
Transthyretin Suppresses Amyloid-β secretion by Interfering 
with Processing of The Amyloid-β Precursor Protein

Xinyi Li1, Yuanli Song2, Charles R. Sanders2, and Joel N. Buxbaum1

Jassen Research & Development, LLC, Johnson & Johnson, 3210 Merryfield Rd, San Diego, CA 
92121

Bristol-Myers Squibb, Biologics Process Development, 38 Jackson Rd., Devens, MA 01434

1The Scripps Research Institute; Department of Molecular and Experimental Medicine, 10550 
North Torrey Pines Road, La Jolla, CA 92037

2Vanderbilt University School of Medicine, Department of Biochemistry and Center for Structural 
Biology, Nashville, Nashville, TN 37232-8725

Abstract

In Alzheimer’s disease (AD) most hippocampal and cortical neurons show increased staining with 

anti-transthyretin (TTR) antibodies. Genetically programmed over-expression of wild type human 

TTR suppressed the neuropathologic and behavioral abnormalities in APP23 AD model mice and 

TTR-Aβ complexes have been isolated from some human AD brains and those of APP23 

transgenic mice. In the present study in vitro NMR analysis showed interaction between the 

hydrophobic thyroxine binding pocket of TTR and the cytoplasmic loop of the C99 fragment 

released by β-secretase cleavage of AβPP with Kd = 86±9 µM. In cultured cells expressing both 

proteins the interaction reduced phosphorylation of C99 (at T668) and suppressed its cleavage by 

γ-secretase significantly decreasing Aβ secretion. Coupled with its previously demonstrated 

capacity to inhibit Aβ aggregation (with the resultant cytotoxicity in tissue culture) and its 

regulation by HSF1 these findings indicate that TTR can behave as a stress responsive multimodal 

suppressor of AD pathogenesis.
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The majority of neurons in the brains of patients with Alzheimer’s disease (AD) stain with 

antibodies specific for the protein transthyretin (TTR) a systemic amyloid precursor [1–3]. 

Similarly immunohistochemistry of the brains in transgenic murine models of human Aβ 
deposition show diffuse TTR staining in cortical and hippocampal neurons and focal 

staining of plaques and vessels [2,3]. Studies in our laboratory demonstrated that the positive 

TTR staining reflected neuronal TTR synthesis rather than uptake of TTR released from the 
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choroid plexus and that neuronal TTR gene expression was regulated in a stress responsive 

manner by the transcription factor heat shock factor 1 (HSF1) [3,4]. A beneficial function of 

neuronal TTR in vivo was strongly indicated in the APP23 murine model of human Aβ 
deposition in which mice bearing a multi-copy construct of a wild type human TTR (wt 

hTTR) gene with tissue specific overexpression had substantially reduced neuropathologic 

and behavioral manifestations of Aβ deposition [5]. Consistent with those studies is the 

earlier observation in the Tg2576 transgenic AD model that unilateral intraventricular 

injection of an anti-TTR antibody increased ipsilateral Aβ deposition when compared with 

the opposite hemisphere and the more recent demonstration that co-injection of TTR reduces 

the AD like pathology induced in a rodent model in which preformed oligomeric Aβ1-42 

complexes are injected intracerebrally [6,7]. Independent reports from two laboratories 

indicated that the pathology evident in different transgenic models of human Aβ deposition 

is accelerated in the absence of one or both copies of the endogenous murine Ttr gene, 

although this finding has not been seen in laboratories using very aggressive models of Aβ 
deposition and/or experimental protocols less sensitive to the rate of Aβ deposition [5,8–10]. 

In the aggregate these observations suggest that TTR, despite being a systemic amyloid 

precursor, is involved in neuronal resistance to the neuropathology produced by 

amyloidogenic Aβ aggregation.

There is substantial in vitro evidence showing that TTR inhibits the aggregation of Aβ1-40/42 

monomers required to form toxic oligomers, a notion consistent with the isolation of TTR-

Aβ complexes from the brains of APP23 model mice and some human AD subjects [3]. 

Multiple experiments from many laboratories have described interaction of TTR with Aβ 
monomers and oligomers resulting in inhibition of oligomerization and fibril formation as 

well as reduced toxicity for a variety of cultured cell targets [11–17]. In addition it has been 

observed that TTR will inhibit the toxicity of preformed toxic oligomers by fostering 

oligomeric growth in such a way as to render the oligomers non-toxic [18], a property that 

appears to be shared with molecules classified as extracellular chaperones [19].

Aβ is released by γ-secretase cleavage from its immediate precursor, the transmembrane 99 

residue C-terminal fragment of AβPP, C99 (also known as β-CTF, reviewed in [20]). In our 

earlier studies of brains from APP23 transgenic mice over-expressing wt hTTR we found 

that while the amount of C99 was comparable to that in mice without the human TTR 

construct, the proportion remaining in the soluble fraction of the extract was much greater in 

the presence of TTR. Further, there was a marked reduction in the concentration of SDS and 

formic acid extractable Aβ1-40 and Aβ 1-42 [5]. This observation suggested either that 

clearance of Aβ, presumably as TTR-Aβ complexes, was very efficient, or that in addition to 

binding Aβ, TTR also interfered with the cleavages necessary for its production or secretion. 

We now report the results of in vitro, cell culture, and in vivo experiments designed to 

determine whether, in addition to suppressing Aβ oligomerization and detoxifying the 

aggregates, TTR also suppresses formation of the amyloidogenic Aβ fragments thus posing 

the question, does TTR have multiple mechanisms active in protecting neurons from the 

effects of Aβ aggregates?
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MATERIALS AND METHODS

NMR titrations of TTR and C99 and related analysis

The 99 residue C-terminal fragment of the human amyloid precursor protein, C99, was 

expressed and purified into micelles of the mild lipid-derived detergent lyso-myristoyl-

phosphatidylglycerol (LMPG, Anatrace, Maumee, OH) [21]. Human TTR was expressed 

and purified as previously described [16]. Following purification the LMPG concentration 

was adjusted to 5% (percentage by weight), the pH was adjusted to 7.2, and the 15N-labeled 

C99 concentration was adjusted to 0.25 mM in low or high salt conditions. TTR was buffer 

exchanged to 20 mM NaH2PO4 (low salt condition) or 100 mM NaH2PO4 (high salt 

condition) at pH 7.2 with a PD-10 column (GE Healthcare) and was concentrated to 1.6 

mM, followed by addition of LMPG to 5%. Using low salt conditions, TTR was titrated 

into 15N-labeled C99 to concentrations of 0.10, 0.20, 0.40, and 0.80 mM. Under high salt 

conditions, TTR was titrated into 15N-labeled C99 to the concentrations of 0.03, 0.10, 0.20, 

0.40, and 0.80 mM. The reverse titration was conducted by titrating 2 mM C99 to a solution 

containing 0.10 mM 15N labeled TTR under the pH 7.2 high salt condition All solutions 

contained 5% LMPG.

For each titration point a 2-D 15N-1H TROSY NMR spectra was acquired at 310K using a 

900 MHz Bruker spectrometer (Figure 1). Peak assignments for 15N-labeled C99 and TTR 

were obtained from previous work [16,22]. The chemical shifts for peaks that exhibited 

relatively large chemical-induced shifts were plotted as a function of the concentrations of 

the unlabeled protein being added. Using Origin 8.0 (OriginLab Corp. Northampton, MA) 

the data were fit to a single binding site model with the equation of y=x*Bmax/(Kd+x), 

where y is the absolute value of the change in chemical shift (relative to the condition 

without ligand), x is the concentration of the added unlabeled protein, Bmax is the 

maximum change in chemical shift observed for a given resonance upon the saturation of 

binding by the titrating protein, and Kd is the dissociation constant.

Cell culture and transfection

7PA2 and 7WD10 cells were kindly provided by Prof. E. Koo (University of California, San 

Diego). 7PA2 is a Chinese hamster ovary (CHO) cell line stably expressing the APPVal717Phe 

familial APP mutation, while 7WD10 cells are CHO-derived and stably express wt human 

AβPP [23]. 7PA2 and 7WD10 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 2mM L-

glutamine, and G418 (200 µg/ml) (Invitrogen). SH-SY5Y human neuroblastoma cells were 

cultured in 1:1 mixture of DMEM: F12 medium with the same supplement minus G418 

(Invitrogen).

Transfections—pcDNA-TTR was constructed using the pcDNA4.0 vector (Life 

technologies). TTR cDNA with and without its leader sequence was cloned in the same 

vector. pcDNA-lacZ was used as a transfection control in all experiments. The CHO cells 

were transfected using X-tremeGENE 9 DNA Transfection Reagent (Roche) and SH-SY5Y 

cells were transfected with the CalPho Mammalian Transfection Kit (Clontech 

Laboratories). After CalPho transfection, the media were replaced the next day. To evaluate 
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the sAPP’s, the cells in 6-well plates were washed with PBS, and cultured in 600 µl of 

DMEM without phenol or serum for 2 days when the media were collected for analysis.

Secretase inhibitors

N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT) 

1 µM (Tocris) was used to inhibit γ-secretase and accumulate AβPP C-terminal fragments 

(C99), while 1.5µM β-Secretase Inhibitor IV (EMD Millipore) was used to inhibit β-

secretase.

Aβ ELISA

The cells were cultured on 96-well plates (Corning) overnight then transfected with pcDNA-

TTR or control plasmid. The culture medium was collected after 24 hours. The medium was 

analyzed by an Aβ ELISA as follows. Monoclonal 6E10 anti-Aβ(residues 1–17) mouse 

IgG1, (Biolegend) was coated in 50 mm carbonate buffer, pH 9.6, at 4°C overnight on high 

binding assay black plates (Costar), washed with TBST (tris buffered saline with 0.05% 

Tween 20) and blocked with 5% non-fat milk in TBST. Samples and standards (synthetic 

Aβ1-40) were incubated for 2 hr, followed by addition of biotin-labeled 4G8 [anti-Aβ 
residues 17–24, mouse IgG2b (Biolegend)] and incubation for 1 hr at 37°C. After washing, 

streptavidin horseradish peroxidase (HRP) conjugate (Invitrogen) was added and incubated 

for 45 min, followed by detection by Quanta Blue fluorogenic peroxidase substrate (Thermo 

Scientific) using a Tecan Safire II fluorescence plate reader.

Co-immunoprecipitation

DAKO anti-TTR antibody (DAKO) was cross-linked to Dynabeads (Life technologies) as 

previously described using the manufacturer’s protocol [3]. Cells were seeded in 10 cm 

dishes and transfected with pcDNA-TTR or control plasmid then treated with DAPT. After 

24hr incubation, the cells were scraped from the plates, collected and washed twice using 

PBS by centrifugation at 200g at 4°C. The cells were re-suspended in 1 ml PBS, then 

incubated with 0.5 mM cell permeable cross-linking reagent DSP (Dithiobis[succinimidyl 

propionate]) (Thermo Scientific) for 30 min at room temperature. The cells were collected 

by centrifugation, resuspended in lysis buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 3 mm 

EDTA, 1% Triton X-100) supplemented with complete mini protease inhibitor mixture 

(Roche) and phosphatase inhibitor cocktail tablets PhoSTOP (Roche) on ice for 1 hr. The 

lysates were centrifuged at 10,000g for 10 min at 4°C. The supernatants were incubated with 

antibody cross-linked beads at room temperature for 30 min, eluted by 20 µl of 0.2 M 

glycine pH 2.6 for 10 min. Eluates were neutralized with 3 M tris pH 8.5 and analyzed by 

western blotting.

Digitonin extraction

Cells were washed with PBS, collected by centrifugation at 200g at 4°C then re-suspended 

in HEPES buffer (20 mM cold HEPES, 100 mM NaCl, 1 mM EDTA, pH 7.5) on ice with 0, 

0.005, 0.01, 0.05, 0.1, or 0.25 % of digitonin (Calbiochem), incubated for 30 min then 

centrifuged at 10,000g for 10 min. The pellets were resuspended in HEPES buffer with 1 % 

Triton X100, incubated for 10 min on ice then centrifuged at 14,000g for 10 min [24–26]. 
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The digitonin soluble and pellet fractions were analyzed by western blotting probing for the 

endoplasmic reticulum (ER) marker GRP78 (BIP) (Santa Cruz Biotechnology) and the 

cytoplasmic marker actin (Sigma-Aldrich).

Western blotting

Samples were electrophoresed in 15 % SDS tris-glycine PAGE and then transferred to 

PVDF membranes (Biorad). The blots were blocked in 5 % nonfat milk in TBST and then 

incubated with primary antibodies specific for the protein of interest. The following primary 

antibodies used were: monoclonal C1/6.1 anti-APP C-terminal fragment (676–695 of 

APP695), mouse IgG1 (Biolegend), polyclonal anti phospho-APP (Thr668) (Cell Signaling), 

anti-APP N-terminal 22C11, mouse IgG1 (Millipore), monoclonal 6E10 anti-Aβ residues 1–

17, mouse IgG1 (Biolegend), monoclonal anti-actin (Sigma-Aldrich), and polyclonal anti-

TTR DAKO (DAKO). The blots were then incubated with IRDye 800CW or IRDye 680-

labeled secondary antibodies (LI-COR Bioscience) scanned and quantified with an Odyssey 

Infrared Imaging system. Raw scan readings were normalized to actin signals from the same 

sample.

Animal Studies

The brains analyzed were from transgenic and control mice from experiments carried out in 

compliance with guidelines for animal experimentation and approved by the TSRI 

Institutional animal care and use committee [5].

RESULTS

Does TTR interact with C99 in vitro and what is the interaction interface?

In order to examine whether TTR was intrinsically capable of interacting with C99 in a 

purified system we conducted nuclear magnetic resonance (NMR) studies in which 

uniformly 15N-labeled labeled recombinant C99 maintained in a model membrane 

environment was incubated with recombinant wild type human TTR tetramers under low salt 

conditions (20 mM sodium phosphate, pH 7.2) [21,27]. We observed TTR-induced 

resonance shifts for several APP (C99) 1H,15N-TROSY NMR peaks, including those from 

residues G659 (734 in APP770 numbering), A665 (740) and T668 (743), all located in the 

cytoplasmic domain of C99 (Fig.1). The TTR concentration-dependence of the changes in 

peak position for the three sites in each case fit well to a 1:1 binding model (Fig. 1), leading 

to Kd values that were the same within the range of experimental error: 252±64, 280±55 and 

384±86 µM, for G659, A665 and T668 respectively (average Kd = 310±190 µM). These 

results suggest that TTR binds to C99 in the segment consisting of residues 659-668 

(734-743 APP770 numbering) located in the cytosolic loop that connects the C99 

transmembrane domain to a membrane surface-associated amphipathic helix located at the 

extreme C-terminus of the protein.

To confirm the interaction under more physiologic conditions we repeated the titration in the 

presence of a higher salt concentration (100 mM phosphate, pH 7.2). The same C99 NMR 

peaks shifted in response to increasing TTR, with the data still fitting a 1:1 binding model, 

but with more avid binding than under the lower salt conditions (Kd = 86±9 µM). 

Li et al. Page 5

J Alzheimers Dis. Author manuscript; available in PMC 2016 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Observation of tighter binding at higher ionic strength indicates that the interaction between 

C99 and TTR is unlikely to be electrostatically driven, and is more likely to involve 

hydrophobic interactions.

To verify direct interaction between C99 and TTR and to probe the location of the C99 

binding site within TTR we carried out a reciprocal titration where soluble 15N-labeled TTR 

(provided by Dr. Xin Zhang, Department of Chemistry, The Scripps Research Institute) in 

the presence of model membranes was titrated with C99 and followed by NMR under 

physiological salt conditions. A number of TTR peaks were observed to shift in response to 

increasing C99 concentrations (Figure 2). Fitting of the data again confirmed 1:1 binding 

between these proteins, with a Kd of 76±20 µM, within the error of the Kd observed in the 

reciprocal titration described above. Because the NMR spectrum of TTR has previously 

been assigned under similar conditions to those used in this work we were able to assign 

most of the peaks exhibiting the greatest shifts in response to binding C99 [28]. These 

included the assigned peaks for residues L12, M13, V14, V16, R104, and V123. These sites 

are known to be located in or near the T4/small molecule binding pocket of the TTR 

tetramer in which the T4 contact residues are E54, K15, A109, L110, S117,T119 [29].

Do TTR and C99 interact in cells engineered to constitutively produce and process AβPP 
to yield Aβ?

The in vitro experiments indicated that purified TTR and C99 form a stoichiometric complex 

with an affinity of approximately 85 µM. In order to determine whether the interaction was 

biologically relevant we studied the generation of Aβ in CHO cells expressing AβPP, i.e. 

7PA2 (APP751 containing the Val717Phe familial Alzheimer’s disease mutation), and 

7WD10 (stably expressing a wt human AβPP construct in the same vector) [23], transfected 

with either a human wild type TTR construct or the same vector with the lacZ gene 

substituted for the TTR construct. The studies were carried out in the presence or absence of 

the gamma secretase inhibitor N-[N-(3, 5-Difluoro-phenacetyl-L-alanyl)]-S-phenylglycine t-
butyl ester (DAPT) which increases the cellular concentration of the C99 fragment by 

decreasing its proteolytic cleavage [30]. Di-thio-bis [succinimidyl- propionate] (DSP), a 

membrane permeable cross-linking agent was added to the cells to cross-link interacting 

proteins prior to cell disruption [31]. The cells were lysed and the cross-linked lysates 

immunoprecipitated with an anti-TTR antibody covalently bound to magnetic beads. The 

immune-isolated molecules were analyzed by western blot using anti-TTR and anti-C99 

antibodies. These experiments indicated that in the intact cells TTR interacted with both C99 

and AβPP (Fig. 3). Re-probing this blot with the anti-pT668 antibody gave no signal, 

indicating that the interaction was with unphosphorylated forms of APP and C99.

Where do TTR and C99 interact in the cell?

C99 is derived from AβPP by β-secretase (BACE1) cleavage [32]. The fragment persists as a 

membrane associated protein that undergoes regulated intramembrane proteolysis (RIP) to 

generate a series of peptides of varying toxic potential [33]. The amino acids implicated by 

NMR to interact with TTR are in the cytoplasmic loop of the carboxyl domain of C99 [21]. 

We examined the intracellular distribution of AβPP, C99 and TTR in the transfected cultured 

7PA2, 7WD10 and SH-SY5Y human neuroblastoma cells. Differential solubilization of cells 
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expressing both molecules with increasing concentrations of digitonin showed the three 

localized predominantly in the endosome-enriched membrane compartment (presumably 

vesicles), but some TTR and C99 were solubilized by very low digitonin concentrations 

consistent with a cytoplasmic location (Figure 4) [34]. In the low digitonin “cytoplasmic” 

fractions two TTR bands were identified, corresponding to the precursor protein with an 

intact hydrophobic “leader” sequence and the smaller fully processed protein. The ratio of 

soluble to insoluble fractions of the larger protein was much greater in the cytoplasm. We 

confirmed the distribution by transfecting the cells with a TTR construct that lacked the TTR 

leader sequence, which should result primarily in cytoplasmic distribution. That was the 

case, although there was also a weak TTR signal from the membrane containing fraction 

(results not shown). As expected, the production of TTR protein was markedly reduced in 

the cells bearing the leaderless construct. Hence in these cells wild type TTR was available 

to interact with C99 either in the cytoplasm or the cell membrane fraction containing the 

endoplasmic reticulum and endosomal compartments. When we examined the lysates using 

an antibody for phosphorylated threonine 668, only the membrane-associated fraction gave a 

detectable signal, a finding consistent with prior data regarding the cellular site of 

phosphorylation [35] (Fig.4).

What are the consequences of TTR binding to C99?

In order to determine whether the interaction of TTR with AβPP and C99 had any impact on 

Aβ production we measured the amount of Aβ in the culture medium of the three cell types 

after overnight incubation. Figure 5 shows that media from Aβ-producing CHO and SH-

SY5Y cells transfected with the pcDNA-TTR constructs contained considerably less Aβ 
than identical cultures transfected with pcDNA-LacZ (SH-SY5Y reduced by 25%; 7PA2, 

7WD10 reduced by 60%). There was no detectable loss of metabolic activity in any of the 

cell lines as measured by the resazurin assay, hence the reduction in Aβ secretion did not 

reflect a toxic effect of the transfected constructs (not shown) [36]. The amounts of Aβ-

ELISA positive material in the cell lysates were not significantly different in the presence of 

TTR (Fig 5B), suggesting that the differences in the Aβ concentration in the media reflected 

a reduced rate of production of the secreted Aβ. The amounts of secreted sAβPPβ appeared 

to be comparable in the media of both TTR and lacZ transfected CHO cells (Fig. 5C).

Does TTR binding affect phosphorylation of AβPP and C99 at T668?

Since TTR binding to C99 appears to involve T668 we examined whether phosphorylation 

of that threonine was reduced in the pcDNA-TTR transfected cells. In the transfected 7PA2 

AβPP-expressing CHO cells bearing the TTR cDNA the proportion of threonine 668-

phosphorylated C99 (pC99), as detected by an antibody specific for phosphorylated 

threonine 668 (pT668), was reduced by approximately one third relative to that in the cells 

transfected with pcDNA-LacZ but there is no reduction in the proportion of pAPP (Figure 6 

and Table 1). A similar result was observed comparing pcDNA-LacZ and pcDNA-TTR 

transfected SH-SY5Y human neuroblastoma cells, i.e. the proportion of pC99 was lower in 

the TTR transfected cells (Figure 7). We obtained the same result in the presence of the 

gamma secretase inhibitor DAPT [30].
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Does TTR have the same effects on AβPP processing in APP23 mice in vivo?

Brains from age (13 mos.) and gender (male) matched APP23 mice in which the wild type 

human TTR gene is over-expressed and APP23 mice with intact Ttr genes were extracted 

and the relative amounts of pT668 and unphosphorylated forms of APP related peptides 

were compared by western blotting using the pT668 specific antibodies(figure 8)[3]. The 

relative amounts of phosphorylated and unphosphorylated AβPP and C99 derived from 

figure 8 are shown in Table 2. The amounts of AβPP and C99 are reduced in the TTR 

expressing mice. While the amount of pC99 is lower in the TTR mice it is proportional to 

the reduction in total C99. Similarly the reduction in pAPP is reduced to the same extent as 

the total amount of APP.

Discussion

Prior studies have suggested, somewhat counter-intuitively, that the human systemic amyloid 

precursor TTR plays a role in neuronal resistance to AD [1,2,37,38]. In humans 70% of 

neurons in AD brains stained with an anti-TTR antibody (compared with 10% in age 

matched non-demented controls) [3] and when examined in the context of the well-validated 

APP23 transgenic model of Aβ deposition in which over-expression of the human wild type 

TTR gene suppressed the associated neuropathologic and behavioral abnormalities. Thus in 

this setting, TTR plays a role in neuronal defense [5]. The mechanism responsible for the 

salutary effect of TTR appeared to be detoxification of Aβ by its interaction with oligomers 

and fibrils and the prevention of oligomerization by binding of the Aβ monomer [3,16]. 

However, immunochemical analyses of SDS and formic acid extractable Aβ 1-40 and 

Aβ 1-42 from brains of APP23-wt hTTR transgenics revealed that the amyloidogenic 

peptides were reduced [by 60–75% (SDS); 50–55% (formic acid)], suggesting decreased 

production of the aggregation prone peptides, rapid clearance in Aβ-TTR complexes, or 

some combination of the two. The current data confirm the in vivo observation indicating 

that Aβ formation is decreased in the presence of TTR. In the aggregate the data suggest a 

mechanism whereby TTR behaves as a multimodal suppressor of AD pathogenesis, 

inhibiting the production of the amyloidogenic precursor, “chaperoning” Aβ monomers, 

preventing the formation of cytotoxic oligomers and binding to oligomers and fibrils.

It has been suggested in other contexts that therapeutic approaches to neurodegenerative 

diseases resulting from protein aggregation might include reducing the expression of the 

precursor, or in the case of AD reducing the production of the amyloidogenic fragments by 

inhibiting secretase activity, promoting the binding of the aggregation precursor to 

chaperone-like molecules, reducing post-translational modifications that effect generation of 

the precursors, stabilizing monomers or very small oligomers in a pre-toxic state or 

enhancing aggregation to generate large non-toxic non-tissue damaging polymeric forms 

[39]. It appears that the naturally occurring neuronally synthesized TTR has many of these 

properties. The current studies revealed that in a model membrane environment [21] 

recombinant wt hTTR interacted with recombinant C99 causing major shifts in NMR peaks 

of the C99 residues G659 (APP695 numbering), A665 and T668. Titration of the interaction 

with each residue yielded binding curves indicating stoichiometric complex formation 

characterized by a single Kd. The three affected amino acids reside in the 35 residue 
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cytoplasmic loop anchored to the membrane. Thus the binding site is either exposed to 

cytoplasmic TTR (Fig 9) or the interaction occurs prior to insertion of the precursor 

molecule into the membrane, which seems less likely.

TTR is primarily a secreted protein, transiting the ER and Golgi prior to release into the 

medium. The fact that the C99 binding site is on the cytoplasmic portion of membrane raised 

the issue of whether there was cytoplasmic TTR available to access residues G659, A665 

and T668. In studies examining the phenomenon of pre-emptive quality control HEK293 

cells were transfected with a wild type TTR construct then subjected to ER stress 

(thapsigargin or MG132) [40–42]. The TTR protein was found in the cytoplasm with an 

intact leader sequence, similar to what we have seen in the 7PA2 cells transfected with either 

the wild type or leaderless TTR constructs (fig.4). Hence in these cells, the production of Aβ 
and its oligomers appears to constitute sufficient ER stress to result in the retro-translocation 

or cytoplasmic retention of TTR, making it available to interact with the cytoplasmic portion 

of C99. Thus under these circumstances TTR is found in the cytoplasm as well as in the 

membrane delimited ER.

Since phosphorylation of T668 is thought to impact AβPP processing, we examined T668 

phosphorylation of AβPP and C99 in the presence of TTR. Western blots using antibodies to 

C99 and phospho-threonine 668 (pT668) suggested that all the AβPP-producing cultured 

cells (7PA2, WD10, SH-SY5Y) transfected with an efficiently transcribed and translated wt-

hTTR construct had lower levels of phosphorylated C99 than cells transfected with pcLacZ. 

The variation in results among the cell lines may reflect differences in their kinase profiles 

[43–46]. We did not demonstrate significant differences in phosphorylation of T668 in full 

length AβPP in the presence of TTR. This was surprising since we assumed that AβPP 

would be phosphorylated prior to processing and phosphorylated AβPP was readily seen in 

both the cultured cells and the brain extracts. Thus it is possible that TTR can only access 

T668 after BACE cleavage of AβPP. This would suggest, intriguingly, that T668 

accessibility to the TTR homo-tetramer differs between C99 and full length AβPP, perhaps 

because full length AβPP, but not C99, is homo-dimeric under cellular conditions [47]. 

Studies of cells transfected with a C50 construct encoding the C99 protein showed that T668 

was readily phosphorylated in the absence of the AβPP ectoplasmic domain [48]. 

Alternatively it may be that failure to demonstrate an effect on phosphorylation of T668 in 

intact AβPP is a function of the small proportion of AβPP (10–20% or less depending on the 

state of differentiation of the neurons) that is normally phosphorylated [48,49]. Since only a 

fraction of total AβPP, all of it unphosphorylated, co-immunoprecipitated with TTR after 

cross-linking, it might be difficult to see a small difference.

When we compared cerebral cortical lysates from age and gender matched APP23 AD 

model mice and animals also overexpressing a wt hTTR transgene the western blots 

indicated that the levels of both AβPP and C99 were lower in the human TTR over-

expressing mice (Table 2). While we found a profound reduction in formic acid and SDS 

soluble Aβ1-40 and Aβ1-42 in our prior experiments, we did not observe an overall 

reduction in APP and C99, perhaps because we did not rigorously match the animals for age 

and gender as we have done here (5). Since both APP and C99 concentrations were 

proportionately reduced and we did not see a similar effect in the transfected cells the 
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explanation may be technical rather than biologic, although we cannot eliminate a neuron-

specific effect of TTR on APP expression in vivo not seen in the cultured stably APP-

transfected CHO cells or that the interaction between TTR and AβPP seen in figure 3 

reduces the amount of precursor protein [48].

It is also possible that TTR reduces Aβ production by a mechanism unrelated to its effect on 

phosphorylation. Binding C99 at a site encompassing T668 could alter γ-secretase 

recognition of C99, disabling cleavage with subsequent reduction in the amount of Aβ 
secreted into the media. Blocking access of γ-secretase to its cleavage site has also been 

proposed to explain the effect of BRI2 protein on Aβ production [50].

The significance of the phosphorylation at T668 is unclear. It has been argued that it 

regulates the γ-secretase cleavage responsible for generating the amyloidogenic Aβ 
fragments [51,52]. In these studies we demonstrate that co-expression of TTR in a culture 

system that robustly produces pathogenic Aβ fragments reduces the concentration of these 

fragments in the culture medium by 60 per cent. Whether that is related to its effect on 

phosphorylation or an effect on the conformation of the transmembrane domain of C99 that 

undergoes γ-secretase cleavage or both could not be distinguished in our experiments. 

Nonetheless in principle these studies, coupled with our prior observations, provide several 

mechanisms possibly responsible for the salutary effect of over-expression of the wild type 

human TTR gene in the APP23 model of human Aβ deposition.

The data also provide further insight into the functions of TTR as a binding molecule with 

conformational specificity. Although the TTR amino acids involved in the interaction with 

C99 are located in and around its T4 binding site, they are not those previously found to 

show resonance shifts on binding the Aβ monomer in vitro (Figs 1 and 2) [16]. Amino acid 

M13 appeared to be involved in both C99 and Aβ binding. While V16 was clearly involved 

in the Aβ interaction, its shift on exposure to C99 was less certain. The findings suggest that 

the TTR “T4 binding site” defines a hydrophobic region formed by the TTR tetramer that is 

capable of interacting with small molecules including and resembling thyroxine (T4), 

peptides, and regions of larger proteins via hydrophobic interactions [16,29,53]. The 

specificity of the interaction with a particular ligand is a function of individual amino acids 

within that conformational space (Table 3). In contrast to T4, which TTR binds with 

nanomolar Kd, binding of C99 is of modest affinity (Kd on the order of 85 µM). Notably the 

Aβ residues reacting with TTR (amino acids 17–21) are situated in the hydrophobic core of 

the Aβ1-40/42 amyloidogenic peptide. Similarly the interactive C99 residues are located in 

the central portion of its cytoplasmic loop in which 6 of the 10 amino acids are hydrophobic 

(compared to the flanking ten residues closer to the membrane on either side, each of which 

contains only two hydrophobic amino acids). These observations support the notion that the 

hydrophobic region of TTR comprising the T4 binding site can interact with hydrophobic 

segments of peptides as well as small molecules such as thyroxine and the TTR amyloid 

therapeutic tafamidis, the conformational space behaving as a “zip code” or “area code” and 

the specific amino acids as an address or phone number.

Thus the beneficial in vivo effect of over-expression of a wild type human TTR gene in the 

APP23 model of human Aβ deposition can be explained by the capacity of the protein to 
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both inhibit Aβ aggregation and toxicity and reduce the production of potentially 

amyloidogenic fragments via an effect on γ-secretase cleavage. The multiplicity of 

molecular mechanisms involving TTR interactions with Aβ peptides and their precursor may 

explain why TTR expression is increased in seventy per cent of neurons in the human AD 

brain. It is known that the concentration of TTR in the serum of humans and mice decreases 

with aging but there are no data available documenting an alteration in neuronal TTR 

production with increasing age [54,55]. It has previously been suggested that neuronal HSF1 

responses, primarily measured in terms of HSP70, are reduced in aged mice but recent data 

suggest that may not be the case [56,57]. If neuronal TTR production is diminished in aging, 

whether it reflects reduced HSF1 responsiveness or not, its reduction could contribute to the 

association of sporadic neurodegenerative disease with age.
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Figure 1. Nuclear magnetic resonance analysis of the titration of uniformly 15N-labeled human 
C99 by wild type human TTR in vitro
The left and middle panels show the 1H, 15N-TROSY NMR spectra of uniformly-15N-

labeled C99 in LMPG micelles as a 250 µM solution of C99 was titrated with unlabeled 

TTR to the following concentrations: 0 (black), 100 µM (red), 200 µM (yellow), 400 µM 

(green), and 800 µM (blue). All solutions contained 5% (w/v) LMPG, 20 mM Na+-

phosphate, pH 7.2, and the spectra were collected at 900 MHz and 310K. Peak assignments 

are from (22). The right panel shows the chemical shift changes for the three indicated peaks 

as a function of TTR concentration. Alanine 665 (A665), Glycine 659 (G659) and Threonine 

668 T668 are designated according to APP695 numbering. For each, the best fit of a 1:1 

binding model to the data is shown, with the determined D given in the Results.
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Figure 2. Nuclear magnetic resonance analysis of the titration of uniformly 15N-labeled wild type 
TTR by C99 in vitro
A. 1H, 15N-TROSY NMR spectra of uniformly-15N-labeled TTR as a 100 µM solution was 

titrated with unlabeled C99. All solutions contained 5% (w/v) LMPG, 100 mM Na+-

phosphate, pH 7.2, and the spectra were collected at 900 MHz and 310K. Indicated peak 

assignments are based on those reported in (28). B. 1H, 15N-TROSY NMR peak chemical 

shift changes for the two indicated peaks of uniformly 15N-labeled TTR as it was titrated by 

unlabeled C99. For each, the best fit of a 1:1 binding model is shown, with the determined 

KD as indicated.
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Figure 3. Immunoprecipitation of molecules cross-linked to TTR in 7PA2 (APPVal717Phe) cells 
transfected with a wt hu TTR plasmid
The 7PA2 cells containing the two constructs were incubated overnight with 1µM DAPT to 

decrease digestion of CTF then lysed and the lysates analyzed by western blotting. Panel A 

shows that the anti-TTR antibody (DAKO,linked to Dynabeads) pulls down complexes that 

had been cross-linked intracellularly by the membrane permeable cross-linker DSP. The 

complexes contained TTR, CTF, APP proteins only from the 7PA2 cells expressing 

APPVal717Phe transfected with the pcDNA-TTR construct, not from cells transfected with the 
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control LacZ construct. Similar results were seen in 7WD10 cells which express wt AβPP 

(not shown). Panel B shows the lysate from which the immunoprecipitates were prepared.
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Figure 4. Digitonin fractionation of 7PA2 cells transfected with a human TTR containing 
plasmid (A) or the pLacZ control plasmid (B)
7PA2 cells expressing and processing the AD-associated APPVal717Phe variant transfected 

with the pcDNA-TTR and expressing wt huTTR were extracted with increasing 

concentrations of digitonin. Antibodies specific for the proteins identified on the left (see 

methods for specific antibodies) were used to develop western blots of the digitionin 

solubilized (supernatant) and insoluble fractions (pellet) as indicated. The supernatant 

fractions from cells treated with digitonin 0.005–0.1 % represent cytoplasmic extracts. 0.05–

0.1 % represents cytoplasm and ER extracts. 0.25 % digitonin solubilizes membrane-
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containing structures including the cytoplasm, ER and vesicles. Actin is a primarily 

cytoplasmic marker. BiP is a predominantly ER compartment marker. It is clear that APP, 

CTF and pCTF (T668 phosphorylated CTF) are all found in the membrane-containing 

fractions of each preparation. APP and pCTF (detected with antibody C1/61) are found only 

in the 0.25% digitonin fractions. The two bands stained with the anti-TTR serum identified 

by the arrows represent the protein with (upper band) and without (lower band) the leader 

sequence. The experiment was repeated three times. The data suggest that in the TTR 

transfected over-expressing cells both processed and unprocessed (retaining its “leader” 

sequence) TTR are retrotranslocated to the cytoplasm. The small proportion of BiP in the 

cytoplasmic fraction may represent ER damage but the relative amount of unprocessed TTR 

in the low digitionin fractions is much greater indicating active retrotranslocation of TTR 

rather than ER leakage. The distributions of the phosphorylated and unphosphorylated forms 

of the APP-related molecules were the same in control pLacZ transfected 7PA2 cells 

(without TTR) panel B.
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Figure 5. CHO cells expressing APP, i.e. 7PA2 (APPVal717Phe), 7WD10 (wt APP), and SH-SY5Y 
cells transfected with pcDNA-LacZ and pcDNA-TTR
Panel A shows that the amount of Aβ protein as determined by ELISA is reduced in all the 

cell lines that also express human TTR. Panel B shows that while the amount of Aβ released 

into the media by the TTR-transfected 7PA2 cells was diminished, the amounts of Aβ in the 

cell lysates were similar in the presence and absence of TTR. The experiments with the 

7PA2 and 7WD10 cells were repeated three times. The SH-SY5Y experiment was done only 

once. Panel C shows that the amounts of secreted sAPPβ (the product of BACE cleavage of 

Li et al. Page 21

J Alzheimers Dis. Author manuscript; available in PMC 2016 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AβPP) were similar, suggesting that the effects of TTR were downstream of the generation 

of sAPPβ and C99 by BACE1.
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Figure 6. Differences in CTF Phosphorylation in 7PA2 cells transfected with either pcDNA-TTR 
or pcDNA-LacZ
Lanes 1 and 2 are from 7PA2 cells transfected with pcDNA-LacZ construct while 3 and 4 

are from pcDNA-TTR transfectants. The calculated proportions of phosphorylated T668 in 

the treated cells are shown in Table 1.

Li et al. Page 23

J Alzheimers Dis. Author manuscript; available in PMC 2016 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Comparison of relative amounts of phosphorylated CTF in SH-SY5Y cells transfected 
with pcDNA-TTR and pcDNA-LacZ in the presence of the gamma secretase inhibitor DAPT
Panel A. Western blots of SH-SY5Y human neuroblastoma cells transfected with either 

pcDNA-LacZ or pcDNA-TTR and probed with antibodies for AβPP (C1/61), TTR and 

phosphorylated T668. Panel B shows the quantitation, i.e. indicating a significantly lower 

degree of phosphorylation in cells transfected with the TTR-encoding plasmid. (*) indicates 

that the difference is significant with a p value of 0.05.
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Figure 8. Western blots of extracts of brains from 13 month old male APP23 mice compared with 
those from age and gender matched APP23 mice over-expressing wild type human TTR 
developed with antibodies specific for AβPP peptides (C1/61) and phosphorylated T668
Western blots of brain extracts from age and gender matched transgenic mice expressing a 

human AD-associated Swedish APP mutation in the presence and absence of an over-

expressed human TTR gene. The westerns were repeated three times with the results the 

same on each gel. For quantitation the proteins in each sample were normalized to the actin 

concentration. The relative proportion of each molecular species is quantified in Table 2.
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Figure 9. Model of the Interaction between transthyretin and the AβPP C99 fragment
Model of the Interaction between transthyretin and the AβPP C99 fragment depicting the 

site of interaction in the thyroxine binding pocket region of TTR.
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Table 1

Relative amounts of phosphorylated CTF and APP in 7PA2 Cells transfected with human TTR encoding and 

LacZ containing plasmids (Fig. 6)

7PA2 C99 pC99 pAPP APP

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D.

pCDNA-TTR 42.2±2.3 0.44±0.04 2.06±0.45 47.3±6.5

pcDNA-lacZ 46.6±1.9 0.69±0.11 1.97±0.15 47.9±2.9

p-value 0.04 0.01 0.75 0.90
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Table 2

Quantitation of phosphorylated and unphosphorylated APP and C99 in brain extracts of age and gender 

matched APP23 and hTTR/APP23 mice (Fig. 8)

Strain pC99 C99 pAPP APP

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D.

APP/hTTR 4.3 ± 1.0 8.9 ± 2.9 7.2 ± 1.1 17.3 ±1.1

APP 7.4 ± 3.5 17.1 ±8.7 9.7 ± 1.4 29.1 ±4.1

p-value 0.09 0.08 0.01 0.0002
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Table 3

Ligand Binding in the Thyroxine-binding Pocket of Transthyretin (TTR)

Property Small Molecules Proteins

Molecule Thyroxine (T4) Tafamidis Aβ1-40/42 C99

Kd 15nM 2nM 24µM 85µM

Stoichiometry 1–2 1–2 1 1

TTR binding
site

K15, L17,
T106, A109,
L110, T119,

S117

K15, L17,
E54, T106,

A109, L110,
S117, T119

K15, L17, A109,
L110, A120,

V121,V122,M13,V16,
A19, N27

L12, M13,
V14, V16,
R104, v123
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