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a b s t r a c t 

The DNA methyltransferase inhibitor azacytidine (aza) may reactivate pathways associated with plasma 

cell differentiation, cell cycle control, apoptosis, and immune recognition and thereby restore sensitivity 

to lenalidomide (len) and dexamethasone (dex) in relapsed and/or refractory multiple myeloma (RRMM). 

We aimed to develop an aza regimen that reaches epigenetically active levels 8 times in 28 days with 

less bone marrow toxicity than the myeloid malignancy standard of 7 consecutive doses to enable safe 

combination with len. Aza was escalated from 30 mg/m 

2 once a week up to a predefined maximum of 

50 mg/m 

2 twice a week in combination with GFR-adjusted len ( ≥ 60 mL/min: 25 mg, 3059 mL/min: 10 

mg) day 1 to 21 every 28 days and dex 40 mg once a week followed by a limited expansion study to a 

total N of 23 at the highest tolerated dose. Fifty-one patients (pts) with RRMM were screened, 42 were 

treated and 41 were evaluable for response based on at least 1 response assessment or progression after 

treatment start. The median number of prior lines of therapy was 5 (1-11) and 81% (34) were refractory 

to len and/or pomalidomide (pom). Two DLTs occurred in different cohorts, 1 neutropenic fever in 1/6 

pts on the aza 40 mg/m 

2 twice a week GFR ≥ 60 mL/min cohort and 1 GGT elevation in 1/6 pts on the 

aza 50 mg/m 

2 GFR 30-59 mL/min cohort. An MTD was not reached and aza 50 mg/m 

2 SC twice a week 

was chosen for the expansion study. At least possibly related Grade 3/4 AEs occurred in 28 pts (67%) 

with the following in > 1 pt: neutropenia (N = 16, 38%), anemia (N = 6, 14%), lymphopenia (N = 5, 12%), 

thrombocytopenia (N = 4, 10%), leukopenia (N = 4, 10%), febrile neutropenia (N = 4, 10%), fatigue (N = 3, 

7%), fever (N = 2, 5%), and infection (N = 2, 5%). At a median follow up time for alive pts of 60.2 months 

(range: 36.1-82.5 months), the overall response rate ( ≥ partial response) and clinical benefit response 
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Multiple myeloma (MM) is a genetically [1] and epigenetically 

2] heterogeneous malignant clonal disease of plasma cells with 

 lifetime risk in the US population of approximately 0.8% per

stimates from 2015-2017 SEER data [3] . Genetic and epigenetic

hanges are involved in malignant transformation [4-12] from pre- 

alignant phase with readily detectable monoclonal gammopathy 

13-16] and in the development of a treatment resistant state that

s precluding cure for the overwhelming majority of patients with 

yeloma despite major advances in its treatment over the last 

 decades [17] . When treatment resistance to currently approved

D38 antibodies, IMiD compounds and proteasome inhibitors de- 

elops, dismal median survival of 6 months indicates an ongoing 

eed for improved approaches [18] . 

So far insurmountable disease plasticity is based on the pres- 

nce of genetically distinct subclones which evolve independent 

rom each other [1 , 12 , 19] , variable levels of genomic instabil-

ty [20] , and epigenetic changes that are driven by the mu-

ational and micro-environmental background and, like genetic 

hanges, selected for alterations that confer survival advantage un- 

er treatment-induced selection pressures [21] . Epigenetic modu- 

ation can occur due to active cell-cycling, mutations of protein

omeostasis and histone modifying enzymes and other cellular 

rocesses [22] . While these effects can be transient, they promote

hanges in DNA methylation and thereby engrave suppression of 

rocesses that hurt clonal survival in a heritable fashion that is

ransmitted to cellular progeny predominantly through the com- 

ined action of DNA methyltransferase 1 (DNMT1) and UHFR1 with 

he latter involved in recognition of suppression marks and in ac-

ivation of DNMT1 so that it can copy the methylation state dur-

ng S-phase [22-25] . Additional pro-carcinogenic effects of aberrant 

NA methylation include the following: methylated cytosine spon- 

aneously deaminates to uracil and thymine, causing point muta- 

ions when thymine is erroneously repaired; hypomethylation of 

ene bodies destabilizes the nucleosome and by impairing access 

f enzymes required for RNA elongation and splicing can result in

purious transcription; hypomethylation can also activate transpos- 

ble elements and impair access of DNA repair enzymes creating 

nother mutagenic risk and if hypomethylation occurs in regula- 

ory regions of oncogenes, their increased expression can promote 

umor growth and survival [23 , 26 , 27] . An ideal therapeutic DNA

ethylation modulation in cancer would therefore consist of a nor- 

alization, and the ability of aza nucleosides to induce differenti-

tion suggests this is possible [28 , 29] . 
 and 32%, respectively, with 4 very good partial responses (10%), 5 partial 

esponses (10%). The median PFS was 3.1 months (95% confidence interval 

TP 2.7 months (95% CI: 2.1-7.5 months), and median OS 18.6 months (95% 

g at least minor response and reaching TTP > 6 months was associated 

 median plasma levels of the enzyme that inactivates aza, plasma cyti- 

). Two of the len refractory pts achieved longer disease control than with 

nded immediately after progression on len, bortezomib, and prednisone. 

te of over 480,0 0 0 CpG sites in purified myeloma cells at screening were 

8 in 8 of them. As in other studies, the majority of differentially methy- 

l plasma cells were hypomethylated in myeloma. Treatment decreased the 

rentially methylated in normal plasma cells by > 0.5% in 6 and by > 5% 

nced in 2 pts with clinically convincing aza contribution who achieved a 

ly methylated CpGs by 23 and 68%, respectively, associated with increased 

genes. The study demonstrated tolerability of twice a week SC aza at 50 

MM and suggested aza may help overcome the len/pom refractory state, 

iation pathways. Relatively low response rates and association of clinical 

of the aza inactivating enzyme CDA suggest the aza regimen will need to 

ection may be required to maximize benefit. 

© 2020 Elsevier Inc. All rights reserved. 

Four independent studies that analyzed the myeloma DNA 

ethylome have found global hypomethylation with less exten- 

ive regional hypermethylation compared to normal plasma cells 

s the predominant pattern [2 , 10 , 30 , 31] . Two studies that included

ore extensively pretreated patients found that methylation can 

ncrease during clonal evolution [10 , 31] , especially to plasma cell

eukemia [31] . The most comprehensive methylome analysis used 

he same array platform employed in this study in a population

f over 100 pts plus whole genome methylome sequencing of 2

ts at the extremes of methylation. In addition, it included meticu-

ous comparison to normal B-cell development stages and to other 

ymphoid malignancies. It found variability of the DNA methylome 

s greater in MM than in acute lymphoblastic leukemia, chronic 

ymphocytic leukemia and diffuse large B-cell lymphoma with, on 

hole genome methylation sequencing, between over 2 and 4 mil- 

ion differentially methylated CpGs that ranged from 50% hyperme- 

hylated to 90% hypomethylated compared to normal plasma cells 

2] . Another striking finding was that hypermethylation of B-cell 

pecific enhancers is a common finding in myeloma that is as-

ociated with their decommissioning suggesting an epigenetically 

efined block in differentiation [2] . Since many of the most ac-

ive myeloma therapies target the plasma cell program, loss of 

ifferentiation may not only maintain self-renewal but may also 

rovide a specific therapy-escape mechanism. Loss of differenti- 

tion is a described mechanism for MM resistance to the pro-

easome inhibitor bortezomib [32] . The activity of immunomod- 

latory imide group containing (IMiD) compounds, which target 

he myeloma differentiation and survival factor IRF4, on refractory 

yeloma cells in vitro has been shown to be increased by com-

ination with the DNA methylation inhibitor azacytidine and the 

ZH2 inhibitor tazemetostat. This effect was independent of cere- 

lon and felt to be related to epigenetic “re-programming” [33] .

NA demethylating treatment of cancer cells can reactivate genes 

nvolved in immune signaling [34 , 35] and evidence for an adaptive

mmune response has been shown in a study that used azacyti-

ine followed by lenalidomide in patients with controlled myeloma 

uggesting DNA methylation inhibition may also augment the IL-2 

riven immune stimulatory mechanism of action IMiD compounds 

21 , 36-39] . Methylation of the RASD1 promoter has been found to

ediate resistance of myeloma to dexamethasone [40] . Therapeu- 

ic benefit may therefore result from combination of DNA methyl- 

ransferase inhibition by azacytidine with lenalidomide and dex- 

methasone in relapsed and/or refractory myeloma. The standard 

zacytidine regimen for myeloid neoplasias which uses 75 mg/m 

2 

C daily for 7 days every 28 days causes clinically significant bone
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arrow suppression [41] as an overlapping toxicity with lenalido-

ide. This may in part be dose related since peak exposures are

xpected to reach around 10 times higher concentrations than re-

uired for epigenetic effects [42 , 43] . In addition, continuous DNA

ethylation inhibition during the first 7 days of a cycle is expected

o maintain the immature state of normal hematopoietic stem cells

nd may therefore result in neutropenia due to delay in maturation

44] adding to toxicity from high peak exposure. 

Based on these considerations, we decided to evaluate the

afety and preliminary efficacy of up to twice a week azacytidine

osing, up to a dose of 50 mg/m 

2 , in combination with standard

oses of lenalidomide and dexamethasone in pts with relapsed or

efractory myeloma. 

ethods 

atients 

The study enrolled pts with relapsed or refractory MM who

ere 18 years or older with an Eastern Cooperative Oncol-

gy Group performance status (ECOG-PS) of 0-2 and measur-

ble disease at baseline defined as a serum m-spike ≥ 1g/dL,

 urine m-spike ≥ 200 mg/24 hours, serum free light chains ≥
00 mg/L (provided the kappa/lambda ratio was abnormal), or

one marrow plasma cells ≥ 30%. Additionally, adequate hemato-

ogic (absolute neutrophil count ≥ 1500 /mm ³ and platelet count

75,0 0 0/mm ³), renal (calculated creatinine clearance (Cockroft-

ault) ≥ 30 mL/min), and hepatic (total bilirubin ≤ 1.5 x ULN,

erum AST and ALT levels ≤ 2 x ULN) function was required. Pa-

ients were excluded if they had ≥ grade 3 peripheral neuropa-

hy, prior history of a desquamating rash while taking IMiD com-

ounds or previous lenalidomide intolerability. The protocol for

his study was designed in accordance with the general ethical

rinciples outlined in the Declaration of Helsinki. The study was

pproved by the Cleveland Clinic and University Hospitals Cleve-

and Medical Center Institutional Review Boards and was registered

t www.clinicaltrials.gov as NCT01155583. All pts gave informed

onsent. 

tudy Design 

The study used a 3 + 3 dose escalation design to determine the

ighest tolerated azacytidine dose up to a maximum of 50 mg/m 

2 

C twice a week initially with lenalidomide 25 mg daily from day

-21 every 28 days and dexamethasone 40 mg once a week in

ts with GFR ≥ 60 mL/min (estimated by the Cockroft-Gault for-

ula). After confirmation of tolerability of the 2 highest azacyti-

ine dose levels (DLs) in pts with GFR ≥ 60 mL/min, these 2 DLs

ere assessed for tolerability in pts with GFR 30-59 mL/min who

eceived standard GFR-adjusted lenalidomide at 10 mg day 1-21

very 28 days. In DL 1 & 2 azacitidine was given weekly at 30 and

0 mg/m 

2 SC, respectively, in DL 3 to 5 twice a week at 30, 40,

nd 50 mg/m 

2 , respectively. Declaration of the maximum tolerated

ose (MTD) or the highest tolerated low dose required treatment

f at least 6 pts per GFR cohort at that DL with no more than 1

LT observed per cohort. The MTD was defined as the dose level

elow which DLTs occur in 2 of up to 6 pts treated during the DLT

eriod of 28 days. An expansion by 10 response evaluable pts was

lanned at the MTD or the highest tolerated low dose if no MTD

as observed. 

tudy Objectives and Endpoints 

The primary objective of this study was to determine the safety

nd tolerability of the regimen in pts with GFR ≥ 60 mL/min and
FR 30-59 mL/min and used safety endpoints with CTCAE ver-

ion 4.03 for grading of toxicities. Secondary objectives included

valuation of response, progression-free-survival (PFS), and over- 

ll survival (OS) using uniform response criteria by the interna-

ional myeloma working group criteria (reported here according

o the latest version from 2016 [45] ) and PFS and OS measured

rom study entry. Additional objectives included assessment of as-

ociation between plasma levels of the azacytidine inactivating en-

yme cytidine deaminase (CDA) and efficacy as well as investiga-

ion of the effect of treatment on global DNA methylation and gene

xpression profiles in pts where purified myeloma cells (the pro-

ocol required a purity of at least 70%) of sufficient quantity for

llumina HumanMethylation450 and HT-12 v4.0 BeadChip arrays, 

espectively, could be run. Safety assessments were performed at

creening and throughout the study. For the first 6 cycles, assess-

ents were conducted weekly for the first cycle then at the start

f the subsequent cycles. During maintenance, safety assessments

ere done monthly for the first 6 cycles and then every other

onth. They included history and physical examination including

ital signs, complete blood count, and metabolic panel for adverse

vent (AE) detection and monitoring and measurement of vital

igns. Response was evaluated by the treating investigator at the

eginning of each of the first 6 cycles and then monthly while on

aintenance. Response categories included stringent complete re- 

ponse, complete response (CR), very good partial response (VGPR),

artial response (PR), and minor response (MR). Since this study

sed no minimal residual disease assessment, MRD categories were

ot used. Prior to publication, response assessment was verified

y the principal investigator (senior author) and the lead author

nd corrected if necessary (1 PR was downgraded to MR, 1 SD up-

raded to MR). Blood samples for correlative studies were obtained

eekly during the first cycle, then every 28 days for the first 6 cy-

les. Bone marrow aspirates were obtained at screening in all pts

nd on day 28 unless pts refused or a medical rationale existed to

ot proceed. 

rug administration 

Azacitidine was administered SC at least 5 days apart in weekly

osing cohorts and at least 48 hours apart in twice a week dosing

ohorts in combination with GFR-adjusted lenalidomide po day 1

o 21 every 28 days and dexamethasone 40 mg po weekly for 6 28-

ay cycles followed by maintenance with lenalidomide at the last

olerated dose. For pts who experienced disease stabilization with

ess than PR after 6 cycles, continuation of combination therapy

as allowed per physician discretion. All pts received aspirin 81

g to 325 mg daily for venous thromboembolism prophylaxis or

ore intensive anticoagulation with enoxaparin or warfarin if they

ad risk factors for venous thromboembolism. 

orrelative studies 

Plasma CDA activity was measured by quantifying the conver-

ion of cytidine to uridine at 37 °C with a previously described

igh performance liquid chromatography method [46] at Zymo Re-

earch Corp., CA in a blinded fashion. Each measurement was done

n triplicate with a uridine standard curve to allow quantitation of

nzyme activity after initial calibration with recombinant CDA en-

yme. Bone marrow aspirates were processed the same day with

icoll-Paque density gradient isolation of mononuclear followed by

iltenyi CD138 magnetic bead purification according to the man-

facturer’s instructions. If at least approximately 1 million CD138

urified cells could be obtained, the sample was processed further.

NA and RNA were isolated using Qiagen AllPrep DNA/RNA mini

it according to the manufacturer’s instructions and stored at -80

 or processed immediately. RNA was transcribed into cDNA using

http://www.clinicaltrials.gov
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Table 1 

Baseline characteristics of patients. 

N = 42 (%) 

Age (years) 

Median 62.5 

Range 39-88 

Female 23 (55) 

Male 19 (45) 

White 38 (90) 

African American 4 (10) 

ECOG Performance Status 

0 19 (45) 

1 17 (40) 

2 6 (14) 

Immunoglobulin type 

IgG (2 with secondary plasma cell leukemia) 19 (45) 

IgA 11 (26) 

IgD 1 (2) 

Light chain 11 (26) 

ECOG-PS 

0 19 (45) 

1 17 (40) 

2 6 (14) 

ISS stage at entry 

Stage I 16 (38) 

Stage II 12 (29) 

Stage III 11 (26) 

Missing data 3 (7) 

Disease Manifestations 

Kidney 7 (16) 

Lytic lesions 31 (72) 

Hypercalcemia 7 (16) 

Anemia 26 (60) 

Prior proteasome inhibitor therapy 38 (90) 

Bortezomib 38 (90) 

Carfilzomib 11 (26) 

Previous IMiD® therapy 41 (98) 

Lenalidomide 36 (86) 

Pomalidomide 6 (14) 

Thalidomide 20 (48) 

Prior high-dose chemotherapy with autologous 

hematopoietic cell transplantation 

11 (26) 

Lenalidomide and/or Pomalidomide refractory 34 (81) 

Bortezomib and/or Carfilzomib refractory 31 (74) 

Refractory to Lenalidomide and/or Pomalidomide AND 

Bortezomib and/or Carfilzomib 

29 (69) 

(  
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uperscript III (Invitrogen) within 30 days and EZ DNA Methylation 

its from Zymo Research were used for bisulfite conversion of 

NA. After confirmation of DNA and RNA purity and quantity 

sing NanoDrop, samples were submitted to the Cleveland Clinic 

ore facility for Illumina HumanMethylation450 and HT-12 v4 

eadChip array hybridization with quality control before investiga- 

ional analyses were performed on genome studio version 2011.1. 

ormal bone marrow mononuclear cells for separation of CD138 

ositive and negative fractions of 3 healthy donors was obtained

ommercially from ALLCELLS and processed the same way or used 

ithout purification as normal bone marrow control. The purity 

f plasma cells was evaluated by flow cytometry and staining for

D138 and intracellular kappa and lambda. In myeloma samples, a 

urity of 90% and higher was achieved while normal plasma cells

ad a purity of 70% by CD138 staining after 2 rounds of magnetic

ead purification. As additional control for DNA methylation 

tudies human myeloma cell lines MM-1S and MM-1R were pur- 

hased from ATCC, grown in RPMI 1640, supplemented with 10% 

etal bovine serum, penicillin G (50 units/ml), and streptomycin 

50 μg/mL) and cultured at 37 °C, 5% CO 

2 in humidified air. 

tatistical analyses 

Toxicity and efficacy outcomes were summarized using frequen- 

ies and percentages. Overall survival (OS) and progression-free 

urvival (PFS) were estimated using the Kaplan-Meier method. The 

ifference in CDA activity between pts who achieved TTP greater 

nd less than 6 months was analyzed by a 2-tailed Mann-Whitney

est using Prism 8 software. 

esults 

articipant characteristics 

Overall, 51 patients were screened and 44 were enrolled be- 

ween July 2010 and April 2016. Data were analyzed July 31, 2020.

wo pts did not start treatment since eligibility criteria for neu-

rophils and progression, respectively, were not met. Baseline char- 

cteristics of treated pts are shown in Table 1 . The median age was

2.5 (range: 39-88) and the median number of prior lines of ther-

py was 5 (range: 1-11). Forty-one pts (98%) had received an IMiD,

nd 34 (81%) were refractory to lenalidomide and/or the more po-

ent pomalidomide according to international myeloma working 

roup definitions [47] , meaning failure to achieve at least MR or

rogression on or within 60 days of last therapy. Thirty pts (75%)

ad myeloma refractory to the proteosome inhibitors bortezomib 

nd/or carfilzomib and 29 (69%) were refractory to both lenalido- 

ide and/or pomalidomide and bortezomib and/or carfilzomib. 

wo pts entered the study with secondary plasma cell leukemia. 

afety and tolerability 

The median number of cycles of therapy received was 3 (range:

-36) and 8 pts completed the first 6 cycles of aza, len and dex.

he median number of cycles of aza, len, and dex was 3 (range:

-6). Two DLTs were observed, 1 neutropenic fever in the GFR ≥
0 mL/min 40 mg/m 

2 SC twice a week cohort and one possibly re-

ated GGT elevation in the GFR 30-59 mL/min 50 mg/m2 SC twice

 week cohort ( Fig. 1 and Suppl. Table 1 ). Suppl. Table 1 shows AEs

hat were felt by the treating physician to be at least possibly re-

ated to study drugs, for the dose level selected for expansion (50

g/m 

2 twice a week) and for lower dose levels combined. Over-

ll, 53 Grade 3-4 AEs were observed across all dose levels in 28

articipant (67%) and G3-4 AEs that occurred in more than 1 par-

icipant were neutropenia (N = 16, 38%), anemia (N = 6, 14%), lym-

hopenia (N = 5, 12%), thrombocytopenia (N = 4, 10%), leukopenia
N = 4, 10%), febrile neutropenia (N = 4, 10%), fatigue (N = 3, 7%),

ever (N = 2, 5%), and infection (N = 2, 5%). Grade 3-4 neutropenia

as reported more frequently for pts treated at 50 mg/m 

2 twice

 week than at lower doses (52 and 21%, respectively) while G3-

 thrombocytopenia was comparable between lower dose levels 

nd the dose level selected for expansion (11 and 9%, respectively).

ebrile neutropenia occurred in 2 of 6 pts treated at 40 mg/m 

2 

wice a week and 2 of 23 pts (9%) treated at 50 mg/m 

2 . Injection

ite reactions were reported only for pts treated at 50 mg/m 

2 twice

 week (N = 6, 26%) and were all of mild (Grade 1) intensity. 

reatment allocation and outcome 

Fig. 1 shows the allocation of pts to treatment cohorts with re-

ponses per cohort and dependent on refractory state to lenalido- 

ide and/or pomalidomide. When all dose levels were analyzed 

ogether, the overall response rate (ORR) was 22% with 4 VGPRs 

nd 5 PRs in 41 response evaluable pts. The clinical benefit re-

ponse rate (CBRR) was 32% which included 4 MRs. At the dose

evel selected for expansion, ORR and CBRR were similar at 23 and

2%, respectively. When response evaluable pts with disease re- 

ractory to lenalidomide and/or pomalidomide (N = 33) were an- 

lyzed separately according to frequency of aza administration, the 

RR was 0% and CBRR 17% in 6 pts treated with weekly aza while

wice a week aza cohorts combined (N = 27) reached an ORR of

5% and a CBRR of 26%. Among 8 pts with disease that was nei-
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Fig. 1. Treatment allocation and response dependent on Lenalidomide and/or Pomalidomide refractory state. Response rate = PR or better; Clinical Benefit Response Rate = MR 

or better. Abbreviations: Aza = azacytidine; Aza 30, 40, 50 = azacytidine subcutaneous at 30, 40, 50 mg/m 

2 ; BIW = twice a week at least 48 hours apart; GFR = glomerular 

filtration rate per Cockroft-Gault formula; MR = minor response; PR = partial response; QW = once a week at least 5 days apart; VGPR = very good partial response. 
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u  
her lenalidomide nor pomalidomide refractory, 3 achieved VGPR

nd 2 PR for an ORR and CBRR of 63% ( Fig. 1 ). Narrowing the re-

ponse analysis in len and/or pom refractory disease to pts who

ere treated with 50 mg/m 

2 aza twice a week (N = 17) found sim-

lar ORR and CBRR as for the combined analysis of twice a week

za treated pts with 12 and 24%, respectively. The median time to

esponse was 29 days (range 27 to 71), median time to best re-

ponse was 60 days (range 27 to 616) and median duration of re-

ponse was 125 days (30 to 1058). The median PFS was 3.1 months

95% CI: 2.1-5.1 months), median TTP 2.7 months (95% CI: 2.1-

.5 months, Fig. 2 ), and median OS 18.6 months (95% CI: 12.9-

3.0 months). Reasons for discontinuation from study were dis-

ase progression (N = 27, 63%), participant withdrawal (N = 7, 16%),

Es (N = 4, 7%), difficulty getting to the treatment center (N = 2%),

articipation in an allogeneic stem cell transplant study (N = 1, 2%)

nd physician decision due to declining performance status (N = 1,

%). 

utcome Dependent on Plasma CDA Activity 

To explore whether the known rapid and variable metabolism

f azacytidine [42 , 48] might affect outcome, we analyzed the en-

yme responsible for its inactivation, plasma CDA, at screening and

n treatment in 39 response evaluable pts. Three pts entered the

tudy as backfill after completion of CDA analyses; 2 had myeloma
efractory to len and none of the 3 pts achieved MR or better or

TP > 6 months. Patients who achieved at least MR or TTP > 6

onths had significantly lower median CDA levels throughout the

tudy than pts who achieved no response or who experienced pro-

ression within 6 months ( Fig. 2 B, C). For the entire study popula-

ion with CDA assessments (N = 39), median CDA values in pts who

chieved at least MR were 1169 mU/mL compared to 1476 mU/mL

n nonresponders ( P = .036, Mann-Whitney Test) and 973 mU/mL

n pts who reached TTP > 6 months compared to 1507 mU/mL in

ts with TTP < 6 months ( P < .0 0 01, Mann-Whitney Test). In pts

ith disease refractory to len and/or pom, median CDA levels were

45 and 950 mU/mL for pts who achieved at least MR and TTP

 6 months, respectively, compared to 1488 and 1487 mU/mL in

onresponders and earlier progressors, respectively ( P < .0 0 01 for

oth comparisons, Mann-Whitney test). Treatment had no signifi-

ant effect on plasma CDA activity with median pretreatment and

n-treatment CDA values of 1513 and 1411 mU/mL, respectively,

p = 0.6262, Mann-Whitney Test) but intra-individual variability of

DA levels at different time points was observed with a median

tandard deviation of 34.7% (range 2.3 – 87.4%). A single measure-

ent may therefore not always adequately predict aza metabolism.

Table 2 shows clinical characteristics of pts who achieved TTP

 6 months or at least MR. While the study was not designed to

est the contribution of treatment components, review of individ-

al pt histories added to the impression from CDA analyses that
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Fig. 2. Time to progression and association of plasma cytidine deaminase activity with outcome. (A) Time to progression of the entire study population. The shaded area 

displays the 95% confidence interval. (B) and (C): Association of median plasma cytidine activity throughout the study with achieving response (B) and time to progression 

greater than 6 months (C). Error bars display 95% confidence intervals. Three patients entered the study after completion of cytidine deaminase activity analyses and did 

not reach at least minor response or TTP > 6 months. Abbreviations: CDA = cytidine deaminase; Len = Lenalidomide; m = months; MR = minor response; NR = no response; 

Pom = Pomalidomide; TTP = time-to-progression; ref = refractory. 
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Table 2 

Characteristics of patients who reached TTP > 6 months or at least MR. 

PID DL (mg/m 

2 ) BoR TTP or time 

to exit (mos) 

Median CDA 

(mU/mL) 

Len or 

Pom ref? 

Btz or 

Cfz ref? 

Ref at study 

entry? 

# prior 

Rx lines 

32 Aza 50 BIW MR 32 822 Y Y Y 3 

104 Aza 50 BIW VGPR 32 1401 N N N 2 

18 Aza 40 BIW PR 24.2 ∗ 1249 Y Y Y 4 

23 Aza 50 BIW VGPR 12.2 870 Y Y Y 4 

14 Aza 40 BIW SD 8.6 1577 Y Y Y 6 

102 Aza 40 BIW MR 7.8 641 Y Y Y 6 

30 Aza50 BIW VGPR 7.6 969 N N N 2 

9 Aza 30 BIW PR 6.8 ∗∗ 1353 Y Y Y 8 

107 Aza 50 BIW PR 5.3 1942 Y N Y 2 

36 Aza 50 BIW MR 4.8 1661 Y Y Y 5 

108 Aza 50 BIW VGPR 3.7 1978 N N N 2 

15 Aza 40 BIW PR 3.6 2009 N Y Y 1 

10 Aza 30 BIW PR 3.4 1869 N N N 1 

1 Aza 30 QW MR 3.1 1528 Y Y Y 8 

Abbreviations: PID = participant identification; DL = dose level; BoR = best overall response; TTP = time to progression; mos = months; Median CDA = median plasma 

cytidine deaminase activity throughout the study; Len = lenalidomide; Pom = pomalidomide; ref = refractory according to IMWG criteria (best response less than MR or 

progression on or within 60 days of last therapy); Btz = bortezomib; Cfz = carfilzomib; Rx lines = regimen lines with induction, high dose chemotherapy with autologous 

stem cell transplant and maintenance counted as one line; TTNT = time to next treatment; aza 30, 40, 50 = azacytidine 30, 40, 50 mg/m2; BIW = twice a week; QW 

= once a week; Y = yes; N = no; SD = stable disease; MR = minor response; PR = partial response; VGPR = very good partial response; ∗ PID18 Reached PR after > 7 

months, therefore received extended azacytidine, lenalidomide and dexamethasone; after 16.75 months, treatment was administered closer to home and prednisone was 

substituted for dexamethasone due to better tolerance, given off study but PID18 followed with PI monthly. Response duration includes treatment continuation off-study. 
∗∗ PID9 Received azacitidine, lenalidomide and dexamethasone according to study protocol but off study/off site after 4 months due to distance from Rx center but was 

followed by PI monthly. PFS duration includes off study/off site treatment period. 
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t

za contributed to clinical benefit, at least in some pts. Participant

D (PID) 32 had never reached a response or disease control longer

han 13 months prior to study entry, including while on treatment

ith lenalidomide and dexamethasone, and reached MR lasting 32

onths on study. PID18 never reached response lasting longer than

1 months despite treatment with bortezomib, lenalidomide and

examethasone (VRd), high-dose chemotherapy with autologous 

tem cell transplant and carfilzomib. With study treatment (using

ontinuous azacytidine beyond 6 months as suggested per proto-

ol for response below PR at that time point), PID18 reached PR

at 7 months) with disease control lasting over 2 years before de-

iding for allogeneic stem cell transplant in the context of subpro-

ression level increase in monoclonal proteins. PID102 progressed

n bortezomib, lenalidomide, and prednisone immediately prior to

tudy entry and reached MR with disease control for 7.8 months

n study. 

yeloma DNA methylation and gene expression analyses in a subset 

f patients 

CD138 purified bone marrow cells for global array-based DNA

ethylation analysis at screening could be obtained from 11 pts

nd on day 28 in 8 of them. The array interrogates over 480,0 0 0

pGs and based on methylation signals assigns each CpG an aver-

ge methylation beta value between 0 and 1 with 0 for completely

nmethylated and 1 for completely methylated alleles. Clustering

NA methylation profiles based on Pearson correlation of methy-

ation patterns revealed that myeloma samples of this study clus-

ered closer together with normal plasma cells (NPCs) than with

uman myeloma cell lines (MM1-S and MM1-R) and were most

istinct from unsorted normal bone marrow (data not shown). The

ethylation array can detect a difference in beta value of 0.2 with

9% confidence [49] . In accordance with the threshold for differ-

ntially methylated sites used by Agirre et al. [2] , we required a

ifference in beta value of at least 0.25 to call a CpG site differ-

ntially methylated between samples. Compared to normal plasma

ells, myeloma cells had a median of 128,040 CpGs hypomethy-

ated (range 7866-165,998) and a median of 12,700 CpGs hyper-

ethylated (range 30 6 6-26,316) for an overall median number of

ifferentially methylated CpGs of 146,752 (range 93,646-178,257).

pG islands represented a median of 40% (range 24-56%) of hyper-
ethylated CpGs and 8% (range 6-10%) of hypomethylated CpGs.

reatment reduced to number of CpGs that were differentially

ethylated (DM) in NPCs by > 0.5% in 6 and by over 5% (9-68%)

n 3 of 8 pts with on-treatment samples while DM CpGs increased

y 4 and 16% in 2 pts. Marked decrease in the number of DM

pGs in participant 18 (MM-18) was associated with achievement

f PR and approximately 2 year TTP. Participants 9 (sPCL-9) and

02 (MM-102) also achieved responses (PR and MR, respectively)

nd TTP > 6 months associated with less DM CpGs on day 28

han at screening. However, despite reduction in DM CpGs with

reatment, participant 103 (MM-103) did not achieve disease con-

rol while participant 1 (MM-1) achieved a short-lived MR despite

ncrease in DM CpGs ( Fig. 3 A). Interestingly, treatment caused pre-

ominant hypomethylation in MM-1 and MM-103 while the pro-

ortion of CpGs that became more methylated with treatment,

ossibly by induction of differentiation pathways was greater in

articipants 9, 18, and 102 who achieved TTP > 6 months ( Fig. 3 C).

o assess whether treatment caused plasma cell specific changes

n methylation, we also compared myeloma samples to unpurified

ormal bone marrow. The 2 myeloma samples (MM-18 and MM-

02) with most profound treatment-induced reduction in DM CpGs

ompared to NPCs, by 68 and 23%, respectively, increased the num-

er of DM CpGs compared to NLBM by 22 and 11%, respectively,

n day 28 suggesting plasma cell specific epigenetic reprogram-

ing may have occurred ( Fig. 3 B). The majority of methylation

hanges on treatment consisted of increase in methylation ( Fig. 3 C)

ut decreases in methylation more commonly affected CpG islands

 Fig. 3 D) suggesting DNA demethylation at discrete hypermethy-

ated sites has led to partial correction of aberrant hypomethy-

ation. Concurrent gene expression profiling demonstrated signifi- 

ant increase in immunoglobulin gene expression on treatment in

 samples, including MM-18 and MM-102 (Suppl. Table 2 ), gener-

lly supporting the hypothesis that azacytidine may induce differ-

ntiation although responsible pathways could not be identified.

enes directly involved in DNA methylation were not increased in

xpression. Other observations included a ratio of increased to de-

reased genes in favor of increased in pts who achieved at least

R and increase in expression of inflammation associated genes in

 pts, including 3 of 4 pts who achieved at least MR (supplemental

able 1). 
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Fig. 3. Global DNA methylation profiles and treatment-induced changes. (A) Relationship between the change in the number of differentially methylated CpGs compared to 

normal plasma cells on day 28 and best overall response as well as time to progression or study exit in participants treated at indicated dose levels. (B) Treatment-induced 

changes in the number of differentially methylated CpG dinucleotides compared to normal plasma cells and unsorted normal bone marrow cells displayed as precent change 

from baseline at screening. In most patients, treatment reduced the number of differentially methylated CpG dinucleotides compared to normal plasma cells while increasing 

the number of differentially methylated CpGs compared to normal unsorted bone marrow. (C) The majority of DNA methylation changes on treatment consisted of increase in 

methylation in 6 of 8 patients with paired screening and on treatment samples. (D) Study treatment induced reduction in methylation more commonly affected CpG islands 

than treatment induced increase in methylation in 7 of 8 patients. Abbreviations: Aza = azacytidine; BIW = twice a week; CGI = CpG island; DM = differentially methylated; 

hyper = increased in methylation on treatment; Hypo = decreased in methylation on treatment; MM = multiple myeloma; MR = minor response; NLBM = unsorted normal 

bone marrow; NPC(s) = normal plasma cell(s); PD = progressive disease; PR = partial response; QW = once a week; Rx = treatment; SD = stable disease; sPCL = secondary 

plasma cell leukemia; TTP = time to progression; 30, 40, 50 = 30, 40, 50 mg/m 

2 . 

D

d

a

t

g

s  

t

s

t

a  

r  

fi  

M

f

n

t

m

s

t  

9  

e  

o

f  

h  

4

u

h

iscussion 

We aimed to develop a DNA methylation inhibiting azacyti- 

ine regimen that is tolerated in combination with lenalidomide 

nd dexamethasone in relapsed or refractory myeloma patients 

o reverse this mutation-like common final path of diverse epi- 

enetic mechanisms of treatment resistance. The study demon- 

trated tolerability of azacytidine at 50 mg/m 

2 SC twice a week

ogether with GFR adjusted lenalidomide and weekly dexametha- 

one in extensively pretreated predominantly treatment refrac- 

ory myeloma patients. In addition, it yielded the impression that 

za can help overcome the len refractory state but at a low

ate. Association of low plasma CDA levels with clinical bene-

t suggests that drug exposure may have been a limiting factor.

echanisms of treatment success may include induction of dif- 
erentiation with restoration of a methylome that moves toward 

ormal plasma cells through limited demethylation and more ex- 

ensive secondary methylation of sites that are hypomethylated in 

yeloma. 

The safety of lenalidomide and dexamethasone was not sub- 

tantially affected by addition of azacytidine up to 50 mg/m 

2 

wice a week but febrile neutropenia (10% across dose levels and

% at the top dose) and G3-4 neutropenia (38% across dose lev-

ls and 52% at the top dose) appeared higher than in the piv-

tal study for lenalidomide and dexamethasone in relapsed or re- 

ractory myeloma in the US by Weber et al. [50] , which used a

igher cumulative dexamethasone dose of 40 mg daily, 4 days on,

 days off and enrolled a less extensively pretreated MM pop- 

lation (febrile neutropenia 3.2%; G-3-4 neutropenia 41.2%) and 

igher than in the study which established the lower cumulative 
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stock 
examethasone dose of 40 mg once a week as standard of care in

ewly diagnosed myeloma pts where no febrile neutropenia was

eported and G3-4 neutropenia found in 20% [51] . Injection site

eactions were all of G1-2 and observed in 26% of pts treated with

za 50 mg/m 

2 twice a week (Suppl. Table 1). 

In our study, the response rate ( ≥ PR) and CBRR ( ≥ MR) for pts

ith len and/or pom refractory disease was 15 and 26%, respec-

ively, for 27 pts who received twice a week aza with lenalido-

ide and dexamethasone and 6 of 7 pts who achieved at least

R with twice a week aza achieved TTP > 6 months compared

o a median TTP of 2.7 months in the entire study. Insufficient in-

ormation exists on the efficacy of re-treatment with lenalidomide

nd dexamethasone in lenalidomide refractory myeloma to draw

efinite conclusions on the contribution of aza to observed clini-

al benefit. In a Czech retrospective study of 41 pts who were re-

ractory to their last line of treatment but for whom the len re-

ractory state was not reported, response to initial len treatment

as 68.6% and to retreatment 14.2% [52] . Another retrospective

tudy of retreatment with IMiD compounds from the Mayo Clinic

ncluded 4 pts who progressed on len-based induction and were

ubsequently retreated with 1 pt achieving PR [53] . In a study

hat retrospectively analyzed response to re-treatment with IMiD

ompounds after daratumumab in IMiD refractory pts, a sensiti-

ation by daratumumab was postulated. In this study, 8 pts re-

eived lenalidomide with dexamethasone as re-treatment and 4

chieved at least PR for an ORR of 50% [54] . In our study, no pts

ad received prior daratumumab but considering that response to

e-treatment with lenalidomide and dexamethasone may be in the

ange we observed, we performed a detailed review of prior treat-

ent histories and identified 3 len refractory pts who achieved su-

erior duration of disease control than with any prior regimen or

esponse immediately following progression on a lenalidomide and

ortezomib containing regimen. In these 3 pts the clinical context

herefore strongly suggested contribution of aza to clinical benefit. 

The observation that plasma levels of the aza inactivating en-

yme CDA inversely correlated with achieving at least MR and

TP > 6 months further suggests that aza exposure contributed

o observed benefit despite low overall response. High plasma

DA activity decreases aza-nucleoside half-life and inversely cor-

elates with outcome of patients with MDS treated with azaciti-

ine or decitabine as well [46] . Combination of decitabine with in-

ibitors of CDA such as tetrahydrouridine [55-57] or cedazuridine

58-60] allows oral administration and may limit risk of relapse in

he liver, a high CDA expressing organ [61] . Increasing exposure to

pigenetically effective aza nucleoside levels while avoiding high

eak levels is being pursued for the tetrahydrouridine decitabine

ombination with promising initial results in sickle cell anemia

56] while PK equivalence has been the main goal for the devel-

pment of cedazuridine with decitabine and resulted FDA approval

n MDS July 7, 2020 [62] . An oral formulation for azacytidine (CC-

86) without CDA inhibitor was pursued by Celgene which yields

pproximately 10-fold lower peak concentrations at 300 mg po

han SC azacytidine at 75 mg/m 

2 [42 , 63] , but reaches the range

around 0.5 μM) where epigenetic effects would be expected based

n in vitro experiments [43] . Accordingly, DNA demethylation was

onfirmed in the human dose exploration PK/PD study [63] . On

eptember 1, 2020 The FDA approved CC-486 (Onureg) at a dose of

00 mg po daily for the first 14 days of a 28-day cycle for main-

enance treatment in pts with AML in CR or CR with incomplete

lood count recovery who are unable to complete intensive cura-

ive therapy [64] based on approximately 10 months longer sur-

ival and doubling of PFS compared to placebo in a phase 3 study

65] . Optimizing aza exposure through use of CDA inhibitors or

egimens that allow reaching epigenetically effective levels more

ften may improve efficacy of aza in myeloma. Interestingly, a dose

nding study of CC-486 in combination with lenalidomide and
examethasone by Kalff et al. [66] in len refractory myeloma pa-

ients arrived at a dose of 100 mg daily, 3 times lower than the

ne used for AML but given for the first 21 days of a 28 day cy-

le, and reached an ORR and CBRR of 44 and 78% in 9 response-

valuable pts treated at this dose. The low number of pts treated

t this dose and the lack of pharmacodynamic assays to confirm

n effect on the DNA methylome in this study make additional re-

earch necessary but generally support a frequent low dose expo-

ure concept. Our results have also suggested that the frequency

f aza administration is more important than the dose within a

ange of 30 to 50 mg/m 

2 ( Fig. 1 ) although the weekly administra-

ion was tested in only 6 pts. Additionally, relatively low doses of

ecitabine (5 mg/m 

2 IV daily over 5 days) have shown promising

esults in combination with twice a week SC bortezomib and dex-

methasone in pts with relapsed or refractory myeloma with ORR

7% in 46 pts and 75% in 8 bortezomib refractory pts reported from

 Chinese phase 2 study [67] . 

Preclinical and translational studies have demonstrated that 

za nucleoside treatment can induce differentiation in cancer

ells when used at nontoxic doses [28 , 29] . In multiple myeloma,

ifferentiation would mean an increase of DNA methylation, since

he majority of differential methylation in myeloma compared

o normal plasma cells consists of hypomethylation [2 , 10 , 30 , 31] .

e confirmed this pattern with approximately 10 times more

ypomethylated than hypermethylated CpGs in myeloma cells at

iagnosis compared to normal plasma cells. Among the 8 pts with

n-treatment purified myeloma cells, 2 had clinically convinc-

ng aza contribution to benefit and underwent DNA methylome

hanges that brought their myeloma cells closer to NPCs, pre-

ominantly by increase in DNA methylation but with decrease in

ethylation at discrete CpGs that were more commonly located in

pG islands ( Fig. 3 ) and net increase in gene expression including

f immunoglobulin genes (Suppl. Table 2 ). While this suggests aza

ay have induced differentiation we could not identify significant

hanges in potential pathways which may be due limited sen-

itivity of the methods we used. Emergence of de-differentiated

lones is a well described mechanism for resistance to the pro-

easome inhibitor bortezomib [32] and may result in resistance to

ther drugs that target the plasma cell program, including IMiD

ompounds and BCMA targeting approaches. Defining whether 

nd how DNMT inhibitors can induce differentiation in myeloma

ay therefore have broad implications for overcoming treatment

esistance and facilitate the design of pharmacodynamic assays

hat guide their development. 

With the availability of clinically evaluable CDA inhibitors, se-

ecting pts for treatment based on CDA expression should not be

equired despite our observation that low CDA associates with ben-

fit but measurement of achieved suppression of CDA activity on

reatment may help refine their dosing. Alternatively, frequent low-

evel exposure, as in the study by Kalff et al. [66] may obviate

he need for CDA inhibition. Measuring aza nucleoside incorpora-

ion [68] and/or DNMT1 depletion in myeloma cells [69] may help

n dose and schedule optimization for myeloma and combination

ith well tolerated epigenetic agents that target epigenetic mod-

fiers with documented impact in myeloma, such as the EZH2 in-

ibitor tazemetostat [33] may help achieve optimized epigenetic

egimens. Reversal of global hypomethylation may be a seemingly

ounterintuitive but potentially valuable epigenetic endpoint in fu-

ure studies and sensitive methods such as single cell RNA se-

uencing may help identify responsible mechanisms and guide pa-

ient selection if optimized epigenetic regimens still require it. 

onflict of interest statement 

Frederic J. Reu: Celgene research support, Bristol-Myers Squibb



54 J. Khouri, B.M. Faiman and D. Grabowski et al. / Seminars in Hematology 58 (2021) 45–55 

r

R  

S

i

L  

S

A

t

S

p

H

V

v

F

E

A

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

[  

[  

[  

 

[  

[  

[  

 

[  

[  

 

 

[  

 

[  

[  

 

[  

[  

 

[  

 

 

[  

[  
Yap Chew: Zymo Research employment 

Beth M Faiman: Celgene / Bristol-Myers Squibb Speaker’s Bu- 

eau 

No relevant conflicts of interest: Jack Khouri, Dale Grabowski, 

eda Z Mahfouz, Shahper N Khan, Wei Wei, Robert Dean, Christy

amaras, Hillard Lazarus, Erica L. Campagnaro, Ehsan Malek, Jan- 

ce Reed, Mary Ann Karam, Kimberly Hamilton, Matt Kalaycio, Hien 

iu, Ronald Sobecks, Jason Valent, Sherry Fada, Babal K Jha, Yogen

aunthararajah, Mohammed Orloff. 

uthors contribution 

Jack Khouri : Validation, Investigation, Writing-Original Draft. 

Beth M Faiman : Validation, Investigation, Resources. 

Dale Grabowski : Investigation, Data Curation, Project Adminis- 

ration. 

Reda Z Mahfouz: Investigation, Methodology, Data Curation, 

upervision. 

Shahper N Khan : Methodology, Investigation, Data Curation. 

Wei Fairman : Formal Analysis, Visualization. 

Robert Dean, Christy Samaras, Hillard Lazarus, Erica L Cam- 

agnaro, Ehsan Malek, Janice Reed, Mary Ann Karam, Kimberly 

amilton, Matt Kalaycio, Hien Liu, Ronald Sobecks and Jason 

alent: Investigation, Resources. 

Sherry Fada : Data Curation, Project Administration. 

Babal K Jha : Supervision. 

Yogen Saunthararajah : Conceptualization, Methodology, Super- 

ision. 

Yap Chew : Investigation. 

Mohammed Orloff: Investigation. 

Frederic J Reu : Conceptualization, Methodology, Validation, 

ormal Analysis, Investigation, Resources, Writing – Review and 

diting, Visualization, Supervision, Project Administration, Funding 

cquisition. 

eferences 

[1] Lohr JG , Stojanov P , Carter SL , et al. Widespread genetic heterogene-
ity in multiple myeloma: implications for targeted therapy. Cancer Cell 

2014;25(1):91–101 . 

[2] Agirre X , Castellano G , Pascual M , et al. Whole-epigenome analysis in multiple
myeloma reveals DNA hypermethylation of B cell-specific enhancers. Genome 

Res 2015;25(4):478–87 . 
[3] Cancer Stat Facts: Myeloma [Internet]. NCI, SEER. 2020 [cited September 22,

2020]. Available from: https://seer.cancer.gov/statfacts/html/mulmy.html . 
[4] Chim CS , Liang R , Leung MH , Kwong YL . Aberrant gene methylation implicated

in the progression of monoclonal gammopathy of undetermined significance 

to multiple myeloma. Journal of clinical pathology 2007;60(1):104–6 . 
[5] Chng WJ , Huang GF , Chung TH , et al. Clinical and biological implications of

MYC activation: a common difference between MGUS and newly diagnosed
multiple myeloma. Leukemia 2011;25(6):1026–35 . 

[6] Egan JB , Shi CX , Tembe W , et al. Whole-genome sequencing of multiple
myeloma from diagnosis to plasma cell leukemia reveals genomic initiating 

events, evolution, and clonal tides. Blood 2012;120(5):1060–6 . 

[7] Gabrea A , Leif Bergsagel P , Michael Kuehl W . Distinguishing primary and sec-
ondary translocations in multiple myeloma. DNA repair 2006;5(9-10):1225–33 . 

[8] Gernone A , Dammacco F . Molecular alterations of IL-6R, lck and c-myc genes
in transforming monoclonal gammopathies of undetermined significance. Br J 

Haematol 1996;93(3):623–31 . 
[9] Guillerm G , Gyan E , Wolowiec D , et al. p16(INK4a) and p15(INK4b) gene

methylations in plasma cells from monoclonal gammopathy of undetermined 

significance. Blood 2001;98(1):244–6 . 
[10] Heuck CJ , Mehta J , Bhagat T , et al. Myeloma is characterized by stage-specific

alterations in DNA Methylation that occur early during myelomagenesis. J Im-
munol 2013;190(6):2966–75 . 

[11] Rasmussen T , Theilgaard-Monch K , Hudlebusch HR , et al. Occurrence of dys-
regulated oncogenes in primary plasma cells representing consecutive stages 

of myeloma pathogenesis: indications for different disease entities. Br J 
Haematol 2003;123(2):253–62 . 

[12] Walker BA , Wardell CP , Melchor L , et al. Intraclonal heterogeneity is a critical

early event in the development of myeloma and precedes the development of
clinical symptoms. Leukemia 2013 . 

[13] Kyle RA , Remstein ED , Therneau TM , et al. Clinical course and prog-
nosis of smoldering (asymptomatic) multiple myeloma. N Engl J Med 

2007;356(25):2582–90 . 
[14] Kyle RA , Therneau TM , Rajkumar SV , et al. Prevalence of monoclonal gam-
mopathy of undetermined significance. N Engl J Med 2006;354(13):1362–9 . 

[15] Kyle RA , Therneau TM , Rajkumar SV , et al. A long-term study of progno-
sis in monoclonal gammopathy of undetermined significance. N Engl J Med

2002;346(8):564–9 . 
[16] Landgren O , Kyle RA , Pfeiffer RM , et al. Monoclonal gammopathy of un-

determined significance (MGUS) consistently precedes multiple myeloma: a 
prospective study. Blood 2009;113(22):5412–17 . 

[17] Laubach J , Garderet L , Mahindra A , et al. Management of relapsed multiple

myeloma: recommendations of the International Myeloma Working Group. 
Leukemia 2016;30(5):1005–17 . 

[18] Gandhi UH , Cornell RF , Lakshman A , et al. Outcomes of patients with multiple
myeloma refractory to CD38-targeted monoclonal antibody therapy. Leukemia 

2019;33(9):2266–75 . 
[19] Morgan GJ , Walker BA , Davies FE . The genetic architecture of multiple

myeloma. Nat Rev Cancer 2012;12(5):335–48 . 

20] Chung TH , Mulligan G , Fonseca R , Chng WJ . A novel measure of chromosome
instability can account for prognostic difference in multiple myeloma. PLoS 

One 2013;8(6):e66361 . 
[21] De Smedt E , Lui H , Maes K , et al. The epigenome in multiple myeloma: impact

on tumor cell plasticity and drug response. Front Oncol 2018;8:566 . 
22] Qin W , Leonhardt H , Pichler G . Regulation of DNA methyltransferase 1 by in-

teractions and modifications. Nucleus 2011;2(5):392–402 . 

23] Gujar H , Weisenberger DJ , Liang G . The roles of human DNA Methyltransferases
and their isoforms in shaping the epigenome. Genes (Basel) 2019;10(2) . 

24] Jones PA , Laird PW . Cancer epigenetics comes of age. Nature genetics
1999;21(2):163–7 . 

25] Jones PA , Taylor SM . Cellular differentiation, cytidine analogs and DNA methy-
lation. Cell 1980;20(1):85–93 . 

26] Baylin SB , Jones PA . Epigenetic determinants of cancer. Cold Spring Harb Per-

spect Biol 2016;8(9):a019505 . 
[27] Wilson AS , Power BE , Molloy PL . DNA hypomethylation and human diseases.

Biochim Biophys Acta 2007;1775(1):138–62 . 
28] Alcazar O , Achberger S , Aldrich W , et al. Epigenetic regulation by decitabine of

melanoma differentiation in vitro and in vivo. Int J Cancer 2012;131(1):18–29 . 
29] Saunthararajah Y , Triozzi P , Rini B , et al. p53-Independent, normal stem cell

sparing epigenetic differentiation therapy for myeloid and other malignancies. 

Semin Oncol 2012;39(1):97–108 . 
30] Salhia B , Baker A , Ahmann G , et al. DNA methylation analysis determines the

high frequency of genic hypomethylation and low frequency of hypermethyla- 
tion events in plasma cell tumors. Cancer Res 2010;70(17):6934–44 . 

[31] Walker BA , Wardell CP , Chiecchio L , et al. Aberrant global methylation patterns
affect the molecular pathogenesis and prognosis of multiple myeloma. Blood 

2010;117:553–62 . 

32] Leung-Hagesteijn C , Erdmann N , Cheung G , et al. Xbp1s-negative tumor B cells
and pre-plasmablasts mediate therapeutic proteasome inhibitor resistance in 

multiple myeloma. Cancer Cell 2013;24(3):289–304 . 
33] Dimopoulos K , Sogaard Helbo A , Fibiger Munch-Petersen H , et al. Dual inhi-

bition of DNMTs and EZH2 can overcome both intrinsic and acquired resis-
tance of myeloma cells to IMiDs in a cereblon-independent manner. Mol Oncol

2018;12(2):180–95 . 
34] Reu FJ , Bae SI , Cherkassky L , et al. Overcoming resistance to interferon-induced

apoptosis of renal carcinoma and melanoma cells by DNA demethylation. J Clin

Oncol. 2006;24(23):3771–9 . 
35] Reu FJ , Leaman DW , Maitra RR , et al. Expression of RASSF1A, an epigenetically

silenced tumor suppressor, overcomes resistance to apoptosis induction by in- 
terferons. Cancer Res 2006;66(5):2785–93 . 

36] de Carvalho F , Vettore AL , Colleoni GW . Cancer/Testis Antigen
MAGE-C1/CT7: new target for multiple myeloma therapy. Clin Dev Immunol 

2012;2012:257695 . 

[37] Maes K , De Smedt E , Kassambara A , et al. In vivo treatment with epi-
genetic modulating agents induces transcriptional alterations associated 

with prognosis and immunomodulation in multiple myeloma. Oncotarget 
2015;6(5):3319–34 . 

38] Toor AA , Payne KK , Chung HM , et al. Epigenetic induction of adaptive im-
mune response in multiple myeloma: sequential azacitidine and lenalido- 

mide generate cancer testis antigen-specific cellular immunity. Br J Haematol 

2012;158(6):700–11 . 
39] Reu FJ , Bae SI , Cherkassky L , et al. Overcoming resistance to interferon-induced

apoptosis of renal carcinoma and melanoma cells by DNA demethylation. J Clin
Oncol 2006;24(23):3771–9 . 

40] Nojima M , Maruyama R , Yasui H , et al. Genomic screening for genes si-
lenced by DNA methylation revealed an association between RASD1 inacti- 

vation and dexamethasone resistance in multiple myeloma. Clin Cancer Res 

2009;15(13):4356–64 . 
[41] Fenaux P , Mufti GJ , Hellstrom-Lindberg E , et al. Efficacy of azacitidine com-

pared with that of conventional care regimens in the treatment of higher-risk
myelodysplastic syndromes: a randomised, open-label, phase III study. The 

lancet oncology 2009;10(3):223–32 . 
42] Rudek MA , Zhao M , He P , et al. Pharmacokinetics of 5-azacitidine administered

with phenylbutyrate in patients with refractory solid tumors or hematologic 

malignancies. J Clin Oncol 2005;23(17):3906–11 . 
43] Tsai HC , Li H , Van Neste L , et al. Transient low doses of DNA-demethylating

agents exert durable antitumor effects on hematological and epithelial tumor 
cells. Cancer Cell 2012;21(3):430–46 . 

http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0001
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0001
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0001
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0001
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0001
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0002
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0002
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0002
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0002
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0002
https://seer.cancer.gov/statfacts/html/mulmy.html
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0004
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0004
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0004
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0004
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0004
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0005
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0005
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0005
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0005
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0005
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0006
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0006
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0006
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0006
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0006
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0007
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0007
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0007
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0007
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0008
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0008
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0008
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0009
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0009
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0009
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0009
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0009
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0010
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0010
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0010
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0010
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0010
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0011
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0011
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0011
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0011
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0011
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0012
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0012
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0012
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0012
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0012
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0013
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0013
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0013
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0013
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0013
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0014
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0014
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0014
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0014
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0014
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0015
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0015
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0015
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0015
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0015
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0016
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0016
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0016
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0016
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0016
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0017
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0017
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0017
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0017
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0017
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0018
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0018
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0018
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0018
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0018
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0019
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0019
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0019
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0019
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0020
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0020
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0020
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0020
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0020
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0021
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0021
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0021
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0021
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0021
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0022
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0022
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0022
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0022
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0023
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0023
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0023
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0023
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0024
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0024
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0024
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0025
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0025
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0025
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0026
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0026
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0026
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0027
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0027
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0027
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0027
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0028
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0028
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0028
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0028
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0028
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0029
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0029
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0029
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0029
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0029
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0030
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0030
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0030
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0030
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0030
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0031
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0031
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0031
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0031
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0031
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0032
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0032
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0032
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0032
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0032
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0033
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0033
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0033
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0033
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0033
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0034
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0034
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0034
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0034
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0034
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0035
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0035
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0035
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0035
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0035
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0036
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0036
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0036
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0036
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0037
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0037
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0037
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0037
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0037
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0038
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0038
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0038
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0038
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0038
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0039
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0039
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0039
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0039
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0039
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0040
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0040
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0040
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0040
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0040
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0041
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0041
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0041
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0041
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0041
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0042
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0042
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0042
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0042
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0042
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0043
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0043
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0043
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0043
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0043


J. Khouri, B.M. Faiman and D. Grabowski et al. / Seminars in Hematology 58 (2021) 45–55 55 

[  

 

[  

 

[  

 

 

 

 

[  

 

 

[  

[  

 

 

 

 

[  

 

[  

 

[  

 

 

[  

[  

 

 

 

[  

 

 

[  

 

[  

 

 

 

[
[  

 

[  

 

 

 

[  

 

 

 

[  

 

 

 

[  

 

[  

 

 

44] Negrotto S , Ng KP , Jankowska AM , et al. CpG methylation patterns and
decitabine treatment response in acute myeloid leukemia cells and normal

hematopoietic precursors. Leukemia 2012;26(2):244–54 . 
45] Kumar S , Paiva B , Anderson KC , et al. International Myeloma Working Group

consensus criteria for response and minimal residual disease assessment in
multiple myeloma. Lancet Oncol 2016;17(8):e328–46 . 

46] Mahfouz RZ , Jankowska A , Ebrahem Q , et al. Increased CDA expression/activity
in males contributes to decreased cytidine analog half-life and likely con-

tributes to worse outcomes with 5-Azacytidine or Decitabine Therapy. Clin

Cancer Res 2013;19(4):938–48 . 
[47] Rajkumar SV , Harousseau JL , Durie B , et al. Consensus recommendations for

the uniform reporting of clinical trials: report of the International Myeloma
Workshop Consensus Panel 1. Blood 2011;117(18):4691–5 . 

48] Laille E , Savona MR , Scott BL , et al. Pharmacokinetics of different formulations
of oral azacitidine (CC-486) and the effect of food and modified gastric pH on

pharmacokinetics in subjects with hematologic malignancies. J Clin Pharmacol

2014;54(6):630–9 . 
49] Bibikova M , Barnes B , Tsan C , et al. High density DNA methylation array with

single CpG site resolution. Genomics 2011;98(4):288–95 . 
50] Weber DM , Chen C , Niesvizky R , et al. Lenalidomide plus dexametha-

sone for relapsed multiple myeloma in North America. N Engl J Med
2007;357(21):2133–42 . 

[51] Rajkumar SV , Jacobus S , Callander NS , et al. Lenalidomide plus high-dose dex-

amethasone versus lenalidomide plus low-dose dexamethasone as initial ther-
apy for newly diagnosed multiple myeloma: an open-label randomised con-

trolled trial. Lancet Oncol 2010;11(1):29–37 . 
52] Stork M , Sevcikova S , Adam Z , et al. Retreatment with lenalidomide is an ef-

fective option in heavily pretreated refractory multiple myeloma patients. Neo-
plasma 2018;65(4):585–91 . 

53] Madan S , Lacy MQ , Dispenzieri A , et al. Efficacy of retreatment with im-

munomodulatory drugs (IMiDs) in patients receiving IMiDs for initial therapy
of newly diagnosed multiple myeloma. Blood 2011;118(7):1763–5 . 

54] Oostvogels R , Jak M , Raymakers R , Mous R , Minnema MC . Efficacy of re-
treatment with immunomodulatory drugs and proteasome inhibitors follow-

ing daratumumab monotherapy in relapsed and refractory multiple myeloma
patients. Br J Haematol 2018;183(1):60–7 . 

55] Lavelle D , Vaitkus K , Ling Y , et al. Effects of tetrahydrouridine on pharmacoki-

netics and pharmacodynamics of oral decitabine. Blood 2012;119(5):1240–7 . 
56] Molokie R , Lavelle D , Gowhari M , et al. Oral tetrahydrouridine and decitabine

for non-cytotoxic epigenetic gene regulation in sickle cell disease: A random-
ized phase 1 study. PLoS Med 2017;14(9):e1002382 . 

[57] Terse P , Engelke K , Chan K , et al. Subchronic oral toxicity study of
decitabine in combination with tetrahydrouridine in CD-1 mice. Int J Toxicol

2014;33(2):75–85 . 
58] Savona MR , Odenike O , Amrein PC , et al. An oral fixed-dose combina-
tion of decitabine and cedazuridine in myelodysplastic syndromes: a multi-

centre, open-label, dose-escalation, phase 1 study. The Lancet Haematology
2019;6(4):e194–203 . 

59] Ramsey HE , Oganesian A , Gorska AE , et al. Oral Azacitidine and Cedazuri-
dine approximate parenteral azacitidine efficacy in Murine Model. Target Oncol

2020;15(2):231–40 . 
60] Garcia-Manero G , Griffiths EA , Steensma DP , et al. Oral cedazuridine/decitabine

for MDS and CMML: a phase2 pharmacokinetic/pharmacodynamic randomized

crossover study. Blood 2020;136:674–83 . 
[61] Ebrahem Q , Mahfouz RZ , Ng KP , Saunthararajah Y . High cytidine deaminase ex-

pression in the liver provides sanctuary for cancer cells from decitabine treat-
ment effects. Oncotarget 2012;3(10):1137–45 . 

62] Dhillon S . Decitabine/cedazuridine: first approval. Drugs. 2020;80(13):1373–8 . 
63] Laille E , Shi T , Garcia-Manero G , et al. Pharmacokinetics and pharmacodynam-

ics with extended dosing of CC-486 in patients with hematologic malignancies.

PLoS One 2015;10(8):e0135520 . 
64] FDA. FDA approves Onureg (azacitidine tablets) for acute myeloid leukemia

FDA I Drugs Development & Approval Process | Drugs Drug Approvals and
Databases Resources for Information | Approved Drugs FDA approves Onureg

(azacitidine tablets) for acute myeloid leukemia [Available from: https://www.
fda.gov/drugs/resources- information- approved- drugs/fda- approves-onureg- 

azacitidine-tablets-acute-myeloid-leukemia . 

65] Wei AH , Döhner H , Pocock C , et al. The QUAZAR AML-001 Maintenance Trial:
Results of a Phase III International, Randomized, Double-Blind, Placebo-Con-

trolled Study of CC-486 (Oral Formulation of Azacitidine) in Patients with
Acute Myeloid Leukemia (AML) in First Remission American Society of Hema-

tology Annual Meeting; November 21, 2019. Blood 2019 . 
66] Kalff A , Khong T , Mithraprabhu S , et al. Oral azacitidine (CC-486) in combina-

tion with lenalidomide and dexamethasone in advanced, lenalidomide-refrac-

tory multiple myeloma (ROAR study). Leuk Lymphoma 2019;60(9):2143–51 . 
[67] Li N , Liu L , Xiang P , et al. Addition of low-dose decitabine to bortezomib and

dexamethasone as second-line therapy in multiple myeloma. Br J Haematol
2020;189(6):e258–ee62 . 

68] Chilakala S , Feng Y , Li L , et al. Tracking decitabine incorporation into malignant
myeloid cell DNA in vitro and in vivo by LC-MS/MS with enzymatic digestion.

Sci Rep 2019;9(1):4558 . 

69] Ueda M , El-Jurdi N , Cooper B , et al. Low-dose Azacitidine with DNMT1
level monitoring to treat post-transplantation Acute Myelogenous Leukemia

or Myelodysplastic Syndrome Relapse. Biol Blood Marrow Transplant
2019;25(6):1122–7 . 

http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0044
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0044
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0044
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0044
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0044
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0045
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0045
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0045
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0045
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0045
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0046
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0046
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0046
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0046
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0046
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0047
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0047
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0047
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0047
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0047
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0048
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0048
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0048
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0048
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0048
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0049
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0049
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0049
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0049
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0049
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0050
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0050
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0050
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0050
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0050
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0051
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0051
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0051
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0051
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0051
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0052
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0052
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0052
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0052
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0052
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0053
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0053
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0053
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0053
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0053
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0054
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0054
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0054
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0054
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0054
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0054
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0055
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0055
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0055
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0055
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0055
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0056
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0056
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0056
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0056
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0056
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0057
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0057
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0057
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0057
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0057
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0058
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0058
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0058
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0058
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0058
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0059
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0059
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0059
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0059
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0059
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0060
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0061
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0061
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0061
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0061
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0061
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0062
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0062
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0063
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0063
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0063
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0063
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0063
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-onureg-azacitidine-tablets-acute-myeloid-leukemia
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0065
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0065
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0065
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0065
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0065
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0066
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0066
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0066
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0066
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0066
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0067
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0067
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0067
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0067
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0067
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0068
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0068
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0068
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0068
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0068
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0069
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0069
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0069
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0069
http://refhub.elsevier.com/S0037-1963(20)30077-9/sbref0069

	DNA methylation inhibition in myeloma: Experience from a phase 1b study of low-dose continuous azacitidine in combination with lenalidomide and low-dose dexamethasone in relapsed or refractory multiple myeloma
	Introduction
	Methods
	Patients
	Study Design
	Study Objectives and Endpoints
	Drug administration
	Correlative studies
	Statistical analyses

	Results
	Participant characteristics
	Safety and tolerability
	Treatment allocation and outcome
	Outcome Dependent on Plasma CDA Activity
	Myeloma DNA methylation and gene expression analyses in a subset of patients

	Discussion
	Conflict of interest statement
	Authors contribution
	References


