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The build-up of senescent cells in tissues is a key indicator of aging, associated with
negative prognosis and therapy resistance. Despite immune dysfunction related to aging,
also known as immunosenescence, is recognized as a factor in this process, the exact
mechanisms are still unclear. In this study, we reported that melatonin deficiency
accelerated macrophage senescence in triple-negative breast cancer (TNBC), whereas,
melatonin could defend macrophages against senescence through the Nfatc1-Trim26-
cgas-Sting pathway. Mechanistically, melatonin enhanced the nuclear translocation of
Nfatcl and elevated Trim26 transcription levels. Trim26, functioning as an E3 ligase,
ubiquitinates cgas, thereby inhibiting the activation of the cgas-Sing pathway and
consequently preventing cell senescence. Conversely, melatonin deficiency induced
cgas-Sting pathway activation to promote macrophage aging. Our results show that
melatonin inhibited macrophage senescence and improved chemotherapy
responsiveness, with further enhancement when combined with the cgas inhibitor
(G150). Overall, our findings indicated that melatonin protects macrophages from
immunosenescence, suggesting its therapeutic potential for enhancing chemotherapy

response.
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Introduction

Breast cancer (BC) stands as a prominent cause of cancer-related mortality in women,
accounting for 32% of all instances!*, and is categorized into three primary subtypes:
luminal (expresses the estrogen receptor), HER2-enrich and triple-negative breast
cancer (TNBC)! 31, Despite recent breakthroughs, clinical barriers such as metastasis,
recurrence and chemoresistance continue to persist*l. While TNBC often exhibits
initial heightened responsiveness to chemotherapy when compared to other subtypes, a
substantial proportion of patients may develop drug resistance after receiving a period
of treatment. This phenomenon restricts available regimens for subsequent therapies
and leads to unfavorable clinical outcomes. The molecular mechanisms driving this
occurrence still remain ambiguous. Furthermore, the intricate relationship between
tumor-associated macrophages (TAMs) and cancer cells, which facilitates resilient
adjustment for survival in a challenging chemotherapy environment, remains largely
unexplored.

Cellular senescence is known as a steady stoppage of the cell cycle combined with a
changed level of gene expression!™ 8. Numerous chronic cellular stressors have been
shown to be the cause of cellular senescence, such as the accumulation of unrepaired
DNA damage, oncogene activation, telomere attrition, and exposure to reactive oxygen
species and cytotoxic substancesl” 8. Senescence-associated secretory phenotype
(SASP) is a characteristic of senescent cells that causes them to release more pro-
inflammatory cytokines, which in turn cause chronic inflammation. In terms of
molecular, the senescent state is typically identified by the presence of cyclin-
dependent kinase inhibitors, notably p16'N%42 from the Cdkn2a gene, and elevated level
of senescence-associated f-galactosidase (SA-B-gal).

The immune system possesses mechanisms to detect and eliminate senescent cells.
Once senescent cells are destroyed by natural killer (NK) cells or cytotoxic T cells,
chemokines, including C-C motif chemokine ligand 2 (CCL2) and CXC motif

chemokine ligand 14 (CXCL14), are secreted, attracting macrophages to phagocytose
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the dead cells®® . However, as chemotherapy progresses, the immune system is
compromised, leading to reduction in both qualitative responses and cell numbers** 21,
and consequently, impaired capacity in removing senescent cancer cellsi*®l, Immune
cells are also susceptible to senescence, a state that contributes to tumor progression
primarily through the secretion of SASPI!3 4l Macrophages expressing p16'NK4al15] jn
tumorigenic lungs produce various pro-tumorigenic SASP factors, which may play
crucial roles in mediating paracrine pro-tumorigenic effects. Nevertheless, elucidating
the specific factors that drive immune cell senescence and the detailed molecular
mechanisms by which these senescent cells regulate tumor progression remains a
complex and challenging endeavor.

In this research, we examined the role of melatonin deficiency in contributing to
chemoresistance and accelerating the aging process in mice. Our research revealed that
the observed phenotype is predominantly due to a compromised melatonin-Trim26-
cgas pathway. This deficiency heightens macrophage vulnerability to senescence,
thereby diminishing their capacity to sustain innate immune functionality. Significantly,
our data indicated that enhancing melatonin levels within TAMs substantially improved
chemotherapy responsiveness. These results implied that increasing melatonin

secretion could represent a viable therapeutic approach for TNBC treatment.

Results

Senescent macrophages are correlated with chemoresistance and adverse
prognosis

Chemotherapy is known to lead to the accumulation of senescent cells!*®l. Senescent
macrophages have been reported to be critical in tumor progression, but their role in
chemotherapy remains unclear*® 171, scRNA-seq (Single-cell RNA sequencing) has
been rigorously validated as a powerful methodology for unraveling tumor
heterogeneity and evaluating the complex interactions within the tumor

microenvironment. To provide a comprehensive perspective on how variations within
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the tumor microenvironment influence chemotherapy responsiveness, we executed
scRNA-seq on biopsies from TNBC patients obtained prior to chemotherapy. A total of
5,669 cells from two patients, meeting stringent quality control standards, were
included in the subsequent phase of investigation. Using established markers, the cells
revealed 12 distinct phenotypic types, with the UMAP plot indicating subcluster
distributions across both patients (Figure 1A). The scRNA-seq analysis indicated a
higher prevalence of macrophage cells and a lower frequency of T cells in the Non-res
group (Figure 1B). We performed KEGG pathway analysis in the two groups of single-
cell data. The results showed that the Non-res group were significantly associated with
cell senescence, cell adhesion, phagosomes, and PPAR signaling pathways (Figure 1C).
Cellular senescence is a unique cell state marked by a halt in replication, triggered by
various external and internal stresses!'®]. To investigate the potential role of aging in the
accumulation of macrophages in Non-res patient, we examined the expression of
senescence-associated genes across various cell types. The results indicated that
macrophages exhibited notably high expression of IL-13, CXCL8, CDKN1A, and TNF
(Figure 1D). Subsequently, we performed a comparative assessment of the expression
levels of senescence-related genes between Non-res and Res patient. Ultimately, as
anticipated, the Non-res patient, exhibiting elevated senescence gene expression in
TAMs. In contrast, the Res patient showed lower senescence gene expression (Figure
1E,1F). To further explore the role of senescent macrophages in response to TNBC
chemotherapy, we collected 30 TNBC patients undergoing neoadjuvant chemotherapy
in our hospital and their clinicopathological characteristics are shown in Supplementary
Table 1. The patients were assigned to two groups, response (Res) and non-response
(Non-res) based on their responsiveness to chemotherapy evaluated by postoperative
pathology. We found that the frequency of CD68pl16" cells differed substantially
between Res and Non-res malignant tissues. Tumors enriched with CD68 p16" cells
exhibited enhanced chemoresistance (Figure 1G). Based on the TCGA database, age is

a risk factor affecting the poor prognosis of TNBC patients undergoing chemotherapy
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(Figure 1H). Metabolic programming is heavily dependent on the tumor
microenvironment®l. Therefore, we measured the expression levels of aging-related
metabolites in the peripheral blood of patients by using ELISA assays, and discovered
that melatonin levels of the Res group were considerably higher than the Non-res group,
and other metabolite levels did not vary significantly (Figure 11). We further discovered
that the melatonin levels in tumor-associated macrophages (TAMs) were increased in
Res group (Figure 1J). Additionally, it was revealed that p16 staining intensity in tumor
tissues was inversely correlated with melatonin levels in TAMs (Figure 1K). According
to the Kaplan—Meier survival curve and multivariate cox regression analysis, age
contributes to the prognosis of TNBC patients as a risk factor (Supplementary Figure
1A, 1B). These findings highlighted that senescent macrophages are linked to

chemoresistance and their accumulation signals a poor prognosis in TNBC patients.

Melatonin improves chemotherapy responsiveness through inhibiting
macrophage senescence

To further clarify the role of melatonin in chemotherapy-related macrophage
senescence, we pre-treated bone marrow derived macrophages (BMDMs) isolated from
BALB/c mice with melatonin. Following a 48-hours exposure to varying melatonin
concentrations (0/10/50/100uM), BMDMs were then treated with 1uM doxorubicin
(DOX) for 24 hours (Figure 2A). The quantitative results of SA-B-gal staining showed
SA-B-gal® cells were decreased in a concentration-dependent manner (Figure 2B).
Similarly, qRT-PCR confirmed that 1I-6 and p21 mRNA expression was notably
decreased with increasing melatonin concentrations (Figure 2C). Taken together, we
initially verified that melatonin could inhibit macrophage senescence and chose S0uM
of melatonin as the optimum concentration for the subsequent experiments. A declined
expression of senescence related factors, including I1-6, 11-8, II-1a, p21 and p53, was
observed in melatonin group (Figure 2D,2E). Macrophages exposed to melatonin

exhibited a higher oxygen consumption rate (OCR) and increased maximum respiratory
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capacity. Accordingly, the inhibition of glycolysis was confirmed by the simultaneous
reduction of baseline extracellular acidification rate (ECAR) in response to melatonin
stimulation (Figure 2F). It is known that melatonin acts primarily through membrane
receptors: MT1 or MT2[2%). To further measure the anti-senescence effect of melatonin,
luzindole (the blocker of both MT1 and MT2) or 4-P-PDOT (the blocker of MT2) was
added at one hour prior to melatonin treatment. The inhibitors of melatonin membrane
receptor activity could reverse the inhibitory effect of melatonin on chemotherapy-
related macrophage senescence, as reflected by the high proportion of SA-B-gal™ cells
and greatly elevated expression of SASP factors (Figure 2G-21, Supplementary Figure
1C-1E). Next, the effects of melatonin on tumor-associated macrophage senescence and
chemotherapy sensitivity were investigated in vivo. For the tumor formation, 4T1 cells
were injected into the mammary fat pad of BALB/c mice. When tumors grew to a
volume of 100 mm?, the mice were subjected to DMSO or melatonin every three days,
combined with DOX treatment once per week for four weeks (Figure 2J). Mice treated
with melatonin showed a better response to the DOX treatment, as revealed by the
decreased tumor volume (Figure 2K). Consistently, the melatonin group had a lower
Ki67 proliferation index and more TUNEL-positive cells (Figure 2L). In contrast to the
DMSO group, the tumor tissue injected with melatonin recruited less F4/807p16* cells,
which in consistent with our previous in vitro result (Figure 2M). Together, these
results demonstrated that melatonin can improve chemotherapeutic responsiveness by

inhibiting chemotherapy-induced macrophage senescence.

Melatonin inhibits macrophage senescence by boosting the transcription of
Trim26 through the induction of Nfatcl in macrophages

We next performed RNA sequencing (RNA-seq) of tumor-associated macrophages
(TAMs) isolated from tumors with or without melatonin treatment (the specific mouse
model method was shown in Figure 2J). Heatmap of the RNA-seq data revealed that

Trim26 was significantly upregulated in the melatonin treatment group (p < 0.05; |log
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(fold change) | > 0.5) (Figure 3A). Gene set enrichment analysis (GSEA) of melatonin
treatment group compared with DMSO group showed downregulation of senescence-
related pathways (Figure 3B,3C). Moreover, according to qRT-PCR analysis, Trim26
MRNA expression was increased in the TAMs of the melatonin-treated group in line
with the RNA-seq data (Figure 3D). TRIM26, an important member of the E3 ubiquitin
ligase family, has been implicated in the development and incidence of various tumors.
For instance, TRIM26 and USP39 balanced the ZEB1 ubiquitination level to regulate
the progression of hepatocellular carcinomal?tl. Additionally, TRIM26 accelerated
glioma through PLK1/TRIM26/GPX4 axis??l. To further determine the effect of
Trim26 in TNBC, we constructed short hairpin RNA (shRNA) silencing of Trim26.
The efficiency of knockdown was validated at mRNA levels (Supplementary Figure
1F). We chose shTrim26-1 (called shTrim26 for short) for the subsequent experiments.
BMDMs isolated from BALB/c mice were pre-treated with 50uM melatonin for 48
hours prior to DOX treatment, with prior transfection of shTrim26 or shNC. gRT-PCR
analyses showed that knockdown of Trim26 enhanced the mRNA expression of 11-6,
[l-1a, p21 and p53 (Figure 3E). Also, notably increased SA-B-gal staining was observed
in BMDMs transfected with shTrim26 (Figure 3F). Overexpression of Trim26
(shRNA-resistant) in Trim26 knockdown cells reduces BMDM senescence, as
indicated by SA-B-gal staining. (Supplementary Figure 1G). To verify the role of
Trim26 in vivo, a mouse tumorigenicity model was generated and clodronate liposome
was used for the macrophage depletion. BALB/c mice received macrophage adoptive
through injected BMDM-shTrim26 or BMDM-shNC intravenously. When tumors
grew to a volume of 100 mm?, the mice were subjected to melatonin and DOX treatment.
In contrast to the control group, Mel+shTrim26 group mice exhibited a poorer response
to DOX treatment, as reflected by the increased tumor volume, decreased TUNEL-
positive cells and elevated the cell proliferation marker Ki67 expression (Figure 3G-
31). We also observed the induction of F4/80"p16™ cells in the Mel+shTrim26 group

(Figure 3J). These in vivo findings further evaluated that Trim26 knockdown could
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reverse the inhibitory effect of melatonin on macrophage senescence and decrease
chemotherapy responsiveness, which indicated that melatonin act through Trim26. To
explore how melatonin induces Trim26 expression, five candidates of Trim26-
promoter-binding transcription factors were predicted using NCBI and Jaspar databases.
Next, luciferase plasmids with the full Trim26 promoter region or truncated versions
were created. We found that Nfatcl, Rxra, and Nr2f6 induced the activation of the full
Trim26 promoter, with Nfatcl possessing the greatest change fold (Figure 3K).
Whereas in BMDMs treated with melatonin, only Nfatcl overexpression activated the
transcription of Trim26 (Figure 3L). Consistent with these results, gRT-PCR confirmed
that Trim26 upregulation in Nfatcl-infected BMDMs, indicating that Nfatcl was the
most probable transcription factor regulating Trim26 expression (Figure 3M). To verify
this regulation, potential Nfatc1-binding sites in the Trim26 promoter were determined
using Jaspar and two putative binding sites were observed (Figure 3N). The luciferase
experiment combined with site-directed mutagenesis revealed that binding sites 2 in the
Trim26 promoter-induced Nfatcl-reduced promoter activity in BMDMs with Nfatcl
knockdown. The occupancy at the binding sites 2 of Trim26 promoters was further
confirmed by ChlP tests (Figure 30,3P). Taken together, melatonin regulated Trim26
transcription through Nfatcl and the binding sites 2 was critical for activating Trim26
transcription. The localization of Nfatcl between cytoplasmic and nuclear is a dynamic
process, ensuring a balanced signaling activation. We thus questioned whether
melatonin is participated in the regulation of Nfatcl distribution. Administration of
BMDMs with melatonin led to a pronounced augmentation of Nfatcl in the nuclear
compartment, coupled with a marked reduction in its cytoplasmic localization (Figure
3Q, 3R). To further verify the connection between melatonin and Nfatc1, we conducted
coimmunoprecipitation assays using biotin-labeled followed by pull-down with
streptavidin beads. Our results found a strong interaction between melatonin and Nfatcl
(Figure 3S). These data suggested that melatonin facilitated Nfatc1 nuclear distribution,

and then promoted Nfatc1-induced Trim26 transcription.
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Trim26 interacts with and degrades cgas

Immunoprecipitation (IP) and LC-MS/MS screening were conducted to investigate the
putative interacting proteins of Trim26 in macrophages, only the cgas protein is closely
related to senescence among the top ten enriched proteins. Hence, we hypothesized that
cgas might be the potential binding protein downstream of Trim26 (Figure 4A).
Endogenous and exogenous coimmunoprecipitation (Co-1P) assays showed the indirect
interaction between Trim26 and cgas (Figure 4B-4D). GST pull-down test was then
performed to verify the direct interaction between Trim26 and cgas in macrophages
(Figure 4E). Confocal microscopy also verified the co-localization of Trim26 and cgas
(Figure 4F). Following Trim26 knockdown, macrophages showed an increase in
endogenous cgas protein levels (Figure 4G). Overexpression of Trim26 (ShRNA-
resistant) in Trim26 knockdown cells decreases cgas expression, as shown by Western
blot analysis (Supplementary Figure 1H). The reduction in cgas protein levels caused
by Trim26 overexpression was reversed after the treatment of proteasome inhibitor
MG132, whereas the lysosome inhibitor chloroguine (CQ) could not exert the same
effect. The gRT-PCR result indicated that Trim26 had no effect on the RNA levels of
cgas, suggesting that Trim26 regulated cgas at post-transcriptional level through the
ubiquitin-proteasome pathway rather than the transcript level (Figure 4H-4J).
Furthermore, a cycloheximide chase experiment revealed that the half-life of cgas was
prolonged in Trim26-downregulated cells compared to those overexpressing Trim26
(Figure 4K). The functional role of Trim26 as cgas ubiquitinase was examined by
immunoblot analysis using an anti-Myc antibody, and the total amount of cellular
ubiquitin was determined by immunoprecipitation using an anti-HA antibody. These
analyses revealed that Trim26 uses ubiquitination modification to control cgas
expression, as Trim26 overexpression increased cgas ubiquitination but reduced its
protein expression in comparison to the control group (Figure 4L). The type of cgas

ubiquitination that Trim26 regulates was examined. The modulation of intracellular
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protein levels has been connected to several polyubiquitination activities, such as the
ubiquitination of lysine 6 (K6), K11, K27, K29, K33, K48, and K63 linked ubiquitin[?®l.
WT and K48-linked polyubiquitination of cgas were greatly increased by Trim26
overexpression but this effect was not shown in the other ubiquitination links in cgas
(K6, K11, K27, K29, K33, or K63) (Figure 4M). The above data revealed that Trim26
specifically modifies the ubiquitination level of K48 polyubiquitin chains in cgas
protein.

Trim26 is composed of four domains, including N-terminal RING domain, B-box
domain, Coiled-coil domain and C-terminal B30.2/SPRY domain, each of which is
crucial to its operation[®l. For instance, the Coiled-coil domain is involved in the
formation of TRIM26 homodimers. Furthermore, Trim26 inhibited the interaction of
SOX2 binding to WWP2 through the C-terminal domain, thereby regulating the
progression of glioblastomal?®!. Through molecular docking studies, a series of mutants
lacking specific domains of Trim26 and cgas were generated. This approach aimed to
elucidate the interacting domains of both proteins, thereby offering valuable insights
into the molecular mechanisms governing their relationship (Figures 5A, 5B, 5E). Our
findings demonstrated that the interaction between Trim26 and cgas requires the
B30.2/SPRY domain of Trim26 (Figures 5C,5D) and the C-terminal domain of cgas
(Figures 5F). To further identify the ubiquitination site of cgas, we co-transfected cgas
mutant with HAUb K48 and Myc-Trim26 into macrophages. The point mutant, K382R,
exhibited a further reduction in ubiquitination. The results suggested that Trim26
mediates the K48-linked ubiquitination of cgas at K382 (Figures 5G). Additionally,
point mutants of Trim26 were created in macrophages, showing that the C443A mutant
of Trim26 in its B30.2/SPRY domain did not alter cgas ubiquitination. Moreover, this
mutation did not influence the degradation of cgas subsequent to treatment with
cycloheximide (CHX) (Figure 5H). Therefore, the ubiquitin-specific peptidase domain
of Trim26, the B30.2/SPRY domain, is the primary regulator of interaction between

Trim26 and cgas. BMDMs were co-transfected with Flag-cgas, HA-Ub, and Myc-
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Trim26 (wild-type, WT) or Myc-C443A mutant (Figure 5I) to elucidate the regulatory
function of Trim26-mediated cgas ubiquitination. Similarly, K48-linked ubiquitination
was elevated by Trim26 overexpression, however, this shift was reversed by
transfecting the C443A mutant plasmid (Figure 5J), suggesting that Trim26 interacts

with cgas via ubiquitination to reduce cgas stability.

The melatonin/Nfatcl/Trim26 axis inhibits macrophages senescence through
restricting cgas/ Sting signaling

Accumulating evidence suggests that cGAS/STING signaling not only activates innate
immunity but also induces cellular senescence in a cell autonomous model®®. Since
melatonin served a critical player responsible for the activation of the
Nfatc1/Trim26/cgas axis, we further determined whether melatonin impacted the
cgas/Sting pathway to defend macrophages against senescence. Upon Trim26
overexpression or cgas loss in BMDMs, along with melatonin stimulation,
phosphorylation levels of Sting (p-Sting), Tbk1 (p-Tbk1) and Irf3 (p-Irf3) expression
decreased without altering the total protein levels of Sting, Tbk1, and Irf3 (Figure 6A,
6B). Overexpression of cgas can effectively reverse the regulation of Trim26 on the
expression of the above proteins (Figure 6C). Also, Trim26 loss elevated p-Sting, p-
Tbk1, p-Irf3 and I1-6 production without changing Sting, Tbk1, and Irf3 protein levels.
This effect was reversed by cgas overexpression but not by the Trim26 mutant (C443A)
(Figure 6D-6F). Conversely, silencing Trim26 increased I1-6 expression, which could
be rescued by cgas loss or sting loss (Figure 6G,6H). Subsequently, the role of cgas in
enhancing tumor growth and influencing therapy sensitivity was evaluated in vivo. To
assess tumor formation, 4T1 cells were co-injected into liposome-treated BALB/c mice
along with BMDMs that had specific Trim26 alterations, with or without cgas
overexpression. Once the tumors grew to a volume of 100 mm?, the mice received
weekly doxorubicin treatments at a dose of 5 mg/kg for four consecutive weeks (Figure

61,6J). Immunofluorescence staining of tumor-bearing mice showed a marked increase
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in pl6" and F4/80"expressing cells in both vector and Trim26+cgas overexpression
groups compared to the Trim26 overexpression group (Figures 6K). There was also
significantly higher SA-B-gal activity of BMDM cells in both vector and Trim26+cgas
overexpression groups compared to the Trim26 overexpression group (49.7% or 47%
versus 9.8%, respectively) (P <0.05; Figure 6L). Moreover, greatly elevated expression
of Il-6 was observed in the Trim26+cgas overexpression group (Figure 6M).
Collectively, the melatonin/Nfatc1/Trim26 axis inhibited macrophages senescence and

increased chemotherapy responsiveness through restricting cgas/ Sting signaling.

Cotreatment with melatonin and cgas inhibitor G150 act together to increase
chemotherapy responsiveness

To further confirm the role of cgas®32R in the melatonin regulation of macrophages and
its effect on tumor suppression, BMDMs from BALB/c mice underwent cgas
knockdown followed by cgask®2R overexpression via lentiviral transduction. These
modified BMDMs were then reintroduced into liposome-treated mice through tail vein
infusion. Once the xenotransplanted tumors became palpable and reached a uniform
volume of 100 mmg, treatments were administered: either DMSO or melatonin, each
combined with doxorubicin. Two additional groups of wild-type mice were treated with
melatonin and cgas inhibitors (G150). The cgas®*®?R mutation diminished the ability of
melatonin to boost the efficacy of breast cancer chemotherapy. Melatonin treatment in
combination significantly hindered tumor growth in wild-type (WT) BALB/c mice
compared to G150 treatment alone (Figure 7A,7B). Collectively, these findings indicate
that melatonin modulates macrophage senescence through cgas ubiquitination,
consequently influencing TNBC chemotherapy responsiveness. The proliferation,
apoptotic indices and immunofluorescence staining of tumor tissue provided evidence
that the cgas®3®?R mutation serves as a critical factor in mediating melatonin-induced
inhibition of macrophage cellular senescence (Figure 7C-7E). ELISA assays and SA-

B-gal also exhibited corresponding alterations as per these observations (Figure 7F,7G).
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Taken together, our data provided proof-of-principle evidence that targeting
melatonin/Nfatc1/Trim26 axis can supress macrophage senescence and overcome
chemotherapy resistance through inhibiting cgas/Sting activation (Figure 7H). Also, the
employment of melatonin and cgas inhibitor may provide viable strategy for future

TNBC treatment.

Discussion

We have identified that reduced melatonin levels are associated with chemoresistance
in mice and human. Upon examining the decline in mice, melatonin deficiency has been
discovered leading to TAMs senescence and immune dysfunction. Macrophages, as
versatile immune cells that respond to infection and maintain tissue homeostasis, are
believed to play crucial but not entirely understood roles in monitoring and managing
senescent cells?” 281, We found that in cases of chemotherapy with melatonin deficiency,
macrophages undergo senescence and significantly lose immunosurveillance capacity.
Macrophages lacking melatonin secrete large quantities of SASP-associated factors,
which lead to tissue inflammation, immune system dysfunction, and chemoresistance.
Despite ongoing debates regarding the senescence potential of macrophages, our data
affirm that melatonin-deficient macrophages acquire senescence characteristics.
Chemoresistance is frequently associated with heightened cellular senescence within
the tumor microenvironment. This senescence can arise following prior chemotherapy
treatments across various solid tumors!?®3!, Melatonin, which is secreted in a rhythmic
pattern by the mammalian pineal gland, plays a significant role in the regulation of
aging, is known for its neuroprotective properties®?! and also acts as a highly effective
scavenger of free radicals®3. Melatonin safeguards neurons by mitigating the loss of
mitochondrial membrane potential (MMP), preventing cytochrome c release, reducing
caspase activation, decreasing reactive oxygen species (ROS) accumulation, and
inhibiting the activation of proinflammatory cytokines during neurodegenerative

processest* %1, Melatonin levels decline steadily as individuals age, potentially leading
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to increased cancer progression and immune system dysfunction, which are commonly
observed in agingt® *71. Although there is evidence that melatonin is associated with
the progression of breast cancer, its molecular mechanism of regulating TNBC remains
to be further exploredt®l,

As immune cells residing in tumors, macrophages are exposed to diverse stressors that
can induce cellular senescence. The innate immune response acts as the frontline
defense against viruses and cancer. However, macrophages, akin to other cellular
entities, are capable of entering a senescent state. Recent research has uncovered a
distinct population of tissue-resident lung macrophages that indirectly promote lung
tumor growth by fostering an immunosuppressive tumor microenvironment[=®l,
Eliminating senescent macrophages leads to the disruption of the vascular network
within tumors, thereby diminishing both tumor proliferation and invasiveness*l. This
research illustrates that melatonin augments the efficacy of chemotherapy in TNBC and
improves patient outcomes by suppressing macrophage senescence.

The cGAS-STING pathway is a critical immune defense mechanism against invasion
by a wide range of pathogens® . As initial responders of the immune system,
macrophages serve dual purposes: executing effector functions to combat pathogens
and acting as sentinels to signal various threats to other immune cells, thus initiating
and orchestrating a diverse immune response*l. STING activation in macrophages
resulted in the secretion of interleukin (IL-1p and IL-18) and enhancing the antitumor
function of NK cells*?. Hang Yin®3 discovered that the E3 ubiquitin ligase, MARCHS,
acts to inhibit the signaling pathways driven by cGAS. The polyubiquitylation process
reduced the DNA binding capacity of cGAS, diminished cGAMP synthesis, and
weakened the subsequent innate immune response. In our study, RNA sequencing
indicated that melatonin suppresses the expression of aging-related pathways
downstream by upregulating Trim26 transcription in macrophages. It has been reported
that cGAS localizes to the plasma membrane to halt abnormal IFN activity triggered by

self-DNAMI. Prior investigations revealed that cGAS activity is regulated by
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monoubiquitylation, as well as ubiquitylation linked through K27, K48, and K633 45
471 As far as we know, the regulation of cGAS through ubiquitination in macrophages
has not yet been documented. Here, we discovered K48-linked ubiquitination on cgas
and then explored its functional implications. Through LC-MS/MS analysis and
subsequent validation via ubiquitylation assay, we determined that Trim26 mediates
K48-linked polyubiquitination at Lys382 of cgas. Further investigation into the
mechanism revealed that the ubiquitin attached to Lys382 of cgas impedes its capacity
to inhibit the cgas-Sing signaling cascade.

Our research demonstrated that the concomitant use of the cgas inhibitor PF-0692821
with melatonin markedly suppresses cellular proliferation and alleviates senescence in
TAMs. These findings may provide a mechanistic insight into the enhanced anti-tumor
efficacy observed in the combination treatment, thereby impeding the advancement of
TNBC. To our understanding, this research represents the inaugural investigation into
the functional role and underlying mechanisms by which melatonin may modulate
chemoresistance in TNBC.

In summary, we uncovered a novel function of melatonin in modulating cgas-driven
senescence signaling. Melatonin regulated Trim26, which consistently engages with
cgas to promote its K48-linked polyubiquitination at Lys382, effectively blocking the
cgas-Sing signaling pathway and curbing TAMs senescence. Our research reveals a
link between K48-linked polyubiquitination of cgas and the control of macrophage
aging. Given that cgas overactivation leads to TAMs senescence and chemoresistance,
elucidating the mechanism by which melatonin suppresses cgas could reveal new

therapeutic targets for addressing TNBC.

Experimental Procedures
Study patients
A total of 30 TNBC samples were obtained from the Breast Center of the First Affiliated

Hospital of Nanjing Medical University. All patients received neoadjuvant
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chemotherapy with taxane or anthracycline. The patients who had received
immunotherapy were excluded. The response of patients to chemotherapy was
evaluated based on postoperative pathology and divided into two groups: response (Res)
and non-response (Non-res). Supplementary Table 1 displays the anonymised
clinicopathological characteristic data. Every patient gave their informed permission,
and our study was authorized by the ethics committee of the First Aftiliated Hospital of
Nanjing Medical University. Our research complied with the Declaration of Helsinki
principles. This study was approved by the Ethics Committee of the First Affiliated

Hospital of Nanjing Medical University (approval number: VV20210119)

Cell lines and plasmids

Murine breast cancer cell line (4T1) and mouse macrophages cell lines (BMDM) were
used in this study. BMDM were obtained as follows. After the mice were executed,
their femurs and tibia bones were soaked in 75% ethanol. The connected muscle and
adipose tissues were excised, and then cut off the two ends of bones. The bone marrow
was washed with PBS extracted with a syringe to a 40um filter. The flushing fluid was
collected in centrifuge tube, centrifuged at 1200 Revolutions Per Minute (r), 5 minutes
(min), discard the supernatant and the added 1ml ACK Lysis Buffer. After 2 minutes,
centrifuged the centrifuge tube at 1200r, 5 min again and discard the supernatant. Cell
precipitate resuspended by 20% DMEM containing 1929 cell supernatant and cultured
with 20 ng/ml recombinant mouse M-CSF. All the cells were cultured at 37°C under 5%
COa.

Genebay Biotech provided the plasmids that code for K6-, K11-, K27-, K29-, K33-,
K48- and K63- linked HA-tagged ubiquitin. Lentiviral constructs for Trim26 and cgas
were constructed by Corues Biotechnology. Trim26 and cgas truncation mutants were
produced in accordance with the manufacturer's instructions using a KOD-Plus-
Mutagenesis kit (Toyota, Osaka, Japan). Transient transfections with shRNAs and

plasmids were executed using Lipofectamine 2000 or 3000, supplied by Thermo Fisher
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Scientific. The shRNA sequences utilized in this study are detailed in Supplementary
Table 2, while the plasmid constructs employed are cataloged in Supplementary Table
3.

BMDM cells were transduced with lentiviruses encoding shRNAs, specifically shNC,
shTrim26-1, shTrim26-2, and shTrim26-3. Additionally, various lentiviral constructs
from OBiO Technology were utilized to infect cells for the purpose of ectopic
expression and functional analysis. These constructs included full-length Trim26 (Myc-
Trim26), as well as several domain-specific deletion mutants: a RING-finger domain
deletion (Myc-Trim26 ARING), a B-box domain deletion (Myc-Trim26 AB-box), a
Coiled-coil domain deletion (Myc-Trim26 ACoiled-coil), and a SPRY domain deletion
(Myc-Trim26 AB30.2/SPRY). Furthermore, cells were also infected with constructs
harboring point mutations: C53,56A, C359A, and C443A mutations in Trim26, and

K382R, K472R mutations in cgas.

Mice model assay

BALB/c mice (five-week-old, female) were given an injection of 5%10%/50 ul 4T1 cells
via the nipple region into the mammary fat pad. When tumors grew to a volume of 100
mm?®, we randomly divided the mice into two groups and each were intraperitoneally
injected with 10 mg/kg/d melatonin or DMSO as control every three days. Meanwhile,
doxorubicin (5 mg/kg per week) was injected intraperitoneally for four weeks.

For the role of Trim26 and cgas investigations, a total of 5¥10%50 pul 4T1 cells were
injected into the mammary fat pad of BALB/c mice on the day 0 of experiment. The
BALB/c mice was injected intravenously with clodronate liposome (200 pul per mouse,
FormuMax Scientific, F70101C-N) one day before tumor cell implantation and every
4 days thereafter. On the day 1 of experiment, 1*10%/50 ul BMDM-shTrim26, Trim26
or Trim26+cgas and control (BMDM-shNC or Vector) were injected intravenously into
4T1 cell-challenged host BALB/c mice respectively. The mice then received

macrophage adoptive transfer treatment every 6 days, using the same methodology as
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the first treatment. When tumors grew to a volume of 100 mm?®, BALB/c mice were
intraperitoneally injected with 10 mg/kg/d melatonin or DMSO as control every three
days, and doxorubicin (5 mg/kg per week) for four weeks.

To evaluate the clinical translational value, we initially achieved the knockdown of cgas
in BMDM cells. Then cgas WT or K472R mutants were re-introduced into cgas-
knockdown BMDMs. The procedure of macrophages clearance and transfusion, TNBC
model construction and chemotherapy administration in mice was similar to before.
When tumours grew to a volume of 100 mm?®, the BALB/c mice were treated with
melatonin or DMSO or cgas inhibitors (10mg/kg, i.p., qod) or the combination of
melatonin and cgas inhibitors, while each group received 4 weeks of chemotherapy.
Dimethyl sulfoxide (DMSO) was used to dissolve the melatonin (HY-B0075, MCE) to
create a 1 M solution, which was then kept at -20°C. G150 (HY-128583, MCE) was
used as ¢cGAS inhibitors. Doxorubicin (HY-15142A, MCE), Luzindole (117946-91-5,
Sigma), 4-P-PDOT (134865-74-0, Sigma) were applied in this assay. All mice were
euthanized after 4 weeks of DOX treatment via cervical dislocation. Animal experiment

is ethically acceptable as 2310107.

Measurement of plasma metabolism

The levels of senescence-associated metabolism including y-aminobutyric acid
(GABA), dopamine, melatonin, B-nicotinamide mononucleotide (NMN) and a-
Ketoglutarate (a-KG) in patients' serum were detected by using ELISA method. The
kits we used were listed as follows: Human GABA Elisa Kit (B160295, Shanghai
Hengyuan biological), DA(Dopamine) ELISA Kit (E-EL-0046, Elabscience), Human
MT(Melatonin) ELISA Kit (E-EL-H2016, Elabscience), NMN elisa kit (HBP37953R,
ShanghaiHuabang biological), a-Ketoglutarate (a-KG) Fluorometric Assay Kit (E-BC-

F047, Elabscience).

Multiplex immunofluorescence staining and confocal microscopy
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Paraffin sections of tumor tissues were prepared. Multi-color immunofluorescence
assays were performed following the procedure provided by a Five-colour Fluorescence
kit (Recordbio Biological Technology, RC0086-45RM). Antibodies for multi-color
immunofluorescence were: F4/80 (ab300421, Abcam), CD68 (ab303565, Abcam), p16
(10883-1-AP, Proteintech).

BMDMs were frozen for 15 minutes with 4% paraformaldehyde. After that, they were
cultured for 30 minutes with 0.5% Triton-X and blocked for 30 minutes with 5% BSA.
Primary antibody diluent was employed, and the mixture was incubated for the whole
night at 4 °C. DAPI was used to label the cell nuclei. Photographs of colocalization

were acquired with a confocal microscope (Leica DMI3000 B).

SA-p-gal staining

Senescence B-Galactosidase Staining Kit (Beyotime, C0602) was used to perform SA-
B-gal staining in accordance with the manufacturer's instructions. Briefly, three
biological replicates of each group cells were fixed for five minutes at room temperature
using 2% formaldehyde and 0.2% glutaraldehyde and followed by PBS washing. The
staining solution then incubated the cells overnight at 37 °C. The ImageJ software was

used for the measurement of SA-B-gal-positive cells.

ELISA

The ELISA was carried out in accordance with the manufacturer's recommendations.
cells were planted into a 96-well plate at the proper concentration and cultivated for 24
hours. After that, serum-free DMEM was added in an equal amount to replace the cell
culture medium. After 24 hours, the supernatants were collected, and any floating cells
were filtered out using a 0.45 mm filter. 11-6 (E-EL-M0044), 1l-1a (E-EL-M3059), Tnf-
a (E-EL-M3063), Mmp3 (E-EL-M0626), Igfbp2 (E-EL-M3086) were purchased from

Elabscience.
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Extracellular acidification and oxygen consumption rate

A Seahorse Bioscience instrument (XF24, Agilent) and a Seahorse Bioscience
instrument (XF96 Agilent) was used to measure OCR and ECAR. Following was the
chemical concentration used: Glucose (10 mM), Oligomycin A (1.5 uM), 2-deoxy-
glucose (2DG) (50 mM), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCC) (2.0 uM), and a combination of rotenone (500 nM) and antimycin A (500 nM).

Specific steps were followed according to the manufacturer's guidelines.

CHIP assays

BMDMs transfected with shNC/shNfarc1l underwent a 10-minute cross-linking process
using 1% formaldehyde at room temperature. The specific steps referred to the
guidelines of EZ CHIP KIT 22 ASSAYS (MILLIPORE; 17-371). Quantitative reverse
transcription polymerase chain reaction (QRT-PCR) was used to evaluate changes in
Nfarclaccumulation at the Trim26 promoter region. ACt [normalized ChIP] = Ct [ChIP]
- (Ct [Input] -Log2 (Factor of Input Dilution)); Factor of Input Dilution = (fraction of
the input chromatin saved) -1. %lInput = 2(-ACt [normalized ChIP]) *100%. In

Supplementary Table 4, the primers that were utilized are provided.

RNA extraction and gRT-PCR assays

Total RNA was extracted from cells and tissues using RNA Extraction Kit (Vazyme).
The cDNA was synthesized by using reverse transcription system (Toyobo). gRT-PCR
was then carried out using SYBR Green PCR Master Mix. Three duplicates of each
sample were tested. In Supplementary Table 5, the primers that were utilized are

provided.

Western blot assay
Cells and breast cancer tissues were lysed by Radioimmunoprecipitation assay (RIPA)

Lysis Buffer (Beyotime). SDS-PAGE was used to separate equivalent quantities of
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protein, which was then transferred to a membrane, treated with different primary and

secondary antibodies. The data were collected using Image J software.

Immunoprecipitation coupled with mass spectrometry (IP/MS)
Total proteins were isolated from BMDMs and immunoprecipitated by utilizing
suitable primary antibody and protein A/G-agarose beads (Beyotime). After that, the

immunoprecipitations were extracted and analyzed using mass spectrometry.

Deubiquitination assay

In order to conduct the in vivo ubiquitination test, the specified plasmids were co-
transfected into BMDMSs. Ubiquitin antibody immunoblotting is then used to measure
endogenous cgas ubiquitination.

Following the manufacturer's suggested procedure, in vitro ubiquitination was
examined using a ubiquitination kit (Boston Biochem, USA). In a nutshell, Flag-cgas
and Myc-Trim26 proteins were produced in vitro, treated with ubiquitin conjugation
mixture and then the ubiquitination of the cgas protein was determined using a CO-IP

test.

GST pull-down assay
Pure GST- Trim26 protein was isolated from E. coli BL21 and treated with GST-cgas
proteins. To thoroughly separate the GST proteins, Protein G beads were utilized.

Finally, using immunoblotting, the bound forms of Trim26 and cgas were identified.

Immunoprecipitation (IP)
BMDMs were lysed in RIPA lysis solution (Thermo Fisher Scientific). Twenty L of
protein A/G-agarose beads (Thermo Fisher Scientific) were added after 200 of total

cellular proteins treated with antibodies for an overnight period at 4 °C. The precipitates



609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636

were boiled in SDS sample buffer after being rinsed four times with lysis buffer. With

the proper antibodies, immunoblotting was performed on the supernatant.

TUNEL assay

The TUNEL assay was conducted using the In Situ Cell Death Detection Kit
(Servicebio, China). Follow the specific steps according to the instructions. The
following equation was used to calculate the apoptotic index of the cancer cells:

apoptotic cells/total cells 100%.

Statistics analysis

R software (version 4.0.1) and GraphPad Prism version 8 (GraphPad Software) were
both used for all statistical analyses. Bar graphs were displayed as mean + SD values.
To compare two groups impacted by a single variable, a two-sided Student's t test was
employed. To compare different data groups impacted by one or two distinct variables
respectively, one-way ANOVA or two-way ANOVA with Turkey's test were utilized.
The Kaplan-Meier technique was used to create the survival curves, and the log-rank t-

test was used to evaluate the data. ns, not significant; *p<0.05, **p<0.01, ***p<0.001.
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Figure legends

FIGURE 1 | Senescent macrophages are correlated with chemoresistance and
adverse prognosis

A. A total of 13 distinct cell types were identified and visualized using UMAP. Each
cell type was distinguished by a unique color, integrating data from two individual
patients. B. The bar plot depicts the frequency distribution of each cell cluster. C.
KEGG pathway analysis performed on macrophage subsets to identify related enriched
pathways. D. Violin plot illustrates the distinct subclusters of cells and the expression
levels of cell senescence-associated genes. E, F. UMAP plot and violin plot showing
macrophage cell subcluster and senescence genes from both patients. G. Multicolour
Immunofluorescent using CD68 and p16 antibodies in patient tumour sections (n=15
pairs). Scale bar = 50 um. H. Risk factors associated with unfavourable prognosis in
BC patients were evaluated by multivariate cox regression analysis. The data was based
on TCGA database. (n=166) I. Aging-related metabolites were measured by ELISA in
the peripheral blood of patients. (n=30) J. Melatonin levels in tumor-associated
macrophages (TAMs) were analysed by ELISA. (n=30) K. Scatter-plot showing
correlation between pl6 staining intensity and expression levels of melatonin in
macrophages. A representative data set is displayed as mean + SEM values. ns., not

significant, *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 2 | Melatonin improves chemotherapy responsiveness through inhibiting
macrophage senescence

A. Schematic diagram showing cell culture system in vitro. BMDMs isolated from
BALB/c mice was pretreated with melatonin (0/10/50/100uM) for 48h and exposed to
1 uM doxorubicin (DOX) for 24 hours. B. The proportion of SA-B-gal” cells in BMDMs
after different concentrations of melatonin treatment. (n =5) C. The mRNA expression
of 11-6 and p21 was analysed by gRT-PCR in BMDMs, which were treated with

different concentrations of melatonin treatment. (n =5) D. gRT-PCR was performed to
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determine the expression of senescence related factors, including Il-1o. and p53 in
BMDMs. (n = 3) E. Western blot of senescence markers in macrophages. (n=3) F. The
effects of melatonin on OCR and ECAR measurement in BMDMs. (G, H. DMSO or
luzindole or 4-P-PDOT was added at one hour prior to melatonin treatment. The rest
treatment of BMDMs was as same as above.) G, H. Representative images and
quantitative statistics of the SA-B-gal activity in different treatment groups (scale bar =
100um). (n = 3) I. Secreted 11-6, Il-1a, Mmp3, Tnf-a, and 1gfbt2 amounts were analysed
by ELISA. J. The workflow of the drug administration procedure for the mouse
tumorigenicity model. K. Tumours were collected and photographed (n = 5), and
tumour volumes were measured. L. Tumour sections were stained with TUNEL (scale
bar = 25um) and Ki67 IHC (scale bar = 200um). M. Immunofluorescent images of
mouse tumour sections using F4/80 and pl6 antibodies. Scale bar = 50 pum. A
representative data set is displayed as mean = SEM values of three to five independent

biological replicates. ns., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 3 | Melatonin inhibits macrophage senescence by boosting the
transcription of Trim26 through the induction of Nfatcl in macrophages

A. Volcano plot representing RNAseq analysis of differentially expressed genes
between melatonin group compared with DMSO group TAMs (p < 0.05; fold change >
0.5) B. GSEA ridge plots showed the significant representative pathways in melatonin
group. C. GSEA graphs from RNAseq data in melatonin group compared with DMSO
group TAMs. (A-C. n= 3 pairs) D. gRT-PCR was performed to assess Trim26 level in
DMSO and melatonin group. E. gRT-PCR was performed to determine the expression
of senescence related factors, including 11-6, I1l-1a, p21, and p53 in BMDMs. F.
Representative images and quantitative statistics of the SA-p-gal activity in different
treatment groups (Scale bar = 100um). G, H. Tumours were collected and photographed
(n = 6), and tumour volumes were measured. I. Tumour sections were stained with

TUNEL (scale bar = 25um) and Ki67 IHC (scale bar = 200um). J. Immunofluorescent
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images of mouse tumour sections using F4/80 and p16 antibodies. Scale bar = 50 um.
K. Relative luciferase activity of luciferase reporter plasmid containing Trim26
promoter in BMDMs transfected with plasmids overexpressing the five potential
transcription factors or the control plasmid, combined with melatonin treatment for 48h.
L. Relative mRNA levels of Trim26 in BMDMs transfected with indicated plasmids,
combined with melatonin treatment for 48h. M. Relative mRNA levels of Trim26 in
Nfatcl- or Vector-infected BMDMs, combined with melatonin treatment for 48h. N.
Putative Nfatcl-binding sites within the genomic sequence that adjacent to the
transcription start site of the Trim26 gene. O. Luciferase activities of Trim26 promoter
reporter vectors in BMDMSs. Red characters within the binding regions indicate
putative or mutated Nfatcl binding sequences. P. ChIP analysis of Nfatcl binding to
the Trim26 promoter in BMDMs. Q. BMDMSs were treated with 50uM melatonin for
48h. Immunoblotting of Nfatcl. R. The localization of Nfatcl with the treatment of
DMSO or melatonin (scale bar = 10um). S. BMDMs were transfected with Nfatc1. The
cell lysates were then incubated with biotin-labeled melatonin and pulled down with
streptavidin beads. The samples were immunoblotted with anti-Flag mAb. A
representative data set is displayed as mean = SEM values of three to six independent

biological replicates. ns., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 4 | Trim26 interacts with and degrades cgas

A. Trim26-related protein analysis using coimmunoprecipitation and Coomassie
brilliant blue staining in BMDM cells. B. Co-IP assays showed the binding of Trim26
with cgas. C, D. Exogenous protein interactions were verified in BMDMs. Lysates
from BMDM cells transfected with Flag-tagged cgas and Myc-tagged Trim26
plasmids were immunoprecipitated with anti-Myc or anti-Flga, respectively. E. A
GST pull-down assay was used to evaluate the direct interaction between Trim26 and
cgas. F. Co-localization of Trim26 proteins (GREEN) with cgas proteins (RED) in

BMDMs. Scale bar = 25 um. G. Changes in endogenous cgas expression following
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shTrim26 transfection. H, 1. Trim26 and cgas protein levels were analysed by western
blot in BMDM cells transfected with Trim26 (using proteasome inhibitor MG132 or
lysosome inhibitors chloroquine (CQ)). J. cgas mRNA level in BMDM cells
transfected with Vector and Trim26. K. The cgas protein level in designated timepoint
after treatment with cycloheximide (CHX, 10 pg/ ml) in transfected BMDMs. L. cgas
was pulled down and an anti-HA antibody was used to evaluated the ubiquitination
levels of cgas. M. BMDMs were co-transfected with Flag-cgas and the indicated HA-
Ub, K6-, K11-, K27-, K29-, K33-, K48-, or K63-linked-Ub, as well as the expression
vector of Myc-Trim26 or the empty vector, and then the cgas ubiquitylation linkage
was assessed. A representative data set is displayed as mean + SEM values of three
independent biological replicates. ns., not significant, *p < 0.05, **p < 0.01, ***p <

0.001.

FIGURE 5 | Trim26 interacts with and degrades cgas

A. A 3D structures was used to predict the specific binding sites for the interaction
between Trim26 and cgas. B. Schematic illustration of Trim26, displaying the wild-
type and truncations of Trim26. C. Co-IP analysis was used to assess the interaction
between cgas and Trim26 or Trim26 truncation mutants in BMDM cells co-
transfected with Myc-Trim26 plasmid or Myc-Trim26 truncation mutant plasmids
together with Flag-cgas plasmid. D. Co-IP study of ubiquitination of cgas in BMDMs
co-transfected with Myc-Trim26 or Myc-Trim26 truncations as well as HA-UB
plasmid. E. Schematic illustration of cgas, displaying the wild-type and truncations of
cgas. F. Co-IP analysis was used to assess the interaction between Trim26 and cgas
or cgas truncation mutants in BMDM cells co-transfected with Flag-cgas plasmid or
Flag-cgas truncation mutant plasmids together with Myc-Trim26 plasmid. G. cgas
immunoprecipitation and western blotting with anti-Flag and anti-HA antibodies were
used to assess cgas ubiquitination. H. Trim26 and its point mutations shown

schematically. The binding cgas was identified by immunoprecipitating Trim26 and
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its point mutations. The effects of Trim26 and its point mutations on cgas
ubiquitination were verified. cgas and Trim26 protein levels were detected. For each
of the three separate biological replicates, the data are shown as mean + SEM. I. After
transfecting BMDM cells with Myc-tagged Trim26 (WT) or Myc-tagged Trim26
(C443A), the lysates were immunoprecipitated with anti-Flag, followed by
immunoblotting with anti-HA, anti-Myc, and anti-Flag. J. BMDMs were transfected
with a plasmid expressing Flag-cgas, Myc-tagged Trim26 (WT and C443A), and
K48-linked-Ub. Following a 3-hour exposure to MG132 (10 uM), the protein was
extracted, immunoprecipitated using anti-Flag and immunoblotted using anti-HA,
anti-Myc, and anti-Flag. A representative data set is displayed as mean + SEM values
of three independent biological replicates. ns., not significant, *p < 0.05, **p < 0.01,

***p < 0.001.

FIGURE 6 | The melatonin/Nfatcl/Trim26 axis inhibits macrophages senescence
through restricting cgas/ Sting signaling

A. Immunoblotting in Trim26 overexpression BMDM cells melatonin starved and
restored with melatonin (50 uM). B. Immunoblotting in cgas knockdown BMDM
cells melatonin starved and restored with melatonin (50 uM). C. Immunoblotting in
BMDM cells with concurrent Trim26 and cgas overexpression. D. Immunoblotting in
Trim26 knockdown BMDM cells restored with or without cgas. E. gRT-PCR analysis
in Trim26 knockdown BMDM restored with Trim26-WT or Trim26-C443A, Nfatcl
knockdown, melatonin starved and restored with melatonin (50 uM). F.
Immunoblotting in Trim26 knockdown BMDM restored with Trim26-WT or Trim26-
C443A, Nfatcl knockdown. G. gRT-PCR analysis in Trim26 knockdown BMDM
cells restored with or without cgas knockdown. H. gRT-PCR analysis in shNC,
shTrim26, shTrim26+shcgas, and shTrim26+shSting BMDM cells. (A-H.n=3
biological replicates) I. The workflow of the mouse tumorigenicity model. J. Tumors

were collected and photographed (n = 6), and tumor volumes were measured. K.
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Immunofluorescent images of mouse tumor sections using F4/80 and p16 antibodies.
Scale bar = 50 um. L. The proportion of SA-B-gal® cells in BMDMs with concurrent
Trim26 and cgas overexpression. Scale bar = 100 um. M. Secreted I1-6 amounts were
analysed by ELISA. A representative data set is displayed as mean £ SEM values of
three to six independent biological replicates. ns., not significant, *p < 0.05, **p <

0.01, ***p < 0.001.

FIGURE 7 | Cotreatment with melatonin and cgas inhibitor G150 act together to
increase chemotherapy responsiveness

A, B. Tumors were collected and photographed (n = 6), and tumor volumes were
measured. C-E. TUNEL (scale bar = 25um), Ki67 IHC (scale bar = 200um) and
immunofluorescent staining for F4/80 and p16 (scale bar = 50um) in mouse tumor
sections. F. Secreted 11-6, 1l-10, Mmp3, and Tnf-a amounts were analysed by ELISA.
G. Representative images and quantitative statistics of the SA-B-gal activity in
different treatment groups (Scale bar = 100um). H. Illustration depicting the
melatonin/Nfatc1/Trim26/cgas/Sting improves chemotherapy responsiveness through
inhibiting macrophage senescence. A representative data set is displayed as mean +
SEM values of three to six independent biological replicates. ns., not significant, *p <

0.05, **p < 0.01, ***p < 0.001.
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