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Abstract 16 

Ageing is the gradual decline in organismal fitness that occurs over time leading to tissue 17 
dysfunction and disease. At the cellular level, ageing is associated with reduced function, 18 
altered gene expression and a perturbed epigenome. Somatic cell reprogramming, the 19 
process of converting somatic cells to induced pluripotent stem cells (iPSCs), can reverse 20 
these age-associated changes. However, during iPSC reprogramming, somatic cell identity is 21 
lost, and can be difficult to reacquire as re-differentiated iPSCs often resemble foetal rather 22 
than mature adult cells. Recent work has demonstrated that the epigenome is already 23 
rejuvenated by the maturation phase of reprogramming, which suggests full iPSC 24 
reprogramming is not required to reverse ageing of somatic cells. Here we have developed 25 
the first “maturation phase transient reprogramming” (MPTR) method, where 26 
reprogramming factors are expressed until this rejuvenation point followed by withdrawal 27 
of their induction. Using dermal fibroblasts from middle age donors, we found that cells 28 
temporarily lose and then reacquire their fibroblast identity during MPTR, possibly as a 29 
result of epigenetic memory at enhancers and/or persistent expression of some fibroblast 30 
genes. Excitingly, our method substantially rejuvenated multiple cellular attributes including 31 
the transcriptome, which was rejuvenated by around 30 years as measured by a novel 32 
transcriptome clock. The epigenome, including H3K9me3 histone methylation levels and the 33 
DNA methylation ageing clock, was rejuvenated to a similar extent. The magnitude of 34 
rejuvenation instigated by MTPR appears substantially greater than that achieved in 35 
previous transient reprogramming protocols. In addition, MPTR fibroblasts produced 36 
youthful levels of collagen proteins, and showed partial functional rejuvenation of their 37 
migration speed. Finally, our work suggests that more extensive reprogramming does not 38 
necessarily result in greater rejuvenation but instead that optimal time windows exist for 39 
rejuvenating the transcriptome and the epigenome. Overall, we demonstrate that it is 40 
possible to separate rejuvenation from complete pluripotency reprogramming, which 41 
should facilitate the discovery of novel anti-ageing genes and therapies. 42 
 43 
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Highlights 44 

• We developed a novel method by which human fibroblasts are reprogrammed until the 45 
maturation phase of iPSCs and are then returned to fibroblast identity 46 

 47 
• DNA methylation memory at fibroblast enhancers and persistent expression of certain 48 

fibroblast genes may allow recovery of cell identity when the majority of the fibroblast 49 
gene expression program is extinct 50 

 51 
• Molecular measures of ageing including transcriptome, DNA methylation clocks and 52 

H3K9me3 levels reveal robust and substantial rejuvenation 53 
 54 
• Functional rejuvenation of fibroblasts by MPTR is suggested by reacquisition of youthful 55 

levels of collagen proteins 56 
 57 

Introduction 58 

Ageing is the gradual decline in cell and tissue function over time that occurs in almost all 59 
organisms, and is associated with a variety of molecular hallmarks such as telomere 60 
attrition, genetic instability, epigenetic and transcriptional alterations and an accumulation 61 
of misfolded proteins1. This leads to perturbed nutrient sensing, mitochondrial dysfunction 62 
and increased incidence of cellular senescence, which impact overall cell function, 63 
intercellular communication, promotes exhaustion of stem cell pools and causes tissue 64 
dysfunction1. The progression of some ageing related changes, such as transcriptomic and 65 
epigenetic ones, can be measured highly accurately and as such they can be used to 66 
construct “ageing clocks” that predict chronological age with high precision in humans2–5 67 
and in other mammals6–8. Since transcriptomic and epigenetic changes are reversible at 68 
least in principle, this raises the intriguing question of whether molecular attributes of 69 
ageing can be reversed and cells phenotypically rejuvenated9,10. 70 
 71 
Induced pluripotent stem cell (iPSC) reprogramming is the process by which almost any 72 
somatic cell can be converted into an embryonic stem cell like state. Intriguingly, iPSC 73 
reprogramming reverses many age-associated changes including telomere attrition and 74 
oxidative stress11. Notably, the epigenetic clock is reset back to approximately 0, suggesting 75 
reprogramming can reverse ageing associated epigenetic alterations3. However, iPSC 76 
reprogramming also results in the loss of original cell identity and therefore function. By 77 
contrast, transient reprogramming approaches where the Yamanaka factors (Oct4, Sox2, 78 
Klf4, c-Myc) are expressed for short periods of time may be able to achieve rejuvenation 79 
without loss of cell identity. Reprogramming can be performed in vivo12 and indeed, cyclical 80 
expression of the Yamanaka factors in vivo can extend lifespan in progeroid mice and 81 
improves cellular function in wild type mice13. An alternative approach for reprogramming 82 
in vivo also demonstrated reversal of ageing-associated changes in retinal ganglion cells and 83 
was capable of restoring vision in a glaucoma mouse model14. More recently, in vitro 84 
transient reprogramming has been shown to reverse multiple aspects of ageing in human 85 
fibroblasts and chondrocytes15. Nevertheless, the extent of epigenetic rejuvenation 86 
achieved by previous transient reprogramming methods has been modest (~3 years) 87 
compared to the drastic reduction achieved by complete iPSC reprogramming. A more 88 
detailed comparison of previous methods is provided in supplementary file 1. Here, we 89 
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establish a novel transient reprogramming strategy where Yamanaka factors are expressed 90 
until the maturation phase of reprogramming before abolishing their induction (maturation 91 
phase transient reprogramming, MPTR), with which we were able to achieve robust and 92 
very substantial rejuvenation (~30 years) whilst retaining original cell identity overall.  93 

Results 94 

Transiently reprogrammed cells reacquire their initial cell identity 95 

Reprogramming can be divided into three phases: the initiation phase where somatic 96 
expression is repressed and a mesenchymal-to-epithelial transition occurs, the maturation 97 
phase, where a subset of pluripotency genes becomes expressed, and the stabilisation 98 
phase, where the complete pluripotency program is activated16 (Figure 1A). Previous 99 
attempts at transient reprogramming have only reprogrammed within the initiation 100 
phase13,15. However, reprogramming further, up to the maturation phase, may achieve 101 
more substantial rejuvenation. To investigate the potential of maturation-phase transient 102 
reprogramming (MPTR) to reverse ageing phenotypes, we generated a doxycycline inducible 103 
polycistronic reprogramming cassette that encoded Oct4, Sox2, Klf4, c-Myc and GFP. By 104 
using a polycistronic cassette, we could ensure that individual cells were able to express all 105 
four Yamanaka factors. This reprogramming cassette was capable of generating iPSC lines 106 
from human fibroblasts and induced a substantial reduction of DNA methylation age 107 
throughout the reprogramming process, consistent with previous work using a different 108 
reprogramming system17 (Figure 1A). Specifically, DNA methylation age as measured using 109 
the multi-tissue epigenetic clock3 was substantially reduced relatively early in the 110 
reprogramming process (which takes about 50 days to complete in this system), with an 111 
approximate rejuvenation of 20 years by day 10 and 40 years by day 17 (Figure 1A). Similar 112 
results were obtained using the skin and blood clock18 (Figure 1-figure supplement 1A). 113 
Interestingly, other epigenetic clocks were rejuvenated later in the reprogramming process. 114 
This may suggest that the epigenome is rejuvenated in stages, however, we note that these 115 
other epigenetic clocks were not trained on fibroblast data. We therefore focussed on the 116 
window between days 10 and 17 to develop our MPTR protocol for human fibroblasts 117 
(Figure 1B), predicting that this would enable substantial reversal of ageing phenotypes 118 
whilst potentially allowing cells to regain original cell identity. Beyond this window, cells 119 
would enter the stabilisation phase and the endogenous pluripotency genes would become 120 
activated, preventing the cessation of reprogramming by withdrawing doxycycline alone16. 121 
The reprogramming cassette was introduced into fibroblasts from three middle aged donors 122 
(chronologically aged 38, 53 and 53 years old and epigenetically aged 45, 49 and 55 years 123 
old, according to the multi-tissue epigenetic clock3) by lentiviral transduction before 124 
selecting successfully transduced cells by sorting for GFP. We then reprogrammed the 125 
fibroblasts for different lengths of time (10, 13, 15 or 17 days) by supplementing the media 126 
with 2 µg/mL doxycycline and carried out flow sorting to isolate cells that were successfully 127 
reprogramming (labelled “transient reprogramming intermediate”: SSEA4 positive, CD13 128 
negative) as well as the cells that had failed to reprogram (labelled “failing to transiently 129 
reprogram intermediate”: CD13 positive, SSEA4 negative). At this stage, approximately 25% 130 
of the cells were successfully reprogramming and approximately 35% of the cells were 131 
failing to reprogram, whilst the remainder were double positive or double negative (Figure 132 
1-figure supplement 1B). Cells were harvested for DNA methylation array or RNA-seq 133 
analysis and also re-plated for further culture in the absence of doxycycline to stop the 134 
expression of the reprogramming cassette. Further culture for a period of 4-5 weeks in the 135 
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absence of doxycycline generated “transiently reprogrammed fibroblasts”, which had 136 
previously expressed SSEA4 at the intermediate stage, as well as “failed to transiently 137 
reprogram fibroblasts”, which had expressed the reprogramming cassette (GFP-positive 138 
cells) but failed to express SSEA4. As a negative control, we simultaneously ‘mock infected’ 139 
(subject to transduction process but without lentiviruses) populations of fibroblasts from 140 
the same donors. These cells underwent an initial flow sort for viability (to account for the 141 
effects of the GFP sort) before culture under the same conditions as the reprogramming 142 
cells and flow sorting for CD13 (cells harvested at this stage generated a “negative control 143 
intermediate” for methylome and transcriptome analyses). Finally, these “negative control 144 
intermediate” cells were grown in the absence of doxycycline for the same length of time as 145 
experimental samples to account for the effects of extended cell culture, generating 146 
“negative control fibroblasts” (Figure 1B). 147 
 148 
After reprogramming for 10-17 days, we found the fibroblasts had undergone dramatic 149 
changes in morphology. Upon visual inspection using a light microscope it appeared that the 150 
cells had undergone a mesenchymal to epithelial like transition and were forming colony 151 
structures that progressively became larger with longer periods of reprogramming, 152 
consistent with the emergence of the early pluripotency marker SSEA4. After sorting the 153 
cells and culturing in the absence of doxycycline, we found they were able to return to their 154 
initial fibroblast morphology, showing that morphological reversion is possible even after 17 155 
days of reprogramming (Figure 1C). We quantified the morphology changes by calculating a 156 
ratio indicative of “roundness” (maximum length divided by perpendicular width) for 157 
individual cells before, during and after MPTR (Figure 1D and Figure 1-figure supplement 158 
1C). We found that successfully reprogramming cells became significantly rounder at the 159 
intermediate stages of MPTR compared to the starting fibroblasts and then returned to an 160 
elongated state upon the completion of MPTR. Of note, we found that there was no 161 
significant difference in roundness between cells before and after MPTR, further supporting 162 
that fibroblasts were able to return to their original morphology. In comparison, failing to 163 
reprogram and negative control cells did not undergo as substantial a change during MPTR 164 
and were significantly more elongated at the intermediate stage (Supplementary file 2).  165 
 166 
We investigated further the identity of the cells after MPTR by conducting DNA methylation 167 
array analysis and RNA sequencing to examine their methylomes and transcriptomes, 168 
respectively. We included published reprogramming datasets in our analysis as well as a 169 
novel reprogramming dataset that we generated based on Sendai virus delivery of the 170 
Yamanaka factors to act as a reference5,19,20. Principal component analysis using expression 171 
values of all genes in the transcriptome separated cells based on extent of reprogramming 172 
and the reference datasets formed a reprogramming trajectory along PC1 (Figure 1E). 173 
Transient reprogramming intermediate cells (collected after the reprogramming phase but 174 
before the reversion phase) clustered halfway along this trajectory, implying that cells lose 175 
aspects of the fibroblast transcriptional program and/or gain aspects of pluripotency 176 
transcriptional program, which is consistent with the loss of the fibroblast surface marker 177 
CD13 and gain of the iPSC surface marker SSEA4. We note that the different timepoints for 178 
the transient reprogramming intermediate samples clustered closer together when 179 
examining their transcriptomes compared to their DNA methylomes. This suggests that 180 
changes in the DNA methylome occur more gradually whereas changes in the transcriptome 181 
occur in more discrete stages. Notably upon completion of MPTR, transiently 182 
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reprogrammed samples clustered at the beginning of this trajectory showing that these 183 
samples once again transcriptionally resemble fibroblasts rather than reprogramming 184 
intermediates or iPSCs (Figure 1E). Similar findings were made when the reference datasets 185 
were excluded (Figure 1-figure supplement 1D). As examples, transiently reprogrammed 186 
cells did not express the pluripotency marker NANOG and expressed high levels of the 187 
fibroblast marker FSP1 (Figure 1F). Notably, NANOG was temporarily expressed at high 188 
levels at the intermediate stages of transient reprogramming alongside FSP1, suggesting 189 
that these cells simultaneously possessed some transcriptional attributes of both fibroblasts 190 
and iPSCs.  191 
 192 
Similarly, principal component analysis of the methylomes separated cells based on extent 193 
of reprogramming and the reference datasets formed a reprogramming trajectory along 194 
PC1. PC2 separated mid reprogramming samples from initial fibroblasts and final iPSCs and 195 
was driven by CpG sites that are temporarily hypermethylated or hypomethylated during 196 
reprogramming. These CpG sites appeared near genes associated with asymmetric protein 197 
localization according to gene ontology analysis. As with the transcriptome, intermediate 198 
samples from our transient reprogramming experiment clustered along this reprogramming 199 
trajectory (Figure 1G), showing that cells move epigenetically towards pluripotency. 200 
Notably, the transiently reprogrammed samples returned back to the start of this trajectory 201 
(with the reference fibroblast samples) revealing that they epigenetically resembled 202 
fibroblasts once again. Like the transcriptome, similar findings were made when the 203 
reference datasets were excluded (Figure 1-figure supplement 1E). We found typical regions 204 
that change during reprogramming were fibroblast-like after transient reprogramming21, 205 
such as the promoter of POU5F1 being hypermethylated and the promoter of FSP1 being 206 
hypomethylated in our transiently reprogrammed cells (Figure 1H). Notably, the POU5F1 207 
promoter was temporarily demethylated and the FSP1 promoter remained lowly 208 
methylated at the intermediate stages of transient reprogramming, suggesting that these 209 
intermediate stage cells possess some epigenetic features of both fibroblasts and iPSCs. 210 
Together, these data demonstrate that fibroblasts can be transiently reprogrammed to the 211 
maturation phase and then revert to a state that is morphologically, epigenetically and 212 
transcriptionally similar to the starting cell identity. To our knowledge, this is the first 213 
method for maturation phase transient reprogramming, where Yamanaka factors are 214 
transiently expressed up to the maturation phase of reprogramming before expression of 215 
the factors is abolished. 216 
 217 

Epigenetic memory and transcriptional persistence are present at the 218 

intermediate stages of transient reprogramming 219 

Though transiently reprogrammed fibroblasts temporarily lost their cell identity (becoming 220 
SSEA4 positive and CD13 negative) they were able to reacquire it once the reprogramming 221 
factors were removed, suggesting that they retained memory of their initial cell identity. To 222 
examine the source of this memory, we initially defined fibroblast-specific and iPSC-specific 223 
gene sets using differential expression analysis on fibroblasts before and after complete 224 
reprogramming with our system (Figure 2-figure supplement 1A). We subsequently 225 
analysed the expression of these gene sets throughout MPTR and observed that fibroblast-226 
specific genes were temporarily downregulated whilst iPSC-specific genes were temporarily 227 
upregulated (Figure 2A). As expected, these gene sets were further downregulated and 228 
upregulated respectively during complete reprogramming (Figure 2A). We note that this 229 
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approach generalises the expression changes and as a result, may obscure subclusters 230 
within these gene sets that display different expression trajectories. Therefore, we analysed 231 
the expression levels of individual genes to gain further insight into these gene sets. After 232 
performing hierarchical clustering, we observed that the majority of genes within the 233 
fibroblast-specific gene set were temporarily downregulated during transient 234 
reprogramming (2803 genes out of 4178). However, we also observed that the remaining 235 
genes formed two additional clusters that were temporarily upregulated (961 genes) and 236 
persistently expressed (414 genes) respectively (Figure 2B, Figure 2-figure supplement 1B 237 
and Supplementary file 3). We also clustered the genes within the iPSC-specific gene set and 238 
observed that the majority of iPSC genes were upregulated in transient reprogramming 239 
intermediate cells to levels similar to iPSCs and the remaining genes were not yet activated 240 
(Figure 2-figure supplement 1C). We subsequently performed gene ontology analysis on the 241 
fibroblast-specific gene clusters and found that the temporarily upregulated cluster was 242 
enriched for gene ontology categories such as “response to lipopolysaccharide” suggesting 243 
that inflammatory signalling pathways are temporarily activated during transient 244 
reprogramming, likely in response to the reprogramming factors. Interestingly, the 245 
persistently expressed gene cluster was enriched for gene ontology categories such as 246 
extracellular matrix and collagen fibril organisation, suggesting that some aspects of 247 
fibroblast function are maintained during transient reprogramming at least at the 248 
transcriptional level (Figure 2-figure supplement 1D).  249 
 250 
We also questioned whether the epigenome played a role in the retention of memory of the 251 
initial cell type, particularly for genes that were temporarily downregulated. We therefore 252 
examined the DNA methylation levels at regulatory elements linked to the fibroblast-253 
specific genes. We used the Ensembl Regulatory Build22 to obtain the locations of promoter 254 
and enhancer elements as well as their activity status in dermal fibroblasts and iPSCs. We 255 
then focussed on promoter and enhancer elements that are active in fibroblasts and linked 256 
them to the nearest transcription start site (within 1kb for promoters and 1mb for 257 
enhancers). The promoters associated with fibroblast genes remained lowly methylated 258 
throughout transient reprogramming and complete reprogramming regardless of the gene 259 
cluster, suggesting that promoter methylation does not contribute substantially towards 260 
memory (Figure 2-figure supplement 1E). In contrast, enhancers associated with fibroblast 261 
genes gained DNA methylation but only during complete reprogramming and not during 262 
transient reprogramming (Figure 2C and Figure 2-figure supplement 1F). This was the case 263 
for enhancers linked to the genes in all three clusters and in the case of temporarily 264 
downregulated genes, the lack of hypermethylation may confer epigenetic memory at a 265 
time when the associated genes are transcriptionally repressed. We also examined 266 
fibroblast-specific enhancers in general and defined these as enhancers that are active in 267 
fibroblasts but are no longer active in iPSCs. Similar to the previous analysis, we found that 268 
DNA methylation was relatively dynamic at fibroblast-specific enhancers. Approximately half 269 
of all fibroblast-specific enhancers (2351 out of the covered 4204 enhancers) gained DNA 270 
methylation during iPSC reprogramming. However, even at day 17 of the reprogramming 271 
process (the longest transient reprogramming intermediate tested here), these enhancers 272 
still remained hypomethylated (Figure 2D). Overall, we hypothesise that both epigenetic 273 
memory at genes such as MMP1 (Figure 2E) and transcriptional persistence at genes such as 274 
COL1A2 (Figure 2E) enable cells to return to their original cell type once the reprogramming 275 
factors are withdrawn. Together, these two attributes may act as the source of memory for 276 
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initial cell identity during a time when the somatic transcriptional program is otherwise 277 
mostly repressed and somatic proteins such as CD13 are lost23,24. 278 
 279 

Transient reprogramming reverses age-associated changes in the 280 

transcriptome and partially restores fibroblast function 281 

We next investigated the transcriptome to determine if there was any evidence of 282 
rejuvenation in this omic layer. We initially identified genes that significantly correlated with 283 
age in a reference fibroblast ageing dataset5 and used genes with a significant Pearson 284 
correlation after Bonferroni correction (P ≤ 0.05) to carry out principal component analysis 285 
(3707 genes). The samples primarily separated by age and reference fibroblast samples 286 
formed an ageing trajectory. The transiently reprogrammed samples clustered closer to the 287 
young fibroblasts along PC1 than the negative control samples (Figure 3A). Based on the 288 
relationship between PC1 and age in the reference dataset, we inferred that transient 289 
reprogrammed samples were approximately 40 years younger than the negative control 290 
samples (Figure 3B). To further quantify the extent of rejuvenation, we investigated the 291 
effect of MPTR using transcription clocks. Unfortunately, existing transcription clocks failed 292 
to accurately predict the age of our negative control samples. This may be due to batch 293 
effects such as differences in RNA-seq library preparation and data processing pipelines. To 294 
overcome this problem, we trained a transcription age-predictor using random forest 295 
regression on published fibroblast RNA-seq data from donors aged 1-94 years old that was 296 
batch corrected to our transient reprogramming dataset5. The transcription age predictor 297 
was trained on transformed age, similar to the Horvath epigenetic clock, to account for the 298 
accelerated ageing rate during childhood and adolescence3. The final transcription age 299 
predictor had a median absolute error of 12.57 years (Figure 3-figure supplement 1A), this 300 
error being higher than that of the epigenetic clock consistent with previous transcription 301 
age predictors4,5. Using our predictor, we found that transient reprogramming reduced 302 
mean transcription age by approximately 30 years (Figure 3C). We also observed a 303 
moderate reduction in transcription age in cells that failed to transiently reprogram (SSEA4 304 
negative at the intermediate timepoint), suggesting expression of the reprogramming 305 
factors alone was capable of rejuvenating some aspects of the transcriptome. Interestingly, 306 
we observed that MPTR with longer reprogramming phases reduced the extent of 307 
rejuvenation, suggesting that 10 or 13 days may be the optimum for transcriptional 308 
rejuvenation. We note that the reduction in transcription age from MPTR appears to be 309 
greater than that recently achieved by transient transfection of the Yamanaka factors15, 310 
which was by approximately 10 years according to our transcription age predictor (Figure 3-311 
figure supplement 1B), consistent with our approach of reprogramming further into the 312 
maturation phase rather than only up to the end of the initiation phase. Recently, a novel 313 
transcription clock called BiT age clock has been defined25, which has been trained on 314 
binarized gene expression levels. This clock has a very low median absolute error, which is 315 
comparable to that of epigenetic clocks. We ran a retrained version of the BiT age clock on 316 
our dataset and made similar findings to our random forest-based clock. Of note, we 317 
observed that transient reprogramming also rejuvenated the BiT age clock by approximately 318 
20 years relative to negative controls and that 10 or 13 days of reprogramming was optimal 319 
for maximal transcriptional rejuvenation (Figure 3-figure supplement 1C). 320 
 321 
We further profiled the effects of MPTR with 13 days of reprogramming (due to its apparent 322 
significance) by examining the whole transcriptome. This was achieved by comparing the 323 
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expression levels of genes in transiently reprogrammed cells to those in negative control 324 
cells and subsequently overlaying the expression change due to age calculated using the 325 
reference ageing dataset5. As expected, we observed an overall reversal of the ageing 326 
trends, with genes upregulated during ageing being downregulated following transient 327 
reprogramming and genes downregulated during ageing being upregulated following 328 
transient reprogramming (Figure 3D, Figure 3-figure supplement 1D). Notably, structural 329 
proteins downregulated with age that were upregulated upon transient reprogramming 330 
included the cytokeratins 8 and 18 as well as subunits of collagen IV.  331 
 332 
The production of collagens is a major function of fibroblasts26, thus we examined the 333 
expression of all collagen genes during fibroblast ageing and after transient reprogramming 334 
with 13 days of reprogramming (Figure 3E). As shown previously27,28, we found collagen I 335 
and IV were downregulated with age, with collagen IV demonstrating a more dramatic 336 
reduction. Notably the expression of both genes was restored to youthful levels after 337 
transient reprogramming, though this was not significant for collagen I likely due to the 338 
small expression difference associated with age and lower number of samples (Figure 3E). 339 
We then assessed by immunofluorescence whether this increased mRNA expression 340 
resulted in increased protein levels and indeed found that transient reprogramming 341 
resulted in an increase in Collagen I and IV protein towards more youthful levels (Figure 3F). 342 
Fibroblasts are also involved in wound healing responses29, so we investigated the impact of 343 
transient reprogramming on this function using an in vitro wound healing assay (Figure 3G 344 
and Figure 3-figure supplement 1E). We found that migration speed was significantly 345 
reduced in our control fibroblasts from middle-aged donors compared to fibroblasts from 346 
young donors (aged 20-22 years old). Transient reprogramming improved the median 347 
migration speed, however, the individual responses were quite variable and in some cases 348 
migration speed was improved and in other cases it was unaffected. Interestingly, this did 349 
not appear to correlate with other ageing measures such as transcription and methylation 350 
clocks. Our data show that transient reprogramming followed by reversion can rejuvenate 351 
fibroblasts both transcriptionally and at the protein level, at least based on collagen 352 
production, and functionally at least in part. This indicates that our rejuvenation protocol 353 
can, in principle, restore youthful functionality in human cells.  354 
 355 

Optimal transient reprogramming reverses age-associated changes in the 356 

epigenome 357 

After finding evidence of transcriptomic rejuvenation, we sought to determine whether 358 
there were also aspects of rejuvenation in the epigenome. We initially examined global 359 
levels of H3K9me3 by immunofluorescence. H3K9me3 is a histone modification associated 360 
with heterochromatin that has been previously shown to be reduced globally with age in a 361 
number of organisms30, including in human fibroblasts31,32. We were able to confirm this 362 
observation and found that MPTR was able to substantially reverse this age-associated 363 
reduction back to a level comparable with fibroblasts from younger donors (with a mean 364 
age of 33 years old). Both 10 and 13 days of transient reprogramming increased global levels 365 
of H3K9me3 suggesting that this epigenetic mark, similar to the transcriptome, has a 366 
relatively broad window for rejuvenation by transient reprogramming. We also observed a 367 
slight increase in H3K9me3 levels in cells that failed to transiently reprogram, suggesting 368 
that expression of the reprogramming factors alone is capable of partially restoring this 369 
epigenetic mark (Figure 4A), as was observed for our transcriptome-based age-predictor 370 
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(Figure 3C). The magnitude of rejuvenation in H3K9me3 levels in our transiently 371 
reprogrammed cells is similar to that observed from initiation phase transient 372 
reprogramming15. 373 
 374 
We next applied the epigenetic clock, a multi-tissue age predictor that predicts age based 375 
on the DNA methylation levels at 353 CpG sites3, to our data. Notably, with 13 days of 376 
transient reprogramming we observed a substantial reduction of the median DNA 377 
methylation age – by approximately 30 years, quantitatively the same rejuvenation as we 378 
saw in the transcriptome (Figure 4B). A shorter period of transient reprogramming (10 days) 379 
resulted in a smaller reduction of DNA methylation age, consistent with our results profiling 380 
DNA methylation age throughout the reprogramming process, where DNA methylation age 381 
gradually reduced throughout the maturation phase (Figure 1A). This epigenetic 382 
rejuvenation is potentially promoted by de novo methylation and active demethylation as 383 
the de novo methyltransferases and TET enzymes are upregulated during the maturation 384 
phase (Figure 4-figure supplement 1A). Potentially, some of the rejuvenating mechanisms 385 
occurring in MPTR may mirror those that occur during embryonic development as 386 
epigenetic rejuvenation during embryonic development coincides with de novo methylation 387 
of the genome33. Similar to the transcription clocks, we also observed a smaller reduction in 388 
DNA methylation age with longer transient reprogramming times, suggesting that some 389 
aspects of the observed epigenetic rejuvenation are lost during the reversion phase of our 390 
MPTR protocol. Potentially, extended reprogramming (for 15 or 17 days) may make 391 
reversion more difficult and result in cellular stresses that ‘re-age’ the methylome during 392 
the process. Similar results were obtained using the skin and blood clock and the Weidner 393 
clock18,34 (Figure 4-figure supplement 1B). Other epigenetic clocks were not rejuvenated by 394 
maturation phase transient reprogramming, however, we note that these clocks either 395 
rejuvenate later in the reprogramming process or are unaffected by reprogramming (Figure 396 
1-figure supplement 1A). 397 
 398 
Telomeres are protective structures at the ends of chromosomes that consist of repetitive 399 
sequences. Telomere length decreases with age due to cell proliferation in the absence of 400 
telomerase enzymes and is restored upon complete iPSC reprogramming11. To investigate 401 
the effect of transient reprogramming on telomere length, we used the telomere length 402 
clock, which predicts telomere length based on the methylation levels at 140 CpG sites35. 403 
We found that MPTR does not affect telomere length and, in some cases, slightly reduces it 404 
(Figure 4C). This is consistent with our results profiling telomere length throughout 405 
complete reprogramming using our doxycycline inducible system, where telomere length 406 
did not increase until the stabilisation phase (Figure 4-figure supplement 1C). This coincides 407 
with the expression of telomerase during reprogramming, where it is weakly expressed 408 
during the later stages of the maturation phase and only strongly expressed during the 409 
stabilisation phase (Figure 4-figure supplement 1D). 410 
 411 
Next, we investigated the locations of the rejuvenated CpG sites and found that most were 412 
individual sites spread across the genome (Figure 4-figure supplement 1E). Some of these 413 
individual CpG sites may be part of larger regions of rejuvenated methylation, which we are 414 
unable to fully detect due to the targeted nature of DNA methylation array profiling, 415 
however, we found a few small clusters of rejuvenated CpG sites. We found that a small 416 
region in the IRX5 promoter became demethylated with age and transient reprogramming 417 
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was able to partially remethylate this region (Figure 4D). IRX5 is involved in embryonic 418 
development so demethylation of its promoter with age may lead to inappropriate 419 
expression36,37. We also found two regions that became hypermethylated with age and 420 
were demethylated by transient reprogramming (Figure 4E). One of these regions is in the 421 
GAD1 promoter; encoding an enzyme that catalyses the conversion of gamma-aminobutyric 422 
acid into glutamic acid38. The other region is within the HOXB locus, involved in anterior-423 
posterior patterning during development39. Finally, we examined whether there was any 424 
overlap between the epigenetic and transcriptional rejuvenation. We therefore annotated 425 
the rejuvenated CpG sites with the nearest gene and then overlapped this gene set with the 426 
list of genes with rejuvenated expression. We found that there was a significant overlap 427 
between these two groups suggesting that epigenetic rejuvenation and transcriptional 428 
rejuvenation may be partially linked (Figure 4F). We further examined these overlapping 429 
genes and found that several had structural roles. These included FBN2 and TNXB, which 430 
encode components of the extracellular matrix40,41 and SPTB, which encodes a component 431 
of the cytoskeletal network42. WISP2 was also rejuvenated transcriptionally and 432 
epigenetically; this gene is an activator of the canonical WNT pathway43 and has recently 433 
been shown to inhibit collagen linearisation44. ASPA and STRA6 respectively encode an 434 
enzyme that hydrolyses N-acetyl-I-aspartate and a vitamin A receptor45,46. Neither of these 435 
genes have obvious roles in fibroblasts. We note that additional overlaps between 436 
epigenetic and transcriptional rejuvenation may exist that are not observed in our study due 437 
to the limited genomic coverage of DNA methylation arrays. Overall, our data demonstrate 438 
that transient reprogramming for 13 days (but apparently not for longer or shorter periods) 439 
represents a ‘sweet spot’ that facilitates partial rejuvenation of both the methylome and 440 
transcriptome, reducing epigenetic and transcriptional age by approximately 30 years. 441 
 442 

Discussion 443 

Here we have developed a novel method, maturation phase transient reprogramming 444 
(MPTR), where the Yamanaka factors are ectopically expressed until the maturation phase 445 
of reprogramming is reached, and their induction is then withdrawn. MPTR rejuvenates 446 
multiple molecular hallmarks of ageing robustly and substantially, including the 447 
transcriptome, epigenome, functional protein expression, and cell migration speed. 448 
Previous attempts at transient reprogramming have been restricted to the initiation phase 449 
in order to conserve initial cell identity13–15. This is a valid concern as fully reprogrammed 450 
iPSCs can be difficult to differentiate into mature adult cells and instead these differentiated 451 
cells often resemble their foetal counterparts47. With our approach, cells temporarily lose 452 
their identity as they enter the maturation phase but, importantly, reacquire their initial 453 
somatic fate when the reprogramming factors are withdrawn. This may be the result of 454 
persisting epigenetic memory at enhancers48, which notably we find is not erased until the 455 
stabilisation phase, as well as persistent expression of some fibroblast genes. 456 
 457 
With our method employing longer periods of reprogramming, we observed robust and 458 
substantial rejuvenation of the whole transcriptome as well as aspects of the epigenome, 459 
with many features becoming approximately 30 years younger. This extent of rejuvenation 460 
appears to be substantially greater than what has been observed previously for transient 461 
reprogramming approaches that reprogram within the initiation phase. The methylome 462 
appears to require longer reprogramming to substantially rejuvenate and consequently, 463 
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previous work using shorter lengths of reprogramming resulted in modest amounts of 464 
rejuvenation of the methylome14,15. However, we note that future studies are required to 465 
thoroughly compare these approaches with our method, ideally being performed in parallel 466 
on the same starting material and with the same reprogramming system, especially as 467 
different reprogramming systems can reprogram cells at different speeds49. Interestingly, 468 
these findings demonstrate that different parts of the epigenome undergo contrasting 469 
changes during transient reprogramming with age-associated CpG sites becoming 470 
differentially methylated during the maturation phase and cell-identity regions remaining 471 
unchanged until the stabilisation phase. The CpG sites within these two categories are 472 
distinct and the differential timing may suggest that different and potentially specific 473 
mechanisms are responsible for these changes. Telomere attrition is another ageing 474 
hallmark, which can induce DNA damage and senescence1. Consistent with previous 475 
studies50, our reprogramming system did not induce telomere elongation until the 476 
stabilisation phase, likely explaining why telomeres were not elongated by MPTR.  477 
 478 
More recently, there have been in vivo transient reprogramming approaches that elicit 479 
similar magnitudes of rejuvenation to our in vitro MPTR method. In mice, one week of 480 
reprogramming induction followed by 2 weeks of recovery reversed age-associated 481 
expression changes (including collagen gene expression) and partially rejuvenated the DNA 482 
methylome in the pancreas51. Interestingly, these outcomes closely mirror those observed 483 
in our human fibroblasts after MPTR. We note that iPSC reprogramming proceeds faster in 484 
mouse cells than human cells52 and so this in vivo approach likely also reprograms up to the 485 
maturation phase, supporting our findings that transient reprogramming up to the 486 
maturation phase can substantially reverse multiple features of ageing. In another recent 487 
approach, reprogramming was cyclically induced in mice for 2 days followed by 5 days of 488 
recovery for 7 months. This substantially reversed epigenetic clocks by up to 0.4 years 489 
(equivalent to 20 years in humans, similar to our system)53. These results suggest that the 490 
rejuvenation from shorter periods of transient reprogramming is additive and when 491 
performed long-term can reach the magnitude elicited by MPTR. 492 
 493 
Quantifying the age of the transcriptome is challenging and our attempts to quantify 494 
transcriptional rejuvenation suggested varying magnitudes ranging from 20 to 40 years. In 495 
addition, we needed to apply batch correction to compare to reference ageing datasets. 496 
There is a need in the field for a more robust transcription clock that can predict age 497 
accurately and can be applied to other datasets without the need to batch correct. Such a 498 
tool would be invaluable and enable us to quantify more accurately the true extent of 499 
transcriptional rejuvenation arising from MPTR. 500 
 501 
Upon further interrogation of the transcriptomic rejuvenation, we also observed changes in 502 
genes with non-fibroblast functions. In particular, the age-associated downregulation of 503 
APBA2 and the age-associated upregulation of MAF were reversed (Figure 3D). APBA2 504 
stabilises amyloid precursor protein, which plays a key role in the development of 505 
Alzheimer’s disease54. MAF regulates the development of embryonic lens fibre cells, and 506 
defects in this gene lead to the development of cataracts, which are a frequent complication 507 
in older age55. These observations may signal the potential of MPTR to promote more 508 
general rejuvenation signatures that could be relevant for other cell types such as neurons. 509 
It will be interesting to determine if MPTR-induced rejuvenation is possible in other cell 510 
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types, which could help us understand and potentially treat age-related diseases such as 511 
Alzheimer’s disease and cataracts. Potentially we may be able to rejuvenate ex vivo clinically 512 
relevant cell types and administer these rejuvenated cells as an autologous cell therapy, for 513 
example fibroblasts rejuvenated by MPTR may be applicable for treating skin wounds and 514 
improve wound healing. In addition, we may be able to use MPTR as a screening platform to 515 
find novel candidate genes that are responsible for reversing age-associated changes during 516 
reprogramming. Potentially by targeting such genes, we may be able to reverse age-517 
associated changes without inducing pluripotency. 518 
 519 
In our study, we investigated different lengths of reprogramming for our MPTR method and 520 
surprisingly found that longer lengths of reprogramming did not always promote more 521 
rejuvenation in the transcriptome and epigenome. Instead, we found that 13 days of 522 
reprogramming was the optimal period and that longer lengths of reprogramming 523 
diminished the extent of transcriptional and epigenetic rejuvenation. This finding contrasts 524 
with the observations of cells undergoing complete iPSC reprogramming and highlights the 525 
importance of assessing multiple reprogramming durations when using transient 526 
reprogramming approaches. 527 
 528 
The Yamanaka factors possess oncogenic properties, which can lead to teratoma formation 529 
when persistently overexpressed in vivo12,56. Our approach should avoid these properties as 530 
we only temporarily express the factors, similar to other transient reprogramming 531 
approaches13,15. Whilst we could not find any signatures of pluripotency within the 532 
transcriptomes or methylomes of transiently reprogrammed cells, we cannot discount the 533 
possibility that a minor subset of cells within the population maintain pluripotent-like 534 
characteristics, and could therefore induce teratoma formation if transplanted in vivo. We 535 
note though that this is a proof-of-concept study and that the method will eventually 536 
require modifications to be more suitable for therapeutic applications, such as by replacing 537 
the lentiviral vectors with non-integrating vectors. 538 
 539 
The effect of starting age is a factor that remains to be explored. In our study, we examined 540 
the effects of MPTR on fibroblasts from middle-aged donors and observed an approximately 541 
30 year rejuvenation. It will be interesting to perform our method on fibroblasts from 542 
younger and older donors to see if the rejuvenating effect of MPTR is constant in that case 543 
cells would always become 30 years younger than their controls. Alternatively, the effect of 544 
MPTR may scale with starting age, with more rejuvenation being observed in cells from 545 
older donors compared to cells from younger donors. Finally, we note that multiple cycles of 546 
transient reprogramming can be performed with some approaches13. It will be interesting to 547 
examine if MPTR can be performed repeatedly on cells and if this may improve the extent of 548 
rejuvenation. However, this may not be possible with our current system as telomere length 549 
is unaffected by MPTR. In addition, multiple cycles may not improve the extent of 550 
rejuvenation as there may be a minimum age that can be achieved when limiting 551 
reprogramming to the maturation phase. 552 
 553 
Overall, our results demonstrate that substantial rejuvenation is possible without acquiring 554 
stable pluripotency and suggest the exciting concept that the rejuvenation program may be 555 
separable from the pluripotency program. Future studies are warranted to determine the 556 



 13 

extent to which these two programs can be separated and could lead to discovery of novel 557 
targets that promote rejuvenation without the need for iPSC reprogramming. 558 

Methods 559 

Plasmids and lentivirus production 560 

The doxycycline inducible polycistronic reprogramming vector was generated by cloning a 561 
GFP-IRES sequence downstream of the tetracycline response element in the backbone 562 
FUW-tetO-hOKMS (Addgene 51543, a gift from Tarjei Mikkelsen57). This vector was used in 563 
combination with FUW-M2rtTA (Addgene 20342, a gift from Rudolf Jaenisch58). Viral 564 
particles were generated by transfecting HEK293T cells with the packaging plasmids 565 
pMD2.G (Addgene 12259, a gift from Didier Trono) and psPAX2 (Addgene 12260, a gift from 566 
Didier Trono) and either FUW-tetO-GFP-hOKMS or FUW-M2rtTA. 567 

 568 

iPSC reprogramming 569 

Dermal fibroblasts from middle age donors (38-53 years old) were purchased from Lonza 570 
and Gibco and were used at passage 4 after purchase for reprogramming experiments. Cells 571 
were routinely tested for mycoplasma. For lentiviral iPSC reprogramming, fibroblasts were 572 
expanded in fibroblast medium (DMEM-F12, 10% FBS, 1X Glutamax, 1X MEM-NEAA, 1X 573 
beta-mercaptoethanol, 0.2X Penicillin/Streptomycin, 16 ng/ml FGF2) before being 574 
spinfected with tetO-GFP-hOKMS and M2rtTA lentiviruses, where 10% virus supernatant 575 
and 8 µg/ml polybrene was added to the cells before centrifugation at 1000 rpm for 60 576 
minutes at 32°C. Reprogramming was initiated 24 hours after lentiviral transduction by 577 
introducing doxycycline (2 µg/ml) to the media. Media was changed daily throughout the 578 
experiment subsequently. On day 2 of reprogramming, cells were flow sorted for viable GFP 579 
positive cells and then cultured on gelatine coated plates. On day 7 of reprogramming, cells 580 
were replated onto irradiated mouse embryonic fibroblasts (iMEFs) and on day 8 of 581 
reprogramming, the medium was switched to hES medium (DMEM-F12, 20% KSR, 1X 582 
Glutamax, 1X MEM-NEAA, 1X beta-mercaptoethanol, 0.2X Penicillin/Streptomycin, 8 ng/ml 583 
FGF2). For transient reprogramming, cells were flow sorted at day 10, 13, 15 or 17 of 584 
reprogramming for the CD13+ SSEA4- and CD13- SSEA4+ populations. These cells were then 585 
replated on iMEFs (to replicate culture conditions before the flow sort and aid in cell 586 
reattachment) in fibroblast medium without doxycycline and then maintained like 587 
fibroblasts without iMEFs for subsequent passages. Cells were grown without doxycycline 588 
for 4 weeks in the first experiment and 5 weeks in the second experiment. Cells had 589 
returned to fibroblast morphology by four weeks in the second experiment, however, 590 
needed to be further expanded to generate enough material for downstream analyses. 591 
Negative control cells underwent the same procedure as the transient reprogramming cells 592 
to account for the effects of growing cells on iMEFs in hES media, flow sorting cells and 593 
keeping cells in culture for extensive periods of time. These confounders appeared to have 594 
no major effects on fibroblasts as these cells still clustered with the starting fibroblasts in 595 
our principal component analyses (Figure 1-figure supplement 1D and 1E). For complete 596 
reprogramming, colonies were picked on day 30 of reprogramming and transferred onto 597 
Vitronectin coated plates in E8 medium without doxycycline. Colonies were maintained as 598 
previously described 59 and harvested at day 51 of reprogramming to ensure that the 599 
stabilisation phase was completed and that traces of donor memory were erased. For 600 
Sendai virus iPSC reprogramming using CytoTune™-iPS 2.0 Sendai Reprogramming kit 601 
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(Invitrogen), fibroblasts were reprogrammed as previously described59. For intermediate 602 
timepoints, cells were flow sorted into reprogramming (CD13- SSEA4+) and not 603 
reprogramming populations (CD13+ SSEA4-) before downstream profiling. 604 
 605 

Fluorescence-activated cell sorting (FACS) of reprogramming intermediates 606 

Cells were pre-treated with 10 µM Y-27632 (STEMCELL technologies) for 1 hour. Cells were 607 
harvested using StemPro™ Accutase™ cell dissociation reagent and incubated with 608 
antibodies against CD13 (PE, 301704, Biolegend), SSEA4 (AF647, 330408, Biolegend) and 609 
CD90.2 (APC-Cy7, 105328, Biolegend) for 30 minutes. Cells were washed twice with 2% FBS 610 
in PBS and passed through a 50 µm filter to achieve a single cell suspension. Cells were 611 
stained with 1 µg/mL DAPI just prior to sorting. Single colour controls were used to perform 612 
compensation and gates were set based on the “negative control intermediate” samples. 613 
Cells were sorted with a BD FACSAria™ Fusion flow cytometer (BD Biosciences) and 614 
collected for either further culture or DNA/RNA extraction. 615 

 616 

DNA methylation array 617 

Genomic DNA was extracted from cell samples with the DNeasy blood and tissue kit 618 
(Qiagen) by following the manufacturer’s instructions and including the optional RNase 619 
digestion step. For intermediate reprogramming stage samples, genomic DNA was extracted 620 
alongside the RNA with the AllPrep DNA/RNA mini kit (Qiagen). Genomic DNA samples were 621 
processed further at the Barts and the London Genome Centre and run on Infinium 622 
MethylationEPIC arrays (Illumina).  623 
 624 

RNA-Seq 625 

RNA was extracted from cell samples with the RNeasy mini kit (Qiagen) by following the 626 
manufacturer’s instructions. For intermediate reprogramming stage samples and Sendai 627 
virus reprogrammed samples, RNA was extracted alongside the genomic DNA with the 628 
AllPrep DNA/RNA mini kit (Qiagen). RNA samples were DNase treated (Thermo Scientific) to 629 
remove contaminating DNA. RNA-Seq libraries were prepared at the Wellcome Sanger 630 
Institute and run on a HiSeq 2500 system (Illumina) for 50 bp single-end sequencing. For 631 
Sendai virus reprogrammed samples, libraries were prepared as previously described59, and 632 
run on a HiSeq 2500 (Illumina) for 75 bp paired-end sequencing. 633 
 634 

DNA methylation analysis 635 

The array data was processed with the minfi R package and NOOB normalisation to 636 
generate beta values. DNA methylation age was calculated using the multi-tissue clock3, the 637 
skin and blood clock18, the epiTOC clock60, the GrimAge clock61, the Hannum clock 2, the 638 
PhenoAge 62 and the Weidner clock 34. We note that 19 CpG sites from the multi-tissue clock 639 
are missing in the Infinium MethylationEPIC array, however, the predictions are still robust 640 
when performed on NOOB normalised array data63. Telomere length was calculated using 641 
the telomere length clock35. Reference datasets for reprogramming fibroblasts and iPSCs 642 
were obtained from Ohnuki et al19 (GEO: GSE54848),  Banovich et al20 (GEO: GSE110544) 643 
and Horvath et al18. In addition, the reference datasets included novel data examining the 644 
intermediate stages of dermal fibroblasts being reprogrammed with the CytoTune™-iPS 2.0 645 
Sendai Reprogramming kit (Invitrogen). 646 
 647 
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RNA-Seq analysis 648 

Reads were trimmed with Trim Galore (version 0.6.2) and aligned to the human genome 649 
(GRCh38) with Hisat2 (version 2.1.0). Raw counts and log2 transformed counts were 650 
generated with Seqmonk (version 1.45.4). Reference datasets for fibroblasts and iPSCs were 651 
obtained from Fleischer et al5 (GEO: GSE113957) and Banovich et al20 (GEO: GSE107654). In 652 
addition, the reference datasets included novel data examining the intermediate stages of 653 
dermal fibroblasts being reprogrammed with the CytoTune™-iPS 2.0 Sendai Reprogramming 654 
kit (Invitrogen). Samples were carried forward for further analysis if they had a total read 655 
count of at least 500000 with at least 70% of the reads mapping to genes and at least 65% 656 
of the reads mapping to exons. 657 
 658 

Immunofluorescence and Imaging 659 

Young control dermal fibroblasts were purchased from Lonza, Gibco and the Coriell Institute 660 
(GM04505, GM04506, GM07525, GM07545 and AG09309) and were used at passage 4 after 661 
purchase. Antibody staining was performed as previously described64 on cells grown on 662 
coverslips or cytospun onto coverslip after fixation with 2% PFA for 30 minutes at room 663 
temperature. Briefly, cells were permeabilised with 0.5% TritonX-100 in PBS for 1 hour; 664 
blocked with 1% BSA in 0.05% Tween20 in PBS (BS) for 1 hour; incubated overnight at 4°C 665 
with the appropriate primary antibody diluted in BS; followed by wash in BS and secondary 666 
antibody. All secondary antibodies were Alexa Fluor conjugated (Molecular Probes) diluted 667 
1:1000 in BS and incubated for 30 minutes. For the morphology analysis, cells were not 668 
permeabilised and were stained with direct labelled primary antibodies. Incubations were 669 
performed at room temperature, except where stated otherwise. DNA was counterstained 670 
with 5 μg/mL DAPI in PBS. Optical sections were captured with a Zeiss LSM780 microscope 671 
(63x oil-immersion objective). Fluorescence semi-quantification analysis was performed 672 
with Volocity 6.3 (Improvision). 3D rendering of z-stacks was used for semi-quantification of 673 
Collagen I and IV. Single middle optical sections were used for semi-quantification of 674 
H3K9me3. Antibodies and dilutions used are listed below: 675 
 676 
Anti-H3K9me3; 07-442, Merck/ Millipore (1:500) 677 
Anti-Collagen I; ab254113, Abcam (1:400) 678 
Anti-Collagen IV; PA5-104508, Invitrogen (1:200) 679 
Anti-CD44-BB515; 564587, BD Biosciences (1:400) 680 
Anti-SSEA4-APC; FAB1435A-100; R&D Systems (1:40) 681 
Anti-CD13-PE; 301704; Biolegend (1:500) 682 
 683 

Wound healing assay 684 

Cells were seeded into wound healing assay dish (80466, Ibidi) at a cell density of 20000 685 
cells per chamber. GM04505, GM04506, GM07545 and AG09309 fibroblasts were used at 686 
passage 5 as young controls. After 24 hours, the insert was removed generating 500 µm 687 
gaps between the cell-containing areas. The dishes were imaged every 20 minutes for 20 688 
hours using a Nikon Ti-E equipped with a full enclosure incubation chamber (37o C; 5% CO2) 689 
and the 20x objective. The images were pre-processed by cropping and rotating so that the 690 
wound area was on the right-hand side of the image. A Fiji macro was used to generate 691 
masks of the wound healing images. The coverage of the wound by immerging cells was 692 
analysed by measuring the intensity of the mask along a line across the image. R was used 693 
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to determine the location of the wound edge by collecting all of the x coordinates where the 694 
mask intensity was high enough to indicate that it was no longer part of the wound. The 695 
wound edge at each timepoint was expressed relative to the starting position to obtain the 696 
distance closed. Migration speed was calculated from the gradient between distance closed 697 
and time. 698 
 699 

Data analyses 700 

Downstream analyses of RNA-seq and DNA methylation data were performed using R 701 
(version 4.0.2). Ggplot2 (version 3.3.2) was used to generate the bar charts, boxplots, line 702 
plots, pie charts, scatter plots and violin plots. Ggalluvial (version 0.12.2) was used to 703 
generate the alluvial plots. ComplexHeatmap (version 2.4.3) was used to generate the 704 
heatmaps. The combat function from the package sva (version 3.36.0) was used in figures 705 
1E and 1F to batch correct the novel Sendai reprogramming dataset to the other datasets. 706 
The combat function was also used in figure 3 to batch correct the fibroblast ageing 707 
reference dataset5 to our dataset. Non-parametric tests were used when the data 708 
distribution was not normal and parametric tests were used when the data distribution was 709 
normal. 710 
 711 
The random forest-based transcription clock was trained on the batch corrected ageing 712 
reference dataset using the caret R package65 and random forest regression with 10-fold 713 
cross validation, 3 repeats and a “tuneLength” of 5. Chronological age was transformed 714 
before training with the following formulas adapted from the Horvath multi-tissue 715 
epigenetic clock3: 716 
F(age)=log2(chronological.age+1)-log2(adult.age+1) if chronological.age<=adult.age 717 
F(age)=(chronological.age-adult.age)/(adult.age+1) if chronological.age>adult.age 718 
As with the Horvath multi-tissue epigenetic clock, adult.age was set to 20 years old for these 719 
calculations3. The BiT age clock was also retrained on the batch corrected ageing reference 720 
dataset using scikit-learn as previously described25. This retrained model had a median 721 
absolute error of 5.55 years and consisted of 29 genes. 722 
 723 
Rejuvenated CpG sites were found by comparing the methylation difference due to the age 724 
(calculated with the Horvath et al, 2018 dataset) to the methylation difference due to 13 725 
days of transient reprogramming. CpG sites were classified as rejuvenated if they 726 
demonstrated a methylation difference of 10% over 40 years of ageing that was reversed by 727 
transient reprogramming. 728 
 729 
 730 

Data availability 731 

DNA methylation array and RNA-seq data are available on Gene Expression Omnibus under 732 
the accession number: GSE165180. For the purposes of reviewing, data is available with the 733 
token: mvivgksmxjcdjwf 734 
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Figure legends 894 
Figure 1. Transiently reprogrammed cells reacquire their initial cellular identity 895 
(A) Mean DNA methylation age (calculated using the multi-tissue clock 3) throughout the reprogramming 896 
process where cells were transduced with our tetO-GFP-hOKMS vector and treated continuously with 2 µg/mL 897 
of doxycycline. Reprogramming is divided in three distinct phases: initiation phase (IP); maturation phase (MP) 898 
and stabilisation phase (SP). DNA methylation age decreased substantially during the maturation phase of 899 
reprogramming in cells that were successfully reprogramming (magenta line) but not in control cells (yellow 900 
and orange lines represent non-transduced cells and cells expressing hOKMS but failing to reprogram as 901 
indicated by cell surface markers, respectively). Points represent the mean and error bars the standard 902 
deviation. N = 3 biological replicates per condition, where fibroblasts were derived from different donors. N = 903 
2 biological replicates for the iPSC timepoint (day 51). 904 
(B) Experimental scheme for maturation phase transient reprogramming (MPTR). The tetO-GFP-hOKMS 905 
reprogramming construct was introduced into fibroblasts from older donors by lentiviral transduction. 906 
Alternatively, cells were ‘mock infected’ as a negative control. Following this, cells were grown in the presence 907 
of 2 µg/mL doxycycline to initiate reprogramming. At several timepoints during the maturation phase, cells 908 
were flow sorted and successfully reprogramming cells (CD13- SSEA4+) and cells that were failing to reprogram 909 
(CD13+ SSEA4-) were collected for analysis. These were termed “transient reprogramming intermediate” and 910 
“failing to transiently reprogram intermediate”, respectively. Sorted cells were also further cultured, and 911 
grown in the absence of doxycycline for at least four weeks - these were termed “transiently reprogrammed” 912 
(CD13- SSEA4+) or “failed to transiently reprogram” (CD13+ SSEA4-). 913 
(C) Phase-contrast microscope images of cells after doxycycline treatment (transient reprogramming 914 
intermediate) and after withdrawal of doxycycline (transiently reprogrammed) as described in B. The 915 
morphology of some cells changed after doxycycline treatment. These cells appeared to form colonies, which 916 
became larger with longer exposure to doxycycline. After sorting, these cells were cultured in medium no 917 
longer containing doxycycline, and appeared to return to their initial fibroblast morphology. 918 
(D) Roundness ratio of cells before, during and after MPTR (with 13 days of reprogramming). Roundness ratio 919 
was calculated by dividing maximum length by perpendicular width. Fibroblasts became significantly rounder 920 
during MPTR and returned to a more elongated upon the completion of MPTR. Values from individual cells 921 
have been represented as violin plots. Points represent mean values and are connected with lines. Significance 922 
was calculated with a Tukey’s range test. Representative 3D renderings of cells (generated using Volocity) 923 
before, during and after successful transient reprogramming are included below the plot. CD13 is coloured in 924 
green, SSEA4 is coloured in red and DAPI staining is coloured in blue. White scale bars represent a distance of 925 
20 µm. 926 
(E) Principal component analysis of transient reprogramming and reference reprogramming sample 927 
transcriptomes (light blue to dark blue and black crosses, data from Banovich et al20, Fleischer et al5 and our 928 
novel Sendai reprogramming dataset). Reference samples form a reprogramming trajectory along PC1. In the 929 
Sendai reprogramming reference dataset, cells that were not reprogramming (CD13+ SSEA4-) were also 930 
profiled and clustered midway along PC1 suggesting some transcriptional changes had still occurred in these 931 
cells. Transient reprogramming samples moved along this trajectory with continued exposure to doxycycline 932 
(light magenta points) and returned to the beginning of the trajectory after withdrawal of doxycycline 933 
(magenta points). Control samples (yellow and orange points) remained at the beginning of the trajectory 934 
throughout the experiment. 935 
(F) Mean gene expression levels for the fibroblast specific gene FSP1 and the iPSC specific gene NANOG. 936 
Transiently reprogrammed samples expressed these genes at levels similar to control fibroblasts. Bars 937 
represent the mean and error bars the standard deviation. Samples transiently reprogrammed for 13, 15 or 17 938 
days were pooled. The number of distinct samples in each group is indicated in brackets. 939 
(G) Principal component analysis of transient reprogramming (magenta points) and reference reprogramming 940 
sample methylomes (light blue to dark blue and black crosses, data from Banovich et al20, Ohnuki et al19 and 941 
our novel Sendai reprogramming dataset). Reference samples formed a reprogramming trajectory along PC1. 942 
Transient reprogramming samples moved along this trajectory with continued exposure to doxycycline (light 943 
magenta points) and returned to the beginning of the trajectory after withdrawal of doxycycline (magenta 944 
points). Control samples (yellow and orange points) remained at the beginning of the trajectory throughout 945 
the experiment. 946 
(H) Mean DNA methylation levels across the fibroblast specific gene FSP1 and the iPSC specific gene POU5F1 947 
(encoding OCT4). Transiently reprogrammed samples had methylation profiles across these genes that 948 
resemble those found in fibroblasts. Grey bars and black bars indicate the locations of Ensembl annotated 949 
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promoters and genes, respectively. Samples transiently reprogrammed for 10, 13, 15 or 17 days were pooled 950 
for visualisation purposes. The number of distinct samples in each group is indicated in brackets. 951 
 952 
Figure 2. Epigenetic memory at enhancers and persistent fibroblast gene expression may allow cells to 953 
return to their initial identity 954 
(A) The mean expression levels of fibroblast-specific and iPSC-specific gene sets during transient 955 
reprogramming and complete reprogramming. Error bars represent the standard deviation. 956 
(B) Heatmap examining the expression of fibroblast-specific genes in cells before (light blue group), during 957 
(light magenta group, transient reprogramming intermediate cells) and after (magenta group, transiently 958 
reprogrammed fibroblasts) transient reprogramming as well as in iPSCs (dark blue group). The number of days 959 
of reprogramming is indicated above the heatmap where applicable. The majority of fibroblast genes are 960 
downregulated at the intermediate stages of transient reprogramming. However, some fibroblast genes are 961 
persistently expressed or temporarily upregulated at this stage.  962 
(C) Mean DNA methylation levels across enhancers linked to the three clusters of fibroblast genes during 963 
transient reprogramming and complete reprogramming. DNA methylation levels across enhancers remain 964 
unchanged during transient reprogramming regardless of the expression of their associated genes. In 965 
comparison, DNA methylation levels across these regions increase during complete reprogramming. Error bars 966 
represent the standard deviation. 967 
(D) Heatmap examining the DNA methylation levels of fibroblast-specific enhancers in cells before (light blue 968 
group), during (light magenta group) and after (magenta group) transient reprogramming as well as in iPSCs 969 
(dark blue group). Each sample was plotted as a single column, whether reprogrammed for 10, 13, 15, or 17 970 
days. Fibroblast enhancers became hypermethylated during complete reprogramming but were still 971 
demethylated at the intermediate stages of transient reprogramming. Fibroblast-specific enhancers were 972 
defined as enhancers that are active in fibroblasts but no longer active in iPSCs (become inactive, poised or 973 
repressed) based on Ensembl regulatory build annotations. 974 
(E) The mean expression and enhancer methylation levels of example genes during transient reprogramming 975 
and complete reprogramming. MMP1 is a gene that demonstrates epigenetic memory as it is temporarily 976 
downregulated during transient reprogramming and its enhancer remains demethylated. COL1A2 is a gene 977 
that demonstrates transcriptional persistence as it remains expressed throughout transient reprogramming. 978 
 979 
Figure 3. Transient reprogramming reverses age-associated changes in the transcriptome and partially 980 
restores fibroblast migration speed. 981 
(A) Principal component analysis of fibroblast ageing-associated gene expression levels in transient 982 
reprogramming (magenta) and reference ageing fibroblast samples (light blue-dark blue). Reference samples 983 
formed an ageing trajectory along PC1. Transiently reprogrammed samples located closer to young fibroblasts 984 
than negative control samples did (yellow and orange), suggesting they were transcriptionally younger. 985 
(B) PC1 values from the principal component analysis of fibroblast ageing-associated gene expression levels 986 
and their equivalent age based on the reference ageing fibroblast samples. PC1 values were greater in 987 
transiently reprogrammed samples than negative control and failed to transiently reprogram samples and as 988 
result these samples appear to be younger. Bars represent the mean and error bars represent the standard 989 
deviation. 990 
(C) Mean transcription age calculated using a custom transcriptome clock (median absolute error=12.57 years) 991 
for negative control samples (yellow), samples that expressed OSKM but failed to reprogram based on cell 992 
surface markers (orange) and cells that were successfully transiently reprogrammed (magenta) as described in 993 
Figure 1B for 10, 13, 15 or 17 days. The number of distinct samples in each group is indicated in brackets. Bars 994 
represent the mean and error bars the standard deviation. Statistical significance was calculated with Mann-995 
Whitney U tests. 996 
(D) The mean expression levels of all genes in transiently reprogrammed samples with 13 days of 997 
reprogramming compared to those in corresponding negative control samples. In addition, genes have been 998 
colour coded by their expression change with age. Genes that upregulate with age were downregulated with 999 
transient reprogramming and genes that downregulate with age were upregulated with transient 1000 
reprogramming. Notable example genes have been highlighted. The number of distinct samples in each group 1001 
is indicated in brackets. 1002 
(E) The expression levels of collagen genes that were restored to youthful levels after transient reprogramming 1003 
with 13 days of reprogramming. Bars represent the mean and error bars the standard deviation. The number 1004 
of distinct samples in each group is indicated in square brackets. Significance was calculated with a two-sided 1005 
Mann-Whitney U test. 1006 
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(F) Boxplots of the protein levels of Collagen I and IV in individual cells after transient reprogramming for 10 or 1007 
13 days calculated based on fluorescence intensity within segmented cells following immunofluorescence 1008 
staining. Boxes represent upper and lower quartiles and central lines the median. The protein levels of 1009 
Collagen I and IV increased after transient reprogramming. The number of distinct samples in each group is 1010 
indicated in square brackets. Representative images are included (bottom panel). CD44 is coloured in green, 1011 
Collagen I and IV are coloured in red and DAPI staining is coloured in blue. Significance was calculated with a 1012 
two-sided Mann-Whitney U test. 1013 
(G) The migration speed of fibroblasts in a wound healing assay. Migration speed was significantly lower in 1014 
negative control fibroblasts from middle-aged donors compared to fibroblasts from young donors (aged 20-1015 
22). Transient reprogramming improved the migration speed in some samples but had no effect in others. 1016 
Technical replicates were averaged, and the mean values have been presented as boxplots where the boxes 1017 
represent the upper and lower quartiles and the central lines the median. Significance was calculated with a 1018 
Tukey’s range test. 1019 
 1020 
Figure 4. Optimal transient reprogramming can reverse age-associated changes in the epigenome 1021 
A) Boxplots of the levels of H3K9me3 in individual cells calculated based on fluorescence intensity within nuclei 1022 
(segmented using DAPI). The levels of H3K9me3 were found to decrease with age and increase after transient 1023 
reprogramming for 10 or 13 days. Boxes represent upper and lower quartiles and central lines the median. The 1024 
number of distinct samples in each group is indicated in square brackets. Representative images are included 1025 
(right panel). H3K9me3 is coloured in green and DAPI staining is coloured in greyscale. Significance was 1026 
calculated with a two-sided Mann-Whitney U test. 1027 
(B) Mean DNA methylation age of samples after transient reprogramming calculated using the multi-tissue 1028 
clock3. DNA methylation age substantially reduced after 13 days of transient reprogramming. Shorter and 1029 
longer lengths of transient reprogramming led to smaller reductions in DNA methylation age. Bars represent 1030 
the mean and error bars represent the standard deviation. The outlier in the 13 days of transient 1031 
reprogramming group was excluded from calculation of the mean and standard deviation. Significance was 1032 
calculated with a two-sided Mann-Whitney U test with (in brackets) and without the outlier. The number of 1033 
distinct samples in each group is indicated in brackets beneath the bars. 1034 
(C) Mean telomere length of samples after transient reprogramming calculated using the telomere length 1035 
clock 31. Telomere length either did not change or was slightly reduced after transient reprogramming. Bars 1036 
represent the mean and error bars represent the standard deviation. Significance was calculated with a two-1037 
sided Mann-Whitney U test. 1038 
(D) Mean DNA methylation levels across a rejuvenated age-hypomethylated region. This region is found within 1039 
the IRX5 promoter. Samples transiently reprogrammed for 13 days were pooled for visualisation purposes. The 1040 
number of distinct samples in each group is indicated in brackets. 1041 
(E) Mean DNA methylation levels across rejuvenated age-hypermethylated regions. These regions are found 1042 
within the GAD1 promoter and HOXB locus. Samples transiently reprogrammed for 13 days were pooled for 1043 
visualisation purposes. The number of distinct samples in each group is indicated in brackets. 1044 
(F) The overlap in rejuvenated methylation CpG sites and rejuvenated expression genes. Rejuvenated CpG sites 1045 
were annotated with the nearest gene for this overlap analysis. The universal set was restricted to genes that 1046 
were annotated to CpG sites in the DNA methylation array. Fisher’s exact test was used to calculate the 1047 
significance of the overlap. The six genes that were found in both sets are listed along with the direction of 1048 
their DNA methylation (red) and gene expression (blue) change with age. 1049 
  1050 
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Figure supplement legends 1051 
 1052 
Figure 1-figure supplement 1 1053 
(A) Mean DNA methylation age (calculated using multiple epigenetic clocks2,18,34,60–62) throughout the 1054 
reprogramming process where cells were transduced with our tetO-GFP-hOKMS vector and treated 1055 
continuously with 2 µg/mL of doxycycline. Reprogramming is divided into three distinct phases: initiation 1056 
phase (IP); maturation phase (MP) and stabilisation phase (SP). DNA methylation age according to the skin and 1057 
blood clock decreased substantially during the maturation phase of reprogramming in cells that were 1058 
successfully reprogramming (magenta line) but not in control cells (yellow and orange lines represent non-1059 
transduced cells and cells expressing hOKMS but failing to reprogram as indicated by cell surface markers, 1060 
respectively). DNA methylation age decreased substantially during the stabilisation phase for other epigenetic 1061 
clocks and was unaffected by reprogramming for the epiTOC clock. Points represent the mean and error bars 1062 
the standard deviation. N = 3 biological replicates per condition, where fibroblasts were derived from different 1063 
donors. N = 2 biological replicates for the iPSC timepoint (day 51). 1064 
(B) The percentage of cells measured in each quadrant during the flow sort for successfully reprogramming 1065 
cells (top panel). Cells were classified as CD13 only (CD13+ SSEA4-), double negative (“DN”, CD13- SSEA4-), 1066 
double positive (“DP”, CD13+ SSEA4+) or SSEA4 only (CD13- SSEA4+). Cells that were collected are colour 1067 
coded (light yellow = negative control intermediate, light orange = failed to transiently reprogram 1068 
intermediate, light magenta = transient reprogramming intermediate). Bars represent the mean and error bars 1069 
the standard deviation. Representative flow cytometry plots (bottom panel) show where gates were placed for 1070 
determining presence/absence of surface markers. 1071 
(C) Representative 3D renderings of cells (generated using Volocity) that failed to transiently reprogram or 1072 
were negative controls at the start, intermediate and end stages of MPTR. CD13 is coloured in green, SSEA4 is 1073 
coloured in red and DAPI staining is coloured in blue. White scale bars represent a distance of 20 µm. 1074 
(D) Principal component analysis of the transcriptomes of the samples generated in this study (without 1075 
reference datasets). PC1 separates the starting fibroblasts from fully reprogrammed iPSCs. Transient 1076 
reprogramming intermediate samples cluster closer to iPSCs than fibroblasts. Upon completion of transient 1077 
reprogramming, samples cluster again with fibroblasts. 1078 
(E) Principal component analysis of the DNA methylomes of the samples generated in this study (without 1079 
reference datasets). PC1 separates the starting fibroblasts from fully reprogrammed iPSCs. Transient 1080 
reprogramming intermediate samples cluster in between iPSCs and fibroblasts. Upon completion of transient 1081 
reprogramming, samples cluster again with fibroblasts. 1082 
 1083 
Figure 2-figure supplement 1 1084 
(A) Volcano plot showing the differentially expressed genes between iPSCs and fibroblasts. Differentially 1085 
expressed genes were determined with DESeq2 (P ≤ 0.05 and log2 fold change ≤ 1). In this comparison, 1086 
upregulated genes were classed as iPSC-specific genes and downregulated genes were classed as fibroblast-1087 
specific genes. 1088 
(B) Heatmap examining the expression of fibroblast-specific genes in cells before (light blue group), during 1089 
(light magenta group, transient reprogramming intermediate cells) and after (magenta group, transiently 1090 
reprogrammed fibroblasts) transient reprogramming. Fibroblast genes were divided into three clusters, which 1091 
displayed different expression patterns during transient reprogramming. The number of genes within each 1092 
cluster is shown in brackets. 1093 
(C) Heatmap examining the expression of iPSC-specific genes in cells before (light blue group), during (light 1094 
magenta group, transient reprogramming intermediate cells) and after (magenta group, transiently 1095 
reprogrammed fibroblasts) transient reprogramming as well as in iPSCs (dark blue group). The number of days 1096 
of reprogramming is indicated above the heatmap where applicable. 1097 
(D) Mean DNA methylation levels across promoters linked to the three clusters of fibroblast genes during 1098 
transient reprogramming and complete reprogramming. DNA methylation levels across promoters remained 1099 
lowly methylated during transient reprogramming and complete reprogramming regardless of the expression 1100 
of their associated genes. Error bars represent the standard deviation. 1101 
(E) Heatmaps examining the DNA methylation levels of enhancers linked to the three clusters of fibroblast 1102 
genes in cells before (light blue group), during (light magenta group) and after (magenta group) transient 1103 
reprogramming as well as in iPSCs (dark blue group). For all three clusters, a subset of enhancers was still 1104 
demethylated at the intermediate stages of transient reprogramming but became hypermethylated during 1105 
complete reprogramming. 1106 
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 1107 
Figure 3-figure supplement 1 1108 
(A) Results of the tenfold cross validation comparing predicted age to actual age for a custom transcriptome 1109 
clock. 1110 
(B) Mean transcription age calculated using a custom transcriptome clock (median absolute error=12.57 years) 1111 
for initiation phase transiently reprogrammed fibroblasts15. The number of distinct samples in each group is 1112 
indicated in brackets. Bars represent the mean and error bars the standard deviation. 1113 
(C) Mean transcription age calculated using the retrained BiT age clock (median absolute error=5.55 years) for 1114 
negative control samples (yellow), samples that expressed OSKM but failed to reprogram based on cell surface 1115 
markers (orange) and cells that were successfully transiently reprogrammed (magenta) for 10, 13, 15 or 17 1116 
days. The number of distinct samples in each group is indicated in brackets. Bars represent the mean and error 1117 
bars the standard deviation. Statistical significance was calculated with Mann-Whitney U tests. 1118 
(D) The expression levels of notable genes that were restored to youthful levels after transient reprogramming 1119 
with 13 days of reprogramming. Bars represent the mean and error bars the standard deviation. The number 1120 
of distinct samples in each group is indicated in square brackets. 1121 
(E) Migration speed of the technical replicates in a wound healing assay. Matched samples from the same 1122 
starting population of fibroblasts (biological replicates) have been grouped (separated by dashed lines). In 1123 
addition, the migration speeds of fibroblasts from four young control donors have been provided for 1124 
comparison. In two cases, transient reprogramming improved the migration speed of fibroblasts and in two 1125 
cases transient reprogramming appeared to have no effect on migration speed. 1126 
 1127 
Figure 4-figure supplement 1 1128 
(A) The expression levels of DNA methyltransferases and TET enzymes throughout the reprogramming process 1129 
where cells were transduced with our tetO-GFP-hOKMS vector and treated continuously with 2 µg/mL of 1130 
doxycycline. Reprogramming is divided into three distinct phases: initiation phase (IP); maturation phase (MP) 1131 
and stabilisation phase (SP). The de novo methyltransferases and TET enzymes are upregulated during the 1132 
maturation phase relative to negative controls. N = 3 biological replicates per condition, where fibroblasts 1133 
were derived from different donors. N = 2 biological replicates for the day 17 reprogramming timepoint and 1134 
the iPSC timepoint (day 51). 1135 
(B) Mean DNA methylation age of samples after transient reprogramming calculated using multiple epigenetic 1136 
clocks2,18,34,60–62. DNA methylation age substantially reduced after 13 days of transient reprogramming for the 1137 
skin and blood clock and the Weidner clock. Shorter and longer lengths of transient reprogramming led to 1138 
smaller reductions in DNA methylation age. Other epigenetic clocks were unaffected by the four lengths of 1139 
transient reprogramming. Bars represent the mean and error bars represent the standard deviation. 1140 
Significance was calculated with the Mann-Whitney U test. The number of distinct samples in each group is 1141 
indicated in brackets. 1142 
(C) Mean telomere length (calculated using the telomere length clock35) throughout the reprogramming 1143 
process where cells were transduced with our tetO-GFP-hOKMS vector and treated continuously with 2 µg/mL 1144 
of doxycycline. Reprogramming is divided into three distinct phases: initiation phase (IP); maturation phase 1145 
(MP) and stabilisation phase (SP). Telomere length decreases during the initiation and maturation phases and 1146 
begins to increase during the stabilisation phase. Points represent the mean and error bars the standard 1147 
deviation. N = 3 biological replicates per condition, where fibroblasts were derived from different donors. N = 1148 
2 biological replicates for the iPSC timepoint (day 51). 1149 
(D) The expression of TERT throughout the reprogramming process where cells were transduced with our 1150 
tetO-GFP-hOKMS vector. Reprogramming is divided into three distinct phases: initiation phase (IP); maturation 1151 
phase (MP) and stabilisation phase (SP). Points represent the mean and error bars the standard deviation. 1152 
TERT expression begins to increase during the maturation phase and is weakly expressed at the end of the 1153 
maturation phase. TERT expression continues to increase during the stabilisation phase. N = 3 biological 1154 
replicates per condition, where fibroblasts were derived from different donors. N = 2 biological replicates for 1155 
the day 17 reprogramming timepoint and the iPSC timepoint (day 51). 1156 
(E) The location of rejuvenated CpG sites after 13 days of transient reprogramming. Sites rejuvenated by 1157 
demethylation are coloured in blue and sites rejuvenated by methylation are coloured in pink. 1158 
  1159 
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Supplementary file legends 1160 
Supplementary file 1 1161 
A comparison of previous transient reprogramming methods. 1162 
 1163 
Supplementary file 2 1164 
The complete results of the Tukey’s range test that was used to compare the morphology ratio between the 1165 
different stages and groups of MPTR. 1166 
 1167 
Supplementary file 3 1168 
The lists of fibroblast genes that were identified to either temporarily downregulate, temporarily upregulate or 1169 
persist in their expression during MPTR. 1170 
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