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SUMMARY
The gut microbiome has been found to play a crucial role in the treatment of multiple myeloma (MM), which is
still considered incurable due to drug resistance. In previous studies, we demonstrated that intestinal nitro-
gen-recycling bacteria are enriched in patients with MM. However, their role in MM relapse remains unclear.
This study highlights the specific enrichment ofCitrobacter freundii (C. freundii) in patientswith relapsedMM.
Through fecal microbial transplantation experiments, we demonstrate that C. freundii plays a critical role in
inducing drug resistance in MM by increasing levels of circulating ammonium. The ammonium enters MM
cells through the transmembrane channel protein SLC12A2, promoting chromosomal instability and drug
resistance by stabilizing the NEK2 protein. We show that furosemide sodium, a loop diuretic, downregulates
SLC12A2, thereby inhibiting ammonium uptake by MM cells and improving progression-free survival and
curative effect scores. These findings provide new therapeutic targets and strategies for the intervention
of MM progression and drug resistance.
INTRODUCTION

Multiple myeloma (MM) is characterized by the proliferation of

malignant plasma cells secreting excessive monoclonal immu-

noglobulin.1–4 Despite advancements in treatments with protea-

some inhibitors (PIs), immunomodulatory drugs, andmonoclonal

antibodies, MM remains incurable due to drug resistance and

relapse.1 Earlier efforts to decipher the genetic/epigenetic basis

of MM revealed the crucial role of bone marrow microenviron-

ment (BMME) components in cell survival and drug resistance.5,6

Our research linked NEK2 to poor survival and drug resistance in

MM by activating multidrug resistance proteins, autophagy, and

self-renewal.7–9 Elevated glycine in the BMME also promotes

MM progression.10 However, additional perspectives are
Cell Metabolism 36, 159–175, Ja
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required to fully grasp the molecular mechanisms driving MM

initiation, development, and maintenance.

In the last decade, researchers have linked gut microbiota to

carcinogenesis and chemo- or immunotherapy response.11

Gut microorganisms influence the cancer cell response to che-

motherapeutics by affecting nucleotide synthesis and the auto-

phagy pathway.12,13 Bacteria and their products also impact im-

munotherapies by targeting myeloid cells or T cells.14,15 These

findings illustrate potential crosstalk between cancer cells and

gut microorganisms during therapies. Specific gut species like

Prevotella heparinolytica and Eubacterium hallii are reported

to be related to MM progression.16,17 We also demonstrated

that intestinal nitrogen-recycling bacteria, such as Klebsiella

pneumoniae, were enriched in newly diagnosed MM patients,
nuary 2, 2024 ª 2023 The Author(s). Published by Elsevier Inc. 159
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accelerating disease development and pneumonia incidence

through synthesizing L-glutamine.18,19

Despite the proven efficacy of the PI bortezomib (PS-341, BTZ)

against MM,20–23 several mechanisms of resistance have been

reported, including PSMB5 mutations,24 autophagy,25,26 ubiqui-

tin proteasome system,27 antioxidant response,10,28 and meta-

bolic pathways.29–32 However, the potential influence of the gut

microbiota on resistance against first-line drugs such as BTZ in

MM patients remains unclear. Our current study delves into the

molecular mechanisms of MM drug resistance using cell lines,

mousemodels, andclinical samples.We identify newmodulators

and signaling pathways influencing MM progression, offering in-

sights into therapeutic targets and intervention strategies forMM.

RESULTS

Gut bacterial species exhibit differential abundance
between patients with MM and healthy controls
We previously showed that nitrogen-recycling bacteria are

significantly enriched in patients with MM at diagnosis (ADs)

and accelerate proliferation of MM cells.18 To further explore

the role of the gut microbiome in relapsed patients with MM

(RMs), we collected additional age- and gender-matched feces

from 20 healthy controls (HC), 28 ADs, and 17 RMs for metage-

nomic sequencing and bioinformatics analysis.

We performed principal coordinate analysis (PCoA) to present

the b-diversities and found that the composition of gut bacterial

species differed significantly among the three groups (Figure 1A).

Additionally, the a-diversity at the bacterial species level was

significantly lower in HCs compared with ADs and RMs, while

no significant difference was found between ADs and RMs

(Figure 1B).

To identify the key specific gut microbes with differential abun-

dances, we screened the core microbes in the three groups

separately and then united all core microbes. At the genus level,

most core genera were shared among the three groups (Fig-

ure S1A), and those core genera with differential abundance

were identified in MM patients versus HCs and in RMs versus

ADs (Figure S1B; Table S1). Comparison of the samples of

HCs, ADs, and RMs revealed the gradual increase of abundance

of 6 core genera (Figure S1C). Similarly, most core species were

also shared (Figure S1D), and those core species with differential

abundance were also identified in MM patients versus HCs and

in RMs versus ADs (Figure S1E; Table S1), and 13 species

showed a gradual enrichment in RMs (Figure 1C).

Citrobacter freundii correlates with MM relapse and
induces bortezomib resistance
To identify the gut bacterial species that are highly enriched in

RMs, we treated the 13 species enriched in RMs individually

as features for receiver operating characteristic (ROC) analysis

and identified 3 species—Citrobacter freundii (C. freundii), Kleb-

siella oxytoca (K. oxytoca), and Raoultella ornithinolytica

(R. ornithinolytica)—with a greater area under the curve (AUC)

in MM patients versus HCs and in RMs versus ADs (Figure 1D).

In an independent cohort, higher relative abundance of the three

species (in RMs than in ADs) was validated (Figure 1E). More-

over, while paired RM samples also showed higher C. freundii

and R. ornithinolytica than AD samples (Figures 1F, S1F, and
160 Cell Metabolism 36, 159–175, January 2, 2024
S1H), only C. freundii correlated negatively with the time to

relapse in ADs (Figures 1G, S1G, and S1I). We then divided

RM samples into two groups based on the median abundance

of each of these three species and found that the patients with

high C. freundii had a significantly higher average number of

treatment lines (Figures 1H and S1J). In particular, RMs with

higher C. freundii received more treatment lines (Figure 1I) and

exhibited a higher average Durie-Salmon (DS) myeloma stage

(Table S2). These findings indicate that the abundance of

C. freundii is linked to the likelihood of MM relapse. Moreover,

significantly reduced C. freundii was observed after remission

compared to those patients with MM (ADs and RMs) before

chemotherapy, suggesting a potential association between

C. freundii and patient remission (Figure S1K).

Does the alteration of gut microbes in patients with MM play a

functional role in drug resistance? To address this question, we

performed a fecal microbiota transplantation (FMT) experiment

in which fecal microbiota from AD1 or RM1 were transplanted

by gavage into mice with luciferase-expressing MM tumors (Fig-

ure 2A). We detected higher luminescence intensity (Figures 2B

and 2C) and serum IgG2b content (Figure 2D) in the AD1 group

than in the vehicle (PBS)-treated control group, suggesting that

gut microbiota from AD1 accelerated the development of MM

in the AD1-FMTmice. As expected, BTZ treatment effectively in-

hibited the development of MM (Figures 2B–2D). Interestingly,

luminescence intensity and serum IgG2b were significantly

increased in BTZ-treated RM1-FMTmice (RM1+BTZ) compared

to BTZ-treated control (BTZ) and AD1-FMT (AD1+BTZ) mice

(Figures 2B–2D), suggesting that the gut microbiota from RMs

attenuated the anti-tumor effects of BTZ. We then collected

those mice feces to measure C. freundii, K. oxytoca, and

R. ornithinolytica. Interestingly, although C. freundii was corre-

lated positively with K. oxytoca and R. ornithinolytica, only the

change in C. freundii correlated consistently with the alteration

in tumor burden (as revealed by luminescence intensity and

serum IgG2b) in MMmice (Figures 2E and S2A–S2C). Similar re-

sults were also obtained from two additional FMT experiments

(Figures S2D–S2L).

Next, we performed single bacterium colonization (SBC) ex-

periments in mice with luciferase-expressing MM tumors to

determine whether C. freundii plays a causal role in the develop-

ment of BTZ resistance in MM cells (Figure 2F). C. freundii suc-

cessfully colonized the mice denoted as the CFr and the CFr+

BTZ groups (Figure 2G). We subsequently examined tumor lumi-

nescence (Figures 2H and 2I) and serum IgG2b (Figure 2J) and

found that the CFr+BTZ mice exhibited heavier tumor burden

compared to the BTZ mice (Figures 2H–2J), indicating that the

increase ofC. freundii could causeMMcells to become resistant

to BTZ. We also collected feces from the transplanted mice to

confirm that C. freundii did accumulate as a result of transplan-

tation (Figure 2K). Additional SBC experiments were conducted

to confirm the effect of C. freundii on MM drug resistance

(Figures S2M and S2N).

In addition, we performed SBC experiments forK. oxytoca and

R. ornithinolytica to explore their contribution toMM relapse (Fig-

ure S2O). The higher tumor burden quantified by tumor lumines-

cence and serum IgG2b was shown in the ROr+BTZ mice

compared to the BTZ mice (Figures S2P–S2R), while the KOx+

BTZ mice exhibited little difference from the BTZ mice. Also, to



Figure 1. Higher abundance of nitrogen-recycling Citrobacter freundii is associated with MM relapse

(A) PCoA based on the Bray-Curtis dissimilarity index presents b-diversity among HCs, ADs, and RMs. Significance was determined by PERMANOVA (R2 =

0.0585, F = 1.9263, p = 0.001).

(B) Violin graphs show the Shannon-Wiener index of HCs, ADs, and RMs at the species level (HC, n = 20; AD, n = 28; RM, n = 17).

(C) Boxplot shows the scaled logarithm base 10 of the abundance of 13 species enriched in RMs. These differential species were identified by DESeq2 (|

log2FC| > 1 and adj. p < 0.05).

(D) ROC curves depict the relative abundance of C. freundii (left), K. oxytoca (middle), and R. ornithinolytica (right) in HCs, ADs, and RMs (HC, n = 20; AD, n = 28;

RM, n = 17).

(E) Graphs indicate species with significant differential abundance in an independent cohort verified by qPCR. Wide and short horizontal lines represent mean ±

SEM; statistics used unpaired two-tailed t test.

(F) Assessment of the relative abundance of C. freundii in paired ADs and RMs (paired two-tailed t test).

(G) Pearson correlation of the relative abundance of C. freundii and the time to relapse in ADs.

(H) Graph indicates the correlation between relative abundance of C. freundii and the number of treatment lines in RMs. Bars represent mean ± SEM; statistics

performed using unpaired two-tailed t test.

(I) Pearson correlation of the relative abundance of C. freundii and the number of treatment lines in RMs.
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confirm the colonization of K. oxytoca and R. ornithinolytica,

we detected K. oxytoca and R. ornithinolytica in feces of the

transplanted mice (Figure S2S). These results indicate that like

C. freundii, R. ornithinolytica can induce MM resistance to

BTZ, whereas K. oxytoca cannot.

Citrobacter freundii induces the accumulation of NH4
+

in MM
Since C. freundii are known to act as nitrogen-recycling bacte-

ria,18 we hypothesized that the role of C. freundii in nitrogen

metabolism may be related to its effects on drug resistance in
MM.Wedetermined the concentrations of NH4
+ in the cecal con-

tents and serum of mice in SBC experiments of C. freundii (Fig-

ure 2F) and found that both were elevated in the CFr and CFr+

BTZ mice compared with the BTZ mice (Figures 2L and 2M).

Specifically, we observed strong positive correlations between

cecal and serum NH4
+ concentrations (Figure 2N) and between

these concentrations and the abundance of C. freundii (Fig-

ure 2O). Similarly, in SBC experiments of K. oxytoca and

R. ornithinolytica (Figure S2O), compared with the BTZ mice,

we detected higher cecal and serum NH4
+ levels in the ROr+BTZ

mice and higher cecal NH4
+ and unchanged serumNH4

+ levels in
Cell Metabolism 36, 159–175, January 2, 2024 161



Figure 2. Citrobacter freundii induces resistance to bortezomib

(A) Schematics of the fecal microbiota transplantation (FMT) experiments conducted in mice injected with luciferase-expressing 5TGM1 cells to induce MM

(5TGM1 MM mice).

(legend continued on next page)
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the KOx+BTZ mice (Figures S2T and S2U). Also, a strong posi-

tive correlation was found between cecal and serum NH4
+ con-

centrations (Figure S2V). Strong positive correlations were

observed between the abundance of R. ornithinolytica and cecal

and serum NH4
+ concentrations, while K. oxytoca lacked such

correlations (Figures S2W and S2X).

We next examined NH4
+ concentrations in mice transplanted

with fecal microbiota from patients with MM (Figures 2P and

2Q) and found a strong positive correlation between the NH4
+

in cecal contents and serum (Figure 2R). We also observed the

positive correlations between the abundance of C. freundii

and the NH4
+ in the cecal contents and serum (Figure 2S). How-

ever, we did not observe significant correlations between

the abundance of K. oxytoca or R. ornithinolytica and serum

NH4
+, although we observed significant correlations between

K. oxytoca or R. ornithinolytica and cecal NH4
+ (Figures S2Y

and S2Z). To extend the findings from the mouse model, we as-

sessed the samples from RMs and discovered similar correla-

tions between the abundance of C. freundii and the fecal and

serum NH4
+ concentrations (Figure 2T). Together, these results

suggest that C. freundii mediates the accumulation of NH4
+ in

patients with MM (Figure 2U).

NH4
+ accelerates MM progression and induces relapse

A study of 21 patients with MM showed that 38% of them had

high PB NH4
+ levels (standard limits, 10–50 mM) while 14% had

neurological symptoms of encephalopathy without signs of liver

dysfunction.33 The accumulation of NH4
+ in patients with MM led

us to ask whether it plays a functional role in MM progression

and/or relapse. We first determined whether there were differ-

ences in fecal and serum NH4
+ concentrations between ADs

and RMs. As expected, the RMs exhibited significantly higher

fecal and serum NH4
+ than the ADs (both paired and unpaired)

(Figures 3A and 3B). Next, we divided the RM samples into

two groups (low-NH4
+ and high-NH4

+) based on themedian con-

centration of fecal NH4
+ and assessed the correlations between

NH4
+ and those clinical characteristics of MM, finding that the

high-NH4
+ RMs exhibited a more advanced DS stage, indicating

a comparatively elevated disease burden (Table 1). Meanwhile,
(B) Live imaging of the tumor-associated luminescence intensity in 5TGM1 MM

(RM1), and all three groups treated with BTZ (0.75 mg/kg every 2 days).

(C) Quantification of tumor-associated luminescence intensity in the 5TGM1 MM

(D) Serum concentrations of IgG2b, determined via ELISA, in these six mouse gr

(E) Relative abundance of C. freundii in fecal samples from 5TGM1 MM mice.

(F) Schematics of the C. freundii transplantation experiments in 5TGM1 MM mic

(G) Relative abundance of C. freundii in fecal samples from 5TGM1 MM mice be

(H) Live imaging of the tumor-associated luminescence intensity in 5TGM1 MM c

groups treated with BTZ at week 6.

(I) Quantification of tumor-associated luminescence intensity in the 5TGM1 MM

(J) Serum concentrations of IgG2b, determined via ELISA, in these four mouse g

(K) Relative abundance of C. freundii in fecal samples derived from 5TGM1 MM

(L and M) NH4
+ concentrations in cecal contents (L) and serum (M) from 5TGM1

(N and O) Pearson correlations between NH4
+ concentrations in cecal contents

centrations in cecal contents and serum (O) in C. freundii transplantation experim

(P and Q) NH4
+ concentrations in cecal contents (P) and serum (Q) from 5TGM1

(R and S) Pearson correlation between NH4
+ concentrations in cecal contents

centrations in cecal contents and serum (S) in FMT experiments (n = 30).

(T) Pearson correlation between relative abundance of C. freundii and NH4
+ conc

(U) Schematics of nitrogen-recycling bacteria inducing drug resistance to BTZ in

Data represent mean ± SEM in (C)–(E), (G), (I)–(M), (P), and (Q). Statistics used un
we observed poorer overall and progression-free survival in the

high-NH4
+ ADs (Figures 3C and 3D; Table S3). The association

between higher NH4
+ and more advanced MM suggests that

NH4
+ accumulation may accelerate MM progression and induce

relapse in ADs.

We next sought to establish a causal role for NH4
+ in MM

development and relapse. We cultured MM cell lines, including

ARP1 and H929, in medium containing increasing concentra-

tions of NH4
+, finding that NH4

+ maximally enhances MM cell

proliferation at 0.5 mM (Figures S3A and S3B). We then supple-

mented this medium with BTZ and observed that addition of

0.5 mM NH4
+ robustly reduced the anti-tumor effect of BTZ on

MM cells (Figures 3E and S3B). Moreover, under the same

conditions, we found that BTZ-mediated induction of MM cell

apoptosis was inhibited by NH4
+ in ARP1 and H929 cells

(Figures 3F and S3C–S3E). This inhibition was also observed

with adriamycin (ADM) (Figure S3F) and lenalomide (Len) (Fig-

ure S3G). These results show that NH4
+ can enhance MM cell

proliferation and attenuate the sensitivity of MM cells to BTZ/

ADM/Len.

We subsequently investigated the effect of NH4
+ on MM cell

resistance to BTZ in vivo, using an MM mouse model induced

by inoculation with ARP1 cells (Figure S3H). As expected, intra-

gastric supplementation with NH4Cl significantly increased tu-

mor luminescence in BTZ-treated and -untreated ARP1 MM

mice compared to un-supplemented controls (Figures S3I and

S3J). Measurement of NH4
+ in the cecal contents and serum

confirmed higher NH4
+ in the NH4Cl-supplemented mice, veri-

fying the effectiveness of NH4
+ administration (Figures S3K–

S3M). Notably, the concentrations of NH4
+ in our experiments

were similar to those used in earlier studies.18

Finally, to confirm these in vivo effects, we used another estab-

lished MM mouse model induced by the inoculation of 5TGM1

MM cells (Figure 3G). As in the ARP1 MM mouse model, the tu-

mor burden (as measured by tumor luminescence and serum

IgG2b) was elevated when NH4
+ was supplemented to the con-

trol or the BTZ-treated mice (Figures 3H, 3I, and S3N). In addi-

tion, NH4
+ were significantly higher in the cecal contents and

serum of NH4Cl+BTZ mice than those in the BTZ mice, while a
control mice (PBS), mice with FMT from AD1 (AD1), mice with FMT from RM1

mice cohorts shown in (B).

oups (n = 5 in each group).

e.

fore tumor inoculation.

ontrol mice (PBS), mice treated with C. freundii transplantation (CFr), and both

mice cohorts shown in (H).

roups (n = 7 in each group) in week 7.

mice in week 7.

MM mice in C. freundii transplantation experiments.

and serum (N) and between relative abundance of C. freundii and NH4
+ con-

ents (n = 28).

MM mice in FMT experiments.

and serum (R) and between relative abundance of C. freundii and NH4
+ con-

entrations in fecal samples and serum in RMs (n = 26).

MM.

paired two-tailed t test (C–E, G, I–M, P, and Q).
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Figure 3. Citrobacter freundii-mediated ammonium synthesis induces resistance to bortezomib

(A) Left: NH4
+ concentrations in fecal samples from patients with MM. Right: NH4

+ concentrations in fecal samples derived from paired patients with MM.

(B) Left: NH4
+ concentrations in serum derived from patients with MM. Right: NH4

+ concentrations in serum derived from paired patients with MM.

(legend continued on next page)
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strong positive correlation between the NH4
+ in cecal contents

and serum was also seen (Figures 3J–3L). Taken together, these

findings indicate that NH4
+ accelerates MM progression and in-

duces relapse.

Citrobacter freundii increases NH4
+ production by

expressing deaminases
Having shown that C. freundii induces the accumulation of NH4

+

and that NH4
+ promotes MM progression in vitro and in vivo, we

next sought to dissect the molecular mechanisms underlying

C. freundii production of NH4
+ during MM. First, we found that

C. freundii produced a large amount of NH4
+ in vitro, supporting

our earlier findings (Figure S3O, left). Similarly, the production of

NH4
+ was observed in the fermentation liquid ofR. ornithinolytica

and K. oxytoca (Figure S3O, right). We next examined the

C. freundii reference genome in the NCBI database, finding

nine deaminase-encoding genes that are transcribed by

C. freundii (Figures S3P and S3Q). Experiments that measured

the relative levels of these nine genes in cecal contents from

mice gavaged with C. freundii (Figure 2F) revealed that only

two genes—end and add—were specifically and robustly ex-

pressed (Figure 3M). We therefore constructed and selected

two strains with end or add deletion (i.e., CFr-adddel and CFr-

enddel, respectively) (Figures S3R–S3V). We used these two

strains individually for SBC experiments by gavage (Figure S4A)

and subsequently detected significantly lower NH4
+ in the cecal

contents and serum of the experimental mice. The two disrupted

C. freundii also produced much less NH4
+ in vivo compared to

the wild-type (WT) bacteria (Figures S4B and S4C), and this

reduction was especially pronounced in CFr-enddel. Because

CFr-enddel exhibited similar growth to the WT C. freundii despite

profound defects in NH4
+ production (Figure S4D), we chose this

strain for subsequent SBC (Figure 3N).

We next assessed tumor burden in mice colonized with either

WT C. freundii or CFr-enddel (Figures 3O–3Q). While the WT

C. freundii promoted MM progression as expected, CFr-enddel

failed to do so. In addition, after treatment with BTZ, the mice

with CFr-enddel colonization exhibited significantly lower tumor
(C and D) Overall (C) and progression-free (D) survival curves of ADs grouped into l

provided in Data S1.

(E) Clonogenic analysis of ARP1 andH929 cells treatedwith physiological saline, B

(F) Statistical analysis of the percentage of apoptotic ARP1 and H929 cells amon

(G) Schematics of the NH4Cl gavage experiments in 5TGM1 MM mice.

(H) Live imaging of tumor-associated luminescence intensity in 5TGM1 MM mice

(I) Serum IgG2b determined via ELISA (n = 4 in each group).

(J and K) NH4
+ concentrations in cecal contents (J) and serum (K) from 5TGM1 M

(L) Pearson correlation of NH4
+ concentrations from cecal contents and serum (n

(M) Heatmap shows the relative expression of C. freundii deaminase in cecal co

(N) Schematic of the CFr-enddel transplantation experiments of 5TGM1 MM mice

(O) Live imaging of the tumor-associated luminescence intensity (logarithm) in 5T

mice treated with CFr-enddel transplantation, ±BTZ and NH4Cl.

(P) Quantification of tumor-associated luminescence intensity in the 5TGM1 MM

(Q) Serum IgG2b determined via ELISA (n = 5 in each group).

(R and S) NH4
+ concentrations in cecal contents (R) and serum (S) from 5TGM1

(T) Pearson correlation of NH4
+ concentrations from cecal contents and serum (n

(U) Relative expression of end in cecal contents derived from CFr-enddel transpla

(V) Pearson correlation of relative expression of end and cecal/serum NH4
+ conc

(W) Schematics of C. freundii producing ammonium through deaminase and pro

Data represent mean ± SEM in (A), (B), (E), (F), (I)–(K), (P)–(S), and (U). Statistics u

[left], B [left], F, I–K, P–S, and U), or log-rank test (C and D).
luminescence intensity (Figures 3O and 3P) and serum IgG2b

(Figure 3Q) compared to those with WT C. freundii colonization.

Cecal and serum concentrations of NH4
+ were indeed lower in

CFr-enddel-colonized mice compared with the WT CFr-colo-

nized mice, in either the presence or the absence of BTZ

(Figures 3R and 3S).

To determine whether the reduction in NH4
+ production was

responsible for the observed defects of CFr-enddel in promoting

MM progression and drug resistance, we performed rescue ex-

periments by resupplying NH4
+. These experiments revealed

that tumor luminescence (Figures 3O and 3P) and serum IgG2b

(Figure 3Q) were significantly higher in NH4
+-supplemented

BTZ-treated CFr-enddel mice compared to mice treated with

BTZ alone. The NH4
+ in cecal contents also correlated positively

with those in serum samples of mice under various experimental

conditions (Figure 3T), and similar changes were observed in rela-

tive abundance of C. freundii in feces from the different treatment

groups (Figure S4E). We further evaluated the level of NH4
+ in the

bone marrow (BM) of the experimental mice (Figures S4F and

S4G). Compared with the PBS group, the level of BM NH4
+ in

the BTZ group was significantly reduced, while BM NH4
+ in the

CFr-WT group was significantly elevated. A higher level of BM

NH4
+ was observed in the CFr+BTZ group than that in the BTZ

group, while a lower level of BM NH4
+ was observed in the CFr-

enddel group than that in the CFr-WT group. Also, a higher level

of BM NH4
+ was observed in the CFr+BTZ group and in the

CFr-enddel+BTZ+NH4Cl group than that in the CFr-enddel+BTZ

group. These results indicate that the deletion of end in

C. freundii reduces the level of BMNH4
+ of the experimental mice.

Finally, to determine whether end plays a role in the production

of NH4
+, we assessed the expression of the end gene in the cecal

contents (Figure 3U) and found strong positive correlations be-

tween end (represented by end mRNA levels) and NH4
+ in both

cecal contents and serum (Figure 3V). Together, these results

indicate that C. freundii produces a large fraction of NH4
+ by ex-

pressing deaminases, and NH4
+ produced in the intestinal tract

subsequently enter the circulation and eventually travel to the

BM, causing MM cells to become resistant to BTZ (Figure 3W).
ow- or high-NH4
+ based onmedian serumNH4

+ concentration. Source data are

TZ (6 nM), NH4Cl (0.5mM), or NH4Cl plus BTZ (n = 3 independent experiments).

g the eight treatment groups shown in (E) (n = 3 independent experiments).

treated with physiological saline, BTZ, NH4Cl, or NH4Cl plus BTZ.

M mice.

= 16).

ntents from the eight 5TGM1 MM mouse groups shown in Figure 2F.

.

GM1 MM control mice (PBS), mice treated with CFr-WT transplantation, and

mice cohorts shown in (O).

MM mice.

= 35).

ntation experiments of 5TGM1 MM mice.

entrations in CFr-enddel transplantation experiments (n = 30).

moting drug resistance to BTZ in MM.

sed paired two-tailed t test (A [right] and B [right]), unpaired two-tailed t test (A
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Table 1. The correlation between fecal NH4
+ concentration and

clinical characteristics in MM

Patients’

characteristics

Low NH4
+

(n = 15;

n/N*100%)

High NH4
+

(n = 16;

n/N*100%) p value

Gender (M/F/NA) 10/5/0 8/6/2 NS

Age (years) 54.87 59.07 NS

BMI (kg/m2) 23.72 21.36 NS

Heavy chain (g/L) 46.37 43.65 NS

Light chain (g/L) 13.47 9.32 NS

Creatinine (mM) 139.93 60.50 0.0427a

Urea (mM) 13.85 4.74 0.0434a

Uric acid (mM) 396.77 295.80 0.0345b

b2-microglobulin

(mg/L)

9.48 3.47 0.0274a

Subtype of MM

IgG 9/15 (60) 8/16 (50) NS

IgA 2/15 (13.3) 2/16 (12.5) NS

IgD 1/15 (6.7) 2/16 (12.5) NS

k 2/15 (13.3) 1/16 (6.3) NS

Nonsecretory 1/15 (6.7) 3/16 (18.8) NS

Plasma cell ratio

<20% 10/12 (83.3) 10/12 (83.3) NS

20%–50% 2/12 (16.7) 1/12 (8.3) NS

>50% 0/12 (0) 1/12 (8.3) NS

ISS stage

I 2/10 (20) 1/13 (7.7) NS

II 3/10 (30) 4/13 (30.8) NS

III 5/10 (50) 8/13 (61.5) NS

DS stage

I 0/10 (0) 0/13 (0) 0.0237c

II 4/10 (40) 0/13 (0) 0.0237c

III 6/10 (60) 13/13 (100) 0.0237c

NS, not significant; F, female; M, male.
ap value calculated using two-tailed Wilcoxon rank-sum test
bp value calculated using two-tailed Welch’s t test
cp value calculated using Fisher’s exact test
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NH4
+ induces resistance to bortezomib by

stabilizing NEK2
Two transporters of NH4

+ are reportedly coded by the genes

NKCC1 and NKCC2.34,35 We found that only NKCC1 (alias:

SLC12A2) was expressed in ARP1 and H929 MM cells (Fig-

ure S5A), with expression levels gradually increasing during

treatment with NH4Cl (Figure 4A). Interestingly, compared with

healthy donors (HDs), higher SLC12A2 was observed in

CD138+ plasma cells sorted from the BM of patients with MM

(Figure S5B), and those patients with MM with high SLC12A2

(gene probe 204404_at, GEO: GSE2658) were associated with

poor prognosis (Figure 4B).36 Subsequently, we generated lenti-

virus containing ARP1-shRNAs (ARP1-SLC12A2-sh1 and -sh2)

to deplete SLC12A2 in ARP1 cells (Figure S5C). SLC12A2 deple-

tion reduced NH4
+ uptake (Figure 4C), induced apoptosis of

ARP1 cells, and almost completely abrogated the inhibitory ef-

fect of NH4
+ on BTZ (Figures 4D and S5D).
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In addition, we produced ARP1-Scr and ARP1-SLC12A2sh

cells (with luciferase expression) and injected them into NCG

mice to simulate an SLC12A2-KO MM mouse model. We then

conducted in vivo analyses with the SLC12A2-KO mice (Fig-

ure S5E). After treating those mice with NH4
+ and BTZ, we

measured tumor luminescence and did not find significant in-

crease in the ARP1-SLC12A2sh+BTZ+NH4Cl group compared

with the ARP1-SLC12A2sh+BTZ group (Figures 4E and 4F),

suggesting that SLC12A2 depletion prevents the effects of

NH4Cl treatment on MM in the present BTZ. We detected

significantly higher NH4
+ in cecal contents and serum of the

ARP1-SLC12A2sh+BTZ+NH4Cl mice than those of the ARP1-

SLC12A2sh+BTZ mice, demonstrating the efficacy of NH4Cl

treatment (Figures S5F and S5G). Furthermore, while the expres-

sion of SLC12A2 and NEK2 could be detected in the BMCD138+

cells sorted from the experimental mice (Figures S5H and S5I),

we did not observe significant differences in SLC12A2 and

NEK2 between the ARP1-SLC12A2sh+BTZ+NH4Cl and ARP1-

SLC12A2sh+BTZ mice (Figure S5H). In contrast, we observed

significant reduction in SLC12A2 and NEK2 in the ARP1-

SLC12A2sh+BTZ+NH4Cl mice compared with the ARP1-

Scr+BTZ+NH4Cl mice (Figure S5I). Thus, SLC12A2 depletion

markedly downregulates NEK2 when the experimental mice

are exposed to NH4Cl.

To explore the metabolic fate of NH4
+ after its uptake, we

tracked nitrogen metabolism in ARP1 cells cultured with
15NH4Cl (Figure 4G), finding that most amino acids could be

labeled after culturing 12 h (Figure S5J; Table S4). In particular,

five amino acids—glycine, alanine, serine, glutamine, and gluta-

mate—were detected to alter after 30 min (Figures 4H, 4I, and

S5K). Moreover, we applied ARP1 cells treated with or without

NH4
+ for RNA sequencing (RNA-seq), discovering a few genes

with change at the mRNA level, including those in amino acid

metabolism, cell cycle, deacetylase, and acetyltransferase

(Figure S5L).

How does NH4
+ confer drug resistance to BTZ?We previously

reported that NEK2 is a key chromosomal instability (CIN) gene

that can induce drug resistance mainly by activating efflux

drug pumps and is associated with poor prognosis inMM.7 Inter-

estingly, we found that as NH4
+ treatment progressed, the level

of NEK2 protein increased gradually in ARP1 andH929 cells (Fig-

ure 4J), while no significant change was observed at the mRNA

level (Figure S5M). Similarly, the levels of AURKA and PLK1, both

of which are encoded byCIN genes, were also elevated in a time-

dependent manner (Figure S5N). The NH4
+-induced reduction of

NEK2 protein in ARP1 and H929 cells led us to ask whether NH4
+

affects NEK2 protein stability. We therefore treated the cells with

NH4
+ in the presence or absence of cycloheximide (CHX), an in-

hibitor of protein synthesis. NH4
+ markedly elevated the level of

NEK2 in CHX-treated cells (Figure S5O), suggesting that NH4
+

functions to stabilize NEK2 protein, thereby inducing an increase

in the protein level.

Similarly, we also produced the ARP1-NEK2sh cells and in-

jected them into B-NDG mice to simulate the NEK2-KO MM

mouse model (Figure S6A). We did not observe significant

differences in the tumor-associated luminescence intensity be-

tween the ARP1-NEK2sh+NH4Cl and the ARP1-NEK2sh mice

(Figures S6B and S6C), while both the cecal and serum NH4
+

were significantly higher in the ARP1-NEK2sh+NH4Cl mice



Figure 4. Ammonium induces resistance to bortezomib by stabilizing NEK2 expression

(A) Western blotting of SLC12A2 and GAPDH in ARP1 and H929 cells cultured with NH4Cl for 0, 3, 6, or 12 h. Source data are provided in Data S1.

(B) Overall survival curves of patients with MM grouped based on low or high expression of SLC12A2. Source data are provided in Data S1.

(legend continued on next page)

ll
OPEN ACCESSArticle

Cell Metabolism 36, 159–175, January 2, 2024 167



ll
OPEN ACCESS Article
than the ARP1-NEK2sh mice (Figures S6D and S6E). Further-

more, a positive correlation between the cecal and serum

NH4
+ levels was observed (Figure S6F). We next examined the

expression of SLC12A2 and NEK2 in the BM CD138+ cells

sorted from the experimental mice and detected significantly

higher SLC12A2 levels in the ARP1-NEK2sh+NH4Cl mice than

the ARP1-NEK2sh mice, while little changes in NEK2 were

seen between the two groups (Figure S6G). These results indi-

cate that both SLC12A2 andNEK2 are indispensable for promot-

ing progression in MM and inducing MM resistance to BTZ.

NH4
+ enhances NEK2 acetylation while reducing NEK2

ubiquitination
To explore potential downstream effector(s) of NH4

+ in the regu-

lation of drug resistance inMM,we examined the potential role of

glycine for the following reasons: first, we previously reported

that glycine can promoteMMproliferation and drug resistance10;

second, we found earlier in this study that NH4
+, when supplied

in the culture medium, can be incorporated into a variety of

amino acids including glycine and glutamine. We therefore

treated ARP1 and H929 cells with a range of glycine or glutamine

concentrations and found that NEK2 was gradually upregulated

with increasing doses of glycine or glutamine (Figures 4K

and S6H).

It has been shown that, in mammalian cells, amino acids may

control protein functions at the level of post-translational modifi-

cations, including protein acetylation, phosphorylation, and

ubiquitination.37 To examine whether NH4Cl/glycine/glutamine

can modulate NEK2 post-translationally, we treated ARP1 and

H929 cells with NH4Cl or glycine or glutamine, finding that the

levels of total and acetylated NEK2 were elevated upon NH4Cl/

glycine/glutamine treatment (Figures 4L, 4M, S6I, and S6J).

Because NEK2 is mainly degraded through the proteasome

pathway,26 we further assessed the ubiquitination of NEK2 after

NH4Cl/glycine/glutamine treatment. Treatment with MG132, a

proteosome inhibitor, caused an increase in ubiquitinated

NEK2, while NH4Cl/glycine/glutamine treatment markedly atten-

uated this increase in NEK2 ubiquitination. In contrast, the level
(C) NH4
+ concentrations in the culture medium of ARP1 cells expressing con

without NH4Cl.

(D) Statistical analysis of the percentage of apoptotic Scr or SLC12A2-sh1 ARP1

(E) Live imaging of the tumor-associated luminescence intensity in NCG MM mic

every day), or NH4Cl plus BTZ.

(F) Quantification of tumor-associated luminescence intensity in the NCG MM m

(G) Schematics of the NH4Cl metabolic flux experiments.

(H) Targeted metabolomics assays of glutamate (Glu), glutamine (Gln), glyci

NH4Cl (0.5 mM).

(I) Schematics of NH4Cl metabolism in MM cells.

(J) Western blotting of NEK2 and GAPDH in ARP1 and H929 cells cultured with N

(K) Western blotting of NEK2 and GAPDH in ARP1 and H929 cells cultured with

(L) Acetylation of endogenous NEK2 in ARP1 and H929 cells treated with or withou

anti-acetyl-lys antibody followed by western blotting for NEK2.

(M) Acetylation of endogenous NEK2 in ARP1 and H929 cells treated with or wit

(N) Acetylation and ubiquitylation of endogenous NEK2 in ARP1 and H929 cells

(O) Acetylation and ubiquitylation of endogenous NEK2 in ARP1 and H929 cells

(P) Co-precipitation of endogenous NEK2 and acetylated NEK2 with each of the

(Q) Co-precipitation of endogenous NEK2 and acetylated NEK2 with each of the

(R) Acetylation of NEK2 mutants expressed in HEK293T cells. Source data are p

(S) Schematics of our working hypothesis for the mechanism by which NH4
+ pro

Data represent mean ± SEM in (C) and (D). Statistics were calculated via log ran
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of acetylated NEK2 was elevated after NH4
+ treatment when

compared with MG132 treatment alone (Figures 4N, 4O,

and S6J).

Protein acetylation is mainly regulated by acetyltransferases

and deacetylases. To explore which acetyltransferases regulate

NEK2 acetylation, we conducted several in vitro experiments

(Figure S6K). Therein, after treating MM cells (ARP1 and H929)

with NH4Cl/glycine/glutamine, we detected significantly higher

levels of acetyl-CoA (Figure S6L). In addition, we individually

transfected 5 acetyltransferases using pCDNA3.1-HA-PCAF,

pCDNA3.1-HA-p300, pCDNA3.1-HA-CBP, pCDNA3.1-HA-

GCN5, and pCDNA3.1-HA-Tip60 into HEK293T cells. We found

that NEK2 and Ace-NEK2 were enhanced only after over-ex-

pressing PCAF, p300, andCBP, and simultaneously strong bind-

ing of PCAF, p300, and CBP proteins to NEK2 was seen (Fig-

ure 4P). We then treated ARP1 and H929 cells with NH4
+, SIRT

inhibitors (NAM), or HDAC inhibitors (TSA). Notably, we observed

an increase in NEK2 and Ace-NEK2 following TSA treatment

(Figure S6M), suggesting that HDAC family members predomi-

nantly regulate the deacetylation of NEK2. Subsequently,

we transfected HEK293T cells with 5 deacetylases using

pCDNA3.1-Flag-HDAC1, pCDNA3.1-Flag-HDAC2, pCDNA3.1-

Flag-HDAC3, pCDNA3.1-Flag-HDAC6, and pCDNA3.1-Flag-

HDAC10, revealing that HDAC1, 2, 3, 6, and 10 all bind to

NEK2, with HDAC2, HDAC3, and HDAC6 being the primary reg-

ulators of NEK2 deacetylation (Figure 4Q). To further validate the

roles of these identified deacetylases and acetyltransferases, we

treated ARP1 and H929 cells with NH4Cl. This treatment resulted

in the downregulation of HDAC2, HDAC3, andHDAC6, as well as

the upregulation of PCAF and CBP (Figure S6N). These findings

support the notion that NH4
+ primarily modulates NEK2 acetyla-

tion through downregulating HDAC2, HDAC3, and HDAC6 and

upregulating PCAF and CBP (Figure 4Q). Furthermore, six lysine

residues (K24, K28, K32, K37, K49, and K63) were identified in

the conserved sequences of the human NEK2 protein, allowing

us to identify these potential specific acetylation sites on

NEK2. To pinpoint these acetylation sites, we mutated these

lysine residues individually to arginine (simulating deacetylation)
trol (scrambled, Scr) or SLC12A2-targeting (SLC12A2-sh1) shRNA, with or

cells treated with or without NH4Cl and BTZ.

e treated with 0.9% NaCl, BTZ (0.75 mg/kg once/2 days), NH4Cl (5.35 mg/mL

ice cohorts shown in (E).

ne (Gly), serine (Ser), and alanine (Ala) in ARP1 cells supplemented with

H4Cl for 0, 3, 6, or 12 h. Source data are provided in Data S1.

or without Gly for 12 h. Source data are provided in Data S1.

t NH4Cl. NEK2 acetylation was analyzed by using immunoprecipitation with an

hout Gly.

treated with or without NH4Cl and MG132.

treated with or without Gly and MG132.

indicated HA-tagged acetyltransferase from HEK293T cells.

indicated Flag-tagged deacetylases from HEK293T cells.

rovided in Data S1.

motes MM cell proliferation.

k test (B) or unpaired two-tailed t test (C and D).



Figure 5. Inhibition of ammonium intake by furosemide sodium reduces bortezomib resistance

(A) Western blotting of SLC12A2 and GAPDH in ARP1 and H929 cells cultured with or without Fus for 48 h.

(B) Western blotting of SLC12A2 and GAPDH in WT and bortezomib (BTZ)-resistant (BR) ARP1 and H929 cells.

(legend continued on next page)
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and then ligated the mutated genes into PCDH-GFP lentiviral

vectors to infect HEK293T cells. We found that all thesemutants,

K24R, K28R, K37R, and K63R, led to decreased acetylation of

exogenous NEK2, indicating that these are the bona fide acety-

lation sites on NEK2 (Figure 4R). Together, these results indicate

that NH4
+ can be incorporated into a variety of amino acids that

enhance the acetylation of NEK2while reducing its ubiquitination

and subsequently attenuating its degradation, leading to

reduced apoptosis of MM cells (Figure 4S).

Inhibition of NH4
+ intake by furosemide sodium restores

BTZ resistance in MM cells
Having identified SLC12A2 as the key transmembrane trans-

porter that mediates the uptake of NH4
+ by MM cells, we

explored the therapeutic potential of targeting SLC12A2 in MM

relapse. Interestingly, we came across furosemide sodium

(Fus), which was originally utilized in our practice to manage vol-

ume load and prevent heart and renal failure in patients with MM,

based on previously documented benefit of Fus in a small num-

ber of patients with MMwith renal failure.38 Fus is an established

loop diuretic that promotes the passage of salt into urine and

prevents Na,K-ATPase activation in rat cardiac fibroblasts,

thus preventing the body from absorbing too much salt.39 Sur-

prisingly, we observed significant favorable clinical outcomes

in patients with MMwho received Fus treatment. We discovered

that Fus can downregulate the expression of SLC12A2 in ARP1

and H929 cells in a dose-dependent manner (Figure 5A). Addi-

tionally, as previously described, we established three drug

resistance cell lines, including ARP1-BR and H929-BR.7,40

Consistent with the role of SLC12A2 in BTZ resistance, we de-

tected higher expression of SLC12A2 in these three BTZ-resis-

tant cells than in the WT cells (Figure 5B). We therefore tested

whether Fus could restore drug susceptibility to BTZ-resistant

ARP1 and H929 cells. Indeed, the addition of Fus significantly

enhanced apoptosis in BTZ-treated drug-resistant cells

(Figures 5C, 5D, S7A, and S7B), indicating that, by downregulat-

ing SLC12A2, Fus might have potential as a therapeutic reagent

to increase BTZ susceptibility in MM cells.

We then extended our analysis of Fus to MM animal models

in vivo using BTZ-resistant ARP1 cells (ARP1-BR) (Figure 5E).

We conducted live imaging of those experimental mice

(Figures 5F and 5G). When comparing luminescence intensity
(C and D) Statistical analysis of the percentage of apoptotic ARP1 and ARP1-BR c

furosemide sodium (Fus; 4 mM).

(E) Schematics of the in vivo experiments in NCG mice injected with luciferase-e

(F) Quantification of tumor-associated luminescence intensity in NCG MM mice.

(G) Live imaging of the tumor-associated luminescence intensity in NCGMMmice

every day), or Fus plus BTZ.

(H) Live imaging of tumor-associated luminescence intensity in 5TGM1MMmice t

Fus (10 mg/kg once per day), or combinations of NH4Cl, BTZ, and/or Fus.

(I) Quantification of tumor-associated luminescence intensity in the 5TGM1 MM

(J) Concentrations of IgG2b in mouse serum as detected with ELISA (n = 5 in ea

(K and L) NH4
+ concentrations in cecal contents (K) and serum (L) from 5TGM1 M

(M) Pearson correlation of NH4
+ concentrations from cecal contents and serum (

(N) Progression-free survival curves of patients with MM treated with or without

(O) Curative effect score in patients with MM treated with or without Fus.

(P and Q) Curative effect score in patients with MM treated with or without Fus a

(R) Peripheral blood (PB) Ig concentrations and curative effect scores in represe

(S) PB Ig concentrations and curative effect scores in representative high-NH4
+ R

Data represent mean ± SEM in (C), (D), (F), (I)–(L), and (O)–(Q). Statistics were calc
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between the ARP1-BR group and the ARP1-BR+BTZ group,

we noted an insignificant decrease in luminescence in the

latter group. However, a significant decrease was observed

in the ARP1-BR+BTZ+Fus group (Figure 5H). Additionally,

when comparing the ARP1-BR+BTZ group to the ARP1-

BR+BTZ+Fus group, we detected significantly lower levels of

serum and cecal NH4
+ in the ARP1-BR+BTZ+Fus group

(Figures S7C and S7D). Furthermore, we found downregulated

NEK2 and SLC12A2 expression in CD138+ cells derived from

the BM of the experimental mice in the ARP1-BR+BTZ+Fus

group (Figure S7E).

Continuing our investigation of Fus inMManimalmodels in vivo,

we utilized models constructed using 5TGM1 cells (Figure S7F)

and assessed tumor burden in experimental mice with or without

Fus treatments. While the addition of NH4Cl reversed the effect of

BTZ on tumor burden, as manifested by a reduction in serum

IgG2b and tumor luminescence intensity, Fus almost completely

abolished this adverse effect of NH4Cl (Figures 5H–5J). The effect

of Fus was not due to an overall reduction of NH4
+; NH4

+ levels

were in fact consistently higher in Fus-treated mice compared

to control mice (Figures 5K and 5L), likely due to the inability of

NH4
+ to enter the SLC12A2-depleted cells. In addition, the con-

centrations of NH4
+ in cecal contents and serum samples from

mice with various treatments correlated positively (Figure 5M).

We also assessed SLC12A2 expression in the intestine and tibia

of representative mice via immunocytochemistry and found that

Fus treatment effectively reduced the level of SLC12A2, as in

our in vitro experiments (Figure S7G). Furthermore, we performed

in vivo testing on MM cells treated with NH4
+ in combination with

Fus treatment (Figure S7H). The results showed a significantly

decreased luminescence intensity of the NH4Cl+Fus group

compared with the NH4Cl group (Figures S7I and S7J). Simulta-

neously, we detected a significant increase in cecal NH4
+ levels

and a decrease in serum NH4
+ levels in the NH4Cl+Fus group

compared with the NH4Cl group (Figures S7K and S7L). In addi-

tion, we further evaluated the level of NH4
+ in the BMof the exper-

imental mice and consistently found lower NH4
+ levels in the

NH4Cl+Fus group compared with the NH4Cl group (Figures S7M

and S7N). Thus, Fus suppresses the serum and BM NH4
+ levels

and downregulates ammonium uptake in MM cells, ultimately

reducing the BTZ resistance-promoting effects associated with

NH4Cl supplementation in vivo.
ells (C) or H929 and H929-BR cells (D) treated with or without BTZ (10 nM) and

xpressing ARP1 and ARP1-BR cells to induce MM.

treated with physiological saline, BTZ (0.75mg/kg once/2 days), Fus (10mg/kg

reated with physiological saline (NaCl), NH4Cl (5.35mg/mL once per day), BTZ,

mice cohorts shown in (H).

ch group).

M mice.

n = 35).

Fus. Source data are provided in Data S1.

nd grouped by low or high NH4
+ in fecal contents (P) or serum (Q).

ntative high-NH4
+ ADs treated with or without Fus.

Ms treated with or without Fus.

ulated via unpaired two-tailed t test (C, D, F, I–L, and O–Q), or log-rank test (M).



Figure 6. Probiotic supplementation reduces bortezomib resistance of MM

(A) Schematics of the in vivo experiments.

(B) Live imaging of the tumor-associated luminescence intensity in 5TGM1 MM mice treated with PBS or the indicated combinations of BTZ and C. freundii,

C. butyricum, or TPro transplantation in week 4.

(C) Quantification of tumor-associated luminescence intensity in the 5TGM1 MM mice cohorts shown in (B).

(D) Concentrations of IgG2b in mouse serum as detected with ELISA (n = 5 in each group) in week 6.

(E and F) NH4
+ concentrations in cecal contents (E) and serum (F) from 5TGM1 MM mice.

(G) Correlation of NH4
+ concentrations from cecal contents and serum (n = 30).

(H) Relative abundance of C. freundii and C. butyricum in fecal samples derived from 5TGM1 MM mice.

(I) Heatmap showing the relative abundance of C. freundii and C. butyricum in fecal samples from the indicated 5TGM1 MM mice at �2, 1, and 6 weeks.

(J) Schematics of our working hypothesis.

Data represent mean ± SEM in (C)–(F) and (H). Statistics were calculated via unpaired two-tailed t test (C–F and H) or two-tailed Pearson correlation analysis (G).
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Finally, we analyzed the effect of Fus treatment in patients with

MM (Table S5). We found that the patients with MM treated with

Fus achieved longer progression-free survival (Figure 5N;

Table S6) and higher curative effect scores (Figure 5O;

Table S6). In particular, when the clinical cases were divided

into high- and low-NH4
+ groups based on the median fecal

NH4
+ concentration, we observed much higher curative effect

scores in those patients with Fus treatment (Figure 5P;

Table S6). Similar results were also obtained in the high-NH4
+

group when the clinical cases were divided into high- and low-

NH4
+ groups based on the median serum NH4

+ concentration

(Figure 5Q; Table S6). Next, we selected four ADs with high fecal

and serum NH4
+ concentrations, including two patients with and

two patients without Fus treatment, for more detailed analyses.

We observed a profound reduction in Ig concentration in PB
and higher curative effect scores in patients with Fus treatment

(Figure 5R; Table S6). Similarly, RMs with Fus treatment also ex-

hibited much better clinical outcomes (Figure 5S; Table S6).

Probiotic supplementation reduces BTZ resistance
of MM
To explore additional strategies for tackling drug resistance

in MM, we tested the possibility of Clostridium butyricum

(C. butyricum), which was previously described.18We performed

single C. butyricum and triple probiotic (TPro; i.e., Clostridium

butyricum, Bacillus mesentericus, and Streptococcus faecalis)

colonization by gavage (Figure 6A). As previously observed, tu-

mor-associated luminescence intensity and serum IgG2b in

CFr+BTZ mice were significantly higher than in BTZ mice, but

these markers were also significantly reduced in CFr mice
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treated with C. butyricum or TPro supplementation (Figures 6B–

6D). While the concentrations of NH4
+ in cecal contents and

serum samples from CFr and CFr+BTZ mice were higher than

in the control mice, they were much lower in CFr+BTZ+CBu

and CFr+BTZ+TPro mice than in the CFr+BTZ mice, in keeping

with the results of the tumor burden analysis (Figures 6E and

6F). We also assessed the concentration of NH4
+ in cecal con-

tents and serum samples of all experimental mice and found a

positive correlation (Figure 6G).

Next, to determine how C. butyricum might cross-modulate

C. freundii to influence NH4
+ production, we assessed

C. freundii abundance in mouse feces before and after

C. butyricum transplantation. We found that C. butyricum trans-

plantation markedly reduced C. freundii abundance (Figures 6H

and 6I), suggesting that C. butyricum inhibits the growth of

C. freundii, a representative of nitrogen-recycling bacteria,

thereby decreasing NH4
+ production and alleviating the resis-

tance of MM cells to BTZ. In keeping with the effect of

C. butyricum transplantation, TPro, a CFDA-approved clinical

drug, exhibited consistent efficacy in alleviating BTZ resistance.

DISCUSSION

MM drug resistance involves a complex interplay between ge-

netic and microenvironmental factors. Our study reveals an

imbalance in nitrogen-recycling bacteria and, specifically,

C. freundii in relapsed MM patients. We established a critical

role for C. freundii in inducing BTZ resistance. Mechanistically,

ammonium produced by C. freundii enters MM cells through

SLC12A2, contributing to amino acid synthesis and acetyl-CoA

production for NEK2 protein modification. Fus downregulates

SLC12A2, improving outcomes (Figure 6J). This novel insight un-

veils C. freundii and ammonium as key MM relapse modulators,

providing new therapeutic targets for MM progression and drug

resistance.

Key factors contributing to MM treatment failure include the

evolution of tumor initiation cells, signal pathway abnormalities

due to genetic alterations, and aberrant interactions with the

BMME. Our previous study identified a unique amino acid meta-

bolic imbalance in the BMME, driven by MMP13-mediated

degradation of bone collagen.10 This imbalance promotes

MM development, with glycine inducing cell proliferation

via glutathione synthesis and excessive serine impairing mega-

karyopoiesis.41 Enriched amino acids are decomposed into

urea, providing nitrogen for bacteria like C. freundii and

R. ornithinolytica.18 Our present study uncovers a group of nitro-

gen-recycling bacteria, including C. freundii, and establishes

their causal role in MM drug resistance. Specifically, C. freundii

enriched in relapsed patients with poor responses to BTZ treat-

ment is linked to deaminase expression, ammonium production,

and effects on MM cell proliferation and apoptosis. These find-

ings offer new insights into the molecular mechanism and intes-

tinal microbial homeostasis governing MM drug resistance.

Prior studies have demonstrated that intestinal microorgan-

isms can induce drug resistance in cancer cells through various

mechanisms.13,17,42 This study focuses on C. freundii, revealing

its indirect induction of drug resistance through a crucial

signaling intermediate—ammonium. Elevated circulating ammo-

nium can damage organs and cells, impacting synthesis pro-
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cesses and activating oxidative stress-related signaling path-

ways.43–48 Patients with higher ammonium exhibit poorer

prognosis.45,49 Mechanistically, ammonium is transported into

MM cells via SLC12A2/NKCC1 protein transporter, contributing

to the synthesis of non-essential amino acids.

The lack of early detection markers and effective interventions

contributes significantly to MM drug resistance. Our findings

demonstrate that ammonium is a potential dual-purpose tool

for early detection and therapeutic targeting. Several previous

studies reported ornithine and spironolactone for ammonia elim-

ination.39,50,51 We discovered that Fus, known for inhibiting

Na,K-ATPase, downregulates SLC12A2, reducing ammonium

uptake in MM cells.34 Fus treatment is associated with improved

outcomes, especially in high-ammonium patient groups, sug-

gesting a promising therapeutic strategy for MM relapse.

Finally, in keeping with the effects of Fus administration, we

find that the probiotics TPro and C. butyricum alleviate MM cell

resistance to BTZ by re-balancing intestinal flora and reducing

NH4
+ production. Future research should explore the effective-

ness of Fus in a larger clinical context, deciphering its mecha-

nism of downregulating SLC12A2 and assessing the potential

for treating various hyperammonemic disorders.

Limitations of the study
This study had several limitations, including the limited number

of metagenomics sequencing samples and MM patients treated

with Fus. The single-center focus suggests the need for broader

representation from multiple centers in the future. Additionally, a

lack of systematic exploration of various factors in sequential

samples and the need for further clinical studies on Fus and pro-

biotics for MM cell resistance to BTZ are noted limitations.
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Antibodies

Rabbit polyclonal anti-GAPDH Protein Tech Cat# 10494-1-AP

Rabbit polyclonal anti-SLC12A2 Protein Tech Cat# 13884-1-AP

Rabbit polyclonal anti-p300 Protein Tech Cat# 20695-1-AP

Mouse monoclonal anti-b actin Protein Tech Cat# 66009-1-Ig

Rabbit polyclonal anti-NEK2 Protein Tech Cat# 24171-1-AP

Mouse monoclonal anti-DYKDDDDK tag Protein Tech Cat# 66008-4-Ig

Mouse monoclonal anti-HA tag ABclonal Cat# AE008

Rabbit polyclonal anti-HDAC2 ABclonal Cat# A2084

Rabbit monoclonal anti-HDAC3 ABclonal Cat# A19537

Rabbit monoclonal anti-HDAC6 ABclonal Cat#A3572

Rabbit monoclonal anti-PCAF ABclonal Cat# A22719

Rabbit polyclonal anti-CBP ABclonal Cat# A17096

Mouse monoclonal anti-NEK2 (clone D-8) Santa Cruz Cat# sc-55601

Rabbit monoclonal anti-Ubiquitin

(clone E6K4Y)

Cell Signaling Tech Cat# 20326

Rabbit polyclonal anti-Acetylated-Lysine Cell Signaling Tech Cat# 9441

Rabbit monoclonal anti-HA Tag Cell Signaling Tech Cat# 3724

Rabbit anti-Goat IgG Secondary Antibody

HRP conjugated

Signalway Antibody Cat# L3042

HRP-conjugated goat anti-mouse IgG

secondary antibody

Signalway Antibody Cat# 101

IPKine HRP, Mouse Anti-Rabbit IgG LCS Abbkine Scientific Cat# A25022

7-AAD BD Biosciences Cat# 559925

PI YEASEN Cat# 40304ES60

Alexa Fluor 647-conjugated Annexin V YEASEN Cat# 40304ES60

CD138 MicroBeads human Miltenyi Biotec Cat# 130-051-301

Bacterial and virus strains

pLKO-Tet-on lentiviral vector Xiangling Feng et al.8 N/A

pMD2G helper vectors Xiangling Feng et al.8 N/A

psPAX2 helper vectors Xiangling Feng et al.8 N/A

Citrobacter freundii Beijing BeiNa Biotechnology Institute BNCC 186116

Clostridium butyricum Beijing BeiNa Biotechnology Institute BNCC 337239

Klebsiella oxytoca Beijing BeiNa Biotechnology Institute BNCC358247

Raoultella ornithinolytica Beijing BeiNa Biotechnology Institute BNCC341928

BIO THREE TABLETS (Triple probiotic

tablet)

Huizhou Jiuhui Pharmaceutical N/A

Biological samples

Feces of patients with MM Xiangya Hospital, the Third Xiangya

Hospital of Central South University, and

the Blood Diseases Hospital of the Chinese

Academy of Medical Science & Peking

Union Medical College

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Serum samples Xiangya Hospital, the Third Xiangya

Hospital of Central South University, and

the Blood Diseases Hospital of the Chinese

Academy of Medical Science & Peking

Union Medical College

N/A

Chemicals, peptides, and recombinant proteins

Furosemide sodium Selleck Chemicals S5194; CAS: 41733-55-5

NH4Cl Sigma-Aldrich A9434; CAS: 12125-02-9
15NH4Cl Sigma-Aldrich 917281; CAS: 39466-62-1

Glycine Sigma-Aldrich G8790; CAS: 56-40-6

Polybrene Sigma-Aldrich Cat# H9268

Cycloheximide MedChemExpress HY-12320; CAS: 66-81-9

MG132 MedChemExpress HY-13259; CAS: 133407-82-6

Bortezomib Janssen N/A

Low melting point agarose Thermo Fisher Scientific Cat# 16520050

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000015

SuperSignal West Femto Maximum

Sensitivity Substrate

Thermo Fisher Scientific Cat# 34094

Lithium dodecyl sulfate Thermo Fisher Scientific Cat# B0007

Puromycin Thermo Fisher Scientific Cat# A1113803

Ampicillin Solarbio Cat# A8180; CAS: 69-52-3

Vancomycin Solarbio Cat# V8050; CAS: 1404-93-9

Neomycin Solarbio Cat# N8090; CAS: 1405-10-3

Metronidazole Solarbio Cat# M8060; CAS: 443-48-1

Kanamycin Solarbio Cat# K8020; CAS: 25389-94-0

Protein A/G beads Biolinkedin Cat# L-1004A

Critical commercial assays

Apoptosis Detection Kit YEASEN Cat# 40304ES60

VivoGlo Luciferin Promega Cat# P1043

ChamQ Universal SYBR qPCR Master Mix Vazyme Cat# Q711-02

Mouse IgG2b ELISA Quantitation Set BETHYL Cat# E90-109

Acetyl CoA Assay Cell Signaling Tech Cat# ab87546

Nessler’s reagent Sigma-Aldrich Cat# 109028

Blood Ammonia Assay Kit Nanjing Jiancheng Biotechnology Cat# A086

Deposited data

CD138+ selected plasma cells from bone

marrow of patients with multiple myeloma

Gene Expression Omnibus (GEO) database

(GSE2658)

https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE2658

ARP1 RNA-Seq This paper http://bigd.big.ac.cn/gsa-human/s/

3kUd5023

Metagenomic sequencing This paper http://bigd.big.ac.cn/gsa-human/s/

3kUd5023

Experimental models: Cell lines

ARP1 Cancer Research Institute of the Central

South University

N/A

H929 Cancer Research Institute of the Central

South University

N/A

5TGM1 Cancer Research Institute of the Central

South University

N/A

Experimental models: Organisms/strains

Mouse: Wildtype: C57BL/6J The Jackson Laboratory N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: C57BL/KaLwRij Harlan Mice, Netherlands N/A

Mouse: NOD/ShiLtJGpt-

Prkdcem26Cd52Il2rgem26Cd22/Gpt

GemPharmatech Cat# T001475

Mouse: NOD.CB17-

PrkdcscidIl2rgtm1/Bcgen

Biocytogen N/A

Oligonucleotides

List of primers Table S7 N/A

Recombinant DNA

pKO3-km Xingxing Jian et al.18 N/A

pBbE8k-RFP addgene Cat# 35270

PCDH-GFP Xiangling Feng et al.8 N/A

pCDNA3.1 vector Yuanzhong Wu et al.52 N/A

Software and algorithms

ImageJ Tony J Collins53 https://imagej.nih.gov/ij/

Living Imaging version 3.2 PerkinElmer https://www.perkinelmer.com.cn/lab-

products-and-services/resources/in-vivo-

imaging-software-downloads.html

Graphpad prism version 9.5 GraphPad https://www.graphpad.com/

FlowJo version 10.6.2. BD Biosciences https://www.flowjo.com/solutions/flowjo/

downloads

SageCapture software version

2.17.12.170316

Sagecreation N/A

Trimmomatic version 0.36 Anthony M Bolger et al.54 https://kbase.us/applist/apps/

kb_trimmomatic/run_trimmomatic/release

Bowtie2 version 2.2.4 Ben Langmead et al.55 https://sourceforge.net/projects/bowtie-

bio/files/bowtie2/2.2.4/

Kraken version 1.0 Derrick E Wood et al.56 https://github.com/DerrickWood/kraken

Salmon version 1.10.1 Rob Patro et al.57 https://salmon.readthedocs.io/en/latest/

salmon.html

R version 4.1.2 CRAN https://cran.r-project.org/bin/windows/

base/old/

R package vegan version 2.5–2 Dixon Philip58 https://cran.r-project.org/src/contrib/

Archive/vegan/

R package DESeq2 version 1.38.0 Bioconductor https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

R package randomForest version 4.7–1.1 Machine Learning https://cran.r-project.org/src/contrib/

Archive/randomForest/

R package pROC version 1.18.0 Xavier Robin et al.59 https://cran.r-project.org/src/contrib/

Archive/pROC/

R package tximport version 1.20.0 Charlotte Soneson et al.60 http://bioconductor.org/packages/release/

bioc/html/tximport.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact is Dr. Zhou,

who can be reached at wenzhou@csu.edu.cn.

Materials availability
All unique and stable reagents including cell lines that were generated in the course of this study are available from the lead contact

with a completed Materials Transfer Agreement.
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Data and code availability
d All sequencing reads have been deposited in the GenomeSequence Archive in National Genomics Data Center, China National

Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (http://bigd.big.ac.cn/gsa-human/s/

3kUd5023), in which the accession number of metagenomic sequencing samples and ARP1 cells cultured with and without

NH4
+ are GSA: HRA005114 and GSA: HRA005226, respectively. Transcriptome datasets (GEO: GSE2658) involved in

CD138+ cells sorted from the BM of patients with MM or healthy donors was downloaded from public GEO database

(https://www.ncbi.nlm.nih.gov/geo/). Data generated in this study is available in the supplementary tables. Any raw data re-

quested that was generated in this study is available in the Data S1.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice used in this paper are in a predominant C57BL/6 or NOD background. Males and females are equally represented, and lit-

termates were randomly mixed in all experimental conditions. The mice were housed in a temperature controlled, specific pathogen

free environment, with a 12 h light/dark cycle. They were fed ad libitum with standard chow diet. Studied mice were between 8 and

12 weeks old. B-NDG mice from Biocytogen and NCG mice from GemPharmatech were used for the xenograft tumor studies. All

animal experiments were performed in accordance with the guidelines of the Institutional Animal Care and Local Veterinary Office

and Ethics Committee of the Hunan Normal University, China (License number: D2022058).

Patients and clinical samples
This study is a retrospective study. All samples shown in Table S5 were obtained from the Xiangya Hospital, the Third Xiangya Hos-

pital of Central South University, and the Blood Diseases Hospital of the Chinese Academy of Medical Science & Peking Union Med-

ical College, including 20 healthy controls (HC), 159 patients with MM at diagnosis (AD), 67 relapsed patients with MM (RM). In total,

we collected 190 fecal samples and 73 serum samples. The fecal samples were used for metagenomic sequencing, qPCR verifica-

tion, and NH4
+ detection, while serum samples were used for NH4

+ detection (Table S5). The Xiangya Hospital of the Central South

University (CSU) Medical Ethics Committee approved the study protocols (License number: 2019030391), and written informed con-

sent was obtained before the investigation. All the research was carried out in accordance with the provisions of the Helsinki Decla-

ration of 1975.

Human survival analysis
Human survival analysis was determined using the Graphpad prism version 9.5. Significance is computed using the Cox-Mantel log-

rank test.

Cell lines
Human multiple myeloma cell lines ARP1, ARP1-BR, H929, and H929-BR were used for most experiments. Mouse multiple myeloma

cell line 5TGM1used in animal experiments.Cell lines have beenSTR-authenticated. All cells weremaintained in completeRoswell Park

Memorial Institute (RPMI) 1640 medium (supplemented with 10% fetal bovine serum and 1% antibiotic/antimycotic agent) at 37 �C in

5% CO2 and 21% O2.

METHOD DETAILS

Metagenomic sequencing and taxonomic classification
Total DNAwas extracted from fecal samples using the E.Z.N.A Stool DNAKit (OmegaBio-tek, Norcross, GA, USA) following theman-

ufacturer’s instructions. Quality analysis was performed using Qubit (Invitrogen, USA) and 1% agarose gel electrophoresis, and the

extracted DNA was then used for paired-end sequencing on the Illumina platform.

Quality control as conducted on the raw sequences to remove low-quality and adapter sequences by using Trimmomatic version

0.36, and Bowtie2 version 2.2.4 was used to filter out the human reference genome (hg38). The high-quality sequences were then

used for taxonomic classification using Kraken version 1.0 and the standard Kraken database with default settings. The output

read-count tables at several levels (e.g., phylum, class, order, family, genus, species) were rarefied to the minimum read counts

to reduce the effects of uneven sampling by R package vegan version 2.5–2.

Real-time quantitative PCR (qPCR)
Three differential species identified bymetagenomic sequencing were verified by qPCR. Total bacterial DNAwas extracted using the

HiPure Stool DNA Kit (#D3141-03, Magen, China) according to the manufacturer’s instructions. Paired primers specific for each spe-

cies were designed using Primerblast based on species-specific regions of the 16S ribosomal DNA (V1 or V2), while the conserved

sequences were used for amplification of total bacteria (Table S7).61 All primers were validated using gradient PCR to detect the
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annealing temperature and the specificity of primers. qPCR assays were performed by using ChamQ Universal SYBR qPCR Master

Mix (#Q711-02, Vazyme, China) according to the manufacturer’s instructions. qPCR was run on a LightCycler 96 system (Roche).

As in a previous study,18 assuming that for all templates and primers a cycle equally doubles the number of template DNA strands,

the relative abundance of a certain strain (i) can be calculated as follows:

Relative abundance ðiÞ =

�
1

2

�CTi

�
1

2

�CTc
=

�
1

2

�CTi�CTc

=

�
1

2

�DCT

The cycle threshold of strain i primer and common primer (total bacteria) are represented by CTi and CTc, while6CT denotes the

difference between them. From the equation, the logarithm of relative abundance negatively correlates linearly with 6CT.

Bacterial diversity
Rarefaction analysis was performed by using R package vegan version 2.5–2. This package was also used to evaluate the Bray-

Curtis dissimilarity indices to reflect beta-diversity, and these indices were then visualized by performing principal coordinate anal-

ysis (PCoA). The permutational multivariate analysis of variance (PERMANOVA) was used to determine significance. The Shannon

indexes at both species and genus level were estimated by R package vegan to reflect bacterial a-diversity, and the significance

was determined by Wilcoxon rank-sum test.

Mouse xenograft models of MM
All animal experiments were performed in accordance with the guidelines of the Institutional Animal Care and Local Veterinary Office

and Ethics Committee of the Hunan Normal University, China (License number: D2022058). Here, C57BL/KaLwRij mice (HarlanMice,

Netherlands), B-NDG mice (NOD.CB17-PrkdcscidIl2rgtm1/Bcgen, Biocytogen, Beijing, China) and NCG mice (NOD/ShiLtJGpt-

Prkdcem26Cd52Il2rgem26Cd22/Gpt, GemPharmatech, Jiangsu, China) were used in this study. The 5TGM1 MM model was developed

by intravenously injecting luciferase-expressing 5TGM1 cells (1 3 106 cells in 200 mL PBS) into C57BL/KaLwRij mice. MM progres-

sion in the mice was monitored by measuring the tumor burden, including live imaging and serum IgG2b measurement. ELISA was

performed for the detection of mouse IgG2b in serum using Mouse IgG2b ELISA Quantification Set (#E90-109, Bethyl Laboratories,

USA). The ARP1 MM mouse xenograft model was developed by intravenously injecting luciferase-expressing ARP1 cells (1 3 106

cells in 200 mL PBS) into B-NDG/NCG mice, and MM progression in the mice was monitored by measuring the tumor burden via

live imaging.

Fecal microbiota transplantation
Fresh stool (0.5 g) was collected and suspended in PBS (10 mL). The suspension was filtered using 70 mm strainers, and the filtrate

was centrifuged at 2,000 rpm for 10 min. After removal of the supernatant, the remaining pellet was re-suspended in 2 mL PBS. The

mixture was used for subsequent fecal microbiota transplantation (FMT) by gavage (200 mL/mouse). Table S5 provides detailed pa-

tient information.

Before gavagewas performed, all experimental micewere treatedwith a cocktail of broad-spectrum antibiotics including ampicillin

(200 mg/mL), vancomycin (100 mg/mL), neomycin (200 mg/mL), and metronidazole (200 mg/mL) in the drinking water for 2 weeks.

Subsequently, all mice were randomly divided into several groups to receive 2weeks FMT (once per 2 days in the first week and once

per 3 days in the second week). Meanwhile, the control mice were given PBS by gavage. Then, at week 0, C57BL/KaLwRij mice were

induced to develop MM via tail-vein injection of 5TGM1 cells (13 106). From week 1, if required, BTZ (0.75 mg/kg every 2 days) and

furosemide sodium (10 mg/kg every day) were intraperitoneally administered. At the endpoint of the experiment, tumor burden was

assessed in all experimental mice using live imaging of tumors, serum IgG2b, fecal samples, and cecal content for subsequent

detection.

Bacterial fluid colonization
We purchased Citrobacter freundii (BNCC 186116), Klebsiella oxytoca (BNCC358247), Raoultella ornithinolytica (BNCC341928) and

Clostridium butyricum (BNCC 337239) from Beijing BeiNa Biotechnology Institute. Citrobacter freundii was cultured in nutrient broth

(Guangdong HuanKai Microbial, China) at 37 �C and 200 rpm for �16 h, while Clostridium butyricum was statically cultured in thio-

lglycolate medium (Qingdao Hope Bio Technology Co., Ltd., China) under anaerobic conditions at 37 �C for�18 h. The bacterial con-

centrationwas about 23 108 cfu/200 mL. In addition, we dissolved four 200mg triple-probiotic tablets (Huizhou Jiuhui Pharmaceutical

Co., LTD, Guangzhou, China) containing Clostridium butyricum, Bacillus mesentericus and, Streptococcus faecalis and dissolved

them in sterile water (3 mL) for subsequent colonization (200 mL/mice).

In the colonization experiment involving Citrobacter freundii, Klebsiella oxytoca and Raoultella ornithinolytica, before C57BL/

KaLwRij mice were treated with a cocktail of broad-spectrum antibiotics in the drinking water for 2 weeks, then, mice were trans-

planted bacterial fluid by gavage (200 mL/mouse; once per 3 days) for 1 week prior to induction of MM via tail-vein injection of

5TGM1 cells at week 0. As our bacterial cells were resuspended in PBS, the control mice were given PBS by gavage. After

1 week, mice were transplanted bacterial fluid by gavage (200 mL/mouse; once per 3 days), or injected intraperitoneally with BTZ
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(0.75 mg/kg; once per 2 days). At the endpoint of the experiment, all mice were assessed via live imaging and the collection of serum

samples, fecal samples, and cecal content for subsequent detection.

In the colonization experiment involving wild-type and disrupted Citrobacter freundii, before C57BL/KaLwRij mice were treated

with a cocktail of broad-spectrum antibiotics in the drinking water for 2 weeks, then, mice were transplanted bacterial fluid by gavage

(200 mL/mouse; once per 3 days) for 1 week prior to induction of MM via tail-vein injection of 5TGM1 cells at week 0. As our bacterial

cells were resuspended in PBS, the control mice were given PBS by gavage. After 1 week, mice were transplanted bacterial fluid by

gavage (200 mL/mouse; once per 3 days), or injected intraperitoneally with BTZ (0.75 mg/kg; once per 2 days), or treated intragastri-

cally with NH4
+ (5.35 mg/mL, 150 mL/mouse). At the endpoint of the experiment, all mice were assessed via live imaging and the

collection of serum samples, fecal samples, and cecal content for subsequent detection.

In the colonization experiment of Clostridium butyricum and triple probiotics, before C57BL/KaLwRij mice were treated with a

cocktail of broad-spectrum antibiotics in the drinking water for 2 weeks prior to induction of MM via tail-vein injection of 5TGM1 cells

at week 0. Subsequently, mice were transplanted with Kanamycin-resistant Citrobacter freundii or PBS by gavage for 2 weeks

(200 mL/mice; once per 3 days), and mice were treated with kana (400 mg/mL) in the drinking water for 1 week. Mice were then

respectively transplanted with bacterial fluid (i.e.,.Clostridium butyricum or triple probiotics) by gavage (once per 3 days), or injected

intraperitoneally with BTZ (0.75mg/kg; once per 2 days). At the endpoint of experiment, all micewere applied formeasuring the tumor

burden, including live imaging and serum IgG2b concentration, collected serum samples, fecal samples, and cecal content for sub-

sequent detection. At the endpoint of the experiment, tumor burden was assessed in all experimental mice using live imaging of tu-

mors, serum IgG2b concentrations, fecal samples, and cecal content for subsequent detection.

Ammonium transplantation experiment and sample collection
In the ammonium transplantation experiment, C57BL/KaLwRij or B-NDG mice were treated intragastrically with NH4

+ (5.35 mg/mL,

150 mL/mouse) for 1 week (once per day) prior to induction of MM via tail-vein injection of 5TGM1 or ARP1 cells.

Then, starting fromweek 1, BTZ (0.75 mg/kg) was injected intraperitoneally into the abdomen of mice (once per 2 days), with 0.9%

NaCl used to treat controls. At the endpoint of the experiment, all mice were assessed via live imaging and the collection of serum

samples, fecal samples, and cecal content for subsequent detection. The concentration of NH4
+ was detected using the Blood

Ammonia Assay Kit (#A086, Nanjing Jiancheng Biotechnology, China).

Experiment of furosemide sodium-assisted BTZ in the treatment of MM
In the experiment of furosemide sodium treatment, before induction of MM via tail-vein injection of 5TGM1 cells, mice were given

NH4
+ (5.35 mg/mL, 150 mL/mouse) intragastrically (once per day) for 1 week in advance until the end of the experiment. Simulta-

neously, starting from week 1, mice were injected intraperitoneally with BTZ (0.75 mg/kg; once per 2 days) or furosemide sodium

(10 mg/kg; once per day) into the abdomen. At the endpoint of experiment, the experimental mice were applied for tumor burden

detection, and collected serum samples, fecal samples, and cecal content for subsequent detection.

ARP1-NEK2sh experiment and sample collection
In the ARP1-NEK2sh experiment, B-NDGmice were treated intragastrically with NH4

+ (5.35 mg/mL, 150 mL/mouse) for 1 week (once

per day) prior to induction of MM via tail-vein injection of ARP1-Scr/ARP1-NEK2sh cells.

Then, starting from week 0, NH4
+ (5.35 mg/mL, 150 mL/mouse) was treated intragastrically into the abdomen of mice (once per

day), with 0.9%NaCl used to treat controls. At the endpoint of the experiment, all mice were assessed via live imaging and the collec-

tion of serum samples, cecal content and CD138+ cells for subsequent detection. The concentration of NH4
+ was detected using the

Blood Ammonia Assay Kit (#A086, Nanjing Jiancheng Biotechnology, China).

ARP1-SLC12A2sh experiment and sample collection
In the ARP1-SLC12A2sh experiment, NCGmicewere treated intragastrically with NH4

+ (5.35mg/mL, 150 mL/mouse) for 1week (once

per day) prior to induction of MM via tail-vein injection of ARP1-Scr/ARP1-SLC12A2sh cells.

Then, starting fromweek 1, BTZ (0.75 mg/kg) was injected intraperitoneally into the abdomen of mice (once per 2 days), with 0.9%

NaCl used to treat controls. At the endpoint of the experiment, all mice were assessed via live imaging and the collection of serum

samples, cecal content and CD138+ cells for subsequent detection. The concentration of NH4
+ was detected using the Blood

Ammonia Assay Kit (#A086, Nanjing Jiancheng Biotechnology, China).

Experiment of furosemide sodium-assisted BTZ in the treatment of MM-BR
In the experiment of furosemide sodium treatment, induction of MM via tail-vein injection of ARP1/ARP1-BR cells. Simultaneously,

starting from week 1, mice were injected intraperitoneally with BTZ (0.75 mg/kg; once per 2 days) or furosemide sodium (5 mg/kg;

once per day) into the abdomen. At the endpoint of experiment, the experimental mice were applied for tumor burden detection, and

collected serum samples, cecal content and CD138+ cells for subsequent detection.

Construction of deaminase-deletion Citrobacter freundii

The NCBI database lists nine genes that encode deaminases in Citrobacter freundii, including cytosine deaminase (cyd,

NZ_CP033744.1), cytidine deaminase (cdd, NZ_CP033744.1), adenosine deaminase (add, NZ_CP033744.1), dCTP deaminase
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(dad, NZ_CP033744.1), tRNA adenosine deaminase (tadA, NZ_CP033744.1), 2-iminobutanoate/2-iminopropanoate deaminase

(ridA, NZ_CP033744.1), enamine/imine deaminase (end, NZ_CP033744.1), glucosamine-6-phosphate deaminase (nagB,

NZ_CP033744.1), and bifunctional diaminohydroxyphosphoribosylaminopyrimidine deaminase/5-amino-6-(5-phosphoribosyla-

mino) uracil reductase (ribD, NZ_CP033744.1). The primers used in this study to examine the expression of these nine genes by

qPCR are listed in Table S7.

The end-deletion and add-deletion Citrobacter freundiiwere constructed by homologous recombination using the plasmid pKO3-

km as we previously reported.18 We selected strains end-5 and add-1 to examine NH4
+ production, and the end-deletionCitrobacter

freundiiwas used for subsequentmice experiments, as described in bacterial fluid colonization. Therewas no significant difference in

the growth of wild type vs. disrupted Citrobacter freundii according to the turbidity/absorbance of the fermentation broth.

Nessler’s staining of biological tissues
Nessler’s reagent staining was performed as described.62 Briefly, tissues were embedded in paraffin and sectioned into 5 mm. The

slides were then subjected to dewaxing and rehydration treatment. Slides were washed for 5min with sterile distilled water, and incu-

bated 5 min with Nessler’s reagent, then washed for 10 s, then counterstained with hematoxylin, washed with running water for 60 s,

then dehydrated briefly and mounted on slides for imaging. Nessler’s reagent is composed of 2 g potassium iodide, 3 g mercury io-

dide and 40 g potassium hydroxide in 20 mL of water.

Immunocytochemistry
The collected small intestine and tibia samples from the experimental mice were fixed with paraformaldehyde, embedded in paraffin

after dehydration and sliced for immunohistochemistry. The slides were then subjected to dewaxing, rehydration and hydrogen

peroxide treatment before incubating with anti-SLC12A2 antibody at a 1:2000 dilution overnight at 4 �C. Next, the slides were incu-

bated with HRP-conjugated secondary antibody and stained with 3,30-diaminobenzidine tetrahydrochloride hydrate (DAB) for 3 min.

Finally, cell nuclei were counterstained with hematoxylin.

Western blotting
Proteins were extracted using radio immunoprecipitation assay (RIPA) lysis buffer (#P0013B, Beyotime, China) and quantified with a

BCA Protein Quantification Kit (#E112-01, Vazyme, China). Proteins were separated by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and transferred to a 0.45 mm polyvinylidene fluoride membrane (#ISEQ00010, Millipore, USA). The

membrane was blocked using 5%BSA in Tris-buffered saline solution containing 0.1%Tween 20 (TBS-T) for 1 h at room temperature

and then probedwith specific primary antibodies overnight at 4 �C. Subsequently, themembranes were washedwith TBS-T followed

by incubation with HRP-conjugated secondary antibodies for 1 h at room temperature. GAPDHwas used as the protein loading con-

trol. Protein signals were developed with SuperSignal West FemtoMaximumSensitivity Substrate (#34094, Thermo Fisher Scientific,

USA) and imaged using a MiniChemi 610 chemiluminescence imaging system with SageCapture software version 2.17.12.170316

(Sagecreation, China).

Acetyl CoA assay
Harvest�13107 cells, and suspend the cell pellet in 1000mLof the assaybuffer on ice.Homogenize usingaDouncehomogenizer on ice

for 10–50 passes until efficient lysis is confirmed by viewing the cells under a microscope. Spin homogenate at 10,0003 g for 10min at

4 �C. Collect the supernatant on ice. Perform deproteinization in ice-cold perchloric acid (PCA) 4M to a final concentration of 1 M in

the homogenate solution and vortex briefly to mix well. After 5 min, add ice-cold 2 M KOH, after neutralization, centrifuge samples at

13,0003g for 15min at 4 �C in a cold centrifuge and transfer supernatant to a fresh tube. The samples are now ready to use in the assay.

Soft agar clonogenicity assay
Wemixed 3.5% low melting point agarose (#16520050, Thermo Fisher Scientific) and media in a 1:4 ratio to prepare the bottom soft

agar and then quickly added it into 12-well plates (1 mL soft agar/well). After the bottom soft agar solidified, the upper soft agar was

prepared through mixing 1.66% low melting point agarose and media containing MM cells at a 1:4 ratio. Upper soft agar was added

onto the surface of bottom soft agar (0.5 mL soft agar/well), and the cell densities were as follows: ARP1, 1,000 cells/well in normal

media; H929, 2,000 cells/well in normal media. Cells were fed with media supplemented with or without drugs twice every week. One

colony was defined if more than 50 cells were observed. Plates were imaged under inverted microscope, and colonies were enumer-

ated using ImageJ software. Each sample was repeated three times.

Vectors, transfections, and transductions
Short hairpin RNA (shRNA) sequences targeting human SLC12A2 were obtained from the RNAi Consortium collection (MISSION

shRNA; Sigma-Aldrich). shRNA sequences were annealed and ligated into a pLKO-Tet-on lentiviral vector. Lentiviruses were pack-

aged in HEK293T cells using pMD2G and psPAX2 helper vectors and polybrene (3 mg/mL)-mediated transduction (#H9268-5G,

Sigma-Aldrich). Transient transfection was performed using Lipofectamine 3000 reagent (#L3000015, Thermo Fisher Scientific) ac-

cording to the manufacturer’s instructions. MM cells transduced with recombinant lentivirus were selected with 1–2 mg/mL puromy-

cin (#A1113803, Thermo Fisher Scientific). shRNA sequences were obtained from Tsingke Biotechnology. All shRNA sequences are

listed in Table S7.
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NEK2 point mutation fragments were ligated into a PCDH-GFP lentiviral vector. Lentiviruses were packaged as mentioned earlier.

pCDNA3.1-HA-PCAF, pCDNA3.1-HA-p300, pCDNA3.1-HA-CBP, pCDNA3.1-HA-GCN5, pCDNA3.1-HA-Tip60, pCDNA3.1-FLAG-

HDAC1, pCDNA3.1-FLAG-HDAC2, pCDNA3.1-FLAG-HDAC3, pCDNA3.1-FLAG-HDAC6 and pCDNA3.1-FLAG-HDAC10 were gifts

from Prof. Tiebang Kang (Sun Yat-sen University).

Ammonia tracing
As described in a previous publication,63 we washed ARP1 cells were twice with PBS. Then, cells (13 107) were seeded in a 10 cm

dish in RPMI 1640 media (Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Biological Industries, Israel) and 0.5 mM
15N-NH4Cl (Sigma-Aldrich). Cells were collected at 3, 6, and 12 h. Cell pellets were washed three times with cold PBS, and the

dry pellets were stored at �80 �C for subsequent analysis.

After correcting for the natural isotope, samples were analyzed using ultra-performance liquid chromatography triple-quadrupole

mass spectrometry (UPLC-TQ-MS) (Waters Corp, UK) following our previously published procedure.64 Metabolites were separated

through a 2.1 3 100 mm 1.7 mm Acquity amide and an Acquity HSS C18 column (Waters Corp) equipped with an ACQUITY UPLC

VanGuard Pre-Column (Waters Corp). A 5 mL aliquot of the sample was injected into the column, which wasmaintained at 40 �C. The
flow rate remained constant at 0.4 mL/min. The raw UPLC-MS data were analyzed using TargetLynx Application Manager software

version 4.1 (Waters Corp). Quantification of each metabolite was performed by using linear regression analysis of the peak area of

metabolite versus concentration.

The measurements of mass distribution vector (MDV) of 15N-labeled metabolites, which describes the fractional abundance of

each isotopologue normalized to the sum of all possible isotopologues, were performed in all detected metabolites. Before calcu-

lation of the MDVs of metabolites, the correction of naturally occurring isotopes was also performed based on the previous

publication.64

RNAseq and quantitative analysis
ARP1 cells were in vitro cultured with and without NH4

+ for 12h, and then we harvested 13 106 cells for paired-end RNAseq on the

Illumina platform. Trimmomatic (version 0.36) was used to remove low-quality reads and adapter sequences. Then, the obtained

high-quality reads were aligned and quantified analysis by using Salmon (version 1.10.1) and R package tximport (version 1.20.0).

Flow cytometry
Apoptotic cells were labeled with Alexa Fluor 647-conjugated Annexin V (#40304ES60, YEASEN, China). Dead cells were labeled by

PI/7AAD (YEASEN). Cell staining was performed according to the manufacturer’s protocol. Labeled cells were then measured by

CytoFLEX (Beckman Instruments, CA, USA). The percentages of apoptotic cells were calculated using FlowJo software

version 10.6.2.

Immunoprecipitation
TheHEK293T, ARP1 andH929 cell lines were used for NEK2 ubiquitylation/acetylation analysis. All procedures followed the standard

protocol previously reported. Briefly, cells were lysed in lysis buffer for 40 min on ice and quantified by using a BCA Protein Quan-

tification Kit. The lysates were incubated overnight at 4 �C on a rotator with 4 mg of mouse polyclonal anti-NEK2 (Santa Cruz Biotech-

nology, CA, USA) or rabbit monoclonal anti-acetylation (Cell Signaling Technology, USA). 50 mL of protein A/G beads (#L-1004A, Bio-

linkedin, Shanghai, China) were transferred to the protein-antibody complexes, and immunoprecipitates were collected after 2 h

incubation. Finally, the immunoprecipitates were re-suspended in lithium dodecyl sulfate (LDS, #B0007, Thermo Fisher Scientific,

USA) sample buffer and heated for 5 min at 100 �C for analysis by LDS polyacrylamide gel-electrophoresis, loading equal concen-

trations of protein from the original lysate, and western blotting with monoclonal antibodies against ubiquitylation, FLAG tag and

acetylation (Cell Signaling Technology, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Metagenomic bacteria were analyzed statistically on the R platform. Here, core microbes (i.e., genus, species) were defined as gut

microbes that exhibited a read-count percentage (relative abundance) greater than 0.01% and were detected in at least 90% of sub-

jects in group. Based on the read-count matrix of those core microbes, we performed differential analysis by using R package DE-

Seq2 version 1.26.0, and significant differences were defined based on an absolute value >1 for the log2 fold change and an adjusted

p value <0.05.

In addition, those differential species were respectively applied to build classification model by R package randomForest version

4.7–1.1, in which 80% of those samples were used as the training set and 20% as the test set. The receiver operating characteristic

curves (ROC) were visualized by R package pROC version 1.18.0.

All experimental data were statistically analyzed and visualized via Graphpad Prism version 9, and the significance between two

groups was determined by two-tailed t-test.
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