SCIENTIFIC REPLIRTS

Creating a mouse model resistant
‘to induced ischemic stroke and
cardiovascular damage

Received: 6 March 2017 : Qing-Lan Ling(®?, Anita J. Mohite!, Emma Murdoch?, Hironari Akasakal, Qun-Ying Li'?,
Accepted: 13 October 2017 Shui-Ping So! & Ke-He Ruan?,
Published online: 26 January 2018
‘' Vascular prostanoids, isomerized from an intermediate prostaglandin (PG), H,, produced by
. cyclooxygenase (COX), exert various effects on the vascular system, both protective and destructive.
. During endothelial dysfunction, vascular protector prostacyclin/prostaglandin I, (PGl,) is decreased,
. while inflammatory PGE, and thrombotic TXA, are increased. Therefore, our research aim was to
. reverse the event by controlling PGH, metabolism by generating an in vivo model via enzymatic
engineering of COX-1 and prostacyclin synthase (PGIS). The COX-1 and PGIS genes were linked to a
. 10-residue amino acid linker to form a Single-chain Enzyme Complex (SCHEC), COX-1-10aa-PGIS.
. Transgenic (CP-Tg) mice in a FVB/N background were generated using the pronuclear microinjection
. method. We first confirmed mRNA and protein expression of COX-1-10aa-PGIS in various CP-Tg mouse
. tissues, as well as upregulation of circulating PGl,. We then examined the cardiovascular function
of these mice. Our CP-Tg mice exhibited marked resistance to vascular assault through induced
. carotid arterial blockage, acute thrombotic stroke and arterial arrest, angiotensin-induced peripheral
. vasoconstriction, and hepatic lipid accumulation after receiving a high-fat diet. They also had a longer
. lifespan compared with wild-type mice. This study raises the possibility of fighting cardiovascular
diseases by regulating cellular arachidonic acid-derived PGH, metabolites using enzymatic engineering.

Cellular prostanoid biosynthesis is regulated by cyclooxygenase (COX) enzymes, which exist in two isoforms

(COX-1 and COX-2), and their downstream synthases. COX enzymes convert arachidonic acid (AA) into the
. unstable molecule prostaglandin H, (PGH,), which must then be converted into biologically active prostanoids
. by downstream individual prostanoid synthases!2. The single polypeptide chains of COX enzymes include two
. active sites; the first contains a tyrosine residue, which, via the cyclooxygenase reaction, produces prostaglandin
© G, (PGG,) from AA. The second contains a heme, which through a peroxidase reaction, reduces PGG, to PGH,,
. which is further transferred to downstream synthases to be isomerized to the final and active prostanoids?. For
. example, thromboxane A, (TXA,) is produced via TXA, synthase (TXAS), prostacyclin (PGL,) is produced via
. PGI, synthase (PGIS), and prostaglandin E, is produced via three PGE, synthases. TXA, production results in
: pro-thrombotic effects and vasoconstriction, while PGI, production results in vasodilation, anti-thrombotic, and
. other vascular protective effects. Excessive PGE,, particularly PGE, produced by inducible microsomal PGE,

synthase-1, is one of the major causative factors of vascular inflammation'”. During endothelial dysfunction

(one of the key factors leading to vascular diseases), the reduction of PGI, associated with excessive production
- of inflammatory PGE, and thrombotic TX A, are major pathophysiological mechanisms underlying vascular and
- heart diseases such as stroke, hypertension, atherosclerosis, coronary arterial heart disease, and pulmonary arte-
. rial hypertension*-®. Using gene-knockout approaches, decreased biosynthesis of PGI, together with increasing
© TXA, has been shown to increase the risk of stroke and heart attack’~. In addition, recent increases in the num-
. ber of heart attacks caused by the use of COX-2 inhibitors (such as Vioxx) have been attributed to their effects on
. reducing PGI, and increasing TXA, biosyntheses in the vascular wall and platelets, respectively’. Thus, PGI, is

considered one of the most important vascular protectors'®!!. Therefore, increasing the conversion of AA to PGI,,
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associated with the prevention of its conversion to thrombotic TXA, and inflammatory PGE,, could provide a
fundamental approach to restore endothelial dysfunction for the prevention and treatment of cardiovascular
diseases. To achieve this goal, we recently employed an enzyme clustering method, in which we channeled PGH,
by linking COX-1 enzyme and PGIS enzyme to a well-defined 10-residue amino acid linker'?. With the enzyme
complex, we were able to regulate prostanoid biosynthesis in favor of PGI, rather than TXA, and PGE, in cells.
The varied cells, including COS-7, HEK293''2, primary cultured adipose stromal cells'® and endothelial pro-
genitor cells'®, were transfected with the single cDNA of COX-1-10aa-PGIS or COX-2-10aa-PGIS. They showed
high expression levels of the active hybrid enzyme with triple catalytic activities (converting AA into PGG,, then
PGH, and finally into active PGI,), which resulted in redirecting the conversion of endogenous AA metabolites
more toward the favorable PGI, production rather than the unfavorable TXA, and PGE, production'!-"°. These
in vitro molecular and cellular studies, and preliminary experiments'*> have provided a basis for us to hypothesize
that the single gene of the hybrid enzyme could reduce the risk of heart disease in vivo. In this study, we integrated
the protein engineering, enzyme complex construction, and transgenic mouse technique to gain primary control
of cellular AA metabolism in favor of PGI, biosynthesis and to disfavor PGE, and TXA, biosynthesis in vivo. The
study was proposed in a previous editorial paper'®. Here, with comprehensive experiments and more data, we
demonstrated that the transgenic mouse model exhibited marked resistance to vascular assault through induced
carotid arterial blockage, induced acute thrombotic stroke and arterial arrest, and angiotensin-induced peripheral
vasoconstriction. The safety of the engineered trans-gene, COX-1-10aa-PGIS (integrated COX-1 and PGIS activ-
ities together in a single polypeptide chain) was confirmed by healthy animal development and maintenance of a
longer lifespan with improved mental performance, which has been demonstrated in a previous publication's. It
greatly increased the possibility of correcting inherited heart diseases using emerging gene medicine, such as the
transgene, COX-1-10aa-PGIS, at the current experimental level.

Results

Generation of transgenic mice carrying a SCHEC, COX-1-10aa-PGIS gene. We first demon-
strated that the microenvironment of cellular prostanoid biosynthesis in primary cells could be controlled by
our SCHEC, COX-1-10aa-PGIS (Fig. lia). Arachidonic acid metabolism was redirected in favor of PGI, bio-
synthesis and disfavor to inflammatory PGE, and thrombotic TXA, biosynthesis for vascular protection, which
was demonstrated in vitro and in vivo in our previous publication’®. These data led to the hypothesis that the
symptoms of cardiovascular diseases could be reduced by expression of a single gene, COX-1-10aa-PGIS, in vivo.
To test this hypothesis, the COX-1-10aa-PGIS cDNA with a pCMV promoter for general expression and a pA
segment were isolated from the COX-1-10aa-PGIS pcDNA3.1 vector (Fig. 1ib). Next, the founders of the original
pair of COX-1-10aa-PGIS transgenic mice (CP-Tg mouse/mice) were created by pronuclear microinjection tech-
nology using the isolated COX-1-10aa-PGIS cDNA (Supplementary Fig. 1).

Identification of the CP-Tg mice permanently incorporated with the single gene of COX-1-
10aa-PGIS. A special set of polymerase chain reaction (PCR) primers was designed to determine the pres-
ence of the human COX-1-10aa-PGIS gene in the CP-Tg mouse chromosome. The primers contained the 3’- and
5’-ends of a unique DNA sequence of the center region of the incorporated single gene of COX-1-10aa-PGIS
(from the C-terminal domain of COX-1 to the 10-aa linker and the N-terminal domain of PGIS) comprising a
total of 445 bp (Fig. liia). Of the first 29 newborns, three founders (Fig. 1iib, lanes: 3, 11 and 26) permanently car-
rying the COX-1-10aa-PGIS gene were identified from mouse tail DNA by the tail cut-PCR approach using the
designed primers. The founders were further bred with wild-type FVB/N mice and found to pass the transgene
following Mendelian rules. The resulting seven heterozygous mice were further identified by the tail cut PCR
approach (Fig. liic, lanes 3, 4, 6, 8, 9 and 10).

The gene profile of COX-1-10aa-PGIS expression in different organs.  The expression of individual
COX-1 and PGIS were tissue-specific. COX-1 was relatively widely expressed, but PGIS was largely localized in
vascular endothelial cells and smooth cells. It was of interest to observe the tissue specificities of the hybrid gene
and protein after combining COX-1 and PGIS in one molecule using the pPCMV promotor for general expression.
Therefore, to evaluate anatomical changes in CP-Tg mice, the major organs were isolated: heart, lung, kidney,
brain, and liver. The distribution of the COX-1-10aa-PGIS gene in different tissues of CP-Tg mice was identified
by PCR using specific primers as described above. Figure 2a shows the permanent distribution of the COX-1-
10aa-PGIS gene according to the different organs. Importantly, the gene was detected in the heart, kidney, and
brain, each of which benefitted from the vascular protection provided by the hybrid enzyme. The protein expres-
sion of COX-1-10aa-PGIS enzyme in major organs was further identified by Western blot analysis (Fig. 2b). It
should be noted that COX-1-10aa-PGIS has a unique molecular mass, 130kDa, which could be easily distin-
guished from endogenous COX-1 and PGIS. Similar to the gene distribution profile, COX-1-10aa-PGIS protein
was expressed in the major organs: heart, lungs, brain, and kidneys. This result suggested that the single active
COX-1-10-aa-PGIS gene could be a potential protector against ischemic heart disease, kidney failure, and stroke
caused by thrombosis and vasoconstriction. However, none of the organs showed any gross anatomical difference
as observed in CP-Tg mice (Supplementary Fig. 3). Additionally, we also examined the gene and protein expres-
sion of COX-1-10aa-PGIS in other organs, except for those major ones. The gene expression was detected in all
other organs, and most organs also expressed the protein, except pancreases. Together, these data suggested that
our hybrid enzyme COX-1-10aa-PGIS had been successfully integrated into the mice.

Vascular protection by dual effects through increasing endogenous levels of PGI, and decreas-
ing levels of thrombotic factor TXA, in CP-Tg mice. The catalytic activity of the expressed COX-1-
10aa-PGIS in the CP-Tg mice was investigated by the determination of AA metabolite in mouse urine using LC/
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Figure 1. Mouse model generation and identification. (ia) Schematic presentation of the engineered SCHEC,
COX-1-10aa-PGIS, with high efficiency in directly converting cellular AA to PGI, on ER membrane by three
continuous catalytic reactions within a single polypeptide chain. (ib) Construction of COX-1-10aa-PGIS
cDNA. The sequence of COX-1 linked to PGIS through a 10-aa linker (COX-1-10aa-PGIS) was generated by
PCR and subcloning procedures by the vector company (Invitrogen). The resulting cDNA was successfully
subcloned into the pcDNA 3.1 vectors at Kpnl and BamHI sites containing a cytomegalovirus early promoter
by PCR. The cDNA fragment (3.2kb) containing COX-1-10aa-PGIS, a pCMV promoter and a PGH
polyadenylation site (pA) was cut at the Nrul and Sphl sites from the COX-1-10aa-PGIS-pcDNA3.1 vector and
purified to a single band as a transgenic gene for preparation of the transgenic mice. (iia) PCR primers designed
to examine integration of the gene, a unique DNA fragment of 445 bp, into the genome. (iib) Genotyping of
the first founders of the transgenic mice by PCR. The incorporated DNA of COX-1-10aa-PGIS in the mice was
determined by PCR using the primers described in (iia), mouse tail tissues as template, and analysis by agarose
gel electrophoresis to identify the specific 445-bp hybrid enzyme. (iic) PCR analysis of the second group of
transgenic mice using the tail cut PCR approach in an identical manner to the procedures described in the
(iib) panel.
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Figure 2. Gene and protein expression in different organs. (a) PCR analysis of the organ profile of the COX-
1-10aa-PGIS gene in CP-Tg mice. PCR was performed using the different organs of CP-Tg mice. An arrow
indicates the 445-bp COX-1-10aa-PGIS. Lanes: 1) positive control, 2) negative control, 3) lung, 4) adipose
tissue, 5) intestine, 6) brain, 7) heart, 8) liver, 9) pancreas, 10) wild-type tail, 11) uterus, 12) TG tail. (b) Western
blot analysis of the different organs of the transgenic mice. The arrow indicates COX-1-10aa-PGIS protein
expression at 130kDa. Lanes: 1) lung, 2) heart, 3) intestine, 4) pancreas, 5) adipose tissue, 6) brain, 7) uterus
and 8) liver. The blot was chopped to increase visualization, and the initial blot is attached as Supplementary
Fig. 2. (c—e) LC/MS analysis of AA metabolites, prostanoids in urine of the CT-Tg and wild-type mice. (c) Ratio
of 6-keto-PGF,, to PGE, in both TG and WT mice. (d) Ratio of 6-keto-PGF,, to TXB, in both CP-Tgand WT
mice. The above graph represents the mean & SD (p < 0.001). (¢) Amount of 6-keto-PGF,,, TXB,, and PGE, in
24 h urine. The values are represented as mean + SD.

MS analysis. The ratio of the metabolites of AA to PGI, (final inactive product is 6-keto-PGF, ) to PGE, and TXB,
(inactive metabolite of TXA,) was 7 in the CP-Tg mice and 1 in the wild-type mice (Fig. 2¢,d). We also showed
the amount of 6-keto-PGF,,, TXB,, and PGE, in 24 h urine (Fig. 2e) 4. The results revealed that the incorporated
COX-1-10aa-PGIS gene into mice exerted multiple effects on the vascular circulation in vivo: a) increased PGI,
biosynthesis, b) reduced thrombotic TXA, production, and ¢) decreased inflammatory PGE, biosynthesis. This
triple effect could result in a synergetic vascular protection against thrombotic and vasoconstrictive damages
from heart diseases in vivo.
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Figure 3. Vascular protective potential assessment. (a) Quantification of bleeding time in CP-Tg and WT
mice. The bleeding time averaged 55 minutes in CP-Tg and 15 minutes in WT mice (n=5). (b) Blood pressure
measurement by the tail cutting method. Both systolic and diastolic blood pressure was measured in TG and
WT mice. (c) Heart rate measurement by the tail cuff method. Heart rate was measured along with blood
pressure in both TG and wild-type mice. The values shown are the mean £ SD (n=7, p < 0.001). The data were
analyzed by the student’s t-test.

Identification of the vascular protective potential through anti-coagulation/anti-thrombosis
activity of the single COX-1-10aa-PGIS gene in transgenic mice.  One of the major vascular protec-
tive characteristics of increased PGI, with decreased TXA, is anti-coagulation/anti-thrombosis. Thus, bleeding
time was used as an indication to detect the vascular protective potential of the COX-1-10aa-PGIS gene in the
transgenic compared with normal WT mice. Supplementary Fig. 4 shows a representative picture of how the
bleeding time was measured using filter paper, which is described in Material and Methods. The bleeding time
was 55 mins (n= 6) for CP-Tg mice, which was 3.7-fold longer than that of wild-type mice with an average bleed-
ing time of 15 mins (Fig. 3a). However, no blood cells or oxidized hemoglobin were found in the urine and stool
of CP-Tg mice, which indicated bleeding tendencies in the gastric system, intestinal system, and urinary tract
were unlikely in the CP-Tg mice. Another possible change caused by the up-regulated PGI, production may be
reduced blood pressure. This was not the case for the CP-Tg mice. Their blood pressure, both systolic and dias-
tolic (Fig. 3b), along with heart rate measurement (Fig. 3¢c) of both TG(+4-/4) and WT mice, showed no significant
differences. In addition, blood counts, cholesterol, and glucose levels were within the normal ranges observed in
wild type (data not shown).

CP-Tg mouse resistance to the induced thrombotic reaction using carotid artery thrombosis
asamodel. The vascular protective effect on vascular disease caused by permanent COX-1-10aa-PGIS gene
expression was demonstrated in a carotid artery thrombosis model. Using this model, both CP-Tgand WT mice
were tested for resistance to thrombosis, one of the major leading causes of stroke and heart arrest. The throm-
botic obstacle of the carotid artery was induced by photothrombotic ischemia using the combination of Rose
Bengal injection, followed by a laser beam light targeting the local artery. Typical real-time monitoring of the
blood flow in the occluded carotid arteries of wild-type (Fig. 4a, top panel) and CP-Tg (Fig. 4a, lower panel) mice
are shown. The blood flow was not reversibly shut down within 5 minutes, leading to death within a couple hours
in wild-type mice (Fig. 4a, top panel). By contrast, blood flow, which was reduced to 90% at the beginning of the
induced thrombosis in the artery, quickly recovered to 50% within a few minutes, and then to 70, 80, and 90%
within a couple hours in CP-Tg mice (Fig. 4a, bottom panel), which survived the procedure. Further studies with
10 animals in each group provided consistent results (Fig. 4b). The average induced thrombosis in the carotid
artery associated reduced blood flow started within minutes and progressed within 2 hours in wild-type mice
(Fig. 4b red squares, n=10). However, in CP-Tg mice, the decreased blood flow during the first few minutes
was reversed to 80% normal flow at 20 minutes, and completely recovered after 2 hours, avoiding animal death
(Fig. 4b, black squares). These results suggested that CP-Tg mice resisted thrombotic stroke and death induced by
Rose Bengal/laser-induced carotid artery thrombosis.

CP-Tg mouse resistance to death by AA-induced stroke and cardiac arrest. An additional throm-
botic stroke model was created by overproducing TXA, in the circulation using intravenous (IV) injection of the
TXA, precursor AA (Fig. 5a). Due to the enrichment for COX-1 and TXA, synthases in platelets, the infused AA
(from IV) could quickly lead to enhanced synthesis of TXA, and trigger platelet aggregation and vasoconstric-
tion, which could a) immediately induce reduced blood circulation in the brain and cause stroke; and/or b) block
the coronary artery blood supply and cause cardiac arrest. All wild-type mice suffered from thrombotic stroke
and heart arrest after infusion of an average of 10 mg/kg of AA (LD50 = 5 mg/kg, Fig. 5b) within 30 minutes.
However, thrombotic stroke and cardiac arrest leading to death was dramatically delayed in CP-Tg mice until
they were given an average of 100 mg/kg of AA (LD50 = 50 mg, Fig. 5b). To evaluate the resistance of CP-Tg mice
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Figure 4. CP-Tg mouse resistance to Rose Bengal/laser beam-induced thrombotic stroke and death. (a) Real-
time monitoring of carotid artery blood flow before and after Rose Bengal/laser-induced thrombotic occlusion
of carotid arteries in a wild-type (top) and a CP-Tg mouse (bottom). The percentage change in reperfusion was
calculated at different time intervals and plotted over time. Red squares and black squares indicate changes in
perfusion in WT and TG mice, respectively. Rose Bengal (50 mg/kg) was injected through the tail vein, and the
time of injection was considered as zero minutes. Blood reperfusion was recorded for a period of 120 minutes.
(b) Average curves from the two groups of mice obtained using the identical method described in panel A
(n=10, p<0.01). The data shown are the mean = SD. The data from the last time point were analyzed by the
student’s t-test.

to the induced stroke, a time course of reperfusions of AA-induced ischemia and stroke was monitored using a
laser Doppler image system (Fig. 5¢). The CP-Tg mice showed initial ischemia for the first 10 minutes, followed
by rapidly reperfusion to almost normal blood flow at 25-30 mins during AA (10 mg/kg) induction (Fig. 5¢).
By contrast, wild-type mice suffered from AA-induced ischemia and were unable to perform the reperfusion,
leading to permanent ischemia and death (Fig. 5¢). Quantitative data of the integrated intensity are displayed in
Fig. 5d. Similarly, the brain anatomy also confirmed that the CP Tg-mice maintained normal blood reperfusion
and did not develop vascular damage under 10 mg/kg AA induction at the end of the experiment (2hours).
However, ischemic and vascular damage were clearly observed in wild-type mice under identical conditions
(Supplementary Fig. 5). Our results indicated a remarkable protection against stroke and cardiac arrest by the
permanently incorporated single hybrid enzyme gene in transgenic mice.

CP-Tg mice are resistant to non-prostanoid-related vasoconstrictive damage. To evaluate the
resistance of CP-Tg mice to any non-prostanoid-related vascular damage, angiotensin-induced vasoconstric-
tive ischemia was used. In general, angiotensin can cause vascular stress by inducing acute vascular constric-
tion, which results in reduced blood flow in peripheral and major organs, such as brain, heart, and kidneys. The
changes in peripheral blood reperfusion in the hind limbs of mice were monitored by laser Doppler scanning
before and after administering angiotensin to the animals. CP-Tg mouse resistance to induced vasoconstric-
tive ischemia was clearly observed (Fig. 6). All three CP-Tg mice showed slightly decreased reperfusion from
2-15minutes, followed by recovery to almost normal reperfusion at 30 minutes after receiving the angiotensin
(Fig. 6a). In comparison, the reperfusion of all three wild-type mice was dramatically reduced starting at the
first minute up to the thirtieth minute without recovery after angiotensin injection (Fig. 6b). These results indi-
cated that the incorporated COX-1-10aa-PGIS gene in transgenic animals was able to resist the induced vascular
damage.

CP-Tg mice are resistant to high-fat diet-induced lipid accumulation. A high-fat diet was fed to
the CP-Tg and wild-type mice for 6 months. Anatomic analyses were performed to compare lipid accumulation
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Figure 5. CP-Tg mouse resistance to AA-induced thrombotic stroke, heart arrest and death. (a) Diagram of
the model of AA-induced thrombotic stroke. (b) The mortality of CP-Tg and WT mice following AA injection.
The dose of arachidonic acid is the highest dose that each type of mouse could withstand. N =5 for each type of
mouse. (¢) Peripheral blood reperfusion of CP-Tg and WT mice under AA-induced thrombotic stroke. Blood
reperfusion of the lower body of the mice was monitored by image scanning using a laser Doppler before and
after injection of AA. Three WT mice and four CP-Tg mice were tested. (d) The total integrated density of blood
flow analyzed using the Image] Heatmap plugin. Data were analyzed by two-way ANOVA with both the time
factor and genotype factor. P=0.015 for the time factor, and p = 0.025 for the genotype factor. There was no
significant interaction between the two factors.

in liver. Figure 7a shows much less lipid accumulation in the liver of CP-Tg compared with wild-type mice. We
used particle analysis in Image] to examine the lipid accumulation in liver, in which the dark spots represent lipid
accumulation. The count is the number of dark spots, while the total area and the % area indicate the intensity of
the dark spots. Additionally, the average size indicates the average particle size, and the mean is the mean intensity
of the entire image. Because of the similar average particle size and image background, the lower total area and
% area observed in our Tg mice after a high-fat diet suggested a reduction of hepatic lipid accumulation. These
data further indicated that the controlled AA metabolites favoring PGIs and disfavoring PGE, and TXA, have
beneficial resistance effects against high-fat diet-induced damage to the liver.

CP-Tg mice have a long lifespan. The FVB/N CP-Tg mice and wild-type FVB/N-WT mice were main-
tained in identical life conditions, such as a stable temperature at approximately 24 °C with identical diets and
general health care. Their overall lifespan was recorded for almost three years. The CP-Tg mice were not only
free from suffering bleeding tendencies, headaches (no head-directed wiping and scratching'”), hypotension, and
other vascular-related dysfunctions correlated with the progression of aging, but they also had longer lifespans in
general (Fig. 7b), in which the longest life span reached almost 1000 days, with an average of 757.6 4= 40.63 days.
Wild-type control mice had a longest lifespan of 670.5 & 32.37 days (Fig. 7b).

Discussion

For decades, the use of PGI, mimic to treat vascular diseases, such as pulmonary arterial hypertension, has been
well documented'®!. The vascular protective effects of PGI, have also been well demonstrated by studies showing
an increase in the risk of heart attack associated with the use of COX-2 inhibitors, such as Vioxx, by suppressing
PGI, production. By contrast, reducing TXA, production, such as through aspirin use, is a more traditional way
to provide protection heart disease and stroke. Anti-inflammatory and anti-proliferation drugs are often used
to treat vascular inflammation during restenosis and arteriosclerosis development through suppression of the
biosynthesis of an inflammatory factor, such as PGE,. Thus, it becomes very interesting to develop an ideal inter-
vention that could integrate the three forms, increasing PGI, biosynthesis associated with a decrease in TXA,
and inflammatory PGE, production in vivo to enhance the protective power against heart disease and stroke.
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Figure 6. CP-Tg mouse resistance to angiotensin-induced vasoconstrictive ischemia during peripheral blood
reperfusion. Blood reperfusion of the hind limbs of the mice was monitored by image scanning using a laser
Doppler before and after injection of angiotensin as described in experimental procedures. (a) Three CP-Tg

mice. (b) Three wild-type mice. The green, yellow and red colors represent increasing intensities of blood
reperfusion: week, medium and strong, respectively.

Our CP-Tg mouse is the first transgenic mouse line used to test this intervention. As expected, the single COX-1-
10aa-PGIs gene incorporated into the mice redirected the endogenous AA metabolite in favor of PGI, production
while reducing TXA, and PGE, in the circulation, as evidenced by LC/MS analysis (Fig. 3). In particular, func-
tional COX-1-10aa-PGIS enhanced expression in major organs, such as the heart, brain, and kidneys, suggesting
that the blood circulation and oxygen level might also be increased in these organs. This phenomenon could
provide a fundamental benefit by preventing vascular diseases caused by acute thrombotic and vasoconstrictive
damages, as well as chronic ischemia.

By contrast, there were no indications of any abnormal bleeding or hypotension, which might have resulted
from the over-expression of COX-1-10aa-PGIS in transgenic mice. Although bleeding time was prolonged in
CP-Tg mice due to the anti-thrombotic properties, it did not cause any bleeding disorders and remained within a
safe range. PGI, is a potent endogenous vasodilator and may therefore lead to blood pressure lowering similar to
the administration of a PGI, mimic. However, both the systolic and diastolic blood pressures of the CP-Tg mice
were similar to those of wild-type mice using the tail cuff method (Fig. 5). This phenotype could be explained
by compensatory mechanisms that regulate blood pressure to normal levels in CP-Tg mice, which is a common
physiological effect when using the transgenic approach instead of drug therapy.

Thrombosis and vasoconstriction are major causes of death by stroke and cardiac arrest. The CP-Tg mice
showed resistance to ischemia and death in the Rose Bengal/laser- and AA-induced thrombotic stroke and car-
diac arrest models (Figs 4, 5), as well as resistance to angiotensin-induced vascular damage (Fig. 6). These data
provide strong evidence that the single COX-1-10aa-PGIS gene has preventive and therapeutic value against
thrombotic/vasoconstrictive heart disease and stroke in general.

Furthermore, it should be noted that a mental balancing test of the CP-Tg mice revealed better learning mem-
ory and less anxiety'® compared with the control mice. In addition, all the heterozygous and homozygous mice
shared equal phenotypes and displayed normal behavioral patterns. Altogether, these findings provide insight
suggesting that up-regulated PGI, and down-regulated TXA, and PGE, via the transgenic approach using the
COX-1-10aa-PGIS gene have notable major adverse effects in vivo. The longer lifespan of the CP Tg mice (Fig. 7)
provides initial data to justify our conclusion. The observed resistance to high-fat diet-induced lipid accumu-
lation in CP-Tg mouse liver further demonstrated the possible long-term benefits of the prevention of heart
diseases by controlling the microenvironment of cellular AA metabolism in favor of PGI, using the COX-1-
10aa-PGIS gene.
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Figure 7. CP-Tg mouse are resistant to a high-fat diet and have a longer lifespan. (a) Comparison of lipid
deposits between CP-Tg and wild-type mice after being fed a high-fat diet. (b) Comparisons of life span
between FVB/N-WT and FVB/N-TG mice. Kaplan-Meier survival curves were obtained by recording the life
span of the mice from the date of birth to death or termination, as compared with FVB/N-W'T mice (solid
line, n=28) and FVB/N-TG mice (dashed line, n =9). The causes of death included tumor size >1.5cm (TG 2),
emaciation (TG 2), respiratory issues (WT 1, TG 3), or unknown (WT 7, TG 3).

An ideal transgenic approach for expression of a therapeutic gene in vivo is to maintain the ability to deacti-
vate the gene after the desired benefit has been achieved. In our future studies, we would like to test if COX-1-
10aa-PGIS activity in transgenic mice can be controlled by inhibiting PGI, production activity, especially by the
use of COX-1 and PGIS inhibitors, such as aspirin and U-51605%. The availability of such options allows control
of the incorporated COX-1-10aa-PGIS activity in the transgenic mice. This will be examined in our future studies.

In conclusion, the COX-1-10aa-PGIS gene composed of a single enzyme with unique triple catalytic activities
has been successfully incorporated into transgenic mice, which could control the microenvironment of cellu-
lar AA metabolites to provide triple vascular protection activities by increasing the conversion of AA to PGI,
while reducing the levels of AA available for TXA, and PGE, synthesis. The resistance to the induced thrombotic
and vasoconstrictive damage caused by the incorporated COX-1-10aa-PGIS was clearly identified in vivo. Our
approach represents a new vascular protective strategy because triple effects have not been successfully achieved
by any drugs to date, such as aspirin or PGI, mimics. Thus, our findings raise the possibility that heart disease may
also be treated in the future by a simple transgenic approach targeting specific organs, when ethical and safety
issues have been overcome and perfected accordingly.

Materials and Methods

Animals. The CP-Tg, containing a hybrid enzyme of COX-1 linked to PGIS (COX-1-10aa-PGIS), and WT
mice used in the experiments were maintained in the Animal Care Facility at the University of Houston. The ani-
mals were kept in groups of one to five mice per cage in a room with a 12-h light cycle (lights on at 6:00 AM and
off at 6:00 PM) at 23 °C with food and water available ad libitum. Male and female mice were randomized across
the groups, with each group having an even number of male and female mice. All experiments were approved
by and conducted in accordance with the University of Houston and the University of Texas M.D. Anderson
Cancer Center Institutional Animal Care and Use Committees (IACUC) and implemented following the National
Research Council’s Guide of The Care and Use of Laboratory Animals.

Engineering of the SCEC, COX-1-10aa-PGIS cDNA and subcloning. The sequence of COX-1
linked to PGIS through a 10-amino acid residue (10 aa) linker (COX-1-10aa-PGIS) was generated by PCR and
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subcloning procedures provided by the vector company (Invitrogen) as previously described''>17:21, The result-
ing cDNA was successfully subcloned into the pcDNA 3.1 vectors at Kpnl and BamHI sites containing a cyto-
megalovirus early promoter by PCR. The correct cDNA sequences were confirmed by DNA sequencing and
restriction enzyme digestion analyses.

Construction of the cDNA plasmid to generate transgenic mice over-expressing COX-1-
10aa-PGIS. The pcDNA3.1 vector containing COX-1-10aa-PGIS was cut at Nrul and Sphl sites to obtain a
3.2-kb cDNA of COX-1-10aa-PGIS with a pCMV promoter and PGH polyadenylation site (pA) as a transgene
fragment. The identity of the construct was further confirmed by restriction enzyme mapping and DNA sequence
analysis.

Generation of transgenic mice overexpressing COX-1-10aa-PGIS. FVB/N (Jackson Lab) female
mice were maintained under a 14-hr light/10-hr dark cycle and superovulated with 5 IU of pregnant mare
serum-gonadotropin followed by (after 48 hrs) 5 IU of human-chorionic gonadotropin. These females were
placed with intact FVB males for mating. Fertilized oocytes were collected from the isolated oviducts of the
superovulated females the following morning and treated briefly with bovine hyaluronidase in M2 medium to
remove the associated debris. The COX-1-10aa-PGIS gene fragment was gel-purified using a QIAGEN kit, diluted
(immediately before microinjection) to a concentration of 3ng/uL and then microinjected into the pronuclei of
fertilized oocytes using a pronuclear microinjection technique. The manipulated oocytes were transferred surgi-
cally into the oviducts of surrogate (pseudo-pregnant) recipient female mice and allowed to develop to full term
to obtain the new generation of mice, which was tested for the presence of the COX-1-10aa-PGIS gene (CP-Tg).
The initial procedures were performed at the University of Texas M. D. Anderson Cancer Center (Houston, TX).

Identification of the COX-1-10aa-PGIS gene in mice. To evaluate the expression of COX-1-10aa-PGIS
in the new mice, PCR analysis was performed using mouse tail tissue. Briefly, tails (1.5-2 mm) were digested
in 100 pl of 1 x PCR buffer with detergents (0.45% NP40, 0.45% TWEEN 20) and 10 ul proteinase K (10 mg/
ml) at 60 °C overnight. The sample was further denatured in proteinase K by boiling for 15 min, followed by
cooling on ice for 5minutes. The isolated genomic DNA (2 L tail DNA was added to a final reaction volume
of 20 uL) was subjected to PCR analysis using PCR Reaction Buffer (1x PCR buffer, 2.5mM MgCl,, 200 uM
dNTPs, 1 pM each designed primer, and 1 unit Taq Polymerase under the following conditions: hold at 94°C
for 4.5 min, 30 cycles of 94 °C for 30sec, 72°C for 1 min, and holding at 4 °C until analysis. The primer sets
used for the COX-1-10aa-PGIS gene were as follows: sense 5'-CCTCAAGGGTCTCCTAGGGA-3' and anti-
sense 5'-GTGCTTCTCCTTCATCCTCGT-3'. The amplified product with a length 445bp encoded the unique
region (from the COX-1 C-terminal region and the 10-aa linker to the PGIS N-terminal region) of the COX-1-
10aa-PGIS hybrid enzyme. The PCR product was analyzed by agarose gel electrophoresis.

Determination of the protein expression of COX-1-10aa-PGIS in mouse tissues. The tissues were
homogenized in PBS on ice and then immediately solubilized in SDS-PAGE buffer containing 2% SDS and ana-
lyzed by 7% SDS-PAGE and Western blotting as described previously''-'>'7.

Determination of the endogenous AA metabolite profiles in mice using urine samples by LC/
MS. The mouse urine was collected (n = 6) and passed through a C18 cartridge. The eluent (eluted with ace-
tone) was dried under nitrogen gas, and the residual substrate was diluted in buffer A (containing 0.1% acetic acid
and 35% acetonitrile). The prepared sample was injected into the Waters Micromass LC/MS/MS system using an
auto-sampler, in which the metabolites were first separated using a RP-HPLC C18 column and then automatically
injected into the mass detector equipped with an ESI source in negative mode. Synthetic AA, PGE,, 6-keto-PGF,
(PGI, stable and final metabolite), and TXB, obtained from Cayman Chemical Company (Ann Arbor, MI), were
used as standards to calibrate the LC/MS system, identify the corresponding prostanoids, and normalize the
detection limits and sensitivities.

Bleeding time assay. The tip of the mouse tail was clipped (2mm) with scissors, and blood was blotted onto
filter paper while the time was noted at the first seconds. Thereafter, the clipped tip of the tail was blotted on a
clean section of filter paper every 30 seconds until there was no longer detectable blood, at which point the total
bleeding time was determined according to the following formula:

Bleeding time (min) = number of dots x 0.5
The bleeding time was compared between wild-type and transgenic mice.

Blood pressure and heart rate detection. The blood pressure (BP) and heart rate (HR) were measured
using the tail cuff method using the CODA system from Kent Scientific Corporation, Torrington, CT. Blood pres-
sure was measured for every individual mouse for three consecutive days to allow for acclimatization and thereby
obtain more accurate measurements. Systolic, Diastolic BP, and HR were measured and plotted to compare any
changes in these parameters between WT and CP-Tg mice.

Rose Bengal/Laser-induced thrombotic stroke model.  The thrombotic stroke model was created by
establishing photochemical vascular injury in the carotid artery of CP-Tg mice according to previously described
methods [4]. Briefly, male mice were anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and placed in a
supine position. Then, the left common carotid artery was exposed, and a laser Doppler flow probe 407 connected
to a laser Doppler Perfusion Monitor (LDPM) Unit-Periflux System (PF) 5010 was positioned on the artery to
record a constant baseline blood flow. Next, the carotid artery was exposed to 1.5mW of a green laser beam at
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540 nm (Melles Griot, CA, USA) from a distance of 5cm and Rose Bengal (50 mg/kg) was injected through the
tail vein. At this point, blood flow was constantly recorded using the accompanying software. The formation of an
occlusive thrombus was indicated by the cessation of blood flow.

Determination of resistance to AA-induced thrombotic heart arrest in vivo. Sodium AA (1mg/
ml, Sigma) in saline solution was continually infused into the mice through the tail vein. Heart beat was mon-
itored using an ultrasound monitor (Sono Site - TITAN). The time at which the mouse heart beat stopped was
used as the end-point for the AA resistance test.

Determination of angiotensin ll-induced vasoconstrictive peripheral reperfusion damage. The
mice were anesthetized by isoflurane inoculation. Angiotensin II (160 ug) was administered through the tail vein
and peripheral blood reperfusion before and after angiotensin injections were monitored by a laser Doppler
scanner (Perimed).

Determination of hepatic lipid accumulation-induced by a high-fat diet. Wild-type and trans-
genic mice were both fed a regular diet and a high-fat diet (Teklad, TD.01383). The diet was nutritionally com-
plete for mice, composed of the parent 2018 diet with 2% cholesterol. The mice were fed for 6 months. After that,
the mice were sacrificed, and their liver were sectioned for hematoxylin and eosin staining.

Statistical analysis and graphing. Data were analyzed using GraphPad Prism (GraphPad software, Inc.,
San Diego, USA) with the appropriate analytic methods. Adobe Photoshop CC was used to increase the resolu-
tion of the images. All images were created in our laboratory.

References

1. Smith, W. L. Prostanoid biosynthesis and mechanisms of action. American Journal of Physiology-Renal Physiology 263, F181-F191
(1992).

2. Rouzer, C. A. & Marnett, L. J. Cyclooxygenases: structural and functional insights. J Lipid Res 50(Suppl), S29-34, https://doi.
org/10.1194/j1r.R800042-JLR200 (2009).

3. Pirlamarla, P. & Bond, R. M. FDA labeling of NSAIDs: Review of nonsteroidal anti-inflammatory drugs in cardiovascular disease.
Trends Cardiovasc Med 26, 675-680, https://doi.org/10.1016/j.tcm.2016.04.011 (2016).

4. Weksler, B. B. Prostanoids and NSAIDs in cardiovascular biology and disease. Curr Atheroscler Rep 17, 41, https://doi.org/10.1007/
$11883-015-0514-9 (2015).

5. Siehr, S. L. et al. Children with pulmonary arterial hypertension and prostanoid therapy: long-term hemodynamics. The Journal of
Heart and Lung Transplantation 32, 546-552 (2013).

6. Avendaro, M. et al. Role of COX-2-derived PGE2 on vascular stiffness and function in hypertension. British journal of pharmacology
173, 1541-1555 (2016).

7. Shakil, H. & Saleem, S. Genetic deletion of prostacyclin IP receptor exacerbates transient global cerebral ischemia in aging mice.
Brain sciences 3, 1095-1108 (2013).

8. Stitham, J. & Hwa, J. Prostacyclin, Atherothrombosis and Diabetes Mellitus: Physiologic and Clinical Considerations. Curr Mol Med
16, 328-342 (2016).

9. Sasaki, Y. et al. Genetic-deletion of Cyclooxygenase-2 Downstream Prostacyclin Synthase Suppresses Inflammatory Reactions but
Facilitates Carcinogenesis, unlike Deletion of Microsomal Prostaglandin E Synthase-1. Sci Rep 5, 17376, https://doi.org/10.1038/
srepl7376 (2015).

10. Francois, H. et al. Prostacyclin protects against elevated blood pressure and cardiac fibrosis. Cell Metab 2, 201-207, https://doi.
org/10.1016/j.cmet.2005.08.005 (2005).

11. Egan, K. M. et al. COX-2-derived prostacyclin confers atheroprotection on female mice. Science 306, 1954-1957, https://doi.
org/10.1126/science.1103333 (2004).

12. Castellana, M. et al. Enzyme clustering accelerates processing of intermediates through metabolic channeling. Nature biotechnology
32,1011-1018 (2014).

13. Ruan, K. H. et al. An active triple-catalytic hybrid enzyme engineered by linking cyclo-oxygenase isoform-1 to prostacyclin synthase that
can constantly biosynthesize prostacyclin, the vascular protector. FEBS ] 275, 5820-5829, https://doi.org/10.1111/j.1742-4658.2008.06703 x
(2008).

14. Ruan, K.-H., Deng, H. & So, S.-P. Engineering of a protein with cyclooxygenase and prostacyclin synthase activities that converts
arachidonic acid to prostacyclin. Biochemistry 45, 14003-14011 (2006).

15. Ruan, K.-H., Mobhite, A. J. & So, S.-P. Resistant to thrombosis, induced stroke and heart arrest by incorporation of a single gene of
PGI2-synthesizing COX-1-PGIS in vivo: Implication against human heart disease. International Journal of Cardiology 168,
2960-2961, https://doi.org/10.1016/j.ijcard.2013.03.114 (2013).

16. Vollert, C. et al. Elevated prostacyclin biosynthesis in mice impacts memory and anxiety-like behavior. Behavioural brain research
258, 138-144 (2014).

17. Ruan, K. H. et al. An active triple-catalytic hybrid enzyme engineered by linking cyclo-oxygenase isoform-1 to prostacyclin synthase
that can constantly biosynthesize prostacyclin, the vascular protector. The FEBS journal 275, 5820-5829 (2008).

18. Simonneau, G. et al. Continuous subcutaneous infusion of treprostinil, a prostacyclin analogue, in patients with pulmonary arterial
hypertension: a double-blind, randomized, placebo-controlled trial. Am ] Respir Crit Care Med 165, 800-804, https://doi.
org/10.1164/ajrccm. 165.6.2106079 (2002).

19. Gomberg-Maitland, M. & Olschewski, H. Prostacyclin therapies for the treatment of pulmonary arterial hypertension. Eur Respir |
31, 891-901, https://doi.org/10.1183/09031936.00097107 (2008).

20. Gluais, P., Paysant, J. & Badier-Commander, C. et al. In SHR aorta, calcium ionophore A-23187 releases prostacyclin and
thromboxane A2 as endothelium-derived contracting factors. American Journal of Physiology. Heart and Circulatory Physiology 291,
H2255-H2264 (2006).

21. Huang, D. et al. Characterization of a mouse model of headache. Pain 157, 1744-1760, https://doi.org/10.1097/j.
pain.0000000000000578 (2016).

Acknowledgements

The authors would like to thank Mr. George N. Wang for assistance with the image data analysis, and Dr. Chang
Chen for assistance with western blotting. This work was supported by NIH Grants (RO1 HL56712 and HL79389
for KHR) and American Heart Association grants (10GRNT4470042 and 14GRNT20380687 for KHR).

SCIENTIFICREPORTS | (2018) 8:1653 | DOI:10.1038/s41598-018-19661-y 11


http://dx.doi.org/10.1194/jlr.R800042-JLR200
http://dx.doi.org/10.1194/jlr.R800042-JLR200
http://dx.doi.org/10.1016/j.tcm.2016.04.011
http://dx.doi.org/10.1007/s11883-015-0514-9
http://dx.doi.org/10.1007/s11883-015-0514-9
http://dx.doi.org/10.1038/srep17376
http://dx.doi.org/10.1038/srep17376
http://dx.doi.org/10.1016/j.cmet.2005.08.005
http://dx.doi.org/10.1016/j.cmet.2005.08.005
http://dx.doi.org/10.1126/science.1103333
http://dx.doi.org/10.1126/science.1103333
http://dx.doi.org/10.1111/j.1742-4658.2008.06703.x
http://dx.doi.org/10.1016/j.ijcard.2013.03.114
http://dx.doi.org/10.1164/ajrccm.165.6.2106079
http://dx.doi.org/10.1164/ajrccm.165.6.2106079
http://dx.doi.org/10.1183/09031936.00097107
http://dx.doi.org/10.1097/j.pain.0000000000000578
http://dx.doi.org/10.1097/j.pain.0000000000000578

www.nature.com/scientificreports/

Author Contributions

Q.-LL., A M, EM, HA, Q-YL, S.-PS. performed the experiments, analyzed the data, and prepared the
figures. K.-H.R. designed the experiments. Q.-L.L. and K.-H.R. wrote the manuscript. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19661-y.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:1653 | DOI:10.1038/s41598-018-19661-y 12


http://dx.doi.org/10.1038/s41598-018-19661-y
http://creativecommons.org/licenses/by/4.0/

	Creating a mouse model resistant to induced ischemic stroke and cardiovascular damage

	Results

	Generation of transgenic mice carrying a SCHEC, COX-1-10aa-PGIS gene. 
	Identification of the CP-Tg mice permanently incorporated with the single gene of COX-1-10aa-PGIS. 
	The gene profile of COX-1-10aa-PGIS expression in different organs. 
	Vascular protection by dual effects through increasing endogenous levels of PGI2 and decreasing levels of thrombotic factor ...
	Identification of the vascular protective potential through anti-coagulation/anti-thrombosis activity of the single COX-1-1 ...
	CP-Tg mouse resistance to the induced thrombotic reaction using carotid artery thrombosis as a model. 
	CP-Tg mouse resistance to death by AA-induced stroke and cardiac arrest. 
	CP-Tg mice are resistant to non-prostanoid-related vasoconstrictive damage. 
	CP-Tg mice are resistant to high-fat diet-induced lipid accumulation. 
	CP-Tg mice have a long lifespan. 

	Discussion

	Materials and Methods

	Animals. 
	Engineering of the SCEC, COX-1-10aa-PGIS cDNA and subcloning. 
	Construction of the cDNA plasmid to generate transgenic mice over-expressing COX-1-10aa-PGIS. 
	Generation of transgenic mice overexpressing COX-1-10aa-PGIS. 
	Identification of the COX-1-10aa-PGIS gene in mice. 
	Determination of the protein expression of COX-1-10aa-PGIS in mouse tissues. 
	Determination of the endogenous AA metabolite profiles in mice using urine samples by LC/MS. 
	Bleeding time assay. 
	Blood pressure and heart rate detection. 
	Rose Bengal/Laser-induced thrombotic stroke model. 
	Determination of resistance to AA-induced thrombotic heart arrest in vivo. 
	Determination of angiotensin II-induced vasoconstrictive peripheral reperfusion damage. 
	Determination of hepatic lipid accumulation-induced by a high-fat diet. 
	Statistical analysis and graphing. 

	Acknowledgements

	Figure 1 Mouse model generation and identification.
	Figure 2 Gene and protein expression in different organs.
	Figure 3 Vascular protective potential assessment.
	Figure 4 CP-Tg mouse resistance to Rose Bengal/laser beam-induced thrombotic stroke and death.
	Figure 5 CP-Tg mouse resistance to AA-induced thrombotic stroke, heart arrest and death.
	Figure 6 CP-Tg mouse resistance to angiotensin-induced vasoconstrictive ischemia during peripheral blood reperfusion.
	Figure 7 CP-Tg mouse are resistant to a high-fat diet and have a longer lifespan.




