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Amyloidoses are a group of disorders characterized
by abnormal folding of proteins that impair organ
function. We investigated the cellular response of pri-
mary cardiac fibroblasts to amyloidogenic light
chains and determined the corresponding change in
proteoglycan expression and localization. The cellu-
lar response to 11 urinary immunoglobulin light
chains of �1, �6, and � 3 subtypes was evaluated. The
localization of the light chains was monitored by con-
jugating them to Oregon Green 488 and performing
live cell confocal microscopy. Sulfation of the proteo-
glycans was determined after elution over Q1-col-
umns with a single-step salt gradient (1.5 mol/L NaCl)
via dimethylmethylene blue. Light chains were de-
tected inside cells within 4 hours and demonstrated
perinuclear localization. Over 80% of the cells
showed intracellular localization of the amyloid light
chains. The light chains induced sulfation of the se-
creted glycosaminoglycans, but the cell fraction pos-
sessed only minimal sulfation. Furthermore, the light
chains caused a translocation of heparan sulfate pro-
teoglycan to the nucleus. The conformation and ther-
mal stability of light chains was altered when they
were incubated in the presence of heparan sulfate
and destabilization of the amyloid light chains was
detected. These studies indicate that internalization of
the light chains mediates the expression and localiza-
tion of heparan sulfate proteoglycans. (Am J Pathol

2005, 166:197–208)

The dynamics associated with the observation of proteo-
glycan deposition and amyloid fibril formation have been
of great interest to investigators for a number of years.
The amyloidoses are described as a group of disorders

characterized by abnormal folding of overexpressed or
structurally variant proteins that are deposited extracel-
lularly in tissues and ultimately impair organ function.1 In
primary systemic amyloidosis (AL), clonal plasma cells
secrete monoclonal immunoglobulin (Ig) light chains
(LCs) that aggregate and form fibrillar deposits in the
heart, kidney, nerves and other tissues.2 These non-
branching fibrils are composed of filaments that are
twisted around and form a �-pleated sheet that stains
positive with Congo Red and displays apple-green bire-
fringence under polarized light.

Cardiac involvement is of particular concern in AL
amyloidosis. Amyloid fibrils are found in the heart in up to
50% of AL patients, often in the interstitium, and are a
leading cause of AL-related mortality.3 Cellular toxicity
has previously been demonstrated in cardiac myocytes;4

however, the ubiquitous presence of glycosaminogly-
cans, particularly heparan sulfate, in amyloid deposits
suggests that extracellular matrix molecules may play a
role in fibril formation.5,6 Since fibroblasts have been
show to be major contributors to matrix production,7,8 the
goal of our study was to investigate the effect of purified
urinary LCs (obtained from patients with AL, multiple
myeloma [MM], and MM with AL) on primary cardiac
fibroblasts and to assess changes in heparan sulfate
proteoglycan (HSPG) expression and localization.

Investigators have hypothesized that glycosaminogly-
cans (GAGs) and proteoglycans play a critical role in
amyloid fibril formation and deposition. In an in vivo

model, Snow and Kisilevsky9 showed that there was an
increase in GAGs at the time of amyloid deposition. This
was supported by studies that demonstrated and quan-
tified GAGs in amyloid fibril preparations and amyloid-
rich tissues.10 This study examined the heart tissue of
patients with AL and demonstrated that chondroitin sul-
fate (CS), heparan sulfate (HS), dermatan sulfate (DS),
and hyaluronic acid (HA) were all present. More recently,
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studies have shown that proteoglycans enhance the dep-
osition of �2-microglobulin amyloid fibrils in vivo by acting
as a “scaffold” for fibrillogenesis.11

Much of the data implicating HSPGs in the genesis of
amyloid in vivo have been obtained in models of AA12 and
A� amyloid.13 In another model (islet amyloidosis),
Castillo et al14 demonstrated that perlecan bound to amy-
lin and that the binding could be inhibited with heparin
indicating that the GAG chains and their sulfation were
critical components. Furthermore, putative HS-binding
sites for GAGs have been demonstrated in a number of
amyloid peptides and their precursors (IAPP, SAA, ABPP,
and the A� protein segment of ABPP).5,15–19

More recently several reports have focused on the
cellular responses to amyloidogenic LCs. Investigators
showed that human glomerulopathic LCs interact with
mesangial cells and they hypothesize that internalization
is clathrin-mediated.20 Interestingly, the authors hypoth-
esize that different light chains have a number of intra-
cellular trafficking patterns that determine the resulting
pathological changes. Other experiments have demon-
strated that polyvinylsulfonates of various lengths can
alter the cellular response and formation of amyloid
fibrils. 21,22 The cellular response to light chains with the
subsequent increase in HSPGs is similar to the injury
response exhibited in stromal fibroblasts. In this context,
it has been demonstrated that injury results in an increase
in HS and CS with a decrease in keratan sulfate (KS), and
enhances the sulfation of both HS and CS.23–27 Further-
more, there is an associated change in availability of
growth factors such as fibroblast growth factor (FGF)
that have been shown to mediate the localization of
proteoglycans within the cell.28

Our major goal was to evaluate changes in proteogly-
cans in response to LCs. Our studies were limited to
cardiac fibroblasts as initial studies showed that cardiac
myocytes did not internalize light chains unless cellular
blebbing was present. As the disease process causes
harm to tissues, parameters known to be modified in
response to injury such as secretion, sulfation, GAG com-
position, and translocation were evaluated.24,27,28 Ulti-
mately, as the sulfation of GAGs and deposition of pro-
teoglycans were modified, we performed in vitro

experiments to determine whether the GAGs interacted
with LCs in a manner that was different from non-AL light
chains. We found that in all of the AL light chains studied
to date that the glycosaminoglycan, heparan sulfate, al-
tered both conformation and thermal stability. These
novel studies allow us to examine the pathophysiology of
amyloidosis at a cellular level.

Materials and Methods

Light Chain Purification

Urine was collected from patients with AL, MM, or MM/AL
with the approval of the Institutional Review Board of
Boston Medical University. Light chains were purified
from urine samples extensively dialyzed against water,
lyophilized, treated with Affi-Gel Blue (Bio-Rad Laborato-

ries, Hercules, CA) to remove albumin, and chromato-
graphed on Sephacryl S-200 (Amersham Pharmacia Bio-
Tech, Buckingham, England).29 The Ig LC proteins were
subtyped using a number of cellular and molecular anal-
yses and the sequence examined using both molecular
and mass spectrometry. The 11 AL LCs used had the
associated clinical disease type and subgroup (�1, �6,
and �3) classification seen in Table 1. One non-AL LC �1
was also purified and the cellular response determined.

Cell Culture

Primary rat and mouse cardiac fibroblasts were isolated
using a collagenase digestion and cells were cultured in
Dulbecco’s low glucose medium supplemented with 7%
calf serum, 1% non-essential amino acids, 100 U/ml pen-
icillin, and 100 �g/ml streptomycin (Gibco BRL/Life Tech-
nologies, Grand Island, NY).4 Cells were used in either
the first or second passage.

Confocal Laser Scanning Microscopy

Monitoring Localization of Light Chain

Live cell imaging was performed to monitor the local-
ization of each LC. Light chains were conjugated to Or-
egon Green 488 (Molecular Probes, Eugene, OR) and
purified over a sizing column using the suggested meth-
odology from Molecular Probes. The number of Oregon
Green molecules/light chain was identified for each con-
jugation. The LC-conjugated probe was added to cell
cultures and evaluated at several time points over a
period of 24 hours. For these experiments cells were
cultured on 8-well glass coverslips and evaluated at spe-
cific time points at an excitation of 496 nm. A single
Z-series was taken at each time point/experiment to de-
termine the localization of the LC within the cell compared
to the simultaneously acquired differential interference
contrast (DIC) images. Negative controls included the
addition of unconjugated Oregon Green 488 to cells and

Table 1. Summary of Amyloid Light Chains and
Internalization in Cardiac Fibroblasts

Light chain

Internalization Post-translational
modifications4 hours 24 hours

AL-96066 (�1) � � cysteinylated @214
AL-98002 (�1) � � glycoprot.,

cysteinylated @214
AL-01102 (�1)/

myeloma
� � NK

AL-01140 (�1)/
myeloma

� � Mr 23Kd, 12 kd

AL-01066 (�1) � � cysteinylated @214
AL-00131 (�1) � � NK
AL-01090 (�1) � � NK
AL-01029 (�6) � � dimer Mr 46 kd
AL-01148 (�6) � � cysteinylated
AL-00109 (�3) - � NK
AL-01027 (�?) � � NK

NK, not known
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acquisition at the same settings as the experimental
ones.

Indirect Immunohistochemistry

Indirect immunohistochemistry was performed to local-
ize specific proteins after fixation. The procedure for
staining cells was described previously.30–32 Briefly,
cells were fixed with freshly prepared 4% paraformalde-
hyde in phosphate-buffered saline (PBS, pH 7.2) at room
temp for 15 minutes, washed with PBS and permeabil-
ized with 0.1% Triton X-100, and blocked with PBS con-
taining 5% bovine serum albumin (BSA). When the ex-
perimental protocol dictated, cells were pretreated with
heparinase III (Sigma-Aldrich, St. Louis, MO) before in-
cubation with antibodies. The cells were incubated in
PBS/1% BSA containing appropriate monoclonal anti-
bodies (MAbs) for 18 hours at 4°C. After incubation with
the primary antibody, cells were rinsed with PBS, washed
for 10 minutes in 3% BSA/PBS, and then incubated with a
secondary antibody with an appropriate fluorophore con-
jugated to the IgG (1:100) for 1 hour on a rocker at room
temperature. The use of the antibody �3G10 (Seikagaku
America, E. Falmouth, MA) required a predigestion with
heparinase III, since the epitope is the stub created by
heparinase III digestion. Negative controls were incu-
bated with either pure goat IgG or pure mouse IgG in-
stead of the primary antibody. In other experiments, cells
were incubated with Oregon Green 488 conjugated to
LCs, imaged, and then fixed and probed for other pro-
teins such as rhodamine phalloidin (Molecular Probes)
and/or mAb to heparan sulfate proteoglycan (�3G10)
with a secondary antibody conjugated to AlexaFluor 633
(Molecular Probes). Alternatively, To-Pro was used as a
nuclear marker (Molecular Probes). Cross-over controls
were performed. Cells were imaged using the LSM 510
version 2.8 as described previously.31,32

Biochemical Analysis

Glycosaminoglycan Analysis

Cells were cultured to confluence and treated with 40
�g/ml LC, 50 ng/ml FGF-2, or an equivalent volume of
medium. FGF-2 was used as a positive control because it
has previously been shown to mediate GAG produc-
tion.28,33 Cells were incubated for defined times and the
medium was removed and treated with 2 volumes of MX
buffer (10 mol/L urea, 50 mmol/L Tris-HCl, 10 mmol/L
EDTA, pH 7.0). The cell layers were washed with PBS and
scraped with ECMX buffer (1 mol/L urea, 50 mmol/L
Tris-HCl, 50 mmol/L EDTA, pH 7.0) and then separated
into cellular and matrix fractions by centrifugation at
5000 � g for 10 minutes. The supernatant was defined as
the matrix fraction and the pellet was resuspended in CX
buffer (8 mol/L urea, 50 mmol/L Tris-HCl, 0.1% Triton
X-100, pH 7.0). The cell pellet was extracted and the
supernatant was saved as the cellular fraction. Each of
the fractions were mixed with a 70% Q-Sepharose (Am-
ersham Biosciences, Upsala, Sweden) suspension and

rocked for 45 minutes and the slurries were then loaded
onto columns, washed with buffer, and the unbound frac-
tions discarded. The columns were washed with 25 col-
umn volumes of Q1 buffer (50 mmol/L sodium acetate, 10
mmol/L EDTA, 0.3 mol/L NaCl, 20% propylene glycol, pH
6.0) until the UV monitor reached baseline and then
washed further with 5 column volumes of 50 mmol/L
sodium acetate buffer containing 0.3 mol/L NaCl. Proteo-
glycans were eluted with high salt (50 mmol/L sodium
acetate buffer containing 1.5 mol/L NaCl). Glycosamino-
glycan content was determined for each fraction using
1,9-dimethylmethylene blue (525 nm).34 Selective po-
lysaccharidases were used to identify and quantify GAGs
and digestion was carried out using chondroitinase ABC,
heparinase I and III, and keratanase as described previ-
ously.25 Purified glycosaminoglycans and respective po-
lysaccharidases were run as standards for each experi-
ment.

Further characterization of the proteoglycans present
in the cell layer and medium was performed using 12%
SDS-PAGE and Western blot analysis. Thirty �g were
loaded onto each lane, electrophoresed and transferred
to polyscreen PVDF membrane (Perkin Elmer, Boston,
MA) using the Semi-Dry Transfer system. Blots were
blocked in TBST (10 mmol/L Tris, 100 mmol/L NaCl, 0.1%
Tween-20, pH 7.4) containing 0.2% I-block (Applied Bio-
systems, Foster City, CA) and membranes were incu-
bated with antibodies directed against glypican-1 and
syndecan-1, washed and incubated with appropriate
secondary antibodies and rinsed again with TBST. Visu-
alization was performed by enhanced chemilumines-
cence (Perkin Elmer).

In Vitro Association of Glycosaminoglycans with Light

Chains

Association between glycosaminoglycans [bovine kid-
ney HS, KS, and CS (Sigma-Aldrich, St. Louis, MO)] and
LCs were determined using a solid phase binding assay.
Glycosaminoglycans were bound to Maxisorb (Nalge-
Nunc, Rochester, NY) for 18 hours at 4°C in a dose-
dependent manner, non-specific binding was blocked
and �1 light chains were added to the wells. Excess light
chain was removed with extensive washing and an HRP-
conjugated secondary antibody was added to the wells.
Presence of binding was performed in an ELISA assay at
450 nm.

Circular Dichroism

Circular dichroism (CD) spectra and thermal unfolding
studies were performed on an Aviv 62DS Spectropola-
rimeter (AVIV Association, Inc., Lakewood, NJ),
equipped with a thermoelectric temperature controller.
Far UV CD spectra were recorded from 250 to 200 nm at
25°C in 0.05 cm cuvettes with 0.40 mg/ml LC with or
without HS (LC:HS � 4:1 w/w). Five spectra were re-
corded, averaged and corrected for buffer, or buffer plus
HS, and normalized to molar ellipticity, [�]. Molar elliptic-
ity values, [�], were calculated according to the equation:
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[�] (deg-cm2/decimol) � �(MRW)/10(l)(c), where � � exper-
imental ellipticity in mdeg; MRW � mean residue weight
of the amino acids; l � pathlength of the cell in cm; c �

concentration of LC in grams per ml.35–37

Thermal unfolding and refolding studies were per-
formed using a Peltier thermoelectric temperature con-
troller in 0.05-cm cuvettes and LC concentration � 0.40
mg/ml at constant wavelength of 217 (�-sheet). Ellipticity
was continuously monitored from 5 to 95°C at 0.5°C
increments with data collection for 90 seconds per tem-
perature increment. Samples were equilibrated at 5°C for
30 minutes in the sample compartment before unfolding
studies. Spectra were recorded at 25°C before and after
heating to monitor reversibility. Protein concentration
used for CD was measured according to the method of
Lowry et al.38

Results

Localization of Exogenous Amyloidogenic and

Control Light Chains Added to Cardiac

Fibroblasts

A number of amyloid LCs have been sequenced and
post-translational modifications have been character-
ized.29 To determine the response of cells to amyloido-
genic LCs, 11 urinary Ig LCs of �1, �6, and �3 subtypes
were individually added to rat and mouse primary car-
diac fibroblasts and compared to results obtained with
urinary LC from a patient with multiple myeloma, but not
AL (non-AL LC �1 [MM-96100]). Cells were cultured on
8-well coverslips at 2 � 103cells/ml and allowed to
achieve confluence. Specific LCs conjugated to Oregon
Green 488 were added to independent wells and five live
cell confocal images were collected for each LC per
experiment at a number of time points. To control for the
potential side effects of the dye, unconjugated Oregon
Green was added to cell cultures and did not enter the
cells. Conversely, unconjugated LCs added to cells and
immunostained with antibodies and the Oregon Green
did not alter the localization. LCs were repeatedly present
in a punctate pattern around the nucleus by 4 hours
(Figure 1, Table 1). The punctate pattern was retained
and intensified by 24 hours. To determine the localization
of each LC within the cell, a Z-series was taken from the
apical to basal surface with simultaneous DIC and fluo-
rescent images (Figure 1). Light chain was consistently
localized in the central 4 �m out of an 8-�m series. While
specific LCs were internalized consistently between ex-
periments, we did detect that each LC displayed a re-
peatable percentage of cells demonstrating internaliza-
tion of LCs (ie, three �1’s showed internalization ranging
from 78 to 80%, one �6 showed internalization of 86%,
and one �3 showed internalization of only 60%). The
non-AL LC was also internalized. The differences in in-
ternalization may be explained by sequence variability
among the LCs. In fact, the �3 LC has the least sequence
homology with the other LCs evaluated to date. In all of
the LCs evaluated over time there was a transition in
appearance from a punctate pattern to a filamentous one.

The extensiveness of the filaments varied with the spe-
cific LCs and there was no detectable co-localization with
F-actin (Figure 2) or microtubules. Note that the cells that
internalized the non-AL LC showed less filamentous mor-
phology. Interestingly, cells that had internalized LC
showed a transition to a myofibroblast morphology. This
change in cellular architecture has been noted in other
fibroblast cells in response to injury.39 Internalization
was detected in both primary rat and mouse cardiac
fibroblasts and there were no detectable species dif-
ferences in either the rate of internalization or in the
patterns of the LC.

The role of cell density on localization was also as-
sessed using three different cell densities (5 � 102, 3 �

103, and 5 � 103 cells/ml). There was no detectable
change in the localization of the LC with cell density and
the pattern could even be detected through cell layers
when cells became multilayered.

Response of Cardiac Fibroblasts to Light

Chains

Light Chain Mediates the Translocation of Heparan

Sulfate Proteoglycan to the Nucleus

Cells were cultured in the presence or absence of
amyloidogenic LCs or a non-AL LC �1 (MM-96100) for 24
hours. Localization of HSPGs was evaluated in relation to
LCs, F-actin, or nuclear markers using confocal micros-
copy. In short-term experiments, cells were plated and
cultured for 18 hours, at which time LCs conjugated to
Oregon Green 488 were added and then incubated for
18 additional hours. Heparan sulfate proteoglycans
translocated to the nucleus when cells were cultured with
AL LC �1 but not with the non-AL LC (Figure 3). Trans-
location was detected in both semi-confluent and conflu-
ent cultures (Figure 3). A Z-series through the cell verified
that the localization of HSPG in response to the AL LC �1
(AL-96066) was nuclear and that there was overlap with
the nuclear marker, To-Pro. HSPG was not detected in
the nucleoli. Nuclear translocation was only detected
when cells were fixed, incubated with heparinase III for 1
hour, permeabilized with Triton X-100, and then immuno-
stained. When cells were not incubated in heparinase III
after fixation, there was no detectable HSPG. In addition,
when cells were incubated with heparinase III 1 hour
before the end of the incubation and then fixed and
stained, HSPGs were only localized at the cell border
(Figure 3).

Long-Term Incubation with Light Chain Induces

Cellular Remodeling

Immunohistochemical and biochemical experiments
were performed to evaluate the distribution of the HSPG
for a number of the AL LCs compared to control medium.
Cells were incubated in the presence of LC-conjugated
to Oregon Green 488 for 1, 3, and 7 days and cells were
fixed, treated with heparinase III, permeabilized and
stained for HSPG using the mAb �3G10 and F-actin. The
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addition of AL LC �1 (AL-96066) resulted in an increase
in the amount of HSPG compared to non-AL LC �1 (MM-
96100) as seen in representative images (Figure 4, A and
B). Orthogonal slice analysis on composites of optical
serial series throughout the cell showed points of co-
localization of HSPG and LCs (Figure 4A). To show the
localization of the fluorescent probes within the cell, a
series of optical sections 1-�m thick were taken through
the cell and three are shown (apical, middle, and basal)
in Figure 4. HSPG was detected mainly in the apical
regions of the cell while the LC was consistently found at
the level of the nucleus (Figure 4). The other AL LCs
studied to date induced an enhanced deposition of
HSPG throughout the cell. These results indicate that AL
LCs enhance the accumulation of HSPG within the cell
but in the absence of analytical assays do not provide
information as to the degree of sulfation of the GAG
chains.

To assess for changes in sulfation, cells were treated
with FGF-2, LC or medium for 3 days. FGF-2 was added
as a positive control as it is known to mediate HSPG
translocation and regulation.28,33 Media and cell lysates
were collected and loaded onto Q-Sepharose columns
and washed with a sodium acetate buffer with 300
mmol/L NaCl until the A280 nm reached baseline. In low
salt fractions there was no detectable sulfated GAG in
either the cell lysates or medium. One-ml fractions were
collected and after NaCl was increased to 1.5 mol/L
sulfation was detected as analyzed by DMB. Sulfated
GAGs were consistently found in the medium and cell
(Figure 5, A and B) while the matrix extracts were con-
sistently devoid of sulfated GAGs. All of the LCs that we
have evaluated to date induced an increase in sulfated
GAG. Extractions for one AL LC �1 (AL-00131) have been
repeated five times while other AL LCs (�1 (AL-96066,
AL-01066), �3 (AL-00109), and � 6 (AL-01029)) have

Figure 1. Light chains conjugated to Oregon Green
488 are localized within cells. Cardiac fibroblasts
were cultured for 4 hours in the presence of AL LC
�1 conjugated to Oregon Green 488 and imaged live
using confocal microscopy. A Z-series of 1-�m op-
tical sections was taken through cells. Arrows indi-
cate light chain present in middle optical sections.
Images are representative of a minimum of five ex-
periments with independent conjugations.
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been repeated at least twice and all reflect the same
trend (Figure 5, Table 2). Specifically, one AL LC �1
(AL-00131) induced an increase in sulfated GAG in the
medium that was 53% above control, while FGF-2 in-
duced the secretion of sulfated GAG that was 44% above
control (Figure 5A). While the trends do not vary from
experiment to experiment or LC to LC, the overall change
may vary by 10%. There was substantially less sulfated
GAG detected in the cellular fraction (ie, LC: 31% below
control; FGF-2: 71% above control) (Figure 5B). These
data and the simultaneous readings from the A280 nm,
which monitors protein elution, suggest that cellular
GAGs are proteoglycan-associated, while the GAGs se-
creted in the medium are present as free polysaccha-
rides. In summary, the biochemical and immunohisto-
chemical data indicate that cellular GAGs are not highly

sulfated, while those that are secreted have a higher
sulfation than control.

Polysaccharidase digestions were performed on me-
dium and cell fractions from two representative �1 light
chains (AL-00131 and AL-96066). Heparan sulfate, CS,
and KS were all elevated in the media extracts in re-
sponse to either FGF-2 or LC. AL LC �1s caused a
change in sulfated GAGs (HS/KS/CS: 23/22/52%) com-
pared to that elicited by FGF-2 (HS/KS/CS: 27/59/44%)
(Table 2). In contrast there was a substantial decrease in
sulfated GAG in response to LCs in the same respective
cellular fractions. All three sulfated GAGs were less than
negative control fractions, but the CS was less than 50%
of the control. In contrast, FGF-2 induced a large in-
crease in KS and CS (66% and 74% above control,
respectively) (Table 2).

Figure 2. Long-term incubation (5 days) with AL - �1 and �6-LCs induces a filamentous appearance in AL LCs (AL-96066, AL-01066, AL-01029). Cultures were
fixed and stained with rhodamine-phalloidin to detect F-actin. A–D: A, �1; B, �1; C, �6; and D, non-AL �1. Composite images do not show co-localization of F-actin
and LC. Images are representative of a minimum of five independent experiments.
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To determine the core proteins that were present in
response to treatment, cell, matrix and medium fractions
were subjected to 12% SDS-PAGE, immunoblotted
with antibodies against syndecan-1 and glypican-1 ac-
cording to manufacturers directions. Perlecan was not
investigated in these experiments since only negligible
amounts were detected immunohistochemically. Ly-
sates and/or medium samples were loaded onto the
gel after treatment with heparinase I and III and chon-
droitinase ABC. Syndecan-1 and glypican-1 were de-
tected in all three fractions. The addition of AL LC �1s
resulted in cell lysates where the detectable cores
were reduced (glypican-1 showed a 37% reduction
and syndecan-1 showed a 58% reduction). The differ-
ences in the medium and matrix fractions were not as
substantial (Figure 6).

To evaluate if the internalization of the LCs was facili-
tated by GAGs present on the membrane surface of the
cells, we enzymatically removed GAGs from the cell sur-
face and asked if LC internalization was decreased using

confocal microscopy. Cells were cultured, serum re-
moved and treated with heparinase I and III, chondroiti-
nase, chondroitinase and heparinase together, kerata-
nase or medium alone for 1 hour at 37°C. Cells were
washed and LCs conjugated to Oregon Green added
and internalization monitored. There was no detectable
difference in LC internalization and the punctate pattern
was preserved (data not shown). These results indicate
that while the LCs alter the production of proteoglycans,
their internalization is not mediated by the presence of
GAGs on the cell membrane.

Association of Light Chains with Glycosaminoglycans

Solid phase immunobinding assays (ELISA) were
performed and absorbance was read at 450 nm. AL-
96066 was found to associate with GAGs in the follow-
ing order (HS�KS�CS�DS). At 2500 ng of LC, there
was a threefold increase in association with HS over
that of KS and DS.

Figure 3. Nuclear localization of HSPG 24 hours after LC (unconjugated) was added to cell and stained for HSPG with the mAb �3G10. Cells were fixed, treated
with heparinase III, and stained with �3G10 and rhodamine-phalloidin. A and B: The addition of AL LC �1 (AL-96066) shows HSPG in the nucleus of confluent
and in semi-confluent cells (arrows). C: The addition of non-AL LC �1 (MM-96100) does not induce translocation of HSPG. D: The addition of AL LC �1
(AL-96066) to cells that were treated with heparinase III 1 hour before fixation and then stained for �3G10 shows HSPG on the cell margins (arrowhead). Images
are representative of five independent experiments.
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Far UV CD spectroscopy was used to indirectly mon-
itor the binding of HS to selected LCs. This was per-
formed by measuring the induction or alteration of the LC
protein secondary structure at 25°C and the thermal sta-
bility or folding-unfolding of the LC �-sheets at 217 nm on
HS addition in PBS (pH 7.4) containing 50 mmol/L
K2HP04 and 0.15 mol/L NaCl. Wavelength spectra of AL
LC �1s (AL-96066 and AL-00131) (Figure 7, A and B)
recorded in the presence and absence of HS, showed a
change in secondary structure on addition of HS, as
indicated by the deeper minimum (more negative molar
ellipticity) in the CD spectrum (Figure 7, A and B). Table
3 summarizes Far UV CD results for 2 AL LC �1s (AL-
96066, AL-00131) and the non-AL LC �1 (MM-96100)
reporting molar ellipticity at 217 nm for each LC in the
presence and absence of HS and the unfolding temper-
ature of the �-sheets. Thermal stability studies (Figure 7,
C and D) demonstrated that addition of HS shifted the
midpoint temperatures of unfolding of the �-sheets in
AL-96066 and AL-00131, which were reduced by 1.4°

and 1.8°C, respectively, suggesting that HS interaction
with LCs causes destabilization of LC secondary struc-
ture. Studies on the non-AL LC �1, MM-96100 (Table 3)

reveal that while the conformation is altered by the addition
of HS, the interaction leads to greater stability in the
�-sheets with an increase in unfolding temperature of 1°C.

Discussion

In this study we demonstrated that amyloidogenic light
chains are internalized by primary cardiac fibroblasts
and that the cells respond by altering the regulation of
proteoglycan expression and localization. While the
disease process of primary amyloidosis has been
characterized, it was not known how primary cell sys-
tems respond to exogenously added LCs and whether
LCs regulate HSPG expression. We hypothesized that
LC internalization triggers a cellular response that reg-
ulates a number of proteins, including HSPGs. While

Figure 4. AL LCs induce remodeling of cellular HSPGs in long-term cultures. Confocal images of cells. Cells were incubated with Oregon Green 488 conjugated
to a specific light chain for 7 days, fixed, permeabilized, treated with heparinase III, and stained with mAb �3G10 and rhodamine phalloidin. A Z-series of 1-�m
optical sections was taken through the cell cultures from the basal to the apical surface of the cell and composites were generated using LSM 5 Image software.
A: Cells incubated in the presence of an AL LC �1 conjugated to Oregon Green 488. Orthogonal slice analysis was performed on the composite using LSM 510
Image software (XZ is depicted on the horizontal and YZ on the vertical axis outside the dimensions of the composite). Co-localization of HSPG and LC is
demonstrated. Optical sections of the composite show three regions within the cell and demonstrate localization of HSPG, LC, and F-actin in these regions. HSPG
is most prominent in the apical optical section and LC is detected in the central region. B: Cell cultures incubated with non-AL LC �1 conjugated to Oregon Green
488 for 7 days. Cells were stained and fixed as described above. HSPG is negligible in comparison to A. Images are representative of a minimum of three
independent experiments.
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there is diversity in primary structure and post-
translational modification of AL LCs (Table 1)29, there
is also a conformational change that occurs, which
results in amyloid fibrils. The amyloid fibrils can range
from 60 to 120Å in diameter, possess a protein back-
bone that is predominantly a �-pleated sheet structure
and show a green birefringence on polarization micros-
copy after Congo Red staining.

Light chains were chosen that represent three different
LC subtypes (�1, �6, and � 3) and one unidentified
lambda subtype. We found that 11 out of 11 AL LCs were
internalized by primary cardiac fibroblasts. The LCs
present in a perinuclear pattern and optical sections
taken through the cell demonstrate that LC was routinely
found in the central region of the cell. These indicate that

LCs may play a role in mediating synthesis of proteins.
Recently, Teng et al20 provided evidence that internaliza-
tion of LCs into mesangial cells was clathrin-mediated,
indicating that entry is a receptor-mediated mechanism.
The time course of entry for the LCs in our study does not
reflect the one demonstrated by mesangial cells. Time
lapse videos with biological markers and inhibitors in our
cell model are presently in progress to elucidate the
mode of entry and the exact time course of nuclear
translocation of HSPGs. We have demonstrated that
treatment of cells with GAGases before the addition of LC
did not inhibit internalization, however preincubation with
heparin or heparan sulfate does inhibit internalization.
The processing of the LCs by cardiac fibroblasts differs
from that of mesangial cells as the AL LCs that we have
evaluated do not have a one-for-one pixel co-localization
with lysosomes using the live cell Lysotracker and live
cell imaging. In fact some of the AL LCs did not have any
demonstrable co-localization. These indicate that while
all of the AL LCs are internalized, the processing may

Figure 5. FGF-2 and LCs mediate the sulfation of secreted and cellular GAGs.
A and B: Representative profiles of media (A) and cell elution profiles (B)
from Q1-Sepharose with 1.5 mol/L NaCl single-step gradient. Elution profile
is representative of three independent experiments and of nine AL LCs
evaluated.

Table 2. Glycosaminoglycans Present in Medium and Cell after Elution from Column Fractions

Extract Fraction Treatment Total (�g/ml) HS (�g/ml) KS (�g/ml) CS (�g/ml)

Medium 2 Ctrl 9.32 2.1 1.99 7.3
FGF-2 12.5 2.48 2.48 10
AL LC �1 13.5 1.73 1.9 10.84

3 Ctrl 4.57 0.98 0.6 3.03
FGF-2 7.56 1.42 1.65 4.9
AL LC �1 7.79 2.05 1.26 4.91

Cell 2 Ctrl 8.95 2.02 1.1 7.41
FGF-2 15.93 1.87 2.68 13.21
AL LC �1 6.19 1.73 1.34 3.93

3 Ctrl 5.13 1.38 1.11 2.73
FGF-2 8.2 1.21 0.99 4.45
AL LC �1 3.53 0.92 0.46 1.14

Figure 6. Syndecan-1 and glypican-1 in response to AL LCs. Twelve percent
SDS-PAGE and Western blot of media, matrix and cell lysates immunoblotted
with MAbs to syndecan-1, and glypican-1. Equivalent amounts of protein
were loaded on each lane. Lanes 1–4: Cell; 5–8, Medium; 9–12, ECM.
Lanes representing cells treated with AL LC �1 (AL-00131) 3–4, 7–8, and
11–12. Lanes representing treatment with Heparinase I/III (1.0/2.0U/ml) and
Case ABC (0.5U/ml), Cell, 2 and 4; Medium, 6 and 8; Matrix, 10 and 12.
Control lanes (1–2, 5–6, 9–10).
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differ and this may depend on their tertiary structure. In
addition we have data that demonstrate that AL LCs do
not enter myocytes unless they demonstrate cellular
blebbing (data not shown). Together these data suggest
that the mechanism for internalization of LCs may depend
on the cell type and on the extracellular environment.

Translocation of HSPGs to the nucleus in response to
FGF-2 has been demonstrated in primary fibroblasts.28,33

Translocation seemed to depend on the binding of cells
to the heparan-binding domain in fibronectin and the
HSPG was hypothesized to play a role as a carrier of
heparin-binding proteins. As FGF-2 is a growth factor that
requires nuclear localization to induce biological re-
sponses40,41, it is reasonable that HSPGs might be a
vehicle for heparin-binding growth factors. In addition,
matrix molecules have been shown to be altered with
cellular injury.42,43 This is interesting as both SAA and
ABPP have been demonstrated to have HS binding se-
quences.5 It is possible that LC may act as transport
vehicle for the HSPG to the nucleus where they could
bind to nucleosomes as has been described in other
systems when cells are stimulated with growth factors.44

Our results indicate that the AL LCs may induce a
cellular response that is similar to that of FGF-2.33 All AL

LCs evaluated show a similar GAG elution profile and
enhance the overall sulfation of GAGs. Furthermore, the
medium fractions that were eluted with 1.5 mol/L NaCl
had undetectable A280 nm readings and were more highly
sulfated than FGF-2. In contrast, the AL-induced HSPGs
that are localized within the cell possess a low sulfation
and seem to be associated with proteoglycan core. Spe-
cific changes that may have occurred in the GAG chains
(ie, additional sites of sulfation or length of chain) is not
known but is a topic of future studies.

The role of the intact proteoglycan is not well under-
stood. Recently, a transgenic mouse was made where
perlecan was overexpressed to study its effect on HSPGs
in the development of amyloidosis.45 Surprisingly, while
both intracellular accumulation and extracellular deposi-
tion were present, there was no increase in amyloid-
osis.46 These results raise additional questions concern-
ing the underlying mechanisms. The decrease seen in
the cellular lysates in our results may reflect an inhibition
in the synthesis on the addition of LC. Conversely it may
reflect an interaction of the LC and core rendering the
epitope inaccessible. Our results demonstrating the shift
in thermal stability of two AL LC �1s (AL-96066 and
AL-00131) in the presence of HS indicate that the con-
trolling mechanism may be the GAGs that are secreted
into the extracellular milieu. We found that HS seems to
increase the thermal stability of non-AL LC �1s at 217 nm.
Our results suggest that the interaction is specific for LCs
with an amyloidogenic sequence. Each sequence has a
unique post-translational modification.

We propose that the LC causes an injury-like response
that alters the regulation of proteoglycans once it is inter-
nalized within the cell. It is possible that there is a change
in the availability of growth factors that are known to be
up-regulated in response to injury and alter expression of
proteoglycans and that this may explain the translocation
to the nucleus previously shown in response to FGF-
2.28,33 The work suggesting that polyvinylsulphonates of
various lengths can alter the ultimate fibril formation sup-
ports these hypotheses and these and other approaches
may be critical in developing treatment strategies to in-
hibit the role of the LC.21,22 Interestingly, this approach
has been used to inhibit the entry of Plasmodium and the
circumsporozoite protein has been shown to have a
heparan-binding site on its NH2-terminus.46,47 Our model
system should allow for a careful study to determine the
cooperation between proteoglycans, growth factors, and
amyloid light chains. These studies could ultimately pro-
vide important insight into the mechanisms that control
tissue remodeling, in response to the elevated levels of
circulating LCs that occur in AL and the other systemic
amyloidoses.
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Figure 7. Heparan sulfate alters the Far UV spectra and the thermal unfold-
ing of 2 LC � 1s. Far UV CD Spectra of AL LC �1 (AL-96066) (A), and AL LC
�1 (AL-00131) (B) with and without HS in PBS at pH 7.4 were recorded at
25°C from 250 to 200 nm. Thermal unfolding of AL-96066 (C) and AL-00131
(D) LCs with and without HS in PBS at pH 7.4 monitored at 217 nm (�-sheet).
Ellipticity was continuously monitored from 5 to 95°C every 0.5°C with an
averaging time of 90 seconds. Protein concentration, 0.40 mg/ml. LC: HS , 4:1
w/w; pathlength, 0.05 cm.

Table 3. Light Chain Conformation and Thermal Stability in
Presence and Absence of Heparan Sulfate

LC ��	 217 nm, 25°C Tm
oC, 217 nm

AL-96066 (�1)
PBS 
3159 48.2
�HS 
3367 46.8
AL-00131(�1)
PBS 
1625 51.9
�HS 
2157 50.1
MM-96100

(�1)
PBS 
3816 47.4
�HS 
5091 48.4
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