
CYP27A1 represents a significant enzyme in the complex pathway of vitamin D metabolism,

playing multiple roles in both vitamin D activation and cholesterol processing. This enzyme

functions as one of several hydroxylases that contribute to the bioactivation of vitamin D, though

its precise physiological contribution relative to other enzymes continues to be an area of active

investigation. Current research reveals a multifaceted relationship between CYP27A1 and vitamin

D metabolism that extends beyond simple enzymatic activity to encompass tissue-specific

effects and potential implications in various disease states.

CYP27A1 is a mitochondrial cytochrome P450 enzyme that exhibits multiple hydroxylation

capabilities, most notably the ability to hydroxylate vitamin D3 at carbon 25 and cholesterol at

carbon 26. The enzyme is strategically positioned within the inner mitochondrial membrane,

where substrates access its active site through the membrane phase . This localization

plays an important role in determining which substrates can interact with the enzyme under

physiological conditions. In biochemical studies using phospholipid vesicles that mimic the inner

mitochondrial membrane environment, CYP27A1 has demonstrated significant catalytic

efficiency toward both vitamin D3 and cholesterol, though with differing kinetic parameters.

The enzyme displays high catalytic activity toward cholesterol with a turnover number (kcat) of

9.8 min−1 and a Km of 0.49 mol/mol phospholipid (approximately 510 μM phospholipid). While

vitamin D3 shows a similar Km value to cholesterol, its kcat is approximately 4.5-fold lower,

suggesting that cholesterol may be the preferential substrate in contexts where both molecules

are present . Nevertheless, CYP27A1 demonstrates the highest kcat for the 25-hydroxylation

of vitamin D3 among all human cytochrome P450 enzymes studied, indicating its potential

significant contribution to vitamin D metabolism, particularly in tissues where it is highly

expressed .

Interestingly, CYP27A1 shows even greater catalytic efficiency toward 20-hydroxyvitamin D3

(20(OH)D3), a novel non-calcemic form of vitamin D. The kcat/Km for this substrate is 2.5-fold

higher than for vitamin D3, suggesting that 20(OH)D3 could effectively compete with vitamin D3

for metabolism by CYP27A1 . The enzyme hydroxylates 20(OH)D3 at both C-25 and C-26

positions, producing 20,25-dihydroxyvitamin D3 and 20,26-dihydroxyvitamin D3 in nearly equal

proportions .
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Within the vitamin D metabolic pathway, CYP27A1 contributes to the initial activation step by

hydroxylating vitamin D3 to produce 25-hydroxyvitamin D3 (25(OH)D3). This intermediate

metabolite serves as the precursor to the biologically active hormone 1α,25-dihydroxyvitamin D3

(1,25(OH)2D3), which is formed through subsequent hydroxylation by CYP27B1, a renal 1α-

hydroxylase . The synthesis of these vitamin D metabolites is crucial for maintaining calcium

homeostasis, bone metabolism, and various other physiological functions, including immune

regulation .

Beyond its primary 25-hydroxylase activity, CYP27A1 has been shown to catalyze multiple

reactions in vitamin D3 metabolism. Surprisingly, reconstitution studies have revealed that

CYP27A1 can produce at least seven minor metabolites, including 1α,25(OH)2D3, in addition to

the major metabolite 25(OH)D3 . This multifunctional capacity suggests that CYP27A1 may

contribute to vitamin D metabolism at multiple points in the pathway, though the physiological

relevance of these minor metabolites remains to be fully elucidated.

While CYP27A1 can hydroxylate vitamin D3, genetic evidence suggests it may not be the

primary 25-hydroxylase in the vitamin D metabolic pathway. Research has identified CYP2R1, a

microsomal cytochrome P450, as a biologically relevant vitamin D 25-hydroxylase based on

genetic studies of patients with selective 25-hydroxyvitamin D deficiency . A pivotal case

involved a patient with classic symptoms of vitamin D deficiency who was found to be

homozygous for a mutation in the CYP2R1 gene that eliminated vitamin D 25-hydroxylase

activity .

Notably, this individual had a normal CYP27A1 gene yet still exhibited vitamin D deficiency,

indicating that the presence of functional CYP27A1 was insufficient to compensate for the loss of

CYP2R1 activity . This observation suggests that CYP27A1 may play a secondary or tissue-

specific role in vitamin D 25-hydroxylation, while CYP2R1 appears to be the dominant enzyme

for this function in the systemic vitamin D metabolic pathway. As one researcher noted,

"Whether the CYP27A1 enzyme plays any role as a vitamin D 25-hydroxylase remains moot" .

The relative contributions of these hydroxylases may vary depending on tissue type. In

peripheral tissues such as the prostate, the 25-hydroxylase function may be primarily fulfilled by

CYP2R1 rather than CYP27A1, despite both enzymes being expressed in these tissues .

Although CYP27A1 is primarily expressed in the liver, where it contributes to bile acid synthesis,

the enzyme has been detected in a wide range of extra-hepatic tissues, including keratinocytes,

dermal fibroblasts, osteoblasts, arterial endothelium, parathyroid gland, ovaries, and

duodenum . This broad tissue distribution suggests that CYP27A1 may contribute to local

synthesis of 25-hydroxyvitamin D3 in these tissues, potentially enabling autocrine or paracrine

vitamin D signaling independent of the systemic vitamin D pathway .

The concept of local vitamin D activation has gained significant attention, particularly in the

context of cancer biology. Studies in endometrial carcinoma have shown that CYP27A1, along
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with CYP2R1, is expressed in these tissues and may contribute to intratumoral 25(OH)D

production . This local production of 25(OH)D can potentially enhance vitamin D receptor

(VDR) anti-proliferative actions through both direct activation of VDR and by providing substrate

for CYP27B1 to produce 1,25(OH)2D3 .

Mutations in the CYP27A1 gene cause cerebrotendinous xanthomatosis (CTX), an autosomal

recessive disorder primarily characterized by impaired bile acid synthesis . While the most

prominent clinical features of CTX include tendon xanthomas, premature atherosclerosis,

cataracts, and progressive neurological dysfunction, some patients may also experience 25-

hydroxyvitamin D deficiency, early-onset osteoporosis, and fractures .

This clinical presentation differs markedly from that of mutations in other vitamin D-metabolizing

enzymes. For instance, mutations in the CYP27B1 gene, which encodes the 1α-hydroxylase,

cause vitamin D-dependent rickets type I (VDDR-I), characterized by hypocalcemia,

hypophosphatemia, and skeletal abnormalities due to impaired 1,25(OH)2D3 synthesis .

The fact that CYP27A1 mutations primarily manifest as disorders of bile acid metabolism rather

than vitamin D deficiency further supports the notion that CYP27A1 is not the primary enzyme

responsible for vitamin D 25-hydroxylation in humans.

Structure-function analyses of CYP27A1 mutants have provided insights into the critical amino

acid residues that maintain the enzyme's catalytic activity. Studies of mutations detected in

patients with CTX have identified residues involved in substrate binding, heme-propionate

binding, and maintenance of the tertiary structure of the protein . These findings contribute

to our understanding of the molecular mechanisms underlying the enzyme's function in both

vitamin D and cholesterol metabolism.

Recent research has begun to elucidate the potential role of CYP27A1 in cancer biology,

particularly in relation to vitamin D metabolism and signaling. In prostate cancer, for example,

low CYP27A1 expression has been associated with a higher risk of lethal disease .

Interestingly, CYP27A1 expression was found to be inversely related to the expression of

enzymes involved in cholesterol synthesis, suggesting that in tumors with activated cholesterol

synthesis, the hydroxylation of cholesterol to 27-hydroxycholesterol is inhibited . This pattern

may provide rapidly dividing cancer cells with a selective advantage by increasing cholesterol

availability for cell membrane formation.

In endometrial carcinoma, a different pattern has been observed. Immunohistochemical analysis

of tissue microarrays revealed higher expression of both CYP27A1 and CYP2R1 in endometrial

carcinoma compared to normal endometrium . In these tissues, CYP27A1 and CYP2R1

expression correlated directly with nuclear VDR levels, an indicator of ligand-induced VDR

activation, and inversely with the proliferation marker Ki67 . These findings suggest that

vitamin D may protect against endometrial carcinoma progression in part through increased

intratumoral 25(OH)D production by CYP27A1 and CYP2R1, enhancing VDR-mediated anti-

proliferative actions .
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The relationship between CYP27A1 and vitamin D metabolism is multifaceted and continues to

be an area of active research. While CYP27A1 possesses the enzymatic capability to

hydroxylate vitamin D3 at carbon 25, genetic evidence suggests that it may not be the primary

25-hydroxylase in the systemic vitamin D metabolic pathway. Instead, CYP27A1 may play a

complementary or tissue-specific role in vitamin D metabolism, particularly in contexts where it is

highly expressed or where local production of 25(OH)D3 is physiologically relevant.

The enzyme's dual functionality in both vitamin D and cholesterol metabolism positions it at an

important intersection of these pathways, with potential implications for various physiological

processes and disease states. Future research will likely continue to unravel the complex

interplay between CYP27A1, vitamin D metabolism, and related pathways, potentially revealing

new therapeutic targets for disorders ranging from vitamin D deficiency to cancer.

Understanding the precise contribution of CYP27A1 to vitamin D metabolism in different

physiological and pathological contexts remains an important goal for researchers in this field.

⁂
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