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CANCER

Cullin-5 deficiency orchestrates the tumor
microenvironment to promote mammary tumor
development through CREB1-CCL2 signaling
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Breast cancer—associated gene 1 (Brcal) deficiency induces the onset of breast cancer formation, accompanied
with extensive genetic alterations. Here, we used both the sleeping beauty transposon mutagenesis system and
CRISPR-Cas9—-mediated genome-wide screening in mice to identify potential genetic alterations that act synerg-
istically with Brcal deficiency to promote tumorignesis. Both approaches identified Cullin-5 as a tumor suppres-
sor, whose mutation enabled Brca1-deficient cell survival and accelerated tumorigenesis by orchestrating tumor
microenvironment. Cullin-5 suppresses cell growth through ubiquitylating and degrading adenosine 3’,5’-mo-
nophosphate-responsive element binding protein 1 (CREB1), especially under protein damage condition.
Meanwhile, Cullin-5 deficiency activated CREB1-CCL2 signaling and resulted in the accumulation of monocytes
and polymorphonuclear myeloid—derived suppressor cells, reduction of T cells that benefit tumor progression in
both Brcal-deficient cells and wild-type cells. Blocking CREB1 activity either through gene knockout or specific
inhibitor treatment suppressed changes in the tumor microenvironment caused by Cullin-5 deficiency and
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blocked tumor progression.

INTRODUCTION

According to recent reports from the World Health Organization,
approximately 2,260,000 new breast cancer cases (11.7% of all new
cancer cases) had been diagnosed in 2020, claiming the lives of more
than 684,990 patients (30.3% of new breast cancer cases), therefore
making it the most common type of cancer. Thus, there is an urgent
need to decrease the incidence of breast cancer and develop previ-
ously unidentified, more effective treatments.

Breast cancer is the accumulated consequence of malignant and
intricate events caused by multiple genetic alterations (1). Domi-
nant mutations cause the acquisition of hyperproliferation poten-
tial, disrupt normal biological processes, and initiate other genetic
alterations to trigger tumorigenesis (2). Recent studies have identi-
fied some cancer driver genes, including p53, breast cancer—associ-
ated gene 1 (Brcal), Brca2, checkpoint kinase 2 (Chk2), and tumor
protein p53 binding protein 1 (53BPI), and have demonstrated the
involvement of these genes in carcinogenesis (3, 4).

BRCAL is a critical tumor suppressor in breast cancer and serves
as the guardian to maintain genome stability through homologous
recombination—mediated DNA double-strand break repair (5, 6).
Brcal mutation carriers have an age-dependent risk of developing
breast cancer with a cumulative first breast cancer risk of 61.8% at or
before 60 years of age (7) compared with 12.5% (or one in eight) in
Brcal wild-type (WT) individuals. The absence of Brcal impairs
DNA damage repair ability, thereby leading to DNA damage
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accumulation, which results in the inactivation of some tumor sup-
pressors and activation of some oncogenes, ultimately promoting
tumorigenesis (8, 9). To determine the mechanisms underlying
tumorigenesis associated with Brcal deficiency, we previously
conducted mammary gland-specific disruption of Brcal
in mice using an MMTV-Cre-mediated approach. Our
results showed that approximately 25% of mutant mice
(Brea 1Flox11/FloxIL AMTV-Cre mice) developed mammary tumors
at an average age of 18 months (10), which was relatively late in
the lifetime of mice. Loss of the tumor suppressor p53 markedly ac-
celerates tumorigenesis accompanied by massive genetic alterations
(11), suggesting that some additional factors may be involved in
tumor initiation and/or progression.

To identify the potential factors that may participate in Brcal-
associated tumorigenesis, we had adapted a traditional genetic ap-
proach by interbreeding Brcal-mutant mice with mouse strains car-
rying targeted disruptions of p53, p21, ATM, CHK2, or 53BP1 genes
(4, 12-14). These studies not only demonstrated that loss of p53
relaxes cell cycle control and attenuates apoptosis, which enables
Brcal-deficient cells to survive and eventually become malignantly
transformed, but also revealed the involvement of ATM, p21, 53BP1,
and CHK2 in the Brcal-deficient background to trigger tumor for-
mation (4, 13). Because these studies could only test candidate genes
one by one, we have also conducted an unbiased in vivo screening
by integrating the sleeping beauty system (SB*;720nc3") (15) into
the Cre-LoxP-mediated Brcal mammary gland-specific knockout
(KO) (BrcalFloxl 1/Flox1 1;MMTV—CT€ and BrcalFloxl 1/Flox1 1; Wap—
Cre) mouse model. This study identified 169 candidate genes,
among which Notchl was identified as a potent oncogene, whose
activation enhances BRCA1-related tumorigenesis (16).

In the present study, we further analyzed this 169 gene list (16)
and found that Cullin-5 (Cul5), which was ranked at the fourth
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position in the list, acted as a top candidate tumor suppressor,
whose disruption enhanced Brcal-related tumorigenesis. This
notion was confirmed by our parallel whole-genome screening me-
diated by clustered regularly interspaced short palindromic repeats
(CRISPR)—Cas9. Mechanistically, we found that CUL5 ubiquity-
lates adenosine 3',5'-monophosphate (cAMP)-responsive binding
protein 1 (CREBI1) to degrade it under both regular and stress con-
ditions to suppress tumorigenesis, and conversely, Cul5 deficiency
activated CREB1-CCL2, leading to tumor growth via induction of
changes in the tumor microenvironment (TME).

RESULTS

Cul5 deficiency promotes BRCA1-associated tumorigenesis
Our analysis on 306 tumors developed in the
Brea [ Flox1V/Flox1L NNVTV-Cre;SB mice and Brealf'ex1/FloxIl A p-
Cre;SB mice (16) revealed that Cul5 was mutated by Sleeping
Beauty (SB) transposon insertion in 77 tumors developed in 65
mice. When comparing the tumor-free curves of Brcal-mutant
mice with or without Cul5-SB insertion, we found that SB-mediated
mutagenesis on Cul5-SB markedly enhanced the tumorigenesis
(Fig. 1A). The insertion sites of the SB transposon spread across
the entire Cul5 locus with either in the same or against transcription
direction at a random pattern (Fig. 1B), suggesting that the en-
hanced tumorigenesis was associated with loss-of-function muta-
tions of Cul5 in Brcal-deficient mice.

In parallel, for the purpose to identify more cancer drivers, we
had also conducted genome-wide CRISPR-Cas9 library screenings
in mouse embryonic fibroblasts (MEFs), which were freshly derived
from 13.5-day Brcaltox11/FloxIly T/mG embryos. The MEFs were
infected with an adenovirus-expressing Cre to knock out Brcal
exon 11, followed by fluorescence-activated cell sorting (FACS) to
isolate the Brcal-mutant cells. Despite the slower growth of Brcal-
mutant MEFs (17), we were about to obtain 1 x 107 mutant MEFs at
one passage after sorting and immediately infected them with a len-
tivirus harboring a mouse GeCKOV2 single guide RNA (sgRNA)
library (18) or control lentivirus, followed by continuous in vitro
passaging under regular cell culture conditions (fig. SIA). Our
data indicated that MEFs infected with the GeCKOv2 sgRNA
library overcame the lethality caused by Brcal deficiency, whereas
Brcal-mutant MEFs infected with control virus exhibited extremely
poor growth rates and could not grow after passage 3 (Fig. 1C).

To identify the candidate genes whose alteration suppressed le-
thality caused by Brcal deficiency, we conducted next-generation
sequencing (NGS) to identify sgRNAs in serial passages of MEFs
and in tumors samples derived from nude mice with the implanta-
tion of MEF cells at passages 1 and 16 into their mammary fat pad
(fig. S1B). While no tumors were formed in the recipient (n = 6) that
received the injection of cells at passage 1, all recipient mice (n = 6)
injected with cells from passage 16 developed tumors within 1
month (Fig. 1D).

NGS analysis identified the number of sgRNA pairs in cells or
tumor samples; a higher number of pairs indicated a greater contri-
bution to growth advantage; the original data were shown in table
S1. We focused on candidate genes whose sgRNA appeared in both
cell growth screening and nude mouse allograft tumors (Fig. 1E).
p53 ranked first in the candidate list in the presence of all six
sgRNAs in the screening. This was followed by 22 other genes,
whose sgRNAs appeared as one to three pairs, including Cul5, A-
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kinase anchoring protein 10 (Akap10), 7-dehydrocholesterol reduc-
tase (Dhcr7), and checkpoint kinase 2 (Chk2), these genes are
related to p53 directly and indirectly (fig. S1C). Loss of p53 has
been reported to accelerate tumor formation in the Brcal deficiency
background (19), and CHK2 regulates DNA damage repair via p53
and BRCAL1 and promotes tumor formation in breast cancer (20—
22). Thus, we considered p53 and Chk2 genes to be positive controls
confirming that the screening generated reliable results. This anal-
ysis revealed that Cul5 was a common candidate for SB screening
and CRISPR-Cas9 screening (Fig. 1F).

Informatic analysis of The Cancer Genome Atlas database indi-
cated that the expression level of CUL5 was decreased in human
primary breast tumors (n = 1097) compared with that in normal
tissues (n = 114) and that the expression level further decreased
in metastatic tumors (n = 7; Fig. 1G). Further analysis of molecular
subtypes of breast cancer revealed substantially lower levels of CUL5
in Basal, Her2", Luminal A, Luminal B, and normal-like breast
cancers (fig. S1D). Kaplan-Meier plot of 1010 patients with breast
cancer also showed that breast cancer patients with lower levels of
CULS5 have lower probability of survival than the patients with
higher levels of CUL5 (Fig. 1H). These clinical data were consistent
with our finding that Cul5 deficiency promoted tumorigenesis in
breast cancer; therefore, we chose Cul5 as a candidate gene for
further analysis.

Cul5 knockout partially suppresses cellular lethality caused
by Brca1 deficiency

Since we found that lentivirus infection of the CRISPR library in
Brcal-deficient MEFs overcame the lethality of Brcal deficiency
via enrichment of Cul5-sgRNAs in the surviving cells, Cul5 defi-
ciency might be involved in overcoming the lethality associated
with Brcal deficiency. To examine this, we used an inducible
Brcal-knockout embryonic stem (ES) cell line (Breal™*!¥/=;Cre-
ERT2), in which Cre-mediated recombination was controlled by
4-hydroxytamoxifen (4-HT), as illustrated in Fig. 2A. Acute knock-
out of Brcal by 4-HT treatment resulted in no alive Brcal™~ ES
colonies among the 96 ES colonies analyzed (Fig. 2B and fig.
S2A). By contrast, we observed 8.3% (8 of 96) of Brcal~/~ ES colo-
nies survived in Cul5-knockout (Brcal™*!/=;Cre-ERT2;Cul5~'")
ES cells, respectively (Fig. 2B and fig. S2A). We have shown
earlier that deficiency of several genes including p53 and ATM
could also suppress lethality caused by Brcal deficiency (4, 12—
14). As a comparison, we also knocked out these two potent
tumor suppressors and found that disruption of p53 and ATM re-
sulted in 37.5 and 22.9% Brcal™~ ES colonies, respectively
(Fig. 2B). These observations suggest that Cul5 deficiency, although
not as potent as p53 deficiency or ATM deficiency, partially sup-
pressed cellular lethality caused by Brcal deficiency. Similarly,
Cul5 knockout also partially suppressed the cellular lethality
caused by acute knockdown of Brcal (shBrcal) in the mouse
mammary cancer cell line 4T1 (Fig. 2, C and D, and fig. S2B).
These data indicate that Cul5 knockout partially suppresses the le-
thality caused by Brcal deficiency in different cell systems.

To further investigate the potential roles of Cul5 deficiency in
tumor growth, we knocked out Cul5 in both Brcal WT (B447:
Brcal™*;p537™/7) and Brcal mutant (G600: Brcal*'V/A1;p537/~)
cancer cells (23) and then evaluated growth rate under both in
vitro and in vivo conditions. The results indicated that Cul5 defi-
ciency did not affect cell proliferation in different mammary

20f18



SCIENCE ADVANCES | RESEARCH ARTICLE

A . SB-Cul’5 BrFlox1/Flox1  \WAP/MMTV-cre (n = 65)
—— Byfloxi/Flox1_\WAP/MMTV-cre (n = 118)

?100-

IS

3 75

£

2 M P <0.0001

2 25

20 40 60 8 10

0 120
Time (weeks)

Passage 1 Passage 2

Ctrl

50 um

1 Pairs ofzngNAs

. Number of sg in tumor CRISPR screening
! Number of sg in cell CRISPR screening

Forward insertion
- ; 3 Culs
= Reverse insertion
| Exons,,
< -
= -
» = = -
- - » - =
< > > = - =
- e = = - e
<~ - R - - - - - - -
= = - @ e D B e -
=» = <= = » - - - < <~ -
e el e 'l

19 181413 12 1198 76 5 4 3 2 1

Passage 3 D Passage 1 Passage 16
s planted planted
P <0.0001
G P=0.0039

SB screening

CULS5 expression level

Solid tissue normal Primary tumor Metastatic
(n=114) (n=1097) (n=7)

P=0.0176

Probability

Expression
_ Low
High

T
0 50

02

Time (months)

00

100

Fig. 1. Disruption of Cul5 by sleeping beauty and CRISPR screening rescued Brca1 lethality and triggered tumorigenesis. (A) Tumor-free curves of Brcalox""/
FloxT1.\Wap-Cre or Brca 170X 1/Flox11.(MTV-Cre mice with or without SB transposon insertion in SB mice. P < 0.0001. (B) The SB transposon insertion sites and directions in the
DNA sequence of Cul5. (C) Cell growth of MEFs after infection with a lentivirus-packaged mouse GeCKOv2 sgRNA library. Scale bars, 50 um. (D) Representative photo-
graphs of primary tumors formed in nude mice transplanted with MEFs (passages 1 and 16) in fat pads. (E) Statistical analysis of sgRNA numbers that represent candidate
genes appearing in both in vivo and in vitro screenings. (F) Cul5 and Fbxo9 were common candidate genes in CRISPR-Cas9 and SB screening. (G) The Cancer Genome Atlas
statistics showing the mRNA expression level of CUL5 in normal mammary tissues, primary tumors, and metastatic tumors from patients with breast cancer. P < 0.001. (H)
Kaplan-Meier plot showing the relationships between CUL5 expression and the probability of survival in 1010 human breast cancer patients (506 lower CUL5 and 504

higher CUL5).

cancer cell lines (Fig. 2, E to G) but accelerated tumor growth in
tumors derived from both Brcal-WT B447 and Brcal-Mutant
(MT) G600 cells, with a much stronger effect on the latter one
(Fig. 2, H to J). Knockout of Cul5 in these cells was confirmed by
Western blotting and DNA sequencing (Fig. 2K and fig. S2C). He-
matoxylin and eosin (H&E) staining showed that tumors with Cul5
deficiency expressed higher levels of Ki-67 and lower levels of
cleaved caspase-3 (Fig. 2, L and M).

We have tested Brcal-deficient HCC1937 cells (fig. S2, D and E)
and Brcal-WT MDA-MB-231 cells (fig. S2, F to I). In HCC1937
cells, we transfected BRCA1 to make a pair of Brcal ™'~ and
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Breal™* isogenic cell lines. The data indicated that expression of

BRCA1 completely suppressed tumor growth, whereas in both
HCC1937 and HCC1937-BRCA1 cells, sgCul5 enhanced tumor
growth (fig. S2, D and E). In MDA-MB-231 cells, we knocked
down Brcal to make a pair of isogenic cell lines, and the data re-
vealed that knockout of Cul5 enhanced the xenograft tumor
growth (fig. S2, E to I).

Overall, these data suggested that Cul5 served as a tumor sup-
pressor, and its deficiency promoted the initiation of Brcal-associ-
ated mammary tumorigenesis. Tumorigenesis may occur by
overcoming the lethality effect caused by Brcal deficiency.
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Fig. 2. Cul5 deficiency rescued lethality caused by Brca1 deficiency and accelerated tumor growth in breast cancer cells. (A) Schematic of inducible Brca1-knockout
ES cell system. 4-HT treatment knocked out Brca1 via CRE activation, leading to cell death via the apoptotic pathway. (B) Statistical analysis of the proportion of cells that
rescued lethality caused by Brca1 deficiency and remained viable by genotyping the BrcaT exon 11 alleles using PCR. (C) Representative giemsa staining for observation of
clonogenic cell growth in Brcal-knockdown 4T1 mammary tumors (n = 3). (D) Histogram showing the clonogenic cell growth of 4T1 cells (n = 3). (E) Cell growth curve of
Brcal-WT cells with Cul5 deficiency in vitro. (F) Cell growth curve of Brcal-mutant cells with Cul5 deficiency in vitro. (G) Cell growth curve of 4T1 cells in vitro. (H) Com-
parison of implanted tumors in fat pads of nude mice (n = 4). (I) Tumor sizes at different time points (n = 4). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 by two sided
Student's t test. (J) Tumor sizes at 24th hour (n = 4). (K) Western blot analysis of knockout efficiency in cancer cells. (L) Representative H&E, Ki-67, and cleaved caspase-3
immunostaining of primary tumors from nude mice derived from Brcal-mutant cells. (M) Quantification of positive cells in tumor samples from (L). ns, not significant.
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Meanwhile, Cul5 deficiency also promoted tumor development in
Brcal-WT cells, although at a lower efficiency than in Brcal-MT
cells, suggesting that CUL5 acts as a general tumor suppressor in
breast cancer.

CULS5 orchestrated the TME to regulate tumorigenesis

The above results revealed that Cul5-knockout (KO) cells showed
the similar proliferation rate as WT cells; however, Cul5-KO
tumors developed much faster than Cul5-W'T tumors (Fig. 2, H
and I). These data suggested that the TME might be involved in pro-
moting the growth of Cul5-KO tumors. To investigate this issue, we
knocked out Cul5 in 4T1 cells, which form tumors in immune-
intact BALB/c mice, the knockout efficiency was shown in
Fig. 3A. Tumors formed by 4T1-sgCul5 cells were substantially
larger than those formed by parental 4T1 cells in allograft models,
the tumor sizes were shown in Fig. 3B and tumor weights were
shown in Fig. 3C. To elucidate the differences in the TME
between Cul5-KO and Cul5-WT tumors, we applied cytometry by
time of flight (CyTOF) to profile immune cell populations. The
results showed that innate immune cell types, particularly mono-
cytes and polymorphonuclear myeloid—derived suppressor cells
(P-MDSCs), increased markedly in Cul5-KO tumors. Figure 3D
shows the t-Distributed stochastic neighbor embedding (TSNE)
results, and Fig. 3E shows the statistical analysis of the immune
cell types. We also noticed that the increase in P-MDSCs was ac-
companied by a decrease in T cells (Fig. 3F), creating a favorable
TME for tumor growth. Thus, we concluded that Cul5 deficiency
led to recruitment of monocytes and P-MDSCs to promote in
vivo tumorigenesis.

To further confirm these immune changes, we checked mono-
cytes and P-MDSCs in tumor sections using the markers CD11b
and Ly6G. Notably, Cul5-deficient tumors showed much more pos-
itive signals than WT tumors, indicating the aggregate accumula-
tion of immune cells, including P-MDSCs (Fig. 3, G and H). We
also tested the mRNA levels in these tumor samples mixed with
immune populations, and the results showed increase of monocyte
and P-MDSC markers, such as Ly-6G, CCL2, CCR2, etc. (fig. S3A).
To exclude the system interference in 4T1 cells, we induced Cul5
deficiency into EMT6 cells, which is another typical mammary
cancer cell line applied in immunology studies for breast cancer
(24). The results showed similar phenomenon with that in 4T1
system (fig. S3, B to F), which indicates that Cul5 deficiency alters
the TME and triggered tumorigenesis regardless of the cell types.

Cul5 deficiency promoted the secretion of cytokines to
regulate the TME

To further study TME changes in Cul5-deficient tumors, we digest-
ed the tumors and picked the single immune or tumor cells for
further single-cell RNA sequencing (scRNA-seq). The results pro-
filed immune cell subsets of about 230 cells from 18 mouse tumors
with sgCtrl or sgCul5. The uniform manifold approximation and
projection (UMAP) cluster result showed natural killer (NK) cells,
NKT cells, B cells, mast cells, endothelial cells, and innate lymphoid
cells (Fig. 4A and fig. S4A). We further identified the proportion of
each subtype by heatmap analysis (Fig. 4B) and pie plot analysis via
the gene expression patterns (Fig. 4C). The results revealed several
subtypes, including monocytes, macrophages, CD4-positive T cells,
CD8-positive T cells, B cells, and stromal cells (fig. S4B). Consistent
with the results in Fig. 3, knockout of Cul5 markedly enhanced the
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numbers of monocytes and macrophage cells and suppressed the
number of T cells (fig. S4C). As the monocytes are the initiatory
altered immune cells dominating other immune subtypes, we ana-
lyzed the gene expression difference in monocytes with or without
Cul5 deficiency (Fig. 4D). Cul5 knockout group showed higher ex-
pression of the genes involving regulation of cytokine production,
cytokine-mediated signaling pathway, and the neutrophil degranu-
lation (Fig. 4E). This result indicates that Cul5 knockout recruits the
monocytes by disturbing their cellular expression patterns, the sig-
naling is transduced by secreted cytokines (25).

To investigate the possible causes of these TME changes in Cul5-
deficient tumors, we conducted transcriptome analysis of 4T1 cells
to study the downstream pathways of CUL5 (Fig. 4F). Gene set en-
richment analysis (GSEA) indicated that the proteasome pathway
was enriched in Cul5-deficient samples, which may serve as the neg-
ative feedback in response to Cul5 deficiency (Fig. 4G and fig. S4, D
and E). The chemokine signaling pathway was also enriched in
Cul5-deficient samples (Fig. 4H). The heatmap further showed
that some cytokines were induced upon Cul5 deficiency; these cy-
tokines included tumor-released monocyte chemoattractant
protein 2 (CCL2), C-C motif chemokine ligand 5 (CCL5), C-X-C
motif chemokine ligand 10 (CXCL10), and CXCL5 (Fig. 4I).
These results were confirmed by gene expression analysis using
reverse transcription polymerase chain reaction (RT-PCR) in
three different mammary cancer cell lines (Fig. 4]), increase of
CCL2 is the most obvious in Cul5 knockout group compared to
WT group. Previous studies have reported that monocytes are re-
cruited mainly by CCL2 (26, 27), and recruitment also involves
CCL5 (28, 29), CXCL10 (30, 31), and CXCL5 (32, 33). Thus, the
increase of these cytokines may be responsible for the recruitment
of monocytes in TME.

CULS5 ubiquitylates and degrades CREB1, especially under
protein damage condition

Because CUL5 functions as a ubiquitin ligase scaffold protein, we
next conducted a proteomic assay to identify proteins that are
mainly regulated by CUL5 (Fig. 5A). In the isogenic pairs of
G600-control and G600-sgCul5 cells, we found that cyclin-depen-
dent kinase 13 (CDK13), TITIN (Connectin, TTN, which might be
a common hit by mass spectrometry due to its large size), and
CREBI1 showed the highest fold changes among the isogenic pair
of cells, suggesting that these proteins may be regulated by CUL5
(Fig. 5B; tig. S5, A and B; and table S2). Functional enrichment anal-
ysis by Metascape online tool indicated that these candidate pro-
teins belonged to the protein-DNA complex assembly and
regulation of binding (Fig. 5C). To further confirm the regulatory
effects of CULS5, we validated the candidate protein level in allograft
tumors. CREB1 showed the most obvious up-regulation in Cul5-de-
ficient tumors (Fig. 5D). Similarly, we evaluated the expression cor-
relation between CUL5 and CREBI1 using an SB tumor tissue
microarray. Higher expression of CREB1 was detected in the
Cul5-deficient group (Fig. 5, E and F), indicating that the expression
level was highly related to CUL5 expression. Metabric assay shows
that the CULS5 expression level was negatively related with the ex-
pression level of CREB1 (fig. S5C).

CREBI is a classic transcriptional factor that participates in mul-
tiple cellular processes, such as cell survival, proliferation, neuronal
development, cell migration, cancer, and inflammation (34).
Notably, in clinical studies, CREB1 has been shown to be both
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Fig. 3. Cul5 deficiency disrupted the TME and promoted monocytes and P-MDSC. (A) Western blot analysis of CUL5 expression in 4T1 cells with Cul5 deficiency. (B)
Tumor size (n = 8) of xenografts in fat pads implanted with 4T1 cells with Cul5 deficiency. (C) Tumor weight (n = 8) of xenografts in fat pads implanted with 4T1 cells. (D)
TSNE results of CyTOF assays to analyze immune subtypes (n = 4). (E) The proportion of each immune subtype in all eight samples. (F) Histogram showing a summary of
immune cell changes for each cell subtype (n = 4). (G) Representative immunohistochemical results showing immune markers in Cul5-knockout tumors samples. (H)
Quantification of positive cells in Cul5-knockout tumor samples.
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Fig. 4. Cul5 deficiency promoted chemokine signaling pathway activation. (A) UMAP plot showing integrated immune cell clusters from sgCtrl and sgCul5 tumors.
The results profiled immune cell subsets of about 230 cells from 18 mouse tumors with sgCtrl or sgCul5. (B) Heatmap of phonograph clusters of immune cells; rows
represent different clusters of single cells. DC, dendritic cell, ILC, innate lymphoid cells, Tgd, T gamma delta immune cells. (C) Pie plot showing the cell types and their
proportions among the immune populations. (D) Heatmap of gene expression patterns of monocytes; rows represent clusters of single cells grouped by different sgRNA
treatments to knockout Cul5. (E) Up-regulated pathways of monocytes in Cul5 knockout groups compared with Cul5 wide-type group. (F) Volcano plot of RNA-seq gene
expression changes due to Cul5 deficiency in 4T1 cells (n = 3). (G) Gene set enrichment analysis (GSEA) revealed up-regulated chemokine signaling pathway in Cul5-
knockout cells. NES, normalized enrichment score; P < 0.05. (H) GSEA revealed proteasome pathway in Cul5-knockout cells. P < 0.05.(I) Relative mRNA level of genes in the
chemokine pathway in 4T1 cells with Cul5 deficiency, as determined by RNA-seq (n = 3). (J) Relative mRNA levels of several cytokines in 4T1, mammary cancer cell line with
mutant Brcal (G600), and mammary cancer cell line with WT Brcal (B477) (n = 3).

7 of 18

Chen et al., Sci. Adv. 9, eabq1395 (2023) 20 January 2023



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 5. Accumulation of CREB1 was A
related to Cul5 deficiency. (A) sgCuls1 L R . e
Schematic of proteomics analysis b } Shetaun proteonics | . i Pr?teigsb
P ysis by sgCuls-2 BT VRN  peptides R
the shotgun method. LC/MC, Liquid D'ge“
Chromatograph Mass Spectrometer.
(B) Up-regulated proteins in Cul5- B w © c D sgCuls-1 sgCul5-2 sgCtrl
deficient mammary cancer cells, as Y3 s o4 ) o B R B, Y R v R \<‘
d ined b | EE é 3 3 5 ] | Regulation of binding G’g& @a bxé)ubc) b«bb b«@ (,7’\
etermined by mass spectrum anal- 2 2 2 » 2 o | Positive regulation of secretion by cell _J L
ysis. The sample marked “re” is the cak3 ] | Metabolism of lipid o TE TR
> ! ! o ] Neutrophil degranulation 100 130 100 052 055 091 053 037
b|0|OgICB| duplicate. (C) Up-feglﬂatEd PhiSa ] Extrinsic apoptotic signaling pathwaymm_l ) ---J CUL5
pathways in Cul5-deficient mammary  osspiis [ ] lation of cell junction assembly W0 0s 08t 279 36 1156 mes za,wz‘
. . Paics Membrane organization —— e ————— ——

_ Ipod = . TUBULIN
cancer cells according to the candi e — PromInDNATpleassarbly 0 e ————
date score in (B) by metascape online cpret ‘ " RNA splicing o —— ACTIN
tool. (D) Western blot analysis of the i Ia'ss‘“’ BRI R g B 100 105 0% 085 o081 088 075 077

. I Tortb 790
up-regulated candidate proteins in Hott b E Samplel Sample2 Sample3 Sample4 Sample5
Cul5-deficient tumors. (E) Represen- Myt — g2 R e gy T O T ; 5

461
395
329
263
198
132
066
0.00

tative immunohistochemical staining
of CUL5 and CREB1 in mouse SB
tumors with Cul5 deficiency. (F) Cal- ‘Wbt
culated percentage of CREB1-positive
cells in Cul5-WT or Cul5-mutant SB
samples (n = 43 and 40, respectively).

Cul5 mutated

LL~

o R eTs

" .."?I'w‘f\}gté
L) v

(G) Western blot results of MDA-MB- ~ F
231 human breast cancer cells in the % 8
Tet-On system. Dox, doxycycline (1 g o
T L
ug/ml). (H) Western blot analysis of = =
w
the related proteins in HCC1937 cells S os é
with knockdown of SOCS2, SOCS3, or o 2
Elongin B. (I) Immunoprecipitation g N
(IP) assays showing the interaction of g
GJ
endogenous CREB1 and CULS5 in e
HCC1937 cells with knockdown of G
SOCS2, SOCS3, or Elongin B. (J) Im- 5 . , s 6 18 30 (hows 5
oX ours) N
munoprecipitation assays showing N 500"150%00‘* @ - CuL5
. . X 1. .24 Al 7:
the interaction of overexpressed mml T ———— — ‘CREB1 SN N O e ) crest
. r g y ; CREB1 &
CREB1 and CUL5 in 293T cells. T
' . —
MG132, 10 uM, 6 hours. CHX, cyclo- P . ! 'oo oz s o CULS cUis
o T . socs:
heximide, 10 pM, 6 hours. (K) Immu- T 5 ECREM
noprecipitation assays showing the MJ m‘ ACTIN - - o 3 50CS2
L . c
interaction between CUL5 overex- W 0s 0 o o  om @ Elongin B r
. MD231 — - s0cs3
pression and endogenous CREB1 ex- [N ACTIN
fon: ! J SEE 00
pression in 293T cells. IB, MYC-CULS — &+ — s+ 44 1937 AT
i DI - __—d
immunoblot. (L) Immunoprecipita HA-CREB1 - - & i o4 4 0 1w 1o e s
tion assays showing the ubiquitina- MG132 CHX K 1937 &
i i i 102 3 4 5
and treatment of MG132, 10 uM for 7 g w100 57 508 30 21 9 _l:| 1B: CREB1 Flag-Culs + - - + +
5 :
[P : < =g = s Myc-Ub - - 4+ + +
hours. Ub, ubiquitination. i MP‘— — -..-‘ 1B: HA % I w w o [
= R YR T R el IB: CUL5-FLAG el "
- & W am 1B: U
1B: MYC § —
’““’* ] o " 1B: CREBY el i
1.00 657 071 529 564 519 25 kDa— =
= w1 100 105 16 1se 2
Q
= ml ---- ‘ B:HA |, “| IB: CUL5-FLAG s SN B: HA
Q 1.00 64.59 100 392 402 412 582
Bl 4176 41, 5313 2150 = e
- —— [T B I
35 kDa 1.00 084

293T

up-regulated and constitutively phosphorylated in patients with
acute myeloid leukemia and non—small cell lung cancer (35). To
further confirm the correlation between CREBI and CULS5, we
used a Tet-On system to induce CUL5 overexpression in multiple
mammary cancer cell lines. Overexpression of CUL5 decreased
the protein level of CREBI in a time course study (Fig. 5G and
fig. S5D). We also tested previously identified substrates or
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100

530 428 443 534

downstream proteins of CULS5, such as TANK-binding kinase 1
(TBK1), snail family transcriptional repressor 2 (SNAI2), and
MAPK associated protein 1 (SIN1), knockout of Cul5 increased
the expression of TBK1, SNAI2, and SIN1 along with CREB1 (fig.
S5, E and F). These data suggest that CREBI is one of the main
downstream proteins of the CUL5. According to previous publica-
tions (36), we checked suppressor of cytokine signaling (SOCS)-box
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adaptor proteins that may be involved in Cul5-CREBI axis, includ-
ing SOCS2, SOCS3, and Elongin B. The data indicated that knock-
down of these proteins increases the level of CREBI1 (Fig. 5H), and
knockdown of SOCS2 or SOCS3, but not Elonbin B, interferes inter-
action between CREB1 and CUL5 (Fig. 5I). These data suggest that
SOCS2 and SOCS3 play a more critical role in CUL5 and CREB1
interaction than Elongin B, although it might be involved in the sta-
bilization of CREBI.

To confirm the physical contact between CREB1 and CULS5, we
detected the interactions of these proteins using immunoprecipita-
tion analysis. CREB1-human influenza hemagglutinin (HA) and
CULS5-Flag were overexpressed in 293T cells. Anti-HA antibody
was used to immunoprecipitated CREB1-HA, and CUL5 was de-
tected by immunoblotting. The results demonstrated that this inter-
action occurred and could be enhanced by MG132 and suppressed
by cycloheximide (Fig. 5]). Similar results were confirmed using im-
munoprecipitation of Flag-CUL5 with immunoblotting for endog-
enous CREBI1 (Fig. 5K and fig. S5I). Consistent with our finding
that CULS5 deficiency increase the CREB1 protein level, our data in-
dicated that CUL5 ubiquitylates CREB1, and the ubiquitination
could be further enhanced by MG132 (Fig. 5L). We have shown pre-
viously that that many therapeutic drugs could damage protein, and
the damaged proteins were ubiquitinated and degraded by proteo-
somes (37). To test whether CREB1 could be damaged and degrad-
ed upon the treatment of therapeutic drugs, we treated cells with
cinacalcet hydrochloride, which is a U.S. Food and Drug Adminis-
tration—approved drug for chronic kidney disease and parathyroid
carcinoma. The data indicated that it induced strong protein
damage and caused ubiquitination of CREBI (fig. S5, ] and K). To-
gether, these data showed that CREB1 is previously unidentified
substrate of CUL5; meanwhile, we found that ubiquitination was
substantially enhanced under the protein damage condition.

CULS5 regulated CREB1 expression to facilitate the
reprograming of the TME

A recent study showed that CREB1 could regulate CCL2 through
transforming growth factor—p2 (TGF-P2) (38). Therefore, we spec-
ulated that CUL5 might act through CREBI to mediate the forma-
tion of the TME and thereby promote tumorigenesis. To investigate
this, we knocked out Crebl in Cul5-WT and Cul5-KO cells
(Fig. 6A), followed by inoculation of the cells into mice to
monitor tumorigenesis. We found that Crebl knockout abolished
the tumor growth advantage of Cul5-KO cells (Fig. 6, B to E), sug-
gesting that CREB1 might participate in tumor growth in Cul5-KO
tumors and that higher expression levels of CREB1 in Cul5-KO cells
might trigger tumor growth. Consistent with our previous results,
we found that knockout of Cul5 facilitated tumorigenesis, whereas
Creb1 deficiency abolished this effect. Meanwhile, we implanted the
tumors in G600-Nude mouse system and achieved the similar
results (fig. S6, A and B). To confirm Crebl's contribution on
tumor growth in 4T1-Balb/c system, we knocked out Crebl in
front of Cul5; the phenomenon was quite similar as the Fig. 6A
shows, which confirmed that Creb! deficiency could inhibit the tu-
morigenesis caused by Cul5 deficiency (fig. S6, C and D). To further
validate the roles of CREB1 in Cul5-defective tumors, we processed
the tumor samples using CyTOF assays (Fig. 6F). Same with the
results in Fig. 3, Cul5 deficiency promoted the recruitment of
monocytes and P-MDSCs and further suppressed T cells, whereas
knockout of Crebl in the Cul5-deficient background reversed these

Chen et al., Sci. Adv. 9, eabq1395 (2023) 20 January 2023

changes in the TME. Crebl knockout abolished the recruitment of
monocytes and P-MDSCs induced by Cul5 deficiency and increased
T cell populations (Fig. 6G and fig. S6, E and F). These results in-
dicate that CREBI is the main downstream molecule of CUL5 in
modulating the TME.

By detecting the expression patterns of CREB1 downstream
genes, we found that knockout of Cul5 enhanced the expression
of CREBI target genes, such as estrogen receptor 1 (ESR1), vascular
endothelial growth factor (VEGF), and brain-derived neurotrophic
factor (BDNF), in Brcal-deficient and WT mammary cancer cells
(Fig. 6, H and I). Crebl knockout reversed the expression patterns
of ESR1, VEGF, and BDNF in Cul5-knockout mammary cancer
cells (Fig. 6]). CREB1 binds to its DNA target sequence [i.e., the
cAMP-responsive element (CRE)] and initiates gene expression
(34). Our results showed that knockout of Cul5 in Brcal-deficient
mammary cancer cells also enhanced the CREB1 binding activity
toward the CRE binding site by abolishing the CREB1 degradation
process (Fig. 6K).

CREBI has been reported to regulate many types of immune
cells, both in adaptive and innate immune systems (34); for
example, CREBI1 has been found to recruit both monocytes and
macrophages (39-41). In our study, we found that Cul5 deficiency
increased CREB1 protein levels, resulting in enhanced recruitment
of immune cells, such as monocytes and macrophages, through its
downstream cytokines, such as CCL2, CCL5, CXCL5, and CXCL10.

CCL2 is regulated by CUL5 and CREB1 to enhance the
tumor growth

To validate the association of CCL2 with CUL5 and CREBI in tu-
morigenesis, we knocked out Ccl2 in Cul5-WT and Cul5-KO cells
(Fig. 7A) followed by inoculation of the cells into BALB/c mice for
tumorigenesis. We found that CcI2 knockout abolished the tumor
growth advantage of Cul5-deficient cells (Fig. 7, A to C), indicating
that CCL2 might participate in the growth of Cul5-KO tumors and
that higher expression levels of CREBI in Cul5-KO cells might
trigger tumor growth. Consistent with our previous results, we
found that knockout of Cul5 facilitated tumorigenesis, whereas
Ccl2 deficiency abolished this effect. To further validate the role
of CCL2 in Cul5-deficient tumors, we extracted the proteins and
mRNA of the tumor samples. It shows that knockout of Cul5 in-
creased the expression level of CCL2 (Fig. 7, D and E). Meanwhile,
knockout of CrebI in Cul5-deficient 4T1 cells reduced the expres-
sion level of CCL2 (Fig. 7F), which is consistent with previous pub-
lication that CREB1 positively regulates the expression and
secretion of CCL2 (38). Our results suggest that Cul5 deficiency en-
hances tumorigenesis in mammary cancer mainly through CREB1
and CCL2, and CCL2 is also regulated by CREBI.

A CREB1 inhibitor blocked the TME to promote successful
tumor treatment

CULS5 functions as a tumor suppressor in breast cancer, and its ex-
pression often remains at a relatively low level in clinical tumor
samples. Activation of CULS5 or inhibition of downstream activities
may have applications in the treatment of cancers with low levels of
CUL5. However, in a literature search, we found no suitable agonist
for activating CULS5; thus, we focused on 666-15, an inhibitor of
CREBI1. We found that this compound, under in vitro condition,
had a moderate inhibitory effect on Brcal-WT 4T1 cells but elicited
a much stronger effect on Brcal-MT G600 cells (Fig. 8, A and B). To
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Fig. 6. Creb1 deficiency reversed the effects of Cul5 deficiency. (A) Western blot analysis to confirm the knockout efficiency in 4T1 cells. (B) Photograph showing tumor
size (n = 8) of xenografts in fat pads implanted with 4T1 cells with Cul5 and Creb1 deficiency. Cul5 was knocked out first, following by Creb1 knockout. (C) Tumor weight
(n = 8) of xenografts in fat pads implanted with 4T1 cells. (D) Tumor growth curves (n = 8) of xenografts in fat pads implanted with 4T1 cells with WT Cul5. (E) Tumor growth

curves (n = 8) of xenografts in fat pads implanted with 4T1 cells with Cul5 deficiency. (F

) TSNE results of CyTOF assays for analysis of immune cell subtypes (n = 6). (G) The

proportion of each immune cell subtype in Cul5- or Creb1-deficient tumors. (H) Relative mRNA levels of target genes in Brcal-deficient mammary cancer cells with Cul5
deficiency (n = 3). (I) Relative mRNA levels of target genes in Brcal-WT mammary cancer cells with Cul5 deficiency (n = 3). (J) Relative mRNA levels of target genes in Brcal-

deficient mammary cancer cells with Cul5 and Creb1 deficiency. (K) Relative luciferase
iency. RIP-CRE, the active form of CRE; SOM-CRE, the inactive mutant of CRE.

confirm whether the drug works well in vivo, we injected 4T1 and
4T1-sgCul5 cells into BALB/c mice. The data indicated that tumors
derived from 4T1-sgCul5 cells grew much faster than 4T1 parent
cells, consistent with our earlier observation that CUL5 acted as a
tumor suppressor (Fig. 8C). Treatment with 666-15 nearly
completely reversed the tumor growth caused by Cul5 deficiency,

Chen et al., Sci. Adv. 9, eabq1395 (2023) 20 January 2023

activity of CRE in Brcal-deficient mammary cancer cells with Creb1 and Cul5 defic-

as determined by measurement of tumor weight (Fig. 8C) and
size (Fig. 8, D and G) and cell proliferation (Fig. 8H). Immunohis-
tochemistry using markers for various immune cell types also
showed that 666-15 treatment reversed the TME caused by Cul5 de-
ficiency (Fig. 81). We have also treated 4T1-shBrcal, 4T1-sgCul5,
4T1-sgCul5 + shBrcal, and 4T1-sgCtrl cell lines with 666-15, and
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Fig. 7. Ccl2 deficiency reversed the effects of Cul5 deficiency. (A) Photograph showing tumor (n = 6) of xenografts in fat pads implanted with 4T1 cells with Cul5 and
CcL2 deficiency. Cul5 was knocked out first, following by CcL2 knockout. (B) Tumor growth curves (n = 6) of xenografts in fat pads implanted with 4T1 cells with WT-Cul5.
(C€) Tumor weight (n = 6) of xenografts in fat pads implanted with 4T1 cells. (D) Western blot analysis to confirm the expression level of CCL2 in tumors. (E) Relative mRNA
levels of target genes in Brcal-deficient mammary cancer cells with Cul5 deficiency (n = 3). (F) Relative mRNA levels of target genes in Brcal-deficient mammary cancer

cells with Cul5 and Ccl2 deficiency (n = 3).

the data showed that 666-15 substantially inhibited the Brcal
mutant cell growth and tumorigenesis (fig. S8).

In summary, our findings in this study showed that 666-15 treat-
ment rescued Cul5 deficiency by inhibiting the function of CREB1
in recruiting immune cells, such as monocytes and MDSCs. In
summary, our studies identify that Cul5 deficiency triggers tumor
growth via TME equilibrium, causes the aggregation of monocytes
and P-MDSCs, and leads to a decrease in the number of T cells. This
phenomenon is reversed by knockout of Crebl, a substrate of the

Chen et al., Sci. Adv. 9, eabq1395 (2023) 20 January 2023

ubiquitin ligase CUL5. The 666-15, an inhibitor of CREBI, blocks
tumor growth caused by Cul5 deficiency (Fig. 8]).

DISCUSSION

In this study, we conducted sleeping beauty—mediated genome-
wide screening in Brcal-deficient cells and mouse models to iden-
tify the possible synergic genes whose deficiency may accelerate
Brcal-associated tumorigenesis. The results revealed that Cul5 de-
ficiency promoted tumor growth in Brcal-deficient mice, which
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Fig. 8. Effects of CREB1 inhibitor treatment in Cul5-deficient tumors. (A and B) Cell survival rate with Cul5 knockout (sgCul5) following CREB1 inhibitor (666-15)
treatment in 4T1 (Brcal-WT) cells (A) and G600 (Brca1-MT) cells. The 4T1 and G600 cells have quite different sensitivity toward the inhibitor, with half-maximal inhibitory
concentration values of 2.15 and 0.68 uM, respectively. (C) Tumor weight (n = 6 for each group) of xenografts in fat pads implanted of 4T1 cells with Cul5 deficiency and
666-15 treatment at day 20. 666-15, 10 mg/kg, once a day, 5 days/week. (D) Tumor volumes of 4T1-sgControl cells, 4T1-sgCul5 cells, and 4T1-sgCul5/666-15. (E to G) Tumor
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antibodies to Ki-67 (H) and immune cell markers, Ly6G, F4/80, and CD3 (1) of primary tumors from in vivo drug treatment assays. (J) Model summarizing Cul5 deficiency as
a master switch of the TME to mediate tumorigenesis in breast cancer via CREB1 and CCL2.
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was subsequently confirmed by CRISPR-Cas9-mediated screening.
During the tumor growth process, Cul5 deficiency facilitated the re-
cruitment of monocytes and P-MDSCs, which suppressed T cell
populations and created a favorable TME for tumor growth. More-
over, the data also showed that CREBI interacted with CUL5 and
acted as a previously unidentified ubiquitination substrate of
CULS5; the ubiquitination was enhanced under protein damage con-
dition. When Cul5-deficient tumors were treated with the CREB1
inhibitor 666-15, their growth was inhibited. Thus, these findings
may facilitate the development of previously unidentified treat-
ments for breast cancer.

Monocytes are the largest type of leukocytes and can differenti-
ate into myeloid lineage dendritic cells and macrophages (42). They
are also important innate immune cells related to many cancer-as-
sociated procedures, such as immune tolerance, angiogenesis, met-
astatic spread, and chemotherapy resistance (26). Previous studies
have shown that MDSCs affect tumorigenesis by linking inflamma-
tion and cancer; the plasticity of MDSCs either positively or nega-
tively contributes to growth or metastasis in a yin-yang model (43).
A study on pancreatic cancer showed that deletion of the gene en-
coding collagen type 1 leads to recruitment of MDSCs and suppres-
sion of CD8-positive T cells via increased CXCL5 in cancer cells
(44). We also found that an increase in P-MDSCs led to a decrease
in T cells. Thus, our findings support that Cul5 deficiency promotes
the recruitment of monocytes to the tumor region, enabling the
construction of an immunosuppressive microenvironment for
tumor growth.

CCL2 recruits inflammatory monocytes to promote tumor me-
tastasis in breast cancer (45). The CCL2/CCR2 signaling axis has
attracted much interest in recent years owing to its relationships
with tumorigenesis (26, 46). Inhibition of the CCL2/CCR2 axis at-
tenuates monocyte aggregation in a mouse mammary cancer model
and reduces tumorigenesis and metastasis (45, 47). Moreover,
Ccr2™'~ mice show fewer circulating monocytes (48, 49). Inhibition
of CCL2 by oral administration of bindarit suppresses inflammatory
monocyte infiltration and alters macrophage populations (50). Fur-
thermore, in this study, we found that Cul5 deficiency increased the
levels of several cytokines, including CCL2, CCL5, CXCL5, and
CXCL10, which are known to play various roles in recruiting mono-
cytes (26-33). Therefore, we believe that up-regulation of these cy-
tokines is responsible for the formation of a tumor immune-
suppressive microenvironment.

Several previous studies have also found decreased levels of
CULS5 in different cancer cells, including lung cancer cells and
ovarian cancer cells (51, 52). Recently, one group reported that
the absence of CULS5 triggers metastasis in small cell lung cancer
and that CULS5 deficiency inhibits the degradation of integrin p1,
leading to the aggregation of integrin 1. CULS5 deficiency promotes
focal adhesion kinase/SRC signaling and enhances metastasis.
Moreover, they showed that the CUL5 and integrin 1 genes were
involved in the formation of small cell lung cancer (53). Another
team reported that CUL5 functions as a previously unidentified
candidate tumor suppressor in renal cell carcinoma by preventing
DNA damage and participating in DNA double-strand break repair
(54). Other reports have provided limited evidence that CUL5 par-
ticipates in the signal transducer and activator of the transcription/
Janus kinase 2 pathway (55), is involved in the phosphorylation of
mitogen-activated protein kinase (MAPK) and p53 (56), regulates
the function of gp130 signaling (57), and degrades the Dishevelled,
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EGL-10 and pleckstrin (DEP) domain—containing mammalian
target of rapamycin (mTOR)—interacting protein (DEPTOR) to reg-
ulate the mTOR pathway (52, 58). However, very little is known re-
garding the functions of CUL5 in the tumorigenesis of
breast cancer.

In this study, we found that CUL5 expression levels were obvi-
ously decreased in human primary breast cancers compared with
that in normal tissues and were further decreased in metastatic
tumors. We found that breast cancer patients with lower levels of
CULS5 have lower probability of survival than patients with higher
levels of CUL5. We have also compared CUL5 expression in human
triple-negative breast cancer (TNBC) versus non-TNBC and
Brcal ™'~ versus Brcal*'* breast cancers, and there are no obvious
differences in these comparisons. These data indicated that like its
role in several other type of cancers; CUL5 may also serve as a breast
tumor suppressor. Regarding to its relationship with BRCA1, our
functional analyses demonstrated that Cul5 deficiency markedly en-
hances Brcal-associated tumorigenesis. We have previously dem-
onstrated that Brcal deficiency does not directly cause
tumorigenesis; instead, it results in cellular growth defects duo to
genetic instability, and the tumorigenesis could occur after some
further changes, including inactivation of tumor suppressors
(such as p53 and ATM) (4, 12-14) and activation of oncogenes
(such as ERa signaling and Notchl) (16, 23, 59). Our further analysis
indicated that loss of CUL5 ubiquitin ligase activity enables the
Brcal mutant cells to overcome the cellular growth defects and pro-
liferation. While Cul5 deficiency supports tumor growth of both
Brcal-WT and Brcal-MT cancers, Cul5 elicits much higher effi-
ciency for the Brcal-MT cancer. Thus, our data reveal that CUL5
not only serves as a general tumor suppressor but also plays an im-
portant role for BRCA1-associated tumorigenesis, highlighting its
important role for breast cancer research.

The ubiquitin-proteasome system is responsible for posttransla-
tional modifications that are required for many biological processes,
such as protein degradation, cell cycle processes, translational reg-
ulation, signal transduction, and DNA repair (60). These processes
are involved in the homeostasis of tumor suppressors and oncopro-
teins. CULS5 interacts with the ring finger protein 7 (RNF7), SOCS
box proteins, and the adaptor complex elongin B/C to form CRL5
E3 ligases. The difference in the composition of the complex sug-
gests that CUL5 works on different substrates compared with other
family members (61). Our results provided in vivo evidence
showing that Cul5 deficiency triggered growth of breast cancers.
Furthermore, we demonstrated that Cul5 deficiency promoted tu-
morigenesis via microenvironmental changes, and increased
CREBI initiated the aggregation of monocytes and P-MDSCs to
suppress the activity of T cells.

CREBI is constitutively phosphorylated and overexpressed in
various human cancers (35) and functions as an oncogene, with
roles in tumorigenesis and activation in TNBC (62). In this study,
we found that CREBI, which acts downstream of the MAPK
pathway, was a main downstream of CUL5. This result could
explain the exact mechanism through which CUL5 contributes to
the MAPK pathway and provides clues for drug therapy in breast
cancer treatment. CREBI overexpression has been observed in
esophageal cancer (38), and as a transcription factor, CREBI is
known to interact with the TGFB2 promoter to inhibit the transcrip-
tion and expression of TGFpP2, leading to a decrease in secreted
CCL2 and blocking the extracellular signal-regulated kinase

13 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

pathway to inhibit cancer invasion. Our findings demonstrated
similar downstream effects for CREB1 and showed that CREBI in-
hibitors could be used in Cul5-deficient cells to inhibit
tumor growth.

As an important member of the E3 ligase Cullin family, CUL5
has been reported to have several substrates, such as phosphorylated
Cas, focal adhesions, Disabled-1, differential display and activation
by p53, B-transducin repeat—containing protein, and DEPTOR (52).
Together with CREBI, in our study, CUL5 has many downstream
factors in different pathways. However, the roles of CUL5 in cell
process are still not completely clear, and the mechanisms
through which CULS5 selects its downstream factors in various bio-
logical processes have not been identified. Therefore, it may be im-
portant to elucidate the entire mechanical landscape of global
protein metabolism. Further studies are needed to identify the
mechanisms upstream of CUL5 in normal biological processes
and evaluate the effects of CULS5 loss in patients with cancer. In
summary, our findings established an effective approach to identify
tumor suppressors in breast cancer, demonstrated the mechanisms
of tumorigenesis under Cul5-deficient conditions, revealed the
effects of TME changes on tumor growth, and provided insights
into potential therapeutic strategies for breast cancer treatment.

MATERIALS AND METHODS

Animals

We used the following mouse strains in this study: (i) Brcal
mammary gland-specific knockout mice mediated by
the Cre-loxP approach (Brcalt'ox1V/FloxILMMTV-Cre) (19);
(ii) Brealflox1/FloxIL MIMTV-Cre mice carrying the Cul5 mutation
generated by SB transposon insertion, as described previously
(16); and (iii) mT/mG mice carrying a double-fluorescent reporter
expressing membrane-targeted tandem dimer Tomato (mT) before
CRE-mediated excision and membrane-targeted green fluorescent
protein (mG) after excision (63). Because many transgenic strains
were involved, the mice in this study had a mixed genetic back-
ground, including Black Swiss, FVB, and 129SVEV at roughly a
1:2:1 ratio. Only female mice were used for tumorigenesis, and
tumor initiation and progression were monitored twice per week.
All mouse experiments were approved by the ethical guidelines of
the University of Macau (approval no. UMAEC-050-2015).

Plasmid construction

The primer sequence information is listed as follows. Lenti-
CRISPRv2 (Addgene #52961), lentiCRISPRv2 blast (Addgene
#98293), and lentiCRISPRv2 (Addgene #98291) were obtained
from Addgene. We digested the plasmids with the restriction
enzyme Esp 31 (BsmB I; New England Biolabs) and ligated the plas-
mids using the annealed sgRNA paired DNA sequences, as previ-
ously described (64). pPCW57-MCS1-2A-MCS2 (Addgene #71782)
is an all-in-one doxycycline-inducible lentiviral vector for gene ex-
pression. We integrated human Cul5 cDNA from the plasmid
pcDNAS5/FRT-Flag-CUL5 (Addgene #31984) into pCW57-MCS1-
2A-MCS2 and added a 3x Flag sequence on the 5' terminal (Flag
sequence: CGCGTATGGACTACAAAGACCATGACGGTGAT-
TATAAAGATCATGATATCGATTACAAGGATGACGATGA-
CAAGA). pcDNA3-myc-CUL5 (Addgene #19895) and pcDNA5/
FRT-Flag-CULS5 (Addgene #31984) were purchased from Addgene.
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Cell culture

Brcal-MT G600 (Brcal®'¥414,p53=/=) and Brcal-WT B447
(Brcal**;p53~/~) were derived from mammary epithelial cells of
Breal#1/A11;553%= and Breal™*;p53*/~ mice, respectively, and
were malignantly transformed spontaneously after loss of the WT
allele of p53 during culture condition (11). MEFs, MDA-MB-231,
G600, B477, and human embryonic kidney (HEK) 293T cells were
cultured in Dulbecco’'s modified Eagle’s medium (DMEM; Gibco,
USA). 4T1 cells, which is a TNBC line lacking p53, but WT for
Brcal and Brca2 (65) were cultured in 1640 (Gibco). The culture
medium contained 10% fetal bovine serum (Gibco), penicillin
(100 IU/ml; Gibco), and streptomycin (100 pg/ml; Gibco).

Generation of Brca7-deficient MEFs

Primary MEFs were obtained from mouse embryos at embryonic
day E12.5. The cells were homozygous for loxP-flanked alleles of
Breal exon 11 in a background of mT/mG (Brcal'ox11/Floxi1,p, T/
mG). To knock out Brcal in MEFs, MEFs were infected with ade-
novirus containing CRE (1 x 10'* to 1 x 10'! plaque-forming units/
ml) with a multiplicity of infection of greater than or equal to 10,
and Brcal-mutant cells with green fluorescent protein—positive
signals were isolated using FACS.

CRISPR-Cas9-mediated genome-wide screening

We generated Brcal-deficient MEFs for CRISPR-Cas9—-mediated
genome-wide screening as follows. First, we packaged the lentivirus
with a loss-of-function mouse GeCKOv2 sgRNA library (Addgene,
pooled library #1000000052), which included 123,666 sgRNAs tar-
geting 20,611 genes, 4700 sgRNAs targeting 1175 microRNAs
(miRNAs), and 1000 nontargeting sgRNAs as controls (18). Each
gene had six sgRNAs targeting different nucleotide sites. Each
miRNA had four sgRNAs targeting different nucleotide sites. The
system contained a core vector with fused DNA sequences of Cas9
and sgRNA expression, vectors of /\8.2, and VSVG to package the
lentivirus. Lentiviruses were packaged in HEK293T cells and har-
vested 72 hours later. The lentiviruses were then concentrated to
a titer of 10® U/ml, and Brcal-deficient MEFs were infected with
a concentrated lentivirus packaging library or control. Last, DNA
samples were isolated from cells at each generation, and tumors
were prepared for Illumina second-generation sequencing.

Fat pad implantation

Female nude mice (4 to 6 weeks of age) were used for the experi-
ments. Cells of different genotypes carrying mouse GeCKOv2
sgRNA were washed and suspended in phosphate-buffered saline
(PBS) at a concentration of 107 cells/ml before being injected into
the fourth pair of mammary glands with a maximum volume of
100 pl.

Second-generation sequencing

We generated DNA samples from cells or tumors and amplified the
sgRNA region using the following primers: forward, GTAACTTG
AAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAG
GACGAAACACCG; reverse, ACTTTTCAAGTTGATAACGGACTA
GCCTTATTTTAACTTGC TATTTCTAGCTCTAAAAC. Barcodes
and indexes were added at the two ends of the amplified sgRNA,
and all procedures were performed according to the protocol de-
scribed by Joung et al. (64). The PCR products were quantified by
DNA agarose gel electrophoresis on 2% (w/v) gels, and a successful
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reaction generated a 260- to 270-bp product. The products were
then purified using a QIAquick PCR purification kit (Qiagen, Va-
lencia, CA, USA). We used an Agilent RNA 6000 NanoKit (Agilent,
Palo Alto, USA) to confirm the purity, concentration, and exact size
of the purified PCR products. We then sent the samples for Illumina
second-generation sequencing.

CyTOF analysis

Separate cohorts of mouse tumor samples were analyzed using
CyTOEF. Tumors were excised and digested into single cells. Cells
were washed with prewarmed serum-free medium and resuspended
at 2 x 107 cells/ml in prewarmed serum-free medium, treated with
10 mM cisplatin for 5 min at room temperature, washed, incubated
with antibody cocktails for 30 min at room temperature, and lastly
fixed with Maxpar cell staining buffer (Fluidigm, USA). The fixed
samples were sent for CyTOF analysis using Helios D16-0917 (Flu-
idigm, USA). The immune cells were distinguished using CD45 as a
marker and divided into immune subtypes based on the express of
different immune markers. Flow cytometry standard (FCS) files
were manually gated in FlowJo (v10.0.7.2, BD). Single and living
cells were filtered into FCS files. The data were normalized using
bead-based normalization software [R package, cytofWork-
flow_1.12.1 (66)]. Cluster analysis was performed using the R
package (cytofWorkflow_1.12.1, HDCytoData_1.8.0, flow-
Core_2.0.1, and diffcyt_1.8.8).

Western blotting

Tissues were harvested, cut into small pieces, digested with radio-
immunoprecipitation assay buffer (catalog no. 20-188; Millipore,
USA) with phenylmethylsulfonyl fluoride (PMSF; 1 mM) and pro-
tease inhibitor cocktail (Roche, Swiss), and quantified using a BCA
Protein Assay Kit (catalog no. 23225; Thermo Fisher Scientific, MA,
USA). Protein lysates were denatured using 5x loading buffer solu-
tion [250 mM tris-HCI (pH 6.8), 30% (v/v) glycerol, 10% SDS,
0.05% (w/v) bromophenol blue, and 10 mM dithiothreitol (DTT)
with 25% 2-mercaptoethanol] and incubated at 95°C for 10 min.
Protein lysates were then electrophoresed on 8 to 12% SDS-poly-
acrylamide gels and transferred to polyvinylidene difluoride mem-
branes (Millipore). The SDS running buffer and transfer buffer were
obtained from Bio-Rad Laboratories (Hercules, CA, USA). The
membranes were blocked in 3% bovine serum albumin with tris
buffered saline with Tween 20(TBS-T) buffer [20 mM tris, 150
mM NacCl, and 0.1% Tween 20 (pH 7.4 to 7.6)] for 1 hour at
room temperature and then incubated overnight with primary an-
tibodies, including anti-CUL5 (1:1000; catalog no. ABN289; Milli-
pore), anti-CREB1 (1:1000; catalog no. 4820 or 9191; Cell Signaling
Technology, Danvers, MA), anti-CDC2L5 (1:200; catalog no. sc-
81837; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
anti—B-actin (1:5000; catalog no. A2228; Sigma-Aldrich, St. Louis,
MO, USA). Membranes were washed three times with TBS-T
buffer and incubated for 1 hour with a horseradish peroxidase—con-
jugated secondary antibody (1:5000; Cell Signaling Technology).
Membranes were washed with TBS-T buffer and developed using
enhanced chemiluminescence reagent (catalog no. WBULS0500;
Millipore) with a digital imaging system (Bio-Rad Laboratories).

Immunoprecipitation
HEK293T cells were transfected with overexpression plasmids (10
ug per 10-cm dish) for 48 hours, washed, harvested in cold PBS,
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and lysed with Immunoprecipitation (IP) buffer (1-ml buffer/
1 x 107 cells) supplemented with 1 mM PMSF and protease inhib-
itor cocktail (67) for 1 hour. Proteins in the obtained lysates were
then quantified using a BCA Protein Assay Kit (catalog no.
23225; Thermo Fisher Scientific). The soluble components were
separated by centrifugation at 12,000 rpm for 15 min. Next, 1 ug
of specific antibody (1 to 2 pg of antibody/1 mg of protein) was
added to the soluble fraction for immunoprecipitation, and
samples were rotated for 1 hour at 4°C. Forty microliters of a 50%
slurry of protein A/G-beads (catalog no. sc2003; Santa Cruz Bio-
technology) was washed with IP buffer three times and incubated
with soluble proteins overnight at 4°C. Immunoprecipitates were
washed with PBS three times, and the immunoprecipitated proteins
were denatured in 5x loading buffer solution [250 mM tris-HCI (pH
6.8), 30% (v/v) glycerol, 10% SDS, 0.05% (w/v) bromophenol blue,
and 10 mM DTT with 25% 2-mercaptoethanol] at 95°C for 10 min.
Then, the samples were detected by Western blotting.

Proteomic assay

We harvested cells without trypsin to avoid digesting the extracel-
lular domains of the proteins on the cell surface. Cells were then
washed with cold tris-buffered sucrose solution [250 mM sucrose
and 10 mM tris-HCI (pH 7.0)] at 4°C, transferred (3.5 x 10° cells)
to new tubes, and washed with PBS. Proteins were extracted using
500 pl of extraction buffer [0.02 M tris/HCI (pH 6.8), 2% SDS, and
0.1 M DTT; without protein inhibitors], resuspended, sonicated,
and incubated at 56°C for 30 min. The supernatants were obtained
after microcentrifugation at 14,000¢ for 5 min. Protein concentra-
tions were then measured using Bio-Rad RC-DC protein assays with
the concentration adjusted between 0.12 and 0.4 mg/ml. Protein
samples were placed in a refrigerator at —80°C for further proteomic
analysis.

Quantitative RT-PCR

RNA was extracted using TRIzol (catalog no. 15596026; Thermo
Fisher Scientific) according to the manufacturer’s protocols.
cDNA was generated using a Qiagen OneStep RT-PCR Kkit
(catalog no. 210212; Qiagen), and quantitative RT-PCR was per-
formed using FastStart SYBR Green Master Mix (catalog no.
04913850001; Roche, IN, USA); the primer information is declared
in table S3.

Immunofluorescence and IHC staining

Tissues were fixed in 10% formalin, embedded, and sectioned. The
samples were fully deparaffinized in 100% xylene and rehydrated in
ethanol at gradually lower concentrations. The slices were then
soaked in citrate buffer (pH 6.0) and boiled in Retriever (Electron
Microscopy Sciences, PA, USA) for antigen retrieval using standard
procedures. For immunohistochemical (IHC) staining, the slices
were stained with primary antibodies, followed by signal detection
using a Signal Stain DAB Substrate Kit (Cell Signaling Technology,
MA, USA). For immunofluorescence, the tissue samples or cells
were fixed with 4% paraformaldehyde at room temperature and
stained with primary antibodies, as described above. The general
staining procedure was based on the standard protocols. Images
were acquired using a BX53 microscope (Olympus, Japan).
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Single-cell RNA sequencing

Tumors were cut into small pieces and washed with PBS for several
times. The small tumor pieces were digested into single cells with
digestion buffer A (68) for 60 to 90 min and incubated at 37°C.
The cells were resuspended in DMEM, and each cell was picked
one by one using a mouth pipette and transferred them into cold
scRNA-seq lysis buffer on the ice; we picked about 100 cells in
each group. Cells were extracted and sequenced using the previously
described methods (69).

Statistical analysis

Data are presented as means + SEs of the means. All data for paired
comparisons were analyzed using Student's ¢ tests, and results with
P values less than 0.05 were considered statistically significant. All
statistical evaluations were performed using GraphPad Prism soft-
ware (version 6.0).

Supplementary Materials
This PDF file includes:
Figs. S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S3

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