, M., Swarup, V., Elorza, A., Nieto-Gonza-
lez, J.L., Pico, S., Hernandez, I.H., Diaz-Hernandez, J.l., Belloc, E., et al.
(2018). Autism-like phenotype and risk gene mRNA deadenylation by CPEB4
mis-splicing. Nature 560, 441-446.

Patel, A., Lee, H.O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M.Y., Stoy-
nov, S., Mahamid, J., Saha, S., Franzmann, T.M., et al. (2015). A Liquid-to-
Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Muta-
tion. Cell 162, 1066-1077.

Peskett, T.R., Rau, F., O’Driscoll, J., Patani, R., Lowe, A.R., and Saibil, H.R.
(2018). A Liquid to Solid Phase Transition Underlying Pathological Huntingtin
Exon1 Aggregation. Mol. Cell 70, 588-601.e6.

Pilarova, K., Herudek, J., and Blazek, D. (2020). CDK12: cellular functions and
therapeutic potential of versatile player in cancer. NAR Cancer 2, zcaa003.

Plys, A.J., Davis, C.P., Kim, J., Rizki, G., Keenen, M.M., Marr, S.K., and King-
ston, R.E. (2019). Phase separation of Polycomb-repressive complex 1 is gov-
erned by a charged disordered region of CBX2. Genes Dev. 33, 799-813.

Quevedo, M., Meert, L., Dekker, M.R., Dekkers, D.H.W., Brandsma, J.H., van
den Berg, D.L.C., Ozgdr, Z., van [Jcken, W.F.J., Demmers, J., Fornerod, M.,
and Poot, R.A. (2019). Mediator complex interaction partners organize the
transcriptional network that defines neural stem cells. Nat. Commun. 70, 2669.
Reichheld, S.E., Muiznieks, L.D., Keeley, F.W., and Sharpe, S. (2017). Direct
observation of structure and dynamics during phase separation of an elasto-
meric protein. Proc. Natl. Acad. Sci. USA 174, E4408-E4415.

Riback, J.A., Zhu, L., Ferrolino, M.C., Tolbert, M., Mitrea, D.M., Sanders, D.W.,
Wei, M.-T., Kriwacki, R.W., and Brangwynne, C.P. (2020). Composition-
dependent thermodynamics of intracellular phase separation. Nature 587,
209-214.

Richter, J.D. (2007). CPEB: a life in translation. Trends Biochem. Sci. 32,
279-285.

Romero, P.R., Zaidi, S., Fang, Y.Y., Uversky, V.N., Radivojac, P., Oldfield, C.J.,
Cortese, M.S., Sickmeier, M., LeGall, T., Obradovic, Z., and Dunker, A.K.
(2006). Alternative splicing in concert with protein intrinsic disorder enables

¢? CellPress

increased functional diversity in multicellular organisms. Proc. Natl. Acad.
Sci. USA 103, 8390-8395.

Sabari, B.R., Dall’Agnese, A., Boija, A., Klein, |.A., Coffey, E.L., Shrinivas, K.,
Abraham, B.J., Hannett, N.M., Zamudio, A.V., Manteiga, J.C., et al. (2018). Co-
activator condensation at super-enhancers links phase separation and gene
control. Science 367.

Sanders, S.J., Sahin, M., Hostyk, J., Thurm, A., Jacquemont, S., Avillach, P.,
Douard, E., Martin, C.L., Modi, M.E., Moreno-De-Luca, A., et al. (2019). A
framework for the investigation of rare genetic disorders in neuropsychiatry.
Nat. Med. 25, 1477-1487.

Sanders, D.W., Kedersha, N., Lee, D.S.W., Strom, A.R., Drake, V., Riback,
J.A., Bracha, D., Eeftens, J.M., lwanicki, A., Wang, A., et al. (2020). Competing
Protein-RNA Interaction Networks Control Multiphase Intracellular Organiza-
tion. Cell 187, 306-324.e28.

Sanulli, S., Trnka, M.J., Dharmarajan, V., Tibble, R.W., Pascal, B.D., Burlin-
game, A.L., Griffin, P.R., Gross, J.D., and Narlikar, G.J. (2019). HP1 reshapes
nucleosome core to promote phase separation of heterochromatin. Nature
575, 390-394.

Satterstrom, F.K., Kosmicki, J.A., Wang, J., Breen, M.S., De Rubeis, S., An, J.-
Y., Peng, M., Collins, R., Grove, J., Klei, L., et al.; Autism Sequencing Con-
sortium; iPSYCH-Broad Consortium (2020). Large-Scale Exome Sequencing
Study Implicates Both Developmental and Functional Changes in the Neurobi-
ology of Autism. Cell 180, 568-584.e23.

Schaaf, C.P., Betancur, C., Yuen, R.K.C., Parr, J.R., Skuse, D.H., Gallagher, L.,
Bernier, R.A., Buchanan, J.A., Buxbaum, J.D., Chen, C.-A,, et al. (2020). A
framework for an evidence-based gene list relevant to autism spectrum disor-
der. Nat. Rev. Genet. 21, 367-376.

Schaefer, K.N., and Peifer, M. (2019). Wnt/Beta-Catenin Signaling Regulation
and a Role for Biomolecular Condensates. Dev. Cell 48, 429-444.

Sepp, M., Vihma, H., Nurm, K., Urb, M., Page, S.C., Roots, K., Hark, A., Maher,
B.J., Pruunsild, P., and Timmusk, T. (2017). The Intellectual Disability and
Schizophrenia Associated Transcription Factor TCF4 Is Regulated by
Neuronal Activity and Protein Kinase A. J. Neurosci. 37, 10516-10527.
Smith, J.A., Curry, E.G., Blue, R.E., Roden, C., Dundon, S.E.R., Rodriguez-
Vargas, A., Jordan, D.C., Chen, X., Lyons, S.M., Crutchley, J., et al. (2020).
FXR1 splicing is important for muscle development and biomolecular conden-
sates in muscle cells. J. Cell Biol. 219, e201911129.

Splawski, I., Timothy, K.W., Sharpe, L.M., Decher, N., Kumar, P., Bloise, R.,
Napolitano, C., Schwartz, P.J., Joseph, R.M., Condouris, K., et al. (2004).
Ca(V)1.2 calcium channel dysfunction causes a multisystem disorder including
arrhythmia and autism. Cell 7179, 19-31.

Stefl, S., Nishi, H., Petukh, M., Panchenko, A.R., and Alexov, E. (2013). Molec-
ular mechanisms of disease-causing missense mutations. J. Mol. Biol. 425,
3919-3936.

Strom, A.R., Emelyanov, A.V., Mir, M., Fyodorov, D.V., Darzacq, X., and
Karpen, G.H. (2017). Phase separation drives heterochromatin domain forma-
tion. Nature 547, 241-245.

Su, X., Ditlev, J.A., Hui, E., Xing, W., Banjade, S., Okrut, J., King, D.S., Taunton,
J., Rosen, M.K., and Vale, R.D. (2016). Phase separation of signaling mole-
cules promotes T cell receptor signal transduction. Science 352, 595-599.
Sud, A., Kinnersley, B., and Houlston, R.S. (2017). Genome-wide association
studies of cancer: current insights and future perspectives. Nat. Rev. Cancer
17, 692-704.

Sveen, A, Kilpinen, S., Ruusulehto, A., Lothe, R.A., and Skotheim, R.l. (2016).
Aberrant RNA splicing in cancer; expression changes and driver mutations of
splicing factor genes. Oncogene 35, 2413-2427.

Taipale, J. (2018). The chromatin of cancer. Science 362, 401-402.
Tatavosian, R., Kent, S., Brown, K., Yao, T., Duc, H.N., Huynh, T.N., Zhen,
C.Y., Ma, B., Wang, H., and Ren, X. (2019). Nuclear condensates of the Poly-
comb protein chromobox 2 (CBX2) assemble through phase separation.
J. Biol. Chem. 294, 1451-1463.

Tompa, P., Davey, N.E., Gibson, T.J., and Babu, M.M. (2014). A million peptide
motifs for the molecular biologist. Mol. Cell 55, 161-169.

Cell 183, December 23, 2020 1755



http://refhub.elsevier.com/S0092-8674(20)31622-6/sref74
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref74
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref74
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref75
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref75
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref76
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref76
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref76
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref76
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref76
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref77
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref77
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref77
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref77
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref78
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref78
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref79
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref79
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref79
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref79
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref80
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref80
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref80
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref80
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref81
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref81
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref82
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref82
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref82
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref82
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref83
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref83
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref83
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref83
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref84
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref84
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref84
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref84
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref85
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref85
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref85
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref86
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref86
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref87
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref87
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref87
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref88
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref88
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref88
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref88
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref89
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref89
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref89
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref90
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref90
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref90
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref90
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref91
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref91
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref92
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref92
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref92
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref92
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref92
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref93
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref93
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref93
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref93
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref94
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref94
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref94
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref94
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref95
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref95
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref95
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref95
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref96
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref96
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref96
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref96
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref97
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref97
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref97
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref97
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref97
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref98
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref98
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref98
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref98
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref99
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref99
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref100
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref100
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref100
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref100
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref101
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref101
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref101
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref101
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref102
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref102
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref102
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref102
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref103
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref103
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref103
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref104
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref104
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref104
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref105
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref105
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref105
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref106
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref106
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref106
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref107
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref107
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref107
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref108
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref109
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref109
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref109
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref109
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref110
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref110

¢? CellPress

Tran, S.S., Jun, H.-I., Bahn, J.H., Azghadi, A., Ramaswami, G., Van Nostrand,
E.L., Nguyen, T.B., Hsiao, Y.E., Lee, C., Pratt, G.A., et al. (2019). Widespread
RNA editing dysregulation in brains from autistic individuals. Nat. Neurosci. 22,
25-36.

Tsang, B., Arsenault, J., Vernon, R.M., Lin, H., Sonenberg, N., Wang, L.-Y.,
Bah, A., and Forman-Kay, J.D. (2019). Phosphoregulated FMRP phase sepa-
ration models activity-dependent translation through bidirectional control of
mRNA granule formation. Proc. Natl. Acad. Sci. USA 116, 4218-4227.
Uversky, V.N., Oldfield, C.J., and Dunker, A.K. (2008). Intrinsically disordered
proteins in human diseases: introducing the D2 concept. Annu. Rev. Biophys.
37, 215-246.

Vacic, V., and lakoucheva, L.M. (2012). Disease mutations in disordered re-
gions—exception to the rule? Mol. Biosyst. 8, 27-32.

Valencia, A.M., and Kadoch, C. (2019). Chromatin regulatory mechanisms and
therapeutic opportunities in cancer. Nat. Cell Biol. 27, 152-161.

Velmeshev, D., Schirmer, L., Jung, D., Haeussler, M., Perez, Y., Mayer, S.,
Bhaduri, A., Goyal, N., Rowitch, D.H., and Kriegstein, A.R. (2019). Single-cell
genomics identifies cell type-specific molecular changes in autism. Science
364, 685-689.

Vernon, R.M., and Forman-Kay, J.D. (2019). First-generation predictors of bio-
logical protein phase separation. Curr. Opin. Struct. Biol. 58, 88-96.

Vernon, R.M., Chong, P.A., Tsang, B., Kim, T.H., Bah, A., Farber, P., Lin, H.,
and Forman-Kay, J.D. (2018). Pi-Pi contacts are an overlooked protein feature
relevant to phase separation. eLife 7, e31486.

Voineagu, |., Wang, X., Johnston, P., Lowe, J.K., Tian, Y., Horvath, S., Mill, J.,
Cantor, R.M., Blencowe, B.J., and Geschwind, D.H. (2011). Transcriptomic
analysis of autistic brain reveals convergent molecular pathology. Nature
474, 380-384.

Vorstman, J.A.S., Parr, J.R., Moreno-De-Luca, D., Anney, R.J.L., Nurnberger,
J.l., Jr., and Hallmayer, J.F. (2017). Autism genetics: opportunities and chal-
lenges for clinical translation. Nat. Rev. Genet. 18, 362-376.

Wang, J., Choi, J.-M., Holehouse, A.S., Lee, H.O., Zhang, X., Jahnel, M., Ma-
harana, S., Lemaitre, R., Pozniakovsky, A., Drechsel, D., et al. (2018). A Molec-
ular Grammar Governing the Driving Forces for Phase Separation of Prion-like
RNA Binding Proteins. Cell 174, 688-699.e16.

Wang, L., Gao, Y., Zheng, X., Liu, C., Dong, S., Li, R., Zhang, G., Wei, Y., Qu,
H., Li, Y., et al. (2019). Histone Modifications Regulate Chromatin Compart-
mentalization by Contributing to a Phase Separation Mechanism. Mol. Cell
76, 646-659.€6.

1756 Cell 183, December 23, 2020

Cell

Weyn-Vanhentenryck, S.M., Mele, A., Yan, Q., Sun, S., Farny, N., Zhang, Z.,
Xue, C., Herre, M., Silver, P.A., Zhang, M.Q., et al. (2014). HITS-CLIP and inte-
grative modeling define the Rbfox splicing-regulatory network linked to brain
development and autism. Cell Rep. 6, 1139-1152.

Winden, K.D., Ebrahimi-Fakhari, D., and Sahin, M. (2018). Abnormal mTOR
Activation in Autism. Annu. Rev. Neurosci. 47, 1-23.

Wright, P.E., and Dyson, H.J. (2015). Intrinsically disordered proteins in cellular
signalling and regulation. Nat. Rev. Mol. Cell Biol. 16, 18-29.

Yamaguchi, H., and Condeelis, J. (2007). Regulation of the actin cytoskeleton
in cancer cell migration and invasion. Biochim. Biophys. Acta 1773, 642-652.

Ying, Y., Wang, X.-J., Vuong, C.K., Lin, C.-H., Damianov, A., and Black, D.L.
(2017). Splicing activation by Rbfox requires self-aggregation through its tyro-
sine-rich domain. Cell 170, 312-323.e10.

Zamudio, A.V., Dal’Agnese, A., Henninger, J.E., Manteiga, J.C., Afeyan, L.K,,
Hannett, N.M., Coffey, E.L., Li, C.H., Oksuz, O., Sabari, B.R., et al. (2019).
Mediator Condensates Localize Signaling Factors to Key Cell Identity Genes.
Mol. Cell 76, 753-766.€6.

Zarin, T., Strome, B., Nguyen Ba, A.N., Alberti, S., Forman-Kay, J.D., and
Moses, A.M. (2019). Proteome-wide signatures of function in highly diverged
intrinsically disordered regions. eLife 8, e46883.

Zeng, M., Shang, Y., Araki, Y., Guo, T., Huganir, R.L., and Zhang, M. (2016).
Phase Transition in Postsynaptic Densities Underlies Formation of Synaptic
Complexes and Synaptic Plasticity. Cell 166, 1163-1175.e12.

Zeng, M., Chen, X., Guan, D., Xu, J., Wu, H., Tong, P., and Zhang, M. (2018).
Reconstituted Postsynaptic Density as a Molecular Platform for Understand-
ing Synapse Formation and Plasticity. Cell 174, 1172-1187.e16.

Zhang, H., Elbaum-Garfinkle, S., Langdon, E.M., Taylor, N., Occhipinti, P.,
Bridges, A.A., Brangwynne, C.P., and Gladfelter, A.S. (2015). RNA Controls
PolyQ Protein Phase Transitions. Mol. Cell 60, 220-230.

Zhao, Y.-T., Kwon, D.Y., Johnson, B.S., Fasolino, M., Lamonica, J.M., Kim,
Y.J., Zhao, B.S., He, C., Vahedi, G., Kim, T.H., and Zhou, Z. (2018). Long genes
linked to autism spectrum disorders harbor broad enhancer-like chromatin do-
mains. Genome Res. 28, 933-942.

Zhuchenko, O., Bailey, J., Bonnen, P., Ashizawa, T., Stockton, D.W., Amos, C.,
Dobyns, W.B., Subramony, S.H., Zoghbi, H.Y., and Lee, C.C. (1997). Auto-
somal dominant cerebellar ataxia (SCAB) associated with small polyglutamine
expansions in the o 1A-voltage-dependent calcium channel. Nat. Genet. 15,
62-69.


http://refhub.elsevier.com/S0092-8674(20)31622-6/sref111
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref111
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref111
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref111
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref112
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref112
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref112
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref112
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref113
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref113
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref113
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref114
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref114
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref115
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref115
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref116
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref116
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref116
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref116
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref117
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref117
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref118
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref118
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref118
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref119
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref119
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref119
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref119
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref120
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref120
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref120
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref121
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref121
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref121
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref121
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref122
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref122
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref122
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref122
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref123
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref123
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref123
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref123
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref124
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref124
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref125
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref125
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref126
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref126
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref127
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref127
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref127
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref128
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref128
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref128
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref128
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref129
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref129
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref129
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref130
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref130
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref130
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref131
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref131
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref131
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref132
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref132
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref132
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref133
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref133
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref133
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref133
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref134
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref134
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref134
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref134
http://refhub.elsevier.com/S0092-8674(20)31622-6/sref134

	Phase Separation as a Missing Mechanism for Interpretation of Disease Mutations
	Introduction
	How can mutations in IDRs impact phase separation?
	Complex diseases examined through a new framework
	Chromatin Regulation
	Transcription
	Splicing
	Translation
	Synapse Organization
	Reception Activation and Signaling
	A phase separation framework for understanding disease-associated mutations in IDRs
	Conclusion
	Supplemental Information
	Acknowledgments
	Declaration of Interests
	References




