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Abstract

Multiple myeloma (MM) is closely associated with abnormal DNA repair and genome instability. The bone marrow microen-
vironment, particularly myeloma-associated macrophages (MΦ), is critical to the progression of MM. However, there is lim-
ited understanding on the role of MΦ in DNA repair in MM. Here, we found that MΦ regulated DNA repair in MM cells by the 
CXCL5/8-CXCR2 axis. By promoting non-homologous end joining rather than homology-directed repair, MΦ increased the 
probability of chromosomal translocations in MM cells. Furthermore, clinical data confirmed that MΦ are closely associated 
to the increased genetic variations of MM patients’ primary cells. The study elucidates a mechanism by which MΦ regulate 
DNA repair in MM in the microenvironment and provides a potentially new target to counter MM progression.

Introduction

Multiple myeloma (MM) is a hematological malignancy of 
B cells in the terminal differentiation stage.1 With the con-
tinuous development of treatments, the prognosis of MM 
patients has significantly improved.2 Nevertheless, MM is 
still an incurable disease, and most patients experience 
progression and relapse.3 The mechanism of the develop-
ment of MM has not been fully elucidated.
Stimulated by infection, inflammation and other biochemical 
processes, DNA damage and genome instability may occur 
in plasma cells, leading to increasing incidence of specific 
genetic mutations and driving the gradual development 
of monoclonal gammopathy of undetermined significance 
(MGUS), smoldering multiple myeloma (SMM) and MM.1,4 As 
the disease progresses to MM, new cytogenetic abnormali-
ties continue to occur and accumulate. DNA double-strand 
breaks (DSB), the most dangerous type of DNA damage, are 
known to induce many genetic aberrations, such as insertion 
and deletions and chromosomal translocations, especially 
when DSB repair is defective. DNA DSB are repaired mainly 

by homologous recombination (HR) and non-homologous 
end joining (NHEJ), which are the two major evolutionarily 
conserved repair pathways in mammalian cells.
There is now extensive evidence that the bone marrow 
immune microenvironment plays an important role in pro-
moting the survival, proliferation, and drug resistance of 
MM cells.5 The role of MM-associated macrophages (MΦ) 
in tumor immune surveillance and escape has received 
increasing attention. MM cells also act on MΦ by polarizing 
MΦ towards the M2 phenotype to promote MM cell survival 
and evolution.6-8

MΦ promote the survival and development of MM cells 
through various related cytokines and surface molecules. 
C-X-C motif chemokine ligands 59/810 (CXCL5/8) are im-
portant chemokines in the tumor microenvironment that 
are expressed by many immune cells including MΦ. CX-
CL5/8 binds to receptors such as C-X-C motif chemokine 
receptor 2 (CXCR2) and plays a role in angiogenesis, tumor 
growth, and metastasis.9,10 However, the CXCL5/8-CXCR2 
axis is rarely reported in MM disease, and its impact on 
DNA repair patterns is also unknown.
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Here, we found that MΦ facilitate error-prone DNA repair in 
MM cells and increase the genomic instability of MM cells, 
thereby promoting the progression of MM. These results 
shed a light on the role of MΦ in regulating DNA repair 
in MM cells and inducing genomic instability and genetic 
complexity of these MM cells.

Methods

The study adheres to the Declaration of Helsinki, and was 
approved by the Animal Experimental Ethical Inspection 
(ref. no. 2017-584) and Ethical Committee (ref. no. 2017-
634) of the First Affiliated Hospital, Zhejiang University, 
School of Medicine.

Multiple myeloma xenograft model
Construction of a NOD-SCID mouse xenograft model with 
multiple myeloma cells
Four-week-old NOD-SCID mice were raised in the specific 
pathogen-free animal room of Zhejiang Academy of Medical 
Sciences. We collected well-grown ARP-1 cells in logarith-
mic growth phase, and injected ARP-1 cells subcutaneously 
into the left side of NOD-SCID mice (1×106 cells/100 μL per 
mouse).

X-ray irradiation experiment
Approximately 10 days after NOD-SCID mice were subcu-
taneously transplanted with ARP-1 cells, when the tumor 
reached approximately 100 mm3, mice were randomly di-
vided into subgroups. Mice in the irradiated groups were 
irradiated with a 5 Gy irradiator (PXi, USA). As for details of 
the mice experiments in Figure 2, immediately after irra-
diation, mice in the MΦ group were intratumorally inject-
ed with MΦ (1.8×106 cells/100 μL per mouse), and mice in 
the control and irradiated-only groups were injected with 
100 μL per mouse of serum-free RPMI 1640 medium. The 
tumor tissues were collected after 24 hours. As for other 
details of the mice experiments in Figure 4, mice in the 
MΦ groups were intratumorally injected with MΦ (1.8×106 
cells/100 μL per mouse) per 3 days, and the tumor tissues 
were collected 7 days after X-Ray. CXCR2 antagonist (0.25 
mg/ mouse, Cat#HY-147392), CXCL5 neutralizing antibody 
(10 μg/mouse, Cat#254-XB) and CXCL8 neutralizing antibody 
(10 μg/mouse, Cat#208-IL) were adopted in corresponding 
subgroups.
Cas9 lentivirus (LV-Cas9) and gA2+4 lentivirus (LV- gA2+4) 
were used to detect NHEJ repair in the subcutaneous 
tumors of MM xenograft mice. After NOD-SCID mice with 
subcutaneous tumor formation were randomly divided 
into subgroups. Negative lentivirus (1.0x108 Tu/100 μL per 
mouse), LV-Cas9 and LV-gA2+4 (LV-Cas9 0.5×108 Tu + LV-
gA2+4 0.5×108 Tu/100 μL per mouse) were adopted in cor-
responding subgroups. Twenty-four hours after lentivirus 
injection, mice in the MΦ group were injected with the MΦ 

(1.8×106 cells/100 μL per mouse), while the control group 
mice were injected with 100 μL of serum-free RPMI 1640 
medium. Seventy-two hours later, subcutaneous tumors 
were obtained.

Statistical analysis
The measurement data are expressed as mean ± standard 
deviation (mean ± SD). Unpaired two-tailed t test, paired 
two-tailed t tests, χ2 tests and Mann-Whitney U tests were 
used to compare the two groups of samples. For details, 
refer to the figure legends. P<0.05 was regarded as sta-
tistically significant, and 0.01≤P<0.05, 0.001≤P<0.01, and 
P<0.001were regarded as *, **, and ***, respectively. Other-
wise, the differences were regarded as not significant (NS).
Additional methods and analyses are provided in the Online 
Supplementary Appendix.

Results

Myeloma-associated macrophages facilitate double 
strand break repair in multiple myeloma cells in vitro
Single-cell RNA-sequencing (RNA-seq) of bone marrow 
cells from MM patients identified a higher macrophage 
ratio in relapsed and refractory MM (RRMM) than in newly 
diagnosed MM (NDMM) (Online Supplementary Figures S1A, 
B). Given the protection of MM cells by MΦ,8,11 we further 
found that in co-culture, MΦ reduced γH2AX (DNA damage 
marker) (Online Supplementary Figure S1C-H) while other 
non-tumor cells in the bone marrow had no such effect 
(Online Supplementary Figure S1I-K). MΦ also protected MM 
cells from chemotherapeutic agent-induced DNA damage 
and apoptosis (Online Supplementary Figure S2A-P). We 
hypothesized that MΦ may modulate the choice of the 
DSB repair pathway in MM cells. To test this hypothesis, 
MM cells were treated with DSB-inducing X-ray irradiation 
or bleomycin (BLM) for 1 hour (h) and co-cultured with or 
without MΦ. Analysis of γH2AX by western blot revealed 
that the γH2AX level reached a peak at 1 h or 2 h and then 
gradually decreased in the absence of MΦ, whereas the 
intensity of γH2AX decreased comparatively faster in the 
presence of the MΦ (Figure 1A), indicating a faster DNA 
repair in the MΦ co-culture.
By immunofluorescence for γH2AX foci, we found that the 
percentage of γH2AX+ MM cells (i.e., cells with more than 7 
γH2AX foci) in MΦ co-culture decreased faster than in the 
control group (Online Supplementary Figures S1B, S3 and 
S4). ARP-1 (Figures 1B; Online Supplementary Figure S3A, 
B) and MM.1S (Online Supplementary Figure S3C, D) cells 
showed differences between these two groups starting at 
4 h, and CAG cells showed clear differences starting at 
approximately 2 h (Online Supplementary Figure S4A, B). 
Furthermore, this difference became more significant with 
time. These results indicated that γH2AX in MM cells was 
degraded faster in the MΦ co-culture group than in the 
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Figure 1. Multiple myeloma-associated macrophages facilitate DNA double-strand break repair in multiple myeloma cells in vitro. 
(A) Western blot analysis showed γH2AX in ARP-1 cells treated with double-strand break (DSB)-inducing X-ray irradiation for 5 Gy 
or bleomycin (BLM) 5 µg/mL for 1 hour (h) and co-cultured with or without multiple myeloma(MM)-associated macrophages (MΦ). 
The γH2AX level reached a peak at 1 h or 2 h and then gradually decreased in the absence of MΦ, whereas the intensity of γH2AX 
decreased comparatively faster, especially 8 h after DNA damage, in the presence of MΦ. (B) An immunofluorescence experiment 
was performed for γH2AX foci in ARP-1 cells with DNA-inducing X-ray irradiation at 5 Gy with or without MΦ. A high-content im-
aging system was used to automatically capture the nuclei and γH2AX foci and count the number of ARP-1 cells with more than 
7 γH2AX foci (marked as γH2AX+) (unpaired two-tailed t test). (C) Comet assay images showed damaged DNA in MM cells treated 
with X-ray irradiation for 5 Gy. CASP_1.2.3 software was applied to analyze the comet pictures and calculate the proportions of 
damaged DNA of ARP-1 (unpaired two-tailed t test). 0.01≤P<0.05; 0.001≤P<0.01; and P<0.001 were regarded as *; **; and ***, re-
spectively. Ctr: control.
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Figure 2. Multiple myeloma-associated macrophages protect irradiated multiple myeloma cell-derived xenografts in vivo by fa-
cilitating DNA double-strand break repair in multiple myeloma cells. (A) The workflow of the experiment in vivo to detect the 
effect of multiple myeloma (MM)-associated macrophages (MΦ) injected into irradiated tumors. (B) Western blot showing γH2AX 
in tumor cells from MM xenografts. ImageJ was used to test the volume of the western blot bands, which showed that the av-
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Continued on following page.
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control group. It is possible that co-cultured MΦ promote 
the repair of DNA DSB in MM cells.
Using comet assays, we directly analyzed damaged DNA 
in irradiated MM cells. Comet tails were evident in ARP-1, 
MM.1S and CAG cells treated with X-ray irradiation, which 
were much shorter in co-culture with MΦ at 4 h after ir-
radiation compared to culture alone (Figures 1C; Online 
Supplementary Figure S5A, B). This further indicates that 
co-cultured MΦ facilitate the repair of DSB in MM cells.

Myeloma-associated macrophages protect irradiated 
multiple myeloma cell-derived xenografts in vivo by 
facilitating double-strand repair repair in multiple 
myeloma cells
To determine the effect of MΦ on DSB repair in MM cells in 
vivo, we used NOD-SCID mice injected with ARP-1 cells to 
establish subcutaneous MM cell-derived xenografts (Figure 
2A). We analyzed the induction and degradation of γH2AX 
in tumor cells from MM xenografts by western blotting. 
The γH2AX level of MΦ injection group was generally lower 
than that of the group without MΦ injection (Figure 2B). 
The number of irradiation-induced γH2AX+ cells in the MΦ 
group was much lower than that in the group without MΦ 
injection (Figure 2C) by immunofluorescence. In addition, 
in the tumor tissue, γH2AX foci in MM cells adjacent to 
MΦ were much fewer than that in the other parts of the 
field (Figure 2D). By calculating the proportion of γH2AX+ 
MM cells, we found that the number of γH2AX+ MM cells 
adjacent to MΦ was significantly lower than the average 
number in the whole field (Figure 2D).
Comet assay was also performed and after irradiation, the 
comet tails of MM cells in the MΦ group were shorter than 
those in the control group (Figure 2E). Quantification of tail 
DNA indicated that the level of damaged DNA in the MΦ 
group was significantly lower (Figure 2E). Consistent with 
these in vitro results, these findings indicate that MΦ also 
promote DNA repair in MM cells in vivo after DNA damage, 
and imply that direct contact between MΦ and MM cells 
is important for promoting DSB repair in MM cells after 
DNA damage.

The CXCL5/8-CXCR2 axis mediated the effect of 
myeloma-associated macrophages on multiple myeloma 
cells in DNA repair
The single-cell RNA-seq of bone marrow cells from MM pa-
tients identified MΦ (Online Supplementary Figure S6A-D). 

MΦ differed between RRMM and NDMM patients (Online 
Supplementary Figure S6E), which indicated the changes 
occurring among myeloma progression. Analyzing differential 
expressing genes of MΦ showed that chemokines varied, 
with higher expression in RRMM than in NDMM (Figure 3A). 
To further investigate the role of the chemokines, we per-
formed RNA-seq analysis on MΦ co-cultured with or without 
MM cells (ARP-1, after DNA damage or not). The heatmap 
showed that the expression of CXCL in MΦ co-cultured 
with ARP-1 increased (Online Supplementary Figure S6F). 
Real-time quantitative ploymerase chain reaction (RT-qP-
CR) results showed the upregulation of CXCL1/2/3/5/6/8/10 
transcription in MΦ by co-cultured by ARP-1 cells (Figure 
3B; Online Supplementary Figure S6G). On the other hand, 
RNA-seq analysis of ARP-1 cells revealed an increased ex-
pression of CXCR2, the common receptor for CXCL3/5/6/8, 
after DNA damage induced by X-ray and bleomycin (Online 
Supplementary Figure S6H). RT-qPCR validation confirmed 
the upregulation of CXCR2 expression in ARP-1 cells after 
DNA damage (Figure 3C; Online Supplementary Figure S6I). 
To validate the role of the CXCR2 in MΦ-mediated DNA repair 
in MM cells, we added a CXCR2 antagonist to the co-culture 
system. The results showed that the CXCR2 antagonist at-
tenuated the protective effect of MΦ on ARP-1 DNA repair 
after damage (Figure 3D). To search for effective ligands for 
CXCR2, CXCL3/5/6/8 recombination was adopted. Addition 
of CXCL5 or CXCL8 recombinant proteins to ARP-1 cells re-
sulted in enhanced DNA repair (Figure 3E), whereas CXCL3 
and CXCL6 recombinant proteins did not work as other 
ligands for CXCR2 in CXCL3/5/6/8 (Online Supplementary 
Figure S6J). Thus, the CXCL5/8-CXCR2 axis was chosen for 
the following studies.
To confirm the extracellular secretion of CXCL5/8 by MΦ, 
CXCL5/8 in the supernatants of MΦ cultures was measured 
by enzyme-linked immunosorbant assay. The results again 
verified that the levels of CXCL5/8 in the supernatants 
were significantly increased after co-culture with ARP-1 
cells (Figure 3F). Similarly, knocking down CXCL5/8 in MΦ 
by small interfering RNA (siRNA) weakened their promotive 
effect on ARP-1 DNA repair (Figure 3G; Online Supplemen-
tary Figure S6K). Furthermore, combined neutralization 
antibodies of CXCL5 and CXCL8 in the co-culture system 
partially attenuated the pro-repair effect of MΦ on ARP-1 
cells (Figure 3H). Overall, these results suggest that the 
CXCL5/8-CXCR2 axis is a possible mechanism for MΦ to 
promote DNA repair in MM cells after damage.

erage volume of γH2AX bands was lower in the MΦ group than the control group. (C) Immunofluorescence images showed γH2AX 
foci from tumor cells in the control (Ctr.), X-ray irradiated-only (5 Gy X-ray) and MΦ groups (MΦ after 5 Gy X-ray). The number of 
tumor cells with more than 7 γH2AX foci (referred to as γH2AX+) in the MΦ group was much lower than that in the irradiated-on-
ly group. Twenty-five views from 5 mice in the X-ray irradiated-only and MΦ groups, and 20 views in the control group were an-
alyzed (unpaired two-tailed t test). (D) Immunofluorescence images showing the γH2AX foci of the tumor tissues in the MΦ group. 
MΦ were marked by CD68. The number of γH2AX+ tumor cells adjacent to the MΦ was significantly lower than the average value 
of the entire field of view (unpaired two-tailed t test). (E) Comet assay images showed damaged DNA in each group with the tu-
mors treated with X-ray irradiation for 5 Gy. CASP_1.2.3 software was applied to analyze the comet pictures and calculate the 
proportions of damaged DNA. Twenty-five views of comet images in each group were analyzed (unpaired two-tailed t test).
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Figure 3. The CXCL5/8-CXCR2 axis mediated the effect of multiple myeloma-associated macrophages on multiple myeloma cells 
in DNA repair. (A) Single-cell RNA-sequencing of bone marrow cells from newly diagnosed multiple myeloma (NDMM) and relapsed 
and refractory MM (RRMM) were conducted. As 2 kinds of macrophages were observed, 1 expressing CD14 (CD14_MAC) and the 
other primarily expressing CD16 (CD16_MAC) (Online Supplementary Figure S6A-D), we analyzed differential expressing genes of 
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Interference with the CXCL5/8-CXCR2 axis inhibited the 
protective effect of macrophages on multiple myeloma 
cells in vivo
To further investigate the role of CXCL5/8-CXCR2 axis in 
the interaction between MΦ and MM cells, we conducted 
experiments using NOD-SCID mice (Figure 4A). It was shown 
that tumor were smaller in X-Ray group than that in the 
control group, and that irradiated tumors with MΦ injection 
were larger than those without MΦ injection, while CXCR2 
antagonist and CXCL5/8 neutralizing antibody reduced the 
protective effect of MΦ on MM (Figure 4B). The volume 
of tumors were evaluated and the above result remained 
significant (Figure 4C).
Immunohistochemical staining marked MΦ, CXCL5/8, 

CXCR2 and γH2AX, which showed the γH2AX in the X-Ray 
group was significantly higher than that in the control group, 
and MΦ injection reduced the γH2AX of MM cells (Online 
Supplementary Figure S7A). CXCR2 antagonist and CXCL5/8 
neutralizing antibody weaken the promoting effect of MΦ 
on DNA repair in MM cells in vivo (Online Supplementary 
Figure S7A). This suggested that MΦ promoted MM cell 
proliferation and survival after DNA damage in vivo, and 
CXCL5/8-CXCR2 axis played a role in the effect.

Myeloma-associated macrophages promote mutagenic 
non-homologous end joining in multiple myeloma cells 
in vitro
DNA DSB and their repair, including HR and NHEJ pathways, 

Figure 4. Interference with the CXCL5/8-CXCR2 axis inhibited the protective effect of multiple myeloma-associated macrophages 
on multiple myeloma cells in vivo. (A) The workflow of the experiment in vivo. (B) Image of subcutaneous tumors from NOD-SCID 
mice in different groups. (C) The volume=1/2 (length × width2). Tumor were smaller in X-Ray group than that in the control group. 
Irradiated tumors with multiple myeloma (MM)-associated macrophages (MΦ) injection were larger than those without MΦ injec-
tion, while CXCR2 antagonist and CXCL5/8 neutralizing antibody declined the protective effect of macrophages on MM. Unpaired 
two-tailed t test, 0.01≤P<0.05, 0.001≤P<0.01, and P<0.001 were regarded as *, **, and ***, respectively.

A

B C

both macrophages in RRMM and NDMM cells. Chemokines varied a lot, such as CXCL8, which was expressed higher both in 
CD14_MAC and CD16_MAC in RRMM than in NDMM. (B) Real-time quantitative polymerase chain reaction (RT-qPCR) results showed 
the upregulation of CXCL5/8 transcription in MΦ by co-cultured by ARP-1 cells (unpaired two-tailed t test). (C) RT-qPCR showed 
the upregulation of CXCR2 expression in ARP-1 cells after DNA damage (unpaired two-tailed t test). (D) The CXCR2 antagonist 
attenuated the promotive effect of MΦ on ARP-1 DNA repair after damage. (E) Addition of CXCL5 or CXCL8 recombinant proteins 
to ARP-1 cells resulted in enhanced DNA repair. (F) CXCL5/8 in the supernatants of MΦ co-cultured with ARP-1 increased by en-
zyme-linked immunosorbant assay (unpaired two-tailed t test). (G) Knocking-down CXCL5/8 in MΦ by small interfering RNA (siR-
NA) weakened their promotive effect on ARP-1 DNA repair. (H) The addition of neutralizing antibodies against CXCL5 (CXCL5 NAb) 
and CXCL8 (CXCL8 NAb) to the co-culture system inhibit the promotive effect of MΦ on ARP-1 DNA repair. 0.01≤P<0.05, 0.001≤P<0.01, 
and P<0.001 were regarded as *, **, and ***, respectively.
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play an important role in the clonal evolution of MM cells.19 
To explore which mechanisms were involved in MΦ promo-
tion of DSB repair in co-cultured MM cells, we first used 
the osteosarcoma cell line U2OS that harbors a single-copy 
HR or NHEJ reporter system in the genome as tool cells.12,13 
We found that co culturing with MΦ enhanced NHEJ rather 
than HR in U2OS cells (Online Supplementary Figure S8).
To directly detect whether MΦ regulate NHEJ in MM cells, 
we used the paired SpCas9-gRNA to induce site-specific 
DSB in MM cells14 (Figure 5A). We analyzed the DNA cutting 
efficiency of paired SpCas9-sgRNA targeting AAVS1 and HBB 
(Online Supplementary Figure S9A). For detailed methods, 
see Guo et al.14 Based on the criteria for optimal paired 
SpCas9-sgRNA, we selected paired AAVS1 sgRNA gA2/gA4 
and paired HBB sgRNA gH1/gH5 for NHEJ assays (Online 
Supplementary Figure S9B, C).
Lentiviruses, containing expression cassettes for paired 
SpCas9-sgRNA targeting AAVS1 and HBB, were used to 
infect MM cells and genomic DNA were isolated at 3 days 
post infection. NHEJ repair was increased in MM cells 
co-cultured with MΦ (Figures 5B; Online Supplementa-
ry Figure S9D). Nevertheless, the frequency of accurate 
NHEJ in group I was reduced in the MΦ group (Figure 5B; 
Online Supplementary Figure S9D). This suggests that MΦ 
promote mutagenic NHEJ in MM cells. The median length 
of group I deletions with MΦ was 10 bp at the AAVS1 site 
and 11 bp at the HBB site, longer than 9 bp at either site 
in the control group (Figure 5C; Online Supplementary 
Figure S9E; Mann-Whitney test; P<0.001, respectively). 
Moreover, MM cells co-cultured with MΦ caused more 
frequent mutagenic NHEJ events with deletions of over 
3 bp at the AAVS1 site (Figure 5D, 51.68% vs. 48.55% with 
or without MΦ; χ2 test; P<0.001) and the HBB site Online 
Supplementary Figure S9F; 65.08% vs. 58.01% with or 
without MΦ; χ2 test; P<0.001). These data indicate that 
MΦ promote NHEJ in MM cells and reduce accuracy.

Myeloma-associated macrophages promote mutagenic 
non-homologous end joining in multiple myeloma cells 
in vivo
To measure the NHEJ repair of MM cells in vivo, we generated 
subcutaneous ARP-1 cell-derived xenografts in NOD-SCID 
mice (Figure 6A). The subcutaneous tumor tissues were 
collected, as shown in Online Supplementary Figure S10A. 
Tumors in the MΦ group were larger than those without MΦ 
injection (Online Supplementary Figure S10B). This stress 
response to DNA cleavage and subsequent DNA repair, 
likely contributed to the observed tumor size reduction 
within “Cut” groups compared to controls. The tagged 
GFP expression in cell suspensions showed cells in three 
groups were all infected effectively (Online Supplementary 
Figure S10C).
Similar NHEJ analysis of ARP-1 cells selected by CD138 mag-
netic microbeads from the cell suspension of mouse tumor 
tissues revealed that MM cells from the MΦ group had a 

reduced proportion of Group I (Online Supplementary Figure 
S10D), a significantly increased frequency of NHEJ (Figure 6B), 
and a reduced proportion of accurate NHEJ repair (Figure 
6C), consistent with our in vitro findings. Furthermore, the 
number of bases lost in the MΦ group was larger (Figure 6D, 
the median length of group I deletions was 25 bp vs. 17 bp, 
Mann-Whitney test; P<0.001). Consistently, the probability 
of base loss >3 bp was higher in the group with MΦ injec-
tion than in the control group (Figure 6E, 70.04% vs. 57.80% 
with or without MΦ; χ2 test; P<0.001). Immunofluorescence 
labeling showed that MΦ reduced DNA damage caused by 
paired Cas9-gRNA’ splicing, which meant compared with the 
cut group alone, the MΦ injection group showed a decrease 
in γH2AX (Online Supplementary Figure S10E). Taken together, 
these results indicate that MΦ also promote MM cell NHEJ 
repair but reduce accuracy in vivo.

Myeloma-associated macrophages promote 
chromosomal translocations in multiple myeloma cells
Chromosomal translocations frequently occur in MM. We 
wondered whether co-culturing with MΦ alters the frequency 
of chromosomal translocations in MM cells. We used a pair 
of SpCas9-sgRNA targeting the site of CCND1 on chromo-
some 11 and the site of IgH on chromosome 14 to induce 
reciprocal IgH-CCND1 translocations in ARP-1 cells (Figure 
7A).15 Reciprocal IgH-CCND1 translocations at the der(11) 
and der(14) chromosomes were detected by PCR and gel 
electrophoresis (Figure 7B). Using PCR bands of the β-actin 
gene as an internal PCR control, we found that induction of 
IgH-CCND1 der(14) translocations in MM cells was stronger 
with co-cultured MΦ than without MΦ (Figures 7C, D). More-
over, tested by next-generation sequencing sequencing, it 
was found that co-culture with MΦ increased this relative 
chromosomal translocation probability, further validating 
that MΦ promote chromosomal translocation in MM cells 
(Figure 7E).

Myeloma-associated macrophages in multiple myeloma 
patients are associated with cytogenetic complexity of 
multiple myeloma
For clinical data, we explored the relationship between MΦ 
and the cytogenetic complexity of MM patients. Fluores-
cence in situ hybridization (FISH) data were collected to 
detect the genetic abnormalities of MM cells in patients. 
The hospital applied IgH, 1q21, D13S319, TP53 and RB1 
probes to target 14q32, 1q21, 13q14.3, 17p13.1, and 13q14.2 
sites. We collected 33 bone marrow biopsy specimens and 
labeled the bone marrow MΦ with CD68 antibody.16 Three 
examples of patients at each level are shows in Figure 
8A, and Figure 8B showed the FISH results of these three 
patients. The cutoff level of FISH was 10% for fusion and 
20% for numerical abnormalities.17 The results showed 
that the higher the content of MΦ was, the higher the 
FISH positive rate was. In particular, the positive rates of 
IgH translocation and D13S319 locus deletion were much 
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higher in patients with MΦ contents of ++ and +++ than 
contents of + (Figure 8C). Among the above five FISH re-

sults, patients with ≥3 positive indicators were considered 
to have complex genetic abnormalities. The results showed 

Figure 5. Multiple myeloma-associated macrophages promote mutagenic non-homologous end joining in multiple myeloma cells 
in vitro. (A) The workflow of the paired SpCas9-gRNA approach to induce site-specific double-strand breaks (DSB) in multiple 
myeloma (MM) cells and study non-homologous end joining (NHEJ) repair. NHEJ of DSB induced by paired SpCas9-single guide 
RNA (sgRNA) generates 4 groups of NHEJ products: groups I, II, III and IV.14 Because accurate NHEJ and mutagenic NHEJ can on-
ly be distinguished and quantified in group I products, optimal paired SpCas9-sgRNA for NHEJ assays should be determined not 
only by efficient cutting of the paired SpCas9-sgRNA but also by a high frequency of group I. We analyzed the DNA cutting effi-
ciency of paired SpCas9-sgRNA using targeted polymerase chain reaction (PCR) and gel electrophoresis and NHEJ repair products 
using next-generation sequencing of targeted PCR amplicons after transfection of HEK293T cells with paired SpCas9-sgRNA 
targeting AAVS1 and HBB. (B) Co-culture with MΦ increased the efficiency of overall NHEJ (paired two-tailed t test) at the AAVS1 
site. Co-culture with MM-associated macrophages (MΦ) reduced the frequency of accurate NHEJ in group I (paired two-tailed t 
test) at the AAVS1 site. (C) The median length of group I deletions with MΦ was 10 bp at the AAVS1 site, longer than 9 bp at either 
site in MM cells without the MΦ co-culture (Mann-Whitney test; P<0.001). (D) Co-culture with MΦ caused more frequent muta-
genic NHEJ events with deletions of over 3 bp at the AAVS1 site (51.68% vs. 48.55% with or without MΦ; χ2 test; P<0.001).
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the positive rates of complex genetic abnormalities (+, 
++ and +++: 0.0%, 22.2% and 62.5%). Among them, the 
positive rate of complex genetic abnormalities with MΦ 
content ++ and +++ levels was higher than that of the + 
level group (Figure 8D). These data indicate that the con-
tent of MΦ is positively correlated with MM cytogenetic 
abnormalities.
In addition, MΦ were induced from peripheral blood of 
different patients, including healthy donors, standard/high 
cytogenetic risk MM patients. The results showed that these 
MΦ could weaken the γH2AX caused by DNA damage in 

MM cells, that is, they all had the effect of promoting DNA 
repair in MM cells. The protective effect of MΦ seemed to 
be better in high-risk MM patients (Figure 8E).

Discussion

Many previous studies have shown that MΦ in MM tissues 
are associated with the occurrence, disease progression, 
and drug resistance of MM.6,18 As a highly heterogeneous 
disease, MM is closely related to abnormal DNA repair 

Figure 6. Multiple myeloma-associated macrophages promote mutagenic non-homologous end joining in multiple myeloma cells 
in vivo. (A) The workflow of the paired SpCas9-gRNA approach to induce site-specific double-strand breaks (DSB) in vivo. (B, C) 
The cells in the multiple myeloma (MM)-associated macrophages (MΦ) group had a significantly increased efficiency of non-ho-
mologous end joining (NHEJ) (B), and a reduced proportion of precise NHEJ repair (C) (unpaired two-tailed t test). (D) The medi-
an length of group I deletions in the MΦ-injected groups was 25 bp, longer than that in the gene-edited-only group (17 bp) 
(Mann-Whitney test; P<0.001). (E) The probability of base loss >3 bp in the MΦ group was higher than that in the gene-edited-on-
ly group (70.04% vs. 57.80% with or without MΦ; χ2 test; P<0.001).
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and genome instability. In other diseases, such as undif-
ferentiated uterine sarcoma,19 Gaucher disease,20 gastric 
cancer,21 kidney tumors22 and other diseases, studies 

have indicated that MΦ can affect the clonal evolution 
of diseases or remodeling of tumor cells.23 However, few 
studies have examined the effect of MΦ on DNA repair 

Figure 7. Multiple myeloma-associated macrophages promote chromosomal translocations in multiple myeloma cells. (A) The 
workflow to induce IgH-CCND1 translocations. (B) Polymerase chain reaction (PCR) and gel electrophoresis were used to detect 
IgH-CCND1 translocations. (C) PCR and gel electrophoresis showed that the induction of IgH-CCND1 der(14) in multiple myeloma 
(MM) cells was stronger when co-cultured with MM-associated macrophages (MΦ). (D) ImageJ was used to test the band area, 
which showed that the IgH-CCND1 der(14) translocation band was larger than that in the MΦ group. (E) The IgH-CCND1 der(14) 
PCR products were mixed with the corresponding β-actin at a ratio of 8:1 for next-generation sequencing. The ratio of IgH-CCND1 
der(14) translocation reads to β-actin sequence reads in the sample was calculated to represent the relative chromosomal trans-
location probability of IgH-CCND1 der(14). The results suggested that the MΦ promoted chromosomal translocation in MM cells 
(unpaired two-tailed t test).
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or genomic instability in MM cells. Here, we demonstrate 
that co-cultured MΦ protected MM cells by promoting 
DSB repair. CXCL5/8-CXCR2 axis may be one of the mech-
anisms by which MΦ exert their effect on MM cells. MΦ 

enhanced the NHEJ pathway, but reduced repair accuracy 
and promoted chromosomal translocations in MM cells. 
These results provide a possible mechanism by which MΦ 
in MM tumors facilitate the occurrence and accumulation of 

Figure 8. Cytogenetic complexity of multiple myeloma is closely associated with macrophages in the microenvironment. (A) Among 
33 specimens, 3 examples of patients with multiple myeloma (MM)-associated macrophages (MΦ) contents in bone marrow at the 
+/++/+++ level. According to the positive IOD value of the immunohistochemistry films and the pathologist’s judgment, the MΦ con-
tents were divided into 3 levels: +, ++ and +++.  (B) The Fluorescence in situ hybridization (FISH) results of these 3 patients. (C) Cor-
relation between MΦ contents in bone marrow and the positive rate of the FISH results. The positive rate of IgH translocation was 
much higher in patients with MΦ contents of ++ and +++ than in patients with MΦ contents of + (P=0.001, χ2 test; P=0.043, χ2 test), 
and D13S319 locus deletion had the highest positive rate in patients with MΦ contents of ++ and +++ (P=0.049, P<0.001, χ2 test). (D) 
Among the above 5 FISH results, patients with ≥3 positive indicators are considered to have complex genetic abnormalities. The 
positive rate of complex genetic abnormalities with MΦ content +++ level was higher than that of + level group (P<0.001, χ2 test). (E) 
MΦ were induced from peripheral blood of different patients, including healthy donors, high/standard cytogenetic risk MM patients. 
The results showed that these macrophages could weaken the γH2AX caused by DNA damage in MM cells, that is, they all had the 
effect of promoting DNA repair in MM cells. The protective effect of MΦs seems to be better in high-risk MM patients.
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cytogenetic events in tumor cells and increase the genetic 
complexity of MM cells (Online Supplementary Figure S11).
The overexpression of CXCL5/8-CXCR2 axis is closely re-
lated to the survival time, recurrence, and metastasis of 
tumor patients.9,10 Our research has identified a role of the 
CXCL5/8-CXCR2 axis in information transmission during the 
interaction between MΦ and MM cells to promote DNA repair 
both in vitro and in vivo. Our conclusions not only reveal the 
mechanism of interaction between these two types of cells, 
but also uncover a new role of the CXCL5/8-CXCR2 axis in 
promoting tumor growth. Pharmacological targeting of this 
axis, whether through macrophage depletion strategies, 
CXCL5/8 neutralization, or CXCR2 inhibition, could disrupt 
this pro-malignant crosstalk. Notably, several CXCR2 antago-
nists have already entered clinical trials for solid tumors,24-26 
suggesting translational feasibility in MM.
HR and NHEJ are the main methods to repair DSB. Once HR 
and NHEJ are disrupted, various genetic events may occur and 
even lead to cell death.27 To further study the effect of MΦ on 
NHEJ repair in MM cells, we used the paired gRNA-CRISPR/
Cas9 system developed by Guo et al. in 2018 to detect NHEJ 
of MM cell endogenous genes.14 Innovatively, we constructed 
and used an in vivo mouse model to detect the genome of 
NHEJ. We were pleasantly surprised to find that MΦ indeed 
caused changes in NHEJ repair in MM cells, not only increasing 
the overall NHEJ repair level but also reducing precise repair 
and increasing the length of base loss.
Studies have shown that in human cells, the last step of 
chromosomal translocation is mediated by classical NHEJ 
(c-NHEJ).28 MM is a highly heterogeneous hematological ma-
lignancy, and chromosomal translocations represented by IgH 
translocations play an important role in the occurrence and 
development of MM.29 Here, we further explored the influence 
of MΦ on the chromosomal translocation of MM cells. In our 
study, IgH-CCND, which is common in MM, was used as a tool 
site to detect chromosomal translocation. We clearly showed 
that MΦ promote chromosomal translocation of MM cells.
During continuous proliferation of tumor cells, the proba-
bility of endogenous DNA damage due to replication pres-
sure increases.30,31 The DNA repair process will increase the 
probability of genetic events.32,33 The existence of MΦ was 
also conducive to the survival of MM cells, enhancing sur-
vival when chemotherapy-drugs caused genome instability 
in MM cells. These findings are consistent with Zheng and 
Chen’s research conclusions that MΦ protect MM cells.8,18 

Therefore, from another perspective, MΦ maintain more MM 
cells that have completed DNA repair in the cell population. 
These MM cells undergoing DNA damage and repair have 
survived, and the probability that MM cells carrying mutant 
genes and translocated chromosomes is greater than that of 
the wild-type population. In other words, MΦ might promote 
the retention of MM cells with unstable genomes in MM cell 
population. We directly reveal the impact of microenviron-
mental cells on the DNA repair of MM cells, which is exciting.

We recognize that one of the shortcomings of the research 
is that some of the differences in results are somewhat 
modest. However, in patients, the microenvironment is the 
niche for MM cells to survive, and the continuous influence 
of microenvironmental cells on MM cells takes effect.34,35 

MΦ continue to affect MM cells in the bone marrow micro-
environment, and over time, the effects accumulate, even 
if MΦ promote the instability of the MM cell genome to a 
small extent, and provide a mutant gene pool for MM cells 
to escape from therapeutic drugs. The high heterogeneity 
of MM is beneficial for the survival of tumor cell populations 
under the natural selection.36,37

In summary, our research demonstrated that MΦ promote 
abnormal NHEJ repair and the chromosomal translocation of 
MM cells. Clinical data showed that the content of MΦ was 
positively correlated with the cytogenetic abnormalities of 
MM patients. The results indicate that MΦ promote genomic 
complexity of MM cells. The CXCL5/8-CXCR2 axis was spec-
ulated to transduce signaling during the interaction between 
MΦ and MM cells. Therapeutic interventions, including de-
pletion of MΦ, blockade of CXCL5/8, or CXCR2 antagonism, 
may effectively abrogate oncogenic signaling network of MM, 
serving as new treatment strategies. Our study elucidates 
one of the mechanisms affecting DNA repair in MM cells 
from the perspective of MΦ in the microenvironment, and 
provides a new insight to delay the MM progression.
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