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Tumor-associated macrophages (TAM) play a crucial role in promoting
cancer progression. Upon cytokine stimulation, TAM preferentially polar-
ize to the anti-inflammatory and pro-tumor M2 subtype. The mechanism
underlying such preferential polarization remains elusive. Here, we report
that macrophage-specific deletion of the SUMO-specific protease Sentrin/
SUMO-specific protease 3 promotes macrophage polarization towards M2
in bone marrow-derived macrophage (BMDM) induced by interleukin 4
(IL-4)/IL-13 and in an ex vivo model (murine Py8119 cell line), as well as
in a mouse orthotopic tumor model. Notably, Sentrin/SUMO-specific pro-
tease 3 (SENP3) loss in macrophages accelerated breast cancer malignancy
in ex vivo and in vivo models. Mechanistically, we identified Akt Serine/
threonine kinase 1 (Aktl) as the substrate of SENP3 and found that the
enhanced Aktl SUMOylation upon SENP3 loss resulted in Aktl hyper-
phosphorylation and activation, which facilitates M2 polarization. Analysis
of clinical data showed that a lower level of SENP3 in TAM has a strong
negative correlation with the level of the M2 marker CD206, as well as
with a worse clinical outcome. Thus, increased Aktl SUMOylation as a
result of SENP3 deficiency modulates polarization of macrophages to the
M2 subtype within a breast cancer microenvironment, which in turn pro-
motes tumor progression.

Abbreviations

Akt1, Akt serine/threonine kinase 1; Arg-1, arginase 1; BMDM, bone marrow-derived macrophage; C/EBPB, CCAAT/enhancer binding protein
(C/EBP), beta; CCL8, C-C motif chemokine ligand 8; CD206, mannose receptor, C type 1; CD31/Pecam, platelet/endothelial cell adhesion
molecule 1; DMEM, Dulbecco’s modified Eagle's medium; Drp1, dynamin-related protein 1; Fizz1, resistin-like alpha; HE, hematoxylin/eosin;
IFN-v, interferon v; IL, interleukin; IRS, insulin receptor substrate; IxB, inhibitor of nuclear factor kappa B kinase; IKBKG, inhibitor of nuclear
factor kappa B kinase regulatory subunit gamma; KLF4, Kruppel-like factor 4; LPS, lipopolysaccharide; M-CSF, macrophage colony-
stimulating factor; MDSCs, myeloid-derived suppressor cells; Mgl, metabotropic glutamate receptor; MKK7, MAP kinase kinase 7; MMTV-
PyMT, murine mammary tumor virus-polyoma middle T antigen; NEMO/IKBKG, inhibitor of nuclear factor kappa B kinase regulatory subunit;
PI3K, phosphatidylinositol 3-kinase; PPARYy, peroxisome proliferator-activated receptor gamma; SENP3, Sentrin/SUMO specific protease 3;
STATS3, signal transducer and activator of transcription 3; STATS6, signal transducer and activator of transcription 6; TAM, tumor-associated
macrophage; TGF-B, transforming growth factor beta; TLR4, Toll-like receptor 4; WB, western blot.
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1. Introduction

The tumor microenvironment, which is critical for can-
cer progression, is composed of multiple types of cells,
the soluble substances (e.g. cytokines, hormones, and
enzymes) and the extracellular matrix [1-4]. Among
them, the immune cells actively communicate with can-
cer cells and they influence each other’s function in the
tumor niche. Breast cancer is one of the most progres-
sive cancer types in women [5,6]. Compared with other
types of cancer, breast cancer is characterized by hav-
ing a large population of macrophages, which consti-
tute around 50% of the tumor mass and play a
noticeable role in the aggressive behavior of malignant
breast cancer [7,8]. Of note, macrophages are induced
to two subtypes, M1 (classically activated macro-
phages) and M2 (alternatively activated macrophages),
referred to as macrophage polarization. M1 macro-
phages are characterized by the production of pro-
inflammatory cytokines, whereas M2 macrophages are
characterized by the production of anti-inflammatory
cytokines [9-11]. In breast cancer, tumor-associated
macrophages (TAM) are generally characterized as M2
macrophages, which are found to initiate both angio-
genesis and invasion to promote tumor progression
[12,13]. Genetically ablating macrophages resulted in a
slower rate of tumor progression and a substantial
inhibition of metastasis in murine breast cancer models
[14,15]. These studies suggest that TAM appear to be
‘educated’ by cancer cells to polarize towards M2 sub-
type, which consequently weakens anti-tumor immune
responses and promotes tumor growth and invasion.
However, how TAM are preferentially polarized to
M2 is largely unknown.

SUMOylation, one of reversible post-translational
modifications (PTM), is involved in various biological
processes, such as DNA damage repair, immune
responses, and carcinogenesis [16,17]. SUMOI,
SUMO?2 or SUMO3 conjugation can be reversed by
members of the sentrin/SUMO-specific protease
(SENP) family [18,19]. This dynamic process is called
SUMOylation and de-SUMOylation. SUMOylation
plays an important role in regulating protein stability,
localization, activity, and interaction with other pro-
teins, thus altering signal transduction and gene
expression in various cells and tissues [20,21]. It has
been reported that Ubc9, a SUMO E2-conjugating
enzyme, inhibits inflammation in Kupffer cells, bone
marrow-derived dendritic cells, macrophages, and
RAW264.7 cells [22,23]. SUMOylation of inflamma-
tory regulators, such as STAT, peroxisome proliferator
activated receptor (PPAR) y, and MKK?7, has also
been found to inhibit inflammation in macrophages,
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whereas a pro-inflammatory role was found for
SUMOylation and SENP6-mediated de-SUMOylation
of NEMO [24-27]. Our previous study showed that
Sentrin/SUMO-specific protease 3 (SENP3) deficiency
in macrophages markedly reduced the production of
proinflammatory cytokines, compromised the activa-
tion of LPS/Toll-like receptor 4 (TLR4) signaling, and
conferred decreased susceptibility of mice to septic
shock [28]. Therefore, SUMOylation and de-
SUMOylation play significant roles in regulating
inflammation in macrophages. However, whether and
how SUMOylation or SENP3 manipulates M2 polar-
ization is poorly understood, especially during tumor
progression.

In this study, we reported that SENP3 deletion in
macrophages elicited more M2 polarization and pro-
moted tumor cell proliferation and metastasis within a
breast cancer mouse model. We further identified that
Akt Serine/threonine kinase 1 (Aktl) phosphorylation
and activation facilitated by the increase of its
SUMOylation was responsible for enhanced M2 polar-
ization upon SENP3 loss. In human breast cancer tis-
sues, lower SENP3 levels in macrophages were found
to be significantly correlated with higher levels of the
M2 marker mannose receptor, C type 1 (CD206) and,
most importantly, with advanced malignancy, espe-
cially lymphatic metastasis. Therefore, our study sug-
gests that macrophages could be educated and
polarized to M2 through fine-tuning Aktl SUMOyla-
tion by SENP3 in response to tumor environment fac-
tors. SENP3, as a regulator of macrophage
polarization, might serve as a potential therapeutic tar-
get and biomarker for lymphatic metastasis of breast
cancer.

2. Materials and methods

2.1. Plasmids

UBCY9, RH-SUMO3, Flag-SENP3, and Flag-SENP3
mutant (C532A) plasmids were all constructed in our
laboratory [29]. HA-Aktl was kindly provided by J.
Cheng (Shanghai Jiao Tong University School of Med-
icine).

2.2. Cell culture, transfection, and establishment
of stable cell line

HEK-293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Grand Island, NY,
USA) supplemented with 10% fetal calf serum (Biologi-
cal industries, Kibbutz Beit Haemek, Israel).
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Transfection with the plasmids was performed using
lipofectamine 2000 (Invitrogen, Life Technologies,
Carlsbad, CA, USA), according to the manufacturer’s
recommendations. Py8119 cells, originally from sponta-
neously arising tumors in MMTV-PyMT (mouse mam-
mary tumor virus promoter driven polyoma middle
Tantigen) transgenic C57BL/6 female mice, were pur-
chased from ATCC (CRL-3278) and maintained in
F12K nutrient medium (Gibco) and 5% fetal clone II
(Fisher Scientific, Pittsburgh, PA, USA), supplemented
with MITO Serum Amplifier (BD Biosciences, San Jose,
CA, USA). This line is a model for investigating multi-
step progression of malignant mammary tumorigenesis
and metastasis and can also be used as a preclinical
mouse model of triple negative breast cancer [30].

Lentiviruses expressing GFP/luciferase dual reporter
were produced and provided by Keyuandi Technology
Co., Ltd (Shanghai, China). Py8119 cells were infected
with a 50 pL of concentrated viral supernatants, along
with 10 pg-mL~" polybrene (Sigma Aldrich, St. Louis,
MO, USA). Finally, GFP-positive cells stably express-
ing luciferase reporter (Luc-Py8119 for short) were
sorted on the FACSAria II flow cytometer (BD Bio-
sciences).

2.3. Animal study

C57BL/6 mice were purchased from SLAC Laboratory
Animal Co. Ltd (Shanghai, China). Six- to 8-week old
mice were used. All mice were maintained under specific
pathogen-free conditions and have free access to food
and water. As previously described [28], C57BL/6 Sen-
p3™" mice were produced by the Model Animal
Research Center of Nanjing University (Nanjing,
China). Senp3 conditional KO (cKO) mice were gener-
ated by crossing Senp3™/ mice with lysozyme 2 (Lyz2)
Cre C57BL/6 mice to delete Senp3 in macrophages, and
then back-crossed over 20 generations. Senp3 ¢cKO mice
showed no specific phenotype under normal feeding
conditions. All animal experiments followed the ‘Guide-
lines for the Care and Use of Laboratory Animals’ pro-
mulgated by the Ministry of Science and Technology of
the People’s Republic of China, and were approved by
the Institutional Animal Care and Use Committee of
Shanghai Jiao Tong University School of Medicine
(permit number: A-2019-010). Sodium pentobarbital
was used to anesthetize the mice to relieve pain.

2.4. Human breast cancer tissue microarrays

Three breast cancer tissue microarrays were obtained
from Shanghai Outdo Biotech Company (XT14-047, 28
biopsies, shanghai, China) and Avilabio Biochip
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Company (BRC01075 and BRCO01016, 245 biopsies,
Xi’an, China). Each section was prepared according to
the standard method, with a diameter of 1.5 mm and a
thickness of 4 pm. The experiments were undertaken with
the understanding and written consent of each subject.
The study methodologies conformed to the standards set
by the Declaration of Helsinki. The use of human breast
cancer tissue specimens was evaluated and approved by
the Ethical Committee of Shanghai Jiao Tong University
School of Medicine. The histological diagnosis of each
specimen was reconfirmed by microscopic examination of
hematoxylin/eosin (HE)-stained sections.

2.5. Breast cancer mouse models

After anesthesia, 2 x 10° Py8119 cells were injected
subcutaneously on the left axillary side to form the
transplanted breast cancer model. Similarly, 2 x 10°
Py8119 cells were injected into the left breast fat pad
of mice for orthotopic transplantation. Two or 4
weeks after injection, mice were sacrificed, and tumor
tissues, adjacent axillary lymph nodes, and spleen were
collected for further examination. Tumors were pho-
tographed and weighed. One part of tumors, the adja-
cent axillary lymph nodes, and spleens were cut for
single cell separation for flow cytometry. Another part
of the tumors was fixed in 4% paraformaldehyde solu-
tion for immunohistochemical staining. The rest of the
tumors were frozen in OCT (optimal cutting tempera-
ture compound; Sakura, Finetek, Japan) for
immunofluorescent staining. The intravenous meta-
static breast cancer model was achieved by tail vein
injection of 8 x 10* Luc-Py8119 cells suspended in
200 pL PBS. Two weeks after injection, mice were sac-
rificed, followed by in vivo imaging. Lung tissues were
then harvested for HE staining.

2.6. Immunohistochemistry

Immunohistochemistry (IHC) was performed in the
paraformaldehyde-fixed and paraffin-embedded sec-
tions of mouse breast tumor tissues and lung tissues.
Primary antibodies were used as follows: anti-mouse-
Ki67 (Abcam, Cambridge, UK, ab15580); anti-mouse
cleaved Caspase 3 (Abcam, ab2302); anti-mouse CD31
(Maixin, Shanghai, China); anti-SENP3 (CST, Boston,
CA, USA, 5591); anti-CD206 (Abcam, ab64693). The
secondary antibodies (1 : 200) were then incubated for
2 h. Sections were developed with Vectastain ABC kit
(CK-4000) and DAB (SK-4100) detection system (Vec-
tor Laboratories, Burlingame, CA, USA) and counter-
stained with hematoxylin. The images were
photographed, and the average optical density of at
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least three fields of each image was quantified and sta-
tistically analyzed by IMAGEJ software (National Insti-
tutes of Health, Bethesda, MD, USA).

2.7. Bioluminescence imaging and quantification

After 10 min postintraperitoneal injection of luciferin
(3 mg/20 g bodyweight, Keyuandi, Shanghai, China),
the intensity of in vivo biofluorescence of each mouse
was evaluated and the pictures were taken using the
Lumina II in vivo imaging system (Perkin Elmer, Fre-
mont, CA, USA).

2.8. Flow cytometry

The samples of well digested tumor suspension were
added with 1 pL (0.1 mg-mL™") of fixable viability
stain (BD, 564406) in each tube and incubated for
15 min at room temperature. All samples were then
blocked with 2 pL Fc blocking solution (0.5 mg-mL™")
at 4 °C for 5 min, washed and then incubated with the
following specific antibodies on ice for 30 min: anti-
mouse CD16/CD32 (BD, 553141), APC-Cy™7 anti-
mouse CD45 (BD, 561037), APC anti-mouse CDI11b
(BioLegend, San Diego, CA, USA, 101212), PE anti-
mouse F4/80 (BioLegend, 123110), PE-Cy™7 anti-
mouse CD86 (BD, 560582), PE anti-mouse CD80
(BD, 561955), Alexa Fluor® 488 anti-mouse CD206
(BioLegend, 141710), FITC anti-mouse CD4 (BD,
553046), Alexa Fluor® 647 anti-mouse CD8a (BioLe-
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SYBR Green (Roche, Basel, Switzerland) according to
the manufacturer’s instructions on the Al PrRisM® 7500
system (Foster City, CA, USA), as previously described
[31]. The primer sequences are listed in Table 1.

2.11. Bone marrow-derived macrophage culture

Bone marrow-derived macrophages were isolated from
Senp3™" or Senp3™" 1Lyz2 Cre mice, as previously
described [28]. Briefly, mice were dissected under chlo-
ral hydrate anesthesia and sterilized with 75% ethanol.
The bones were flushed using a syringe filled with a-
MEM (Gibco) to extrude bone marrow. The cell sus-
pension was filtered and cultured. The next day, the
upper layer of mononuclear cells was taken and cul-
tured in a-MEM supplemented with 10% fetal bovine
serum (Gibco). An aliquot of 20 ng-mL ™' macrophage
colony-stimulating factor (M-CSF, Peprotech, Cran-
bury, NJ, USA) was used to induce cell differentiate.
Culture media were changed on the days 3 and 5, and
BMDM were matured at day 7.

2.12. CCK-8 analysis

Py8119 cells were planted in a 96-well plate with a
density of 1 x 10* cells per well. A 150-pL aliquot of

Table 1. The primers for gRT-PCR.

Mouse Forward 5'-TACAGCAACAGGGTGGTGGAC-3’
gend, 100724), PE-Cy™7 anti-mouse Ly-6G and Ly-  GAPDH Reverse 5'-TGGGATAGGGCCTCTCTTGCT-3’
6C (BD, 552985). The analysis was performed by Mouse  Forward 5'-ACTCCCAGCGAACTCTAA-3’
Beckman CytoFlex S (Brea, CA, USA). SENP3  Reverse 5'-TAATACAAAGGCACCACA-3

Mouse Forward 5'-CTCTGTTCAGCTATTGGACGC-3'

CD206 Reverse 5'-TGGCACTCCCAAACATAATTTGA-3'

2.9. Sorting of TAM Mouse  Forward 5'-CTCCAAGCCAAAGTCCTTAGAG-3'

3 . . Arg-1 Reverse 5'-GGAGCTGTCATTAGGGACATCA-3'
The 0.5-cm” breast cancer tissues were dissected and Mouse  Forward 5'—CTTACTGACTGGCATGAGCATCA= 3
digested in 2.5 mL DMEM (Sigma) with 0.1% collage- IL-10 Reverse 5'-GCAGCTCTAGGAGCATGTGG-3'
nase IV (Gibco) at 37 °C on a rotator of 200 r.p.m. Mouse  Forward 5'=CTTCTTTGCCTGCTGCTCATAG-3'
for 40 min. Cells were washed and incubated with an CCL8 Reverse 5'-CACTTCTGTGTGGGGTCTACA-3'
FcR blocker at room temperature for 15 min. Cells ~ Mouse  Forward 5'-GAAGACGGTGGACAAGCTGA-3'
were then incubated with FITC-conjugated F4/80 anti- C/EBPp Reverse 5'-GCTTGAACAAGTTCCGCAGG-3’
body for 15 min, followed by incubation with 100 pL Mouse  Forward  5'~CCACCTGCAAGACCATCGAC- 3!

. 1 . . TGF-B Reverse 5'-CTGGCGAGCCTTAGTTTGGAC-3'
protease cocktailmL™" sample for 15 min. Finally, Mouse  Forward 5'=AGTCCCTGCCCTTTGTACACA=3/
FITC-positive F4/80 TAM were sorted using Easy- Fizz1 ~ Reverse 5'~CGATCCGAGGGCCTCACTA-3'
SepTM Mouse FITC Positive Selection Kit II (Stem- Mouse  Forward 5'-CAGGATCCAGACAGATACGGA-3'
cell Technologies, Vancouver, Canada). Mig-1  Reverse 5'-GGAAGCCAAGACTTCACACTG-3’

Mouse Forward 5'-CTGCCGTCCGATTGAGACC-3'

VEGF Reverse 5'-CCCCTCCTTGTACCACTGTC-3'
2.10. Quantitative RT-PCR Mouse  Forward 5'-CAAGTTCCCCGGCGATGTC-3’
Total RNA was isolated from cells and tissues using Ml\iI)lL\J/ISF;Z Ej:s:rz 2,_ggggigig??igggigggizg_;
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). MMP9 Reverse 5'-CTCGCGGCAAGTCTTCAGAG-3’
Quantitative RT-PCR analysis was performed using
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conditioned medium from cultured Senp3 WT BMDM
or Senp3 cKO BMDM was added to Py8119 cells for
0, 12, 24 and 48 h. At the corresponding time point,
CCK-8 reagent was incubated for 2 h, and the absor-
bance was measured at 450 nm with a microplate
reader.

2.13. Scratch assay

Py8119 cells were planted in a 6-well plate with a density
of 5 x 10° per well and grown until confluent the next
day. The serum was removed and culturing of the cells
was continued for 18 h. The cell layer was scraped along
a straight line with a pipette tip and the dish gently rinsed
with PBS. The scratch image was captured. Py8119 cells
were then cultured using the conditioned medium from
Senp3 WT BMDM or Senp3 cKO BMDM for 24 h, and
a wound healing image was photographed again the next
day using phase contrast microscope. The area of scratch
was analyzed by IMAGEJ.

2.14. Transwell analysis

Py8119 cells of 5 x 10* were plated in the Transwell
chamber of the 24-well plate, and «-MEM serum-free
medium, conditioned medium from Senp3 WT
BMDM or Senp3 cKO BMDM was added to the bot-
tom chamber of the Transwell. The serum-free med-
ium was added to the upper chamber. After the cells
were cultured at 37 °C for 24 h, the upper chamber
was fixed in 4% paraformaldehyde for 15 min, and
then washed with PBS twice. Finally, the upper cham-
ber was wiped with a cotton swab to remove the cells
that did not pass through the Matrigel and the
migrated cells were stained with Coomassie Brilliant
Blue for 15 min and washed twice with PBS again.
After air-drying, pictures of the chamber were taken
under a microscope.

2.15. Western blot

The routine method was followed. Briefly, BMDM were
harvested to extract proteins and the protein concentra-
tion was measured using the BCA method. A 100-mg
protein sample was separated in 8-10% SDS/PAGE and
transferred onto poly(vinylidene difluoride) membrane.
The primary antibodies were incubated: anti-SENP3
(CST, 5591), anti-Akt1 (CST, 2938), anti-phosphorylated
Akt1(Serd473) (CST, 9018), anti-signal transducer and
activator of transcription 6 (STAT6; CST, 5397), anti-
phosphorylated STAT6 (Thr 641) (CST, 56554), anti-
signal transducer and activator of transcription 3
(STAT3; CST, 9139), anti-phosphorylated STAT3
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(Tyr705) (CST, 9145), and anti-B-actin (Sigma,
AB476744), followed by the secondary antibody incuba-
tion (1 : 1000, Sigma). After exposure to the ECL Wes-
tern Blot (WB) test kit (35050, Thermo, Waltham, MA,
USA), visualized images were obtained using Image-
Quant TM LAS-4000 mini (GE Healthcare Life Sciences,
Pittsburgh, PA, USA). The protein mass marker was a
mixture of 10 to 170 kDa proteins (Thermo Fisher Scien-
tific, 26616).

2.16. Immunofluorescence

Frozen sections were permeabilized with 0.2% Triton
X-100, blocked with 10% goat serum, and detected
with the following primary antibodies overnight at
4 °C: anti-SENP3(CST, 5591), anti-CD206 (Abcam,
ab64693), and p-Akt1(S473) (CST, 9018). After wash-
ing, the sections were incubated with a mixture of
Alexa Fluor 488- and Rhodamine 555-conjugated sec-
ondary antibodies for 1 h at room temperature.
Finally, the specimens were washed with PBS and
mounted with fluorescent mounting medium contain-
ing 4',6-diamidino-2-phenylindole (DAPI). Cells were
then examined under an LSM 880 fluorescence micro-
scope (Zeiss, Oberkochen, Germany).

2.17. Akt1 inhibitor treatment

Senp3 WT and cKO mice were anesthetized with
isoflurane, and 2 x 10° Py8119 cells were subcuta-
neously implanted into the flank area of the mouse.
The model mice were injected with p-Aktl inhibitor
(A-674563) 20 mgkg™! bodyweight through the tail
vein every other week, and the mice were harvested in
the fourth week.

2.18. Ni-NTA pull down assay

Ni-nitrilotriacetic acid resin (NTA) pull down assay was
performed as previously described [31]. Briefly, cells were
transfected with RH-tagged plasmids and then lysed in
lysis buffer. The protein samples were harvested and
incubated with Ni-NTA-Sepharose resin (Qiagen, Dus-
seldorf, Germany) at 4 °C overnight, according to the
manufacturer’s instructions. The resin was then continu-
ously washed with washing buffer at room temperature.
After washing, the RH-tagged proteins were eluted in the
elution buffer and subjected to WB.

2.19. Co-immunoprecipitation assay (Co-IP)

Cells were lysed with IP lysis buffer (50 mm Tris-HCI,
pH 7.4, 150 mm NaCl, 1 mm EDTA, and 1% Triton
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X-100) containing protease inhibitor (1 : 100; Pro-
mega, Madison, WI, USA), phosphatase inhibitor
(1 : 50; Roche), and N-ethylmaleimide (1 : 50; Sigma).
The cell lysates were incubated with the corresponding
antibody overnight at 4 °C. The next day, protein-A/
G agarose beads (Calbiochem, Temecula, CA, USA)
were added and incubated at 4 °C for 4 h. After wash-
ing and elution, the samples mixed with loading buffer
were examined by WB. Anti-Flag (Sigma, F3165),
anti-RH (QIAGEN, 34610), and anti-SUMO2/3 (CST,
4971) antibodies were used.

2.20. TIMER

The Tumor Immune Estimation Resource (TIMER)
web server is a comprehensive resource for systematic
analysis of immune infiltration of various cancer types.
The number of six immune cells (B cells, CD4" T cells,
CDS8" T cells, neutrophils, macrophages, and dendritic
cells) in invasive breast cancer was estimated by the
TIMER algorithm. We used GSVA to analyze the cor-
relation between the infiltration level of immune cells
and the expression level of SENP3 in whole breast
cancer tissues.

2.21. Kaplan-Meier survival analysis

Kaplan—Meier analysis was used to assess the effect of
SENP3 expression on survival of breast cancer
patients. SENP3 RNAseq data (Illumina HiSeq, Illu-
mina, San Diego, CA, USA) were obtained from
TCGA in invasive breast cancer (updated 10 January
2020). The patients were grouped according to the
expression level of SENP3 in the primary tumor tis-
sues: 50% patients with high SENP3 levels and 50%
patients with low SENP3 levels.

2.22. Statistical analysis

All experiments have been verified by repeated inde-
pendent experiments. No data were excluded from any
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analyses and all replicates were true biological repli-
cates. IMAGEJ software (Inc, Bethesda, MD, USA) was
used to perform densitometric quantification of WB
and tumor metastasis-positive areas. Microsoft EXCEL
(San Francisco, CA, USA) or GrapuPap PRISM
(Graphpad company, La Jolla, CA, USA) was applied
to determine the statistical difference. Nonparametric
t-test was chosen to compare the differences in clinico-
pathological features and SENP3 level. Other values
were expressed as mean + SEM, and statistical analy-
ses were performed using one-way analysis of variance
(ANOVA). Spearman rank correlation coefficient was
used to analyze the relationship between SENP3 and
CD206 expression. The overall survival and
recurrence-free survival rates were estimated using
Kaplan—Meier curves, and compared using the log-
rank test. P < 0.05 was considered statistically signifi-
cant.

3. Results

3.1. SENP3 deletion in macrophages promotes
breast cancer progression and metastasis in
mouse models

To determine whether SENP3 plays a role in macro-
phages during breast cancer progression, we first gen-
erated macrophage-specific Senp3 knockout mice
(Senp3 cKO) by crossing Senp3™ mice with lysozyme
2 (Lyz2) Cre mice; the disruption of Senp3 in BMDM
was then verified by quantitative RT-PCR (qRT-PCR)
analysis (Fig. S1A). Next, Py8119 breast cancer cells
were orthotopically injected into Senp3™" mice (re-
ferred to as Semp3 WT hereafter) and Senp3 cKO
mice, respectively (Fig. 1A). We found that the size
and weight of tumors were significantly higher in the
Senp3 ¢cKO group than in Senp3 WT mice 4 weeks
postimplantation (P < 0.01; Fig. 1B,C). Moreover, in
a subcutaneous injection with Py8119 cells, besides
higher tumor weight, we observed more spontaneous

Fig. 1. SENP3 deletion in macrophages promotes breast cancer progression and metastasis in mouse models. (A) Schema for breast
cancer mouse model. 2 x 10° Py8119 cells were orthotopically or subcutaneously implanted into Senp3™ (referred Senp3 WT) and Senp3
cKO mice. (B) Size of orthotopic tumor. Scale bar: 1 cm. (C) The weight of orthotopic tumor (n = 5 in Senp3 WT, n = 4 in Senp3 cKO). (D,E)
Ki67 staining of transplanted tumors. (F,G) Cleaved caspase 3 staining of transplanted tumors. (H,l) CD31 staining of transplanted tumors.
Representative images are shown. Scale bars: 50 (D,F) and 20 um (H). Graphs were shown as mean + SD in (E,G,l) (n =5 in Senp3 WT,
n=6 in Senp3 cKO). (J) Schema for metastasis breast cancer model. 8 x 10* Py8119 cells with luciferase reporter (Luc-Py8119) were
injected into tail vein. (K,L) Bioluminescence imaging and quantification of bioluminescence intensity at 2 weeks postinjection. (M,N) Lung
metastasis from Senp3 WT and Senp3 cKO mice. Scale bar: 1 cm. Graphs are shown as mean + SD in (L, N). (n =5 in Senp3 WT and in
Senp3 cKO respectively). Two-tailed unpaired Student’s t-tests were performed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The
experiments were repeated two (metastasis model) or three times (subcutaneous inoculation model) and representative results are shown.
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lung metastatic sites in Senp3 cKO mice 4 weeks after
transplantation (Fig. SIB-E). Consistently, increased
proliferation and decreased apoptosis were observed in
post-4-week tumor tissues from Senp3 cKO mice, as
evidenced by immunohistochemical (IHC) staining of
Ki67 and cleaved caspase-3, respectively (Fig. 1D-G).
In addition, platelet/endothelial cell adhesion molecule
1 (Pecam)/CD31 staining indicated enhanced tumor
angiogenesis in tumors from Senp3 c¢KO mice
(Fig. 1H,I). These results demonstrate that Senp3
deletion in macrophages promotes breast cancer
progression.

To further explore whether SENP3 loss in macro-
phages is associated with cancer metastasis, we
established a metastatic mouse model by injecting
Luc-Py8119 cells through the tail vein (Fig. 1J). The
bioluminescence and histologic analyses showed
increased lung colonization of the injected breast can-
cer cells in Senp3 cKO mice compared with WT mice
(Fig. 1K-N). These data indicated that SENP3 defi-
ciency in macrophages promotes tumor growth and
metastasis. Given that TAM is well-known to promote
cancer progression, these results also suggest that
Senp3 might regulate TAM function in tumor niches
and further affect the crosstalk between TAM and
cancer cells.

3.2. Loss of SENP3 facilitates macrophage
polarization towards M2 within breast cancer
microenvironment

To explore the effect of SENP3 loss on TAM func-
tion in tumor niches, we isolated TAM from the
Py8119 transplants in Senp3 WT and cKO mice and
analyzed the percentages of M1 and M2 macrophages
within the TAM population. The result of flow
cytometry showed that the percentage of M1 macro-
phages (CD80" CD86") was low in both Senp3 WT
and cKO groups, and there was no statistical differ-
ence between them (Fig. 2A). However, the percent-
age of M2 macrophages (CD206") in transplants
from Senp3 cKO mice exhibited about a twofold
increase compared with that from WT mice (Fig. 2B—
D). Consistently, IHC revealed more CD206" cells in
the tumor tissues from Senp3 cKO mice (Fig. 2E,F).
The expression of other M2 marker genes, including
Arg-1, IL-10, CCLS, Fizzl and YM-1, were also
upregulated in the tumor from Senp3 cKO mice, as
demonstrated by qRT-PCR analysis (Fig. 2G). We
further examined whether other immune cells were
affected by SENP3 deficiency in macrophages, includ-
ing myeloid-derived suppressor cells (MDSCs), CD4"
and CD8" T cells isolated from tumor tissues, spleen,

SENP3 deficiency promotes breast cancer progression

and tumor-draining lymph nodes. None of these cell
populations showed any difference between Senp3
WT and cKO mice (Fig. S2A-F). Thus, these results
indicated that loss of SENP3 in macrophages facili-
tates TAM polarization into the M2 subtype in breast
cancer transplants without affecting other types of
immune cells.

To determine further whether the effect of SENP3
loss on macrophage polarization requires the presence
of tumor cells, we generated primary BMDM from
WT and Senp3 cKO mice and cultured them in condi-
tioned media (CM) from Py8119 cells. Although M2
polarization in BMDM was barely induced in the
absence of CM, regardless of the expression of
SENP3, culturing with the conditional media for 24 h
obviously induced substantial amounts of BMDM into
M2 in both groups (Fig. 2H,I). More importantly,
20.07% BMDM from Senp3 cKO mice was differenti-
ated to M2, whereas only 12.81% BMDM from WT
mice adopted the M2 phenotype (Fig. 2H). Consis-
tently, the expression levels of M2 marker genes,
including CD206, arginase-1 (Arg-1), C—C motif che-
mokine ligand-8 (CCL-8), and IL-10, were significantly
higher in BMDM from Senp3 cKO mice than counter-
parts from WT mice (Fig. 2I). These data indicate that
macrophages with SENP3 deficiency preferentially
polarize to the M2 subtype in response to tumor cell-
secreted factors.

As another mouse model, melanoma cells B16F10
were subcutaneously injected in mice. Similarly, the
transplants from Senp3 cKO were bigger and con-
tained more CD206" cells (Fig. S3A-E). SENP3 defi-
ciency in macrophages did not result in any
fluctuation of the ratio of CD86" cells (Fig. S3D,E).
Collectively, SENP3 appears to act as a specific reg-
ulator for M2 polarization for various types of
tumor.

3.3. SENP3 deletion in macrophages promotes
M2 polarization, resulting in increased
proliferation and migration of breast cancer cell

In vitro IL-4 and IL-13 were applied in combination to
BMDM to induce M2 macrophage. In line with
CD206 upregulation in the tumor tissues within cKO
mice, other M2 subtype markers, such as transforming
growth factor (TGF-), resistin-like molecule alpha/
Fizzl, metabotropic glutamate receptor (Mgl-1), vascu-
lar endothelial growth factor (VEGF), matrix metal-
lopeptidase 2 (MMP2) and MMP9, were notably
increased in Senp3 cKO BMDM 6 h after treatment
with IL-4/IL-13 (Fig. 3A,B). CM from Senp3 cKO
BMDM induced by IL-4/IL-13 also notably
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Fig. 2. Loss of SENP3 facilitates macrophage polarization towards M2 within breast cancer microenvironment. (A-D) Isolated cells from
transplanted breast cancer tissues were analyzed and gated with BMDM markers CD45" CD11b" F4/80" by flow cytometry. (A) M1
macrophages with CD80/CD86". (B) M2 macrophages with CD206". (C) Quantification is shown as mean + SD (n =5 in Senp3WT, n=6in
Senp3 cKO). (D) The cell numbers of M1, M2 and total macrophages, calculated according to flow cytometry data. Tumor tissues with the
same weight were resolved into the same volume of lysis buffer, the cell concentration was calculated according to the cell number and the
volume of buffer detected by flow cytometry. Quantification is shown as mean + SD (n = 5 in Senp3 WT, n = 6 in Senp3 cKO). (E) CD206 in
transplanted tumors. The representative pictures are shown. Scale bars: 50 and 20 um. (F) Quantification is shown as mean + SD (n=5in
Senp3WT, n=6in Senp3 cKO). (G) The mRNA levels of Arg-1, IL-10, CCL8, Fizz1, and YM-1 in macrophages within tumor tissues. Senp3 WT
and Senp3 cKO macrophages were sorted by flow cytometry and the transcription of indicated genes was monitored by gRT-PCR.
Quantification is shown as mean + SD (n =5 in Senp3 WT, n =6 in Senp3 cKO). The experiments in mouse breast cancer model were
reproduced three times and representative results are shown. (H) M2 macrophages with CD206". Senp3 WT and Senp3 cKO BMDM were
induced by Py8119 cell culture medium [conditioned medium (CM)]. CD206 was analyzed by flow cytometry 48h postinduction. (I) The mRNA
levels of CD206, Arg-1, IL-10, and CCL8 in BMDM. Senp3 WT and Senp3 cKO BMDM were induced by CM of Py8119 for 6 h. The
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*P < 0.05, **P < 0.01, ****P < 0.0001. The scale bar of the inset picture is 20 pm, and the scale bar of the original picture is 50um.

accelerated proliferation, migration, and invasion of macrophage and breast cancer cells, SENP3 might
Py8119 cells (Fig. 3C-E). These results suggest that in promote tumor progression by modulating macro-
an in vitro model consisting two types of -cells, phage polarization.
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Fig. 3. SENP3 deletion in macrophages promotes M2 polarization resulting in increased proliferation and migration of breast cancer cells.
BMDM were treated with IL-4 and [L-13 (20 ng-mL’1) for 6 h. (A) The mRNA levels of TGF-B, Fizz1, Mgl-1, and CD206. (B) The mRNA
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WT or Senp3 cKO macrophages. CCK-8 assay, scratch experiment, and Transwell assay were performed, respectively. The experiments
were repeated three times and quantification is shown as mean + SD. Representative images are shown. Scale bar: 200 um. Two-tailed
unpaired Student’s t-tests were applied. *P < 0.05, ***P < 0.001, ****f < 0.0001.
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3.4. SENP3 loss promotes M2 polarization of
macrophage through activating Akt1 in vitro

Upon IL-4/IL-13 treatment, SENP3 protein levels
declined at a very early time point (Fig. 4A), and
SENP3 mRNA levels were downregulated as well at
6 h (Fig. S4), suggesting that the reduction of
SENP3 may be caused by decreasing its transcription
and possibly accelerating its degradation in response
to cytokine stimulation. We then examined major
pathways involved in M2 polarization upon Senp3
loss. We found that Semp3 loss had no effects on
the phosphorylation of STAT3 at Y705 and STAT6
at T641 upon IL-4/IL-13 treatment in BMDM
(Fig. S5A,B). However, the phosphorylation of Aktl
at S473 (p-Aktl) was intensely increased in Senp3
cKO BMDM (Fig. 4B), suggesting that SENP3
deficiency activates the Akt pathway, rather than the
STAT6 or STAT3 pathway. Given that SENPI,
another member of SENP family, was reported to
regulate Akt activation [32], we further compared
the role of both SENP on Akt activation in
BMDM. We found that the phosphorylation levels
of Aktl were slightly reduced upon Senpl knockout,
compared with those in WT group (Fig. S50),
indicating a specific effect of SENP3 on Akt

inhibition.
Next, we determined whether AktI hyper-
activation indeed promotes M2 polarization in

Senp3-deficient macrophages. We found that inhibi-
tion of Aktl by A674563, a selective Aktl inhibitor,
completely blocked M2 polarization in both Senp3
WT and cKO BMDM (Fig. 4C,D). Consistently, the
induction of the expression of several M2 marker
genes, including CD206, Arg-1 and IL-10, as well as
the M2-related transcription factor CCAAT /enhancer
binding protein p (C/EBPf), was also abrogated
upon A674563 preincubation (Fig. 4E). Moreover,
A674563 treatment significantly decreased the per-
centage of CD206" macrophages in tumor tissues to
a similar extent in cKO mice and WT mice bearing
Py8119 transplants (Fig. 4F,G). The increase in the
intensity of CD206 and p-Aktl in CD206" cells in
Senp3 cKO mice was abrogated by A674563 as
well (Fig. 4H). Although tumor growth was signifi-
cantly reduced after systematic treatment of the inhi-
bitor (Fig. S6A,B), inhibition of Aktl in M2
macrophage contributed to suppression of tumor
growth, which was accelerated by SENP3 loss in
macrophages. These results indicate that SENP3 may
inhibit Aktl activation to suppress M2 polarization,

M. Xiao et al.

3.5. Loss of SENP3 in macrophages enhances
Akt1 SUMOylation to induce its
hyperphosphorylation

To elucidate further the mechanisms underlying the
increase in Aktl phosphorylation caused by SENP3
deficiency, we next investigated whether SENP3 regu-
lates Aktl de-SUMOylation by affecting its phospho-
rylation, given that Aktl is known to be SUMOylated
[33]. We first overexpressed HA-Aktl with SUMO2/3
and SENP3 WT or catalytic mutant (SENP3 C532A)
in HEK293T cells. The result showed that Aktl was
indeed modified by SUMO2/3, consistent with the pre-
vious report [33]. Notably, SENP3 WT, but not the
C532A mutant, remarkably reduced SUMO3 conjuga-
tion on Aktl, indicating that Aktl is a substrate of
SENP3 (Fig. 5A). We then detected Aktl SUMOyla-
tion in primary BMDM from Senp3 WT and cKO
mice upon treatment with 1L-4 and IL-13. The result
showed that SUMO2/3 conjugating to endogenous
Aktl was obviously increased in BMDM from Senp3
cKO mice (Fig. 5B). To examine the interplay between
Aktl SUMOylation and phosphorylation, we per-
formed pull down assay and found that p-Aktl was
also conjugated with SUMO2/3, and SENP3 loss dra-
matically increased SUMO modification of p-Aktl
(Fig. 5C). By observing and comparing the band inten-
sity, we found higher levels of SUMOylation of p-
Aktl than of total Aktl in Semp3-deficient BMDM
(Fig. 5B,C), suggesting that SUMOylation might facili-
tate phosphorylation of Aktl. Moreover, we found
that SENP3 was localized in the cytosol of CD206"
cells, (Fig. S7), which was similar to Akt. Altogether,
these data indicate that deleting SENP3 enhances
Aktl SUMO?2/3 modification, which promotes Aktl
activation in BMDM.

3.6. SENP3 level is negatively correlated with
M2 polarization in breast cancer patients

Given that macrophage-specific SENP3 deletion pro-
moted breast cancer progression in mice, we examined
the level of SENP3 in macrophages in human breast
cancer tissues. The ITHC data showed that in the
stroma area, SENP3 staining intensity was negatively
correlated with the levels of CD68, a macrophage mar-
ker, with statistical significance (n = 28; Fig. 6A,B).
Furthermore, the immunofluorescence staining vali-
dated the negative correlation between SENP3 and
CD206, an M2 indicator (n = 245; Fig. 6C,D). Next,
we evaluated the correlation between SENP3 levels in

leading to the suppression of Dbreast cancer M2 macrophages and clinical outcomes, including
progression. tumor stage, clinical tumor, lymph node, metastasis
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Fig. 5. Loss of SENP3 in macrophage enhances Akt1 SUMOylation to promote its hyperphosphorylation. (A) SUMO3 conjugation on Akt1
was determined by Ni-NTA pull down. HA-Akt1, RH-SUMOS3, and UBC9 were co-transfected into HEK293T cells along with Flag-SENP3 or
Flag-SENP3 C532A mutant for 48 h. RH-SUMOS3 was pulled down using Ni-NTA resin and analyzed by WB with indicated antibodies. (B)
The endogenous SUMOylation of Akt1 in BMDM was detected by co-IP. BMDM were treated with IL-4 and IL-13 (20 ng-mL~") for 12 h.
(C) The endogenous SUMOylation of p-Akt1 (S473) in BMDM was detected by co-IP. BMDM were treated with I[L-4 and IL-13 (20 ng-mL~")
for 12 h. The experiments were repeated three times.

Fig. 4. Loss of SENP3 promotes M2 polarization of macrophage through activation of Akt1. (A,B) Senp3 WT and Senp3 cKO BMDM were
treated with IL-4 and IL-13 for the times indicated. (A) SENP3 level. (B) The phosphorylated Akt1 at S473 (p-Akt1 for short). The
experiments were repeated three times and representative images are shown. The quantification of the levels of p-Akt1 is shown as
mean + SD. (C-E) Senp3 WT and Senp3 cKO BMDM were treated with IL-4 and I1L-13 (20 ng-mL~") for 24 h in the presence or absence of
A-674563 (5 mm). A-674563 was pretreated for 12 h when used. (C,D) M2 macrophages with CD206". The experiments were repeated
three times. The representative results are shown in (C) and quantification is shown as mean £ SD in (D). (E) The mRNA levels of CD206,
Arg-1, IL-10, and C/EBP. Quantification is shown as mean + SD of three independent experiments. (F) Diagram for p-Akt1 inhibitor
administration in breast cancer mouse model. Py8119 cells 2 x 10° were subcutaneously transplanted in Senp3 WT and Senp3 cKO mice.
A 20 mg-kg™" aliquot of p-Akt1 inhibitor was injected every week after modeling, and tumors harvested at the fourth week. (G) M1
macrophages with CD80", CD86™, and M2 macrophages with CD206". Isolated cells from transplanted cancer tissues were analyzed and
gated with CD45" CD11b" F4/80" by flow cytometry. Quantification is shown as mean £ SD of three mice in every group. (H) The intensity
of CD206 and p-Akt1 in macrophages within transplanted tumor tissues. Co-immunofluorescence was performed with indicated antibodies.
Representative images are shown. Scale bar: 20 um. Quantification is shown with the mean + SD of three mice in every group (n=3,
**%P < 0.001, ****P < (0.0001). Two-tailed unpaired Student's ttests were performed for statistical analysis. *P < 0.05, **P < 0.01,
*xxP < (0,001, ****P < 0.0001 in (B,D,E, and G), respectively.
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Fig. 6. SENP3 level in macrophages is negatively correlated with M2 polarization in breast cancer patients. (A) SENP3 levels in human
breast cancer tissues were detected by IHC. CD68 was used as a macrophage marker. Representative images from two patients were
shown. 'S’ denotes stroma. Scale bar: 100 um. (B) The correlation of SENP3 intensity in tumor stroma with CD68 intensity was analyzed
(n = 28). (C) The intensity of SENP3 and CD206 in human breast cancer tissues was determined by co-IF. Representative images from two

patients are shown. Scale bar: 50 um. (D) The correlation of SENP3 intensity with CD206 intensity was analyzed (n = 245).

Table 2. The relation between the clinicopathological features and SENP3 level in macrophages.

Characteristics Case no. SENP3 (average intensity in macrophages) Parametric test value P-value
Age*
<50 141 5505.44 + 1121.01 t=2.099 0.0368
>50 104 4499.58 + 697.82 df = 243
Nodal status*
NO 215 5144.11 + 1126.24 t=2.567 0.0109
N1-2 30 4608 + 513.17 df = 243
Clinical stage (TNM classification)
I 26 5549.45 + 1659.03 F=2.983 0.0525
II 184 5042.19 + 1031.93 df=2
1T 35 4919.31 + 687.42
Tumor stage
T 28 5437.71 + 1648.35 F=1.702 0.1673
T2 163 5301.17 + 1448.7 df=3
T3 23 5002.06 + 951.64
T4 31 4990.49 + 694.12
*P < 0.05.

(TNM) classification, and lymphatic metastasis. The
statistical analysis showed that the SENP3 levels in
macrophages correlated with lymphatic metastasis with
a P-value of 0.0051 (Table 2). A lower level of SENP3

also appeared to be associated with advanced tumor
stages and TNM grades (Table 3), although the associ-
ation was not statistically significant. SENP3 level
showed a negative correlation (R < —0.6) with CD206

Molecular Oncology 16 (2022) 1026-1044 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of
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Table 3. The correlation of SENP3 in macrophages and CD206 in patients.
Characteristics SENPS3 (average intensity) CD206 (average intensity) R-value P-value
Nodal status

NO 514411 + 1126.24 10594.24 + 5266.87 —0.4359 0.000
N1-2 4608 + 513.17 14874.47 + 6645.6 —0.7233 0.000
PR status

T 5437.71 + 1648.35 11811.66 + 6054.13 —0.3316 0.0848
T2 5301.17 + 1448.7 11253.88 + 5734.9 —0.4781 0.000
T3 5002.06 + 951.64 11361.85 + 4882.06 -0.7612 0.000
T4 4990.49 + 694.12 9598.9 + 5059.74 —0.6206 0.0002
Clinical stage (TNM classification)

I 5549.45 + 1659.03 11002.52 + 5335.12 —0.2527 0.2129
I 5042.19 + 1031.93 11325.03 + 5764.41 —0.5098 0.000
0l 4919.31 + 687.42 10117.86 + 5040.39 —0.655 0.000

Table 4. The correlation of SENP3 in macrophages and CD206 in different subtypes of breast cancer patients. Her-2, human epidermal

growth factor receptor-2.

Characteristics SENPS3 (average intensity) CD206 (average intensity) R-value P-value
ER status
Negative 4981.17 + 1143.08 12385.34 + 5534.24 —0.5463 0.000
Positive 5199.86 + 997.01 9537.52 + 5335.03 —-0.315 0.0008
PR status
Negative 5071.73 + 1122.33 11231.61 + 5422.24 —0.4251 0.000
Positive 5101.72 + 948.07 10727.09 + 6283.18 —0.6082 0.000
Her-2 status
Negative 5028.93 + 1121.61 11472.45 + 5652.07 —0.4456 0.000
Positive 5593.7 + 1026.97 6401.79 + 1617.84 0.0205 0.8205
Triple negative status
ER/PR™Her-2~ 4965.3 £+ 1244.99 12725.45 + 5633.95 —0.529 0.000
ER/PR"Her-2~ 5088.39 + 994.88 10301.42 + 5438.1 —0.3474 0.0002
ER/PR™Her-2" 5258.97 + 802.6 10172.84 + 5580 —0.6411 0.0004
ER/PR"Her-2" 5541.84 + 823.3 7058.83 + 2910.75 —0.03276 0.9195

level in patients with advanced tumors (stage T3/T4,
TNM grade III, and lymph node metastasis), whereas
such a correlation was not seen in lower-grade tumors
(Table 4). This supports the conclusion that SENP3
downregulation in macrophage potentially accelerates
the malignant progression of breast cancer.

We then examined the correlation of SENP3 and
CD206 among different intrinsic or molecular subtypes
of breast cancer. We found a strong negative correla-
tion between both factors in luminal A type [estrogen
receptor (ER)", progesterone receptor (PR)", human
epidermal growth factor receptor-2 (HER2)], HER2
enriched type (ER/PR™, HER2"), and in triple nega-
tive breast cancer type (TNBC), demonstrating that
SENP3 could suppress M2 polarization in general
(Table 3).

In addition, the TIMER analysis of breast cancer
patient data revealed a weak negative correlation
between the SENP3 level in the whole tumor tissues

and the number of macrophages that infiltrated the
tumors (Fig. S8A). Kaplan—-Meier analysis showed
that a high SENP3 level in breast cancer tissues was
correlated with a better overall survival (Fig. S§B).
Because the level of SENP3 in macrophages
appeared to be comparable to that in tumor cells
(Fig. 6A), these results collectively suggest that
SENP3 level in macrophages, as well as in the whole
breast cancer tissues, could serve as a biomarker for
breast cancer progression and prognosis of breast
cancer patients.

4. Discussion

In the present study, we uncovered a previous unnoted
role of SENP3 in fine-tuning macrophage polarization
in breast cancer. Mechanistically, in SENP3-deficient
macrophages, Aktl becomes hyper-SUMOylated, fol-
lowed by its hyper-phosphorylation and activation,
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which contributes to M2 polarization in the tumor
environment.

We utilized Py8119 cells derived from MMTV-
PyMT transgenic mice to generate allografts in Senp3
cKO mice via orthotopic, subcutaneous or tail vein
injection, which mimicked rapid progression of breast
cancer. MMTV-PyMT transgenic mice are a sponta-
neous breast cancer animal model which exhibits many
features of the TNBC, such as the identity of macro-
phages as the major component of tumor microenvi-
ronment that contributes tumor progression [14,34,35].
TAM is largely believed to be correlated with poor
prognosis in breast cancer, and its density within
tumor lesions has also been suggested to be an inde-
pendent predictor of poor outcome in various types of
tumor [36-38]. Herein we discovered that the activity
and polarization of TAM regulated by SENP3 facili-
tates tumor progression in the murine breast cancer
model with Py8119. Furthermore, SENP3 abundance
in stroma was negatively associated with macrophage
mass in breast cancer biopsies, and SENP3 level in
macrophage determined the extent of M2 polarization,
eventually associated with lymphatic metastasis. Taken
together, SENP3 in macrophages might be an impor-
tant regulator in TNBC or more advanced tumor.

SUMOylation and SENP-mediated de-
SUMOylation have been linked to suppressed inflam-
mation in macrophages, exemplified by SUMOylation
of PPAR vy, DICER ribonuclease III, MKK7, and
NEMO/inhibitor of nuclear factor kappa B kinase reg-
ulatory subunit gamma (IKBKG) [26,32,41,42]. Simi-
larly, in our previous study we reported that SENP3
enhances expression of inflammatory cytokines in
response to LPS stimulation via MKK7 de-
SUMOylation [43]. Instead, de-SUMOylation by
SENP6 had been found to suppress TLR inflamma-
tory signaling in macrophages [25]. Therefore, dynamic
SUMOylation had a complex influence on M1 polar-
ization. However, except that the effect of SUMOyla-
tion of KLF4 on promotion of M2 polarization is
limited in RAW264.7 cells, the regulatory role of pro-
tein SUMOylation or de-SUMOylation has been less
studied during the reprogramming process of macro-
phage polarity towards ‘pro-tumor’ M2 subtype
[9,39,40,44]. Our current study has provided another
example that SUMOylation facilitates M2 polariza-
tion. These findings together shed light on the roles of
SUMOylation and SENPs in macrophage polarization
and pro-inflammatory or pro-tumor responses in dif-
ferent contexts.

Although SENP3 was explored as a regulator of
macrophage polarization in our study, how SENP3
responds to the cytokines in the tumor

SENP3 deficiency promotes breast cancer progression

microenvironment still remains unclear. SENP3 has
been viewed as a stress sensor, given degradation inhi-
bition and rapid accumulation resulting from the
oxidative modification upon secondary oxidative stress
in multiple normal and tumor cell lines [45]. In con-
trast, here we observed a rapid reduction in SENP3
expression in macrophages upon the treatment with
M2-inducing cytokines IL-4 and TL-13.

SENP3 localization in TAM 1is also of interest.
SENP3 is mainly targeted in cytosol, differing from its
dominant localization in the nucleus in cancer cells,
indicating its versatile roles in regulation of cell behav-
ior through various targets in diverse compartments
including cytosolic MKK?7, Beclin 1, and dynamin-
related protein 1, as previous reported [28,46, 47].
Consistent with its prominent cytosol distribution,
SENP3 was found to control TAM polarization by
targeting the cytosolic substrate Aktl. The mechanism
underlying SENP3 downregulation and localization or
translocalization upon M2 induction in breast cancer
mouse models and patients warrants investigation in
the future.

5. Conclusions

In summary, our study showed that SENP3 plays an
important role in fine-tuning macrophage polarization
towards M2 in breast cancer via de-SUMOylating
Aktl. Furthermore, in breast cancer patients, the
decrease in SENP3 in macrophages is significantly cor-
related with M2 polarization, lymphatic metastasis or
a worse prognosis.
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Fig. S1. SENP3 deletion in macrophages promoted
breast cancer progression and metastasis in the subcu-
taneous inoculation model with Py8119.
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Fig. S2. SENP3 depletion had no effects on the pro-
portion of MDSC, CD4", and CD8" T cells in the
transplanted tumor tissues.

Fig. S3. SENP3 deletion in macrophages promoted
melanoma progression in mouse model.

Fig. S4. The expression of SENP3 decreased upon IL-
4 and IL-13 treatment in BMDM.

Fig. S5. The effects of SENPs on the phosphorylation
of STAT6, STAT3, and Aktl.

Fig. S6. p-Aktl inhibitor effectively rescued tumor
progression.

Fig. S7. SENP3 localized in the cytoplasm in macro-
phages within mouse breast cancer tissue.

Fig. S8. The expression of SENP3 in breast cancer was
negatively related to macrophage immersion and sur-
vival rate.
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