
STIMULUS REPORT

Leflunomide regulates c-Myc expression in myeloma cells through
PIM targeting

Ralf Buettner,1 Corey Morales,1 Enrico Caserta,1 Estelle Troadec,1 Emine G. Gunes,1 Domenico Viola,1 Jihane Khalife,1 Hongzhi Li,2

Jonathan J. Keats,3 Austin Christofferson,3 Xiwei Wu,4 Timothy W. Synold,5 Joycelynne Palmer,2 James F. Sanchez,1 Alexander Pozhitkov,2

Nagarajan Vaidehi,2 Guido Marcucci,6 Amrita Krishnan,1 Michael A. Rosenzweig,1 Flavia Pichiorri,1 and Steven T. Rosen1

1Department of Hematology and Hematopoietic Cell Transplantation, Judy and Bernard Briskin Center for Multiple Myeloma Research, Hematologic Malignancies and Stem
Cell Transplantation Institute, and 2Department of Computational and Quantitative Medicine, City of Hope, Duarte, CA; 3Integrated Cancer Genomics, Translational Genomics
Research Institute, Phoenix, AZ; and 4Integrative Genomics Core, Department of Molecular Medicine, Beckman Research Institute, 5Department of Cancer Biology, Beckman
Research Institute, and 6Department of Hematology and Hematopoietic Cell Transplantation, Gehr Family Center for Leukemia Research, Hematologic Malignancies and Stem
Cell Transplantation Institute, City of Hope, Duarte, CA

Key Points

• Teriflunomide, the active
metabolite of leflunomide,
downregulates c-Myc
expression through in-
hibition of PIM kinases.

• Leflunomide together
with lenalidomide signif-
icantly extended survival
in an in vivo MM model.

Introduction

Multiple myeloma (MM) is the second most common blood cancer and is the most common
hematologic malignancy in African Americans.1,2 c-Myc is a master oncogene in MM,3,4 and its
upregulation is a common feature of patients at diagnosis even in the absence of nonobvious c-Myc
genetic alterations.5 Despite its importance, developing effective and nontoxic strategies to target it have
been challenging.

The orally available, effective, nontoxic, and low-cost drug leflunomide (Lef) has been US Food and Drug
Administration–approved since 1998 for the treatment of the autoimmune disease rheumatoid arthritis.6

In vivo, Lef is rapidly metabolized into teriflunomide (Ter). Ter directly inhibits dihydroorotate
dehydrogenase, an enzyme involved in de novo pyrimidine biosynthesis, which plays a pivotal role in
supporting lymphocyte7 and cancer cell growth.8-10 Published studies have shown that dihydroorotate
dehydrogenase is expressed in MM cells and that Lef has significant anti-MM activity,8 but the addition of
the pyrimidine analog uridine only partially reverses this effect.8 Here we show that Lef directly inhibits
several kinases including the PIM family of serine/threonine kinases (PIMs) in MM cells, which impairs
c-Myc protein levels, causing cell growth inhibition and, in combination with lenalidomide (Len),
synergistic in vivo tumor regression.

Methods

Patient samples

Bone marrow and peripheral blood samples from MM patients or healthy donors were obtained under
a specimen banking protocol approved by the Institutional Review Board of City of Hope Medical
Center, in accordance with assurances filed with and approved by the US Department of Health and
Human Services and meeting all requirements of the Declaration of Helsinki.

Identification of direct teriflunomide targets using kinase screening assay

A final concentration of 200 mM Ter was tested against .600 kinases of a full kinase panel (Reaction
Biology, Malvern, PA) in duplicate in a radiometric assay based on conventional filter-binding assays,
which directly measures kinase catalytic activity, as described on the manufacturer’s Web site (http://
www.reactionbiology.com). For PIM-1, PIM-2, and PIM-3, a subsequent dose-response assay with Ter
was performed to determine the 50% inhibitory concentration values for Ter against PIM proteins.

Combined drug effect analysis

For 2-drug combination experiments, MM cell lines were treated with Ter/Len or Ter/PIM447 for 72
hours, as single agents as well as in combination, at constant ratios, on the basis of previously calculated
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Figure 1. Leflunomide directly inhibits PIM protein kinase activity and impairs c-Myc signaling. (A) A screening assay described by Anastassiadis et al.23 was

applied to test the inhibitory activity of 200 mM Ter on ;600 known kinases. Kinases that were inhibited .70% at 200 mM Ter are shown. (B) PIM1-3 in vitro kinase activity assays using

increasing concentrations of Ter. (C) In silico docking studies suggest that Ter may bind to the ATP-binding site of PIM kinases. Top, the docking pose of Ter at the PIM-3 ATP-binding

site. Cyan ribbon, kinase backbone; black dots, hydrogen bonds between the drug molecule and protein. Bottom, 2-dimensional protein-ligand interaction diagram. Ter forms 2 hydrogen

bonds with G105 and D189, together with a salt-bridge interaction with K69. (D) Overexpression of PIM proteins in MM.1S cells stabilizes or induces c-Myc protein expression and
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50% inhibitory concentration values for each drug. Quantitative
analysis of dose-effect relationships was determined after mea-
surement of cell growth using MTS assay. Potential synergistic or
additive effects were calculated using CompuSyn software
(Cambridge, United Kingdom). Drug synergism, addition, and
antagonism effects are defined by combination index values of
,1.0, 1.0, and .1.0, respectively.

Animal experiments

Animal care and experimental procedures were performed in
accordance with approved protocols from the Institutional Animal
Care and Use Committee at City of Hope Medical Center. All
animals were purchased from The Jackson Laboratory.

In an immunocompromised animal model, 6- to 8-week-old female
NOD/SCID/g chainnull mice (NSG) mice were IV injected with
5 million Luciferase-expressing MM.1S cells. On a weekly basis,
starting at day 3 after tumor cell injection, the mice were injected
intraperitoneally with luciferin, anesthetized with isoflurane, and
tumor burden (measured as photons) was detected using a
bioluminescence imaging system. Fourteen days after tumor cell
injection, the mice were randomly separated in groups of 7-8 mice
and leflunomide (40 mg/kg), lenalidomide (25 mg/kg), a combina-
tion of leflunomide and lenalidomide, or vehicle control was
administered daily, 5 days per week, by oral gavage. Survival was
used as the endpoint measurement.

See the supplemental Materials and methods for additional
methods.

Results and discussion

We first validated the anti-MM activity of Lef in several human
MM cell lines and primary MM samples. Our data show that MM cell
growth was inhibited at clinically achievable concentrations of Ter
(;30-150 mM at 72 hours) (supplemental Figure 1A), which, based
on preliminary pharmacokinetic results from our single-agent
phase 1 trial (#NCT02509052),11 are 100 to 500 mM.12 Similarly,
the metabolic activity of primary MM cells was inhibited by Ter, with
a 50% inhibitory concentration of 110 mM (supplemental Figure 1B).
Interestingly, although growth arrest was observed,200mM, neither
apoptosis (supplemental Figure 1C) nor cell-cycle arrest (supple-
mental Figure 2A) were detected. We then asked whether Ter
mediates its effects through inhibition of unknown targets. We
screened Ter activity on ;600 known recombinant kinases at a
concentration of 200 mM. Inhibition of $50% enzymatic activity
was observed in 51 kinases (Figure 1A; supplemental Figure 2B).
Of these, the serine/threonine kinase family member PIM-3 was
identified as the most inhibited kinase. Subsequent dose-response
kinase assays using all PIM family members confirmed not only
PIM-3, but also PIM-1 and PIM-2 as direct targets of Ter (Figure 1B).
PIM family members (PIMs 1-3) have been linked to regulation of
cancer cell survival pathways,13,14 and overexpression of PIMs has
been observed in different cancers.15 Our in silico molecular

modeling studies indicate that Ter may dock at the adenosine
triphosphate (ATP)–binding site of PIMs, suggesting that Ter acts
as an ATP-competitive PIM inhibitor (Figure 1C).

RNA sequencing of CD1381 MM cells isolated from 660 newly
diagnosed MM patients (MM Research Foundation CoMMpass IA9
data set) shows that PIMs are highly expressed in all samples
(supplemental Figure 3A) and that their direct inhibition in MM cell
lines by the pan-PIM inhibitor PIM44716 inhibited their growth in a
dose-dependent manner (supplemental Figure 3B). Consistent with
the effect of Ter, PIM447 did not induce significant cell-cycle
arrest or apoptosis in MM cell lines (supplemental Figure 3C-D).
Overexpression of PIMs significantly, but not completely, rescued
MM cells from Ter-induced growth inhibition and c-Myc inhibition
(supplemental Figure 3E). In epithelial tumors, PIMs phosphorylate,
stabilize, and enhance c-Myc, and c-Myc activity is necessary
for PIMs to induce oncogenesis.15,17 Our data indicate that, in
MM cells, overexpression of PIMs is associated with an increase
in c-Myc protein levels and phosphorylation of the well-known
PIM downstream targets Bad, STAT3, and MDM2 (Figure 1D).14

Conversely, PIM knockdowns downregulate c-Myc protein
(Figure 1E).

In support of Ter-targeting PIMs, MM cell lines show dose-
dependent c-Myc protein downregulation upon Ter treatment
(50-200 mM) (Figure 1F) and inhibition of p-Bad, p-STAT3, and
p-MDM2 (supplemental Figure 3F).14 Total RNA sequencing and
gene set enrichment analysis show that Ter-treated MM cells
(200 mM; MM.1S, RPMI-8226) have a distinct RNA signature
compared with control and show significant downregulation of the
c-Myc signaling pathway (Figure 1G; supplemental Figure 3G-H).
Similar effects were seen with 100 mM Ter (not shown). By using a
publically available gene expression data set (series GSE24080 in
Gene Expression Omnibus), which contains the gene expression
profile of 557 MM patients, we observed significant correlation
between PIM1 and PIM3 mRNA levels and c-Myc expression
(supplemental Table 1).

Addition of external uridine partially rescued MM.1S cells from
c-Myc protein degradation only when Ter was used at 50 or
100 mM, but this rescue was not observed when Ter was used
at 200 mM (supplemental Figure 3I). Conversely, when the
proteasome inhibitor MG132 (1 mM) was used in cells treated
with 200 mM of Ter, c-Myc protein downregulation was partially
reversed in all MM cell lines tested (MM.1S, NCI-H929, and
RPMI-8226; Figure 2A). Our findings suggest that Ter mainly
induces c-Myc downregulation via the proteasome pathway,
which is consistent with the ability of PIMs to stabilize c-Myc
at the protein level. Moreover, in vitro tumor-stroma cell interactions
did not significantly protect MM.1S cells from Ter-induced cell
growth inhibition (supplemental Figure 4A), further supporting
direct Ter anti-MM activity.

Figure 1. (continued) expression of PIM downstream proteins. (E) siRNA-mediated knockdown of PIM proteins is associated with inhibition of c-Myc protein expression. (F) Western

blotting showing inhibition of c-Myc protein expression in MM cells treated for 48 hours with 50 to 200 mM Ter. (G) Gene set enrichment analysis graph of c-Myc upregulated genes24

upon treatment of MM.1S and RPMI-8226 cells with 200 mM Ter or control for 48 hours revealed that c-Myc signaling was significantly impaired (negative enrichment score) upon

Ter treatment in both cell lines and replicates. The Menssen Myc data set contains genes upregulated by Myc after transduction of human umbilical vein endothelial cell cells with a

Myc-expressing adenovirus. One representative result is shown for each cell line. Supplemental Figure 3H shows similar results using a separate, independent Myc data set.25

ES, enrichment score; FDR, false discovery rate; siRNA, small interfering RNA.
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Figure 2. Leflunomide synergizes with lenalidomide in inhibition of MM cell growth in vitro and in vivo, at least in part through synergistic c-Myc inhibition.

(A) Proteasome inhibitor MG132 (1 mM) reverses Ter-induced c-Myc inhibition. MM.1S, NCI-H929, and RPMI-8226 cells were treated with 200 mM Ter for 7 hours. MG132 was added

during the last 4 hours. Quantification of c-Myc expression after normalization to Actin expression is shown on the right. (B) Len (20 mM), but not Ter (200 mM), inhibits expression of

IRF4 protein in RPMI-8226, MM.1S, and NCI-H929 MM cells treated for 24 hours (left). Len (20 mM), but not Ter (200 mM), inhibits expression of Ikaros transcription factor family members

in MM cells NCI-H929 and MM.1S treated for 24 hours (right). (C) Lef synergizes with Len in inhibition of c-Myc protein expression in MM.1S, RPMI-8226, and NCI-H929 cells. Cells

were incubated for 48 hours with 100 mM Ter and/or 20 mM Len, as indicated, and c-Myc expression was monitored by western blot. (Right) Quantification of c-Myc expression after

normalization to Actin expression. (D) Len synergizes with (left) Ter and (right) PIM447 in in vitro growth inhibition of MM.1S and NCI-H929 MM cells. Cells were treated with constant ratios

of Len:Ter or Len:PIM447 for 72 hours, as indicated. CI values are presented. (E) Lef synergizes with Len in survival of MM.1S xenograft NSG mice. A total of 5 3 106 MM.1S-Luc cells

were IV injected; treatment (7-8 mice per group) was initiated 2 weeks after injection. Survival was used as the end point. (F) Representative bioluminescence images (left) and quantification

of tumor size (right) of control-, Len-, Lef-, and Len1Lef–treated animals as described in panel E. CI, combination index; DMSO, dimethyl sulfoxide; ED, effective dose.
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Although Lef as a single agent holds promise as an anti-MM drug,11

combination treatments are now considered standard of care. Len is
an integral part of MM treatment and elicits its anti-MM activity in part
by decreasing the level of the c-Myc transcriptional regulator IRF4
through binding to the cereblon E3 ubiquitin ligase, which induces
degradation of Ikaros transcription factors (IKZF).18,19 We therefore
asked whether Ter could also induce c-Myc inhibition through IRF4
down-modulation. When MM cells were treated with Ter (200 mM),
Len (20 mM), or both, we observed that, whereas Len reduced IRF4
protein levels, Ter did not (Figure 2B, left). Likewise, Len but not Ter
inhibited expression of IKZF1-3 (Figure 2B, right). Therefore, Ter
and Len have different mechanisms of c-Myc downregulation. In
support of these data, c-Myc protein expression was reduced when
MM cells were treated with either drug and further reduced by the
drug combination (Figure 2C). Moreover, Ter plus Len show a
synergistic anti-MM effect (combination index,1; Figure 2D, left) in
vitro. In agreement with recently published data,20 synergistic
growth inhibition was also detected when Len was combined with a
pan-PIM inhibitor (Figure 2D, right); however, the recent data
indicated that pan-PIM inhibitors enhance Len’s anti-MM activity via
downregulation of the IRF4/IKZF pathway. The difference may be
due to the selective targeting of PIM1 and 3 by Ter, rather than pan-
PIM inhibition, a hypothesis that will require further investigation.

To assess whether the anti-MM effect of Len1Ter would also be
synergistic in vivo, we IV injected immune-deficient NSG mice
with human MM.1S Luc1/GFP1 cells. Two weeks after injection,
mice with comparable bioluminescence signals were randomly
divided in 4 treatment groups. Mice were treated by oral gavage for
5 days/wk with either (1) PBS 13 control, (2) Lef 40 mg/kg, (3) Len
20 mg/kg, or (4) Lef plus Len. The animals treated with either Lef
or Len alone did not survive significantly longer compared with
vehicle control-treated mice. In contrast, animals treated with the
2-drug combination had a longer survival (P 5 .00006 compared
with control-treated group) and exhibited less MM engraftment
(Figure 2E-F). No signs of toxicity were observed.

Because it has been shown that the clinical benefit of Lef in
treating rheumatoid arthritis is mainly the result of its immune-
suppressive activity,21 we investigated whether this effect could
instead impair the Lef anticancer response in the presence of an
intact immune system. We then used an immunocompetent
mouse model in which murine 5TGM1 MM cells were transplanted
(IV injection) into recipient immune-competent syngeneic C57BL/
KaLwRijHsd mice.22 Our data show that immune-competent mice
treated with single-agent Lef (5 days a week, 40 mg/kg) showed
survival benefits (supplemental Figure 4B), an effect that was not
observed when single-agent Lef was used to treat immune-deficient
mice (Figure 2E). We then investigated whether Lef induces early
immunological changes that may explain the in vivo effects in immune-
competent animals. To answer this question, we transplanted
an independent group of mice and treated them with control

diluent (n5 4) or Lef single agent (n5 4). Intriguingly, we observed
significant increases in T-cell activation markers (LAMP-1 and
CD69) and a decrease in a T-cell exhaustion marker (CTLA4) at
4 to 5 weeks after the start of treatment (supplemental Figure 3C-D).

In summary, our preclinical data show that the addition of Lef to
Len synergistically affects c-Myc levels via downregulation at the
transcriptional (Lef) and posttranslational (Len) level, supporting the
idea that both mechanisms are important to effectively target c-Myc in
MM. Finally, we show that using Lef/Ter to target c-Myc protein
stability through PIMs is a viable therapeutic strategy, which may yield
more clinical benefits compared with those from pan-PIM inhib-
itors, whose use in phase 1 clinical trials has been linked to
cardiotoxicity (NCT01239108; NCT00848601). Our data in the
immune-competent mouse model also suggest that the use of Lef in
MM patients may enhance benefits by improving the anticancer
immune response, a hypothesis that demands further study. Here we
report the use of Lef as amultikinase inhibitor, providing for the first time
the scientific rationale to test this affordable and nontoxic medication
not only for the treatment of myeloma but also in other forms of cancer
that are driven by kinases that we found are targetable by Lef.
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