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Abstract

Proline dehydrogenase (oxidase, PRODH/POX), the first enzyme in the proline degradative 

pathway, plays a special role in tumorigenesis and tumor development. Proline metabolism 

catalyzed by PRODH/POX is closely linked with the tricarboxylic acid (TCA) cycle and urea 

cycle. The proline cycle formed by the interconversion of proline and P5C between mitochondria 

and cytosol interlocks with pentose phosphate pathway. Importantly, by catalyzing proline to Δ1-

pyrroline-5-carboxylate (P5C), PRODH/POX donates electrons into the electron transport chain to 

generate ROS or ATP. In earlier studies, we found that PRODH/POX functions as a tumor 

suppressor to initiate apoptosis, inhibit tumor growth and block the cell cycle, all by ROS 

signaling. It also suppresses hypoxia inducible factor (HIF) signaling by increasing α-

ketoglutarate. During tumor progression, PRODH/POX is under the control of various tumor-

associated factors, such as tumor-suppressor p53, inflammatory factor peroxisome proliferator-

activated receptor gamma (PPARγ), onco-miRNA miR-23b* and oncogenic transcription factor c-

MYC. Recent studies revealed the two-sided features of PRODH/POX-mediated regulation. Under 

metabolic stress such as oxygen and glucose deprivation, PRODH/POX can be induced to serve as 

a tumor survival factor through ATP production or ROS-induced autophagy. The paradoxical roles 

of PRODH/POX can be understood considering the temporal and spatial context of the tumor. 

Further studies will provide additional insights into this protein and on its metabolic effects in 

tumors, which may lead to new therapeutic strategies.
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Introduction

Proline dehydrogenase, a.k.a. proline oxidase (PRODH/POX), catalyzing the first step in 

proline catabolism is widely distributed in living organisms. PRODH/POX possesses a 

variety of regulatory functions, such as redox homeostasis, osmotic adjustment, protection 

against metabolic stress and providing signaling in a variety of organisms, including 
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bacteria, plants and mammals etc [1–4]. In humans, PRODH/POX and proline metabolism 

have been correlated with various physiologic and pathologic situations, such as in familial 

hyperprolinemias [5, 6] and neuropsychiatric disorders [7, 8]. During the last decade, 

intensive investigation of PRODH/POX in human cancers has made significant advances, 

which will be the focus in this review.

PRODH/POX is a flavin adenine dinucleotide-containing enzyme tightly bound to 

mitochondrial inner membranes which catalyzes the oxidation of L-proline to Δ1-

pyrroline-5-carboxylate (P5C). Proline is one of the most abundant amino acids in the cell 

microenvironment. Together with hydroxyproline, proline accounts for 25% of collagen, a 

predominant protein in the extracellular matrix (ECM). As the only proteinogenic secondary 

amino acid, proline has special metabolic features [3, 6, 9, 10]. Not only does proline have 

its own family of enzymes, but also its catabolism initiated by PRODH/POX is metabolically 

linked with several other core metabolic pathways in human body. As shown in Figure 1, 

proline is sequentially converted by PRODH/POX and P5C dehydrogenase (P5CDH) to 

glutamate, a precursor of α-ketoglutarate (α-KG), thereby proline serves an anaplerotic 

function for the tricarboxylic acid (TCA) cycle. Through the sequential activities of 

PRODH/POX and ornithine aminotransferase (OAT), proline is converted to ornithine 

entering the urea cycle. Importantly, PRODH/POX and P5C reductase (PYCR) mediate the 

interconversion between proline and P5C to form a “proline cycle” between cytosol and 

mitochondria (Figure 2). Proline cycle transfers reducing and oxidizing potentials to 

maintain redox homeostasis. In the mitochondria, PRODH/POX oxidizes proline to P5C and 

donates electrons through its flavine adenine dinucleotide into the electron transport chain 

(ETC) to generate ATP or reactive oxygen species (ROS) depending on context [11, 12]. The 

ROS generated by PRODH/POX participates in signaling not only to regulate tumor cell 

death, but also to modulate various survival signals and pro-survival autophagy, contributing 

to tumorigenesis and tumor progression. The generated P5C is exported from mitochondria 

to the cytosol, and then is converted back to proline by PYCR using NADPH or NADH as a 

cofactor. Previous studies have shown that by oxidizing NADPH to NADP+, the proline 

cycle forms a metabolic interlock with the pentose phosphate pathway, thereby linking 

proline to glucose metabolism [13, 14]. Reducing potential as NADPH produced by the 

pentose phosphate pathway could be transferred to the ETC for ATP generation by the 

oxidation of proline. Moreover, NADPH could also be used for redox defense, and the 

generated pentoses are used for nucleotide synthesis. All of these prerequisites allow 

PRODH/POX and proline metabolism to play versatile roles in tumor metabolic regulation, 

including the role of PRODH/POX as a tumor suppressor and survival factor.

1. PRODH/POX as a mitochondrial tumor suppressor

1.1 PRODH/POX induces apoptosis and inhibits tumor growth—Apoptosis is a 

multi-step, multi-pathway process for programmed cell death that is inherent in every cell 

and tissue of the human body. It contributes to embryonic development and self-renewal and 

maintenance of adult tissues. Defective apoptosis plays an important role in the development 

and progression of cancer. Cancer treatment by chemotherapy and irradiation kills cancer 

cells primarily by inducing apoptosis. Serial functional analysis on PRODH/POX indicated 

that PRODH/POX had tumor-suppressing roles, one of which is PRODH/POX-induced 
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apoptosis in a variety of cancer cells [15, 16, 12, 17]. Both intrinsic and extrinsic apoptotic 

pathways are involved in PRODH/POX-induced apoptosis [18]. By generating ROS, 

PRODH/POX induces the release of cytochrome c, and activation of caspase-9 to mediate 

mitochondrial apoptosis (intrinsic pathway). On the other hand, PRODH/POX stimulates the 

expression of tumor necrosis factor-related apoptosis inducing ligand (TRAIL) and death 

receptor 5 (DR5), resulting in the cleavage of caspase-8 and thus death receptor-mediated 

apoptosis (extrinsic pathway) [18]. Several laboratories independently showed that the 

apoptosis initiated by PRODH/POX depended on ROS generation [15, 16, 19, 18]. N-acetyl 

cysteine (NAC), a widely used antioxidant agent, and ectopic expression of manganese 

superoxide dismutase (MnSOD), a specific antioxidant enzyme locating to mitochondria 

dramatically reduced PRODH/POX-induced apoptosis [12, 18].

In addition to initiating apoptosis, PRODH/POX inhibits tumor cell growth and proliferation 

by modulating several proliferative signaling pathways and cell cycle regulators [20]. 

PRODH/POX suppresses the mitogen-activated protein kinase (MAPK) pathway, 

cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) signaling, epidermal growth factor 

receptor (EGFR) pathway, and Wnt/β-catenin signaling [18, 21]. Cell cycle regulators, 

geminin and DNA damage inducible proteins (GADDs) are induced by PRODH/POX, 

resulting in cell cycle arrest [20]. All these effects of PRODH/POX were confirmed to be 

dependent on PRODH/POX-mediated ROS signaling, as shown in Figure 2.

Extensive investigation in a mouse xenograft model showed that ectopic expression of 

PRODH/POX significantly reduced tumor formation in nude mice [20]. DLD1-1 tet-off 

POX cells are DLD-1 colorectal cancer cells stably transfected with the PRODH gene under 

the control of a tetracycline-inhibitable promoter [15]. When injected into nude mice, the 

expression of PRODH/POX in the explant in vivo can be manipulated by the administration 

of doxycycline in the drinking water. When mice were given doxycycline, PRODH/POX 

expression was suppressed and tumors readily formed in all the mice within a few days. By 

contrast, when mice received no doxycycline, overexpression of PRODH/POX dramatically 

reduced tumor development. Thus, these results corroborate the above effects of 

PRODH/POX in vitro and further suggest the tumor suppressor function of PRODH/POX.

1.2 PRODH/POX suppresses hypoxia-inducible factor 1 (HIF-1) signaling—
PRODH/POX downregulates HIF-1 signaling including its downstream gene VEGF under 

both normoxic and hypoxic conditions [20]. HIF-1 as a transcriptional factor regulates the 

expression of a variety of genes in response to hypoxia. It plays an important role in tumor 

development, including angiogenesis, tumor growth and invasion, and thus is an attractive 

cancer therapeutic target. HIF-1 is composed of HIF-1α and HIF-1β. HIF-1α determines the 

formation and transcriptional activity of HIF-1. It has been known that the stability and 

transcriptional activity of HIF-1α is tightly controlled by cellular oxygen tension, and 

intratumoral hypoxia can lead to its accumulation. Under nomoxia, prolyl hydroxylases 

(PHD), members of the 2-oxoglutarate(also called as α-KG)-dependent dioxygenase 

enzyme family, hydroxylate specific prolyl residues of HIF-1α, resulting in its binding to 

Von-Hippel Lindau (VHL) protein, ubiquitination and finally proteosomal degradation [22]. 

Under hypoxia, HIF-1 is not hydroxylated because of the unavailability of dioxygen, a 

critical substrate, and is thereby stabilized. Studies have shown that the activity of PHDs is 
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increased by increasing concentrations of α-KG, an important co-substrate [22]. 

Furthermore, several TCA cycle intermediates, such as succinate and fumarate, inhibit PHD 

activity and stabilize HIF-1 signaling [22, 23].

As shown in Figure 2, when proline is available, high expression of PRODH/POX increases 

the degradation of proline sequentially to glutamate and α-KG. Supporting this hypothesis, 

HPLC analysis showed that PRODH/POX overexpression did increase the level of α-KG 

[20]. Moreover, consistent with the observations of others [22], dimethyloxalylglycine, the 

widely used α-KG analogue, could block the inhibition of HIF-1 signaling induced by 

PRODH/POX, suggesting the crucial role of α-KG in the down-regulation of HIF by 

PRODH/POX. Furthermore, PRODH/POX decreased the levels of succinate, fumarate and 

lactate [20]. Further studies should elucidate whether this regulation also contributes to 

HIF-1 signaling.

1.3 PRODH/POX is downregulated in human tumors—Immunohistochemical 

detection of PRODH/POX in different kinds of cancer tissues with corresponding normal 

tissues as controls showed that PRODH/POX protein was frequently absent or significantly 

down-regulated in tumors, especially kidney, bladder, stomach, colon and rectum, liver, and 

pancreas [20, 24]. This result suggested that accompanying tumor development, the tumor 

suppressive activity of PRODH/POX was eliminated by the downregulation of PRODH/

POX. Importantly, PRODH/POX protein and transcript levels were found to have a 

differential expression in kidney tumor. PRODH/POX protein levels showed more striking 

decreases than transcript levels [20, 24], indicating that PRODH/POX may be regulated at 

the post-transcriptional level.

Several genetic and epigenetic processes account for the silencing of tumour suppressors, 

such as genetic mutations, promoter methylation, histone acetylation and post-transcriptional 

regulation by microRNAs (miRNAs), etc. PRODH gene sequencing did not reveal any 

somatic mutation or single nucleotide polymorphisms (SNP) in tumor tissues. Also, no 

hypermethylation in PRODH promoter was found. The differential expression pattern of 

PRODH/POX transcript and protein pointed to a possible regulation of miRNAs at the post-

transcriptional level, which will be discussed below.

2. Regulation of PRODH/POX as a tumor suppressor

2.1 Upregulation of PRODH/POX by tumor suppressor p53—Tumor suppressor 

p53 is one of the most important factors defending against tumor progression, which 

controls the cell cycle and apoptosis of tumor cells. P53 and its interacting molecules have 

been the focus of thousands of studies in laboratories around the world. P53 is activated due 

to DNA damage or genotoxic stress and is known to be mutated in more than half of human 

tumors. In 1997, Polyak K. et al. screened 7202 genes using serial analysis of gene 

expression to identify the genes responding to p53, and found that PRODH gene encoding 

PRODH/POX was one of 14 genes most strongly induced by p53 [25]. In fact, it was this 

finding which opened a new era in the research of PRODH/POX and proline metabolism in 

human tumors, including all of the functions and regulations of PRODH/POX independent 

of p53 discussed in this review. Subsequent investigation of the regulation of PRODH/POX 
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by p53 demonstrated the existence of a p53-response element in the PRODH promoter, 

which may confer a direct transcriptional regulation of PRODH by p53 [26]. Thus, defective 

p53 regulation may serve as one of the mechanisms for loss of PRODH/POX in some 

tumors. Functional studies then revealed that PRODH/POX was a critical contributing factor 

in the apoptosis mediated by p53 [27, 9].

Recent studies from other laboratories demonstrated that p53 also regulates metabolic 

pathways to inhibit oncogenic transformation and promote tumor cell survival [28, 29]. The 

activation and function of p53 in response to metabolic stress, such as nutrient deprivation or 

energy depletion, is linked with the AMP-activated protein kinase (AMPK)/mTOR pathway. 

This pathway also mediates p53-induced cell growth and autophagy. Interestingly, 

PRODH/POX performs a similar function under metabolic stress (see the following 

sections). The linkage of p53 and PRODH/POX in these areas deserves further investigation.

2.2 Stimulation of PRODH/POX by PPARγ—In screening studies to identify 

regulatory factors for PRODH/POX other than p53, our laboratory co-transfected a variety 

of transcription factors together with a luciferase reporter construct containing PRODH 
promoter into various colorectal cancer cell lines. These studies revealed that peroxisome 

proliferator activated receptor gamma (PPARγ) was the most potent activator of the PRODH 
promoter, while several other transcription factors such as c-Jun, c-Fos, and p-65 of NF-κB 

showed only modest effects [17]. A PPAR response element (PPRE) exists in the PRODH 
promoter, and the binding of ligand-activated PPARγ to the PRODH promoter was 

confirmed by electrophoretic mobility shift assay (EMSA) and chromotin 

immunoprecipitation assay (ChIP) [17].

PPARγ belongs to the nuclear hormone receptor superfamily and functions as a ligand-

dependent transcription factor [30]. The ligands of PPARγ can be naturally-occurring, such 

as prostaglandins and oxidized lipids, or synthetic and pharmacologic, i.e., the 

thiazolidinediones (TZDs). Modulation of PPARγ-regulated pathways plays an important 

role in metabolism and inflammatory responses, especially in glucose homeostasis. TZDs 

have been used as a hypoglycemic agent to treat type 2 diabetes. It is noteworthy that 

PPARγ and its ligands also play an important role in cancer. PPARγ is widely expressed in 

many malignant tissues. Serial studies showed that its ligands can induce differentiation, 

apoptosis, autophagy, and inhibition of cell growth in a variety of cancer cells [31, 32], 

although PPARγ ligands may also contribute to cell survival in certain context for specific 

cancer cells [33, 34]. Epidemiologic studies in the patients with type 2 diabetes indicate that 

TZDs significantly decreased the risk of lung cancer [35]. However, the mechanism of these 

effects is not well established. The finding of the regulation of PPARγ on PRODH/POX 

provides a new clue for understanding its effects in tumors.

Pharmacologic TZDs not only activated PRODH promoter activity, but also upregulated 

PRODH/POX protein expression [17]. Furthermore, studies from different groups showed 

that TZDs troglitazone and rosiglitazone markedly increased the generation of ROS in 

several cancer cell lines, including colorectal cancer cells and nonsmall cell lung cancer cells 

[17, 36, 37]. Both groups showed that these TZDs induced apoptosis through ROS signaling, 

and PRODH/POX knockdown by siRNA significantly inhibited the ROS production and 
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apoptosis stimulated by TZDs. These findings suggest that PRODH/POX plays a critical role 

in the anticancer effect of PPARγ. Additional studies are needed to determine whether 

PRODH/POX also mediates other effects of PPARγ and its ligands, and whether these 

effects can be extended to other cancer cells and tumor models in vivo. Indeed, our recent 

study showed that PRODH/POX served as a survival factor in PPARγ-induced autophagy in 

tumor cells exposed to oxidized low density lipoprotein (ox-LDL) [34], whose lipid 

components are PPARγ ligands [38]. This point will be discussed later.

2.3 Downregulation of PRODH/POX by miR-23b*—MiRNAs are conserved, 

endogenously expressed, non-coding small RNAs of 18–25 nucleotides in length. They are a 

new class of post-transcriptional regulators discovered during the last decade, which inhibit 

protein translation or induce mRNA degradation through interacting with target mRNA 3’ 

untranslated region (UTR) [39]. Up to now, over 700 miRNAs have been identified in 

humans. They regulate the expression of thousands of genes, and thus are critical regulators 

of cellular function, including proliferation, differentiation, apoptosis and metabolic 

signalings. The aberrant expression or alteration of miRNAs has been linked to various 

human diseases, especially cancer. The control of gene expression by miRNAs likely occurs 

in all cancer cells. Their targets are usually important proteins such as oncoproteins (i.e., c-

MYC, RAS), tumor suppressor proteins (i.e., p53), or proteins regulating the cell cycle. 

Depending on the targets they regulate, miRNAs can act as oncogenes or tumor suppressor 

genes in tumorigenesis. Thus, whether tumor suppressor protein PRODH/POX could be 

targeted by miRNAs becomes an interesting question. The aforementioned inconsistency 

between PRODH/POX transcript and protein expression in tumors further motivated us to 

explore the regulation of PRODH/POX by miRNAs.

Using target-prediction algorithms, 91 potential miRNAs were predicted to target 

PRODH/POX mRNA 3’UTR [24]. The following miRNA microarray showed that 10 

miRNAs had an increased expression in renal cancer cells relative to normal cells. However, 

when the 10 mimic miRNAs were transfected into normal renal epithelial cells (ECs), only 

miR-23b* significantly inhibited PRODH/POX protein expression, but not mRNA level. In 

contrast, in renal cancer cells, the inhibitory antagomir against miR-23b* could reverse the 

decreased PRODH/POX expression. Subsequently, miR-23b* direct binding to 

PRODH/POX mRNA 3’UTR was experimentally confirmed by co-transfecting the mimic 

miR-23b* and a luciferase reporter containing 3’UTR of PRODH/POX mRNA into cells.

Ectopic expression of miR-23b* in normal renal ECs impaired the function of PRODH/

POX, including PRODH/POX-induced ROS generation, apoptosis, and PRODH/POX-

inhibited HIF-1 signaling [24]. On the other hand, when miR-23b* was inhibited in renal 

cancer cells, ROS production and the percentage of cells undergoing apoptosis increased, 

and HIF-1 signaling decreased. These findings provide a therapeutic strategy to inhibit 

tumor cell growth by decreasing the levels of miR-23b* or by blocking its effect on 

PRODH/POX.

The data obtained from human renal carcinoma tissues and matched normal counterparts in 
vivo showed significant differences in both miR-23b* and PRODH/POX protein levels, and 

a negative correlation between miR-23b* and PRODH/POX protein, substantiating the in 
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vitro findings described above [24]. These findings suggest that the increased miR-23b* may 

contribute to renal oncogenesis and progression by downregulating tumor suppressor 

PRODH/POX.

2.4 Suppression of PRODH/POX by oncogenic transcription factor c-MYC—
Our most recent study investigating the effect of oncogenic transcription factor c-MYC 

(termed as MYC) on PRODH/POX further emphasized the importance of PRODH/POX as a 

tumor suppressor [40]. MYC gene was first discovered in Burkitt’s lymphoma patients. 

Later on, this oncogenic protein was found to be overexpressed in many kinds of human 

tumors. As a transcriptional activator or suppressor, overexpression of MYC in tumors leads 

to the dysregulated expression of a large number of genes including miRNAs, which are 

involved in cell proliferation, apoptosis, differentiation, and cell metabolism. Using the 

Burkitt’s lymphoma cell model P493 MYC tet-off cells which bear a tetracycline-repressible 

MYC construct, we found that PRODH/POX protein increased in a time-dependent fashion 

with MYC expression diminished by tetracycline, and consequently decreased on MYC 

recovery by tetracycline removal [40]. PRODH/POX mRNA expression also showed a 

significant increase with suppressed MYC expression, but the increase is far less than that of 

protein levels, implicating the regulation of MYC on PRODH/POX at both of transcriptional 

and post-transcriptional level, especially the latter. This finding was further confirmed in the 

PC3 human prostate cancer cells which have high expression of MYC, suggesting the 

suppression of PRODH/POX by MYC may be a common event in different kinds of human 

tumors.

Analysis of PRODH promoter nucleotide sequence revealed one canonical MYC binding 

site (E-box) and one noncanonical binding site in the PRODH promoter region. However, 

chromatin immunoprecipitation (ChIP) assay did not show evidence for MYC binding to 

any of these two PRODH promoter regions, suggesting that the decreased PRODH/POX 

mRNA expression may be mediated secondarily through other transcription factors regulated 

by MYC [40]. Furthermore, to clarify the potential role of miR-23b* in the post-

transcriptional suppression of PRODH/POX protein by MYC, the effect of MYC on the 

expression of miR-23b* was examined. Not surprisingly, MYC markedly upregulated 

miR-23b* expression. When miR-23b* was inhibited by its antagomirs in the P493 cells 

with MYC overexpression, PRODH/POX protein level increased [40]. By contrast, ectopic 

expression of miR-23b* under MYC suppression led to a marked decrease of PRODH/POX 

protein expression. Moreover, the luciferase assays in PC3 prostate cancer cells, which were 

transfected with the luciferase reporter containing PRODH/POX mRNA 3’UTR, confirmed 

that MYC inhibited the expression of PRODH/POX primarily through increasing miR-23b*.

Further studies indicated that PRODH/POX suppression is essential for MYC-mediated 

cancer cell proliferation and survival. Knockdown of PRODH/POX in P493 cells with 

suppressed MYC expression consistently reduced the production of ROS at different time 

points [40]. As a response, the percentage of apoptotic and dead cells occurring with MYC 

suppression was decreased by PRODH/POX knockdown, and the diminished cell growth 

was significantly reversed by suppressing PRODH/POX [40]. These results were confirmed 

in PC3 cells [40]. To summarize the above findings, oncogenic transcription factor MYC 

inhibited PRODH/POX expression and thereby inhibited its tumor suppressor function, 
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which may be an important step in tumorigenesis and tumor progression. When MYC is 

suppressed, the increase of PRODH/POX promotes proline catabolism to generate ROS, 

leading to the initiation of apoptosis and the decrease of cell proliferation and growth. This 

may provide a novel strategy in tumor treatment.

3. PRODH/POX as a survival factor

Increasing tumor-suppressor proteins have been found to be two-sided in their effects. One is 

certainly the function of suppressing tumor formation, but the other is promoting tumor 

survival. For example, the first discovered tumor-suppressor protein Retinoblastoma protein 

(pRb), could also act as a survival factor [41]. P53 is another important example. As 

described above, p53 protects cells from DNA damage by activating repair or initiating 

apoptosis, but under energetic stress, p53 contributes to cell adaptation and survival [28, 29]. 

Therefore, it is not surprising that PRODH/POX is upregulated to contribute to cell survival 

under metabolic stresses in tumor cells. The recent finding that PRODH/POX may be 

involved in mitochondrial hormesis (mitohormesis), a process described in C. elegans in 

which apoptotic signals may also trigger a survival response is another interesting model 

confirming the pro-survival role of PRODH/POX and proline metabolism [42].

3.1 PRODH/POX under glucose deprivation—It is known that tumor cells primarily 

utilize glucose and glutamine as their main energy sources, but such addiction requires an 

adequate blood supply. With rapid growth, tumors cells will enter a phase where 

vascularization is insufficient, and even with neovascularization blood is delivered unevenly 

and many tumor cells not only are hypoxic but also will be starved of nutrients, including 

glucose and glutamine. At this point, to meet their bioenergetic demands, it is necessary for 

tumor cells to seek alternative energy source. The availability of proline in cellular 

microenvironment, its unique metabolism and its response to different stresses ensure the 

possibility of proline as an energy source. Indeed, proline concentration is increased in 

various tumors [43, 44]. The upregulation of metalloproteinases (MMPs) degrading ECM, 

the main reservoir of proline in tumor microenvironment, was observed in tumors, which 

was a critical step for tumor progression and metastasis [45, 46].

Pandhare et al. showed that even with glucose limitation intracellular ATP levels were 

maintained in RKO colorectal cancer cells [13]. Upon glucose depletion, the expression and 

activities of MMP-2 and MMP-9 increased, accompanied by an increase of intracellular 

proline levels. Consistent with these findings, PRODH/POX activities and expression were 

dramatically upregulated. Using DLD1-POX tet-off cells exposed to low-glucose 

concentration, induction of PRODH/POX by tetracycline removal led to a significant 

increase of ATP. Due to the interlock between proline cycle and pentose phosphate pathway, 

we tested the bioenergetic contribution of this interlock by comparing the activity of pentose 

phosphate pathway in DLD1-POX tet-off cells with and without PRODH/POX induction 

through the measurement of 14CO2 production from 1-14C-glucose [47]. As expected, 

induction of PRODH/POX increased the pentose phosphate pathway more than 5-fold, and 

the increase was seen over a range of low-glucose concentrations. To further confirm that the 

increased activity of pentose phosphate pathway is coupled to the ATP increase, we treated 

cells with dehydroepiandrosterone (DHEA), a well-known inhibitor of G6PDH [48], the 
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rate-limiting enzyme of the pentose phosphate pathway. The result showed that DHEA did 

significantly decrease the PRODH/POX-dependent increase of the cellular ATP [49]. Thus, 

by cycling of P5C to proline, pentose phosphate pathway could contribute, at least in part, to 

PRODH/POX-induced ATP production. In addition, the aneplerotic role of proline-derived 

α-KG for TCA cycle may also contribute to PRODH/POX-induced ATP production.

The mammalian target of rapamycin (mTOR) pathway is an important signaling pathway 

responding to the availability of extracellular nutrients [50]. mTOR belongs to the 

phosphatidylinositol 3-kinase-related enzyme family and is a crucial regulator of cell 

growth, proliferation and energy metabolism. It can coordinate anabolic and catabolic 

processes with the availability of nutrients, and thus its inhibition could mimic a condition of 

nutrient or energy stress [13, 51]. Therefore, as a support to the above findings, we 

mimicked a nutrient starvation signal in RKO colorectal cells using the inhibitor of mTOR, 

rapamycin, which directly binds to mTOR to prevent the formation of TOR complex 1. As a 

result, PRODH/POX was activated to generate proline-dependent ATP. Dehydroproline, the 

inhibitor of PRODH/POX enzymatic activity, could block the bioenergenic response of 

PRODH/POX [13]. Concomitant with the increases of PRODH/POX activity and ATP 

production, the activity of pentose phosphate pathway increased 2-fold in RKO cells treated 

with rapamycin. It seems that the downregulation of mTOR from glucose deprivation serves 

as a mechanism for the upregualtion of PRODH/POX.

AMP-activated protein kinase (AMPK) is a critical energy sensor for tumor cells to adapt to 

nutrient or oxygen deprivation. Importantly, AMPK is also an upstream inhibitor of mTOR 

activity. So, as a parallel of the above studies, we investigated the involvement of AMPK in 

the induction of PRODH/POX by glucose deprivation [13]. The activation of AMPK by 

phosphorylation markedly increased in RKO cells following glucose withdrawal. A 

synthetic AMPK activator, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) 

induced a dose- and time-dependent increase in PRODH/POX activity. Thus AMPK 

activation may be a pathway mediating PRODH/POX induction under conditions of low-

glucose stress to maintain cellular energy levels. And mTOR is one of the downstream 

signalings of activated AMPK, which may contribute to this regulation.

3.2 PRODH/POX under hypoxic tumor microenvironment—Although oxygen 

diffuses through tissues more readily than nutrients like glucose, hypoxia is a well-

recognized and important feature of the microenvironment during tumor development, and 

oxygen distribution in tumors follows a pattern similar to that of glucose. Thus, we extended 

our studies of PRODH/POX to conditions of hypoxia or hypoxia combined with low-glucose 

[52]. Through transfecting the PRODH promoter luciferase construct into a variety of cancer 

cell lines, we found hypoxia dramatically increased the activity of PRODH promoter. And 

real-time PCR confirmed this upregulation of PRODH/POX in most of the cancer cell lines, 

including those of colon, kidney, breast, prostate, melanoma, lung and ovary. The time- and 

dose-dependent increase of PRODH/POX protein with hypoxia was then shown in HT29 

colorectal cancer cells. Combined oxygen and glucose deprivation resulted in an additive 

increase in PRODH/POX protein levels.
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Using MDA-MB-231 HRE-EGFP breast tumor xenografts, we further showed the 

upregulation of PRODH/POX in the hypoxic microenvironment in vivo [52]. MDA-MB-231 

HRE-EGFP is a human breast cancer cell line which expresses the EGFP reporter gene 

under the control of a promoter containing hypoxia-response elements (HREs) that could 

bind to and are induced by HIF-1 [46]. The immunohistochemistry of PRODH/POX and 

EGFP, and co-localization analysis showed that PRODH/POX positively correlated with 

EGFP expression which responded to hypoxia, suggesting the upregulation of PRODH/POX 

by hypoxia. Surprisingly, further exploration showed that hypoxia-induced PRODH/POX 

expression was dependent on neither HIF-1α or HIF-2α, the critical transcription factors 

mediating hypoxic regulation of target genes. Consistent with AMPK-mediated 

PRODH/POX induction under glucose starvation, a specific inhibitor of AMPK activation, 

compound C, blocked the hypoxia-induced increases of PRODH/POX expression.

Additional functional analysis revealed that increased PRODH/POX contributed to the 

survival of cancer cells in response to both oxygen and glucose deprivation [52]. 

Furthermore, using either dehydroproline or PRODH/POX siRNA, we showed that under 

hypoxia the survival contribution of PRODH/POX resulted from its induction of ROS, but 

not ATP. And ROS here were used for inducing pro-survival autophagy, but not apoptosis 

and cell growth inhibition mentioned above. Compound C, the AMPK inhibitor could inhibit 

autophagy, suggesting AMPK-PRODH/POX-ROS-autophagy serves as a survival pathway 

under hypoxia. However, the downstream factor of AMPK, mTOR was irrelevant to the 

PRODH/POX-induced autophagic response, although AMPK was shown to induce 

autophagy by suppressing mTOR activity. On the other hand, under glucose deprivation 

either with or without hypoxia, PRODH/POX contributed to ATP production by degrading 

proline. These results suggest that the catabolism of proline by PRODH/POX provides a 

switching point between ATP and ROS production according to the specific 

microenvironmental stress. The mechanism mediating this switch is an interesting question 

and needs to be further studied.

3.3 Regulation of PRODH/POX by oxLDL, a physiologic/pathophysiologic 
PPARγ ligand—As mentioned previously, PPARγ and its ligands not only induced 

apoptosis, but also contribute to survival [33]. This was also reflected by their regulation on 

PRODH/POX and the pro-survival function of PRODH/POX. OxLDL can function as a 

PPARγ ligand, activating PPARγ signaling [53]. Epidemiological studies revealed the 

association of high levels of oxLDL with increased cancer risk [54, 55], but the mechanism 

remained unclear. Using physiologic concentrations of oxLDL, we examined its effects on 

the expression of PRODH/POX and its underlying mechanism. We showed that oxLDL 

upregulated PRODH/POX in different kinds of cancer cells. And it was 7-ketocholesterol 

(7KC), a major oxysterol of oxLDL, but not other constituents of oxLDL which activated 

PRODH/POX. Knockdown of PPARγ significantly decreased oxLDL- and 7KC-induced 

PRODH/POX expression, suggesting an important role of PPARγ in the oxLDL-induced 

PRODH/POX expression.

Although oxLDL was cytotoxic to cancer cells, knockdown of PRODH/POX by siRNA 

further decreased cell viability. Thereby, in contrast to the effects of other pharmacologic 

TZDs, the effects of oxLDL on PRODH/POX are not for apoptosis, but for survival. Since 
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oxLDL could activate both apoptosis and autophagy, we assessed induction of autophagy by 

PRODH/POX in HT29 colorectal cancer cells exposed to oxLDL. Beclin-1 is one of the 

central regulators of autophgy in mammalian cells [56]. The conversion of light-chain 3 

protein (LC3)-I into LC3-II is an important hallmark for augophagosome accumulation. By 

measuring beclin-1 protein and the LC3-I to LC3-II conversion, we showed that 

PRODH/POX knockdown inhibited oxLDL-induced autophagy. We used DLD1-POX tet-off 

cell model, in which overexpression of PRODH/POX, itself, independent of any stimulation, 

was sufficient to activate autophagy. On the other hand, ROS assays showed that oxLDL 

significantly increased intracellular ROS production, and nearly two-thirds of oxLDL-

induced ROS was dependent of PRODH/POX. Further investigation of the mechanism 

established the link of PRODH/POX-generated ROS and its induction of autophagy. The 

infection of adenoviral vector containing MnSOD into the DLD1-POX cells reduced the 

expression of beclin-1 under conditions of PRODH/POX overexpression. These results not 

only elucidated the association between oxLDL and its function in carcinogenesis, but also 

provided additional evidence for PRODH/POX as a survival factor.

4. Understanding PRODH/POX in the context of temporal and spatial tumorigenesis

Taken together, PRODH/POX is a two-edged sword under regulation of different tumor-

associated factors. On the one side, PRODH/POX acts as a tumor suppressor for initiation of 

apoptosis and inhibition of tumor growth etc. On the other, under certain conditions, it 

functions as a survival factor by producing either ATP or ROS for pro-survival autophagy. At 

first glance, these functions seem paradoxical and are confusing. However, as we now know, 

cancer develops over long periods by accumulating complex, successive pro-survival 

changes. Understanding that cancer is a time-dependent multistep process across time helps 

us to explain this paradox. Considering the temporal and spatial stresses in tumor 

development, we have proposed a timeline for PRODH/POX functional involvement in 

tumors, including the initial evasion of tumor cells from apoptosis, tumor cell survival 

metabolic stress and finally mechanisms for rapid growth [9].

Pre-transformation stress such as DNA damage activates p53 and thereby PRODH/POX. 

The activated p53 and PRODH/POX may blockade the cell cycle for DNA repair or to 

initiate apoptosis. Only small numbers of cells evade apoptosis to display characteristics of 

malignant transformation. Later on, the release from growth constraints and loss of 

suppressor activities allow these cells to proliferate, followed by nutrient or hypoxic stress 

due to detachment from blood supply. Under nutrient or energy stress, AMPK is activated 

and mTOR is downregulated which will upregulate PRODH/POX as a survival factor to 

provide alternative energy source or to induce pro-survival autophagy. When 

neoangiogenesis restores the blood supply with adequate nutrients and oxygen, tumor cells 

will enter a phase of rapid growth under the stimulation of growth signals, such as oncogenic 

protein MYC, RAS, and onco-miRNAs. At this phase, the expression of PRODH/POX will 

be suppressed by these factors.

Of course, this is only a proposed regulatory pattern for PRODH/POX in tumor 

development. Tumor progression is a constantly changing network of various oncogenic 

proteins, tumor-suppressor proteins and different signaling pathways. Some of the molecular 
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changes may be tissue specific. Therefore, it’s still necessary to discover all of the relevant 

links and functions of PRODH/POX to thoroughly understand its roles in tumor 

development.

5. Conclusion

In summary, PRODH/POX and its induction of proline metabolism play a critical role in 

tumor initiation and development, either as a tumor suppressor or as a survival factor, which 

is summarized in Figure 2. As a tumor suppressor, PRODH/POX mediates various signaling 

pathways including the induction of apoptotic signaling and the suppression of HIF-1 and 

proliferative signaling. It is induced by p53, PPARγ and its ligands, and suppressed by onco-

miR-23b* and oncogenic protein MYC. As a survival factor, PRODH/POX is induced to 

protect against nutrient or hypoxic stress. And on such occasions, PRODH/POX is 

channeled into maintain or produce energy either inducing ROS-mediated autophagy or 

providing ATP. Its various regulatory mechanisms and functions emphasize the complexity 

of tumor development.
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Figure 1. 
Proline metabolic links in human body. Proline metabolism is closely related with TCA 

cycle, urea cycle, and pentose phosphate pathway (pentose shunt). Abbreviations: GSA, 

glutamic‐gamma‐semialdehyde; OAT, ornithine aminotransferase; P5C, Δ1‐pyrroline‐5‐
carboxylate; P5CDH, P5C dehydrogenase; P5CS, P5C Synthase; PRODH (POX), proline 

dehydrogenase (oxidase); PYCR, P5C reductase. The interconversion between P5C and 

GSA is spontaneous.
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Figure 2. 
Regulation of PRODH/POX in cancer. 1) Proline cycle. Interconversion of proline and P5C 

forms the proline cycle in the cytosol and mitochondria. Proline cycle acts as a redox shuttle 

transferring reducing potential generated by the pentose phosphate pathway (pentose shunt) 

into mitochondria for the production of either ROS or ATP responding to different stresses. 

2) PRODH/POX is induced by p53, PPARγ, and its ligands, suppressed by miR‐23b* and 

oncogenic protein MYC, and functions as a mitochondrial tumor suppressor. As a tumor 

suppressor, PRODH/POX can initiate apoptosis, inhibit proliferation and induce G2 cell 

cycle arrest through ROS generation, and suppress HIF‐1 signaling through increasing α‐
ketoglutarate (α‐KG) production. Under nutrient stress, such as glucose or oxygen 

deprivation, PRODH/POX is upregulated to act as a survival factor, producing ATP or ROS 

for prosurvival autophagy. Abbreviations: Glu, glutamate; Orn, ornithine; Pro, proline
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