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RICH1 enhances pro-inflammatory TAM
infiltration in breast cancer via promoting
TRIM21-mediated ubiquitination of RhoA
and inhibiting STAT3 phosphorylation
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Immunotherapy has emerged as an effective treatment for breast cancer, making the exploration of
novel immune-related biomarkers of paramount importance. A vital aspect of this exploration is the
investigation into the subtyping of tumor-associated macrophages (TAMs). While polarity proteins
within TAMs can shift their functional status, the impact of polarity proteins on inflammation-related
signaling in tumor cells and their subsequent influence on the tumor microenvironment (TME) remains
elucidated. We discovered that RICH1, functioning as a tumor suppressor molecule in breast cancer,
significantly increased the infiltration of pro-inflammatory M1-like TAMs within TME in 4T1 tumor-
bearing mice. Furthermore, the conditioned medium from RICH1-overexpressing 4T1 cells promoted
M1-like polarization in vitro by stimulating the secretion of IFN-y and other cytokines. Mechanistically,
high expression of RICH1 in breast cancer cells facilitated the ubiquitination degradation of RhoA
through binding with TRIM21 and enhancing the interaction between TRIM21-RhoA, thereby inhibited
the phosphorylation of STAT3, up-regulated the production and secretion of IFN-y, consequently
induced M1-like polarization of macrophages. Our findings reveal that RICH1 plays a crucial role in
promoting pro-inflammatory TAMs infiltration in breast cancer through modulation of inflammatory
signaling. These results suggest that RICH1 could serve as an immune-related biomarker and a key
contributor to the formation of immune-active microenvironments, with potential applications in
combination immunotherapy strategies.

infiltrating lymphocytes)*, and the immunomodulatory subtype SNF2
in the SNF classification of Luminal breast cancer’. These classifica-

Immunotherapy has emerged as a highly effective treatment for breast
cancer, complementing traditional chemoradiotherapy'. To address

challenges related to immunotherapy insensitivity, clinicians categor-
ize breast cancer based on various tumor microenvironment (TME)
characteristics, such as triple negative breast cancer (TNBC) classifi-
cation, including Lehmann classification?, FUSCC classification®, and
classification based on the spatial distribution of CD8" TILs (tumor-

tions not only reveal the heterogeneity within the TME but also opti-
mize the tailoring of individualized immunotherapy for breast cancer
patients®. The exploration on the elements of typing is the process of
identifying novel immune-related biomarkers and targets of breast
cancer.
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As the primary part of inflammatory infiltration in TME, tumor-
associated macrophages (TAMs) are the most dominant type of immune
cells’. To understand the spatial diversity of tumor-infiltrating immune cells
within the intra-tumor and intra-stromal regions, it is imperative to meti-
culously examine TAM subtypes and their associated functions®. Investi-
gating the equilibrium between the anti-tumor pro-inflammatory TAMs
and the pro-tumor anti-inflammatory TAM:s is of paramount importance
and can serve as a foundational framework for novel research on immu-
notherapeutic agents’. Explaining immunoinflammatory signaling path-
ways can shed light on the mechanisms of macrophage reprogramming and
repolarization in the TME, providing valuable insights into the orchestra-
tion of the immune-activating milieu in breast cancer.

TAMs subtype polarization in TME is influenced by stimulating
factors like interferon-gamma (IFN-y) and related immunomodulators,
promoting the shift of macrophages toward proinflammatory M1l
phenotypes'’. JAK-STAT (Janus kinase-signal transducers and activators of
transcription) signaling, essential in tumor-driven immune escape and
inflammation, triggers a complex network of signals involving chemokines,
growth factors, and IFN-related receptors'. Numerous studies have con-
firmed that the activation of NF-«B (nuclear factor-kB) and STAT3 in TME
accelerates tumorigenesis by shaping the identity and functions of infil-
trating macrophages and other immune cells”.

Dysregulation of cell polarity proteins and loss of apical-basal polarity
are closely linked to tumor development". These proteins help maintain
epithelial integrity and also modulate immune cell functions such as
polarization, activation, and cytokine production, thereby influencing the
balance between antitumor and protumor responses in the tumor
microenvironment'*"”. There is also increasing evidence that polarity pro-
teins participate in inflammation-associated signaling in both tumor and
immune cells'’, underscoring their relevance in cancer biology. RICH1, also
known as ARHGAP17 (Rho GTPase Activating Protein 17), is a polarity-
associated protein that contributes to apical-basal polarity maintenance
through interactions with polarity complexes. It also contains a RhoGAP
(Rho GTPase activating protein) domain that inactivates Rho family
GTPases, including RhoA, Cdc42, and Racl, thereby influencing cytoske-
letal organization and cell motility’”™". And in previous study of our
research group, RICH1 has been reported as a tumor suppressor molecule in
breast cancer™.

Excessive Rho pathway activation has been implicated in the upregu-
lation of STAT3 and NF-kB signaling, promoting a proinflammatory tumor
microenvironment’'. For instance, RacGAP promotes IL-6-driven leuke-
mia cell differentiation via STAT3 activation’’, while RhoGEFs in profi-
brotic macrophages enhance STAT3 phosphorylation through RhoA-
dependent mechanisms™. Given these findings, we hypothesize that RICH1
expression in breast cancer cells may reset the pro-inflammatory phenotype
of macrophages by altering cytokine secretion-a process potentially medi-
ated by crosstalk between Rho GTPase signaling and JAK-STAT pathways.
Therefore, our interest lies in exploring how RICH1 might impact the TME
by modulating inflammatory molecular signals in breast cancer cells. In the
present study, RICHI regulates inflammatory signaling and immune
infiltration in TME through Rho GTPase-STATs pathway, which will
provide the basis for research on related signaling targets and combined
immunotherapy.

Results

High RICH1 is associated with abundant pro-inflammatory
M1-like macrophages infiltration and better prognosis in

breast cancer

Transcriptome data from 1097 breast cancer samples in the TCGA database
were analyzed using gene set enrichment analysis (GSEA) for Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways. The top 10
RICHI-related pathways, ranked by normalized enrichment score (NES),
included several immune-related pathways such as the chemokine signaling
pathway, T/B cell receptor signaling pathway, and natural killer cell-
mediated cytotoxicity (Fig. 1A). To explore the relationship between RICH1

and immune cell infiltration in the TME of breast cancer, we used the
CIBERSORT deconvolution algorithm to estimate the proportions of 22
immune cell types in TCGA samples. Differential analysis of immune cell
components revealed that the RICH1-high group exhibited higher infil-
tration levels of macrophages M1 (p < 0.01), activated CD4 memory T cells
(p <0.01), and naive B cells, while having lower levels of macrophages M2
(p<0.001) and resting mast cells (p <0.01) compared to the RICHI-low
group (Fig. 1B). Breast cancer patients with higher RICH1 had longer overall
survival (OS) from datasets GSE42568 and GSE103091 in GEO database. In
TNBC patients, high expression of RICH1 also correlated with a longer OS,
which could be seen in GSE31519 (Fig. S1A). A meta-analysis across these
three datasets confirmed that high RICH1 expression is a positive prog-
nostic indicator for breast cancer (Fig. 1C). The relation of TAMs with
RICHI expression and the survival of patients with different types of TAMs
infiltration (Fig. S1B, C) also suggests high RICH1 is associated with higher
M1 infiltration and better prognosis in breast cancer. To further clarify the
correlation between RICH1 expression and TAM:s infiltration in TME, the
spatial distribution of TAMs was detected through spatial transcriptomic
analysis. Multiple genetic subclones in the breast cancer sample were
identified, and the distribution of these clusters showed significant regional
differences (Fig. 1D). Furthermore, at the boundaries of regions with high
RICH1 expression, there was a notable accumulation of CXCL9" and
CXCL11" pro-inflammatory M1-like TAMs. However, no similar aggre-
gation trend was observed for CD68" or CD163" labeled TAMs (Fig. 1E
and S1D).

High RICH1 promotes M1-like TAMs infiltration in TME of 4T1
tumor-bearing mice

To investigate the effects of RICHI expression in breast cancer cells on
tumor growth and macrophage infiltration in vivo, 4T1 breast cancer cells
derived from Balb/c mice were engineered to overexpress RICH1 (4T1-
RICH1 OE) or serve as negative controls (4T1-NC) using RICH1/NC-
targeted lentivirus. These cells were orthotopically transplanted into female
Balb/c mice (Fig. S2A). After 21 days, tumors in the 4T1-RICH1 OE group
showed significantly reduced volume and weight compared to the 4T1-NC
group (Fig. 2A and Table S1). The weight of mice, immunohistochemistry
(IHC) staining, and score of RICH1 in two groups were shown in Fig. S2B, C
and Table S1. These findings indicate that high RICHI1 expression sup-
presses tumor growth in 4T1 tumor-bearing mice. Flow cytometry analysis
revealed differences in TAM infiltration within the TME of these mice.

It was observed that the proportion of CD457F4/80"CD86" M1-like
TAMs was significantly lower in the 4T1-NC group compared to the 4T1-
RICH1 OE group. Conversely, the proportion of CD45"F4/80"CD163"
M2-like TAMs exhibited the opposite trend, although the differences were
not substantial (see Fig. 2B, C and Table S2). Immunofluorescence assays
were conducted on frozen sections of 4T1 tumors to demonstrate increased
F4/80"INOS™ M1-like infiltration in the 4T1-RICH1 OE group (Fig. 2D).
However, the differences in F4/80"CD206" M2-like infiltration between the
two groups were not statistically significant (Fig. 2E). Further analysis of
CD45*CD11b"F4/80°CD86", NOS2", and TNFa" M1-like TAMs using
flow cytometry revealed greater M1-like TAM infiltration in tumors from
the 4T1-RICH1 OE group compared to the 4T1-NC group (Fig. 2F, G and
Table S2). Similarly, high RICH1 expression inhibited tumor growth and
enhanced Ml-like TAM infiltration in SUM159 tumor-bearing mice,
consistent with the results observed in the 4T1 model (Fig. S2D, E and
Tables S2 and 3).

To further elucidate whether the effect of RICHI for tumor inhibition
is mediated through its impact on macrophage infiltration, an in vivo
experiment involving macrophage depletion was performed. Clophosome
could trigger irreversible apoptosis in macrophages, eliminating them
via caspase-dependent pathways. The results demonstrated that the
disparities in tumor volume and weight between the 4T1-RICH1 OE and
4T1-NC groups in the clophosome group were significantly smaller than
those observed in the control liposomes group (see Figs. 2H and S3A and
Table S4). Additionally, whether in the mouse spleen (Fig. S3B) or in the
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Fig. 1 | RICH1 expression is associated with the types of tumor-infiltrating
macrophages and prognosis in breast cancer. A RICH1-related KEGG pathways of
NES top10 enriched by GSEA. B Violin plot of proportion of tumor-infiltrating
immune cells compared in the samples with different expression of RICH1 obtained
from TCGA database. C A meta-analysis conducted based on datasets GSE42568,

GSE103091 and GSE31519. D The clusters using spatial transcriptomic UMAP
analysis for the breast cancer sample (Block ID: 1168993F from the 10x Genomics
Visium platform) with significant regional differences. E Spatial distribution of
RICHI1 expression, CD68+ and CXCL9+ labeled macrophages.

tumor (Fig. S3C), after treatment with clophosome, F4/80"CD11b" labeled
macrophages in CD45" immune cell population were mostly cleared. These
findings suggest that high RICH1 expression enhances Ml-like TAM
infiltration within the TME of tumor-bearing mice, contributing to tumor
growth inhibition.

Conditioned medium of 4T1-RICH1 OE promotes M1-like polar-
ization in vitro

To determine whether RICH] influences M1 macrophage infiltration in the
TME through breast cancer cell signaling, we conducted an in vitro study
using conditioned medium from 4T1-RICH1 OE and 4T1-NC cells to
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Fig. 2 | RICH1 overexpression promotes M1-like TAMs infiltration and tumor
inhibition in TME of 4T1 tumor-bearing mice. A The volume and weight of the
tumors compared in the mice injected with 4T1-RICH1 OE and 4T1-NC cells.

B CD45 positive subpopulation represents immune cells in TME of 4T1 tumor-
bearing mice. C Flow cytometry analysis and representative images of F4/80"CD86
subpopulations and F4/80*CD163" subpopulations in CD45 positive cells, in which
the proportions indicate M1-like and M2-like TAMs percentages, respectively.
Immunofluorescence assays marked F4/80"iNOS" M1-like D and F4/80*CD206"
M2-like E TAMs for frozen sections of 4T1 tumors. F Representative images of
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polarize RAW264.7 macrophages. Immunofluorescence assays demon-
strated that a higher proportion of RAW264.7 cells cultured in conditioned
medium from 4T1-RICH1 OE were polarized towards the F4/80"INOS*
M1-like macrophage phenotype compared to those cultured in 4T1-NC
conditioned medium (Fig. 3A). Furthermore, a substantial number of
RAW264.7 cells in both 4T1-RICHI1 OE and 4T1-NC conditioned media
exhibited polarization towards the F4/80"CD206" M2-like macrophage
phenotype, and the differences were not significant (Fig. 3B). The macro-
phage subtypes polarized by the conditioned medium were verified again by
PCR. The relative mRNA expression levels of inflammatory cytokines in
RAW264.7 cells showed that the mRNA levels of M1 markers, including
IL12 (Interleukin-12), IL6, IL1b, TNFa (tumor necrosis factor alpha), and
CXCL10 (C-X-C motif chemokine ligand 10), were upregulated in
RAW?264.7 cells polarized by conditioned medium from 4T1-RICH1 OE,
while M2 marker expression (IL10 and TNFb) showed only minor differ-
ences (Fig. 3C and Table S5). Flow cytometry results confirmed these
findings, with a higher proportion of CD86" and CD80" M1-like macro-
phages observed in the 4T1-RICH1 OE-conditioned medium compared to
4T1-NC. Lipopolysaccharide (LPS)-treated cells served as a positive control
(Fig. 3D, E and Table S5).

We further evaluated the functional status of peritoneal-derived
macrophages polarized using conditioned medium. To test their impact on
tumor progression, these polarized macrophages were co-transplanted with
wild-type 4T1 cells (4T1-WT) into mice. Results showed that in the group
where macrophages polarized by 4T1-RICH1 OE-conditioned medium
were mixed with 4T1-WT cells, both tumor volume and weight were sig-
nificantly reduced compared to the control group (Figs. 3F and S4A and
Table S6). The classification of TAMs infiltration in TME of mice bearing
tumors was characterized by flow cytometry, as shown in Figs. 3G and S4B
and Table S2. These findings indicate that RICH1 overexpression in tumor
cells promotes the polarization of macrophages toward a functional M1-like
TAM phenotype, contributing to tumor suppression.

RICH1 overexpression in breast cancer cells promotes macro-
phages toward M1-like polarization by secreting IFN-y and
chemokines

The role of elevated RICH1 expression in promoting M1-like macro-
phage polarization was confirmed. However, further investigation is
required to identify the specific cytokines secreted by 4T1-RICH1 OE
cells that drive this polarization. A comparative analysis of chemokine
mRNA expression between 4T1-RICHI OE and 4T1-NC revealed
significantly higher levels of IFNG (Interferon-gamma), CXCL9,
CXCL10, and CXCL11 in 4T1-RICHI1 OE cells—cytokines known to
induce M1 polarization. Conversely, expression levels of IL4 and IL13,
which promote M2 polarization, were lower in 4T1-RICH1 OE cells
(Fig. 4A and Table S7). To confirm these findings, we assessed the
secretion levels of IFN-y, CXCL9, IL-4, and IL-13 through enzyme
linked immunosorbent assay (ELISA) between 4T1-RICH1 OE and
4T1-NC. Only the differences in IFN-y and CXCL9 secretion were
observed (Fig. 4B and Table S7). To further explore these findings,
HC11 mammary epithelial cell lines with RICH1 knockout (HCI1-
RICHI1 K/O1/2) were generated using CRISPR/Cas9 and monoclonal
selection (Figs. 4C and S5). These cells, derived from the mammary
tissue of pregnant Balb/c mice, exhibited significantly lower secretion
levels of IFN-y and CXCL9 compared to HC11-NC cells (Fig. 4D and
Table S7).

To further investigate the involvement of IFN-y in breast cancer with
high RICH1 expression, we orthotopically transplanted 4T1-RICH1 OE
cells with IFNG knockdown (4T1-RICH1 OE shIFNG, see Fig. S6A) into
female Balb/c mice. After a 21-day period, we observed a notable increase in
both tumor volume and weight in the 4T1-RICH1 OE shIFNG group
compared to the 4T1-RICH1 OE group (as depicted in Figs. 4E and S6B and
Table S8). The 4T1-RICH1 OE shIFNG group exhibited a reduced popu-
lation of M1-like TAMs in comparison to the 4T1-RICH1 OE group, as
demonstrated by flow cytometry in Figs. 4F and S6C and Table S2.

These findings imply that, in breast cancer with high RICH1 expression,
IFN-y secretion plays a pivotal role in shaping the immune-activated TME,
contributing to increased M1-like TAM infiltration and tumor suppression.
In addition, the role of IFN-y in the immune microenvironment was
evaluated for a potential link to hypoxia by measuring HIF-1a expression
level in 4T1 tumor sections. A modest decrease in HIF-1a expression was
observed in the RICH1-overexpressing group relative to controls by IHC (as
shown in Fig. S6D).

RICH1 up-regulates the expression level of IFN-y through binding
with TRIM21 and inhibiting the activation of RhoA-STAT3
pathway

To elucidate the mechanism by which RICHI enhances IFN-y expres-
sion, we performed co-immunoprecipitation (Co-IP) followed by mass
spectrometry on 4T1-RICHI OE cells to identify proteins interacting
with RICHI1 (as shown in Fig. S7A). Among the identified candidates,
tripartite motif-containing protein 21 (TRIM21), a gene associated with
innate immunity, was highlighted (Fig. 5A and Table S9). Given that
STATS3 plays a role in modulating the levels of chemokines, including
IFN-y, and the predictive interaction network involving RICH1, STAT3,
and other immune-related molecules (as shown in Fig. 5B), it is necessary
to verify the expression levels of RhoA, STAT3, and TRIM21 in response
to RICH1 up-/down-regulation. The interaction between RICH1 and
TRIM21 was confirmed through Western blotting following Co-IP and is
presented in Figs. 5C and S7B, C. Furthermore, versus 4T1-NC, we
observed a decrease in the total RhoA level, a reduction in the phos-
phorylation of STAT3 (p-STAT3), and an increase in the IFN-y level in
4T1-RICHI1 OE, while the corresponding results showed in HC11-
RICHI1 K/O1/2/ NC cell lines (Fig. 5D). IHC staining of consecutive
paraffin sections from transplanted tumors revealed that the over-
expression of RICH1 significantly inhibited the expression of RhoA and
p-STAT3 while increasing the expression of IFN-y (as illustrated in
Fig. 5E and Table S10). These findings suggest that the up-regulation of
IFN-y by RICHI may depend on the inhibition of the RhoA-STAT3
pathway, potentially mediated through its interaction with TRIM21.

The binding of RICH1-TRIM21 makes a crucial role in the ubi-
quitin degradation of RhoA and non-activating of STAT3

To gain further insight into how the interaction between RICH1 and
TRIM21 regulates the expression of RhoA, we assessed the RhoA half-lives
in HC11-RICH1 K/O1/NC cell lines and 4T1-RICH1 OE/NC. Our findings
indicate that the presence of RICH1 reduces the half-life of RhoA, sug-
gesting that RICH1 disrupts the stability of RhoA (as shown in Figs. 6A and
S7D and Table S11). Furthermore, the reduction in RhoA levels could be
reversed in cells expressing RICH1 when treated with MG132 or bortezo-
mib. In the 4T1-RICH1 OE group, where RhoA levels are constitutively
suppressed, MG132 or bortezomib treatment partially restored RhoA
expression. Similarly, in HC11-NC cells with baseline low RhoA, MG132 or
bortezomib increased RhoA protein abundance, consistent with
proteasome-dependent degradation (as illustrated in Figs. 6B and S7E). To
determine if RhoA is degraded through the ubiquitination pathway, we
conducted immunoprecipitation experiments. In cells with RICH1
expression (4T1-RICH1 OE and HC11-NC), RhoA ubiquitination was
significantly elevated compared to low-RICH1 controls, demonstrating that
RICH1 promotes RhoA ubiquitination (as demonstrated in Figs. 6C and
S7F). Furthermore, after confirming the regulation of RhoA degradation by
RICHI expression, we investigated whether the E3 ubiquitin ligase TRIM21
plays a role in this process. We validated the interaction between RhoA and
TRIM21 through Western blotting following Co-IP. The results indicated
that the binding interaction between RhoA and TRIM21 was more pro-
nounced in 4T1-RICH1 OE than in the control lacking RICH1 (as depicted
in Fig. 6D). This implies that the presence of RICHI is pivotal for the
binding of RhoA-TRIM21 and the subsequent ubiquitination degradation
of RhoA. Additionally, the knockdown of TRIM21 by siRNA could abolish
RICH1 overexpression-induced ubiquitination degradation of RhoA,
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Fig. 3 | Macrophages treated with conditioned medium of RICH1-overexpressed  F The volume and weight of the tumors were compared in the mice injected with
4T1 cells are polarized towards M1 in vitro. Inmunofluorescence assays marked ~ 4T1-WT mixed with the polarized peritoneal-derived macrophages. G The pro-
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Fig. 4 | RICH1 overexpression in breast cancer cells affects the polarization of
macrophages M1 by secreting IFN-y and chemokines. A LogFC of mRNA
expression level of chemokines, which polarize macrophages towards M1 or M2 in
4T1-RICH1 OE/NC. B The secretion level of IFN-y, CXCL9, IL-4, and IL-13 was
evaluated through ELISA between 4T1-RICH1 OE/NC. C The PCR products by
RICH1 primers were analyzed by electrophoresis in agarose gels stained with ethi-
dium bromide, which were extracted from HC11-RICH1 K/O1/2/ NC established
using CRISPR/Cas9 RICH1/NC-targeted lentivirus and picking monoclonal.

D The secretion level of IFN-y, CXCL9, IL-4, and IL-13 was evaluated through
ELISA between HC11-RICH1 K/O1/2/ NC. E The volume and weight of the tumors
compared in the mice injected with 4T1-RICH1 OE shIFNG/4T1-RICH1 OE. F The
proportions of CD86" subpopulations in CD45*CD11b"F4/80" cells of TME in the
above tissues by flow cytometry analysis. Abbreviation: FC fold change, ELISA
enzyme linked immunosorbent assay, PCR polymerase chain reaction. P values in
(A, B, D, E and F) were calculated using unpaired two-tailed Student’s  tests.

*P <0.05; ¥*P<0.01; ***P<0.001.

down-regulation of RhoA and p-STAT3, and up-regulation of IFN-y sig-
nificantly (Figs. 6E and S7F). These results establish a mechanistic cascade
wherein RICH1 recruits TRIM21 to ubiquitinate RhoA, targeting it for
proteasomal degradation.

To further explore potential differences in RhoA activation in cells with
or without RICH1 expression and their impact on STAT3 phosphorylation,
we conducted a pull-down assay to assess the active form of RhoA (RhoA-
GTP). The results demonstrated that the levels of both total RhoA and
RhoA-GTP were lower in cells expressing RICH1 compared to those lacking
RICHI (Fig. 6F). Moreover, even when total RhoA down-regulation was
prevented in cells with TRIM21 knockdown, the level of RhoA-GTP

remained low in the presence of RICHI (Fig. 6G). These findings
suggest a dual role for RICH1: promoting TRIM21-mediated ubiquitin-
driven degradation of RhoA and enhancing RhoA-GTP hydrolysis, thereby
leading to RhoA deactivation and subsequent suppression of STAT3
phosphorylation.

To understand how TRIM21 binds to RICH1 and RhoA, molecular
docking simulations were performed. These simulations indicated the
concrete binding sites shown as Figs. 6H, I and S8A, B. Additionally, van der
Waals forces and Pi-Pi interactions resulted in a binding energy score of
—14.8 kcal/mol for RICH1-TRIM21 and —3.1 kcal/mol for RhoA-TRIM21
(Fig. S8C, D).
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Fig. 5 | RICH1 up-regulates the expression level of
IFN-y through binding with TRIM21 and inhi-
biting the activation of RhoA-STAT3 pathway.

A The top lists RICH1 binding proteins in MASS
analysis (IP RICH1 in RICH1 overexpressed

4T1 cells), including RICH1 and its functionally
related proteins, and innate immune-related
TRIM21. B The protein-protein interaction network
between RICHI, TRIM21, and RhoA-STAT3 iden-
tified by STRING database. RICH]1, as a Rho GTPase
activating protein, interacts with RhoA, and STAT3
was reported interacting with RhoA, TRIM21, and
IFNG in previous studies. C Western blotting after
Co-IP analysis for confirmation of interaction
between RICHI-TRIM21 in 4T1 cells. D Detection
of main above molecules after RICH1 over-
expression and knockout by Western blotting.

E IHC staining and score for RICH1, RhoA-STAT3,
and IFN-y of same fields on serial paraffin sections
of 4T1 transplanted tumors. All the experiments
were repeated three times independently with
similar results. Abbreviation: Co-IP co-immuno-
precipitation, MASS mass spectrometry, ARH-
GAP17 gene symbol for RICH1, HC heavy chain,
THC immunohistochemistry.
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To verify whether disrupting TRIM21 abrogates the tumor-suppressive
effects and pro-inflammatory TAM infiltration induced by RICH1 over-
expression, we established TRIM21 knockdown in 4T1-RICH1 OE cells
(denoted as 4T1-RICH1 OE shTRIM21) via lentiviral transduction (Fig. S9A)
and subsequently generated an orthotopic transplantation mouse model.

Compared to the 4T1-RICH1 OE group, the 4T1-RICHI OE shTRIM21
group exhibited a significant increase in both tumor volume and weight
(Figs. 6] and S9B, and Table S12). Flow cytometry analysis further revealed a
reduced proportion of CD86" TAMs in the 4T1-RICH1 OE shTRIM21 group
relative to the 4T1-RICH1 OE controls (Figs. 6K and S9C and Table S2).
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The correlation with M1 infiltration and RICH1 expression in
breast cancer patients-the potential biomarkers of application
with ICls

To confirm the association between M1 infiltration and RICHI expression
in clinical samples, IHC staining of RICH1 and multiplex immunohis-
tochemistry/immunofluorescence  (mIHC/IF) of tumor immune

microenvironment were conducted in 22 TNBC samples. The findings
revealed a greater presence of CD68"HLA-DR" M1-like TAMs in the TME
of patients with high RICH1 expression compared to those with low RICH1
expression. Additionally, the group with a high ratio of M1 to total TAMs
exhibited a higher RICH1 score (as depicted in Fig. 7A, B and Table S13;
clinical patient information is provided in Table S14).
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Fig. 6 | The binding of RICH1-TRIM21 makes a crucial role in the ubiquitin
degradation of RhoA and decrease of p-STAT3. A Detection of RhoA expression
after CHX (100 pg/ml) contacting HC11 cells with gradient time by Western blotting
and quantification of RhoA protein levels determined using Image ], normalized to
GAPDH. B Detection of RhoA expression after MG132 (5 uM) contacting 4T1 and
HCI1 cells with 8 h by Western blotting. C The ubiquitination of RhoA was
examined by IP of RhoA and Western blotting with anti-ubiquitin antibody after
ubiquitin-HA was transfected into RICH1 overexpression and knockout cells.

D Western blotting after Co-IP analysis for confirmation of interaction between
RhoA-TRIM21 in 4T1 cells with RICH1 overexpression. E Detection of the ubi-
quitination of RhoA and protein levels of RICH1, TRIM21, and RhoA-STAT3 by

Western blotting after inhibiting the expression of TRIM21 in RICH1 overexpressed
4T1 cells. F, G Detection of the active form of RhoA (RhoA-GTP) in above cells by
the pull-down assay. All the experiments were repeated three times independently
with similar results. H, I The visualized image of molecular docking between RICH1
(yellow), TRIM21 (blue), and RhoA (green). J The volume and weight of the tumors
compared in the mice injected with 4T1-RICHI1 OE shTRIM21/4T1-RICHI1 OE.
K The proportions of CD86* subpopulations in CD45"CD11b*F4/80" cells of TME
in the above tissues by flow cytometry analysis. Abbreviation: CHX cycloheximide,
Co-IP co-immunoprecipitation, HC heavy chain. P values in (J and K) were cal-
culated using unpaired two-tailed Student’s ¢ tests. *P < 0.05; ***P < 0.001.

To investigate whether RICH1 expression reduces tumor load via the
“pro-inflammatory macrophages-T cell activation-tumor cell apoptosis”
immune axis, RICH1 overexpression promoted the infiltration of
CD45'CD3'CD8" T cells and increased Granzyme B’ cytotoxic T cell
populations (Fig. SI0A and Table S2). Consistent with enhanced T cell
activation, we observed a concurrent increase in Caspase 8 activity and
enhanced Cleaved Caspase-8/Pan-Cytokeratin co-staining, which corre-
lated with elevated CD8" T cell accumulation around apoptotic tumor cells
(Fig. S10B-D).

Based on the observed alterations in the immune microenvironment
across both human and mice samples, we further performed an omics-level
investigation to validate whether RICH1 intervention elicits corresponding
pathway changes. Transcriptomic profiling and microenvironment-focused
KEGG analysis in RICHI-overexpressing versus control 4T1 cells con-
firmed enrichment of key immune-related pathways, including TNF, JAK-
STAT, and NF-«B signaling (Fig. S11A-C), along with the RICHI-
associated cGMP-PKG pathway. These results corroborate that RICH1
modulates immune pathways consistent with the phenotypic changes
observed in vivo.

To explore the therapeutic implications of RICH1 in immune mod-
ulation, the anti-programmed cell death protein 1 (PD-1) monoclonal
antibody (mAb), sintilimab, was administered to mice bearing 4T1-RICH1
OE/NC tumors. Anti-PD-1 mAb treatment resulted in a significant
reduction in tumor volume and weight, with the most pronounced inhi-
bition observed in the 4T1-RICH1 OE group receiving anti-PD-1 mAb
therapy (as shown in Figs. 7C and S12A and Table S15). Additionally, the
4T1-RICH1 OE group treated with anti-PD-1 mAb showed the highest
infiltration of M1-like TAMs among all experimental groups, as demon-
strated by flow cytometry analysis (Figs. 7D and S12B and Table S2). These
findings suggest that RICH1 may serve as an immune-related biomarker
and a potential therapeutic target for combination strategies involving
immune checkpoint inhibitors in TNBC.

Discussion

In our previous studyzo, we discovered that RICH]1, known for its interaction
with polarity complexes, is associated with a favorable prognosis and the
inhibition of cancer stem cell-like properties in breast cancer. As a member
of the RhoGAP family, RICH1 plays a potential role in shaping the immune
microenvironment of breast cancer by regulating inflammatory signaling, as
preliminarily revealed in this study using bioinformatics. In previous stu-
dies, abnormal expression of polarity proteins in tumor induced alteration
of immune and inflammation-related signals™*”. Galvez et al.” reported that
the deletion of aPKC{ within the Par complex increased IL-6/STAT3-
mediated pro-inflammatory signals, promoting the proliferation of lung
cancer cells. Furthermore, Par3/aPKCA-driven activation of STAT3 in
inflammatory tumors affects the infiltration of IL-4-receptor-positive
macrophages, promoting the formation of a tumor-permissive immune
microenvironment'®. Our current study is the first to demonstrate that the
overexpression of RICH1 in breast cancer cells leads to increased infiltration
of M1-like TAMs in TME, resulting in tumor inhibition in mouse models.
This polarization of macrophages towards the M1 phenotype induced by
RICHI has also been confirmed in vitro. Prior investigations into the

relationship between polarity proteins and macrophage polarization mainly
relied on the use of small molecule agonists targeting polarity proteins”. In
terms of RICH1 and its connection to inflammation-related signals,
research has shown that RICH] deficiency in mice led to enhanced intestinal
epithelial cell permeability. Furthermore, the up-regulation of TNF and
CXCL2 expression in tissues was observed exclusively in RICH1-deficient
mice after treatment with dextran sulfate sodium, a known inducer of severe
colitis™. Yang et al.”’ reported that ARHGAP family genes are associated
with pro-tumor immune microenvironment characteristics, such as
exhausted T cell infiltration, in bladder cancer. In summary, the association
between RICH1 and inflammatory factors was not clear in reported studies,
and further elucidation of immune-related biological functions of RICH1
will provide new biomarkers and targets for combined immunotherapy in
breast cancer.

This study identifies IFN-y as the central cytokine driving RICH1-
mediated M1 macrophage polarization. As established in the literature,
IFN-y and its induced chemokines CXCL9/10/11 promote M1-like mac-
rophage polarization'’. However, prior studies have mainly focused on
immune cell-derived IFN-y or tumor cell responses to IFN signaling”. In
contrast to previous studies, our investigation reveals that RICH1 in tumor
cells exerts an influence on their own secretion of IFN-y, consequently
leading to pro-inflammatory macrophage polarization in TME. Mechan-
istically, RICHI1 upregulation in breast cancer cells may augment IFN-y
secretion, which both reinforces tumor-intrinsic IFN pathway activation
and cytokine production, and directly polarizes macrophages toward a pro-
inflammatory phenotype, thereby instigating a cascade amplification of
immune activation within the TME.

During the exploration of the mechanism by which RICH1 up-
regulates IFN-y, the interaction between immune-related E3 ubiquitin
ligase TRIM21 and RICH1 was discovered for the first time. While TRIM21
has been previously associated with innate immunity and autoimmune
diseases like systemic lupus erythematosus and Sjogren’s syndrome, recent
research has also implicated TRIM21 in tumor proliferation through the
ubiquitination of cancer-related molecules’. Furthermore, TRIM21 plays a
critical role in immunoinflammatory processes, particularly in the NF-«kB
and JAK-STAT pathways, where pivotal molecules like STAT?3 are publicly
recognized as regulatory factors for the production and secretion of IFN-
y“”n. For example, TRIM21 enhances JAK-STAT signaling via K63-linked
ubiquitination of MAVS at Lys325”, and in keratinocytes, it stabilizes K17
through similar ubiquitination to drive STAT3 activation™, positioning
TRIM21 as a therapeutic target in STAT3-driven cancers. Building on prior
studies, RICH1, a member of the RhoGAP family, has been shown to
activate RhoA and other Rho GTPase proteins”’. Notably, RhoA-GTP has
been linked to the promotion of STAT3 phosphorylation®. The RICH1-
TRIM21 interaction integrates STAT3-mediated IFN-y regulation,
TRIM21-STATS3 association, and RhoA-dependent STAT3 phosphoryla-
tion. STRING database predictions confirmed RICH1/RhoA/STAT3/IFN-
y and TRIM21/STAT3 correlations. This study newly linked RICHI-
TRIM21, bridging this network to explain RICH1’s control of IFN-y levels.
Consequently, our study unveils a previously undisclosed role for RICH1,
acting as a tumor suppressor molecule in breast cancer. RICHI promotes
Ml-like polarization of macrophages through a potential mechanism.
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In breast cancer cells with high RICH1 expression, RICHI enhances the
interaction between TRIM21 and RhoA, thereby facilitating the ubiquiti-
nation degradation of RhoA through binding with TRIM21, leading to the
down-regulation of total RhoA protein levels. Simultaneously, RICH1
directly promotes the hydrolysis of RhoA-GTP, consequently reducing the
levels of active RhoA. This process inhibits the phosphorylation of STATS3,
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up-regulates the production and secretion of IFN-y, along with other
cytokines, and ultimately induces M1-like polarization of macrophages (as
illustrated in Fig. 7E).

In this study, we delved deeper into the relationship between RICH1,
TRIM21, and RhoA. E3 ubiquitin ligase TRIM21, which interacts with
RICH1 and facilitates the degradation of RhoA through the ubiquitination
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Fig. 7 | The association with infiltration of macrophages M1 and RICH1
expression in breast cancer patients and the potential of application with ICIs.
A The mIHC/IF of tumor immune microenvironment including tumor cells
(PanCK), macrophages (CD68, HLA-DR), CD8" T cells and natural killer cell
(CD56) from TNBC samples. B IHC staining of RICH1, mIHC/IF of CD68"HLA-
DR* M1-like TAMs and the differential analysis of RICH]1 expression in the groups
with different proportion of M1/total TAMs from 22 TNBC samples. C The volume
and weight of the tumors compared in the mice injected with 4T1-RICH1 OE/NC
cells with 0.1 mg/kg sintilimab (anti-PD-1 mAb) or control normal sodium

intraperitoneally injected 1 day, 8 days, 12 days, and 15 days after tumor cell
implantation. D Representative peak images and proportions of CD86™ sub-
populations in CD45"CD11b*F4/80" cells of TME in the above tissues by flow
cytometry analysis. E Schematic model of the role of RICH1 regulating M1-like
TAMs infiltration in breast cancer. Abbreviation: ICI immune checkpoint inhibitor,
mIHC/IF immunohistochemistry/immunofluorescence, TNBC triple negative
breast cancer, PD-1 programmed cell death protein 1, NS normal sodium. Pvalues in
(B-D) were calculated using unpaired two-tailed Student’s ¢ tests. *P < 0.05;

**P < 0.01; ¥**P < 0.001; ns not significant.

pathway, belongs to the TRIM family. Common domains among the more
than 80 proteins in this family include the B-box domain, the C-C (coiled-
coil) domain, and the RING domain with E3 ubiquitin ligase activity at the
N-terminus”. The direct ubiquitination and degradation effect of TRIM21
on RhoA were initially reported in this study. Emerging studies establish
that RING domain-containing E3 ligases, such as Cul3 and FBXL19, reg-
ulate RhoA stability through distinct mechanisms. Cul3 partners with
BACURD adaptors to directly ubiquitinate and degrade RhoA, limiting its
role in cytoskeletal remodeling’**, while FBXL19 requires ERK2-mediated
phosphorylation of RhoA to prime it for SCF complex-dependent
degradation”. Building on these paradigms, we hypothesize that
TRIM21-a RING-domain E3 ligase requiring oligomerization for activity™
may similarly target RhoA-GTP for ubiquitination. The results of molecular
docking (the binding energy score of —14.8 kcal/mol for RICH1-TRIM21
and —3.1 kcal/mol for RhoA-TRIM21) and prior reports (e.g., TGM2-
driven TRIM21-STAT1 dissociation via GTP binding”) suggest a
mechanistic link: RICH1, a RhoGAP that hydrolyzes RhoA-GTP, might
collaborate with TRIM21 to destabilize active RhoA. Specifically, RICH1’s
GTPase-activating function may expose RhoA-GTP for recognition by
TRIM21, whose RING domain is activated upon aggregation. This aggre-
gation might be induced by RICHI1 binding, enabling TRIM21 to poly-
ubiquitinate RhoA-GTP and target it for proteasomal degradation. Critical
to validating this model is defining the interacting domains, including
TRIM21’s RING domain and RICHI’s RhoGAP domain. Future studies
using truncation mutants will dissect these domain-specific roles, clarifying
how RICH1-TRIM21 cooperation regulates RhoA-driven pathways in
cancer.

In addition to the RhoA-mediated impact of RICH1 on STAT3
phosphorylation, as reported in this study, and the evidence of RhoA-
mediated STAT3 phosphorylation in previous studies™, it is worth con-
sidering whether RhoA-GTP might also influence molecular signaling in
other members of the STAT family. Considering the pro-tumor inflam-
matory effects of STAT3 and STATS5, as well as the anti-tumor inflamma-
tory effects of STAT1 within the STAT family™, it remains to be explored
and established whether RICH1 induces inflammatory effects in STATs
other than STAT3 through the mediation of RhoA. Additionally, the exis-
tence of a more extensive RhoA-STAT signaling network in breast cancer
warrants further investigation. Our clinical findings, derived from a limited
TNBC cohort, provide preliminary insights into RICHI’s role in immune
modulation but warrant validation in larger cohorts. While rigorous
methodology strengthens internal validity, the small sample size and
exclusive focus on TNBC limit generalizability to other breast cancer sub-
types (e.g, Luminal, HER2+), which may exhibit distinct RhoA/
STATS3 signaling dynamics. Particularly, more studies are emphasizing the
importance of immunomodulatory effects in Luminal breast cancer’. Future
studies incorporating diverse subtypes and expanded cohorts will clarify
broader applicability.

In terms of clinical significance, this study employed sintilimab, an
anti-PD-1 monoclonal antibody (mAb), to intervene in breast cancer for-
mation in mice. The results indicated that breast cancer samples with high
RICHI expression exhibited a more robust response to ICI treatment than
those with low expression. This heightened response could be attributed to
the regulation of tumor-suppressive macrophages. While this study utilized

murine cell lines to explore RICH1/TRIM21-mediated RhoA regulates pro-
inflammatory TAM infiltration, we acknowledge potential interspecies
divergence in tumor biology. Murine models, though invaluable for
mechanistic interrogation under controlled conditions, may incompletely
recapitulate human tumor microenvironments, particularly in immune
signaling. Future validation in patient-derived xenografts or human
macrophage-tumor cocultures will strengthen clinical relevance. In a mouse
model of lung cancer xenografts, Wang et al.*" reported that sintilimab
demonstrated a potent anti-tumor effect by increasing the secretion of IFN-
y and the presence of CD8+ T cells. Furthermore, aside from the immu-
nomodulatory effect of ICI on CD8+ T cells in TME of breast cancer, recent
studies have unveiled the interplay between ICI, CD8+ T cells, and TAMs.
Emerging evidence indicates that pro-inflammatory macrophages mod-
ulate anti-tumor immunity by depleting or suppressing effector CD8+ T
cell populations***’. Consequently, the application of ICI and the modula-
tion of RICHI expression effectively inhibited tumor growth and sig-
nificantly increased the infiltration of M1-like TAMs in this study. This
phenomenon is likely due to the synergistic effect of RICHI on M1 polar-
ization, combined with the immunomodulatory function of ICL. However,
given that ICI primarily enhances the activity of CD8+ T cells, it is
important to investigate RICHI’s influence on T cells and the potential
synergistic effects between T cells and macrophages. Our results suggested
RICH1 overexpression enhanced the infiltration of CD8" T cells and
increased Granzyme B’ cytotoxic T cell frequency, and enhanced co-loca-
lization of Caspase 8 with PanCK, which spatially correlated with CD8" T
cell accumulation around apoptotic tumor cells. These results suggest that
RICHI1 enhances pro-inflammatory macrophage polarization, which in
turn potentiates T cell-mediated tumor apoptosis and antitumor immunity.
Together with prior evidence that ICIs augment CD8" T cell activity, our
data support a model wherein the synergy between anti-PD1 and RICH1
expression is initiated by macrophages and executed by T cells. Future
studies should further define how RICH1 shapes the breast cancer immune
landscape and elucidate bidirectional T cell-macrophage crosstalk. RICH1
expression in breast cancer cells remodels the immune microenvironment
by polarizing macrophages toward a pro-inflammatory phenotype, sug-
gesting that targeting RICH1 could amplify anti-tumor immunity. Building
on the previous study and our findings, we will propose a dual-action
immunotherapy in the future: a fusion antibody combining RICH1/
TRIM21, enhancing macrophage-driven inflammation. To maximize effi-
cacy, this strategy could synergize with PD-1/PD-L1 inhibitors, who rein-
vigorate cytotoxic T cells. Preclinical validation in RICH1-high models will
prioritize biomarker-driven patient stratification, bridging mechanistic
insights into RICHI1-RhoA-STAT3 crosstalk with actionable immu-
notherapy design.

In conclusion, our findings demonstrate that RICH1 interacts with
TRIM21 to suppress the RhoA-STAT3 signaling pathway, thereby pro-
moting the infiltration of pro-inflammatory M1-like TAMs in breast cancer.
These insights highlight the potential of RICH1 as an immune-related
biomarker and a key contributor to the formation of immune-active
microenvironments, with potential applications in combination immu-
notherapy strategies. Furthermore, this study underscores the clinical value
of utilizing RICH] to refine the precise classification of breast cancer based
on distinct tumor microenvironment characteristics.
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Methods

Patients and datasets

RNA sequencing data of samples from 1097 breast cancer patients in the
TCGA database (http://portal.gdc.cancer.gov) were extracted. In addition,
three datasets with breast cancer RNA expression data were obtained from
Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/
geo), including GSE42568, GSE103091, and GSE31519, in which the sur-
vival data are available. Formalin-fixed paraffin-embedded (FFPE) surgical
tissue sections were from 22 TNBC patients admitted to the First Affiliated
Hospital of Xi’an Jiaotong University, who didn’t suffer from other malig-
nancy or received radiotherapy or chemotherapy. The patients in this study
had signed consent from the Ethics Committee of the First Affiliated
Hospital of Xi’an Jiaotong University (Ethics Approval Number: 2020-G-
173), and the study was conducted in conformity to the Declaration of
Helsinki.

Gene set enrichment analysis (GSEA) and estimates of

immune cells

GSEA was performed by using GSEA version 4.1.0 (http://software.
broadinstitute.org/gsea/index.jsp), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis was obtained through gene
sets from the Broad Institute (http:/ftp.broadinstitute.org://pub/gsea/gene_
sets/c2.cp.kegg.v6.2.symbols.gmt).

The CIBERSORT deconvolution algorithm was used to estimate the
fraction of 22 immune cell types in each breast cancer sample*, which was
calculated via the online calculator (https://cibersort.stanford.edu/), and the
CIBERSORT results were filtered by p <0.05 to obtain more accurate
simulated results.

Analysis for spatial transcriptomics

Spatial transcriptomics data of breast cancer tissue (Block ID: 1168993F)
were obtained from the Visium platform (https://www.10xgenomics.com/
platforms/visium). Seurat clustering default algorithms (FindNeighbors and
FindClusters) were used to define tissue regions, and gene expression of
tumor tissues was combined with spatial information to generate detailed
spatial omics maps. Cluster-specific gene expression patterns were detected
using the Seurat differential search tool (FindAllMarkers), adjusting the
number of clusters to the maximum. BulkSignalR and project-specific R
scripts were conducted for gene spatial expression analysis*, and the spatial
distribution of immune cells was also defined by corresponding gene
signatures.

Cell culture and reagents

4T1, RAW264.7, and HCI11 cells were purchased from Beijing Union
Medical College Hospital cell resource-sharing platform. SUM159 cells were
a gift from Dr. Jianjun He. 4T1 was cultured in RPMI 1640 medium with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P-S).
SUM159 was cultured in DMEM/F12 medium with 10% FBS and 1% P-S.
RAW?264.7 was grown in DMEM/high glucose medium with 10% FBS and
1% P-S. HC11 was cultured in RPMI 1640 medium with 10% FBS, 1%
sodium pyruvate, and 1% P-S. Medium, FBS, and P-S were purchased from
Corning. All the cell lines were cultured in a humidified incubator at 37 °C,
5% CO,. Antibodies against RICH1 (ab229221, dilution 1:500), F4/80
(ab90247, dilution 1:50), iNOS (ab178945, dilution 1:100), TRIM21
(ab207728, dilution 1:1000) were purchased from Abcam. Antibodies
against RhoA (sc-418, dilution 1:500) and ubiquitin (sc-8017, dilution
1:1000) were purchased from Santa Cruz. Antibody against IFN-y was
purchased from Abmart (T56671, dilution 1:1000). Antibodies against
STAT3 (#9139, dilution 1:500), phosphor-STAT3™7* (#9145, dilution
1:1000), Cleaved Caspase-8 (#8592, dilution 1:500), and Pan-Cytokeratin
(#4545, dilution 1:200) were purchased from Cell Signaling Technology.
Antibodies against CD8 (#14-0808-82, dilution 1:200) were purchased from
Invitrogen. HRP-labeled GAPDH (HRP-60004, dilution 1:10000) and
antibody against CD206 (60143-1-Ig, dilution 1:1000) were from
Proteintech.

Vector construction and cell transfection

Mouse RICH1 overexpression plasmid vector and packed lentivirus were
obtained from Hanbio (Shanghai, China). 4T1 cells were infected with
lentivirus for RICH1 overexpression/negative control (RICH1 OE/NC) as
MOI (multiplicity of infection) 10, and stable RICH1 overexpressed cells
were selected under the deal with medium containing neomycin (Med-
ChemExpress, USA) for a week. SUM159-RICH1 OE/NC were infected as
our previous study'®. Mouse CRISPR/Cas9 RICH1 knockout/NC-targeted
lentivirus was obtained from Hanbio. HC11 cells were infected with lenti-
virus for RICH1 knockout/NC (RICH1 K/O/ NC) as MOI 20, and 2
monoclonal RICH1 knockout cell lines were picked by limiting dilution
cloning in the medium containing puromycin (MedChemExpress). RICH1
overexpressed 4T1 cells were infected with lentivirus for sShRNA (small
hairpin RNA)-IFNG (obtained from Hanbio) as MOI 10 under the selection
of medium containing puromycin. All cells were infected using virus
transfection reagents polybrene (Hanbio). In addition, mouse
TRIM21 siRNA molecules were obtained from GenePharma (Shanghai,
China) which were transfected into cells using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA). All sequences were listed in Table S16.

In vivo tumor experiments

All animal studies were conducted in accordance with the guidelines pro-
vided by the Animal Ethics Committee of Xi’an Jiaotong University (Ethics
Approval Number: 2020-G-173). Six-week female Balb/c mice were
obtained from the Laboratory Animal Center of Xi'an Jiaotong University
and housed in a special pathogen-free animal facility. All mice were ran-
domly assigned to either the experimental or control group, with six mice
per group. For orthotopic transplantation, 5 x 10° 4T1 cells diluted in 200 pl
PBS were injected into the fourth mammary fat pad on the right side. 5 x 10°
SUM159 cells diluted in 100 pl PBS were transplanted into 4 weeks female
Balb/c nude mice. For macrophage depletion in vivo experiment, clopho-
some (FormuMax, F70101C-NF, 20 mg/mL) was used, which could disrupt
liposomal membranes, releasing the water-soluble prodrug chloropho-
sphonic acid into cells. Upon reaching its minimal effective concentration,
chlorophosphonic acid triggers irreversible apoptosis in macrophages,
eliminating them via caspase-dependent pathways. Each mouse in the
macrophage depletion group or the control group was intraperitoneally
injected with 200 uL clophosome or the control liposomes for the first time
on the day 0 of tumor transplantation, and then injected with 100 pL
twice a week.

Mouse peritoneal derived macrophages were induced by intraper-
itoneal injection of zymosan A (Sigma) into 8 weeks female Balb/c mice. For
the function of the peritoneal derived macrophages polarized by condi-
tioned medium, 5x 10° 4T1 cells mixed with 1.5x 10° macrophages
diluted in 200 ul PBS were orthotopically transplanted. For PD-1 treatment,
0.1 mg/kg sintilimab was intraperitoneally injected 1 day, 8 days, 12 days,
and 15 days after tumor cell implantation, and the control group was
peritoneal injection with the same amount of normal sodium. The mice
were euthanized via inhalation anesthesia with carbon dioxide after 21 days
or when the longest tumor diameter exceeded 1.5 cm. The tumor tissues
were removed, after which tumor weights were measured and tumor
volumes were calculated by the formula (a x b%)/2, where a is the major
tumor axis, and b is the minor tumor axis.

Immunohistochemistry (IHC)

The FFPE tissue sections were roasted at 60 °C for 4 h, deparaffinized in
xylene, and hydrated in gradient concentration of ethanol. Tissue slides were
performed in sodium citrate buffer (PH=9.0) at the microwave oven
subsequently, for antigen recovery. IHC kit (Solarbio, SP0041), including
3% hydrogen peroxide and goat serum albumin were applied, and the slides
were incubated with primary antibodies overnight at 4°C. Next day,
the biotin-labeled homologous secondary antibody and horseradish
peroxidase-labeled streptomycin ovalbumin in IHC kit were applied on the
slides. Then, DAB (diaminobenzidine) staining, hematoxylin staining,
hydrochloric ethanol solution differentiation, returning to blue in ammonia,
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dehydration in gradient ethanol, and transparency in xylene were followed
to handle the slides. We selected 10 fields of each tissue section randomly for
semi-quantitative scoring as reported previously”’, and the average IHC
score of each sample was counted.

Flow cytometry

For marking TAM:s of tissues, the fresh tumor tissues were digested and
sieved, followed with removing red blood cells to make single cell suspension
diluted in PBS. PerCP/Cyanine5.5-conjugated CD45 antibody (Biolegend,
#103132), PE/Cyanine7-conjugated F4/80 antibody (Biolegend, #123113),
FITC-conjugated CD86 antibody (Biolegend, #105005) and PE-conjugated
CD163 antibody (Biolegend, #155307) were used to detect CD45F4/
80"CD86" or CD45"F4/80"CD163" subpopulations, and the above anti-
bodies with APC-conjugated CD11b antibody (Biolegend, #101212), PE-
conjugated NOS2 antibody (Biolegend, #696805), Brilliant Violet 421-
conjugated TNFa antibody (Biolegend, #506327), FITC-conjugated CD80
antibody (Biolegend, #104705) were used to detect CD45"CD11b*F4/
80"CD86" or NOS2" or TNFa" or CD80" subpopulations. APC/Cyanine7-
conjugated CD3 antibody (Biolegend, #100221), APC-conjugated CD4
antibody (Biolegend, #100411), FITC-conjugated CD8a antibody (Biole-
gend, #100705), and PE-conjugated Granzyme B antibody (Biolegend,
#396405) were used to detect CD3'CD4’/CD8'Granzyme B" T cells sub-
populations. Flow cytometry controls included isotype-matched antibodies
and single-color stains to ensure specificity and resolve spectral overlap. The
marked single cell suspension was analyzed by Canto II Flow Cytometer
(BD), and the data were processed using Flow]Jo 10.6.2. For marking dif-
ferent phenotypes of macrophages polarized by conditioned medium,
RAW264.7 cells under the deal with conditioned medium of 4T1 cells for
48 h were collected and resuspended with PBS. The positive control group
was under the treatment of 1 ug/mL LPS, then F4/80"CD86" subpopula-
tions were detected and analyzed. In the process described above, <1 x 10°
cells in each flow tube were incubated with antibodies of recommended
concentration at 37 °C for 30 min in dark, and permeabilization following
with fixation were processed before intracellular cytokine staining.

Immunofluorescence and mIHC/IF
For slides of mouse tumor tissues that had been frozen, embedded with
OCT, and sectioned, 4% paraformaldehyde and 5% bovine serum albumin
(BSA) were applied for fixation and blocking separately. Slides were incu-
bated with specific primary antibodies overnight at 4 °C, followed by
fluorescent-labeled secondary antibodies (Proteintech) next day, and DAPI
was used for DNA staining. Image acquisition was performed by Leica
confocal laser scanning microscopy. Except for the above procedures,
RAW264.7 cells adhering to slides were permeabilized with 0.2% Tri-
ton X-100.

The FFPE tissue sections were performed for multiplex immunohis-
tochemistry/immunofluorescence (mIHC/IF) staining, and the estimated
proportions of tumor-infiltrating immune cells were conducted as we

reported previously™.

RNA isolation, real-time PCR, and RNA sequencing

Total RNA from cell lines was extracted using the RNeasy mini kit (Qiagen,
Valencia, CA) and then converted to cDNA using the PrimeScriptTM RT
Master Mix (Takara). For detecting the mRNA expression levels, real-time
PCR was conducted with the SYBR-Green kit (Takara). The primers used
for real-time PCR in this study were listed in Table S17 and obtained from
Sangon Biotech. Following extraction with Trizol reagent, RNA quality was
assessed on an Agilent Bioanalyzer 2100 system. Sequencing libraries were
prepared from qualified RNA via poly-A selection and cDNA synthesis,
followed by cluster generation and 150 bp paired-end sequencing on an
Ilumina Novaseq platform.

Western blotting
Whole-cell lysates were prepared by RIPA buffer, then proteins were
separated with SDS/PAGE gel and transferred to PVDF membranes, which

were incubated overnight with primary antibodies. HRP-conjugated sec-
ondary antibodies (Cell Signaling Technology) were incubated, and che-
miluminescent signals were detected by ECL (Millipore) in the next day.

ELISA and pull-down assay

The concentrations of IFN-y, CXCL9, IL-4, and IL-13 in the cell medium
were measured using enzyme linked immunosorbent assay (ELISA) kits
specific for mouse IFN-y, CXCL9, IL-4, and IL-13 (Multi Sciences, China).
RhoA-GTP in cells was pulled down and detected using Rho activation
assay biochem kit (Cytoskeleton, #BK036) in accordance with the manu-
facturer’s protocol. Caspase 8 activity in tumor homogenates was measured
using ELISA kits (BestBio, BB-4107).

Co-immunoprecipitation (Co-IP) and mass spectrometry

Total protein of cells was extracted by NP-40 lysis buffer (20 mM Tris-HClI,
150 mM NaCl, 0.5% NP-40, 20% glycerol) containing protease inhibitor
and phosphatase inhibitors (Roche, NJ, USA). The lysates were immediately
centrifuged at 12 x 103 rpm, 4 °C for 20 min, and then were incubated with
magnetic beads to prepare bead-antigen-antibody complexes using 4 pug
antibody and 50 pl protein A/G magnetic beads (Thermo Fisher, 10007D).
The final binding protein was obtained by washing with elution buffer, then
protein complexes were boiled and prepared to Western blotting.

For mass spectrometry analysis of potential RICH1-binding proteins,
the eluted samples were separated with 10% SDS-PAGE and stained with
colloidal coomassie. The obtained gel lanes were cut into defined pieces, de-
stained, and trypsinized. The resulting peptide solutions were extracted,
subjected to mass spectrometry (Q Exactive™ Plus, ThermoFisher Scien-
tific, USA), processed using Proteome Discoverer 2.1 for secondary mass
spectrum data. When we verified the co-immunoprecipitation of RICH1-
TRIM21, the HRP-conjugated secondary antibody in Western blotting was
conformation specific for not binding to IgG heavy chain (Cell Signaling
Technology #5127).

Ubiquitination assay

Plasmid expressed ubiquitin-HA was transiently infected to cells by Lipo-
fectamine 2000 (Add 2 ug of plasmid to 500 pL of serum-free medium and
let it stand for 5 minutes). After 24 h, the cells were treated with 5 umol/L
MG132 (Sigma) for 8 h. Then, Co-IP was conducted with RhoA antibody
for NP-40 lysates of the cells, and Western blotting was applied for detecting
ubiquitinated-RhoA.

Prediction for molecular docking

Using cluspro (https:/cluspro.org/) to butt joint of protein, the model
imports PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/) to calculate the
binding energy, patterns, and good structure drawing. Pymol (https://
pymol.affinitycn.cn) was used to draw 3D and 2D maps. Ligplot 2.2.9 was
used to draw 2D maps to show docking sites and interaction residues.

Statistical analysis

All experiments in vitro were repeated at least three times, and at least 5 mice
were set up in each group for all animal experiments. All data were analyzed
with Graphpad Prism 8. These results were described as the mean + S.D.
The differences between two groups were compared using Student’s two-
sided t-test. Differences of survival between different groups were compared
using Kaplan-Meier analysis followed with log-rank test. The correlation
between RICHI1 expression levels and clinical characteristics of TNBC
patients’ samples was analyzed using Fisher’s exact test. P < 0.05 was con-
sidered statistically significant.

Correlation analyses between RICH1 levels and immune cell infiltra-
tion were performed as follows: (1) Public Dataset Analysis: RNA-seq data
were stratified into high- and low-RICH1 expression groups. Immune cell
proportions were inferred using CIBERSORT and TIMER, followed by
differential analysis (Wilcoxon rank-sum test) and Pearson correlation
analysis. (2) Experimental Validation: In breast cancer patient tissue spe-
cimens, macrophage infiltration was quantified via mIHC/IF. In murine
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tumor models, macrophage populations were assessed by flow cytometry.
Group comparisons (high vs. low RICH1) were analyzed using Student’s
t test or Mann—Whitney U test, with statistical significance set at P < 0.05 for
all analyses.

Data availability

All datasets are publicly available in the corresponding repositories via their
respective accession numbers. RNA sequencing data of samples from
TCGA database and three datasets from Gene Expression Omnibus (GEO)
database, including GSE42568, GSE103091, and GSE31519, were publicly
extracted. Spatial transcriptomics data of breast cancer tissue (Block ID:
1168993F) were publicly available at the Visium platform. Bioinformatics
analyses were performed using established R packages, with no custom
scripts utilized. Raw experimental data are provided in the Supplementary
Information.
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