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A B S T R A C T

Despite the efficacy of bortezomib (BTZ)-based chemotherapy in treating multiple myeloma (MM) patients, 
chemoresistance occurs frequently over time, particularly in individuals exhibiting an initial positive response to 
BTZ therapy. In this study, we established BTZ-resistant MM cells and identified that suppressed expression of the 
hepatoma-derived growth factor (HDGF)-related protein-2 (HRP2) was a key determinant of chemoresistance in 
MM cells. Manipulating HRP2 expression remodeled the chemosensitivity of MM cells in vitro and in vivo. 
Clinically, lower expression of HRP2 predicted a shorter survival rate in MM patients receiving BTZ-based 
regimens. Mechanistically, HRP2 depletion resulted in elevated acetylation modifications of histone 3 at 
lysine 27 (H3K27Ac), and enhanced chromatin accessibility as well as transcriptional elongation of mitochon
drial calcium uptake 1(MICU1) gene, thus promoting the expression of MICU1 gene and alleviating calcium 
(Ca2+) overload and excessive reactive oxygen species (ROS) induced mitochondria damage and apoptosis in MM 
cells. Thereby, MICU1 suppression improved BTZ sensitivity in vitro and relieved tumor burden in a mouse 
model of MM. Similarly, elevated MICU1 expression was observed in the B220+CD19+ B cells from HRP2- 
knockout mice and significantly correlated with poor prognosis in the clinic. Thus, our study elucidates the 
previously unrecognized epigenetic role of HRP2 in regulating calcium homeostasis of MM cells, providing new 
theoretical insights into the mechanisms underlying the development of drug resistance in multiple myeloma.

Introduction

Multiple myeloma (MM) is the second most common hematologic 
malignancy, distinguished by uncontrolled proliferation of terminally 
differentiated plasma cells and extensive infiltration of monoclonal 
immunoglobulin protein (M protein) in the bone marrow [1,2]. Despite 
the significant advancements in improving the response rates of MM 
patients through the introduction of novel agents like proteasome 

inhibitors, immunomodulatory drugs, monoclonal antibodies, and CAR 
T cell therapies [3,4], MM remains an elusive adversary with no defin
itive cure. Despite progress, a significant proportion of patients inevi
tably experience relapse, thereby limiting the options for new treatment 
approaches [5,6]. Therefore, it is critical to elucidate the mechanisms of 
drug resistance to develop novel strategies for better outcomes.

HRP2 belongs to the HDGF-related protein family [7], sharing a 
common characteristic of binding to DNA through the HATH/PWWP 
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domain located at the N-terminus [8]. Recent research has implicated 
HRP2 in the progression of cancer [9,10]. In patients with t(4;14) 
multiple myeloma (MM), overexpression of NSD2 leads to high levels of 
H 3K36 dimethylation (H 3K36me2) [11]. HRP2 functions as reader of 
histone H 3K36 methylation [12], and the HRP2-MINA complex medi
ates chromatin modifications and transcriptome alterations in MM, 
indicating that HRP2 may play a pivotal role in regulating chemo
sensitivity and apoptosis in this context [13]. However, the mechanism 
by which HRP2 regulates downstream signaling pathways in MM re
mains unclear.

MICU1 serves as a crucial and essential regulator of mitochondrial 
Ca2+ uptake [14], functioning as a component of the mitochondrial Ca2+

uniporter channel complex (mtCU). This complex comprises of the 
mitochondrial calcium uniporter protein (MCU), the MCU 
dominant-negative β-subunit (MCUb) and essential MCU regulator 
(EMRE), namely MICU1 and MICU2. These entities collaboratively 
prevent the occurrence of mitochondrial Ca2+ overload [15,16]. The 
mitochondrial membrane potential (MMP) facilitates Ca2+ transport 
through the MCU, with MICU1 orchestrating the regulation of MCU to 
impart Ca2+ sensitivity [17,18]. In the absence of this regulatory com
plex, an influx of Ca2+ into mitochondria occurs, leading to excessive 
mitochondrial Ca2+ overload and subsequent mitochondria damage. 
This overload results in an increased production of reactive oxygen 
species (ROS) generation and heightened sensitivity to apoptotic stress 
[15,19]. Recent findings have indicated high MICU1 expression in 
chemo-resistant high grade serous ovarian cancer (HGSOC) tissues 
where MICU1 overexpression correlates with poor overall survival (OS) 
in ovarian cancer patients [20]. However, the specific role of MICU1 in 
provoking chemoresistance in MM cells induced by proteasome inhibi
tor remains unclear. Elucidating these intricacies will contribute to a 
deeper understanding of the molecular pathways involved in mito
chondrial function and drug response in MM.

Material and methods

Cell culture

MM cell lines MM.1S and LP-1 were purchased from the National 
Infrastructure of Cell Line Resource (Beijing, China). Authentications 
were conducted using short tandem repeat (STR) analysis (Biowing 
Biotech) and mycoplasma-free were assured using Universal Myco
plasma Detection Kit (ATCC). Culture of MM cells and the tool HEK293T 
cells have been detailed in our previous study [21]. To develop 
BTZ-resistant MM cells, parental drug-naive cells were subjected to a 
gradual escalation of BTZ exposure, starting at 0.5 nM and doubling 
every monthly for 6 months. The acquisition of BTZ-resistant phenotype 
was monitored and validated by assessing the IC50 of BTZ using the MTS 
assay.

Transfection, virus package and infection

Transient transfections were performed on HEK293T cells using 
polyethyleneimine (PEI) (Polysciences) in the OPTI-MEM medium (Life 
Technologies) with a DNA: PEI ratio ranging from 1:4 to 1:6. Viral 
particles were produced by transfecting HEK293T cells in a 10 cm dish 
with 4 μg pMD2.G and 6 μg psPAX2 packaging plasmids (Addgene), 
together with 8 μg lentiviral expressing vectors encoding target genes, 
including pITA-HRP2, pITA-MICU1, pLKO.1 vector encoding shRNAs 
targeting HRP2 and MICU1 genes. The supernatant carrying the viral 
particles was harvested at 36 h and 60 h after transfection and 
concentrated to 100 × volume by Poly (ethylene glycol) 8000 (Sigma- 
Aldrich).

For viral infection, 1 × 106 MM cells were seeded in 1 ml fresh 
complete media for 6 h, after which 50 μl of viral concentration and 8 
μg/ml polybrene were added, and cells were spun at 1800 rpm for 45 
min at 20◦C. 12 h after infection, the medium was replaced, and cells 

were cultured for an additional 48 h for subsequent utilization.

RNA-sequencing

Cells were treated total RNA was extracted from two biological 
replicates. RNA quality was assessed using a 2100 Expert Bioanalyzer 
(Agilent) and then sent for library preparation and sequencing using the 
Illumina Hiseq2000 platform of Majorbio Biotech (Shanghai, China). 
The data were analyzed on the free online Majorbio I-Sanger Cloud 
Platform UENCING.

Real-time PCR

Detailed procedures for real-time PCR can be found in our previously 
published report [21]. The primer sequences used in qPCR were listed as 
follows. HRP2 (Forward: CGTGAAGAGGTGCCTGAATG; Reverse: 
ACTTCTGCTGCCTTCTCCAT); MICU1 (Forward: GAGGCAGCTCAA
GAAGCACT; Reverse: CAAACACCACATCACACACG); GAPDH (Forward: 
AATGGGCAGCCGTTAGGAAA; Reverse: GCCCAATACGACCAAATCA
GAG). The relative expression levels of target mRNA in samples were 
determined by normalization to the control housekeeping gene GAPDH 
using the 2− ΔΔCt method.

Western blotting

Cell lysis was carried out by using RIPA buffer supplemented with 
protease inhibitors (Roche), and nuclear and cytoplasmic protein 
extraction was performed with NE-PER Nuclear and Cytoplasmic 
Extraction Kit (Thermo Fisher Scientific). 100 μg of total lysate was 
loaded onto the SDS-PAGE gel, and the protein were transferred onto the 
nitrocellulose membranes (Pall Corporation, Washington, NY, USA). 
After membrane blocking, the membranes were incubated with the 
indicated antibody at 4◦C overnight. Then the membrane was washed 
and incubated with horseradish peroxidase-conjugated secondary anti
bodies and finally visualized using an enhanced chemiluminescence 
system (Millipore). The antibodies used in the present study included 
HRP2 (Proteintech), MICU1 (Cell Signaling Technology) and β-actin 
(Abclonal).

Flow cytometry for apoptosis

Apoptotic cells were measured using an Annexin V-FITC Apoptosis 
Detection Kit (Sigma-Aldrich) following to the previous protocol [22]. A 
total of 1 × 105 cells were stained with 5 μl Annexin V-FITC and 1 μl of 
propidium iodide and then analyzed by a FACS Calibur instrument. The 
data of flow cytometry were analyzed using FlowJo v10.

Calcium measurement

Mitochondrial Ca2+ measurements were carried out using Rhod-2 
AM(Invitrogen). To label mitochondria, cells were treated with Mito
Tracker® Green (Cell Signaling Technology). Briefly, MM cells were 
transfected as described earlier. 48 h after transfection, live MM cells 
were incubated with MitoTracker® Green and Rhod-2 AM at 37◦C for 30 
min. Following three washes with 1 × PBS, imaging was performed 
using a fluorescence microscope (model IX71; Olympus).

Measurement of mitochondrial ROS levels

To quantify superoxide generation in the MM cells, FACS analysis 
was conducted utilizing MitoSOX (Invitrogen). As a positive control, 1 
mM respiratory inhibitor rotenone was used, known to elevate super
oxide levels by inhibiting respiratory complex I [23]. Briefly, MM cells 
were treated with 5 μM MitoSOX™ reagent working solution and 
incubated cells for 10 min at 37◦C, while protected from light. After 
three washes with 1 × PBS, the cells were analyzed on a BD FACS flow 
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cytometer.

Mice and ethic approvals

The NOD-scid IL2Rgammanull (NSG) mice and HRP2-KO mice were 
obtained from Cyagen Bioscience (Suzhou). Mice age 6-8 week were 
used in this study after matching gender, and the usage of mice in these 
studies was approved by the Tianjin Medical University Committee of 
Animal Research and Ethics, and all protocols followed the Guidelines 
for Ethical Conduct in the Care and Use of Nonhuman Animals in 
Research.

ChIP-qPCR and reanalysis of ATAC-seq assay

A detailed protocol for the ChIP assay has been stated in our previous 
studies [24]. For ChIP-qPCR assay, chromatin immunoprecipitation was 
elicited by antibodies against H 3K36Ac, or p-RNA pol II CTD (Ser2, 
Ser5, Ser7), and the pulldown chromatins were detected by real-time 
PCR with primers specific for the promoter regions of MICU1 gene.

For a detailed protocol for the ATAC-seq please refer to our previous 
publication [25]. Re-analysis of the ATAC-seq data for the chromatin 
accessibility of MICU1 gene was done by the Integrative Genomics 
Viewer (Broad Institute, UC San Diego).

Mouse models of MM

4-6 weeks old female NSG mice were used to establish the xenograft 

and intra-bone models of MM as previously reported (n = 12) [26]. After 
3 weeks when tumor sizes reached palpable dimensions of ~5 mm 
diameter, BTZ (0.5 mg/kg) was administrated intraperitoneally three 
times per week. MicroCT imaging of mouse femurs was performed using 
a Skyscan 1172 microtomograph (BrukermicroCT). After segmentation, 
the 3D models were constructed from the stack of 2D images using a 
surface-rendering program (Ant, release 2.0.5, Skyscan). 3D measure
ments were obtained with the CtAn software (release 2.5, Skyscan). 
Trabecular bone analysis was specifically performed on the femur body. 
With the calculation of the following 3D parameters: trabecular volume 
(BV/TV, in %), trabecular thickness (Tb. Th, in μm), trabecular sepa
ration (Tb. Sp. in μm) and trabecular number (Tb. N, in 1/mm).

Statistical analysis

Data were shown as mean ± SD form at least three independent 
experiments. Differences between groups were determined using paired 
two-sided Student’s t-test or two-way ANOVA. Pearson correlation test 
was used to determine the correlations between gene expressions. Sur
vival analysis and a log-rank test were conducted via GraphPad Prism 
5.0. A P value <0.05 was considered statistically significant when 
compared to the controls, respectively.

Fig. 1. HRP2 is associated with bortezomib treatment sensitivity in MM. 
(A) Diagram of induction of BTZ resistance in human MM cell lines. Cells were exposed to increasing concentrations of BTZ for three months. (B) Alteration of IC50 to 
BTZ treatment in the wild type (WT) and BTZ-resistant (BR) LP-1 and MM.1 s cells. (C) Comparison of the IC50 values between WT and BR cells (n = 3). (D) Flow 
cytometry analysis depicting apoptosis of WT and BR cells after BTZ treatment. (n = 6) (E) Volcano plot of differentially expressed genes analyzed from RNA- 
sequencing in MM.1S BR and WT cells. Blue represents downregulated genes; red represents upregulated genes; and gray indicates statistically non-significance 
genes. (F) HRP2 mRNA levels and (G) corresponding protein expression in BR LP-1 and MM.1 s cells in comparison to WT controls. (H) HPR2 levels in patients 
with newly diagnosed multiple myeloma (NDMM) and relapsed or refractory multiple myeloma (RRMM) (n = 12). (I) Changes in HPR2 levels in the same patients 
during MM progression (n = 10). P values were determined by Pearson Coefficient and Log-ranks test. Two-sided P values were determined by Student’s t-test. Data 
are presented as mean ± SD. (J) Immunofluorescence analysis for HRP2 (red) in NDMM and BTZ-regimen £ 6 cycle RRMM patient. Nuclei were stained with DAPI 
(blue). Scale bar: 10 μm. (K) Immunohistochemical images of bone marrow biopsies from NDMM or RRMM MM patients. Scale bar: 100 μm.
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Result

HRP2 is downregulated in the BTZ-resistant MM cells

To investigate the characteristics of BTZ-induced resistance in MM, 
we established BTZ-resistant (BR) LP-1 and MM.1S cells that can survive 
treatment with 10 nM BTZ (Fig. 1A). After induction, we observed a 
significant increase in the IC50 for BTZ (Fig. 1B, 1C), accompanied by a 
markedly reduced apoptosis rate of the BR-MM cells (Fig. 1D). To 
identify differentially expressed genes (DEGs) associated with BTZ- 
resistance, we utilized bulk RNA-sequencing analysis to screen DEGs 
of MM.1S BR-cells. The analysis revealed that 885 genes were upregu
lated, while 989 genes were downregulated in the BR cells compared to 
the WT cells. Among these genes, HRP2 prominently emerged as one of 
the top downregulated genes (Fig. 1E). Subsequentially, we evaluated 
the expression of HRP2 in the BR and WT MM cells, observing reduced 
levels of both protein and mRNA in the BR cells (Fig. 1F, 1G). Clinically, 
we examined HRP2 levels in newly diagnosed MM (NDMM) patients and 
those with relapsed or refractory MM (RRMM) after 6 cycles of treat
ment with BTZ-based regimens. HRP2 levels were observed to signifi
cantly decrease during disease progression compared to the levels at the 
time of initial diagnosis (Fig. 1H). Furthermore, when comparing the 
bone marrow samples of 10 MM patients, we observed a significant 
decrease in HRP2 expression at mRNA and protein levels (Fig. 1I-1K). 
These results indicate that low HRP2 expression is associated with BTZ 
resistance in MM cells and correlates with poor outcomes in the clinic.

Overexpression of HRP2 enhances sensitivity to BTZ treatment in vitro and 
in vivo

Given the association between HRP2 expression and MM chemo
resistance, we investigated whether modulation of HRP2 expression 
affects MM drug resistance. We suppressed HRP2 expression using short- 
hairpin RNA (shRNA) in LP-1 and MM.1S MM cells (Fig. 2A). As a result, 
the reduction in HRP2 expression significantly increased the IC50 values 
for BTZ (Fig. 2B, 2C), and meaningfully reduced the apoptosis ratio of 
MM cells treated with BTZ in both LP-1 and MM.1S cells (Fig. 2D). On 
the contrary, ectopic expression of HRP2 either in wild type or in the BR 
LP-1 and MM.1 s cells (Fig. 2E, S 1A), both remarkably augmented the 
IC50 value (Fig. 2F, 2G, S 1B-1C) while also significantly impaired the 
anti-apoptotic capacity of BTZ (Fig. 2H, S1D).

To further evaluate the effects of HRP2 on MM tumor growth and 
BTZ sensitivity in vivo, we established HRP2-OE and the control MM- 
derived xenograft mouse and intra-bone models of MM [13]. We 
observed that mice bearing HRP2-OE MM cells had a considerably 
reduced tumor growth and improved survival rate than the vector 
controls (Fig. 2I, 2J). Additionally, mice with intra-bone bearing 
HRP2-OE MM cells exhibited a marked reduction in bone lesion, indi
cated by femoral trabecular microstructure (Fig. 2K, 2L), as well as 
quantification of bone volume density (BV/TV), trabecular numbers (Tb. 
N), trabecular thickness (Tb. Th), and trabecular separation (Tb. Sp) 
(Fig. S 2A-2D). These data collectively demonstrate that HRP2 is a key 
regulator of sensitivity to BTZ in MM cells.

Fig. 2. Overexpressing HRP2 enhances sensitivity to BTZ treatment in vitro and in vivo. 
(A) Western blotting shows the knockdown effects in LP-1 and MM.1 s cells infected with lentivirus carrying shRNA targeting HRP2 gene compared to the non-target 
control (NC). (B) Alteration in the IC50 for BTZ treatment in the NC and HRP2 knockdown (HRP2-KD) cells and (C) Comparison of the IC50 values in NC and HRP2-KD 
cells (n = 3). (D) Frequency of apoptosis cells after BTZ treatment. (E) Western blot shows the ectopic expression of HRP2 in LP-1 and MM.1 s cells infected with 
lentivirus carrying the HRP2-overexpression plasmids (HRP2-OE) compared to the vector control (Vec). (F) Alteration in the IC50 for BTZ treatment in the Vec and 
HRP2-OE cells and (G) comparison of the IC50 values in Vec and HRP2-OE cells. (n = 3). (H) Frequency of apoptosis cells after BTZ treatment. Two-sided P-values 
were determined by two-way ANOVA test, and data are presented as mean ± SD. (I) Growth curve of BTZ treated bearing tumors in mice, derived from MM.1S Vec 
and HRP2-OE cells (n = 6). (J) Kaplan-Meier curves showing the survival of mice with BTZ-treated bearing tumors, derived from MM.1S Vec and HRP2-OE cells (n =
12). Two-sided P-values were analyzed using log-rank test; data are presented as mean ± SD. (K) Representative microCT reconstructions of mouse femurs bearing 
tumors derived from MM.1S Vec and HRP2-OE cells and treated with BTZ (n = 6). (L) 3D reconstructions of bone trabecula in metaphyseal regions (n = 6). Two-sided 
P-values were determined by two-way ANOVA test, and data are presented as mean ± SD.
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HRP2 negatively regulates MICU1 expression

Based on the above corroboratory evidence, we evaluated the impact 
of HRP2 depletion on transcriptome. In the bulk RNA-seq analysis of the 
HRP2-KD cells, we observed expression of MICU1 was remarkably 
elevated among 186 upregulated genes (Fig. 3A, 3B), and the gene set 
enrichment analysis identified that the up-regulated genes were asso
ciated with enrichment of mitochondrial function-related pathway 
(Fig. 3C). Our result also confirmed that mRNA level of MICU1 was 
upregulated with HRP2 suppression (Fig. 3D), but not other members of 
the MCU complex (Fig. S 3A, 3B), suggesting a transcriptional regula
tion on MICU1. Thus, we explored the mechanism by which HRP2 
regulates MICU1 expression in MM cells. We examined the most com
mon histone modification marks in LP-1 and MM.1S cells, and found that 
acetylation at lysine 27 on histone 3 (H3K27ac) was substantially 
increased upon HRP2 depletion (Fig. 3E). To clarify whether H3K27ac 
abundance negatively correlates with MICU1 transcription, we per
formed ChIP-seq in LP-1 cells, and found a considerable augmentation of 
H3K27ac enrichment upon HRP2 depletion on MICU1 promoter 
(Fig. 3F), consequently led to a marked elevation of phosphorylation at 
serine 5 at RNA Pol II around TSS of MICU1 gene (Fig. 3G), which is 
reported as a marker of initiation during transcription cycle [27]. 
Notably, HRP2 depletion also resulted in the ampliative chromatin 
accessibility around MICU1 promoters (Fig. 3H), which is similar to 
what was observed in CD138+ plasma cells from a RRMM patient after 
receiving 6 cycles of BTZ-based regimen (Fig. 3I).

To confirm the regulation of HRP2 on MICU1 in vivo, we constructed 

a genetically HRP2 knockout mice. As expected, when HRP2 was 
genetically depleted (Fig. 3J), we observed remarkable elevated MICU1 
protein and universal augmented H3K27ac levels in the CD220+CD19+

B cells from HRP2-KO mice (Fig. 3K), along with enrichment of 
H3K27ac and RNA Pol II p-Ser 5 around TSS of MICU1 gene (Fig. 3L, 
3M). Collectively, these findings indicate that HRP2 negatively regulates 
both H3K27ac modification and the transcription of MICU1 genes in MM 
cells.

MICU1 maintains mitochondrial Ca2+ homeostasis to trigger 
chemoresistance in MM cells

Continuing our investigation into whether MICU1 mediates chemo
resistance in MM cells. When MICU1 expression was decimated in LP-1 
and MM.1S MM cells (Fig. 4A), the IC50 values for BTZ was noticeably 
inhibited (Fig. 4B, 4C), and the apoptotic percentage of MM cells were 
all meaningfully augmented (Fig. 4D). We evaluated the expression of 
MICU1 in the BR MM cells, and we found both protein and mRNA levels 
were elevated compared to the WT MM cells (Fig. 4E, 4F). Further, when 
MICU1 expression was decimated in the BR-MM cells (shRNA#2) 
(Fig. 4G), the sensitivity to BTZ treatment was substantially rescued, as 
evidenced by notably repressed IC50 value and augmented apoptosis 
ratios (Fig. 4H-J). Importantly, MICU1 expression was markedly higher 
in the RRMM patients than NDMM patients (Fig. 4K), and the expression 
was negatively correlated with HRP2 level in CD138+ plasma cells iso
lated from RRMM patients (Fig. 4L). Additionally, higher MICU1 
expression predicted a poorer overall survival rate in an independent 

Fig. 3. HRP2 negatively regulates expression of MICU1. 
(A) Volcano plot of differentially expressed genes analyzed from RNA-sequencing in HRP2-KD and non-target control (NC) MM.1S cells. Blue denotes downregulated 
genes; red indicates upregulated genes; and gray represents statistically non-significance genes. (B) The gene set enrichment analysis (GSEA) showing up- and down- 
regulated genes by RNA-sequencing. (C) Heat map depicting significantly upregulated genes in HRP2-KD MM cells (D) MICU1 mRNA expression in HRP2-OE MM 
cells compared with the vector control (n = 3) (E) MICU1 and H3K27Ac protein expression in HRP2-OE MM cells compared with the vector control. (F) ChIP-qPCR of 
H3K27Ac at the MICU1 gene loci in NC and HRP2-KD MM cells (n = 3). (G) ChIP-qPCR profile for MICU1 genes enriched by RNA Pol II p-Ser5 in NC and HRP2-KD 
MM cells (n = 3). (H) Gene tracks showing representative ATAC-Seq profiles at MICU1 gene loci in NC and HRP2-KD MM cells, and (I) CD138+ cells from NDMM and 
RRMM patients. (J) The MICU1 and HRP2 protein levels in WT and HRP2-KO mice B cells. (K) The H3K27Ac levels in WT and HRP2-KO mice B cells. (F) ChIP-qPCR 
of H3K27Ac at the MICU1 gene loci in WT and HRP2-KO mice B cells (n = 3). (G) ChIP-qPCR profile for MICU1 genes enriched by RNA Pol II p-Ser5 in WT and HRP2- 
KO mice B cells. Two-sided P value was determined by Student’s t-test. data are presented as mean ± SD.
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MM cohort (Fig. 4M). These findings suggest that aberrant expression of 
MICU1 is closely correlated with the adverse prognosis of MM.

Loss of MICU1 exacerbates Ca2+ overload and induces stress in 
mitochondria

Mitochondrial Ca2+ uptake, an essential role in aerobic metabolism, 
is primarily regulated by MICU1 via the calcium uniporter, ensuring 
calcium homeostasis in mitochondria. Recent studies have shown that 
loss of MICU1 leads to oxidative stress [19,28,29]. To investigate the 
MICU1’s contribution to MM cell responses to BTZ by modulating 
mitochondrial Ca2+mitochondria, we utilized MitoTracker and Rhod-2 
AM probes targeting mitochondria and mitochondrial [Ca2+]m in MM 
cells. The basal [Ca2+]m was elevated over 2-fold in the MICU1-KD cells 
as compared to the NC cells (Fig. 5A, 5B). To complement the findings of 
Rhod-2 AM indication, we treated the MICU1-KD and parental MM cells 
with Rhod-2 AM and BTZ in sequence. The results corroborated that 
MICU1-KD MM cells exhibited an increase in mitochondrial Ca2+ uptake 
after BTZ treatment (Fig. 5C). Given that enhanced Ca2+ load resulted in 
mitochondrial oxidative stress [30], we measured superoxide levels 
using MitoSOX, and the analysis showed a notable increase in the 
MitoSOX fluorescence intensity in the MICU1-KD MM cells compared to 
the control (Fig. 5D, Blue represents rotenone, an inhibitor for mito
chondrial electron transport chain complex I,serving as a positive con
trol). The quantification of the FACS revealed a >7-fold increase 
MICU1-KD MM cells (Fig. 5E), suggesting a rise in the levels of mito
chondrial superoxide. Under the condition that mitochondrial ROS was 
eradicated by MitoTempo, BTZ treatment failed to induce a significant 
augmentation in apoptosis rate of MICU1-KD MM cells (Fig. 5F). 

Intriguingly, when HRP2 was forcedly overexpressed, mitochondrial 
Ca2+ uptake was markedly expanded due to BTZ treatment (Fig. 5G), 
HRP2-OE cells exhibited higher mitochondrial superoxide levels 
compared to Vec MM cells (Fig. 5H). In the HRP2 highly expressed MM 
cells, treatment with BTZ led to radical ROS production (Fig. 5I, 5J). To 
assure that the ROS production was triggered by HRP2-MICU1 axis, we 
suppressed HRP2 expression in the MICU1-KD MM.1S cells, which 
resulted in the rescue of MICU1 expression (Fig. 5K), and observed that 
treatment of BTZ failed to irritate Ca2+ and superoxide load in mito
chondria (Fig. 5L, 5M), and ROS production under stimulation of BTZ 
less prominent (Fig. 5N, 5O). These data collectively suggest that MICU1 
attributes to the mitochondrial homeostasis of [Ca2+]m in MM cells, 
especially under the pressure of BTZ treatment.

Targeting MICU1 sensitizes MM cells to BTZ treatment in vivo

Our findings have indicated a critical role of HRP2-MICU1 axis in 
modulating Ca2+ homeostasis and chemoresistance of MM cells. To 
elucidate the significance of targeting the HRP2-MICU1 axis in over
coming BTZ-resistance in MM, we stablished two mouse models of MM 
by subcutaneously or intra-femur injecting MICU1-KD and control MM 
cells into NSG mice, respectively (Fig. 6A). After three weeks, mice were 
treated with intraperitoneal injections of 0.5 mg/kg BTZ once the 
established tumor volume reached approximately 500mm3. Notably, the 
tumor growth was significantly suppressed in mice bearing MICU1-KD 
MM cells group compared to the control group (Fig. 6B). Moreover, 
mice bearing MICU1-KD MM cells had significantly improved overall 
survival rate (Fig. 6C). Similarly, MICU1-KD MM cells growing in the 
bone marrow microenvironment of mice exhibited an obvious 

Fig. 4. MICU1 plays critical role in regulating chemosensitivity to BTZ in MM cells. 
(A) Western blotting shows the knockdown effects in LP-1 and MM.1 s cells infected with lentivirus carrying shRNA targeting MICU1 gene compared to the non-target 
control (NC). (B) Alteration of IC50 to BTZ treatment in the NC and MICU1 knockdown (MICU1-KD) cells and (C) comparison of the IC50 values in NC and MICU1-KD 
cells (n = 3). (D) Frequency of apoptosis cells after BTZ treatment. (E) MICU1 mRNA and (F) protein expression in BR and WT MM cells (n = 3). (G) Representative 
Western blotting (n = 3) shows the knockdown effects in LP-1 and MM.1 s BR cells infected with lentivirus carrying shRNAs targeting two different coding sequencing 
of MICU1 gene (shRNA1, 2) compared to the NC. (H) Alteration of IC50 to BTZ treatment in the NC and MICU1-KD BR MM cells and (I) comparison of the IC50 values 
in NC and MICU1-KD BR MM cells (n = 3). (J) Frequency of apoptosis cells after BTZ treatment in NC and MICU1-KD BR MM cells. (K) MICU1 level in patients with 
newly diagnosed multiple myeloma (NDMM) and relapsed or refractory multiple myeloma (RRMM) (n = 12). (L) Immunofluorescence analysis for HRP2 (red) and 
MICU1 (green) in MM patients. Nuclei were stained with DAPI (blue). Scale bar: 5 μm. (M) Correlation of MICU1 mRNA expression with Overall Survival (OS) in MM 
patients. Two-sided P value was determined by Student’s t-test. data are presented as mean ± SD.
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sensitivity to BTZ treatment, as evidence by significant reduction of 
tumor burden (Fig. 6D), and alleviated bone lesion causing by MM 
growth, by measuring the bone volume density (BV/TV), trabecular 
numbers (Tb. N), trabecular thickness (Tb. Th), and trabecular separa
tion (Tb. Sp) of the metaphyseal regions (Fig. 6E-6G). These results 
provide clear evidence that targeting MICU1 in MM may be a viable 
strategy for overcoming BTZ- resistance of MM cells.

Discussion

Despite extensive researches on chemoresistance into chemo
resistance mechanisms associated with PI-based treatments, the funda
mental basis is still obscure. In the present study, we disclose an 
important epigenetic machinery of HRP2 in regulating MICU1 and 
maintaining mitochondrial Ca2+ homeostasis, thereby altering chemo
sensitivity of MM cells.

While there is accumulating evidence establishing a clear association 
between epigenetic modification and myeloma progression [31–33], the 
specific effects and mechanisms of HRP2 in the MM drug resistance 
remain unclear. Through screening differentially expressed genes in our 
established BTZ-resistant MM cells, we observed a significant down
regulation of HRP2. Unlike its roles in solid tumor [7], our study 

demonstrated that HRP2 acts more like a tumor suppressor for MM 
progression. In this context, we identified a novel role for HRP2 in 
regulating chemoresistance of MM through modulating 
MICU1-mediated Ca2+ homeostasis in mitochondria. Relevant evidence 
demonstrates that the Ca2+ uniporter-channel complex mediates entry 
of Ca2+ into mitochondria [34]. Silencing of MICU1 causes mitochon
drial Ca2+ overload [35], we hypothesize that HRP2 may affect mito
chondria stress by negatively regulating MICU1 gene expression, 
thereby inducing apoptosis in MM cells. Increasing evidence has shown 
a strong correlation between [Ca2+]m disturbance and mitochondrial 
stress in the tumor cell apoptosis [36,37]. MICU1 plays a vital role as an 
essential component of the mitochondrial inner membrane Ca2+ channel 
in preventing mitochondrial Ca2+ overload [15]. Our hypothesis was 
supported by the fact that silencing of MICU1 resulted in [Ca2+]m uptake 
and sensitivity to BTZ treatment in MM cells. Meanwhile, increased 
Ca2+load led to the accumulation of mtROS, resulting in cellular stress. 
Actually, our previous research on HRP2 has found that suppression of 
HRP2 expression increases the resistance of MM to bortezomib by 
negatively regulating endoplasmic reticulum (ER) stress [13]. Since 
mitochondrial modulation undoubtedly serves as an adaptive strategy 
for overcoming tumor drug resistance [38], our study thus proposes the 
translational merit of targeting HRP2 in managing refractory or relapsed 

Fig. 5. Loss of MICU1 exacerbates Ca2þ overload and result in MM cell stress. 
(A) Ca2+ levels in MM cells were determined by measuring Rhod-2AM and MitoTracker fluorescence with a confocal laser-scanning microscope (B) Fold change of 
[Ca2+]m in NC and MICU1-KD MM cells. (C) Fold change of [Ca2+]m in NC and MICU1-KD MM cells after BTZ treatment. (D) Flow cytometry analysis to measure the 
mitochondrial superoxide level in MICU1-KD and NC MM cells using MitoSOX Red staining. Rotenone was used as a positive control. (E) Relative mean fluorescence 
intensity (MFI) of MitoSOX Red fluorescence in MICU1-KD and NC MM cells. (F) Frequency of apoptosis cells after BTZ treatment. (G) Fold change of [Ca2+]m in Vec 
and HRP2-OE cells after BTZ treatment. (H)Relative MFI of MitoSOX fluorescence in Vec and HRP2-OE MM cells. Rotenone was used as a positive control. (I) 
Representative confocal images of ROS production in Vec and HRP2-OE MM cells after BTZ treatment. (J) Relative ROS levels of Vec and HRP2-OE MM cells after 
BTZ treatment (n = 6). (K) Representative Western blotting (n = 3) shows the knockdown effects in MICU1-KD MM cells infected with lentivirus carrying shRNAs 
targeting two different coding sequencing of HRP2 gene (shRNA1, 2) compared to the NC. (L) Fold change of [Ca2+]m in NC and HRP2-KD MICU1-KD MM cells after 
BTZ treatment. (M)Relative MFI of MitoSOX Red fluorescence in NC and HRP2-KD MICU1-KD MM cells. Rotenone was used as a positive control. (N) Representative 
confocal images of ROS production in NC and HRP2-KD MICU1-KD MM cells after BTZ treatment (O) Frequency of apoptosis cells after BTZ treatment. Two-sided P 
values were determined by Student’s t-test. Data are presented as mean ± SD.
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MM patients in the clinic.
Importantly, our study substantiates the epigenetic machinery of 

HRP2 in regulating MICU1 expression both in vitro and in HRP2- 
knockout mice. HRP2 contains a N-terminal PWWP domain, which 
preferentially binding to H3K9me3, H3K27me3 and H 3K36me2 [12]. It 
also interacts DPF3a to recruit SMARCA4/BRG1/BAF190A complex and 
activates myogenic genes expression by augmenting chromatin acces
sibility [39], promotes DNA double-strand breaks (DSBs) repair by 
recruiting the DNA endonuclease RBBP8 [12] and enhances cellular 
growth [7]. Our previous study has dissected the HRP2-MINA complex 
in suppressing H3K27me3 modification at the H 3K36me2 abundant TSS 
regions of target genes, so that promotes expressions of genes governing 
endoplasmic reticulum (ER) stress [13]. In the current study, we further 
disclosed that HRP2 suppression resulted in augmentation of H3K27Ac 
on MICU1 promoter, which is believed a transcriptional activation 
marker or a super enhancer marker [40]. The alternation of this modi
fication causes enhanced chromatin accessibility and phosphorylation of 
RNA pol II (Ser5), which is believed a marker of transcription initiation 
[27]. Thus, the overall significance of this study lies in elucidating the 
mechanism of the HRP2/MICU1 axis to induce mitochondrial dysfunc
tion and BTZ-resistance of MM cells. However, the limitation of the 
current study is that we did not clarify how HRP2 rebalances H3K27me3 
and H3K27Ac. This may be due to the fact that both modifications share 
the same site and exhibit antagonistic effects [41], which need to be 
further investigated.

Conclusion

In summary, our study identifies HRP2 as a critical player in aberrant 
Ca2+ uptake, elucidates the role of MICU1 in MM drug resistance and 
highlights the significance of regulating MICU1 under high-risk condi
tions of mitochondrial Ca2+ overload. These findings contribute new 
insights into understanding the development of chemoresistance and 
present a convincing argument for exploring new strategies to upregu
late HRP2 expression to regain sensitivity in RRMM patients.
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