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Multiple myeloma (MM), characterized by malicious clonal explanation of plasma cells in the bone marrow with

creation of monoclonal gammopathy, is the second most prevalent hematologic malignancy in adults. It accounts

for approximately 13% of all hematologic malignancies and 1% of all cancers in the world, with a median age of

onset of 69 years [1][2]. 
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1. Introduction

Multiple myeloma (MM), characterized by malicious clonal explanation of plasma cells in the bone marrow with

creation of monoclonal gammopathy, is the second most prevalent hematologic malignancy in adults. It accounts

for approximately 13% of all hematologic malignancies and 1% of all cancers in the world, with a median age of

onset of 69 years . In addition to plasmacytosis in the marrow and monoclonal protein in serum and/or urine

samples, active myeloma is defined by the presence of at least one of the CRAB criteria: Hypercalcemia (calcium

>11 mg/dL), renal function insufficiency (creatinine >2 mg/dL), anemia (hemoglobin <10 mg/dL), and bone lesions

(1 or more skeletal lesions on survey).

Myeloma bone diseases (MBDs) are characterized by lytic lesions caused by an imbalance of bone remodeling

due to an increase in bone resorption and a decrease in bone formation. Myeloma cells interfere with bone

remodeling by stimulating osteoclast (OC) function and inhibit osteoblast (OB) differentiation, which results in

osteolytic bone lesions of myeloma patient . Bone lesions occur in up to 80% of active disease, and complete

repair of bone lesions rarely occurs. These lesions are comprised of osteolytic lesions and/or diffuse osteopenia,

even in patients without active disease . In myeloma, bone disease mainly affects the axial skeleton,

including the vertebrae (33%), ribs (15%), sternum (13%), and other long bones . It leads to serious

complications and/or skeletal-related events (SREs), which include fracture, compression of the spinal cord,

hypercalcemia, and the need for further surgical treatment or radiation therapy. SREs not only decrease the quality

of life as a result of pain, emotional distress, and treatment procedures, but also affect the survival of MM patients

. Therefore, knowledge of myeloma bone lesions for further disease management is warranted.
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The interaction among MM cells, OC, and OB relies on many cytokines/proteins from myeloma cells or osteocytes,

which promote OC differentiation via the receptor activator of NF-kappa B ligand (RANKL), chemokine C-C motif 3

(CCL3), interleukin (IL)-1,6, and osteoprotegerin (OPG) . On the other hand, myeloma cells also respond

to Wnt signaling pathway inhibitors, like dickkopf-1 (DDK-1) and sclerostin, which inhibit OB function . With the

imbalance of bone remodeling due to decreased OB function and increased OC function, MM creates a vicious

cycle of tumor expansion and bone destruction.

Current management of MBD such as bisphosphonates (BPs) and denosumab reduce further bone destruction by

OCs. Thus, they are therapeutic effects are limited due to the inability to actively stimulate bone formation.

Therefore, research into the mechanisms involving in the dysregulation of bone remodeling in MM is essential.

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key transcription factor regulates the expression of

cytoprotective genes against oxidative and chemical insults. In addition, NRF2 also modulates inflammation

responses in several cell types. Recently, NRF2 has been shown to be associated with the malignant phenotype of

many cancer cells, including myeloma cells. Interestingly, it also contributes to bone remodeling in disease status.

2. The Role of NRF2 in the Myeloma Microenvironment

MM is the result of neoplastic transformation from a terminally differentiated B lymphocyte. As such, it primarily

exists and proliferates in the bone marrow similar to other normal plasma cells . The interaction of plasma

cells with the surrounding bone marrow environment functionally and physically is important for the proliferation

and survival of plasma cells . Two compartments in the bone marrow microenvironment interact with plasma

cells, which promote proliferation, survival, and even drug-resistance of myeloma cells . One is the cellular

part comprising hematopoietic cells and non-hematopoietic cells, such as fibroblasts, OBs, mesenchymal stem

cells, myeloid-derived suppressor cells (MDSCs), and BMSCs. Soluble factors, such as cytokines, chemokines,

growth factors, and extracellular matrix proteins, comprise the non-cellular part that also interact with myeloma

cells.

For the soluble factors, IL-6 is one of the most critical factors for myeloma cell survival, proliferation, and drug

resistance . In the marrow milieu, many cells including MDSCs, fibroblasts, macrophages, adipocytes, and

dendritic cells, secrete IL-6. IL-6 has been shown to increase RANKL protein expression in murine osteoblasts and

BMSCs, and been considered as a bone resorption cytokine . Elevated IL-6 can be attributed to the activation of

NF-κB signaling in many cell types . Suppression of NRF2 and activation of NF-κB were observed in

pathological conditions, such as inflammation . NRF2 competes with NF-κB for downstream signaling, such as

with co-activator CBP/p300, and the activated NRF2-suppressed NF-κB signaling . Therefore, the expression of

NRF2 is associated with a decrease in IL-6 expression in several cell types . In NRF2-deficient mice,

macrophages and embryonic fibroblasts showed higher expression of NF-κB and production of inflammatory

cytokines IL-6 .

Additionally, vascular cell adhesion molecule-1 (VCAM-1) is also a target of NF-κB. As such, the suppression of

NF-κB signaling in BMSCs results in decreased expression of ICAM-1 and VCAM-1, which affects the resistance of
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MM to proteasome inhibitors . Likewise, activation of NRF2 could suppress the adhesion molecules

expression in BMSCs by acting as an antagonist of the NF-κB pathway . Activation of NRF2 by curcumin and

dimethyl fumarate inhibits the expression of NF-κB and adhesion molecules in animal models . These findings

suggested that NRF2, through inhibiting the transcription activity of NF-κB, could suppress both the soluble factor

(e.g., IL-6)-mediated drug resistance and cell-adhesion-mediated drug resistance. . Given the critical role of

IL-6 plays in RANKL expression, the effect of NRF2 on RANKL expression/secretion in the bone marrow

microenvironment is worth pursuing. (Figure 1)

3. Concluding Remarks and Future Perspectives

Osteolytic bone lesions are one of the central features of MM, which leads to morbidity of patients. MBDs are

caused by many factors from myeloma cells and the microenvironment that stimulate OCs to resorb bone and

inhibit OB activity to increase bone mass. The dysfunction of the OC/OB axis in myeloma patients results in

osteolytic lesions and/or osteoporosis, leading to bone pain, fracture, diminished bone survival, and reduced quality

of life in patients. Many signaling pathways and factors were noted to be associated with MBDs. The role of the

RANKL/OPG pathway was found to participate in MBD, and the identification of the RANKL/OPG pathway also led

to the development of RANKL inhibitors for myeloma bone lesion therapy.

NRF2, a master regulator of cellular defense system, has been considered as a target for chemoprevention and for

cancer therapy. Here, we proposed that NRF2 can also be a therapeutic target for treating MBD. The balance of

OCs and OBs is impaired in osteolytic bone lesions, where OB activity is suppressed while the osteoclastogenesis

is strongly upregulated. Activation of NRF2 holds the potential for reversing the unbalance of OCs and OBs, since

NRF2 could promotes osteoblastogenesis, while restrain uncontrolled osteoclastogenesis (Figure 2). Thus NRF2

activators should prove to be beneficial for MM patients with osteolytic lesions. However, NRF2 activation could

have the opposite effect in BM environment cells and in MM cells. Thus, the effect of NRF2 activators on the

growth and drug resistance of MM cells should be carefully noted. Nonetheless, the fact that cancer cells can

activate NRF2 through several mechanisms including somatic mutations in Keap1 or NRF2 gene loci,

hypermethylation at the promoter region of Keap1, transcriptional upregulation of the NRF2 gene through

oncogene-dependent signaling, interruption of Keap1-NRF2 interaction, and the modification of Keap1 protein by

electrophilic oncometabolites, may provide a possible resolution for this contradiction, in which cancer cells could

lose their sensitivity to NRF2 activators . In line with this notion, we have found that cells which expressed

higher basal NRF2 protein level also have a weaker response to NRF2 activators. Therefore, it is worthy of further

investigation for the effects of NRF2 activators on MBD in models with proteasome inhibitor-resistant MM cells or

NRF2 hyperactivated MM cells. Owing to the elusive and complex nature of MM, more research is warranted to

further investigate the specific role of NRF2 in myeloma bone lesions and to identify novel agents for NRF2

therapy. Nevertheless, for future clinical practice, we would propose that a test to profile the status of NRF2

signaling and/or the mutation in NRF2 signaling genes in MM cells collected from patient could be helpful to identify

eligible population for NRF2 activator therapy for MBD. Furthermore, it is also possible that different classes of

NRF2 activator should be used to treat MBD that were induced by MM cells with different NRF2 activation

mechanisms.
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Figure 1. The RANKL/OPG/RANK are secreted and regulated by various cells and different cytokines. The RANKL

and OPG can be produced by BMSCs and OBs to interact or compete RNAK in osteoclast and osteoblast. The

OPG can regulated by cytokines, like IL-1β, TNF-α, TGF-β, estradiol, and 17b-estradiol.

 

Figure 2. The role of NRF2 in mitochondrial regulation of bone homeostasis in MBD. The balance of OCs and OBs

is impaired in osteolytic bone lesions, where OB activity is suppressed while the osteoclastogenesis is strongly

upregulated. Activation of NRF2 could promote osteoblastogenesis, while restraining uncontrolled

osteoclastogenesis. Red arrows indicate active effect; Blue bar arrow indicates suppressive effect.

References



Multiple Myeloma | Encyclopedia.pub

https://encyclopedia.pub/entry/2275 5/7

1. Moreau, P.; San Miguel, J.; Sonneveld, P.; Mateos, M.V.; Zamagni, E.; Avet-Loiseau, H.; Hajek,
R.; Dimopoulos, M.A.; Ludwig, H. Multiple myeloma: ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann. Oncol 2017, 28, iv52–iv61.

2. Rajkumar, S.V.; Kumar, S. Multiple Myeloma: Diagnosis and Treatment. Mayo Clin. Proc. 2016,
91, 101–119.

3. Chappard, D.; Bouvard, B.; Basle, M.F.; Legrand, E.; Audran, M. Bone metastasis: Histological
changes and pathophysiological mechanisms in osteolytic or osteosclerotic localizations. A
review. Morphol. Bull. L’association Anat. 2011, 95, 65–75.

4. Roodman, G.D. Mechanisms of bone metastasis. N. Engl. J. Med. 2004, 350, 1655–1664.

5. Hinge, M.; Andersen, K.T.; Lund, T.; Jorgensen, H.B.; Holdgaard, P.C.; Ormstrup, T.E.;
Ostergaard, L.L.; Plesner, T. Bone healing in multiple myeloma: A prospective evaluation of the
impact of first-line anti-myeloma treatment. Haematologica 2016, 101, e419–e422.

6. Silbermann, R.; Roodman, G.D. Current Controversies in the Management of Myeloma Bone
Disease. J. Cell. Physiol. 2016, 231, 2374–2379.

7. Roodman, G.D. Pathogenesis of myeloma bone disease. Blood Cells Mol. Dis. 2004, 32, 290–
292.

8. Aly, A.; Onukwugha, E.; Woods, C.; Mullins, C.D.; Kwok, Y.; Qian, Y.; Arellano, J.; Balakumaran,
A.; Hussain, A. Measurement of skeletal related events in SEER-Medicare: A comparison of
claims-based methods. BMC Med. Res. Methodol. 2015, 15, 65.

9. Kim, C.; Bhatta, S.; Cyprien, L.; Fonseca, R.; Hernandez, R.K. Incidence of skeletal-related
events among multiple myeloma patients in the United States at oncology clinics: Observations
from real-world data. J. Bone. Oncol. 2019, 14, 100215.

10. Sonmez, M.; Akagun, T.; Topbas, M.; Cobanoglu, U.; Sonmez, B.; Yilmaz, M.; Ovali, E.; Omay,
S.B. Effect of pathologic fractures on survival in multiple myeloma patients: A case control study.
J. Exp. Clin. Cancer Res. CR 2008, 27, 11.

11. Ntanasis-Stathopoulos, I.; Fotiou, D.; Terpos, E. CCL3 Signaling in the Tumor Microenvironment.
Adv. Exp. Med. Biol. 2020, 1231, 13–21.

12. Politou, M.; Terpos, E.; Anagnostopoulos, A.; Szydlo, R.; Laffan, M.; Layton, M.; Apperley, J.F.;
Dimopoulos, M.A.; Rahemtulla, A. Role of receptor activator of nuclear factor-kappa B ligand
(RANKL), osteoprotegerin and macrophage protein 1-alpha (MIP-1a) in monoclonal gammopathy
of undetermined significance (MGUS). Br. J. Haematol. 2004, 126, 686–689.

13. Terpos, E.; Szydlo, R.; Apperley, J.F.; Hatjiharissi, E.; Politou, M.; Meletis, J.; Viniou, N.;
Yataganas, X.; Goldman, J.M.; Rahemtulla, A. Soluble receptor activator of nuclear factor kappaB



Multiple Myeloma | Encyclopedia.pub

https://encyclopedia.pub/entry/2275 6/7

ligand-osteoprotegerin ratio predicts survival in multiple myeloma: Proposal for a novel prognostic
index. Blood 2003, 102, 1064–1069.

14. Terpos, E.; Ntanasis-Stathopoulos, I.; Dimopoulos, M.A. Myeloma bone disease: From biology
findings to treatment approaches. Blood 2019, 133, 1534–1539.

15. Kizaki, M.; Tabayashi, T. The Role of Intracellular Signaling Pathways in the Pathogenesis of
Multiple Myeloma and Novel Therapeutic Approaches. J. Clin. Exp. Hematop. JCEH 2016, 56,
20–27.

16. Manni, S.; Carrino, M.; Semenzato, G.; Piazza, F. Old and Young Actors Playing Novel Roles in
the Drama of Multiple Myeloma Bone Marrow Microenvironment Dependent Drug Resistance. Int.
J. Mol. Sci. 2018, 19, 19.

17. Shay, G.; Hazlehurst, L.; Lynch, C.C. Dissecting the multiple myeloma-bone microenvironment
reveals new therapeutic opportunities. J. Mol. Med. 2016, 94, 21–35.

18. Mondello, P.; Cuzzocrea, S.; Navarra, M.; Mian, M. Bone marrow micro-environment is a crucial
player for myelomagenesis and disease progression. Oncotarget 2017, 8, 20394–20409.

19. Andrews, S.W.; Kabrah, S.; May, J.E.; Donaldson, C.; Morse, H.R. Multiple myeloma: The bone
marrow microenvironment and its relation to treatment. Br. J. Biomed. Sci. 2013, 70, 110–120.

20. Taniguchi, K.; Karin, M. IL-6 and related cytokines as the critical lynchpins between inflammation
and cancer. Semin. Immunol. 2014, 26, 54–74.

21. Nakashima, T.; Kobayashi, Y.; Yamasaki, S.; Kawakami, A.; Eguchi, K.; Sasaki, H.; Sakai, H.
Protein expression and functional difference of membrane-bound and soluble receptor activator of
NF-kappaB ligand: Modulation of the expression by osteotropic factors and cytokines. Biochem.
Biophys. Res. Commun. 2000, 275, 768–775.

22. Taniguchi, K.; Karin, M. NF-κB, inflammation, immunity and cancer: Coming of age. Nat. Rev.
Immunol. 2018, 18, 309–324.

23. Buelna-Chontal, M.; Zazueta, C. Redox activation of Nrf2 & NF-κB: A double end sword? Cell.
Signal. 2013, 25, 2548–2557.

24. Zhang, F.; Peng, W.; Zhang, J.; Dong, W.; Yuan, D.; Zheng, Y.; Wang, Z. New strategy of bone
marrow mesenchymal stem cells against oxidative stress injury via Nrf2 pathway: Oxidative stress
preconditioning. J. Cell. Biochem. 2019, 120, 19902–19914.

25. Hyeon, S.; Lee, H.; Yang, Y.; Jeong, W. Nrf2 deficiency induces oxidative stress and promotes
RANKL-induced osteoclast differentiation. Free Radic. Biol. Med. 2013, 65, 789–799.

26. Piddock, R.E.; Marlein, C.R.; Abdul-Aziz, A.; Shafat, M.S.; Auger, M.J.; Bowles, K.M.; Rushworth,
S.A. Myeloma-derived macrophage inhibitory factor regulates bone marrow stromal cell-derived
IL-6 via c-MYC. J. Hematol. Oncol. 2018, 11, 66.



Multiple Myeloma | Encyclopedia.pub

https://encyclopedia.pub/entry/2275 7/7

27. Thimmulappa, R.K.; Lee, H.; Rangasamy, T.; Reddy, S.P.; Yamamoto, M.; Kensler, T.W.; Biswal,
S. Nrf2 is a critical regulator of the innate immune response and survival during experimental
sepsis. J. Clin. Investig. 2006, 116, 984–995.

28. Hengeveld, P.J.; Kersten, M.J. B-cell activating factor in the pathophysiology of multiple myeloma:
A target for therapy? Blood Cancer J. 2015, 5, e282.

29. Shen, X.; Guo, Y.; Yu, J.; Qi, J.; Shi, W.; Wu, X.; Ni, H.; Ju, S. miRNA-202 in bone marrow stromal
cells affects the growth and adhesion of multiple myeloma cells by regulating B cell-activating
factor. Clin. Exp. Med. 2016, 16, 307–316.

30. Li, W.; Suwanwela, N.C.; Patumraj, S. Curcumin by down-regulating NF-kB and elevating Nrf2,
reduces brain edema and neurological dysfunction after cerebral I/R. Microvasc. Res. 2016, 106,
117–127.

31. Yen, C.H.; Hsiao, H.H. NRF2 Is One of the Players Involved in Bone Marrow Mediated Drug
Resistance in Multiple Myeloma. Int. J. Mol. Sci. 2018, 19, 3503.

32. Riz, I.; Hawley, T.S.; Marsal, J.W.; Hawley, R.G. Noncanonical SQSTM1/p62-Nrf2 pathway
activation mediates proteasome inhibitor resistance in multiple myeloma cells via redox, metabolic
and translational reprogramming. Oncotarget 2016, 7, 66360–66385.

33. Mitsuishi, Y.; Motohashi, H.; Yamamoto, M. The Keap1-Nrf2 system in cancers: Stress response
and anabolic metabolism. Front. Oncol. 2012, 2, 200.

34. Wang, Y.-Y.; Yang, Y.-X.; Zhe, H.; He, Z.-X.; Zhou, S.-F. Bardoxolone methyl (CDDO-Me) as a
therapeutic agent: An update on its pharmacokinetic and pharmacodynamic properties. Drug Des.
Dev. Ther. 2014, 8, 2075–2088.

35. Moreau, P.; San Miguel, J.; Sonneveld, P.; Mateos, M.V.; Zamagni, E.; Avet-Loiseau, H.; Hajek,
R.; Dimopoulos, M.A.; Ludwig, H. Multiple myeloma: ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann. Oncol 2017, 28, iv52–iv61.

Retrieved from https://encyclopedia.pub/entry/history/show/7285


