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Abstract
Steroid hormone signaling pathways are critical for organismal development and act through binding to nuclear receptors (NRs) driving 
transcriptional regulation. In this review, we summarize evidence for another—underrated—mechanism of action for steroid hormones: their 
ability to modulate the alternative splicing of pre–messenger RNA. Thirty years ago, pioneering studies used in vitro transfection of plasmids 
expressing alternative exons under the control of hormone-responsive promoters in cell lines. These studies demonstrated that steroid 
hormones binding to their NRs affected both gene transcription and alternative splicing outcomes. The advent of exon arrays and next- 
generation sequencing has allowed researchers to observe the effect of steroid hormones at the whole-transcriptome level. These studies 
demonstrate that steroid hormones regulate alternative splicing in a time-, gene-, and tissue-specific manner. We provide examples of the 
mechanisms by which steroid hormones regulate alternative splicing including 1) recruitment of dual-function proteins that behave as 
coregulators and splicing factors, 2) transcriptional regulation of splicing factor levels, 3) the alternative splicing of splicing factors or 
transcription factors that feed-forward regulate steroid hormone signaling, and 4) regulation of elongation rate. Experiments performed in vivo 
and in cancer cell lines highlight that steroid hormone–mediated alternative splicing occurs both in physiological and pathophysiologic states. 
Studying the effect of steroid hormones on alternative splicing is a fruitful avenue for research that should be exploited to discover new 
targets for therapeutic intervention.
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Since the cloning of the first nuclear receptors (NRs) more 
than 35 years ago, we have come to understand their role in 
transcriptional regulation through a variety of experimental 
approaches. NRs can bind directly to their regulatory regions 
on DNA in proximal and distal enhancers, and consequently 
recruit coregulators to either induce or repress transcription 
(1, 2). Additionally, through tethering, NRs can bind to other 
transcription factors (TFs) that contact DNA to regulate tar-
get genes. This is an important mechanism by which transre-
pression of genes by the glucocorticoid receptor (GR) occurs 
(3). Many NRs act in response to the binding of a ligand, 
such as steroid hormones. When the NR resides in the cyto-
plasm, hormone binding promotes the nuclear translocation 
and DNA binding of the receptor. While pioneering studies 
mapped the functional regulatory regions where NRs were 
bound in gene promoters, more recent genome-wide studies 
have revealed that many NR binding sites are found at en-
hancers long distances from the transcription start site (4). 
The interactions at such distances are facilitated by DNA 
looping where protein-protein interactions between NRs, TF 

complexes, and RNA polymerase II (RNAP II) are crucial 
players (5).

Studies have found that the effect of steroid hormones tran-
scends their transcriptional effects. Specifically, the role of 
steroid hormones in the posttranscriptional messenger RNA 
(mRNA) regulation of alternative splicing has been explored. 
Alternative splicing (AS) refers to the mechanism by which 
protein diversification, despite a limited gene number, is 
achieved. Before an mRNA is translated, its precursor form 
(pre-mRNA) undergoes modifications, executed by a ribonu-
cleoprotein complex called the spliceosome, which consists of 
5 small nuclear RNAs (U1, U2, U4, U5, U6) associated with 
splicing factors. In metazoans, splicing modifications include 
mutually exclusive exons, alternative promoter (AP), alterna-
tive polyadenylation, alternative 3′/5′ splice sites (A3SS; 
A5SS), intron retention (IR), and cassette exon (CE) events 
(Fig. 1) (6). The complexity of an organism affects how 
many of their genes are alternatively spliced, as it has been 
shown that 95% of transcripts containing multiple exons 
undergo AS in human cells (7). Indeed, 52% to 80% of 
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alternatively spliced transcripts have been characterized as tis-
sue specific, with the majority found in the myocardium and 
neurons (8, 9). Likewise, the specific splicing events that occur 
are contingent on the type and pathophysiological status of 
the tissue. For example, the progression of some cancers in-
cluding prostate cancer has been shown to be driven by the ac-
tion of androgens on AS (10). However, to date, AS is a less 
known consequence of steroid hormone action. This narrative 
review aims to explore the current state of knowledge about 
the effect of steroid hormones on AS and the mechanisms by 
which steroid hormones have been shown to modulate 
mRNA diversification.

Methodology
Medline, PubMed, JSTOR, and Scopus bibliographic data-
bases were used. Search concepts were narrowed down to 
“steroid hormones” AND “alternative splicing”; truncations 
applied where necessary (eg, steroid hormone*, and alternat* 
splic*); and keywords derived from each search concept were 
used to narrow down article search. For the search concept 
“steroid hormones,” sample key words included “glucocorti-
coids” OR “androgens,” and for the search concept “alterna-
tive splicing” sample keywords included “RNA processing” 
OR “trans-splicing.” Title and abstract screening were per-
formed to ascertain the eligibility of the study. 
Consequently, to expand the search reach, forward and back-
ward searching was performed with the tools Connected 

Papers, and SCIntilla based Text Editor (SciTE) (11). Titles 
and abstracts of more than 500 articles were screened for re-
view, and 84 extracted for meeting the eligibility require-
ments. Employing the data review tool SysRev (https:// 
sysrev.com/u/5078/p/72871), 3 reviewers (F.L.B., G.U., 
C.L.C.) screened articles based on 2 criteria: 1) are steroid hor-
mones and AS discussed? 2) are the AS events occurring be-
cause of hormone action?. Discordances were resolved after 
thorough discussion, and consensus was achieved to include 
56 out of 84 articles for data abstraction. Most of the articles 
described in vitro and in vivo experiments designed to provide 
insight into the mechanisms of steroid hormone action, and 
some mini-reviews were included that discussed broader 
concepts.

Results
Technological Advances Have Revolutionized the 
Ability to Study Alternative Splicing
Before the sequencing of the human genome, researchers inter-
ested in studying AS were limited to the analysis of individual 
genes that had been shown to have alternative isoforms dis-
covered by classic techniques of Northern blotting or nuclease 
protection assays. Newer technologies including exon splicing 
arrays and next-generation sequencing rapidly expanded the 
numbers of genes known to be alternatively spliced and 
opened the possibility of examining genome-wide changes 
on AS in response to steroid hormones. To capture the 

Figure 1. Types of messenger RNA alternative splicing events regulated by steroid hormones. Exons are represented by boxes, introns by lines. 
Constitutive exons are in gray, alternative exons are in blue or orange. Alternative promoters are annotated P1 and P2, alternative polyadenylation 
signals are annotated polyA, and the poly(A) tail is represented by AAA.
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technological evolution of the field, we summarized the publi-
cations that were included in our search results into 2 tables. 
Table 1 organizes the AS events that have been studied at 
the single-gene level in response to steroid hormone treatment. 
A subset of these is described in “Results”. Table 2 summarizes 
the genome-wide effect of hormone treatment on AS in different 
cell systems. While there are understandably fewer examples of 
studies that have explored genome-wide regulation of AS by 
hormone signaling compared to single-gene analyses, this num-
ber is expected to increase as RNA sequencing (RNA-seq) costs 
continue to decrease. It is important to note that to quantita-
tively characterize AS events in human- or mouse-derived sam-
ples, sequencing depth must be increased to above 60 M reads 
per sample (as opposed to 20-30 M reads for regular 
RNA-seq). This necessity continues to pose a financial barrier 
to the widespread adoption of AS analyses.

Single-gene studies that uncovered a role for steroid hor-
mones in the regulation of known AS events are summarized 
in Table 1. These splicing events were characterized using a var-
iety of models: in vitro culture of cell lines, ex vivo culture of pri-
mary cells and tissues, and in vivo rodent studies. Most 
publications examined CE events using reverse transcription– 
polymerase chain reaction (RT-PCR) and approximately half 
demonstrated substantial differences in AS (with changes 
> 2-fold). Remarkably, AS can be modulated by steroid hor-
mones on a relatively short time scale (ie, 30 minutes-4 hours). 
However, as shown in Tables 1 and 2, most studies (87%) were 
performed with hormone treatment longer than 4 hours.

One gene that has been studied extensively for its regulation 
is the calcium-activated potassium channel (Slo aka Kcnma1 
(49-52)) as there is a stress-axis regulated exon (STREX) 
that affects its function. The regulation of the physiological 
stress response, crucial for survival, is mediated in part 
through catecholamine secretion by the adrenal gland. 
Glucocorticoid treatment (24 hours) modulates the expres-
sion of the STREX isoform and excitability of this potassium 
channel in adrenal chromaffin cells, which contributes to a 
faster adapted response to stress by enhancing secretion of cat-
echolamines (49). In primary cultures of chromaffin cells from 
hypophysectomized rats, the STREX exon shows decreased 
inclusion compared to nonhypophysectomized rats (49). 
This is reversed by treatment with adrenocorticotropin 
(ACTH), which increases corticosterone levels (49). In cas-
trated rats, the absence of testosterone (T) leads to an increase 
in ACTH and consequently of corticosterone, resulting in an 
increase in STREX inclusion in the adrenal glands, but a de-
crease in the pituitary glands (51). Treatment with T reverses 
these effects in both tissues (51). In primary culture of adrenal 
medullae from rats, corticosterone has no effect on STREX in-
clusion at low concentration, while at high concentration 
STREX inclusion is decreased in a GR-dependent manner 
(52). This in vitro response to glucocorticoids was also ob-
served in primary cultures of bovine chromaffin cells, in which 
a decrease in inclusion of STREX was found with dexametha-
sone (Dex, synthetic glucocorticoid) treatment (50). This col-
lection of individual studies on Slo AS highlights the 
species-specific, tissue-specific, and receptor-dependent as-
pects of AS regulation by steroid hormones.

Studies examining the role of steroid hormones and AS on a 
more global basis are summarized in Table 2. These types of 
studies capture a variety of splicing events (RNA-seq) and al-
low the identification of unexpected mechanisms of drug re-
sistance in cancer. For example, the first-line treatment for 

estrogen-dependent breast cancer is the estrogen receptor 
(ER) antagonist tamoxifen. Using exon arrays, it was shown 
that estradiol (E2) regulates the AS of the fibroblast growth 
factor receptor FGFR2, which has been directly implicated 
in tamoxifen resistance (21). In androgen-dependent prostate 
cancer, androgens profoundly alter the transcriptome-wide 
AS at 2 levels: directly, and by activating 2 splicing factors epi-
thelial splicing regulatory proteins (ESRP) 1 and 2. The 
androgen-mediated overexpression of ESRP1 leads to an in-
crease in splice variants for the ribosomal protein S24 
(RPS24) and the actin-binding protein filamin B (FLNB), 
which are directly correlated to decreased survival rate and in-
creased tumor severity. Interestingly, both RPS24 and FLNB 
dysregulated splice events can be reversed by treatment with 
the androgen antagonist bicalutamide (62).

Steroid Hormones Can Affect Alternative Splicing in 
a Short Time Frame
A few studies demonstrated that steroid hormones can signifi-
cantly affect AS in as short a time frame as 1 hour (31, 54, 57). 
This time frame suggests that this function of steroid hor-
mones can occur without newly translated proteins being in-
volved. For example, binding of the mineralocorticoid 
receptor (MR) within the AP of WNK1 occurs as fast as 
30 minutes after murine renal cell exposure to aldosterone 
(57). This promotes the expression of WNK1 kidney specific 
isoform, which stimulates sodium transporter activity (57). 
In the case of 4-hour Dex treatment of N2a neural cells, there 
was very little overlap in the identity of the Dex-mediated 
transcriptionally regulated or alternatively spliced genes 
(Fig. 2) (45). Therefore, steroid hormones promote dual- 
functional outcomes on transcription and splicing and these 
can occur in a relatively short time frame and on distinct 
gene sets.

Mechanisms by which steroid hormones exert these effects 
on AS may include steroid hormone–mediated recruitment of 
specific dual-function coregulators, the AS of coregulators and 
splicing factors themselves, and other indirect roles influen-
cing AS such as transcription speed and splicing factor or ster-
oid hormone receptor protein levels (Fig. 3). Examples for 
each of these mechanisms are described next.

Transcriptional Coregulators Have Dual Roles in 
Transcriptional Regulation and Alternative Splicing
Transcriptional coregulators interact with other TFs to func-
tion in chromatin remodeling, recruitment of RNAP II, and 
as transactivators and/or transrepressors (66). Over the past 
2 decades, an increasing body of evidence demonstrated their 
concomitant involvement in AS regulation, defining them as 
transcriptional/splicing factors or “coupling” proteins (67), 
a terminology that yields some confusion since genes that 
are transcriptionally upregulated are frequently distinct 
from those that are alternatively spliced (see Fig. 2). The con-
cept of proteins that could “couple” transcriptional activation 
with AS on the same gene was perpetuated in early experi-
ments using artificial minigene systems. By design, these mini-
gene assays containing alternative exons were created to be 
responsive to steroid hormones (eg, by incorporating the 
MMTV promoter). Using these artificial minigene systems, 
several “coupling proteins’ were identified. These include 
the heterogeneous nuclear ribonucleoproteins (hnRNPs); the 
DEAD-box RNA helicases p68/DDX5 and p72/DDX17; 
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and the NR coactivators CAPERα/RBM39 and CAPERβ/ 
RBM23, first characterized as transcriptional coregulators 
and later characterized as splicing factors because of their 
homology to U2AF65 (68, 69).

The splicing of the CD44 reporter minigene by E2 was ex-
amined in HeLa cells when cotransfected with ERα or ERβ 
and either p72/DDX17 or the hnRNP-like proteins CoAA/ 
RBM14 or TLS/FUS (20). Quantification of CD44 splice var-
iants by RT-PCR showed that, while TLS did not affect spli-
cing, p72/DDX17 decreased and CoAA increased the CE 
skipping to inclusion ratio (ie, the relative ratio of transcript 
without the alternative exon to that with the alternative 
exon included; see Fig. 1) in a E2-dependent and ER isoform- 
specific manner (20). Moreover, the interaction between ERα 
and DDX17 was shown to be dependent on the phosphoryl-
ation of ERα at serine 118 (17). The phosphorylation of 
ERα Ser118 is regulated by MAPK (mitogen-activated protein 
kinase) signaling activated by the epithelial growth factor 
(17). This suggests that the crosstalk of several signaling path-
ways is necessary for the interaction between ERα and the dual 
function factor DDX17 to mediate E2-modulated AS (17).

CAPERα and CAPERβ were found to have high structural 
similarity with splicing factors U2AF2/U2AF65 and Poly(U)- 
binding-splicing factor PUF60, implicating their involvement 
in the spliceosome complex (68). Indeed, the use of a minigene 
strategy revealed that CAPERα and CAPERβ participate in the 
regulation of both transcriptional targets and AS in response 
to E2 and progesterone (P4) (26). Both CAPERα and 
CAPERβ contain 3 RNA recognition motifs (RRMs), 
RRM1 being implicated in NR-driven transcriptional regula-
tion, and RRM2 and RRM3 in the regulation of steroid hor-
mone–modulated AS. These proteins were shown to increase 
progesterone receptor (PR) activation and ER-dependent 
CGRP/CT splicing products ratio (26). CAPERα causes a sig-
nificant increase in VEGF-121/180 mRNA ratio when 
knocked out (26). Expression profiles showed that, while 
U2AF2 and PUF60 are ubiquitous components of the spliceo-
some, CAPERα and CAPERβ have tissue-specific expression 
(26). Some studies have proposed the recruitment model of 
coregulator-mediated coupling of transcription and splicing, 
which suggests that CAPERα and CAPERβ recruit splicing 
factors to the transcription complex (70).

Cofactor of BRCA1 (COBRA1) acts as a transrepressor 
in response to steroid hormone, and modulates AS of 
androgen receptor (AR)-regulated genes (19). A glutathione 
S-transferase (GST)-pulldown assay confirmed interactions 
of COBRA1 and AR, and CD44 minigene assays demon-
strated that expression of the transrepressor led to a 3-fold re-
duction in skipping for the splice event (19). It was suggested 
that proteins such as COBRA1 that promote exon inclusion 
may be altering AS by influencing the rate of RNAP II activity, 
likely slowing it down, and/or promoting interactions with 
spliceosome components (71, 72). In the human prostate can-
cer cell line LNCaP, coimmunoprecipitation experiments re-
vealed that, in the presence of androgens, the interaction 
between DDX5 and AR was enhanced. Furthermore DDX5 
was found to potentiate AR-driven downregulation of the 
CD44 minigene inclusion/skipping ratio, while acting as a 
transcriptional coactivator (16).

As summarized here, the use of transfected minigene report-
ers like the MMTV-CD44 minigene was crucial in demonstrat-
ing that through “coupling” proteins transcription and AS 
could both be altered in the presence of steroid hormones. 

Identification of some of the specific proteins involved in 
both mechanisms reinforced the concept that a “coupling” of 
these processes was occurring. However, genome-wide studies 
discussed later in this review demonstrated that these proteins 
may be better described as “dual-function” proteins. In other 
words, rather than supporting the idea that they are necessarily 
functionally coupled, many NR coregulators have been shown 
to interact with the transcription complex and the spliceosome 
independently (see Figs. 2 and 3) (21, 45, 59, 60, 62, 63).

Regulating the Splicing of Coregulators
Coregulators with dual functions are crucial for modulating 
both transcription and AS of NR signaling pathways, either 
through the recruitment of splicing factors or by controlling 
the kinetics of transcriptional elongation (69). The value of 
this concerted role for coregulators makes their own regula-
tion particularly influential (73), and steroid hormones have 
been observed to influence the splicing of specific coregulators 
directly and indirectly.

Dex was observed to modulate the splicing of the NCoRω 
corepressor transcript in favor of the NCoRδ isoform during 
3T3-L1 cell adipogenesis (38). This isoform switch by Dex no 
longer occurs once the cells have differentiated into mature adi-
pocytes. In the rabbit endometrium, A3SS/A5SS of the transcript 
encoding the helicase-like TF RUSH was shown to be regulated 
by P4 (48). RUSH acts in chromatin remodeling and regulates 
the tissue-specific expression of the uteroglobin gene in rabbits. 
Full-length Rush1α isoform was favored when P4 was combined 
with prolactin, while truncated Rush1β was predominant when 
cells were sequentially treated with P4 and E2. Tissue-specific 
regulation of Rush1 AS by P4 defines uteroglobin abundance, 
which is itself implicated in P4 binding (48).

Altogether, regulation of the splicing of both transcription 
factors and splicing factors can act as an additional layer of 
automodulation of the steroid hormone’s signaling pathways.

Regulating Splicing Factor Levels
An indirect way by which steroid hormones modulate AS is 
through the regulation of splicing factors levels. In prolactin- 
secreting MMQ clonal rat cells, E2 and T were found to favor 
the splicing of the long isoform of the dopamine receptor 
(D2R) transcript, while P4 counteracted these effects, stabiliz-
ing the ratios between the long and the short Δ6 isoforms (27). 
When MMQ cells were treated with the translation inhibitor 
cycloheximide, the effect of these sex hormones on Drd2 iso-
form ratio was abolished (27). It was posited that at the tran-
scriptional level, E2, T, and P4 were involved in modulating 
the genetic expression of factors that were involved in transre-
gulating Drd2 splicing (27). Indeed, splicing factors may regu-
late the choice of the splice site leading to preferential 
production of the long isoform (27). While the specific pro-
teins were not alluded to, it was investigated that the modula-
tion of Drd2 splicing was an indirect effect of the hormone’s 
presence (27). Tissue-specific effects were observed in long/ 
short variant ratios of Drd2, which differed in response to T 
and E2 treatment in the anterior pituitary gland, olfactory tu-
bule, hypothalamus, substantia nigra, and striatum (28).

In HepG2 human hepatoma cells, it was discovered that 
exon 11 inclusion/exclusion is the main event by which the in-
sulin receptor INSR transcript is spliced, the exon 11 exclu-
sion being enhanced in response to Dex in a dose-dependent 
(35, 36) and time-dependent manner (36). Although they 
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Table 2. Studies investigating steroid hormone effect on transcriptome-wide alternative splicing

Hormone 
treatment 
(duration)

In vitro model Technology Splice eventsa Effects Reference

10−8 M E2 (6 
or 24 h)

MCF-7 cells Affymetrix Exon arrays Alternative promoters 121 alternative promoters 
differentially regulated by E2; 16 
validated by RT-PCR (including 
NET1)

Dutertre et al 
2010 (58)

10−10a M E2 
(3 h)

MCF-7 cells Microarray (AS events 
covering a possible 10  
659 AS events of 893 
apoptosis-related genes)

175 cassette exons; 87 A3SS; 
75 A5SS; 24 intron 
retentions

463 AS events regulated by E2; 4 
validated by qPCR (AXIN-1, 
CASP7, FGFR2, FAS)

Bhat-Nakshatri 
et al 2013 (21)

10−8 M E2 
(10 h) 
10−8 M 
DHT 
(24 h)

MCF-7 cells; LNCaP 
cells

Affymetrix Exon arrays Various; cassette exons 65/462 AS events regulated by E2 in a 
DDX5- and DDX17-dependent 
manner; 371/1573 AS events 
regulated by DHT in a DDX5- and 
DDX17-dependent manner

Samaan et al 2014 
(59)

10−8 M DHT 
(24 h)

LNCaP cells Affymetrix Exon arrays 
and RNA-seq (150 bp 
paired-end reads, 
45-80 M/reads/sample)

Exon Arrays: 84% cassette 
exons, 8% A5SS, 6% A3SS; 
RNA-Seq: mutually 
exclusive exons and cassette 
exons

Affymetrix Exon arrays: 869 AS 
events regulated by DHT; 7 
validated by RT-PCR (including 
IDH1) 

RNA-Seq: 198 AS events induced by  
DHT

Shah et al 2020 
(60)

10−8 M 
R1881 
(24 h)

LNCaP cells Affymetrix Exon arrays 108 cassette exons, 144 A5SS, 
73A3SS

325 AS events regulated by R1881; 7 
validated by RT-PCR (NDUFV3, 
ZNF121, PDE4D, TACC2, TSC2, 
RIMS1, WEE1)

Rajan et al 2011 
(61)

10−8 M 
R1881 
(24 h)

LNCaP cells RNA-seq (paired-end 
reads)

56 alternative promoters, 12 
cassette exons, 4 A3SS, 1 
Intron retention

73 AS events regulated by R1881: 17 
validated (eg, LIG4, ZNF678, 
MAT2A)

Munkley et al 
2018 (37)

10−8 M 
R1881 
(48 h)

LNCaP cells RNA-seq (75 bp paired-end 
reads, 76-91 M reads/ 
sample)

Cassette exons 37 AS events regulated by R1881: 
validation of 6 exon inclusions 
(FLNB, GRHL1, ITGA6, 
MAP3K7, MINK1, NUMB) and 6 
exon exclusions (CTNND1, 
DOCK7, FN1, MAGI1, MYH10, 
RPS24)

Munkley et al 
2019 (62)

10−8 M 
R1881 
(24 h)

LNCaP cells; LAPC4 
cells; 22Rv1 cells

RNA-seq (125 bp 
paired-end reads, 
16-22 M reads/sample)

41% cassette exons, 21% 
alternative 
polyadenylation, 15% 
tandem TSS, 8% A5SS, 7% 
A3SS, 4% intron retention

In LNCaP: 1943 upregulated and 
2018 downregulated AS events 

In LAPC4: 2872 upregulated and 
2728 downregulated AS events 

In 22Rv1: 1834 upregulated and 
1796 downregulated AS events 

2 validated AS events: FOLH1 and 
MDH1

Germain et al 
2020 (63)

10−8 M 
R1881 
(24 h)

LNCaP cells; VCaP 
cells

RNA-seq (LNCaP: 200 
paired-end reads, 
216-269 M reads/ 
sample; 

VCaP: 150 bp paired-end 
reads, 44-70 M reads/ 
sample)

In decreasing order: cassette 
exons, mutually exclusive 
exons, A3SS, A5SS, intron 
retention

In LNCaP: 508 AS events regulated by 
R1881 

In VCaP: 1091 AS events regulated by 
R1881

Rana et al 2021 
(64)

10−7 M Dex 
(4 h)

Neuro2a cells RNA-seq (100 bp 
paired-end reads, 
178-234 M reads/ 
sample)

50% cassette exons, 27% 
A3SS, 23% A5SS

426 AS events regulated by Dex: 208 
upregulated (eg, Numb), 218 
downregulated

Magomedova 
et al 2019 (45)

GC-resistant vs 
GC-sensitive 
childhood ALL 
samples and 
ex vivo culture

RNA-seq (100 bp 
single-end reads, 22 ±  
5 M reads/sample)

In both B-cell precursor-ALL 
and T cell–ALL, in 
decreasing order: cassette 
exons, intron retentions, 
A3SS or A5SS

In BCP-ALL: 1035 AS events 
associated with 777 genes. 13 
validated AS events, including 
SOD1, ARPC2, and PSMD11 

In T-ALL: 932 AS events associated 
with 722 genes. 19 validated AS 
events, including CDK4, SRSF3, 
and THOC6

Sciarrillo et al 
2020 (65)

Abbreviations: ALL, acute lymphoblastic leukemia; AS, alternative splicing; DHT, 5-dihydrotestosterone; GC, glucocorticoid; PCR, polymerase chain 
reaction; qPCR, quantitative polymerase chain reaction; RNA-seq, RNA sequencing; RT-PCR, reverse transcription–polymerase chain reaction. 
aA5SS: alternative 5’ splice site; A3SS, alternative 3’ splice site.
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did not determine this experimentally, Norgren et al (35) pro-
posed that these effects may be occurring through the indirect 
modulation of an “exclusion or inclusion factor.”

At the transcriptome level, 2 important splice factor proteins, 
ESRP1 and ESRP2, have been studied for the role AR plays in 
their regulation in prostate cancer cell progression. ESRP2 tran-
scription is upregulated in prostate cancer carcinoma, specific-
ally in a metastatic subgroup, and in prostate cancer in vitro 
models (LNCaP and CWR22Rv1 cells) (60). In these models, 
it was shown that ESRP2 was essential for prostate cancer 
cell invasiveness (60). In patients, the expression of ESRP2 is 
mainly upregulated by AR and decreased by androgen depriv-
ation therapy (62). In vitro experiments performed on 
LNCaP cells showed that androgen-dependent AS was medi-
ated through ESRP2. R1881 is a potent synthetic androgen 
agonist. ESRP2 is a direct genomic target for R1881-activated 
AR (demonstrated by chromatin immunoprecipitation) and is 
transcriptionally upregulated (62). Performing RNA-seq on 
LNCaP cells in which ESRP2 mRNA was silenced, Munkley 
et al (62) demonstrated that ESRP2, and its close paralog 
ESRP1, regulate the splicing of a large subset of androgen- 

dependent AS events. Furthermore, treatment with AR antag-
onist casodex, or RNA silencing of AR in prostate cancer sam-
ples, inhibits the transcriptional upregulation of ESRP2, 
leading to a reverse modulation of androgen-dependent AS 
events (62). Treatment with antiandrogenic drugs casodex 
and enzalutamide, or with the androgen dihydrotestosterone 
(DHT), has a major effect on AS events (2127, 167, and 869 
differentially regulated AS events, respectively), with CE, alter-
native 3′/5′ splicing, IR, and mutually exclusive exons being the 
most represented event types, as identified by Affymetrix Exon 
array or RNA-seq (60). Interestingly, silencing of AR in human 
prostate cancer MDA-pCa-2b cells profoundly modified the 
basal transcriptome, suggesting that AR itself contributes to 
the differential regulation of transcription and AS (60).

Speed of Transcription Indirectly Affects Alternative 
Splicing
Transcription elongation rate affects alternative splicing deci-
sions in metazoans and yeast (74, 75). In prostate cancer cells, 
DHT-activated AR increases the efficiency of transcriptional 
elongation (76). As described earlier, agonist-activated AR in-
creases CD44 exon skipping, and this is reversed in the pres-
ence of COBRA1 (19). Interestingly, COBRA1, both an NR 
corepressor and a splicing factor (19), was also characterized 
as a subunit of the negative elongation factor complex (77, 
78). Sun et al (19) hypothesized that the interaction of 
COBRA1 with AR may promote a slower elongation rate by 
the RNAP II, which would affect the recruitment and activity 
of the spliceosome, thus allowing a differential AS output. 
Modulation of the transcription elongation was also proposed 
as an underlying mechanism for the regulation of AS by 
hormone-activated ER and PR (26).

Indirect or Direct Modulation of Nuclear Receptor 
Protein Levels
Steroid hormones also play a role in directly affecting receptor 
protein levels. Investigation of the effects of steroid hormones 
on ERα protein levels in ovariectomized rats showed that on 
treatment with high-dose E2 there was a downregulation of 
ER mRNA levels, and 3-exon skipping (Σ3) isoforms. When 
rats were treated with P4 there was a reduction of ERα 
mRNA expression, and no effect was seen when animals 
were administered a low dosage of E2. In contrast, a combin-
ation of both hormones (high-dose E2 and P4) caused a high 
expression of the Σ3 isoform (40). This tissue-specific dose de-
pendency could indicate a regulatory feedback loop in which 
steroid hormones are involved in modulating the effects of the 
hormone presence in the uterus.

The MR gene NR3C2 contains two 5′ alternative exons, 1α 
and 1β, under the control of APs P1 and P2, respectively (43). 
In human renal H5 cells, P1 and P2 were shown to both be in-
duced by Dex in a GR-dependent manner, while only P2 is in-
duced by aldosterone in a dose- and MR-dependent manner 
(44). Interestingly, P2 is induced by cortisol through both 
GR and MR in a synergistic and dose-dependent manner (44).

In humans, GRα and GRβ are generated by AS of mutually 
exclusive exons 9α and 9β of NR3C1 (79). Treatment of 
THP1 human monocyte cells with dehydroepiandrosterone 
(DHEA) selectively upregulates the dominant negative iso-
form of GR (GRβ), both at the mRNA and protein levels 
(41). Subsequent studies showed that DHEA does so by in-
creasing the expression of the serine and arginine-rich splicing 

Figure 2. Steroid hormones regulate distinct pre-messenger RNA 
(pre-mRNA) sets at the transcriptional and the alternative splicing 
levels. Sets of pre-mRNA, as identified by Affymetrix Exon arrays or 
RNA sequencing that are differentially regulated by A, 10 nM 
dihydrotestosterone (DHT) 24 hours (60); B, 10 nM R1881 24 hours 
(37); or C, 10 nM dexamethasone (Dex) 4 hours (45), at the 
transcriptional level (blue) or at the alternative splicing level (orange). 
Transcriptome-wide studies highlighted a limited overlap between the 
2 gene sets, suggesting that depending on the cell system and 
hormone, dual function factors are differentially important for both 
mechanisms. Created in part with BioRender.com.
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factor SRSF9, which favors NR3C1 splicing into GRβ. In con-
trast, cortisol upregulates SRSF3, which promotes the expres-
sion of GRα (42).

High-throughput Sequencing of Messenger RNA 
Identifies Steroid Hormone Effects on Alternative 
Splicing at the Whole-Transcriptome Level
High-throughput technologies have allowed the identification 
and quantification of numerous transcriptional and AS events 
in one or multiple samples in parallel. MCF-7 breast cancer 
cells treated with E2 and analyzed by microarray (directed 
to apoptosis-related genes) found 463 AS events regulated 
by the hormone (21). In this study, it was found that approxi-
mately 67% of genes that were alternatively spliced after a 
3-hour treatment were not changed at the transcriptional level 
(21). From the analysis, a selection of E2-regulated AS events 
(AXIN-1, FGFR2, FAS) whose dysregulation could potential-
ly affect breast cancer therapy efficacy were validated by 
quantitative PCR (21). In a separate study using an 
Affymetrix Exon array, E2-treated MCF-7 cells were shown 
to regulate 121 APs in a DDX5- and DDX17-dependent man-
ner at loci in close proximity to binding motifs for ERα and 
CCCTC-binding factor (CTCF) (58).

Next-generation sequencing of mature transcripts 
(RNA-seq) has become a standard experimental approach to 
quantify all RNA species in cells. The identification of tran-
scripts that are alternatively spliced is possible with sufficient 
read depth (>60 M reads per sample). To evaluate the effect of 
glucocorticoids on AS in neurons, RNA-seq was performed on 
mouse neural N2a cells and revealed 426 Dex-responsive spli-
cing events (208 upregulated, 218 downregulated) (45). The 
GR coregulator arginine and glutamate rich-1 (ARGLU1) 
was found to be a crucial dual partner of Dex-dependent 
GR-regulated transcription and AS (45). ARGLU1 was shown 
to contribute to the Dex-dependent AS of 398 transcripts 
(93% of Dex-regulated AS events) (45). ARGLU1 coimmuno-
precipitated with splicing factors PUF60, U2AF2, and JMJD6, 
supporting its role in AS.

In prostate cancer models established in vitro and in vivo, 
whole-transcriptomic analysis deepened understanding of 
the androgen and AS effect on tumor progression. 
Affymetrix Exon array applied to R1881-treated LNCaP 
cell transcripts provided the first set of 325 AS events regu-
lated by androgens: 108 CEs, 144 A5SS, 73 A3SS, and 5 
APs (61). One of the R1881-differentially regulated APs is up-
stream of the tumor-suppressor TSC2 coding gene, and in-
creases expression of a truncated isoform A (TSC2A) unable 

Figure 3. Mechanisms of regulation of alternative splicing (AS) by steroid hormones. A, Transcription coregulators/splicing factors recruited by steroid 
hormone–nuclear receptor (NR) complex can play a dual function in transcription and AS. B, Expression levels of splicing factors can be modulated by 
steroid hormone-NR mediated transcriptional activation. C, Steroid hormones directly affect receptor levels and transcriptional activity, as observed for 
the splice variant glucocorticoid receptor GRβ, which acts as a dominant negative isoform for the main glucocorticoid receptor, GRα. D, Ligand-NR 
complexes through their dual function capability modulate the splicing of coregulators such as the nuclear receptor co-repressor (NCoR) corepressor. E, 
The elongation rate for RNA polymerase II can affect exon inclusion because splice sites in alternative exons may require more time to be recognized by 
the spliceosome. Figure created with BioRender.com.
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to inhibit mTOR (mechanistic target of rapamycin) signaling 
(61). mTOR itself is a crucial regulator of protein synthesis 
and cell growth, and the androgen-driven switch promoting 
TSC2A contributes to prostate cancer cell proliferation 
(55, 61). RNA-seq performed on transcripts from LNCaP 
cells treated with AR agonist R1881 identified 73 androgen- 
dependent AS events, from which 53 were also regulated at 
the transcriptional level (37). A total of 48 out of 73 AS events 
induced a protein isoform change, among which were the 
prostate cancer–relevant targets PrLZ, TACC2, NDUFV3, 
MAT2, and CNNM2. Interestingly, 11 of 73 AS events 
were related to a switch from a coding to a noncoding RNA 
isoform or untranslated mRNA, including APs for RLN1 
and RLN2 encoding the peptide hormones relaxins, which 
are upregulated during prostate cancer. In addition, several 
AS events were found to correlate with prostate cancer sever-
ity (Gleason score) when analyzed in a prostate adenocarcin-
oma transcriptomic data bank, such as OSBPL1A, CLK3, 
and TSC22D3 (37).

Discussion
In this review, we illustrated the diversity of ways steroid hor-
mones have been shown to affect mRNA AS, and thus protein 
diversification. This consequence of hormone action is under-
studied but will hopefully become a standard step in RNA-seq 
analyses to allow researchers to decipher the consequences of 
AS on protein function and ultimately pathophysiological 
processes. Primarily acting through their NR, steroid hor-
mones promote gene- and tissue-specific recruitment of dual- 
function transcription/splicing factors, hence modulating the 
binding and activity of the transcription machinery and the 
spliceosome on DNA and pre-mRNA, respectively. This ster-
oid hormone–driven molecular assembly regulates major cel-
lular processes, as well as the hormonal signal itself, through a 
feed-forward loop controlling the level and stability of the 
NR, TFs, and splicing factors. Other mechanisms that we 
did not mention that have been described for the regulation 
of AS output include microRNA and RNA binding proteins 
that control pre-mRNA stability. These factors are themselves 
targets of steroid hormones and have been proposed to re-
present an additional way steroid hormones may regulate 
AS (69, 80, 81).

Errors in AS affect the progression of many genetic diseases 
including myotonic dystrophy, familial dysautonomia, and 
Menkes disease (82, 83). In this review, studies focusing on 
hormone-driven cancers, including breast cancer, prostate 
cancer, and leukemia, highlight the importance of investigat-
ing this critical step of pre-mRNA processing in understand-
ing disease pathophysiology more broadly (84-86).

Most of the early knowledge of steroid hormone action on 
AS came from studies that employed artificial systems like 
minigene assays, which may not represent in vivo cellular 
processes. On one hand, these artificial systems are highly ver-
satile, reproducible, easy to use, quantitative, and allow for 
the isolated analysis of a single allele (87). On the other 
hand, there is an inherent experimental bias that comes 
from studying the effect of a hormone on the expression of a 
heterologous gene (often downstream of a hormone response 
element) in comparison to what is derived from the endogen-
ous context. Another challenge in the field is deciphering 
whether a splicing event will affect protein function under 
normal or pathophysiological contexts. The recent substantial 

advances in protein-folding prediction models will help move 
this aspect of biology forward (88, 89). Bulk RNA-seq data 
can provide only the average AS patterns and gene expression 
in cell populations (7, 90, 91). Single-cell RNA sequencing 
methods are able to detect specific AS events within a particu-
lar cell of interest (90). The very recent development of dedi-
cated statistical tools, such as SCATS (92) and SpliZ (93), 
strengthens single-cell RNA sequencing’s power to resolve al-
ternatively spliced transcripts in a cell-type–specific manner. 
Therefore, we suggest that applying the newest technologies 
to the regulation of alternative splicing by steroid hormones 
will profoundly increase our understanding of its implication 
in challenging pathophysiological contexts.
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