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Introduction
Chemotherapy-induced peripheral neuropathy is one of the most 
common causes of chemotherapy dose reduction and discontin-
uation, placing limitations on the life-saving therapy that chemo-
therapy provides (1–3). The systemic neuronal toxicity produced 
by antineoplastic agents, such as platinum-based agents, is known 
to cause diffuse, bilateral degenerative changes in peripheral sen-
sation that lead to an altered perception of cold, heat, and pain. 
Clinically, cisplatin-induced peripheral neuropathy (CIPN) pres-
ents as pain that is burning, shooting, or electric-shock-like, caus-
ing a major, and often permanent, impediment to quality of life in 
cancer patients (1, 4, 5). Because cancer prevalence continues to 
increase, so does its treatment with chemotherapy, and CIPN is 
now an urgent, unresolved medical problem for which there are 
no effective treatments or preventive measures available (1–3, 6).

Current understanding of the mechanisms responsible for 
CIPN is extremely limited. Even though many working models 
have been proposed (e.g., demyelination of sensory neurons, vita-
min alteration, axonal transport, DNA- or RNA-damage-induced 
neuronal cytotoxicity, cytokine-mediated inflammatory response, 
etc.), the exact mechanisms of CIPN remain to be elucidated. 
In addition to peripheral neurons, other cells implicated in the 
development of CIPN include Schwann cells, Langerhans cells, 
and macrophages. Antineoplastic treatments have been shown to 

be cytotoxic to Schwann cells through the formation of inclusion 
bodies and vacuoles, whereas proliferation of Langerhans cells in 
the skin is a by-product of inflammation and leads to the loss of 
intraepidermal nerve fibers. Similarly, inflammatory mechanisms 
can induce the accumulation of macrophages in dorsal root gan-
glia (DRG), leading to injury and peripheral neuropathy (7–9).

Cisplatin, a platinum-based antineoplastic drug, is one of the 
most widely prescribed chemotherapeutic agents. Cisplatin exerts 
its antineoplastic effects through the formation of platination 
products in nuclear DNA (10–12), with the most common product 
being a guanine-guanine intrastrand cross-link. If these DNA-
base cross-links are not repaired, they disturb DNA’s helical con-
formation and interrupt replication and transcription. The stalling 
of replication forks and/or RNA polymerases eventually induces 
signaling pathways leading to cell cycle arrest or cell death (5, 10–
12). Although this is a desired outcome in cancer cells, we would 
like to avoid it in healthy cells.

Nucleotide excision repair (NER) is the primary cellular mech-
anism for repairing cisplatin-induced DNA intrastrand cross-links 
(13–16). NER requires the cooperation of major protein groups 
in mammalian cells (16) and can be divided into 2 subpathways: 
global-genome NER (GG-NER) and transcription-coupled NER 
(TC-NER). TC-NER and GG-NER use different protein complexes 
in the initial recognition of DNA damage. GG-NER, which prevents 
mutagenesis and genomic instability, requires xeroderma pigmento-
sum group C, specifically XPC-RAD23B, and DNA damage–binding 
complexes to survey the genome and recognize helix-distorting DNA 
cross-links. TC-NER initiates when RNA polymerase stalls at DNA 
lesions, signaling Cockayne syndrome (CS) proteins CSA and CSB 
to bind DNA damage, remove transcription-blocking lesions, and 
restore transcription. Defects in TC-NER cause multiple genetic dis-
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SIRT2 against tissue injury from oxidative stress (31–33). SIRT2 
is a cytoplasmic/nuclear protein (34, 35), and its expression level 
and subcellular localization are regulated through stimuli such as 
diet, oxidative stress (33, 34), and cell cycle progression (36, 37). It 
is reported that activation of SIRT2 by resveratrol (38, 39) and nico-
tinamide riboside, a naturally occurring vitamin precursor of NAD+ 
(40), alleviates diabetic neuropathic pain in animal studies (41, 42).

The current study examined the effect of SIRT2 expression on 
cisplatin-induced DRG neuron injury and CIPN in mouse mod-
els. We report that SIRT2 reduces neuronal cell death after cis-
platin treatment and protects mice against CIPN. We discovered 
what we believe to be a novel function of SIRT2, but not SIRT1, in 
promoting TC-NER to repair cisplatin-induced DNA cross-links, 
thereby protecting neurons from cisplatin-mediated cytotoxicity.

Results
SIRT2 protects mice from CIPN. To determine if SIRT2 plays a role in 
CIPN, we examined CIPN using genetic murine models in which 
SIRT2 was expressed normally in wild-type (WT) mice and overex-
pressed in transgenic Sirt2-knockin mice (Sirt2-KI) that contain 3 
copies of the Sirt2 gene (36). The expression and deacetylase activ-
ity of SIRT2 in WT and Sirt2-KI mice were confirmed, via Western 

orders whose symptoms include photosensitivity; intellectual, devel-
opmental, and physical disability; and the progeria-like features of 
CS. XPA, a central coordinator of both GG-NER and TC-NER, binds 
to altered nucleotides in ssDNA and facilitates DNA damage verifi-
cation by the TFIIH complex, launching the NER process (15, 17–20).

It is well documented that hypersensitivity to mechanical and 
thermal stimuli is commonly observed after preferential damage 
to DRG sensory fibers (21–23). The DRG could have a particularly 
important role in CIPN. This may be due, in part, to the lack of 
the blood-brain barrier in the peripheral nervous system and the 
consequent exposure of its neurons to endogenous and exogenous 
agents, such as metabolites, inflammatory molecules, and envi-
ronmental contaminants. Previous studies demonstrated that cis-
platin preferentially binds to DRG neurons’ DNA with a high pro-
pensity for platinum adduct formation (12, 24, 25). Therefore, it 
is a plausible hypothesis that the efficiency of TC-NER– mediated 
repair of cisplatin-induced DNA cross-links might play a critical 
role in protecting postmitotic neurons from cytotoxicity and CIPN.

SIRT2 is an NAD+-dependent deacetylase that plays a role in 
multiple biological processes, such as longevity, lipid and glucose 
homeostasis, tumor suppression, and neurodegenerative disor-
ders (26–30). Recent studies revealed the protective action of 

Figure 1. SIRT2 protects mice from cisplatin-induced peripheral neuropathy (CIPN). (A) Western blots show that SIRT2 expression and deacetylase activ-
ity increased, as indicated by decreased levels of α-tubulin K40 acetylation (AcK40), in Sirt2-knockin (Sirt2-KI) mice, as compared with WT C57BL/6 mice 
(n = 3). (B) Treatment regimen to induce CIPN. (C) Mechanical allodynia measured by von Frey tests and (D) thermal algesia measured by hot plate tests 
in KI and WT mice before and after cisplatin treatment. RPWT, relative paw-withdrawal threshold, and RHPL, relative hot plate latency, are the pressure 
and time values in cisplatin- and saline-treated mice normalized to their respective baseline values. (E) C57BL/6 (Sirt2-WT) and (F) Sirt2-KI mice bearing 
LLC tumors were treated with 2 cycles of cisplatin or saline. Tumor growth was monitored for 25 days. Varying sample sizes represent groups in which mice 
reached early exit criteria with maximal tumor burden (2,000 mm3) or died of cisplatin toxicity. Statistical significance was assessed using 2-way ANOVA 
with Bonferroni’s correction (C and D) or 2-tailed Student’s t test with Welch’s correction (E). *P < 0.05; **P < 0.01; ***P < 0.001.
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CIPN after both cycles of cisplatin injections, maintaining the 
mechanical threshold and gaining thermal tolerance compared 
with baseline measurements (Figure 1, C and D). Both mechanical 
and thermal thresholds showed similar trends in male and female 
WT mice at baseline and after cisplatin treatment (Supplemental 
Figure 1, A and C; supplemental material available online with this 
article; https://doi.org/10.1172/JCI123159DS1). There was no sig-
nificant difference observed between females and males in Sirt2-
KI mice (Supplemental Figure 1B).

To more closely mimic cancer patients in clinical conditions, 
we further examined whether the presence of tumors influenc-
es the protective effect of SIRT2 on CIPN. WT and Sirt2-KI mice 
bearing xenograft tumors from Lewis lung carcinomas (LLCs) 
were treated with cisplatin, and we observed the same protective 
effect of high SIRT2 expression against CIPN in Sirt2-KI mice 
(data not shown). To examine if SIRT2 expression levels in mouse 
influence cisplatin-mediated tumor control, tumor volume was 
measured in WT and Sirt2-KI mice in the presence and absence of 
cisplatin. Interestingly, despite the significant protective effect of 
SIRT2 against CIPN, SIRT2 expression did not affect LLC response 
to cisplatin in either WT or Sirt2-KI mice (Figure 1, E and F). Both 
WT and Sirt2-KI mice showed significantly reduced tumor volume 
upon receipt of cisplatin, compared with mice not treated with cis-
platin. Together, these results strongly suggest that overexpres-
sion of SIRT2 protects against peripheral neuropathy manifested 
as mechanical and thermal allodynia (i.e., sensitization) without 
hindering tumor suppression caused by cisplatin treatments.

blot, by measuring the levels of SIRT2 protein and of acetylation 
of K40 (AcK40) on α-tubulin, a classic SIRT2 substrate (Figure 
1A). CIPN was induced in C57BL/6 adult mice with a clinically 
relevant dose of cisplatin (2.3 mg/kg; refs. 43–45). Because CIPN 
commonly manifests in patients as hyperalgesia, an increased per-
ception of pain (2, 5, 6), we assessed mechanical thresholds (i.e., 
paw-withdrawal pressure in grams) with von Frey filaments and 
thermal thresholds (i.e., paw-withdrawal latency in seconds) with 
dynamic hot plates. Reported literature on the effect of cisplatin on 
thermal sensitivity currently shows a discrepancy in murine mod-
els. Although one study saw no difference in thermal hyperalgesia 
on hot plate studies (46), others demonstrate enhanced sensitivity 
to noxious heat following cisplatin, more so than oxaliplatin, treat-
ment (43, 47, 48). Likewise, mechanical hyperalgesia has been 
documented in mice as measured by decreased pressure tolerance 
on von Frey filament tests. As depicted in Figure 1B, we began the 
first cycle of cisplatin 24 hours after the baseline mechanical and 
thermal thresholds were measured. Daily intraperitoneal (i.p.) cis-
platin injections were given on days 1 to 5, followed by 5 days of 
rest. The second cycle of cisplatin included daily i.p. injections on 
days 11 to 15, and mechanical and thermal thresholds were tested 
on days 0, 15, and 25. WT mice showed relatively stable mechani-
cal and thermal thresholds when given saline injections during the 
treatment course. However, after cisplatin treatment, WT mice 
exhibited significant decreases in both relative mechanical and 
thermal thresholds on days 15 and 25 (Figure 1, C and D). Intrigu-
ingly, Sirt2-KI mice displayed a significantly higher resistance to 

Figure 2. Cisplatin induces SIRT2 nuclear accumulation. (A) 
Representative images (original magnification, ×400) of immuno-
fluorescence-stained SIRT2 and (B) quantification of nuclear SIRT2 
in neuronally differentiated 50B11 cells treated with saline or 16 
hours of cisplatin (n = 3). (C) Nuclear and cytoplasmic fractionated 
Western blot demonstrating that cisplatin increased nuclear accu-
mulation of SIRT2 in 50B11 cells (n = 2). Histone H1 and α-tubulin 
served as the nuclear and cytoplasmic protein loading controls, 
respectively. Relative nuclear SIRT2 represents band intensity of 
nuclear SIRT2 normalized to the corresponding histone H1 relative 
to nuclear SIRT2 intensity without treatment. (D) Representative 
images (×630) of immunofluorescence-stained paraffin sections of 
DRGs from saline-treated and cisplatin-treated C57BL/6 mice 48 
hours after treatment. An anti-SIRT2 antibody was used to visualize 
SIRT2, and arrows indicate neurons with nuclear SIRT2. (E) Dynamic 
distribution of neurons with nuclear SIRT2 during a 7-day period 
after cisplatin (n = 9). Images represent 1 of 3 replicates. Statistical 
significance was assessed using a 2-tailed Student’s t test with 
Welch’s correction (B) or 1–way ANOVA with Dunnett’s correction 
(E). **P < 0.01; ***P < 0.001.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6
https://www.jci.org/articles/view/123159#sd
https://www.jci.org/articles/view/123159#sd
https://doi.org/10.1172/JCI123159DS1
https://www.jci.org/articles/view/123159#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 9 5 6 jci.org   Volume 130   Number 6   June 2020

tionated Western blotting (Figure 2C). Similar SIRT2 expression 
and nuclear accumulation responses were observed after cisplatin 
treatment in PC12 cells (Supplemental Figure 2, A–C).

To validate these findings in vivo, we examined cisplatin- 
induced SIRT2 localization in DRG sensory neurons from WT 
mice. IF staining of DRG tissue revealed that cisplatin induced a 
significant increase in SIRT2 nuclear accumulation that peaked on 
day 1 after cisplatin treatment (approximately 55% of DRG neu-
rons from cisplatin-treated mice had nuclear SIRT2 versus 32% 
before cisplatin treatment) and returned to basal levels on day 4 
after cisplatin treatment (Figure 2, D and E). Consistent with the 
in vitro cultured neurons, SIRT2 expression in DRG neurons mod-
erately increased after cisplatin treatment (data not shown).

SIRT2 promotes NER in neuronally differentiated cells. To 
investigate the underlying molecular mechanism by which 
increased SIRT2 expression protects mice from CIPN, we exam-
ined if SIRT2 is involved in NER to remove cisplatin-induced 
DNA cross-links in DRG neurons. We measured TC-NER by 
employing a dual- luciferase reporter assay in which a cisplatin–
cross-linked CMV–firefly luciferase plasmid (pCMV-Luc XL) or 
a non–cross-linked CMV–firefly luciferase plasmid (pCMV-Luc) 
was mixed with TK-Renilla luciferase plasmid (TK-Luc) and 

Cisplatin induces SIRT2 nuclear accumulation in DRG sensory 
neurons. To explore the mechanisms involved in SIRT2-mediated 
protection against CIPN, we examined whether SIRT2 expression 
or localization in peripheral neurons is altered by cisplatin treat-
ment. Although Schwann cells, macrophages, and Langerhans cells 
are possible targets of CIPN, we focused on DRG sensory neurons in 
this study. We measured SIRT2 expression and subcellular location 
within neuronally differentiated 50B11 cells, immortalized neu-
ronal cells derived from rat DRG sensory neurons, with immuno-
fluorescence (IF) staining and fractionated Western blotting after 
saline or cisplatin treatments. Differentiation and axonal elonga-
tion is easily induced in culture with the growth factor forskolin, and 
the majority of cells stop dividing and begin to extend long neurites 
within hours (49). All data acquisition in this study was performed 
after neuronal differentiation of the 50B11 and PC12 cells, a com-
monly used cell model for differentiated peripheral neurons.

We observed a moderate increase in SIRT2 expression 
(approximately 1.5-fold) after cisplatin exposure (data not shown). 
Interestingly, we observed cisplatin-induced nuclear accumula-
tion of SIRT2 that resulted in an approximately 4-fold increase in 
nuclear SIRT2 in 50B11 neurons, as assessed via IF (Figure 2, A 
and B). A 5.5-fold increase was observed when assessed via frac-

Figure 3. SIRT2 regulates TC-NER–mediated DNA cross-link repair. TC-NER efficiency was analyzed using a TC-NER reporter assay. Luciferase expres-
sion and activity from a cisplatin-induced cross-linked CMV–firefly luciferase plasmid was calculated as a percentage of the expression/activity from a 
CMV–firefly luciferase control plasmid. (A) XPA-mutated cells were defective in NER-mediated repair of the cross-linked luciferase plasmid compared with 
XPA-complemented (C-XPA) cells (n = 5). (B) NER-mediated repair of cross-links was diminished in Sirt2-KO neuronally differentiated 50B11 and PC12 cells. 
Reexpression of WT-SIRT2, but not the enzymatically inactive mutant, HY-SIRT2, in KO cells restored NER efficiency (n = 3). Western blots (left inset) 
show rat SIRT2 (rSIRT2) and human SIRT2 (hSIRT2) expression in these cells. Vinculin was the protein loading control. (C) Dot blot for level of DNA-platinum 
adduct measurement in neuronally differentiated 50B11 cells following cisplatin or saline administration (n = 3). (D) Quantification of DNA dot blot  
(n = 2). Sirt2 KO resulted in an increase in DNA-platinum adduct formation following cisplatin treatment. Reexpression of WT-SIRT2 restored DNA- 
platinum adduct repair. Statistical significance was assessed using 2-tailed Student’s t test with Welch’s correction (A), 1-way ANOVA with Dunnett’s 
correction (B), or 2-way ANOVA with Bonferroni’s correction (D). **P < 0.01; ***P < 0.001.
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clonal antibody specific for cisplatin-GG adducts, a major mech-
anism of cisplatin-induced DNA damage (8–10). Compared with 
parental DRG neurons, increased amounts of DNA adduct were 
detected in Sirt2-KO cells (Figure 3, C and D). Reconstitution of 
WT Sirt2 expression resulted in reduction of DNA adducts. These 
data support the role of SIRT2 in promoting NER-mediated repair 
of cisplatin-induced DNA adducts in neurons.

TC-NER efficiency is specifically dependent on SIRT2, but not 
SIRT1, in neuronally differentiated cells. SIRT1 is another member 
of the sirtuin family that shares certain biochemical functions with 
SIRT2 and has been reported to be involved in DNA repair (55–57). 
Once we established that SIRT2 protects mice against CIPN through 
promoting TC-NER of cisplatin-induced DNA cross-links in immor-
talized neuronal cells, we investigated whether SIRT1 is also involved 
in regulating TC-NER. Both SIRT1 and SIRT2 are NAD+-dependent 
deacetylases and are known to increase their activity in response to 
elevated NAD+ levels. These levels can be increased by directly sup-
plementing cell culture media with NAD+ (41, 42, 58).

We found that supplementing 50B11 cells with NAD+ alone acti-
vates SIRT2 deacetylase activity, as evidenced by a decreased level 
of acetylated α-tubulin (Figure 4A). Activation of SIRT2’s deacetyl-
ase activity was associated with a moderate but significant increase 
in NER efficiency, as compared with a control cell culture that was 
not supplemented with NAD+ (Figure 4B). Importantly, NAD+ sup-
plementation did not enhance NER efficiency in 50B11 Sirt2-KO 
cells, but the effect of NAD+ supplementation on NER was restored 
once Sirt2 was reconstituted in the 50B11 Sirt2-KO cells (Figure 4B).

To determine if SIRT1 also plays a role in NAD+-mediated NER 
enhancement, we examined NER efficiency after supplementing 
NAD+ in 50B11 cells with or without SIRT1 inhibition using siRNA. 
The siRNA-mediated SIRT1 knockdown was verified by the inhibi-
tion of SIRT1 expression and the suppression of SIRT1 deacetylase 
activity, evidenced by increased acetylation of p53, a well-defined 

cotransfected into cultured cells. All plasmids are nonreplica-
ble in mammalian cells and are not susceptible to silencing via 
methylation. Firefly and Renilla luciferase activities, which are 
dependent on their levels of transcription, were measured 24 
hours after transfection. CMV-Luc activity was normalized to 
TK-Luc activity, and the ratio of pCMV-Luc XL activity (indica-
tive of repair of the cross-links) to CMV-Luc activity per sample 
was calculated as TC-NER efficiency (i.e., percentage of rela-
tive cross-link repair) (50). An isogenic pair of XPA-deficient 
(XPA) and XPA-complemented (C-XPA) fibroblast cells was 
included as negative and positive controls, respectively, for the 
TC-NER reporter assay. Consistent with previous reports (50–
52), TC-NER dysfunction in XPA cells was evident by its inabil-
ity to repair the cross-linked luciferase plasmid (Figure 3A). In 
C-XPA cells, complemented XPA engaged in NER, with repair 
efficiency reaching 50%, nearly a 50-fold increase in NER effi-
ciency compared with that in XPA cells (Figure 3A). As shown in 
Figure 3B, neuronally differentiated 50B11 cells exhibited a 27% 
NER efficiency. Knockout (KO) of Sirt2 in 50B11 cells with the 
CRISPR/Cas9 lentivirus system (53, 54) resulted in abolishing 
NER, and repair efficiency dropped to 6%. Reintroduction of 
WT Sirt2 restored NER repair efficiency to 36%, but NER was 
not restored with the reintroduction of the catalytically inactive 
mutant HY-Sirt2 (Figure 3B), confirming that abolished NER is 
the result of Sirt2 KO instead of an off-target effect. The signifi-
cantly higher NER efficiency after reconstitution of Sirt2, com-
pared with that in parental cells, was consistent with the higher 
expression levels of exogenous SIRT2 than endogenous SIRT2, 
as seen on the Western blot (Figure 3B). A similar SIRT2 effect 
on NER was observed in PC12 cells, as shown in Figure 3B.

To confirm that SIRT2-mediated promotion of NER translates 
to an increase in the repair of cisplatin-DNA adducts in neuronally 
differentiated cells, we performed dot blot assays using a mono-

Figure 4. NAD+-mediated enhancement of 
NER efficiency requires SIRT2 and is inde-
pendent of SIRT1. (A) Western blot showing 
the activation effects of 5 nM NAD+ on SIRT2 
expression and deacetylase activity (n = 3), 
which is indicated by the level of α-tubulin 
AcK40. (B) NAD+ administration enhanced NER 
efficiencies in a SIRT2-dependent manner in 
neuronally differentiated 50B11 cells (n = 3).  
(C) Western blot showing the effects of admin-
istration of 5 nM NAD+ on SIRT1 expression 
and deacetylase activity in 50B11 cells in which 
SIRT1 expression is modified using siRNA 
against SIRT1 (n = 3). Deacetylase activity is 
indicated by acetylation of p53 at K373/K382 
(AcK373.382). (D) SIRT1 expression and activity 
did not affect NAD+-mediated enhancement 
of NER efficiencies in 50B11 cells (n = 3). Sta-
tistical significance was assessed using 2-way 
ANOVA with Bonferroni’s correction (B and D). 
*P < 0.05; **P < 0.01; ***P < 0.001.
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substrate for SIRT1 deacetylase activity (Figure 4C). As shown in 
Figure 4D, siRNA-mediated SIRT1 inhibition did not affect NER 
in 50B11 cells. However, NAD+ supplementation significantly 
enhanced NER efficiency, independently of SIRT1 activity. These 
results further support SIRT2-specificity of protection against 
CIPN and the requirement for SIRT2’s function in TC-NER.

Together, these in vitro results strongly suggest that NER- 
mediated DNA repair of differentiated neuronal cells is specifi-
cally dependent on SIRT2 and can be enhanced by activation of 
SIRT2 with NAD+ supplementation.

SIRT2 protects neurons from cisplatin-induced cytotoxicity. 
TC-NER is the key defense mechanism against cisplatin-induced 
cytotoxicity in differentiated neuronal cells. To further substan-
tiate the role of SIRT2-dependent NER in cisplatin-induced neu-
ron injury, we investigated the protective effects of SIRT2 in DRG 
neurons that were damaged from cisplatin-induced cytotoxicity. 
Cell death was measured by positive trypan blue staining in pri-
mary DRG neurons, from either WT or Sirt2-KO mice, and neuro-
nally differentiated 50B11 and PC12 cells in which SIRT2 expres-
sion was manipulated using the KO and restoration approaches 
detailed above. Sirt2 KO caused a significant decrease in survival 
following cisplatin treatment (Figure 5, A–C, and Supplemental 
Figure 3, A–C). The decreased survival in 50B11 and PC12 cells 
was rescued by reexpression of WT-SIRT2 in comparison with 

vector rescue controls (Figure 5, B and C, and Supplemental Figure 
3, B and C). Interestingly, higher expression levels of exogenous 
SIRT2 in rescued cells (Supplemental Figure 3, B and C) resulted 
in improved cell survival compared with parental 50B11 and PC12 
cells with endogenous SIRT2 expression plus vector control (Fig-
ure 5, B and C). We further found that expression of the enzymat-
ically deficient HY-SIRT2 mutant did not restore cells’ resistance 
to cisplatin-induced cytotoxicity (Figure 5, B and C), indicating 
that the deacetylase activity of SIRT2 is not only critical for NER 
function (Figure 4B) but is also a requisite factor for the resistance 
of 50B11 and PC12 cells against cisplatin-induced neuronal death. 
Importantly, SIRT2 expression had no effect on lung cancer cell 
cytotoxic response to cisplatin treatment (Figure 5, D and E, and 
Supplemental Figure 3, D and E).

SIRT2-mediated protection against CIPN depends on its func-
tion in NER. To further validate the role of NER in SIRT2-medi-
ated protection against CIPN, we studied the effects of in vivo 
NER inhibition using spironolactone (SP), a small-molecule NER 
inhibitor. SP promotes the degradation of XPB, a transcription fac-
tor subunit vital for NER function (59). The efficacy of SP in XPB 
degradation and its effect on NER function in neuronally differen-
tiated 50B11 cells were evaluated via Western blotting (Figure 6A) 
and the dual-luciferase reporter assay (Figure 6B). SP effectively 
inhibited XPB expression, resulting in an approximately 5.4-fold 

Figure 5. SIRT2 protects neuronal cells, but not tumor cells, from cisplatin-induced cytotoxicity. (A) Sirt2 KO in primary DRG neurons resulted in 
decreased cell survival after cisplatin treatment. Data were analyzed by 2-tailed Student’s t test (n = 3). (B and C) The viability of neuronally differentiated 
50B11 (B) and PC12 (C) cells after various doses of cisplatin treatment was measured with trypan blue staining. Reexpression of WT-SIRT2, but not the 
enzymatically inactive mutant, HY-SIRT2, in Sirt2-KO 50B11 and PC12 cells increased cell resistance to cisplatin cytotoxicity. One-way ANOVA demonstrated 
a main effect for cell genotype (P < 0.001). *P < 0.05; **P < 0.01; ***P < 0.001 denote significance levels detected among various cell genotypes and at 
different time points by Tukey’s post hoc analysis. (D and E) The viability of control vector and Sirt2-KO LLC (D) and H1299 (E) cells after varying doses of 
cisplatin treatment, as measured by trypan blue staining. Sirt2 KO in LLC and H1299 cells shows no difference in cell viability following cisplatin treatment, 
as analyzed by 2-tailed Student’s t test.
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reduction in NER efficiency (6.9%) compared with control 50B11 
cells (37.5%). Sirt2 KO alone in 50B11 cells lowered NER to 2.0%, 
which was significantly lower than SP treatment alone. SP inhibi-
tion of NER in Sirt2-KO 50B11 cells did not further decrease the 
repair efficiency. Upon reintroduction of Sirt2, repair efficiency 
was restored to 39.6%, similar to parental 50B11 cells, and was 
reduced to 13.5% upon addition of SP (Figure 6B).

In addition to its inhibition of SIRT2-mediated NER, SP pre-
treatment of SIRT2-reconstituted Sirt2-KO 50B11 cells signifi-
cantly increased cisplatin-induced neuronal cell death compared 
with saline-treated controls (Figure 6C). However, SP pretreat-
ment had no effect on sensitivity to cisplatin-induced cell death 
in empty vector–expressing Sirt2-KO 50B11 cells, which are defec-
tive in NER (Figure 6C). SP alone was not toxic and had no effect 
on viability of neuronally differentiated parental 50B11 or Sirt2-
KO 50B11 cells with or without SIRT2 reconstitution (Supplemen-
tal Figure 4). Together, our data suggest that SIRT2-mediated pro-
tection of neurons from cisplatin-induced cytotoxicity requires its 
function in TC-NER.

We reasoned that if the CIPN protection observed in Sirt2-KI 
mice was dependent on SIRT2 function in promoting NER in DRG 
neurons, pharmacological NER inhibition with SP would render 
DRG neurons susceptible to CIPN in Sirt2-KI mice, but have no 
effect in Sirt2-KO mice. Having confirmed the effectiveness of SP 
on NER inhibition in 50B11 cells (Figure 6B), cisplatin, alone and 
in combination with SP, was administered to Sirt2-KI and Sirt2-KO 
mice via daily i.p. injections. Control groups of both mouse types 
were administered saline. The injections were given on days 1 to 
5 and 11 to 15, and mechanical and thermal thresholds were mea-
sured on days 15 and 25 (Figure 7A). Once again, Sirt2-KI mice 
that received cisplatin injections resisted CIPN, i.e., there were no 
significant changes in mechanical and thermal thresholds among 
Sirt2-KI mice that received cisplatin alone on days 15 and 25 (Fig-

ure 7, B and C). However, a significant reduction in mechanical 
(13% on day 15 and 15% on day 25) and thermal thresholds (18% 
on day 15 and 23% on day 25) was seen in Sirt2-KI mice after they 
received a combination of SP and cisplatin (Figure 7, B and C). In 
contrast to Sirt2-KI mice, Sirt2-KO mice were sensitive to cisplatin 
alone and showed a significant decrease in both mechanical (10% 
on day 15 and 16% on day 25) and thermal thresholds (16% on days 
15 and 25) (Figure 7, D and E). Although SP has previously been 
implicated in decreased nociceptive thresholds, our results found 
SP treatment alone did not affect the susceptibility of Sirt2-KO 
mice to CIPN, and we did not observe a difference in mechanical 
and thermal threshold changes between mice that received cispla-
tin alone or a combination of SP and cisplatin (Figure 7, D and E). 
Together, the data suggest a dependence on SIRT2 for intact NER 
function and CIPN protection.

Discussion
Peripheral neuropathy, a common side effect of platinum-based 
anticancer drugs like cisplatin, can considerably impact cancer 
treatment strategies and patients’ quality of life. With no effective 
prevention or treatment methods available for patients who suffer 
from CIPN (1, 3), understanding of its underlying mechanisms is 
urgently needed. Using genetic mouse models, we demonstrat-
ed that SIRT2 overexpression protects mice from CIPN, the first 
evidence that SIRT2 plays a role in protecting mice from CIPN to 
our knowledge. Mechanistically, cisplatin induces SIRT2 nuclear 
accumulation in DRG neurons. We discovered what we believe to 
be a novel function of SIRT2 to specifically protect DRG sensory 
neurons from cisplatin-induced cytotoxicity by promoting NER 
and thereby removing cisplatin-induced DNA cross-links.

We have provided in vivo and in vitro evidence that SIRT2- 
mediated protection against cisplatin-induced neurotoxicity is 
specifically dependent on its function in promoting TC-NER. 

Figure 6. SIRT2 protection of neuronally differentiated cells from cisplatin cytotoxicity is dependent on NER function. (A) Western blot showing XPB 
and SIRT2 expression in neuronally differentiated 50B11 cells with varying Sirt2 gene modifications with or without spironolactone (SP) treatment. The 
lanes were from the same gel but were not contiguous. Blots represent 1 of 3 replicates. (B) NER efficiency was significantly decreased by Sirt2 KO or treat-
ment of 50B11 cells with 10 μM SP, which can increase the degradation of the key NER protein, XPB, and thereby inhibit NER. Sirt2 KO led to significantly 
lower NER than SP. Reexpression of WT-SIRT2 rescued NER only in the absence of SP-mediated interruption of NER function. n = 5 or 3. (C) SP pretreat-
ment increased cisplatin-induced cytotoxicity in 50B11 cells. SP had no further effect on cisplatin-induced cell killing in Sirt2-KO and NER-deficient 50B11 
cells. WT and Sirt2-KO cells were rescued with WT-SIRT2 to rule out off-target effects and showed no difference in survival. The viability of 50B11 cells 
after cisplatin treatment at various doses was measured with trypan blue staining. Statistical significance was assessed using 2-way ANOVA with Bonfer-
roni’s correction (B and C). **P < 0.01; ***P < 0.001.
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factor in determining the sensitivity of DRG neurons to cispla-
tin-induced cytotoxicity and protecting mice from CIPN. SIRT2’s 
function in promoting NER varies in the cancer cell lines exam-
ined (data not shown). In contrast to the protective effect of SIRT2 
in terminally differentiated postmitotic DRG neurons, it appears 
that an association does not exist among SIRT2 expression, NER 
efficiency, and cisplatin-induced tumor cell killing in vitro, nor 
in LLC tumor controls in vivo (Figures 1 and 5). The differential 
response to cisplatin treatment between differentiated function-
al neurons and proliferating tumor cells raises new questions and 
points to underlying mechanisms that are yet to be determined.

SIRT2’s protective effects against CIPN are dependent on 
TC-NER; however, other cisplatin-induced DNA repair pathways 
cannot be excluded. Mismatch repair proteins have been implicat-
ed in cisplatin-induced cytotoxicity after binding to DNA-cisplatin 
adducts and initiating apoptosis. Moreover, mismatch repair defi-
ciency has been shown to give rise to proliferating cancer cell cis-
platin resistance, leading to worse oncologic outcomes. How mis-
match repair affects differentiated functional neurons’ response 
to cisplatin cytotoxicity is yet to be determined. Although we can-
not exclude other DNA repair pathways, our results highlight the 
significance of TC-NER in cisplatin-induced DNA damage of neu-
ronal cells and warrant future research on this pathway.

Cisplatin-induced accumulation of SIRT2 in the nuclei of DRG 
neurons may allow SIRT2 to participate in the repair of cispla-
tin-generated DNA damage (Figure 2). There are 7 sirtuins in 
mammalian cells, SIRT1–7, and among them, SIRT6 and SIRT7 
have been reported to function in DNA repair (60–63); however, 
whether they are involved in protection against CIPN needs to be 
further investigated. SIRT1, like SIRT2, has been reported to be 
involved in DNA repair, but results from this study suggest that 
NER-mediated repair of cisplatin-induced DNA adducts is inde-
pendent of SIRT1. On the other hand, other mechanisms, includ-
ing calcium signaling and homeostasis, oxidative stress, changes 
in cell signaling cascades, and mitochondrial dysfunction, have 
been suggested to contribute to cisplatin-induced neurotoxicity 
(64–69). Other cytotoxic drugs, such as paclitaxel, induce periph-
eral neuropathy through mechanisms other than DNA damage. 
Interestingly, nicotinamide riboside, a precursor of NAD+ and 
activator of SIRT1 and SIRT2, has been shown to alleviate pacli-
taxel-induced peripheral neuropathy independently of DNA dam-
age repair (38). Whether other sirtuins play a role in CIPN, and if 
SIRT2’s protective effect against CIPN is also involved in regulat-
ing these proposed mechanisms, is yet to be determined.

Cisplatin-induced neurotoxicity involves DRG neuronal death 
(21–23). Our study showed that SIRT2-dependent NER is a key 

Figure 7. SIRT2’s protection of mice from CIPN is dependent on NER function. (A) Cisplatin and spironolactone (SP) treatment regimen for both Sirt2-KI 
and Sirt2-KO mice. Both strains of mice received the same treatments: saline, cisplatin alone, SP alone, or both cisplatin and SP. Response of (B) Sirt2-KI 
mice and (D) Sirt2-KO mice to mechanical stimulation, as measured by von Frey tests, is shown as relative paw-withdrawal threshold (RPWT). Response 
of the same Sirt2-KI mice (C) and Sirt2-KO mice (E) to thermal stimulation, as measured by hot plate tests, is shown as relative hot plate latency (RHPL). 
Varying sample sizes were due to the death of some mice from treatment toxicity. Statistical significance was assessed using 1-way ANOVA with Dun-
nett’s correction (B–E). *P < 0.05; **P < 0.01; ***P < 0.001.
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might include the tendency for learned behavioral responses or 
development of hyperkeratosis on the paws of the mice. Previous 
studies have shown learned behavioral responses to lower reac-
tion times during subsequent exposures to the hot plate (76, 77). 
Furthermore, hyperkeratosis might allow control mice receiving 
saline to become more tolerant, specifically to thermal stimula-
tion assessed by hot plates, while having no effect on mechanical 
pain measured by von Frey tests. Despite this divergence from the 
expected heat tolerance of control mice, SIRT2 overexpression 
appears to protect mice from increased thermal sensitivity and 
warrants further study.

In summary, our results identify what we believe to be a nov-
el function of SIRT2 in regulating the TC-NER pathway as a key 
underlying mechanism of protection against CIPN. These pre-
clinical data provide a mechanistic basis to investigate the role of 
SIRT2 activation in prevention and treatment of CIPN in cancer 
patients needing platinum-based cancer treatment.

Methods
Cell culture. The mouse LLC cell line LL/2 (LLC1), human non–small 
cell lung cancer cell line H1299, and rat pheochromocytoma cell line 
PC12 were purchased from ATCC. LLC and PC12 cells were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) with 10% 
fetal bovine serum (FBS), penicillin (100 μg/mL), and streptomycin 
(100 μg/mL) (Gibco) and maintained in a 37°C incubator with 5% (v/v) 
CO2. H1299 cells were cultured in RPMI-1640 media (Gibco) with 10% 
FBS, penicillin (100 μg/mL), and streptomycin (100 μg/mL) and main-
tained in a 37°C incubator with 5% (v/v) CO2. The rat DRG 50B11 cell 
line was provided by Ahmet Hoke (Johns Hopkins University), and cells 
were maintained in neurobasal medium with 10% FBS, 0.2% glucose, 
0.5 mM L-glutamine, and 1% penicillin-streptomycin (Gibco) (49).

Mouse strains. C57BL/6 (Sirt2-WT) mice were purchased from the 
NCI (Charles River Lab), SIRT2+/+ and SIRT2+/− C57BL/6 (Sirt2-KI) 
mice were obtained from David Sinclair (Department of Genetics, Har-
vard Medical School) (33), and SIRT2−/− C57BL/6 (Sirt2-KO) mice were 
obtained from Tiago F. Outeiro (Department of Neurodegeneration and 
Restorative Research, Center for Nanoscale Microscopy and Molecu-
lar Physiology of the Brain, University Medical Center Göttingen) (72, 
73). The genotypes of all mice were verified by PCR-based genotyp-
ing. Six- to 8-week-old male or female mice were used, depending on 
the availability. Homozygous Sirt2-KI is lethal. Heterozygous Sirt2-KI 
mice result from the breeding of Sirt2-WT (C57BL/6) and heterozygous 
Sirt2-KI mice, which give birth to mice with Sirt2-WT and heterozygous 
Sirt2-KI genotypes (33). For the experiments involving Sirt2-KI mice, 
their littermate Sirt2-WT mice were used. For all the other experiments, 
C57BL/6 (Sirt2-WT) mice from NCI were used. All mice were bred and 
maintained in the Department of Laboratory Animal Medicine (DLAM) 
at the University of Arkansas for Medical Sciences.

CIPN. Peripheral neuropathy was induced by daily i.p. injections 
of cisplatin (50 mL vial, Fresenius KABI, suspended in saline [0.9% 
sodium chloride injection, Hospira]) at 2.3 mg/kg for 2 cycles, with 5 
consecutive daily injections in each cycle and a 5-day rest in between 
the 2 cisplatin treatment cycles. On the final treatment day and 10 days 
thereafter, electronic von Frey tests and hot plate tests were performed 
successively to evaluate mechanical allodynia and thermal sensitivity.

Tactile allodynia assay (von Frey test). To assess static mechanical 
pain hypersensitivity in mice, the thresholds of tactile allodynia were 

SIRT2 possesses deacetylase activity and regulates multiple 
signaling pathways through deacetylation of its substrate proteins. 
A number of proteins have been identified as substrates of SIRT2. 
For example, SIRT2 deacetylates CDK9, activating its kinase 
activity in response to DNA replication stress (37). SIRT2 also 
deacetylates PKM2 and regulates its tetramerization and pyruvate 
kinase activity, leading to suppression of glycolysis (28). SIRT2 has 
been reported to deacetylate transcription factor NRF2 and regu-
late cellular iron homeostasis (70). SIRT2-mediated deacetylation 
on lysine 669 of BubR1 maintains BubR1 expression levels, which 
decrease with aging (36). SIRT2 also controls spindle organization 
and chromosome alignment through regulation of the acetylation 
status of histone H4K16 and α-tubulin (32, 71–73). In this study, 
we demonstrated that the deacetylation activity of SIRT2 is critical 
for SIRT2-mediated NER of DNA cross-links, and for the neuro-
nal response to cisplatin cytotoxicity. The key players of TC-NER, 
including RPA, CSB, XPA, and XPD could be directly regulated by 
SIRT2 through deacetylation or could be indirectly regulated by 
expression level by deacetylation of transcription factors. Howev-
er, it is yet to be determined which proteins are the critical targets 
of SIRT2 deacetylation to directly or indirectly regulate NER effi-
ciency and protect neurons from cisplatin cytotoxicity.

Treatment with SP allowed us to evaluate whether SIRT2’s 
protection against CIPN was dependent on NER-mediated DNA 
repair; however, SP has also been shown to alter nociceptive 
behavior in a mouse model. One particular study (74) examined 
thermally induced, chemogenic, and visceral pain 1 to 2 hours fol-
lowing SP administration and found treated mice were more sen-
sitive to thermal and chemogenic pain, but more tolerant of viscer-
al pain. However, nociceptive behavior was not recorded beyond 2 
hours, so our findings on the response to thermal and mechanical 
stimuli on day 25 in mice given SP compared with saline provide a 
long-term perspective.

We acknowledge that CIPN manifested differently in thermal 
versus mechanical hyperalgesia, as evidenced by earlier develop-
ment of increased sensitivity to mechanical pain compared with 
thermal pain following cisplatin treatment (Figure 1). One of the 
potential explanations is that receptors for mechanical and ther-
mal stimulation might differ in their sensitivity to cisplatin cyto-
toxicity. If mechanical receptors in the hind paw of the mice are 
more susceptible to cisplatin than thermal receptors, this might 
explain the varying results seen in our experiments as well as the 
literature. Although not specific to CIPN, previous studies have 
identified C-fiber nociceptors that respond to mechanical, but not 
thermal, stimulation (75). Moreover, subtypes were identified that 
respond to different types of mechanical stimuli (vibration, pro-
prioception, low and high thresholds, etc.), thermal stimuli (heat, 
cold, or both), and a combination of these.

Thermal hyperalgesia caused by cisplatin treatment in murine 
models remains controversial, as conflicting data have been 
reported in the literature. With careful observation of mouse 
behavior, we noticed that, as time progresses, the control mice 
become more tolerant and show a longer latency period before 
responding to thermal stimulation. In contrast, treatment with 
cisplatin in WT, Sirt2-KO, and NER-inhibited Sirt2-KI mice pro-
duced a reduction in thermal threshold relative to those treated 
with saline. Factors contributing to this observed phenomenon 
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and replaced by nonimmune normal serum from the same species as 
the primary antibody. Only peripheral neurons with both SIRT2- and 
DAPI-positive staining in the nuclei located on the same section were 
counted as cells with SIRT2 nuclear accumulation. SIRT2 subcellular 
expression was scored separately by 2 independent researchers who 
were blinded to cisplatin treatment. SIRT2 expression was measured 
by ImageJ software (NIH).

SIRT2 KO with CRISPR/Cas9 gene editing. Five pairs of SIRT2 sin-
gle guide RNAs (sgRNAs) designed by the ATUM CRISPR design tools 
(http://www.atum.bio/catalog/vectors/grna-design) were prepared for 
screening. The oligos were designed based on the target site sequence 
(20 bp) and were flanked on the 3′ end by an NGG PAM sequence. 
Lenti-CRISPR-v2 (Addgene, 52961) contained 2 expression cassettes, 
hSpCas9 and the chimeric guide RNA. The vector was digested using 
BsmBI, and a pair of annealed oligos was subcloned into the sgR-
NA scaffold. Then, the cloned sgRNA lenti-CRISPR-v2 vector was 
sequence using the hU6 promoter primer. The lenti-CRISPR-v2 plas-
mid (with sgRNA cloned) was cotransfected into HEK293T cells with 
the packaging plasmids pVSVg (Addgene, 8454) and psPAX2 (Addgene, 
12260). CMV-EGFP was used as a positive control for viral production. 
The lentivirus was concentrated by centrifugation at 20,000 g for 2 
hours at 4°C. PC12 and 50B11 cells were infected by the concentrated 
lentivirus. They were selected 48 hours later by 2 μg/mL puromycin, 
incubated for another 48 hours, and then harvested to detect SIRT2 
expression by Western blotting. sgRNA targeting 5′-GCGGAAGT-
CAGGGATTCCTG-3′ showed optimal functionality with rat SIRT2. To 
rescue the Sirt2-KO PC12 and 50B11 cells, the plasmids pcDNA-SIRT2-
flag (WT), pcDNA-SIRT2-flag (H150Y, mutant) (28, 37), and an empty 
vector were used.

Immunoblotting and antibodies. Cells were washed twice with pre-
chilled PBS and lysed with lysis buffer (150 mM NaCl, 50 mM Tris, 
pH 8.0, 5 mM EDTA, 1.0% Nonidet P-40, 0.1% SDS, 0.5% sodium 
deoxycholate), protease inhibitors (Sigma-Aldrich, catalog P8340), 
and phosphatase inhibitor cocktail (Roche, catalog 4906837001) and 
analyzed by SDS-PAGE. Antibodies used for immunoblotting were 
anti-SIRT2 (Cell Signaling Technology, catalog 12672S; Thermo Fish-
er, catalog PA5-20487; Proteintech, 19655-1-AP; 1:500), anti-Sirt1 
(Cell Signaling Technology, catalog 8469S), anti-XPB (Cell Signaling 
Technology, catalog 8746), anti–α-tubulin (Cell Signaling Technology, 
catalog 2125), anti–acetyl α-tubulin (Lys 40) (Cell Signaling Technol-
ogy, catalog 5335), anti-acetyl p53 (Lys373, Lys382) (Sigma-Aldrich, 
catalog 06-758), anti-GAPDH (Cell Signaling Technology, catalog 
2118S), anti-vinculin (Sigma-Aldrich, catalog V4505, 1:2000), and 
anti–histone H1 (Santa Cruz Biotechnology, catalog 393358). All the 
antibodies were used at 1:1000 dilution unless otherwise indicated.

Dot blot. Forskolin-induced neuronally differentiated 50B11 cells 
were treated with 2 μg/mL cisplatin for 24 hours, and cells were then 
harvested at 4°C, followed by DNA extraction and purification using 
the DNeasy Blood & Tissue kit (Qiagen, catalog 69506). DNA-plati-
num adduct dot blotting was performed as described previously (80). 
One microgram of DNA in 2 μL TE buffer (10 mM Tris-HCl pH 8.0, 
1 mM EDTA) was spotted onto nylon membranes (Hybond-N; GE 
Healthcare, catalog RPN82N) and allowed to dry. After cross-linking 
by UV light, membranes were incubated in blocking solution (5% milk 
in TBST, a mixture of Tris-buffered saline [TBS] and Polysorbate 20) 
for 1 hour, followed by incubation with anti-DNA/platinum adduct 
antibody (anti-GG, clone ICR4; EMD-Millipore, catalog MABE416) at 

measured with an electronic von Frey system (Dynamic Plantar Aes-
thesiometer, Ugo Basile). The mice were placed in a chamber box with 
a mesh screen floor, and a single, unbending filament was applied 
vertically to the mid-plantar region of both hind paws with increasing 
force (grams) until a paw-withdrawal response was elicited. The force 
at which this response occurred was electronically recorded and was 
designated as the paw-withdrawal threshold by the apparatus. These 
steps were repeated 3 times and the average measurement was calcu-
lated and recorded (78, 79).

Heat hypersensitivity assay (hot plate test). Heat hypersensitivity was 
tested using a plantar hot plate analgesia meter, as previously described 
(IITC Life Science Inc) (43, 45). The mice were individually placed on 
a hot plate that was maintained at a temperature of 51.0°C ± 0.1°C. The 
latency (seconds) to the first sign of hind paw licking or jumping or 
a jump response to avoid thermal pain was taken as an index of pain 
threshold and was monitored using an electronic timer. Decreases in 
withdrawal latency corresponded to increased sensitivity to heat stim-
uli (10–12). Results were reported as the mean value of 3 readings.

Subcutaneous LLC mouse model. WT, Sirt2-KI, and Sirt2-KO 
C57BL/6 male mice 6 to 8 weeks old were inoculated subcutaneously 
(s.c.) under anesthesia with 5 × 105 LLC1 cells suspended in 100 μL 
ice-cold phosphate-buffered saline (PBS). Each injection was given 
between the lower abdomen and left and right hind legs. The day of 
tumor cell implantation was designated as day 0 and tumor size was 
measured from day 6 through day 30.

Effect of NER inhibitor on CIPN. Daily oral NER inhibitor SP (50 
mg/kg, resuspended in PBS, from the University of Arkansas for 
Medical Sciences pharmacy) alone, or together with cisplatin (i.p. 
injection), was administered to the mice for 5 days following baseline 
behavior tests. A second 5-day cycle was given following 5 rest days. 
For mice treated with cisplatin along with SP, 2 cycles of i.p.-injected 
cisplatin (2.3 mg/kg) were given as described in the CIPN model.

IF. Fresh mouse DRG samples were immediately fixed with for-
malin following dissection. Cells cultured on coverslips were fixed by 
paraformaldehyde. Paraffin-embedded DRG tissues were processed 
as 4-μm sections, then deparaffinized and rehydrated. Samples were 
pretreated to allow antigen retrieval with Target Retrieval Solution, pH 
6.0 (DAKO). Sections and cell culture coverslips were blocked with 3% 
H2O2, followed by blocking with 2% goat serum/0.1% Triton X-100/
PBS (1 hour). Slides were then incubated with a mouse monoclonal 
primary antibody against SIRT2 (catalog PA5-20487, Thermo Fish-
er Scientific) and anti-NeuN antibody (catalog ab104224, Abcam). 
These antibodies were used at a dilution of 1:200, with overnight incu-
bation at 4°C. Slides were then incubated with a mouse monoclonal 
primary antibody against SIRT2 (catalog PA5-20487, Thermo Fisher 
Scientific) at a 1:200 dilution, with overnight incubation at 4°C. Slides 
were washed with PBS and incubated with secondary goat anti-mouse 
Alexa Fluor 594–conjugated antibodies or goat anti-rabbit Alexa Flu-
or 488–conjugated antibodies (1:1000; catalog A-11032 and catalog 
A-11034, Molecular Probes, Thermo Fisher Scientific), stained with 
4′,6-diamidino-2-phenylindole (DAPI) for nuclear visualization for 1 
to 2 minutes, and analyzed by fluorescence microscopy (Carl Zeiss). 
Both cytoplasmic and nuclear SIRT2 immunoreactivity were revealed 
by the SIRT2 antibody described above. The specificity of immunos-
taining with SIRT2 antibody was confirmed by the absence of stain-
ing when preincubating the antibody with an excess of the peptide 
immunogen. Negative controls had the primary antibody omitted 
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the ratio of normalized pCMV-Luc XL to control readings per sample 
was calculated as cross-link repair efficiency. XPA and C-XPA cell lines 
were used as negative and positive controls for the assay. The plasmids 
and cells were a gift from Lei Li (MD Anderson Cancer Center).

Statistics. Data are presented as mean ± SEM and are representa-
tive data from 3 independent experiments, unless otherwise indicat-
ed, for all in vitro studies. Statistical analysis of the differences among 
groups was performed with Prism 6.0 (GraphPad) for Windows using 
1-way ANOVA with Tukey’s or Dunnett’s post hoc analysis, 2-way 
ANOVA with Bonferroni’s posttests, or 2-tailed Student’s t test. *P < 
0.05 was deemed statistically significant, **P < 0.01 highly significant, 
and ***P < 0.001 extremely significant.

Study approval. All procedures were approved by the University 
of Arkansas for Medical Sciences Institutional Animal Care and Use 
Committee (IACUC, Little Rock, Arkansas). All animal experiments 
were performed in accordance with NIH regulations on the use and 
care of experimental animals.
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4°C on a shaker overnight. After washing the membrane 3 times with 
TBST for 10 minutes each, the membrane was incubated with sec-
ondary antibody (goat anti–rat IgG conjugated to HRP, Cell Signaling 
Technology, catalog 7707S) for 1 hour at room temperature. Then the 
membrane was washed again 3 times (10 minutes each), developed 
with Western Lighting Plus ECL (PerkinElmer, catalog 104001EA), 
and imaged in a ChemiDoc MP (Bio-Rad). In order to measure the 
total DNA loading, following brief washing with TBST, the membrane 
was immediately incubated in ethidium bromide/TBST solution for 
30 minutes, followed by TBST washing and imaging as above. Dot blot 
densitometry analysis was performed using ImageJ.

Cell survival assay. Forty thousand PC12 or 50B11 (Sirt2-WT cell 
line and Sirt2-KO cell line with vector, Sirt2-KO/WT-Sirt2, or Sirt2-
KO/HY-Sirt2 rescue expression) cells/well were seeded in 6-well 
plates. After induction of differentiation for 24 hours (49, 81), cells 
were treated with varying concentrations of cisplatin for 48 hours. 
For SP treatment, differentiated 50B11 cells were pretreated with 10 
μM SP for 1 hour followed by cisplatin treatment. For LLC and H1299 
cells, 25,000 cells/well were plated, and cisplatin treatment lasted for 
72 hours. At the end of the experiments, 6-well plates were kept on ice, 
and the number of live cells from each sample was determined using 
an Automated Cell Counter (Bio-Rad, TC20) after trypan blue stain-
ing. The survival fraction was calculated as the number of cells that 
survived after drug treatment normalized to the number of cells that 
survived after vehicle treatment times 100.

Cross-link repair efficiency assay. The luciferase activity was mea-
sured using the Dual-Luciferase Assay kit (Promega). Interstrand 
cross-linked reporter plasmid (pCMV-Luc XL) was prepared by incu-
bating pCMV-Luc DNA (0.2 mg/mL) with 5 μM cisplatin in TE buffer 
for 3 hours at 37°C in the dark. The reaction was stopped by NaCl (add-
ed to 0.5 M). Plasmid DNA was ethanol precipitated, washed in 70% 
ethanol, dried, and redissolved in TE buffer. PBS-incubated plasmid 
was used as a control. Cells were transfected with 1 ng pCMV-Luc XL or 
control, 1 ng TK-Renilla luciferase plasmid (internal control), and 1 μg 
carrier DNA per well of a 6-well plate. The luciferase reporter assay was 
performed 24 hours after transfection. Firefly luciferase (CMV-Luc) 
activity was normalized to Renilla (TK-Luc) luciferase activity, and 
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