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ABSTRACT
Multiple myeloma (MM) is characterized by severely imbalanced bone remodeling. In this study, we investigated the potential effect
of proteasome inhibitors (PIs), a class of drugs known to stimulate bone formation, on the mechanisms involved in osteocyte death
induced byMM cells. First, we performed a histological analysis of osteocyte viability on bone biopsies on a cohort of 37MMpatients
with symptomatic disease. A significantly higher number of viable osteocytes was detected in patients treated with a bortezomib
(BOR)-based regimen compared with those treated without BOR. Interestingly, both osteocyte autophagy and apoptosis were
affected in vivo by BOR treatment. Thereafter, we checked the in vitro effect of BOR to understand the mechanisms whereby BOR
maintains osteocyte viability in bone fromMM patients. We found that osteocyte and preosteocyte autophagic death was triggered
during coculturing with MM cells. Our evaluation was conducted by analyzing either autophagy markers microtubule-associated
protein light chain 3 beta (LC3B) and SQSTM1/sequestome 1 (p62) levels, or the cell ultrastructure by transmission electron
microscopy. PIs were found to increase the basal levels of LC3 expression in the osteocytes while blunting the myeloma-induced
osteocyte death. PIs also reduced the autophagic death of osteocytes induced by high-dose dexamethasone (DEX) and potentiated
the anabolic effect of PTH(1-34). Our data identify osteocyte autophagy as a new potential target in MM bone disease and support
the use of PIs to maintain osteocyte viability and improve bone integrity in MM patients. © 2015 American Society for Bone and
Mineral Research.
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Introduction

Multiple myeloma (MM) is a plasma cell malignancy
characterized by severely imbalanced and uncoupled

bone remodeling in the bone marrow (BM) resulting from
increased osteoclast formation and activity and osteoblast
suppression.(1,2) Multiple osteolytic lesions occur in close proximity
to the area of MM cell infiltration, rather than resulting from the
production of soluble factors acting systematically.(1,2)

Recently, it has been shown that an increased osteocyte death
occurs in MM patients with bone disease. Osteocytes, which are

terminally differentiated cells derived from osteoblasts, are
involved in bone remodeling both through cell death,
which upregulates osteoclast recruitment, and by secreting
sclerostin (SOST), a bone formation inhibitor.(3–8) Moreover, they
express specific markers involved in mineralization and phos-
phate metabolism such as dentin matrix protein 1 (DMP1), a
phosphate-regulating gene with homologies to endopeptidase
on the X chromosome (PHEX), and fibroblast growth factor 23
(FGF23).(9) An increased osteocyte cell death is associated with
osteoporosis caused by estrogen deficiency or glucocorticoid
administration.(10–13) This leads to a reduction in the bonemineral
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density with a prolonged life span of osteoclasts.(14–16) In the case
of mice, the administration of intermittent PTH(1-34) or short-
term exposure to PTH(1-34) has shown prolonged osteocyte
survival with decreased osteoblast apoptosis.(17–19) Zoledronic
acid (ZOL), used inMMpatients toblockosteoclast formation, also
inhibits osteocyte death and apoptosis.(20,21) Recent data suggest
that osteocytes can undergo a tightly regulated process of self-
degradation called autophagy,(22,23) a pro-survival mechanism
protecting from oxidative stress stimuli or aging.(24,25) However,
under acute stress conditions, autophagy can be an unregulated
self-destructive process leading to cell death independently of
apoptosis.(4,23,24) Dexamethasone (DEX) treatment, both in vitro
and in vivo, was consistently shown to increase the expression of
theautophagymarkermicrotubule-associatedprotein light chain
3 beta (LC3B) in osteocytes,(26,27) leading to the possibility that
an increased autophagic death might be involved in bone loss
in patients receiving glucocorticoid therapy, such asMMpatients.
Recently, we demonstrated that the presence of bone lesions
in MM patients was associated with a significantly reduced
number of viable osteocytes.(28) Anultrastructural in vitro analysis
on osteocytes cocultured with MM cells, showing a significant
increase in osteocyte death, confirmed our observations.(28)

Among the new drugs used in the treatment of MM, proteasome
inhibitors (PIs), including bortezomib (BOR), affect bone remod-
eling by stimulating osteoblast differentiation in both mouse
and human systems.(29,30) Moreover, recent studies have shown a
significant increase in markers of osteoblast activity, such as
alkaline phosphatase and osteocalcin, in MM patients treated
with BOR.(31–34) The potential effects of PIs on osteocytes are not
known, although they have been evaluated in this study. First,
we evaluated osteocyte viability, autophagy, and apoptosis in
the bone biopsies of MM patients who underwent different
therapeutic regimens includingBOR; second, the invitroeffects of
PIs on osteocytes were evaluated in two different models of
MM-induced osteocyte death(28) and DEX-induced osteocyte
death.(13,14,26,27) Furthermore, the role of autophagy and
apoptosis and the effects of PIs were investigated in those
models, using both the human preosteocytic cell line HOB-01(35)

and the murine osteocytic MLO-Y4.(36,37)

Materials and Methods

Ex vivo histological evaluations of osteocyte viability on
bone biopsies of MM patients

A histological retrospective analysis of bone biopsies was
performed on a cohort of 37 patients (15 females and 22 males)
with monoclonal gammopathies. Thirty-one of them presented
with symptomatic MM and six with smolderingMM (SMM). Bone
biopsies were obtained from the iliac crest in both symptomatic
MM and SMM patients, at the time of diagnosis and after, on
average, 12 months of treatment/observation, respectively. The
study was approved by our local Ethics Committee. All patients
provided written informed consent in accordance with the
Declaration of Helsinki. Cylindrical iliac biopsies (3mm in
diameter, 10mm in length) were obtained from the patients,
fixed in sodium phosphate-buffered 4% paraformaldehyde
at pH 7.4, dehydrated in a graded series of ethanol, and
embedded in paraffin. Bone samples were longitudinally
sectioned by means of a microtome cutting system (Leica
S.p.A., Milan, Italy) to obtain 5-micron-thick sections, and then
stained with Gomori’s trichrome stain (Polysciences, Inc.,
Eppelheim, Germany). Osteocyte viability was evaluated in a

total of 500 lacunae per histological section, and two groups of
data were collected: 1) the number of viable osteocytes and 2)
the number of nonviable osteocytes (including degenerated
osteocytes, apoptotic osteocytes, empty lacunae, and micro-
petrotic lacunae). Preliminary to the count collection, all sections
were carefully observed under light microscopy, and it emerges
that osteocyte viability appeared uniformly distributed through-
out each section. Most of the sections contained about 500
lacunae; in the few sections containing less than 500 lacunae,
osteocyte viability was evaluated in all lacunae; in the sections
containing more than 500 lacunae, the considered 500 lacunae
were randomly included in the counting, given that we did not
observe areas withmostly viable osteocytes as well as areas with
mostly nonviable osteocytes. The sections were observed
and analyzed using a light microscope (Zeiss Axiophot, Jena,
Germany), equipped with an image analysis system at 40�
magnification (a Nikon DS-5Mc camera connected to a personal
computer NIS Elements AR 2.20 Nikon software, Nikon Inc.,
Melville, NY, USA). The bone biopsy sections taken from 26 of 31
symptomatic MM patients also underwent in situ end-labeling
analysis (TUNEL) for the evaluation of the amount of osteocyte
apoptosis, using the ApopTag peroxidase in situ apoptosis kit
(Millipore, Billerica, MA, USA) (counterstain Fast Green). Finally,
in 25 of 31 bone sections obtained from symptomatic MM
patients, MAP LC3 expression was assessed by immunofluores-
cence and evaluated using confocal microscopy as described
below.

Statistical analysis was performed using nonparametric tests
to compare median values of viable osteocytes across different
groups of patients. A nonparametricmultiple regression analysis
was also performed to assess the impact of each treatment
alternative on osteocyte viability.

Drugs

BOR was purchased from Janssen-Cilag (Milan, Italy). The drug
was reconstituted in water at a stock concentration of 2.6mM
and diluted in the cell culture medium before use. Proteasome
inhibitor Z-(Leu-Leu-Leu-B(OH)2) (MG 262) and caspase-3
inhibitor Ac-Asp-Glu-Val-Asp-CHO (Ac-DEVD-CHO) were pur-
chased from Enzo Life Sciences (Florence, Italy). DEX was
purchased from Sigma-Aldrich (Milan, Italy). Human PTH (1-34),
chloroquine (CQ), and 3-methiladenine (3-MA) were purchased
from Tocris Bioscience (Bristol, UK).

Cells and cell culture conditions

Cell lines

The human myeloma cell line (HMCL) JJN3 was purchased from
DSMZ (Braunschweig, Germany) and HMCL RPMI 8226 from the
American Type Culture Collection (Rockville, MD, USA). The pre-
B acute lymphoblastic leukemia cell line 697was kindly provided
by Dr Irma Airoldi (Genoa, Italy). The human preosteocytic cells
HOB-01 were established fromhuman bone and kindly provided
by Julia Billars (Collegeville, PA, USA). Themurine osteocytic cells
MLO-Y4 were kindly provided by Linda Bonewald (Kansas City,
MO, USA). All cell lines were authenticated and tested for
mycoplasma contamination.

Cell conditions and experimental procedures

Cells were cultured in a phenol red-free medium supplemented
with 10% fetal bovine serum (FBS), 100U/mL of penicillin, and
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100mg/mL of streptomycin. Confluent HOB-01 and MLO-Y4 cells
were treated in 96-well plates for 12-24-48 hours with BOR
(2-5-10 nM), or MG 262 (10 nM) or vehicle. In another set of
experiments, we tested the different amounts of 48-hour
conditioned media (CM) of HMCL RPMI 8226 to determine
osteocyte viability and autophagy induction as reported in
Supplemental Fig. S1A, B. For the subsequent experiments, we
used the undiluted CM (100%). The confluent HOB-01 and
MLO-Y4 cells were incubated in 96-well plates or 24-well plates in
the presence (100%) or the absence (0%) of 48-hour CMofHMCLs
RPMI 8226 and JJN3 or treated with DEX or vehicle at 10�6 M for
48 hours. Subsequently, the culture media was changed and the
cells were treated for 12-24-48 hours with BOR (2–5 nM) or MG
262 (10nM) or vehicle. In other series of experiments, MLO-Y4
were incubatedwithDEXor vehicle 10�5M for 6 or 24hours. Then
the culture media was changed and the cells treated with PTH
(1-34) (10 nM) for 1 hour or BOR (2nM) for 12 hours or PTH(1-34)
(1 hour) followed by BOR (12 hours) or vehicle.

Cocultures

HOB-01 and MLO-Y4 cells were cocultured with HMCLs RPMI
8226 and JJN3 in a transwell insert for 48 hours. Then the culture
medium was changed and the cells were treated for 12 hours
with BOR (2 nM) or MG 262 (10 nM) or vehicles. In addition, both
osteocytic cell lines were cocultured with lymphoblastic
leukemia cell line 697 for 48 hours in a transwell insert. All
pellets from the experiments were collected for cell viability,
caspase-3 activity, Western blot, immunofluorescent confocal
microscopy, and transmission electron microscopy.

Autophagy and apoptosis inhibition

MLO-Y4 cells were incubated in the presence or absence of
48-hour CM of RPMI 8226 or treated with DEX or vehicle at
10�6 M for 48 hours. 3-MA (0.5mM), CQ (25mM), Ac-DEVD-CHO
(50 nM), or vehicles (dimethyl sulfoxide and water) were
added 1 hour before induction of cell death and maintained
throughout the culture period.

Osteocyte viability

Osteocyte viability was evaluated using a cytotoxicity assay,
following manufacturer’s protocol (Cell Counting Kit-8; Alexis
Biochemicals, PlymouthMeeting, PA, USA). All experimentswere
performed in culture media supplemented with 5% FBS.
Osteocyte viability in cocultures was evaluated by Trypan blue
staining (Sigma-Aldrich).
Briefly, nonadherent cells and adherent cells released after

trypsinization were combined and collected by centrifugation.
Subsequently, 0.04% trypan blue was added, and both viable
and dead or dying cells were determined using a Neubauer
hemocytometer. At least 100 cells per condition were counted
under the light microscope. The percentage of nonviable cells
exhibiting intracellular staining per total cell number was
calculated in each case.

Caspase-3 activity assay

To evaluate caspase-3 activity, nonadherent and adherent cells
were harvested, combined, and assayed using a commercial kit
(Caspase-3 Colorimetric Activity Assay kit, Millipore), following
manufacturer’s instructions. Quantification was performed
using a spectrophotometer at 405 nm. All results are expressed

as the mean value� standard deviation (SD), and the mean
values of the groups were compared using two-tailed Student’s
t test.

RNA isolation and real-time quantitative PCR

Total RNA was extracted from the cells using the RNeasy Total
RNA Isolation Kit (Qiagen, Valencia, CA, USA) and then quantified
using a Nanodrop ND-100 (Celbio S.p.A., Milan, Italy). One
microgram of RNA was reverse transcribed with 400U Moloney
murine leukemia reverse transcriptase (Applied Biosciences, Life
Sciences, Carlsbad, CA, USA) following manufacturer’s protocol.
Real-time PCR was performed using the TaqMan Gene
Expression Assay (Applied Biosystems, Life Technologies, Milan,
Italy) for the following genes:

FGF23: Hs00221003_m1; Mm00445621_m1, DMP1: Hs00189
368_m1; Mm01208363_m1, PHEX2: Hs01011692_m1; Mm0116
6563_m1, SOST: Hs00228830_m1; Mm00470479_m1.

PCR amplifications were run in duplicate on the LightCycler
480 (Roche Diagnostics, Milan, Italy). The Ct method was applied
to normalize differences in the quantity and quality of RNA, and
mRNA was quantified using comparative DCt method and the
endogenous reference genes GAPDH (HOB-01) or b2-Micro-
globulin (MLO-Y4) (DCt1/4mean Ct gene–mean Ct GAPDH/b2-
Microglobulin). DDCt was evaluated as the difference between
the DCt value of a target sample and the DCt for the
corresponding control sample. The fold change in mRNA
expression was calculated as 2�DDCt.

Western blot analysis

Total and cytosolic extracts were obtained using a commercial
kit (Active Motif, Carlsbad, CA, USA). The following antibodies
were used for immunoblotting: rabbit polyclonal anti-LC3
antibody (1:1000) (Code n.PD014, MBL International Corpora-
tion, Woburn, MA, USA), mouse anti-p62/SQSTM1 antibody
(1:250) (Code n.MAB8028, R&D Systems, Minneapolis, MN, USA),
and mouse anti-b-actin monoclonal antibody (1:5000) (Code n.
A5441, Sigma-Aldrich) as an internal control. Anti-rabbit (1:2000)
(Code n.7074, Chemicon, Temecula, CA, USA) and anti-mouse
(1:10,000) (Code n.103001, BD Pharmingen, Franklin Lakes, NJ,
USA) antibodies were used as peroxidase-conjugated secondary
antibodies. Chemiluminescence was detected using luminol
solution (ECL Plus, GE Healthcare Amersham, Milan, Italy).
Immunoreactive bands were visualizedwith an exposure time of
15 minutes (Kodak XOMAT). LC3 conversion from LC3 form
I (LC3-I, 18 kDa) to LC3 form II (LC3-II, 16 kDa), normalized by
b-actin level, was our reported autophagy index.

Immunofluorescence confocal microscopy

Immunofluorescence analysis was carried out to assess the
expressionofMAPLC3 inbonebiopsies and LC3 andApaf-1 in the
cell cultures. MLO-Y4 cells, cultured in different conditions in
multiwell chamber slides, and bone biopsy samples were treated
and observed as previously described.(38) Samples were incu-
batedwith the following antibodies: rabbit anti-MAPLC3 (Coden.
sc-134226), mouse anti-Apaf-1 (Code n. sc-135836, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA); goat anti-rabbit Cy3 (Code n.
C2306) and sheep anti-mouse FITC (Code n. F2883, Sigma-
Aldrich). After being washed, samples were counterstained with
1 g/mLDAPI (4’,6-diamidin-2-fenilindolo) and thenmountedwith
an anti-fade medium (0.21M DABCO (1,4-diazabicyclo[2.2.2]
octane) and 90% glycerol in 0.02M Tris (tris[hydroxymethyl]
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aminomethane, pH 8.0). The negative control samples were not
incubated with the primary antibody. The confocal imaging was
performed on a Leica TCS SP2 AOBS confocal laser scanning
microscope (Leica S.p.A.). To quantify MAP LC3-positive cells, 5 to
6 slides were examined at 40�magnification for each condition,
in order to count almost 1000 cells as previously described.(38) All
results are expressed as themean%�SD. Themean values of the
groups were compared using ANOVA, followed by Bonferroni
and Student-Newman-Keuls tests.

Transmission electron microscopy (TEM)

At the end of the culture period, monolayers of MLO-Y4 cells
were fixed for 20 minutes in 4% paraformaldehyde in a 0.13M
phosphate buffer (pH 7.4), post-fixed for 20 minutes in 1%
osmium tetroxide in a 0.13M phosphate buffer (pH 7.4),
dehydrated in graded ethanol, and embedded in epoxy resin
(Durcupan ACM, SPI Supplies, Jeol-Italia, Milan, Italy). Then they
were sectioned with a diamond knife mounted on an Ultracut-
Reichert Microtome (Leica, Wetzlar, Germany). The ultrathin
sections (70–80 nm) were mounted on Formvar/carbon-coated
copper grids, stained with 1% uranyl acetate and lead citrate,
and examined by means of a Zeiss EM109 transmission electron
microscope (Zeiss AG, Jena, Germany).

Results

Increase of viable osteocytes in MM patients treated with
BOR-based regimens

We retrospectively analyzed bone biopsies of 37 patients, 31 of
which with symptomatic MM (19 newly diagnosed and
12 relapsed; International Staging System (ISS) (I–III: I¼ 3,
II¼ 17, III¼ 11) and 6 with SMM (mean age � SD of patients
68� 10 years; median age 68 years; range 35–88 years). A total of
73% of MM patients carried type k chain, 27% carried type l
chain, and 65% of symptomatic MM patients had evidence of
osteolytic lesions at the X-ray survey. Pelvic bone involvement
is present in almost all patients with osteolytic lesions. However,
the presence of osteolysis in the biopsied bone area could not be
confirmed with certainty because the procedure is not routinely
a computed tomography-guided biopsy. Patients’ character-
istics and drugs used in the treatment regimens are summarized
in Supplemental Table S1. In SMM, no significant change in the
number of viable osteocytes was observed in histological
evaluations carried out after 12 months of observation (median
% change: þ1.2%, p¼ 0.68, not significative (NS)). The overall
response rate of MM patients was 79.3% (nCR/CR 48.3%; VGPR/
PR 31%). Themean percent change in osteocyte viability was not
correlated with treatment response rates (R2 0.01, p¼NS). MM
patients treated with BOR-based regimens showed a signifi-
cantly higher percentage of viable osteocytes compared with
controls who were not treated with BOR (% median increase:
þ6% versus þ1.30%; p¼ 0.017) (Fig. 1A). On the other hand, no
significant difference was observed between patients treated
with thalidomide (THAL) or immunomodulatory drugs (IMiDs)
and patients who were not treated with those drugs (p ¼ 0.7).
Patients’ treatment with BOR alone showed the most powerful
effect in maintaining osteocyte viability compared with
treatment without BOR (þ14% versus þ1.3%, p¼ 0.0027) or
with BOR plus DEX (þ11.6% versus þ4.4%, p¼ 0.01) (Fig. 1A).

A multiple regression nonparametric analysis showed that
BOR had a significant, positive impact on osteocyte viability
(p¼ 0.042), whereas THAL/IMiDs along with ZOL treatments did

not show any significant effects (p¼ 0.2). In addition, BOR
counterbalanced the negative effect of DEX treatment
(p¼ 0.035). Fig. 1A shows Gomori’s trichrome staining of sections
of the iliac crest biopsies, obtained from two representative MM
patients treated with BOR; the black arrows indicate viable
osteocytes, whereas the white ones indicate empty lacunae.

A reduction of apoptotic osteocytes was observed after
12 months in MM patients treated with a BOR-based regimen
(median % of apoptotic osteocytes: PRE 10% versus POST 3%;
p¼ 0.0085) compared with MM patients treated without BOR
(median % of apoptotic osteocytes post-treatment: BORþ 3%
versus BOR– 13%; p¼ 0.032) (Fig. 1B). The TUNEL assay of the
three representative MM patients is shown in Supplemental
Fig. S2A.

Ex vivo immunofluorescent microscopy for LC3 revealed the
staining in both osteocytes and osteoblasts in the bone-BM
interface. LC3-positive osteocyteswere evaluated inside thebone
and not in the BM or on bone surface, as shown in Supplemental
Fig. S3A. LC3 staining in three representative MM patients is
presented in Supplemental Fig. S3B. A higher reduction of
autophagic osteocyteswas observed inMMpatients treatedwith
BOR-based regimen compared with those treated without BOR
(median % of autophagic osteocytes post-treatment: BORþ 8.5%
versus BOR– 14%; p¼ 0.029) (Fig. 1C). A linear regression analysis
showed that the treatment with BOR significantly reduced the
number of apoptotic osteocytes (p¼ 0.025) and the percentage
of autophagic osteocytes (p¼ 0.017). In addition, we found that
responding MM patients treated with BOR-based regimen had a
significantly higher reduction in the number of autophagic
osteocytes compared with MM patients treated without BOR
(median % of autophagic osteocytes post-treatment: BORþ 9%
versus BOR– 13%; p¼ 0.05) (data not shown). Data obtained from
the histological evaluation of bone biopsies are summarized in
Supplemental Table S2.

PIs reduce preosteocyte and osteocyte death induced by
human myeloma cell lines (HMCLs)

To understand the mechanisms whereby BOR maintains
osteocyte viability in bone from MM patients, we subsequently
investigated the in vitro effects of BOR in two different models
of MM-induced and DEX-induced osteocyte death. First, we
checked whether MM cells or DEX might affect osteocyte
differentiation markers in our experimental models. Both
HOB-01 and MLO-Y4 cell lines were checked for FGF23, PHEX,
DMP1, and SOST gene expression by real-time PCR. As reported
by others, MLO-Y4 cells expressed low to undetectable levels of
DMP1 and SOST mRNA,(39) whereas HOB-01 cells were negative
for both genes. Both cell lineswere negative for FGF23. We found
the downregulation of PHEX both in the cell lines cocultured
with RPMI 8226 and in MLO-Y4 after treatment with DEX (Fig. 2).

Thereafter, we showed that BOR alone at 2 nMhad a significant
positive impact on the viability of both HOB-01 and MLO-Y4 cells
after 12 hours of treatment (means % of increase� standard
error (SE) versus control: þ9%� 1% and þ11%� 1%, respec-
tively; p � 0.001) (Supplemental Fig. S4A). A longer exposure to
BOR had a negative effect on osteocyte viability. Similar results
were observed on both HOB-01 and MLO-Y4 cells when
administered with MG 262 at 10 nM (Supplemental Fig. S4B).
For subsequent experiments, osteocytes were treated with 2 nM
BOR that was found to be subapoptotic for HMCLs (data not
shown). Second, we found that, as expected, CM of RPMI 8226
(Fig. 3A) and JJN3 (Fig. 3B) significantly reduced HOB-01 and
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Fig. 1. BOR-based regimenmaintains thenumberof viableosteocytes inMMpatients. Thenumberof viableosteocyteswas evaluatedonbonebiopsiesofMM
patients treatedwithBOR-based regimencomparedwith those treatedwithoutBOR, andonMMpatients treatedwithBORalonecomparedwitheitherpatients
treated without BOR or patients treated with BOR plus DEX (A). Graphs and bars show the median increase of viable osteocytes as evaluated by Gomori’s
trichrome staining (A). Gomori’s trichrome stainingof sections of the iliac crest biopsy samples, obtained from two representativeMMpatients treatedwith BOR
(MM 29 andMM 27), pre- (top) and post-(bottom) treatment. MM 29 andMM 27 are responder and nonresponder patients, respectively. Black arrows indicate
viableosteocytesandwhitearrows indicateempty lacunae (A). Thenumberof apoptoticosteocyteswasevaluatedonbonebiopsiesofMMpatients treatedwith
BOR-based regimen comparedwith those treatedwithout BOR, pre- andpost-treatment. Graphs andbars show themedian%of apoptotic osteocytes by in situ
end labeling (TUNEL) (B). The number of autophagic osteocytes (LC3þ) was evaluated on bone biopsies of MM patients treated with BOR-based regimen
compared with those treated without BOR. Graphs and bars show the median % of autophagic osteocytes by immunofluorescent confocal microscopy (C).

Fig. 2. Effects of RPMI 8226 and DEX on PHEX mRNA expression. Both HOB-01 and MLO-Y4 were cocultured with HMCL RPMI 8226 for 48 hours (A).
MLO-Y4 were treated with DEX (10�6 M) for 48 hours or vehicle (B). PHEX mRNA expression was evaluated by real-time PCR using glyceraldehyde
3-phosphate dehydrogenase (GAPDH) or b-2-microglobulin (b2m) mRNA as internal control. Graphs represent the mean fold change� SD in the mRNA
levels for two independent experiments performed in triplicate.
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MLO-Y4 viability (means% of reduction� SE versus control: RPMI
8226 –14%� 0.8% and –46%� 0.9%, respectively; p� 0.001;
JJN3 –25%� 2% and –28%� 1.1%, respectively; p� 0.001). The
12-hour treatment with both PIs BOR and MG 262 significantly
reduced the cytotoxic effect on both HOB-01 and MLO-Y4
induced by the CM of either RPMI 8226 (Fig. 3A) or JJN3 (Fig. 3B).
Both the reduction of HOB-01 and MLO-Y4 viability induced by
HMCLs and the positive effects of PIs were further confirmed by
trypan blue exclusion (Supplemental Fig. S5A, B).

PIs blunt DEX-induced osteocyte death, with an
enhanced effect in combination with PTH(1-34)

The effect of PIs on DEX-induced osteocyte death was also
evaluated using MLO-Y4 because HOB-01 cells did not show any

reduction of viability under DEX treatment even at a wide range
of concentrations (data not shown). When used at higher doses
(10�6 M) for 48 hours, DEX was found to significantly reduce
MLO-Y4 viability, whereas the addition of 2 nM BOR for 12 hours
after DEX treatment significantly reduced the effect of DEX
(Fig. 3C). Similar results were also obtained with MG 262 (data
not shown). Because it is known that PTH(1-34) intermittent
administration counteracts the effect of glucocorticoids,(17) we
further investigated the potential effect of BOR in combination
with PTH(1-34) on DEX-induced osteocyte death. The treatment
with BOR (12 hours) or PTH(1-34) (1 hour) alone increased the
viability of HOB-01 and MLO-Y4 cells (means % of increase� SE
versus control: BOR þ9%� 1%, p¼ 0.02; þ10%� 1, p ¼ 0.008,
respectively; PTH: þ9%� 1.2%, p¼ 0.02; þ7%� 1, p � 0.001,
respectively) (data not shown). The combination of BOR and

Fig. 3. PIs have positive effect on osteocyte and preosteocyte viability in the presence of HMCLs or DEX treatment. Confluent HOB-01 andMLO-Y4 were
incubated with or without the 48-hour CM of HMCLs RPMI 8226 (A) or JJN3 (B) for 48 hours. Then the culture media was changed and osteocytes were
treated with BOR (2 nM) or MG 262 (10 nM) for 12 hours. Confluent MLO-Y4 were also treated with DEX (10-6 M) or vehicle for 48 hours. Afterward,
the culture media was changed and osteocytes exposed to BOR (2 nM) or vehicle for further 12 hours (C). Moreover, MLO-Y4 were incubated with high-
dose DEX (10-5 M) or vehicle, for 6 hours or 24 hours, to induce cell death. Then the culture media was changed and MLO-Y4 treated with PTH(1-34)
(10 nM) for 1 hour or BOR (2 nM) for 12 hours or with the combined treatment PTH(1-34) (1 hour) followed by BOR (12 hours) (C). At the end of the culture
period, osteocyte viability was assessed by means of colorimetry using tetrazolium salt as described in Materials and Methods. The graphs show the
mean % change of cell viability values compared with control� SE of five independent experiments performed in triplicate. Data were analyzed using
two-tailed Student’s t test. (� and �� ¼HOB-01 and MLO-Y4 incubated with CM of RPMI 8226 or JJN3 plus vehicle versus control; �p¼ 0.001, ��p< 0.001)
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PTH(1-34) significantly reduced the cytotoxic effect induced
either by 6-hour DEX treatment compared with the treatment
with PTH(1-34) alone (Fig. 3C) or by 24-hour DEX treatment
compared with BOR alone (Fig. 3C). The reduction of osteocyte
viability induced by DEX treatment occurred regardless of the
presence or absence of phenol red in the culturemedia (data not
shown).

Autophagic cell death is involved in MM and
DEX-induced osteocyte death: effects of PIs

To establish the mechanism by which treatment with PIs blunts
bothMMandDEX-induced osteocyte deathwhen apoptosis and
autophagy are involved, first we checked caspase-3 activation in
MLO-Y4 cells.We found that 6-hour treatmentwith DEX (10�6M)
determined the activation of caspase-3, but the subsequent
12-hour treatment with BOR did not affect its activity (Fig. 4A).
Similar results were also obtained using phenol red-freemedium
(data not shown). The presence of RPMI 8226 in the coculture
transwell system did not affect caspase-3 activity in either
HOB-01 (Fig. 4B) or MLO-Y4 (Fig. 4C) cells and consequently the
PIs did not affect caspase-3 activity in either cell line (Fig. 4B, C).
Similarly, DEX (10-6 M) treatment for 48 hours did not affect
caspase-3 activity in MLO-Y4 cells (Fig. 4D). Similar results were
also obtained using phenol red-free medium (Fig. 4D).
The potential involvement of autophagy in osteocyte death

was then investigated. We found that the treatment with BOR
induced LC3 expression, increasing the conversion of LC3I to
LC3II compared with the vehicle in both HOB-01 and MLO-Y4
cell lines (Fig. 5A). Conversely, we found that, in the coculture
system, RPMI 8226 led to an increase of LC3II/I ratio in both
HOB-01 and MLO-Y4 cells (Fig. 5B), whereas the 12-hour
treatment with BOR and MG 262 significantly reduced LC3
expression (Fig. 5B). Similarly, MLO-Y4 cells incubated for 48
hours with DEX (10-6 M) showed an increased level of LC3
compared with the control blunted by the subsequent 12-hour
treatment with both PIs (Fig. 5C). A slight induction of LC3
was also founded in both HOB-01 and MLO-Y4 cells when
cocultured with lymphoblastic leukemia cell line 697 (Fig. 5D).
The expression of autophagic marker LC3 was also evaluated by
confocal microscopy on the monolayers of MLO-Y4 cells.
Accordingly, an increase in the percentage of LC3-positive
autophagic osteocytes was observed after 48 hours of coculture
with RPMI 8226 (Fig. 6A) and DEX treatment (Fig. 6B). BOR and
MG 262 reduced the percentage of autophagic cells in both
systems (Fig. 6A, B) (ANOVA p< 0.001; Bonferroni p< 0.05;
Student-Newman-Keuls p< 0.05). The TEM examination con-
firmed the increase of autophagic osteocytes after coculture
with RPMI 8226 or treatment with DEX in MLO-Y4 cells (Fig. 6C).
Furthermore, subsequent treatment with BOR or MG 262
reduced the amount of autophagic osteocytes (Fig. 6C). Fig. 6D
shows high magnification of TEM observations in the same
experiments. Concomitantly with the increase of LC3II, the 12-
hour treatment with BOR increased the level of p62 level,
inhibiting autophagy-dependent degradation in MLO-Y4 cells
(Fig. 7A); indeed, p62 is the autophagic protein that binds to LC3
and is degraded in autolysosomes by autophagy. Similarly, the
presence of RPMI 8226 in a coculture system (Fig. 7B) or the
treatment of MLO-Y4 cells with DEX (10�6 M) (Fig. 7C) for 48
hours reduced p62 level. The subsequent 12-hour treatment
with BOR was shown to increase their levels (Fig. 7B, C).
Finally, for further elucidation of the role of BOR in the

autophagic process, MLO-Y4 cell line was pretreated with two

different autophagy inhibitors, namely 3-MA (0.5mM) and CQ
(25mM) or vehicle for 1 hour. They were then exposed to CM of
RPMI 8226 (Fig. 8A) or DEX (Fig. 8B) for further 48 hours followed
by BOR treatment. As shown in Fig. 8A, B, the presence of
autophagy inhibitors blocked the positive effects of BOR on
osteocytes viability with a more potent effect of 3-MA on RPMI
8226-treated cells compared with CQ. The same set of experi-
ments was performed in the presence or absence of the caspase-
3 inhibitor, Ac-DEVD-CHO (50 nM). The blunted effect of BOR on
MLO-Y4 viability was observed either in the presence of HMCLs
or after DEX treatment (Fig. 8C, D).

Discussion

Among the new drugs used in the treatment of MM patients,
PIs including BOR have been demonstrated to stimulate bone
formation with a positive effect on bone disease.(29–34) In this
study, we found that PIs affect osteocyte and preosteocyte
viability, showing a new mechanism of action for this class
of drugs.

First, we showed that osteocyte viability was significantly
maintained in MM patients treated with BOR-based regimens
compared with untreated patients. The potential impact of
thalidomide/IMiDs treatment was not conclusive because of the
small number of patients treated with IMiDs alone. However,
other studies have reported a lack of effect of this type of drugs
on osteoblasts and bone formation process.(40,41) BOR is
approved for first-line treatment of elderly patients and young
patients eligible for high-dose therapy, and it is also approved
as second-line therapy for relapsed/refractory patients.(42) The
use of BOR in combination with or without steroid and/or
alkylating agents and/or IMiDs is preferred but not mandatory in
patients with high-risk cytogenetic disease associated with poor
prognosis and high bone disease.

The ex vivo analysis of both osteocyte apoptosis and
autophagy in bone biopsies of MM patients indicated a
reduction in both processes after treatment with BOR. We can
suppose that both a direct effect of PIs on osteocytes as well as
an indirect PTH-mediated one could occur in vivo in MM
patients treated with BOR. Other studies have demonstrated
that treatment with BOR determines a significant and
reproducible pulsatile increase of serum PTH in responding
MM patients,(43) supporting the hypothesis that the anabolic
effect of BOR may be mediated at least in part by PTH, which is
known to be able to affect osteocyte apoptosis.(17,19) In our
cohort of MM patients, the effect of BOR on osteocyte viability
was irrespective of the response to treatment, suggesting
that the direct effect is likely to be predominant compared
with the indirect one. However, we cannot exclude their in
vivo coexistence.

To understand the mechanisms underlying the in vivo effect
of BOR on osteocyte viability, we checked the potential in vitro
effects of PIs on osteocyte survival. Two different in vitro models
were used: 1) MM cell-induced osteocyte death, and 2) drug-
induced osteocyte death with high-dose DEX. In both systems,
we demonstrated a reduction in the rate of preosteocyte and
osteocyte death caused by PIs. These effects were observed at
lower concentrations of BOR compared with those able to
stimulate osteogenic differentiation of mesenchymal cells(30)

and are subapoptotic for MM cells. BOR can also potentiate the
stimulatory effect of PTH(1-34) on osteocyte viability after DEX
treatment. Interestingly, daily PTH administration in MM mouse
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Fig. 4. Lack of effect of HMCLs and proteasome inhibitors on the activity of the apoptoticmarker caspase-3 in osteocytes. MLO-Y4were treatedwith DEX
10�6 M for 6 hours and then incubated with BOR (2 nM) or vehicle for 12 hours (A). HOB-01 (B) and MLO-Y4 (C) were cocultured with HMCL RPMI 8226 in
the presence or absence of BOR (2 nM) or vehicle. MLO-Y4 were treated with DEX 10-6 M for 48 hours in the presence or absence of BOR (2 nM), MG 262
(10 nM) or vehicle in both phenol red and phenol red-freemedium (D). Both nonadherent and adherent cells were harvested, combined, and analyzed for
caspase-3 activity. The graphs show the concentration of chromophore p-nitroaniline related to caspase-3 activity, as described in Materials and
Methods. The data represent the mean value� SD of four independent experiments. HOB-01 treated with BMP-2 200 ng/mL for 6 hours and MLO-Y4
treated with etoposide (ETO) 50 uM for 24 hours were used as positive controls. Data were analyzed using two-tailed Student’s t test.
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models has been reported to increase osteoblast formation and
bonemass and consequently reduce the tumoral burden.(44) Our
data showed that the positive effect of BOR on DEX-induced
osteocyte death was enhanced when combined with a PTH(1-
34) short-term treatment compared with treatment with BOR
and PTH(1-34) alone. PTH receptor signaling has been recently
reported to mediate the anti-myeloma effect of PIs, including
BOR.(45)

The mechanisms involved in MM-induced osteocyte death
and the protective effect of PIs on osteocyte survival were
further investigated. First, we found that autophagic death
rather than apoptosis was involved in our experimental model,
in either human preosteocytes or murine osteocytes, as shown
by both the increased expression of the autophagy marker LC3II
by Western blot and confocal microscopy and the lack of effect
on caspase-3 activation and APAF-1 expression. Moreover, both

treatment with DEX and the presence of MM cells reduced the
protein level of p62, a key player in the selective autophagic
degradation of many proteins.(46)

Further studies will be necessary to identify factors produced
by MM cells that may activate autophagic osteocyte death.
TNF-alpha was reported to induce apoptosis but not autophagy
in osteocytes.(26) Accordingly, we previously reported that
anti-TNF-alpha antibody failed to block MM cell-induced
osteocyte death.(28) Recent data reported that direct cell-to-cell
interactions between osteocytes and MM cells upregulate SOST
in osteocytes;(47) however, there is no evidence in support of
SOST inducing autophagy in osteocytes.

Growing evidence underlines the role of autophagy in the
regulation of osteocyte survival and consequently in the control of
skeletal homeostasis and bone remodeling.(48) A suppression of
the basal level of autophagy has been reportedly associated with

Fig. 5. PIs increase the expression of the autophagy marker LC3 by preosteocytes and osteocytes, while blunting the upregulation induced by HMCL
and DEX treatment. Both HOB-01 and MLO-Y4 were treated with BOR (2 nM) or vehicle for 12 hours (A). Both HOB-01 and MLO-Y4 were cocultured with
RPMI 8226 for 48 hours and then treatedwith BOR (2 nM) orMG 262 (10 nM) or vehicle for 12 hours (B). MLO-Y4were incubatedwith DEX 10-6M or vehicle
for 48 hours and then treatedwith BOR (2 nM) orMG 262 (10 nM) or vehicle for 12 hours (C). HOB-01 andMLO-Y4were coculturedwith the lymphoblastic
leukemia cell line 697 for 48 hours in the presence of a transwell insert (D). LC3 protein level was evaluated by means of Western blot. Graphs show the
LC3II/LC3I ratio normalized for the internal control Actin level relative to vehicle treatment.
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aging-related bone changes;(25) on the other hand, an increase in
both osteocyte and osteoblast autophagic death was reported in
glucocorticoid treatments characterized by rapid bone loss.(13,15)

Similarly, higher-dose DEX treatment was found to have triggered
autophagic markers in osteocytes.(26) In the present study, we
report the involvement of autophagy in MM-induced osteocyte
deathand relatedbone remodeling alterations. Recently, impaired
osteoblastogenesis in osteogenesis imperfecta has been reported
to be related to an upregulation of autophagy.(49) This evidence
suggests that bone cells’ autophagy could be a potential target in
the bone microenvironment.

The role of BOR in regulating autophagy has recently been
reported in different cell types.(50–54) In line with these data, we
found that BOR can increase the level of LC3II/I ratio and block
the degradation of p62 in MLO-Y4 cells, indicating the ability to
target the autophagic pathway. BOR’s capability to inhibit
autophagy was also demonstrated by TEM examinations.
Furthermore, we also found that the use of autophagy inhibitors
blunted the positive effects of BOR on MLO-Y4 viability.
Interestingly, we found that BOR increased LC3I in RPMI 8226-
treated osteocytes, whereas it decreased LC3I in DEX-treated
cells. This suggests that osteocytes are likely to respond

Fig. 6. Confocal and transmission electronmicroscopy reveal that PIsbluntHMCLandDEX-inducedautophagic death inMLOY4.Osteocyte autophagywas
assessed by immunofluorescent confocal microscopy as described in Materials and Methods. Confluent MLO-Y4 were cocultured for 48 hours with or
without RPMI 8226 in the presence of transwell insert and then treated for 12 hourswith BOR (2 nM),MG262 (10 nM), or vehicle (A). ConfluentMLO-Y4were
also incubated with DEX 10�6 M for 48 hours and then treated with BOR (2 nM) or vehicle for 12 hours (B). The graphs show the mean %� SD of MAP
LC3-positive osteocytes for each condition. Originalmagnification 40�. DAPI (blue) for nuclei; MAP-LC3 (red) for autophagy. Datawere analyzed byANOVA
followed by Bonferroni and Student-Newman-Keuls tests (�� ¼MLO-Y4 incubated with RPMI 8226 or treated with DEX plus vehicle versus vehicle; ANOVA
p< 0.001; Student-Newman-Keuls p< 0.05; Bonferroni p< 0.05). Osteocyte autophagy was assessed by transmission electronmicroscopy as described in
Materials and Methods. MLO-Y4 were cocultured for 48 hours with or without RPMI 8226 in the presence of transwell insert and then treated for 12 hours
with MG 262 (10 nM) or vehicle (C). Confluent MLO-Y4 were treated for 48 hours with or without DEX 10�6 M or vehicle and then treated for 12 hours with
BOR (2 nM) or vehicle (C). TEM micrographs show cell ultrastructure. The arrows indicate autophagic cells. High magnification of TEM observations of the
monolayer ofMLO-Y4 cells cocultured for 48 hourswith RPMI 8226 in a transwell insert and then treatedwithMG262 (10 nM) or vehicle. ConfluentMLO-Y4
were treated for 48 hours with or without DEX 10�6 M or vehicle and then treated for 12 hours with BOR (2 nM) or vehicle (D). Representative micrographs
show cells with normal ultrastructure (i, iii, iv) and cells with autophagic vacuoles (ii). White arrows indicate cells with autophagic vacuoles.
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differently to stress induced by MM cells and by DEX treatment,
respectively. On the other hand, the effect of BOR on LC3II was
the same in both MM-induced and DEX-induced autophagy.
Consistently, LC3II is known to be the main protein involved in
the autophagosome formation.(46,55,56)

Although we did not find the activation of apoptosis in either
osteocytes or preosteocytes in our coculture transwell system or

upon DEX treatment, we cannot exclude the role of apoptosis or
the connection between autophagy and apoptotic pathways,
having shown the blocking effect of caspase-3 inhibitor on the
positive effects of BOR in vitro. It is likely that apoptosis may
occur as a flow from apoptosis to autophagy. Consistently, other
researchers reported that MM cells induce apoptosis in murine
preosteocytic cell line MLO-A5.(57)

Fig. 7. BOR blocks p62 degradation during autophagic death inMLO-Y4. MLO-Y4 were treated with BOR (2 nM) or vehicle for 12 hours (A), or cocultured
with RPMI 8226 (B) or incubatedwith DEX 10-6 M or vehicle (C) for 48 hours and then treatedwith BOR (2 nM) or vehicle for 12 hours. p62 protein level was
evaluated bymeans of Western blot. Graphs show the p62 level normalized for the internal control Actin level relative to vehicle treatment. Pictures and
graphs show a representative experiment performed independently twice.
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In conclusion, our data identified osteocyte autophagy as a
potential target in MM bone disease and suggested that PIs
lead to an increase in osteocyte viability through autophagy
modulation and improved bone integrity in MM patients.
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