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INTRODUCTION: Protein kinases are central sig-
naling nodes in cells. They control and amplify
stimuli from the cell membrane to the nucleus,
and they are commonly deregulated in disease.
Many cancers rely on kinase mutation or over-
expression to sustain aberrant proliferation and
survival. Therefore, kinases have been priori-
tized as drug targets for precision therapies,
and extensive drug discovery efforts have given
rise to numerous potent inhibitors of kinase
catalytic activity. Because of the success of
kinase inhibitors in the clinical setting, there
is broad interest in expanding the toolset of
kinase-targeting modalities.

RATIONALE: Cyclin-dependent kinases (CDKSs)
that regulate transcription are promising ther-
apeutic targets in cancer. Pharmacological
perturbation of transcriptional CDKs using
selective small-molecule inhibitors and tar-
geted protein degraders has been investigated.
Such molecules phenocopy genetic loss of
CDK function and confront mechanism-based
toxicity because transcriptional CDKs are es-
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sential for healthy cells. Instead of seeking to
inhibit or degrade CDKs, we developed a
pharmacological strategy that uses chemically
induced proximity to convert transcriptional
kinases into cancer-specific activators of cell
death genes.

RESULTS: We developed bivalent molecules to
focus the activity of transcriptional kinases upon
the B cell lymphoma 6 (BCL6) transcription
factor, the overexpression of which drives dif-
fuse large B cell lymphoma by regulating both
cell death and proliferation. The centerpiece of
our efforts was a library of compounds that link
structurally diverse, ATP-competitive inhibitors
of CDKO, a subunit of the positive transcription
elongation factor b (P-TEFb) complex, with
binders of the BCL6 broad-complex, tramtrack,
and bric-a-brac (BTB) domain. We called these
molecules CDK-transcriptional/epigenetic chem-
ical inducers of proximity (CDK-TCIPs), and
we devised an assay cascade to identify com-
pounds that (i) activate BCL6-regulated tran-
scription, (ii) form ternary complexes with CDK9
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Turning kinase inhibitors into activators of therapeutic genes. The transcription factor BCL6 interacts
with epigenetic co-repressors to regulate cell death and proliferation in lymphoma. We linked small molecules
that bind to BCL6, displacing its co-repressors, to ligands of the transcriptional kinase CDK9. The resulting
bivalent molecules redirected CDK9 and its activity to BCL6-regulated loci, thus activating cell death.
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and BCL6, and (iii) kill BCL6-overexpressing
lymphoma cells. The most potent CDK-TCIPs
killed diffuse large B cell lymphoma cells at
subnanomolar concentrations 100 times more
potently than the combined effect of small
molecules that inhibit CDK9 and BCL6. Ad-
ditionally, these molecules were 200 times less
toxic to normal human lymphocytes than they
were to diffuse large B cell lymphoma cells.

Our proteomic, epigenomic, and transcrip-
tomic studies indicated that CDK-TCIPs relocal-
ized a fraction of cellular CDK9 to BCL6-bound
DNA, overriding the epigenetic silencing that
BCL6 ordinarily enforces. At sites where BCL6
was bound, the molecules caused elongation of
RNA polymerase II and activation of pro-apoptotic,
BCL6-target genes, leading to cell death. The
most potent molecule was specifically cytotoxic
to BCL6-overexpressing lymphoma cells in a
panel of 859 diverse cancer cell lines.

Using our assay cascade, we showed that the
concept of relocalizing kinase activity to modu-
late gene expression extends beyond CDK9 to
other transcriptional kinases. CDK-TCIPs link-
ing inhibitors of CDK12 and CDK13 with ligands
of BCL6, similarly to CDK9-BCL6 molecules,
activated BCL6-regulated transcription and
killed lymphoma cells.

We improved the physical and chemical
properties of CDK-TCIPs and used them to
specifically ablate BCL6-dependent germi-
nal center B cells in a mouse immunization
model. Other B cell populations were spared.
Our molecules represent a starting point for
therapeutic approaches in cancer and auto-
immune conditions.

CONCLUSION: Bivalent molecules linking
CDKO9, CDK12, and CDK13 inhibitors to BCL6
ligands potently and specifically killed BCL6-
overexpressing cells. These molecules func-
tioned by relocalizing CDKs to activate cell death
gene expression ordinarily repressed by BCL6.
Thus, CDK-TCIPs contrast with modalities that
kill cancer cells through targeted inhibition or
degradation of kinases. Our studies suggest
that other potent and selective kinase inhib-
itors may be used to relocalize kinase activity
to induce genes for therapeutic purposes. The
gain-of-function mechanism used by CDK-TCIPs
could prevent therapeutic relapse due to second-
ary cancer drivers or alternative oncogenic
pathways.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: crabtree@stanford.edu
(G.R.C.); nsgrayOl@stanford.edu (N.S.G.);
MGreen5@mdanderson.org (M.R.G.)

tThese authors contributed equally to this work.

Cite this article as R. C. Sarott et al., Science 386, eadl5361
(2024). DOI: 10.1126/science.eadI5361

S READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.adl5361

1of1l

GZ0z ‘9z Alenige4 uo auuesne] 4d3 e 610°80Us 105" MMM//:sdny Wo. ) pepeo jumod


mailto:crabtree@stanford.edu
mailto:nsgray01@stanford.edu
mailto:MGreen5@mdanderson.org
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adl5361&domain=pdf&date_stamp=2024-10-04

RESEARCH

RESEARCH ARTICLE

DRUG DEVELOPMENT

Relocalizing transcriptional kinases

to activate apoptosis

Roman C. Sarott'{, Sai Gourisankar'f, Basel Karim?, Sabin Nettles®, Haopeng Yang®, Brendan G. Dwyer',
Juste M. Simanauskaite®, Jason Tse!, Hind Abuzaid®, Andrey Krokhotin®, Tinghu Zhang?,
Stephen M. Hinshaw?, Michael R. Green**, Gerald R. Crabtree®>*, Nathanael S. Gray*

Kinases are critical regulators of cellular function that are commonly implicated in the mechanisms
underlying disease. Most drugs that target kinases are molecules that inhibit their catalytic activity, but
here we used chemically induced proximity to convert kinase inhibitors into activators of therapeutic
genes. We synthesized bivalent molecules that link ligands of the transcription factor B cell lymphoma
6 (BCL6) to inhibitors of cyclin-dependent kinases (CDKs). These molecules relocalized CDK9 to
BCL6-bound DNA and directed phosphorylation of RNA polymerase Il. The resulting expression of
pro-apoptotic, BCL6-target genes caused killing of diffuse large B cell lymphoma cells and specific
ablation of the BCL6-regulated germinal center response. Genomics and proteomics corroborated a
gain-of-function mechanism in which global kinase activity was not inhibited but rather redirected.
Thus, kinase inhibitors can be used to context-specifically activate transcription.

rotein kinases have pivotal roles in cel-
lular signaling and are among the most
important drug targets (I). Many are
key regulators of transcription, such as
the cyclin-dependent kinases (CDKs)
CDK9, CDK12, and CDK13, which function in
concert with their cyclin-binding partners to
modulate RNA polymerase II (Pol II) activity
in the nucleus. CDK9 and cyclin T1, T2, or K
form the positive transcription elongation fac-
tor b (P-TEFb) complex to enable the release of
paused Pol IT into elongation by phosphoryla-
tion of negative elongation factors and serine
2 (Ser 2) of the Pol II C-terminal domain (2).
Because many cancers require the transcrip-
tion of proto-oncogenes such as MYC (3), po-
tent and specific ATP-competitive inhibitors
have been developed to silence the activity of
CDK9 and other transcriptional kinases to
abolish oncogenic transcription (4, 5).
Approaches using chemically induced proxim-
ity are promising alternatives to small-molecule
inhibitors. Small-molecule chemical inducers of
proximity (CIPs) that induce molecular proxim-
ity between cellular proteins have been used to
recapitulate diverse biological processes in living
cells and organisms, including posttranslational
modification, signal transduction, and transcrip-
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tion (6). Among the advantageous features of
CIPs is their ability to cause a cellular event with
substochiometric binding of proteins. CIP induc-
tion of protein-protein proximity can also be
catalytic for a cellular process of interest such
as targeted protein degradation (7). Indeed,
bivalent small molecules called proteolysis-
targeting chimeras (PROTACSs), which target
proteins for degradation by the ubiquitin-
proteasome system, rely on chemically induced
proximity and have enabled the removal of
disease-relevant proteins in the clinical set-
ting, including kinases (8, 9). Although mech-
anistically distinct, both inhibitors and protein
degraders phenocopy genetic loss-of-protein
function.

We tested whether chemically induced prox-
imity could be used to turn kinase inhibitors
into activators of epigenetically silenced tran-
scriptional states. To do so, we focused on the
transcription of genes silenced by zinc-finger
transcription factor BCL6 (B cell lymphoma 6),
which is deregulated and overexpressed in 40
to 60% of cases of human diffuse large B-cell
lymphoma (DLBCL), driving the progression of
this cancer (10, 1I). During germinal center
(GC) B cell development, BCL6 ordinarily si-
lences the transcription of tumor suppressor
and programmed cell death (apoptotic) genes,
including PMAIPI (phorbol-12-myristate-13-
acetate-induced protein 1) or NOXA (Latin
for “damage”), TP53 (tumor protein p53), and
CDKNIB (cyclin-dependent kinase inhibitor
1B) or p27 (12). Target gene silencing is medi-
ated by epigenetic co-repressors such as BCOR
(BCL6 co-repressor), NCOR1 (nuclear receptor
co-repressor 1), and SMRT (silencing mediator
for retinoid and thyroid hormone receptors),
which bind to the BCL6 N-terminal BTB (broad-
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complex, tramtrack, and bric-a-brac) domain
(BCL6"™™®) (13, 14). BCL6 acts as an oncogene
in DLBCL by suppressing the DNA damage
response and cell death pathways. It is de-
regulated directly by chromosomal transloca-
tions and mutations in regulatory regions (11)
or indirectly by inactivating mutations of an-
tagonistic factors (75). Multiple high-affinity
inhibitors of BCL6®™ and BCL6 degraders
have been developed but exhibit only small
effects on tumor antiproliferation (16-18). We
and others have previously reported strategies
to directly activate gene expression or epige-
netic memory by CIP-mediated recruitment of
transcriptional activators (19-22).

A genome-wide screen for proteins that in-
duce transcription through CIPs detected several
kinases ordinarily involved in transcriptional
elongation (23). Many clinical-stage, small-
molecule binders of kinases are available,
so we explored whether recruitment of tran-
scription elongation complexes through their
kinase subunits to DNA sequences bound
by BCL6 might activate BCL6-repressed cell
death. We devised a general CIP-based strat-
egy (Fig. 1A) to recruit endogenous CDK9 and
other elongation factor kinases to induce the
transcription of BCL6-regulated death genes in
lymphoma cells. ATP-competitive kinase inhib-
itors were converted to nanomolar activators
of transcription when linked to ligands of
BCL6"™. Such molecules, called CDK-TCIPs
(CDK-transcriptional/epigenetic chemical indu-
cers of proximity), operated by rapid relocaliza-
tion of a fraction of CDK9, formation of ternary
complexes at BCL6-bound loci, induction of
Pol II Ser 2 phosphorylation (Pol II Ser 2 phos),
and transcription of pro-apoptotic, BCL6-target
genes. The cell-killing effect was specific to
BCL6-driven cells in both malignant and nor-
mal immunological settings. We also illus-
trate a sequential array of targeted assays to
predictably develop gain-of-function CDK-
TCIPs to convert seven different clinical-stage
kinase inhibitors of CDK9, CDK12, and CDK13
into context-specific inducers of transcription.
Collectively, our CDK-TCIP approach high-
lights a strategy that redirects rather than
inhibits kinase activity, with potentially ther-
apeutic effects.

Results
CDK-TCIPs exhibit BCL6-specific cell killing

Reasoning that the proximity of the P-TEFb
complex to a promoter would be sufficient for
activation of BCL6-target genes (Fig. 1A), we
synthesized a library of bivalent molecules in
which inhibitors of CDK9 and ligands of the
BCL6®™ were connected through linkers of
various lengths and chemical composition (fig.
S1A and table S1). A cascade of three critical
assays was established to iteratively design
and assess CDK-TCIPs by measuring (i) ter-
nary complex formation using purified BCL6"™
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Fig. 1. Development of CDK-TCIPs. (A) Schematic of a CDK-TCIP targeting
BCL6-regulated loci. (B) Structure of lead compound CDK-TCIP1. (C) Structures
of negative controls containing small chemical modifications abolishing BCL6
binding (Negl) or CDK9 binding (Neg2). (D) Cell-killing potencies of CDK-TCIP1
compared with negative controls and the additive effect of both BCL6 and CDK9
inhibitors combined at 72 hours in SUDHL5 cells. Data are shown as means + SE.
n = 3 biological replicates for CDK-TCIP1, Negl, Neg?, and n = 2 biological

and full-length CDK9/cyclin T1 (CycT1) in a
time-resolved fluorescence resonance energy
transfer (TR-FRET) experiment, (ii) induction
of BCL6-controlled green fluorescent protein
(GFP) reporter gene expression, and (iii) via-
bility of high-BCL6-expressing DLBCL cells
(fig. S1B).

These studies nominated a lead compound,
CDK-TCIP1, which was built using the CDK9
inhibitor SNS-032 (8, 24) and BCL6""-domain
ligand BI3812 (16) (Fig. 1B). To evaluate the
necessity for both binding moieties of CDK-
TCIP1 for biological activity, we synthesized
two negative control compounds containing
minor chemical modifications to CDK-TCIP1
that abolish binding to either BCL6 (16) (Negl)
or CDK9 (Neg2) (Fig. 1C). Negl and Neg2 re-
mained comparably strong cell-permeable bind-
ers of either CDK9 or BCL6, respectively, as
measured by probe-displacement assays in-
side living cells using nano-bioluminescence
resonance energy transfer [nanoBRET (25)]
between tagged, full-length CDK9-CycT and

BCL6 constructs (fig. S2, A and B).

Sarott et al., Science 386, eadl5361 (2024)

In DLBCL cell lines dependent on high BCL6
expression, such as SUDHL5 (Stanford University-
Diffuse Histiocytic Lymphoma-5) with 301 BCL6
transcripts per million (26), CDK-TCIP1 had a
potent cell-killing effect, with a mean effective
concentration (ECso) of 7.7 nM in a 72-hour
cell-viability assay (Fig. 1D). The cytotoxicity
of CDK-TCIP1 was ~55 times greater than the
additive effect of the CDK9 and BCL6 parental
inhibitors and >10,000 times greater than the
additive effect of negative controls (Fig. 1D). In
an analysis of 859 different cancer cell lines,
CDK-TCIP1 was uniquely potent in DLBCL
lines dependent on having high levels of BCL6
expression due to oncogenic mutations in the
BCL6 gene or its regulatory regions such as
those described in (77), indicating a require-
ment of BCL6 for CDK-TCIP1 potency (Fig. 1E
and fig. S3, A and B). CDK-TCIP1 was more spe-
cific to BCL6-expressing DLBCL cells than a
BCL6-directed bivalent compound designed
using inhibitors of BRD4 (fig. S3C) (19). In
primary T and B lymphocytes taken from
human tonsils, CDK-TCIP1 was 200 times less

4 October 2024

replicates for BI3812+SNS-032. (E) Correlation between genetic dependencies
as measured by CRISPR knockout and sensitivity to CDK-TCIP1 among 859
cancer cell lines in PRISM (61). (F) Toxicity of CDK-TCIP1 (ECso ~1.8 uM) compared
with CDK9 inhibitors (SNS-032 ECsy ~150 nM, NVP2 ECso ~7.1 nM) or degraders
(THAL-SNS-032 ECsp ~15 nM) in primary human tonsillar lymphocytes at 72 hours.
Data are shown as means + SD. n = 2 biological replicates for CDK-TCIP1 and NVP2,
and n =1 with 3 technical replicates for SNS-032 and THAL-SNS-032.

cytotoxic than in SUDHL5 DLBCL cells. This
contrasted with optimized CDK9 degraders
and inhibitors, which broadly inhibit tran-
scription (8) and are similarly potent in both
primary lymphocytes and DLBCL cells (Fig.
1F and fig. S2D). Our results indicate that the
CDK-TCIP strategy delivers cancer cell-specific
effects and overcomes the on-target toxicity
associated with inhibition or degradation of
essential kinases, potentially enabling a thera-
peutic window.

CDK-TCIP1 activity depends on ternary
complex formation

Titration of the BCL6®™ inhibitor BI3812 or
the CDKO9 inhibitor SNS-032 against constant,
lethal CDK-TCIP1 doses impaired the cell-killing
effect, indicating a requirement for concomitant
engagement of CDK9 and BCL6 for the observed
cytotoxicity (fig. S2C). Therefore, we hypothe-
sized that ternary complex formation between
CDK9 and BCL6 is necessary for cell killing
through the induction of BCL6-target genes.
Among the synthesized compounds, bivalent
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molecules incorporating the CDK9 inhibitor
SNS-032 exhibited the most consistent structure-
activity relationship between ternary complex
formation in vitro and DLBCL cell-killing
potency (Fig. 2A). In addition, for molecules
prepared using five different CDK9 inhibitors,
we observed that the formation of ternary com-
plexes in vitro and in cells was a prerequisite
for the expression of BCL6-controlled GFP in
SUDHLS cells (table S1 and fig. S4, A and B).

The lead molecule, CDK-TCIP1, formed a ter-
nary complex between purified BCL6%™ and

CDK9-CycT1, with an EC5, of 11 nM (fig. S5A),
and activated BCL6-controlled GFP expression
in DLBCL cells, with a comparable EC;, of
58 nM (Fig. 2B). In human embryonic kidney
SV40 large T antigen transformed (HEK293T)
cells, which do not contain endogenous BCL6,
CDK-TCIP1 formed a ternary complex between
overexpressed full-length CDK9 and full-length
BCL6 constructs with a EC5, of 22 nM as mea-
sured by a nanoBRET assay (fig. S5B). In almost
all assays we observed a bell-shaped curve char-
acteristic of the saturation behavior of bivalent
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molecules at high concentrations (6). Negl and
Neg2 had negligible effects in the transcriptional
activation reporter and ternary complex forma-
tion assays at comparable doses, demonstrat-
ing the requirement for dual binding of CDK9
and BCL6. Collectively, these studies support
the necessity of formation of a transcription-
competent ternary complex that is critical for
CDK-TCIP1-mediated DLBCL cell Killing.

To evaluate the direct effect on endogenous
proteins with CDK-TCIP1 in an unbiased man-
ner, we performed global proteome profiling
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Fig. 2. CDK-TCIP1 functions by ternary complex formation and relocaliza-
tion of CDK9 activity to BCL6 on chromatin. (A) Correlation of ternary
complex formation with cell-killing potency (72 hours in SUDHL5 cells) for
CDK-TCIPs constructed from the CDK9 inhibitor SNS-032 and three different
BCL65T® inhibitors. The adjacent “C4" denominates the number of carbon atoms
in the linear alkyl linker. Points represent a mean of n = 3 technical replicates for
TR-FRET. (B) Activation of BCL6-repressed GFP reporter construct integrated
into KARPAS422 cells after compound treatment for 24 hours. Data are shown as
means + SD. n = 3 biological replicates. (C) Whole-proteome profiling of SUDHL5
cells treated with 30 nM CDK-TCIP1 for 2 hours plotted with cutoffs of |log,(fold
change)| = 0.75 and adjusted P < 0.01 using a moderated t test and Benjamini-
Hochberg adjustment. n = 4 biological replicates. (D) ChlP-seq measurement of
CDK9 at BCL6 summits genome wide after 30 nM CDK-TCIP1 treatment for

2 hours in SUDHL5 cells. Summits of BCL6 enrichment computed from peaks
were reconstructed from ChIP-seq in (62). (E) ChIP-seq measurement of CDK9

Sarott et al., Science 386, eadl5361 (2024) 4 October 2024

to genes that have BCL6 summits at their promoters. (F) Changes in local RNA
Pol Il Ser 2 phosphorylation as measured by ChlP-seq after 2 hours of 30 nM
CDK-TCIP1 addition in SUDHL5 cells; colors indicate adjusted P < 0.05 and
|logx(drug/DMS0)| = 0.5, n = 2 biological replicates. P values were computed by
two-sided Wald test and adjusted for multiple comparisons using the Benjamini-
Hochberg procedure. Labeled are known BCL6-target, cell cycle arrest, and
pro-apoptotic genes. (G) ChIP-seq measurement of CDK9 after 30 nM CDK-TCIP1
treatment for 2 hours at differentially induced Pol Il Ser 2 phos peaks classified in
(F). (H) ChiIP-seq tracks of CDK9, Pol Il Ser 2 phos, Pol Il Ser 5 phos, and Pol Il
at the BCL6-target gene CDKNIB. In (D), (E), and (G), hours, metaprofiles, and
tracks for CDK9 measured with Abcam'’s ab239364 anti-CDK9 antibody are shown
with two biological replicates merged, spike-in normalized, and input subtracted. For
Pol Il Ser 2 phos and Pol Il Ser 5 phos, two biological replicates were merged, sequence-
depth normalized, and input subtracted. For Pol Il, three biological replicates were
merged, sequence-depth normalized, and input subtracted. The BCL6 track is from (62).
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by treating the DLBCL cell line SUDHLS5 with
30 nM CDK-TCIP1, Negl, and Neg2 for 2 hours,
followed by protein digestion and liquid
chromatography-tandem mass spectrometry
analysis of peptides using data-independent
acquisition parallel accumulation serial frag-
mentation, which quantified 169,000 peptides
and 8100 unique proteins on average. Unlike
the case for Negl or Neg2 treatment, CDK-
TCIP1 increased the abundance of cyclin T1
(CCNT1; >2-fold) and T2 (CCNT2; >2-fold),
CDKO9 (1.8-fold), and BCL6 (1.2-fold), with neg-
ligible changes to other proteins (>2-fold)
above the statistical cutoff (adjusted P value =
0.05; Fig. 2C; fig. S6, A to C; and table S3).
Given the short treatment time and unchanged
mRNA abundance of these highlighted pro-
teins (Fig. 3C), these changes in abundance are
unlikely to occur through induced transcrip-
tion. Instead, the data support thermodynamic

>

Gene expression change log,(30 nM Drug/DMSO)
6 4 2 0 -2 -4 -6

Neg1 & Neg2:

All significant upregulated (603) and
downregulated (404) genes

Differential genes in

stabilization or protection from proteasomal
degradation of the BCL6-P-TEFb complex by
CDK-TCIP1.

Induced proximity of CDK9 is sufficient to
induce transcription

To assess the functional importance of re-
cruited CDKO catalytic activity, we constructed
a synthetic CIP system by overexpressing FK506-
binding protein 12 with a phenylalanine 12-to-
valine mutation (FKBP¥V)-tagged wild-type
(WT) or mutant CDK9 in our BCL6-controlled
GFP reporter cell line (fig. S7, A and C). We
then synthesized a cell-permeable bivalent
compound, RCS-03-207, which linked a syn-
thetic ligand of FKBP™%Y (0-AP1867) with
the BCL6™-domain binder BI3812 (fig. S7,
B and D). In this model system, RCS-03-207
treatment produced a dose-dependent increase
in GFP for fused constructs containing WT

Upregulated genes

and a substantially reduced response for cat-
alytically inactive D167N (27) mutant CDK9
(fig. S7E). The modest GFP signal detected in
the catalytically inactive CDK9 condition
suggests that there may be a minor contri-
bution from co-recruitment of additional
copies of P-TEFb. However, CDK9 was re-
portedly inactive in the dimeric form (28).
Overexpression of the WT CDK9-FKBP¥26V
construct further potentiated GFP transcrip-
tion after CDK-TCIP1 treatment relative to
endogenous CDK9 levels and had a charac-
teristic hook effect (fig. S7F).

Recruitment of enzymatically functional,
active CDK9 is thus likely a requirement for
CDK-TCIP-dependent transcriptional acti-
vation of BCL6 gene loci. Given a diffusion-
limited rate constant of ~10% M~* s™* and the
ternary binding apparent EC;, of CDK-TCIP1 of
~22 nM inside the cell (fig. S5B), the off rate of
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Fig. 3. Activation of apoptotic signaling. (A) Time-dependent changes in gene
expression measured by mRNA sequencing after 30 nM CDK-TCIP1 addition in
SUDHLS5 cells compared with controls. Plotted are differential genes with
adjusted P < 0.05 and [log,(fold change)| = 1. n = 3 to 4 biological replicates.
P values were computed by two-sided Wald test and adjusted for multiple
comparisons using the Benjamini-Hochberg procedure.
programs enriched in up-regulated genes (adjusted P < 0.05, fold change =1.5)
at each time point defined from (A). P value of enrichment was computed by
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(B) Gene expression

shown as means + SD.
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hypergeometric test and adjusted for multiple comparisons using the Benjamini-
Hochberg procedure for FDR. (C) Acute effects on gene expression and known
BCL6-target genes (labeled) caused by the addition of 30 nM CDK-TCIP1 for

2 hours. n = 3 to 4 biological replicates. P values were computed by two-sided
Wald test and adjusted for multiple comparisons using the Benjamini-Hochberg
procedure. (D) Dose-dependent apoptosis in SUDHL5 cells measured by annexin
V staining after 24 hours of compound. n = 3 biological replicates. Data are
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ternary complex formation is ~2.2 s, similar
to rates of ADP release from kinase active sites
(29-31). Therefore, the CDK-TCIP1 ternary com-
plex should fall apart frequently enough (about
once every 0.45 s) to permit catalytic activity
at BCL6-bound loci. We propose a potential
“catch-and-release” mechanism whereby CDK-
TCIP1 recruits and subsequently releases
catalytically active CDK9 to BCL6 loci for tran-
scriptional activation of BCL6-repressed genes
(fig. S7G). Such a model could also explain a
recent study of bivalent molecules that re-
cruited histone deacetylase activity through a
substrate-competitive inhibitor (32).

Relocalization of CDK9 activity to BCL6
targets on chromatin

To define the direct effects of CDK-TCIP1 on
CDKO localization and activity on chromatin, we
conducted chromatin immunoprecipitation
followed by next-generation sequencing (ChIP-
seq) of CDK9 in DLBCL cells treated with 30 nM
CDK-TCIP1 at an early time point (2 hours) using
spiked Drosophila melanogaster chromatin to
enable normalization and quantification of
absolute changes in CDKO9 levels. At this con-
centration, the percentage of total CDK9 or
BCL6 engaged in the cell was far less than their
respective inhibitors, as evidenced by the
nanoBRET probe displacement assays shown
in fig. S2, A and B. Approximately 10,000 CDK9
peaks were reconstructed in SUDHL5 and in
KARPAS422 [established by Karpas and col-
leagues (33)] DLBCL cell lines, as detected
with two different antibodies to CDK9, with a
strong correlation between biological replicates
and with most of the variance being driven
by CDK-TCIP1 treatment (fig. S8, A to C). CDK-
TCIP caused rapid and robust recruitment of
CDK to BCL6-binding sites (see the materials
and methods) on chromatin in both SUDHL5
and KARPAS422 cells (Fig. 2D and fig. S8, D and
E). The increased local amounts of CDK9 cor-
related with increasing BCL6 enrichment, cor-
roborating BCL6-dependent recruitment on
chromatin. Genes with high-confidence BCL6-
binding summits within 3 kilobases of their
transcription start sites (TSS) at their pro-
moters showed three times greater CDK9 at
both the promoter and across the gene body,
whereas other genes had negligible changes
over background (Fig. 2E and fig. S8, F and G).
CDK9 was recruited to both promoters and
enhancers with BCL6 summits; regions with-
out BCL6 showed modest increases or no
changes in CDK9 occupancy (fig. SSH). In
SUDHLS5 cells, five times as many peaks in-
creased (604, 5.1% of all 11,716 peaks) in CDK9
binding as decreased (142, 1.2% of all 11,716
peaks), as calculated by differential peak analy-
ses using relative log expression normalization
(fig. S8I). This is consistent with global proteo-
mics results indicating stabilization of CDK9
protein in Fig. 2C. The results of these analyses

Sarott et al., Science 386, eadl5361 (2024)

indicate that CDK9 is rapidly and specifically
recruited to BCL6-bound chromatin.

To define the immediate consequences of
relocalizing CDK9 to BCL6-bound loci on chro-
matin, we characterized changes in Pol II and
the phosphorylation of its C-terminal domain
at Ser 2 and Ser 5 by ChIP-seq at 2 and 4 hours
after CDK-TCIP1 addition (30 nM; fig. SOA). A
select number of Pol II Ser 2 phosphorylation
peaks were induced, primarily at promoters
(306 peaks up, adjusted P < 0.05, and fold
change > 1.4; Fig. 2F and fig. S9B). Peaks that
increased in Pol II Ser 2 phos at 2 and 4 hours
were enriched for compound-induced CDK9
binding, whereas those that decreased or re-
mained unchanged had negligible changes
in CDKO levels (Fig. 2G). Among the most in-
duced Pol II Ser 2 phos sites were known BCL6-
repressed cell death and tumor-suppressor
genes such as PMAIPI, BIK (BCL2-interacting
killer), HRK (Harakiri), and CDKN2B (Fig. 2, F
and H, and fig. S8H). Induced peaks were sig-
nificantly (adjusted P < 0.0001) enriched at
sites identified as bound by components of the
BCL6:Polycomb Repressive Complex 1 (PRCI)
epigenetic repressor complex [BCL6, BCOR,
and KDM2B (34, 35)], as analyzed in public
ChIP-seq datasets from >6500 blood cell lines
(fig. S9C). This is consistent with the observa-
tion that CDKO is recruited to BCL6 sites, as
shown in Fig. 2, D and E. A peak-to-gene analy-
sis using GREAT (Genomic Regions Enrichment
of Annotations Tool) (36) confirmed that these
induced peaks occurred near genes related to
pathways repressed by BCL6, including pro-
grammed cell death and cell cycle arrest bio-
logical processes [false discovery rate (FDR) <
0.01] (fig. S9D). Loci that showed decreased
Pol II Ser 2 phosphorylation (292 peaks down,
adjusted P < 0.05, and fold change <-1.4; Fig.
2F) corresponded with some known BCL6-
regulated pathways such as the humoral im-
mune responses (fig. S9D), but had lower
enrichment of BCL6 (fig. SOE) and less overlap
with BCL6 peaks (fig. SOF) compared with in-
duced Pol II Ser 2 peaks, indicating that de-
creased peaks may be off-target or indirect
effects. These results provide evidence that CDK-
TCIPs selectively recruit CDK9 and its activity
to BCL6-repressed genetic loci.

Consistent with a mechanism of locus-specific
activity, a 4-hour CDK-TCIP1 treatment did
not globally alter Pol II Ser 2 phosphorylation
or BCL6, CDKO, or Pol II protein abundance,
as determined by immunoblotting unless
concentrations 10 times greater than the cell-
killing EC5, were applied (fig. S10A), which
was consistent with global proteome profil-
ing (Fig. 1G) and nanoBRET displacement
data (fig. S2, A and B). There was little change
in total Pol II abundance at either genes with
BCL6 sites at their transcription start sites or
elsewhere (fig. S9G). Our data support a gain-
of-function mechanism in which CDK-TCIP1
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relocalizes a fraction of cellular CDK9 to BCL6-
bound loci.

Activation of BCL6-target gene expression
and apoptotic signaling

Transcriptome analysis by RNA sequencing
after short treatments (2 or 4 hours) in
SUDHLS5 cells of CDK-TCIP1 (10, 30, or 100 nM)
identified a set of 603 genes that showed
significantly increased transcription (adjusted
P < 0.05 and fold change > 2) and fewer (n =
404) that decreased in expression (Fig. 3A).
Genes with increased transcription were en-
riched for multiple annotated BCL6-target
gene sets (Fig. 3B). Gene expression changes
and enrichment for BCL6 signaling were dose
dependent (fig. S11A).

CDK-TCIP1 increased the expression of pro-
apoptotic, BH3 (BCL2 homology 3)-domain
containing, BCL6-target genes in mRNA, in-
cluding BBC3 (BCL2-interacting protein 3;
also called PUMA for p53-upregulated mod-
ulator of apoptosis) and PMAIPI (also called
NOXA), as well as the cell cycle arrest gene
CDKNIB (p27) significantly (adjusted P < 0.05),
by more than 1.6 times over DMSO control
(Fig. 3C and fig. S11, B to D). In addition, mRNA
for two other pro-apoptotic genes, BAX (BCL2-
associated X, apoptosis regulator) and BIM
(BCL2-interacting mediator of cell death; also
called BCL2L11 for BCL2 like 11), showed sta-
tistically significant, modest increases of 1.2
times over control. The anti-apoptotic MCL1
(myeloid cell leukemia sequence 1) also in-
creased by 20%. These genes also displayed
recruitment of CDK9 and increased Pol II Ser
2 phosphorylation (Fig. 2, F and H). Induction
of some of these targets at the protein level
was observed in two different cell lines (SUDHL5
and KARPAS422) but was muted in magnitude
(fig. S11 and global proteomics at 2 hours in table
S3). The small increase in the BH3-only protein
PUMA, which is required for p53-mediated cell
death (37), was concurrent with an increase
in NOXA, another BH3-only protein (fig. S11).
BH3-only proteins act cumulatively to initiate
cell death (38). These observations may sug-
gest that an excess of BH3-domain-containing,
proapoptotic proteins over anti-apoptotic pro-
teins may be responsible for cell death. For p27,
induction was small and delayed (fig. S11, B to
D), indicating that the increase reflects a cell
cycle block, and that the rapid (at 2 hours) in-
crease in Ser 2 phosphorylation along its gene
body (Fig. 2, F and H) and gene expression (Fig.
3C) could reflect other regulatory mechanisms.

Annexin V staining after 24 hours showed
that CDK-TCIP1 induced dose-dependent apo-
ptosis in SUDHLS5 cells with an ECs;, of 340 nM
(Fig. 3D). By contrast, 10 to 1000 times greater
concentrations of negative controls Negl and
Neg2 were required for effects in this assay,
consistent with their negligible effects on
gene transcription (Fig. 3D). Thus, CDK-TCIP1
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activates death pathways repressed by BCL6,
consistent with the rational optimization of
the compound to induce BCL6-repressed tran-
scription, as shown in Figs. 1 and 2.

An investigation into transcripts decreasing
after treatment of cells with CDK-TCIP1 (30 nM)
revealed that these were genes associated with
GC B cell programs, for which BCL6 is a master
regulator (fig. S12A). BCL6 itself, which contains
a BCL6-binding site in its first intron and is
auto-regulated (39), showed a small decrease
in Pol II Ser 2 phosphorylation and increase
in CDKO9, Pol II, and Pol II Ser 5 phosphor-
ylation at its promoter, suggesting initiated
but paused Pol II (fig. S12B). BCL6 expres-
sion decreased by ~12% (adjusted P = 0.003)
4-hours after treatment with CDK-TCIP1 (30 nM),
but showed no change in protein level at this time
point and dose (fig. SI0A). The increase in
CDKO9 at these and other loci, which none-
theless decrease in marks associated with
transcriptional elongation, may reflect non-
canonical roles of CDK9 in silencing gene
expression, such as those described in (40).

Rational chemical optimization of CDK-TCIPs

We used medicinal chemistry to design CDK-
TCIPs with improved physicochemical proper-
ties and increased potency compared with
CDK-TCIP1, which exhibited poor pharma-
cokinetic properties that precluded further
preclinical drug development (fig. S13, A
and B). Inspired by optimization studies of
protein-degrader drug candidates (41, 42), we
focused on introducing rigid, amine-containing
linkers to replace the flexible 7-hexyl (Cg) chain
in CDK-TCIP1 (fig. S14A). These studies identi-
fied several compounds that exhibited en-
hanced ternary complex formation, activation
of BCL6-controlled transcription, and cell kill-
ing (fig. S14, A to F).

‘We synthesized several versions of CDK-TCIPs,
and CDK-TCIP2, which incorporates a rigid
3,9-diazaspiro[5.5Jundecyl linker motif, emerged
as a new, more potent compound that killed
SUDHLS5 cells at subnanomolar concentrations
(EC50 = 0.9 nM; fig. S14C). In mice, CDK-TCIP2
exhibited improved metabolic stability and
higher concentrations in blood than CDK-
TCIP1 after intraperitoneal dosing, permitting
its use in vivo (area under the curve = 1.4 uM h;
fig. S15, A and B). Drug accumulation was
~100 times greater than cellular ECsys, pre-
dominantly in the liver, kidney, and spleen (fig.
S15C). Our studies demonstrate that CDK-TCIPs
are amenable to rational optimization of po-
tency and physicochemical properties through
medicinal chemistry and underline the utility
of our new TCIP design cascade.

Specific ablation of the GC response in
immunized mice

In normal physiology, BCL6 is the master reg-
ulator of the GC reaction that is required for T
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cell-dependent antibody affinity maturation
(43, 44). The BCL6 protein is highly expressed
in GC B cells and T follicular helper cells (45)
and is down-regulated as cells exit GCs and
become memory B cells or plasma cells (43).
The GC B cell is the counterpart to follicular
lymphoma, Burkitt’s lymphoma, and the GC
B cell-like subtype of DLBCL, which collectively
make up >40% of B cell malignancies (46).
Given the BCL6-targeted, specific effects on
transcription and apoptosis in DLBCL cell lines,
we investigated whether CDK-TCIP2 might
specifically suppress the proliferation of GC
B cells in a mouse immunization model.
Two days after immunization of C57BL/6
mice with the T cell-dependent antigen, sheep
red blood cells, to stimulate the GC reaction,
we began administering CDK-TCIP2 at 5 mg/kg
once daily, 10 mg/kg once daily, 5 mg/kg twice
daily, or vehicle alone twice daily by intra-
peritoneal injection. Ten days after immuniza-
tion, at the peak of the GC reaction, the mice
were euthanized and their spleens were collected
for flow cytometry of GC B cell populations.
GCs were more abundant in vehicle-treated
mice, and the percentage of splenic GC B cells
(B220*Fas*GL7") was significantly decreased
in CDK-TCIP2-treated mice (Fig. 4B). The re-
duction was dose dependent and highest in
the 5 mg/kg twice-daily dosing regimen, likely
due to the ~3.2-hour half-life (fig. S15, A and B)
of the molecule. The total frequency of B220*
B cells was slightly decreased, commensurate
with the loss GC B cells and supporting on-
target specificity for the BCL6" GC B cell com-
partment (Fig. 4C). A small but statistically
insignificant increase in memory B cell abun-
dance was noted, likely reflecting the shunting
of B cells out of the GC reaction after its
establishment in the first 2 days after immu-
nization but before treatment (Fig. 4D). The
compound was well tolerated, with no changes
in body weight or other adverse effects observed
over the 8-day dosing period (Fig. 4E). These
data are consistent with studies showing that
although BCL6~~ mice die within weeks of
birth from a lethal inflammatory reaction (47),
mice carrying mutations in the regions of the
BCLS6 protein that bind its co-repressors have
normal lifespans in controlled conditions but
exhibit a defect in their ability to form GCs
(48, 49). These results indicate that CDK-
TCIP2 specifically inhibits immunological
processes ordinarily facilitated by the repres-
sive function of BCL6 and provide evidence of
target engagement in an in vivo setting.

Extension of the CDK-TCIP concept to CDK12
and CDK13

We explored the predictability of our strategy
to redirect kinase activity by developing mol-
ecules that recruit the transcriptional kinases
CDKI12 and CDK13 (Fig. 5A), which, similarly
to CDKO9, phosphorylate Pol II Ser 2 and con-
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tribute to transcriptional elongation (50, 51).
In some cancers, CDK12 and CDK13 are deregu-
lated by amplification or mutations (52, 53).
We synthesized CDK-TCIP3, a molecule that
links a potent and selective inhibitor of CDK12
and CDK13 (54), with the BCL6®™® ligand
BI3812 (Fig. 5B). CDK-TCIP3 exhibited five
times higher affinity for CDK12 and CDK13
compared with CDK9 (CDK13-CycK IC,, ~65 nM,
CDK9-CycT1 ICs0 ~261 nM) and potently
increased the expression of BCL6-repressed
GFP, exhibiting the characteristic bell-shaped
curve characteristic of CIP function (Fig. 5C).
CDK-TCIP3 exhibited a cell-killing effect with
an ECyo of ~609 nM in SUDHLS5 cells after
72 hours of treatment, more than 10 times
greater than the effect of the inhibitor of CDK12
and CDK13 alone in these cells (Fig. 5D). These
studies suggest that inhibitors of transcrip-
tional kinases beyond CDK9 can be rationally
converted into activators of cell death.

Discussion

Kinases control and amplify signals from the
cell membrane to the nucleus and are com-
monly dysregulated in disease. Extensive drug
discovery efforts have focused particularly on
kinases that are aberrantly activated by mu-
tation or the biochemical actions of cancer
drivers. Altogether, more than 50 of the 500
human kinases have been targeted with po-
tent and relatively specific inhibitors for the
treatment of cancer, most of which are ATP-
competitive, reversible small molecules (7).

Transcriptional deregulation is a hallmark
of malignant transformation. Thus, many in-
hibitors of transcriptional kinases (and other
nuclear transcriptional regulators) have been
optimized for potency, specificity, and physio-
chemical properties. On-target, mechanism-based
toxicities constrain clinical application of the
inhibitors, largely due to the need for near-
complete inhibition of kinase activity for anti-
tumor efficacy (55). Recently, many groups have
sought to convert inhibitors into selective
protein degraders by chemical linking to E3
ligase-binding moieties (8). Both inhibitors
and protein degraders fundamentally aim to
phenocopy genetic loss of aberrant protein
function.

We developed CDK-TCIPs, a chemically in-
duced proximity-based gain-of-function strategy,
to activate apoptosis by relocalizing transcrip-
tional kinase activity to pro-apoptotic gene loci
bound by an overexpressed, oncogenic tran-
scription factor, BCL6. These bivalent mole-
cules function by recruiting elongation Kkinase
activity, as evidenced by the locus-specific re-
cruitment of CDK9 and the induction of Pol 1T
Ser 2 phosphorylation on chromatin. CDK-
TCIPs increase the expression of tumor suppres-
sors and pro-apoptotic proteins at low-nanomolar
drug concentrations that do not inhibit overall
CDKO kinase activity. The ensuing killing effect
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Fig. 4. Ablation of GC B cells in immunized mice. (A) Structure of CDK-TCIP2. (B) Dose-dependent change in percentage of splenic GC (B220*Fas*GL7") B cells.
(C) Change in total frequency of splenic B220" B cells. (D) Change in total frequency of splenic memory B cells (MB). In (B) to (D), representative flow cytometry is
shown on the left and quantification on the right from five biological replicates (five different mice) for each condition, median, and range shown. P values were
computed by unpaired Student'’s t test. QD, once daily; BID, twice daily. Vehicle was given twice daily. (E) Body weight changes over time.

is lineage specific to only those cells driven by
BCL6 in both malignant cell lines and mouse
models of B cell development. This contrasts
with CDK9 inhibitors and degraders, which
are more broadly cytotoxic to both normal
and malignant cells. Our approach thus offers an
alternative to conventional chemotherapeutic
approaches in oncology that phenocopy genetic
or enzymatic loss-of-function effects. Our experi-
ments studying the effect of CDK-TCIPs on the
GC also suggest that they may also be useful in
rare autoimmune conditions such as systemic
lupus erythematosus, which are characterized
by the accumulation of autoantibodies acquired
during an increased GC response (56, 57).
Bivalent molecules have previously been de-
veloped to redirect the catalytic activity of Ki-
nases to new substrates, demonstrating the
roles of proximity and orientation in kinase
activation (58, 59). To the best of our knowl-
edge, our work represents the first example of
rewiring endogenous Kinase activity to drive a
therapeutically relevant phenotype in vivo.
We used our assay cascade for rational im-
provement of CDK-TCIP physicochemical prop-
erties and for the discovery of CDK12- and
CDK13-targeting CDK-TCIPs, demonstrating
the generality of the strategy discovery of CDK12-
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and CDKi3-targeting CDK-TCIPs, demonstrat-
ing the generality of the strategy. Our work
indicates that the many targeted and highly
optimized Kkinase inhibitors might be lever-
aged for the design of therapeutic CIPs that
relocalize kinase activity. These molecules
would be designed to turn on preexisting but
silent cellular signaling pathways such that
altered transcription of even a single gene
produces a therapeutic effect rather than to
silence aberrant catalytic activity. In these
applications, specificity would emerge from
the programmatic nature of the hijacked tran-
scription factor. The potential of gain-of-
function kinase CIPs might extend beyond
the induction of programmed cell death path-
ways to, for example, the activation of differ-
entiation or pluripotency for applications in
regenerative medicine or the attenuation of
inflammatory signaling.

Methods summary

Full details of the methods are provided in the
supplementary materials. Briefly, CDK-TCIP
library synthesis was conducted using six
different ATP-competitive CDK9 inhibitors
and established amide bond formation chem-
istry. The final compounds were purified by
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preparative reverse-phase high performance
liquid chromatography and assayed at >95%
purity. Transcriptional activation was mea-
sured using flow cytometry of KARPAS422
DLBCL cells transduced with a BCL6-driven
GFP reporter construct (19) and treated with
compound. Ternary complex formation was
assessed using a biochemical TR-FRET assay
with full-length CDK9/CycT and BCL6®™ and
an intracellular nanoBRET assay in HEK293T
cells with full-length CDK9 and full-length
BCL6. Effects on cell viability were determined
using a resazurin-based indicator dye after
72 hours of drug treatment. The PRISM cell
proliferation assay assessed compound effects
after 120 hours and was performed at the
Broad Institute (60). Mechanistic studies,
which included Western blot; annexin staining;
and transcriptomic, epigenetic, and proteomic
studies, assessed CDK-TCIP effects in DLBCL
cells plated at 1 million cells/ml. mRNA se-
quencing was performed with polyA-enriched
transcripts prepared as paired-end libraries.
ChIP sequencing was performed with DNA
enriched after chromatin immunoprecipita-
tion from formaldehyde-cross-linked cells pre-
pared as paired-end libraries. Global proteomic
profiling was performed with peptides from
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Fig. 5. Extension of the CDK-TCIP concept to CDK12 and CDK13. (A) Schematic of recruiting CDK12 and CDK13 to BCL6-bound loci. (B) Structure of CDK-TCIP3.
(C) Activation of BCL6-repressed GFP reporter constructs after 24 hours of compound addition to lymphoma cells. Data are shown as means + SD. n = 4 biological
replicates. (D) Comparison of cell-killing potency in DLBCL cells at 72 hours between CDK-TCIP3 and the additive effect of both BCL6 and CDK12/13 inhibitors.

n = 3 biological replicates. Data are shown as means +

compound-treated cells eluted with a nano-

Elute 2 coupled to a timsTOF HT (Bruker).

For experiments studying the effect on GCs,

C57BL/6 mice were immunized with sheep

red blood cells to induce GC formation. Treat-

ment with compound or vehicle by daily in-

traperitoneal injection started 2 days after

immunization. After 8 days of treatment, mice

were sacrificed, spleens were homogenized,

and cells were analyzed by flow cytometry.

Pharmacokinetics of CDK-TCIPs were assessed

in C57BL/6 mice by intraperitoneal compound

injection.
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