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CHAPTER 7
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roles in FSAP activation induced by dead 
cells in serum
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ABSTRACT
Factor VII-activating protease binds to purified negatively charged molecules, 
e.g. RNA and DNA, and to positively charged molecules e.g. histones. Albeit 
through different mechanisms, binding of FSAP to both types of molecules 
has been suggested to induce the auto-activation of FSAP. FSAP is activated 
in serum upon incubation with late apoptotic or necrotic cells, but the 
contribution of cellular DNA, RNA, and histones to this process is unclear. In 
this study, we demonstrated that cellular RNA mediates the binding of FSAP to 
late apoptotic cells. RNA digestion markedly reduced the binding of FSAP to 
these cells, as well as the activation of FSAP. In contrast, DNA digestion strongly 
enhanced both the binding and activation of FSAP, possibly through the 
release of histones from chromatin. Jurkat cells were fractionated to identify 
the cellular component that induces the activation of endogenous FSAP in 
serum. Whilst the cytoplasmic fraction that contained the majority of cellular 
RNA did not induce the activation of FSAP, the fractions that contained the 
nuclear components, predominantly histones, did induce the FSAP activation. 
Digestion of the DNA in the nuclear fractions did not affect FSAP activation. 
Subsequently, we found that the addition of purified histones to serum 
strongly induced the activation of FSAP, whilst activation did not occur with 
purified RNA. However, purified RNA markedly enhanced the activation of 
FSAP in serum induced by histones. Our results indicate that both RNA and 
histones are involved in the activation of FSAP induced by dead cells in serum. 
Furthermore, whilst RNA does not directly induce the auto-activation of FSAP, 
it may serve as a scaffold for FSAP accumulation that facilitates the auto-
activation of FSAP induced by histones.
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INTRODUCTION
Factor VII-activating protease (FSAP), otherwise known as hyaluronic acid-
binding protein 2 (HABP2) or plasma hyaluronan binding protein (PHBP), is a 
~78 kDa plasma serine protease that circulates as a zymogen at a concentration 
of ~12 μg/ml1. HABP2 was initially discovered as a co-purified product upon 
hyaluronic acid purification from plasma2. However, HABP2 was renamed 
to FSAP based on the observation that FSAP activated Factor VII in Factor 
X-deficient plasma3. This observation was later challenged, as supraphysiologic 
concentrations of FSAP were required to activate Factor VII, resulting in a loss 
of consensus on the relevance of Factor VII-activation by FSAP4. In the past 
decade, other proteolytic substrates of FSAP have been identified, including 
single-chain urokinase plasminogen activators5, fibrinogen6, high molecular 
weight kininogen7, platelet-derived growth factor BB8, tissue factor pathway 
inhibitor9, bone morphogenetic protein-2 (BMP-2)10, histones11, and high-
mobility group box protein 1 (HMGB1)12. We have previously demonstrated 
that FSAP degrades histones in serum and thereby efficiently protects against 
the cytotoxicity of histones11. In addition, we have found that FSAP-mediated 
HMGB1 degradation inhibits HMGB1-mediated chemotaxis12. Furthermore, 
active FSAP releases chromatin in the form of nucleosomes from late apoptotic 
and, in cooperation with DNase I, from necrotic cells13,14.
Since FSAP circulates as a zymogen, activation is a prerequisite for its activity. 
The single-chain FSAP zymogen is activated through proteolytic conversion 
(R313-I314) into a catalytically active two-chain molecule (tcFSAP). We have 
shown that FSAP is activated in plasma upon incubation with late apoptotic 
and necrotic cells15. Interestingly, signs of FSAP activation have been detected 
in vivo in a range of inflammatory conditions in which extensive cell death 
occurs12,15–17. However, the dead cell derived constituent responsible for this 
activation has not been identified. 
 FSAP undergoes auto-proteolytic activation, and several molecules 
have been shown to catalyze this process in a setting with purified proteins 
in buffer. These molecules that enhance auto-activation include negatively 
charged molecules such as heparin, DNA, RNA, and polyphosphates1,18–20. 
FSAP was shown to bind to these negatively charged molecules through a 
positively charged cluster in its endothelial growth factor (EGF) 3 domain21,22. 
This binding results in the accumulation of FSAP, and juxtaposed FSAP 
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molecules were hypothesized to proteolytically activate one another23. 
However, although negatively charged molecules may promote ongoing 
autoproteolysis, exposure of FSAP to these molecules in plasma was not found 
to result in FSAP activation15. In contrast to the negatively charged molecules 
mentioned above, some molecules with a strong positive charge such as 
histones have been described to bind to FSAP and directly induce FSAP 
activation in plasma23,24, albeit through a different mechanism as proposed 
for negatively charged molecules. An intramolecular interaction between a 
negatively charged cluster of acidic amino acids in the N-terminal tail of FSAP, 
and the positively charged cluster within the EGF3 domain, shields the EGF3 
and blocks its binding to other FSAP molecules, thereby preventing FSAP 
auto-proteolysis23. Yamamichi et al. hypothesized that binding of histones to 
the negatively charged N-terminal tail disrupts this intramolecular interaction, 
and allows for binding of the EGF3 domain to an N-terminal tail of a nearby 
FSAP molecule to occur, which facilitates auto-proteolysis. The role of histones 
to facilitate the activation of FSAP in plasma was investigated by the addition 
of purified histones, but whether histones account for the observed FSAP 
activation upon contact with dead cells is unclear. Both histones, DNA, and 
RNA are naturally present in dead cells, but their individual, and possibly 
cooperative, contribution to the activation of FSAP induced by dead cells has 
not been investigated. For enhanced autoactivation on DNA, RNA or histones 
to occur, it is imperative that FSAP binds to these molecules. Therefore, we 
hypothesized that the binding of FSAP to (dead) cells may serve as an indicator 
for FSAP activation. In this study, we aimed to investigate the contribution of 
RNA, DNA and histones to the binding of FSAP to late apoptotic cells, and their 
subsequent role in the activation of FSAP in serum.

METHODS
Reagents
Mouse monoclonal antibodies anti-FSAP (anti-FSAP-4)15, anti-alpha-2-
antiplasmin (AAP-20), and anti-IL6 (anti-IL6.8)25, were prepared at our 
department. Iscove’s modified Dulbecco’s medium (IMDM) was obtained 
from Bio-Whittaker Europe. Fetal calf serum (FCS) was obtained from Bodinco. 
Penicillin and streptomycin were obtained from Gibco Invitrogen. RNase A, 
b-mercaptoethanol, calf thymus purified histones, total RNA isolated from 
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yeast, transfer RNA isolated from yeast, and Poly I:C were obtained from 
Sigma. Protease activity free recombinant Dnase I was obtained from Roche. 
High-performance enzyme-linked immunosorbent assay (ELISA) buffer and 
poly–horseradish peroxidase (HRP)–labeled streptavidin were obtained 
from Sanquin, and 3,5,3’,5’-tetramethylbenzidine was obtained from Merck. 
Lymphoprep was obtained from Axis-Shield. Plasma-derived two-chain FSAP 
was obtained by purification as described previously13. The construction, 
production, purification, and activation of the thermolysin-activatable FSAP-
R313Q (rFSAP) mutant has been described in detail elsewhere4. Blood was 
collected from donors and allowed to clot for 30 minutes at room temperature. 
After centrifugation at 1,300g for 10 minutes, serum was removed and stored 
at –20°C. All sera from healthy donors were obtained as anonymized samples 
from the diagnostic laboratory. Informed consent was obtained according to 
the declaration of Helsinki, and samples were handled in accordance with the 
Dutch rules and regulations for the use of human materials.

Cell culture and cell death induction
Jurkat cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) 
containing 5% (volume/ volume) fetal calf serum (FCS), 100 IU/ml penicillin, 100 
μg/ml streptomycin, and 50 μM b-mercaptoethanol. Apoptosis was induced 
by incubation of Jurkat cells (1x106/ml) with 20 mM etoposide for 48 hr. 

Analysis of cellular DNA content and binding of FSAP
Late apoptotic Jurkat cells were washed three times with HN-BSA buffer (50 
mM HEPES, 100 mM NaCl, 0.1% BSA, pH 7.4) with the addition of 5 mM CaCl2 
and 5 mM MgCl2. Cells were incubated with 100 U/ml DNase I (Roche), 100 U/
ml RNase A (Sigma), or a combination of both, at 37°C for 1 hr. Afterwards, cells 
were placed on ice and allowed to cool down to 4°C. Subsequently, cells were 
incubated with healthy donor serum (10%) or with inactive rFSAP (10 AU/ml) 
at 4°C for 30’. 100 AU/ml FSAP corresponds to 100% serum. Cells were washed 
3x with buffer and kept on ice until further use. 
 To examine cellular DNA content, cells were stained with 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma) (100 ng/ml), and to analyze the binding of FSAP, 
cells were stained with an AlexaFluor647 (AF647)-labeled anti-FSAP antibody 
(anti-FSAP4) (2 µg/ml). Cells were washed three times with HN-BSA buffer 
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before subsequent analysis.
For confocal laser-scanning microscopy analysis, coverslips were 

coated for 15 min with Alcian Blue (Sigma) and were subsequently washed five 
times with dH2O cells. Subsequently, 50.000 cells (0.25x106/ml) were spun onto 
the cover slips to allow attachment of cells. Cells were fixed by incubation with 
4% paraformaldehyde for 15 min, and were subsequently stained for DNA or 
FSAP as mentioned above. Confocal analysis was performed using a Carl Zeiss 
LSM510 confocal laser scanning microscope equipped with an argon/krypton 
laser, with x40 oil objective. DAPI was excited at 405 nm and detected between 
450-480 nm. AF647-anti-FSAP was excited at 630 nm, and detected at >650 
nm. All experiments presented were repeated several times on different days 
and results were consistent and reproducible. Further image processing was 
performed using Zen (Carl Zeiss).

For imagestream analysis, cells (2x106/ml) were fixed by incubation 
with 4% paraformaldehyde for 15 min, and were subsequently stained for DNA 
or FSAP as described above. Imaging flow cytometric analysis was performed 
using an Imagestreamx Mark II (Amnis). Per condition, 100.000-150.000 cells 
were analyzed. Obtained data was analyzed using IDEAS 6.0 software (Amnis) 
and colocalization of DNA and FSAP was asessed using the built-in function 
to calculate the median similarity score. The mean similarity score is based 
on a regression analysis of pairs of pixel intensity values taken from FSAP and 
DAPI fluorescence images from single cells. Values between 1 and 6 represent 
positive correlations, whilst values between -6 and -1 represent negative 
correlations.

For flow cytometric analysis, cells (2x106/ml) were stained for DNA or 
FSAP as described above. The median fluorescence intensity of AF647-anti-
FSAP or DAPI was determined on an LSRII (Becton Dickinson) and quantified 
using FACSDiva software (Becton Dickinson). Per condition, 10.000-20.000 
cells were analyzed. 

Subcellular fractionation
Fractionation of 66x106 live Jurkat cells was performed with the Subcellular 
protein fractionation kit for cultured cells (Thermo Scientific) according to 
manufacturers’ instructions. Proteins in the fractions were separated by SDS-
PAGE (NuPage, ThermoFisher Scientific) and visualized with silver (Pierce Silver 
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Stain Kit, ThermoFisher Scientific). Fractions that induced FSAP activation in 
serum were subsequently incubated in the presence or absence of 100 U/ml 
RNase A, 100 U/ml DNase I, a combination of both, or 100 U/ml proteinase K 
bound to agarose beads (Sigma). 

Activation of FSAP in serum
Serum (50%) obtained from healthy donors was incubated with either late 
apoptotic Jurkat cells (2x106/ml), subcellular fractions (undiluted), calf thymus 
purified histones (10/50 µg/ml), or purified RNA (50 µg/ml) at 37°C for 1 hr. 
Where applicable, cells were pelleted by centrifugation at 400 g for 3 min and 
supernatant was harvested. 

FSAP-AP complex ELISA
FSAP-AP complex levels were determined in serum as previously described15. 
Briefly, monoclonal antibody anti-alpha-2-anti-plasmin was used as a catching 
antibody. Biotinylated monoclonal antibody anti-FSAP4 in combination with 
poly-horseradish peroxidase-labeled streptavidin were used for detection. As 
a standard, recalcified citrate plasma that had been incubated with apoptotic 
cells to induce FSAP activation was used. Levels of FSAP-AP complexes were 
expressed in arbitrary units (AU), in which the median level in recalcified citrate 
plasma from 20 healthy donors corresponds to 0.5 AU/mL.

Statistical analysis
Results are expressed as mean values ± SEM, except for means of <3 values 
where ± SD is indicated. Statistical analysis was performed using a paired, two-
tailed Student’s t-test in GraphPad Prism 6 Software. P values smaller than 0.05 
were considered significantly different from the null hypothesis.
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RESULTS
To investigate whether endogenous FSAP in serum binds to late apoptotic 
cells, we induced apoptosis in Jurkat cells with etoposide. Thereafter, these 
late apoptotic cells were incubated with 10% serum of a healthy donor at 4 
°C for 1hr to allow binding, but not activation, of FSAP to occur. Subsequently, 
the cells were incubated with a fluorescently-labeled monoclonal antibody 
directed against the light-chain of FSAP to detect binding of FSAP to the 
cells, and DNA was visualized with DAPI. Binding of FSAP was observed in a 
speckled pattern throughout the cytoplasm, and did not colocalize with the 
DNA present in the fragmented nuclei (Figure 1A). To investigate the role of 
RNA and DNA in the binding of FSAP to cells, we pre-incubated late apoptotic 
Jurkat cells with RNase A or DNase I, and thereafter incubated the cells with 
healthy donor serum. To our surprise, we did not detect any binding of FSAP 
when RNA had been digested with RNase, indicating that RNA is involved in 
binding of FSAP to cells (Figure 1B). Interestingly, we observed significantly 
increased binding of FSAP throughout the cell after DNA digestion (Figure 1 
C). 
 It is important to use pure DNases in these experiments as we 
observed that histones were degraded upon incubation of purified histones 
with Dnase I to digest any residual DNA contamination in the histone product 
(Supplemental Figure 1A). Consequently, these histones induced lower levels 
of FSAP activation in serum (Supplemental Figure 1B). Highly pure DNase 
without protease activity was used in all subsequent experiments.
 We quantified the binding of FSAP to late apoptotic cells, and 
simultaneously investigated its localization, by imaging flow cytometry. This 
technique combines the analysis of a cell population by flow cytometry while 
simultaneously taking a fluorescent image of every cell. We pre-incubated 
late apoptotic Jurkat cells in the absence or presence of RNase or DNase and 
thereafter incubated the cells with 10% serum of a healthy donor. Binding of 
FSAP was detected with anti-FSAP antibody and DNA was visualized by DAPI 
staining. Similar to what we noticed using confocal microscopy in Figure 1A, 
we observed a speckled pattern of FSAP throughout the cytoplasm (Figure 
2A) and little overlap between FSAP and DNA signals. We calculated the mean 
similarity score between the FSAP and DAPI signals to determine the degree 
of colocalization of FSAP and DNA. The mean similarity score was 0.54, which 
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Figure 1. Binding of endogenous FSAP in serum to late apoptotic cells and the effects of 
RNA and DNA digestion
(A-C) Late apoptotic Jurkat cells were preincubated in the absence (A) or presence of 100 U/ml 
RNase A (B) or 100 U/ml DNase I (C), prior to incubation with 10% serum of a healthy donor. The 
binding of FSAP was subsequently detected by an AlexaFluor647-labeled anti-FSAP antibody, 
whilst DNA was stained with DAPI, and visualized by confocal microscopy. Blue indicates DAPI, 
green indicates FSAP. The top panels show an overview for each condition and the lower panels 
are a digital zoom of a single cell from the top panels. Isotype control staining was negative (not 
shown). Images are representative of results obtained in three independent experiments.
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indicates a poor correlation between the two signals. Furthermore, as observed 
by confocal imaging/microscopy, binding of FSAP was absent upon digestion 
of RNA (Figure 2B), and enhanced upon DNA digestion (Figure 2C). These 
findings were confirmed through the quantification of bound FSAP (Figure 
2D). Notably, upon DNA digestion, binding of FSAP appeared to localize more 
at the plasma membrane, compared to cells of which the DNA had not been 
digested.
 As we cannot exclude that some FSAP activation occurs in serum 
upon incubation with late apoptotic cells at 4°C, we investigated the binding 
of inactive FSAP to late apoptotic cells. We used a similar experimental method 
as above, but now incubated late apoptotic cells with 10 U/ml recombinant 
FSAP-R313Q (rFSAP) instead of 10% serum. In this variant of FSAP, the cleavage 
site that is used for auto-proteolytic activation of FSAP has been mutated, 
which prevents auto-activation of FSAP. However, the mutation introduces a 
specific cleavage site for thermolysin, which allows for manual activation in 
vitro4. Upon analysis of binding of inactive rFSAP to late apoptotic cells, we 
observed a similar binding pattern of rFSAP to cells, compared to FSAP in 
serum (Figure 2E). Furthermore, RNA digestion decreased binding of rFSAP 
(Figure 2F and 2H), although not as markedly as observed for FSAP in serum, 
whilst DNA digestion resulted in enhanced binding of FSAP (Figure 2G and 
2H). Notably, upon DNA digestion, binding of rFSAP was localized more 
towards the plasma membrane. These results suggest that RNA is involved 
in the binding of inactive FSAP to late apoptotic cells, whilst the increased 
binding of FSAP to late apoptotic cells upon DNA digestion suggest that DNA 
blocks binding of FSAP, possibly to histones. Unfortunately, we were unable 
to investigate the binding of active rFSAP; although the activation of FSAP in 
serum was inhibited at 4 °C, activated rFSAP appeared active as it was able to 
remove chromatin from late apoptotic cells at 4°C. This activity may remove a 
potential binding partner of FSAP, which prevented binding analysis of active 
FSAP.
 To study whether the different levels of binding of FSAP to cells affect 
the activation of FSAP, we incubated apoptotic Jurkat cells that had been 
preincubated in the absence or presence of RNase A, DNase I, or a combination 
of both with healthy donor serum. Upon activation, FSAP is rapidly inactivated 
by plasma serine protease inhibitors such as alpha-2-antiplasmin19. As a 
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Figure 2. Binding of inactive FSAP to late apoptotic cells and the effect of RNA and DNA 
digestion
(A-C) Late apoptotic Jurkat cells were preincubated in the absence (A) or presence of 100 U/ml 
RNase A (B) or 100 U/ml DNase I (C), prior to incubation with 10% serum of a healthy donor. The 
binding of FSAP was subsequently detected by an AlexaFluor647-labeled anti-FSAP antibody, 
whilst DNA was stained with DAPI, and visualized and quantified by Imagestream analysis. Five 
representative cells of each condition are shown. The grey tone image shows brightfield, blue 
represents DAPI, and green represents FSAP. The median fluorescence intensity of bound FSAP 
was determined for each condition (D). (E-G) Late apoptotic Jurkat cells were incubated with 10 
U/ml inactive recombinant FSAP. Again, bound FSAP and DNA were visualized, and the binding 
of FSAP was quantified (H). Images were chosen randomly from > 2000 imaged cells. Data 
are expressed as mean ± SEM and were obtained from three independent experiments each 
performed in duplicate for (A-D) and one experiment performed in duplicate for (E-H). *p<0.05 
were calculated using a two-tailed paired Students t-test.
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readout for FSAP activation in plasma, we determined levels of complexes 
formed by FSAP with alpha-2-antiplasmin (FSAP-AP) in the supernatant whilst 
we in the same experiment determined the binding of FSAP to the cells by flow 
cytometry. Comparable to the results obtained by imaging flow cytometry, 
binding of FSAP to cells was decreased upon RNA digestion, whilst it was 
enhanced upon DNA digestion (Figure 3A). Importantly, in support of our 
hypothesis that FSAP activation and the binding of FSAP to late apoptotic cells 
are linked, we found that the levels of FSAP-AP complexes were significantly 
decreased upon RNA digestion, whilst DNA digestion resulted in increased 
levels of FSAP-AP (Figure 3B). Interestingly, combined digestion of RNA and 
DNA resulted in FSAP activation and FSAP-AP levels that were similar to the 
FSAP-AP levels that we observed with cells that had not been incubated with 
RNase or DNase. These results support the notion that binding of FSAP to late 
apoptotic cells is required for its activation and that RNA plays an important 
role in this process. Furthermore, the results obtained with combined DNA 
and RNA digestion suggest that activation of FSAP is mediated by RNA in 
combination with another structure, possibly histone, that is released upon 
DNA digestion.
 We have previously demonstrated that active FSAP releases 
nucleosomes from late apoptotic cells13. Since digestion of late apoptotic cell 
RNA resulted in decreased activation of FSAP upon incubation with these 
cells, we aimed to investigate the effects of RNA digestion on the nucleosome 
releasing activity of FSAP in serum. Therefore, we pre-incubated late apoptotic 
cells in the absence or presence of RNase A, and thereafter added healthy 
donor serum. Using flow cytometry we then assessed binding of FSAP to late 
apoptotic cells, and in the same experiment determined their DNA content as 
a readout for the release of nucleosomes. As a control, we also incubated cells 
with DNase I, prior to incubation with serum. Again, we observed decreased 
binding of FSAP to cells after RNA digestion, whilst DNA digestion strongly 
increased binding of FSAP. To our surprise, we noticed that the DAPI signal of 
cells increased after RNA digestion, whilst the signal decreased to background 
levels upon DNA digestion, as expected. Upon incubation with increasing 
concentrations of serum, the DNA content of cells decreased, but much higher 
serum concentrations were required for the cells of which the RNA had been 
digested. These results indicate that the decreased activation of FSAP in 
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serum observed with cells that had RNA removed, also gives rise to reduced 
nucleosome release. 
 In an attempt to identify the molecule in cells that mediates FSAP 
activation, we fractionated Jurkat cells into; (1) a cytoplasmic fraction, (2) a 
fraction containing all non-nuclear membranes, (3) a soluble nuclear fraction 
containing all molecules not bound to DNA, (4) a fraction containing all DNA 
and chromatin-bound proteins, and (5) a fraction containing the cytoskeletal 
components. We then added healthy donor serum to these fractions and after 
incubation determined FSAP-AP levels as a readout for FSAP activation. We 

Figure 3. FSAP activation and resultant chromatin release and the effect of RNA and DNA 
digestion
(A) Late apoptotic cells were preincubated in the absence or presence of 100 U/ml RNase A, 
100 U/ml DNase I, or a combination of both, prior to incubation with 10% serum of a healthy 
donor. The binding of FSAP was detected by an AlexaFluor647-labeled anti-FSAP antibody 
and quantified by flow cytometry. (B) As in (A), late apoptotic cells were incubated with serum 
(50%) of a healthy donor at 37°C for 1 hr, and levels of complexes formed by FSAP and alpha-2-
antiplasmin (FSAP-AP) were determined in the serum by ELISA as a readout for FSAP activation. 
(C-D) Late apoptotic cells were preincubated with RNase A or DNase I and were subsequently 
incubated with 1.25-20% serum of a healthy donor. Binding of FSAP was detected by an 
AlexaFluor647-labeled anti-FSAP antibody and cellular DNA was stained with DAPI. Both the 
binding of FSAP (C), and DNA content (D) were quantified by flow cytometry. Data are expressed 
as mean ± SEM and were obtained from a single experiment performed in triplicate.
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found that the two nuclear fractions strongly induced FSAP activation, the 
cytoskeleton fraction induced moderate FSAP activation, while the cytoplasmic 
and non-nuclear membrane fraction did not induce FSAP activation (Figure 
4A). To investigate the contribution of RNA, DNA, and proteins in the observed 
activation, we incubated the two nuclear fractions with RNase I, DNase I, or 
proteinase K, the latter bound to agarose-beads, prior to incubation with 
serum and the subsequent measurement of FSAP-AP levels. We found that 
pre-incubation of the soluble nuclear fraction (3) with RNase significantly 
decreased FSAP-AP levels and hence FSAP activation, whilst pre-incubation 
with proteinase K completely inhibited FSAP activation (Figure 4B). DNase I 
pre-incubation did not affect the level of FSAP-AP complex formation that was 
detected. This suggests that FSAP activation upon incubation with the nuclear 
components in fraction 3 is dependent on the presence of RNA and protein, 
not DNA. In contrast, the activation of FSAP and FSAP-AP complex formation 
induced in serum upon incubation with the chromatin-bound fraction 4 was 
not reduced after RNA digestion, nor was it enhanced upon DNA digestion, 
although it was decreased after proteinase K pre-treatment (Figure 4C). 
 Important to note is that during the fractionation process, micrococcal 
nuclease is used to obtain the fraction containing the chromatin-bound 
components. We have also analyzed the soluble (3), and chromatin-bound (4), 
nuclear fractions by SDS-PAGE (Figure 4D). Whilst the soluble nuclear fraction 
contained a large number of proteins, in the chromatin-bound fraction several 
prominent bands were observed. Given that histones form the major protein 
component of chromatin, it appears possible that these bands correspond to 
the core histones. As a reference, calf thymus histones were also visualized on 
SDS-PAGE. These results suggest that both RNA and a protein, presumably 
histones, are involved in FSAP activation by the soluble nuclear fraction, whilst 
RNA is not involved in activation of FSAP upon incubation with the chromatin-
bound fraction (4). 
 To investigate the ability of RNA to directly induce FSAP activation in 
serum, we incubated serum with three forms of RNA that had previously been 
found to catalyze FSAP auto-activation18; these include total RNA isolated 
from yeast, transfer RNA (tRNA) isolated from yeast, or poly I:C. Thereafter, 
FSAP-AP levels were determined as a read-out for FSAP activation. We did not 
detect activation of FSAP in serum upon incubation with RNA, suggesting 
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Figure 4. The cellular components that induce FSAP activation are present in the nucleus 
and consist of RNA and protein
(A) Various subcellular compartments of Jurkat cells were fractionated using a subcellular 
protein fractionation kit for cultured cells. The different fractions containing the cytoplasm, the 
non-nuclear membranes, the non-DNA bound nuclear molecules (soluble nuclear extract), the 
chromatin-bound nuclear molecules, and the cytoskeleton were incubated with serum (50%) of 
a healthy donor and complexes of FSAP with alpha-2-antiplasmin (FSAP-AP) were determined 
by ELISA. The fraction containing the non-DNA bound nuclear molecules (B) or the chromatin-
bound nuclear molecules (C) were pre-incubated with 100 U/ml RNase A, 100 U/ml DNase I, a 
combination of both, or 100 U/ml proteinase K bound to agarose beads, prior to incubation with 
serum (50%) of a healthy donor. Again, FSAP-AP levels were determined as a readout for FSAP 
activation. The soluble and chromatin-bound nuclear fractions were separated on SDS-PAGE 
and proteins were visualized by silverstaining (D). For comparison, calf thymus histones were 
also visualized on SDS-PAGE. The histones in the calf thymus sample, and the presumed histones 
in the chromatin-bound fraction are indicated by black arrows. Results are expressed as mean ± 
SEM obtained from one experiment performed in triplicate. 



166

Chapter 7

 7

that RNA alone is not sufficient to induce FSAP activation (Figure 5A). Since 
FSAP activation by the soluble nuclear fraction (3) was sensitive to both RNase 
and proteinase K, it seems probable that RNA catalyzes the activation that is 
facilitated by a protein component. Since histones are known to induce the 
activation of FSAP, and are presumably present in this fraction, we investigated 
the ability of RNA to enhance the activation of FSAP induced by a suboptimal 
concentration of histones. Therefore, we pre-incubated histones in the 
presence or absence of total RNA or tRNA prior to incubation with serum, and 
determined FSAP-AP levels for FSAP activation. Interestingly, we observed that 
the activation of FSAP induced by a low concentration of histones was strongly 
enhanced upon the addition of both types of RNA, whilst RNA alone did not 
induce FSAP activation (Figure 5B). These results clearly indicate that while 
RNA is not able to induce FSAP activation in serum by itself, it may serve to 
potentiate FSAP activation induced by histones in serum. 

Taken together, our results indicate that histones may form an 
important initiator of FSAP activation by dead cells. Furthermore, although 
RNA does not induce FSAP activation by itself, it mediates the binding of FSAP 
and potently enhances histone-induced FSAP activation.

DISCUSSION
Our results suggest that cellular RNA may mediate the binding of endogenous 
FSAP in serum to late apoptotic cells, and stimulates FSAP activation, but is 
not able to induce FSAP auto-activation by itself. In addition, digestion of DNA 
in late apoptotic cells strongly enhanced the binding and activation of FSAP, 
even when RNA had been digested. These results suggest that histones may 
be an important cellular component for FSAP activation induced by dead 
cells. Furthermore, although RNA itself did not induce auto-activation of FSAP 
directly, RNA may enhance auto-activation of FSAP that is initiated by the 
binding of histones to the N-terminal tail of FSAP. 
 Our results are in line with previous reports that show the binding of 
FSAP to both purified RNA or histones, and substantiate an important role for 
these molecules for FSAP activation in vivo18,24. We found strong cytoplasmic 
binding of FSAP in late apoptotic cells, which indicates that FSAP enters cells 
of which the plasma membrane integrity has been compromised. The binding 
of FSAP to cells was followed by FSAP activation, which was markedly reduced 
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after RNA digestion. The isolated cytoplasmic fraction from Jurkat cells, which 
contains cytoplasmic RNA, was unable to induce FSAP activation by itself. 
Therefore, we hypothesize that cytoplasmic RNA mediates the binding of 
FSAP, and thus facilitates FSAP activation induced by another molecule, but 
does not induce FSAP activation by itself. This hypothesis is supported by our 
observation that various forms of purified RNA did not induce FSAP activation 
in serum, but did enhance histone-induced auto-activation of FSAP. FSAP is 
subject to auto-proteolytic activation, and this process is likely dependent 
on the local FSAP concentration. It has been proposed that the binding of 
inactive FSAP to negatively charged surfaces such as RNA facilitates the auto-
activation of neighbouring FSAP molecules on this surface23. Although we did 
not find evidence that the activation of FSAP is induced upon binding to RNA, 
the increased local concentration of FSAP on this surface may potentiate the 
auto-activation of FSAP when active FSAP is present. 
 In contrast, as determined by confocal microscopy (Figure 1), we did 
not detect strong binding of FSAP to the fragmented nuclei of late apoptotic 
cells. Given that FSAP binds to histones, this was somewhat unexpected. 
The binding of FSAP to histones is mediated by charged interactions24. Since 
histones in the nucleus are normally part of a nucleosome complex, the 
binding of FSAP to histones may be hindered by the DNA that wraps the 

Figure 5. RNA does not induce FSAP activation but enhances histone-induced FSAP 
activation
(A) Serum (50%) of a healthy donor was incubated with total RNA, tRNA, or synthetic poly I:C, 
and FSAP-AP complexes were determined by ELISA as a readout for FSAP-activation. (B) As in A, 
serum was incubated with a suboptimal concentration (10 µg/ml) of unfractionated histones, 
total RNA (50 µg/ml), tRNA (50 µg/ml), or a combination of histones and RNA, and FSAP-AP 
complexes were determined by ELISA. Data are expressed as single measurements obtained 
from one experiment for (A), or as mean ± SEM obtained from one experiment performed in 
triplicate for (B). * p<0.05 was calculated using a two-tailed paired Student’s t-test. 
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histones in the nucleosome core particle. In support of this, we have previously 
found that histones as part of a nucleosome complex are less potent inducers 
of FSAP activation than free histones11. Furthermore, considering that active 
FSAP degrades histones11, FSAP may remove the structure that induced its 
activation, which may only result in transient binding of FSAP to histones in 
late apoptotic cells with digested DNA. 
Histones are released from nucleosomes upon DNA digestion, and may 
therefore become more exposed for binding to, and activation of, FSAP. 
Indeed, DNA digestion did result in both increased binding and increased FSAP 
activation. Interestingly, free histones have been described to integrate in the 
plasma membrane26. As the binding of FSAP to cells is increased upon DNA 
digestion, and appears to be localized at the plasma membrane, we speculate 
that the increased binding and activation of FSAP upon DNA digestion is 
mediated by histones. 
 We found that DNA digestion resulted in the profound induction 
of FSAP activation, which most probably reflects histone-induced auto-
activation, enhanced by cellular RNA. When both DNA and RNA were digested, 
the observed FSAP activation induced by these cells was significantly lower 
compared to cells of which only DNA was digested. In contrast, when only RNA 
was digested, FSAP activation was minimal and appears to reflect the activation 
that is induced by histones as part of nucleosomes. However, although our 
results suggest that histones may mediate FSAP auto-activation upon contact 
with dead cells, the evidence is still indirect. Future studies using anti-histone 
antibodies may further elucidate the role of histones in FSAP auto-activation 
upon encountering late apoptotic cells. 

We observed that upon fractionation of Jurkat cells, the two obtained 
nuclear fractions efficiently induced FSAP activation. Although the activation 
induced by the soluble nuclear fraction was sensitive to both RNase as well as 
Proteinase K incubation, the activation induced by the chromatin-containing 
fraction was only sensitive to proteinase K treatment. Since histones were 
the predominant protein present in the chromatin-containing fraction, this 
supports the notion that histones are the main activating structure present 
in dead cells. The soluble nuclear fraction (3) appeared to contain histones, 
which may account for the FSAP activation observed after RNA digestion of 
this fraction. Given that the activation induced by the soluble fraction involved 
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both RNA as well as a protein supports our hypothesis that cellular RNA 
enhances histone-induced FSAP activation.

In conclusion, we have demonstrated that histones are important 
in the induction of FSAP auto-activation by dead cells, and that this auto-
activation is enhanced by cellular RNA, possibly by providing a scaffold for 
FSAP accumulation. Our results imply that both histones and RNA play an 
important role in FSAP activation induced by dead cells in vivo. 
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Supplemental Figure 1.

Supplemental Figure 1. 
(A) Unfractionated calf thymus histones (50 µg/ml), were incubated with 100 U/ml DNase I 
purified from bovine pancrease (Sigma), or recombinant DNase I (Roche). The cleavage products 
were separated on SDS-PAGE and visualized by silverstaining. (B) Healthy donor serum (50%) 
was incubated with calf thymus histones (50 µg/ml) that had been pre-incubated in the absence 
or presence of 100 U/ml DNase I. Subsequently, FSAP-AP complexes were quantified as readout 
for FSAP activation. 


