
Expression of ASC in Renal Tissues of
Familial Mediterranean Fever Patients with
Amyloidosis: Postulating a Role for ASC in

AA Type Amyloid Deposition

BANU BALCI-PEYNIRCIOGLU,*,� ANDREA L. WAITE,� PHILIP SCHANER,�
ZIHNI EKIM TASKIRAN,* NEIL RICHARDS,� DICLEHAN ORHAN,§ SAFAK GUCER,§ SEZA OZEN,jj

DEBORAH GUMUCIO,� AND ENGIN YILMAZ*,1

*Hacettepe University, Faculty of Medicine, Department of Medical Biology, Ankara, Turkey;
�University of Michigan, Department of Cell and Developmental Biology, Ann Arbor, MI 48109-2200;
�University of Alabama at Birmingham, Division of Radiology/Oncology, Birmingham, AL 35294-3300;

§Hacettepe University, Faculty of Medicine, Ihsan Dogramaci Children’s Hospital, Department of
Child Health, Unit of Pediatric Pathology, Ankara, Turkey; and jjHacettepe University, Faculty of

Medicine, Ihsan Dogramaci Children’s Hospital, Department of Child Health, Nephrology and
Rheumatology Unit, Ankara, Turkey

Familial Mediterranean fever (FMF) is characterized by recurrent

attacks of fever and serositis; in some cases, ensuing

amyloidosis results in kidney damage. Treatment with colchi-

cine reduces the frequency and severity of FMF attacks and

prevents amyloidosis, although the mechanisms behind these

effects are unknown. Pyrin, the protein product of the MEFV

gene, interacts with ASC, a key molecule in apoptotic and

inflammatory processes. ASC forms intracellular speck-like

aggregates that presage cell death. Here we show that cell

death after ASC speck formation is much slower in nonmyeloid

cells than in myeloid cells. Additionally, we demonstrate that

colchicine prevents speck formation and show that specks can

survive in the extracellular space after cell death. Because we

also found that ASC is expressed in renal glomeruli of patients

with FMF but not in those of control patients, we posit that high

local ASC expression may result in speck formation and that

specks from dying cells may persist in the extracellular space

where they have the potential (perhaps in association with pyrin)

to nucleate amyloid. The fact that speck formation requires an

intact microtubule network as shown here could potentially

account for the ability of prophylactic colchicine to prevent or

reverse amyloidosis in patients with FMF. Exp Biol Med
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Introduction

The hereditary autoinflammatory diseases, including

familial Mediterranean fever (FMF), cryopyrin-associated

periodic syndromes (CAPS), tumor necrosis factor–associ-

ated periodic syndrome (TRAPS), and hyper-IgD syndrome

are associated with mutations in several proteins now

believed to be involved in innate immune pathways (1).

These diseases are characterized by systemic inflammation

with high acute phase inflammatory markers and especially

high levels of serum amyloid A (SAA). Secondary

amyloidosis is a serious and life-threatening complication

for patients with FMF, TRAPS, and CAPS (2). In the case

of hyper-IgD syndrome, amyloidosis is much less common

but has been reported (3).

FMF is the most common of the autoinflammatory

diseases and is characterized by recurrent attacks of fever

with localized, painful inflammation. Attacks are often

associated with high levels of acute phase reactants, and

inflammation typically involves the peritoneum, pleura,

joints, and skin (4). More than in any of the other periodic

fever syndromes, FMF makes patients susceptible to

multiorgan deposition of amyloid. In fact, before the use
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of colchicine as a prophylactic treatment for FMF,

amyloidosis was observed in as many as 70% of patients

with FMF older than 40 years, although the actual incidence

was quite variable in different ethnic groups (5). Although

the most serious impact of amyloidosis is seen in the

kidneys, it can also affect the gastrointestinal tract, liver,

spleen, heart, and testes. Significant amyloid deposits found

especially in glomeruli, tubules, and interstitium in the

kidney causes nephrotic syndrome and chronic renal failure,

which may be fatal.

In the case of FMF, but not in the other auto-

inflammatory diseases, the advent of colchicine treatment

has had a remarkable effect on disease progression and

outcome (6, 7). Colchicine use not only reduces the

frequency and severity of FMF attacks but also prevents

the development of amyloidosis. Even in the nephrotic stage

of this disease, colchicine usage may reduce kidney damage.

The FMF gene, which is located on short arm of

chromosome 16 and is symbolized as MEFV (Mediterra-

nean fever), encodes a protein called pyrin or marenostrin

(8, 9). Most FMF-causing pyrin mutations are found in the

C-terminal SPRY domain, including the most common

mutation M694V. This mutation is of particular interest,

because it correlates with a high incidence of amyloidosis.

Although the function of pyrin is not clearly understood, it

appears to play an important role in the inflammatory

pathways that characterize the innate immune system. At

least part of this function is mediated through pyrin’s

interactions with the apoptotic speck protein ASC (10), a

195–amino acid adaptor protein that contains an N-terminal

pyrin domain (PyD) and a C-terminal caspase recruitment

domain (CARD). These two domains are related structures

of the death domain family that act as protein-protein

interaction interfaces. Through these two domains, ASC acts

as an agglutinating platform for a wide variety of proteins

involved in NF-jB activation, apoptosis, and IL-1b
processing (11). The multiprotein ASC-dependent platform

associated with IL-1b processing has been termed the

inflammasome (12). Several different types of inflamma-

some have been documented, most of which contain ASC

and caspase-1 as well as a variety of accessory proteins,

including NALP1, NALP2, NALP3 (or cryopyrin), and

pyrin (13–17). ASC also forms a death-associated platform

that has been termed a pyroptosome because of its role in

rapid caspase-1–mediated cell death (18).

On a cellular level, ASC can be found in two general

patterns: either distributed throughout the cell (in the

nucleus and cytoplasm) or concentrated in a perinuclear

aggregate that was initially called a ’’speck’’ (10, 19). The

exact function of distributed ASC remains to be determined,

but speck formation plays a role in caspase-1 activation, IL-

1b processing, and cell death (10, 18, 19).

In myeloid cells, ASC specks that form in response to

potassium efflux recruit caspase-1. Agglutination of cas-

pase-1 causes rapid activation of this protease, causing cell

death within minutes after speck formation. This process,

which is caspase-1–dependent, is called pyroptosis, and the

speck in this case has been termed a pyroptosome (18).

In a variety of nonmyeloid cultured cells transfected

with ASC, specks form within 6 hrs of transfection, and

speck formation is associated with cell death (10, 19).

However, because these cells lack caspase-1, the mechanism

underlying cell death must be different than that in myeloid

cells. These differences are important because ASC is

expressed in a variety of nonmyeloid cells (20).

By its direct interaction with ASC, pyrin has the

potential to modulate the ASC death machinery. Indeed,

speck formation is accelerated in the presence of pyrin (10).

Cells transfected with ASC alone form specks at a rate of

3% to 4%, whereas cells co-transfected with ASC and pyrin

form specks at a rate of 20% to 22% (10). Despite this

acceleration, speck-positive cells that also contain pyrin

succumb more slowly to death (10). How (or whether) the

ASC-pyrin interaction fits into the clinical picture of FMF

inflammatory attacks or explains the predisposition of

patients with FMF to amyloidosis is not yet clear.

Given the ability of pyrin to modulate ASC speck

formation and subsequent apoptosis and given the known

beneficial effects of colchicine in preventing FMF attacks,

the initial aims of this study were to determine the effect of

FMF-causing mutations in pyrin, particularly the M694V

mutation, on speck formation and to investigate whether

speck assembly requires an intact microtubular network. We

also explored the fate of the large ASC speck-like structures

after cell demise. Finally, we tested whether the expression

or distribution of ASC is altered in kidneys of patients with

FMF and amyloid deposition. The results of these experi-

ments lead us to posit that ASC specks may be tied to

amyloidosis and suggest a potential mechanism underlying

the susceptibility of patients with FMF to amyloid

deposition and a possible explanation for the efficacy of

colchicine in treating amyloidosis.

Materials and Methods

Cell Culture and Plasmids. HeLa and COS-7 cells

were grown in Dulbecco’s modified Eagle medium plus

10% fetal bovine serum. For experiments, cells were plated

onto glass coverslips placed in six-well culture plates. Cells

were transfected by using the FuGENE-6 transfection

reagent (Roche Applied Science, Indianapolis, IN). Myc-

ASC, myc-pyrin, and myc-M694V pyrin were expressed by

using the pCMV-Tag3A expression vector (Stratagene, La

Jolla, CA). ASC-FLAG was generated by using the pCMV-

Tag2A vector (Stratagene). ASC-YFP was generated by

using the pE-YFP vector from Clontech (Mountain View,

CA).

ASC Speck Assay and Nocodazole Applica-
tion. The rate of speck formation was examined in HeLa

cells transfected with ASC-FLAG with either empty vector

(pcDNA3.1), myc-pyrin, or myc-M694V pyrin. Six hours

after transfection, vehicle (dimethylsulfoxide [DMSO]) or
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4.15 lM nocodazole was added to the cells, and the cultures

were placed on ice for 10 mins to depolymerize micro-

tubules. The cells were then returned to 378C and fixed 24

hrs later by using 4% paraformaldehyde in phosphate-

buffered saline (PBS). The percentage of speck-positive

cells was calculated as the number of specks divided by the

total number of transfected cells.

Statistical Analysis. Statistical analysis was per-

formed by using GraphPad Prism software. P values were

calculated by using an unpaired two-tailed t test, and P
values ,0.05 were considered to be significant.

Antibodies. Mouse-a-FLAG (M2 monoclonal),

mouse a-tubulin (monoclonal), and rabbit a-myc (poly-

clonal) antibodies were obtained from Sigma (St. Louis,

MO). Goat a-mouse AF488 and goat a-rabbit AF568

fluorescent secondary antibodies were purchased from

Molecular Probes (Invitrogen, Eugene, OR). The ASC

mouse monoclonal antibody was kindly provided by Dr.

Junya Masumoto (Shinshu University, School of Medicine,

Nagano, Japan).

Immunofluorescence. Cells were fixed for 30 mins

in 4% paraformaldehyde in PBS, permeabilized by using

0.2% Triton X-100 in PBS, and blocked by using 0.1%

Tween-20 in PBS containing 10% goat serum and 0.01 g/

mL bovine serum albumin (BSA). Primary and secondary

antibody staining were carried out as described in the text,

and nuclei were counterstained with DAPI. Cells were

visualized by using a Nikon E2000 inverted fluorescent

microscope, a Nikon E800 fluorescent microscope, or a

Zeiss LSM 510 confocal microscope.

Patients. Patients were followed at the Hacettepe

University, Faculty of Medicine, Ihsan Dogramaci Child-

ren’s Hospital, Pediatric Nephrology and Rheumatology

Unit in Ankara, Turkey. Fifteen patients with amyloid-

positive FMF and 10 control cases (five biopsies taken from

patients with a diagnosis other than FMF and five with focal

segmental glomerular sclerosis [FGS]) were included in this

study. Informed consent was obtained from patients. Five

patients with FMF eligible for the mutation analysis were

tested for MEFV mutations, and all were homozygous for

the M694V mutation. Biopsies of the other 10 patients did

not yield sufficient material for mutation analysis.

Immunohistochemical Staining of ASC. Immu-

nohistochemical staining was performed with the anti-ASC

monoclonal antibody by using the streptavidin-biotin-

peroxidase method (DAKO LSAB Kit, Dako, Carpenteria,

CA). Culture fluids of the hybridoma producing the anti-

ASC monoclonal antibody were used as the primary

antibody, and Tris-buffered saline (TBS) was used in place

of the primary antibody as the negative control. Background

staining in the sections was minimal. Five-micrometer-thick

sections of formalin-fixed, paraffin-embedded tissues were

cut and deparaffinized. Endogenous peroxidase activity was

quenched by incubation in 0.3% hydrogen peroxide in

methanol for 30 mins, and then the sections were washed

and blocked with 1% BSA in TBS for 1 hr. Sections were

incubated with purified primary antibodies overnight at 48C

and then with biotinized anti-mouse secondary antibody for

60 mins at room temperature. After washing threetimes with

TBS, sections were incubated with horseradish peroxidase–

conjugated streptavidin for 30 mins. After washing three

times with TBS, the staining reaction was developed with

3,3-diaminobenzidine (Sigma Chemical, Cambridge, UK).

Counterstaining was performed with hematoxylin. Sections

were visualized by using an Olympus BX51 light micro-

scope.

Congo Red Staining. Five-micrometer-thick sec-

tions of formalin-fixed, paraffin-embedded renal tissues

were stained in a congo red working solution for 10 mins,

rinsed in distilled water, and differentiated quickly (5–10

dips) in an alkaline alcohol solution. Sections were rinsed in

tap water and counterstained with hematoxylin. Orange to

red staining deposits that showed apple-green birefringence

with polarizing light were accepted as amyloid deposition.

Video Recordings of ASC Speck Formation.
HeLa cells were transfected with ASC-YFP and allowed to

form specks for 24 hrs. Using phase contrast optics, we

selected a field containing speck-positive cells as well as

nontransfected cells. A fluorescence image was obtained of

this field to document the location of the speck-containing

cells. The cells were then maintained at 378C under the

microscope for 24 hrs, and phase contrast images were taken

every 5 mins. The complete image stack was assembled by

using NIH Image and converted to QuickTime movies. All

cells were numbered, and the fate of each cell was recorded.

The procedure was repeated seven times.

Results

Delayed Death of Nonmyeloid Cells Trans-
fected with ASC. Previous work by our laboratory (10)

and others (19) established an association between the

presence of ASC specks and increased cell death on a

population level. Fernandes-Alnemri et al. (18) were the

first to examine this process on a single-cell basis in a

myeloid cell line (HL-60). Those studies revealed rapid

formation of the speck (pyroptosome) within 3 mins and

almost immediate cell death (18). However, our earlier

studies of nonmyeloid cells suggested that cell death was

not an immediate consequence of speck formation (10). To

examine this further, we used time-lapse video microscopy

to follow the death of transfected HeLa cells containing

ASC specks. Cells were transfected with ASC-YFP, and 24

hrs after transfection fluorescent images were captured to

identify cells that contained specks. Once a field of speck-

positive cells was identified, phase contrast images were

captured every 5 mins for 24 hrs to determine cell fate.

Figure 1A shows a typical field of transfected and

nontransfected cells under phase contrast optics. A fluo-

rescence image obtained of this same field is provided in

Figure 1B. Several frames extracted from the ensuing movie

are shown in Figure 1C through F. Here eight cells were
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tracked: four had specks (#1–4), and four did not (#5–8).

The first of the speck-containing cells to die (#4) succumbed

in the first 12 mins of observation (Fig. 1C). By 5.5 hrs,

another cell (#2) had died, and two other cells (#1 and #3)

showed signs of imminent death (Fig. 1D). By nearly 12 hrs,

all four speck-containing cells had died (Fig. 1E). Continued

observation revealed that cells #5 through 7 underwent

mitosis, whereas cell #8 neither died nor divided (Fig. 1F).

None of the four nontransfected cells died.

These data demonstrate, on an individual cell basis, that

once a speck forms, the speck-containing cell is destined for

death, but death is not immediate. Analysis of seven

independent experiments revealed that cells containing

specks died at a rate of 95.1%, whereas cells without

specks died at a rate of 11.4%. Cell death occurred as early

as 12 mins and as late as 22 hrs after imaging was initiated.

Many of the nontransfected cells completed mitosis, a

finding indicating that the observation conditions were not

the cause of death in speck-containing cells. Thus, the death

of nonmyeloid cells (which lack caspase-1) after speck

formation is delayed for as long as several hours. As shown

in our previous work, the presence of pyrin may further

delay this cell death process (10).

ASC Specks Are Cytosolic and Perinu-
clear. The time-lapse videos revealed that ASC specks

are most often located very near the nucleus; some appeared

to be either in or on top of the nucleus. To further clarify

whether specks are located in the cytoplasm or nucleus, we

used confocal microscopy. Figure 2B contains a tracing of

the signal from the cell in Figure 2A that contained an ASC

speck. The vector of the tracing is shown by the red line in

Figure 2A. The speck was labeled with AlexaFluor568-

Figure 1. The presence of specks presages cell death. HeLa cells were transfected with ASC-YFP and imaged for 24 hrs as described in the
text. Each cell was given a number, and the fate of the cells was followed with time. (A) Phase contrast image of the starting field. (B)
Fluorescence image of the starting field. (C–F) Shown are panels extracted from the movie at the indicated times. All four cells with specks (#1–
4) underwent cell death during the 24 hrs of observation. None of the nontransfected cells (#5–8) died, but three of these divided (#5–7).
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conjugated anti-FLAG to detect FLAG-tagged ASC, where-

as the nucleus was labeled with DAPI. The tracing clearly

shows that the speck was outside the nucleus. This finding

was true of at least 20 specks that were imaged in this way.

The co-transfection of either wild-type or mutant forms of

pyrin with ASC did not change the location of ASC specks

(data not shown).

ASC Specks Are Located near the Microtubule-
Organizing Center (MTOC) of Apoptotic Cells. Be-

cause the preceding data indicated that specks are

perinuclear, we next tested whether specks co-localize with

the MTOC, a structure that is also perinuclear. To

investigate this hypothesis, COS-7 cells were transfected

with ASC-myc, and after 24 hrs, cells were costained for

myc and tubulin. Random fields of fixed and stained cells

were imaged, and the number of specks near the MTOC

were counted and compared with the total number of

specks. Using this method, we calculated that specks

localized near the MTOC at a rate of 89.6%, much higher

than random localization would indicate (Fig. 3).

Microtubule Disruption Reduces Speck Forma-
tion. The consistent colocalization of ASC specks with the

MTOC suggested that the transition from distributed,

soluble ASC to aggregated specks may depend on an intact

tubulin cytoskeleton. To test this possibility, we exposed

cells to nocodazole, a microtubule toxin with effects similar

to those of colchicine. HeLa cells were transfected with

ASC-FLAG and treated with either nocodazole or vehicle

(DMSO). When cells were treated with DMSO after

transfection with ASC-FLAG, 6% of transfected cells

formed specks within 24 hrs, a result consistent with that

of previous control experiments without DMSO (10).

However, after treatment with nocodazole, significantly

fewer cells contained specks; 0.9% of transfected cells were

speck-positive after 24 hrs (P , 0.0001; Fig. 4).

Figure 2. ASC specks are cytosolic. To further clarify the subcellular
localization of the speck, we used confocal microscopy. (A) The
speck is labeled with AlexaFluor568-conjugated anti-FLAG to detect
FLAG-tagged ASC, whereas the nucleus is labeled with DAPI. (B)
Shown is a tracing of the signal from the cell in panel A that contains
an ASC speck; clearly the speck is cytosolic. The vector of the tracing
is shown by the red line in panel A. A color version of this figure is
available in the online journal.

Figure 3. Specks co-localize with the MTOC. COS-7 cells were
transfected with myc-tagged ASC and then stained with both an anti-
myc antibody to detect ASC (red) and an anti-tubulin antibody to
identify microtubules (green). Nuclei were counterstained with DAPI.
Yellow color indicates overlap between green and red staining. We
found that 89.6% of the ASC specks co-localized with the MTOC.
Examples of four fields are shown. A color version of this figure is
available in the online journal.

Figure 4. Nocodazole reduces the rate of speck formation. HeLa
cells were transfected with ASC-FLAG and then treated with DMSO
or nocodazole. The addition of nocodazole reduced speck formation
from 6% to 0.9% (P , 0.0001). Whereas co-transfection of pyrin with
ASC increased speck formation to 22% (P ¼ 0.049), nocodazole
reduced this rate to 5% (P¼ 0.0041). Co-transfection of M694V pyrin
further increased the rate of speck formation to 43% (P ¼ 0.0003),
and nocodazole reduced this rate to 16% (P , 0.0001).
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Our earlier studies indicated that the presence of pyrin

increases the rate of speck formation (10). Therefore, we

tested whether nocodazole also reduces the rate of speck

formation in cells co-transfected with ASC and pyrin. In

addition, we tested the effect of mutant pyrin on speck

formation in the presence or absence of nocodazole. As

shown in Figure 4, in the absence of nocodazole, co-

transfection of cells with wild-type pyrin and ASC resulted

in increased speck formation as previously documented (P¼
0.049; see Ref. 10). Interestingly, a further increase in speck

number was seen when mutant pyrin was co-transfected

with ASC (P ¼ 0.003). In the presence of nocodazole,

however, the number of specks was significantly reduced.

Nocodazole reduced speck number by more than 6-fold in

the absence of pyrin (P , 0.0001), by more than 4-fold in

the presence of pyrin (P ¼ 0.0041), and by more than 2.5-

fold in the presence of mutant pyrin (P , 0.0001). The

somewhat attenuated effect of nocodazole in the pyrin-

transfected and mutant pyrin–transfected cells may reflect

the fact that in the presence of pyrin, more specks were

formed in the 6 hrs before the administration of nocodazole.

Indeed, when we lengthened the pretreatment time to 16 hrs,

the effect of nocodazole was even further attenuated by the

presence of pyrin (data not shown). Together, these results

demonstrate that (i) speck formation is increased by wild-

type pyrin and even more so by mutant pyrin and (ii) speck

formation is facilitated by an intact microtubular network.

ASC Specks Are Stable in Extracellular
Space. In the course of these experiments, we occasion-

ally noted specks that appeared to be outside of cells (Fig.

5). In addition, some dying cells appeared to extrude a

speck. Such specks were stable in the extracellular space of

the culture dish for prolonged periods of time (the longest

examination period was 72 hrs). Although we have not

confirmed that such ‘‘bare’’ specks also survive in vivo, the

stability of these structures in vitro was remarkable.

ASC Is Aberrantly Expressed in Glomeruli of

Patients with FMF and Amyloid. The expression of

Pycard, the gene for ASC, is induced under inflammatory

conditions (21). Because patients with FMF often experi-

ence kidney disease and because colchicine prevents kidney

disease in these patients and modulates ASC speck

formation, we tested whether ASC expression is associated

with kidney disease in patients with FMF. We examined

renal tissues obtained by biopsy from patients who had FMF

and were homozygous for the M694V mutation and from

control patients (those with a diagnosis other than FMF)

after staining with an anti-ASC antibody obtained from Dr.

Junya Masumoto (Shinshu University, Nagano, Japan). In

the control group, we also included five patients with FGS

(FGS is associated with apoptosis of glomerular cells). In all

control tissues obtained by biopsy, ASC was detectable only

in renal tubules. No ASC expression was seen in glomeruli

of any of the control patients (Fig. 6A). However, in renal

tissues obtained by biopsy from patients with amyloid-

positive FMF, ASC was detected in renal tubules and in

glomeruli (Fig. 6B).

To investigate whether ASC expression correlated with

amyloid deposition, renal tissue obtained by biopsy from

patients with FMF were analyzed after congo red staining.

Sequential sections were stained to determine the local-

ization of ASC. In all 15 patients, there was a direct

correlation between ASC expression and the presence of

amyloid deposits; that is, ASC expression was detected in

every glomerulus containing amyloid deposits (Fig. 6C and

D). Generally, ASC expression was high in the region

immediately surrounding the amyloid deposits (especially

on the boundaries) but much lower inside the deposits.

Discussion

In this study, we further characterized ASC speck

formation in nonmyeloid cells and examined ASC expres-

sion in the kidneys of patients with FMF. Earlier work

showed that ASC is induced by inflammatory cytokines (19,

21), but the differential activation of ASC in glomeruli of

patients with FMF as shown here has not been previously

noted. The coexistence of ASC in every single glomerulus

with visible amyloid was a striking finding of our study. In

addition, the distribution of ASC expression in relation to

the amyloid deposits within a given glomerulus is interest-

ing: the highest concentrations of ASC were found in cells

bordering the amyloid deposits. There are two possible

reasons for this, one trivial and one potentially instructive.

First, amyloid deposits may simply mask ASC epitopes and

may not allow the simultaneous visualization of ASC in the

presence of concentrated amyloid. Alternatively, it is also

possible that in the areas where amyloid is most prevalent,

cellular ASC is no longer distributed throughout the cell but

has already been collected into specks. Although ASC

specks are readily visible in flat, well-spread cells under

culture conditions, it is more difficult to detect them in situ
in a tissue section. We did, in a few instances, identify

Figure 5. Specks remain stable in the extracellular space. Cultures
containing COS-7 cells that overexpressed ASC contained stable
extracellular specks (black arrow). Some dying cells appeared to be
expelling the specks into the extracellular space (white arrow). A
color version of this figure is available in the online journal.
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speck-like structures within the amyloid-containing regions,

but it was impossible to say with certainty that these were

ASC specks.

ASC expression was never detected in glomeruli of

patients who did not have FMF, although patients with other

types of autoinflammatory diseases were not examined. To

rule out the possibility that glomerular cell apoptosis alone

might be sufficient to promote amyloid deposition, we

included five patients with a diagnosis of FGS, a disease

characterized by sclerosis in glomerular tufts that is

distributed in a segmental manner (22). Glomerular cell

apoptosis is believed to be an important event in the

progression of this disease (23). The fact that none of the

five patients with FGS exhibited glomerular amyloid

deposition or glomerular expression of ASC leads us to

conclude that the process of glomerular apoptosis itself is

not a trigger for glomerular amyloidosis or for ASC

induction. This further supports our hypothesis that a more

specific functional connection may exist between ASC

expression and amyloid deposition in glomeruli of patients

with FMF.

Patients with FMF are particularly prone to amyloi-

dosis; before the advent of colchicine, this complication was

responsible for significant mortality of patients with FMF

(5). A variant of FMF, type II FMF, has been documented in

which amyloid deposition and resulting uremia precedes the

more typical inflammatory attacks (2). It appears, however,

that the connection between mutant forms of pyrin and

Figure 6. ASC is expressed in the glomeruli of patients with FMF and amyloidosis. (A) Immunostaining of a control kidney showed that ASC is
expressed in renal tubules only. (B) In patients with FMF and amyloid, ASC was expressed in tubules (black arrow) and in glomeruli (blue
arrow). (C and D) Birefringence of congo red staining under polarized light showed clear amyloid deposition in the FMF kidney. ASC appeared to
be expressed at the boundaries of amyloid deposition. A color version of this figure is available in the online journal.
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amyloid deposition is not a simple direct one, because not

all patients with FMF develop this complication and the

extent of amyloidosis can vary markedly among members of

the same family carrying the same mutation. Moreover,

clear environmental effects have been documented; for

example, the rate of amyloidosis in Armenians living in the

United States (almost nil) is vastly different than that of

Armenians in their native country (24%; Ref. 24). Some

factors that appear to predispose to amyloidosis have been

identified: the M694V mutation has been linked to severe

disease and an increased risk of amyloidosis in some studies

(25–32) but not in others (33–35); the SAA1 gene haplotype

is associated with up to 7-fold increased risk of amyloidosis

(28, 30, 33, 36), and male patients have as much as a 4-fold

greater risk of amyloid deposition than do female patients

(28, 30, 37). Although it is clear that amyloidosis is a

common complication of FMF, it is also obvious that a

multifactorial mechanism is at play.

The process of amyloid deposition has been studied in

cell culture and in mouse models and kinetic models have

been proposed (38). The results of these studies have

suggested a biphasic mechanism in which a long lag period

(predicting a nucleation step) is followed by a rapid

deposition phase. Stabilization of formed amyloid fibrils is

also an important part of the kinetics of amyloid

accumulation. The initial lag period before nucleation can

be shortened in experimental systems by adding a poorly

characterized glycerol extract of spleen from an amyloidotic

animal (39). This material is known as amyloid accelerating

factor (AEF); it has been proposed that AEF may act as a

seed around which amyloid polymerizes (40). The key

structural component of AEF is thought to be its b-sheet

content (41). In this regard, it is interesting to note that both

domains of ASC (the CARD and the PyD) are composed of

six a-helical bundles, and there is little, if any, b sheet in the

ASC molecule (42). However, the C-terminal PRYSPRY

domain of pyrin is composed of multistranded b sheets,

arranged in a b sandwich (43–45). This structure has been

described as highly similar to that of the pea lectin (43).

Interestingly, the structure of human serum amyloid P

component (SAP), a protein that binds to all forms of

amyloid and is present in all amyloid deposits, has also been

likened to that of the pea lectin (46). Indeed, the overall

structure of SAP closely resembles that of pyrin’s

PRYSPRY domain (compare Fig. 3 in Ref. 43 to Fig. 2 in

Ref. 46). SAP is not required for amyloid deposition in
vitro, but in SAP-deficient animals, amyloid deposition is

slowed (47). SAP has also been implicated in the

stabilization of amyloid fibrils in vivo (48). The striking

structural similarities between SAP and the pyrin

PRYSPRY domain are particularly interesting given the

fact that more than 65% of the FMF-associated pyrin

mutations are found in the PRYSPRY domain (INFEVERS

database). If PRYSPRY does indeed associate with amyloid

in a way similar to that of SAP, then pyrin mutations could

have the potential to alter some aspect of amyloid

formation-degradation kinetics.

If pyrin and ASC are together responsible for amyloid

deposition, which cells of the glomerulus might express

both proteins? There are at least three possible answers to

this question. First, infiltrating inflammatory cells (e.g.,
monocytes, neutrophils) are known to express ASC and

pyrin. Second, recent studies indicate that after glomerular

injury, bone marrow stem cells can give rise to mesangial

cells of the glomeruli; as many as 12% of the glomerular

cells were found to be bone marrow-derived after induction

of experimental glomerulonephritis (49). Third, pyrin is

expressed in a variety of fibroblastic cells (50, 51). In the

kidney, myofibroblasts, which can be derived from

mesangial cells or vascular cells, play a role in wound

healing and disappear by apoptosis after the injury is

resolved (52).

The data presented in this manuscript predict that in the

presence of mutant forms of pyrin ASC specks form more

readily in a cell that expresses both proteins. Furthermore,

we showed that ASC specks can outlive the apoptotic cells

and survive in the extracellular environment. We propose

therefore that the presence of a large number of extracellular

pyrin-coated specks could promote amyloid deposition in

patients with FMF. Other unknown factors may modulate

ASC expression, speck formation, speck extrusion, speck

stability, or aspects of amyloid deposition and stability,

accounting for the well-known variability in amyloid

deposition among patients with FMF.

The association between ASC specks and the MTOC

and the requirement for an intact microtubular system for

efficient speck formation represent two additional important

findings of our studies. Given these findings, it is interesting

that data from several laboratories indicate that colchicine

inhibits amyloid formation in a variety of experimental

systems (53, 54). Although the other studies used different

amyloid formation protocols, some have concluded that

colchicine inhibits the nucleating step (53, 54), whereas

others have suggested that the growth phase is inhibited

(55–57). Our work indicates that the disruption of the

microtubule system by nocodazole dramatically reduces

speck nucleation. These data, together with the preceding

ASC expression data, suggest the hypothesis that ASC

specks (perhaps in association with pyrin) may promote

amyloidogenesis inpatients with FMF. Further direct

evidence using amyloid-forming systems in vivo and in
vitro is required to lend further support to this hypothesis.

Patients with FMF are particularly prone to amyloi-

dosis, but amyloid is also seen in patients with CAPS and

TRAPS, two of the other so-called autoinflammatory

diseases. However, colchicine treatment is not effective

for CAPS and TRAPS (58). A possible explanation for this

therapeutic difference might be that the promotion of

amyloid in patients with FMF is a consequence of the

presence of mutant pyrin on agglutinated ASC rather than a

consequence of agglutinated ASC alone. It is also possible
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that other aspects of the molecular composition of amyloid

deposits themselves differ in FMF, CAPS, and TRAPS.

This hypothesis remains to be studied. In the case of CAPS,

it is interesting that cryopyrin shares with pyrin the ability to

interact with ASC, and, in fact, this interaction is the basis

for the generation of at least one form of inflammasome, a

multiprotein complex that contains caspase-1 and can

efficiently process IL-1b (12). Whether cryopyrin can also

promote speck formation and whether speck-associated

cryopyrin can survive in the extracellular space and play a

role in the induction of amyloid remains to be studied.

In summary, the data presented here reveal a potentially

important connection between mutant forms of pyrin, ASC

expression, and amyloidosis in patients with FMF. Further

functional studies are required to more completely explore

this tantalizing link. These findings not only might explain

the high incidence of amyloidosis in patients with untreated

FMF but also could suggest a mechanism at the cellular

level for the remarkable efficacy of colchicine in preventing

and even reversing amyloidosis, specifically in these

patients.
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