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SUMMARY 

Processing of microRNA primary transcripts (pri-miRNAs) is highly regulated and defects in the 

processing machinery play a key role in many human diseases. In 22q11.2 deletion syndrome 

(22q11.2DS), heterozygous deletion of DiGeorge critical region gene 8 (DGCR8) causes a 

processing deficiency, which contributes to abnormal brain development. The DGCR8 protein is 

the RNA-binding partner of Drosha ribonuclease, both essential for processing canonical pri-

miRNAs. Here, to identify an agent that can compensate reduced DGCR8 expression, we 

screened for metalloporphyrins that can mimic the natural DGCR8 heme cofactor. We found that 

Co(III) protoporphyrin IX (PPIX) stably binds DGCR8 and activates it for pri-miRNA 

processing in vitro and in HeLa cells. Importantly, treating cultured Dgcr8+/- mouse neurons with 

Co(III)PPIX can compensate the pri-miRNA processing defects. Co(III)PPIX is effective at 

concentrations as low as 0.2 µM and is not degraded by heme degradation enzymes, making it 

useful as a research tool and a potential therapeutic. 
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INTRODUCTION 

pri-miRNA processing defects have been reported in a range of human diseases including cancer 

and schizophrenia (Beveridge and Cairns, 2012; Merritt, et al., 2008). Critical contribution of 

such defects to pathogenesis has been demonstrated (Kumar, et al., 2007; Mori, et al., 2014). In 

22q11.2 deletion syndrome (also known as DiGeorge syndrome), the DGCR8 (called Pasha in 

Drosophila and Pash-1 in C. elegens) gene is heterozygously deleted along with 30-60 other 

genes in chromosome 22q11 (Karayiorgou, et al., 2010; Shiohama, et al., 2003). The 

haploinsufficiency of DGCR8 reduces the abundance of DGCR8 protein, resulting in lower pri-

miRNA processing efficiency and abnormal expression of a subset of microRNAs (miRNAs) 

(Stark, et al., 2008). The miRNA deficiency has a pronounced effect on brain development and 

function, and contributes to the cognitive and behavioral deficits of 22q11.1DS (Fenelon, et al., 

2011; Schofield, et al., 2011; Stark, et al., 2008). The DGCR8 protein and Drosha form the 

Microprocessor complex. Together they cooperate to recognize and cleave pri-miRNAs, thereby 

producing precursor miRNAs (pre-miRNAs) as intermediates (Denli, et al., 2004; Gregory, et al., 

2004; Han, et al., 2004; Landthaler, et al., 2004). Following this initial step in the canonical 

miRNA maturation pathway, pre-miRNAs are exported to the cytoplasm and are further cleaved 

by the Dicer nuclease to generate mature miRNA strands, which are eventually incorporated into 

the miRNA-induced silencing complex (miRISC) and become functional in gene regulation (Ha 

and Kim, 2014). 

To restore miRNA processing in 22q11.1DS and other diseases, it is highly desirable to 

enhance the activity of DGCR8 protein using small molecule agents, rather than engaging in 

risky gene therapies. DGCR8 has been shown to be regulated by cofactor binding, 

phosphorylation, acetylation and proteolytic cleavage (Gong, et al., 2012; Herbert, et al., 2013; 
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Wada, et al., 2012; Weitz, et al., 2014). These posttranslational modifications offer opportunities 

for intervention. This study takes advantage of the fact that DGCR8 is activated by the cofactor 

heme b (Barr, et al., 2012; Barr, et al., 2011; Faller, et al., 2007). A purified recombinant DGCR8 

construct NC1 (a.a. 276-751 of the 773-aa full-length protein) forms a stable complex with 

Fe(III) heme, but binds Fe(II) heme with much weaker affinity (Barr, et al., 2012; Barr, et al., 

2011). Fe(III) heme in DGCR8 is coordinated by a unique two-cysteine configuration (Senturia, 

et al., 2010). DGCR8 binds heme using an RNA-binding heme domain (Rhed) that directly 

contacts pri-miRNAs and cooperates with two double-stranded RNA-binding domains to achieve 

high-affinity binding and specific recognition (Quick-Cleveland, et al., 2014). In cells, DGCR8 

mutants that are unable to bind heme are unable to process pri-miRNAs (Weitz, et al., 2014). 

Additionally, DGCR8 activity can be modulated by removing heme from the cell culture media, 

adding back exogenous heme, or inhibiting endogenous heme biosynthesis (Weitz, et al., 2014).   

It is well known that excess amounts of freely available heme in cells are degraded by 

heme oxygenases (Kikuchi, et al., 2005), making heme less useful as a sustainable activator for 

pri-miRNA processing. In this study, we set out to identify heme analogs that are capable of 

binding and activating DGCR8. We either removed the central Fe of heme or substituted it with a 

diverse set of other metals. We successfully identified one such derivative, Co(III)PPIX, and 

demonstrated that it can rescue miRNA expression in Dgcr8+/- mouse neurons. CoPPIX is not 

degraded by heme oxygenases and thereby should be able to activate pri-miRNA processing for a 

prolonged period of time.  

RESULTS 

A metal ion is necessary for porphyrin to stably associate with DGCR8.  

We examined potential interaction of porphyrin compounds with heme-free (apo) forms of 
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DGCR8 via titration and electronic absorption spectroscopy. Size exclusion chromatography 

(SEC) was used to confirm the interaction and to estimate the stability of the complexes. Two 

apoDGCR8 proteins were used in the binding study: wild-type apoNC1 and the apoNC1-P351A 

mutant. NC1-P351A can be conveniently purified as a heme-free dimer (apoNC1-P351A) when 

recombinantly expressed in E. coli without the addition of δ-aminolevulinic acid (δ-ALA) to the 

media (Barr, et al., 2011). apoNC1-P351A can bind Fe(III) heme to form a stable complex 

similar to native Fe(III) heme-bound NC1. The porphyrin-binding assays using apoNC1-P351A 

were performed at pH 8 at which this protein is stable. This pH is close to physiological and is 

routinely used for our reconstituted pri-miRNA processing assays (Barr and Guo, 2014). In 

contrast, the porphyrin-binding assays using wild-type apoNC1 were performed at pH 6 for this 

protein is not very soluble at pH 8. Wild-type NC1 is expressed in E. coli as the Fe(III) heme-

bound form and it associates with Fe(III) heme very tightly (Barr, et al., 2011). Thus, the 

preparation of apoNC1 requires several additional steps after purification of NC1, including 

buffer exchange to pH 6, heme reduction, incubation with apomyoglobin to scavenge the Fe(II) 

(ferrous) heme fast-dissociating from NC1 and SEC to separate apoNC1 from myoglobin(Barr, 

et al., 2012), thereby resulting in a lower yield. apoNC1 dimer prepared this way can bind Fe(III) 

heme and be activated for pri-miRNA processing (Barr, et al., 2012). Because of the comparative 

ease of preparation and handling, we chose to use apoNC1-P351A for initial binding assays with 

porphyrins. The binding or lack of binding for select porphyrins was confirmed using wild-type 

apoNC1.  

We first tested protoporphyrin IX (PPIX), which does not contain a metal center (Figure 

1A). Incubation of PPIX with apoNC1-P351A dimer resulted in a predominant Söret peak at 383 

nm, which was slightly shifted from the 377 nm peak of PPIX without DGCR8 (Figure S1A). 
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The peak wavelengths and shape of the spectra did not change as the molar ratio of PPIX and 

apoNC1-P351A increased above 1:1, indicating that the PPIX did not bind specifically. 

Consistent with this notion, SEC analysis of the 1:1 mixture revealed little 383 nm absorbance 

associated with the NC1-P351A elution peak (Figure S1B).  Titration of PPIX to wild-type 

apoNC1 at pH 6.0 showed broadened split Söret peaks in the range of 300-500 nm with two 

maxima at 368 and 447 nm, respectively, and weaker Q bands at 535, 555, 592 and 643 nm 

(Figure 2A). These features were similar to those of free PPIX (Scolaro, et al., 2002) and no 

saturation behavior was observed (Figure 2B). Furthermore, the PPIX absorbance did not co-

elute with apoNC1 in SEC analyses (Figure 2C). Therefore, we conclude that a metal ion is 

required for strong DGCR8-porphyrin interaction.  

 

Co(III)PPIX stably associates with DGCR8 

We screened nine metalloporphyrins (Figure 1) and found that at pH 8 only Co(III)PPIX is able 

to stably associate with apoNC1-P351A, that Zn(II)PPIX only weakly binds (Figure S2), and that 

the others do not seem to bind. In the titration of Co(III)PPIX, we observed hyperporphyrin (split 

Söret) spectra with peaks appearing at 365, 456, and 563 nm, and a non-specific peak at 430 nm 

became prominent as Co(III)PPIX was added in excess (Figure S3A). The 365 and 456 nm peaks 

are intense and of nearly equal heights, and the α/β band at 563 nm is much weaker. These 

features of the specific Co(III)PPIX-NC1-P351A complex are similar to those seen with Fe(III) 

heme titration (Barr, et al., 2011). Plotting of the specific and non-specific peak absorbance 

values over the Co(III)PPIX concentration revealed a common transition at 9 µM (Figure S3B), 

close to the 7.5 µM apoNC1-P351A concentration within experimental errors, indicating that the 

specific binding has a stoichiometry of one Co(III)PPIX per apoNC1-P351A dimer. SEC 
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analyses showed that the Co(III)PPIX absorbance co-elutes with the protein, confirming that 

their association is stable (Figure S3C). 

Titration of Co(III)PPIX to wild-type apoNC1 at pH 8 resulted in electronic absorption 

spectra remarkably similar to those from titration to apoNC1-P351A. The peaks of the specific 

complex are at 368, 456, 563 nm and a non-specific peak at 432 nm became prominent when 

Co(III)PPIX is in excess (Figure 3A). In SEC analyses, the A456 and slightly less intense A432 co-

eluted with the 12.5 mL protein peak (Figure 3B), indicating that Co(III)PPIX remains bound to 

NC1. Therefore, we conclude that Co(III)PPIX stably binds DGCR8 at both pH 6 and 8. 

 

The redox state of cobalt is important for DGCR8-CoPPIX interaction 

The cobalt in Co(III)PPIX can be reduced to Co(II). We tested if the Co(II)PPIX can bind 

DGCR8. Co(II)PPIX was produced by reducing Co(III)PPIX using dithionite and was titrated to 

wild-type apoNC1. The electronic absorption spectra showed a prominent Söret peak at 398 nm 

and a relatively broad band at 565 nm, akin to the spectrum of free Co(II)PPIX (Figure 3C). SEC 

analyses of the Co(II)PPIX-apoNC1 mixture showed little 398 nm absorbance in the protein 

elution peak (Figure 3D). Therefore, we conclude that, in sharp contrast to Co(III)PPIX, 

Co(II)PPIX does not bind strongly to DGCR8. It is a common requirement for the metal ion in 

both CoPPIX and heme to be in a 3+ state to stably associate with DGCR8 (herein and published 

data (Barr, et al., 2012)).  

 

Co(III)PPIX increases pri-miRNA processing activity of DGCR8. 

We next tested if Co(III)PPIX binding to apoNC1 can biochemically activate it for pri-miRNA 
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processing. Uniformly 32P-labeled pri-miRNAs were incubated with purified recombinant 

Drosha and various forms of DGCR8. The latter included native Fe(III) heme-bound NC1, 

apoNC1, and in vitro reconstituted NC1-Co(III)PPIX and NC1-Fe(III)-heme complexes. The 

subsequent denaturing gel and autoradiography analyses showed that, compared to native NC1, 

apoNC1 displayed a deficiency in pri-miRNA processing, with nearly no pre-miRNA produced 

for pri-miR-23a, a >60% reduction of processing for pri-miR-21 and pri-miR-380, and a modest 

reduction (~30%) for pri-miR-30a (Figure 4, lanes 3 and 4 in all panels). Importantly, NC1 

reconstituted with Co(III)PPIX and Fe(III) heme rescued pri-miRNA cleavage close to the levels 

of native NC1 for all four pri-miRNAs (Figure 4, lanes 4 and 5 in all panels). Our previous 

titration experiments showed that the activity of NC1 in the reconstituted assay coincides with its 

binding to the pri-miRNA substrate (Faller, et al., 2010). The NC1 concentration (25 nM) used in 

the current pri-miRNA processing assays is just above the K1/2 of binding (~10 nM) (Quick-

Cleveland, et al., 2014), and this condition should be very sensitive to changes in activity of the 

heme-removed and reconstituted NC1 proteins. Therefore, our results clearly demonstrate that 

Co(III)PPIX is capable of activating DGCR8 for pri-miRNA processing, most likely by forming 

a complex similar to that containing Fe(III) heme.  

 

Co(III)PPIX activates pri-miRNA processing in cells 

Unlike heme, CoPPIX is not degraded by heme oxygenases, the major heme degradation 

pathway in mammalian cells (Kappas and Drummond, 1986), making it potentially more useful 

as a pri-miRNA processing activator. We tested if Co(III)PPIX can activate pri-miRNA 

processing in human cells using a recently developed fluorescent live-cell reporter assay that 

specifically reflects changes in pri-miRNA processing efficiency (Weitz, et al., 2014). The 
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reporter plasmid contains an mCherry expression cassette with a pri-miRNA sequence inserted in 

the 3´-untranslated region, so that cleavage of the pri-miRNA by Drosha/DGCR8 reduces the 

expression of this red fluorescent protein. The plasmid also expresses eYFP, which serves a 

normalization purpose. The total mCherry and eYFP fluorescent intensities of individual cells 

have a linear relationship over the wide range of expression levels usually seen in a transient 

transfection experiment. The eYFP vs mCherry slope indicates pri-miRNA processing efficiency. 

This assay has been extensively validated at both protein and RNA levels and was used to 

demonstrate that alternations in heme biosynthesis and availability modulate pri-miRNA 

processing efficiency (Weitz, et al., 2014).  

We used our cellular assay to determine if Co(III)PPIX can activate pri-miRNA 

processing in mammalian cells.  HeLa cells were adapted to grow in media with 50-80% of heme 

removed from the serum and then transfected with the pri-miR-9-1 reporter. Eighteen hours 

posttransfection, cells were treated with succinylacetone (SA) to block heme synthesis, either 

alone, with 0.2, 1 or 10 µM Co(III)PPIX, or with 10 µM hemin for 10 h.  Cellular fluorescence 

signals indicated that, as expected, SA treatment decreased the slope (and thus the pri-miRNA 

processing efficiency) from 1.00 ± 0.02 (95% CI, which is shown for all fluorescence data) to 

0.89 ± 0.03 and 10 µM hemin rescued it back to 1.07 ± 0.03 (Figure 5A). Importantly, 

Co(III)PPIX increased pri-miRNA processing efficiency in SA-treated cells in a dose-dependent 

manner. The fluorescence slope was increased by 8%, 19% and 25% in the presence of 0.2 µM, 

1.0 µM and 10 µM of Co(III)PPIX, respectively (Figure 5A). Even the change cause by the 

lowest concentration (0.2 µM) of CoPPIX was highly significant (p = 0.0005). We subsequently 

tested if the boost of pri-miRNA processing efficiency resulted in increased production of mature 

miR-9 using qRT-PCR. With SA treatment, the abundance of mature miR-9 was reduced to 0.64-



 10 

fold (± 0.05, SD) that of the no treatment control (Figure 5B).  This defect was rescued by both 

Co(III)PPIX and hemin, with the miR-9 levels 1.15 ± 0.17 and 0.81 ± 0.25 folds that of the no 

treatment control, respectively. The effects of Co(III)PPIX and hemin on the reporter depend on 

the pri-miRNA, as the same treatments caused little changes in fluorescence slope when a 

reporter without pri-miRNA sequences was used (Figure S4). Treatment with any of these 

compounds is not toxic to cells, as indicated by cell viability measurements using an MTT assay 

(Figure 5C).  

We performed the cellular assays in additional settings to further corroborate the 

conclusion. In the experiments just described, the changes in fluorescence slope caused by 

Co(III)PPIX and hemin (8-25%) are modest. This is due to low expression of DGCR8 from the 

endogenous loci in HeLa cells (Weitz et al., manuscript in preparation). With overexpression of 

N-terminally flag-tagged DGCR8 (N-flag-DGCR8), the fluorescence slope displayed by the pri-

miR-9-1 reporter in cells treated with Co(III)PPIX increased by 29-73% relative to that of the 

SA-alone control (Figure 5D). We also tested two additional reporters that contain the pri-miR-

185 and pri-miR-30a sequences, respectively. Upon Co(III)PPIX treatments, both reporters 

showed robust (23-51%) increases in fluorescence slope (Figure 5E-F), indicating that boost of 

pri-miRNA processing is general across difference pri-miRNA sequences. The dose responses 

vary among the pri-miRNA reporters. The increases for pri-miR-9-1 and pri-miR-185 were 29% 

and 23% respectively at 0.1 µM Co(III)PPIX, reached maxima of 73% and 51% at 1.0 µM, and 

dropped a little to 63% and 38% at 10 µM (Figure 5D-E). In contrast, the pri-miR-30a reporter 

showed similar increases (44-49%) at all three Co(III)PPIX concentrations (Figure 5F), which 

suggest that this compound may be effective at even lower concentrations for this pri-miRNA. 

The increases of fluorescence slope caused by 10 µM Co(III)PPIX are either similar to or 
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slighter higher than that by 10 µM hemin (Figure 5D-F). We have evidence that with 

overexpression of DGCR8, pri-miRNA processing is no longer the rate limiting step in reporter 

miRNA production (Weitz et al. data not shown), thus mature miRNA abundance was not 

examined. Altogether, our data clearly demonstrate that Co(III)PPIX is able to generally enhance 

pri-miRNA processing in cells without obvious harmful side-effects.   

 

Co(III)PPIX-mediated activation compensates miRNA processing deficiency caused by 

heterozygous deletion of Dgcr8 in mouse neurons 

We investigated if Co(III)PPIX may be used to correct the miRNA processing deficiency in 

cultured neurons. Previous studies showed that heterozygous deletion of the Dgcr8 gene either 

alone or along with other genes in the Df(16)A region in mice (syntenic to the 1.5 Mb 22q11.2 

microdeletion in humans) reduces both the mRNA and protein levels to ~50% those of the 

Dgcr8+/+ in wild-type mice (Stark, et al., 2008). This in turn reduces the maturation of certain 

miRNAs in the brain, including miR-185 and miR-134 that are important for dendritic spine 

development (Stark, et al., 2008; Xu, et al., 2013). We prepared primary cortical neurons from 

Dgcr8+/- pups and their wild-type littermate controls at embryonic day 17. These neurons were 

cultured in vitro and treated from 1 day in vitro (DIV) for 2 days with 0.2, 2 and 20 µM 

Co(III)PPIX. We then extracted total RNAs and measured the miRNA abundance. Similar to 

what has been reported previously (Xu, et al., 2013), the miR-185 levels in the Dgcr8+/- neurons 

decreased by 31% as compared to the Dgcr8+/+ neurons (Figure 6A). Treatment with 

Co(III)PPIX at all three concentrations elevated the miR-185 expression (Figure 6A). Even at the 

lowest concentration of 0.2 µM, the increase of miR-185 to 89% of wild type is statistically 

significant. At 20 µM, Co(III)PPIX restored miR-185 to a level indistinguishable to that of the 
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wild type. Co(III)PPIX at 20 µM also significantly increased the expression of another miRNA, 

miR-134, that is negatively affected by Dgcr8 haploinsufficiency in cultured primary neurons 

(Figure 6B). The neurons all looked healthy with processes developing under all conditions 

(Figure 6C). Importantly, little activated (cleaved) caspase-3 was detected, indicating lack of 

apoptosis in the treated cells. These experiments demonstrate that Co(III)PPIX is capable of 

correcting the miRNA processing deficiency caused by reduced Dgcr8 gene dosage and thus 

pave the way to further explore the value of this metalloporphyrin in treating 22q11.2DS and 

other diseases linked to deficient miRNA processing.  

DISCUSSION 

Here we identify Co(III)PPIX as an activator of pri-miRNA processing. This activator mimics 

the required heme cofactor of DGCR8 but is not subjected to degradation by heme oxygenases. 

DGCR8 and its homologs constitute a unique class of heme protein in that they use two cysteine 

side chains (Cys352 from both subunits in a dimer) to ligate the heme iron (Barr, et al., 2012; 

Barr, et al., 2011). At least one (likely both) of the Cys352 side chains are in the deprotonated 

thiolate state. The electron-rich environment contributes to a tremendous preference for DGCR8 

to bind Fe(III) heme over Fe(II) heme. The human DGCR8 does not dissociate with Fe(III) heme 

substantially even after incubation at room temperature for 4 days (koff < 3 x 10-6 s-1) with large 

excess of heme scavenger apomyoglobin (Barr, et al., 2011). In contrast, the dissociation rate of 

Fe(II) heme from DGCR8 cannot be measured using the stop flow method (koff > 100 s-1) (Barr, 

et al., 2012). Thus, a single electron (the difference between Fe(III) and Fe(II)) causes a >107-

fold change in koff. The reduction of the heme iron causes loss of both cysteine ligands (Barr, et 

al., 2012), resulting in near elimination of DGCR8 binding and activation activities.  

Among the metalloporphyrins with the central atoms highlighted in Figure 1B, only 
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Co(III)PPIX and Fe(III)PPIX (heme) are capable of stably binding DGCR8 and activating its 

miRNA processing activity. Cobalt and iron in the 3+ state contain 5 and 6 electrons in their d 

shells respectively, leaving those orbitals approximately half empty and thereby favoring the 

octahedral coordination. Our previous EPR study indicated that the Fe(III) in DGCR8 is in a 

low-spin S = ½ state, with one unpaired electron (Barr, et al., 2011). The spin state of 

Co(III)PPIX in DGCR8 remains to be determined. Both Co and Fe are redox active with another 

most accessible state being 2+ when chelated by porphyrins. Similar to Fe(II)PPIX, the 

Co(II)PPIX does not stably bind DGCR8. The stringent metal ion and redox state requirements 

are likely to be demanded by the dual cysteine-ligation of DGCR8 and the electron-rich 

environment. 

A key difference between CoPPIX and heme is that CoPPIX is not degraded by the heme 

degradation enzymes heme oxygenases (Kikuchi, et al., 2005). This property makes Co(III)PPIX 

much more stable in the body. Subcutaneous injection to rats results in retention of the 

compound in spleen, gonads, lung, and thymus for up to 4 weeks (Rosenberg, 1993). 

Furthermore, Kappa and colleagues treated rats with CoPPIX and observed a substantial 

decrease in body fat contents and overall bodyweight (Galbraith and Kappas, 1989). Either 

subcutaneous injection or intracerebroventricular injection into the brain was effective. The 

effects persisted over a long period of time, with those from a single intracerebroventricular 

dosage at 0.2 or 0.4 µmol per kg of body weight lasting strikingly for over 300 days. These 

effects were not produced by cobalt chloride, heme or other metalloporphyrins tested, therefore 

appear to be specific to CoPPIX. No histological abnormalities were observed in the brain, 

suggesting that administration of CoPPIX at low dosages may be safe for treating diseases such 

as 22q11.2DS. Additionally, there has been a substantial body of works trying to identify the in 
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vivo targets of CoPPIX that contribute to the “slimming” effects, including heme oxygenase-1 

(HO-1) (Csongradi, et al., 2012) and nitric oxide synthase (Li, et al., 2006). Our study suggests 

that boost of miRNA processing is another major effect of CoPPIX. 

CoPPIX has been shown to potently induce the expression of HO-1, even though the 

compound itself is a competitive inhibitor of heme oxygenase enzymes (Dercho, et al., 2006; 

Shan, et al., 2006; Shan, et al., 2000). Previous studies showed that 5-10 µM of CoPPIX is 

needed to induce HO-1 expression (Dercho, et al., 2006; Shan, et al., 2006; Shan, et al., 2000). In 

the current study, we show that Co(III)PPIX is effective in activating pri-miRNA processing in 

human cells at concentrations as low as 0.2 µM. Thus, it should be possible to activate DGCR8 

without substantially inducing HO-1. On the other hand, induction of HO-1 has major 

cytoprotective and other beneficial physiological effects (Motterlini and Foresti, 2014; Wu, et al., 

2011). These effects are elicited by the products of the heme degradation reaction—biliverdin is 

a potent antioxidant and carbon monoxide has anti-inflammatory and anti-apoptotic activities. 

Therefore, activation of HO-1 by CoPPIX has been proposed as a potential therapeutic strategy 

for treating cardiovascular diseases and obesity (Csongradi, et al., 2012; Galbraith and Kappas, 

1990). It may be beneficial to activate both pri-miRNA processing and HO-1 using modest 

dosages of Co(III)PPIX. Elevated heme oxygenase expression and activity would reduce the 

intracellular heme availability, which would in turn be expected to reduce pri-miRNA 

processing. At 10 or 20 µM of Co(III)PPIX, direct activation of DGCR8 appears to have a 

dominating effect on enhancing pri-miRNA processing efficiency over the potential indirect 

inhibition via HO-1 induction (Figures 5 and 6). The tight interaction between DGCR8 and 

Co(III)PPIX must have contributed to this overall positive effect of Co(III)PPIX on pri-miRNA 

processing.  
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CoPPIX shares major chemical properties with heme, and thus is able to interact with 

additional heme proteins and possibly affect their respective biological pathways. For example, 

CoPPIX has been shown to inhibit the rate-limiting heme synthesis enzyme δ-aminolevulenic 

acid synthase (Schoenfeld, et al., 1984). The combination of heme synthesis inhibition and 

degradation (the latter from induction of HO-1) causes a reduction of cytochrome P-450 in the 

liver (Drummond and Kappas, 1982). Cobalt-substituted cytochrome P-450cam, cystathionine β-

synthase and horseradish peroxidase can be biochemically reconstituted using the corresponding 

apoproteins and CoPPIX (Smith, et al., 2011; Wagner, et al., 1981; Wang, et al., 1977), although 

it is not clear whether CoPPIX is incorporated to these heme proteins in vivo. Therefore, caution 

should be exercised when considering CoPPIX in long-term systemic treatments, especially at 

medium to high concentrations.  

In summary, we found that Co(III)PPIX binds DGCR8 tightly and activates its pri-

miRNA processing activity potently. We show that this compound is effective in correcting pri-

miRNA processing defects by activating the DGCR8 protein in mouse neurons that mimic the 

DGCR8 haploinsufficiency in 22q11.2DS (Stark, et al., 2008; Xu, et al., 2013). Co(III)PPIX is 

not degraded by the heme degradation enzymes, thus has highly favorable pharmacokinetic half-

lives (Galbraith and Kappas, 1989; Rosenberg, 1993). It works at low concentration, allowing 

the interaction with other heme proteins and potential undesired effects to be limited. These 

properties qualify Co(IIII)PPIX as a potential therapeutic for diseases in which pri-miRNA 

processing deficiency is involved. As pri-miRNA processing is highly regulated in broad 

biological contexts (Davis and Hata, 2009; Ha and Kim, 2014), Co(III)PPIX will also be useful 

as a research tool. 
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SIGNIFICANCE  

miRNAs are extensively involved in development and cell physiology, and reduced miRNA 

production has been linked to many diseases. In cancers, decreased expression of miRNA 

processing factors has been extensively documented. Another disease, 22q11.2DS, is caused by 

the most common human chromosome microdeletion, with an incidence of 1 in 2,000–4,000 live 

births. Concrete evidence has demonstrated that these miRNA processing defects directly 

contribute to pathogenesis. However, it has not been possible to correct them pharmacologically. 

Here using a combined biochemical and cellular approach, we identify a miRNA processing 

activator, cobalt (III) protoporphyrin IX. This compound binds and activates DGCR8 by 

mimicking its essential heme cofactor, but is not degraded by heme degradation enzymes. 

Co(III)PPIX corrects the miRNA processing deficiency caused by heterozygous deletion of 

DGCR8 in cultured mouse neurons.  Our study demonstrates that it is possible to compensate 

miRNA processing defects by activating the processing proteins.  

 

EXPERIMENTAL PROCEDURES 

Materials 

Hemin and Co(III)PPIX were purchased from Sigma (St. Louis, MO, USA). All other 

metalloporphyrins were obtained from Frontier Scientific (Logan, UT, USA). 

Expression and purification of recombinant DGCR8 

Fe(III) NC1, apoNC1 and apoNC1 P351A proteins were purified as described previously (Barr, 

et al., 2012; Barr, et al., 2011). Briefly, the constructs were expressed in the pET-24a+ vector in 

E. coli and purified using cation exchange chromatography followed by size-exclusion 
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chromatography (SEC). The SEC buffer contained 20 mM Tris pH 8.0, 400 mM NaCl, and 1 

mM DTT. Reduction of the Fe(III) NC1 was accomplished using 2 mM sodium dithionite in 50 

mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 6.0, 400 mM NaCl, and 1 mM DTT.   

DGCR8-porphyrin binding assay 

All porphyrin solutions were made fresh on the day of use and stored at ≤ 4°C. Protoporphyrin 

IX was initially dissolved in 50% DMSO and 50% 0.1 M NaOH, concentration was measured 

(~1 mM), and diluted into the final binding buffer (pH 6 or 8). Metalloporphyrins were initially 

dissolved in 0.1 M NaOH, and then diluted to 100 μM stocks using binding buffer. The 

concentrations were determined either gravimetrically (Rh and In) or using published extinction 

coefficients. Several published absorbance peaks and extinction coefficient values are listed in 

Table S1. 

The porphyrin-binding reaction buffer contained 1 mM DTT, 400 mM NaCl, and the 

buffer was either 50 mM MES pH 6.0 (for wild-type apoNC1) or 20 mM Tris pH 8.0 (for 

apoNC1 P351A). Absorbance spectra were collected using either a Varian Cary 300 Bio 

spectrophotometer with bandwidth set to 1 nm (Figures 2A and 3A,C), or a DU800 

spectrophotometer (Beckman-Coulter, bandwidth ≤ 1.8 nm)  (Figures S1, S2 and S3).  

Reconstituted pri-miRNA processing assays 

The assays were done as described previously (Barr, et al., 2012). The reactions were incubated 

at 37°C for either 30 min (pri-miR-23a and pri-miR-30a) or 45 min (pri-miR-21 and pri-miR-

380), and were analyzed using 15% acrylamide, 7 M urea denaturing gels and autoradiography.  

The bands were quantified using the ImageQuant software (GE Healthcare). The intensities of 

pre-miRNAs were converted to the equivalents of pri-miRNAs by multiplying the ratio of the 

numbers of 32P-containing residues in the pri-miRNA and pre-miRNA.  p values were calculated 
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using two-tailed Student’s t-test and Mann-Whitney U-test. 

Cellular pri-miRNA processing assay 

The cellular assays were performed as described previously (Mukherji, et al., 2011; Weitz, et al., 

2014). Briefly, cells were grown in heme-depleted media for 24 h before splitting into smaller 

plates for both imaging and RNA analysis. For the experiments in Figure 5A-B, cells were 

transfected with the reporter. Eighteen hours posttransfection, 1 mM SA, either alone or with 0.2, 

1 or 10 μM Co(III)PPIX, or 10 μM hemin, was added to the cells, and 1 μg/mL doxycycline was 

also added to induce expression of reporters. Co(III)PPIX and hemin were dissolved in DMSO 

shortly before addition to the cell cultures. After 10 h of treatment, cells were used either for 

imaging or for total RNA extraction. Imaging and data analysis were performed as described 

(Weitz, et al., 2014). Total RNAs were extracted using the miRNeasy mini kit (Qiagen).  Taqman 

qRT-PCR assays (Life Technologies) were used to measure mature miR-9 and β-actin mRNA 

levels. A similar procedure was used for the experiments in Figures 5D-5F, except that the N-

flag-DGCR8-expression plasmid or the pCMV-Tag2A vector (as a control) was included in the 

transfection together with the reporter. To assure that N-flag-DGCR8 was expressed under the 

heme-deficient and/or porphyrin-treated condition, SA, Co(III)PPIX, hemin were added 2 h prior 

to the transfection. Doxycycline was added shortly after the transfection. Imaging was done 16-

18 h posttransfection. 

Treatment of mouse Dgcr8+/- neurons using Co(III)PPIX 

All animal protocols used in this study are approved by Columbia University IACUC. Dgcr8+/- 

mice have been described previously (Stark, et al., 2008) and have been backcrossed into 

C57BL/6J background for over ten generations. After embryonic dissection, dissociated neurons 

from individual pups were cultured at ~2 x 106 neurons per condition. At DIV 1, cells were 
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treated with Co(III)PPIX or DMSO (no porphyrin control) as indicated in Figure 6. Co(III)PPIX 

was dissolved in DMSO. At DIV 3, total RNA was isolated using miRNeasy mini kit (Qiagen). 

Taqman qRT-PCR assays (Life Technologies) were used to measure mature miR-185, miR-134 

and Gapdh mRNA levels, as described previously (Stark, et al., 2008; Xu, et al., 2013).  
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FIGURE LEGENDS 

Figure 1. Metalloporphyrins that were tested for association with DGCR8 and for activation of 

pri-miRNA processing. (A) Schematic of a metalloprotoporphyrin IX. The M at the center 

represents a metal ion. (B) A section of the periodic table showing the elements used in this 

study, with the group numbers labeled. The protoporphyrin IX complexes with the metals shown 

in red background stably bind to DGCR8, whereas the complexes with the elements in gray do 

not. 

Figure 2. Protoporphyrin IX without a metal center does not stably associate with apoNC1.  

(A) Electronic absorption spectra of titration of PPIX into 1.25 μM apoNC1 dimer at 0.25 μM 

intervals, in 50 mM MES pH 6.0, 400 mM NaCl and 1 mM DTT. The PPIX:apoNC1 ratios of 

the bold curves are indicated in italic. (B) Absorbance values at 368 nm and 447 nm obtained 

from the titration are plotted against PPIX:apoNC1 ratios. To avoid overlapping, the A368 values 

are nudged up by 0.01. In contrast to a similar titration experiment using Fe(III)PPIX (Barr, et 

al., 2011), no saturation point is observed at 1:1 PPIX:apoNC1 ratio, indicating a lack of specific 

binding. (C) Size exclusion chromatogram of a mixture of apoNC1 and PPIX, both at 4 μM 

concentration shows little co-elution. The low 368 nm absorption in the elution peak was 

contributed by the ~10% heme remaining bound to the apoNC1 preparation. The chromatogram 

is indistinguishable from that of the apoNC1 alone. See also Figure S1. 

Figure 3. Co(III)PPIX, but not the Co(II) form, associates with apoNC1. (A) Electronic 

absorption spectra of Co(III)PPIX titrated into 2 μM apoNC1 dimer at 1 μM per step, in 50 mM 

MES pH 6.0, 400 mM NaCl and 1 mM DTT. The absorption peak at 432 nm results from a non-

specific interaction. An absorbance spectrum of Co(III)PPIX alone is shown as a dashed line. (B) 

Size exclusion chromatogram of the reconstituted Co(III)PPIX-NC1 complex. (C) Co(II)PPIX 
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was titrated into 2.5 μM apoNC1 in 50 mM MES pH 6.0, 400 mM NaCl and 2 mM sodium 

dithionite at 1.25 μM per step. Sodium dithionite obscures peaks below 350 nm due to its high 

absorbance. The apoNC1 spectrum before addition of sodium dithionite is also shown. The 

absorption spectrum of Co(II)PPIX without proteins is shown in the inset. (D) Size exclusion 

chromatogram of apoNC1 with Co(II)PPIX. The SEC buffer contained 50 mM MES pH 6.0 and 

400 mM NaCl, and was degassed to remove O2. The apoNC1 dimer elutes at an expected 

volume. However, there is no large accompanying absorbance at 398 nm (the Co(II)PPIX Söret 

wavelength) or 456 nm (potential re-oxidized Co(III)PPIX Söret wavelength). See also Figures 

S2 and S3 and Table S1. 

Figure 4. Co(III)PPIX activates DGCR8 for pri-miRNA processing in vitro.  Denaturing gel 

analyses of cleavage assays of (A) pri-miR-23a, (B) pri-miR-21, (C) pri-miR-380 and (D) pri-

miR-30a. The cleavage reactions contained trace amounts of uniformly 32P-labeled pri-miRNAs, 

recombinant His6-Drosha390-1374 and the various forms of DGCR8 proteins (25 nM dimer). NC1 

is the native Fe(III) heme-bound dimer. apoNC1 is NC1 with the >90% of heme removed. The 

reactions labeled with “+Fe(III)PPIX” and “+Co(III)PPIX” contained apoNC1 incubated with 

equimolar of Fe(III) heme or Co(III)PPIX, respectively. Fractions of pri-miRNAs converted to 

pre-miRNAs are plotted as means ± SD (n = 3 for pri-miR-23a, pri-miR-21 and pri-miR-380; n = 

4 for pri-miR-30a). Asterisks indicate statistically significant activation of apoNC1 (**, p ≤ 0.01; 

*, 0.01 < p ≤ 0.05).  

Figure 5. Live-cell pri-miRNA processing assay shows that Co(III)PPIX activates pri-miRNA 

processing without inducing cytotoxicity. Hela cells were cultured in heme-depleted media, 

transfected with the pri-miR-9-1 reporter, treated for 10 h with succinylacetone (1 mM) either 

alone or together with Co(III)PPIX or hemin at the indicated concentrations. (A) Normalized 
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eYFP/mCherry fluorescence slopes (± 95% CI). (B) Abundance of mature miR-9 normalized by 

that of β-actin mRNA (mean ± SD, n = 4). (C) MTT assays showed little cytotoxicity (mean ± 

SD, n = 4). (D-F) Reporter assays were performed similarly to described above, except that the 

N-flag-DGCR8 expression plasmid was cotransfected with the reporters, that the pri-miR-9-1 

(D), pri-miR-185 (E), and pri-miR-30a (F) reporters were used, and that SA, Co(III)PPIX and 

hemin were added prior to transfection. See also Figure S4. 

Figure 6. Co(III)PPIX restores deficient miRNA expression caused by heterozygous deletion of 

the Dgcr8 gene in mice. Primary cortical neurons dissected from Dgcr8+/- mouse embryos and 

their wild-type littermates were treated with Co(III)PPIX at the indicated concentrations between 

DIV 1 and 3, for 48 h. (A,B) Mature miR-185 (A) and miR-134 (B) levels after normalization to 

that of the Gapdh mRNA. The miR-134 data at lower Co(III)PPIX concentrations did not reach 

statistical significance and thus are not shown. Each plotted value is average ± SEM from seven 

independent experiments using seven animals for each genotype. Select P values are calculated 

using two-tailed Student’s t-test and are indicated on the graph. (C) Images of the treated and 

control neurons with processes visualized via MAP2 staining (shown in green).  
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Table 1: DGCR8 binding properties of metalloporphyrins.   

MPPIX Soret peak, free 
(nm) 

Soret peak, bound 
(nm) 

Stably 
bind 

DGCR8 

Activate 
pri-miRNA 
processing 

Fe(III) 384 367, 450 Yes Yes 

Fe(II) ~390 N.D. No No 

Co(III) 418 368, 456 Yes Yes 

Co(II) 397 398 No N.D. 

The properties of Fe(III) and Fe(II) heme were known from a previous study (Barr, et al., 2012) 

and are shown for comparison. N.D., not determined. 
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Supplemental Data 

 

Figure S1, related to Figure 2.  PPIX does not stably bind to apoNC1-P351A. 

(A) Electronic absorption spectra of titration of PPIX into 7.5 M apoNC1-P351A dimer at 0.5 

M intervals. After the 8.5 M step, the PPIX concentration was increased directly to 13.5 M. 

Select molar ratios of PPIX and apoNC1-P351A are indicated in bold italic. The spectrum of 5.0 

M protein-free PPIX is shown in dash. (B) SEC analyses of 4 M apoNC1-P351A and its 1:1 

molar mixture with PPIX.  

 
Figure S2, related to Figure 3.  Zn(II)PPIX weakly binds apoNC1-P351A. 

(A) Titration of Zn(II)PPIX into 4 M apoNC1-P351A. The Zn(II)PPIX concentrations are 0, 

0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.5, 5.5, 6.5, 8.5, and 10.5 M. The spectrum of 5 M free 

Zn(II)PPIX is shown in dash, with a Söret peak at 413 nm. Early during the titration, a broad 

slanted peak with a maximum at 424 nm appeared. As the Zn(II)PPIX concentration increased 

further, an additional Söret peak at ~399 nm gradually rose to approximately even height as A424. 

As Zn(II)PPIX became excess, a 413-nm peak started to accumulate and eventually became 

dominant. In the titration, the α/β bands red-shifted from 545 and 583 nm to 549 and 586 nm, 

respectively, but did not show any noticeable transitions at 1:1 stoichiometry. 

(B) SEC analyses of 4 M apoNC1-P351A and its 1:1 molar mixtures with Zn(II)PPIX. 

apoNC1-P351A eluted with a low level of 424-nm absorption, indicating that its complex with 

Zn(II)PPIX is unstable.  
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Figure S3, related to Figure 3.  Co(III)PPIX specifically and stably binds apoNC1-P351A. 

(A) Titration of Co(III)PPIX into 7.5 M apoNC1-P351A at 1.0 M intervals. (B) Absorbance at 

peak wavelengths are plotted against Co(III)PPIX concentration. (C) SEC analyses of 4 M 

apoNC1-P351A and its 1:1 molar mixtures with Co(III)PPIX.  

 

 
Figure S4, related to Figure 5.  A reporter containing no pri-miRNA sequences does not 

respond to Co(III)PPIX or hemin treatment. Same as in Figure 5A, Hela cells were cultured in 

heme-depleted media, transfected with the no-pri-miRNA reporter, treated for 10 h with 

succinylacetone (1 mM) either alone or together with Co(III)PPIX or hemin at the indicated 

concentrations. Shown are normalized eYFP/mCherry fluorescence slopes (± 95% CI).  
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Table S1, related to Figure 3. Extinction coefficients of metalloporphyrins used in this study. 
 

Porphyrin Solvent λ (nm) ε (mM-1cm-1) Reference 

Co(III)PPIX 0.1 M Tris-Acetate pH 7.9 416 93 (Ozols and 

Strittmatter, 

1964) 

Ni(II)PPIX 0.1 M Tris-Acetate pH 7.9 385 52 

Cu(III)PPIX 0.1 M Tris-Acetate pH 7.9 388 64 

Zn(II)PPIX 
NaOH (aq.) 412 87.4 (Leonard, et al., 

1974)    

MnPPIX 0.1 M NaOH 
462 25 (Yonetani and 

Asakura, 1968) 

Sn(III)PPIX 0.5% Pyridine, NH4OH 406 164 (Rish, et al., 

2007) Ga(III)PPIX DMSO 413 249 

Fe(III)PPIX 0.1 M NaOH 

385 58.44 (Dawson, et al., 

1986) 

(Collier, et al., 

1979) 
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