el el
WN R OO0ONOUTA WN K-

H
o

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.21.489100; this version posted January 23, 2023. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

A natural variation-based screen in mouse cells reveals USF2 as a
regulator of the DNA damage response and cellular senescence

Taekyu Kang®?, Emily C. Moore?, Emily E. K. Kopania3, Christina D. King?, Birgit
Schilling®, Judith Campisi?, Jeffrey M. Good?, and Rachel B. Brem*?*

1Buck Institute for Research on Aging, Novato, CA; 2Department of Plant and Microbial Biology,
UC Berkeley, Berkeley, CA, 3Division of Biological Sciences, University of Montana, Missoula,
MT
*Correspondence: rbrem@berkeley.edu

Novel screen reveals USF2 as senescence regulator
Keywords: Natural variation, novel screen, USF2, DNA damage, cellular senescence


https://doi.org/10.1101/2022.04.21.489100
http://creativecommons.org/licenses/by-nc-nd/4.0/

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63
64

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.21.489100; this version posted January 23, 2023. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

Abstract

Cellular senescence is a program of cell cycle arrest, apoptosis resistance, and cytokine release
induced by stress exposure in metazoan cells. Landmark studies in laboratory mice have
characterized a number of master senescence regulators, including p16'™k42, p21, NF-kB, p53,
and C/EBPf3. To discover other molecular players in senescence, we developed a screening
approach to harness the evolutionary divergence between mouse species. We found that
primary cells from the Mediterranean mouse Mus spretus, when treated with DNA damage to
induce senescence, produced less cytokine and had less-active lysosomes than cells from
laboratory M. musculus. We used allele-specific expression profiling to catalog senescence-
dependent cis-regulatory variation between the species at thousands of genes. We then tested
for correlation between these expression changes and interspecies sequence variants in the
binding sites of transcription factors. Among the emergent candidate senescence regulators, we
chose a little-studied cell cycle factor, USF2, for molecular validation. In acute irradiation
experiments, cells lacking USF2 had compromised DNA damage repair and response. Longer-
term senescent cultures without USF2 mounted an exaggerated senescence regulatory
program—shutting down cell cycle and DNA repair pathways, and turning up cytokine
expression, more avidly than wild-type. We interpret these findings under a model of pro-repair,
anti-senescence regulatory function by USF2. Our study affords new insights into the
mechanisms by which cells commit to senescence, and serves as a validated proof of concept
for natural variation-based regulator screens.

Introduction

Metazoan cells of many types, upon exposure to stress, can enter a senescence program, in
which they stop dividing, become refractory to apoptosis, and release soluble inflammation and
tissue remodeling factors termed the senescence-associated secretory phenotype (SASP) (1-
4). The resulting acute immune response can clear debris, promote wound healing, and/or
suppress tumorigenesis (5-8). However, during aging, senescent cells can remain long past
any initial triggering event, resulting in chronic inflammation that damages the surrounding
tissue (5,9-12). Landmark work has revealed the benefits of eliminating senescent cells to treat
age-related pathologies and boost median lifespan (7,8,13,14).

Establishment of the senescent state and the activity of senescent cells hinge in large part on
gene regulatory events. Finding molecular players that control this process is an active area of
research. Now-classic work has implicated p16™K42 and p21 in the repression of pro-cell cycle
genes and promotion of growth arrest (15) after DNA damage, and NF-kB, p53, and C/EBPJ as
regulators of the SASP (16). However, given the complexity of the senescence program, many
more regulators likely remain to be identified. Indeed, bioinformatic approaches have identified
dozens of other transcription factor candidates in senescence (17—-24), many of which remain
unvalidated (but see (18-21) for recent discoveries of the roles of DLX2, FOXO3 and AP-1).

We set out to develop a novel approach to survey transcription factors that play a role in cellular
senescence, with the potential for increased specificity relative to traditional genomic screens.
Our strategy took advantage of the natural genetic variation in senescence gene expression,
and transcription factor binding sites, across mouse species. Among the top hits from this
analysis, we chose the under-studied factor USF2 for validation experiments, focusing on gene
regulation and cellular phenotypes during senescence induction and maintenance.

Methods
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65
66  Primary cell extraction and culture
67
68  Wild-derived lines of Mus musculus (PWK/PhJ), Mus spretus (STF/Pas), and their interspecies
69  F1 hybrids (M. musculus x M. spretus), were maintained in standard conditions under Montana
70 Institutional Animal Care and Use Committee protocol number 062-1JGDBS-120418. For each
71  genotype, five tails from two males and three females aged 3 to 5 months were collected into
72  chilled Dulbecco’s Modified Eagle Medium (DMEM) and shipped to the Buck Institute/UC
73 Berkeley for further processing. M. domesticus TUCA, from Tucson, Arizona, in their 40th
74 generation of sib-sib mating, and MANB, from Manaus, Brazil, in their 25th generation of sib-sib
75  mating, were maintained in standard conditions under UC Berkeley Institutional Animal Care
76  and Use Committee protocol number AUP-2016-03-8548-2. For each genotype, two tails from
77  female mice less than 10 weeks old were collected as above. No blinding was required for tail
78  collection. Primary tail fibroblasts were extracted from the cuttings essentially as described (25).
79  For experiments in wild-type M. musculus, M. spretus, M. domesticus, and F1 hybrid cells we
80  considered the culture from each individual animal to represent one biological replicate of the
81 respective genotype.
82
83  Irradiation treatment
84
85 To treat a given cell culture replicate with ionizing radiation (3,26,27) for a cell-biological assay
86  or omics profiling, we proceeded as follows. The day before irradiation, cells were seeded at 60-
87  70% confluency and incubated in a 37°C humidified incubator at 3% O, and 10% CO; overnight
88 in complete medium. The next day, a subset of cells was collected and used as input into the
89  respective experiment as the unirradiated control. The remainder of the culture was transferred
90 into an X-RAD 320 X-Ray Biological Irradiator and treated with 15 Gy of X-ray irradiation.
91  Cultures were then placed back into the 37°C humidified incubator at 3% O, and 10% CO; until
92  sampling at 6 hours for marker assays and RNA-seq focused on acute DNA damage response,
93 or 7, 10 or 20 days for marker assays and RNA-seq and proteomics focused on senescence (in
94  which case the medium was replaced 6-8 hours after irradiation, then every 48 hours for the
95  remainder of the experiment), as detailed below.
96
97 Senescence marker assays
98
99  For a given replicate culture after irradiation and incubation (see above), senescence-
100 associated B-galactosidase activity was measured using the BioVision Inc. Senescence
101  Detection Kit (cat. #K320): cells were fixed, permeabilized, and incubated with the staining
102  solution containing X-gal overnight. Multiple images were taken the following day using a
103  brightfield microscope, and the image names were randomized before the proportion of -
104  galactosidase-positive cells was counted manually to remove potential sources of bias. Cultures
105 were considered to be senescent if they showed less than 10% EdU incorporation (see below)
106  and over 90% B-galactosidase-positive cells. In the species comparison of Figure 1 we
107  subjected two technical replicate cultures of each of three biological replicates per purebred
108 species to irradiation (see above) followed by pB-galactosidase assays at the indicated
109 timepoints. In Figure 6C, we carried out irradiation and B-galactosidase assays as above at day
110 7 after irradiation for two technical replicates from each of two biological replicates of M.
111  musculus cells infected with lentivirus harboring the scrambled control and two of each Usf2
112 knockdown (see below). In Supplemental Figure S1, data from each purebred cell lines were
113  collected on day 10 following irradiation. In Supplemental Figure S4, data for purebreds were
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114  from Figure 2 at day 7; separately, for the interspecies F1 hybrid, we carried out irradiation and
115 B-galactosidase assays as above for two technical replicates from one biological replicate.

116

117 RNA collection and sequencing

118

119  For a given replicate culture of a given genotype, either before irradiation or 6 hours, 10 days, or
120 20 days after irradiation (see above), cells were treated with TRIzol™ and RNA was extracted
121  using chloroform and ethanol precipitation. The RNA was then further purified using the Qiagen
122  RNeasy Kit (cat. #74004) for DNase treatment and column cleanup. The purity of the extracted
123  RNA was verified using a NanoDrop ND-1000 Spectrophotometer; all samples had 260/280 and
124  260/230 ratios greater than 2.0. Purified RNA in distilled RNase/DNase free water was snap
125 frozen using dry ice and stored at -80°C. Samples were then either transferred to the QB3

126  Genomics core at University of California, Berkeley for library prep and sequencing on 150PE
127 NovaSeq S4 or shipped to Novogene Co. (Sacramento, CA) for the same. Both facilities

128  provided 25 million paired end reads per sample. For expression profiles of purebred cells and
129 M. musculus x M. spretus F1 hybrid cells, we subjected three biological replicates of a given
130 genotype to irradiation (see above) followed by RNA-seq at the indicated timepoints. To assess
131 transcriptional impacts of Usf2 knockdown we carried out irradiation and RNA isolation as above
132  for two biological replicates of M. musculus cells infected with lentivirus harboring the scrambled
133  control and two of each Usf2 knockdown (see below).

134

135 Pseudogenome and VCF generation

136

137  As publicly available annotations for M. musculus and M. spretus are in the context of their

138 reference genomes (GRCm38.96 and SPRET_EiJ v1.96 respectively), custom

139  pseudogenomes for strains PWK and STF were generated and used for this study. For the

140 PWK pseudogenome, variant calls between PWK and the reference genome in the form of a
141  variant call file (VCF) were downloaded from the Sanger Mouse Genomes Project database
142  (https://www.sanger.ac.uk/data/mouse-genomes-project/). A pseudogenome using the VCF and
143 the GRCm38.96 reference genome was created using bcftools v1.9 (28). To generate shotgun
144  sequence data for the STF pseudogenome, DNA was extracted from M. spretus liver tissue

145  using Qiagen DNeasy spin columns (cat. #69506). The sample was sheared via sonication

146  (Covaris E220), and prepared using the New England Biolabs NEBNext Ultra DNA Library kit
147  (cat. #E7370L). The final library was sequenced on a single lane of 150bp PE Illumina HiSeq X
148 at Novogene, Inc. The latter reads were aligned to the SPRET_EiJ_v1.96 reference genome
149  using bowtie v2.2.3 (29), and a VCF was generated using bfctools mpileup and filtered for

150 quality, depth, and SNPs using vcfutils (30,31). The VCF was then used with the reference

151 genome to create a STF pseudogenome using bcftools. The pseudogenomes were verified by
152 identifying a number of called variants by hand. A VCF of variants between the STF and PWK
153 pseudogenomes was generated as above aligning the STF whole genome sequencing reads to
154  the PWK pseudogenome.

155

156 RNA-seq processing

157

158 Intranscriptional profiles of M. musculus x M. spretus F1 hybrid cells, sequencing reads from a
159 given replicate were aligned to a concatenated PWK/STF pseudogenome using tophat v2.1.1
160 (32) allowing for zero mismatches to ensure allele specific mapping. Alignments were then

161 filtered for uniquely mapped reads using samtools v1.3.1, and gene counts were generated

162  using HTSeq v0.11.2 (33) and genome annotations (GRCm38.96, SPRET_EiJ_v1.96) for both
163  species from Ensembl. Counts were then converted to transcripts per million (TPM) using
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164  custom R scripts, and genes were filtered for those showing counts in more than half the

165 samples sequenced.

166

167 In transcriptional profiles of purebred M. musculus wild-type cells and M. musculus cells infected
168  with lentiviruses harboring shRNAs, RNA-seq processing was as above but mapping was to the
169 PWK pseudogenome only; for profiles of purebred M. spretus wild-type cells, mapping was to
170  the STF pseudogenome only.

171

172  Data for the average TPM across biological replicates for purebred parents and interspecific F1
173  hybrid are reported in Supplemental Table S1. Average TPM across biological replicates for
174  shRNA-treated M. musculus cells are reported in Supplemental Table S6.

175

176  Gene Ontology enrichment analysis of RNA-seq data

177

178  For the comparison of transcriptional profiles of M. musculus and M. spretus purebred cells, for
179  each gene in turn we tabulated the average TPM count from each species across replicates,
180 and then took the log. of the ratio of these averages, rsenue. We downloaded Gene Ontology
181  annotations from the AmiGO 2 (34,35) database and filtered for those with supporting biological
182  data. For each term, we summed the rsenwue Values across all genes of the term, yielding Ssen,true.
183  To assess the enrichment for high or low values of this sum, we first took the absolute value,
184  |ssentue|. We then sampled, from the total set of genes with expression data, a random set of the
185 same number as that in the true data for the term; we calculated the species difference rsen,rand
186 for each such gene and the absolute value of the sum over them all, |Ssen,rand|. We used as a p-
187  value the proportion of 10,000 resampled data sets in which |Ssen,rue| > |Ssen,rand]-

188

189  For analysis of the impact of Usf2 knockdown on expression before or 6 hours, 10 days, or 20
190 days after irradiation (see below), Gene Ontology enrichment tests were as above except that
191  we took the ratio, for a given gene, between the average expression in purebred M. musculus
192  (PWK) cells infected with lentivirus harboring scrambled shRNA and the analogous quantity
193  across both Usf2-targeting shRNA treatments.

194

195 Proteomic analysis of secreted proteins

196

197  For a given replicate culture, either before irradiation or 10 days after irradiation (see above),
198 cells were washed three times with PBS and incubated with serum and phenol red free DMEM
199  containing 1% pen-strep for 24 hours. The following day the conditioned medium was collected
200 and passed through a 0.45 um filter to remove cellular debris. The conditioned medium was
201  placed in a -80°C freezer for storage before use as input into proteomic profiling (see below).
202  For proteomic profiles of purebred cells, we carried out this procedure for three technical

203  replicate cultures of one biological replicate per species.

204

205  Sample processing for quantitative proteomic analysis via mass spectrometry was performed as
206  described in (36).

207

208  Transcriptomic screen for senescence regulators

209

210  To associate expression variation in genes with sequence variation in their upstream binding
211  sites for a given transcription factor, we proceeded as follows. From RNA-seq profiling of M.
212  musculus x M. spretus F1 hybrid cells (see above), we used the TPM counts for each parent
213  species’ allele from each replicate profile from control and senescent conditions as input into a
214 two-factor ANOVA. A given gene was categorized as exhibiting senescence-associated

5
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215  differential allele specific expression if the interaction F statistic value from this ANOVA was
216  among the top 25% of all genes tested. Separately, we used compiled data from chromatin

217  immunoprecipitation via high-throughput sequencing from the Gene Transcription Regulation
218 Database (GTRD) (37) to identify all experimentally determined transcription factor (TF) binding
219  sites located within a 5kb window upstream of the transcriptional start site for each gene in turn
220 in the M. musculus genome; we refer to the downstream gene of each such binding location as
221  the target of the TF. This calculation used M. musculus gene start sites from the Ensembl

222 GRCm38.96 GFF. Next, for each binding site, we used the VCF between PWK and STF

223  pseudogenomes (see above) to identify single nucleotide variants between PWK and STF in the
224  binding site locus. Now, for all the target genes of a given TF, we categorized them as having
225  sequence variants or not in the respective binding site, and exhibiting senescence-associated
226  differential allele-specific expression. We eliminated from further consideration any TF with

227  fewer than 250 target genes in each of the four categories. For all remaining TFs, the 2 x 2

228  contingency table was used as input into a Fisher’s exact test with Benjamini-Hochberg multiple
229  testing correction.

230

231  Usf2 shRNA vector design, construction and application

232

233  Usf2 knockdown shRNA sequences were obtained from the Broad Institute Genetic

234  Perturbation Portal (https://portals.broadinstitute.org/gpp/public/). Two shRNA sequences for
235  Usf2

236 (CCGGGCAAGACAGGAGCAAGTAAAGCTCGAGCTTTACTTGCTCCTGTCTTGCTTTTTTGAA
237 T; CCGGACAAGGAGACATAATGCATTTCTCGAG-

238 AAATGCATTATGTCTCCTTGTTTTTTTGAAT), and, separately, a scrambled control sequence
239 (CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG, Addgene cat.
240  #1864), were each cloned into pLKO.1 puro lentiviral vectors (Addgene cat. #8453). Lentiviral
241  particles containing each of the shRNA constructs were generated by calcium phosphate co-
242  transfection of HEK 293T cells with the shRNA pLKO.1 puro vectors and separate

243  pMDLg/pRRE packaging and pCMV-VSV-G envelope plasmids generously provided by Dr.
244  Marius Walter of the Verdin Lab at the Buck Institute. The number of viral particles generated
245  was determined using the Origene One-Wash™ Lentivirus Titer Kit, p24 ELISA (cat.

246  #TR30038). These particles were used to infect two biological replicates of purebred M.

247  musculus (PWK) primary tail fibroblasts at a multiplicity of infection of 5 with 4 pug/mL of

248  polybrene, and infected cells were selected by incubating with 2 ug/mL puromycin for 10 days,
249  changing media and antibiotic every other day. Knockdown of Usf2 was determined by qPCR,
250  using Usf2 gPCR primer sequences chosen through NCBI Primer Blast, filtering for those

251  spanning an exon-exon junction. The primer pair with the same efficiency (calculated as 10¢
252  1slore) when plotting log concentration of template cDNA versus Ct) as the internal control Actb
253 gPCR primers was chosen: Usf2 forward 5 TTCGGCGACCACAATATCCAG 3’, Usf2 reverse 5’
254 TTCGGCGACCACAATATCCAG 3, Actb forward 5 CAACCGTGAAAAGATGACCC 3, Actb
255  reverse 5 GTAGATGGGCACAGTGTGGG 3'. Usf2 expression was calculated using the Delta-
256  Delta Ct method (38).

257

258  Cell proliferation and DNA damage assays

259

260  For each of two biological replicates of purebred M. musculus (PWK) cells infected with

261 lentivirus harboring the scrambled control and two of each Usf2 knockdown, either before

262 irradiation or 6 hours after irradiation (see above), we measured cell proliferation and DNA

263  damage response as follows.

264
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265  For a given replicate, DNA synthesis was measured via 5-ethynyl-2"-deoxyuridine (EdU)

266  incorporation assays using the Invitrogen™ Click-iT™ Edu Alexa Fluor™ 488 Flow Cytometry
267  Assay Kit (cat. #C10420). Comet assays were carried out to measure levels of DNA double
268  stranded breaks for a given replicate culture as described (39).

269

270 For H2AX assays, for a given replicate, cells were fixed, permeabilized, and blocked, then

271  incubated with 1 pg/mL of primary antibodies specific to phosphorylated (Ser 139) H2AX (cat. #
272  sc-517348, Santa Cruz Biotechnology) in 3% BSA overnight at 4°C. The following day the cells
273  were washed in PBS three times before incubating with 2 pg/mL of Alexa 488 secondary

274  antibodies purchased from Invitrogen (cat. # A11001) for two hours at room temperature. Cells
275  were washed three times with PBS then incubated with 0.5 pg/mL DAPI for 5 minutes at room
276  temperature. The cells were washed once more with PBS before mounting for imaging. Multiple
277  representative confocal images of each sample were taken using a Zeiss LSM 710

278  AxioObserver, and processed with ImageJ (40).

279

280  Multivariate ANOVA of irradiation and senescence timecourse

281

282  To identify genes whose expression changed in wild-type cells through irradiation and

283  senescence, we used RNA-seq profiling data from purebred M. musculus (PWK) cells harboring
284  ascrambled shRNA before and 6 hours, 10 days, and 20 days after irradiation (see

285  Supplemental Table S6) as input into a multivariate ANOVA test.

286

287  MERLIN regulatory network reconstruction

288

289  To reconstruct a regulatory network we used RNA-seq profiling data for purebred M. musculus
290 (PWK) cells harboring a scrambled shRNA or a Usf2-targeting RNA, before and 6 hours, 10
291 days and 20 days after irradiation, as input into MERLIN (41) with default settings. Analysis
292  used a catalog of murine transcription factors from the Gene Transcription Regulation Database
293  (37).

294

295 Results

296

297  High levels of senescence markers in M. musculus fibroblasts relative to other mice

298

299  To study natural variation in senescence phenotypes, we made use of a classic in vitro cell

300 model of senescence, namely primary fibroblasts from mouse tail skin treated with 15 Gy of

301 ionizing radiation (IR) (3,26). We isolated primary tail fibroblasts from the PWK and STF wild-
302  derived purebred lines of Mus musculus musculus (hereafter M. musculus) and M. spretus

303 respectively. Seven days after IR treatment, cells from both species had arrested growth and
304  exhibited the expected flattened and enlarged morphologies of senescent cells (Figure 1A-B).
305  Assaying these cultures for yH2AX foci, a marker of the DNA damage response and a hallmark
306  of long-term senescence (42,43), we found that counts were indistinguishable in primary M.

307  musculus and M. spretus fibroblasts after irradiation, though higher in the latter in the absence
308 of treatment (Figure 1C). These data indicated that cells of both species had mounted the DNA
309 damage response and entered the senescent state in our treatment and incubation regime.

310

311 To begin to compare the senescence program between cells of M. musculus and M. spretus, we
312  assayed primary fibroblasts from each species for senescence-associated B-galactosidase

313  (SABG), which reports lysosomal hyperactivity during senescence and has served as a classic
314  marker of senescence (44). After irradiation we detected robust signal in this assay from cells of
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315 both species, as expected; however, the proportion of SABG-positive cells in M. spretus

316 fibroblast cultures was two to eight-fold lower than that of M. musculus cells (Figure 2). Primary
317 fibroblasts from M. musculus domesticus, a close relative of M. musculus musculus, exhibited
318 anintermediate SABG staining after irradiation (Supplemental Figure S1). We conclude that in
319 the irradiated fibroblast culture model, genotypes from distinct species encode a range of

320 lysosomal activity phenotypes, with the most avid in M. musculus musculus.

321

322  The high-amplitude SASP of M. musculus fibroblasts is unique relative to M. spretus

323

324  In M. musculus cells, the massive lysosomal changes seen after irradiation likely result from
325  overload of the proteostasis system during SASP production (45-47). Given that we had

326  observed weaker effects of irradiation on lysosomal activity in fibroblasts from non-M. musculus
327  species, we hypothesized that the latter would likewise exhibit a dampened-SASP phenotype.
328  To test this, we focused on M. musculus and M. spretus as representatives of the extremes of
329  the phylogeny. We profiled bulk RNA levels in irradiated and control primary fibroblast cultures
330 from each species (Supplemental Table S1). In the resulting profiles, we inspected genes of the
331  SASP immune-stimulatory program (4), and found that this gene cohort was induced more

332 highly in M. musculus cells than in those of M. spretus after irradiation (Figure 3A). Likewise, in
333 an unbiased search of Gene Ontology terms, we identified several suites of immune response
334  and NF-kB signaling genes that were enriched for senescence-specific differential expression
335  between the cultures (Figure 3B and Supplemental Tables S2 and S3). In each case, the gene
336  groups were more strongly induced during senescence in M. musculus cells than in M. spretus
337  cultures; among members of the latter we noted Cxcll (Kim et al. 2018), 116 (49), Ccls 2,7 and 8
338  (50), Mmp13 (51), and other reported SASP genes (Supplemental Figure S2). These data make
339 clear that, at the level of mMRNA, the senescence regulatory program differs markedly between
340 fibroblasts of our focal species.

341

342  We hypothesized that much of the mMRNA expression divergence between M. musculus and M.
343  spretus cells during senescence would result in differential protein abundance. In pursuing this
344  notion, we focused on proteins secreted into the medium by senescent cells, owing to the

345  physiological importance of the SASP (50). We collected conditioned media from senescent and
346  control cultures of primary fibroblasts of each genotype, and we used it as input into unbiased
347  mass spectrometry to quantify protein abundance (Supplemental Table S4). Focusing on

348  proteins with a significant senescence-specific divergence in secretion between cells of the two
349  species in this data source, we found higher levels overall in the medium of irradiated M.

350  musculus cells relative to that of M. spretus (Figure 3C). This trend was borne out for a broad
351 representation of SASP factors, including CCL chemokines, matrix metalloproteases, and

352  serpins (Supplemental Figure S3). Together, our omics profiles reveal striking quantitative

353 differences in SASP levels between M. spretus fibroblasts and those of M. musculus, with

354  higher mRNA expression and protein secretion in the latter.

355

356 A genomic screen for senescence transcription factors using cis-regulatory sequence
357  variations

358

359  Having established divergence between M. musculus and M. spretus primary fibroblasts in

360 senescence mRNA and protein secretion (Figure 3), we reasoned that such differences could
361 be harnessed in an in silico screen for senescence regulators. We designed an analysis

362  focused on gene regulation—in particular, on variation between the species at the binding sites
363  of transcription factors (Figure 4A). We expected that, at some genes, cis-regulatory elements
364  encoded in the M. musculus genome would drive expression during senescence differently than
365 those in the M. spretus genome. We reasoned that if cis-acting variation effects were enriched

8
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366 among the loci bound by a given transcription factor across the genome, the signal could be
367 interpreted as a signpost for the factor’s activity during senescence (Figure 4A). In this way, all
368 cis-regulatory variants between the species that manifested in cultured primary fibroblasts,

369  whether of large or small effect size, and regardless of their potential for phenotypic impact,
370  could contribute to the search for transcription factors relevant for senescence.

371

372 As aresource for this approach, we mated PWK M. musculus and STF M. spretus to yield F1
373  hybrid animals, from which we derived primary tail fibroblasts for culture and irradiation. These
374  cells, when irradiated, exhibited a flattened morphology reflecting entry into senescence;

375  senescence-associated B-galactosidase activity was of a magnitude between those of purebred
376 M. musculus and M. spretus fibroblasts upon irradiation (Supplemental Figure S4). We

377  subjected senescent and control F1 hybrid fibroblasts to RNA-seq profiling, and we used the
378  results to quantify levels of transcripts derived from the M. musculus and M. spretus alleles of
379 each gene in each condition (Supplemental Table S1). At a given gene, any difference between
380 allele-specific expression in an F1 hybrid can be attributed to variants inherited from the parent
381 species that perturb gene regulation in cis at the locus, because trans-acting factors impinge to
382 the same extent on both alleles (52). Analyzing the response to senescence induction for a
383  given gene, we found that the allele-specific expression difference between the alleles in the F1
384  hybrid was a partial predictor of the expression divergence between the M. musculus and M.
385  spretus purebreds, in our primary cell system (Supplemental Figure S5). The latter trend reflects
386 the joint contributions of cis- and trans-acting variants to total expression divergence between
387  the species, as expected (53). Separately, to survey overall regulatory programs in F1 hybrid
388  primary fibroblasts, we formulated the expression level of a given gene in a given condition as
389 the sum of the measured levels of the M. musculus and M. spretus alleles. In this analysis,

390 focusing on SASP genes as we had done for the purebreds (Figure 3A), we found that the

391 expression program of senescent F1 hybrid cells was, for most components, intermediate

392  between the low levels seen in M. spretus cells and the high levels in M. musculus

393  (Supplemental Figure S6). These data indicate that M. musculus x M. spretus F1 hybrid

394 fibroblasts do not exhibit heterosis with respect to senescence-associated genes, and do

395 manifest extensive, senescence-dependent cis-regulatory variation.

396

397  We next used the expression measurements from M. musculus x M. spretus F1 hybrid

398 fibroblasts as input into our in silico screen to identify senescence-dependent transcription factor
399  activity. For a given transcription factor, we collated binding sites detected by chromatin

400 immunoprecipitation upstream of genes across a panel of tissues (37). At each site, we

401 tabulated the presence or absence of DNA sequence variants in the respective genomes of M.
402  musculus and M. spretus. We then tested whether, across the genome, genes with these

403 binding site variants were enriched for senescence-associated expression differences between
404  the two alleles in the F1 hybrid. This test had the capacity for high power to detect even subtle
405  contributions from transcription factors if they had deep binding-site coverage in the input data;
406 five factors attained genome-wide significance (Figure 4B and Supplemental Table S5). Among
407  them, PBX1 (54) and CREBBP (55,56) had been implicated in cellular senescence in the

408  previous literature, providing a first line of evidence for the strength of our approach to identify
409 signatures of condition-dependent transcription factor function. The top-scoring transcription
410 factor in our screen, a basic-helix-loop-helix leucine-zipper protein called upstream stimulatory
411 factor 2 (USF2), had not been experimentally characterized in stress response or senescence.
412  However, classic studies had established USF2 as a regulator of the cell cycle and tumor

413  suppression (57-60). More recently, USF2 was shown to control cytokine release in immune
414  cells (61). Considering these known functions, and bioinformatic analyses suggesting a link
415 between USF2 and senescence programs (21), we chose USF2 for in-depth validation. In

416  detailed genomic tests, single variants between M. musculus and M. spretus at USF2 binding
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417  sites drove most of the relationship with allele-specific expression in hybrid senescent cells

418 (Figure 4C). These variants were over-represented at positions central to, and slightly

419 downstream of, experimentally determined peaks for USF2 (Figure 4D), highlighting the likely
420  importance of this region in USF2’s mechanisms of binding and regulation.

421

422  USF2 modulates cell proliferation and the acute DNA damage response

423

424 Our question at this point was whether and how USF2 regulated senescence programs. As

425  such, we shifted our focus from natural genetic variation to controlled, laboratory-induced

426  genetic perturbations in a single genetic background. We designed two short hairpin RNAs

427  (shRNAs) targeting Usf2, each in a lentiviral vector under the U6 promoter. Expression

428 measurements upon transformation of PWK M. musculus primary tail fibroblasts confirmed 2.5
429  and 3-fold knockdown of Usf2 expression, respectively, from these shRNAs (Supplemental

430  Figure S7). In these otherwise untreated cells subject to knockdown, uptake of the nucleotide
431  analog EdU, a marker of DNA synthesis, was reduced by 40% (Supplemental Figure S8),

432  consistent with studies of USF2 in growth of resting cells in other tissues and contexts (27,57—
433  60).

434

435  We now set out to use our knockdown approach to define the role of USF2 in the acute DNA
436 damage response and senescence. For this purpose, we infected cells with Usf2 shRNAs,

437  cultured them under standard conditions, and then induced senescence by irradiation. DNA
438 damage signaling, an inducer of cellular senescence (2,3), drops sharply in intensity within eight
439  hours and then more gradually over several day after irradiation (62), culminating in a lower
440  persistent signal (43,63-65). We first focused on the early phase of this process (six hours after
441  irradiation) in cultures of primary fibroblasts expressing Usf2 shRNAs or scrambled shRNA

442  controls (Figure 5A). Transcriptional profiling followed by Gene Ontology analyses identified
443  gene groups enriched for expression changes dependent on condition and USF2 (Figure 5B
444  and Supplemental Tables S6 and S7). Most salient was a trend of pervasive repression

445  transcriptome-wide six hours after irradiation, which was detected in control cells as expected
446  (66,67), and was blunted in cells with Usf2 knocked down. The latter effect was particularly

447  enriched in the transcriptional machinery, repressors of apoptosis, and several cell proliferation
448  regulators (Figure 5B-D and Supplemental Figure S9). DNA repair genes, a likely target for

449  changes upon irradiation, are regulated primarily at the post-transcriptional level (68,69), and we
450  did not detect effects of Usf2 knockdown on their transcripts (Supplemental Figure S10).

451

452  We hypothesized that Usf2 knockdown during the acute DNA damage response would also
453  have cell-physiological effects. Assays of EdU incorporation to report on DNA synthesis showed
454  effects of Usf2 knockdown after irradiation to the same degree as in resting cultures

455  (Supplemental Figure S7). To focus on phenotypes more proximal to DNA damage, we used
456  the neutral comet assay (39) to measure DNA double-stranded breaks on a per-cell basis. In
457  this setup, Usf2 depletion increased comet tail moments by 50% six hours after irradiation, with
458  an effect that was similar, though of smaller magnitude, in resting cell controls (Figure 5E). Next,
459  we tracked foci of phosphorylated histone H2AX (yH2AX) in fibroblasts as a marker of chromatin
460 decondensation, preceding the repair of DNA double-stranded breaks (70). Cells harboring Usf2
461  shRNAs exhibited 30% fewer yH2AX foci than cells of the control genotype, six hours after

462 irradiation (Figure 5F). These data establish a role for USF2 in the response to irradiation, with
463  knockdown of this factor compromising cells’ ability to mount the classical transcriptional

464  program under this stress, and to carry out DNA damage repair.

465

466  USF2 tunes the commitment to senescence

467
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468  Having knocked down Usf2 in PWK primary fibroblasts and irradiated them to study the acute
469 DNA damage response, we now allowed the irradiated cultures to enter senescence (Figure
470  6A). We referred to this as a “knockdown-then-irradiate” experimental design (SH -> SEN in
471  Figure 6). Growth arrest and flattened morphology were indistinguishable between these cells
472  and controls harboring scrambled shRNAs (see Figure 6C), indicating that wild-type levels of
473  Usf2 were not required at the point of irradiation to establish senescence per se. To investigate
474  quantitative characteristics of these senescent cultures, we subjected them to expression

475  profiling and Gene Ontology enrichment analyses (Figure 6B and Supplemental Tables S6 and
476  S8). Among top-scoring gene groups, the most dramatic effects were in those that dropped in
477  expression in senescent cultures of the control genotype, which as expected (17,71) included
478  cell cycle and DNA repair pathways (Figure 6B and Supplemental Table S8). Intriguingly, mMRNA
479 levels of the latter were even lower in senescent cells that had been irradiated after Usf2

480  knockdown, showing a reduction of ~20% on average (Figure 6B). Among the genes of this
481  cohort, some of which declined in expression by >5-fold with Usf2 knockdown in senescence,
482  we noted cell cycle regulators (Ccna2, Cdc20, Cdk1), kinesin components (Kif2c, Knl1), the
483 DNA polymerase Pole, and the DNA damage checkpoint ubiquitin ligase Uhrfl (Supplemental
484  Figure S11A). We conclude that genes of the cell cycle and DNA repair machinery are

485  detectable at a low but non-zero expression level in wild-type senescent cells, and that these
486  pathways are subject to further reduction when Usf2 is limiting.

487

488  Likewise, Usf2 knockdown also affected inflammation and immune-recruitment factors (Figure
489 6B and Supplemental Table S8). Cells of the control genotype induced these pathways during
490 senescence, as expected (2,3,9,49,72,73); in cells reaching senescence after Usf2 knockdown,
491  induction of inflammatory factors was amplified by ~10% on average (Figure 6B and

492  Supplemental Figure S11B). Similarly, in assays of the B-galactosidase senescence marker, we
493  observed a 10% increase in cells subject to Usf2 knockdown and senescence treatment (Figure
494  6C). Together, our profiling data establish that irradiation of primary fibroblasts with reduced
495  Usf2 expression leads to a quantitatively perturbed, exaggerated senescent state, with reduced
496  expression of proliferation and DNA repair pathways, and elevated pro-inflammatory gene

497  expression and B-galactosidase activity.

498

499  We reasoned that the changes in senescence we had seen upon irradiation of Usf2-depleted
500 cells could constitute, in part, effects from increased DNA damage in the knockdown genotype
501  (Figure 5). To pursue the role of USF2 in senescence more directly, we used a distinct

502  experimental paradigm: we irradiated wild-type cells and incubated them for 10 days to allow
503 establishment of senescence, and we then expressed shRNAs targeting Usf2, followed by 10
504  additional days of incubation (Figure 6D). We referred to this as an “irradiate-then-knockdown”
505 experiment (SEN -> SH in Figure 6). We first inspected control cells for this paradigm, harboring
506 ascrambled shRNA. Here RNA-seq revealed expression changes for many genes from the
507 resting state through irradiation and early and late senescence (Supplemental Tables S6 and
508 S9, and Supplemental Figure S12), attesting to the dynamics of senescence as expected

509 (17,71). We next carried out RNA-seq and GO term enrichment analysis of cultures subject to
510  Usf2 knockdown during late senescence (Figures 6D-G and Supplemental Tables S6 and S10),
511  for comparison to our “knockdown-then-irradiate” strategy (Figure 6A). On average, cell cycle
512  and DNA repair genes, repressed in control cells during senescence, were expressed at even
513 lower levels when Usf2 was knocked down midway through the senescence time course; this
514  was analogous to our findings upon early knockdown of Usf2 (compare lavender to magenta in
515  Figure 6G and Supplemental Figure S11A). Likewise, inflammatory response factors, induced
516  during senescence in the control setting, were more highly expressed in the “irradiate-then-
517  knockdown” approach, consistent with our findings from the early-knockdown design (compare
518 lavender to magenta in Figure 6F and Supplemental Figure S11B). We noted only a handful of
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519  genes for which early Usf2 knockdown effects were not recapitulated in our paradigm of

520  knockdown after senescence entry (e.g. Adamtsl and Rarres2 in Supplemental Figure S11B).
521  Overall, our analyses establish USF2 as a senescence regulator at least in part independent of
522 itsrole in the acute DNA damage response, such that in its absence, cells commit even more
523  strongly to the senescent state.

524

525 Discussion

526

527  Complex regulatory networks likely underlie many of the quantitative behaviors of senescent
528 cells, including kinetics and dependence on cell type and inducer (15,17,26,74,75). Exactly how
529 these nuances are encoded remains poorly understood. In this study, we pioneered the use of
530 interspecies genetic divergence to screen for components of the senescence regulatory

531 machinery. This strategy complements previous studies of transcription factor binding sites in
532  genes of the senescence program in a single genetic background (17,21). Our approach

533  harnesses the correlation between interspecies variation in sequence and expression levels, as
534  an additional line of evidence for senescence-specific regulatory functions by a given factor.
535 This paradigm parallels similar tools previously used to dissect divergence in expression (76,77)
536  and transcription factor binding (78-80) in other contexts. Broadly speaking, these methods are
537  not highly powered for pathways under strong evolutionary constraint, which, by definition, will
538 not vary enough among species to yield the raw observations that would go into a screening
539 pipeline. Rather, we expect the natural variation-based approach to work best for discovering
540 less-constrained modifiers, many of which may confer layers of quantitative regulation onto a
541  master regulatory pathway.

542

543  We focused our experimental validation on one such modifier, the transcription factor USF2. By
544  tracing USF2’s function in proliferation and genome-wide expression in untreated cells, we

545  extended conclusions from studies of USF2 in tumor suppression and cell cycle regulation (57—
546  59,61), apoptosis (81) and ERK1/2 signaling (82). In an acute DNA damage setting, we

547  discovered that USF2 is required for cells to mount DNA repair and downstream DNA damage
548 responses. And in senescence proper, we showed that USF2 acts as a repressor, such that in
549 its absence, the senescence program—shutoff of cell proliferation and DNA repair, and

550 induction of cytokines—is amplified. A compelling model is thus that even long after damage
551  exposure, cells have access to expression states along a continuum of commitment to

552  senescence, and that USF2 acts to help determine which state they occupy. If so, USF2 would
553 take a place among a network of factors, including p53, ING, Rb (83,84), p21 (85,86), and p16
554  (87), that govern the choice between senescence, apoptosis, and repair and proliferation,

555  depending on cell type (83) and the amount of damage or stress incurred (84).

556

557  As a corollary of these conclusions from expression profiling, we note that cell cycle and DNA
558 repair genes, classically known to be repressed during senescence (17,71), did not hit a floor of
559  expression in senescent cultures: we could detect them at even lower expression levels upon
560  Usf2 knockdown. Since our cultures comprise >99% arrested cells within several days of

561 irradiation (see Supplemental Methods), the emerging picture is that the proliferation machinery
562 is maintained at non-zero levels even in such a population. Any ability of these gene products to
563 reattain activity could be of particular interest as a potential mediator of the return to proliferation
564  seen among senescent cells in certain scenarios (88,89).

565

566  Our work leaves open the mechanisms by which USF2 exerts its effects in the DNA damage
567 response and cellular senescence. It is tempting to speculate that USF2 ultimately works in

568 these processes in concert with its better-studied family member, USF1. Indeed, USF1 has
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569  been implicated in DNA repair (90), inflammation (91,92), immune responses (93), and p53-
570 mediated cell cycle arrest (94) in contexts other than senescence. In addition, given that USF2
571 has been implicated in the TGFB-p53 axis in apoptosis (81) and fibrosis (95), the latter pathway
572  could mediate some part of the USF2 effects we have seen. Furthermore, regulatory network
573  reconstruction (41) suggests that USF2 acts upstream of several other transcription factors

574  (KLF3, GLI3, NFIL3) with direct targets in DNA repair, DNA damage response, and senescence
575  pathways (Supplemental Table S11).

576

577  Alongside our use of cis-regulatory variation between mouse species as a screening tool for
578 senescence genes, we also characterized overall patterns of divergence between M. spretus
579  senescent cells and those of M. musculus. Given that the former exhibited lower levels of SASP
580 mRNAs and proteins, we suggest that the rheostat of the senescence response is at a higher
581 set point in this species, such that at a given level of stress (e.g. the irradiation we study here),
582  cells of this species synthesize and secrete less of the SASP. Under this model, the decision set
583  point for commitment to senescence by irradiated cells is similar across species, and,

584  considered at any given time after damage exposure, it is the amplitude of the SASP that has
585  been tuned by evolution. Such an idea would have precedent in the gradual ramp-up of

586  senescence expression in M. musculus cells (17): plausibly, M. spretus could be hard-wired for
587  slower kinetics of this progression, in the fibroblasts we study here. M. spretus cells could also
588  simply cap the amplitude of their SASP, limiting the immune recruitment function of senescent
589 cells at any timepoint.

590

591  We further hypothesize that the dampened SASP might be a proximal cause for the lower

592  senescence-associated B-galactosidase activity we have seen in M. spretus cells. Such a link
593  would follow from current models of the senescent state in which production and secretion of
594  SASP components (96) leads to proteotoxic stress from insoluble aggregates (45,46), an

595 increase in the number and size of lysosomes (97), and enhanced B-galactosidase activity (98).
596  Plausibly, any of the phenotypes we study here in cell culture could have consequences in vivo,
597  with potential links to the stress- and pathogen-resistance phenotypes characterized in M.

598  spretus (99-103).

599

600 The low-amplitude senescence program we have seen in M. spretus provides an intriguing

601 contrast to the trend for fibroblasts from naked mole rat in culture to avoid both senescence and
602  apoptosis altogether, after irradiation (104). Instead, a given naked mole rat cell can often

603 resolve DNA damage sulfficiently to re-enter the cell cycle, to a degree several-fold beyond that
604  seenin M. musculus. Likewise, the beaver allele of the DNA damage factor SIRT6 confers a
605 similar effect in a heterologous system (105). These represent evolutionary innovations in other
606 rodents distinct from the quantitative tuning of senescence expression we have traced in Mus.
607  The emerging picture is one in which no single irradiation response mechanism manifests in all
608 species, even in the simplest cell culture systems. Indeed, against the backdrop of the classic
609 literature on M. musculus senescence (49,106), many other irradiation response behaviors may
610 remain to be discovered in additional non-model species. Human cells exhibit an avid

611 senescence response, on par with that of M. musculus (49). As such, the programs nature has
612 invented in other lineages may hold promise in the search for therapeutics that would tamp

613  down the pro-aging effects of senescence in a clinical context.
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664  Figure 1: Cells from both M. musculus and M. spretus mice display expected

665 morphologies of senescence. (A) Representative images of senescent primary fibroblasts
666  from M. musculus (above) and M. spretus (below) seven days after irradiation exhibiting a
667 flattened and enlarged morphology. (B) Each column reports the average percentage of cells
668  with EdU incorporation seven days after IR treatment (SEN) set relative to the same in

669 unirradiated controls (CONT) for each species reported in (A). For a given column, points report
670  biological and technical replicates (M. musculus n = 3, M. spretus n = 3). (C) Each columns
671 reports the average number of yH2AX foci per cell for each species as reported in (B). For a
672  given column, points represent biological and technical replicates (M. musculus n = 9, M.
673  spretus n =9). * p < 0.01, one-tailed Wilcoxon test comparing species.
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Figure 2: Senescent M. spretus cells exhibit lower pB-galactosidase activity. (A)
Representative images of senescent primary fibroblasts from M. musculus (above) and M.
spretus (below) stained with the B-galactosidase indicator X-Gal seven days after irradiation. (B)
Each trace reports results from a timecourse of X-Gal staining assays of primary senescent
cells of the indicated species as in (A). The y-axis reports the proportion of cells stained positive
for senescence-associated B-galactosidase (SABG) activity. In a given column, small points
report biological and technical replicates and large points report their average (M. musculus n =
9, M. spretus n = 5). ** p < 0.001, **** p < 0.0001, one-tailed Wilcoxon test comparing
species.
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Figure 3: SASP is detected at higher levels in M. musculus cells. (A) Each trace reports a
cumulative distribution of the change, in senescent primary fibroblasts of the indicated species, in
MRNA levels of genes of the senescence associated secretory phenotype with senescence
(Coppé et al. 2008). The y-axis reports the proportion of genes with the expression change on
the x-axis, with the latter taken as an average across replicates. (B) Each row shows results from
a test of the genes of the indicated Gene Ontology term for enrichment of expression change
between the species during senescence, with p-values from a resampling-based test, corrected
for multiple testing. (C) Annotations are as in (A) except that measurements were of secreted
peptides, and a curated list of known SASP factors are shown (Coppé et al. 2008; Basisty et al.
2020).
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697 Figure 4. USF2 emerges as a senescence regulator candidate from a natural variation-
698 based transcription factor screen. (A) M. musculus (blue) and M. spretus (red) alleles of a gene
699 are expressed differently in interspecific F1 hybrid cells in a senescence-dependent manner, as
700 aproduct of a sequence variant (green striped) in the binding site for a transcription factor (yellow).
701  (B) Each row reports the multiple testing-corrected p-value from a Fisher’'s Exact Test of target
702  genes of the indicated transcription factor, quantifying association between species differences in
703  experimentally determined binding sites (37) and allele-specific expression in primary cells of the
704 M. musculus x M. spretus F1 hybrid background before and after senescence induction. Results
705  for all tested factors are listed in Supplemental Table 5. (C) Shown are the input data for the
706  Fisher's Exact Test in (B) for USF2. For each trace, the x-axis reports the number of sequence
707  variants between M. musculus and M. spretus in a given USF2 binding site, and the y-axis reports
708 the proportion of all USF2 target genes bearing the number of variants on the x, as a kernel
709 density estimate. Colors denote the presence or absence of senescence-dependent differential
710  allele-specific expression (A ASE). (D) Data are as in (C) except that the x-axis reports the
711  distance of the variant from the center of the USF2 binding site.
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713  Figure 5: Usf2 depletion results in more DNA damage but a muted DNA damage response
714  following irradiation. (A) M. musculus primary fibroblasts were infected with a lentivirus
715  encoding a short hairpin RNA (shRNA, SH) targeting Usf2 or a scrambled control (SCR), and
716  analyzed before (SH unirradiated) or six hours after (SH—IR) treatment with ionizing radiation.
717  (B) In a given row, the second column reports the average, across genes of the indicated Gene
718  Ontology term, of the log. of the ratio of expression between Usf2 knockdown (KD) and SCR-
719  treated cells, six hours after irradiation. The third column reports significance in a resampling-
720  based test for enrichment of directional differential expression between Usf2 KD and SCR-treated
721  cells in the respective term, corrected for multiple testing. The fourth column reports the direction
722  of the change in expression six hours after irradiation in SCR-treated cells. (C) Each trace reports
723  a cumulative distribution of the log. of the ratio of expression between Usf2 KD or SCR-treated
724  cells in genes annotated in the positive regulation of transcription, before or six hours after
725 irradiation treatment as indicated. The y-axis reports the proportion of genes with the expression
726  change on the x-axis. (D) Data are as in (C), except that genes involved in apoptosis were
727  analyzed. (E) Each column reports tail moments detected in a comet assay on primary fibroblasts
728  harboring the indicated shRNAs, before or six hours after irradiation. In a given column, points
729  report biological and technical replicates and the bar height reports their average (SCR n = 5,
730  Usf2 KD n = 20). **** p < 0.0001, one-tailed Wilcoxon test. (F) Left, each column reports number
731  of yH2AX foci per cell detected in primary fibroblasts harboring the indicated shRNAs six hours
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732  after irradiation. Data are displayed as in (E) (SCR n = 12, Usf2 KD n = 28). *** p < 0.001, one-
733 tailed Wilcoxon test. Right, representative images of the indicated cultures.
734
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Figure 6: Usf2 knockdown results in an enhanced senescence profile. (A) M. musculus
primary fibroblasts were infected with a lentivirus encoding an shRNA (SH) targeting Usf2 or a
scrambled control, and analyzed before (SH unirradiated) or after (SH—SEN) treatment with
ionizing radiation (IR) to induce senescence (SEN). (B) Data are as in Figure 4B except that
cells were analyzed 10 days after irradiation. (C) Left, each column reports the proportion of
senescence associated B-galactosidase (SABG)-positive cells treated with the indicated
shRNAs in resting culture (unirradiated) or 7 days after irradiation (SEN) as in (A). In a given
column, points report biological and technical replicates and the bar height reports their average
(SCR unirradiated n =5, SCR SEN n = 21, Usf2 KD unirradiated n = 10, Usf2 KD SEN n = 42).
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*, p < 0.05, one-tailed Wilcoxon test. Right, representative images of the indicated cultures. (D)
M. musculus primary fibroblasts were irradiated, incubated for 10 days to senesce, then infected
with shRNAs and analyzed after 10 additional days. (E) Data are as in (B) except that cells from
the scheme in (D) were analyzed. (F) Each trace reports a cumulative distribution of the log. of
the ratio of expression in Usf2 knockdown (KD) and scrambled control (SCR)-treated cells, in
genes annotated in the inflammatory response, when shRNAs were administered to a resting
culture (SH unirradiated), to resting cells followed by irradiation as in (A) (SH—SEN), or after
irradiation and senescence establishment as in (C) (SEN—SH). The y-axis reports the
proportion of genes with the expression change on the x-axis, with the latter taken as an
average across replicates. (G) Data are as in (F), except that genes involved in G2/M transition
of mitotic cell cycle were analyzed.
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