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UM171glues asymmetric CRL3-HDAC1/2
assembly to degrade COREST corepressors
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UMI71is a potent agonist of ex vivo human haematopoietic stem cell self-renewal'. By
co-opting KBTBD4, a substrate receptor of the CUL3-RING E3 ubiquitin ligase (CRL3)
complex, UM171 promotes the degradation of the LSD1-CoREST corepressor complex,
thereby limiting haematopoietic stem cell attrition**. However, the direct target and
mechanism of action of UM171 remain unclear. Here we show that UM171 actsas a
molecular glue to induce high-affinity interactions between KBTBD4 and HDAC1/2

to promote corepressor degradation. Through proteomics and chemical inhibitor
studies, we identify the principal target of UM171as HDAC1/2. Cryo-electron microscopy
analysis of dimeric KBTBD4 bound to UM171and the LSD1-HDAC1-CoREST complex
identifies an asymmetric assembly in which a single UM171 molecule enables a pair

of KELCH-repeat propeller domains to recruit the HDACI catalytic domain. One
KBTBD4 propeller partially masks the rim of the HDAC1 active site, which is exploited
by UM171to extend the E3—-neosubstrate interface. The other propeller cooperatively
strengthens HDAC1binding through a distinctinterface. The overall COREST-HDAC1/2-
KBTBD4 interactionis further buttressed by the endogenous cofactor inositol
hexakisphosphate, which acts as asecond molecular glue. The functional relevance of
the quaternary complex interaction surfaces is demonstrated by base editor scanning
of KBTBD4 and HDACI. By delineating the direct target of UM171 and its mechanism of
action, wereveal how the cooperativity offered by a dimeric CRL3 E3 can be leveraged

by asmallmolecule degrader.

Degraders are small molecules capable of promoting the ubiquitina-
tion and degradation of proteins*’. These compounds are classified
into two categories: the monovalent molecular glues (glues) and the
bifunctional proteolysis targeting chimeras (PROTACs). Besides their
moredrug-like properties, glue degraders are distinct from PROTACs
by being capable of inducing high-affinity interactions between an E3
ubiquitin ligase and a neosubstrate without showing detectable affin-
ity to at least one of these protein partners®. Although rapid progress
has been made in the rational design of PROTACs, the development
of glue degraders has been protracted due to poor understanding of
their functional prerequisites and E3 scaffold preferences. The plant
hormones auxin and jasmonate are the first documented glue degrad-
ers, which co-opt the F-box proteins—substrate receptors of CUL1-RING
ligase (CRL1) complexes”®.In human cells, the best characterized glue
degradersinclude thalidomide and its derivatives, aryl-sulfonamides

and CDK12 inhibitors*. Notably, these synthetic compounds all co-opt
the CUL4-RING ligases (CRL4s), raising the question of whether other
ubiquitin ligases can be reprogrammed by glues. CRL3s, in particu-
lar, represent the largest family of CRLs with nearly 200 substrate
receptors. Its family members form constitutive homodimers that
are exploited by endogenous substrates for cooperative binding'® ™.
Whether CRL3s canbe leveraged by glue degraders, especially to exploit
their intrinsic cooperativity, remains uncertain.

Small molecules that promote the expansion of haematopoietic
stem cells have clinical applications for cell-based therapies™. UM171
was optimized from UM729, acompound identified as the top hitina
phenotypic screen for haematopoietic stem cell expansion® (Fig. 1a).
Despite its wide use and progression into human clinical trials, the
mechanism of action of UM171 is unclear. More recently, UM171 was
showntoinduce degradation of lysine-specific histone demethylase 1a

'Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA, USA. ?Broad Institute of MIT and Harvard, Cambridge, MA, USA. *Department of Pharmacology, University
of Washington, Seattle, WA, USA. *Howard Hughes Medical Institute, University of Washington, Seattle, WA, USA. *Division of Genetics, Department of Medicine, Brigham and Women'’s Hospital,
Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, MA, USA. ®Center for Systems Biology, Massachusetts General Hospital, Boston, MA, USA.
"Harvard T.H. Chan School of Public Health, Boston, MA, USA. 8Krantz Family Center for Cancer Research, Massachusetts General Hospital, Boston, MA, USA. °Department of Biology and
Biotechnology Lazzaro Spallanzani, University of Pavia, Pavia, Italy. °Department of Medicine, Harvard Medical School, Boston, MA, USA. "Present address: Desai Sethi Urology Institute &
Sylvester Comprehensive Cancer Center, University of Miami Miller School of Medicine, Miami, FL, USA. ?These authors contributed equally: Megan J. R. Yeo, Olivia Zhang, Xiaowen Xie,

Eunju Nam. *e-mail: liau@chemistry.harvard.edu; nzheng@uw.edu

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-024-08532-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-08532-4&domain=pdf
mailto:liau@chemistry.harvard.edu
mailto:nzheng@uw.edu

Article

a b c d ;
s-
< . UMITA(): - 12346 LSD1 K448
; . MW (kDa) .
1 : LsD1 61 HDAGT K74
H 6 100 4 HpAC2 K51
75 _ LSD1 K466
v s YR ] e conesr g, S 0T
| g 7 2 LSD1 K493 SMIERT K332
| o o 75 4
\ N = BCORCE}/ e o E) COREST K157
2 o € & 24
/ 0 ol
. T T T T T d T T T 1
NH, -3 -2 -1 0 1 2 3 e -2 0 2 4

log,(fold-change UM171/DMSO)
Significantly changed proteins

log,(fold-change UM171/DMSO)

i

No change in @ LSD1-interacting proteins
protein levels e Non-LSD1-interacting proteins
f Normalized GFP/mCherry ratio [+] h
(versus full length DMSO)
0 0.5 1.0 _'”hle'_:laj‘;:i(‘:’:m |”_‘er:aL°St:§: CoREST Normalized GFP/mCherry ratio
N N S wit wit —OFLAG' 4-189 4-241 4-308 4-485 (versus DMSO)
N SANT1 e
s j— SANT2 UMIT1 0 8 0 8 0 ® O e 0 05 10
: 4 103 189 241 381 432 485 MW (<Da) ;g: i = 1 uM UM171
‘ %0 (%] CoREST Full-length T} !
103-485 1} axo———O— v - -FLAG CoREST  AELM2 I #y P < 0.0001
— 01 DMSO ;g - W138A I T#y P =0.0027
; 0 0.1 uM UMA71 50:‘-—-———-—— HA-KBTBD4
=]
190-485 f% TuM UMI71 o—O— IP: HA Full-length T}
— ’
: RCORz  AELM2 )
) 5 e W7sA e
4380 T} oo 50 ‘ o e CoREST
37 L et WY
e Full-length Ty
4-308 T} P=0.0014 —@amo— 75 wakseos R LS I—
e e T I —
! Input

Fig.1|UM171-induced degradation of COREST depends on HDAC1/2
interaction. a, The chemical structure of UM171.b, Whole-proteome
quantificationin SET-2 cells treated with DMSO (n=3) orluM UM171 (n = 3)

for 6 h. The coloured dots show proteins with [log,[fold change]| > 0.5and
P<0.0linUM171treatment. The blue and red dots depict proteins thatare
enriched or absentin LSD1co-IP-MS, respectively. ¢, Immunoblot analysis

of SET-2 cells treated with UM171 (1 pM) or DMSO for the indicated duration.

d, Global ubiquitination site quantification (K-e-GG peptides) in SET-2 cells
treated withDMSO (n =3) or1 pM UM171 (n = 3) for 90 min. The red dots show
siteswith adjusted P<0.05 (after Benjamini-Hochberg correction for multiple
comparisons). Owing to sequence homology between the HDAC1/2 paralogues,
several peptides corresponding to either HDAC1 or HDAC2 could not be
definitely assigned (Supplementary Data4-6). e, Schematic of corepressor

(LSD1) and CoREST (whichis encoded by RCORI)**. CoREST functions as
ascaffold torecruit LSD1and either the histone deacetylase HDAC1 or
the paralogue HDAC2 at its two ends, forming the core LSD1-HDAC1/2-
COREST (LHC) corepressor complex”. After addition of UM171, COREST
and LSD1 are rapidly degraded by KBTBD4?, a BTB-KELCH E3 sub-
strate adaptor belonging to the CRL3 family. Despite these advances,
the direct target and mechanism of action of UM171 has remained
unclear.

UM171degrades select HDAC1/2 complexes

Toidentify the direct binding target of UM171, we first determined the
repertoire of proteins depleted by UM171 treatment. We conducted a
global proteomics analysis in two UM171-sensitive cell lines, SET-2and
MV4;11, after vehicle (DMSO) or UM171 treatment (6 h, 1 uM). LSD1
and two CoREST paralogues, CoOREST (RCOR1) and RCOR3, were the
most significantly depleted proteins after UM171 treatment (Fig. 1b,
Extended DataFig.1aand Supplementary Dataland2). RCOR2, another
CoREST paralogue, is not expressed in these cell lines. Several other
highly downregulated proteins are components of the broader LHC
complex (for example, RREB1, GSE1, HMG20B), suggesting extensive
collateral degradation'®. To assess which downregulated proteins are
directversus collateral targets of UM171-KBTBD4, we cross-compared
to LSD1-interacting proteins identified by co-immunoprecipitation
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constructs fused in-frame with GFP followed by aninternal ribosome entry
site (IRES) and mCherry stability reporter. f,h, Flow cytometry quantification
of MOLM-13 cells treated with DMSO or UM171 for 24 h and expressing the
indicated COREST-GFPreporter (f) and the indicated corepressor-GFP
reporter (h). g, Immunoblots of HAIP from 293T cells transfected with
HA-KBTBD4 and the indicated COREST-FLAG construct and treated with
UM171(1 pM) or DMSO for1hand MLN4924 (1uM) for 3 h. Theresultsinc
andf-harerepresentative of twoindependent experiments. Forfandh,
dataare mean +s.d. of n=3biological replicates. Pvalues were calculated
using two-tailed unpaired t-tests for the indicated comparisons (fand h) and
two-sided empirical Bayes-moderated t-tests (band d). FACS gating schemes
and uncropped blots are shownin Supplementary Figs.1laand 2, respectively.
HA, hemagglutinin; IP,immunoprecipitation; MW, molecular weight.

(co-IP)-mass spectrometry (MS)" (Supplementary Data3). As expected,
many depleted proteins associate with LHC (Fig. 1b (blue dots) and
Extended DataFig.1a,b). However, MIER1 was highly depleted but did
not co-immunoprecipitate with LSD1 (Fig.1b (red dots)), indicating that
itmightbe adistinct neosubstrate of UM171-KBTBD4 independent of
LSD1 association—as supported by a recent study®. Notably, all three
CoREST paralogues and MIER1 contain an ELM2-SANT tandem domain®
(Extended DataFig. 1c). Collectively, UM171 promotes downregulation
of several corepressors containing an ELM2-SANT domain as well as
associated complex members.

Atime-course analysis of UM171treatment revealed rapid depletion
of CoREST (Fig.1c). Consistent with previous work, CoOREST depletion
was followed by potent, albeit delayed, depletion of LSD1% Depletion
of HDAC1 and HDAC?2, the other interchangeable core members of
LHC, was modest at the early timepoints tested, matching our global
proteomics (Fig.1b, Extended Data Fig.1d and Supplementary Data4).
However, ubiquitin proteomics using K-e-GG peptide enrichment
showed that CoREST, LSD1, HDAC1 and HDAC2 are ubiquitinated at
an early timepoint of UM171 treatment, suggesting that additional
mechanisms mitigate HDAC1/2 degradation (Fig. 1d, Extended Data
Fig.1leand Supplementary Data5and 6). Together, these data support
that CoREST is adirect neosubstrate of UM171-KBTBDA4.

Wenext defined theregion(s) of COREST thatare necessary for UM171-
induced degradation by using a well-established fluorescent reporter
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Fig.2|HDAC1 mediates LHC-UM171-KBTBD4 ternary complex formation.
a-c,e, Flow cytometry quantification of K562 COREST-GFP cells that were
transduced with theindicated sgRNAs (LSDI (a) and HDACI and HDAC2 (b))
after treatment with DMSO or UM171 (1 uM) for 24 h (a,b), K562 HDACI-null
HDAC2-dTAG CoREST-GFP cells after treatment with dTAG-13 (500 nM) or
DMSO for 2 h followed by either UM171 (1 pM) or DMSO for 24 h (c), and K562
CoREST-GFP cells treated with theindicated HDAC inhibitors (10 pM) for12 h
followed by UM171 (1 uM) for 24 h (e). Pvalues were calculated using two-tailed
unpaired t-tests for theindicated comparisons. d, FLAG IPimmunoblot analysis
of K562 cells expressing FLAG-KBTBD4 and treated with UM171 (5 pM), SAHA
(10 M), or DMSO, and MLN4924 (1 uM). f, FP of JL1with KBTBD4 in the presence
orabsence of LHC or LSD1-CoREST (L-C) and InsP, (50 uM). n =3 biological
replicates. g, Quantification of LHC deacetylase activity on H3K9ac-modified

system, in which full-length (considered amino acids 4-485) or trun-
cated CoREST variants are fused in-frame with GFP followed by aninter-
nal ribosome entry site (IRES) and mCherry® (Fig. 1e). While deletion
of the N-terminal 4-103 amino acids or the SANT2 domain (amino
acids 380-485) had minimal impact, deletion of amino acids 4-189
completely blocked COREST-GFP degradation by UM171 (Fig. 1f and
Extended DataFig. If), providing evidence that the ELM2 domain is nec-
essary. A larger C-terminal deletion construct, COREST(4-308)-GFP,
exhibited reduced baseline stability*>**. Nonetheless, UM171 treatment
still significantly decreased COREST(4-308)-GFP levels (Extended Data
Fig.1g). Co-IP experiments demonstrated that COREST(4-241)-FLAGis
sufficienttointeract with HA-KBTBD4, whereas COREST(4-189)-FLAG
cannot (Fig. 1g). Finally, using the fluorescent reporter system, we
observed that the ELM2 domains were also required for UM171-induced
degradation of MIER1and RCOR2 (Fig. 1h). Together, these results show
that the ELM2 domains are necessary for UM171-induced degradation
of corepressors.

In all of the tested corepressors, the ELM2-SANT domain mediates
complexation with either HDAC1 or its paralogue HDAC2?* (Extended
Data Fig. 1c). We reasoned that not only the ELM2-SANT domain but
alsoHDAC1and/or HDAC2 might be necessary for UM171action. Muta-
tion of MIER1 Trp214 to alanine (W214A) has been previously shown
to disrupt the MIER1-HDACI interface®. MIER1(W214A) and the cor-
responding Trp to Ala mutants, COREST(W138A) and RCOR2(W78A),
exhibited significantly decreased UM171-induced degradation (Fig. 1h).
Therescue afforded by W138Ain CoREST was only partial; however, the
more disruptive Trp to Asp/Glu mutations fully blocked degradation

Anti-CoREST
mononucleosomesinthe presence or absence of UM171 (10 uM) and/or KBTBD4.
n=2biological replicates. See also Extended Data Fig. 3f.h, The TR-FRET signal
between fluorescein-LHC and anti-His CoraFluor-1-labelled antibody with His-
KBTBD4 inthe presence of varying concentrations of UM171.n=2biological
replicates. i, COREST immunoblot analysis of in vitro ubiquitination assays of
CRL3¥E™* with fluorescein-LHC in the presence of DMSO or UM171 (10 puM).
n=3biologicalreplicates. Fora-cand e, dataare mean +s.d. of n=3biological
replicatesand arerepresentative of twoindependent experiments. Ford, fand
h, dataarerepresentative oftwoindependent experiments. FACS gating schemes
anduncroppedblots areshowninSupplementary Figs.1band 3, respectively.
Corr., corrected; FP, fluorescence polarization; MW, molecular weight; NS,
notsignificant.

(Extended Data Fig. 1h). Together, our findings support that interac-
tions between HDAC1and/or HDAC2 with corepressors are critical for
UM171-mediated corepressor degradation.

HDAC1/2 mediates LHC-KBTBD4 complexation

Tofurtherinvestigate the mechanisticinvolvement of LSD1, HDAC1 and
HDAC2in UM171-mediated COREST degradation, we engineered aK562
knock-incellline with GFP fused to the C terminus of endogenous CoR-
EST. Treatment of these cells with UM171led to rapid KBTBD4-dependent
CoREST-GFP depletion (Extended Data Fig. 2a,b). CRISPR knockout of
LSD1 did not rescue COREST-GFP depletion by UM171, showing that
LSD1isnotrequired for UM171action (Fig.2a and Extended DataFig. 2c).
By contrast, CRISPR knockout of HDACI or HDAC2 partially rescued
CoREST-GFP depletion by UM171 (Fig.2b and Extended DataFig. 2d). We
posited that the partial rescue is due to functional redundancy between
the two HDAC paralogues in complexing with COREST?. As constitutive
HDAC1/HDAC2 double knockout s lethal?®, we engineered an HDACI-null
cell line with the dTAG degron tag® knocked in-frame with HDAC2 to
induce conditional HDAC1/HDAC2 double knockout after addition of an
appropriate ligand (for example, dTAG-13) (Extended Data Fig. 2e-g).
Treatment with dTAG-13 alone led to rapid HDAC2 depletion and partial
CoREST destabilization (Fig. 2c and Extended Data Fig. 2g). Notably, pre-
treatment with dTAG-13 further blocked CoREST degradation by UM171,
demonstrating that either HDAC1/2 paralogue can mediate UM171
action. Insupport, co-IP of FLAG-KBTBD4 could retrieve both HDAC1
and HDAC2 in the presence of UM171, showing that both paralogues
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can associate with KBTBD4 (Fig. 2d). Lastly, pretreatment with HDAC
active-site inhibitors®®—including suberoylanilide hydroxamic acid
(SAHA), CI-994 and Cpd-60*—also blocked COREST-GFP degrada-
tion as well as co-IP of FLAG-KBTBD4 with COREST, HDAC1and HDAC2
induced by UM171 (Fig.2d,e). However, UM171 had noimpact on recom-
binant HDAC1/2 enzymatic activity (Extended Data Fig. 3a). Together,
these data demonstrate that HDAC1/2 and their accessible active sites
arerequired for UM171-induced degradation of COREST while LSD1 is
dispensable.

We nextsought to determine whether UM171is sufficient to induce
ternary complex formation between KBTBD4 and members of the LHC
complex'”*°, Fluorescence polarization (FP) assays using a derivative
of UM171 conjugated to tetramethylrhodamine, JL1, showed binding
of JL1 only in the presence of both KBTBD4 and LHC together, and
furthermore only in the presence of inositol hexakisphosphate (InsP)
(Fig.2fand Extended Data Fig. 3b—d). InsP, has been previously shown
to stabilize the interaction between HDAC1/2 and their cognate core-
pressors®>32, Accordingly, all of the subsequent experiments were
conducted with 50 pM InsP, unless otherwise noted. We also purified
complexes containing full-length HDAC1 or HDAC2 associated with
CoREST, which exhibited binding toJL1in aKBTBD4-dependent manner
(Extended DataFig. 3e), further supporting that HDAC1/2 are function-
ally redundant for UM171action. By contrast, JLI-KBTBD4 binding was
not observed with LSD1-CoREST, HDAC1 or HDAC2 alone (Fig. 2f and
Extended Data Fig.3e). Moreover, addition of SAHA dose-dependently
blocked FP with a half-maximum inhibitory concentration compara-
ble to its affinity for HDAC1/2*2 (Extended Data Fig. 3d). Lastly, UM171
inhibited LHC deacetylase activity on recombinant nucleosomes only
in the presence of KBTBD4 (Fig. 2g and Extended Data Fig. 3f), sug-
gesting that complexation with the E3 obstructs the HDACl active site.

To directly assess the association between KBTBD4 and LHC, we
used time-resolved Forster resonance energy transfer (TR-FRET) with
labelled protein complexes. An ectopic cysteine residue was intro-
duced at the N terminus of COREST (amino acids 86-485) and selectively
labelled with fluorescein (Methods) while His-KBTBD4 was labelled
insituwithananti-His CoraFluor-1antibody***, UM171induced TR-FRET
signal in a dose-dependent manner, indicating association between
fluorescein-LHC and His—-KBTBD4 with an apparent half-maximum
effective concentration of 542 nM under the experimental conditions
(Fig. 2h). Co-treatment with SAHA blocked UM171-induced LHC-
KBTBD4 association. Dose-response titration of fluorescein-LHC
against His—KBTBD4 in the presence of UM171 and InsP, at saturating
concentrations yielded a K}, of 13 nM for the UM171-mediated LHC-
KBTBD4 interaction (Extended DataFig. 3g)—an approximately 25-fold
increase from their UM171-independent basal affinity. This robust
enhancement by UM171is consistent with that observed by microscale
thermophoresis assays (Extended Data Fig. 3h). Lastly, we established
thatreconstituted CRL3*®™is sufficient to mediate ubiquitination of
LHCin vitro. In this system, ubiquitination of COREST and HDAC1, but
not LSD1, was significantly potentiated by addition of UM171 (Fig. 2i
and Extended Data Fig. 3i,j). Collectively, these results demonstrate
that UM171 stabilizes a ternary complex with KBTBD4 and HDAC1/2-
CoREST, exhibiting highly cooperative binding and weak affinity to
either KBTBD4 or LHC alone. Importantly, we establish the critical
roles of HDAC1/2 and InsP, in mediating complex formation, defining
the minimal components necessary to reconstitute the complex for
structural analysis.

Cryo-EM structure of KBTBD4-UM171-LHC

To resolve the mechanism of action of UM171, we next assembled the
KBTBD4-UM171-LHC complexinthe presence of InsP, and determined
its structure using cryo-electron microscopy (cryo-EM) at an average
resolution of 3.77 A (Extended Data Fig. 4 and Extended Data Table 1).
KBTBD4 and HDACI1 are well resolved in the three-dimensional (3D)
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reconstruction map, whereas only partial densities are visible for the
ELM2-SANT1 domain of CoREST in the rest of LHC. For comparison
purposes, we also determined the cryo-EM structure of KBTBD4 inits
apo form at aresolution of 3.83 A (Extended Data Fig. 5 and Extended
DataTable1).

Overall, the KBTBD4-UM171-LHC complex adopts an asymmetric
architecture, inwhich two protomers of aKBTBD4 homodimer, hereafter
referred to as KBTBD4-A and KBTBD4-B, simultaneously engage one
molecule of HDAC1-CoREST in abidentate manner (Fig. 3a). Although
the SANT1 domain of CoREST is within close vicinity of KBTBD4, the
closest Ca atoms between the two proteins remain 9 A apart, and
therefore complexationis exclusively driven by interactions between
KBTBD4 and HDACI1. The two KBTBD4 protomersinteract with HDAC1
through two distinct interfaces: (1) KBTBD4-A engages with the outer
edge of the HDACl1 catalytic domain; whereas (2) KBTBD4-B cups HDAC1
atits active-site pocket.

Asingle molecule of UM171is situated at the HDAC1-KBTBD4-B inter-
face (Fig.3a). By interacting with both HDAC1 and KBTBD4-B, UM171fills
anexposed gap between the two proteins with exquisite shape comple-
mentarity toactas aglue. Directly adjacent to the UM171binding site,
InsPis nestled at the three-protein junction between HDAC1, COREST
and KBTBD4-B to stabilize the complex as asecond glue. Together, the
E3 ligase dimer, the neosubstrate complex and the two small molecules
buryatotal surface areaof around 2,300 A2, with more than half of the
interfaces contributed by protein-protein interactions.

Structural plasticity of KBTBD4

KBTBD4 contains an N-terminal BTB domain, a central BACK domain
and a C-terminal KELCH-repeat propeller domain (Fig. 3b and Extended
DataFig. 6). As expected, KBTBD4 forms ahomodimer throughits BTB
domain, which is characterized by a domain-swapped two-stranded
B-sheet (B1and B5)** (Fig. 3c). The predicted CUL3-binding 3-box heli-
ces of the KBTBD4 BTB domain are extended by five short helices in
the BACK domain, which is connected to the KELCH-repeat domain
throughalinker sequence'>*. Together, the BTB-BACK modules of the
two KBTBD4 protomers give rise to a V-shaped platform, which holds
the two KELCH-repeat domains on the same side of the E3 homodimer
without physically contacting one another. Overall, the KBTBD4 dimer
has a pseudo-two-fold symmetry with its two protomers superimpos-
able with a root mean squared deviation of 0.85 A over 445 Ca atoms
(Extended DataFig. 7a, b).

The C-terminal KELCH-repeat domain adopts a canonical six-bladed
propeller fold with each blade characterized by four 3-strands conven-
tionally named ‘a’ to ‘d’ (ref. 36) (Fig. 3d). Distinct from the other five
blades, the fourth blade features an extended b-cloop, which protrudes
from the top surface of the propeller. Although the central pocket
presented by the top surface of a propeller fold is frequently used by
KELCH-repeat-domain-containing E3s to engage their substrates® >,
the two propellers in the KBTBD4 dimer orient their top surfaces in
opposite directions (Extended Data Fig. 7a) and instead use mostly
their lateral surfaces and the b-c loops to recognize HDAC1.

Notably, the N-terminal 1 strand of the KBTBD4 BTB domain is
led by a conserved ENYF motif (Extended Data Fig. 6), which packs
against the C-terminal KELCH-repeat propeller of the second protomer
to structurally couple the two halves of the CRL3 substrate receptor
(Fig. 3c). Overexpression of KBTBD4 mutants lacking the N termi-
nus (KBTBD4(A1-40)) or containing each residue of the ENYF motif
mutated to alanine (KBTBD4(29AAAA)) in COREST-GFP KBTBD4-null
cells completely abrogated CoREST degradation by UM171 (Fig. 3e
and Extended Data Fig. 2a), suggesting that proper positioning of the
two KELCH-repeat domains against the BTB N-terminal a1 helices is
critical for E3 function.

In comparison to the LHC-bound structure, the V-shaped platform
of'the free KBTBD4 dimer adopts amore open conformation (Fig. 3f).
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KBTBD4 (green/slate) with UM171 (space-filling model in yellow and blue)

and InsP, (space-fillingmodelingreen andred). b, Schematic of the protein
domains of KBTBD4. ¢, The BTBand BACK domains as a cartoon representation
andthe KELCH-repeat domainasasurface representation of aKBTBD4 protomer
(green)inthe KBTBD4 dimer. The N-terminal region of the other protomer with
the domain-swapped Bl1-strand flanked by the ENYF motif and an a-helix is shown
inslate. Helices thatare predicted tobind to CUL3 areindicated as 3-box.d, The
KELCH-repeat 3-propeller domain of KBTBD4 withits secondary structure

Superposition analysis shows that each protomer in the free KBTBD4
dimer is largely identical to that of the LHC-bound form (Extended
Data Fig. 7c). However, the BTB N-terminal a1 helix in each protomer
istilted away from the BTB core, thereby flattening the V-shaped scaf-
fold and further separating the two KELCH-repeat domains from one
another (fromaround 9 Ato30 A). Thus, UM171-induced LHC binding
involves significant conformational changes within the E3, which are
accommodated by structural plasticity at the KBTBD4 dimer interface.

HDAC1-KBTBD4-A interface

Consistent with previous studies, HDAC1 adopts asingle o/ fold with
a central eight-stranded parallel B-sheet sandwiched by a-helices on
its two faces and possesses the characteristic catalytic zincion deepin
itsactive site**. Superposition of the MTAl-bound and KBTBD4-bound
HDACI1 structures shows that the deacetylase does not undergo major
conformational changes after E3-UM171 binding, although an a-helix
and aloop region concealing the C-terminal edge of HDACI’s central
B-sheet are slightly spread apart by KBTBD4-A to promote KBTBD4-
UM171-LHC complex formation* (Extended Data Fig. 7d,e). At this

elementsannotated. e, Flow cytometry quantification of K562 KBTBD4-null
CoREST-GFP cells overexpressing the indicated KBTBD4 variants after
treatment with DMSO or UM171for 24 h. Dataare mean = s.d. of n=3 technical
replicatesand are representative of twoindependent experiments. f, The
overallarchitectures of the LHC-UM171-bound and apo forms of the KBTBD4
homodimer. The closest distance between the two KELCH-repeat domains and
the widest dimension of the E3 dimerin the two formsareindicated at the top
and bottom of the dimers, respectively. FACS gating strategies are shownin
Supplementary Fig. 1c.

interface, the 3-hairpin of the KBTBD4-A 4b-4c loop wedges into a
hydrophobic cleft demarcated by the outer strand (36) of HDAC1's
central B-sheetandits two surrounding secondary structure elements.
Phe408 and Phe409 at the tip of the KBTBD4-A B-hairpin contact five
hydrophobic residues in HDAC1 (Tyr201, Leu211, Pro227, Tyr358 and
lle362) (Fig.4a). These interactions are reinforced by an intermolecular
saltbridge between KBTBD4-A Asp407 and HDAC1 Arg229. Consistent
withanimportantroleinstabilizing the KBTBD4-UM171-LHC complex,
mutation of KBTBD4 Phe408 and Phe409 to alanine blocked COREST
degradation by UM171 (Fig. 4b). By contrast, KBTBD4(D407A) had
alesserimpact on CoREST degradation. Together, engagement by
KBTBD4-A is critical for HDAC1 recognition and CoREST degradation.

HDAC1-UM171-KBTBD4-B interface

In cooperation with UM171, the KELCH-repeat domain of KBTBD4-B
forms an extensive interface with the substrate-binding site of HDAC1,
encompassing the lateral and relatively flat surface of blade 2 and 3
of its propeller domain (Figs. 3a and 4c). Multiple solvent-exposed
hydrophobic and polar residues in KBTBD4-B participate in engaging
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Fig.4|UM171and InsPiestablish abimolecular glueinterface.a, Theinterface
between the 4b-4c B-hairpin of KBTBD4-A (slate) and HDACI (pink). The side
chainsof theinteracting amino acids are shown as sticks. b, Flow cytometry
quantification of K562 KBTBD4-null COREST-GFP cells overexpressing the
indicated KBTBD4 variants after treatment with DMSO or UM171for 24 h. Data
aremean ts.d. of n =3 technical replicates. ¢, View of the interface formed
between KBTBD4-B (green) and HDAC1 (pink), with UM171shown as yellow and
bluesticksand InsP,shown as green, orange and red sticks. Secondary structures
involvedin protein-proteininteractions are annotated. d, Comparison of
UM171(yellow and blue sticks) with SAHA (orange, blue and red sticks) binding
totheactive-site pocket of HDAC1 (pink surface), with zinc (Zn) shown as a slate
spherebased onthe HDAC2-SAHA structure (Protein Data Bank (PDB): 4LXZ)

more than half of the active-site loops on one side of the deacetylase.
In particular, thetip of the KBTBD4-B 2b-2c hairpinloop occupies the
region of HDACI1 that recognizes its histone H4 substrate* (Extended
DataFig. 7f). Despite their proximity, none of the KBTBD4-B residues
are positioned close enough to access the HDAC1 active-site pocket,
allowing UM171toinsertinto and complement this interface (Extended
Data Fig. 7g,h).

UM171 stabilizes the KBTBD4-B-HDACI interactions by bridging
both proteins. Onthe HDACl1 side, UM171insertsits N-methyl-tetrazole
into the active-site pocket of the enzyme, contacting Phel50 and
Phe205 (Fig. 4d,e and Extended Data Fig. 7i). The N-methyl group
reaches as deep as Ce of the histone H4 Lys16 side chain (Extended
Data Fig. 7j). The UM171 tricyclic pyrimidoindole core lies at the
periphery of the pocket, with the cyclohexylamine extending out-
wards to formasalt bridge with Glu98 of HDAC1. Superposition analy-
sis of UM171-bound HDAC1 and SAHA-bound HDAC2 shows that the
corresponding small molecules would competitively occupy the
active site, explaining their observed mutual exclusivity*? (Figs. 2d,e,h
and 4d). However, whereas most HDACI1 active-site inhibitors (for
example, SAHA) contact the catalytic zinc, UM171 does not. These
findings support our observations that UM171 cannot directly bind to
HDAC1/2-CoREST alone, instead requiring KBTBD4 for engagement
(Extended Data Fig. 3e).

Onthe KBTBD4-Bside, the pyrimidoindole core and the benzyl group
of UM171 are embedded into a surface groove between the b-c loops
ofblade 2 and 3 (Extended Data Fig. 7k). The benzyl group of UM171
packs against Pro311, Leu335 and Lys354 while its pyrimidoindole

6 | Nature | www.nature.com

[ DMSO 3 1uMUM171

-7

-8

log[UM171 (M)]

9

@

T T T T T T
4 5 -6 -7 -8 -9

log[IinsPg (M)]

0 0.5 1.0
Normalized TR-FRET ratio

superimposed with HDACI. e, Magnified view of UM171 (yellow and blue sticks)
binding to the surface pocket formed between KBTBD4-B (green) and HDAC1
(pink). Side chains of select UM171-contacting residues are shown as sticks.
f,Magnified view of the interactions made by InsP, (red, orange and green sticks)
toKBTBD4-B (green), HDAC1 (pink) and CoREST (orange); residues involved in
theinteractions are highlighted as sticks. Potential salt bridges and hydrogen
bondsareshown asdashed lines. g, The normalized TR-FRET signal between
fluorescein-LHC and anti-His CoraFluor-1-labelled antibody with His-KBTBD4
inthe presence of varying concentrations of InsP,and UM171. n =2 biological
replicates. Forband g, dataarerepresentative of twoindependent experiments.
FACS gating schemes are shown in Supplementary Fig. 1c.

ring is flanked by 11e310 and Leu356 and H-bonds with Asp333
(Fig. 4e, and Extended Data Fig. 7k). Consistent with these observa-
tions, mutation of lle310, Pro311, Arg312, Asp333, or Leu356 inhibits
CoREST-GFP degradation by UM171 (Fig. 4b). lle310 and Leu356 of
KBTBD4-B also make direct hydrophobicinteractions with Phe150 and
Phe205 of HDACI, respectively (Fig. 4e). These four hydrophobicresi-
dues, together with Leu271 of HDAC1, surround UM171and nucleate a
hydrophobic core at the protein-proteininterface. Notably, the surface
groove of the E3is closed onthe KBTBD4-A propeller and incompatible
with UM171 binding (Extended Data Fig. 71). The b-c loops of blade 2
and 3in KBTBD4-B are therefore most likely spread open by the small
molecule with the support of HDACI. These observations probably
explain why UM171 does not show any detectable affinity towards the
free KBTBD4 protein.

InsPis asecond molecular glue

The HDAC1-MTA1 complex is stabilized by inositol phosphates, which
bind at the interface between HDAC1 and the corepressor??. In the
KBTBD4-UM171-LHC complex, a clear density of InsP, is present at
the expected binding site between HDACland CoREST (Figs. 3a and 4f
and Extended Data Fig. 7m). Notably, the InsP, molecule also directly
contacts KBTBD4-B. Although we cannot definitively assign the car-
bon atoms of InsPg, all six phosphate groups interact with the protein
subunits.

Onthe LHC side, five phosphate groups in InsP, coordinate several
positively charged and tyrosine residues in HDAC1 (Lys31, Arg270,
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Fig.5|Base editing functionally maps the KBTBD4-UM171-HDAC1/2
interface. a, Schematic of base editor scanning of HDACI (428 out of 482
residues; 88.6%) and KBTBD4 (460 out of 534 residues; 86.1%) in K562 COREST-
GFP cells. The diagram was adapted from ref. 52. b, The log,[fold change in
sgRNA enrichment]in GFP* cells versus unsorted cells treated with1 uM UM171
(n=3)for 24 hforbaseeditor scanning of HDACI using a cytidine base editor
(left) and adenosine base editor (right). The dotted lines represent +4 s.d. from
the mean of non-targeting controls (n=199).Selected sgRNAs are labelled.

¢, Thestructure of HDAC1-CoREST-KBTBD4 showing HDAC1residues coloured
onthebasisoflinear clustering score frombase editor scanning (Extended Data
Fig.8d). The Ca positions of selected top-enriched sgRNAs, marked inb, shown
asspheres. Py, adjusted P.d, Immunoblots of HA-KBTBD4 IP from clonal 293T
celllines containing the indicated HDAC1 base edits, transfected with HA-
KBTBD4, and treated with DMSO or UM171 (1 uM) for 1hand MLN4924 (1 pM)

Arg306 and Tyr336) as well as the COREST SANT1 domain (Lys212,
Tyr233, Tyr234 and Lys237). On the KBTBD4-B side, His291 and Arg
313 each form a salt bridge with one of the six phosphates, and muta-
tion of either residue to alanine blocks COREST degradation by UM171
(Fig.4b,f). Moreover, InsP, contacts Trp315, which belongs to a cluster
of three tryptophan residues on the lateral surface of the KBTBD4-B
propeller (Trp315, Trp324 and Trp326). Mutation of these tryptophan
residues to alanine revealed that only Trp315 is essential for COREST
degradation by UM171 (Fig. 4b).

The binding mode of InsP, in the KBTBD4-LHC complex suggests
that the cofactor synergizes with UM171to form the E3-neosubstrate
complex. Consistent with this notion, UM171 is insufficient to pro-
mote KBTBD4-LHC complex formation in the absence of InsP, and
vice versa (Fig. 2f). ATR-FRET-based cross titration of UM171and InsP,
measuring KBTBD4-LHC binding revealed that complex formation
was only observed in the presence of both small molecules (Fig. 4g).
Together, our results reveal the notable dependence of a quaternary
complex ontwo smallmolecule gluesin shaping anextensive, induced
protein-protein interface.

Base editor scanning of HDACI and KBTBD4

Totest the interactions identified by cryo-EM, we sought to systemati-
cally mutate HDAC1and KBTBD4 in cells and measure the subsequent
impact on CoREST degradation by UM171. Overexpressed HDAC1 could

for3 h. The base editing genotypes are shownin Extended Data Fig. 9a. Data
arerepresentative of twoindependent experiments. e, The log,[fold changein
sgRNA enrichment] in GFP* cells versus unsorted cells treated with 1 uM UM171
(n=3)for24 hforbase editor scanning of KBTBD4 using a cytidine base editor
(left) and adenosine base editor (right). The dotted linesrepresent +4 s.d. from
the mean of non-targeting controls (n =199). Selected sgRNA hit positions are
labelled. f, The structure of HDAC1-CoREST-KBTBD4, showing KBTBD4-B
residues coloured onthe basis of the linear clustering score frombase editor
scanning (the same colour scale asin ¢; Extended DataFig. 8d). The Ca positions
of selected top-enriched sgRNAs, markedin e, are shown as spheres. FACS-
gatingschemes and uncroppedblots are shownin Supplementary Figs.1dand 4,
respectively. HA, hemagglutinin; IP,immunoprecipitation; MW, molecular
weight.

not recapitulate ternary complex formation with UM171and KBTBD4
(Extended Data Fig. 8a)—probably due to non-physiological expression
thatinterferes withendogenous complexstoichiometry. Consequently,
we used base editor scanning™® to systematically mutate endogenous
HDACI, using the expanded PAM variant SpG Cas9 cytidine and adeno-
sine base editors (CBE and ABE, respectively) to increase amino acid
mutational coverage** (Fig. 5aand Supplementary Data 7-10). Owing
to theredundancy of HDAC1and HDAC2?, we generated COREST-GFP
knock-incelllines containing HDAC2 knockout to circumvent compen-
sationduring the base editor scanning (Extended Data Figs. 2e,fand 8b).
Base editorsandthe pooled sgRNA library targeting HDACI were intro-
ducedinto K562 CoOREST-GFP HDAC2-null cells, which were then treated
with UM171(24 h,1uM). Cells remaining GFP positive were sorted using
fluorescence-activated cell sorting (FACS) and enriched sgRNAs were
identified to reveal HDAC1 positions required for COREST-GFP degrada-
tion (thatis, positive sgRNA enrichment scores) (Fig. 5b and Extended
DataFig. 8c). Owing to the non-uniform coverage of sgRNAs, we used
LOESS regressionon asliding window across the length of the protein
to estimate per-residue enrichment scores from the measured sgRNA
scores and then compared them to a null distribution generated by
shuffling sgRNA scores. This enables us to determine whether a given
stretch of residues may be more enriched than expected by chance®
(Methods and Extended Data Fig. 8d). Generally, this method assigns
greater significance toshortintervals along the linear coding sequence
that contain multiple enriched sgRNA hits.
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Mapping these per-residue significance values for HDAC1 onto our
cryo-EMstructure revealed a strong mutational hotspot surrounding
the UM171-binding site at the HDAC1-KBTBD4-B interface (Fig. 5¢).
Many of the corresponding base edits were predicted to alter resi-
dues that directly contact UM171 as well as KBTBD4-B (for example,
sgH28, sgD99, sgG202, sgE203, sgY204, sgP206, sgS263, sgC273,
sgY303), suggesting that they disrupt multiple aspects of complex
formation (Fig. 5b). We generated and genotyped clonal 293T cell
lines in which HDAC1 was edited by sgD99, sgG202-2 or sgY204-1to
test the UM171-binding site as well as by sgT208 or sgl.211 to validate
the KBTBD4-A contact site (Extended Data Fig. 9a). We confirmed
that these base edits introduced into HDAC1 were sufficient to fully
block KBTBD4-HDACI co-IP promoted by UM171 (Fig. 5d)—except
for D99G, which had only a partial effect. Lastly, we generated
HDAC2-null HDAC1(E203G/Y204C) and HDACI-null HDAC2(E204G/
Y205C) CoREST-GFP cell lines by base editing with HDAC1 sgE203-1
and HDAC2 sgE204, respectively. UM171 treatment had no effect on
CoREST-GFP levelsin either of these cell lines, supporting that HDAC1
and HDAC?2 are functionally redundant in the degrader mechanism
(Extended DataFig. 9b-d).

Using an analogous base editing strategy, we next identified func-
tional residues on KBTBD4 (Fig. 5e; Supplementary Data 11-14). We
validated that asubset of CBE base edits block COREST-GFP degrada-
tion by individual sgRNA transduction (Extended Data Fig. 10a). As
anticipated, many more sgRNAs targeting KBTBD4 scored as hits, as
any significant loss-of-function mutationin the E3 can block degrada-
tion, in contrast to mutations in the neosubstrate (that is, HDAC1). Most
top-enriched sgRNAs (CBE, 18 out of 80; ABE, 47 out 0f 197) targeted the
BTB domain, and probably disrupt KBTBD4 homodimerization and/or
interaction with CUL3 and, therefore, ligase activity. Consistent with
this notion, linear clustering analysis of the KBTBD4 base editor scan-
ning datashowed that the strongest mutational hotspot residedin the
BTB domain and along the dimerizationinterface (Fig. 5fand Extended
DataFig. 8d).

Many top-enriched sgRNAs are also predicted to alter various blades
ofthe KELCH domain. Regions containing these individual top-enriched
sgRNAs did not score highly in the linear clustering, probably due
to the 3D structure of the B-propeller domain. In particular, several
top-enriched base edits target regions surrounding the UM171-binding
site between blade 2 and blade 3 (Fig. 5f and Extended Data Fig. 10b).
We further investigated the base edits produced by sgA296, sgP311
and sgD333, first confirming the predicted base editing outcomes and
protein stability of the corresponding KBTBD4 variants (Extended Data
Fig.10c,d). Overexpression of these KBTBD4 variants (that is, A296T,
P311L, D333N) in KBTBD4-null COREST-GFP cells showed that COREST-
GFPremainedstable after UM171treatment (Fig. 4b), confirming that
these variants probably disrupt UM171 binding. Taken together, base
editor scanning of the neosubstrate and E3 support, in the native
context, the complexinterfaces defined by our KBTBD4-UM171-LHC
cryo-EM structure, showcasing the synergy of these approaches.

Discussion

Here we elucidate the mechanism of action of UM171, establishing
its target and function as a molecular glue. The cryo-EM structure
of the KBTBD4-UM171-InsP,~LHC complex provides an example of
aglue-licensed CRL3 E3 engaged with its neosubstrate. Among the
superfamily of CRLE3s, CRL3 possesses the most substrate receptors,
the majority of which share the same BTB-KELCH domain composi-
tion as KBTBD4*¢%°, Our results therefore substantially expand the
repertoire of human E3 ligases that are potentially rewireable by glues.
Importantly,incontrast to most CRL4s, CRL3s functionashomodimers
with two substrate-binding domains, enabling cooperative binding of
two degrons encoded within a single substrate polypeptide. Rather
than co-opting each substrate-binding domain individually, a single
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molecule of UM171 leverages both protomers of KBTBD4 to engage
HDACI1 cooperatively and asymmetrically, underscoring the unique
potential of dimeric E3s to be reprogrammed by small molecules.

Notably, UM171bindstoapocket thatis present only after KBTBD4-B-
HDACI contact, suggesting that the surface of E3 scaffolds can be struc-
turally plastic and might contain more binding sites for glue engage-
ment thantheir apostructures reveal. Acomparison between the free
and LHC-bound forms of KBTBD4 further reveals an open-to-closed
conformational change within the E3 homodimer, underscoring that
the actions of glues can benefit from both local and global structural
plasticity in E3s. Moreover, we demonstrate the requirement of InsP as
asecondglue atthe KBTBD4-HDACI1-CoREST interface, inaugurating
adual-glue paradigm.

We establish HDAC1/2 as the target of UM171, highlighting modali-
ties to target this enzyme class. Notably, UM171 does not only inhibit
HDACI1/2 activity, but alsoleads to the potent degradation of selective
subunits of HDAC1/2 complexes (that is, COREST and MIER1), which
are otherwise not readily amenable to therapeutic targeting. Finally,
the mechanism of action of UM171 provides another example of how
active-site ligands can serendipitously act as glues, further highlight-
ing that enzyme active sites may be privileged as partners in pharma-
cologically induced protein-protein interactions®. In summary, this
work reveals the considerable molecular sophistication of glue degrad-
ers in reprogramming extensive protein-protein contacts and vast
opportunities for their prospective discovery.
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Methods

Cell culture

MOLM-13 (ATCC) and SET-2 (DSMZ) cells were a gift from M. D. Shair.
HEK293T cells (Thermo Fisher Scientific) were a gift from B. E. Bernstein.
Gesicle Producer 293T cells were a gift from D. R. Liu (Takara, 632617).
MV4;11 and K562 cells were obtained from ATCC. HEK293F cells were
obtained from Thermo Fisher Scientific. All mammalian cell lines
were cultured in a humidified 5% CO, incubator at 37 °C and routinely
tested for mycoplasma (Sigma-Aldrich). RPMI1640 and DMEM media
were supplemented with 100 U mI™ penicillin and 100 pg m1™ strep-
tomycin (Gibco) and FBS (Peak Serum). MOLM-13, MV4;11 and K562
cells were cultured in RPMI1640 (Gibco) supplemented with 10% FBS.
SET-2 cells were cultured in RPMI1640 (Gibco) supplemented with
20% FBS. HEK293T and Gesicle Producer 293T cells were cultured in
DMEM (Gibco) supplemented with 10% FBS. HEK293F cells were cul-
tured in Freestyle 293 Expression Medium (Thermo Fisher Scientific)
shaking at 125 rpm. Spodoptera frugiperda (Sf9) insect cells (Expres-
sion Systems, 94-001F) were cultured in ESF921 medium (Expression
Systems) in anon-humidified and non-CO,incubator at 27 °C shaking
at 140 rpm. High Five and ExpiSf9 cells were purchased from Thermo
Fisher Scientific (B85502 and A35243, respectively), with Grace insect
medium (Thermo Fisher Scientific,11595030) supplemented with10%
FBS (Cytiva) and 1% penicillin-streptomycin (Gibco), cultured at 26 °C.
All of the cell lines were authenticated by short tandem repeat profil-
ing (Genetica) and routinely tested for mycoplasma (Sigma-Aldrich).

Lentiviral production

Forlentivirus production, transfer plasmids were co-transfected with
GAG/POL and VSVG plasmids into 293T cells using Lipofectamine 3000
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
Medium was exchanged after 6 h and the viral supernatant was col-
lected 52 h after transfection and sterile-filtered (0.45 pm). MOLM-13
and K562 cells were transduced by spinfection at 1,800g for 1.5 h at
37°C with 5 pg ml™ and 8 pg ml™” polybrene (Santa Cruz Biotechnol-
ogy), respectively. Where necessary, 48 h after transduction, cells were
selected with1pg ml™and 2 pg ml™ puromycin (Thermo Fisher Scien-
tific), respectively, for 3-5days. For inducible expression experiments,
K562 cells were selected with or 600 pg ml™ geneticin (G418 sulfate)
(Thermo Fisher Scientific) for 7-10 days.

Plasmid construction

sgRNAs were ordered as synthetic oligonucleotides (Azenta/Genewiz),
annealed and ligated into the appropriate vector: lentiCRISPR.v2 (Cas9
knockout), agift fromF.Zhang (Addgene, 52961); pRDA_478 (Addgene,
179096), which expresses BE3.9 (SpG), or pRDA_479 (Addgene, 179099),
which expresses ABE8e (SpG) for base editing (gifts from]J. Doench and
D.Root). For individual sgRNA validation of the KBTBD4 CBE screen,
sgRNAs were cloned into a pRDA_256 (Addgene, 158581) vector, a
gift fromJ. Doench and D. Root, containing SpG Cas9 NG PAM. Other
plasmids were cloned by Gibson Assembly using NEBuilder HiFi (New
England Biolabs). Cloning strains used were NEB Stable (lentiviral) and
NEB 5-alpha (other plasmids) (New England Biolabs). For base editor
cloning, bacterial cultures were grown at 30 °C. Final constructs were
validated by Sanger sequencing (Azenta/Genewiz).

AlIKBTBD4 expression plasmids encoded isoform1(human, residues
1-518) but longer isoform 2 (residues 1-534) numbering was used.
CoREST expression plasmids encoded isoform 1 (human) in either
full-length (considered residues 4-485) or various truncations. Open
reading frames (ORFs) of human KBTBD4 and RCORI (mammalian
expression) were obtained from Horizon Discovery. The full-length
MIERIisoform1(human, residues1-512) ORF was obtained from Gene-
Copoeiaand full-lengthRCOR2isoform1(human, residues 1-523) was
agift from M. L. Suva. The LSDI ORF was a gift from R. Shiekhattar.
Full-length HDAC1 ORF was a gift from E. Verdin (Addgene, 13820).

The coding sequence of HDAC2 (amino acids 2-488) was synthesized
by IDT. The coding sequence of full-length NUDCD3 (human, residues
1-361) was synthesized by Twist Biosciences.

For fluorescent and stability reporter constructs, COREST, MIERI,
RCOR2 and KBTBD4 were cloned into Cilantro 2, a gift from B. Ebert
(Addgene, 74450). For transfection constructs, COREST-FLAG and HA-
KBTBD4 constructs were cloned into pcDNA3. For KBTBD4 overexpres-
sion constructs, KBTBD4 coding sequences were cloned into pSMAL
mCherry, which was generated from pSMAL throughintroduction of an
mCherry ORF into pSMAL (a gift from . E. Dick), or pFUGW-IRES-puro,
which was generated from pFUGW (Addgene, 14883) by replacing the
UbC promoter-eGFP cassette with an EFS-NS-IRES-puromycin cassette.
Forinducible expression constructs, KBTBD4 coding sequence (CDS)
was cloned into pInducer20, agift fromS. Elledge (Addgene, 44012). For
bacmid expression, KBTBD4and NUDCD3 were cloned into pFastbac, a
gift from T. Cech. The KBTBD4 construct for structure determination
was made by cloning human KBTBD4 cDNA isoform 1into a pFastBac
vector withatandem10xHis-tagand MBP tag at the N terminus followed
byaTEV protease cutting site. For eVLP constructs, sgRNA sequences
were clonedinto pU6-sgRNA (agift from D.R. Liu) by PCR amplification,
and co-transfected with pCMV-MMLVgag-3xNES-ABE8e (Addgene,
181751), pBS-CMV-gagpol (Addgene, 35614) and pCMV-VSV-G (Addgene
no. 8454), gifts fromD.R. Liu, P. Salmon, and B. Weinberg, respectively.

CRISPR-Cas9-mediated genome editing

Knock-in of COREST-GFP in K562 cells. mEGFP followed by a
‘GGGSGGGS' linker was knocked into the C terminus of COREST in K562
cells. sgRNA (sgRNA: TTCAAAGCCACCAGTTTCTC) targeting the C
terminus of COREST was cloned into a Cas9 plasmid, PX459%, and elec-
troporated according to the manufacturer’s protocol (Neon Transfec-
tion System, Thermo Fisher Scientific) with a repair vector containing
the mEGFP CDS and linker flanked by 750 bp of genomic homology
sequences to either side of the COREST C terminus. In brief, 2 x 10° cells
were washed twice with PBS and resuspended in buffer R. PX459 (0.5 pg)
and the repair vector (0.5 pg) were added to the cell suspension, and
electroporated at 1350 Vwith a10 ms pulse width for 4 pulses using the
Neon Transfection System 10 pl kit. After electroporation, cells were
immediately transferred to prewarmed medium. To generate single-cell
clones, cells were gated to sort for the top 0.2% GFP* cells and single-cell
sorted using the MoFlo Astrios EQ Cell Sorter (Beckman Coulter),
expanded and validated by western blotting and Sanger sequencing.

Knock-in of HDAC2-dTAG in HDAC1-null CoOREST-GFP K562 cells.
Homology-directed repair was used to insert a linker-FKBP12"¢"-
2xHA-P2A-Puro® cassette into the C terminus of HDAC2 in HDACI-null
CoREST-GFPKS562 cells (generation described below). sgRNA (sgRNA:
GGTGAGACTGTCAAATTCAG) (Synthego) targeting the C terminus of
HDAC2 was electroporated according to the manufacturer’s protocol
(Neon Transfection System, Thermo Fisher Scientific) with a repair
vector containing the linker-FKBP127¢V-2xHA-P2A-Puro® CDS flanked
by 700-800 bp of genomic homology sequences to either side of the
HDAC2 C terminus. In brief, 2 x 10° cells were washed twice with PBS
andresuspended inbuffer R. The sgRNA and the repair vector (0.5 pg)
were added to the cell suspension, and electroporated at1,350 Vwitha
10 ms pulse width for three pulses using the Neon Transfection System
100 pl kit. After electroporation, cells were immediately transferred
to prewarmed medium. After 9 days of recovery, cells were selected
with 2 pug ml™ puromycin (Thermo Fisher Scientific) for 10 days
before single-cell sorting on the MoFlo Astrios EQ Cell Sorter (Beckman
Coulter). Single-cell clones were validated by Sanger sequencing and
western blotting.

Generation of knockout K562 cells
Lentiviral vectors carrying sgRNA (LSD1, HDAC1, HDAC2) were generated
by cloning appropriate sequences (LSD1: TAGGGCAAGCTACCTTGTTA;



HDACI: GCACCGGGCAACGTTACGAA; HDAC2: TACAACAGATCGT
GTAATGA) into the pLentiCRISPR.v2 lentiviral vector. The control
vector contained sgRNA targeting luciferase (sgControl). Lentivi-
rus was produced and K562 CoREST-GFP cells were transduced and
puromycin-selected as described above.

HDACI-null, HDAC2-null and KBTBD4-null COREST-GFP K562 clones
were generated using the Alt-R CRISPR-Cas9 System (IDT) to deliver
ribonucleoprotein complexes containing KO guides (HDACI: GCACC
GGGCAACGTTACGAA; HDAC2: TACAACAGATCGTGTAATGA; KBTBD4:
GATATCTGTGAGTAAGCGGT) using the Neon Transfection System
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
Transfected cellsrecovered for 72 hbefore sorting for single-cell clones
on the MoFlo Astrios EQ Cell Sorter (Beckman Coulter). Single-cell
clones were validated by genotyping and immunoblotting. sgRNA
and primer sequences for validation are provided in Supplementary
Tables1and 2, respectively.

Proteomics sample preparation

MV4;11and SET-2 (50 million cells per replicate) were treated with1 uM
UM1710or DMSO for 6 h. Cells were washed twice with ice-cold PBS and
snap-frozeninliquid nitrogen for storage at -80 °C until use (n = 3, bio-
logicalreplicates). Frozen cell pellets were lysed in DPBS (Thermo Fisher
Scientific) supplemented withbenzonase (Santacruz Biotechnology)
and protease inhibitor cocktail (Roche) using a chilled bath sonicator
at4°C(Q700,QSonica). Thelysates were clarified by centrifugation at
300g for 3 min. Proteins were quantified by BCA assay (Thermo Fisher
Scientific) and normalized to 200 pg per 150 pl. Then, 200 pg of protein
was reduced with 5 mM Tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) (Sigma-Aldrich) for 2 min and alkylated with 20 mM chloro-
acetamide (CAA) for 30 min at room temperature. Next, 1,000 pg of
magnetic SP3 beads (1:1 hydrophobic:hydrophilic) (Cytiva) was added
toeachsample along with100% liquid chromatography (LC)-MS-grade
ethanol (Sigma-Aldrich) to reach the final concentration of 50% etha-
nol. The samples were thenincubated for 30 min with KingFisher Flex
system (Thermo Fisher Scientific) at room temperature. The beads
were washed three times with 80% high-performance LC (HPLC)-grade
ethanol (Sigma-Aldrich) and resuspended with 150 pl of trypsin/Lys-C
(4 ng, Thermo Fisher Scientific) in200 mM EPPS (pH 8.4)/5 mM CacCl,
(Sigma-Aldrich), and proteins were digested overnight for 16 hat37 °C.
Digested peptides were dried by a Speedvac, reconstituted with 5%
acetonitrile (Sigma-Aldrich)/0.1% formic acid (Thermo Fisher Scien-
tific) and desalted using Empore C18 Extraction Disks (3 M). Peptides
were eluted with 80% acetonitrile/0.1% formic acid, dried by a Speed-
vac. Peptides reconstituted with 5% acetonitrile/0.1% formic acid were
quantified using Quantitative Colorimetric Peptide Assay (Thermo
Fisher Scientific) and 10 pg of peptides for each sample were labelled
with 50 pg of TMTprol6-plex reagents (Thermo Fisher Scientific) per
channel. TMT labelling was performed for 75 min with rotation at room
temperature, and reaction was quenched by adding 5% hydroxylamine
(Acros Organics) for 15 min, followed by addition of 10% formic acid.
The samples were then pooled and dried using a Speedvac.

High-pH reversed-phase peptide fractionation

Peptides were reconstituted with 300 pl of 5% acetonitrile/0.1%
formic acid. Fractionation was performed using the Pierce High pH
Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific)
accordingto the manufacturer’sinstruction. Inbrief, peptide samples
were fractionated with 21increments (7.5-55% with every 2.5% increase,
and 75%) of acetonitrile with10 mM NH,HCO,. Three eluents from every
seventh fraction were pooled to get total seven fractions and dried
using aSpeedvac.

MS dataacquisition
Fractionated samples were reconstituted with 2% acetonitrile/0.1%
formic acid and analysed on the EASY-nLC 1200 system (Thermo

Fisher Scientific) coupled to the Orbitrap Eclipse Tribrid Mass
Spectrometer (Thermo Fisher Scientific) with the FAIMSpro system
equipped with real-time search function. Peptides were loaded onto
atrap column (Pepmap 100 C18, 3 pm particle size, 100 A pore size,
75 uminner diameter x 150 mm length) and separated over a 140 min
gradient of 5-35% acetonitrile in 0.1% formic acid and a flow rate of
300 nl min™ with an analytical column (EASY-Spray CI8 HPLC, 2 pm
particle size, 75 um inner diameter x 500 mm length). Peptides were
acquired by data-dependent acquisition (DDA) and quantified using
synchronous precursor selection MS3 (DDA-SPS-MS3); In brief, pep-
tides were ionized at 2,300 V, separated by FAIMSpro (1.5 s per cycle)
and scanned for MS1 analysis (resolution of 120,000; scan range of
400-1,400 m/z; maximum ion injection time (IIT) 50 ms; automatic
gain control (AGC) setting 0f10,000). MS2 analysis was collected from
collision-induced dissociation (collision energy of 36%), and MS3 spec-
tra were analysed in the orbitrap (resolution, 50,000; mass range,
100-500 Da).

MS data analysis

Data processing was performed in ProteomeDiscoverer (PD) v.2.5
(Thermo Fisher Scientific) using the SequestHT algorithm. All raw files
were submitted to search against the UniProtKB humanuniversal data-
base (UniProt: UP000005640, downloaded May 2020) combined with
the common Repository of Adventitious Proteins (CRAP, classes1,2,3
and 5) and the following parameters>; precursor tolerance of 10 ppm,
fragment ion tolerance of 0.6 Da, minimum peptide length of 6 and
trypsinfull digestion with zero miscleavages. Cysteine carbamidometh-
ylation (+57.021 Da) and methionine oxidation (+15.995 Da) were set as
variable modifications while lysine-and N-terminus-TMTpro modifica-
tion (+304.207 Da) were set as static modifications. Peptide-spectrum
matches were filtered to a 1% false-discovery rate (FDR) using the
Percolator algorithm (v.3.05.0) and further for protein assignment.
Reporterion quantifier node was set with the co-isolation threshold of
50, signal-to-noise threshold of 10 and SPS mass matches threshold of
50. Peptide abundance was normalized to total peptides. The protein
ratio was calculated using the PD2.5 pairwise ratio-based algorithm
and an empirical Bayes-moderated ¢-test was used to compare treat-
mentgroups using the limmaR package (v.3.54.2)%. The R environment
used wasv.4.2.2. Dataare provided in Supplementary Dataland 2. Vol-
cano plots were created using the R package ggplot2 (v.3.5.1). Protein—
proteininteraction networks were constructed using STRINGdb (v.12)*¢,
with a confidence threshold of >0.7, and the resulting networks were
imported and visualized using Cytoscape (v.3.9.0).

Immunoblotting

Cells were lysed on ice in RIPA buffer (Boston BioProducts) with 1x
Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific) and 5 mM
EDTA (Thermo Fisher Scientific). The lysates were clarified by cen-
trifugation and the total protein concentration was measured using
the BCA Protein Assay (Thermo Fisher Scientific). The samples were
electrophoresed and transferred to a 0.45 pum nitrocellulose mem-
brane (Bio-Rad). The membranes were blocked with Tris-buffered saline
Tween (TBST) with 5% blotting-grade blocker (Bio-Rad) and incubated
with primary antibodies at the following dilutions: KBTBD4 (Novus
Biologicals, NBP1-88587,1:1,000), HDAC1 (Cell Signaling Technology,
34589, D5C6U,1:1,000), HDAC2 (Cell Signaling Technology, 57156,
D6S5P, 1:1,000), FLAG (Sigma-Aldrich, F1804, M2,1:2,000), HA tag
(Cell Signaling Technology, 3724, C29F4,1:1,000), GAPDH (Santa Cruz
Biotechnology, sc-47724, 0411,1:10,000), H3K9ac (Abcam, AB32129,
1:2,000), H3 (Abcam, AB1791,1:2,000). The membranes were washed
three times with TBST and incubated with secondary antibodies at
the following dilutions: anti-rabbit IgG HRP conjugate (Promega,
W4011, 1:20,000), anti-mouse IgG HRP conjugate (Promega, W4021,
1:40,000) and goat anti-rabbit IgG HRP conjugate (Cell Signaling Tech-
nology, 7074,1:2,000). After three washes with TBST, immunoblots
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were visualized using SuperSignal West Pico PLUS or SuperSignal West
Femto chemiluminescent substrates (Thermo Fisher Scientific).

Ubiquitin and serial proteome

Sample preparation. SET-2 cells (10 million cells per replicate) were
pretreated with 100 nM bortezomib or DMSO for 3 h and subsequently
treated with 1 pM UM171 for 1.5 h or 6 h or DMSO for 6 h. Cells were
washed twice withice-cold PBS, and snap-frozenin liquid nitrogen for
storage at —80 °C until use (n = 3, biological replicates). The samples
underwent denaturing lysisin SDS to prepare for S-Trap digestion and
lysed in 500 pl SDS lysis buffer (5% SDS, 50 mM TEAB pH 8.5,2 mM
MgCl,, 2 pg ml™ aprotinin, 10 pug ml™ leupeptin, 1 mM PMSF, 50 uM
PR-619 (Lifesensors, SI19619: PR-619) and 1 mM chloroacetamide. The
samples were disrupted by gentle vortexing and incubated at room
temperature for about 15 min. The samples were treated with 3 pl
250 U pl™ benzonase (Thomas Scientific, E1014-25KU) to shear DNA,
mixed again and incubated at room temperature for another ~15 min.
The lysates were cleared by centrifugation for 10 min at 20,000g
and the supernatant was prepared for S-Trap digestion. The protein
concentration was estimated using the BCA protein assay. Disulfide
bonds were reduced in5mM DTT for 1 hat 25°C and 1,000 rpm shak-
ing, and cysteine residues were alkylated in 10 mM IAA in the dark for
45 min at 25°C under 1,000 rpm shaking. Then, 12% phosphoric acid
wasadded atal:10ratio of lysate volume to acidify, and proteins were
precipitated with 6x sample volume of ice-cold S-Trap buffer (90%
methanol, 100 mM TEAB). The precipitate was transferred in succes-
sive loads of 3 ml to a S-Trap Midi (Protifi) and loaded with 1 min cen-
trifugation at 4,000g, mixing the remaining precipitate thoroughly
between transfers. The precipitated proteins were washed four times
with 3 ml S-Trap buffer at 4,000g for 1 min. To digest the deposited
protein material, 350 pl digestion buffer (50 mM TEAB) containing
both trypsin and LysC, each at 1:50 enzyme:substrate weight:weight
ratio, was passed through each S-Trap column with 1 min centrifuga-
tion at 4,000g. The digestion buffer was then added back atop the
S-Trap and the cartridges were left capped overnight at 25 °C. Peptide
digests were eluted fromthe S-Trap, first with 500 pl 50 mM TEAB and
next with 500 pl 0.1% formic acid, each for 30 s at 1,000g. The final
elution of 500 pl 50% acetonitrile/0.1% formic acid was centrifuged
for1minat4,000gto clear the cartridge. Eluates were frozen and dried
inavacuum centrifuge. Peptides were reconstituted in 30% acetoni-
trile/0.1% formicacid, and the concentration was estimated using the
BCA assay.

Enrichment of K-e-GG peptides. Enrichment of K-e-GG peptides was
performed using the UbiFast method as previously described™s. For
eachsample, 500 pg peptides was reconstituted in 250 pl HS bind buffer
(CellSignaling Technology) with 0.01% CHAPS. Reconstituted peptide
was added to 5 pl PBS-washed HS anti-K-e-GG antibody bead slurry (Cell
Signaling Technology, 59322) in a 96-well KingFisher plate (Thermo
Fisher Scientific). The plate was covered with foil and incubated for1h
at4 °Cwith end-over-end rotation. The plate containing peptides and
anti-K-e-GG antibody beads was then processed on the KingFisher Flex
as previously described”. Inbrief, bead-bound enriched peptides were
washed with 50% acetonitrile/50% HS wash buffer followed by awashin
PBS. K-e-GG peptides were labelled while on-bead with freshly prepared
400 pg TMTpro reagents (Thermo Fisher Scientific) in100 mM HEPES
for 20 min and labelling was quenched with 2% hydroxylamine. The
beads were then washed with HS wash buffer before being deposited
into 100 pl PBS. Allsample wells were combined, the supernatant was
removed and enriched K-e-GG peptides were eluted from the beads
with2 x 10 min 0.15% TFA. The eluate was desalted using C18 StageTips,
frozen and dried in a vacuum centrifuge.

TMT labelling of UbiFast flow-through for serial proteome. Non-TMT-
labelled K-e-GG-enrichment flowthroughs were processed for proteome

analysis as previously described®. In brief, peptides were acidified to
1% formic acid and desalted with 50 mg tC18 SepPak cartridges. The
eluates were frozen and dried in a vacuum centrifuge. Peptides were
reconstituted in 30% acetonitrile/0.1% formic acid, and the concentra-
tion was estimated using the BCA assay; 100 pg of each sample was
reconstituted in 60 pl 50 mM HEPES and labelled with 200 pg TMT-
Prol8 reagents at a final concentration of 20% acetonitrile for 1 h at
25°Cand1,000 rpm. Labelling reactions were diluted to 5 mg ml™ with
50 mMHEPES. Complete labelling and balancing of input material were
confirmed. TMT labelling was quenched with 3 pl 5% hydroxylamine
for 15 min and each TMTPro18 plex was combined, frozen and dried.
Dried, labelled and combined peptides were reconstituted with 1 ml
1% formicacid and desalted witha100 mgtC18 SepPak. The eluate was
snap-frozen and dried in a vacuum centrifuge.

Offline bRP fractionation was performed to separate peptides over
a 96 min gradient with a flow rate of 1 ml min™.. Solvent A was 5 mM
ammonium formate/2% acetonitrile and solvent Bwas 5 mM ammonium
formate/90% acetonitrile. In total, 96 fractions were concatenated
into 24 fractions for proteome analysis. Then, 5 pg of peptides from
each of the 24 fractions was transferred into HPLC vials, frozen and
dried in a vacuum centrifuge for analysis. Proteome fractions were
reconstituted in 3% acetonitrile/0.1% formic acid and 1 pg from each
of the 24 fractions was injected for LC-MS/MS analysis.

LC-MS/MS for ubiquitin proteomics and serial proteome. K--GG
peptides were reconstituted in 9 pl 3% acetonitrile/0.1% formic acid
and 4 pl was injected twice onto a Orbitrap Exploris 480 mass spec-
trometer coupled to the Vanquish Neo UHPLC system (Thermo Fisher
Scientific), equipped with FAIMS (Thermo Fisher Scientific) essen-
tially as previously described®®. The sample was injected onto a capil-
lary column (Picofrit with 10 pm tip opening/75 pm diameter, New
Objective, PF360-75-10-N-5) packed in-house with approximately 25 cm
Cl18silicamaterial (1.5 pm ReproSil-Pur C18, Dr. Maisch) and heated to
50 °C.Peptides were separated at a flow rate of 200 nl min with alinear
154 min gradient from 1.8% solvent B (acetonitrile, 0.1% formic acid),
2min 5.4% B, 122 min 31.5% B, 130 min 54% B, 133 min 72% B, 144 min
45% B, 149 min 45% B. MS1 spectra were measured with a resolution of
60,000, an AGC target of 100% and a mass range from 350 t0 1,800 m/z.
Up to 10 MS2 spectra per duty cycle were triggered at a resolution of
45,000, an AGC target of 50%, an isolation window of 0.7 m/zand a
normalized collision energy of 32. The FAIMS device was operated in
standard resolution mode using the compensation voltages of -40,
-60and -80 for thefirstinjection followed by asecond injection with
compensation voltages of —45,-50 and -70.

Proteome fractions were reconstituted in 3% acetonitrile/0.1%
formicacid, and 1 pg from each of the 24 fractions was injected for
LC-MS/MS analysis onto an Orbitrap Exploris 480 mass spectrometer
coupled toaVanquish Neo UHPLC system (Thermo Fisher Scientific)
essentially as previously described®. The sample was injected onto
acapillary column (Picofrit with 10 pm tip opening/75 pum diameter,
New Objective, PF360-75-10-N-5) packed in-house with approximately
30 cm C18 silica material (1.5 pm ReproSil-Pur C18, Dr. Maisch) and
heated to 50 °C. Peptides were eluted into the Orbitrap Exploris 480
ataflowrate of 200 nl min™. The bRP fractions were run on a110 min
method, including alinear 84 min gradient from 94.6% solvent A (0.1%
formic acid) to 27% solvent B (99.9% acetonitrile, 0.1% formic acid),
followed by alinear 9 min gradient from 27% solvent B to 54% solvent
B.MSwas conducted using adata-dependent acquisition mode, where
MSl1spectrawere measured with aresolution of 60,000, anormalized
AGC target of 300% and a mass range from 350 to 1,800 m/z. MS2
spectrawere acquired for the top 20 most abundantions per cycle at
aresolution of 45,000, an AGC target of 30%, an isolation window of
0.7 m/zand anormalized collision energy of 34. The dynamic exclu-
siontimewas setto 20 s, and the peptide match and isotope exclusion
functions were enabled.



Data analysis for ubiquitin proteomics and serial proteome. MS
data were processed using Spectrum Mill Rev BI.07.11.216 (https://
proteomics.broadinstitute.org). Extraction of rawfiles retained spectra
withina precursor mass range of 600 to 6,000 Da and aminimum MS1
signal-to-noise ratio of 25. MS1 spectra within a retention time range
of +45 s, or withinaprecursor m/ztolerance of +1.4 m/z, were merged.
MS/MS searching was performed against a human UniProt database.
Digestion parameters were set to ‘trypsin allow P’ with an allowance
of 4 missed cleavages. The K-e-GG MS/MS search included fixed modi-
fications, carbamidomethylation on cysteine and TMTPro on the
Nterminus andinternal lysine, and variable modifications, acetylation
ofthe protein N terminus, oxidation of methionine and K-e-GG on tryp-
tic peptide—‘Ubiquitin Residual GG from Tryp Cut on K. The proteome
MS/MS search included fixed modifications, carbamidomethylation
on cysteine and TMTPro on the N terminus and internal lysine, and
variable modifications, acetylation of the protein N terminus, oxida-
tion of methionine, N-term deamidation, and N-term Q-pyroglutamate
formation. Restrictions for matching included a minimum matched
peakintensity of 40% for K-e-GlyGly and 30% for proteome, and a pre-
cursor and product mass tolerance of 20 ppm. Peptide-spectrum
matches were validated using a maximum FDR threshold of 1.2% for
precursor chargerange to2to 6. Atarget protein score of O was applied
during protein polishing autovalidation for the proteome to further
filter peptide-spectrummatches. TMTproreporterionintensities were
corrected forisotopicimpurities using the afRICA correction method
in the Spectrum Mill protein/peptide summary module, which uses
determinant calculations according to Cramer’s rule. Protein quanti-
fication and statistical analysis were performed using the Proteomics
Toolset for Integrative Data Analysis (Protigy, v.1.0.7, Broad Institute,
https://github.com/broadinstitute/protigy). Each K-e-GG peptide
or protein was associated with alog,-transformed expression ratio
for every sample condition over the median of all sample conditions.
Median normalization was conducted separately on the K-e-GG pep-
tide data and the global proteome data. K-e-GG peptide data were
then normalized to the global proteome data using the panoply_ptm_
normalization module of PANOPLY (PANOPLY, Broad Institute, https://
github.com/broadinstitute/PANOPLY/wiki). Specifically, it takes all
K-e-GG peptide log-ratios in all samples and regresses them against
thelog-ratios of cognate proteins. Then, theresulting residuals are the
normalized K-e-GG peptide values. After normalization, an empirical
Bayes-moderated t-test was used to compare treatment groups, using
the limma R package®. P values associated with every modified pep-
tide or protein were adjusted using the Benjamini-Hochberg FDR
approach. Data are provided in Supplementary Data 4-6.

Fluorescence degradation reporter assay

CoREST (full-length and truncated), MIER1 and RCOR2 inserts were
PCR-amplified with Esp3l sites and ligated into a Cilantro 2 eGFP-
IRES-mCherry reporter vector by golden-gate assembly. Point muta-
tions were introduced into coding regions using standard PCR-based
site-directed mutagenesis techniques. Deletion constructs were made
by PCR amplification of the appropriate regions and cloned into the
Cilantro 2 vector using Gibson cloning (New England Biolabs). Lentiviral
particles carrying the respective constructsinthe Cilantro 2 vector were
produced and used to transduce MOLM-13 cells as described above.
Then, 48 h after transduction, cells were selected with 1 pg ml™ puro-
mycin for 3-5 days. The selected cells were then treated with various
concentrations of UM171or 0.1% DMSO for 6 or 24 h. GFP and mCherry
fluorescence were measured onaNovoCyte 3000RYB flow cytometer
(Agilent) after drug or DMSO treatment. The geometric mean of the
ratio of GFP to mCherry fluorescence was calculated for each sam-
ple using the NovoExpress software (v.1.5.0, Agilent). The ratios for
the individual drug-treated samples were normalized to the ratios
of the DMSO-treated samples in Microsoft Excel (v.16.80) and plot-
ted using GraphPad Prism (v.9.4.0). All degradation assays were done

in triplicate and FACS-gating schemes are shown in Supplementary
Fig.1a.

Co-IP analysis

In K562 cells. FLAG-KBTBD4 was cloned into pFUGW-IRES-puro and
stably expressed in COREST-GFP K562 cells by lentiviral transduction
followed by puromycin selection, as described above. Cells were pre-
treated with either 10 uM SAHA (1 h) or DMSO, then treated with1 pM
MLN4924 for 3 hthen 5 uM UM171 or DMSO for 1 h. Cells were washed
twice with cold PBS and flash-frozen. Co-IP was performed as described
below.

In HEK293T cells. HEK293T cells were transfected with 3 pg pcDNA3.1
HA-KBTBD4 plasmid and 3 pg pcDNA3 CoREST-FLAG (full-length or
truncated) using PEIMAX transfection reagent (Polysciences) accord-
ing to themanufacturer’s protocol. Then, 48 h after transfection, cells
were treated with1 pM MLN4924 for 3 hthen1 pM UM171 or DMSO for
1h. Cells were washed twice with cold PBS and flash-frozen. Co-IP was
performed as described below.

Cellswerethawed, lysed oniceinlysis buffer (25 mM Tris-HCIpH 7.5,
150 mM Nacl, 1% NP-40 alternative) supplemented with cOmplete,
EDTA-free protease inhibitor cocktail (Sigma-Aldrich) and the lysates
were cleared. The protein concentration was quantified as described
above and diluted to1 mg ml™inlysis buffer with 1 uM UM171 or DMSO.
The supernatants wereimmunoprecipitated overnightat4 °Cwith 25 pl
Pierce anti-HA magnetic beads (Thermo Fisher Scientific). The beads
were washed six times with lysis buffer, eluted in SDS-PAGE loading
buffer and carried forward toimmunoblotting as described above.

Protein expression and purifications
Recombinant human KBTBD4 for biochemical and biophysical analy-
ses was purified from Sf9 insect cells. cDNAs for human KBTBD4 and
NUDCD3 proteins were cloned into the pFastBac donor vector and the
recombinant baculoviruses were constructed using the Bac-to-Bac
protocol and reagents (Thermo Fisher Scientific). KBTBD4 constructs
were tagged on the N terminus with 6xHis cleavable by TEV protease.
These plasmids were used to prepare separate baculoviruses accord-
ingto standard protocols (Bac-to-Bac Baculovirus Expression System,
Thermo Fisher Scientific). Detection of gp64 was used to determine the
baculovirus titre (Expression Systems). For expression, Sf9 cells were
grown to adensity of 1-2 x 10 cells per mland co-infected with NUDCD3
baculovirus at amultiplicity of infection (MOI) of 2and KBTBD4 bacu-
lovirus at a MOI of 3.5. The cells were incubated for 72 h (27 °C, 120g),
collected and then frozen with liquid nitrogen for future purification.
Cells were resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0 cold,
500 mM NaCl, 1 mM TCEP, 10% glycerol, 15 mM imidazole) supple-
mented with1% NP-40,1 mM PMSF and cOmplete, EDTA-free protease
inhibitor cocktail (Sigma-Aldrich) and sonicated. The lysates were
clarified by centrifugationat 100,000g for 30 min and incubated with
His60 NiSuperflow affinity resin (Takara). Resin was washed with lysis
buffer containing astepwise gradient of 15-50 mMimidazole, followed
by elution using lysis buffer with 250 mM imidazole. The eluate was
exchanged into storage buffer (50 mM Tris-HCI, pH 8.0 cold, 150 mM
NaCl,1 mM TCEP,10% glycerol) using an Econo-Pac 10DG desalting col-
umn (Bio-Rad) and further purified by size-exclusion chromatography
using the Superdex20010/300 GL column (GE Healthcare). The purity
of the recombinant protein was verified by SDS-PAGE and fractions
with 90-95% purity were pooled and stored at —80 °C.
Recombinanthuman KBTBD4 used in cryo-EM structure determina-
tionwas purified from Trichoplusia ni High Five insect cells. cDNAs for
human KBTBD4 and NUDCD?3 proteins were cloned into the pFastBac
donor vector and the recombinant baculoviruses were constructed
using the Bac-to-Bac protocol and reagents (Thermo Fisher Scientific).
KBTBD4 constructs were tagged on the N terminus with 10xHis and MBP
tag cleavable by TEV protease. These plasmids were used to prepare
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separate baculoviruses according to standard protocols (Bac-to-Bac
Baculovirus Expression System, Thermo Fisher Scientific). For expres-
sion, the monolayer High Five cells were grown to about 80% confluency
and co-infected with NUDCD3 baculovirus. The cells were incubated for
72h (26 °C), collected and then frozen with liquid nitrogen for future
purification. Cells were resuspended in lysis buffer (50 mM Tris-HCI,
pH 8.0 cold, 150 mM NaCl, 1 mM TCEP) supplemented with 1 mM
PMSF, 10 uM leupeptin, 0.5 pM aproptinin and 1 uM pepstatin A and
sonicated. The lysates were clarified by centrifugation at 100,000g
for 30 min and incubated with amylose affinity resin (New England
BioLabs). Resin was washed with lysis buffer, followed by elution using
lysis buffer with 10 mM maltose. The eluate was cut with tobacco etch
virus protease overnight, followed by the prepacked anion-exchange
column (GE Healthcare) to get rid of the protease and further purified
by size-exclusion chromatography using the Superdex20010/300 GL
column (GE Healthcare). The purity of the recombinant protein was
verified by SDS-PAGE and fractions with 90-95% purity were pooled
and stored at —-80 °C.

Recombinant HDAC1-CoREST comprised full-length HDAC1 (Uni-
Prot: Q13547) and CoREST (amino acids 86-485). HDAC2-CoREST
complex comprising HDAC2 (amino acids 2-488) (UniProt: Q92769) and
CoREST (amino acids 86-485) was purified from ExpiSf9 cells (Thermo
Fisher Scientific). cDNAs for human HDAC1, HDAC2 and CoREST pro-
teins were cloned into the pFastBac donor vector and the recombinant
baculoviruses were constructed using the Bac-to-Bac protocol and
reagents (Thermo Fisher Scientific). The HDAC1 construct was tagged
on the C terminus with a FLAG tag, the HDAC2 (amino acids 2-488)
construct was tagged on the N terminus with a SUMO tag, which can
be cleaved ininsect cells and with 6xHis on the C terminus. COREST
(86-485) was tagged with a 10x His tag followed by an MBP tag on
the N terminus. To improve the solubility of COREST, six amino acids
were mutated to the corresponding residues found in MIER2 (W172K
F188CF191E V197A V201N F209K). These plasmids were used to prepare
separate baculoviruses according to standard protocols (Bac-to-Bac
Baculovirus Expression System, Thermo Fisher Scientific). The sus-
pension ExpiSf9 cells were grown to about 5 x 10° cells per ml before
protein expression. For the HDAC1/2-CoREST complex or HDAC1/2
alone expression, the ExpiSf9 cells were either co-infected with HDAC1
or HDAC2 and CoREST baculovirus, or infected with HDAC1/2 baculo-
virus alone. The cells were incubated for 72 h (26 °C), collected and
then frozen with liquid nitrogen for future purification. Cells were
resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0 cold, 300 mM NaCl,
5mMMgCl, 15% glycerol,1 mM TCEP, 20 mMimidazole) supplemented
with1mMPMSF, 10 pMleupeptin, 0.5 uM aproptininand 1 pM pepstatin
Aand sonicated. Lysate was clarified by centrifugation at 100,000g for
30 min and incubated with nickel affinity resin (Thermo Fisher Scien-
tific) or FLAG resin (anti-FLAG M2 affinity gel, Sigma-Aldrich). Resin
was washed with lysis buffer, followed by elution using lysis buffer with
200 mMimidazole or 200 pg mI™ FLAG peptide. Eluate was applied to
the prepacked anion exchange column (GE Healthcare) toget rid of the
contaminants and further purified by size-exclusion chromatography
using a Superdex 200 10/300 GL column (GE Healthcare). The purity
of the recombinant protein was verified by SDS-PAGE and fractions
with 90-95% purity were pooled and stored at —80 °C.

Recombinant LSD1-CoREST complex comprised LSD1amino acids
151-852 and CoREST amino acids 308-485. LSD1amino acids 151-852
were cloned into a pET15b vector (gift from P. A. Cole) containing an
N-terminal 6xHis-tag using NEBuilder HiFi DNA Assembly Master Mix
(NEB, E2621L). The LSD1 constructs were expressed in BL21-CodonPlus
(DE3)-RIPL competent Escherichia coli and after plating a single colony
was cultivated in 2x YT with 100 mg 1™ ampicillin at 37 °C and expres-
sionwasinduced at an optical density of 600 nm (OD,,) of 1.0 by add-
ing 0.3 mM isopropyl B-D-thiogalactoside (IPTG) and grown for 5 h at
25°C. CoREST(308-485) was expressed from a pGEX vector (gift from
A. Mattevi). The plasmid was transformed into BL21-CodonPlus

(DE3)-RIPLE. coli cells and after plating a single colony was cultivated
in LB medium with 100 mg ™ ampicillin at 37 °C and expression was
induced at 0D, of 0.8 by adding 0.25 mMIPTG and grown overnight
at17 °C.The cells were pelleted by centrifugation at4,000g for 30 min
and stored at —80 °C before purification. All of the purification steps
were performedat4 °C.Pellets of COREST and LSD1 wereresuspended in
lysis buffer (50 mM NaH,PO, pH 8.0,300 mM NaCl, 5% glycerol, 7.5 mM
imidazole supplemented with PMSF, DNase and EDTA-free Roche pro-
teaseinhibitor cocktail) at aweight ratio of 1:1.5, respectively. Cells were
disrupted by sonication, clarified by centrifugation and passed through
nickel-affinity resinas before. The eluent was then loaded onto GST resin
equilibrated in GST affinity buffer (50 mM NaH,PO, pH 8.0,300 mM
NaCl, 5% glycerol,1 mM DTT,1 mM EDTA) and the GST-tag was cleaved
ontheresinafterincubation with GST-PreScission protease (APEXBIO)
overnight at4 °C. The protein was eluted by washing the column with
GST affinity buffer, concentrated and subsequently gel-filtered on
aSuperdex 200 10/300 GL column equilibrated in storage buffer as
before. The purity of the complex was verified by SDS-PAGE and frac-
tions with 90-95% purity were pooled and stored at —80 °C.

Recombinant LSD1-CoREST-HDAC complex comprised full-length
LSD1(UniProt: 060341) or LSD1(A77-86), full-length HDAC1 (UniProt:
Q13547) and N-terminally truncated CoREST (amino acids 86-485)
(UniProt: Q9UKLO) or N-terminal Cys CORESTY. The pcDNA3 vector
was used to create plasmids encoding the different proteins. The CoR-
EST constructs contained an N-terminal 10xHis-3xFLAG tag followed
by a TEV protease cleavage site. The constructs for ternary complex
were co-transfected into suspension-grow HEK293F cells (Thermo
Fisher Scientific) with polyethylenimine (PEI) (Sigma-Aldrich) and col-
lected after 48 h. Cells were resuspended in lysis buffer (50 mM HEPES,
pH 7.5,100 mMKClI, 5% glycerol, 0.3% Triton X-100, 1x Roche EDTA-free
cOmplete protease inhibitor cocktail) and sonicated. The lysates were
clarified by centrifugation at 12,000 rpm for 30 min, and the super-
natant was incubated with anti-FLAG M2 affinity gel (Sigma-Aldrich).
The affinity gel was washed twice with lysis buffer and twice with SEC
buffer (50 mM HEPES, pH 7.5, 50 mM KCl, 0.5 mM TCEP) followed by
the incubation with TEV protease overnight at 4 °C. The complex was
further purified by size-exclusion chromatography using the Superose
610/300 column (GE Healthcare). The purity of the complex was veri-
fied by SDS-PAGE and fractions with 90-95% purity were pooled and
supplemented with 5% glycerol and stored at =80 °C.

Fluoresceinlabelling of LHC

Thefluorescein labelling of the LSD1-CoREST-HDAC1complex was puri-
fied as described above. A Cys point mutagenesis was conducted next
tothe TEV protease cleavage site of N-terminally truncated CoREST for
theligation reaction with NHS-fluorescein®. A2 mM NHS-fluorescein
was incubated with 500 mM mercaptoethanesulfonate (MESNA) in
the reaction buffer (100 mM HEPES, pH 7.5, 50 mM KCI, 1 mM TCEP)
for 4 h at room temperature in the dark for transesterification. The
LSD1-CoREST-HDACI1 complex purified by FLAG M2 affinity gel was
washed with reaction buffer and incubated with TEV protease for 5h
at 4 °C. The complex was then mixed with 500 pl of the fluorescein/
MESNA solution to make a final concentration of 0.5 mM fluorescein
and 125 mM MESNA. The mixture wasincubated for 48 hat 4 °Cin the
dark. The complex was desalted by a Zeba spin desalting column (7 kDa
MWCO) and further purified by size-exclusion chromatography using
a Superose 6 10/300 column (GE Healthcare). Fluorescein-labelling
efficiency was analysed by SDS-PAGE and fluorescence gel imaging
(Amersham Typhoon FLA 9500, Cytiva). The purity of the complex was
verified by SDS-PAGE and fractions with 90-95% purity were pooled
and supplemented with 5% glycerol and stored at -80 °C.

FP measurements
Titration of KBTBD4. Recombinant WT KBTBD4 was diluted to 15 pM
inaone-to-one mixture of ligand buffer (50 mM Tris-HCI, pH 8.0 cold,
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150 mMNaCl,1 mM TCEP,10% glycerol) and LHC buffer 20 mM HEPES
pH7.5,1mMTCEP,2 mg mI™ BSA, 0.1% Tween-20, +100 pM InsP;) con-
taining 10 nM JL1 with or without 20 nM recombinant LHC, HDAC1-
CoREST, HDAC2-CoREST, HDAC1, HDAC2 or LSD1-CoREST. This was
aliquoted in triplicate into a black 384-well plate (Corning), followed
by twofold serial dilution in assay buffer containing 10 nM JL1 with or
without 20 nM recombinant LHC, HDAC1-CoREST, HDAC2-CoREST,
HDAC1, HDAC2 or LSD1-CoREST (final volume, 25 pl). The plate was
incubated atroom temperature for1 handread (1,700 msintegration)
using the SpectraMax i3x system with a rhodamine FP cartridge and
SoftMax Pro software (Molecular Devices). Wells containing only assay
buffer were used for background subtraction. The G-factor was adjusted
to set the polarization of assay buffer with 10 nMJL1and 200 nM LHC
onlytoareference value of 27 mP. Curves were fitted to the sigmoidal,
4PL modelin GraphPad Prism 9.

Titration of SAHA or UM171. Recombinant WT KBTBD4 (5 uM) and
recombinant LHC (20 nM) were diluted to in a one-to-one mixture of
ligand buffer (50 mM Tris-HCI, pH 8.0 cold, 150 mM NaCl,1 mM TCEP,
10% glycerol) and LHC buffer (20 mM HEPES pH 7.5, 1 mM TCEP,
2mg ml™BSA, 0.1% Tween-20, 100 uM InsP,) containing 10 nM JL1
and 10 uM SAHA or UM171. Thiswas aliquoted in triplicate into ablack
384-well plate (Corning), followed by twofold serial dilution in assay
buffer containing10 nMJL1, recombinant WT KBTBD4 (5 M) and recom-
binant LHC (20 nM) (final volume, 25 pl). The plate was incubated at
room temperature for 1 hand read (1,700 ms integration) using the
SpectraMax i3x system with a rhodamine FP cartridge and SoftMax
Pro software (Molecular Devices). Wells containing only assay buffer
were used for background subtraction. The G-factor was adjusted to
set the polarization of assay buffer with 10 nMJL1, 5 puM KBTBD4 and
200 nM LHC only to areference value of 27 mP. Curves were fit to the
sigmoidal, 4PL modelin GraphPad Prism 9.

Microscale thermophoresis measurements

MST assays were performed with the Monolith NT.115 (NanoTemper)
system using the Nano BLUE mode. The exciting laser power was set
at 50% and MST power was set to medium. K, values were calculated
using MO.analysis (v.2.3) software with the quadraticequation binding
Ky model shown below:

B (Ar + B+ Kp) = [ (Ag + By + Kp)> — 4(A; By)
2

Titration of KBTBDA4. Fluorescein-labelled LHC (200 nM) was titrated
with WTKBTBD4 inthe absence or presence of DMSO or UM171 (50 uM)
inthe MST-binding assaysat23 °C. WT KBTBD4 (up to 11.7 uM) was pre-
pared with atwofold serial dilution for titrating with fluorescein-LHC.
Then, 50 uM UM171 or an equivalentamount of DMSO were added. LHC
(or LSD1-CoREST) at afinal concentration of 200 nM was then added,
mixed welland incubated for 10 min for equilibration before transfer-
ring to MST premium capillaries. Prism 9 was used to fit the datato a
four-parameter dose-response curve.

Histone H3K9ac synthesis

The depsipeptide as Fmoc-Thr(OtBu)-glycolic acid was synthesized
based on a reported two-step protocol®. Then, H3K9ac(1-34) with a
sequence as ARTKQTARKS-TGGKAPRKQL-ATKAARKSAP-A-TOG-G was
synthesized by standard solid-phase peptide synthesis and purified
by reversed-phase HPLC. The Fmoc-protected amino acids were pur-
chased from Novabiochem except for Fmoc-Lys(Ac)-OH (EMD Millipore
852042).F40 sortase was expressed and purified as reported previ-
ously, and bacterial expression and purification of Xenopus laevis globu-
lar H3 (gH3; amino acids 34-135 C110A) were performed also according
to a previous protocol®. Next, the F40-sortase-catalysed histone H3

ligation reaction was carried out between the H3K9ac (amino acids
1-34; note that the C-terminal residue is extruded) peptide and the gH3.
The reaction mixture was purified by ion-exchange chromatography
to obtain pure semisynthetic histone H3K9ac (C110A) characterized
by MALDI-TOF MS as reported previously®.

Octamer refolding and nucleosome reconstitution

146 bp Widom 601 DNA was prepared according to previously reported
methods used for the nucleosome reassembly®*, Bacterial expression
and purification of X. laevis core histones H2A, H2B and H4 were then
carried out, followed by assembly of the histone octamer and refolding
as previously reported®. The octamer was purified by size-exclusion
chromatography using the Superdex 200 10/300 GL column (GE
Healthcare) and was used for nucleosome assembly with 146 bp 601
Widom DNA as reported previously®. The final mixture was subjected
to HPLC purification (Waters, 1525 binary pump, 2489 UV-Vis detector)
witha TEKgel DEAE ion-exchange column to purify the final nucleosome
product. The purified nucleosome containing H3K9ac was analysed
by native TBE-gel with EtBr staining, as well as SDS-PAGE gel and then
western blot analysis using anti-H3K9ac antibodies®.

Analysis of LHC complex deacetylation of acetylated nucleosome
The general deacetylation assay was set up as reported previously®®.
The LHC complex was diluted into the pH 7.5 reaction buffer contain-
ing 50 mM HEPES, 100 mM KCl, 0.2 mg mI™ BSA and 100 puM InsP
to a final concentration of 90 nM. After the addition of KBTBD4 to
a final concentration of 300 nM and/or UM171 (in final 10% DMSO)
to a final concentration of 10 pM, the solution was pre-incubated
for 15 min at ambient temperature. After chilling onice for 3 min,
the deacetylation reaction was initiated with the addition of H3K9ac
nucleosome to afinal concentration of 100 nM, and all of the reaction
solutions were incubated for 120 min at 37 °C. Different aliquots were
taken at timepoints of 0, 30 min, 60 min, 90 min and 120 min. Each
aliquot was quenched with an SDS-loading buffer containing 20 mM
EDTA, and was heated at 95 °C for 3 min. After running SDS-PAGE and
iBlot transfer to nitrocellulose membranes, western blot analysis was
performed with anti-H3K9ac primary antibody (Abcam, AB32129,
1:2,000), followed by the goat anti-rabbit secondary antibody (Cell
Signaling Technology, 7074S, 1:2,000). Western blot analysis with
anti-H3 (Abcam, AB1791, 1:2,000) was used as the loading control.
Imaging analysis with chemiluminescence on GeneSys was quantified
using ImageJ software®. Allintensity values were fit to a single-phase
exponential decay curve with constrain YO =1, plateau=0 (GraphPad
Prism Ten). Each plotted point represents two replicates for the kinetic
parameter V/[E] calculation.

HDAC1/2 activity assays

Recombinant HDACI1 (BPS Bioscience 50051) or HDAC2 (BPS Biosci-
ence50002) were diluted to 6 nM (1.2x) into buffer containing 50 mM
HEPES, pH 7.5,100 mMKCI, 0.5 mg mI™BSA, 0.001% Tween-20 and 25 pl
added to wells of a white, 384-well microtitre plate (Corning 3572).
Test compounds were added in serial dilution (1:2 titration, 15-point,
Cmax = 10 pM) using a D300 digital dispenser (Hewlett-Packard), and
allowed to equilibrate for 1 h at room temperature. Then, 5 pl of 6x
MAZ1600 HDAC substrate®® was added (final HDAC1/2 concentration
5nM; final MAZ1600 concentration 18 pM) and deacetylase activity
was allowed to proceed for 45 min at room temperature. Next, 5 pl
of 7x developer solution was added (150 nM trypsin + 40 puM LBH589
final concentrations) and the plate was incubated for 30 min at room
temperature. 7-Amino-4-methyl coumarin fluorescence was measured
onthe Tecan Spark plate reader: 350/20 nmexcitation, 460/10 nm emis-
sion. The assay floor (background) was defined with the 10 pM LBH589
dose, and the assay ceiling (top) was defined through a no-inhibitor
control. Datawere background-corrected, normalized and Prism 9 was
used to fit the data to a four-parameter dose-response curve.
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TR-FRET measurements

Unless otherwise noted, experiments were performed in white, 384-
wellmicrotitreplates(Corning,3572)ata30 plassayvolume,orwhite,384-
well low-volume microtitre plates (PerkinElmer, 6008280). TR-FRET
measurements were acquired on a Tecan SPARK plate reader with
SPARKCONTROL software v.2.1 (Tecan) with the following settings:
340/50 nm excitation, 490/10 nm (Tb) and 520/10 nm (FITC, AF488)
emission, 100 ps delay, 400 ps integration. The 490/10 nm and
520/10 nm emission channels were acquired with a 50% mirror and
adichroic 510 mirror, respectively, using independently optimized
detector gain settings unless specified otherwise. The TR-FRET ratio
was taken as the 520/490 nm intensity ratio on a per-well basis.

Ternary complex measurements by TR-FRET

Titration of UM171. Recombinant WT 6xHis-KBTBD4 (40 nM),
fluorescein-labelled LSD1-CoREST-HDAC complex (40 nM) and
CoraFluor-1-labelled anti-6xHis IgG (20 nM)* were diluted into a
one-to-one mixture of ligand buffer (50 mM Tris-HCI, pH 8.0,150 mM
NaCl,1mM TCEP,10% glycerol) and LHC buffer (20 mMHEPES, pH 7.5,
1mMTCEP,2 mg ml™BSA, 0.1% Tween-20,100 pM InsP;), with or with-
out 100 uM SAHA, and 10 pl was added to wells of a white, 384-well
low-volume microtitre plate (PerkinElmer, 6008280). UM171 was added
in serial dilution (1:3 titration, 10-point, ¢, = 10 pM) using a D300
digital dispenser (Hewlett-Packard) and allowed to equilibrate for 1 h
atroomtemperature before TR-FRET measurements were taken. Data
were background-corrected from wells containing no UM171. Prism
9 was used to fit the data to afour-parameter dose-response curve.

Titration of UM171and InsPg. Recombinant WT 6xHis-KBTBD4 (40 nM),
fluorescein-labelled LSD1-CoREST-HDAC complex (40 nM)and CoraFluor-
1-labelled anti-6xHis IgG (20 nM)* were diluted into were diluted into
aone-to-one mixture of ligand buffer (50 mM Tris-HCI, pH 8.0,150 mM
NaCl,1mM TCEP, 10% glycerol) and LHC buffer (20 mM HEPES, pH 7.5,
1mM TCEP, 2 mg ml™ BSA, 0.1% Tween-20) and 10 pl was added to
wells of a white, 384-well low-volume microtitre plate (PerkinElmer,
6008280). UM171 was added in serial dilution (1:10 titration, 5-point,
Cmax = 10 tM) and InsP, was added in serial dilution (1:10 titration, 6-point,
Cmax = 100 pM) using a D300 digital dispenser (Hewlett-Packard) and
allowed to equilibrate for 1 h at room temperature before TR-FRET
measurements were taken. Datawere background-corrected from wells
containing no UM171 and no InsP,. Prism 9 was used to fit the datato a
four-parameter dose-response curve.

Titration of fluorescein-labelled LSD1-CoREST-HDAC complex.
Recombinant WT 6xHis—-KBTBD4 (10 nM, 2x) and CoraFluor-1-labelled
anti-6xHis IgG (5 nM, 2x)*® were diluted into LHC buffer, with or with-
out 10 pM UM171, and 5 pl added to wells of a white, 384-well low-
volume microtitre plate (PerkinElmer, 6008280). Serial dilutions
of fluorescein-labelled LSD1-CoREST-HDAC complex (1:2 titration,
10-point, c,,, =1,000 nM, 2x) were prepared in ligand buffer and 5 pl
was added to wells of the same plate (final volume, 10 pl; final 6xHis—
KBTBD4 concentration, 5 nM; final CoraFluor-1-labelled anti-6xHis IgG
concentration, 2.5 nM; fluorescein-labelled LSD1-CoREST-HDAC com-
plex ¢, S00 NM). The plate was allowed to equilibrate for 1 hat room
temperature before TR-FRET measurements were taken. Data were
background-corrected from wells containing no 6xHis-KBTBD4. Prism
9 was used tofit the data to afour-parameter dose-response curve.

Invitro ubiquitination assay

The ubiquitination assays were set up similarly as previously reported®’.
Reactions were performed at 37 °Cin atotal volume of 20 pl. The reac-
tion mixtures contained 5 mM ATP, 100 pM WT ubiquitin, 100 nM E1
protein, 2 pM E2 protein, 0.5 pM neddylated RBX1-CUL3, 0.5 pM WT
KBTBD4 (unless otherwise indicated), 10 uM UM171/DMSO with 25 mM

Tris-HCI (pH 7.5),20 mMNaCl, 10 pM InsP,and 2.5 mM MgCl, as reaction
buffer. Substrate fluorescein-LHC at 0.5 pM was preincubated with
everything except E1lin the reaction mixture at 37 °C for 5 min before
adding Eltoinitiate the reaction. The reactions were quenched at the
indicated timepoints by adding SDS loading buffer containing reducing
agent B-mercaptoethanol. The reaction samples were resolved on SDS-
PAGE gels and analysed by Colloidal Blue staining and western blotting.

Base editorscan
The sgRNA libraries were designed as described previously® toinclude
allsgRNAs (NG protospacer-adjacent motif) targeting exonic and flank-
ing +30 bp into the intronic regions of canonical isoforms of KBTBD4
(ENST00000430070.7) and HDAC1 (ENSTO0000373548.8), exclud-
ing those with TTTT sequences as well as negative (nontargeting,
intergenic) and positive (essential splice site) controls. The library was
synthesized as an oligonucleotide pool (Twist Biosciences) and cloned
intopRDA_478 and pRDA _479 following published workflows. Lentivirus
was produced and titred by measuring cell counts after transduction
and puromycin selection. Cells were transduced with library lentivirus
atanMOI < 0.3 and selected with puromycin for 5 days. Cells were then
expanded and split into three replicate subcultures and treated with
DMSO or1 uM UMI71. After 24 h, cellswere sorted ona MoFlo Astrios EQ
CellSorter (Beckman Coulter), collecting the top 10% GFP* and unsorted
(GPF*) cells. Genomic DNA was isolated using the QIAamp DNA Blood
Minikit, and sgRNA sequences were amplified using barcoded primers,
purified by gel extraction and sequenced on the lllumina MiSeq plat-
formas previously described®®’. At all steps, sufficient coverage of the
library was maintained in accordance with published recommendations.

Data analysis was performed using Python (v.3.9.12) with Biopython
(v.1.78), Pandas (v.1.5.1), SciPy package (v.1.10.0) and NumPy (v.1.23.4).
sgRNA enrichment was calculated as previously described®>®. In brief,
sequencing reads matching each sgRNA were quantified as reads per
million, increased by a pseudocount of 1, log,-transformed, normal-
ized to the plasmid library and replicate-averaged. Sorted GFP* abun-
dances were normalized to unsorted abundances. The mean value for
non-targeting controls was subtracted to calculate the final enrich-
ment value for each sgRNA; this valueis referred to as the normalized
log,[fold change in sgRNA enrichment]. sgRNAs with zero counts in
the plasmid libraries were excluded from further analysis.

sgRNAs with scores of >4 s.d. above or below the mean of intergenic
negative controls were considered to be enriched or depleted, respec-
tively. sgRNAs targeting KBTBD4 and HDAC1 were classified based on
expected editing outcome, assuming any C or Awithin the editing win-
dow (protospacer +4 to +8) of cytidine and adenosine base editors,
respectively, is converted to T or G. sgRNAs were placed in one of six
mutually exclusive classes:in order of assignment priority: (1) nonsense;
(2) missense; (3) silent; (4) UTR-intronic; (5) non-editing (no Cs and/or
As); (6) negative controls (does not target gene). Library sgRNA anno-
tations and base editor scanning data are provided in Supplementary
Data7-14.Scatter and line plots were generated using matplotlib (v.3.7.1).

Linear clustering analysis
Per-residue sgRNA enrichment scores were estimated as previously
described®. In brief, LOESS regression was performed on using the low-
ess function of the statsmodels package (v.0.13.5) in Python (v.3.9.12)
with a20 amino acid sliding window (‘frac = (20 AA/L)’, where L is the
totallength of the protein), and ‘it = 0’ to fit observed log,[fold change
in sgRNA enrichment], hereafter the sgRNA enrichment score, as a
function of amino acid position. Only sgRNAs that are predicted to
resultin missense mutations were used. Foramino acid positions that
were not targeted by sgRNAs, enrichment scores were interpolated by
performing quadratic spline interpolation on the LOESS output scores
using the interpld function of the SciPy package (v.1.10.0).

To assess statistical significance of the resulting clusters, we simu-
lated a null model of random sgRNA enrichment scores. Amino acid



positions of sgRNAs were kept fixed while sgRNA enrichment scores
were randomly shuffled, and per-residue enrichment scores were
recalculated by performing LOESS regression and interpolation on
the randomized sgRNA enrichment scores for each of 10,000 per-
mutations. Empirical P values were calculated for each amino acid
by comparing its observed resistance score to the null distribution
of random resistance scores. Empirical P values were adjusted using
the Benjamini-Hochberg procedure to control the FDR to <0.05.
Finally, linear clusters were called by identifying all contiguous inter-
vals of amino acids with adjusted P < 0.05. For plotting, adjusted
Pvalues were increased by a pseudocount of 107, log,,-transformed and
multiplied by -1.

Genotyping

Genomic DNA was purified using the QIAamp DNA Blood Mini (Qiagen)
or QuickExtract DNA Extraction Solution (Biosearch Technologies)
according to the manufacturer’s protocol. We subjected 100 ng of
DNA to afirst round of PCR (25-28 cycles, QS5 hot-start high-fidelity
DNA polymerase (New England Biolabs)) to amplify the locus of inter-
est and attach common overhangs. Then, 1 ul of each PCR product
was amplified in a second round of PCR (8 cycles) to attach barcoded
adapters. Final amplicons were purified by gel extraction (Zymo) and
sequenced on an lllumina MiSeq. Data were processed using CRIS-
PRess02”° using the following parameters: --quantification_window_
size 20 --quantification_window_center -10 --plot_window_size 20
--exclude_bp_from_left O --exclude_bp_from_right O --min_average_
read_quality 30 --n_processes 12 --base_editor_output.

Generation of HDAC1 mutant clones

sgRNAs enriched in the base editing screens were ordered as synthetic
oligonucleotides (Azenta/Genewiz), annealed, and ligated into either
PRDA_478 or pRDA _479. The plasmids were transfected into HEK293T
cellsusing Lipofectamine 3000 (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Then, 48 h after transduction, cells were
selected with 2 pg ml™ puromycin (Thermo Fisher Scientific) for 3 days,
then sorted for single-cell clones on the BD FACSAria Cell Sorter (BD
Biosciences). Single-cell clones were validated by genotyping and the
stability of mutants was assessed by immunoblotting. sgRNA sequences
and annotations, as well as primer sequences used for genotyping are
provided in Supplementary Tables 3 and 4, respectively.

Single guide validationin K562

sgRNAs enriched inthe KBTBD4 CBE screen were ordered as synthetic
oligonucleotides (Azenta/Genewiz), annealed and ligated into SpG
Cas9 NG PAM of the pRDA_256 plasmid. Lentivirus was produced as
described above and transduced into COREST-GFP K562 cells. After
puromycinselection, cellswere collected and validated by genotyping.
sgRNA sequences and annotations, as well as primer sequences used for
genotyping are provided in Supplementary Tables 3 and 4, respectively.

Degradation assay of KBTBD4 mutants

K562 KBTBD4-null COREST-GFP cells were generated as described
above. KBTBD4 overexpression constructs were cloned into pSMAL
mCherry and point mutations were introduced into coding regions
using standard PCR-based site-directed mutagenesis techniques.
Lentiviral particles carrying the overexpression constructs were pro-
duced and used to transduce K562 KBTBD4-null COREST-GFP cells as
described above. Then, 48 hafter transduction, cells were treated with
1pMUM171, 0r 0.1% DMSO for 24 h. The GFP* percentage was measured
formCherry* cellsin each condition and FACS gating schemes are shown
in Supplementary Fig. 1c.

Production of eVLPs
Engineered virus-like particles (eVLPs) were produced as previously
described”. In brief, Gesicle Producer 293T cells were seeded into T-75

flasks (Corning) at a density of 5 x 10° cells per flask. After 20-24 h,
amixture of plasmids expressing VSV-G (400 ng), MMLVgag-pro-pol
(3,375 ng), MMLVgag-3xNES-ABES8e (1,125 ng) and an sgRNA (4,400 ng)
were co-transfected into each T-75 flask using jetPRIME transfection
reagent (Polyplus) according to the manufacturer’s protocols. Then,
40-48 h after transfection, the producer cell supernatant was col-
lected and centrifuged for 10 min at 4 °C and 2,000g to remove the
cell debris. The clarified eVLP-containing supernatant was filtered
through a0.45 pm PVDF filter (Sigma-Aldrich). The filtered supernatant
was concentrated by ultracentrifugation using a cushion of 20% (w/v)
sucrose (Sigma-Aldrich) in PBS. Ultracentrifugation was performed
at 26,000 rpm for 2 h at 4 °C using an SW28 rotor in an Optima XE-90
Ultracentrifuge (Beckman Coulter). After ultracentrifugation, eVLP
pellets were resuspended in cold PBS (pH 7.4). eVLPs were frozen and
stored at —80 °C. eVLPs were thawed on ice immediately before use
and repeated freeze-thaw was avoided.

eVLP transductionin cell culture

K562 cells were plated for transduction in 96-well plates (Cellstar
Greiner Bio-one) at a density of 50,000 cells per well with 5 pg ml™
polybrene (Santa Cruz Biotechnology) medium. BE-eVLPs were added
directly tothe culture mediumin each well. Then, 50 pl of fresh medium
was added after 6 h, and another 100 pl of medium was added at 48 h
after transduction. Then, 72 h after transduction, cellular genomic
DNAwasisolated and genotyped as described below. Transduced cells
were allowed torecover for 7-10 days before degradation assays were
performed.

Cryo-EM sample preparation and data collection

To assemble the complex of KBTBD4-UM171-LHC for the cryo-EM
study, the individually isolated KBTBD4 protein and co-expressed
LHC complex were mixed in stoichiometric amounts with 1 pM
UM171added and subsequently applied to the Superose6 increase
gel-filtration column (Cytiva) in a buffer containing 40 mM HEPES,
pH7.5,50 mMKCI, 100 pMInsP,and 0.5 mM TCEP (Tris(2-carboxyethyl)
phosphine). Theisolated complex was then cross-linked with37.5 mM
glutaraldehyde at room temperature for 6 min and quenched with
1M Tris-HCI pH 8.0. The cross-linked sample was snap-frozen for
future use.

To preparegrids for cryo-EM data collection, a QuantiFoil AuR0.6/1
grid (Electron Microscopy Sciences) was glow discharged for 30 s at
20 mA with aglow discharge cleaning system (PELCO easiGlow). 3.0 pl
of the purified KBTBD4-UM171-LHC complex at 0.7 mg ml™ was applied
to a freshly glow-discharged grid. After incubating in the chamber at
10 °C and 100% relative humidity, the grids were blotted for 3 s with
ablotting force of zero, then immediately plunge-frozen in liquid
ethane using the Vitrobot Mark IV system (Thermo Fisher Scientific).
Data collection was performed on the FEI Titan Glacios transmission
electron microscope (Thermo Fisher Scientific) operated at 200 kV
at the Arnold and Mabel Beckman Cryo-EM Center of the University
of Washington. The automation scheme was implemented using the
SerialEM”? software (v.4.1.8) using beam-image shift’ at a nominal
maghnification of 105,000, resulting a physical pixel size of 0.885 A.
The images were acquired on aK3 camera direct detector. The dose
rate was set to 10 e” A2s, and the total dose of 50 electrons per A for
each image was fractionated into 99 electron-event representation
frames. Data were collected in four sessions with a defocus range of
0.8-1.8 um.In total, 6,839 videos were collected.

To prepare grids for the cryo-EM study of apo KBTBD4, a QuantiFoil
AuR1.2/1.3 grid (Electron Microscopy Sciences) was glow discharged
for 30 s at 20 mA with a glow discharge cleaning system (PELCO easi-
Glow). Then, 3.0 pl of purified KBTBD4, with a final concentration of
0.1% n-decyl-B-p-maltoside and a protein concentration of 4 mg ml™
was applied to a freshly glow-discharged grid. After incubatingin the
chamber at10 °C and 100% relative humidity for 60 s, grids were blotted
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for 3 s with a blotting force of zero, then immediately plunge-frozen
in liquid ethane using a Vitrobot Mark IV system (Thermo Fisher
Scientific). Data collection was performed on the FEI Titan Glacios
transmission electron microscope (Thermo Fisher Scientific) oper-
ated at 200 kV at the Arnold and Mabel Beckman Cryo-EM Center of
the University of Washington. Automation scheme wasimplemented
using the SerialEM” software using beam-image shift’® at anominal
maghnification of 105,000, resulting a physical pixel size of 0.885 A.
The images were acquired on a K3 camera direct detector. The dose
ratewassetto10 e” A2s™, and the total dose of 50 e” A2 for each image
were fractionated into 99 electron-event representation frames. Data
were collected in four sessions with a defocus range of 0.8-1.8 um. In
total, 11,263 videos were collected.

Image processing and 3D reconstruction

For the KBTBD4-UM171-LHC structure, a total of 10,816 videos were
collected and imported into CryoSPARC™ followed by patch motion
correction and patch contrast transfer function (CTF) estimation.
In total, 10,637 micrographs were retained after filtering the micro-
graphs with CTF parameters and manual inspection. The blob picker
jobin CryoSPARC was able to pick 7,133,729 particles, which were fur-
ther extracted and subjected to 2D classification. After five rounds
of cleaning by 2D classification, 928,437 particles were selected and
subjected to ab initio reconstruction. Subsequently, all of the parti-
cles were used for heterogenous refinement. After one extra round
of cleaning up by heterogenous refinement, 186,315 particles from
good reconstruction were selected to get re-extracted without Fourier
cropping. The homogenous refinement and non-uniform refinement”
helped to reach an overall resolution of 3.93 A. To optimize the map
for the KELCH-repeat domain, two different soft masks focused on
the BTB-BACK-KELCH domain in chain A and HDAC1-CoREST-KELCH
in chain B was applied to local refinement, respectively, which led
to a further improved resolution of 3.77 A and 3.86 A. The two maps
provided clearer density for the KBTBD4 protomer A and CoREST.
Further details about the data processing are provided in Extended
DataFig. 4.

Fortheapo KBTBD4 structure, intotal, 11,263 videos were collected
and imported into CryoSPARC™ followed by patch motion correction
and patch CTF estimation. In total, 10,057 micrographs were retained
after filtering the micrographs with CTF parameters and manualinspec-
tion. The blob pickerjobin CryoSPARC was able to pick 1,039,200 par-
ticles, whichwere further extracted and subjected to 2D classification.
Atotal of 147,826 particles was used for primary ab initio reconstruc-
tion, from which the templates were generated, and template picker
was conducted to pick 8,280,266 particles. After two rounds of clean-
ing by 2D classification, 340,735 particles were selected and subjected
to Topaz picking. Subsequently, after two rounds of cleaning by 2D
classification, 766,539 particles were used for ab initio reconstruction
and heterogenous refinement. After one extra round of cleaning up by
heterogenous refinement, 572,349 particles from good reconstruc-
tion were selected to get re-extracted without Fourier cropping. The
homogenous refinement and non-uniform refinement” helped to
reach an overall resolution of 3.83 A. Further details about the data
processing are provided in Extended Data Fig. 5.

Model building and refinement

The initial structural models of the KBTBD4 dimer and the HDAC1-
CoREST-ELM-SANTI1 complex was predicted with AlphaFold-Multimer
in Google ColabFold2". The structural models of KBTBD4 BTB-BACK
domain, KELCH-repeat domain, and HDAC1-CoREST were separately
fitinto the cryo-EM map using UCSF ChimeraX-1.7 (rc2023.12.12)”. The
resulting model was subsequently rebuiltin Coot (v.0.9.8.91)"®based on
the protein sequences and the EM density and was furtherimproved by
real-space refinementin PHENIX (v.1.20.1-4487-000)7°%, The structure
figures were made using PyMOL (v.2.5.4)®!,

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The coordinates and the cryo-EM maps of KBTBD4-UM171-LHC-InsP,
and the apo form of KBTBD4 were deposited at the PDB under acces-
sion numbers 8VOJ and 9DTG, and in the Electron Microscopy Data
Bank (EMDB) under accession numbers EMD-43386 and EMD-47155,
respectively. MS-based proteomics are provided in Supplementary
Dataland 2 and 4-6, and original mass spectra have been deposited
in the public proteomics repository MassIVE under dataset identifi-
ers MSV000096487 and MSV000096456. Base editor scanning data,
genotyping analysis results, oligonucleotide sequences as well as addi-
tional datagenerated by this study are provided in the Supplementary
Informationand Source data. The following publicly available datasets
were used: PDB 4BKX, 4LXZ and 5ICN. Source data are provided with
this paper.

Code availability

Codegenerated for dataanalysisis available at GitHub (https://github.
com/liaulab/HDAC1_KBTBD4 _base_editing_scanning_2024).
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Extended DataFig.1|Supporting datafor Fig.1.a, Whole-proteome
quantificationin MV4;11 cells treated with DMSO (n=3) or1 uMUM171 (n=3)
for 6 h. Coloured dots show proteins with |log,(fold-change)| >0.5in UM171
versus DMSO treatment and Pvalue < 0.01. Blue and red dots depict proteins
enriched or absentin LSD1co-IP/MS, respectively. b, STRING network of proteins
enrichedin LSD1 co-IP/MSin SET-2 cells. Colour scale depicts log,(fold-change)
inUM171treatment.c, Protein domain maps of COREST (RCOR1), RCOR2,RCOR3,
and MIER1.d, Whole-proteome quantification in SET-2 cells treated with DMSO
(n=3)or1puM UM171(n=3)for1.5h(left) and 6 h (right). Red dots show proteins
with adjusted Pvalue < 0.05 (Benjamini-Hochberg correction for multiple
comparisons). e, Differential enrichment of selected ubiquitination Lys sites
highlightedin Fig.1d. Colour indicates row minand max values. Due to sequence

homology between HDAC paralogues, several peptides correspondingto either
HDAC1or HDAC2 could not be definitely assigned (see Supplementary Data4-6).
f-h, Flow cytometry quantification of MOLM-13 cells expressing the indicated
CoREST-GFPreporter treated with DMSO or UM171for 24 h. Signal is normalized
to DMSO treatment for each CoREST construct. In f(right), Pymol alpha-fold
structure of HDAC1-CoREST with key positions and Zn highlighted. Dataare
mean +s.d.of n=3biological replicates and representative of twoindependent
experiments, and Pvalues were calculated through two-tailed unpaired ¢ tests
for the comparisonsindicated. Fordatainaandd, Pvalues were calculated
using two-sided empirical Bayes-moderated t tests. FACS-gating schemes are
inSupplementaryFig.1a.
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Extended DataFig. 3 |Supportingbiochemistry dataforFig. 2. a, Relative
enzyme activity forindicated HDAC in the presence of varying concentrations
oftheindicated compounds. b, Chemical structure of JL1. ¢, Immunoblots
forK562 cells treated with UM171orJL1atindicated concentrations for 24 h.

d, Fluorescence polarization of JLIwith KBTBD4 and LHCin the presence

of varying concentrations of SAHA or UM171 (n = 2 biological replicates).

e, Fluorescence polarization of JL1with KBTBD4 and InsP,in the presence or
absence of indicated proteins (n =3 biological replicates). f, Immunoblots for
invitrodeacetylation assays of LHC with H3K9ac modified mononucleosomes
staining with antibodies for H3K9ac and total H3 under the indicated conditions.
Alltimepoints for agiven experimental condition were runonasingle gel.
Allsamplesacross conditions were derived from the same experimentand
wereruninparallel. g, TR-FRET signal between anti-His CoraFluor-1-labelled
antibody with His-KBTBD4 and varying concentrations of fluorescein-LHC in

the presence of DMSO or 10 uM UM171 (n = 2 biological replicates). K, values
ofthe LHC-KBTBD4 interactionsin the absence and presence of UM171are
351nMand 13 nM, respectively. h, Microscale thermophoresis of fluorescein-
LHC with varying concentrations of KBTBD4 in the presence and absence
of 50 uM UM171 (n = 2 biological replicates). i, Coomassie staining for in vitro
ubiquitination assays of CRL3*®™* with fluorescein-LHC in the presence of
DMSO or UM171 (10 uM). j, Immunoblots for HDACI (left) and LSD1 (right)
forinvitro ubiquitination assays of CRL3*®™* with fluorescein-LHC in the
presence of DMSO or UM171 (10 uM). Dataina, c, e, and g arerepresentative of
twoindependent experiments. Datainfarerepresentative of n =2 biological
replicates. Resultsiniandjarerepresentative of n =3 biological replicates.
Uncroppedblots can be found in Supplementary Fig. 6. Corr., corrected;
MW, molecular weight.
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Extended DataFig.4|Cryo-EM dataprocessingforthe KBTBD4-UM171-LHC
complex. a, Arepresentative cryo-EM micrograph out of 10,637 micrographs;
scalebar 50 nm. b, Typical 2D averages of the cryo-EM dataset. ¢, The flowchart
of single particle analysis of the KBTBD4-UM171-LHC complex.d, The angular
distribution of particles used in the final reconstruction. e, Fourier shell

correlation (FSC) curves for KBTBD4-UM171-LHC. At the Gold-standard
threshold of 0.143, the resolution is 3.77-3.86 A.f, Local resolution map
ofthe KBTBD4-UM171-LHC complex from 2.5t0 4.5 A. g, Density maps of
representative regions of the KBTBD4-UM171-LHC complex fit with the
structural model showninsticks.
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Extended DataFig.5|Cryo-EM dataprocessing for theapoform of KBTBD4. curvesfor KBTBD4. At the Gold-standard threshold of 0.143, the resolution

a, Arepresentative cryo-EM micrograph out of 10,057 micrographs; scale bar is3.83A.f, Local resolution map of the KBTBD4 apo dimer from 2.5to0 4.5 A.
50 nm.b, Typical 2D averages of the cryo-EM dataset. ¢, The flowchart of single g, Density maps of representative regions of the homo-dimeric KBTBD4
particle analysis of theapo KBTBD4 complex.d, The angular distribution of complex fit with the structuralmodel showninsticks.

particlesusedin the final reconstruction. e, Fourier shell correlation (FSC)
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Extended DataFig. 6 | Sequence alignment and structural annotation (slate, salmon, and purple). Theresiduesinteracting with HDAClare labelled
of KBTBD4.Sequence alignment of five vertebrate KBTBD4 orthologues with “#”; theresiduesinteracting with InsP. are labelled with “*”; and the residues
(Hs: Homo sapiens, Mm: Mus musculus, Gg: Gallus gallus, Xt: Xenopus tropicalis,  interacting with UM171are labelled with “*”. Strictly conserved residues are
Dr:Danio rerio) with secondary structure annotations. The sequences of the colouredinblue.
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Extended DataFig.7|Structural analysis ofthe KBTBD4-LHC-UM171
complex. a, Top view of the KBTBD4 dimer with chain A coloured inslate and
chainB colouredingreenin pseudo-two-fold symmetry. b, Superposition of
KBTBD4 chain A (slate) with chain B (green). ¢, Superposition of the protomers
inthe LHC-bound and the apo forms of the KBTBD4 dimer. d, Superposition

of HDAC1bound to KBTBD4 (pink) versus bound to MTA1 (cyan, PDB: 4BKX).

e, Close-up view of the HDACI1 (pink) region remodelled by the 4b-4.c 3-hairpin
(slate) of the KBTBD4-A (slate surface) versus HDAC1 (cyan) bound to MTA1
(PDB:4BKX).f, Superposition comparison of the 2b-2cloop of KBTBD4-B (green)
occupying theactive-site of HDAC1 (pink) with the histone H4 K16Hx peptide
(orangessticks) (PDB: 5ICN). g, Close-up view of the UM171 (yellow sticks) along
withits density (dark grey mesh) at the interface between HDAC1 (pink) and
KBTBD4-B (green). h, Close-up view of the surface complementarity among
KBTBD4-B (green), HDAC1 (pink), and UM171 (yellow and blue spheres).
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i, Close-up view of UM171 (yellow and blue sticks) binding to the active-site
pocket of HDACI (pink). Important residues demarcating the active-site of
HDACI1 areshowninsticks with zinc (Zn) showninslate sphere. Potential
hydrogen bonds are shownin dashedlines.j, Superposition comparison of

the HDAC1-binding modes between UM171and the histone H4 K16Hx peptide
(PDB:SICN).k, Close-up view of UM171(yellow and blue sticks) binding to the
surface of KBTBD4-B (green). The side chains of key UM171-contacting residues
areshowninsticks.l, Superposition comparison of the UM171binding region
inKBTBD4-B (green) and the corresponding regionin KBTBD4-A (slate surface).
Residuesinvolvedin UM171binding in KBTBD4-B and their corresponding
residuesin KBTBD4-A are highlighted in sticks. m, Close-up view of InsP,

(red, orange, and green sticks) with its density map (dark grey coloured mesh) at
thetri-molecularjunctionamong KBTBD4-B (green), HDAC1 (pink) and COREST
(orange).
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Extended DataFig. 8| Base editor scanning of HDACI and KBTBD4.

a, Immunoblot of HAIP from 293T cells transfected with FLAG-HDACland
HA-KBTBD4 and treated with UM171 (1 uM), SAHA (10 uM), or DMSO for 1 hand
MLN4924 (1uM) for 3 h. b, Flow cytometry quantification in K562 HDACI-null
and HDAC2-null COREST-GFP cells treated with DMSO (white) or1 uM UM171
(pink) for 24 h.Bars represent mean + s.d. of n = 3 biological replicates. ¢, Box
plots of log,(fold-change sgRNA enrichment) for HDACI and KBTBD4 cytidine
base editor (CBE) and adenosine base editor (ABE) scanning. sgRNAs classified
by predicted editing outcome and the number of sgRNAs are indicated.

Box plots show the median and interquartile range, with whiskers extending
tol.5xtheinterquartilerange. Outliers are shownindividually. Dataare mean
of n=3biological replicates. d, Line plots showing —log,,(adjusted Pvalues, P)
for the observed per-residue sgRNA enrichment scores for (left) HDACland
(right) KBTBD4 coding sequences. The dotted line correspondsto P=0.05and
residueswith P<0.05are highlightedinred. Datainaandbare representative
oftwoindependent experiments. FACS-gating schemes and uncropped blots
areinSupplementary Fig.1b, 7, respectively. KO, knock out; UTR, untranslated
region; HA, hemagglutinin; IP,immunoprecipitation; MW, molecular weight.
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Extended DataFig.9|Genotyping and validation of HDAC1/2base edits
byindividual sgRNA transductions. a, Allele frequency analysis for 293T
clonal celllines after base editing of HDACI with the indicated sgRNAs and

SpG ABE8e or SpG CBE. Only alleles with >1% allele frequency inat least one
sample are shown. Protein product sequences are shown with nonsynonymous
mutationsinred. Genotyping was performed once. b, Top: allele frequency
analysis after base editing of HDACI in K562 HDAC2-null cells with sgE203 and
ABES8e. Bottom: allele frequency analysis after base editing of HDAC2in K562
HDACI-null cellswithsgE204 and ABE8e. Only alleles with >1% allele frequency
inatleastone sample are shown. Protein product sequences are shown with

nonsynonymous mutationsinred. Genotyping was performed once. ¢, Flow
cytometry quantification showing GFP signalinindicated K562 COREST-GFP
celllinestransduced withtheindicated sgRNAs and treated with DMSO or UM171
for24 h.Dataaremean +s.d. of n =3 biological replicates. d, Immunoblots
showing protein levels of HDAC1 (left) or HDAC2 (right) and GAPDH in
HDAC2-nulland HDACI-nullK562 COREST-GFP cells, respectively, after
transductionwithindicated eVLPs. Dataincand d are representative of two
independent experiments. FACS-gating schemes and uncroppedblots arein
Supplementary Figs.1b, 8, respectively. MW, molecular weight.
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Extended DataFig.10 | Validation and genotyping of KBTBD4 base edits.

a, Flow cytometry quantification showing GFP signalin COREST-GFP K562 cells
transduced with theindicated KBTBD4 sgRNAs and treated with DMSO or UM171
for24 h.Dataare mean = s.d. of n=3biological replicates and are representative
oftwoindependent experiments. b, Close-up view of the HDAC1-UM171-KBTBD4
interface showing Ca-positions of selected top-enriched sgRNAs, marked in
Fig.5b,e, asspheres. ¢, Base editing outcomes for selected KBTBD4 sgRNAs
inK562 cells. The wild-type allele is boxed, and only alleles with >1% allele

frequencyinatleastone sample are shown. Protein product sequences are
shown with nonsynonymous mutationsinred. Genotyping was performed
once.d, Flow cytometry quantification of MOLM-13 cells expressing the
indicated KBTBD4-GFP reporter. KBTBD4 stability calculated as GFP/mCherry
and measurements are normalized to wild-type KBTBD4 analysed in parallel.
Dataaremean ts.d.of n=3technical replicatesand are representative of two
independentexperiments. FACS-gating schemes are in Supplementary Fig.1b (a)
and Supplementary Fig.1a (d).
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

KBTBD4-UM171-LHC InsPs(mask1)

KBTBD4-UM171-LHC InsPg(mask2)

Apo KBTBD4

Data collection and processing
Microscope and detector

Magnification

Glacios /Gatan K3

Glacios /Gatan K3

Glacios /Gatan K3

105,000 105,000 105,000
Voltage (kV) 200 200 200
# of movies 10,816 10,816 11,263
Electron exposure (e7/A2) 50 50 50
Defocus range (um) -0.8t0-1.8 -0.8t0-1.8 -0.8t0-1.8
Pixel size (A) 0.885 0.885 0.885
Symmetry imposed C1 C1 C1
# of particles from blob/template 8,624,634 8,624,634 11,214,475
picking (after 1st clean-up)
# of initial extracted particle images 7,133,729 7,133,729 7,088,218
# of final particle images 218,279 218,279 550,442
Map resolution (A) 3.77 3.86 3.83
FSC threshold 0.143 0.143 0.143
CCrmask/CCuolume 0.76/0.72 0.69/0.66 0.75/0.70
B factor (A2?) 117.2 94.8 150.3

Refinement and validation
Initial model used

LHC-K4wt-UM171-InsPs (AlphaFold)

LHC-K4wt-UM171-InsPs (AlphaFold)

LHC-K4wt-UM171-InsPs

(AlphaFold)
Model composition
Nonhydrogen atoms 12109 12109 8069
Protein residues 1508 1508 1023
Ligand 3 3 3
R.m.s. deviations
Bond lengths (A) 0.003 0.003 0.003
Bond angles (°) 0.604 0.680 0.651
B-factors (min/max/mean) [ligand] 52.34/111.5/82.37 27.11/149.08/125.31
MolProbity score 247 21 1.93
Clashscore 10.98 8.25 7.26
Poor rotamers (%) 3.65 1.9 0.79
Ramachandran plot
Favored (%) 92.1 93.11 90.56
Allowed (%) 7.83 6.89 9.24
Outliers (%) 0.00 0 0.2

KBTBD4-UM171-LHC-IP6 (mask1) and KBTBD4-UM171-LHC-IP6 (mask2) refer to the complex structures of KBTBD4 bound to UM171, LSD1-HDAC1-CoREST, and Inositol hexakisphosphate locally

refined with a mask excluding the KBTBD4-A protomer and the BTB domain of KBTBD4-B protomer or excluding the KBTBD4-B protomer and HDAC1-CoREST, respectively. Apo KBTBD4 refers to
the structure of the free KBTBD4 dimer.
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Data collection  Flow cytometry data were collected using a NovoCyte 3000RYB flow cytometer and the NovoExpress software (v1.6.1). Fluorescence
polarization assay data were collected using a SpectraMax i3x microplate reader with the SoftMax Pro (v6.5.1) software. TR-FRET assay data
were collected using a Tecan SPARK plate reader with SPARKCONTROL software version V2.1 (Tecan Group Ltd.). MST assay data were
collected using Monolith NT.115 (NanoTemper) with the MO.Affinity Analysis Software.

Proteomics data were collected using an Orbitrap Eclipse Tribrid mass spectrometer with FAIMSpro system equipped with real-time search
function and an Orbitrap Exploris 480 mass spectrometer with FAIMS coupled to a Vanquish Neo UHPLC system (Thermo Fisher Scientific).

Base editor scanning and amplicon deep sequencing samples were sequenced on an Illumina Miseq instrument.
Cryo-EM: Glacios Transmission Electron Microscope (Thermo Fisher) with K3 direct electron detector, operated on SerialEM software (v4.1.8).

Data analysis Base editor scanning data were analyzed using Python (v3.9.12) with the following packages: Biopython (v.1.78), Pandas (v.1.5.1), NumPy
(v.1.23.4), matplotlib (v3.7.1), statsmodels (v.0.13.5), SciPy (v.1.10.0). Amplicon deep sequencing data were analyzed using Crispresso2
(v2.0.32) and Python with the same packages as for base editor scanning. Flow cytometry data were analyzed using NovoExpress (v1.6.1).
Other data were analyzed using Microsoft Excel (v16.80) and GraphPad Prism (v9.4.0 and v10.1.1). Deacetylation assay was analyzed using
Image) (v1.5.4).

MS spectra were analyzed via ProteomeDisoverer v2.5 using the SequestHT algorithm and Spectrum Mill Rev BI.07.11.216. Peptide-spectrum
matches (PSMs) were filtered to a 1% false discovery rate (FDR) using the Percolator algorithm (v3.05.0). Protein quantification and statistical
analysis were performed using the Proteomics Toolset for Integrative Data Analysis (Protigy, v1.0.7). K-e-GG peptide data were normalized to
global proteome data using the “panoply_ptm_normalization” module of PANOPLY. Proteomics data were analyzed and visualized using R
environment (version 4.2.2) with the limma R package (version 3.54.2) and R package ggplot2 (version 3.5.0), STRINGdb (version 12), and
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Cytoscape (version 3.9.0).

Data were visualized using NovoExpress (v1.6.1), GraphPad Prism, and Adobe lllustrator 2022 (v26.0.3). Structural analysis and visualization
was performed using PyMOL (v2.5.4).

CryoEM data was analyzed with CryoSPARC(4.4.1); the model building is based on a primary model predicted with AlphaFold-Multimer in
Google ColabFold2, then further modified in ChimeraX-1.7 (rc2023.12.12), PHENIX (1.20.1-4487-000) and Coot (0.9.8.91).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The coordinates and the cryo-EM maps of KBTBD4-UM171-LHC-InsP6 and the apo form of KBTBD4 were deposited in the Protein Data Bank (PDB) with the
accession numbers 8V0J and 9DTG and in the Electron Microscopy Data Bank (EMDB) with the accession number EMD-43386 and EMD-47155, respectively. MS-
based proteomics raw data files are provided in Supplementary Data 1-2 and 4-6, and have been deposited in the public proteomics repository MassIVE (http://
massive.ucsd.edu) under dataset identifiers MSV000096487 (Supplementary Data 1-2) and MSV000096456 (Supplementary Data 4-6). Base editor scanning data,
genotyping analysis results, oligonucleotide sequences, as well as additional data generated by this study are provided as Supplementary Information and Source
data. The following publicly available datasets were used: PDB accession codes 4BKX, 4LXZ, 5ICN. All proteomics raw files were submitted to search against the
UniProtKB human universal database (UniProt UPO00005640, downloaded May 2020).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size. For all cellular assays we used a minimum sample size of n = 3 replicates and for
all biochemical assays we used a minimum sample size of n = 2 replicates and further confirmed reproducibility by replicating each
experiment in two independent trials unless otherwise noted. This yields reproducible results based on our experience and is standard for
cellular and biochemical assays (Vinyard et al., 2019). For immunoblotting experiments, we conducted these in singlicate for practical
purposes and further confirmed reproducibility by replicating each experiment twice unless otherwise noted. This is standard practice for
assays involving gels or blotting (Vinyard et al., 2019). This yielded reproducible results. For base editor scanning scanning, we used a sample
size of n = 3 replicates and additionally ensured that the number of cells and sequencing depth maintained adequate coverage of the sgRNA
library, in accordance with published recommendations (Canver et al., 2018) and prior work (Gosavi et al., 2022). We conducted co-IP/MS in
duplicates which is standard.

Data exclusions  For base editor scanning, sgRNAs not detected (zero counts) in the day 0 sample and were excluded from analysis.

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

€20z |udy




Replication Where indicated in the paper, experiments were performed in replicate (duplicate or triplicate). Replicate type is specified in the text. All
attempts at replication were successful.

Randomization  No randomization was performed as this was not applicable to the experiments performed in this study. None of the experiments performed
in this study involved allocating discrete samples or organisms to experimental groups. For example, for cell culture experiments, aliquots of
cells from a common parent culture were typically seeded into separate flasks/wells for transfection with different plasmids or transduction
with different viruses.

Blinding Investigators were not blinded for any of the experiments performed in this study as knowledge of the sample does not affect machine-based

measurement of these data. This was done for practical purposes, and is standard practice for studies employing biochemistry, cell culture,
and genomics.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants
Antibodies

Antibodies used LSD1 (Bethyl Laboratories, A300-215A, Lot no. 2)
RCOR1 (Cell Signaling Technology, #14567, Lot no. 1)
GAPDH (Santa Cruz Biotechnology, sc-477724, Lot no. G2920; RRID: AB_627678)
HA (Cell Signaling Technology, #3724, Lot no. 10)
FLAG (Sigma-Aldrich, F1804, Lot no. #SLCN3722)
KBTBD4 (Novus Biologicals, NBP1-88587, Lot no. A116815 )
HDAC1 (Cell Signaling Technology, #34589, Lot no. 4)
HDAC2 (Cell Signaling Technology, #57156, Lot no. 1)
H3K9ac (Abcam, #ab32129, RRID: AB_732920)
H3 (Abcam, #ab1791, RRID: AB_302613)
Anti-Rabbit IgG HRP conjugate (Promega, Cat#W4011, RRID:AB_430833)
Anti-Mouse IgG HRP conjugate (Promega, Cat#W4021, RRID:AB_430834)
Anti-Rabbit IgG HRP conjugate (Cell Signaling Technology, #7074)
PTMScan® HS K-e-GG IAP Magnetic Beads (Cell Signaling Technology, # 59322)
Pierce™ Anti-HA Magnetic Beads (Thermo Scientific, #88837)

Validation All antibodies used were commercial and validated for the appropriate application.

LSD1 (Bethyl Laboratories, A300-215A, Lot no. 2) validated by manufacturer and citations at https://www.fortislife.com/cms/files/
A300-215A-2.pdf

RCOR1 (Cell Signaling Technology, #14567, Lot no. 1) validated by manufacturer and citations at https://www.cellsignal.com/
products/14567/datasheet?images=1&protocol=0

GAPDH (Santa Cruz Biotechnology, sc-477724, Lot no. G2920; RRID: AB_627678) validated by manufacturer and citations at https://
datasheets.scbt.com/sc-47724.pdf

HA (Cell Signaling Technology, #3724, Lot no. 10) validated by manufacturer and citations at https://awsqga-www.cellsignal.com/
datasheet.jsp?productld=3724&images=1

FLAG (Sigma-Aldrich, F1804, Lot no. #SLCN3722) validated by manufacturer and citations at https://www.sigmaaldrich.com/
certificates/sapfs/PROD/sap/certificate_pdfs/COFA/Q14/F1804-BULKSLCN3722.pdf

KBTBD4 (Novus Biologicals, NBP1-88587, Lot no. A116815) validated by manufacturer and citations at https://www.novusbio.com/
PDFs/NBP1-88587.pdf

HDAC1 (Cell Signaling Technology, #34589, Lot no. 4) validated by manufacturer and citations at https://www.cellsignal.com/
products/34589/datasheet?images=1&protocol=0

HDAC2 (Cell Signaling Technology, #57156, Lot no. 1) validated by manufacturer and citations at https://www.cellsignal.com/
products/57156/datasheet?images=1&protocol=0

H3K9ac (Abcam, #ab32129, RRID: AB_732920) validated by manufacturer and citations at https://doc.abcam.com/datasheets/active/
ab32129/en-us/histone-h3-acetyl-k9-antibody-y28-chip-grade-ab32129.pdf

H3 (Abcam, #ab1791, RRID: AB_302613) validated by manufacturer and citations at https://doc.abcam.com/datasheets/active/
ab1791/en-us/histone-h3-antibody-nuclear-marker-and-chip-grade-ab1791.pdf

Anti-Rabbit IgG HRP conjugate (Promega, Cat#W4011, RRID:AB_430833) validated by manufacturer and citations at https://
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www.promega.com/en/products/protein-detection/primary-and-secondary-antibodies/anti-rabbit-igg-h-and-I-hrp-conjugate/?
catNum=W4011#resources

Anti-Mouse IgG HRP conjugate (Promega, Cat#W4021, RRID:AB_430834) validated by manufacturer and citations at https://
www.promega.com/products/protein-detection/primary-and-secondary-antibodies/anti_mouse-igg-h-and-I-hrp-conjugate/?
catNum=W4021

Anti-Rabbit IgG HRP conjugate (Cell Signaling Technology, #7074) validated by manufacturer and citations at https://
www.cellsignal.com/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074?
srsltid=AfmBO00jo6FVzPdo605hFKIKQUTBeL2JLalPhvZVdINFAYE1rwl1YALI

PTMScan® HS K-e-GG IAP Magnetic Beads (Cell Signaling Technology, # 59322) validated by manufacturer and citations at https://
www.cellsignal.com/products/proteomic-analysis-products/hs-ubiquitin-sumo-remnant-motif-k-e-gg-kit/59322

Pierce™ Anti-HA Magnetic Beads (Thermo Scientific, #88837) validated by the manufacturer and citations at https://
www.thermofisher.com/order/catalog/product/88837

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MOLM-13 (ATCC) and SET-2 (DSMZ, ACC 608) cells were a gift from Matthew D. Shair; HEK293T was a gift from Bradley E.
Bernstein (Thermo Fisher); Gesicle Producer 293T cells were a gift from David R. Liu (Takara, 632617); MV4;11 was obtained
from ATCC (CRL-9591); K562 was obtained from ATCC (CCL-243); HEK293F was obtained from Thermo Fisher (CVCL_6642)
Sf9 was obtained from Expression Systems (94-001F); Hi5 (B85502) and ExpiSf9 (A35243) cells were obtained from Thermo
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Fisher.
Authentication All cell lines were authenticated by Short Tandem Repeat profiling (Genetica).
Mycoplasma contamination All cell lines tested negative for mycoplasma (Sigma-Aldrich).

Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)

Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation All flow cytometry was performed on cultured cell lines. For analysis, K562 cells were resuspended, supplemented with Helix
NP NIR viability dye, and then measured directly. Live cells were washed with PBS. For FACS sorting, cells were resuspended
in cold PBS with 5% fetal bovine serum and Helix NP NIR viability dye, followed by passage through a cell strainer.

Instrument Cell cycle data acquisition was performed on ACEA NovoCyte flow cytometer using NovoExpress software (version 1.6.1).
Cell sorting was performed on a MoFlo Astrios Cell Sorter (Beckman Coulter).

Software All flow cytometry data were collected and analyzed using NovoExpress Software (v1.6.1).

Cell population abundance A minimum of 20,000 cells were acquired for analysis. The relevant cell populations after FACS sorting were analyzed by
follow-up flow cytometry where possible (base editor screen cells), confirming high purity.

Gating strategy For all experiments, we began by (1) gating out debris using SSC-H vs. FSC-H, and (2) gating for single cells using FSC-A vs.
FSC-H. Additional gating was based on parent control cells assayed in parallel. For fluorescent reporter experiments, we
gated for mCherry+ cells such that 99% of non-transduced cells were mCherry-, and subsequently gated for GFP+ cells such
that 99% of non-transduced cells were GFP-. For degradation assays, we gated for GFP+ cells such that 99% of untreated cells
were GFP+.

For knockdown/overexpression experiments, we gated for mCherry+ cells such that 99% of non-transduced cells were
mCherry-, and subsequently gated for GFP+ cells such that 99% of non-transduced cells were GFP+.

Representative gating strategies are presented in Extended Data

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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