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Summary

Nerve growth factor elicits signaling outcomes by interacting with both its high-affinity receptor, 

TrkA, and its low-affinity receptor, p75NTR. Although these two receptors can regulate distinct 

cellular outcomes, they both activate the extracellular-signal-regulated kinase pathway upon 

stimulation with ligand. To delineate TrkA subcircuits in PC12 cell differentiation, we developed 

an optogenetic system where light was used to specifically activate TrkA signaling in the absence 

of nerve growth factor. By using tyrosine mutants of the optogenetic TrkA in combination with 

pathway-specific pharmacological inhibition, we find that Y490 and Y785 each contribute to 

PC12 cell differentiation through the extracellular-signal-regulated kinase pathway in an additive 

manner. Optogenetic activation of TrkA eliminates the confounding effect of p75NTR and other 

potential off-target effects of the ligand. This approach can be generalized for the mechanistic 

study of other receptor-mediated signaling pathways.
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Introduction

The dimeric secretory nerve growth factor (NGF), the first discovered neurotrophin, exerts a 

broad spectrum of neuronal functions including cell survival, growth, differentiation (Chao, 

2003), tissue regeneration (Widenfalk, et al., 2001), pain (Hirose, et al., 2016), 

synaptogenesis, and synaptic plasticity (Poo, 2001). Trophic effects of NGF result from its 

interaction with the high-affinity receptor tropomyosin receptor kinase A or TrkA (Huang 

and Reichardt, 2001). Upon binding to NGF, TrkA undergoes auto-phosphorylation of 

specific tyrosines in its intracellular domain (ICD). Phosphorylated tyrosines in the TrkA 

ICD serve as docking sites for distinct downstream effectors to activate canonical 

downstream signaling pathways including the extracellular-signal-regulated kinase (ERK) 

and phospholipase C-γ (PLCγ) pathways (Segal, 2003).

Outcomes of TrkA signaling have been complicated, however, by the discovery that NGF 

also binds to its low-affinity receptor, p75NTR (Deshmukh and Johnson, 1997). In fact, 

p75NTR binds to other neurotrophins including brain-derived neurotrophic factor, 

neurotrophin-3, and neurotrophin-4/5 with similar affinities (Bothwell, 1995). Evidence 

suggests a two-fold neuronal function of p75NTR: 1) it can functionally collaborate with 

TrkA to enhance neurotrophin binding and receptor activation (Barker, 1998; Dechant and 

Barde, 2002), and 2) it can also induce cell apoptosis via ProNGF-dependent signaling 

processes (Lee, et al., 2001). Although NGF stimulation leads to ERK phosphorylation 

primarily through its binding to TrkA, ERK activation can also be mediated by p75NTR 

(Susen, et al., 1999). Thus, the existence of multiple receptors for NGF makes it challenging 

to delineate specific roles of TrkA subcircuits in the biological context (Chao, 2003; Lu, et 

al., 2005).

To delineate sole contributions of TrkA and p75NTR to NGF signaling, in vitro and in vivo 
models have been developed. Cell lines and transgenic animal models with either gene 

disrupted have been generated. For instance, the PC12nnr5 cell line expresses only p75NTR 

(lacking TrkA) (Green, et al., 1986), while PC12-p75- cells express only TrkA (lacking 

p75NTR) (Bassili, et al., 2010). Additionally, 3T3 cells have been engineered to express 

TrkA or p75NTR (Huang, et al., 1999). Similarly, p75NTR mutant mice (Lee, et al., 1992) 

and TrkA knock-out mice (Liebl, et al., 2000) have been developed. However, caution 

should be warranted with genetic manipulation for at least two reasons: first, complete 

deletion of a gene may undesirably corrupt its roles in other cellular functions. For instance, 

p75NTR is widely expressed in non-neuronal tissues (Lomen-Hoerth and Shooter, 1995) and 

is involved in processes such as liver repair (Passino, et al., 2007) and muscle regeneration 

(Colombo, et al., 2011). Second, genetic manipulation often causes delayed responses and 

constitutive alteration of gene expression in cells. Alternatively, pharmacological inhibition 

can be used to primarily target specific pathways to dissect the NGF signaling network. 

However, potential off-target effects should be considered (Arcaro and Wymann, 1993; Liu, 

et al., 2005; Martin, et al., 2011).

Even at the level of TrkA, contradictory evidence exists with respect to the functionality of 

its downstream subcircuits. Upon phosphorylation, two tyrosine residues, Y490 and Y785, 

serve as primary docking sites for downstream effectors. Y490 associates with Shc and Src 
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domains (Stephens, et al., 1994), which further activate the Raf/MEK/ERK signaling 

pathway, whereas Y785 associates with PLCγ (Fig. 1). Work based on a chimeric receptor, a 

fusion protein of the PDGFR extracellular domain (ECD) and TrkA ICD, shows that the 

mutation of Y785 in TrkA, which is believed to primarily activate the PLCγ signaling 

pathway, does not affect PC12 cell differentiation (Obermeier, et al., 1994). However, 

overexpression of the Src Homology domains of PLCγ1 inhibits NGF-induced PC12 cell 

differentiation (Bae, et al., 1998), presumably through competition with endogenous PLCγ 
for receptor interaction. This discrepancy can arise from unknown off-target effects of the 

ligand or overexpressed protein domains, both of which are challenging to analyze 

quantitatively. Thus, delineation of TrkA subcircuits calls for the development of new 

strategies that can evaluate the functionality of specific tyrosines of the TrkA ICD with a 

clean biological context free from potential off-targets.

The emerging optogenetic techniques provide a new way to study signaling mechanisms by 

integrating photoactivatable proteins with signaling molecules (Khamo, et al., 2017; Kim 

and Lin, 2013; Muller, et al., 2014; Tischer and Weiner, 2014; Toettcher, et al., 2011; Tucker, 

2012; Zhang and Cui, 2015; Zoltowski and Gardner, 2011). As light can be easily 

manipulated with high spatial and temporal resolution, optogenetic control of signaling can 

provide insights into the kinetic and spatial features of signal transduction. In addition, light 

can bypass ligand-binding to specifically interrogate optogenetically engineered receptors, 

whose ligand can interact with and signal through multiple known and potentially 

unidentified receptors.

Here, we use an optogenetic approach to specifically elucidate the signaling outcomes of 

TrkA subcircuits in the absence of NGF. By constructing wild-type and tyrosine mutants of 

the optogenetic TrkA receptor, we control canonical TrkA signaling without introducing a 

ligand-based chimeric receptor or disturbing the endogenous TrkA expression and function. 

We find that both Y490 and Y785 of TrkA regulate PC12 cell differentiation, with Y490 

primarily activating the ERK pathway and Y785 contributing to the ERK signaling cascade 

in a PLCγ- and PKC-dependent manner.

Results

System construction

Natural signal transduction mediated by TrkA sequentially involves NGF interaction with 

the receptor ECD, receptor dimerization, and a series of autophosphorylation at key 

tyrosines throughout the receptor ICD (Fig. 1A). Several tyrosines located within the 

receptor kinase domain are critical for optimal kinase activity, and some tyrosines located 

outside of the kinase domain serve as docking sites for initiating factors of intracellular 

signaling pathways. To bypass the ligand requirement for receptor activity, we constructed 

an optogenetically controllable TrkA (Lyn-TrkAICD-AuLOV-GFP) by fusing a homo-

associating domain, the light-oxygen-voltage domain of aureochrome1 from V. frigida 
(AuLOV) (Grusch, et al., 2014), to the ICD of the wild-type TrkA receptor (Fig. 1B). This 

construct will be referred to as “WT ICD” throughout the remainder of the text. Lyn is the 

lipidation motif of the Src family Lyn kinase, which serves as a membrane-targeting peptide 

that replaces the transmembrane and extracellular domain of TrkA. This construct is 
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different from a previously reported optogenetic system for TrkA, which used the full-length 

TrkA fused to the photoactivatable protein, cryptochrome 2 (Chang, et al., 2014). We chose 

to control TrkA ICD alone to avoid the potential interaction of TrkA ECD with other 

receptors such as p75NTR (Covaceuszach, et al., 2015), although this interaction is a subject 

of debate (Wehrman, et al., 2007). For practical convenience, we chose AuLOV because of 

its smaller size (145 a.a.) compared to cryptochrome 2 (498 a.a.). In our system, we 

expected that light-induced homo-association of AuLOV would bring TrkA kinase domains 

within proximity of each other to initiate the cross- and autophosphorylation of specific 

tyrosines throughout the ICDs, including Y490 and Y785. To delineate the signaling 

outcomes of these two docking sites, we also constructed single tyrosine-to-phenylalanine 

mutants (Y490F, Y785F) and a double mutant (Y490/785F) of WT ICD. Note that light-

induced activation of the optogenetic TrkA system should not activate the endogenous wild-

type TrkA.

Blue light illumination induces homo-association of optogenetic TrkA in live cells

When overexpressed in PC12 cells, WT ICD and its mutant variants localized primarily on 

the plasma membrane (Fig. 2A). Compared to a cytosolic GFP, optogenetic TrkA variants 

showed a higher fluorescence intensity at the plasma membrane relative to the cytoplasm 

(Fig. 2B). In the absence of ligand binding, the plasma membrane is the main subcellular 

localization of wild-type TrkA in PC12 cells, which was revealed in previous work by 

crosslinking NGF with wild-type TrkA (Hartman, et al., 1992) as well as immunostaining of 

TrkA (Grimes, et al., 1996). In addition, overexpression of fluorescently labeled TrkA also 

results in primary targeting to the plasma membrane (Wang, et al., 2011; Zhang, et al., 

2013). Here, we reproduced the results of TrkA overexpression and found that TrkA-

mCherry overlapped with WT ICD in PC12 cells (Fig. 2C), suggesting that the Lyn 

sequence allows for subcellular localization of TrkA ICD to the natural membrane 

compartment of full-length TrkA.

To confirm that blue light could induce the homo-association of WT ICD, we performed a 

bimolecular fluorescence complementation (BiFC) assay based on split Venus fragments 

composed of VN (amino acid 1–154) and VC (amino acids 155–238) (Saka, et al., 2007; 

Shyu, et al., 2006). Two C-terminal fusion proteins were constructed: Lyn-TrkAICD-

AuLOV-VN and Lyn-TrkAICD-AuLOV-VC. As expected, after 20 minutes of blue light 

illumination, fluorescence intensity from cells co-transfected with both plasmids 

significantly increased (Fig. 2D–E). In cells co-transfected with the No AuLOV control 

(Lyn-TrkAICD-VN and Lyn-TrkAICD-VC) the same dose of blue light did not increase the 

fluorescence intensity (Fig. 2F–G).

We also used structured illumination microscopy (SIM) to probe blue-light-induced receptor 

homo-association. MDA-MB-231 cells were transiently transfected with WT ICD and were 

exposed to blue light. To quantify the light-induced homo-association of WT ICD, we 

analyzed the SIM images using the thresholding technique. By setting the threshold at the 

midpoint value between the minimal and maximal intensity of the background-subtracted 

cell images, we calculated the percentage of above-threshold regions over the whole cell 

area using ImageJ based on a published protocol (Jensen, 2013). Following 5 minutes of 
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blue light (405 nm) illumination, the above-threshold percentage increased in cells 

transfected with WT ICD, in stark contrast to cells transfected with the No AuLOV control 

(Lyn-TrkAICD-GFP), which showed no increase in the above-threshold percentage after 

blue light illumination (Fig. 2H–I).

In addition to fluorescence microscopy, we were inspired by a previous optogenetic study 

(Zhou, et al., 2012) to use a native PAGE assay to resolve the light response of AuLOV. 

Cells were transiently transfected with WT ICD and lysates were harvested in 0.5% Triton 

X-100 in PBS. Lysates were treated with blue light (5 mW/cm2) for 5 minutes or kept in the 

dark. Equal amounts of each lysate were loaded on a native gel. The lane containing the 

illuminated sample underwent continued exposure to blue light throughout the 

electrophoresis. Samples were then analyzed by western blot using an anti-GFP antibody. As 

expected, blue light resulted in a reduced-mobility shift of the most prominent band in the 

dark control, indicative of light-mediated homo-association (Supplementary Figure 1).

Light-induced activation of optogenetic TrkA results in PC12 cell differentiation

PC12 cells project neurites in response to NGF stimulation, a process referred to as 

differentiation (Fig. 3A). We proceeded to determine whether WT ICD activation could 

achieve a similar cellular outcome. PC12 cells transiently transfected with WT ICD were 

exposed to low-power blue light (300 μW/cm2) for two days in a humidified 37 °C CO2 

incubator before their fluorescence images were acquired. Light stimulation of these cells 

resulted in significant differentiation (45%) compared to cells kept in the dark (12%) (Fig. 

3B). Cells expressing the optogenetic construct without the TrkA ICD (No ICD) showed 

little differentiation in both light and dark (<5%), indicating that light-induced 

differentiation was ICD dependent. Cells expressing No ICD showed robust differentiation 

(>68%) when treated with 50 ng/mL NGF, indicating that endogenous TrkA retained ligand 

sensitivity and signaling activity.

Light-induced activation of optogenetic TrkA mutants results in diminished PC12 cell 
differentiation

To determine the functional role of Y490 and Y785 in the differentiation phenotype, we 

transiently transfected PC12 cells with mutant constructs and illuminated for 24 hours as 

previously described. Cells expressing Y490F or Y785F exhibited significantly reduced 

levels of light-induced differentiation (18% or 15%, respectively) compared to cells 

expressing WT ICD (36%) (Fig. 3C–D). Furthermore, the degree of differentiation 

undergone by cells expressing Y490/785F (6%) was similar to that displayed by cells 

expressing No ICD (4%), suggesting that Y490 and Y785 each contributed to TrkA-

mediated PC12 cell differentiation.

Light-induced optogenetic TrkA mutants differentially activate the ERK and PLCγ 
pathways

To interrogate the mechanism behind the reduced differentiation mediated by the 

optogenetic TrkA mutants, we performed western blot analysis to probe the activity of 

downstream signaling pathways. To minimize baseline signaling activity and capture subtle 

differences between conditions, PC12 cells were transiently transfected with mixtures of the 
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variant ICD constructs and the No ICD construct. Cells were illuminated for 10 minutes 

with 5 mW/cm2 blue light prior to lysis. Both Y490F and Y785F showed a significant 

reduction in ERK signaling compared to WT ICD, with the reduction for Y490F being more 

pronounced (Fig. 4A, Lanes 4, 6, and 8). Cells expressing Y490F showed no change in 

light-induced PLCγ activity compared to WT ICD, while Y785F showed a complete loss of 

PLCγ activity (Fig. 4B, Lanes 4, 6, and 8). These results indicate that Y490 primarily 

contributed to ERK activity, while Y785 primarily contributed to PLCγ activity. 

Additionally, Y785 seemed to partially contribute to ERK signaling as evidenced by the 

persistent, residual ERK activity observed for Y490F (Fig. 4A, Lane 6) and the reduction in 

ERK activity observed for Y785F (Fig. 4A, Lane 8) compared to WT ICD. To confirm that 

the observed variations in signaling were a result of specific mutations and not due to 

significant variability in system expression, lysates were probed with an antibody against 

GFP and all constructs were expressed at a comparable level (Fig. 4C).

Y785 contributes to ERK signaling and PC12 cell differentiation in a PLCγ-PKC dependent 
manner

Given that Y785 is essential for PLCγ activity, we speculated that the contribution of Y785 

to ERK signaling was mediated by pathway crosstalk. Indeed, findings from previous 

studies support this notion (Mauro, et al., 2002; Ueda, et al., 1996). To validate this, we 

transiently transfected PC12 cells as previously described with a combination of Y490F and 

No ICD. Transfected cells were then treated with a PLCγ inhibitor (U73122, 1 μM) or a 

PKC inhibitor (GF 109203X, 1 μM) 10 minutes prior to illumination. With the inhibitors 

still present, cells were then illuminated for 10 minutes with 5 mW/cm2 blue light before 

lysis and subsequent immunoblotting (Fig. 5A). Compared to untreated cultures, all cells 

treated with inhibitors displayed an abrogation of the light-induced residual ERK activity 

mediated by Y490F (Fig. 5A, Lanes 2, 4, and 6), suggesting that the role of Y785 in ERK 

signaling is dependent on the PLCγ-PKC pathway. To confirm that the observed variations 

in signaling were not due to significant variability in system expression, lysates were probed 

with an antibody against GFP and all constructs were expressed at a comparable level (Fig. 

5B). In addition to interrogating the short-term effect of inhibitors on light-induced ERK 

signaling mediated by Y490F, we set out to determine the effect of long-term inhibition on 

PC12 cell differentiation. PC12 cells overexpressing Y490F were illuminated with blue light 

(300 μW/cm2) for 24 hours in the presence or absence of U73122 (1 μM) or GF 109203X (1 

μM). Inhibitors were added 1 hour prior to illumination. Cell cultures treated with either 

inhibitor showed significantly reduced differentiation, suggesting that Y785 also contributes 

to PC12 cell differentiation in a PLCγ-PKC dependent manner (Fig. 5C–D).

Discussion

We developed an optogenetic TrkA system to study differentiation in PC12 cells by photo-

activation of the TrkA ICD and its downstream signaling pathways. Light-mediated homo-

association of TrkA resulted in elevated ERK and PLCγ activity. Light stimulation 

specifically activated the optogenetic TrkA, efficiently decoupling its signaling from 

endogenous TrkA and p75NTR. By generating mutants of the signal pathway-specific 
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tyrosines, Y490 and Y785, we used this system to determine the mechanisms by which 

TrkA regulates PC12 cell differentiation.

In a previous study, we demonstrated that optogenetic activation of Raf/MEK/ERK signaling 

is sufficient to induce PC12 cell differentiation, suggesting that this pathway is a strong 

correlating factor for the phenotype (Krishnamurthy, et al., 2016). From our experiments 

employing optogenetic TrkA mutants in combination with pathway-specific inhibitors, we 

propose a model of the TrkA signaling network in the context of PC12 cell differentiation 

(Fig. 6). We find that Y490 regulates ERK signaling and Y785 primarily regulates PLCγ 
signaling. Y785 also promotes ERK signaling in a PLCγ-PKC dependent manner. Indeed, 

previous studies showed that PKC could feed into the Raf/MEK/ERK signaling cascade 

(Mauro, et al., 2002; Ueda, et al., 1996). The reduced differentiation caused by the Y490F 

and Y785F single mutants, and the abolished differentiation observed for the Y490/785F 

double mutant, suggest that TrkA uses both Y490 and Y785 to activate the Raf/MEK/ERK 

signaling pathway in promoting PC12 cell differentiation.

Based on previous studies (Obermeier, et al., 1994; Stephens, et al., 1994), PC12 cells 

expressing the Y490/785F double mutant did not differentiate in the presence of NGF, in 

agreement with our optogenetic result. However, the individual contribution of Y490 and 

Y785 to PC12 cell differentiation has been elusive. In one case, expression of single mutants 

Y490F and Y785F did not affect NGF-induced PC12 cell differentiation, suggesting a 

redundancy in their phenotypical role (Stephens, et al., 1994). In the other case, Y490F 

resulted in a dramatic loss of differentiation while Y785F had no effect (Obermeier, et al., 

1994). This discrepancy may be due to the nature of the ligands (i.e., NGF versus PDGF) 

used in these studies.

Using our optogenetic TrkA system, we show that Y490 and Y785 make significant and 

additive contributions to PC12 cell differentiation. We found that Y490F and Y785F each 

diminished PC12 cell differentiation to approximately half of that promoted by WT ICD 

(Fig. 3C). A similar additive trend was observed for their capacity to activate ERK (Fig. 4A). 

Stephens and colleagues (Stephens, et al., 1994) observed a similar reduction of ERK 

activity for both Y490F and Y785F compared to wild-type TrkA. At the phenotypic level, 

however, Y490F and Y785F promoted a degree of PC12 cell differentiation comparable to 

that promoted by wild-type TrkA. These results indicate that an ERK signaling threshold 

exists for establishing maximal differentiation. It is possible that this threshold was exceeded 

by both Y490F and Y785F when stimulated with NGF.

Here, we note that PC12 cell differentiation mediated by WT ICD was less than that of NGF 

treatment (Fig. 3B). We speculated that this was a result of a difference in signaling intensity 

between ligand- and light-simulated receptors. To test this idea, we compared the ERK 

activity induced by WT ICD (Fig. 7A) to NGF treatment (Fig. 7B). Given that not all cells 

are light-responsive in transfected cultures, we defined the signaling response of optogenetic 

TrkA as SoptoTrkA = R light,WT ICD − R light,No ICD
R dark,WT ICD − R dark,No ICD . We defined the NGF signaling response 

of untransfected cells as SNGF = R NGF
R No NGF . R is the signal ratio of phosphorylated ERK 

over total ERK probed by western blot. Figure 7A–B shows that light elicited a milder 
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signaling response (SoptoTrkA = 6.2) compared to NGF treatment (SNGF = 9.2). This result 

suggests that NGF elicits higher ERK activity than WT ICD, at least on a short time scale 

(5–10 minutes). To determine if a similar signaling difference exists at a longer time scale, 

we compared the ERK activity generated by NGF and light-activated WT ICD after 4 hours 

and 24 hours of treatment. As expected, NGF promoted higher ERK activity than WT ICD 

at both time points (Fig. 7C).

Thus, the previously observed reduction of ERK activity for NGF-treated PC12 cells 

expressing either Y490F or Y785F may still surpass the signaling threshold required for 

saturated differentiation, thereby obscuring the contribution of individual tyrosines 

(Stephens, et al., 1994). On the other hand, the optogenetic Y490F and Y785F likely 

produce a sub-threshold ERK activity when stimulated with light, providing advantages in 

interpreting the phenotypic role of each tyrosine. These results suggest that the difference 

between light- and ligand-induced PC12 cell differentiation resulted from their distinct 

potency in the induction of ERK signaling, the reason for which has yet to be determined, 

although it can be speculated that p75NTR plays a role in the presence of the ligand. In the 

physiological context, while Y490 primarily mediates the ERK-dependent trophic effects of 

NGF, we speculate that the role of Y785 in ERK signaling becomes more critical where 

NGF concentrations are low.

Finally, we asked if pharmacological inhibition of NGF-induced PLCγ-PKC activity would 

support our proposed model of the TrkA signaling network in the context of PC12 cell 

differentiation. We performed a PC12 cell differentiation assay in the presence of U73122 or 

GF 109203X. As expected, NGF-induced PC12 cell differentiation was reduced by U73122 

or GF 109203X in a dose-dependent manner, supporting our previous finding that the 

PLCγ-PKC axis contributes to PC12 cell differentiation (Fig. 7D).

Optogenetic activation of TrkA provides an attractive approach to dissect NGF signaling 

processes by leaving the endogenous TrkA expression unperturbed and by bypassing 

p75NTR signaling. As we have demonstrated, optogenetics can also be applied together with 

conventional inhibitor-based assays to further delineate signaling mechanisms. Although this 

work has primarily focused on delineation of TrkA signaling in mammalian cells, utilization 

of this optogenetic TrkA system in multicellular organisms should be applicable. Indeed, 

recent work from multiple laboratories including our own has demonstrated optogenetic 

control of intracellular signaling pathways in drosophila (Guglielmi, et al., 2015; Johnson, et 

al., 2017), zebrafish (Buckley, et al., 2016; Reade, et al., 2016), Xenopus (Krishnamurthy, et 

al., 2016), and mice (Konermann, et al., 2013; Kyung, et al., 2015; Lee, et al., 2017; Wang, 

et al., 2017). Notably, in vivo application of optogenetics has been significantly improved by 

the utilization of novel nanometer materials, such as upconversion nanoparticles (Chen, et 

al., 2018; He, et al., 2015; Huang, et al., 2016; Zhang, et al., 2016), to convert near-infrared 

light to visible light and facilitate deep-tissue light delivery. As receptor tyrosine kinase 

activation is a common function for a variety of growth factors and cytokines, we expect that 

this strategy can be generalized to study other receptor-mediated signal transduction 

pathways.
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Significance

Cell fate is largely determined by integrating and processing a variety of signaling inputs 

from the environment. To effectively and precisely transmit extracellular signals into the 

cell, delicate signaling machinery is required. Transmembrane receptors serve as the major 

machinery for transducing membrane-impermeant extracellular signals. In some cases, one 

type of ligand may bind to a variety of receptors to elicit distinct signaling outcomes. The 

signaling mechanisms of these receptors are often confounded particularly where common 

downstream signaling pathways are activated. In these cases, mechanistic delineation of the 

signaling mediated by each type of receptor calls for a strategy that can successfully 

decouple receptor activity. Nerve growth factor is one such ligand that interacts with both its 

high-affinity and low-affinity receptors, TrkA and p75NTR, both of which activate the 

extracellular-signal-regulated kinase pathway. To delineate TrkA subcircuits from those of 

p75NTR, we developed an optogenetic system where light was used to specifically activate 

TrkA signaling in the absence of nerve growth factor. By combining optogenetics with 

pharmacological assays, we demonstrated that the tyrosine residues Y490 and Y785 of the 

TrkA intracellular domain each contributes to PC12 cell differentiation through the 

extracellular-signal-regulated kinase pathway in an additive manner. Because receptor 

tyrosine kinase signaling is involved in neurological disorders, development, and cancer, we 

believe that delineating the signaling outcomes of TrkA subcircuits could lead to new 

insights into pathological conditions.

Materials and Methods

Materials

Phusion DNA polymerase master mix was purchased from NEB (Cat. #M0531). 

Oligonucleotides and gBlock Gene Fragments for cloning were purchased from IDT. In-

Fusion HD Cloning Plus kit was purchased from Clontech (Cat. #638909). BamHI, NheI, 

Turbofect transfection reagent, protease/phosphatase inhibitors, Bradford reagent, and 

Calcein AM were purchased from Thermo Fisher Scientific (Cat. #FD0054, #FD0973, 

#R0533, #A32959, #23238, #C3100MP). F12K cell media and horse serum were purchased 

from Gibco (Cat. #21127–022, #26050–088). Fetal bovine serum (FBS) was purchased from 

Sigma-Aldrich (Cat. #12303C). Penicillin-Streptomycin solution and DPBS were purchased 

from Corning (Cat. #30–002-CI, #21–031-CV). RIPA lysis buffer was purchased from 

Millipore (Cat. #20–188). LDS sample buffer was purchased from Invitrogen (Cat. 

#NP0007). Polyacrylamide gels, PVDF membrane, and protein standards were purchased 

from Bio-Rad (Cat. # 4561046, # 1620177, # 1610374). NGF and antibodies were purchased 

from Cell Signaling Technology (Cat. #5221, #9101, #9102, #2821, #2822, #2956, #7074). 

Erlotinib was purchased from Selleck Chemicals (Cat. #S7786). U73122 and GF 109203X 

were purchased from Tocris (Cat. #1268, #0741).

Plasmids construction

Lyn-TrkAICD-AuLOV-GFP was constructed by inserting a gBlock fragment coding the Lyn 

lipidation tag fused to the rat TrkA ICD and AuLOV (Lyn-TrkAICD-AuLOV) into a 

pEGFP-N1 vector (Clontech, discontinued; www.addgene.org/vector-database/2491/; 
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linearized by NheI and BamHI digestion) using In-Fusion cloning. ICD mutants were 

generated using overlap extension PCR.

Cell culture and transfection

PC12 cells were cultured in F12K medium supplemented with 15% horse serum, 2.5% FBS, 

and 1× Penicillin-Streptomycin solution (complete medium). Cultures were maintained in a 

standard humidified incubator at 37 °C with 5% CO2. For differentiation assays, 2400 ng of 

DNA were combined with 7.2 μL of Turbofect in 240 μL of serum-free F12K. For western 

blots, 1200 ng of DNA (1200 ng No ICD construct alone or 700 ng No ICD construct + 500 

ng ICD-containing construct) were combined with 3.6 μL of Turbofect in 120 μL of serum-

free F12K. The transfection mixtures were incubated at room temperature for 20 minutes 

prior to adding to cells cultured in 35 mm dishes with 500 μL complete medium. For 

differentiation assays, the transfection medium was replaced with 2 mL complete medium 

after 3 hours of transfection to recover cells overnight. For western blots, the transfection 

medium was replaced with 1 mL serum-free F12K supplemented with 1× Penicillin-

Streptomycin solution after 3 hours of transfection to serum-starved cells overnight.

PC12 cell differentiation assay

Transfected and recovered PC12 cells were switched to F12K supplemented with 0.15% 

horse serum, 0.025% FBS, and 1× Penicillin-Streptomycin solution (starvation medium) 

immediately prior to incubating cells on a homemade blue LED light box emitting at 300 

μW/cm2. Untransfected cells were similarly switched to starvation medium immediately 

prior to NGF treatment. Any inhibitors were added prior to NGF or light treatment. Cells 

were incubated with light for 24 or 44 hours before imaging GFP fluorescence at 10× 

magnification using a Leica DMI8 microscope. Untransfected cells were treated with 1 μM 

Calcein AM for 10 minutes before imaging. Differentiation ratios were calculated as 

follows:

# of green fluorescing cells with neurite length longer than the cell body diameter
# of green fluorescing cells

Epi-illumination fluorescence live-cell microscopy

An epi-illumination inverted fluorescence microscope (Leica DMI8) equipped with a 10×, 

100× objective (HCX PL FLUOTAR 100×/1.30 oil) and a light-emitting diode illuminator 

(SOLA SE II 365) transfected cells. Green fluorescence was detected using the GFP filter 

cube (Leica, excitation filter 472/30, dichroic mirror 495, and emission filter 520/35). 

Exposure time for both fluorescence channel was 200 ms.

Three-dimensional structured illumination microscopy (SIM)

A total of 2 × 105 MDA-MB-231 cells were seeded into a 35 mm dish containing a 14 mm 

coverslip 24 hours prior to transfection with WT ICD. Super-resolution images were 

acquired on an N-SIM Microscope (Nikon, Tokyo, Japan) equipped with solid-state lasers 

(405 nm and 488 nm). Light-induced WT ICD homo-association was stimulated by 405 nm, 

and SIM images were acquired under 488 nm excitation. The cells were exposed to 
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continuous blue light (405 nm) for 300 seconds. SIM images were captured at the beginning 

and the end of illumination using an electron-multiplying charge coupled device (EMCCD) 

camera (iXon 897, Andor, USA). To reduce photobleaching during SIM image acquisition, 

laser power (488 nm) was reduced to <20% with a minimum exposure time of 200 ms for 

each image. Images were obtained at 512 × 512 using Z-stacks with a step size of 0.125 μm. 

SIM frames were deliberately spaced at 2-s intervals. SIM images were analyzed with Nikon 

Elements and ImageJ.

Western blot

All transfected and serum-starved PC12 cells were treated with 10 μM Erlotinib (an EGFR 

inhibitor) for 5 minutes prior to illumination to further minimize baseline signaling. Cell 

were then illuminated for 10 minutes using a homemade blue LED light box emitting at 5 

mW/cm2. For PLCγ and PKC inhibitor experiments, cells were treated with inhibitors for 10 

minutes prior to light treatment. Following illumination, cells were washed once with 1 mL 

cold DBPS and lysed with 100 μL cold lysis buffer (RIPA + protease/phosphatase inhibitor 

cocktail). Lysates were centrifuged at 17,000 RCF, 4 °C for 10 minutes to pellet cell debris. 

Purified lysates were normalized using Bradford reagent. Normalized samples were mixed 

with LDS buffer and loaded onto 12% polyacrylamide gels. SDS-PAGE was performed at 

room temperature. Samples were transferred to PVDF membranes overnight at 30 V, 4 °C. 

Membranes were blocked in 5% BSA/TBST for 1 hour at room temperature and probed 

with the primary and secondary antibodies according to company guidelines. Membranes 

were incubated with ECL substrate and imaged using a Bio-Rad ChemiDoc XRS 

chemiluminescence detector. Signal analysis was performed using ImageJ. Activity is 

defined as the signal ratio of phospho-target/total target. All reported activity is normalized 

to the “dark” activity of each tested condition.

Statistical analysis

The p-values were determined by performing two-tailed, unpaired t-test using the GraphPad 

Prism software. The p-values were determined by performing two-tailed, unpaired t-test 

using the GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of the optogenetic TrkA system.
(A) Representation of the wild-type TrkA receptor. TrkA is a Type I transmembrane protein 

anchored at the plasma membrane by a single-helix transmembrane domain (TM). Nerve 

growth factor (NGF) associates with the extracellular domain (ECD) to promote receptor 

dimerization and phosphorylation of key tyrosines within the intracellular domain (ICD). 

Y670, Y674, and Y675 are critical for kinase activity, while Y490 and Y785 are involved in 

the initiation of the Raf/MEK/ERK and PLCγ-PKC signaling pathways, respectively. (B) 

Schematic representation of the optogenetic TrkA receptor. The ECD and TM are replaced 

by a lipidation motif to abolish ligand sensitivity, while retaining normal orientation and 

localization at the plasma membrane. Light sensitivity is introduced through fusion with the 

photosensitive protein, AuLOV. Illumination with blue light should promote dimerization of 

receptor ICDs and activation of downstream signaling pathways. Green fluorescent protein 

(GFP) serves as a probe for system expression.
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Figure 2. Optogenetic TrkA localizes to the plasma membrane and homo-associates in response 
to blue light.
(A) Fluorescence microscopy images of PC12 cells transiently expressing a cytosolic GFP 

or variants of the optogenetic TrkA system. (B) Red-line profile analysis of fluorescence 

images in (A) reveals a strong membrane localization of the optogenetic constructs. (C) 

Overexpression of WT ICD and TrkA-mCherry shows that both fusion proteins primarily 

localize to the plasma membrane. (D) Bimolecular fluorescence complementation assay 

based on split Venus fragments. A 20-minute blue light illumination (5 mW/cm2) increased 

the fluorescence intensity in cells co-transfected with Lyn-TrkAICD-AuLOV-VN and Lyn-

TrkAICD-AuLOV-VC. Images of the same cells were acquired before and after blue light 
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treatment. (E) Intensity quantification along four dash-line profiles outlined in (D). (F-G) 

Same as (D-E) except that a No AuLOV control, Lyn-TrkAICD-VN and Lyn-TrkAICD-VC, 

is used. The same blue light illumination does not enhance the fluorescence intensity. (H) 

Structured illumination microscopy (SIM) images of MDA-MB-231 cells expressing WT 

ICD (top panels) or No AuLOV control (bottom panels) before and after blue light (405 nm) 

irradiation. (I) Quantification of the fraction of images whose intensity is above a threshold 

set at 50% of the maximum intensity of the background-subtracted images. Scale bar = 10 

μm.
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Figure 3. Optogenetic TrkA promotes PC12 cell differentiation in response to blue-light 
stimulation.
(A) Image for reference depicting differentiated (yellow box) and undifferentiated (red box) 

PC12 cells transfected with No ICD and treated with 50 ng/mL NGF for 24 hours. (B) 

Differentiation ratios calculated for PC12 cells transiently expressing WT ICD or No ICD. 

Transfected cells were illuminated with 300 μW/cm2 blue light or kept in the dark for 44 

hours prior to imaging. WT ICD mediated significant light-induced differentiation compared 

to No ICD. Cells expressing No ICD in the presence of 50 ng/mL NGF underwent robust 

differentiation in a light-independent manner. Values represent the mean ± standard 
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deviation of three biological replicates (n=3) with >70 cells counted per replicate. (C) 

Differentiation ratios calculated for PC12 cells transiently expressing variants of the 

optogenetic TrkA system. Transfected cells were illuminated with 300 μW/cm2 blue light for 

24 hours prior to imaging. Y490F and Y785F showed a significant reduction in light-

induced differentiation compared to WT ICD. Y490/785F resulted in a differentiation ratio 

similar to that of No ICD. Values represent the mean ± standard deviation of two biological 

replicates (n=2) with >900 cells counted per replicate. (D) Representative fluorescence 

images of the conditions reported in (C). Scale bar = 50 μm.
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Figure 4. Light-induced optogenetic TrkA mutants differentially activate the ERK and PLCγ 
pathways.
Western blot analysis of light-induced (A) ERK and (B) PLCγ activity exhibited by PC12 

cells transiently expressing variants of the optogenetic TrkA system. Transfected cells were 

serum-starved overnight following transfection, and were illuminated with 5 mW/cm2 blue 

light or kept in the dark for 10 minutes prior to lysis. Compared to WT ICD, Y490F 

displayed a dramatic reduction in ERK activity with no change in PLCγ activity. Y785F 

showed a relatively modest reduction in ERK activity with nearly abrogated PLCγ activity. 

Y490/785F showed no light-induced activity for either pathway, similar to No ICD. Values 
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represent the mean ± standard deviation of three separate experiments (n=3) for ERK and 

two separate experiments (n=2) for PLCγ. (C) Western blot analysis of system expression 

by probing GFP. Expression level across samples fluctuates within 16%.
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Figure 5. Y490F-mediated ERK signaling is abolished by PLCγ-PKC inhibitors.
(A) Western blot analysis of light-induced ERK activity exhibited by PC12 cells transiently 

expressing Y490F. Transfected cells were serum-starved overnight following transfection 

and were treated with a PLCγ inhibitor (U73122, 1 μM) or a PKC inhibitor (GF 109203X, 1 

μM) for 10 minutes prior to illumination. Cells were subsequently illuminated with 5 

mW/cm2 blue light or kept in the dark for 10 minutes prior to lysis. Cells treated with 

U73122 or GF 109203X had abolished light-induced ERK activity compared to the 

untreated control. Values represent the mean ± standard deviation of two separate 

experiments (n=2) for untreated, and four separate experiments (n=4) for U73122 and GF 

109203X. (B) Western blot analysis of system expression by probing GFP. Expression level 

for illuminated conditions fluctuates within 14%. (C) Differentiation ratios calculated for 

PC12 cells transiently expressing Y490F in the presence of U73122 (1 μM) or GF 109203X 

(1 μM). Inhibitors were added to cells 1 hour prior to illumination. Cells were illuminated 

with 300 μW/cm2 blue light for 24 hours prior to imaging. Cells treated with U73122 or GF 

109203X had decreased light-induced differentiation compared to the untreated control, 

which received inhibitor vehicle (DMSO). Values represent the mean ± standard deviation of 

three biological replicates (n=3) with >40 cells counted per replicate (D) Representative 

fluorescence images of the conditions reported in (C). Scale bar = 50 μm.
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Figure 6. Proposed model for the role of Y490 and Y785 in TrkA-mediated PC12 cell 
differentiation.
The Raf/MEK/ERK signaling cascade, primarily instigated by Y490 of TrkA, is essential for 

PC12 cell differentiation. Y785 instigates the PLCγ-PKC pathway, which feeds into the 

Raf/MEK/ERK signaling cascade. Mutating Y785 or inhibiting the PLCγ-PKC pathway 

results in diminished receptor-mediated ERK signaling and differentiation in PC12 cells.
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Figure 7. NGF elicits higher ERK activity compared to optogenetic TrkA and NGF-mediated 
PC12 cell differentiation is reduced by pharmacological inhibition of PLCγ and PKC in a dose-
dependent manner.
(A) Western blot analysis of two separate experiments. Transfected cells (No ICD and WT 

ICD) were serum-starved overnight following transfection. Cells were illuminated with 5 

mW/cm2 blue light or kept in the dark for 10 minutes prior to lysis. (B) Untransfected cells 

were serum-starved overnight prior to treatment. Cells were untreated or treated with NGF 

(100 ng/mL) for 5 minutes prior to lysis. The ERK activity mediated by optogenetic TrkA 

was lower than that of NGF. (C) Western blot analysis of ERK signaling mediated by long-
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term NGF or WT ICD activity. PC12 cells were transfected with WT ICD and serum-starved 

overnight following transfection. Cells were then kept in the dark, illuminated with 300 

μW/cm2 blue light, or treated with NGF (50 ng/mL) for 4 or 24 hours prior to lysis. 

Untreated cells received NGF vehicle (sodium acetate). NGF stimulation elicited higher 

ERK activity than WT ICD for both durations. All samples are normalized to Lane 1. (D) 

Differentiation ratios for PC12 cells treated with NGF in the presence of U73122 or GF 

109203X. Serum-starved cells were treated with inhibitors (1, 5, 7.5, 10, and 20 μM) 1 hour 

prior to NGF treatment. Cells were treated with NGF (50 ng/mL) for 24 hours. Cells were 

stained with 1 μM Calcein AM 10 minutes before imaging. NGF-induced PC12 cell 

differentiation was reduced by U73122 or GF 109203X in a dose-dependent manner. 

Untreated cells received NGF vehicle (sodium acetate) and inhibitor vehicle (DMSO). 

Values represent the mean ± standard deviation of two biological replicates (n=2) with >400 

cells counted per replicate.
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