Article

Rewiring cancer driversto activate

apoptosis

https://doi.org/10.1038/s41586-023-06348-2

Received: 15 August 2022

Accepted: 20 June 2023

Published online: 26 July 2023

Sai Gourisankar'?¢, Andrey Krokhotin'é, Wenzhi Ji*, Xiaofan Liu®, Chiung-Ying Chang’,
Samuel H. Kim', Zhengnian Li?, Wendy Wenderski'*, Juste M. Simanauskaite',

Haopeng Yang®, Hannes Vogel', Tinghu Zhang?®, Michael R. Green®, Nathanael S. Gray*™ &
Gerald R. Crabtree*™

M Check for updates

Genes that drive the proliferation, survival, invasion and metastasis of malignant cells
have beenidentified for many human cancers'*. Independent studies have identified
cell death pathways that eliminate cells for the good of the organism>¢. The coexistence
of cell death pathways with driver mutations suggests that the cancer driver could be
rewired to activate cell death using chemical inducers of proximity (CIPs). Here we
describe anew class of molecules called transcriptional/epigenetic CIPs (TCIPs) that
recruit the endogenous cancer driver, or adownstream transcription factor, to the
promoters of cell death genes, thereby activating their expression. We focused on
diffuse large B cell lymphoma, in which the transcription factor B cell lymphoma 6
(BCL6) is deregulated’. BCL6 binds to the promoters of cell death genes and
epigenetically suppresses their expression®. We produced TCIPs by covalently linking
small molecules that bind BCL6 to those that bind to transcriptional activators that
contribute to the oncogenic program, such as BRD4. The most potent molecule,
TCIP1, increases binding of BRD4 by 50% over genomic BCL6-binding sites to produce
transcriptional elongation at pro-apoptotic target genes within 15 min, while reducing
binding of BRD4 over enhancers by only 10%, reflecting a gain-of-function mechanism.
TCIP1kills diffuse large B cell ymphoma cell lines, including chemotherapy-resistant,

TP53-mutantlines, at EC;, 0f 1-10 nM in 72 h and exhibits cell-specific and tissue-
specific effects, capturing the combinatorial specificity inherent to transcription.
The TCIP concept also has therapeutic applications in regulating the expression of
genes for regenerative medicine and developmental disorders.

Induced proximity is fundamental to many forms of biological regula-
tion, including receptor function’, post-translational modifications'®",
regulation of transcription'>, epigenetic regulation'* ¢ and allosteric
processes that generate scaffolds to facilitate protein-protein inter-
actions. The underlying physical principle is based on the fact that an
effective collision between two molecules is inversely proportional
to the cube of the distance between them®. The biological roles of
induced proximity have been probed with dimeric small molecules,
CIPs, that have been used torecapitulate many stepsinsignal transduc-
tion, protein localization and transcription®. Recently, dimeric small
molecules that use CIP to target proteins to the proteasome, PROTACSY,
ortoinhibit protein-protein interactions' have been developed. More
broadly, the observation that even an event as carefully regulated as
programmed cell death can be activated by CIPs"* suggests that dis-
tinct cellular circuitries might be linked, or rewired, using CIPs, to cause
cancer cells to activate processes leading to apoptosis.

Torewire transcriptional circuits withinagenetically unmodified cell
ororganism, we developed small molecules that allow the recruitment

of cancer-driving transcriptional or epigenetic regulators to the regu-
latory regions of target therapeutic genes. The general features of
the concept and design of a TCIP is illustrated in Fig. 1a and involves
synthesis of small molecules that bind to a specific transcriptional or
epigenetic regulator on one side; on the other side, a transcription
factor binds to atarget therapeutic gene. We applied these molecules
to activate apoptosis in cancer cells.

TCIP1selectively kills DLBCL cells

To design the first TCIPs, we targeted diffuse large B cell ymphoma
(DLBCL) and made use of small molecules that bind to the BTB domain
of BCL6 and inhibit its interaction with nuclear receptor corepressor
(NCOR), BCL6 corepressor (BCOR) and silencing mediator of retinoic
acid and thyroid hormonereceptor (SMRT), which epigenetically sup-
press some BCL6 targets including pro-apoptotic, cell cycle arrest
and DNA-damage response genes?, such as TP53 (ref. 8) (Fig. 1b). To
provide additional transcriptional activation of pro-apoptotic genes,
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Fig.1|Production of TCIPs.a, Anendogenous target geneis activated or
repressed using abivalent molecule binding one endogenous transcription
factor (TF) or epigenetic regulator on one side, chemically linked to amoiety
thatbinds to asecond transcription factor that binds to the regulatory region
ofatargetgene, which mightinduce production ofatherapeutic gene.

b, Aspecific TCIP thatrecruitsatranscriptional activator (BRD4) or cancer
driver tothe BCL6 repressor on cell death genes, thereby derepressing
transcription and inducing transcriptiondriven by BCL6. ¢, Chemical
structures of the most potent BCL6-BRD4 TCIP, TCIP1and the negative

over simple derepression, we covalently linked one such BTB binder,
BI3812 (ref. 23), covalently to the bromodomain and extraterminal
(BET) protein family binder JQ1 (ref. 24), which binds comparably to
both bromodomains of BRD4 and slightly less potently to the bromo-
domains of BRD2 and BRD3 (Fig. 1c). These bromodomain proteins are
involved in transcription and contribute a driving function to several
tumours by facilitating MYC activation®.

These molecules were tested for their effect on viability of the
chemotherapy-resistant DLBCL cell line KARPAS422. Thisline has bial-
lelicinactivation of TP53and was chosen for its high level of expression
of BCL6 and the fact that it has multiple cancer drivers?*¥. TCIP1 rapidly
and robustly killed KARPAS422 with a half-maximal effective concen-
tration (ECs,) of 1.3 nM, 72 h after the addition of drug (Fig.1d). Three
other DLBCL lines with high levels of BCL6 (Fig.1d) were also rapidly and
robustly killed by TCIP1. Adding JQl and BI3812 separately or together
showed 100-1,000-fold less-effective cell killing (Extended Data
Fig.1a), excluding the possibility that TCIP1 acts by simply delivering
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controls Negl (BRD4 non-binding) and Neg2 (BCL6 non-binding).d, TCIP1
effect on cell viability of the chemotherapy-resistant, TP53-mutant DLBCL cell
line KARPAS422, as well as three other DLBCL cell lines with high levels of BCL6.
n=4biologicalreplicates, mean +s.d.e, Design and activationofaBCL6 reporter
with TCIP1in KARPAS422 cells at 8 hafter drugaddition. n =4 biological
replicates, mean + s.d. minP, minimal promoter. f, Comparison of TCIP1effect
on cellviability with the effect of BRD4 or BCL6 degraders (n = 3 biological
replicates, mean +s.d). Viability curvesind and fare after 72 h of drug treatment.

twoinhibitorsinto the cell. We synthesized negative chemical controls—
Negland Neg2—with the same linker structure as TCIP1but with modi-
fications known to mitigate binding to BRD4 or BCL6, respectively?*,
Negland Neg2 had greater than 100-fold less effect on cell viability than
did TCIP1, evenin combination (Fig.1d), suggesting that binding both
proteins in proximity is required for effective killing. We noted that
unlike TCIP1, both BI3812 and Q1 left a substantial resistant population
of cells alive, as has been previously reported?.

Inapanel of 14 lymphoma and other blood cancer cell lines, killing, as
measured by ECs,, correlated with BCL6 levels (Extended Data Fig. 1b).
Some DLBCL cell lines such as OCILY19, with no detectable level of
BCL6 (Extended Data Fig. 1b), showed little or no response compared
with controls. The level of expression of BCOR, NCOR and SMRT var-
ied among the cell lines and could also contribute to the variation in
sensitivity?”. Among the cell lines tested, there was no evidence that
killing required TP53, nor was there evidence of repression of killing
by endogenous BCL2 levels (Extended Data Fig. 1b,c). To examine the



potency of TCIP1among diverse cancer types, we carried out an unbi-
ased screen of the effect of TCIP1 on the viability of 906 cancer cell
lines (PRISM*°) originating from various lineages. The most sensitive
cancer cells were those that both originated from haematopoieticand/
or lymphoid tissues and had high BCL6 levels (Extended Data Fig. 1d).

To test whether TCIP1 derepresses BCL6-regulated gene expres-
sion using endogenous levels of BCL6 and BRD4, we designed a BCL6
reporter from known BCL6-binding sites at promoters of cell death
genes such as TP53 and CASP8, based on BCL6 chromatin immuno-
precipitation followed by sequencing (ChIP-seq) datain DLBCL cells,
including the flanking 10 bp to capture any co-binding of endog-
enous transcription factors (Fig. 1e). Addition of TCIP1 revealed
dose-dependent activation at 8 h, with an EC;, of 5 nM, similar to the
EC,, of cell viability in these cells (Fig. 1d). Reporter activation also
featured a characteristic ‘hook effect’, reflecting competition among
bivalent molecules for limited endogenous proteins, and the controls
Negland Neg2 did not activate the reporter. We also noted that TCIP1
was 200-10,000-fold more potentinkilling DLBCL cells than was degra-
dation of BRD4 by dBET1 (ref. 31) and/or degradation of BCL6 by BI3802
(ref. 32) (Fig.1f), indicating that simple sequestration of these proteins
is not the primary contributor to the potency of TCIP1.

Cellkilling requires a ternary complex

The1,000-foldincreasein potency of TCIP1over BRD4 or BCL6 degra-
dationsuggested the formation of a gain-of-function ternary complex
between BRD4, BCL6 and TCIP1. We carried out chemical rescue experi-
ments in which we titrated increasing concentrations of either JQ1 or
BI3812 to multiple DLBCL cell lines, against constant concentrations of
TCIP1thatkill 50-95% of cells within 72 h.JQ1 or BI3812 prevented death
by TCIP1, indicating that both the BRD4-binding and the BCL6-binding
side of TCIP1are essential for effective killing (Fig. 2a,b). Examination
of other DLBCL lines indicated that death of cell lines with little or no
BCL6 could not be rescued (Extended Data Fig. 2a-c), and that in cell
lines withlow levels of BCL6, the potency of TCIP1was comparable with
Neg2, suggesting that the effects of TCIP1in lines without BCL6 are due
to simple BRD4 inhibition (Extended Data Fig. 2d,e).

To quantify the direct interaction between TCIP1, BRD4 and BCL6,
we developed a time-resolved fluorescence resonance energy transfer
(TR-FRET) assay based on the proximity of the BTB domain of BCL6
labelled with fluorescein isothiocyanate (FITC) to bromodomain 1
(BD1) of BRD4 detected with an anti-histidine tag, terbium-conjugated
antibody (Fig. 2c). Formation of a ternary complex in vitro, related to
TR-FRET peak height and area under the curve®, was detected using
TCIP1as well as multiple TCIP molecules shown in Fig. 2e.

Onereason for the broad hook effect observedinthe TR-FRET assay
for TCIP1and other potent TCIPs (Fig. 2c,e and Extended Data Fig. 3a)
isthe formation of cooperative protein-proteininteractionsinduced
by the drug, such as a molecular glue®***. To examine this in detail, we
carried out isothermal calorimetry binary and ternary titrations of
TCIP1, BRD4(BD1) and BCL6(BTB). Both binary interactions of BCL6—
TCIP1and BRD4-TCIP1 were weak (K, of BRD4-TCIP1=5.08 uM; K; of
BCL6-TCIP1>1mM; Extended Data Fig. 3b), but the ternary complex
affinity was K; of BRD4-TCIP1-BCL6 = 340 + 108 nM (mean + s.d.,n=3)
(Fig. 2d, left). Using an orthogonal method, biolayer interferometry,
we obtained a similar affinity of K; of BRD4-TCIP1-BCL6 =293 + 132 nM
(Fig.2d, right) and confirmed the weak interactionbetween TCIP1and
BCL6(BTB). We verified the published affinities of JQ1 to BRD4(BD1)
and BI3812 to BCL6(BTB), and also that the protein domains do not
interact on their own (Extended Data Fig. 3b). Biolayer interferom-
etry measurements also revealed that the ternary complex has a slow
off-rate of 26 ms™ with a half-life of 30 s (Extended Data Fig. 3c-e).
Together, the data indicate that TCIP1induces a stable, cooperative
protein—protein interaction between bromodomain 1 of BRD4 and
the BTB domain of BCL6.

TCIP1was the most potent in cell killing among a small library of
related TCIPs using different linkers (Fig. 2e). To better understand the
relationship between the molecular structure and cellular activity of
TCIP, we analysed therelationship between BCL6 reporter transactiva-
tionin DLBCL cells and favourable ternary complex formationin vitro
and inside the cell (Fig. 2f,g). The most potent TCIPs at cell killing and
activating the BCL6 reporter also had high affinities of in vitro and
intracellular ternary complex formation (Fig. 2f,g and Extended Data
Fig. 3f). The data are consistent with the requirement of an intracel-
lular ternary complex of BRD4, TCIP1 and BCL6 for the activation of
cell death.

Apoptosis throughout the cell cycle

To characterize the cell death observed with TCIP1, we quantified
cells that have externalized phosphatidylserine by staining with
annexin V. We observed a dose-dependent increase in the number
of annexin-positive cells, at 10 nM TCIP1, at 24 h (Extended Data
Fig. 4a). TCIP1 induced detectable apoptosis by 4-8 h (Extended
DataFig. 4b).

Cancers can evade cell killing by many chemotherapeutics that func-
tion only during a specific stage of the cell cycle. To investigate the
cell-cycledependence of the apoptosis caused by TCIP1, we performed
cell-cycle analysis in concert with TUNEL staining, which measures
DNA fragmentation (Extended Data Fig. 4c). The cell-cycle analysis
revealed that TCIPlinduced both a G1/S and G2/M block in the cell
cycle (Extended Data Figs. 4d and 5a). By examining DNA cleavage
with the TUNEL assay, we found that cell death occurred during all
phases of the cell cycle (Extended Data Figs. 4e and 5a). To further
examine the mechanism of cell death by TCIP1, we used serum star-
vation to arrest the cell cycle in GO/G1. The cells became even more
sensitive to TCIP1, exhibiting an ECs, 0f 250 pM compared with 3.2 nM
without arrest (Extended Data Fig. 4f). This observation indicates
that TCIP1 produces cell death by activating more than a single cell
death pathway.

TCIP1activates pro-apoptotic genes

To define the genes involved in the induction of apoptosis by TCIP1,
we carried out RNA sequencing studies 20 h after adding drugat10 or
100 nM, when the critical genes were likely to be executing their func-
tions. Changesin gene expression were dependent on dose (Extended
DataFig. 6a-c), and at just 10 nM TCIP1, the expression of 1,654 genes
was increased, whereas the expression of 1,347 genes was reduced
(Fig.3a). Genes activated by TCIP1 were enriched for known cell-cycle
arrest and pro-apoptotic targets normally repressed by BCL6, such
as P21 (also known as CDKNI1A), FOXO3 and PMAIPI (also known as
NOXA) (Fig.3a and Extended DataFig. 6b,c,e). Along with the p53 and
apoptosis pathways, TCIP1 also induces the TNF pathway (Extended
Data Fig. 6d). Signalling via NF-kB has been shown to be repressed by
BCL6 (refs. 22,36,37). These changes in mRNA levels were paralleled
by dose-dependent and time-dependent changes in protein expres-
sion in two different DLBCL cell lines, SUDHLS5 and KARPAS422, with
negligible effect of the chemical controls Negl and Neg2 (Fig. 3d-f).
Of particular interest was the observation that FOXO3 is activated by
0.5 nMTCIP1 (Fig. 3e) and within2 hby 10 nM TCIP1 (Fig. 4d). Activation
of FOX03 also displayed a hook effect (Fig. 3e), characteristic of the
direct target of a bivalent molecule. FOXO3is a master pro-apoptotic
gene*®withaBCL6-bindingsite atits promoter®. Although FOXO3and
P21 arealso knownto be activated downstream of TP53 (ref. 40), which
isitselfaBCL6 target, TP53is biallelically inactivatedin this DLBCL line
(KARPAS422) and other chemotherapy-resistant DLBCL lines killed by
TCIP1. This supports the evidence in Extended Data Fig. 4 that TCIP1
derepresses multiple cell-cycle arrest and death pathways that are
normally repressed by BCL6.
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Fig. 2| TCIP1functions by inducing ternary complex formation.

a, Competitive titration of BI3812 against TCIP1. TCIP1was added at concentrations
from2to 64 nM thatkilled 90% of SUDHL5 DLBCL cells at the same time as
addition of theindicated concentrations of BI3812.n =3 biological replicates,
mean +s.d., 72 hof drug treatment. b, Competitive titration ofJQl against
TCIP1.n=3biological replicates, mean +s.d, 72 h of drug treatment. ¢, TR-FRET
assay to measure molecule-dependent ternary complex formation between
BRD4(BD1) and BCL6(BTB). Plotted are arepresentative set of TCIPs that were
the most potent (in cell viability assays) within each category of linker structure.
TCIP1hadthe highest potency of all designed molecules. Each point represents
anindependentreplicate, whichisthe mean of three technical repeats; the
mean valuelineis drawn. d, Analysis of cooperative bindinginduced by TCIP1
and the BRD4(BD1) and BCL6(BTB) domains. A representative ternary complex
K,;measurement by isothermal calorimetry is shown. For binary measurements,

TCIP1represses MYC and its targets

Among the group of genes whose expression was most reduced were
MYCandits targets (Fig. 3b and Extended Data Fig. 6¢). This isimpor-
tant as many DLBCLs are considered to be dependent on MYC**2, We
examined the top 100 most TCIP1-reduced genes using over 4,500
ChIP-seq datasets of human transcription factors in blood cancer
cell lines®, and found the promoters of TCIPI-inhibited genes highly
enriched for MYC binding in multiple datasets (Fig. 3c). Examination of
MYC proteinlevels upon the addition of TCIP1showed that MYClevels
werereduced starting atless than1nM TCIP1and within 2 h of addition
of the drug (Fig. 3d,e). The chemical controls Negl and Neg2 did not
affect MYC levels at comparable concentrations (Fig. 3f). BET/BRD4
inhibitors such as JQl are known to reduce the expression of MYC?,
but at much higher levels of drug (500 nM) than TCIP1. We therefore
hypothesized that repression of MYCis again-of-function consequence
of the ternary complex formed by TCIP1.
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—log,o(nanoBRET ECy) (M)

see Extended DataFig.3b.n=3independentreplicates, mean +s.d. Isothermal
calorimetry parameters shown are 20:1BRD4(BD1):TCIP1lin the cell and titration
of BCL6(BTB). For biolayer interferometry, measurements were with 50 pM
excess BRD4(BD1) in the well, nanomolar titrations of TCIP1and biotinylated
BCL6(BTB) onthetip.n=3independentreplicates. The pointsand error bars
aremean ts.e. The K valueis mean + s.d. AH, enthalpy; AS, entropy; k,,,, on-rate
of binding; k., off-rate of binding. e, Multiple BRD4-BCL6 TCIPs synthesized
with differentlinkers to test the structure-activity relationship. f, Effect of
favourableinvitroternary complex formation (represented by TR-FRET area
under the curve) on the transcriptional activation of the BCL6 reporterin
DLBCL cells. g, Effect of favourable intracellular ternary complex formation
(represented by nanoBRET EC,,) on the transcriptional activation of the BCL6
reporterin DLBCL cells.

To clarify the role of ternary complex formation for the repression
of MYC as well as other gene expression and protein level changes
observed, we blocked binding of TCIP1 to BCL6 by titrating the
BCL6(BTB) inhibitor BI3812 against a constant concentration of 10 nM
TCIP1(Fig.3g). Titration of BI3812 prevented downregulation of MYC,
aswellasreversed upregulation of p21and FOXO3 (Fig. 3g). The results
indicate that both activation of pro-apoptotic targets and repression
of MYC are mediated by the formation of a ternary complex between
BRD4, TCIP1and BCL6, and supportthe evidencein Fig. 2 that the active
biological entity is the ternary complex.

Identification of direct targets of TCIP1

The addition of 10 nM TCIP1 to KARPAS422 cells for 1,2 and 4 h and
subsequent measurement of RNA identified a selective set of approxi-
mately 140 genes induced by TCIP], including well-characterized
BCL6-repressed targets such as the apoptotic regulators BCL2L 11 (also
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Fig.3| TCIP1represses MYCand its targets while activating pro-apoptotic
genes. a, Gene activation (median change: fourfold up) and repression after
addition of 10 nM TCIP1in KARPAS422 cells for 20 h, with well-known BCL6
targetslabelled. Significance cut-offs were P,gjusca < 0.05 and [log,(drug/
DMSO0)| 21); n=2biological replicates. b, Downregulated genes are significantly
enriched for MYC targets (MSigDB hallmark pathways). ¢, Analysis of transcription
factor binding of the top 100 downregulated genesin 4,500 or more public
ChlIP-seqdatasetsinblood-lineage cells. For b,c, the adjusted Pvalues were
computed by two-sided Fisher’s exact test and adjusted for multiple comparisons
by Benjamini-Hochberg. d, Kinetics of protein changesinMYC, p21and FOX03
inDLBCL celllines after treatment with 10 nM TCIP1. e, Dose-dependent changes

known as BIM)**, PMAIP1, FOXO3 and BCL6. These probably represent
direct transcriptional targets of TCIP1 (Fig. 4a). Almost all differen-
tial genes were increasingly activated at 1,2 and 4 h, compared with
negligible effects of the control molecules Negl and Neg2 (Fig. 4b).
BCL6-repressed pathways such as TNF signalling and p53 pathways
began to be upregulated at 1and 2 h, and MYCtargets only began to be
repressed at4 h (Extended DataFig.7c), consistent withreductionof MYC
proteinlevels after 2 h (Fig.3d). Although several genes showed reduced
expressionin TCIP1-treated cells at the earlyland 2 htimepoints, incon-
trast to the upregulated genes, they were not statistically significantly
enriched for any particular biological pathway (Extended Data Fig. 7c)
and could represent general stress from the onset of DNA fragmentation.
Analysis of BCL6 occupancy at promoters of upregulated genes, using
published BCL6 ChIP-seqinthe DLBCL line OCILY1(ref. 39), showed that
53%,57% and 55%, respectively, of upregulated genes at1,2and 4 h had
high-confidence BCL6 peaks within1kb of their transcription start site
(see Methods). Further analysis using over 4,500 ChIP-seq datasets of
various human transcription factorsinblood cancer cell lines* revealed
that the promoters of TCIP1-activated genes were statistically signifi-
cantly enriched for BCL6 binding in multiple datasets (Fig. 4c). These
studies indicate that TCIP1specifically activates BCL6 target genes.
ChIP-seq studies of BRD4 after 1 h of drug addition revealed that
TCIP1produced a consistent, modest approximately 1.5-fold increasein
BRD4 recruitment to BCL6 sites over the genome (Fig. 4d). This obser-
vation could indicate that TCIP1 needs to recruit only small amounts
of BRD4 to produce the robust activation of BCL6 targets observed,

inproteinlevels of target genes selected from the RNA sequencingresultsin
two separate DLBCL cell lines, KARPAS422 and SUDHLS. f, Negligible effect of
the negative controls Negland Neg2 on protein levels of TCIP1targets. For
d-f,blots arerepresentative of two biological replicates, except KARPAS422
indandinewheredatarepresent threebiological replicates. g, Rescue of p21
and FOXO3 upregulation and MYC downregulation by competitive titration
ofthe BTB binder BI3812 against constant 10 nM TCIP1 treatment for 8 h.
Representative of two biological replicates. Inall blots ind-g, any markers
immunoblotted for the same gel are followed immediately by the loading
control GAPDH run on that same gel.

and/or that the two other BET proteins expressed in these cells, BRD2
and BRD3, also mediate its effects. BRD4 and other BET proteins have
previously beenimplicated largely in transcriptional elongation, par-
ticularly in mediating activation of RNA polymerase Il (Pol II) elongation
activity by phosphorylation of serine 2 of its C-terminal domain (CTD)
(Poll1Ser2 phos)*®. The other major CTD modification of Pol Il is serine
Sphosphorylation (Pol I Ser5 phos), which marks paused polymerase
ready toinitiate transcription*®. These serines are actively phosphoryl-
ated and dephosphorylated during the cycle of transcription. To closely
examine the consequences of the addition of TCIP1 on transcription,
we carried out short timepoint ChIP-seq experiments with antibodies
specific to these CTD modifications as well as acetylation of lysine 27
on histone H3 (H3K27ac), a mark associated with active enhancers*
and promoters*® (Extended Data Fig. 8a).

We found that just 15 min of drug addition increased Pol Il Ser2 phos,
furtherincreasingoverl,2and4 h, reflectingimmediate transcriptional
elongation, at well-characterized BCL6 target pro-apoptotic genesinclud-
ing PMAIP1, FOXO3, BCL2L11 and BCLé6 itself (Fig. 4e,g,h and Extended
DataFig.8b). Accompanying thisimmediate elongation effect was aloss of
PolllSer5 phos, which couldreflect aredistribution effect and/or aswitch
from pausing to productive elongation (Fig. 4e, middle row). Effects at
downregulated genes were similar to those at unchanged genes and prob-
ablyreflectbackground or astress response. We further ascertained that
BRD4 levelsincrease at the promoters of upregulated genes selectively,
approximately 150% after just 1 h of TCIP1 addition (Fig. 4f, top row),
consistentwithitsincrease at BCL6-binding sites genome wide (Fig. 4d).

Nature | Vol 620 | 10 August 2023 | 421



Article

a b Gene expression change log, [ d
(10 M drug/DSMO)
-5 0 5
5.0
. .
. MoUp o “BCLE — TCIP1
of; \ < — DMSO
B :(Foxos) /KLF2) cg 4.5
5 21 . e Cc 15 [ociLy7) @
3 o 1" PMAIPY 554 [ J 2
= ISP5)* e 5
g BCL2L1T) geis) 8 g 3 B g 40
= S< = ‘. )
% 23 2® 10 (ociLy1 K a5
= 01 ] = [subHLe A — 5 3
s 33 g oo |2 Beel [msatt)
5 £ Al differential genes 2 B oelishe s\ OCIY1 ] 8 30
= e in Neg1 and Neg2: r +—{CD4" Tcelis][ ociLy1 3
< £ 2 ociLy1 At Teels ] [
=3 59 B Upregulated: 13 5 - v B cells’ [a]
L oy g° M Downregulated: 33 (D4 T cells Ie\ls .ICE ooyt ] & 25
< JURLMK1 |
213D 12 4 1 2 4 1 2 4h 0 .
own
. . . T 10 nM: TCIP1 Neg1 Neg2 -2 0 2 20
0 2 4 6 log,(Peaks in upregulated genes/ -2.0 BCL6-binding site 2.0 kb
log, y(normalized transcript counts) random set of peaks)
e Density at differential genes (2 h, 10 nM TCIP1) g PMAIP1 h BCL6 i
_ Upregulated Downregulated Unchanged HaK27ac 4 h Pol Il Ser2 phos 4 h BCL6S M\/I\/-J?/I\/I
B 15 <
§ 53 217 :| . 0] s cnssinnnn b, BCL6L
as 2 0 Pol Il Ser2 phos 2 h Exon7
B § 171 H3K27ac 2 h 15 BCL6S, 650 amino acids [(IEEN _——— WNEN]
8 E 4 A 0] a 0 :l BCL6L, 706 amino acids
S £ j
€59 H3K27ac 1 h 15 Pol Il Ser2 phos 1 h i
S e 21.71 :| a 0 Ja s
- [¢) Pol Il Ser2 phos 15 min
@ H3K27ac 15 min T
2 oh 15 <z
§ cg)e— 1 ! —— 15 min 21'7;]4__— 0 ?’%
[s] — 1h o]
© 3 4 4 4 —_oh H3K27ac 0 h 15 Pol Il Ser2 phos 0 h %u
Ay, —4h 21717 ] s g
=5 21 1 1 : 0 65 0.
S E | L 0 BRD41h oE BOL6S:
& § o4 et e Pol Il Ser2 phos 4 h 25 g5 0.6 I Boes:
= O S ©O© O W© L o 825 A -d b, sl £ 04
PN NN LooP& NN 0:| l . 0 1 02 P =0.006
T gy I . on Pol Il Ser2 phos 2 h g5 BRD40N o — —
5 8.25 MMMM 8 20
] é 6 1 R 1\1"’“” D] Y VS 0 :l T Time for 10 nM TCIP1 treatment
—_— -binding site
S8 4 ] i — 2h Pol Il Ser2 phos 1 h and BCL6 intronic SE in KARPAS422 cells ()
55 — n 8.25 NM_001706.5 (BCL6)
T g2 4 4 0:] Aa W<t <K< NM_001134738.1 (BCL6)
) A<k .
S B R PollSer2prs t5mi oo 6P AGTT 0235
e &E o OO (& Col o, & GoN® 825 romosome 3: =
EEN NN INESEAEN NZS 0]
k TCIP1,20h
f Pol Il Ser2 phos 0 h
Upregulated Downregulated 8.25 o 'DLDMSO 02 05 10 20 38 7.8 158313 625125 250nM
7 30 — TCIP1 0 91 80- P — T - L al sk ko)
-
S 2 —— DMSO Pol Il Ser5 phos 4 h g : : — " 1BCLeS
3 Vi )\ g S\ \g \pn \p) s\ ) G APDH
*35 20 =
fal-] 0
815 Pol Il Ser5 phos 2 h 2 a0, BOL6L
5 1 32.83] w0 | 80- — e -.—~‘—.'-—r<BCLGS
5 I
2 s 0 5 Ny (i s S \ g — \ gt \ gt \ gy \ g\~ GAPDH
Q;p /\‘b% Q’\p Q,‘i-o &c_)"o Q;‘_o 2283 Pol Il Ser5 phos 1 h AR
y: 7
Enhancers Super-enhancers 0:| - 1 10 nM TCIP1 + 100 nM CDK9i 10 nM TCIP1
Z 74 Pol Il Ser5 phos 15 mil
g — Eﬂgé 32'33] ol Il Ser5 phos 15 min kDa 0 1 2 4 8 20 1 2 4 8 20h
3 64— \ N I BCL6L
< S 0 3| 8o- —_— L g ——
28 54 Pol Il Ser5 phos 0 h 2 —IBCL6S
m 3 32.83
g 4 ] g Wy e (s ey o Ve y—gm— G/\PDH
5 0 30- w—
£ 37 BRD4 1 h
T ) } . 10044 Constant 10 nM TCIP1 + BCLS inhibitor (BI3812), 8 h
-3 kb Centre 3kb -3kb Centre 3 kb 0:| ‘ m I 1
« kDa DMSO 0 15 46 14 41nMO0.12 037 11 33 10uMBI3812
BRD4 0 h g _JBCL6L
100.14 & | 80- —— — —— P T e ot Gy ey e
o a g ~— BCL6S
PMAIP1 #—>— IR g 30 T ————— - S S e (\[ D}

Chromosome 18: 59897565-59909611

Fig.4 |Rapid activation of BCL6 target genes by recruitment of BRD4.

a, Gene expression changes after 10 nM TCIP1for 2 hin KARPAS422, with well-
known BCL6 targetslabelled. Pvalues were computed by atwo-sided Wald test
and adjusted for multiple comparisons by Benjamini-Hochberg. Differential
gene cut-offs: Pyg,5eq < 0.05 and [log,(drug/DMSO)| = 0.5; n = 3 biological
replicates. b, Changesingene expression after1,2and 4 hof 10 nM TCIP1
compared with Negland Neg2. ¢, Enrichment analysis of transcription factor
bindingin promoters of genes upregulated at 2 h after TCIP1treatmentin more
than4,500 public ChIP-seqdatasetsinblood-lineage cells. Pvalues were computed
by atwo-sided Fisher’s exact test and adjusted for multiple comparisons by
Benjamini-Hochberg.d, BRD4 density in KARPAS422 cells at BCL6 summits
after1hof100 nM TCIP1. e, Time-dependent density of Pol Il Ser2 phos, Pol I
Ser5 phos and H3K27ac along gene bodies that are +3 kb after 10 nM TCIP1, at
differential genesidentified by 2 hof RNA sequencingina. TES, transcription
endsite; TSS, transcriptionstartsite. f, BRD4 density at differential genes, asin
e, and enhancers and super-enhancers identified by H3K27ac (Methods).
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Metaprofiles and shadingin e represent mean =+ s.e. from spike-in-normalized
and input-normalized ChIP-seqdata,andinfrepresent mean +s.e.from
sequence-depth-normalized and input-normalized ChIP-seqdata. g, ChIP-seq
tracks at PMAIPI after addition of 10 nM TCIP1. h, Tracks at the BCL6 locus, with
alternative transcripts shown. SE, super-enhancer. Pol 1l Ser2 phos, Pol I Ser5
phosand H3K27ac tracksing,hare spike-in-and input-normalized, and BRD4
tracksare sequence-depth-andinput-normalized. i, Structures of BCL6
isoforms. ZF, zinc finger. j, mRNA of long and short isoforms of BCL6 (BCL6L
and BCL6S, respectively), measured by quantitative PCR with reverse
transcription by primers specific to isoform-unique exon-exon junctions
(shownbyarrowheadsini).n=3biological replicates, mean +s.d. Pvalues
were calculated by atwo-tailed, unpaired Student’s t-test. k, Induction of the
BCLé6L isoformby1nMorless TCIP1.1, Simultaneous treatment of 10 nM of
TCIP1and100 nM of the CDK9 inhibitor (CDK9i) NVP2 to block elongation.

m, Competitive titration of BI3812 against 10 nM TCIP1. The blotsink-mare
representative of two biological replicates.
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Fig. 5| Toxicity of TCIP1in mice and primary human cellsand
generalization to ER-positive cancers. a, Tissue-specific transcriptomic
effects of TCIP1, treated at 10 mg kg intraperitoneal (i.p.) once daily for 5 days.
b, Quantification of transcriptome changesin theliver, lung and spleen and
associated accumulated tissue concentrations of TCIP1. Treatment at

10 mg kg™ TCIP1lintraperitoneal once daily, with measurementonday5.n=3
mice per treatment. ¢, Pharmacokinetic parameters of TCIP1. ¢,),, half-life; ¢ ...,
time to max serum concentration; C,,,,, maximum serum concentration;
AUC, ., areaunder the curve from dosing to last measured concentration.

d, Comparison of key gene targets upregulated by TCIP1in both cultured
DLBCL cells (KARPAS422) andinthe spleen. e, Body weight of treated mice.
No adverse effects or behavioural abnormalities were noticed. f, Haematoxylin
and eosinstaining of the lung and spleen from representative mice treated with
vehicleand drug.Scalebars, 50 pm (lungimages) and 100 um (spleen images).

We used our H3K27ac ChIP-seq data to examine the consequences
atregulatoryregions suchasactive enhancers where thereisa20 times
higher cumulative load of BRD4 than at other regions of the genome***°.
BRD4 occupancy decreased at enhancers approximately 10%1 h after
addition of TCIP1 (Fig. 4f, bottom row; example genome track of the
OCA-B super-enhancer is shown in Extended Data Fig. 8e). In addi-
tion, there were negligible changesin H3K27ac either at promoters of
differential genes (Fig. 4e) or genome wide; after 2 h, only 126 peaks
increased, whereas 70 peaks decreased (|log,(TCIP1/DMSO)| = 0.5,
Pgjustea < 0.05) out of 51,678 total consensus peaks reconstructed
(Extended Data Fig. 8c). This is consistent with the genetic studies of
Melnick and colleagues, which point to acompetition model between
BCL6 and other transcription factors underlying repression®. Our
data support amodel in which TCIP1 borrows a fraction of the total
BRD4, recruits it to BCL6-binding sites and BCL6-regulated genes,
and rapidly activates transcriptional elongation and the expression
of these target genes.

Rewiring the BCL6 autoinhibitory circuit

BCL6 expressionis subject to negative autoregulation that originates
from BCL6-binding sites in the first intron of the BCL6 gene, which

n=3miceeachfortreatmentand vehicle fora-f.g, Effect of TCIP1on cell
viability of primary human tonsillar lymphocytes. h, Effect of TCIP1on cell
viability of primary human fibroblasts. i, ER-BCL6 TCIP2 designed toinduce
celldeathin oestrogen-positive, BCL6-overexpressing DLBCLs. j, Chemical
structure of TCIP2.k, Effect on cell viability of TCIP2 compared with controls:
oestrone, BI3812 (aBCL6(BTB) inhibitor) and BI3802 (aBCL6 degrader) in
KARPAS422 cellswith high ER( (encoded by ESR2) levels. 1, Measurement of
the selective effect on cell viability by TCIP2 in DLBCL cells with coincident
overexpression of ERand BCL6 (KARPAS422) compared with primary human
lymphocytes, atriple-negative breast cancer cellline (HS578T) and ER-driven
but BCL6-low breast cancer cells (HCC1428). CCLE, Cancer Cell Line
Encyclopedia.n=3biological replicates, mean + s.d. for g,h,k,l. Viability
curvesing,h,k lareafter 72 hof drugtreatment.

are often deleted or mutated in DLBCL***?, providing protection
from cell death. The TCIPs that we have designed should convert this
negative-feedback pathway to a positive-feedback pathway, by replac-
ing the epigenetic repression that BCL6 provides®, with transcriptional
activation by BRD4. To determine whether this predictionis correct, we
examined BCL6 mRNA levels after treatment with TCIP1and found that
within 1-2 h of the addition of 10 nM TCIP1, the long isoform of BCL6
isupregulated at the expense of its shortisoform due to transcription
and alternative splicing of exon 7 inthe BCL6 gene (Fig. 4i,j). The BCL6
proteinwassignificantly increased in adose-dependent manner upon
addition of TCIP1, also showing a hook effect, in two different DLBCL cell
lines (Fig. 4k). Simultaneous addition of ananomolar CDK9 inhibitor,
NVP2 (ref. 45), toblock elongation of transcription, prevented upregu-
lation of BCL6 protein levels (Fig. 41). The chemical controls Negland
Neg2 also did not affect BCL6 (Extended Data Fig. 9a). The kinetics of
BCL6induction were similar in two separate DLBCL cell lines (SUDHLS
and KARPAS422) (Extended Data Fig. 9¢); in addition, BRD4 protein
levels did not change substantially (Extended Data Fig. 9b).

Because the primary transcript of BCL6 is 24 kb and Pol Il moves at
2-3 kb per minute, we hypothesized that transcription of BCL6 must
start almostimmediately after addition of TCIP1. Indeed, in our ChIP-
seqdata, we observed that elongation of polymerase starts to increase
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atexon-intronjunctionsatjust15 min,and continues to spread through
thegenebodyat1,2and 4 h after addition of 10 nM TCIP1 (Fig. 4h). BRD4
density increases modestly by 1 hat the knownintronic BCL6-binding
site. Finally, asin Fig.3g, to clarify therole of ternary complex formation
forthe BCL6 upregulation observed, we titrated the BCL6(BTB) inhibi-
tor BI3812 against a constant concentration of 10 nM TCIP1and found
that we could reverse the upregulation of BCL6 (Fig. 4m). Our data
indicatethat BCL6isitselfadirect target of TCIP1and TCIP1 canrewire
its repressive negative-feedback pathway into a positive-feedback
pathway, amplifying the potency of the molecule inkilling cancer cells
(modelin Extended Data Fig. 9d).

Cell-type-specific activity of TCIP1

BCL6-knockout mice die of a complex inflammatory reaction that
has been dissected to specific regions of the protein®. Because TCIP1
requires engagement of both BCL6 and BRD4, and also operates at
a concentration that would occupy only a fraction of the total BCL6
molecules (unlike adegrader or inhibitor), we were curious about the
potential toxicity of TCIP1. We evaluated the tolerability, pharmacoki-
netic properties and target engagement of TCIP1in wild-type C57BL/6
mice treated for 5 days with 10 mg kg™ TCIP1 once daily by intraperito-
nealinjection. TCIP1induced dramatic transcriptomic changesin the
spleen despite comparable tissue concentrations of drug (Fig. 5a,b).
Serum concentrations were approximately 100-400-fold higher than
expected therapeutic doses (Fig. 5c). Notable genes upregulated in
DLBCL cells, such as FOXO3, were also upregulated in the spleen as
well as other known BCL6 targets in lymphocytes (Fig. 5d and Sup-
plementary Table 1). Despite the large transcriptomic changes in the
spleen, TCIP1 was well tolerated with no adverse effects noticed and
no significant changes in mouse body weight (Fig. 5e). Haematoxylin
and eosin staining and examination (by H.V.) also did not reveal notice-
able abnormalities such as inflammatory infiltrates or apoptotic cells
(Fig.5f). We also observed a200-400-fold lower sensitivity in primary
human fibroblasts (ECs, of approximately 470 nM) and lymphocytes
(EC,, of approximately 210 nM) (Fig. 5g,h). T and B lymphocytes are
particularly germane because they have among the highest levels of
BCL6 (ref. 56). The data support the cellular evidence that TCIP1 acts
in a context-specific manner dependent on coincident expression of
BRD4 and BCL6.

Generality of the TCIP strategy

We explored the generality and predictability of the TCIP approach by
designing and synthesizing a series of molecules predicted to borrow
thetranscriptional activity of the oestrogen hormone receptor protein
toactivate BCL6 target genes and produce cell death (Fig. 5i). We used
the synthetic oestrogen, oestrone for these studies and constructed
TCIP2 (Fig. 5j), which showed strong antiproliferative activity with an
EC;,0f355 nM (Fig. 5k). As predicted, killing was most robust in DLBCL
lines, such as KARPAS422, with higher expression of both ER and BCL6
(Fig. 5k). Several ER-positive human breast cancer cells with low levels
of BCL6 showed enhanced proliferation, indicating that oestrone was
active and that TCIPs are not intrinsically toxic in cells lacking BCL6
(Fig. 51). By contrast, triple-negative breast cancer cell lines with nei-
ther detectable BCL6 nor ER were not affected by the ER-BCL6 TCIP2
(Fig. 5I). These studies suggest that other transcriptional activators
could be predictably hijacked or rewired to facilitate transcription of
pro-apoptotic genes in DLBCL cells.

Discussion

Existing approachesto targeted cancer chemotherapy rely oninhibiting
or degrading a protein or preventing its synthesis by RNAi or CRISPR
(or CRISPRi). These approaches require complete or near complete
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removal of the driver function, often resulting in mechanism-based
toxicity when the cancer driver is an essential protein. However, by
making use of the intrinsic driving pathways of the cancer cell and
rewiring them to activate pathways of cell death, we have introduced
anapproachto cancer chemotherapy thatis analogous toa dominant,
gain-of-function mutation in genetics. TCIPs produce their effect by
activating cell deathsignalling and rewiring only a fraction of the cancer
driver molecules per cell to drive the phenotype. This assertion is sup-
ported by the fact that 10 nM TCIP1 produces only an approximately
1.5-fold increase in BRD4 at BCL6 sites over the genome and less than
10% loss at enhancers (Fig. 4d,f), despite robust gene activation and
cell killing. A gain-of-function mechanism would also explain the far
more robust cell killing seen with substantially lower concentrations
of TCIP1 than the weaker antiproliferative effects of conventional
small-moleculeinhibitors or degraders of BCL6 (refs.23,57,58) or BET
proteins?. The wealth of regulators of programmed cell death suggests
many opportunities to use diverse cancer drivers to generalize this
strategy of killing cancer cells by rewiring the cancer driver circuitry.

Past studies have used CIPs of genetically modified transcription fac-
torsor epigeneticregulators to activate or repress signal transduction
or transcription of exogenous or endogenous genes®?'*, Small mole-
culesthat bind to DNA and/or nucleosomes have also been used for this
purpose™*, Although these studies were mechanistically informative
and provided a catalogue of the biologic processes regulated by CIPs",
they had little therapeutic potential because of the need to introduce
genetically modified transcription factors or small molecules with
relatively little genomic specificity. Our experiments developing TCIPs
rely only onendogenous transcription factors and epigenetic modifiers
with theirintrinsic biologic specificity and capture the combinatorial
use of transcriptional regulators. The activation of endogenous genes
by small-molecule TCIPs might have application to many other areas of
biology and medicine. For example, TCIPs could be designed for usein
activating death pathwaysin senescent cells, activating the expression
of therapeutic or haploinsufficient genes, activating the expression of
neoantigens in humanimmunotherapy, or regulating gene expression
in cells or organisms for synthetic biology applications.
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Methods

Cell culture

Lymphoma and leukaemia cells were cultured in RPMI-1640 (American
Type Culture Collection (ATCC) 30-2001) +10% FBS with antibiotics
(100X PenStrep; 15140122, Gibco). Daudi cells were a gift from the labo-
ratory of R. Levy (Stanford University) and originally from the ATCC. Raji
cellswere agift fromthelaboratory of J. Cochran (Stanford University)
and originally from the ATCC. Primary human tonsillar lymphocytes
were a gift from M. M. Davis. Toldeo, K562, Reh and Pfeiffer cell lines
were agift from the laboratory of A. Alizadeh (Stanford University) and
originally fromthe ATCC. KARPAS422 cells were obtained from Sigma
(06101702). DOHH2 and OCILY19 were obtained from the DSMZ. All
other celllines (SUDHLS5, HT, SUDHL10, DB, Jurkat and primary human
fibroblasts) were obtained from the ATCC. Primary human fibroblasts
were culturedin DMEM +10% FBS with antibiotics and used at passages
3-5.Primary human tonsillar lymphocytes were a gift from M. M. Davis.
Cellswereroutinely checked for mycoplasma andimmediately checked
upon suspicion. No cultures tested positive.

Cell viability measurements

Thirty thousand cells were plated in 100 pl media per well of a
96-well plate and treated with drug for indicated times and doses. A
resazurin-based indicator of cell health (PrestoBlue; P50200, Thermo
Fisher) was added for 1.5 h, after which the fluorescence ratio at
560/590 nm was recorded. The background fluorescence was sub-
tracted and the signal was normalized to DMSO-treated cells. ECs,
measurements on cell lines were done with four biological replicates
by separate cell passages maintained by three independent investi-
gators. Fit of dose-response curves to data and statistical analysis
were performed using the drc package in R using the four-parameter
log-logistic function.

PRISM cell proliferation assay

The PRISM cell proliferation assay was carried out as previously
described®. In brief, up to 906 barcoded cell lines in pools of 20-25
were thawed and plated into 384-well plates (1,250 cells per well for
adherent cells, 2,000 cells per well for suspension or mixed suspen-
sion-adherent pools). Cells were treated with an eight-point dose
curvestarting at10 pM with threefold dilutionsin triplicate and incu-
bated for 120 h, then lysed. The barcode for each cell was read out
by mRNA-based Luminex detection as previously described®® and
inputtoastandardized R pipeline (https://github.com/broadinstitute/
prism_data_processing) to generate viability estimates relative to
vehicle treatment and fit dose-response curves. The area under the
dose-response curve (AUC), which is correlated with drug potency,
was used as a metric of drug potency in a cell line, and correlated
with BCL6 transcripts per million as annotated in the Cancer Cell Line
Encyclopedia®.

Chemical synthesis
Additional details are provided in the Supplementary Methods.

Protein expression and purification

The construct for 6xHis-TEV-BRD4(BD1) was described in Filippakopou-
los, Qi etal.?* and was a gift from N. Burgess-Brown (Addgene plasmid
#38943; http://n2t.net/addgene:38943; RRID: Addgene_38943). The
construct for BCL6(BTB)-AviTag, where the AviTag was later bioti-
nylated in vitro using purified BirA, was based on previously designed
BCL6 constructs used for TR-FRET assays, as reported in multiple
papersincludingrefs.23,61and contains amnio acids 5-129 with three
mutations—C8Q, C67R and C84N—that enhance stability but have no
difference on backbone structure with the wild-type version®%. A Trx-
6xHis-HRV3C-BCL6(BTB) construct without the AviTag was produced
similarly forisothermal calorimetry (ITC) studies where the Trx-6xHis

tag was cleaved by addition of HRV3C. Additional details are provided
in the Supplementary Methods.

TR-FRET

Each reaction contained 100 nM BRD4(BD1), 100 nM BCL6(BTB)-
AviTag-Biot, 20 nM Streptavidin-FITC (SA1001, Thermo) and 1:400
anti-6xHis terbium antibody (61HI2TLF, PerkinElmer) in10 pl of buffer
containing 20 mM HEPES, 150 mM Nacl, 0.1% BSA, 0.1% NP-40 and
1mM TCEP in a 384-well plate. Protein was incubated with drug digi-
tally dispensed (Tecan D300e) for1 hinthe dark at room temperature
before excitation at 337 nm and measurement of emission at 520 nm
(FITC) and 490 nm (terbium) with a PHERAstar FS plate reader (BMG
Labtech). The ratio of signal at 520 nm to 490 nm was calculated and
normalized to DMSO-treated conditions and plotted.

ITC

The tag-cleaved versions of BCL6(BTB) and BRD4(BD1) were used
for experiments, in a VP-ITC machine. For binary assays with TCIP1,
400 pM BCL6(BTB) or BRD4(BD1) were titrated from the syringe into
a cell containing 40 pM TCIPL. For the binary protein-protein ITC,
330 pM BCL6(BTB) was titrated into 68 pM BRD4(BD1). For binary
assays with JQ1 or BI3812,100 uM BCL6(BTB) or 350 uM BRD4(BD1)
was titrated from the syringe into a cell containing 5 uM BI3812 or
20 pM QL. For the ternary complex assays, 200 pM BRD4(BD1) was
incubated with10 pM TCIPLin the cell (20-fold excess, to drive satura-
tion of the binary complex), and 100 pM BCL6(BTB) was titrated from
the syringe, at 310 rpm stirring at 25 °C in a buffer containing 10 mM
HEPES (pH 7.5), 200 mM NacCl, 5% glycerol, 1 mM TCEP and matched
DMSO percent (never more than 0.4%) in the syringe and the cell. The
first one or two injections and outliers from instrument noise were
routinely excluded. Data were fit to a one-site model using MicroCal
LLC Origin software.

Biolayer interferometry

The tag-cleaved version of BRD4(BD1) and biotinylated BCL6(BTB)-
AviTag were used for experiments, in a Gator Bio BLI machine. Of
BRD4(BD1), 50 uM was added to each well containing titrations of
TCIP1from5.5nMto 12 pMso that BRD4(BD1) would be in excess and
drive binary BRD4(BD1)-TCIP1 complex formation. Of BCL6(BTB),
100 nM was loaded on the streptavidin tip. Experiments were carried
out at 25 °C. After loading, association was carried out for 300 s, dis-
sociation for 300 s and a baseline for 30 s. A TCIP1-only control was
carried out for each concentration confirming that there was no bind-
ingbetween BCL6(BTB) and TCIP1onits own. ABRD4(BD1)-only con-
trol was tested, similarly confirming that BCL6(BTB) and BRD4(BD1)
do not interact on their own. Data were analysed in GraphPad Prism
with the association curves fit to the model ‘one-phase association’
and the dissociation curves to the model ‘one-phase decay’ to obtain
kinetic parameters. The K;was obtained by fitting a ‘one-site binding’
curve to the span of each association curve versus the concentration
of drug.

Flow cytometry

For annexin V assays, 500,000 cells plated at 1 M ml™ and treated
with drug for indicated timepoints and doses were harvested on
ice and washed twice in 2.5% FBS/PBS. Of 7-AAD, 2.5 pland 2.5 pl of
FITC-annexin V (640922, BioLegend) were added. Cells were incu-
bated for 15 min at room temperature, then immediately measured
on aBD Accuri. Gates were drawn based on single-stain and no-stain
controls. For cell cycle and TUNEL analysis, cells plated at 1M ml™
were treated with drug for indicated timepoints and doses and pulsed
with 10 uM ethynyl-EdU (C10424, Thermo) for 2 h before harvesting
onice. One million cells were counted and washed in 2.5% FBS/PBS.
Cells were resuspended at 10 M ml™ and fixed in 4% paraformalde-
hyde, washed and permeabilized in 0.5% Triton X-100/PBS. Fixed and



permeabilized cells were washed and labelled with BrdUTP using ter-
minal deoxynucleotidyl transferase (556405, BD) for 60 min at 37 °C,
rinsed and thenlabelled with AlexaFluor 647-azide (C10424, Thermo)
for 30 min atroom temperature in the dark. After washes, the sample
wasincubated with2 pl7-AAD and 5 pl RNAseA for 30 min at room tem-
peratureinthe dark, washed and measured on a BD Accuri. Gates were
drawn based on single-stain and no-stain controls and kept constant
across conditions.

BCLé6 reporter assay

KARPAS422 cells were lentivirally transduced with a construct contain-
ing the reporter. After selection, cells were plated and treated with
indicated amount of TCIP1for 8 h. Cells were washed in 2.5% FBS/PBS,
1:250 v/v of 7-AAD was added to distinguish live from dead cells and
harvested for flow cytometry on a BD Accuri. Given the polyclonal
population after transduction, the area under the curve of the histo-
gram representing the FITC signal across all live cells was calculated
as an integrative measure of the total GFP signal. A GFP-positive gate
was drawn off non-transduced cells and the area past the thresh-
old for each sample was calculated and normalized to cells treated
with DMSO.

The BCL6-BRD4 nanoBRET assay

HEK293T cells were transfected with 1 pg of a construct with an
N-terminal fusion of HaloTag to full-length BCL6 and 1 pg of a construct
with an N-terminal fusion of nanoLuc (nano-luciferase) to full-length
BRD4 (N169A, Promega). A 12-point dose-response curve with three
technical replicates for each TCIP was carried out, and corrected BRET
ratios were calculated according to the manufacturer assay protocol
(TM439, Promega). Data were fit using the R package drc using the
four-parameter log-logistic function. EC, values shown in Fig. 2g are
‘left-side’ EC,, as curves displayed the characteristic hook effect of a
bivalent molecule.

RNA extraction, qPCR and sequencing library preparation

Cells were plated at 1 M ml™ and harvested in TRIsure (38033, Bioline).
RNA was extracted using Direct-zol RNA MicroPrep columns (R2062,
Zymo) treated with DNAsel. Complementary DNA (cDNA) was prepared
for quantitative PCR with reverse transcription (RT-qPCR) using the
SensiFAST cDNA preparation kit according to manufacturer instruc-
tions (65054, Bioline). Of cDNA, 1 pl was used per RT-qPCR prepared
with SYBR Lo-ROX (94020, Bioline). For sequencing library prepara-
tion, polyA-containing transcripts were enriched for (E7490S, NEB)
and prepared into paired-end libraries (E7760S, NEB). Libraries were
sequenced on an lllumina NovaSeq (Novogene).

Westernblots

Cells were plated at 1M ml™ and treated with drug at indicated time-
points and doses. Two million cells were harvested onice in RIPA buffer
(50 mM Tris-HCI (pH 8), 150 mM NacCl, 1% NP-40, 0.1% sodium deoxy-
cholicacidsalt (DOC),1%SDS, protease inhibitor cocktail (homemade)
and 1mM DTT) and 1:200 benzonase (E1014, Sigma) was added and
incubated for 20 min. After 10 min of centrifugation at 14,000g at
4°C, the supernatant was collected and protein concentration was
measured by Bradford. The antibodies used for immunoblots were:
BCL6 (D65C10, CellSignaling), BRD4 (ab243862, Abcam), BCL2 (15071,
CellSignaling), p53 (DO-1, Santa Cruz), MYC (D84C12, Cell Signaling),
FOXO03 (75D8, Cell Signaling), p21 (12D1, Cell Signaling) and GAPDH
(6C5, Santa Cruz). All antibodies were used at 1:1,000 v/v dilutions
except GAPDH (1:2,000) and p21 (1:500). ImageStudio (LI-COR) was
used for blot imaging.

RNA sequencing analysis
Raw reads were checked for quality using fastqc (https://www.bioinfor-
matics.babraham.ac.uk/projects/fastqc/) and trimmed from adapters

using cutadapt®® using parameters cutadapt -a AGATCGGAAGAG
CACACGTCTGAACTCCAGTCA -b AGATCGGAAGAGCGTCGTGTAGG
GAAAGAGTGT --nextseq-trim=20 --minimum-length 1. Transcripts
were quantified using kallisto® against the human Gencode v33
indexed transcriptome and annotations. Differential gene analysis
was performed using DESeq2 (ref. 65) using apeglm® to shrink log,
fold changes and pathway and enrichment analyses using Enrichr®’
and ChIP-Atlas*. For analysis of BCL6 binding at +1kb from the tran-
scription start site of differentially regulated genes, BCL6 peaks were
reconstructed from OCILY1 DLBCL cells as deposited in ref. 39, using
macs?2 (ref. 68) callpeak with a score cut-off 100 or more, and overlap
was calculated.

ChIP-seq experiment and library preparation

Thirty million cells were treated with TCIP1 or DMSO for indicated
timepoints. Cells were washed in PBS and crosslinked for 12 minin
CiA Fix buffer (50 mM HEPES (pH 8.0), 1mM EDTA, 0.5 mM EGTA and
100 mM NaCl) with the addition of formaldehyde to afinal concentra-
tion of 1%. The crosslinking reaction was quenched by glycine added
at 0.125 M final concentration. Crosslinked cells were centrifuged at
1,000g for 5 min. Nuclei were prepared by 10 min of incubation of
resuspended pellet in CiA NP-Rinse 1 buffer (50 mM HEPES (pH 8.0),
140 mMNaCl,1 mMEDTA, 10% glycerol, 0.5% IPEGAL CA-630 and 0.25%
Triton X-100) followed by wash in CiA NP-Rinse 2 buffer (10 mM Tris
(pH8.0),1mMEDTA, 0.5 mM EGTA and 200 mM NacCl). The pellet was
resuspended in CiA Covaris Shearing buffer (0.1% SDS, 1 mM EDTA
(pH 8.0) and 10 mM Tris-HCI (pH 8.0)) with 1,000x protease inhibi-
tors (Roche) and sonicated for 20 min with Covaris E220 sonicator
(peak power of 140, duty factor of 5.0 and cycles/burst of 200). The
distribution of fragments was confirmed with agarose gel. Of chro-
matin per ChlIP, 300 pl was used with anti-BRD4 antibodies (E2A7X,
Cell Signaling). Of chromatin, 50 pg was used with anti-Pol Il Ser2
phos (ab5095, Abcam) and anti-Pol Il Ser5 phos (3E8, ActiveMotif)
antibodies. Of chromatin, 25 pg was used with anti-H3K27ac (ab4729,
Abcam). For each Pol Il Ser2 phos, Pol Il Ser5 phos and H3K27ac ChlIP,
exactly 20 ng (for Pol Il Ser2 phos and Pol Il Ser5 phos) or 50 ng (for
H3K27ac) Drosophila chromatin (53083, ActiveMotif) was spiked-in
with 2 pl spike-in chromatin-specific antibody (61686, ActiveMotif).
After overnightincubationat4 °CinIP buffer (50 mM HEPES (pH 7.5),
300 mM NaCl,1 mM EDTA, 1% Triton X-100, 0.1% DOC and 0.1% SDS),
immunoprecipitates were washed twice with IP buffer, once with DOC
buffer (10 mM Tris (pH 8), 0.25 M LiCl, 0.5% IPEGAL CA-630, 0.5% DOC
and1 mMEDTA) and once with10 mM Tris/1 mM EDTA buffer (TE) pH 8.
Immunoprecipitates and inputs were reverse crosslinked in TE/0.5%
SDS/0.5 pg pl™ proteinase K for 55 °C for 3 h, then 65 °C for 18 h, and
then DNA was purified usinga PCR cleanup spin column (74609, Takara).
Thesequencing library preparation was performed using the NEBNext
Ultra Il DNA kit (E7645S). Libraries were sequenced on an Illumina
NovaSeq (Novogene).

ChIP-seq analysis

The data quality was checked using fastqc. The raw reads were
trimmed from adapters with trim_galore (parameters: --paired -
illumina) and raw reads were aligned to the hg38 human genome
assembly and the dmé6 fly genome assembly using bowtie2 (param-
eters:--local --maxins 1000). Low-quality reads, duplicated reads and
reads with multiple alignments were removed using SAMtools®® and
Picard (https://broadinstitute.github.io/picard/). macs2 (ref. 68) was
used to map position of peaks with a false discovery rate cut-off of
0.05. Bedtools™ was used to find a consensus set of peaks by merg-
ing peaks across multiple conditions (bedtools merge), to count
the number of reads in peaks (bedtools intersect -c) and to generate
genome coverage (bedtools genomecov -bga). deepTools” was used
to generate coverage densities across multiple experimental condi-
tions (deeptools computeMatrix and deeptools plotProfile) and to
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generate bigwig files (deeptools bamCoverage), where reads mapping
to ENCODE blacklist regions were excluded’. Normalization was
performed as suggested by the manufacturer protocol (61686 and
53083, ActiveMotif) in which the human genome-mapped unique
reads in each ChIP were downsampled proportional to a normaliza-
tion factor calculated by: (1) counting the unique reads ineach sample
thatalignto the fly genome; (2) identifying the sample containing the
leastamount of mapped fly genome reads; and (3) computing the nor-
malization factor for each sample as (reads mappingto the fly genome
in the sample with minimum mapped fly reads)/(reads mapping to
the fly genome in the current sample). This procedure was carried
out on a per-antigen basis (that is, the H3K27ac ChIPs were treated
separately from the Pol 1l Ser2 phos ChIPs, which were separate from
the Poll 1l Ser5 phos ChiPs). The average percentage of reads in each
sample that mapped to the fly genome was 1.8 + 1.4% (mean = s.d.).
All browser tracks and metaprofiles shown were calculated with
spike-in-normalized and input-subtracted data. The peak differen-
tial analysis and principal component analysis was performed using
DESeq2 (ref. 65). The SRX4609168 public dataset was used to extract
positions of BCL6 summits for Fig. 4d. Enhancers and super-enhancers
used in Fig. 4f and Extended Data Fig. 8d,e were classified using the
ROSE* algorithm by stitching together H3K27ac peaks in untreated
cellswithin12.5 kb but excluding regions within 2 kb of atranscription
start site unless withinalarger H3K27ac domain. Data from Bal et al.”
were used to cross-check our analysis and annotate the BCL6 intronic
hyper-mutated super-enhancer.

Mouse tolerability and pharmacokinetic study

The pharmacokinetic and tolerability study was performed in the
Drug Metabolism and Pharmacokinetics (DMPK) Core facility at
Scripps Florida (https://www.scripps.edu/science-and-medicine/
cores-and-services/dmpk-core/index.html). Mice used were C57BIl/6),
male and 9 weeks old. Sex was not considered in the study design,
no data were randomized and no experimenters were blinded. The
mice were housed inindividually ventilated cages in JAG 75 cages with
micro-isolator lids. HEPA-filtered air was supplied into each cage at a
rate of 60 air exchanges per hour for the mice. The dark-light cycle was
sett020:00 onand 20:00 off. The temperature was set at 72 °F and was
maintained at +2 °F. The humidity was low/Hi of 30-70%. There was a
computerized systemin place to control and or monitor the tempera-
tures withinthe Animal Holding Room. Each animal roomwas equipped
with athermos-hygrometer that was monitored and recorded daily on
the room log. Of TCIP1, 10 mg kg™ was injected intraperitoneally into
C57BL/6 malemice (n=3intreatmentand n = 3in vehicle conditions)
using a 25-29-gauge needle to deliver 10 pl g body weight of a for-
mulation of 1 mg mI™ TCIP1in 5% DMSO, 5% Tween-80, and 90% saline.
Vehicle was the same formulation (5%, 5% and 90% of DMSO, Tween-80
and saline, respectively). The formulation was checked to be a clear
solution and after administration, the animal was put backinits cage.
For pharmacokinetic properties, plasmalevels were measured at 0, 5,
15,30, 60, 120, 240, 360 and 480 min after drug administration. For
tolerability work, body weights and observation of animal health were
recorded each day through 5 days of dosing once daily. After 5 days,
tissues were collected 8 h after the last drug administration and split
into one part for RNA sequencing, homogenized in TRIzol (15596026,
Thermo), another part for histology, snap-frozen, and another part
for measurement of drug levels for which molar concentrations were
recorded with the assumption of 1 g tissue was equal to1 ml. Samples
were processed for analysis by precipitation using acetonitrile and
analysed with liquid chromatography-tandem mass spectrometry.
Pharmacokinetic parameters were calculated using the noncompart-
mental analysis tool of WinNonlin Enterprise software (version 6.3). All
procedures were approved by the Scripps Florida Institutional Animal
Care and Use Committee, and the Scripps Vivariumis fully accredited
by the Association for Assessment and Accreditation of Laboratory

Animal Care International. Formalin-fixed paraffin-embedded
blocks (on snap-frozen tissue) and haematoxylin and eosin stain-
ing were done by the Stanford Histology/Pathology Service Core by
H.V.andP. Chu.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Uncropped blots of western blots and Coomassie gels of recombinant
proteins are availablein Supplementary Fig. 1a,b, respectively. The flow
gating strategy isavailablein Supplementary Fig. 2. Select gene expres-
sion changes in tissue from mice treated with TCIP1 are annotated in
Supplementary Table 1. Source datafor mouse druglevelsin plasmaand
tissue and for body weight changes are provided. Sequencing datahave
been deposited to GSE211282. Source dataare provided with this paper.
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