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Angiotensin-converting enzyme 2 (ACE2) has protective effects on awide range ofmorbidities associated
with elevated angiotensin-II signaling. Most tissues, including pancreatic islets, express ACE2 mainly
from the proximal promoter region. We previously found that hepatocyte nuclear factors 1a and 1b
stimulate ACE2 expression from three highly conserved hepatocyte nuclear factor 1 binding motifs in
the proximal promoter region. We hypothesized that other highly conserved motifs would also affect
ACE2 expression. By systematic mutation of conserved elements, we identified five regions affecting
ACE2 expression, of which two regions bound transcriptional activators. One of these is a functional
FOXA binding motif. We further identified the main protein binding the FOXA motif in 832/13 insu-
linoma cells as well as in mouse pancreatic islets as FOXA2.
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Angiotensin-converting enzyme 2 (ACE2) that hydrolyzes angiotensin (Ang)–II to Ang- (1-7)
has previously been investigated by many research groups as a natural inhibitor of Ang-II
signaling. We have, for example, demonstrated that overexpression of ACE2 in the brain and
pancreas counteracts neurogenic hypertension and hyperglycemia, respectively [1–3]. Other
research groups have reported beneficial effects of ACE2 on pulmonary hypertension and
fibrosis [4–6], heart failure [7, 8], diabetic kidney disease [9, 10], and diabetic retinopathy [11].
Elevation of ACE2 activity may therefore have therapeutic potential for treating conditions
characterized by elevated Ang-II levels. As cellular ACE2 concentrations are determined by
the balance between synthesis and degradation, ACE2 levels can be increased by stimulating
synthesis or inhibiting degradation. We recently investigated whether ACE2 levels in
pancreatic islets could be increased by blocking its ADAM17-mediated shedding from cells
[12]. We found that ADAM17 levels are too low to markedly affect ACE2 levels. On the other
hand, ACE2 levels were directly proportional to the ACE2 synthesis rates in insulinoma cells.
Studies assessing the transcriptional regulation of ACE2 are therefore highly warranted.

Regulation of the ACE2 gene promoter is relatively poorly understood. The only in-
dependently verified induction of transcription by interaction between promoter elements
and transcription factors binding to these elements are hepatocyte nuclear factors 1a and 1b
(HNF1a and HNF1b), which bind to evolutionarily conserved motifs in the proximal ACE2
promoter region [13, 14]. In several but not all tissues, the expression of ACE2 is higher in
female than inmale animals [12, 15, 16]. Themechanism inmice was reported to bemediated
by estrogen and an estrogen response element (ERE) [16]. Induction of ACE2 expression by

Abbreviations: ACE2, angiotensin-converting enzyme 2; Ang, angiotensin; EMSA, electrophoreticmobility shift assay; ERE, estrogen
response element; HNF1a, hepatocyte nuclear factor 1a; HNF1b, hepatocyte nuclear factor 1b; mRNA, messenger RNA.
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cellular stress involving AMP-activated protein kinase activation has also been described in
human hepatoma Huh7 cells [17]. The AMP-activated protein kinase activator AICAR led to
increased ACE2 expression and binding of the histone deacetylase SIRT1 to a well-conserved
DNA element far upstream (~14.5 kb) of the ACE2 coding region. We investigated the
generality of the effects of estrogen and AICAR by assessing whether they affected ACE2
expression in an insulinoma cell line.

We previously characterized the distal and proximal ACE2 promoter regions. We found
that the proximal promoter region is the most active promoter in tissues such as heart,
pancreas, brain, and kidney, whereas the lung has expression primarily from the distal
promoter region. We further determined that HNF1a and HNF1b stimulate ACE2 gene
expression by binding to three highly conserved promoter motifs in the proximal promoter
region. As there are additional highly conserved promoter motifs in the mammalian ACE2
promoter regions, we hypothesized that these conserved motifs are important cis-regulatory
elements for ACE2 expression. We explored the hypotheses by mutating conserved elements
and determining how these mutations affect promoter activity and transcription factor
binding. We identified several new cis-regulatory sites affecting ACE2 expression and
characterized one of these as a functional binding site for forkhead box transcription factors.
We finally determined that FOXA2 is the major transcription factor from 832/13 insulinoma
cells and mouse pancreatic islets binding to the site.

1. Materials and Methods

A. Cell Line and Animal Experiments

The rat insulinoma cell line 832/13 was a generous gift fromDr. Christopher B.Newgard, Duke
UniversityMedical Center (Durham,NC). Cellsweremaintained and transfected as previously
described [13, 18]. For experiments involving estradiol, we used media with charcoal-stripped
fetal bovine serum and no phenol red. Mouse islets were isolated as previously described [13].
Animal experiments were conducted according to protocols approved by the Institutional
Animal Care and Use Committee at Louisiana State University Health Sciences Center.

B. Plasmids

The luciferase reporters hACE22454/21Luc andhACE221699/21Luc containing the2454/21
and 21699/21 sequences of the human ACE2 promoter were previously described [13]. Similar
plasmids containing the 23919/21 and 25943/21 sequences of the human ACE2 promoter
inserted between XhoI andMluI sites in pGL3-Basic were made. The numbers indicate bases
upstream of the start codon. Conserved sites were replaced with restriction enzyme sites
using in vitromutagenesis. For overexpression of EGFP-ERa andEGFP-ERb fusion proteins,
cells were transfected with plasmids pEGFP-C1-ERa [19] and pEGFP-C1-ERb purchased
from Addgene (catalog nos. 28230 and 28237, respectively). For overexpression of FOXA1,
FOXA2, and FOXA3, we transfected cells with plasmids pGCDNsam-Foxa1-IRES-
GFP, pGCDNsam-Foxa2-IRES-GFPs, and pGCDNsam-Foxa3-IRES-GFP purchased
from Addgene (catalog nos. 33007, 33008 and 33009, respectively). A COUP-TFII expression
plasmid was purchased from Origene (catalog no. sc108069). A FOXO1 expression plasmid,
pcDNA3-FKHR, was a kind gift from Dr. Andrew Hollenbach (Louisiana State University
Health Sciences Center, New Orleans, LS). A plasmid containing the open reading frame for
human PPARg was purchased from Origene (SC 124177). We generated a new expression
plasmid for PPARg by transferring the open reading frame as a NotI/NotI fragment to the
pCMV6-XL5 plasmid from Origene. As an empty control plasmid, we used pCMV6-XL5.

C. Transfections and Luciferase Activities

Cells were cotransfected using Lipofectamine 2000 (Thermo Fisher Scientific) with 1 mg lu-
ciferase reporter plasmids, 0.25 mg Renilla luciferase control plasmid phRL-TK, 61 mg
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expression plasmids for transcription factors as previously described [13]. Promoter strength
was quantified as the firefly luciferase activity divided by the Renilla luciferase activity and
expressed as relative light units. The empty luciferase reporter pGL3-Basic without inserts
turned out to be responsive to FOXA transcription factors and AICAR due to cryptic binding
sites. To separate effects on the ACE2 promoter from effects on the vector backbone, we
corrected for the backbone effects by subtracting the activities of empty pGL3-Basic from
activities with ACE2-luciferase reporters. Each transfection experiment was conducted
four times.

D. Bioinformatics

The BKL TRANSFAC program from Biobase Gmbh was used to identify potential tran-
scription factor binding sites.

E. Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay (EMSA) was conducted with 32P-labeled, double-stranded
DNA probes as previously reported [13] with extracts generated with NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific). Base sequences for the DNA probes are
listed in Table 1. Antibodies used were an antibody recognizing both FOXA1 and FOXA2
(sc-6553X, RRID: AB_2104865; Santa Cruz Biotechnology), anti-FOXA3 (sc-5361X, RRID:
AB_647544; Santa Cruz Biotechnology), anti-FOXO1 (sc-11350X, RRID: AB_640607; Santa
Cruz Biotechnology), anti-PPARg (sc-7196X, RRID: AB_654710; Santa Cruz Biotechnology),
and anti–COUP-TFII (PP-H7147-00, RRID: AB_2155627; R&D Systems).

F. Quantitative Reverse Transcription Polymerase Chain Reaction

Rat ACE2 messenger RNA (mRNA), rat b-actin mRNA, mouse ACE2 mRNA, mouse FOXA2
mRNA, and mouse 18S ribosomal RNA were quantified with SYBR green–based real-time
quantitative reverse transcription polymerase chain reaction. Primer sequences are listed in
Table 2. Abundance of transcripts from the mouse proximal and distal promoter regions was
determined by Taqman-based quantitative reverse transcription polymerase chain reaction,
as previously described [13].

Table 1. Sequences of Oligonucleotides for EMSA

Site Forward Oligonucleotide Reverse Oligonucleotide

R3 Wt ggt ttt agt cta ggg aaa gtc att cag ctg aat gac ttt ccc tag act aaa acc
R3 Mut ggt ttt agt ctg aat tca gtc att cag ctg aat gac tga att cag act aaa acc
R4 Wt gcc caa ccc aag ttc aaa ggc tga taa tta tca gcc ttt gaa ctt ggg ttg ggc
R4 Mut gcc caa ccc aag tta gat ctc tga taa tta tca gag atc taa ctt ggg ttg ggc
R6 Wt ctc agc aga ttg ttt act gtg ttc ttc gaa gaa cac agt aaa caa tct gct gag
R6 Mut ctc agc aga gga tcc act gtg ttc ttc gaa gaa cac agt gga tcc tct gct gag
R8 Wt aca tat ctg tcc tct cca gga tga act agt tca tcc tgg aga gga cag ata tgt
R8 Mut aca tat ctg tcc tgc ggc cgc tga act agt tca gcg gcc gca gga cag ata tgt
R12 Wt tga ttt ggc cat aaa gtg aca gga gag ctc tcc tgt cac ttt atg gcc aaa tca
R12 Mut tga ttt ggc cac ccg ggg aca gga gag ctc tcc tgt ccc cgg gtg gcc aaa tca
Mouse R6 tcc agc agc ttg ttt act gtt ctc ttc gaa gag aac agt aaa caa gct gct gga
Human 21363/21337 cct gga aga ctt gtt ttt ctg ggt gaa ttc acc cag aaa aac aag tct tcc agg
Mouse 21390/21364 cct gga aga ctt gtt ttt ctg gat gga tcc atc cag aaa aac aag tct tcc agg
Human ACE2 putative ERE gtg tta agg tca aac ttc cct tta cca tgg taa agg gaa gtt tga cct taa cac
Mouse ACE2 putative ERE gca tca agg tca aac tct ctg tgt ttt aaa aca cag aga gtt tga cct tga tgc
Vitellogenin-A2 ERE cca aag tca ggt cac agt gac ctg atc gat cag gtc act gtg acc tga ctt tgg

Sequences are listed in the 50 → 30 direction.
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G. Statistical Analysis

Data are presented as means6 SE. Data were analyzed by analysis of variance with post hoc
contrasts compared with Bonferroni correction for multiple contrasts.

2. Results

A. Estradiol Has Minimal Effect on ACE2 Expression in 832/13 Cells

We used the rat insulinoma cell line 832/13 to study ACE2 promoter activity. The ACE2
promoter is active in the context of luciferase reporters in this cell line. Although lower than
ACE2 expression in mouse islets, the endogenous ACE2 mRNA expression is clearly de-
tectable in this cell line [13]. We previously defined the distal (21509/2928) and proximal
(2454/21) humanACE2 promoter regions based on homology with othermammalian species
[13], yet there are other conserved elements outside these regions that may affect tran-
scription. An example is the DNA sequence AGGTCAAACTCTCTG at position22986/22972
of the mouse ACE2 promoter that has been identified as an ERE [16]. The homologous se-
quence for the human ACE2 promoter is AGGTCAAACTTCCCT (22639/22625). As ACE2
expression in pancreatic islets from femalemicewas higher than in islets frommalemice [12],
we tested whether estradiol can increase responsiveness of humanACE2 promoter sequences
inserted into luciferase reporters in 832/13 cells. These cells are derived from male rats [20],
and they can respond to estradiol, for example, in estradiol-mediated inhibition of expression
of fatty acid synthase and the carbohydrate response element binding protein in lipogenic
conditions [21, 22]. We observed no statistically significant estradiol response from any of the
promoter constructs, including the ones containing the putative ERE [Fig. 1(a)]. To ensure
that the lack of an estrogen response was not due to an insufficient level of estrogen receptors
in our experimental conditions, we conducted a transfection experiment with luciferase
reporters in which both ERa and ERb were overexpressed as transcriptionally active fusion
proteins with enhanced green fluorescent protein [19]. Green fluorescence was observed
primarily in the cell nuclei (data not shown). Under these conditions, the background activity
of the empty pGL3-Basic plasmid became estrogen responsive, likely due to cryptic binding
sites, but not promoter activity driven by ACE2 promoter regions [Fig. 1(b)]. Endogenous
ACE2 expression in 832/13 cells overexpressing ERa and ERb was likewise unaffected by
estradiol [Fig. 1(c)], at least under the culture conditions that we used. To test whether the
putative EREs from the ACE2 promoters of mice and humans really have the ability to bind
estrogen receptors,we conducted anEMSAof these regions comparedwith thewell-established
ERE from the vitellogenin A2 gene fromXenopus laevis [23] [Fig. 1(d)]. AlthoughERa and ERb
expressed as enhanced green fluorescent protein fusion proteins in 832/13 cells both bind to the
vitellogenin A2 ERE, there is no visible binding to the putative ERE sequences. We conclude
that these regions from the mouse and human ACE2 promoters are not bona fide EREs.

It is further remarkable that only theproximalACE2promoter region (2454/21) shows strong
promoter activity. Longer constructs decrease promoter activity [Fig. 1(a)], suggesting that re-
gions upstream of the proximal promoter region contain elements inhibiting transcription. To

Table 2. Sequences of Oligonucleotides for Quantitative Reverse Transcription Polymerase
Chain Reaction

mRNA Forward Primer Reverse Primer

Rat ACE2 atg ccg acc aaa gca tta aag t atg atc gga ata ggt aca ttt cgt t
Rat b-actin aga tga ccc aga tca tgt ttg aga cca gag gca tac agg gac aac
Mouse ACE2 gag gat aag cct aaa atc agc tct tg tcg gaa cag gaa cat ttc gtt
Mouse FOXA2 gga ccc caa gac ata ccg ac atc ttg ttg ggg ctc tgc tg
Mouse 18S ribosomal RNA cgg aca gga ttg aca gat tg caa atc gct cca cca act aa

Sequences are listed in the 50 → 30 direction.
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test the relative strength of the promoter regions in mouse islets, we used previously developed
Taqman-based quantitative reverse transcription polymerase chain reaction assays that directly
compare the concentration of ACE2mRNAderived from the distal and proximal promoter region
[13]. We isolated RNA from mouse pancreatic islets and observed that the proximal promoter
region is also the most active, as ACE2 transcripts from this region are approximately 66-fold
more abundant than transcripts from the distal promoter region [Fig. 1(e)].

B. Identification of Cis-Regulatory Elements in the Proximal Promoter Region

Because the proximal promoter is the most active in 832/13 cells and pancreatic islets (Fig. 1)
[13], and sinceHNF1a andHNF1b exert their effects through conserved elements, we decided
to search for other important transcription factor binding sites among highly conserved
sequences of the proximal promoter region. In the context of2454/21 humanACE2 promoter

Figure 1. The proximal ACE2 promoter is active in 832/13 cells and pancreatic islets. (a)
Luciferase reporters containing human ACE2 promoter segments were transfected into
832/13 cells. A putative ERE (put ERE) is indicated. Transfected cells were treated with
0 or 100 nM estradiol (E2) for 44 hours. (b) Luciferase reporters containing human ACE2
promoter segments were transfected into 832/13 cells together with 0.5 mg EGFP-ERa and
0.5 mg EGFP-ERb expression plasmid per well. A put ERE is indicated. Transfected cells
were treated with 0 or 100 nM estradiol (E2) for 44 hours. ***P , 0.001 vs 0 nM E2. (c)
832/13 cells were transfected with EGFP-ERa and 0.5 mg EGFP-ERb expression plasmids
and subsequently treated with 0 or 100 nM E2 for 48 hours in four experiments. The content
of ACE2 mRNA relative to b-actin mRNA was determined. (d) An EMSA was done with the
probes for the put EREs from the mouse and human ACE2 promoters as well as the ERE
from the vitellogenin A2 gene. Nuclear extracts were from 832/13 cells that were
untransfected or transfected with either EGFP-ERa or EGFP-ERb expression plasmids and
grown in the presence of 100 nM E2. (e) In mouse pancreatic islets, the concentration of
ACE2 mRNA with transcriptional initiation in the distal and proximal promoter regions was
compared with specific Taqman-based quantitative reverse transcription polymerase chain
reaction assays. Islets were isolated from four mice. The cycle threshold values (Ct) for the
same threshold with RNA diluted to 20 ng/mL are indicated. ***P , 0.001 vs distal promoter
region. RLU, relative light unit.
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driving ACE2 expression, we mutated 14 conserved motifs as indicated in Fig. 2(a). We
termed the wild-type regions containing these motifs R1 to R14. Three of these mutations
(283/288 in R4,2148/2153 in R6, and2178/2185 in R8) led to significant downregulation of
expression, whereas two mutations (239/244 in R3 and 2282/2287 in R12) increased ex-
pression [Fig. 2(b)]. These well-conserved regions are therefore putative cis-regulatory ele-
ments binding activators and inhibitors, respectively, of ACE2 expression. To see, if the
mutations altered binding of proteins to the promoter regions, we performed EMSA of double-
stranded DNA corresponding to the unmutated and mutated regions [Table 1 and Fig. 2(c)].
Mutations of R3 and R8 gave subtle band changes that are difficult to interpret. Mutation of
R12 resulted in the disappearance of a pronounced band, suggesting that it represents a
transcriptional inhibitor of ACE2 expression. Mutations of regions R4 and R6 caused intense
bands to disappear, suggesting that these bands represent transcriptional activators. We set
out to characterize these elements further.

C. COUP-TFII Can Bind To But Is Not the Major Factor Binding To the –101/279 Motif

The 2101/279 motif is highly conserved among mammalian species. According to the BKL
TRANSFACprogram, several transcription factors have bindingmotifswith similarity to this
conserved ACE2 promoter region, including COUP-TFII, HNF4a, PPARg, and MafA. When
COUP-TFII is overexpressed in 832/13 cells, a band appears in EMSA that can be super-
shifted with an antibody against COUP-TFII [Fig. 3(a)]. This demonstrates that COUP-TFII
can bind to this DNA motif. However, the major band was not shifted with the COUP-TFII
antibody, meaning that it contains a different transcription factor. Neither were we able to
shift or alter band intensity with antibodies against PPARg [Fig. 3(a)], E2A, NeuroD1, USF1,
USF2, MafA, HNF4, Lef1, GATA4, or C/EBPg (Supplemental Fig. 1). The identity of this
putative transcription factor remains elusive.

D. Forkhead Box Transcription Factors Bind To a FOXA Motif in the Proximal
Promoter Region

The region R6 contains the region2153/2144, which has high similarity to FOXA and FOXO
binding motifs [Fig. 3(b)]. FOXO1 is able to bind to this motif, as a band above the major band
becomes intensified after FOXO1 overexpression, whereas inclusion of a FOXO1 antibody in
the binding reaction diminishes the band intensity [Fig. 3(c)]. In this case, the antibody
seemed to inhibit binding of FOXO1 to the R6 motif. Overexpression of FOXA1 and FOXA3
results in intense bands appearing above and below the major band [Fig. 3(d)]. The major
band may further be intensified with FOXA2 overexpression [Fig. 3(d)]. An antibody rec-
ognizing both FOXA1 and FOXA2 is able to supershift the intense bands appearing with
FOXA1andFOXA2 overexpression,whereas the band appearingwithFOXA3 overexpression
is supershifted with a FOXA3-specific antibody [Fig. 3(d)]. The relative mobility FOXA3 .
FOXA2 . FOXA1 is in accordance with the molecular weights where FOXA1 . FOXA2 .
FOXA3, at least when the proteins are not posttranslationally modified. The EMSA clearly
demonstrates that FOXA1, FOXA2, and FOXA3 are all capable of binding to the R6 region
and that FOXA2 is the most pronounced protein in 832/13 nuclear extracts that bind to the
motif. The homologous R6 region from the mouse genome also binds primarily FOXA2 from
832/13nuclear extracts [Fig. 3(e)]. This contrastswitha conserved region (human21363/21337
and mouse 21390/21364) in the distal ACE2 promoter region that, according to the BKL
TRANSFACprogram, also has similarity to FOXAbinding sites butwhere FOXA2 only has low
binding affinity [Fig. 3(e)].

E. The –153/2144 Motif Is a Functional FOXA Binding Site

To test whether the –153/2144 FOXA motif is a functional FOXA binding site, we compared
expression of luciferase reporters with either the wild-type or mutated –153/2144 motif when
FOXA1, FOXA2, or FOXA3 was overexpressed. Overexpression of the FOXA transcription
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factors significantly induced promoter activity with the wild-type motif. The transcription
factors had no effect when the FOXA motif was mutated [Fig. 4(a)]. The reduction in ex-
pression caused by the mutation in the control condition is consistent with the reduction
observed with the R6 mutation in Fig. 2(b). The endogenous ACE2 mRNA expression in
832/13 cells was also significantly induced by overexpression of FOXA1, FOXA2, and FOXA3,
whereas FOXO1 overexpression had less effect [Fig. 4(b)]. We conclude that the proximal
ACE2 promoter region contains a functional FOXA binding site.

Cellular stress mediated by the AMP-activated protein kinase activator AICAR was re-
ported to induce ACE2 expression in Huh7 hepatoma cells via activation of the NAD+-
dependent deacetylase SIRT1 [17]. As FOXA2 is a substrate for SIRT1 deacetylation [24, 25],
we investigated the role of AICAR on the activity of the human ACE2 proximal promoter
region. In a luciferase reporter with the wild-type2454/21 ACE2 promoter sequence, AICAR
significantly induced luciferase expression [Fig. 4(c)]. While still being induced by AICAR,
mutation of the FOXA site significantly diminished the induction (P = 0.03 for the interaction
between plasmid and AICAR presence). On the other hand, AICAR had no effect on the
endogenous expression of ACE2 mRNA in 832/13 cells [Fig. 4(d)]. AICAR-mediated ACE2
induction must therefore be cell type specific.

F. FOXA2 Is the Major Islet Transcription Factor Binding to the FOXA Motif

A nuclear extract from mouse pancreatic islets contains a protein binding to the human R6
region with the samemobility as FOXA2 from 832/13 cells [Fig. 5(a)]. Themajor band binding
to the mouse R6 region can further be supershifted with the antibody against FOXA1 and
FOXA2 [Fig. 5(b)].We conclude that FOXA2 is themajor protein inmouse islets binding to the
FOXA motif in the proximal ACE2 promoter region.

FOXA transcription factors have been reported to be involved in sexual dimorphism in gene
regulation in liver cancer [26]. We wished to test if a sex difference in FOXA2 expression in
mouse islets is related to a sex difference inACE2 expression.Wedetermined the concentration
of ACE2mRNAand FOXA2mRNA in pancreatic islets isolated from sixmales and five females
of theC57Bl/6 background of ages 78 to 129days.Wedid not observe statistically significant sex
differences in ACE2 or FOXA2 expression normalized to 18S ribosomal RNA, possibly due to
the high variance of the data. However, we noticed that there was a significant correlation
(P, 0.01) between the FOXA2 andACE2mRNAexpression for bothmales and females [Fig. 5(c)].
Calculation of theACE2mRNAexpression per FOXA2mRNAexpression actually shows a 42%
increase (P = 0.046) in females relative tomales [Fig. 5(d)]. For a given concentration of FOXA2,
there thus seems to be a higher expression of ACE2 mRNA in females than in males.

3. Discussion

ACE2 has shown beneficial effects on a wide variety of conditions where an overactive renin
angiotensin system and Ang-II signaling play a role [1–11]. Our laboratory has, for example,

Figure 2. Identification of cis-regulatory elements controlling ACE2 expression. (a) The
conserved regions of the human proximal ACE2 promoter region and bases that were
mutated in luciferase reporters by in vitro mutagenesis are indicated. Pink shading indicates
bases conserved among seven placental mammalian species (human, mouse, rabbit, dog,
panda, horse, and cow), and blue shading indicates the introduced mutations of 14 regions
(R1 to R14). (b) 832/13 cells were transfected with luciferase reporters containing wild-type or
mutated sequences of the human ACE2 proximal promoter region. Luciferase activities were
determined 44 hours after transfection. R3, R4, R6, R8, and R12 denote the promoter regions,
where mutations significantly affected luciferase activities. ***P , 0.001 vs the unmutated,
wild-type 2454/21 promoter sequence. (c) An EMSA was conducted with nuclear extracts
from 832/13 cells and with DNA probes that were wild-type and mutated sequences of five
regions with putative cis-regulatory elements.
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demonstrated a glycemia-protective effect of pancreatic ACE2 [1, 2, 27] and a pivotal role in
the regulation of autonomic function and blood pressure in hypertension [1, 3, 28, 29]. ACE2 is
therefore an attractive therapeutic target as an endogenous regulator of renin angiotensin
system signaling. Furthermore, its hydrolysis product, Ang- [1–7] tends to have effects

Figure 3. Forkhead box transcription factors bind to the ACE2 proximal promoter region. (a)
An EMSA was conducted with the R4 DNA probe. Nuclear extracts were from untransfected
832/13 cells or 832/13 cells transfected with COUP-TFII or PPARg expression plasmids.
Antibodies against COUP-TFII and PPARg were included in the binding reactions as
indicated. (b) The R6 region has similarity to FOXO1 and FOXA1 motifs as indicated by the
BKL TRANSFAC program, whereas the mutation destroys the similarity. (c) An EMSA was
done with the R6 probe and nuclear extracts from 832/13 cells that were untransfected or
transfected with a FOXO1 expression plasmid (left panel). The right panel shows the effect
on the band pattern when an antibody against FOXO1 is included. (d) An EMSA was done
with the R6 probe and nuclear extracts from 832/13 cells that were untransfected or
transfected with FOXA1, FOXA2, or FOXA3 expression plasmids (left panel). The right panel
shows the effects on the band pattern when antibodies against the FOXA transcription
factors are included in the binding reactions. (e) An EMSA was conducted with a nuclear
extract from 832/13 cells. The probes were the human and mouse R6 regions as well as
regions in the distal promoter region with a putative FOXA binding site. An antibody
recognizing FOXA1 and FOXA2 was included in the binding reactions as indicated.
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opposite those of Ang-II. Compared with current pharmaceutical agents causing the renin
angiotensin system blockade, ACE2 is expected to have less side effects such as dry cough
associated with angiotensin-converting enzyme inhibitors. Another attractive property of
ACE2 is that its Michaelis-Menten constant Km is orders of magnitude higher than physi-
ological concentrations of Ang-II [18, 30]. The hydrolysis rate of Ang-II will therefore increase
proportionally with the Ang-II concentration, suggesting that ACE2 has little effect at low
Ang-II concentrations but exerts strong physiological effects at morbidities with elevated
Ang-II concentrations. This may explain why overexpression of ACE2 lowers blood glucose
levels and blood pressure in disease states but not in normoglycemic or normotensive animals
[1, 28, 29].

We are interested in the regulation of ACE2 in pancreatic islets due to its glycemia-
protective properties. Inhibiting ACE2 degradation is one possible way of elevating ACE2
levels. The protease ADAM17 can decrease ACE2 levels by shedding its extracellular domain,
including the catalytic site. However, the levels of ADAM17 in mouse pancreatic islets are
too low to markedly affect ACE2 content [12]. On the other hand, an increase in the ACE2

Figure 4. FOXA transcription factors stimulate ACE2 expression. (a) 832/13 cells were
transfected with luciferase reporters containing the wild-type human 2454/21 ACE2
promoter sequence or the promoter sequence in which the FOXA motif was mutated. Cells
were cotransfected with expression plasmids for FOXA1, FOXA2, FOXA3, or a control
plasmid. Luciferase activities were determined 44 hours after transfection and corrected for
the background activities of empty pGL3-Basic. *P , 0.05, **P , 0.01 vs control. (b) 832/13
cells were transfected with expression plasmids for forkhead box transcription factors or
a control plasmid. RNA was isolated 22 hours after transfection. The content of ACE2 mRNA
relative to b-actin mRNA was determined. ***P , 0.001 vs control. (c) 832/13 cells were
transfected with luciferase reporters containing the wild-type human 2454/21 ACE2
promoter sequence or the promoter sequence in which the FOXA motif was mutated.
Transfected cells were treated with 0.5 mM AICAR or dimethyl sulfoxide (DMSO) vehicle as
control for 44 hours. Luciferase activities were corrected for the background activities of
empty pGL3-Basic. *P , 0.05, ***P , 0.001 vs control. (d) 832/13 cells were treated with
0.5 mM AICAR or DMSO vehicle as control for 48 hours. The content of ACE2 mRNA
relative to b-actin mRNA was determined.
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Figure 5. FOXA2 is the major protein in mouse islets binding the FOXA motif in the
proximal ACE2 promoter. (a) An EMSA with the human R6 probe was conducted using
nuclear extracts from mouse pancreatic islets and 832/13 cells. (b) An EMSA with the mouse
R6 probe was conducted using cytoplasmic and nuclear extracts from mouse pancreatic islets.
Antibodies against FOXA transcription factors were included in binding reactions as indicated.
(c) The concentrations of FOXA2 mRNA and ACE2 mRNA relative to 18S ribosomal RNA were
determined in freshly isolated pancreatic islets from six male and five female mice. We depict
the ACE2 values against the FOXA2 values for each mouse. The solid and stippled lines are
the regression lines for females and males, respectively. The concentrations of FOXA2 and
ACE2 showed significant (P , 0.01) correlation for both males and females as indicated by the
correlation coefficients R. (d) The content of ACE2 mRNA relative to FOXA2 mRNA was
calculated. *P , 0.05 vs males.
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synthesis rate is directly proportional to cellular ACE2 levels [12]. A better understanding of
the transcriptional regulation of ACE2 is therefore useful.

Little is known of the regulation of ACE2 from the regions in which transcription is
initiated (i.e., the proximal and distal promoter regions). HNF1bwas discovered to stimulate
ACE2 transcription [14]. We extended this observation by determining that both HNF1a and
HNF1b bind to three evolutionarily conserved HNF1 binding sites in the proximal promoter
region [13]. In the current study, we have demonstrated that several of the additional
evolutionarily conserved motifs in the ACE2 gene promoter are cis-regulatory elements.
Highly conserved motifs at positions2153/2144 and –101/279 of the human ACE2 promoter
are required for basal transcription in 832/13 cells. Although the 2101/279 motif can bind
COUP-TFII, it binds a potential transcriptional activator in 832/13 cells whose identity
remains elusive. On the other hand, the –153/2144motif is a functional binding site for FOXA
transcription factors. The major factor binding the 2153/2144 motif in both 832/13 insuli-
noma cells and mouse pancreatic islets is FOXA2. We further observed a correlation between
the FOXA2mRNA and ACE2mRNA in mouse pancreatic islets. Although we cannot exclude
the possibility of other factors affecting both ACE2 and FOXA2 expression, the correlation is
consistent with the notion that FOXA2 stimulates ACE2 expression.

ACE2 expression is stimulated by AICAR in Huh-7 cells [17] and by estradiol in adipose
tissue and 3T3-L1 adipocytes [16]. The effects were claimed to be mediated by conserved
elements outside the proximal and distal promoter region, as we define these promoter
regions. The putative ERE in themouse ACE2 promoter as well as its human homolog did not
bind estrogen receptors in vitro and are therefore unlikely to directly mediate estrogen re-
sponsiveness. We did not observe estradiol-mediated induction of ACE2 promoter activity or
endogenous ACE2 mRNA expression in 832/13 cells, even when ERa and ERb are overex-
pressed. The previously observed estrogen induction of ACE2 expression [16] must therefore
be cell or tissue specific. We previously measured higher ACE2 enzymatic activity in females
than in males [12]. This may be partly due to an elevated ACE2 transcription rate in females
as indicated by higher ACE2 mRNA levels per FOXA2 mRNA concentration in females than
inmales. Other factors than estrogenmediating sex-specific effects on ACE2 expression could
be androgens or a gene-dosage effect, as theAce2 gene is located on the X chromosome.We did
not observe stimulatory effects of AICAR on endogenous ACE2 mRNA levels in 832/13 cells
showing that the effects must be cell or tissue specific. The AICAR effect in Huh7 cells was
claimed to bemediated by a conserved element capable of binding SIRT1 that is located 14 kb
upstream of the ACE2 promoter regions. It is in fact located closer to the Tmem27 gene than
the Ace2 gene. Although it was described as an ACE2 promoter [17], it is more likely an
enhancer, as no transcription is known to be initiated in this region. Interestingly, AICAR
stimulated proximal ACE2 promoter activity in a luciferase reporter in a FOXA motif-
dependent manner. As the reporter does not contain the upstream enhancer, AICAR/
SIRT1 may exert effects on ACE2 expression through several genomic elements. Positive
and negative effects may further cancel out, resulting in no net AICAR effect on endogenous
832/13 ACE2 expression.

Genome-wide mapping of transcription factor binding sites by ChIP-seq can be seen in the
University of California, Santa Cruz genome browser for the ENCODE project [31]. In the
February 2009 (GRCh37/hg19) assembly for the human genome, there are several tran-
scription factor binding sites listed in the distal promoter region and the upstream enhancer
region but none in the proximal promoter region. Yet, inmouse kidney, heart, brain, pancreas,
and pancreatic islets, most ACE2 transcripts originate from the proximal promoter region
(Fig. 1 and Pedersen et al. [13]). In the context of luciferase reporters, the proximal promoter
regions are active promoters in both humanHEK 293T cells and rat 832/13 cells, whereas the
distal promoter regions did not by themselves promote transcription [13]. Our new results in
Fig. 1 illustrate that elements upstream of the human proximal ACE2 promoter region can
actually repress transcription in 832/13 cells. A limitation of current data listed for ACE2 in
the ENCODE project is that the cells used for ChIP-seq experiments exhibit low ACE2
expression. We speculate that there is repression of the proximal promoter region. This is
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supported by a lack, according to data from the University of California, Santa Cruz genome
browser, of a DNaseI hypersensitive region at the proximal promoter region, even though
there is such a hypersensitive region at the distal promoter region. A potential mechanism is
suggested by a recent study describing binding of the chromatin remodeler BRG1 and the
forkhead box transcription factor FOXM1 to four regions upstream of the ACE2 proximal
promoter region in mouse hearts after ventricular pressure overload but not to the proximal
promoter region itself [32]. Furthermore, overexpression of both BRG1 and FOXM1 reduced
ACE2 promoter activity in mouse cardiac endothelial cells [32].

TheCistrome data browser [33] allows visualization of FOXA2 binding to theACE2 gene in
mouse pancreas and mouse pancreatic b-cells. There are FOXA2 binding peaks overlapping
the FOXA site of the mouse proximal ACE2 promoter region, in addition to several other
binding peaks in the gene (e.g., located in introns). Whether FOXA2 regulation mainly occurs
through the site in the proximal promoter region could be tested in future research using
genome editing.

Most ACE2 transcripts in mouse kidney, heart, brain, whole pancreas, and pancreatic
islets are generated from the proximal ACE2 promoter region [Fig. 1(d) and Pedersen et al.
[13]]. The advantage of using the 832/13 cell line for ACE2 promoter studies is that the
proximal ACE2 promoter is active in the context of luciferase reporters and that the cells
actually express ACE2 in measurable quantities. The limitation is that expression in 832/13
cells is markedly lower than in highly expressing tissue such as pancreatic islets and kidney.
Factors ensuring high expression in these tissues are therefore of great interest for future
research.

Wehave now established that bothHNF1a andFOXA2 stimulate ACE2 expression (Fig. 4)
[13]. It was reported that high-fat diets and high concentrations of free fatty acids lead to
depletion of HNF1a and FOXA2 in pancreatic b-cells and are associated with hyperglycemia
and impaired glucose tolerance [34]. Although that might be thought to lead to a reduction of
ACE2 in pancreatic islets in models of type 2 diabetes, we actually observed retention of islet
ACE2 expressionwith the progression of diabetes. That is explained by the finding thatb-cells
are not the main cell type expressing ACE2 in islets [12]. Recent immunohistochemistry data
suggest that ACE2 expression is at least partially colocalizedwith glucagon expression (i.e., in
a-cells) [27]. FOXA2 is furthermore a well-known regulator of a-cell differentiation and
glucagon synthesis. The role of FOXA2 in regulating islet ACE2 expression may therefore be
more important in a-cells than in b-cells.

In summary, we have identified new cis-regulatory elements in the ACE2 proximal pro-
moter region, including a functional forkhead box transcription factor binding site that is a
binding motif for FOXA2 in pancreatic islets.
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