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Alternative splicing of DENND1A, a PCOS candidate gene,
generates variant 2

Meng Kian Tee, Mart Speek, Balazs Legeza, Bhavi Modi, Maria Eugenia Teves, Janette M.
McAllister, Jerome F. Strauss Ill, and Walter L. Miller

Department of Pediatrics and the Center for Reproductive Sciences, University of California, San
Francisco (MKT, BL, MS, WLM); Departments of Pathology and of Obstetrics and Gynecology,
Pennsylvania State College of Medicine, Hershey, PA 17033 (JMM); and Departments of
Obstetrics and Gynecology and of Human and Molecular Genetics, Virginia Commonwealth
University, Richmond, VA 23298 (BM, MET, JFS)

Abstract

Polycystic ovary syndrome (PCOS) is a common endocrinopathy characterized by
hyperandrogenism and metabolic disorders. The excess androgens may be of both ovarian and
adrenal origin. PCOS has a strong genetic component, and genome-wide association studies have
identified several candidate genes, notably DENND1A, which encodes connecdenn 1, involved in
trafficking of endosomes. DENND1A encodes two principal variants, V1 (1009 amino acids) and
V2 (559 amino acids). The androgen-producing ovarian theca cells of PCOS women over-express
V2. Knockdown of V2 in these cells reduces androgen production, and overexpression of V2 in
normal theca cells confers upon them a PCOS phenotype of increased androgen synthesis. We
report that human adrenal NCI-H295A cells express V1 and V2 mRNA and that the V2 isoform is
produced by exonization of sequences in intron 20, which generates a unique exon 20A, encoding
the C-terminus of V2. As in human theca cells from normal women, forced expression of V2 in
NCI-H295A cells resulted in increased abundance of CYP17A1 and CYP11A1 mRNAs. We also
found genetic variation in the intronic region 330 bp upstream from exon 20A, which could have
the potential to drive the selective expression of V2. There was no clear association with these
variants with PCOS when we analyzed genomc DNA from normal women and women with
PCOS. Using minigene expression vectors in NCI-H295A cells, this variable region did not
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consistently favor splicing of the V2 transcript. These findings suggest increased V2 expression in
PCOS theca cells is not the result of genomic sequence variation in intron 20.
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1. Introduction

The polycystic ovary syndrome (PCOS) affects about 6% of women of reproductive age
across multiple ethnic groups, and is by far the most common disorder involving
overproduction of sex steroids (1-3). PCOS is associated with hyperandrogenemia,
hyperandrogenism, anovulation, infertility, and multiple small subcortical ovarian follicular
“cysts” (2,3). PCOS women have a higher prevalence of impaired glucose tolerance, type 2
diabetes and metabolic syndrome, irrespective of their body mass index (2,4). Many
definitions and clinical criteria have been proposed for PCOS, but hyperandrogenism and/or
hyperandrogenemia are the key feature of all definitions (5—7). Androgen synthesis in
normal and PCOS tissues is initiated by the conversion of cholesterol to pregnenolone by
mitochondrial P450scc (CYP11A1) (8), and thence to the C19 androgen precursor
dehydroepiandrosterone (DHEA) by P450c17 (CYP17A1), the microsomal cytochrome
P450 enzyme that catalyzes both 17a-hydroxylase and 17,20 lyase activity (9). Despite its
name, both the adrenal and ovary independently contribute to the hyperandrogenism of
PCOS. Ovarian hyperandrogenemia persists when the adrenals of PCOS women are
suppressed (10,11), and PCOS theca cells /n vitro secrete more androgen than theca cells
from regularly ovulating women (12-16). Three lines of evidence show that PCOS women
also overproduce C19 (19-carbon) androgen precursors in the adrenal (17). First,
dehydroepiandrosterone sulfate (DHEAS), an almost uniquely adrenal steroid (9), is
elevated in at least 25% of PCOS patients (18) and remains high when ovarian C19 steroids
are suppressed by agonists of gonadotropin releasing hormone (GnRH) (19); second,
siblings of many PCOS women have elevated circulating DHEAS (20,21); third, PCOS is
frequently preceded by premature, exaggerated adrenarche, in which the pre-adolescent
adrenal overproduces C19 steroids (22-27).

PCOS is a heterogeneous disorder with strong evidence for a genetic component, either
autosomal dominant or oligogenic/polygenic (20,28). Incomplete penetrance, epigenetic
modification, and environmental contributions have hindered attempts to clarify the
underlying mode of inheritance. Numerous candidate gene association studies have been
conducted, but few have yielded statistically significant associations that have been
replicated. Genome wide association studies (GWAS) with large populations of Han Chinese
individuals identified eleven PCOS candidate loci; these loci (and their encoded products)
are: DENNDI1A (a GTPase), /INSR (insulin receptor), YAPI (yes-associated protein 1),
C9orf3 (chromosome 9 open reading frame 3), RAB5B (a RAS oncogene), HMGAZ (High
Mobility Group AT-Hook 2), 7O0X3 (TOX high mobility group box family member 3),
SUMO1PI1/ZNF217(SUMOL1 pseudogene 1/zinc finger protein 217), THADA (thyroid
adenoma associated), FSHR (follicle stimulating hormone receptor) and LHCGR
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(luteinizing hormone/choriogonadotropin receptor) (29,30). Three studies in European
populations confirmed the association of DENND1A with PCOS (31-33), strongly
supporting DENNDI1A as a PCOS candidate gene.

The 18 human genes in the DENND family encode proteins that function as Rab-specific
GTPases involved in membrane trafficking. The DENND1A gene consists of 22 exons and
encodes the protein DENNDZ1A (connecdenn 1), which has a clathrin-binding domain
thought to facilitate endocytosis (34). DENND1A yields two principal transcripts: variant 1
(V1), encodes a 1009 AA protein with C-terminal proline-rich domain; variant 2 (V2),
encodes a 559 AA protein that contains the three DENN domains and the clathrin-binding
domain, but lacks the proline-rich domain, and includes a C-terminal 33 AA sequence that
differs from V1. Whole exome sequencing did not identify DENND1A coding or splicing
variants in PCOS (35), but the single nucleotide polymorphisms (SNPs) in DENNDIA
identified by GWAS are located in introns, and lack apparent functions. Recent work has
directly implicated V2 in the pathophysiology of PCOS: V2 mRNA was abundant in urinary
exosomes of PCOS women but not normally-cycling women; V2 mRNA and protein were
over-expressed in PCOS theca cells compared to normal theca cells; over-expression of V2
in normal theca cells increased the abundance of CYP17A1 mRNA, augmented DHEA
production and increased the activity of transfected CYP11A1and CYP17A1 promoter-
reporter constructs; and siRNA knockdown of V2 in PCOS theca cells reversed the PCOS
phenotype (36). Thus, we have sought to determine the mechanisms leading to production of
DENND1A.V2.

2. Materials and methods

2.1 Normal and PCOS theca cells

Human theca interna tissue was obtained from follicles of women undergoing hysterectomy.
All subjects gave informed consent to use tissue for research under a protocol approved by
the Institutional Review Board of The Pennsylvania State University College of Medicine.
All surgeries were performed during the luteal phase of the menstrual cycle. Indications for
surgery were dysfunctional uterine bleeding, endometrial cancer, and/or pelvic pain. PCOS
was diagnosed according to the NIH consensus guidelines (37), which include
hyperandrogenemia, oligoovulation, polycystic ovaries, and the exclusion of 21-hydroxylase
deficiency, Cushing syndrome, and hyperprolactinemia; insulin resistance was not
considered among the diagnostic criteria.

Theca cells from follicles of normal cycling women and from PCOS follicles were isolated
and grown as described in detail previously (38,39). Cells were isolated from size-matched
follicles obtained from age-matched subjects. The characteristics of the normal and PCOS
theca cells have been reported, including their steroidogenic phenotypes. These phenotypes
result from the inherent properties of the cells, rather than the phase of the cycle at the time
the cells were isolated (13,14,16). All PCOS theca cell preparations came from ovaries of
women with fewer than six menses per year and elevated serum levels of total testosterone
or bioavailable testosterone. All PCOS ovaries contained multiple subcortical follicles < 10
mm in diameter. Normal theca cell preparations came from ovaries of fertile women with
normal menstrual histories, menstrual cycles of 21-35 days, and no clinical signs of
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hyperandrogenism. No subjects were receiving hormonal medications at the time of surgery.
All theca cells were used at their 4th-passage (31-38 population doublings).

2.2 Genomic DNA sequencing

Genomic DNA isolated from leukocytes and from normal and PCOS theca cells (36) was
prepared using the ‘Wizard’ genomic DNA purification kit (Promega), and initial direct
sequencing was initiated with primers S1280 or AS1670 (Table 1). The region encompassing
exons 20 to 20A was amplified with Platinum Tag DNA Polymerase (Life Technologies)
using primers S1626 and AS3776 and the resulting 2150 bp fragment was cloned into pSC-
A-amp/kan vector. Between 7 and 9 individual clones were selected from each sample and
sequenced with primers S1280 or AS1670. In the analysis of intron 20 sequence data, visual
inspection of the original trace files showed errors in calling where double peaks were
found. In addition to occasional double peaks, some traces showed peaks that were out of
phase, particularly after the dinucleotide repeat region. To improve quality and detect out of
phase reads, the original files were reprocessed using TraceTuner with the option to allow
heterozygote calls.

2.3 Minigene construction

Three PCR products were generated: 1) a 2150 bp fragment amplified with primers S1626
and AS3776, which were also used to generate clones for sequencing; 2) a 456 bp fragment
that spans exon 20A amplified with primers S260 and AS715; 3) a 852 bp fragment
spanning exon 21 amplified with primers S18977 and AS19828. Primer sequences are given
in Table 1. The 2150 bp fragment from each sequence variant was digested with Pcil and
BsrFl to produce a 1731 bp fragment; the 456 bp fragment was digested with BsrFI and
HindlI1l to produce a 366 bp fragment; and the 852 bp fragment was digested with HindllI
and Pstl to yield a 674 bp fragment. The 2771 bp minigene construct was assembled by
ligation of the 1731 bp, 366 bp and 674 bp fragments to a double-stranded linker containing
EcoRI-Nhel-Pcil sites (Table 1) and an EcoRI-Pstl digested pSC-A-amp/kan vector
(Stratagene). The 1731 bp minigene insert was excised with EcoRI and Xbal, gel-purified,
subcloned into EcoRI-Xbal sites in pcDNA3.1 vector and sequenced to ensure all
construction junctions were correct. Mutation of the G-to-C change adjacent to exon 21 were
introduced by site-directed mutagenesis using the oligonucleotides listed in Table 1, and the
resulting changes were confirmed by sequencing.

2.4 Splicing analysis

DENNDI1A minigene constructs in pcDNA3.1 vector were individually transfected into
steroidogenic human adrenal NCI-H295A cells (40) using Effectene (Qiagen). Total RNA
was prepared using Trizol (Life Technologies/Thermo Fisher), digested with RNase-free
DNase I (Promega), and first stand cDNA was synthesized using oligo dT primers and
Superscript 11 reverse transcriptase. Splicing products containing exons 20 and 21 were
detected using primers S74 and AS813 (Table 1); and splicing products containing exons 20
and 20A were detected using primers S74 and AS514, and primers S74 and AS371.
Transfection efficiency was normalized using vector-specific primers S23 and AS124
amplifying 102 bp of vector sequences downstream from the transcriptional start site and
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upstream from exon 20 in the minigene constructs (Table 1). All splicing products were
verified by DNA sequencing.

2.5 RNA isolation and quantitative RT-PCR

Total RNA was extracted from NCI-H295A cells using Trizol, followed by reverse
transcription using Superscript 11 reverse transcriptase (Invitrogen). The resulting cDNAS
were quantitated using the MyiQ Single Color Real-Time PCR Detection System (BioRad).
Reactions were performed in 10 pL reaction buffer containing AccuPower 2X Greenstar
gPCR Master Mix (Bioneer, Alameda, CA), 20 ng cDNA and 10 pmol of each specific
oligonucleotide primer for each gene (Table 2).

For RT-PCR and RNase protection assays, total RNA was isolated using Trizol (Invitrogen)
or mirVana miRNA Isolation Kit (Ambion) according to manufacturers’ protocols. Using
Superscript 11 reverse transcriptase (Invitrogen), reactions were carried out with 1ug total
RNA in a final volume of 10 uL. PCR of the resulting cDNAs (0.3 uL/reaction in a final
volume of 10 pL) was done with Platinum Tag DNA Polymerase (Life Technologies) using
the primers listed in Table 3, and products were separated by agarose gel electrophoresis.

2.6 Overexpression of DENND1A.V2 in NCI-H295A cells

The DENND1A.V2 adenovirus vector hDENND1A.V2-pADenoG (built by Applied
Biological Materials, Vancouver, BC) has been described (36). Adenovirus particles made
from hDENNDZ1A.V2-pADenoG and from the empty pADenoG-null control were used to
infect NCI-H295A cells cultured in RPMI-1640 medium supplemented with 2% FCS, 5
pg/ml insulin, 5 pg/ml transferrin, 5 ng/ml selenium, and 50 pg/ml gentamycin. For mRNA
measurement, we used 12 well plates with 600,000 cells per well; for western blots, we used
10 cm dishes with 2-3 x 10 cells. Each infection experiment was performed using 3 PFU/
cell. Total cellular RNA was used for SYBR green-based quantitative RT-PCR of mRNAs
for P450scc and P450c17, as described above using 40 ng cDNA per reaction. The data for
the relative expression of each gene vs. the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) internal control were determined using the 272ACT method.

2.7 Immunoblotting

NCI-H295A cells were lysed in RIPA buffer containing a proteinase inhibitor cocktail
(Roche Diagnostics). Lysates were cleared by centrifugation (10,000 x g for 20 min) and
Bradford protein was determined Aliquots (30 pg) of protein were separated by 8% SDS-
PAGE, electrotransferred to polyvinylidene difluoride membranes (Hybond-P, Amersham-
Pharmacia Biotech, Piscataway, NJ), and incubated with rabbit antibodies directed against a
75 amino acid peptide sequence of DENND1A encoded by DENND1A exons 17-19 (Sigma
catalog # HPA020481); antiserum to B-actin (Santa Cruz Biotechnology, Santa Cruz, CA)
was used as a loading control. Proteins were detected using horseradish peroxidase-
conjugated secondary antibodies (Thermo Scientific).

2.8 RNase protection assays

RNase protection assays were carried out essentially as described (41) except the total
volume of hybridization was reduced to 5 uL, the combined RNase A/RNaseT1 digestion
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was carried out in 50 pL and chloroform-phenol extraction was replaced by phenol
extraction. Antisense RNAs labeled in vitro with 32P were produced using T3 and T7 RNA
polymerases (Fermentas, Thermo-Fisher, Boston MA). For this purpose RT-PCR products,
generated with primer pairs Sex17 and ASex20A3’end and with S1757 and AS2179 (Table
1) and treated with Klenow polymerase (New England Biolabs) were cloned into the EcoRV
site of pBS KS. Each run-off transcription reaction contained 20puCi 32P-UTP (3000 Ci/
mmol, PerkinElmer), 10 units RNA polymerase (Fermentas) and 200 ng plasmid in a final
volume of 5 L. To ensure efficient synthesis of full-length RNAs, non-radioactive UTP was
added to a final concentration of 0.2 mM. RNA-RNA hybridization was done in 5 pL and
dual digestion with RNase A (Sigma) and RNase T1 (Fermentas) was done in 55 L.
Products were separated by polyacrylamide gel electrophoresis and analyzed by
phosphoimager (Molecular Dynamics).

2.9 Statistics

3. Results

The significance of the association of intron sequence variation with PCOS was assessed
using the Pearson’s chi square test. For quantitation of RNA by RT-PCR, the expression
levels of P450c17 and P450scc were normalized to the level of GAPDH, as determined from
the average threshold cycle (Ct) of triplicate samples. Statistical analyses were performed
using two-tailed unpaired t tests; significance was accepted for tests where P < 0.05 and data
are represented as mean £ SD (n=3).

3.1 DENND1A.V2 arises by exonization of sequences in intron 20

The NCBI database lists multiple DENNDZ1A transcripts; V1 and V2 are the major ones, and
are predicted to encode proteins of 1009 AA and 559 AA, respectively (34,36). Examining
the protein-coding potential of the V1 and V2 mRNAs showed that they are identical
through the end of exon 20 and then diverge. V1 continues with canonical exons 21 and 22
to yield a 1009 AA open reading frame, while V2 lacks the sequences encoded by exons 21
and 22 and has a different coding sequence that is responsable for a 559 AA open reading
frame with a unique C-terminal 33 AA. Using this sequence in silico to probe the
DENNDIA gene, we found that the 33 AA C-terminus of V2 was generated by exonization
of sequences located ~1.5 kb downstream from canonical exon 20 and 19.5 kb upstream
from canonical exon 21 (Fig 1A). Because this is a cryptic exon, we named this exon 20A.

3.2 Intron 20 sequence variation

To determine if there is genetic variation in intron 20 that might give rise to alternative RNA
splicing that might determine whether the DENND1A gene expresses mRNA encoding
DENND1A V1 vs. V2, we amplified genomic DNA from human leukocytes collected from
20 normal women and 19 women with PCOS (Table 4). Using primers S1626 (23-mer, 239
nt upstream from exon 20) and AS3776 (23-mer; 231 nt downstream from exon 20A), we
amplified a 2.15 kb region, then used primers S1280 and AS1670 (24-mers 251 nt upstream
and 140 nt downstream from a putative variable region of intron 20) (Fig. 1B) to sequence
the PCR products. Sequencing identified a variable region 330 bp upstream from exon 20A;
this region is complex with an extended dinucleotide repeat. Direct sequencing of this region
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in some genomic DNA samples yielded garbled sequence data, suggesting the presence of
multiple sequence variants. Therefore, we cloned the 2150 bp product and then sequenced
multiple clones; this yielded different sequence variants at chr 9: 126164525-126164521
(Fig. 1). Among the 10 variants (variants 2-11) identified in genomic DNA from normal and
PCOS women, none appeared to be overrepresented in PCOS women. Variants 2,4,9 and 11
were found in a limited number of samples from theca cells, and variants 2 and 4 were only
found in samples from PCOS patients. We detected known SNPs including rs10739631,
rs45480399, rs71490807, and rs10986007 (Fig 1B). We also used primers S18977 and
AS19828 to amplify a 852 bp region spanning the 3" end of intron 20A and exon 21 (Fig 1A
and Table 1); this detected SNP rs2808411 (C->G change, 5 nt upstream from exon 21) in
variants 12-17. These seven variants are identical to variants 1, 3, 7, 8, 9 and 10 in the
hypervariable region, but they differ by the rs2808411 SNP adjacent to exon 21. There were
six samples (C31, C35, P08, P21, P26 and P29) in which we detected more than two
haplotypes due to variation in the dinucleotide repeat region (Table 4); we could not
determine if this represents true somatic variation or DNA sequencing artifacts.

3.3 Minigene analysis of alternative splicing

To determine the potential effects of the intron 20 sequence variants identified in Fig. 1 on
splicing of DENND1A mRNA, we built a series of minigene expression constructs using the
strategy shown in Fig 2A to see what forms of RNA were produced from each variant. The
design retains exons 20, 20A and 21 and all of the intronic DNA between exons 20 and 20A,
but excludes the 16978 bp between the Smal and HindlIlI sites in the intronic DNA between
exons 20A and 21. Each of the intron 20 sequence variants identified in Fig. 1D were
created by ligation of a 1731 bp Pcil-BsrFI fragment, 366 bp BsrFI-Hindlll fragment, and
674 bp HindllI-Pstl fragment (Fig 2A), and verified by sequencing. Because there are no
immortalized differentiated lines of human theca cells, the constructs were transfected into
human adrenal NCI-H295A cells, as this is the only human androgen-producing cell line
presently available. After transfection, RNA splicing was assessed by RT-PCR followed by
electrophoresis in 2% agarose (Fig. 2B-2D). To distinguish the splicing products arising
from the minigene constructs vs. those endogenously expressed in NCI-H295A cells, we
used the vector-specific 5° primer S74 for RT-PCR (Fig. 2B-2D).

We detected five splicing products arising from the minigene constructs (Fig. 2C). Product 1
contains exon 20, exon 20A with 106 nt of its 3° UTR, plus exon 21; this pattern of RNA
splicing would yield a transcript encoding V2 but not V1 due to the TGA stop codon in exon
20A. Product 2 contains exon 20, 84 nt of 3" UTR of exon 20A (skipping exon 20A and its
22 immediate 3" bases) and exon 21; the 84 nt segment contains a translational stop codon,
so that the resulting mRNA would encode a transcript of 551 AA containing the first 526
residues common to V1 and V2, but with 25 unique C-terminal residues; product 2 has
98.9% identity with a 551-residue hypothetical DENND1A isoform predicted in the olive
baboon (NCBI database reference sequence XP_009186392.1). Product 3 contains exon 20,
exon 20A and the complete 3 UTR of exon 20A, but lacks exon 21 and would be predicted
to encode DENND1A.V2. Product 4 contains exons 20 and 21 while lacking exon 20A,
corresponding to the mRNA expected to encode V1. Product 5 contains exon 20 and the 3
UTR of exon 20A but lacks exon 20A, the 22 nt immediately 3" to exon 20A, and exon 21;
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this mRNA would encode the same 551 AA protein encoded by Product 2. Agarose gels
showing these RT-PCR products are shown in Fig. 2D; the minigene constructs correspond
to the sequence variants shown in Fig. 1B. In two independent experiments with all
constructs, none of these consistently favored splicing to favor the mRNA encoding the V2
isoform.

3.4 Other forms of alternative splicing of DENND1A

To search for other potential modes of alternatively spliced DENND1A mRNAs in human
theca cells from normal and PCOS women, we performed a systematic series of RT-PCR
experiments (Fig. 3); the sequences and locations of the PCR primers are given in Table 3. A
series of potential alternatively spliced mMRNAs was selected from the UCSC Genome
Browser (GRCh37/hg19; Feb. 2009); we sought fragments (ESTs) or complete sequences
derived from DENND1A.V1 and V2 mRNAs (exons 1-22 and 1-20A, respectively),
exonization of introns 18, 19 and 20A, and retention of introns 17 and 20 (Fig. 3A). Total
RNA was prepared from theca cells and subjected to RT-PCR (Fig.3B—3J). The sizes of the
PCR products and predicted encoded protein products were calculated from the first in-
frame ATG in exon 1 (Fig. 3B-D and G-H) or from the first in-frame ATG in exonized
intron 13 (Fig. 3I). For V1 and V2 mRNAs there was some quantitative variability among
samples but V1 was more abundant than V2 in only one of seven samples; internal exon
skipping was not seen (Fig. 3B, C). Other splice variants are also seen with exonization in
intron 19 (Fig. 3D, G, H); if translated, these RNAs are predicted to yield proteins of 63 and
65 kDa, or 56 and 57 kDa, respectively. A 295 bp region downstream from exon 20A was
retained in properly spliced pre-V2 mRNA (Fig. 3E), suggesting inefficient transcriptional
termination and/or polyadenylylation. Additional assays revealed properly processed V2
mMRNA (Fig 4). When the alternate splicing mechanism choses exon 20A, the resulting
mRNA may have one of two different 3" ends (Fig. 2C, splicing forms 1 and 3). In some
cases an additional segment of intron 20 (3.8 kb upstram from exon 21) may be exonized
yielding ‘exon 20B’, but the stop codon in exon 20A would result in this mMRNA also
encoding V2 (Fig. 3F). A transcript terminating with exon 20A including or excluding intron
20 was probably a splicing intermediate of V2 mRNA (Fig. 31). There were no consistent
differences in the repertoire of splice variants from normal and PCOS theca cells and all of
the RT-PCR products detected in theca cells in Figs. 3B—I were also detected in NCI-H295A
cells (data not shown).

3.5 Relative expression of V1 and V2 in NCI-H295A cells

To study adrenal expression of DENND1A, we used RNase protection assays to determine
the amounts of V1 and V2 mRNAs in human adrenal NCI-H295A cells. The ratio of the
MRNAs for V1 and V2 in NCI-H295A cells was about 10:1, compared to a ratio of ~1:1 in
normal human theca cells (when signal intensity is adjusted for the length of the protected
fragment) (Fig. 5A and 5B). Western blotting showed that the V1 isoform predominates in
both normal theca and NCI-H295A cells (Fig 5C), but that neither form is expressed
appreciably in fetal heart, liver or kidney (not shown). A 30 kDa doublet not seen in
previous work (36) was apparent in the theca cell extract, possibly reflecting translation of
another splice variant or partial proteolysis of V1 or V2. When NCI-H295A cells were
infected with a virus expressing human V2, expression of the mRNAs encoding CYP17A1
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and CYP11A1 were significantly increased (Fig. 5D), confirming a role for V2 in the control
of steroidogenesis and replicating responses previously observed in normal human theca
cells (36).

4. Discussion

We report that the V2 isoform of DENND1A is produced by exonization of sequences in
intron 20, which generates a unique exon 20A, encoding the C-terminus of V2. We report
that human adrenal NCI-H295A cells express V1 and V2 mRNAs, and that, similarly to
prior findings in theca cells (36), forced expression of V2 in NCI-H295A cells resulted in
increased abundance of the mMRNAs for CYP17A1 (P450c17) and CYP11A1 (P450scc). We
also found genetic variation in the intronic region 330 bp upstream from exon 20A, but
found no clear association of these variants with PCOS. This variable region did not
consistently favor splicing of the V2 transcript. Thus increased V2 expression in PCOS
theca cells does not appear to result from genomic sequence variation in intron 20.

Multiple GWAS studies (29-33) have linked PCOS to SNPs rs10818854 (A>G at
125486599), rs2479106 (G>A at 125565033) and rs10986105 (C>A at 125589776) on
chromosome 9qg33.3. These three SNPs lie within the DENNDI1A gene: rs10818854 is in
intron 5, 7.7 kb upstream from exon 6; rs2479106 is in intron 4, 5.1 kb upstream from exon
5; rs10986105 is in intron 3, 4.9 kb downstream from exon 3. Thus DENND1A has emerged
as a prominent candidate gene for PCOS. The DENND1A gene is over 500 kb long, and its
encoded RNA is alternatively spliced into mRNA for DENND1A.V1, DENND1A.V2 and
other forms. DENND1A isoforms V1 and V2 are differentially expressed in theca cells from
normal and PCOS women (36). That work found that: i) V2 is overexpressed in PCOS theca
compared to normal theca; ii) V2 mRNA was found in the urinary exosomes of PCOS
women in greater abundance than in normal women; iii) forced expression of V2 in normal
theca cells induced a PCOS-like steroidal phenotype; and iv) knockdown of V2 in PCOS
theca cells reversed the PCOS steroidal phenotype (36). Those data suggested that a key
event in PCOS is the alternative splicing of DENND1A mRNA to its V2 variant rather than
its V1 variant, and that V2 directly drives androgen synthesis through as-yet undetermined
mechanisms.

Examining the AA sequences of V1 and V2 and comparing these to the protein-coding
potential of DENNDI1A sequences shows that these isoforms are identical through the end of
exon 20, and then diverge, with V1 continuing with AAs encoded by canonical exons 21 and
22, while V2 has a unique 33 AA carboxyl terminus. Searching downstream from exon 20
for DNA that might encode these 33 AAs identified exon 20A, encoding the complete 33
AA C-terminal segment of V2. As alternative splicing may be mediated by genetic
variations in intronic sequences that direct the processing of pre-mRNAs, we sought DNA
sequence variants in the intronic DNA lying between exons 20 and 20A as a potential
mechanism driving the choice of splicing to the V2 vs. V1 isoform, and found a
hypervariable region 330 bp upstream from exon 20A. However, when each of these
sequence variants is tested in a minigene system, none consistently favored splicing to the
mMRNA encoding the V2 rather than V1 isoform. As there are no immortalized, differentiated
lines of human theca cells, we analyzed splicing of the DENNDZ1A minigenes in human
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adrenal NCI-H295A cells, as this is the only human androgen-producing cell line presently
available.

In addition to the ovarian hyperandrogenism of PCOS, the adrenals also overproduce
androgens in PCOS. As adrenal tissue from normal and PCOS women is not available, we
initiated studies with NCI-H295 cells, which are the only available human adrenal
steroidogenic cell line. These cells make C19 steroids (42) and express the genes for all the
steroidogenic enzymes needed to make androgens (43). We found that these cells express
abundant V1 but very little V2 mRNA. However, over-expresion of V2 in NCI-H295A cells
increased the mRNAs for CYP17A1 and CYP11A1, which is consistent with a role for V2
in regulating androgen synthesis.

DENND1A isoforms V1 and V2 are not the only forms of DENNDZ1A produced. Using RT-
PCR and RNase protection assays, we detected at least six additional forms of DENND1A
mRNA. Transcripts containing unprocessed 3° sequences downstream from exon 20A were
common (Fig. 3, panel E); such transcripts have also been detected in two ESTSs listed in
GenBank: Al1671592 (pooled germ cell tumors) and CD365540 (alveolar macrophages)
suggesting that this processing defect is relatively common. Exon 19C, which is in frame
with the DENNDZ1A reading frame, was seen in almost all theca cells, (Fig. 3, panel D), but
no similar ESTs are listed in GenBank, suggesting that this splicing variation may be unique
to theca. Exon 20B, also in frame with the DENND1A reading frame, is also frequently
included (Fig. 3, panel F); similar ESTs listed in GenBank (AB046828, AK299867,
AK295710, and others) are found in human brain. Exonization in intron 19 (Fig. 3, panel G)
also appears to be unique to theca cells, as only one EST (BC028061, pooled from adult
colon, kidney, and stomach) has been found. The extent to which of these alternatively
spliced mRNAs encode variants of the DENNDZ1A protein remains under investigation.
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HIGHLIGHTS

Polycystic ovary syndrome (PCOS) includes hyperandrogenism and
metabolic dysfunctions

Genome-wide association studies have identified DENNDIA as a
candidate gene for PCOS

PCOS theca cells overexpress DENND1A variant 2 (V2; 559 AA), but
not V1 (1009 AA)

V2 arises by exonization within intron 20 generating a unique exon
20A

Overexpression of V2 in human adrenal cells increases CYP11A1 and
CYP17A1 mRNAs

Genetic variation 330 bp upstream of exon 20A is not associated with
expression of V2
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Fig 1. Diagram of the 3’ end of the DENND1A gene and splicing variants identified
A. Scale diagram of ~20 kb spanning DENNDZ1A exons 20 and 21; bases are numbered

starting with the first base of exon 20 (chr 9:126145934) designated as base 1; exons are
shown as boxes. The intronic regions between exons 20 and 20A and between exons 20A
and 21 are 1490bp and 17897 bp, respectively. B. Magnified diagram of the region between
exons 20 and 20A,; note the difference in the scale bars in panels A and B. The hypervariable
region between the vertical dotted lines was identified in PCR products generated with
primers S1626 and AS3776; this hypervariable region is shown in detail in panel D. DNA
sequencing (seq) of PCR products and cloned DNA was done using primers S1280 and
AS1670. The 3" end of miR601 (shown as a heavy black line) is 282 bp upstream of the
hypervariable region. The heavy black line following exon 20A represents the DNA
encoding the 3" untranslated region of DENND1A V2 mRNA.

C. Locations of detected sequence variants. The hypervariable region was detected 330 bp
upstream from exon 20A at chr 9: 126164525-126164521; and rs2808411 is adjacent to
exon 21 at chr 9: 126146197-126146197.

D. Sequence variants in the hypervariable region. Known SNPs in this region are
highlighted: green, rs10739631; cyan, rs45480399; purple, rs71490807; grey, rs10986007.
rs2808411 (C->G) occurs 5 bp upstream of exon 21 (underlined). Newly identified variants
at chr 9: 126164525-126164521 are highlighted in yellow.
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Fig 2. Design and expression of the minigenes
A. Design of minigenes: upper line, scale diagram showing sizes of component fragments;

lower line, diagram of construction strategy, placing DENNDZ1A sequences under the control
of the promoter from cytomegalovirus (CMV). The construct contains 72 bp of exon 20,
1490 bp of intron 20, 322 bp of exon 20A, 201 bp of the 5"-most segment of intron 20A,
498 bp of 3"-most segment of intron 20A, and 178 bp of exon 21; the construct was created
by ligation of a 1731 bp Pcil-BsrFI fragment, 366 bp BsrFI-Hindl1l fragment, and 674 bp
HindlI11-Pstl fragment. The construct lacks 16978 bp of intronic sequences from the Smal to
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Hindl1I sites between exon 20A and exon 21. The minigene vector contains a
cytomegalovirus promoter (CMV) and bovine growth hormone polyadenylyation signal
(bGH poly A). SNP rs2808411 is shown as C>G upstream of exon 21.

B. Strategy for identifying splicing products. PCR was performed using vector-specific
primers S74 and AS813, and exon 20A-specific primers AS371 and AS514. Transfection
efficiency was normalized using vector-specific primers S23 and AS124 inthe 5" end of the
minigene transcripts. Alternative splicing of exon 20A can terminate transcription; when this
occurs, its 3"UTR consists of 22 bp that contains a cryptic splice acceptor (black bar), 84 bp
that contains a 5" splice donor (grey bar) and 114 bp of downstream 3° UTR DNA (open
bar). The relative positions of the TGA stop codon and 3" UTR in exon 20A are shown.

C. Transcripts arising from the minigene constructs. The minigenes produced the five
splicing products diagrammed. The sizes of the PCR products are shown in the box to the
right of the diagrams of the five PCR products.

D. Agarose gels of PCR products. The identified splicing products are indicated to the right
of the figure, and are diagrammed and numbered as in Panel C. The 17 different minigene
constructs analyzed, corresponding to the variant numbers in Fig 1D, are indicated at the
bottom.
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Fig 3. Alternative splicing of DENND1A in theca cells
A. Upper paired bars: Intron/exon organization of the entire DENND1A gene (redrawn from

Genome Browser). Exons are shown as vertical lines; the organization of the genetic
segments encoding DENND1A V1 and V2 are shown in the two lines designated V1 and
V2. Locations of cryptic promoters (CP’s) and exonizations of intronic sequences are
shown. The lower paired V1 and V2 lines show an expanded view of the 3" region of the
gene encompassing exons 13A to 22 (not difference in scale bar).

B-J. Alternatively spliced DENND1A mRNAs. For each panel, autoradiograms of the RT-
PCR products from theca cell RNAs from seven normal and seven PCOS subjects are shown
on the left. The sizes of the PCR products and predicted encoded protein products,
calculated from the first in-frame ATG in exon 1 (panels B-D and G—H) are shown to the
right of each autoradiogram, and the responsible splicing structures are diagrammed on the
right. The locations of the rightward and leftward primers used are indicated with arrows
above and below the splicing diagrams; the primer sequences are listed in Table 3.

+/-

—
----- (17 }[i86 20] 20A_Jo
nt =

54

Splicing intermediate?

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tee etal.

A

Page 19

probe | 20 20A
— t i
nt 54 322 295
B
Normal PCOS 033?‘
theca theca &
@
S SRS QN Og\-‘z}\@
LRV I

1 2 3 4 5 6 7 M

s - V2 pre-mRNA, 671 nt
:?: | [ 20 20A }

b - V2 pre-mRNA, 376 nt
:.'i'_ 20 20A

o

Fig 4. Detection of processed V2 transcripts
A. Diagram of 32P-labeled antisense RNA probe used for RNase protection assays, with

sizes (in nt) of each exon and the intronic region downstream from exon 20A shown below.
B. RNase protection assays. Each lane contains the probe shown in Panel A plus 3 g of
each of the following RNAs: Lane 1, probe alone. Lane 2, tRNA control. Lanes 3 and 4,
normal theca cells from two individuals. Lanes 5 and 6, Theca cells from two PCOS
individuals. Lane 7 total RNA from NCI-H295A cells. Lane M, 32P-labeled 1 kb DNA
ladder (Invitrogen). The additional bands seen with NCI-H295A RNA may represent
additional alternatively spliced forms. Sequences of primers used for probe preparation are

shown in Table 3.
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Fig 5. Quantitation of V1 and V2 mRNAs by solution hybridization
A. Diagram of 32P-labeled antisense RNA probe used for RNase protection assays, with

sizes (in nt) of each exon shown below. Boxes represent DENNDZ1A exons.

B. RNase protection assays. Each lane contains the probe shown in Panel A plus 3 pg of
each of the following RNAs: Lane 1, Probe alone. Lane 2, tRNA, showing complete
digestion of probe. Lanes 3-6, RNA from normal theca cells. Lanes 7-11 32P- labeled 1 kb
DNA ladder (Invitrogen) with two-fold serial dilutions for semi-quantitative estimation of
the amounts of V1 and V2 mRNA. Lane 12, total RNA from NCI-H295A cells. Lane
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13, 32p- labeled 1 kb DNA ladder. A diagram of the protected exons and their sizes are
shown on the right, distinguishing the V1 and V2 mRNAs. Sequences of primers used to
prepare probe are shown in Table 3.

C. Immunoblotting of protein lysates from normal theca and NCI-H295A cells using
different antibody dilutions of polyclonal antiserum (from Sigma) directed against
DENND1A residues 410-484, which is found in both V1 and V2.

D. Overexpression of DENND1A.V2 increases adrenal expression of the mRNAs for
P450c17 and P450scc. NCI-H295A cells were infected with adenovirus expressing
DENNDZ1A.V2 or an empty null vector for 1, 2 and 3 days. Total cDNA was prepared by
reverse transcription using random hexamers, and cDNAs corresponding to P450c17 and
P450scc were quantitated by gPCR, normalized using GAPDH as an internal control. Each
bar represents the mean +/- SD from three experiments, each performed in duplicate (n=3);
p-values comparing cells transfected with empty vector (null) vs. cells transfected with the
vector expressing V2, were calculated using two-tailed unpaired t tests.
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Sequences of primers used for sequencing and for amplification of genomic fragments and splicing products
from minigene constructs

Type of assay Sequences (5 to 3")

PCR
51626 AACCGAGCTTTCCAGGAGCACCC
AS3776 CCAAACTGGCTCCCATGCTCCCA
S260 ACGAGAGGCTGGACCTCTTCATC
AST715 TATATAAGCTTCCCGGGTTGCACTAGAAATACC
S18977 CCACCACCACCTGAGCACCTGAG
AS19828 CAAAGGTCCCTGGCTGCTCCCTC
S23 AGAGAACCCACTGCTTACTGGCT
AS124 AGCGTCGACGAATTCCAGCACA
S74 AGCTCGGATCCACTAGTAACGGC
AS813 GGGCAAACAACAGATGGCTGGC
AS514 CCCACTGGTTTATTTCAACCCCA
AS371 GACACCGGCTCTTTGGCACACAC
-1.8dir GAGGCCACCTGAGCAGAC
-0.8dir GGTAGCTGTGATTATTGCTTCC
—0.6rev TCCAACATCGAAGCCTCCTG
Intlrevl CCCACAGTTGAAGGACCATT

Minigene linker
S-Eco-Nhe-Pci AATTCGTCGACGCTAGCA
AS-Eco-Nhe-Pci  CATGTGCTAGCGTCGACG

Sequencing
S1280
AS1670
Mutagenesis
S-ex21-Gmut
AS-ex21-Cmut

CAGAAAATGGGAAAGAAGGTAAGG
ATAAGGGGGCAATCATAATCCATC

GCCTGCTCTGTCCCCGACAGGCCGCAGCCGT
ACGGCTGCGGCCTGTCGGGGACAGAGCAGGC

Restriction sites are underfined, and mutations are in boldface. S, sense; AS, antisense.
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Table 2

Sequences of primers used for RT-PCR

Name

Sequence

Size of product

CYP11A1 For
CYP11A1 Rev
CYP17A1 For
CYP17A1 Rev
DENND1A V1 For
DENND1A V1 Rev
DENNDI1A V2 For
DENNDI1A V2 Rev
GAPDH For
GAPDH Rev
ACTIN For

ACTIN Rev

5’- TCC AGA AGT ATG GCC CGATT -3’

5’- CAT CTT CAG GGT CGATGA CAT AAA -3’
5'- TCT CTG GGC GGC CTC AA -3’

5’- AGG CGATAC CCT TAC GGTTGT -3’

5’- GGA GCA GCC AGG GAC CTT TGA CTA
5'- CTT GGG GCC GGG GGATGGTGA TG

5’- AAA GAG CAA CAT CGC AGT GGA AGG
5’- GGA AAA GCA ACG GCGTAA GTC AAT
5’- CGG GGCTCT CCA GAA CAT CAT CC -3’
5’- CGA CGC CTG CTT CAC CACCTT CTT -3’
5’- AACTCCATCATGAAGTGTGACG -3’

5'- GATCCACATCTGCTGGAAGG -3’

75 bp

63 bp

302 bp

176 bp

199 bp

234 bp
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Sequences of primers used for RT-PCR of alternatively spliced products

Table 3

Name Sequences (5" to 3") Panel

Figures 3and 5
S234 ATGGGCTCCAGGATCAAGCAGAA B,C,E
AS2095 CTCTCACTCCCGCCCAGATCCAG B, F
ASex20A3’end CCATGCTCCCACTGGTTTATT C,D
Sex17 ATCCGGCCATGAAGACTGT D
AS3int20A ATGTGCAATTGGAAGTGAGAGT E
Sex20A GCAACACCAGCTACACTCCA F
S648 CCCATCCCTGACCCAGGAGTGTC G, H
Asint19B CCAGTCCATCGCCTACATTT G
ASex19-Al AATTTTTGAAAATTTGCCTGTCC H
Sex13A CAGCCGAAGTGTCCACTTATC |
Asex21 CTCTGGACTCTCTGCCTCGT |
Sintl7 GTTTTCGACTTGATGATCCC J
AS1932 GGAAAAGCAACGGCGTAAGTCAAT J

Figure 5
S1757 AAAGAGCAACATCGCAGTGGAAGG A, B
AS2179 ACATGGCATTTGGAAGGGGCGGA A B

S, sense; AS, antisense.
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