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RNA-binding proteins regulate aldosterone homeostasis in human steroidogenic cells
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ABSTRACT

Angiotensin 1l (Angll) binds to the type | angiotensin receptor in the adrenal cortex to initiate a
cascade of events leading to the production of aldosterone, a master regulator of blood pressure.
Despite extensive characterization of the transcriptional and enzymatic control of adrenocortical
steroidogenesis, there are still major gaps in our knowledge related to precise regulation of All-
induced gene expression kinetics. Specifically, we do not know the regulatory contribution of RNA-
binding proteins (RBPs) and RNA decay, which can control the timing of stimulus-induced gene
expression. To investigate this question, we performed a high-resolution RNA-seq time course of the
Angll stimulation response and 4-thiouridine pulse labeling in a steroidogenic human cell line
(H295R). We identified twelve temporally distinct gene expression responses that contained mRNA
encoding proteins known to be important for various steps of aldosterone production, such as cAMP
signaling components and steroidogenic enzymes. Angll response kinetics for many of these mRNAs
revealed a coordinated increase in both synthesis and decay. These findings were validated in
primary human adrenocortical cells stimulated ex vivo with Angll. Using a candidate SiRNA screen,
we identified a subset of RNA-binding protein and RNA decay factors that activate or repress Angll-
stimulated aldosterone production. Among the repressors of aldosterone were BTG2, which promotes
deadenylation and global RNA decay. BTG2 was induced in response to Angll stimulation and
promoted the repression of mMRNAs encoding pro-steroidogenic factors indicating the existence of an
incoherent feedforward loop controlling aldosterone homeostasis. Together, these data support a
model in which coordinated increases in transcription and regulated RNA decay facilitates the major
transcriptomic changes required to implement a pro-steroidogenic gene expression program that is
temporally restricted to prevent aldosterone overproduction.
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INTRODUCTION

Angiotensin Il (Angll) is a potent octapeptide hormone that binds to angiotensin Il receptor type 1
(AGTR1) in adrenal zona glomerulosa cells to stimulate the production of the mineralocorticoid
aldosterone from cholesterol. The primary function of aldosterone is to regulate blood pressure and
volume through the control of renal salt excretion [cite]. Additional functions of aldosterone discovered
more recently include directly mediating cardiac and vascular remodeling [cite]. Aldosterone is a
small, non-polar, and hydrophobic steroid hormone that passes through the cell membrane upon
production. Given the lack of intracellular aldosterone, it must be produced de novo in response to
steroidogenic stimuli. Thus, it is critical to tightly control the timing and amount of de novo aldosterone
production. Pathological aldosterone excess, such as in primary aldosteronism, leads to hypertension
and increased cardiovascular risk in humans (Monticone et al, 2018; Nanba et al, 2019; Brown et al,
2020). Although the stimulatory effect of Angll upon aldosterone secretion has been extensively
studied, the temporal regulation and resolution of the Angll response remains poorly understood and
critical for maintaining aldosterone homeostasis.

The temporal coordination of Angll-stimulated aldosterone biosynthesis is described in two stages: an
“early regulatory step” (minutes) and a “late regulatory step” (hours) (Nogueira et al, 2009;
Hattangady et al, 2012). The early regulatory step is characterized by rapid signaling pathways
promoting cholesterol mobilization. A key part of the early step is inducing the expression of
Steroidogenic Acute Regulatory Protein (STAR) that transports cholesterol from the outer to inner
mitochondrial membrane allowing for conversion by CYP11A1 into the pregnenolone, which is a
precursor for the production of all steroid hormones including aldosterone. The late regulatory step is
characterized by inducing the expression of steroid biosynthesis enzymes such as aldosterone
synthase (CYP11B2). Although the temporal order of the Angll gene expression response underlies
both regulatory steps there has not been an examination of steroidogenic transcriptome dynamics
with sufficient temporal resolution to systematically identify distinct response kinetics.

There are two prototypical examples of coordinated temporal response utilize very different regulatory
strategies. One example utilizes a cascade of transcription factor activity to generate waves of
temporal expression patterns. Transcriptional cascades have been observed in the yeast cell cycle
and innate immune responses (Luscombe et al, 2004; Smale, 2012). The other example relies on
intrinsic differences in the stability between induced transcripts to generate sequential response
response patterns.Specifically, the time to peak response is inversely correlated with the stability of
the transcript, and thus unstable RNAs will exhibit more rapid induction and return to baseline than
stable RNAs (Palumbo et al, 2015). This post-transcriptionally regulated model of temporal
coordination of response kinetics has been observed largely in immune and inflammation responses
(Hao & Baltimore, 2009; Elkon et al, 2010; Rabani et al, 2011). Interestingly, increasing the decay
rate of transcriptionally induced RNAs results in a kinetic response with a quicker time to peak
expression and return to baseline. This strategy of increasing synthesis and decay has been
observed in the yeast oxidative stress response and immune activation of mouse dendritic cells
(Shalem et al, 2008; Rabani et al, 2014). A lack of response resolution in both of those biological
systems could clearly lead to deleterious effects for the cell and organism, much like the uncontrolled
resolution of aldosterone production.
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RNA-binding proteins (RBPs) are a class of trans-acting regulatory factors that control all aspects of
RNA metabolism (Gerstberger et al, 2014). Many RBPs have been shown to control the stability of
MRNASs through interactions with cis-regulatory elements in the 3' UTR of their target RNAs (Keene,
2007). RBPs binding to AU-rich elements are one of the most well-characterized examples for the
regulation of RNA stability and have been associated with controlling the temporal order and shape of
immune response kinetics (Elkon et al, 2010; Hao & Baltimore, 2009; Rabani et al, 2014). General
regulators of RNA stability, such as factors that modify deadenylation, can also control the temporal
response kinetics of induced RNAs and may do so in cardiac hypertrophy (Mauxion et al, 2008;
Stupfler et al, 2016; Masumura et al, 2016). In spite of the role of RBPs in the regulation of decay,
expression kinetics, and many other post-transcriptional processes, their role in Angll-mediated
aldosterone production is poorly characterized.

To understand the molecular basis and role of RNA regulation in the kinetics of the Angll-aldosterone
gene regulatory program, we measured transcriptome dynamics at high-resolution temporal by RNA-
seq in a steroidogenic human cell line (H295R) stimulated with Angll. While transcriptional control
was clearly prominent, RNA decay rates determined the time to maximal change in expression.
Furthermore, we observed Angll-dependent increases in RNA decay for many transcriptionally
induced RNAs, including those encoding key pro-steroidogenic proteins. These findings were
validated in primary human adrenocortical cells stimulated ex vivo. We identify RBPs and RNA decay
factors that either activate or repress aldosterone production. Finally, we find that Angll-induced RNA
decay factor BTG2 represses aldosterone production and promotes the clearance of steroidogenic
RNAs. Together, these data support a model in which coordinated increases in transcription and RNA
decay facilitates the major transcriptomic remodeling required to implement a pro-steroidogenic gene
expression program that is temporally restricted to prevent aldosterone overproduction.

RESULTS

Identification of genes with temporally distinct Angll-response kinetics in H295R cells

To delineate the temporal coordination of the Angll-induced gene expression response, we performed
a high-resolution (twelve time points in duplicate) Angll stimulation RNA-seq time course in H295R
cells (Figure 1A). Rather rathan polyA-enrichment, we performed rRNA depletion to enable
measurement of both precursor and mature RNAs. The data were high quality as samples clustered
first by replicates (r ~ 0.99) and then time post-stimulation (Supplemental Figure 1A, 1B). First, we
focused on changes in mature RNA (sum of all mature transcripts per gene, Supplemental Table 1).
PCA analysis clearly indicated differences in gene expression as early as 15 minutes with the largest
remodeling of the transcriptome occurring ~6-8 hrs post-stimulation (Figure 1B). Furthermore, the
return towards the unstimulated state by 24 hrs suggests that this time course captures most of the
Angll-induced changes in RNA levels in this system. Next, we determined the genes exhibiting
statistically significant changes (FDR <= .001 and > 2-fold change) in mature RNA expression at any
time point of Angll treatment versus unstimulated (n=2417). The changes in expression measured by
RNA-seq were recapitulated (R > .95) by qRT-PCR for a subset of differentially expressed genes
(Supplemental Figure 1C). Differentially expressed coding and long-noncoding RNAs both exhibited
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the largest change in expression between 3 and 8 hours (Figure 1C). Intriguingly, ShRNAs appeared
to be upregulated rapidly, peaking around 2 hrs before returning to baseline.

To identify genes with similar temporal changes in expression, we performed K-means clustering on
the mature expression level changes for the differentially expressed genes. This revealed 12 groups
of genes with temporally distinct Angll-response kinetics (Figure 1D and Supplemental Figure 1D,
Supplemental Table 2). The groups were labeled based on the direction (activated/repressed),
strength (strong/weak), and timing of expression changes. For example, RNAs belonging to asl
(activated strong 1), exhibited an average maximal activation of ~20-fold peaking around 1 to 2 hours,
while RNAs in as4 (activated strong 4) exhibited an average maximal activation of ~4-fold peaking
around 7 hrs. We asked whether specific gene biotypes were enriched in specific clusters. The asl
RNAs encoded proteins involved in the calcium and cyclic AMP signaling pathway that are activated
during steroidogenesis (Figure 1E and supplemental Figure 1E), including NR4A1 and NR4A2, which
are known transcriptional regulators of enzymes controlling aldosterone production (Romero et al,
2004; Bassett et al, 2004). Unexpectedly, we found a very strong enrichment for shRNAs, and
particularly U1 snRNA, in awl (Supplemental Figure 1F). We observed a strong enrichment in as2 for
MRNAs encoding proteins regulating the unfolded protein response. RNA-binding proteins that
control transcript-specific RNA decay were enriched in as2 and aw2. The aw3 and as3 groups were
enriched for mRNAs encoding steroid biosynthesis proteins. The induction of mRNAs encoding
steroidogenic enzymes required for the conversion of cholesterol to aldosterone was consistent with
previous studies validating the quality of the data (Figure 1F) (Romero et al, 2007; Wang et al, 2012).
Altogether, our analysis demonstrated that Angll response kinetics exhibited temporal coordination of
functionally related genes.

RNA decay controls Angll response kinetics

Simulations and previous studies in other stimulation-response paradigms have shown that the initial
RNA decay rates in the unstimulated cells govern the time to peak expression response and thus the
shape of the expression response (Rabani et al, 2011; Palumbo et al, 2015). Importantly, this
phenomenon assumes constant decay rates throughout the response. As a starting point, we
guantified the time to maximal expression change for each gene (see methods), which increased
concordantly with peak time assigned to each group (Figure 2A, left). For example, genes in asl
(median 1.8 hrs) reached their peak expression 5.7 times faster than those in as4 (median 10.9 hrs).
Next to test if RNA decay rates governed maximal response kinetics in our system, we measured
decay rates in unstimulated H295R cells using RNA metabolic labeling as we and others have done
previously (Mukherjee et al, 2017; Milek et al, 2017). Cells were pulsed with 4-thiouridine (4sU) for 20
minutes and both total RNA and 4sU-labelled RNA were subject to rRNA depletion and RNA-
sequencing, and synthesis, processing, and decay rates were calculated using INSPECT for 11,668
genes in unstimulated H295R cells (Supplemental Figure 2A-C, Supplemental Table 3) (de Pretis et
al, 2015). Our decay rates were consistent with established expectations for stable and unstable
MRNAs confirming the validity of our measurements. For example, many transcripts encoding
ribosomal proteins had low decay rates, while transcripts encoding immediate early genes had high
decay rate (Supplemental Figure 2D). We found higher decay rates for temporal groups that peaked
earlier post Angll stimulation (Figure 2B, right). For example, RNAs in as1 had a ~4.5x higher decay
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rate than RNAs in as4. Indeed, we observed an inverse relationship between the median decay rate
and the median time to maximal induction for both strongly and weakly activated genes (Figure 2B).
These results demonstrated that initial RNA decay rates in unstimulated cells play an important role in
shaping Angll-response kinetics.

Next, we ascertained putative regulatory mechanisms controlling RNA decay rates in steroidogenic
cells. To identify possible RBPs or miRNAs regulating stability, we ranked mRNAs by decay rates and
used cWords to identify 7-mers over-represented in the 3’ UTR sequence of unstable and stable
RNAs (Rasmussen et al, 2013). Most of the significantly enriched motifs were associated with
unstable RNAs versus stable RNAs. Therefore, we scored the top 500 7mers associated with
instability for matches to RBP recognition motifs from external databases. These analyses revealed a
striking enrichment for RBPs binding AU-rich elements (ARES), which are key determinants of RNA
stability (Figure 2C). We also observed enrichment for RBPs regulating splicing and export, such as
U2AF2 and RALY. These data identify putative RBPs and RNA regulatory elements that regulate
RNA stability in unstimulated H295R cells. Assuming constant RNA decay rates throughout the AnglI-
response, higher decay rates in the unstimulated cells inversely correlate with time to peak
expression in response to Angll stimulation (Figure 2B. Therefore, RBPs that control the RNA decay
rates in unstimulated cells are important regulatory factors controlling Angll response kinetics and
ultimately steroidogenesis.

Increased RNA decay during steroidogenesis

Having established the importance of initial RNA decay rates on Angll response kinetics, we next
asked if there was evidence for changes in decay rate during the steroidogenic response. We
compared changes in pre-mRNA versus mRNA levels to determine whether gene expression
changes were better explained by transcriptional or post-transcriptional regulation. Specifically, we
utilized reads aligning to introns versus exons to determine Angll-induced changes in levels of pre-
MRNA and mRNA, respectively (Gaidatzis et al, 2015; Alkallas et al, 2017; Mukherjee et al, 2017,
2019). We added the entire precursor RNA sequence and treated it as another transcript isoform to
individually quantify precursor (Supplemental Table 4) and mature transcript levels using Salmon
(Patro et al, 2017). As a first pass, we calculated the correlation between the changes in pre-mRNA
and mRNA levels of genes encoding steroidogenic enzymes required for the conversion of
cholesterol to aldosterone and found examples that are largely explained by changes in
transcriptional regulation (high correlation), as well as examples indicative of changes in post-
transcriptional regulation (low correlation) (Figure 3A). The same analysis was performed on all
~1500 differentially expressed genes with introns and sufficient intronic read support, and revealed a
broad distribution of correlation coefficients (Figure 3B). Each temporal group had many genes with
low or negative correlation, indicating that changes in transcriptional regulation alone cannot explain
the mature RNA changes. We also performed cross-correlation to account for processing delays and
observed similar results (Supplemental Figure 3A). These results suggested that many genes were
experiencing stabilization or destabilization in response to Angll stimulation.

To test the extent and direction of changes in post-transcriptional regulation, we performed exon-
intron-split analysis (EISA) using precursor and mature RNA estimates comparing all Angll-stimulated
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samples to the unstimulated baseline (see methods, Supplemental Table 5). Filtering of the initial
2417 differentially expressed genes for the presence of introns and sufficient intronic read coverage
resulted in 1194 genes that were analyzed. Among these genes a large majority (84% n=223)
showed evidence of mMRNA destabilization. Destabilized transcripts were significantly
overrepresented in activated genes that had peak expression between 4 and 8 hours post Angll
stimulation (as3, as4, aw2, aw3) (Figure 3C). Next, we examined Angll-induced genes with evidence
for destabilization focusing on as4 and aw3, which contained many steroidogenic genes (Figure 1E).
The amplitude of Angll-induced changes in precursor RNA were similar between genes with (blue
lines) and without evidence for destabilization (black lines), albeit the precursor RNAs for destabilized
genes tend to peak earlier (Figure 3D, left). However, the changes in the mature RNA of destabilized
genes (blue lines) were clearly suppressed relative to genes without evidence for post-transcriptional
regulation (black lines) (Figure 3D, right). Included among the destabilized mRNAs were proteins
encoding STAR, which is required for the proper and timely enzymatic conversion of cholesterol to
steroid hormones, and MC2R (Lin et al, 1995), which is the ACTH receptor known to be induced by
Angll stimulation (Lebrethon et al, 1994; Parmar et al, 2008) (Figure 3E). We identified potential
RBPs responsible for the increased decay by searching for RBP binding motifs over-represented in
the 3' UTR of destabilized mRNAs belonging to aw3 and other clusters (Figure 3F) (Supplemental
Figure 3B) enriched for destabilized mRNAs. Amongst these RBPs are known regulators of RNA
decay ILF2, CNOT4, HNRNPA2B1, and HNRNPL (Hui et al, 2003; Han et al, 2010; Albert et al,
2000). Altogether, we have identified hundreds of genes (n = 223) exhibiting coordinate increases in
both transcription and RNA decay, including key steroidogenic genes, and putative RBPs regulating
Angll-induced post-transcriptional regulatory dynamics.

Ex vivo steroidogenic response in primary human adrenocortical cells

Although the expression dynamics in H295R cells stimulated with Angll suggested a key role for
RBP-mediated RNA decay, the extent to whether these expression changes occur in normal human
adrenocortical steroidogenesis is unclear. Therefore, we performed RNA-seq in adrenocortical cells
isolated from the adrenal gland of a tissue donor and treated ex vivo with either Angll or ACTH or
basal media for 3 or 24 hrs in triplicate (Figure 4A, Supplemental Tables 6 and 7) (Xing et al, 2010,
2011). We included ACTH, which stimulates the production of cortisol by the zona fasciculata,
because H295R cells do not correspond to a specific adrenocortical zone but produce cortisol and
androgens in addition to aldosterone when stimulated with Angll (Parmar et al, 2008). Replicates
were highly correlated and clustered by treatment condition and time (Supplemental Figure 4A). PCA
analysis revealed that compared to basal media cells treated with ACTH exhibited more differences
than those treated with Angll (Figure 4B). Across all conditions, we detected 3217 genes with
significantly different expression levels (FDR <0.05). Consistently, we detected substantially more
statistically significant expression changes induced by ACTH versus Angll at 3hrs and 24 hrs
(Supplemental Figure 4B, left and right, respectively). However, the expression changes for genes
with significant differential expression upon either ACTH or Angll treatment (n=3217) were strongly
positively correlated. This indicated that the differences between ACTH and Angll were more
guantitative (magnitude of the expression change) rather than qualitative (completely different genes
changing) (Figure 4C). Consistent with hormone production, both Angll and ACTH resulted in the
induction of genes encoding key steroidogenic enzymes (Figure 4D). Finally we tested if the Angll-
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induced changes were recapitulated in the ex vivo stimulation paradigm using gene set enrichment
analysis (GSEA) (Tamayo et al, 2005). Indeed, as2 genes, which were robustly and rapidly induced
by Angll in H295R cells, were significantly upregulated after ex vivo treatment of primary
adrenocortical cells with ACTH (Figure 4E, top left) and Angll (Figure 4E, bottom left) for 3 hours.
Likewise, as4 genes, which also exhibited a robust albeit delayed induction in response to Angll in
H295R cells, were significantly upregulated after ex vivo treatment of primary adrenocortical cells with
ACTH (Figure 4E, top right) and Angll (Figure 4E, bottom right) for 24 hours. We found 154 RBPs
among the union of differentially genes, including ones that were differentially expressed upon Angll
treatment of H295R cells, such as CPEB4, MBNL1, MBNL2, MSI2, PEG10, ZFP36, and ZFP36L2.
Overall we found strong concordance between the direction and timing of expression changes in
H295R cells and primary cells (Supplemental Figure 4C).

RNA-binding proteins regulate aldosterone levels

Given the agreement in direction and timing of the steroidogenic gene expression response between
H295R and primary human cells, we performed an siRNA screen to identify RBPs that regulate
aldosterone levels in H295R cells. We selected 16 candidates from an annotated list of 1542 human
RBPs (see (Gerstberger et al, 2014)) based on 1) differential expression upon Angll treatment in
H295R cells; 2) high expression in H295R cells; 3) high and adrenal gland-specific RNA expression
across normal human tissues, and 4) RBP motifs enriched in the 3 UTRs of unstable and
destabilized mRNAs (Figure 5A). We used independent siRNAs for each candidate RBP and
measured aldosterone levels in cell supernatants 24 hrs after treatment with either vehicle or Angll
(see methods for details). Aldosterone levels were normalized by cell viability and compared to a
mock electroporation control for both unstimulated and stimulated cell supernatants (Supplemental
Figure 5A, Supplemental Table 8). As expected, the depletion of the key steroidogenic transcription
factor SF-1 (NR5A1) resulted in loss of aldosterone. Five RBPs exhibited statistically significant
increases in aldosterone levels by two independent siRNAs in Angll stimulated cell supernatants
(Figure 5B). Among these putative repressors of aldosterone were regulators of global RNA decay
(BTG2), ARE-decay (ZFP36L1 and ZFP36L2), and a pseudouridine synthase (TRUB1). We identified
3 potential RBPs for which two independent siRNA knockdowns resulted in decreased aldosterone
levels suggesting they promote aldosterone production (Figure 5C). Specifically, these putative
activators of aldosterone were a splicing factor (MBNL2), an RNA decay factor (CPEB4), and a
signaling scaffold and RNA localization factor (AKAP1). For the seven other RBPs we either observed
no change and/or conflicting results for the different sSiRNAs (HNRNPL, MBNL1, PEG10, PNRC2,
ZFP36), or we only screened a single siRNA (MSI2 and PELO) (Figure 5D). Knockdown of RBPs
resulted in similar, but more subtle effects on aldosterone levels in unstimulated cells, which was to
be expected given the minimal amounts of aldosterone produced in the absence of Angll
(Supplemental Figure 5 B-D). These data revealed eight RBPs (10 including RBPs targeted by a
single siRNA) that either activated or repressed aldosterone production.

BTG2 temporally restricts Angll-induced activation kinetics

We decided to investigate how BTG2 controls the Angll gene expression response. BTG2 promotes
general RNA decay through deadenylation (Mauxion et al, 2008) and represses aldosterone
production (Figure 5B). Both BTG2 mRNA (Figure 6A) and protein (Figure 6B) were rapidly induced
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by Angll stimulation each peaking at ~3 hours. Therefore, we hypothesize that BTG2 actively
promotes the resolution of aldosterone production. We performed RNA-seq of siRNA knockdown of
BTG2 in H295R cells that were unstimulated or Angll-stimulated for 6hrs and 24 hr and performed
RNA-seq in duplicate (Supplemental Table 9). As expected, BTG2 mRNA levels were lower across all
time points in the BTG2 depletion compared to the mock depletion (Figure 6D, right). Next, we
assessed the overlap between mRNAs upregulated or downregulated by BTG2 depletion with the
Angll-response clusters. We found that mRNAs upregulated upon BTG2 depletion were strongly
enriched in the as3, as4 classes and modestly enriched in awl-aw4 classes (Figure 6C). This is
consistent with the propensity for these clusters to contain mRNAs exhibiting increases in RNA decay
during steroidogenesis (Figure 3C). Transcripts encoding critical pro-steroidogenic factors and
enzymes that were induced by Angll exhibited increased upregulation in the BTG2 depleted cells
(Figure 6E), while unchanged mRNAs were not altered by BTG2 (Figure 6D, right). Altogether, these
data are consistent with a model in which BTG2 is induced by Angll to upregulate the decay of
MRNAs encoding pro-steroidogenic factors to prevent overproduction of aldosterone.

DISCUSSION

Despite our current understanding of adrenocortical steroidogenesis, the fundamental regulatory
networks that govern aldosterone homeostasis remain unclear. Our data indicate that Angll
stimulation increases both mRNA production and decay to rapidly implement and resolve a pro-
steroidogenic gene expression program. The Angll-induced expression dynamics in H295R cells are
likely to be physiologically-relevant since they were largely recapitulated in primary human
adrenocortical cell stimulated with Angll and ACTH. This regulatory scheme enables the robust
production of aldosterone while also preventing overproduction. The depletion of multiple factors
promoting RNA decay, which themselves were upregulated by Angll, resulted in an excess of
aldosterone. The additional energy expenditure of increasing both transcription and decay may
represent the cellular cost for the absence of a mechanism to store aldosterone within the cell and
release it in response to stimulus. It will be interesting to determine if this coupling is disrupted by
mutations driving primary aldosteronism.

RNA decay temporally coordinates aldosterone production

The stimulation response of adrenocortical cells to Angll resembles an impulse (or single pulse)
pattern consistent with functional higher order temporal coordination. This system exhibits both
regulatory modules (12 clusters in Figure 1D), which consists of co-expressed genes with the same
temporal pattern, which reflects a particular sequential order or cascade of gene or module
expression (Yosef & Regev, 2011). The mRNAs in the regulatory modules encoded functionally
related proteins that play distinct roles at specific times during the Angll response. For example,
expression levels of mMRNAs encoding transcription factors and RBPs peaked within the first few
hours, while those encoding steroidogenic enzymes peaked 6-8 hours post stimulation. Indeed, the
temporal coordination of expression of these distinct factors is consistent with previous
characterization of early and late steps of steroidogenesis (Nogueira et al, 2009). Our data suggest
that both transcriptional cascades and intrinsic differences in RNA decay rates determine the kinetics
of the Angll gene expression response. Specifically, the decay rate of transcriptionally induced
MRNAs is inversely proportional to the time to peak expression. Therefore, RNA decay is critical for
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temporally coordinating the response time of these regulatory modules and consequently aldosterone
homeostasis. Our findings are similar to the observed role RNA decay in coordinating immune and
inflammation responses (Hao & Baltimore, 2009; Elkon et al, 2010; Rabani et al, 2011). The temporal
coordination of these regulatory modules by post-transcriptional regulation may be examples of
dynamic RNA regulons (Keene, 2007). Interestingly, these observations occur in systems that require
a robust, rapid, yet measured production of a physiologically potent molecule in either cytokines or
steroid hormones.

Coupling of transcription and decay dynamics controls aldosterone homeostasis

Multiple lines of evidence indicate that one or more mixed incoherent feedforward loops (MIFFL)
ensure the proper promotion and resolution of steroidogenesis. Specifically, Angll promotes the
transcriptional upregulation of both pro-steroidogenic factors (STAR, CYP11B2) and RNA metabolism
factors (BTG2, ZFP36L2) that negatively regulate the expression of pro-steroidogenic factors. These
Incoherent feedforward loops have largely been examined with respect to transcription factors and
mMiRNAs and are a recurrent motif to enhance the robustness (Tsang et al, 2007; Shalgi et al, 2007).
Transcription factor and RBP versions of these motifs remain poorly characterized (Joshi et al, 2012),
with the exception of the RBP ZFP36 (TTP) in macrophage activation models (Rabani et al, 2014).
Nevertheless, the behavioral benefits associated with incoherent feedforward loops include the
production of pulse-like patterns, faster response times to stimulation, and even detection of fold-
change in expression (Basu et al, 2004; Mangan et al, 2006; Goentoro et al, 2009). These features
would be invaluable for facilitating the rapid production and resolution of the response to Angll
stimulation to maintain proper aldosterone homeostasis. However due to a combination of technical
limitations and need for additional experimentation, we do not know which of those features that
BTG2 contributes to. H295R cells are difficult to transfect and it is imperative to develop stable
models for controlling gene dose, which we are developing using CRISPR/Cas9. Additionally, we
would gain sensitivity by employing recently developed methods that provide a direct readout of
newly synthesized vs pre-existing RNAs in the same sample (Herzog et al, 2017; Schofield et al,
2018). Thus, we are likely underestimating the true number of RNAs exhibiting changes in decay
rates during steroidogenesis. Furthermore, we do not know the identity of the transcription factor(s)
promoting synthesis of mMRNAs encoding pro-steroidogenic proteins and BTG2, though SF1 (NR5A1)
and CREBL1 are the most likely candidates (Nogueira & Rainey, 2010; Selvaraj et al, 2018; Clark &
Combs, 1999; Caron et al, 1997). The RBPs ZFP36L1 and ZFP36L2 are both induced by Angll and
bind to AREs in the 3' UTR of target mMRNA to promote decay and may be additional repressors.
Consistent with our expectation, ZFP36L1 was shown to suppress ACTH-stimulated STAR mRNA
induction in bovine adrenocortical cells and mouse cell lines (Duan et al, 2009). However, this was
mediated via ZFP36L1 binding to AREs in an alternative 3' UTR that we did not detect in our RNA-
seq data from H295R or human adrenocortical cells. Finally, BTG2 depletion only deregulated a
subset of MRNAs, which suggests that BTG2 may synergize with specific RNA-decay pathways as
previously postulated (Stupfler et al, 2016).

Dynamic RNA regulatory network controlling steroidogenesis
We have uncovered a novel paradigm by which RBAs and regulated RNA decay control the kinetics
of Angll-stimulated gene expression to facilitate the implementation and resolution of pro-
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steroidogenic gene expression and metabolic programs required for proper aldosterone production in
humans. In addition to RNA decay factors, we identified the RNA modification enzyme TRUB1 was
also a repressor of steroidogenesis. TRUBL is a psuedouridine synthase that modifies tRNAs and
MRNAs (Safra et al, 2017). We also identified numerous activators of aldosterone production. We
found that the signaling scaffold protein AKAP1 activates aldosterone production, which is consistent
with a proposed role for AKAP1 in promoting the localized translation of STAR mRNA at the
mitochondria (Dyson et al, 2008; Grozdanov & Stocco, 2012). Additional activators identified include
the cytoplasmic RBPs CPEB4, MSI2, and PELO, which regulated stability and translation, as well as,
MBNL2 a well-known splicing factor. The majority of these RBPs have never been associated with
aldosterone production or steroidogenesis. The identification of activators and repressors is not
surprising given the dysregulation of aldosterone homeostasis has pathological consequences.
Dissecting the role of combinatorial regulation by RBPs in the dynamic steroidogenic regulatory
network will undoubtedly reveal novel points of control. Since the adrenal cortex is amenable to the
delivery of modified oligonucleotides (Biscans et al, 2019), the RBP-RNA regulatory interactions may
be targeted for disruption to precisely and specifically modulate steroidogenesis.

METHODS
See supplemental methods for more details.

Cell culture

H295R cells were cultured in complete media containing DMEM:F12 with 10% Cosmic Calf Serum
(Hyclone: SH30087.03) and 1% ITS+ Premix (Corning: 354352). H295R cells were stimulated with 10
nM Angiontensin Il (Sigma: A9525) after being in low sera media for 24 hrs (DMEM/F12 with 0.1%
CCS, 1% ITS).

Primary human adrenal cells were isolated and cultured as described previously (Xing et al, 2010;
Rege et al, 2015). Primary adrenal cells were plated at a density of 20,000 cells/well (48 well dish) in
growth medium and grown to 60% confluence after which they were starved in low serum medium 18
hours prior to treatment with either 10 nM Angll or 10 uM ACTH.

Gene expression measurements

H295R cells were collected in TRIzol and RNA was isolated using ZYMO Research DirectZol
Miniprep Plus kit following the manufacturer’s instructions with on-column DNase | digestion. RNA
was collected from ex vivo stimulated primary adrenal cells using the Qiagen RNEasy MiniPrep Plus
kit following the manufacturer’s instructions and eluted into nuclease-free water.

RT-gPCR

Reverse transcription was performed using 100 ng of RNA input for the Bio-Rad iScripit kit and qPCR
using Bio-Rad iTaq Universal SYBR Green Supermix on a Bio-Rad CFX 384 gPCR instrument.
Analysis of qPCR was performed using the delta-delta Cg method normalizing to GAPDH and
unstimulated controls.

Metabolic labeling experiments
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We performed 4-thiouridine (4sU) experiments as described previously (Mukherjee et al, 2017).
Briefly, H295R cells were treated for a 20-minute pulse with 500 uM 4sU. RNA was extracted and
split into input and biotinylated samples. The biotinylated RNA was immunoprecipitated using
streptavidin beads and both input and immunoprecipitated RNA was subject rRNA depletion using
RiboZero and sequenced using the gqRNA-seq kit (BIOO scientific).

RNA-seq and regulatory analysis

Salmon (Patro et al, 2017) was used for quantifying transcript levels from all libraries using Gencode
v26. A custom salmon index containing Gencode v26 precursor and mature transcripts and ERCC
spike-ins as was used previously (Mukherjee et al, 2017). All downstream analysis was performed in
R and detailed in the Supplemental Methods. Unstimulated (initial) RNA decay rates were estimated
using 4sU metabolic labeling data and the INSPEcCT R package (de Pretis et al, 2015).
Overrepresentation of 7mers was calculated via Cwords (Rasmussen et al, 2013) from 3'UTR
sequences ranked by unstimulated RNA decay rates. RBP motifs enrichment was calculated using
https://github.com/TaliaferroLab/FeatureReachR. Determining RNA stability changes during the time
course used salmon-quantified intronic and exonic reads, adapting the Exon-Intron Split Analysis
concept implemented in eisaR (Gaidatzis et al, 2015).

Aldosterone screen

H295R cells (2.5M) cultured in complete media were electroporated with 10 uM siRNA (Thermo
Fisher Scientific - see supplement for catalog numbers) and plated in a 96-well plate. After 24 hrs,
half the wells had media was replaced with low sera media and the other half with low sera media
containing Angll. After 24hrs, aldosterone levels in the supernatant were measured using Aldosterone
Competitive ELISA kit (ThermoFisher) and cell viability measured from the cells using PrestoBlue
reagent (ThermoFisher) by reading fluorescence on a BioTek Synergy HT plate reader. Each plate
contained a mock transfection that we normalized to for calculating aldosterone levels in each siRNA
experiment while taking plate batch effects and cell viabilty into account.

DATA ACCESS/SOFTWARE
Raw sequencing data has been deposited in SRA GSE163801. Code used for data analysis is
available at https://github.com/mukherjeelab/2020 PTR_steroidogenesis_paper.
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Figure 1 — High-resolution Angll-response kinetics in H295R cells. A) Cartoon of Angll treatment
time course RNA-sequencing experiment. Total RNA is depleted for rRNA and precursor and mature


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.19.431050; this version posted February 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

RNA expression levels are calculated allowing modeling of synthesis and decay. B) Scatter plot of the
first two principal components calculated on a matrix of the mean expression level for each expressed
gene at each time point (colors) after Angll stimulation. C) Violin plot of the distribution of genes
exhibiting statistically significant Angll-induced changes in expression per time point and category. D)
Line plot depicting the average change in expression (error bar represents standard error) relative to
unstimulated cells for each group of genes with similar response kinetics determined by k-means
clustering. Each color represents a specific group of genes with the name defined by the direction,
shape, and timing of the Angll-induced response. E) Heatmap of selected gene sets (Molecular
Function ontology) that are significantly enriched in the Angll response groups. F) Heatmap of log2-
based fold changes in pre-mRNA and mature mRNA levels upon Angll stimulation compared to
unstimulated cells for mMRNAs encoding key steroidogenic enzymes.

Figure 2 — The influence of RNA decay on Angll response kinetics. A) Distribution of time to peak
response for all RNAs per cluster (left). Distribution of decay rates in unstimulated cells for all RNAs
per cluster determined from 4sU-labeling experiments (right). B) Scatter plot of the average decay
rate and peakiness for activated RNAs. C) Scatter plot of the p-value and enrichment of RBP motifs
from in the top 500 7mers found in the 3' UTR of RNAs with high decay rates in unstimulated cells.

Figure 3 — Dynamic changes in RNA decay during steroidogenesis. A) Line plot of fold change in
pre-mRNA (black) and mRNA (red) expression for mRNAs encoding enzymes responsible for
conversion of cholesterol to aldosterone (top-to-bottom). Pearson correlation coefficient between
changes pre-mRNA and mRNA for each gene (top right). B) Distribution of Pearson correlation
coefficient between pre-mRNA and mRNA changes for each gene across all time points for each
response cluster. C) Heatmap of the odds ratio for the overlap between response cluster membership
and RNAs exhibiting evidence for stabilization, destabilization, or neither as determined by EISA
(yellow indicates more overlap). D) Line plot of median fold change in pre-mRNA (left) and mRNA
(right) expression for genes in as4 (top) or aw3 (below) with either evidence for destabilization (blue)
or no change in post-transcriptional regulation (black). Error bar represents standard error. E) Line
plot of mean fold change in pre-mRNA (black) and mMRNA (red) expression for example genes from
as3 (top) or aw3 (below) and evidence for destabilization (left) or no difference in decay rates (right).
F) Scatter plot of the p-value and enrichment of RBP motifs in 5mers within the 3' UTR of destabilized
MRNAs in aw3 versus 3’ UTRs of non-differentially expressed mRNAs.

Figure 4 — Gene expression dynamics of ex vivo stimulated primary human adrenocortical
cells. A) Ex vivo stimulation of cortical cells isolated from normal human adrenal glands treated with
Angll, ACTH, or basal media for 3 or 24 hours. Strand-specific paired-end RNA-seq was performed in
triplicate on polyadenylated RNA. B) Scatter plot of the first two principal components calculated on a
matrix of the mean expression level for each expressed gene at each time (label) and treatment
(color). C) Barplot of the Pearson correlation coefficient between Angll-induced and ACTH-induced
changes in gene expression versus basal cells for the union of genes exhibiting statistically significant
changes in expression in any condition/time. Correlation coefficients for comparisons of the same
stimulation time are colored red. D) Heatmap of log2 fold change in expression difference for
stimulated (ACTH on left, Angll on right) vs basal for mMRNAs encoding key steroidogenic enzymes.
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F) GSEA running enrichment plots depicting the enrichment of as2 (left) and as4 (right) gene sets
representing clusters of genes with similar Angll-induction kinetics in H295R cells (see Figure 1D) in
a list of genes ranked by the fold change upon ex vivo stimulation of primary human adrenocortical
cells with ACTH (top) or Angll (basal) versus basal media.

Figure 5 — Regulation of aldosterone by RBPs in Angll stimulated cells. A) Boxplots of all RBPs
(grey) and candidate RBPs (red) for change in expression upon Angll stimulation (left), human
adrenal tissue expression levels (center), and adrenal tissue specificity scores (right). Barplot of the
change in aldosterone concentrations for knockdowns resulting in B) increased aldosterone
concentration, C) decreased aldosterone concentration, and D) discordant or single siRNA results.
Aldosterone levels were measured using ELISA from supernatants of H295R cells electroporated with
siRNAs targeting candidate RBPs and stimulated with Angll for 24 hrs. The y-axis represents the
change in aldosterone concentration versus mock electroporation (see methods). The error bars
represent the standard error of at least 6 replicates. RBPs are color-coded by their known function.

Figure 6 - BTG2 constrains Angll RNA expression kinetics to prevent aldosterone
overproduction. A) Line plot of fold change in BTG2 mRNA levels in response to Angll. B) Western
blot of BTG2 and B-Tubulin protein levels in response to Angll. C) Heatmap of the odds ratio for the
overlap between response cluster membership and RNAs exhibiting downregulation, no change, or
upregulation upon BTG2 siRNA depletion 24 hours after Angll stimulation (yellow indicates more
overlap). D) Barplot of expression levels of BTG2 (downregulated, left) and ELAVL1 (no change,
right) upon BTG2 siRNA depletion and Angll stimulation. E) Barplot of expression levels of mRNAs
encoding key Angll-induced steroidogenic proteins exhibiting statistically significant upregulation
(p<0.05, DESeg2) upon BTG2 siRNA depletion during Angll stimulation. Error bars represent
standard deviation.

Supplemental Figure 1 — Angll stimulation RNA-seq time course. A) Heatmap of clustered pairwise
Pearson correlation coefficients for all samples using expressed genes. B) PCA analysis of all
samples using expressed genes. C) Comparison of fold change in expression relative to unstimulated
H295R cells between RNA-seq (y-axis) and qRT-PCR. D)Determination of the number of clusters. E)
Heatmap of gene biotypes that are significantly enriched in the Angll response groups. F) Heatmap of
selected gene sets (Biological Process ontology) that are significantly enriched in the Angll response
groups.

Supplemental Figure 2 — Measuring RNA decay rates in unstimulated H295R cells. Distribution of
A) synthesis, B) processing, and C) decay rates calculated using INSPeCT comparing 20-minute 4sU
pulse to input RNA. Decay rates of mRNAs encoding ribosomal proteins and immediate early genes
depicted.

Supplemental Figure 3 — Angll-induced changes in RNA decay. A) Distribution of cross-correlation
coefficients between pre-mRNA and mRNA levels for each gene across all time points for each
response cluster. B) Scatter plot of the p-value and enrichment of RBP motifs in Smers within the 3’
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UTR of destabilized mRNAs in as3 (top left), as4 (top right), and aw2 (bottom left) versus 3’ UTRs of
non-differentially expressed mRNAs.

Supplemental Figure 4 —Ex vivo stimulated primary human adrenocortical cells analysis. A)
Heatmap of clustered pairwise Pearson correlation coefficients for all samples using expressed
genes. B) Venn diagram depicting union and differences between genes differentially expressed upon
ex vivo stimulation of primary human adrenocortical cells with Angll or ACTH for 3 hours (left) or 24
hours (right). C) Barplot of normalized enrichment scores (NES) calculated using GSEA representing
the enrichment (positive values) or depletion (negative values) of gene sets identified from H295R
stimulation response in ACTH (top) or Angll (bottom) induced changes in expression versus basal for
each time point. The NES is comparable across gene sets since it adjusts for the size of the gene set
and represents the strength of the enrichment/depletion. H295R-derived gene sets with statistically
significant enrichment or depletion (p < 0.05) outlined in red.

Supplemental Figure 5 — Regulation of aldosterone by RBPs in unstimulated cells. A) Scatterplot
of aldosterone levels (supernatant) to cell viability measured using PrestoBlue for unstimulated (left)
and Angll-stimulated cells (right). To aid comparison with aldosterone changes from the Angli
stimulated cells (Figure 5B-D), the plot arrangement and category assignments (“repressor”,
“activator”, “mixed”) are identical to the simulated results. Barplot of the change in aldosterone
concentrations for knockdowns resulting in B) increased aldosterone concentration, C) decreased
aldosterone concentration, and D) discordant or single siRNA results. Aldosterone levels were
measured using ELISA from supernatants of H295R cells electroporated with SiRNAs targeting
candidate RBPs. The y-axis represents the change in aldosterone concentration versus mock
electroporation (see methods). The error bars represent the standard error of at least 6 replicates.
RBPs are color-coded by their known function.

Supplemental Tables:

Supplemental Table 1 - Angll-treated H295R mature RNA abundance quantification

Supplemental Table 2 - Angll-treated H295R mature RNA k-means clustering, differential gene
expression analysis, and correlation results

Supplemental Table 3 - Estimated decay rates in for unstimulated H295R

Supplemental Table 4 - Angll-treated H295R precursor RNA abundance quantification

Supplemental Table 5 - Exon-intron-split analysis results

Supplemental Table 6 - Angll-treated adrenocortical cell mature RNA abundance quantification and
differential gene expression analysis

Supplemental Table 7 - ACTH-treated adrenocortical cell mature RNA abundance quantification and
differential gene expression analysis

Supplemental Table 8 - Changes in aldosterone levels from siRNA screen.

Supplemental Table 9 - BTG2 knockdown mature RNA abundance quantification

Supplemental Methods - Detailed description of methods used in the manuscript


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.19.431050; this version posted February 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Albert TK, Lemaire M, van Berkum NL, Gentz R, Collart MA & Timmers HT (2000) Isolation and
characterization of human orthologs of yeast CCR4-NOT complex subunits. Nucleic Acids Res
28: 809-817

Alkallas R, Fish L, Goodarzi H & Najafabadi HS (2017) Inference of RNA decay rate from
transcriptional profiling highlights the regulatory programs of Alzheimer’s disease. Nat Commun
8: 909

Bassett MH, Suzuki T, Sasano H, White PC & Rainey WE (2004) The orphan nuclear receptors
NURR1 and NGFIB regulate adrenal aldosterone production. Mol Endocrinol 18: 279-290

Basu S, Mehreja R, Thiberge S, Chen M-T & Weiss R (2004) Spatiotemporal control of gene
expression with pulse-generating networks. Proc Natl Acad Sci U S A 101: 6355-6360

Biscans A, Coles A, Haraszti R, Echeverria D, Hassler M, Osborn M & Khvorova A (2019) Diverse
lipid conjugates for functional extra-hepatic siRNA delivery in vivo. Nucleic Acids Res 47: 1082—
1096

Brown JM, Siddiqui M, Calhoun DA, Carey RM, Hopkins PN, Williams GH & Vaidya A (2020) The
Unrecognized Prevalence of Primary Aldosteronism: A Cross-sectional Study. Ann Intern Med
173: 10-20

Caron KM, lkeda Y, Soo SC, Stocco DM, Parker KL & Clark BJ (1997) Characterization of the
promoter region of the mouse gene encoding the steroidogenic acute regulatory protein. Mol
Endocrinol 11: 138-147

Clark BJ & Combs R (1999) Angiotensin Il and cyclic adenosine 3’,5'-monophosphate induce human
steroidogenic acute regulatory protein transcription through a common steroidogenic factor-1
element. Endocrinology 140: 4390-4398

Duan H, Cherradi N, Feige J-J & Jefcoate C (2009) cAMP-dependent posttranscriptional regulation of
steroidogenic acute regulatory (STAR) protein by the zinc finger protein ZFP36L1/TIS11b. Mol
Endocrinol 23: 497-509

Dyson MT, Jones JK, Kowalewski MP, Manna PR, Alonso M, Gottesman ME & Stocco DM (2008)
Mitochondrial A-kinase anchoring protein 121 binds type Il protein kinase A and enhances
steroidogenic acute regulatory protein-mediated steroidogenesis in MA-10 mouse leydig tumor
cells. Biol Reprod 78: 267-277

Elkon R, Zlotorynski E, Zeller KI & Agami R (2010) Major role for mRNA stability in shaping the
kinetics of gene induction. BMC Genomics 11: 259

Gaidatzis D, Burger L, Florescu M & Stadler MB (2015) Analysis of intronic and exonic reads in RNA-
seq data characterizes transcriptional and post-transcriptional regulation. Nat Biotechnol 33:
722-729

Gerstberger S, Hafner M & Tuschl T (2014) A census of human RNA-binding proteins. Nat Rev Genet
15: 829-845

Goentoro L, Shoval O, Kirschner MW & Alon U (2009) The incoherent feedforward loop can provide


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.19.431050; this version posted February 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

fold-change detection in gene regulation. Mol Cell 36: 894—-899

Grozdanov PN & Stocco DM (2012) Short RNA molecules with high binding affinity to the KH motif of
A-kinase anchoring protein 1 (AKAP1): implications for the regulation of steroidogenesis. Mol
Endocrinol 26: 2104-2117

Han SP, Tang YH & Smith R (2010) Functional diversity of the hnRNPs: past, present and
perspectives. Biochem J 430: 379-392

Hao S & Baltimore D (2009) The stability of mRNA influences the temporal order of the induction of
genes encoding inflammatory molecules. Nat Immunol 10: 281-288

Hattangady NG, Olala LO, Bollag WB & Rainey WE (2012) Acute and chronic regulation of
aldosterone production. Mol Cell Endocrinol 350: 151-162

Herzog VA, Reichholf B, Neumann T, Rescheneder P, Bhat P, Burkard TR, Wlotzka W, von Haeseler
A, Zuber J & Ameres SL (2017) Thiol-linked alkylation of RNA to assess expression dynamics.
Nat Methods 14: 1198-1204

Hui J, Reither G & Bindereif A (2003) Novel functional role of CA repeats and hnRNP L in RNA
stability. RNA 9: 931-936

Joshi A, Beck Y & Michoel T (2012) Post-transcriptional regulatory networks play a key role in noise
reduction that is conserved from micro-organisms to mammals. FEBS J 279: 3501-3512

Keene JD (2007) RNA regulons: coordination of post-transcriptional events. Nat Rev Genet 8: 533—
543

Lebrethon MC, Naville D, Begeot M & Saez JM (1994) Regulation of corticotropin receptor number
and messenger RNA in cultured human adrenocortical cells by corticotropin and angiotensin Il. J
Clin Invest 93: 1828-1833

Lin D, Sugawara T, Strauss JF 3rd, Clark BJ, Stocco DM, Saenger P, Rogol A & Miller WL (1995)
Role of steroidogenic acute regulatory protein in adrenal and gonadal steroidogenesis. Science
267:1828-1831

Luscombe NM, Babu MM, Yu H, Snyder M, Teichmann SA & Gerstein M (2004) Genomic analysis of
regulatory network dynamics reveals large topological changes. Nature 431: 308-312

Mangan S, Itzkovitz S, Zaslaver A & Alon U (2006) The incoherent feed-forward loop accelerates the
response-time of the gal system of Escherichia coli. J Mol Biol 356: 1073-1081

Masumura Y, Higo S, Asano Y, Kato H, Yan Y, Ishino S, Tsukamoto O, Kioka H, Hayashi T, Shintani
Y, et al (2016) Btg2 is a Negative Regulator of Cardiomyocyte Hypertrophy through a Decrease
in Cytosolic RNA. Sci Rep 6: 28592

Mauxion F, Faux C & Séraphin B (2008) The BTG2 protein is a general activator of mRNA
deadenylation. EMBO J 27: 1039-1048

Milek M, Imami K, Mukherjee N, Bortoli FD, Zinnall U, Hazapis O, Trahan C, Oeffinger M, Heyd F,
Ohler U, et al (2017) DDX54 regulates transcriptome dynamics during DNA damage response.
Genome Res 27: 1344-1359


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.19.431050; this version posted February 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Monticone S, D’Ascenzo F, Moretti C, Willams TA, Veglio F, Gaita F & Mulatero P (2018)
Cardiovascular events and target organ damage in primary aldosteronism compared with
essential hypertension: a systematic review and meta-analysis. Lancet Diabetes Endocrinol 6:
41-50

Mukherjee N, Calviello L, Hirsekorn A, de Pretis S, Pelizzola M & Ohler U (2017) Integrative
classification of human coding and noncoding genes through RNA metabolism profiles. Nat
Struct Mol Biol 24: 86—96

Mukherjee N, Wessels H-H, Lebedeva S, Sajek M, Ghanbari M, Garzia A, Munteanu A, Yusuf D,
Farazi T, Hoell JI, et al (2019) Deciphering human ribonucleoprotein regulatory networks. Nucleic
Acids Res 47: 570-581

Nanba K, Omata K, Gomez-Sanchez CE, Stratakis CA, Demidowich AP, Suzuki M, Thompson LDR,
Cohen DL, Luther JM, Gellert L, et al (2019) Genetic Characteristics of Aldosterone-Producing
Adenomas in Blacks. Hypertension 73: 885—892

Nogueira EF, Bollag WB & Rainey WE (2009) Angiotensin Il regulation of adrenocortical gene
transcription. Mol Cell Endocrinol 302: 230-236

Nogueira EF & Rainey WE (2010) Regulation of aldosterone synthase by activator transcription
factor/cAMP response element-binding protein family members. Endocrinology 151: 1060-1070

Palumbo MC, Farina L & Paci P (2015) Kinetics effects and modeling of mRNA turnover. Wiley
Interdiscip Rev RNA 6: 327-336

Parmar J, Key RE & Rainey WE (2008) Development of an adrenocorticotropin-responsive human
adrenocortical carcinoma cell line. J Clin Endocrinol Metab 93: 4542-4546

Patro R, Duggal G, Love M, Irizarry RA & Kingsford C (2017) Salmon provides fast and bias-aware
guantification of transcript expression. Nat Methods 14: 417-419

de Pretis S, Kress T, Morelli MJ, Melloni GEM, Riva L, Amati B & Pelizzola M (2015) INSPECT: a
computational tool to infer mRNA synthesis, processing and degradation dynamics from RNA-
and 4sU-seq time course experiments. Bioinformatics 31: 2829-2835

Rabani M, Levin JZ, Fan L, Adiconis X, Raychowdhury R, Garber M, Gnirke A, Nusbaum C, Hacohen
N, Friedman N, et al (2011) Metabolic labeling of RNA uncovers principles of RNA production
and degradation dynamics in mammalian cells. Nat Biotechnol 29: 436-442

Rabani M, Raychowdhury R, Jovanovic M, Rooney M, Stumpo DJ, Pauli A, Hacohen N, Schier AF,
Blackshear PJ, Friedman N, et al (2014) High-resolution sequencing and modeling identifies
distinct dynamic RNA regulatory strategies. Cell 159: 1698-1710

Rasmussen SH, Jacobsen A & Krogh A (2013) cWords - systematic microRNA regulatory motif
discovery from mRNA expression data. Silence 4: 2

Rege J, Nishimoto HK, Nishimoto K, Rodgers RJ, Auchus RJ & Rainey WE (2015) Bone
Morphogenetic Protein-4 (BMP4): A Paracrine Regulator of Human Adrenal C19 Steroid
Synthesis. Endocrinology 156: 2530-2540

Romero DG, Plonczynski M, Vergara GR, Gomez-Sanchez EP & Gomez-Sanchez CE (2004)


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.19.431050; this version posted February 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Angiotensin Il early regulated genes in H295R human adrenocortical cells. Physiol Genomics 19:
106-116

Romero DG, Rilli S, Plonczynski MW, Yanes LL, Zhou MY, Gomez-Sanchez EP & Gomez-Sanchez
CE (2007) Adrenal transcription regulatory genes modulated by angiotensin Il and their role in
steroidogenesis. Physiol Genomics 30: 26-34

Safra M, Nir R, Farouq D, Vainberg Slutskin | & Schwartz S (2017) TRUBL1 is the predominant
pseudouridine synthase acting on mammalian mRNA via a predictable and conserved code.
Genome Res 27: 393-406

Schofield JA, Duffy EE, Kiefer L, Sullivan MC & Simon MD (2018) TimeLapse-seq: adding a temporal
dimension to RNA sequencing through nucleoside recoding. Nat Methods 15: 221-225

Selvaraj V, Stocco DM & Clark BJ (2018) Current knowledge on the acute regulation of
steroidogenesis. Biol Reprod 99: 13-26

Shalem O, Dahan O, Levo M, Martinez MR, Furman |, Segal E & Pilpel Y (2008) Transient
transcriptional responses to stress are generated by opposing effects of mRNA production and
degradation. Mol Syst Biol 4: 223

Shalgi R, Lieber D, Oren M & Pilpel Y (2007) Global and local architecture of the mammalian
microRNA-transcription factor regulatory network. PLoS Comput Biol 3: e131

Smale ST (2012) Transcriptional regulation in the innate immune system. Curr Opin Immunol 24: 51—
57

Stupfler B, Birck C, Séraphin B & Mauxion F (2016) BTG2 bridges PABPC1 RNA-binding domains
and CAF1 deadenylase to control cell proliferation. Nat Commun 7: 10811

Tamayo P, Mootha VK & Mukherjee S (2005) Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proceedings of the

Tsang J, Zhu J & van Oudenaarden A (2007) MicroRNA-mediated feedback and feedforward loops
are recurrent network motifs in mammals. Mol Cell 26: 753-767

Wang T, Rowland JG, Parmar J, Nesterova M, Seki T & Rainey WE (2012) Comparison of
aldosterone production among human adrenocortical cell lines. Horm Metab Res 44: 245-250

Xing Y, Edwards MA, Ahlem C, Kennedy M, Cohen A, Gomez-Sanchez CE & Rainey WE (2011) The
effects of ACTH on steroid metabolomic profiles in human adrenal cells. J Endocrinol 209: 327—-
335

Xing Y, Parker CR, Edwards M & Rainey WE (2010) ACTH is a potent regulator of gene expression
in human adrenal cells. J Mol Endocrinol 45: 59-68

Yosef N & Regev A (2011) Impulse control: temporal dynamics in gene transcription. Cell 144: 886—
896


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 1

Angll —

O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

RNA bioRxiv preprint doi: https://doi.org/10.1101/2021.02.19.431050; this version posted Feb r’gl?/ 0, 2021. The copyright holder for this preprint
(whigh was not certified by peer review) is the author/funder, who has granted bldRR€a (i€3FS:)to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Salmon Quantify levels: Model kinetics:
RNA-seq > precursor » synthesis vs
(v.13.1) mature decay

gencode v26

C) coding pseudogene
B) 0.2911 34 1 11 c 8 8
Y2 e 3 .% 4 4
~ 8 5 o5 03
5 02891 0 o o4 & 025 0.25
2 o4 £ 0.125 0.125
: 0.287 1<;1 IncRNA snRNA
O g
o S 8
2 3 2
0.285 06 T 3
o 05 14
@) c 0.25
8 <0.125 0.5
—02 00 _02 04 06 R R Db~ DM WO D
PC2 (%1.2) RN v NN B

Angll treatment time (hrs)

cAMP response
progesterone response
response to calcium ion
corticosterone response
mineralocorticoid response
negative reg. of ERK1/ERK2
PDGFR signaling pathway
PERK-mediated UPR

Strong Weak

32 <+ as1 | 4 awl
ast 4 as2 | 4 aw2
4 as3 | 4+ aw3

enrichment
5

-
»

dctivated

l -+- as4 aw4 response to corticosteroid stimulus
aw5 ER nucleus signaling pathway
activation of MAPKKK activity
8 _+_ rsi wi -log o transcription response to ER stress
p-value 3' UTR mediated mRNA destabilization
rs2 p38 MAPK cascade

reg. of adherens junction organization
spliceosomal complex assembly
mRNA splice site selection

mRNA 5' splice site recognition
mRNA cis splicing via spliceosome
formation of SL/U4/U5/U6 snRNP
hormone biosynthetic process
glucocorticoid biosynthetic process
mineralocorticoid biosynthetic process
smooth muscle cell differentiation
negative reg. of chromosome segregation
metaphase-anaphase transition

Fepressed

# by peak timing

\V)

Angll-induced A in expression
AN

(
|

1 negative reg. of cold induced thermogenesis
/2 dopamine response
0 5 10 15 20 25 BB 222524902
Angll treatment time (hrs)
F) A mRNA
cholesterol STAR
pregnenolone CYP11A1 I 4
progesterone HSD3B2 2
0
deoxycorticosterone CYP21A2
-2

CYP11B1

cvP11B2 —  BE
aldosterone



https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

cluster

as3 1

as4 A

aw1 1

aw?2 A

awa3 -

aw4 1

aw>b

rsi -

rs2 -

rw1 -

N

l
A _
A
M.
h. o

A

L A\
= A\

A
a A
o A

B

as1 1

as2 1

as3 A

Sl

as4
aw1 -

P=N

aw?2 - L

aw4 1L

awa3

ol .
NS
\_
aws 1 _L

rs2 - l -

b
I

rwi 4

0 510152025
time to peak

0 2 4 6
decay rate

B)
2.0

<

E

2 15

©

>

S

') 10'

©

C

]

g

O 0.5

S

C) 50-
40-

(0]

3

g 30-

o

S 20

(@)

@]

T 10:
0

activated
weak

activated
strong

awi

1ast

as2

aw2
o
aw4

as3 aw3

as4 o

3 5 7 5 10
Median time to induction peak (hrs)

o ELAVL2
°
ELAVL2

[ ]
ZFP36 ELAVL2
[ J

[
PABPC1 SFSE&*

[ J
CPEB3
TIA1  TIA1
]

ELAVLA e
[ ]
pTeP1e  CPEBS

ELAVL1 \

ELAVLY e U2AF2

PTBP1\WABPC4 ELAVL1
CPEB% ELAVL3 “CELF3

ZFP3s RALY
[ ]

HNRNPCL1 °
HNRNPC

L]
ELAVL1

|

25 50 75 100

log2 fold enrichment

0.0

awb


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 3

A) | -mRNA RNA| )

— pre-m — T
o 4 STAR as11
) R=0.084
®©
S
o as2-
°
o ' CYP11A1 as3-
o121 [ * R=-0.217
g
) i
< as4
°

fold change

o

b

)

)

|

o 5 CYP21A2
S 4 R=0.524
S 3
T 2 aw4A
s 4]

20/ CYP11B1 aws
$ s \woa
3
5 197 ~e rsi-
S 57
£ i

rs2-

o CYP11B2
£ 1007 R=0.571
S 501 rw1-
k)
L Oi‘vf T T T T T T

0 5 10 15 20 25 -1

time (hrs)

correlation

o

(2]
o
D
=2
N
@
Q

paje|nbal jou
paziliqeisop

w
.

ntrte o,
L]

I N

asi
as2
as3
as4
aw1
aw2
aw3
aw4
awb
rsi
rs2
rwi

0

overlap
odds
ratio

RBM45

HNRNPL
TAF15, , HNRNPA2B1

ILF2 CNOT4

° L] L]
SRSF9 ..HNRNPF

. .u.'.

-0.1

0.0

01 02

log, A frequency

10 D)

W
N

median fold change

median fold change

activated strong 4 (as4)
pre-mRNA mRNA

— no regulation (n=20) — no regulation (n=20)
— destabilized (n=15) — destabilized (n=15)

24 048
time
activated weak 3 (aw3)
pre-mRNA mRNA

— no regulation (n=147) — no regulation (n=147)
— destabilized (n=82) —— destabilized (n=82)

24

048 24 04 8
time

activated strong 4 (as4)

24

destabilized no regulation
925 MC2R o 100 CITED2
£20 2 75
£15 £
S 10 5 5.0
s g 3 25
0 5 10 15 20 25 0 5 10 15 20 25
time time
activated weak 3 (aw3)
destabilized no regulation
o4 STAR S5 GPRC5A
C C &
£38 £20
o2 - 15
= 21,0
5 10 15 20 25 0 5 10 15 20 25
time time
[== pre-mRNA ~ —=mRNA |


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 4

A) Adrenal gland @ Isolation of @ Steroidogenic @ RNA-seq
from tissue donor glomerulosa / Stimulation polyA-selected
fasciculata cells
. ' Ang I I e e - ' '
e horifundar o has oraned bioRxiv a lcarise to gl the preatial in pecbetit. 1t & made
available under aCC-BYSNC-ND 4.0 International license.
: —» ACTH —
basal | .~ =
hrs 3 24
B) ° C) ACTH3 hr | [ACTH 24 hr D) ACTH Angli
24 vs basal vs basal STAR
0.507 % 0.6 cholesterol
= 24 o CYP11A1
N~ ® > pregnenolone
254 I v
QY o = 0.4 HSD3B2 I
e o4 ® ACTH E,:) progesterone
O 0.00 o Andl | o CYP21A2
5 O O basal EWW deoxycort;costerone
-% 09 || .11 CYP11B1 ]
R - B e Bl Y  CYP11B2 C ] ]
®o ° 3 3 24 3 24 aldosterone 3 24 3 24
T T T T Angll vs Angll vs .
0410 0408 -0.406  -0.404 basal basal P
PC2 (%1.2) Log, Fold Change in log, fold-change
expression Angll vs basal vs basal
E) e T EEEEE - f gz mm e
D 0.75- 0
5 as2 | goy- as4
7] NES =1.98 7] NES =1.68
"GC-J‘ 0.50 - "GC'; p = 0.0064
0.2-
£ £
'E2(125- S
GE) L \ I L GE) o0
0.00 —fH I (R I e e e R NV A
1 1 1 1 1 1
0 5000 10000 0 5000 10000
ACTH vs Basal 3 hr rank ACTH vs Basal 24 hr rank
< T [
© © 0.6
Q 0.6- as2 O as4
@ NES=1.87| & 0.4- NES =1.92
c _ T p =0.0011
g 0.4 g
0.2-
S 0.2- S
| - -
CICJ ML LI Ll W11 GCJ
0.0 — i RN | T 0.0

0 5000 10000
Angll vs Basal 3 hr rank

10000

0 5000
Angll vs Basal 24 hr rank


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 5

A) Angll-induced Human Adrenal Human Adrenal Gland
Differential Expression Gland Expression Specific Expression
10.0 250 Q 0.08
3 g
€75 200 » 0.07
6 5.0 E 150 £ 0.06
= F 100 £ $
© 25 0.05
s 50 é g
0oL —— oL—— . Poosl
other candidate other candidate other candidate
B) Ang |l stimulated: Repressors
-
2
2 2000- Function
©
2 [ Anamod
@ 10004
*% ' . . ] stabiity
o - z
Z 0- L] L] L] L] L] L] L] L] L] L]
© 0 55 33 3838 3 3
= = < < o o (<] <] ) %)
m om i | o o o o
L L = = ] L [T [TH
N N N N
C) Ang Il stimulated: Activators
- 0 Function
3 IR
o -50041 . Localization
®
5 10001 | |:| Splicing
S ¥
*g‘ —1500+ . Stability
° | Positive
< 2000 . ' ' ' ' . - Control
d Lo & & 3 3 < <
< < [ | =z P4 o) o)
X X o o in] m o o
< < o o = = £ =<
D) Ang Il stimulated: Mixed
= 1500 Function
g 1000 . Localization
8 500+ L
. S tpteg e E g
) .
@ 5001 I_T_' . [ ! [] . Stability
< 10004 . Translation
< 220092298388
zZ 2z 2 2 206 00 g g o
T o wwa z zZ2 B &
% % = = o o o o


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 6

A) BTG2 mRNA
16
LT
o 84
5§
Sg
o 41
o2
=}
52 2
04
02468 12 18 24
time
B) sraz] ) - - |

Tubulin|-———-—----—-|

tme 0 %4 % 3% 1 15 2 3 4 6 8 24
C) as1l  odds ratio

as2 4
as3
as4 3
awl 2
aw2 1
aw3d
aw4 0

awb
rsi
rs2
rw1i

down nochange up

A mRNA upon BTG2 depletion

D) BTG2 ELAVLA
4 120
3 90
Z 2 |:L Z 60
= =
1 [h 30
o1 . I 0
0 6 24
time
. BTG2 siRNA
E) CYP11B1
750 15
S 500 S 1.0
= =
250 [I 0.5
0 0.0
0 6 24
time
CYP11B2
12 600
s 8 s 400
o o
F g E' F 200
Ol -
0 6 24

time



https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

SU ppIMrtaJn Ei Q[M:ﬂ&i.zﬂg/m.1101/2021.02.19.431050; this version posted February 20, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A)

B)

r
] 0.205
8
g 0.99
0.98
. _0.204
4 0.97 0
3 N
3 0.96 (o))
2
2 0.95 <
2 h ol
0 O
0 o
0.
0.
1.
]
0.
0.
0.
0.
9
1.
2
2
)
100
R=0.98 R=0.95 °
751 p=7.3e-08 ® 50 p=15e-06 °
. )
501
1.51
% 251
1.0+
<ZE 01 0 [
o r r r . r r r r
o} 25 50 75 10.0 12 16 20 24
c
s 9| R=098 1151 g-035
(o]
o 4 p=2.1e-08 1101 p=0.27
©
31 1.05
2.
1.001
1.
1 2 3 4 0.8 0.9 1.0

avg fold change gPCR

£222:2 4¢

@ =

[y

DNA binding transcription factor activity
glucocorticoid receptor binding

transcription factor binding

proximal promoter sequence specific DNA binding
regulatory region nucleic acid binding
CREB protein binding

transcription co-repression activity
mRNA 3' UTR AU-rich region binding
AU-rich Element binding

14-3-3 protein binding

Kinase binding

MAP kinase kinase binding 0
MAP kinase phosphatase activity -lo g
phosphohpa'se A2 |nh|b|t.ory' activity p_vam’e
B2 adrenergic receptor binding

PI3K regulator activity

pre-mRNA 5' splice site binding
ubiquitin conjugating enzyme binding
PI3K binding

exoribonuclease activity

TM receptor protein tyrosine kinase activity
anaphase promoting complex binding
Ephrin receptor binding

MAP kinase p38 binding

- NDWhrO

0 oo O o
w n n n
pS IR SRS

= N

€

&~ O

0.2031

0.202

0.201 1

o A
A a2 s B

time
4 Y
24 « 0.25

75 replicate
A 15 A

A
4

o o
Np el
o> mt’ Q=)

0.0 0.2
PC2 (%1.2)

0.4 24

6000

4000

sum of squares

2000 ® e

Total within-clusters

F'ooOo...

5 10 15 20
number of clusters

asi

as2 10
as3

as4 8
aw1 6
aw?2

aw3 4
aw4

aws 2
rsi 0

rs2
rwi

snRNA

coding

IncRNA  pseudogene


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Supplemental Figure 2

A) B) 1.001 C)
061 0.751
= 2 2"
2 0.41 2 0507 2
[} [} [}
ke o © 0.51
0.2 0.251
O.O- T T T 000- T T T T T 00- T T T T
1e-01 1e+01 1e+03 1601 1e+00 1e+01 1e+02 1e+03 0.01 0.10 1.00 10.00

synthesis (TPM/min) processing (1/min) decay (1/min)


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Supplemental Figure 3

A) ‘ B) as3 as4

asi - A

6
as2 - -
. 4 . SRSF4
aSB ’ - ... . EIaAVL4
'_8' 2 [ ° .
as4 - - —A S . ©= 3 % 5
. S o o
‘ \g 0 . JJ °“‘

aw1 < © -0.50-0.250.00 0.25 0.50 -0.50-0.25 0.00 0.25 0.50
D w2 - .A N log2FC log2FC
-.CT) aW2 RB.M24
G Y
© awa3 1 6 . HNRNPH2

aw4 A 4 FUBP1, JEWSR1

o RB"{% RBM45
. KHSRP, \TaF15
aw>s A _A 2 ° { can g'F:.\‘sF;gl PA2B1
. P 22 3, HNRNPF
00:" °
rsi - - 0 .\,ﬁ
A -0.50-0.250.00 0.25 0.50
rs2 - log2FC
rwi 4 - —4&

4.0-05 0 05 1.0
cross correlation


https://doi.org/10.1101/2021.02.19.431050
http://creativecommons.org/licenses/by-nc-nd/4.0/

Supplemental Figure 4
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Supplemental Figure 5
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