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Abstract
Introduction—Plasminogen Activator Inhibitor-1 (PAI-1) is a member of the Serine Protease
Inhibitor (SERPIN) gene family and a key regulator of fibrinolysis. PAI-1 is unique among SERPINs
in its spontaneous transition to a latent, inactive state, with a half-life of approximately 2 hours under
physiologic conditions. The biologic importance of the PAI-1 transition to latency is unknown. This
study aimed to engineer transgenic overexpression of a stable murine PAI-1 variant to examine the
physiologic effects in vivo from delayed transition of PAI-1 to latency.

Materials and Methods—Ten independent transgenic lines were generated with expression of a
stable PAI-1 variant driven by the hybrid CMV/chicken β-actin promoter.

Results—Plasma PAI-1 levels in the transgenic founders ranged from 3.1±0.1 ng/mL to 1268.8
±717.0 ng/mL. Quantitative PCR analysis in 3 transgenic lines demonstrated elevated PAI-1 mRNA
in multiple tissues, with the highest increases observed in liver, brain, heart, and kidney. The fold-
increase in PAI-1 mRNA over wild-type ranged from 2-fold to >2000-fold. Immunohistochemistry
showed increased PAI-1 in liver, kidney, heart, spleen, and lung. Histologic examination of
transgenic mice showed no evidence of thrombosis. The two founders with the highest plasma PAI-1
levels failed to produce any transgenic offspring that survived to weaning, although genotyping of
expired pups revealed successful transmission of the transgene.

Conclusion—These results suggest that high expression of a stable variant of PAI-1 may be lethal
in mice, while more moderate expression is generally well tolerated and produces no apparent
thrombosis.
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PAI-1 is the major physiologic inhibitor of tissue-type Plasminogen Activator (tPA) and
urokinase Plasminogen Activator (uPA), enzymes that activate plasminogen to its active form
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plasmin and lead to fibrinolysis. PAI-1-deficiency in humans results in a mild to moderate
bleeding disorder[1-3], while high plasma levels of PAI-1 have been linked to heart disease
and diabetes[4-7]. In mice, PAI-1 deficiency results in reduced thrombus formation in models
of vascular injury[8,9]. In addition to its role in hemostasis, PAI-1 has been implicated in the
pathophysiology of numerous other processes, including atherosclerosis, obesity,
tumorigenesis, wound healing, and fibrosis[10].

SERPINs all share a similar structure with 9 alpha-helices, 3 beta-sheets, and a strained reactive
center loop. At the molecular level, inhibition occurs when the target protease cleaves the
SERPIN at the P1-P1’ peptide bond of the reactive center loop, which subsequently inserts as
the fourth strand in beta-sheet A[11-13]. PAI-1 is unique among SERPINs in that this inhibitory
activity declines rapidly under physiologic conditions with a half-life of approximately 2 hours.
Virtually all plasma PAI-1 is bound to vitronectin, which approximately doubles the functional
half-life[14]. The functional instability of PAI-1 is due to a spontaneous conformational change
to a more stable yet inactive state[15]. Although similar conformational changes can be induced
in other SERPINs[11], only PAI-1 spontaneously transitions to latency. The short functional
half-life of PAI-1 suggests that tight control of PAI-1 function may be biologically important.
Berkenpas et al identified 14 independent PAI-1 variants, each containing 1 or more amino
acid substitutions resulting in enhanced functional stability[16]. The most stable mutant
contained 4 amino acid substitutions (N150H, K154T, Q319L, and M354I) and exhibited a
functional half-life of 145 hours. This stable human PAI-1 variant was subsequently expressed
as a transgene from the preproendothelin-1 promoter in mice to study the effects of enhanced
PAI-1 functional stability in vivo[17-19]. The transgenic mice exhibited spontaneous coronary
artery thrombosis around 6 months of age. This phenotype had not been observed in previously
reported PAI-1 transgenic mice, which include wild-type human PAI-1 overexpressed from
the metallothionein-I promoter[20] and wild-type murine PAI-1 overexpressed from either the
CMV promoter[21] or the adipocyte aP2 promoter[22]. The metallothionein-I-driven human
PAI-1 transgenic mouse demonstrated venous thrombosis of the hind limbs and tail. The murine
PAI-1 transgene expressed from the aP2 promoter resulted in adipose hypotrophy, but neither
of the murine PAI-1 transgenic mice exhibited any thrombosis. These results raise the
possibility of a cross-species difference in PAI-1 function. To address this issue and to examine
the physiologic effects in vivo from delayed PAI-1 transition to latency, we generated
transgenic mice expressing a stable variant of murine PAI-1.

Materials and Methods
Functional half-life of mutant murine PAI-1

The mutant murine PAI-1 and wild-type human PAI-1 sequences were cloned into pET-3a
(Stratagene, Cedar Creek, TX) and expressed in E.coli, strain BL21(DE3)PlysS. Human PAI-1
was purified as previously described[23]. Mutant murine PAI-1 was purified by Molecular
Innovations, Inc. (Southfield, MI) as previously described[24]. Murine wild-type PAI-1 was
purchased from Molecular Innovations, Inc. PAI-1 protein was diluted to 20ng/μL in assay
buffer (150mM NaCl, 50mM Tris pH 7.5, 0.01% Tween 80, 100μg/mL bovine serum albumin)
and tested for functional stability against uPA (America Diagnostica, Stamford, CT) using a
chromogenic substrate assay as previously described[24]. PAI-1 samples were tested after
incubation at 37°C for varying lengths of time, and the remaining inhibitory activity was
determined as a percentage of the value at time zero. Final values are averaged from 4
experiments.

Construction of the stable murine PAI-1 transgene
Murine PAI-1 cDNA (from nucleotide 111 to 1538 in Genbank accession number M33960)
was cloned into the Sma I restriction site of pALTER-1 (Promega, Madison, WI). Point
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mutations were introduced into murine PAI-1 cDNA using Promega GeneEditor, according to
the manufacturer’s instructions. Codon 177 was mutated from AAG to ACC and codon 342
was mutated from CAG to CTG (Table 1, primers 1 and 2), creating the substitutions K154T
and Q319L in the mature peptide. Mutations were confirmed by sequencing at the University
of Michigan Sequencing Core.

The complete transgenic construct is shown in Figure 1A and contains from 5’ to 3’: the CAG
promoter consisting of the CMV immediate-early enhancer and the chicken β-actin promoter,
a chimeric intron, murine PAI-1 cDNA mutated as described above, and the SV40 early
polyadenylation signal. The CAG promoter was initially reported by Niwa et al. [25], and was
subsequently cloned into pGEM-3Z (Promega, Madison, WI) to create pCAG3Z[26](gift of
Sally Camper). The CAG promoter contains not only the promoter region from chicken β-
actin, but also the transcription start site and a portion of the 5’ UTR, as indicated in Figure 1.
A chimeric intron from cloning vector pCI (Promega Corporation) was amplified (Table 1,
primers 3 and 4) from nucleotide 845 to nucleotide 1014 and cloned into the PstI and SphI
restriction sites downstream of the CAG promoter in the pCAG3Z vector.

The SV40 early polyadenylation signal from the pEGFP-1 cloning vector (Clontech, Mountain
View, CA) was amplified (Table 1, primers 5 and 6) from nucleotide 826 to nucleotide 1056
and cloned into the XbaI and SalI restriction sites downstream of the mutant PAI-1 cDNA in
pALTER-1. Then a fragment containing both the mutant PAI-1 and the SV40 polyA sequence
was amplified (Table 1, primers 7 and 8) and cloned into the HindIII restriction site downstream
of the CAG promoter and chimeric intron in pCAG3Z.

The resultant transcript from the completed transgenic construct should contain a portion of
5’UTR from chicken β-actin, followed by the artificial UTR surrounding the chimeric intron,
followed by a portion of murine PAI-1 5’UTR and the murine PAI-1 coding sequence. The
content of the completed construct was confirmed by sequencing at the University of Michigan
Sequencing Core.

Generation of transgenic mice
The purification of transgene construct DNA and subsequent generation of transgenic mice
were performed by the University of Michigan Transgenic Animal Core. Briefly, the transgene
construct was linearized with PvuII and purified from low-melting agarose using the
Nucleopsin Extract Kit (Clontech, Mountain View, CA). Purified DNA was microinjected into
fertilized eggs obtained by mating (C57BL/6 X SJL)F1 female mice with (C57BL/6 X SJL)
F1 male mice. Pronuclear microinjection was performed as described[27]. Genomic DNA was
purified from tail biopsies of founder mice at 2 weeks of age, and genotyping performed by
PCR across PAI-1 intron 8 (Table 1, primers 9 and 10). The PCR reactions were incubated at
94 °C for 5 minutes, followed by 35 cycles of 94 °C for 1 minute, 54 °C for 1 minute, and 72
°C for 1 minute, followed by 72 °C for 10 minutes. Amplification of the intron served as an
internal positive control and gave a 520 base-pair band, while amplification of a 255 base-pair
band lacking the intron indicated the presence of the PAI-1 cDNA transgene (Fig 1B). Founder
mice were (C57BL/6 X SJL)F2 and were backcrossed to C57BL/6J mice. The first generation
of offspring from founders crossed to C57BL/6J will be referred to as N1.

All animals received care in compliance with the American Convention on Animal Care. This
study was approved by the University Committee on Use and Care of Animals.

Estimating transgene copy number
A 172bp fragment of PAI-1 containing codon 154, which was mutated from AAG to ACC in
the transgene, was amplified by PCR and sequenced (Table 1, primers 11 and 12). The area
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under the curve on the chromatogram for both the endogenous and transgenic alleles were
calculated using PolyPhred [28], and the ratio of transgene to endogenous allele determined
from a standard curve constructed with defined ratios of transgene construct DNA to mouse
genomic DNA (Fig S1). The values obtained for the standards were subject to linear regression
using Microsoft Excel.

Measuring plasma PAI-1 levels
Blood samples were obtained by tail snip or by terminal cardiac puncture in each founder and
in 1-4 transgenic offspring from each transmitting line. Nontransgenic controls included 2
founder littermates and 6 F1 littermates from various lines. Blood was collected in tubes with
4% sodium citrate at a final dilution of 1:9. Whole blood was separated by centrifugation at
8000g for 10 minutes. Plasma was collected and stored at -80°C. Plasma PAI-1 levels were
determined by ELISA using the total mouse PAI-1 antigen assay from Molecular Innovations,
Inc. (Southfield, MI), according to the manufacturer’s instructions. Plasma samples were
diluted 1:5 and compared to standardized concentrations of purified PAI-1 protein. All PAI-1
ELISAs were performed by the University of Michigan Thrombosis Program Mouse
Coagulation Laboratory.

Quantification of PAI-1 mRNA
Mice were anesthetized with pentobarbital. Blood was collected by terminal cardiac puncture
and animals were perfused with 5 mL phosphate-buffered saline (137mM NaCl, 10mM
phosphates, 2.7mM KCl, pH 7.5). Tissues were rapidly collected from 3 transgenic mice at
2-4 months of age from each of the 3 lines and 1 wild-type littermate from each of lines 1 and
2, snap frozen in liquid nitrogen, and stored at -80°. Thirty-milligram tissue samples were
homogenized using a handheld rotor-stator homogenizer (Pellet Pestle from Kontes, Vineland,
NJ). RNA extraction was performed using the RNeasy Mini Kit (Qiagen, Valencia, CA). After
RNA purification, cDNA was prepared from approximately 2μg of each RNA sample using
M-MLV Reverse Transcriptase (Promega, Madison, WI) and oligodT primers (Invitrogen,
Carlsbad, CA). Subsequently, PAI-1 cDNA was assayed by quantitative PCR with SYBR
Green PCR Master Mix and the 7300 Real-Time PCR System (Applied Biosystems, Foster
City, CA). A 172bp fragment of PAI-1 was amplified (Table 1, primers 11 and 12), and results
were normalized using qPCR of a 300bp fragment of GAPDH cDNA (Glyceraldehyde-3-
phosphate dehydrogenase, Table 1, primers 13 and 14). Reaction volume was 20μL with each
primer at 100nM. Forty cycles of 95 ° for 15 seconds and 60° for 1 minute were performed.
PCR was performed in triplicate on each sample for each set of primers.

Histology and immunohistochemistry
Tissues were collected at 2-4 months of age from 1 to 2 transgenic mice and 1 wild-type
littermate from each of lines 1, 2, and 7. Tissues examined included brain, heart, lung, liver,
spleen, intestine, kidney, muscle, and adipose. From 2 mice affected with tail autoamputation,
1 from each of lines 1 and 7, tail samples less than 1 cm were collected from the distal remaining
tail. Samples were rapidly collected and fixed in Z-fix (Anatech Ltd., Hayward, CA) for 4
hours at room temperature and overnight at 4°C. Samples were embedded in paraffin,
sectioned, and hematoxylin and eosin staining were performed by the University of Michigan
Comprehensive Cancer Center Tissue Core Research Histology and Immunoperoxidase
Laboratory. Immunohistochemistry was performed following a previously established
protocol[29]. Briefly, tissue sections were deparaffinized in Xylene, treated with 0.3%
hydrogen peroxide and suppressor sera before incubation with primary antibodies for 4 hr at
25°C, either: anti-mouse PAI-1 antibody (Abcam, Cambridge, MA) diluted 1:2,000, or anti-
mouse fibrinogen antibody (Vector, Burlingame, CA) diluted 1:10,000. The sections were then
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rinsed with PBS/Tween 20/Brij, incubated serially in ABC solution (Vector, Burlingame, CA)
and DAB chromogen (Vector, Burlingame, CA), and counterstained with hematoxylin.

Results and Discussion
Generation of stable PAI-1 transgenic mice

Murine PAI-1 cDNA was mutated to encode 2 of the 4 amino acid substitutions found in the
previously reported stable human PAI-1 mutant[16]. These 2 substitutions, K154T and Q319L,
more than tripled the functional half-life of murine PAI-1 (8.7±1.2 hr compared to 2.5±0.6 hr
for wild-type; Fig 2). The other 2 substitutions from the stable human PAI-1 are M354I and
N150H. Murine PAI-1 already contains isoleucine at position 354 and contains aspartate at
position 150, which also stabilizes human PAI-1[30]. These latter 2 amino acids may contribute
to the longer functional half-life of murine PAI-1 compared to human PAI-1 (2.52±0.55hr
versus 1.6±0.23hr; Fig 2). Human PAI-1 containing the 3 substitutions K154T, Q319L, and
M354I displays a functional half-life of 91 hours[16]. The mutant murine PAI-1 in this study
has the same amino acids at these positions but displays a much lower functional half-life of
8.7 hours, likely due to other amino acid differences between murine and human PAI-1 at
positions that interact with these mutations and affect overall stability. To determine the effects
in vivo from delayed PAI-1 latency, a transgene was engineered encoding the stable mutant
murine PAI-1 downstream of the CAG promoter, a hybrid regulatory element containing the
CMV immediate-early enhancer and the Chicken β-actin promoter[25]. Ten independent
transgenic founders were generated. Transgene copy number (estimated by competitive PCR
across the K154T mutation) ranged from 3 to 154 (Fig S1, Table 2).

Characterization of transgene expression
Plasma PAI-1 levels were determined by ELISA in each founder and in 1-4 transgenic progeny
(≥N1) at 2-4 months of age from each line that produced viable transgenic offspring (Table 2).
Plasma PAI-1 levels ranged from 3 to 1269 ng/mL in the founders and from 6 to 683 ng/mL
in the offspring, compared to ~4 ng/mL in wild-type mice. Individual measurements in wild-
type mice were all less than 6.5 ng/ml, consistent with previous reports[31,32]. Thus, except
for line 4, plasma PAI-1 levels in all mice carrying a transgene markedly exceeds the reported
level of tPA and uPA in mouse plasma [31] and should result in no residual plasma activity
for these target proteases.

Similar PAI-1 levels were observed in founders and offspring (r2=0.759). Mosaicism in the
founders could result in lower plasma PAI-1 levels in some founders than in their offspring,
potentially accounting for some of the variability in levels, such as in lines 1 and 7 (Table 2).
Founders 3, 6, and 10, and lines 1 and 7 exhibit higher plasma PAI-1 levels than noted in any
of the previously reported PAI-1 transgenic mice[20,21,33,34]. Although plasma PAI-1 levels
were not described for the human PAI-1 transgenic mouse reported by Erickson et al [20],
murine PAI-1 transgenes driven by the CMV and aP2 promoters produced levels of 108±17
and 24±3.8 ng/mL, respectively[32,35], with levels of 23±12 ng/mL reported for a human
PAI-1 transgene driven by the preproendothelin-1 promoter[36].

Of the 10 founders generated in the current report, 3 failed to transmit the transgene to viable
offspring (Table 3). Of the remaining 7 founders from which lines could be established, lines
1 and 7 with the highest plasma PAI-1 levels and line 2 exhibiting a lower level similar to wild-
type were chosen for further study. PAI-1 mRNA levels were determined by quantitative PCR
in a panel of tissues (Fig 3). The fold-increase in PAI-1 mRNA over wild-type ranged from 22
to 1087-fold in line 1, from 2 to 303-fold in line 2, and from 15 to 2245-fold in line 7. Although
PAI-1 mRNA was not quantified in the previous transgene reports, the metallothionein
promoter human PAI-1 transgene produced increases in PAI-1 antigen ranging from 10 to 75-
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fold across several tissues[20], and the murine adipocyte aP2 PAI-1 transgene produced protein
levels elevated from 1 to 8-fold across tissues[37]. Thus, the levels of PAI-1 expression seen
here with the CAG promoter appear significantly higher than observed in most or all previous
reports.

The distribution of PAI-1 protein expression within tissues was ascertained by
immunohistochemistry. Transgenic mice (≥N1) from line 1 showed prominent PAI-1 protein
in liver, kidney, heart, spleen, and lung. Line 7 showed a similar PAI-1 distribution, with weaker
staining in heart and spleen. In line 2, PAI-1 staining was strongest in the heart, but otherwise
undetectable except at low levels in lung. Interestingly, no PAI-1 protein was detected in the
brains of either transgenic or wild-type mice (data not shown), despite high mRNA expression,
as detected by qPCR (Fig 3). Expression patterns were similar in different organs across
multiple transgenic lines: in the kidney, most PAI-1 protein concentrated in the glomeruli; in
the liver, PAI-1 was consistently observed in sinusoidal endothelial cells, although focal
hepatocytic expression was also prominent; in the lung, the majority of PAI-1 positive cells
were alveolar epithelial cells (Figs 4 & 5). PAI-1 was undetectable in wild-type tissues. These
consistent patterns across lines likely reflect in large part the specific expression program of
the CAG promoter. Tissue specific variation in the level of PAI-1 binding proteins such as
vitronectin may also contribute to this distribution. PAI-1 mRNA upregulation was observed
in more tissues than PAI-1 antigen. Both PAI-1 mRNA and antigen were observed at higher
levels across more tissues in lines 1 and 7 than in line 2, which is also consistent with the higher
plasma PAI-1 levels in the former 2 lines. In line 2, both PAI-1 mRNA and antigen were highest
in the heart, with only low levels detected in other tissues.

The CAG promoter has been reported to direct strong, ubiquitous transgene expression in mice
[38-40], with high level expression documented in brain, liver, kidney, adrenal, testis, lung,
muscle, heart, intestine, adipose, thymus, and spleen[38,39]. Expression has been inconsistent
in some tissues, including erythrocytes and hair[38,39]. The PAI-1 immunohistochemistry data
suggest that transgene expression in these mice is more limited than previous reports of the
CAG promoter, perhaps due to transgene insertion effects. In addition, PAI-1 protein stability
is dependent on binding to vitronectin [14], and differences in levels of vitronectin and other
binding proteins may contribute to the apparent discrepancies between the PAI-1 antigen
detected in the transgenic mice versus the relatively more widespread PAI-1 mRNA
distribution and the more ubiquitous expression pattern previously reported for the CAG
promoter[38-40].

Histopathology of Transgenic Mice
Histopathology was examined in a panel of tissues from transgenic mice in lines 1, 2, and 7.
No histological abnormalities were observed in sections stained with hematoxylin and eosin.
Transgenic mice appeared to have increased fibrin deposition, assessed by
immunohistochemistry, compared to wild-type, especially in the liver and lung in line 1, and
the liver and heart in lines 2 and 7. H&E, PAI-1 expression, and fibrin deposition in the
pulmonary tissues of transgenic and wild-type mice are illustrated in Fig 5. No evidence of
thrombosis was detected in any of the mice.

An unusual autoamputation of the tail was observed in ~30% of transgenic mice in both lines
1 and 7 (5 of 17 and 1 of 3 N1 offspring, respectively), but in 0% of nontransgenic mice in
these lines (0 of 51 and 0 of 38 N1 offspring, respectively). Furthermore, tail autoamputation
was not observed in lines 2, 5, or 8. Tails of affected mice appeared normal at birth, with
autoamputation occurring prior to weaning (Fig 6). Histological examination in 2 affected mice
failed to reveal any evidence of thrombosis or other vascular or developmental abnormality.
In addition, approximately 40% of line 1 transgenic mice (7 of 17 N1 offspring) displayed a
disheveled coat, which was not observed in any line 1 nontransgenic mice (0 of 51 N1
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offspring), or in lines 2, 5, 7, or 8. In addition, occasionally transgenic pups from lines 1, 3,
and 6 displayed stunted growth, lack of fur, and wrinkled skin, and died prior to weaning. The
latter nonspecific phenotypes could be coincidental and cannot be definitively attributed to the
transgene.

The occasional tail autoamputation observed in the transgenic mice in this study is reminiscent
of a previously generated mouse transgenic for human PAI-1 expressed from the
metallothionein-I promoter, which exhibited both tail necrosis and swelling of the hind limbs
due to venous thrombosis[20]. However, no thrombi were detected in the present study, and a
different underlying pathology could be responsible for the tail autoamputation reported here.
As discussed previously, thrombosis was observed in both reports of mice transgenic for human
PAI-1[20,41], but not in any of the mice transgenic for murine PAI-1[21,42], including the
mice reported here. These results may reflect differences between human and murine PAI-1
and potential cross-species interactions between human PAI-1 and nonphysiologic targets in
the mouse.

Under-representation of transgenic offspring
In the absence of mosaicism, 50% of the offspring (N1) from each transgenic founder are
expected to carry the transgene [43,44]. As shown in Table 3, only 27% of the N1 offspring
from all 10 lines carried the transgene (p<0.0001). Individually, lines 1, 3, 6, and 7 show a
statistically significant under-representation of N1 transgenic offspring. However, for
subsequent generations of transgenics produced from the N1 mice, the difference between the
numbers of transgenic and nontransgenic offspring is no longer statistically significant. These
data suggest a surprisingly high level of mosaicism in the transgenic founders. Though not
statistically significant, the trend toward continued under-representation of transgenics among
≥ N2 offspring (92 transgenic versus 120 nontransgenic, p=0.0545) suggests a negative effect
of the transgene on survival and perhaps selection for mosaicism among the original founders.
However, we can’t rule out a modifying effect of genetic background on transgenic survival,
with further backcross into the C57BL/6J strain.

Transgene mosaicism results from transgene integration into the founder genome after the 1-
cell stage, and depending on the contribution to the germline, leads to reduced transgene
transmission to N1 offspring. Mosaicism is observed in 20-30% of transgenic founders[43,
44], consistent with the reduced transgene transmission observed for 4 of 10 founders in this
study. Germinal mosaicism seems particularly likely in founder 7, with transgene transmission
observed to only 7% of N1 offspring, with a 50% transmission frequency for subsequent
generations.

Founder 10 produced several litters but no offspring survived to weaning. Founders 3 and 6
produced no transgenic offspring that survived to weaning (0 out of 15 and 0 out of 18,
respectively), although genotyping of pups that expired prior to weaning revealed that both
founders transmitted the transgene (5 out of 6 and 5 out of 9, respectively). The high frequency
of the transgenic genotype among expired pups suggests that the absence of viable transgenic
offspring for these two lines is not due solely to founder mosaicism. However, the cause of
death for these transgenic neonates was not readily apparent. Of note, founders 3 and 6 also
showed the highest plasma PAI-1 levels among the original 10 founders. Taken together, these
data strongly suggest that high expression of this stable murine PAI-1 variant is lethal in mice.
This lethality is not necessarily due to elevated plasma PAI-1, which could simply be an indirect
marker of high PAI-1 expression in another critical tissue. The occurrence of this apparent
lethality in at least 2 independent lines makes it unlikely that this is a secondary effect due to
a transgene insertion site-specific expression pattern or interruption of an adjacent gene. The
survival of founders 3 and 6 could be due to mosaicism for the transgene, leading to lower
PAI-1 expression levels than in their nonmosaic offspring. Such lethality may also have

Fahim et al. Page 7

Thromb Res. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



selected for a high degree of mosaicism among the founders. Of note, both founders 3 and 6
are female (Table 2), suggesting the possibility that the lethality in their transgenic offspring
might have resulted from high maternal PAI-1 and high fetal PAI-1 acting in concert.

If PAI-1 functioned solely to inhibit tPA and uPA, then overexpression of PAI-1 should be no
more severe than combined deficiency of the target proteases. However, though mice doubly
deficient for tPA and uPA exhibit widespread fibrin deposition and a reduced life span, survival
to weaning is normal [45]. Thus, the neonatal lethality we observed from transgenic PAI-1
expression suggests inhibition of another protease, or an alternative nonprotease-related
function, such as an effect on cell adhesion or migration mediated through PAI-1 interaction
with vitronectin.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Serine Protease Inhibitor

tPA  
tissue Plasminogen Activator

uPA  
urokinase Plasminogen Activator
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Figure 1. Stable PAI-1 transgenic construct
A. The transgenic construct is drawn to scale. Approximate locations of the transcription start
site, the first ATG, and the 2 substitutions are indicated. The 5’ and 3’ limits of the included
PAI-1 cDNA sequence are shown. CMV IE = Cytomegalovirus Immediate-Early Enhancer.
UTR = Untranslated Region. SV40 PolyA = Simian Virus 40 Polyadenylation signal.
B. PCR across PAI-1 intron 8 using genomic DNA from founder mice and wild-type
littermates. Amplification of the intron served as an internal positive control and gave a 520
base-pair band, while amplification of a 255 base-pair band lacking the intron indicated the
presence of the PAI-1 cDNA transgene.
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Figure 2. Functional half-life of mutant PAI-1
Wild-type murine PAI-1 (■), wild-type human PAI-1 (●) and mutant murine PAI-1 with
substitutions K154T and Q319L (▲) were tested for inhibitory activity against human uPA
after incubation at 37°C for the indicated numbers of hours. Values are plotted as the percentage
of inhibition at time zero and represent the average of 4 independent experiments.
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Figure 3. PAI-1 mRNA levels in transgenic tissues
RNA levels determined by qPCR from 3 transgenic mice (≥N1) in each of lines 1 (light grey
bars), 2 (dark grey bars), and 7 (black bars), and in 2 wild-type mice (white bars). The exception
is skin, where RNA was from 1 transgenic mouse in line 1, and 2 transgenic mice in each of
lines 2 and 7. “Intestine” is from the small intestine, “fat” is from the gonadal fat pad, and
“muscle” is from the quadriceps. Values are shown as a fold-increase over wild-type liver,
which had the lowest PAI-1 RNA level of any sample and was arbitrarily set to one. This allows
comparison of PAI-1 RNA levels between tissues as well as between transgenic and wild-type
mice. The asterisks indicate a failed reaction (line 2, skin, 1 mouse; and line 7, skin, both mice).
Values are expressed as mean ± SD.
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Figure 4. Immunodetection of PAI-1 in mouse tissues
PAI-1 immunohistochemistry on sections from liver and kidney of one N1 transgenic mouse
from each of lines 1 and 7, and a wild-type littermate from line 1, shown above at 20X
magnification. Bars indicate 50 μm.
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Figure 5. Histology of transgenic pulmonary tissue
Hematoxylin and eosin staining, fibrin immunohistochemistry, and PAI-1
immunohistochemistry are shown for pulmonary tissue from one N1 transgenic mouse from
each of lines 1 and 7, and a wild-type mouse from line 1, at 20X magnification. Bars indicate
50 μm.
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Figure 6. Transgene-associated tail autoamputation
A 5-week wild-type male from line 1 (top) and a transgenic female littermate (bottom)
demonstrating tail autoamputation in the latter.
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Table 1
Primers

Primer Sequence 5’→3’

1 CAATGACTTACTGGCCACCGGGGCTGTAGACGA

2 CAGCTCTCTGTAGCACTGGCACTGCAAAAGGTC

3 ATTGCGGCTGCAGTGGGCACTGGGCAGGTAAG

4 AGTGGAGCATGCCTGTAATTGAACTGGGAGTGGAC

5 CCATCGTAACGCAGGGCTGTAAGTCTGTG

6 GCTAGGCGTCGACGTCATACATTGATGAGTTTGG

7 GCGTGGCGTGAAGCTTATGTTACCCCTCCGAGAATC

8 CGCCGCAGCCGAACGACCGAG

9 GACCGATCCTTTCTCTTTGT

10 TCTTTTCCCTTCAAGAGTCC

11 GGTATGATCAGTGACTTACTGGC

12 CCATCATGGGCACAGAGAC

13 ACCCAGAAGACTGTGGATGG

14 GGAGACAACCTGGTCCTCAG

The table lists the primers used for mutagenesis, cloning, genotyping, copy number estimation, and qPCR. Restriction sites used in cloning are shown in
italics.
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