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Introduction
Multiple myeloma (MM) is characterized by the proliferation of 
malignant plasma cells (PCs) within the BM and their production 
of monoclonal Ig. Novel therapies, including proteasome inhibi-
tors, have significantly extended the survival of patients with MM 
but have failed to achieve a cure. Increasing evidence demonstrates 
that interactions with the BM microenvironment play a critical role 
in the survival of MM cells during chemotherapy (1–3). However, the 
mechanisms mediating this BM niche–dependent chemoprotection 
are incompletely understood and remain a critical area of research.

We and others have demonstrated the existence of MM cells 
that resemble mature B cells and are resistant to bortezomib (BTZ) 
(4, 5). Like their normal B cell counterparts, these CD138– MM 
cells are capable of clonogenic growth and differentiation into 
CD138+ PCs; moreover, these cells are enriched during minimal 
residual disease (MRD) (4), suggesting a critical role in disease 
relapse. Differential BTZ sensitivity of CD138+ and CD138– MM 
cells may be explained by their secretory activity (6). As a result of 
their abundant Ig production, CD138+ PCs are highly dependent 
on an intact proteasome pathway to degrade improperly folded 
proteins. Conditions that disrupt protein degradation by the pro-
teasome activate a cellular stress pathway known as the unfolded 
protein response (UPR), which counteracts ER stress by decreas-
ing protein synthesis and promoting protein degradation (7). If 
homeostasis cannot be reestablished, UPR activation eventually 
leads to apoptosis. On the other hand, CD138– MM cells exhibit 
limited Ig production and low ER stress and are less dependent on 
proteasome-mediated degradation of misfolded proteins (4, 5).

Previous studies demonstrated that BM stromal cells induce 
an immature drug-resistant phenotype in MM (8, 9). We have 
shown that BM stroma creates a retinoic acid–low (RA-low) envi-
ronment via CYP26 that prevents the differentiation of normal 
and malignant cells (10, 11). Since retinoid signaling promotes 
PC differentiation and Ig production (12, 13), we tested whether 
the BM niche via stromal CYP26 activity induces BTZ resistance 
by preventing PC differentiation. We show here that an RA-low 
environment induced by stromal CYP26 is responsible for 
maintaining a B cell–like, BTZ-resistant phenotype in MM cells. 
Directly inhibiting CYP26 or bypassing stromal protection via 
a CYP26-resistant retinoid rescues PC differentiation and BTZ 
sensitivity. Furthermore, we describe a bidirectional crosstalk, in 
which paracrine Hedgehog secreted by MM cells reinforces a pro-
tective niche via an increase in the ability of BM stroma to inac-
tivate RA. These data indicate that modulation of RA signaling is 
an attractive therapeutic strategy for overcoming BTZ resistance 
in the MM BM microenvironment.

Results
The BM niche limits PC differentiation by modulating retinoid sig-
naling. We and others have found that a population of MM pro-
genitors, phenotypically similar to B cells, is intrinsically resistant 
to BTZ and contributes to MRD and relapse (4, 5). To investigate 
whether the BM niche plays a role in determining the phenotype 
of MM cells, we analyzed the mRNA expression of B cell and 
PC markers in MM cell lines (H929, MM1S, and U266) and MM 
CD138+ primary cells following coculture with mouse BM stroma 
using human-specific primers. B cell lymphoma 6 (BCL6), a tran-
scriptional repressor that promotes self-renewal of germinal cen-
ter B cells and prevents PC differentiation (14), was upregulated 
in the presence of BM stromal cells (Figure 1, A and B, and Sup-
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Expression of CD138 is a hallmark of normal PC differentia-
tion as well MM PCs. Consistent with mRNA levels of PC markers, 
surface CD138 expression was markedly decreased by coculture 
with BM stromal cells or incubation with AGN (Figure 1, C and D). 
Incubation of BM stromal cell cocultures with R115 or IRX restored 
CD138 expression in MM cells. R115 did not significantly affect the 
expression of differentiation markers in liquid conditions by quan-
titative reverse transcription-PCR (qRT-PCR) or flow cytometry, 
while IRX induced comparable changes, irrespective of the pres-
ence or absence of BM stroma (data not shown). Taken together, 
these data suggest that retinoid signaling promotes PC differentia-
tion of MM cells and that this process is blocked by stromal CYP26–
mediated metabolism of RA.

A RA-low microenvironment induces BTZ resistance. To determine 
whether decreased retinoid signaling contributes to BTZ resistance 
within the BM niche, MM cell lines and MM CD138+ primary cells 
were incubated with BM stroma for 5 days, followed by BTZ treat-
ment. In the absence of BM stroma (liquid), MM cells were highly 
sensitive to BTZ (Figure 2A and Supplemental Figure 2). However, 
incubation with BM stroma induced BTZ resistance, which was 
overcome by CYP26 inhibition via R115 or by the CYP26-resistant 
retinoid IRX. Moreover, treatment of MM cells with the pan-RAR 
antagonist AGN mimicked the changes induced by BM stromal cells 
(Figure 2A and Supplemental Figure 2), decreasing BTZ sensitivity.

Strategies to overcome microenvironment-dependent che-
moprotection have focused on mobilization of cancer cells from 

plemental Figure 1; supplemental material available online with 
this article; doi:10.1172/JCI88152DS1). In contrast, coculture of 
MM cells with BM stroma decreased the mRNA expression of B 
lymphocyte–induced maturation protein 1 (BLIMP1) and spliced X 
box–binding protein 1 (XBP1s) (Figure 1, A and B, and Supplemen-
tal Figure 1), which are critical mediators of PC differentiation (14, 
15). Similarly, C/EBP homologous protein (CHOP), a key compo-
nent of the UPR pathway (15), was downregulated in the presence 
of BM stromal cells (Figure 1, A and B, and Supplemental Figure 1).

We showed that the BM niche regulates hematopoietic stem 
cell (HSC) differentiation by expressing the retinoid-inactivating 
enzyme CYP26 (10). These findings have been confirmed by oth-
ers in an in vivo model (16). As shown previously, CYP26 enzymes 
were highly expressed in BM mesenchymal cells (10), while their 
expression was barely detectable in MM cells (data not shown). 
Since retinoid signaling promotes PC differentiation and poten-
tiates Ig secretion (12, 13), we tested whether stromal CYP26 is 
responsible for inducing a B cell phenotype in MM cells (8, 9). To 
this end, coculture conditions were treated with the CYP26 inhib-
itor R115866 (R115) (10) or the CYP26-resistant RA receptor α–
selective (RARα-selective) retinoid IRX5183 (IRX) (17). Incubation 
of stroma cocultures with either R115 or IRX restored all markers to 
levels comparable to those of liquid control conditions (Figure 1, A 
and B). Moreover, treatment of MM cells with the pan-RAR antago-
nist AGN194310 (AGN) (10) mimicked the changes induced by BM 
stromal cells (Figure 1, A and B), limiting PC differentiation.

Figure 1. Expression of B and plasma cell markers in response to retinoid-low or -high conditions. (A and B) Relative quantification of BCL6 (B cell mark-
er), BLIMP, XBP1s, and CHOP (plasma cell markers) in H929 cells (A) or CD138+ MM cells (B) from 3 different patient samples incubated for 5 days either in 
the absence of stroma (Liquid), with or without AGN (RA receptor antagonist, 1 μM), or cocultured with BM mesenchymal cells (Stroma), with or without 
R115 (CYP26 inhibitor, 1 μM) or IRX (CYP26-resistant retinoid, 1 μM). Expression in untreated liquid conditions was set at 1. (C and D) Flow cytometric analy-
sis of CD138 in H929 cells (C) or primary CD138+ MM cells (D) incubated for 5 days in the absence of stroma (Liquid), with or without AGN, or in the presence 
of BM mesenchymal cells (Stroma), with or without R115 (1 μM) or IRX (1 μM). Data are representative of 3 independent experiments with similar results 
and represent the mean ± SEM. *P ≤ 0.05 and **P ≤ 0.01, by repeated-measures 1-way ANOVA for determination of statistical significance between 
groups; P values were corrected for multiple comparisons using Dunnett’s test. Ctrl, control; max, maximum.
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luciferase+ (Luc+) cells via the tail vein of nonobese, diabetic, 
severe combined immunodeficiency IL-2 receptor γ–KO (NSG) 
mice. The animals were randomized to receive IRX, BTZ, or a 
combination of both, and disease burden was followed weekly 
by bioluminescence imaging (Figure 2C). Mice treated with BTZ 
showed decreased tumor growth compared with untreated con-
trols (Figure 2D); however, some MM cells remained resistant to 
BTZ, as demonstrated by the continued increase in biolumines-
cence. Similarly, mice treated with IRX monotherapy showed a 
decrease in tumor burden compared with untreated mice. Most 
important, IRX sensitized MM cells to BTZ, leading to a signifi-
cant (P < 0.01) decrease in disease burden (Figure 2D). Collective-
ly, these data suggest that an RA-low microenvironment created 
by stromal CYP26 induces a BTZ-resistant phenotype, which is 
maintained even after displacement from the BM niche.

MM cells induce stromal CYP26. Recent studies have demon-
strated the existence of a bi-directional crosstalk, in which not 

the BM niche into the peripheral circulation (18, 19). Accordingly, 
clinical studies combining the CXCR4 inhibitor plerixafor with 
BTZ are ongoing (20). We therefore analyzed whether the change 
in phenotype and subsequent BTZ resistance of MM cells were 
lost upon separation from the BM stroma, a process that mimics 
mobilization. To this end, H929 cells were separated from BM 
mesenchymal cells following a 5-day stroma coculture, incubated 
in fresh media (RPMI with 10% FBS) for 0 to 48 hours, and then 
treated with BTZ. Interestingly, MM cells remained partially resis-
tant to BTZ for up to 48 hours following detachment from stroma 
(Figure 2B). Moreover, treatment of the coculture conditions with 
R115 prevented the development of a BTZ-resistant phenotype 
(Figure 2B). Thus, microenvironment-dependent BTZ resistance 
induced by the change in MM cell phenotype may not immediate-
ly be reversed by tumor mobilization.

To test whether retinoids can enhance BTZ activity in MM, 
we generated a systemic MM xenograft by injecting 2 × 106 H929 

Figure 2. BTZ sensitivity of the MM cell line H929 and primary CD138 MM cells in various retinoid-low and -high conditions. (A) Clonogenic recovery 
(CFU) of H929 cells or cellular recovery of primary CD138+ MM cells from 3 different patient samples. MM cells were treated with BTZ (2.5 nM) for 48 hours 
after being incubated for 5 days either in the absence of stroma (Liquid), with or without the pan-RAR inhibitor AGN (1 μM), or in the presence of BM 
mesenchymal cells (Stroma), with or without the CYP26 inhibitor R115 (1 μM) or the CYP26-resistant retinoid IRX (1 μM). Clonogenic or cellular recovery was 
normalized to each condition in the absence of BTZ. (B) Clonogenic recovery of H929 cells treated with BTZ (2.5 nM). MM cells were incubated for 5 days in 
the absence (Liquid) or presence of BM mesenchymal cells (Stroma), with or without R115 (1 μM). Following this preincubation, H929 cells were separated 
from BM stroma, cultured in fresh media for 0 to 48 hours, and then treated with BTZ (2.5 nM) for 48 hours. Clonogenic recovery was normalized to each 
condition in the absence of BTZ. (C) Bioluminescent images of systemic MM xenografts. Following engraftment of H929 Luc+ cells, mice were treated with 
IRX (n = 4), BTZ (n = 5), or a combination of both (n = 5) for 4 weeks. Data represent the mean ± SEM of the fold change in bioluminescence (photons/sec-
ond) from day 0. (D) Fold change in bioluminescence from day 0. Data represent the average of 4 to 5 independent xenografts and represent the mean ± 
SEM. *P ≤ 0.05 and **P ≤ 0.01, by unpaired, 2-tailed Student’s t test.
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factors was responsible for the observed upregulation of CYP26A1 
on BM stromal cells. Of the soluble factors tested, only SHH pro-
duced a sustained overexpression of CYP26A1, while IL-1, IL-3, 
IL-6, and TNF-α had no significant effects (Figure 3B). Whereas 
SHH is expressed by BM stromal cells and thus may be able to acti-
vate the Hedgehog pathway in an autocrine manner (27), its expres-
sion was considerably higher in MM cells (Figure 3C) compared 
with that detected in BM stroma, suggesting that paracrine activa-
tion may play a dominant role. Consistent with this, we observed 
a statistically significant correlation between the mRNA levels of 
SHH in MM cells and activation of stromal Hedgehog signaling 
as determined by protein patched homolog 1 (PTCH1) expression 
(Figure 3D). Moreover, activation of stromal Hedgehog significant-
ly correlated with CYP26A1 upregulation (Supplemental Figure 
3C). Specifically, MM1S cells with the highest expression of SHH 
also induced the highest expression of both PTCH1 and CY26A1 in 
stromal cells (Figure 3D and Supplemental Figure 3C). SHH has a 
half-life of less than 1 hour, which may explain the reduced effect of 
MM-conditioned media on stromal CYP26A1 expression compared 
with that observed in coculture and Transwell experiments (28).

To confirm the role of paracrine Hedgehog on this interaction, 
smoothened (Smo), a membrane receptor that transduces SHH sig-

only stromal cells provide a protective microenvironment, but also 
cancer cells actively adapt and build a reinforced niche (21–24). 
Thus, we investigated whether MM cells reinforce a protective 
microenvironment by strengthening the ability of BM stroma to 
inactivate retinoids. Stromal CYP26 expression was analyzed by 
qRT-PCR in BM mesenchymal cells following a 24-hour coculture 
with MM cells. The isoenzyme CYP26A1 was highly upregulated 
by all 3 MM cell lines tested (Figure 3A). In contrast, the isoen-
zyme CYP26B1 showed little to no changes in mRNA levels (Sup-
plemental Figure 3A). Conditioned media derived from MM cells 
also upregulated CYP26A1 in BM stromal cells, although to a less-
er extent (Supplemental Figure 3B). This could be explained by the 
presence of physical interactions in coculture experiments, or the 
lack of continuous production of soluble ligands by MM cells in 
conditioned media experiments. Consistent with the latter, stro-
mal CYP26A1 was highly upregulated when MM and BM stromal 
cells were separated by a Transwell that prevented physical con-
tact but allowed the diffusion of soluble factors (Figure 3A).

MM cells produce a variety of soluble factors including cyto-
kines (IL-1, IL-3, IL-6, TNF-α) as well as Hedgehog ligands such as 
sonic hedgehog (SHH) (25, 26), which could impact the BM stromal 
compartment. Therefore, we next investigated whether any of these 

Figure 3. Effects of MM cells on the expression of CYP26A1 in BM stroma. (A) Relative quantification of CYP26A1 mRNA in human BM mesenchymal cells 
incubated for 24 hours either in the absence (Ctrl) or presence (Coculture or Transwell) of MM cells (H929, MM1s, U266). Expression in untreated BM stroma 
(Ctrl) was arbitrarily set at 1. (B) Relative quantification of CYP26A1 mRNA in human BM mesenchymal cells treated for 24 hours with soluble factors 
secreted by MM cells (IL-1, IL-3, IL-6, TNF-α, and SHH). Expression in untreated BM stromal cells was set at 1. (C) Relative quantification of SHH mRNA in 
human BM stroma, MM cells lines (H929, MM1S, U266), and primary CD138+ MM cells from 3 different patient samples. Expression in BM stromal cells was 
set at 1. (D) Correlation between induction of CYP26A1 mRNA and induction of PTCH mRNA expression in human BM mesenchymal cells cocultured with 
the indicated MM cells. R and P values were calculated using Pearson’s correlation coefficient. (E) Relative quantification of CYP26A1 mRNA in mouse 
WT or Smo-KO BM stroma incubated for 24 hours in the absence (Ctrl) or presence (Coculture or Transwell) of MM cells (H292, MM1s, U266). Expression in 
untreated WT or Smo-KO stroma was arbitrarily set at 1 for the respective treated conditions. Data depicted in A–C and E represent the mean ± SEM of 3 
independent experiments. *P ≤ 0.05 and **P ≤ 0.01, by unpaired, 2-tailed Student’s t test.
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stroma (Figure 3E). Similarly, the SMO inhibitor cyclopamine par-
tially overcame stromal Cyp26a1 upregulation by MM cells (Sup-
plemental Figure 3D). These data suggest that MM cells modulate 
stromal CYP26 expression at least in part via paracrine SHH.

Paracrine Hedgehog produced by MM cells reinforces a protective 
microenvironment. Given our observations that stromal CYP26 
activity may be responsible for BTZ resistance in MM cells, we 
assessed whether paracrine Hedgehog secreted by MM cells rein-

naling, was knocked out at the genomic level in the mesenchymal 
compartment. For this, BM mesenchymal cells derived from Smofl/fl 
mice were transduced with a retroviral vector encoding Cre recom-
binase (Smo-KO stroma). Mouse Smofl/fl stromal cells transduced 
with an empty retroviral vector were used as a control (WT stroma). 
The transduced BM stromal cells were cocultured with MM cells 
for 24 hours. As expected, Smo-KO stroma had a decreased ability 
to upregulate Cyp26a1 in response to MM cells compared with WT 

Figure 4. Effects of paracrine SHH signaling on plasma cell differentiation and BTZ sensitivity of MM cells. (A and B) Relative quantification of BCL6 
(B cell marker), BLIMP, XBP1s, and CHOP (PC markers) in H929 cells (A) and primary CD138+ MM cells (B) from 3 different patient samples incubated for 5 
days either in the absence of stroma (Ctrl) or cocultured with WT or Smo-KO stromal cells. Expression in untreated liquid conditions was set at 1. (A and B) 
Data represent the mean ± SEM. *P ≤ 0.05 and **P ≤ 0.01, by repeated-measures 1-way ANOVA to determine statistical significance between treatment 
groups; P values were corrected for multiple comparisons using Dunnett’s test. (C) Flow cytometric analysis of CD138 in H929 or primary CD138+ MM cells 
cocultured for 5 days with WT or Smo-KO stromal cells. Data are representative of 3 independent experiments. (D) BTZ sensitivity of H929 (CFU recovery) 
or primary CD138+ MM cells (cell number recovery) from 3 different patient samples. MM cells were treated with BTZ (2.5 nM) for 48 hours after coculture 
with WT or Smo-KO stromal cells for 5 days. CFU or cellular recovery was normalized to each condition in the absence of BTZ. Data represent the mean ± 
SEM. *P ≤ 0.05 and **P ≤ 0.01, by 2-tailed Student’s t test. (E) Cartoon depicting the experimental design of subcutaneous xenografts. Each mouse carried 
2 tumors consisting of H929 Luc+ cells and either WT or Smo-KO stroma. (F) Bioluminescent images of xenografts upon treatment with IRX (n = 10), BTZ  
(n = 9), or a combination of both (n = 10) for 4 weeks. (G) Fold change in bioluminescence (photons/second) from day 0 of treatment. Results are the aver-
age of 9 to 10 xenografts per treatment group. *P ≤ 0.05 and **P ≤ 0.01, by unpaired, 2-tailed Student’s t test.
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forces a chemoprotective niche by regulating retinoid metabolism. 
We first investigated whether modulation of Hedgehog signaling 
paralleled the retinoid-dependent phenotypes observed previous-
ly. Disruption of paracrine Hedgehog signaling in Smo-KO stroma 
cocultures partially restored PC differentiation (downregulation 
of BCL6 and upregulation of BLIMP1, XBP1, and CHOP) in H929 
(Figure 4A) and primary CD138+ MM cells (Figure 4B). Surface 
expression of CD138 (Figure 4C) was also restored in the presence 
of Smo-KO stroma. As expected, these findings were associated 
with an increased sensitivity to BTZ of MM cells treated in the pres-
ence of Smo-KO stroma compared with WT stroma (Figure 4D).

To demonstrate that paracrine Hedgehog indeed induces a 
BTZ-resistant phenotype by increasing the ability of BM stroma 
to inactivate retinoids, we rescued Cyp26a1 expression in Smo-KO 
stroma via lentivirus-mediated gene transfer (pBABE-Cyp26a1) in 
order to achieve comparable CYP26A1 levels in WT (WT-Cyp26a1) 
and Smo-KO (Smo-KO–Cyp26a1) stromal cells (Supplemental Fig-
ure 4A). If the role of paracrine Hedgehog was independent of ret-
inoid signaling, the relative inability of Smo-KO stroma to induce 
a B cell phenotype and BTZ resistance should have persisted even 
after Cyp26a1 upregulation. We found, however, that Cyp26a1 
overexpression rescued the ability of Smo-KO stroma to induce 
a B cell phenotype and restored the expression of differentiation 
markers (Supplemental Figure 4B) and BTZ resistance (Supple-
mental Figure 4C) to levels comparable to those detected in WT 
and WT-Cyp26a1 stroma coculture conditions. This finding is con-
sistent with the hypothesis that paracrine Hedgehog reinforces a 
protective niche via Cyp26a1 upregulation.

To study to what extent an RA-low environment created by the 
BM stroma and enhanced by MM cells via paracrine Hedgehog sig-
naling contributes to BTZ resistance, we constructed a xenograft 
model of MM-niche interactions. Each mouse carried 2 subcuta-
neous tumors consisting of H929 Luc+ cells and either WT (ante-
rior tumors) or Smo-KO stroma (posterior tumors) (Figure 4E). 
Mice were treated with IRX (10 mg/kg i.p. daily), BTZ (0.5 mg/
kg i.p. twice weekly), or a combination of both. We found that the 
growth of tumors bearing WT or Smo-KO stroma was not different 
in untreated or IRX-treated groups (Figure 4, F and G). Consistent 
with our in vitro data, tumors with WT stroma were refractory to 
BTZ treatment, as determined by an exponential increase in biolu-
minescence, while tumors carrying Smo-KO stroma showed a sig-
nificant response (Figure 4G). Moreover, the combination of IRX 
and BTZ resulted in a significant and equivalent response, regard-
less of the phenotype of the stromal compartment (Figure 4G). 
While some tumors in the treatment group receiving combined 
IRX and BTZ appeared to have regressed completely, even after 
anatomical study, this was not the case for all the mice in this group. 
Flow cytometric analyses of the tumors after treatment revealed no 
differences in the in vivo growth of WT or Smo-KO stroma (data not 
shown). Taken together, these data suggest that paracrine Hedge-
hog secreted by MM cells modulates retinoid signaling and BTZ 
sensitivity in the BM niche via CYP26A1 upregulation.

Discussion
Given their high secretion of Ig, PCs are particularly sensitive to 
proteasome inhibition, and this accounts for the high remission 
rates achieved in MM patients treated with this family of drugs 

(6). Nonetheless, BTZ has failed to achieve a cure. We previously 
showed that a population of MM cells, phenotypically similar to 
B cells, survive BTZ treatment and are able to differentiate into 
PCs and recapitulate the original disease (4). Despite efficient 
elimination of MM PCs, these MM B cells survive BTZ treatment 
and become the predominant cell population during MRD (5). 
Consequently, new therapeutic strategies targeting MM B cells 
are required. Here, we show that a retinoid-low microenviron-
ment created by stromal CYP26 maintained an immature, BTZ- 
resistant phenotype in MM. Thus, these data reveal a therapeutic 
opportunity to overcome BTZ resistance in the MM microenviron-
ment using CYP26-resistant retinoids.

Despite being extensively studied in many hematological 
malignancies, the use of retinoids as differentiation therapy has 
proved beneficial only in patients with acute promyelocytic leuke-
mia (APL) (29). Our previous studies suggest that CYP26 expres-
sion by BM stromal cells may explain the lack of a clinical bene-
fit of natural retinoids, despite their in vitro activity (11). Recent 
studies have highlighted the efficacy of CYP-resistant synthetic 
retinoids in differentiating cancer cells and sensitizing them to 
targeted therapy. For instance, AM80 differentiates FMS-like 
tyrosine kinase 3/internal tandem duplication (FLT3/ITD) acute 
myeloid leukemia (AML) cells and increase their sensitivity to 
FLT3 inhibitors (30). Similarly, synthetic retinoids reverse a stem 
cell phenotype in BCR-ABL1+ leukemic lymphoblasts and sub-
stantially increase their responsiveness to tyrosine kinase inhib-
itor (TKI) therapy in vivo (31). Such strategies to bypass stromal 
CYP26 could expand the clinical effectiveness of retinoid therapy.

MM cells utilize physical contacts to maintain drug resistance 
and survive within the BM niche. Thus, therapeutic strategies to 
overcome stromal chemoprotection have focused on mobilization 
of malignant cells from the BM niche by targeting adhesion mole-
cules or chemokines such as CXCR4 (18–20). Here, we show that 
MM cells exposed to a retinoid-low microenvironment acquire a 
BTZ-resistant phenotype that is maintained even after these cells 
are displaced from their niche. Initial clinical studies have shown 
improved response rates in relapse/refractory patients receiving 
the CXCR4 inhibitor plerixafor in combination with BTZ (20); 
however, our data suggest that such mobilization approaches may 
be insufficient to eliminate MM B cells.

Recent studies have demonstrated the existence of a bidirec-
tional communication, in which not only stromal cells provide a 
chemoprotective niche, but also cancer cells actively shape and 
reinforce their microenvironment (21–24). The role of paracrine 
Hedgehog has been studied extensively in solid malignancies 
(32–35). In this system, ligands secreted by cancer cells activate 
the Hedgehog pathway in neighboring stromal cells, enhancing 
their chemoprotective properties via incompletely understood 
mechanisms. Our data suggest that paracrine Hedgehog may 
work at least in part by increasing the ability of stroma to inacti-
vate retinoids through upregulation of CYP26 and thus to main-
tain a BTZ-resistant phenotype in MM. Interestingly, CYP26 
upregulation is associated with an “activated stromal subtype” 
and a significantly worse prognosis in patients with pancreatic 
cancer (36), a disease in which paracrine Hedgehog signaling is 
well established. The extent to which Hedgehog ligands produced 
by cancer cells contribute to this “activated” stromal phenotype 
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and high CYP26 levels is unknown. Moreover, BM mesenchymal 
cells migrate and become a relevant cell population in the stromal 
compartment of these tumors (37, 38). These studies raise the pos-
sibility that the stromal compartment in the BM and solid malig-
nancies may respond to paracrine Hedgehog in a similar manner, 
namely that of CYP26 upregulation.

The endosteal region is the primary niche of MM (39), AML 
(40), and micrometastatic disease from solid tumors (41, 42). 
Within the osteoblastic region, these cancer cells maintain a qui-
escent, stem cell phenotype and are protected from chemother-
apy-induced apoptosis. It is likely that these cancer cells rely on 
the same cues from the BM microenvironment as normal hema-
topoietic stem cells do to survive chemotherapy and perpetuate 
the disease. We previously showed that the BM microenvironment 
protected MM and AML cells by directly inactivating various che-
motherapy agents via expression of CYP3A4 and other detoxifying 
enzymes. Here, we show another potential mechanism of micro-
environment-mediated drug resistance: creation of a retinoid-low 
niche that maintains a drug-resistant B cell phenotype. Our find-
ing that a CYP26-resistant retinoid potentiated the activity of BTZ 
against MM in the BM niche may provide a therapeutic opportunity 
to bypass this mechanism of resistance. Since retinoids induce cell 
differentiation in various malignancies (43–45), it is plausible that 
stromal CYP26 activity creates retinoid-low niches and provides 
cancer cells in general with a mechanism of chemoresistance.

Methods
Cell cultures. All cell lines were purchased from the American Type 
Culture Collection. H929, MM1s, and U266 cells were cultured in 
RPMI 1640 (Gibco, Thermo Fisher Scientific) with 10% FCS (Sigma- 
Aldrich), 2 mM L-glutamine (Life Technologies, Thermo Fisher Sci-
entific), and 100 μg/ml penicillin-streptomycin (P/S) (Gibco, Thermo 
Fisher Scientific). OP-9 cells were cultured in α-MEM (Gibco, Ther-
mo Fisher Scientific), 20% FCS, L-glutamine, and P/S. Cell lines were 
authenticated by short-tandem repeat profiling.

Primary MM cells were obtained from patients with newly diag-
nosed or relapsed MM under an IRB-approved protocol at Johns Hop-
kins. Briefly, mononuclear cells were isolated from fresh BM aspirates 
by density gradient centrifugation (Ficoll-Paque; GE Healthcare Life 
Sciences); CD138+ cells were then selected via magnetic beads and 
columns according to the manufacturer’s instructions (Miltenyi Biotec) 
and incubated in RPMI 1640, 10% FCS, L-glutamine, and P/S at 37°C.

Primary human BM stromal cells were derived from aspirates col-
lected from healthy donors under an IRB-approved protocol at Johns 
Hopkins, as we previously described (1). Briefly, total mononuclear 
cells isolated from BM aspirates were cultured in Iscove’s modified 
Dulbecco’s medium (IMDM) (Sigma-Aldrich) supplemented with 
10% horse serum (Sigma-Aldrich), 10% FCS, 10–5 M hydrocortisone 
21-hemisuccinate (Sigma-Aldrich), P/S, and 0.1 mM β-mercaptoeth-
anol (β-ME) (FBMD1 media) (46). The following day, cells in suspen-
sion were removed by washing twice with PBS (Gibco, Thermo Fisher 
Scientific), and the media were replaced. Attached stromal cells were 
incubated at 33°C until a confluent monolayer was obtained. Mouse 
primary BM stromal cells were isolated following the same protocol, 
after isolation of total BM mononuclear cells from mouse femurs.

Vectors and viral supernatants. To generate Smo-KO and WT 
stroma, BM stromal cells were derived from Smofl/fl mice and trans-

duced with the retroviral vector PIG-Cre encoding Cre-recombinase 
(Addgene; catalog 50935) (47) or a control vector (Addgene; catalog 
18751), respectively. Successfully infected cells were selected using 
4 μg/ml puromycin (Sigma-Aldrich) for 5 days and confirmed by 
expression of GFP via flow cytometry. The pLenti-CMV-LUC-Puro 
lentiviral vector (plasmid 17477) was used to generate H929 Luc+ cells 
as previously described (48).

To generate CYP26A1-overexpressing stromal cells, WT and Smo-
KO stromal cells were transduced with the lentiviral vector pBABE-
neo (Addgene; catalog 1767) (49) that had been engineered to encode 
CYP26A1. Briefly, Cyp26a1 cDNA (Origene) was amplified via PCR 
using primers incorporating the restriction sites BamHI and EcoRI 
and cloned into the pCR2.1 vector. Cyp26a1 cDNA was confirmed via 
Sanger sequencing, and the fragment was isolated after digestion with 
the restriction enzymes BamHI and EcoRI and subcloned into the 
corresponding sites of the pBABE vector. Lentiviral particles were pro-
duced as previously described (1). Successfully infected stromal cells 
were selected using 3 μg/ml G-418 (Sigma-Aldrich) for 10 days, and 
expression of Cyp26a1 was confirmed by qRT-PCR.

Coculture experiments. Coculture experiments were performed as 
previously described (1). Briefly, 24-well plates (Thermo Fisher Sci-
entific) were coated with 0.1% gelatin (Sigma-Aldrich) in PBS for 30 
minutes at 37°C. The gelatin solution was removed, and the stromal 
cells were cultured overnight at a density of 5 × 104 cells/well to obtain 
a confluent monolayer. At that time, MM cell lines or primary MM cells 
(1 × 105 in 2 ml) were added to the stroma cultures. The stroma cocul-
tures were incubated at 37°C in RPMI containing 10% FCS, L-gluta-
mine, and P/S, with or without AGN (1 μM for 5 days), R115866 (1 μM 
for 5 days), IRX (1 μM for 5 days), or BTZ (2.5 nM for 48 hours).

Transwell experiments. For Transwell experiments, 6-well plates 
(Thermo Fisher Scientific) were coated with 0.1% gelatin (Sigma- 
Aldrich) in PBS for 30 minutes at 37°C. The gelatin solution was 
removed, and the stromal cells were cultured overnight in FBMD1 
media at a density of 10 × 104 cells/well in 2 ml of media to obtain a con-
fluent monolayer. At that time, Transwell inserts (Corning) were placed 
over the stroma cultures, and MM cell lines (1 × 106 in 1 ml) were seeded 
in the Transwell for 24 hours at 37°C. Following this incubation, Tran-
swell and MM cells were removed, and stromal cells were detached 
from the wells and analyzed by qRT-PCR for CYP26 expression.

Mobilization experiments. MM cells were separated from BM stro-
mal cells by gently pipetting several times around the well. Detached 
cells were centrifuged, resuspended in fresh media, and incubated in a 
24-well plate for 1 hour at 37°C. During this short incubation period, con-
taminating stromal cells attached to the well, while MM cells remained 
in suspension. MM cells were then recovered by gently pipetting. This 
protocol was used for qRT-PCR and CFU coculture experiments. The 
purity achieved using this protocol was confirmed by flow cytometry to 
be 98%–99% MM cells and less than 2% contaminating stroma.

Clonogenic assays. Clonogenic assays were performed as previ-
ously described (1). Briefly, after treatment, MM cells were collected, 
washed with PBS, and plated at a density of 5,000 cells/ml in 1 ml of 
1.32% methylcellulose (Sigma-Aldrich) supplemented with 30% FBS, 
10% BSA (Sigma-Aldrich), L-glutamine, P/S, and 0.1 mM β-ME. Cells 
were plated in triplicate in 35-mm culture dishes, incubated at 37°C, 
and scored for the presence of colonies 14 days later.

qRT-PCR. qPCR assays were performed as we have described 
previously (1). Briefly, total RNA was extracted using the RNeasy Mini 
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and with IRX (10 mg/kg) once daily. Tumor burden was assessed by 
bioluminescence, as above.

Statistics. We first evaluated whether the treatment groups were 
different from the controls using 1-way ANOVA. If the ANOVA test 
yielded a statistically significant result, then the difference between 
the control group and each treatment group was evaluated, with the 
P values adjusted for multiple comparisons using Dunnett’s test. For 
experiments in which only 2 sets of data were analyzed, statistical sig-
nificance was evaluated using an unpaired, 2-tailed Student’s t test. 
Pearson’s R value for correlation and P values were calculated using 
GraphPad Prism 7(GraphPad Software).

Study approval. All animal studies were performed under a proto-
col approved by the Johns Hopkins Animal Care and Use Committee 
and complied with NIH guidelines (Guide for the Care and Use of Labo-
ratory Animals. National Academies Press. 2011).
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Kit (QIAGEN) according to the manufacturer’s instructions. cDNA 
was synthesized by reverse transcription using the iScript cDNA Syn-
thesis Kit (Bio-Rad). qRT-PCR was performed with iTaq SYBR Green 
Supermix (Bio-Rad) using sequence specific primers. Gene expression 
was normalized to GAPDH, and relative quantification was calculated 
using ΔΔCt. All experiments were performed in duplicate and run on 
the Bio-Rad CFX96 machine.

Flow cytometry. Flow cytometric experiments were performed as 
previously described (10). Following treatment, MM cells were col-
lected, washed with PBS, and stained for 15 minutes at room tempera-
ture with phycoerythrin-conjugated (PE-conjugated) anti-CD138 (BD 
Biosciences; catalog 347206). Cells were washed to remove unbound 
antibody and evaluated in a FACSCalibur system (BD Biosciences). 
Stromal cells were identified by GFP expression, and viable cells were 
identified using 7-aminoactinomycin D (7-AAD) (Invitrogen, Thermo 
Fisher Scientific). To calculate cell numbers, alive GFP– cells were nor-
malized to calibration beads (BD Biosciences).

Mouse xenografts. Subcutaneous xenografts were generated as pre-
viously described (1). Briefly, 1 × 106 H929 Luc + cells and 1 × 106 mouse 
BM stromal cells were resuspended in 100 μl Matrigel (Invitrogen, 
Thermo Fisher Scientific) diluted with RPMI (1:1) and injected subcuta-
neously into 16-week-old male NSG mice. After 4 days, treatment with 
BTZ (0.5 mg/kg i.p. twice weekly) and IRX (10 mg/kg i.p. daily) was 
initiated. Tumor burden was assessed by bioluminescence using the In 
Vivo Imaging System (PerkinElmer). For imaging, mice were exposed 
to 120 mg/kg D-luciferin (PerkinElmer) via intraperitoneal injection 
10–5 minutes before imaging and were anesthetized using isoflurane 
(VetOne). Images were analyzed with Living Image Software, version 
2.5 (PerkinElmer), and data were quantified as photons/second.

For the systemic MM model, 2 × 106 Luc+/GFP+ H929 cells were 
injected via the tail vein into 16-week-old male NSG mice. After 
engraftment, as determined by an exponential increase in biolumi-
nescence, mice were treated with BTZ (0.5 mg/kg i.p.) twice weekly 
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