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List of Abbreviation:

T2DM, type 2 diabetes mellitus; Ube2L6, Ubiquitin-conjugating enzyme E2L6; HFD, high-fat diet; SVCs, stromal
vascular cells; BMDMs, bone marrow-derived macrophages; LPS, lipopolysaccharide; WAT, white adipose tissue;
ISG15, interferon-stimulated gene 15; STAT1, signal transducer and activator of transcription 1; BMI, body mass
index; WT, wild type; M-CSF, macrophage colony-stimulating factor; si-Ube2L6, small interfering RNA targeting
Ube2L6; RT-gPCR, Real time quantitative PCR; Co-IP, Co-immunoprecipitation; ELISA, enzyme-linked immunosorbent
assay; SD, standard deviation.
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Abstract

Introduction: In obesity-related type 2 diabetes mellitus (T2DM), M1 macrophages aggravate chronic inflammation
and insulin resistance. 1SG15-conjugation enzyme E2L6 (Ube2L6) has been demonstrated as a promoter of obesity
and insulin resistance. This study investigated the function and mechanism of Ube2L6 in M1 macrophage polarization
in obesity.

Methods: Obesity was induced in Ube2L6”° mice and age-matched Ube2L6M°¥/flx control mice by high-fat diet (HFD).
Stromal vascular cells (SVCs) were isolated from epididymal white adipose tissue of mice. Polarization induction was
performed in mouse bone marrow-derived macrophages (BMDMs) by exposure to IFN-y, lipopolysaccharide (LPS), or
IL-4. F4/80 expression was assessed by immunohistochemistry staining. Expression of M1/M2 macrophage markers
and target molecules was determined by flow cytometry, RT-gPCR, and Western blotting, respectively. Protein
interaction was validated by co-immunoprecipitation (Co-1P) assay. The release of TNF-a and IL-10 was detected by
ELISA.

Results: The polarization of pro-inflammatory M1 macrophages together with anincrease in macrophage infiltration
were observed in HFD-fed mice, which could be restrained by Ube2L6 knockdown. Additionally, Ube2L6 deficiency
triggered the repolarization of BMDMs from M1 to M2 phenotypes. Mechanistically, Ube2L6 promoted the
expression and activation of signal transducer and activator of transcription 1 (STAT1) through interferon-stimulated
gene 15 (ISG15)-mediated ISGlylation, resulting in M1 macrophage polarization.

Conclusion: Ube2L6 exerts as an activator of STAT1 via post-translational modification of STAT1 by ISG15, thereby
triggering M1 macrophage polarization in HFD-fed obese mice. Overall, targeting Ube2L6 may represent an effective
therapeutic strategy for ameliorating obesity-related T2DM.

Keywords: Obesity; M1 macrophage polarization; Ube2L6; STAT1; ISG15
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Introduction

Type 2 diabetes mellitus (T2DM) is an important health issue with an increasing prevalence attributed to a rising
standard of living and sedentary lifestyle[1]. T2DM has been recognized as an enormous burden on the health
systems around the world[2]. A series of metabolic diseases and different complications can be caused by T2DM
because of insulin deficiency and insulin resistance[3]. Obesity, featured by excess fat deposition in various body
tissues, may cause serious health problems. Obesity has been believed as a contributor to T2DM[4]. Growing
evidence has proved that obesity is a risk factor for the occurrence and development of T2DM[5]. Therefore,
uncovering the potential mechanisms of T2DM in obese patients would be conducive to the prevention and
treatment of these patients.

Over-nourishment-induced inflammation in fatty tissue is considered as an outstanding characteristic of obesity,
which facilitates the progression of insulin resistance and T2DM[6]. In mouse or human white adipose tissue (WAT),
multiple pro-inflammatory cytokines including TNF-a, IL-6, and IL-1B are released by immune cells, leading a defect in
insulin-glucose homeostasis[7, 8]. Macrophages are the major immune cells that participate in obesity-associated
inflammation and insulin resistance in adipose tissue[9, 10]. Macrophages consist of two primary subgroups:
activated M1 macrophages and alternatively activated M2 macrophages, which present outstanding diverse
biological functions[11]. M1 macrophages expressing F4/80, CD11b, and CD11c release pro-inflammatory cytokines
including TNF-a, IL-1B, IL-6; while M2 macrophages expressing F4/80, CD11b, and CD206 produce anti-inflammatory
cytokines, including IL-4 and IL-10. Macrophages are the crucial players for maintaining the homeostasis in fatty
tissue microenvironment. M1/M2 polarization of macrophages can be driven by microenvironmental stimuli under
specific conditions[12]. In obesity, the polarization of macrophages to a pro-inflammatory, called M1 macrophages,
results in insulin resistance and adipose tissue dysfunction[13]. Whereas, macrophages are prone to polarize to the
anti-inflammatory phenotype (M2 macrophages) in lean fat[7]. Therefore, inhibiting the polarization of M1
macrophages represents a strategy for alleviating the pathological remodeling of WAT, thereby delaying the
development of insulin resistance and T2DM.

ISG15-conjugation enzyme E2L6 (Ube2L6/UbcHS8) is a specific enzyme that catalyzes 1SGylation via conjugation of
interferon-stimulated gene 15 (ISG15) to target proteins[14]. The conjugation of ISG15 to the lysine residues of target
proteins, called ISGylation, is dependent on Ube2L6[15]. ISGylation has been identified to exert crucial roles in type |
interferon-mediated innate immune responses, which is responsible for the prevention of host cells against RNA,
DNA, and retrovirus infection[16]. Notably, abnormal I1SGylation resulted in macrophage polarization toward a pro-
inflammatory phenotype during SARS-CoV-2 infection[17]. Post-translational modification by ISG15 can result in the
stabilization of target proteins through competitively inhibiting their ubiquitination and degradation[18]. Previous
studies have showed that Ube2L6 participates in diverse pathophysiological processes, such as tumor growth[19],
pathogen infection[20], and immune response[21]. Notably, Marcelin et al reported that Ube2L6 knockdown
restrained adipogenesis, which was responsible for obesity resistance in mice[22]. Moreover, a previous study by our
team found that Ube2L6 deficiency protected against high-fat diet (HFD)-induced obesity, insulin resistance, and
hepatic steatosis through regulation of Atgl protein stability[23]. So far, whether Ube2L6-mediated ISGylation is
involved in M1 macrophage polarization during HFD-induced obesity remains largely unknown. Interestingly, STRING
database predicted a protein association network: Ube2L6-1SG15-signal transducer and activator of transcription 1
(STAT1). Therefore, we hypothesized that Ube2L6 modulated STAT1 signaling activation via I1SGylation, thus affecting
M1 macrophage polarization.

To verify the above hypothesis, the Ube2L6 knockout mice were utilized and we found that Ube2L6 deficiency
suppressed HFD-induced M1 macrophage polarization in vivo. In addition, the M1 polarization of bone-marrow-
derived macrophages (BMDMs) was inhibited by Ube2L6 knockout in vitro. Mechanistically, Ube2L6 promoted
ISGlylation of STAT1 via conjugation of ISG15 to trigger M1 macrophage polarization. Our findings shed light on the
role and mechanism of Ube2L6 in M1 macrophage polarization in obesity, suggesting Ube2L6 might be a promising
target for treating obesity and insulin resistance.
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2.Methods

Clinical samples

White adipose tissues (WAT) were collected from 20 non-obese patients with body mass index (BMI) of < 25 kg/m?
and 20 obese patients with BMI of > 30 kg/m? in the abdominal subcutaneous adipose tissues during surgical biopsy
in Hainan General Hospital from July 2020 to July 2021. The cut-off values of BMI for non-obese and obesity were
determined in accordance with WHO/IASO/IOTF for Asia Pacific region[24]. Informed consent was collected from all
individuals. The patients were excluded if they were smoker, pregnant, or had abdominopelvic surgery, hemorrhage,
or trauma, malignancy, cardiovascular diseases, autoimmune or lymphoproliferative diseases, gastrointestinal
disease, or nephrolithiasis. Supplemental table 1 presented the clinical characteristics of patients. The clinical study
was performed according to the Declaration of Helsinki and approved by Medical Ethics Committee of Hainan
Provincial People's Hospital.

Animal experiments

The Ube2L6M°¥f* mice and AdipO-Cre mice on a C57BL/6J albino genetic background were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). The Ube2L6%°¥/flox mjce crossbred with AdipoQ-Cre
mice to generate Ube2L6”C mice. The age-matched Ube2L6%¥/fox [ittermates were served as wild type (WT) mice. For
the induction of insulin resistance and obesity, the Ube2L6**° mice or WT mice were fed with 60% HFD (D12492,
Research Diets, USA) for 16 weeks. While the mice feeding with regular chow diet (D12450B, Research Diets) for 16
weeks were served as non-obese controls. All animal experiments were approved by Medical Ethics Committee of
Hainan Provincial People's Hospital.

Immunohistochemistry staining

The sections of mouse adipose tissue were boiled for 10 min in sodium citrate buffer to retrieve antigens. After
blocking in 2% BSA and treatment with 0.1% Triton X100, the sections were incubated with F4/80 antibody (1:500,
ab6640, Abcam) overnight at 4 °C. Subsequently, the sections were probed with Alexa488 conjugated secondary
antibody (1:200, ab150165, Abcam), followed by counterstaining with DAPI. Under a fluorescence microscopy, the
sections were examined and photographed. The percentage of F4/80 positive cells was quantified using Image )
software.

Isolation of adipose tissue stromal vascular cells (SVCs) and flow cytometry

The epididymal WAT of mice were minced and digested with collagenase D (1.5 U/mL) and dispase 1l (2.4 U/mL) at 37
°C for 60 min. After filtration with a 100-um filter, the suspensions were subjected to centrifugation at 600 g for 5 min
to collect SVC in the bottom. The SVC pellets were treated with red blood cell lysis buffer for 5 min, followed by
incubation with Fc Block for 30 min at 4°C. The SVCs were incubated with antibodies against F4/80-PE (ab105156,
Abcam), CD11b-APC (ab25482, Abcam), CD206-APC (141707, Biolegend, USA), CD11c-PE (ab210309, Abcam) for 30
min and detected on a flow cytometer (BD Biosciences, USA).

Isolation of bone marrow-derived macrophages (BMDMs) and polarization induction

BMDMs were isolated from the femurs of Ube2L6”%C or WT mice. Briefly, the bone marrow was collected from the
mouse femurs and filtered using the 70 um cell strainer. After centrifugation at 250 g for 5 min, the bone marrow
cells were cultured in BMDM medium (DMEM F12 medium containing 5% FBS (Thermo Fisher, USA), 2 mM L-
glutamine, 100 units/mL penicillin, 0.1 mg/mL streptomycin, and 25 ng/mL macrophage colony-stimulating factor (M-
CSF, Peprotech, USA)) for one week with an addition of 25 ng/mL M-CSF on day 5. The isolated BMDMs were
stimulated with 100 ng/mL IFN-y or 10 ng/mL lipopolysaccharide (LPS) for 8 h for M1 polarization, or treated with 10
ng/mL IL-4 for 72 h for M2 polarization.

Cell culture and treatment

RAW264.7 macrophages were obtained from American Type Culture Collection (ATCC, USA) and maintained in RPMI
1640 medium (Thermo Fisher) containing 10% FBS at 37 °C with 5% CO,. For the induction of M1 macrophage
differentiation, RAW264.7 cells were stimulated with 100 ng/mL LPS for 12 h.

For cell transfection, small interfering RNA targeting Ube2L6 (si-Ube2L6) and negative control (si-NC) were purchased
from GenePharma (Shanghai, China). RAW264.7 macrophages were transfected with si-Ube2L6 or si-NC using
Lipofectamine 2000 (Thermo Fisher).

Real time quantitative PCR (RT-qPCR)

Total RNA was isolated from macrophages, SVCs, BMDMs or human WAT using the Total RNA Extraction Kit (Solarbio,
Beijing, China), and was reverse transcribed into cDNA using the One Step SuperRT-PCR Mix Kit (Solarbio). The SYBR
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Green Realtime PCR Master Mix (TOYOBO, Japan) was used for quantitative RT-PCR to detect target gene expression
levels. The relative gene expression normalized to B-actin was calculated using the 222" method. Supplemental table
2 listed the primer sequences used in this study.

Western blotting

The protein extracts were obtained using modified RIPA Lysis Buffer (Beyotime, Haimen, China). Equal amount of
protein samples was loaded onto SDS-PAGE, blotted onto PVDF membranes. After blocking in skimmed milk, the
membranes were probed with primary antibodies against iNOS (ab205529, 1:1000, Abcam, UK), TNF-a (ab255275,
1:1000, Abcam), I1L-10(ab189392, 1:1000, Abcam), Arg-1 (1:5000, 16001-1-AP, Proteintech, Wuhan, China), ISG15
(1:1000, 15981-1-AP, Proteintech), STAT1 (1:2000, 10144-2-AP, Proteintech), p-STAT1 (1:1000, ab109461, Abcam), p-
JAK (bs-4163R,1:500, Bioss, Beijing, China), JAK (bs-1439R, 1:500, Bioss), B-actin (1:1000, 20536-1-AP, Proteintech) at
4°C overnight, followed by incubation with secondary antibody. Signals were detected using the BeyoECL Moon
(Beyotime).

Co-immunoprecipitation (Co-IP)

The adipose tissues or RAW264.7 macrophages were lysed in RIPA Lysis Buffer in the presence of protease inhibitors.
Cell lysates were centrifuged at 16,300 g for 10 min at 4°C. Subsequently, the Protein G agarose beads (Thermo
Fisher) were conjugated the anti-STAT1 (10144-2-AP, Proteintech) overnight at 4°C, followed by incubation with cell
lysates overnight at 4°C with rotation. After washing, the immunoprecipitated proteins were eluted and subjected to
Western blotting with the indicated antibodies.

Enzyme-linked immunosorbent assay (ELISA)

The level of TNF-a and IL-10in the supernatants of RAW264.7 or plasmas of patients were assessed using the Mouse
TNF alpha ELISA Kit (Abcam) and Human TNF alpha ELISA Kit (Abcam), Human IL-10 ELISA Kit (Abcam), respectively,
following the manufacturer’s instruction.

Statistical analysis

Statistical analysis was conducted using the SPSS v23 software. Data are presented as the mean + standard deviation
(SD). Student’s t-test fortwo groups, and a one-way ANOVA with Tukey’s post-hoc test for multiple group comparison
were performed. Spearman correlations analysis was used to analyze the relationship between target molecules. P <0
.05 was defined as statistical significance.

€202 1890300 /| uo 3sanb Aq Jpd'996€£5000/L6€ 11 07/996EES000/6S | 101 /10p/4pd-a[o1ie/ejo/woo 1ebie//:diy wouy papeojumoq



3.Results

Ube2L6 knockout inhibits M1 macrophage polarization, but promotes M2 macrophage polarization in HFD-fed
obese mice

First, the Ube2L6”*C (adipose-specific knockout of Ube2L6) or WT mice were fed with HFD to induce obesity and
insulin resistance. To investigate the infiltration of macrophage in adipose tissues, immunohistochemistry staining of
F4/80 was carried out. Knockout of Ube2L6 remarkably reduced the percentage of F4/80 positive cells in adipose
tissues of HFD-fed mice, but did not affect that in regular chow diet-fed mice (Fig. 1A). In addition, we measured the
percentage of SVC macrophages using flow cytometry. As shown in Fig. 1B, the percentage of SVC macrophages
(F4/80* and CD11b*) was strikingly increased by HFD feeding as compared with regular chow, which could be
reversed by Ube2L6 silencing. Furthermore, the percentage of M1 and M2 macrophages in SVC macrophages was
assessed. We found that HFD-WT mice exhibited an obvious elevation in M1 macrophages (CD11c*) in comparison
with chow-WT mice, whereas the percentage of M2 macrophages (CD206*) was not changed between HFD-WT mice
and chow-WT mice (Fig. 1C&1D). Knockout of Ube2L6 evidently lowered M1 macrophage percentage, but enhanced
M2 macrophage percentage in HFD-WT mice (Fig. 1C&1D). These data indicate that M1 macrophage polarization is
inhibited, while M2 macrophage polarization is facilitated by Ube2L6 knockout under HFD conditions.

Knockout of Ube2L6 affects polarized macrophages-mediated inflammatory marker expression in HFD-fed obese
mice

We further explored the regulation of Ube2L6 in macrophages-mediated inflammatory marker expression. As
assessed by RT-gPCR, the mRNA levels of M1 macrophages-mediated pro-inflammatory markers (TNF-a, iNOS and IL-
1B) in SVC macrophages of HFD group were significantly elevated as compared with those in the regular chow group,
which were attenuated after Ube2L6 knockout (Fig. 2A). However, Ube2L6 deficiency remarkably enhanced the
mRNA levels of anti-inflammatory markers (CD206, IL-10 and Arg-1) by M2 macrophages in HFD-fed obese mice (Fig.
2B). Accordingly, the protein levels of TNF-a and iNOS were down-regulated, while the protein levels of IL-10 and Arg-
1 were up-regulated in SVC macrophages of Ube2L6-knockout obese mice (Fig. 2C). These observations indicated that
Ube2L6 knockout inhibited the expression of M1-type pro-inflammatory markers and promoted the expression of
M2-type anti-inflammatory markers in HFD-fed mice.

Ube2L6 knockout regulates polarization of BMDMs in response to different exposures

To further validate the involvement of Ube2L6 in macrophage polarization, BMDMs were isolated from Ube2L6”C or
WT mice and subjected to various exposures. After stimulation with LPS for 8 h, the expression of M1 markers (TNF-a
and iNOS) was elevated in BMDMs derived from WT mice, whereas Ube2L6**° mice-derived BMDMs exhibited lower
levels of TNF-a and iNOS (Fig. 3A). Similarly, treatment with IFN-y, another inducer of M1 polarization, led to
elevation in TNF-a and iNOS levels in BMDMs from WT mice. However, this alteration was weakened in IFN-y-
stimulated BMDMs from Ube2L6*%° mice (Fig. 3B). On the contrary, the levels of M2 markers (CD206 and Arg-1) in IL-
4F-exposed BMDMs from WT mice were lower than that from Ube2L6**° mice (Fig. 3C). Therefore, Ube2L6 deficiency
contributed M2 polarization, but restrained M1 polarization of BMDM:s.

STAT1 is an ISGlylation target of ISG15 in an Ube2L6-dependent manner

To gain insight into the underlying mechanism through which Ube2L6 regulated macrophage polarization in HFD-fed
mice, String database predicated aninteraction Ube2L6-ISG15-STAT1 axis (Fig. 4A). Thus, we speculated that Ube2L6
might modulate macrophage polarization through post-translational modification of STAT1 by ISG15. As validated by
RT-gPCR, the mRNA levels of various interferon-stimulated genes (ISGs) including MXA, OAS1, and ISG15 were
enhanced in the adipose tissues of HFD-fed mice (Fig. 4B). Besides, we observed a strong down-regulation of all
components of ISGylation including 1SG15, HERC5, UBE1L, and Ube2L6 in Ube2L6-knockout mice in response to HFD
(Fig. 4C). Accordingly, the protein level of ISG15 was reduced in adipose tissues of HFD-fed Ube2L6”C mice (Fig. 4D).
Furthermore, Ube2L6 depletion restrained the conjugation of ISG15 with protein extracts from adipose tissues (Fig.
4E). Notably, Western blotting data indicated that the protein levels of p-STAT1, STAT1, and p-JAK were declined in
adipose tissues of Ube2L6C mice (Fig. 4F). To verify whether STAT1 was a target of Ube2L6-mediated I1SGylation, the
protein extracts from macrophages were immunoprecipitated with an anti-STAT1 antibody. We found that the
interaction of ISG15 with total and p-STAT1 was dramatically weakened in Ube2L6-knockout mice (Fig. 4H).
Moreover, Ube2L6 knockout suppressed the conjugation of ISG15 with STAT1 protein in HFD-induced obese mice
(Fig. 4H). Taken together, Ube2L6 silencing repressed the ISGlylation of STAT1 via the conjugation of ISG15 in HFD-
induced obese mice.
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Effects and mechanisms of Ube2L6 on LPS-triggered M1 macrophage polarization in vitro

To validate the above findings in vitro, RAW264.7 macrophages were challenged with LPS for 6 h. After exposure to
LPS, the expression of ISGylation components (ISG15, Ubell, Ube2L6, and HERC5) was remarkably raised in
RAW264.7 macrophages (Fig. 5A). Moreover, LPS stimulation caused up-regulation of ISG15 level together with
enhancement in ISG15-conjugated proteins isolated from RAW264.7 cells (Fig. 5B). To examine the biological function
of Ube2L6, RAW264.7 macrophages were transfected with si-Ube2L6 or si-NC. The silencing efficiency of Ube2L6 was
validated by RT-gPCR (Fig. 5C). As expected, LPS-induced up-regulation of Ube2L6 in RAW264.7 macrophages was
reversed by si-Ube2L6 transfection (Fig. 5D). In addition, the reduced level of proteins conjugated with ISG15 was
observed in Ube2L6-silenced RAW264.7 cells after LPS exposure (Fig. 5E). In line with the in vivo observations, the
interaction of ISG15 with total and p-STAT1 after immunoprecipitation with an anti-STAT1 antibody was dramatically
abolished in Ube2L6-depleted RAW264.7 cells (Fig. 5F). Besides, depletion of Ube2L6 reduced the levels of p-STAT1,
as well as total STAT1 in LPS-stimulated RAW264.7 cells (Fig. 5G). Furthermore, LPS exposure resulted in up-
regulation of M1 macrophage markers CD11c, iNOS, and TNF-a, while down-regulation of M2 macrophage markers
Arg-1, CD206 and IL-10 in RAW264.7 cells, which could be counteracted by Ube2L6 knockdown (Fig. 5H&I). Similarly,
the enhanced release of TNF-a after LPS stimulation was abolished in Ube2L6-depleted RAW264.7 cells (Fig. 5J).
Overall, these results demonstrated that Ube2L6 knockdown restrained LPS-triggered M1 macrophage polarization
via inhibiting 1SG15-mediated ISGlylation of STAT1 and subsequent inactivation of STAT1.

Expression patterns and correlation analysis among Ube2L6 and macrophage polarized markers in clinical samples
To determine the clinical relevance of Ube2l6, the differential expression of Ube2L6 and macrophage polarized
markers (iNOS, TNF-q, IL-10, Arg-1 and CD206) in WAT collected from the abdominal subcutaneous adipose tissues of
obese patients and non-obese patients was investigated. Clinical characteristics of all patients are shown in
Supplemental table 1. The BMI, TC, TG, LDL-C levels were higher, while HDL-C level was lower in the obese patients
as compared with the non-obese patients (Supplemetal table 1). Moreover, as compared with non-obese patients,
the protein and mRNA expression levels of Ube2L6, iNOS, TNF-a and IL-10 were increased, while the levels of Arg-1
and CD206 were decreased in WAT of obese patients as compared with that in non-obese patients (Fig. 6A&B).
Furthermore, Spearman correlation analysis showed that Ube2L6 expression level was positively correlated with M1
macrophage markers, iNOS, and TNF-a (Fig. 6C), but negatively correlated with M2 macrophage markers, Arg-1,
CD206 and IL-10 in WAT of obese patients (Fig. 6D). Besides, the patients with obese exhibited higher plasma levels of
TNFa, while lower level of IL-10in comparison with non-obese patients (Fig. 6E). These data showed the close
association of Ube2L6 with macrophage polarized markers in clinical samples of obese patients.
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4. Discussion

T2DM is an endocrine metabolism disorder featured by insulin resistance and chronic inflammation. Macrophage-
mediated inflammatory response is involved in the pathological development of insulin resistance and T2DM[25]. In
obesity-associated T2DM, the infiltration of macrophages in liver and adipose tissue contributes to chronic
inflammation and impaired insulin function[26]. This study uncovered the mechanism through which macrophages
polarized and infiltrated into the adipose tissue causing insulin resistance during T2DM. We found that Ube2L6-
mediated ISGylation of STAT1 led to STAT1 activation that promoted M1 polarization of macrophages in HFD-induced
mouse model of obesity and insulin resistance in vivo and LPS-stimulated RAW264.7 cells in vitro. Our findings
provide theoretical basis for the identification of novel strategy for treating inflammation and insulin resistance in
obesity-associated T2DM.

During the progression of obesity, the conversion of M2 anti-inflammatory macrophages to M1 pro-inflammatory
macrophages results in low-grade inflammation in adipose tissue[27]. Under this inflammatory condition, insulin
resistance and T2DM may occur and progress[28]. Interestingly, Ube2L6 knockdown was reported to repress
adipogenesis of 3T3-L1 adipocytes[22]. Our previous study also confirmed that knockdown of adipocyte Ube2L6
mitigated HFD-induced obesity and insulin resistance in mice[23]. This study provided first evidence that Ube2L6
down-regulation facilitated that the conversion of M1 to M2 type of macrophages in adipose tissue of HFD-fed mice.
Additionally, the expression of pro-inflammatory cytokines TNF-a, IL-1B, iNOS was reduced by Ube2L6 knockdown.
Conversely, the expression of anti-inflammatory cytokine IL-10 was enhanced by Ube2L6 deficiency. Therefore,
inhibition of M1 polarization of macrophages was responsible for the inhibitory effect of Ube2L6 knockdown on
insulin resistance and obesity in HFD-fed mice.

Ube2L6 has been recognized as an E2 ubiquitin and 1ISG15-conjugating enzyme, which exerts a vital role in regulating
its target gene expression. For example, Ube2L6 promoted the transcription of ABCB6 to confer cisplatin resistance in
cancer chemotherapy[29]. In this study, we found an increased expression of ISG15 after HFD feeding and LPS
exposure, whereas knockdown of Ube2L6 evidently suppressed the up-regulation of ISG15. Therefore, post-
translational modification by ISG15 was thought to take part in the potential mechanism of Ube2L6 in macrophage
polarization. JAK/STAT is the primary pathway in inflammation, during which STAT1 can be phosphorylated in IFN-y-
stimulated macrophages[30]. It has been confirmed that high expression of STAT1 in activated macrophages
contributes to M1 polarization and trigger the inflammatory response[31]. Here, we revealed that Ube2L6 promoted
ISGylation of STAT1 via conjugation of ISG15, and then caused activation of JAK/STAT1 pathway, thus leading to M1
polarization of macrophages in mice. More importantly, Ube2L6 was highly expressed in WAT of obese patients,
which was positively associated with M1 macrophage markers, but negatively associated with M2 macrophage
markers. Therefore, our data provided clinical relevance of Ube2L6 to macrophage polarization in obesity. However,
whether Ube2L6 can influence M1 polarization of macrophages in obese patients remains unclear and needs to be
further examined. Even so, our study improves the understanding of the therapeutic potential of Ube2L6 in the
treatment of inflammation and insulin resistance in obesity.
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5.Conclusions

Taken together, Ube2L6 deletion repressed HFD-induced M1 macrophage polarization in mice. Mechanistically,
Ube2L6 promoted post-translational modification of STAT1 by ISG15 to trigger the activation of JAK/STAT1 pathway.
However, other I1SGylation target proteins modulated by Ube2L6 in adipocytes remains unidentified and deserves
further investigation. Despite this, our findings provide novel evidence for Ube2L6 as a target for treatment of
obesity-associated T2DM through repressing adipose tissue inflammation.
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Figure legends

Fig. 1 M1 macrophage polarization is inhibited, but M2 macrophage polarization was promoted by Ube2L6
knockout in HFD-fed obese mice. Epididymal white adipose tissue (WAT) was collected from mice. (A) IHC staining of
F4/80 in WAT from different groups. (B) Stromal vascular cells (SVCs) were isolated from epididymal WAT, and the
proportion of F4/80* and CD11b* SVCs was assessed by flow cytometry. (C)&(D) Flow cytometry analysis of the
proportion of CD206* and CD11c* in SVCs and quantitatively analyzed. Data are presented as mean + SD. ***P < 0.001
vs. indicated group.

Fig. 2 Ube2L6 depletion restrains polarized macrophages-mediated inflammatory marker expression in HFD-fed
obese mice. (A) Expression of M1 macrophage markers TNF-a, iNOS and IL-1pB in SVCs derived from epididymal WAT
was determined by RT-gPCR. (B) RT-qPCR analysis of expression of M2 macrophage markers CD206, Arg-1 and IL-10 in
SVCs. (C) The protein levels of TNF-a, iNOS, Arg-1 and IL-10 in SVCs were measured by Western blotting. Data are
presented as mean + SD. *P < 0.05, ***P < 0.001 vs. indicated group.

Fig. 3 The polarization of BMDMs upon different stimulations is regulated by Ube2L6. (A) BMDMs were isolated
from mice and treated with 10 ng/mL LPS for 8 h. Expression of TNF-a and iNOS in BMDMs was evaluated by RT-
gPCR. (B) RT-gPCR analysis of TNF-a and iNOS levels in BMDMs after treatment with 100 ng/mL IFN-y for 8 h. (C) RT-
gPCR analysis of CD206 and Arg-1 levels in BMDMs after treatment with 10 ng/mL IL-4 for 72 h. Data are presented as
mean £ SD. *P < 0.05, **P < 0.01 vs. indicated group.

Fig. 4 Ube2L6 promotes STAT1 ISGlylation via conjugation of ISG15. (A) The interaction network of Ube2L6-1SG5-
STAT1 axis was predicted by String database. (B) The mRNA levels of various interferon-stimulated genes (ISGs)
including MXA, OAS1, I1SG15 in epididymal WAT were detected by RT-qPCR. (C) RT-qPCR analysis of levels of
ISGylation components including 1SG15, HERC5, UBE1L and UbcH8 in WAT. (D) The protein level of ISG15 in WAT was
assessed by Western blotting. (E) ISG15 conjugates in protein extracts from WAT was determined by Western
blotting. (F) Western blotting analysis of protein levels of p-STAT1, STAT1, p-JAK, JAK levels in WAT. (G) After
immunoprecipitation by STAT1 antibody, the ISG15, STAT1 and p-STAT1 levels in WAT was measured by Western
blotting. (H) Post-translational modification of STAT1 by ISG15 in WAT was evaluated by Co-IP assay. Data are
presented as mean + SD. **P < 0.01, ***P < 0.001 vs. indicated group.

Fig. 5 Ube2L6 facilitates LPS-triggered M1 macrophage polarization through post-translational modification of
STAT1 by ISG15. (A) The mRNA levels of HERC5, UBE1L, ISG15, and Ube2L6 in LPS-exposed RAW264.7 cells were

€202 1890300 /| uo 3sanb Aq Jpd'996€£5000/L6€ 11 07/996EES000/6S | 101 /10p/4pd-a[o1ie/ejo/woo 1ebie//:diy wouy papeojumoq



detected by RT-qPCR. (B) ISG15 conjugates in protein extracts from LPS-exposed RAW264.7 cells was assessed by
Western blotting. (C) The silencing efficiency of Ube2L6 was validated by RT-gPCR. (D) Expression of Ube2L6 in
RAW264.7 cells from different groups was detected by RT-gPCR. (E) Western blotting analysis of ISG15 conjugates in
RAW264.7 cells with various treatments. (F) After immunoprecipitation by STAT1 antibody, the 1SG15, STAT1 and p-
STAT1 levels in RAW264.7 cells was determined by Western blotting. (G) The protein abundance of STAT1 and p-
STAT1 in RAW264.7 cells was detected by Western blotting. (H)&(I) RT-gPCR analysis of TNF-a, iNOS, IL-1B, CD206,
Arg-1 and IL-10levels in RAW264.7 cells. (J) ELISA assay for detecting the content of TNF-a in the supernatants of
RAW264.7 cells. Data are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001vs. indicated group.

Fig. 6 Expression patterns and correlation analysis among Ube2L6 and macrophage polarized markers in obese or
non-obese patients. White adipose tissues (WAT) were collected from abdominal subcutaneous adipose tissues of 20
non-obese patients (Female/Male: 12/8) and 20 obese patients (Female/Male: 9/11). (A)&(B) The expression levels of
Ube2L6, TNF-a, iINOS, Arg-1, CD206, and IL-10in WAT of obese or non-obese patients were evaluated by Western
blotting and RT-qPCR. (C)&(D) Correlation analyses of Ube2L6 expression with iNOS, TNF-a, Arg-1, CD206, and IL-10 in
WAT of obese patients. (E) The plasma levels of TNF-a and IL-10 in obese or non-obese patients were measured by
ELISA. Data are presented as mean % SD. ****P < (0.001 vs. indicated group.
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