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1. Introduction

The enzyme dihydroorotate dehydrogenase (DHODH) is essential for the de novo 
production of pyrimidines starting with the generation of uridine monophosphate (UMP), 

and small molecule inhibitors of DHODH are highly effective in vitro and in vivo in pre-

clinical models of malignancy. DHODH is an unlikely cancer target, as it is ubiquitously 

expressed and is not known to be mutated or overexpressed in cancer. However, malignant 

cells seem to be more metabolically-dependent on de novo pyrimidine production, forming 

the potential basis of a therapeutic window. The use of DHODH inhibitors in solid tumor 

malignancies has been clinically disappointing. However, the use of DHODH inhibitors in 

the treatment of acute myeloid leukemia (AML) has been more recently shown to have both 

a cytotoxic and a pro-differentiation effect, making AML an attractive new disease 

indication. As of 2018, trials of DHODH inhibitors are underway, and will provide better 

insight into their potential utility in patients with hematologic malignancies.

Historically, the use of small molecule inhibitors of DNA and RNA synthesis is common in 

cancer chemotherapy, and we have decades of experience with effective molecules such as 

5-Fluorouracil, cytarabine, and methotrexate. Given the essential role of uridine 

monophosphate (UMP) in DNA and RNA synthesis, it is no surprise that multiple inhibitors 

of de novo pyrimidine synthesis have been identified as hits during in vitro cancer cell line 

screening efforts through the 1970s and 1980s. Indeed, inhibitors at every step of pyrimidine 
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synthesis have been studied in clinical trials; N-(phosphonacetyl)-L-aspartate (PALA) as an 

inhibitor of the aspartate-transcarbamylase function of CAD, brequinar sodium as an 

inhibitor of DHODH, and pyrazofurin as an inhibitor of the orotate-

phosphoribosyltransferase function of UMPS (Figure 1).

1.1. What is DHODH?

Dihydroorotate dehydrogenase (DHODH) is a ubiquitous enzyme located within the inner 

membrane of the mitochondria. Using the cofactor ubiquinone, DHODH catalyzes the fourth 

step of de novo pyrimidine synthesis: the conversion of dihydroorotate to orotate. DHODH 

is the only enzyme capable of performing this conversion and it is therefore essential for the 

cell’s ability to produce uridine monophosphate (Figure 1).

UMP is the first building block in the production of pyrimidine ribonucleosides and 

deoxyribonuclesides for RNA and DNA synthesis, respectively. Inhibitors of DHODH 

function by blocking this proximal step leading to the rapid depletion of UMP, UDP, and 

UTP. Beyond RNA and DNA synthesis, UDP acts as a shuttle for myriad other metabolic 

pathways in the form of UDP-glucose, UDP-galactose, UDP-glucuronic acid, and UDP-N-

acetylglucosamine (UDP-GlcNAc) (Figure 1).

Cells are capable of scavenging uridine from the extracellular environment via nucleoside 

transporters [1]. However, while the concentrations of extracellular uridine are as high as 10 

μM, this is insufficient to sustain a dividing cell, and therefore the lack of DHODH activity 

is not compatible with life. Indeed, there are no DHODH-deficient animals. Even in the very 

rare Miller syndrome in humans, these severely affected individuals have hypomorphic 

alleles rather that complete loss of DHODH activity [2].

Of interest, leukemia cell lines (mouse and human) can be rendered DHODH-deficient by 

CRISPR/Cas9 gene editing; these knockout lines are dependent on supraphysiologic 

concentrations (~ 100 μM) of extracellular uridine (D.B. Sykes, unpublished data). However, 

the observation that these DHODH-null cells are viable suggests that the electron-transport 

function of DHODH is dispensable and is not the mechanistic target of the anti-leukemia 

effect of small molecule DHODH inhibitors.

1.2. DHODH inhibitors: initial clinical trial experience

The DHODH inhibitor brequinar (NSC 368,390, DuP-785) demonstrated potent in vitro and 

in vivo anti-tumor activity across multiple tumor models [3]. Brequinar was quickly 

advanced to phase I clinical trials in patients with advanced solid tumor malignancies [4–6]. 

While brequinar was generally well-tolerated, and demonstrated occasional durable 

responses, the clinical experience was disappointing across more than a dozen trials 

encompassing more than 500 patients [7–11].

1.3. Renewed interest in DHODH

Further clinical development of brequinar was halted as the patent life neared an end. 

However, the DHODH inhibitor leflunomide was FDA-approved in 1998 as an immune-

suppressive medication for the treatment of rheumatoid arthritis. In the ensuing years, 
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investigators suggested that leflunomide may have utility in the treatment of leukemia [12], 

of multiple myeloma [13], and of melanoma [14]. Indeed, these findings have led to small 

trials of leflunomide in myeloma (ClinicalTrials.gov Identifier: NCT02509052) and 

melanoma (NCT01611675). The potential utility of leflunomide as a chemotherapeutic 

agent has been limited by its relative low-potency and very long half-life.

1.4. DHODH as a target in acute myeloid leukemia (AML)

The DHODH inhibitor brequinar reappeared following a high-throughput phenotypic screen 

to identify small molecules that could overcome differentiation arrest in AML [15]. In this 

screen of more than 330,000 compounds, 11 of the 12 hits were ultimately found to be 

DHODH inhibitors, speaking to the importance of this pathway. When starved of 

pyrimidines, the acute myeloid leukemic blasts demonstrated both cell death and 

differentiation as shown by morphology, cell sur-face-marker expression, and gene 

expression. Furthermore, the surviving cells were functionally more differentiated, as 

demonstrated by the loss of leukemia-initiating cell activity [15]. Perhaps it is not 

surprisingly that prolonged pyrimidine starvation results in a cell-fate decision where the 

leukemic blast chooses differentiation over self-renewal. These findings were confirmed by 

other investigators in another model of AML using a different inhibitor of DHODH [16].

With the promise that AML cells may be particularly sensitive to pyrimidine starvation, 

there has been renewed interest in the clinical development of DHODH inhibitors. The 

phase I trials of BAY2402234 (Bayer, NCT03404726) and ASLAN003 (Aslan 

Pharmaceuticals, NCT03451084) are currently underway with other companies (Agios, PTC 

Therapeutics) likely to be entering the clinical arena (Table 1). While early trials are likely to 

focus on the population of relapsed and refractory patients with AML, it seems likely that 

trials in myelodysplastic syndrome (MDS) and other hematologic malignancies will soon 

follow.

1.5. DHODH in other malignancies

The dependence on de novo pyrimidine synthesis does not appear to be limited to AML. 

Since our publication in 2016, studies have suggested that DHODH may be a relevant target 

in the treatment of triple-negative breast cancer [17], PTEN-mutant tumors [18], and KRAS-

driven tumors [19]. Presumably, the drivers of these diverse malignancies must all converge 

on a similar pathway of metabolic reprogramming to drive their dependence on pyrimidine 

synthesis and sensitivity to DHODH-inhibition.The metabolic underpinnings of this 

sensitivity are not known.

2. Expert opinion

DHODH is not a typical cancer target. DHODH is expressed in every cell, in every tissue, in 

every organ. The protein is not mutated in malignant cells, it is the not the target of recurrent 

chromosomal translocation, and it is not clearly overexpressed in malignant cells. For these 

reasons, the basis of the therapeutic window is not obvious. However, studies of brequinar, 

leflunomide, and teriflunomide suggest that DHODH inhibitors can be both effective and 

well-tolerated.
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Inhibitors of DHODH lead to the rapid depletion of intracellular UMP and downstream 

metabolites. A cell’s capacity to salvage uridine is limited, and no cell can tolerate complete 

DHODH-inhibition and pyrimidine starvation indefinitely. I propose that leukemic cells, and 

possibly malignant cells along many other lineages, have a lower tolerance for pyrimidine 

starvation when compared to their non-malignant counterparts. Whether this is a result of a 

larger pyrimidine pool at baseline, or of a higher rate of flux through the pathway of de novo 

pyrimidine synthesis, is not clear. Regardless, the therapeutic window appears to result from 

the observation that malignant cells are at the very least more dependent on DHODH, and 

that they are thus more prone to differentiation (in systems where this can be assessed) and 

to cytotoxicity when faced with prolonged periods of pyrimidine starvation.

I would like to highlight the possibility that pyrimidine starvation secondary to DHODH 

inhibition results in death-from-starvation as compared to the death-from-cumulative-

damage that one might expect from other cytotoxic chemotherapeutic agents (Figure 2). 

Cumulative damage in normal tissues (e.g. hematopoietic, gastrointestinal) results in dose-

limiting clinical side-effects. Indeed, in the short-term, many chemotherapies are given at the 

maximum tolerated dose (MTD) followed by long periods of recovery. In the long-term, 

cumulative damage results in secondary malignancies, a devastating consequence in the 

patient who survives one cancer only to develop a treatment-related secondary malignancy.

An interesting possibility for DHODH inhibitors is that MTD-level dosing may not be 

necessary to derive clinical benefit. It may be possible to achieve the therapeutically-desired 

effect of pyrimidine starvation with doses lower than those that are frankly cytotoxic and 

lead to cumulative damage. It remains to be seen whether normal tissues will better tolerate 

starvation without the short-term or long-term side-effects of traditional chemotherapy.

If this rational-dosing hypothesis holds true, it may allow for extended courses of treatment, 

similar to the 6 months of differentiation therapy (in the form of all-trans retinoic acid and 

arsenic trioxide) provided to our patients with acute promyelo-cytic leukemia. Theoretically, 

this long period of drug exposure would systematically eradicate that small pool of minimal 

residual disease, or leukemia-initiating cells, that commonly result in relapse following 

traditional induction chemotherapy.

As multiple companies move forward with new clinical trials (Table 1) we will soon have 

the opportunity to evaluate the potential of DHODH inhibition in the treatment of patients 

with hematologic malignancies. My sense is that the various inhibitors will not suffer from 

insufficient potency, but that dose and schedule will be critical in balancing efficacy and 

toxicity.

With the renewed interest in DHODH as a drug target, now with hematologic malignancies 

as a primary indication, I hope that we have identified an effective and well-tolerated 

treatment for our patients. If successful, these trials will spawn interest in widening the 

scope of indications to other malignancies with the capacity to differentiate or with a special 

dependence on de novo pyrimidine synthesis.
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Figure 1. de novo pyrimidine synthesis feeds myriad downstream metabolic pathways.
de novo pyrimidine synthesis begins with the conversion of glutamine to dihydroorotate 

(DHO) through the action of the trifunctional enzyme CAD, which acts as a carbamoyl-

phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase. DHODH resides in 

the inner mitochondrial membrane and catalyzes the ubiquinone-dependent fourth step in the 

production of orotate. UMPS (uridine monophosphate synthetase) encodes the bifunctional 

enzyme to catalyze the final two steps; first as an orotate phosphoribosyltransferase which 

generates orotidine-5’-monophosphate (OMP) and then as an OMP decarboxylase which 
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converts OMP to UMP. Extracellular uridine can be salvaged by the SLC28A and SLC29A 

family of membrane transporters. Once intracellular, uridine is then phosphorylated to UMP 

by the action of UCK (uridine-cytidine kinase 1 or 2).UMP is the initial building block in 

the production of ribonucleotides and deoxyribonucleotides and is therefore critical for the 

synthesis of RNA and DNA. However, UMP also feeds the production of 

phosphatidylcholine, phospatidylserine, phosphatidylinositol, glycogen, hyaluronic acid, 

proteoglycans, glucuronidation, and the post-translational modification of proteins by O-

linked N-acetylglucosamine (GlcNAc).
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Figure 2. The action of DHODH-inhibitor therapy as compared to cytotoxic chemotherapy.
(A) The action of DHODH is essential for the formation of ribonucleotides, 

deoxyribonucleotides, and essential building blocks for many other metabolic pathways as 

outlined in Figure 1.(B) Many types of traditional cytotoxic chemotherapy, here exemplified 

by cytarabine, lead to inhibition of RNA synthesis, DNA synthesis, and cumulative DNA 

damage in both normal and leukemic cells. (C) Treatment with a DHODH inhibitor (e.g. 

brequinar) leads to a rapid depletion of intracellular UMP stores, placing cells into a state of 

starvation, and forcing cells to pause in RNA and DNA synthesis. (D) Normal cells can 
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tolerate a limited period of starvation and resume nucleic acid synthesis and other cellular 

processes when the inhibition of DHODH is relieved. (E) Leukemic blasts do not tolerate the 

same period of starvation and undergo differentiation and/or death.
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