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Abstract

Background Activation of CD28 on multiple myeloma (MM) plasma cells, by binding to CD80 and CD86 on dendritic
cells, decreases proteasome subunit expression in the tumor cells and thereby helps them evade being killed by CD8*
T cells. Understanding how CD28 activation leads to proteasome subunit downregulation is needed to design new
MM therapies.

Methods This study investigates the molecular pathway downstream of CD28 activation, using an in vitro model
consisting of myeloma cell lines stimulated with anti-CD28-coated beads.

Results We show that CD28 engagement on U266 and RPMI 8226 cells activates the PI3K/AKT pathway,

reduces miR29b expression, increases the expression of DNA methyltransferase 3B (DNMT3B, a target of miR29b),

and decreases immunoproteasome subunit expression. In vitro transfection of U266 and RPMI 8226 cells

with a miR29b mimic downregulates the PI3K/AKT pathway and DNMT3B expression, restores proteasome subunit
levels, and promotes myeloma cell killing by bone marrow CD8* T cells from MM patients. Freshly purified bone
marrow plasma cells (CD138") from MM patients have lower miR29b and higher DNMT3B (mRNA and protein)

than do cells from patients with monoclonal gammopathy of undetermined significance. Finally, in MM patients, high
DNMT3B levels associate with shorter overall survival.

Conclusions Altogether, this study describes a novel molecular pathway in MM. This pathway starts from CD28
expressed on tumor plasma cells and, through the PI3K-miR29b-DNMT3B axis, leads to epigenetic silencing of immu-
noproteasome subunits, allowing MM plasma cells to elude immunosurveillance. This discovery has implications

for the design of innovative miR29b-based therapies for MM.
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Introduction
Multiple myeloma (MM) is a plasma cell malignancy
characterized by the growth of tumor cells in the bone
marrow. MM is often preceded by an asymptomatic
premalignant condition termed monoclonal gammop-
athy of undetermined significance (MGUS) [1, 2] that
progresses to MM at a rate of approximately 1% per
year [3]. We previously established that MGUS-to-MM
progression is characterized by plasma cell downregu-
lation of several genes encoding proteasome subunits
(8, MB1, Z, LMP2, LMP7, LMP10) that are involved in
tumor antigen processing [4]. This event reduces the
generation of human leukocyte antigen (HLA) class
I-restricted peptides, which are normally presented to
tumor-specific CD8% T cells, and ultimately leads to
plasma cell evasion of immune recognition and killing.
Our research has also revealed that the downregula-
tion of proteasome subunit genes occurs when CD28
on MM plasma cells binds its ligands CD80 and CD86
on dendritic cells [5]. However, the molecular events
that link CD28 activation to proteasome subunit down-
regulation have not been determined. Some clues sug-
gest that they involve epigenetic gene silencing through
DNA methylation. For instance, CD28 activation on
MM plasma cells triggers phosphatidylinositol-3-kinase
(PI3K)/AKT signaling [6, 7], and PI3K/AKT signaling
supports aberrant DNA methylation in several tumors
[8, 9]. Furthermore, treatment of MM plasma cells with
decitabine, an inhibitor of DNA methyltransferases
(DNMTs), raises the expression of proteasome subunits
to levels comparable to those in MGUS plasma cells
[4]. Interestingly, the microRNA miR29b, a member of
the miR29 family, modulates the methylation profile of
MM plasma cells by targeting mainly DNMT3B [10].
Downregulation of miR29b is characteristic of MM
cell lines and primary MM plasma cells [11]. Through
imperfect base-pairing, miR29b binds the 3’ untrans-
lated region of DNMT3B mRNA, destabilizes it and
inhibits its translational, with a subsequent reduction
of overall DNA methylation [12]. Given that abnormal
miR29b expression patterns have been reported in vari-
ous tumor cells (reviewed in [13]), miR29b is consid-
ered to be an epigenetic controller (epi-miRNA) that is
involved in tumor development and progression [13].
In this study, we tried to recapitulate in vitro what
occurs in vivo when MM plasma cells interact with den-
dritic cells in the bone marrow microenvironment. We
tested whether the stimulation of CD28 activates the
PISK/AKT pathway in MM plasma cells and whether
this activation influences the expression of miR29b and
the activity of DNMT3B. We also analyzed the effect of
this stimulation on the methylation status as well as the
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expression of proteasome subunit genes and on plasma
cell recognition by T cells.

Methods

Cell culture

The human U266 and RPMI 8226 myeloma cell lines
(U266B1, CVCL_0566; RPMI-8226, CVCL_0014) were
obtained from the American Type Culture Collec-
tion (ATCC) and cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/mL penicillin, and 100 pg/mL strep-
tomycin (all from Sigma-Aldrich). Cells were grown at
37 °C in a humidified atmosphere containing 5% CO,.

Bone marrow sampling and cell isolation procedures
Bone marrow was obtained from consecutive patients
who were newly diagnosed in 2019-2022 with a mono-
clonal gammopathy or a benign hematological disorder
(considered “normal” controls). Patients were classified
as having MGUS (n=20) or symptomatic MM (n=25)
according to the International Myeloma Working Group
criteria [14] or benign hematological disorders (n=10)
(Table 1). Bone marrow was sampled by both aspira-
tion and biopsy of the posterior iliac crest. Bone mar-
row samples were subjected to HLA molecular typing,
and subgroups of MM patients that were HLA-A*0201—
negative or HLA-A*0201-positive were used in certain
experiments.

Bone marrow mononuclear cells (BMMC) were iso-
lated by density gradient centrifugation on Ficoll-Paque

Table 1 Clinical characteristics of patients

Characteristic Controls MGUS MM
No. patients 10 20 25
Median age, years (range) 65 (52—77) 62 (49—75) 66 (47—81)
Sex

Male, n (%) 6 (60) 12 (60) 13(52)

Female, n (%) 4 (40) 8 (40) 12 (48)
Iron deficiency anemia, n (%) 7 (70) N.A N.A
Thrombocytopenia, n (%) 3(30) N.A N.A
Immunoglobulin subtype, n (%)

lgG k N.A 16 (80) 18 (72)

IgG A N.A 2(10) 3(12)

IgA k N.A 1(5) 3(12)

IgA N N.A 1(5) 14
International Staging System, n (%)

I N.A N.A 4(16)

Il N.A N.A 10 (40)

1l N.A N.A 11 (44)

Abbreviations: MGUS monoclonal gammopathy of undetermined significance,
MM multiple myeloma, /g immunoglobulin, N.A. not applicable
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Plus (GE Healthcare Life Sciences). Then, plasma cells
(CD138") were purified from BMMC by automated
magnetic sorting using anti-CD138 microbeads (Milte-
nyi Biotec). The sorted cells exhibited>95% purity, as
revealed by flow cytometry on immunostained cells.
CD138" sorted cells were frozen as dry pellets and stored
at -80 °C until further use.

BMMC were also used to generate epitope-specific
CD8* T cells for cytotoxicity assays. For this purpose, we
used BMMC from the five HLA-A*0201-positive MM
patients, given that the target cells for cytotoxicity assays
were U266 cells that express HLA-A*0201 (Cellosau-
rus CVCL_0566). We cultured BMMC (5x10°/well) in
96-well round-bottom plates (BD Biosciences) in 200 pL/
well TexMACS medium (Miltenyi Biotec) containing 10%
FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Starting at seeding, cells were stimulated with 10 pg/mL
NY-ESO-1,5,_145 (SLLMWITQV) peptide (Proimmune)
in culture medium. This HLA-A*0201-restricted pep-
tide is derived from cancer/testis antigen 1B (alias NY-
ESO-1), which is highly expressed by U266 cells [4]. The
culture medium was replaced with fresh medium con-
taining 10 U/mL rIL-2 (PeproTech) on days 4, 7, 11, 14
and 18; on day 7, the fresh medium also contained 10 ng/
mL rIL-7 (PeproTech). Cultures were restimulated with
irradiated autologous BMMC (5x 10°/well) plus peptide
on days 7 and 14. On day 21, cells were harvested, pooled
and used for magnetic CD8" T cell isolation using anti-
CD8 microbeads (Miltenyi Biotec). Antigen specificity of
the generated T cells was evaluated by NY-ESO-1,5, 145
pentamer staining and flow cytometry. The cells were
used as effectors in cytotoxicity assays.

Cell treatments

U266 and RPMI 8226 cells (4% 10° cells) were treated in
complete culture medium with 10 pg/mL anti-CD28-
coated beads (Miltenyi Biotec) without or with 50 ug/mL
mouse anti-human CD28-blocking monoclonal antibody
(clone CD28.6, eBioscience, Thermo Fisher Scientific)
for 24 h. In other assays, cells were treated with 25 uM
LY294002 for 48 h or 0.5 uM buparlisib for 24 h (both
PI3K inhibitors; Selleckchem Aurogene, Rome, Italy), or
1 uM 5-aza-2’-deoxycytidine (decitabine, Sigma-Aldrich)
for 72 h. Treated cells were used in western blotting and
real-time PCR.

Western blotting

Treated cells (3 10° per sample) were washed and lysed
in RIPA lysis buffer (#20-188) supplemented with pro-
tease inhibitors (#P8340) (both from Sigma-Aldrich).
Lysates were quantified for protein using the Bradford
assay (Bio-Rad), and 35 pg per sample was used in west-
ern blotting using the monoclonal antibodies (mAb)
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given in Supplemental Table 1. Bound primary antibod-
ies were detected with horseradish peroxidase-conju-
gated goat anti-mouse IgG (#170-6516, 1:3000) or goat
anti-rabbit IgG (#170-6515, 1:3000) and visualized by
enhanced chemiluminescence using Clarity Western
ECL Blotting Substrate with a ChemiDoc XRS+imag-
ing system (all from Bio-Rad). Bands were quantified as
optical density units using Image Lab software (Bio-Rad).
Results were expressed as relative density normalized to
the control condition.

Real-time PCR
Total RNA and miRNA were extracted from U266 and
RPMI 8226 cells or immunomagnetically purified plasma
cells using the mirVana miRNA Isolation Kit (Thermo
Fisher Scientific, #AM1560) according to the manufac-
turer’s instructions. Total RNA concentration and purity
ranged 54-135 ng/pl and 1.98-2.01 (260/280 OD ratio),
respectively. miRNA concentration and purity ranged
3-10 ng/pl and 1.96-2.08 (260/280 OD ratio), respec-
tively. cDNA was synthesized from total RNA using
SuperScript IV VILO Master Mix (Thermo Fisher Scien-
tific, #11766050) according to the manufacturer’s instruc-
tions. miRNA was reverse-transcribed using the TagMan
MicroRNA Reverse Transcription Kit (Thermo Fisher
Scientific, #4366596) and miRNA-specific stem-loop
primers for miR29b (#RT000413) and RNU44 (internal
control, #RT001094). The thermal cycler was set up as
recommended in the kit protocol. Levels of mRNA for
DNMT3B and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and of miR29b and RNU44 were deter-
mined in triplicate by real-time PCR using TagMan kits
(Thermo Fisher Scientific assay IDs: Hs00171876_ml,
Hs99999905_m1, hsa-miR-29b 000413, RNU44 001094).
Real time PCR was performed in 20pl reaction mix-
ture that included 2X TagMan Universal Master Mix II
(#4440038), 20X TagMan assay, nuclease free water (all
from Applied Biosystems) and 20 ng cDNA. Amplifica-
tion and fluorescence readings were performed on a
StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific) at 50 °C for 2 min (uracil DNA glycosylase
incubation), 95 °C for 10 min (polymerase activation), 45
cycles of 95 °C for 15 s (denaturation) and 60 °C for 1 min
(annealing/extension). mRNA levels were normalized to
that of GAPDH for each sample and then expressed as
fold change relative to the average value from controls.
miR29b levels were normalized to that of RNU44 for
each sample and then expressed as fold change relative
to the average value from controls. Analyses were per-
formed with StepOne Software (Thermo Fisher Scien-
tific) using the 2724 method. GAPDH was chosen over
B2m and TBP because it resulted to be the most stable
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housekeeping gene under our experimental conditions,
according to the NormFinder algorithm [15].

Transient transfection with a miR29b mimic

U266 and RPMI 8226 cells were seeded in 24-well round-
bottom plates (BD Biosciences) at a density of 3x10°
cells/well and immediately transfected with 10 uM syn-
thetic miR29b mimic (miR29b, Thermo Fisher Scientific
#4464066) or miRNA mimic negative control (miR-NC,
Thermo Fisher Scientific #4464058) using Lipofectamine
RNAIMAX (Thermo Fisher Scientific, #13778030).
Transfected cells were cultured in 500 uL medium per
well for 72 h before being harvested and used for flow
cytometry or as targets in cytotoxicity assays, or pro-
cessed for miRNA, RNA or protein. Cell death after
transfection was<25% as revealed by trypan blue
staining.

Flow cytometry

Cells were stained for surface and intracellular proteins
as described previously [5] using fluorochrome-conju-
gated mAb from both commercial and non-commercial
sources (Supplemental Table 1) or PE-conjugated NY-
ESO-1,5,_;¢5—specific HLA-A*0201 pentamer (Proim-
mune, Oxford, UK). The non-commercial mAb (provided
by S. Ferrone; Massachusetts General Hospital, Harvard
Medical School, Boston, USA) whose production and
characterization have already been reported [16], were
used as described previously [5].

For surface staining, cells were incubated with mAb to
surface antigens for 30 min at 4 °C and then washed twice
in cold phosphate-buffered saline containing 0.1% bovine
serum albumin before flow cytometry. Staining with
pentamers was performed according to Proimmune’s
instructions. In some cases, surface-stained cells were
fixed and permeabilized with BD Cytofix/Cytoperm solu-
tion (BD Biosciences), washed in Perm/Wash solution
(BD Biosciences), and stained with mAb to intracellular
proteins at 4 °C for 30 min.

For tumor plasma cell (CD138") enumeration, whole
bone marrow samples were incubated with an anti-
CD138 mAb and mixed with Flow-Count Fluorospheres
(Beckman Coulter) at known concentrations, as previ-
ously described [5], immediately before flow cytometry.
Values were expressed as cells per microliter.

Stained cells were analyzed without delay on a FC500
flow cytometer (Beckman Coulter) using CXP software
(Beckman Coulter) and FlowJo software. For CD8" T
cells stained with pentamers, the level of nonspecific
binding was calculated from the background signal
observed in cells from five HLA-A*0201-negative MM
patients. In particular, the cutoff for a pentamer-positive
signal was set as the average background signal plus 3 SD.
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Cytotoxicity assays

Target cells for cytotoxicity assays were U266 cells trans-
fected or treated as described earlier. Effector cells were
NY-ESO-1,5,_¢5-specific CD8" T cells purified from
BMMC of five HLA-A*0201-positive MM patients, as
described earlier. Target and effector cells were incubated
together in round-bottom 96-well plates in TexMACS
medium at 37 °C in a humidified atmosphere contain-
ing 5% CO,. Each well contained 2x 10* target cells and
a serial dilution of effectors (from 1x10* to 20x10%),
for effector/target ratios of 0.5:1, 5:1 and 10:1. The assay
was performed in triplicate. Wells containing target cells
only or effector cells only served as control. After 4 h at
37 °C, specific cytotoxicity activity was measured using
a colorimetric lactate dehydrogenase (LDH) assay (Cyto-
Tox 96 Non-Radioactive Cytotoxicity Assay; Promega, #
G1780). Released LDH was measured according to the
manufacturer’s protocol. The percentage of specific kill-
ing was calculated with the following formula: % specific
killing= (experimental release —effector ~spontaneous
release — target spontaneous release)/(target maximum
release — target spontaneous release)x100. Spontane-
ous LDH release was measured by incubating cells in the
medium alone. Maximum LDH release was achieved by
adding 0.8% Triton X-100 (Lysis solution) to target cells.

Immunohistochemistry and in situ hybridization

Bone marrow tissue was EDTA-decalcified, formalin-
fixed, and processed into 4 pm sections. Staining with
an anti-DNMT3B antibody (Abcam ab2851; 1:250 dilu-
tion) was done using an automated stainer (BenchMark
Ultra, Ventana-Roche Diagnostics). miR29b was detected
in situ using the miRNAscope HD Assay Red (Advanced
Cell Diagnostics, Newark (CA), USA) and an miR29b-
specific probe (SR-hsa-miR-29b-3p-S1 MIMAT0000100,
Advanced Cell Diagnostics). The negative control was a
non-specific miRNA probe (Advanced Cell Diagnostics).
Slides were digitalized and analyzed on an Aperio GT
450 DX slide scanner (Leica) at 400 X magnification.

DNA methylation analysis

DNA methylation analysis was performed using Infin-
ium MethylationEPIC microarrays which cover over
850,000 CpGs (Infinjum MethylationEPIC BeadChip
Kit, #WG-317-1001). Briefly, DNA was extracted from
U266 cells (3% 10° per sample) and from plasma cells of
MGUS (from 1x10° to 3x10% and MM (from 3.8 x 10°
to 7x10° patients using the PureLink Genomic DNA
purification kit (Thermo Fisher Scientific, # K182001).
Cytosines (but not methylcytosines) in DNA (500 ng per
sample) were deaminated by sodium bisulfite treatment
using the EZ-96 DNA Methylation Kit (Zymo Research,
#D5001). The DNA samples were denatured, amplified,
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enzymatically fragmented, and hybridized to BeadChips
according to the Infinium HD Assay Methylation Pro-
tocol Guide (#15019519 v06). BeadChips were washed
to remove unhybridized and non-specifically hybridized
DNA, subjected to allele-specific single-base extension
and staining, and imaged on an Illumina iScan System.

iScan data files were subjected to quality control using
GenomeStudio software (version 2011.1), and the result-
ing files were analyzed using the Bioconductor R pack-
age Chip Analysis Methylation Pipeline (ChAMP). The
methylation intensity at each CpG site was expressed as
a B value that ranged from 0 (unmethylated) to 1 (meth-
ylated) [17]. We filtered out probes with P>0.01, SNP-
related probes, multi-hit probes, probes for the X and
Y chromosomes, probes with<3 beads in at least 5% of
samples, and non-CpG probes. Signals for the remaining
probes were normalized using the beta-mixture quantile
method [17]. Differentially methylated CpG sites were
identified by a Benjamini—Hochberg adjusted P<0.05,
with no threshold for the methylation difference. Dif-
ferentially methylated regions were identified using the
Bumphunter method [18] and defined as 300 bp regions
marked by multiple probes and with an overall meth-
ylation difference between MGUS and MM patients.
Three promoter regions were then analyzed: TSS1500
(200-1500 bp upstream of the transcription start site),
TSS200 (0-200 bp upstream of the transcription start
site) and 5’'UTR (untranslated region). The methylation
level of each of these regions was expressed as the aver-
age [ value for the differentially methylated probes that
map to it.

Survival analysis

The impact of DNMT3B expression levels in MM plasma
cells on overall survival of MM patients was investigated
using publicly deposited gene expression and clinical
data. We obtained data for 414 newly diagnosed MM
patients (GSE4581) and 264 relapsed/refractory MM
patients (GSE9782). Probe sets with potential prognos-
tic significance were identified by applying the Max-
stat function along with Benjamini—Hochberg multiple
testing correction to the expression data, as previously
described [19]. This analysis identified the best cutoff for
dichotomizing patients in each cohort into high and low
DNMT3B expression groups. Kaplan—Meier curves were
generated to compare overall survival between the high
and low DNMT3B groups.

Statistical analysis

Nonparametric statistical tests were used because
much of the data were not distributed normally. Tests
included the Mann—Whitney U test for comparisons of
groups, the Wilcoxon signed-rank test for comparisons of
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matched samples, Spearman’s rank test for correlations,
and log-rank test for survival analysis. Statistical analyses
were done using Prism (GraphPad Software). A value of
P<0.05 was taken to indicate statistical significance.

Results

CD28 engagement triggers the PI3K/AKT signaling
pathway and regulates miR29b and DNMT3B expression
To assess whether CD28 binding to its ligands CD80 and
CD86 triggers PI3K signaling, we cultured U266 and
RPMI 8226 myeloma cells (which constitutively express
CD28, Supplemental Fig. 1) with anti-CD28-coated beads
(to mimic stimulation by ligands expressed on antigen-
presenting cells), in the absence or presence of a CD28-
blocking mAb, and used Western blotting to examine the
expression of components of the PI3K/AKT signaling
pathway (Fig. 1A, B). Under conditions of CD28 stimu-
lation, all five examined components (PI3Ka, PI3K(,
PI3Ky, PI3KS, phospho-AKT) were detected. When
CD28 blockade was added, lower levels were detected for
all but PI3Ky. These results suggest that CD28 stimula-
tion specifically increases levels of the catalytic subunits
PI3Ka, PI3KP and PI3KS (for all, P=0.0156) and acti-
vates the PI3K/AKT pathway, as indicated by the level
of phospho-AKT that was significantly lower with CD28
blockade (P=0.0156).

We used the same assay to assess whether CD28
engagement influences levels of miR29b and its tar-
get DNMT3B in U266 and RPMI 8226 myeloma cells
(Fig. 1C-E). When CD28-stimulated cells were subjected
to CD28 blockade, miR29b levels increased (P=0.0156)
and DNMT3B mRNA levels decreased (P=0.0156), as
did DNMT3B protein levels (P=0.0156).

To determine whether the regulation of miR29b and
DNMT3B levels by CD28 involved activation of the
PI3K/AKT pathway, we simultaneously exposed U266
and RPMI 8226 myeloma cells to CD28 stimulation and
PI3K inhibition with the PI3K inhibitors LY294002 and
buparlisib (Fig. 2). The combined treatment reduced pro-
tein levels of all examined components of the PI3K/AKT
pathway compared to CD28 stimulation alone (Fig. 2A,
B). Furthermore, it increased levels of miR29b and
reduced levels of both DNMT3B mRNA (Fig. 2C) and
protein (Fig. 2D, E). These results indirectly suggest that,
under conditions of CD28 engagement and consequen-
tial PI3K/AKT pathway activation, miR29b levels are low
and those of DNMT?3B are subsequently high.

We next investigated whether CD28’s negative regu-
lation of miR29b through the PI3K/AKT pathway is a
two-way process, that is whether miR29b expression
inhibits the PI3K/AKT pathway. To this end, we trans-
fected U266 and RPMI 8226 cells with a miR29b mimic
and achieved a 3-fold increase over endogenous levels
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Fig. 1 CD28 activation of the PI3K/AKT signaling pathway and regulation of miR29b and DNMT3B expression in MM plasma cells (U266 and RPMI
8226 cells). Cells were cultured in the presence of 10 ug/mL anti-CD28-loaded particles, alone or with either 50 ug/mL CD28-blocking mAb

(24 h). A Representative western blots of PI3K/AKT pathway components in conditions of CD28 stimulation or blocking. B Densitometric analysis
of the experiment shown in (A). Band intensities were normalized to those of B-actin and the relative levels of proteins under CD28 blocking
were expressed as a percentage of those during CD28 stimulation (dotted line). C Levels of miR29b and DNMT38 mRNA under conditions

of CD28 blocking normalized to those of RNU44 or GAPDH, respectively, and then expressed as fold change relative to the average value

for CD28-stimulated cells (data from real-time PCR and 2722 method). D Representative western blot and E densitometric analysis of DNMT3B
expression after CD28 stimulation or blocking. Values were normalized to B-actin and then to values for CD28-stimulated cells (dotted line). Chart
data are mean and SD for 7 independent experiments. *P <.05, Wilcoxon signed-rank test

(Fig. 3A). Western blotting revealed a marked reduc- for RPMI 8226) and phospho-AKT (P=0.0156) in
tion of PI3Ka, PI3Kp, and PI3KS (P=0.0156), subunit transfected cells compared with untransfected cells
p85 (P=0.0156), AKT (P=0.0469 for U266; P=0.0156 and cells transfected with miR-NC (Fig. 3B, C). PI3Ky
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Fig. 2 PI3K/AKT signaling pathway inhibition and regulation of miR29b and DNMT3B expression in MM plasma cells (U266 and RPMI 8226 cells).
Cells were cultured in the presence of 10 ug/mL anti-CD28-loaded particles, alone or with PI3K inhibitor (25 uM LY294002 48 h; 0.5 uM buparlisib
24 h). A Representative western blots of PI3K/AKT pathway components under CD28 stimulation alone or with PI3K inhibition. B Densitometric
analysis of the experiment shown in (A). Values were normalized to 3-actin and then to values for CD28-stimulated cells (dotted line). C Plasma cell
levels of miR29b and DNMT3B after PI3K inhibition normalized to those of RNU44 or GAPDH, respectively, and expressed as fold change relative

to the average value for CD28-stimulated cells. D Representative western blot and E densitometric analysis of DNMT3B expression after CD28
stimulation and PI3K inhibition. Chart data are mean and SD for 7 independent experiments. *P <.05, Wilcoxon signed-rank test

expression was similar in all treatment conditions C). These results suggest that high levels of miR29b
(Fig. 3B, C). Transfected cells also displayed signifi- reduce the activity of PI3K/AKT pathway components
cant overexpression of PTEN (P=0.0156), the main and, thus, that there exists a regulatory loop between
negative regulator of the PI3K/AKT pathway (Fig. 3B,
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miR29b and the pathway in which they mutually con-  signaling decreased the expression of DNMT3B mRNA

trol each other. Moreover, the exogenous addition of (P=0.0156) and protein (P=0.0078) (Fig. 3D, E), sug-

miR29b and the consequent reduction of PI3K/AKT  gesting a relationship among miR29b, PI3K/AKT path-
way and DNMT3B.
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(Fig. 4). Flow cytometry revealed that CD28 blockade
resulted in significantly higher percentages of cells
expressing the constitutive proteasome subunit zeta
(Z) (P=0.0313) and the three activated immunoprotea-
some subunits LMP2, LMP7 and LMP10 (P=0.0156 for
all) (Fig. 4A). PI3K inhibition increased the percentages
of cells expressing all proteasome subunits (P=0.0156
for all) (Fig. 4A). Transfection with miR29b mimic also
increased the percentages of cells staining positive for
Z, LMP2, LMP7 and LMP10 (P=0.0156 for all) (Fig. 4B,
C). These results document the epigenetic regulation
of proteasome subunit expression by CD28 along an

A
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axis comprising the PI3K/AKT pathway, miR29b and
DNMTS3B.

To confirm the epigenetic silencing of plasma cell pro-
teasome subunits, we tested the effects of decitabine, an
inhibitor of DNA methylases. Decitabine treatment of
U266 cells resulted in increases of cells staining positive
for Z (P=0.0313), LMP2 (P=0.0469), LMP7 (P=0.0313)
and LMP10 (P=0.0156) (Fig. 5A), similar to the effects
of miR29b mimic transfection. We then evaluated the
effects of decitabine on the PI3BK/AKT pathway and on
DNMT3B and miR29b expression. Decitabine treat-
ment of U266 cells significantly decreased protein
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Fig. 5 Effects of the DNA methylase inhibitor decitabine. U266 cells were stimulated with anti-CD28-loaded particles and cultured without or with
1 uM decitabine for 72 h. A Percentages of cells expressing proteasome subunits, assessed by flow cytometry. B Representative western blot

of PI3K/AKT pathway components. C Densitometric analysis of the experiment shown in (B). Band intensities were normalized to B-actin and then
to untreated cells (dotted line). D Levels of DNMT3B8 mRNA and miR29b normalized to those of GAPDH and RNU44, respectively, and expressed

as fold change relative to the average value for untreated cells (real-time PCR). E Western blot and densitometric analysis of DNMT3B, with values
normalized to -actin and then to untreated cells. Densitometric and fold change values are mean and SD for 7 independent experiments. *P< .05,

**P < .01, Wilcoxon signed-rank test
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levels of all PI3K/AKT pathway components except for
PI3Ky (Fig. 5B, C). Decitabine treatment also reduced
DNMT3B mRNA (P=0.0156) and protein (P=0.0078)
and increased miR29b (P=0.0156) levels (Fig. 5D, E).
Analogous effects were observed after decitabine treat-
ment of RPMI 8226 cells (data not shown). Again, these
results are similar to those obtained with miR29b mimic
transfection.

miR29b enhances the ability of CD8* T cells to recognize
and kill myeloma cells

We previously found that low levels of proteasome sub-
units reduced the recognition of MM plasma cells by
tumor plasma cell-specific cytotoxic CD8" T lympho-
cytes [4]. Thus, here we tested whether restoration of
high levels of proteasome subunits (by the exogenous
addition of miR29b) re-establishes plasma cell killing
by CD8* T cells. For cytotoxicity assays, we prepared
NY-ESO-1-specific CD8' T cells (from each of the five
HLA-A*0201-positive MM patients) to use as effectors.
Pentamer staining and flow cytometry revealed that >95%
of the CD8" T cells were specific for the HLA-A*0201—
restricted NY-ESO-1,5,_;¢; epitope (data not shown). As
targets, we used U266 cells, which we confirmed by flow
cytometry to be HLA-A*0201-positive and NY-ESO-
1-expressing (data not shown). NY-ESO-1-specific CD8"
T cells recognized and lysed U266 cells transfected with
miR29b at effector/target (E/T) ratios of 5:1 (P=0.0397
vs. untransfected cells) and 10:1 (P=0.0079), but not at
the lower ratio (Fig. 6). They also lysed decitabine-treated

100

Specific lysis (%)

0.5:1

5:1
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U266 cells at the highest E/T ratio tested (P=0.0079).
The lysis of miR-NC-transfected cells was low and similar
to that of untransfected cells.

Levels of miR29b, DNMT3B and proteasome subunit gene
methylation predict MM progression

Finally, we examined the endogenous expression of
miR29b and its target DNMT3B in freshly purified plasma
cells (CD138") from bone marrow of 20 MGUS and 25
MM patients relative to control patients with benign
hematological diseases. Real-time PCR revealed that the
relative abundance of miR29b was significantly higher
in cells from MGUS than MM patients (P<0.0001),
whereas DNMT3B mRNA expression was higher in cells
from MM than MGUS patients (P=0.0010) (Fig. 7A).
Similar findings were observed in bone marrow tis-
sues from these patients: in situ detection of miR29b
revealed a higher percentage of stained cells in MGUS
than MM samples, while immunohistochemical detec-
tion of DNMT3B showed a lower fraction of positive cells
in MGUS than MM samples (Fig. 7B, C). Furthermore,
miR29b expression levels in plasma cells correlated nega-
tively with the density of plasma cells in bone marrow of
both MGUS patients (Spearman’s r=-0.47; P=0.0324)
and MM patients (r=-0.55; P=0.0045) (Fig. 7D). In con-
trast, DNMT3B levels correlated positively with plasma
cell number in both MGUS (r=0.64; P=0.0019) and
MM (r=0.91; P<0.0001). These results suggest that
variations in miR29b and DNMT3B levels parallel tumor
progression, as revealed by tumor plasma cell burden.

[J Untransfected/untreated cells

[ miR-NC transfected cells
B miR29b transfected cells
Decitabine treated cells

10:1
Effector/target ratio

Fig. 6 Exogenously added miR29b strongly increases MM plasma cell lysis by bone marrow-derived cytotoxic NY-ESO-14;_¢s-specific CD8" T
cells. In this cytotoxicity assay, effectors were CD8* T cells (from bone marrow of 5 MM patients) that had been expanded in vitro in the presence
of autologous antigen-presenting cells pulsed with NY-ESO-145,_,¢s Peptide. Targets were untransfected, untreated U266 cells or U266 cells
transfected with 10 pM miRNA mimic negative control (miR-NC), 10 uM miR29b mimic (miR29b), or treated with 1 uM decitabine for 72 h. *P<.05,

***P<.001. Mann-Whitney U test
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Differences between MGUS and MM patients were also
seen regarding the extent of DNA methylation in plasma
cells: of the six proteasome subunit genes analyzed, lower
methylation levels were observed for Z (P=0.0082),
LMP2 (P=0.0003), LMP7 (P=<0.0001) and LMP10
(P=<0.0001) in MGUS than MM, although the data dis-
persion tended to be wide (Fig. 7E).

Finally, in a first attempt to evaluate the clinical impli-
cations of these molecular dynamics, we used two pub-
licly available datasets from MM patients to investigate
the association between DNMT3B expression levels
and overall survival (data on miR29b expression are not
available). Kaplan—Meier analyses revealed that patients
with high DNMT3B levels had shorter overall survival
(Fig. 7F), suggesting that an increase in DNMT3B expres-
sion may predict poor prognosis.

Discussion

This study found that stimulation of CD28 triggers the
PISK/AKT pathway in MM plasma cells and down-
regulates the expression of miR29b. This downregula-
tion results in increased expression of DNMT3B and the
ensuing methylation and silencing of genes encoding
proteasome subunits. Because these subunits are criti-
cal for the generation of HLA class I-restricted antigens,
such as NY-ESO-1,5,_,45, their silencing reduces the rec-
ognition of MM plasma cells by tumor-specific cytotoxic
CD8"' T cells. Compared with plasma cells from MGUS
patients, those from MM patients have very low levels of
miR29b, high levels of DNMT3B, and more methylation
of proteasome subunit gene promoters. These molecular
variations parallel the clinical progression from MGUS to
MM. Indeed, high levels of DNMT3B associate with poor
prognosis in MM patients (according to publicly available
datasets).

We also found that the exogenous addition of miR29b
to transfected U266 and RPMI 8226 cells reduces PI3K/
AKT pathway activity, implying that a regulatory loop
exists between miR29b and the PI3K/AKT pathway in
which they mutually control each other. This loop regu-
lates DNMT3B expression, given that high exogenous
levels of miR29b in myeloma cells also downregulate
DNMT3B and restore the expression of proteasome
subunits. Similar effects are obtained with decitabine
treatment of U266 and RPMI 8226 cells, suggesting that
proteasome subunit genes are mainly regulated by meth-
ylation. Interestingly, decitabine also enhances miR29b
expression in U266 and RPMI 8226 cells, suggesting that
low levels of miR29b in MM plasma cells may be due to
miR29b promoter methylation (within another self-rein-
forced epigenetic loop).

Our findings are concordant with results from studies
on different tumors. In particular, DNA hypomethylation
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and restoration of the expression of methylation-silenced
genes have been described as results of the forced expres-
sion of miR29b in acute myeloid leukemia [20] and lung
cancer [21] cells. Methylated CpG sequences in miR-29a/
bl and miR-29b2/c gene promoters have been found in
Burkitt lymphoma cells [22]. miR29b has been shown to
enhance bortezomib-induced apoptosis in MM plasma
cells [11].

There are some caveats associated with our study.
Experiments with transfected cells were performed
using myeloma cell lines because primary cells recov-
ered from bone marrow were not enough. How miR29b
interacts with the PI3K/AKT pathway was not molecu-
larly defined. It might bind directly to the 3’-UTR of the
regulatory subunit PI3K p85-p as recently demonstrated
in the kidney epithelial cell line NRK-52E [23]. The role of
other molecules in influencing the reduction of miR29b
could not be ruled out. These molecules may include Myc
[24-27], sonic hedgehog [28], nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) [28], trans-
forming growth factor beta [29], transcription factor Sp1
[11], and several long non-coding RNAs which act as
miR29b sponges [30].

Beyond these limitations, with this paper, we describe
a novel pathogenetic mechanism that completes the
immunological picture, sketched in our previous reports
[4, 5, 31], of what occurs in the bone marrow during MM
development. During the MGUS to MM transition, bone
marrow becomes enriched in tumor plasma cells, as it is
the primary site of their proliferation. It is also enriched
in antigen-specific T cells, including CD8* T cells, as it
is the preferential site for migration and selective reten-
tion of fully reactive cytotoxic lymphocytes [32-34]. In
addition, bone marrow increasingly recruits dendritic
cells [5]. Dendritic cells, which mainly serve to activate
tumor-specific cytotoxic T cells, also interact with MM
plasma cells by CD80/86—CD28 binding [5]. This binding
activates, in plasma cells, the PI3K/AKT pathway, which
downregulates miR29b expression and consequently
upregulates DNMT3B. High levels of this methyltrans-
ferase result in the epigenetic silencing of genes that
encode immunoproteasome subunits. These subunits
are involved in the processing of tumor antigens and are
essential for the generation of HLA class I tumor antigen-
derived peptides which are presented to CD8" T cells. As
a result, MM plasma cells are not recognized by tumor-
specific cytotoxic CD8" T cells and thus are not killed by
them. The more dendritic cells accumulate in the bone
marrow, the more MM plasma cells become less immu-
nogenic and evade CD8™ T cell surveillance.

In this picture, miR29b and DNMT3B emerge as
important molecules with interesting clinical poten-
tial. They may be predictive biomarkers for identifying
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MGUS patients who are more likely to develop MM or
MM patients with poor prognosis. At the same time, they
may open new avenues for miR29b-based epi-therapeutic
strategies for MM.
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