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Abstract

The Steroidogenic acute regulatory protein (StAR) directs mitochondrial cholesterol uptake 

through a C-terminal cholesterol binding domain (CBD) and a 62 amino acid N-terminal 

regulatory domain (NTD) that contains an import sequence and conserved sites for inner 

membrane metalloproteases. Deletion of the NTD prevents mitochondrial import while 

maintaining steroidogenesis but with compromised cholesterol homeostasis. The rapid StAR-

mediated cholesterol transfer in adrenal cells depends on concerted mRNA translation, p37 StAR 

phosphorylation and controlled NTD cleavage. The NTD controls this process with two cAMP-

inducible modulators of, respectively, transcription and translation SIK1 and TIS11b/Znf36l1. 

High-resolution fluorescence in situ hybridization (HR-FISH) of StAR RNA resolves slow RNA 

splicing at the gene loci in cAMP-induced Y-1 cells and transfer of individual 3.5 kb mRNA 

molecules to mitochondria. StAR transcription depends on the CREB coactivator CRTC2 and 

PKA inhibition of the highly inducible suppressor kinase SIK1 and a basal counterpart SIK2. 

PKA-inducible TIS11b/Znf36l1 binds specifically to highly conserved elements in exon 7 thereby 

suppressing formation of mRNA and subsequent translation. Co-expression of SIK1, Znf36l1 with 

3.5 kb StAR mRNA may limit responses to pulsatile signaling by ACTH while regulating the 

transition to more prolonged stress
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1. StAR integrates inter-membrane cholesterol transfer with mitochondrial 

electron transfer processes

The steroidogenic acute regulatory protein (StAR) initiates steroidogenesis by transferring 

cholesterol from outside the mitochondria to cytochrome P450 11A1 (CYP11A1) in the 

inner mitochondrial membrane (IMM) (Artemenko et al., 2001; Caron et al., 1997; Clark et 

al., 1994; Kiriakidou et al., 1996). Even after adrenocorticotropic hormone (ACTH) 

stimulation, cholesterol metabolism by CYP11A1 in adrenal mitochondria can exceed StAR 

mediated transfer so that cholesterol normally does not accumulate. ACTH stimulated 

cholesterol accumulation is produced by the CYP11A1 inhibitor aminoglutethimide (AMG) 

resulting in up to 3–5 cholesterol molecules per CYP11A1. This stimulation is paralleled by 

cholesterol–CYP11A1 complex formation (Jefcoate et al., 1973), which has been 

reproduced in cultured bovine adrenal cells (DiBartolomeis and Jefcoate, 1984). Turnover of 

this pool of reactive cholesterol at CYP11A1 is driven by reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) generated most effectively by succinate dehydrogenase 

and the ATP-dependent NADH/NADPH transhydrogenase (NNT) (Hanukoglu and Jefcoate, 

1980; Yamazaki et al., 1995). This process competes with transfer to IMM Cyp11b1 as 

shown by the opposing effect of cholesterol accumulation at CYP11A1 (Yamazaki et al., 

1993). Mitochondrial intermembrane 3 beta-hydroxysteroid dehydrogenase (Hsd3b2) may 

have activity integrated with StAR activity (Rajapaksha et al., 2016) to relieve product 

inhibition of CYP11A1.

2. StAR functions through C-terminal Cholesterol binding domain

StAR consists of two domains: the N-terminal domain (NTD), which includes about 62 

amino acids, and the C-terminal domain (CBD), which forms cholesterol complexes and is 

the conserved core of the STARD family. The NTD has the typical positive charge 

characteristics of other mitochondrial import sequences in the initial N-terminal amino acids 

and additional sequences that provide an unusually appreciable helical content and unusual 

dual cleavage sites (Bose et al., 1999).

The crystal structures of the CBD of StAR/STARD1 and StARD3 are similar even though 

they have very different specialized NTD (Kang et al., 2010; Letourneau et al., 2015). Each 

complex has a single cholesterol molecule. The transgenic deletion of the StAR gene in mice 

reproduces the pathology of human adrenal lipidemic hyperplasia (ALH) (Bose et al., 2002; 

Parker et al., 1998). Mutations, which cause the human disease, concentrate in the 

cholesterol binding domain rather than the NTD (Sahakitrungruang et al., 2010). However, 

the R182 mutation retains full cholesterol exchange activity but does not stimulate activity at 

CYP11A1 (Baker et al., 2005; Barbar et al., 2009).
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The StAR activity under hormonal control is mediated by phosphorylation at S194 by cAMP 

and protein kinase A (PKA) in fasciculata cells, and by Ca–dependent kinases in 

glomerulosa cells (Dyson et al., 2009; Elliott et al., 1993). A second phosphorylation by 

extracellular signal-regulated kinase (ERK) at S232 affects mitochondrial import (Duarte et 

al., 2014). A large number of cholesterol molecules transferred for each newly synthesized 

StAR protein (Artemenko et al., 2001). This high turnover suggests that cholesterol 

activation of the CBD directs receptor-like activity for StAR. The cholesterol induced 

conformational change in StAR, which delivers a more flexible structure matches this 

concept (Rajapaksha et al 2013). Such complexes are active on the mitochondrial outer 

membrane (OMM) where they may enrich cholesterol at sites proximal to the IMM 

mitochondrial permeability transition pore (mPTP). StAR transfer of cholesterol is inhibited 

by cholesterol sulfate with the consequence that cholesterol sulfatase can enhance activity 

(Sugawara and Fujimoto, 2004).

Protein cross-linking and many other studies like the yeast two-hybrid system suggest 

coordination with voltage-dependent anion channel (VDAC) proteins and translocator 

protein (TSPO)/peripheral benzodiazepine receptor (PBR) (Li et al., 2001; Prasad et al., 

2015; Shanmughapriya et al., 2015). The systemic TSPO-ko mice retain full steroidogenic 

activity in the testis much as is seen in MA-10 cells (Tu et al., 2015). It is also seen for an 

SF1-cre directed conditional loss of TSPO in the testis (Tu et al., 2016). By contrast, this 

same mouse shows a loss of ACTH induced glucocorticoid synthesis in the adrenal cortex. 

There appears to be a difference in the StAR-mediated cholesterol transfer process in the 

testis compared to the adrenal cortex. We have emphasized here that adrenal cells can 

produce peak steroidogenesis at very low levels of StAR mRNA thus pointing to a much 

more efficient process. The integration of TSPO and the StAR NTD into a distinctive 

adrenal process provides one explanation for the difference. The established effect of TSPO 

on mitochondrial Ca-sensitive permeability channels also suggests that mitochondria may 

rapidly adapt with alternative controls over membrane contacts that enhance StAR activity.

Cholesterol transfer depends on the continuous translation of the 37kd StAR pre-protein 

with concomitant phosphorylation by PKA. Thus, Inhibition with cycloheximide (CHX) 

stops ACTH-stimulated steroidogenesis within 5 minutes, while causing an accumulation of 

cholesterol in the OMM that remains inaccessible to IMM CYP11A1 (Pon et al., 1986; 

Privalle et al., 1983). This cholesterol accumulation in intact mitochondria generated by 

CHX is comparable to that generated by inhibition of CYP11A1 by AMG. For CHX, the 

cholesterol is in the OMM and inaccessible to CYP11A1, whereas for AMG the pool forms 

cholesterol-CYP11A1 complexes and is completely converted in minutes to pregnenolone 

after removal of the inhibitor. This early data indicates that cholesterol can enter the OMM 

and any associated membranes without StAR. The CBD can function in COS1 cells as a 

TOM 20 chimera, thus demonstrating that activity on the OMM alone effects cholesterol 

transfer to the IMM (Bose et al., 2002). However, the rate and efficiency here are possibly 

100 times lower that in adrenal cells suggesting that other factors including the NTD can 

enhance the turnover. This activity has been reconstituted with rat adrenal mitochondria and 

StAR CBD. Soluble N-ethylmaleimide-sensitive factor attachment protein receptors 

(SNAREs) were shown to be co-activators of StAR activity (Lin et al., 2016).
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The inter-membrane cholesterol barrier is readily breached by mild treatments such as 

elevated Ca or hypotonic media. This is an issue for many early assays for StAR cholesterol 

transfer activity. The metabolism of this artificially transferred cholesterol is supported by 

NADPH generated by isocitrate but not by succinate in conjunction with the nicotinamide 

nucleotide transhydrogenase (NNT) (Yamazaki et al., 1995). This precaution is realized in 

the SNARE assay by using succinate to support CYP11A1 activity.

3. What is the role of the StAR NTD?

The sequence encompassing these NTD cleavage sites is highly conserved across species 

(Yamazaki et al., 2006). The cleavage pattern for bovine StAR in COS1 cells is similar to 

that for native StAR in MA-10 cells. Mutation of the conserved cleavage sites in bovine 

StAR singly and in combination show a complex additive cleavage process involving two 

separate processing pathways. The double mutation of these sites slowed but did not prevent 

NTD cleavage or decrease cholesterol metabolism in transfected COS1 cells. The IMM 

metalloproteases (MMP) that cleave the StAR NTD appear likely to interact with OMM 

VDAC1 each as participants in the mitochondrial permeability core complex 

(Shanmughapriya et al., 2015). This pore complex mediates the Ca inhibition of 

mitochondrial cholesterol metabolism, which is blocked by cyclosporine, a drug that binds 

to cyclophilin, a component of the pore complex (Kowluru et al., 1995). NTD-modulatory 

activity beyond the mitochondrial import function may involve the StAR 30–62 sequences, 

which are downstream of the first conserved MMP cleavage site. The MMP cleavage 

enzymes are located on the inner face of the IMM thus requiring transfer of p37 StAR to this 

point for cleavage. Recent evidence suggests that this cleavage facilitates interaction of 

StAR with the VDAC2, which then facilitates both cholesterol transfer and cleavage of this 

sequence (Prasad et al., 2015).

The role of IMM proteases in StAR activity is well demonstrated by the inhibition of 

cholesterol metabolism in Y-1 cells by o-phenanthroline (OP), a metalloprotease inhibitor 

(Artemenko et al., 2001). OP prevents NTD cleavage while inhibiting Br-cAMP-induced 

cholesterol metabolism but without any effect on the CYP11A1 cleavage of 20-hydroxy-

cholesterol. When OP is washed out, the metabolism of cholesterol to pregnenolone 

continues as the cleavage of StAR ensues, but now without the need for the further synthesis 

of StAR. Four phosphorylated forms of p30-BAC/p32/rodent have been captured in 2D gels 

(Artemenko et al., 2001; Epstein and Orme-Johnson, 1991). A plausible model is that an 

IMM cleavage releases cleavage at NTD site A, which then allows IMM StAR to interact 

with OMM VDAC2 to enhance OMM-IMM contact and cholesterol transfer. The new and 

old concepts described here have been merged in the model shown in Figure 1.

GTP enhances mitochondrial uptake of cholesterol in partnership with Ca (Kowluru et al., 

1995). GTPases such as mitochondrial fusion-associated protein 2 (MFN2) and opacity 

associated (OPA) proteins, which mediates the continuous dynamics of inter-mitochondrial 

fusion, may also play pivotal roles in the cAMP-stimulated cholesterol transfer (Duarte et 

al., 2012). Mitochondrial fusion with the ER through sigma receptor sites has also been 

implicated (Prasad et al., 2015). Each share affects on the inner membrane transition pore 

that may enhance inter-membrane contacts.
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4. StAR NTD and cholesterol homeostasis

Deletion of the N-terminal mouse sequence (N-47 mouse) shows that this region is involved 

in the extra-mitochondrial activity, notably cholesterol homeostasis involving liver X 

receptor (LXR) forms and sterol regulatory element binding factor 1c and 2 (SREBP) 

(Sasaki et al., 2008). StAR functions from outside the mitochondria without the NTD to 

mediate linkage to lipid droplets (Arakane et al., 1996; Manna et al., 2002; Tu et al., 2014). 

This linkage of StAR activity to SNARE proteins, which function with lipid droplets has 

been reproduced in a reconstituted system using adrenal rat mitochondria (Lin et al., 2016). 

The appreciable potential for StAR to affect the cytoplasmic and nuclear cell compartments 

in multiple cell types has recently been highlighted, including through control of 27-hydroxy 

cholesterol, an LXR activator that also functions in the adrenal (Anuka et al., 2013; Manna 

et al., 2014).

TSPO also recruits PAP7/ACBD3 to these cholesterol-rich regions of the OMM. ACBD is 

an acronym for acyl-CoA binding domain, additionally suggesting participation in 

cholesterol esterification. ATP-binding cassette (ABCD3) has been now shown to be a 

suppressor of SREBP forms one that control both fatty acid synthesis genes (Chen et al., 

2012).

5. Y-1 cells exhibit sufficient basal StAR mRNA to mediate a full acute 

steroidogenic response

Y-1 adrenal cells like their primary counterparts and in contrast to MA-10 cells exhibit 

sufficient basal mRNA to mediate maximum steroidogenesis within 15 minutes without an 

increase in mRNA. This basal expression has been addressed by a combination of q-PCR 

and high-resolution fluorescence in situ hybridization (HR-FISH) microscopy described in 

detail elsewhere (Lee et al., 2016a).

Under basal conditions, Y-1 cells show appreciable levels of labile primary RNA (p-RNA) 

and spliced transcripts (sp-RNA) indicative of active transcription and splicing. This basal 

expression has been shown to derive from a combination of PKA and Janus kinase 2 (Jak2) 

activity (Lefrancois-Martinez et al., 2011). Stimulation by Br-cAMP substantially increases 

initiation and elongation up to the beginning of exon 7. However, the absence of increases in 

either exon 7 or spliced transcripts for 15 minutes indicates a pause in pol2 elongation at this 

point, which is coupled to splicing. Very similar delays are apparent in both Y-1 and MA-10 

cells (Lee et al., 2016a; Lee et al., 2015). This delay in elongation delivers spatially resolved 

clusters of unspliced and spliced transcripts that can be visualized at the loci with the 

Nikon’s structured illumination microscope (N-SIM) (Figure 2A). High resolution 

fluorescence in situ hybridization (HR-FISH) is achieved with hybridization of 30–40 

fluorescent 20mers that bind head to tail synergistically. We have used this approach to 

resolve primary and spliced transcripts at StAR and CYP11A1 at the gene loci and mRNA in 

the cytoplasm. At the StAR loci, the p-RNA and sp-RNA are variable resolved by N-SIM to 

separate by 100–300nm in MA-10 cells.
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The delayed splicing occurs after elongation up to the terminal intron 6. This pause should 

provide an accumulation of p-RNA approximating to the beginning of exon 7. A second 

accumulation of spliced sp-RNA generates a separate accumulation at the end of exon 7. We 

suppose that 3′ untranslated region (UTR) cleavage and polyadenylation ensues at this site. 

Additional oligomers that probe the terminal segment of the 3′UTR more closely overlap 

the sp-RNA at the locus. This separation at the locus is modeled (Figure 2B). q-PCR 

analyses show that elongation proceeds to the end of the 3′UTR. Thus there are minimal 

amounts of either p-RNA or sp-RNA that show short 3′UTR sequences in absence of 

terminal 3′UTR sequences. In Y-1 cells, the basal expression of StAR p-RNA and sp-RNA 

at the loci, individual mRNA/sp-RNA in the cytoplasm, and StAR protein in the inner 

mitochondria have been clearly resolved.

In Figure 3A, these features of a single Y-1 cell under basal conditions are presented as a 3D 

reconstruction of NSIM Z-stack slices, which we term the “cell in a box”. Consistent 

features are the midline nuclear positioning of the StAR loci with cytoplasmic mRNA and 

mitochondrial StAR protein between this position and the adherent cell membrane. The 

individual Z slices also indicate proximity of single mitochondria and single StAR mRNA 

(<0.5uM). This 1:1 pairing which we find in some cell locations with al least 50 percent 

incidence represents a dynamic association of 3.5 kb StAR mRNA with mitochondria. 

Cholesterol transfer and pregnenolone synthesis depend on translation of StAR mRNA, 

PKA phosphorylation, mitochondrial import and IMM cleavage of the NTD all occurring 

within 5 minutes (Artemenko et al., 2001). We assume that proteins that bind to the extended 

3′UTR including A-kinase anchoring protein (Akap)1 (Grozdanov and Stocco, 2012) and 

Tis11b/Znf36l1 (Duan et al., 2009) target StAR mRNA to ribosomes associated with the 

OMM. This association is supported by the N-SIM images of mRNA–mitochondrial pairing. 

The stoichiometry is a surprise. The process is likely to proceed through translation and 

eventually dissociation of the mRNA to other non-mitochondrial sites that we detect close to 

the adherent cell membrane. The number of cycles of translation for each mRNA prior to 

dissociation is a key issue.We are presently counting the prevalence of this pairing in various 

activity situations. This may represent a first view of active StAR directed cholesterol 

metabolism (Figure 3B). The relationship to mitochondrial fusion and ER– mitochondrial 

associations that have each been linked to StAR activity are potential contributors.

HR-FISH shows variable levels of expression at the loci in each cell, representing different 

numbers of transcripts. Some cells have only one active locus, some none. At higher 

sensitivity mRNA is visible in the cytoplasm, even under basal conditions. This contrasts 

with MA-10 testis cells where expression under basal conditions is not detectable either at 

loci or in the cytoplasm. The ratio of locus sp-RNA expression to cytoplasmic mRNA is 

highly variable between individual cells. We suggest that each cell is at a different stage of 

endogenous stimulation as marked by this ratio. These cell differences are consistent with 

the asymmetric activation of StAR loci and asynchronous responses of individual cells 

previously reported for MA-10 cells (Lee et al., 2016a; Lee et al., 2015).

Stimulation for 15 minutes by Br-cAMP, which produces maximum steroidogenesis in these 

Y-1 cells, (Artemenko et al., 2001) increases primary transcription at the loci but without an 

increase in splicing or cytoplasmic mRNA. mRNA and protein are positioned below the loci. 
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This mRNA is almost entirely 3.5 kb mRNA based on qPCR analyses. The HR-FISH probes 

show that half of these mRNA exhibit dual hybridization by sp-RNA and 3′EU probes that 

mostly show clear image resolution on single mRNA molecules (<0.1 microns) (Figure 3C).

6. Activation of transcription of StAR gene loci

We have used HR-FISH with Y-1 cells to show that Br-cAMP increases StAR transcripts at 

the gene loci asymmetrically. Thus, individual loci are activated on different time courses 

while single cells become engaged separately over the course of about 60 minutes(Lee et al., 

2016a). Early and late onset processes have been distinguished in MA-10 cells. This is 

simplified by the absence of basal expression. The distinguishing features of the early onset 

process, which starts directly after PKA activation are the asymmetric activation of loci with 

delayed elongation and slow splicing. The late onset loci, which become active after 60 

minutes exhibit an increased transcription rate but with highly coupled splicing. In Y-1 cells, 

the asymmetry and slow splicing of early onset locus activation superimpose on this basal 

expression. For the first 15 minutes of Br-cAMP stimulation, the number of engaged loci 

and mean locus expressions each increase but any increase in sp-RNA at the loci. This 

indicates an absence of splicing which is confirmed by parallel q-PCR analyses. 

Remarkably, this involves a 4-fold increase only in transcription of the first 6 introns and 

exons. Like early onset MA-10 transcription, there is a pol2 pause in elongation at the 

beginning of exon 7 while splicing remains at the low basal level. After 15 minutes, the level 

of p-RNA corresponding to the first 6 introns/exons remains constant over 6 h while 

transcripts corresponding to both complete elongation of exon 7 and full splicing increase 

linearly and in parallel to a new steady state which is about 5-fold higher. HR-FISH shows 

increased mRNA in the cytoplasm during this period. The number of engaged loci increases 

between 15 and 60 min.

It remains to be determined whether Y-1 cells have two types of StAR loci. In many 

respects, the basal turnover and 15 minutes stimulation, which is sufficient for maximum 

steroidogenesis, correspond to the MA-10 early onset process while the post-15-minute 

stimulation represents a transition to the late onset transcription with extensive coupling of 

transcription and splicing.

7. Sik1/CRTC2 intervention in Br-cAMP stimulation of StAR transcription

PKA surprisingly regulates StAR transcription by inactivating the salt inducible kinases 

(SIK1) (Lee et al., 2015) and (SIK2), which inactivate CREB-regulated transcription 

coactivator (CRTC) forms (CRTC2 in Y-1 cells) CRTC proteins are co-activators of CREB 

that aid in the recruitment of the histone acetyl transferase CBP. We suspect that this 

intervention occurs, also, to speed up shutdown of CREB-mediated transcription as cAMP 

levels fall. The SIK/CRTC combination is found extensively in conjunction with the 

metabolic regulation mediated by cAMP, including in the hypothalamus, pituitary, and liver, 

where rapid fluxes in stimulation are frequent (Altarejos and Montminy, 2011; Evans et al., 

2013; Itoh et al., 2015).
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The role of continuous translation in the StAR cholesterol transfer activity places particular 

demands on the transcription regulation. Modifications of SF1 (203 phosphorylation, K194 

de-sumoylation), CREB and GATA4 (phosphorylation) play key roles in acute stimulation of 

StAR transcription by cAMP/PKA (Daems et al., 2015; Manna et al., 2009). CREB 

phosphorylation at S133 by PKA is effective in mediating PMA/Erk activation of StAR in 

the absence of any partnership with the CRTC co-activator since SIK forms are unaffected 

(Jefcoate et al., 2011). The PKA-mediated inhibition of SIK forms and subsequent 

phosphatase activities releases CRTC2 first from the cytoplasm (PP2B/from calcineurin) and 

then from nuclear speckles (PPI or PP4) to combine with CREB on the StAR promoter. 

CRTC forms also function at sites that facilitate other steps in transcription, notably splicing 

and elongation that is delayed at early onset StAR loci (Amelio et al., 2007).

SIK1 is induced extensively in the adrenal in vivo and in cultured Y-I cells by PKA before 

StAR expression (Jefcoate et al., 2011; Spiga et al., 2011). SIK1 nuclear location and 

inhibitory activity depend on phosphorylation at S182 by LKB1(Takemori et al., 2009). 

PKA inhibits SIK1 activity through S577 phosphorylation, which additionally shifts SIK1 

out of the nucleus. The combination of kinase effects on SIK1 appears to keep the nuclear 

impact of SIK1 on CRTC2 relatively low at least until cAMP declines.

The stimulation of SIK1 by PKA shares several features of the StAR stimulation, which may 

facilitate their coordination. Br-cAMP stimulates SIK1 p-RNA to a steady state with a high 

copy number and a 15 minute delay before a rapid increase 4.4 kb mRNA. The delay before 

the appearance of this mRNA indicates a delay in splicing similar to that seen for StAR. 

This mRNA also contains an extended 3′UTR with multiple AU-rich regulatory elements at 

the 3′end. A steady state in stimulation is reached within 60 minutes indicating a rapid 

turnover of this 4.4 kb Sik1 mRNA.

8. Activation of StAR transcription by inhibition of SIK alone

SIK inhibition by staurosporine or the more specific HG-9-91-01 (HG-9) (Clark et al., 2012) 

alone activates the expression of StAR and most steroidogenic genes in Y-1 cells almost as 

effectively as cAMP (Jefcoate et al., 2011; Takemori et al., 2007). This inhibition of SIK 

forms replicates PKA stimulation of SIK1 transcription. This activation process implicates 

CRTC in SIK1 transcription and therefore a feedback control, perhaps to prevent excessive 

SIK1 induction. Staurosporine produces negligible phosphorylation of CREB in 

combination with nuclear translocation of CRTC2 and association with the StAR promoter 

Evidently CRTC2 associates with CREB without S133 phosphorylation. SIK2 has the high 

basal expression that responds only modestly to Br-cAMP. Inhibition of both SIK1 and SIK2 

each contribute to this inhibitor response, although their respective contributions will depend 

on their relative expression (Lee et al., 2016b). We speculate that SIK2 mediates CRTC2 

inactivation in the cytoplasm under the basal condition in Y-1 cells. The slower increase in 

StAR p-RNA response with staurosporine compared to Br-cAMP probably indicates a 

stimulatory contribution to initiation and elongation from CREB S133 phosphorylation or 

some other PKA target. Splicing of the StAR p-RNA following the stimulation by 

staurosporine in Y-1 cells occurs at the same time and rate as for Br-cAMP stimulation. 

Thus, while Br-cAMP can increase splicing factors (Schimmer and Cordova, 2015), an 
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activation of CRTC shared by Br-cAMP and staurosporine is sufficient for this acute 

activation.

Staurosporine stimulation is not reproduced in MA-10 cells. Staurosporine is a very general 

kinase inhibitor although it is typically not as potent for other kinases as for SIK forms 

(Gani and Engh, 2010). In MA-10 cells, the stimulation of StAR by Br-cAMP was 

effectively inhibited by staurosporine. This inhibition indicates that other staurosporine-

sensitive kinases contribute to activity in MA-10 cells but not Y-1 cells. Increased 

participation Dax1, an inhibitor of SF1, which is absent from Y-1 cells, is being explored as 

a possible discriminatory component. In Y-1 cells, we find that staurosporine at 5nM 

functions synergistically with Br-cAMP.

Unlike staurosporine, the more selective SIK inhibitor HG-9-91-01 effectively stimulates 

StAR expression in MA-10 cells. However, despite a Kd of only 10nM, stimulation was only 

achieved at 10uM. Unlike the normal direct stimulant, these increases depend on the extent 

of inhibition of SIK forms and their activity on CRTC forms. The improved selectivity of 

HG-9-91-01 may diminish the off-target inhibitory effect. However, a need for near 

complete SIK inhibition will shift the dose response curve to higher concentrations.

9. S577A-SIK1-GFP as a mechanistic probe of SIK1 activity

Many biological processes that involve SIK forms involve the regulation of CREB/CRTC 

directed transcription. However, there are many other activities, including some that may 

occur in adrenal cells. Notable examples include the original Na regulation of Na/K-ATPase 

(Popov et al., 2011), the control of Type2 histone deacetylase inhibitors (HDACs) (Berdeaux 

et al., 2007; Takemori et al., 2009) and most recently the activation of the cholesterol 

transporter, scavenger receptor class B (SR-B1) (Hu et al., 2015). Br-cAMP effects S577 

phosphorylation of SIK1 and the equivalent S587 of SIK2 and mediates the sequestration of 

each by 14-3-3 forms in the cytoplasm. This protein functions as a homodimer to sequester 

proteins including SIK1, SIK2, CRTC forms and Tis11b/Znf36l1 through sites where serine 

is phosphorylated (Al-Hakim et al., 2005; Screaton et al., 2004). This phosphorylation 

prevents kinase activity but also the nuclear entry of SIK1. When mutated as S577A, SIK1 

remains in nuclear speckles both with and without PKA stimulation (Lee et al., 2015). Thus, 

only nuclear activities of the SIK forms are prevented. This should, however, include 

inhibition of all CRTC activity but not other non-genomic cytoplasmic effects of SIK forms.

Transfection of cells with S577A-SIK1-GFP compared to GFP alone has been combined 

with HR-FISH to test the effects in transfected cells. SIK1 and CRTC2 then co-localize in 

the same speckle structures. Stimulation of Y-1 cells by Br-cAMP is completely prevented in 

cells that express SIK1-S577-GFP whereas full expression is maintained in neighboring 

cells lacking the active SIK1 chimera.

10. 3.5 kb StAR mRNA is selectively targeted by TIS 11b in the 3′UTR

Br-cAMP also stimulates the transcription of Znf36l1/Tis11b, a Zn finger protein (Figure 

4A), which limits StAR activity in a different way. A complex homodimer format AU-rich 

TATTTATT elements in the extended 3′UTR. This complex interacts with proteins that bind 
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the polyA tail and recruits ribonucleases selectively to degrade the StAR 3.5 kb mRNA 

(Baou et al., 2009). The 3.5 kb form is less stable than the 1.6 kb form in multiple cell types 

and then is selectively destabilized by further expression of Tis 11b (Duan et al., 2009).

Znf36l1/Tis11b is one of three members of the TTP/Znf36 family of Zinc-finger regulators. 

The best-known form TTP/Znf36 restricts inflammatory responses by targeting elements in 

the 3′UTR of cytokines such as Tnf. The most notable target is the VEGF, which also 

functions in adrenal cortex cells. Over production of vascular endothelial growth factor 

(VEGF) results in the lack of viability for Znf36l1/Tis11b deficient mice due to aberrant 

vascular development at around e8.5 (Baou et al., 2009).

These TIS11b sites are conserved in the extended 3′UTR sequences of mouse and human 

StAR despite low 3′UTR conservation in surrounding sequences (Figure 4B). Br-cAMP 

stimulates expression in both cell types in parallel with StAR increases. The additional 

expression stimulated by Br-cAMP occurs with expression in both the nuclei and cytoplasm. 

Znf36l1/Tis11b is phosphorylated at multiple sites, including by p38 stress-activated 

kinases, which have been linked to cytoplasmic distribution. Interestingly, binding occurs in 

cytoplasmic 14-3-3 forms that also bind phosphorylated CRTC2 and SIK forms (Al-Hakim 

et al., 2005; Screaton et al., 2004).

Removal of Tis11b in Y-1 and MA-10 cell lines through the high expression of shRNA 

enhances the potency of Br-cAMP as a stimulant of StAR expression. These lines show a 

similar elevation of both forms, whereas Tis11b siRNA selectively targets the 3.5 kb form 

(Duan et al., 2009). Evidently there are differences in the impact on Tis11b activity. The 

long-term suppression by sh-RNA is more effective in suppressing Tis11b expression. Due 

to the slow splicing, transcription of the full 3′UTR precedes cleavage and polyadenylation 

to generate the 1.6 kb form. There is also no evidence of premature cessation of elongation 

to generate shortened 3′UTR p-RNA or sp-RNA. Thus, Tis11b may also function at the 

StAR loci on the p-RNA to affect splicing, mRNA processing or translation. Previous work 

has shown that proteins in this Znf36 family play a role in redirecting mRNA to P-bodies 

and stress particles (Chang and Tarn, 2009). We have seen in HR-FISH images that a 

proportion of StAR mRNA is not associated with mitochondria.

11. StAR Responses to episodic in vivo ACTH signaling

In rodent adrenals, in vivo ACTH stimulates cAMP through activation of the MC2R 

receptor. The cAMP generation is enhanced by the cAMP-inducible MC2R co-activating 

protein MRAP. ACTH circulates as low-level pulses of about 60 minutes duration, which are 

released from the pituitary under control of hypothalamic corticotropin-releasing hormone 

(CRH). These pulses superimpose on a fivefold StAR circadian fluctuation, in part due to 

changes in ultradian amplitude (Liu et al., 2013). Restraint stress increases ACTH over 30 

minutes followed by a decline back to basal levels, which is matched by a single high dose 

ACTH administration. This stimulus delivers parallel changes corticosterone and StAR p-

RNA with a delay of 30 minutes before the increase in sp-RNA/mRNA. A large dose ACTH 

bolus provides similar kinetics. In these same adrenals, SIK1 rises to high levels over 30 
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minutes. Overall these restraint responses closely match the changes seen in Y-1 cells with 

Br-cAMP.

The ultradian pulsatile changes correspond to much lower fluctuations of ACTH, which 

nevertheless, produce 60-minutes fluctuations of corticosterone that reach nearly 50 percent 

of the levels produced by restraint stress. Corticosterone is rapidly metabolized by 11-

dehydrogenases such that the steroid pulses track after the ACTH pulses with only a short 

delay. StAR p-RNA and p-CREB show parallel fluctuations but with no increase in sp-RNA/

mRNA. These low ultradian increases in ACTH appear to function through direct effects of 

PKA on the basal level of StAR mRNA through the rapid translation-dependent process 

shown in figure 1 that involves mitochondrial import and IMM metalloprotease cleavage. 

This process has been shown to provide a cholesterol transfer cycle in Y-1 cells of about 5 

minutes, which is fully compatible with the modeling carried out for ultradian responses 

(Spiga et al., 2015). The rapid modulation provided by processing of the NTD can play a 

role in synchronizing ACTH fluctuations with mitochondrial cholesterol transfer and with 

changes in the cytoplasmic availability of cholesterol.

The slow splicing of StAR p-RNA that we have described has the effect of minimizing 

increases in StAR mRNA during the rapid low-level pulses, except perhaps with stress 

clusters multiple pulses. The rapid NTD modulation of CBD activity effectively uncouples 

ultradian pulses from the much slower diurnal regulation derived from the hypothalamus 

both through the autonomic stimulation of the adrenal medulla and from ACTH pulse 

variation. These diurnal changes closely correlate with changes in adrenal transcription 

factors (Spiga et al., 2015).

A non-genomic suppression of steroid synthesis is detected in the latter part of the ultradian 

pulse. Direct intra-adrenal glucocorticoid feedback has been suggested (Kalafatakis et al., 

2016; Spiga et al., 2015). However, the elevations of SIK1 and TIS11b and changes in their 

nuclear/cytoplasmic distribution, which have been introduced here occur within 5 minutes 

and, therefore, function on the time scale of ultradian pulses. Their capacity to suppress 

transcription and translation may be expected to affect the partnership between mitochondria 

and StAR mRNA. The kinase activity delivered by SIK, for which mRNA increases tenfold 

within 30 minutes can extensively, suppress StAR transcription when cAMP levels fall. This 

inhibition is most rapidly produced through direct CRTC2 phosphorylation by SIK1 within 

the nucleus prior to any translocation to the cytoplasm.

HR-FISH has allowed us to show a remarkable pairing of single StAR mRNA with 

mitochondria. This pairing is likely to be affected by the suppression effects of TIS11b on 

translation and possibly on the mitochondrial location. During the 60 minutes window of 

ultradian cAMP fluctuations, other rapid dynamic processes including mitochondrial and 

endoplasmic reticulum (ER) membrane fusion changes may be critical. These more rapid 

spatiotemporal effects are the focus of present efforts with HR-FISH. While stress biology 

has naturally focused almost entirely on the brain, the remarkable plasticity of these adrenal 

pathways suggests that individuals may vary substantially in their adrenal glucocorticoid 

control (Kalafatakis et al., 2016).

Lee et al. Page 11

Mol Cell Endocrinol. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

MA-10 cell line was the generous gifts from Professor Mario Ascoli. Y-1 cell line was the generous gifts from 
Professor Bernard Schimmer. This study was financially supported by NIH (RO1 DK074819, RO1 DK090249).

Abbreviations

3′EU extended 3′UTR

ACTH adrenocorticotropic hormone

AMG aminoglutethimide

CBP CREB binding protein

CREB cAMP responsive element binding protein 1

CRTC CREB regulated transcription coactivator

CBD C-terminal cholesterol binding domain

CHX cycloheximide

FISH fluorescence in situ hybridization

HR-FISH high resolution fluorescence in situ hybridization

IMM inner mitochondrial membrane

MMP metalloproteases

NNT NADH/NADPH transhydrogenase

N-SIM Nikon’s Structured Illumination Microscope

NNT nicotinamide nucleotide transhydrogenase

NTD N-terminal regulatory domain

OP o-phenanthroline

PKA Protein kinase A

p-RNA primary RNA

SIK1 salt inducible kinase 1

sp-RNA spliced primary RNA

StAR steroidogenic acute regulatory protein

TSPO translocator protein

VDAC voltage-dependent anion channel
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Figure 1. 
Model for high efficiency StAR-mediated adrenal cholesterol transfer to Cyp11a1 (A, B (a)) 

Step 1. StAR 3.5kb mRNA locates to OMM, where the cycloheximide (CHX) sensitivity of 

transfer implicates the need for continuous synthesis to offset inactivation after full import to 

the mitochondrial matrix (p37, progress to the matrix—green arrow). This process is not 

necessary for cholesterol transfer from lipid droplets, which are CHX-insensitive 

(DiBartolomeis and Jefcoate, 1984). Step 2. P37 StAR docks at TOM22 prior to reversible 

import to the IMM driven by the initial 30 AA of the NTD. In Step 1 or at this stage, PKA 

phosphorylated S194, and OMM ERK phosphorylates S232. In this phase, cholesterol 

enrichment in the region of the Ca-sensitive permeability channel (Ca-PC) is facilitated by 

TSPO/VDAC1 interaction (Rone et al., 2012). Step 3. NTD cleavage by IMM 

metalloprotease (MMP) at conserved site A (Blue arrows) exposes a conserved hydrophobic 

N-terminus that then associates with VDAC2 to enhance OMM-IMM contacts demonstrated 

by crosslinking (Prasad et al., 2015). These contacts enhance O-phenanthroline (OP) 

inhibition of site A cleavage and remove pp-30 while completely blocking cholesterol 

transfer. Removal of OP leads to recovery of cholesterol metabolism without renewal of p37 

synthesis. Step 4. NTD cleavage at conserved site B inactivates the NTD and leads to further 

migration of p30/p28 into the matrix, where cholesterol transfer activity is lost. Turnover by 

the matrix protease LON is slow unless activated by oxidative stress (Bahat et al., 2015). A 

LON insensitive phase of mitochondrial importance corresponding to Step 3 has been 

identified. Step 5. Cholesterol transfer without NTD activity occurs at slower rates but 

produces deficiencies due to the cytoplasmic activity of CBD (Bahat et al., 2015). When 

persistent due to inhibited import (CCCP), p37 and other intermediates are removed by the 
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proteasome degradation (MG132 inhibition). (B (b)) Mutation of conserved cleavage sites in 

N-terminal regulatory domain
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Figure 2. 
Time-dependent appearance of p-RNA, sp-RNA, and 3′UTR at loci after stimulation by Br-

cAMP (A, a) Design of HR-FISH fluorescent probes consisting of 40 fluorescent probes 

(about 20 mers each) for StAR p-RNA and sp-RNA/mRNA. The RNA probe sets for StAR 

was generated by using the stellaris probe designer (http://www.biosearchtech.com/

stellarisdesigner/). The p-RNA probes target introns while the sp-RNA probes selectively 

target spliced sequences by limiting the number of oligomers in each exon and exon-exon 

junction region. (A, b) The N-SIM microscope system (Nikon) was used to detect and 

visualize p-RNA and sp-RNA/mRNA. Left, the images show the analyses of loci in three 

dually labeled cells in the XY plane. The arrows indicate p-RNA (green) and sp-RNA (red) 

at the locus. Right, 3D-SIM image stacks were acquired with a Z-distance of 0.2μm, 

covering the entire thickness of the cell (about 10μm). Fifteen raw images per plane were 

acquired and computationally reconstructed using the reconstruction slice system from NIS-

Elements software (Nikon). The locus (top, a) is examined by Z-slicing at 0.2um intervals. 

We labeled the slices spanning the one of the loci from the top to the bottom. p-RNA and sp-

RNA are seen after 60 minutes stimulation with Br-cAMP (1mM) in MA-10 cells. (B, a) 

Design of HR-FISH fluorescent probes for StAR sp-RNA/mRNA and extended 3′UTR 

(3′EU). (B,b) Resolution of sp-RNA and 3′EU transcripts at StAR loci. The arrows indicate 
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sp-RNA (red) and 3′EU (green) at the locus. Messages are seen after 60 and 120 minutes 

stimulation with Br-cAMP (1mM) in Y-1 cells.
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Figure 3. 
3D N-SIM image of Y1 cell separates loci, StAR protein (mitochondria), and mRNA. (A) 

HR-FISH of StAR mRNA (sp-RNA) and immunochemistry of StAR protein after 3D N-

SIM image in XYZ axis. The arrows indicate the loci. sp-RNA/mRNA (red) and StAR 

proteins (green) are seen after 60 minutes stimulation with Br-cAMP (1mM) in Y-1 cells. 

(B) Enlarged region from 60-minute stimulation shows pairing of StAR mRNA and 

mitochondrial matrix StAR protein (circle). The arrows indicate the loci. (C) HR-FISH of 

StAR mRNA (sp-RNA) and 3′EU. Some messages show complete separation in the XY 

plane with N-SIM image processing.
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Figure 4. 
Selective targeting of extended StAR 3′UTR by transfected TIS11b/Znf36l1. (A) The zinc 

finger protein TIS11B has been documented as a post-transcriptional regulator of gene 

expression. Activation domains, NLS (nuclear localization signal), NES (nuclear export 

sequence), and RBD (RNA-binding domain) are shown. (B) Tis11b targeted sequences 

conserved in mouse and human StAR 3′UTR each with a conserved relationship to the 

terminal cleavage/polyadenylation site.
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