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Polyamine inhibition for cancer therapy is, conceptually, an attractive approach but has yet to meet success in the clinical
setting. The aryl hydrocarbon receptor (AHR) is the central transcriptional regulator of the xenobiotic response. Our study
revealed that AHR also positively regulates intracellular polyamine production via direct transcriptional activation of 2
genes, ODC1 and AZIN1, which are involved in polyamine biosynthesis and control, respectively. In patients with multiple
myeloma (MM), AHR levels were inversely correlated with survival, suggesting that AHR inhibition may be beneficial for
the treatment of this disease. We identified clofazimine (CLF), an FDA-approved anti-leprosy drug, as a potent AHR
antagonist and a suppressor of polyamine biosynthesis. Experiments in a transgenic model of MM (Vk*Myc mice) and in
immunocompromised mice bearing MM cell xenografts revealed high efficacy of CLF comparable to that of bortezomib, a
first-in-class proteasome inhibitor used for the treatment of MM. This study identifies a previously unrecognized regulatory
axis between AHR and polyamine metabolism and reveals CLF as an inhibitor of AHR and a potentially clinically relevant
anti-MM agent.
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Introduction
Polyamines are small polycationic molecules that have been impli-
cated in virtually every aspect of eukaryotic cells, including DNA 
replication, transcription, translation, and proliferation (1–3). Poly-
amine levels are increased in malignancies, where they contribute 
to disease progression and metastasis (4–6). The first rate-limit-
ing step in polyamine biosynthesis is the conversion of ornithine 
to putrescine by the enzyme ornithine decarboxylase (ODC1) (7). 
ODC1 activity is regulated at multiple levels from transcription to 
protein degradation, the latter occurring through interaction with 
the protein ODC1 antizyme (OAZ1-3) (7). The ability of OAZ to 
interact with and inhibit ODC1 is in turn regulated by the antizyme 
inhibitors AZIN1-2, thus providing a complex autoregulatory loop 
(7). With the exception of the transcription factors MYC (8–10) 
and SP1 (11), little is known about the transcriptional regulation 
of polyamine biosynthesis. Importantly, although both ODC1 and 
AZIN1 have been shown to have protumorigenic functions (12–14) 
and anti-polyamine agents have been under consideration as che-
motherapy, none is currently in clinical use (2).

The aryl hydrocarbon receptor (AHR) is a transcription factor 
that belongs to the ligand-activated nuclear receptor superfami-

ly and has a prominent role in mediating xenobiotic responses  
(15–17). AHR is sequestered in the cytoplasm by chaperone pro-
teins and, upon ligand binding, translocates into the nucleus, 
where it dimerizes with the main binding partner AHR nuclear 
translocator (ARNT) (15–17) to regulate the transcription of genes 
containing xenobiotic response elements (XREs) within their reg-
ulatory regions. Initially considered solely a toxin clearance medi-
ator, AHR has recently been suggested to play a key role in the reg-
ulation of several physiological, developmental, and pathological 
processes (15, 18–24). AHR can act as a tumor suppressor in some 
settings (25, 26), but an oncogene in others (27–31). However, to 
date, no specific AHR agonists or antagonists have been approved 
for use in humans.

Multiple myeloma (MM) is an incurable malignancy of bone 
marrow–resident plasma cells (32). Despite the progress achieved 
with the introduction of several agents, including bortezomib 
(BTZ) (Velcade), the first-in-class proteasome inhibitor (33), MM 
remains incurable, necessitating the development of novel thera-
pies. Recent studies have linked AHR activation with an increased 
risk of MM (34–36). Accordingly, a separate study found that poly-
amine levels are substantially elevated in patients with MM (4), 
however, the role of AHR or polyamines in MM progression is vir-
tually unknown (37).

Clofazimine (CLF) is a well-tolerated, riminophenazine-based 
agent approved by the US FDA for the treatment of leprosy and 
tuberculosis (38, 39). Suppression of transformed phenotypes by 
CLF has been previously reported to impinge on a variety of path-
ways and targets (40–44); however, CLF antitumor efficacy has 
not been evaluated in clinical trials.
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seen with the XRE-luc vector. As ODC1 is also a well-established 
target of MYC (8, 9) and MYC itself has been shown to potentially 
be a target of AHR (50–54), we extended the sequence of ODC1p 
in the above construct to include MYC binding elements, either 
WT or mutated, to abrogate binding. We performed luciferase 
reporter assays as described above. The presence of MYC binding 
sites, WT or mutated, did not significantly affect luciferase activi-
ty induction, suggesting that MYC does not influence this regula-
tion (Supplemental Figure 1B).

In reciprocal experiments, 2 different shRNAs against AHR 
(sh1 and sh2) were transduced into WI-38 cells, along with a control 
shRNA (Ctrl-sh). When compared with control cells, AHR-deplet-
ed cells had decreased protein and RNA levels for both AZIN1 and 
ODC1 (Figure 1, H and I). Importantly, AHR depletion resulted in 
an approximately 40% to 70% decrease of the 3 major mammalian 
polyamines putrescine, spermidine, and spermine (Figure 1J).

To test whether pharmacological inhibition of AHR would 
recapitulate the loss-of-function studies, we treated WI-38 cells 
with the commercial AHR antagonist CH223191 (55). Consistent 
with the above data, we observed that treatment with CH223191 
suppressed mRNA and protein levels of ODC1 and AZIN1 (Figure 
1, K and L) and polyamine amounts (Figure 1M). Together, these 
data strongly suggest that targeting the AHR may represent a nov-
el anti-polyamine strategy.

CLF is an AHR antagonist. AHR has long been recognized as 
an attractive target for therapy (56, 57), and clinical trials for AHR 
agonists (aminoflavone) (58–61) or antagonists (StemRegenin 1) 
(62, 63) have been attempted; however, these trials were termi-
nated before completion or withdrawn, partly because of exces-
sive toxicity (64). Thus, we sought to identify small molecules 
that may be unrecognized AHR antagonists to use as anti-poly-
amine therapies. We queried the NextBio Pharmaco-Atlas Gene 
Expression database (www.nextbio.com) for compounds that had 
resulted in the downregulation of AZIN1 or ODC1 expression, 
with a score of at least 50 given by the database (range, 0–100), 
and focused on substances for which the molecular mechanism of 
action was classified as unknown.

The resulting 23 compounds were further filtered to exclude 
molecules with known high toxicity (Supplemental Table 1). This 
limited our set to 10 potential compounds. Three of these agents 
have been reported in separate high-throughput studies to con-
comitantly affect the levels of AZIN1 or ODC1 mRNA and classi-
cal markers of AHR signaling (CYP1a1, CYP1b1, or TiPARP): CLF, 
a lipophilic riminophenazine antibiotic used in the treatment of 
leprosy (65–67); harmol (Har), a β-carboline indoleamine alkaloid 
found in the plant from the genus Peganum (68); and fenofibrate 
(FF), a PPARα agonist used to lower cholesterol levels (69, 70).

We treated WI-38 cells with increasing doses of each agent 
and found that only CLF demonstrated robust reductions in ODC1 
and AZIN1 levels in a dose-dependent manner (Figure 2A), which 
was comparable to the effects of CH223191 (Figure 1K).

Immunoblot analysis of WI-38 cells treated with vehicle 
(DMSO), CH223191, or CLF revealed that treatment with either 
drug reduced the nuclear content of AHR, promoting its accumu-
lation in the cytoplasm (Figure 2B). We obtained similar results 
with immunostaining of WI-38 cells treated as above (representa-
tive images are shown in Figure 2C).

Here, we report the identification of AHR as a major transcrip-
tional regulator of polyamine biosynthesis in both normal and trans-
formed cells. Additionally, we provide evidence suggesting that inhi-
bition of AHR by CLF is a clinically relevant antimyeloma strategy.

Results
AHR is a direct transcriptional activator of ODC1 and AZIN1. ODC1 
and AZIN1 have been shown to have protumorigenic functions 
(12–14), and anti-polyamine agents have long been under consid-
eration as chemotherapeutic agents, although none is currently in 
clinical use (2). Thus, a therapeutic strategy aimed at the simul-
taneous inhibition of ODC1 and AZIN1 may prove beneficial. To 
identify potential transcriptional regulators of ODC1 and AZIN1, 
human and mouse promoter regions for these genes (from 5,000 
bp upstream of the transcription start site [TSS] to the 5′-UTR) 
were aligned using CONREAL (Conserved Regulatory Elements 
Anchored Alignment, http://conreal.genomes.nl/) software. A 
minimal threshold value of 0.9 for the 2 relative scores provid-
ed by the program was applied, which resulted in the identifi-
cation of 38 and 29 transcription factors potentially binding to 
AZIN1p and ODC1p, respectively, out of which 16 were found 
to be in common between the 2 genes (Figure 1A). One of these 
transcription factors was AHR (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI70712DS1). This in silico–based prediction was 
confirmed by interrogating a second publically available tool, the 
Gene Promoter Miner (GPMiner, http://gpminer.mbc.nctu.edu.
tw/about.htm). To test whether AHR regulates AZIN1 and ODC1, 
we first used normal human fibroblasts (WI-38) as cells with the 
least perturbed signaling pathways.

Ectopic expression of a constitutively active AHR, CA-AHR, 
whose transcriptional activity is ligand independent (45), result-
ed in the induction of both AZIN1 and ODC1 at the protein and 
mRNA levels (Figure 1, B and C). Two established AHR targets, 
CYP1a1 (46) and TiPARP (47), were used as positive controls (Fig-
ure 1C). Human and mouse promoters for ODC1 and AZIN1 con-
tained XREs that were conserved between species (Figure 1D and 
Supplemental Figure 1A). We performed ChIP assays using a com-
mercially available antibody against AHR and primers flanking 
these putative AHR binding sites (Figure 1D), as well as primers 
flanking the AHR binding site in the CYP1a1 promoter (positive 
control), or primers flanking a non-XRE promoter (GMPR, nega-
tive control). Significant DNA enrichment was detected in AHR- 
versus IgG-precipitated material, with primers corresponding to 
the promoters of CYP1a1, AZIN1 (AZ1 no. 1 and AZ1 no. 2), and 
ODC1, while no enrichment was detected at the negative control 
promoter (Figure 1E).

XRE-containing regions from AZIN1p or ODC1p were sub-
cloned into pGL3-promoter or pGL3-basic luciferase reporter plas-
mids, respectively. HEK293FT cells transfected in parallel with 
the above constructs were either cotransfected with increasing 
amounts of CA-AHR expression vector (Figure 1F) or treated with 
the established AHR ligand agonist benzo-a-pyrene (BaP) (16, 48) 
(Figure 1G). A plasmid expressing the luciferase gene under the 
control of XRE (XRE-luc) (49) was used as a positive control. Vec-
tors containing either of the AZIN1p sites or the ODC1p site were 
responsive to AHR activation in a dose-dependent manner, as was 
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Figure 1. AHR controls ODC1 and AZIN1 transcription. (A) Predicted transcription factors binding AZIN1 and ODC1 promoters. (B) Extracts from WI-38 cells 
expressing empty vector control (Ctrl) or CA-AHR probed by immunoblotting for AZIN1 and ODC1. (C) RNA from cells as in B probed in qRT-PCR with the 
indicated primers and probes. Data represent the average ± SEM of 3 independent experiments performed in triplicate. (D) Schematic of conserved (black 
circles) or partially conserved (shaded circle) AHR binding sites in the indicated promoters. Hs, Homo sapiens; Mm, Mus musculus. (E) WI-38 DNA was immu-
noprecipitated with control (IgG) or AHR-specific antibodies and probed in qRT-PCR with primers for the CYP1a1 promoter (positive control), regions in AZIN1 
and ODC1 promoters described in D, or GMPR (negative control). Luciferase activity for the AZIN1 and ODC1 promoter regions described in D with increasing 
amounts of CA-AHR (F) or BaP (G). The XRE-luc plasmid was used as a control. Data represent the average ± SEM of 2 independent experiments performed 
in duplicate. (H) Cell extracts of WI-38 cells expressing control shRNA (Ctrl-sh) or 2 independent shRNAs against AHR (sh1 and sh2) probed by immunoblot-
ting with the indicated antibodies. (I) RNA from cells as in H probed in qRT-PCR with the indicated primers and probes. Data represent the average ± SEM of 
4 independent experiments performed in triplicate. (J) Polyamine content in cells as in H. Data represent the average ± SEM of 4 independent experiments. 
(K) Extracts of WI-38 cells treated for 2 hours with DMSO or 20 μM CH223191 probed by immunoblotting for AZIN1 and ODC1. (L) RNA from cells as in K 
probed in qRT-PCR with the indicated primers and probes. Data represent the average ± SEM of 3 independent experiments performed in triplicate. (M) 
Polyamine content in WI-38 cells treated with CH223191 for 48 hours. Data represent the average ± SEM of 3 independent experiments. *P < 0.05 and  
**P < 0.001, by 2-tailed Student’s t test. AZI, AZIN1 ; CYP, CYP1a1; ODC, ODC1; TiP, TiPARP; Spd, spermidine; Put, putrescine; Spm, spermine.
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polyamines in the media. CLF treatment increased the secretion 
of acetylated polyamines by approximately 2-fold (Supplemental 
Figure 2B), suggesting that this is another mechanism that con-
tributed to the rapid loss of the increased polyamines.

Polyamine depletion suppresses cell proliferation (3, 6). Thus, 
we assessed the proliferation of WI-38 cells in response to increas-
ing amounts of CLF and in the presence of CA-AHR overexpres-
sion or spermidine supplementation. Both treatments resulted in 
a 2.3- to 4.4-fold increase in the CLF IC50 (1.8 μM in control vs. 4.1 
μM in spermidine and 7.9 μM in CA-AHR; Figure 2H).

The above data, in conjunction with the notion that the CLF 
structure fits the broad description of AHR ligands (planar, aro-
matic, and hydrophobic molecules [refs. 16 and 48], and Supple-
mental Figure 2C), strongly suggest that CLF is an antagonist of 
AHR and polyamine biosynthesis.

CLF has been previously characterized as an inhibitor of 
the Kv1.3 channel (40, 76). Since WI-38 cells express detectable 
amounts of Kv1.3 (Supplemental Figure 2D), we investigated 
whether Kv1.3 inhibition could account, at least partially, for the 
observed effects. WI38 cells were treated with the established 
Kv1.3 inhibitor PSORA-4 (77), which was used in parallel with CLF 
in previous studies (40, 76). PSORA-4 did not cause any changes 
in AZIN1 or ODC1 levels (Supplemental Figure 2E), even at a dose 
of 40 μM, which is double that required for effective inhibition of 
Kv1.3 in several cell lines (40). Combined with the previous data, 
these experiments suggest that Kv1.3 inhibition is unlikely to be 
responsible for the polyamine-inhibiting and growth-suppressing 
functions of CLF in WI38 cells.

CLF treatment and AHR depletion affect similar pathways. To 
gain insights into the global transcriptome affected by genetic 
or pharmacological inhibition of AHR signaling, we performed 
RNA-sequencing (RAN-seq) in WI-38 cells treated with CLF or 
transduced with the shAHR constructs described above (Figure 
1, H–J). Differential expression (1.5–fold change [FC], adjusted P 
< 0.05) revealed a strong concordance between genes regulated 
by individual AHR-targeting shRNAs, suggesting limited off- 
target binding (Supplemental Figure 2F). Genes regulated by 
both shRNAs were compared with those coherently affected by 
CLF treatment. We detected a highly significant overlap between 
AHR- and CLF-regulated gene sets (Figure 3 and Supplemental 
Figure 2G), indicating that both treatments affect similar global 
expression patterns and pathways. This was further confirmed by 
gene set enrichment analysis (GSEA) of differentially expressed 
genes (DEGs) using the Molecular Signatures Database (MSigDB) 
(http://www.broadinstitute.org/gsea/msigdb/index.jsp) (78, 79) 
Gene lists were then cross-referenced for enrichment of Gene 
Ontology (GO) gene sets for GO biological processes and GO 
molecular functions. All pathways that were affected by AHR 
depletion or CLF treatment with a FDR below 0.1 were analyzed, 
and a strong overlap in the enrichment groups was detected (Sup-
plemental Figure 3 and Supplemental Table 2; hypergeometric test 
P = 1.73 × 10–86). Altogether, these data indicate that AHR deple-
tion and CLF treatment affect similar pathways and confirm that 
both of them suppress AZIN1 and ODC1.

CLF suppresses AZIN1, ODC1, and polyamine levels in MM. AHR 
has been demonstrated to possess tumor suppressor (25, 26) or 
oncogenic (27, 28, 80) functions, depending on the tumor type. We 

We transfected HEK293FT cells with the XRE-luc vector and 
treated them with increasing concentrations of BaP, which result-
ed in a dose-dependent increase in luciferase activity that was 
blunted by concomitant treatment with either CH223191 or CLF 
(Figure 2D), indicating that CLF inhibits AHR signaling.

Next, we used an established EMSA-based approach with 
cytosolic fractions of mouse hepatoma (Hepa 1c1c7) cells, as under 
these experimental conditions murine AHR is more stable than 
the human counterpart (55). Cytosolic extracts were preincubat-
ed with the canonical AHR ligand 2,3,7,8-tetrachlorodibenzo-p- 
dioxin (TCDD) (16, 48) in the presence of increasing amounts 
of CH223191 or CLF, and the ability of AHR to bind DNA was 
assessed using a biotinylated double-stranded probe containing a 
single XRE motif. We found that both CH223191 and CLF were 
able inhibit TCDD-induced AHR-oligonucleotide complex forma-
tion in a dose-dependent manner (Figure 2E), suggesting that CLF 
can prevent the binding of AHR to DNA. At the same time, CLF 
did not seem to interfere with TCDD-induced AHR binding to its 
dimerizing partner ARNT, but it reduced basal AHR-ARNT com-
plex formation, as evidenced by co-IP experiments in WI-38 cells 
(Supplemental Figure 1C). Although the exact mechanisms are 
unknown, this could be due to an increased retention of AHR in an 
inactive state through enhanced binding with the hsp90 complex.

CLF treatment reduced, in a dose-dependent manner, the 
binding of AHR to the promoters of CYP1a1, AZIN1, and ODC1 
(Supplemental Figure 1D). Furthermore, we performed ChIP 
assays in WI-38 control cells, WI-38 cells treated with CLF, or 
WI-38 cells transduced with AHR-specific shRNAs with antibod-
ies against RNA polymerase II (RNApol II), histone H3 acetylated 
at lysine 9 (H3K9AC, a marker of actively transcribed chromatin), 
and histone H3 trimethylated at lysine K27 (H3K27Me3, a marker 
of repressive chromatin and primers flanking the promoter regions 
described in Figure 1D). CLF treatment and AHR knockdown (KD) 
concordantly reduced the ability of RNApol II to bind to these pro-
moters, as compared with the control. Concomitantly, the levels of 
H3K9AC and H3K27Me3 were decreased and increased, respec-
tively, at the studied promoter regions (Supplemental Figure 1E).

CLF-mediated inhibition of AHR signaling in WI-38 cells 
decreased the transcription of the AHR targets CYP1a1 and 
TiPARP as well as AZIN1 and ODC1 (Figure 2F), as was observed 
with CH223191 treatment (Figure 1K). This was also accompanied 
by reduced levels of all 3 polyamines (Figure 2G). Loss of the high-
er polyamines in such a short amount of time suggests that poly-
amine catabolism may also be increased. The 2 major enzymes 
of polyamine catabolism are spermine oxidase (SMOX), which 
converts spermine into spermidine (71, 72), and spermidine/ 
spermine N1-acetyltransferase 1 (SSAT), which acetylates sper-
mine and spermidine, inducing their export from the cell (73, 74). 
We found that SMOX protein levels were slightly increased by CLF 
treatment at the 48-hour time point (Supplemental Figure 2A). It 
is well accepted that SMOX levels and activity are directly pro-
portional (71, 72); thus, these data suggest that oxidation of sper-
mine is slightly increased in response to CLF. The SSAT protein 
is extremely unstable and cannot be detected by immunoblotting 
unless stabilized by high amounts of polyamines or, pharmacolog-
ically, by selective polyamine analogs (75); thus, as a readout for 
SSAT levels and activity, we measured the amount of acetylated 
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Figure 2. CLF is an AHR antagonist. (A) Extracts of WI38 cells treated for 2 hours with increasing concentrations of CLF, Har, or FF probed in the immu-
noblot for AZIN1 and ODC1. (B) Cytoplasmic and nuclear fractions of WI38 cells treated for 2 hours with DMSO, 4 μM CLF, or 20 μM CH223191 resolved in 
the immunoblot and probed for AHR. Tubulin and TBP were used as positive controls. Quantification of band intensity was performed with ImageJ (NIH). 
(C) WI38 cells treated as in B and immunostained for AHR (red), DNA (Hoechst-33342, blue), and actin (phalloidin, green). Images are representative of 2 
independent experiments. Scale bars: 20 μm. (D) Luciferase activity assay of HEK293FT cells transduced with XRE-luc, with increasing concentrations of 
BaP and DMSO, 4 μM CLF, or 20 μM CH223191. Data represent the average ± SEM of 2 independent experiments performed in duplicate. (E) Cytosolic frac-
tions of Hepa 1c1c7 cells preincubated with vehicle or 16 nM TCDD and increasing concentrations of CLF or CH223191, and then incubated with XRE-contain-
ing biotinylated oligonucleotides and resolved on native gels. Protein-DNA complexes were visualized with a chemiluminescence system. (F) RNA from 
WI-38 cells treated for 2 hours with DMSO or 4 μM CLF probed in qRT-PCR with the indicated primers and probes. Data represent the average ± SEM of 3 
independent experiments performed in triplicate. (G) Polyamine content in WI38 cells treated with 4 μM CLF for 48 hours. Data represent the average ± 
SEM of 5 independent experiments. *P < 0.05 and **P < 0.001, by 2-tailed Student’s t test. (H) Proliferation of WI38 cells expressing empty vector (Ctrl) or 
CA-AHR, with increasing concentrations of CLF over time. Control cells were supplemented with 10 μM spermidine and 1 mM aminoguanidine. IC50 values 
were determined using GraphPad Prism. Data represent the average of 2 experiments performed in quadruplicate. **P < 0.001, by extra sum-of-squares F 
test using GraphPad Prism.
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analyzed AHR expression in relation to patient survival in 26 differ-
ent cancer data sets (see Methods). AHR levels were significantly 
associated with survival in 5 of the 26 cohorts (Supplemental Figure 
4A). In esophageal carcinoma (ESCA) and kidney renal clear-cell 
carcinoma (KIRC), higher levels of AHR were linked to increased 
survival rates. In MM, cervical squamous cell carcinoma and cer-
vical and endocervical cancers (CESCs), and glioblastoma multi-
forme (GBM), AHR levels were instead inversely correlated with 
survival (Figure 4A and Supplemental Figure 4A). Thus, AHR inhi-
bition in the latter 3 malignancies would potentially be beneficial.

We decided to test this hypothesis in MM, an incurable malig-
nancy of bone marrow–resident plasma cells (32), as we already 
gained extensive experience with this tumor type (81–88). Since 
our previous data revealed that AHR controls polyamine biosyn-
thesis, we decided to assess the degree to which polyamine bio-
synthesis gene expression correlates with patient survival. To this 
end, we created a polyamine biosynthesis score by summing the 
expression levels of the signature enzymes for polyamine biosyn-
thesis (AZIN1, OAZ1, OAZ2, ODC1, SMS, SRM, and AMD1) as 
previously described for a different gene expression set (89). We 
analyzed patient survival in relation to this score. Similar to what 
we observed for AHR (Figure 4A), patients with a high polyamine 
biosynthesis score had poorer survival compared with patients 
with a low score (Supplemental Figure 4B), underlining the impor-
tance of polyamine biosynthesis in MM pathogenesis.

We selected 3 human MM cell lines (MM.1S, RPMI-8226, and 
U266) for further studies. All 3 cell lines expressed similar levels 
of AZIN1 and ODC1, however, unlike MM.1S and RPMI-8226, the 
U266 cells did not express AHR protein (Figure 4B). Correspond-

ingly, we found that CLF treatment resulted in decreased AZIN1 
and ODC1 protein levels in MM.1S and RPMI-8226 cells, but not 
in AHR-negative U266 cells (Figure 4C). Additionally, while all 3 
cell lines expressed Kv1.3 (Supplemental Figure 2D), inhibition of 
Kv1.3 with PSORA-4 did not change AZIN1 or ODC1 levels in any 
of the cell lines (Supplemental Figure 4C).

As with WI-38 cells, shRNA-mediated depletion of AHR or 
overexpression of CA-AHR in MM.1S and RPMI-8226 cells led to, 
respectively, a reduction or induction of AZIN1 and ODC1 mRNA 
and protein levels (Figure 4, D and E). In both cell lines, CLF treat-
ment reduced the levels of all 3 polyamines (Supplemental Figure 
4C), which was accompanied by a decrease in cell proliferation 
rates, as was seen with AHR depletion (Supplemental Figure 4E). 
Ectopic expression of CA-AHR induced all 3 polyamines in MM.1S 
and RPMI-8226 cells (Figure 4F) and completely (MM.1S) or par-
tially (RPMI-8226) rescued CLF-induced polyamine depletion 
(Supplemental Figure 4D). CLF-inhibited proliferation in both cell 
lines was partially rescued by CA-AHR overexpression or spermi-
dine supplementation (as evidenced by a 1.7- to 2.4-fold increase 
in the CLF IC50 in cells treated with spermidine or overexpress-
ing CA-AHR) (Figure 4, G and H). At the highest concentration, 
CLF caused a modest increase in cell death, which was rescued by 
spermidine supplementation or CA-AHR expression (Supplemen-
tal Figure 4F). CLF treatment did not cause any change in SMOX 
levels in either cell line (Supplemental Figure 5A) but did induce 
acetylated polyamines secretion (Supplemental Figure 5B, mea-
sured for 8226 cells).

shRNA-mediated depletion of AHR also caused a modest 
increase in cell death (from 10% to ~25% to 30%, Supplemental 
Figure 5C), as was seen with CLF treatment (Supplemental Figure 
4F). Importantly, ectopic expression of CA-AHR, AZIN1, or ODC1 
had a protective effect (Supplemental Figures 5, D–G).

The CLF/AHR axis was further confirmed in 2 additional 
AHR-expressing MM cell lines (ARH-77 and KMS-11, Supplemen-
tal Figure 5, H–J). Addiction to c-MYC in MM has been previously 
reported (90, 91). ODC1 is a classical MYC target (8, 9), thus, we 
decided to test whether AHR regulation would also affect MYC. 
We treated MM.1S, 8226, and KMS-11 cells with CLF for 4 hours 
and assessed the levels of MYC and ODC1 (as a control for CLF 
treatment) by immunoblotting. At this time point, we found that 
ODC1 levels were substantially depleted by CLF, however MYC 
levels were unaltered. Furthermore, treatment of MM.1S and 
8226 cells with CH223191 did not cause any change in MYC levels, 
whereas CYP1a1 levels were substantially depleted (Supplemen-
tal Figure 5L). These results strongly suggest that AHR effects on 
ODC1 levels are MYC independent.

To confirm that genetic and pharmacological inhibition of 
AHR affects overlapping pathways in MM cells as it does in WI38 
cells, we performed RNA-seq comparison of MM.1S, depleted of 
AHR or treated with CLF, and differential expression analysis (FC 
= 1.5, adjusted P < 0.05). As with WI-38 cells (Figure 3 and Supple-
mental Figures 2 and 3), the list of genes affected by AHR deple-
tion or CLF treatment in MM cells also significantly overlapped 
(Supplemental Figure 6, A and B). Unbiased GSEA pathway anal-
ysis revealed a strong concordance in the pathways affected by 
each treatment (Supplemental Figure 7 and Supplemental Table 3; 
hypergeometric test P = 9.79 × 10–13).

Figure 3. CLF and AHR work in overlapping pathways. Volcano plot of 
differentially expressed genes in CLF-treated and AHR-KD WI38 cells. A 
FC of 1.5 and a P < 0.05 threshold were applied. Black dots indicate no 
significance, blue dots indicate genes that changed significantly only with 
CLF treatment, and orange dots indicate genes that changed significantly 
with both CLF treatment and AHR KD.
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BTZ shows high clinical efficacy in patients with MM; how-
ever, the occurrence of drug-resistant relapses is a common 
event (33). We selected BTZ-resistant (BTZ-R) cell populations, 
which showed no sensitivity to 6 nM BTZ (MM.1S) or 3 nM BTZ 
(RPMI-8226), whereas a 24-hour treatment with the same doses 
caused approximately 30% death of the corresponding parental 
cells. A dose of CLF that caused approximately 30% death of the 

parental cells also affected the viability of BTZ-R cells, albeit to 
a slightly lesser degree (Figure 4, I and J), suggesting that resis-
tance to BTZ does not make MM cells less sensitive to CLF, at 
least not in vitro.

Thus, in MM cells, AHR functions as an important transcrip-
tional activator of the polyamine biosynthetic pathway, whereas 
CLF antagonizes this activation.

Figure 4. CLF inhibits polyamines in MM cells. 
(A) Survival distribution of patients with MM 
(GEO GSE4581, https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi), separated by AHR expression 
levels. The cohort consisted of 256 patients, 64 
of whom were classified as “high AHR” (average 
expression value = 340.14) and 192 as “low AHR” 
(average expression value = 27.45). Statistical 
analysis was performed with a log-rank test. 
(B) Cell extracts of the human MM cells MM.1S, 
RPMI-8226, and U266 were probed by immu-
noblotting with the indicated antibodies. (C) 
Cell extracts as in B were treated for 2 hours 
with 2 μM CLF and probed by immunoblotting. 
Quantification of band intensity was performed 
with ImageJ. (D) Extracts of MM.1S and 8226 cells 
were transduced with control shRNA (Ctrl-sh) 
or 2 independent shRNA against AHR (sh3 and 
sh4) and probed by immunoblotting with the 
indicated antibodies. (E) Extracts of MM.1S and 
8226 cells transduced with empty vector (Ctrl) or 
CA-AHR were probed by immunoblotting as in D. 
Quantification of band intensity was performed 
with ImageJ. (F) Polyamine content in MM.1S and 
8226 cells transduced with control or CA-AHR. 
Data represent the average ± SEM of 4 (MM1.S) 
or 2 (RPMI-8226) independent experiments. 
Cell proliferation of MM.1S (G) or 8226 (H) cells 
transduced with control or CA-AHR and treated 
for 48 hours with increasing concentrations of 
CLF. Control cells were supplemented with 10 
μM spermidine and 1 mM aminoguanidine. IC50 
values were determined using GraphPad Prism. 
Viability of MM.1S (I) or RPMI-8226 (J) cells (WT 
or resistant to BTZ-R) treated with the indicated 
drugs and doses for 24 hours. Data represent the 
average ± SEM of 2 experiments performed in 
duplicate. *P < 0.05 and **P < 0.001 compared 
with the untreated control, by 2-tailed Student’s 
t test (F, I, and J) and sum-of-squares F test with 
GraphPad Prism (G and H).
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in which c-MYC expression is sporadically activated in B cells, 
causing the spontaneous development of MM with dynamics 
and features that closely recapitulate those observed in human 
MM patients (88, 92). Of note, among more than 30 drugs that 
have been evaluated in clinical trials for MM, 73% of those that 
induced a response in the Vk*MYC model have been approved for 
use in the treatment of patients (87, 93)

In a pilot experiment, mice with similar disease burdens (as 
measured by serum IgG secretion levels; see Figure 6A, week 0) 
were randomized into 1 of 2 groups and treated with either vehi-
cle in PBS or CLF, as described above. Blood was collected every 
7 days to assess IgG levels by ELISA. After 2 weeks of treatment, 
the CLF-treated mice displayed a significantly decreased disease 
burden (as evidenced by IgG secretion) (Figure 6A).

To further compare the effects of CLF and BTZ, mice with 
similar disease burdens were selected for a second experiment 
and randomized into 3 treatment groups (PBS, CLF, or BTZ treat-
ment). Blood was collected every 7 days to assess IgG levels and 
M-spike by serum protein electrophoresis (SPEP, another indica-
tor of disease burden) (88). As a single agent, we found that CLF 
was as effective as BTZ at reducing disease burden in mice, as evi-
denced by both assays (Figure 6B and Supplemental Figure 9).

Cumulatively, our data demonstrate a role for AHR activation 
in MM proliferation and survival and suggest that CLF could be an 
efficient therapeutic intervention for MM patients with detectable 
levels of AHR, setting the foundation for new studies in this area.

CLF suppresses MM in vivo. To test whether CLF possesses anti-
MM efficacy, we first evaluated its effect on MM cell xenografts 
growing in immunocompromised mice. MM.1S cells were inocu-
lated in both flanks of SCID mice. When the tumors reached a vol-
ume of 100 mm3, the animals were randomized into 2 groups and 
treated with daily i.p. injections of either vehicle or CLF (10 mg/
kg). We detected no signs of toxicity or distress using this CLF treat-
ment regimen, in agreement with previously reported data (40, 41). 
Tumor volume was measured every 5 days over a 3-week period, at 
which point the animals in the control group were sacrificed. CLF 
treatment significantly reduced tumor growth on MM.1S xenografts 
(Figure 5A and Supplemental Figure 8A). We analyzed 6 tumors per 
group by immunoblotting and found overall suppression of ODC1 
and AZIN1 in the CLF group compared with the control group, as 
well as downregulation of CYP1a1 expression (Figure 5B). Converse-
ly, we observed that xenografts of MM.1S cells ectopically expressing 
CA-AHR were resistant to treatment (Supplemental Figure 8B).

To compare the efficacy of CLF and BTZ, MM.1S and RPMI-
8226 cells were inoculated into SCID mice, which were random-
ized for treatment as described above, with the inclusion of a BTZ 
treatment group as a positive control (1 mg/kg, biweekly i.p. injec-
tions) (81, 87). Tumors were measured as described above. Impor-
tantly, in both MM1.S- and RPMI-8826–derived xenografts, we 
found that CLF and BTZ had similar efficacy (Figure 5, C and D).

Next, we evaluated the in vivo effects of CLF in the Vk*MYC 
mouse model system, an immunocompetent transgenic model 

Figure 5. CLF inhibits MM xenograft growth. (A) MM.1S cells were inoculated s.c. into both flanks of 4- to 6-week-old female SCID mice. The animals were 
randomized into 2 groups (6 animals/group) and treated with daily i.p. injections of vehicle in PBS or CLF (10 mg/kg). Tumor volumes were recorded every 
5 days. *P < 0.05, by 2-tailed Student’s t test. (B) Protein extracts from 6 tumors/group from A were resolved by immunoblotting and probed for CYP1a1, 
AZIN1, or ODC1. Growth of MM.1S (C) or RPMI-8226 (D) cell xenografts was monitored as in A. Animals were randomized into 3 treatment groups: PBS, 
CLF, or BTZ (1 mg/kg, biweekly i.p. injections). Tumor measurement distributions were tested for normality by Shapiro-Wilk test, and the significance of 
individual comparisons (treated/untreated) were determined by Student’s t test with Bonferroni’s correction.
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either tumor suppressor (25, 26) or oncogenic (27–31, 80) functions. 
This duality is also supported by our own analysis of patient data-
bases (Figure 4A and Supplemental Figure 4A). Accordingly, both 
pharmacological activation and suppression of AHR have been 
attempted. AHR activation with drugs such as 6-alkyl-1,3,8-tri-
chlorodibenzofuran (6-MCDF) (98) and its derivatives, benzothi-
azoles (99), and aminoflavones (61) has been tested in malignan-
cies in which AHR acts as a tumor suppressor. In particular, the 
prodrug of the AHR agonist aminoflavone (AFP464) was included 
in 2 trials for the treatment of breast cancer (59); however, these 
trials were terminated before completion or withdrawn.

Conversely, although AHR inhibitors have not been tested 
as anticancer agents per se, the selective purine analog and AHR 
antagonist StemRegenin 1 was used in clinical trials to promote 
the expansion of umbilical cord blood cells for transplantation into 
hematological malignancies (62, 63). However, these trials were 
also withdrawn, thus leaving a void in the clinical inhibition of AHR.

Several lines of evidence argue that CLF is a potent and clin-
ically relevant inhibitor of AHR. First, the CLF structure (Supple-
mental Figure 2C) resembles that of common AHR ligands, which 
are planar, aromatic, and hydrophobic molecules (16, 48). Second, 
CLF prevents AHR nuclear translocation (Figure 2, B and C), sup-
presses ligand-induced AHR-dependent transcription (Figure 
2D), and inhibits AHR binding to XRE-containing DNA in vitro 
(Figure 2E). Consistent with the idea that AHR is a major target of 
CLF, ectopic expression of CA-AHR was able to rescue MM cells 
from the antiproliferative effects of CLF (Figure 2H and Figures 4, 
G and H). Additionally, comparison of RNA-seq profiles showed a 

Discussion
Polyamines are small cationic molecules that control multiple 
cellular phenotypes. Cancer cells have been reported to require 
high polyamine levels (2, 5, 6, 94, 95), thus polyamine inhibition 
has been suggested as a way to inhibit tumor cells, with minimal 
effects on normal tissues. Currently, several polyamine-suppress-
ing strategies are being pursued, including the development of 
polyamine analogs and promoters of polyamine export, although 
these strategies are not yet used in the clinic (2, 6, 94).

Despite the vast knowledge of the function of polyamines in 
cells, surprisingly little is known about their transcriptional reg-
ulation. The only 2 transcription factors that have been shown to 
regulate the transcription of ODC1, which encodes for the first 
rate-limiting enzyme in polyamine biosynthesis, are MYC (8–10) 
and SP1 (11). Bona fide transcription factors regulating expression 
of the AZIN1 gene are unknown.

Here, we report that AHR directly controls the transcription of 
both ODC1 and AZIN1 to support polyamine production (Figure 
1). Our findings open the possibility of simultaneous targeting of 
ODC1 and AZIN1 through AHR inhibition. This 2-point leverage 
approach could represent a significant therapeutic innovation by 
reducing the ability of tumor cells to compensate for the reduction 
in intracellular polyamine. Additionally, while ODC1 inhibition 
has been previously pursued (i.e., with the irreversible inhibitor 
D,L-α-difluoromethylornithine [DFMO]) (2, 96, 97), to our knowl-
edge, targeting of AZIN1 has never been attempted before.

The role of AHR in cancer progression appears to be tumor-
type specific, as in different malignancies it has been assigned 

Figure 6. CLF suppresses MM burden. (A) 12 Vk*Myc mice with similar disease burdens (day 0) were randomized into 2 groups and treated with vehicle 
in PBS or CLF (10 mg/kg). Mice were bled once a week, and total murine IgG levels were determined by ELISA. Statistical significance was determined by 
2-tailed Student’s t test. (B) Nine Vk*Myc mice with similar disease burdens were randomized into 3 treatment groups: PBS, CLF, or BTZ (1 mg/kg, biweek-
ly i.p. injections). Total murine IgG levels were determined as in A. Statistical significance was determined by 1-way ANOVA.
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0.87 mg/kg for humans (105), which is well within the FDA rec-
ommendations of 100 mg/day and thus supports the feasibility 
of CLF as a therapy for MM. Most important, unlike existing anti-
MM drugs including BTZ, CLF is well tolerated, with minimal side 
effects in patients (67, 106–110).

In future studies, it will be important to evaluate the role of 
AHR in the etiology of MM by crossing AHR–/– mice with Vk*MYC 
mice, as AHR–/– mice are protected from the procarcinogenic 
effects of several AHR ligands such as TCDD and BaP (56, 111). 
Additionally, since our data indicated that CLF, at least in vitro, is 
able to induce cell death in MM cell lines resistant to BTZ (Figure 
4, I and J), it will be essential to establish whether CLF can over-
come therapy resistance in vivo as well.

Overall, our study builds upon the fundamental discovery of 
a novel AHR/polyamine biosynthesis signaling pathway and pro-
vides actionable insights into an anticancer strategy that opens a 
new niche for an existing medication.

Methods
Cell lines. HEK293FT cells were obtained from Clontech (Takara 
Bio); Phoenix-AMPHO cells were a gift of Andrei Bakin (Roswell Park 
Comprehensive Cancer Center); human MM MM.1S, RPMI-8226, 
U266, ARH-77, and KMS-11 cells and human lung fibroblast WI-38 
and mouse hepatoma Hepa 1c1c7 cells were obtained from American 
Type Culture Collection (ATCC). HEK293FT, Phoenix, and WI-38 
cells were cultured in DMEM (Invitrogen, Thermo Fisher Scientific) 
supplemented with 10% FBS, 2 mM glutamine, and penicillin-strep-
tomycin antibiotics. Hepa 1c1c7 cells were cultured in MEM-α without 
nucleosides (Invitrogen, Thermo Fisher Scientific) supplemented with 
10% FBS, 2 mM glutamine and penicillin-streptomycin antibiotics. 
MM cells were cultured in RPMI (Invitrogen, Thermo Fisher Scien-
tific) supplemented with 10% FBS, 2 mM glutamine, 10 mM HEPES 
(pH 7.4), nonessential amino acids, 1 mM sodium pyruvate, and pen-
icillin-streptomycin antibiotics. BTZ-R cell lines (MM.1S-BTZ-R and 
RPMI-8226-BTZ-R) were generated by culturing in the presence of 
increasing concentrations of BTZ (from 1 nM to 3 to 6 nM) for over 
4 months; media and BTZ were replenished every 2 to 3 days. Resis-
tant cells were maintained in media containing BTZ. All cell lines were 
recently authenticated and verified for being mycoplasma free using a 
MycoAlert Mycoplasma Detection Kit (Lonza, catalog LT07-318).

Antibodies and other reagents. Mouse monoclonal antibodies 
against AHR (A-3; SC-133088), ARNT (A-3; SC-17811), c-MYC (C-33; 
SC-42), and ODC1 (E-6; SC-398116), as well as normal mouse IgG 
antibodies (SC-2025), were from Santa Cruz Biotechnology. Rabbit 
polyclonal antibodies against AZIN1 (11548-1-AP) and SMOX (15052-
1-AP) and HRP-conjugated β-actin (HRP-60008) and GAPDH (HRP-
60004) antibodies were from the Proteintech Group. Mouse mono-
clonal antibodies against CYP1a1 (MA5-17063) and TBP (MA1-189) 
were from Thermo Fisher Scientific. Mouse monoclonal antibody 
against α-tubulin (T6074, clone B-5-1-2) was from Sigma-Aldrich. 
The ChIP-grade antibodies H3K9ac (ab4441), H3K27me3 (ab6002), 
and RNAPol-II (ab26721) were from Abcam. Alexa 488–conjugated 
(green) phalloidin was from Molecular Probes. Alexa 568–conjugated 
(red) goat anti-mouse antibody was from Invitrogen, Thermo Fisher 
Scientific. Hoechst-33342 was from Sigma-Aldrich. CLF, PSORA-4, 
BaP, TCDD, CH223191, and FF were from Sigma-Aldrich, Har was 
from Santa Cruz Biotechnology, and BTZ was from Selleckchem, and 

significant overlap in pathway regulation via CLF or genetic inhi-
bition of AHR (Supplemental Figures 3 and 7 and Supplemental 
Tables 2 and 3). As CLF is already being used as an anti-leprosy 
drug, it could represent the first AHR inhibitor to be fully approved 
for use in humans.

The potential of CLF as an antitumor drug has been previous-
ly explored, and its effects in cultured cells and tumor xenografts 
have been attributed to its ability to either inhibit the Kv1.3 potas-
sium channel (40–42), interfere with the Wnt signaling pathway 
(43), or enhance the activity of phospholipase A2 (44). At least 
some of these effects may be explained by CLF-dependent inhibi-
tion of polyamines, as polyamines have been previously shown to 
inhibit the activity of phospholipases A2 and C (100).

Intriguingly, Durusu et al. (42) have shown that CLF induc-
es cell death in the MM cell line U266, in which we observed no 
detectable effect, presumably because of the lack of AHR expres-
sion. This discrepancy is most likely due to the CLF dosage used 
in the former study, which was 5 times greater than the one used 
here (10 μM vs. 2 μM).

Elevated levels of AHR or its constitutive activation were 
detected in several blood malignancies, including MM (34–36, 
101–103). Moreover, publically available gene expression data 
sets (GSE4581: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) 
revealed that higher levels of AHR are associated with poor sur-
vival of patients with MM (Figure 4A), supporting the hypothesis 
that AHR may act as a MM oncogene and that its targeting may be 
beneficial for MM patients.

This hypothesis is also consistent with our published data indi-
cating that MM cells actively generate AHR ligands via induction 
of the expression of indoleamine 2,3-dioxygenase (IDO) from 
myeloid DCs in the MM microenvironment (83). Specifically, 
CD28 receptors expressed on MM cells interact with CD80 and 
CD86 on DCs to induce IDO, which catalyzes the conversion of 
tryptophan into kynurenine (a natural ligand for AHR) (104). Both 
kynurenine-mediated AHR activation and CD28 engagement pro-
mote prosurvival signaling in MM cells. Moreover, IDO activation 
has been shown to induce the suppression of anti-myeloma T cell 
responses (84, 86, 104). Thus, MM might be particularly depen-
dent on AHR activation for survival.

Vk*MYC mice are an immunocompetent model of sponta-
neously arising myeloma, in which the actual bone marrow micro-
environment is involved in the sustainment of the malignancy, sim-
ilar to what naturally occurs in the human disease (88, 92). Thus, 
impairment of AHR signaling, as caused by CLF treatment, may 
result in both intrinsic and extrinsic effects: inhibition of polyamine 
biosynthesis and disruption of MM–bone marrow microenviron-
ment interactions, respectively. Additional studies will be required 
to fully delineate the mechanism of anti-MM activity of CLF.

The role of polyamines in MM has been largely understudied. 
Recently, Carew et al. (37) targeted MM cell lines with a polyamine 
analog (CGC-11093), but the drug achieved only modest results as 
single agent, although it significantly enhanced the action of BTZ. 
Interestingly, BTZ was able, on its own, to suppress polyamine lev-
els; however, the molecular mechanisms behind this observation 
have not been fully explored (37).

It is worth noting that the dose used to treat mice in the pres-
ent study (10 mg/kg) would approximately translate into a dose of 
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Hs-CYP1a1 Hs01054797_g1; Hs-AZIN1 Hs00210634_m1; Hs-TiPARP, 
forward, 5′-CTCGTGTTTGAGCTGGTGAA-3′; Hs-TiPARP, reverse, 
5′-ACACGTTCATGGCATTCAAA-3′; Hs-ODC1, forward, 5′-TTTTG-
GACGGGCGAAAGAG-3′; Hs-ODC1, reverse, 5′-TCAAAAACACAGC-
GGGCATC-3′; Hs-RPS20, forward, 5′-AAGGATACCGGAAAAACAC-
CC-3′; and Hs-RPS20, reverse 5′-TTTACGTTGCGGCTTGTTAGG-3′. 
PCR data were analyzed using QuantStudio Real-Time PCR Software 
(Thermo Fisher Scientific).

ChIP. Interactions between AHR and the AZIN1 and the ODC1 pro-
moters were assessed as previously described (115). The following prim-
ers were used for analysis of AHR binding to DNA: AZ1 no. 1, forward, 
5′-AGGGTGGTCTTGATCTCTTGAC-3′, reverse, 5′-GGGAGAAT-
TCTGGAGCCATAAAC-3′; AZ1 no. 2, forward, 5′-CTCAGGACCTTC-
GGGCGG-3′, reverse, 5′-CCCCGCTCCATTCATAACCA-3′; ODC1, 
forward, 5′-ATCGTGGCTGGTTTGAGCTG-3′, reverse, 5′-TACAG-
GAGGGACTGACAAAGC-3′; CYP1a1, forward, 5′-CAGGGCTGGG-
GTCGCAGCGCTTCT-3′, reverse, 5′-GCTACAGCCTACCAGGACTC-
GGCAG-3′; and GMPR, forward, 5′-AGCAATTCTTCTGCCTCAGC-3′, 
reverse, 5′-TGGCTAACACAGTGAAACCC-3′.

Dual luciferase reporter assay. AZIN1 and ODC1 promoter regions 
containing putative AHR binding sites, as well as the ODC1 promoter 
including the MYC binding sites (either WT or mutated) were syn-
thesized by Genscript and subcloned into the pGL3 promoter (AZI1 
no. 1 and (AZI1 no. 2) or pGL3 basic (ODC1) plasmids (Promega). The 
XRE-luc plasmid was from Promega. The constructs were mixed with 
pRLSV40 plasmid expressing the Renilla luciferase gene (Promega). 
HEK293FT cells were transfected with the plasmid mixtures using 
LipoD293 (SignaGen Laboratories). Where indicated in the text and 
figure legend, CA-AHR was added to the plasmid mix, or cells were 
treated with increasing concentrations of BaP. Forty-eight hours 
after transfection (24 hours after BaP treatment), firefly luciferase 
and Renilla signals were detected using a Dual-Luciferase Assay Kit 
(Promega). Firefly luciferase signals were normalized to correspond-
ing Renilla signals.

Proliferation assay. WI-38 cells were seeded in 96-well plates and 
treated with the drugs and doses indicated in the text and figure leg-
end. At the indicated time point, cells were fixed and stained in 0.5% 
methylene blue in methanol/water (50:50) and solubilized in 1% SDS 
in PBS. The optical density of solutions was determined using a Spec-
traMax fluorimeter at 650 nm. The experiments were performed in 
quadruplicate. MM cells were seeded at 2 × 105 cells/ml in 12-well 
plates and treated with the indicated drugs and doses. Cell prolifera-
tion was assessed by live cell counts with trypan blue exclusion, per-
formed in duplicate.

Ultra-performance liquid chromatography analyses of polyamines. 
Ultra-performance liquid chromatographic analyses of polyamines 
were carried out with adjustments to previously described methods 
(116). Acetylated polyamines were extracted from media as previous-
ly described (116). Alterations were made to the flow rate, gradient, 
and column as indicated below and as previously described (89). All 
polyamine measurements were done using an ACQUITY UPLC BEH 
Shield RP18 (1.7 μm 2.1 × 100 mm) column with a RP18 VanGuard 
Pre-column (130 Å, 1.7 μm, 2.1 mm × 5 mm) on an ACQUITY UPLC 
machine (all from Waters) in the Bioanalytics, Metabolomics, and 
Pharmacokinetics Core Facility at Roswell Park Comprehensive Can-
cer Center. A constant flow rate was held at 0.17 ml/min. Dancylat-
ed polyamines were eluted with a linear gradient from 100% buffer 

all were dissolved in DMSO. Aminoguanidine and DFMO were from 
Sigma-Aldrich and dissolved in water; spermidine (0.1 M solution) 
was from Sigma-Aldrich.

Immunoblotting. Whole-cell extracts were prepared and analyzed 
as previously described (81, 112–114). Cytosolic and nuclear fractions 
were prepared with the Subcellular Protein Fractionation Kit (Thermo 
Fisher Scientific) according to the manufacturer’s recommendations. 
Signal quantification was performed with ImageJ (NIH).

Immunoprecipitation assay. WI-38 cells were treated with drugs for 
30 minutes and then lysed on ice. Total lysate (500 μg) was precleared 
with A/G beads and incubated overnight at 4°C on a rotator in the 
presence of 10 μg mouse AHR or normal mouse IgG antibodies. A/G 
beads were added to the extracts for 3 hours, and the bound material 
was precipitated by centrifugation (800 g, 5 min, 4°C), washed once, 
and boiled in 2× Laemmli buffer. Equal volumes of IP materials were 
analyzed by immunoblotting.

EMSA. Aliquots of Hepa 1c1c7 cells cytosolic extracts were incu-
bated at room temperature (RT) for 2 hours in the presence of vehi-
cle control or 16 nM TCDD and increasing concentrations of CLF or 
CH223191. Extracts were then incubated for 20 minutes at RT with 
biotin (Btn) end-labeled oligonucleotides containing a single XRE 
binding motif and components of the Lightshift Chemiluminescent 
EMSA Kit (Thermo Fisher Scientific) according to the manufactur-
er’s instructions. Protein-DNA complexes were resolved on native 
6% polyacrylamide gels, transferred onto nylon membranes, and UV 
crosslinked. Membranes were probed with HRP-conjugated streptavi-
din and analyzed as above for immunoblotting. EMSA XRE: forward, 
5′ Btn-TGAGCTCGGAGTTGCGTGAGAAGAGCCG-3′; EMSA XRE: 
reverse, 5′ Btn- CGGCTCTTGTCACGCAACTCCGAGCTCA-3′.

Plasmids and infection. pCMVdeltaR8.2 and pCMV-VSV-G vec-
tors were from Addgene. The pLV-SV4-puro lentiviral vector was 
obtained from Peter Chumakov (Cleveland Clinic, Cleveland, Ohio, 
USA). pBabe-puro and the pBabe-puro-CA-AHR vectors were a gift 
of Andrei Bakin (Roswell Park Comprehensive Cancer Center) and 
Pedro Fernandez Salguero (Universidad de Extremadura, Bada-
joz, Spain), respectively. shRNAs against AHR were purchased 
from Sigma-Aldrich: shAHR no. 1_TRCN0000245285; shAHR no. 
2_TRCN000021256; shAHR no. 3_TRCN000021258; shAHR no. 
4_TRCN0000021254. Infections were performed as previously 
described (81, 112–114).

Fluorescence microscopy. WI-38 cells were grown on coverslips 
and treated with drugs for 2 hours. Cells were fixed in 4% paraformal-
dehyde in PBS, permeabilized with 0.05% Triton X-100 in PBS, and 
blocked in 3% milk in PBS. Cells were incubated for 1 hour with an 
anti-AHR antibody (1:500 dilution) and for 30 minutes with a fluores-
cent secondary antibody (1:500) at RT. Actin filaments were stained 
with phalloidin conjugated with Alexa 488 (green). DNA was visual-
ized with Hoechst-33342. Fluorescence images were captured using 
a Nikon TE2000-E inverted microscope equipped with a Roper Cool-
Snap HQ CCD camera and MetaVue software (Molecular Devices).

Quantitative real-time PCR. Total cellular RNA was isolated using 
the RNeasy Mini Kit (QIAGEN). cDNA was prepared using a cDNA 
Reverse Transcription Kit (Invitrogen, Thermo Fisher Scientific). Quan-
titative real-time PCR (qRT-PCR) was performed on a QS6 Fast Real-
Time PCR System (Thermo Fisher Scientific) using either SYBR Green 
Master Mix or TaqMan Master Mix (Invitrogen, Thermo Fisher Scien-
tific) and the following probes and primers: Hs-AHR Hs00907314_m1; 
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i.p. injections of BTZ (1 mg/kg). Disease burden was measured weekly 
for 3 consecutive weeks, after which the animals were sacrificed. None 
of the animals developed significant morbidity before the end of the 
study, and animals were coded so that the investigators were blinded 
to the treatment group until the experiment reached its endpoint.

ELISA. To measure disease burden in the Vk*Myc mouse mod-
el, total murine IgG was determined by ELISA (Bethyl Laboratories). 
Diseased mice were selected on the basis of having total IgG mea-
surements of more than 7 mg/ml. In brief, Nunc MaxiSorp 96-well 
plates (Thermo Fisher Scientific) were precoated with capture anti-
body in coating buffer for 1 hour at RT. Serum was diluted 1:100,000 
in sample diluent (Bethyl Laboratories) and plated following the 
manufacturer’s instructions.

Serum protein electrophoresis. Mice were bled once a week by tail 
grazing, and sera were analyzed by serum protein electrophoresis 
(SPEP) as described previously (88).

Statistics. Each experiment was performed independently at 
least twice, and the results are expressed, unless otherwise noted, as 
the average ± SEM of the independent experiments. Statistical anal-
ysis was performed using a 2-tailed Student’s t test, 1-way ANOVA, 
an extra sum-of-squares F test, log-rank test, or a hypergeometric 
test. A P value of less than 0.05 was considered statistically signifi-
cant for all analyses.

Study approval. All experiments in the present studies involving 
animals were reviewed and approved by the IACUC of the Roswell 
Park Comprehensive Cancer Center.
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A (55% 10 mM ammonium acetate at pH 4.4 and 45% HPLC grade 
acetonitrile) to 18% buffer A and 82% buffer B (100% acetonitrile) for 
6 minutes, which was then held for 3 minutes. By 10.6 minutes, the 
conditions returned to 100% buffer A, which also served to equilibrate 
the column for the next sample.

RNA-seq. Sequencing libraries were prepared with the TruSeq 
Stranded mRNA Kit (Illumina) from 500 ng total RNA following the 
manufacturer’s instructions. PCR-amplified libraries were pooled in 
an equimolar fashion, loaded into a 75-cycle NextSeq Reagent Car-
tridge, and single-end sequencing performed on a NextSeq 500 (Illu-
mina) following the manufacturer’s recommended protocol. Genome 
alignments and feature counting were performed at the Roswell Park 
Comprehensive Cancer Center’s bioinformatics shared resource. 
Expression count normalization and differential expression were 
determined using a standard DESeq2 workflow (117). Overlaps of DEG 
lists across comparisons were calculated by hypergeometric testing. 
All analyses were performed using R statistical software, version 3.4.2. 
Data were deposited in the NCBI’s Gene Expression Omnibus (GEO) 
database (GEO GSE117160).

Functional annotation of defined gene sets. Functional annotation 
for derived gene expression profiles was performed by GSEA using 
the MSigDB (http://www.broadinstitute.org/gsea/msigdb/index.jsp) 
(78, 79). Gene lists were cross-referenced for enrichment of GO gene 
sets specifically for GO biological processes and GO molecular func-
tions. Specifically, GSEA tools were used to assess the enrichment of 
all Broad Institute Hallmark pathways and curated pathway (KEGG) 
gene sets available through the MSigDB.

Generation of survival curves stratified on AHR expression. Data gen-
erated by TCGA Research Network (http://cancergenome.nih.gov/) 
and the GEO data set GSE4581 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi) were used to generate Kaplan-Meier curves. Briefly, 
within each cohort, patients’ AHR levels were labeled as either low 
or high as compared with the mean value in each cohort, and survival 
curves were generated.

Animal studies using a s.c. xenograft model. MM.1S and 8226 cells 
(5.0 × 106 cells/flank) were inoculated s.c. into both flanks of 4- to 
6-week-old female SCID mice (strain: C.B-Igh-1bIcrTac-Prkdcscid/
Ros, bred and maintained by the in-house transgenic mouse facili-
ty at the Roswell Park Comprehensive Cancer Center. When tumors 
reached a volume of 100 mm3, the animals were randomized into 2 
groups (6 animals/group) and treated with daily i.p. injections of vehi-
cle in PBS or CLF (10 mg/kg). Tumor volumes were recorded every 5 
days, and mice were sacrificed when the tumor volume reached 2 cm3 
or when a tumor became ulcerated. No animals were excluded from 
the study, since all animals developed palpable tumors of approximate-
ly 100 mm3  two to three weeks after s.c. inoculation of cells, and none 
of the animals developed significant morbidity before the end of the 
study. The animals were coded so that the investigators were blinded to 
the treatment group until the experiment reached its endpoint.

Animal studies using the Vk*Myc orthotopic model. Vk*MYC mice 
were a gift of P.L. Bergsagel (Mayo Clinic, Scottsdale, Arizona, USA) 
and were housed and bred at the Division of Laboratory Animal 
Resources (Roswell Park Comprehensive Cancer Center, Buffalo, 
New York, USA) in a pathogen-free barrier facility. When the animals 
reached a disease burden of at least 7 mg/ml total IgG, they were ran-
domized into 1 of 3 groups (3 animals/group) and treated with daily 
i.p. injections of vehicle in PBS or CLF (10 mg/kg), or with biweekly 
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