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Abstract

The voltage-gated sodium channel NaV1.7 is an essential component of human pain signaling. 

Changes in NaV1.7 trafficking are considered critical in the development of neuropathic pain. 

SUMOylation of collapsin response mediator protein 2 (CRMP2) regulates the membrane 

trafficking and function of NaV1.7. Enhanced CRMP2 SUMOylation in neuropathic pain 

correlates with increased NaV1.7 activity. Pharmacological and genetic interventions that interfere 

with CRMP2 SUMOylation in rodents with neuropathic pain have been shown to reverse 

mechanical allodynia. Sentrin or SUMO-specific proteases (SENPs) are vital for balancing 

SUMOylation and deSUMOylation of substrates. Overexpression of SENP1 and/or SENP2 in 

CRMP2-expressing cells results in increased deSUMOylation and decreased membrane expression 

and currents of NaV1.7. Although SENP1 is present in the spinal cord and dorsal root ganglia, its 

role in regulating NaV1.7 function and pain is not known. We hypothesized that favoring SENP1 

expression can enhance CRMP2 deSUMOylation to modulate NaV1.7 channels. In this study, 
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we used a clustered regularly interspaced short palindromic repeats activation (CRISPRa) SENP1 

lentivirus to overexpress SENP1 in dorsal root ganglia neurons. We found that SENP1 lentivirus 

reduced CRMP2 SUMOylation, NaV1.7–CRMP2 interaction, and NaV1.7 membrane expression. 

SENP1 overexpression decreased NaV1.7 currents through clathrin-mediated endocytosis, directly 

linked to CRMP2 deSUMOylation. Moreover, enhancing SENP1 expression did not affect 

the activity of TRPV1 channels or voltage-gated calcium and potassium channels. Intrathecal 

injection of CRISPRa SENP1 lentivirus reversed mechanical allodynia in male and female 

rats with spinal nerve injury. These results provide evidence that the pain-regulating effects of 

SENP1 overexpression involve, in part, the modulation of NaV1.7 channels through the indirect 

mechanism of CRMP2 deSUMOylation.
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1. Introduction

Neuropathic pain, a chronic condition caused by somatosensory system damage or disease, 

involves upregulated proexcitatory ion channels such as NaV1.7.20 NaV1.7 is a tetrodotoxin 

(TTX)-sensitive fast-activating and -inactivating channel64 that amplifies subthreshold 

stimuli and contributes to the action potential’s rising phase.46 Mutations in SCN9A, which 

encodes NaV1.7, are linked to various pain disorders, making it a significant contributor 

to pain signaling in humans. For example, NaV1.7 gain-of-function causes severe pain in 

inherited erythromelalgia and paroxysmal extreme pain disorder, whereas NaV1.7 loss-of-

function produces congenital insensitivity to pain.20

NaV1.7 is expressed at key sites of nociceptive transmission, including neurons of the dorsal 

root ganglia (DRG) and the dorsal horn of the spinal cord.8 NaV1.7 surface expression and 

current density are selectively controlled by SUMOylation—addition of a small ubiquitin-

like modifier (SUMO) tag37—of the cytosolic phosphoprotein collapsin response mediator 

protein 2 (CRMP2).23,24 When CRMP2 is not SUMOylated, it interacts with an endocytic 

machinery complex to promote clathrin-mediated endocytosis of NaV1.7.23,29 Accordingly, 

preventing the addition of SUMO to CRMP2 reduced NaV1.7 currents and produced 

antinociception in rodents.11,25 In addition, genetic interference of CRMP2 SUMOylation 

reversed mechanical allodynia in a rat model of neuropathic pain51 and prevented 

the development of nerve injury–induced mechanical allodynia in mice.49 Conversely, 

nerve injury increased CRMP2 SUMOylation with a commensurate increase in NaV1.7 

functional expression.51 Thus, SUMOylation and deSUMOylation directly modulate NaV1.7 

expression and function to increase or attenuate neuropathic pain-like behavior, respectively.

Sentrin or SUMO-specific proteases (SENPs) are critical for maintaining the balance 

between SUMOylation and deSUMOylation. In addition to catalyzing the maturation 

process of SUMOs,40 SENPs are also responsible for protein deSUMOylation. Mammals 

have at least 7 SENPs that differ in their subcellular localization and SUMO selectivity.33 

For example, SENP1 and SENP2 processes and deconjugate SUMO-1 and SUMO-2 and/or 
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SUMO-3, respectively.63,66 We have previously shown that NaV1.7 current density is 

reduced in cells that overexpress SENP1 and/or SENP2 in comparison to cells that express 

only wild-type CRMP2.24 As both SUMO1 and SENP1 are expressed in spinal cord and 

DRG neurons,73 we hypothesized that enhancing SENP1 expression would favor CRMP2 

deSUMOylation to normalize NaV1.7 channel-dependent excitability and contributions to 

neuropathic pain.

We report that increasing DRG Senp1 expression using a clustered regularly interspaced 

short palindromic repeats activation (CRISPRa) SENP1 lentivirus (1) decreased CRMP2 

SUMOylation, NaV1.7–CRMP2 interaction, and NaV1.7 membrane expression; (2) reduced 

NaV1.7 (not TTX-resistant) currents through a clathrin-mediated endocytosis pathway; (3) 

did not further decrease sodium currents after pharmacological prevention of CRMP2 

SUMOylation; and (4) decreased sensory neuron excitability. Furthermore, SENP1 

overexpression did not affect native TRPV1 channels, voltage-gated calcium, or potassium 

channels. Intrathecal injection of CRISPRa SENP1 lentivirus reversed spinal nerve ligation–

induced mechanical allodynia. Strikingly, this is the first study using CRISPRa to induce 

gene expression for treatment of chronic pain. Our results highlight the role of SENP1 as a 

mediator of CRMP2 deSUMOylation and SENP1 as a promising pharmacotherapeutic target 

for the modulation of NaV1.7 activity to alleviate chronic pain.

2. Materials and methods

2.1. Animals

All experiments and procedures were performed in accordance with the guidelines 

recommended by the National Institutes of Health, the International Association for the 

Study of Pain, and the National Centre for the Replacement, Refinement, and Reduction 

of Animals in Research (NC3Rs) guidelines. Pathogen-free, adult female Sprague-Dawley 

rats (75–100 g; Charles River, Wilmington, MA) were used for RNAscope fluorescence 

in situ hybridization, western blot, and electrophysiological recordings of DRG neurons. 

Pathogen-free, adult male and female Sprague-Dawley rats (100–150 g; Envigo, Placentia, 

CA) were used for behavioral experiments. Animals were housed in the University of 

Arizona Laboratory Animal Research Center or New York University Kriser Dental Center 

Animal Facility in light (12-hour light: 12-hour dark cycle; lights on at 07:00 hours) and 

temperature (23 ± 3°C)-controlled rooms, with standard rodent chow and water ad libitum. 

The Institutional Animal Care and Use Committees of the College of Medicine at the 

University of Arizona and the College of Dentistry at the New York University approved all 

experiments.

2.2. Fluorescence in situ hybridization, imaging, and quantification

Rats were deeply anesthetized with isoflurane and euthanized through decapitation. Lumbar 

(L4 and L5) DRG were rapidly extracted using blunt dissection and frozen in optimal 

cutting temperature (OCT) on dry ice. Tissues were stored at −80°C until cryosectioning. 

Dorsal root ganglion tissue were cut to 20-μm thick sections on a cryostat, direct mounted 

on Superfrost Plus Microscope slides, and air dried overnight at room temperature (RT). 

The next morning slides underwent pretreatment for RNAscope fluorescence in situ 
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hybridization. First, the slides were dipped into distilled H2O to remove OCT before a 

15-minute bath in 10% neutral buffered formalin (4°C). Next, the slides were bathed for 5 

minutes in 50% ethanol (RT), 5 minutes in 70% ethanol (RT), and then 10 minutes in 100% 

ethanol (RT). The slides were then dried for 5 minutes (RT), and a hydrophobic barrier was 

applied around each section using an ImmEdge hydrophobic barrier pen. Protease IV was 

applied to each section for 5 minutes (RT) in the humidity tray (Advanced Cell Diagnostics 

[ACD], EZ-Batch Slide Holder, Cat #: 321716) before beginning the RNAscope Fluorescent 

v2 assay (ACD, Cat #: 323110) and hybridization to marker probes. RNAscope probes 

used in this study were Rn-Calca-C2 (ACD, Cat#: 317511-C2), Rn-Senp1-C3 (ACD, Cat 

#: 1235591-C3), Rn-Nefh-C2 (ACD, Cat #: 474241-C2), and Rn-Scn9a-C1 (ACD, Cat#: 

317851). The C1 channel (Scn9a) was labeled with Vivid Fluorophore 520 (ACD, Cat#: 

323271), the C2 channel (Calca or Nefh) was labeled with TSA Vivid Fluorophore 650 

(ACD, Cat#: 323273), and the C3 channel (Senp1) was labeled with TSA Vivid Fluorophore 

570 (ACD, Cat#: 323272). All TSA Vivid Fluorophores were diluted at 1:1000. At the end 

of the RNAscope Fluorescent v2 assay, the slides received a 30-second DAPI incubation 

(RT) and were coverslipped with EverBrite Hardset Mounting Medium without DAPI (Cat#: 

23003, Biotium, Fremont, CA). Stitched images encompassing an entire DRG section were 

captured on a Leica DMI8 microscope (Wetzlar, Germany) using a 40x objective and 

analyzed using QuPath software v0.4.3. Cells with at least 15 puncta (Nefh, Calca, and 

Scn9a) or 5 puncta (Senp1) associated with a DAPI nucleus were considered positive. Each 

individual dot represents the mean of 3 to 5 quantified sections across 2 DRG per individual 

rat. The final images were produced in Adobe Illustrator 2022.

2.3. Overexpression of Senp1 with clustered regularly interspaced short palindromic 
repeats activation

To activate the Senp1 gene, we used a nuclease dead Cas9 (dCas9) fused to a tripartite 

activator, VP64-p65-Rta (VPR).13 We obtained the SP-dCas9-VPR plasmid (Cat# 63798, 

Addgene, Watertown, MA)13 and then subcloned the coding sequence for dCas9-VPR into 

pL-CRISPR.EFS.tRFP (Cat# 57819, Addgene)32 in frame with the P2A-GFP sequences. 

This plasmid was further modified to eliminate, by silent mutations, 2 Esp3I restriction 

sites contained in the dCas9-VPR coding sequence. The resulting construct present the 

advantages of (1) having the ubiquitous core promoter for human elongation factor EF-1α 
driving the expression of dCas9-VPR, (2) having Cas9 fused to the self-cleavable P2A 

peptide followed by a tRFP to identify transfected or transduced cells, (3) expressing our 

guide RNA (gRNA) under the RNA polymerase III promoter for human U6 snRNA, and 

(4) containing the 5′ and 3′ long terminal repeat (LTR) from HIV-1 to be packaged in 

a lentivirus when needed. This novel all in one construct can be used to increase the 

transcription of genes of interest.

We designed a gRNA to increase the transcriptional activity of the SENP1 gene 

in rats; we identified the transcription starting site (TSS) at base 139684687 within 

the chromosome 7 (RefSeqID: NC_005106.4) of the genome build Rnor_6.0. We 

targeted the sequence from −100 to 0 bp from the TSS (139684587–139684687) 

with a gRNA (GAAAAAACCCCAGTCTGACA, on-score 70.4, off-score 35.8). The 

indicated gRNA sequence was inserted between the Esp3I restriction sites of our pL-
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CRISPRA.EFS.tRFP lentiplasmid. The control plasmid consisted of a nontargeting gRNA 

(gGAGACGTGACCGTCTCT), GFP, and the dCas9-VPR. All cloning was performed by 

GenScript and plasmids were verified by Sanger sequencing (Eurofins, Louisville, KY).

2.4. Preparation of dissociated rat dorsal root ganglion neurons

Dorsal root ganglia from all levels were dissociated as described previously.25,53 Female 

Sprague-Dawley rats (100–150 g) were euthanized according to institutionally approved 

procedures. In brief, lumbar DRG were collected, trimmed at their roots, and enzymatically 

digested in DMEM (Cat# 11965, Thermo Fisher Scientific, Waltham, MA) with neutral 

protease (3.125 mg/mL, Cat# LS02104, Worthington, Lakewood, NJ) and collagenase 

type I (5 mg/mL, Cat# LS004194, Worthington, Lakewood, NJ) for 50 minutes at 37°C 

under gentle agitation. The dissociated DRG neurons were gently centrifuged to collect 

cells and resuspended in complete DRG media [DMEM containing 1% penicillin and 

streptomycin sulfate from 10,000 μg/mL stock, 30 ng/mL nerve growth factor, and 10% fetal 

bovine serum (Hyclone, Logan, UT)]. Cells were seeded on poly-D-lysine–coated 12-mm 

coverslips or cell culture dishes.

2.5. Recombinant lentivirus production

Lentivirus particles containing pL-CRISPR-EFS-VPR-GFP or pL-CRISPR-EFS-VPR-GFP-

SENP1 were packaged as described previously.10 In brief, HEK293T cells were transfected 

with the plasmid vector system and the packaging plasmids to provide the VSV-G envelope. 

Two days posttransfection, the virus-containing medium was collected, and debris was 

removed by centrifugation. The virus was concentrated by ultracentrifugation, and the viral 

pellet was suspended in Dulbecco’s modified Eagle’s medium supplemented with 10% 

fetal bovine serum, passed through a 0.45-μm filter, and frozen at −80°C. The viral titer, 

as determined by analysis of the virus-associated p24 core protein (QuickTiter Lentivirus 

Quantitation Kit [Cell Biolabs, Inc, San Diego, CA]), was above 1 × 108 transducing 

units/mL for all viruses used in this study. Virus particles were produced in the University of 

Arizona Viral Production Core Facility.

2.6 Infection of dorsal root ganglion neurons

Adherent dorsal root ganglion cultures were infected with lentivirus particles (~1 × 106 

IFU/mL) containing CRISPR-EFS-VPR-GFP-SENP1 or CRISPR-EFS-VPR-GFP. Sixteen 

hours after infection, media were replaced and cells were used for electrophysiological 

recordings, immunoblot analyses, and proximity ligation assays 2 days later.

2.7. Immunoblot preparation and analysis

Indicated samples were loaded on 4% to 20% Novex gels (Cat#: XP04205BOX; Thermo 

Fisher Scientific). Proteins were transferred for 1 hour at 100 V using TGS [25 mM 

Tris, pH 8.5, 192 mM glycine, and 0.1% (mass/vol) SDS], 20% (vol/vol) methanol as 

transfer buffer to polyvinylidene difluoride (PVDF) membranes (0.45 μm; Cat# IPFL00010; 

Millipore Sigma, St. Louis, MO), preactivated in pure methanol. After transfer, the 

membranes were blocked at room temperature for 1 hour with TBST (50 mM Tris·HCl, 

pH 7.4, 150 mM NaCl, and 0.1% Tween 20) with 5% (mass/vol) nonfat dry milk and 
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then incubated separately in indicated primary antibodies NaV1.7 (Cat#: MA5–35253; 

Research Resource Identifiers [RRIDs]: AB_10808664; Thermo Fisher Scientific) and βIII-

tubulin (Cat#: G7121; RRID: AB_430874; Promega, Madison, WI) in TBST, 5% (mass/

vol) BSA, overnight at 4°C. After incubation in HRP-conjugated secondary antibodies 

from Jackson ImmunoResearch (West Grove, PA) (1/10,000 dilution), mouse anti-rabbit 

(Cat#: 211–032-171, RRID: AB_2339149), and goat anti-mouse (Cat#: 115–035-174, 

RRID:AB_2338512), blots were revealed by enhanced luminescence (Cat#: WBKLS0500; 

Millipore Sigma) before exposure to photographic film as described.39

2.8. Immunofluorescence, confocal microscopy, and quantification of CaV2.2 and NaV1.7

Female rat DRG neurons in culture were infected with either CRISPR-EFS-VPR-

GFP (as control) or CRISPR-EFS-VPR-GFP-SENP1 lentiviruses. Two days later, 

immunofluorescence was performed as described previously.23,49 In brief, cells were fixed 

for 5 minutes using ice-cold methanol and allowed to dry at room temperature. Cells 

were rehydrated in phosphate-buffered saline (PBS) and incubated overnight with anti-

CaV2.2 antibody (1/200; Cat# ACC-002, Alomone Labs, Jerusalem, Israel) or anti-NaV1.7 

antibody (1/200; Cat# MABN41, Sigma-Aldrich, St. Louis, MO) in PBS with 3% bovine 

serum albumin at 4°C. Cells were then washed 3 times in PBS and incubated with PBS 

containing 3% bovine serum albumin and secondary antibodies, Alexa 594 goat anti-mouse 

or Alexa 594 goat anti-rabbit (Thermo Fisher Scientific), for 1 hour at room temperature. 

After washing with PBS, cells were stained with 49,6-diamidino-2-phenylindole (DAPI, 

50 mg/mL) and mounted in ProLong Diamond Antifade Mountant (Cat# P36961, Life 

Technologies Corporation, San Diego, CA). Immunofluorescent micrographs were acquired 

using a Plan Apochromat 63x/1.4 oil CS2 objective on a Leica SP8 confocal microscope 

operated by the LASX microscope software (Leica, Wetzlar, Germany). Camera gain and 

other relevant settings were kept constant. Membrane immunoreactivity was calculated by 

measuring the signal intensity in the area contiguous to the boundary of the cell. The 

membrane to cytosol ratio was determined by defining regions of interest in the cytosol and 

on the membrane of each cell using Image J. Total fluorescence was normalized to the area 

analyzed and before calculating the ratios.

2.9. Calcium imaging of rat dorsal root ganglion neurons

Changes in calcium influx in rat DRG neurons were determined as previously 

described.22,50 Dorsal root ganglion neurons were loaded for 30 min at 37°C with 3 μM 

of Fura-2AM (Cat#: F1221, Thermo Fisher Scientific, stock solution prepared at 1 mM 

in DMSO with 0.02% Pluronic acid, Cat#: P-3000MP, Life Technologies) to see changes 

in intracellular calcium [Ca2+]c in a standard Tyrode bath solution containing 139 mM 

NaCl, 3 mM potassium chloride (KCl), 0.8 mM MgCl2, 1.8 mM CaCl2, 5 mM glucose, 

and 10 mM Na HEPES (pH 7.4). To determine the changes in depolarization-induced 

calcium influx, baseline was acquired for 1 minute, then Ca2+ influx was stimulated 

with a 15-second pulse with an excitatory solution (40 or 90 mM KCl at ~310 mOsm). 

Cells were first examined under bright field to exclude those showing signs of lysis. To 

determine the contribution of T-type channels in response to the stimulus with 40 mM 

KCl, we used the selective blocker 3,5-dichloro-N-[1–(2,2-dimethyl-tetrahydro-pyran-4-

ylmethyl)-4-fluoropiperidin-4-ylmethyl]-benzamide (TTA-P2, 1 μM) diluted in the standard 
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and excitatory solutions. To determine the changes in ligand-induced calcium influx, 

baseline was acquired for 1 minute, then Ca2+ influx was stimulated with a 15-second 

pulse with 200 nM capsaicin diluted in the standard Tyrode solution. Response was followed 

for 6 minutes while bath solution was continuously perfused over the cells to wash off 

excess of the trigger. This process was automated using the software WinTask ×64 (version 

5.1, WinTask, Sector 3, Bucharest) that controlled the perfusion of the standard bath 

solution and triggers through ValveLink 8.2 software (Automate Scientific, Berkeley, CA). 

At the end of the protocol, cell viability was assessed by depolarization-induced Ca2+ 

influx using an excitatory 90 mM KCl solution. Fluorescence imaging was performed with 

an inverted microscope, Nikon Eclipse TE2000-U (New York, NY), using an objective 

Nikon Super Fluor 20 × 0.75 NA and a Photometrics cooled CCD camera Cool-SNAPHQ 

(Roper Scientific, Tucson, AZ) controlled by MetaFluor 6.3 software (Molecular Devices, 

Downingtown, PA). The excitation light was delivered by a Lambda-LS system (Sutter 

Instrument, Novato, CA). The excitation filters (340 ± 5 and 380 ± 7) were controlled by a 

Lambda 10 to 2 optical filter change (Sutter Instrument). Fluorescence was recorded through 

a 505-nm dichroic mirror at 535 ± 25 nm. To minimize phototoxicity and photobleaching, 

the images were taken every ~10 seconds during the time course of the experiment using 

the minimal exposure time that provided acceptable image quality. Changes in [Ca2+]c 

were monitored by following a ratio of F340/F380, calculated after the subtraction of the 

background from both channels.

2.10. Proximity ligation assays

The proximity ligation assay (PLA) was performed as described previously49,52,54 to 

visualize protein–protein interactions by microscopy. This assay is based on paired 

complementary oligonucleotide‐labelled secondary antibodies that can hybridize and 

amplify a red fluorescent signal only when bound to 2 corresponding primary antibodies 

whose targets are in close proximity (within 30 nm). In brief, dorsal root ganglion neurons 

were fixed using ice-cold methanol for 5 minutes and allowed to dry at room temperature. 

The proximity ligation assay was performed according to the manufacturer’s protocol using 

the Duolink Detection Kit with PLA PLUS and MINUS probes for mouse and rabbit 

antibodies (Duolink In Situ Detection Reagents Red, Cat.#: DUO92008; Duolink In Situ 

PLA Probe Anti-Rabbit MINUS, Cat #: DUO92005; and Duolink In Situ PLA Probe Anti-

Mouse PLUS, Cat #: DUO92001, Sigma-Aldrich). Primary antibodies (1/1000 dilution) 

were incubated for 1 hour at RT; NaV1.7 (Cat#: MABN41; Millipore, RRID:AB_10808664), 

CRMP2 (Cat#: C2993; Sigma-Aldrich, RRID:AB_1078573), SUMO1 (Cat#: S8070; Sigma-

Aldrich, RRID:AB_477543), and CRMP2 (Cat#: 11096; Tecan, immunobiological lab, 

RRID:AB_494511). Cells were then stained with 49,6-diamidino-2-phenylindole (DAPI, 

50 mg/mL) to detect cell nuclei and mounted in ProLong Diamond Antifade Mounting 

Medium (Cat#: P36961, Life Technologies Corporation). Immunofluorescent micrographs 

were acquired using a Plan Apochromat 63x/1.4 oil CS2 objective on a Leica SP8 confocal 

microscope operated by the LAS X microscope software (Leica). Camera gain and other 

relevant settings were kept constant throughout imaging sessions. Image J was used to count 

the number of PLA puncta per cell.
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2.11. Electrophysiological recordings from rat dorsal root ganglion neurons

All recordings were performed using procedures adapted from our previous work.53,59,77 

Recordings were performed from acutely dissociated DRG neurons from Sprague-Dawley 

rats with a capacitance value below 30 pF, which has been historically associated with the 

population of small-diameter DRG neurons.3

For sodium current recordings, the internal pipette solution consisted of (in mM) 140 

CsF, 10 NaCl, 1.1 Cs-EGTA, and 15 HEPES (pH 7.3, mOsm/L = 290–310) and external 

solution contained (in mM) 140 NaCl, 30 tetraethylammonium chloride, 10 D-glucose, 3 

KCl, 1 CaCl2, 0.5 CdCl2, 1 MgCl2, and 10 HEPES (pH 7.3, mOsm/L = 310–315). Dorsal 

root ganglion neurons were interrogated with current–voltage (I–V) and activation and 

inactivation voltage protocols. The voltage protocols were as follows: (1) I–V protocol: from 

a holding potential of −60 mV, cells were depolarized with 150-millisecond voltage steps 

over a range of −70 to +60 mV in +5 mV increments and (2) inactivation protocol: from a 

holding potential of −60 mV, cells were subjected to hyperpolarizing and repolarizing pulses 

for 1 second over a range of −120 to 0 mV in +10 mV steps. In experiments using 194, 

this compound was added overnight at a final concentration of 5 μM. When NaV1.7 blocker 

was used, ProTx-II was added into the external recording solution at a final concentration 

of 5 nM. When tetrodotoxin was used to isolate TTX-r currents, TTX was added into the 

external solution at a final concentration of 300 nM. In experiments where clathrin-mediated 

endocytosis was prevented with 20 μM Pitstop2,70 the compound was added on the cells 30 

minutes before the experiment.

For TRPV1 recordings, the external solution contained (in mM) 150 NaCl, 5 KCl, 2 CaCl2, 

1 MgCl2, 10 glucose, and 10 HEPES (pH 7.4, mOsm/L = 300). The pipette solution for 

voltage-clamp experiments contained (in mM) 150 KCl, 5 MgCl2, and 10 HEPES (pH 7.2, 

mOsm/L = 280).

Cells were placed in a perfusion chamber along with external solution flowing at 2 to 3 mL/

minute from a peristaltic pump. TRPV1 currents were recorded by holding the membrane 

potential at −60 mV, and TRPV1-current amplitudes were evoked in response to perfusion of 

1 μM of capsaicin. After reaching the maximum current amplitude after capsaicin, external 

solution was perfused. Bath solution exchange was essentially complete by <30 seconds.

To isolate potassium currents, the extracellular solution contained (in mM) 140 N-methyl-

glucamine chloride, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose, pH adjusted to 

7.4 with KOH. Recording pipettes were filled with the following solutions (in mM): 140 

KCl, 5 MgCl2, 4 ATP, 0.3 GTP, 2.5 CaCl2, 5 EGTA, and 10 HEPES, adjusted pH at 7.3 

with KOH. The membrane was held at −60 mV. To obtain IKA, a 4-second prepulse to −100 

mV was applied, followed by voltage steps of 500 milliseconds that ranged from −80 to +40 

mV in +20-mV increments at 15-second intervals. IKS was obtained from a conditioning 

4-second prepulse to −40 mV, followed by voltage steps of 500 milliseconds that ranged 

from −80 to +40 mV in 120-mV increments at 15-second intervals. Inactivation of IKA 

was determined by using a series of 4-second prepulses that ranged from −100 to −40 mV 

(10-mV increments) that were immediately followed by a 200-millisecond step to +60 mV. 

Inactivation of IKS was determined by using a series of 4-second prepulses that ranged from 
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−100 to +20 mV (20-mV increments) that were immediately followed by a 200-millisecond 

step to +60 mV.

Normalization of currents to each cell’s capacitance (pF) was performed to allow for 

collection of current density data. For sodium I–V curves, functions were fitted to data 

using a nonlinear least-squares analysis. I–V curves were fitted using double Boltzmann 

functions as follows:

f = a + g1/ 1 + exp x − V 1/21 /k1 + g2/
1 + exp − x − V 1/22 /k2

where x is the prepulse potential, V 1/2 is the midpoint potential, and k is the corresponding 

slope factor for single Boltzmann functions. Double Boltzmann fits were used to describe 

the shape of the curve, not to imply the existence of separate channel populations. Numbers 

1 and 2 simply indicate first and second midpoints; a along with g are fitting parameters.

Activation curves were obtained from the I–V curves by dividing the peak current at each 

depolarizing step by the driving force according to the equation: G = I / V mem − Erev , where 

I is the peak current, V mem is the membrane potential, and Erev is the reversal potential. The 

conductance (G) was normalized against the maximum conductance Gmax . Activation curves 

were fitted with the Boltzmann equation as follows:

G/Gmax = 1/ 1 + exp V 0.5 − V m /k

where G is the conductance in G = I / V m − ECa , Gmax is the maximal conductance obtained 

from the Boltzmann fit under control conditions, V 0.5 is the voltage for half-maximal 

activation or inactivation, V m is the membrane potential, and k is a slope factor.

Inactivation curves were obtained by dividing the peak current recorded at the test pulse 

by the maximum current Imax . Steady-state inactivation (SSI) was fitted with the following 

equation:

I /Imax = 1/ 1 + exp V m − V 0.5 /k

where I is the current, Imax is the maximal current obtained from the Boltzmann fit under 

control conditions, V 0.5 is the voltage for half-maximal activation or inactivation, V m is the 

membrane potential, and k is a slope factor.

Capacitive artifacts were fully compensated, and series resistance was compensated by 

~70%. Recordings made from cells with greater than a 20% shift in series resistance 

compensation error were excluded from the analysis. All experiments were performed at 

room temperature (~23°C).
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2.12. L5 and L6 spinal nerve ligation in rats

Male and female rats (~150 g) were deeply anesthetized with isoflurane (4% for induction 

and 2% for maintenance). The lower half of the animal’s back was shaved. After surgical 

preparation, the left L5 and L6 spinal nerves were exposed by removing the paraspinal 

muscles and ligated with a 5–0 silk suture in a region distal to the DRG.34 After hemostasis 

was confirmed, muscle and fascia were closed in layers using 5–0 absorbable suture, and the 

skin was closed with wound clips. Animals were allowed to recover for 14 days.

2.13. Intrathecal administration of lentiviruses for behavior

Lentivirus particles (~5 × 105 IFU/mL) containing CRISPR-EFS-VPR-GFP and CRISPR-

EFS-VPR-GFP-SENP1 were injected intrathecally (15 μL) between L4 and L5 intervertebral 

level into isoflurane anesthetized rats (4% for induction and 2% for maintaining). In rats, 

14 days after spinal nerve ligation, intrathecal injections of lentiviruses were performed, and 

behavior was measured 5 days after injection.

2.14. Measurement of mechanical allodynia

Mechanical allodynia was assessed by measuring rats’ paw withdrawal threshold in response 

to probing with a series of fine calibrated filaments (von Frey, Stoelting, Wood Dale, IL). 

Rats were placed in suspended plastic cages with a wire mesh floor, and each von Frey 

filament was applied perpendicularly to the plantar surface of the paw. The “up–down” 

method (sequential increase and decrease of the stimulus strength) was used to determine 

the withdrawal threshold. The Dixon nonparametric method was used for data analysis, 

as described by Chaplan et al.12 Data were expressed as the paw withdrawal threshold. 

Mechanical allodynia was manifested as a decrease in paw withdrawal threshold.

2.15. Identification of potential SENP1 activation (allosteric) sites

Representative SENP structures were aligned, prepared with the Schrödinger docking suite 

(Schrödinger, LLC, New York, NY, 2022), and analyzed with SiteMap.30 All identified sites 

were visually examined, and only 1 was found to be unique to SENP1 and SENP2 isoforms. 

Representative structures in the uncomplexed state and complexed with pre-SUMO, mature 

SUMO, or SUMO and RanGAP1 were as follows: SENP1 PDB IDs 2iyc, 2iy1, 2iyd, 2iy066; 

SENP2 1th0, 1tgz,62 2io0, 2io263; SENP7 3eay,44 7r2e42; and NEDP1/SENP8 2bkq, 2bkr.67

2.16. Data Analysis

Graphing and statistical analysis was performed with (GraphPad Prism version 9.5). All 

data sets were checked for normality using the D’Agostino and Pearson test. Details 

of statistical tests, significance, and sample sizes are reported in the appropriate figure 

legends and in Supplementary Table 1 (available at http://links.lww.com/PAIN/B932). All 

data plotted represent mean ± SEM. RNAscope fluorescence in situ hybridization analysis 

was performed using the unpaired t test. Statistical differences for western blots, PLA, 

calcium imaging, and confocal experiments were determined by the Mann–Whitney test. 

For electrophysiological recordings, when 4 groups were compared, peak current densities 

were analyzed using 1-way ANOVA with Holm–Sidak post hoc test. When 2 groups were 

compared, peak current densities were analyzed by the Mann–Whitney test. V 1/2 midpoint 
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potentials, k slope factors, and conductances in Table 1 were compared using 1-way 

ANOVA with Tukey post hoc test and unpaired t test. Time constant (τ) of inactivation was 

compared using 2-way ANOVA with Holm–Sidak multiple comparison test and multiple t
test. For the number of action potentials, rheobase, resting membrane potentials, and input 

resistance, the significance was analyzed by the Mann–Whitney test. Behavioral data were 

analyzed by 2-way ANOVA, followed by the Sidak multiple comparison test, and area under 

the curve with the Mann–Whitney test.

3. Results

3.1. Senp1 is expressed in putative nociceptors

First, we used multilabel fluorescence in situ hybridization (FISH) to neurochemically 

characterize Senp1 expression in lumbar (L4-L5) DRG neurons from adult male and female 

rats (Fig. 1). We found that Senp1 is widely distributed in peptidergic (Calca-expressing; 

71.06 ± 3.217%), myelinated (Nefh-expressing; 52.85 ± 3.028%), and Nav1.7-expressing 

(72.42 ± 2.645%) sensory neurons.

3.2. SENP1 overexpression using clustered regularly interspaced short palindromic 
repeats activation decreases collapsin response mediator protein 2 SUMOylation, CRMP2 
binding, and NaV1.7 membrane expression in dorsal root ganglion neurons

Next, we used a modified CRISPR approach (see the Methods section) to increase 

Senp1 in DRG neurons to gain insight into the role of SENP1 in regulating CRMP2 

SUMOylation and NaV1.7 functional activity. As preventing SUMOylation of CRMP2 is 

antinociceptive,11,23,49 we hypothesized that activating deSUMOylation would also achieve 

a similar outcome. We boosted the deSUMOylation machinery (Senp1 expression) in DRG 

neurons using a CRISPRa SENP1 lentivirus. This CRISPR–Cas9 system uses a dead Cas9 

(dCas9) whose endonuclease activity is removed through point mutations in its endonuclease 

domains, which is fused with transcriptional activators VP64 (composed of 4 tandem copies 

of the minimal activation domain of herpes simplex virus VP16),5 p6557 (transcriptional 

activation domain of human RelA), and Rta (transcriptional activation domain from the 

human herpesvirus) replication and transcription activator Rta/BRLF1,13,31 named VPR.13 

We then generated a modified plasmid32 to allow the expression of dCas9, GFP, and the 

programmable single guide RNA (sgRNA) to stimulate target gene expression. The sgRNA 

targets the −100 to 0 region (0 is the transcription start site, TSS) of the rat Senp1 gene (Fig. 

2A).

To validate that our CRISPRa strategy increases SENP1 expression, we generated a 

lentiplasmid and adherent DRG neuron cultures were infected with lentiviral particles 

(~1 × 106 IFU/mL) containing CRISPR-EFS-VPR-GFP (as control) or CRISPR-EFS-VPR-

GFP-SENP1. Two days after infection, western blot analysis with a validated antibody 

against SENP1 was performed to test overexpression. A significant increase in SENP1 

expression levels was observed in the CRISPR-EFS-VPR-GFP-SENP1–infected DRG 

compared with CRISPR-EFS-VPR-GFP–infected cells (CRISPR-EFS-VPR-GFP: 1.000 ± 

0.023 a.u.; CRISPR-EFS-VPR-GFP-SENP1: 2.511 ± 0.424 a.u.; P = 0.0079; Figs. 2B,C and 

Table S1, available at http://links.lww.com/PAIN/B932).
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To verify whether CRMP2 SUMOylation is impaired by SENP1 overexpression, we 

performed a proximity ligation assay (PLA) to detect SUMOylated CRMP2 in DRG 

neurons. Proximity ligation assay is a technique used to identify protein–protein interactions 

in situ with high specificity and sensitivity.79 We stained DRG neurons using a CRMP2 

and a SUMO1 antibody, followed by the PLA protocol (Fig. 3A). The number of PLA 

signals were then quantified per DRG neuron. We found that DRG neurons infected 

with CRISPR-EFS-VPR-GFP-SENP1 (~1 × 106 IFU/mL) showed a significant reduction 

in CRMP2 SUMOylation when compared to cells infected with CRISPR-EFS-VPR-GFP 

(CRISPR-EFS-VPR-GFP: 7.158 ± 0.631 PLA puncta per neuron; CRISPR-EFS-VPR-GFP-

SENP1: 3.439 ± 0.328 PLA puncta per neuron; P < 0.0001; Fig. 3B and Table S1, available 

at http://links.lww.com/PAIN/B932). Similarly, using a CRMP2 and an NaV1.7 antibody 

we tested whether overexpression of SENP1 affected NaV1.7 binding to CRMP2 (Fig. 3C) 

and found that PLA puncta between NaV1.7 and CRMP2 were reduced in cells transduced 

with CRISPR-EFS-VPR-GFP-SENP1 (CRISPR-EFS-VPR-GFP: 3.647 ± 0.452 PLA puncta 

per neuron; CRISPR-EFS-VPR-GFP-SENP1: 1.590 ± 0.216 PLA puncta per neuron; P = 

0.0002; Fig. 3D and Table S1, available at http://links.lww.com/PAIN/B932).

Because uncoupling NaV1.7 from CRMP2 can result in decreased NaV1.7 trafficking to the 

plasma membrane,11,49 we quantified the membrane expression levels of NaV1.7 channels 

using confocal microscopy. Similar to the findings observed when preventing CRMP2 

SUMOylation,11,49 overexpression of SENP1 induced a noticeable reduction in surface 

localization of NaV1.7 when compared to control neurons (CRISPR-EFS-VPR-GFP: 1.000 

± 0.029 a.u.; CRISPR-EFS-VPR-GFP-SENP1: 0.916 ± 0.027 a.u.; P = 0.0385; Figs. 3E–F 

and Table S1, available at http://links.lww.com/PAIN/B932).

Overall, these results validate our CRISPRa strategy to overexpress SENP1 and show that 

CRISPR-EFS-VPR-GFP-SENP1 does indeed attenuate CRMP2 SUMOylation, NaV1.7–

CRMP2 interaction, and NaV1.7 surface localization in sensory neurons. Moreover, 

these data support our CRISPRa-induced SENP1 overexpression strategy for subsequent 

experiments.

3.3. Clustered regularly interspaced short palindromic repeats activation–mediated 
SENP1 overexpression leads to reduction of NaV1.7 membrane expression and currents 
in sensory neurons

Having established that SENP1 overexpression reduces CRMP2 SUMOylation, disrupts 

NaV1.7–CRMP2 interaction, and diminishes NaV1.7’s surface expression in vitro, we 

sought to investigate whether the reduced NaV1.7 membrane expression after overexpressing 

SENP1 correlates to a change in whole-cell Na+ currents in small-sized DRG neurons. 

By using patch-clamp recordings, we found that infection of sensory neurons with CRISPR-

EFS-VPR-GFP-SENP1 (~1 × 106 IFU/mL) decreased sodium currents (Fig. 4A) and current 

densities (Figs. 4B–C) by ~47% when compared to cells infected with CRISPR-EFS-VPR-

GFP (CRISPR-EFS-VPR-GFP: −387.9 ± 58.69 pA/pF; CRISPR-EFS-VPR-GFP-SENP1: 

−206.7 ± 28.65 pA/pF; P = 0.0414; Fig. 4C and Table S1, available at http://links.lww.com/

PAIN/B932). The conductance (G) was decreased in cells overexpressing SENP1 (Table 

1). We observed no significant changes in voltage dependence of activation, steady-state 

Gomez et al. Page 12

Pain. Author manuscript; available in PMC 2024 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://links.lww.com/PAIN/B932
http://links.lww.com/PAIN/B932
http://links.lww.com/PAIN/B932
http://links.lww.com/PAIN/B932
http://links.lww.com/PAIN/B932


inactivation, and tau of inactivation between these 2 conditions (Fig. 4D and Tables 1 

and 2). To interrogate the contribution of NaV1.7 channels to the decrease in total sodium 

currents generated by SENP1 overexpression, we used protoxin-II (ProTx-II), a cystine 

knot peptide from tarantula venom known to inhibit the activation of NaV1.7 channels 

by binding to VSD I, II, and IV.9,65,76 We found that in cells infected with CRISPR-EFS-

VPR-GFP, ~50% of the current was sensitive to ProTx-II (CRISPR-EFS-VPR-GFP: −366.0 

± 48.73 pA/pF; CRISPR-EFS-VPR-GFP + 5 nM ProTx-II: −187.6 ± 33.97 pA/pF; P = 

0.0101; Fig. 4C and Table S1, available at http://links.lww.com/PAIN/B932). In other words, 

~50% of the current was carried by NaV1.7 channels. Conversely, addition of the NaV1.7 

blocker into cells infected with CRISPR-EFS-VPR-GFP-SENP1 did not further decrease 

sodium currents (CRISPR-EFS-VPR-GFP-SENP1: −204.8 ± 24.67 pA/pF; CRISPR-EFS-

VPR-GFP-SENP1 + 5 nM ProTx-II: −186.2 ± 33.69 pA/pF; P = 0.9847; Fig. 4C and Table 

S1, available at http://links.lww.com/PAIN/B932). The conductance values were decreased 

in cells overexpressing SENP1 as well as those exposed to ProTx-II compared with control 

cells (Table 1). The voltage dependence of activation was shifted to the more depolarizing 

potentials by ~6 mV in the CRISPR-EFS-VPR-GFP + 5 nM ProTx-II group compared 

with cells treated with CRISPR-EFS-VPR-GFP alone (Fig. 4D and Table 1). This is 

consistent with previous findings of NaV1.7 inhibition with ProTx-II.76 Voltage dependence 

of inactivation and inactivation time constants were unaffected in these 2 conditions (Fig. 4D 

and Tables 1 and 2).

Adult rat DRG neurons also express tetrodotoxin-resistant (TTX-r; NaV1.8 and 1.9) voltage-

gated sodium channels.19,26 To discard any potential effects of SENP1 overexpression in 

TTX-r currents, we isolated this slow and ultraslow inactivating currents by application 

of 300 nM of TTX (Figs. 4E,F). We found that cells infected with CRISPR-EFS-VPR-GFP-

SENP1 + 300 nM TTX did not respond differently than cells transduced with CRISPR-EFS-

VPR-GFP + 300 nM TTX (CRISPR-EFS-VPR-GFP + 300 nM TTX: −119.9 ± 20.52 pA/pF; 

CRISPR-EFS-VPR-GFP-SENP1 + 300 nM TTX: −131.9 ± 24.02 pA/pF; P = 0.4698; Fig. 

4G and Table S1, available at http://links.lww.com/PAIN/B932). Voltage dependence of 

activation in CRISPR-EFS-VPR-GFP-SENP1–treated cells shifted ~5 mV to more positive 

potentials (Fig. 4H and Table 1). Steady-state inactivation did not differ significantly 

between the 2 conditions (Fig. 4H and Table 1) as well as inactivation time constants (Table 

2). Altogether, these data underscore that among the voltage-gated sodium channels present 

in small-sized DRG neurons, NaV1.7 channels, but not NaV1.8 nor NaV1.9, participate in 

sodium current reductions imposed by SENP1 overexpression. However, it is important to 

note that our findings do not exclude the possibility of SENP1 overexpression exerting 

effects on other ion channels expressed in these sensory neurons.

3.4. Sodium current reductions imposed by SENP1 overexpression are dependent on 
clathrin-mediated endocytosis

Trafficking of NaV1.7 is reliant on clathrin-mediated endocytosis.23,29 Non-SUMOylated 

CRMP2 forms a complex with the endocytic proteins Numb, Nedd4–2, and Eps15 

to promote clathrin-mediated endocytosis of NaV1.723,29; therefore, we reasoned that 

blocking endocytosis may prevent sodium current density reductions imposed by SENP1 

overexpression. To inhibit the formation of clathrin-coated pits, we used Pitstop2 (20 μM, 
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30 minutes)29,70 and found that incubating sensory neurons with Pitstop2 had no effect on 

sodium currents in cells infected with CRISPR-EFS-VPR-GFP (CRISPR-EFS-VPR-GFP: 

−323.1 ± 51.09 pA/pF; CRISPR-EFS-VPR-GFP + 20 μM Pitstop2: −271.9 ± 29.88 pA/pF; 

P = 0.7923; Figs. 5A–C and Table S1, available at http://links.lww.com/PAIN/B932). 

Conversely, in cells transduced with CRISPR-EFS-VPR-GFP-SENP1, inhibiting clathrin 

coat assembly with Pitstop2 prevented sodium current reductions induced by overexpression 

of SENP1 (CRISPR-EFS-VPR-GFP-SENP1: −146.3 ± 25.75 pA/pF; CRISPR-EFS-VPR-

GFP-SENP1 + 20 μM Pitstop2: −323.9 ± 64.04 pA/pF; P = 0.0391; Figs. 5A–C and 

Table S1, available at http://links.lww.com/PAIN/B932). The conductance value of cells 

overexpressing SENP1 was decreased to control cells (Table 1). No changes in the activation 

and inactivation’s voltage dependence nor inactivation time constants were observed 

between these 4 groups (Fig. 5D and Tables 1 and 2). These findings support the role 

of clathrin-mediated endocytosis as a possible explanation for decreased sodium currents 

caused by overexpressing SENP1.

3.5. SENP1 controls CRMP2 deSUMOylation to modulate NaV1.7 channel activity

Our previous work identified a small molecule named 194 (benzoylated 2-(4-

piperidinyl)-1,3-benzimidazole analog; molecular weight 567.6) as a pharmacological tool 

to prevent CRMP2 SUMOylation by interfering with the interaction between E2 SUMO–

conjugating enzyme Ubc9 and CRMP2.11 We found that this compound selectively reduces 

NaV1.7 surface expression and function and has antinociceptive effects in rodents.11 

Therefore, to test whether overexpression of SENP1 and compound 194 share a convergent 

mechanism of modulation (CRMP2 deSUMOylation), we next sought to explore the 

functional consequences of increasing SENP1 expression in the presence of 194. We first 

found that adding compound 194 (5 μM, overnight) to sensory neurons infected with 

CRISPR-EFS-VPR-GFP inhibited sodium currents and current densities by ~64% (CRISPR-

EFS-VPR-GFP: −343.6 ± 54.36 pA/pF; CRISPR-EFS-VPR-GFP + 5 μM 194: −122.8 ± 

46.32 pA/pF; P = 0.0020; Figs. 6A–C), which correlates with our previous findings.11 Lack 

of further inhibition on coincubation of 194 in cells infected with CRISPR-EFS-VPR-GFP-

SENP1 suggests that 100% of functional NaV1.7 was blocked when overexpressing SENP1 

(CRISPR-EFS-VPR-GFP-SENP1: −153.3 ± 54.36 pA/pF; CRISPR-EFS-VPR-GFP-SENP1 

+ 5 μM 194: −148.1 ± 26.19 pA/pF; P = 0.9412; Figs. 6A–C and Table S1, available at 

http://links.lww.com/PAIN/B932). The conductance values of cells overexpressing SENP1 

and those treated with 194 were reduced compared with untreated control cells (Table 

1).Voltage dependence and tau of inactivation were unchanged in these 4 conditions (Fig. 6D 

and Tables 1 and 2). 194 caused a negative ~10 mV shift in the V 1/2 of inactivation in cells 

treated with CRISPR-EFS-VPR-GFP (Fig. 6D and Table 1), which is also consisted with our 

previous report.11 These results suggest that SENP1 and compound 194 share a convergent 

mechanism of action, which is reducing CRMP2 SUMOylation to control NaV1.7 channel 

function.

3.6. SENP1 overexpression attenuates dorsal root ganglion neuron excitability

Given that Na 1.7 channels (1) are indispensable for action potential (AP) electrogenesis6 

and (2) are critical for physiological and pathological pain,20 we performed patch-
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clamp recordings in DRG to further understand the consequences underlying SENP1 

overexpression. We hypothesized that overexpressing SENP1 could suppress AP firing in 

sensory neurons. Of note, DRG excitability was measured by injecting a current ramp 

from 0 to 120 pA in 1 second into the soma of small-diameter DRG neurons to elicit 

APs (Fig. 7A). Representative traces (Fig. 7A) and plotted data (Fig. 7B) revealed that 

the number of evoked APs was significantly reduced in cells infected with CRISPR-EFS-

VPR-GFP-SENP1 when compared to cells treated with CRISPR-EFS-VPR-GFP (CRISPR-

EFS-VPR-GFP: 7.75 ± 0.79 APs; CRISPR-EFS-VPR-GFP-SENP1: 4.66 ± 1.02 APs; P = 

0.0496; Fig. 7B and Table S1, available at http://links.lww.com/PAIN/B932). Similarly, the 

minimum current necessary to evoke an AP (rheobase) was increased after overexpression of 

SENP1 (CRISPR-EFS-VPR-GFP: 22.50 ± 3.55 pA; CRISPR-EFS-VPR-GFP-SENP1: 48.33 

± 8.33 pA; P = 0.0157; Fig. 7C and Table S1, available at http://links.lww.com/PAIN/B932). 

Moreover, the resting membrane potential (RMP; CRISPR-EFS-VPR-GFP: −44.00 ± 1.77 

mV; CRISPR-EFS-VPR-GFP-SENP1: −40.33 ± 0.66 mV; P = 0.1515; Fig. 7D and Table 

S1, available at http://links.lww.com/PAIN/B932) and input resistance (CRISPR-EFS-VPR-

GFP: 140.1 ± 8.29 MΩ; CRISPR-EFS-VPR-GFP-SENP1: 133.9 ± 16.35 MΩ; P = 0.1515; 

Fig. 7E and Table S1, available at http://links.lww.com/PAIN/B932) were equivalent in these 

2 conditions. These observations show that somatic excitability of sensory neurons is indeed 

impaired after favoring SENP1 expression.

3.7. SENP1 overexpression does not affect the activity of TRPV1 channels, voltage-gated 
potassium, or voltage-gated calcium channels

The decrease in excitability observed in DRG neurons cannot be solely attributed to 

SENP1-mediated CRMP2 deSUMOylation because other ion channels can also undergo 

SUMOylation and deSUMOylation and contribute to increased excitability in pain 

conditions.1 To explore potential off-target effects of SENP1 overexpression, we focused 

on TRPV1 channels, voltage-gated potassium, and voltage-gated calcium channels, which 

are known to be directly or indirectly modulated by SUMOylation.

In sensory neurons, native TRPV1 channels undergo SUMOylation by Ubc91 and 

deSUMOylation by SENP1.73 Previous studies have shown that conditional deletion of 

Ubc9 in DRG neurons decreases capsaicin-evoked Ca2+ transients and Ca2+currents,1 

whereas the elimination of SENP1 in DRG exacerbates thermal hyperalgesia through 

deSUMOylation of TRPV1.73 To further explore the impact of SENP1 overexpression on 

TRPV1 channel activity, we used 2 distinct experimental approaches. First, we conducted 

Fura-2 ratiometric Ca2+ imaging experiments in DRG neurons to assess the changes in 

calcium response on capsaicin stimulation (200 nM). We observed no significant alteration 

in calcium response between cells transduced with CRISPR-EFS-VPR-GFP-SENP1 and the 

control group (CRISPR-EFS-VPR-GFP: 0.091 ± 0.008 arbitrary units (a.u); CRISPR-EFS-

VPR-GFP-SENP1: 0.100 ± 0.014 a.u.; P = 0.8763; Supplementary Figure 1A and B and 

Table S1, available at http://links.lww.com/PAIN/B932). Second, we performed patch-clamp 

recordings in DRG neurons perfused with 1 μM of capsaicin. The results demonstrate that 

both TRPV1 currents and current densities remained unchanged in DRG neurons infected 

with CRISPR-EFS-VPR-GFP-SENP1, compared with those expressing the control lentivirus 

(CRISPR-EFS-VPR-GFP: 14.34 ± 3.35 pA/pF; CRISPR-EFS-VPR-GFP-SENP1: 17.52 ± 
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1.91 pA/pF; P = 0.1893; Supplementary Figure 1C and D and Table S1, available at http://

links.lww.com/PAIN/B932). In addition, the deactivation time constant of TRPV1 currents 

was measured, and no significant differences were found between the tested conditions 

(CRISPR-EFS-VPR-GFP: 96.26 ± 20.37 seconds; CRISPR-EFS-VPR-GFP-SENP1: 86.26 

± 20.10 seconds; P = 0.6730; Supplementary Figure 1E and Table S1, available at http://

links.lww.com/PAIN/B932).

Voltage-gated potassium channels are also subject to SUMOylation, a regulatory process 

that influences their surface expression, activity, kinetics, and voltage dependence of 

inactivation.7,17,75 Both SENP1 and SENP2 have been identified as mediators of their 

deSUMOylation.7,17,75 To investigate the impact of SENP1 overexpression on the functional 

activity and voltage dependence, we conducted voltage-clamp experiments focusing on 

rapidly inactivating IKA and slowly inactivating IKS potassium currents in DRG. The data 

obtained from these experiments revealed that the presence of overexpressed SENP1 in 

DRG did not lead to any significant differences in IKA currents (Supplementary Figure 

2A, available at http://links.lww.com/PAIN/B932), current densities (Supplementary Figure 

2B, available at http://links.lww.com/PAIN/B932), nor voltage dependence of activation 

(Supplementary Figure 2C, available at http://links.lww.com/PAIN/B932) and inactivation 

(Supplementary Figure 2D, available at http://links.lww.com/PAIN/B932) when compared 

to DRG infected with the control lentivirus (Table S1, available at http://links.lww.com/

PAIN/B932). Similarly, when assessing slowly inactivating potassium currents, we obtained 

similar results indicating that overexpression of SENP1 does not alter the behavior of IKS 

currents (Supplementary Figure 2E-H and Table S1, available at http://links.lww.com/PAIN/

B932).

A recent study reported that heterologously expressed high-voltage–activated CaV2.2 

calcium channels can be activated through SUMOylation mediated by Ubc9.68 However, the 

activity of CaV2.2 channels does not seem to be influenced by the coexpression of SENP1.68 

To confirm whether this observation holds true in a native system, we conducted Fura-2 

ratiometric Ca2+ imaging experiments in DRG neurons. On depolarization with 90 mM 

KCl, which enables assessment of high-voltage–activated calcium channels, we observed 

that the calcium responses in cells infected with CRISPR-EFS-VPR-GFP-SENP1 did not 

show significant changes compared with control cells (CRISPR-EFS-VPR-GFP: 0.179 ± 

0.011 a.u; CRISPR-EFS-VPR-GFP-SENP1: 0.233 ± 0.020 a.u; P = 0.0823; Supplementary 

Figure 3A and B and Table S1, available at http://links.lww.com/PAIN/B932). Although 

there was a tendency of the calcium response to increase in the presence of SENP1, the 

difference did not reach statistical significance. To further investigate potential alterations 

of CaV2.2 channel membrane expression by SENP1 overexpression, we examined the 

surface localization of CaV2.2. Our findings indicated that the surface expression of these 

channels remained unchanged between conditions (CRISPR-EFS-VPR-GFP: 1.00 ± 0.04 

a.u; CRISPR-EFS-VPR-GFP-SENP1: 1.04 ± 0.05 a.u; P = 0.6047; Supplementary Figure 

3C and D and Table S1, available at http://links.lww.com/PAIN/B932).

Another study demonstrated that USP5 (or isopeptidase T) SUMOylation can regulate 

CaV3.2–USP5 interaction in DRG, leading to indirect modulation of low-voltage–activated 

CaV3.2 calcium channels.27 To investigate the activity of these channels, we performed 
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additional Fura-2 ratiometric Ca2+ imaging experiments in DRG neurons. Through 

depolarization with 40 mM KCl, which allows us to assess the activity of low-voltage–

activated calcium channels, we examined the calcium responses in cells infected with 

CRISPR-EFS-VPR-GFP-SENP1 and compared them with control cells. The results show 

that there were no significant changes in the calcium responses between the 2 conditions 

(CRISPR-EFS-VPR-GFP: 0.264 ± 0.040 a.u; CRISPR-EFS-VPR-GFP-SENP1: 0.203 ± 

0.018 a.u; P = 0.4190; Supplementary Figure 3E and F and Table S1, available at http://

links.lww.com/PAIN/B932). We confirmed the response of CaV3 channels by using the 

channels’ selective blocker, TTA-P2 (Supplementary Figure 3E and F, available at http://

links.lww.com/PAIN/B932).

The findings imply that while SUMOylation is established in controlling TRPV1, IKA 

and IKS potassium channels, and CaV2.2 and CaV3.2 calcium channels, the absence 

of alterations due to SENP1 overexpression suggests the role of additional SENPs in 

modulating TRPV1, potassium, and calcium channels in this scenario.

3.8. CRISPR activation–mediated overexpression of SENP1 culminates in reversal of 
pain-like behaviors induced by spinal nerve ligation

We have shown above that facilitating SENP1 expression results in decreased NaV1.7 

membrane expression, sodium currents (mainly NaV1.7 dependent), and DRG excitability. 

To support the involvement of SENP1 in pain in vivo, we next tested the relevance of 

this protease in a model of neuropathic pain induced by spinal nerve ligation (SNL).34 

Baseline (BL) measurements of mechanical allodynia were performed before SNL surgeries 

in female (Fig. 8A) and male (Fig. 8B) rats. Ligation of L5 and L6 spinal nerves resulted 

in the development of mechanical allodynia (Figs. 8A–B) 14 days after SNL (SNL time 

point). Next, rats were injected intrathecally (i.t.) into L4 and L5 intervertebral space 

with CRISPR-EFS-VPR-GFP and CRISPR-EFS-VPR-GFP-SENP1 (~5 × 105 IFU/mL live 

particles in 15 μL) and paw withdrawal thresholds and area under the curves (Figs. 8A–D) 

were measured 1, 2, 3, and 4 weeks postinjection. As shown in Figures 8A–C, i.t injection 

of CRISPR-EFS-VPR-GFP-SENP1 partially reversed SNL-induced mechanical allodynia 

in female rats 1 week after lentiviral injections (AUC of CRISPR-EFS-VPR-GFP: 3.47 ± 

1.05; CRISPR-EFS-VPR-GFP-SENP1: 10.13 ± 0.88; P = 0.0022; Fig. 8C and Table S1, 

available at http://links.lww.com/PAIN/B932). Similarly, when compared to rats treated with 

CRISPR-EFS-VPR-GFP, male rats injected with CRISPR-EFS-VPR-GFP-SENP1 showed a 

significant reversal of mechanical allodynia 1 to 3 weeks after lentiviral injections (AUC of 

CRISPR-EFS-VPR-GFP: 9.39 ± 2.52; CRISPR-EFS-VPR-GFP-SENP1: 21.75 ± 3.27; P = 

0.01522; Fig. 8D and Table S1, available at http://links.lww.com/PAIN/B932). These results 

suggest that increasing SENP1 expression is sufficient to reverse mechanical allodynia 

induced by spinal nerve injury. In addition, these findings support the use of CRISPRa 

gene-editing tool for treatment of neuropathic pain.

4. Discussion

The modulation of Nav1.7 for therapeutic intervention in chronic pain conditions is an 

area of intense research focus. Unfortunately, multiple compounds targeting Nav1.7 have 
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failed in recent clinical trials.41,56 Multiple theories underlie the difficulty or failure to 

pharmacologically target Nav1.7, but undeniably a key determinant is the challenge to 

selectively target this channel without affecting other similar channels in the nervous 

system. In contrast to pharmacologically targeting the Nav1.7 channel directly, we have 

demonstrated that indirect regulation of Nav1.7, through preventing the addition of 

SUMO1 onto the Nav1.7 interacting protein CRMP2, blocked Nav1.7 functions and 

was antinociceptive.11,23,25,51 In this study, we built on these results and used a novel 

strategy that leverages the power of CRISPR activation to overexpress the deSUMOylation 

machinery (SENP1) and thereby to indirectly regulate Nav1.7 in chronic pain. We report 

that in primary sensory neurons enhancing SENP1 expression by using CRISPRa reduced 

(1) CRMP2–SUMO1 and the NaV1.7–CRMP2 interaction, (2) NaV1.7 surface expression 

and currents (an effect that was mediated by clathrin-mediated endocytosis), (3) neuronal 

excitability, and (4) neuropathic pain-like behaviors in male and female rats (Fig. 9), without 

affecting the activity of TRPV1 channels nor voltage-gated calcium and potassium channels.

SUMOylation is a reversible posttranslational modification of lysine residues in proteins 

by small ubiquitin-like modifiers (SUMOs). Sentrin or SUMO-specific proteases are 

responsible for catalyzing SUMO maturation40 and deSUMOylation, maintaining a balance 

between the 2 processes. Wang et al.73 reported SENPs’ involvement in pain and highlighted 

that SENP1 prevents increased sensitivity to heat in TRPV1 channels by maintaining 

decreased SUMOylation. Peripheral inflammation enhances protein SUMOylation in DRG, 

and conditional SENP1 knockout worsens thermal hyperalgesia in inflammatory pain 

models. SENP1’s role in inflammation has also been supported by other studies.73 

For instance, lipopolysaccharide (LPS)-induced inflammatory response is dependent on 

SENP1 activation of the transcription factor Sp3 expression through its deSUMOylation.78 

Similarly, SENP1 seems to maintain low SUMOylation levels of peroxisome proliferator-

activated receptor gamma (PPARɣ) to mitigate microglia-mediated neuroinflammation.72 

These lines of evidence triangulate to demonstrate that SENP1 is needed for controlling pain 

and inflammation.

SUMOylation of proteins can affect their localization, activity, and interaction with other 

proteins.36 For example, CRMP2’s interaction and regulation of NaV1.7 channels depends 

on its SUMOylation state.23,24 Collapsin response mediator protein 2 SUMOylation has 

reported to be necessary for neuropathic pain51 for the reason that when CRMP2 is 

SUMOylated, it interacts with NaV1.7 channels to promote their membrane localization 

and function and maintain chronic pain.23,24 However, when CRMP2 SUMOylation is 

decreased either by overexpression of SENP1,24 genetically through mutation of its 

SUMOylation site (K374A),49,51 or pharmacologically through the CRMP2 SUMOylation 

inhibitor 194,11 CRMP2 interacts with an endocytic complex formed by Numb, Nedd4–2, 

and Eps15 to enhance NaV1.7 clathrin-mediated endocytosis.23,29 Thus, preventing CRMP2 

SUMOylation and subsequent positive regulation of NaV1.7 channels has demonstrated to 

be a useful strategy to target pain11,23,49 due to the major involvement of these channels in 

many pain-related conditions.

To study the role of CRMP2 deSUMOylation by SENP1, we used a CRISPRa strategy to 

overexpress SENP1 in adult rodents because germline deletion of SENP1 in mice causes 
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anemia and embryonic lethality.15 Clustered regularly interspaced short palindromic repeats 

activation technology has many advantages over other strategies4 including that it uses the 

endogenous regulatory elements to upregulate existing functional gene copy numbers with 

little to no off-target effects in vivo. 38,43,45 In vivo CRISPR-mediated gene activation has 

therapeutic benefits for many genetic or acquired diseases including muscular dystrophy,38 

epilepsy,16 cancer,71 Parkinson,28 and myocardial infarction,48 among others. Lentivirus-

based CRISPR-dCas9 activator systems have been successfully used in neurons in vitro and 

in vivo, 18 thus supporting the use of our CRISPRa SENP1 lentivirus strategy. Importantly, 

to the best of our knowledge, the present work is the first to use the CRISPRa system to 

induce gene expression for the treatment of experimentally induced chronic pain. Although 

successful overexpression of cannabinoid type 1 (CB1) receptors (important players in 

analgesia) in neurons has been reported by the Ledri laboratory,18 its connection to pain was 

never investigated.

Our results demonstrate that CRISPRa can be successfully used to overexpress genes 

involved in pain regulation and may potentially represent a next-generation gene therapy 

approach to treat chronic pain disorders. An example of a condition that could potentially 

benefit from the CRISPRa strategy is neurofibromatosis type 1 (NF1), a rare autosomal 

disorder that is associated with chronic idiopathic pain.51 In NF1, haploinsufficiency results 

in a reduced level of wild-type (WT) neurofibromin in Nf1+/− cells, but introducing WT 

neurofibromin into Nf1+/− fibroblasts in vitro has been shown to reverse the cellular 

effects of NF1 haploinsufficiency.47 Thus, normalizing the levels of WT neurofibromin 

with CRISPRa in NF1-haploinsufficient cells could be a potential strategy for treatment 

of NF1. Precedence for this already exists as CRISPRa has been used for other diseases 

associated with haploinsufficiency.45 For instance, CRISPRa-recombinant adenoassociated 

virus injected into the hypothalamus led to reversal of the obesity phenotype in single-

minded 1 (Sim1) and melanocortin 4 receptor (Mc4r) haploinsufficient mice.45

While interrogating the mechanisms underlying pain related to NF1, we and others 

found (1) increased sensory neuron excitability in Nf1+/− mice74 and (2) increased 

expression and function of NaV1.1, NaV1.7, and NaV1.8,35,74 and CaV2.221 channels 

in rats with CRISPR-Cas9 editing of Nf1.55 Subsequently, we discovered that CRMP2 

was involved in this regulation58 because neurofibromin forms a complex with CRMP2 

and regulates its phosphorylation by cyclin-dependent kinase 5 (Cdk5) at Ser522.55,58 

Collapsin response mediator protein 2 SUMOylation relies on its previous phosphorylation 

by Cdk5.23 Although phosphorylated CRMP2 can regulate CaV2.2 and other ion channels, 

the SUMOylation of CRMP2 specifically regulates NaV1.7 channels.11,23 We discovered 

that increasing CRMP2 deSUMOylation in DRG neurons through CRISPRa-mediated 

SENP1 overexpression reduces CRMP2 SUMOylation and the NaV1.7–CRMP2 interaction. 

It also decreases NaV1.7 membrane localization and current density through these channels. 

Similar results were seen in neuronal CAD cells expressing CRMP2, where co-expression of 

SENP1 or SENP2 reduced NaV1.7 surface expression and current density through CRMP2 

deSUMOylation.24

A clear limitation inherent in our study is the fact that CRMP2 does not represent 

the exclusive target of SENP1.60,61,69,73 As a result, the observed antinociceptive effect 
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of SENP1 overexpression may be attributed to its multitarget actions. To address this 

limitation, we conducted functional assays focusing on 3 proteins known to be modulated 

by SUMOylation: TRPV1, voltage-gated potassium, and calcium channels. Although 

these proteins undergo SUMOylation, our findings suggest that other deSUMOylation 

enzymes, aside from SENP1, likely play a role in mediating this process. For example, 

previous studies highlighted the involvement of SENP2 in the deSUMOylation of ion 

channels,7,14,24,75 thus underscoring the involvement of more than 1 SENP enzyme in 

regulating channel activity. However, we acknowledge the possibility that SENP1-mediated 

deSUMOylation could affect other proteins beyond these 3. Further studies will be needed to 

explore these potential modulations comprehensively.

So far, no SENP1 activators have been reported, but as our data suggest, targeted 

enhancement of CRMP2 deSUMOylation presents a novel therapeutic pathway for treatment 

of chronic pain. As a first step toward identification of SENP1 activators, we searched for 

druggable sites on representative SENP structures and identified a pocket unique to the 

SENP1 and SENP2 isoforms (Fig. 10). The location of this site is opposite to the interface 

with SUMO, suggesting that it may be an allosteric site that could be exploited in a virtual 

screen campaign. Another limitation may be that our behavioral studies revealed a more 

prolonged anti-allodynic effect with SENP1 overexpression in males when compared to 

female rats. Databases of deep RNA-sequencing (seq) data revealed that, as opposed to 

what occurs in female mice with nerve injury, in male mice 4 weeks after SNI, DRG 

express more Senp1.2 It is plausible that the already increased expression of SENP1 in males 

contributes to the more prolonged and pronounced antinociceptive effect in comparison to 

female rats. Although our strategy might not be optimal to use for pain management, what 

our data highlight is that reduced NaV1.7 currents (not TTX-r currents) because of SENP1 

overexpression are at least redundant with CRMP2 deSUMOylation. This is demonstrated 

using compound 19411 (Fig. 9). The mechanism of action of 194 is through direct inhibition 

of the Ubc9–CRMP2 interaction to prevent the addition of SUMO1 to CRMP2 and 

specifically control NaV1.7 surface expression and currents.11 In our electrophysiological 

recordings, application of 194 did not result in further reduction of sodium current density 

imposed by SENP1 overexpression, indicating that NaV1.7 currents had been maximally 

silenced through CRMP2 deSUMOylation.

In conclusion, our results provide proof-of-concept that boosting SENP1 expression 

and favoring CRMP2 deSUMOylation to decrease NaV1.7 channel function and DRG 

excitability is an effective means for managing chronic pain. Our data also provide a 

framework to further develop CRISPRa as a novel and potential tool for chronic pain 

treatment.
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Figure 1. 
Senp1 is present in putative nociceptors in the rat dorsal root ganglion. (A–H) 

Representative images of triple label fluorescence in situ hybridization for Senp1, Scn9a, 

Calca, and Nefh in the lumbar dorsal root ganglion of naive adult rats. In addition, nuclei are 

labeled with the nuclear labeling dye 49,6-diamidino-2-phenylindole (DAPI). Yellow open 

arrows indicate Senp1 and Scn9a co-localization, orange open arrows indicate Nefh-positive 

or Calca-positive cells with Senp1 co-localization, and orange arrows with yellow fill 

indicate triple positive co-localization, respectively. (I and J) Venn diagrams to graphically 
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illustrate Senp1, Scn9a, Calca, and Nefh co-localization. (K) Senp1 extensively co-localizes 

with Scn9a (Scn9a/Senp1: 39.48 ± 4.05%; Senp1/Scn9a: 72.42 ± 2.65%), Calca (Calca/
Senp1: 28.16 ± 2.70%; Senp1/Calca: 71.06 ± 3.22%), and Nefh (Nefh/Senp1: 33.65 ± 

4.19%; Senp1/Nefh: 52.85 ± 3.03%). Furthermore, many Senp1-expressing cells co-localize 

with both Calca and Scn9a (Calca + Scn9a/Senp1: 18.85 ± 1.52%) or both Nefh and Scn9a 
(Nefh + Scn9a/Senp1: 21.98 ± 3.23%). n = 10 rats. Individual data points represent the mean 

of 3 to 5 sections from 2 DRG per individual rat. Scale bars: 100 μm. Error bars indicate 

mean ± SEM. DRG, dorsal root ganglia.
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Figure 2. 
Validation of SENP1 overexpression in rat dorsal root ganglion neurons through CRISPRa 

gene editing. (A) In the VPR activation system, dCas9 is fused at the C-terminal end 

to 3 transcriptional activators (VP64, p65, and Rta). Guide RNAs target upstream of the 

transcriptional start site (TSS) of the Senp1 gene, bind the dCas9-VPR, guide the complex 

to the DNA target site, and then the transcriptional activators are proximal to the TSS 

for upregulation of the Senp1 gene. (B) Representative immunoblots showing increased 

expression of SENP1 in arbitrary units (a.u) after infection with the indicated lentivirus 
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particles. βIII-Tubulin is used as a loading control. (C) Bar graph with scatter plots showing 

the quantification of n = 5 samples. P values as indicated; Mann–Whitney test; error 

bars indicate mean ± SEM. For full statistical analyses, see Table S1, available at http://

links.lww.com/PAIN/B932. CRISPRa, clustered regularly interspaced short palindromic 

repeats activation; SENP, Sentrin or SUMO-specific protease; VPR, VP64-p65-Rta.
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Figure 3. 
CRISPRa-mediated SENP1 overexpression reduces SUMO1–CRMP2, Nav1.7–CRMP2 

binding, and NaV1.7 surface expression in rat DRG neurons. Representative images of rat 

DRG cultures transduced with lentiviral particles containing CRISPR-EFS-VPR-GFP (as 

control) or CRISPR-EFS-VPR-GFP-SENP1 after proximity ligation assay (PLA) between 

CRMP2 and SUMO1 (A), or between NaV1.7 and CRMP2 (C). GFP signal was used to 

identify DRG neurons transduced with lentiviral particles. The PLA immunofluorescence 

labeled sites of interaction between CRMP2 and SUMO1 or NaV1.7 and CRMP2 (red 
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puncta). In addition, nuclei are labeled with the nuclear-labeling dye 49,6-diamidino-2-

phenylindole (DAPI). Scale bar: 10 μm. Quantification of PLA puncta per neuron shows 

that in DRG neurons transduced with CRISPR-EFS-VPR-GFP-SENP1, SUMO1-CRMP2 

(B) and NaV1.7-CRMP2 (D) interactions are significantly reduced compared with CRISPR-

EFS-VPR-GFP. n = 34 to 66 cells. P values as indicated; Mann–Whitney test; error bars 

indicate mean ± SEM. (E) Representative confocal images of rat DRG neuron cultures 

transduced with lentiviral particles containing CRISPR-EFS-VPR-GFP or CRISPR-EFS-

VPR-GFP-SENP1 and labeled with an antibody against NaV1.7. GFP signal were used 

to identify DRG neurons transduced with lentiviral particles. Scale bar: 10 μm. (F) 

Quantification of normalized surface expression of NaV1.7 per neuron shows that DRG 

neurons transduced with CRISPR-EFS-VPR-GFP-SENP1 have decreased surface expression 

of NaV1.7 compared with the control condition. n = 50 to 52 cells; P values as indicated; 

Mann–Whitney test; error bars indicate mean ± SEM. For full statistical analyses, see Table 

S1, available at http://links.lww.com/PAIN/B932. CRISPRa, clustered regularly interspaced 

short palindromic repeats activation; CRMP2, collapsin response mediator protein 2; DRG, 

dorsal root ganglia; SENP, Sentrin or SUMO-specific protease; SUMO, small ubiquitin-like 

modifier; VPR, VP64-p65-Rta.
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Figure 4. 
SENP1 overexpression decreases NaV1.7 currents in sensory neurons. (A) Representative 

peak sodium current traces obtained from DRG neurons after treatment with CRISPR-EFS-

VPR-GFP (as control) or CRISPR-EFS-VPR-GFP-SENP1 lentivirus or compound 48 to 72 

hours after infection. (B) Double Boltzmann fits of current density–voltage curves for each 

of the conditions indicating that overexpression of SENP1 or application of the NaV1.7 

channel blocker, ProTx-II (5 nM), decreases sodium currents. (C) Bar graph summary of 

peak sodium current densities for the indicated conditions showing that ProTx-II (5 nM) 

does not further decrease sodium currents imposed by CRISPR-EFS-VPR-GFP-SENP1. (D) 

Boltzmann fits for voltage-dependent activation and inactivation as shown. Half-maximal 

activation potential of activation and inactivation (V 1/2) and slope factor values (k) for 

activation and inactivation are presented in Table 1. P values as indicated; 1-way ANOVA 

followed by Holm–Sidak multiple comparisons test; n = 12 to 17 cells; error bars indicate 

mean ± SEM. (E) Representative peak TTX-r sodium current traces after DRG infection 

with the CRISPR-EFS-VPR-GFP or CRISPR-EFS-VPR-GFP-SENP1 48 to 72 hours after 

infection. (F) Double Boltzmann fits of current density–voltage curves for each of the 

conditions. (G) Summary bar graph of peak TTX-r sodium current densities for the indicated 

conditions showing that CRISPR-EFS-VPR-GFP-SENP1 does not alter sodium currents. (H) 

Boltzmann fits for voltage-dependent activation and inactivation as shown. Half-maximal 

activation potential of activation and inactivation (V 1/2) and slope factor values (k) are 

presented in Table 1. P values as indicated; Mann–Whitney test; n = 7 to 9 cells; error 

bars indicate mean ± SEM. For full statistical analyses, see Table S1, available at http://

links.lww.com/PAIN/B932. ANOVA, analysis of variance; CRISPR, clustered regularly 

interspaced short palindromic repeats; DRG, dorsal root ganglia; SENP, Sentrin or SUMO-

specific protease; TTX-r, tetrodotoxin-resistant; VPR, VP64-p65-Rta.
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Figure 5. 
Reduction of sodium currents induced by SENP1 overexpression is normalized by inhibition 

of clathrin-mediated endocytosis with Pitstop2. (A) Representative peak sodium current 

traces after infecting DRG with CRISPR-EFS-VPR-GFP (as control) or CRISPR-EFS-

VPR-GFP-SENP1 in the absence or presence of Pitstop2 (20 μM) 48 to 72 hours after 

infection with lentiviruses. Summary of current density–voltage curves (B) and normalized 

peak current density (C) from small-sized DRG neurons after a 30-minute incubation 

with Pitstop2 and infection with the CRISPR-EFS-VPR-GFP or CRISPR-EFS-VPR-GFP-

SENP1. (D) Boltzmann fits for voltage-dependent activation and inactivation of the sensory 

neurons under the indicated conditions. Half-maximal activation and inactivation (V 1/2) 

and slope values (k) for activation and inactivation are presented in Table 1. P values 

as indicated; 1-way ANOVA followed by Holm–Sidak multiple comparisons test; n = 
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13 to 15 cells; error bars indicate mean ± SEM. For full statistical analyses, see Table 

S1, available at http://links.lww.com/PAIN/B932. ANOVA, analysis of variance; CRISPR, 

clustered regularly interspaced short palindromic repeats; DRG, dorsal root ganglia; SENP, 

Sentrin or SUMO-specific protease; VPR, VP64-p65-Rta.
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Figure 6. 
Reduced sodium currents imposed by SENP1 overexpression are not further affected 

by pharmacological prevention of CRMP2 SUMOylation with compound 194. (A) 

Representative peak current traces recorded from small-sized DRG neurons in the presence 

and absence of CRISPR-EFS-VPR-GFP-SENP1 or 194 (5 μM). (B) Summary of Boltzmann 

fits for current density–voltage curves and (C) peak current densities for each of the 

conditions indicating that overexpression of SENP1 or overnight incubation of 194 (5 μM) 

decrease sodium currents to the same magnitude. (D) Voltage dependence of activation and 

inactivation is summarized with Boltzmann fits of normalized conductance (G/Gmax) and 

currents (I/Imax) Table 1. P values as indicated; 1-way ANOVA followed by Holm–Sidak 

multiple comparisons test; n = 12 to 14 cells; error bars indicate mean ± SEM. For full 

statistical analyses, see Table S1, available at http://links.lww.com/PAIN/B932. ANOVA, 
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analysis of variance; CRISPR, clustered regularly interspaced short palindromic repeats; 

CRMP2, collapsin response mediator protein 2; DRG, dorsal root ganglia; SENP, Sentrin or 

SUMO-specific protease; SUMO, small ubiquitin-like modifier; VPR, VP64-p65-Rta.
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Figure 7. 
SENP1 overexpression reduces sensory neuron excitability. (A) Sample traces of action 

potential (AP) firing in rat DRG neurons infected with CRISPR-EFS-VPR-GFP or CRISPR-

EFS-VPR-GFP-SENP1. APs were evoked by injecting a 1-second ramp pulse from 0 

to 120 pA. (B) Summary of the number of evoked action potentials in response to a 

depolarizing ramp stimulus from 0 to 120 pA of current injection. Cells treated with 

CRISPR-EFS-VPR-GFP-SENP1 are less excitable than cells infected with CRISPR-EFS-

VPR-GFP. Quantification of the rheobase (C) in picoamperes (pA), resting membrane 

potential (D) in millivolts (mV), and input resistance in mega ohms (MΩ) in the indicated 

conditions. P values as indicated; Mann–Whitney test; n = 6 to 8 cells; error bars indicate 

mean ± SEM. For full statistical analyses, see Table S1, available at http://links.lww.com/

PAIN/B932. CRISPR, clustered regularly interspaced short palindromic repeat; DRG, dorsal 

root ganglia; SENP, Sentrin or SUMO-specific protease; VPR, VP64-p65-Rta.
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Figure 8. 
In vivo overexpression of SENP1 reverses mechanical allodynia after spinal nerve ligation 

in male and female rats. L5 and L6 spinal nerve ligation (SNL) was performed in male 

and female rats to induce chronic neuropathic pain. Fourteen days after surgery, animals 

were administered with CRISPR-EFS-VPR-GFP or CRISPR-EFS-VPR-GFP-SENP1 (~5 

× 105 IFU/mL in 15 μL) through intrathecal (i.t.) injections. Paw withdrawal thresholds 

(A, female and B, male) were measured before spinal nerve ligation (baseline; BL), 14 

days after surgery (SNL or day 0), and 1, 2, 3, and 4 weeks after intrathecal injection of 
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lentiviral particles. Panels (C and D) are the area under the curve from 0 (preinjection) 

to 4 weeks after lentiviral administration. I.t injection of CRISPR-EFS-VPR-GFP-SENP1 

had an antinociceptive effect in both male and female rats. P values as indicated; paw 

withdrawal thresholds and latencies were analyzed by 2-way ANOVA, followed by Sidak 

multiple comparisons test; area under the curve was analyzed by Mann–Whitney test; 

n = 6 animals; error bars indicate mean ± SEM. For full statistical analyses, see Table 

S1, available at http://links.lww.com/PAIN/B932. ANOVA, analysis of variance; CRISPR, 

clustered regularly interspaced short palindromic repeat; DRG, dorsal root ganglia; SENP, 

Sentrin or SUMO-specific protease; VPR, VP64-p65-Rta.
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Figure 9. 
Schematic representation of CRMP2 regulation of NaV1.7 channels. (1) CRMP2 undergoes 

Ubc9 SUMOylation (addition of small ubiquitin-like modifiers [SUMOs]) on a lysine 

residue in position 374. (2) SUMOylation of CRMP2 leads to (3) an increase in NaV1.7–

CRMP2 interaction, NaV1.7 channel expression at the plasma membrane, and current influx 

through these channels, which in turn increases pain sensation. (4) On the other hand, 

expression of SENP1 (5) promotes CRMP2 deSUMOylation to (6) induce NaV1.7 channel 

clathrin-mediated endocytosis and decrease pain. Of note, compound 194 prevents addition 

of SUMO1 to CRMP2 and Pitstop2 inhibits clathrin-mediated endocytosis of NaV1.7. 

CRMP2, collapsin response mediator protein 2; SENP, Sentrin or SUMO-specific protease.
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Figure 10. 
Potential SENP1 allosteric site. Druggable pocket (red spheres, SiteMap score 0.83) distal 

to the SUMO interface shown on the structure of SENP1 (light gray surface) with bound 

SUMO1 precursors (dark gray cartoon), PDB 2iy1.66 SENP, Sentrin or SUMO-specific 

protease; SUMO, small ubiquitin-like modifier.
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