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ARTICLE INFO ABSTRACT
Keywords: Colorectal cancer (CRC) stands as a prevalent malignancy globally. A pivotal event in CRC pathogenesis involves
Adenomatous polyposis coli (APC) the loss-of-function mutation in the APC gene, leading to the formation of benign polyps. Despite the well-
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established role of APC, the contribution of CUL4B to CRC initiation in the pre-tumorous stage remains poorly
understood. In this investigation, we generated a murine model by crossing Apc™™* mice with Cul4b*™C mice to
achieve specific deletion of Cul4b in the gut epithelium against an Apc™™* background. By employing histo-
logical methods, RNA-sequencing (RNA-seq), and flow cytometry, we assessed alterations and characterized the
immune microenvironment. Our results unveiled that CUL4B deficiency in gut epithelium expedited ApcMin/+
adenoma formation. Notably, CUL4B in adenomas restrained the accumulation of tumor-infiltrating myeloid-
derived suppressor cells (MDSCs). In vivo inhibition of MDSCs significantly delayed the growth of CUL4B deleted
ApcMW T adenomas. Furthermore, the addition of MDSCs to in vitro cultured ApcMi"/ +; Cul4b*E¢ adenoma
organoids mitigated their alterations. Mechanistically, CUL4B directly interacted with the promoter of Csf3, the
gene encoding granulocyte-colony stimulating factor (G-CSF) by coordinating with PRC2. Inhibiting CUL4B
epigenetically activated the expression of G-CSF, promoting the recruitment of MDSCs. These findings offer novel
insights into the tumor suppressor-like roles of CUL4B in regulating Apc¥™* adenomas, suggesting a potential
therapeutic strategy for CRC initiation and progression in the context of activated Wnt signaling.

Introduction ubiquitylation [1,2]. CUL4B has been reported to be overexpressed in
multiple tumors, including colorectal cancer (CRC), while its impact on

Cullin 4B (CUL4B), a scaffold protein of the E3 ubiquitin ligase carcinogenesis is not fully elucidated. Previous studies have demon-
complex, plays a role in various physiological processes, including strated that CUL4B knockdown in tumor cell lines suppresses prolifer-
protein degradation and transcriptional repression through histone ation, migration, invasion, sphere formation, and subcutaneous
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tumorigenesis [3-8]. Interestingly, recent findings indicate a reverse
effect of CUL4B in immune cells, revealing that hematopoietic or
myeloid cell-specific deletion of CUL4B accelerates carcinogenesis [9,
10]. It is evident that the role of CUL4B on tumors remains not fully
deciphered.

Colorectal cancer (CRC) stands as a prevalent and lethal malignancy,
ranking third in incidence and second in mortality globally [11]. The
stepwise development of CRC is driven by the sequential acquisition of
specific genetic changes [12]. The most common event in CRC, occur-
ring in 80 % of cases, is the APC loss-of-function mutation, leading to
aberrant activation of the Wnt/f-catenin signaling pathway and for-
mation of benign polyps [13,14]. Nevertheless, inhibition of identified
markers or pathways is often accompanied by resistance or non-effect
[15], causing that better understanding of CRC onset and improved
knowledge of early screen indicator urgent attention.

Overall, CUL4B facilitates malignant behaviour and accelerates CRC
progression [16]. Mechanistically, epithelial-mesenchymal transition
(EMT) and Wnt/p-catenin signaling pathway are animated by CUL4B to
strengthen drug resistance [17] and enhance cell proliferation [18],
respectively. Moreover, CUL4B represses miR34a to maintain cancer
stemness [3], conversely, CUL4B can be inhibited by miR431 to reduce
migration and invasion ability in CRC [19]. Notably, most of the re-
ported results used malignant CRC cell lines like HCT116, resulting in
the neglect of the adenomatousgenesis of CRC. Besides, the reverse ef-
fect that specific deletion of CUL4B in hematopoietic or myeloid cells
promotes carcinogenesis is demonstrated. However, the precise role of
CUL4B in the spontaneous initiation of adenomas at the pre-tumor stage
and tumor growth in CRC remains unknown.

In this study, we sought to address this knowledge gap by deleting
the Cul4b gene in the gut epithelium of Apc™™™ mice, a preclinical
model of inherited CRC. Our findings revealed that CUL4B serves as a
limiting factor in the progression of adenomatous polyposis. Deletion of
Cul4b in gut epithelium altered the tumor microenvironment (TME),
specifically by enhancing the accumulation of myeloid-derived sup-
pressor cells (MDSCs). Blocking the MDSCs rescued the increased Apc-
Min/+ adenoma formation. Mechanistically, the accelerated onset of
ApcM* adenomatousgenesis due to CUL4B loss was attributed to its
role in transcriptional repression of Csf3 in tumor cells. Together, our
results unveil a novel mechanism, shedding light on the previously un-
known function of CUL4B in promoting Apc¥™* adenomas, thereby
providing potential therapeutic targets for CRC.

Material and methods
Animal experiments

ApcM/+ mice (strain: C57BL/6J, stock number: 002020) and Pvillin-
Cre mice (strain: C57BL/6J, stock number: T0116) were procured from
Jackson Laboratory and Model Animal Research Center (MARC),
respectively. Cul4b™ mice, previously established by our lab by
flanking exons 3-5 of the Cul4b gene with Loxp sites, allowing recogni-
tion by Cre [20]. Subsequently, ApcMi”/ * male mice were crossbred with
Pvillin-Cre; Cul4b™™ female mice to produce the offspring. ApcM™/*;
Pvillin-Cre; Cul4b™™ and ApcMW *; Pvillin-Cre; Cul4b™Y mice (referred
to as Apc™™*; Cul4b*EC) and their respective control counterparts
ApcM+: cul4b™™ and ApcMF; Cul4b™Y (referred to as ApcMTV*;
Cul4b™™) were utilized in this study. Genomic DNA was extracted from
mice tail tips using a standard proteinase K digestion method (0.1
mg/mL). Genotyping PCR was performed to determine the mouse ge-
notype and the primers listed in Table 1. All animal experiments were
conducted with approval from the Animal Care and Use Committee of
the School of Basic Medical Science, Shandong University. No mice were
excluded during data statistical analysis. The knockout efficiency of the
included mice was confirmed through Western Blot or Inmunostaining.

For tumorigenesis analysis, 4 to 5-month-old mice with matched
genotypes mice were randomly chosen. The entire gastrointestinal tract
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Table 1
The primers for mice genotyping.

Sequence

5-CCCGCAGAACCTGAAGATG-3'
5-GACCCGGCAAAACAGGTAG-3'

Cre-Forward
Cre-Reverse

Apc-1 5-GCCATCCCTTCACGTTAG-3'
Apc-2 5-TTCCACTTTGGCATAAGGC-3'
Apc-3 5-TTCTGAGAAAGACAGAAGTTA-3'

was excised and divided into the colon and three segments of the small
intestines: proximal, medial, and distal segments. The tissues were
rinsed using cold phosphate-buffered saline (PBS) and opened longitu-
dinally. The number and size of adenomas were determined using an
OLYMPUS SZX16 microscope. Venous blood was collected into antico-
agulant tubes from mice tails, and blood routine examination was con-
ducted after a tenfold dilution with normal saline. Spleens were
obtained, photographed, and weighed. For complete MDSCs, the
neutralizing antibody InVivoMAb anti-mouse Ly6G/Ly6C (Gr-1) (Bio X
cell, BE0075) and the control antibody InVivoMAb IgG2b (Bio X cell,
BE0090) were administered intraperitoneally twice weekly at 100 pg
per 20 g bodyweight in 10 to 12-week-old mice for 1 month [21,22].

Flow cytometry analysis

Adequate single cells were isolated from the spleen, peripheral
blood, colon adjacent tissues, and adenoma tissues of mice. These cells
were incubated with the appropriate surface antibodies: anti-CD45-PE/
Cy7 (Biolegend, Cat# 103113), anti-CD3-PE/Cy7 (Biolegend, Cat#
100219), anti-CD4-FITC (Invitrogen, 11-0041-85), anti-CD8a-APC
(Invitrogen, 47-0081-82), anti-CD11b-FITC (Biolegend, Cat# 101206),
anti-Gr-1-PE (Biolegend, Cat# 108408), anti-CD107a-FITC (Biolegend,
Cat# 121605), and anti-CD137-APC (Biolegend, Cat# 106109). For
intracellular staining, cells were treated with the Fixation/Per-
meabilization solution (Invitrogen, 00-5223-56) overnight at 4 °C before
incubating with intracellular antibodies: anti-IFNy-PE (Biolegend, Cat#
163503). CD4 " T cells were defined as CD45"CD4"CD8a~; CD8™ T cells
were defined as CD45"CD4~CD8a™; activated CD4 ™" T cells were defined
as CD37CD41CD137IFNy™; and activated CD8™ T cells were defined as
CD3"CD8a"CD107a IFNy* [23,24]. Data acquisition was performed on
an Accuri C6 Plus and analyzed using FlowJo (RRID:SCR_008520).

Chromatin Immunoprecipitation (ChIP)

ChIP was conducted using the SimpleChIP® Enzymatic Chromatin IP
Kit (Cell Signaling Technology, Cat# 9003). In brief, 1 x 10’ cells were
cross-linked with 1.5 % formaldehyde. Subsequently, nuclei were
collected, and chromatin was digested, followed by overnight incuba-
tion with 1-2 pg of the respective antibody. After mixing with magnetic
beads for 2 h, the mixtures were subjected to washing steps with low and
high salt buffers. Subsequently, DNA was extracted from the beads and
precipitated. The enrichment of the DNA was analyzed by RT-qPCR
using primers specific for the target gene promoter [25]. The anti-
bodies used for ChIP included CUL4B (Sigma-Aldrich Cat# C9995,
RRID: AB_1840781), EZH2 (Cell Signaling Technology, Cat# 5246S),
H2AK119ub1 (Cell Signaling Technology, Cat# 8240S) and H3K27me3
(Cell Signaling Technology, Cat# 9733S).

Cell lines culture and viral infection

HCT116 and CT26 cell lines were procured from the cell bank of the
Chinese Academy of Sciences and GeneCopoeia (Rockville, USA),
respectively. HCT116 cells were cultured in McCoy’s 5A medium
(Sigma-Aldrich, M4892) supplemented with 20 % fetal bovine serum
(AusGeneX, FBSSA500-S), penicillin (100 mg/mL, BBI, A600135) and
streptomycin (100 mg/mL, BBI, A100382). CT26 cells were cultured in
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Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco,
C11875500) supplemented with 10 % fetal bovine serum (Gibco, 10099-
141C), penicillin (100 mg/mL) and streptomycin (100 mg/mL). All cell
lines underwent identification and were tested using Myco-Blue Myco-
plasma Detector (Vazyme, D101-02).

Cul4b knockdown (shCul4b, 5-AATATTTCCCGGAACATTCTG-3)
and control (shNC) cells were generated by infecting cells with lenti-
virus. The packaging vector, including the ORF of human CUL4B was
cloned into the lentiviral expression vector pLKO.1-EGFP-Puro by Dr.
Yang Yang. Cells were selected using puromycin (Gibco, A1113803). For
siRNA experiments, three independent siRNA sequences were tested,
and the one with the highest efficiency (5-CAGGCTCTATCGGGTATTT-
3") was employed with Lipofectamine™ 3000 (Invitrogen, L3000001)
according to the manufacturer’s instructions.

Adenoma organoids culture and infection

Adenoma organoids were isolated from the adenoma tissue of Apc-
Min/+. Cul4b"T and ApcM™*; Cul4b™EC mice. The isolation and cell
dissociation of adenomas were performed as described before [26-30].
The isolation process involved dissecting adenomas from the colon,
carefully cutting them, washing, and digesting them with 10 mM EDTA
at 4 °C for 30 min. Subsequently, the cells were seeded in 24-well plates
(Greiner bio-one, GN662102) at a density of approximately 1 x 10° cells
per well. The culture medium (compositions were listed in Table 2) was
refreshed every two days, and organoids were passaged at a split ratio of
1:3 every 4-7 days. For passaging, organoids were removed from
Matrigel by incubating with cell recovery solution (Corning, 354253) on
ice for 30 min.

The preparation of organoids and viral or plasmid infection followed
established protocols[31]. Adenoma organoids were collected from
Matrigel and dissociated into single cells using Trypsin-EDTA (Gibco,
25200072) for 5-15 min at 37 °C. After washing and counting, cells were
resuspended in the infection mixture (lentivirus) and centrifuged in the
plate at 500 x g for 1 h at 32 °C. Following incubation for 4-6 h at 37 °C,
the cells were collected, spun down, resuspended in a mixture of
Matrigel and medium, and seeded into a 24-well plate with 5 x 10* cells
per well. pCMV-Tag2B Flag-CUL4B (4B-Exp, provided by Dr. Wei Jiang)
and its control plasmid (Con) were transfected into OrgsKO for
re-expressing CUL4B, and shCul4b and control (shNC) cloned into
pLKO.1-EGFP-Puro were infected with Orgs"'" to knockdown Cul4b.

Co-culture organoids with MDSCs

MDSCs were isolated from mice spleens using the Myeloid-Derived
Suppressor Cell Isolation Kit (mouse, Mitenyi Biotec, 130-094-538)
following the manufacturer’s instructions. A single-cell suspension was
obtained through digestion, resuspended in PBS buffer (0.5 % BSA, 2

Table 2

Compositions of ApcMi"/ * adenoma organoids culture medium.
Component name Concentration Cat.
Advanced DMEM/F12 Gibco 12634010
penicillin/streptomycin 1:100 Gibco 15140122
GlutaMax 1:100 Gibco 35050-061
HEPES 1:100 Gibco 15630-080
Noggin 15 % home-made
N2 1x Gibco 17502-048
B27 1x Gibco 1704-044
N-Acetylcysteine 1.25 mM Sigma-Aldrich A9165
Nicotinamide 10 mM Sigma-Aldrich N0636
EGF 50 ng/mL PeproTech AF-100-15
Y-27632 10 pM SELLECK S6390
A83-01 500 nM Tocris 2939
SB202190 3 pM Sigma-Aldrich S7067
Gastrin 10 nM Tocris 3006
Primocin 1x Invitrogen ant-pm-1
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mM EDTA, pH 7.2), and filtered by tissue grinding and a 30 pm filter.
After cell counting, 1 x 108 cells were used per trial for subsequent
processing. Following FcR blocking and anti-Ly6G-Biotin incubation,
cells were treated with anti-Biotin MicroBeads. Gr-1M8"Ly6G* cells were
allowed to adsorb on an LS column (Mitenyi Biotec, 130-042-401) as the
suspension passed through the MACS separator. Gr-ldimLy6G’ cells
were contained in the first flow-through fraction and magnetically
labeled with anti-Gr-1-Biotin and Streptavidin MicroBeads. Magneti-
cally labeled cells were immediately flushed out by firmly pushing the
plunger into the column and repeating the process again. The purity of
MDSCs reached 90 % using the Mitenyi Biotec 130-094-538 kit in our
lab [10].

For co-culture, adenoma organoids were released from Matrigel and
dissociated into single cells. After washing and counting, single cells
from organoids were seeded into the lower compartment in Matrigel-
pre-treated 24-well plates at a concentration of 3 x 10* cells per well.
After 6 h, the obtained MDSCs were seeded on the top of the Transwell
membrane (Corning, CLS3413) at a ratio of 1:1 according to the method
previously described [32].

To treat with conditioned medium (CM), sterile microscope slides
were pre-treated with 1 mg/mL poly-lysine at 37 °C for 2 h. MDSCs were
isolated and resuspended with CM collected from the supernatant of
cultured Apc™™*; Cul4b*™€ and control organoids (3 days starting from
10° cells per well). Recombinant murine G-CSF (mG-CSF, PeproTech,
250-05, 100 ng/mL), neutralizing antibody of G-CSF (anti-G-CSF, R&D
systems, MAB414, 0.5 pg/mL) and Rat IgG1 isotype control (IgG, R&D
systems, MABO0O5, 0.5 pg/mL) were added. After incubating for 48 h, the
slides were washed with PBS and fixed in ice-cold Immunol Staining Fix
Solution (Beyotime, P0098) for 30 min. Following fixation, the slides
were permeabilized with 0.5 % TritonX-100 in PBS, blocked for 1 h at
room temperature, and incubated at 4 °C with primary antibodies
overnight, followed by a secondary antibody. The primary antibodies
used were anti-S100A8 and anti-S100A9, and the secondary antibody
was anti-rabbit Rhodamine.

Database analysis

The Spearman correlation analyses were conducted using TIMER2.0
(http://timer.comp-genomics.org) to assess the correlation between
CUL4B and CSF3 in colorectal adenocarcinoma (COAD), lung adeno-
carcinoma (LUAD) and prostate adenocarcinoma (PRAD) based on The
Cancer Genome Atlas (TCGA) data. To further explore the enrichment of
genes associated with MDSCs in GDS2947, enrichment analyses were
carried out using Bioinformatics (http://www.bioinformatics.com.cn),
and the Spearman correlation analyses between CUL4B and CD84 using
TIMER2.0.

Statistical analysis

The experimental procedures were conducted with biological or in-
dependent replicates, and statistical analyses were carried out using
GraphPad Prism. The genotype information was not disclosed during the
analysis. Data significance was determined using unpaired t-tests and
ANOVA analysis. Bar graphs were used to represent mean + SEM. p-
values were denoted as follows: *<0.05, **<0.01, ***<0.001,
***%<0.0001, and “ns” indicated not significant.

Other methods and materials were provided in supporting informa-
tion Supplementary Doc.

Results

Min/+

Deletion of Cul4b in the gut epithelium promotes Apc adenoma

formation

CUL4B has recently emerged as a novel regulator influencing gut
self-renewal and intestinal stem cells (ISCs) [33]. In an effort to
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elucidate the precise role of CUL4B in the early stages of CRC carcino-
genesis, we leveraged the tumor-prone genetic background of the
ApcM™/+ model to examine how CUL4B impacts Apc™™~* adenoma
formation. By crossing Apc™™* mice with our previously established
Pvillin-Cre; Cul4b™™ mice [20], we generated offspring with (Apc™™*;
Cul4bAIEC) or without (ApcMi"/ *; Cul4b™") Cul4b deletion in gut epithe-
lium (Fig. S1A). As anticipated, a substantial loss of CUL4B, but not its
homologue CUL4A, was verified through immunofluorescent staining
and immunoblotting in ApcMi"/ +; Cul4b*E¢  mice (Fig. 1A-B,
Fig. S1B-S1C). The immunoblot detection of residual CUL4B expression
in the knockout tissue was attributed to its presence in non-epithelial
cells.

Upon spontaneous loss of the second Apc allele, the adenomatous

cMin+- Cul4bWT

ApCMinH—; Cul4b2EC

DAPI

CUL4B
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polyposis mutation resulted in aberrant activation of Wnt signaling,
leading to the induction of adenoma formation. Apc™™*; Cul4b*E€ mice
exhibited an accelerated progression in adenoma formation, evidenced
by an increased number of adenomas (with size above 2 mm) in both the
colon and intestinal segments (Fig. 1C-D, Fig. S1D-S1G). Correspond-
ingly, Apc™™*; Cul4b*™C mice displayed severe splenomegaly and
anemia due to heightened tumorigenicity (Fig. 1E-F). Although there
was an accelerated propensity for death, no significant difference was
observed in the survival rate of Cul4b-knockout mice (Fig. 1G). The
impact of CUL4B loss on adenoma genesis observed in Apc”™* mice
was consistent across genders (Fig. 1H). These findings suggest that
CUL4B deficiency promotes both the initiation and progression of ade-
nomas in the context of ApcM™/ ™,
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Fig. 1. Loss of CUL4B in gut epithelium encourages Apc™™* adenoma formation. (A) Representative images of immunostaining of CUL4B in adenoma tissues (3 vs.
3). Red indicates CUL4B; Blue indicates DAPI. (B) Western Blot analysis of CUL4B for characterization of the knockout efficiency. (C) Representative images of
adenoma tissue (9 vs. 9). Dotted lines indicate adenomas. (D) Total number of adenomas with size > 2 mm in proximal, medial, and distal segments of the intestine
and colon (21 vs. 19). All mice were 5 months old. (E) Representative images and statistical assessment of spleen weight (9 vs. 7). (F) Examination of peripheral blood
(4 vs. 4). HGB: hemoglobin; RBC: red blood cells. (G) Kaplan-Meier survival examination (10 vs. 11). (H) Spleen weight and count of adenomas across the whole gut
were examined in grouped male and female Apc™™/*; Cul4b*™€ and ApcM™~; Cul4b"" mice (5 vs. 5).
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Inhibition of CUL4B enhances ApcM™'* adenoma growth through tumor
microenvironment

The frequent occurrence of loss of heterozygosity (LOH) at APC ge-
netic loci during the pre-tumor stage is well-documented [34,35]. To
delve into the root cause of adenoma development following Cul4b
deletion, we initially conducted PCR and DNA sequencing to examine
whether LOH was altered in adenomas from Apc™™*; Cul4b*™C and
control mice using mismatched primers. The Apc allele was deleted in all
randomly selected adenomas from both groups (Fig. S2), indicating that
CUL4B deficiency did not impact LOH. Further investigations involved
the generation of in vitro epithelial organoids derived from ApcM™*;
Cul4b*™€ and control adenomas [28-30]. As illustrated in Fig. 2A and B,
CUL4B expression was virtually undetectable in Apc™™™; Cul4b*EC
organoids. However, contrary to the in vivo phenotype, Cul4b-deficient
adenomas unexpectedly formed much smaller organoids with a lower
formation frequency (Fig. 2C-D). These findings suggest that the lack of
TME in vitro is likely responsible for the diminished epithelial organoids
observed with CUL4B ablation.

Subsequently, we conducted RNA sequencing (RNA-seq) to obtain
transcriptional profiles of paired adenomas and adjacent tissues with or
without Cul4b deletion. At Stages I (90 days, initiation), II (120 days),
and III (150 days), 1049, 882, and 360 differentially expressed genes
(DEGs, fold change > 2, p < 0.05) were identified in adenomas,
respectively. Meanwhile, 2251, 761, and 312 DEGs were found in
adjacent tissues at different stages (Fig. 2E). Given that CUL4B ablation
predominantly led to DEGs in the early phase of Apc®™* adenoma
initiation, we performed gene ontology (GO) analysis of DEGs in adja-
cent tissue at Stage I. Multiple immune-related annotations were
enriched in ApcM™*; Cul4b*€ tissues, including negative regulation of
the immune system process and positive regulation of cytokine secretion
(Fig. 2F), suggesting alterations in the tumor-associated immune
microenvironment following Cul4b deletion.

Loss of CUL4B encourages the recruitment of MDSCs in the tumor
microenvironment

Subsequently, we employed flow cytometry and immunostaining to
dissect the specific cell populations affected in the immune microenvi-
ronment due to Cul4b knockout. Adenomas with diameters exceeding 2
mm were chosen for analysis to mitigate the impact of tumor size on the
recruitment of tumor-infiltrating cells. Positive staining of CD45, rep-
resenting nearly all immunological and hematological cells, exhibited
comparable levels between the two groups (Fig. S3A). However,
CD11b*Gr-1" MDSCs, as opposed to other infiltrating immune cell
populations, were significantly enriched in both Apc™™*; Cul4b*¢
adenomas and adjacent tissue (Fig. 3A-B, Fig. S3B-S3C). No notable
differences were observed in the analysis of immune cell populations
from peripheral blood or spleen (Fig. S3D-S3I). To further corroborate
the findings, CD84, a recently identified specific surface marker defining
MDSCs, and S100A8 and S100A9, two proteins correlated with MDSCs,
were also elevated in ApcMi”/ *; Cul4b*¢ adenomas (Fig. 3C-F).

Given the association of increased MDSCs with T cell repression
[36-40], we further assessed tumor-activated T cells and observed a
slight decrease in tumor-infiltrating cytotoxic CD8" T cells (Fig. 3G,
Fig. S3J). Upregulation of PD-1/PD-L1 expression within ApcMi*;
Cul4b*E adenomas was also confirmed (Fig. 3H). In aggregate, the loss
of CUL4B was found to promote the accumulation of MDSCs, creating a
microenvironment conducive to adenoma development. To validate
this, we employed an anti-mouse Ly6G/Ly6C (Gr-1) neutralizing anti-
body through intraperitoneal injection. The functionality of the
neutralizing antibody was verified without altering CUL4B expression
(Fig. 31-J). It was demonstrated that the blockade of Ly6G/Ly6C (Gr-1)
reduced adenoma growth and S100A8 expression in Cul4b deletion mice
(Fig. 3K-L). These findings suggest that neutralizing the function of
MDSCs rescued the tumor-prone microenvironment, leading to
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decreased adenoma formation.
CUL4B-deficient adenomas enhance migration and activity of MDSCs

To further verify the impact of CUL4B on MDSCs recruitment, we
collected supernatant from a comparable number of cultured adenoma
organoids with or without Cul4b deletion as conditioned medium (CM"T
or CMX©). Subsequently, we examined the migration behavior of wild-
type MDSCs treated with either CM*® or CMWT using Transwell migra-
tion assays. As illustrated in Fig. 4A-D, an increase in migrated MDSCs
and elevated expression of S100A8/9, as well as Nos2, Argl and Csf3r
were observed after CMXC treatment, suggesting that CUL4B-deleted
cells enhance MDSCs migration through soluble factors.

To ascertain whether the deficiency of MDSCs in organoids explains
the reverse effect of CUL4B deficiency in vitro and in vivo, we replenished
isolated MDSCs into organoids. A co-culture system was established by
growing wild-type or Cul4b-deficient organoids on coated Matrigel with
wild-type MDSCs on the upper Transwell (illustrated in Fig. 4E). After 96
h of co-culture, the reduced colony number of Cul4b-deficient adenoma
organoids was significantly rescued (Fig. 4F-G). Additionally, the
decreased expression of tumor cell-secreted MDSCs-inducing factors (Il6
and Cox2) [41-44] was also markedly rescued after co-culture (Fig. 4H).
These findings suggest the potential instructive effect of ApcM™/*;
Cul4b*™EC adenoma cells on MDSCs.

Deletion of CUL4B epigenetically upregulates Csf3 expression

To identify tumor-cell secreted factors responsible for recruiting
MDSCs, such as G-CSF, GM-CSF, interleukins and chemokines [45], we
performed RT-qPCR to screen the expression of reported chemokines in
Cul4b knockout and control adenomas. We observed that Csf3, a gene
encoding G-CSF, was increased in Cul4b-deficient adenomas (Fig. S4A).
Elevated G-CSF was confirmed at the mRNA level in organoids (Fig. 5A)
and at the secreted protein level in the supernatant by ELISA tests
(Fig. 5B). Knockdown of CUL4B in human HCT116 and murine CT26
cancer cell lines also led to an increase in G-CSF (Fig. S4B-S4C). To
further strengthen these observations, rescue experiment was performed
and found that re-introduction of CUL4B into Orgs*° and knockdown
Cul4b in Orgs"'" reversed the expression of G-CSF, thereby inverting the
migration and activation of MDSCs with the predictable expression
changes of SI00A8/A9 (Fig. 5C-G).

To confirm whether Cul4b knockout organoids affected MDSCs
through G-CSF, we added recombinant G-CSF into CM"" and neutral-
izing antibody of G-CSF into CMX® predictably emphasized the mediated
role of G-CSF owing to the remarkable reversal of activation markers of
MDSCs (Fig. 5H-1, Fig. S4D). Furthermore, we interfered with Csf3 using
siRNA transfection (Fig. S4E-S4G). Treatment with conditioned medium
obtained from organoids after Csf3 knockdown reduced the increased
migration capacity and the activated expression of SI00A8/9 in MDSCs
(Fig. 5J-L). Meanwhile, the knockdown of Csf3 in Cul4b-deficient
organoids led to increased colony number after co-cultured with MDSCs,
with no significant change in size (Fig. 5M, Fig. S4H).

Mechanistically, we next examined whether CUL4B bound to the
promoter of the Csf3 gene by quantitative ChIP assay using a series of
primers. A binding peak was found at -1561 bp to -1338 bp upstream of
the transcription start site (TSS) of the Csf3 promoter (Fig. 6A, Fig. S5A).
Given that CRL4B has been reported to coordinate with the polycomb
repressive complex 2 (PRC2), we further detected the changes in histone
modification and found that deletion of Cul4b resulted in a marked
decrease in EZH2 and consequently decreased H3K27me3 and
H2AK119ubl at the binding peak (Fig. 6B, Fig. S5B). Furthermore,
treatment with the EZH2 inhibitor Dznep upregulated the expression of
G-CSF (Fig. 6C-D), providing evidence that CUL4B coordinates with the
PRC2 to repress the transcription of the Csf3 gene. In conclusion, the
deletion of CUL4B increased MDSCs accumulation through transcrip-
tionally derepressing Csf3 expression.
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Fig. 2. Repressing CUL4B exacerbates Apc¥™/* adenoma growth through the tumor microenvironment. (A) Representative images of immunostaining of CUL4B in
organoids (Orgs) (3 vs. 3). Red indicates CUL4B; Blue indicates DAPI. (B) Western Blot assessment for characterization of the knockout efficiency of CUL4B in Orgs.
(C) Representative bright field images and statistical analysis of Orgs formation as well as the size of Orgs. (D) Size of Orgs"" and Orgs¥° at passages 9 and 12
compared using a single cell assay. Three independent experiments were conducted in triplicate. (E) Statistical analysis of the number of DEGs in an adenoma and
adjacent tissue from Stage I, Stage II, and Stage III mice. (F) GO analysis of DEGs characterized via RNA-seq from Apc™™*; Cul4b*™€ and Apc™™*; Cul4b"" mice at

Stage I.
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enoma. Red indicates S1I00A8/S100A9; Blue indicates DAPI. (G) Flow cytometry assessment of activated CD8™ T cells within adenoma. (H) The Pd-1 and Pdl1 mRNA
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The negative correlation between CUL4B and CSF3 expression in CRC
patients

We conducted a comprehensive analysis of adenoma clinical data-
bases from the Cancer Genome Atlas (TCGA) to explore the association
between CUL4B and CSF3 expression in CRC patients and other ade-
nocarcinomas. CUL4B exhibited a negative correlation with CSF3 in
colorectal adenocarcinoma (COAD) (Fig. 7A), as well as in lung
adenocarcinoma (LUAD) and prostate adenocarcinoma (PRAD) (Fig. 7B-
C). Cumulative survival analysis revealed that high CSF3 expression was
associated with a propensity for poor survival (Fig. 7D). Additionally,
we examined GDS2947, a database focused on colorectal adenoma and
normal mucosa from 32 patients. The heatmap showed the expressional
profiles of main chemokines associated with MDSCs, defined marker of
MDSCs and CUL4B in a clinical data of normal mucosa and adenomas
(Fig. 7E). A significant negative was found between the expression of
CUL4B and CD84, a defined marker of MDSCs (Fig. 7F). These data
further suggest the association of CUL4B with MDSCs in patients.

Conclusions

In summary, our investigation demonstrates that the deletion of
CUL4B in gut epithelium upregulates G-CSF expression, thereby
increasing MDSCs recruitment and fostering a tumor-prone environ-
ment, ultimately promoting Apc¥™* adenoma formation (Fig. 7G).

Discussion

Tumor initiation, particularly in CRC, involves a complex interplay
of genetic and epigenetic alterations that drive uncontrolled tumor cell
proliferation while evading immune surveillance, allowing the evasion
of antitumor responses [46]. CUL4B is known for promoting tumor cell
proliferation, migration, invasion, and tumorigenesis, has garnered
attention due to emerging evidence suggesting a contrasting role in
inhibiting tumors, particularly in hematopoietic cells [9,10]. Our study
adds a significant layer to this understanding by revealing that the
deletion of CUL4B in gut epithelium expedites Apc"™* adenoma for-
mation through the recruitment of MDSCs. Intriguingly, our recent work
also underscores a similar function of CUL4B in lung epithelial cells,
where its deficiency promotes the development of KRAS-mutated lung
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Fig. 5. CUL4B functions on MDSCs through inhibiting G-CSF . (A) The mRNA level of Csf3 across the Orgs. (B) ELISA of secreted G-CSF in the sampled cell su-
pernatant using a consistent number of cells from Orgs. Three independent experiments were carried out in triplicate wells. (C-D) The overexpression efficiency of G-
CSF in OrgsKO and knockdown efficiency of G-CSF in Orgsw—r tested using RT-qPCR (C) and Western Blot (D). (E) ELISA of secreted G-CSF after re-introduction CUL4B
into Orgs*° and knockdown Gul4b in Orgs"". (F) Determination of migrated MDSCs treated with CMX© after re-introduction CUL4B and CM"" after knockdown
Cul4b. (G) Representative images and statistical analyses of immunostaining of S100A8,/9 of MDSCs treated with CMX® after re-introduction CUL4B and CM™" after
knockdown Cul4b. (H) The mRNA level of $100a8, S100a9, Nos2, Argl and Csf3r of MDSCs treated with CM"" added murine G-CSF (CM"'+mG-CSF) and CMX°
added neutralizing antibody of G-CSF (CM*®+-anti-G-CSF). (I) Representative images and statistical analyses of immunostaining of SI00A8/9 of MDSCs treated with
CM""+mG-CSF and CM*°+-anti-G-CSF. (J) Determination of migrated MDSCs using the migration assay after treatment with CM"WT ¢, MKO+Ct1 and cMKO+s-Cof3
via counting. Three independent experiments were conducted. (K) Identification of the mRNA level of S100a8, S100a9, and Csf3r of MDSCs administered CM*/T+Ctl
(n=3), cMKo+cul (n=3), and CMKO+si-Cof3 (n=3) for 48 h. (L) Representative images and statistical analyses of immunostaining of SI00A8/9 of MDSCs treated with
eMWTHetr oMRO+Cl and CMKO+$C3, Three independent experiments were conducted. (M) Colony formation number and size of organoids in pre-knockdown Csf3
grganoids following 96 h of co-culture. Three independent experiments were conducted.
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Fig. 6. CUL4B binds to the promotor of Csf3 gene and transcriptionally represses its expression. (A) gPCR following ChIP to investigate the binding of CUL4B, EZH2,
H3K27me3 and H2AK119ubl to the Csf3 promoter in organoids using a collection of primers. (B) qPCR following ChIP to examine alterations in CUL4B, EZH2,
H3K27me3 and H2AK119ubl, and associated with the Csf3 promoter (-1561 bp to -1338 bp) using Histone 3 as a control. (C-D) The mRNA (C) and protein level (D)
of G-CSF after treating with Dznep (EZH2 inhibitor, 10 pM, 48 h).

adenocarcinoma by enhancing MDSCs accumulation [47]. regulatory roles of genes, especially in the context of Apc mutation. Our
CRC stands out as a leading cause of global cancer-related mortality, study provides a multifaceted exploration of the impact of CUL4B

primarily initiated by the permanent activation of the Wnt pathway and deletion in gut epithelium on Apc¥™* adenoma formation.

involving intricate interactions with immune cells. To identify potential Firstly, the loss of CUL4B in gut epithelium emerges as a promoter of

novel therapeutic targets for CRC, it is crucial to delve into the adenoma formation within the genetic background of Wnt-disturbed Apc
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mutants, predominantly through the recruitment of tumor-infiltrating
MDSCs. The rescue of adenoma growth through intraperitoneal injec-
tion of Ly6G/Ly6C (Gr-1) neutralizing antibody strongly suggests that
the effects of CUL4B deletion on Apc™™* tumorigenesis are intricately
linked to the accumulation of MDSCs.

Secondly, our investigation unveils a novel mechanism wherein
CUL4B binds to the promoter of Csf3, actively suppressing the tran-
scription of G-CSF, a key recruiter of MDSCs, by modulating histone
modifications, specifically H3K27 trimethylation and H2AK119 mono-
ubiquitylation. This regulatory role of CUL4B adds a layer of complexity
to its functions in the context of CRC progression.

Thirdly, our in vitro organoid culture model provides additional
support, demonstrating that CUL4B-deleted cells secrete elevated levels
of G-CSF. Interfering with Csf3 reverses the phenotypes observed in
CUL4B knockout organoids co-cultured with MDSCs, underscoring the
critical role of the microenvironmental cellular context.

Moreover, the analysis of CUL4B and MDSCs’ relative markers in the
COAD database from TCGA and GDS2947 consistently supports our
findings, affirming that CUL4B acts as a tumor-suppressor gene during
CRC progression.

MDSCs, characterized by the surface expression of CD11b and Gr-1,
constitute a diverse population of immature monocytes and gran-
ulocytes that have been observed to accumulate both in primary tumor
sites and metastatic locations [48]. The recruitment of myeloid pre-
cursors, a pivotal event in MDSCs accumulation, is influenced by
tumor-derived suppressor factors (TDSFs), including G-CSF [49],
GM-CSF [50], IL-6 [42], and COX2 [51]. In our investigation, we
observed a significant upregulation of Csf3 at the mRNA level in CUL4B
deletion mice, among several reported MDSCs chemokines. MDSCs play
a crucial role in the immunosuppressive milieu of CRC, and their
migration to CRC foci or liver tissue is facilitated by signaling axes such
as KRAS-IRF2-CXCL3 and VEGF-CXCL1 [52,53]. Additionally, the
PGE2-EP4 signaling axis promotes MDSCs differentiation [54]. Our
findings support a novel mechanism wherein the deficiency of CUL4B in
epithelial cells robustly recruits MDSCs through G-CSF in CRC, shedding
light on an unexplored facet of CRC pathogenesis.

Notably, organoids derived from adenomas displayed a marked
reduction in organoid formation ability and size upon Cul4b knockout,
presenting a contrast to the in vivo effects of Cul4b knockout. This
disparity may be attributed to the absence of a microenvironmental
matrix in organoid culture systems. The inconsistent phenotypes were
rescued by the introduction of MDSCs, leading to the reversal of 116/
Cox2 expression in organoids following co-culture. Exosomal S100A9
transfer from MDSCs has been reported to enhance the expression of
stemness markers and promote sphere formation in CRC cells [55],
hinting at the existence of critical secreted factors between MDSCs and
CRC cells. This aspect warrants further exploration in our future
research.

In conclusion, our study unveils a novel role of gut epithelial CUL4B
in a mouse model of Apc-induced tumor initiation and progression.
Mechanistically, we demonstrate that the deletion of CUL4B transcrip-
tionally upregulates G-CSF expression (Fig. 7G). Our results highlight
the hitherto undiscovered function of CUL4B in suppressing colon ade-
noma formation to create a tumor-permissive microenvironment, of-
fering a potential therapeutic strategy for treating CRC.
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