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Aldehyde-driven transcriptional stress 
triggers an anorexic DNA damage response

Lee Mulderrig1,2,11, Juan I. Garaycoechea3,11, Zewen K. Tuong4,5, Christopher L. Millington1, 
Felix A. Dingler1, John R. Ferdinand4, Liam Gaul6, John A. Tadross7,8, Mark J. Arends9, 
Stephen O’Rahilly7, Gerry P. Crossan2, Menna R. Clatworthy4,5,10 & Ketan J. Patel1,2 ✉

Endogenous DNA damage can perturb transcription, triggering a multifaceted 
cellular response that repairs the damage, degrades RNA polymerase II and shuts 
down global transcription1–4. This response is absent in the human disease Cockayne 
syndrome, which is caused by loss of the Cockayne syndrome A (CSA) or CSB 
proteins5–7. However, the source of endogenous DNA damage and how this leads to the 
prominent degenerative features of this disease remain unknown. Here we find that 
endogenous formaldehyde impedes transcription, with marked physiological 
consequences. Mice deficient in formaldehyde clearance (Adh5−/−) and CSB (Csbm/m; 
Csb is also known as Ercc6) develop cachexia and neurodegeneration, and succumb to 
kidney failure, features that resemble human Cockayne syndrome. Using single-cell 
RNA sequencing, we find that formaldehyde-driven transcriptional stress stimulates 
the expression of the anorexiogenic peptide GDF15 by a subset of kidney proximal 
tubule cells. Blocking this response with an anti-GDF15 antibody alleviates cachexia in 
Adh5−/−Csbm/m mice. Therefore, CSB provides protection to the kidney and brain 
against DNA damage caused by endogenous formaldehyde, while also suppressing an 
anorexic endocrine signal. The activation of this signal might contribute to the 
cachexia observed in Cockayne syndrome as well as chemotherapy-induced anorectic 
weight loss. A plausible evolutionary purpose for such a response is to ensure aversion 
to genotoxins in food.

Damage to the DNA template poses a challenge to the transcriptional 
machinery, stalling the progression of RNA polymerase II (Pol II)1,2. 
This stalling initiates the repair of the damaged DNA template through 
transcription-coupled nucleotide excision repair (TC-NER)3 and the deg-
radation of Pol II, thereby globally shutting down transcription4. The CSB 
protein triggers TC-NER by binding the stalled Pol II and recruiting down-
stream nucleotide excision repair (NER) factors to excise the damage3,8. 
If TC-NER fails, a last-resort mechanism ensures that Pol II is degraded9.

The importance of responding to such transcriptional stress is evident 
from the severe phenotype of human patients with Cockayne syndrome, 
which is caused by mutations in CSA (also known as ERCC8) or CSB (also 
known as ERCC6). These patients develop progressive cachexia, neurode-
generation and kidney failure5–7. The identity of the endogenous factor or 
factors that cause the damage leading to stalling of Pol II and how this dam-
age ultimately drives the severe phenotype of Cockayne syndrome remain 
unknown. Addressing this fundamental question has been challenging 
because mice that lack either CSA or CSB do not show features of human 
Cockayne syndrome10,11. Here we reveal that endogenous formaldehyde 
drives the Cockayne syndrome phenotype in mice, causing the kidney to 
express the anorectic factor GDF15, which stimulates weight loss.

Formaldehyde causes transcriptional stress
Formaldehyde was previously identified as an important source of 
endogenous DNA damage, necessitating DNA interstrand crosslink 
repair12. This aldehyde is highly reactive, and is capable of causing a 
variety of DNA lesions13. We set out to test whether NER is required to 
repair lesions caused by formaldehyde. NER has two distinct branches: 
global genome NER (GG-NER), which removes DNA lesions throughout 
the genome by sensing distortions of the DNA helix; and TC-NER, which 
repairs damage in transcribed DNA14. We generated transformed mouse 
embryonic fibroblast (tMEF) lines that lack GG-NER (Xpc−/−), TC-NER 
(Csbm/m), or both GG-NER and TC-NER (Xpa−/−), alone or in combina-
tion with the formaldehyde-detoxifying enzyme ADH5. We found that 
Xpa−/− and Csbm/m cells were hypersensitive to formaldehyde (Fig. 1a, 
b), in contrast to Xpc−/− cells (Fig. 1c). Furthermore, combined ablation 
of Adh5 conferred additional formaldehyde sensitivity when either 
Xpa or Csb were inactivated (Fig. 1a, b) but not when Xpc was inacti-
vated (Fig. 1c), indicating that both formaldehyde detoxification and 
TC-NER (but not GG-NER) are required to protect cells against formal-
dehyde toxicity. CSB is also involved in the repair of oxidative damage 
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independently of its role in TC-NER15. We complemented cells with a 
separation-of-function point mutant of CSB (K991R), which has intact 
TC-NER but is defective in oxidative damage repair. We observed that 
the K991R mutant showed no increase in sensitivity to formaldehyde, 
similar to UV exposure (Extended Data Fig. 1a–c). These data indicate 
that it is likely to be the role of CSB in TC-NER and not in oxidative dam-
age repair that contributes to cellular protection against formaldehyde.

Actively transcribing Pol II (IIo) stalls when it encounters 
transcription-blocking lesions caused by UV. The largest Pol II subunit 
(RPB1) is then rapidly poly-ubiquitylated and degraded. After degradation 
of IIo, the non-transcribing Pol II (IIa) then begins transcribing, becoming IIo 
and depleting the pools of IIa4,9 (Fig. 1d). To determine whether formalde-
hyde elicits the same response, we first confirmed our tMEF observations in 
HEK 293 cells (Extended Data Fig. 1d, e). Then, we exposed wild-type HEK 293 
cells to UV or formaldehyde and found that formaldehyde exposure stimu-
lates the poly-ubiquitylation and degradation of Pol II in a dose-dependent 
manner (Fig. 1e, f). Finally, we tested the stability of Pol II in ADH5 and CSB 
single- and double-knockout cells after exposure to formaldehyde (Fig. 1g). 
This revealed that cells lacking both ADH5 and CSB are more sensitive 
to formaldehyde-induced Pol II degradation compared with controls. In 
summary, both detoxification and CSB protect cells against formaldehyde 
toxicity, and formaldehyde exposure leads to transcription-blocking DNA 
damage that triggers Pol II poly-ubiquitylation and degradation.

Formaldehyde drives Cockayne syndrome
To test whether sufficient formaldehyde is generated endogenously 
to necessitate repair by NER, we crossed mice that lacked ADH5 with 
mice lacking genes involved in NER (Xpa, Xpc or Csb). In agreement 
with previous data, NER+/− inter-crosses yielded NER−/− mice at expected 
Mendelian ratios (Extended Data Fig. 2a). However, in the absence of 

ADH5, Adh5−/−Xpa−/− and Adh5−/−Csbm/m mice were significantly under-
represented (7.5% and 5.4%, respectively, instead of 25%), whereas 
Adh5−/−Xpc−/− mice were born at the expected ratio (Extended Data 
Fig. 2b). Therefore, in agreement with our cell line data, Adh5 genetically 
interacts with genes required for TC-NER but not with genes required 
for GG-NER. Additionally, we noted that if the mothers were Adh5+/−, the 
frequency of Adh5−/−Csbm/m mice born was partially rescued (Extended 
Data Fig. 2c), indicating that maternal formaldehyde clearance has a 
role in preserving the development of Adh5−/−Csbm/m embryos.

Adh5−/−Csbm/m mice were smaller in size and showed a marked 
age-dependent reduction in fat. Notably, both features were much 
more prominent in males than in females (Fig. 2a, Extended Data 
Fig. 2e, 3a). Mass reduction was not observed in Adh5−/−Xpc−/− mice or 
in Adh5−/−Xpa−/− males; these two lines appeared phenotypically normal 
(Extended Data Fig. 2d). Aged Adh5−/−Csbm/m mice developed neurologi-
cal deficits including ataxia, hind limb clasping (Fig. 2b) and kyphosis, 
along with a decline in grip-strength performance (Extended Data 
Fig. 3b, c). Brains of Adh5−/−Csbm/m mice became significantly smaller 
with age (Extended Data Fig. 3d) and showed increased expression 
of the microglial activation marker MAC2 (Fig. 2c, d), indicative of a 
progressive neuroinflammatory response.

Adh5−/−Csbm/m mice have a shortened lifespan compared with wild-type 
and Csbm/m mice. They live as long as Adh5−/− mice, but the cause of death 
between genotypes differs (Fig 2e, Extended Data Fig. 4a, b). The major-
ity of Adh5−/− mice succumb to liver and lymphoid malignancies16; by 
contrast, Adh5−/−Csbm/m mice display a progressive decline in body con-
dition and small nodular kidneys associated with biochemical markers 
of kidney dysfunction (Fig. 2f, g, Extended Data Fig. 4c). Histological 
analysis revealed that kidneys of young (3-month-old) Adh5−/−Csbm/m 
mice showed mild chronic inflammation, consistent with focal tubule 
loss progressing to mild chronic interstitial fibrosis with tubular atrophy 
and inflammatory infiltration by middle age (1-year-old). The changes in 
the terminal kidneys are consistent with overlapping features of ongo-
ing kidney injury to the proximal tubules and end-stage renal failure 
(Fig. 2h, Extended Data Fig. 4d–f). The absence of glomerular changes 
before end-stage kidney failure is consistent with the lack of proteinuria 
(Extended Data Fig. 4g), and anaemia was associated with end-stage renal 
failure in Adh5−/−Csbm/m mice (Extended Data Fig. 4h). Detailed analysis 
of these mice did not reveal evidence of malignancies in their livers or 
secondary lymphoid organs. We did, however, observe mild age-related 
increase in ploidy and evidence of liver dysfunction (Extended Data 
Fig. 4i, j, k). Taken together, these data show that Adh5−/−Csbm/m mice 
ultimately succumb to kidney failure and have a reduced predisposition 
towards malignancies compared with Adh5−/− mice.

Levels of the formaldehyde DNA adduct, N2-methyl-deoxyguanosine 
(N2-Me-dG), a biomarker of exposure, were significantly elevated in 
brain and kidney in both Adh5−/− and Adh5−/−Csbm/m mice (Fig. 2i). High-
erN2-Me-dG levels were observed in male Adh5−/− mice compared with 
females, in line with the phenotypic sexual dimorphism. We next chal-
lenged mice with weekly intraperitoneal injections of 1.5 g kg−1 metha-
nol, which is oxidized to formaldehyde (Extended Data Fig. 5a). This 
treatment led to a rapid decline in kidney function in Adh5−/−Csbm/m mice, 
resulting in kidney failure after 3–6 months of exposure (Extended 
Data Fig. 5b, c, d). Adh5−/−Csbm/m mice treated with methanol had small 
nodular kidneys and histology confirmed chronic end-stage kidney 
failure (Extended Data Fig. 5e, f). Brains of the treated mice showed 
a decrease in mass accompanied by the presence of MAC2+ micro-
glial cells, and there was evidence of liver dysfunction (Extended Data 
Figs. 5g–i, 6a). Individuals with mutations in XPA do not develop Coc-
kayne syndrome, although there is some phenotypic overlap17. Aged 
Adh5−/−Xpa−/− mice displayed no features of Cockayne syndrome unless 
they were subjected to long-term methanol exposure, which resulted 
in chronic kidney failure (Extended Data Fig. 6b–d). We also tested 
whether the closely related aldehyde acetaldehyde could drive the 
Cockayne syndrome phenotype in Aldh2−/−Csbm/m mice18,19—these mice 
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displayed no overt phenotype, reduced lifespan or signs of a Cockayne 
syndrome phenotype, even when continuously exposed to ethanol 
(Extended Data Fig. 6e–g). In summary, accumulation of formaldehyde 
from endogenous or exogenous sources is sufficient to precipitate the 
central features of the human Cockayne syndrome phenotype in mice.

Kidney cells susceptible to formaldehyde
Why the kidney fails in Cockayne syndrome is poorly understood. How-
ever, recent advances in single-cell RNA sequencing (scRNA-seq) have 
enabled identification of cell types susceptible to particular disease 
states20. We used scRNA-seq to profile nephron cellular responses to 
formaldehyde. Kidneys were dissociated to generate single-cell suspen-
sions and sequenced using the 10x Genomics platform (Extended Data 
Fig. 7a). Uniform manifold approximation and projection (UMAP) of the 
data showed distinct nephron epithelial cell clusters, as well as several 
immune cell clusters, which were annotated on the basis of canonical 
marker expression (Fig. 3a, Extended Data Fig. 7b, c). When considering 
all kidney cell types, proximal tubule cells showed the greatest number of 
differentially expressed genes (DEGs) in Adh5−/−Csbm/m kidneys compared 
with wild-type counterparts (Fig. 3b). Additionally, these cells partitioned 
to a specific region of the proximal tubule cluster (Extended Data Fig. 7d). 
To investigate this further, we interrogated the proximal tubule cells in 
isolation and found 8 sub-clusters (PT-0 to PT-7, Fig. 3c). Notably, the PT-4 
sub-cluster was markedly expanded in Adh5−/−Csbm/m kidneys (Fig. 3d,e, 
Extended Data Fig. 7e). These data thus identify proximal tubule cells as 
those with the most altered transcriptional profile in Adh5−/−Csbm/m kidneys.

Damaged proximal tubule cells express GDF15
To address how the differences in gene expression in Adh5−/−Csbm/m 
proximal tubule cells relate to their altered state and function, we 

ranked the top 100 marker genes for each proximal tubule sub-cluster 
(Supplementary Table 1). Among the marker genes for PT-4 we identi-
fied several indicative of kidney injury21–23 (Kim-1, Spp1, Cyr61 and B2m), 
with Kim-1 being the top marker gene for this cluster and expression 
being restricted to those cells from Adh5−/−Csbm/m proximal tubules 
(Fig. 4a, Extended Data Figs. 7f, g, 8a). Kidney injury molecule 1 (KIM-1) is 
a membrane protein that is induced in proximal tubule cells in response 
to chemotherapeutic agents such as cisplatin, and is an established 
clinical biomarker of proximal tubule damage22,24. This expression 
profile is consistent with the conclusion that the PT-4 sub-cluster repre-
sents damaged proximal tubule cells. To confirm these transcriptional 
changes, we carried out immunostaining of KIM-1, revealing expres-
sion in tubular cells only in Adh5−/−Csbm/m mice.(Fig. 4b, Extended Data 
Fig. 7g).

STRING analysis of the top 100 marker genes of PT-4 identified five 
major nodes that enriched for distinct gene ontology (GO) terms 
(Extended Data Fig. 8b). One of the enriched pathways was alcohol 
metabolic processes, suggesting that these cells may be adapting 
to loss of ADH5. Additionally, there was an enrichment of genes that 
regulate apoptosis, a process triggered to promote clearance of dam-
aged or dysfunctional cells. One mechanism by which proximal tubule 
cells clear apoptotic cells is through phagocytosis; of note, a recent 
study indicated that KIM-1-dependent phagocytosis can trigger major 
histocompatibility complex class II (MHCII) antigen presentation24, 
and in line with this we observed increased expression of many genes 
involved in antigen presentation, particularly MHCII genes (Extended 
Data Fig. 8b). Tubular injury is also known to result in inflammation, 
including type I interferons (IFN), and type I IFN receptor-deficient 
mice are protected from tubular necrosis25. Notably, PT-4 cells showed 
a marked induction of interferon β response genes. Finally, there was 
an enrichment of protein activation cascade genes in PT-4 cells, which 
included not only markers of kidney injury (Kim-1, Cyr61 and Spp1), but 
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Fig. 2 | Endogenous formaldehyde accumulation reveals Cockayne 
syndrome. a, Left, growth of male mice based on weekly weights (data are 
mean ± s.e.m.; n = 18 (wild type), 15 (Adh5−/−), 18 (Csbm/m) and 20 (Adh−/−Csbm/m)) 
and fat mass measured at 11 weeks (young) and 53 weeks (old) (two-sided 
Mann–Whitney test; data are mean ± s.e.m.; n = 13 (young wild type), 15 (young 
Adh5−/−), 18 (young Csbm/m), 19 (young Adh5−/−Csbm/m), 9 (old wild type), 8 (old 
Adh5−/−), 14 (old Csbm/m) and 3 (old Adh5−/−Csbm/m)). b, Age of onset plots for ataxia 
and hind-limb clasping phenotypes (two-sided Mantel–Cox log-rank test; n = 21 
(wild type), 19 (Adh5−/−), 22 (Csbm/m) and 9 (Adh−/−Csbm/m)). c, Representative 
immunofluorescence of MAC2 in the cerebellum of Csbm/m and Adh5−/−Csbm/m 
mice. d, The number of MAC2+ cells per field in young (3-month-old) and old 
(18-month-old) mice (two-tailed Student’s t-test; data are mean ± s.e.m.; n = 3 

mice). e, Kidney failure-free survival plot (n = 18, 31, 26 and 19). f, Terminal 
serum urea and creatinine levels (two-sided Mann-Whitney test; data shown as 
mean and s.e.m.; n = 9 (wild type), 14 (Adh5−/−), 8 (Csbm/m) and 15 (Adh−/−Csbm/m)). 
g, Representative images of kidneys from mice at experimental end point.  
h, Representative haematoxylin and eosin-stained sections of kidneys of mice 
of indicated genotype. G indicates glomeruli arrows indicate atrophic tubules, 
and the asterisk shows evidence of tubular thyroidization. i, The frequency of 
N2-Me-dG per genome in female (F) and male (M) mice. The inset shows the 
structure of the formaldehyde N2-Me-dG adduct (two-sided Mann–Whitney 
test; data are mean ± s.e.m; n = 9 (wild-type brain), 8 (Adh5−/− brain), 12 (Csbm/m 
brain), 12 (Adh−/−Csbm/m brain), 9 (wild-type kidney), 13 (Adh5−/− kidney), 6 (Csbm/m 
kidney) and 5 (Adh−/−Csbm/m kidney)).
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also fibrinogen genes, whose expression is increased in kidney injury 
and may have a role in remodelling damaged tissue26.

When considering DEGs in cells within the PT-4 cluster, Adh5−/−Csbm/m 
cells showed increased expression of a number of genes, including p21 
and Gdf15, which are known to be regulated by p53 (Extended Data 
Fig. 7h). Expression of both these genes was increased in the PT-4 cluster 
of Adh5−/−Csbm/m cells, but they were expressed at low levels in control 
proximal tubule cells (Fig. 4c, Extended Data Figs. 7i, 8c). The p21 pro-
tein is a cell cycle inhibitor and DNA damage checkpoint protein27,28. 
Gdf15 encodes a protein of the transforming growth factor-β (TGF-β) 
superfamily that is a well-known appetite suppressor29,30. We also iden-
tified additional p53 target genes that were induced in Adh5−/−Csbm/m 
proximal tubule cells (Extended Data Fig. 8c, d), indicating that expres-
sion of Gdf15 and p21 is likely to be a consequence of a generalized p53 
transcriptional response in these cells. Finally, we confirmed expression 
of Gdf15 mRNA in the proximal tubule cells of Adh5−/−Csbm/m by RNA 
in situ hybridization (Fig. 4d, Extended Data Fig. 7i). Taken together, 
kidney scRNA-seq indicates that Adh5−/−Csbm/m proximal tubule cells are 
damaged by endogenous formaldehyde and respond by activating a p53 
response which includes expression of the anorexic hormone GDF15.

GDF15 mediates DNA damage-induced cachexia
A notable feature of Cockayne syndrome is severe growth retardation 
and cachexia5. Patients with Cockayne syndrome have poor appetites 
and often require enteral feeding tubes7,31. GDF15 is an anorexic hor-
mone, and its receptor GFRAL is restricted to a region in the brainstem 
important for feeding behaviour32. Gdf15 mRNA levels were increased 
in the proximal tubule cells of kidneys of Adh5−/−Csbm/m mice; this cor-
responded with increased serum levels of GDF15 (Fig. 5a). Of note, we 

found a 4.5- and 1.9-fold increase in the serum GDF15 levels in male and 
female Adh5−/−Csbm/m mice, respectively. This correlates with our obser-
vation that Adh5−/−Csbm/m males displayed more marked age-dependent 
loss of fat compared with females (Fig. 2a, Extended Data Fig. 3a). We 
next tested whether methanol treatment could induce GDF15 in females 
and precipitate weight loss. Indeed, methanol exposure led to a 6.7-fold 
increase in serum GDF15 in Adh5−/−Csbm/m females, 13-fold higher than 
untreated wild-type controls (Fig. 5b). This was coupled with induction 
of GDF15 expression in the proximal tubule cells of methanol-exposed 
Adh5−/−Csbm/m females (Fig. 5c) and weight loss (Fig. 5d).

While our data shows that proximal tubule cells express GDF15, we 
wanted to assess whether other organs also contributed to the serum 
levels of GDF15 observed in Adh5−/−Csbm/m mice. We observed no expres-
sion of GDF15 in other tissues known to express this hormone, such as 
the colon, small intestine, skeletal muscle and liver (Extended Data 
Fig. 9a). We did, however, observe some expression in kidney medullary 
cells in addition to proximal tubule cells (Extended Data Fig. 9b), which 
was also reflected in our scRNA-seq datasets (Extended Data Fig. 9c–f). 
Although the GDF15–GFRAL axis is a well-established anorexic endo-
crine circuit that can contribute to weight loss29,32, Adh5−/−Csbm/m mice 
may be lean owing to increased energy expenditure. Calorimetry and 
open field tests revealed a mild increase in respiratory exchange rate 
but no increase in energy expenditure or activity levels (Extended 
Data Fig. 10a–c). Food intake, however, was reduced in Adh5−/−Csbm/m 
males (Extended Data Fig. 10d). Taken together, these data suggest 
that the kidney is the key organ of GDF15 secretion in Adh5−/−Csbm/m 
mice, although we cannot exclude other sites that we did not survey.

GDF15 is also released after exposure to the chemotherapeutic agent 
cisplatin32,33, but the molecular mechanism of its secretion remains 
unclear. Similar to formaldehyde, cisplatin induces DNA damage that 
is repaired by TC-NER34. We exposed wild-type and Csbm/m mice to cis-
platin and monitored weight and serum GDF15 levels (Extended Data 
Fig. 11a). Wild-type mice exposed to a low dose of cisplatin displayed 
no weight loss or GDF15 induction. By contrast, Csbm/m mice rapidly 
lost weight and showed a fivefold induction of serum GDF15. Next, 
we tested whether cisplatin-induced GDF15 release was dependent 
on p53. A higher dose of cisplatin supressed weight gain in wild-type 
mice and also induced serum GDF15 by 12-fold —by contrast, p53−/− mice 
continued to gain weight and correspondingly showed no induction 
of serum GDF15 (Extended Data Fig. 11b) or GDF15 mRNA in proximal 
tubule cells (Extended Data Fig. 11c).

To establish that GDF15 contributes to progressive weight loss 
in Adh5−/−Csbm/m mice, we tested the consequences of blocking this 
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response. Male Adh5−/−Csbm/m mice received a previously validated 
neutralising mouse monoclonal antibody against GDF15 (Mab-1) or 
an isotype control33 weekly for one month. Adh5−/−Csbm/m mice treated 
with Mab-1 showed a marked and sustained increase in body weight 
that equated to an average of 5% of the original weight (Fig. 5e). By 
contrast, the body weights of the cohort treated with control antibody 
remained unchanged. In summary, Adh5−/−Csbm/m mice show a strong 
correlation between growth failure, methanol-induced weight loss 
and serum levels of GDF15. Thus, transcription-blocking DNA dam-
age activates p53-dependent GDF15 secretion, and neutralising this 
response attenuates cachexia.

Discussion
In this study, we found that endogenously-produced formaldehyde is 
sufficient to reveal Cockayne syndrome in mice. Using this model, we 
identified a cellular target for formaldehyde-induced transcriptional 
stress within the nephron and showed that these cells trigger an endo-
crine weight loss response (Fig. 5f). Formaldehyde also precipitates 
Fanconi anaemia in mice12. In that model, highly proliferative cell types 
(for example, haematopoietic tissues) use replication-coupled Fanconi 
anaemia DNA repair to resolve formaldehyde damage35. By contrast, 

cells that are either post-mitotic (for example, neurons) or divide infre-
quently (for example, nephrons and hepatocytes) may be more depend-
ent on a transcription-coupled response. Formaldehyde exposure leads 
to the stalling of Pol II, activation of TC-NER and the degradation of Pol 
II, perhaps by causing DNA intra-strand crosslinks. UV and cisplatin also 
cause such crosslinks, which are repaired by TC-NER1,34,36. Both XPA and 
CSB are required for cellular resistance to formaldehyde, suggesting 
that the canonical TC-NER machinery excises DNA damage caused by 
this aldehyde. However, in vivo, the phenotype of Adh5−/−Xpa−/− mice 
is milder than that of Adh5−/−Csbm/m mice, analogous to the phenotype 
of human patients with mutations in XPA and CSB5,7,17. The discordance 
in severity of the mouse phenotypes could be because CSB protects 
Pol II from degradation in response to formaldehyde. This function 
has been proposed to explain the severity of the phenotype in human 
patients with Cockayne syndrome4. Alternatively, CSB may facilitate 
lesion bypass, similar to the yeast homologue of CSB (Rad26), using 
Pol II forward-translocating activity2.

Cisplatin is nephrotoxic and stimulates GDF15 secretion in a 
p53-dependent manner, stimulating anorectic weight loss. Blocking the 
GDF15–GFRAL axis may alleviate the cachexia associated with chemo-
therapy33, and such an approach may extend to alleviating cachexia in 
Cockayne syndrome. The GDF15 response in proximal tubule cells may 
have evolved in mammals to ensure aversion to genotoxic food sources. 
In Cockayne syndrome, this response is constitutively active because 
of the absence of relief from transcriptional stress. It is plausible that 
this response is appropriate to avoid dietary sources of endogenous 
formaldehyde. Support for nutritional genotoxicity comes from 
the attenuation of neurodegeneration and kidney abnormalities in 
caloric-restricted mice that lack the TC-NER nuclease, XPF–ERCC137. 
Finally, genome-wide association studies conducted on patients with 
anorexia nervosa identified four susceptibility loci, one of which is 
the locus encoding the DNA repair enzyme MGMT38. The induction of 
GDF15 by DNA damage may therefore have broader implications for 
other human anorectic syndromes.
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Methods

Cell culture
tMEFS were cultured in standard Dulbecco’s modified Eagle’s medium 
(DMEM) (GIBCO) supplemented with 10% fetal calf serum (GIBCO) 
and penicillin-streptomycin. Flp-In T-REx HEK 293T cell lines (Thermo 
Fisher Scientific) were cultured in standard DMEM supplemented with 
10% fetal calf serum and penicillin-streptomycin. CSB KO HEK 293 cells 
were a gift from J. Svejstrup (Francis Crick Institute).

Generation of tMEFs
Adh5+/−Xpc+/−, Adh5+/Xpa+/− and Adh5+/−Csb+/m mice were timed mated 
and humanely killed at embryonic day 13.5. Primary MEF cultures were 
obtained and transformed using pBABE-SV40-Puro virus as described39.

For the complementation of tMEF lines, wild-type and K991R Csb 
cDNA constructs were amplified with a N-terminal 2×Flag tag from 
mouse cDNA. They were then sequenced and cloned into pExpress and 
subsequently into pLoxBsr. The plasmids were transfected into tMEF 
using Lipofectamine LTX (Invitrogen) following the manufacturer’s 
instructions. Positive clones were selected using 10 μg ml−1 blasticidin 
and screened for expression by anti-Flag western blot. Selection was 
maintained on positive clones.

CRISPR–Cas9-mediated gene disruption of ADH5 in HEK 293T 
cells
Wild-type and CSB KO HEK 293 cells were targeted using the top oligo-
nucleotide sequence CACCGATCACTGGAAAACAACCCTC and bottom 
oligonucleotide sequence AAACGAGGGTTGTTTTCCAGTGATC cloned 
into pX458. Cells were transfected with Turbofectin 8.0 (Origene). Two 
days after transfection, GFP-positive cells were single-cell sorted into 
96-well plates containing medium supplemented with 20% fetal calf 
serum, using a MoFlo cell sorter (Beckman–Coulter). After 14 days of 
incubation at 37 °C, individual clones were analysed for expression of 
ADH5 protein by western blotting.

Cytotoxicity assays
One-thousand cells (tMEFS or HEK 293) were plated in a 96-well plate 
in triplicate for each condition. The cells were exposed to the indicated 
doses of formaldehyde (Thermo Fisher Scientific) or UV 24 h after plat-
ing. Cell viability was measured using MTS reagent (Promega), 4 days 
after plating. Absorbance at 492 nm was measured with a Pherastar 
spectrophotometer.

Pol II RPB1 ubiquitylation
Detection of ubiquitylated RPB1 was performed as previously described 
in detail30. In brief, Dsk2 beads were prepared by transfecting One Shot 
BL21 competent cells with pGEX3-Dsk2, inducing them, collecting pro-
tein and adding the protein to glutathione Sepharose beads. Human 
cell lysates were also prepared as previously described30, 30 min after 
exposure to UV or the indicated concentration of formaldehyde. Cell 
lysates and Dsk2 beads were then incubated together overnight before 
analysis by western blot.

Western blotting
For ADH5 and Flag-tag blots, cells were lysed for 30 min on ice in RIPA 
buffer (Thermo Fisher Scientific), including protease and phosphatase 
inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche). 
Protein samples were run on a 4–12% Bis-Tris gel (Thermo Fisher Sci-
entific) and blotted onto a 0.45 μm nitrocellulose membrane. For Pol 
II RPB1 ubiquitylation and degradation, blotting was performed as 
previously described30.

Antibodies
For screening HEK 293 cells, we used an in-house rabbit anti-ADH5 anti-
body that has been described previously12. For screening complemented 

tMEF clones, we used anti-Flag (Sigma, clone M2) at 1:1,000. For blots 
showing RPB1 degradation, we used anti-RPB1 (Cell Signalling, D8L4Y) 
at 1:1000 and for ubiquitylation of RPB1, we used RPB1 (abcam, 4H8) 
at 1:10,000. For both RPB1 blots, we used mouse anti-vinculin (Sigma, 
Cat V9131) as a loading control at 1/10,000.

Mice
Animal experiments undertaken in this study were with approval of the 
MRC Laboratory of Molecular Biology animal welfare and ethical review 
body and the UK Home Office under the Animal (Scientific Procedures) 
Act 1986 license PFC07716E.

All mice were maintained under specific pathogen-free conditions 
in individually ventilated cages (Techniplast GM500, Techniplast) on 
Ligno-cel FS14 spruce bedding (IPS, LTD) with environmental enrich-
ment (fun tunnel, chew stick and Enviro-Dri nesting material (LBS)) 
at 19–23 °C with light from 07:00 to 19:00 and fed Dietex CRM pellets 
(Special Diet Services) ad libitum.

Xpatm1Hvs (MGI 1857939, C57BL/6), Ercc6tm1Gvh (Csbm, MGI 1932102, 
C57BL/6) and Xpctm1Ecf (MGI 1859840, C57BL/6) mice were described 
previously10,40,41 and were a gift from G. T. van der Horst (Erasmus Uni-
versity), E. Friedberg (UT Southwestern) and J. Hoeijmakers (Erasmus 
University) . Adh5tm1Stam (also known as Gsnor−/−) (MGI 3033711, C57BL/6) 
mice were previously described42 and obtained from L. Liu at UCSF. 
The Aldh2 mice (Aldh2tm1a(EUCOMM)Wtsi; MGI ID: 4431566, C57BL/6) were 
reported previously18 and the Trp53 allele that has been reported previ-
ously43 was used in a C57BL/6 × 129S4S6/Sv hybrid background.

To generate Adh5−/−Xpa−/−, Adh5−/−Csbm/m and Adh5−/−Xpc−/− mice, 
Adh5+/− mice were crossed with Xpa+/−, Csb+/m and Xpc+/−, respectively. 
From the resulting progeny we inter-crossed Adh5+/−NER+/− mice to 
generate all possible genotypes. To further bias the breeding for 
double homozygous mice we inter-crossed mice that were Adh5−/− 
NER+/− or Adh5+/− NER−/−. Similarly, to generate Aldh2−/−Csbm/m mice we 
crossed Csb+/m mice with Aldh2+/− and then from resulting progeny we 
inter-crossed Aldh2+/−Csb+/m mice to generate all possible genotypes. To 
further bias the breeding for double homozygous mice we inter-crossed 
mice that were Aldh2+/−Csbm/m or Aldh2−/−Csb+/m.

Cerebellar ataxia scoring was performed as previously described44 
at monthly intervals once the mice were 3 months old.

For methanol treatment, mice received 1.5 g kg−1 methanol via intra-
peritoneal injection once a week until the conclusion of the experiment. 
Body weights were recorded daily and 50-μl blood samples were taken 
monthly via tail bleed for serum biochemistry assays.

For ethanol exposure, the drinking supply was replaced with a solu-
tion of 10:20:80 blackcurrant Ribena:ethanol:water. Body weights 
were recorded daily and 50-μl blood samples were taken monthly via 
tail bleed for serum biochemistry assays.

For low-dose cisplatin exposure, 50-μl blood samples were taken 
before 0.5 mg kg−1 weekly cisplatin intraperitoneal injections. Mice 
were weighed daily throughout before terminal blood sampling after 4 
weeks. For high-dose exposure, 4 mg kg−1 cisplatin was used for 6 weeks.

For GDF15 monoclonal antibody treatment experiments, 
Adh5−/−Csbm/m mice were treated with 10 mg kg−1 monoclonal antibody 
or IgG control by subcutanenous injection once a week for 4 weeks. The 
GDF15 monoclonal antibody and IGg control were provided by Pfizer.

Mouse phenotyping
The in vivo phenotyping tests below were carried out at MRC Harwell 
and more detailed descriptions of these protocols are available on the 
IMPRESS website (https://www.mousephenotype.org/impress). All 
procedures conducted were done so in accordance with the Animals 
(Scientific Procedures) Act 1986 Amendment Regulations 2012 (SI 4 
2012/3039). Mice were housed in Tecniplast IVC cages (1284L and 1285L) 
with Aspen bedding (Datesand) which was autoclaved (134 °C for 3 min) 
in the cage base and cage bases were changed weekly Food and water were 
provided ad libitum. RM3 (E) Diet (Special Diet Services) was irradiated 

https://www.mousephenotype.org/impress
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to 2.5 Mrad. Mains water was supplied through a reverse-osmosis filter 
and then chlorinated to 9–13 ppm. Water bottles were changed weekly 
with autoclaved bottle and cap. The lighting regime was 12 h light: 12 h 
dark with 30 min dusk to dawn and dawn to dusk periods.

Body weight
Mice were weighed using a dynamic weighing balance (Ohaus) and 
were weighed in the morning to limit the effect of the circadian rhythm 
on body weight.

X-ray
X-ray images of the mice were collected whilst the mice were anaes-
thetized (isoflurane). The X-rays were captured using the Faxitron 
Ultrafocus X-Ray machine.

Grip strength
Grip strength was measured using a grip-strength meter (Bioseb), 
recording the maximum force generated by a mouse using all four 
limbs. Grip strength measures were carried out in triplicate for each 
mouse.

Calorimetry
The metabolic rate of the mice was assessed using indirect calorimetry. 
Mice were individually housed overnight for a period of 21 h in Pheno-
master cages (TSE Systems) with standard bedding and igloos. The air 
content in each cage was sampled for 1 min, in turn, and a reference 
cage with no mice in it was also sampled for comparison. The oxygen 
consumption and carbon dioxide production for each mouse was then 
determined as the difference between the reference amount of gas and 
the level in the mouse cage.

Open field
Mice were transported to the testing room 30 min before the test. Light-
ing conditions were set between 150 and 200 lux. Animals were place 
in a chamber for 20 min and activity levels were determined using a 
beam-break system.

EchoMRI
Body composition of the mice was assessed using an EchoMRI 
whole-body composition analyser (Echo Medical System). The analysis 
output quantified fat mass, lean mass and water content of the mice.

Serum biochemistry
Serum was collected from 200 μl of whole blood into Microvette 200 
conical tubes (MCV200-SER) after centrifugation. Levels of urea, 
creatinine, aspartate aminotransferase, albumin and alkaline phos-
phatase of serum samples were measured using a Siemens Dimen-
sion RxL analyser by Cambridge Biochemical Assay Laboratory. GDF15 
was measured using a commercial ELISA (R&D Systems) according to 
the manufacturer’s instructions with two modifications. We used an 
extended standard curve extending from 2,000 pg ml−1 to 7.8 pg ml−1, 
and added 10 μl sample to 50 μl RD1W at the binding step (instead of 
50 μl). Additional samples for GDF15 were measured by the Cambridge 
Biochemical Assay Laboratory, University of Cambridge using a Mouse 
GDF15 DuoSet ELISA (R&D Systems) which had been modified to run 
as an electrochemiluminescence assay on the Meso Scale Discovery 
assay platform.

Urine analysis
Multistix SG10 from Siemens was used for semi-quantitative readout 
of protein in the urine by addition of 5 μl urine to the strip.

Blood counts
Total blood was collected in K3EDTA MiniCollect tubes (Greiner Bio-one) 
and analysed on a scil VetABC Plus+ blood counter (Horiba).

Histology
Histological analysis was performed on tissues that had been fixed 
in neutral buffered formalin for 24 h. The samples were embedded in 
paraffin and 4-μm sections were cut before staining with haematoxylin 
and eosin.

Immunofluorescence
Mice were anaesthetized with pentobarbital and perfused transcardi-
ally with 4% paraformaldehyde. The brain was carefully dissected out 
and post-fixed overnight in 4% paraformaldehyde. Brain tissue was 
then sectioned at 40 μm with a vibrating microtome and sections were 
processed, free floating. Sections were washed in PBST (PBS 0.1% Triton 
X) for 10 min before blocking for 1 h in 5% normal goat serum. Next, sec-
tions were incubated with MAC2 (Cedarlane, clone M3/38) antibody at 
1:2,000 overnight at 4 oC before being washed once in PBST for 10 min 
and stained with Alexaflour 488 anti-rat secondary (Invitrogen) for 1 h at 
1/1000 in the dark at room temperature. Sections were then transferred 
to slides and mounted using one drop of Vectashield containing DAPI 
(Vectorlabs) before cover slipping and adding nail varnish. Images were 
taken on a Zeiss LSM 780 confocal microscope (Zeiss). For kidney KIM-1 
immunofluorescence, kidneys were snap frozen and 10 μm sections 
were cut using a freezing microtome and placed on slides, which were 
then stored at −80 oC. For staining, slides were air dried at room tem-
perature for 5 min then fixed in 2% PFA for 5–10 min. For staining, slides 
were washed in PBS for 10 min before blocking in 10% fetal calf serum 
(GIBCO) at room temperature for 30 min in a humid chamber. KIM-1 
primary antibody (R&D Systems, AF1817) was then added at 1:500 over-
night at 4 oC in a humid chamber. The next day, slides were washed in 
PBS for 10 min before secondary anti-goat Alexa-fluor 488 (Invitrogen) 
was added at 1:1,000 for 30 min. Slides were then washed with PBS for 
10 min before being mounted using one drop of Vectashield containing 
DAPI (Vectorlabs) before cover slipping and sealing with nail varnish. 
Images were taken on a Zeiss LSM 780 confocal microscope (Zeiss).

RNA in situ hybridization
Tissues for in situ hybridization were dissected and placed into 10% 
formalin/PBS for 24 h at room temperature, transferred to 70% ethanol 
and processed into paraffin. Five-micrometre sections were cut and 
mounted onto Superfrost Plus (Thermo Fisher Scientific). Detection 
of mouse Gdf15 was performed on formalin-fixed paraffin-embedded 
sections using Advanced Cell Diagnostics (ACD) RNAscope 2.5 LS Rea-
gent Kit-RED (no. 322150) and RNAscope LS 2.5 Probe Mm-Gdf15-O1 
(no. 442948) (ACD). In brief, sections were baked for 1 h at 60 °C 
before loading onto a Bond RX instrument (Leica Biosystems). Slides 
were deparaffinized and rehydrated on board before pre-treatments 
using Epitope Retrieval Solution 2 (no. AR9640, Leica Biosystems) at 
95 °C for 15 min, and ACD Enzyme from the LS Reagent kit at 40 °C for 
15 min. Probe hybridization and signal amplification was performed 
according to the manufacturer’s instructions. Fast red detection of 
mouse Gdf15 was performed on the Bond RX using the Bond Polymer 
Refine Red Detection Kit (Leica Biosystems, no. DS9390) according to 
the ACD protocol. Slides were then counterstained with haematoxylin, 
removed from the Bond RX and were heated at 60 °C for 1 h, dipped in 
xylene and mounted using EcoMount Mounting Medium (Biocare Medi-
cal, no. EM897L). Slides were imaged on an automated slide-scanning 
microscope (Axioscan Z1 and Hamamatsu orca flash 4.0 V3 camera) 
using a 20× objective with a numerical aperture of 0.8.

Nuclei isolation and DNA content analysis
Livers were dissected and passed through a 40-μm filter. Cells were 
washed twice in LA buffer (250 mM sucrose, 5 mM MgCl2 and 10 mM 
Tris-HCl, pH 7.4). After washing, the cell pellet was resuspended in 1 ml 
of buffer LB (2 M sucrose, 1 mM MgCl2 and 10 mM Tris-HCl, pH 7.4) and 
centrifuged at 16,000g for 30 min. The white nuclei-containing pellet 



was resuspended in LA buffer and kept on ice for analysis. For DNA con-
tent analysis, nuclei were fixed drop-wise in cold 96% ethanol. Nuclei 
were pelleted and re-suspended in 400 μl PBS. Propidium iodide solu-
tion (Sigma) was added at a final concentration of 40 μg ml−1 together 
with Ribonuclease A (Sigma) at a final concentration of 100 μg ml−1. 
The samples were incubated on ice for 1 h and then analysed on LSRII 
flow cytometer (BD Pharmingen). The data were analysed with FlowJo 
10.0.6 (Tree Star).

Synthesis of nucleoside standards
Chemistry and the standards used were as previously reported45.

Tissue sample preparation for determination of N2-Me-dG in 
DNA
Tissue was lysed and DNA was extracted using Puregene solutions, 4 μl 
of proteinase K and a 7 mm stainless steel metal ball. Samples where 
homogenized in a tissue lyser (Qiagen/Retsch) for 4 min at 30 Hz, then 
incubated at 37 °C for 30 min, then 4 μl of RNase A was added, vortexed 
and incubated at 37 °C for 1 h. Supernatant transferred (1.7-ml tube) 
and 266 μl protein precipitation solution was added and vortexed, 
cooled on ice for 5 min, the centrifuged at 21,300g for 3 min. Super-
natant was transferred, and DNA precipitated with isopropanol and 
70% ethanol. The pellet left to air dry for 5 min before being reduced 
in 500 μl of 50 mM NaCNBD3, 200 mM NaOAc (pH 5.2) for 48 h at room 
temperature. DNA was precipitated with isopropanol and 70% ethanol 
and the pellet left to air dry and dissolved in 100 μl of ultra-pure water 
(Romil). Five thousand nanograms of DNA was digested with an enzyme 
cocktail in a total volume of 100 μl; also added were the internal stand-
ards 15N-N2-Me-dG and 15N-dA. Digestion was allowed to proceed for at 
least 16 h, then samples were filtered with a 2,000 MWCO Vivacon 500 
filter for 40 min at 16,000g. Samples were then transferred to a mass 
spectrometry vial and analysed.

Liquid chromatography–tandem mass spectrometry 
determination of N2-Me-dG in DNA digests
Samples were analysed on a TSQ Altis Triple Quadrupole mass 
spectrometer (SRM mode) interfaced to an UltiMate 3000 uHPLC. 
Ten microlitres of sample (500 ng of digested DNA on the column) was 
injected per run using the full-loop inject mode. Buffers used were, A 
(H2O (0.1% acetic acid)) and B (MeCN (0.1% acetic acid)).

Kidney dissociation for scRNA-seq
Kidneys were placed into a small tube containing 1 ml Digest mix (RPMI, 
25 μg ml−1 Liberase TM, 50 μg ml−1 DNase) and minced to less than  
2 mm3. The volume was increased to 5 ml with digest mix and samples 
were incubated at 37 oC for 30 min in a shaking incubator. Samples were 
passed through a 100-μm cell strainer using a 1-ml syringe plunger and 
washed by centrifugation with PBS. Samples were resuspended in PBS, 
cell number determined and loaded onto the 10x Genomics platform.

scRNA-seq data analysis
Following sequencing, BCL files were demutiplexed to Fastq files using 
CASAVA. Subsequently splitting to single cells and mapping of genes 
was carried out using Cellranger.

The single-cell data (10x cellranger output) was corrected for 
ambient RNA expression using SoupX46 (v1.2.1) . After SoupX, dou-
blet detection was performed using scrublet47 (v0.2.1) with adap-
tations outlined in Popescu et  al.48. In brief, after processing in 
scrublet, the data were iteratively sub-clustered using the stand-
ard Seurat-inspired scanpy (v.1.4.5.post2) workflow49,50 and a median 
scrublet score for each subcluster was computed. Median absolute 
deviation was computed from the cluster scrublet scores and a one 
tailed t-test was performed with Benjamini–Hochberg correction51 
applied where cells with significantly outlying cluster scrublet scores 
(Benjamini–Hochberg P value <0.1) were flagged as potential doublets. 

The data were then processed using scanpy with standard quality con-
trol steps; cells were filtered if the number of genes was greater than 
2,500 or less than 200. Similar to Park et al.52, the per cent mitochondrial 
content cut-off was set at <50%. Genes were retained if expressed by at 
least three cells. Gene counts for each cell were normalized to contain a 
total count equal to 10,000 per cell. Highly variable genes were selected 
based on the following parameters: minimum and maximum mean 
expression are ≥0.0125 and ≤3 respectively; minimum dispersion of 
genes = 0.5. The effects of total counts per cell, percentage of mitochon-
drial content and cell cycle states were regressed out prior to scaling of 
variable genes. Neighbourhood graph graphs were constructed with 
20 neighbours using 80 principal components (all cells) or 30 principal 
components (proximal tubules only). Clustering was performed using 
the Leiden algorithm53 with resolution set at 0.5. UMAP54 (v3.10.0) was 
used for dimensional reduction and visualization; Partition-based 
graph abstraction initialization was used to compute the UMAP embed-
ding for all cells, and default (spectral) was used for proximal tubules; 
the minimum distance was set at 0.3; all other parameters were used 
as per default settings in scanpy.

Differential gene testing was performed using the Wilcoxon test rank 
sum implemented in scanpy’s rank_genes_groups module. Benjamini–
Hochberg post hoc correction was applied to the P values calculated 
after DEG analysis. Genes that attained corrected P value <0.05 were 
considered statistically significant.

Statistical analysis
Sample number (n) indicates the number of independent biologi-
cal samples in each experiment. Sample numbers and experimental 
repeats are indicated in figure legends or Methods. Unless otherwise 
stated in the figure legend, data are shown as the mean ± s.e.m. and 
the two-sided nonparametric Mann–Whitney test was used to assess 
statistical significance. Analysis was performed using GraphPad Prism.

Statistics and reproducibility
For Fig. 1e–g, blots were repeated at least twice. For Fig. 2c, the number 
of mice used is the same as in Fig. 2d. Figure 2h shows representative his-
tology from the mice plotted in Fig. 2e and Fig. 4b is representative n = 3.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
All scRNA-seq data have been deposited in the Gene Expression Omni-
bus under accession GSE175792.
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Extended Data Fig. 1 | TC-NER and formaldehyde detoxification cooperate 
to protect cells from formaldehyde toxicity. a-c, Cytotoxicity of UV (a) and 
formaldehyde (b) in Csbm/m (a,b) or Adh5-/-Csbm/m (c) tMEF cell lines 
complemented with either WT or K991R CSB. Data plotted as mean and s.e.m; 

experiments performed in triplicate. d-e, Cytotoxicity of UV and formaldehyde 
in HEK293 cell lines, data shown as mean and s.e.m., experiments performed in 
triplicate.
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Extended Data Fig. 2 | Adh5-/-Csbm/m mice are born at sub-Mendelian ratios 
and have reduced body weight. a, Ratios of pups from Csb+/m , Xpc+/- and Xpa+/- 
crosses showing that homozygous mice are born at Mendelian ratios  
(P calculated by two-sided Chi-squared test) b, Ratios of pups born from  
Adh5-/-Csb+/m, Adh5-/-Xpc+/- and Adh5-/-Xpa+/- crosses showing that both  
Adh5-/-Csbm/m and Adh5-/-Xpa-/- pups are born at sub-Mendelian ratios (P 
calculated by two-sided Chi-squared test). c, Ratios of pups born from  
Adh5+/- Csb+/m and Adh5-/-Csb+/m crosses showing the ratio of Adh5-/-Csbm/m pups is 

partially rescued when the mother is aldehyde-detoxification proficient (Adh5 
+/- instead of Adh5 -/- in b, P calculated by two-sided Chi-squared test). For a, b, 
and c, mice were genotyped between 2-3 wk of age. d, Weights of adult male and 
female mice at 8 wk of age (Data shown as mean and s.e.m.; P calculated by 
two-sided Mann-Whitney test; n = 14, 19, 13, 12, 4, 9, 3, 7 for males left to right  
and 24, 30, 22, 21, 12, 9, 4, 5 for females left to right). e, Image of Csbm/m and  
Adh5-/-Csbm/m littermates at 12 months of age.



Extended Data Fig. 3 | Adh5-/-Csbm/m mice exhibit features of human 
Cockayne Syndrome. a, Growth curves of female mice based on weekly 
weights. Data shown as mean and s.e.m. n = 14, 14, 18 and 14. Along with fat mass 
from EchoMRI performed at 11 wk (young) and 53 wk (old). P calculated by 
two-sided Mann-Whitney test; data shown as mean and s.e.m.; n = 13, 14, 18, 14, 
11, 13, 6 and 6 left to right. b, Bar graph of grip strength for young (3 months) 
and old (1 yr) mice, determined by placing all four limbs on a grid attached to a 
force gauge. P calculated by two-sided Mann-Whitney test, data shown as mean 

and s.e.m.; n = 13, 15, 18, 20, 5, 12, 12 and 8 for males left to right and 13, 14, 18, 14, 
5, 3, 14 and 8 for females left to right. c, Left, age of onset plot for kyphosis.  
P calculated by two-sided Mantel-Cox logrank test, n = 21, 19, 22 and 9. Right, 
representative x-rays of Csbm/m and Adh5-/-Csbm/m mice at 1 yr of age showing 
kyphosis in the Adh5 -/-Csbm/m mouse. d, Brain weights of mice taken at 3 months 
(young) and 18 months (old). P calculated by two-tailed Student’s t-test; data 
shown as mean and s.e.m., n = 3 mice.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Adh5-/-Csbm/m mice succumb to chronic kidney failure 
and have liver abnormalities. a, Survival and cancer-free survival curve of 
Adh5-/-Csbm/m and control mice. b, Bar chart indicating the cause of death for 
wild type, Adh5-/-, Csbm/m and Adh5 -/-Csbm/m mice (n = 18, 31, 16 and 19). c, Weights 
of Adh5-/-Csbm/m male and female kidneys at 12 months relative to tibia length, 
data shown as mean and s.e.m. (n=8, 22, 20, 16, 10, 4, 22, 17 from left to right).  
d, Representative H&E stained sections of kidney from Csbm/m and Adh5-/-Csbm/m 
mice at sequential timepoints (n=4, 3, 4, 5, from left to right). e, Bar chart of the 
percentage of fibrosis in the cortex of H&E stained kidney sections at 
sequential time points in Adh5-/-Csbm/m and terminal controls, data shown as 
mean and s.e.m. (n=4, 4, 4, 3, 4, 5, from left to right). f, Representative PAS 
stained sections of kidney showing intratubular casts from Csbm/m and Adh5-/-

Csbm/m terminal mice (n=3). g, Urine obtained from indicated mice were tested 
for the presence of proteinuria by multistix 10SG. h, Blood counts from 
terminal blood samples of Adh5-/-Csbm/m and controls P calculated by two-sided 
Mann-Whitney test; data show as mean and s.e.m.; n = 9, 8, 6, 5 from left to right. 
i, Terminal serum measurements of albumin, alkaline phosphatase and alanine 
transaminase. P calculated by two-sided Mann-Whitney test; data show as 
mean and s.e.m.; n = 33, 10, 13 and 16. j, Representative H&E stained sections of 
liver from age-matched Csbm/m and Adh5-/-Csbm/m mice, arrows indicate cells with 
enlarged nuclei (n=3). k, Quantification of hepatocyte nuclear DNA content in 
young (3 month) and old (18 month) mice. P calculated by two-sided Student’s  
t-test for the content of 8n nuclei; data shown as mean and s.e.m.; n = 3 mice.
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Extended Data Fig. 5 | Methanol exposure exacerbates the Cockayne 
Syndrome phenotype in Adh5-/-Csbm/m mice. a, Scheme outlining weekly 
intra-peritoneal (I.P.) injection of 1.5 g/kg methanol (or saline) and analysis of 
treated mice. b-c, Monthly serum levels of urea (b) and creatinine (c) from mice 
exposed to methanol and saline controls, data plotted as mean and s.e.m.; n = 4. 
d, Kidney failure-free survival curve of Adh5-/-Csbm/m mice with and without 
methanol exposure (P calculated by two-sided Mantel-Cox logrank test; n = 7 
and 19). e, Representative image of kidneys from age-matched mice exposed to 
methanol or saline, taken after 24 hr of fixation. f, Representative H&E stained 

sections of kidney from Adh5-/-Csbm/m mice exposed to methanol or saline,  
G indicates glomeruli and arrows indicate atrophic tubules (n=4). g, Brain 
weights of age-matched mice exposed to methanol or saline. P calculated by 
two tailed Student’s t-test; data shown as mean and s.e.m., n = 3 mice.  
h, Quantification of the number of MAC2+ cells per field in mice exposed to 
methanol or saline. P calculated by two tailed Student’s t-test; data shown as 
mean and s.e.m., n = 3 mice. i, Representative immunofluorescence images of 
the cerebellum of Adh5-/-Csbm/m mice exposed to methanol or saline stained 
with MAC2 and DAPI at 40x (n=3).



Extended Data Fig. 6 | Methanol reveals kidney failure in Adh5-/-Xpa-/- mice 
but ethanol does not in Aldh2-/-Csbm/m mice. a, Serum measurements of 
albumin, alkaline phosphatase and alanine transaminase after 6 months of 
methanol treatment along with saline-treated controls. P calculated by 
two-sided Mann-Whitney test; data show as mean and s.e.m.; n = 4 mice.  
b, Kaplan-Meier survival curve of wild type, Adh5-/-, Xpa-/- and Adh5-/-Xpa-/- mice 
(n = 18, 31, 10 and 13). c, Kidney failure-free survival curve of Adh5-/-Xpa-/- mice 
with and without methanol exposure (P calculated by two-sided Mantel-Cox 

logrank test; n = 4 and 13). d, Monthly serum levels of urea and creatinine from 
mice exposed to methanol or saline, data plotted as mean and s.e.m.; n = 4.  
e, Kaplan-Meier survival curve of wild-type, Aldh2-/-, Csbm/m and Aldh2-/-Csbm/m 
mice (n = 18, 5, 16 and 5). f, Kaplan-Meier survival curve of wild-type, Aldh2-/-, 
Csbm/m and Aldh2-/-Csbm/m mice treated with 20% ethanol continuously in the 
drinking water (n = 6). g, Monthly serum levels of urea and creatinine from mice 
exposed to 20% ethanol continuously in the drinking water, data plotted as 
mean and s.e.m.; n = 6.
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | scRNA-seq reveals cells susceptible to formaldehyde 
transcriptional stress. a, Scheme outlining the scRNA-seq experiment.  
b, UMAP plots of murine kidney scRNA-seq data for wild type, Adh5-/-, Csbm/m 
and Adh5-/-Csbm/m mice, n = 3 and n = 31,624, 16,023, 29,082, 29,802 cells (pDC, 
plasmacytoid dendritic cell; MNP, mononuclear phagocyte; LOH, loop of henle; 
CT, connecting tubule; DCT, distal convoluted tubules; CD-PC, collecting duct 
– principle cell; CD-IC, collecting duct – intercalated cell; T_NK, T cells/NK cells; 
B, B cells). c, Bar chart showing the composition of cell types in the scRNA-seq 
data. d, UMAP plot of all scRNA-seq data with each genotype labelled a 
different colour, arrow indicates PT cells that are distinct to Adh5-/-Csbm/m 
kidneys. e, UMAP plot of PT sub-clusters split by genotype. f, Heatmap 

indicating the top two marker genes for each PT sub-cluster (marker genes are 
calculated by comparing the expression of each PT sub-cluster against all 
remaining PTs). g, top, Feature plots of Kim-1 expression from PT sub-clusters 
of Adh5-/-Csbm/m cells and controls, bottom, immunofluorescence images of 
Adh5-/-Csbm/m and control kidney sections stained with Kim-1 taken from mice 
aged 12 months. h, Log2 fold change plot of DEGs from PT-4 made relative to 
wild-type PT-4 cells. i, top, Feature plots of Gdf15 expression from PT sub-
clusters of Adh5-/-Csbm/m cells and controls, bottom, representative images of 
In situ hybridisation for Gdf15 mRNA (red spots) performed on Adh5-/-Csbm/m 
and control kidney sections, n=3.
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Extended Data Fig. 8 | scRNA-seq gene expression analysis of PT-4 
sub-cluster cells. a, Feature plots of Cyr61, Spp1 and B2m expression from PT 
sub-clusters of Csbm/m and Adh5-/-Csbm/m cells. b, Network of top 100 marker 
genes from PT sub-cluster PT-4 (marker genes were calculated by comparing 
expression of genes in PT-4 to all other PT cells). Data visualised in cytoscape 

v3.7.1 using the STRING app. Nodes are coloured based on top GO term 
enrichment pathway. c, Feature plots of p21, Phlda3 and Btg2 expression from 
PT sub-clusters of Csbm/m and Adh5-/-Csbm/m cells. d, Heatmap of expression of 
p53 target genes in PT cells of Adh5-/-Csbm/m and control mice.



Extended Data Fig. 9 | Gdf15 expression in mouse tissues. a and b, 
Representative images of in situ hybridisation for Gdf15 mRNA (red spots) 
performed on Adh5-/-Csbm/m and control kidney sections, n=3 c, Feature plots of 
Gdf15 expression from LOH and CD cells for Adh5-/-Csbm/m and control mice.  
d, Dot plot of mean expression and fraction of cells expressing Gdf15 in the loop 

of henle (LOH) and collecting duct (CD) for Adh5-/-Csbm/m and control mice.  
e, Feature plots of Gdf15 expression from LOH and CD cells for Adh5-/-Csbm/m 
mice treated with methanol or untreated. f, Dot plot of mean expression and 
fraction of cells expressing Gdf15 in Adh5-/-Csbm/m mice treated with methanol 
or untreated.
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Extended Data Fig. 10 | Metabolic analysis of Adh5-/-Csbm/m mice. a-b, Male 
and female mice were placed in metabolic chambers and respiratory exchange 
rate (R.E.R) and energy expenditure were measured over a 20-hr period, data 
shown as mean and s.e.m. n = 3, 5, 13 and 2 for males and n = 7, 4, 11 and 10 for 
females. c, male and female mice were placed in open field chambers and 

activity was measured over 20 min, data shown as mean and s.e.m (n=5, 10, 16 
and 14 for males and n= 4, 4, 14 and 12 for females). d, Bar chart of weekly food 
intake from Adh5-/-Csbm/m and control mice singly housed and averaged out over 
5 wk, data shown as mean and s.e.m, n=3.



Extended Data Fig. 11 | GDF15 release in response to cisplatin is increased in 
Csbm/m mice but absent in p53-/- mice. a, Daily weights of wild-type and Csbm/m 
mice exposed to weekly 0.5 mg/kg cisplatin intra-peritoneal injections 
alongside serum GDF15 measurements taken before and 4 wk after weekly 
injections. P calculated using two-sided Mann-Whitney test; data shown as 
mean and s.e.m.; n = 6 mice. b, Daily weights of wild-type and p53-/- mice 

exposed to weekly 4 mg/kg cisplatin intra-peritoneal injections alongside 
serum GDF15 measurements taken before and 6 wk after weekly injections.  
P calculated using two-sided Mann-Whitney test; data shown as mean and 
s.e.m.; n = 6 mice. c, In situ hybridisation for Gdf15 mRNA (red spots) performed 
on wild-type and p53-/- kidney sections 24 h after 4 mg/kg cisplatin treatment 
(n=3).
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Reporting Summary
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in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No commercial, open source or custom code was used for data collection in this study

Data analysis For scRNA-seq data analysis: 
 
Following sequencing, BCL files were demutiplexed to Fastq files using CASAVA. 
Subsequently splitting to single cells and mapping of genes was carried out using 
Cellranger v3.0. 
 
The single-cell data (10x cellranger output) was corrected for ambient RNA 
expression using SoupX (v1.2.1)51. After SoupX, doublet detection was performed 
using scrublet (v0.2.1)52 with adaptations outlined in Popescu et al53. Briefly, 
after scrublet was performed, the data was iteratively sub-clustered using standard 
Seurat-inspired scanpy (v.1.4.5.post2) workflow 54,55 and a median scrublet score 
for each subcluster was computed. Median absolute deviation was computed from the 
cluster scrublet scores and a one tailed t-test was performed with 
Benjamini-Hochberg (BH) correction 56 applied where cells with significantly 
outlying cluster scrublet scores (BH pval < 0.1) were flagged as potential doublets. 
The data was then processed using scanpy with standard quality control steps; cells 
were filtered if number of genes > 2500 or < 200. Similar to Park et al 57, 
percentage mitochondrial content cut-off was set at <50%. Genes were retained if 
expressed by at least 3 cells. Gene counts for each cell were normalised to contain 
a total count equal to 10000 per cell. Highly variable genes were selected based on 
the following parameters: minimum and maximum mean expression are >=0.0125 and <=3 
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respectively; minimum dispersion of genes = 0.5. The effects of total counts per 
cell, percentage of mitochondrial content and cell cycle states were regressed out 
prior to scaling of variable genes. Neighbourhood graph graphs were constructed with 
20 neighbours using 80 PCs (all cells) or 30 PCs (proximal tubules only). Clustering 
was performed using Leiden algorithm58 with resolution set at 0.5. Uniform Manifold 
Approximation and Projection (UMAP; v3.10.0)59 was used for dimensional reduction 
and visualization; Partition-based graph abstraction (PAGA)-initialization was used 
to compute the UMAP embedding for all cells while default (spectral) was used for 
PT; the minimum distance was set at 0.3; all other parameters were used as per 
default settings in scanpy. 
 
Differential gene testing was performed using the Wilcoxon test rank sum implemented 
in scanpy’s rank_genes_groups module. BH post-hoc correction was applied to the 
p-values calculated after DEG analysis. Genes that attained corrected P value of < 
0.05 were considered statistically significant. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All single cell RNA-sequencing data has been deposited on geo with reference GSE175792 ready to go live on the day of publication.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size For tissue culture work all experiments were repeated 3 times and averages plotted. This was predetermined as a matter of good practise 
rather than predetermined by statistical methods. These sample sizes allowed for us to detect statistically significant differences and so 
further experiments were not needed.  
 
For the majority of the experiments performed on live mice the sample size was predetermined at 10 so that we could generate robust 
statistical significant data, however we have included additional animals depending on the genotyping from breeding crosses set up to 
provide 10 mice per genotype.  
 
For more invasive studies such as the methanol, cisplatin, GDF15 Ab studies we designed experiments to include at least n= 3 for robust 
statistics. The majority of these experiments were repeated so that in most cases n=6. The data generated from these experiments resulted in 
statistical significance therefore more experiments were not needed.  
 
These numbers were based on the likely number of mice for each genotype that we would be able to generate from our capacity of mouse 
cages, we also wanted to refrain from using too many mice unnecessarily if statistical significance could already be reached. 
 
For immunoflourescence analysis/histology and RNAscope sample sizes were equal to 3 mice, this was predetermined as a matter of good 
practise and also allowed for robust findings so that experiments did not need repeating. 
 
For single cell analysis we used 3 mice per genotype and pooled the samples for sequencing this was also predetermined to average out any 
effects and ensure robust findings. When analysing the data we were able to make statistcal significant observations between genotypes so 
we did not need to repeat the experiment. 
 
 

Data exclusions No data was excluded from the analysis

Replication For tissue culture work all experiments were repeated 3 times. 
 
For animal studies where mice were given methanol or cisplatin all experiments were repeated at least once and all data plotted. 
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For live animal experiments other than cisplatin and methanol exposure protocols animals were divided up into cohorts as they were 
generated and phenotyped at predetermined time points. In total 6 cohorts were generated and data pooled as it was generated. 
 
All attempts at replication were successful. 

Randomization For live animals, once genotypes were confirmed cohorts were organised and placed into experimental protocols. Cohorts were designed so 
that they had at least 3 animals per genotype. 
 
For tissue culture experiments experiments were designed so that all cell lines were tested in a single experiment, randomisation was not 
required as all lines were treated the same.

Blinding For Tissue culture experiments blinding was not deemed necessary as all groups were treated the same and experiments were performed in 
triplicate. 
 
For all mouse work technicians were blinded to the genotype of the animals and mouse I.D numbers were used.  

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used For screening HEK293 cells an in-house rabbit anti-ADH5 antibody was used which has 

been previously described. For screening complemented tMEF clones anti-FLAG 
(Sigma, clone M2) was used at 1/1000. For the degradation of RPB1 blots, RPB1 (Cell 
Signalling, D8L4Y) was used at 1/1000 and for ubiquitylation of RPB1, RPB1 (abcam, 
4H8) was used at 1/10,000. In both RPB1 blots, mouse anti-vinculin (Sigma, Cat 
V9131) was used as a loading control at 1/10,000. For immunoflourescence MAC2 (Cedarlane, clone M3/38) at 1/2000, Alexaflour 
488 anti-rat (invitrogen) at 1/1000 and KIM-1 (R&D Systems, AF1817) used at 1/500. For GDF15 antibody treatment 10mg/kg was 
used, antibody provided by Pfizer (not commercial).

Validation All antibodies used are commercially available with details above. Except the in house anti-Adh5 antibody, the details for this can be 
found here: 
Pontel, L. B. et al. Endogenous formaldehyde is a hematopoietic stem cell genotoxin and metabolic carcinogen. Mol. Cell 60, 177–188 
(2015). 
The GDF15 antibody provided by Pfizer was previously characterised and details can be found here: 
Breen, D. M. et al. GDF-15 Neutralization Alleviates Platinum-Based Chemotherapy-Induced Emesis, Anorexia, and Weight Loss in 
Mice and Nonhuman Primates. Cell Metab. 32, 938-950.e6 (2020). 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) tMEF cell lines were made in house as described in the method section of the manuscript. HEK293t cells were a kind gift from 
the Svejstrup lab and were orginally purchased from Thermo Fisher Scientific.

Authentication Cell lines were validated by Western blot as detailed in the methods

Mycoplasma contamination All cell lines were routinely tested for mycoplasma contamination and were negative

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines were used
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All lab animals used were in the C57 Black 6 background except p53 mice and wild type controls which were an F1 cross between C57 
Black 6 and 129.  
 
 Both males and females were used for in vivo phenotyping which was carried out at young (3months of age) and old time points 
(12months). For single cell analysis males aged between 10-12 months were used. Methanol exposure was done at 8-12 weeks on 
female mice. Cisplatin exposure was performed on males between 8-12 weeks old. GDF15 antibody experiments were performed on 
male mice between 12-20 weeks old. 
 
Animal experiments undertaken in this study were with approval of the MRC Laboratory of Molecular Biology animal welfare and 
ethical review body and the UK Home Office under the Animal (Scientific Procedures) Act 1986 license PFC07716E. 
All mice were maintained under specific pathogen-free conditions in individually ventilated cages (Techniplast GM500, Techniplast) 
on Ligno-cel FS14 spruce bedding (IPS, LTD) with environmental enrichment (fun tunnel, chew stick, and Enviro-Dri nesting material 
(LBS)) at 19–23 °C with light from 7:00 am to 7:00 pm and fed Dietex CRM pellets (Special Diet Services) ad libitum. 
 

Wild animals No wild animals were used 

Field-collected samples No field collected samples were used 

Ethics oversight All animal work in this study were with approval from the MRC LMB animal welfare and ethical review body and the UK Home Office 
under the Animal (Scientific Procedures) Act 1986 license PFC07716E

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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