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Abstract

Background: SMADT, a central mediator in TGF-3 signaling, is involved in a broad range of biological activities
including cell growth, apoptosis, development and immune response, and is implicated in diverse type of
malignancies. Whether SMADT1 plays an important role in multiple myeloma (MM) pathogenesis and can serve as a
therapeutic target are largely unknown.

Methods: Myeloma cell lines and primary MM samples were used. Cell culture, cytotoxicity and apoptosis assay, SiRNA
transfection, Western blot, RT-PCR, Soft-agar colony formation, and migration assay, Chromatin immunoprecipitation
(Chip), animal xenograft model studies and statistical analysis were applied in this study.

Results: \We demonstrate that SMAD1 is highly expressed in myeloma cells of MM patients with advanced stages or
relapsed disease, and is associated with significantly shorter progression-free and overall survivals. Mechanistically, we
show that SMAD1 is required for TGF3-mediated proliferation in MM via an ID1/p21/p27 pathway. TGF-B also
enhanced TNFa-Induced protein 8 (TNFAIP8) expression and inhibited apoptosis through SMAD1-mediated induction
of NF-kB1. Accordingly, depletion of SMAD?1 led to downregulation of NF-kB1 and TNFAIPS8, resulting in caspase-8-
induced apoptosis. In turn, inhibition of NF-kB1 suppressed SMAD1 and ID1 expression uncovering an autoregulatory
loop. Dorsomorphin (DM), a SMAD?1 inhibitor, exerted a dose-dependent cytotoxic effect on drug-resistant MM cells
with minimal cytotoxicity to normal hematopoietic cells, and further synergized with the proteasomal-inhibitor
bortezomib to effectively kill drug-resistant MM cells in vitro and in a myeloma xenograft model.

Conclusions: This study identifies SMAD1 regulation of NF-kB1/TNFAIP8 and ID1-p21/p27 as critical axes of MM drug
resistance and provides a potentially new therapeutic strategy to treat drug resistance MM through targeted inhibition
of SMADT1.

Introduction introduction of the combination of bortezomib (BTZ)
Multiple myeloma (MM) is a hematologic neoplasm and Dexamethasone (DEX) in the frontline or relapsed/
characterized by the clonal proliferation of malignant refractory clinical setting. However, relapse and drug-
plasma cells. The clinical outcome of MM patients has  resistance often occur in MM patients. There is there-
remarkably improved in recent years, largely due to the fore an urgent and unmet demand to elucidate the mo-
lecular mechanisms of drug resistance and promote
therapeutic efficacy of available drugs [1, 2].
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in the pathogenesis of breast cancer [4], and later con-
sidered as an important regulator in tumor progression
including MM [5]. SMAD1 mediates the signals of bone
morphogenetic proteins (BMPs) [6], which are involved
in a range of biological activities including cell growth,
apoptosis, development and immune responses. BMP li-
gands induce SMAD1 phosphorylation and activation
through the BMP receptor kinase. Phosphorylated
SMADI1 forms a complex with SMAD4, which then
translocates to the nucleus where it regulates gene tran-
scription in cooperation with transcriptional factors [7].

Several studies highlight an important role for SMAD1 in
promoting cell invasion and metastasis in different types of
cancers [8]. For example, overexpression of SMADI1 induces
proliferation in stomach cancer cells in response to BMP-7
stimulation [9], and upon activation by BMP-9, SMAD1 pro-
motes ovarian cancer cell growth [10].

In MM, tumor cells are confined to the bone marrow
microenvironment, and are exposed to high levels of
TGE-p secreted from both MM cells and bone marrow
stromal cells, leading to further activation of cell growth
and survival pathways [11, 12]. Notably, it has been dem-
onstrated that upregulation of SMADI1 and ID1 down-
stream of TGF- signaling is indicative of activation of
this pathway [13]. However, the clinical relevance of
SMAD]1 induction in MM and its role in drug resistance
has not been reported. Dorsomorphin (DM), a specific
SMAD]1 inhibitor, prevents SMADI1 phosphorylation,
leading to suppression of lung cancer cell growth [14, 15].
The cytotoxic effect of DM on MM, particularly in drug-
resistant MM, has not been unexplored.

Here, we provide clinical and experimental evidence
that highlights an important role of SMAD1 in MM
through inhibition of p21 and p27 via ID1, and its effect
on drug resistance. We also demonstrate a cross talk be-
tween SMAD1 and NF-kBl through TNFAIPS.
Moreover, we showed that DM blocks SMAD1 phos-
phorylation(p-SMAD1), leading to diminished survival
of MM cells, and that addition of DM to standard of
MM therapy (BTZ) effectively kill drug-resistant MM in
a pre-clinical model.

Material and methods

Myeloma cell lines and primary MM samples

The MM parental cell lines (RPMI-8226, MM1.S), and
MMI1.R (DEX resistant), OPM2 vel/R (BTZ resistant),
were obtained from ATCC. RPMI-8226R5, a multidrug-
resistant MM cell line with cross-resistance to BTZ, was
kindly provided by Dr. R Buzzeo [16]. The resistance of
both RPMI-8226R5 and MMI1.R to the proteasome in-
hibitors BTZ was demonstrated in our previous study
[17]. All cell lines were cultured in complete RPMI-1640
medium supplemented with 10% FBS as described previ-
ously [18]. Primary mononuclear cells were freshly
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isolated and purified from the bone marrow of MM pa-
tients, with the institution research ethic board approval.

Cell culture, cytotoxicity and apoptosis assay, siRNA
transfection, Western blot, RT-PCR, Soft-agar colony
formation, and migration assay, Chromatin
immunoprecipitation (Chip), animal xenograft model
studies and statistical analysis

These assays and analyses are detailed in supplementary
methods.

Results

SMAD1 is elevated in the malignant cells of a subgroup
of MM patients and its overexpression predicts disease
progression and poor survival

Given the evidence associating high SMAD1 expression
with oncogenesis in other types of cancers, we investi-
gated its effect in MM patients. Using Gene Expression
Omnibus (GEO) datasets, we observed a significant in-
crease in the expression of SMADI1 in advanced stages
of MM (GSE6477, relapse MM vs normal donor (ND)
p=0.047; newly diagnosed MM vs ND p=0.032)
(Fig. 1a). We also analyzed data of 17 paired samples
from MM patients at diagnosis and relapse and found
that SMAD1 was overexpressed in relapsed MM
(GSE77539, p =0.011) (Fig. 1b). These findings were fur-
ther confirmed in an independent GSE dataset
(GSE31161, p = 0.0064) (Fig. 1c).

To investigate the prognostic significance of SMAD1
overexpression in MM development and progression, we
evaluated SMADI gene expression based on the APEX
trial GEO microarray database (GSE9782). High SMAD1
expression correlated with shorter median progression-
free survival (PFS) and overall survival (OS) (PFS: 92 vs
121.5 weeks, p = 0.0168; OS: 477 vs 674 days, p = 0.0142)
(Fig. 1d and e).

To examine the potential of SMAD1 as a biomarker
for relapsed MM patients, we performed a receiver oper-
ating characteristic (ROC) analysis on GSE31161 (MM
patients treated by Total Therapy 2, 3 and other proto-
cols at baseline and relapse). The ROC curves of
SMADI revealed strong significant discrimination be-
tween relapse MM and newly diagnosed MM, with AUC
(area under the curve) of 0.7439 (Fig. 1f). Additionally,
SMAD1 expression distinguished between newly diag-
nosed MM and normal bone marrow donors in the
GSE6477 dataset, with AUC of 0.6706 (Fig. 1g). These
results further establish SMAD] as a valuable biomarker
for MM patients across the course of the disease.

To determine whether SMAD1 is involved in regu-
lating MM proliferation and migration, we suppressed
p-SMADI1 expression using DM. As expected, down-
regulation of SMAD1 expression led to reduced col-
ony formation in soft agar of 8226R5 and OPM2 vel/
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Fig. 1 SMAD1 is elevated in a subpopulation of MM patients and its overexpression correlates with disease progression and poor survival. a SMAD1
expression in different stages of MM as shown in graph, GSE6477 dataset (ND n =15, MGUS n =22, SMM n = 24, newly diagnosis MM n =73 and
Relapse MM n = 28) b SMAD1 expression in primary MM cells from GSE77539 data set(n = 34 pair sample from 17 MM patients in diagnosis and
relapse). One-way analysis of variance and paired sample T test was used, p < 0.05 is significant. ¢ The box whisker plot shows SMAD1 expression in
primary multiple myeloma plasma cells from patients treated by total therapy 2, 3 and other protocols at baseline and relapse, GSE31161 dataset
(Sample n=1038, 781 baseline and 256 relapse MM patients). d, e Kaplan-Meier plots indicate the overall survival (OS)(D) and progression free survival
(PFS)(F) for 528 MM patients in APEX clinical trials (GSE9782) categorized by SMAD1 expression level(n = 264 for low-SMAD1 group versus n = 264 for
high-SMAD1 group), p value is determined by log-rank test. f ROC curve for the SMAD1 to separate new diagnosis from relapse MM patients. g ROC
curve for the SMAD1 to separate new diagnosis MM patients from healthy donors

R cells (Fig. S1A). In addition, downregulated SMAD1
expression reduced migration in transwell assays. (Fig.
S1B). Addition of TGEF-B reversed the effect of
siRNA-mediated SMAD1 depletion on migratory cap-
acity of 8226R5 and OPM2 vel/R cell lines (Fig. S1C).
These data support the notion that SMAD1 promotes
the proliferation and migration of MM cells.

BTZ and DEX responder express low levels of SMAD1 and
other KEGG apoptosis related genes

We next investigated whether SMAD1 expression is associ-
ated with response to standard MM treatment, containing
BTZ and Dex [19]. In the APEX clinical trial, relapsed

patients were treated with BTZ or Dex as a single agent. In
the BTZ and Dex arm of the trial, SMAD1 mRNA expres-
sion was significantly lower in responders than in non-
responders (Fig. 2a and b). The top pathway enriched by
Gene set enrichment analysis (GSEA) in APEX trial dataset
by comparing the SMAD1-high and SMAD1-low expression
samples was ‘Apoptosis’ pathway. The other pathway were
KEGG_ENDOMETRIAL_CANCER,KEGG_INTESTINAL
IMMUNE_NETWORK_FOR_IGA_PRODUCTION,KEGG _
VIRAL_MYOCARDITIS, KEGG_CHRONIC_MYELOID_

LEUKEMIA(Fig. 2c and STablel). GSEA of the Dex branch
of the trial also revealed a significant enrichment of the
KEGG Apoptosis pathway (Fig. 2d). Correlation analysis was
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All p values were calculated with the Log-rank test

Fig. 2 Lower SMAD1 expression is associated with improved OS following dexamethasone or bortezomib therapy. a, b Gene expression plots of
SMAD1 (probe set 210993_s_at) in responders and non-responders based on Dex (n=71) and BTZ (n=162) treatment in the APEX trial. The red
horizontal lines indicate the average value in the group and the standard deviation. p-value was calculated using a 2-tailed Mann-Whitney test. ¢,
d GSEA plot supporting the downregulation of the genes in the KEGG pathway apoptosis in Dex and BTZ responders. e Correlation analysis of
SMAD1 with NF-KB1expression in the patient dataset (GSE38627) presented as scatter plots. f Kaplan-Meier curves comparing OS of SMAD1 high
(left) and low (right) expressing patients for Dex responder vs Dex non-responder arms in the APEX trial. g Comparing OS of SMAD1 high (left)
and low (right) expression patients for BTZ responder vs BTZ non-responder arms in APEX trial. h Comparing PFS of SMAD1 high (left) and low
(right) expressing patients for BTZ versus Dex arms in the APEX trial. Low and high expression is defined here as below and above the median.

performed on individual components of the KEGG Apop-
tosis pathway including Casp3, Casp6, NF-kB1. Only NF-
KB1 expression positively correlated with SMAD1 expression
(Fig. 2e), suggesting that SMADI expression is not only a
biomarker for treatment response, but also is potentially a
regulator of drug sensitivity in MM patients through regula-
tion of NF-kB1 (see below).

Low SMAD1 expression is associated with longer survival
of MM patients receiving BTZ and/or Dex treatment

The association between SMAD1 RNA expression levels
and clinical BTZ and Dex response raised the question
of whether SMAD]1 levels are associated with the sur-
vival benefit of BTZ and Dex treatment. To address this
question, data from APEX clinical trial were analyzed. In
this trial, relapsed patients were treated with BTZ or
Dex as single agents. We divided the patients from the
APEX trial into two groups based on SMAD1 expression
levels, either below or above the median, and then com-
pared survival in Dex-responder versus non-Dex re-
sponder. OS of patients with high SMAD1 expression
was not statistically influenced when they were treated
on the Dex arm (956 days vs 456 days, p = 0.2264) (Fig.
2f left). In contrast, the OS of patients with low SMAD1
expression was significantly longer in the Dex-
responsive arm (804 days vs 285 days, p = 0.0125) (Fig. 2f
right). Similar effects on OS (636 vs 351 days) but not
PFS (median 119 vs 126 days, p = 0.5583) were observed
in patients treated with BTZ (Fig. 2g, h).

The relationship between SMAD1 and apoptosis pathway
in MM

To examine if there is a potential correlation between
SMADI1 expression and activation of the apoptotic path-
way in MM, we analyzed the Cancer Cell Line
Encyclopedia (CCLE), a large database of gene expres-
sion profiling for more than 1000 human cancer cell
lines. We generated a Z score for each cell line through
KEGG Apoptosis pathway gene sets. We found a moder-
ate but highly significant negative correlation between
high SMADI1 expression and KEGG Apoptosis pathway
inhibition across the ~ 1000 CCLE cell lines (R=-
0.1486, p <0.0001) (Fig. S2A); an enrichment of apop-
tosis inhibition (high Z score) was also observed in other

hematological malignancies (Fig. S2 B-F). Taken to-
gether, these results establish a strong negative correl-
ation between SMADI1 RNA expression and the
apoptotic pathway activity in MM.

SMAD1 is required for MM cell growth and confers drug
resistance upon MM cells

To identify potential mechanisms by which SMADI1
might confer drug resistance in MM, we first determined
endogenous SMADI1 expression in two drug-resistant
MM cell lines (MM1.R, OPM2 vel/R) and their ances-
tors (MM1.S, OPM2). Immunoblotting showed en-
hanced SMADI1 protein expression in drug-resistant
MM cell lines (MM1.R, OPM2 vel/R) compared to their
parental drug-sensitive cells (MM1.S, OPM2) (Fig. 3a).
Knocking down SMAD1 with siRNA in MM cell lines
induced cell cycle arrest at the GO/G1 phase of the cell
cycle (Fig. 3b). Western blot was performed in parallel
to measure the efficiency of siRNA (Fig. S7A). SMAD1
silencing also enhanced the sensitivity of resistant MM
cells to anti-myeloma drug BTZ (Fig. 3c). In addition,
selective SMAD1 inhibition via DM decreased the pres-
ence of p-SMADI in drug-resistant cells (Fig. 3d). The
combination treatment of DM plus the anti-myeloma
drugs, BTZ (10 nM), Dex (10uM), lenalidomide (Len)
(10uM), or doxorubicin (Dox) (1uM), resulted in syner-
gistic death in both of the drug resistant MM cell lines
(Fig. 3e and Fig. S3).

Cytotoxicity of anti-myeloma drugs in combination
with DM was further investigated on primary MM cells
derived from MM patients. Mononuclear cells and
CD138 + cells from MM patients were treated for 48 h
by BTZ, Dex, Len, Dox, alone and in combination with
DM (Fig. 3f & g and Fig. S4 A & B). Co-treatment with
anti-myeloma drugs and DM killed primary MM cells
more effectively than either drug alone. To evaluate off-
target cytotoxicity of DM treatment alone or together
with BTZ on normal blood cells, PBMCs collected from
three healthy donors were treat with DM or the combi-
nations of DM plus BTZ 48 h. Cell viability of healthy
PBMCs was not significantly compromised by DM con-
centration that are effective against MM. DM plus BTZ
combinations showed some reduced cell viability com-
paring to the negative control group, but not compared
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Fig. 3 SMAD1 is required for MM cell growth and its over-expression confers drug resistance upon MM cells. a SMAD1 expression was determined by
western blot analysis in MM1.R and OPM2 vel/R. (b left) Representative results showing SMAD1 knockdown induces cell cycle arrest in MIM1.R and
OPM2 vel/R. MM1.R and OPM2 vel/R were transfected with si-SMAD1 30 nM or siRNA control for 48 h, then the cells were subjected to cell cycle
analysis. (b right) Quantitative results of the cell cycle phase of results. ¢ The 8226 R5, MM1.R and OPM2 vel/R cell lines were transfected with synthetic
si-SMAD1 50 nM or siRNA control and treated with different concentrations of BTZ for 48 h and cell viability was measured using MTT assay. d 8226 R5
was treated with indicated different concentration of DM for 24 h and SMAD1 phosphorylation was assessed by western blot. @ 8226R5, MM1.R and
OPM2 vel/R cells were treated with indicated concentrations of DM and anti-myeloma drug alone, or combination for 48 h and cell viability was
assessed by MTT assay. f Combination of drugs (DM, BTZ) synergistically induces cytotoxic effects on primary mononuclear cells MM patients’ samples.
Primary mononuclear cells derived from 5 MM patients were treated with indicated concentration of BTZ and DM for 48 h, and then cell viability was
evaluated by MTT assays. Results are presented as means+SD. from at least three separate experiments. *: p < 0.05; **: p <0.01; **: p <0.001.g

CD138 + cells derived from 2 MM patients were treated with indicated concentration of BTZ, and DM for 48 h, and then cell viabiility was evaluated by
MTT assays. Results are presented as means+SD. from at least three separate experiments. *: p < 0.05; **: p < 0.01; ***: p <0.001. h 8226R5, MM1.R and
OPM2 vel/R were transfected with si-SMAD1 50 nM or siRNA control. Protein lysate was subjected to western blot with indicated antibodies

to the BTZ treated arm (Fig. S4C). These results, along
with those acquired in MM cell lines, revealed that de-
pletion of p-SMAD1 renders MM cells more vulnerable
to anti-myeloma drugs.

To determine the underlying molecular mechanisms of
SMAD1-mediated myelomagenesis, we examined the protein
level of SMADI in RPMI8226R5, MM1.R, and OPM2 vel/R
cells transiently infected with si-SMADI1(Fig. 3h). Previous
studies demonstrated that cell cycle-dependent kinase inhibi-
tors p21“P* and p27™*" are transcriptionally suppressed by
ID1, a downstream gene of SMADI [20, 21]. Indeed, ID1
protein decreased, whereas expressions of p21“P! and
p27Y* were induced following depletion of SMADI.
Altogether, our results indicated that high SMADI expres-
sion in MM cells sustains proliferation and inhibits apoptosis
through activation of the ID1/p21/p27 pathway.

TGF-B enhances ID1/TNFAIP8 expression and suppresses
apoptosis through a crosstalk between SMAD1 and NF-kB1
Given our aforementioned finding of positive correlation
of SMAD1 and NF-«B1, the Chip-seq peaks which target
SMAD]1 in K562 and GM12878 cell lines were visualized
using UCSC genome browser (http://genome.ucsc.edu)
based on Encyclopedia of DNA Elements (ENCODE) data.
Analysis of the NF-kB1 promoter region for consensus
binding sites revealed direct recruitment of SMAD1 and
overlap with H3K27Ac, an epigenetic mark associated
with transcriptional activation (Fig. S5A). Indeed, 16 puta-
tive SMAD] binding sites were identified in the region of
the proximal region of NF-«kB1 (Fig. S5B & C).

To determine whether SMAD1 could regulate NF-
kB1, MM cells were transfected with either SMAD1 or
NEF-kB1 siRNA. When SMAD1 was depleted, NF-kB1
expression was also downregulated, and vice versa, sug-
gesting a cross talk between these two transcription fac-
tors (Fig. 3g). In support of our Western blot results
suggesting SMAD1 and NF-kB1 regulate each other’s
expression, immunofluorescence staining demonstrated
reduced SMAD1 protein following NF-kB1 knockdown
in 8226R5 and OPM2 vel/R cell lines, and vice versa

(Fig. 4). Western blot was performed in parallel with im-
munofluorescence to detect the expression of SMADI1
and NF-«xB1(Fig. S7B).

This cross-regulation was confirmed by chromatin im-
munoprecipitation (ChIP) showing that SMADI1 binds
to the promoter of NF-xB1 in 8226R5 cells (Fig. 5a, left).
Treatment of 8226R5 cells with 2 ng/ml TGF-p signifi-
cantly increased the amount of NF-kB1 promoter DNA
that was ChIPed by SMADI antibody (Fig. 5a, right).
There was also a significant decrease of the NF-xB1 pro-
moter band in 8226R5 treated with 50 nM siSMADI or
10uM DM relative to control (Fig. 5a, right). These find-
ings indicate that the NF-kB1 promoter is directly regu-
lated by SMAD1 upon TGF-f stimulation.

Next, we carried out a rescue experiment where we in-
duced SMAD1 and NF-«B1 expression by TGE-p after
knockdown of SMADI or NF-kB1. These rescue experi-
ments showed that TGF-§ induced SMAD1 and NF-kB1
expression leading to induction of TNFAIP8 and IDI.
Furthermore, this rescue led to reduction in the level of
cleaved caspase 8, a marker for extrinsic apoptosis (Fig.
5b). We observed that SMAD1 and NF-kB1 protein
levels were elevated in MM cells stimulated by TGF-p.

In addition to SMADI, expression of its target gene,
ID1, was increased, whereas expression of the CDK-
inhibitors p21 and p27 levels were reduced. These re-
sults are consistent with previous studies showed that
TNFAIPS is a downstream mediator of NF-kB1-induced
oncogenesis [22], and our showing that downregulation
of TNFAIP8 could induce apoptosis by increasing cas-
pase 8 levels in MM cells [23].

To determine the downstream consequences of in-
creased NF-kB1 by TGF-f stimulation, we evaluated the
levels of TNFAIP8 and activated caspase 8. Both TNFA
IP8 and ID1 were elevated, while cleaved caspase 8 was
reduced (Fig. 5¢). Notably, siRNA mediated knockdown
of ID1 did not affect levels of SMAD1 or NF-«kB1(Fig.
5d), suggesting ID1 is downstream of these factors.

To explore the relationship between SMAD1 and NF-
kB1, we examined whether SMADI1 affects NF-xB
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signaling. We found that TGF-p increased the level of induced IKKe activation, and IkBa degradation in
IKKe and decreased expression of IkBa. In addition, 8226R5 cells (Fig. 5e). These results suggest that in-
knockdown of SMADI rescued the effect of TGF-p  creased SMADI1 expression regulates NF-kB1 through
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of apoptotic cells

Fig. 5 TGF-3 enhances ID1/TNFAIP8 expression and inhibits apoptosis through a crosstalk between SMAD1 and NF-kB1. a A ChIP assay demonstrating
SMAD1 antibody immunoprecipitates the NF-kB1 promoter in 8226R5 cells. H3 and igG antibodies were used as positive and negative control,
respectively. b 8226-R5 cells were transfected with si-NF-kB1, si-SMAD1 or siRNA control (48 h), with or without TGF-3 stimulation (6 h). The cell lysate
was prepared and subjected to western blot with indicated antibodies. ¢ The western blot analysis represents the indicated protein levels in RPMI-
8226R5, MM1.R and OPM2 vel/R stimulated with TGF-(. d 8226-R5 and MM1R cells were transfected with si-ID1 or siRNA control. The cell lysate was
prepared 48 h after transfection and subjected to western blot with indicated antibodies. @ Down-expression of SMAD1 alleviates TGF-3 induced IKKe
activation and IKBa degradation in 8226R5 cells. 8226R5 cells were transfected with si-NF-kB1, si-SMADT1 or siRNA control (48 h), with or without TGF-3
stimulation (6 h). The cell lysate was prepared and subjected to western blot with indicated antibodies. f Cells were transiently co-transfected with
reporter plasmids (pcDNA3.1 vector or TNFAIP8 plasmid) with siSMAD1 using liposome-3000 transfection reagent for 24 h. and then cell viability was
evaluated by MTT assays. Results are presented as meansts.d. from at least three separate experiments. *: p < 0.05; ** p < 0.01; ***: p <0.001; NS: not
significant. g The cells were transiently co-transfected with reporter plasmids (pcDNA3.1 vector or TNFAIP8 plasmid) with siSMAD1 using liposome
3000 transfection reagent for 24 h, and then stained with annexin-VV/propidium iodide and analyzed by flow cytometry to determine the percentage

the induction of IKKe, upstream of NF-kB activation,
and the inhibition of IxBa.

To further examine whether TNFAIP8 can increase
cell viability and rescue cytotoxicity induced by SMAD1
depletion, we co-transfected MM cells with si-SMAD1
and TNFAIP8-expressing plasmid. Over-expression of
TNFAIPS rescued the effect of siSMAD1 on cell viabil-
ity, further demonstrating its role downstream of the
TGF-B-SMADL1 axis (Fig. 5f, g). In aggregate, these find-
ings indicate that TGF-B enhanced survival through
crosstalk between SMAD1 and NF-kB1 and regulation
of TNFAIP8 and ID1 expression.

DM suppresses tumorigenesis in a preclinical model of
MM

To examine the therapeutic implications of our in vitro
findings, we investigated the efficacy of combined
SMADI inhibitor, DM, plus BTZ in a preclinical model
of drug resistant MM. To this end, we established a
mouse xenograft model with OPM2 vel/R in SCID mice
and administered DM and BTZ alone or in combination.
Notably, the combination of BTZ and DM suppressed
tumor growth as compared with DM treatment alone,
BTZ alone, or vehicle-alone (Fig. 6a). Importantly, the
combination treatment significantly prolonged survival
of mice without any untoward toxicity as indicated by
body weight measurement (Fig. 6b and c). In addition,
the level of p-SMADI1 in mouse tumors was reduced in
the DM treated groups compared with control; as well
as NF-kB1, TNFAIP8 and ID1 expression was reduced,
and cleaved caspase 8 increased (Fig. 6d).

IHC analysis of tumor sections showed that treatment
with BTZ plus DM resulted in reduced proliferation
(Ki67 staining) and increased apoptosis (TUNEL ana-
lysis), compared to either BTZ or DM treatment alone
(Fig. S6). These findings indicate that SMAD]1 inhibition
sensitizes MM cells to BTZ, promotes apoptosis, and re-
duces MM tumor growth in vivo.

Discussion
In this study, we demonstrate that SMADI is an un-
favorable prognostic biomarker for MM. To the best
of our knowledge, this is the first study to demon-
strate such a role of SMAD1 in MM. Our findings
are consistent with studies on solid tumors in which
upregulation of SMAD1 has been associated with
tumor aggressiveness and poor outcomes [24]. Inter-
estingly, high SMAD1 level could activate S1PR2 ex-
pression and induce apoptosis in diffuse large B-cell
lymphoma [25]. This implies a context-or tumor-
dependent expression and clinical significance for
MM. Thus, targeting SMAD1 could be a potential
therapeutic strategy for MM. Furthermore, SMADI1
may be a valuable biomarker for detecting the poten-
tial of drug resistance and relapse in MM patients.
SMAD]I is best characterized for activating ID1 [26, 27],
which promotes proliferation and confers drug resistance in
hepatocellular carcinoma [28], colon cancer [29], lung cancer
[30], and acute myeloid leukemia [31]. However, whether
SMAD]1 exerts similar function in MM remains unclear. In
our studies, we showed that SMADI1 regulates ID1 in MM.
Furthermore, decreased expression of ID1 reduced MM cell
proliferation and promoted apoptosis by activating p21 and
p27. Of importance, we found that SMADI affects drug re-
sistance and survival of MM cells through physical regulation
NF-kB1 and increase TNFAIP8 expression. TNFAIPS is
known to counteract apoptosis by inhibiting caspase-8 activ-
ity, and by modulating other oncogenic targets such as
growth factor receptors (EGFR and VEGFR), and cell cycle
protein (Cyclin D1, phospho-Rb) [32, 33]. We previously
demonstrated that TNFAIP8 overexpression was associated
with MM cell drug resistance and proliferation [23]. This
phenomenon has been described in lung cancer and cervical
cancer [34, 35]. Several studies have reported that TNFAIP8
is induced by NF-kB1, inhibits cellular apoptosis, acts as an
oncogene, and promotes cell growth/proliferation in human
cancers [36, 37]. Here we show that SMAD1 could indirectly
regulate TNFAIP8 through a crosstalk with NF-«B1.
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In the analysis of public datasets, we found that
SMAD1 expression in MM patient samples positively
correlated with NF-kB1 expression. This phenomenon
can be explained by our finding of SMAD1 binding sites
in the proximal region of the NF-kB1 gene. The analysis
employing the ENCODE data revealed 16 putative
SMADI1 binding sites and significant enrichment of
SMADI1 binding on the NF-kB1 promoter. In addition,
we showed that, SMAD1 could affect expression level of
NF-«B1 through IKKe and IkBa.

The NF-«B transcription factor is known to affect the
expression of more than 150 genes related to

inflammation, cell proliferation, differentiation, and
apoptosis [38]. Dysregulated NF-«kB signaling has been
observed in many hematological malignancies such as
Hodgkin’s lymphoma, diffuse large B-cell lymphoma and
MM [39-41]. However, several studies report that
SMADI1 interacts with NF-kB1 in overexpression experi-
ments in 293 T cells, and that SMAD1 bound selectively
to endogenous NF-kB1 p50 protein in RAW 264.7 cells
[42]. Consistent with these observation, it has been re-
ported that the NF-«kB1 p50 homodimer can regulate
specific gene expression [43—45]. In our current study of
MM, we found that SMAD1 expression is reduced after
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NF-kB1 knockdown, and vice versa, suggesting that
SMADI1 may contribute to MM progression by activa-
tion of NF-kBl. In addition to activation of the ID1
pathway, a crosstalk between SMAD1 and NF-kB1
acting as a tumor inducer circuit, may provide a novel
mechanism for SMADI1-mediated myelomagenesis
(Fig. 7).

As drug-resistant MM cells are characterized by up-
regulation of both total and phosphorylated SMADI,
targeting either expression or phosphorylation of
SMADI1 may represent a promising new approach to
overcome MM drug-resistance. DM inhibits BMP
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signals by selectively inhibiting of BMP type I receptors
ALK2, ALK3 and ALKS6, resulting in suppression of
SMAD1 phosphorylation. DM is known to induce can-
cer cell apoptosis [46]. In this study, we observed a clear
dose-dependent cytotoxicity by DM in drug-resistant
MM cells. Consistent with the cytotoxic effects in cell
assays, phosphorylation of SMAD1 was also strongly
inhibited by DM, suggesting inhibition of SMAD1 phos-
phorylation as a new modality to overcome drug-
resistance in MM. Importantly, through in vitro and
in vivo studies, we demonstrated that the combination
of DM and BTZ significantly enhanced the inhibitory

Apoptosis

N

TNFAIPS

Fig. 7 Proposed model for the effects of SMAD1 on apoptosis and cell growth in MM. SMAD1 inhibition affects growth through two axes: it blocks
the cell cycle. Through ID1-p21/p27 and cell survival through NF-kB-TNFAIPS, the latter of which is critical in the context of drug resistant MM
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effect of these two drugs on MM cell viability, promoted
MM cell apoptosis, and inhibited tumor growth. In con-
trast, no significant deleterious effects of DM treatment
of DM plus BTZ combination treatment was observed
on normal PBMCs from healthy donors, highlighting the
specificity and safety of using such an approach to treat
drug-resistant MM patients. This study provides proof-
of-concept for the use of DM with BTZ in clinical
practice.

Conclusions

Our findings underscore the importance of SMADI1 as a
determinant of drug resistance in MM cells through
across talk with NF-«xB1, suggesting a SMAD1-based tar-
geting strategy to overcome MM drug resistance. Our
results also indicate that DM is a potent anti-myeloma
agent by inhibiting SMAD1 phosphorylation and may
provide novel therapeutic strategies to treat MM.
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Additional file 1: Supplementary materials and methods. Fig. S1.
Downregulated SMAD1 reduced migratory and invasive abilities of MM
cells in vitro (A) Representative images of soft agar colony formation
assays with the different cell models. Bar graphs indicate the colony
count expressed in different microscopic fields. (B) Migration ability
toward serum of 8226R5 and OPM2 vel/R cell lines were assessed using
Transwell filter. Cells were pre-treated with DM 5uM for 24 h prior to the
assay. (C) Migration ability toward serum of 8226R5 and OPM2 vel/R cell
lines were assessed using Transwell filter. Cells were pre-treated with siS-
MAD1 50 nM and/or TGF- 24 h Data were presented as mean = s.d. from
at least separate experiment. *: p < 0.05; **;p < 0.01; ***p,0.001; Fig. S2.
Correlation of SMAD1 expression with apoptosis activity (A) Correlation
analysis of SMAD1 expression on the y axis and the Z-score enrichment
across over 1000 cell lines from CCLE database. A Z-score was generated
for each cell line in KEGG canonical pathway gene sets: apoptosis. Red
circles indicate MM cell lines, and black circles indicate all CCLE cell lines
except MM. A significant correlation between SMAD1 expression and the
apoptosis activation was observed; R =—0.1486, p < 0.0001.(B-F) Correl-
ation between SMAD1 expression and apoptosis activation was also ob-
served in other hematological malignancies. Fig. $3. SMAD1 inhibition
induces apoptosis in MM cells. (A) OPM2 vel/R, MM1.R cell lines were
treated with T0uM of either DM or DMSO control for 24 h, treated with
10 nM BTZ or vehicle for 48 h, and then subjected to annexin-V/propi-
dium iodide analysis by flow cytometry to determine percentage of
apoptotic cells(left). (B) OPM2 vel/R, MM1.R cells lines were transfected
with 30 nM of either siSMAD1 or siRNA control for 24 h, treated with 10
nM BTZ or vehicle for 48 h, and subjected to annexin-V/propidium iodide
analysis to determine percentage of apoptotic cells. Fig. S4. Combin-
ation of drugs (Dox, Dex, Len, DM) synergistically induces cytotoxic ef-
fects on primary MM patients’ sample. (A) Primary mononuclear cells
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derived from 5 MM patients were treated with indicated concentration of
Dox, Dex, Len and DM for 48 h, and then cell viabiility was evaluated by
MTT assays. (B) CD138 + cells derived from 2 MM patients were treated
with indicated concentration of Dex, Dox, Len and DM for 48 h, and then
cell viabiility was evaluated by MTT assays. (C) PBMCs derived from three
healthy donors were treated with indicated concentrations of DM alone
or in the presence of 10 nM BTZ for 48 h and cytotoxicity was assessed
by MTT. Results are presented as mean + s.d. from at least separate ex-
periment. *: p < 0.05; **;p < 0.01; ***p,0.001; NS: not significant. Fig. S5
(A)SMAD?1 binding sties and histone modification around the NF-kB1 pro-
moter identified by Chip-seq data from ENCODE. (B) Genome-wide iden-
tification of transcription binding sites of SMAD1 in the NF-kB1 promoter
region based on UCSC data. (C) 16 putative sites were predicted with
these setting (80%) in sequence named hg38_genscan_chr4.1488. Fig.
S6. Representative microscopic images of tumor sections from four
treated groups analyzed for histology (H&E), proliferation (Ki-67) or apop-
tosis (TUNEL). STable 1. The top 5 KEGG pathway enriched by GSEA in
APEX trial dataset by comparing the SMAD1-high and SMAD1-low ex-
pression samples. Fig. S7 (A) In parallel with cell cycle assay, western
blot was performed to measure the efficiency of siRNA in MM cell lines.
(B) In parallel with immunofluorescence, Protein lysate was subjected to
western blot with indicated antibodies.
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