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Summary
Hormone signaling is important in a number of disease states, and hormone receptors are effective
therapeutic targets. PGRMC1 (progesterone receptor membrane component 1) is a member of a
multi-protein complex that binds to progesterone and other steroids, as well as pharmaceutical
compounds. In spite of its name, PGRMC1 shares homology with cytochrome b5-related proteins
rather than hormone receptors, and heme binding is the sole biochemical activity of PGRMC1.
PGRMC1 and its homologues regulate cholesterol synthesis by activating the P450 protein Cyp51/
lanosterol demethylase, and the cholesterol synthetic pathway is an important target in cardiovascular
disease and in treating infections. PGRMC1 binding partners include multiple P450 proteins, PAIR-
BP1, Insig, and an uncharacterized hormone/drug-binding protein. PGRMC1 is induced in a spectrum
of cancers, where it promotes cell survival and damage resistance, and PGRMC1 is also expressed
in the nervous system and tissues involved in drug metabolism, cholesterol synthesis and hormone
synthesis and turnover. One of the appealing features of PGRMC1 and its associated protein complex
is its affinity for steroids and drugs. Together with its biological role in promoting tumor survival,
PGRMC1 is an attractive target for therapeutic intervention in cancer and related malignancies.
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1.Introduction
Cell growth and proliferation are driven by multiple processes, and cells employ intricate
signaling networks to link extracellular signals to changes in metabolism. In cancer and other
proliferative disorders, these pathways become deregulated, and the proteins that drive these
pathways are targets for therapeutic intervention. This review is about a novel family of proteins
that have characteristics of hormone receptors and are co-activators of important steps in lipid
metabolism. PGRMC1 may link extracellular signals to P450 activation, and the PGRMC1-
associated ligand-binding function provides opportunities for therapeutic intervention.

PGRMC1 (progesterone receptor membrane component 1) is a member of a multi-protein
progesterone-binding complex (Meyer et al., 1996; Peluso et al., 2008b). Thus, PGRMC1 has
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also been named Hpr6.6 [human membrane progesterone receptor (Gerdes et al., 1998)].
However, PGRMC1 does not bind directly to progesterone (Min et al., 2005) and has no
homology with steroid receptors (Mifsud and Bateman, 2002), nuclear or membrane-
associated. The only known biochemical function of PGRMC1 is binding to heme (Ghosh et
al., 2005; Crudden et al., 2006), and PGRMC1 shares key structural motifs with cytochrome
b5 (Mifsud and Bateman, 2002), a heme binding protein that activates cytochrome P450
proteins (Schenkman and Jansson, 2003). Indeed, PGRMC1 binds and activates P450 proteins
(Min et al., 2004; Min et al., 2005; Hughes et al., 2007), which metabolize drugs, hormones
and lipids. Notably, the same structural components of PGRMC1 that are required for heme
binding are also required for its association with a progesterone-binding partner (Peluso et al.,
2008b).

In unicellular eukaryotes, PGRMC1 homologues interact with P450 proteins to synthesize
sterols and protect cells from DNA damage (Hand et al., 2003; Mallory et al., 2005a; Craven
et al., 2007; Hughes et al., 2007; Thompson et al., 2007). In multicellular organisms, PGRMC1
binds to P450 proteins and has additional binding partners, patterns of transcription and pro-
survival activities (Cahill, 2007; Peluso et al., 2008b). These are indicated in Figure 1.
Mammals also have two additional PGRMC1 family members, called neudesin (Kimura et al.,
2008) and PGRMC2/Dg6 (Gerdes et al., 1998), about which little is known. PGRMC1 is
induced by a variety of non-genotoxic carcinogens, including dioxin, and its mouse and rat
homologues are also called 25-Dx [25 kDa dioxin-inducible protein (Selmin et al., 1996; Krebs
et al., 2000)]. Finally, PGRMC1 is expressed in the rat adrenal, and has been named IZA1
[inner zone antigen (Raza et al., 2001; Min et al., 2004)]. However, the sequence of rat IZA1
is distinct from that of 25-Dx at the carboxy-terminus, particularly with regard to the last 46
amino acids of 25-Dx (Min et al., 2004). The PGRMC1 yeast homologues are all named Dap1
[damage-associated protein (Hand et al., 2003; Hughes et al., 2007)].

In the past several years, a number of labs have shown that PGRMC1 is induced in tumors,
including hormone-responsive tumors. Disrupting PGRMC1 in tumors inactivates pro-survival
signaling and sensitizes cells to DNA damage, including damage caused by widely used
chemotherapeutic drugs (Crudden et al., 2006; Peluso et al., 2008a). The putative structure for
PGRMC1 contains a prominent ligand binding cleft (Figure 2), and PGRMC1 associates with
a hormone/drug binding sub-unit (see below). Together, these properties suggest a structure
that could be targeted, and genetic evidence suggests that PGRMC1 inhibition could improve
the outcome of genotoxic chemotherapy and hormonal anti-cancer therapies. PGRMC1
targeting could also be used as an anti-infective approach in combination with P450-inhibiting
anti-fungal drugs.

2.PGRMC1 and cholesterol synthesis
The cholesterol synthetic pathway is an important target for treating cardiovascular disease
and inhibiting fungal infections. PGRMC1 likely regulates cholesterol synthesis in two ways.
First, PGRMC1 binds and activates the P450 protein Cyp51/lanosterol demethylase (Hughes
et al., 2007), which catalyzes an essential reaction in the sterol synthetic pathway (Lepesheva
and Waterman, 2007). This finding was derived directly from research in the fungi
Saccharomyces cerevisiae and Schizosaccharomyces pombe, where the PGRMC1 homologue,
called Dap1, activates Cyp51 (Hand et al., 2003; Mallory et al., 2005a; Craven et al., 2007;
Hughes et al., 2007). However, Dap1-Cyp51 binding has not been demonstrated in S.
cerevisiae, and the two proteins only partially overlap in their localization (Craven et al.,
2007).

Cyp51 is the target for the azole class of antifungal drugs, which are widely used to treat yeast
infections, and Dap1 mediates resistance to azole drugs by activating Cyp51 (Hand et al.,
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2003; Mallory et al., 2005a; Hughes et al., 2007). Dap1 also regulates a second P450 protein,
called Erg5, in the cholesterol synthetic pathway (Mallory et al., 2005a), suggesting a general
role for Dap1 in P450 activation. As in yeast, human PGRMC1 binds to Cyp51, and human
embryonic kidney cells depleted for PGRMC1 have a partial arrest in cholesterol synthesis
(Hughes et al., 2007).

In addition to activating Cyp51, PGRMC1 binds to the proteins Insig (insulin-induced gene)
and Scap [SREBP cleavage activating protein (Suchanek et al., 2005)], which span the
endoplasmic reticulum and sense cholesterol levels. SREBP (sterol regulatory element binding
protein) is a transcription factor which exists in a precursor form in the endoplasmic reticulum
(Goldstein et al., 2006; Hughes et al., 2007). Insig inhibits the processing and activation of
SREBP by binding to Scap (Yang et al., 2002; Goldstein et al., 2006). When Insig is itself
inhibited, Scap is released to escort SREBP to the Golgi for processing (Goldstein et al.,
2006). The biological role of PGRMC1 in regulating Insig and Scap is unclear, and whether
Insig and Scap are part of the P450 or progesterone-binding complexes associated with
PGRMC1 is not known.

3.PGRMC1 and DNA damage
3.1 Damage sensitivity phenotypes in yeast

Yeast cells lacking the PGRMC1 homologue, Dap1, are sensitive to DNA damage (Hand et
al., 2003; Mallory et al., 2005a; Craven et al., 2007; Hughes et al., 2007; Thompson et al.,
2007) due to a failure in a repair process. Like PGRMC1, Dap1 binds to heme (Ghosh et al.,
2005; Mallory et al., 2005a; Thompson et al., 2007), and heme binding is essential for damage
resistance (Mallory et al., 2005a). Furthermore, exogenous heme or over-expression of the
heme synthetic pathway can overcome the requirement for Dap1 in damage resistance (Mallory
et al., 2005a; Craven et al., 2007). A second study raised the possibility that heme binding is
not required for Dap1-mediated damage resistance (Thompson et al., 2007), but this analysis
was performed in a strain harboring a mutation in a key heme-responsive pathway (Gaisne et
al., 1999), complicating the interpretation. DNA damage triggers the activation of cell cycle
checkpoints, but Dap1 does not alter the cell cycle checkpoint (Hand et al., 2003).

There is a gap in our knowledge regarding the exact mechanism through which Dap1 mediates
damage resistance. One important point is that the functions of Dap1 in ergosterol synthesis
and damage resistance are distinct. Both the ergosterol synthetic defect and damage sensitivity
in dap1Δ cells can be suppressed by hyper-expression of Cyp51 (Mallory et al., 2005a). But
hyper-expression of the heme biosynthetic enzymes 5-aminolevulinate synthase and 5-
aminolevulinate dehydratase completely suppress the dap1Δ damage resistance phenotype,
even though they have no effect on azole drug susceptibility (Craven et al., 2007). Thus, a
potential mechanism is that some chemicals may damage heme, heme precursors or P450
metabolites, and that elevated heme synthesis provides a mechanism of damage resistance. In
support of this model, one study suggested that heme is a target of methylating agents (Lum
et al., 2004), some of which are used in cancer chemotherapy. We conclude that, in cells treated
with damaging agents, Dap1 may play a greater role in heme maintenance than sterol synthesis.

3.2 Chemotherapy sensitivity in human tumor cells
Because of the role of Dap1 in damage resistance, our lab tested whether PGRMC1 has an
analogous function in cancer cells. PGRMC1 was inhibited by expression of a dominant-
negative, heme binding-deficient mutant or by siRNA, and either treatment sensitized breast
cancer cells to the chemotherapeutic drugs doxorubicin and camptothecin (Crudden et al.,
2006). These drugs are inhibitors of topoisomerase II and topoisomerase I, respectively. Peluso,
et al. reported similar results in ovarian cancer cells treated with cisplatin (Peluso et al.,
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2008a). PGRMC1 expression is induced by chemotherapy (Mallory et al., 2005b; Crudden et
al., 2006) and in mouse cells with short telomeres (Franco et al., 2005), which suffer
chromosomal damage during senescence and crisis. Together these results suggest that
PGRMC1 induction is a consequence of DNA damage, and PGRMC1 plays a role in
suppressing damage-induced cell death in cancer cells. In theory, PGRMC1 could be targeted
by antagonists of the PGRMC1 complex in combination with chemotherapy to improve its
tumoricidal activity, and targeting the larger PGRMC1 complex may have the same effect.

4.Interactions between PGRMC1 and P450 proteins
In yeast and humans, PGRMC1 binds directly to P450 proteins. Dap1 binds to Cyp51/lanosterol
demethylase in yeast, and PGRMC1 binds to Cyp51, Cyp3A4, Cyp7A1/cholesterol 7α-
hydroxylase and Cyp21A2/21-hydroxylase in humans (Hughes et al., 2007). This implies a
role for PGRMC1 in cholesterol synthesis, drug and hormone metabolism and bile acid
synthesis. Indeed, monoclonal antibodies to PGRMC1 block the 21-hydroxylation of
progesterone in rat adrenal tissue (Laird et al., 1988), and PGRMC1 activates Cyp21 when the
two proteins are co-expressed (Min et al., 2004; Min et al., 2005), indicating that PGRMC1
promotes progesterone turnover. As in yeast, human PGRMC1 is required for the Cyp51-
catalyzed step in cholesterol synthesis (Hughes et al., 2007). PGRMC1 and its homologues
have been likened to “helping hands for P450 proteins” (Debose-Boyd, 2007), and PGRMC1
is highly expressed in the rodent and human liver (Selmin et al., 1996; Gerdes et al., 1998;
Krebs et al., 2000; Raza et al., 2001), suggesting that PGRMC1 may contribute to multiple
P450-mediated pathways.

P450 proteins require a reductase partner, and Dap1 (the yeast PGRMC1 homologue) has
reducing activity (Thompson et al., 2007), suggesting that PGRMC1 class proteins may be
more than “helping hands”. PGRMC1 is also related to cytochrome b5, an important co-
activator of numerous P450 reactions (Schenkman and Jansson, 2003). However, Dap1 binds
to heme through a penta-coordinate mechanism (Thompson et al., 2007), which is distinct from
that of cytochrome b5, and hyper-expression of cytochrome b5 could not complement loss of
the DAP1 gene in yeast (Mallory et al., 2005a), suggesting that their functions do not overlap.
Furthermore, Dap1 has a much higher affinity for ferric heme than ferrous heme (Thompson
et al., 2007), suggesting that Dap1 would release heme during a redox cycle. Thus, the precise
mechanism through which Dap1 activates P450 proteins is unclear.

Like Dap1, PGRMC1 binds to heme, although its relative affinity for ferric and ferrous heme
and its reducing activity have not been determined. The putative structure of PGRMC1, from
the protein database, predicts a prominent groove at the center of the protein (Figure 2). The
Asp120 residue, which is required for heme binding (Crudden et al., 2006), is at the center of
the groove, and a proposed phosphorylation site for the Abl tyrosine kinase (Cahill, 2007) is
located near the opening of the groove (Figure 2, right, the tyrosine residue of the GPY). The
Tyr164 residue, which corresponds to the yeast Tyr138 site, is required for heme binding in
S. cerevisiae Dap1 (Thompson et al., 2007) and S. pombe Dap1 (Hughes et al., 2007). The
Tyr107 and Tyr113 residues (indicated by arrows in the GPY site and adjacent to it) are required
for heme binding in rat PGRMC1/IZA1 (Min et al., 2004), and all of these residues localize to
the same central groove of Pgrmc1 as Asp120 (Figure 2). Dap1 and PGRMC1 have similar
roles in cholesterol synthesis and damage resistance, and this is reflected in the conserved
residues that surround the central groove (Figure 2, conserved residues are indicated by
asterisks). In this depiction, residues that are different in Dap1 and PGPMC1 cluster at one end
of the protein and are indicated by pound signs in Figure 2.
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5. PGRMC1 and cancer
5.1 PGRMC1 expression in clinical tumor samples

PGRMC1 is over-expressed in breast tumors and in cancer cell lines from the colon, thyroid,
lung, and cervix (Crudden et al., 2005). In ovarian cancer, PGRMC1 expression increased in
advanced stage tumors, and PGRMC1 was homogeneously expressed within the tumors
(Peluso et al., 2008a). Microarray analyses have also detected PGRMC1 expression in colon,
lung, ovarian and breast tumors (Shridhar et al., 2001; Difilippantonio et al., 2003; Irby et al.,
2005; Dressman et al., 2006). In breast cancer, PGRMC1 was part of a protein signature that
predicts hypoxia (Dressman et al., 2006), which is reminiscent of its induction during hypoxia
in S. pombe (Hughes et al., 2007). Conversely, the PGRMC1 promoter is hyper-methylated in
ovarian cancer (Wei et al., 2006).

One P450-mediated pathway to which PGRMC1 could contribute is the synthesis and
metabolism of estrogen and progesterone. Both hormones are synthesized from cholesterol via
steps requiring multiple P450 proteins, including P450scc (Cyp11A1), Cyp17 and Cyp19
(aromatase). Estrogen (E2 and E1) is hydroxylated by Cyp1A1, Cyp1A2, Cyp3A4 and Cyp1B1
to form active metabolites 2-hydroxyestradiol (2-OH-E2) and 4-hydroxyestradiol (4-OH-E2).
Both 2-OH-E2 and 4-OH-E2 are further oxidized into carcinogenic compounds estrogen-2,3-
quinone and estrogen-3,4-quinone (Cavalieri et al., 2000; Bruno and Njar, 2007). While it is
intriguing to speculate whether PGRMC1 could contribute to hormone synthesis, signaling
and turnover, its biological role in these pathways remains to be elucidated.

5.2 A six gene carcinogenicity signature includes PGRMC1
PGRMC1 is also implicated as a biomarker in other steps in cancer progression. Nie, et al.
identified a carcinogenicity signature in rats, which included PGRMC1 and five other genes,
in response to 52 known carcinogenic compounds (Nie et al., 2006). Hokaiwado, et al.
performed a similar analysis and identified PGRMC1, among others (Hokaiwado et al.,
2004). PGRMC1 was originally cloned as 25-Dx based on its induction by the non-genotoxic
carcinogen 2,3,7,8-tetrachlorodibenzo-p-dioxin in the rat liver (Selmin et al., 1996), which also
induces P450 proteins such as Cyp1A1 (Nebert and Bausserman, 1970). It is unclear how P450
proteins like Cyp1A1 trigger tumor formation, although P450-mediated oxidative damage is
a candidate mechanism (Albro et al., 1978). It is notable that human PGRMC1 promotes cell
death in cancer cells after oxidative damage (Hand and Craven, 2003), possibly due to its
activation of P450 proteins, activates the pro-survival protein kinase Akt and inactivates the
cell death-associated protein IκB (Hand and Craven, 2003), suggesting multiple avenues for
regulating cell survival.

Interestingly, PGRMC1/25-Dx/mPR induction by TCDD is gender-specific, so that PGRMC1
expression is induced in male rats but repressed in females (Selmin et al., 2005). TCDD induces
liver tumors in females but not in males (Kociba et al., 1978), suggesting that gender-specific
expression patterns may contribute to TCDD hepatocarcinogenicity. PGRMC1/25-Dx
expression is repressed by progesterone and estrogen in murine neurons (Krebs et al., 2000),
and it is possible that these hormones repress PGRMC1 in the liver following dioxin treatment.
Thus, it is tempting to speculate that PGRMC1 could have a signaling function in male liver
tissue that contributes to the early stages of cancer progression.

6.Is PGRMC1 a progesterone receptor?
There is a long-standing link between PGRMC1 and progesterone signaling. However,
PGRMC1 was originally identified in liver microsomes (Meyer et al., 1996), is expressed
similarly in males and females (Krebs et al., 2000), and has homologues in organisms that do
not synthesize progesterone. Purified PGRMC1 does not bind to progesterone (Min et al.,
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2005), and the vast majority of PGRMC1 is not localized to the plasma membrane (Nolte et
al., 2000; Crudden et al., 2005; Peluso et al., 2008a). Recent reviews appear to have reached
a consensus that PGRMC1 is not by itself a progesterone receptor (Cahill, 2007; Losel et al.,
2007). Thus, the name Hpr6.6 for human progesterone receptor is not accurate.

PGRMC1-associated progesterone binding requires an unknown protein that is associated only
in partially purified PGRMC1 preparations (Peluso et al., 2008b). PGRMC1-associated
progesterone binding is functionally important in cancer cells because progesterone inhibits
apoptosis in granulosa cells, and this anti-apoptotic activity requires PGRMC1 (Peluso et al.,
2006; Peluso et al., 2008b). However, it is unclear how PGRMC1 transduces anti-apoptotic
signaling by progesterone. PAIR-BP1 (plasminogen activator inhibitor 1 RNA binding protein)
binds to PGRMC1, but a PGRMC1 mutant that binds to PAIR-BP1 does not co-purify with
progesterone-binding activity (Peluso et al., 2008b), suggesting that PAIR-BP1 and
progesterone binding are not functionally linked.

The PGRMC1-associated progesterone-binding activity has a similar affinity for
corticosterone, testosterone and cortisol (Meyer et al., 1996), suggesting limited specificity in
its hormone binding. Remarkably, PGRMC1 associated progesterone binding can be competed
with haloperidol, an anti-psychotic drug, with a 20 nM Ki (Meyer et al., 1998). Progesterone
binding was also inhibited with fluphenazine, carbetapentane citrate and R(-)-N-(3-phenyl-1-
propyl)-1-phenyl-2 aminopropane HCl (PPAP HCl) among others (Meyer et al., 1998),
suggesting that the PGRMC1 complex is a mixed-function steroid/drug-binding complex (S/
D-BP, Figure 3A). One intriguing model is that the PGRMC1-S/D-BP complex could bind to
progesterone (Figure 3A), transmit a signal, and then switch to a complex with Cyp21, which
metabolizes progesterone (Figure 3B). In theory, the same complex could bind to other steroids
or xenobiotic compounds and shuttle the compounds to other P450 proteins. However, we
emphasize that this model is entirely speculative. Interestingly, the heme-binding deficient
mutant D120G is deficient in the formation of the PGRMC1-S/D-BP complex (Peluso et al.,
2008b), suggesting a role for the heme-binding crevice in this complex.

While the exact function of PGRMC1 in progesterone signaling is not known, progesterone
clearly regulates PGRMC1 expression. In the ovary, PGRMC1 expression is induced by
progesterone (Nilsson et al., 2006), and in the corpus luteum, its expression increases during
pregnancy (Cai and Stocco, 2005). However, in the simian endometrium, PGRMC1 is down-
regulated by progesterone (Ace and Okulicz, 2004), as it is in the mouse hypothalamus (Krebs
et al., 2000). The results suggest that the hormonal regulation of PGRMC1 expression is tissue-
specific.

7.PGRMC1 expression in the brain
PGRMC1/25-Dx is expressed in various areas of the brain (hypothalamic area,
circumventricular organs, ependymal cells of the lateral ventricles, meninges), particularly in
structures involved in CSF production and in osmoregulation (Meffre et al., 2005).
PGRMC1/25-Dx is expressed at a basal level in the cerebellum when rats are born, and the
mRNA and protein level of PGRMC1 are increased neonatally and decreased thereafter in both
male and female rats, without significant difference between the genders (Sakamoto et al.,
2004). PGRMC1 is expressed mainly at Purkinje and external granule cells in the cerebellum
of neonate rats, whereas in the adult cerebellum, PGRMC1 is expressed in Purkinje cells
(Sakamoto et al., 2004). Cerebellar Purkinje cells are the sites of de novo synthesis of
progesterone from cholesterol, where the steroids promote dendritic growth, synaptogenesis
and spinogenesis.

Progesterone is neuroprotective in a number of different model systems for brain lesions
(Schumacher et al., 2007), and PGRMC1 is induced by progesterone after traumatic brain
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injury (Labombarda et al., 2003). In addition, pseudopregnant rats have increased expression
of 25-Dx (Meffre et al., 2005), which also corresponds with neuroprotection. However, it is
unclear whether PGRMC1 directly regulates neuroprotection and what its mechanism might
be. One intriguing clue is the neurotrophic activity of the PGRMC1 family member neudesin,
which is secreted (Kimura et al., 2008). Neudesin binds to heme and directly stimulates MAP
kinase and Akt signaling in cultured neurons (Kimura et al., 2008). However, the receptor
system for neudesin remains to be characterized, and it is unclear whether a portion of
PGRMC1 might be secreted in a similar manner.

8.Other phenotypes associated with PGRMC1
Some phenotypes that are readily detectable in yeast have not been analyzed in detail in
mammals. In S. cerevisiae, dap1Δ mutants are deficient in endocytosis (Hand et al., 2003).
The phenotype was detected by measuring dye uptake, and the majority of sterol pathway
mutants have increased dye uptake (Bard et al., 1978), probably due to membrane defects that
allow the dye to leach into the cells. In contrast, dap1Δ mutants have decreased dye uptake,
suggesting that Dap1 contributes to endocytosis. This phenotype suggests a role for Dap1 in
membrane uptake and/or intracellular trafficking. Indeed, Dap1 localizes to an endosomal
fraction (Craven et al., 2007) and contributes to the transport or storage of iron in yeast (Craven
et al., 2007). It is unclear whether this endocytosis phenotype is conserved in humans, but the
localization of PGRMC1 to the endoplasmic reticulum or to punctuate cytoplasmic sites
overlaps with that of the yeast homologue (Nolte et al., 2000; Crudden et al., 2005; Peluso et
al., 2008a; Peluso et al., 2008b).

In addition to regulating endocytosis, PGRMC1 has a role in regulating protein kinase-
associated signaling (Hand and Craven, 2003) in which PGRMC1 increases Akt activation.
Akt is phosphorylated by the PDK1 protein kinase, and there is a putative PDK1 binding region
on PGRMC1 (Cahill, 2007). The exact mechanism through which PGRMC1 activates Akt is
unknown, but recent work from our laboratory suggests a role for PGRMC1 in membrane-
associated signaling in cancer cells (Rohe, et al., manuscript in preparation). The ability of
PGRMC1 to activate signaling resembles that of yeast dap1Δ mutants, which have a defect in
membrane-associated signaling from a G-protein coupled receptor cascade for the yeast α-
factor mating pheromone (Hand et al., 2003). Interestingly, there is some indirect evidence that
PGRMC1 binds to caveolin (Bramley et al., 2002), which controls signaling through a number
of receptor complexes (Okamoto et al., 1998; Carpenter, 2000; Zajchowski and Robbins,
2002). Thus, one potential model through which PGRMC1 regulates signaling is that a
PGRMC1-caveolin complex contributes to the secretion, stability or activation of signaling
proteins at the cell membrane.

Another area of research that began in model organisms involves the transcriptional regulation
of Dap1 and PGRMC1. In S. pombe, the DAP1 gene is under the control of the SREBP (sterol
regulatory element binding protein) homologue SRE1, particularly under hypoxic growth
conditions (Hughes et al., 2007), raising the possibility that PGRMC1 is similarly regulated
by SREBP. Promoter mapping software predicts a sterol regulatory element in the PGRMC1
promoter, but it is unclear whether this site is active. Because PGRMC1 binds to Insig and
Scap (Suchanek et al., 2005), one intriguing model is that PGRMC1 could be part of a feedback
mechanism in regulating SREBP processing. However, at present, this is only speculation.

Conclusions
PGRMC1 is induced in a spectrum of cancers, where it promotes cell survival and damage
resistance. In spite of its name, PGRMC1 shares homology with cytochrome b5-related proteins
rather than hormone receptors, and heme binding is the sole biochemical activity of PGRMC1.
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The PGRMC1 binding partners that promote cell survival are not known, but may include P450
proteins, PAIR-BP1, Insig, and an uncharacterized hormone/drug-binding protein. PGRMC1
regulates cholesterol synthesis, which is important in controlling membrane-associated
signaling, and the downstream targets of PGRMC1 include the serine/threonine kinase Akt.
PGRMC1 is also expressed in neuronal tissue and tissues involved in cholesterol synthesis and
hormone synthesis and turnover. One of the appealing features of PGRMC1 and its associated
protein complex is its apparent access to steroids and drugs. Together with its biological role
in promoting tumor survival, PGRMC1 appears to be an attractive target for therapeutic
intervention in cancer and related malignancies.
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insulin-induced gene

PAIR-BP1  
plasminogen activator inhibitor mRNA binding protein

PGRMC1  
progesterone receptor membrane component 1

Scap  
SREBP cleavage activating protein
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Fig. 1.
Conserved and divergent functions of PGRMC1 proteins in evolution. In unicellular organisms,
Dap1 binds and activates the P450 protein Cyp51, promoting sterol synthesis and damage
resistance. In mammals, PGRMC1 binds to multiple P450 proteins, suggesting additional
functions in drug and hormone metabolism. PGRMC1 also binds to an unknown progesterone
binding protein, to PAIR-BP1 and to Insig and SCAP.
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Fig. 2.
A model for the structure of residues 71-171 of PGRMC1. Asterisks indicate identical residues
between PGRMC1 and its yeast homologue, Dap1, while pound signs indicate key non-
conserved residues. The sequences of the two proteins are shown below with the identical
sequences shaded in gray. The positions of four residues are indicated as a reference point.
PGRMC1 residues Asp120, Tyr107, Tyr113 and Tyr164 are required for heme binding in
PGRMC1, and the residues that are analogous to Asp120 and Tyr164 are required for heme
binding in Dap1.
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Fig. 3.
A proposed model for PGRMC1 in progesterone signaling and metabolism. PGRMC1 is part
of a progesterone binding complex in which it binds to an uncharacterized steroid/drug binding
protein (S/D-BP) that also has affinity for corticosterone, testosterone, cortisol and haloperidol.
Progesterone binding by this complex has anti-apoptotic activity that requires PGRMC1. Heme
(H) is the ligand for PGRMC1, and heme binding is required for its anti-apoptotic function.
Cyp21/21-hydroxylase also binds to PGRMC1 and metabolizes progesterone to 11-
deoxycorticosterone.
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