
Small molecules targeting PTPσ—Trk interactions promote 
sympathetic nerve regeneration

Matthew R. Blake1,2,#, Ryan T. Gardner1,5,#, Haihong Jin1,6, Melanie A. Staffenson1, Nicole 
J. Rueb3, Amy M. Barrios3, Gregory B. Dudley4, Michael S. Cohen1, Beth A. Habecker1

1Department of Chemical Physiology and Biochemistry, Oregon Health and Science University, 
Portland, OR 97239, USA

2Graduate Program in Biomedical Sciences, Oregon Health and Science University, Portland, OR 
97239, USA

3Department of Medicinal Chemistry, University of Utah College of Pharmacy, Salt Lake City, UT 
84112, USA

4C. Eugene Bennett Department of Chemistry, West Virginia University, Morgantown, WV 26506, 
USA

Abstract

Chondroitin Sulfate Proteoglycans (CSPGs) prevent sympathetic nerve regeneration in the heart 

after myocardial infarction, and prevent central nerve regrowth after traumatic brain injury 

and spinal cord injury. Currently there are no small molecule therapeutics to promote nerve 

regeneration through CSPG-containing scars. CSPGs bind to monomers of receptor protein 

tyrosine phosphatase sigma (PTPσ) on the surface of neurons, enhancing the ability of PTPσ 
to bind and dephosphorylate Trk tyrosine kinases, inhibiting their activity and preventing axon 

outgrowth. Targeting PTPσ—Trk interactions is thus a potential therapeutic target. Here we 

describe the development and synthesis of small molecules (HJ-01, HJ-02) that disrupt PTPσ 
interactions with tropomyosin receptor kinases (Trks), enhance Trk signaling, and promote 

sympathetic nerve regeneration over CSPGs.
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Introduction

The lack of nerve regeneration after spinal cord injury, traumatic brain injury, extremity 

injury, and even myocardial infarction is due, in part, to inhibitory extracellular matrix 

components including chondroitin sulfate proteoglycans (CSPGs). A current approach to 

overcoming CSPG inhibition of axon outgrowth focuses on enzymatic degradation of 

chondroitin sulfate side chains using chondroitinase ABC (ChABC). Intrathecal treatment 

with ChABC 1, local injection of the enzyme near nerve grafts 2, 3, or viral expression of 

modified ChABC 4 has proven successful in restoring nerve regeneration after spinal cord 

injury. However, the need to express or inject a functional enzyme in vivo, and maintain 

levels for an extended period of time, raises concerns about safety and applicability to 

humans. Recent studies identified protein tyrosine phosphatase receptor sigma (PTPσ) as 

a receptor for CSPGs 5, and showed that knockout of PTPσ in mice enhanced nerve 

regeneration after spinal cord injury 6 or myocardial infarction 7. Likewise, modulating 

PTPσ activity with intracellular sigma peptide (ISP), a cell permeable peptide that disrupts 

PTPσ-substrate binding 8 enhanced nerve regeneration after spinal cord injury in rats 8 

and restored nerve regeneration after myocardial infarction in mice 9. Development of the 

therapeutic peptide was a significant milestone but no small molecule therapeutics exist to 

overcome CSPG inhibition of nerve regeneration.

The mechanisms by which PTPσ and homologues such as LAR (Leukocyte common 

antigen-related receptor) inhibit axon outgrowth are not fully understood, but interactions 

with Trk neurotrophin receptors (TrkA, TrkB, and TrkC) are thought to play a key role 10, 11. 

PTPσ and LAR both bind to and dephosphorylate Trk receptors, inhibiting their kinase 

activity and decreasing axon outgrowth 11. Removing PTPσ or disrupting phosphatase 

binding to Trk receptors enhances Trk signaling 10 and axon outgrowth 8, 9. These studies 

suggest that inhibiting PTPσ or disrupting the interaction between PTPσ and TrkA should 

enhance sympathetic axon outgrowth across CSPGs.

Here, we describe small molecules (HJ-01 and HJ-02) inspired by illudalic acid, a natural 

product shown to inhibit PTPσ catalytic activity 12–14. Surprisingly, HJ-01 and HJ-02 do not 

inhibit PTPσ activity, but instead disrupt the interaction between PTPσ and TrkA. HJ-01 and 

HJ-02 enhance Trk signaling and restore sympathetic axon outgrowth across CSPGs.

Results and Discussion

Design and Synthesis of a PTPσ inhibitor

We sought to identify an inhibitor of PTPσ catalytic activity and were inspired by the 

natural product Illudalic acid (Fig. 1) which inhibits PTPσ and the related phosphatase LAR. 

Illudalic acid exhibits an IC50 of <<250 nM against PTPσ catalytic activity in vitro 14. 

Illudalic acid contains an aldehyde as well as a hemi-acetal lactone that opens up to an 
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aldehyde at physiological pH; the bis-aldehyde is required for activity, presumably because 

it is required to form a stable covalent bond with the active site cysteine of LAR/PTPσ. 

Because of (i) potential cellular instability of the bis-aldehyde and (ii) the complex, multi-

step synthesis of illudalic acid we envisaged a simpler analog with better physiochemical 

properties for in cell and in vivo studies. Inspired by illudalic acid and closely related 

analogs, we rationally designed two small molecules, HJ-01 and HJ-02 (Fig. 1). Similar 

to illudalic acid analogs, HJ-01 and HJ-02 are based on p-hydroxy benzoic acid scaffold, 

however, the bis-aldehyde was replaced with an acrylamide group designed to react with 

the catalytic cysteine in PTPσ. HJ-01 and HJ-02 could be synthesized in four steps from 

commercially available starting material (Scheme S1, Supporting Information).

HJ-01 and HJ-02 rescue neurite and axon outgrowth over CSPGs

CSPGs are potent inhibitors of central and peripheral neuron outgrowth. The primary 

CSPG receptor in sympathetic neurons is PTPσ, and deleting PTPσ or disrupting PTPσ-

substrate interactions with ISP enhances sympathetic axon growth across CSPGs 7, 9. We 

asked if our small molecules could restore sympathetic axon outgrowth over inhibitory 

CSPGs, performing live cell imaging of neurons grown on plates coated with laminin or a 

combination of laminin and CSPGs. Additional cells were treated with HJ-03, a structural 

analog of HJ-01 and HJ-02 in which the acrylamide was replaced with a non-reactive 

ethylamide isostere (Scheme S1, Supporting Information), illudalic acid, or ISP. CSPGs 

significantly limited axon outgrowth as expected, and HJ-01 and HJ-02 restored axon 

outgrowth in a dose dependent manner (Figure 2). HJ-01 and HJ-02 fully restored growth 

at 100 nM. ISP also restored axon growth over CSPGs at 1 μM, but HJ-03 and illudalic 

acid did not (Figure 2). These results show that HJ-01 and HJ-02 promote sympathetic axon 

outgrowth across CSPGs, and their activity is dependent on the acrylamide electrophile, 

consistent with covalent inhibition.

CSPGs inhibit axon outgrowth in vivo through interaction with the distal axon. To confirm 

that these compounds acted on axons, we cultured sympathetic neurons in microfluidic 

chambers to separate the cell bodies from the axons, with treatments confined to the axon 

compartment. The distal axon compartment was coated with either collagen or collagen and 

CSPGs prior to adding neurons. After axons had extended into the distal compartment, the 

axon compartment was treated for 3 hours with vehicle (5% DMSO), 100 nM HJ-01, 100 

nM HJ-02, or 4 μU/mL chondroitinase ABC as a positive control to disrupt CSPGs. Acute 

treatment with the small molecules (Figure 3) or the positive control chondroitinase ABC 

(data not shown) stimulated the defasiculation of axon bundles growing over CSPGs and 

enhanced the rate of axon outgrowth. These results suggest HJ-01 and HJ-02 target axons to 

promote outgrowth across CSPGs.

HJ-01 and HJ-02 do not inhibit phosphatase activity

Based on the mechanism of action of illudalic acid, we hypothesized that HJ-01 and HJ-02 

would irreversibly inhibit the catalytic activity of PTPσ by reacting with the active site 

cysteine in the D1 catalytic domain via a Michael addition with their acrylamide. To test 

the hypothesis that these compounds inhibit PTPσ D1 catalytic activity, we expressed 

and purified a peptide including the D1 domain and the inactive D2 pseudocatalytic 
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domain. We used the compound p-nitrophenol phosphate (p-NPP) to monitor phosphatase 

activity through a colorimetric reaction. We incubated D1D2 peptide with either vehicle 

(5% DMSO), 1 μM HJ-02, or the phosphatase inhibitor orthovanadate (10 mM) as a 

negative control in the presence of either 2 mM or 10 mM p-NPP. HJ-02 did not inhibit 

D1 phosphatase activity at 1 μM concentration, even though lower doses restored axon 

outgrowth in vitro. Samples treated with orthovanadate had negligible phosphatase activity 

as expected (Figure 4A,B). We also tested higher doses of HJ-01 and HJ-02 against a panel 

of protein phosphatases and found minimal inhibition of phosphatase activity with 100 μM 

HJ-01 or HJ-02 (Figure 4C,D), which is three orders of magnitude higher than the dose 

needed to restore axon outgrowth. These results show that HJ-01 and HJ-02 do not inhibit 

the catalytic activity of PTPσ at biologically relevant concentrations and conditions and 

suggest that they affect PTPσ function via a different mechanism. In contrast, illudalic acid 

fully inhibited PTPσ activity at 1 μM (Figure 4E) but had no effect on axon outgrowth at 

concentrations up to 10 μM.

HJ-01 and HJ-02 disrupt TrkA—PTPσ interactions

Interaction of PTPσ with its protein substrates is required for efficient dephosphorylation. 

Trk tyrosine kinase receptors are critical substrates of PTPσ in neurons, and disrupting PTPσ 
binding to Trk receptors enhances Trk signaling 10 and axon outgrowth 8, 9. Thus, we asked 

if HJ-01 and HJ-02 altered the interaction between PTPσ and TrkA, the Trk receptor present 

in sympathetic neurons.

We transfected HEK 293T cells with PTPσ and TrkA tagged with red fluorescent protein 

(TrkA-RFP), and examined the ability of HJ-01 and HJ-02 to disrupt TrkA—PTPσ 
binding. Cells were treated with vehicle (DMSO), HJ-01, HJ-02, or the biologically 

inactive compound HJ-03 and were stimulated simultaneously with NGF and CSPGs. These 

conditions were used to mimic the environmental conditions present during sympathetic 

nerve regeneration in our experimental model. We immunoprecipitated TrkA-RFP using an 

RFP-nanobody and compared the PTPσ pulled down following HJ-01 or HJ-02 treatment 

(100 nM and 1 μM) with the amount pulled down in vehicle treated cells. The small 

molecules HJ-01 and HJ-02 disrupted TrkA—PTPσ interactions as measured by pulldown 

efficiency, while the biologically inactive structural analog, HJ-03, did not disrupt TrkA—

PTPσ binding (Figure 5A–C). To further test the specificity of these compounds, we asked 

if HJ-02 disrupted TrkA interactions with the p75 neurotrophin receptor (p75NTR), which 

together form the high-affinity binding site for NGF. Addition of HJ-02 did not alter the 

ability of TrkA-RFP to pull down p75NTR (Figure 5D), suggesting selectivity for disrupting 

TrkA—PTPσ interactions. These data support the model that HJ-01 and HJ-02 promote 

axon outgrowth by disrupting the interaction between PTPσ and TrkA, but the concentration 

required to break Trk—PTP complexes was higher than the concentration that restored 

axon outgrowth. This suggests that HJ-01 and HJ-02 modulate Trk—PTPσ interactions and 

subsequent Trk signaling at lower concentrations than are necessary to significantly disrupt 

Trk—PTPσ complexes.
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HJ-01 and HJ-02 reverse PTPσ-inhibition of Trk signaling

PTPσ dephosphorylates Trk receptors 11 and the absence of PTPσ enhances Trk signaling, 

noted by increased phosphorylation of downstream signaling proteins including ERK1/2 and 

Akt 15. To determine if disruption of Trk—PTPσ complexes by HJ-01 and HJ-02 prevented 

PTPσ inhibition of Trk signaling, we used HEK 293T cells stably expressing TrkB (HEK-

TrkB). Co-expression of full-length PTPσ in HEK-TrkB cells decreased BDNF-induced 

ERK1/2 phosphorylation, and addition of HJ-01 or HJ-02 restored ERK1/2 phosphorylation 

to normal BDNF-stimulated levels (Figure 6A,B). Similar to the neurite outgrowth data 

in TrkA-expressing sympathetic neurons, HJ-02 was slightly more potent than HJ-01 in 

rescuing PTPσ-suppressed ERK1/2 phosphorylation. Likewise, both compounds restored 

ERK phosphorylation at 100 nM, consistent with the dosing that restored axon outgrowth 

in neurons, but lower than the dose needed to significantly disrupt TrkA—PTPσ binding in 

pull-down experiments. Taken together these results support the notion that HJ-01 and HJ-02 

prevent PTPσ-mediated dephosphorylation of Trk receptors by modulating the interaction 

between PTPσ and Trks. Since HJ compounds did not inhibit PTPσ activity, but did inhibit 

downstream signaling, we asked if HJ-01 or HJ-02 disrupted signaling downstream from 

tyrosine phosphatase PTP1B and its substrate the insulin receptor (IR-β) 16. Both receptors 

are present in the human hepatic cell line HepG2. Insulin stimulation of IR-β in HepG2 

cells increased phosphorylation of ERK1/2, and inhibiting PTP1B with CinnGel 2ME 

further enhanced ERK signaling. Conversely, HJ-01 and HJ-02 had no effect on ERK1/2 

phosphorylation in insulin-stimulated HepG2 cells, indicating they do not disrupt PTP1B 

dephosphorylation of IR-β (Figure 6C,D).

Discussion

There is a great need for therapeutics that can facilitate axon regeneration and cell migration 

through CSPG-laden scar tissue. Small molecules that promote axon outgrowth through 

inhibitory environments are promising therapeutics for spinal cord injury, traumatic brain 

injury, or myocardial infarction 5, 8, 9, 17. In this study, we synthesized two natural 

product-inspired, acrylamide-based compounds, HJ-01 and HJ-02, which were designed 

to covalently inactivate PTPσ activity. HJ-01 and HJ-02, restored axon outgrowth across 

inhibitory CSPGs in vitro. A compound (HJ-03) lacking an acrylamide had no biological 

activity, suggesting that covalent binding was important for function. Our experiments with 

primary neurons found no evidence of non-specific binding or toxicity. Importantly, there 

are several examples of FDA approved drugs (e.g. BTK inhibitor, Ibrutinib) that contain 

acrylamides, demonstrating that compounds with this type of electrophile are effective in 
vivo.

PTPσ regulation of axon dynamics depends on its ability to bind to and dephosphorylate 

substrate proteins including Trk tyrosine kinases 11. Modulation of substrate binding 

can occur through two distinct mechanisms, one extracellular and one intracellular. 

Extracellular CSPGs bind to PTPσ monomers, which can then bind to and dephosphorylate 

substrate proteins like Trk receptors, decreasing axon outgrowth. In contrast, extracellular 

heparin sulfate proteoglycans (HSPGs) stimulate oligomerization of PTPσ into aggregates 

sequestered from Trk receptors, promoting axon outgrowth 18. Intracellular binding of 

peptides like ISP or small molecules to the D2 pseudocatalytic domain of PTPσ can also 
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disrupt substrate binding and enhance axon outgrowth 10. Unexpectedly, we found that 

HJ-01 and HJ-02 did not block PTPσ phosphatase activity, but rather modulated PTPσ—Trk 

receptor signaling, and at higher doses disrupted the PTPσ—Trk complex. Interestingly, 

the PTPσ inhibitor illudalic acid did not rescue axon outgrowth, in distinct contrast to 

ISP, HJ-01, and HJ-02 which do not inhibit the phosphatase but modulate PTPσ—Trk 

interactions. The disruption of the interaction between PTPσ—TrkA by HJ-01 and HJ-02 

in a cysteine-dependent manner may be similar to the disruption of IRAK4—MyD88 

interactions by the multiple sclerosis drug dimethyl fumarate (DMF) 19. These results 

suggest that HJ-01 and HJ-02 elicit their effects via altering PTPσ—Trk interactions by 

covalently binding to either PTPσ or Trk; however, due to the lack of direct binding data, we 

cannot rule out that HJ-01 and HJ-02 bind to an unidentified protein involved in PTPσ—Trk 

complex formation.

We generated novel small molecules designed to target PTPσ in order to promote nerve 

regeneration through CSPG-containing scars. Two compounds that we generated restore 

nerve growth in vitro at nanomolar concentrations. Although our focus was on sympathetic 

neurons, CSPGs in the glial scar inhibit nerve regeneration after traumatic brain injury 

and spinal cord injury, preventing cognitive or motor recovery 17. CSPG-PTPσ interactions 

also disrupt myelin repair in multiple sclerosis by inhibiting oligodendrocyte precursor 

cell (OPC) migration into demyelinated regions and preventing differentiation of OPCs 

into oligodendrocytes 20–22. HJ-01 and HJ-02 may prove useful for ameliorating disease 

progression in these situations. Small molecules are simpler to produce and easier to 

administer than the peptide (ISP) and enzyme (chondroitinase ABC)-based strategies that 

are the primary current focus of therapeutic development. Thus, HJ-01 and HJ-02 are an 

important advance in the development of therapies designed to overcome CSPG actions.

Methods

General Chemistry methods.

General.—1H NMR were recorded on a Bruker DPX spectrometer at 400 MHz. Chemical 

shifts are reported as parts per million (ppm) downfield from an internal tetramethylsilane 

standard or solvent references. Solvents for reactions were dried using a solvent purification 

system manufactured by Glass Contour, Inc. (Laguna Beach, CA) unless otherwise 

indicated. Triethylamine (Et3N) was stored over NaOH. All other solvents were of ACS 

chemical grade (Fisher Scientific) and used without further purification unless otherwise 

indicated. Reagents were of ACS chemical grade (Fisher Scientific) and used as received.

Methyl 5-(cyclohexylmethoxy)-4-methoxy-2-nitrobenzoate (2-1)—To a solution of 

methyl 5-hydroxy-4-methoxy2-nitrobenzoate (227 mg, 1.0 mmol) in DMF (10 ml) was 

added K2CO3 (207 mg, 1.5 mmol) and cyclohexylmethyl bromide (212 mg, 1.2 mmol). The 

reaction mixture was heated to 100°C and stirred for 10 h. After the reaction was over, the 

mixture was cooled to room temperature RT). The mixture was then filtered to remove the 

inorganic material. Filtrate was diluted with water (5 ml) and extracted with ethyl acetate 

(3x10 ml). The combined organic layers were washed with water (3x10 ml) and dried over 

anhydrous sodium sulfate. Removal of solvent under vacuo gave the residue which was 
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chromatographed on silica gel with EtOAc : Hexane (1:4 v/v) as eluent to give 293 mg 

(yield 91%) of the desired product. 1H NMR (400 MHz, Chloroform-d) δ 1H NMR (400 

MHz, Chloroform-d) δ 7.44 (s, 1H), 7.02 (s, 1H), 3.94 (s, 3H), 3.89 (s, 3H), 3.87 (d, J 
= 6.3 Hz, 2H), 1.87-1.74 (m, 6H), 1.37 – 1.14 (m, 3H), 1.12 – 0.90 (m, 2H). 13C NMR 

(101 MHz, CDCl3) δ 166.62, 152.60, 150.69, 140.80, 121.85, 111.67, 107.23, 75.09, 56.66, 

53.33, 37.37, 29.83, 26.46, 25.70.

Methyl 2-amino-5-(cyclohexylmethoxy)-4-methoxybenzoate (3-1)—To a solution 

of methyl5-(cyclohexylmethoxy)-4-methoxy-2-nitrobenzoate (2) (260 mg, 0.80 mmol) in 

anhydrous MeOH was added Pd/C (10 wt%, 55 mg). The mixture was stirred under H2 

atmosphere for 4 h before it was filtered through a pad of celite. The solvent was removed 

in vacuo and the residue was purified by flash column chromatography to afford 218 mg 

(93%) of the desired product. 1H NMR (400 MHz, Chloroform-d) δ 7.29 (s, 1H), 6.12 (s, 

1H), 5.57 (s, 2H), 3.88 (s, 3H), 3.83 (s, 3H), 3.71 (d, J = 6.4 Hz, 2H), 1.91-1.69 (m, 6H), 

1.34 - 1.15 (m, 3H), 1.01 (m, 2H).13C NMR (101 MHz, CDCl3) δ 168.30, 155.67, 147.22, 

140.33, 115.21, 102.23, 99.50, 75.66, 55.83, 51.40, 37.76, 30.09, 26.68, 25.88

Methyl 2-acrylamido-5-(cyclohexylmethoxy)-4-methoxybenzoate (4-1)—Methyl 

2-amino-5-(cyclohexylmethoxy)-4-methoxybenzoate (3) (205 mg, 0.70 mmol) was 

dissolved in DCM (5 ml) followed by addition of acryloyl chloride (76 mg, 0.84 mmol) 

at 0°C. Triethylamine (84 mg, 0.84 mmol) was then syringed into the reaction mixture and 

the solution was stirred for 4 h and allowed to warm to RT. The reaction was concentrated 

and re-dissolved in EtOAc. The organic solution was then washed with water, saturated 

sodium bicarbonate, and brine. The organic layer was dried over magnesium sulfate, filtered, 

concentrated, and purified by column chromatography (1:4) EtOAc:Hexanes) to deliver 221 

mg (yield 91%) of the desired product. 1H NMR (400 MHz, Chloroform-d) δ 11.39 (s, 1H), 

8.56 (s, 1H), 7.44 (s, 1H), 6.41-6.24 (m, 2H), 5.77 (dt, J = 10.0, 1.6 Hz, 1H), 3.95 (s, 3H), 

3.93(s, 3H), 3.77 (dd, J = 6.4, 1.8 Hz, 2H), 1.96 – 1.64 (m, 6H), 1.38 – 1.11 (m, 3H), 1.11 

– 0.96 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 168.67, 164.16, 154.75, 143.92, 137.66, 

132.53, 127.28, 114.11, 106.74, 75.00, 56.22, 52.25, 37.68, 30.08, 26.65, 25.86.

2-Acrylamido-5-(cyclohexylmethoxy)-4-methoxybenzoic acid (5-1, HJ-01)—
Methyl 2-acrylamido-5-(cyclohexylmethoxy)-4-methoxybenzoate (4-1) (20 mg, 0.06 mmol) 

was dissolved in THF (1mL) followed by 2 M LiOH (0.12 ml, 0.24 mmol) and the mixture 

was stirred at RT overnight. After the reaction was over, acidify the mixture with 1N HCl 

and the product was extracted with ethyl acetate to afford 16 mg. Yield: 85%.

1H NMR (400 MHz, Chloroform-d) δ 8.46 (s, 1H), 7.55 (s, 1H), 6.40 – 6.30 (m, 2H), 5.81 

(dd, J = 9.2, 2.2 Hz, 1H), 4.62 (s, 15H), 3.96 (s, 3H), 3.81 (d, J = 6.3 Hz, 2H), 1.96 - 1.87 

(m, 3H), 1.82- 1.73 (m, 3H), 1.39 - 1.19 (m, 3H), 1.08 (t, J = 11.9 Hz, 2H). 13C NMR (101 

MHz, CDCl3) δ 169.80, 164.22, 153.89, 143.55, 136.60, 131.85, 126.75, 114.74, 107.48, 

103.28, 74.59, 55.48, 37.22, 29.50, 26.10, 25.34.

Methyl 5-(hexyloxy)-4-methoxy-2-nitrobenzoate (2-2)—To a solution of methyl 5-

hydroxy-4-methoxy-2-nitrobenzoate (227 mg, 1.0 mmol) in DMF (10 ml) was added K2CO3 

(207 mg, 1.5 mmol) and bromohexane (198 mg, 1.2 mmol). The reaction mixture was 
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heated to 100°C and stirred for 10 h. After the reaction was over, the mixture was cooled to 

RT. The mixture was then filtered to remove the inorganic material. The filtrate was diluted 

with water (5 ml) and extracted with ethyl acetate (3x10 ml). The combined organic layers 

were washed with water (3x10 mL) and dried over anhydrous sodium sulfate. Removal of 

solvent under vacuo gave the residue which was chromatographed on silica gel with EtOAc : 

Hexane (1:4 v/v) as eluent to give 286 mg (yield 92%) desired product. 1H NMR (400 MHz, 

Chloroform-d) δH (ppm) = 1H NMR (400 MHz, Chloroform-d) δ 7.45 (s, 1H), 7.05 (s, 1H), 

4.09 (t, J = 6.8 Hz, 2H), 3.95 (s, 3H), 3.90 (s, 3H), 1.87 (p, J = 6.9 Hz, 2H), 1.45 (m, 2H), 

1.34 (m, 4H), 0.95 – 0.86 (m, 3H).13C NMR (101 MHz, CDCl3) δC (ppm) = 166.61, 152.39, 

150.65, 140.95, 121.85, 111.68, 107.22, 69.91, 56.68, 53.38, 31.57, 28.90, 25.62, 22.67, 

14.14.

Methyl 2-amino-5-(hexyloxy)-4-methoxybenzoate (3-2)—To a solution of methyl 

5-(hexyloxy)-4-methoxy-2-nitrobenzoate (250 mg, 0.80 mmol) in anhydrous MeOH was 

added Pd/C (10 wt%, 55 mg). The mixture was stirred under H2 atmosphere for 4 h before it 

was filtered through a pad of celite. The solvent was removed in vacuo and the residue was 

purified by flash column chromatography to afford 202 mg (90%) of the desired product. 1H 

NMR (400 MHz, Chloroform-d) δH (ppm) = 7.31 (s, 1H), 6.13 (s, 1H), 5.57 (br, 2H), 3.91 

(t, J = 6.9 Hz, 2H), 3.84 (s, 6H), 1.79 (t, J = 7.6 Hz, 2H), 1.52 – 1.39 (m, 2H), 1.34 (m, 4H), 

0.91 (d, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δC (ppm) = 168.33, 155.56, 147.23, 

140.08, 115.08, 102.30, 99.48, 70.06, 55.87, 51.44, 31.75, 29.38, 25.79, 22.79, 14.18.

Methyl 2-acrylamido-5-(hexyloxy)-4-methoxybenzoate (4-2)—Methyl 2-amino-5-

(hexyloxy)-4-methoxybenzoate (3-2) (197 mg, 0.70 mmol) was dissolved in DCM (5 ml) 

followed by addition of acryloyl chloride (76 mg, 0.84 mmol) at 0°C. Triethylamine (84 

mg, 0.84 mmol) was then syringed into the reaction mixture and the solution was stirred 

for 4 h and allowed to warm to RT. The reaction was concentrated and re-dissolved in 

EtOAc. The organic solution was then washed with water, saturated sodium bicarbonate, 

and brine. The organic layer was dried over magnesium sulfate, filtered, concentrated, and 

purified by column chromatography EtOAc : Hexanes (1:4) to deliver 211 mg (yield 90%) 

desired product. 1H NMR (400 MHz, Chloroform-d) δH (ppm) = 11.40 (s, 1H), 8.57 (s, 1H), 

7.47 (s, 1H), 6.58-6.23 (m, 2H), 5.77 (dd, J = 10.0, 1.4 Hz, 1H), 4.00 (t, J = 6.8 Hz, 2H), 

3.96 (s, 3H), 3.90 (s, 3H), 1.83 (p, J = 7.0 Hz, 2H), 1.59 −1.38 (m, 2H), 1.40 - 1.21 (m, 

4H), 1.02-0.77 (m, 3H). 13C NMR (101 MHz, CDCl3) δC (ppm) = 168.66, 164.18, 154.64, 

143.64, 137.72, 132.52, 127.31, 113.99, 106.76, 103.68, 69.51, 56.23, 52.25, 31.71, 29.83, 

29.22, 25.76, 22.71, 14.17.

2-Acrylamido-5-(hexyloxy)-4-methoxybenzoic acid (5-2, HJ-02)—Methyl 2-

acrylamido-5-(hexyloxy)-4-methoxybenzoate (4-2) (20mg, 0.06 mmol) was dissolved in 

THF (1 ml) followed by 2M LiOH (0.12 ml, 0.24 mmol) and the mixture was stirred at r. t. 

overnight. After the reaction was over, acidify the mixture with 1N HCl and the product was 

extracted with ethyl acetate to afford 15 mg product. Yield: 80%.

1H NMR (400 MHz, Methanol-d4) δH (ppm) = 11.17 (s, 1H), 8.61 (d, J = 0.9 Hz, 1H), 7.55 

(d, J = 1.0 Hz, 1H), 6.60-6.14 (m, 2H), 5.81 (dt, J = 10.0, 1.1 Hz, 1H), 4.03 (t, J = 6.8 Hz, 

2H), 3.99 (s, 3H), 1.85 (p, J = 7.0 Hz, 2H), 1.60 −1.42 (m, 2H), 1.36 (m, 4H), 0.91 (t, J 
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= 6.0Hz, 3H). 13C NMR (101 MHz, CDCl3) δC (ppm) = 172.36, 164.12, 155.51, 143.74, 

138.38, 132.21, 127.67, 114.39, 105.45, 72.83, 69.37, 56.23, 31.58, 29.05, 25.63, 22.59, 

14.05.

Methyl 5-(hex-5-yn-1-yloxy)-4-methoxy-2-nitrobenzoate (2-3)—To a solution of 

methyl 5-hydroxy-4-methoxy-2-nitrobenzoate (227 mg, 1.0 mmol) in DMF (10 ml) was 

added K2CO3 (207 mg, 1.5 mmol), KI (33 mg, 0.2 mmol) and 6-chloro-1-hexyne (140 

mg, 1.2 mmol). The reaction mixture was heated to 120°C and stirred for 15 h. After the 

reaction was over, the mixture was cooled to RT. The mixture was then filtered to remove 

the inorganic material. Filtrate was diluted with water (5 ml) and extracted with ethyl acetate 

(3x10 ml). The combined organic layers were washed with water (3x10 ml) and dried over 

anhydrous sodium sulfate. Removal of solvent under vacuo gave the residue which was 

chromatographed on silica gel with EtOAc : Hexane (1:4 v/v) as eluent to give 270 mg 

(88%) desired product. 1H NMR (400 MHz, Chloroform-d) δ 7.45 (s, 1H), 7.06 (s, 1H), 4.13 

(t, J = 6.4 Hz, 2H), 3.95 (s, 3H), 3.90 (s, 3H), 2.29 (td, J = 7.0, 2.6 Hz, 2H), 2.12 – 1.89 (m, 

3H), 1.80 – 1.63 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 166.49, 152.15, 150.70, 141.13, 

121.73, 111.75, 107.23, 83.82, 69.19, 69.07, 56.66, 53.37, 27.91, 24.88, 18.19.

Methyl 2-amino-5-(hex-5-yn-1-yloxy)-4-methoxybenzoate (3-3)—To a solution of 

methyl 5-(hex-5-yn-1-yloxy)-4-methoxy-2-nitrobenzoate (247 mg, 0.80 mmol) in anhydrous 

MeOH was added Pd/C (10 wt%, 55 mg). The mixture was stirred under H2 atmosphere for 

4 h before it was filtered through a pad of celite. The solvent was removed in vacuo and the 

residue was purified by flash column chromatography to afford 200 mg (90%) of the desired 

product. 1H NMR (400 MHz, Chloroform-d) δ 7.32 (s, 1H), 6.13 (s, 1H), 5.58 (br, 2H), 3.96 

(t, J = Hz, 2H), 3.84 (s, 6H), 2.28 (m, 2H), 1.99 – 1.85 (m, 3H), 1.73 (m, 2H). 13C NMR 

(101 MHz, CDCl3) δ 168.30, 155.64, 147.40, 139.93, 115.42, 102.30, 99.50, 84.36, 69.58, 

68.68, 55.88, 51.47, 28.48, 25.20, 18.32.

Methyl 2-acrylamido-5- (hex-5-yn-1-yloxy)-4-methoxybenzoate (4-3)—Methyl 2-

amino-5-(hex-5-yn-1-yloxy)-4-methoxybenzoate (4-2) (194 mg, 0.7 mmol) was dissolved 

in DCM (5 ml) followed by addition of acryloyl chloride (76 mg, 0.84 mmol) at 0 °C. 

Triethylamine (84 mg, 0.84 mmol) was then syringed into the reaction mixture and the 

solution was stirred for 4 h and allowed to warm to RT. The reaction was concentrated 

and re-dissolved in EtOAc. The organic solution was then washed with water, saturated 

sodium bicarbonate, and brine. The organic layer was dried over magnesium sulfate, filtered, 

concentrated, and purified by column chromatography (1:4) EtOAc:Hexanes) to deliver 207 

mg (89%) desired product. 1H NMR (400 MHz, Chloroform-d) δ 11.40 (s, 1H), 8.58 (s, 

1H), 7.48 (s, 1H), 6.61 – 6.16 (m, 2H), 5.89 – 5.63 (m, 1H), 4.03 (t, J = 6.4 Hz, 2H), 3.96 

(s, 3H), 3.91 (s, 3H), 2.29 (m, 2H), 1.97 (m, 3H), 1.81 – 1.68 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ 168.63, 164.23, 154.71, 143.50, 137.90, 132.51, 127.38, 114.30, 106.78, 103.74, 

84.20, 68.89, 68.80, 56.24, 52.28, 28.30, 25.12, 18.30.

2-Acrylamido-5-(hex-5-yn-1-yloxy)-4-methoxybenzoic acid (5-3)—Methyl 2-

acrylamido-5-(hex-5-yn-1-yloxy)-4-methoxybenzoate (5-2) was dissolved in THF (1ml) 

followed by 2 M LiOH (0.12 ml, 0.24 mmol) and the mixture was stirred overnight at RT. 
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After the reaction was over, acidify the mixture with 1N HCl and the product was extracted 

with ethyl acetate to afford 16 mg product. Yield: 85%. 1H NMR (400 MHz, Chloroform-d) 

δ 8.51 (s, 1H), 7.57 (s, 1H), 6.58 – 6.22 (m, 2H), 5.79 (dd, J = 9.8, 1.5 Hz, 1H), 4.06 (t, J 
= 6.5 Hz, 2H), 3.96 (s, 3H), 2.29 (td, J = 7.1, 2.7 Hz, 2H), 2.05 – 1.91 (m, 3H), 1.82 – 1.67 

(m, 2H). 13C NMR (101 MHz, CDCl3) δ 170.28, 164.40, 154.26, 143.40, 137.32, 132.51, 

127.30, 114.99, 107.56, 103.57, 84.08, 68.78, 68.69, 55.99, 28.13, 24.96, 18.11.

2-Acrylamido-4-methoxy-5-(octyloxy)benzoic acid (5-4)—Methyl 2-acrylamido-5-

(octyloxy)-4-methoxy benzoate (4) was dissolved in THF (1 ml) followed by 2 M LiOH 

(0.12 ml, 0.24 mmol) and the mixture was stirred overnight at RT. After the reaction was 

over, acidify the mixture with 1N HCl and the product was extracted with ethyl acetate to 

afford 16 mg product. Yield: 85%. 1H NMR (400 MHz, Chloroform-d) δ 11.19 (s, 1H), 8.61 

(s, 1H), 7.54 (s, 1H), 6.46 – 6.28 (m, 2H), 5.81 (dd, J = 10.0, 1.4 Hz, 1H), 4.07 – 3.93 

(m, 5H), 1.95 – 1.72 (m, 2H), 1.46 (m, 2H), 1.37 – 1.22 (m, 11H), 1.00 – 0.71 (m, 3H). 
13C NMR δ (101 MHz, CDCl3) δ 171.79, 164.24, 155.58, 143.84, 138.53, 132.38, 127.74, 

114.54, 105.52, 103.76, 69.53, 56.37, 31.95, 29.50, 29.36, 29.24, 26.09, 22.81, 14.27.

5-(cyclohexylmethoxy)-4-methoxy-2-propionamidobenzoic acid (5-5)—Methyl 

5-(cyclohexylmethoxy)-4-methoxy-2-propionamidobenzoate was dissolved in THF (1ml) 

followed by 2 M LiOH (0.12 ml, 0.24 mmol) and the mixture was stirred overnight at RT.

Animals.

Pregnant Sprague Dawley rats were obtained from Jackson Laboratories West (Sacramento, 

CA). Rats were kept on a 12h:12h light-dark cycle with ad libitum access to food and water. 

Superior cervical ganglia from male and female neonatal rats were used for microfluidic 

explants and dissociated cultures. All procedures were approved by the OHSU Institutional 

Animal Care and Use Committee and comply with the Guide for the Care and Use of 

Laboratory Animals published by the National Academies Press (8th edition).

Sympathetic outgrowth assay.

Cultures of dissociated sympathetic neurons were prepared from superior cervical ganglia 

(SCG) of newborn rats as described 23. Cells were pre-plated for 1 hour to remove non-

neuronal cells, and then 5,000 neurons/well were plated onto a 96 well plate (TPP) coated 

with poly-L-lysine (PLL, 0.01%, Sigma-Aldrich) and either laminin (2 μg/mL, Trevigen) or 

laminin and CSPGs (1-2 μg/mL, Millipore; concentration was calibrated to inhibit outgrowth 

by 40-50% and differed between batches). Neurons were cultured in serum free C2 

medium 24, 25 supplemented with 10 ng/mL NGF (Alomone Labs), 100 U/mL penicillin G, 

100 μg/mL streptomycin sulfate (Invitrogen), and 2μM 5-Fluoro-2’-Deoxyuridine (Sigma). 

Neurons were treated with either vehicle (DMSO) or the compounds HJ-01, HJ-02, HJ-03, 

ISP or Illudalic acid at various concentrations as described in figure legends. Live-cell 

imaging was carried out using an Incucyte Zoom microscope (Essen BioScience), with 

20x phase images acquired every 2 hrs over a 30 hr period. Neurite length was measured 

using Cell Player Neurotrack software (Essen BioScience) and used to calculate the neurite 

growth.
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Compartmentalized cultures.

Micro-fluidic chambers were generated by adding SYLGARD 184 silicone elastomer (Dow 

Corning) into a pre-cast mold, and heating at 50-60° C for 2 hours. Cleaned chambers 

were placed in 10 cm culture dishes (Corning) pre-coated with 0.01% PLL. The axonal 

compartment was then coated with 10 μg/mL collagen or collagen + 1 μg/mL CSPGs. 

SCG were placed in reduced growth factor Matrigel (BD Bioscience) within the cell 

body compartment. C2 media supplemented with 10 ng/mL NGF was added to both 

compartments and cultures were maintained at 37° C in a humidified 5% CO2 incubator. 

After 24 hours, or when axons were first visible in the axonal compartment, images 

were acquired (t=0) and vehicle (5% DMSO), 100nM HJ-01, 100nM HJ-02, or 4μU/mL 

chondroitinase ABC were added to the axonal compartment. Additional images were 

obtained 3 hours later (t=3), and a growth rate was calculated based on the distance extended 

during that 3 hour period.

Western blotting.

Immunoblotting protein samples were prepared using 4x XT sample buffer and 20x XT 

reducing reagent (Biorad). Samples were boiled for 10 minutes at 95°C before being 

spun down and added to protein gels. To separate proteins by SDS-PAGE, Criterion pre-

cast 4-12% gradient Bis-tris gels were used and run for 2 hours at 120V. Proteins were 

transferred to PVDF membranes by semi-dry transfer at 25V for 45 minutes. Protein laden 

PVDF membranes were blocked for 1 hour in 5% milk dissolved in TBST. Membranes 

were briefly rinsed with TBST and incubated with primary antibodies diluted in 5% BSA 

TBST for either 1 hour at room temperature or overnight at 4°C depending on the antibody. 

Following primary incubation blots were rinsed with TBST 3 times for 10 minutes each 

and placed in HRP-conjugated Igg secondary diluted in 5% milk TBST for 1 hour at room 

temperature. Blots were rinsed 3 times for 10 minutes each and imaged using SuperSignal 

HRP chemiluminescent substrate (ThermoFisher Scientific).

PTPσ D1 D2 protein purification.

D1D2 plasmid was a gift from (Brad Lang and Jerry Silver, Case Western Reserve 

University). Rosetta 2(DE3) competent cells (Novagen) were transformed with 1μL of 

D1D2 DNA and grown overnight at 37°C on LB agar plates supplemented with kanamycin 

and chloramphenicol. A ¼ swath of the bacteria from the LB agar plate was spiked 

into 50mL of LB media (with 50μg/mL kanamycin and 34μg/mL chloramphenicol) and 

grown at 37°C overnight with 225rpm shaking. The next day the 50mL starter culture was 

pitched into 1L of terrific broth (TB) media (12 g bacto tryptone, 24 g yeast extract, 0.4% 

glycerol, 17mM KH2PO4, 72mM K2HPO4, 1% glucose, 50 μg/ml Kanamycin, 34 μg/ml 

chloramphenicol) and grown at 37°C, 225rpm until reaching an OD600 reading of 0.6. 

At this point the TB media was placed on ice and the protein expression of D1D2 was 

induced with 0.4mM Isopropyl-β-thiogalactoside (IPTG, Sigma-Aldrich) and grown at 37°C 

overnight, 225rpm. Cells were harvested by centrifugation at 4000rpm 4°C for 15 min. 

The cell pellet was resuspended in 50mL of lysis buffer (20 mM HEPES, pH 7.5, 1 mM 

β-mercaptoethanol, 1 mM benzamidine, 0.2% NP-40, 0.2% Tween-20, 500 mM NaCl, 1 

mM phenylmethylsulfonyl fluoride, 8.3 mg/L DNAse I) with a glass douncer and sonicated, 
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on ice, 6 times for 30 seconds each time with 2 minutes rest between each cycle (Branson 

sonifier 450). The resulting lysate was cleared by centrifugation at 12,000 x G, 4°C, for 

30 minutes. Purification of the D1D2 protein was achieved using the attached his-tag by 

Ni-NTA affinity chromatography (Ni-NTA resin, Qiagen). The resulting purified protein was 

verified by size using 10% SDS-PAGE before use in enzymatic activity assays.

PTPσ D1 D2 catalytic activity assessment.

The catalytic activity of purified PTPσ D1D2 catalytic domain was assessed using p-

nitrophenyl phosphate (p-NPP, Sigma-aldrich), a commonly used indicator of phosphatase 

activity. D1D2 is capable of using p-NPP as a substrate and catalysis of the phosphate group 

results in a colorimetric reaction that can be monitored by 405nm absorbance. The assay was 

conducted in ice cold 50mM MES buffer with either 2mM or 10mM p-NPP. To this reaction 

mixture 30nM of D1D2 protein were added with either vehicle, 1μM HJ-02, or 12.5mM 

of sodium-orthovanadate (Sigma-Aldrich) as a control tyrosine phosphatase inhibitor. The 

reaction mixture was added to clear flat-bottom 96-well plates and kept on ice until the 

plate reading. A Spectra Max i3 (Molecular Devices) multi-well plate reader was used to 

measure 405nm absorbance. The reaction was induced by incubation at 30°C and measured 

continuously for 3 minutes.

Phosphatase Inhibition Assays.

The ability of compounds HJ-01, HJ-02, and Illudalic acid to inhibit a small panel of 

tyrosine phosphatase enzymes was investigated. The enzymes PTPσ, PTPRδ (protein 

tyrosine phosphatase receptor delta), LAR (leukocyte antigen-related tyrosine phosphatase), 

CD45 (cluster of differentiation antigen 45; also known as protein tyrosine phosphatase 

receptor C), SHP2 (Src homology 2 domain–containing phosphatase 2), and PTP1B (protein 

tyrosine phosphatase 1B) were incubated with 10 mM DTT for 30 min on ice in a buffer 

containing 50 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA, and 0.02% tween. The 

activity assays were performed in black 96-well plates in a total volume of 50 μL and 

10% DMSO. The final concentration of enzyme in each reaction was180 pM for PTPσ, 

9.7 nM for PTPRδ, 4.2 nM for LAR, 5 nM for CD45, 5 nM for SHP2, and 5 nM for 

PTP1B. Each enzyme was incubated with HJ-01 or HJ-02 for 30 min at 37°C, after which 

time the reaction was initiated by addition of the fluorogenic substrate DiFMUP to a final 

concentration of 30 μM. Enzyme activity was measured relative to an inhibitor-free control 

by monitoring the increase in fluorescence as DiFMUP was hydrolyzed to DiFMU. The 

fluorescence (λex = 350 nm, λem= 455 nm) was measured every 30 s for 30 min at 37°C. 

Each concentration was tested in triplicate.

Cell signaling.

TrkB-HEK-293t cells (a kind gift from Dr. Moses Chao, NYU) were used to examine the 

effects of HJ-01 and HJ-02 on TrkB stimulated ERK phosphorylation. Cells were plated on 

6-well plates in HG-DMEM (Gibco) with 10%FBS (Hyclone), 1% Penicillin/streptomycin 

(Gibco) and Geniticin (400 μg/mL; Life Technologies). At the appropriate density cells 

with rinsed twice with 1x PBS and media was replaced with Opti-MEM (Gibco) containing 

2%FBS. Cells were transfected with Lipofectamine 2000 (7μL per well) and with either 

2.5μg full-length PTPσ plasmid or 1μg GFP control plasmid per well. After 6 hours cells 
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were rinsed once with 1x PBS and replaced with regular growth media and grown for 12 

hours. Cells were then serum starved for 2 hours in HG-DMEM + B27. Following serum 

starving cells were incubated with either HJ-01 or HJ-02 at 10nM, 100nM, or 1μM for 1 

hour and then stimulated with 5ng/mL human BDNF (Alomone Labs) for 5 minutes. Cells 

were then rinsed with ice-cold PBS and lysed on ice with intermittent agitation for 30 

minutes with Erk lysis buffer [50mM Tris (pH 8.0), 150mM NaCl, 2mM EDTA, 10mM NaF, 

10% glycerol, and 1% NP-40] containing protease inhibitor cocktail (Roche), phosphatase 

inhibitor cocktails (Sigma), and 5mM iodoacetamide. Lysates sat on ice for 30min and 

were then treated with 10mM dithiothreitol to inactive any remaining iodoacetamide. Protein 

lysate was cleared by centrifugation at 13,000 x G for 10 minutes. The soluble fraction was 

removed and diluted with 4x XT sample buffer and 20x XT reducing reagent (Biorad) for 

western blot analysis as described above. Blots were probed with phospho-Erk1/2 (1:1000 

Phospho-p44/42MAPK, Cell Signaling #9101) and Total-Erk1/2 (1:1000 p44/42MAPK, 

Cell Signaling #9102) antibodies.

Immunoprecipitation assay.

To test the hypothesis that small molecules HJ-01 and HJ-02 disrupt the binding of TrkA 

and PTPσ, HEK-293t cells were transfected with full length PTPσ or p75NTR (Addgene 

plasmid # 24091) and TrkA-RFP plasmid (Addgene plasmid #24093), and pulled down 

using RFP-trap nanobody conjugated to magnetic agarose (Chromotek). HEK-293t cells 

were plated onto 6-well plates coated with 0.01% poly-l-lysine (Sigma) in high-glucose 

DMEM (Gibco) supplemented with 10%FBS (Hyclone) and 1%Anti-Anti (Gibco). 12 

hours later cells were rinsed with 1x PBS and media was replaced with Opti-MEM 

(Gibco) containing 2%FBS. Cells were transfected using Lipofectamine 3000 (Thermofisher 

Scientific). For transfection, 1μg of TrkA-RFP and 1μg of PTPσ plasmid, 6μL of P3000 

reagent, and 5μL of lipofectamine reagent were added to each well of the 6-well plate. 

12-16 hours later cells were rinsed twice with 1xPBS and media was replaced with DMEM 

and B27 supplement (Gibco) and serum starved for 4 hours. Cells were then treated with 

small molecules or vehicle (DMSO) for 1 hour and stimulated for an additional hour 

with 50ng/mL NGF (Alomone Labs #N-100) + 2μg/mL Chondroitin Sulfate Proteoglycans 

(EMD-Millipore CC117). Cells were rinsed twice with ice-cold 1x PBS and lysed with 

IP lysis buffer (150mM NaCl, 50mM Hepes, 1.5mM MgCl2, 1mM EGTA, 1% Triton-X, 

10% glycerol, 1x Roche complete protease inhibitor cocktail, and 1x Sigma phosphatase 

inhibitor cocktails 2 and 3). Two wells of each 6-well plate were pooled per condition, and 

cells were lysed for 30 minutes on ice with intermittent vortexing. Lysate was centrifuged 

at 13,000 x G for 10 minutes leaving the soluble fraction. 10% of this lysate was set 

aside as the input fraction. TrkA immunoprecipitation was accomplished using 15μL of 

RFP-trap magnetic agarose added to the remaining lysate and incubated overnight at 4°C 

on a rotator. The protein bound to the RFP-trap agarose was then separated using a magnet 

and rinsed 3 x 10 minutes. To remove the protein from the beads, 4x XT-sample buffer 

(Biorad) was diluted to 2x using the IP lysis buffer and XT reducing reagent was added the 

sample was then incubated at 95°C for 10 minutes and separated from the beads using a 

magnet. Samples were subjected to the standard western blotting protocol and probed for 

TrkA (1:1000; Millipore Sigma #06-574) and PTPσ (1:500; Proteintech #13008-1-AP) or, 

p75NTR (1:1000; Cell Signaling, D4B3 XP #8238S). To quantify pulldown of PTPσ (or 
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p75NTR) by TrkA-RFP the levels of each protein in the pulldown were quantified by pixel 

density, normalized to the respective input levels and then the ratio of PTPσ (or p75NTR) to 

TrkA was calculated and compared across samples.

Statistics.

Data with multiple groups and one variable were analyzed by one-way ANOVA using 

either Dunnett or Tukey post-tests to control for multiple comparisons. Experiments with 

two variables were analyzed with two-way ANOVA using a Dunnett post-test. Statistical 

analyses were carried out using Prism version 8 or 9.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of HJ-01 and HJ-02 and the natural product that inspired their design, Illudalic 

acid. For full synthesis scheme and chemical products, refer to Supplemental Scheme 1. The 

unmasked acid and electrophiles (bis-aldehyde for illudalic acid and acrylamide for HJ-01/2) 

are in blue.
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Figure 2. Compounds restore sympathetic neurite outgrowth over CSPGs in vitro.
(A) Illustration of a single well, the 9 fields of view/well that were photographed repeatedly, 

and a representative phase image of dissociated sympathetic neurons. Neurons are “masked” 

by the NeuroTrack software, cell bodies (yellow) and neurites (purple) are identified, 

and neurite length normalized to cell body area is calculated by the software. (B, C) 
Quantification of sympathetic neurite growth on Laminin only or Laminin and CSPGs 

in the presence of vehicle (5% DMSO), HJ-01, HJ-02, HJ-03, ISP, or Illudalic acid. (B) 
Representative growth curves from individual experiments are mean neurite length ± SEM 
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of 9 locations/well and 3 wells per condition. Similar results were obtained in at least 

3 independent experiments. (C) Data shown are the average of at least 3 experiments 

expressed as a percent of laminin-only vehicle (5% DMSO) treated controls; mean neurite 

length ± SD. Statistics: one-way ANOVA (Tukey’s post-test), comparisons are to Laminin 

only control unless indicated by brackets *p<.05, **p<.01, ***p<0.001, ****p<0.0001.
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Figure 3. Axonal application of HJ-01 and HJ-02 is sufficient to promote sympathetic axon 
growth over CSPGs
(A) Illustration of microfluidic chambers, where whole ganglia are cultured in the cell body 

compartment and axons extend into the coated compartment where treatments are added 

to the media. (B) Representative images of axons in microfluidic chambers coated with 

CSPGs, taken at t=0 and t=3 hrs. Axons were treated with vehicle (5% DMSO), 100nM 

compound HJ-01, or HJ-02. Triangles identify the leading edge of the axon at t=0, and the 

asterisks identify the final position of the axon at t=3 hrs. (C) Quantification of axon growth 

rate in microfluidic chambers across collagen-only treated with vehicle, collagen and CSPGs 

treated with vehicle or, collagen and CSPGs treated with HJ-01 or HJ-02. Data are mean ± 

SEM of at least 8 axons per conditions across 3 separate experiments. Statistics; one-way 

ANOVA, (Tukey’s post-test), Comparisons directly to collagen + CSPG treated samples, 

*p<.05, **p<.01, ***p<0.001.
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Figure 4. HJ-01 and HJ-02 do not inhibit PTPσ phosphatase activity at biologically relevant 
concentrations.
(A,B) PTPσ phosphatase activity was quantified in the presence of 1μM HJ-02 using 

purified PTPσ D1D2 phosphatase domain. HJ-02 did not inhibit D1D2 phosphatase activity 

at any time point or substrate concentration, while the phosphatase inhibitor orthovanadate 

significantly reduced phosphatase activity at all times and substrate concentrations. Data are 

absorbance at 405nm mean ± SD, n=3 experiments, ***p<0.001, ****p<0.0001, two-way 

ANOVA (Dunnett multiple comparisons test). (C-E) PTP protein family members were 

screened to examine the ability of HJ-01 (C), HJ-02 (D), or Illudalic Acid (E) to inhibit 

enzymatic activity; PTPRδ (PTPRD, dark blue), PTPσ (PTPRS, blue), LAR (light blue), 

CD45 (black), SHP2 (dark grey), and PTP1B (light grey). Data are mean ± SEM of three 

independent experiments.
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Figure 5. HJ-01and HJ-02 reduce the interaction between PTPσ and TrkA.
Representative western blots (left) probing for PTPσ and TrkA following TrkA-RFP 

immunoprecipitation. HEK-293t cells were transfected with TrkA-RFP and PTPσ, treated 

with either vehicle (DMSO), (A) HJ-01, (B) HJ-02, or (C) HJ-03 then stimulated with 

CSPGs and NGF. Quantification (right) of PTPσ that co-immunoprecipitated with TrkA-

RFP normalized to vehicle treated cells. HJ-01 and HJ-02 reduced the amount of PTPσ that 

bound to TrkA-RFP at 1μM, but HJ-03 had no effect. (D) HEK-293t cells were transfected 

with TrkA-RFP and p75NTR, treated with vehicle (DMSO) and HJ-02, then stimulated 
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with CSPGs and NGF. Quantification (right) of p75NTR that co-immunoprecipitated with 

TrkA-RFP normalized to vehicle treated cells. Data are mean ± SD, n=5-9 experiments; 

n.s.- not significant, *p<.05, **p<.01 vs. vehicle treated control, one-way ANOVA (Dunnett 

multiple comparisons post-test).
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Figure 6. HJ-01 and HJ-02 block PTPσ reduction in TrkB signaling
(A) Representative Western blot of TrkB downstream signaling in the presence of PTPσ. 

Addition of PTPσ decreased BDNF-stimulated ERK1/2 phosphorylation. Both HJ-01 and 

HJ-02 restored ERK1/2 phosphorylation in response to BDNF. (B) Quantification of 

Phospho-ERK1/2 relative to Total-ERK1/2. Data are graphed as percent of vehicle control 

(BDNF stimulated cells); mean ± SD, n=3 experiments, ***p<0.001, ****p<0.0001 as 

noted by lines, one-way ANOVA (Tukey multiple comparisons test). (C,D) Western blot 

analysis examining potential effect of HJ-01 or HJ-02 on PTP1B/IR- β signaling in response 

to insulin. Mean ± SD, n=3 experiments, *p<0.05 vs. insulin control, one-way ANOVA, 

(Tukey multiple comparisons test).
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