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LYMPHOID NEOPLASIA

The amyloidogenic light chain is a stressor that sensitizes plasma cells to
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Key Points

• Amyloidogenic PCs show
unique PI susceptibility and
altered organelle homeostasis,
consistent with defective
autophagy.

• Amyloidogenic LC production
is an intrinsic cellular stressor
that sensitizes to PI toxicity.

Systemic light chain (AL) amyloidosis is caused by the clonal production of an unstable

immunoglobulin light chain (LC), which affects organ function systemically. Although

pathogenic LCs have been characterized biochemically, little is known about the biology

of amyloidogenic plasma cells (PCs). Intrigued by the unique response rates of AL

amyloidosis patients to the first-in-class proteasome inhibitor (PI) bortezomib, we

purified and investigated patient-derived AL PCs, in comparison with primary multiple

myeloma (MM) PCs, the prototypical PI-responsive cells. Functional, biochemical, and

morphological characterization revealedanunprecedented intrinsic sensitivityofALPCs

to PIs, even higher than that of MM PCs, associated with distinctive organellar features

and expression patterns indicative of cellular stress. These consisted of expanded

endoplasmic reticulum(ER),perinuclearmitochondria, andahigherabundanceofstress-

related transcripts, and were consistent with reduced autophagic control of organelle

homeostasis. To test whether PI sensitivity stems from AL LC production, we engineered PC lines that can be induced to express

amyloidogenic and nonamyloidogenic LCs, and found that AL LC expression alters cell growth and proteostasis and confers PI

sensitivity. Our study discloses amyloidogenic LC production as an intrinsic PC stressor, and identifies stress-responsive pathways

asnovel potential therapeutic targets.Moreover,wecontributeacellulardiseasemodel todissect thebiologyofALPCs. (Blood. 2017;

129(15):2132-2142)

Introduction

Systemic light chain (AL) amyloidosis is a plasma cell (PC) dyscrasia
caused by aggregation-pronemonoclonal immunoglobulin light chains
(LCs) produced by small clones of bone marrow (BM) PCs. These
mutated, unstable LCs form insoluble b-pleated sheets that aggre-
gate and deposit systemically in organ tissues as amyloid fibrils,
causing organ dysfunction and death.1-3 Heart involvement is the key
determinant of survival, as patients with severe cardiac amyloidosis
showed a median survival of only 4.4 months.4 AL amyloidosis
treatments are generally adapted from multiple myeloma (MM), the
prototypical PC cancer.5 Indeed, current regimens include immuno-
modulatory drugs (eg, thalidomide and lenalidomide) in combination
with alkylating agents.6-8 Proteasome inhibitors (PIs) have shown
excellent clinical efficacy with unprecedented response rates, rapidly
achieved in both previously untreated and pretreated patients.9-11

However, a significant proportion of patients (40%) fail to respond.12

The clinical efficacy of PIs raises the attractive possibility that the

amyloidogenic PC clone, source of toxic LCs, is a direct target of PIs.
If so, addressing the bases of PI sensitivity would define new targeted
strategies to decrease drug toxicity and improve clinical outcome,
containing and possibly eradicating the pathogenic clone.

We and others have demonstrated that large-scale immunoglobulin
production is stressful to both normal and malignant PCs, and that
defective protein homeostasis is a key determinant of the unique PI
sensitivity of immunoglobulin-producing cells.13-18 Here, we hypoth-
esized that the biosynthesis of aggregation-prone LCs may further
challenge protein homeostasis in the secretory pathway, inducing
adaptive strategies in ALPCswhose identification could disclosemore
effective therapies against the amyloidogenic clone.

Although the small size of the AL amyloidosis PC clone in the BM
hinders deep mechanistic biomolecular investigations,1 to test our
hypothesis we performed a functional and morphological character-
ization of a relatively large panel of primary, patient-derived PC
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samples. We compared AL PCs with primary MM PCs, the pro-
totypical PI-responsive cells, and, in selected experiments, with PCs
from individuals with monoclonal gammopathy of undetermined
significance (MGUS), aMM-preceding clonal PC disorder genetically
comparable to AL amyloidosis, but secreting nonamyloidogenic
LCs.19,20

Our study revealed unique susceptibility of AL PCs to PIs, even
higher than that of MM PCs, associated with distinctive organelle and
expression features of stress. Moreover, to test the intrinsic effects
of AL LC production on PC homeostasis, we engineered PC lines to
express amyloidogenic and nonamyloidogenic LCs under control of an
inducible promoter.Besides establishing cause-effect relationships, this
system offers a valuable cellular model of AL amyloidosis for
mechanistic and drug-screening studies.

Materials and methods

Patients

BMPCswereobtained frompatientswithALamyloidosis (n543),MM(n525),
or MGUS (n5 3) at diagnosis, prior to any chemotherapy (supplemental Table 1,
available on the Blood Web site). The number of samples used in each set of
experiments is indicated in Table 1.

Approval for use of primary samples was obtained from the Institutional
Review Board of the San Raffaele Hospital and Fondazione IRCCS Policlinico
San Matteo. Written consent was obtained from patients according to the
Declaration of Helsinki.

Cell cultures

AL andMMPCs were enriched from BM aspirates through 2 rounds of CD138
immunomagnetic-positive selection (Easy Sep; StemCell Technologies, Van-
couver, BC, Canada) and the percentage of CD1381 cells verified by flow
cytometry (AL, 78% 6 18%; MM, 85% 6 13%; P 5 not significant [NS]).
Primary cellswere cultured inRPMI1640medium(Gibco/LifeTechnologies)
supplementedwith 10% fetal calf serum, glutamax (1mM), penicillin (100U/mL),
and streptomycin (100 mg/mL), in the absence of interleukin 6. Cell counts
were performed with a Countess Automated Cell Counter (Invitrogen/Life
Technologies).

Flow cytometric analyses of apoptosis

Patient-derived AL and MM PCs were seeded at 3 3 104 cells per 100 mL
of medium in 96 multiwell plates, and treated for 24 hours with the indicated
doses of bortezomib (Btz) and leupeptin, harvested, stained with fluorescein
isothiocyanate–conjugated annexin V and propidium iodide as per manufac-
turer’s instructions (BD Biosciences, Franklin Lakes, NJ), and with
allophycocyanin-conjugated CD138, and analyzed by Accuri C6 (BD Biosci-
ences, San Jose, CA) for disappearance of CD1381 cells and subsequent
apoptosis. Fifty percent effective concentration (EC50) values were determined
by nonlinear regression (Prism 5.0; GraphPad Software). Spontaneous viability
ofALandMMPCswascomparable (AL,89%67.5%;MM,76%619%;P5
NS). Drug-induced toxicity was quantified by subtracting death in parallel
untreated samples. In selected experiments, cell death was assayed by trypan
blue exclusion.

Immunofluorescence

Patient-derivedPCswere seededonpoly-L-lysine–coated slides,fixedwith 3.7%
formaldehyde for 10minutes, and permeabilizedwith phosphate-buffered saline
0.1% Triton X-100 10 minutes at room temperature. Cells were stained with
monoclonal anti-Ub antibody (Fk2 [Enzo Biochem Inc, Farmingdale, NY],
1:200, 1 hour room temperature), rabbit anti-k, or anti-l antisera (Dako,
Glostrup, Denmark; 1:200), rinsed in phosphate-buffered saline, and stainedwith
Alexa Fluor 488 goat anti-mouse immunoglobulinG (IgG; 1:200) orAlexa Fluor
546 goat anti-rabbit IgG (1:500) and Hoechst 33342 (Molecular Probes, Eugene,

OR). Coverslips were observed on a DeltaVision workstation (Applied
Precision, Issaquah,WA)with anOlympus IX70 camera (CenterValley, PA).
Numerical aperture was 1.35 (403 lens) and images of primary AL and MM
PCs were deconvoluted with SoftWorx 3.5.0 (Applied Precision). Fluores-
cence intensity was quantified automatically with IN Cell Investigator
software (GE Healthcare, Piscataway, NJ).

Proteasome activity

Cells were centrifuged and pellets incubated in ice-cold extraction buffer (50 mM
Tris-HCl pH 7.5, 1 mM dithiothreitol, 250 mM sucrose, 5 mM MgCl2, 0.5 mM
EDTA, 2 mM adenosine triphosphate, 0.025% digitonin) for 5 minutes and
centrifuged at 20 000 g for 30 minutes at 4°C. Proteasome-specific chymotryptic
activity was assayed by the release of 7-amino-4-methylcoumarin from a
fluorogenic substrate, as described.13,15-17 Briefly, 100 mM Suc-LLVY-AMC
(BACHEM,Bubendorf,Switzerland) in20mMTris-HClpH7.5,1mMadenosine
triphosphate, 2 mM MgCl2, 0.2% bovine serum albumin was added to protein
extracts, and fluorescence monitored continuously at 37°C with a Carry Eclipse
spectrofluorimeter (VARIAN, Palo Alto, CA). Background nonproteasomal
degradation was controlled for by addition of the PI epoxomycin (1 mM; Sigma).

Electron microscopy and G6Pase cytochemistry

For conventional electronmicroscopy (EM)andglucose-6-phosphatase (G6Pase)
EM cytochemistry, cells were pelleted and processed as described.21 Briefly,
ultrathin sections were contrasted with uranyl acetate and lead citrate, observed
with a Leo 912AB electron microscope (Zeiss) operating at 80 kV. Digital
micrographs were captured with a 2k 3 2k Proscan slow-scan charge-coupled
device camera system (ProscanHSC2) controlled by the integrated software (Soft
Imaging Software). In conventional EM analyses, micrographs of randomly
selected cells were digitalized and endoplasmic reticulum (ER) measured by
stereography counting of the cisternae intersecting the main cellular axes; the
percentage of perinuclearmitochondriawas arbitrarily estimated as theproportion
of mitochondria within the inner one-half distance between the perinuclear and
plasma membrane; mitochondrial area and perimeter were analyzed with ImageJ
software (http://rsbweb.nih.gov/ij/). The mitochondrial circularity index was
calculated as: 4p (area)/(perimeter)2. All measurements were performed in cells
with unequivocal PC morphology. In G6Pase EM cytochemistry, automated
assessment of G6Pase1 area was achieved by ImageJ software.

Quantitative reverse transcription PCR

RNAwasextracted from0.33106 to13106cellswithTRIzol (LifeTechnologies)
and0.5mg to1mgwere retrotranscribedwithSuperScriptVilo (LifeTechnologies).
Quantitative polymerase chain reactions (PCRs) were run in triplicates of 10-mL
mixtures of SYBR Green I Master Mix (Roche), 0.5 mM primers and template
complementary DNA corresponding to 2.5 ng to 5 ng of the original RNA on a
Roche LightCycler 480 machine. Histone H3messenger RNA (mRNA) served as
quantification reference.Amplification of PC-specific transcripts certifiedPCpurity
(supplemental Figure 1). Data were analyzed with Advanced Relative Quantifica-
tion software. Primers are listed in supplemental Table 2.

Immunoblot analyses

Cells were lysed and analyzed as detailed in supplemental Methods.

Table 1. Number of samples used in each set of experiments

AL MM MGUS

PI and autophagy inhibitor toxicity 10 8

Proteasome load 5 6

Proteasome capacity 10 7

Autophagy characterization by EM 5 5

ER assessment by EM 7 5 3

G6Pase EM cytochemistry 3 3

Mitochondrial EM characterization 9 6 3

Transcript expression 8 7
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Generation and characterization of inducible LC-secreting

cell lines

For doxycycline-inducible expression ofALandMMLCs,weused the lentiviral
1070-3T vector derived from the #1074 vector (kindly provided by L. Naldini,
SanRaffaele Scientific Institute,Milan, Italy).22,23 Virus stockswere prepared as
previously described.24,25 The procedure is described in supplemental Methods.
Construct maps are illustrated in supplemental Figure 2; LC sequences are
available in supplemental Table 3.

Non-immunoglobulin-expressing NS0 murine plasmocytoma cells were
transduced with lentiviral vector #1379 (kindly provided by L. Naldini),26

cloned, and characterized as detailed in supplemental Methods.

Statistical and data analysis

Prism software (5.0; GraphPad) was used for data analysis. Statistical
significance was tested with the 2-tailed Student t test (P, .05).

Results

Amyloidogenic PCs display intrinsic unique susceptibility

to PIs

To investigate the intrinsic sensitivity of AL PCs to PIs, BM PCs were
enriched from AL patients by double immunomagnetic positive se-
lection forCD138 (syndecan-1), yieldingonaverage23105 to73105

cells with substantial CD1381 cell enrichment (78% 6 18%), as
confirmed by selective amplification of PC-specific transcripts
(supplemental Figure 1). Cellswere then treated in vitrowith increasing
doses of thefirst-in-classPIBtz, and toxicity assayed.Tounequivocally
quantify cell death specifically within the PC population, we estimated
the disappearance of CD1381 cells, a marker whose loss is known
to precede PC apoptosis with high sensitivity and specificity,27,28 as we
confirmed in primary PC samples (supplemental Figure 3). We found
that patient-derived amyloidogenic PCs are not only intrinsically highly
susceptible to Btz toxicity, but even significantly more sensitive than
patient-purified MM cells, the prototypical PI-responsive cells
(Figure 1). The intrinsic sensitivity of AL PCs raises the possibility
that the mutated LC may act as a cell-autonomous stressor for PC
proteostasis.

A load-vs-capacity imbalance does not account for the

exquisite PI sensitivity of amyloidogenic PCs

The balance between proteasomal workload (ie, the overall amount of
polyubiquitinatedproteins requiringdegradation) and total proteasomal
capacity is a key determinant of PI responsiveness in normal and
malignant PCs.16-18 Therefore, we asked whether AL PCs display
lower proteasome expression, higher proteasomeworkload, or both as
compared with MM cells. To measure proteasomal capacity and
workload, we respectively measured proteasome chymotryptic activ-
ity by specific fluorogenic substrate cleavage and accumulation of
polyubiquitinatedproteins by immunofluorescence, inprimaryALand
MM PCs, as described.16,17 We found both workload and capacity
comparable in primary AL and MM PCs (Figure 2). We excluded a
significant contribution of BM cells other than PCs by measuring
proteasome capacity of CD1382 cells (supplemental Figure 4). Thus,
the exquisite PI responsiveness of AL PCs is not accounted for by
a more severe imbalance of proteasome function than that already
reported in MM PCs.
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Figure 1. Primary AL amyloidosis PCs are significantly more susceptible

to Btz toxicity than primary MM PCs. Primary PCs were purified by double

immunomagnetic positive (CD138) selection from BM biopsies obtained from

patients diagnosed with systemic light chain (AL) amyloidosis (n 5 10) and MM

(n 5 8), seeded in multiwell plates and treated with increasing doses of Btz for 24

hours. Apoptotic responses were assessed by flow cytometric analysis, upon

labeling with propidium iodide, fluorescent-conjugated anti-syndecan 1 antibody and

annexin V. The graph shows each patient’s average EC50, and each group’s mean6

standard error. *P , .05 (Student t test).
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Figure 2. Comparable proteasome capacity and workload in primary PCs from

AL amyloidosis and MM patients. Primary AL and MM PCs, purified as in Figure 1,

were assayed in vitro for proteasome capacity (10 AL and 7 MM samples) and

workload (5 AL and 6 MM samples). (A) Total cellular proteasome activity (capacity)

was determined by means of an established fluorogenic peptide specifically probing

the chymotryptic activity of the 20S proteolytic core (LLVY-amc), and expressed as

peptide cleavage per total proteins over time. (B) Proteasome workload was

estimated by automated, unbiased quantification of the intracellular accumulation of

ubiquitinated proteins, upon immunofluorescent staining. Both graphs show each

patient’s average value, and each group’s mean 6 standard error (Student t test).

MFI, mean fluorescence intensity.
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Figure 3. Abundant cytoprotective, organelle-homeostatic autophagy in primary amyloidogenic PCs. Assessment of autophagy and its role in primary AL PCs. (A)

Proportion of cell death upon 24 hours of treatment with the distal autophagic inhibitor, leupeptin (Leup; 10 mM) and Btz (2 nM), alone or in combination, as assessed by

cytofluorimetric analysis upon labeling with propidium iodide and fluorescent-conjugated antibody anti-syndecan 1 and annexin V. Each dot represents 1 of 10 AL patients. (B)

EM analysis of autophagosomes in primary AL (left) and MM (right) PCs (representative images). (C) EM quantification of ER-phagy (left) and mitophagy (right) in AL and MM

PCs. The histograms show the average numbers6 standard error of ER- and mitochondria-containing autophagosomes per PC in each AL and MM patient (.20 PCs per AL

and MM patient; 5 patients per group). *P , .05 (Student t test).
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Figure 4. Perturbed ER homeostasis in primary amyloidogenic PCs. Assessment of ER abundance and homeostasis in primary PCs by EM (5-35 PCs per patient; 7 AL, 5 MM, and

3 MGUS patients per group) and G6Pase EM cytochemistry (.20 PCs per patient; 3 AL, 3 MM patients per group). (A) Representative EM images of BM PCs in AL, MM, and MGUS

patients (insets: magnification 31840), and quantification of ER size by stereography counting the number of ER cisternae intersecting the main cellular axes. Box plots show median,

maximum, and minimum, and first and third quartile values. (B) Representative G6Pase EM cytochemistry images of BM PCs in AL and MM patients, and automated quantification of

G6Pase1 area (ER size), relative to total cell area (mean6 standard error). (C) Quantitative reverse transcription PCR analysis of transcripts encoding ER-stress responsive proteins (8 AL

and 7 MM primary samples). Histograms show mean values6 standard error. ***P, .0001; *P, .05 (Student t test). BiP, immunoglobulin heavy chain binding protein; CHOP, CCAAT/

enhancer-binding protein homologous protein; sXBP1, spliced X-box binding protein 1; tXBP1, total X-box binding protein 1.
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Amyloidogenic PCs display intense autophagic activity, whose

inhibition increases PI susceptibility

To investigate the cellular bases of the observed uniquePI responsiveness
ofALcells,we then examinedother cellular pathways that cooperatewith
the ubiquitin-proteasome system (UPS) to maintain proteostasis. Macro-
autophagy, conventionally referred to as autophagy, is a selective
lysosomal-recycling strategy known to collaborate with the UPS and to
maintain organelle turnover and homeostasis.29 We have recently dem-
onstrated that autophagy is crucial in normal PCs to afford sustainable
immunoglobulin production by controlling ER expansion.21 Further-
more,we found that autophagy is acell-autonomousabsolute requirement
tomaintain the pool of resident BMPCs, the physiological counterpart of
PC dyscrasias,21 and that MM cells depend on autophagy for viability.30

Finally, we and others have proposed that autophagy contributes to
determine primary PI resistance of MM cells, as shown by the synergic
toxicity of proteasome inhibition combined with genetic or pharmaco-
logicalblockadeofautophagy.30-32Thisbackground ledus tohypothesize
a role for autophagy in AL PC proteostasis and PI responsiveness.

To assesswhether autophagy contributes to determine PI sensitivity
ofALPCs,we treated primaryALPCswith a sublethal dose ofBtz and
with the distal autophagy inhibitor, leupeptin, alone or in combination,
and found these treatments to exert significant synergic toxicity
(Figure 3A). To further characterize autophagic activity in amyloido-
genic PCs, we adopted EM, which enables the unbiased characteriza-
tion of autophagosome abundance and content.33 Extensive analyses of
EM images of primary AL andMMPCs revealed a sizeable number of
autophagosomes engulfingERmembranes andmitochondria, denoting
active reticulophagy (ER-phagy) and mitophagy in both populations
(Figure3B).Notably,we foundmoreER-andmitochondria-containing
autophagosomes in AL PCs than in MM cells (Figure 3C). Our
data provide the first direct imaging of ER-phagy andmitophagy inAL
PCs, and are in keeping with the organelle-homeostatic function of
autophagywe recently demonstrated in normal andmalignant PCs.21,30

Perturbed ER homeostasis in amyloidogenic PCs

We have previously reported that selective autophagy controls ER size
and secretoryhomeostasis in normalPCsandMMcells.21,30Thehigher

frequency of ER-containing autophagosomes observed inALPCsmay
stem either from increased ER-phagy or from defective lysosomal di-
gestion of ER-engulfing autophagosomes, which may impact on ER
homeostasis. To test this hypothesis, we characterized the ER com-
partment using 2 independent approaches: EM and G6Pase EM cyto-
chemistry.21 These experiments unveiled significantly more abundant
ER in AL PCs as compared with MM (Figure 4A-B). Attesting to a
distinctive feature of amyloidogenic PCs, we found their ER to be also
significantly more abundant than in PCs from individuals with MGUS
(Figure 4A), a premalignantmonoclonal gammopathy also caused by a
small clone of low-proliferating PCs, which shares several chromo-
somal aberrations with AL.20 Together with the higher frequency of
ER-engulfing autophagosomes reported in the previous paragraph
(Figure 3C), the data support the hypothesis of defective ER-phagy. The
functional relevance of such alteration in AL PCs is demonstrated by
significantly higher expression of spliced and total XBP1 transcripts
(Figure 4C), indicative of increased ER stress.34 Notably, the activation
of the protein kinase R–like ER kinase (PERK) branch of the unfolded
protein response (UPR) was negligible, as witnessed by the low
expression of its downstream mediator CHOP, in line with previous
reports on PCs.35,36 Taken together, the data demonstrate that ER
homeostasis is perturbed in AL PCs, likely as a result of defective
ER-phagy.

Amyloidogenic PCs display altered mitochondrial distribution

Having observed more abundant mitochondria-containing autophago-
somes in AL than MM PCs (Figure 3B-C), we next checked whether
mitochondrial homeostasis is alsodifferentially affected inALandMM
primary PCs. EM analyses revealed a peculiar distribution of these
organelles in AL PCs. Indeed, although mitochondrial area, average
size, and circularity, an index of mitochondrial network fragmenta-
tion,37 were comparable in AL and MM PCs (supplemental Figure 5),
amyloidogenic PCs showed a significantly higher proportion of
perinuclear mitochondria than MM and MGUS PCs (Figure 5A).
Perinuclear distribution ofmitochondria has beenpreviously associated
with oxidative stress.38 Indeed,we found higher abundance of the heme
oxygenase-1 (HO-1) transcript, a key effector of cellular antioxidant
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and homeostasis in primary BM PCs purified from AL and
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responses,39 in AL PCs (Figure 5B). Together, these findings are
suggestive of distinctive oxidative stress associated with amyloido-
genic LC production. However, expression of representative
effectors of the mitochondrial UPR (UPRmt), an adaptive response
known to cope with mitochondrial dysfunction originating from
different types of stress,40,41 is not significantly different in AL and
MM PCs (Figure 5C), attesting to overall maintained mitochondria
homeostasis, and in line with the survival of amyloidogenic PC clones.

Amyloidogenic LC expression is an intrinsic stressor that

sensitizes to PI toxicity

Having identified peculiar PI susceptibility and perturbed homeostasis
of key organelle substrates of autophagy in AL PCs, we then adopted a
reductionist approach to assess whether amyloidogenic LC production
is sufficient to induce stress and PI susceptibility in a PC-autonomous
fashion. Through lentiviral engineering, we generated PC clones
expressing highly cardiotoxic amyloidogenic or nonamyloidogenic
LCs, respectively cloned from 2 AL amyloidosis and 2 MM pa-
tients, under control of a doxycycline-inducible promoter. Inducible
amyloidogenic (AL) and nonamyloidogenic (MM) PC lines were
generated fromNS0cells, a non-LC-synthesizing, non-immunoglobulin-
secreting murine plasmocytoma, and different clones selected for ef-
ficientAL andMMLCmRNAand protein expression and secretion.All
clones survived in vitro when induced to produce LC (not shown),
in keeping with the clinical notion that PC clones producing toxic AL
LCs are maintained in patients’ BM. Figure 6A shows immunoblot
analyses on 1 AL and 1MM cell line, demonstrating effective induction
of intracellular expression and secretion of both LCs by representative
clones of both lines. We then compared cell growth and PI sensitivity
in clones that displayed comparable LC expression, as quantified by
enzyme-linked immunosorbent assay and nephelometry. Although
all clones showed superimposable growth curves in absence of doxy-
cycline, upon induction of LC expression, amyloidogenic clones showed
lower cell growth rates as comparedwith nonamyloidogenic counterparts
(Figure 6B; supplemental Figure 6A), with no difference in cell viability
(not shown). Furthermore, treatment with Btz not only aggravated the
cell growth defect, but also reduced cell viability selectively in AL
LC-expressing PCs (Figure 6C-D; supplemental Figure 6B). Engineered
amyloidogenic cell lines revealed synergic toxicity of combined pro-
teasome and autophagy inhibition (Figure 6E), confirming the key
proteostatic roleof autophagyalreadyobserved inprimaryamyloidogenic
PCs (Figure 3A). Moreover, attesting to a causal role for insufficient
autophagy, the cell growth defect observed in PCs engineered to
express the AL LC was recapitulated in nonamyloidogenic PCs by
autophagic inhibition (Figure 6F). In line with this hypothesis, AL,
but not MM LC, expression induced significant accumulation of
the autophagic substrate SQSTM1/p62, indicative of insufficient

autophagy (Figure 6G).30,42 Altogether, the data provide formal evi-
dence that expression of an amyloidogenic LC is an intrinsic stressor
sufficient to perturb cellular proteostasis and to sensitize to PI toxicity, at
least partially by saturating the cellular autophagic reserve.

Discussion

Clinical studies have demonstrated that AL amyloidosis patients
are particularly responsive to PI treatment,9 even more than patients
with MM, the prototypical PI-responsive cancer, suggesting an
exquisite intrinsic sensitivity of AL PCs to negative proteostasis
modulators.9-12,43,44 Identifying intrinsic weaknesses of AL PCs and
understanding the underlying bases hold promise for defining new
strategies to enhance therapeutic efficacy, but direct studies of
amyloidogenic PCs have been hindered so far by the relative rarity of
the cell population. Here, we set out to characterize, for the first time,
primary AL PCs functionally, biochemically, and morphologically,
investigating cellular proteostasis, PI sensitivity, organelle morphol-
ogy, and stress responses. The data collected reveal an intrinsic high
vulnerability of AL PCs to PIs, even higher than that of MM PCs
(Figure 1), so far considered the prototypic PI-susceptible cells.

In previous works, we have proposed the balance between
proteasome workload and capacity as a critical determinant of PI
sensitivity in both normal and malignant PCs.13,16,17 In particular, in
MM lines and myeloma patient-derived PCs, PI vulnerability was
found to correlate directly with the load of ubiquitinated proteins
requiring degradation, and inversely with overall proteasome activity;
moreover, increasing proteasome biogenesis or workload signifi-
cantly affected PI sensitivity.16,17 This evidence led to the currently
established load-vs-capacity model of PI sensitivity.18 We first asked
whether such a model may explain the exquisite vulnerability of AL
PCs. However, the assessment of ubiquitin-conjugated proteins by
immunofluorescence and of total proteasome activity by specific
fluorogenic substrate cleavage revealed comparable proteasome load
and capacity in primary PCs purified from AL and MM patients
(Figure 2). These findings prompted us to search for alternative
biological bases underlying the exquisite PI sensitivity of AL PCs.

We hypothesized that the amyloidogenic LC poses a more severe
burden than the normal LC on PC proteostasis by interfering with
autophagy, a lysosomal proteocatabolic strategy capable of alleviating
proteasome workload.45-48 Indeed, we recently demonstrated that
autophagy is absolutely required in mice to maintain BM long-lived
PCs, normal counterparts of PC dyscrasias.21 Of note, we also reported
that autophagy controls organelle homeostasis and sustains PI re-
sistance and cell survival in MM cells.30 In keeping with a key
homeostatic function of autophagy in AL PCs, our EM analyses

Figure 6. Amyloidogenic LC expression is an intrinsic cellular stressor. Effect of expression of amyloidogenic (AL) and nonamyloidogenic (MM) LC on PC growth, PI

sensitivity, and autophagy. (A) The non-immunoglobulin-expressing NS0 murine plasmocytoma cell line was lentivirally engineered to express amyloidogenic and

nonamyloidogenic immunoglobulin LCs under control of an inducible promoter, and clones selected and characterized for LC expression. Effective induction of LC expression

and secretion by doxycycline (1 mM for 3 days) in 2 representative clones is shown in 1 representative immunoblot analysis. (B) AL and MM NS0 clones were treated with

1 mM doxycycline or left untreated for the indicated days. The number of viable cells upon induction of LC production by doxycycline and in untreated cultures was determined

every 24 hours by trypan blue exclusion. The effect of LC induction on cell growth as compared with parallel, untreated cultures was expressed as percentage of cell number

change. The histogram shows the average of 2 AL (A2-1 and A2-11) and 2 MM (M1-11 and M1-19) NS0 clones. (C) AL (A2-1) and MM (M1-19) NS0 clones were induced

to express the respective LC for 3 days and the effect on cell growth of the indicated doses of Btz administered for the last day evaluated as in panel B. (D) Analysis of cell

viability 3 days post-LC induction in the experiment in panel C. (E) A2-1 cells were induced to express the amyloidogenic LC for 3 days and the effect on cell viability of

treatment with the distal autophagic inhibitor, leupeptin (Leu, 20 mM for the last 48 hours) and Btz (10 nM for the last 24 hours), alone or in combination, assayed by trypan

blue exclusion (average of 4 independent experiments). (F) AL (A2-1) and MM (M1-19) NS0 clones were induced to express the respective LC for 3 days and the effect on cell

growth of the indicated dose of leupeptin for the last 48 hours evaluated as in panel B. (G) The effect of 3 days induction of AL and MM LC on the accumulation of autophagic

substrate SQSTM1/p62 assessed by immunoblotting. Top panel: one representative image; histogram: quantification of 3 independent experiments. Results are expressed as

mean 6 standard error of the mean (SEM) of at least 3 independent experiments. *P , .05; ***P , .001 (2-tailed Student t test).
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revealed numerous autophagosomes engulfing ER and mitochondria
(Figure 3). Moreover, morphological and functional assessment
revealed substantial differences between primary AL and MM cells,
with perturbed ER and mitochondrial homeostasis and coherent
transcriptional signatures of stress in amyloidogenic PCs (Figures 4 and
5). These findings are consistent with defective autophagy in primary
AL PCs.

To investigate whether the organellar stress features identified are
distinctiveof amyloidogenicPCs, inEMstudiesof cellularmorphology
we also included primary PCs from patients with MGUS, also caused
bya small clone of low-proliferatingPCs, sharing several chromosomal
aberrations with AL.20 Indeed, more abundant ER and perinuclear
mitochondria were found to be associated with amyloidogenic LC pro-
duction (Figures 4 and 5), encouraging us to further explore the intrinsic
effects of AL LC expression in PCs.

In vivo and in vitro studies have shown that once secreted, the
amyloidogenic LC can cause end-organ damage by interfering with
autophagy in target cells. In particular, ALLCmay cause accumulation
of dysfunctional mitochondria and toxic reactive oxygen species,
possibly by impairing autophagic clearance in cardiomyocytes.49 Our
data support the novel possibility that the amyloidogenic LC may
burden protein homeostasis even before being secreted, thereby
harming the PC itself. The observed higher UPR, the adaptive pathway
counteractingalteredERproteostasis,34 togetherwith signsofoxidative
stress, namely higher expression of the canonical antioxidant response
factor, HO-1,39 and perinuclear mitochondria distribution,38 further
attest to a stressful intracellular environment in AL PCs. Our data
integrate with previous functional gene expression analyses that dis-
closed amolecular signature including transcripts implicated in protein
processing and folding differentially expressed inALPCs as compared
with MM PCs.50

Themechanismwhereby the amyloidogenic LCmay stress cellular
homeostasis is challenging. An intriguing possibility is that the
aggregation-prone LC may generate intracellular toxic aggregate
species that interact aberrantly with various factors of the proteostasis
network, includingchaperones, components of theUPSandautophagy,
eventually resulting in cellular stress and proteostasis impairment.51,52

Notably, we have previously excluded a role for autophagy in the
clearance of immunoglobulin molecules in normal and malignant
PCs.21,30,53 Our data suggest that, unlike normal LCs, aggregation-
prone LCs may be selectively targeted by autophagy, at the expense of
constitutive organelle homeostasis, ultimately leading to cellular stress.
A recent clinical study disclosed poorer outcome of AL patients
with translocation t(11;14) treated with bortezomib-based regimens.54

Our findings on primary AL PCs encourage investigation of the
protein and organelle homeostatic features of PCs from patients
carrying t(11;14).

To conclusively test whether production of an amyloidogenic LC
is sufficient to induce cellular stress, we engineered the non-
immunoglobulin-expressing murine plasmocytoma NS0 to stably
express highly cardiotoxic amyloidogenic and normal LCs, respec-
tively cloned from AL and MM patients. To minimize cellular ad-
aptation and better gauge the effects of LC production, we exploited an
efficient doxycycline-inducible promoter. Doxycycline has been
shown to possess antiaggregation activity; however, such activity is
achieved at doses.25 timeshigher than themaximumconcentration (1
mM)usedherein to induceLC transgene expression.55,56Moreover,we
excluded our treatment to affect accumulation of polyubiquitinated
proteins in LC-expressing NS0 clones (data not shown). Our model
revealed a significant impact of amyloidogenic LC production on PC
homeostasis. Such an effect was subtle, consistent with the clinical
evidence that the amyloidogenic clone is maintained in the BM, and

with the chronic nature of the disease. However, we found that AL LC
production limited cellular growth (Figure 6; supplemental Figure 6).
Attesting to a causal role of autophagy, a similar growth defect was
obtained by autophagy inhibition in nonamyloidogenic LC-producing
PCs; selective accumulation of the autophagy substrate SQSTM1/p62
uponALLC induction further supported a role for impaired autophagy
in AL clones (Figure 6). The observed reduction in cell growth was
not associated with enhanced cell death, suggesting that decreased
proliferation may represent an adaptive strategy sustaining the main-
tenance of the stressed clone. On the other hand, production of the
amyloidogenic LC sensitized PCs to PI toxicity, recapitulating the
phenotype observed in primary AL PCs (Figure 6; supplemental
Figure 6).

Although inevitably artificial, the reductionistmouse cell linemodel
presented herein engineered to express human patient-derived LCs
fulfills the needof a cellularmodel ofALamyloidosis, as only1patient-
derived AL cell line is currently available for research.57 Among other
advantages, by expressingALand non-ALLCs in the samegenetic and
cellular background, our model enables direct ascription of biological
differences to the expression of a specific LC.

In summary, we characterized, for the first time, primary patient-
derived AL PCs biochemically, morphologically, and functionally,
and identified unique stress features, suggestive of impaired auto-
phagic maintenance of organelle homeostasis. These insights in the
unique biology of amyloidogenic PCs may offer new therapeutic
targets against the toxic pathogenic clone. Moreover, we have en-
gineered the first cellular model of inducible amyloidogenic PCs as a
preclinical tool to characterize the intracellular effects of amyloido-
genic LC production and identify more effective therapeutic agents
against AL amyloidosis.
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