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Abstract

Mantle cell lymphoma (MCL) is a non-Hodgkin lymphoma that remains incurable with

the treatment options available today. In thepresent study,wehave identified thedihy-

droorotate dehydrogenase (DHODH), an essential enzyme for thede novobiosynthesis

of pyrimidine-based nucleotides, to be overexpressed inMCL in comparison to healthy

peripheral blood mononuclear cells (PBMC). In vitro inhibition of the DHODH activ-

ity using a newly developed DHODH inhibitor, namely (R)-HZ05, can induce MCL cell

death in the nanomolar range independently than the P53 status of the investigated

cell lines. Moreover, the combination of (R)-HZ05with tyrosine kinase inhibitor shows

the synergistic activity on cell death. Pre-clinical investigation on the efficacy of (R)-

HZ05 shows that it can be prolonged animal lifespan similar to ibrutinib. (R)-HZ05

use in combination with tyrosine kinase inhibitor demonstrated a superior efficacy on

tumor burden reduction and survival than either drug alone. We have demonstrated

that the depletion of the pyrimidine nucleotide pool, using DHODH inhibitor, repre-

sents a new therapeutic strategy that may benefit MCL patients.
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1 INTRODUCTION

Mantle cell lymphoma (MCL) is a non-Hodgkin lymphoma which

remains incurable with the treatment options available today. Despite

the good response rate to upfront chemotherapy, most patients

relapse, presenting with an overall survival of 3–5 years [1–4]. The

majority of MCL patients have the t(11;14)(q13;q32) translocation

which leads to a deregulation of the cell cycle through the overexpres-

sion of cyclin D1 [5]. Along with oncogenic alterations in different cel-

lular pathways (STAT3, NF-κB, AKT,Wnt, INK4a-CDK4-RB1) [2, 3], the

deregulation of the cell cycle leads to an aggressive and highly prolifer-

ative disease that demands a constant supply of nucleotides for RNA

transcription and DNA replication [1]. Targeting metabolic pathways

is one of the most successful strategies in anti-cancer therapies [6].

Recently, Ladds et al. characterized a novel dihydroorotate dehydroge-

nase (DHODH) inhibitor, namely (R)-HZ05, that increases the sensitiv-

ity to chemotherapy in acutemyeloid leukemia (AML) cells [7]. DHODH

is an essential enzyme for the de novo biosynthesis of pyrimidine-

basednucleotides [6].DHODHcatalyses the conversionof dihydrooro-

tate into orotate, which in turn is converted through several catalytic

steps into deoxycytidine triphosphate, deoxythymidine triphosphate,

and deoxyuridine triphosphate. Inhibition of DHODH has been linked

to S-phase arrest and apoptosis induction throughp53upregulation [7]

and his regarded as a new therapeutic target in cancers [8, 9]. Impor-

tantly, as in AML, many MCL patients present with wild-type p53 [10,

11]. Therefore, we hypothesize that targetingDHODHactivity inMCL,

using (R)-HZ05, as a single-agent and as a combinatory agent, repre-

sents a promising and yet unexplored strategy inMCL.

2 RESULTS AND DISCUSSION

Data collected from the Oncomine database indicate that normalized

DHODHmRNAexpression levels inMCLpatient cells (n=8) areupreg-

ulated compared to B-lymphocytes collected from healthy donors (n

= 5, p = 0.1) and significantly upregulated compared to naïve, pre-

germinal center B-lymphocytes from healthy donors (n = 5, p = 0.01;

Figure 1A). Supporting this finding, data from the Cancer Cell Line

Encyclopaedia show that the normalized DHODH mRNA expression

level of various MCL cell lines (JeKo-1, Mino and Rec-1) are similar

to the DHODH mRNA level observed in the AML cell line MOLM-13

(Figure 1B). Also, the protein expression of DHODH is higher in MCL

cell lines (Figure 1C) and MCL primary cells (Figure 1D) when com-

pared to PBMCs from healthy donors. Collectively, these observations

suggest that DHODH is a potential target for inhibition inMCL.

To determine the possible therapeutic value of inhibiting DHODH

in MCL, we investigated the effect of the novel DHODH inhibitor

(R)-HZ05 on cell viability in vitro in comparison to brequinar a pre-

viously reported DHODH inhibitor. Inhibition of DHODH using (R)-

HZ05 or brequinar induces apoptosis in MCL cell lines in the nanomo-

lar range (Figure 1E). In contrast, (R)-HZ05 treatment does not affect

PBMC viability. Interestingly, the EC50 values for the different MCL

cell lines demonstrate that the p53 mutational status does not corre-

late with the sensitivity to (R)-HZ05 (Figure 1F). This indicates that

DHODH inhibition may be independent of p53 function despite its

expression being upregulated in p53 positive cell lines Rec-1 and SP53

(Figure S1A). It demonstrated that (R)-HZ05 induces S-phase cell accu-

mulation in AML cell lines. To investigate if (R)-HZ05 induce S-phase

arrest in MCL, we examined the effect of (R)-HZ05 on the cell cycle

in the MCL cell lines JeKo-1 and SP53. The S-phase cell accumula-

tion was detectable after 24 h of (R)-HZ05 exposure at concentra-

tions ranging from 20 to 100 nM (Figure 1G). After 48 and 72 h, the

S-phase cell accumulation was more prominent (Figure S2A–C). Cell-

cycle arrest was accompanied by apoptosis (Figure S1B), as a time-

and concentration-dependent cleavage of PARP was observed follow-

ingDHODH inhibitionby (R)-HZ05 inMCLcells. Interestingly,DHODH

inhibition led to the up-regulation of the DHODH protein in 2 of the

4 cells line tested (Figure S1C–F). This observation seems to indicate

that DHODH is important for the maintenance of the MCL pheno-

type. We also observed a downregulation of cyclin D1, p27Kip1 and β-
catenin protein expression levels inMCL cells (Figure S1C–F). Notably,

NF-κBactivationwasnot altered following (R)-HZ05 treatment (Figure

S1C, D). We thus hypothesized that subsequent inhibition of DHODH

and NF-κB signaling, an important signaling pathway for the prolif-

eration and growth of MCL cells, might be of therapeutic value [12].

Since it has been suggested that inhibition of DHODH increases the

chemosensitivity of cancer cell lines, we decided to investigate the

effect of combining DHODH inhibition with a tyrosine kinase (TK)

inhibitor that block NF-kB activation [6]. We tested ibrutinib, a Burton

tyrosine kinase (BTK) inhibitor already used in relapsedMCL patients,

aswell as bemcentinib, anAXL inhibitor in clinical trials for various can-

cers including AML, in combination with (R)-HZ05. JeKo-1 cells were

treated with 20, 40, or 80 nM (R)-HZ05 for 120 h in combination with

either 0.5, 1.0, or 2.0 μM ibrutinib or 0.125, 0.250, or 0.5 μM bemcen-

tinib. Both ibrutinib and bemcentinibwere added to the cells 72 h after

the addition of (R)-HZ05, and the cells were further incubated for 48 h

before analysis. Flow cytometry data indicate that the combination of

bemcentinib and (R)-HZ05 induces apoptosis in a synergistic manner

(Figure 2A).While 80nM (R)-HZ05 for 120h results in 49.1%apoptotic

cells and 0.5 μM bemcentinib for 48 h results in 14.7% apoptotic cells,

the combination results in 87.1% apoptotic cells. In comparison, the

effect of combining ibrutinibwith (R)-HZ05 is rather additive, as 80 nM

(R)-HZ05 gave 56.0% apoptotic cells, and 2.0 μM ibrutinib gave 8.2%

apoptotic cells, the combination gave67.1%apoptotic cells (Figure 2B).

The combinatorial effect between (R)-HZ05 and bemcentinib or ibru-

tinib was evaluated, for the JeKo-1, Mino, and SP53 cell lines, using
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F IGURE 1 (A) Normalized dihydroorotate dehydrogenase (DHODH)mRNA expression levels in B-lymphocytes, naïve pre-germinal center
B-lymphocytes and primarymantle cell lymphoma (MCL) cells. (B) Normalized DHODHmRNA expression levels inMCL and acutemyeloid
leukemia (AML) (MOLM-13) cell lines. (C) Protein expression level in PBMCs,MOLM-13, and theMCL cell lines JeKo-1, Mino, SP53, Rec-1, and in
(D) various primaryMCL cells. β-actin and Ponceau staining were used as loading controls. (E) JeKo-1 cell viability analyzed by AnnexinV/PI flow
cytometry following treatment with 1–10,000 nMbrequinar (120 h) or (R)-HZ05 (72 h and 120 h), and following treatment with 10–100 nM
(R)-HZ05 (120 h). Cell viability of healthy PBMCs using 0–500 nM (R)-HZ05 (72 h). (F) Dose–response curves and estimated EC50 values ofMCL
cell lines andMOLM-13, treated with 1–10,000 nMof (R)-HZ05 for 120 h. All results determined by AnnexinV/PI FlowCytometry. (G) Cell-cycle
analysis of JeKo-1, SP53 andMOLM-13 treated with 10–100 nM (R)-HZ05 (72 h) determined by flow cytometry using propidium iodide. JeKo-1
was also analyzed after 24 and 48 hwith (R)-HZ05 exposure
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F IGURE 2 (A) AnnexinV/PI cell viability assay of JeKo-1 cells following (R)-HZ05 treatment (20, 40, or 80 nM) for 120 h, bemcentinib
treatment (0.125, 0.250, or 0.500 μM) for 48 h, or (R)-HZ05 and bemcentinib in combination (ratio 1:6.25). Bemcentinib was added to the cells 72 h
after the adding of (R)-HZ05. (B) AnnexinV/PI cell viability assay of JeKo-1 cells following (R)-HZ05 treatment (20, 40, or 80 nM) for 120 h,
Ibrutinib (0.5, 1.0, and 2.0 μM) for 48 h, or (R)-HZ05 and Ibrutinib in combination (ratio 1:25). Ibrutinib was added to the cells 72 h after adding of
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the combination index (CI) versus the fraction affected for the JeKo-

1,Mino, and SP53 cell lines (Figure 2C). The data collectively show that

the MCL cell lines are sensitive to the combination of either (R)-HZ05

and bemcentinib or (R)-HZ05 and ibrutinib.

It hasbeen reported that someTK inhibitors can reduce the intracel-

lular uptake of uridine in a dose-dependent manner [13]. To evaluate

if bemcentinib can prevent uridine uptake in cells, which may explain

the synergism seen in combination with (R)-HZ05, we performed a uri-

dine uptake experiment. The uridine uptake in the melanoma cell line

ARN8 is greatly reduced in a concentration-dependent manner when

treated with bemcentinib, suggesting that TK inhibition may prevent

uridine transport also inMCL cells (Figure 2D).

(R)-HZ05 was evaluated in vivo as a single-agent and in combina-

tion with bemcentinib, compared to ibrutinib as a single-agent, using

a JeKo-1Luc+ MCL xenograft model. Four days after intravenous inoc-

ulation of JeKo-1Luc+ cells, the mice were randomized by biolumines-

cence intensity using 150mg/kgD-luciferin (n= 8). At day 7, treatment

was initiated and continued for 6 days × 4 weeks using 75 mg/kg (R)-

HZ05 (QD), 50 mg/kg bemcentinib (b.i.d.), 25 mg/kg ibrutinib (q.d.) or

the combination of (R)-HZ05 and bemcentinib. Bioluminescence imag-

ing was used tomonitor the therapeutic efficiency, using 150mg/kgD-

luciferin. The total bioluminescence intensities at day 25 indicate that

(R)-HZ05 as a single-agent does not reduce tumor burden compared

to vehicle (Figure 2E–G). In combination with bemcentinib, tumor bur-

den is significantly reduced compared to the control group. The sur-

vival of the mice treated with (R)-HZ05 alone or in combination with

bemcentinib is significantly longer compared to the control (Figure2H).

Additionally, the overall survival of the group receiving the combina-

tion therapy is significantly longer than that of the group receiving (R)-

HZ05 as a single-agent.

To evaluate the specificity of (R)-HZ05 against DHODH, we

explored the effect of uridine addition on DHODH inhibition in

MCL cells. The addition of dihydroorotate (DA), a compound located

upstream of the DHODH enzymatic activity, was not able to prevent

the effect of DHODH inhibition in JeKo-1 cells (Figure S3A, B). How-

ever, adding uridine rendered the cells resistant to (R)-HZ05, suggest-

ing that (R)-HZ05acts specifically onDHODHinhibition inMCL (Figure

S3A–C). Toevaluate thepossible effect of thephysiological uridine con-

centration present in the human body, we also performed a DHODH

inhibition experiment in combination with TK inhibitor in the pres-

ence of 5 μM uridine. The addition of low concentrations of uridine

in the experimental setting did not prevent the synergistic apoptosis-

inducing effect observed in MCL cells by the concomitant use of a

DHODH inhibitor and a TK inhibitor (Figure S3D).

In conclusion, we demonstrate thatDHODH is overexpressed at the

mRNA and protein level in MCL primary cells and cell lines, compared

to PBMCs. Our results show that the DHODH specific inhibitor (R)-

HZ05 can induce apoptosis of MCL cells as a single-agent and act syn-

ergistically in combination with the AXL inhibitor bemcentinib. Inter-

estingly, the p53 mutational status of MCL cells had no impact on the

sensitivity to (R)-HZ05 suggesting that the apoptosis induced by (R)-

HZ05inMCLcells is p53 independent. Also,DHODH inhibition induces

a strong S-phase cell accumulation of MCL cells, followed by apopto-

sis. This observation indicates that the apoptotic effect of (R)-HZ05 is

causedas a result of pyrimidine starvation.Our in vivo study shows that

the (R)-HZ05 is well tolerated in our MCL xenograft model. DHODH

inhibition can increase the animal survival to the sameextent than ibru-

tinib treatment. Interestingly, this can be achieved despite the obser-

vation that DHODH inhibition can led to an up-regulation of DHODH

(Figure S1D,E) and may have represent a resistance mechanism to the

treatment. The co-administration of (R)-HZ05 with bemcentinib sig-

nificantly prolongs survival in a mouse MCL xenograft model when

compared to mice treated with vehicle, bemcentinib, ibrutinib, or (R)-

HZ05. Clinical trials with the newly developed DHODH inhibitor (R)-

HZ05 alone, or in combination with bemcentinib, are warranted in

relapsed/refractoryMCL patients.
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