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SUMMARY
The systemic amyloidoses are diverse disorders in which misfolded proteins are secreted by effector organs and deposited as proteotoxic

aggregates at downstream tissues. Although well described clinically, the contribution of synthesizing organs to amyloid disease patho-

genesis is unknown. Here, we utilize hereditary transthyretin amyloidosis (ATTR amyloidosis) induced pluripotent stem cells (iPSCs) to

define the contribution of hepatocyte-like cells (HLCs) to the proteotoxicity of secreted transthyretin (TTR). To this end, we generated

isogenic, patient-specific iPSCs expressing either amyloidogenic or wild-type TTR. We combined this tool with single-cell RNA

sequencing to identify hepatic proteostasis factors correlating with destabilized TTR production in iPSC-derived HLCs. By generating

anATF6 inducible patient-specific iPSC line, we demonstrated that enhancinghepatic ER proteostasis preferentially reduces the secretion

of amyloidogenic TTR. These data highlight the liver’s capacity to chaperonemisfolded TTRprior to deposition, andmoreover suggest the

potential for unfolded protein response modulating therapeutics in the treatment of diverse systemic amyloidoses.
INTRODUCTION

The systemic amyloid diseases represent a class of devas-

tating protein-folding disorders affecting more than 1

million individuals worldwide (Blancas-Mejia and Ram-

irez-Alvarado, 2013, Buxbaum, 2004; Falk et al., 1997; Mer-

lini and Westermark, 2004; Wechalekar et al., 2016). In

these diseases, proteins containing destabilizingmutations

are produced and secreted from an effector organ into cir-

culation. In the blood, these proteins undergo misfolding

and subsequent aggregation into toxic oligomers, depos-

iting at distal tissues, and resulting in organ dysfunction.

Systemic amyloid diseases result from the misfolding of

over 15 structurally distinct proteins, a majority of which

are synthesized by the liver. A prominent example of this

family of diseases is hereditary transthyretin amyloidosis

(ATTR amyloidosis).

Hereditary ATTR amyloidosis is an autosomal dominant

disorder that can result from over 100 described mutations

in the transthyretin (TTR) gene (Ando et al., 2005; Benson,

2012; Gertz et al., 2015; Reixach et al., 2004; Ruberg and

Berk, 2012). Normally, TTR is produced in the liver, with

minimal local synthesis by retinal pigment epithelial cells

of the eye and choroid plexus of the brain (Ando et al.,

2005; Benson, 2012; Reixach et al., 2004; Ruberg and
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Berk, 2012). Normally, TTR produced by the liver forms a

tetramer and is secreted, serving as the major serum trans-

porter of retinol binding protein charged with retinol

(Ando et al., 2005; Benson, 2012;Gertz et al., 2015; Reixach

et al., 2004; Ruberg and Berk, 2012). In ATTR amyloidosis,

TTR mutations decrease the stability of the tetramer, lead-

ing to monomerization and misfolding of TTR subunits.

Misfolded monomers then aggregate to form proteotoxic

oligomers and amyloid fibrils at target tissues including

the heart and peripheral nerves (Ando et al., 2005; Benson,

2012; Gertz et al., 2015; Reixach et al., 2004; Ruberg and

Berk, 2012). Standards of care for ATTR amyloidosis pa-

tients include kinetic stabilizers that bind the tetrameric

protein, limitingmonomerization, and downstream aggre-

gation as well as recently developed RNA interference

(RNAi)-based therapeutics that inhibit translation of TTR

transcripts (Adams et al., 2018; Ando et al., 2016; Benson

et al., 2018; Berk et al., 2013; Butler et al., 2016; Buxbaum,

2019; Gertz et al., 2015; Maurer et al., 2017, 2018). Despite

success in clinical trials for such drugs, not all patients

respond equally and effectively, likely attributed to the in-

herited TTR mutation and the underlying genetic back-

ground of the individual (Ando et al., 2016; Berk et al.,

2013; Buxbaum, 2019; Gertz et al., 2015; Maurer et al.,

2017, 2018). Due to their multi-tissue etiologies, systemic
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amyloid diseases such as ATTR amyloidosis prove difficult

to study, while until only recently, mouse models have

failed to recapitulate key aspects of humanTTR amyloid pa-

thology (Buxbaum, 2009; Giadone et al., 2018; Kan et al.,

2018; Leung et al., 2013; Leung and Murphy, 2016; Li

et al., 2018; Sousa et al., 2002). To study disease pathogen-

esis in the genetic context of the patient, we differentiated

patient-specific ATTR amyloidosis induced pluripotent

stem cells (iPSCs) into effector hepatocyte-like cells

(HLCs) that produce and secrete destabilized TTR (Giadone

et al., 2018; Leung et al., 2013; Leung and Murphy, 2016).

Traditionally, ATTR amyloidosis livers have been thought

to be normal, as toxicity occurs at downstream target or-

gans (Ando et al., 2005; Benson, 2012; Blancas-Mejia and

Ramirez-Alvarado, 2013; Buxbaum, 2004; Falk et al.,

1997; Gertz et al., 2015; Merlini andWestermark, 2004; Re-

ixach et al., 2004; Ruberg and Berk, 2012;Wechalekar et al.,

2016). Despite this, however, many studies suggest the ca-

pacity for the liver to contribute to the deposition of amy-

loidogenic proteins at distal target tissues. Recipients of

domino liver transplantations (DLTs), for instance, receive

a liver from an ATTR amyloidosis donor and in turn show

accelerated TTR fibril accumulation on target organs (<10

years post transplant) (Ericzon, 2007; Llado et al., 2010;

Misumi et al., 2016; Muchtar et al., 2017; Stangou et al.,

2005; Yamamoto et al., 2007). Furthermore, in vivo mouse

experiments demonstrate that the deposition of TTR in

the hearts of old mice correlates with altered expression

of numerous hepatic proteostasis genes (Buxbaum et al.,

2012). Together, these results implicate the liver in the

pathogenesis of systemic amyloid diseases such as ATTR

amyloidosis.

Here, we utilize a patient-specific iPSC-based model of

ATTR amyloidosis to investigate the contribution of hepat-

ic proteostasis and disease-modifying factors to the distal

toxicity observed in patients. Recent attempts have been

made to identify transcriptional differences between

ATTR amyloidosis and wild-type iPSC-derived HLCs via

qRT-PCR (Niemietz et al., 2018). Problematically, thematu-

rational status of examined cells in these studies was not

taken into account, and reported results likely reflect

distinct differentiation efficiencies between lines. In turn,

differences in human ATTR amyloidosis HLCs resulting

solely from mutant TTR expression remain elusive. Utiliz-

ing gene editing in combination with single-cell RNA

sequencing (scRNA-seq), we define distinct transcriptional

profiles in syngeneic corrected and uncorrected ATTR

amyloidosis iPSC-derived HLCs. In turn, we show that

expression of the most proteotoxic TTR variant in HLCs

correlates with expression of genes inversely implicated

in the toxic aggregation of TTR, including transferrin (TF)

and target genes of the unfolded protein response (UPR).

To assess the consequence of functional activation of the
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adaptive UPR within HLCs expressing mutant TTR, we

generated an ATF6-inducible patient-specific iPSC line.

We further utilize this tool to demonstrate that exogenous

ATF6 activation preferentially reduces HLC secretion of

mutant, amyloidogenic TTR.
RESULTS

TTR Is a Major Differentially Expressed Gene

throughout Human Hepatic Specification

Recent work from our group demonstrated the emergence

of a stage-dependent disease signature of hepatic-specified

pluripotent stem cells (PSCs) (Wilson et al., 2015). In these

experiments, microarray analyses were performed on cells

isolated at days 0, 5, and 24 of hepatic differentiation.

Post hoc analysis of these data revealed TTR to be the sec-

ondmost differentially expressed gene comparing differen-

tiated HLCs with PSCs (Figure 1A). To confirm this, we per-

formed qRT-PCR on RNA isolated from day-24 HLCs,

demonstrating significant upregulation of TTR compared

with iPSCs (Figure 1B). These data demonstrate that TTR

is a robust marker of hepatic specification and can be

used to normalize PSC-derived hepatic differentiations.
Gene Editing of ATTR Amyloidosis iPSCs Eliminates

Secretion of Mutant TTRL55P and Decreases Target Cell

Toxicity

As noted above, TTR is one of the most differentially ex-

pressed genes in HLC differentiation, suggesting it might

serve as an excellent candidate locus to target and generate

a hepatic specification reporter iPSC line. To this end, we

employed TALEN-mediated gene editing to manipulate

an iPSC line derived from a patient with the Leu55/Pro

(TTRL55P) mutation, one of the most proteotoxic disease-

causing variants (Jacobson et al., 1992; Lashuel et al.,

1999; McCutchen et al., 1993). To implement a broadly

applicable gene-correction strategy, we targeted the ATG

start site of the endogenous, mutant TTR allele, intro-

ducing a wild-type TTR coding sequence, followed by a

2A self-cleaving peptide and eGFP coding sequence (Fig-

ure 1C). Inclusion of a 2A peptide allows for transcription

of a single mRNA that ultimately results in two indepen-

dent TTR andGFP proteins via a post-translational cleavage

event. As a result of this targeting methodology, transcrip-

tion and translation of mutant TTR is abrogated via intro-

duction of an artificial STOP codon and poly(A) sequence,

and replacement with a wild-type TTR coding sequence

(Figure 1C). Importantly, this universal gene-correction

strategy provides a singular technique for correcting all

known TTR genetic lesions while simultaneously obviating

concerns regarding haploinsufficiency via replacement of

the endogenous mutant TTR allele with a wild-type copy.
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Figure 1. Creation of a TTR Promoter-Driven Hepatic Specification Reporter iPSC Line and Universal Gene-Editing Strategy for
Hereditary ATTR Amyloidosis
(A) Undifferentiated PSCs and day-24 HLCs (green and yellow columns, respectively) form distinct, independent clusters by microarray
analysis. Top 10 transcripts upregulated in HLCs are labeled on the y axis, highlighted by green box. Top 10 transcripts downregulated in
HLCs are labeled on the y axis (below). Top differentially expressed genes were determined by one-way ANOVA.
(B) qRT-PCR validating microarray finding that expression of TTR mRNA is significantly upregulated in day-24 HLCs compared with un-
differentiated iPSCs; fold change calculated over undifferentiated iPSCs (n = 3 independent differentiations, *p < 0.05, unpaired t test for
significance, error bars denote standard deviation).
(C) Schematic representation of the gene targeting strategy. Black triangles flank Cre-excisable LoxP sites.
(D) Flow-cytometry-based time course of GFP+ cells that appear throughout hepatic specification of targeted iPSCs (n = 3 independent
differentiations, error bars denote standard deviation).
(E) Phase (left) and fluorescence (middle, right) microscopy images of day-26 reporter iPSC-derived HLCs. Images taken at 203
magnification. Scale bar, 100 mm.
(F) Expression of hepatic markers in sorted day-16 GFP+ HLCs; fold change calculated over undifferentiated iPSCs (n = 5 independent
differentiations, error bars denote standard deviation).
Additional information regarding generation and charac-

terization of corrected iPSCs can be found in Figure S1.

Using this TTR reporter line, we then measured the ki-

netics of GFP expression throughout HLC differentiation
by flow cytometry. In doing so, we found that expression

of GFP peaked at approximately day 16 of a 24-day specifi-

cation protocol (Figure 1D). By day 24, HLCs exhibited

cobblestone-like morphology, and the majority of cells
Stem Cell Reports j Vol. 15 j 515–528 j August 11, 2020 517
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Figure 2. Gene-Edited iPSC-Derived HLCs No Longer Produce Neurotoxic, Destabilized TTR Variants
(A) Experimental overview depicting interrogation of wild-type, TTRL55P, and corrected iPSC-derived HLC supernatants and determination
of their requisite downstream effects on neuronal target cells.
(B) LC-MS analyses of supernatant from wild-type, TTRL55P, and corrected iPSC-derived HLCs. Red trace, TTRWT; pink trace, destabilized
TTRL55P variant. Bovine TTR (green) is present in media supplements. The molecular weight of each species is denoted in daltons.
(C) SH-SY5Y cells were dosed for 7 days with conditioned iPSC HLC-derived supernatant from wild-type, TTRL55P, or corrected conditions.
Cell viability was determined via PI staining (n = 3 independent dosing trials of SH-SY5Y cells using conditioned supernatant from in-
dependent hepatic differentiations, unpaired t test for significance comparing uncorrected and corrected conditions, error bars denote
standard deviation).
expressed GFP (Figure 1E). To further validate this reporter

line and ensure that GFP expression correlated with the

expression of TTR as well as other hepatic specification

markers, we sorted day-16 GFP+ HLCs and assayed them

via qRT-PCR. GFP+ cells expressed high levels of TTR as

well as other hepatic specification markers such as AAT

and ALB (Figure 1F), suggesting that our corrected reporter

cell line labels maturing hepatic lineage cells during

specification.

We further examined the ability of this strategy to elim-

inate the production of destabilized, disease-causing TTR,

as well as alleviate downstream toxicity (outlined in Fig-

ure 2A). To this end, we differentiated wild-type, corrected,

and non-targeted, heterozygous TTRL55P iPSCs into HLCs.

Conditioned supernatant from each line was harvested af-

ter culturing cells for 72 h in hepatic specification medium

beginning on day 16 of the differentiation. We used

liquid chromatography combined with mass spectrometry
518 Stem Cell Reports j Vol. 15 j 515–528 j August 11, 2020
(LC-MS) to show that TTR immunopurified from wild-type

iPSC-derived hepatic supernatants contained TTRWT, but

not TTRL55P, while supernatants collected from patient

iPSC-derived HLCs contained both TTRWT and TTRL55P

(Figure 2B). Supernatant from corrected iPSC-derived

HLCs revealed complete elimination of TTRL55P while

levels of TTRWT remained unperturbed (Figure 2B). Impor-

tantly, the two-amino-acid overhang on the N-terminal

portion of TTR, resulting from the post-translational cleav-

age of the 2A peptide, was removed with the TTR signal

peptide through normal protein processing in the ER

(made evident by the identical molecular weights observed

for endogenous and exogenous TTRWT), showing that

TTRWT from our donor construct is indistinguishable

from the endogenous protein.

As decreasing circulating levels of destabilized TTR results

in decreased peripheral organ dysfunction (Ericzon et al.,

2000; Hemming et al., 1998; Herlenius et al., 2004), we



sought to determine the efficacy of our iPSC-based gene

correction in decreasing toxicity in a cell-based model. To

accomplish this, we dosed a neuroblastoma cell line (SH-

SY5Y) with conditioned supernatant generated from

mutant TTRL55P, corrected, or wild-type HLCs, and sur-

veyed them for toxicity. In these assays, SH-SY5Y cells

dosed with mutant hepatic supernatant displayed an in-

crease in propidium iodide-positive (PI+) cells compared

with those dosed with wild-type supernatant (Figure 2C).

Cells dosedwith corrected supernatant, however, exhibited

a modest, though not statistically significant (p = 0.0525),

decrease in toxicity comparable with levels observed in

the wild-type control dosing sample (Figure 2C). These re-

sults suggest that the proposed gene-correction strategy

ameliorates TTR-mediated toxicity via reductions in the he-

patic secretion of destabilized TTR.

Single-Cell RNA Sequencing Reveals a Hepatic Gene

Signature Associated with the Production of

Destabilized TTRL55P

Historically, it has been thought that the livers of patients

with ATTR amyloidosis are unaffected during disease patho-

genesis (Ando et al., 2005; Benson, 2012; Blancas-Mejia and

Ramirez-Alvarado, 2013; Buxbaum, 2004; Falk et al., 1997;

Gertz et al., 2015; Merlini and Westermark, 2004; Reixach

et al., 2004; Ruberg and Berk, 2012; Wechalekar et al.,

2016). Recent work, however, calling into question the use

of donor organs from ATTR amyloidosis patients for DLT

procedures challenges this notion, indicating that genetic

or aging-related perturbations to the liver could influence

the toxic extracellular aggregation and deposition of TTR

on peripheral target tissues (Chen et al., 2014, 2016; Gener-

eux et al., 2015; Plate et al., 2016; Shoulders et al., 2013). To

define specific hepatic proteins and pathways associated

with the production of destabilized amyloidogenic TTR var-

iants, we coupled our TTR reporter system with single-cell

RNA sequencing (scRNA-seq) to compare mRNA expression

profiles in syngeneic iPSC-derivedHLCswith or without the

TTRL55P mutation. In addition to our corrected TTR reporter

iPSC line, we also constructed a reporter cell line where our

TTR-GFP donor construct was targeted to the wild-type TTR

allele in the same TTRL55P parental iPSC line. As a result, we

created two syngeneic, TTR-promoter-driven hepatic speci-

fication reporter iPSC lines, where the only difference is

the presence or absence of the disease-causing TTRL55P mu-

tation (henceforth referred to as uncorrected and corrected

cells, respectively). To compare HLCs ± TTRL55P, we sub-

jected uncorrected and corrected reporter iPSCs to our he-

patic specification protocol until TTR expression had pla-

teaued (at day 16 of the differentiation) (Figure 1D). To

control for the inherent heterogeneity of iPSC differentia-

tions, we purified GFP+ cells by fluorescence-activated cell

sorting (FACS) to select for cells undergoing hepatic specifi-
cation (i.e., at similar stages in their developmental trajec-

tories). Employing scRNA-seq in combination with our

FACS-based purification strategy, we significantly reduced

the potential for differences in corrected and uncorrected

cells resulting from maturational status. Transcriptomic

profiling was subsequently performed at single-cell resolu-

tion via the Fluidigm C1 platform (outlined in Figure 3A).

Day-16 uncorrected and corrected HLCs formed clear

and distinct groups by supervised principal component

analysis (PCA), with 92 genes differentially expressed be-

tween the two groups (Figures 3B–3D and Data S1) (signif-

icance determined via one-way ANOVA, false discovery

rate [FDR] cutoff <0.05). These analyses identified increased

expression of distinct genes and pathways previously

shown to influence extracellular aggregation of destabi-

lized TTRs in uncorrected but not corrected HLCs (vide

infra) (Chen et al., 2014, 2016; Genereux et al., 2015; Plate

et al., 2016; Shoulders et al., 2013).

Transferrin Expression Is Significantly Increased in

Uncorrected HLCs andMay Represent a Chaperone for

Destabilized TTR

The top differentially expressed gene in uncorrected HLCs

is the iron transporter,TF (Figures 3C and 3D). AlthoughTF

is a known hepatic lineage marker, no other hepatic

markers (including TTR, ALB, AFP, HNF4A, FOXA1,

GATA4, SERPINA1, FGB, DUOX2, A2M, TGM2, HAVCR1,

and GATA6) are differentially expressed between corrected

and uncorrected HLCs, suggesting that the differential

expression ofTF is not simply due to the differentiation sta-

tus of individual lines (Figures 3D and S2).

Interestingly, previous studies have demonstrated the

ability of TF to act as a chaperone in the context of other

amyloid disorders such as Alzheimer’s disease (AD) as well

as to physically interact with TTR fibrils in vivo (Loeffler

et al., 1995). As a result, we sought to assess the capacity

for TF to act as a chaperone for misfolding TTR and in

turn prevent TTR fibril formation. To this end, we per-

formed an in vitro fibril formation assaywhereby the forma-

tion of congophilic fibrils from recombinant human

TTRL55P was assessed with or without the addition of TF

(Figure 4A). In doing so, iron-free (apo-) TF at physiologi-

cally relevant concentrations reduced the amount of con-

gophilic species formed by approximately 60% (Figure 4B).

Notably, iron-bound transferrin, at similar concentrations,

was found to have no effect on fibril formation (data not

shown), perhaps owing to well-documented iron bind-

ing-induced conformational changes (Yang et al., 2012).

Uncorrected HLCs Show Increased Activation of

Protective UPR-Associated Signaling Pathways

Analysis of our scRNA-seq data also identified increased

expression of multiple UPR-regulated ER proteostasis
Stem Cell Reports j Vol. 15 j 515–528 j August 11, 2020 519
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Figure 3. Single-Cell RNA Sequencing of Corrected versus Uncorrected Syngeneic iPSC-Derived HLCs Reveals a Hepatic Gene
Signature
(A) Experimental schematic for the transcriptomic comparison of uncorrected (TTRL55P-expressing) and corrected syngeneic iPSC-derived
HLCs at day 16 of the hepatic specification protocol.
(B) Uncorrected (red) and corrected (green) populations form distinct groups by supervised principal component analysis (PCA). Su-
pervised PCA was constructed using the top 500 differentially expressed genes by FDR.
(C) Heatmap depicting the 92 genes differentially expressed between uncorrected and corrected populations (one-way ANOVA, FDR
cutoff <0.05). Columns represent individual cells, green bar denotes corrected cells, red bar denotes uncorrected cells. Rows represent
differentially expressed genes. The top 10 genes by fold change (uncorrected over corrected) as well as proteostasis factor EDEM2 are
highlighted on the y axis.
(D) Violin plots representing relative expression levels of TTR, potential mediators of TTR fibrillogenesis (TF) and UPR target genes (HYOU1,
EDEM2). (FDR determined via one-way ANOVA; *FDR < 0.05, **FDR < 0.005, ***FDR < 0.0005.)
factors (e.g., HYOU1 and EDEM2; Figures 3C and 3D) in

HLCs expressing TTRL55P. Increases in expression of said

factors suggest that the presence of the destabilized TTRL55P

protein challenges the proteostasis environment and in

turn activates the UPR.

To better define the impact of TTRL55P expression on ER

stress and UPR activation, we used gene set enrichment

analysis (GSEA) to define the extent of UPR activation in

our uncorrected iPSC-derived HLCs. This analysis revealed

modest activation of the adaptive IRE1/XBP1s and
520 Stem Cell Reports j Vol. 15 j 515–528 j August 11, 2020
ATF6 UPR transcriptional signaling pathways, with no sig-

nificant activation of the pro-apoptotic PERKUPR pathway

(Figure 4C). We further confirmed IRE1/XBP1s activation

in two independent patient-specific iPSC-derived HLCs

by monitoring IRE1-dependent XBP1 splicing (Figures

4D–4F). As a positive control, cells were dosed with the

global UPR activator thapsigargin (Tg). These results

demonstrate that expression of amyloidogenic TTRL55P

promotes adaptive remodeling of ER proteostasis through

the IRE1/XBP1s and ATF6 UPR signaling pathways.
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Figure 4. Assessment of TF Chaperone Capacity and Functional Validation of XBP1 Activation in ATTR Amyloidosis HLCs
(A) Experimental outline for assessing TF’s in vitro ability to prevent the formation of congophilic species from recombinant TTRL55P.
(B) Percentage of TTRL55P fibrils formed as determined by amount of Congo red bound after 24-h incubation of recombinant protein under
fibril forming conditions (n = 5 independent in vitro formation of fibrils, **p < 0.005, unpaired t test for significance comparing apo-TF
condition with TTRL55P alone, error bars denote standard deviation).
(C) GSEA depicting significant enrichment of adaptive UPR machinery (ATF6, XBP1s) but not PERK target genes in uncorrected HLCs. In
these analyses, 100 uncorrected and 60 corrected cells were studied.
(D) Depiction of XBP1 splicing in the presence of ER stress and UPR activation.
(E) PstI analytical digest of amplified XBP1 transcripts from iPSCs treated with Tg, wild-type iPSC-derived HLCs (WT), and ATTR HLCs
differentiated from two patient-specific iPSC lines (L58H and I107M). Hybrid band represents a PstI-resistant spliced-unspliced XBP1
product generated via PCR protocol.
(F) Densitometric quantitation of PstI-digested XBP1 transcripts. Ratio determined by

XBP1spliced
XBP1unspliced1 +XBP1unspliced2

.

Hepatic Activation of ATF6 Signaling Selectively

Reduces Secretion of Destabilized TTRL55P

We next determined the consequence of functional activa-

tion of adaptive UPR-associated signaling pathways in
ATTR amyloidosis patient-specific HLCs expressing mutant,

destabilized TTR. To accomplish this, we introduced an

ATF6-inducible donor construct into our previously

described heterozygous TTRL55P patient-specific iPSC line.
Stem Cell Reports j Vol. 15 j 515–528 j August 11, 2020 521
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Figure 5. Hepatic Stress-Independent, Branch-Specific Activation of Adaptive UPR-Associated ATF6 Signaling Results in the
Targeting and Selective Reduction in the Secretion of Destabilized TTRL55P

(A) A chemical inducible system for activating ATF6 signaling in TTRL55P iPSC-derived cell types. In the absence of chemical chaperone
TMP, DHFR.ATF6 is degraded. Upon addition of TMP, DHFR.ATF6 is stabilized and targets and attenuates the secretion of misfolded TTRs.
(B) ATF6-inducible iPSCs were differentiated into HLCs. TMP was added, and conditioned supernatant was collected and interrogated for
the presence and relative abundance of different TTR species via LC-MS/MS.
(C) ATF6 target gene HSPA5 was found to be significantly upregulated upon addition of TMP by qRT-PCR (n = 4 independent differenti-
ations, *p < 0.05, unpaired t test for significance comparing �TMP to +TMP conditions, error bars denote standard deviation).
(D) LC-MS/MS was used to directly detect the presence of TTRWT (upper peptide sequence, black) and TTRL55P (lower peptide sequence,
orange) peptides in conditioned supernatant in the presence and absence of TMP. Abundance of TTRL55P was found to significantly

(legend continued on next page)

522 Stem Cell Reports j Vol. 15 j 515–528 j August 11, 2020



In these cells, the coding sequence for the active N-terminal

bZIP transcription factor domain of ATF6 is fused to a desta-

bilized dihydrofolate reductase (DHFR) tag as previously

described (Shoulders et al., 2013). In the absence of the

chemical chaperone trimethoprim (TMP), the DHFR.ATF6

protein product is targeted for degradation via the ubiquitin

proteasome system (Figure 5A). Upon administration of

TMP, the DHFR domain is stabilized, allowing dosable,

stress-independent activation of ATF6 transcriptional activ-

ity (Figure 5A). ATF6-inducible iPSCs were differentiated

into HLCs and subsequently dosed with TMP, beginning

on day 15 of hepatic specification (outlined in Figure 5B).

Administration of TMP induced selective expression of the

ATF6 target genes HSPA5 and HERPUD1, but not IRE1/

XBP1s or PERK target genes (e.g., ERDJ4 and GADD34,

respectively) (Figures 5C and 5E), confirming selective

TMP-dependent ATF6 activation in these HLCs. We then

collected conditioned media incubated on patient iPSC-

derivedHLCsdosedwith orwithout TMP for 72h andmoni-

tored the relative populations of TTRWT and TTRL55P by MS.

We initially showed that the relative recovery of TTRL55P

from immunoprecipitations of media prepared on HLCs

treated with TMP was reduced relative to TTRWT, suggesting

reduced secretion of this destabilized TTR variant induced

by stress-independent ATF6 activation (Figures S3A and

S3B). To ensure that the observed decreases in hepatic secre-

tion of TTRL55P were not due to differences in our ability to

pull down different TTR species (e.g., wild-type versus

mutant as well as various conformational states), we em-

ployed an unbiased MS approach not relying on immuno-

precipitation. In line with this, we performed tandem mass

tag (TMT)/LC-MS/MS quantitative proteomics to directly

monitor the relative amountof peptidesderived fromTTRWT

or TTRL55P in these conditioned media (Figure 5D). Using

this quantitative approach,we showed that TMP-dependent

ATF6 activation preferentially reduces levels of destabilized

TTRL55P by 25% relative to TTRWT in HLC conditioned me-

dia. This demonstrates that stress-independent ATF6 activa-

tion selectively reduces secretion of destabilized, amyloido-

genic TTRL55P in patient iPSC-derived HLCs. To assess the

ability ofATF6 activation to limit toxicity resulting frompro-

longed ER stress, we exposed cells to Tg for 5 days. At the

same time, we also activated ATF6 signaling (via addition

ofTMP)or inhibitedATF6signaling (viaadditionof the small

molecule ceapin-A7 [CP7]) (Gallagher et al., 2016; Gallagher
decrease upon activation of ATF6 signaling by ~25% relative to TTRW

dependent differentiations, **p < 0.05, unpaired t test for significan
denote standard deviation).
(E) Upon addition of TMP, ATF6 target gene HERPUD1 was found to b
absence of TMP. IRE1/XBP1s and PERK target genes ERDJ4 and GADD
presence of TMP. Positive control Tg was found to significantly upreg
differentiations, *p < 0.05, **p < 0.005, ****p < 0.0001, error bars
andWalter, 2016; Torres et al., 2019). In doing so,wedemon-

strated that branch-specific activation of ATF6 signaling pro-

tects iPSC-derived HLCs from morphological defects result-

ing from prolonged exposure to severe ER stress via

addition of Tg (Figures S4A and S4B).
DISCUSSION

Through the use of gene editing and scRNA-seq, we defined

distinct transcriptional profiles for HLCs expressing desta-

bilized TTRL55P. We hypothesized that hepatic production

of destabilized TTRs results in the upregulation of stress-

responsive proteostasis factors that regulate the secretion

and subsequent aggregation of destabilized TTR variants

such as TTRL55P. Our scRNA-seq experiment revealed that

uncorrected HLCs exhibited differential expression of 92

genes compared with syngeneic HLCs, where the only dif-

ference is the absence of expression of the mutant TTR. In

line with our rationale, we identified many instances in

which mutant HLCs upregulated expression of well-docu-

mented ER stress-associated proteostasis factors involved

in regulating protein secretion (e.g., HYOU1 and EDEM2).

Interestingly, TF was found to be the most upregulated

gene in uncorrected, TTRL55P-expressing HLCs. Despite

limited prior evidence for TF as a chaperone for misfolded

TTRs, recent work implicates its chaperone capacity in other

amyloid disorders such as AD, noting increased protein-level

expression intheprefrontal corticesofADpatients compared

with elderly, non-diseased individuals (Raditsis et al., 2013).

Moreover, recent work demonstrated the ability of TF to

physically interact with and prevent the self-assembly and

toxicity of b-amyloid peptide oligomers, the amyloidogenic

protein species in AD (Giunta et al., 2004; Raditsis et al.,

2013). At the same time, recent in vivo data have demon-

strated physical interactions between TF and TTR amyloid fi-

brils (Ohta et al., 2018). Through the use of congophilic fibril

formation assays, we demonstrated that iron-free TF at phys-

iologically relevant levels decreased in vitro TTRL55P fibril

formation by approximately 60%, implicating TF as a chap-

erone for hepatic TTRs. These observations, together with

our scRNA-seq and biochemical data, suggest the possibility

that TF plays a similar protective role in ATTR amyloidosis.

In this model, HLCs producing mutant TTR may express

higher levelsofTF toprevent toxicity and/orfibril formation.
T. Quantities of each peptide were normalized to TTRWT (n = 3 in-
ce comparing normalized quantities of TTRWT and TTRL55P error bars

e significantly upregulated compared with DHFR.ATF6 HLCs in the
34, however, were not found to be differentially expressed in the
ulate expression of all UPR target genes tested (n = 6 independent
denote standard deviation).
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Several mechanisms could be responsible for the

observed upregulation of TF in TTRL55P-expressing HLCs.

Firstly, expression could be linked to several pathways acti-

vated in response to the presence of destabilized TTR pro-

duction. In line with this, regulation of TF has been linked

to cytokine expression resulting from the negative acute-

phase inflammatory response (Gruys et al., 2005), while

at the same time expression of PERK target gene

GADD153 inversely correlates with TF expression (You

et al., 2003). Mechanistically, it remains to be seen whether

TTR aggregates intracellularly and in turn elicits stress

response (as seen in a1-antitrypsin deficiency) (Chen

et al., 2014). Alternatively, the gene signature identified

in Figure 3 could include factors that directly or indirectly

affect the transcription of TF. Under baseline conditions,

transcription of TF is regulated by cell- and tissue-specific

factors (e.g., HNF4a and CEBPa in liver and brain, respec-

tively) (Espinosa de los Monteros et al., 1994; Zakin et al.,

2002). It is therefore possible that the presence of TTRL55P

within HLCs affects the expression of TF via mechanisms

distinct from those at work in other TTR-expressing tissues.

In addition to the differential expression of known and

novel chaperone genes, we noted activation of the adaptive

arms of the UPR (ATF6 and IRE1/XBP1s) in HLCs express-

ing mutant TTR. Together, these data indicate that the

expression of TTRL55P in iPSC-derived HLCs does not

induce severe ER stress, but suggests that the activation of

adaptive IRE1/XBP1s and ATF6 signaling observed in these

cells reflects a protective mechanism to suppress secretion

and subsequent aggregation of the destabilized TTRL55P

protein. Consistent with this, our immunoprecipitation-

based LC-MS analysis of conditionedmedia from uncorrec-

ted HLCs showed that TTRL55P levels were approximately

30% that of TTRWT (Figure 2B). This resultmirrors the lower

levels of destabilized TTR mutants (as compared with wild-

type TTR) observed in conditioned media prepared on

HLCs expressing both variants (Chen et al., 2014, 2016;

Genereux et al., 2015; Giadone et al., 2018; Leung et al.,

2013; Leung and Murphy, 2016; Plate et al., 2016; Shoul-

ders et al., 2013).

Our scRNA-seq data demonstrate activation of proteosta-

sis transcriptional networks consisting of upregulation of

chaperones as well as functional activation of adaptive

UPR-associated signaling pathways in mutant HLCs.

Wild-type ATTR amyloidosis, involving the misfolding

and deposition of wild-type TTR in patients with no identi-

fied mutation, manifests around the eighth decade of life

and is widely considered an aging-related disorder (Benson,

2012; Gertz et al., 2015; Ruberg and Berk, 2012). It is well-

understood that proteostasis factors and the ability to cope

with the production of misfolded proteins decreases with

age while, similarly, iron has been shown to increase in a

number of organs throughout aging (Bloomer et al.,
524 Stem Cell Reports j Vol. 15 j 515–528 j August 11, 2020
2008; Cook and Yu, 1998; Jung et al., 2008). Interestingly,

since UPR signaling declines during normal aging (Hipp

et al., 2019; Kaushik and Cuervo, 2015; Klaips et al.,

2018; Labbadia and Morimoto, 2015), the presence of

adaptive UPR signaling in the aforementioned HLCs

derived from an individual with severe, early-onset disease

could reflect protective biological pathways whose activity

declines during the aging process. Aging-dependent reduc-

tions in adaptive UPR signaling could exacerbate TTR-asso-

ciated ER stress and increase secretion of TTR in non-native

conformations that facilitate toxic extracellular aggrega-

tion. Thus, monitoring changes in hepatic UPR activation

and/or conformational stability of circulating TTR tetra-

mers could reflect a potential biomarker to monitor pro-

gression of TTR amyloid disease pathogenesis (Schonhoft

et al., 2017).

Together, these results indicate that the expression of a

destabilized, aggregation-prone protein upregulates pro-

teostasis factors and functionally activates adaptive UPR-

associated signaling pathways in ATTR amyloidosis

patient-specific iPSC-derived HLCs. Moreover, we demon-

strated that inducible activation of ATF6 signaling in these

cells resulted in a �25% reduction of destabilized TTRL55P

while wild-type levels appeared unaffected. Though a rela-

tively modest decrease, this reduction could represent a

shift toward stability where properly folded, mutant TTRs

form stabilized heterotetramers with wild-type TTRs (Rapp-

ley et al., 2014). Similar experiments, involving stress-inde-

pendent activation of ATF6 signaling in 293T cells overex-

pressing destabilized TTR, implicated both ER-associated

degradation and autophagy in degrading misfolded TTR,

and in turn decreasing its secretion (Chen et al., 2014).

Follow-up studies will be performed to understand the

contribution of constituents of the gene signature in Fig-

ure 3 to employment of these pathways.

Conventional therapeutics for systemic amyloid diseases

involve decreasing circulating levels of the amyloidogenic

protein. In ATTR amyloidosis, for example, liver transplan-

tation relies upon eliminating circulating levels of mutant

TTR while RNAi-based therapeutics target and eliminate

wild-type and mutant TTR transcripts (Adams et al., 2018;

Benson et al., 2018; Butler et al., 2016; Buxbaum, 2018).

Activating ATF6 signaling in ATTR amyloidosis HLCs could

result in a therapeutic decrease in the secretion of misfold-

ing-prone TTRs from the liver and thus a decrease in extra-

cellular deposition of distal target tissue aggregates. Recent

studies have demonstrated that selective activation of ATF6

signaling is achievable via addition of small molecules,

while at the same time, upregulation of ATF6 signaling

is relatively tolerated in humans with hyperactivating

mutations (Chen et al., 2014; Glembotski et al., 2019;

Romine and Wiseman, 2018; Shoulders et al., 2013).

Future work will aim to further the development of



small-molecule-based ATF6-modulating compounds for

the treatment of systemic amyloid diseases.

Together, these experiments challenge the long-held

notion that ATTR amyloidosis livers are unaffected by the

disease. Through the use of our iPSC-based model, we

demonstrate that expression of amyloidogenic TTR results

in transcriptional and functional changes in ATTR

amyloidosis HLCs. Moreover, these data suggest that the

liver employs protective mechanisms via adaptive UPR-

associated signaling pathways to cope with the production

of misfolding TTRs. Furthermore, this work demonstrates

that modulation of UPR-associated ATF6 signaling results

in a selective decrease in the secretion ofmisfolded proteins

in patient-specific HLCs, potentially representing a broadly

applicable therapeutic strategy for the complex and diverse

systemic amyloid diseases.
EXPERIMENTAL PROCEDURES

TALEN-Mediated Gene Editing of Patient-Specific

iPSCs
Cellswere transfectedviaLipofectaminewithPLUS reagent (Thermo

Fisher, cat. nos. 11668019, 11514015). In brief, iPSCs were cultured

until �60% confluent in a 6-well plate, and 1.2 mg of left and right

TALENtargetingvectors and3mgofdonor vectorwere added tocells.

Puromycin (700 ng/mL) selection was then performed. Puromycin

cassette excision was accomplished using transient transfection of

the pHAGE-EF1a-Cre-IRES-Neo plasmid followed by subsequent

screening and single-cell selection and expansion.
Directed Differentiation of iPSCs to Hepatocyte-like

Cells
iPSCs were specified to the hepatic lineage via a 2D feeder-free,

chemically defined differentiation protocol as previously described

(Giadone et al., 2018; Gouon-Evans et al., 2006; Leung et al., 2013;

Leung and Murphy, 2016; Szkolnicka and Hay, 2016).
MS Analysis of Secreted TTR
For immunoprecipitation-based MS (Figures 2B and S3B), TTR was

pulled down from conditioned medium prepared on iPSC-derived

hepatic lineages, as previously described (Giadone et al., 2018).

Tandem mass tag (TMT) LC-MS/MS was utilized to directly detect

the presence of the TTRL55P peptide in conditioned hepatic super-

natant. Additional details regarding these methodologies can be

found in Supplemental Experimental Procedures.
Determining Downstream Neuronal Toxicity in

Response to iPSC-Derived HLC Supernatant
Conditioned supernatant was generated by incubating hepatic dif-

ferentiation media on day-16 HLCs for 72 h. Supernatant was

collected and subsequently concentrated using Centrifugal Filter

Units (Millipore Sigma, cat. no. UFC901024). (After first collection,

cells were refed with medium for an additional 72 h to generate a

second batch of conditioned supernatant.) Supernatant was first
centrifuged at 200 3 g for 1 min at room temperature to remove

cell debris. Medium was then collected, transferred to filter units,

and spun at 2,140 3 g for 45 min at room temperature. Concen-

trated supernatant was subsequently stored at 4�C until dosing

experiment. SH-SY5Y cells were plated at 2 3 10 5 cells and subse-

quently dosed for �7 days with medium composed of SH-SY5Y

growth medium and conditioned supernatant at a 1:1 ratio. Me-

dium was replaced every 48 h until toxicity assay was performed.

After dosing cells, floating and adherent SH-SY5Y cells were

collected, stained with PI (BD Biosciences, cat. no. 556463), and

analyzed via flow cytometry.

Analysis of Transcriptomic Data
Corrected and uncorrected cells were sorted and entered into the

FluidigmC1HTworkflow,whichwas used to capture and lyse indi-

vidual cells, reverse transcribe RNA, and prepare libraries for

sequencing (see Fluidigmprotocol:Using theC1High-Throughput

IFC to Generate Single-Cell cDNA Libraries for mRNA Sequencing,

cat. no. 100-9886; https://www.fluidigm.com/binaries/content/

documents/fluidigm/resources/c1-mrna-seq-pr-100-7168/c1-mrna-

seq-pr-100-7168/fluidigm%3Afile). Sequencing was performed on

a Nextseq 500 using a high-output kit. Details regarding post hoc

analysis of microarray data (Wilson et al., 2015) as well as our

scRNA-seq experiment can be found in Supplemental Experi-

mental Procedures.

XBP1 Splicing Assay
RNA was isolated from HLCs, and cDNA was generated via stan-

dard RT reaction. XBP1 transcript was amplified via PCR reaction

with forward primer 50-AAA CAG AGT AGC AGC TCA GAC

TGC-30 and reverse primer 50-TCC TTC TGG GTA GAC CTC TGG

GAG-30. PCR program utilized included the following steps: 94�C
for 4 min, 35 cycles of 94�C (10 s), 63�C (30 s), and 72�C (30 s),

and lastly 72�C for 10 min. Amplified transcripts were subse-

quently digested with PstI enzyme (New England BioLabs, cat.

no. R0140S) and analyzed on a 2.5% agarose gel. Relative quanti-

ties of bands were determined via ImageQuant TL software. For

positive control for XBP1 activation, Tg (Millipore Sigma, cat. no.

T9033) was added to undifferentiated iPSCs at a concentration of

1 mM for 24 h.

In Vitro Fibril Formation Assay
TTRL55P fibril formation was triggered under mild acidic condi-

tions. The amount of fibrils formed was measured by Congo red

(CR) binding assay as reported previously (Klunk et al., 1989).

TTRL55P and lyophilized human plasma-derived apo-transferrin

protein (Apo-TF; R&D Systems, cat. no. 3188-AT) resuspended in

10 mM sodium phosphate buffer (pH 7.8; 100 mM KCl, 1 mM

EDTA) were both filtered through 0.2-mmmembranes prior to their

incorporation into the reaction mixtures. Addition of 50 mM so-

dium acetate buffer (pH 4.6) and 100 mM KCl lowered the pH of

the reaction to 4.9. The final concentrations of TTRL55P and Apo-

TFwere 0.2mg/mL and 2,500 mg/mL, respectively. Fibril formation

was carried out at 37�Cwithout agitation in amastercycler with lid

temperature of 80�C to avoid condensation. Reactions were halted

after 24 h with the addition of 1.5 M HEPES (pH 8.0). Finally, fibril

formation reactionwas added to 10 mMCR (Sigma-Aldrich, cat. no.
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573-58-0) working dilution (prepared in 5 mM KH2PO4 [pH 7.4]

and 150mMNaCl). After 15min at room temperature, absorbance

was taken at 477 nm and 540 nm. The amount of CR bound to am-

yloid fibrils was determined via molar concentration of bound

CR = A540nm/25,295 – A477nm/46,306. The percentage of fibrils

formed was calculated via
TF +TTRL55P

t24�t0

TTRL55P
t24�t0

3 100. Information

regarding production of recombinant human TTRL55P can be

found in Supplemental Experimental Procedures.

Generation of ATF6-Inducible TTRL55P iPSC Line
TTRL55P iPSCs were nucleofected (Lonza) with 3 mg of previously

described DHFR.ATF6 donor construct (Chen et al., 2014) using

themanufacturer’s protocol. Forty-eight hours after nucleofection,

cells were grown in 500 ng/mL puromycin for approximately

10 days. Successfully grown colonies were subjected to dilution

cloning to ensure clonality. For assessment of functionality, clonal,

puromycin-resistant colonies were subjected to 10 mM TMP for

48 h. RNA was harvested from each clone and qRT-PCR was per-

formed to assess upregulation of the ATF6 target gene, HSPA5, in

the presence of TMP.

DATA AND CODE AVAILABILITY

The dataset for the scRNA-seq experiment comparing corrected

and uncorrected iPSC-derived HLCs (Figure 3) has been deposited

under accession number GEO: GSE153541.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.07.003.
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