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b adrenergic signaling regulates hematopoietic stem and
progenitor cell commitment and therapy sensitivity
in multiple myeloma
Multiple myeloma (MM) development is dependent upon
critical interactions with the bone marrow (BM) niche.1 The
contribution of catecholamines and adrenergic signaling
from the highly innervated BM niche2 to MM development
is under-explored. MM patients demonstrate an elevated
conserved transcriptional response to adversity (CTRA), indicative of stress that correlates with poor survival.3 A
retrospective study evaluating the effects of the non-selective b adrenergic receptor (AR) blocker propranolol in
immunomodulatory drug-treated MM found propranolol to
improve progression-free survival (PFS) and overall survival
(OS).4 MM patients exhibit reduced megakaryocyte–erythrocyte progenitors (MEP) and increased monocytic myeloid-derived suppressor cells (MDSC) (CD14+HLADRlow) in
the BM, suggestive of increased myeloid bias.5 Introduction
of MM precursor monoclonal gammopathy of undetermined
significance (MGUS) cells into humanized IL-6 MIS(KI)TRG6
mice promotes progression to MM, suggesting the sufficiency of extrinsic BM niche elements in fostering MM development.6 Consistent with this, administration of
propranolol in MM patients undergoing hematopoietic stem
cell transplant (HSCT) demonstrates a significant reduction
of not only the CTRA response, but also marked reductions
in myeloid lineage bias.3 How targeting adrenergic signaling
regulates hematopoietic stem and progenitor cell (HSPC)
commitment in MM remains poorly understood. Our study
provides mechanistic rationale for the application of propranolol to resolve both microenvironmental and MM-specific tumor promoting biology.
For this study, samples from MM patients, ranging from
newly diagnosed to those with relapsed refractory MM
were analyzed, exhibiting a range of reduced hemoglobin
(Hgb) levels (characteristics in the Online Supplementary
Table S1) and anemia. BM aspirates were obtained from
consenting patients following an Emory University Institutional Review Board-approved protocol. Research was
conducted in accordance with the Declaration of Helsinki.
Ficoll gradient isolated mononuclear cells were cultured
for phase I expansion in serum-free expansion medium
(SFEM) containing granulocyte macrophage colony-stimulating factor (GMCSF), stem cell factor (SCF), interleukin
3 (IL-3 – pluripotent hematopoietic colony-stimulating
factor) or further expanded in phase II (day 6-16) by culture in SCF, HT (holo-transferrin), EPO (erythropoietin),
and SFEM for all assays involving progenitor cells as previously described.7,8 Cell death/viability were assessed by

AnnexinV/DAPI flow cytometry. The CoMMpass MM trial
(clinicaltrials gov. Identifier: NCT0145429) data was downloaded from Genomic Data Commons. All other assays are
as previously reported.8,9
Analysis of the proportion of granulocyte-monocyte-progenitors (GMP) (Linneg CD34+CD38+CD123-CD45RA+) versus
MEP (Linneg CD34+CD38+CD123-CD45RA-) reconfirmed the
significantly reduced number of MEP10 and importantly for
the first time, identified a higher proportion of GMP in MM
BM (n=10) versus control bone marrow (CBM) (Figure 1A).
Myeloid-biased hematopoiesis contributes to anemia and
a protumorigenic BM marrow niche in MM. Strategies targeting the myeloid lineage skew can potentially prevent
MM progression and development of fatal refractory disease. V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog B transcription factor (MAFB) and globin
transcription factor 1 (GATA1) are central regulators of
myeloid versus erythroid lineage commitment. We previously showed that the development of anemia in human
burn patients and scald burn mice is driven by high MAFB
versus GATA1 expression in CMP. Similarly, we found CMP
from MM BM (n=10) expressed significantly higher MAFB
and reduced GATA1 expression compared to CMP from
CBM (Figure 1B), which inversely correlated with the percentage of MEP. Notably, both reduced MEP/GMP ratio and
elevated MAFB/GATA1 expression in MM CMP were maintained after phase I expansion of HSPC, suggesting that
the skew in lineage specification is intrinsically driven
(Online Supplementary Figure S1A and B). Genetic suppression of MAFB expression reduced GMP and increased
MEP in the MM BM samples (n=4) (Figure 1C), suggesting
that reduction of MAFB was sufficient to block the myeloid bias detected in MM.
Concordant with reduced MM MEP specification, MM BM
also exhibited significantly lower total erythroblasts compared to CBM (Figure 1D). Although variability in early erythroblast (EEB) numbers were noticed, late erythroblasts
(LEB) were uniformly lower in all MM BM samples (n=10),
indicating erythropoietic arrest in MM (Figure 1D).
We have previously shown in human burn patients and
scald burn mice that conditions resulting in high catecholamines instigate myelo-erythroid reprioritization and
anemia.8 As stress and catecholamines are known to
modulate the BM microenvironment in MM,11 we investigated whether adrenergic signaling regulated MEP/GMP
specification in MM BM.
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Figure 1. Multiple myeloma patient samples exhibit reduced megakaryocyte–erythrocyte progenitors, elevated MAFB/GATA1 and
reduced late erythroblast development that is reversed with propranolol treatment. (A) Representative contour plots of control
bone marrow (CBM) and multiple myeloma (MM) sample mononuclear cells in forward vs. side scatter (left panel), from flow
cytometry day 0 CBM and MM BM evaluated for common myeloid progenitors (CMP)/ granulocyte-monocyte-progenitors
(GMP)/megakaryocyte–erythrocyte progenitors (MEP) frequencies (n=10) (right panel). (B) Mean fluorescence intensity (MFI) of
MAFB and GATA1 expression in CMP from 10 MM patients at day 0, evaluated by flow cytometry. (C) Introduction of non-targeting
and MAFB-directed small interfering RNA (siRNA) in MM BM samples (n=4). Frequencies of CMP, GMP and MEP in MM vs. MM
siRNA-transfected samples are shown. (D) Evaluation of total erythroblasts (EB) (CD71+CD235a-/+) in MM vs. CBM P<0.001 (n=10)
(left panel). Late erythroblasts (LEB) (CD71+CD235a+) are significantly decreased (P<0.0001) compared to early erythroblasts (EEB)
(CD71+CD235a-) suggesting erythropoietic arrest in MM (right panel). (E) MEP, GMP and CMP quantified in hematopoietic stem and
progenitor cell (HSPC) in phase 1 cultures treated with increasing doses of isoproterenol (ISO). (F) CMP, GMP and MEP frequencies
quantified in in CBM and MM treated ex vivo with propranolol (PRO).

We first evaluated basal expression levels of the a and b
AR by flow cytometry. HSPC of MM BM and CBM were
found to exhibit similar expression of both a (a1, a2) and b
(b1, b2, b3) AR (data not shown). Stimulation of CBM HSPC
with increasing concentrations of isoproterenol, a specific
agonist of b AR, increased GMP with a corresponding reduction of MEPs (Figure 1E). Isoproterenol, importantly, increased MAFB expression in CMP and GMP and reduced
GATA1 expression in CMP, GMP and MEP (Online Supplementary Figure S1C and D). Phenylephrine, an a AR spe-

cific agonist, had no effect on HSPC specification towards
GMP versus MEP (n=4) or on MAFB/GATA1 expression, suggesting b adrenergic stimulation specifically regulates
myeloid bias (Online Supplementary Figure S1E). Inhibition
of b AR with propranolol suppressed MAFB expression in
CMP (Online Supplementary Figure S1C). Importantly, b AR
inhibition with propranolol was also able to reverse the
low MEP:GMP ratio in MM BM (Figure 1F). These results, in
sum, demonstrate that in MM, i) b adrenergic signaling can
regulate HSPC specification; ii) propranolol reverses the

Haematologica | 107 September 2022

2227

LETTER TO THE EDITOR

A

B

C

E

D

G

F

Figure 2. Isoproterenol and propranolol regulate multiple myeloma sensitivity to the proteasome inhibitor bortezomib. (A) Model
of how b adrenergic signaling establishes a tumor promoting triad between multiple myeloma (MM) and the skewed common
myeloid lineage specification in the BM (bone marrow) niche. (B) ADRB2 expression in MM gene expression subtypes from the
CoMMpass study (IA17). CD-1: Cyclin D1; LB: low bone disease; MS: MMSET; CD-2: Cyclin D1 and CD20; PR: proliferation; HP:
hyperdiploid; MF: MAF. (C) ADRB2 expression in patients with t(14;20) (IGH-MAFB) (D) and t(14;16) (IGH-MAF) translocations. Pvalues were determined by two-sided t-test. (E) MM lines treated with dose range of propranolol (PRO) for 24 hours (h) assessed
for viability using Annexin V/DAPI flow cytometric staining. (F) Cell lines treated with 75 mM PRO or isoproterenol (ISO) as
indicated for 24 h assessed for viability using Annexin V/DAPI flow cytometric staining. (G) MM patient BM mononuclear cells
treated with 50 or 100 mM PRO in combination with bortezomib (BTZ) assessed for BTZ half maximal inhibitory concentration
(I.C.50) using AnnexinV/DAPI flow cytometric staining.

effects of b agonist-stimulated elevation in GMP and
lastly; iii) propranolol regulates MAFB/GATA1 expression to
restore MEP commitment in MM (Figure 2A).
Ectopic MAFB expression in mouse HSC promotes acquisition of a tumoral plasma cell fate without induction
of MAF in tumor cells.12 MAF also has a role in promoting
MM growth and its expression correlates with poor OS.13
MAF thus has both cell extrinsic and intrinsic roles in

shaping myeloma genesis, warranting development of
strategies to target MAF for MM therapy. Evaluation of RNA
sequencing in primary MM samples from the CoMMpass
trial14 (clinical trials gov. Identifier: NCT0145429) indicated
ADRB2 was significantly higher in the MAF (MF) gene expression subtype (Figure 2B). Consistent with this, ADRB2
expression was elevated in MM samples harboring the
high risk-associated t(14;20) or t(14;16) translocations that
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Figure 3. Propranolol increases sensitivity to the BCL-2 antagonist venetoclax. (A and B) L363 cells treated with bortezomib (BTZ)
and/or isoproterenol (ISO)/propranolol (PRO) as indicated for 18 hours (h), assessed for indicated proteins by immunoblot analyses.
(C) Cell lines treated with 75 mM PRO or 75 mM ISO in combination with 0.01 mM venetoclaX (VEN) for 24 h assessed for viability. All
cell death/viability assessed by AnnexinV/DAPI flow cytometry. (D) Model: b adrenergic signaling elevates MAFB vs. GATA1 expression
in common myeloid progenitors (CMP) leading to increased granulocyte monocyte progenitor (GMP) vs. megakaryocyte erythrocyte
progenitor (MEP) specification in multiple myeloma, establishing a feed forward loop. Model is created in BioRender.com. MDSC:
myeloid-derived suppressor cells; HSPC: hematopoietic stem and progenitor cells; bAR: b adrenergic receptor.

juxtapose the IgH enhancer to drive elevated levels of
MAFB and MAF expression, respectively (Figure 2C and D).
ADRB1 and ADRB3 expression was low to undetectable in
most MM samples (data not shown). Additionally, ADRB2
was detected in all MM cell lines tested (Online Supplementary Figure S1F). These observations prompted us to
examine the effects of propranolol on MM cells.
Propranolol has potent anti-cancer effects attributed to
both tumor intrinsic and extrinsic effects.15 We found propranolol to elicit cytotoxicity in MM cell lines (Figure 2E).
Proteasome inhibitors (PI) like bortezomib (BTZ) are backbone MM therapeutics, however, most MM patients be-

come refractory to PI. We found treatment of MM cell lines
with lower doses of propranolol enhanced, while isoproterenol reversed, sensitivity to BTZ, irrespective of MAFB
expression status (Figure 2F). In order to clinically validate
our observations, we tested the effects of isoproterenol,
propranolol and BTZ treatments in MM patient samples
(n=4). As seen in cell lines, isoproterenol promoted resistance to BTZ, while isoproterenol increased sensitivity to
BTZ in the MM primary cells (Figure 2G). We found isoproterenol in the context of BTZ treatment to elevate MAFB,
pAKT, p-S6 and pmTORC1 (Figure 3A). While treatment
with BTZ is known to stabilize MAFB expression,16 propra-
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nolol significantly reduced MAFB expression in BTZ
treated cells, underscoring the utility of using propranolol
to target MAFB and overcome b adrenergic-stimulated activation of the AKT-mTOR axis (Figure 3A).
Since most chemo-resistance occurs because of impaired
ability to execute apoptosis consequent to reduced
“priming” i.e., suboptimal quantities of BH3 activators
bound to anti-apoptotics,9,17,18 we evaluated the expression of the major BCL-2 family proteins (Figure 3B).
BTZ cytotoxicity is dependent upon increased NOXA expression that, upon binding MCL-1, allows for pro-apoptotic BIM release. Interestingly, we found BTZ-induced
elevation of NOXA and reduction of MCL-1 and BCL-xL is
suppressed by isoproterenol (Figure 3A). Co-treatment
with propranolol and BTZ maintains NOXA induction,
MCL-1 suppression, and PARP cleavage with further reduction of BCL-xL and PUMA. Lastly, we found propranolol increases sensitivity to the BCL-2 antagonist
venetoclax (VEN) and importantly, isoproterenol stimulation did not reverse propranolol-induced sensitivity to
VEN (Figure 3C).
In conclusion, our results suggest neurotransmitters
elevate MAFB in MM CMP to augment pro-tumorigenic
GMP-MDSC commitment, as summarized in the schematic (Figure 3D), that can be reversed with propranolol,
restricting myelopoiesis in MM. Additionally, we show
that b adrenergic stimuli selectively increase resistance
to proteasome inhibitors, while targeting b adrenergic
signaling with propranolol increases sensitivity to BTZ
and VEN. We acknowledge the limited patient sample
size for the current study and the need for greater mechanistic understanding of how b adrenergic signals regulate intra- and inter-cellular signaling to promote niche
remodeling and drug sensitivity. Our results, in sum,
underscore the importance of further interrogation of
early application of propranolol and other b blockers in
MM therapy.

*RN and VS contributed equally as co-first authors.
#

KM and MS contributed equally as co-senior authors.

Correspondence:
M. SHANMUGAM - mala.shan@emory.edu
https://doi.org/10.3324/haematol.2022.280907
Received: February 23, 2022.
Accepted: April 26, 2022.
Prepublished: May 5, 2022.
©2022 Ferrata Storti Foundation
Published under a CC BY-NC license
Disclosures
AKN has significant financial interest in Janssen Pharmaceuticals and
has participated on advisory boards and received honoraria from
Janssen, Takeda, Amgen, BMS/Celgene, Glaxo SmithKline, Sanofi,
Oncopeptides, BeyondSpring, Karyopharm, SecuraBio, and Adaptive
Technologies. SL is a consultant for Takeda, Celgene, Novartis, BMS,
Amgen, ABBVIE, and Janssen and on the Board of directors with stock
for TG therapeutics. LHB receives research funding from AstraZeneca
(2019), consultancy, and honoraria from AstraZeneca; and performs
consultancy for Genentech (2019) and Abbvie. All other authors
declare no competing financial interests.
Contributions
RN, VS, KM, MS conceived and designed the research; RN and VS
performed all experimentation; Bioinformatic analyses were
performed by BGB. SMM and VAG assisted with patient sample
purification; AKN, SL oversaw myeloma patient sample collection;
LHB, BGB, VAG, AKN, SKM and KM provided helpful critiqu; KM
provided edits to the manuscript; RN and MS wrote the
manuscript.
Acknowledgments
We would like to thank Anthea Hammond, Ph.D., Emory University for
editorial assistance.

Authors

Funding
This study was supported in part by NIH/NCI R01 CA208328 to MS,

1,*

2,*

1

Remya Nair, Vimal Subramaniam, Benjamin G. Barwick, Vikas A.
1

1

1

1

Gupta, Shannon M. Matulis, Sagar Lonial, Lawrence H. Boise, Ajay K.
1

2#

Nooka, Kuzhali Muthumalaiappan

1#

and Mala Shanmugam

Leukemia Lymphoma Society TRP Award #6573-19 to MS and
NIH/NIDDK 2R56DK097760 to KM and the Winship's Cancer Center
Support Grant (P30CA138292) awarded by the National Cancer
Institute of the National Institutes of Health.

Department of Hematology and Medical Oncology, Winship Cancer

1

Institute, School of Medicine, Emory University, Atlanta, GA and

Data-sharing statement

2

All technical information pertaining to the experimentation performed

Illinois and Burn and Shock Trauma Research Institute, Loyola

is available on request.

Department of Surgery, Loyola University Medical Center, Maywood,

University Chicago, Chicago, IL, USA

Haematologica | 107 September 2022

2230

LETTER TO THE EDITOR

References
1. Ghobrial IM, Detappe A, Anderson KC, Steensma DP. The bonemarrow niche in MDS and MGUS: implications for AML and MM.
Nat Rev Clin Oncol. 2018;15(4):219-233.
2. Kuntz A, Richins CA. Innervation of the bone marrow. J Comp
Neurol. 1945;83:213-222.
3. Knight JM, Rizzo JD, Hari P, et al. Propranolol inhibits molecular
risk markers in HCT recipients: a phase 2 randomized
controlled biomarker trial. Blood Adv. 2020;4(3):467-476.
4. Hwa YL, Shi Q, Kumar SK, et al. Beta-blockers improve survival
outcomes in patients with multiple myeloma: a retrospective
evaluation. Am J Hematol. 2017;92(1):50-55.
5. Brimnes MK, Vangsted AJ, Knudsen LM, et al. Increased level of
both CD4+FOXP3+ regulatory T cells and CD14+HLA-DR(-)/low
myeloid-derived suppressor cells and decreased level of
dendritic cells in patients with multiple myeloma. Scand J
Immunol. 2010;72(6):540-547.
6. Das R, Strowig T, Verma R, et al. Microenvironment-dependent
growth of preneoplastic and malignant plasma cells in
humanized mice. Nat Med. 2016;22(11):1351-1357.
7. Walczak J, Bunn C, Saini P, Liu YM, Baldea AJ, Muthumalaiappan
K. Transient improvement in erythropoiesis is achieved via the
chaperone AHSP with early administration of propranolol in
burn patients. J Burn Care Res. 2020;42(2):311-322.
8. Hasan S, Johnson NB, Mosier MJ, et al. Myelo-erythroid
commitment after burn injury is under b-adrenergic control via
MafB regulation. Am J Physiol Cell Physiol. 2017;312(3):C286-C301.
9. Bajpai R, Sharma A, Achreja A, et al. Electron transport chain
activity is a predictor and target for venetoclax sensitivity in
multiple myeloma. Nat Commun. 2020;11(1):1228.

10. Liu L, Yu Z, Cheng H, et al. Multiple myeloma hinders
erythropoiesis and causes anaemia owing to high levels of CCL3
in the bone marrow microenvironment. Sci Rep.
2020;10(1):20508.
11. Cheng Y, Sun F, D'Souza A, et al. Autonomic nervous system
control of multiple myeloma. Blood Rev. 2021;46:100741.
12. Vicente-Dueñas C, Romero-Camarero I, González-Herrero I, et
al. A novel molecular mechanism involved in multiple myeloma
development revealed by targeting MafB to haematopoietic
progenitors. EMBO J. 2012;31(18):3704-3717.
13. Qiang YW, Ye S, Chen Y, et al. MAF protein mediates innate
resistance to proteasome inhibition therapy in multiple
myeloma. Blood. 2016;128(25):2919-2930.
14. Barwick BG, Neri P, Bahlis NJ, et al. Multiple myeloma
immunoglobulin lambda translocations portend poor prognosis.
Nat Commun. 2019;10(1):1911.
15. Pantziarka P, Bouche G, Sukhatme V, Meheus L, Rooman I,
Sukhatme VP. Repurposing Drugs in Oncology (ReDO)Propranolol as an anti-cancer agent. Ecancermedicalscience.
2016;10:680.
16. Qiang Y-W, Ye S, Huang Y, et al. MAFb protein confers intrinsic
resistance to proteasome inhibitors in multiple myeloma. BMC
Cancer. 2018;18(1):724.
17. Ni Chonghaile T, Sarosiek KA, Vo TT, et al. Pretreatment
mitochondrial priming correlates with clinical response to
cytotoxic chemotherapy. Science. 2011;334(6059):1129-1133.
18. Montero J, Sarosiek KA, DeAngelo JD, et al. Drug-induced death
signaling strategy rapidly predicts cancer response to
chemotherapy. Cell. 2015;160(5):977-989.

Haematologica | 107 September 2022

2231

