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SUMMARY

The BET-bromodomain protein BRD4 uses two bromodomains to target acetyl-
histones and other domains to recruit P-TEFb and other transcription factors to
stimulate transcription of proto-oncogenes and key cell identity genes. Recent
studies show that its ability to form phase-separated condensates that cluster
preferentially at the super-enhancer regions of target genes is key for BRD4 to
exert its functions. Here, we describe the identification of a natural product called
PCG from polygonum cuspidatum Sieb.et Zucc., a traditional Chinese medicinal
herb, that directly binds to BRD4. This binding inhibits BRD4 phase separation,
turns dynamic BRD4 nuclear condensates into static aggregates, and effectively
shuts down transcription of BRD4-dependent genes. Thus, through PCG we have
discovered a BET inhibitor that not only selectively targets BRD4 but also works
by suppressing phase separation, a mechanism of action that is different from
those of the other known BET inhibitors.

INTRODUCTION

BRD4 is a well-known transcriptional co-activator and epigenetic reader of acetylated chromatin (Devaiah

et al., 2016). It is a promising drug target for treating various diseases ranging from cancer to HIV-1 infec-

tion. Recent studies show that BRD4, together with MED1, preferentially cluster at super-enhancers of

proto-oncogenes and key cell identity genes (Loven et al., 2013) through forming phase-separated con-

densates that recruit components of the transcriptional machinery to drive gene expression (Sabari

et al., 2018). BRD4 uses its two N-terminal bromodomains (BDs) to bind to acetylated histones, the central

extraterminal (ET) domain to interact with diverse transcriptional regulators (Belkina and Denis, 2012; Shi

and Vakoc, 2014), and the C-terminal P-TEFb-interacting domain (PID) to recruit the general transcription

factor P-TEFb to the target genes to stimulate transcriptional elongation (Jang et al., 2005; Yang et al.,

2005).

Although the BRD4-P-TEFb interaction is required to activate expression of many cellular genes, it is inhib-

itory to HIV-1 transcription and latency reversal, which depend on the viral-encoded Tat protein. BRD4 has

been shown to inhibit Tat-transactivation by competing with Tat for binding to P-TEFb, which interferes

with the more efficient Tat-mediated P-TEFb recruitment route used by HIV for maximal transcription

and latency reversal(Bacon and D’Orso, 2019; Yang et al., 2005; Zhou et al., 2012).

Given its importance in regulating cellular and HIV-1 transcription, targeting BRD4 can be an effective strat-

egy to combat cancer and control HIV latency. To this end, a number of BRD4 inhibitors (called the BET

inhibitors or BETi) have been developed and a few tested in clinical trials (Bechter and Schoffski, 2020).

The vast majority of them work by disrupting the interaction between the BRD4 BDs and acetyl-lysines.

However, these drugs can also act on other BET family members BRD2, BRD3, and BRDT (Chiang, 2016),

which all contain the conserved BDs but lack the C-terminal PID and thus cannot functionally substitute

for BRD4 in recruiting P-TEFb. In addition, some of the inhibitors affect gene transcription by other unre-

lated means (Bai et al., 2017; Cai et al., 2011; Lu et al., 2015). The lack of selectivity against BRD4 and the

pleiotropic effects of the available BET inhibitors have limited their use in treating BRD4-driven diseases.

Previously, in an effort to identify latency-reversing agents (LRAs) that can be used to reactivate latent HIV-1

reservoirs for subsequent eradication, we isolated a natural product called PCG (procyanidin C-13,30,300-tri-
O-gallate; previously called REJ-C1G3) from polygonum cuspidatum Sieb.et Zucc., a traditional Chinese
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medicinal herb, that can efficiently reverse HIV-1 latency (Wang et al., 2015). PCG was found to preferen-

tially activate the Tat-dependent HIV-1 transcription. Because BRD4 is a known inhibitor of Tat (Yang et al.,

2005), we investigated the possibility that PCG stimulates Tat-transactivation through antagonizing BRD4’s

function. Indeed, our data indicate that PCG can directly target BRD4 through binding to the proline-rich

sequences that are only present in BRD4 but not other BET family members. This binding induces misfold-

ing and aggregation of BRD4, and prevents the formation of phase-separated BRD4 droplets in vitro. In-

side the cell nucleus, PCG turns the dynamic BRD4 nuclear condensates into static aggregates, which in

turn inhibits transcription of BRD4-dependent genes. Thus, as a medicinal herb-derived natural product,

PCG displays the potential as a selective BRD4 inhibitor that works by inhibiting phase separation and

can substitute for the conventional BET inhibitors in treating human diseases.

RESULTS

PCG treatment causes BRD4 to disappear from SDS-gel

We previously reported that PCG can reactivate HIV-1 from latency in a Tat-dependent manner (Wang

et al., 2015). However, the underlying mechanism was largely unclear. In an effort to identify the potential

target of PCG, we first performed SDS-PAGE followed by immunoblotting analysis to investigate whether

exposure to the drug by HeLa cells could affect the cellular levels of P-TEFb and its various associated pro-

teins that collectively form a network of P-TEFb complexes important for HIV-1 transcriptional control and

latency (Lu et al., 2013). As a positive control, JQ1 and prostratin, two well-characterized HIV-1 latency-

reversing agents (LRA(Williams et al., 2004; Bartholomeeusen et al., 2012)), were used. While the levels

of CDK9, CycT1, the 7SK snRNP components HEXIM1, LARP7 and MePCE, and the SEC subunits AFF1,

AFF4, and ELL2 remained mostly unchanged in whole cell extracts (WCE) after the treatment, the BRD4

level decreased dramatically (Figure 1A). Because BRD4 and its inhibition of Tat-transactivation is known

as a major impediment to latency reactivation (Banerjee et al., 2012; Bartholomeeusen et al., 2012; Li

et al., 2013), the induced loss of BRD4 explains the previously reported positive effect of PCG on HIV-1 la-

tency reversal (Wang et al., 2015).

Interestingly, when cells were treated with increasing concentrations of PCG, BRD4 first shifted upward in

an SDS-PAGE gel starting at 15 mM PCG and then completely disappeared at 150 mM PCG (Figure 1B). The

disappearance of BRD4 was detected as early as 2 h after the start of the treatment (Figure S1). This effect

was at the protein level as the BRD4 mRNA level was little affected by PCG (75 mM) or two well-studied

BRD4-targeting drugs, JQ1 and ARV825, at concentrations (1 mM and 0.2 mM, respectively) known to be

effective (Figure 1C). JQ1 specifically binds and blocks the interactions of the BRD4 bromodomains with

acetylated histones (Delmore et al., 2011), while ARV825 is known to recruit BRD4 to the E3 ubiquitin ligase

cereblon to cause proteasomal degradation (Lu et al., 2015). As expected, the cellular BRD4 protein level

was unaffected by DMSO and JQ1, but significantly reduced by ARV825 (Figure 1C). In comparison, the

exposure to PCG causedmost BRD4 to disappear while the remaining residual amount to display an upshift

in the SDS-gel (Figure 1C).

PCG causes BRD4 to become SDS-insoluble

One possible reason for the observed loss of BRD4 is that PCG induces proteasomal degradation of the

protein. To test this possibility, we pretreated cells with the proteasome inhibitor MG132 to see whether

this would prevent PCG from causing BRD4 to disappear from the SDS-gel. While MG132 efficiently sup-

pressed the ARV825-induced BRD4 degradation as expected, it surprisingly produced no effect on the

PCG-mediated loss of BRD4 (Figure 1D).

This unexpected result prompted us to investigate whether PCG also made BRD4 to disappear in cells or

only in the SDS-gel. To this end, we first performed an anti-BRD4 immunofluorescence staining of HeLa

cells treated with PCG or the controls DMSO and ARV825. The result clearly shows that compared to cells

incubated with DMSO, the BRD4 fluorescence signal did not display any noticeable loss in PCG-treated

cells, whereas it was largely gone upon the exposure to ARV825 (Figure 1E).

To further investigate the reason behind the PCG-induced loss of BRD4 in the SDS-gel, we added 8M urea,

a chaotropic compound known to destroy secondary protein structure and bring otherwise insoluble pro-

teins into solution, into the cell lysis buffer. While WCE obtained with the urea-free lysis buffer still showed

no BRD4 in the SDS-gel, the urea-containing buffer caused BRD4 to reappear (Figure 1F). Taken together,

these results indicate that rather than causing BRD4 protein to degrade, PCG likely inducedmisfolding and
2 iScience 25, 103719, January 21, 2022



Figure 1. PCG treatment does not cause BRD4 degradation but to make the protein SDS-insoluble

(Aand B) HeLa cells were treated for 6 h with DMSO, 1 mM JQ1, 2.5 mMprostratin, and 75 mM (A) or the indicated concentrations (B) of PCG.Whole cell lysates

(WCE) were examined by SDS-PAGE followed by western blotting for the proteins labeled on the left.

(C) HeLa cells were treated for 6 h with DMSO, 1 mM JQ1, 0.2 mM ARV825, and 75 mM PCG. Top: The mRNA levels of BRD4 were analyzed by RT-qPCR,

normalized to those of GAPDH and shown, with the level in DMSO-treated cells set to 1.0. The error bars represent mean G SD from three independent

measurements. Bottom: BRD4 and a-Tubulin in WCE of the treated cells were detected by western blotting.

(D) HeLa cells were pretreated with DMSO or 20 mM MG132 for 2 h and then treated with 75 mM PCG or 0.2 mM ARV825 for 6 h. Western blotting was

performed afterwards to detect BRD4 and a-Tubulin in WCE.

(E) HeLa cells were treated with DMSO, 75 mM PCG, or 0.2 mM ARV825 for 6 h and then analyzed by immunofluorescence (IF) with the rabbit anti-BRD4

antibody and Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody. DNA was counterstained with DAPI. Scale bar 10mm.

(F) HeLa cells were treated the same way as in E and then lysed with either normal cell lysis buffer or the buffer containing 8 M urea. WCE were prepared and

analyzed as in (D)
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aggregation of BRD4, which made the protein insoluble even in the presence of a strong detergent such as

SDS.

PCG directly binds and causes misfolding and aggregation of BRD4

Did PCG directly bind to BRD4 to induce aggregation or initiate a signaling pathway in cells that indirectly

made BRD4 SDS-insoluble? To answer this question, we affinity-purified Flag-tagged BRD4 (F-BRD4) from

cells (Figure 2A, bottom) and incubated it with PCG in vitro. Similar to the scenario involving treatment of

living cells with PCG, purified F-BRD4 became SDS-insoluble after the incubation (Figure 2A, top), indi-

cating that PCG could directly bind to and induce misfolding and aggregation of BRD4.

Furthermore, when WCE were incubated with increasing concentrations of PCG in vitro, BRD4 first dis-

played an upshift in the SDS-gel and then disappeared at higher drug concentrations (Figure 2B). This latter

effect could be completely reversed by the addition of 8 M urea into the WCE (Figure 2C). Together, these

data indicate that PCG directly targets BRD4 to cause misfolding and aggregation.

Proline-rich sequences in BRD4 are required for PCG-induced BRD4 aggregation

When cells expressing the N-terminal half of BRD4 (F-BRD4-1-700) that contains the dual bromodomains

(BD1 & BD2) and the extraterminal (ET) domain (Figure 3A) were incubated with PCG, this BRD4 fragment
iScience 25, 103719, January 21, 2022 3



Figure 2. PCG directly binds and causes misfolding and aggregation of BRD4

(A) F-BRD4 was affinity-purified from transfected 293T cells and examined by SDS-PAGE followed by silver-staining

(bottom). F-BRD4 was then incubated with 50 mM PCG for 10 min at room temperature and examined by SDS-PAGE

followed by anti-Flag western blotting (WB; top).

(B)Whole cell extracts (WCE) of HeLa cells were incubated with the indicated concentrations PCG for 10 min at room

temperature and then analyzed by WB for the proteins labeled on the left.

(C) Urea (8 M) was added or not into the WCE from B, which were then analyzed by SDS-PAGE/WB as in (B)
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was completely insensitive to the drug (Figure 3A). In contrast, the C-terminal half (F-BRD4-701-1362),

which contains stretches of proline-rich sequences and the PID (P-TEFb-interacting domain) at the very

end, displayed the same PCG-induced misfolding and aggregation as shown by the full-length protein.

To determine which part of the BRD4 C-terminal half was required for PCG to exert this effect, a series of

C-terminally truncated BRD4 that all contain the intact C-terminus but progressively shortened N-termini

were expressed in HeLa cells and the WCE were incubated with PCG. Compared to aa701-1362, which was

highly responsive to PCG, aa1001-1362 was only slightly and aa801-1362 and aa901-1362 were partially

affected by the drug (Figure 3B). In contrast, aa1101-1362 and aa1208-1362 were completely non-respon-

sive. These results suggest that the region between aa701 and 1100 in BRD4 is likely required for PCG to

target and induce BRD4 aggregation. Consistent with this prediction, when isolated from the rest of BRD4,

aa701-1100 alone became SDS-insoluble upon exposure to PCG both in vivo (Figure 3C) and in vitro

(Figure 3D).

A close examination of the BRD4 sequence from aa701 to 1100 reveals two prominent proline-rich se-

quences termed P1 (aa751-800) and P2 (aa951-1031) (Figure 3E). When both P1 and P2 were simultaneously

deleted (DP1&P2), the PCG-induced BRD4 aggregation was effectively blocked in vitro (Figure 3F) and

in vivo (Figure 3G). Compared to WT BRD4, the single deletion of P1 (DP1) or P2 (DP2) allowed BRD4 to

respond to PCG partially (Figure 3F).

Different from BRD4, the other BET family members including BRD2, BRD3, and BRDT only contain the

conserved BD and ET domains but lack the proline-rich segments (Figure 3H, bottom). Importantly, only

BRD4 but not other BET family members responded to the PCG treatment (Figure 3H). This result supports

the notion that the proline-rich sequences are required for PCG to induce misfolding and aggregation of

BRD4.
Proline-rich sequences in BRD4 are required for PCG to inhibit BRD4 droplet formation

in vitro

The intrinsically disordered region (IDR) of BRD4, where the two low-complexity P1 and P2 sequences

reside, has been shown to enable BRD4 to undergo liquid–liquid phase separation (LLPS) at super-enhan-

cers(Sabari et al., 2018). In light of the above observations that PCG directly targets the proline-rich

sequences in P1 and P2 to induce misfolding of BRD4, we investigated whether PCG could affect phase

separation by BRD4.
4 iScience 25, 103719, January 21, 2022



Figure 3. Proline-rich segments in BRD4 are required for PCG-induced BRD4 aggregation

(A, C, G, and H) HeLa cells were transfected with plasmids expressing the indicated full-length or truncated F-BRD4 (A, C, & G), or the indicated Flag-tagged

BET family members. 48 h later, the cells were treated with DMSO or 75 mM PCG for 6 h. Whole cell extracts (WCE) were prepared and analyzed by anti-Flag

western blotting (WB). A diagram of the various domains/segments and their positions in BRD4 is shown at the bottom of (A). BD1 & 2: Bromodomains 1 & 2.

ET: Extraterminal domain. P1 & P2: Proline-rich segments. PID: P-TEFb-interaction domain.

(B, D, and F) WCE were prepared fromHeLa cells transfected with plasmids expressing the indicated full-length and truncated F-BRD4, incubated with 50 mM

PCG for 10 min at room temperature, and then analyzed by WB.

(E) The sequences and positions of two proline-rich segments in BRD4 as well as the structure of BRD4(DP1&P2), in which the two proline-rich segments are

deleted, are shown.
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To this end, we purified from E. coli recombinant EGFP fusion proteins containing either WT BRD4 IDR

(aa721-1351) or a mutant IDR lacking P1 and P2 (DP1&P2) (Figure 4A). When incubated with PCG, the

WT but not the mutant fusion protein became SDS-insoluble as predicted (Figure S2A). In the absence

of any crowding agents, both fusion proteins readily formed droplets in a concentration-dependent

manner, with EGFP-IDR(DP1&P2) producing bigger size droplets compared to EGFP-IDR(WT) under the

same conditions (Figure 4B). The droplets could be easily disrupted by 10% 1,6-hexanediol, which is

routinely used to inhibit LLPS (Figure S2B) (Molliex et al., 2015; Strom et al., 2017).

Importantly, adding PCG into the EGFP-IDR(WT) solution dose-dependently inhibited the formation of

small spherical droplets and led to the production of protein aggregates of irregular shapes and sizes (Fig-

ure 4C). Consistent with the above demonstrations that PCG depended on the poly-proline sequences in

P1 and P2 to target BRD4, the incubation of PCG with EGFP-IDR(DP1&P2) failed to induce protein aggre-

gation (Figure 4C).
iScience 25, 103719, January 21, 2022 5



Figure 4. PCG converts dynamic BRD4 phase separation into static aggregation

(A) EGFP-IDR(WT) and EGFP-IDR(DP1&P2) were expressed in and purified from recombinant E. coli and examined by SDS-PAGE followed by Coomassie

blue staining.

(B) Solutions containing either EGFP-IDR(WT) or EGFP-IDR(DP1&P2) at the indicated protein concentrations in droplet formation buffer were trapped

between coverslips and examined with a microscope under fluorescent light. Representative images of the formed droplets are shown. Scale bar 20 mm.

(C) Solutions containing EGFP-IDR(WT) or EGFP-IDR(DP1&P2) were allowed to form droplets and then incubated with the indicated concentrations of PCG

at room temperature for 10 min. The samples were examined by fluorescence microscopy as in (B). The inset at the upper right corner of each image is a 2x

enlargement of the boxed area in the same image. Scale bar 20 mm.

(D) HeLa cells were treated with DMSO or PCG for 6 h. Shown are representative images of immunofluorescence staining with anti-BRD4 antibody and Alexa

Fluor 488-conjugated goat anti-rabbit secondary antibody. DNAwas counterstained with DAPI. Scale bar 4 mm.Quantification of the sizes of BRD4 puncta by

ImageJ is shown on the right. Six puncta were quantified for each cell, and 5 cells in each group were quantified. Each dot represents a punctum, n = 30 in

each group. The statistical significance is calculated by two-tailed Student’s t-test.

(E) HeLa cells expressing EGFP-IDR(WT) or EGFP-IDR(DP1&P2) were incubated with either DMSO or 50 mM PCG for 10 min and then examined by

fluorescence microscopy and representative cell images are shown. Scale bar 4 mm.

(F and G) The same cells analyzed in E were subjected to FRAP analysis of the EGFP-IDR(WT) and EGFP-IDR(DP1&P2) puncta and shown are fluorescence

recovery plots. The puncta were photobleached at t = 0 s. The intensities at the spots were normalized to pre-bleach intensities and shown at various time

points after the bleach as mean G SD (N = 10). See Figure S4 for statistical analyses.
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PCG turns dynamic BRD4 nuclear condensates into static aggregates in vivo

Next, we performed anti-BRD4 immunofluorescence (IF) staining to examine how LLPS by endogenous

BRD4 could be affected by PCG. In the absence of PCG, BRD4 displayed small discrete puncta in the nu-

cleus (Figure 4D) just as reported previously (Sabari et al., 2018). However, upon exposure to PCG, these
6 iScience 25, 103719, January 21, 2022
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puncta coalesced into bigger and brighter spots that displayed largely irregular shapes (Figure 4D). A

similar PCG-induced change was also observed during anti-Flag IF staining of HeLa cells expressing WT

F-BRD4 (Figure S2C). In contrast, cells expressing F-BRD4-DP1&P2 displayed no significant change after

the drug treatment (Figure S2C).

To rule out the possibility that this PCG-induced change in distribution of WT BRD4 was the result of cell

fixation process in IF, we also examined the impact of PCG on distributions of EGFP-IDR(WT) and EGFP-

IDR(DP1&P2) in living cells. The data indicate that while the two fusion proteins displayed a similar

pattern of nuclear puncta distribution when exposed to DMSO, they responded very differently to

PCG (Figure 4E). As predicted, PCG did not alter the distribution pattern of EGFP-IDR(DP1&P2), but it

caused the sharply focused EGFP-IDR(WT) puncta to disperse into wider and more defused areas in

the nucleus (Figure 4E).

An important feature of phase-separated condensates in vivo is their ability to undergo dynamic reorga-

nization and exchange with the environment (Hyman et al., 2014). To investigate how PCG would affect

the BRD4 condensates to display such a feature, we performed fluorescence recovery after photobleach-

ing (FRAP) in HeLa cells expressing EGFP-IDR(WT) or EGFP-IDR(DP1&P2). For the EGFP-IDR(WT) conden-

sates, PCG significantly reduced the extent of recovery after photobleaching when compared to DMSO,

with the plateau intensities of EGFP-IDR(WT) in the presence of DMSO and PCG reaching 1.049 and

0.721, respectively (Figures 4F and 4G&Figure S3). In contrast, the EGFP-IDR(DP1&P2) condensates

showed a similarly efficient recovery after both treatments, with the plateau intensities of EGFP-

IDR(DP1&P2) in the presence of DMSO and PCG at 1.025 and 1.031, respectively. Together, these results

indicate that PCG targets BRD4 to turn the highly dynamic BRD4 nuclear condensates into static aggre-

gates in vivo.
PCG-induced BRD4 aggregation inhibits transcription of BRD4-dependent genes

The activity of super-enhancers depends on the condensates of BRD4 and Mediator, which compartmen-

talize and concentrate the transcription apparatus to promote expression of key cell identity genes (Sabari

et al., 2018). One such gene is MYC, which stimulates tumor cell growth and proliferation through

amplification of gene transcription (Kress et al., 2015). Given its importance in tumorigenesis, the expres-

sion of MYC has been studied extensively in a wide range of tumors and shown to be suppressed by JQ1

(Delmore et al., 2011; Loven et al., 2013; Mertz et al., 2011; Ott et al., 2012; Zuber et al., 2011), a well-char-

acterized BET inhibitor that disrupts super-enhancers by displacing BRD4 from acetylated chromatin(Filip-

pakopoulos et al., 2010; Loven et al., 2013).

To examine whether the PCG-induced BRD4 aggregation would affect the expression of MYC in cancer

cells, MDA-MB-231, a triple-negative breast cancer cell line that is highly sensitive to JQ1(Bai et al.,

2017; Shu et al., 2016) and addictive to MYC overexpression (Lao-On et al., 2020; Xu et al., 2010), was

treated with PCG or JQ1, which served as a positive control. Like the situation in Hela cells, PCG also

caused BRD4 aggregation in MDA-MB-231 cells (Figure S4). Analysis of mRNA production by RT-qPCR

showed that not only JQ1 but also PCG markedly reduced MYC expression (Figure 5A). Further analysis

by ChIP-qPCR indicates that the diminished MYC expression correlated with a significant PCG- or JQ1-

induced decrease in the occupancy of BRD4 across the MYC locus (Figure 5B). The decrease was more

prominent at the upstream enhancer (positions A & B) and a promoter-proximal location (position C)

than at the downstream regions (positions D, E, & F).

In addition to MYC, we also tested the effect of PCG on the expression of several other key growth-regu-

lating genes including CDCA5, CDC6, RRM2, and MCM3 in MDA-MB-231 cells. These genes have en-

hancers that display super-enhancer-like functional properties and are enriched in and dependent on

BRD4 for efficient transcription (Zanconato et al., 2018). Similar to the MYC situation, mRNA production

from these genes was inhibited by not only JQ1 but also PCG (Figure 5C). Furthermore, just like the obser-

vation made at theMYC locus, the occupancy of BRD4 at the enhancer region of these genes also showed a

significant drop after the treatment with PCG or JQ1 (Figure 5D). Based on these results, we conclude that

the PCG-induced BRD4 aggregation is as effective as the BET inhibitor JQ1 in inhibiting transcription of the

BRD4-dependent genes.
iScience 25, 103719, January 21, 2022 7



Figure 5. PCG-induced BRD4 aggregation inhibits transcription of BRD4-driven genes

(A and C) MDA-MB-231 cells were treated for 24 h with DMSO, 1 mM JQ1, or 75 mM PCG and subjected to RT-qPCR analyses to detect the mRNA levels of

MYC (A) or the indicated genes. The signals were normalized to the mRNA levels of GAPDH and shown.

(B and D) MDA-MB-231cells were treated as in A and subjected to ChIP-qPCR analyses to assess the occupancy of BRD4 at the various locations across the

MYC locus (B, bottom) or the enhancer region of the indicated genes (D). The signals were normalized to the input DNA and shown. All error bars represent

mean G SD from three independent measurements.
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DISCUSSION

Multiple studies have shown that BRD4 serves as a chromatin adaptor and regulates the expression of

key proto-oncogenes and cell identity genes in part through forming phase-separated condensates

that cluster preferentially at the super-enhancer regions of these genes (Chapuy et al., 2013; Loven

et al., 2013). These functions make BRD4 a promising therapeutic target in a number of diseases ranging

from HIV/AIDS to cancer (Banerjee et al., 2012; Li et al., 2013; Wu et al., 2020). In clinical trials as well as in

laboratory research, the function of BRD4 is routinely inhibited by a group of compounds collectively

referred to as the BET inhibitors (BETi(Liu et al., 2017)), which work by disrupting the interactions be-

tween the bromodomains of BRD4 and acetyl-lysines of histones. Notably, these compounds do not

directly act on the BRD4 phase separation process per se. Moreover, they display little selectivity be-

tween BRD4 and the rest of the BET family (Chiang, 2016), which all contain bromodomains but lack

the P-TEFb-interacting domain such as the one present at the very C-terminus of BRD4 (Jang et al.,

2005; Yang et al., 2005).
8 iScience 25, 103719, January 21, 2022
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In this study, we find that PCG, a natural product derived from a traditional Chinese medicinal herb, can

directly bind to BRD4 to induce aggregation that makes the protein insoluble even in a strong detergent

such as SDS. This effect directly inhibits BRD4 phase separation, turns dynamic BRD4 nuclear condensates

into static aggregates, and effectively shuts down transcription of BRD4-dependent genes. Notably, PCG

affected the proliferation of HeLa andMDA-MB-231 cells only at high concentration (R100 mM) (Figure S5).

Our further analyses have identified two proline-rich segments (P1 & P2) in BRD4 as the direct target of

PCG. Importantly, these two segments are unique to BRD4 and completely missing in the rest of the

BET family. Thus, through PCG we have discovered a BETi that not only selectively targets BRD4 but no

other BET family members but also works by directly suppressing phase separation, a mechanism of action

that is very different from those of other known BETi.

PCG belongs to the procyanidin class of polyphenols. These compounds are known to bind to proline-rich

proteins, but the underlying mechanisms are complex (Fraga et al., 2010). Previous reports have shown that

the polyphenol compound EGCG preferentially binds to hydrophobic, unfolded polypeptides to induce

aggregation (Ehrnhoefer et al., 2008; Palhano et al., 2013). It is interesting to note that at the concentrations

of PCG that caused BRD4 aggregation, the solubility of SET1A, a component of the histone lysine methyl-

transferase complex, was little affected (Figure S6) despite the fact that SET1A has an even higher proline

density (30 prolines within a 50-aa fragment) than BRD4 (27 out of 50 aa). It is possible that the interaction of

PCG with BRD4 not only requires the proline-rich nature of P1 and P2 but also the overall hydrophobicity

and the lack of distinctive structures displayed by these sequences are also essential. Future studies are

necessary to reveal the precise recognition signature in BRD4 that is explored by PCG to effectively target

this protein.

Intrinsically disordered regions (IDRs) are pervasive across eukaryotic proteomes; and in Swiss Protein

Database, more than 15,000 proteins are predicted to contain IDRs of greater than 40 amino acids (Romero

et al., 1998). IDRs, particularly those containing low complexity sequences, can promote liquid–liquid

phase separation (LLPS) through engaging in weak, multivalent interactions (Courchaine et al., 2016).

Although the P1 and P2 segments are by definition low-complexity, their deletion from BRD4 did not

appear to negatively affect the IDR-mediated phase separation (Figures 4B and 4E). Nevertheless, since

P1 and P2 reside in the middle of the BRD4 IDR, by targeting these two segments, PCG was able to effi-

ciently disrupt BRD4 phase separation and convert dynamic nuclear condensates into insoluble aggre-

gates. Our transcriptional analyses indicate that the PCG-induced inhibition of BRD4 LLPS was as effective

in suppressing transcription of MYC and other BRD4-dependent genes as the JQ1-mediated dissociation

of BRD4 from the chromatin templates.

Although LLPS has been shown to play an important role in regulating a diverse and ever-expanding array

of biological and pathological processes, the available small molecule tool to inhibit this process so that

the contributions of LLPS can be elucidated and LLPS-dependent disease progression can be interrupted

is unfortunately very limited. Inhibition of in vitro droplet formation or disruption of in vivo condensates

by 1,6-hexanediol, which is widely used in industrial production of polyester and polyurethane (Krosch-

wald et al., 2017), has been frequently considered as an indicator of LLPS Molliex et al., 2015; Strom

et al., 2017). As expected, this compound was also used to validate the BRD4 IDR-induced LLPS

(Cho et al., 2018; Sabari et al., 2018). However, as noted by Alberti et al. (Alberti et al., 2019), 1,6-hexa-

nediol is notoriously non-specific, has no effect on many types of interactions underlying various LLPS

cases, and can lead to potential artifacts. In light of this caveat, the identification of PCG as an alternative

chemical tool can be used to selectively suppress LLPS formed by BRD4.
Limitations of the study

Our data indicate that the interaction of PCG with BRD4 not only requires the proline-rich nature of the P1

and P2 sequences of BRD4 but also the overall hydrophobicity and the lack of distinctive structures dis-

played by these sequences are also essential. A major limitation of the current study is that the precise

recognition signature in BRD4 that is explored by PCG to effectively target this protein has yet to be

determined.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AFF1 Antibody Bethyl Laboratories Cat# A302-344A

Anti-AFF4 antibody Abcam Cat# ab57077

ELL2 Antibody Bethyl Laboratories Cat# A302-505A

MEPCE Antibody Bethyl Laboratories Cat# A304-184A

CYCT1 antibody Santa Cruz Biotechnology Cat# sc-10750

Normal rabbit IgG Santa Cruz Biotechnology Cat# sc-2027

Anti-BRD4 Yang et al., 2005 N/A

Anti-LARP7 He et al., 2008 N/A

Anti-HEXIM1 He et al., 2008 N/A

Goat anti-Rabbit IgG (H+L) Superclonal Recombinant

Secondary Antibody, Alexa Fluor 488

Life Technologies Cat# A-27034

Bacterial and virus strains

E. coli BL21 cells Lu et al., 2018 N/A

Chemicals, peptides, and recombinant proteins

CellTiter-Glo2.0� Assay Promega Cat# G9242

SYBR Green Mix Thermo Scientific Cat#1176202K

KAPA HiFi PCR kit Roche Cat# KR0368

Procyanidin C-13,3’,3’’-tri-O-gallate (PCG) Wang et al., 2015 N/A

JQ1 Sigma -Aldrich Cat# SML1524

ARV825 ProbeChem Cat# PC-45097

EGFP-IDR This paper N/A

EGFP-IDR(DP1&P2) This paper N/A

Experimental models: Cell lines

HeLa ATCC N/A

MDA-MB-231 Ji et al., 2014 N/A

Oligonucleotides

Primers for qRT-PCR, see Table S1 This paper N/A

Primers for ChIP-qPCR, see Table S2 This paper N/A

Recombinant DNA

Plasmid: pFLAG-CMV2-BRD4 and mutant BRD4(DP1&P2,

1-700, 701-1362, 801-1362, 901-1362, 1001-1362,

1101-1362, 1208-1362)

This paper N/A

Plasmid: pEGFP-BRD4-IDR and BRD4-IDRDP1&P2 This paper N/A

Plasmid: EGFP- BRD4-IDR and BRD4-IDRDP1&P2

(E.coli-based expression)

This paper N/A

Software and algorithms

Prism GraphPad https://www.graphpad.com/scientific-

software/prism/

Image J Schneider et al., 2012 https://imagej.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Qiang Zhou (qzhou@berkeley.edu).

Materials availability

This study did not generate any new unique reagents. Requests for the constructs should be directed to the

laboratory of Professor Qiang Zhou.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture media

Cell lines used in this study include HeLa (human), MDA-MB-231 (human) (Ji et al., 2014), both of which were

cultured in DMEM (Life Technology, 12100061) supplemented with 10% fetal bovine serum. Cells were

maintained at 37�C and in the presence of 5% CO2 in a cell culture incubator.

METHOD DETAILS

PCG, antibodies, and plasmids

Procyanidin C-13,30,300-tri-O-gallate, or PCG (previously called as REJ-C1G3(Wang et al., 2015)), was iso-

lated from Polygonum cuspidatum Sieb.et Zucc.as described previously (Wang et al., 2015).

Antibodies used in this study are as follows: AFF1 (Bethyl Laboratories, Cat# A302-344A), AFF4 (Abcam,

Cat# ab57077), ELL2 (Bethyl Laboratories, Cat# A302-505A), MePCE (Bethyl Laboratories, Cat# A304-

184A), CYCT1 (Santa Cruz Biotechnology, Cat# sc-10750), normal rabbit IgG (Santa Cruz Biotechnology,

Cat# sc-2027); Anti-BRD4, -LARP7, -HEXIM1 and -CDK9 were generated in our own laboratory and have

been described previously(He et al., 2008; Yang et al., 2005).

Plasmids for expressing Flag-tagged WT and mutant BRD4 were constructed in pFLAG-CMV2 vector

(Sigma). Plasmids expressing the EGFP fused proteins were constructed by ligating the cDNAs for

BRD4-IDR, BRD4-IDRDP1&P2, BRD4 or BRD4DP1&P2 into pEGFP-N1 (Clontech). The E. coli-based expres-

sion plasmids were generated by inserting the cDNAs encoding BRD4-IDR or BRD4-IDRDP1&P2 into pGFP-

2xStrep (kindly provided by the Hurley lab, UC Berkeley). All plasmids were generated by using KAPA HiFi

PCR kit (KR0368, Roche) and the inserts were verified by Sanger sequencing.

Whole cell extracts preparation and Western blotting

Cells were treated under the conditions indicated in the relevant figures and legends, and then collected

by centrifugation (1000g, 4�C, 5 min). Cell pellets were washed with ice-cold 1x PBS twice, and lysed for

30 min on ice with the normal cell lysis buffer (1% NP40, 350 mM NaCl, 50 mM Hepes-KOH pH 7.8,

5 mM EDTA, 1 mM DTT, 0.5 mM PMSF) or the normal cell lysis buffer plus 8 M urea. After centrifuge for

10 min at 12,000 g and in 4�C, the supernatant was removed to a new tube as whole cell extracts (WCE

orWCE +Urea) for further analysis byWestern blotting. For in vitro assay, WCE was incubated with the indi-

cated concentrations of PCG at room temperature for 10 min.

All samples for Western analysis were mixed with 4 x SDS loading buffer (200 mM Tris-HCl pH6.8, 400 mM

DTT, 8% SDS, 0.4% Bromophenol, 40%Glycerol) in a 3:1 ratio, and boiled for 10 min before analysis by SDS-

PAGE followed by standard Western blotting.

Cell proliferation

Cells were seeded in a 96-well plate at a density of 3,000 cells/100 mL (3 wells/sample). After overnight in-

cubation, the cells were treated with the indicated concentrations of PCG or DMSO for 24 hours. CellTiter-

Glo2.0 reagent was added to each well containing an equal volume of cell cultural medium present in each
14 iScience 25, 103719, January 21, 2022
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well. The cells were mixed on a shaker for 2 min and incubated at room temperature for 10 min to stabilize

the luminescent signal. The recorded fluorescence intensity was calculated by GraphPad Prism.

Immunofluorescence staining

Cells grown on coverslips were fixed at room temperature for 10 min in 4% paraformaldehyde prepared in

PBS and then rinsed three times in PBS for 5 min each. The cells were then blocked in 5% normal serum in

PBS plus 0.3% Triton X-100 for 60 min. Upon removing the blocking solution, the cells were incubated at

4�C overnight with the indicated primary antibody (1:200) prepared in the blocking solution. After three

washes in PBS, the cells were incubated for 60 min at room temperature with the indicated Alexa Fluor-con-

jugated secondary antibodies (1:1000, Life Technologies) in the blocking solution. After another

three washes in PBS, immunofluorescence signals from the stained cells were captured by Zeiss LSM 710

AxioObserver, Zeiss LSM 880 or Zeiss LSM 900 Airyscan2 ZEN blue and ImageJ were used to process

images.

In vitro droplet formation

Recombinant EGFP-IDR(WT) and EGFP-IDR(DP1&P2) proteins were purified from E. coli BL21 cells using

the procedure described previously(Lu et al., 2018). Recombinant proteins were expressed E. coli BL21 cells

in 1L LB medium upon induction overnight with 0.25 mM IPTG at 16�C. Cells were harvested by centrifuga-

tion (5000g, 4�C, and 15 min). cell pellets were resuspended in 30 mL lysis buffer (50 mM Tris-HCl pH7.5,

500 mM NaCl, 1 mM DTT, 1% Triton X-100) and lysed by sonication (40% output, 16 cycles of 15 sec on

and 15 sec off). The soluble fractions were collected by centrifugation (11,500 rpm, 4�C, 1 hr), and loaded

onto the Strep-Tactin column (IBA GmbH). According to protocols provided by the manufacturers, col-

umns was washed with 10 mL washing buffer (20 mM Tris-HCl pH7.5, 500 mM NaCl, 1 mM EDTA, 1%

NP-40) for twice. The bound proteins were eluted with 3 mL elution buffer (100 mM Tris-HCl pH7.5,

150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin. The eluted proteins were dialyzed overnight at 4�C
against dialysis buffer (150 mM NaCl, 20 mM Tris-HCl pH7.5, 1 mM DTT). Then, the purified proteins

were concentrated with Amicon ultra centrifugal filter (Milipore) and stored at�80�C). Purity of the proteins

was examined by SDS-PAGE and Coomassie Blue staining and the protein concentrations determined by

the Bradford assay.

The droplet formation assay was performed as described previously(Lu et al., 2018). Recombinant proteins

were diluted to the indicated concentrations with a buffer containing 20 mM Tris-HCl pH7.5, and 1 mM

DTT. 5 mL of the protein solution was added to coverslips and images were acquired by using a Zeiss

LSM710 confocal microscope.

Quantitative RT-PCR analyses

The analyses were performed as described previously(He et al., 2008). qRT-PCR reactions were performed

with SYBR Green Mix (Thermo Scientific) according to the manufacturer’s instructions. All the reactions

were done in triplicates. The primers used for the analyses are provided in Table S1. PCR conditions include

an initial denaturing step at 94�C for 2 min, and 40 cycles (44 cycles for ChIP-qPCR) of 94�C for 30s and 60�C
for 30s. Threshold values (Ct) were calculated to obtain the relative folds of induction.

ChIP-qPCR

Cells grown on 15 cm dishes at 80% confluence were harvested and subjected to the ChIP procedure as

described previously(Yang et al., 2005) with the following modifications. Lysed cells were subjected to son-

ication by using a Covaris-S2 sonicator (Covaris, Inc., Woburn, MA, USA) for a total processing time of

20 min (30 s on and 30 s off). Antibodies used for immunoprecipitation are: 5 mg anti-BRD4 or 5 mg total

rabbit IgG. The indicated antibody was incubated with diluted sheared chromatin DNA at 4�C overnight.

20 mL protein A Dynabeads (10003D, Life Technologies) were added to each tube to start the incubation at

4�C for 3 h. The immune complexes were washed once with the low salt immune complex wash buffer (0.1%

SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH8.1, 150 mM NaCl), once with the high salt immune

complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH8.1, 500 mMNaCl), once

with the LiCl immune complex wash buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholic acid, 1 mM EDTA,

10 mM Tris-HCl pH8.1), twice with the TE buffer (10 mM Tris-HCl pH8.1, 1 mM EDTA), and then eluted

with the elution buffer (1% SDS, 500 mMNaHCO3). DNA was purified by using the PCR Purification Kit (Qia-

gen) and analyzed by quantitative PCR. The sequences of PCR primers used are provided in Table S2.
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Fluorescence recovery after photo bleaching (FRAP)

The FRAP assay and data analyses were performed essentially as described(Zheng et al., 2011) with the

following modifications. HeLa cells were plated at a density of 60% in a 6-well plate and transfected with

the EGFP-IDR(WT) or EGFP-IDR(DP1&P2) plasmid (2 mg of each). After 24 h, the transfected cells were

plated at a density of 50% in LabTek chambered coverslips (Nunc, Denmark). At 48 h post-transfection, fluo-

rescence images of cells were acquired by a confocal microscope (Zeiss, LSM 710 AxioObserver) equipped

with a full incubation chamber maintained in 5% CO2 and at 37�C. Under a 60x oil-immersion objective, a

circular spot (radius around 1 mm) was bleached with a laser beam at 100% intensity at 488 nm. Three im-

ages as control were acquired before the bleaching. A series of images were captured immediately after

bleaching, and then at every 1 sec for 20 sec after bleaching.

To analyze the FRAP data, ImageJ was used for quantification of the fluorescence intensities. First, we

calculated the photobleaching rate at each indicated time point (R(t)) by comparing the fluorescence of un-

bleached region before (Funbleach-pre) and after photobleaching (Funbleach(t)). R(t) = Funbleach(t)/Fun-

bleach-pre. Then we normalized fluorescence intensity: Fbleach-norm(t) = Fbleach(t)/R(t). Finally, we set

the normalized fluorescence intensity of pre-bleaching to 100% (Fbleach-norm(pre)), and the normalized

fluorescence intensity at each time point was used to calculate the fluorescence recovery (FR): FR(t) =

Fbleach-norm(t)/Fbleach-norm(pre). GraphPad Prism was used to plot and analyze the FRAP results(Lin

et al., 2015; Molliex et al., 2015), as shown in Figure S2. Single exponential equation: Y=Y0 + (Plateau-Y0)

*(1-exp(-K*x)), where Y0 is the Yvalue when X (time) is 0. Proportion of recovery is the difference between

Y0 and plateau intensity.
QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging data were quantified by ImageJ (National Institute of Health, Bethesda, MD) (Schneider et al.,

2012). Statistical analyses were performed with GraphPad Prism 7 software (GraphPad Software, San

Diego, CA). Quantitative real-time PCR, ChIP-qPCR and FRAP data are represented as the mean G SD.

The statistical significance is calculated by two-tailed Student’s t-test.
16 iScience 25, 103719, January 21, 2022
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