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LETTER TO TH E EDITOR

RGS12 inhibits the progression and metastasis of multiple
myeloma by driving M1 macrophage polarization and
activation in the bone marrowmicroenvironment

Dear Editor,
Multiple myeloma (MM) is a malignant plasma cancer
that grows in the bone marrow and migrates through the
bloodstream. Fifty-eight percent of MM patients exhibit
the phenotype of hepatomegaly, and 40% have myeloma
cell infiltration in the liver [1]. The occurrence and
migration of MM are highly associated with the bone
marrow microenvironment [2]. A key in the develop-
ment of MM is the evasion and suppression of the host
immune system. Monocyte/macrophage-lineage cells are
major components of the infiltrating leukocytes in tumors.
Macrophages regulate tumors through not only phago-
cytosis but also the production of various cytokines and
chemokines [3]. Macrophages can be polarized into M1
and M2 macrophages as a reaction to specific microenvi-
ronmental stimuli and signals. M1 macrophages are capa-
ble of producing numerous cytokines, expressing major
histocompatibility complex (MHC), and killing tumor
cells. In contrast, M2 macrophages promote angiogenesis,
tissue remodeling, and tumor growth [4]. Regulator of G
Protein Signaling 12 (RGS12) is a multifunctional protein
that is highly expressed inmacrophages compared to other
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immune cells in the blood and bone marrow cells (Sup-
plementary Figure S1) and is associated with immune sig-
naling [5]. Interestingly, RGS12 was found to have a close
relationshipwithMMduring histone deacetylase inhibitor
(HDACi) treatment [6]. Therefore, we aimed to investigate
the function of macrophage RGS12 in the progression of
MM and to identify the potential regulatory mechanisms,
all of which may have potential therapeutic relevance in
MM and other cancers.
To better understand the pathogenesis of MM and

develop new therapeutics, mouse MMmodels were estab-
lished in Cre control (Cre recombinase, Ctrl) and RGS12
conditional knockout (cKO) mice. Macrophage-specific
RGS12 cKO mice were generated by crossing RGS12-
floxed mice with LysM-Cre transgenic mice (Supplemen-
tary Figure S2A). Loss of the RGS12 protein in bone mar-
row macrophages (BMMs) was confirmed by immunoblot
analysis of RGS12 cKO mice (Supplementary Figure S2B).
RGS12 cKO mice were viable and had no differences
in body length or weight compared with control mice
(Supplementary Figure S2C-D). To generate the MM
model, mouse myeloma cells (MPC-11 cells) were directly
injected into the bone marrow through intratibial injec-
tion in control (Ctrl, LysM-Cre) and RGS12 cKO (LysM-
Cre; RGS12fl/fl) mice on the C57BL/6J background (Fig-
ure 1A) [7]. After two weeks, typical MM phenotypes were
observed in the control and RGS12 cKO mice, including
increased osteolytic lesions (Figure 1B and C), a high per-
centage of B220-CD138+ cells in the bonemarrow (Supple-
mentary Figure S3A), and high serum IgG2b and IgM lev-
els (Supplementary Figure S3B). Moreover, the RGS12 cKO
mice exhibited more severe phenotypes than the control
mice with MM (Figure 1B and C and Supplementary Fig-
ure S3).Most strikingly, the number of livermasseswas sig-
nificantly increased in RGS12 cKO mice compared to con-
trol mice by macroscopic and histological analyses (Fig-
ure 1D and E). The number of CD138/Ki67-positive cells
in the liver was increased in RGS12 cKO mice with MM
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F IGURE 1 RGS12 in macrophages inhibits the progression and liver metastasis of MM by regulating the bone marrow
microenvironment. (A) Mouse model of MM (intra-bone marrow injection). MM cells were cultured in DMEM for 24 hours and injected into
the bone marrow through the left anterior tuberosity of the tibia to establish the model of MM in Ctrl (LysM-Cre) and RGS12 cKO (LysM-Cre;
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compared with control mice (Figure 1E), suggesting that
RGS12 cKO could lead to early and severe liver metastasis
ofMM. Previous reports have shown that highlymetastatic
cancer cells exhibit greater resistance to apoptosis [8]. To
determine the apoptotic activity in MM liver lesions and
bone marrow, the activity of Caspase 3 was detected. The
results showed that Caspase 3 activity was significantly
decreased in RGS12 cKO liver and bone marrow tissues
(Supplementary Figure S4A). Interestingly, we also found
that the level of the proapoptotic gene Bax was decreased
but that of the antiapoptotic gene Bcl-2 was increased in
liver and bone marrow tissues from RGS12 cKOmice com-
pared with those from control mice withMM (Supplemen-
tary Figure S4B-C).
To further explore the function of macrophage RGS12 in

MM, we harvested BMMs from control and RGS12 cKO
mice. BMM lysates were analyzed using an inflamma-
tory cytokine ELISA array. We found that most inflam-
matory factors were decreased in RGS12 cKO BMMs (Fig-
ure 1F), suggesting that RGS12 played a key role in regu-
lating the production of inflammatory factors. To examine

whether macrophages with RGS12 cKO affect the migra-
tion of myeloma cells, we seeded control or RGS12 cKO
BMMs in the bottom chamber and MM cells in the top
chamber of a Transwell system and analyzed the number
of migrating MM cells. As a result, the BMMs with RGS12
cKO significantly promoted the migration of MM cells in
comparison to the control BMMs (Figure 1G).
Macrophages migrate to and phagocytose microorgan-

isms following activation by inflammatory mediators,
such as cytokines and chemokines produced by activated
immune cells or tumor cells [9]. To determine whether
RGS12 regulates phagocytosis, we obtained RGS12 cKO
BMMs and presented IgG-coated fluorescent microbeads
to the BMMs as described10. As shown in Figure 1H, RGS12
cKO reduced the phagocytic capacity of macrophages
by 6.89-fold. Macrophages exhibit phenotypic plastic-
ity in response to microenvironmental changes [4]. We
found that RGS12 cKO inhibited the polarization of M1
macrophages (labeled by CD86) under LPS/IFNγ induc-
tion (Figure 1I) but did not affect the polarization of M2
macrophages (labeled by CD163) under IL4/IL13 induc-

RGS12fl/fl) mice. Liver cancer metastasis was determined by histology and biochemical analysis after two weeks. (B) X-ray showing the tibias
of Ctrl and RGS12 cKO mice inoculated with/without MM cells by intra-bone marrow injection after 2 weeks. The Ctrl and RGS12 cKO MM
model mice showed extensive osteolytic lesions compared to mock control mice (red arrows). (C) The panel shows the number of osteolytic
lesions as indicated in (B). Note that the osteolytic lesions were significantly increased in RGS12 cKO mice with MM in comparison to control
mice (n = 20, ***P < 0.001). (D) Increased tumor masses in the liver in RGS12 cKOmice with MM. The black circles indicate liver masses. The
bar graph shows the numbers of liver masses in Ctrl and RGS12 cKO mice with MM. ***P < 0.001, n = 10. (E) HE-stained sections of liver
tissues from the Ctrl and RGS12 cKO groups. The red line shows a metastatic lesion. Scale bar, 200 μm. Merged immunofluorescence image
showing Ki-67- and CD138-positive cells (white arrows). Green, CD138; red, Ki-67, blue, nuclear DNA (DAPI). Scale bar, 25 μm. The bar graph
shows the number of Ki-67/CD138-positive cells relative to the total cells in the liver (%). ***P < 0.001, n = 5. (F) BMMs were obtained from
Ctrl and RGS12 cKO mice. Mouse cytokine array for detection of cytokine expression in the Ctrl and RGS12 cKO BMMs. Quantitative analysis
results for the cytokine levels detected in array plates are shown on the right (P < 0.05). (G) Schematic diagram of the myeloma cell invasion
assay (top). BMMs were obtained from Ctrl and RGS12 cKO mice and seeded in the bottom chamber. The same amount of MM cells was
seeded in the top chamber. MM cells were detected at the bottom of the Transwell insert following migration by 0.5% crystal violet staining.
Scale bar, 50 μm. The numbers of MM cells were analyzed by ImageJ software. ***P< 0.001, n = 5. (H) The loss of RGS12 inhibits the
phagocytosis of IgG-coated fluorescent beads. BMMs were harvested from Ctrl and RGS12 cKO mice. The plasma membrane was stained with
anti-F4/80 (red), and IgG-coated beads were identified by yellow-green fluorescence. Scale bar, 5 μm. The number of ingested beads per
macrophage is quantified in the right panel. ***P< 0.001, n = 5. (I) BMMs were obtained from Ctrl and RGS12 cKO mice. The cells were
treated with LPS/IFNγ or IL4/IL13 for 24 hours. The M1 macrophage marker CD86 and M2 macrophage marker CD163 were detected by
immunofluorescence staining. Scale bar, 10 μm. Note that the loss of RGS12 inhibited M1 macrophage polarization. ***P< 0.001, n = 5. (J)
Heat map for mass spectrometry analysis depicting the significant changes in protein expression between Ctrl and RGS12 cKO BMMs (left).
Optimized cutoff thresholds for significantly altered proteins were set at 1.5 log2-transformed ratios (P < 0.05, n = 3). Protein functional
analysis to identify biological processes. The significant biological processes are shown with various colors (right). (K) Deletion of RGS12
decreases acetylation. BMM lysates were extracted from Ctrl and RGS12 cKO mice and used to measure acetylation by immunoblotting.
Immunoblot quantification is shown in Supplementary Figure S10A. (L) Overexpression of EP300 restores acetylation in BMMs from Ctrl and
RGS12 cKO mice. BMMs from Ctrl and RGS12 cKO mice were transfected with pcDNA3.1-EP300 (EP300 OE) or pcDNA3.1-empty (Vector OE)
plasmids for 48 hours. Cell lysates were evaluated by western blotting to measure the acetylation and EP300 levels. β-Actin was used as an
internal control. Quantitative analysis results for the acetylation levels are shown in Supplementary Figure S10B.
Abbreviations: RGS12, Regulator of G Protein Signaling 12; MM, Multiple myeloma; DMEM, Dulbecco’s modified eagle medium; Ctrl,
Control; cKO, Conditional knockout; HE, Hematoxylin and eosin; X-ray, X-radiation; CD138, Cluster of differentiation 138; DAPI,
4’,6-Diamidino-2-Phenylindole; BMMs, Bone marrow macrophages; M1Φ, M1 macrophage; M2Φ, M2 macrophage; IgG, Immunoglobulin G;
LPS, Lipopolysaccharide; IFNγ, Interferon-gamma; IL4, Interleukin 4; IL13, Interleukin 13; CD86, Cluster of differentiation 86; CD163, Cluster
of differentiation 163; EP300, E1A binding protein P300; OE, Overexpression
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tion in comparison to control RGS12 expression (Figure 1I).
Consistently, forced overexpression of RGS12 in BMMs
promoted the phagocytic activity of macrophages (Sup-
plementary Figure S5) and M1 macrophage polarization
(increased the expression of CD86, IL1β, and IL12) (Sup-
plementary Figure S6).
To further understand the mechanism by which

RGS12 regulates MM pathogenesis, we performed liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
proteomic analysis to profile the dynamics in control and
RGS12 cKO BMMs and identified the most significant up-
and downregulated proteins (Figure 1J). We performed
Gene Ontology (GO) and protein functional analyses to
investigate the biological significance (Figures 1J, Sup-
plementary Figure S7 and Supplementary Table S1). The
results revealed that acetylation was the most significantly
altered process following RGS12 deletion (Figure 1J), and
the levels of most of the proteins related to acetylation
were decreased (Supplementary Figure S8). We further
confirmed that acetylated proteins were decreased in
RGS12 cKO BMMs by immunoblotting (Figure 1K). RGS12
was reported to be associated with HDACs [6], which may
play a key role in regulating acetylation. Interestingly,
our LC-MS/MS data and immunoprecipitation results
showed that RGS12 was associated with the histone
acetyltransferase P300 (EP300) in BMMs (Supplementary
Figure S9). Moreover, overexpression of EP300 promoted
acetylation in BMMs, whereas RGS12 cKO inhibited the
upregulation of acetylation caused by EP300 (Figure 1L
and Supplementary Figure S10). These results suggest that
RGS12 may act as an acetylation enhancer of EP300 to
regulate the activation of macrophages.
In summary, this study provides the first evidence that

RGS12 inhibits the progression and metastasis of MM by
regulatingM1 polarization, phagocytosis, andmacrophage
activation in the bone marrow microenvironment. There-
fore, these findings demonstrate that RGS12 could be a
potential immunotherapy target in MM and metastasis.
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