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Abstract

INTRODUCTION: Tissue plasminogen activator (tPA) is a serine protease that initiates 

fibrinolysis to remove excessive blood clots and restore blood flow. Intravenous infusion of 

recombinant tPA is approved as a thrombolytic therapy in thrombotic cardiovascular diseases, 

including ischemic stroke and myocardial infarction. Low plasma tPA activity is associated with 

a higher risk of atherosclerotic cardiovascular disease and atherogenic apolipoprotein B (apoB)–

lipoprotein cholesterol levels in humans. However, whether low tPA elevates apoB-lipoprotein 

cholesterol is unknown.

RATIONALE: Given the central role of hepatocytes in apoB-lipoprotein production and recent 

studies showing that hepatocytes synthesize tPA, we sought to identify possible links between tPA 

and apoB-lipoprotein assembly and secretion from hepatocytes.

RESULTS: To investigate the role of hepatocyte tPA in apoB-lipoprotein metabolism, tPA 

expression was silenced or deleted in the hepatocytes of mice. These manipulations resulted in 

higher plasma apoB and cholesterol levels, independent of any changes in hepatic low-density 

lipoprotein receptor (LDLR) or apolipoprotein E (apoE) expression or Apob mRNA level. The 

higher plasma cholesterol in these mice was distributed in the very-low-density lipoprotein 

(VLDL) and low-density lipoprotein (LDL) fractions. In human primary hepatocytes, silencing 

tPA increased the secretion of newly synthesized [3H]-labeled apoB despite no change in Apob 
mRNA. Thus, hepatocyte-tPA deficiency increases the secretion of apoB-lipoproteins.

Lipidation is a key factor determining the fate of intrahepatic apoB. Poorly lipidated apoB 

undergoes intracellular degradation, whereas fully lipidated apoB is efficiently secreted as VLDL 

particles with larger size and lower density. Silencing hepatocyte tPA in Ldlr−/− mice led to 

larger VLDL particles in the plasma, with more triglyceride per VLDL particle, indicating 

increased intrahepatic apoB lipidation. apoB is lipidated in the endoplasmic reticulum (ER) by 

microsomal triglyceride transfer protein (MTP), which incorporates neutral lipids onto nascent 

apoB. Transfecting human primary hepatocytes with a plasmid encoding tPA led to lower 

secretion of newly synthesized [3H]-labeled apoB. Proximity ligation, confocal imaging, and 

immunoprecipitation assays revealed that tPA interacts with apoB in the hepatocyte ER. In 

addition, recombinant tPA interacts with solid-phase immobilized LDL, inhibits MTP-apoB 

interaction, and reduces neutral lipid transfer to apoB. Moreover, the serine protease inactive 

tPA (S513A) also interacts with solid-phase immobilized LDL, reducing both apoB secretion 

by human primary hepatocytes and MTP-mediated lipid transfer activity to the same degree as 

wild-type tPA, which indicates that this action of tPA is independent of its protease activity. 

The tPA-LDL interaction is inhibited by antibodies against the Kringle 2 (K2) domain of tPA, 

the MTP-interacting regions at the N terminus of apoB, and the lysine analog tranexamic acid. 

Further, deleting the K2 domain or mutating the lysine-binding site in the K2 domain of tPA 
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abrogates the effects of tPA on limiting apoB secretion. These data indicate that tPA, partially 

through the lysine-binding site on its K2 domain, binds to the N terminus of apoB, blocking the 

interaction between apoB and MTP in hepatocytes. This process reduces VLDL assembly and 

plasma apoB-lipoprotein cholesterol levels.

Plasminogen activator inhibitor 1 (PAI-1) is a rapidly acting serine protease inhibitor (serpin) of 

tPA. Upon lipid loading of hepatocytes, PAI-1 forms a complex with tPA and sequesters tPA 

away from apoB, which allows apoB to be lipidated and facilitates VLDL assembly and secretion. 

Consistent with these findings, humans with PAI-1 deficiency have smaller VLDL particles and 

lower plasma levels of apoB-lipoprotein cholesterol.

CONCLUSION: The findings in this study suggest a mechanism that fine-tunes VLDL 

assembly through intracellular interactions among tPA, PAI-1, and apoB in hepatocytes, thereby 

affecting the plasma levels of atherogenic apoB-lipoproteins. Knowledge of this mechanism of 

hepatic lipoprotein regulation may suggest therapeutic strategies for lowering atherogenic apoB-

lipoproteins and cardiovascular risk.

Graphical Abstract

Intracellular tPA–PAI-1 interaction in the ER of hepatocytes determines apoB lipidation, VLDL 

assembly, and secretion. In the basal state, tPA interacts with apoB and inhibits MTP-apoB 

interaction in the ER of hepatocytes, limiting MTP-mediated apoB lipidation, VLDL assembly, 

and secretion. When hepatocytes are loaded with lipid, PAI-1 sequesters tPA away from apoB by 

forming a complex with tPA, allowing the lipidation of apoB and the assembly and secretion of 

VLDL. [Figure created with Biorender]

Abstract

Apolipoprotein B (apoB)–lipoproteins initiate and promote atherosclerotic cardiovascular disease. 

Plasma tissue plasminogen activator (tPA) activity is negatively associated with atherogenic apoB-

lipoprotein cholesterol levels in humans, but the mechanisms are unknown. We found that tPA, 

partially through the lysine-binding site on its Kringle 2 domain, binds to the N terminus of apoB, 

blocking the interaction between apoB and microsomal triglyceride transfer protein (MTP) in 

hepatocytes, thereby reducing very-low-density lipoprotein (VLDL) assembly and plasma apoB-

lipoprotein cholesterol levels. Plasminogen activator inhibitor 1 (PAI-1) sequesters tPA away from 
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apoB and increases VLDL assembly. Humans with PAI-1 deficiency have smaller VLDL particles 

and lower plasma levels of apoB-lipoprotein cholesterol. These results suggest a mechanism 

that fine-tunes VLDL assembly by intracellular interactions among tPA, PAI-1, and apoB in 

hepatocytes.

Editor’s summary

Apolipoprotein B (apoB) is a protein that carries lipids and cholesterol. Lipoproteins composed 

of apoB and its lipid cargo play a key role in the pathogenesis of atherosclerosis. Tissue 

plasminogen activator (tPA), an anticoagulant protein that can be used to break down a blood 

clot causing a heart attack or stroke, inversely correlates with the amount of cholesterol-loaded 

apoB lipoproteins, but it was not clear why this inverse correlation exists. Dai et al. discovered 

that in both mouse and human cells, tPA produced by the liver binds directly to apoB, preventing 

it from being loaded with lipids and assembled into lipoproteins. Conversely, an inhibitor of tPA 

has the opposite effect, binding up free tPA and preventing its interaction with apoB. —Yevgeniya 

Nusinovich

Apolipoprotein B (apoB)–lipoproteins initiate and promote atherosclerotic cardiovascular 

disease (CVD) (1, 2). The major source of blood apoB-lipoproteins is hepatocytes, where 

very-low-density lipoproteins (VLDLs) are assembled and secreted. Circulating VLDL 

is then progressively hydrolyzed in the blood to form intermediate-density lipoprotein 

(IDL) and low-density lipoprotein (LDL) (2). Currently recommended lipid-intervention 

therapies to prevent CVD primarily use statins or protein convertase subtilisin/kexin type 9 

(PCSK9) inhibitors, both of which lower LDL by enhancing hepatic LDL receptor (LDLR)–

mediated LDL clearance (3). However, these treatments have only a modest effect on other 

atherogenic apoB-containing lipoproteins, such as VLDL and IDL (4, 5), which contribute 

to the residual CVD risk in populations with well-controlled LDL cholesterol (6, 7). Thus, 

therapies that inhibit hepatic VLDL production might be useful in decreasing CVD risk 

because they would lower all atherogenic apoB-lipoproteins. apoB, a large complex protein, 

is the structural scaffold for forming VLDL (8). VLDL is assembled in hepatocytes by 

incorporating triglyceride, cholesteryl ester, and phospholipid onto apoB to form spherical 

particles (9). This process, known as apoB lipidation, depends on both lipid availability and 

a neutral lipid transporter, microsomal triglyceride transfer protein (MTP) (10, 11). MTP 

binds to apoB in the hepatocyte endoplasmic reticulum (ER) and transfers lipids to apoB 

(10). When MTP and/or lipids are unavailable, VLDL cannot be assembled, and newly 

translated apoB is then targeted for degradation (12). Although the essential role of MTP 

in apoB lipidation has been well established, much less is known about the regulation of 

apoB-MTP interaction and MTP-mediated lipid transfer to apoB.

Previous studies have shown that low plasma tissue plasminogen activator (tPA) activity 

is associated with a higher risk of atherosclerotic CVD (13-15), but whether decreased 

fibrinolysis contributes to CVD in this setting remains unknown. Another plausible 

mechanism linking low tPA to CVD is elevated plasma apoB-lipoprotein cholesterol, which 

is seen in humans with decreased tPA activity (16-18). However, whether apoB-lipoprotein 

metabolism and tPA are causally linked and, if so, the mechanisms involved remain 

unknown. Given the central role of hepatocytes in apoB-lipoprotein production and our 
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recent studies in mice showing that hepatocytes synthesize tPA and contribute ~40 to 50% to 

both the plasma basal tPA concentration and to fibrinolysis (19, 20), we sought to identify 

possible links between hepatocyte tPA and apoB-lipoprotein assembly and secretion. Our 

investigation revealed that endogenous hepatocyte tPA limits VLDL assembly by directly 

interacting with apoB, interrupting the interaction between apoB and MTP and thereby 

impairing MTP-dependent neutral lipid transfer and apoB lipidation. We also show that 

plasminogen activator inhibitor 1 (PAI-1) binds to tPA within hepatocytes and abolishes 

the effect of tPA on limiting VLDL assembly. Our in vivo data suggest that the tPA–

PAI-1 interaction enables physiologic postprandial VLDL assembly. Thus, our findings that 

tPA can alter the production of atherogenic apoB-lipoproteins have potential therapeutic 

implications for lowering atherosclerotic CVD risk.

Lowering hepatocyte tPA raises plasma apoB

To investigate the role of hepatocyte tPA in determining plasma apoB-lipoprotein levels 

in a setting where hepatic clearance by the LDL receptor is not a factor, tPA expression 

was silenced in the hepatocytes of Ldlr−/− mice fed a high-fat, high-cholesterol Western 

diet (WD). This silencing was accomplished by administering an adenovirus-associated 

virus 8 (AAV8) expressing a hairpin RNA against Plat mRNA, which encodes tPA 

protein, driven by the H1 promoter, AAV8-H1-shPlat (sh-tPA) (19, 20). The hepatocyte 

tPA–silenced mice showed a 47% higher plasma total cholesterol level (P < 0.01) and 28% 

higher plasma apoB-100 (P < 0.05) compared with mice receiving AAV8-H1-scrambled 

RNA (scr) (Fig. 1A and fig. S1A). Plasma lipoprotein fraction profiling by fast protein 

liquid chromatography (FPLC) revealed that the hepatocyte tPA–silenced mice had more 

cholesterol and apoB-100 in the VLDL and LDL fractions and more triglyceride in 

VLDL (Fig. 1A). Using a different hypercholesterolemic model, we showed that silencing 

hepatocyte tPA in WD-fed Apoe knockout (Apoe−/−) mice led to 56% higher plasma total 

cholesterol (P < 0.05) and 28% higher apoB-100 (P < 0.05) accompanied by increases in 

VLDL and LDL cholesterol, triglyceride, and apoB-100 (Fig. 1B and fig. S1B). Similar 

results were observed in WD-fed wild-type (WT) mice (fig. S1C and fig. S2). To further 

validate the role of hepatocyte tPA in determining plasma apoB-lipoprotein levels, the 

hepatocyte tPA–knockout mouse model was generated by administering Platfl/fl mice with 

an AAV8 expressing a Cre recombinase driven by the thyroxine-binding globulin (TBG) 

promoter, AAV8-TBG-cre (Cre). The WD-fed hepatocyte tPA–knockout mice showed a 

30% higher plasma total cholesterol level (P < 0.01) and 33% higher plasma apoB-100 

level (P < 0.05), accompanied by higher cholesterol and apoB-100 in the VLDL and LDL 

fractions and higher triglyceride in VLDL, compared with mice receiving AAV8-TBG-GFP 
[green fluorescent protein (GFP)] (Fig. 1C and fig. S1D).

Silencing tPA did not change Apob mRNA in the livers of Ldlr−/−, Apoe−/−, or WT mice 

(fig. S3, A to C), which suggests that increased plasma apoB was not because of increased 

apoB synthesis. Moreover, the plasma apoB data were not a result of changes in apoE- or 

LDLR-mediated pathways because plasma apoE levels and liver LDLR expression remained 

unchanged (fig. S4, A and B). Collectively, these data show that silencing hepatocyte tPA 

raises plasma apoB lipoprotein-cholesterol through a mechanism independent of the LDL 

receptor or apoE.
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To examine hepatocyte-intrinsic effects and to link this finding to human relevance, 

tPA expression was silenced in primary human hepatocytes using small interfering RNA 

(siRNA) against PLAT mRNA (si-tPA). The si-tPA treated cells had higher levels of 

apoB-100 in their media compared with control (scr) hepatocytes (fig. S5A and Fig. 1D), 

whereas hepatocyte APOB mRNA levels were similar in the two groups of cells (fig. S5B). 

Further, the contents of cholesterol and triglyceride were higher in the VLDL fractions 

isolated from the culture medium of tPA-silenced human hepatocytes (Fig. 1D). Similar 

findings were observed in cultured McA-RH7777 cells (Fig. 1E and fig. S5, C and D), a rat 

hepatoma cell line. The McA-RH7777 cell is an established model system to study VLDL 

production because it synthesizes VLDL-sized apoB particles similar to human hepatocytes 

(21). These data show that the ability of tPA to regulate apoB-lipoprotein secretion is a 

cell-intrinsic property of hepatocytes and is applicable to humans.

tPA limits apoB lipidation in the ER

The data in Ldlr−/− and Apoe−/− mice suggest that tPA limits the production—not the 

clearance—of apoB-lipoproteins. To examine this point further, we investigated the effect of 

hepatocyte tPA silencing on VLDL secretion in mice injected with the nonionic surfactant 

detergent poloxamer 407 (P407). The P407 injection blocks VLDL clearance by inhibiting 

lipoprotein lipase activity and VLDL lipolysis (22). Hepatocyte tPA–silenced mice had a 

faster rise in triglycerides (Fig. 2A), which suggests increased VLDL production. Moreover, 

plasma apoB-100, which is derived only from hepatocytes, increased to a greater degree than 

plasma apoB-48, which is produced by both hepatocytes and intestinal epithelial cells in 

mice (23) (Fig. 2B). These data, when combined with those presented above, suggest that 

silencing hepatocyte tPA increases plasma apoB-containing lipoprotein levels by promoting 

VLDL production.

Lipidation is a key factor determining the fate of intrahepatic apoB. Poorly lipidated apoB 

undergoes intracellular degradation, whereas fully lipidated apoB is efficiently secreted as 

VLDL particles with larger size and lower density (24). Electron microscopic scanning of 

plasma VLDL particles isolated by density ultracentrifugation showed a shifted distribution 

of the particles to larger diameters in the hepatocyte tPA–silenced Ldlr−/− mice (Fig. 2C). 

Moreover, dynamic light-scattering analyses (25-27) revealed that VLDL from sh-tPA mice 

had a larger hydrodynamic diameter than VLDL from control mice (Fig. 2D). These 

combined data suggest that the VLDL of the tPA-silenced mice have a higher lipid content, 

which is further supported by the finding that the VLDL of the tPA-silenced mice had a 

higher triglyceride/apoB ratio (Fig. 2E).

To explore the impact of increasing hepatocyte tPA expression on plasma apoB-lipoproteins 

in vivo, whole-body tPA knockout mice (holo-tPA-KO) were injected with AAV8-TBG-Plat 
(tPA), to restore tPA expression specifically in hepatocytes, or with AAV8-TBG-LacZ 
control (LacZ) (19, 20, 28-30). As predicted, plasma apoB-100 and VLDL- and LDL-

cholesterol were lower in the mice treated AAV8-TBG-Plat versus AAV8-TBG-LacZ (Fig. 

2F).

Dai et al. Page 6

Science. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To show relevance to lipoprotein production by human hepatocytes, apoB secretion was 

measured using a 3[H]-leucine pulse-chase method (31) in human primary hepatocytes. 

Transfecting these cells with a plasmid encoding tPA led to lower apoB-associated 

radioactivity in the cell medium, indicating lower secretion of newly synthesized apoB 

(Fig. 2G). By contrast, silencing tPA increased the secretion of newly synthesized apoB (Fig. 

2H). Similar results were observed in tPA-silenced McA-RH7777 cells (fig. S6). However, 

incubating human primary hepatocytes with recombinant human tPA did not change culture 

medium apoB-100 levels and cholesterol and triglyceride contents in VLDL (fig. S7), which 

suggests that the hepatocyte tPA limits apoB lipidation and production intracellularly.

Consistent with the mouse plasma data above, silencing tPA increased the diameter and 

triglyceride/apoB ratio of VLDL isolated from the cell medium (Fig. 2, I and J). These data 

suggest that silencing tPA increases apoB lipidation. ER is the major site of apoB lipidation 

and VLDL assembly (32). The degree of apoB lipidation can be ascertained by the density 

of apoB lipoprotein particles—namely, greater lipidation of apoB results in lower density of 

the particle (33, 34). In this context, tPA-silenced human primary hepatocytes had overall 

higher ER-associated apoB and a higher proportion of apoB in lower-density fractions 

(fractions 1 and 2, Fig. 2K) than control hepatocytes. Because density and lipidation 

are inversely related, these findings further support the hypothesis that tPA limits apoB 

lipidation in the ER.

tPA blocks MTP-mediated VLDL assembly by interacting with apoB

MTP is a chaperone that promotes intrahepatic apoB lipidation by transferring and 

incorporating neutral lipids, notably triglyceride and cholesteryl esters, to apoB to assemble 

VLDL in the ER (10, 11). MTP-mediated lipid transfer to apoB involves its direct binding 

to apoB (10, 35) because inhibiting the apoB-MTP interaction decreases apoB lipidation 

and secretion (11). We found that tPA silencing in human primary hepatocytes did not 

alter the level of MTP protein (Fig. 3A, input). However, MTP immunoprecipitated from 

tPA-silenced cells showed a higher content of apoB compared with immunoprecipitates of 

MTP from control hepatocytes (Fig. 3A). These data suggest that silencing tPA increases 

apoB-MTP interaction, which would be expected to increase lipid transfer to apoB (11). 

Consistent with this idea, microsomal fractions isolated from tPA-silenced hepatocytes 

had a twofold higher neutral lipid transfer activity (36) compared with microsomes from 

control cells (Fig. 3B, groups 1 and 2). This lipid transfer activity was due to MTP, as 

the MTP inhibitor CP-346086 (37) completely abolished the elevated neutral lipid transfer 

activity in microsomes from tPA-silenced hepatocytes (Fig. 3B, group 3). Similar findings 

were observed in McA-RH7777 cells (fig. S8). Conversely, when tPA was expressed in 

human primary hepatocytes, apoB-MTP interaction and neutral lipid transfer activity were 

decreased (Fig. 3, C and D). Moreover, purified recombinant tPA protein reduced MTP-

mediated neutral lipid transfer to LDL in a dose-dependent manner (Fig. 3E). Thus, tPA 

inhibits apoB-MTP interaction and reduces MTP-mediated lipid transfer activity.

To examine tPA interaction with apoB, we analyzed primary human hepatocytes transfected 

with tPA with a C-terminal HA-tag and found that apoB eluted from the anti-HA precipitates 

(Fig. 3F). This finding was further supported by the results of a tPA-apoB proximity-ligation 
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assay in hepatocytes using labeled anti-tPA and anti-apoB. The data showed intracellular 

punctate fluorescence (Fig. 3G), which indicates that endogenous tPA and apoB interact in 

these cells. We also found, using confocal immunofluorescence microscopy, that tPA and 

apoB colocalize in the ER (Fig. 3H). Moreover, expression of a form of tPA that is retained 

in the ER because of a KDEL sequence (38, 39) at the C terminus of tPA (tPA-KDEL) 

reduced secretion of newly synthesized apoB (Fig. 3I). Collectively, these data suggest that 

tPA interacts with apoB in the ER, which, as described below, is relevant to the lowering of 

apoB-VLDL assembly and secretion by tPA.

The protease activity of tPA depends on the serine residue at position 513, and substituting 

serine to alanine (S513A) completely abolishes the serine protease activity of tPA (40). 

We found that the serine protease mutant tPA (S513A) reduced both apoB secretion by 

human primary hepatocytes and MTP-mediated lipid transfer activity to a similar degree as 

WT tPA (Fig. 3, I and J), indicating that this action of tPA is independent of its protease 

activity. We also showed that purified recombinant WT and S513A-tPA directly interacted 

in a dose-dependent manner with either LDL or apoB-100 immobilized to a microtiter 

plate surface (Fig. 4A and figs. S9 and S10). By contrast, purified tPA did not interact 

with solid-phase immobilized MTP (Fig. 4B). Most importantly, preincubating LDL with 

tPA inhibited the binding of LDL to MTP (Fig. 4C). Finally, surface plasmon resonance 

(SPR) studies provided further evidence of noncovalent interaction between tPA and LDL 

(Fig. 4D). These combined data suggest that tPA binds apoB in a tPA-protease–independent 

manner and that this process blocks the interaction of apoB with MTP, thereby decreasing 

apoB lipidation and VLDL assembly and secretion.

The Kringle 2 (K2) domain of tPA interacts with the N terminus of apoB

The K2 domain of tPA has a lysine binding site, which is required for its interaction with 

fibrin (41). Within the K2 domain of human tPA, negatively charged aspartic acid residues 

at 236 and 238 are responsible for the binding of tPA to positively charged lysine residues 

(42). The surface-exposed N terminus of apoB (43) has a positively charged lysine-rich 

region that is responsible for its binding to MTP (44). The MTP-interacting region (amino 

acids 430 to 570) (45) of the apoB N terminus can be partially blocked using a monoclonal 

antibody 1D1, developed by immunizing mice with a human apoB fragment comprising 

amino acids 474 to 539 (46). In this context, we show that the 1D1, but not an epitope 

control antibody raised against amino acids 4031 to 4080 (α3 domain) of human apoB, 

inhibited the interaction between tPA and solid surface-immobilized LDL (Fig. 4E). These 

data suggest that tPA interacts with the N terminus of apoB.

Expressing tPA mutants lacking either the K2 domain (tPA-Δ-K2) or in which aspartic 

acid residues at positions 236 and 238 were substituted with asparagine (tPA-D236, 238N) 

blocked the ability of tPA to lower apoB secretion as measured by pulse-chase assay 

(Fig. 4F). Similarly, in the solid-phase protein binding assay, an antibody against the K2 

domain of tPA inhibited the binding of tPA to solid surface-immobilized LDL (Fig. 4G). 

Furthermore, tranexamic acid (TXA), a lysine analog that inhibits tPA binding to fibrin, 

partially reduced the interaction between tPA and solid surface-immobilized LDL (Fig. 4H 

and fig. S11). Taken together, these data support the idea that the K2 domain of tPA, which 

Dai et al. Page 8

Science. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contains lysine-binding sites at aspartate residues 236 and 238, binds to the lysine-rich 

region of the N terminus of apoB (Fig. 4I).

PAI-1 sequesters tPA from apoB in hepatocytes

Increased circulating intestinal apoB-48–lipoproteins with oral feeding enhances hepatic 

production of VLDL in humans (47), yet the regulatory mechanisms are not clearly 

understood. Obesity, often associated with dyslipidemia, increases tPA synthesis in 

hepatocytes (19). However, the increased tPA is overcompensated by a larger increase in the 

serpin inhibitor of tPA, PAI-1, resulting in decreased net functional free tPA in the livers and 

plasma (19). PAI-1 covalently binds to tPA, forming a stable complex (48). Therefore, we 

hypothesized that postprandial lipid loading of hepatocytes would increase the intracellular 

interaction of tPA and PAI-1, leading to reduced free tPA. Reduced free tPA would then 

promote apoB-MTP interaction, leading to increased VLDL assembly and secretion.

We first immunoblotted tPA in a PAI-1–immunoprecipitate from primary human hepatocytes 

and found a band at ~120 Kd, representing a covalently bound, sodium dodecyl sulfate 

(SDS)–stable complex of tPA (~70 kD) and PAI-1 (~50 kD) (Fig. 5A). This interaction was 

further validated by a proximity-ligation assay using antibodies against tPA and PAI-1 (Fig. 

5B). Oleate is a known stimulus for apoB lipidation and VLDL production (49, 50). We 

observed increased tPA–PAI-1 complex and reduced free tPA as early as 1 hour after oleate 

treatment of human primary hepatocytes, which is the time needed to observe a stimulatory 

effect of oleate on VLDL production (50), the tPA–PAI-1 complex increased, and free tPA 

was reduced (Fig. 5, C and D). Therefore, the tPA–PAI-1 complex forms rapidly in the 

hepatocytes after oleate treatment. With prolonged oleate treatment for 6 and 24 hours, free 

tPA was further decreased, accompanied by increased tPA–PAI-1 complex formation (Fig. 

5D). These results suggest a type of regulation of apoB lipidation and VLDL production, 

involving PAI-1 interacting with tPA, when hepatocytes are loaded with lipids.

Silencing PAI-1 in human primary hepatocytes led to higher free tPA and lower apoB 

secretion, as measured by pulse-chase analysis (Fig. 5, E and F). The inhibitory impact of 

silencing PAI-1 on apoB secretion was more prominent under oleate treatment conditions, 

with an ~400% increase in free tPA and an ~60% decrease in apoB secretion. By contrast, 

without oleate treatment, there was only an ~67% increase in free tPA and an ~25% decrease 

in apoB secretion. Similar results were observed in the McA-RH7777 hepatocytes (fig. S12). 

These observations are consistent with the hypothesis that, under basal conditions, most tPA 

is free and not bound by PAI-1, and thus PAI-1 silencing leads to only a moderate increase in 

free tPA and a modest reduction in apoB secretion. However, with oleate loading, more tPA 

is PAI-1–bound, and silencing PAI-1 leads to a robust increase in free tPA and a reduction 

in apoB secretion. Furthermore, compared with silencing tPA alone, silencing both tPA and 

PAI-1 at the same time did not lower apoB secretion (Fig. 5G). These data support the idea 

that PAI-1 facilitates apoB lipidation by sequestering tPA from apoB.

The formation of a complex between tPA and PAI-1 changes tPA’s conformation (51, 52), 

causing tPA to lose its ability to bind fibrin, which is mediated by the lysine binding site in 

its K2 domain (53). We therefore reasoned that the binding of PAI-1 to tPA blocks the lysine 
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binding site in K2 and thereby blocks tPA-LDL interaction. Consistent with this idea, the 

PAI-1–tPA complex was unable to bind to LDL and did not inhibit MTP-mediated neutral 

lipid transfer activity (Fig. 5, H and I).

To test this finding in vivo, we delivered olive oil to WT mice by oral gavage. Two and 

6 hours after oral gavage, liver free tPA was decreased compared with baseline (Fig. 5J) 

without alteration of liver total tPA and PAI-1 levels (fig. S13). These data suggest that the 

physiological function of hepatocyte tPA–PAI-1 interaction in fine-tuning apoB lipidation 

after lipid loading to hepatocytes. As expected, hepatocyte PAI-1 knockout mice (19, 54) 

had higher liver free tPA and lower plasma apoB, total cholesterol, and cholesterol in VLDL 

and LDL fractions compared with their littermate controls (Fig. 6, A to D). In contrast to the 

higher VLDL production observed in hepatocyte tPA–silenced mice (Fig. 2A), hepatocyte 

PAI-1 knockout mice had a slower rise in triglycerides after detergent P407 injection, 

suggesting lower VLDL production (Fig. 6E). Moreover, 2 hours after an oral gavage 

of olive oil, plasma apoB-100 was increased by 46% in control mice but by only 13% 

in hepatocyte–PAI-1–KO mice (Fig. 6F). These combined data suggest that endogenous 

hepatocyte PAI-1, by interacting with tPA and sequestering tPA away from apoB, facilitates 

the physiologic increase in hepatic VLDL production that occurs in response to fat ingestion.

PAI-1–deficient humans have lower apoB-cholesterol

We collected plasma samples from humans with a homozygous loss-of-function mutation 

in SERPINE1, the gene encoding for PAI-1, and compared them with plasma from age-, 

gender-, and BMI-matched control individuals from the same community (55). None of 

the individuals were taking lipid-lowering agents or had a known history of CVDs. Plasma 

from the PAI-1–deficient subjects had 22% lower LDL-cholesterol (P < 0.05), 17% lower 

apoB-100 (P < 0.05), and 18% lower VLDL-cholesterol (P = 0.06) (Fig. 6G). Compared 

with control individuals, the PAI-1–deficient individuals had higher tPA in VLDL (Fig. 6H), 

and VLDL-associated tPA levels were inversely associated with VLDL diameter (r = −0.59, 

P < 0.01) (Fig. 6I). These data, together with those from hepatocyte PAI-1–deficient mice 

and PAI-1–silenced human primary hepatocytes (Fig. 5F and Fig. 6D), are consistent with 

the hypothesis that the PAI-1 deficiency leads to higher free tPA in hepatocytes, which 

enables more tPA to interact with apoB and thereby limits apoB lipidation and VLDL 

production.

Taken together, our findings show that tPA directly interacts with apoB within the ER of 

hepatocytes and that this interaction reduces MTP-mediated VLDL assembly. Lipid loading 

to hepatocytes induces tPA–PAI-1 complex formation, sequestering tPA from apoB, and 

thereby facilitating apoB lipidation and VLDL assembly (Fig. 6J).

Discussion

Decades of research have established the role for circulating tPA in initiating the lysis of 

blood clots (56, 57). Intravenous infusion of recombinant tPA is approved as a thrombolytic 

therapy to restore blood flow in atherothrombotic diseases, including ischemic stroke 

and myocardial infraction (58, 59). Conversely, plasma levels of the tPA inhibitor PAI-1 
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are positively associated with atherothrombotic disease (60). High plasma levels of apoB-

lipoproteins promote the arterial retention of these lipoproteins, forming atherosclerotic 

lesions (61, 62). The atherosclerotic lesions can then progress to a state in which plaque 

rupture or erosion occurs, leading to acute thrombotic vascular events, such as myocardial 

infarction and stroke (63). This study establishes a link between tPA, PAI-1, and plasma 

levels of atherogenic apoB lipoproteins, beyond the well-known roles of tPA and PAI-1 in 

the occlusive thrombus that is the ultimate manifestation of atherosclerotic vascular disease. 

The mechanism involves tPA–PAI-1 interaction–mediated regulation of VLDL assembly in 

the liver through protein-protein interactions rather than through regulation of thrombolysis 

per se. These findings provide a possible mechanistic explanation behind the correlation 

between high apoB cholesterol and low tPA in CVD patients (13-15). Moreover, the 

work has the potential for suggesting LDLR-independent therapeutic strategies for lowering 

cardiovascular risk.

tPA is a multidomain protein consisting of finger, growth factor, Kringle 1 (K1), K2, and 

serine protease domains (64). The extracellular function of tPA in fibrinolysis is linked 

to its serine protease activity, which mediates the enzymatic conversion of plasminogen 

to plasmin, which carries out fibrinolysis (64). Our data suggest that the K2 domain, 

independent of its proteolytic activity, confers tPA’s regulatory function in the assembly of 

VLDL by direct binding to the apoB N terminus, there by inhibiting MTP-apoB interaction. 

The inhibition of MTP binding to apoB by tPA is likely to be competitive because both tPA 

and MTP bind to the lysine-rich domains of the apoB N terminus. However, whether apoB 

interacts with other lysine-binding proteins, such as plasminogen, in the hepatocyte ER, and 

whether apoB and tPA interact in the circulation represent topics for future studies. If these 

interactions were found to occur, additional studies would then focus on the possible impact 

of these interactions on fibrinolysis and the nonfibrinolytic functions of these lysine-binding 

proteins (65-67).

PAI-1 is a rapidly acting serine protease inhibitor (serpin) of tPA (68). Upon binding to 

tPA, PAI-1 inactivates the serine protease activity of tPA and inhibits tPA’s other protease-

independent functions, such as tPA’s ability to bind fibrin (53) and tPA’s receptor-mediated 

activities (65). Previous studies have mostly focused on the tPA–PAI-1 interaction in the 

blood (69) and on the vascular endothelial surface (70), which are essential to maintain a 

balanced fibrinolytic potential. Our findings show that tPA and PAI-1 also interact within 

hepatocytes, fine-tuning apoB-VLDL assembly. The intracellular interaction between PAI-1 

and tPA has also been observed in other cell types, such as colonic epithelial cells (71). 

Gerard et al. observed that PAI-1–deficient mice have an increase in free tPA in the colon 

(71). These data are consistent with our findings that lowering hepatocyte PAI-1 expression 

leads to an increase in free tPA levels in both human primary hepatocytes and mouse livers. 

The impact of the intracellular interaction of tPA and PAI-1 in other cell types is worthy of 

investigating in future studies.

Our findings provide possible mechanistic explanations for the associations of PLAT 
and SERPINE1 polymorphisms with circulating lipid levels and atherosclerosis (72-75). 

Congenital tPA deficiency in humans has not been reported, which suggests that null 

mutations in the tPA gene may be lethal in utero. An insertion/deletion (I/D) polymorphism, 
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rs4646972, is located in the eighth intron of the tPA gene (76). Homozygotes for the deletion 

(DD) showed lower plasma tPA levels compared with those carrying an insertion locus 

(DI and II) (77). Moreover, homozygotes for the deletion (DD) had a threefold higher 

risk of intracranial artery atherosclerosis (72) and higher plasma total cholesterol and LDL 

cholesterol (73) compared with the homozygotes for the insertion (II). Subjects with the DD 

genotype have a lower forearm vascular release of tPA compared with the individuals with 

the II genotype (78). Two SERPINE1 single-nucleotide polymorphisms (SNPs) have also 

been shown to be related to plasma lipid levels. The rs6950982 is associated with elevated 

plasma PAI-1 levels (79) and higher total cholesterol, LDL cholesterol, and triglyceride (74). 

Similarly, the rs2227674 is associated with higher plasma PAI-1 levels (79) and increased 

triglyceride (75). Genome-wide association studies showed that genetic variants harboring 

SERPINE1 loci, leading to elevated PAI-1 levels, are associated with a higher risk of 

coronary artery disease (80, 81). Heterozygous PAI-1 deficiency is associated with a lower 

composite coronary artery disease risk score (55). Although further investigation is needed, 

these studies raise the possibility that targeting hepatocyte PAI-1 may have promise in 

treating atherosclerotic CVDs.

Moreover, because our data suggest that hepatic PAI-1–free tPA limits VLDL assembly and 

reduces blood apoB cholesterol, future studies should consider the genetic interaction of 

tPA and PAI-1 SNPs as well as SNPs that affect tPA and PAI-1 expression in hepatocytes. 

Two SNPs, rs9399599 and rs7301826, are associated with liver expression of STXBP5 and 

STX2, both of which are exocytosis mediators (82). These SNPs are also associated with 

circulating tPA levels in humans (82, 83). Future population genetic studies are required to 

investigate the correlation of these SNPs—their associated expression quantitative trait loci 

(eQTLs) in hepatocytes—with atherogenic lipoprotein and lipid levels.

We found that the formation of the tPA–PAI-1 complex in the hepatocyte is increased in 

response to fatty acid loading. Postprandial lipemia results in an influx of fatty acids into 

hepatocytes and stimulates the lipidation of apoB and subsequent VLDL secretion, which 

serves as a physiological response to an increased lipid burden within the hepatocyte (50). 

Fatty acid ingestion increases the degree and duration of the association between MTP and 

apoB in hepatocytes (35), which could contribute to fatty acid–induced VLDL secretion. 

However, the mechanisms by which fatty acids promote the association of apoB and MTP 

have remained unclear. Our in vivo and in vitro studies indicate an acute increase in the 

formation of the tPA–PAI-1 complexes within the hepatocyte after fatty acid stimulation 

without an alteration of either total tPA or PAI-1 protein levels in the cells. Moreover, 

hepatocyte PAI-1 deficiency leads to increased free tPA and reduced fatty acid–induced 

VLDL secretion. These data offer a mechanistic explanation behind the observed increase 

in VLDL secretion after postprandial lipid loading of hepatocytes. Additionally, apoB 

and MTP have similar functions in both hepatocytes and intestinal epithelial cells, where 

they are involved in chylomicron assembly (84), but whether tPA in the intestine affects 

chylomicron assembly requires further study.

Obesity increases the risk of atherothrombotic events, such as myocardial infarction and 

stroke. Elevated PAI-1 in obesity could be a mechanistic link between obesity and increased 

CVD risk by both reducing fibrinolytic potential and promoting dyslipidemia. Both plasma 
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and liver PAI-1 levels are increased in obesity (19, 85), and hepatocytes are an important 

resource of plasma PAI-1 (19, 86). Approximately 60 to 70% of obese people have 

dyslipidemia with increased VLDL production (87). This study provides possible links 

among obesity, increased VLDL production, and CVD through hepatic PAI-1.

Previous studies have shown that inhibiting VLDL production by using MTP inhibitors 

increases the risk of steatosis in humans, limiting the wide use of the agents. However, there 

are no reports to date that PAI-1 deficiency in humans is associated with liver steatosis. 

Additionally, global PAI-1 inhibition or PAI-1 deficiency in mice attenuates hepatic steatosis 

(88-90). Notably, our study used a mouse model with hepatocyte-specific PAI-1 deficiency 

(Fig. 6, A to F), whereas the studies mentioned above used mice with global PAI-1 

deficiency (88-90). This distinction could be significant because PAI-1 is expressed in other 

cell types, including adipocytes (91). Moreover, mice with global PAI-1 deficiency exhibit 

resistance to diet-induced obesity and display decreased adipocyte size compared with WT 

control mice (90, 92). Thus, the attenuated hepatic steatosis seen in global PAI-1 deficiency 

mice might be the result of overall metabolic changes, including body weight loss, which is 

not seen in mice with hepatocyte PAI-1 deficiency. Therefore, targeting tPA–PAI-1 balance 

in the hepatocytes may be an ideal therapeutic strategy for dyslipidemia and atherosclerotic 

CVDs, but this possibility requires more extensive human-based studies.

This study reveals that the tPA–PAI-1 interaction determines VLDL assembly in 

hepatocytes. These findings provide mechanistic insight into the physiologic response to 

lipid ingestion and to the atherosclerosis-relevant process of excessive apoB-lipoprotein 

production by the liver. The latter insight may suggest ideas to therapeutically lower 

atherogenic lipoproteins to prevent the development of atherothrombotic vascular disease.

Materials and methods summary

Please refer to the supplementary materials for the complete materials and methods.

Plasma from humans with PAI-1 deficiency

Plasma samples were collected from members of the Berne Amish community, who harbor 

a frameshift mutation in SERPINE1 (SERPINE1−/−; n = 10) (55) and their age-, gender-, 

and BMI-matched control individuals from the same community (n = 10). The institutional 

review boards (IRBs) at the Indiana Center for Hemophilia and Thrombosis and Medical 

College of Wisconsin (MCW) approved the study protocols. The study participants provided 

written informed consent.

Mice

Platfl/fl mice were generated using WT C57BL6/J mice through the homologous 

recombination in embryonic stem cell–based approach (Biocytogen, Wakefield, MA). 

Briefly, a targeting construct is designed to insert loxP sites into the introns 3 and 6, to 

flox the exons 4 to 6 of Plat gene. This design is to conditionally knock out the exons 4 to 6 

of Plat by Cre-loxP system. Hepatocyte tPA knockout mice were generated by administering 

Platfl/fl mice with an AAV8 expressing a Cre recombinase driven by the thyroxine-binding 

globulin (TBG) promoter, AAV8-TBG-cre (Cre), and Platfl/fl mice receiving AAV8-TBG-
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GFP (GFP) were used as controls. To silence tPA expression in heptocytes, mice were 

intravenously injected with AAV8 virus containing shPlat (AAV8-H1-shPlat) (19). Age-

matched control mice were injected with AAV8-H1-scramble silencing control. Ldlr−/−, 

Apoe−/−, and WT C57BL/6J mice, used for silencing hepatocyte tPA, were purchased from 

Jackson Laboratory (JAX) (cat. nos. 002207, 002052, and 000664, respectively). Ldlr−/− and 

Apoe−/− mice were fed with WD (Teklad, cat. no. TD 88137). WT mice were on a standard 

chow (Lab diet, cat. no. 5053), DIO diet (Research Diets, cat. no. 12492), or WD (Teklad, 

cat. no. TD 88137). To express tPA in hepatocytes, WT C57BL/6J mice and holo-tPA-KO 

mice (Jax, cat. no. 002508), on a standard chow diet, received intravenous injection of 

AAV8-TBG–Plat. For all experiments, mice were maintained on a 12-hour light–12-hour 

dark cycle with free access to normal chow, WD, or DIO diet and water. Mice of the 

same age and similar weight were randomly assigned to experimental and control groups. 

Plasma lipids were assayed in blood collected after a 5-hour withdrawal of food. We use 

power calculations to determine the number of mice for each experiment. We include both 

male and female mice. Mice of the same age and weight are randomly assigned to groups; 

exclusion criteria are death, injury requiring euthanasia, or weight loss >10%, assuming 

these are rare events that are not statistically different between groups. All endpoint assays 

and analyses were conducted by researchers who were blinded to the identity of the cohort. 

All mouse experiments were performed with the approval of the Institutional Animal Care 

and Use Committee (IACUC) of Biomedical Resource Center at MCW and the Institutional 

Animal Care and Use Committee of Columbia University Irving Medical Center.

Vector constructs

AAV8-TBG-cre and AAV8-TBG-GFP were purchased from Addgene. As previously 

described (19, 20), AAV8-H1–short hairpin RNA (shRNA) construct targeting murine Plat 

was made by annealing complementary oligonucleotides and then ligating them into the 

pAAV-RSV-GFPH1 vector. AAV8-TBG-Plat was purchased from Vector Biolabs. Plasmid 

expressing WT human tPA, pCMV3-tPA-HA, was purchased from Sino Biologic (Beijing, 

China). The plasmid constructs to express human tPA mutants were generated by Versiti 

BRI Core based on the pCMV3-tPA-HA. Constructed tPA mutants include tPA-S513A, 

tPA-KDEL, tPA-Δ-K2-HA, and tPA-D236, 238N. tPA-Δ-K2 refers to the tPA mutant with 

the replacement of K2 with K1, leading to the presence of two copies of K1 but no K2. As 

previously described (93), the purpose of this design is to create a mutant tPA that lacks K2 

but mimics normal tPA structure.

Human primary hepatocyte experiments

Human primary hepatocytes were obtained from the Liver Tissue Cell Distribution System 

at the University of Pittsburgh (Pittsburgh, Pennsylvania, USA). All cells were cultured 

in Williams’ Medium E supplemented with Hepatocyte Maintenance Supplement Pack 

(Thermo Fisher Scientific, cat. no. CM4000). Experiments were conducted as described in 

the figure legends. Cells were harvested, and culture media were collected, snap-frozen in 

liquid nitrogen, and stored at −80°C until processing. The age and gender information of 

human donors are listed in table S3.
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Pulse-chase assay for apoB secretion

Hepatocyte apoB-100 secretion was assayed using the 3[H] labeling method as previously 

described (31). Human primary hepatocytes or McA-RH7777 cells were washed with 

leucine-free media and pulsed with 3[H] leucine (80 uCi/ml; 160 Ci/mmol, Perkin Elmer, 

cat. no. NET1166005MC) for 20 min. The 3[H] leucine–containing medium was removed, 

and cells were incubated with fresh Dulbecco’s minimum essential medium (DMEM) for 

an additional 0.5, 1, or 3 hours. apoB was immunoprecipitated from cell homogenates 

and media using anti-apoB antibodies (Sigma-Aldrich, cat. no. AB742). Nonlabeled 

apoB-100 standards were added to the precipitates, and the samples were separated by 

SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gel. Gels were silver stained, the 

bands corresponding to apoB-100 were excised, and radioactivity associated with apoB-100 

was quantified by a scintillation counter.

Neutral lipid transfer activity assay

Neutral lipid transfer activity in cultured hepatocyte microsomal fractions was measured 

using a commercially available kit (Sigma-Aldrich, MAK110) as previously (36). 

Specifically, hepatocytes were homogenized in low hypotonic buffer (10 mM Tris-HCl, 

1 mM EGTA, and 1 mM MgCl2; pH 7.4) using a Polytron homogenizer. Microsomes 

were isolated by ultracentrifugation (SW55 Ti rotor, 50,000 rpm, 1 hour). Neutral lipid 

transfer activity was assayed using the kit according to the manufacturer’s manual. Isolated 

microsomes were incubated with donor vesicles containing fluorescent lipids and the 

acceptor vesicles–LDL. The fluorescence signal was self-quenched when labeled lipids 

existed within the donor vesicles but would be detected after lipids transferred to acceptor 

vesicles.

Solid-phase protein binding assay

Solid-phase binding was performed in polystyrene microtiter plates using an enzyme-linked 

immunosorbent assay (ELISA). Microtiter plate wells were coated with LDL at 5 μg/ml in 

coating buffer [tris-buffered saline (TBS)] overnight at 4°C. Unbound sites were blocked 

with 3% nonfat milk in TBS for 1 hour at 37°C. After washing with TBS containing 

0.05% Tween 20 (TBS-Tween), tPA was added to the wells at concentrations from 0 to 20 

mg/ml in TBS-Tween. After a 1-hour incubation at 37°C, the wells were washed with TBS-

Tween. Bound proteins were reacted with anti-tPA [1 mg/ml immunoglobulin G (IgG) in 

TBS-Tween in the presence of 3% nonfat milk] followed by goat anti-rabbit IgG conjugated 

to horseradish peroxidase. Trimethylboron (TMB) substrates were added. After stopping the 

reaction, the absorbance at 450 nm was measured.

SPR

Studies of the binding of recombinant tPA to purified LDL were performed with a 

Biacore S200 SPR instrument (Biacore) using a CM5 sensor chip (Cytiva, cat. no. 

29149603) (94). LDL was attached to the chip using amine coupling chemistry, according 

to the manufacturer’s instructions. In brief, the chip surface was prepared by exposing 

the carboxylated dextran matrix to an aqueous solution containing 0.4 M 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide and 0.1 M N-hydroxysuccinimide (10 μl/min for 7 
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min). Then LDL (500 μg/ml in 10 mM sodium acetate buffer, pH 5.5) flowed across the chip 

surface at the same rate for 7 min, followed by 1M ethanolamine-HCl (pH 8.5) at 19 μl/min 

for 7 min to deactivate excessive reactive groups and remove any noncovalently bound LDL. 

This procedure led to ~6000 response units (RUs) of LDL immobilized. To monitor LDL 

association with tPA, tPA solutions in HBS-E buffer (Biacore) (0.01 M Hepes, 0.15 M NaCl, 

3 mM EDTA, pH 7.4) in the concentration range of 10 to 500 μg/ml were flowed across the 

chip at 20 μl/min for 6 min at room temperature. The dissociation of tPA was then monitored 

by washing the surface for 6 min with HES buffer alone. tPA flowed across an activated, but 

uncoated CM5 chip under the same conditions as the control for nonspecific binding.

VLDL particle diameters analysis

VLDL particles (the particle density is < 1.006 g/ml) were isolated by KBr density 

ultracentrifugation (95) followed by two methods to measure their diameters. First, isolated 

VLDL particles were negatively stained with 20 g/L phosphotungstic acid (pH 7.0) for 2 min 

and then viewed under a Philips CM10 electron microscope. The mean diameters of VLDL 

particles were determined using Image-Pro Plus 5.0 image analysis software. Second, the 

hydrodynamic diameters of isolated VLDL particles were measured using a Zetasizer μV 

dynamic laser light scattering instrument (Malvern Instruments) at 633 nm. VLDL samples 

were transferred to a quartz cuvette, and light scatter readings were performed at 20°C 

(25-27).

Statistics analysis

The data described in the study were generated from biological replicates. The number for 

human participants research and mouse experiments are described in the figure legends, 

where applicable. The in vitro cell experiments were repeated at least three times. All results 

are presented as means ± SEMs. P values were calculated using two-tailed Student’s t 
test for data that passed the normality test or the Mann-Whitney rank-sum U test for data 

that were not normally distributed. Oneway analysis of variance (ANOVA) with post hoc 

Tukey’s test was used to evaluate differences among groups when three or more groups were 

analyzed.

Study approval

All mouse experiments were conducted with the approval of the IACUC and Institutional 

Biosafety Committee of MCW and the IACUC of Columbia University Irving Medical 

Center. The use of human cells and plasma samples in this study was approved by the IRB at 

the MCW and Indiana Hemophilia and Thrombosis Center. All participants provided written 

informed consent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Silencing hepatocyte tPA increases apoB-lipoprotein cholesterol and apoB independently 
of LDLR or apoE.
(A) Ldlr−/− mice were treated with AAV8-H1-shPlat (sh-tPA) or AAV8-H1-scrambled 

control (scr) and then fed the WD for 8 weeks. The livers were assayed for tPA protein, 

and plasma samples were assayed for total cholesterol and apoB-100 concentrations and for 

FPLC profiles of cholesterol, triglyceride, and apoB-100 (n = 9 to 10 mice per group). (B) 

Apoe−/− mice were treated with AAV8-H1-shPlat (sh-tPA) or AAV8-H1-scrambled control 

(scr) and then fed the WD for 8 weeks. The livers were assayed for tPA protein, and plasma 

samples were assayed for total cholesterol and apoB-100 concentrations and for FPLC 

profiles of cholesterol, triglyceride, and apoB-100 (n = 5 mice per group). (C) Platfl/fl mice 

were treated with AAV8-TBG-cre (Cre) or AAV8-TBG-GFP (GFP) and then fed the WD 

for 8 weeks. The livers were assayed for tPA protein, and plasma samples were assayed 

for total cholesterol and apoB-100 concentrations and for FPLC profiles of cholesterol, 

triglyceride, and apoB-100. The cholesterol in the VLDL fractions is shown in a zoomed-in 

smaller graph (n = 6 mice per group). (D) Human primary hepatocytes were treated with 

siRNA against tPA mRNA (si-tPA) or scrambled RNA for 24 hours. Cell culture medium 

apoB was quantified by immunoblot. VLDL fractions were isolated by ultracentrifugation, 

and cholesterol and triglyceride concentrations in VLDL fractions were assayed. (E) McA-

RH7777 cells were treated with siRNA against tPA mRNA (si-tPA) or scrambled RNA for 

24 hours. VLDL was isolated from the medium by ultracentrifugation, and cholesterol and 
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triglyceride concentrations in VLDL were assayed. Cell culture medium apoB was assayed 

by immunoblot. Data are shown as means ± SEMs; *P < 0.05 by two-tailed Student’s t test.
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Fig. 2. tPA limits apoB lipidation in the ER.
(A) WT mice were treated with AAV8-H1-shPlat (sh-tPA) or AAV8-H1-scrambled control 

(scr) and then fed the WD for 14 weeks. Mice were injected with P407 intraperitoneally 

(i.p.) to assess VLDL secretion. Plasma triglyceride concentration was measured (n = 

4 to 5 mice per group). (B) WT mice were treated with AAV8-H1-shPlat (sh-tPA) or 

AAV8-H1-scrambled control (scr) and then fed the WD for 14 weeks. Mice were injected 

with P407 i.p. to assess VLDL secretion. Plasma apoB concentration was measured by 

ELISA (n = 4 to 5 mice per group). (C) Ldlr−/− mice were treated with AAV8-H1-shPlat 
(sh-tPA) or AAV8-H1-scrambled control (scr) and then fed the WD for 8 weeks. VLDL 

was isolated by ultracentrifugation and visualized by transmission electron microscopy. 

VLDL (n = 100 for each group) diameter was measured and analyzed using Image-Pro 

Plus 10.0. Scale bars, 100 nm. (D) Ldlr−/− mice were treated with AAV8-H1-shPlat (sh-

tPA) or AAV8-H1-scrambled control (scr) and then fed the WD for 8 weeks (n = 9 to 

10 mice per group). VLDL was isolated by ultracentrifugation, and VLDL diameter was 

measured by dynamic light scattering. (E) Ldlr−/− mice were treated with AAV8-H1-shPlat 
(sh-tPA) or AAV8-H1-scrambled control (scr) and then fed the WD for 8 weeks. VLDL was 

isolated by ultracentrifugation and assayed for the ratio of triglyceride to apoB-100 (n = 

9 to 10 mice per group). (F) Whole-body tPA knockout mice (holo-tPA-KO) were treated 

with AAV8-TBG-Plat (tPA) or AAV8-TBG-lacZ (LacZ) and then fed a normal chow diet 

for 8 weeks. Plasma samples were assayed for VLDL cholesterol, LDL cholesterol, and 

apoB-100 concentrations (n = 6 mice per group). (G) Human primary hepatocytes were 

transduced with a plasmid encoding tPA with C-terminal HA tag (tPA-HA) or GFP. After 48 

hours, apoB secretion was measured using a [3H]-labeling method as follows: hepatocytes 

Dai et al. Page 25

Science. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were incubated for 20 min in [3H]-leucine–containing medium and chased for 3 hours in 

[3H]-leucine–free medium, and then radioactivity associated with apoB in the cell medium 

was quantified by scintillation counting. (H) Human primary hepatocytes were treated with 

siRNA against tPA mRNA (si-tPA) or scrambled RNA for 24 hours. apoB secretion was 

measured using [3H]-labeling, as in (G). Radioactivity associated with apoB in cell medium 

was quantified by scintillation counting. (I) Human primary hepatocytes were treated with 

siRNA against tPA mRNA (si-tPA) or scrambled RNA for 24 hours. VLDL was isolated 

by ultracentrifugation, and VLDL diameter was measured by dynamic light scattering. 

(J) Human primary hepatocytes were treated with siRNA against tPA mRNA (si-tPA) or 

scrambled RNA for 24 hours. VLDL was isolated by ultracentrifugation and assayed for 

the ratio of triglyceride to apoB-100. (K) Human primary hepatocytes were treated with 

siRNA against tPA mRNA (si-tPA) or scrambled RNA for 24 hours. The ER fraction was 

isolated, and proteins from the ER were extracted. apoB-lipoproteins extracted from the ER 

were further separated by density gradient ultracentrifugation and divided into six fractions 

of increasing density from fraction 1 to 6. apoB from each fraction was measured by 

immunoblot. Data are shown as means ± SEMs; *P < 0.05 by two-tailed Student’s t test.
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Fig. 3. tPA blocks apoB-VLDL assembly.
(A) Human primary hepatocytes were treated with siRNA against tPA mRNA (si-tPA) or 

scrambled RNA for 24 hours. Cell lysates (input) and anti-MTP immunoprecipitates (IP: 

MTP) were assayed for apoB and MTP by immunoblot. (B) Human primary hepatocytes 

were treated with siRNA against tPA mRNA (si-tPA) or scrambled RNA (group 1) or tPA 

mRNA (si-tPA) (groups 2 and 3) for 24 hours. The microsomal fraction was isolated and 

assayed for neutral lipid transfer activity with DMSO (groups 1 and 2) or without with 

CP-346086 (10 nM), an MTP inhibitor (group 3). (C) Human primary hepatocytes were 

transduced with a plasmid encoding tPA with C terminal HA tag (tPA-HA) or GFP for 

48 hours. Cell lysates (input) and anti-MTP precipitates (IP: MTP) were assayed for apoB 

and MTP by immunoblot. (D) Human primary hepatocytes were transduced with a plasmid 

encoding tPA-HA or GFP for 48 hours. The microsomal fraction was isolated and assayed 

for neutral lipid transfer activity. (E) The effect of recombinant human tPA on lipid transfer 

from donor vesicles to human LDL was assayed. (F) Human primary hepatocytes were 

transduced with a plasmid encoding tPA-HA or GFP for 48 hours. Cell lysates (input) and 

anti-HA immunoprecipitates (IP: HA) were assayed for apoB and tPA. (G) A proximity 

ligation assay was used to measure apoB-tPA interaction in human primary hepatocytes. 
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Scale bars, 10 μm. (H) Confocal microscopy immunofluorescence imaging was used to 

measure the subcellular localization of tPA and apoB in human primary hepatocytes. Scale 

bars, 10 μm. DAPI, 4′,6-diamidino-2-phenylindole. (I) Human primary hepatocytes were 

transduced with a plasmid encoding WT tPA (tPA-WT), an enzymatically inactive mutant 

of tPA (tPA-S513A), tPA with an ER retention signal sequence (tPA-KDEL), or GFP for 

48 hours. apoB secretion was measured by [3H]-labeling, as in Fig. 2. (J) The effect of 

recombinant WT tPA (tPA-WT) or enzymatically inactive mutant of tPA (tPA-S513A) on 

lipid transfer from donor vesicles to human LDL was assayed. Data are shown as means 

± SEMs; *P < 0.05 by two-tailed Student’s t test (D) or by one-way ANOVA followed by 

Dunnett’s test [(B), (E), (I), and (J)].
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Fig. 4. The K2 domain of tPA interacts with the N terminus of apoB.
(A) A solid-phase binding assay was used to measure the interaction between immobilized 

LDL and recombinant human WT tPA (tPA-WT) or enzymatically inactive tPA-S513A. 

The binding of tPA-WT or tPA-S513A to wells without LDL is also measured under the 

same conditions as the control. OD, optical density. (B) A solid-phase binding assay was 

used to measure the interaction between recombinant human tPA and immobilized purified 

human MTP complex. (C) A solid-phase binding assay was used to measure the ability of 

tPA to inhibit the binding of MTP to immobilized LDL. (D) SPR was used to measure 

the interaction between human recombinant tPA and LDL. (E) A solid-phase binding 

assay was used to test whether anti-apoB N-terminal antibody (1D1) versus control IgG 

(raised against the β3 domain of apoB) blocks the binding between human recombinant 

tPA and immobilized LDL. (F) Human primary hepatocytes were transduced with the 

plasmid encoding WT tPA (tPA-WT), a tPA mutant without the K2 domain (tPA-Δ-K2), 

or tPA mutated in the K2 domain lysine binding site (tPA-D236, 238N). apoB secretion 
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was measured by [3H]-labeling, as in Fig. 2. (G) A solid-phase binding assay was used 

to test whether an antibody against tPA-K2 domain interferes with the interaction between 

human recombinant tPA and immobilized purified LDL. (H) A solid-phase binding assay 

was used to measure whether tranexamic acid (TXA) interferes with the interaction between 

recombinant human tPA and immobilized purified LDL. (I) A schematic diagram depicting 

the interaction between the N terminus of apoB and the K2 domain of tPA. The diagram was 

generated using biorender.com. Data are shown as means ± SEMs; *P < 0.05 by one-way 

ANOVA followed by Dunnett’s test. n.s., not significant (P ≥ 0.05).
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Fig. 5. PAI-1 sequesters tPA away from apoB, leading to increased VLDL assembly in 
hepatocytes.
(A) Human primary hepatocytes lysates (input) and anti–PAI-1 immunoprecipitates (IP: 

PAI-1) were assayed for tPA and PAI-1 by immunoblot. (B) A proximity ligation assay was 

used to measure tPA–PAI-1 interaction in human primary hepatocytes. Scale bars, 10 μm. 

(C) Human primary hepatocytes were treated for 6 hours with 0.4 mM oleate complexed 

with fatty acid–free BSA (oleate group) or fatty acid–free BSA alone (vehicle control). 

Cell lysates were assayed for tPA by immunoblot using the Jess Simple Western system. 

(D) Human primary hepatocytes were treated with 0.4 mM oleate complexed with fatty 

acid–free BSA (oleate group) or fatty acid–free BSA alone (vehicle control). Cell lysates 

were assayed for tPA–PA-1 complex and PAI-1–free tPA concentrations by ELISA. (E) 

Human primary hepatocytes were treated with siRNA against PAI-1 mRNA (si-PAI1) or 

scrambled RNA and then incubated in medium containing either 0.4 mM oleate complexed 

with fatty acid–free BSA (oleate group) or fatty acid–free BSA alone (vehicle control). 

Cell lysates were assayed for PAI-1–free tPA concentration by ELISA. (F) Human primary 

hepatocytes were treated with siRNA against PAI-1 mRNA (si-PAI1) or scrambled RNA and 

then incubated in medium containing either 0.4 mM oleate complexed with fatty acid–free 

BSA (oleate group) or fatty acid–free BSA alone (vehicle control). apoB secretion was 

measured by [3H]-labeling, as in Fig. 2. (G) Human primary hepatocytes were treated with 

siRNA against tPA mRNA (si-tPA) or against PAI-1 mRNA (si-PAI1) or scrambled RNA. 

apoB secretion was measured by [3H]-labeling, as in Fig. 2. (H) A solid-phase binding assay 

was used to measure the interaction between immobilized LDL and recombinant human tPA 

or tPA–PAI-1 complex. (I) The effect of recombinant human tPA and tPA–PAI-1 complex 

on lipid transfer from donor vesicles to human LDL was assayed. (J) Normal chow diet–fed 
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WT mice had their food withdrawn for 5 hours and were then euthanized at 0, 1, 2, and 

6 hours after oral gavage with olive oil. Liver lysates were assayed for PAI-1–free tPA 

concentration by ELISA. Data are shown as means ± SEMs; *P < 0.05 by one-way ANOVA 

followed by Dunnett’s test [(D) to (G), (I), and (J)]. n.s., not significant (P ≥ 0.05).
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Fig. 6. PAI-1 deficiency leads to lower concentrations of plasma apoB and apoB-cholesterol in 
mice and humans.
(A) Serpine1fl/fl mice were treated with AAV8-TBG-Cre (Cre) or control AAV8-TBG-LacZ 

(Ctrl) and then fed a high-fat diet for 8 weeks. Plasma total cholesterol concentration was 

measured (n = 6 per group). (B) Serpine1fl/fl mice were treated with AAV8-TBG-Cre (Cre) 

or control AAV8-TBG-LacZ (Ctrl) and then fed a high-fat diet for 8 weeks. Plasma apoB 

was measured by immunoblot (n = 6 per group). (C) Serpine1fl/fl mice were treated with 

AAV8-TBG-Cre (Cre) or control AAV8-TBG-LacZ (Ctrl) and then fed a high-fat diet for 

8 weeks. Plasma samples were subjected to FPLC fractionation and assayed for cholesterol 

concentration. The cholesterol in VLDL fractions is shown in the smaller graph in the 

inset (n = 6 per group). (D) Serpine1fl/fl mice were treated with AAV8-TBG-Cre (Cre) or 
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control AAV8-TBG-LacZ (Ctrl) and then fed a high-fat diet for 8 weeks. Liver lysates were 

assayed for PAI-1–free tPA concentration by ELISA (n = 6 per group). (E) Serpine1fl/fl 

mice were treated with AAV8-TBG-Cre (Cre) or control AAV8-TBG-GFP (Ctrl) and then 

fed a normal chow diet for 4 weeks. Mice were injected with P407 i.p. to assess VLDL 

secretion (n = 10 per group). (F) Serpine1fl/fl mice were treated with AAV8-TBG-Cre 

(Cre) or control AAV8-TBG-GFP (Ctrl) and then fed a normal chow diet for 6 weeks. The 

mice had their food withdrawn for 5 hours and then were euthanized at 0, 2, and 4 hours 

after oral gavage with olive oil. Plasma apoB-100 concentration was measured by ELISA. 

(G) Plasma samples from SERPINE1-deficient humans and unaffected age-, gender-, and 

BMI-matched individuals from the same community were assayed for VLDL cholesterol, 

LDL cholesterol, and apoB-100 concentrations (n = 10 per group). (H) tPA concentration 

was measured in VLDL isolated by ultracentrifugation from the plasma of the subjects in 

(G) (n = 10 per group). (I) VLDL from the plasma of the subjects in (G) was analyzed 

by dynamic light scattering (n = 10 per group). The correlation between VLDL-associated 

tPA and VLDL diameter was calculated (n = 10 per group). (J) A schematic diagram 

depicting how tPA–PAI-1 interaction in hepatocytes determines VLDL assembly. Without 

lipid stimulation, tPA interacts with apoB and inhibits MTP-apoB interaction in the ER, 

thereby limiting MTP-mediated apoB lipidation and VLDL assembly. When hepatocytes are 

loaded with lipid, PAI-1 sequesters free tPA away from apoB and increases VLDL assembly. 

The diagram was generated using biorender.com. Data are shown as means ± SEMs; P 
values were calculated by two-tailed Student’s t test [(A), (D), (E), and (F)], paired Student’s 

t test [(G) and (H)], or Pearson’s correlation analysis (I). *P < 0.05.
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