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Abstract 

As a close relative of PAI-1, PN-1 is a serpin that can bind and block many kinds of serine 
proteases. Through LRP-1 and MEK signaling, PN-1 is able to activate MMP-9 expression 
and can thus help metastasis to happen. To find out some possible PN-1 inhibitors, we 
are going to examine some of the PAI-1 inhibitors (such as PAI-039, XR-334, TM-5007) 
on inhibiting PN-1 function through both in vitro and in vivo experiment. Both western 
blot and dissection observation will be applied for observation of results. 4T1 cancer cell 
line will experiment on BALB/c mice, and if these PAI-1 inhibitors can be a possible 
inhibitor for PN-1, it not only proves that PN-1 and PAI-1 have a similar structure and 
binding site but also shows their potential as future drugs to suppress metastatic 
activities. These results can give important information for understanding the 
mechanism of action of these inhibitors and future development as a possible drug under 
preclinical tests. 
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1. Introduction 

Every day, there are thousands of people that die because of cancer. Cancer is one of the most 

common diseases in the world. Treatment of cancer is often interrupted by cancer recurrence and 

metastasis, which often cause patient death [1]. Metastasis often results in a secondary tumor focus 

that contains a primary tumor and a biologically advantageous characteristic for exponential growth 

in an organ site that is away from the primary tumor [2]. This metastasis often involves multiple steps 

that interrelated: intravasation, where tumor cell detaches from the primary tumor and invade through 

the membrane while degrading the extracellular matrix using all kinds of protease, and extravasation, 

where tumor cell aggregate and thrombus forms, adhering to vessel walls and proliferating as a 

secondary tumor [2,3]. 

Several types of antimetastatic drugs were invented to target on one of these steps during metastasis, 

such as protease synthesis inhibitor (BB-94, BB-2516, AG3319, E64) [4-7], cell-adhesion molecules 

mimic (RGDS/RLDS peptides, Krestin) [8,9], signal-transduction pathway modifiers (N,N,N-

Trimethylsphigosine, Cicaprost) [10,11], and inhibitors of protease inhibitors (PAI-039, XR-334, 

TM-5007) [12-14] Here, we mainly discuss the effect of these inhibitors of protease inhibitors, as it 

inhibits metastasis at the early stage, and it is always better to treat a disease at its early stage. It may 

seem to be paradoxical to inhibit protease inhibitor, which can interrupt protease function and likely 

prevent cancer cell’s invasion. However, in the case of protease inhibitor PAI-1 with its targets uPA 

and tPA, the PAI-1 turns out to promote angiogenesis and thus induce tumor migration and invasion 

[15-17], which is also supported by clinical studies, showing that both uPA and PAI-1 are unusually 

overexpressed in highly aggressive human breast tumor [18]. This was later referred to as the “PAI-

1 paradox”[19]. 
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Figure 1: A proposed pathway of PN-1 binding with target protease and interacting with LRP-1 and 

increase MMP-9 expression and activity through phosphor Erk 1/2 signaling, and cause a higher 

possibility of metastasis [1]. 

 

Protease nexin-1 (SERPINE 2), which is phylogenetically similar to PAI-1, has a broader inhibitory 

role that blocks uPA, tPA, thrombin, factor Xla, prostasin, and trypsin activity [20-22]. Being an 

analog of PAI-1 in some manner, PN-1 also forms a covalent complex with its target protease, usually 

through its reactive center loop (RCL), and bind low-density lipoprotein receptor-related protein-1 

(LRP-1) to stimulate extracellular signal-regulated phosphorylating signaling, MMP-9 activity, and 

metastatic spread of mammary tumor [1,23] 

Here we examine some of PAI-1-tPA inhibitors, such as PAI-039, XR-334, TM-5007, and their 

inhibition effect on PN-1 using Western Blot of proMMP-9 cleavage to form MMP-9. Both in vitro 

and in vivo experiments will be performed. In vitro experiments will make use of recombinant 

proteins with increasing drug concentration and in vivo experiments carried out in mice with the same 

cancer cell line with different drug injections. The cancer cell line that will be examined is the PN-1 

positive 4T1 cell, which can produce PN-1 itself. The drug that is known to inhibit the PN-1 function 

is currently unknown, but to create a situation without PN-1, shRNA-mediated PN-1 silencing can be 

used to cause a decrease of PN-1 expression.  

Since PN-1 will stimulate MMP-9 activation through the LRP-1 receptor and this stimulation is better 

when PN-1 binds with a wide range of serine proteases to form complex, so will this interaction, 

which is similar with PAI-1 with its target protease, be a good target for a drug to inhibit MMP-9 

activation by interfering PN-1 binding with its target protease and/or LRP-1? Here, I predict that PAI-

039, XR-334, TM-5007 will inhibit PN-1, and result in a drop in MMP-9 activity, but in different 

degrees, because these three drugs target different domains of PN-1. 

2. Material and Methods 

Cell culture: The mammary carcinoma cell lines 4T1 were provided by Dr. J. Yang (University of 

California, San Diego). The cell line was maintained in DMEM supplemented with 10% FCS. PN-1 

Reagent, antibodies: PN-1/protease complex inhibitory peptide (P960) purchased from Bachem, 

rabbit anti-MMP-9 purchased from Sigma, mouse anti-PN-1 antibody (clone 4B3), mouse anti-

human tPA monoclonal antibody from Oxford Biomedical Research Inc, horseradish peroxidase – 

conjugated secondary antibody purchased in Bio-Rad,  

2.1 In vitro experiments 

All cancer cell cultures will be divided into five groups: 1. The negative control is without adding 

anything except nutrients. 2. The positive control is addition of P690 peptide sequence (100ug/mL) 

that is known to block PN-1/protease binding to LRP-1. 3. Addition of test drug PAI-039 (1,10,100 

umol/L). 4. Addition of test drug XR-334 (1,10,100 umol/L). 5. Addition of test drug TM-5007 

(1,10,100 umol/L). 
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Western blot: cancer cells are lysed with sodium dodecyl sulfate (SDS) sample buffer (62.5 mM 

Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 50 mM DTT, and 0.1% bromophenol blue). The 

supernatants were collected after centrifugation at 13,000 × g at 4°C for 20 min. The western blot is 

done as described in the reference [24]. 

2.2 In vivo experiments 

All BALB/c mice are divided into five groups: 1. The negative control is without adding anything 

except nutrients. 2. The positive control is an injection of P690 peptide sequence (100ug/mL) that is 

known to block PN-1/protease binding to LRP-1. 3. Injection of test drug PAI-039 (1,10,100 umol/L). 

4. Injection of test drug XR-334 (1,10,100 umol/L). 5. Injection of test drug TM-5007 (1,10,100 

umol/L). In each experiment with the same condition, triplicate experiments are done and the results 

are averaged. All the tested drugs are injected into blood vessels and circulate to tumor cells. The 

significance of the data is determined by student t-test and a p-value less than 0.05 can be considered 

as a statistically significant data.  

Xenograft model analysis of tumor and metastasis formation: Animal experiments were done 

according to the Swiss laws governing animal experimentation and approved by the Swiss veterinary 

authorities. 4T1 cells (5 * 105) were injected in the fourth mammary fat pad of BALB/c mice (Charles 

River). Parental 4T1 cells were injected into offspring of mating BALB/c mice. Once palpable, 

tumors were measured two to three times per week and size was calculated using the formula: height 

* [(diameter / 2)2 *Pi]. On day 26, mice were sacrificed and tumors and lungs were dissected. Lungs 

were placed in Bouin’s solution to visualize and count metastases. 

Western blot: mice breast tissues were homogenized by a polytron homogenizer (Brinkmann 

Instruments, Westbury, NY) in RIPA lysis buffer (1% NP40, 0.1% SDS, 100 μg/ml 

phenylmethylsulphonyl fluoride, 0.5% sodium deoxycholate, 1 mM sodium orthovanadate, 2 μg/ml 

aprotinin, 2 μg/ml antipain, and 2 μg/ml leupeptin in PBS) on ice. The following step is the same as 

in the in vitro experiments, with the same primary and secondary antibodies. 

3. Result 

Part 1: In vitro culture of 4T1 cancer cell line in drug solution and the result for western blot 

experiments 

 

Table 1: The possible result of MMP-9 and PN-1-tPA complex level using western blot with 

corresponding antibodies. 

Possibl

e 

results 

Western blot 

target 

Nega

tive 

contr

ol 

Positive 

Control 
PAI-039 XR-334 TM-5007 

P690 

100ug/mL 

1 

umol/L 

10 

umol/L 

100 

umol/L 

1 

umol/L 

10 

umol/L 

100 

umol/L 

1 

umol/L 

10 

umol/L 

100 

umol/L 

1 

MMP-9 0 - - - - - - - - - - - - - - - - 
PN-1-tPA 

complex 

0* 0* -* -* -* -* -* -* -* -* -* 

0# 0# -# -# -# -# -# -# -# -# -# 

2 

MMP-9 0 - 0 0 0 - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* 0* 0* 0* -* -* -* -* -* -* 

0# 0# 0# 0# 0# -# -# -# -# -# -# 

3 

MMP-9 0 - - - - - - - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* 0* 0* 0* -* -* -* -* -* -* 

0# 0# 0# 0# 0# -# -# -# -# -# -# 

4 

MMP-9 0 - - - - - - 0 0 0 - - - - - 

PN-1-tPA 

complex 

0* 0* -* -* -* 0* 0* 0* -* -* -* 

0# 0# -# -# -# 0# 0# 0# -# -# -# 

5 

MMP-9 0 - - - - - - - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* -* -* -* 0* 0* 0* -* -* -* 

0# 0# -# -# -# 0# 0# 0# -# -# -# 

6 

MMP-9 0 - - - - - - - - - - - 0 0 0 

PN-1-tPA 

complex 

0* 0* -* -* -* -* -* -* 0* 0* 0* 

0# 0# -# -# -# -# -# -# 0# 0# 0# 

7 

MMP-9 0 - - - - - - - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* -* -* -* -* -* -* 0* 0* 0* 

0# 0# -# -# -# -# -# -# 0# 0# 0# 
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PN-1-tPA complex was detected with both mouse anti-PN-1 antibody (marked with *) and mouse 

anti-human tPA monoclonal antibody (marked with #). The negative control result is labeled with “0” 

as standard and all other data is compared to negative control. “-” means that the drug has an obvious 

negative effect on the target level shown on the western blot. 

Part 2: In vivo experiment of drug test in mice, with western blot test on the dissected tumor and lung 

lysate from the mice after 26 days once injected with the cancer cell. 

 

Table 2: The possible result of MMP-9 and PN-1-tPA complex level extracts from mice breast 

using western blot with corresponding antibodies. 

Possible 

results 

Western 

blot target 

Negative 

control 

Positive 

Control 
PAI-039 XR-334 TM-5007 

P690 

100ug/mL 

1 

umol/L 

10 

umol/L 

100 

umol/L 

1 

umol/L 

10 

umol/L 

100 

umol/L 

1 

umol/L 

10 

umol/L 

100 

umol/L 

8 

MMP-9 0 - - - - - - - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* -* -* -* -* -* -* -* -* -* 

0# 0# -# -# -# -# -# -# -# -# -# 

9 

MMP-9 0 - 0 0 0 - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* 0* 0* 0* -* -* -* -* -* -* 

0# 0# 0# 0# 0# -# -# -# -# -# -# 

10 

MMP-9 0 - - - - - - - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* 0* 0* 0* -* -* -* -* -* -* 

0# 0# 0# 0# 0# -# -# -# -# -# -# 

11 

MMP-9 0 - - - - - - 0 0 0 - - - - - 

PN-1-tPA 

complex 

0* 0* -* -* -* 0* 0* 0* -* -* -* 

0# 0# -# -# -# 0# 0# 0# -# -# -# 

12 

MMP-9 0 - - - - - - - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* -* -* -* 0* 0* 0* -* -* -* 

0# 0# -# -# -# 0# 0# 0# -# -# -# 

13 

MMP-9 0 - - - - - - - - - - - 0 0 0 

PN-1-tPA 

complex 

0* 0* -* -* -* -* -* -* 0* 0* 0* 

0# 0# -# -# -# -# -# -# 0# 0# 0# 

14 

MMP-9 0 - - - - - - - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* * * * -* -* -* 0* 0* 0* 

0# 0# # # # -# -# -# 0# 0# 0# 

15 

MMP-9 0 - x x x - - - - - - - - - - 

PN-1-tPA 

complex 

0* 0* x x x -* -* -* -* -* -* 

0# 0# x x x -# -# -# -# -# -# 

16 

MMP-9 0 - - - - - - x x x - - - - - 

PN-1-tPA 

complex 

0* 0* -* -* -* x x x -* -* -* 

0# 0# -# -# -# x x x -# -# -# 

17 

MMP-9 0 - - - - - - - - - - - x x x 

PN-1-tPA 

complex 

0* 0* -* -* -* -* -* -* x x x 

0# 0# -# -# -# -# -# -# x x x 

 

PN-1-tPA complex was detected with both mouse anti-PN-1 antibody (marked with *) and mouse 

anti-human tPA monoclonal antibody (marked with #). The negative control result is labeled with “0” 

as standard and all other data is compared to negative control. “-” means that the drug has a significant 

negative effect on the target level shown on the western blot. “X” means more than one mouse is 

killed by the drug.  

Part 3: Xenograft model analysis of metastasis in mice lung. 

 

Table 3: The possible result of the qualitative effect of inhibition on mice breast cancer. 

Possible 

results 

Negative 

control 

Positive 

Control 
PAI-039 XR-334 

TM-5007 

P690 

100ug/mL 

1 

umol/L 

10 

umol/L 

100 

umol/L 

1 

umol/L 

10 

umol/L 

100 

umol/L 

1 

umol/L 

10 

umol/L 

100 

umol/L 

18 ++ - + + + + - - + - - 

19 ++ - + - - + + + + - - 

20 ++ - + - - + - - + + + 

21 ++ - x x x + - - + - - 

22 ++ - + - - x x x + - - 

23 ++ - + - - + - - x x x 
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All the result data are compared with negative control labelled in “++”. “++” indicates the metastatic 

spread of cancer are significantly severe and many lung nodules are found; “+” indicates there is a 

reduction in lung nodules, but the inhibition is not obvious; “-” means there is a significant inhibition 

in metastasis and lung nodules are reduced in a large amount. “X” means more than one mouse is 

killed by the drug 

Combined result for all three drugs: 

For PAI-039:  

Possible result A: combine with results 1, 8, 19, PAI-039 can interfere with MMP-9 activation by 

blocking PN-1-tPA interaction both in vitro and in vivo experiments. 

Possible result B: combine with results 2, 9, 18, PAI-039 cannot inhibit PN-1 pathway to limit MMP-

9 activation and decrease the possibility of metastasis. 

Possible result C: combine with results 3, 9, 18, PAI-039 can interfere with MMP-9 activation in vitro 

but not in vivo experiments, and this activation is not through the blockage of PN-1-tPA interaction 

but through other pathways. 

Possible result D: combine with results 1, 15, 21, PAI-039 can decrease MMP-9 activity by blocking 

PN-1-tPA interaction, but it turns out to be toxic to animals and result in mice death. 

For XR-334:  

Possible result A: combine with results 1, 8, 18, XR-334 can interfere with MMP-9 activation by 

blocking PN-1-tPA interaction both in vitro and in vivo experiments. 

Possible result B: combine with results 4, 11, 19, XR-334 cannot inhibit PN-1 pathway to limit MMP-

9 activation and decrease the possibility of metastasis. 

Possible result C: combine with results 5, 11, 19, XR-334 can interfere with MMP-9 activation in 

vitro but not in vivo experiments, and this activation is not through the blockage of PN-1-tPA 

interaction but through other pathways. 

Possible result D: combine with results 1, 16, 22, XR-334 can decrease MMP-9 activity by blocking 

PN-1-tPA interaction, but it turns out to be toxic to animals and result in mice death. 

For TM-5007:  

Possible result A: combine with results 1, 8, 18, TM-5007 can interfere with MMP-9 activation by 

blocking PN-1-tPA interaction both in vitro and in vivo experiments. 

Possible result B: combine with results 6, 13, 20, TM-5007 cannot inhibit PN-1 pathway to limit 

MMP-9 activation and decrease the possibility of metastasis. 

Possible result C: combine with results 7, 13, 20, TM-5007 can interfere with MMP-9 activation in 

vitro but not in vivo experiments, and this activation is not through the blockage of PN-1-tPA 

interaction but through other pathways. 

Possible result D: combine with results 1, 17, 22, TM-5007 can decrease MMP-9 activity by blocking 

PN-1-tPA interaction, but it turns out to be toxic to animals and result in mice death. 

4. Discussion 

PN-1 will bind with a wide range of serine protease such as tPA and activate MMP-9 through LRP-

1 and ERK signaling, and thus increase the possibility of metastasis. PAI-1, a close relative of PN-1, 

undergoes a similar pathway to activate MMP-9. Previous studies discovered several drugs that are 

able to inhibit PAI-1, to decrease MMP-9 activity. PAI-039, XR-334, TM-5007, three of these PAI-

1 inhibitors, are chosen to test their ability to inhibit PN-1, and if this inhibition is through the 

blockage of PN-1-tPA bonding. PN-1 positive 4T1 cancer cell line is tested both in vitro and in vivo 

animal tests. BALB/c mice are used with xenograft model to do in vivo experiments.  

Possible result A for these inhibitors indicates the drug is effective to inhibit metastasis, through 

blocking PN-1-tPA binding and this effect is also effective in animal tests. This result strongly 
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supports the hypothesis that PAI-1 inhibitors are also able to inhibit PN-1 and also supports that PN-

1 and PAI-1 are similar in structure and function. This result also indicates the drug is well absorbed 

in the animal body without making too much damage to the body. The inhibitor drug can then be 

prepared for the preclinical tests on some more complex animal models that are similar to humans 

before served as a drug on humans. Also, spectroscopy methods such as Cyro-EM can be employed 

to investigate the specific binding site on PN-1 for the inhibitor and the mechanism of action of the 

inhibitor.  

Possible result B for these inhibitors means these PAI-1 inhibitors is not able to inhibit PN-1, which 

disagrees with the hypothesis, showing the hypothesis is wrong. The reason for this result might 

because these inhibitors target a specific domain on the PAI-1 that is not present in PN-1 and this 

difference in structure makes PAI-1 inhibitor ineffective to PN-1.  

The failure of inhibition in vivo experiments in possible result C is possible due to the limit to have 

drug transport into the animal. However, this result partially supports the hypothesis that PAI-1 

inhibitors can act as a PN-1 inhibitor as well. Since the inhibitors are able to block PN-1 in vitro, they 

have the potential to slow down metastasis. There may be some reason for the failure of transportation 

into the body. First, the solubility of these inhibitors is too low and unable to dissolve into body fluid 

to flow to cancer cells. Otherwise, these inhibitors are targeted by the immune system, and antibodies 

and white blood cells destroy the function of these inhibitors, making these possible drugs useless 

pieces. Also, some solid tumor cells have a specific transporter called” multiple drug resistance 

pump”, which can continuously pump drugs out of the cell, and thus drug cannot penetrate the cancer 

cell membrane and cannot effectively inhibit PN-1 function. For these inhibitors, Cryo-EM is also 

useful to investigate the binding pocket between PN-1 and inhibitors. Then, screening for a better 

inhibitor can be done to obtain a drug that has a higher solubility and a smaller chance to trigger the 

immune system to attack the molecule. Then these newly invented drugs can go through another in 

vivo experiment to show if the inhibitors are feasible in the body. 

The death of the testing animals triggered by the proposed inhibitor in possible result D indicates this 

molecule is not suitable as a drug but it still has potential in scientific research. Though this result 

partly supports the hypothesis, it also exposes a great limit in its application. These inhibitors that 

cause mice death in the animal model tests are probably because the inhibitors are toxic. These toxins 

can either trigger server inflammatory reactions and cause extreme allergy and lead to death or can 

make chemical reactions with important organs, causing irreversible damage to these organs. Either 

way, these inhibitors are no longer a good choice for an animal test, but it is still useful in scientific 

research such as having spectroscopy to understand the interaction between inhibitors and PN-1. 

5. Conclusion 

In conclusion, this experiment gives an idea of how PAI-1 inhibitors might also be effective inhibitors 

for PN-1 and become a possible antimetastatic drug that can greatly decrease the death rate caused 

by cancer. According to in vitro experiment and xenograft model, if the hypothesis is supported by 

the result, these PAI-1 inhibitors are able to step to preclinical experiments to collect more data on its 

effect on other complex animals. An alternative measurement can also be obtained using RT-qPCR 

to examine the effect of inhibitors by determining the MMP-9 expression with a specific primer for 

RNA of MMP-9. For further experiments, Co-IP will be employed to investigate further on the 

interaction between PN-1, tPA, and LRP-1. This interaction can also be better visualized by 

spectroscopy methods such as Cyro-EM, which can look closer at the structure of the binding pocket. 

With the structure, more possible inhibitors can be invented and do experiments to test its inhibiting 

power on PN-1, making more drugs to treat high-grade cancer possible. 
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