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In brief

Bao et al. establish a CRISPR strategy for

unbiasedly probing functional amino acid

residues at the genome scale. They

systematically survey the functional

lysine residues that affect cell fitness.

Novel mechanisms that govern the cell

cycle via lysine residues are unraveled,

and clinically significant lysine mutations

are identified.
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SUMMARY
CRISPR screens have empowered the high-throughput dissection of gene functions; however, more explicit
genetic elements, such as codons of amino acids, require thorough interrogation. Here, we establish a
CRISPR strategy for unbiasedly probing functional amino acid residues at the genome scale. By coupling
adenine base editors and barcoded sgRNAs, we target 215,689 out of 611,267 (35%) lysine codons, involving
85% of the total protein-coding genes. We identify 1,572 lysine codons whose mutations perturb human cell
fitness, with many of them implicated in cancer. These codons are then mirrored to gene knockout screen
data to provide functional insights into the role of lysine residues in cellular fitness. Mining these data, we un-
cover a CUL3-centric regulatory network in which lysine residues of CUL3 CRL complex proteins control cell
fitness by specifying protein-protein interactions. Our study offers a general strategy for interrogating genetic
elements and provides functional insights into the human proteome.
INTRODUCTION

Amino acid (AA) residues are protein building blocks that underpin

protein structure and activity. Genetic substitutions of AAs are

widely associated with physiological changes or diseases and

take up a large proportion among all the known pathogenic muta-

tions.1 Thus, it is valuable to systematically interrogate AA residues

in certain physiological or pathological contexts. Currently, this is

primarily accomplished through low-throughput fashion.

The recently developed CRISPR-Cas-mediated base-editing

technology (BE) has enabled single-base substitutions at the

DNA level. Base editors include adenine base editors (ABEs)

and cytosine base editors (CBEs), which convert an A,T base

pair into a G,C base pair2,3 and a C,G base pair into a T,A
base pair,4,5 respectively. Because BEs enable the efficient

installation of point mutations in various organisms,6 they are

applicable to high-throughput genetic screens at a high resolu-

tion. Recently, BEs have been leveraged in pooled screens to

survey single nucleotide variants (SNVs) or map functional resi-

dues of specific proteins in mammalian cells, identifying many

functional variants involved in diverse pathways.7–11 Neverthe-

less, only specific genes or limited SNVs are included in these

studies.
M

Here, we aim to unbiasedly probe functional AA residues at the

genome scale by BE screens. Because eukaryotic proteins

consist of a median length of 361 AA,12 the total number of ge-

netic codons for targeting is hundreds of times larger than the

number of genes, posing challenges for handling genome-wide

libraries.13,14 Thus, we focus on one specific AA residue. Lysine

residues are attractive targets for such a survey because they

serve as the primary acceptors for multiple post-translational

modifications (PTMs) such as ubiquitination and acetylation,

which are critical for modulating protein function and stability.

To accomplish this, we leverage ABEs to edit lysine codons

across the genome, resulting in mutations of lysine residues

to glycine, arginine, or glutamic acid residues. To improve

screening efficiency and accuracy, we integrate the lysine-tar-

geting sgRNA library with iBARs, a strategy we previously

devised to enhance screening accuracy and reduce the number

of starting cells by coupling sgRNAs with internal barcodes.15,16

With this platform, we conduct a screen for functional lysine res-

idues that regulate cell fitness, a fundamental cellular process. In

addition to known lysine residues, the screen reveals several

hundred lysine residues involved in cell fitness, many of which

are enriched in specific structural domains, signaling pathways,

or protein complexes. Our study provides functional annotations
olecular Cell 83, 1–19, December 21, 2023 ª 2023 Elsevier Inc. 1
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Figure 1. Rational design for efficient mutagenesis of lysine codons by base editing

(A) Schematics for interpreting functional screens at the gene level (upper) versus the AA level (lower).

(B) A skeletal formula of L-lysine residue.

(C) Bar plot showing the proportions of indicated PTMs at lysine residues (dbPTM, May 2020).

(D) Possible editing consequences at lysine codons by ABE.

(legend continued on next page)
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of lysine residues in cell fitness and offers a general strategy for

mapping functional genetic elements at the genome scale.

RESULTS

Interpreting functional screens at the amino acid level
Wefirst deduced how to interpret the consequences of perturba-

tions of AA residues. Canonical CRISPR knockout (KO) screens

interrogate gene functions by introducing insertions or deletions

(indels) to cause loss-of-function mutations. In the context of cell

fitness screens, essential genes whose loss-of-function cause

cell growth inhibition or cell death can be negatively selected,

whereas genes whose loss-of-function promote cell growth

can be positively selected (Figure 1A, upper).

When leveraging BEs for screening functional AA residues,

this paradigm becomesmore complicated because perturbation

of functional AA may either disrupts or enhances protein func-

tion, or even confers the protein a new function (Figure 1A,

lower). In a given screen, loss-of-function mutation on targeted

AAmay give rise to the same phenotype as the gene KO; howev-

er, AAmutation that endows a protein with an enhanced or novel

function may produce a distinct phenotype from the gene KO.

For example, a mutation at a specific AA of an essential gene,

whose KO causes cell death, potentially promotes cell growth.

These analyses are helpful to interpret the results from functional

screens at the AA level.

Leveraging ABEmax for site-directed mutagenesis of
lysine codons
Asoneof theproteinogenicAA, L-lysine contains an ε-aminogroup

(Figure 1B), which is positively charged at physiological pH and

plays numerous essential roles in protein functions.17 Moreover,

lysine residues undergo a wide range of reversible PTMs (Fig-

ure 1C). Among them, ubiquitination is well known for its role in

regulatingproteinactivityandstability.18Morerecently, lysineacet-

ylation andmethylation in histone proteins have revolutionized our

understandingof theepigenetic regulationofcellular functions.19,20

Other PTMs at lysine residues, such as sumoylation, malonylation,

and succinylation, have also been widely reported.21,22

To gain a systematic insight into functions of lysine residues,

we attempted to establish an approach for forward genetic

screens at the genome scale. Lysine residues are encoded by

the genetic codes of 50-AAA and 50-AAG, which can be mutated

by ABEs to the codons of arginine (50-AGA or 50-AGG), glutamic

acid (50-GAA or 50-GAG), or glycine (50-GGA or 50-GGG) (Fig-

ure 1D). By couplingwith CRISPR sgRNA library, this ABE-based

site-directed mutagenesis strategy allows for functional screens

of lysine residues in a high-throughput fashion.

First, we tested lysine mutagenesis efficiency with the ABE-

max system.3 We designed multiple sgRNAs targeting the co-

dons of lysine 109 of MSI1 (MSI1-K109) and lysine 1018 of

ZNF831 (ZNF831-K1018) (Figure 1E; Table S1). Both codons
(E) Design for testing the editing efficiency of ABEmax.

(F) The A-to-G editing efficiency of ABEmax at different positions with gX19 (upp

3 days post-transfection. Data are averaged over 10 sgRNAs targeting MSI1 and

(G) Rules of spacer length selection for sgRNA library design.

See also Figure S1.
are located upstream of a sequence containing 7 or 8 consecu-

tive guanosines, which serve as sliding regions for alternative

protospacer-adjacent motif (PAM). The editing outcomes of

ABEmax are affected by the relative position of targeted adenine

and the spacer length of sgRNA.2,23 To maximize the coverage

and mutagenesis efficiency, we tested gX19 and gX20 types of

sgRNAs (‘‘g’’ indicates the guanine at the 50 end, whereas

‘‘X19/20’’ indicates a 19/20-nt spacer sequence). It turned out

that gX19 sgRNAs showed higher A-to-G editing efficiency at

positions 15 and 16, while gX20 sgRNAs had higher efficiency

at positions 12–14 and 17–18 (Figure 1F).

Then, we analyzed the distribution of AA mutations generated

by ABEmax editing. For both gX19 and gX20 sgRNAs, lysine co-

dons were more likely to be mutated to arginine at positions 17

and 18, and to glycine at position 16. At positions 11–15, gluta-

mic acid took up the highest proportion (Figure S1).

Based on the above observations and related publica-

tions,3,23 we established the principle of designing an sgRNA li-

brary for lysinemutagenesis screen. Tomaximize the editing ef-

ficiency of both the 1st and 2nd adenosines in lysine codons,

gX19 sgRNAs were employed at positions 15–17; meanwhile,

gX20 sgRNAs were selected at positions 13, 14, and 18. To

further increase the coverage, gX21 sgRNAs were included at

position 19. All qualified sgRNAs targeting the same lysine

codon, which may yield diverse editing outcomes, were

included (Figure 1G).

Genome-wide screen of functional lysine residues in
cell fitness
To design a genome-wide lysine-targeting sgRNA library, we ac-

quired the relative position of every lysine residue in the human

reference proteome (ID: UP000005640, UniProt database,

release 2018_07) (Figure 2A). After mapping lysine residues

to their corresponding genetic codons in the hg38 reference

genome, we searched for all available PAM sequences

(50-NGG) to design sgRNAs using the principle summarized in

Figure 1G. After quality control, the number of sgRNAs targeting

lysine codons reached 282,139 (see STAR Methods; Table S1).

This library targeted 35% of lysine codons, encompassing

85% of protein-coding genes or proteins across human genome

or proteome (Figure 2B). Afterward, 500 non-targeting sgRNAs

and 500 sgRNAs targeting AAVS1 loci were included as negative

controls, with 30 sgRNAs targeting splice sites or start codons of

10 ribosomal genes serving as essential gene KO controls.

It would be onerous to manage a cell library containing nearly

300,000 sgRNAs using the traditional CRISPR screen method.13

To address this, we employed the previously established iBAR

method that enables high-throughput screens using libraries

made from lentiviral transduction at high multiplicity of infection

(MOI),15,16 which reduces the number of starting cells while in-

creases screening accuracy. Briefly, iBARs refer to several

different 6-nt barcodes assigned to one sgRNA serving as internal
er) and gX20 (lower) sgRNAs. HEK293T cells were harvested for NGS analysis

ZNF831 loci and are presented as mean ± SD.
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replicates within the same screen process, and the effect of each

sgRNA can be evaluated according to the significance and con-

sistency of the abundance change of different sgRNAsiBAR. For

the current screen, we employed three verified iBARs.

To investigate functional lysine residues that regulate cell

fitness, we chose hTERT-RPE1 (referred to as RPE1), a model

cell line of normal cell types,24 for the screen. The sgRNA library

was transduced into ABEmax-expressing RPE1 cells at an MOI

of 3. Cells from the reference (day 0) and experimental (day 24)

groupswere subjected to next-generation sequencing (NGS) fol-

lowed by analysis with ZFCiBAR algorithm.16 ZLFC (z score of log

fold-change) and RRA (robust rank aggregation)25 were calcu-

lated for 3 sgRNAsiBAR per sgRNA. The Fitness Score (FS =

signðzLFCÞ3 ð�log10ðRRAÞ+ jzLFCj)) was used to rank sgRNAs,

synthesizing the effect strength and statistical confidence of

each sgRNA (Table S2).

Screen quality evaluation and analysis on targeted sites
After sgRNA ranking, we determined the threshold of the screen

hits. To do this, we performed extensive validation by cell prolif-

eration assay (CPA) using a randomly selected subset of sgRNAs

spanning various FS regions, together with ribosomal gene-tar-

geting sgRNAs (Figure S2; Table S3). The validation rate declined

sharply when the FS region was within the range of �5 to 8 (Fig-

ure 2C). Therefore, sgRNA with an FS value less than �5 or

greater than 8 was categorized as negatively or positively

selected, respectively (Table S4). A thorough evaluation of

sgRNAs meeting the selection criteria indicated a validation

rate of 91.0% (142 out of 156; Figures 2D and S2; Table S3). Un-

der the selection threshold, 1,605 depleted sgRNAs targeting

1,499 lysine codons and 76 enriched sgRNAs targeting 73 lysine

codons were identified as candidates involved in cell-fitness

regulation (Figure 2E; Table S4).

We then evaluated the screen quality by statistical analysis.

Out of the assayed 349 sgRNAs, 245 that validated to influence

cell proliferation are regarded as ‘‘actual positives’’ (Figure S2;

Table S3). By generating an ‘‘FS threshold-true positive rate

(TPR) curve’’ based on the performance of these 349 sgRNAs,

the TPR of our screen was estimated to be 58.4% and 51.2%

for the depletion and enrichment direction, respectively (Fig-

ure S3A). The area under the receiver operating characteristic

curve (AUC), a measurement of screening performance, was

0.86 and 0.93 for validated sgRNAs with FS < 0 and FS R 0,
Figure 2. Genome-wide screen and sgRNA validation

(A) Schematics illustrating the sgRNAiBAR library design and cell fitness screen.

(B) The library coverage ratios of targeted protein-coding genes, proteins, and ly

(C) Validation rate of sgRNAs within each FS subrange according to cell prolifera

(D) Overview of CPA results for high-ranking sgRNAs. Bar plot shows the effects

(E) Volcano plot showing the screen results of functional lysine residues in cell fitn

(FS > 8) sgRNAs, respectively.

(F) Validation of sgFAM50A-K32 and sgTRIO-K1067 by CPA (left) and NGS ana

sequences from cells expressing sgAAVS1. Targeted lysine residues are centered

edits. The time points for NGS are indicated in the upper-left corner. Mean ± SD

(G) Validation of sgRNAs targeting SUPT6H by CPA (lower-left) and NGS analysis

length of each bar represents the absolute FS value. Bars positioned abo

Mean ± SD, n = 3.

(H–J) Validation of three sgRNAs with varied mutation distributions. Validation by

(I) and (J) display changing proportions of K/G/R/E at targeted sites over time an

See also Figures S2 and S3.
respectively (Figure S3B). The AUC and TPR of the ribosomal

gene-targeting sgRNAs were 0.79 and 33.3%, respectively

(Figures S3B and S3C). Further analysis revealed that our screen

performed comparably to previously published BE screens7,8

(Table S5).

ABE-mediated editing could be more efficient at optimal posi-

tions (positions 14–17) compared with neighboring suboptimal

positions (positions 12, 13, 18, and 19). This variability could

potentially introduce bias to the screen results. By examining

the distribution of sgRNAs before and after the screen, as repre-

sented by the positions of targeted lysine codons, no evidence of

a skewed distribution of sgRNAs after selection was observed

(Figure S3D).

Notably, genes targeted by either negatively or positively

selected sgRNAs exhibited higher expression levels than others

(Figure S3E), suggesting an enrichment of selected lysine co-

dons in genes that are more functional in cell-fitness regulation.

We then analyzed potential PTMs on selected lysine residues us-

ing dbPTM database.26 Ubiquitination and acetylation were

significantly enriched in both directions, while sumoylation and

methylation were only enriched in lysine residues with depleted

sgRNAs (Figure S3F). These results suggest that the selected

lysine residues are susceptible to PTMs, coinciding with the

fact that PTMs could confer functionalities to lysine residues.

Besides, selected lysine residues are significantly enriched in

specific protein domains annotated in PROSITE database

(Figure S3G).

Then, we performed NGS to examine the editing outcomes at

targeted sites (see STAR Methods). The NGS analysis of the

most enriched (sgTRIO-K1067) and depleted sgRNA

(sgFAM50A-K32) showed precise edits at the targeted sites (Fig-

ure 2F). Of note, bystander editing, a widespread effect in BEs,

was also observed in NGS analysis. Nevertheless, 30 out of 40

sgRNAs in the enrichment direction exhibited dominant editing

at the targeted lysine codons compared with the surrounding co-

dons (Figures 2F, 2G, 2I, 2J, 4D, 4E, 4G, 5C, 6B, and S3H), indi-

cating that the majority of selected sgRNAs function on target.

Intriguingly, mutagenesis of two lysine residues within the

transcription elongation factor SPT6 (SUPT6H) had contrasting

effects on cell proliferation. SUPT6H is a common essential

gene across numerous cell lines,27 whose loss-of-function im-

pedes cell proliferation. Although sgSUPT6H-K626 inhibited

cell proliferation, sgSUPT6H-K1685 significantly promoted cell
sine codons.

tion assay (CPA).

of indicated sgRNAs on cell proliferation in RPE1 cells. Mean ± SD, n = 3.

ess. Red and blue dots represent negatively (FS < �5) and positively selected

lysis (right). NGS results are visualized as sequence logos. X-axis: reference

within the sequences. Residues in gray: no edits; residues in black: unintended

, n = 3.

(lower-right). Upper: SUPT6H gene structure with the FS values of sgRNAs. The

ve or below the rectangle indicate positive or negative FS, respectively.

CPA (H) and NGS analysis (I and J) are shown. Area plots in the lower panels of

alyzed by NGS tracking. Mean ± SD, n = 3.
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growth (Figure 2G), most likely due to a gain-of-function muta-

tion at this site. Similarly, two validated sgRNAs targeting distinct

lysine codons of G protein subunit alpha 12 (GNA12), a report-

edly potential oncogene,28 caused opposite phenotypes in

RPE1 cells (Figure S2B [panel 1]. These data well illustrate that

BE screens at the AA level yield more in-depth information

than conventional loss-of-function screens.

As aforementioned, ABEmax may result in the conversion of

lysine (K) to arginine (R), glutamic acid (E), or glycine (G), as

well as bystander editing. In specific scenarios, it becomes

crucial to pinpoint the precise mutation(s) responsible for a

phenotypic change. To address this, we employed NGS to track

the mutation distributions across multiple hits at three time

points after ABE editing (Figure S3I). All three possiblemutations,

i.e., K to R, K to E, and K to G, could be dominant editing out-

comes (Figures 2H–2J). In some sites, the mutation distribution

remained consistent throughout (Figure 2I), whereas in others,

a minor mutation at the beginning became dominant at the end

(Figure 2J). These dynamic changes in mutations could be un-

predictable as it is confounded by editing efficiency and the se-

lective pressure of screens. Hence, it is valuable to perform NGS

at later time points to confirm the mutations that are actually

functional.

Annotating functional lysine sites in the gene context
Previously, to avoid DNA double-strand break-associated side

effects, we developed the BARBEKO method, which combines

CBEs with iBARs, to achieve a gene KO screen for cell-fitness-

associated genes.16 This endeavor identified thousands of

essential genes and hundreds of genes whose KOs promote

cell growth, creating a high-quality atlas of fitness genes. By

comparing lysine screen data with the BARBEKO data, both of

which were obtained in RPE1 cells by BE screens, we were

able to understand the functions of selected lysine residues in

the gene context. Lysine residues were mirrored to their corre-

sponding genes, which have also been assigned FS values in

the BARBEKO screen (Figure 3A). For ease of identification,

the uppercase letters ‘‘E,’’ ‘‘D,’’ and ‘‘N’’ denote genes whose

KOs enhance, decrease, or have no effect on cell fitness, respec-

tively. The lowercase letters ‘‘e’’ and ‘‘d’’ represent lysine muta-

tions that enhance or decrease cell fitness, respectively.

In the eE sector (where both lysine mutations and the corre-

sponding gene KOs promote cell fitness), we identified TP53-

K120 and PTEN-K13. This reinforced the robustness of our ap-

proaches because TP53 and PTEN are well-characterized tumor

suppressors whose gene KOs unleash cell proliferation, and

TP53-K120 and PTEN-K13 are known critical residues for gene
Figure 3. Annotating selected lysine residues in the gene context

(A) Scatter plot showing the distribution of FS values of lysine residues and their co

threshold of BARBEKO screen is FS < �2 or FS > 3.

(B) Bar plot showing the distribution of sgRNAs targeting different lysine mutati

formation in the BARBEKO screen.

(C) Validation of indicated sgRNAs targeting lysine codons of POLR2A (dD). Mea

(D) Validation of indicated sgRNAs targeting lysine codons of four non-essential

(E) Clonogenic assay of RPE1 cells upon RBM38 overexpression. Mean ± SD, n

(F) Degradation kinetics of RBM38 proteins in HEK293T cells (see STAR Method

(G–H) PPI network of genes with lysine mutations decreasing cell fitness (G). Tw

See also Figures S4 and S5.
function.29,30 The dD sector (where both lysine mutations and

the corresponding gene KOs decrease cell fitness) comprised

multiple lysine residues localized in ribosomal proteins, indi-

cating their critical roles in ribosome biogenesis. Interestingly,

numerous lysine residues fell into dE, eD, dN, and eN sectors,

where lysine mutations and the corresponding gene KOs func-

tion divergently. Collectively, approximately half of lysine muta-

tions cause consistent phenotypic alterations to gene KOs, while

others display varied or even opposite effects (Figure 3B).

Depleted lysine residue mutations provide insights into
therapeutic targets
We then focused on the depleted lysine residues. A subset of

depleted sgRNAs was mirrored to 461 essential genes identified

by the BARBEKO screen (dD, 738 sgRNAs) (Figure 3B; Table S4),

suggesting that they lead to loss-of-function mutations. Among

them, sgFAM50A-K32 was top-ranking (Figure 2E). FAM50A is

a poorly characterized protein. Recent discoveries indicate

that its homolog FAM50B is underexpressed across various tu-

mor types31; meanwhile, FAM50A/FAM50B is identified as a

synthetic lethal pair,31,32 making FAM50A a promising target

for cancer therapeutics. Lysine residues are appealing drug tar-

gets due to their nucleophilic ε-amine that could react with irre-

versible inhibitors.33,34 Moreover, K32 of FAM50A could be

accessible to drugs as it is predicted to be localized to protein

surface by AlphaFold (Figure S4). Therefore, the identification

of FAM50A-K32 may offer valuable clues for the rational design

of FAM50A-specific drugs.

Besides, the pooled screen identified five POLR2A-targeting

sgRNAs, each of which was individually validated (Figure 3C),

and one of these targeted sites, K853, is found to be ubiquiti-

nated during transcription-coupled nucleotide excision repair.35

Other high-ranking sgRNAs in the dD sector, including those tar-

geting DNA damage repair genes RAD51C and RAD9A,36,37

were also verified (Figure S2A [panel 1]).

Another group of depleted sgRNAs was linked to 693 non-

essential genes (dE + dN, 837 sgRNAs) (Figure 3B; Table S4),

implying that the corresponding mutations confer functionalities

to genes. Four high-ranking sgRNAs in this category, i.e.,

sgRBM38-K114, sgCYP2B6-K161, sgHGS-K222, and sgHNRNPR-

K572, were verified to significantly inhibit cell proliferation (Fig-

ure 3D). PTMs such as ubiquitination at lysine residues can pro-

mote protein degradation,18 whereas missense mutations at

lysine residues could block degradative PTMs, resulting in pro-

tein accumulation. Therefore, the disparate phenotype observed

between lysine mutations and gene KOs could, at least in part,

results from protein accumulation caused by a PTM defect. To
rresponding genes. Dashed lines indicate the FS threshold of each screen. The

on categories. The uppercase letter ‘‘U’’ indicates genes with unavailable in-

n ± SD, n = 3.

genes (dN). Mean ± SD, n = 3.

= 3 (see STAR Methods).

s).

o subgroups of genes enriched in GO analysis are shown in detail (H).
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Figure 4. Enriched lysine residues are associated with cancer-related pathways

(A) GO analysis of genes with enriched lysine residues.

(B) Representation of lysine mutations in cancer cases from ICGC data portal.

(C) Validation of indicated sgRNAs targeting lysine residues whose mutations are detected in cancer cases. Mean ± SD, n = 3.

(D) Upper: TP53 gene structure with FS values of sgRNAs. Lower: sequence logos showing the editing outcomes.

(E) The editing outcomes of sgBRAF-K601. Left: sequence logo of the editing outcomes. Right: NGS tracking of BRAF-K601 mutation distribution.

(legend continued on next page)
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test this postulation, we overexpressed RBM38 in RPE1 cells

and performed clonogenic assay. RBM38 overexpression signif-

icantly impeded cell proliferation, phenocopying the effect

caused by the RBM38-K114 mutation (Figures 3E and S5), and

K114R mutation was verified to stabilize RBM38 protein (Fig-

ure 3F). Moreover, ubiquitination at RBM38-K114 is detected

by independent high-throughput quantitative proteomics.38,39

These results collectively suggest that the K114 mutation may

prevent ubiquitination-mediated degradation of RBM38, leading

to RBM38 accumulation and consequent cell death. Addition-

ally, RBM38 reportedly plays a tumor-suppressive role in diverse

human cancer types,40 and its expression is reduced in human

breast cancer.41 Our data provide mechanistic clues for under-

standing how this critical protein is regulated.

Subsequently, we performed a global bioinformatics analysis

to gain a functional overview of depleted mutations. Protein-pro-

tein interaction (PPI) analysis by STRING42 revealed that corre-

sponding proteins of these mutations formed a network

comprising several densely connected subnetworks (Figure 3G).

Functional analysis suggested that these subnetworks were

mainly composed of proteins attributed to several gene ontology

(GO) categories, such as ‘‘ribosome biogenesis’’ and ‘‘spliceo-

somal snRNP complex’’ (Figures 3G and 3H), both of which

are key for cell-fitness regulation. Notably, most of these lysine

mutations have not been identified before. Thus, our data pro-

vide a rich resource for studying cell-fitness regulation and a

repertoire of lethal lysine mutations for drug targeting.

Enriched lysine residue mutations are associated with
cancer-related pathways
We then investigated the enriched lysine residues. GO analysis

revealed enrichment of cancer-related pathways in genes corre-

sponding to these sites (Figure 4A). After searching International

Cancer Genome Consortium (ICGC) database, we identified 16

positively selected lysine residues involved in 19 cancer types

(Figure 4B). Some of these sites are found in well-studied onco-

genic or tumor suppressor genes. For example, K120 and K351

of the cellular tumor antigen p53, a tumor suppressor whose

inactivation promotes cell growth,43 were high-ranking among

the positively selected sites and both were verified (Figures 4C

and 4D). Consistently, K120 of p53 is a known acetylation site

regulating p53’s apoptotic function,44,45 and K120R mutation in-

activates p5346; K351 can also be acetylated and plays a role in

cell-cycle arrest.47 Mutations of K120 or K351, detected in mul-

tiple clinical tumor samples (Figure 4B), could potentially induce

tumorigenesis in humans because they promoted cell growth

consistent with TP53 KO.

Notably, the screen identified K601 as a critical site in the

serine/threonine-protein kinase B-raf (BRAF), a MEK acti-
(F) Schematics representing structure and intramolecular interactions around BRA

bond between K601 and G596; sky-blue sticks, a cluster of hydrophobic residu

between E601 and R575.

(G) Sequence logos showing NGS analysis of sgRHOA-K135_1.

(H) NGS tracking of RHOA-K135 mutation distribution.

(I) Clonogenic assay of RPE1 cells stably overexpressing RHOA or indicated RH

(J) Degradation kinetics of RHOA proteins in HEK293T cells (see STAR Methods

See also Figure S6.
vator.48 Mutations at K601 of BRAF are detected in various

cancer types (Figure 4B). Among these mutations, K601E is

the third most frequent BRAF mutation, occurring in 5% of mel-

anoma patients,49 and is reported to disrupt BRAF kinase activ-

ity.50 Consistently, NGS tracking revealed that K601E was the

dominant mutation at all time points, suggesting a significant

growth advantage for cells carrying K601E mutation compared

with K601G or K601R (Figure 4E). Protein structure analysis

illustrated that K601, located in the BRAF kinase activation

loop, forms a hydrogen bond with G596 to stabilize the autoin-

hibited conformation of BRAF (Figure 4F, left).51 Structure

simulation of the K601E mutant indicated that E601 potentially

interacts with R575, resulting in a minor conformational change

(Figure 4F, right). We infer that this confirmation change could

disrupt the inactive conformation and constitutively acti-

vate BRAF.

Moreover, mutations of K57 and K713 in TAOK1, a key Hippo

pathway regulator, are detected in gastric cancer and breast

cancer, respectively (Figure 4B). Because Hippo pathway is

pivotal for cell proliferation and cancer development,52–54 we

curated all reported components with selected lysines and

built a regulatory network (Figure S6A). Mutations of functional

sites in major Hippo regulators, such as NF2-K322, MAP4K4-

K168, TAOK1-K57, TAOK1-K484, TAOK1-K713, TAOK3-K481,

FRMD6-K343, and RHOA-K135, were verified to significantly

promote cell growth (Figure S2B [panels 4 and 5], 2H, and

S6B). Reportedly, NF2, TAOK1, and TAOK3 positively regulate

YAP/TAZ phosphorylation, leading to the cytoplasmic retention

of YAP/TAZ and restraint of cell proliferation, whereas RHOA

has the opposite effect.55 Thus, it can be speculated that

sgRNAs targeting NF2-K322, TAOK1-K57, TAOK1-K484,

TAOK1-K713, and TAOK3-K481 cause loss-of-function muta-

tions, while sgRNAs targeting RHOA-K135 lead to gain-of-func-

tion mutations. Next, we investigated mutations at RHOA-K135.

Two individual sgRNAs targeting RHOA-K135 predominantly

induced K135E and K135G edits, respectively, and both signifi-

cantly promoted cell proliferation (Figures 4G, 4H, and S6B).

Moreover, overexpressing wild-type RHOA promoted cell prolif-

eration, and K135G/E mutation potentiated this effect, implying

an increase in RHOA protein level or activity (Figure 4I). Consis-

tently, in the cycloheximide (CHX) chase assay, RHOA carrying

K135G/E mutation showed slower degradation than wild type,

indicating that these mutations lead to the stabilization and

accumulation of RHOA proteins (Figure 4J). Mechanistically,

K135G/E mutation substantially reduced K48-linked, but not

K63-linked polyubiquitination of RHOA, suggesting that K135

is a critical acceptor for K48-linked ubiquitination, a common

PTM-mediating protein degradation (Figure S6C). Thus, our

lysine screen identifies K135 as a critical site for tuning the
F-K601 and BRAF-K601E. Left: green stick, K601; blue dashed line, hydrogen

es; bright blue, V600. Right: purple stick, E601; red dashed line, salt bridge

OA-K135 mutants. Mean ± SD, n = 3 (see STAR Methods).

).
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protein level of RHOA, a regulator of diverse cellular processes

with mutations significantly associated with cancer.56

To sum up, our screen identifies 76 lysine-targeting sgRNAs

that promote cell fitness. Moreover, we postulate potential

mechanisms of these mutations by integrating lysine screen

data with gene KO screen data, as demonstrated by the identifi-

cation of loss-of-function mutations in TP53 (eE), and gain-of-

function mutations in BRAF (eD) and RHOA (eN) (Figure 3A).

Because uncontrolled cell growth underlies tumorigenesis, we

envision that these positively selected lysine mutations could

serve as potential biomarkers in cancer diagnosis, prognosis,

and therapy.

Functional analysis revealed a CUL3-centric regulatory
network
Next, we mined the screen data to obtain a global functional view

of enriched lysine residues. To do this, we built a PPI network fol-

lowed by GO analysis. A dominant network was created

comprising five functional subnetworks, namely, ‘‘regulation of

small GTPase-mediated signal transduction,’’ ‘‘actin cytoskeleton

organization,’’ ‘‘ubiquitin-dependent protein catabolic process,’’

‘‘regulation of cell cycle,’’ and ‘‘histone modification’’ (Figure 5A).

Notably, CUL3, a core component of cullin-RING ligases

(CRLs),57 was found to be a node connecting multiple subnet-

works. CRLs are multisubunit complexes composed of cullin pro-

teins as the scaffold, a RING-containing protein for E2s docking,

and multiple adaptors for substrates binding57 (Figure 5B). Func-

tional lysine residueswere identified inCUL3, itsBTBdomain-con-

taining adaptors (KCTD5, KCTD10, and TNFAIP1),58 NEDD8 (a

ubiquitin-like protein conjugated toCUL3 to regulate its activity),59

and NAE1 (a NEDD8 activating protein)60 (Figure 5B).

By CPA, we observed that CUL3-K638-mutant cells exhibited

an overwhelming proliferation advantage over wild-type cells

(Figure 5C). NGS analysis revealed a predominant K to E muta-

tion at CUL3-K638 site over time (Figures 5C and S3I), indicating

the crucial role of K638E mutation. Consistently, CUL3-K638E

mutation is identified in one colorectal carcinoma patient,61 high-

lighting its physiological significance in carcinogenesis.

We then sought to understand the underlying mechanism by

which CUL3-K638E regulates cell proliferation. Given CUL3’s

role as the scaffold for complex assembly, we speculated that

K638E mutation may disrupt CUL3 CRL complex. To investigate

this, we conducted affinity purification-mass spectrometry (AP-

MS) to detect proteins interacting differently with CUL3 and

CUL3-K638E (Figure 5D). With CompPASS algorithm (compara-

tive proteomic analysis software suite),62 we identified 43 pro-

teins with stronger binding to CUL3 than CUL3-K638E (Z score

> 0.70, weighted D (WD) score > 0.70; Figure 5E; Table S6).

Among themwere Kelch-like (KLHL) proteins, known as putative

adaptors for CUL3,58 and components of COP9 signalosome

(CSN), including GPS1, COPS2, COPS3, COPS4, COPS6, and

COPS8. NEDD8 conjugation (neddylation) is vital for cullin acti-

vation, while CSN removes NEDD8 from activated cullins,

rendering them inactive but more stable.63 We then investigated

whether the dissociation of CSN from CUL3-K638E affects its

neddylation and/or stability with MLN4924 treatment, an inhibi-

tor of NEDD8 conjugation.64 In the absence or presence of

MLN4924, wild-type CUL3 remained in the unmodified form;
10 Molecular Cell 83, 1–19, December 21, 2023
nonetheless, a portion of the K638Emutant appeared as a higher

band on the immunoblot, which diminished following MLN4924

treatment, indicating that CUL3-K638E is susceptible to neddy-

lation (Figures 5F and S7A). Further, the CHX chase assay and

protein stability reporter assay revealed that CUL3-K638E pro-

tein had a lower basal level and a faster degradation rate than

wild-type CUL3 (Figures 5G and S7B), supporting the notion

that neddylated cullins are unstable.63

Collectively, K638 of CUL3 is a critical lysine residue for the

organization, assembly, and recycling of CUL3-centric CRL

complex, and thus regulates CRL-dependent proteostasis (Fig-

ure 5H). However, as K638Emutation both increases neddylated

CUL3, i.e., an active form, and destabilizes CUL3 CRL complex,

it remains to be determined how this mutation regulates sub-

strates stability, downstream pathways, and eventually, uncon-

trolled cell proliferation.

Cognate lysine residues potentially determine the
functional divergence of KCTD10 and TNFAIP1,
homologous proteins serving as CUL3 adaptors
In the CUL3 CRL complex, functional lysine residues were en-

riched in the KCTD family members that serve as substrate

adaptors for CUL3, including KCTD10-K171, KCTD10-K237,

KCTD10-K241, TNFAIP1-K168, TNFAIP1-K234, TNFAIP1-

K235, and KCTD5-K84 (Figure 5B). The KCTD family consists

of 26 members, the majority of which are thought to be involved

in numerous pathological processes, including tumorigenesis.65

The phylogenetic tree of the KCTD family reveals that KCTD10

and TNFAIP1 are clustered in the same clade, suggesting their

close evolutionarily relationship (Figure 6A). Intriguingly, two

pairs of cognate lysine sites of these two genes were identified

in the screen: KCTD10-K171 vs. TNFAIP1-K168 and KCTD10-

K237 vs. TNFAIP1-K234. As homologous genes usually possess

high sequence similarity, possible off-target editing by ABEmax

could causemutations in the non-targeted gene of the gene pair.

However, NGS analysis revealed predominant K to E mutations

at both KCTD10-K171 and TNFAIP1-K168, with no evidence of

cross-editing in either gene (Figure 6B).

Further, we identified multiple pairs of cognate lysine residues

in homologous proteins, which were validated by individual

sgRNAs (Figures 6C and S2B [panels 4, 6, 17, and 7]). Thus, it

is tempting to speculate that these cognate lysine residues un-

derpin divergent functionalities of paralogs. To test this, we

investigated the functional divergence between KCTD10-K171

and TNFAIP1-K168 in regulating protein stability (Figure 6D)

since CUL3 CRLs commonly target substrates for degrada-

tion.66 By comparing the proteomes of KCTD10-K171E and

TNFAIP1-K168E cells to control cells, we identified 451 and

104 differentially regulated proteins, respectively, implying that

KCTD10-K171E induced more profound changes in the cellular

proteome than TNFAIP1-K168E (Figure 6E; Table S7). Intersec-

tion analysis revealed a minor portion of proteins regulated by

both mutants (Figure 6F). Gene set enrichment analysis (GSEA)

revealed that upregulated proteins in KCTD10-K171E cells

were enriched in cell-cycle regulation (Figure 6G); however,

GSEA failed to detect significant functional enrichment for pro-

teins upregulated in TNFAIP1-K168E cells. GO analysis showed

that proteins upregulated in TNFAIP1-K168E cells were involved
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Figure 5. CUL3-centric regulatory network in the enrichment direction

(A) PPI network of genes with enriched lysine residues. Genes are grouped and colored based on the terms of Biological Process domain in the GO

KnowledgeBase. Genes in gray circles are not enriched in any GO terms.

(B) Schematic showing the main components of CUL3 CRL complex.

(C) Validation of sgCUL3-K638 by CPA (left) and NGS analysis of the editing outcomes (right). Mean ± SD, n = 3.

(D) Workflow of AP-MS analysis of CUL3 and CUL3-K638E (see STAR Methods).

(E) Heatmap showing WD scores of indicated proteins in the AP-MS analysis indicated in (D).

(F) Immunoblot analysis of CUL3 level in RPE1 cells stably expressing CUL3-FLAG or CUL3-K638E-FLAG. The red star indicates neddylated CUL3.

(G) Immunoblot analysis of the degradation kinetics of CUL3 proteins in RPE1 cells. The red star indicates neddylated CUL3. Se: short-time exposure; le: long-

time exposure.

(H) Proposed model illustrating the impact of CUL3-K638E mutation on CUL3 CRL complex turnover.

See also Figure S7.
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Figure 6. Critical lysine residues underlie functional divergence of KCTD10 and TNFAIP1

(A) A phylogenetic tree of proteins closely related to KCTD10 and TNFAIP1 within the KCTD family.

(B) Validation of paired sgRNAs targeting cognate lysine codons in KCTD10 and TNFAIP1. Upper-left: KCTD10 and TNFAIP1 gene structures with FS values of

sgRNAs. Lower-left: CPA plots. Right: editing outcomes of sgKCTD10-K171 and sgTNFAIP1-K168_2 at both loci. Mean ± SD, n = 3.

(C) Bar plots with diagrams of gene structures showing FS values of sgRNAs targeting cognate lysine codons of homologous genes.

(D) Workflow of label-free mass spectrometry for proteome analysis (see STAR Methods).

(E) Volcano plots showing protein abundance changes in clonal cell lines with homozygous KCTD10-K171E mutation (left) or TNFAIP1-K168E mutation (right)

compared with control cells (see STAR Methods). N = 3.

(legend continued on next page)
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in cellular detoxification processes, disparate from those

observed in KCTD10-K171E cells (Figure S8). These results

collectively suggest that KCTD10-K171 and TNFAIP1-K168

regulate cell proliferation by regulating the abundance of pro-

teins in different pathways.

Because PTMs could mediate PPIs,67 we further investigated

whether KCTD10-K171 or TNFAIP1-K168 undergoes PTMs. Ac-

cording tomass spectrometry analysis, KCTD10-K171was found

to be acetylated, whereas TNFAIP1-K168was found to be ubiqui-

tinated (Figure 6H; Table S8). This suggests that KCTD10-K171 or

TNFAIP1-K168 may employ different PTMs to determine sub-

strates binding. Collectively, we reason that cognate lysine resi-

duesmay play crucial roles in the functional divergence of homol-

ogous proteins during evolution.

KCTD10-K171 is critical for CUL3 CRL-mediated
degradation of mitotic proteins
Because mutations at KCTD10-K171 are clinically relevant (Fig-

ure 4B), we further scrutinized the mechanism by which

KCTD10-K171 regulates cell proliferation. The proteomics study

revealed that KCTD10-K171Emutation causes the accumulation

of proteins involved in cell-cycle regulation (Figures 6G and S9A);

therefore, we examined whether cell cycle is dysregulated in

KCTD10-K171E cells. To do this, we generated five individual

RPE1 cell clones harboring homozygous KCTD10-K171E muta-

tion and determined their cell-cycle profiles. All five clones

showed significantly higher percentages of cells within S and

G2/M phases than control cells (Figures 7A and S9B). Moreover,

KCTD10-K171E cells showed markedly higher level of CCNB1

than controls, which is predominantly expressed in G2/M

phase68 (Figures S9C and S9D). These data suggest that

KCTD10-K171E mutation increases the number of cycling cells

and/or the rate of cell-cycle progression.

Next, we systematically investigated proteins whose binding

to KCTD10 depend on K171. Through AP-MS (Figure 7B) and

subsequent CompPASS analysis, we identified 128 proteins

that preferentially interacted with KCTD10 over KCTD10-

K171E mutant (Z score > 0.75, WD score > 0.70; Table S9).

We then intersected these proteins with the 220 proteins upre-

gulated in KCTD10-K171E cells to identify bona fide CUL3 CRL

substrates whose degradation depend on KCTD10-K171. This

intersection identified ten proteins, namely, MKI67, TOP2A,

TPX2, INCENP, ATAD2, DCAF13, NSD2, CHAF1A, CHAF1B,

and RBM19 (Figure 7C). Notably, nine of these proteins are

implicated in cancer development,69–77 and among them,

MKI67, TOP2A, TPX2, INCENP, ATAD2, NSD2, CHAF1A, and

CHAF1B are known to regulate cell cycle.70,71,78–82 Particularly,

TPX2 and INCENP are well-known interaction partners of

AURKA and AURKB, respectively, which are key mitotic ki-

nases.83,84 Immunoprecipitation assay confirmed the interac-

tion between KCTD10 and TPX2 or INCENP, whereas the

K171E mutation disrupted both interactions (Figure 7D).
(F) Venn diagram showing the intersection of proteins with altered abundance

mutation.

(G) GSEA analysis of upregulated proteins in cell lines with homozygous KCTD1

(H) Identification of acetylation at KCTD10-K171 residue (left) and ubiquitination

See also Figure S8.
Further, TPX2 could be ubiquitinated by CUL3 in the presence

of KCTD10 but not the K171E mutant (Figure S10A). Consis-

tently, overexpression of KCTD10 decreased TPX2 and

INCENP protein levels, while the K171E mutant had no or

reduced effects (Figure 7E). In line with this, all five KCTD10-

K171E clones, but not the TNFAIP1-K168E clones, exhibited

higher levels of TPX2 and INCENP than control cells (Figure 7F).

These data collectively suggest that KCTD10 functions as an

adaptor, bringing TPX2 and INCENP to CUL3 CRL for degrada-

tion, with K171 mediating this process.

Then, we examined the impact of TPX2 or INCENP upregula-

tion on cell proliferation. ATP measurement-based quantitation

of viable cells revealed that TPX2 overexpression significantly

promoted cell proliferation. INCENP also exhibited pro-prolifer-

ative potential, albeit to a lesser extent, highlighting their onco-

genic potential (Figure S10B). Differential expression analysis

between tumor and adjacent normal tissues revealed signifi-

cant overexpression of TPX2 in 21 cancer types85 (Fig-

ure S10C). In EAC, KIRC, KIRP, LIHC, LUAD, PDAC, and

UCEC, high TPX2 expression is associated with poor prog-

nosis86 (Figures S10C and S10D). Heightened expression of

INCENP is also linked to 13 cancer types (Figure S10E). Intrigu-

ingly, RNA levels of KCTD10 are lower in tumors than in adja-

cent normal tissues across 13 cancer types (Figure 7G). More-

over, at the protein level, tumor tissues exhibit lower KCTD10

abundance but higher TPX2/INCENP abundance, whereas

adjacent normal tissues show the opposite trend, suggesting

that KCTD10 may act as a safeguard against tumorigenesis

by preventing aberrantly high levels of TPX2 and INCENP87

(Figure 7H). Overall, KCTD10 plays a critical role in controlling

normal cell proliferation by targeting TPX2 and INCENP for

degradation.

We subsequently explored downstream effectors of the

CUL3-KCTD10-TPX2/INCENP axis controlling cell proliferation.

TPX2 and INCENP could activate and stabilize AURKA and

AURKB, which are inherently unstable.88–90 Intriguingly,

AURKA and AURKB were upregulated in KCTD10-K171E mu-

tants according to mass spectrometry analysis (Figure S9A).

Consistently, all five KCTD10-K171E clones exhibited higher

abundance of AURKA and AURKB than controls (Figure S10F).

Thus, it is speculated that KCTD10-K171E mutation caused the

accumulation of TPX2 and INCENP, preventing the rapid

degradation of AURKA and AURKB. Indeed, overexpression

of TPX2 and INCENP markedly increased the abundance of

AURKA and AURKB, respectively (Figure S10G). AUKRA and

AUKRB are well-known oncogenes with high expression in

various cancer types.90 Consistently, AURKA or AURKB over-

expression significantly promoted cell proliferation (Fig-

ure S10H). Therefore, by regulating TPX2 and INCENP stability,

KCTD10-K171 can indirectly modulate AURKA and AURKB ki-

nase activity and protein abundance, thereby fine-tuning cell

proliferation to prevent tumorigenesis.
in cell lines with homozygous KCTD10-K171E mutation and TNFAIP1-K168E

0-K171E mutation.

at TNFAIP1-K168 residue (right).
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DISCUSSION

Here, we present a strategy for the genome-wide screen of func-

tional AA residues. Unlike conventional CRISPR KO screens, our

strategy could pinpoint functional residues of proteins, offering

direct indications for mechanistic studies. Besides, because AA

substitutions could either decrease or increase protein abun-

dance, and inactivate or activate protein function, our strategy al-

lows for both gain-of-function and loss-of-function perturbations

in a single screen. Moreover, our approach could detect muta-

tions that bestow unique activities to proteins. These mutations

may be implicated in pathogenic processes, while their corre-

sponding genes could not be identified by either CRISPR KO or

CRISPRa screens. Thus, this approach provides unprecedented

opportunities to gain functional insights into human proteomes.

Protein PTMs add an important layer of complexity to the pro-

teome.91 Advances in mass spectrometry technology have now

enabled the discovery of thousands of PTMs92; however, it re-

mains to be determined which PTMs are functional at the system

level. This study focuses on one particular AA—lysine, primarily

because lysine residues are the major receptors for numerous

important PTMs. Indeed, we identify that K135 of RHOA receives

degradative ubiquitination, whereas K171 of KCTD10 undergoes

acetylation that might mediate PPI. Meanwhile, we identify mul-

tiple lysine residues that operate on protein structure; for inci-

dence, K601 of BRAF functions through interactingwith adjacent

residues. Through this screening, we are able to generate infor-

mative annotations regarding the functionality of lysine residues

in cellular fitness. Moving forward, this method could be

extended to investigate other residues using ABEs or CBEs, or

it could be carried out in a specific biological setting.

The constellation of functional lysine residues could provide a

rich resource for biomedical research. Positively selected lysine

residues are enriched in cancer-associated pathways, andmany

of their mutations have been detected in cancer patient samples,

implying their functional associations with cancer. Notably, a

plethora of positively selected residues are found in CUL3-

centric complex. Recent research points to a crucial function

for CUL3 in tumorigenesis by demonstrating that CUL3 loss

could promote persistent proliferation in TP53-deficient cells.93

Consistently, our data demonstrate that CUL3-K638E signifi-

cantly promotes cell proliferation, possibly by destabilizing

CUL3, and this mutation is detected in one colorectal carcinoma

patient.61 KCTD10 is an adaptor for CUL3 that promotes the

ubiquitination of multiple proteins, including RHOB, CEP97,
Figure 7. KCTD10-K171 regulates cell proliferation by controlling mito
(A) Bar plot showing the cell-cycle profiles of homozygous KCTD10-K171Emutan

values: unpaired one-tailed Student’s t test with Benjamini-Hochberg adjustmen

(B) Workflow of AP-MS analysis of KCTD10 and KCTD10-K171E (see STAR Met

(C) Venn diagram showing the intersection of proteins with elevated abundance

(D) Co-immunoprecipitation assay showing interactions between INCENP or TPX

(E) Immunoblot analysis of INCENP and TPX2 levels in HEK293T cells transfecte

(F) Immunoblot analysis of TPX2 and INCENP levels in clonal cell lines with hom

(G) Differential expression analysis of human KCTD10 between tumor and adjace

transcripts per million.

(H) Correlation analysis of protein abundance between KCTD10 and TPX2 or INC

calculated using Pearson correlation coefficient. TMT: tandem mass tags.

See also Figures S9 and S10.
EIF3D, and TRIF. Here, we identify TPX2 and INCENP as sub-

strates for KCTD10, whose binding depends on KCTD10-

K171. Interestingly, pathogenic mutations of another CUL3

adaptor, KBTBD4, could enable CoREST complex recruitment,

thereby driving epigenetic reprogramming in medulloblas-

toma.94 Therefore, specific residues in adaptor proteins may

govern substrates specificity, and their mutations potentially

cause diseases. Indeed, KCTD10-K171 mutations are identified

in samples from breast cancer patients (Figure 4B).

We also identify an assembly of negatively selected lysine resi-

dues that warrant further investigation. These lysine mutations

are of particular interest because they cause cell growth arrest or

cell death, making them possible targets for cancer drugs. Cova-

lent drugs have been developed to target non-catalytic residues

in functional sites ofproteins.95More recently, Abbasovetal.map-

ped the interactions of small covalent molecules with lysine resi-

dues, creating a proteome-wide atlas of lysine-reactive chemis-

try.96 Thus, we envision that combining screens of functional

residues with covalent chemistry technologies will open new ave-

nues for identifying cancer drug targets, particularly thosedeemed

‘‘undruggable.’’Moreover, these lysine residuescould be targeted

by genome editing with CRISPR-Cas9 or ‘‘LEAPER,’’97,98 a thera-

peutic RNA editing tool that converts A to I (G) in gene transcripts.

Limitations of the study
BE-based screens may come with certain limitations compared

with conventional CRISPR KO screens. To begin with, in gene

KO screens, multiple sgRNAs are usually employed to target a

single gene, and a functional score for the gene can be calculated

based on these sgRNAs. However, in BE screens, the availability

of only one or two sgRNAs for each target site, limited by PAM

constraints and editing windows, can make the assessment of

sgRNA perturbation effect and the functionality of the targeted

sitemore challenging. In our current study,we employ iBAR tech-

nology along with the specifically devised ZFCiBAR algorithm to

evaluate the effect of each sgRNA. This strategy could help

improveBEscreenquality evenwhenworkingwith a limited num-

ber of sgRNAs for a given target site.

Second, due to the PAM restrictions, our current screen ad-

dresses only 35% of lysine codons within the coding genome.

Therefore, it is important to acknowledge that lysine residues

with no observed phenotypes might still possess functionality. In

the future, untargeted lysines could be explored using ‘‘NG’’

PAM targetable BEs,99 ‘‘PAMless’’ BEs,100 or Prime editors,101,102

allowing for a more comprehensive screening approach.
tic protein stability
ts. Representative histograms are shown in the right panel. Mean ± SD, n = 3. P

t.

hods).

and reduced interaction with KCTD10 upon K171E mutation.

2 and KCTD10 or KCTD10-K171E in HEK293T cells.

d with KCTD10-Flag or KCTD10-K171E-FLAG plasmids.

ozygous KCTD10-K171E or TNFAIP1-K168E mutation.

nt normal tissues using TIMER2.0. P value is calculated byWilcoxon test. TPM:

ENP in cancer patients using cProSite. The correlation coefficient (R value) is
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Third, we observe bystander edits adjacent to the targeted

lysine codons due to the susceptibility of all editable adenines

within the ‘‘activity window’’ to editing, a common limitation of

BE-based screens.7–10 This could potentially lead to misattribu-

tion of targeted lysine residues, resulting in false positives. To

address this issue, some studies have incorporated ‘‘sensor se-

quences’’ (sequences matching the sgRNA-targeting sites) into

their sgRNA constructs for BE screens, enabling the validation

of edits in a high-throughput manner.9,103 This approach helps

filter out false positives caused by bystander edits, especially

when the edits affect the surrounding codons rather than the tar-

geted lysine codons. Additionally, NGS tracking could be em-

ployed to accurately identify functional mutations.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-FLAG Sigma-Aldrich Cat# F7425; RRID:AB_439687

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F1804; RRID:AB_262044

Rabbit polyclonal anti-HA Sigma-Aldrich Cat# H6908; RRID:AB_260070 Cat# SAB4300603;

RRID:AB_10620829

Mouse monoclonal anti-b-Tubulin CWBIO Cat# CW0098; RRID:AB_2814800

Rabbit polyclonal anti-GAPDH EASYBIO Cat# BE3407; RRID: AB_3075319

Rabbit monoclonal anti-RHOA Cell Signaling Cat# 2117; RRID:AB_10693922

Rabbit monoclonal anti-CUL3 Cell Signaling Cat# 10450; RRID:AB_2943632

Rabbit monoclonal anti-INCENP ORIGENE Cat# TA890129; RRID: AB_3075321

Rabbit monoclonal anti-CCNB1 Cell Signaling Cat# 12231; RRID:AB_2783553

Rabbit monoclonal anti-AURKA Cell Signaling Cat# 14475; RRID:AB_2665504

B/AIM1 anti-AURKB Cell Signaling Cat# 3094; RRID:AB_10695307

Rabbit polyclonal anti-KCTD10 Proteintech Cat# 27279-1-AP; RRID:AB_2880827

Rabbit monoclonal anti-TPX2 Cell Signaling Cat# 12833; RRID:AB_2798039

Rabbit monoclonal anti-TOP2A Cell Signaling Cat# 12286; RRID:AB_2797871

Rabbit polyclonal anti-CRISPR-Cas9 Abcam Cat# ab204448; RRID:AB_2893352

Goat anti-rabbit IgG-HRP secondary antibody Jackson Immunoresearch Cat# 111-035-003; RRID:AB_2313567

Goat anti-mouse IgG-HRP secondary antibody Jackson Immunoresearch Cat# 115-035-003; RRID:AB_10015289

Bacterial and virus strains

E. coli HST08 premium electro-cells TaKaRa Cat# 9028

Trans1-T1 phage resistant

chemically competent cell

TransGen Biotech Cat# CD501

Chemicals, peptides, and recombinant proteins

Gibson Assembly� Master Mix New England Biolabs Cat# E2611

T4 DNA Ligase New England Biolabs Cat# M0202

X-tremeGENE HP DNA transfection reagent Roche Cat# 06366236001

Puromycin Solaribio Cat# P8230

Passive lysis buffer Promega Cat# E1941

Phosphatase inhibitor cocktail Thermo Fisher Scientific Cat# 78441

Crystal Violet Stain solution, 0.1% Solarbio Cat# G1063

CellTiter-Glo� 2.0 Promega Cat# G9242

Cycloheximide Sigma-Aldrich Cat# 5087390001

cOmplete� protease inhibitor cocktail Roche Cat# 4693116001

ANTI-FLAG� M2 affinity gel Sigma-Aldrich Cat# A2220

Reducing SDS loading buffer CWBIO Cat# CW0027

Non-reducing SDS loading buffer CWBIO Cat# CW0028

MG132 Sigma-Aldrich Cat# C2211

Paraformaldehyde Solarbio Cat# P1110

FxCycle Violet Invitrogen Cat# F10347

Palbociclib Selleck Cat# S4482

Nocodazole Sigma-Aldrich Cat# M1404

Critical Commercial Assays

DNeasy Blood and Tissue Kit Qiagen Cat# 69506

KAPA HiFi HotStart ReadyMix PCR Kit Roche Cat# KK2602
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DNA Clean & Concentrator-5 Zymo Research Corporation Cat# D4013

NEBNext Ultra II Q5 Master Mix New England Biolabs Cat# M0544

Clarity� Western ECL Substrate Kit Bio-Rad Cat# 1705060

Pierce� BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

TGX� FastCast� Acrylamide Starter Kit Bio-Rad Cat# 1610172

Trans-Blot Turbo RTA Midi 0.2 mm

PVDF Transfer Kit

Bio-Rad Cat# 1704273

Deposited data

NGS data This study NCBI BioProject accession: No. PRJNA811956

Original western blots This study Mendeley: https://doi.org/10.17632/

3nfzxn4svd.1

Original code This study Zenodo: https://doi.org/10.5281/

zenodo.8320606 and https://doi.org/10.5281/

zenodo.8320602

Experimental models: Cell lines

HEK293T C. Zhang’s laboratory,

Peking University

N/A

hTERT-RPE1 Y. Sun’s laboratory,

Peking University

N/A

hTERT-RPE1-ABEmax-SC This study N/A

hTERT-RPE1-CUL3-K638E-SC This study N/A

hTERT-RPE1-KCTD10-K171E-SC This study N/A

hTERT-RPE1-TNFAIP1-K168E-SC This study N/A

hTERT-RPE1-RHOA-OE This study N/A

hTERT-RPE1-RHOA-K135E-OE This study N/A

hTERT-RPE1-RHOA-K135G-OE This study N/A

hTERT-RPE1-CUL3-OE This study N/A

hTERT-RPE1-CUL3-K638E-OE This study N/A

hTERT-RPE1-TPX2-OE This study N/A

hTERT-RPE1-INCENP-OE This study N/A

hTERT-RPE1-AURKA-OE This study N/A

hTERT-RPE1-AURKB-OE This study N/A

Oligonucleotides

Oligonucleotides are listed in Table S1 Synbio Technologies, Ruibiotech

and TsingkeBiotechnology

Table S1

Recombinant DNA

pCMV-ABEmax-P2A-GFP Addgene Cat# 112101

pLenti-ABEmax-EGFP This study N/A

pCG-2.0-CMV-mCherry This study N/A

pLenti-cDNA-Flag-mCherry This study N/A

pLenti-cDNA-HA-EGFP This study N/A

pRK5-HA-Ubiquitin-WT Addgene Cat# 17608

pRK5-HA-Ubiquitin-K63 Addgene Cat# 17606

pRK5-HA-Ubiquitin-K48 Addgene Cat# 17605

pVSV-G Addgene N/A

pR8.74 Addgene N/A

pCG-2.0-SV40-Puro-iBAR-1 This study N/A

pCG-2.0-SV40-Puro-iBAR-2 This study N/A

pCG-2.0-SV40-Puro-iBAR-3 This study N/A
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Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

FlowJo BD Biosciences https://www.bdbiosciences.com/

en-us/products/software/

flowjo-v10-software

STRING Global Biodata Coalition and ELIXIR https://string-db.org/

Cytoscape Cytoscape https://cytoscape.org/

Comparative Proteome Analysis

Software Suite, CompPASS

Sowa et al.62 http://bioplex.hms.harvard.edu/

comppass/

Prism 9 Graphpad https://www.graphpad.com/features

R (v3.4.1, v3.5.0) R https://www.r-project.org

Python (v2.7, v3.8) Python https://www.python.org

Chimera Resource for Biocomputing,

Visualization, and Informatics

https://www.cgl.ucsf.edu/chimera/

Adobe Illustrator Adobe https://www.adobe.com/products/

illustrator.html

Adobe Photoshop Adobe https://www.adobe.com/products/

photoshop.html

Image Lab Bio-Rad https://www.bio-rad.com/zh-cn/

product/image-lab-software?ID=KRE6P5E8Z

Alphafold2 DeepMind and EMBL-EBI https://alphafold.ebi.ac.uk/

Timer2.0 Li et al.85 http://timer.cistrome.org

cProSite Wang et al.87 https://cprosite.ccr.cancer.gov
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wensheng

Wei (wswei@pku.edu.cn).

Materials availability
All unique materials generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
d Western blots have been deposited at Mendeley: https://doi.org/10.17632/3nfzxn4svd.1 and is publicly available as of the date

of publication. DOI is listed in the key resources table. NGS data are available in the NCBI BioProject accession: No.

PRJNA811956. Data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Zenodo: https://doi.org/10.5281/zenodo.8320606 and https://doi.org/10.5281/zenodo.

8320602, and are publicly available as of the date of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture
The HEK293T cell line was obtained from C. Zhang’s laboratory (Peking University). HEK293T cells were cultured in high-glucose

DMEM (Gibco, Thermo Fisher Scientific), supplemented with 2 mM L-glutamine, 10% (vol/vol) fetal bovine growth serum (Biological

Industries), and 1% (vol/vol) penicillin-streptomycin (Thermo Fisher Scientific). The hTERT-RPE1 cell line was obtained from Y. Sun’s

laboratory (Peking University). HTERT-RPE1 cells were cultured in high-glucose DMEM/F-12 (Gibco, Thermo Fisher Scientific), sup-

plemented with 2 mM L-glutamine, 10% (vol/vol) fetal bovine serum (Biological Industries or CellMax), and 1% (vol/vol) penicillin-

streptomycin (Thermo Fisher Scientific). All cells were cultured in a humidified atmosphere at 37�Cwith 5%CO2, and were confirmed

to be mycoplasma-negative. To inhibit protein neddylation, cells were treated with 1 mM MLN4924 for 20 h.
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METHOD DETAILS

Plasmid construction
The pCMV-ABEmax-P2A-GFPwas obtained fromAddgene. The coding sequence of ABEmaxwas cloned into the pLenti-P2A-EGFP

vector through restriction enzyme double digestion (New England Biolabs) and T4 DNA ligase ligation. The pLenti-ABEmax-EGFP

plasmid was used for packing the lentivirus expressing ABEmax. SgRNA plasmids used for individual validation were generated

by cloning the spacer sequences into the pCG-2.0-CMV-mCherry vector throughGolden-Gate assembly. Protein-coding sequences

of RBM38, RHOA, CUL3, KCTD10, TNFAIP1, TPX2, INCENP, AURKA, and AURKB were cloned into pLenti-cDNA-Flag-mCherry or

pLenti-cDNA-HA-EGFP through Gibson assembly, with mutations introduced through PCR.

SgRNA library design
The human reference sequences of proteins and genome were obtained from Uniprot (UP000005640, release 2018_07) and Illumina

iGenome (hg38 assembly), respectively. The sgRNA library was designed as follows:

1. All positions of lysine residues in protein sequences from the Uniprot reference Fasta file were captured using a Python script.

2. According to the positions of lysine residues in protein sequences, all positions of lysine codons were captured from the refer-

ence genome. Regarding codons separated by introns, lysine codons were classified as three types: unspliced, ‘‘AA|R’’ type of

spliced, and ‘‘A|AR’’ type of spliced.

3. Searching for PAM sequences:
a) For unspliced and ‘‘AA|R’’ type of spliced lysine codons, ‘‘NGG’’ PAM sequences were scanned at a distance of 12-nt to

18-nt downstream from the first adenosine.

b) For ‘‘A|AR’’ type of spliced lysine codons, ‘‘NGG’’ PAM sequences were scanned at a distance of 12-nt to 17-nt down-

stream from the first adenosine, as well as a distance of 12-nt to 17-nt downstream from the second adenosine.

4. For lysine codons with available PAM sequences, the positions of each sgRNA were defined as the distance from the first

adenosine in lysine codons to the first nucleoside of ‘‘NGG’’ PAMs. Exceptions were made for targets located in the second

adenosine of ‘‘A|AR’’ type, where the sgRNA positions were defined as the distance from the second adenosine in these lysine

codons to the first nucleoside of ‘‘NGG’’ PAMs.

5. Extracting sgRNA sequences:

a) Regarding unspliced and ‘‘AA|R’’ type of spliced lysine codons, if the first adenosine was at position 19, a 21-nt sequence up-

streamof the PAMwas captured as the sgRNA sequence; if the first adenosinewas at position 13, 14, or 18, a 20-nt sequence

upstreamof the PAMwas captured; if the first adenosinewas at position 15, 16, or 17, a 19-nt sequence upstreamof the PAM

was captured.

b) Regarding ‘‘A|AR’’ type of spliced lysine codons, if the targeted adenosinewas at position 18, a 21-nt sequence upstreamof

PAMwas captured as the sgRNA sequence; if the targeted adenosine was at position 13 or 17, a 20-nt sequence upstream

of PAM was captured; if the targeted adenosine was at the position 14, 15, or 16, a 19-nt sequence upstream of PAM was

captured.

6. To analyze the on-target and 1-bpmismatch off-target of all captured sgRNAs, the Bowtie softwarewith the parameter ‘‘bowtie

-a -v 1’’ was used to align the spacer sequences along with ‘‘NGG’’ sequences to the reference genome.
Library production
TheoligonucleotidepoolwassynthesizedbySynbioTechnologies.SgRNAsequenceswerePCRamplifiedwithaprimerpair targeting the

flanking sequences of the oligos (Table S1). Then, sgRNA sequences were cloned into three types of pLenti-sgRNAiBAR vectors through

Golden-Gate assembly. Three verified iBARswere used in this library: CTCGCT,GATGGT, andGCACTG (5’–3’). TheGolden-Gate prod-

ucts were purified and then electroporated into competent cells to produce the plasmid library. Next, the plasmid library was co-trans-

fected intoHEK293Tcellswith lentiviral packagingplasmidspVSV-GandpR8.74 (Addgene)using theX-tremeGENEHPDNAtransfection

reagent toproduce lentiviral library.The lentiviral librarywasharvested72hpost-transfection.For the titrationof the lentivirus library,RPE1

cells were seededonto 6-well plates and infectedwith lentiviruses at volumes of 0, 2, 4, 8, 16, and 32 mL, respectively. Seventy-two hours

post-infection, theseRPE1cellswere replated andculturedwith orwithout 15mg/mLpuromycin for anadditional 48h.Viable cells in each

group were counted, and the virus titer was determined based on the cell viability ratios.

Functional lysine screening in RPE1 cells
ABEmax-expressing RPE1 cells were infected with the lentiviral library at a high MOI (z 3). Seventy-two hours post-infection, RPE1

cells were treated with 15 mg/mL puromycin for 2 d. Then, a subset of viable cells was collected as the reference group, and this time

point was designated as Day 0. The remaining library cells were cultured and maintained at a 1,000-fold coverage for fitness

screening. Library cells were passaged every 3 d and harvested on Day 24 as the experimental group. Genomic DNA was extracted

from the cell pellets of both the reference and experimental groups using the DNeasy Blood and Tissue Kit. The sgRNA sequences

within the cellular genome were amplified by PCR using the KAPA HiFi HotStart ReadyMix PCR Kit with five pairs of primers
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(Table S1). The PCR condition was as follows: 30 s at 95�C for DNAmelting; 10 s at 95�C, 30 s at 60�C, and 15 s at 72�C for 26 cycles;

15 s at 72�C for an extension. The PCR products were purified by DNA Clean & Concentrator-5, followed by NGS analysis.

Cell proliferation assay
ABEmax-expressing RPE1 cells were infected with lentiviruses carrying individual sgRNAs (Table S1) at an infection efficiency of 40–

60%. SgAAVS1 served as negative controls. The lentiviral plasmids expressing sgRNA contained anmCherry marker gene. The per-

centage of mCherry-positive cells was assessed through flow cytometry (LSRFortessa, Becton Dickinson Inc.). The flow cytometry

analysis started on the fifth or sixth day post-infection, designated as Day 0, serving as the baseline for data normalization. Then the

percentage of mCherry-positive cells was analyzed every 3 d, extending to Day 15 or Day 18.

Editing efficiency detection by NGS analysis
Genomic regions flanking the targeted lysine codons were PCR amplified with NEBNext Ultra II Q5 Master Mix and sequenced

(Table S1). The FASTQ files were analyzed using an in-house script. The NGS reads were mapped to the human genome, and

then sequences around the targeted lysine codons were extracted and translated into protein sequences. The mutation frequency

was calculated as the percentage ofmutated reads in total matched reads. The seqlogo graphs of the protein sequenceswere gener-

ated by WebLogo 3.104

Construction of clonal cells with homozygous lysine mutations
ABEmax-expressing RPE1 cells used in the screen were infected with lentiviruses carrying selected sgRNAs at an infection effi-

ciency of 40%–60%. Cells with moderate mCherry intensity were sorted and isolated into 96-wells, with one cell per well. Homo-

zygous mutants were identified and selected by sequencing of the targeted region. At least three clonal cells were selected for

each mutation.

Immunoblotting
Cells were lysed in Passive Lysis Buffer supplementedwith protease and phosphatase inhibitor cocktail when approaching 90%con-

fluency. Total protein quantitation was performed using Pierce� BCA Protein Assay Kit. The lysates were denatured with reducing

SDS loading buffer followed by boiling and fractionated in SDS-PAGE (prepared using TGX� FastCast� Acrylamide Starter Kit), and

then transferred to PVDF membranes. Membranes were blocked with 5% skim milk in PBST for 1 h at room temperature and incu-

bated with primary antibodies (refer to the key resources table) at 4�C overnight. Next, PVDF membranes were washed 5 times with

PBST. Subsequently, the PVDF membranes were incubated with secondary antibodies (refer to the key resources table) for 1 h at

room temperature, followed by an additional 5 washes. Bands were detected using Clarity�Western ECL Substrate Kit and Chem-

idoc� system.

Clonogenic assay
RPE1 cells (200 cells per well) were seeded onto 6-well plates and cultured for 10–14 d. Then the plates were rinsed by PBS, fixed by

methanol, and stained with 0.1% crystal violet. The number of colonies in each well was counted manually. Survival fractions of

experimental groups are normalized by colony numbers of controls. Data are presented as the mean ± SD of three independent ex-

periments, and p values are calculated using an unpaired two-tailed Student’s t test.

ATP measurement-base cell proliferation assay
RPE1 cells (1000 cells per well) were seeded onto opaque-walled 96-well plates. Tomeasure cell viability, 35 mL of CellTiter-Glo� 2.0

at room temperature was added to each well, followed by shaking for 2 min and incubation for 10 min. The luminescence was then

recorded with microplate reader (TECAN Infinite M200).

CHX chase assay
HEK293T cells (4 3 105 cells per well) were seeded onto 12-well plates and transfected with plasmids encoding wild-type or mutant

proteins. About 36 h post-transfection, cells were treated with 100 mg/mL of CHX. Then, cell lysates were collected at different time

points and subjected to immunoblot analysis. For CUL3, cells were harvested at 0, 9, and 23 h after CHX treatment; for RHOA, cells

were harvested at 0, 2, 4, and 8 h after CHX treatment. Quantification was performed using ImageJ software and normalized by

b-tubulin level of each sample.

Immunoprecipitation
Cells expressing Flag-tagged cDNAs were lysed in mammalian cell lysis buffer (composed of 50 mM Tris$HCl (pH 7.4), 150 mM

NaCl, 0.25% Na-deoxycholate, 1 mM EDTA, 1% Nonidet P-40 and cOmplete� protease inhibitor cocktail) when approaching

90% confluency. The lysates were incubated with ANTI-FLAG� M2 Affinity Gels at 4�C with rotation overnight. Protein-bound

beads were washed with lysis buffer or TSBT for 3 times, and the proteins were eluted with non-reducing SDS loading buffer fol-

lowed by boiling.
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Ubiquitination assay
HEK293T cells (6–8 3 105 cells per well) cells were seeded onto 6-well plates and co-transfected with plasmids encoding substrate

proteins, enzymatic proteins, together with HA-tagged ubiquitin or ubiquitin mutants. Fourteen hours post-transfection, cells were

treated with 10 mM MG132 for 12 h. Subsequently, cells were lysed and subjected to immunoprecipitation and immunoblotting

with indicated antibodies.

Label-free quantitative proteomics
Label-free quantitative proteomics of RPE1 clonal cell lines with homozygous KCTD10-K171E or TNFAIP1-K168E mutation, and

sgAAVS1-expressing cells as negative controls were conducted by PTM Bio. Briefly, cells were lysed in lysis buffer (composed of

8Murea, 1%protease inhibitor cocktail, and 50 mMPR-619). Proteins were precipitated in 20%vol/vol TCA and digestedwith trypsin

overnight. The samples were then reduced with 5 mM dithiothreitol and alkylated with 11 mM iodoacetamide. The tryptic peptides

were separated and analyzed by timsTOF Pro (Bruker Daltonics) mass spectrometry. The resulting MS/MS data were processed us-

ing MaxQuant search engine (v.1.6.15.0). Tandem mass spectra were searched against the human SwissProt database (Homo_sa-

piens_9606_SP_20201214.fasta, 20395 entries) concatenated with reverse decoy database.

AP-MS analysis
RPE1 cells infected with lentiviruses expressing Flag-tagged wild-type or mutant CUL3/KCTD10 were subjected to AP-MS analysis.

For AP-MS of KCTD10, cells were treated with MLN4924 to inhibit degradation of substrates. Briefly, samples were prepared by

immunoprecipitation with ANTI-FLAG�M2 Affinity Gels, followed by SDS-PAGE separation. The gels were stained with Coomassie

blue, and total aggregated proteins of each sample were cut out of the gel and destained with a solution of 100 mM ammonium bi-

carbonate in 50% acetonitrile. After dithiothreitol reduction and iodoacetamide alkylation, the proteins were digested with porcine

trypsin (Sequencing grademodified; Promega,Madison,WI) overnight. The tryptic peptides were separated and analyzed by Thermo

Orbitrap Fusion Lumos mass spectrometry. TheMS data were alignment with homo sapiens Reviewed Swiss-Port database by Pro-

teome Discoverer 2.2 software. Z score and WD score were calculated according to CompPASS algorithm (http://bioplex.hms.

harvard.edu/comppass/) based on the PSM number. For CUL3, preys with Z > 0.70 and WD > 0.70 were selected as candidates,

while for KCTD10, the threshold was set as Z > 0.75 and WD > 0.70. Flag-tagged empty vectors served as negative controls. Three

replicates were conducted for each bait.

Cell cycle profiling and synchronization
RPE1 cells were harvested and washed with PBS followed by fixation with 4% paraformaldehyde for 30 min at room temperature.

After washing with PBS for 2 times, cells were stained with FxCycle Violet, and the cell cycle profiles were analyzed using cell cytom-

etry. For cell cycle synchronization to theM phase, RPE1 cells were treated with 1 mMpalbociclib for 18 h. After washing with PBS for

3 times, cells were cultured in a fresh medium for 8 h. Then, cells were treated with 50 ng/mL nocodazole for 12 h to enter into G2/M

phase.105

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis
Quantification of protein abundance in immunoblotting was performed using ImageJ, and normalized by controls as indicated in the

corresponding figure legends.

Fluorescence-activated cell sorting data were quantified using FlowJo, and normalized by controls as indicated in the correspond-

ing figure legends.

Protein-protein interaction networks were analyzed by STRING (confidence = 0.7) and created by Cytoscape.

Statistical analysis
Comparisons between experimental sgRNAs and sgAAVS1 in cell proliferation assay (CPA) were calculated using the unpaired one-

tailed Student’s t test and adjusted using the Benjamini-Hochberg method. Other statistical analyses are described in the corre-

sponding figure legends. Significance levels are denoted as *p < 0.05, **p < 0.01, ***p < 0.001. ‘‘NS’’ indicates non-significant re-

sults. Bar plots were generated by GraphPad Prism 9 and R.
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