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SUMMARY

Events at a receptor ectodomain affect the intracellular domain conformation, acti-
vating signal transduction (out-to-in conformational effects). We investigated the
reverse direction (in-to-out) where the intracellular domain may impact on ectodo-
main conformation. The primary sequences of naturally occurring TrkC receptor iso-
forms (TrkC-FL and TrkC.T1) only differ at the intracellular domain. However, owing
to their differential association with Protein Disulfide Isomerase the isoforms have
different disulfide bonding and conformations at the ectodomain. Conformations
were exploited to develop artificial ligands, mAbs, and small molecules, with iso-
form-specific binding and biased activation. Consistent, the physiological ligands
NT-3 and PTP-sigma bind both isoforms, but NT-3 activates all signaling pathways,
whereas PTP-sigma activates biased signals. Our data support an ‘‘in-to-out’’ model
controlling receptor ectodomain conformation, a strategy that enables heteroge-
neity in receptors, ligands, and bioactivity. These concepts may be extended to
the many wild-type or oncogenic receptors with known isoforms.

INTRODUCTION

The TrkC receptor is a key player in the development, selection, maintenance, health, phenotype, and

function of motor neurons, vascular endothelium, and other cell types (Saragovi et al., 2009; Segal, 2003;

Sendtner et al., 1996; Youn et al., 2003). The trkC gene can generate, through alternative splicing, mRNAs

encoding for several isoforms (Tsoulfas et al., 1993). The full-length TrkC (TrkC-FL) protein intracellular

domain has a tyrosine kinase catalytic domain, whereas the truncated TrkC.T1 protein lacks the kinase

and most of the intracellular domain but gains a new exonic sequence (Figure 1A). The trkCmRNA splicing

event changes the primary sequence of the intracellular domain, but the juxtamembrane, the transmem-

brane, and the ectodomain primary sequences remain identical (Esteban et al., 2006). Both TrkC-FL and

TrkC.T1 are naturally occurring, but their expression patterns differ in health and in disease, and more

importantly the isoforms transduce opposite signals.

TrkC-FL is expressed throughout life, and the tyrosine kinase signals are key to maintaining motor neuron

health, phenotype, and function (Deinhardt and Chao, 2014). TrkC.T1 is expressed embryonically and plays

a role in development (Palko et al., 1999; Tessarollo et al., 1997). TrkC.T1 remains expressed in some

healthy adult tissues, although generally at lower levels than TrkC-FL (Bai et al., 2010; Esteban et al.,

2006). In healthy adult spinal cord and retina TrkC.T1 expression is very low, but in neurodegenerative dis-

eases that affect these tissues the expression is significantly upregulated, at early stages of pathology (e.g.,

ALS, glaucoma, retinitis pigmentosa). TrkC.T1 plays a deleterious role by stimulating overproduction of

TNF-a to neurotoxic levels, thus contributing to disease onset and progression (Bai et al., 2010; Brahimi

et al., 2016; Dorsey et al., 2006; Galan et al., 2017; Yanpallewar et al., 2012).

The primary amino acid sequence of TrkC-FL and TrkC.T1 ectodomains are identical, and both isoforms are

bound by the same physiological ligands: the soluble growth factor NT-3 and the ectodomain of PTP-sigma

expressed in an adjoining cell and binding in a heterotypic fashion. These ligands bind at non-overlapping

receptor sites (D4-D5 and D1-D2 domains, respectively) and do not compete with each other (Coles et al.,

2014; Takahashi et al., 2011). Similar high-affinity binding of NT-3 and PTP-sigma to the TrkC isoforms

suggests highly conserved binding pockets.
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However, there are differences in how ligands can activate the isoforms. NT-3 activates the TrkC-FL kinase

with sustained kinetics, to signal via pErk and pAkt, to promote cell survival and differentiation and acti-

vates TrkC.T1 via Arf6/Rac1 (Esteban et al., 2006) and pErk (Bai et al., 2010) to promote TNF-a production

to neurotoxic levels (Brahimi et al., 2016; Galan et al., 2017). In contrast, PTP-sigma binding causes synaptic

reorganization equally well through either isoform, and this function is independent of an intracellular

domain or any known direct signal transduction (i.e., TrkC without any intracellular domain also promotes

synaptic reorganization) (Coles et al., 2014; Takahashi et al., 2011). PTP-sigma has no other ascribed func-

tion via TrkC, and no cell survival or neuronal differentiation has been reported.

Thus, we hypothesized that NT-3 and PTP-sigma may activate other signals via each TrkC isoform and

predicted that biased signals may be identified, binding TrkC with isoform target selectivity. Ligands

with isoform selectivity would be desirable in neurodegenerative diseases to selectively activate TrkC-FL

neuroprotection and to selectively inhibit TrkC.T1 neurotoxicity (Saragovi et al., 2019). However, designing

or screening agents with isoform selectivity is challenging given the conserved primary sequences and con-

servation of the binding pockets of the natural ligands.

Here, we report the development of monoclonal antibodies (mAbs) and small molecules as artificial ligands

that are isoform selective and act as biased agonists to activate in full certain signals. Using these chemical

tools, we show that TrkC-FL and TrkC.T1 ectodomains have different conformations. We also demonstrate

a mechanism that explains the different conformations or folding in the isoforms. TrkC.T1 associates with

Figure 1. Binding of Isoform-Specific mAbs

(A) Schematic representation of the full-length TrkC (TrkC-FL) and truncated TrkC.T1 receptors. ECD, extracellular domain; TM, transmembrane domain; JM,

intracellular juxtamembrane domain. MAbs binding to the ECD of both isoforms (red), the ECD of TrkC-FL only (green) or the ECD of TrkC.T1 only (blue), or

the ICD of TrkC.T1 only (blue) are shown.

(B) Immunohistochemistry studies of wild-type or stably transfectedNIH cells. Fluorescent microscopy shows that themAb 1E11 bind to TrkC.T1 (green), and

not to TrkC-FL expressing cells or to wild-type cells not expressing any TrkC isoform. Blue is nuclear staining using DAPI. Assays were repeated at least in

three independent experiments, each in duplicate. Scale bar, 7 mm.

(C) Cell surface receptors were studied by flow cytometry of live wild-type or stably transfected HEK293cells, without permeabilization. MAbs 2F5 and 3G5

bind to both TrkC-FL and TrkC.T1, mAb 2B7 binds only to TrkC-FL, and mAb 1E11 binds only to TrkC.T1. Mouse IgG primary (red lines) is the background

negative control. Assays were repeated at least in four independent experiments.
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protein disulfide isomerase (PDI), an enzyme that catalyzes different ectodomain disulfide bonding in

TrkC.T1 compared with TrkC-FL.

The two different ectodomain conformations of TrkC-FL and TrkC.T1 are present in vivo, prompting the

concept that the natural ligands NT-3 and PTP-sigma may functionally distinguish between these receptor

conformations. NT-3 was confirmed as a full agonist for TrkC-FL (sustained kinetics, leading to survival and

differentiation), whereas PTP-sigma acting via TrkC-FL is a biased agonist that transiently activates pErk1,2-

mediated survival, without activating pAkt or cell differentiation. Moreover, NT-3 is an agonist of TrkC.T1-

mediated promotion of TNF-a, whereas PTP-sigma does not activate this signal. This validates the concept

that natural ligands binding either isoform can be functionally biased, a finding that is consistent with and

validates physiologically the finding of artificial ligands (mAbs and small molecules) with biased function.

Together, the data support the concept that changes in the intracellular domain could affect the ectodo-

main conformation (‘‘in-to-out’’ effects). This concept expands, in symmetric analogy, the established

concept that ligand binding, or mutations, or protein-protein interactions at the ectodomain can affect

the intracellular domain (‘‘out-to-in’’ effects) (Changeux and Christopoulos, 2016; Dawson et al., 2005; Edel-

stein and Changeux, 2016; Lemmon et al., 2014). This in-to-out model may be expanded to other naturally

occurring receptor isoforms or oncogenic receptors andmay be used to identify isoform-selective naturally

occurring or artificial biased functional ligands.

RESULTS

Ectodomain-Binding TrkC-FL-Specific or TrkC.T1-Specific mAbs

We reported a mAb 2B7 that binds selectively to the TrkC-FL ectodomain but binds poorly to the TrkC.T1

ectodomain (Brahimi et al., 2016). To study the molecular basis for binding selectivity, we generated addi-

tional mAbs that are selective for each isoform or for all isoforms (data are summarized in Figure 1A).

Immunohistochemistry (Figure 1B) and flow cytometry (Figure 1C) studies show that mAb 1E11 is preferen-

tially selective for the TrkC.T1 ectodomain. The same results were obtained using the 2G5 mAb (data not

shown). MAbs 2F5 and 3G5 are pan-TrkC mAbs and bind to both TrkC.T1 and TrkC-FL ectodomains and

control for receptor expression (Figure 1C).

The mAb 2B7 epitope is at the linker region between D5 domain and the transmembrane domain, adjacent

to D5 (Guillemard et al., 2010), the domain where NT-3 binds (Urfer et al., 1998). NT-3 (Kd 50 pM) blocks the

binding of mAb 2B7 (Kd 2 nM) to TrkC-FL, but mAb 2B7 does not block the binding of NT-3 (Guillemard

et al., 2010) (Szobota et al., 2019). NT-3 does not block binding of mAbs 1E11 and 2G5 to the TrkC.T1 ec-

todomain and does not block the binding of mAbs 2F5 and 3G5 to TrkC.T1 or TrkC-FL ectodomains.

These data indicate that it is possible to generate several mAbs that are isoform selective either for TrkC-FL

or for TrkC.T1 ectodomains, even though the isoforms have the same primary sequence. In contrast, NT-3

binds to both receptor isoforms.

Other mAbs specific to the TrkC.T1 neoepitope intracellular domain (mAbs 1B2 and 2B6) (Figure S1) were

made and used as further controls for TrkC.T1 expression. To evaluate the specific binding of the mAbs

in vivo, spinal cord tissues where both TrkC isoforms are expressed were studied. Neurons express

TrkC-FL but do not express TrkC.T1. Activated glia express TrkC.T1 mRNA at the onset of neurodegener-

ative diseases such as amyotrophic lateral sclerosis (ALS) (Brahimi et al., 2016), glaucoma (Bai et al., 2010),

and retinitis pigmentosa (Galan et al., 2017). The TrkC.T1-specific mAbs were used to study protein expres-

sion in wild-type versus the SOD1 G93A mouse model of ALS in spinal cords in vivo.

In healthy mice there was low expression of TrkC.T1, but the protein was significantly increased in SOD1

G93A mice at the onset of ALS, co-localizing with GFAP+-activated glia and astrocytes. TrkC.T1 protein

expression data are consistent with reports that TrkC.T1 mRNA expression in glia is associated with disease

progression (Bai et al., 2010; Brahimi et al., 2016; Dorsey et al., 2006; Galan et al., 2017; Yanpallewar et al.,

2012). These data demonstrate that the conformationally different ectodomains are present in tissue in vivo

and further confirm the selectivity of mAb 1E11 (TrkC.T1 ectodomain binding) andmAb 1B2 (binding to the

spliced-in neoepitope of the TrkC.T1 intracellular domain) (Figure S1).
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Cysteine Modifications as the Basis for Ectodomain Conformational Differences and mAb

Binding Specificity

The binding specificity of mAbs binding to TrkC ectodomains bearing identical primary sequence suggests

differences in the ectodomain conformation. The presence of the full-length intracellular domain in TrkC-

FL, the absence of most intracellular sequences in TrkC.T1, or the gain of the intracellular neoepitope in

TrkC.T1 may be responsible.

We hypothesized that one possible conformational difference in the ectodomain may be at the disulfide

bonds. Disulfide bonding is ultimately regulated by the entropy of the protein, and the distance of Cys res-

idues, but alternate disulfide bonds can also form as intermediates during the folding process. In addition,

endoplasmic reticulum (ER) enzymes such as PDI can break and reorganize disulfide bonding, until the final

thermodynamically driven disulfide bonding configuration is achieved (Braakman and Hebert, 2013; Wallis

and Freedman, 2013). ER transit time influences the ability of PDI to carry out disulfide reorganization of

client proteins (Matsusaki et al., 2020).

We evaluated ER retention/export sequences (Geva and Schuldiner, 2014; Lee et al., 2004; Michelsen et al.,

2005) in the intracellular domains of TrkC-FL and TrkC.T1 to potentially account for different ER transit

times leading to different PDI interactions. The intracellular domain of TrkC-FL has seven ER export motifs

and two ER retention motifs. The intracellular domain of TrkC.T1 has four ER retention motifs. An engi-

neered construct deleting the whole intracellular domain (TrkC-D-ICD) has no intracellular ER retention/

export motifs and serves as control (Figure S2).

From sequence analyses the prediction is that both TrkC-FL and TrkC-D-ICD transit rapidly through the ER

and would have weak PDI associations, whereas TrkC.T1 transits more slowly through the ER and would

have stronger PDI associations. This would result in TrkC-FL and TrkC-D-ICD adopting an intermediate di-

sulfide bond pattern determined by kinetics, whereas TrkC.T1 would adopt a native thermodynamically

driven PDI-mediated disulfide bond pattern and a different conformation (Kozlov et al., 2010b).

To evaluate this prediction, co-immunoprecipitations quantified the association of each TrkC isoform with

PDI. TrkCT1, TrkC-FL, or TrkC-D-ICD was immunoprecipitated with anti-pan-TrkC (recognizing all iso-

forms), and samples were studied by western blotting using two different anti-PDI mAbs or two different

anti-pan-TrkC mAbs (Figures 2A–2D).

PDI and TrkC.T1 are associated at a high ratio or at high stoichiometry, whereas PDI is associated with TrkC-

FL or with TrkC-D-ICD at a significantly lower level (Figure 2A). When standardized to the total TrkC loaded

in each lane, TrkC.T1 has a 4-to 6-fold higher associated PDI than the other two isoforms (Figure 2B).

Analyses of the samples under non-reducing conditions demonstrate that the majority of the PDI,TrkC.T1

is detected as a complex, at a mass above 245 kDa (Figure 2C left panel). This is consistent with the reaction

mechanism of PDI (Kozlov et al., 2010a) in which it forms transient disulfide bonds with substrates (Braak-

man and Hebert, 2013). A minority of the associated PDI,TrkC.T1 is non-covalent or of low stoichiometry,

and a ladder of free PDI protein is also detected (Figure 2C right panel).

In contrast, PDI,TrkC-FL and PDI,TrkC-D-ICD association is mostly non-covalent; these TrkC isoforms are

detected in their free state under non-reducing conditions. Very low levels of PDI,TrkC-FL and PDI,TrkC-D-

ICD are detected as a stable complex, at a mass above 245 kDa (Figure 2C left panel). TheMr heterogeneity

of the TrkC isoforms is expected from their different intracellular domain mass (Figures 2A and 2C).

Consistent with our predictions that TrkC-FL and the TrkC-D-ICD isoforms share a related conformation,

mAb 2B7 binds to both TrkC-FL and TrkC-D-ICD but less efficiently to TrkC.T1. These data suggest and

that TrkC.T1 conformation is different from that of TrkC-FL and TrkC-D-ICD.

To evaluate this concept, we tested whether mAb 2B7 binding is sensitive to mild reducing agents. In flow

cytometry assays using live cells, mild reduction of TrkC.T1 results in gain of mAb 2B7 binding at the cell

surface (Figure 2D). This shows that breaking at least some of the disulfide bonds in TrkC.T1 unmasks the

2B7 epitope and supports the view that TrkC.T1 has a different disulfide configuration. Western blot ana-

lyses support a similar conclusion, as mild reduction of TrkC.T1 (without full denaturation of the sample)
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results in increasedmAb 2B7 binding to TrkC.T1 (Figure 2E). The flow cytometry and western blot assays are

consistent in that mild reduction significantly enhances mAb 2B7 binding to TrkC.T1.

Conformational Differences in the Ectodomains of the Isoforms

Immunoprecipitations of TrkC isoforms (using a pan-TrkC mAb) were subjected to trypsin peptide map-

ping and studied by liquid chromatography-mass spectrometry (LC/MS). The same samples were studied

under reducing and non-reducing conditions, to detect tryptic fragments that remain paired under non-

reducing conditions. The datasets were analyzed using bioinformatic tools (Scaffold 4.8.9).

The peptide maps for the TrkC-FL and TrkC-D-ICD isoforms are similar, suggesting a similar conformation.

TrkC-FL and TrkC-D-ICD isoforms displayed a variety of intra-chain disulfide bonds. However, their map

differs significantly from the map of the TrkC.T1 isoform (Figure 3). Notably, after digestion TrkC.T1 is

Figure 2. TrkC Isoforms Have Different Disulfide Bonding and Association with PDI

All assays were repeated at least in three independent experiments.

(A) Co-immunoprecipitation of PDI with TrkCT1 or TrkC-FL or TrkC-D-ICD HEK293 lysates. Immunoprecipitations using a

pan-TrkC antibody were resolved by SDS-PAGE under reducing conditions, and membranes were immunoblotted with

anti-pan-TrkC (C44H5) or with anti-PDI mAbs (results were replicated using two different anti-PDI mAbs). The different Mr

of each TrkC isoform is due to the length of the ICDs. Heterogeneity is due to glycosylation. Left panel, same cell lysate

equivalents loaded. Right panel, same TrkC levels loaded.

(B) Quantification of PDI/TrkC ratios. TrkC.T1 associates with PDI at a high ratio or stoichiometry, approximately four

times higher than the other isoforms. Data are mean G standard deviation.

(C) TrkC immunoprecipitates were resolved in non-reduced SDS-PAGE and immunoblotted with a pan-TrkC antibody or

anti-PDI mAbs. Almost all the TrkC.T1 is in a high-molecular-weight complex co-migrating with PDI.

(D) Flow cytometry show that TrkC-FL-specific 2B7 mAb does not bind to cell surface TrkC.T1 (top), but cell surface

TrkC.T1 binding is gained (bottom) after exposing live cells to mild reduction.

(E) Western blots of whole-cell lysate samples show that TrkC-FL-specific 2B7 mAb does not bind to non-reduced TrkC.T1

(NR), but binding is gained after mild reduction of cell lysates.
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the only isoform where homodimer fragments are detected (LTTLSWQLFQTLSLR fragment), under non-

reducing conditions, although they contain no cysteines. This suggests that in TrkC.T1 the fragments

remain aggregated. These data indicate that the conformation of the TrkC-FL and TrkC-D-ICD isoforms

is different from that of TrkC.T1 and that the disulfide bonds are different.

Overall, the data in Figures 2 and 3 confirm that each TrkC isoform has a distinct conformation, disulfide

bonding, and PDI association and indicate that splicing of the intracellular domain can cause conforma-

tional differences at the ectodomain. The data in Figure 1 support this conclusion. Although the receptor

isoforms have an identical primary amino acid sequence, and the natural ligand NT-3 does not discriminate

between isoforms, structural differences may be exploited to generate isoform-selective ligands.

Ectodomain-Binding Isoform-Specific mAbs Can Be Agonistic

Next, we tested the isoform-specific mAb ligands for activation of signal transduction in assays quantifying

cell survival and differentiation (TrkC-FL function) and stimulation of TNF-a production (TrkC.T1 function)

(Brahimi et al., 2016). NT-3 is a non-discriminating agonist of both isoforms and serves as positive control.

NT-3 activates cell survival and cell differentiation. MAb 2B7 activates TrkC-FL to promote cell survival with

maximal efficacy similar to NT-3 (Figure 4A) but does not promote cellular differentiation (Guillemard et al.,

2010). Therefore, mAb 2B7 is a biased agonist for TrkC-FL isoforms. In addition, mAb 2B7 does not activate

TrkC.T1 and does not induce TNF-a (Figure 4B) (as expected because it does not bind cell surface TrkC.T1).

In sum, mAb 2B7 is a TrkC-FL-specific agonist biased to cell survival and it is more receptor specific than

NT-3 because it does not bind to TrkC.T1 (Brahimi et al., 2016) or p75NTR (Guillemard et al., 2010).

MAb 2F5 binds to both TrkC-FL and to TrkC.T1 and functionally is an agonist for both isoforms. MAb 2F5

promotes limited cell survival with significantly lower efficacy than NT-3 (Figure 4A) but promotes TNF-a

production to levels similar to NT-3 (Figure 4B). The effective molar concentration for mAb 2F5 is the

same for each isoform, indicating equivalent potency. However, relative to NT-3, mAb 2F5 activates the

Figure 3. TrkC Isoforms Have Different Disulfide-Bonding Patterns

HEK293 lysates expressing TrkC isoforms were immunoprecipitated using a pan-TrkC mAb and the proteins were

digested with trypsin. Samples were studied by LC/MS, with half of each sample first subjected to reduction/alkylation of

S-S bonds (half of each sample was not). Red letters: peptides detected under reducing conditions only. Blue letters:

peptides detected under both reducing and non-reducing conditions. Dashed vertical lines: trypsin cut sites. Cysteines

are underlined in gray. The fragmentation patterns of TrkC-FL and TrkC-D-ICD are highly related and very different from

the fragmentation pattern of TrkC.T1.
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TrkC.T1 isoform with higher efficacy. MAb 3G5 also binds to both TrkC-FL and TrkC.T1 and promotes

limited cell survival via TrkC-FL, without promoting TNF-a production via TrkC.T1. Hence the mAbs can

be partial agonists and they can activate the isoforms asymmetrically in spite of comparable binding to

both isoforms.

MAb 1E11 is TrkC.T1 specific and activates TrkC.T1 with high efficacy, inducing TNF-a production to levels

similar to control NT-3 or control LPS (Figure 4B). Silencing TrkC.T1 mRNA expression (using pLKO-1 viral

vectors expressing shRNA (Brahimi et al., 2016) prevents TNF-a induction by mAb 1E11 and by NT-3 but

does not prevent TNF-a induction by LPS control (Figure S3). These data demonstrate that TNF-a produc-

tion is dependent on TrkC.T1 expression and is ligand dependent. In cellular controls, the TrkC.T1-specific

mAb 1E11 does not promote cell survival through TrkC-FL (Figure 4A), as expected because it does not

bind this isoform. Hence mAb 1E11 is a TrkC.T1-specific agonist.

Ectodomain-Binding Isoform-Specific Small Molecules Can Be Agonistic

To expand the proof of concept of isoform-selective agonistic ligands, we studied small molecules (3Aa

and 1Aa) and their labeled analogs (3Aa-FITC and 1Aa-FITC, containing a fluorescein label). We previously

reported in quantitative flow cytometry assays that 3Aa and 1Aa are ligands binding to the TrkC-FL ecto-

domain. Small molecule TrkC ligands had not been evaluated for isoform specificity, because at the time

the concept of different isoform structures and differential ligand binding had not been rationalized.

Here, we demonstrate isoform specificity by small molecule TrkC ligands 3Aa and 1Aa, in terms of receptor

binding (Figures 5A and 5B) and in terms of receptor activation (Figures 5C–5E).

In immunohistochemistry assays (Figure 5A) and inquantitative flow cytometry assays (Figure 5B)3Aa-FITCbinds

to cells expressing TrkC-FL but it does not bind to cells expressing TrkC.T1 above the background of control

wild-type cells not expressing any TrkC isoforms. Previous work showed that 3Aa-FITC does not bind to other

Trk-receptor family members (Zaccaro et al., 2005); hence, 3Aa binds with TrkC-FL isoform specificity, and such

selectivity is remarkable for a small molecule. In contrast, 1Aa-FITC binds to both TrkC isoforms (Table 1).

Biological assays evaluated cell differentiation and cell survival signals in TrkC-FL-expressing cells. Treat-

ment with 3Aa and 1Aa induces significant cellular differentiation to levels comparable with NT-3 (Fig-

ure 5C), but with lower potency (10–50 mM for small molecules versus 0.2–2 nM for NT-3). 3Aa and 1Aa

also promote low but significant survival compared with untreated control cultures (Figure 5D) as reported

Figure 4. Isoform-Selective mAb Ligands Have Isoform-Selective Bioactivity

All assays were repeated at least in three independent experiments, each in triplicate. Dose-responses not shown, for

simplicity (for further information see Figure S5). Data are meanG standard deviation. One symbol p < 0.05, two symbols

p < 0.01, three symbols p < 0.001.

(A) HEK293 cells expressing TrkC-FL receptors were cultured in serum-free media (to induce death) and were

supplemented with the indicated ligands (40 nM for mAbs, 2 nM for NT-3). Cell survival was determined after 72 h by MTT

colorimetric assays (similar results were obtained after 48 h, not shown). Untreated (vehicle) and mouse IgG are controls

(0% survival), NT-3 at the optimal 2 nM dose is set to 100% survival. The symbol # shows significance versus mouse IgG

control. The symbol * shows significance versus NT-3 positive control. MAb 2B7 significantly promotes cell survival, to

levels similar to NT-3. MAbs 2F5 and 3G5 also promote cell survival but to a lower degree thanNT-3. MAbs 2G5, and 1E11

do not promote cell survival and are not different from mouse IgG control (one-way ANOVA with Tukey-Kramer multiple

comparisons).

(B) TNF-a mRNA quantified by quantitative real-time PCR after 6 h of treatment in glial rMC-1-TrkC.T1. The values were

standardized to the vehicle control (untreated, set to 1). NT-3 (2 nM) and LPS (1 mg/mL) are positive controls. MAbs (at

40 nM) 2F5 and 1E11 significantly increase TNF-a mRNA levels (*p < 0.05 versus untreated or mouse IgG controls). The

mAbs 2B7, 3G5, and 2G5 do not increase TNF-a and are not different from untreated or mouse IgG controls (two-tailed t

test).
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(Zaccaro et al., 2005). In addition, 3Aa and 1Aa potentiate the action of 0.1 nM NT-3 (***p < 0.001 signif-

icance versus each ligand alone).

In sum, 3Aa and 1Aa are TrkC-FL partial agonist small molecules with biased signaling. They promote TrkC-

FL function of cell survival with low efficacy and TrkC-FL function of cellular differentiation with good effi-

cacy. However, their potency is low and activity requires relatively high concentrations.

The small molecules were then evaluated for TrkC.T1 signaling. Biological assays show that 3Aa does not

activate TrkC.T1, as expected, since 3Aa does not bind to TrkC.T1. On the other hand, 1Aa activates

Figure 5. Binding and Bioactivity of Isoform-Specific Small Molecule Ligands

All assays were repeated at least in three independent experiments, each in triplicate. Data are mean G standard

deviation. Symbols indicate significance ***p < 0.001, **p < 0.01, *p < 0.05 (two-tailed t test). The binding and bioassays

shown for 3Aa and 1Aa are at 10 mM (as per Zaccaro et al., 2005). Optimal NT-3 is 2 nM, and 0.1 nMNT-3 is suboptimal (for

dose-dependent bioassay data see Figure S5).

(A) Binding assays by immunohistochemistry in HEK293 cells. Merged DAPI and FITC channels are shown. The bottom

panels show a higher magnification of the top panel areas within the white rectangles. Scale bar, 7 mm. Fluorescein-

conjugated 3Aa (3Aa-FITC) binds predominantly to TrkC-FL and binding is lower or undetectable to TrkC.T1.

(B) Binding assays by quantitative flow cytometry. Ligand binding to the cell surface, using live, non-permeabilized

HEK293 cells. 3Aa-FITC binds to TrkC-FL.

(C) Biological assays of cell differentiation via TrkC-FL. 3Aa and 1Aa induce differentiation of nnr5-TrkC-FL cells, to levels

similar as 2 nMNT-3 control. Differentiation was determined as percentage of cells with neurites (defined as length >2 cell

bodies). Significance shown is versus untreated.

(D) Biological assays of cell survival via TrkC-FL. 3Aa and 1Aa promote the survival of HEK293-TrkC-FL cells induced to die

by culture in serum-free media. Data are standardized to 2 nM NT-3 100% survival, and untreated 0% survival. 3Aa and

1Aa can potentiate the suboptimal action of 0.1 nM NT-3 (***p < 0.001 significance versus 0.1 nM NT-3 control). For

simplicity, some statistics are not shown in the graph: (i) all agents are significant versus untreated, (ii) the survival

promoted by 3Aa and 1Aa is not different from suboptimal 0.1 nM NT-3 but is significantly lower than optimal 2 nM NT-3.

Structures of 3Aa and 1Aa are shown.

(E) Biological assays of TNF-a induction via TrkC.T1. 1Aa induces TNF-a mRNA, similar to controls NT-3 (2 nM) or LPS

(1 mg/mL). In contrast, 3Aa does not induce TNF-amRNA, as expected since it does not bind efficiently to TrkC.T1 (see A

and B).
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TrkC.T1 to induce TNF-a production to levels comparable with that of control NT-3 (Figure 5E). Therefore,

functionally 3Aa is a TrkC-FL-specific agonist, whereas 1Aa is an agonist that is not isoform specific.

It is somewhat surprising that 3Aa and 1Aa have different isoform selectivity, because they have a

closely related chemical structure with the only difference being that one has an amine and the other

an ether in the ring (Figure 5D). Isoform selectivity and structure-activity relationship studies for >50

small molecule TrkC ligands (Brahimi et al., 2010; Chen et al., 2009; Zaccaro et al., 2005) will be reported

elsewhere.

Isoform binding and functional selectivity achieved with artificial ligands (mAbs and small molecules)

further supports the notion that there are structural differences in the receptors despite their invariant pri-

mary sequence. Structural differences suggest a refined control of receptor activation, which would seem

necessary to maintain normal physiology, especially given that the natural ligand NT-3 can activate both

isoforms.

ANon-neurotrophin Endogenous Ligand Functionally Interactswith TrkC Isoforms in a Biased

Manner

The ectodomain of PTP-sigma is reported to bind to TrkC-FL and TrkC.T1 and to promote synaptic reor-

ganization. Synaptic reorganization induced by PTP-sigma was mediated also by TrkC-D-ICD, indicating

that the effect is independent of any TrkC intracellular domain and of any reported TrkC-signal transduc-

tion (Coles et al., 2014; Takahashi et al., 2011).

Fold-Increase in Ligand Binding over Controls

Ligand TrkC-FL TrkC.T1

Not Isoform Selective

1 NT-3 9 7

2 2F5 mAb 7.2 7.4

3 3G5 mAb 3 4.4

4 1Aa 6 5

5 PTP-sigma 5 3.7

Selective TrkC-FL

6 2B7 mAb 16.3 –

7 3Aa 12 –

Selective TrkC.T1

8 1E11 mAb 1.3 11.5

9 2G5 mAb – 14

Table 1. Summary of TrkC Ligands Binding at the Ectodomain

Quantitative flow cytometry assays of ligand binding at the cell surface of cells stably transfected to express TrkC-FL or

TrkC.T1. The data are fold-increase in mean fluorescence intensity (average n R 3) over all controls. Controls used are

wild-type cells (untransfected), non-binding IgG, and labeled small molecule analogs that bind other targets. Data exempli-

fied in Figures 1C andCS4 and previous work (Zaccaro et al., 2005). Binding is done at ligand-saturation concentrations, under

conditions that yield low non-specific background staining, and high signal/noise ratios.

NT-3 binds to both isoforms. PTP-sigma binds to both isoforms. 2F5 and 3G5mAbs bind both isoforms. 1E11 and 2G5mAbs

bind selectively to TrkC.T1, and mAb 2B7 binds selectively to TrkC-FL. Small molecule 3Aa binds TrkC-FL (this paper and

Zaccaro et al., 2005) but does not bind to TrkC.T1. In contrast, small molecule 1Aa binds to TrkC-FL (this paper and Zaccaro

et al., 2005) and also to TrkC.T1. Not listed are mAbs 1B2 and 2B6 that bind selectively to the intracellular neoepitope of

TrkC.T1.

NT-3-biotin was detected using avidin-fluorescein secondary. 1Aa and 3Aa were directly labeled by conjugation with fluo-

rescein (1:1 fluorescein-per molecule). Mouse mAbs were detected using anti-mouse secondary. PTP-sigma was detected

using anti-human secondary. Differences in the absolute fluorescence intensity can be ascribed to the different number of

fluorescein conjugates and to different signal amplification and the stoichiometry of multiple secondary binding to a primary.
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Figure 6. Biased Agonism by a Non-Neurotrophin Endogenous Ligand of TrkC-FL, the Ectodomain of PTP-Sigma

PTP-sigma ectodomain binds to all TrkC isoforms (Figure S4) and was evaluated for bioactivity via TrkC-FL. Data are

standardized to 2 nM NT-3 = 100% survival, untreated = 0% survival.

(A) PTP-sigma promotes the survival of 293-TrkC-FL cells induced to die by culture in serum-free media. PTP-sigma (35 nM

optimal dose) is as effective as NT-3 (2 nM optimal dose), but dose-dependent studies show that in this biological

endpoint it is 20- to 50-fold less efficient than NT-3 (significance versus optimal NT-3. Data are mean G standard

deviation. Symbols indicate significance ***p < 0.001, **p < 0.01; two-tailed t test). Similar data were obtained using

NIH3T3-TrkC-FL cells.
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To understand the PTP-sigma signaling mechanisms, we evaluated binding and activation for each TrkC

isoform. In flow cytometry assays using live cells, the ectodomain of PTP-sigma ectodomain binds to all

cell surface TrkC isoforms (Figure S4) as reported by others (Coles et al., 2014; Takahashi et al., 2011).

Hence, PTP-sigma binding is impervious to the different conformation of each TrkC ectodomain. More-

over, PTP-sigma (Kd 9.3 G 1.2 nM) and NT-3 do not cross-compete each other’s binding (Coles et al.,

2014; Takahashi et al., 2011), and this is consistent with PTP-sigma binding at the D1/D2 domains (Coles

et al., 2014; Takahashi et al., 2011), whereas NT-3 binds at the D5 domain (Urfer et al., 1995, 1998).

In biological assays usingTrkC-FL-expressing cells stressedby culture in serum-freemedia, PTP-sigmapromotes

cell survival. In these assays, 35 nM PTP-sigma induces a maximal survival that is similar to optimal 2 nM NT-3

control. Although the efficacy of PTP-sigma is equal to NT-3, on a molar basis PTP-sigma is 20- to 50-fold less

potent than NT-3 (Figures 6A and S5). The efficacy and potency of PTP-sigma at promoting cell survival via

TrkC-FL is the same whether or not cells co-express the NT-3 co-receptor p75NTR (Figure 6B). However, PTP-

sigma acting through TrkC-FL does not promote cellular differentiation whatsoever (Figure 6C).

The biological endpoints triggered by PTP-sigma binding to TrkC-FL are associated with signal transduc-

tion that is biased to pErk1,2 (Figure 6D, quantified in 6E). Compared with NT-3, PTP-sigma activates

pErk1,2 signals to a maximal level that is not different from NT-3. However, the PTP-sigma signals are tran-

sient and last 5–7min, whereas NT-3 signals are sustained for hours (Guillemard et al., 2010; Ivanisevic et al.,

2003). Moreover, PTP-sigma also transiently activates pTrkC signals significantly over vehicle control, but to

a significantly lower degree than NT-3.

The kinetics of the biochemical signals induced by PTP-sigma in TrkC-FL-expressing cells are consistent

with promotion of survival without promotion of differentiation (Saragovi et al., 1998; Zhang et al., 2000).

Ligand-induced receptor internalization may be relevant to these biological signals (Saragovi et al.,

1998). The pErk-biased signal transduction of PTP-sigma is analogous to mAb 2B7 (Brahimi et al., 2016),

a ligand which also induces cell survival but not differentiation (Guillemard et al., 2010). However, there

are differences between PTP-sigma and mAb 2B7 in that the latter induces pErk-activation with sustained

kinetics, more similar to NT-3 kinetics.

In biological assays using TrkC.T1-expressing cells, PTP-sigma does not promote activation of pErk (Fig-

ure 7A) and does not promote TNF-a production (Figure 7B). In contrast, the positive control NT-3 activates

pErk and promotes TNF-a production as an agonist of TrkC.T1.

These biochemical and biological endpoints are dependent on TrkC.T1 expression, because silencing

TrkC.T1 prevents NT-3-induced pErk and TNF-a production (Figure S3). Consistent with this control, we

had previously reported that silencing TrkC.T1 expression or inhibiting TrkC.T1 activation prevents TNF-

a over-production and neurodegeneration in vivo (Galan et al., 2017).

Hence, PTP-sigma is not an agonist for the TrkC.T1-mediated endpoints of pErk activation (biochemical signals)

and promotion of TNF-a production (biological signals), even though it binds to this isoform. The identification

of a biased natural ligand PTP-sigma that functionally discriminates between TrkC isoforms provides a physio-

logical counterpart to the isoform-selective TrkC artificial ligands (mAbs and small molecules).

In sum, NT-3 binds both isoforms and is a full agonist for both isoforms, whereas PTP-sigma binds both isoforms

but functionally is a biased agonist in terms of receptor selectivity (only TrkC-FL activation) as well as in terms of

Figure 6. Continued

(B) PTP-sigma and NT-3 promote the survival of nnr5-TrkC-FL cells (a PC12 cell variant, expressing TrkC-FL and p75NTR).

The effect of PTP-sigma and NT-3 is dose dependent (significance versus optimal NT-3, ***p < 0.001; two-tailed t test).

(C) In spite of promoting survival signals, PTP-sigma binding does not promote any cell differentiation or neuritic

outgrowth in nnr5-TrkC-FL cells, whereas differentiation is clearly promoted by NT-3.

(D) Biochemical signals in HEK293-TrkC-FL cells (n = 3 independent assays). The PTP-sigma signal is transient and

decreases to baseline by 30min, whereas the NT-3 signal is sustained for hours. p-Erk1,2 is significantly stimulated by PTP-

sigma and is not statistically different from NT-3 at the 5-min time point.

(E) Quantification showing significance versus baseline (***p < 0.001, **p < 0.01, or *p < 0.05; one-way ANOVA with

Tukey-Kramer multiple comparisons). The pTrkC signal is also activated transiently at the 5-min time point, to a

significantly lower degree than NT-3 (#p < 0.05).
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biological endpoints (only survival is promoted). However, others have shown that PTP-sigmapromotes synaptic

reorganization equally well through either isoform, but this endpoint is independent of any TrkC-intracellular

domain and has no known TrkC-intracellular signals (Coles et al., 2014; Takahashi et al., 2011).

Together, the data indicate that the isoform ectodomain conformations are present in vivo (Figure S1), that

the isoforms are physiologically relevant, and that the endogenous ligands NT-3 and PTP-sigma do not

activate equally and functionally discriminate between isoforms. These concepts are further supported

by the discovery of artificial ligands whose binding and function also discriminate between isoforms.

A summary of binding data is shown in Table 1, and a summary of biological data is shown in Table 2. For all

ligands, dose-response curves of bioactivity were evaluated, and the effective concentrations (EC) were

Figure 7. The Ectodomain of PTP-sigma Does Not Activate Key Functions of TrkC.T1

PTP-sigma ectodomain binds to all TrkC isoforms (Figure S4) and was evaluated for TrkC.T1-mediated bioactivity in rMC-

TrkC.T1 cells (expressing TrkC.T1). Data are standardized to baseline untreated control or NT-3 positive control. Data are

mean G standard deviation. Symbols indicate significance, two-tailed t test.

(A) PTP-sigma does not induce pErk1,2 above vehicle control, whereas positive control NT-3 does. An example of a blot is

shown as inset. Quantification from three independent experiments, **p < 0.01 versus NT-3 control. NS, not significant.

(B) PTP-sigma does not induce TNF-amRNA above vehicle control. Positive control NT-3 induces TNF-amRNA, and this

is prevented by silencing TrkC.T1 expression (Figure S3). Another positive control, LPS (1 mg/mL), activates TNF-amRNA

production acting via TOLL-like receptors, and the LPS effect is not affected by silencing TrkC.T1 expression (Figure S3).

*p < 0.05 versus untreated control.
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determined. In the manuscript, for simplicity wemainly show the optimal ECs, which correspond to approx-

imately 2 nM NT-3, 40 nM for mAbs and PTP-sigma, and 10 mM for small molecules. MAb 2B7 and PTP-

sigma have a maximal efficacy that is comparable with that of NT-3, but they have lower potency (EC50

2 nM for 2B7 and 8 nM for PTP-sigma, versus EC50 0.2 nM for NT-3). MAb 2F5 has lower efficacy and po-

tency. Small molecules 3Aa and 1Aa have significantly lower potency and low efficacy. However, 3Aa

and 1Aa increase the efficacy of 0.1 nM NT-3, from 25% to 65% and 71%, respectively (Figure S5).

The different ectodomain structures of TrkC-FL and TrkC.T1 made it possible to discover isoform-selective

ligands (mAbs, small molecules, and PTP-sigma) that act as agonists, partial agonists, or biased agonists.

The ability of these endogenous or artificial ligands to discriminate binding and/or function takes place

despite identical primary ectodomain sequence in TrkC and despite the fact that NT-3 does not discrim-

inate between the naturally occurring receptor isoforms.

DISCUSSION

We report that changes in the intracellular domain primary sequence of a receptor can lead to changes in the

ectodomain secondary structure. This finding supports the concept of a bidirectional regulation of receptor

conformation: an ‘‘outside-to-inside’’ influence, and an ‘‘inside-to-outside’’ influence. This mechanism increases

the known means by which a single gene can generate receptor heterogeneity and signal heterogeneity. We

also report on the development of biologically active isoform-selective ligands, even though the primary amino

acid sequence of the isoforms is the same and they all bind the natural ligand NT-3.

Ligand TrkC-FL Activity TrkC.T1 Activity

Survival Different TNF-a mRNA

Not Isoform Selective

1 NT-3 100 100 100

2 2F5 mAb 22 N.S. 172

3 3G5 mAb N.S. N.S. N.S.

4 1Aa *71 78 64

Selective TrkC-FL

5 2B7 mAb 95 N.S. N.S.

6 3Aa *65 82 N.S.

7 PTP-sigma 105 N.S. N.S.

Selective TrkC.T1

8 1E11 mAb N.S. N.S. 236

9 2G5 mAb N.S. N.S. N.S.

Table 2. Functional Efficacy of TrkC Ligands Binding at the Ectodomain

Cell survival and differentiation are the endpoints for TrkC-FL agonism. The endpoints for TrkC.T1 agonism are pErk activa-

tion and promotion of TNF-a mRNA and protein. Efficacy and potency are relative to 2 nM NT-3 (set to 100%). All ligands

exhibit a dose-dependent pharmacological effect (e.g., Figures 6A and S5). The in vitro effective concentrations (EC) for

each ligand, depending on the assay, are at 0.5–2 nM for NT-3, 20–40 nM for mAbs and PTP-sigma, and 10–50 mM for small

molecules.

NT-3 agonizes all isoforms. PTP-sigma is a biased agonist of TrkC-FL and promotes cell survival but not cell differentiation.

PTP-sigma binds to TrkC.T1 but does not activate the TrkC.T1 endpoints studied here. However, PTP-sigma activates the

endpoint of synaptic reorganization via TrkC in a non-isoform selective manner and independent of known TrkC signals

(Coles et al., 2014; Takahashi et al., 2011). MAb 2F5 activates both TrkC isoforms (TrkC.T1 with better efficacy than TrkC-

FL). MAb 1E11 selectively activates TrkC.T1. MAb 2B7 selectively activates TrkC-FL as a biased agonist, promoting survival

but not differentiation (this paper and Guillemard et al., 2010). MAbs 2G5 and 3G5 are non-functional. Small molecules 3Aa

and 1Aa promote cell survival with low efficacy, and in survival assays they have high efficacy in combination with 0.1 nMNT-3

(*) above each single treatment (this paper and Zaccaro et al., 2005). As single treatment, small molecules 3Aa and 1Aa are

very efficient at inducing cellular differentiation. 3Aa does not activate TrkC.T1, but 1Aa does. Numbers shown are significant

(p % 0.05), N.S. means not-significant versus controls; two-tailed t test.
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Out-To-In versus In-To-Out Control of Receptor Conformation

The outside-to-inside conformational influence has beenwell studied. Ligand binding at the ectodomain of

a receptor can cause conformational changes in the transmembrane or the intracellular domains that are

required for protein-protein interaction and activation of signaling (Changeux and Christopoulos, 2016;

Dawson et al., 2005; Edelstein and Changeux, 2016; Lemmon et al., 2014). The outside-to-inside effect is

promoted by ligand binding, can be orthosteric or allosteric, and may be mirrored by receptor over-

expression or by receptor mutations inducing or stabilizing an activated transition state in the receptor.

These structural changes have to permeate the lipid bilayer to be reflected in the intracellular domain. The

process is highly regulated by the presence of co-receptors and accessory proteins on the same cell surface

(homotypic, acting in cis-form) or present in the extracellular matrix or in adjoining cell surfaces (heterotyp-

ic, acting in trans-form), including matrix proteins, lipids and glycolipids, regulators of membrane fluidity,

post-translational modifications, and many other factors (Bublil and Yarden, 2007).

In contrast, the inside-to-outside conformational influence has been less studied. For example, in

epidermal growth factor receptors (EGFR) oncogenic mutations or intracellular binding of tyrosine kinase

inhibitors can result in altered EGF binding affinity (Macdonald-Obermann and Pike, 2018), potentially

through changes in the aggregated state of the receptors or in the ectodomain conformation. Other ex-

amples include agents that distinguish between targets that have single amino acid changes, ‘‘smart

drugs’’ such as selective c-Src or c-Abl inhibitors (Shawver et al., 2002), or conformationally sensitive

mAbs that bind to G-coupled receptors (Heimann et al., 2017) or EGFR family members (Lee et al.,

2015), or mAbs and ligands that bind preferentially to homodimers or oligomers (Lemmon and Schles-

singer, 2010; Lemmon et al., 2014) or heterodimers (Sweeney et al., 2000). These reports differ from our

work because in those cases the receptors have an oncogenic mutation, are pre-activated or over-ex-

pressed, or bear the impact of allosteric mechanisms driven by receptor aggregation or by associated

co-receptors.

The inside-to-outside effect we report here is independent of ligand binding, independent of changes in

primary amino acid sequence or oncogenic transformation, and independent of overexpression or

activation. Rather, the effect is caused by alternative splicing of intracellular domains, a process that occurs

naturally and is relevant to disease states. Indeed, the alternative splicing of TrkC mRNA impacts in the

physiology of many tissues and is implicated in disease onset and disease progression (Bai et al., 2010; Bra-

himi et al., 2016; Dorsey et al., 2006; Galan et al., 2017; Yanpallewar et al., 2012), highlighting the biological

relevance.

Mechanism of the In-To-Out Control of Ectodomain Conformation

The mechanism of inside-to-outside conformational regulation we report implicates receptor association

with PDI in the ER, leading to reorganization of disulfide bridges. The conformations of TrkC-FL (and TrkC-

D-ICD) differ from that of TrkC.T1. TrkC.T1 has disulfides that are formed differently, as determined in

proteolytic mapping studies.

The ER is an oxidizing environment and disulfide bonds initially form spontaneously, but often the first

bonds to form are not the correct pair, and spontaneous bonding may not form all of the disulfide bonds

required. Breaking and re-forming disulfide bonds in the correct combinations is then one rate-limiting

step for folding. PDI accelerates rearrangement of the disulfides so the protein can advance from higher

free energy intermediates to the final state, which has the lowest free energy (Braakman and Hebert,

2013; Wallis and Freedman, 2013).

Our data support the notion that the native state of the TrkC-FL isoform (and TrkC-D-ICD) is a kinetically

trapped folding intermediate that has little contribution by PDI. This conformation is different from the

TrkC.T1 native state, an isoform where PDI can break and re-form disulfides more efficiently, to reach

the final native state. Hence, the energy barrier between TrkC-FL and TrkC.T1 prevents TrkC-FL from

adopting the TrkC.T1 native state.

It is noteworthy that, although themain paradigm studied here is a PDI-mediated impact on the structure of

TrkC ectodomains, other differences may arise from differential ER/Golgi transit time, such as differential

glycosylation. The potentially confounding interference of other post-translational modifications are,
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however, excluded in controls in whichmild reduction of the TrkC.T1 disulfide bonds generates the TrkC-FL

intermediate structure (at least as far as mAb binding is concerned).

Association of PDI with proteins transiting the ER is not unique to TrkC, and the impact of its thiol reductase

and isomerase activity have been reported for Integrins, ADAM17 metalloprotease, and thyroid hormone

receptors, where PDI association causes changes in their function (Campos et al., 2018; Cho et al., 2012;

Lahav et al., 2000). However, to our knowledge a differential impact of PDI on an isoform ectodomain struc-

ture has never been reported.

Selective Interaction of TrkC Isoforms with Endogenous Ligands

Initially, we explored the concept that artificial ligands (mAbs and small molecules) may discriminate be-

tween the TrkC-FL and TrkC.T1 isoforms. Having succeeded, we then asked whether natural ligands exist

that also do this. Two lines of thought prompted this hypothesis. First, the isoforms are naturally occurring

and the mAbs recognize the different isoform conformations in vivo. Second, if isoforms do not have func-

tionally selective and biased endogenous natural ligands we would be left with the apparent paradox of

simultaneous activation of beneficial and toxic pathways by a single ligand, NT-3.

NT-3 is a native growth factor that binds to TrkC and does not discriminate functionally between the iso-

forms. Another ligand is PTP-sigma, which associates in a heterotypic fashion (on themembrane of a neigh-

boring cell). PTP-sigma binds to TrkC-FL, TrkC.T1, or TrkC-D-ICD and can induce synaptic reorganization

by causing clustering any of the TrkC isoforms at the synapse, in an NT-3-independent and in a TrkC intra-

cellular domain-independent manner (Coles et al., 2014; Takahashi et al., 2011).

However, functionally PTP-sigma can activate TrkC-FL to promote cell survival signals but without promot-

ing neuritogenic signals or TrkC.T1-mediated promotion of TNF-a production. This is an example of an

endogenous TrkC ligand that is a biased agonist, and selectively activates only one of the activities

measured, and only in one isoform.

Considering that several splice and glycosylation isoforms of cell surface PTP-sigma are known (Pulido

et al., 1995) there may be a high number of permutations of TrkC-PTP-sigma heterotypic interactions.

Moreover, we speculate that there may be other TrkC interactors or accessory proteins, homotypic and het-

erotypic, that could regulate or discriminate between TrkC isoforms in terms of binding or function. These

include, for example, p75NTR (Ivanisevic et al., 2003; Maliartchouk and Saragovi, 1997; Zaccaro et al., 2001),

which can regulate synaptogenesis (Hapner et al., 1998), ARMS (Zampieri and Chao, 2006), sortilin (Vaegter

et al., 2011), or G-coupled receptors (Lee and Chao, 2001; Zampieri and Chao, 2006).

Conformational heterogeneity in isoforms, and a corresponding heterogeneity in their ligands and their

interactions, may be an evolutionary strategy that is able to generate numerous combinations or permuta-

tions from a small number of gene products, to regulate a high set of biological processes. Ongoing work

beyond the scope of this report is studying the relationship of each TrkC isoform with these other proteins,

as well as the relationship of PDI with each of these proteins.

Exploiting Ectodomain Conformation for Development of Pharmacological Ligands

We show that it is possible to producemAbs and small molecules that bind selectively to the ectodomain of

naturally occurring TrkC receptor isoforms to differentially activate each isoform. This, in spite of the recep-

tors having identical ectodomain primary amino acid sequences.

These results show that it is possible to differentially target receptor isoforms that play different roles in

disease states, to specifically modulate their activity. This is relevant from a translational medicine view-

point. The artificial agonists reported here could provide better alternatives than NT-3 for treatment of

pathologies by selectively targeting the TrkC-FL to promote cell survival, while avoiding activation of

TrkC.T1, which drives TNF-a expression to neurotoxic levels (Bai et al., 2010; Brahimi et al., 2016; Galan

et al., 2017). The anti-TrkC.T1 mAbs may be developed further as antagonists or may be used to elim-

inate TrkC.T1-expressing cells (which produce TNF-a) at the onset of degenerative diseases such as glau-

coma, retinitis pigmentosa, and ALS (Saragovi et al., 2019) (e.g., Müller glial cells in the retina or acti-

vated glia in spinal cord).
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Control of Ectodomain Conformation in Receptors

The concept of in-to-out control of receptor conformation may be extended to understanding the many

receptors that are alternatively spliced, whether wild-type or oncogenic mutant forms. For example,

regarding isoforms in other Trk-family receptors, TrkB has TrkB.T1 and TrkB-T-Shc isoforms generated

by use of exon 16 or exon 19, respectively, with alternative polyadenylation signals and translational stops.

Deletion of TrkB.T1 is beneficial in a mouse model of ALS (Quarta et al., 2018; Yanpallewar et al., 2012) and

in a Down’s syndrome mouse model (Dorsey et al., 2006). TrkA has ectodomain isoforms, one of which is

relevant to the human disease anhidrosis (Miura et al., 2000), and implicated in responses to noxious stim-

uli, as well as neuropathic pain (Hefti et al., 2006). Expression of the TrkAIII isoform and other isoforms are

correlated with aggressiveness in some type of tumors (Gimm et al., 2001; Tacconelli et al., 2005). All these

may be potentially targeted by exploiting conformational differences that may exist in the family.

On the Physiological Role of Receptor Isoforms and Their Ligands

Initially, we explored the concept that artificial ligands (mAbs and small molecules) may discriminate be-

tween the TrkC-FL and TrkC.T1 isoforms. Having succeeded, we then asked whether also isoform selective

natural ligands exist, given that the receptors are naturally occurring. Otherwise we would be left with the

apparent paradox of simultaneous activation of beneficial and toxic pathways by NT-3. The ligand PTP-

sigma was an obvious choice, as its role in TrkC-mediated synaptic reorganization was published to be pro-

moted through either isoform, and it is independent of a TrkC intracellular domain or any known direct

signal transduction (Coles et al., 2014; Takahashi et al., 2011) and no isoform differences were reported

for that specific endpoint. However, to our surprise no other endpoints had been reported for PTP-sigma

acting via TrkC (i.e., no cell survival or neuronal differentiation were reported).

In our studies using additional endpoints we find that PTP-sigma can discriminate functionally between

TrkC isoforms, even though it binds to all isoforms. PTP-sigma activates TrkC-FL as a biased agonist,

with distinct kinetics that promote cell survival signals but without activating neuritogenic signals. More-

over PTP-sigma does not activate the endpoint of TrkC.T1-mediated promotion of TNF-a to neurotoxic

levels (Brahimi et al., 2016; Galan et al., 2017).

Regarding a role for TrkC-FL and TrkC.T1, neuronal development is one case where each isoform and their

ligands may play unique roles. This heterogeneity in receptors and ligands may be a mechanism for modu-

lating signals in TrkC populations, acting as a rheostat to bias signals (e.g., to survival or differentiation) or

to regulate or stabilize synapses that arise de novo during the process of neuronal plasticity.

Although both TrkC-FL and TrkC.T1 receptors are expressed during CNS development (Menn et al., 1998),

they differ in spatiotemporal and cellular compartmentalization (Menn et al., 2000). The distinct intracel-

lular signaling pathways (phospholipase C, Ras, PI3 for TrkC-FL; tamalin-Arfs and Rac1 GTPases for

TrkC.T1) might explain the different roles in synaptic development and maturation (Rizzo et al., 2018)

(Kronschlager et al., 2016) (Oshima et al., 2009).

For example, TNF-a mediates synaptic loss (Henstridge et al., 2019) and in disease (depending on the

levels) can contribute to functional changes in synaptic plasticity in a deleterious (Kronschlager et al.,

2016; Rizzo et al., 2018) or protective manner (Oshima et al., 2009). Hence, PTP-sigma,TrkC.T1 promotion

of TNF-a could balance NT-3,TrkC-FL signals. Indeed, neurons expressing TrkC-FL showed enhancement

of major axonal processes, whereas the truncated isoform reduced elongation of major processes but

increased their branching (Ichinose and Snider, 2000). This, in part, may also be dependent on co-expres-

sion of p75 co-receptors (Hapner et al., 1998). It is also noteworthy that, unrelated to TrkC activity, PTP-

sigma also regulates axonal growth after injury and inhibits axon regeneration (Sapieha et al., 2005;

Thompson et al., 2003).

Conclusions

The development of mAb and small molecule artificial ligands that discriminate TrkC isoforms, as well as

the finding of an endogenous ligand PTP-sigma that discriminates TrkC isoforms, enabled binding and

functional assays that support the notion of conformational differences at the ectodomain. Conformational

differences are supported also by protein mapping and biochemical characterization of the disulfide bind-

ing patterns and association with PDI.
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Conformational characterization is not feasible using techniques for structural studies (e.g., crystallography

or NMR on soluble receptor isoforms) because the absence of intracellular domain yields a single ectodo-

main conformation, e.g., TrkC-D-ICD is identical to TrkC-FL as far as recognition by all the ligands and the

interaction with PDI is concerned. In that regard, our results yield a cautionary note with respect to the

structure of the ectodomains of cell surface receptors that are engineered at their intracellular domains

or that are engineered to be secreted as soluble proteins. The engineering could lead to alternate ecto-

domain conformation or to disulfide bonding that is entropically driven (Braakman and Hebert, 2013; Ko-

zlov et al., 2010b;Wallis and Freedman, 2013) andmay lose any kinetically driven conformations or disulfide

bonding. The conformation of such engineered receptors may not correspond to the conformation on the

cell membrane, yet the proteins could still be able to bind to ligands and mAbs. CryoEM techniques or the

TM cleavage followed by purification of receptor isoforms after cell surface expression may be possible ap-

proaches to extend this study.

This paper validates the concept that naturally occurring variants of a receptor intracellular domain can

impact on the conformation of the ectodomain (in-to-out effect) to enable isoform-selective ligands with

biased bioactivity, both naturally occurring ligands (PTP-sigma) or artificial ligands (mAbs or small mole-

cules). This strategy may be applied to other receptors.

Limitations of the Study

1 Structural studies using soluble TrkC.T1 isoform ectodomain are not feasible. The absence of an

intracellular domain (as we demonstrate for TrkC-D-ICD) yields an ectodomain conformation that

folds like the TrkC-FL.

2 Purification of the ectodomain of receptor isoforms cleaved from the cell surface may be a suitable

approach but was not attempted. Perhaps cryo-EM on membrane proteins might be useful, but

the resolution is unlikely to be adequate.

3 The presence of different ectodomain protein structures for TrkC-FL and TrkC.T1 (recognized by the

different mAbs) was shown in vivo to change in disease, but most of the conclusions regarding

signaling pathways are based on the use of cell lines.

4 Biochemical characterization of the isoforms and their association with PDI is based on the use of cell

lines.

5 The precise pairs of disulfide-bonded cysteines were not identified in TrkC.T1.

6 Receptor isoform internalization and recycling, and glycosylation, were not evaluated.
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SUPPLEMENTAL FIGURES 

Figure S1. 1E11 and 1B2 mAbs bind selectively to upregulated TrkC.T1 protein in sections 

of ALS spinal cord.  Related to Figure 1 and Tables 1 and 2. Spinal cord sections of 12 µm were 

prepared from G93A ALS mice or wild type mice (ventral horn, lumbar region L2-L3). TrkC.T1 

protein (red) was identified using selective anti-TrkC.T1 mAb 1E11 (ectodomain) or anti-TrkC.T1 

mAb mAb 1B2 (intracellular domain). Glia is localized using the GFAP marker (green). Pictures 

were taken using a Leica spinning disc confocal microscope with 63x magnification. A. 1E11 

staining. B. 1B2 staining. C. Negative control in the absence of primary antibody. The insets show 

a higher magnification of the small white rectangles. Scale bar 7 µm. Similar staining data was 

obtained from thoracic sections (data not shown).  
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Figure S2. ER retention or export sequences in the intracellular domain of human TrkC 

isoforms. Related to Figure 2. Underlining indicates the transmembrane domain. Bold indicates 

the unique spliced-in sequence added to TrkC.T1. Light shading indicates ER exit sequences (7 in 

TrkC-FL and 4 in TrkC.T1). Dark shading indicates ER retrieval sequences (2 sites in TrkC-FL). 

TrkC-D-ICD does not have an intracellular domain, and has no ER exit or ER retrieval sequences.  
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Figure S3. MAb 1E11–promoted increase in TNFα mRNA requires TrkC.T1 expression 

Related to Figure 4 and Figure 7B. rMC-1 glial cells expressing TrkC.T1 were infected with 

scrambled control (white bars) or with pLKO-1 virus (back bars) to silence TrkC.T1 expression 

(Brahimi et al., 2016). After infection the cells were treated with vehicle (untreated control), mAb 

1E11, or NT-3 and LPS controls. TNFα mRNA levels were quantified 6 hours after ligand 

treatment, by quantitative real-time PCR. Compared to untreated control, all the treatments 

significantly (p<0.001) induced TNFα mRNA in the scrambled virus infected control groups 

(white bars). Data are mean ± standard deviation. Symbols indicate significance. Silencing 

TrkC.T1 reduced the effect of mAb 1E11 or NT-3, indicating that these agonists act in a TrkC.T1–

dependent manner. Silencing of TrkC.T1 did not affect LPS–induced TNFα mRNA, as expected 

because LPS acts via Toll-like receptors. The brackets indicate significant differences in ligand-

promoted induction of TNFα mRNA (* p<0.05. ** p<0.01; one-way ANOVA with Tukey-Kramer 

Multiple comparisons).  
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Figure S4. PTP-sigma ectodomain binds to the ectodomain of all TrkC isoforms. 

Related to Figures 6 and 7 and Tables 1 and 2. Flow cytometry binding assays using HEK293 cells 

each stably expressing each isoform. TrkC-FL (black), TrkC.T1 (dashed), or TrkC-D-ICD (gray) 

expressing cells were immunolabeled. A. PTP-sigma ectodomain (10 nM). B. MAb 2F5 (binding 

to all isoforms) is a positive control. Irrelevant IgG (red histogram) is a negative control. The same 

background is seen for all cell types but for simplicity only one background histogram is depicted.  
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Figure S5. Dose-dependent profiles of TrkC agonists 

Related to Figures 4, 5, and 6 and Tables 1 and 2. Dose-response curves of bioactivity were 

evaluated for all ligands. Shown are the bioactive agents, some inactive ligands are omitted.  

A. TrkC-FL agonist promotion of HEK293-TrkC-FL cell survival in serum-free culture 

conditions. Potency is determined from the effective concentrations (EC). Mab 2B7 and PTP-

sigma have a maximal efficacy that is comparable to optimal NT-3, but they have lower potency 

(EC50 2 nM for 2B7 and 8 nM for PTP-sigma, versus EC50 0.2 nM for NT-3). Mab 2F5 has 

significantly lower efficacy and potency. Alone, small molecules 3Aa and 1Aa have low potency 

and low efficacy, but respectively enhance the efficacy of 0.1 nM NT-3 from 24% to 65% and 

71%, significant versus controls; two-tailed t-test. B. TrkC.T1 agonist induction of TNFα in 

rMC-1-TrkC.T1 cells. Shown are the bioactive agents, some of the inactive ligands are omitted. 

Data are mean ± standard deviation. Symbols indicate significance * p ≤ 0.05; two-tailed t-test.  
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Transparent Methods 

Cell lines 

Human embryonic kidney HEK 293 (female origin, ATCC) and mouse embryonic fibroblast 

NIH3T3 cells (ATCC) were transfected with plasmids encoding human full-length TrkC (293-

TrkC-FL, NIH-TrkC-FL) or with human or rat TrkC.T1 (293-rTrkC.T1, 293-hTrkC.T1, NIH-

TrkC-T1) or with human TrkC.T1Dinsert construct that was generated by transfection with a 

pcDNA6 blasticidin-resistant plasmid containing a PCR-generated amplicon encompassing amino 

acids 1 to 528 of human TrkC.T1 (293-hTrkC-D-ICD). The rat glial cell line, rMC-1 has been 

previously characterized (Sarthy et al, 1998) and expresses low levels of endogenous TrkC.T1, 

and was also transfected with human TrkC.T1 cDNA (rMC-1-TrkC.T1). Nnr5 cells are a variant 

of PC12 cells that lost expression of TrkA (the NGF receptor) and were stably transfected with 

TrkC-FL cDNA and express functional protein on the surface. Stably transfected cell lines were 

subcloned under drug selection (depending on the vector, 0.5 mg/ml G418, or 2 µg/ml puromycin, 

or 10 µg/ml blasticidin) and selected based on relatively high expression of receptors 

(100,000/cell, similar across all lines). Equal expression was verified by flow cytometry, by PCR, 

and by western blot using our own mAbs or commercial mAb C44H5 antibody that recognizes 

both isoforms (Cell signalling) (e.g. see (Brahimi et al, 2016)). Expression of the receptor levels 

indicated do not alter cell physiology since there is no significant ligand-independent activation 

(e.g. see Figure 6D, untreated cells), and in serum free conditions all cells die at the same rate as 

non-transfected cells. All cell lines were mycoplasma free and were regularly tested by using a 

PCR mycoplasma detection kit (Zentech).  

Mice 

The animal protocol used was reviewed and approved by the Lady Davis Institute Animal Care 

Committee and animal experiments were performed according to the guidelines of the Canadian 

Council on Animal Care. Healthy wild-type female Balb/c mice (10-12 weeks of age, 19-20g) 

were purchased from Charles River Laboratories (Montreal, Quebec, Canada) and used for the 

generation of monoclonal antibodies (mAbs). A maximum of five mice per cage were kept in a 12 

hr dark-light cycle with food and water ad libitum.  

Immunization and generation of mAbs 

We generated mAbs that bind to TrkC-FL and/or TrkC.T1. One strategy was immunization of 

mice that do not express TrkC.T1, due to an engineered point mutation at the alternative splicing 
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site that generates TrkC.T1 mRNA from TrkC-FL mRNA (thereafter named “TrkC.T1 

knockout”). The TrkC.T1 knockout mice do not produce TrkC.T1 mRNA or protein (Bai et al., 

2010a). Wild type mice were also successfully immunized with live NIH3T3 mouse fibroblasts 

stably transfected with human TrkC.T1 cDNA (NIH-TrkC.T1), expressing high levels of protein 

on the cell surface (Brahimi et al, 2016). Other mice were immunized with peptides of the 

juxtamembrane region of TrkC (present in both TrkC-FL and TrkC.T1 

(ESTDNFILFDEVSPTPPI) or the unique neoepitope of TrkC.T1 intracellular domain and only 

present in TrkC.T1 (GIYVEDVNVYFSKGRHG). All peptides were synthesized in house and 

conjugated to KLH as a carrier. Hybridomas were generated from serum–positive mice by fusion 

of B-cells with SP20 myeloma cells, using standard techniques. Hybridomas were screened in 

binding assays by IHC and by flow cytometry using cells stably transfected to express either TrkC-

FL or TrkC.T1 (e.g. NIH-TrkC.T1 or NIH-TrkC-FL; 293-TrkC.T1 or 293-TrkC-FL), compared to 

controls wild type non-transfected cells and to cells transfected to express related receptors such 

as TrkA. The mAb 2B7 binds to the TrkC IgG-C2 (D5) domain (Guillemard et al., 2010). All 

mAbs were purified in protein G columns for use in binding and biological assays.  

Biotinylation of NT-3.  

NT-3 (Alomone Labs ProSpec) was biotinylated by incubating 2 µM of NT-3 with 400 µM of 

Sulfo-NHS-LC-Biotin (Thermofisher scientific, cat # 21335) for 40 min at room temperature in 

PBS (20-fold molar excess of biotin reagent). Biotinylated NT-3 was concentrated, and unbound 

biotin removed, using a desalting Amicon Ultra-0.5 ml centrifugal filter (Ultracell:10K, Millipore).  

Small molecules.  

The synthesis and the bioactivity of small molecules 3Aa and 1Aa and their fluorescein-conjugated 

analogs (3Aa-FITC and 1Aa-FITC) have been described (Zaccaro et al, 2005). These agents are 

reported agonists of TrkC-FL and promote cell survival and cell differentiation.  

Flow cytometry.  

The ligands were tested by quantitative flow cytometry (Guillemard et al., 2010). Briefly, 293 or 

NIH-WT or expressing TrkC-FL or TrkC.T1 cells were resuspended in 0.1 mL of flow cytometry 

buffer and incubated with the indicated compounds for 30 min at 4°C, and washed three times to 

remove excess. For mAbs, secondary reagent was anti-mouse IgG conjugated to fluorescein. Cells 

were then suspended in buffer and analyzed by flow cytometry using Flowjo program. As negative 

controls, no primary (background fluorescence) or irrelevant mouse IgG were used. Reported are 
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the mean channel fluorescence (MCF) values of at least two independent experiments. For mild 

reduction tests, live cells were exposed to DTT (10 mM) for 10 min at room temperature. After 

washing once, iodoacetamide (15 mM) was added to prevent reformation of disulfide bonds, 

followed by a second wash. MAb 2B7 binding was then studied by flow cytometry, as described 

above.   

Binding competition assays 

Binding competition assays were performed (Guillemard et al., 2010;Barcelona et al, 2015) with 

agents (mAbs, small molecules, or PTP-sigma) tested as competing the binding of NT-3–biotin, 

or with NT-3 tested as competing the binding of mAbs, small molecules, or PTP-sigma. Cells 

expressing the indicated TrkC receptor were pre-incubated with competitor (50 nM to 5 µM) for 

15 min in PBS/0.2% BSA/0.1% Na Azide pH 7.3 (FACS buffer) at 4°C. Then, labeled binding 

agents were added (10 nM) for another 15 min. After a FACS buffer washing steps, cells were 

incubated with fluorescein-conjugated-secondary agent for 15 min at 4°C (for NT-3–biotin avidin-

fluorescein (Sigma), and for the MAbs or PTP-sigma anti-Ig-fluorescein (Sigma)). No secondary 

was added for the small molecules, as they are directly labeled with a fluorescein molecule. After 

two washing steps, cells were analyzed immediately by flow cytometry. Mean channel 

fluorescence (MCF) values of bell-shaped histograms were standardized, with no competition = 

100%, and secondary without primary = 0%. % of MCF values are the mean of three independent 

experiments ± SD.  

Fluorescence Microscopy. 

Cells expressing TrkC-FL or TrkC.T1 were plated on coverslip. After 24 h, cells were exposed to 

3Aa-FITC or 1Aa-FITC (10 µM) for 30 min in flow cytometry buffer on ice. After a washing step, 

cells attached on coverslip were fixed, washed and mounted.  Images were taken with a Leica DM 

LB 2 microscope equipped with the LAS acquisition software and a Leica DFC350 camera for 

detection, applying a 63x objective. Images were saved directly in TIF format and adjusted for 

unbiased brightness and contrast using Adobe Photoshop CS 8.0.   

Immunohistochemistry. 

Cryosections of WT mice or G93A ALS mice were immunostained with 1E11 mAb or 1B2 mAb 

and GFAP antibody (Cell Signaling, cat # 3670). Images were taken with a Leica DMI6000 B 

microscope equipped with the Quorum technologies WaveFX spinning disk confocal microscopy 

system, the Volocity software and a high dynamic ImagEM EM-CCD camera for detection. 
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Pictures were acquired as Z-stacks of confocal optical sections applying a 63x objective. Images 

were exported directly in TIF format and adjusted for unbiased brightness and contrast using 

Photoshop CS 8.0. 

Cell Metabolism/Survival functional assays.  

The growth/survival profile of cells were quantified in 96-well plates using the tetrazolium salt 

reagent 4-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma) 48-72 hr 

after plating; by reading the optical density (OD) (Maliartchouk et al., 1997). NIH-TrkC-FL or 

293-TrkC-FL cells were treated with different concentrations of the test agents, or with vehicle, or 

with NT-3 (positive control). Cells expressing a related receptor TrkA (and its ligand NGF) were 

used as cellular specificity control. Each individual assay was done in quadruplicate and was 

repeated n=3 independent times. MTT data were standardized to optimal dose of neurotrophin = 

100% survival, and serum-free medium (SFM) = 0% survival, using the formula [(OD test − OD 

SFM) x 100 / (OD optimal NTF – OD SFM)]. Only optimal doses are shown, for simplicity, which 

correspond to 2 nM NT-3, 40 nM for mAbs, 10 µM for small molecules, 35 nM for PTP-sigma.  

Immunoprecipitation and Western Blot Analysis 

Detergent lysates of cells expressing either TrkC-FL, TrkC-D-ICD or TrkC.T1 were 

immunoprecipitated with anti-pan-TrkC (C44H5, Cell Signaling, cat # 3376). Proteins were 

eluted from the protein G-agarose beads and resolved by SDS-PAGE in reducing (DTT) or non-

reduced conditions. Membranes were blotted with anti-pan-TrkC or with two different anti-PDI 

mAbs (Cell Signaling, cat# 2446 and Genetex, RL90, cat# GTX22792). Mild reduction assays 

were performed in NP-40 detergent lysates prepared from 293-TrkC-FL or 293-TrkC.T1 cells. 

Cleared whole cell lysates were resuspended in SDS-PAGE Laemmli buffer lacking reducing 

agents. After 1 min of exposure to 90°C, DTT (10 mM) was added to the samples and incubated 

for 15 min at room temperature. All samples were resolved immediately by SDS-PAGE. After 

western transfer, membranes were immunoblotted with mAb 2B7 (TrkC-FL specific). 

Densitometric quantification was done using ImageJ software. * p<0.05, ** p< 0.01 versus control 

(n=3 independent experiments). 

Biochemical signals 

Cell signals were reduced to baseline by culture in minimal media for 2 hours. Then, optimal 

concentrations of NT-3 (2 nM) or PTP-sigma (35 nM) or control vehicle PBS were added and cells 

were collected after 0, 5, 12, 30 min of stimulation. Whole cell detergent lysates were prepared 
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and resolved by SDS-PAGE. After western blotting, membranes were studied with specific mAbs 

directed to the phosphorylated mediators pAkt (Cell Signallng, # 9271), pTrkC (Millipore, # 05-

321), pErk1,2 (Cell Signaling, #4370); or against actin as standard control for loading (Sigma, 

#A2066). N = 3 assays with independently processed lysates. For simplicity, only relevant ligand 

concentrations and time-points are shown.  

Differentiation Assays  

Nnr5 cells are a variant of PC12 cells that lost TrkA expression but retain p75NTR expression. Nnr5-

TrkC-FL cells are stably transfected with TrkC-FL cDNA and express protein on the surface. The 

indicated treatments were added for 72 h and differentiation of adherent cells was scored 

morphologically as % of cells with neurites (> 2 cell body long). Quantification was done by image 

analysis, from at least two independent assays.  

Upregulation of TNFa by activated TrkC.T1, in quantitative real-time PCR assays 

Rat glial rMC-1 cells expressing TrkC.T1 were treated with the indicated agents for 6 hr: 3Aa or 

1Aa (10 µM), LPS (1 µg/ml) (Shariff et al), NT-3 (2 nM) or mAbs (40 nM), human recombinant 

PTP-sigma ectodomain (10-50 nM) (R&D Systems 3430-PR-050). The mRNA was prepared from 

the cells using the qScript RNA cDNA synthesis kit (Quanta). Samples were used for real-time 

quantitative PCR with primers for rat TNFa and rat RNAs18 (Barcelona and Saragovi, 

2015;Brahimi et al., 2016). Data are expressed as the mean ± SEM relative to the untreated group 

(3 independent experiments, each in triplicate).  

Mass spectrometry.  

TrkC immunoprecipitates were digested with 6 µl of proteomics-grade Trypsin (Promega) at a 

concentration of 12 ng/ µl in 50 mM ammonium bicarbonate, overnight, at 37 oC. Digested 

peptides were washed off the beads with 200 µl of water, the peptide digests were split into two 

100 µl aliquots and transferred to clean Eppendorf tubes. One of the Eppendorf tubes was 

supplemented with DTT (5 mM) and both tubes were heated to 55o C for half an hour. 

Subsequently, both tubes were supplemented with iodoacetamide (IAA, 10 mM) and after an hour 

samples were dried in a speed vacuum. The dried peptides were reconstituted in 25 µl of water 

supplemented with 0.1% formic acid (FA) and transferred to a 200 µl sample vial. The peptide 

samples were subjected to LC reverse phase nanoflow chromatography using a Proxeon Easy nLC 

(Thermo Scientific). The peptides were trapped onto a 2 cm C18 column (Acclaim PepMap 100, 

Thermo Scientific) and were separated at a flow rate of 350 nl/minute on a 15 cm C18 analytical 
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nanocolumn (Acclaim PepMap RSLC, Thermo Scientific) with a water/Acetonitrile gradient 

covering 3%-35% Acetonitrile over 100 min. The eluting peptides were analyzed by an Orbitrap 

Q-Exactive HF (Thermo Scientific) operating with a duty cycle of 25 MSMS fragment spectra per 

precursor scan. The resolution was set at 120,000 (scan speed 2 spectra per second) for precursor 

scans, over mass range of 375-1400 m/z, and 30,000 (scan speed 25 spectra per second) for 

fragment spectra. The mass spectrometer was operated with a dynamic exclusion set at 6 seconds 

and maximum trap fill. The acquired spectra were converted into Mascot Generic Files (mgf) using 

Mascot Distiller (Matrix Sciences) and searched against the Human proteome (Uniprot). Searches 

were performed using the Mascot proteomics search engine (Matrix Sciences), setting mass 

tolerance of 6 ppm for precursor ions and 50 mDa for MSMS ions and selecting Carbamidomethyl 

modification modifications of cysteines as a fixed modification and oxidized Methionine as a 

variable modification. The Mascot data output was transferred to Scaffold (Proteome Software) 

for data validation for peptides/proteins with a false discovery rate (FDR) of better than 5%. 

Mass spectrometry data analysis 

Scaffold v4.8.9 was used to extract the data set of trypsin-generated peptides detected by mass 

spectrometry in reducing and non-reducing conditions, as well as the coverage of each isoform of 

TrkC (TrkC.T1, TrkC-FL and TrkC-D-ICD). To gain further insights into the covalent structure of 

the ectodomain of each TrkC isoform, unique pairs of peptides were searched in the reduced 

conditions whose combined mass (AMU) matches that of peptides detected the non-reduced 

condition, with an error of up to 10 units. Peptides in reducing conditions were restricted to those 

whose sequences mapped to the extracellular domain of TrkC (residues 32-429 of 

NTRK3_HUMAN based on UniProtKB). 

Quantification and statistical analysis 

The dispersion and precision measures (mean ± SD), the statistical significance and the exact value 

of “n” are reported in the Figures and Figure Legends. Differences between treated and untreated 

groups were assessed by two-tailed student t-test. For multiple groups, one-way ANOVA with 

Tukey-Kramer Multiple Comparisons Test compared different groups. Significance p<0.05 (*), 

p< 0.01 (**) and p< 0.001 (***).  
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