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Pharmacological inhibition of SRC-1 phase separation
suppresses YAP oncogenic transcription activity
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Dear Editor,
Yes-associated protein (YAP) is a transcriptional coactivator

that plays an essential role in promoting cell proliferation,
development and stem cell fate.1 Aberrant YAP activation is
prevalent in diverse types of human solid cancers.2 In mammals,
a kinase cascade including MST1/2 and LATS1/2 phosphorylates
YAP to prevent its nuclear translocation and subsequent
interaction with the TEA domain transcription factors TEAD1–4
in the canonical Hippo pathway. Previous studies have
intensively emphasized the upstream signals from the Hippo
kinase cascade that regulates YAP;1,3 however, the epigenetic
regulatory mechanism of YAP transcriptional activity is far less
understood. Given the importance of YAP in cancer progression
and limited druggability of YAP/TEAD as transcriptional factors,
identification of YAP proximal regulators is of great importance
to develop new therapeutic strategies for the treatment of
cancer.
To gain insights into the epigenetic regulatory mechanism of

YAP activity, we first explored whether histone acetyltransferases
(HATs) might be responsible for YAP target gene expression. A
focused genetic screen using an siRNA library containing three
independent siRNAs for 15 reported HATs encoded by the human
genome was initially performed in a YAP-amplified SF268 cell line
(Supplementary information, Fig. S1a, b) to circumvent YAP-
irrelevant effects. We found that knockdown of SRC-1 (KAT13A) by
all three siRNAs consistently reduced the expression of YAP-
targeted CTGF (Supplementary information, Fig. S1c). It was further
confirmed that SRC-1 knockdown inhibited the expression of
another YAP target gene ANKRD1, but not that of YAP itself in
additional two cancer cell lines (Supplementary information,
Fig. S1d). Global gene expression profiling (Supplementary
information, Fig. S1e) further corroborates the regulation on YAP
transcriptome by SRC-1. These data demonstrate that SRC-1
facilitates YAP transcriptional activity.
Mounting evidence revealed that gene regulation occurs in

transcriptional condensates, which concentrate transcription
factors, coactivators, the transcription and elongation machin-
ery for spatial and temporal transcription control.4–6 Two recent
articles report that Hippo pathway transcriptional coactivators
YAP and TAZ could phase separate to regulate downstream
transcription.7,8 To investigate whether SRC-1 co-exists in YAP/
TEAD phase-separated transcriptional condensates, we ectopi-
cally expressed mClover3-YAP, TEAD4-mTagBFP2 and mScarlet-
SRC1 in SF268 cells. Microscopic imaging revealed that SRC-1
distributes to the YAP/TEAD condensates (Fig. 1a) and exhibits
rapid recovery upon photobleaching (Supplementary informa-
tion, Fig. S2). Given that SRC-1 protein is highly disordered and
contains two prion-like domains (PrLDs) (Fig. 1b), we investi-
gated whether SRC-1 bears intrinsic capability of phase
separation. Fusion events and fluorescence recovery after
photobleaching (FRAP) experiments demonstrated the liquid-
like properties of SRC-1 puncta in cells (Fig. 1c–e). Microscopic
imaging investigating the distribution of truncated SRC-1

fluorescent proteins in cells revealed that the second intrinsic
disordered region (IDR-2) is responsible for SRC-1 phase
separation and other domains participate in maintaining SRC-
1 condensates (Supplementary information, Fig. S3). Purified
IDR-2 could undergo phase separation in physiological buffer
without crowding agent and exhibited liquid-like features
(Fig. 1f, g). Importantly, we detected enrichment of both CTD-
phosphorylated RNA polymerase II (Pol II) and H3K27ac in the
YAP/TEAD/SRC-1 condensates (Fig. 1h), suggesting that the
SRC-1-co-occupied YAP/TEAD liquid–liquid phase separation
(LLPS) puncta are the sites of active transcription. These results
support that ectopically expressed SRC-1 forms LLPS conden-
sates compartmented with YAP/TEAD to promote gene
expression.
Next we performed coimmunoprecipitation experiments under

endogenous conditions (Supplementary information, Fig. S4a, b)
to verify that SRC-1 is a component of YAP/TEAD complex. To
investigate the interaction between SRC-1 and YAP/TEAD com-
plex, we conducted in vitro and in cell pull-down assays with
truncated SRC-1, YAP and TEAD4 proteins, and found that YAP-C
interacts with both SRC-1-N and SRC-1-C, while both TEAD-N and
TEAD-C bind to SRC-1-N (Supplementary information, Fig. S4c–g).
Then we analyzed the previously reported ChIP-seq datasets9 to
investigate the genome-wide localization of SRC-1 on YAP/TEAD
transcriptome. Significant genomic co-occupancy of SRC-1 with
both YAP and TEAD2 was observed (Supplementary information,
Fig. S5a–d). Consistently, ChIP-qPCR data in SF268 cells confirmed
the enrichment of SRC-1 and YAP/TEAD in the loci of YAP target
genes including ANKRD1, NBBP and PAWR (Supplementary
information, Fig. S5e).
As described above, we uncovered that SRC-1, a previously

known transcriptional coactivator for nuclear hormone recep-
tors,10 plays a critical role in YAP regulation. Sophisticated
transcription factor crosstalk has been a longstanding puzzle
due to the limitations of current research techniques; the
emergence of high-resolution imaging coupled with phase
separation model on transcription control offers novel
approaches to address this question. In our study, microscopic
images revealed that SRC-1 could form transcriptional con-
densates interplaying between the ERα signaling and Hippo
pathway under different cell contexts (Supplementary informa-
tion, Fig. S6a). SRC-1 preferentially co-phase separated with the
activated transcription factor (E2-stimulated ERα or constitu-
tively active YAP mutant) and the SRC-1/TEAD condensates did
not coalesce with SRC-1/ERα condensates (Supplementary
information, Fig. S6b). These observations highlight the speci-
ficity of SRC-1 regulation on cell-specific and pathway-specific
transcriptional activation.
While SRC-1 has been associated with breast cancer

previously,11 we found elevated expression of SRC-1 in non-
small cell lung cancer (NSCLC) which was correlated with
malignant features and poor prognosis (Fig. 1i; Supplementary
information, Fig. S7a, b). A series of functional assays
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(Supplementary information, Fig. S8a–f) conducted using SRC-1-
knockdown H1299 cells revealed that SRC-1 is essential for lung
cancer proliferation, migration and invasion. These results
support the noncanonical but critical oncogenic function of

SRC-1 in NSCLCs. Because our data show that SRC-1 can form
transcription complex with YAP/TEAD, we next explored
whether SRC-1 functionally interacts with YAP in NSCLCs. After
analyzing SRC-1 and YAP expression in 120 NSCLC samples by
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immunohistochemistry (IHC), we found that SRC-1 and YAP
were co-upregulated, with a strong correlation between the
protein levels of SRC-1 and YAP (R2= 0.52) (Fig. 1j; Supplemen-
tary information, Fig. S9a). Importantly, SRC-1 and YAP
exhibited a similar distribution pattern (Supplementary infor-
mation, Fig. S9b). To explore whether SRC-1 and YAP
cooperatively drive tumorigenesis, we transformed normal
human lung bronchial epithelium cells (BEAS-2B) with YAP
and/or SRC-1. Microscopic observations revealed that both the
number and migratory features of colony formation were more
pronounced in BEAS-2B cells co-transfected with SRC-1 and YAP
compared to that with YAP alone, whereas no colonies were
formed with SRC-1 expression alone (Fig. 1k; Supplementary
information, Fig. S10). These results demonstrated that SRC-1
facilitated YAP oncogenic function to promote lung cancer
progression.
Despite the significance of SRC-1 and YAP/TEAD in cancer

progression, their limited druggability hinders the development
of targeted therapy. The emergence of LLPS provides a novel
approach to target intractable and undruggable proteins,5,6,12

for example, it was recently reported that LLPS of disease-
associated SHP2 mutants could be specifically attenuated by
SHP2 allosteric inhibitors.13 Motivated by the actively-
transcribed SRC-1/YAP/TEAD LLPS puncta, we explored whether
specific disruption of SRC-1 phase separation could be a feasible
approach to inhibit YAP oncogenic activity. Interestingly, we
found that the phase-separated SRC-1 condensates, but not
the YAP/TEAD4 condensates, were selectively disrupted by the
treatment of an anti-HIV drug elvitegravir (EVG) (Fig. 1l) that we
newly identified from a YAP reporter cell-based screening in a
library of FDA-approved drugs to suppress YAP transcriptional
activity (Supplementary information, Fig. S11a–c). Global gene
expression profiling verified that EVG downregulates expression
of YAP target genes (Supplementary information, Fig. S11d).
Particularly, EVG regulated YAP activity independent of canoni-
cal Hippo kinase cascade as revealed by the unaffected nuclear
translocation and phosphorylation pattern of YAP (Fig. 1m;
Supplementary information, Fig. S12a–c). After excluding the

possibility that EVG may block the access of YAP to target genes
(Supplementary information, Fig. S12d), we found that EVG
epigenetically regulates YAP transcriptional activity by reducing
H3K27ac mark levels at YAP target genes (Fig. 1n; Supplemen-
tary information, Fig. S12e). Importantly, microscopic images
revealed that EVG inhibited the enrichment of H3K27ac at TEAD
puncta, but exhibited no effect on that of RNA Pol II
phosphorylated at Ser 5 (CTD) (Fig. 1o). Next we conducted
in vitro pull-down assays using recombinant proteins and found
that EVG did not affect SRC-1’s binding with YAP and TEAD even
at concentrations up to 400 μM, indicating that the exclusion of
SRC-1 from YAP/TEAD condensates was not due to interrupted
binding with YAP or TEAD (Fig. 1p). Indeed, EVG suppressed the
nuclear SRC-1 puncta formation in H1299 cells expressing either
mNeoGreen- or mScarlet-labeled SRC-1 (Fig. 1q; Supplementary
information, Fig. S13a–c, Movie S1). High-content image results
corroborated the inhibitory effects of EVG on SRC-1 phase
separation (Fig. 1r). We next asked whether EVG disrupts SRC-1
LLPS by directly binding to SRC-1 using the biotinylated EVG as a
probe (Supplementary information, Fig. S13d). Biophysical
studies confirmed that EVG directly binds to SRC-1 (Fig. 1s).
Further competitive pull-down and thermal shift assays (Fig. 1t,
u; Supplementary information, Fig. S13e–f) indicated that the
binding was both direct and specific. We found that EVG
effectively inhibited the proliferation of a variety of lung cancer
cell lines and inducible knockdown of SRC-1 rendered A549 cells
partially resistant to EVG’s anti-proliferative effects (Supplemen-
tary information, Fig. S14a, b), suggesting that such effects are
SRC-1 dependent. Moreover, treatment of SRC-1 and YAP co-
expressing BEAS-2B cell colonies with EVG dramatically inhibited
the migratory activity at the outer colony border (Supplemen-
tary information, Fig. S14c). Taken together, EVG antagonized
YAP oncogenic transcription activity by disturbing SRC-1 LLPS in
SRC-1/YAP/TEAD condensates (Fig. 1v).
In this study, we report an uncanonical but critical role of SRC-

1 in regulating Hippo/YAP signaling. SRC-1 interacts with YAP/
TEAD to enhance YAP transcription activity through compart-
mentalized SRC-1/YAP/TEAD condensates. SRC-1 interplays

Fig. 1 Pharmacological inhibition of SRC-1 phase separation suppresses YAP oncogenic transcription activity. a Live-cell images showing
the co-localization of TEAD4-mTagBFP2, mClover3-YAP, and mScarlet-SRC1 condensates in SF268 cells. Scale bar, 5 μm. b Predictions of PrLDs
and disordered regions by PLAAC and PONDER algorithms, respectively. c Fusion event of mScarlet-SRC1 puncta in SF268 cells. Scale bar,
5 μm. d Representative images of FRAP experiments of mScarlet-SRC1 puncta in SF268 cells. Scale bar, 5 μm. e Quantification of FRAP data
(means ± SEM, n= 3 experiments) from d. f Microscopic image of in vitro phase-separated SRC-1 IDR-2 (967–1362) protein in physiological
buffer. Scale bar, 5 μm. g Time-lapse images recording the fusion event of SRC-1 IDR-2 droplets. h H1299 cells co-expressing YAP5SA, TEAD4-
mTagBFP2, and mScarlet-SRC1 were stained with anti-RNA Pol II-S5P (top) and anti-H3K27ac (bottom). i Representative SRC-1 protein levels in
lung, liver, gastric, colon, breast, and esophagus samples determined by IHC. j Representative SRC-1 and YAP protein levels in 120 NSCLC
samples by IHC. The correlation of two protein levels was analyzed. k Colony-formation assay in BEAS-2B cells transfected with vehicle, YAP,
and/or SRC-1 plasmids. Quantification result of colony number in image is shown on the right. Error bars show means ± SEM (n= 4), *P < 0.05.
l Live-cell images showing the distribution of TEAD4-mTagBFP2 and mNeoGreen-SRC1 in nucleus of H1299 cells co-transfected with YAP5SA

plasmids that were treated with or without 20 μM EVG. Quantification of fluorescence intensity of TEAD4-mTagBFP2 and mNeoGreen-SRC1
along the dashed line indicated in the merged image was shown on the right. Scale bar, 5 μm. m SF268 cells were treated with 20 μM EVG or
20 μM PC (positive compound, fedratinib) for the indicated times and subjected to western blotting analysis. n Analysis of H3K27ac at
YAP target regions from SF268 cells treated with DMSO or EVG by ChIP-qPCR. Error bars show means ± SEM (n= 3), ***P < 0.001.
o Immunofluorescence staining with anti-H3K27ac (top) and anti-RNA Pol II-S5P (bottom) in H1299 cells co-expressing YAP5SA, TEAD4-
mTagBFP2, and mNeoGreen-SRC1 treated with 20 μM EVG. Scale bar, 5 μm. p Purified Flag-SRC-1 (1–807) protein was mixed with YAP and/or
TEAD4 in the presence of increasing concentrations of EVG and was subjected to three independent pull-downs using anti-Flag beads. q Time
course of live-cell imaging of mNeoGreen-SRC1 condensates upon EVG treatment in H1299 cells. Scale bar, 5 μm. r Quantification result of
high-content image data for mScarlet-SRC1 puncta in H1299 cells treated with or without 20 μM EVG. ***P < 0.001. s Bio-layer interferometry
(BLI) assays were performed with purified SRC-1 protein and EVG. Biotin-labeled EVG was immobilized on the streptavidin biosensors and
dipped into wells containing increasing concentrations of SRC-1 protein. t Purified Flag-SRC-1 (500–807) protein was incubated with EVG-
Biotin in the presence of increasing concentrations of EVG and further subjected to streptavidin bead pull-down assays. u Purified Flag-SRC-1
(500–807) protein was subjected to thermal stability assay (37 °C, 42 °C, 47 °C, 52 °C, 57 °C, and 62 °C) in the presence of 20 μM EVG or DMSO.
v Schematic representation of the SRC-1-co-occupied YAP/TEAD transcriptional condensates. (Left) SRC-1 interacts with YAP and TEAD to
facilitate YAP target gene expression. The co-localization with H3K27ac and RNA Pol II-S5P indicates that SRC-1-co-occupied YAP/TEAD puncta
are actively transcribed. (Right) EVG could antagonize YAP activity through disrupting the SRC-1 phase separation in SRC-1/YAP/TEAD
transcription condensates, but had no effect on LLPS of YAP/TEAD. The H3K27ac was not enriched in TEAD condensates upon EVG treatment,
whereas Pol II-S5P remained unchanged.
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between ERα and YAP transcriptional condensates under diverse
cell contexts. SRC-1 co-expresses with YAP in NSCLC and is
crucial for lung cancer growth. Importantly, EVG that disrupts
SRC-1 phase separation in actively-transcribed SRC-1/YAP/TEAD
condensates could efficiently inhibit YAP oncogenic transcrip-
tion activity. Our data show that EVG does not interfere with
YAP/TEAD/SRC-1 complex formation in vitro; however, EVG
specifically disrupts SRC-1 condensate formation in cells. These
results suggest that co-phase separation of SRC-1 with YAP/
TEAD depends on intrinsic LLPS capability of SRC-1. EVG can
directly bind to SRC-1 and may reshape its conformation or alter
its intermolecular multivalency required for its phase separation
capability. This work provides a phase separation-based
pharmacological strategy to target the undruggable SRC-1/
YAP/TEAD complex for constraining YAP-dependent cancer cell
growth, demonstrating the potential of LLPS-targeted thera-
peutics as a powerful and novel approach to address undrug-
gable targets and intractable diseases.
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