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Key Points

• CD1381 MM cells are a major
source of SHH.

• Autocrine SHH enhances MM
drug resistance.

Hedgehog (Hh) signaling plays an important role in the oncogenesis of B-cell malignancies

such asmultiplemyeloma (MM). However, the source of Hh ligand sonic hedgehog (SHH)

and its target cells remains controversial. Previous studies showed that stromally

inducedHhsignaling is essential for the tumorcells and thatCD191CD138–MMstemcells

are the target cells of Hh signaling. Here we demonstrate that SHH was mainly secreted

by human myeloma cells but not by stromal cells in MM bone marrow. Autocrine SHH

enhanced CD1381 myeloma cell proliferation and protected myeloma cells from

spontaneous and stress-induced apoptosis. More importantly, autocrine SHH protected myeloma cells against chemotherapy-

induced apoptosis in vitro and in vivo. Combinational treatment with chemotherapy and SHH-neutralizing antibody displayed

synergistic antimyeloma effects. Mechanistic studies showed that SHH signaling activated the SHH/GLI1/BCL-2 axis, leading to the

inhibition of myeloma cell apoptosis. Thus, this study identifies the myeloma autocrine Hh signaling pathway as a potential target for

the treatment of MM. Targeting this pathwaymay improve the efficacy of chemotherapy inMMpatients. (Blood. 2014;124(13):2061-2071)

Introduction

Multiple myeloma (MM) is largely incurable.1 It accounts for ap-
proximately 1% of neoplastic diseases and 13% of hematologic
malignancies.2 In past decades, because of advancements in under-
standing the molecular pathogenesis of the disease and the avail-
ability of stem cell transplantation and new drugs, the overall
survival rate of patients with MM has significantly increased.
However, only up to 35% of patients with MM achieve 5-year
relative survival after receiving current therapies, and patients are
prone to quickly relapse and have refractory disease after high-dose
chemotherapy.3 Therefore, a better understanding of the mechanism
underlying MM cell resistance to chemotherapy would be beneficial
in the development of novel therapeutic approaches and would
improve patient outcomes.

Hedgehog (Hh) signaling is essential for embryonic develop-
ment and adult tissue homeostasis. Its components are highly con-
served fromDrosophila to vertebrates.4,5 Three Hh ligands—sonic
hedgehog (SHH), indian hedgehog (IHH), and desert hedgehog
(DHH)—have been identified in mammals. Activation of Hh signaling
is initiated by the binding of Hh ligands to the Hh receptor Patched
(PTCH), and consequently the release of Smoothened (SMO), thereby
leading to the activationof the transcription factorsGli1 andGli2 and the
upregulation of the expression of Gli target genes.6,7

Recently, aberrant activation of Hh signaling has been reported in
solid tumors, such as basal cell carcinoma, medulloblastoma, and
cancers of the pancreas, prostate, and lung,8 and in hematologic
malignancies, such as B-cell lymphoma and MM.9-11 Some studies
have suggested that Hh signaling activation may play an important
role in the pathogenesis of tumors.12 Dierks et al13 reported that

stromally induced Hh signaling played an essentially role in B-cell
malignancies, including lymphomas and myeloma, and Peacock
et al14 reported that Hh signaling is active only in CD138–CD191

MM stem cells but not in CD1381CD19– MM plasma cells.
However, on the basis of our observation that Hh ligands, especially
SHH, are highly expressed by bone marrow (BM) CD1381 MM
cells, we hypothesized that MM-derived autocrine SHH might
be important in sustaining CD1381 MM growth and survival. In
this study, we demonstrated thatMMcells, but not BM stromal cells,
are the major producer and secretor of SHH and that autocrine
SHH promotes the proliferation of and inhibits chemotherapy-
induced apoptosis in CD1381 MM cells in vitro and in vivo.

Materials and methods

Cells, transfection, and reagents

MM cell lines ARP-1, ARK, CAG, MM.1S, RPMI-8226, and U266 have
been described previously.15 Primary MM cells from BM aspirates of MM
patients were isolated by using anti-CD138 antibody-coated magnetic beads
(Miltenyi Biotec). The studywas approvedby the institutional reviewboard at
The University of Texas MD Anderson Cancer Center and was conducted in
accordance with the Declaration of Helsinki.

For transient transfections of HEK293 cells and CAG cells, Lipofect-
amine 2000 (Invitrogen)was used, and forARP-1 cells, theNeon transfection
system (Invitrogen) was used. Stable cell line screening was performed with
800mg/mLof neomycin (Sigma-Aldrich) for 4weeks, and positive cells were
selected for the in vivo studies.
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Real-time polymerase chain reaction and western blotting

Total RNAwas isolated by using anRNeasy kit (Qiagen). The total RNA (1mg)
was subjected to reverse transcription by using a SuperScript II (Invitrogen)
reverse transcription-polymerase chain reaction (RT-PCR) kit; 1 mL of the
final complementary DNA was applied to real-time PCR amplification with
SYBRGreenbyusingaStepOnePlus real-timePCRsystem(AppliedBiosciences).

Western blotting was carried out as previously described.16 Briefly, cells
were lysed, and 50 mg of total protein was separated via electrophoresis on a
4% to 12%gel (Invitrogen). The gel was then transferred onto a nitrocellulose
membrane, immunohybridizedwith primary antibodies at 4°C overnight, and
incubated with second antibodies at room temperature for 1 hour. After wash,
the immunoblot was developed by using a chemiluminescence substrate
(Thermo Scientific).

Cell proliferation, apoptosis, and luciferase assay

MM cells were incubated with different reagents for different times (1 to
5 days), then incubated for 1 hour with a cell proliferation assay kit solution
(Promega), and finally measured at a 490 nm wavelength. An apoptosis
assay was performed as previously described.17 HEK293 cells were trans-
fected with 0.9 mg of 83 Gli-BS Luc plasmid and 0.1 mg of pRL-TKRenila
plasmid (Promega) using Lipofectamine 2000 (Invitrogen) for 24 hours, and
the cell lysate was used to detect luciferase activity in a Dual-Luciferase
Reporter assay system (Promega).

Immunohistochemistry

Paraffin-embedded sections were deparaffinized and blocked, incubated with
1:200 anti-SHH antibody (Millipore) at 4°C overnight, and then incubated
with horseradish peroxidase–conjugated secondary antibody at 1:500 for
1 hour at room temperature. The sections were developed by using a DAB
substrate kit (Thermo Scientific) at room temperature for 1 to 5 minutes and
then counterstained with hematoxylin.

Animal studies

CB.17 SCID mice were used, and the studies were approved by the
Institutional Animal Care and Use Committee at MD Anderson Cancer
Center. Ten (per group) 6- to 8-week-old female mice were subcutaneously
inoculated in the right flank with 2 3 106 MM cells. The SCID-hu mouse
model was established as previous described.18 Tumor volume (in cubic
millimeters) was measured every 3 days in two dimensions by using a caliper
andwas calculated as 0.43 (short length)23 long length. Serawere collected
every 6 days from the mice during treatment and tested for MM-secreted
M-proteins or their light chains by using an enzyme-linked immunosorbent
assay.Mice were humanely euthanized when they becamemoribund or when
the subcutaneous tumors reached 15 mm in diameter.

Statistical analysis

Experimental values are expressed asmean6 standard error of themean if not
otherwise indicated. Statistical significancewas analyzed by using SPSS 10.0
software andwas determined by unpairedStudent t tests and one-way analysis
of variance. A P value ,.05 was considered statistically significant. All
results were reproduced in at least 3 independent experiments.

Results

MM cells, but not BM microenvironment cells, predominantly

express and secrete SHH

To examine the role of autocrine versus paracrine SHH in myeloma
cell growth and survival, the first question we asked was which type
of cell, myeloma or stromal, was the major contributor of SHH in the
BM ofMM patients. First, we analyzed the gene expression patterns
of SHH inMM cells in the public databases19 by using cancer outlier
profile analysis for 258 MM patients in Walker’s database, 247 MM

patients in Dickens’ database, and 173 MM patients in Tian’s
database. We found that SHH messenger RNA (mRNA) was
commonly expressed by purified CD1381 primary MM cells
(supplemental Figure 1A-C; see supplemental Data, available at
the Blood Web site).

Second, we examined SHH protein expression in BM biopsy
samples from patients with MM and healthy donors. Compared with
normal BM (Figure 1Aa), high SHH protein levels were detected in
the BM samples of all 5 MM patients examined (Figure 1Ab,c,e-g).
More importantly, only myeloma plasma cells, but not non–plasma
cells, in the MM BM samples expressed SHH (Figure 1Ad,h and
higher magnification fields from Figure 1Ac,g, respectively). By
counting SHH-positive cells, we found that up to 90%ofMMplasma
cells were SHH positive in the MM BM samples, whereas very few
SHH-positive cells could be detected in normal BM samples or
in non–plasma cells in MM BM samples (Figure 1B). Although
a previous study showed that cultured BM stromal cells (most likely
mesenchymal stromal cells [MSCs]) produced a large amount of
SHHand could provide paracrine SHH toMMcells, the frequency of
MSCs (Figure 1C, upper panels) detected by expression ofCD90 and
CD16620,21 in MM BM (Figure 1C; middle panels) or normal BM
(Figure 1C, lower panels) samples was extremely low.

Third, to confirm that CD1381 MM plasma cells are the main
producer of SHH and also to examine whether CD1381 plasma
cells or CD138–CD191 MM stem cells14 manifest the Hh pathway
activity, we isolated cells from MM patients’ BM aspirates, stained
the cells with CD138, CD19, and SHH antibodies, and selected the
CD138–CD19– (non–plasma cells), CD138–CD191 (MM stem cells
or B cells), and CD1381CD19– (MM plasma cells) populations for
analysis of SHH expression by flow cytometry (Figure 2A). As
shown in Figure 2B, more than 90% of CD1381CD19– plasma cells
expressed SHH, but only very few CD138–CD191 MM stem cells or
B cells or CD138–CD19– non–plasma cells expressed SHH. We next
examined the mRNA levels of Hh ligands SHH, DHH, and IHH; Hh
signaling receptor PTCH1; and transcription factor GLI1 in primary
MMcells and establishedMMcell lines by usingRT-PCRand real-time
PCR. All primary MM cells and cell lines expressed high levels of
hedgehog receptor PTCH1 and the key transcriptional factor GLI1,
although the levels varied in different samples (Figure 2C). SHH
expressionwas the highest andmost consistent in all examinedCD1381

primaryMMcells andMMcell lines. As analyzed by quantitative PCR,
the average SHH expression was 30-fold higher than that of purified
CD138–CD191 MM stem cells or B cells from MM patients’ BM
aspirates, but IHH and DHH were only slightly increased (Figure 2D).
Using western blot analysis, we confirmed that SHH, PTCH, and GLI1
proteins were expressed in all examined MM cell lines, although their
levels varied among different MM cells (Figure 2E).

Finally, we detected the expression of dispatched (DISP)
receptors by the cells, because Hh ligand secretion from vertebrate
cells is accomplished via two events: cholesterol modification of the
N terminus and binding to the membrane protein DISP.22 Our
RT-PCR results for CD1381 primary MM cells and MM cell lines
indicated that SHH secretion was DISP1 dependent, because the
expression of both DISP1 and DISP2 was dominant in all of these
samples (Figure 3A). In line with these findings, high levels of
soluble SHH were detected in the 12-hour culture supernatants of
CD1381 primary MM cells and MM cell lines but not in those
of purified CD138–CD191 cells from MM patients’ BM aspirates
(Figure 3B). Taken together, these results clearly showed that
CD1381 MM plasma cells, but not BM stromal cells, are the major
producer of SHH protein and that CD1381 plasma cells process Hh
signaling components.
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MM-derived SHH activates the Hh signaling pathway in MM cells

To examine the effects of MM cell–derived SHH on MM cells, we
manipulatedMMcell lines to secretemore or less SHHby using genetic
alterations. ARP-1 and CAG cells were transfected with an SHH
overexpression plasmid (pBS-hSHH; SHH1ARP-1 or SHH1CAG),
SHH-specific short hairpin RNAs (SHH–ARP-1 or SHH–CAG), or
control vector (vecARP-1 or vecCAG). Compared with the wild-
type or control vector cells, SHH1ARP-1 and SHH1CAG cells ex-
pressed very high levels of SHH mRNA (P , .01; supplemental
Figure 2A-B), total protein (supplemental Figure 2C), and soluble
protein (P , .01; supplemental Figure 2D), whereas SHH–ARP-1
and SHH–CAG cells expressed low levels of mRNA and proteins
(P , .01). To determine whether MM-derived SHH could activate
the Hh signaling pathway in MM cells, a Gli-luciferase reporter
system23 was used. HEK293 cells were transfected with control
vector or Gli-luciferase reporter plasmids and then cocultured with
or without ARP-1 or CAG cells that expressed and secreted SHH. In
the cocultures, HEK293 cells were seeded on the bottom of wells,
and ARP-1 or CAG cells were seeded in the Transwell inserts.
For the supernatant setting, 12-hour culture media of wild-type,

SHH-overexpression, SHH-knockdown ARP-1 or CAG cells was
added into HEK293 cells with a 1:1 dilution of fresh media. As
shown in Figure 3C, Gli-luciferase activity was enhanced in
HEK293 cells added with the supernatant of, or cocultured with
SHH1ARP-1 cells, but not with vecARP-1 cells (P , .05), which
demonstrates the ability of MM-derived SHH to activate the Hh
signaling pathway. The addition of SHH-neutralizing antibody, but
not control immunoglobulin G (IgG), significantly downregulated
Gli-luciferase activity in HEK293 cells cocultured with SHH1ARP-1
cells (P, .01), thereby confirming that MM-derived SHHmediated
the effects. Similar results were also derived with SHH1CAG
cells (Figure 3D). In addition, silencing the SHH gene could also
downregulate Gli-luciferase activity, confirming the autocrine
induction of Gli-luciferase activity in ARP-1 and CAG MM cells
(Figure 3G). Moreover, addition of cyclopamine, an SMO-specific
inhibitor,24 or SHH-neutralizing antibody, but not dimethylsulfoxide
(DMSO) or control IgG, also significantly downregulated the
mRNA levels of GLI1 and PTCH1 in HEK293 cells cocultured with
SHH1ARP-1 cells (Figure 3E). Similar results were also obtained from
CAG cells (Figure 3F). To examine whether SHH expression was
DISP-dependent, we knocked down DISP1, which is a dominant

Figure 1. Expression of SHH in BM biopsy samples from MM patients and healthy donors. (A) Immunohistochemistry staining for SHH in BM samples of (a) 1 of 4

healthy donors or (b,c,e,f,g) 1 of 5 MM patients. Higher magnifications—in (d), they were derived from the (c) field (black arrow) or in (h), they were derived from the (g) field

(black arrow)—show that SHH staining was observed only in MM plasma cells but not in non–plasma cells or BM hematopoietic cells. (B) Percentages of SHH-positive cells in

normal BM (nBM cells) from 4 healthy donors and SHH-positive MM plasma cells (Pt BM PC) or MM non–plasma cells (Pt BM non-PC) from 8 MM patients (Pts). (C) Morphology

and staining for CD90, CD166, and SHH in cultured MSCs (upper panels), MM patients’ BM samples (Pt BM; middle panels), and normal BM samples from healthy donors

(lower panels). Only very few CD901 or CD1661 MSCs or SHH-expressing cells (indicated by red arrows) could be detected in patient BM or normal BM. Ctrl, control.
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receptor of SHH inARP-1 andCAGcells.We observed that the levels
of SHH secretion were significantly reduced in DISP1-knockdown
ARP-1orCAGcells as comparedwith those in control cells (P, .001;
Figure 3H). Taken together, these results strongly suggest that the Hh
signalingpathway is activated inMMcells and that SHH is a dominant
Hh ligand secreted by MM cells with high biological activity.

MM-derived SHH promotes MM cell proliferation

To determine whether MM cell–secreted SHH has a biological
function in MM cell proliferation, we tested the spontaneous
proliferation of ARP-1 or CAG cells in normal culture media in the
presence or absence of Hh signaling receptor antagonist or SHH-
neutralizing antibody. After treating ARP-1 and CAG cells with
cyclopamine for 3 days, the proliferation of ARP-1 and CAG cells
was significantly inhibited (P, .01 compared with DMSO control;
Figure 4A). The addition of anti-SHH antibody, but not control IgG,
decreased the proliferation of ARP-1 and CAG cells (P , .01
compared with control IgG; Figure 4A). In addition, compared
with vecARP-1 cells, SHH1ARP-1 cells had a higher rate of

proliferation, whereas SHH–ARP-1 cells had a lower rate of proliferation
(P, .01; Figure 4B), and the same results were achieved in the SHH1

CAG and SHH–CAG cells (Figure 4B). Similarly, the addition of
recombinant human SHH (rhSHH) significantly enhanced, in a dose-
dependent manner, the proliferation of ARP-1, CAG, RPMI-8226,
and U266 cells (Figure 4C), and the addition of rhSHH to the culture of
SHH–ARP-1 and SHH–CAG cells rescued the cell proliferation
(supplemental Figure 3A-B). In contrast, treatment with anti-SHH
antibody, but not control IgG, significantly downregulated, in
a dose-dependent manner, the proliferation of ARP-1 and CAG cells
(P , .01; supplemental Figure 4A-B). These results indicate that
MM cell-produced SHH enhances MM cell proliferation in an
autocrine fashion.

MM-derived SHH reduces spontaneous apoptosis of MM cells

To determine whether MM-derived SHH affects MM cell apoptosis,
we cocultured primary CD1381 MM cells with rhSHH or SHH-
neutralizing antibody. The addition of rhSHH decreased, in a dose-
dependent manner, the percentage of apoptotic primary MM cells in

Figure 2. Expression of SHH and Hh signaling pathway components in MM cells. (A) Flow cytometry analysis for identification and selection of CD138–CD19–,

CD138–CD191, and CD1381CD19– cell populations from MM patients’ BM aspirates for expression of SHH. (B) Percentages of SHH-positive cells in each of the 3 cell

populations in BM samples from 6 more MM patients. (C) RT-PCR showing the levels of mRNA for Hh signaling components in highly purified CD1381 primary MM cells from

10 MM patients (Pt MM) and 6 MM cell lines (MMCLs). (D) Real-time PCR showing the levels of mRNA for Hh signaling components in patients’ highly purified CD191 B cells

(Pt B cell; n 5 4) or CD1381 primary MM cells (Pt MM; n 5 10) from MM patients’ BM aspirates, and 6 MMCLs. (E) Western blotting showing protein expression of SHH,

PTCH, GLI1, in MMCLs and purified CD191 B cells from healthy donor. GAPDH, glyceraldehyde phosphate dehydrogenase.
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all 6 patient samples (P , .01; Figure 4D) and in the primary MM
cells from 3 other patients (P, .01; supplemental Figure 4C). On the
contrary, the addition of SHH-neutralizing antibody, but not control
IgG, to the cultures of primary MM cells increased the percentage of
apoptotic cells (P , .01; Figure 4D and supplemental Figure 4D).
Moreover, spontaneous apoptosis of primary MM cells was

significantly lower in cultureswith SHH1CAGcells than in cultureswith
vecCAG cells or without CAG cells (P, .01; supplemental Figure 4E).
These findings indicate that autocrine SHH signaling played a role in
protecting the cells from undergoing spontaneous apoptosis.

We blocked SHH signaling to examine the effects on MM cell
apoptosis. Treatment of MM cell lines with cyclopamine or

Figure 3. Secretion and functional activity of MM-derived SHH. (A) RT-PCR showing the levels of mRNA for DISP in highly purified CD1381 primary MM cells from

10 patients with MM (Pt MM) and 6 MMCLs. (B) Enzyme-linked immunosorbent assay (ELISA) showing the levels of secreted SHH in culture media of highly purified CD191

B cells (Pt B cell; n 5 4) or CD1381 primary MM cells (Pt MM; n 5 10) from MM patients’ BM aspirates and 6 MMCLs. (C-D) Hh signaling detected as luciferase activity in

HEK293 cells induced by coculture with MM cells (left panels) or culture with MM cell culture supernatants (SNs; right panels). (E-F) Hh signaling detected as levels of mRNA

examined by real-time PCR for GLI1 (left panels) and PTCH1 (right panels) in MM cells induced by MM-derived SHH in the presence or absence of cyclopamine (10 mM) or

SHH-neutralizing antibody (aSHH; 5 mg/mL) for 48 hours. (G) Luciferase reporter gene assay shows the reduced pGL3-GLI activity in SHH–ARP-1 or SHH–CAG cells. (H) ELISA

shows the reduced SHH secretion in the supernatant of 24-hour cultured DISP1–ARP-1 or DISP1–CAG cells. *P , .05; **P , .01. ctl, control.
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anti-SHH antibody induced apoptosis in ARP-1 and CAG cells
(Figure 4E). Treatment with DMSO or control IgG had no effect. In
addition, spontaneous apoptosiswas significantly lower in SHH1ARP-1
cells than in vecARP-1 cells butmuch higher in SHH–ARP-1 cells treated
with cyclopamine or SHH-neutralizing antibody (P, .01; Figure 4F).
Similar results were obtained with CAG cells (P, .01; Figure 4F).

MM-derived SHH enhances MM cell chemotherapy resistance

in vitro

Next, we examined whether MM-derived SHH could protect
MM cells from chemotherapy-induced apoptosis. We treated MM
cells for 24 hours with dexamethasone, bortezomib (BTZ), and
melphalan (Mel). Our results showed that BTZ at 10 nM,
dexamethasone at 10 mM, and Mel at 5 mM induced apoptosis
in about 50% of ARP-1 cells. The combination of BTZ or Mel
and anti-SHH antibody increased the percentage of apoptotic
ARP-1 cells to 70% to 80% (P, .01; Figure 5A). Similar results

were also found in CAG cells (Figure 5B). In contrast, the
addition of rhSHH significantly reduced, in a dose-dependent
manner, BTZ-induced apoptosis in ARP-1 and CAG cells
(supplemental Figure 4F). Furthermore, compared with vecARP-1
or vecCAG cells, SHH1ARP-1 or SHH1CAG cells were more
resistant to treatment with BTZ (P , .01; Figure 5C-D) and Mel
(P , .01; Figure 5E-F); however SHH–CAG or SHH–ARP-1 cells
were more sensitive to treatment with BTZ and Mel (P , .01;
Figure 5C-F). These findings strongly suggest that MM cell–
produced SHH protects, in an autocrine fashion, MM cells from
spontaneous and chemotherapy-induced apoptosis in vitro.

SHH inhibits MM cell apoptosis via activation of the SHH/GLI1/

BCL-2 signaling pathway

We observed that treatment with BTZ upregulated the levels of
cleaved caspase-9, caspase-3, and poly (ADP-ribose) polymerase
(PARP) in MM cells (Figure 6A). The addition of rhSHH

Figure 4. MM-derived autocrine and exogenous SHH promote MM cell proliferation and survival. Proliferation of (A) ARP-1 or CAG cells in culture media in the

presence or absence of cyclopamine or aSHH. (B) Proliferation of vecARP-1/CAG, SHH1ARP-1/CAG, or SHH–ARP-1/CAG cells in culture media. Cell proliferation was assayed

daily for 5 consecutive days. (C) Proliferation of ARP-1, CAG, RPMI-8226, and U266 cells in culture media with the addition of different concentrations (0 to 1.0 mg/mL) of

rhSHH. (D) Percentages of apoptotic CD1381 primary MM cells purified from BM aspirates of 6 patients with MM (Pt MM) in a 24-hour culture with or without the addition

of aSHH or control IgG (ctl IgG) (5 mg/mL) or rhSHH (5 ng/mL). (E) Percentages of apoptotic wild-type ARP-1 or CAG cells in a 3-day culture with or without the addition of

cyclopamine (10 mM) or aSHH or control IgG (5 mg/mL). (F) Percentages of apoptotic vecARP-1/CAG, SHH1ARP-1/CAG, or SHH–ARP-1/CAG cells in a 3-day culture with or

without the addition of cyclopamine (10 mM) or aSHH or control IgG (5 mg/mL). Cell apoptosis was detected by Annexin-V binding assay. *P , .05; **P , .01.
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significantly reduced BTZ-induced activation and cleavage of
caspase-9, caspase-3, and PARP in MM cells, whereas the addition
of anti-SHH antibody upregulated BTZ-induced activation and
cleavage of caspase-9, caspase-3, and PARP inMMcells (Figure 6A
and supplemental Figure 5A). Similar results were also found inMM
cells treated with Mel (Figure 6A and supplemental Figure 5A).

Because our results showed that the addition of SHH did not
affect the expression of drug efflux transporters of the ATP binding
cassette–containing family, such as TAP1, TAP2, MDR1, MDR2,
and MDR3 (data not shown), we hypothesized that SHH may
regulate the expression of BCL-2, a general antiapoptotic protein
that inhibits the mitochondrial release of cytochrome C and down-
regulates caspase-9 cleavage.25 In a dose-dependent manner, rhSHH
upregulated and anti-SHHantibodydownregulated the protein levels of
BCL-2 and cleaved PARP in ARP-1 (Figure 6B and supplemental
Figure 5B) treated with BTZ. We further showed that expression
of BCL-2 and GLI1 was downregulated in the SHH–CAG cells and
upregulated in the SHH1CAGcells comparedwithwild-typeCAGcells
(Figure 6C). To verify that SHH inhibited MM cell apoptosis via
BCL-2, we used BCL-2 inhibitors HA 14-1 and ABT-737. Our results
showed that BTZ or Mel induced MM cell apoptosis, whereas the
addition of rhSHH reduced BTZ- or Mel-induced apoptosis of MM

cells (Figure 6D-E). However, the addition of HA 14-1 or ABT-737
(data not shown) partially restored BTZ-induced apoptosis in
the cultures of MM cells in the presence of rhSHH (P , .01;
Figure 6D-E). Taken together, these results strongly suggest that
SHHactivates GLI1 and upregulates the expression of BCL-2. SHH-
mediated BCL-2 inhibits caspase-9-dependent cascade activation
and apoptosis of MM cells.

MM-derived SHH enhances MM cell growth and chemotherapy

resistance in vivo

TodeterminewhetherMMcell–produced SHHaffects tumor growth
and survival in vivo, we subcutaneously injected 23 106 vecARP-1,
SHH1ARP-1, or SHH–ARP-1 cells into SCIDmice. Twelve days after
tumor cell injection, tumors were detectable in mice injected with
vecARP-1 cells. In comparison, palpable tumors were detected much
earlier (at day 9) inmice injectedwith SHH1ARP-1 cells butmuch later
(at day18) inmice injectedwith SHH–ARP-1 cells (P, .01;Figure 7A).
The tumor volumes were consistently larger and the M-protein
levels were consistently higher in mice bearing SHH1ARP-1 tumors
than in mice injected with vecARP-1 cells (P, .01; Figure 7B). In
contrast, tumor volumes were smaller and M-protein levels were
lower in mice bearing SHH–ARP-1 cells than in mice injected

Figure 5. MM-derived autocrine and exogenous

SHH induce MM-cell drug resistance. Percentages

of apoptotic (A) ARP-1 or (B) CAG cells induced by

BTZ (10 nM), dexamethasone (Dex; 10 mM), or Mel

(5 mM) in the presence or absence of aSHH or control

IgG (5 mg/mL). Also shown are percentages of apoptotic
vecARP-1/CAG, SHH1ARP-1/CAG, and SHH–ARP-1/CAG

cells induced by different doses of (C,D) BTZ (0 to

;50 nM) or (E,F) Mel (0 to ;10 mM). Apoptosis assay

was performed for a 24-hour culture by using Annexin-V

staining. *P , .05; **P , .01.
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with vecARP-1 cells (P, .01; Figure 7A-B). In linewith this, the half
survival time of vecARP-1–bearing mice was 30 days, whereas
the half survival time was 22 days for SHH1ARP-1–bearing and
38 days for SHH–ARP-1–bearing mice (Figure 7C). Similar results
were also obtained in mice injected with SHH1CAG or SHH–CAG
cells (supplemental Figure 6A-B).

To examine the effects of SHH on the protection of MM cells
from chemotherapy-induced apoptosis in vivo, we injected ARP-
1–bearing mice with an intraperitoneal suboptimal dose of Mel
(50 mg per mouse) or equal amounts of phosphate-buffered saline
(PBS), anti-SHH antibody, or control IgG (around tumors) every
3 days. In addition, some Mel-treated mice were also injected with
anti-SHH antibody or control IgG. Our results showed that treatment
with Mel or anti-SHH antibody alone modestly reduced tumor
volumes (P, .01; Figure 7D) and prolonged survival (Figure 7E) in
the mice. However, the combination of anti-SHH antibody and Mel
had synergistic anti-MM effects in terms of reducing tumor volumes
(P , .01; Figure 7D). All the mice in the group treated with the
combination of anti-SHH antibody and Mel survived during the
observation period (Figure 7E). Immunohistochemical staining
confirmed the expression of SHH in subcutaneous tumors from
SCID mice injected with vecARP-1, SHH1ARP-1, or SHH–ARP-1
cells (supplemental Figure 6C). Taken together, these results suggest
that MM cell–produced SHH enhances tumor growth and survival
and protects MM cells from chemotherapy in vivo.

Finallywe performed an experiment to dissect the importance of
the paracrine vs autocrine SHH on humanMM growth and survival
in vivo in the MM-SCID-hu mouse model.18,26,27 We implanted
human fetal bones that contained human BM into the flanks of

SCID mice, and 4 weeks later, we injected 1 3 106 vecARP-1 or
SHH–ARP-1 cells into the fetal bone cavities to mimic MM
infiltration in the human BM microenvironment. After MM was
established, we intraperitoneally injectedMel (50mg per mouse) or
equal amounts of PBS, together with or without anti-SHH antibody
or control IgG (intrabone injection) every 3 days. Tumor burdens
were monitored by measuring the levels of circulating human
M-protein (human IgG) every week. Our results showed that,
compared with control cells, MM cells with SHH knocked down
grew significantlymore slowly (vecARP-11 PBS vs SHH–ARP-11
PBS groups; P , .001; Figure 7F). In mice injected with control
MM cells, treatment with Mel dramatically reduced tumor burden,
and injection of anti-SHH antibody further retarded tumor growth
(vecARP-1 1 Mel 1 control IgG vs vecARP-1 1 Mel 1 aSHH
groups; P , .001; Figure 7F). However, in mice injected with
SHH–ARP-1 MM cells, treatment with Mel also dramatically
reduced tumor burden, but injection of anti-SHH antibody had no
additive antimyeloma effect (SHH–ARP-11 Mel1 control IgG vs
SHH–ARP-1 1 Mel 1 aSHH groups; P . .05; Figure 7F). Thus,
these results strongly suggest that MM-derived SHH, but not BM
stroma–derived SHH, plays a key role in MM cell growth and drug
resistance in vivo.

Discussion

Our study elucidates a novel mechanism of Hh signaling in MM
chemotherapy resistance and evaluates the Hh signaling as a novel

Figure 6. Molecular mechanism of SHH-induced

antiapoptotic signaling. Western blot analysis show-

ing protein levels of (A) caspases and cleaved (c-)

caspases and PARP in MM (ARP-1) cells in 24-hour

cultures with or without the addition of BTZ (10 nM)

or Mel (5 mM) in the presence or absence of aSHH

(5 mg/mL) or rhSHH (50 ng/mL). (B) BCL-2 and

cleaved PARP (c-PARP) in MM (ARP-1) cells treated

with BTZ (10 nM) in the presence of different con-

centrations of aSHH (0 to ;5 mg/mL) or rhSHH (0 to

;5 ng/mL) for 24 hours. (C) GLI1 and BCL-2 in CAG,
SHH–CAG, SHH1CAG cells, or SHH1CAG cells in the

presence of aSHH (5 mg/mL), and CAG cells trans-

fected with 2 mg of pBSU6-GLI1 short hairpin RNA

(Gli1–CAG) or pEGFP-GLI1 (Gli11CAG) plasmid for

48 hours. Percentages of apoptotic ARP-1 cells treated

with (D) BTZ (10 nM) or with (E) Mel (5 mM) without or

with BCL-2 inhibitor HA 14-1 (20 mM) and/or rhSHH

(50 ng/mL) for 24 hours. Cell apoptosis was examined

by Annexin-V binding assay. **P , .01.

2068 LIU et al BLOOD, 25 SEPTEMBER 2014 x VOLUME 124, NUMBER 13

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/124/13/2061/1380305/2061.pdf by guest on 01 June 2024



therapeutic target in MM. First, we demonstrated that autocrine
expression in MM cells, but not paracrine expression in MSCs, is
a major source of SHH within BM. Second, we demonstrated that
patients’ CD1381CD192 primary MM cells and MM cell lines, but
not CD138–CD191 cancer stem cells, expressed and secreted SHH.
Finally, MM-derived SHH activated Hh signaling and upregulated
BCL-2 expression in MM cells, leading to protection of MM
cells from chemotherapy-induced apoptosis. Recently, a new drug
called vismodegib, which inhibits Hh signaling, has been evaluated
in several malignancies includingMM, and it has been approved by
the US Food and Drug Administration’s priority review program
for the treatment of advanced basal-cell carcinoma.28 Therefore,
knowledge obtained from our study could potentially facilitate the
fine-tuning of clinical studies that use Hh signaling inhibitors in
MM patients.

A previous study reported that malignant cells from patients with
MM and non-Hodgkin lymphoma and from a transgenic mouse
model of B-cell lymphoma all responded to cyclopamine treatment
by growth inhibition in vitro, and Hh pathway inhibition in vivo had
a positive effect on the survival of mice.13 They further concluded
that stromally produced SHH plays an essential role in supporting
malignant plasma cell survival based on the data that BM-derived, in
vitro cultured stromal cells and/or MSCs produced high amounts of
SHH that supportedmyeloma cell survival. However, myeloma cells
cultured in vitro with a feeder layer of MSCs is quite different from
primary MM cells in the actual BM environment, because the
frequency ofMSCs in BMmononuclear cell fraction from humans is
only 1 in 13 105 to 13 106 cells.29,30 In linewith these results, when
we used CD90 and CD166 markers to detect MSCs in normal and
MM patients’ BM samples, the numbers of MSCs in BM samples

were extremely low. Therefore, cultured BM-derived MSCs, al-
though producing high amounts of SHH in vitro but being very low
in number in the BM, cannot provide sufficient SHH forMM cells in
situ, and these cells cannot truly represent BM stromal cells in MM
patients. Indeed, when we examined the cells that expressed and
secreted SHH in MM patients’ BM aspirate or biopsy samples, our
data uniformly showed that CD1381MMplasma cells, but not other
cells in the BM, are the major contributor of the protein. Our in vivo
studies using the MM mouse model, especially the MM-SCID-hu
mouse model in which human BM microenvironment was present,
further excluded the possibility that stroma-derived SHH plays
a crucial role inMM pathogenesis. Thus, we conclude that, based on
our results, MM-derived autocrine SHH plays a crucial role in MM
survival and induction of drug resistance. Our study does not,
however, exclude the possibility that paracrine SHH from BM
stromal cells may also play a minor role in MM pathogenesis.

Peacock et al14 found that Hh pathway activity was man-
ifested within the CD138–CD191 tumor stem cell but not in the
CD19–CD1381MMplasma cell compartments, and stroma-derived
Hh ligand maintained a tumor stem cell compartment in MM. In our
study, we carefully examined whether highly purified CD1381MM
plasma cells expressed Hh signaling components and responded to
SHH stimulation. Our results showed that the SHH ligand, the ligand
receptor PTCH, and the transcription factorGLI1were all commonly
expressed in both CD1381 primaryMM cells from patients andMM
cell lines, and the SHH/GLI1 signaling pathway played an important
role in CD1381 MM cell survival and chemotherapy resistance
in vitro and in vivo. Thus, we believe that CD1381MMplasma cells
not only are the major producer of SHH but also are the major
downstream target cells of Hh signaling. Because the reasons for the

Figure 7. MM-derived autocrine SHH promotes MM

cell growth and drug resistance in vivo. Shown are

tumor burdens detected as (A) tumor volumes or (B)

levels of M-protein secreted by human MM cells

(vecARP-1, SHH1ARP-1, or SHH–ARP-1 cells) in SCID

mice, and (C) survival of the mice. In this experiment,

2 3 106 MM cells were injected into SCID mice

subcutaneously. Tumor volume (in cubic millimeters)

was measured every 3 days, and the levels of cir-

culating M-protein were detected weekly by ELISA.

Also shown are (D) tumor volumes and (E) survival of

ARP-1–inoculated mice treated with Mel in combina-

tion with aSHH. Injection of PBS, control IgG, aSHH, or

Mel alone served as controls. In these experiments,

when subcutaneous tumors reached 5 mm in diameter,

mice were treated with intraperitoneal injections of Mel

(50 mg per mouse every 3 days for the duration of the

experiment) or 50 mL PBS, with or without aSHH or

control IgG (5 mg per mouse every 3 days for the

duration of the experiment) injected around the tumor.

Mice were euthanized when they became moribund or

when subcutaneous tumors reached 15 mm in di-

ameter. (F) Levels of M-protein secreted by vecARP-1–

or SHH–ARP-1–inoculated SCID-hu mice treated with

Mel in combination with aSHH. Injection of PBS,

control IgG, aSHH, or Mel alone served as controls.

*P , .05; **P , .01.
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discrepancy between these two studies are not obvious, further
studies may be needed to address this issue.

So far, 3 models have been proposed for explaining aberrant Hh
signaling activity in development and/or oncogenesis: (1) ligand-
independent signaling, (2) ligand-dependent autocrine/juxtacrine
signaling, and (3) ligand-dependent paracrine signaling.8 Bushman
and colleagueswere thefirst to propose the paracrinemanner of SHH
signaling in the stromal cells in prostate cancer.31 Thereafter, several
other publications confirmed this type of Hh secretion in the
development and differentiation of MM and other tumors.32-36

Additionally, the biological functions of autocrineHh signaling have
also been demonstrated in morphogenesis, pathophysiologic pro-
cesses, and tumorigenesis.37-40 However, autocrine Hh signaling in
tumors was demonstrated in experiments that showed the inhibi-
tion of tumor growth via the Hh ligand-neutralizing antibody,41,42

treatment with cyclopamine,43 or RNA interference–mediated
knockdown of SMOor GLI1.44 Autocrine Hh ligand has not directly
been shown to activate the Hh signaling pathway. In our study, data
showed that autocrine SHH in the CD1381 cells promoted MM
tumorigenesis and drug resistance. In line with our results, Blotta
et al28 showed that SHH was expressed in the CD1381 population
and that Hh signaling played a significant role in the growth and
survival of MM cells. Agarwal et al45 also showed that inhibition
of Hh signaling by activation of the liver X receptors suppressed
MM cell clonogenic growth and self-renewal both in vitro and
in vivo.28,45

In conclusion, we showed that autocrine SHH signaling, rather
than paracrine SHH signaling, protects MM cells from apoptosis,
promotes MM cell proliferation in vitro and in vivo, and enhances
MM drug resistance in vitro and in vivo. We also explored the
molecular mechanism by which autocrine SHH signaling influences
MM cell survival and chemotherapy resistance. Hh signaling has
been reported to induce the resistance of myeloid leukemia cells
to multiple drugs,46 and mechanisms that include the regulation of
the expression levels of antiapoptotic molecules or ATP-binding
cassettes andMDR familymembers have been reported.47 However,

we did not find any changes in the mRNA expression of MDR1,
MDR2,MDR3,AP1, or TAP2.Our data suggest that autocrine SHH-
induced chemotherapy resistance in MM cells may be mediated by
its downstream target BCL-2.
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