
DEFINING HEPATIC MODIFIERS OF ATTR AMYLOIDOSIS THROUGH 

THERAPEUTIC GENE EDITING IN PATIENT IPSCS 

Richard M. Giadone1, Derek C. Liberti1, Taylor M. Matte1, Nicholas Skvir1, Kai-Chun 

Chen3, J.C. Jean1,2, Andrew A. Wilson1,2, Darrell N. Kotton1,2, R. Luke Wiseman3, 

George J. Murphy1,4 
1Center for Regenerative Medicine, Boston University School of Medicine, Boston, MA, 

USA. 
2The Pulmonary Center and Department of Medicine, Boston University School of 

Medicine, Boston, MA, USA. 
3Department of Molecular Medicine, The Scripps Research Institute, La Jolla, CA, USA. 
4Section of Hematology and Oncology, Department of Medicine, Boston University 

School of Medicine, Boston, MA, USA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Correspondence: gjmurphy@bu.edu, Center for Regenerative Medicine, 670 Albany 

Street, 2nd Floor, Boston, MA 02118, USA.  

 

Running title: Gene editing ATTR amyloidosis iPSCs 

Key Words:  hereditary amyloidosis, pluripotent stem cells, gene editing, single cell 

transcriptomics, hepatic disease 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 30, 2018. ; https://doi.org/10.1101/358515doi: bioRxiv preprint 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 30, 2018. ; https://doi.org/10.1101/358515doi: bioRxiv preprint 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 30, 2018. ; https://doi.org/10.1101/358515doi: bioRxiv preprint 

https://doi.org/10.1101/358515
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/358515
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/358515
http://creativecommons.org/licenses/by-nc-nd/4.0/


ABSTRACT 

Hereditary transthyretin amyloidosis (ATTR amyloidosis) is a multi-system, autosomal 

dominant protein folding disorder that results from over 100 described mutations in the 

transthyretin (TTR) gene. Here, we employed a universal gene editing strategy in 

patient-specific, induced pluripotent stem cells (iPSCs) that allows for the amelioration 

of all TTR genetic lesions, thereby eliminating the production of destabilized, disease-

causing variants. Mass spectrometric analysis of corrected iPSC-derived hepatic 

supernatants revealed elimination of mutant TTR, resulting in diminished neuronal 

target cell toxicity. This procedure also allowed for the interrogation of global 

transcriptomic differences between control iPSC-derived hepatocyte-like cells (HLCs) 

and those expressing the most proteotoxic disease-causing TTR mutation. By 

employing single cell RNA sequencing (scRNAseq) to compare syngeneic corrected 

and uncorrected ATTR amyloidosis iPSC-derived HLCs, we found distinct 

transcriptional changes in cells expressing the disease-associated TTR mutant, 

including activation of unfolded protein response (UPR)-associated signaling pathways 

shown to protect the extracellular space from proteotoxic TTR aggregation.  Results 

from these studies represent a potential cell-based therapeutic strategy for treating all 

forms of ATTR amyloidosis and challenge the notion that ATTR livers are unaffected in 

disease pathogenesis, highlighting possible biomarkers for this notoriously difficult to 

diagnose disease. 

 

INTRODUCTION 

Systemic amyloidosis represents a class of disorders characterized by the misfolding of 

endogenous proteins that results in the formation of proteotoxic species at downstream 

target organs. These disorders, encompassing over 20 structurally distinct proteins, 

affect >1 million individuals worldwide (1-4). One such disease, hereditary transthyretin 

amyloidosis (ATTR amyloidosis), is an autosomal dominant disorder that can result from 

over 100 possible mutations in the transthyretin (TTR) gene (5, 6). TTR is produced 

chiefly by the liver where it forms a homotetramer, allowing for transport of thyroxine 

and retinol binding protein throughout circulation. In patients with ATTR amyloidosis, 

TTR mutations decrease the stability of the tetramer and result in monomerization and 
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subsequent misfolding of TTR variants. Amyloid-prone monomers then aggregate to 

form proteotoxic low-molecular weight oligomers and, eventually, hallmark Congophilic 

amyloid fibrils. Toxic TTR species deposit extracellularly at downstream targets such as 

the peripheral nervous system and cardiac tissue, resulting in cellular damage (6-9).  

 Previous studies have demonstrated that the reduction of circulating levels of 

TTR results in decreased target organ toxicity. In line with this rationale, the current 

standard of care for patients with ATTR amyloidosis is orthotopic liver transplantation 

(10-13). Although effective, not all patients are candidates for surgery (due to age or 

disease progression), and massive donor organ shortages necessitate additional 

treatment options. Notably, the livers of ATTR amyloidosis patients have traditionally 

been thought to be unaffected throughout disease pathogenesis as toxicity occurs at 

downstream target organs (e.g., peripheral nerves and cardiac tissue). Highlighting this 

point, in order to cope with the scarcity of donor organs available for transplant, domino 

liver transplants (DLTs) are routinely performed in which the liver of an ATTR individual 

is removed and replaced via orthotopic liver transplantation, and subsequently given to 

an individual in end-stage liver failure (14). Coupled with the thinking that ATTR 

amyloidosis livers are otherwise normal, this methodology is allowable since the 

disease takes 5-6 decades to develop in an individual. However, recent studies show 

that DLT recipients develop TTR fibrils at target organs at a greatly accelerated rate, 

less than 10 years post-DLT, suggesting a hepatic driver in ATTR pathogenesis that 

accelerates disease progression in these transplant recipients (15-17). Other treatment 

alternatives are small molecules such as diflunisal and Tafamidis, which stabilize the 

tetrameric form of TTR in order to limit monomerization and fibril formation from 

occurring. While results from recent clinical trials suggest a decrease in ATTR-related 

mortality, not all patients respond equally and effectively to these treatments likely due 

to differences in genetic background (18-20). Similarly, experimental small interfering 

RNA species (siRNAs) are being developed to target and eliminate both wild-type and 

mutant TTR species (21). Although effective in this regard, recent studies show a 

number of neuronal cell types are capable of protective local TTR synthesis in instances 

of neuronal stress (22-24). Despite targeted delivery of these siRNAs to the liver, the 
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possibility for unintended side-effects mediated by the global reduction of TTR levels 

warrant further understanding of the protein in additional cell types.  

ATTR amyloidosis is a complex genetic disease with wide-ranging penetrance 

and pathogenesis. Though considered a rare disease, ATTR amyloidosis is thought to 

be underdiagnosed due to the seemingly unrelated nature of initial presentation, 

highlighting the need for predictive biomarkers (25, 26). Due to the multi-tissue etiology 

and the age-related trajectory of the disease, ATTR amyloidosis has proven difficult to 

study in a physiologically relevant way. At the same time, no mouse model currently 

recapitulates key aspects of human ATTR pathology (27-30). To these ends, our 

laboratory has developed an induced pluripotent stem cell (iPSC)-based model for 

studying the disease (27, 28). Briefly, ATTR patient iPSCs are specified to effector 

hepatocyte-cells (HLCs) that secrete a destabilized, amyloidogenic TTR mutant. 

Peripheral target cells such as iPSC-derived neuronal lineages or SH-SY5Y cells can 

then be dosed with amyloid containing, iPSC-derived hepatic supernatant and resulting 

toxicity can be quantified.   

 Here, we utilize the inherent flexibility of our iPSC-based platform to develop a 

universal gene correction strategy ameliorative of all TTR genetic lesions. Using this 

approach, we show that selective replacement of the single TTR mutant allele with wild-

type TTR reduces secretion of the mutant protein and decreases neuronal target cell 

toxicity. Furthermore, we use single cell RNA sequencing (scRNAseq) to define 

transcriptional changes in syngeneic corrected and uncorrected ATTR amyloidosis 

iPSC-derived HLCs. Through these efforts, we show that the presence of the 

destabilized, disease-associated TTRL55P mutant in HLCs increases expression of 

genes and pathways previously linked to the toxic extracellular aggregation of TTR, 

including transferrin and unfolded protein response (UPR) target genes. Herein, we 

discuss the potential for our gene correction strategy as a universal, cell-based 

treatment for all forms of ATTR amyloidosis as well as discuss potential implications of 

altered hepatic expression of disease modifying factors in the extracellular aggregation 

and toxicity of TTR variants.    

 

RESULTS AND DISCUSSION 
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TTR is a top differentially expressed gene throughout human hepatic specification. 

Recent work from our group demonstrated the emergence of a stage-dependent hepatic 

signature through the temporal mapping of hepatic-specified pluripotent stem cells 

(PSCs) (31). In these experiments, microarray analyses were performed on cells 

isolated at days 0, 5, and 24 of hepatic specification. Interestingly, repurposing of this 

data revealed that TTR was the second most differentially expressed gene throughout 

the differentiation (Fig. 1A). To confirm this, qRT-PCR was performed on RNA isolated 

from day 24 HLCs demonstrating significant, robust upregulation of TTR  as compared 

to undifferentiated iPSCs (Fig. 1B).  

 

A universal gene editing strategy for hereditary amyloidosis and the creation of a TTR-

driven, hepatic specification reporter iPSC line.   

As ATTR amyloidosis results from over 100 described mutations in the TTR gene (5, 6), 

conventional site-specific gene editing techniques, requiring unique oligonucleotide 

targeting constructs, remain impractical and limit the feasibility of cell-based therapeutic 

strategies for the disease. As noted above, TTR is one of the most differentially 

expressed genes in hepatocyte differentiations, indicating that it would be an excellent 

candidate to target for a hepatic specification reporter iPSC line. To these ends, we 

hypothesized that the methodology we would employ to create this reporter could also 

serve as a singular, ‘universal’ gene correction strategy ameliorative of the >100 

described ATTR amyloidosis-causing genetic lesions. To accomplish this, TALEN-

mediated gene editing was used to manipulate an iPSC line derived from a patient with 

the Leu55 →Pro (TTRL55P) mutation, the most proteotoxic disease-causing variant (27, 

28). In order to implement a broadly applicable gene correction strategy, a wild-type 

copy of the TTR gene, fused to eGFP via a 2A self-cleaving peptide, was targeted to the 

transcriptional start site (TSS) of the endogenous, mutant TTR allele (Fig 1C). Inclusion 

of a 2A peptide allows for transcription of a bicistronic mRNA containing independent 

open reading frames for TTR and eGFP that ultimately results in independent proteins 

via a post-translational cleavage event. As a result of this targeting methodology, 

transcription and translation of mutant TTR is blunted via introduction of an artificial 

STOP codon, and replaced with a wild-type copy of the gene (Fig. 1C). After targeting 
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and selection of puromycin resistant colonies, the puromycin resistance (puroR) and 

PGK cassettes were removed via transient expression of Cre recombinase and clonal 

populations were generated via single cell sorting. In order to identify clones in which 

the donor construct was inserted at the appropriate location in the TTR locus and the 

puroR cassette was removed, a genomic PCR screening strategy was performed 

(Supplemental Figs. 1A, 1B). IPSC lines were analyzed for karyotypic stability pre- 

and post-targeting (Supplemental Fig. 1C). Importantly, the universal gene correction 

strategy described here provides a singular technique for ameliorating all TTR genetic 

lesions while simultaneously obviating concerns regarding haploinsufficiency via 

replacement of the endogenous mutant TTR allele with a wild-type copy.   

 Using this established reporter line, we constructed a temporal map of GFP+ (i.e. 

TTR+) cells throughout HLC differentiation. TTR presented as an early hepatic marker, 

with expression peaking at approximately day 16 of a 24 day specification protocol (Fig. 

1D). By day 24 of the differentiation, HLCs exhibited cobblestone-like morphology 

reminiscent of primary hepatocytes, and the majority of cells expressed TTR (Fig. 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, day 16 GFP+ HLCs 

were sorted and assayed via qRT-PCR. GFP+ cells were found to be significantly 

enriched for TTR, as well as other hepatic specification markers such as AAT and ALB 

(Fig. 1F), suggesting that our ‘corrected’ TTR reporter cell line efficiently enriches for 

maturing hepatic-lineage cells during specification.      

 

Gene-edited iPSC-derived HLCs no longer produce destabilized, disease-causing TTR 

variants. 

Following the successful targeting and validation of our TTR-GFP fusion construct to the 

TSS of the TTRL55P locus, we next examined the ability of this strategy to eliminate the 

production of destabilized, disease-causing TTR, as well as alleviate downstream 

neuronal toxicity (outlined in Fig. 2A). To this end, wild-type, corrected, and 

‘uncorrected’ (i.e. non-targeted, heterozygous TTRL55P) iPSCs were differentiated into 

HLCs. Conditioned supernatant from each line was created by culturing cells for 72 

hours in hepatic specification media. Supernatants were then collected, concentrated, 
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and interrogated via LC/MS for the presence of different TTR variants. As expected, 

wild-type hepatic supernatants were found to contain TTRWT and no destabilized 

species. In contrast, uncorrected HLC supernatants produced from iPSCs heterozygous 

for the TTRL55P mutation, contained TTRWT and destabilized TTRL55P variants. 

Remarkably, supernatant from corrected iPSC-derived HLCs revealed complete 

elimination of TTRL55P, while levels of TTRWT remained unperturbed, suggesting that the 

proposed gene correction strategy eliminated aberrant TTR while maintaining similar 

amounts of TTRWT as observed in the control (Fig. 2B). Importantly, the two amino acid 

overhang on the N-terminal portion of TTR, resulting from the post-translational 

cleavage of the 2A peptide, was removed with the TTR signal peptide through normal 

protein processing in the ER, resulting in TTRWT from our donor construct that is 

indistinguishable from the endogenous form.  

 

Decreased toxicity in neuronal cells dosed with corrected vs. uncorrected iPSC-derived 

HLC supernatants. 

Many studies have shown that decreasing circulating levels of destabilized TTR 

species, as in the case of liver transplantation and our novel gene editing strategy, 

results in decreased peripheral organ dysfunction (10-13). As such, we sought to 

determine the efficacy of our iPSC-based gene correction methodology in decreasing 

target neuronal cell toxicity in our cell-based model. To accomplish this, a 

neuroblastoma (SH-SY5Y) cell line was dosed with conditioned supernatant generated 

from wild-type, uncorrected, or corrected iPSC-derived HLCs and surveyed for toxicity. 

In these assays, SH-SY5Y cells dosed with uncorrected hepatic supernatant displayed 

an increase in PI+ cells compared to those dosed with wild-type supernatant (Fig. 2C). 

Cells dosed with corrected supernatant, however, exhibited a decrease in toxicity 

comparable to levels observed in the wild-type condition (Fig. 2C). These results 

suggest that the proposed gene correction strategy successfully ameliorates TTR-

mediated neuronal toxicity via elimination of toxic TTR production. Although the 

pathology of ATTR amyloidosis has been well characterized, the molecular mechanisms 

underlying disease-specific cell death remain elusive. Future studies will aim to identify 

signatures of cellular stress and damage in response to destabilized TTR species in 
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order to develop a more nuanced disease signature across multiple target cell types. 

Although the utility of gene editing-based therapies for liver-derived diseases is 

dependent upon future technical advancements, recent studies demonstrating the 

engraftment of PSC-derived hepatic cells in the livers of mice provide proof-of-principle 

for this strategy (32). 

 

Single cell RNA sequencing comparing TTRL55P and corrected syngeneic iPSC-derived 

HLCs reveals a novel hepatic gene signature. 

Historically, it was thought that the livers of patients with ATTR amyloidosis are 

unaffected during disease pathogenesis (13, 33, 34). However, recent work calling into 

question the use of donor organs from ATTR amyloidosis patients for DLT procedures 

challenges this notion (15-17, 35, 36). Furthermore, recent evidence highlights a 

significant potential role for the liver in regulating the extracellular aggregation and distal 

deposition of TTR implicated in ATTR disease pathogenesis (7, 37). Collectively, these 

results indicate that genetic or aging-related perturbations to the liver could exacerbate 

the toxic extracellular aggregation and deposition of TTR aggregates on peripheral 

target tissues. 

  In order to define specific hepatic proteins and pathways important for regulating 

the secretion of destabilized, amyloidogenic TTR variants, we coupled our TTR reporter 

system with single cell RNA sequencing (scRNAseq) to compare mRNA expression 

profiles in syngeneic iPSC-derived HLCs with 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. In effect, in contrast to our corrected reporter line, in 

our uncorrected reporter system, the TTR-GFP fusion construct disrupts the wild-type 

allele, leaving the mutant allele intact. As a result, we created two independent, TTR-

promoter driven hepatic-specification reporter iPSC lines in isogenic backgrounds, 

where the only difference is the presence or absence of the TTRL55P mutation. To 

compare HLCs +/- TTRL55P, uncorrected and corrected reporter iPSCs were subjected 

to our hepatic specification protocol until TTR expression was maximal (day 16 of the 

differentiation) (Fig. 1D). To control for the inherent heterogeneity of iPSC 
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differentiations, GFP+ (TTR+) cells were sort-purified to select for cells at identical stages 

in their developmental trajectories. Transcriptomic profiling was subsequently performed 

at single cell resolution via the Fluidigm C1 platform (outlined in Fig. 3A).  

  Remarkably, uncorrected and corrected day 16 HLCs clustered independently of 

one another by principal component analysis (PCA) (Fig. 3B). This differential clustering 

reflected a distinct transcriptional signature that distinguished corrected from 

uncorrected HLCs, with 92 genes being differentially expressed between the conditions 

(Fig. 3C, 3D, Supplemental Data File 1). Genes showing increased expression in 

uncorrected cells could reflect specific proteins or pathways whose activity could 

enhance or inhibit the pathologic TTR extracellular aggregation associated with ATTR 

disease pathogenesis. Interestingly, our analysis identified the increased expression of 

two distinct genes/pathways previously shown to influence extracellular aggregation of 

destabilized TTRs (vide infra) (38-42).   

 

Transferrin expression is significantly increased in uncorrected iPSC-derived HLCs and 

may represent a novel biomarker of disease. 

The top differentially expressed gene in TTRL55P expressing HLCs is the iron 

transporter, transferrin (TF) (Fig. 3C, 3D). Although TF is a marker of hepatic 

specification, no other hepatic marker, including TTR, is differentially expressed in 

corrected or uncorrected HLCs, indicating that the differential expression of TF is not 

due to the differentiation status of individual lines (Fig. 3D and Supplemental Fig. 2). 

Interestingly, a number of studies have implicated TF in the pathogenesis of other 

amyloid disorders such as Alzheimer’s Disease (AD). One study, for example, 

demonstrated increased protein-level expression of TF in the prefrontal cortices of AD 

patients compared to elderly, non-diseased individuals (43). Recent work has identified 

physical interactions between TF and amyloid ß peptide (Aß), the amyloidogenic protein 

species in AD (44, 45). Furthermore, it has been demonstrated that TF plays a potential 

therapeutic role in AD tissues, preventing self-assembly and resulting toxicity of Aß 

oligomers (45).  

  Iron has been shown to increase in a number of organs throughout aging (46-

48). As Congophilic TTR fibrils form in patients after 5-6 decades, pathogenesis of 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 30, 2018. ; https://doi.org/10.1101/358515doi: bioRxiv preprint 

https://doi.org/10.1101/358515
http://creativecommons.org/licenses/by-nc-nd/4.0/


ATTR amyloidosis is considered to have a strong aging-related component (7). At the 

same time, in vivo data has demonstrated physical interactions between TF and TTR 

amyloid fibrils (49). These observations, together with our scRNAseq data, suggest the 

possibility that TF plays a similar protective role in ATTR amyloidosis. In this model, 

hepatic cells producing mutant TTR may express higher levels of TF to prevent toxicity 

or fibril formation. As the availability of iron-free TF decreases with age, the anti-amyloid 

capacity of TF could be diminished, and as a result, TTR amyloid fibrils could form more 

readily, and ultimately lead to disease manifestation. At the same time, these 

observations raise the possibility that TF (or other orthogonal metabolites) could serve 

as a predictive biomarker for ATTR amyloidosis and thus aid in the treatment of this 

notoriously difficult to diagnose disease. 

 

Uncorrected iPSCs show increased activation of protective UPR signaling pathways.  

Apart from TF, our scRNAseq analysis also identified increased expression of multiple 

ER proteostasis factors (e.g., HYOU1 and EDEM2) in iPSC-derived HLCs expressing 

TTRL55P. These genes have important roles in regulating proteostasis within the ER. In 

addition, transcription of these factors is regulated in response to ER stress as part of 

the unfolded protein response (UPR) – a tripartite ER stress-responsive signaling 

pathway responsible for maintaining proteostasis within the ER and throughout the 

secretory pathway (50, 51). Thus, the increased expression of these ER proteostasis 

factors suggests that the presence of the destabilized TTRL55P protein challenges the 

ER proteostasis environment and activates the UPR.  

 Interestingly, ER stress and UPR activation can influence the toxic extracellular 

aggregation of amyloidogenic TTR mutants implicated in ATTR disease pathogenesis. 

Chemical toxins that induce severe, unresolvable ER stress in mammalian cells 

decrease the population of amyloidogenic TTR secreted as the native TTR tetramer and 

instead increase TTR secretion in non-native conformations that rapidly aggregate into 

soluble oligomers implicated in ATTR disease pathogenesis (38). In contrast, enhancing 

ER proteostasis through the stress-independent activation of the adaptive UPR-

associated transcription factors ATF6 selectively reduces the secretion and subsequent 

aggregation of destabilized, amyloidogenic TTR variants (39-42). This suggests that 
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activation of adaptive UPR signaling pathways independent of severe ER stress can be 

a protective mechanism to suppress the secretion and toxic aggregation of destabilized, 

amyloidogenic TTR mutants.  

In order 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 

pathway activation in our uncorrected iPSC-derived hepatic lineages. The UPR consists 

of three integrated signaling pathways activated downstream of the ER stress-sensing 

proteins IRE1, ATF6, and PERK (50, 51). The activation of these pathways ultimately 

results in the activation of UPR-associated transcription factors including XBP1s 

(activated downstream of IRE1), ATF6 (a cleaved product of full length ATF6), and 

ATF4 and CHOP (two transcription factors activated downstream of PERK)(50, 51). 

These transcription factors induce overlapping, but distinct sets of stress-responsive 

genes, allowing their activation to be followed by specific transcriptional signatures. We 

used published transcriptional profiles for each of these three signaling pathways to 

establish IRE1-, ATF6-, and PERK-regulated genesets that allowed us to define their 

activation in HLCs using GSEA (42, 52). Notably, this analysis revealed modest 

activation of the adaptive IRE1/XBP1s and ATF6 transcriptional signaling pathways, 

with no significant activation of the PERK pathway. This indicates that the expression of 

TTRL55P in iPSC-derived HLCs does not induce severe ER stress and 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, as previously described (39-42).  Consistent with this, our 

LC-MS analysis of conditioned media showed that TTRL55P levels were approximately 

30% that of TTRWT (Fig. 2B). This result mirrors the lower levels of destabilized TTR 

mutants, as compared to wild-type TTR, observed in conditioned media prepared on 

hepatic cells expressing both mutant and wild-type TTR and subjected to ATF6 

activation (39-42).  

Interestingly, since UPR signaling declines during normal aging, the presence of 

adaptive UPR signaling in these HLCs could reflect a protective biologic pathway whose 

activity also declines during the aging process. Aging-dependent reductions in adaptive 

UPR signaling could exacerbate TTRL55P-associated ER stress and increase secretion 
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of TTR in non-native conformations that facilitate toxic extracellular aggregation. Thus, 

monitoring changes in hepatic UPR activation and/or conformational stability of 

circulating TTR tetramers could reflect a viable biomarker to monitor progression of TTR 

amyloid disease pathogenesis.  

 

Concluding Remarks.  

Our establishment of a universal gene correction strategy for TTR in iPSCs offers a 

unique opportunity to both demonstrate the broad therapeutic potential for this approach 

to ameliorate peripheral toxicity of secreted TTR associated with ATTR disease and 

identify new potential hepatic modifiers of disease pathogenesis (e.g., TF and UPR 

signaling). As we apply this strategy to diverse ATTR patient iPSC-derived HLCs, we 

will continue to refine our transcriptional analysis to define new potential biomarkers that 

can be translated to the clinic to improve diagnosis and treatment of this devastating 

disease.  

 

METHODS 

Details concerning experimental procedures are provided in the Supplemental Methods. 

 

STATISTICAL ANALYSIS 

Unless otherwise stated in the text, significance was determined between experimental 

and control conditions via unpaired Student’s t-test. All experiments were performed 

using technical and biological triplicates. Here, we define biological replicates as being 

individual passages and/or separate differentiations. Additional statistical information 

can be found in individual figure legends. 
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FIGURE LEGENDS 

FIGURE 1. Creation of a TTR promoter-driven hepatic specification reporter iPSC 

line and universal gene editing strategy for hereditary amyloidosis.  

(A) Undifferentiated PSCs and day 24 HLCs (green and yellow columns, respectively) 

form distinct, independent clusters by microarray analysis. Top 10 differentially 

expressed upregulated in HLCs labeled on the y-axis, highlighted by green box. Top 10 

genes upregulated in undifferentiated PSCs 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 specified HLCs compared to undifferentiated iPSCs; fold-change calculated over 

undifferentiated iPSCs (n=3, *p<0.05, unpaired t-test for significance, 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+ 

(i.e. TTR+) cells that appear throughout hepatic specification of targeted iPSCs (n=3, 

bars denote standard deviation). (E) Phase (left) and fluorescence (middle, right) 

microscopy images of day 26 reporter iPSC-derived HLCs. Images taken at 20X 

magnification. (F) Enrichment of hepatic markers in sorted day 16 TTR-GFP+ HLCs; 
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fold-change calculated over undifferentiated iPSCs (n=5, bars denote standard 

deviation). 

 

FIGURE 2. Gene-edited iPSC-derived HLCs no longer produce neurotoxic, 

destabilized TTR variants. 

(A) Experimental overview depicting interrogation of corrected, uncorrected, and wild-

type iPSC-derived HLC supernatants and determination of their requisite downstream 

effects on neuronal target cells. (B) Mass spectrometric (MS) analyses of supernatant 

from wild-type, uncorrected, and corrected iPSC-derived HLCs. Red trace: TTRWT, pink 

trace: destabilized TTRL55P variant. Bovine TTR (green) is an artifact of culture 

conditions. 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, uncorrected, or corrected conditions. Neuronal cell viability was determined via PI 

staining (n=3, unpaired t-test for significance comparing uncorrected and corrected 

conditions, bars denote standard deviation). 

 

FIGURE 3. Single cell RNA sequencing (scRNAseq) of corrected vs. uncorrected 

syngeneic iPSC-derived HLCs reveals a novel hepatic gene signature.  

(A) Experimental schematic for the transcriptomic comparison of corrected vs. 

uncorrected syngeneic iPSC-derived HLCs at day 16 of the hepatic specification 

protocol. (B) Uncorrected (red) and corrected (green) populations cluster independently 

by supervised principal component analysis (PCA). (C) Heatmap depicting the 92 genes 

differentially expressed between uncorrected and corrected populations. Columns 

represent individual cells, green bar denotes corrected cells, red bar denotes 

uncorrected cells. Rows represent differentially expressed genes. The top 10 genes as 

well proteostasis factor EDEM2 are highlighted on the y-axis as determined via one-way 

ANOVA. Boxes represent distinct transcriptional signatures specific to uncorrected (red) 

and corrected (green) cells. (D) Violin plots representing relative expression levels of 

TTR, potential mediators of TTR fibrillogenesis (TF), and UPR target genes (HYOU1, 

EDEM2). (False discovery rate (FDR) determined via one-way ANOVA, *FDR<0.05, 

**FDR<0.005, ***FDR<0.0005.) (E) GSEA depicting significant enrichment of adaptive 
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UPR machinery (ATF6, XBP1s) but not PERK target genes in uncorrected HLCs. In 

these analyses, 100 uncorrected and 60 corrected cells were studied.   

 

SUPPLEMENTAL FIGURE 1. Validation of targeted iPSC reporter line for site-

specific integration of transgene as well as karyotypic stability. (A) Targeting 

construct used to perform gene correction. Red arrows denote the forward primer 

utilized for allele integration and puromycin cassette excision assay. Blue arrow 

represents the reverse primer used in the targeted integration screen. Green arrow 

depicts the reverse primer utilized for puromycin resistance (puroR) cassette excision. 

(B) PCR screen of gDNA for targeted integration of donor construct (left) and excision of 

puroR cassette (right). (C) Non-targeted (left) and corrected (right) TTRL55P iPSCs 

derived from a female ATTR amyloidosis patient were karyotypically normal, post-

excision of  the puroR cassette. 

 

SUPPLEMENTAL FIGURE 2. Liver markers are not differentially expressed 

between uncorrected and corrected HLCs at day 16 of differentiation. Violin plots 

representing equivalent relative expression levels of genes known to be upregulated 

during hepatic specification of PSCs in uncorrected (red) and corrected (green) HLCs. 

None of the noted genes are differentially expressed between the two groups, 

suggesting competent normalization of the hepatic specification procedure.   
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