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MOLECULAR BIOLOGY

Coactivator condensation drives cardiovascular cell
lineage specification

Peiheng Gan't, Mikayla Eppertz'l', Nancy De La Cruz?, Heankel Lyonsz, Akansha M. Shah',

Reshma T. Veettil?, Kenian Chen3, Prashant Pradhan?, Svetlana Bezprozvannaya1, Lin Xu?,

Ning Liu’, Eric N. Olson*, Benjamin R. Sabari'%*

During development, cells make switch-like decisions to activate new gene programs specifying cell lineage. The
mechanisms underlying these decisive choices remain unclear. Here, we show that the cardiovascular transcrip-
tional coactivator myocardin (MYOCD) activates cell identity genes by concentration-dependent and switch-like
formation of transcriptional condensates. MYOCD forms such condensates and activates cell identity genes at
critical concentration thresholds achieved during smooth muscle cell and cardiomyocyte differentiation. The
carboxyl-terminal disordered region of MYOCD is necessary and sufficient for condensate formation. Disrupting
this region’s ability to form condensates disrupts gene activation and smooth muscle cell reprogramming. Rescu-
ing condensate formation by replacing this region with disordered regions from functionally unrelated proteins
rescues gene activation and smooth muscle cell reprogramming. Our findings demonstrate that MYOCD conden-
sate formation is required for gene activation during cardiovascular differentiation. We propose that the forma-
tion of transcriptional condensates at critical concentrations of cell type-specific regulators provides a molecular
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switch underlying the activation of key cell identity genes during development.

INTRODUCTION

Through the precise and decisive activation of different gene pro-
grams, a single genome can give rise to the large diversity of cellular
phenotypes and functions found in multicellular organisms. Cell
type-specific transcriptional regulators determine cell fate during
development, reprogram cell states, and perform these functions at
critical concentrations leading to switches in cell state (1-3). During
differentiation, the concentrations of competing, lineage-specifying
transcriptional regulators gradually increase until reaching a critical
threshold when a switch-like, lineage-specifying decision is made
(4-6). Such decisions have been proposed to be controlled by a
dosage-dependent and hyper-cooperative molecular switch (7). The
mechanisms underlying the switch-like activation in cell type-specific
gene programs are unclear (3). It has been suggested that the coop-
erativity of transcription factor—-DNA binding underlies such switch-
es (3, 8, 9). While DNA binding transcription factors are required to
specify genomic loci, transcription factor binding alone is not suffi-
cient to activate genes (10-12). Gene activation also requires the
recruitment of coactivators, RNA polymerase II (RNA Pol II), and
its various allosteric regulators (10-12). Furthermore, several co-
activators lacking any DNA binding domains are capable of deter-
mining cell fate (1).

Recent studies have shown that general transcriptional coactiva-
tors activate genes in part through the formation of biomolecular
condensates (13-15), dynamic assemblies formed at critical concen-
trations through cooperative, weak, multivalent interactions, often
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among disordered regions (16-19). However, quantitative analysis
of condensate formation and its correlation with lineage-specific
gene activation has, thus far, been lacking. While the formation of
coactivator condensates requires DNA binding transcription factors
(20, 21), these condensates activate genes by creating high local con-
centrations of RNA Pol II and its positive allosteric regulators (13).
The threshold concentration required for condensate formation
provides a potential mechanism for the switch-like activation of cell
lineage-specific gene programs and efficient transition of cell fate
during development. Several lineage-specifying transcriptional co-
activators exhibit large changes in concentration during develop-
ment (I), prompting us to investigate whether the physiologically
regulated changes in coactivator concentration lead to condensate-
driven activation of cell identity genes.

To investigate whether cell identity gene activation is coupled to
condensate formation of cell type-specific transcriptional regula-
tors, we chose the smooth muscle cell (SMC)-specific and cardio-
myocyte (CM)-specific transcriptional coactivator myocardin
(MYOCD). MYOCD is expressed at the earliest stages of cardiac
lineage specification (22) before many critical lineage-specific genes
are expressed (23), and it is responsible for activating SMC- and
CM-specific gene expression programs during development (22,
24-26). MYOCD lacks DNA binding activity and activates specific
genes by its association with the ubiquitously expressed serum re-
sponse factor (SRF) (22, 27). SRF is critical for MYOCD-mediated
gene activation (28, 29). MYOCD provides an especially informa-
tive model to test the relationship between condensate formation
and cell lineage specification because (i) MYOCD forms nuclear
puncta when ectopically expressed in noncardiovascular cells (22),
(ii) loss of MYOCD causes severe defects in vascular smooth muscle
development, as well as defects in CM survival and postnatal func-
tion (30-32), (iii) expression of MYOCD is sufficient to reprogram
fibroblasts into SMCs (33), and (iv) reduction in MYOCD expres-
sion has been linked to defects in smooth muscle development in
mice and humans (34).
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Here, we find that MYOCD condensate formation is required for
its gene activation and lineage specification functions. By modeling
the physiological changes in MYOCD concentration during cell dif-
ferentiation, coupled with quantitative fluorescence microscopy,
single-cell resolution reporter assays, and cellular reprogramming
assays, we demonstrate that condensate formation is directly linked
to the activation of cell identity genes and cell lineage specification.
During SMC and CM differentiation, MYOCD condensates are
present at sites of cell identity gene transcription. MYOCD conden-
sates form, activate gene expression, and specify cell state at critical
concentration thresholds, dependent on the C-terminal disordered
region of MYOCD. Disrupting condensate formation by manipulat-
ing the sequence of this region impairs gene activation and lineage
specification, which can be partially rescued by replacing this region
with condensate-forming disordered regions from functionally un-
related proteins. MYOCD condensates lead to gene activation at
least in part by the selective partitioning of p300 and RNA Pol II to
target genes through its C-terminal disordered region. These results
demonstrate that coactivator condensation enables switch-like
changes in gene expression programs crucial for lineage speci-
fication.

RESULTS

MYOCD nuclear condensates are associated with
components of active transcription

We previously observed that MYOCD forms nuclear puncta when
ectopically expressed in COS-7 cells (22). We confirmed that

MYOCD forms nuclear puncta upon ectopic expression by multiple
imaging methods including indirect immunofluorescence of a
Myc-epitope-tagged construct (Fig. 1, A and B) and direct fluores-
cence of a monomeric enhanced green fluorescent protein (mEG-
FP)-tagged construct in both fixed (fig. S1, A and B) and live cells
(fig. S1C). In addition, fluorescence recovery after photobleaching
(FRAP) experiments revealed that MYOCD puncta exhibit similar
dynamic rearrangement, as observed for other nuclear condensates
(fig. S1, C and D) (14). Given these results, we will refer to the
MYOCD puncta as MYOCD condensates.

To investigate whether MYOCD condensates are relevant to the
function of MYOCD as a transcriptional coactivator, we first inves-
tigated how they interact with known MYOCD-associated tran-
scription factors. MYOCD lacks intrinsic DNA binding activity and
is recruited to cardiovascular gene regulatory regions by association
with DNA binding transcription factors like SRF (22). SRF, when
expressed alone, displayed diffuse intranuclear distributions with no
indication of condensate formation (Fig. 1, C and D), but when co-
expressed with MYOCD, SRF became concentrated within MYOCD
condensates (Fig. 1, E and F). Similarly, myocyte enhancer factor
2C, another transcription factor associated with MYOCD (35), was
diffuse when expressed alone and concentrated in MYOCD con-
densates when coexpressed with MYOCD (fig. S1, E to H). In con-
trast, functionally unrelated transcription factors [nuclear
respiratory factor 1 (NRF1) and nuclear transcription factor Y sub-
unit o (NFYA)] were not concentrated in nuclear condensates when
coexpressed with MYOCD (Fig. 1, E and F, and fig. S1, E to H).
These results show that MYOCD nuclear condensates selectively
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Fig. 1. MYOCD nuclear condensates are associated with components of active transcription. (A) Immunofluorescence (IF) imaging of Myc-tagged MYOCD ectopi-
cally expressed in COS-7 cells with Myc antibody targeting the epitope. Scale bar, 5 um. (B) Line profile plot presented as arbitrary fluorescence units (AFU)/background
across the 3-um white line shown in (A). (C) IF imaging of Flag-tagged SRF ectopically expressed in COS-7 cells with Flag antibody targeting the epitope. Scale bar, 5 pm.
(D) Line profile plot presented as AFU/background across the 3-pm white line shown in (C). (E) IF imaging of Myc-tagged MYOCD and other transcription factors (Flag-
tagged SRF and Flag-tagged NRF1) coexpressed in COS-7 cells. Scale bar, 5 pm. (F) Line profile plot presented as AFU/background for either MYOCD (green) or the indi-
cated coexpressed transcription factor (red) across the 3-um white line shown in (E). (G) Representative micrographs of COS-7 cells expressing MYOCD-mEGFP (green) and

co-IF for factors, including H3K27ac, RPB1, HP1a, and NPM1 (red). Scale bar, 5 pm.
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concentrate functionally relevant DNA binding transcription fac-
tors and exclude unrelated factors.

To test whether MYOCD condensates correspond to sites of gene
activation, we next performed immunofluorescence to investigate
whether the endogenous gene regulatory machinery is concentrated
within MYOCD condensates. Expression of MYOCD followed by
immunofluorescence revealed that MYOCD condensates in COS-7
cells concentrate endogenous RNA Pol II (by probing its largest sub-
unit, RPB1) and colocalize with histone H3 lysine 27 acetylation
(H3K27ac), a histone modification associated with active chromatin
(Fig. 1G and fig. S1, I to L). As controls, we also performed immu-
nofluorescence for heterochromatin protein 1o (HP1a), a marker of
transcriptionally repressed regions of chromatin, and nucleophos-
min 1 (NPM1), a marker of the nucleolus (Fig. 1G). Line profile and
average image analysis centered on MYOCD condensates revealed
that RPB1 (the largest subunit of RNA Pol II) and H3K27ac were
significantly enriched within MYOCD condensates, while HP1a
and NPM1 were not (fig. S1, I to L). Together, these results demon-
strate that ectopic expression of MYOCD leads to the formation of
condensates that selectively concentrate specific crucial DNA bind-
ing transcription factors and RNA Pol II at active regions of chroma-
tin, thereby linking MYOCD condensates with gene activation.

Live-cell imaging (MYOCD)

MYOCD forms condensates during lineage

specification of hiPSCs

To investigate whether MYOCD forms condensates at endogenous
concentrations during cardiovascular development, we modeled
SMC and CM differentiation in vitro using human induced pluripo-
tent stem cells (hiPSCs). We generated an isogenic hiPSC line with
homozygous in-frame knock-in of an mEGFP expression cassette
within the MYOCD open reading frame (Fig. 2A; fig. S2, A to C; and
Materials and Methods). Using this cell line, we monitored MYOCD
concentration and condensate formation by fluorescence micros-
copy before and after differentiation into SMCs or CMs (Fig. 2A,
fig. S2D, and Materials and Methods). MYOCD is not expressed in
the stem cell state, but in mature SMCs and CMs, we observed nu-
clear condensates by both fixed-cell and live-cell imaging (Fig. 2, B
and C). These results demonstrate that MYOCD forms condensates
at endogenous concentrations.

To understand the actual concentration changes that occur dur-
ing differentiation, we sought to measure the nuclear concentrations
of MYOCD during SMC and CM differentiation. To convert fluo-
rescence intensity measurements to concentrations, we imaged a
standard curve of known concentrations of recombinant purified
mEGFP. The fluorescence intensity was linear within the tested
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Fig. 2. MYOCD forms condensates during hiPSC differentiation into SMCs and CMs. (A) Schematic of the creation of MYOCD-mEGFP knock-in hiPSC line and differ-
entiation of hiPSCs into SMCs and CM:s. (B) Live-cell imaging of endogenously tagged MYOCD-mEGFP in differentiation day 1 (D1) and mature hiPSC-derived SMC (D30)
and CM (D20) nuclei. Scale bar, 5 pm. Dotted line denotes the nucleus, drawn using Hoechst 33342 staining (not shown). (C) Co-IF of MYOCD-mEGFP with smooth muscle
a-actin (ACTA2) or cardiac troponin T (cTnT) in either mature hiPSC-derived SMCs and CMs, as labeled. Left column is zoomed in to highlight MYOCD condensates, and
only the GFP channel is presented. Scale bar, 5 pm. Right column is zoomed out of the same cell to highlight cell body with cell marker stain. Scale bar, 5 pm. (D) Box plot
(10 to 90%) of the concentration of MYOCD in hiPSCs compared to mature SMCs (left) or mature CMs (right). Red text denotes concentration of MYOCD as
mean =+ SD. P values from t test, ***#*P < 0.0001. n = 10. (E) Representative micrographs (max projections) of COS-7 cells expressing mEGFP or MYOCD-mEGFP. The nuclear
concentration of MYOCD-mEGFP in this micrograph is 124.6 nM, equivalent to physiological concentrations in SMCs and CMs, as shown in (D). The nuclear concentration
of the mEGFP control is 718.9 nM. Dotted line defines nucleus from Hoechst 33342 staining (not shown). Scale bar, 5 pm. (F) Bar chart of the fraction of cells with conden-
sates between the concentration range of MYOCD in SMCs and CMs, 98.0 to 268.4 nM [+ SD of mean concentration measured in SMC and CM in (D)]. Condensates are
identified by automated analysis pipeline. Data are mean + SEM. P values from t test, ****P < 0.0001. n ~ 25.
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mEGFP concentration range of 0 to 500 nM (fig. S2, E and F). Using
this standard curve, we calculated the nuclear concentration of
MYOCD in hiPSCs (18.3 + 3.1 nM), mature SMCs (197.5 + 71.9 nM),
and mature CMs (131.6 + 33.6 nM) (Fig. 2D). To relate these endog-
enous nuclear concentrations found in mature SMCs and CMs to
those found upon ectopic expression of MYOCD in COS-7 cells, we
performed a similar analysis in COS-7 cells expressing mEGFP-
tagged MYOCD (fig. S2, G and H). We confirmed that MYOCD
formed condensates in COS-7 cells within the range of concentra-
tions observed in mature SMCs and CMs (Fig. 2, E and F). These
results demonstrate that MYOCD is sufficient to form condensates
at endogenous concentrations found in SMCs and CMs.

MYOCD condensates are sites of cell

type-specific transcription

To examine whether MYOCD condensates formed in SMCs or CMs
are sites of cell-identity gene transcription, we performed nascent
RNA fluorescence in situ hybridization (FISH) using intronic
probes, combined with imaging of MYOCD (Materials and Methods).
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To define the expected targets of MYOCD condensates, we per-
formed chromatin immunoprecipitation assays with sequencing
(ChIP-seq) and RNA sequencing (RNA-seq) in cells during differ-
entiation (Materials and Methods). Analysis of MYOCD ChIP-seq
showed the expected results that MYOCD was bound to putative
enhancers and promoters of key SMC and CM genes (fig. S3, A to C)
and that peaks had DNA motif enrichment for the CArG box, which
is bound by SRF (fig. S3C) (22, 36). Using our ChIP-seq and RNA-
seq data, we identified genes that are activated during differentiation
with either high MYOCD occupancy as expected targets of MYOCD
condensates [smooth muscle a-actin (ACTA2) for SMCs] [myosin
light chain 4 (MYL4) and T-box transcription factor 20 (TBX20) for
CMs] or with no observed MYOCD occupancy as negative con-
trols [EBF family member 4 (EBF4) for SMCs and anti-Mullerian
hormone receptor type 2 (AMHR2) for CMs] (fig. S3, D and E). In
SMCs, we found that MYOCD condensates consistently over-
lapped with RNA-FISH foci of ACTA2, but not EBF4 (Fig. 3, A to
C). In CMs, MYOCD condensates overlapped with RNA-FISH foci
of MYL4, but not AMHR2 (Fig. 3, D to F). Average image analysis
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Fig. 3. MYOCD condensates are sites of cell identity gene transcription. (A) RNA FISH and IF in mature SMC nuclei for indicated nascent transcript (magenta) and
MYOCD (GFP). Square box denotes location of crop shown in top right. Scale bar, 5 um. (B) Average signal of indicated nascent transcript (magenta) or MYOCD (GFP)
centered on the nascent transcript focus (1.5 pmz) in SMC. n ~ 25. (C) Boxplot (mean + 10 to 90%) showing enrichment of MYOCD at either the center of the nascent
transcript foci or at random sites in SMCs. P values represent results of t test followed (P values: **P < 0.01). (D) RNA FISH and IF in mature CM nuclei for RNA of indicated
transcript (magenta) and MYOCD (GFP). Square box denotes location of crop shown in top right. Scale bar, 5 um. (E) Average signal of indicated nascent transcript (ma-
genta) or MYOCD (GFP) centered on the nascent transcript focus (1.5 pmz) in CM. n ~ 25. (F) Boxplot (mean + 10 to 90%) showing enrichment of MYOCD either at the
center of the nascent transcript foci or at random sites in CMs. P values represent results of Kruskal-Wallis test followed by Dunn’s test for multiple comparisons (P values:
ns P> 0.05, #*##P < 0.0001).
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(Materials and Methods) for MYOCD signal, centered on FISH foci
or randomly selected nuclear locations, showed that MYOCD fluo-
rescence intensity was higher at the center of expected target FISH
foci than at FISH foci of the negative controls (Fig. 3, A to F). These
findings demonstrate that MYOCD condensates colocalize with
sites of cell lineage transcription during lineage specification.

Formation of MYOCD condensates activates reporter

gene expression

Given that MYOCD condensates are coincident with sites of gene
activity, we next sought to test the extent to which condensate for-
mation and gene activation were linked processes. Because of the
highly cooperative nature of the weak multivalent interactions un-
derlying condensates, their formation is expected to occur at sharp
concentration thresholds (17). Identifying the concentration thresh-
old for condensate formation and measuring reporter gene activity
above and below this concentration would enable us to assess the
extent to which the formation of MYOCD condensates is coupled to
MYOCD?’s gene activation function. We first set out to define the
critical concentration for condensate formation by taking advantage
of the wide range of MYOCD expression achieved upon transient
transfection of MYOCD-mEGFP in COS-7 cells (Fig. 4A). Using a
standard curve (fig. S2G), we measured the nuclear concentration of
MYOCD in 292 individual cells across five replicates and scored
whether or not MYOCD condensates were detectable in each of

o £ JULD

these cells (fig. S4, A and B, and Materials and Methods). By fitting
a simple logistic regression to these data points, we defined a con-
centration threshold (Materials and Methods) for MYOCD conden-
sate formation of 110.1 + 5.4 nM (Fig. 4B). Nearly all cells above the
threshold contained condensates (95.0%) and only a few cells below
the threshold contained condensates (11.5%) (Fig. 4C and fig. S4C).
Notably, this threshold is above the endogenous MYOCD concen-
tration measured in hiPSCs and below the endogenous MYOCD
concentration measured in mature SMCs and CMs (Fig. 2D). These
results demonstrate that MYOCD condensates form at critical
threshold concentrations of MYOCD in cells that are comparable to
the endogenous concentrations of MYOCD we observed in mature
SMCs and CMs.

To test whether MYOCD condensate formation is coupled to
gene activation, we measured the expression of a reporter gene as a
function of MYOCD concentration at single-cell resolution. To per-
form this analysis, we modified a previously described MYOCD-
dependent SM22 luciferase reporter (22) in two ways. First, we
reduced the size of the SM22 regulatory sequence by selecting only
the region corresponding to MYOCD ChIP-seq peaks (fig. S4D),
which increased the reporter’s responsiveness to MYOCD expres-
sion (fig. S4E). Second, to achieve single-cell resolution, we replaced
luciferase with a far-red fluorescent protein (miRFP670) fused to a
peroxisomal targeting sequence (SKL) (37). With this construct, we
could detect far-red fluorescence in peroxisomes and GFP
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Fig. 4. Formation of MYOCD condensates activates reporter gene expression. (A) Schematic showing that MYOCD-mEGFP forms nuclear condensates (green) in COS-
7 cells in a concentration-dependent manner. (B) Violin plot of MYOCD concentration and condensate formation in COS-7 cells where each dot represents one nucleus.
Threshold is determined by a simple logarithmic regression analysis and represented by X at 50% =+ SD. P values from t test, *##*P < 0.0001. Five biological replicates total.
n=292.(C) Representative micrographs (max projections) of COS-7 cells expressing MYOCD-mEGFP below or above the critical concentration threshold demonstrated in
(B). Scale bar, 5 pm. (D) Schematic showing that the formation of condensates (green) is coupled to the expression of the SM22 promoter-driven fluorescent reporter traf-
ficked to peroxisomes (miRFP670-SKL, red). (E) Violin plot of MYOCD concentration and condensate formation where each dot represents one nucleus. Cells expressing
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fluorescence in the nucleus of the same cell, allowing us to measure
reporter activity, MYOCD concentration, and condensate forma-
tion at single-cell resolution (Fig. 4D). As expected, activation of the
reporter gene was dependent on expression of MYOCD (fig. $4, F
and G). Reporter activation almost exclusively occurred in cells
above the critical concentration threshold for condensate formation
(Fig. 4, E and F). Nearly all cells above the threshold activated re-
porter expression (90.5%) and only a few cells below the threshold
showed evidence of reporter expression (18.8%) (fig. S4H). These
results demonstrate that reporter gene activation is directly linked
to MYOCD condensate formation.

Disrupting MYOCD condensate formation disrupts

gene activation

We next sought to understand the molecular features of MYOCD
that underlie its ability to form condensates with the goal of ma-
nipulating the formation of MYOCD condensates to test the effect
on gene activation. MYOCD has several annotated domains in its
N-terminal half that are required for its interaction with SRF and
other DNA binding transcription factors (fig. S5A) (22). In the C
terminus of MYOCD, there is a disordered region (fig. S5A) empiri-
cally defined as a transactivation domain (TAD) due to its necessity
for reporter activity and its sufficiency as a Gal4 fusion to activate
UAS reporters (22). To test whether MYOCD™P has an intrinsic
ability to form condensates, we purified this domain as a GFP fusion
and found that it formed condensates in vitro (fig. S5, B and C). To
test whether MYOCD™P was required for condensate formation in
cells, we expressed wild-type (WT) MYOCD and a deletion mutant
lacking this domain (ATAD) in cells and found that the ATAD mu-
tant did not readily form condensates within the concentration
range tested (Fig. 5, A to C, and fig. S5D). As expected, deletion of
MYOCD™P also disrupted activation of our fluorescent reporter
construct (Fig. 5, D and E). We noticed that MYOCD™P contained
14 well-dispersed aromatic residues throughout its sequence
(fig. SSE). Given the documented role of aromatic residues in con-
densate formation (38, 39), we tested whether substituting these
residues to alanine would prevent condensate formation. To do that,
we created a mutant MYOCD construct in which all 14 aromatic
amino acids within the TAD were changed to alanine (FWY to A).
We purified the FWY to A TAD mutant as a GFP fusion and found
that it was unable to form condensates in vitro (fig. S5, F and G).
When expressed in cells, MYOCD with the FWY to A mutant TAD
(Fig. 5F) was also unable to form condensates within the concentra-
tion range tested (Fig. 5, G and H) and failed to activate the fluores-
cent reporter gene (Fig. 5, I and J). These results demonstrate that
the condensate-forming capacity of MYOCD™P and its ability to
activate genes are linked.

Restoring MYOCD condensate formation promotes

gene activation

Having shown that removing the TAD prevented both condensate
formation and gene activation functions of MYOCD, we next sought
to test whether MYOCD function could be rescued by replacing the
TAD with condensate-promoting sequences from other proteins. To
do this, we swapped MYOCD™P with the N-terminal disordered
regions of the FUS RNA binding protein (FUS) and TATA box-
binding protein-associated factor 15 (TAF15). FUS and TAF15 are
members of the FET family of RNA binding proteins implicated in
diverse nuclear processes from mRNA processing to the DNA

Gan etal., Sci. Adv. 10, eadk7160 (2024) 15 March 2024

damage response. The N-terminal disordered regions of FUS and
TAF15 are well-established to form condensates and have been as-
sociated with gene regulation (40, 41). While the disordered regions
of TAF15 and FUS do not share positional sequence homology with
MYOCD™P (fig. S6A), they do share an intrinsic capacity to form
condensates dependent on aromatic residues (39). Chimeric fusions
of MYOCD in which its TAD was swapped for disordered regions of
FUS and TAF15 (Fig. 5F) were ectopically expressed in COS-7 cells
together with WT MYOCD and ATAD. While ATAD did not read-
ily form condensates, both chimeric fusions of FUS and TAF15 res-
cued condensate formation to levels comparable to WT (Fig. 5, K
and L). Both chimeric fusions also maintained SRF partitioning
(fig. S6, B and C). Unexpectedly, while ATAD had significantly re-
duced activation of the fluorescent reporter gene, both chimeric fu-
sions of FUS and TAF15 rescued reporter gene activation to levels
comparable to WT (Fig. 5, M and N). These results demonstrate that
condensate formation is necessary for MYOCD’s ability to acti-
vate genes.

Formation of MYOCD condensates drives activation

of SMC genes

Ectopic expression of MYOCD is sufficient to reprogram 10T1/2 fi-
broblasts into SMCs (33), providing a powerful assay for us to test
the relationship between MYOCD condensate formation and acti-
vation of cell identity genes. To determine the extent to which
MYOCD condensate formation drives lineage-specific gene activa-
tion, we first examined the relationship between MYOCD conden-
sate formation and SMC reprogramming. mEGFP-tagged MYOCD
and its variants were expressed in 10T1/2 fibroblasts by retroviral
transduction, allowing us to quantify nuclear concentrations and
monitor condensate formation as a function of SMC reprogram-
ming. To determine SMC reprogramming efficiency, we performed
immunofluorescence for ACTA2, a marker of SMCs not expressed
in 10T1/2 fibroblasts (33). Using this strategy, we could monitor
MYOCD nuclear concentrations, MYOCD condensate formation,
and reprogramming efficiency in individual cells (Fig. 6A). Using
our standard curve method (fig. S7A) to calculate nuclear concen-
trations and our method to determine critical concentration
(Fig. 6B), as previously described, we found that most cells above
the critical concentration were reprogrammed, while the most cells
below the critical concentration were not (Fig. 6, B and C, and
fig. S7, B and C). The critical concentration for MYOCD in 10T1/2
cells is slightly lower than what we measured for COS-7 cells, sug-
gesting that cellular context can influence threshold concentrations,
likely due to the presence of more relevant binding partners.

We next sought to test whether disrupting condensate formation
also disrupted activation of cell identity genes. We transduced
10T1/2 cells with retrovirus encoding mEGFP-tagged WT MYOCD,
MYOCD with TAD deleted (ATAD), or MYOCD with the aromatic
residues within the TAD substituted for alanine (FWY to A). In
agreement with experiments in COS-7 cells, both ATAD and FWY
to A constructs had reduced levels of condensate formation com-
pared to WT [Fig. 6, D (bottom row) and E]. Analysis of ACTA2
staining showed that both ATAD and FWY to A constructs also
had reduced reprogramming efficiency compared to WT [Fig. 6,
D (top row) and F, and fig. S7, D and E]. While the FWY to A
mutant showed some increase in condensate formation compared
to ATAD (Fig. 6E), this modest increase did not lead to any mea-
surable change in differentiation (Fig. 6F), suggesting that these
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Fig. 5. Aromatic residues are required for MYOCD condensate formation and reporter gene expression. (A) Representative micrographs (max projections) of COS-7
cells expressing MYOCD-mEGFP WT or ATAD below or above the critical concentration threshold. Scale bar, 5 pm. (B) Bar chart of the fraction of cells with condensates.
Data are mean + SEM. P values from Mann-Whitney test, ****P < 0.0001. Three biological replicates total, n = 292 (WT) and 106 (ATAD). (C) Violin plot of MYOCD concen-
tration and condensate formation in COS-7 cells expressing MYOCD WT or ATAD, where each dot represents one nucleus. (D) Representative micrographs (max projec-
tions) of COS-7 cells expressing MYOCD-mEGFP WT or ATAD above the critical concentration threshold. Scale bar, 5 um. (E) Bar chart of the fraction of cells with
condensates. Data are mean + SEM. P values from Mann-Whitney test, ***#P < 0.0001. n ~ 40. (F) Schematic of MYOCD WT, ATAD, aromatic substitution to alanine
(FWYtoA) mutants, and TAD domain chimeras with indicated disordered region (FUS and TAF15) with transcription factor (TF)-binding domains (blue box). See fig. S5A
for detailed domain architecture of MYOCD. (G and K) Representative micrographs of COS-7 cells expressing indicated MYOCD variants above the critical concentration
threshold. (H and L) Bar chart of the fraction of cells with condensates. Data are mean + SEM. P values represent results of one-way analysis of variance (ANOVA) with
Dunn'’s multiple comparison test (P values: ns P > 0.05, *###P < 0.0001). (H) n ~ 20. (I) n ~ 15. (1 and M) Representative micrographs (max projections) of COS-7 cells express-
ing the fluorescent reporter and the indicated MYOCD variant above the critical concentration threshold. Scale bar, 5 pm. (J and N) Bar chart of the fraction of cells express-
ing reporter. Data are mean + SEM. P values from one-way ANOVA with Dunn’s multiple comparison test (P values: ns P > 0.05, ****P < 0.0001). (I) n ~ 40. (N) n ~ 20.
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Fig. 6. Multivalent interactions of aromatic residues are required for MYOCD condensate formation and 10T1/2 reprogramming to SMC. (A) Schematic showing
the correlation of MYOCD-mEGFP nuclear condensate formation (green) to the reprogramming of 10T1/2 cells (fibroblasts) into SMCs (ACTA2 in red). (B) Violin plot of
MYOCD concentration and condensate formation in 10T1/2 cells, where each dot represents one nucleus. Dots shown in red denote cells that differentiated; dots shown
in gray denote cells that did not differentiate. Threshold is determined by simple logarithmic regression analysis and represented by X at 50% =+ SD. Two biological repli-
cates, total n = 188. (C) Representative micrographs (max projections) of 10T1/2 cells expressing MYOCD-mEGFP (green) below or above the critical concentration thresh-
old demonstrated in (B). IF for ACTA2 (red) denotes SMC differentiation. Scale bar, 5 pm. (D and H) Representative micrographs (max projections) of 10T1/2 cells expressing
MYOCD-mEGFP (green) and indicated variants. Scale bar, 5 um. (E, F, I, and J) Bar chart (mean = SEM) displaying the fraction of cells above the critical MYOCD concentra-
tion threshold that form condensates (E and 1) or differentiated (F and J). P value from one-way ANOVA with Dunnett’s multiple comparison test (P values: ns P > 0.05,
##4%P < 0.0001). n = 40. (G) Schematic of MYOCD WT, ATAD, and TAD domain chimeras with indicated disordered regions (FUS and CDT1) with transcription factor-bind-
ing domains. (K) Panther GO analysis for cellular component of differentially expressed genes from 10T1/2 cells expressing indicated construct with greater than or equal
to a threefold increase of expression as compared to the empty vector control. (L) Heatmap of the differential expression [shown as z score of log,(CPM)] of crucial cardio-
vascular SMC genes. Data are from RNA-seq for indicated constructs upon overexpression in 10T1/2 cells.
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condensates were not functional. These results demonstrate that dis-
rupting condensate formation disrupts activation of SMC genes in
10T1/2 cells. Together, these results show that MYOCD condensate
formation drives lineage specification and gene activation during
10T1/2 reprogramming.

MYOCD condensate formation is required for activation

of SMC genes

Having shown that disrupting MYOCD condensate formation dis-
rupts its ability to reprogram 10T1/2 cells, we next investigated
whether rescuing condensate formation would rescue SMC repro-
gramming. Since the disordered regions of FUS and TAF15 are im-
plicated in transcription as oncogenic fusions with various
transcription factors (42), we added two additional condensate-
promoting disordered regions from the proteins DEAD-box heli-
case 4 (DDX4) and Nephrin (NPHSI1), which have no reported
functional association with transcription. DDX4 is a germline-
specific RNA helicase (43), and NPHS] is the renal cell adhesion
receptor Nephrin (44). Disordered regions from these two proteins
do not share positional sequence homology with MYOCD™P
(fig. S8, A and B) but, like MYOCD™P, promote condensate forma-
tion dependent on aromatic residues (43, 44). mEGFP-tagged
MYOCD chimeras with the TAD swapped for the disordered re-
gions of FUS, TAF15, DDX4, or NPHS1 were expressed in 10T1/2
cells by retroviral transduction (Fig. 6G and fig. S8A). WT MYOCD
and the ATAD mutant were included as positive and negative con-
trols, respectively. All constructs were expressed at equivalent levels
relative to WT (fig. S8C). As expected, the ATAD mutant failed to
form condensates, but chimeric fusions with disordered regions of
FUS, TAF15, DDX4, and NPHS] all rescued condensate formation
to levels comparable with WT [Fig. 6, H (bottom row) and I, and
fig. S8, D and E]. Analysis of ACTA?2 staining showed that while the
ATAD mutant had reduced reprogramming efficiency, chimeric fu-
sions with disordered regions of FUS, TAF15, DDX4, and NPHS1
all rescued reprogramming to levels comparable to WT [Fig. 6, H
(top row) and J, and fig. S8, D and F]. Analysis of bulk mRNA abun-
dance for Acta2 by quantitative reverse transcription polymerase
chain reaction (QRT-PCR) also showed that while the ATAD mu-
tant was unable to activate Acta2 expression, chimeric fusions of
FUS, TAF15, DDX4, and NPHS1 all activated Acta2 expression to
comparable or higher levels relative to WT (fig. S8I). These results
demonstrate that MYOCD condensate formation is required for the
activation of SMC-specific genes.

Given the ability of four different condensate—gromoting disor-
dered regions to functionally replace MYOCD™P, we next asked
whether any condensate-promoting disordered region would rescue
this function or if there was any specificity. Given that all four disor-
dered regions tested require multivalent interactions of aromatic
residues for condensate formation, we tested whether the disordered
region of chromatin licensing and DNA replication factor 1 (CDT1),
which does not require aromatics to form condensates, could rescue
SMC reprogramming (45, 46). CDT1 is a DNA replication initiation
factor, and its disordered region forms condensates independently
of aromatic residues (46). As with the other chimeric fusions, we
expressed an mEGFP-tagged MYOCD chimera with the TAD
swapped for the disordered region of CDT1. The construct was ex-
pressed at equivalent levels to WT and the other chimeric fusions
(fig. S8C). As expected, the chimeric fusion with the disordered re-
gion of CDT1 rescued condensate formation to levels comparable to
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WT and the other chimeric fusions [Fig. 6, H (bottom row) and I,
and fig. S8, F and GJ. Unexpectedly, the CDT1 chimeric fusion was
unable to rescue SMC reprogramming as measured by ACTA2
staining [Fig. 6, H (bottom row) and ], and fig. S8, D to H] and Acta2
expression (fig. S8I). The functional difference between condensates
formed by these two classes of disordered regions (aromatic-
dependent or independent) highlights the specificity of condensates
formed by different disordered regions.

To further assess the extent to which MYOCD condensate for-
mation was required to activate SMC gene programs, we performed
RNA-seq experiments with 10T1/2 cells expressing WT MYOCD,
ATAD MYOCD, the FUS chimera, the CDT1 chimera, and GFP
alone as a control. Gene ontology (GO) enrichment analysis of
genes up-regulated by these different constructs relative to control
revealed that genes up-regulated by the expression of WT MYOCD
are mainly related to SMC cytoskeletal structure, confirming the re-
programming of fibroblast into SMCs by WT MYOCD (Fig. 6K).
Intriguingly, the FUS chimera was the only variant tested that reca-
pitulated the up-regulation of SMC-related genes (Fig. 6K). In con-
trast, we did not identify any relevant gene categories enriched with
the ATAD or CDT1 chimera.

To specifically investigate the extent to which physiologically rel-
evant cardiovascular SMC gene programs were activated in our cel-
lular reprogramming system, we investigated the expression of a
cluster of heart and aortic SMC genes identified by a single-cell
RNA-seq analysis on mouse heart and aorta (47). Heatmap repre-
sentations of the expression changes across our different conditions
show that WT MYOCD robustly activates this SMC gene program
in 10T1/2 cells (Fig. 6L and fig. S8]). Deletion of MYOCD TAD,
which disrupts condensate formation, disrupts the activation of
SMC gene program, which can be partially rescued by the FUS chi-
mera but not the CDT1 chimera (Fig. 6L and fig. S8F). These results
demonstrate that condensate formation driven by aromatic residues
from functionally diverse proteins can partially replace MYOCD™P
and support the activation of cell identity gene programs. Together,
our results demonstrate that MYOCD-driven gene activation re-
quires condensate formation, enabling switch-like activation of cell
identity genes underlying lineage specification.

Functional MYOCD condensates partition components of
gene expression machinery

We next sought to investigate the mechanism underlying gene acti-
vation by MYOCD condensates. A major mechanism of condensate
function is selective compartmentalization of functionally related
proteins (13, 16, 18, 48). Having shown that condensates formed
by the FUS chimera rescue function, but the condensates formed by
the CDT1 chimera do not rescue function, we reasoned that by
identifying what is commonly partitioned by WT MYOCD and the
FUS chimera condensates but not by the CDT1 chimera conden-
sates would highlight the mechanisms underlying MYOCD con-
densate function. We took a candidate approach to investigate
whether condensates formed by WT MYOCD, the FUS chimera, or
the CDT1 chimera had differential partitioning of p300 or RNA Pol
I1. We chose p300 because it has previously been implicated as a key
regulator of MYOCD function (49), and we chose RNA Pol II be-
cause it is the enzyme ultimately responsible for transcription. We
performed immunofluorescence for p300 or RPB1 in COS-7 cells
ectopically expressing WT MYOCD, the FUS chimera, or the CDT1
chimera (Fig. 7A). Average image analysis (Materials and Methods)
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for immunofluorescence signal, centered on WT, FUS chimera, or
CDT1 chimera condensates, showed that both p300 and RPB1 fluo-
rescence intensity was higher at the center of WT MYOCD and FUS
chimera condensates than at CDT1 chimera condensates (Fig. 7, B
and C, and fig. S9, A to C). These findings demonstrate that WT
MYOCD and FUS chimera condensates colocalize with compo-
nents of active gene transcription.

To investigate whether the MYOCD™P, the FUS™® or the
CDT1™® are sufficient to partition positive regulators of gene ex-
pression when recruited to a specific genomic locus, we used a sec-
ondary assay that uses an orthogonal DNA binding domain (LacI)
to recruit these protein regions to a defined genomic locus. To do
this, we used the U20S 2-6-3 cell line (Lac array cells) (13), which
contains an integrated LacO array and compared cells transfected
with either cyan fluorescent protein (CFP)-Lacl or CFP-LacI-IDR
(Fig. 7D). In the Lac array cells, the immunofluorescence signal for
the positive regulators of transcription, p300 and RNA Pol II, was
enriched at CFP-LacI-MYOCD™P and CFP-LacI-FUS™" foci rela-
tive to the control. CFP-LacI-CDT1'™™® showed the opposite result
(Fig. 7, E and E and fig. $9, D to F). While MYOCD™P showed
greater enrichment of endogenous p300 than the FUS™™%, both en-
riched comparable levels of RNA Pol II, and both had signiﬁcantl?r
more enrichment of both factors relative to the control or CDT1"
PR These results demonstrate that high local concentrations of
MYOCD™P and FUS™® are both sufficient for the local concentra-
tion of crucial gene regulatory enzymes.

To test the relationship between MYOCD chromatin occupancy
and histone acetylation, we next performed ChIP-seq for H3K27ac
and MYOCD or MYOCD variants. Using 10T1/2 cells expressing
mEGFP-tagged WT MYOCD, ATAD MYOCD, the FUS chimera,
the CDT1 chimera, and GFP alone, we performed ChIP-seq using
GFP and H3K27ac antibodies (Fig. 7G). As expected, WT MYOCD
showed binding at putative regulatory elements of its target gene
Lmodl marked by H3K27ac (fig. S10, A and B). In agreement with
our results connecting MYOCD with p300, MYOCD bound regions
showed an increase in H3K27ac relative to the GFP only control
(fig. S10, C and D) and an increase in gene expression (fig. S10F).
Focusing on all MYOCD peaks, we compared the occupancy of
ATAD and the chimeras. As expected, given that they all share the
same N-terminal portion of MYOCD responsible for interacting
with transcription factors, all constructs bound at these MYOCD
peaks (Fig. 7H). Unexpectedly, all constructs showed greater occu-
pancy relative to WT MYOCD with the CDT1 chimera having the
highest average signal. Despite this common occupancy, H3K27ac
signal surrounding these MYOCD peaks only showed an increase
relative to the control for WT MYOCD and the FUS chimera
(Fig. 71). Although, on average, ATAD MYOCD and the CDT1 chi-
mera had comparable or even higher occupancy relative to WT
MYOCD and the FUS chimera, H3K27ac levels were unchanged
relative to the control. These results agree with our experiments
measuring partitioning of p300 in COS-7 cells (Fig. 7, A to C) and
Lac array cells (Fig. 7, D to F). Together, these data suggest that
MYOCD condensate formation leads to local activation of chroma-
tin by p300-mediated acetylation.

To better understand the relationship between MYOCD occu-
pancy to gene activation, we identified MYOCD direct target genes
(DTGs) by first annotating MYOCD peaks to the gene with the
nearest transcription start site (TSS) and then designated the genes
as DTGs if the associated gene exhibited a twofold or greater
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increase of gene expression. GO analysis of this subset of genes re-
vealed that MYOCD DTGs are enriched for cellular components
related to cytoskeletal components of smooth muscle genes
(fig. S10E). To test the relationship between MYOCD chromatin oc-
cupancy, histone acetylation, and gene activation, we compared the
ChIP-seq data with RNA-seq from 10T1/2 cells expressing the same
constructs. For many of the genes activated by MYOCD expression,
we could identify MYOCD peaks at associated H3K27ac-marked
regulatory elements (metagene of other constructs and H3K27ac at
all MYOCD peaks). While these regions were also occupied by the
other constructs, only WT MYOCD or the FUS chimera were ca-
pable of activating gene expression (Fig. 7]). Analysis of H3K27ac
centered on the TSS of all genes up-regulated by WT MYOCD (de-
fined by RNA-seq, WT/control > 2) revealed the expected increase
in H3K27ac relative to control (fig. S10G). Unexpectedly, among the
other constructs tested, only the FUS chimera led to a comparable
increase in H3K27ac at MYOCD-activated genes with ATAD and
the CDT1 chimera being indistinguishable from the control
(Fig. 7K). Together, these results connect the condensate formation
of MYOCD and promotion of genomic accessibility to the activa-
tion of cell identity gene programs.

DISCUSSION

The results of this study demonstrate that MYOCD condensate for-
mation is required for gene activation and cardiovascular cell lineage
specification. Coupling gene activation to condensate formation en-
ables robust and switch-like changes to gene expression programs
defined by critical threshold concentrations (schematized in Fig. 8).
Specifically, we show that MYOCD forms condensates at endogenous
concentrations and that cells containing condensates express
MYOCD target genes. Cells with MYOCD concentration above the
threshold concentrations for condensate formation had concomitant
activation of gene expression. Disrupting the ability of MYOCD to
form condensates disrupted its ability to activate genes and drive re-
programming of cell states. Rescuing MYOCD condensate formation
with four different disordered regions rescued its ability to activate
genes and drive reprogramming. Our findings reveal a mechanism
governing the activation of lineage-specific gene programs, highlight-
ing the role of concentration-triggered condensate formation in this
process. Last, we demonstrate that MYOCD condensates mediated by
biochemically distinct IDRs confer different functional outcomes,
which we have attributed to the ability of these distinct condensates to
selectively partition positive regulators of gene expression.

By measuring concentration, condensate formation, and gene
activity at single-cell resolution, we found that the formation of
MYOCD condensates is directly linked to gene activation. By swap-
ping MYOCD™P with four different condensate-promoting re-
gions, we found that the ability of MYOCD to form condensates is
required for its ability to activate genes. Showing that the activity of
a protein is directly linked to condensate formation at physiological
concentrations in cells has been a major challenge for the field, lead-
ing some to debate whether condensates are functional (50). A few
key examples using in vitro reconstituted condensates have shown
that biochemical activity (e.g., nucleation of actin and microtubule
polymerization) is increased upon condensate formation (51-54).
Cell-based approaches to investigate the link between conden-
sates and gene transcription have mainly used engineered, syn-
thetic, or otherwise artificial approaches at supraphysiological
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Fig. 7. Condensates formed by MYOCD TAD domain and FUS-IDR selectively partition the histone acetyltransferase p300, but CDT1-IDR does not. (A) Schematic
of experimental design for colocalization of p300 in MYOCD condensates. (B) Average projection of WT MYOCD or chimeric condensates in COS-7 cells with IF for endog-
enous p300. Scale bar, 1 pm. (C) Box plot (10 to 90%) displaying the enrichment of p300 at the center of the MYOCD condensates normalized to background intensity.
P value is from one-way ANOVA with Dunnett’s multiple comparison test (P values: ns P > 0.05, ***P < 0.001, ****P < 0.0001). n ~ 25. (D) Schematic of Lac array cells.
(E) IF for p300 (magenta) in Lac array cells expressing indicated CFP-Lacl fusion. Inset is LacO locus (white shows magenta and cyan overlap). Scale bar, 5 pm. (F) IF bar
chart (mean + SD) quantifying enrichment of p300 at CFP-Lacl (no fusion) or CFP-Lacl with fusion (x-axis label). P values from one-way ANOVA with Dunnett'’s test.
(P values: ns P > 0.05, **P < 0.01, ****P < 0.0001). n = 22. (G) Schematic of experimental design for ChIP-seq in reprogrammed 10T1/2 cells. (H) Metagene plot of the
log,fold change compared to input control of MYOCD occupancy centered on WT MYOCD peaks compared to the empty vector control. (I) Metagene plot of the log,fold
change compared to input control of H3K27ac occupancy centered on WT MYOCD peaks compared to the empty vector control. (J) Gene tracks of MYOCD and H3K27ac
ChlP-seq and RNA-seq from differentiated 10T1/2 cells expressing the indicated constructs at Actg2 locus. (K) Metagene plot of the log,fold change compared to input
control of H3K27ac occupancy centered on the TSS of genes activated by WT MYOCD.
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Fig. 8. MYOCD coactivator condensation drives cardiovascular cell lineage
specification. Schematic illustrating the relationship between natural changes in
MYOCD (green) concentration during differentiation, condensate formation, and
switch-like gene activation. In undifferentiated cells, although DNA binding tran-
scription factors like SRF (gray squares) and other components of the transcrip-
tional machinery including RNA Pol Il and p300 (gray shapes) are present, MYOCD
is below the threshold concentration for condensate formation (red dotted line)
and cell identity genes are not expressed. When the concentration of MYOCD ex-
ceeds the threshold for condensate formation, MYOCD forms nuclear condensates
that concentrate the transcriptional machinery (gray shapes) to drive cell identity
gene expression, facilitating lineage specification of SMC and CM.

concentrations, leading to contradictory conclusions with some re-
porting no link (55, 56) and others finding a link (57, 58). Here, we
show, at endogenous protein concentrations, in both COS-7 cells
with a reporter gene and 10T1/2 cells with a cell identity gene, that
the gene activation function of MYOCD is coupled to and requires
its formation of condensates.

The requirement of condensate formation for MYOCD activity is
demonstrated by our disordered region swapping experiments, in
which four condensate-promoting disordered re%ions were able to
partially replace the functions of MYOCD™P. Swapping the
condensate-forming disordered regions from CDT1 did not fully
rescue function, suggesting functional specificity among disordered
regions and the condensates they help form. We recently demon-
strated that condensates formed by the disordered region of the
transcription coactivator MED1 concentrated specific positive regu-
lators of transcription while excluding negative regulators (13). This
functional specificity was found to depend on charge patterning
within the disordered regions of MED1 and its partitioned partners.
The functional specificity between different IDRs for rescuing
MYOCD activity, seemingly due to aromatic content, suggests that
there are different types of sequence and structural features leading
to condensate-mediated specificity.

The ability of condensate-promoting disordered regions from
proteins with diverse functions to replace the TAD of MYOCD sug-
gests that a primary function of the TAD is to promote condensate
formation. In so doing, the TAD enables the coalescence of multiple
components of the transcriptional apparatus at regulatory elements
of target genes (schematized in Fig. 8). Such a mechanism also pro-
vides stability to cell-specific gene programs during lineage specifi-
cation in development. The relationship between the sequence and
structural features of TADs required for condensate formation (38,
39, 59, 60) and those required for transactivation (61-63) and
whether they are separable is an exciting topic for future inves-
tigation.
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In addition to concentration changes that occur on a develop-
mental timescale, the formation of condensates can be more dy-
namically regulated by posttranslational modifications (PTMs).
MYOCD is known to be modified by phosphorylation, acetylation,
and SUMOylation, which regulate its function. Given that many of
these reversible modifications occur in the TAD (64, 65), it is pos-
sible that these modifications have an impact on MYOCD conden-
sate formation and its stage-specific activity in cardiovascular
development. The role of these PTMs in regulating MYOCD-
mediated condensate formation and gene activation remains to be
explored.

Our results demonstrate that the formation of MYOCD conden-
sates is necessary for the activation of cell identity genes during lin-
eage specification. Many lineage-specifying factors display similar
changes to nuclear concentration during development. Many of
these factors are highly dosage dependent, as exemplified by devel-
opmental disorders caused by haploinsufficiency or by small chang-
es in expression due to regulatory element mutations (3). This strong
concentration dependence suggests that the gene activation func-
tions of these factors might also be linked to condensate formation.
Furthermore, aberrant increases in the concentration of transcrip-
tional regulators are a hallmark of many cancers, exemplified by ge-
netic amplification, overexpression, or dysregulation of cytonuclear
trafficking. Our work leads us to propose that transcriptional con-
densate formation may represent a general mechanism for precise
and decisive activation of gene programs crucial for cell lineage
specification, suggesting that changes in the nuclear concentration
of transcriptional regulators contribute to disease as a consequence
of dysregulated condensate formation.

MATERIALS AND METHODS

Generation of an isogenic MYOCD-mEGFP knock-in

hiPSC line

The isogenic mEGFP knock-in hiPSC line was generated by
CRISPR-Cas9-mediated homology-directed repair. Single-guide
RNAs (sgRNAs) near the stop codon in exon 14 of the MYOCD gene
were selected from CRISPR 10K Genome Browser Track, cloned
into pX458 (Addgene, no. 48138), transfected into human embry-
onic kidney (HEK) 293T cells, and fluorescence-activated cell sort-
ing (FACS)-sorted, and cutting efficiency was assessed by
sequencing. The sgRNA with the highest indel-causing efficiency
(TGGACCTTCACTTGCAGCAG) was used for subsequent knock-
in assays. To construct the donor template, mEGFP sequence was
cloned in between 5’ and 3’ homology arms [~1000 base pairs (bp)
each] into a donor plasmid vector (pENTR/D-TOPO) by infusion
cloning. HCO01-5, male human iPSCs were cultured in mTeSR1 me-
dium to reach 95% confluency. One hour before nucleofection, hiP-
SCs were treated with 10 pM ROCK inhibitor (Tocris, Y-27632) and
dissociated into single cells using Accutase (Innovative Cell Tech-
nologies Inc., NC9839010). hiPSCs (1 X 10°) were mixed with 2.5 ug
of pX458-MYOCD-sgRNA-2A-GFP plasmid and 2.5 pg of donor
plasmid and nucleofected using the P3 Primary Cell 4D Nucleo-
fector X Kit (Lonza, V4XP-3024) according to the manufacturer’s
protocol. After nucleofection, hiPSCs were cultured in mTeSR1 me-
dium supplemented with 10 pM ROCK inhibitor for 24 hours and
changed to mTeSR1 medium the next day. Two days after nucleo-
fection, the medium was changed into mTeSR1 medium supple-
mented with 10 pM ROCK inhibitor and Primocin (100 mg/ml)
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(InvivoGen, ant-pm-05) 1 hour before FACS. GFP (+) and (—) cells
were sorted by FACS and seeded back into 12-well plates. Single
clones derived from GFP (4) iPSCs were picked and sequenced for
in-frame mEGFP knock-in. After screening more than 200 clones,
one isogeneic hiPSC clone was identified with homozygous
MYOCD-mEGFP knock-in and we established a cell line for subse-
quent experiments.

Differentiation of hiPSC to CMs and SMCs

Differentiation of hiPSC to CMs was performed as previously stated
(66). Briefly, cells were cultured in mTeSR1 medium until they
reached 80 to 90% confluency and then cultured in CDM3-C me-
dium consisting of RPMI 1640 (Life Technologies, 11875), Oryza
sativa-derived recombinant human albumin (500 pg/ml; Sigma-
Aldrich, A0237), and L ascorbic acid 2-phosphate (213 pg/ml) sup-
plemented with 6 uM CHIR-99021 (Selleckchem, $2924) for 2 days.
The cells were then cultured in CDM3-C medium, supplemented
with 2 pM WNT-C59 (Selleckchem, S7037) for 2 days. The cells
were cultured in BASAL medium (RPMI 1640 with B27 supple-
ment, Thermo Fisher Scientific, 17504044) for 6 days, and the me-
dium was changed every 2 days. CMs were selected by culturing in
SELECTIVE medium [RPMI 1640, no glucose (Gibco, 11879-020)
with B27 supplement (Thermo Fisher Scientific, 17504044)] for 6
days. Then, purified CMs were dissociated using TrypLE Express
Enzyme (Gibco, 12604021) and replated.

The differentiation protocol for SMCs was adapted from an es-
tablished protocol (67). hiPSCs were cultured in mTeSR1 medium
on Matrigel-coated plates, with daily medium changes to reach 90%
confluency. The differentiation into mesodermal-lineage cells was
initiated on day 0 by culturing the cells with CHIR99021 (5 pM) and
BMP-4 (10 ng/ml, PeproTech, 120-05ET) in RPMI 1640 medium
and 2% B27. The culture medium was replenished with CHIR99021
and BMP-4 on day 1.5. The expression of MYOCD is high in con-
tractile SMCs. Contractile SMCs were produced by culturing the
cells with vascular endothelial growth factor A (VEGF-A) and fibro-
blast growth factor p (FGFf) (25 ng/ml) in RPMI 1640 and 2% B27
minus insulin from days 3 to 7, replenishing the culture medium
with VEGF-A (PeproTech, 100-20) and FGFf (PeproTech, AF-100-
18B) on day 4. Then, the cells were treated with platelet-derived
growth factor § (PDGF; 5 ng/ml; PeproTech, AF-100-14B) and
transforming growth factor § (TGF; 2.5 ng/ml; PeproTech, 100-21)
in RPMI 1640 and 2% B27 from days 7 to 14, and the culture medi-
um was replenished with PDGFf and TGFp on days 9 and 11. The
differentiated cells were enriched for SMCs by maintaining them in
4 mM lactate RPMI 1640 metabolic medium for 4 to 6 days. Then,
purified SMCs were dissociated using TrypLE Express Enzyme and
replated.

Microscopy

All micrographs in figures are representative for the respective ex-
perimental sample. Unless otherwise noted, images were acquired
with a CSU-W1 Yokogawa Spinning Disk Field Scanning Confocal
System coupled to a Hamamatsu ORCA-Fusion C14440 sCMOS
camera using a Nikon 60X Plan Apo Lamba Oil Immersion objec-
tive [numerical aperture (NA), 1.40]. Images in Fig. 1 (A, C, and E)
and figs. S1 (A, E, and G) and S6B were acquired using a Zeiss LSM
800 point scanning confocal using a Zeiss 63X Plan Apo oil immer-
sion objective (NA, 1.40) with Airy Scan SR mode activated. Raw
Airyscan images were processed using Zeiss ZEN 2.3 software.
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Live-cell imaging

Cells were grown on glass plates (Mattek Corporation, P35G-1.5-
20-C) coated with Matrigel (hESC-qualified, Corning, 354277) in
phenol red-free Dulbecco’s modified Eagle’s medium (DMEM)/E-
12 (1:1) (Gibco, 21041-025) to reduce background autofluorescence.
hiPSC-CMs and SMCs were differentiated and cultured in phenol
red-free RPMI 1640 medium (Gibco, 11835-030). Before imaging,
the medium was replaced by 37°C phosphate-buffered saline (PBS)
with 1:5000 Hoechst 33342 for nuclear staining and cell debris re-
moval. After 5-min incubation, Hoechst-containing PBS was re-
placed with fresh 37°C PBS. The cells were imaged on a heated stage
top incubator (Tokai Hit) and supplemented with warmed (37°C),
humidified air with 5% CO,.

Immunofluorescence

Cells grown on coated glass were fixed in 4% paraformaldehyde
(PFA) (VWR, BT140770) in PBS for 10 min at room temperature.
After three washes in PBS for 5 min, the cells were stored at 4°C or
processed for immunofluorescence. Cells were permeabilized with
0.5% Triton X-100 (Sigma-Aldrich, X100) in PBS for 5 min at room
temperature. Following three washes in PBS for 5 min, the cells were
blocked with 4% immunoglobulin G (IgG)-free bovine serum albu-
min (BSA) (VWR, 102643-516) for 30 min at room temperature
and then incubated with primary antibodies in 4% IgG-free BSA
overnight at 4°C. Primary antibodies used in the experiments were
anti-GFP (Thermo Fisher Scientific, A-11122, 1:500 dilution), anti-
cardiac troponin T (Abcam, ab8295, 1:1000 dilution), anti-o
smooth muscle actin (Abcam, ab7817, 1:1000 dilution), anti-Flag
M2 (Sigma-Aldrich, F3165, 1:1000 dilution), anti-V5 (Cell Signal-
ing Technology, 132028, 1:500), anti-H3K27ac (Active Motif, 39133,
1:500), anti-RNA Pol II C-terminal domain (Millipore, 04-1572,
1:500), anti-HPla (Abcam, ab109028, 1:500), and anti-NPM1
(Thermo Fisher Scientific, 32-5200). Samples were subsequently
washed with PBS three times and incubated with corresponding
secondary antibodies conjugated to Alexa Fluor 488, 555, or 647
(Invitrogen) prepared in blocking solution at room temperature in
the dark for 3 hours. Cells were washed three times with PBS. Hoechst
(Thermo Fisher Scientific, 62249, 1:5000) was used to stain nuclei
for 5 min at room temperature in the dark. Glass slides were mount-
ed onto slides with Vectashield (VWR, 101098-042). Coverslips
were sealed with transparent nail polish (Electron Microscopy Sci-
ence Nm, 72180) and stored at 4°C.

RNA FISH with immunofluorescence

RNA FISH probes were designed using Stellaris probe designer with
intronic sequences from genes of interest (Biosearch Technologies
Inc.). Libraries of 48 intron-targeting probes for each gene conju-
gated to Quasar 670 fluorophore were used for nascent RNA FISH
experiments. Immunofluorescence was performed as previously de-
scribed (14) with the following modifications. Immunofluorescence
was performed in a ribonuclease (RNase)-free environment, and
pipettes and bench were treated with RNaseZap (Life Technologies,
AM9780). RNase-free PBS was used, and antibodies were always di-
luted in RNase-free PBS. After immunofluorescence completion,
the cells were post-fixed with 4% PFA in PBS for 10 min at room
temperature. The cells were washed twice with RNase-free PBS. The
cells were washed once with 20% Stellaris RNA FISH Wash Buffer A
(Biosearch Technologies Inc., SMF-WA1-60) and 10% deionized
formamide (EMD Millipore, S4117) in RNase-free water (Life
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Technologies, AM9932) for 5 min at room temperature. The cells
were hybridized with 90% Stellaris RNA FISH Hybridization Buffer
(Biosearch Technologies, SMF-HB1-10), 10% deionized formamide,
and 12.5 pM Stellaris RNA FISH probes designed to hybridize in-
trons of the transcripts of SE-associated genes. Hybridization was
performed overnight at 37°C. The cells were then washed with wash
buffer A for 30 min at 37°C, and nuclei were stained with 1:5000
Hoechst (Thermo Fisher Scientific, 62249, 1:1,000) in wash buffer A
for 5 min at room temperature. After one 5-min wash with Stellaris
RNA FISH Wash Buffer B (Biosearch Technologies, SMF-WB1-20)
at room temperature, coverslips were mounted as described for im-
munofluorescence.

Colocalization image analysis

Analyzing colocalization of co-immunofluorescence and RNA FISH
was done by creating 1.5 pm X 1.5 pm crops of either the MYOCD
puncta for coimmunofluorescence or the RNA FISH focus. The av-
erage images of colocalization were created using average projec-
tions of z-stacks in FIJI at foci compared to random sites in the
nucleus. Intensity line profiles of GFP puncta or RNA FISH foci
were drawn using FIJI and saved in region of interest (ROI) man-
ager for use in all samples (~1.5 pm). Values outside the focus of
interest were used to normalize intensity by averaging the first and
last two values across the line plot. The data point at the center of the
line for each sample was used for statistical analysis against the con-
trol group.

Chromatin immunoprecipitation with sequencing

ChIP-seq was carried out as previously described (68), with modifi-
cations. Cells (WT and MYOCD-mEGEFP knock-in hiPSCs and re-
programmed 10T1/2 cells) were cross-linked with 4% PFA in PBS
for 15 min and quenched with 0.125 M glycine for 10 min at room
temperature. For mesodermal CMs, we used hiPSCs at cardiac lin-
eage differentiation day 5. For mesodermal SMCs, we used hiPSCs
at smooth muscle lineage differentiation day 8. For reprogrammed
10T1/2 cells, we collected cells with different retrovirus infections
after 5-day culturing in differentiation medium. Cross-linked sam-
ples were then washed with cold PBS. Samples were collected by a
brief spin and treated with 10 mM tris-HCI (pH 8.0), 10 mM NaCl,
and 0.2% NP-40 for 30 min to collect nuclei. After nuclear extrac-
tion, chromatin was sheared on a Bioruptor Pico (Diagenode) for
16 cycles (30-s on/30-s off for each cycle) at 4°C in sonication buf-
fer [0.1% SDS, 1% Triton X-100, 10 mM tris-HCI, 1 mM EDTA,
0.1% sodium deoxycholate, 0.25% sarkosyl, 1 mM dithiothreitol
(DTT), 1x cOmplete protease inhibitor cocktail (Sigma-Aldrich,
11836170001), and 200 pM phenylmethylsulfonyl fluoride (PMSF),
pH 8.0]. After sonication, 1% of the sonicated chromatin from each
sample was taken out as “input” samples, and 20 pl of sonicated
sample from each group was used for electrophoresis on the 1% aga-
rose gel for sonication efficiency and quality control. The remaining
sonicated chromatin was evenly split for MYOCD-GFP or H3k27ac
ChIP. NaCl was then added to a final concentration of 300 mM for
histone ChIP and 150 mM for MYOCD-GFP ChIP. H3k27ac anti-
body (1 pg/ml; Diagenode, C15410196) or GFP antibody (10 pg/ml;
Thermo Fisher Scientific, A-11122) was added to each sample and
incubated at 4°C overnight with gentle rotation. The next day, pre-
washed Dynabeads Protein G (30 pl/ml; Invitrogen, 10004D) was
added to each sample for a 2-hour incubation. After that, the beads
were washed twice with 1 ml of radioimmunoprecipitation assay
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(RIPA) 0 buffer [0.1% SDS, 1% Triton X-100, 10 mM tris-HCI, 1 mM
EDTA, and 0.1% sodium deoxycholate (pH 8.0)], twice with 1 ml of
RIPA 0.3 buffer [0.1% SDS, 1% Triton X-100, 10 mM tris-HCI,
1 mM EDTA, 0.1% sodium deoxycholate, and 300 mM NaCl (pH
8.0)], twice with 1 ml of LiCl wash buffer [250 mM LiCl, 0.5% IGE-
PAL CA-630, 0.5% sodium deoxycholate, ] mM EDTA, and 10 mM
tris-HCI (pH 8.0)], and finally twice with 1 ml of TE buffer [10 mM
tris-HCl and 1 mM EDTA (pH 8.0)]. For each ChIP sample or input
sample, 100 pl of SDS elution buffer [1% SDS, 10 mM EDTA, and
50 mM tris-HCI (pH 8.0)] was added and incubation was done at
65°C overnight on a ThermoMixer (Eppendorf) at 1000 rpm. The
next day, supernatant was collected and further treated with 0.5 pg
of RNaseA (Sigma-Aldrich, 11119915001) for 30 min at 37°C, fol-
lowed by 20 pg of proteinase K (NEB, P8107S) treatment at 37°C for
2 hours. DNA was recovered using MinElute PCR Purification Kit
(QIAGEN, 28004) according to the manufacturer’s protocol. ChIP-
seq libraries were prepared using the NEBNext Ultra II DNA Li-
brary Preparation Kit complemented with NEBNext Multiplex Oligos
for Illumina from NEB (NEB, E6177S). Ten nanograms of DNA was
used as starting material for input samples and 1 ng for IP samples.
Libraries were amplified using 12 cycles for input samples and
15 cycles for IP samples on the thermocycler. Post-amplification li-
braries were size-selected at 250 to 450 bp in length using SPRISe-
lect beads from Beckman Coulter. Libraries were validated using
the Agilent D1000 ScreenTape. ChIP-seq was performed by the Se-
quencing Facility of University of Texas Southwestern Medical Cen-
ter Children’s Research Institute using the P2-100cycle kit.

Analysis of ChiP-seq data

For analysis of ChIP-seq data from hiPSC-derived samples, reads
were aligned to the hgl9 genome assembly using bowtie (v1.0.0)
(69) with parameters -k 1 -m 1 —best and —strata. Subsequent anal-
yses were performed using a combination of samtools (v1.6) and
BEDtools (v2.29.2). Counts per million normalized bigwig files
were displayed on the UCSC genome browser for the visualization
of ChIP-seq tracks. Peak calling was done with MACS (v1.4.2) (70).
We performed a de novo motif search using HOMER (v4.0) (71) on
the +20-bp peak summit regions of both CM and SMC samples at
days 5 and 8, respectively. The top five enriched known motifs were
presented in the figures. To annotate the peak regions and associate
them with nearby expressed genes, we used HOMER’s annotate-
Peaks.pl function. This process considered the peak summit and
used custom gene annotation definitions using GTF files. When
multiple peak regions were annotated with the same gene, we
summed the ChIP RPM (reads per million mapped reads) values to
identify and prioritize genes highly bound by MYOCD. GO enrich-
ment analysis was performed for the top 10% genes with the highest
summed ChIP RPM values for both CM and SMC samples at days
5 and 8, respectively, using PANTHER overrepresentation test
(v16.0) (72) with slim biological process categories and Fisher’s
exact test.

Analysis of ChIP-seq from 10T1/2-derived samples was carried
out as previously described (73). Briefly, raw sequencing reads with
>30% nucleotide with phred quality scores <20 were filtered. Single-
end sequencing reads were then aligned to the mouse reference ge-
nome GRCm38 (mml0) using bowtie2 aligner (v 2.3.4.3) with
default parameters. For transcription factor ChIP-seq data, peaks
were called using HOMER software package (version 4.9) findpeaks
command with parameter “-style factor, peaks were called with
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>2-fold enrichment over input controls and >4-fold enrichment
over local tag counts, and false discovery rate (FDR) threshold was
set to 1 x 10, For histone marker ChIP-seq data, peaks were called
by findpeaks command with parameter “-style histone,” peaks were
called with >2-fold enrichment over input controls and >4-fold en-
richment over local tag counts, and FDR threshold was set to 1 X
1077, ChIP-seq peaks within a 1000-bp range were stitched together
to form broad regions. ChIP-seq signal heatmap was generated us-
ing ngs.plot.r software.

RNA-seq library preparation

RNA from iPSCs, SMC-meso (day 8) cells, CM-meso (day 5) cells,
and reprogrammed 10T1/2 cells were extracted using TRIzol re-
agents (300 pl per well of a six-well plate) and Direct-zol RNA Mini-
prep Kits (Zymo Research, R2052) according to the manufacturer’s
protocol. Stranded mRNA-seq libraries were generated using KAPA
mRNA HyperPrep Kit (Roche, KK8581) following the manufactur-
er’s protocol. Sequencing was performed on an Illumina Nextseq
500 system for 75-bp single-end sequencing.

Analysis of RNA-seq data

For analysis of RNA-seq data from hiPSC-derived samples, analysis
was performed as follows. For differentiation conditions, eight
mRNA-seq data samples were analyzed, comprising two biological
replicates of day 0 hiPSC cells and three biological replicates each of
CM (day 5) and SMC (day 8) samples. For reprogramming assay, 15
mRNA-seq data samples were analyzed, comprising three biological
replicates of each group of reprogrammed 10T1/2 cells (GFP,
MYOCD, FUS, CDT1, and ATAD). To ensure quality, FastQC (ver-
sion 0.11.8.1) (74) was used to confirm the quality of the Fastq files
from the RNA-seq samples, and only reads with a minimum length
of more than one base were selected for further analysis. The demul-
tiplexed mRNA-seq reads were mapped to the human reference ge-
nome version hgl9 using STAR (v2.7.3a) (75), and subsequent
analyses were performed with samtools (v1.6) (76) and BEDtools
(v2.29.2) (77). Bigwig files were generated using deeptools (v.3.5.0)
(78) and normalized with the following parameters: -bs 50
-normalize using counts per million (CPM). These files were dis-
played in the UCSC genome browser. For each transcript, expres-
sion was quantified as fragments per kilobase million (FPKMs)
using featureCounts from the subread (v.1.6.3) (79) package and an-
notated to the genes.gtf file of the human reference genome version
hgl9 or the mouse reference genome version mm10. Expressed
transcripts were defined as those with average FPKM > 10 in three
replicates.

For analysis of RNA-seq data from 10T1/2 cell-derived samples,
analysis was performed as follows. Quality control of RNA-seq data
was performed using FastQC Tool (version 0.11.4). Single-end reads
were aligned to the mouse reference genome GRCm38 (mm10) us-
ing the HiSAT2 (version 2.1.0) aligner using default settings.
Aligned reads were counted using featureCounts (version 1.6.0) per
gene ID. Differential gene expression analysis was done using the R
package DESeq (version 1.12.1). For principal components analysis,
genes with 0 count across samples were removed and counts were
normalized using rlog function in R. Principal components were
calculated using R function prcomp. For heatmap of SMC genes, we
transformed the raw count into log;CPM values using the cpm
function of edgeR package and pheatmap function was used to gen-
erate the final heatmap, with row values scaled as z score.
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For identification of MYOCD DTGs, we first annotated
MYOCD-GFP ChIP peaks and assign each peak to the gene with
nearest TSS. Differential expressed genes (P,gj < 0.05 by DESeq us-
ing RNA-seq data) with an associated peak that has >2-fold change
between MYOCD-GFP and GFP-control were designated as DTGs.
Enrichment analysis of gene sets was performed using the Metascape
(https://metascape.org/) with supply of DTGs.

Calculating nuclear concentration from

fluorescence microscopy

Purified recombinant mEGFP was diluted to desired concentration
in protein storage buffer (50 mM tris, 75 mM NaCl, 5% glycerol,
1 mM PMSE and 1 mM DTT) and immediately loaded into cham-
ber slide. The chamber slide consists of a coverslip attached to a glass
slide by parallel strips of double-sided tape. mEGFP solution was
imaged using a Hamamatsu ORCA-Fusion C14440 digital camera
and a CSU-W1 Yokogawa Spinning Disk Field Scanning Confocal
System. Images were acquired using 60X Plan Apo Lambda Oil Im-
mersion objective (NA, 1.40), focusing the objective on the tape-
GFP solution boundary, and then imaging +4 and —3 pm from the
center of the chamber slides at steps of 1 um at three separate xy
coordinates. The brightest image from each stack was chosen for
analysis. These images were acquired with the same acquisition pa-
rameters used to acquire images from cells. Different standard
curves were therefore derived for different acquisition parameters
used for different cells. The total fluorescence intensity for images of
purified mEGFP at known concentrations was measured using the
CellProfiler Measure Image Intensity module. Known concentra-
tion of mEGFP (x axis) and total fluorescence intensity of mEGFP
per pm? (y axis) for three replicates each were correlated, and linear
regression analysis revealed the following relationship where x equals
concentration of GFP in nM and y equals total fluorescence inten-
sity per pmzz mature CM (1.419 X 10~*x + 0.001060), mature SMC
(1.609 x 10™*x + 0.0004057), COS-7 (4.704 X 10~°x + 0.0008428),
and 10T1/2 (5.510 x 10™°x + 0.0003226). Using these standard
curve-derived equations, we could calculate the nuclear concentra-
tion where y equals the nuclear fluorescence [arbitrary fluorescence
units (AFU)] divided by the nuclear area in |,lm2 of the nucleus, and
x represents the MYOCD concentration in nM.

COS-7 and 10T1/2 cell culture

COS-7 and 10T1/2 cells were grown in full medium (DMEM,; Fisher
Scientific, 119950) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich, F0926), 1x GlutaMAX (Fisher Scientific, 35050),
and 1X penicillin-streptomycin (Fisher Scientific, 15140). Cells
were grown at 37°C with 5% CO; in a humidified, sterile incubator.
10T1/2 cells were maintained at 50 to 60% confluency.

U20S (Lac array cells) cell culture

Cells were cultured as previously described (80). Briefly, U20S 2-6-
3 cells (Lac array cells) were grown in DMEM supplemented with
10% Tet system-approved FBS (Takara Bio USA 631105), 1%
penicillin-streptomycin (Fisher Scientific, 15-140-122), and 1%
GlutaMAX supplement (Fisher Scientific, 35050061). Cells were
grown at 37°C with 5% CO, in a humidified sterile incubator.

Cloning MYOCD, mutants, and chimeras
Mouse cDNA encoding MYOCD was used in these studies. The
TAD was previously defined (33) as amino acids 712 to 934.
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MYOCD c¢DNA was modified by using a PCR + HiFi (NEB,
E2621L) strategy followed by sequence verification by Sanger se-
quencing (GeneWiz) or whole-plasmid nanopore sequencing
(Plasmidsaurus). For ATAD, the DNA encoding the N-terminal
region of MYOCD was PCR-amplified and inserted using HiFi. For
the FWY to A substitution mutant, a custom DNA fragment was
ordered from Twist Bioscience as a gene fragment and inserted us-
ing HiFi. For the chimeras, the DNA encoding the IDR regions
from TAF15 (Addgene, no. 26379), FUS (Addgene, no. 26374),
DDX4 (Addgene, no. 101225), NPHS1 (a gift from the Rosen labo-
ratory), and CDT1 (a gift from the Parker laboratory) were PCR-
amplified and inserted in-frame with the N-terminal (ATAD)
region of MYOCD.

Cell transfections

COS-7 cells were seeded in six-well plates at 70% confluency and
transfected on the same day using Lipofectamine 3000 Transfection
Reagent (Thermo Fisher Scientific, L3000015). All transfections of
samples with MYOCD-mEGFP, mutant, chimeric fusions, or con-
trols plasmids were performed at approximately 250 ng/ml. Co-
transfections of MYOCD plasmids, tdTomato internal control, and
SM22-miRFP670-SKL reporter construct were performed at 250,
125, and 500 ng/ml, respectively. The medium was changed approx-
imately 16 hours after transfections, and the cells were allowed to
recover for approximately 8 hours before fixation. Imaging was per-
formed 1 to 2 days after fixing cells.

Lac array cells were seeded on coverslips in six-well plates at 50%
confluency and transfected on the same day using ViaFect Transfection
Reagent (Promega, E4982). All transfections for CFP-LacI-containing
plasmids were performed at approximately equimolar concentra-
tions following the manufacturer’s guidelines. The cells were fixed
the morning after transfection.

Retrovirus production and 10T1/2 reprogramming

Platinum E cells (Cell Biolabs, NC0066908) were cultured in DMEM
with 10% FBS, 1X penicillin-streptomycin, puromycin (1 pg/ml;
Takara Bio, 631305), and blasticidin (10 pg/ml; Thermo Fisher Scien-
tific, A1113903). Cells in 10-cm dish (around 50% confluency) were
transfected with 10 pg of plasmid using 30 pl of Fugene 6 transfec-
tion reagent (Promega, E2691). Forty-eight hours after transfection,
the supernatants were collected and filtered through a 0.45-pm sy-
ringe filter. Virus was concentrated with Retro-X concentrator
(Takara, 631456). After 16 hours of viral concentration, viral soup was
centrifuged at 1500g for 45 min, and the pellet was resuspended
in fresh growth medium supplemented with polybrene (Sigma-
Aldrich, H9268) at a final concentration of 8 pg/ml.

The 10T1/2 differentiation procedure was conducted as de-
scribed previously (33). Briefly, 10T1/2 cells were infected by retro-
virus at 50% confluency. Fresh medium containing retrovirus was
supplemented with polybrene (Sigma-Aldrich, H9268) at a final
concentration of 8 pg/ml and then added to 10T1/2 cells. Two days
after infection, differentiation was induced by treatment of full me-
dium supplemented with 2% horse serum (Sigma-Aldrich, H1270-
100ML). Cells were treated with this differentiation medium for
5 days before fixation for microscopy or harvesting for Western blot
or qRT-PCR. 10T1/2 cells used for microscopy were seeded on cov-
erslips (VWR, 48366-067). Lower magnification imaging of 10T1/2
cells shown in fig. S7D was acquired using 40X Plan Apo water im-
mersion objection (NA, 1.15).
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Imaging of GFP-MYOCD in COS-7 and 10T1/2 cells

Cells were fixed in 4% PFA (VWR, BT140770) in PBS for 10 min at
room temperature in the dark. Samples were washed three times for
5 min each in PBS at room temperature. Samples were permeabi-
lized for 10 min with 0.5% Triton X-100 (Sigma-Aldrich, T9284) in
PBS at room temperature and then washed three times for 5 min
each in PBS. Later, cells were incubated with 1:5000 Hoechst 33342
(Thermo Fisher Scientific, 62249) in double-distilled water for
5 min at room temperature. Cells were washed once more with wa-
ter, and coverslips were mounted on slides (VWR, 10144-820) with
Vectashield (VWR, 101098-042). Coverslips were sealed with nail
polish (VWR, 100491-940) and stored at 4°C.

Lac array immunofluorescence

Immunofluorescence was performed as formerly described with
certain modifications (13). In brief, cells were grown on coverslips
(VWR, 48366-067) in a six-well plate and fixed in 4% PFA (VWR,
BT140770) in PBS for 10 min at room temperature. After three
washes in PBS for 10 min, samples were permeabilized with 0.5%
Triton X-100 (Sigma-Aldrich, T9284) in PBS for 10 min at room
temperature. After washing three times in PBS for 5 min, cells were
blocked with 4% IgG-free BSA (VWR 102643-516) for 2 hours at
room temperature and incubated overnight at room temperature
with primary antibodies in 4% IgG-free BSA (samples were kept in
the dark). Following three washes in PBS for 10 min each, samples
were incubated with secondary antibodies for 2 hours in the dark.
After washing with PBS three times, cells were incubated with
1:5000 Hoechst 33342 (Thermo Fisher Scientific, 62249) in double-
distilled water at room temperature in the dark (5 min). After wash-
ing once more with water, coverslips were mounted on slides (VWR,
10144-820) with Vectashield (VWR, 101098-042). Coverslips were
sealed with nail polish (VWR, 100491-940) and stored at 4°C in the
dark. All primary antibodies for immunofluorescence were diluted
1:500. All secondary antibodies were diluted 1:5000.

Analysis for condensate formation and threshold detection
Nuclei of GFP-positive cells were cropped into 30 pm-by-30 pm
boxes and rendered as a max projection of a z-stack in FIJI. Images
were then processed using a modified CellProfiler pipeline from the
published “Speckle Counter” pipeline (81). Briefly, nuclei are identi-
fied on the basis of Hoechst 33342 staining and the adaptive, mini-
mum cross-entropy image thresholding model. Only nuclei that do
not touch the border of the image and are within a diameter of 100
to 400 pixel units are used in analysis. Nuclei boundaries are applied
as a mask in the GFP channel, and puncta are identified using the
global Otsu image thresholding model, which identifies puncta be-
tween the size of 2 and 50 pixels. Total fluorescence intensity and
area are measured for both image, nuclei, and puncta.

To classify the nuclei into groups of having puncta, the following
was done. The fraction of GFP signal within puncta compared to
GFP within the nucleus and total apparent concentration of GFP in
the nucleus were plotted on an XY plot in Prism, and a relative
threshold of puncta formation was estimated. The threshold for
puncta formation in COS-7 cells was set to a fraction of GFP in
puncta of 0.0075, and in 10T1/2 cells, this threshold was set to
0.0045, where any fractional GFP fluorescence greater than or equal
to this value is denoted as 1 (signifying the presence of puncta) and
any value less is denoted as 0 (signifying no puncta) to reduce noise
from puncta identified as an artifact of the CellProfiler pipeline. To
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calculate the apparent threshold concentration of MYOCD for both
puncta formation and reporter expression, a simple logarithmic re-
gression of the dataset was used where the best-fit value of X at 50%
is the x-axis threshold (i.e., the concentration threshold where there
is a 1:2 probability of either state).

Fluorescence recovery after photobleaching

After transfection, FRAP was performed on live COS-7 cells with
405-nm laser. Bleaching was performed at condensate ROI using
50% laser power, and images were collected every 1 s. Fluorescence
intensity was measured using FIJI. FRAP was analyzed using FRAP
Profiler (v2) plugin for FIJI where fluorescence recovery is normal-
ized to background to account for photobleaching over time and fits
a one-component exponential curve to estimate fraction of fluores-
cent signal that is mobile (82).

Luciferase assay

For the luciferase assay presented in fig. S4E, COS-7 cells were seed-
ed at 70% confluency in 12-well plate and transfected the same day
using Lipofectamine 3000 Transfection Reagent (Thermo Fisher
Scientific, L3000015). For the luciferase assay, transfections of the
MYOCD-mEGEFP plasmid were performed at approximately 50 ng/
ml, cotransfected with luciferase reporter construct under control of
the minimal SM22 promoter (250 ng/ml) and NanoLuc (50 ng/ul)
internal control. Fresh medium was added after 16 hours, and cells
were harvested at 20 hours. Luciferase assay was performed as per
the manufacturer’s recommendations using the Nano-Glo Dual-
Luciferase Reporter Assay system with control NanoLuc vector
(Promega, N1521). Luminescence was measured using CLARIOstar
microplate reader (BMG Labtech).

Protein expression and purification

Protein expression and purification were conducted following our
previous protocols (13). The DNA fragments encoding the protein
ROI were cloned into a modified T7 pET expression vector, result-
ing in the protein having N-terminal 6XHis mEGFP followed by the
14-amino acid linker sequence “GAPGSAGSAAGGSG” before the
protein ROI. NEBuilder HiFi DNA Assembly Master Mix (NEB,
E2621L) was used to insert the DNA sequence in-frame with the
linker sequence. The generated construct was transformed into NEB
5-alpha Competent Escherichia coli (NEB, C2987H), and plasmids
were isolated from a selected bacterial colony. Sequence identity was
confirmed using Sanger sequencing.

NiCo21(DE3) Competent E. coli cells (NEB, C2529H) were
transformed with the bacterial expression plasmids described above.
Transformed colonies were grown in LB medium at 37°C on a ro-
tating shaker (250 rpm) until ODggo (optical density at 600 nm)
of 0.6 was reached. Following 1 mM of isopropyl 8-p-1-
thiogalactopyranoside (IPTG; Sigma-Aldrich, 70527) induction for
protein expression, the bacterial culture was incubated at room tem-
perature for 16 hours. All bacterial pellets were collected by spin-
ning the culture at 14,000 rpm at 4°C for 30 min in a Sorvall Rc6+
centrifuge. The pellet was lysed and dissolved using 30 ml of lysis
buffer (50 mM tris, 500 mM NaCl, and 5 mM p-mercaptoethanol)
supplemented with cOmplete EDTA free 1X protease inhibitor cock-
tail (Sigma- Aldrich, 11873580001). Dissolved pellets were subjected
to sonication on ice using Branson Digital Sonifier 250 at 50% ampli-
tude with 5-s bursts followed by 10-s cooling period until homoge-
neous lysate was obtained. The lysate was centrifuged at 18,000 rpm
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at 4°C for 30 min. During the lysate centrifugation step, HisPur Ni-
NTA resin (Fisher Scientific, P188222) was equilibrated with lysis
buffer. The supernatant from the bacterial lysate was collected and
incubated with the equilibrated resin for 1 hour at 4°C, after which
the mixture was poured into empty polypropylene columns (Bio-
Rad, 7311550). Wash buffer [50 mM tris, 2.5 M NaCl, 5 mM -
mercaptoethanol (BME). 1x cOmplete protease inhibitor cocktail
(Sigma-Aldrich, 11873580001)] was applied to the column before
elution with elution buffer (50 mM tris, 500 mM NaCl, 5 mM BME,
500 mM imidazole, and 1X cOmplete protease inhibitor cocktail).
mEGFP was purified by cation exchange chromatography on UNO
S6 column (Bio-Rad, 7200023) using buffer A (50 mM tris and 5 mM
BME) and buffer B (50 mM tris, 5 mM BME, and 1 M NaCl). Frac-
tions (0.5 ml each) containing purified protein were collected. For
purifying MYOCD-TAD WT and FWY-A mutant proteins, size ex-
clusion chromatography was performed by fast protein liquid chro-
matography (Bio-Rad NGC quest) with an ENrich SEC 650 10 x
300 column (Bio-Rad, 7801650) in buffer containing 50 mM tris,
75 mM NaCl, and 5 mM BME. Next, all proteins were dialyzed
against protein storage buffer (50 mM tris, 75 mM NaCl, 5% glyc-
erol, 1 mM PMSEF, and 1 mM DTT) overnight at 4°C. The concen-
tration of dialyzed protein was calculated by reading A,g on a
spectrophotometer (DeNovix, DS-11 FX+). The purified proteins
were either used immediately or stored at —80°C.

In vitro condensate formation assay

To examine the ability of MYOCD-TAD and its FWYtoA mutant
protein to form droplets, protein (50 mM tris, 75 mM NaCl, 5%
glycerol, 1 mM PMSE and 1 mM DTT) was mixed with a 20% poly-
ethylene glycol-8000 (PEG-8000) solution (prepared with 50 mM
tris, 75 mM NaCl, 5% glycerol, 1 mM PMSE and 1 mM DTT) to
obtain the concentrations indicated in fig. S5 (B, C, F, and G). The
resulting mixture was immediately loaded onto a custom-made
chamber consisting of a coverslip attached to a glass slide using par-
allel strips of double-sided tape. The droplets that settled on the cov-
erslip were captured using a Hamamatsu ORCA-Fusion C14440
digital camera and a CSU-W1 Yokogawa Spinning Disk Field Scan-
ning Confocal System equipped with a Super Resolution by Optical
Pixel Reassignment (SoRa) module. Images were acquired using a
60x Plan Apo Lambda Oil Immersion objective (NA 1.40) with
SoRa engaged.

Analysis of in vitro condensates

To analyze in vitro droplet experiments, we used a Python script
(version of 10 June 2021) obtained from https://github.com/jehen-
ninger/in_vitro_droplet_assay, as described previously (13). The
script was written to identify droplets and characterize their size,
shape, and intensity. Besides using default parameters to identify
droplets, parameters of circ, max_a, and min_a were adjusted to
identify the maximum number of droplets. The output file ob-
tained for individual droplets (individual output.xlsx) with
unique IDs for each droplet was further analyzed and plotted using
GraphPad Prism version 9.3.1(350). Briefly, condensed fraction
(CF) of channel (GFP) in each field of view was plotted, and the
differences between groups of a family were statistically tested us-
ing unpaired ¢ test. As described previously (21), condensed frac-
tion is defined as

C.F. channel = channel,droplet - (Ichannel,droplet + Ichannel,bulk)
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where Icpanneldroplet 1S the total intensity in the condensed droplet
phase and Ipannelpuik is the total background intensity out-
side droplets.

Quantitative real-time PCR analysis

RNA was extracted from 10T1/2 cells after 5-day reprogramming
using TRIzol (Thermo Fisher Scientific, 15596026) and reverse-
transcribed using iScript Reverse Transcription Supermix (Bio-Rad,
1708840) with random primers. The qPCRs were assembled using
KAPA SYBR Fast qPCR Master Mix (KAPA, KK4605). Assays were
performed using a 7900HT Fast Real-Time PCR machine (Applied
Biosystems). Expression values were normalized to 18S ribosom-
al RNA and mEGFP and were represented as fold change. The
following oligonucleotides were ordered from Integrated DNA
Technologies to measure transcript abundance by qRT-PCR: mouse
Acta2 (forward: GTCCCAGACATCAGGGAGTAA, reverse: TCG-
GATACTTCAGCGTCAGGA), mouse 18S (forward: ACCGCAG-
CTAGGAATGGA, reverse: GCCTCAGTTCCGAAAACCA), and
mEGFP (forward: ACCACTACCAGCAGAACACGC, reverse:
GGGTCTTTGCTCAGCTTGGA).

Two-dimensional analysis for IF at CFP foci in Lac array cells
Following an established protocol (13), the relative fraction of im-
munofluorescence (IF) intensity described in Fig. 8 was performed
considering the integrated background fluorescence in the cyto-
plasm and the integrated fluorescence at the LacO locus core (high-
est fluorescence intensity range on the Z-slice) using FIJI 2D
measurement tools and ROI tools. The same ROI area was used to
measure the fluorescence at both background and CFP foci. The
quotient used in this analysis (arbitrary units) was calculated as raw
intensity at CFP foci divided by raw intensity at background (cyto-
plasm) using the color channel for the IF of interest. Despite this
internal control, it must be noted that images were processed to-
gether using the same IF treatment, exposure time, and laser
intensity.

Quantification and statistical analysis

GraphPad Prism software was used for statistical analysis. Error
bars, n values, number of replicates, P values, and statistical tests
used for analysis are indicated in figure legends. Parametric or non-
parametric tests were determined after performing normality test
on samples. GraphPad denotes P values in our data as follows: ns
P > 0.05, ¥*P < 0.05, ¥**P < 0.01 ***P < 0.001, ****P < 0.0001.
Multiple comparison tests were Dunnetts test or Dunn’s test for
nonparametric samples against a control group. No statistical meth-
od was used for predetermining sample size.

Supplementary Materials
This PDF file includes:
Figs.S1to S10
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