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50

51 Abstract

52 Naked mole-rats (NMRs) have a very low spontaneous carcinogenesis rate, which has prompted
53 scientists to study their cancer resistance mechanisms in order to provide clues for human cancer
54  prevention. Although cancer resistance in NMRs has been intensively investigated at the cellular
55 level, it is still unknown how strongly resistant NMR individuals are to carcinogenesis and how

56 NMR tissues respond to experimental carcinogenesis induction. Here, we show that NMRs

57  exhibit extraordinary resistance against potent chemical carcinogenesis induction through a

58  dampened inflammatory response. Although carcinogenic insults damaged skin cells of both

59 NMRs and mice, NMR skin showed markedly lower immune cell infiltration and reduced induction
60  of inflammatory genes. NMRs harbor loss-of-function mutations in receptor-interacting protein

61 kinase 3 (RIPK3) and mixed lineage kinase domain-like (MLKL) genes, which are essential for
62 necroptosis, a type of necrotic cell death that activates strong inflammation. A necroptosis-

63  inducing stimulus did not increase death of NMR cells. After carcinogenic insults, leakage of the
64 HMGB1, a marker of necrotic cell death, was not increased in NMR skin. In mice, inhibition or

65 knockout of RIPK3 reduced immune cell infiltration and delayed the onset of chemical

66  carcinogenesis. Therefore, necroptosis deficiency may serve as a cancer resistance mechanism
67  via attenuating the inflammatory response in NMRs. Our study sheds light on the importance of a
68  dampened inflammatory response as a non-cell-autonomous cancer resistance mechanism in

69 NMRs. Further in vivo study of the unusual tissue immune system and carcinogenesis resistance
70  of NMRs may lead to the development of new strategies to prevent carcinogenesis in humans.

71  Significance Statement

72

73 In contrast with intensive studies of cancer resistance mechanisms in naked mole-rats (NMRs) at
74 the cellular level, little is known about how NMR individuals respond to carcinogenesis induction,
75 despite the fact that cell-to-cell interactions in tissues regulate carcinogenesis in vivo. Here, we
76  demonstrate that NMRs are remarkably resistant to chemical carcinogenesis induction and

77  characteristically have attenuated tissue inflammatory responses to carcinogenic insults. NMRs
78 have loss-of-function mutations in RIPK3 and MLKL genes and thus cannot activate necroptosis,
79 a type of inflammation-inducing cell death. RIPKS3 inhibition in mice reduced immune cell

80 infiltration in response to carcinogenic insults and delayed the onset of chemical-induced
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carcinogenesis. Our results highlight the importance of studies on dampened tissue inflammatory
responses to understand cancer resistance of NMRs.

Main Text
Introduction

The naked mole-rat (NMR) is the longest-living rodent with a maximum lifespan of 37 years,
despite being comparable size to the laboratory mice, and previous studies have reported that it
is protected from age-associated declines in biological functions and aging-related disorders (1,
2). In particular, spontaneous carcinogenesis has rarely been observed in over 2,000 necropsies
of captive NMR colonies (3, 4). This provides clear evidence of the cancer resistance properties
of NMRs; however, to the best of our knowledge, it is the only evidence to date of their cancer
resistance in vivo. On the other hand, several recent reports demonstrated that some NMRs
spontaneously develop cancers (5—7). Therefore, it is unclear how strongly resistant NMR
individuals are to carcinogenesis. Moreover, there is no report regarding the tissue response of
NMRs to experimental induction of carcinogenesis in vivo.

Intracellular mechanisms that may contribute to cancer resistance in NMRs have been
proposed (8—10); however, whether NMR cells have strong cell-autonomous cancer resistance is
currently debatable. There are two reports that NMR cells, in contrast to mouse cells, do not
transform upon introduction of HRasV12 and SV40 Large T antigen (9, 11), and conversely
another report involving extensive experiments that they do (12). One limitation of previous
studies is that the findings are based on in vitro experimental transformation of cultured
fibroblasts and their xenografts in immunodeficient mice.

In vivo carcinogenesis includes an initiation stage, in which DNA damage results in the
generation of mutant cells. This is followed by changes in the tissue microenvironment around the
mutant cells, which comprises surrounding immune cells and stromal cells. Microenvironmental
changes regulate various environmental factors and promote carcinogenesis in a promotion stage
(13, 14). In particular, tissue inflammation induces further genetic and epigenetic alterations of
mutant cells and strongly promotes carcinogenesis in a non-cell-autonomous manner (15-18).
Therefore, previous studies on the cancer resistance of cultured NMR fibroblasts might pay little
attention to the physiological context of in vivo carcinogenesis and might overlook relevant cancer
resistance mechanisms in NMR tissues.

Here, we show that NMR individuals exhibit extraordinary resistance to carcinogenesis
induction by chemical carcinogens in vivo. Notably, NMR skin tissues showed an unusual
dampened inflammatory response to carcinogenic insults. NMRs harbor loss-of-function
mutations in receptor-interacting protein kinase 3 (RIPK3) and mixed lineage kinase domain-like
(MLKL), the regulators of necroptosis, a type of strong inflammation-activating cell death
associated with various inflammatory diseases (19). Loss of necroptosis-inducing ability in NMRs
may serve as a mechanism that attenuates inflammatory responses and suppresses
carcinogenesis in vivo. This study highlights a dampened tissue inflammatory response as a non-
cell-autonomous mechanism underlying carcinogenesis resistance in NMR individuals.

Results
NMRs show marked resistance to chemical carcinogenesis induction

The in vivo responses of NMR tissues to carcinogenic insults were examined using two types of
chemical carcinogens, and the effects were compared with those in mice. First, mice and NMRs
received intramuscular injections of 3-methylcholanthrene (3MC), a carcinogen in various rodent
species (20-22) (Fig. 1A). After treatment, all mice developed fibrosarcomas within 24 weeks (9/9
tested animals; Fig. 1B, C). However, 3MC-treated NMRs did not develop tumors in a period of 114
weeks (0/9 tested animals; Fig. 1B, C, and Fig. S1A). Histopathological analysis (three animals)
showed no obvious abnormalities (Fig. 1C). The remaining animals were kept alive, and no visible
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135  tumors were observed for 177 weeks. NMRs who received a subcutaneous injection of 3MC also
136  did not develop visible tumors for 97 weeks (0/5 tested animals; Fig. 1D-F). No obvious
137 histopathological abnormalities such as hyperplasia were detected although Ki67-positive cells
138 tended to increase slightly (Fig. 1F and Fig. S1B). On the other hand, the mice developed severe
139  skin ulcers and had to be euthanized within 10 weeks (Fig. S1C).

140 Next, other carcinogens, namely, 7,12-dimethylbenz[a]anthracene (DMBA) and 12-O-
141  tetradecanoylphorbol-13-acetate (TPA)(23), were administered to the back skin of mice and NMRs
142 (Fig. 1G). All mice developed multiple papillomas within 30 weeks (6/6 tested animals; Fig. 1H, I).
143 On the other hand, NMRs did not develop any visible tumors at 55 weeks, and histopathological
144  analysis of skin biopsies showed no obvious abnormalities, although Ki67-positive cells increased
145  slightly (0/6 tested animals; Fig. 1H, |, and Fig. S1D). These animals continued to receive TPA and
146  did not develop tumors for 116 weeks.

147

148  Carcinogens increase tissue damage in NMRs

149

150 To evaluate the early tissue responses to the carcinogen, 3MC was injected subcutaneously, and
151 the effects were analyzed after 1 week (24) (Fig. 2A). NMR and mouse skin tissues showed
152 increased phospho-histone H2A.X (pH2AX)-positive or 8-hydroxy-2'-deoxyguanosine (8-OHdAG)-
153  positive DNA-damaged cells in response to 3MC treatment, and TUNEL-positive dead cells were
154  similarly increased (Fig. 2B, C and Fig. S2).

155 We then evaluated the tissue responses to DMBA at earlier stages (Fig. 2D). Similar to the
156  effect of SMC, DMBA treatment for 24 h significantly increased the number of pH2AX-positive DNA-
157  damaged cells in both mouse and NMR skin (Fig. 2E, F). Taken together, these results demonstrate
158 that treatment with carcinogenic agents increased tissue damage such as DNA damage and cell
159 death in NMR tissues. Despite this increasing tissue damage, NMR individuals showed marked
160 resistance against two types of chemical carcinogenesis induction.

161

162 NMRs show dampened tissue inflammatory responses after carcinogenic insults

163

164  The effect of chemical carcinogens on immune cell infiltration was evaluated by immunostaining
165 using pre-validated antibodies against CD45 (leukocytes), IBA1 (macrophages), myeloperoxidase
166 (MPO, myeloid cells: neutrophils and macrophages), and CD3 (T cells) (Fig. S3A and Dataset S1).
167 In mice, 3MC treatment significantly increased the number of CD45-, IBA1-, and CD3-positive
168 immune cells at 1 and 3 weeks (Fig. 3A—-C, Fig. S4, and Fig. S5A, B). These data reflect the
169 infiltration of inflammatory immune cells after carcinogen treatment in mouse tissues as previously
170  reported (16, 17). By contrast, 3MC-treated NMR skin showed very low levels of several types of
171 immune cell infiltration at 1 and 3 weeks. Analysis of NMR skin at 97 weeks after 3MC treatment
172 showed no significant increase in CD45-positive immune cells (Fig. 3A-C, Fig. S4, and Fig. S5).
173 Similar to the results regarding the effects of 3MC, DMBA/TPA-treated NMR skin at 2 weeks
174  showed a very small increase in the number of several immune cell types in contrast with mice
175  (Fig. 3D-F and Fig. S6A, B). The accumulation of immune cells was markedly attenuated in NMR
176  skin after 55 weeks of DMBA/TPA treatment, including after 108 rounds of treatment with TPA, a
177 potent inflammatory agent (Fig. 3F and Fig. S6C). These results indicate that infiltration of
178 inflammatory immune cells was much lower in NMRs than in mice after exposure to two types of
179  chemical carcinogens.

180 Furthermore, we evaluated skin tissue responses to UV irradiation, which promotes
181  carcinogenesis by inducing DNA damage and inflammation in mice (16, 25) (Fig. S7A). UVB
182 irradiation significantly increased skin thickness, the number of pH2AX-positive DNA-damaged
183 cells, TUNEL-positive dead cells, and cleaved caspase-3-positive apoptotic cells in both mouse
184  and NMR skin, indicating that tissue damage increases in both species (Fig. S7B, C). In mouse
185  skin, UV irradiation resulted in significant increases in the numbers of CD45-, IBA1-, and MPO-
186 positive inflammatory immune cells, whereas in NMR skin, UV irradiation resulted in very small
187  increases in the numbers of CD45- and CD3-positive immune cells, and no significant increase in
188 IBA1- or MPO-positive immune cells (Fig. S8). These results indicate that the accumulation of
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189 inflammatory immune cells in response to various cancer-promoting stimuli is attenuated in NMRs,
190  despite the induction of tissue damage such as DNA damage and cell death.

191 Next, we evaluated infection-associated inflammatory responses in NMRs (Fig. S9A).
192 Subcutaneous injection of bacterial lipopolysaccharide (LPS), which reportedly activates NMR
193 immune cells (26), increased interleukin-6 (/L6) expression, as well as the number of CD45- and
194 MPO-positive immune cells in both mouse and NMR skin (Fig. S9B-D). Intraperitoneal LPS
195 injection significantly increased the number of IBA1-positive cells in NMR livers (Fig. S10A). Thus,
196 NMR immune cells can infiltrate into tissues in response to bacterial virulence factors. When co-
197  cultured with dead NMR fibroblasts, NMR macrophages exhibited normal phagocytic activity of
198 dead cells (Fig. S10B) despite showing reduced infiltration into carcinogen-treated damaged
199  tissues.

200 During these experiments, we observed that the number of immune cells was lower in
201 control NMR skin than in control mouse skin. To provide a context for this, we examined the number
202  of tissue-resident immune cells in liver, skin, and intestine from mice, rats, guinea pigs, and NMRs.
203  We found that the number of IBA1- or CD3-positive immune cells was lower in some NMR tissues,
204  suggesting unique tissue immune homeostasis in NMRs (Fig. S11, S3).

205 To investigate the overall inflammatory responses to 3MC, UV, and LPS treatment, we
206  performed global gene expression analysis using RNA-sequencing (RNA-seq). Changes in global
207  gene expression or in selected ligand genes important for cell-to-cell communication, including
208 many chemokines and cytokines (27), in response to the different treatments were greater in mouse
209 skin than in NMR skin, and the upregulations were particularly large in the 3MC- and UV-treated
210 mouse groups (Fig. S12A, B and Dataset S2). Cell type enrichment analysis using xCell (28)
211  showed that all treatments significantly increased several immune cell enrichment scores in mouse
212 skin (Fig. S12C and Dataset S3). By contrast, in NMR skin, 3MC and UV treatment did not
213  significantly change the immune cell enrichment scores, whereas LPS did (Fig. S12C and Dataset
214  S3). These results are consistent with those of immunohistochemical analyses of immune cell
215  markers (Fig. 3 and Figs. S4, S5, S6, S8, S9), and confirm that inflammatory responses to cancer-
216  promoting stimuli are attenuated in NMR tissues.

217

218 Loss-of-function mutations in necroptosis regulators in NMRs may contribute to the
219 attenuated tissue inflammatory response and carcinogenesis resistance

220

221 To examine the mechanisms underlying the different responses of NMR tissues to cancer-
222 promoting stimuli, we analyzed differentially expressed genes (DEGs) in response to 3MC and UV
223  treatment that differed from DEGs in response to LPS treatment between mice and NMRs. We
224  selected genes that were species-specifically upregulated by >2 fold in NMRs or mice after both
225 3MC and UV treatment, but that were not commonly upregulated after LPS treatment (Fig 4A, blue-
226 filled area, collectively termed 3MC-UV Mouse-DEGs and Fig. S13A, purple-filled area, collectively
227  termed 3MC-UV NMR-DEGSs). Enrichment analysis of the selected DEGs was performed using
228  Metascape (29). Among 3MC-UV NMR-DEGs, genes related to the Kyoto Encyclopedia of Genes
229 and Genomes (KEGG) pathway “p53 signaling pathway” were highly enriched, suggesting
230  activation of the p53 pathway in 3MC- and UV-treated NMR skin (Fig. S13A and Dataset S4). This
231  was consistent with the immunostaining data showing increased DNA damage and cell death in
232 3MC- and UV-treated NMR skin (Fig. 2B, C, and Fig. S2, S7). Among 3MC-UV Mouse-DEGs,
233 genes related to the KEGG pathway “Cytokine-cytokine receptor interaction” and the gene ontology
234  (GO) term “Leukocyte migration” were highly enriched, indicating the activation of inflammatory
235 responses in 3MC- and UV-treated mouse skin (Fig. 4A and Dataset S4).

236 Notably, among 3MC-UV Mouse-DEGs, genes related to the KEGG pathways “RIPK1-
237 mediated regulated necrosis” (necroptosis) and “Regulation of cell kiling” were the most
238  significantly enriched (Fig. 4A and Dataset S4), which were not observed among 3MC-UV NMR-
239 DEGs. Necroptosis, a type of programmed necrotic cell death, triggers inflammation, and promotes
240  colon and pancreatic cancer development (14, 30-32). Thus, we hypothesized that inactivation of
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241 necroptosis in NMRs may underlie the attenuated inflammatory responses in NMRs, possibly
242 leading to cancer resistance.

243 The RIPK1-RIPK3 complex induces necroptosis via the necroptosis effector, MLKL (33—
244  35). We found that the NMR genome harbors a two-nucleotide insertion in the RIPK3 gene and a
245  two-nucleotide deletion in the MLKL gene, both of which cause frame-shift mutations and introduce
246  premature stop codons (Fig. 4B). These alterations remove the RHIM domain in RIPK3 and the
247 pseudokinase domain in MLKL, which are both functionally essential for necroptosis in other
248  mammalian species (36). Because NMR RIPK3 and MLKL genes have premature stop codons
249 located before the final exon, the transcripts from these two genes are putative targets for
250 nonsense-mediated mMRNA decay (NMD) (37). As NMR RIPK3 mRNA was expressed in the skin
251 (Fig. S13B, C), we examined whether NMR RIPK3 is degraded by NMD. RT-qPCR analysis of
252 NMR fibroblasts treated with actinomycin D (ActD, a transcriptional inhibitor) and/or cycloheximide
253  (CHX, a translational inhibitor that potently inhibits NMD) showed that NMR RIPK3 transcripts
254  exhibited relatively low steady-state levels after ActD treatment, whereas the RIPK3 mRNA level
255 increased upon CHX treatment (Fig. S13D). This result indicates that NMR RIPK3 mRNA is
256  degraded by NMD. NMR MLKL mRNA expression was not detected in the skin (Fig. S13E-G).
257  Although previous studies have shown that only the N-terminal 4-alpha helical bundle domain of
258 MLKL can cause spontaneous cell death depending on the cellular context (38—40), NMR MLKL
259 could not induce spontaneous cell death (Fig. S14A, B). Thus, the genes essential for necroptosis
260 induction are likely to be defective in NMRs.

261 To evaluate whether necroptosis is impaired in NMRs, we performed experimental
262  necroptosis induction in vitro. In mouse fibroblasts, treatment with tumor necrosis factor-a. (TNF-
263  a), CHX, and z-VAD-fmk (caspase inhibitor) caused massive cell death, which was inhibited by
264 necrostatin-1 (Nec1, RIPK1 inhibitor), as previously reported (41), indicating activation of
265  necroptosis (Fig, 4C). In contrast to mouse fibroblasts, NMR fibroblasts did not show increased cell
266  death in response to TNF-o + CHX or TNF-a + CHX + z-VAD-fmk, although TNF-a. upregulated
267 IL6 (42) as observed in mice (Fig. 4C and Fig. S14C). These results suggest that NMR cells are
268 incapable of inducing TNF-a-mediated necroptosis and apoptosis, although they are capable of
269 inducing DNA damage-induced caspase-3-dependent apoptosis (Fig. S14D—F). In mice, RIPK3 is
270 important for the induction of both necroptosis and TNF-induced apoptosis mediated by RIPK1
271  (43). Thus, the loss-of-function mutation of RIPK3 in NMRs may contribute to their inability to
272 undergo necroptosis and TNF-induced apoptosis mediated by RIPK1.

273 Generally, necroptosis triggers inflammation through the release of various cellular
274  components such as high mobility group box-1 protein (HMGB1) (44), which can be observed
275  during cancer progression (16, 17). 3MC, DMBA, and UV treatment did not significantly alter
276  cytoplasmic HMGB1 translocation in NMR skin, in contrast to the significant increase observed in
277 mouse skin (Fig. 4D, E and Fig. S15). These results further support the idea that the inability to
278 induce necroptosis in NMRs may contribute to the dampened immune cell responses to
279  carcinogenic stimuli.

280 Next, we assessed whether the necroptosis inhibitor (45) GSK’872, a RIPK3 inhibitor, or
281 disruption of the Ripk3 gene could suppress the 3MC-induced inflammatory response in mice and
282 impede carcinogenesis as observed in NMRs (Fig. 4F and Fig. S16, S17A). The results of western
283  blotting showed that 3MC treatment activated the MLKL protein (as indicated by MLKL
284 phosphorylation), and MLKL activation was suppressed by GSK'872 treatment (Fig. S17B).
285 GSK’872 and disruption of the Ripk3 gene significantly suppressed cytoplasmic HMGB1
286  translocation (Fig. S17C), indicating that necroptosis was successfully suppressed. In addition,
287  both manipulations reduced the infiltration of inflammatory immune cells in 3MC-treated mouse
288  skin (Fig. S17D). Finally, we evaluated the effect of GSK’872 treatment or Ripk3 knockout on 3MC-
289 induced chemical carcinogenesis in mice (Fig. 4F). Continuous administration of GSK’872 or
290 disruption of the Ripk3 gene significantly delayed the onset of carcinogenesis in 3MC-treated mice
291  (Fig. 4G; P =0.0423 for GSK'872; P = 0.0228 for Ripk3 KO mice; Gehan—Breslow—Wilcoxon test).
292  Thus, in mice, the suppression of the necroptosis regulator attenuated immune cell infiltration and
293  chemical carcinogenesis. This result is consistent with our assumption that the absence of
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294 necroptosis regulators in NMRs may contribute to the reduced inflammatory response and
295  resistance to chemical carcinogenesis.

296

297 Discussion

298

299 In this study, NMRs showed marked resistance to two types of chemical carcinogenesis induction
300 invivo. The distinctive feature of the NMR tissue response to carcinogenic insults was an unusual
301 dampened inflammatory response, which may serve as a non-cell-autonomous cancer resistance
302 mechanism in NMR individuals. Inhibition of RIPK3 in mice resulted in the reduced inflammatory
303 response and the delayed onset of carcinogenesis (Fig. S18). Therefore, we propose that one of
304 the mechanisms underlying the attenuated tissue inflammatory response and remarkable cancer
305 resistance of NMRs may be specific loss-of-function mutations in the necroptosis regulators

306 RIPK3and MLKL.

307 In a different cancer-resistant rodent, the blind mole-rat, the same dose of 3MC causes
308 low frequency carcinogenesis (~9%) (22, 46). Thus, NMRs are especially resistant to chemical
309 carcinogenesis. In contrast to NMRs, 3MC induces massive inflammation in blind mole-rats (22).
310 This distinct difference in inflammatory responses between NMRs and blind mole-rats, both of
311  which show spontaneous cancer resistance and a high DNA repair capacity (47—49), may

312  contribute to the differences in resistance to in vivo carcinogenesis induction.

313 The attenuated cancer-promoting tissue inflammatory response may act as a gatekeeper
314  to prevent carcinogenesis in NMRs. This is supported by previous reports showing that toll-like
315 receptor 4 knockout mice exhibit carcinogenic resistance owing to dampened inflammatory

316 responses (16, 17). Other mechanisms besides the deficiency in necroptosis, especially those
317  related to immune cell characteristics, might also contribute to the unique inflammatory response
318 in NMRs. Immune homeostasis in NMRs may be unusual because the resident immune cells,
319  which contribute to the attenuated immune response and to cancer resistance in mice (50, 51),
320  were less numerous in some tissues of NMRs than in those of other rodent species (Fig. S11).
321 Moreover, a single cell RNA-seq study of immune cells revealed the unique immune system of
322 NMRs, which is characterized by a lack of natural killer cells (26). Recent in silico and in vitro

323  studies have shown that cancer-resistant bats lack certain immunity-related genes (52, 53).

324 Future studies examining the immune system of cancer-resistant animals should improve our
325 understanding of their cancer resistance mechanisms.

326 The type of cell death and its modulation play critical roles in the regulation of

327 inflammation and homeostasis in vivo. In this study, caspase-3-dependent apoptosis occurred in
328 NMRs, whereas necroptosis did not (Fig. 4C-E, Fig. S7B, C, Fig. S14D-F, and Fig. S15). Since
329 the pro-inflammatory potential of necroptosis is markedly higher than that of apoptosis (44), the
330  suppression of necroptosis may contribute substantially to the attenuation of the inflammatory
331 response in NMR tissues as in RIPKS3 inhibited/disrupted mice. Necroptosis is involved in a

332 variety of inflammatory age-related diseases/disorders, such as ischemia-reperfusion injury,

333  atherosclerosis, and neurodegenerative diseases. On the other hand, necroptosis also plays an
334 important role in innate immunity during infectious diseases (19). Notably, NMRs are resistant not
335 only to cancer, but also to aging-related declines in biological function, neurodegenerative

336 disease, and ischemia-reperfusion injury, although they exhibit high susceptibility to herpes virus
337 infection (3, 54-56). It is possible that deficiency in necroptosis induction may constitute an

338 important part of the mechanisms responsible for the unusual characteristics of NMRs. It would
339 also be interesting to study how other types of cell death, such as ferroptosis and pyroptosis, are
340 regulated in NMRs.

341 Recent studies have shown that RIPK3 is involved not only in the induction of necroptosis
342  and RIPK1-mediated apoptosis, but also in the activation of the NLRP3 inflammasome,

343  maturation of IL-1B, and production of inflammatory cytokines, all of which are not directly

344  activated via necroptosis (57). MLKL contributes to various biological functions, such as

345 endosomal trafficking and extracellular vesicle formation, in addition to the induction of

346 necroptosis and inflammatory cytokines (58). Therefore, the loss-of-function mutations of RIPK3
347 and MLKL in NMRs may affect not only necroptosis, but also the attenuation of the tissue
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inflammatory response via suppression of the NLRP3 inflammasome and various other biological
processes in vivo. This will require further analysis.

In addition to the role of cancer-promoting inflammation, the generation of mutant cells is
also crucial for the initiation of carcinogenesis (59). Although carcinogen treatment damaged DNA
and cells in NMR skin (Fig. 2 and Fig. S2, S7), it is possible that NMRs are protected against
mutant cell generation or efficiently eliminate mutant cells. Possible explanations include 1)
inhibition of mutant cell generation via several mechanisms, such as the previously reported
efficient DNA double-strand break repair (48), or 2) elimination of mutant cells by unknown
mechanisms, which may synergistically contribute to the in vivo cancer resistance of NMRs.

The present results demonstrate the importance of research into the unusual tissue
immune response and extraordinary resistance to carcinogenesis of NMR individuals. Further
insight into the tissue responses of the NMR to carcinogenic insults may lead to the development
of new anticancer strategies for humans.

Materials and Methods

Animals

NMRs were maintained at Kumamoto University and Hokkaido University. All NMRs (8—31
months) used in this research were raised in rooms that were maintained at 30°C £ 0.5°C and
55% * 5% humidity with 12 h light and 12 h dark cycles (10). The NMRs used in this study are
listed in Dataset S5. Male C57BL/6N mice (8—10 weeks) were purchased from CLEA Japan, and
Ripk3 knockout (KO) mice were generated by deletion of the Ripk3 gene. Wild-type mice and KO
mice were kept in rooms that were maintained at 24.5°C + 1.5°C and 50% % 10% humidity with
12 h light and 12 h dark cycles. Male rats (Wistar, 6 months) and guinea pigs (Hartley, 6 months)
were purchased from Japan SLC. The Ethics Committees of Kumamoto University (approval no.
A30-043 and A2020-042) and Hokkaido University (14-0065) approved all procedures, which
were in accordance with the Guide for the Care and Use of Laboratory Animals (United States
National Institutes of Health, Bethesda, MD, USA).

Generation of Ripk3 knockout mice and genotyping

Ripk3 KO mice were generated by introduction of the Cas9 protein (317-08441; NIPPON GENE),
tracrRNA (GE-002; FASMAC), synthetic crRNA (FASMAC), and ssODN into C57BL/6N fertilized
eggs by electroporation. For generating the Ripk3 KO allele, the synthetic crRNAs were designed
according to the sequence AAGAGAGACTGGCTATCGTG (GGG) of the 5' upstream region of
Ripk3 and ACTAGGAGAGGATCCCACTG (AGG) in the Ripk3 intron 9. The ssODN 5'-
CGACTTTCTTTCGTTGTGTGACCTCAGttttatttGATAGCCAGTCTCTCTTGGACCCCTTAGCTCC
ACC-3"was used as a homologous recombination template.

The electroporation solution contained 10 uM tracrRNA, 10 uM synthetic crRNA, 0.1
mg/mL Cas9 protein, and 1 ug/uL ssODN in Opti-MEM | Reduced Serum Medium (31985062,
Thermo Fisher Scientific). Electroporation was performed using the Super Electroporator NEPA
21 (NEPA GENE) on glass microslides with round wire electrodes (1.0 mm gap [45-0104; BTX]).
Four steps of square pulses were applied (1], three times of 3 mS poring pulses with 97 mS
intervals at 30 V; 2], three times of 3 mS polarity-changed poring pulses with 97 mS intervals at
30 V; 3], five times of 50 mS transfer pulses with 50 mS intervals at 4 V with 40% decay of
voltage per pulse; 4], five times of 50 mS polarity-changed transfer pulses with 50 mS intervals at
4V with 40% decay of voltage per pulse).

The targeted Ripk3 KO allele in FO mice was identified by genomic PCR using the
following primers: Ripk3 KO F: 5'- AGCGACACCTTGTGATCTCC-3' and Ripk3 KO R: 5'-
CTGGCCCAAGACAACCCTTA -3' for the knockout allele (396 bp); Ripk3 Wild F: 5'-
GGAAAAGTCAGCCAATCCCG -3' and Ripk3 Wild R: 5'- GCAAGACTAGAGCACACCCTC -3’ for
the wild-type allele (375 bp).

3MC treatment
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402  C57BL/6N mice (average body weight, 24.0 g), NMRs (average body weight, 26.6 g), and Ripk3
403 KO mice were intramuscularly or subcutaneously injected with 3MC (Sigma-Aldrich; 1 mg

404  dissolved in 100 plL corn oil) into the hindlimbs or back skin (60). Animals were observed weekly
405 until tumors >15 mm in diameter developed at the injected sites, at which point the animals were
406  sacrificed humanely using isoflurane anesthesia, and the tumors were used for further analysis.
407 For NMRs, muscle samples (3MC-injected sites and opposite sites as controls) collected after
408 114 weeks and skin samples collected after 97 weeks were used for histopathological analysis.
409 To evaluate responses to short exposure to 3MC, 3MC (1 mg dissolved in 100 uL corn
410  oil) was subcutaneously injected into the back skin of C57BL/6N mice or NMRs, and the site was
411 examined at 1 or 3 weeks after injection. Injected sites (100 mm?) were collected and used for
412  further analysis. To suppress RIPK3 activity, GSK'872 (31, 45) (SelleckBio; 1 mg/kg body weight
413  dissolved in saline) was intraperitoneally injected three times a week from 1 week before 3MC
414  treatment until the end point of the experiment.

415

416 DMBA/TPA treatment

417  C57BL/6N mice and NMRs were treated with DMBA (Sigma-Aldrich; 100 ug in 100 uL acetone)
418  on the back skin. One week after DMBA treatment, animals were treated twice a week with TPA
419 (Cayman Chemical; 12.5 ug in 100 uL acetone) until tumor formation was observed (61). Animals
420  were observed daily until tumors >7 mm in diameter developed on the skin, at which point the
421 animals were sacrificed humanely by isoflurane anesthesia, and the tumors were used for further
422  analysis. For NMRs, skin biopsies were performed under isoflurane anesthesia at 55 weeks, and
423 samples were used for histopathological analysis. For histopathological analysis, one individual
424  who had an external wound possibly due to fighting was excluded as previously described (23).
425 To evaluate responses to short exposure to DMBA, DMBA (100 pg in 100 uL acetone)
426  was administered to the back skin, and skin biopsies were performed after 24 h. To evaluate

427 responses to short exposure to DMBA/TPA, DMBA (100 ug in 100 uL acetone) was administered
428  to the back skin, and 1 week after DMBA treatment, animals were subsequently treated three
429  times with TPA (12.5 ug in 100 uL acetone). Skin biopsies were performed 1 week after starting
430  TPA treatment.

431

432 Hematoxylin and eosin (HE) staining and immunohistochemical analysis

433 Histological examination was performed at K.I. Stainer, Inc. (Kumamoto, Japan). Briefly, the

434  samples were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), embedded in
435 paraffin, and cut into 4 um sections; HE staining was routinely performed. The antibodies and
436  protocols are listed in Dataset S1. Briefly, for immunostaining, the sections were deparaffinized
437 using xylene and rehydrated with a graded series of ethanol. Antigen retrieval was performed by
438  heat-induced epitope retrieval in citrate buffer or Tris buffer, or by enzymatic retrieval using

439 proteinase K (62). The sections were incubated with 1% bovine serum albumin in Tris-buffered
440  saline with 0.1% NaNs for blocking, and stained with primary antibodies against CD45 (Abcam,
441  ab10558), MPO (DAKO, A0398), IBA1 (FUJIFILM WAKO, 019-19741), CD3 (Nichirei, 413591),
442 Ki67 (Abcam, ab16667), 8-OHdG (Santa Cruz Biotechnology, sc-393871), pH2AX (Cell Signaling
443  Technology [CST], 9718), or HMGB1 (Abcam, ab79823). The sections were incubated with

444 horseradish peroxidase (HRP)-conjugated anti-rabbit, anti-mouse, or anti-rat secondary

445 antibodies (Nichirei) as a secondary antibody. Positive signals were visualized using HistoGreen
446  substrate (Cosmo Bio) for staining of immune cells in the skin (because it is not easy to

447  distinguish diaminobenzidine (DAB)-stained cells from dermal melanin pigments in NMR skin in
448  limited-sized figures) or DAB (Nichirei). For HMGB1, Alexa Fluor 555 anti-rabbit IgG (CST,

449  A21429) secondary antibody was used. Nuclei were counterstained with hematoxylin (for CD45,
450 MPO, IBA1, CD3, Ki67, 8-OHdG, and pH2AX) or Hoechst 33258 (Sigma-Aldrich) for HMGB1.
451 For cleaved caspase-3, 10 um fresh-frozen sections were fixed with 4% PFA, washed with PBS,
452 and blocked with 5% normal goat serum in 0.3% Triton X-100 (Nacalai Tesque) in PBS. The

453 sections were incubated with primary antibodies against cleaved caspase-3 (CST; 9664; 1:400) in
454  Can Get Signal Solution B (TOYOBO). The sections were stained with Alexa Fluor 555 anti-rabbit

9
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IgG (CST; A21429; 1:1000) as a secondary antibody, and nuclei were stained with 1 ug/mL
Hoechst 33258 (Sigma-Aldrich).

The images were captured using a BZ-X 710 fluorescence microscope (KEYENCE) and
analyzed using a BZ-X image analyzer (KEYENCE).

TUNEL staining

For TUNEL staining, 4 um paraffin sections were deparaffinized and rehydrated as described
above. The sections were stained using the TUNEL Assay Kit BrdU-Red (Abcam) according to
the manufacturer’s instructions. Nuclei were counterstained with Hoechst 33258. The images
were captured using a BZ-X 710 fluorescence microscope and analyzed using a BZ-X image
analyzer (KEYENCE).

Morphometric analyses of skin inflammatory responses

Epidermal thickness was quantified by calculating the mean length of skin surface to the
epidermal junction by five hand-drawn line segments per field (four fields were analyzed per
animal) using ImageJ. Positive cells identified by immunostaining and TUNEL staining were
quantified by counting the mean number of cells in each of the four images of one section from
more than three animals per experiment, and were normalized to the total number of cells (for
Ki67, TUNEL, pH2AX, 80HdG, cleaved caspase-3, CD45, IBA1, MPO, and CD3) or to the tissue
area (for CD45, IBA1, MPO, and CD3). The quantification was performed by three independent
investigators including a pathologist (Y. Komohara). Total cells, either Hoechst or hematoxylin-
positive nuclei (at least 350 cells per animal) and tissue area (bright field), were measured using
a Hybrid Cell Count application (KEYENCE) in a BZ-X image analyzer.

Cytoplasmic HMGB1-positive cells were quantified by counting the mean number of cells
in highly magnified sections from more than three animals per experiment, and normalized to the
number of total HMGB1-positive cells (at least four images from one section per animal, >100
cells). The quantification was performed by two independent investigators.

UV irradiation

UV irradiation on the back skin of C57BL/6N mice and NMRs was performed every other day for
12 days with a dose of 1,000 J/m? using a UV lamp (UVP UVM-28; Analytic Jena) for the times
indicated in Fig. S7A (25). Prior to irradiation, the back skin of C57BL/6N mice was shaved. At 24
h after final irradiation, the animals were sacrificed humanely using isoflurane anesthesia, and the
skin samples were used for further analysis.

LPS treatment

C57BL/6N mice and NMRs were subcutaneously or intraperitoneally injected with LPS (Sigma-
Aldrich; 10 mg/kg body weight dissolved in saline). After 24 h of treatment, the animals were
sacrificed humanely using isoflurane anesthesia, and skin or liver samples were used for further
analysis.

RNA isolation and quantification of gene expression

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, for cells) or TRIzol (Thermo
Fisher Scientific, for tissues) according to the manufacturer’s protocol. The gDNA Eliminator Spin
Column (Qiagen) or TURBO DNA-free™ Kit (Invitrogen) was used for genomic DNA elimination
according to the manufacturer’s protocol. Reverse transcription reactions were performed with
ReverTra Ace gPCR RT Master Mix (TOYOBO) using 300 ng total RNA as a template. The
resulting cDNA was used for reverse transcription polymerase chain reaction (RT-PCR) and
quantitative reverse transcription PCR (RT-qPCR). For RT-PCR, 24 cycles (for actin beta [ACTB])
or 35 cycles (for MLKL) of amplification were performed under the following conditions using
PrimeSTAR Max DNA Polymerase (Takara): denaturing at 98°C for 10 s, annealing at 55°C for
30 s, and extension at 72°C for 30 s. The DNA fragments were electrophoresed in 2% agarose
gels. RT-gPCR analysis was performed using Thunderbird SYBR qPCR Mix (TOYOBO) or
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508 PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) on a CFX384 Touch Real-Time
509 PCR Detection System (Bio-Rad) with the primers listed in Dataset S6 (63).

510

511  Cell culture

512 Primary NMR or mouse skin fibroblasts were obtained from the back skin of 1-2-year-old NMRs
513 or 6-8-week-old C57BL/6N mice (10). The cells were cultured in Dulbecco’s modified Eagle’s
514 medium (Sigma-Aldrich) supplemented with 15% fetal bovine serum (FBS) (for NMR fibroblasts)
515 or 10% FBS (for mouse fibroblasts) (Gibco), 1% penicillin/streptomycin (FUJIFILM WAKO), 2 mM
516 L-glutamine (FUJIFILM WAKO), and 0.1 mM non-essential amino acids (FUJIFILM WAKO) at
517  32°C in a humidified atmosphere containing 5% Oz and 5% CO.. We used the fibroblasts within
518 five passages. The medium was replaced every 2 days. For investigation of NMD, NMR

519 fibroblasts were incubated with 5 ng/mL ActD (Sigma-Aldrich) and/or 30 ug/mL CHX (FUJIFILM
520 WAKO) for 4 h. NMR fibroblasts treated with DMSO served as the control. After treatment, total
521 RNA was isolated and used for RT-qPCR as described above.

522

523 Lentiviral overexpression of NMR-MLKL

524 Because NMR MLKL mRNA was not expressed in NMR skin, the coding sequence of NMR-

525 MLKL was artificially synthesized based on the NCBI sequence information and our genomic

526  sequencing results (XM_021256495.1 and Fig. 4B) (Eurofins Genomics) and inserted into the
527 lentiviral vector pCSII-EF-RFA-hyg (kindly provided by H. Naka-Kaneda). Then, the pCSII-EF-
528 NMR-MLKL plasmid and packaging vectors (pCMV-VSV-G-RSV-Rev and pCAG-HIVgp) (64)

529  were used to transfect 293T cells using a polyethylenimine MAX transfection reagent (CosmoBio)
530 according to the manufacturer’s instructions. The conditioned medium containing viral particles
531  was concentrated by ultracentrifugation and used for viral transduction into NMR SV40ER cells,
532 an NMR skin fibroblast cell line expressing simian virus 40 early region (65). The infected cells
533  were passaged and subjected to propidium iodide (PI) staining as follows.

534

535 Necroptosis assay

536  Primary mouse or NMR fibroblasts were seeded at 1 x 10* cells/well onto 24-well plates and

537  stimulated with TNF-a (PeproTech; 50 ng/mL), z-VAD-fmk (Abcam; 20 uM), CHX (1 pg/mL), and
538 Nec-1 (Sigma-Aldrich; 20 uM). After 24 h, cells were stained with Hoechst 33342 (DOJINDO; 1
539  pg/mL) for 10 min at 32°C. Then, the cells were stained with Pl (FUJIFILM Wako; 10 ng/mL) for 5
540 min at 32°C. Images were captured using a BZ-X 710 fluorescence microscope (KEYENCE), and
541  the number of cells positive for Pl or Hoechst 33342 was counted (at least 100 cells per

542  treatment) using a BZ-X image analyzer (KEYENCE). Pl and Hoechst 33342 double-positive cells
543  were regarded as dead cells.

544

545 Etoposide treatment

546 NMR fibroblasts were exposed to etoposide at 200 uM for 4 days. Etoposide-containing medium
547  was added to subconfluent fibroblasts. After 2 days, the medium was replaced by freshly

548 prepared etoposide-containing medium for an additional 2 days. Then, the cells were collected for
549  Annexin V/PI analysis and western blotting.

550

551 Flow cytometry analysis for apoptosis detection

552  The FITC Annexin V Apoptosis Detection Kit (BD Biosciences or BioLegend) was used for the
553 detection of apoptosis. Primary NMR skin fibroblasts were stained according to the

554 manufacturer’s protocols and analyzed on a FACSVerse (BD Biosciences) flow cytometer.

555

556 Phagocytosis assay

557 NMRs and mice were sacrificed humanely using isoflurane anesthesia, and limbs were isolated.
558  After removing muscles and cartilage tissue, the bones were crushed and suspended in PBS.
559  The cell suspension was filtered through a 70 um cell strainer (Falcon) and suspended in hypo-
560  osmotic solution to remove red blood cells. The remaining cells after hemolysis were processed
561 into a single cell suspension and cultured in RPMI-1640 (FUJIFILM WAKO) supplemented with
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562 15% FBS, 1% penicillin/streptomycin, 2 mM L-glutamine, 0.1 mM non-essential amino acids, and
563 20 ng/mL mouse macrophage colony stimulating factor (M-CSF) (BioLegend) for 8 days (66).
564 Dead cells were prepared by 200 J/m? of UVC irradiation to fibroblasts using a UV crosslinker
565 (Analytic Jena). After UV irradiation, cells were cultured for 24 h, and dead cells were collected
566  and stained using pHrodo (Thermo Fisher Scientific) according to the manufacturer’s protocol.
567  The same amounts of pHrodo-labeled dead cells (5 x 10° cells) were co-incubated with NMR or
568 mouse bone marrow macrophage culture. After 2 h, phagocytosis was evaluated by measuring
569  pH-sensitive fluorescence of pHrodo using the BZ-X image analyzer (KEYENCE).

570

571 RNA-seq analysis

572  Total RNA was extracted from mouse and NMR skin tissues using TRIzol (Thermo Fisher

573  Scientific) and purified using the RNeasy Plus Mini Kit (Qiagen). Any contamination with genomic
574  DNA was removed from total RNA using the RNase-Free DNase Set (Qiagen) according to the
575  manufacturer’s protocol. cDNA libraries were generated from 200 ng total RNA using a TruSeq
576  stranded mRNA library preparation kit (lllumina). The resultant libraries were sequenced on

577 NextSeq550 (lllumina) in single-ended mode. Low-quality bases and the adapters in the

578  sequenced reads were trimmed using Cutadapt (ver.1.14) (67) with Python 2.7.6. The trimmed
579 reads were mapped to either the mouse (mm10) or NMR (HetGla_female_1.0) reference

580  genome, with the UCSC refGene gtf for mouse and the Ensembl HetGla gtf and previously

581 published gff (68) for NMR, using STAR (ver.2.4.1d) (69). For identification of DEGs, the uniquely
582 mapped reads were counted and normalized to calculate fold changes and false discovery rate
583 (FDR) using HTSeq (ver.0.11.2) (70) and edgeR (ver.3.18.1) (71), with the UCSC refGene gtf for
584 mouse and the Ensembl HetGla gtf and previously published gff (68) for NMR. Enrichment of
585 genes in specific cellular functions (GO terms, Reactome, and KEGG pathways) was analyzed
586 using Metascape (29). The gene expression levels were calculated as transcripts per million

587 (TPM) using deepTools (ver.2.1.0) (72), and mapping was visualized using the Integrative

588  Genomics Viewer. The immune enrichment score was analyzed using xCell (28).

589

590  Western blotting

591  The skin or cell samples were lysed in cell-lysis buffer (125 mM Tris-HCI, pH 6.8, 4% sodium
592 dodecyl sulphate [SDS], and 10% sucrose) and boiled for 10 min. Protein concentration was

593 measured using the BCA Protein Assay Kit (Takara Bio). The protein samples were subjected to
594  SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes
595 using the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were probed with antibodies
596  against MLKL (Abcam, ab184718; 1:1000), pMLKL (Abcam, ab196436; 1:1000), cleaved

597  caspase-3 (CST, 9664; 1:1000), B-actin (CST, 4970; 1:2000), or vinculin (Sigma-Aldrich, V9131;
598 1:1000). The membranes were incubated with HRP-conjugated anti-rabbit (CST, 7074; 1:1000) or
599 HRP-conjugated anti-mouse (CST, 7076; 1:1000) IgG secondary antibodies and visualized using
600 ECL Prime Western Blotting Detection Reagent (GE Healthcare) and ImageQuant LAS 4000 Mini
601 (FUJIFILM). The experiments were performed in biological duplicates or triplicates.

602

603  Statistical analysis

604  We used GraphPad Prism (GraphPad ver.8) for statistical analysis. The two groups were

605 analyzed using the two-tailed unpaired f-test. For multiple comparisons, the data were analyzed
606 using one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test for
607 multiple comparisons or by Dunnett’s multiple comparisons test. Time to tumor progression was
608  estimated using Kaplan—Meier curves and was statistically analyzed using the log-rank Mantel—
609  Cox test or the Gehan—Breslow—Wilcoxon test. Each data point represents the mean + standard
610  deviation (SD) derived from at least three animals or biological replicates. P-values <0.05 were
611  considered statistically significant.
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796 Figure 1. Naked mole-rats (NMRs) do not develop tumors in response to two types of

797  chemical carcinogenesis induction.

798 A, Schematic diagram for carcinogenesis induction by intramuscular (i.m.) injection of 1 mg 3-
799 methylcholanthrene (3MC) into the hind limb. B, Kaplan—Meier curves of tumor-free mice and
800 NMRs after i.m. injection of 1 mg 3MC. n = 9 animals per species. C, Gross appearance and
801 hematoxylin and eosin (HE) staining of a mouse tumor at 17 weeks and NMR muscle at 114
802  weeks after i.m. 3MC injection. Red arrows indicate injection sites. Scale bars: 1 cm (upper) and
803 50 um (lower). D, Schematic diagram for carcinogenesis induction by subcutaneous (s.c.)
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804 injection of 1 mg 3MC into the back skin. E, Kaplan—Meier curves of tumor-free NMRs after s.c.
805 injection of 1 mg 3MC. n =5 animals. F, Gross appearance and HE staining of NMR back skin at
806 97 weeks after s.c. injection of 1 mg 3MC. The red arrowhead indicates the injection site. Scale
807 bars: 1 cm (gross) and 100 um (HE). n = 5 animals. G, Schematic diagram for carcinogenesis
808 induction by 7,12-dimethylbenz[a]anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate
809 (TPA) treatment on the back skin. H, Kaplan—Meier curves of tumor-free mice and NMRs after
810  starting DMBA/TPA treatment. n = 6 animals per species. |, Gross appearance and HE staining of
811 mouse papillomas at 20 weeks and NMR skin at 55 weeks after starting DMBA/TPA treatment.
812 Scale bars: 1 cm (upper) and 100 um (lower). Inset is a higher magnification of NMR skin (scale
813 bar: 50 um). Log-rank test for B and H.

814
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816 Figure 2. DNA damage and cell death increase in NMRs upon administration of

817  carcinogens.

818 A, Schematic diagram for investigating short-term responses to 3MC after subcutaneous (s.c.)
819 injection into the back skin. B, HE staining and immunohistochemical staining for phospho-
820 histone H2A.X (pH2AX, brown) of the skin of mice and NMRs at 1 week after s.c. injection of
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3MC. Scale bars: 100 um (HE) and 50 um (pH2AX). Red arrowheads indicate positive cells. C,
Quantification of pH2AX-, 8-hydroxy-2'-deoxyguanosine (8-OHdG)-, and TUNEL-positive cells
after s.c. injection of 3MC. D, Schematic diagram for investigating short-term responses to DMBA
treatment on the back skin. E, HE staining and immunohistochemical staining of pH2AX (brown)
in the skin of mice and NMRs at 24 h after DMBA treatment. Scale bars: 100 um (HE) and 50 um
(pH2AX). Red arrowheads indicate positive cells. F, Quantification of pH2AX-positive cells at 24 h
after DMBA treatment. For quantification in C and F, data are presented as the mean + SD of n =
3—4 animals. Unpaired t-test versus untreated control (Ctrl).
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Figure 3. NMRs show attenuated infiltration of inflammatory immune cells into tissues
upon administration of carcinogens.
A, Schematic diagram for investigating immune cell infiltration into the skin after a subcutaneous
(s.c.) injection of 3MC. B, Immunohistochemical detection of CD45 (green)-positive cells in skin
sections 1 week after s.c. injection of 3MC. Black dots are melanin pigments in NMR dermis.
Scale bar: 50 um. Red arrowheads show positive cells in NMRs. C, Quantification of CD45-,
IBA1-, MPO-, and CD3-positive cells per area in skin sections at 1, 3, and 97 (only for CD45)
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838  weeks after s.c. injection of 3MC. D, Schematic diagram for investigating immune cell infiltration
839 into the skin after exposure to DMBA/TPA. E, Immunohistochemical detection of CD45 (green)-
840 positive cells in skin sections at 2 weeks after exposure to DMBA/TPA. Black dots are melanin
841 pigments in NMR dermis. Scale bar: 50 um. The red arrowhead shows a positive cell in NMRs. F,
842 Quantification of CD45-, IBA1-, MPO-, and CD3-positive cells per area in skin sections at 2 and
843 55 (only for CD45) weeks after exposure to DMBA/TPA. Mice were analyzed at the end point.
844  “Adjacent skin” is the no-papilloma region from DMBA/TPA-treated mouse skin. For quantification
845 in C and F, data are presented as the mean + SD of n = 3-5 animals. Unpaired t-test versus

846  untreated control (Ctrl).

847
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849 Figure 4. Loss of necroptosis regulators may contribute to an attenuated tissue

850 inflammatory response and resistance to carcinogenesis in NMR individuals. A, Venn

851 diagram showing the number of genes upregulated in both mouse and NMR skin upon

852 lipopolysaccharide (LPS) treatment; genes upregulated specifically in mouse or NMR skin upon
853 exposure to 3MC (1 week) and UV; and enriched pathways of 3MC-UV Mouse-DEGs. B, Multiple
854  alignments of receptor-interacting kinase 3 (RIPK3) and mixed lineage kinase domain-like (MLKL)
855  sequences from the NMR, Damaraland mole-rat (DMR), guinea pig (GP), rat, human, and mouse.
856 Frame-shift mutations and premature stop codons in the NMR sequence are boxed. Reading

24


https://doi.org/10.1101/2021.10.21.465383
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.21.465383; this version posted October 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

857  frames for the NMR and mouse sequences are indicated. The functional domains are shown
858  above the alignments. C, Cell death analysis in fibroblasts treated with a combination of TNF-a
859 (T), cycloheximide (C), z-VAD-fmk (Z), or Nec-1 (N). Data are presented as the mean + SD of n =
860 3 independent experiments. D, Immunofluorescence staining of high mobility group box-1 protein
861 (HMGBH1, red) in skin at 1 week after 3MC-injection. Nuclei: blue. Scale bar: 10 um. E,

862  Quantification of cytoplasmic HMGB1 in skin after each treatment. Data are presented as the
863  mean £ SD of n = 3 animals for each species. One-way ANOVA with Tukey’s multiple

864  comparison test for C and Dunnett’'s multiple comparisons test versus untreated control (Ctrl) for
865  E.F, Schematic diagram for carcinogenesis induction by intramuscular (i.m.) injection of 3MC
866 with intraperitoneal (i.p.) injection of GSK'872 in mice or i.m. injection of 3MC in Ripk3 knockout
867  (KO) mice. G, Kaplan—Meier curves of tumor-free mice (n = 11 [for wild-type, WT], n =7 [for

868  GSK'872], or n = 6 [for Ripk3 KO] animals). P = 0.0423 for GSK'872 and P = 0.0228 for Ripk3
869 KO; Gehan—Breslow—Wilcoxon test.
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