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Light-chain amyloidosis (AL) is a degenerative disease characterized
by the extracellular aggregation of a destabilized amyloidogenic Ig
light chain (LC) secreted from a clonally expanded plasma cell.
Current treatments for AL revolve around ablating the cancer
plasma cell population using chemotherapy regimens. Unfortu-
nately, this approach is limited to the ~70% of patients who do
not exhibit significant organ proteotoxicity and can tolerate chemo-
therapy. Thus, identifying new therapeutic strategies to alleviate LC
organ proteotoxicity should allow AL patients with significant car-
diac and/or renal involvement to subsequently tolerate established
chemotherapy treatments. Using a small-molecule screening ap-
proach, the unfolded protein response (UPR) was identified as a cel-
lular signaling pathway whose activation selectively attenuates
secretion of amyloidogenic LC, while not affecting secretion of
a nonamyloidogenic LC. Activation of the UPR-associated transcrip-
tion factors XBP1s and/or ATF6 in the absence of stress recapitulates
the selective decrease in amyloidogenic LC secretion by remodeling
the endoplasmic reticulum proteostasis network. Stress-indepen-
dent activation of XBP1s, or especially ATF6, also attenuates extra-
cellular aggregation of amyloidogenic LC into soluble aggregates.
Collectively, our results show that stress-independent activation of
these adaptive UPR transcription factors offers a therapeutic strat-
egy to reduce proteotoxicity associated with LC aggregation.

ER proteostasis | amyloid

Light—chain amyloidosis (AL) afflicts 8-10 people per million
per year, making it the most prominent systemic amyloid dis-
ease (1). AL is a gain-of-toxic function disease driven by a clonally
expanded plasma cell that secretes amyloidogenic Ig light chains
(LCs). These amyloidogenic LCs undergo extracellular misfolding
and aggregation into proteotoxic soluble oligomers and amyloid
fibrils that interact with distal tissues such as the kidney, heart, and
gastrointestinal tract, leading to organ dysfunction and ultimately
death by unknown proteotoxicity mechanism(s) (2).

The majority of AL patients must combat both a cancer (i.e.,
the clonally expanded plasma cell) and LC aggregation-associated
proteotoxicity. The standard treatment for AL patients is che-
motherapy (often combined with stem cell transplant) to eliminate
the cancerous plasma cell population (3, 4). The proteasome in-
hibitor bortezomib, which takes advantage of the stress sensitivity
of aggressively proliferating plasma cells, has transformed che-
motherapy effectiveness (5-7). Regardless, ~30% of AL patients
with substantial cardiac or renal LC proteotoxicity are too ill
at diagnosis to tolerate chemotherapeutics (8-10). Thus, new
strategies to reduce LC organ proteotoxicity must be developed
to allow more AL patients to take advantage of chemotherapy.

LC aggregation requires conformational changes and a sufficient
concentration of misfolded LC in plasma, which determine the rate
and extent of its concentration-dependent aggregation. Over 500
distinct LC sequences, primarily of the lambda ()) isotype (11),
have been identified in AL amyloid deposits, reflecting the signif-
icant protein heterogeneity associated with AL proteotoxicity (12).
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Amyloidogenic LCs generally contain an energetically destabilized
variable domain that facilitates LC aggregation (2).

The amyloidogenic LC plasma concentration is determined by
the extent of LC secretion from plasma cells and the rate of LC
turnover in the serum. Secretion efficiency is largely dictated by
the balance between folding vs. degradation, often referred to as
“quality control,” in the endoplasmic reticulum (ER) (13). ER
quality control is determined by the activity of the ER protein
homeostasis (proteostasis) network comprising the protein fold-
ing, secretion, and degradation pathways (14-19). These pathways
primarily function to prevent the secretion of destabilized, mis-
folding-prone proteins into the extracellular space (14-19).

Plasma cells have an evolutionarily enhanced ER and secretory
pathway, enabling the proper folding and secretion of >1,000 IgGs
per second (20, 21). Plasma cells normally secrete LC as IgGs [as-
semblies of two LCs and two heavy chains (HCs)], or as free LCs.
However, in AL patients, LCs are predominantly secreted in-
dependent of HCs, sometimes as monomers, but generally as disul-
fide-linked homodimers called Bence—Jones proteins—the common
precursor for LC aggregation (22, 23). Furthermore, LC ER quality
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control is compromised in AL, allowing the efficient secretion of
destabilized, amyloidogenic LC sequences that can aggregate extra-
cellularly into proteotoxic soluble oligomers and amyloid fibrils.

Herein, we sought to identify signaling pathways that can be
activated to reduce the secretion of destabilized, amyloidogenic
LGs, thus reducing the extracellular LC concentration available for
pathologic, concentration-dependent aggregation. Using a small-
molecule screening approach, we identified that unfolded protein
response (UPR) (24, 25) activation selectively reduces the secre-
tion of a destabilized, amyloidogenic LC but not a more stable,
nonamyloidogenic LC sequence. The UPR transcriptionally up-
regulates ER quality control in response to ER stress, primarily
through the transcription factors XBP1s and/or ATF6, comprising
the adaptive UPR (25). Here, we show that stress-independent
activation of XBP1s and especially ATF6 is sufficient to reduce
amyloidogenic LC secretion and attenuate LC aggregation. Col-
lectively, our results demonstrate that enhancing ER quality con-
trol via adaptive UPR activation represents a therapeutic strategy
to ameliorate LC aggregation-associated proteotoxicity.

Results

Screening Reveals That UPR Activation Reduces Amyloidogenic LC
Secretion. We developed a secretion reporter for LC by fusing
the well-characterized AL-causing VA6 LC containing both con-
stant and variable LC domains (named ALLC) (26) to an en-
hanced Gaussia princeps luciferase (GLuc) reporter, ALLC-GLuc
(Fig. 14) (27, 28). We used a similar GLuc fusion approach to
quantify secretion of other proteins in a cell-based high-through-
put screening (HTS) format (29). The secretion of ALLC-GLuc
from HEK293-TRex cells was observable by immunoblotting and
luminescence (Fig. S1 A and B). ALLC secretion decreased upon
inhibition of protein biosynthesis using cycloheximide (CHX) or
after inhibition of global protein secretion using brefeldin A (Fig.
S1C), as did the secretion of GLuc, used as a control. ALLC-GLuc
or GLuc was then stably incorporated into retinal pigment epi-
thelium (ARPE-19) cells, as we previously optimized these pro-
fessional secretory cells for HTS of GLuc fusion proteins such as
ALLC-GLuc (29). The ALLC-GLuc secretion assay was minia-
turized to a 384-well plate format, affording an HTS z-score (30)
of 0.65 using cycloxheximide as a control.

To identify biologic pathways that selectively reduce secretion
of ALLC-GLuc, we screened the Library of Pharmacologically
Active Compounds (LOPAC, Sigma Aldrich) in ARPE-19 cells
secreting ALLC-GLuc or GLuc. The LOPAC was chosen be-
cause it is moderately sized (1,280 compounds), consists of
compounds from major drug categories, and the biological tar-
gets for many small molecule components are known. We
identified 15 molecules that significantly reduced ALLC-GLuc
secretion (>25% reduction vs. vehicle control, 24-h treatment),
while not affecting GLuc secretion (Fig. 1B, section shaded
blue). Molecules that disrupted both ALLC-GLuc and GLuc
secretion were not pursued further, as these likely reduce protein
synthesis and/or disrupt global cell secretion (e.g., CHX and
brefeldin A in Fig. S1C). Interestingly, the UPR activators
thapsigargin (Tg), an inhibitor of sarco/endoplasmic reticulum
Ca**-ATPase (31), and ellipticene (32) selectively reduced ALLC
secretion relative to GLuc (Fig. 1B), suggesting that activation of
the UPR could selectively influence LC secretion. The inability of
a 24-h treatment with Tg to influence GLuc secretion is consis-
tent with previous results (27).

To further examine the relationship between UPR activation
and the reduction in ALLC-GLuc secretion, we performed an
additional screen using HEK293T-Rex cells stably expressing
firefly luciferase under the control of the ER stress-responsive
element (ERSE) promoter (ERSE-FLuc, Fig. 14) (33). We
found that 7 out of 15 molecules that selectively reduce ALLC-
GLuc secretion by >25% also activated the ERSE-FLuc reporter
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Fig. 1. ALLC-GLuc reporter screening identifies UPR modulators able to
reduce secretion of amyloidogenic LC. (A) Schematic of GLuc, ALLC-GLuc,
and ERSE-FLuc reporter constructs used in stable ARPE19 or HEK293T-Rex cell
lines. ERSE-FLuc transcriptional reporter includes the ERSE-containing por-
tion of the BiP promoter upstream of the firefly luciferase (FLuc) gene. SS,
signal sequence. (B) Plot of LOPAC screening data comparing ALLC-GLuc
secretion vs. GLuc secretion. ARPE-19 cells stably expressing ALLC-GLuc or
GLuc alone were treated with compound (10 pM) for 24 h. Shaded blue
section indicates compounds that reduce ALLC-GLuc secretion (>25%) and
do not affect GLuc secretion (<+15% from DMSO control). (C) Plot of LOPAC
screening results comparing ALLC-GLuc secretion (ARPE-19 cells, 24-h treat-
ment) vs. UPR activation (ERSE-FLuc expressing HEK293T-Rex cells, 18-h
treatment). Compounds falling below the horizontal line reduce ALLC-GLuc
secretion by 25%. Compounds falling to the right of the vertical line increase
ERSE-FLuc expression >1.5-fold relative to DMSO control. Compounds
depicted in red are known activators of the UPR.

>1.5 fold (Fig. 1C, blue), indicating that molecules that reduce
ALLC-GLuc secretion are enriched for UPR activators.

Thapsigargin Selectively Reduces ALLC Secretion. To further un-
derstand the effect of ER stress-associated UPR activation on
LC secretion, we used [*°S]-metabolic labeling to measure the
secretion of amyloidogenic ALLC fused to an N-terminal FLAG
tag ("TALLC, Fig. 24). We preincubated cells in the absence or
presence of Tg for 15 h to promote UPR-deSpendent remodeling
of the ER proteostasis network before [*°S]-metabolic label-
ing (Fig. 24). "TALLC was immunopurified from media and
cell lysates at specific timepoints during a 4-h chase in non-
radioactive media. These experiments show that Tg pretreatment
reduces "TALLC secretion by >40% (Fig. 2B). Importantly,
because our Tg treatments do not drastically influence cell via-
bility (Fig. S2 4 and B), the Tg-dependent reduction in ALLC
secretion cannot be attributed to cell toxicity. Furthermore the
Tg-dependent reduction in ALLC secretion is also observed in
cells treated with the protein kinase R-like ER kinase (PERK)
inhibitor GSK2606414 (34), demonstrating that the reduced se-
cretion does not result from PERK-dependent translational at-
tenuation (Fig. S2C).

No accumulation of "TALLC was observed in cell pellets fol-
lowing ER stress caused by Tg treatment (Fig. 2C), indicating that
ALLC does not accumulate as intracellular aggregates. Re-
duced FTALLC secretion was associated with a decrease in total
[*°S]-labeled FTALLC (media + lysate) (Fig. 2D), suggesting that
Tg-associated ER stress increases " ALLC degradation. Similar
results were obtained with an untagged ALLC, confirming that
the FLAG tag does not significantly influence ALLC secretion
and/or degradation (Fig. S2 D and E). This Tg-dependent loss in
total FTALLC cannot be reversed using proteasome inhibitors
(bortezomib or MG132) or the p97 inhibitor eeyarestatin I
[a potent inhibitor of ER-associated degradation (ERAD) (35)],
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Fig. 2. Thapsigargin selectively reduces the secretion of amyloidogenic LC and induces its degradation. (A) Schematic of the FTALLC construct used in pulse-
chase experiments and the metabolic labeling protocol used. [*°s]-labeled FTALLC was immunopurified from media and lysates collected from transfected
HEK293T-Rex cells following a 15-h treatment with thapsigargin (Tg, 500 nM). (B) Representative autoradiogram and quantification of [*°S]-labeled "TALLC in
pulse-chase experiment described in A. Fraction secreted was calculated as described in Materials and Methods (18) (n > 3). (C) Immunoblots measuring
soluble and insoluble (pellet) levels of FTALLC after 15-h pretreatment with Tg. (D) Graph depicting total [3°S]-labeled FTALLC (combined media and lysate
protein levels as in B) remaining at 4 h in HEK293T-Rex cells following a 15-h pretreatment with 500 nM Tg (n > 3). The fraction remaining was calculated as
described in Materials and Methods (18). (E) Graph depicting the fraction recovery of total [3°S]- labeled FTALLC at 4 h in HEK293T-Rex cells incubated in the
presence of thapsigargin (Tg; 500 nM, 15 h) and the proteasome inhibitors bortezomib (Bz; 20 pM) or MG132 (MG; 20 uM), the ERAD inhibitor eeyarestatin
| (Eerl; 20 uM), or the autophagy inhibitor chloroquine (Cq; 100 pM). Inhibitors were incubated for 4 h before [**S] metabolic labeling and included
throughout the labeling protocol shown in A. Fraction remaining was calculated as in D (n > 2). (F) Representative autoradiogram and quantification of
[?%s]-labeled FTJTO immunopurified from media and lysates collected from transfected HEK293T-Rex cells following the same protocol and quantification as in
A and B (n > 3). *P < 0.05; ***P < 0.005. All error bars represent the SEM from biological replicates.

indicating that "TALLC is degraded following ER stress, at least
in part through an ERAD-independent mechanism (Fig. 2E)
(36). In contrast, the autophagy inhibitor chloroquine stabi-
lized ALLC against Tg-induced degradation, indicating that
Tg increases the autophagic degradation of ALLC (Fig. 2E).

Destabilized proteins are sensitive to UPR-dependent remod-
eling of the ER proteostasis network, whereas stable variants are
generally less sensitive to this remodeling (37). Thus, we evaluated
whether Tg-dependent reductions in LC secretion are also ob-
served for a nonamyloidogenic, full-length VA6 LC, FTITO (38).
Tg pretreatment did not reduce the secretion of [*°S]-labeled,
nonamyloidogenic "TJTO (Fig. 2F), indicating that Tg-dependent
UPR activation selectively reduces the secretion of an amyloido-
genic, but not a nonamyloidogenic LC.

LC amyloidogenicity is highly correlated with LC stability (38,
39). Thus, we compared the in vitro relative stability of recombi-
nant ALLC and JTO. Circular dichroism and tryptophan fluo-
rescence measurements confirmed that the recombinant proteins
have a folded, native p-sheet-rich Ig structure (Fig. S3 A and B).
The relative stability of the ALLC and JTO LCs were compared
by urea denaturation and monitored by tryptophan fluorescence
(Fig. S3C). Although the ALLC unfolding transition is not com-
pletely reversible (Fig. S34, black curve), the urea midpoint values
for the denaturation curves (ALLC 1.8 M, JTO 2.6 M) indicate
that ALLC is less stable than JTO (Fig. S3C). This suggests that
the selective decrease in ALLC secretion afforded by Tg could be
attributed to the inherent instability of the ALLC protein.

XBP1s and/or ATF6 Activation Reduces the Secretion of Destabilized
ALLC. Previous work has indicated that remodeling of ER pro-
teostasis pathways selectively influences the secretion of desta-
bilized protein variants relative to more stable protein variants
(13, 40, 41). Thus, Tg-dependent UPR activation could selec-
tively decrease the secretion of destabilized ALLC through the

13048 | www.pnas.org/cgi/doi/10.1073/pnas.1406050111

transcriptional remodeling of the ER proteostasis network. To
differentiate between the potential effects of Tg-induced ER stress
and UPR-dependent remodeling of ER proteostasis pathways on
ALLC secretion, we used a HEK293T-Rex-derived cell line that
expresses both a ligand-regulatable ATF6 transcription factor
[DHFR-ATF6; activated by the addition of the small molecule
pharmacologic chaperone trimethoprim (TMP)] and a doxy-
cycline (Doyg-inducible XBP1s transcription factor (cells referred to
as HEK293°4%) (40). In these cells, the ATF6 or XBP1s tran-
scriptional programs can be orthogonally controlled in the ab-
sence of ER stress, which enables analysis of the functional
consequences of arm-selective UPR activation independently,
or in combination (Fig. S44) (40).

We treated HEK293P4% cells expressing "TALLC with Dox,
TMP, or Tg and quantified the "TALLC levels in conditioned
media by ELISA (Fig. 34). Stress-independent activation of
XBP1s or ATF6 reduced extracellular "TALLC levels to 68% and
48% of vehicle levels, respectively. Tg treatment lowered "TALLC
levels to 34%. Reduced "TALLC secretion induced by XBP1s
or ATFG6 activation was dependent on transcription factor activity,
as no reduction in "TALLC secretion was observed in TMP- or
Dox-treated HEK293°Y€ cells—a control cell line stably expressing
DHFR-YFP and Dox-inducible GFP (Fig. S4B) (40).

To probe the basis for the XBP1s- or ATF6-mediated reduction in
ALLC secretion, we used [*S]-metabolic labeling (Fig. 3 B-E).
XBP1s, ATF6, or combinatorial activation lowered the relative se-
creted fraction of labeled ALLC by ~40% following a 4-h chase
(Fig. 3 B and C). In contrast, stress-independent activation of
XBP1s and/or ATF6 did not affect the secretion of the non-
amyloidogenic "TJTO (Fig. S4C). Notably, XBP1s- and ATF6-
dependent reductions in ALLC secretion proceed through distinct
mechanisms. XBP1s activation resulted in a 25% decrease in total
[**S]-labeled "TALLC (Fig. 3D), as observed for Tg-treatment (Fig.
2D). This XBP1s-dependent decrease in total soluble ALLC was not
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Fig. 3. Stress-independent activation of XBP1s and/or ATF6 decreases the secretion of amyloidogenic LC. (A) ALLC levels determined by ELISA in conditioned

media from HEK293P** cells (40) expressing FTALLC following a 15-h preactivation of XBP1s (X; Dox, 1 pg/mL) or ATF6 (A; TMP, 10 uM) or by thapsigargin-
induced stress (Tg, 500 nM). ALLC secretion levels were normalized to vehicle (Vh; DMSO) conditions (n = 3). (B) Representative autoradiogram of [?>s}Habeled FTALLC
immunopurified from media and lysates collected from transfected HEK293T-Rex cells following a 15-h preactivation of XBP1s (X; Dox, 1 pg/mL), ATF6
(A; TMP, 10 uM), or both (X/A). The metabolic labeling protocol used is shown. (C) Quantification of fraction secreted from autoradiograms as shown in B
(n > 3). (D) Graph depicting the total [3°S]-labeled FTALLC remaining at 4 h in lysate and media following a 15-h preactivation of XBP1s, ATF6, or both in
HEK293P"% (n > 3). (F) Graph depicting the total intracellular [*°S]-labeled FTALLC in lysates at 4 h in HEK293P* cells following a 15-h preactivation of XBP1s,
ATF6, or both (n > 3). The lysate fraction was calculated by dividing the lysate [3°S]-labeled FTALLC signal at 4 h by the total [3*S]-labeled "TALLC at t = 0. (F)
Immunoblot showing the recovery of the ER chaperones BiP and GRP94 in FLAG immunopurifications from cross-linked HEK293P#* cells expressing FTALLC
following 15-h pretreatment with thapsigargin (Tg), XBP1s (X), ATF6 (A), or XBP1s and ATF6 (X/A), as in B. HEK293P cells expressing untagged ALLC is shown
as a control (Ct). (G) Quantification of F achieved by comparing the signal under various conditions to vehicle, and by normalizing to the recovered FTALLC.

*P < 0.05; **P < 0.01; ***P < 0.005. All error bars represent the SEM from biological replicates.

a result of intracellular accumulation of "TALLC in the cell pellet
(Fig. S4D), implying the loss of "FALLC is due to degradation and not
intracellular aggregation. ATF6 activation, in contrast, did not de-
crease total ALLC recovery in our [*°S] metabolic labeling experi-
ments (Fig. 3D) but instead resulted in an increase in intracellular
[*S]Habeled "TALLC (Fig. 3E). Coactivation of XBP1s and ATF6
decreases "TALLC recovery to that observed for XBP1s activation.
Similar results were observed with untagged ALLC (Fig. S5).

Altered processing of ALLC in the ER after XBP1s and/or
ATF6 activation likely reflects distinct interactions between
ALLC and ER proteostasis network components differentially
induced by these transcriptional programs. We used an in situ
cross-linking and immunopurification approach to sensitively
measure the intracellular associations between ALLC and ER
chaperones such as BiP (GRP78) and GRP9%4 (Fig. S64)—two
ER chaperones known to interact with LC (42, 43). As predicted,
ATF6 activation, but not XBP1s activation, resulted in a signifi-
cant increase in the association between ALLC and the ATF6-
regulated ER chaperones BiP and GRP94 (Fig. 3 F and G),
reflecting the increased levels of these two ER chaperones
afforded by ATF6 activation (40). The increased association
between ALLC and these ER proteostasis factors provides a
mechanism to explain the ATF6-induced intracellular reten-
tion of destabilized, aggregation-prone ALLC in the ER lumen.
ATF6 activation also increased interactions between F'JTO
and BiP and GRPY%4 (Fig. S6B), albeit to a lesser extent than
that observed for ALLC (Fig. 3 F and G).

XBP1s and/or ATF6 Decreases Extracellular Aggregation of Secreted
ALLC. Lowering the secretion of an amyloidogenic LC should di-
rectly ameliorate AL organ proteotoxicity by reducing the extra-
cellular concentration and therefore the extracellular aggregation
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of amyloidogenic LCs. To scrutinize this hypothesis, we examined
the concentration-dependent aggregation of recombinant ALLC
by monitoring turbidity of samples heated to 44 °C (Fig. 4 A and
B). Reducing the concentration of ALLC significantly reduced the
extent (Fig. 44) and rate of aggregation (Fig. 4B), demonstrating
that recombinant ALLC aggregates through a concentration-
dependent mechanism.

Because XBP1s and/or ATF6 activation decreases the secretion
of amyloidogenic LC, we reasoned that the stress-independent
activation of these transcriptional programs would similarly de-
crease extracellular ALLC aggregation. Heating the conditioned
media of cells expressing “TALLC to 55 °C for 0-24 h produced
large soluble aggregates that increase with time, as discerned
by blue native polyacrylamide gel electrophoresis (BN-PAGE)
(Fig. S74) and gel filtration chromatography (Fig. S7B). Reducing
the extracellular concentration of "TALLC in conditioned media
by dilution with media conditioned on GFP-transfected cells
shows that cell-secreted ALLC aggregation is concentration
dependent (Fig. 4C), where a 1:1 [50% (vol/vol)] dilution of
ALLC conditioned media nearly eliminates ALLC aggregates.

We next evaluated whether stress-independent XBP1s and/or
ATF6 activation similarly attenuates ALLC aggregation. We col-
lected conditioned media from FTALLC-expressing HEK293PA*
cells following XBP1s and/or ATF6 activation and measured
ALLC aggregation using BN-PAGE. ATF6 activation resulted in
a 73% loss of soluble "~ ALLC aggregates (55 °C, 8 h incubation;
Fig. 4 D and E), whereas XBP1s activation resulted in a 20% loss,
and activating both XBP1s and ATF6 reduced aggregate formation
by 60% (Fig. 4 D and E). As expected, the reduction in ALLC
aggregation corresponds with a decrease in total extracellular
ALLC (Fig. 4 D and E). Interestingly, the reduction in ALLC
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aggregation was more pronounced than expected from just the
reduction in total extracellular ALLC, suggesting that XBP1s
and/or ATF6 activation could also influence ALLC aggregation
through other mechanisms. Importantly, we do not observe sig-
nificant associations between ALLC and the ER chaperones BiP
and GRPY%4 in conditioned media, indicating that the reduction in
extracellular ALLC aggregation cannot be attributed to increased
association with these ER chaperones secreted from cells (Fig.
S84). ALLC secretion and aggregation was not sensitive to
treatment with Dox, TMP, or both in the control HEK293PYS
cells (Fig. S8B), demonstrating that the reduced aggregation of
ALLC observed in HEK293P** requires XBP1s and/or ATF6
transcriptional activity.

Discussion

We show that stress-independent activation of one or both of the
adaptive UPR-associated transcription factors XBP1s or espe-
cially ATF6 reduces the secretion and extracellular concentra-
tion of amyloidogenic ALLC, reducing soluble ALLC aggregate
levels. This strategy has the potential to be clinically meaningful,
as a >50% reduction in the amount of circulating amyloidogenic
LC mediated by chemotherapeutic methods correlates with
a substantial survival benefit (44). Lowering the amount of
amyloidogenic LC secreted from plasma cells into the blood by
UPR activation should be useful in patients with significant
cardiac and/or renal involvement. This approach, with time,
should dramatically reduce amyloidogenic LC oligomer levels
and thus proteotoxicity, enabling the patient to tolerate estab-
lished chemotherapy regimens. Arm-selective UPR activation could
also be used in combination with chemotherapy approaches to
further reduce the amount of circulating LC and organ proteotox-
icity. Lastly, the approach could potentially be useful in cases of AL
recurrence, decreasing the amyloidogenic LC secretion and organ
proteotoxicity in chemotherapy-resistant AL patients.

Partitioning of amyloidogenic LCs between folding and traf-
ficking vs. degradation pathways is determined by the inter-
actions between the destabilized LC and ER proteostasis
network components. The stoichiometry of the components of
the ER proteostasis network is regulated by the activated sig-
naling arms of the UPR (40). This in turn determines the specific
ER proteostasis factors that interact with amyloidogenic LC and,
thus, dictates the partitioning of LC between retention, secre-
tion, or degradation in the ER lumen. The degradation of
FTALLC upon XBPIs activation accounts for most of the ob-
served reduction in secretion. In contrast, ATF6 activation does

13050 | www.pnas.org/cgi/doi/10.1073/pnas.1406050111

ALLC Aggregates
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media was diluted with media conditioned on GFP-
expressing cells, as indicated, and incubated at
55 °C for 8 h. (D) Representative immunoblots for
BN-PAGE and SDS-PAGE of media conditioned on
HEK293P”* cells following a 16-h preactivation of
XBP1s (X), ATF6 (A), or XBP1s and ATF6 (X/A), as in
Fig. 3B. FTALLC aggregation was induced by in-
cubating the media for 8 h at 55 °C. (E) Graph
depicting the quantification of soluble aggregates
and total ALLC from BN-PAGE and SDS-PAGE immu-
noblots, as shown in D, normalized to vehicle. Error
bars represent SEM from biological replicates (n = 3).

not induce ALLC degradation in HEK293PX but instead leads
to intracellular retention of ALLC, consistent with the in-
creased interactions between ALLC and the ER chaperones
BiP and GRPY4. In AL-patient plasma cells, the retention of
an amyloidogenic LC could sensitize the cells to death by sub-
sequent chemotherapy strategies, or by itself be cytotoxic. Al-
ternatively, degradation could eventually occur with repeated but
periodic ATF6 activation, although this potential mechanism
needs to be further explored. Increasing ER quality control by
arm-selective UPR activation appears to be a general approach
to reduce the secretion of destabilized, aggregation-prone pro-
teins (37). Activation of ATF6 selectively reduces the secretion of
destabilized, amyloidogenic transthyretin mutants from hepa-
tocytes and can reduce intracellular accumulation of mutant
rhodopsin, while not affecting secretion of the wild-type proteins
(40, 41), providing strong support for this hypothesis.

Based on the results described above, we are now seeking small
molecules that activate the ATF6 and/or XBP1s arms of the UPR.
These small molecules would transcriptionally remodel the ER
proteostasis network in plasma cells, reducing the secretion of en-
ergetically destabilized LCs irrespective of their primary structure,
obviating the need for sequence- and conformation-specific AL
drug design challenged by the significant sequence heterogeneity
associated with LC proteotoxicity in AL. Furthermore, based on
other reports demonstrating the capacity of XBP1s and/or ATF6
activation to influence aberrant ER quality control linked to dis-
ease-associated proteotoxicity (40, 41), establishing small molecules
that increase ER quality control is expected to have significant po-
tential for the treatment of additional protein aggregation diseases.

Materials and Methods

Plasmids, Cell Culture, HTS, and Recombinant Protein Production. Detailed
protocols can be found in S/ Materials and Methods.

Pulse-Chase Experiments. HEK293P** or HEK293T-Rex cells plated on poly-p-
lysine coated plates were metabolically labeled in DMEM -Cys/-Met (CellGro)
supplemented with glutamine, penicillin/streptomycin, 10% dialyzed FBS, and
[3°S]-Translabel (MP Biomedical) for 30 min. Cells were washed with complete
media and incubated in DMEM for the indicated times and harvested at the
indicated times. In the case of added inhibitors, cells were pretreated for 4 h at
the indicated concentrations, and inhibitors were added to the pulse and chase
media. Lysates were prepared in radioimmunoprecipitation assay buffer plus
protease inhibitor mixture (Roche) with 10 mM CaCl,. Proteins were immuno-
purified using anti-FLAG M1 agarose beads (Sigma). Protein was eluted by
boiling in Laemmli buffer + 100 mM DTT, and samples were separated by SDS-
PAGE. The gels were dried, exposed to phosphorimager plates (GE Healthcare),
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and imaged with a Typhoon imager. Band intensities were quantified in
ImageQuant. Fraction secreted was calculated using the equation: fraction se-
creted = [extracellular [*S]-LC signal at t = t/(extracellular [**S]-LC signal at t =0 +
intracellular [3°S]-LC signal at t = 0)]. Fraction remaining was calculated using the
equation: [(extracellular [*>S]-LC signal at t = t + intracellular [**S]-LC signal at
t = t)/(extracellular [**S]-LC signal at t = 0 + intracellular [**S]-LC signal at t = 0)].

Conditioned Media Aggregation and Blue Native PAGE. HEK293P"* cells
expressing LC or GFP control were treated with vehicle, doxycycline (Dox),
trimethoprim (TMP), or the combination for 16 h. The medium was removed,
centrifuged at 200 x g to remove cell debris, transferred to a new tube, and
protease inhibitor mixture (Roche) added. The medium was incubated at
55 °C with aliquots removed at the indicated timepoints.

Conditioned medium was added to blue native PAGE loading dye (10%
glycerol, 0.5% Coomassie G-250) and then loaded onto 3-12% Bis-Tris
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gradient gels (Invitrogen). The cathode buffer contained 50 mM Tricene and
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(Bethyl Laboratories), followed by HRP-conjugated secondary antibodies.
The blots were imaged using a chemiluminescence substrate (Luminata
Forte Western Luminescence Substrate, Millipore) and imaged by film or
with a Bio-Rad scanner.
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S| Materials and Methods

Plasmids and Reagents. The JTO sequence used in this paper is
a full-length lambda light chain (LC) using the variable region
sequence from the JTO protein (1), fused to the constant region
of ALLC (2). The ALLC and JTO sequences were chemically
synthesized and purified by Integrated DNA Technologies and
supplied in the pIDTSMART vector flanked by a 5" BamHI and
3’ EcoRI digestion site. ALLC and JTO were inserted into the
pENTRI1A vector (Invitrogen) using the aforementioned re-
striction sites, and then ALLC was shuttled into pDEST-14 (for
bacterial expression), pTREx-DEST30, pcDNA-DEST40, or
pLENTI4/TO vectors as appropriate, using LR clonase II (In-
vitrogen) recombination. ALLC and JTO were also cloned from
the pENTRI1A vector into a pCMV1 vector containing a signal
sequence and FLAG tag (Sigma) by amplification with the fol-
lowing primers (ALLC: 5’-gaccacaagcttgccagttttatgetggetcagee
and 5'-agctgggtctagatatctcgagtgeg, JTO: 5'-tgctttaagcettaactttatgetg-
aaccagccge and 5’-aataaagcggccgcetatgaacattctgtaggggccactg)
followed by digestion with HindIII and Notl. All constructs were
sequenced to confirm their identity. ERSE-Firefly luciferase reporter
was cloned into a vector suitable for mammalian cell selection by
transferring ERSE-FLuc from ERSE.FLuc.pGL3 (3) into a promo-
terless pcDNA3.1 vector using Xbal and Not1 restriction sites.

All compounds were dissolved in sterile dimethyl sulfoxide
(DMSO). Thapsigargin (Tg) was obtained from A.G. Scientific.
Doxycycline hydrochloride (Dox) and Trimethoprim (TMP) were
obtained from Fischer Scientific. MG-132, Bortezomib, Chlo-
roquine, and Eeyarestatin I were obtained from Sigma-Aldrich.
GSK2606414 was obtained from Merck Millipore.

Cell Culture and Transfections. HEK293T-Rex (Invitrogen) cells
were cultured in complete DMEM (CellGro), and Tet-On
ARPE-19 cells (4) were cultured in high-glucose DMEM/F12
50:50 (Gibco) media, both supplemented with 10% FBS (CellGro)
and penicillin/streptomycin (CellGro). Transient transfection
of ALLC and JTO into HEK293°** cells was performed by
calcium phosphate transfection. Lentiviruses encoding ALLC,
ALLC-GLuc, and GLuc were transduced into HEK293T-Rex or
ARPE-19 cells using 1-5 mL of virus in media containing 5 mg/mL
polybrene. Stable cell lines were selected by culturing in blasticidin
(10 pg/mL) and zeocin (50 mg/mL), before characterization. Cre-
ation and maintenance of HEK293P** cells has been described
previously (5). HEK293T-Rex cells containing ER stress responsive
element-firefly luciferase (ERSE-FLuc) reporter were created by
transfection with ERSE.FLuc.pcDNA3.1 by calcium phosphate
followed by culturing in geneticin sulfate (G-418, 500 pg/mL) before
single colony selection. All cells were cultured under typical tissue
culture conditions (37 °C, 5% CO,).

Virus Production. Vesicular stomatitis virus glycoprotein (VSV-G)
pseudotyped lentiviral particles were produced by cotransfecting
Lenti-X 293T cells (Clontech) with the structural plasmids nec-
essary for virus production (Rev, RRE, and VSVG) along with
the pLentiV5-Dest lentivirus construct. Lenti-X 293T cells were
transfected using Fugene-6 (Roche) for 24 h, after which the
media was removed and replaced with fresh media. Media
containing viral particles was collected at 48 h and again at 72 h
posttransfection. Viral particles were concentrated by centrifu-
gation at 40,000 x g for 2 h at ambient temperature. The su-
pernatant was removed, and the pellet containing viral particles
was resuspended in Hank’s buffered salt solution at 1/100th of
the initial volume. Virus was then aliquoted and stored at —80 °C

Cooley et al. www.pnas.org/cgi/content/short/1406050111

until use. To transduce ARPE-19 or HEK293-TRex cells, the
cells were plated at ~100,000 cells/well in a 12-well plate and
infected for 48 h with 1-5 mL of virus in media containing
5 mg/mL polybrene.

Western Blot Analysis. Cells were lysed in 50 mM Tris buffer, pH
7.5 containing 0.1% TritonX (Fisher Scientific) and supple-
mented with protease inhibitor mixture (Roche). Protein lysate
concentrations were normalized by Bradford assays (Bio-Rad).
Lysates or media were boiled for 10 min in Laemmli buffer +
100 mM DTT before loading onto SDS-PAGE gel. Proteins
were transferred from gel slabs to nitrocellulose, and the Odyssey
Infrared Imaging System (Li-Cor Biosciences) was used to detect
proteins of interest.

Immunoprecipitation. Cells were washed with PBS and then cross-
linked with 0.5 mM Dithiobis(succinimidiyl propionate) (DSP)
for 30 min at room temperature. The reaction was quenched by
addition of 100 mM Tris pH 7.5, and then radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate) con-
taining 10 mM CaCl, was added for cell lysis. Proteins were im-
munopurified using anti-FLAG M1 agarose beads (Sigma). Protein
was eluted by boiling in Laemmli buffer + 100 mM DTT, and
samples were separated by SDS-PAGE as previously described.

Antibodies. Blots were probed with the following primary anti-
bodies: rabbit polyclonal anti-human lambda LC (1:1,000, Bethyl
Laboratories A90-112A), mouse monoclonal anti-Grp78 (1:500,
Santa Cruz Biotechnology sc-166490), rabbit polyclonal anti-
Grp94 (1:1,000, GeneTex GTX103203) and mouse monoclonal
anti p-actin (1:10,000, Sigma).

Luciferase Assays. GLuc assay. Conditioned media (50 pL) was
added to a well of a flat-bottomed, black 96-well plate (Costar,
Corning Inc.). A solution of 50 nL coelenterazine substrate in 10
pL neat GLuc assay buffer (BioLux Gaussia luciferase assay Kkit,
New England Biolabs) was added to each well, and luminescence
activity was measured in a Safire II microplate reader (Tecan).
FLuc reporter assay. HEK293T-Rex cells stably incorporating the
ERSE-Firefly Luciferase Reporter were plated ~20,000 cells per
well in flat-bottomed, black 96-well assay plates (Costar, Corning
Inc.) overnight before compound administration. Cells were
treated with compounds (1-10 pM) for 18 h, and then the plates
were equilibrated to room temperature and 50 pL of SteadyLite
(PerkinElmer) was added to each well. Luminescence activity
was measured in a Safire II microplate reader (Tecan) after
10 min of incubation.

High-throughput screening. ALLC-GLuc and GLuc Tet-ON ARPE19
cells were plated at 5,000 cells/well in flat-bottomed, white,
384-well plates (Costar 3570, Corning) in a total media volume
of 20 pL (containing 1 pg/mL Dox to induce expression of the
protein of interest). Approximately 6 h after seeding, cells
were treated with compounds [10 pM final concentration in
DMSO (0.5% final volume)] from the LOPAC dispensed via
a Biomek FX pintool instrument (100 nL pintool) and then in-
cubated at 37 °C/5% CO, for 24 h. GLuc substrate and buffer
(10 nL substrate per well diluted with 2.2 pL of buffer/media) were
dispensed directly into the 384-well plate via a BioRAPTR flying
reagent dispenser (Beckman Coulter). Luminescence was measured
immediately after reagent addition with an EnVision Multilabel
Reader (PerkinElmer) using a 100-ms integration time.
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Toxicity Assay. HEK293PAX cells transfected with either GFP or
ss.FT.ALLC.pCMV1 plasmids were seeded into 96-well plates.
After 6 h, a 2x solution of vehicle (DMSO), Tg (500 nM), or
Arsenite (100 pM) was added to the cells for 15 h or 24 h. Then
10x Resazurin was added directly to the wells (10 pL) and the
plates were incubated for 1 h before measuring fluorescence
(excitation 530, emission 590).

Quantitative RT-PCR. Cells were treated as described at 37 °C,
harvested by trypsinization, and washed with Dulbecco’s PBS
(Gibco), and then RNA was extracted using the RNeasy Mini Kit
(Qiagen). gPCR reactions were performed on ¢cDNA prepared
from 500 ng of total cellular RNA using the QuantiTect Reverse
Transcription Kit (Qiagen). The FastStart Universal SYBR Green
Master Mix (Roche), cDNA, and appropriate primers purchased
from Integrated DNA Technologies (5) were used for amplifica-
tions (45 cycles of 2 min at 95 °C, 10 s at 95 °C, 30 s at 60 °C) in an
ABI 7900HT Fast Real Time PCR machine. Primer integrity was
assessed by a thermal melt to confirm homogeneity and the
absence of primer dimers. Transcripts were normalized to the
housekeeping gene Rplp2, and all measurements were per-
formed in triplicate. Data were analyzed using the RQ Manager
and DataAssist 2.0 softwares (ABI). qPCR data are reported as
mean + 95% confidence interval as calculated in DataAssist 2.0.

LC ELISA. The ELISA was performed in 96-well plates (Immulon
4HBX, Thermo Scientific). Wells were coated overnight at 37 °C
with rabbit anti-human lambda LC polyclonal antibody (Bethyl
Laboratories) at a 1:1,000 dilution in 50 mM sodium carbonate
(pH 9.6). In between all incubation steps, the plates were rinsed
extensively with Tris-buffered saline containing 0.05% Tween-20
(TBST). Plates were blocked with 5% nonfat dry milk in TBST
for 1 h at 37 °C. ALLC or JTO containing analytes (lysate or
conditioned media) were diluted between fivefold and 20-fold in
5% nonfat dry milk in TBST, and 100 pL of each sample was
added to individual wells. LC standards ranging from 3 ng/mL to
1,000 ng/mL were prepared from purified human Bence Jones A
LC (Bethyl Laboratories). Plates were incubated at 37 °C for 2 h
while shaking. Finally, HRP-conjugated goat anti-human lambda
LC antibody (Bethyl Laboratories) was added at a 1:10,000 di-
lution in 5% nonfat dry milk in TBST, followed by a 2-h in-
cubation of the plates at 37 °C. The detection was carried out
with 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS,
0.18 mg/mL) and 0.03% hydrogen peroxide in 100 mM sodium
citrate pH 4.0. Detection solution (100 pL) was added to each
well, and the plates were incubated at room temperature. The
absorbance was recorded at 405 nm, and the values for the LC
standards were fitted to a four-parameter logistic function. LC
concentrations were averaged from three independent replicates
under each treatment and then normalized to vehicle conditions.

Protein Expression and Purification. LC proteins were expressed
as inclusion bodies using a modified version of the protocol
described by Rognoni et al. (6). BL21 (DE3) Escherichia coli
transformed with LC plasmids were grown at 37 °C in ZYP-glu-
cose media and induced overnight with 0.1 mM IPTG. Cells were
harvested and lysed, and inclusion bodies were washed three times
with phosphate buffered saline (PBS: 10 mM Na,HPO,, 1.8 mM
KH,PO,, 137 mM NaCl, 2.7 mM KCl, pH 7.4) containing 1%
Triton-X and once in PBS. The inclusion bodies were dissolved in
6 M guanidine hydrochloride, 5 mM DTT. Insoluble material was
removed by centrifugation, and then the protein was refolded by
dropwise dilution into 50 mM Tris-Cl (pH 8.5 on ice) containing
5 mM reduced glutathione and 0.5 mM oxidized glutathione.
After overnight refolding on ice with stirring, ammonium sulfate
was added to 50% saturation and allowed to equilibrate. Insoluble
material was removed by centrifugation, and the supernatant,
which contained the soluble, folded protein, was filtered and
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loaded onto a phenyl Sepharose column (GE) equilibrated with
2 M ammonium sulfate. The protein was eluted in 50 mM Tris-Cl
pH 8.5. The eluent was concentrated and then purified by size
exclusion chromatography on a Superdex 75 column (GE). All
LCs eluted at a volume consistent with a dimer of around 45 kDa.
Protein purity was assessed by SDS-PAGE; when necessary, the
proteins were further purified by anion exchange on a Source 15Q
column (GE) at pH 8.5, eluting with a 0-0.5 M NaCl gradient.
Protein solutions were filter sterilized and stored at 4 °C and
dialyzed into appropriate buffers for further analysis. Protein
concentrations are given in milligrams per milliliter, to avoid
ambiguity between monomer and dimer concentrations.

Circular Dichroism Spectroscopy. Proteins were dialyzed into 50 mM
sodium phosphate buffer, pH 7, and diluted to 0.2 mg/mL. CD
spectra were recorded on an Aviv 420SF spectrapolarimeter at
25 °C with a resolution of 1 nm. Aliquots of the protein stocks were
unfolded in 8 M urea, and their tryptophan fluorescence intensity
(excitation 280 nm, emission 300400 nm) used to normalize the
CD spectra. This allows direct comparison of the secondary
structure content of the proteins, and bypasses inaccuracies in
determining their concentration by absorbance spectroscopy. Mean
residue ellipticity [@]yre Was calculated with the formula:

Opps XM, /(n—1)
cxd

[@}MRE =

Oobs is the measured ellipticity in millidegrees, M, is the molec-
ular weight of the protein, » is its number of amino acids, c is its
concentration in milligrams per milliliter, and d is the cuvette
pathlength in millimeters.

Urea Denaturation Titrations. LC proteins were incubated over-
night at 25 °C in 50 mM sodium phosphate buffer, pH 7, con-
taining varying urea concentrations. Protein concentration was
approximately 0.1 mg/mL. Intrinsic tryptophan fluorescence was
measured on an Aviv ATF 105 spectrofluorimeter at 25 °C, using
an excitation wavelength of 280 nm and recording emission
spectra between 300 nm and 400 nm. Each LC monomer has
three tryptophan residues, two of which are quenched in the
native state by packing against the disulfide bond in each do-
main. To assess spectral changes as a function of urea concen-
tration, we calculated the average wavelength, <A> (7):

_ 2k
2ili
where A and [ are the wavelength and intensity at that wave-

length, calculated across the emission spectrum. The data were
fit to a two-state equilibrium unfolding equation (8):

()

(@ +bx)e’®* + (c +dx)
G—mx

1+err

where x is the urea concentration (M), G is the free energy of
unfolding (kJ/mol), m is the denaturant dependence of the un-
folding reaction (kJ/mol/M), R is the ideal gas constant, T is the
temperature in K, a and ¢ are the fluorescence of the folded and
unfolded states, and b and d are the denaturant dependence of
the fluorescence of the folded and unfolded states, respectively.
We were unable to quantitatively refold either LC protein from
its urea-denatured state, as assessed by tryptophan fluorescence
(Fig. S3A4). This may be due to aggregation or misfolding of the
dimer. Therefore, we assume that the protein is not truly at
equilibrium, so the stabilities measured here should be treated
with caution. We report only the unfolding midpoint urea con-
centration, C,,, calculated from the fit by m x G.

20of9


www.pnas.org/cgi/content/short/1406050111

L T

z

1\

BN AS  DNAS P

Aggregation Kinetics. ALLC was filtered with a 0.22-pum syringe filter
then serially diluted 1.2-fold from 1.5 mg/mL to 0.25 mg/mL con-
centration in PBS containing 0.5 M MgSO, (9). The protein solu-
tions were aliquoted onto a 96-well microplate in triplicate, and the
plate was sealed with Crystal Clear tape (Hampton). Aggregation
was assessed by turbidity. The plate was incubated at 44 °C,
and absorbance at 405 nm was measured in a Molecular Devices
SpectraMax 250 plate reader (44 °C is the maximum temperature

. Wall J, et al. (1999) Thermodynamic instability of human lambda 6 light chains:
Correlation with fibrillogenicity. Biochemistry 38(42):14101-14108.

2. Arendt BK, et al. (2008) Biologic and genetic characterization of the novel
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factors. J Biol Chem 273(50):33741-33749.

4. Hulleman JD, Brown SJ, Rosen H, Kelly JW (2013) A high-throughput cell-based Gaussia
luciferase reporter assay for identifying modulators of fibulin-3 secretion. J Biomol
Screen 18(6):647-658.

. Shoulders MD, et al. (2013) Stress-independent activation of XBP1s and/or ATF6 reveals
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that the plate reader can maintain). Incubation at 37 °C or without
MgSO, for up to 8 d did not produce aggregates. Aggregation tsg
was determined from the individual absorbance traces by de-
termining the average initial and final absorbances and then fitting
to a double-exponential function and finding the root of the fit
equation at the midpoint of the initial and final absorbance values.
We were unable to fit the traces to a mechanistic model, which
prevented a more detailed analysis of lag times or growth rates.

o
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Fig. S1. ALLC-GLuc is efficiently secreted from mammalian cells. (A) Immunoblot of media conditioned on HEK293T-Rex cells transiently transfected with
Doxycycline (Dox)-inducible ALLC-GLuc for the indicated time. Dox (1 pg/mL) was added for 24 h, and then the media was replaced with fresh media and
secreted ALLC was measured by SDS-PAGE/immunoblot at the indicated time. (B) Plot showing the GLuc luminescence of media conditioned on HEK293T-Rex
cells transiently transfected with Dox-inducible ALLC-GLuc for the indicated time. Dox (1 pg/mL) was added for 24 h, and then the media was replaced with
fresh media and secreted ALLC was measured by GLuc luminescence assay at the times indicated. Error bars show SEM for n = 3. (C) Graph showing the
secretion of ALLC-GLuc or GLuc from HEK293T-Rex cells transiently transfected with Dox-inducible ALLC-GLuc or Dox-inducible GLuc. Dox (1 pg/mL) was added
to the cells for 15 h, and then the media was replaced by media containing vehicle (DMSO), cycloheximide (CHX, 5 uM), or Brefeldin A (5 pg/mL) as indicated.
After 6 h incubation, secretions of ALLC-GLuc and GLuc were measured by GLuc luminescence assay, and values were normalized to vehicle control. Error bars

represent SEM for biological replicates (n = 3).
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Fig. S2. Tg reduces the secretion and increases the degradation of destabilized ALLC. (A) Bar graph showing the viability of HEK293P*X cells treated with
thapsigargin (Tg; 500 nM) for 15 or 24 h measured by resazurin fluorescence. Highly toxic arsenite [As(lll); 100 pM] was included as a control. These results
demonstrate that the treatment of HEK293P** cells with Tg for 15-24 h does not dramatically reduce the viability of these cells. Error bars show SEM for
biologic replicates (n = 3). (B) Bar graph showing the viability of HEK293P”X cells expressing FTALLC or GFP (as a control) treated with thapsigargin (Tg; 500 nM)
for 15 (red) or 24 (blue) h measured by resazurin fluorescence. Highly toxic arsenite (As(lll); 100 pM) was included as a control. These results demonstrate that
the overexpression of FTALLC does not significantly increase the sensitivity of HEK293P"* cells to Tg-induced ER stress. Error bars show SEM for biologic
replicates (n = 3). (C) Autoradiogram and graph depicting the fraction secreted of [*°S]-labeled FTALLC immunopurified with M1 FLAG antibody from media
and lysates collected from transfected HEK293P* cells following a 1-h pretreatment with GSK2606414 (30 nM) and then a 15-h preactivation with Tg (500 nM).
GSK2606414 was added during the Tg incubation as well. Fraction secreted was calculated by normalizing the [3*S] signal in the media at each time point to the
total amount of labeling at t = 0 as described in Materials and Methods. Error bars represent SEM from biological replicates (n = 2). (D) Autoradiogram and
graph depicting the fraction secreted of [>°S]-labeled ALLC immunopurified with anti-human lambda LC antibody from media and lysates collected from
transfected HEK293P”X cells following a 15-h preactivation with Tg (500 nM). The labeling protocol is shown. Fraction secreted was calculated by normalizing
the [3°5] signal in the media at each time point to the total amount of labeling at t = 0 as described in Materials and Methods. Error bars represent SEM from
biological replicates (n = 6). ***P < 0.005. (E) Graph depicting total [**S]-labeled ALLC remaining at 3 h in HEK293T-Rex cells following a 15-h pretreatment
with 500 nM Tg (n = 6). The fraction remaining was calculated as described in Materials and Methods. ***P < 0.005.

Cooley et al. www.pnas.org/cgi/content/short/1406050111 40f9


www.pnas.org/cgi/content/short/1406050111

PNAS
>

Fluorescence (au)

6M urea

Refolded to
0.4M urea

OM urea

0 i I L n L
300 350 400
A (nm)
B
1
=
L2
3‘0'5
9
é_ 0 ALLC
W JTO
-0.5
200 220 240
A(nm)
C
355

350

<A> (nm)

345

34025,

0 2 4
[urea] (M)

Fig. $3. Stability of recombinant ALLC and JTO. (A) Intrinsic tryptophan fluorescence spectra of recombinant ALLC in native (purple trace) and denaturing
(green trace, 6 M urea) conditions showing the characteristic fluorescence quenching by the disulfide bonds in each domain. Protein refolded from 6 M urea by
dilution to 0.4 M urea under nonoxidizing conditions (black trace) did not regain a native-like fluorescence spectrum, demonstrating that recombinant ALLC
unfolding is not reversible. (B) Circular dichroism spectra of ALLC (red) and JTO (blue) show characteristic and indistinguishable f-sheet structures. (C) Urea
titrations of ALLC (red) and JTO (blue) show that JTO has a higher apparent stability than ALLC. Spectroscopic data were measured in 50 mM sodium phosphate

buffer and urea concentrations ranging from 0 M to 6
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M at pH 7, 25 °C.
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Fig. S4. Stress-independent activation of XBP1s and/or ATF6 in HEK293°** cells does not significantly influence secretion of the stable LC JTO. (4) gPCR
analysis of XBP1s and ATF6 target genes in HEK293°"* and HEK293PY€ cells following a 15-h treatment with Dox (1 pg/mL), TMP (10 pM), or the ER stressor
tunicamycin (Tm, 1 pg/mL). Data are shown normalized to vehicle-treated HEK293PY€ cells. Error bars show +95% confidence interval for n = 3. HEK293°*¥ cells
stably express DHFR-ATF6 and Dox-inducible XBP1s (5). HEK293PY€ cells stably express DHFR-YFP and Dox-inducible GFP (5). Thus, we only observe the selective
induction of XBP1s and/or ATF6 target genes in HEK293P** cells treated with the appropriate activating ligand, clearly indicating our ability to sensitively
activate the XBP1s and/or ATF6 transcriptional programs in HEK293P** cells. (B) ALLC levels by ELISA in HEK293PY€ cells expressing FTALLC following a 15-h
treatment with Dox (1 pg/mL), TMP (10 pM), or thapsigargin (Tg, 500 nM). Error bars represent SEM from biological replicates (n = 3). These results show that
the reduction in FTALLC secretion afforded by stress-independent XBP1s and/or ATF6 activation in HEK293P** cells requires the activity of these UPR-associated
transcription factors. (C) Representative autoradiogram and quantification of [*°S]-labeled FJTO immunopurified from media and lysates collected from
transfected HEK293PX cells following a 15-h preactivation of XBP1s (Dox; 1 pg/mL), ATF6 (TMP; 10 pM), or both. Fraction secreted was calculated as described
in Materials and Methods. Error bars represent SEM from biological replicates (n = 3). (D) Immunoblots measuring soluble and insoluble (pellet) levels of FTALLC
or untagged ALLC (Ct) following a 15-h preactivation of XBP1s (X; Dox; 1 pg/mL), ATF6 (D; TMP; 10 uM), or both (X/A). Lysates and pellets were harvested from
cells and the protein from the pellets extracted in 8 M urea before SDS-PAGE and immunoblotting.
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Fig. S5. XBP1s and ATF6 similarly affect the secretion and degradation of untagged ALLC. (A) Autoradiogram of [3°S]-labeled ALLC immunopurified from
media and lysates collected from transfected HEK293PAX cells following a 15-h preactivation of XBP1s (Dox; 1 pg/mL), ATF6 (TMP; 10 uM), or both. (B) Graph
depicting the fraction secreted after 3 h of chase in A. Fraction secreted was calculated as described in Materials and Methods. *P < 0.05. (C) Graph depicting

total [3°S]-labeled FTALLC remaining at 3 h in A. The fraction remaining was calculated as described in Materials and Methods. All error bars represent SEM
from biological replicates (n = 3).
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Fig. $6. Cross-linking allows for the quantification of intracellular interactions between LC proteins and ER chaperones. (A) Immunoblots of SDS-PAGE gels
showing the inputs and FLAG immunopurifications of FTALLC and FTJTO from HEK293P** cells treated in situ with increasing concentrations of the reversible
cross-linker DSP [dithiobis(succinimidiyl propionate)]. The cross-linking and FLAG immunopurifications were performed as described in S/ Materials and
Methods and washed with high-detergent RIPA buffer. Note that the ER chaperones BiP and GRP94 are only recovered in our FLAG immunopurifications
performed on lysates prepared from DSP-cross-linked cells, demonstrating that our cross-linking protocol allows for the recovery of intracellular interactions
between LCs and ER chaperones without the complications arising from postlysis artifacts. (B) Immunoblot and quantification for FLAG immunopurifications of
FTJTO isolated from HEK293PX cells following a 15-h treatment with Tg (500 nM) or preactivation of XBP1s (X), ATF6 (A), or both (X/A). The bar graph shows
the recovery of BiP and GRP94 from these "TJTO immunopurifications quantified by comparing the signal for each of these ER chaperones under various

conditions to vehicle and normalizing to the recovered FJTO. HEK293P*X cells expressing untagged ALLC was used as a control (Ct). All error bars represent
SEM from biological replicates (n = 3).
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Fig. S7. ALLC aggregates into soluble oligomers in conditioned media upon heating. (A) Inmunoblots of BN-PAGE and SDS-PAGE gels from media condi-
tioned on HEK293 cells expressing "TALLC following incubation at 55 °C for the indicated time. (B) Immunoblot and quantification from gel filtration fractions
of media conditioned on HEK293 cells expressing "TALLC following 24-h incubation at 55 °C. Fractions (1 mL) were collected and analyzed by SDS-PAGE and
immunoblot for LC relative to MW standards. Quantification of the immunoblots is shown below. Percent ALLC protein represents the fraction ALLC detected
in each fraction relative to the total ALLC detected in each run. Error bars represent SEM from biological replicates (n = 3).
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Fig. S8. Doxycycline and TMP do not affect FTALLC aggregation in media conditioned on HEK293PY€ cells. (A) Immunoblot of lysates, media, and FLAG
immunopurifications of the media prepared from HEK293P** cells expressing FTALLC following a 15-h preactivation of XBP1s (X; Dox, 1pg/mL), ATF6 (A; TMP,
10 pM), or both XBP1s and ATF6 (X/A). We do not recover the ER chaperones BiP or GRP94 in the FLAG immunopurifications, demonstrating that the reduced
aggregation of secreted "TALLC cannot be attributed to the activity of increased extracellular populations of these ER chaperones. (B) Immunoblots of BN-PAGE
and SDS-PAGE gels of media conditioned on HEK293PY€ cells transiently expressing "TALLC following a 16-h treatment with Dox (1 pg/mL), TMP
(10 uM), or both. After 16-h incubation of the media with ALLC-expressing cells, the media was incubated at 55 °C for 8 h, and soluble aggregates were
measured by BN-PAGE.
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