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CANCER

FBXO042 facilitates Notch signaling activation and
global chromatin relaxation by promoting K63-linked

polyubiquitination of RBPJ

Hua Jiang1’2’31', Weixiang Bian"?3t, Yue Sui?t, Huanle Li*3, Han Zhao?3,

Wengqi Wang4, Xu Li'%3#

Dysregulation of the Notch-RBPJ (recombination signal-binding protein of immunoglobulin kappa J region)
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signaling pathway has been found associated with various human diseases including cancers; however, precisely
how this key signaling pathway is fine-tuned via its interactors and modifications is still largely unknown. In this
study, using a proteomic approach, we identified F-box only protein 42 (FBXO42) as a previously unidentified
RBPJ interactor. FBXO42 promotes RBPJ polyubiquitination on lysine-175 via lysine-63 linkage, which enhances
the association of RBPJ with chromatin remodeling complexes and induces a global chromatin relaxation. Genetically
depleting FBX0O42 or pharmacologically targeting its E3 ligase activity attenuates the Notch signaling-related
leukemia development in vivo. Together, our findings not only revealed FBX042 as a critical regulator of the Notch
pathway by modulating RBPJ-dependent global chromatin landscape changes but also provided insights into the
therapeutic intervention of the Notch pathway for leukemia treatment.

INTRODUCTION

The Notch signaling pathway is one of the most commonly dys-
regulated pathways in cancer. Alterations include activating muta-
tions and amplification of Notch pathway activity, leading to the
progression of cancers, especially T cell acute lymphoblastic leukemia/
lymphoma (T-ALL) (I), chronic lymphocytic leukemia (CLL) (2),
diffuse large B cell lymphoma (DLBCL) (3), head and neck squa-
mous cell carcinoma (HNSCC) (4, 5), and breast cancers (6, 7).
Therapeutic strategies to modulate Notch pathway function include
chemical and immunological targeting of NOTCH receptors, Delta
ligands, and y-secretases (8-10). Although the Notch pathway has
been studied in past decades, the use of pharmacological com-
pounds targeting Notch activity in clinical settings is still insufficient,
especially in NOTCH-activated T cell leukemia. To date, y-secretase
inhibitors have been the most extensively explored potential anti-
cancer agents in these contexts. However, because of the side effects
induced by y-secretase inhibitors in clinical settings (11) and be-
cause mutant NOTCH does not require y-secretase cleavage to be
activated (1), the need to develop new strategies by identifying novel
molecular targets, especially components downstream of Notch
activation, remains urgent.

Recombination signal-binding protein of immunoglobulin
kappa ] region (RBPJ), a transcription factor in the Notch signal-
ing pathway, plays a dual role in regulating Notch signaling. In
the absence of the Notch intracellular domain (NICD), RBPJ acts
as a transcriptional repressor of Notch target genes, exerting its
effect by interacting with corepressor complexes such as histone
deacetylases (HDACs) (12), lysine-specific histone demethylase 1A
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(KDM1A or LSD1) (13), and lethal (3) malignant brain tumor-like
protein 3 (L3MBTL3) (14). Upon Notch activation, RBP]J associates
with the NICD and Mastermind-like protein (MAMLs) to form a
ternary complex, recruiting coactivators such as the histone acetyl-
transferases p300 and GCN5 and triggering the transcription of
Notch target genes (15).

Despite the progress made in delineating the molecular struc-
tures of the transcriptional complex in the past decade, the mecha-
nism of RBPJ function switching remains unclear, making it
difficult to target the Notch transcription step. The depletion of
RBP]J leads to Notch signaling inactivation in certain cellular con-
texts (16) and to Notch signaling activation in other contexts (17),
making pharmacologically targeting RBPJ in Notch-related cancers
very risky.

RBPJ/NICD dimerization is suspected to be a stabilizing event
enabling RBPJ binding (18-20); however, the DNA binding affinity
of RBP]J is unexpectedly low [dissociation constant (Kg) of ~1 uM]
(21), and the binding of NICD to RBP] does not influence RBPJ-
binding affinity for DNA (21). It remains to be elucidated whether
the plasticity of DNA binding by RBP] is due to cofactors that can
sense chromatin structure (22, 23) or whether RBPJ cooperates with
other DNA binding proteins to prolong its association with chro-
matin (24, 25). In any case, the role of RBPJ is controversial and
context dependent, and the mechanism by which the RBPJ tran-
scriptional switch is fine-tuned remains to be elucidated.

In this study, we established a detailed RBP] interactome via tan-
dem affinity purification coupled with mass spectrometry (TAP-MS)
and explored the potential regulators critical for RBPJ transcrip-
tional activities. We found that F-box only protein 42 (FBXO42) phys-
ically and functionally interacted with RBP], mediating its K63-linked
polyubiquitination and contributing to its binding to chromatin,
the conformation of which was subsequently opened, and Notch
signaling activation. Both genetic knockout (KO) of FBX042 and
pharmacological inhibition of FBXO42 action alleviated leukemia
progression in vivo, exhibiting therapeutic value in Notch-associated
disease.
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RESULTS
Proteomic analysis of the RBPJ interaction network
identifies FBX042 as a critical regulator of Notch signaling
To gain a comprehensive understanding of the transcriptional regula-
tion of the Notch pathway and identify novel RBP] interactors, we
established a RBP] protein interaction network using TAP-MS in
human embryonic kidney (HEK) 293T cells. HEK293T cells have
broad spectrum of protein expression (26), and they are easy to
grow and accessible for transfection. The MS analysis of purified
protein extracts revealed the successful purification of RBPJ with a
570 and 381 peptide-spectrum match against RBPJ, respectively.
We analyzed the MS results using the MUSE algorithm (27) and
established a high-confidence map of RBPJ interactors (Fig. 1A).
Functional annotation and pathway enrichment assays showed that
RBPJ interactors are highly involved in embryonic development, cell
fate decisions, and transcriptional regulation (fig. S1, A to C), which
is consistent with their roles played in Notch signaling. We picked
several of the strongest RBPJ-interacting proteins identified in this
study for a coimmunoprecipitation assay to validate their interac-
tions with RBPJ (fig. S1D). All the interactors tested interacted with
RBPJ, indicating that this interaction network was reliable (fig. S1D).
CRISPR-Cas9-mediated KO screening of the strongest RBPJ inter-
actors revealed the top positive and negative regulators of Notch
signaling. Knocking out L3MBTL3, a previously reported negative reg-
ulator of RBPJ (14), increased Notch target gene expression (Fig. 1, B
and C), and knocking out FBXO42 significantly decreased Notch tar-
get gene expression (Fig. 1, D and E). Moreover, knocking out FBXO42
impaired RBPJ binding to HES1/5 promoter regions and constructed
8x RBPJ-binding site (Fig. 1, F and G), indicating that FBXO42 may
regulate RBPJ transcriptional activities by direct binding.
Dysregulation of Notch signaling has been linked with various
cancer types, including T-ALL, DLBCL, HNSCC, and breast cancers
(1, 3-7). We found that FBXO42 was highly expressed in Notch-
activated T cell leukemia, DLBCL, and breast cancer, and its expres-
sion was down-regulated in Notch-inactivated HNSCC (Fig. 1,Hto ],
and fig. S1, E and F). It was also highly expressed in various leuke-
mia and breast cancer cell lines (Fig. 1K), especially in ALL cell lines
(Fig. 1L). To further establish the correlation between FBX042 ex-
pression and Notch signaling in patients, we analyzed publicly avail-
able cancer omics data using The Cancer Genome Atlas (TCGA)
dataset and UALCAN database (28) and found that FBXO42 expres-
sion is highly correlated with the expression of Notch target genes
HES1, MYC, HES5, HEY1, HEY2, and HEYL in patients with DLBCL,
acute myeloid leukemia, and ALL (Fig. 1, M and N, and fig. S1G).
Together, these data suggested a potential role of FBXO42 as an im-
portant positive regulator of Notch signaling.

FBXO042 directly interacts with RBPJ

FBXO42 is a substrate recognition component of the S-phase kinase-
associated protein 1 (SKP1)-Cullin-1 (CUL1)-F-box protein (SCF)-
type E3 ligase complex, which has been previously reported to promote
p53 ubiquitination and degradation (29). To determine whether RBP]
and FBXO42 directly interact, we performed reciprocal TAP-MS using
FBXO42 as the bait and established an FBXO42 interaction network
(Fig. 2A). A Kyoto Encyclopedia of Genes and Genomes (KEGG) en-
richment analysis indicated the potential involvement of FBXO42
under many pathological conditions (Fig. 2B). We identified several
previously reported FBXO42 interactors, including SKP1, CULL,
and COPY signalosome complex subunit (COPS) family members,
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which are involved in the deneddylation of the cullin subunits in
SCE-type E3 ligase complexes (30, 31). RBPJ has also been repeatedly
identified as a strong interactor of FBXO42 (Fig. 2A), indicating that
FBXO42 forms a stable protein complex with RBPJ. Although there
is little overlap between RBPJ- and FBXO42-interacting proteins, the
functions of these proteins overlap to a high degree (Fig. 2C), indicat-
ing that FBXO42 may specifically facilitate RBP] transcriptional activity.
We further validated the interaction between FBXO42 and
RBPJ using antibodies against endogenous FBXO42 or RBP] (Fig. 2,
D and E) and epitope-tagged RBPJ and FBXO42 (Fig. 2, F and G).
FBXO42 and RBP]J strongly interacted with each other (Fig. 2,
D to G). To estimate the dynamic binding parameters that underlie
the RBPJ/FBXO42 interaction in vitro, we performed a biomolecu-
lar interaction analysis with purified recombinant RBPJ and FBX042
proteins (Fig. 2H). FBXO42 interacted with RBPJ with very high
affinity (Kq = 47 nM) in vitro (Fig. 2I). To identify the binding re-
gions on RBPJ and FBXO42, we generated a series of domain dele-
tion mutants of RBPJ and FBXO42 (Fig. 2, ] and K). We found that
the N-terminal domain (NTD; amino acids 1 to 178) of RBPJ (Fig. 2L)
and the Kelch domain (amino acids 101 to 350) of FBXO42 (Fig. 2M)
are critical for their interaction. Consistently, a strong interac-
tion between RBPJ-NTD and FBXO42-Kelch domain was observed
(Fig. 2N). Together, these data demonstrated the direct interaction
between RBPJ and FBXO42 both in vitro and in cells, which was
mediated by the NTD of RBPJ and the Kelch domain of FBXO42.

FBX042 promotes RBPJ K63-linked polyubiquitination

and positively regulates Notch signaling

As FBXO42 belongs to the SCF complex, we wondered whether
FBXO42 is involved in the ubiquitination of RBPJ. We found that
FBXO42 promoted RBPJ polyubiquitination, which was markedly
attenuated upon FBXO42 depletion (Fig. 3, A and B, and fig. S2A). The
FBXO42 F-box domain, which links FBXO42 to other components in
the SCF complex, was required for RBPJ polyubiquitination (Fig. 3C).
The Kelch domain of FBXO42, which mediates its interaction with
RBP]J, was also required for RBPJ polyubiquitination (fig. S2B).
Overexpressing NICD slightly increased RBP] polyubiquitination,
suggesting a potential role of Notch signaling activation in promoting
RBPJ polyubiquitination (Fig. 3D). Using ubiquitin mutants in which
only a single wild-type (WT) K residue was retained, while all the
other K residues were replaced with arginine (R) residues, we found
only overexpressing K63 ubiquitin with FBXO42 promoted sub-
stantial RBP] polyubiquitylation, indicating that FBXO42 specifically
promotes RBPJ K63-linked polyubiquitination (Fig. 3E).

To map the ubiquitination site(s) in RBPJ, we performed MS
and analyzed the RBP] ubiquitination profile in the presence and
absence of FBX042. Overexpression of FBXO42 greatly promoted
RBPJ K175 ubiquitination, as indicated by MS (Fig. 3F). This modi-
fication was detectable in WT cells but not in FBXO42 KO cells
(fig. S2C). We also constructed mutants carrying K-to-R mutations
in potential ubiquitination sites in RBP] as indicated by the Phos-
phosite public database (www.phosphosite.org) and detected their
ubiquitination intensity. Only the K175R mutant significantly abro-
gated FBXO42-mediated RBPJ polyubiquitination (Fig. 3G and fig.
$2D). The K175 residue is evolutionally conserved, suggesting that
homologous sites in other organisms may be similarly modified
(Fig. 3H). K175 ubiquitination did not affect the turnover rate of
RBP]J, indicating that it does not mediate RBP] proteolytic degrada-
tion (Fig. 3, [ and J). Because FBXO42 is the substrate-recognizing

20f17


http://www.phosphosite.org

SCIENCE ADVANCES | RESEARCH ARTICLE

A . o fact e B D  rexoa2ko
ranscription factors | 1 o IEBEEM WT L3MBTL3 KO 124 14# WT
NKX6-1'® ® HOXA13 [ ¥ rexoe2
ARID3B ® ® TFAP2A ~ BRD2 @ & NAA1S L3MBTL3
HOXA11 ® ® TFAP4 - Actin E Actin
IMPDH1 ® ® USP47
poLa(® cHMP4B @ » chvPa  C E
PIASIEEIPNKP 7o E%Sﬂw . 1 Eggg?‘é\gxmz Ko
ATG3 ® @ UBEZR2 o CHAF1A 2 %9 3ueTisko 2 e
FBX042 ® ® TPT1 ® RPA2 <~ <10
z z
® SPEN [ S z=
® RITA1 ¢ 28
MTA3 ® ® FHL1 2% 2 051
CHD3 ® ® MBD2 K] s
CHD4'® ® MBD3 L3MBTL3 SFMBT1 «© «
L3MBTL2 SFMBT2 .0 0.0
ARID3B ® ® ATF1 PHF21A IMJDE HES1 HES5 o-MYC HES1  HES5 ¢-MYC FBXO42
TDP1/® ® GATA3 HMG20B ® ® JMJDIC F G )
CHD1 ® ® GATA4 ® RCOR3 GFP reporter Luciferase reporter
CHoT @ @ GATAS GRKH complex 151 &= 203T-WT 187 &= 203wt
>
methylation Z [ 293T-FBX042 KO 3 293T-FBX042 KO
#Notch-positive regulators 5 * = - §‘ :
POLR2L @ ® POLR3E eNotch-negative regulators Ep10 £ 10
POLR3B ® @ pQLR3C eUb/UbL-related proteins o= NE
POLR3F @ #Other interacting proteins & s
g g
DNA-dependent Complex/functions NER pathway 205 2205
RNA polymerases BER pathway  Ty1/Tw2 pathway K K
Reported Notch-related proteins e &
H 0.0
HES1 HES5 8x RBPJ- HES1 HESS 8x RBPJ-
Kruskal-Wallis test P= 3.5 x 1077 promoter  promoter BS promoter promoter
g0 K
g Type 30
%, B AL
o & pLecL
o] £ BRCA
&, £ HNSCC s
8 20 . .
S
3 S 3 . N .
ALL DLBCL  BRCA  HNSCC g {
(n=31) (n=39) (n=57) (n=33) %
| 2
> > 10
Z25 23
3 = =2
S n=6 n=22 g n 5'—”_ 85
€20 = €
3 B 2
315 3
§ §1
8.0 é 8 =
& &
s g,
9 5
gos 2
800 8-1
= CD4-positive Acute adult T cell = Bone  Acute myeloid
T lymphocyte leukemia/lymphoma marrow  leukemia
L M DLBCL LAML
RPMI-8402 L ]
TALL-1 - 20
HPB-ALL - 60,
Loucy 9
P12-ICHIKAWA =
JURKAT - 10

soPT | —m o
PF382| — o
MoLT-3 | — o
MOLT-13 [ — o
ALSL [ — o
MUTZS | — o
NALMA9 | ——— o

N

o
HES1 expression values (TPM)
IS
S

HEST1 expression values (TPM)

IllII lll.-l-lllluluu] L1

ofe

0 5 10 15 20
MOLT-16 | —— MM @ FBX042 expression values (TPM) FBXO42 exmessmn values (TPM)

Reh| — o
SUPBIS| — o

MHH-CALL-S N DLBCL LAML
HH| ——— o . . r M
KE37 | — o 30. 150 et
KOPN-8 | — o B g L
MHH-CALL-4 Fs);(ouz expression £ " g L
PEER| — o 8 81002
RCHACV | — o s s s L
NALM-6| —— o 10 10 8
MHH-CALL2 | — o 5 2 3 50
DND-41| —— o FBX042 expression 3 |3
SEM| — o ° 5 o :
- @ 10 N e
— o
KASU"Q'Q: o5 s s oL
—_— —
.2o 10 | Ll 11T L1
BOCM | ——— 0 5 10 15 20 0 20 40 60
RS4;11 —_— - = FBX042 expression values (TPM) FBX042 expression values (TPM)
5 15
FBX042 expression

Fig. 1. FBX042 is a critical interactor of RBPJ and a positive regulator of the Notch pathway. (A) Interaction network of RBPJ. high-confidence interacting proteins
(HCIPs) were grouped on the basis of their cellular functions as indicated by Gene Ontology (GO) analysis and a literature search. Ubiquitination (Ub)/ubiquitin-like (UbL)-
related proteins, proteins that are potential positive and negative regulators, are indicated by different colored dots. Signaling pathways and proteins reported to be involved
in Notch pathway regulation are indicated by different colored texts. NER, nuclear excision repair; BER, base excision repair; Ty1/Tu2, T helper 1/2 cells. (B and C) Expression
of L3MBTL3 (B) and Notch target genes (C) was evaluated in wild-type (WT) and L3MBTL3 KO HEK293T cells. (D and E) Expression of FBXO42 (D) and Notch target genes
(E) was evaluated in WT and FBXO42 KO HEK293T cells. (F and G) Green fluorescent protein (GFP) reporter (F) and luciferase assays (G) were performed to evaluate Notch
signaling activities in WT and FBXO42 KO HEK293T cells. RBPJ-BS, RBPJ binding site. (H to J) Expression level of FBXO42 in Notch-related cancers as indicated was analyzed
using The Cancer Genome Atlas (TCGA) datasets. (K and L) Expression level of FBXO42 in various cancer cell lines (K) and T-ALL cell lines (L) derived from the Cancer Cell
Line Encyclopedia (https://sites.broadinstitute.org/ccle). (M and N) Expression correlation of FBXO42 and Notch pathway target genes in patients with DLBCL and acute
myeloid leukemia (AML) was analyzed using TCGA dataset and UALCAN database. (B) to (G), n = 3. Quantitative data are presented as means + SEM from three indepen-
dent experiments. P values were calculated using two-tailed Student’s t tests. *P < 0.05, ***P < 0.001, and ****P < 0.0001. NS, not significant; TPM, transcript per million.
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domain) as indicated. (L to N) Cell lysates were incubated with S-beads. Five percent lysate was used as the input control. (D) to (I) and (L) to (N), n = 3.
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under FBXO42 overexpression (A) or FBXO42 depletion (B) after IP with antibody against RBPJ and immunoblotted for ubiquitination. (C) cSFB-RBPJ, hemagglutinin
(HA)-ubiquitin, and Myc-FBXO42 WT or AF mutant were cotransfected into HEK293T cells and analyzed for RBPJ polyubiquitination. (D) RBPJ ubiquitination change under
NICD1 overexpression. (E) Determination of RBPJ ubiquitination chain linkage. (F) Sequences of the predicted and identified peptides (the respective lysine residues are
indicated) in MS are shown. (G) Evaluating ubiquitination intensity of five cSFB-RBPJ lysine mutants. (H) Sequence alignment of RBPJ in different species showed the
conservation of the K175 site. (I) HEK293T cells transfected with cSFB-RBPJ WT or K175R mutant were treated with cycloheximide (CHX) for the indicated times, and the
lysates were analyzed by Western blotting. (J) Quantitation of the results shown in (I). (K) Effect of MLN4924- on FBXO42-mediated RBPJ ubiquitination. (L to N) Quantitative
polymerase chain reaction (QPCR) analysis of the Notch target genes in HEK293T cells overexpressing FBXO42, RBPJ WT, or K175R mutant. (O) mRNA expression of Notch
target genes in cells treated with MLN4924. (P) Efficiency of RBPJ short interfering RNAs (siRNAs). (Q) gPCR analysis of Notch target genes in RBPJ knockdown cells.
(R) HEK293T cells were transfected with si-Scramble or si-RBPJ and overexpressed with Myc-FBXO42 and then subjected to gPCR analysis of Notch target gene expression.
(A) to (G) and (I) to (R), n = 3. Quantitative data are presented as means + SEM. P values were calculated using two-tailed Student’s t tests or analysis of variance (ANOVA)
for multiple comparison. *P < 0.05, **P < 0.01, ***P < 0.001, and ##P < 0.01 versus FBX042.
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component in the SCF complex, we used MLN4924, a small-molecule
inhibitor of the Neural precursor cell expressed developmentally
down-regulated protein 8 (NEDD8)-activating enzyme, to determine
whether the function of FBXO42 can be pharmacologically targeted.
MLN4924 inhibits CULI neddylation and thus SCF activity and is cur-
rently in phase 1 to 3 clinical trials (32, 33). MLN4924 effectively abro-
gated the FBXO42-mediated K63-linked polyubiquitination of RBP]
(Fig. 3K). To find out whether FBXO42 ubiquitinates other Notch
pathway core components to regulate Notch signaling, we analyzed the
global ubiquitination changes upon FBX042 KO and MLN4924 treat-
ment (fig. S2, E to G). None of the core components of Notch pathway
other than RBP] was identified in either FBXO42 interactome (Fig. 2A)
or the global ubiquitination analysis (fig. S2, E to G), indicating that
FBXO42 regulates Notch pathway mainly through RBPJ.

Ubiquitin conjugation via the K48 linkage is a mark that targets
modified proteins for proteasomal degradation, whereas K63-linked
conjugation often plays a role in signal transduction (34). Considering
that RBPJ is the main transcription factor in Notch signaling, FBX042
may regulate Notch pathway activation by promoting RBPJ K63-
linked ubiquitination. Overexpressing FBXO42 with WT RBP]J, but
not the RBPJ K175R mutant, significantly increased the expression
of the Notch target genes HESI, HES5, and c-MYC (Fig. 3, L to N),
indicating that RBPJ] K175 polyubiquitination is required for its tran-
scriptional activity. MLN4924 treatment also suppressed the expres-
sion of the aforementioned Notch target genes (Fig. 30), supporting
the idea that FBXO42-mediated K63-linked polyubiquitination of
RBP] is involved in Notch signaling activation. Knocking down RBP]
expression decreased the expression of the Notch target genes HES],
HESS5, and ¢-MYC (Fig. 3, P and Q) and abolished the FBXO42-
promoted activation of these genes (Fig. 3R), indicating that FBXO42-
promoted Notch activation is RBPJ dependent. Together, these findings
suggested that FBXO42 positively regulated Notch signaling by pro-
moting K63-linked polyubiquitination of RBPJ at K175.

FBXO042 regulates RBPJ chromatin association
and transcriptional activity
RBPJ is considered to play a dual role in the regulation of Notch
signaling. Depletion of RBP] can result in either the inhibition or
activation of Notch target genes, depending on the cellular context
(35). To further illustrate the mechanism of RBPJ transcriptional
activity regulation, we performed a subcellular fractionation assay
and evaluated the level of RBPJ and its ubiquitination in different
cellular compartments. Knocking out FBXO42 decreased the levels
of nuclear- and chromatin-bound RBP]J while increasing the cyto-
plasmic RBPJ level (Fig. 4A). The RBPJ K175R mutant also showed
less chromatin binding than WT RBPJ (Fig. 4B). Consistently, the
ubiquitinated RBPJ was more chromatin associated, which was
attenuated by FBXO42 depletion and enhanced with FBXO42 over-
expression (fig. S4, A to C), suggesting that FBXO42-mediated
polyubiquitination of RBP] regulated RBPJ association with chromatin.
To further explore the molecular mechanism by which RBP]
transcription is activated, we evaluated the role of FBXO42 in RBP]
cofactor selectivity because the transcriptional activity of RBP] depends
on its interaction with coactivators or corepressors (36). Knocking
out FBXO42 suppressed the interaction of RBP] with the coactivators
p300, MAML1, and NICD1 while enhancing its interaction with the
corepressor L3AMBTL3 (Fig. 4, C and D). The RBPJ K175R mutant
showed a cofactor selectivity similar to that after FBXO42 KO
(Fig. 4E), indicating that FBXO42-mediated polyubiquitination of

Jiang et al., Sci. Adv. 8, eabq4831 (2022) 21 September 2022

RBP] regulates RBPJ cofactor preference. Next, we wondered whether
FBXO42 directly modulates RBP] transcriptional activity. Knocking
out FBXO42 expression suppressed the histone 3 (H3) K4 methyla-
tion and H3K27 acetylation levels of RBPJ, which were rescued by
overexpressing WT FBXO42 but not by overexpressing the FBXO42
mutant with its F-box deleted (Fig. 4F).

To further understand whether and how FBX042-mediated RBP]
K175 ubiquitination affects its transcription activity, we first performed
the Cleavage Under Targets and Tagmentation (CUT&Tag) assay
in WT and FBXO42 KO cells and identified many classical RBPJ-
binding motifs (Fig. 4G) and several consensus motifs of other tran-
scription factors, including E2F1, zinc finger protein 423 (ZNF423),
high mobility group nucleosome-binding domain-containing pro-
tein 1 (HMGN1), yin and yang 1 (YY1), and zic family member 2 (ZIC2)
(fig. S3, D to G), which have been reported to be involved in transcrip-
tional regulation in leukemia (37-41). Knocking out FBXO42 led to
a decrease in global RBP] binding and the chromatin recruitment of
RBPJ to its target genes HESI, HES4, and MYC (Fig. 4, Hand I). Genes
with differential RBP]-binding affinity after FBXO42 KO were mainly
enriched in protein homeostasis, cell behavior, signaling transduc-
tion, and Notch-related cancers, consistent with the biological role
played by RBPJ (Fig. 4]). Then, we performed CUT&Tag assays using
WT RBPJ and its K175R mutant (Fig. 4K and fig. S3, H to J). RBP]
K175R mutant showed a significant decrease in global RBPJ binding to
its specific binding sites (Fig. 4K) and the chromatin recruitment of
RBPJ to its target genes HESI, HES4, and MYC (fig. S3, H to J). To-
gether, it indicates that, compared with WT RBPJ, the transcriptional
activity of its K175R mutant was significantly impaired. We also per-
formed the rescue experiment in RBPJ KO cells using WT RBPJ and
its K175R mutant (fig. S3K). WT RBP] binds to HES1/5 promoter
regions and constructs 8x RBPJ-binding site better than the K175R
mutant, as indicated by luciferase reporter assays (fig. S3K), suggest-
ing that RBPJ K175 ubiquitination is essential for RBP] chromatin
association. Together, these data indicated that FBXO42-mediated
polyubiquitination of RBP] regulates RBPJ chromatin association
and subsequently regulates its transcriptional activity.

FBX042 mediates global chromatin remodeling in an
RBPJ-dependent manner

Chromatin remodeling is critical for transcriptional regulation
(42, 43); therefore, we wondered whether FBXO42 regulates the
interactions between RBPJ and chromatin remodeling complexes.
Knocking out FBXO42 broadly led to increased interactions between
RBPJ and the heterochromatin components HDAC1, LSD1, tran-
scription intermediary factor 1-beta (TRIM28), Chromobox protein
homolog 1 (CBX1), and CBXS5, which are related to gene silencing
(Fig. 5A) (44), and decreased interactions between RBPJ and core com-
ponents of the SWItch/Sucrose NonFermentable (SWI/SNF) com-
plex, the chromatin remodeling complex involved in transcriptional
activation (Fig. 5B). Then, we performed TAP-MS of RBPJ in WT and
FBX042 KO HEK293T cells (Fig. 5C). Consistently, knocking out
FBX042 promoted RBPJ association with heterochromatin com-
ponents LSD1, TRIM28, CBX1, CBX3, and CBX5, which are related
to gene silencing, and decreased the RBP] association with core
components of the SWI/SNF complex, the chromatin remodeling
complex involved in transcriptional activation (Fig. 5C). Then, we
performed similar assays using WT RBPJ and its K175R mutant.
RBPJ K175R mutant pulled down more heterochromatin compo-
nents such as LSD1, CBX1, CBX3, CBX5 and less core components
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Fig. 4. FBXO42 regulates RBPJ chromatin association and transcriptional activity. (A) WT and FBXO42 KO HEK293T cells were harvested and subjected to subcellular
fractionation. The nuclear, cytoplasm, chromatin, and soluble fractions were isolated, and immunoblot analysis was performed. (B) HEK293T cells overexpressing RBPJ WT
or K175R were harvested, the chromatin and soluble fractions were isolated, and the immunoblot analyses were performed. (C) WT and FBXO42 KO HEK293T cells were
cotransfected with cSFB-RBPJ and Myc-p300. Cell lysates were collected, incubated with S-protein beads, and blotted with antibodies against FLAG- or MYC-epitope tags.
(D) WT and FBX042 KO HEK293T cells were transfected with cSFB-RBPJ and used for S-protein bead pull-down assay, followed by immunoblotting with endogenous
antibodies as indicated. (E) HEK293T cells expressing RBPJ WT or its K175R mutant were harvested and used for S-protein bead pull-down assay, followed by immunoblotting
with endogenous antibodies as indicated. (F) WT and FBXO42 KO HEK293T cells were transfected with cSFB-RBPJ and Myc-FBXO42 WT or AF mutant. Then, the histone
modifications were evaluated with Western blotting using antibodies against H3K4m1 and H3K27ac. H3 and actin served as the loading controls. (A) to (F), n = 3. (G) WT
and FBXO42 KO HEK293T cells were collected for a CUT&Tag assay. Classical RBPJ motif identified in CUT&Tag assay was shown. (H) Representative images of RBPJ-binding
sites in known Notch pathway target genes HES1, HES4, and MYC were shown. HSP90AAT was used as the negative control. (I) Heatmap showing RBPJ CUT&Tag read
densities of WT and FBX042 KO HEK293T cells. TSS, transcription start site. (J) Signaling pathway enrichment of genes with differential RBPJ-binding affinities based on GO
annotation. The size of the dots represents the number of genes associated with the GO term, and the color of the dots represents the adjusted P values. AMPK, adenosine
monophosphate-activated protein kinase; mTOR, mammalian target of rapamycin. (K) Heatmap showing CUT&Tag read densities of RBPJ WT and K175R mutant.
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Fig. 5. FBX042 mediates global chromatin remodeling in an RBPJ-dependent manner. (A) WT and FBXO42 KO cells were cotransfected with cSFB-RBPJ- and
Myc-tagged constructs encoding epigenetically modified proteins. Then, cell lysates were incubated with S-protein beads and blotted with antibodies against FLAG- or
MYC-epitope tags. (B) WT and FBXO42 KO cells were cotransfected with cSFB-RBPJ- and Myc-tagged constructs encoding SWI/SNF complex proteins. Then, the cells were
harvested and analyzed as described in (A). (C) Heatmap showing the differential interaction between chromatin factors and RBPJ in WT and FBXO42 KO cells as identified
by MS. (D) Enrichment analysis of the differentially interacting proteins of heterochromatin components is shown on the basis of GO annotation. (E) Immunofluorescence
detection of HP1a foci in WT and FBXO42 KO cells. Scale bars, 10 um. (F) HP1a foci number and percentage of HP10. foci area were calculated using ImageJ software.
(G) WT and FBXO42 KO cells were digested with micrococcal nuclease (MNase) for 3 min, and chromatin relaxation was monitored by the release of nucleosomes.
(H) Chromatin association of the SWI/SNF subunits SMARCA2, SMARCA4, and SMARCC2 in WT and FBXO42 KO cells was analyzed using Western blotting after chromatin
isolation. ORC2 served as the loading control. () WT and FBXO42 KO cells were digested with deoxyribonuclease (DNase) for 3 min and followed with agarose gel electro-
phoresis analysis. (J) Chromatin from WT and FBX042 KO cells was isolated, and DNase | was digested and used as substrate for accessibility assay. (K and L) The heatmap
view for ATAC-seq signal intensity at TSSs in WT and FBXO42 KO JURKAT cells. (M) ATAC-seq peaks; H3K4m1, H3K4m3, and H3K27ac ChiIP-seq peaks; and DNase-seq peaks
downloaded from ENCODE database at MYC locus were analyzed. (A), (B), and (E) to (J), n = 3. Quantitative data are presented as means + SEM. P values were calculated
using two-tailed Student’s t tests. *P < 0.05 and **P < 0.01.
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of the SWI/SNF complex (fig. S4B), which is also highly consistent
with the IP-Western blot results (fig. S4A). The chromatin remod-
eling factor binding pattern of RBPJ in FBXO42 KO cells and RBP]J
K175R was very similar (Fig. 5C and fig. S4B).

To determine the overall impact of the FBXO42-RBPJ axis on
chromatin remodeling activities, we analyzed the differential inter-
actomes of the key heterochromatin components such as CBX1, CBX3,
CBXS5, SUV39H1, and TRIM28 between WT and FBX042 KO cells.
Knocking out FBXO42 led to a change in the interaction landscape
consisting of these heterochromatin proteins; that is, their interac-
tions with other chromatin remodeling factors—such as BRCA2-
interacting transcriptional repressor EMSY (EMSY), Polycomb group
RING finger protein 6 (PCGF6), and Polyhomeotic-like protein 2
(PHC2)—were changed (Fig. 5D and fig. $4, C to G), further support-
ing their potential role in chromatin remodeling regulation. Together,
our data indicate that FBXO42 regulates RBP] chromatin association
and transcriptional by promoting RBP] K175 ubiquitination.

Since these chromatin remodeling complexes are involved in
chromatin compaction and relaxation, we wondered whether the
FBXO42-RBP]J axis directly modulates chromatin accessibility. The
number of heterochromatin protein 1 homolog alpha (HP1 a) foci,
which were heterochromatin markers, was significantly increased
in FBX042 KO cells (Fig. 5, E and F). Moreover, the depletion of
FBXO42 decreased the level of nucleosome release from chromatin
after micrococcal nuclease (MNase) treatment (Fig. 5G) and the
chromatin association of SWI/SNF complexes, as exemplified by
an analysis of its essential adenosine triphosphatase (ATPase) sub-
units SWI/SNF-related matrix-associated actin-dependent regulator
of chromatin A2 (SMARCA?2), SMARCA4, and catalytic core sub-
unit SMARCC?2 (Fig. 5H). Deoxyribonuclease I (DNase I) chromatin
accessibility analysis indicated less sensitive to DNase I digestion on
RBP]J-binding region upon FBX042 depletion, which is more con-
densed in its chromatin state (Fig. 5, I and J). Furthermore, assay for
transposase-accessible chromatin with high throughput sequenc-
ing (ATAC-seq) data showed a global chromatin accessibility change
(Fig. 5, K and L) and an effect on leukemia-related transcription
factors binding (fig. S4H) after FBXO42 KO. The affected area was
mostly related to leukemia promoter and enhancer region as char-
acterized by H3K4mel, H3K4me3, and H3K27ac chromatin immu-
noprecipitation sequencing (ChIP-seq) and DNase sequencing data
from ENCODE database (Fig. 5M and fig. S4I), which was further
confirmed by ChIP-quantitative polymerase chain reaction (QPCR)
(fig. S4, ] and K). Together, FBXO42 increased global chromatin
accessibly in an RBPJ-dependent manner, which may act as a mod-
ulator of RBPJ’s chromatin remodeling function for Notch signal-
ing activation.

FBXO042 plays an essential role in Notch
signaling-dependent leukemogenesis

Aberrant activation of the Notch pathway is closely related to the
occurrence and progression of T-ALL; however, only a subset of
these patients carry NOTCH gene mutations (1, 45). Since FBX042
plays a key role in Notch signaling, we wondered whether FBXO42
contributes to leukemogenesis. Therefore, we tested the protein
expression in several T-ALL cell lines and selected the HSB2 and
JURKAT cell lines, expressing WT NOTCH and relatively high
FBXO42 levels, for subsequent studies (Fig. 6A). Knocking out
FBXO042 in these two cell lines (Fig. 6B) led to decreased expression
of Notch target genes (Fig. 6, C and D). Consistently, FBXO42 KO
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leukemia cells showed decreased RBPJ levels in chromatin fraction
(Fig. 6, E and F) and reduced levels of chromatin-associated SWI/
SNF complex components (Fig. 6G). To further explore the role
played by FBXO42 in leukemogenesis, we evaluated the impact of
FBX042 KO on leukemia cell invasion (Fig. 6, H to K), migration
(Fig. 6, L to O), and anchorage-independent cell growth (Fig. 6, P to S).
The depletion of FBXO42 significantly reduced leukemia cell inva-
sion, migration, and tumorigenesis (Fig. 6, H to S).

To further investigate the extent to which FBXO42 regulation of
Notch signaling and leukemogenesis directly depends on RBPJ, we
first analyzed the expression of Notch target genes in leukemia cells
in the absence of RBPJ (Fig. 6, T and W). Similar to the effect of
FBXO042 depletion, the loss of RBPJ in the JURKAT and HSB2 cells
decreased the expression of Notch target genes (Fig. 6, U and X). It
also repressed sphere formation (fig. S5, A to D) and anchorage-
independent growth (fig. S5, E to H), consistent with the FBXO42
KO phenotypes. We further explored the function of FBXO42 in
modulating Notch signaling activity in RBPJ-deficient cells. We found
that in RBPJ competent cells, the overexpression of FBX042 led to
profound up-regulation of HESI, HES5, and ¢-MYC expression.
However, in RBPJ-deficient cells, the overexpression of FBXO42
induced a mild effect on the expression of HESI, HES5, and c-MYC
(Fig. 6, Vand Y).

To determine whether the FBXO42 regulation of leukemogenesis
is dependent on its ubiquitination activity on RBPJ, we overexpressed
WT FBXO42 and the FBXO42 mutant with the F-box deleted in
FBX042 KO cells and determined the rescue effect on cellular
phenotypes. Overexpression of WT FBXO42 but not the F-box
deletion mutant rescued Notch target gene expression in both
FBXO42-deficient HEK293T and leukemia cells (fig. S6, A to C).
Moreover, the sphere formation rate (fig. S6, D to G) and anchorage-
independent cell growth (fig. S6, H to K) of the leukemia cells were
increased when WT FBXO42 but not the F-box-deleted mutant
was overexpressed. MLN4924, which abrogated FBXO42-mediated
K63-linked polyubiquitination of RBPJ and Notch activation, di-
minished cell viability (fig. S6L), Notch target gene expression (fig.
S6, M and N), and anchorage-independent growth (fig. S6, O to R)
of leukemia cells, suggesting that ubiquitination activity was required
for FBXO42 regulation of Notch signaling-dependent leukemo-
genesis. Together, these data demonstrated that FBXO42 played an
essential role in Notch signaling and leukemia cell tumorigenesis
in a ubiquitination- and RBPJ-dependent manner.

Knocking out FBX042 inhibits the tumorigenesis of human
leukemia cells, mouse xenografts, and leukemia models

To further demonstrate the function of FBXO42 in leukemia patho-
genesis, we determined the effect of FBXO42 KO on tumor formation.
First, WT and FBXO42 KO JURKAT or HSB2 cells were subcutane-
ously injected into the left and right flanks of 6-week-old nude mice,
respectively, to establish xenograft leukemia models. Tumor forma-
tion was monitored for 28 days and measured every 3 days. Both the
tumor size and tumor weight in mice injected with the FBXO42 KO
JURKAT cells were significantly reduced compared with those in
the mice injected with the control JURKAT cells (Fig. 7, A to C). A
similar result was obtained in the HSB2-induced xenograft mouse
model (Fig. 7, E to G). To evaluate whether the suppressive effect of
FBXO42 on tumor formation is related to Notch signaling modulation,
tumor tissues derived from different cells were isolated and the
expression of classical Notch target genes was detected. Notch target
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Fig. 6. FBX042 plays an essential role in Notch signaling-dependent leukemogenesis. (A) Western blots of FBXO42, p53, and actin in various leukemia cell lines.
peripheral blood stem cells (PBSC) represents the healthy hematopoietic cell. (B) CRISPR-Cas9-mediated KO of FBXO42 in JURKAT and HSB2 cells was determined by
Western blotting (top). Expression of p53 in WT and FBX042 KO cells was shown (bottom). (C and D) mRNA levels of the Notch target genes in corresponding cells were
determined by qPCR. (E and F) Level of RBPJ in different fractions was determined for WT and FBXO42 KO JURKAT (E) and HSB2 (F) cells. GAPDH, glyceraldehyde-
3-phosphate dehydrogenase. (G) Chromatin association of the SWI/SNF subunits SMARCA2, SMARCA4, and SMARCC2 in WT and FBX042 KO leukemia cells. (H to
K) Invasion abilities of WT and FBX042 KO JURKAT (H) and HSB2 (J) cells were measured. Scale bars, 50 um. The average diameter (l and K) of the spheres was determined.
(L to O) Migration abilities of the WT and FBXO42 KO cells detected using a transwell migration assay. Scale bars, 200 um. Cells that migrated into the lower chamber were
counted (M and O). (P to S) Anchorage-independent tumorigenesis abilities of the WT and FBXO42 KO JURKAT (P) and HSB2 (R) cells. The number of colonies in (P) and (R)
was counted, respectively (Q and S). (T to Y) FBXO42 functions rely on the presence of RBPJ. The KO efficiency of RBPJ in JURKAT (T) and HSB2 (W) cells was determined
by Western blotting. The mRNA levels of Notch target genes under different conditions were determined by qPCR (U, V, X, and Y). (A) to (Y), n=3. Quantitative data are
presented as means + SEM from three independent experiments. P values were calculated using two-tailed Student'’s t tests or analyzed using a one-way ANOVA for
multiple comparisons. **P < 0.01 and ***P < 0.001. For data in (V) and (Y), ##P < 0.01 versus FBXO42.
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Fig. 7. Genetic and pharmacological targeting of FBXO42 attenuated leukemia progression in vivo. (A to H) Xenograft tumor growth studies were performed with
WT or FBXO42 KO JURKAT (A to D) and HSB2 (E to H) cells. Mice were euthanized 4 weeks after tumor cell injection. The tumors were excised, photographed, and weighed.
The volumes (B and F) and weights (C and G) of the tumors were measured, respectively. The mRNA levels of Notch target genes in tumors were determined by qPCR,
respectively (D and H). s.c., subcutaneous injection. (I to K) In vivo leukemia mouse model was established by injecting WT and FBXO42 KO JURKAT cells carrying GFP into
NSG mice intravenously. The percentage of GFP* leukemia cells in peripheral blood (PB) was measured weekly by flow cytometry analysis (1) and summarized (K). Repre-
sentative flow cytometry dot plots showing the expression of GFP in peripheral blood was shown (J). i.v., intravenous; FITC-A, fluorescein isothiocyanate-A; SSC-A, side
scatter area. (L to O) Spleens in mice from different groups were excised, a representative image is shown (L), and the spleen weight was measured (M). Tumor cell invasion
was evaluated by measuring the GFP intensity by fluorescence microscopy (N) and hematoxylin and eosin staining (O). Scale bars, 50 um. (P and Q) NSG mice were trans-
planted with luciferase-expressing WT and FBXO42 KO JURKAT cells via tail vein injection. Tumor growth in each group was tracked by bioluminescence imaging. (R) Survival
analysis of mice in (P). (S to V) Xenograft tumor growth studies were performed with JURKAT cells. Mice bearing JURKAT xenograft were then subcutaneously administered
with vehicle or MLN4924 (30 mg/kg) twice daily for 21 days. At the end of the study, the tumors were excised, photographed, and weighed. A macroscopic graph of the
tumors is shown (R). The volumes (S) and weights (T) of the tumors as well as the mouse weight (U) were measured. (A) to (O) and (S) to (V), n =5; (P) to (R), n = 10. Quan-
titative data are presented as means + SEM. P values were calculated using two-tailed Student’s t tests. *P < 0.05, **P < 0.01, and ***P < 0.001.
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gene expression was reduced in the FBXO42 KO cells that formed
tumors (Fig. 7, D and H).

We established another mouse model via tail vein injection of leu-
kemia cells to explore the effect of FBXO42 expression on leukemia
cell invasion in vivo. Green fluorescent protein (GFP)-labeled WT
and FBXO42 KO JURKAT cells were injected into immunodeficient
NSG (NOD.Cg-Prkd“““ IL2rgtm"""/SzJ) mice via the tail vein, and
leukemia progression was monitored weekly by measuring the GFP
intensity by flow cytometry analysis (Fig. 7I). We observed that knock-
ing out FBXO42 significantly decreased the leukemia burden and
progression in peripheral blood (Fig. 7, ] and K), as well as splenomeg-
aly (Fig. 7, L and M). We found that leukemia cell infiltration in the
spleen and abnormal spleen histology were attenuated in the FBX042
KO group (Fig. 7, N and O). Moreover, bioluminescence imaging with
luciferase containing WT and FBXO42 KO JURKAT cells also con-
firmed the suppressive effect of FBXO42 on leukemia progression and
mouse survival (Fig. 7, P to R). As MLN4924 inhibited leukemia cell
viability, we detected its effect in a JURKAT xenograft model. As evi-
denced by the tumor growth rate, the pharmacological inhibition of
FBXO042 activity by MLN4924 reduced the leukemia burden in vivo
without inducing obvious toxicity (Fig. 7, S to V). Together, these data
suggested that FBXO42 plays a key role in leukemia tumorigenesis
both in vitro and in vivo and may be a potential drug target for the
interference of Notch-related diseases, especially T-ALL.

DISCUSSION

Increasing evidence, particularly found following the initial discovery
of the activating NOTCHI mutation in T cell leukemia, indicates
that dysregulated Notch signaling plays a pivotal role in tumor ini-
tiation and progression (1). Both hyperactivated (1, 2, 6, 46, 47) and
hypoactivated (4, 5) Notch signaling led to tumorigenesis, which
was consistent with its regulatory role during development, where it
either blocks or promotes differentiation in different cellular con-
texts (48, 49). Similarly, dysregulation of RBPJ expression contributed
to tumor progression differentially in different cellular contexts. In
glioblastoma (50, 51) and lung cancer (52), RBPJ acts as an onco-
gene. In many other cancers, RBPJ acts as a tumor suppressor, and
its depletion may contribute to the tumorigenesis (17). These com-
plicated outcomes make pharmacologically targeting RBPJ in Notch-
related cancers very risky; therefore, we must fully understand
the RBPJ functions and regulatory mechanisms in different cellular
contexts. A better understanding of the modulation of RBPJ tran-
scriptional activity is essential for clinical transformation.

In this study, we show that FBXO42 interacts with RBP]. FBXO42
is a component of the SCF E3 ubiquitin ligase complex and is critical
for substrate recognition. The SCF complex consists of four subunits,
the adaptor protein SKP1, RING finger protein RBX1/2, scaffold
protein CUL1, and variable F-box protein that recognizes specific
substrates (53). F-box proteins recognize and bind their substrates,
which are then targeted for ubiquitination and subsequent degradation
in most cases. Nevertheless, the function of FBXO42 is largely un-
known, although it has been conserved from fly to human. Drosophila
FBXO42 promotes synaptonemal complex assembly during female
meiosis by down-regulating serine/threonine-protein phosphatase 2A
(PP2A)-B56 (54). In humans, it promotes the polyubiquitination of
p53, inducing its degradation (29).

In our study, we revealed a role played by the F-box protein
FBXO42 in regulating Notch signaling and leukemogenesis. Our
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study provided evidence showing that FBXO42 mainly promotes
polyubiquitination of RBP] via the K63 linkage, leading to its func-
tional modulation. FBXO42 inactivation by either genetic KO or phar-
macological inhibition attenuated leukemia progression in mouse
models. We found that MLN4924, which is currently in phase 1 to
3 clinical trials for the treatment of many types of cancers, modulates
FBXO42-promoted K63-linked ubiquitination of RBPJ and subse-
quently ameliorates leukemia, making it an attractive candidate for
treating leukemias with hyperactivated Notch signaling, such as
T-ALL, CLL, and DLBCL. Nevertheless, a more specific molecule
targeting FBXO42 needs to be identified for use in clinical settings.

SWI/SNF complex components have been reported to be involved
in Notch-responsive gene activation, which correlates with increased
chromatin accessibility (55, 56); however, the detailed mechanism
remains largely unknown. K63 polyubiquitination of several tran-
scription factors/cofactors involved in DNA damage repair has been
reported to facilitate chromatin opening and remodeling (57, 58). Our
results revealed a central role for FBXO42-promoted K63 polyubiq-
uitination in modulating chromatin accessibility. When ubiquitinated
by FBXO42 via K63-linkage, RBPJ acts as a pioneer factor that recruits
many chromatin remodelers to increase global chromatin accessibility,
subsequently leading to a broad spectrum of transcriptional activation.

In conclusion, our study reveals that the FBXO42-mediated
K63-linked polyubiquitination of RBP] is involved in Notch signaling
activation and leukemogenesis. This research extends our knowledge
by showing that FBXO42 is an important partner of RBPJ and is
critical in the posttranslational modification of RBPJ to trigger its
transcriptional activity and pioneer factor function, suggesting that
the FBXO42 and RBPJ interaction and RBPJ K175 ubiquitination
are potential therapeutic targets for Notch-related diseases.

MATERIALS AND METHODS

Constructs

Genes encoding RBPJ and FBXO42 were amplified from cDNAs by
PCR and cloned into a pDONR201 vector (Invitrogen, Carlsbad, CA)
as entry clones and subsequently transferred to Gateway compatible
destination vectors for the expression of C-terminal S protein tag-2x
FLAG tag-Streptavidin binding peptide (SBP) tag (cSFB)- or Myc-
tagged fusion proteins. Deletion mutants of FBXO42 and RBP] were
generated by introducing point mutations and were verified by
sequencing.

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (Thermo Fisher Scientific). HSB2 and JURKAT cells
were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin in a humidified incu-
bator with 5% CO, at 37°C.

To establish HEK293T cells stably expressing c¢SFB-RBP]J and
cSFB-FBX042, the cells were transfected with the respective plasmids
using polyethylenimine (Polysciences) and selected in DMEM supple-
mented with puromycin (2 pug/ml; Sangon, China) for atleast 2 weeks.

For KO experiments, CRISPR constructs were packaged into
lentiviruses by cotransfecting them with the packaging plasmids
pMD2.G (#12259, Addgene) and psPAX2 (#12260, Addgene) into
HEK293T cells. Forty-eight hours after transfection, the cell medium
was collected and used to infect HEK293T, HSB2, or JURKAT cells.

120f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

The cells were infected twice at an interval of 24 hours to achieve
maximal infection efficiency.

Generation of CRISPR-induced KOs

A FBXO042 KO HEK293T, JURKAT, and HSB2 cell lines were
established by CRISPR-Cas9-mediated genome editing. The target
sequences for CRISPR interference were designed using the Benchling
tool (2021), ligated into a lentiCRISPR v2 plasmid (#52961, Addgene)
(59) at the Bsm BI restriction site, and packaged into lentivirus via
cotransfection with the packaging plasmids pMD2.G and psPAX2 in
HEK293T cells. HEK293T, JURKAT, and HSB2 cells were infected
with lentiCRISPR virus at the desired titer and then selected with
puromycin. Individual clones were further expanded, and the loss
of target protein expression was confirmed by immunoblotting.
The single guide RNA sequences are as follows: FBX042 (5'-CGG-
CCCTTGTCTGCAAACAG-3’") and RBPJ (5'-AAAGAACAAAT-
GGAACGCGA-3').

Western blotting and IP
Cells were washed twice with phosphate-buffered saline (PBS) and
dissolved in NETN lysis buffer [20 mM tris-HCI (pH 8.0), 100 mM
NacCl, 0.5% NP-40, and 1 mM EDTA] supplemented with protease
and phosphatase inhibitors (Sangon, China). Whole-cell lysates were
subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and
were then immunoblotted with specific antibodies.

For IP, 1 x 107 cells were lysed with NETN buffer on ice for
30 min. The lysates were then incubated with 30 pl of conjugated
S-beads (for SFB-tagged pull-down assay) for 2 hours at 4°C or
incubated with antibodies against endogenous proteins for 1 hour
at 4°C, followed by the addition of 20 pl of protein A/G agarose and
incubation for 2 hours at 4°C. The immunoprecipitates were washed
with lysis buffer three times before immunoblot analysis. The
following primary antibodies were used: rabbit anti-RBPJ [5313,
Cell Signaling Technology (CST), RRID:AB_2665555], mouse anti-
FBXO42 (TA800283, OriGene, RRID:AB_2625356), THE hemag-
glutinin (HA) Tag (A01244, GenScript), THE c-Myc Tag (A00704,
GenScript), ANTI-FLAG M2 antibody (B3111, Sigma-Aldrich,
RRID:AB_2910145), rabbit anti-ubiquitin (AF0306, Beyotime), rabbit
anti-B-actin (AC026, ABclonal, RRID:AB_2768234), rabbit anti-LSD1
(YM0422, ImmunoWay), rabbit anti-SMARCA4 (ET1611-85, HUABIO),
rabbit anti-SMARCA2 (ER65406, HUABIO), rabbit anti-SMARCC2
(ER62787, HUABIO), and rabbit anti-origin recognition complex
subunit 2 (ORC2) (A15697, ABclonal). The following secondary anti-
bodies were used: goat anti-mouse immunoglobulin G (IgG) anti-
body (H&L) [horseradish peroxidase (HRP)] (A00160, GenScript) and
goat anti-rabbit IgG antibody (H&L) (HRP) (A00178, GenScript).

Tandem affinity purification

TAP was performed as previously described (27). Briefly, 1 x 10°
HEK293T cells stably expressing cSFB-RBPJ or FBXO42 were
lysed in 5 ml of NETN buffer (with protease inhibitors) at 4°C
for 30 min, followed by TurboNuclease treatment. The lysate was
then incubated with streptavidin-conjugated beads (Thermo Fisher
Scientific, Waltham, MA) for 2 hours at 4°C. After washing with
NETN buffer, the bound proteins were eluted with NETN buffer
containing biotin (2 mg/ml; Sigma-Aldrich, St. Louis, MO) for
2 hours at 4°C. The eluates were then incubated with S-protein beads
(EMD Millipore, Burlington, VT) for 4 hours. The beads were washed
three times with NETN buffer and subjected to SDS-PAGE, followed
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by Coomassie blue staining. The whole band was excised and sub-
jected to in-gel trypsin digestion and MS analysis.

In vivo ubiquitination assay

For the in vivo ubiquitination assay, HEK293T cells were transfected
with the indicated plasmids and treated with or without 10 uM MG132
(52619, Selleck) for 4 hours before harvest. Whole cells were lysed with
NETN buffer containing protease inhibitors. Equal amounts of pro-
tein lysates were pulled down with S-protein beads for 4 hours at
4°C. After incubation, the beads were extensively washed three times
with NETN buffer, boiled with sample buffer for 20 min, and sub-
jected to SDS-PAGE followed by immunoblotting with antibodies
against various proteins as indicated. To detect endogenous RBP]
ubiquitination, the lysate was immunoprecipitated with RBP] anti-
body and then immunoblotted with an antibody against ubiquitin.

Quantitative real-time PCR

Total RNA was isolated from cells using TRIzol reagent (Takara),
and cDNA synthesis was performed using 1 ug of total RNA with
HiScript III reverse transcriptase (R212-02, Vazyme). The levels of
mRNA for the specific genes were quantified by SYBR Green qPCR
according to the manufacturer’s guidance on a Jena qTOWER’G
qPCR System. The relative mRNA levels were determined using the
comparative C; method with actin as the reference gene following
the formula 27", The primers used are listed as follows: HESI,
5'-CCTGTCATCCCCGTCTACAC-3’ (forward) and 5'-CACAT-
GGAGTCCGCCGTAA-3’ (reverse); HES5, 5'-CGCATCAACAGCAG-
CATCGAG-3’ (forward) and 5'-GACGAAGGCTTTGCTGTGCT-3'
(reverse); c-MYC, 5'-GGCTCCTGGCAAAAGGTCA-3’ (forward)
and 5-CTGCGTAGTTGTGCTGATGT-3’ (reverse); Actin, 5’ -TTG-
CCGACAGGATGCAGAAGGA-3’ (forward) and 5'-AGGTGGA-
CAGCGAGGCCAGGAT-3' (reverse).

Luciferase reporter assay

Luciferase reporter constructs containing the HESI and HES5 pro-
moters and 8x RBPJ-binding sites were generated by inserting the
HESI and HES5 promoters and the 8x RBPJ binding site sequence
into the pGL3 basic luciferase vector upstream of the firefly luciferase
gene. For the luciferase assay, HEK293T cells were plated at 50%
confluency in 24-well plates and grown overnight. The firefly luciferase
reporter construct and the Renilla control reporter were cotransfected
into the cells at a molar ratio of 10:1. After 24 hours of culture, the
luciferase activity was assayed with the Dual Luciferase Assay Kit
(11402ES60, YEASEN) with normalization to Renilla activity.

Cell Counting Kit-8 assay

The cell viability was measured by Cell Counting Kit-8 (CCK-8)
assay according to the manufacturer’s guidance (C0005, TargetMol).
JURKAT and HSB2 cells were incubated with vehicle or MLN4924
(HY-10484, MedChemExpress) at different concentrations as indi-
cated for 36 hours. Then, cells were handled by CCK-8 reagent and
continued to incubate for another 4 hours. The absorbance was
detected at 450 nm, and the related cell viability was measured.

Immunofluorescence

Cells were seeded in a cell culture dish, fixed with 4% paraformaldehyde
at room temperature for 10 min, permeabilized 10 min with 0.1%
Triton X-100, washed with PBS, and blocked in 5% bovine serum
albumin in PBS for 30 min before labeling with anti-HP1a primary
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antibody (ab109028, Abcam, RRID:AB_10858495) at room tem-
perature for 1 hour. After incubation, cells were washed with PBS
twice, stained with goat anti-rabbit Alexa Fluor 488-labeled IgG
(ab150077, Abcam, RRID:AB_2630356) at room temperature for
1 hour, and subjected to 4',6-diamidino-2-phenylindole (DAPI)
staining (4083S, CST). Coverslips were mounted using FluorSave
reagent (345789, Millipore). The cells were viewed using an Olympus
FV3000 Microscope Imaging System (Olympus, Japan).

Chromatin fractionation

To isolate cytoplasm and chromatin fractions, WT and FBX042
KO HEK293T or leukemia cells were harvested and fractionated as
previously described (27, 60) with slight modifications. Briefly, cells
were resuspended in cold buffer A [10 mM Hepes (pH 7.9), 10 mM KCl,
1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol
(DTT), and 0.1% Triton X-100] containing protease inhibitors for
5 min at 4°C. Lysates were centrifuged at 1500g for 5 min, the super-
natant was further clarified by high-speed centrifugation (13,000g
for 10 min at 4°C) to remove cell debris and insoluble aggregates
and collected as the cytoplasm fraction. The nuclei were washed
once with buffer A without 0.1% Triton X-100 and then lysed in
buffer B (3 mM EDTA, 0.2 mM EGTA, and 1 mM DTT) containing
protease inhibitors for 10 min at 4°C. The soluble nuclear proteins
were separated from chromatin by centrifugation (2000g for 5 min).
Isolated chromatin-enriched pellets were washed once with buffer
B and spun down at high speed (13,000g for 1 min), followed by
lysing in 2x Laemmli sample buffer. The samples were then subjected
to SDS-PAGE, followed by immunoblotting with antibodies against
various proteins as indicated.

CUT&Tag assay and sequencing

CUT&Tag assay was performed as previously described (61). Briefly,
100,000 WT and FBX0O42 KO cells were collected and lysed accord-
ing to the manufacturer’s guidance (catalog no. 12597, YEASEN).
Cell lysates were incubated at room temperature with concanavalin
A-coated magnetic beads for 1 hour and then with the primary
antibody against RBP] (1:50; ab25949, Abcam) for 2 hours, with
secondary antibodies for 1 hour, and with pA/G-Tn5 adapter com-
plex for 1 hour. The tagmentation takes 1 hour, and DNAs were ex-
tracted using a DNA purification kit. Libraries were prepared using
the Hieff NGS Tagment Index Kit for Illumina (96 index) (catalog
no. 12610, YEASEN) and pooled together for paired-end 150-base
pair (bp) sequencing on a NovaSeq (Novogene). Raw fastq files
were trimmed using Trim Galore and aligned to the human genome
(hg38) using Bowtie2. Reads were sorted and converted to BAM
format, and data track visualization occurred using Integrative
Genomics Viewer (IGV). Final data analysis and visualization were
performed using in-house R scripts.

MNase and DNase sensitivity assays

MNase and DNase sensitivity assays were performed as described
previously (62) with some modifications. Briefly, cell pellets were
lysed in buffer A [10 mM Hepes (pH 7.9), 10 mM KCl, 1.5 mM
MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM DTT, and 0.1% Triton
X-100] for 10 min on ice. The nuclei were pelleted and digested with
MNase (10 U/ml; 2910A, Takara) in digestion buffer [10 mM tris-
HCI (pH 7.5), 1 mM NaCl, 3 mM MgCl,, and 1 mM CaCl;] for
3 min at 37°C or digested with DNase [M0303S, New England Bio-
labs (NEB)] for 5 min at 37°C. Treated nuclei were lysed, followed
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by ribonuclease A (RNase A) and proteinase K digestion. Genomic
DNA was purified using a DNA purification kit (DC301-01,
Vazyme) and separated by 1.2% agarose gel electrophoresis. DNA
bands were visualized under a Gel Doc XR+ System (Bio-Rad).

DNase | chromatin accessibility analysis

Chromatin accessibility was analyzed as previously reported (63, 64).
Briefly, chromatin was isolated in a buffer containing 10 mM
tris-HCI (pH 7.5), 5 mM MgCl,, 1 mM CaCl,, 10 mM KCl, 300 mM
sucrose, and 0.1% Triton X-100 for 5 min on ice, washed, and re-
suspended with the same buffer without detergent. The one-third
chromatin was then digested with DNase I (NEB) at 3 U per 100l
for 7 min at room temperature, and the other one-third was treated
identically without DNase I (untreated control for normalization).
Reactions were stopped by adding 10 mM EDTA and 2 mM EGTA
and incubated at 65°C for 10 min. DNA was briefly sonicated and
treated with RNase (50 pug/ml; Sigma-Aldrich) for 30 min at 37°C
followed by proteinase K (250 pg/ml; Sigma-Aldrich) for 2 hours
at 42°C. DNA was purified and analyzed using Jena qTOWER’G
System. ql PCR results were analyzed according to the formula
100/2Ct(PNase D = Ctlno DNase 1) g, - o rmalization to input DNA (no
DNase I treatment).

ATAC-seq library preparation and data analysis

ATAC-seq library processing was performed according to the
manufacturer’s protocol (N248, Novoprotein). Briefly, 50,000
viable cells were resuspended and nuclei were isolated. The trans-
position was performed using Tn5 transposase, which was fol-
lowed by adaptor ligation and PCR amplification. Libraries were
sequenced with 150-bp paired-end on NovaSeq. All paired-end
reads were first subjected to adaptor trimming using Cutadapt
(v1.18). The clipped reads were aligned to the human genome (hg38)
using bowtie2 (v2.3.3.1). Peaks were called for each sample using
MACS?2 (v2.1.1.20160309). ATAC-seq signal was visualized in IGV
(v2.5.3) and analyzed using deepTools (v3.3.0).

Global MS-based analysis of protein ubiquitination

Global protein ubiquitination analysis was performed according to
the manufacturer’s guidance (5562, CST). Briefly, the cell lysis was
prepared in urea buffer, followed by reduction, alkylation, and
digestion with trypsin overnight. Then, the peptides were used for
immunoaffinity purification using Remnant Motif (K-e-GG) and
MS detection.

Chromatin IP

ChIP assay was performed on the basis of the previously described
protocol (65). Cells were cross-linked with 1% formaldehyde for
10 min and quenched by 125 mM glycine for 5 min at room tem-
perature with gentle shaking. After rinsing with cold PBS twice,
cells were collected in PBS supplemented with protease inhibitors,
centrifuged, and lysed in ice-cold lysis buffer [1% SDS, 5 mM
EDTA, and 50 mM tris-HCI (pH 8.1)] supplemented with protease
inhibitor for 10 min. The cell lysate was sonicated using a Bioruptor
sonicator (Diagenode) to break DNA into ~500-bp fragments for
ChIP-qPCR. Soluble chromatin was diluted in dilution buffer [1%
Triton X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM tris-HCI
(pH 8.1)], and 4 pg of ChIP-grade antibody was added and incubated
at 4°C for 2 hours with gentle shaking. Protein A/G beads flurry
(50 pl; 16-663, Millipore) was added and incubated for 1 hour at
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4°C. The beads were then washed in the following buffers for 10 min
each at 4°C: buffer I [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, and 20 mM tris-HCI (pH 8.1)], buffer II [0.1% SDS, 1% Triton
X-100,2 mM EDTA, 500 mM NaCl, and 20 mM tris-HCl (pH 8.1)],
buffer II1 [0.25 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA,
10 mM tris-HCI (pH 8.1)], and Tris-EDTA buffer [10 mM Tris, ImM
EDTA, (PH 8.0)] (two times). To elude the DNA, beads were incubated
in elution buffer (1% SDS and 0.1 M NaHCO3) at room temperature
with aggressive shaking for 15 min. The supernatant was then col-
lected and incubated at 65°C for overnight to reverse cross-link the
DNA. DNA purification kit (DC301-01, Vazyme) was used for pu-
rifying the DNA for the subsequent qPCR. The following antibodies
wereusedin ChIP:anti-H3K4me3 (ab8580, Abcam,RRID:AB_306649),
anti-H3K27ac (ab177178, Abcam, RRID:AB_2828007), and anti-IgG
(3900S, CST, RRID:AB_1550038). ChIP-qPCR experiments were done
in triplicate, and the results were normalized to the input DNA.

Mouse model

All animal experiments were performed in accordance with a pro-
tocol approved by the Institutional Animal Care and Use Committee
of Westlake University (AP#20-023-LX). Five to 10 mice were ran-
domly assigned to each group of each study. WT and FBXO42 KO
HSB2 and JURKAT cells (5 x 10°) were resuspended separately in
100 pl of Matrigel (356237, Corning) diluted with PBS ata 1:1 ratio and
subcutaneously injected into the left and right flanks, respectively, of
anesthetized 6- to 8-week-old female BALB/c nude mice (Shanghai
Laboratory Animals Center). Starting on day 7, tumor formation was
observed biweekly. The mice were euthanized after 4 weeks of injec-
tion, and the tumors were excised, photographed, and weighed.

For the invasion assay, a leukemia model was established with NSG
mice (Charles River Laboratories). WT and FBX042 KO JURKAT-
GFP reporter cells (5 x 10°) were resuspended in 100 ul of PBS and
intravenously injected into 6- to 8-week-old female NSG mice via
the tail vein. Starting on day 7, peripheral blood leukemia cells were
analyzed by detecting GFP levels with flow cytometry. At the end of
the study, the mice were euthanized, and the spleen tissues were
excised, photographed, fixed in 4% paraformaldehyde, paraffin-
embedded, and stained with hematoxylin and eosin.

For the evaluation of MLN4924 efficacy in vivo, 6- to 8-week-old
female BALB/c nude mice were inoculated with 5 x 10° JURKAT cells
subcutaneously in the right flank, and the tumor growth was moni-
tored with caliper measurements. When the tumor was visible, the
mice were subcutaneously dosed with vehicle or MLN4924 (30 mg/kg,
twice daily) for 21 days, and the tumor growth was then recorded.

In vivo bioluminescence imaging

To monitor tumor growth in living animals, JURKAT cells used for
the animal studies were transduced with firefly luciferase through
lentiviral infection. Then, the cells were infected with lentiCRISPR
virus to knock out FBX042, and these infected cells were intrave-
nously engrafted into 6- to 8-week-old female NSG mice. For the
imaging analysis, the animals were intraperitoneally administered
with p-luciferin (150 mg/kg; 40902ES01, YEASEN) and anesthetized
with isoflurane. Tumor luciferase images were captured with an
IVIS imaging system (Biospace Imager Optima).

Histological analysis
Spleen tissues collected from different groups of mice were fixed in
4% paraformaldehyde and immersed in fixative for 24 hours. After
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embedding into paraffin, sections (4 um) were prepared and placed
on poly-L-lysine—coated slides. Morphological changes were analyzed
by hematoxylin and eosin staining.

Flow cytometry analysis

Peripheral blood was collected from NSG mice, and red blood cells
were removed by RBC lysis (C3702, Beyotime). After washing the
cells three times with PBS, GFP intensity was analyzed with a Cyto-
FLEX flow cytometer and CytExpert software according to the
manufacturer’s instructions.

Statistical analysis

All Western blotting, immunofluorescence, and real-time-qPCR
(RT-qPCR) data were obtained from at least three repeated experi-
ments. All data were included. The data were analyzed using Prism 7.0
software (GraphPad, USA) and are presented as the mean values
(+SEM). Statistical significance between two groups was determined
by unpaired two-tailed Student’s ¢ test. Multiple group comparisons
were performed by one-way analysis of variance (ANOVA). P values
of <0.05 [indicated with an asterisk (*)] were considered significant.

SUPPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq4831

View/request a protocol for this paper from Bio-protocol.
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