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The human cytochrome P450 family 11 subfamily B member
2 (hCYP11B2) gene encodes aldosterone synthase, the ratelimiting enzyme in the biosynthesis of aldosterone. In some
humans, hCYP11B2 undergoes a unique intron conversion
whose function is largely unclear. The intron conversion is
formed by a replacement of the segment of DNA within intron 2
of hCYP11B2 with the corresponding region of the hCYP11B1
gene. We show here that the intron conversion is located in an
open chromatin form and binds more strongly to the transcriptional regulators histone acetyltransferase P300 (p300), NFkB,
and CCAAT enhancer–binding protein a (CEBPa). Reporter
constructs containing the intron conversion had increased promoter activity on transient transfection in H295R cells compared with WT intron 2. We generated humanized transgenic
(TG) mice containing all the introns, exons, and 59- and 39flanking regions of the hCYP11B2 gene containing either the
intron conversion or WT intron 2. We found that TG mice containing the intron conversion have (a) increased plasma aldosterone levels, (b) increased hCYP11B2 mRNA and protein levels,
and (c) increased blood pressure compared with TG mice containing WT intron 2. Results of a ChIP assay showed that chromatin obtained from the adrenals of TG mice containing the
intron conversion binds more strongly to p300, NFkB, and
CEBPa than to WT intron 2. These results uncover a functional
role of intron conversion in hCYP11B2 and suggest a new paradigm in blood pressure regulation.

Hypertension is a serious risk factor for heart failure, myocardial infarction, vascular disease, stroke, and renal failure (1).
Hypertension affects about 50 million Americans at a rate of
25–30% in adult Caucasians and 1 billion people worldwide (2).
Like other complex diseases, environmental factors and genetic
predisposition contribute to hypertension. The renin-angiotensin-aldosterone system plays a significant role in the modulation of blood pressure (3–5). Aldosterone is a mineralocorticoid synthesized from cholesterol in zona glomerulosa of the
mammalian adrenal cortex (6). About 15% of patients having
essential hypertension (7–9) and 22% of patients having resistant hypertension (10) have an inappropriate excess of aldosterone. This results in an increase in age-related blood pressure
and cardiovascular risk. Milliez et al. (11) showed that patients
This article contains supporting information.
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with aldosterone excess have markedly higher rates of stroke,
atrial fibrillation, and myocardial infarction as compared with
patients with essential hypertension when they were matched
with blood pressure elevation.
Aldosterone synthase catalyzes final steps in aldosterone biosynthesis and converts 11-deoxycorticosterone to aldosterone
through intermediate products corticosterone and 18-hydroxycorticosterone (12). It is encoded by the CYP11B2 gene, which
is one of the potential risk loci for cardiovascular diseases (13).
The amino acid sequence of human CYP11B2 is ;93% similar
to 11b-hydroxylase that is encoded by the CYP11B1 gene.
CYP11B1 and CYP11B2 genes are localized in tandem on
human chromosome 8q21–22 (14–16) and are separated by
about 40-kb nucleotide sequence. In the adrenal cortex,
CYP11B2 gene expression is confined to zona glomerulosa,
whereas the CYP11B1 gene is expressed in zona reticularis
and zona fasciculata.
Human CYP11B2 gene has a 2344 T/C (rs1799998) polymorphism in its promoter and variant 2344T is associated
with hypertension (17–24). In addition, the hCYP11B2 gene
has an intron conversion in intron2 in which part of the WT
intron2 (WT intron2) is replaced by the corresponding region
of intron2 of the hCYP11B1 gene (25). In CYP11B2 gene, the
WT intron2 can occur with either 2344T or 2344C whereas
intron conversion almost always occurs with variant 2344T
(25). The frequency of 2344T and intron conversion is higher
in hypertensive human subjects as compared with normotensives (18, 26–28). The intron conversion has also been associated with increased aldosterone level in plasma (19, 29, 30) and
tetrahydroaldosterone (18, 31, 32) level in urine of human subjects. The association of polymorphisms at CYP11B1 and
CYP11B2 loci with the risk of essential hypertension was analyzed by Alvarez-Mardazo et al. (33). These authors used two
large white case-control samples for discovery (n = 3340) and
confirmation (n = 2929) and found that CYP11B2 intron conversion has the strongest association with hypertension in both
cohorts as well as in combined analysis (odds ratio = 1.16,
p = 8.54 3 1025). Taken together, these studies suggest that
2344T and intron conversion are associated with increased
blood pressure in Caucasian, African, Japanese, and Indian
populations (18, 19, 22, 34). However, molecular mechanisms
involved in increased blood pressure by intron conversion of
CYP11B2 gene are not known. We show here that: (a) intron
conversion sequence binds more strongly to transcription
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factors p300, NFkB, and CEBPa as compared with WT intron;
(b) reporter constructs containing intron conversion sequence
have increased promoter activity on transient transfections; (c)
transgenic mice containing intron conversion sequence have
increased plasma aldosterone levels, increased hCYP11B2
mRNA and protein level, and increased blood pressure as compared with transgenic mice containing WT-intron2; and (d)
chromatin prepared from the adrenals of TG mice containing
intron conversion sequence binds more strongly to transcription
factors p300, NFkB, and CEBPa as compared with WT intron2.

CEBPa, and NFkB. A comparison of consensus binding sites of
these transcription factors with the nucleotide sequence present
in WT intron2 and intron conversion is shown in Fig. 2, where
mismatched nucleotides are marked in red letters. Our transcription factor–binding site prediction indicates that the intron conversion sequence has stronger homology with consensus transcription factor–binding sites as compared with WT-intron2.
This suggests that transcription factors may bind more strongly
to the DNA sequence present in intron conversion as compared
with WT intron2 (Fig. 2). This conclusion is confirmed by the
results of transient transfection and ChIP assay described later.

Results
hCYP11B2 intron conversion (IC) region has stronger
homology with the nucleotide sequence of intron2 of
hCYP11B1 gene
The genomic organization of all the introns and exons of the
WT and IC hCYP11B2 gene is shown in Fig. 1A. This figure
also shows (a) the position of intron conversion region marked
as IC in the second intron and (b) location of unique restriction
enzyme sites FspA1 and AccIII that were used for the generation of transgenic mice. To understand the role of IC in the regulation of CYP11B2 gene expression and blood pressure, we
first determined the nucleotide sequence of intron2 of WT and
IC of hCYP11B2 gene. A portion of the sequence of intron2 of
some hypertensive subjects has homology with CYP11B1 and
not with CYP11B2 gene (Fig. 1B). A comparison of the nucleotide sequence of intron2 of WT-CYP11B2, IC-CYP11B2, and
CYP11B1 is presented in Fig. S1. Nucleotide sequences of
intron2 of WT-CYP11B2 and IC-CYP11B2 have strong homology. However, about 180 bp region located between nucleotides
2095 and 2280 does not have strong homology with hCYP11B2.
On the other hand, this region has almost complete homology
with intron2 sequence of the hCYP11B1 gene (Fig. S2).
The intron conversion sequence of the hCYP11B2 gene is
located in an open chromatin region in adrenal glands
To analyze whether IC region has any role in transcriptional
regulation, we mapped the regulatory overlap of the intron conversion region with H3K4me1, H3K4me3, and H3K27ac histone marks and DNase hypersensitivity sites track using UCSC
genome browser because these regions represent enhancer
regions. These data were obtained from the ENCODE (Encyclopedia of DNA Elements) and Roadmap Epigenome projects
(35, 36) and the location of the intron conversion region is
marked with yellow (Fig. 1C). Results of this analysis suggested
that intron conversion region of the hCYP11B2 gene is located
in an open chromatin region in the adrenal gland and is therefore capable of binding with transcription factors and modulate
the expression of this gene.
Intron conversion sequence has stronger homology with
consensus binding sites of p300, CEBPa, and NFkB as
compared with WT intron2
In silico analysis of transcription factor–binding site reveals
that nucleotide sequence in intron conversion has homology
with consensus binding sites of transcription factors p300,

Reporter constructs containing intron conversion sequence of
the hCYP11B2 gene have increased promoter activity as
compared with WT intron2 on transient transfection in H295R
cells
To understand the role of intron conversion of the
hCYP11B2 gene on transcriptional regulation, we performed
transient transfection assay. We synthesized three Luc reporter
constructs: one with 2.5 kb CYP11B2 promoter containing
2344T in its promoter and named as Cyp-Luc (Fig. 3Ai). The
full-length WT intron2 and intron conversion sequences were
PCR amplified as shown in Fig. 1A and attached in front of the
2.5 kb CYP11B2 promoter containing 2344T. These reporter
constructs were named WT-Hap-I-Luc and IC-Hap-I-Luc,
respectively, as shown in Fig. 3, A, ii and iii. Transient transfection shows that reporter construct IC-Hap-I-Luc has significantly increased relative luciferase activity under basal conditions as well as after co-transfection with the HNF3b and
NFkB (Fig. 3B) expression vectors as compared with the reporter construct containing WT-Hap-I-Luc and Cyp-Luc in
adrenal carcinoma cells (H295R). These studies suggest that
intron conversion increases the hCYP11B2 gene expression as
compared with WT intron2 in adrenal cells.
Generation of transgenic mice containing WT-Hap-I and
IC-Hap-I of hCYP11B2 gene
To understand the role of intron conversion of hCYP11B2
gene on transcriptional regulation in an in vivo situation, we
generated two lines of transgenic mice containing either WT
intron2 (WT-Hap-I) or intron conversion (IC-Hap-I). For this
purpose, WT-Hap-I DNA was cut with FspAI and AccIII and
swapped with PCR-amplified FspAI-AccIII fragment obtained
from a hypertensive patient that has IC sequence (Fig. 1A and
Fig. S1). We used the knockin strategy at the HPRT locus
described by Bronson et al. (37) to generate transgenic animals.
We selectively targeted the hCYP11B2 gene containing intron
conversion to the mouse HPRT locus by using ES cells harboring a deletion in the endogenous HPRT gene. We used a special
targeting vector capable of restoring its full functionality on homologous recombination. This allows reproducible insertion of
the single copy of a transgene in a predetermined locus, permitting direct comparison between individually generated transgenic lines. We confirmed that our transgenic animals contain
WT intron2 and intron conversion by sequence determination
of the promoter and intron conversion region. We have further
analyzed hCYP11B2 gene copy number in our transgenic
J. Biol. Chem. (2020) 295(32) 11068–11081
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Figure 2. In silico transcription factor–binding prediction. Transcription factors p300, CEBPa, and NFkB1 bind more strongly to the intron conversion sequence
as compared with WT intron2. Mismatched nucleotides to the consensus transcription factor–binding sites are marked in red letters. The most important mismatch nucleotide positions are marked with asterisks. Numbers correspond to nucleotide position starting from the transcription initiation site.

animals using human and mouse specific primers by qPCR
method (Fig. S3) as described previously (20). Results of this
experiment showed that transgenic animals contain only one
copy of the hCYP11B2 gene. We initially developed three transgenic lines from each construct but after analysis kept one line
each for future studies. Transgenic animals were routinely analyzed by three sets of human CYP11B2 gene-specific primers.
The previously identified specific hCYP11B2 intron2 variants
that are present in WT-Hap-I and IC-Hap-I within the FspAIAccIII region are shown in Table 1.

effect on the expression of either mCyp11B2 or mCyp11B1 genes
in adrenals of TG mice (Fig. 4, B and C). Similarly, the hCYP11B2
mRNA levels in IC-Hap-I are increased by 1.56-fold in kidney
(p = 0.0013) and 1.35-fold (p = 0.0024) in brain tissue as compared with WT-Hap-I (Fig. S4). Further, we have analyzed the
hCYP11B2 gene expression in adrenals of female transgenic
mice with one copy of the knockin gene at HPRT locus. The
results indicate that the hCYP11B2 mRNA levels increased by
about 1.64-fold in Hap-I as compared with the transgenic mice
containing WT-Hap-I (p = 0.0016) (Fig. S5).

hCYP11B2 mRNA is increased in the adrenals, kidney, and
brain tissues of transgenic mice containing IC-Hap-I of the
hCYP11B2 gene as compared with the WT-Hap-I

The hCYP11B2 protein level is increased in the adrenals of
transgenic mice containing IC-Hap-I as compared with
WT-Hap-I of hCYP11B2 gene

Quantitative real-time PCR was performed using human
CYP11B2, mouse CYP11B1, CYP11B2, and mouse GAPDH
gene–specific primers to determine CYP11B2 mRNA levels in
different tissues of TG mice. The quantitation of mRNA level in
TG mice with IC-Hap-I was performed using the mRNA level
in WT-Hap-I as one. Results of these experiments show that
hCYP11B2 mRNA level in adrenals of transgenic mice containing
intron conversion is increased by about 2.34-fold as compared
with the transgenic mice containing WT-Hap-I (p = 0.0018) (Fig.
4A). On the other hand, the intron conversion did not have any

Because the above-mentioned experiments suggested that
hCYP11B2 mRNA is increased in adrenals of transgenic mice
containing IC-Hap-I as compared with WT-Hap-I, we were
interested to determine whether hCYP11B2 protein level is also
increased in these animals. Protein extracts from adrenals of male
transgenic mice containing either WT-Hap-I or IC-Hap-I were
resolved on 12% SDS-PAGE and electroblotted onto ImmobilonP transfer membranes. The membranes were developed using
commercially available monoclonal antibodies for hCYP11B2
(Abcam, cat. no. EPR-10494) and mouse b-actin (Sigma-Aldrich,

Figure 1. A, pictorial representation of hCYP11B2 gene with all exons (green) and introns. The number in the parentheses is the position of the nucleotide from
the transcription start site. Blue and red bars show the DNA sequence used for the generation of luciferase constructs and transgenic mice. IC is the intron conversion region. B, comparison of partial DNA sequence of intron conversion (lane 1) with WT intron2 (lane 3) of hCYP11B2 and hCYP11B1 (lane 2) from the white
population. Numbers correspond to nucleotide positions starting from transcription start site. Transcription factor–binding sites and its direction of binding
are shown as broken arrows. C, regulatory overlap of intron conversion region with H3K4me1, H3K4me3, and H3K27ac histone marks and DNase hypersensitivity sites data obtained from the ENCODE and Roadmap Epigenome projects accessed through the UCSC genome browser from human adrenal gland. Location of the intron conversion region is marked with yellow.
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Figure 3. A, reporter constructs of the hCYP11B2 gene used in transient transfections. B, relative luciferase activity of intron conversion (IC-Hap-I) as compared
with WT-Hap-I and Cyp-Luc under basal conditions and after co-transfection with NFkB and HNF3b expression vectors in adrenal carcinoma cells (H295R). The
cells were harvested 48 h post transfection followed by measurement of the luciferase activity. Results are shown as mean 6 S.D. (n = 6). ****, p , 0.0001 as
compared with the WT intron2 reporter construct.

cat. no. A2228, 200 ml). The immune complexes were detected
by using secondary antibody conjugated with IRDye800 or
IRDye700 and images were captured using an Odyssey Imaging
System (LI-COR). Quantitation of protein level from three
experiments showed that hCYP11B2 level is increased about
1.63-fold in adrenals of transgenic mice containing IC-Hap-I as
compared with the transgenic mice containing WT-Hap-I (p =
0.0004). A typical Western blotting along with b-actin is shown
in Fig. 5A and its quantification is shown in Fig. 5B.
In vivo ChIP assay shows increased binding of transcription
factors to the chromatin of TG mice containing IC-Hap-I of
the hCYP11B2 gene as compared with WT-Hap-I
To compare the binding of transcription factors with the nucleotide sequences present in IC-Hap-I and WT-Hap-I, we performed ChIP assay using chromatin extract from the adrenals
of TG mice. The ChIP assay was performed using CEBPa,
p300, and NFkB antibodies to identify the differential tran-
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scriptional activity of the hCYP11B2 gene in vivo in our two
transgenic lines. Our ChIP assay indicates that transcription
factors CEBPa, p300, and NFkB have significantly increased
binding (2.02-, 3.2-, and 2.35-fold) to the IC-Hap-I as compared
with WT-Hap-I (Fig. 6, A–C).
Blood pressure is increased in transgenic mice containing
IC-Hap-I of the hCYP11B2 gene as compared with WT-Hap-I
We next determined the effect of IC and WT intron2 of the
hCYP11B2 gene on blood pressure of transgenic mice using telemetry. Butz and Davisson (38) have provided details of blood
pressure measurement using telemetry, and we have previously
used this procedure (39, 40). After the surgical procedure,
transgenic mice were moved to their home cages. Mice were
housed in standard polypropylene cages placed in a temperature- and humidity-controlled facility, maintained in a 12:12 h
light-dark cycle (6 AM to 6 PM lights on), and were fed standard
mouse chow (Teklad LM-485) with water available ad libitum.

Intron conversion of aldosterone synthase
Table 1
hCYP11B2 intron2 variants that are present in WT-Hap-I and IC-Hap-I within the FspAI-AccIII region. MAF is the minor allele frequency and
NA is not available
Variant
rs10090037
rs13257680
rs879123526
rs542092383
rs1563881469
rs1563881467
rs1563881457
rs1156891906
rs13250178
rs13257267
rs13257266
rs78004363
rs80147915
rs1217407622
rs1199746308
rs1341948893
rs13263682

Chromosome
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Position(GRCh38)
142916048
142915893
142915742
142915741
142915737
142915736
142915719–142915727
142915717
142915684
142915595
142915594
142915583
142915576
142915567
142915566
142915565
142915519

Minor Allele
C
T
G
C
C
A
—
G
A
G
T
C
T
C
C
C
G

MAF
0.106962
0.301693
0.0106
0.0777
NA
NA
NA
NA
0.2165
NA
NA
0.0351
NA
NA
NA
NA
0.48065

IC-Hap-I
C
T
G
C
C
A
—
G
A
G
T
C
T
C
C
C
G

WT-Hap-I
G
C
A
T
T
G
AGACAGGCA
A
G
C
C
G
G
T
G
T
T

Figure 4. A–C, human and mouse CYP11B2 (A and B), and mouse Cyp11B1 (C) mRNA levels in the adrenal gland of transgenic mice containing either IC-Hap-I
or WT-Hap-I, as determined by qPCR (n = 4); **, p = 0.0018 versus WT-Hap-I.

After 1 week of recovery from the surgical procedure, BP readings were recorded every 10 min using Data-Science instrument. Mean BP values were calculated for every 2 h from the
values taken over 6 days. Systolic BP (SBP), diastolic BP (DBP),
mean arterial pressure (MAP), and heart rate (HR) were
recorded using DATAQUEST software. For statistical analyses,
6 days of baseline values were used. The systolic, diastolic,
mean arterial pressure, and heart rate of male transgenic mice
are shown in Fig. 7, A–D. Blood pressure was measured in 8- to
12-week-old conscious mice for 24 h over a period of 6 days
(n = 5-6). Results of this experiment showed that transgenic
mice containing IC-Hap-I (red line) had increased blood pressure as compared with transgenic mice containing WT-Hap-I
(blue line). The BP of control male C57 animals is shown with
the black line (Fig. 7).
High salt treatment increases systolic, diastolic, and mean
arterial blood pressure and heart rate in transgenic mice
containing IC-Hap-I of the hCYP11B2 gene as compared with
WT-Hap-I
We next examined the effect of high-salt (4% NaCl for 6
weeks) diet on blood pressure of transgenic mice. Under highsalt conditions, the average systolic BP in TG mice containing
IC-Hap-I was 139 mmHg and in WT-Hap-I was 132 mmHg
whereas in control C57 the blood pressure was 116 mmHg. The
average diastolic BP in TG mice containing IC-Hap-I was 120

mmHg and in WT-Hap-I was 101 mmHg whereas in control
C57 the blood pressure was 95 mmHg. The average mean arterial pressure in TG mice containing IC-Hap-I was 130 mmHg
and in WT-Hap-I was 119 mmHg whereas in control C57 the
blood pressure was 98 mmHg. Similarly, the average heart rate
in TG mice containing IC-Hap-I was 636 bpm and in WTHap-I was 602 bpm whereas in control C57 the heart rate was
537 bpm (Fig. 8). Taken together, the results of these experiments showed that SBP, DBP, MAP, and HR increased in in TG
mice containing IC-Hap-I as compared with WT-Hap-I after
high-salt treatment.
Transgenic mice containing IC-Hap-I have increased plasma
aldosterone levels as compared with WT-Hap-I and C57 mice
We have also measured plasma aldosterone levels in mice
containing IC-Hap-I, WT-Hap-I, and control C57BL6 animals.
We have found that plasma aldosterone levels in transgenic
mice with IC-Hap-I are significantly elevated as compared with
transgenic mice with WT-Hap-I or control C57 mice (Fig. S6).
Effect of intron conversion of CYP11B2 gene on urinary
sodium, chloride, potassium, and osmolarity levels
We have determined sodium, chloride, potassium, osmolarity, and aldosterone levels in the urine of TG animals fed normal salt diet containing either WT-Hap-I or IC-Hap-I. Results
of this experiment (Fig. S7) showed that sodium and chloride
J. Biol. Chem. (2020) 295(32) 11068–11081
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Figure 5. A, human CYP11B2 protein levels in the adrenal gland of transgenic mice containing either IC-Hap-I or WT-Hap-I, as determined by Western blot
analysis. B, quantification of protein levels from the adrenal glands. Quantitation of hCYP11B2 protein was performed after normalization with b-actin. Results
are shown as mean 6 S.D. (n = 4); ***, p = 0.0004 versus WT-Hap-I.

are excreted at statistically significant reduced level in the urine
of IC-Hap-I animals as compared with WT-Hap-I animals.
This suggests that sodium is retained more in the kidneys of
TG animals containing IC-Hap-I. However, no significant differences were observed in the urine potassium and osmolarity
levels between WT-Hap-I or IC-Hap-I transgenic mice.

Discussion
To understand the functional role of intron conversion in
transcriptional regulation of the hCYP11B2 gene, we have
determined the nucleotide sequence of WT intron2 and intron
conversion. Our first key finding of this study is that intron con-
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version sequence in hCYP11B2 gene is located in an open chromatin region and therefore may act as an enhancer. Our in silico studies suggest that the nucleotide sequence of the intron
conversion region has stronger homology with consensus binding sites of transcription factors p300, NFkB, and CEBPa as
compared with WT intron2. This suggests that increased binding of transcription factors may lead to increased transcriptional activation because of intron conversion sequence. In accordance with this observation, our transient transfection
studies show that reporter constructs containing intron2 with
intron conversion sequence has increased transcriptional activity as compared with the WT intron2 in human adrenal cells
(H295R). Therefore, our second key finding of the present

Intron conversion of aldosterone synthase

Figure 6. ChIP assay shows stronger binding of CEBPa, p300, and NFkB to the chromatin obtained from the adrenal glands of transgenic mice containing ICHap-I as compared with WT-Hap-I of hCYP11B2 gene. A–C, show the quantification of chromatin immunoprecipitated DNA by qPCR in the presence of CEBPa,
p300, and NFkB antibodies, respectively. The Ct values obtained from the immunoprecipitated DNA were normalized to the Ct values from the input DNA.
Results are shown as mean 6 S.D. (n = 4); ***, p = 0.0002; ****, p , 0.0001 versus WT-Hap-I.

Figure 7. A, systolic blood pressure. B, diastolic blood pressure. C, mean arterial pressure. D, heart rate tracing for 24 h over a period of 6 days using telemetry
probes. Tracings for transgenic mice containing IC-Hap-I and WT-Hap-I of human CYP11B2 gene are shown in red and blue, and of control C57Bl6 is shown in
black, respectively (n = 5-6). p , 0.0001 between IC-Hap-I versus WT-Hap-I for systolic, diastolic, mean arterial pressure, and heart rate.

study is that the nucleotide sequence of the intron conversion
region of the hCYP11B2 gene has increased transcriptional activity in human adrenal cells as compared with WT intron2.
Transgenic mice are at present the most rigorous system
available for identifying and characterizing cis-acting DNA elements and to understand the role of these elements in transcriptional regulation of a gene in different cell types in an in

vivo situation. To avoid random integration of transgene in
mice, Bronson et al. (37) have developed a method to selectively
target single copy of a gene at the HPRT locus into the mouse
genome. We (20, 39) and others (41, 42) have used this strategy
to generate transgenic mice containing a single copy of the
human angiotensinogen and human CYP11B2 genes. We have
used the same strategy to generate transgenic mice containing
J. Biol. Chem. (2020) 295(32) 11068–11081
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Figure 8. Effect of normal salt (A–D) and high salt (E–H) diet on systolic (A and E), diastolic (B and F), mean arterial (C and G) blood pressures and heart rate (D
and H) of transgenic mice containing IC-Hap-I, WT-Hap-I of hCYP11B2 gene and control C57 (n = 5–6).

either WT intron2 or intron conversion of the hCYP11B2 gene.
These novel transgenic mice contain all the exons, introns, and
39- and 59-flanking regions of the human CYP11B2 gene. The
third key finding of the present study is that TG mice containing intron conversion have increased hCYP11B2 mRNA and
protein levels in the adrenal tissue as compared with WT
intron2 (Figs. 4 and 5). Increased CYP11B2 expression in TG
mice containing intron conversion was accompanied by ele-
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vated circulating plasma aldosterone levels as compared with
WT intron2 (Fig. S6). On the other hand there was no effect on
the expression of mouse CYP11B1 and CYP11B2 genes in our
TG mice. We have measured blood pressure in transgenic mice
and our fourth key finding of this study is that TG mice containing IC-Hap-I have higher systolic, diastolic, and mean arterial blood pressure as compared with TG mice containing WTHap-I. Moreover, high-salt treatment (4% salt diet) for 6 weeks

Intron conversion of aldosterone synthase
further increases the blood pressure in TG mice. However,
increase in blood pressure is more prominent in TG mice containing IC-Hap-I as compared with WT-Hap-I and control
C57. We have also shown that plasma aldosterone levels are
increased in TG animals containing IC-Hap-1 as compared with
WT-Hap-1. Similarly, we have found that TG animals with ICHap-1 have decreased sodium and chloride excretion in the urine
as compared with WT-Hap-1 animals. These may be important
contributing factors for increased BP in IC-Hap-1 TG mice.
In an earlier study, Makhanova et al. (43) have generated TG
mice (AShi/hi) that have increased expression of the CYP11B2
gene as a result of replacing the relatively unstable 3ʹ UTR of its
mRNA with the more stable 3ʹ-UTR of bovine growth hormone. (This strategy stabilizes the corresponding mRNA and
increases the steady-state level of a gene product in all of the tissues where it is normally expressed but not in other tissues.)
Their experiments showed that a modest increase in CYP11B2
expression did not affect blood pressure in animals fed a normal salt diet, but makes their blood pressure sensitive to high
salt and to angiotensin-II infusions on an increased salt diet.
They also demonstrated that their angiotensin-II/salt–dependent hypertension is accompanied by increased cardiac hypertrophy and oxidative stress. These data, together with their previous finding that a decreased level of CYP11B2 decreases
blood pressure in mice on a low-salt diet (44), indicate that
genetic differences in CYP11B2 levels in humans are likely to
affect how BP responds to changes in dietary salt. Recently, Gu
et al. (45) have generated transgenic mice where human
CYP11B2 cDNA was attached in front of ;2 kb of the human
CYP11B1 promoter. These authors have shown that plasma aldosterone level was increased about 18-fold in these mice after
high-salt treatment (45). However, because these animals do
not contain introns of the CYP11B2 gene and are regulated by
the hCYP11B1 promoter, it is possible that hCYP11B2 gene is
not regulated in a physiological manner in these mice.
Although, Gu et al. showed that BP is increased in their TG
mice, BP was measured by the tail-cuff method which is not
very accurate. On the other hand, our TG mice have hCYP11B2
gene with all the introns, exons, and 59- and 39-flanking regions
and are therefore regulated in a physiological manner and BP
was measured by telemetry.
To confirm that transcription factors indeed bind more
strongly to the chromatin in the adrenals of TG animals containing IC-Hap-I of the hCYP11B2 gene as compared with
WT-Hap-I, we performed ChIP assay using chromatin from
adrenals of TG mice containing either WT or intron conversion sequence (Fig. 6). Results of this experiment show that
transcription factors p300, CEBPa, and NFkB bind more
strongly to the chromatin obtained from the adrenal glands of
TG mice containing IC-Hap-I as compared with WT-Hap-I.
Previous microarray analysis has shown that transcription factors C/EBP, NFkB and p300 are expressed in zona glomerulosa
of rat and human adrenals (46, 47).
P300 functions as histone acetyltransferase and regulates
transcription via chromatin remodeling. It acetylates all four
core histones in nucleosomes, and histone acetylation gives an
epigenetic tag for transcriptional activation. P300 also functions as a transcriptional co-activator for SMAD4 in the TGFb

signaling pathway, which plays an important role in cardiac and
renal fibrosis. Hypertension is accompanied with low-grade
inflammation, and NFkB plays an important role in inflammation-induced gene expression. NFkB belongs to a family of
master regulatory proinflammatory transcription factors canonically defined by the p50/p65 heterodimers. Following the
entry into the nucleus, NFkB binds to DNA cis-regulatory elements at promoters and enhancers and activate proinflammatory transcription. NFkB interacts with transcriptional co-activators including histone acetyltransferases (p300) and histone
deacetylases. Recent studies have shown that NFkB is also
involved in the formation of super-enhancers and modulates
the expression of multiple genes (48). CEBPa is an intron-less
transcription factor that contains a basic leucine zipper domain
and recognizes the CCAAT motif in the promoters and
enhancers of target genes. It modulates the expression of genes
involved in cell cycle regulation and body weight homeostasis.
Its role in the regulation of genes in liver and adipose tissue is
well known. CEBPa family of transcription factors interact
with NFkB and modulate the expression of genes involved in
inflammation. However, the role of these transcription factors
in the regulation of adrenal-specific genes has not been studied.
Previous genome-wide association study/studies (GWAS)
studies have shown that a single nucleotide polymorphism
(rs62524579), located about 60 kb from the transcriptional start
site of the CYP11B2 gene in its promoter, is associated with high
blood pressure (49). Recent studies using genomic DNA from
over 1million people have confirmed this observation (50). However, it is not clear whether this is a functional polymorphism or
it is in linkage disequilibrium (LD) with some other polymorphism which is the functional polymorphism. Surprisingly, our
LD analysis shows that rs62524579 is in complete LD with
2344T/C (rs1799998) and with the nucleotide sequence that is
present within the intron conversion region in the European population. It will be important to understand the role of rs62524579
in the regulation of blood pressure in different ethnic groups.
In conclusion, intron conversion in intron2 almost always
occurs with variant 2344T in the promoter of hCYP11B2 gene
and this haplotype is associated with hypertension. We have
previously shown that reporter constructs containing 2344T
have increased promoter activity on transient transfection in
human adrenal cells, and transgenic mice containing 2344T
have increased hCYP11B2 mRNA in adrenals and increased
blood pressure as compared with TG animals containing 2344C
(20). In the present study, we show that intron conversion polymorphism in intron2 of the hCYP11B2 gene is also involved in
the regulation of its expression and increases BP in TG animals as
compared with WT intron2. Thus, a combinatorial interaction
between transcription factors binding to the promoter and intron
conversion sequences is involved in transcriptional regulation of
hCYP11B2 gene and in the regulation of blood pressure.

Experimental Procedures
DNA sequence of hCYP11B2, hCYP11B2 intron conversion,
and hCYP11B1 gene from the Caucasian population
To understand the role of intron conversion in transcriptional regulation of hCYP11B2 gene, first we wanted to identify
J. Biol. Chem. (2020) 295(32) 11068–11081
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which nucleotide sequence is replaced with the corresponding
hCYP11B1 during intron conversion. For this purpose, we used
genomic DNA from Caucasian hypertensive subjects and identified DNA samples that had either WT intron or IC region.
We used two separate PCRs, one to amplify the WT intron2
and another to amplify the IC as described by Davies et al. (18).
The forward primer for amplifying the WT intron2 was 59TGGAGAAAAGCCCTACCCTGT-39, whereas 59-CAGAAAATCCCTCCCCCCTA-39 was used for the intron conversion.
The same reverse primer: 59-AGGAACCTCTGCACGGCC-39
was used for both the PCRs. After identifying the WT and IC
DNA samples, we determined nucleotide sequence from
promoter to the end of WT and IC intron2. For this purpose,
we used CYP11B2_-192F (59-CATCCTCAGACCAGCAGGACTTG-39) as forward primer and CYP11B2_int2R (59CTACAGAGGCCAGGGCAGAG-39) as antisense primer. For
amplification of this region of intron2 from hCYP11B1 gene,
we used CYP11B1_-180F (59-CTTTTCCCCTGTCTACGCTCATGC-39) as forward primer and CYP11B1_int2R (59-CTACAGAGGCCAGGGCAGAG-39) as reverse primer. This set of
primer is specific in the sense that it amplifies only CYP11B1
and not the CYP11B2 gene. The full-length intron2 of
CYP11B1, CYP11B2, and IC is presented in Fig. S1 and these
sequences were used for the generation of Luc constructs and
transgenic animals.
Bioinformatics analysis
We mapped the regulatory overlap of the intron conversion
region with H3K4me1, H3K4me3, and H3K27ac histone marks,
and DNase hypersensitivity sites track using the UCSC genome
browser. These data were obtained from the ENCODE (Encyclopedia of DNA Elements), and Roadmap Epigenome projects
(35, 36). In silico analysis of transcription factor–binding site
predictions were performed by using JASPAR database (RRID:
SCR_003030).
In vitro cell culture and transient transfections
The hCYP11B2 reporter construct containing 2.5-kb promoter having 2344T was amplified by PCR of the genomic
DNA as described previously (20). XhoI and HindIII sites were
added in the forward and reverse primers, respectively, to
directionally clone the amplified sequences in the pGL4-basic
vector lacking eukaryotic promoter and enhancer sequences
(Promega). Full-length WT intron2 was amplified from the
BAC clone, and the intron conversion sequence was amplified
from the patient samples that are positive for intron conversion. These full-length CYP11B2 WT and intron conversion
introns were directionally cloned in front of the 2.5-kb promoter using restriction enzymes Kpn1 and Nhe1 respectively.
The generated hCYP11B2-Luc constructs were characterized
by restriction digestion and sequencing. Expression vector
RSV–b-gal was obtained from Promega. CEBPa, p300, and
NFkB expression vectors were obtained from Transomic Technologies. Plasmid DNAs for transient transfection were prepared by using the Qiagen Midi Plasmid Kit and transient
transfections were performed in H295R cells as described previously (20). Briefly, reporter DNA (1 mg) and b-gal DNA (10
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ng) were mixed with pBluescript DNA to a final weight of 1.2
mg of DNA. Transient transfections were performed with
Attractene Transfection Reagent (Qiagen) following the manufacturer’s protocol. The cells were harvested 48 h post transfection, and whole cell extracts were prepared by resuspension in
200 ml of lysis buffer (Promega). An aliquot of the cell extract
was used to measure luciferase activity in a Turners Design 20/
20 luminometer using a luciferase assay system (Promega) as
described by the manufacturer. Luciferase activity was normalized to b-gal activity that was determined using the b-glo assay
system (Promega).
Generation of transgenic mice
We have obtained 11.2-kb DNA encompassing hCYP11B2
gene from a BAC clone (RP11-304E16) by PCR amplification
using 59-GCGGCCGCATGTCAATGGAAACTGGAAGCTGAAAGGC-39 and 59-GCGGCCGCGGCTTAGGCAAGGATTTCATGACCGAG-39 as forward and reverse primers,
respectively (20). These primers have Not1 restriction
enzyme site for further subcloning purpose (Not1 site is
shown in bold letters). The amplified DNA contains 2.5 kb of
the 59-flanking region, 2.9 kb of the 39-flanking region, and
5.86 kb coding region (containing all the exons and introns)
of hCYP11B2 gene. The amplified DNA was initially cloned
into the TOPO XL Cloning vector (Invitrogen) as per the
instructions of the manufacturer and sequenced to confirm
the integrity of the hCYP11B2 gene. This clone contains
2344T allele in its promoter and WT intron2 and therefore
corresponds to WT intron2 of the hCYP11B2 gene. This
construct was named as hCYP11B2-WT-Hap-I. Intron 2 of
the hCYP11B2 gene contains a 1600-bp sequence encompassing intron conversion region which is recognized by
unique restriction enzymes FspAI and AccIII. Thus, the
hCYP11B2-WT-Hap-I plasmid was treated with restriction
enzymes FspAI and AccIII to remove this 1600-bp fragment.
We next amplified 4-kb fragment containing intron conversion of the hCYP11B2 gene from the genomic DNA of a
patient who had intron conversion. The amplified DNA was
treated with restriction enzymes FspAI and AccIII, and
1600-bp DNA fragment was gel purified. This fragment was
then ligated in the original linearized plasmid hCYP11B2WT-Hap-I to give IC-Hap-I. The resulting DNA was
sequenced to confirm the authenticity of the intron conversion sequence and integrity of the 2344T promoter. The
generated plasmid was designated as hCYP11B2-IC-Hap-I.
The TopoXL vectors containing hCYP11B2-WT-Hap-I
and hCYP11B2-IC-Hap-I were treated with Not1 restriction
enzyme and released fragments were subcloned in Not1
restriction site of the pMP8SKB vector (obtained from Dr.
Sarah Bronson’s laboratory) to produce pMP8phCYP11B2WT-Hap-I and pMP8phCYP11B2-IC-Hap-I. These plasmids contain a unique Pvu1 site close to the Not1 cloning
site so that the cloned DNA can be linearized after Pvu1
digestion for electroporation in BK4 cells. Finally, the
pMP8phCYP11B2-WT-Hap-I and pMP8phCYP11B2-ICHap-I containing full-length CYP11B2 genes containing either WT intron2 or intron conversion were linearized with
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Pvu1 restriction enzyme and linearized fragments were used
for electroporation in BK4 ES cells to generate transgenic
mice. After electroporation, ES cells were grown in selective
HAT medium and HAT-resistant colonies were isolated and
expanded. DNA from different ES cells was amplified using
hCYP11B2 specific primers. The PCR products were analyzed by 0.8% agarose gel electrophoresis and ES cells containing hCYP11B2 gene were identified. ES cells containing
WT-Hap-I and IC-Hap-I of the hCYP11B2 gene were used
to generate transgenic mice as described previously (20).
We have confirmed the presence of hCYP11B2 gene containing intron conversion by PCR amplification of the tail
DNAs of these transgenic animals using two sets of
hCYP11B2 gene-specific primers. We also confirmed the
authenticity of transgenic animals containing WT-Hap-I
and IC-Hap-I of the hCYP11B2 gene by sequence determination. We have also analyzed hCYP11B2 gene copy number
in our transgenic animals using human- and mouse-specific
primers by qPCR as described earlier (20). We initially
developed three transgenic lines from each construct but after analysis kept one line each for future studies. Transgenic
animals were routinely analyzed by three sets of human
CYP11B2 gene-specific primers. All animal experiments
were performed according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and approved by the Institutional Animal Care and Use
Committee at the New York Medical College.
Blood pressure measurement
The mice were fed with either standard mice chow or highsalt diet (4% NaCl) and had access to water ad libitum. All
experiments were performed following an IACUC-approved
protocol in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. A radiotelemetric system from
Data Science International (St. Paul, MN, USA) was used for
this procedure. BP was measured in the conscious state by telemetry as described previously (20). Briefly, mice were anesthetized with ketamine and xylazine (90 and 10 mg/kg, respectively), and a 2- to 3-cm incision was performed, exposing the
neck and upper thoracic region. The left carotid artery was isolated and the tip of the telemetric catheter (model TA11PAC10) was inserted into the carotid artery and advanced into the
aortic arch, with the telemetric device main body positioned
into a subcutaneous pocket in the right side of the abdomen.
The skin was sutured with self-dissolving sutures. The surgery
was performed under aseptic conditions. After 1 week of recovery from the surgical procedure, BP readings were recorded every 10 min using Data-Science instrument. Mean BP values
were calculated for every 2 h from the values taken over 6 days.
Before implantation of the BP device, the zero offset of the
instrument was measured and the unit was soaked in 0.9%
NaCl. The data were sampled every 10 min by averaging over
10 s and stored on a hard disk. SBP, DBP, MAP, and HR were
recorded using DATAQUEST software. For statistical analyses,
6 days of baseline values were used and data were analyzed
using one-way analysis of variance for each time point.

Quantitative Real-Time PCR
Adrenals from 2- to 4-month-old male transgenic mice containing either CYP11B2 WT-Hap-I or IC-Hap-I were harvested
after CO2 asphyxiation and snap-frozen in liquid nitrogen, and
mRNA level was quantitated by RT-qPCR using human
(PPH01239F) and mouse (PPM57638A) CYP11B2–specific
primers.
In vivo chromatin immunoprecipitation assay
The ChIP assay was performed using CEBPa, P300, and
NFkB antibodies and EZ ChIP kit from Millipore as described
previously (20).
Immunoblotting
Adrenal tissue from male transgenic mice containing either
WT-Hap-I or IC-Hap-I was homogenized and hCYP11B2
protein levels were determined by Western blot analysis as
described previously (20).
Aldosterone ELISA
ALPCO aldosterone ELISA kit was used to assay serum and
urine aldosterone levels as per manufacturer’s protocol.
Metabolic cage experiments
Mice were acclimatized in metabolic cages for 5 days and
were given free access to food and water. Daily food and water
intake, body weight, and urine volume were determined and sodium chloride and potassium were measured in urine using a
SmartLyte ISE analyzer (Diamond Diagnostics). Urine osmolality was determined using a Precision Systems microosmometer.
Statistical analysis
The nonparametric tests were performed using the Mann–
Whitney U test for two groups and Kruskal Wallis test for three
groups Mixed effects regression model was used to test for differences in SBP, DBP, MAP, and HR between the groups. Statistical analyses were carried out using SAS, R, GraphPad
Prism. p , 0.05 was considered statistically significant.

Data Availability
The data used in the current study are available in this
article.
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