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Summary

In vivo reprogramming through the forced expression of Oct4, Sox2, KIf4, and c-Myc (OSKM) has
demonstrated great potential for reversing age-associated phenotypes, as the combination of these
transcription factors actively promote cell regeneration and rejuvenation in various tissues and organs.
However, continuous in vivo OSKM expression raised safety concerns due to loss of cell identity,
decrease in body weight, and premature death. Although cyclic short-term or targeted expression of the
reprogramming factors can mitigate some of these detrimental effects in mice, systemic rejuvenation of
wild type mice has remained elusive potentially due to these current technical limitations. To improve
the fundamental understanding of in vivo reprogramming, we conducted a comparative analysis across
multiple reprogrammable mouse strains, tissues, and expression methods, presenting a comprehensive
atlas of formerly established strains. In addition, we developed novel reprogrammable mouse strains by
avoiding OSKM expression in specific organs, in dividing cells, or implementing chimeric expression
approaches within specific cells, thereby offering safer strategies to induce in vivo reprogramming and
fully harness its potential. We hope that these new tools will become valuable resources for future

research in this very exciting field of research with potential implications to human health.

Keywords: reprogramming, in vivo, aging, strain, rejuvenation, safety, chimeric, OSKM, induction,

survival.

Introduction

In 2006, Shinya Yamanaka demonstrated that the expression of the four transcription factors Oct4, Sox2,
Klif4 and c-Myc (OSKM), is capable of reprogramming differentiated cells in vitro back to a pluripotent
state'. Intriguingly, subsequent studies have shown that induction of partial reprogramming can reverse
age-associated phenotypes in vitro, highlighting its potential to modify both cellular identity and age*
*. In this line, OSK(M) have been shown to promote the regeneration of multiple cell types and restore
young transcription profiles®. Furthermore, tissues and organs that have been rejuvenated by in vivo
reprogramming include kidney®, liver’®, skin®, heart', pancreas and muscle*”"'""*, In addition, brain

memory '* and axon regeneration after injury'> have been improved by in vivo reprogramming.
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Despite the potential opportunities proposed by advances in cellular reprogramming, the continuous
induction of OSKM expression in vivo faces notable safety issues because of the loss of cell identity'®
'8 leading to organ failure and dysfunction, severe body weight loss, and early mortality®'"'%!,
Importantly, these defects can be uncoupled from the rejuvenating effects of in vivo reprogramming by
controlling the expression of reprogramming factors, either by cyclic short-term expression or cell- or
tissue-specific expression. Importantly, partial reprogramming, achieved by transient periodic induction
of OSKM in vivo, ameliorated signs of aging without loss of cellular identity in progeroid mice,
extending their lifespan in the absence of teratoma formation''. However, it is evident that these
methods, whether short-term or mildly induced, have failed to induce systemic rejuvenation or extend
the lifespan of wild-type mice. In this line, a recent study using gene therapy to induce partial
reprogramming showed a mild effect on organismal rejuvenation and lifespan extension in
physiologically aged mice®®. Hence, we are in need of developing novel strategies that can facilitate the
safe induction of in vivo reprogramming, minimizing its adverse side effects, to fully realize its true
rejuvenation potential.

Towards this goal, we conducted a comparative analysis of in vivo reprogramming at both phenotypic
and OSKM expression levels in previously established reprogrammable mouse strains across different
tissues. First, we analyzed four different strains in the context of whole-body reprogramming.
Additionally, we analyzed the potential effects of changes in the number of copies of the OSKM cassette
and transactivator, as well as the differences in induction protocols. Lastly, with the goal of establishing
new protocols for the induction of safer, stronger, and long-term in vivo reprogramming, we generated
and analyze novel reprogrammable mouse strains based on OSKM expression in specific tissues
(avoiding expression in the liver and intestine), expression of the reprogramming factors in post-mitotic
cells, or expression in a chimeric fashion that allows to sustain organ function during in vivo
reprogramming. We strongly believe that this study provides a deep perspective of in vivo
reprogramming, offering valuable data for the study of safe reprogramming strategies to induce

rejuvenation at the organismal level.
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83  Results
84  Transcriptome analysis unveils differential expression of the reprogramming factors between
85  different reprogrammable mouse strains.
86  With the aim of establishing better strategies for the induction of whole-body in vivo reprogramming,
87  we decided to explore the expression of OSKM in four previously established reprogrammable mouse
88  strains. Importantly, the main genetic difference between these strains is the genetic location of the
89  doxycycline-inducible polycistronic cassette (TetO 4F), which encodes murine Oct4, Sox2, Klf4, and c-
90  Myc (OSKM). While in the 4Fj and 4Fk strains, the TetO 4F is inserted in the Collal locus, in the 4FsB
91 is in the Pparg locus and in the 4FsA in the Neto2 locus. At the same time, the order of Yamanaka
92  factors in the polycistronic cassette is OSKM for 4Fj, 4FsB, 4FsA, while it is OKSM in the case of the
93  4Fk strain (Figure 1A, left).
94  First, we induced the expression of OSKM in all strains at 2 months of age by continuous administration
95  of doxycycline (1 mg/ml) in drinking water and monitor changes in body weight and survival (Figure
96  la). As expected, the 4Fj and 4Fk strains, in which the transgene is in the Co//al locus, showed reduced
97  median survival compared to the 4FsA and 4FsB strains (Figure 1B). In addition, a decrease in body
98  weight was observed in all strains to a different extent upon induction of the reprogramming factors
99  compared to controls (Figure 1C).
100  To investigate whether these results were correlated with different levels of expression of OSKM, we
101 performed global transcriptomic analysis using RNA sequencing (RNA-seq) across several tissues and
102 organs after 4 days of doxycycline administration (1 mg/ml) in drinking water (Figure 1A, right).
103 Principal component analysis (PCA) revealed a clear separation among tissue types in different clusters
104  and importantly, revealed a clear separation between reprogrammable and control strains within each
105 tissue (Figure S1A). As expected, liver and small intestine were the organs with the most significant
106 increase in transcript levels of OSKM in 4Fj and 4Fk strains that show early mortality, followed by
107 kidney (Figure 1D). However, in organs unrelated to doxycycline absorption, such as heart and skeletal
108 muscle, OSKM transcript levels were more similar between the strains (Figure 1D). Similar results were

109 obtained by qPCR (Figure S1B). In addition, 4Fk and 4Fj strains express higher levels of the
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110  reprogramming factors in average in all the tissues and organs analyzed (Figure 1E), correlating with
111 their reduced survival.

112 Opverall, these results suggest that OSKM expression is different across various reprogrammable mouse
113 strains and higher in tissues and organs that are more exposed to doxycycline such as liver, intestine,
114 and kidney, particularly in the 4Fj and 4Fk strains.

115 OSKM expression alters global transcriptome.

116 To capture the possible transcriptional heterogeneity generated during in vivo reprogramming, we next
117 analyzed RNA-seq data in more depth. After comparing differentially expressed genes (DEGs) in all
118 tissues, we observed that the 4Fk strain exhibited a higher number of DEGs, in agreement with the
119 enhanced expression of OSKM factors in this strain (Figure 2A). Interestingly, when we explored DEGs
120 for each tissue, we found a correlation of DEGs levels and OSKM expression mainly in liver and
121 intestine of 4Fk, however, in tissues like the 4sA heart and spleen, DEGs were still present despite the
122 minimal OSKM expression, suggesting that the expression in other tissues might have organ-extrinsic
123 effects on DEGs (Figure 2A). In addition, our Gene ontology (GO) analysis showed that upregulated
124  DEGs were significantly enriched in terms related to response to inflammation, infections, and
125 regulation of blood clotting, while downregulated DEGs were enriched in terms related to immune
126 responses, including both the innate and adaptive immune systems (Figure 2B). In conclusion, these
127 results demonstrate that whole-body in vivo reprogramming alters the global transcriptome in a direct
128  or indirect manner, resulting in differentially expressed genes even in tissues with low OSKM
129 expression.

130  Expression levels of OSKM can be controlled by copy number of the reprogramming cassette.
131 Given that the 4Fj mouse strain showed one of the highest expressions of OSKM factors across the
132 analyzed tissues, we explored how different genetic strategies regarding the number of copies of the
133 TetO 4F and reverse tetracycline-controlled transactivator (rtTA) cassettes could modulate the mRNA
134 levels of OSKM in this strain. First, we compared side by side the effects of mouse carrying two copies
135 of the TetO 4F cassette (4FjF rtTA HOMO) or the replacement of rtTA by the new-generation rtTA3
136 (4FjF rtTA3 HET)*' (Figure 3A). Upon induction of reprogramming by administration of 1mg/ml

137 doxycycline in drinking water to 2 months old mice, a significant reduction in survival and body weight


https://doi.org/10.1101/2024.03.08.584074
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.08.584074; this version posted March 8, 2024. 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.

138 loss was observed in the two newly generated 4FjF rtTA HOMO and 4FjF rtTA3 HET mice compared
139 to 4FjF rtTA HET mice (Figure 3B and Figure S2A). In addition, we studied the expression levels of
140 the factors in several tissues, after 3-4 days of doxycycline treatment, and found a significant increase
141 in Oct4 and Sox2 transcript levels in multiple tissues and organs of 4FjF rtTA HOMO mice and, to a
142 milder extent, in 4FjF rtTA3 HET mice compared to 4FjF rtTA HET mice (Figure 3C and Figure S2B).
143 Next, we explored whether increasing the concentrations of doxycycline could modulate the expression
144 levels of these factors in different tissues. To this end, three different concentrations of doxycycline (1,
145 2, and 5 mg/ml) were given to the 4FjF rtTA HET mouse at 2 months. Animals treated with the higher
146 doses (2 and 5 mg/ml) showed similar decrease in survival and body weight loss compared to mice
147 treated with 1 mg/ml of doxycycline (Figure 3D-E). However, these phenotypic differences did not
148 correlate with the levels of Oct4 and Sox2 transcripts in the tissues analyzed, which were not
149 significantly different at different doxycycline concentrations (Figure 3F and Figure S2C).

150  Taken together, these results demonstrate that both genetic strategies increasing cassette copy number,
151 using a more powerful transactivator, or increasing the concentration of doxycycline significantly
152 enhance the expression of OSKM during reprogramming and impact body weight and survival.

153 Enhanced in vivo reprogramming efficiency by avoiding OSKM expression in liver and intestine.
154 A previous study by our group has recently shown that in vivo reprogramming leads to hepatic and
155 intestinal dysfunction and represents one of the major causes of loss of body weight and early mortality
156 upon induction of OSKM expression. Consequently, bypassing the expression of OSKM in the liver
157 and intestine significantly reduces the adverse effects of in vivo reprogramming and allows stronger
158 induction protocols'”. To further explore the potential of this novel reprogramming strain, we used the
159  previously generated model in which the 4F cassette was simultaneously removed from both liver and
160  intestine using Albumin and Villin-1 Cre lines (Non Liv/Int rtTA) and changed the rtTA by the rtTA3
161  transactivator to enhance OSKM expression (Non Liv/Int rtTA3) (Figure 4A). Upon continuous
162 doxycycline treatment at Img/ml, we observed a significant reduction in both median lifespan and body
163 weight in Non Liv/Int rtTA3 compared to Non Liv/Int rtTA mice (Figure 4B-C). As expected, the level
164  of Oct4 and Sox2 expression after 4 days of doxycycline treatment were significantly increase in Non

165  Liv/Int 1tTA3 compared to Non Liv/Int rtTA mice or 4FjF rtTA HET mice (Figure 4D and Figure S3A).
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166 In general, these results demonstrate that replacing the regular rtTA transactivator with rtTA3 and
167 avoiding the expression of OSKM in the liver and intestine increases the expression levels of the factors,
168  however, it is still associated with adverse effects probably due to the effects of reprogramming in other
169  tissues and organs.

170 Chimeric in vivo reprogramming reduces adverse phenotypes and mortality.

171 Towards the goal of achieving high and systemic induction of the reprogramming factors and reducing
172 the adverse effects of in vivo reprogramming, we have generated novel reprogrammable mouse strains
173 based on innovative genetic strategies. First, we generated a reprogrammable mouse strain in which the
174 expression of reprogramming factors could be induced only in post-mitotic cells. Briefly, the 4FjF rtTA-
175 M2 reprogrammable mouse (4FjF rtTA HET) was crossed with Ki67Cre™®"* mice to remove the 4F
176 cassette in actively dividing cells upon tamoxifen injection, generating 4F-Flox Ki67 mice (Figure 5A).
177 Expression of Cre recombinase was confirmed in the intestine, but not in the liver, after a round of
178 tamoxifen injection (Figure S4A). Based on our previous results, the number of Ki67 cells in the liver
179 increases after reprogramming'’, therefore, in order to prevent the adverse effect of in vivo
180  reprogramming in this organ, we activated recombination after a cycle of doxycycline before tamoxifen
181 injections (2nd) (Figure 5A). While no differences in survival were observed following the normal
182 protocol of induction (1st), the 4F-Flox Ki67Cre mice showed a significant increase in median survival
183  compared to whole-body mice (4FjF rtTA HET) following the second induction protocol (2nd) (Figure
184  5B). Consistently, the first protocol resulted in a reduction of body weight similar to that observed in
185 4FjF rtTA HET mice when reprogramming was induced. However, no major changes in body weight
186 were observed in mice that followed the second induction protocol probably due to the removal of the
187 cassette from the rapidly dividing cells in the small intestine (Figure 5C), and suggesting that at least
188 2x rounds of tamoxifen enhance the removal of the cassette, allowing a regular intestinal function. We
189 then studied the Oct4 and Sox2 transcript levels in several tissues. Importantly, a tendency towards a
190 reduction in the levels of OSKM was observed in the liver and small intestine of 4F-Flox Ki67 mice
191 following the 2nd protocol compared to the whole-body 4FjF rtTA HET reprogrammable mice, while
192 the levels of reprogrammable factors were comparable in other tissues, such as the kidney and spleen

193 (Figure 5D and Figure S4B).
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194  Continuing with the strategy of reducing the negative effects of in vivo reprogramming, we generated
195  two chimeric reprogrammable strains to activate and control the expression of reprogramming factors
196 1in a fraction of cells upon tamoxifen administration. The first strategy was based on the of crossing 4F-
197 Flox HET reprogrammable mice with CAG-Cre™® to generate 4F-Flox CAG reprogrammable mice. In
198 the second strategy, we crossed the whole-body 4Fj LSLrtTA mice or 4Fj LSLrtTA3 with CAG-Cre™®
199 to generate 4F CAG and 4F-3 CAG reprogrammable mice, respectively. Upon tamoxifen
200  administration, the 4F cassette (in 4F-Flox CAG mice) or the codon stop in the LSLrtTA and LSLrtTA3
201 transactivators (in 4F CAG and 4F-3 CAG mice) were removed, modulating the expression of
202 reprogramming factors in CAG-positive cells (Figure SE). Upon continuous administration of
203 doxycycline, all the strains showed an increase in survival, with a more significant increase in median
204  survival in the case of the activation strategy (4F CAG and 4F-3 CAG) compared to the whole-body
205  4FjF rtTA HET reprogrammable mice (Figure 5F). Surprisingly, survival observations where not
206  correlated with reduction in body weight (Figure S4C). We then analyzed the Oct4 and Sox2 transcript
207 levels in several tissues, observing a reduction in expression in the liver, small intestine, and spleen in
208 all chimeric strains, compared to the 4FjF rtTA HET reprogrammable mice. On the other hand,
209  expression in the kidney of 4F CAG and 4F-3 CAG mice was significantly increased compared to
210  whole-body 4FjF rtTA HET mice (Figure 5G and Figure S4D).

211 Overall, these results demonstrate that induction of in vivo reprogramming in a chimeric pattern might
212 allow to preserve organ function by reducing the number of cells expressing the factors in organs such
213 as the liver and small intestine leading to increased survival, while simultaneously allowing a high
214 expression of the Yamanaka factors in other tissues and organs.

215

216 Discussion

217 The systematic understanding of whole-organism partial in vivo reprogramming in mice is grounded in
218 the concept of inducing an epigenetic transition to a 'youthful' state without compromising cell identity.
219 In recent years, many studies have shown that reprogramming can reverse age-associated features in
220  vivo, therefore identifying the expression levels of factors and treatment duration as crucial components

221 of the reprogramming process™. Still, reference protocols for achieving safe and potent induction of in
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222 vivo reprogramming have not been established. Remarkably, Abad et al. showed that a continuous
223 induction protocol led to teratoma development and death in the 4FsB strain'®. Subsequently, Ocampo
224 et al. performed partial reprogramming by short-term cyclic expression of OSKM, mitigating adverse
225  effects, improving cellular and physiological hallmarks of aging, and extending the lifespan in a mouse
226 model of premature aging''. More recently, this cyclic protocol was simplified, revealing that even a
227 single short treatment (2.5-week period) can improve long-term outlook (increased lifespan by 15%) in
228 heterozygous progeric and non-progeric mice **. Consequently, the modulation and dynamics of OSKM
229  expression is a key variable that requires consideration in order to ensure safety and efficacy in the
230  reprogramming process. To this extend, we decided to perform a comparative analysis of
231 reprogramming induction strategies in multiple reprogrammable mouse strains across different tissue
232 and organs, providing a deep resource for future in vivo reprogramming research.

233  Importance of the genetic background

234 Our initial objective was to perform, for the first time, a side-by-side comparison of previously
235  established reprogramming strains. For this reason, we decided to compare 1) the survival and changes
236 in body weight under continuous treatment (1 mg/ml doxycycline), 2) the expression of Oct4 and Sox2
237 in different tissues with the same induction protocol (1 mg/ml doxycycline) and for the same duration
238 (4 days), and 3) global transcriptional changes induced by in vivo reprogramming. As expected,
239 decrease in survival and body weight correlated with higher expression of the reprogramming factors.
240  Interestingly, this occurred in strains in which the transgene is inserted in the Collal locus (4Fj and
241 4Fk), compared to the other strains (4sA and 4sB). This suggests that the location of the transgene, as
242 well as the order of the Yamanaka factors, can impact OSKM expression across tissues and organs and
243 may explain differences observed in different strains®. In this line, teratoma formation reported by Abad
244 et al. following long-term continuous induction in 4sB mice, which is not observed in 4Fj and 4Fk due
245  to their early lethality, as well as the differences in gene expression between 4Fj and 4Fk strains.
246 Regarding transcriptomic changes, we observed a correlation between the expression of OSKM and
247 DEGs, particularly in the liver and intestine. Intriguingly, despite lower OSKM expression, we still
248 found DEGs in tissues like the heart, brain or spleen, suggesting that the expression of OSKM in other

249 tissues might have also cell-extrinsic effects in distant organs.
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250  OSKM expression can reach a threshold

251 Next, we decided to modulate the dynamics of OSKM expression using two genetic strategies: 1)
252 increasing the number of copies of the cassette from heterozygosity to homozygosity, or 2) changing
253 the type of transactivator (from rtTA to rtTA3) based on previous studies where the reprogramming
254 efficiency in vitro was increased*'. In both cases, we observed that survival and weight decreased
255  dramatically after continuous treatment, correlating with an increase in OSKM expression. As the
256 differences in survival and body weight are more pronounced when using the rtTA3 transactivator, this
257 might suggest a higher expression , however, this was not the case at least in the tissues and organs that
258 were analyzed. We hypothesized that the phenotypes associated with in vivo reprogramming in the
259  rtTA3 strains results from inducing the expression in a greater number of cells or achieving the
260  expression of OSKM in tissues and organs that are not reached in the other strains.

261 We hypothesize that something similar may be happening when increasing the concentration of
262 doxycycline (1, 2, and 5 mg/ml) to induce in vivo reprogramming. Although we observed a reduction
263  in survival and significant changes in body weight, the expression levels in the tissues and organs
264  analyzed were comparable among the different concentrations. One potential explanation could be that
265  in specific tissues where OSKM expression is already high, a threshold is reached, and additional
266 doxycycline fails to further increase expression levels or that we achieved expression in other tissues
267  and organs that were not analyzed.

268 High expression of OSKM is still toxic in the Non-Liver/Intestine reprogrammable mice

269  Our previous studies have demonstrated that whole-body in vivo reprogramming leads to toxic effects
270 including loss of body weight and premature death. Therefore, avoiding this toxicity could be a better
271 strategy for improving the effects of in vivo reprogramming. In this line, a recent study from our
272 laboratory'® demonstrated that in vivo reprogramming results in hepatic and intestinal dysfunction,
273 representing a major cause of early mortality. Consequently, bypassing OSKM expression in the liver
274 and intestine significantly mitigates these adverse effects and improves survival. Therefore, we decided
275  to investigate the increase in expression of the reprogramming factors in these lines by substituting rtTA
276 by rtTA3. In contrast to the observations in Parras et al., it is high likely that similar to the 4FjF rtTA3

277 HET strain, a high level of expression affects numerous tissues, leading to organ dysfunction and
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278 premature death (in the absence of tumors). It would be interesting to further investigate the potential
279 causes of death in these mice to determine whether by bypassing other tissues we could achieve safer
280  reprogramming.

281 A new generation of reprogramming strains

282  Lastly, our results suggest that in vivo reprogramming leads to tissues and organ dysfunction as a
283  primary cause of death. Therefore, we hypothesize that a strategy based on the expression of the
284  reprogramming factors in non-dividing cells or in a certain percentage of cells within an organ might
285  allow to achieve better reprogramming efficiencies without detrimental effects. To achieve this goal,
286 we created two novel models of reprogrammable mice using Ki67 Cre and CAG Cre. Importantly, using
287  this novel reprogramming strains we observed a significant increase in survival without decrease in
288 body weight compared to whole-body reprogrammable strains. Furthermore, we have achieved less
289  expression in organs such as liver or intestine, therefore decreasing the hepatic and small intestinal
290  dysfunction, and increasing the expression in other organs such as kidney.

291 Our goal is that these novel strains represent new tools for the field to achieve stronger reprogramming
292 protocols. Nevertheless, future studies will be necessary to determine the best induction protocols in
293 these novel strains (such as adding more rounds of tamoxifen) to achieve safer and more efficient
294  rejuvenation by in vivo reprogramming,

295  In summary, here we present an atlas of in vivo reprogramming across strains and tissues, providing a
296  valuable tool to the field. In addition, we describe new in vivo reprogramming strategies and generate
297 the next generation of reprogrammable mouse strains to continue research in this new and exciting field
298 of research. We hope that new studies using these tools will allow a better understanding of the
299  fundamental principles around organismal rejuvenation by in vivo reprogramming as well as the
300 development of novel therapeutic approaches to improve human health at old age.

301

302  Methods

303  Animal housing. All experimental procedures were performed in accordance with Swiss legislation,
304  after approval from the local authorities (Cantonal Veterinary Office, Canton de Vaud, Switzerland).

305  Animals were housed in groups of five mice per cage with a 12hr light/dark cycle between 06:00 and
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306 18:00 in a temperature-controlled environment at around 25°C and humidity between 40 and 70% (55%
307  on average), with free access to water and food. Wild-type (WT) and transgenic mouse models used in
308 this project were generated by breeding and maintained at the Animal Facility of Epalinges and the
309  Animal Facility of the Department of Biomedical Science of the University of Lausanne.

310  Mouse strains. All WT and transgenic mice were used on the C57BL/6J background. The whole-body
311 reprogrammable mouse strain 4Fj rtTA-M2, carrying the OSKM polycistronic cassette inserted in the
312 Collal locus and the rtTA-M?2 trans-activator in the Rosa 26 locus (rtTA-M2), was generated in the
313 laboratory of Professor Rudolf Jaenisch** and purchased from The Jackson Laboratory, Stock No:
314 011004. The reprogrammable mouse strain 4Fs-B rtTA-M2 and 4Fs-A rtTA-M2, carrying the OSKM
315 polycistronic cassette inserted in the Pparg and Neto2 locus and the rtTA-M2 trans-activator in Rosa
316 26 locus (rtTA-M2), were previously generated by professor Manuel Serrano '® and kindly generously
317 donated by professor Andrea Ablasser. The 4Fk rtTA-M2 carrying the OKSM polycistronic cassette
318 inserted in the Collal locus and the rtTA-M2 trans-activator in the Rosa 26 locus (rtTA-M2), was
319 generated in the laboratory of Professor Konrad Hochedlinger” and generously donated by him.

320  The 4F Non-Liv/Ins rtTA-M2 mouse strain was generated by breeding the 4F-Flox strain, carrying loxP
321 sites flanking the 4F cassette in the Collal locus, previously generated by Professor Jaenisch ** and
322 purchased from The Jackson Laboratory, Stock No: 011001, with Albumin-Cre (Stock No 003574) and
323 Villin-Cre ( Stock No 021504) mice to specifically remove the 4F cassette in liver and intestine.

324 The 4F Non-Liv/Ins rtTA-M3 mouse strain was generated by substituting the rtTA-M2 of the 4F-Flox
325  strain for the tTA-M3, created by the laboratory of Dr. Scott W. Lowe®® and purchased in The Jackson
326  Laboratory, Stock No: 029627. The resultant offspring was crossed with Albumin-cre and Villinl-cre.
327 The 4F-Flox Ki67 and 4F-Flox CAG strains were generated by breeding the 4F-Flox strain, with Ki67—
328 Cre, purchased from The Jackson Laboratory, Stock No: 029803 or CAG-Cre purchased from The
329 Jackson Laboratory, Stock No: 004682 respectively.

330  The 4F CAG and 4F3 CAG mouse strains were generated by substituting the rtTA-M2 and the rtTA-
331 M3, of the 4Fj with a lox-stop-lox rtTA (LSLrtTA, purchased from The Jackson Laboratory, Stock No:

332 005670; and LSLrtTA3 purchased from The Jackson Laboratory, Stock No: 029633) respectively. All
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333 transgenic mice carry the mutant alleles in heterozygosity apart from 4F OSKM polycistronic cassette
334 in the 4FjF rtTA HOM strain.

335  Doxycycline administration. /n vivo expression of OSKM in all reprogrammable mouse strains was
336 induced by continuous or 3-4 days administration of doxycycline (Sigma, D9891) in drinking water (1
337  mg/ml, 2mg/ml, or Smg/ml) in 2-3-month-old mice.

338  Tamoxifen injections. To activate Cre-mediated recombination, intraperitoneal tamoxifen injections
339  were administrated for five consecutive days (20mg/ml dissolved in 10% ethanol — 90% sunflower oil)
340  at 67mg/Kg/day.

341 Mouse monitoring and euthanasia. All mice were monitored at least three times per week. Upon
342 induction of in vivo reprogramming, mice were monitored daily to evaluate their activity, posture,
343 alertness, body weight, presence of tumors or wound, and surface temperature. Mice were euthanized
344  according to the criteria established in the scoresheet. We defined lack of movement and alertness,
345  presence of visible tumors larger than lcm® or opened wounds, body weight loss of over 30% and
346 surface temperature lower of 34°C as imminent death points. For survival, body weight experiments as
347 well as tissue and organ collection, mice of both genders were randomly assigned to control and
348 experimental groups. Animals were sacrificed by CO, inhalation (6 min, flow rate 20% volume/min).
349 Subsequently, animals were perfused the mice with saline. Finally, multiple organs and tissues were
350  collected in liquid nitrogen and used for DNA or RNA extraction.

351 RNA extraction. Total RNA was extracted from mouse tissues and organs using TRIzol (Invitrogen,
352 15596018). Briefly, 500 ul of TRIzol was added to 20-30 pg of frozen tissue into a tube (Fisherbrand 2
353 ml 1.4 Ceramic, Cat 15555799) and homogenized at 7000 g for 1 min using a MagNA Lyser (Roche
354  diagnostic) at 4°C. Subsequently, 200 ul of chloroform was added to the samples and samples were
355  vortexed for 10 sec and placed on ice for 15 min. Next, samples were centrifuged for 15 min at 12000
356  rpm at 4°C and supernatants were transferred into a 1.5 ml vial with 200 pl of 100% ethanol. Finally,
357 RNA extraction was performed using the Monarch total RNA Miniprep Kit (NEB, T2010S) following
358  the manufacture recommendations and RNA samples were stored at -80°C until use.

359  cDNA synthesis. Total RNA concentration was determined using the Qubit RNA BR Assay Kit

360  (Q10211, Thermofisher), following the manufacture instructions and a Qubit Flex Fluorometer


https://doi.org/10.1101/2024.03.08.584074
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.08.584074; this version posted March 8, 2024. 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.

361 (Thermofisher). Prior to cDNA synthesis, 2 uL of DNAse (1:3 in DNase buffer) (Biorad, 10042051)
362  was added to 700 ng of RNA sample, and then incubated for 5 min at room temperature (RT) followed
363 by an incubation for 5 min at 75°C to inactivate the enzyme. For cDNA synthesis, 4 uL. of iScript™
364  gDNA Clear cDNA Synthesis (Biorad, 1725035BUN) was added to each sample, and then placed in a
365  thermocycler (Biorad, 1861086) following the following protocol: 5 min at 25°C for priming, 20 min
366  at 46°C for the reverse transcription, and 1 min at 95°C for enzyme inactivation. Finally, cDNA was
367  diluted using autoclaved water at a ratio of 1:5 and stored at -20°C until use.

368 RNA-seq alignment and quantification. Data was processed using nf-core/rnaseq v3.14.0

369 (doi: https:/doi.org/10.5281/zenodo.1400710) of the nf-core collection of workflows®’, using

370 reproducible software environments from the Bioconda®® and Biocontainers® projects. The pipeline

371 was executed with Nextflow v23.10.0*° with the following command:

372 nextflow run 'https://github.com/nf-core/rnaseq' -params-file 'https://api.tower.nf/ephemeral/W_6GhG7UGbRt81
373 thWSOlyw.json' -with-tower -r 3.14.0 -profile ethz_euler

374  RNA-seq reads were aligned to the Mus musculus reference genome GRCm39 (GCA_000001635.9),
375  and gene annotation was obtained from the Ensembl release 110.

376 RINA-seq analysis. Transcript read counts were imported into R and converted to gene counts using the
377 Bioconductor package 'tximport”'. Normalization was conducted using the Bioconductor package
378 'DESeq2' [Love MI], and dimensionality reduction was performed using the reads counts after variance
379  stabilizing transformation (VST). Differential expression analysis was carried out using the 'DESeq2'
380  package with the parameter modelMatrixType set to "standard" and default settings for other
381  parameters. Genes were considered differentially expressed between conditions if they exhibited an
382  adjusted p-value below 0.05 and an absolute log2 fold change exceeding 2. Gene ontology analysis was
383  conducted using the 'compareCluster' function from the Bioconductor package 'clusterProfiler' [Wu T].
384  The analysis utilized the org.Mm.eg.db database’?, focusing solely on Biological Process (BP) ontology.
385  Benjamini-Hochberg adjustment was applied for p-values, with significance thresholds set to 0.05 for
386  both p-values and g-values.

387  Semiquantitative RT-PCR. The following specific primers were used to detect the expression of the

388  Cre recombinase in the cDNA of mice samples, Cre forward: 5’-GAACGAAAACGCTGGTTAGC-3’,
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389  and Cre: reverse 5’-CCCGGCAAAACAGGTAGTTA-3’ at a final concentration of 0.4 uM. DNA was
390  amplified using DreamTaq Green PCR Master Mix 2X (Thermofisher, K1081) following the
391 amplification protocol: 3 min at 95°C + 33 cycles (30 s at 95°C + 30 s at 60 °C + 1 min at 72°C) + 5
392 min at 72°C. PCR product were loaded and run in an agarose (1.6%) gel containing ethidium bromide
393 (Carlroth, 2218.1). Images were scanned with a gel imaging system (Genetic, FastGene FAS-DIGI
394  PRO, GP-07LED).

395  qRT-PCR. qRT-PCR was performed using SsoAdvanced SYBR Green Supermix (Bio-Rad, 1725274)
396 in a PCR plate 384-well (Thermofisher, AB1384) and using a Quantstudio 12K Flex Real-time PCR
397  System instrument (Thermofisher). Forward and reverse primers were used at a ratio 1:1 and final
398  concentration of 5 pM with 1ul of cDNA. Oct4 and Sox2 mRNA levels were determined using the
399  following primers: Oct4 forward: 5’-GGCTTCAGACTTCGCCTTCT-3" Oct4 reverse: 5°-
400 TGGAAGCTTAGCCAGGTTCG-3’, Sox2 forward: 5’-TTTGTCCGAGACCGAGAAGC-3’, Sox2
401 reverse: 5’-CTCCGGGAAGCGTGTACTTA-3’. mRNA levels were normalized using the house
402 keeping gene Gapdh  (forward: 5’-GGCAAATTCAACGGCACAGT-3’, reverse: 5°-
403  GTCTCGCTCCTGGAAGATGG-3).

404  Data analysis. Statistical analysis was performed using GraphPad Prism 9.4.1 (GraphPad Software).
405  The normality of the data was studied by Shapiro-Wilk test and homogeneity of variance by Levene
406 test. For comparison of two independent groups, two-tail unpaired t-Student’s test (data with normal
407  distribution), Mann-Whitney-Wilcoxon or Kolmogorov-Smirnov tests (with non-normal distribution)
408  was executed. For multiple comparisons, data with a normal distribution were analyzed by one way-
409  ANOVA test followed by a Tukey’s (equal variances) or a Games-Howell’s (not assumed equal
410  variances) post-hoc tests. Statistical significance of non-parametric data for multiple comparisons was
411 determined by Kruskal-Wallis one-way ANOVA test.
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546  Figure legends

547  Figure 1 | Comparative in vivo reprogramming in different whole body reprogrammable mouse
548  strains. A, Graphical representation of reprogrammable mouse strains carrying the polycistronic
549 cassette for the reprogrammable factors in different loci (Collal, Pparg and Neto2) and with different
550  order of the Yamanaka factors (OSKM or OKSM). B, Survival of 4Fj, 4FsB, 4FsA and 4Fk upon
551 continuous administration of doxycycline and control (WT) mice. C, Body weight changes in 4Fj,

552 4FsB, 4FsA and 4Fk upon continuous administration of doxycycline and in control (WT) mice. D,
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553  Differential expression analysis comparing the 4F strains to the wild-type strain for each OSKM gene
554 across different tissues after 4 days of doxycycline treatment. Positive Log2 Fold change means the WT
555  samples have lower expression. E, RNA-seq log-transformed normalized counts of Oct4 and Sox2
556 genes across mouse strains in all tissues. Data shown mean + standard deviation. Statistical significance
557  was assessed by one-way ANOVA followed by Tukey’s post hoc test (c), R bioconductor package
558  DESeq2 (d), T-test (E) and log-rank (Mantel-Cox) test (b). See also Figure S1.

559  Figure 2 | Global transcriptome changes in reprogrammed strains. A, Differentially expressed
560  genes (DEGs) in all tissues (left) and separated by tissue (right) of 4Fj, 4FsB, 4FsA and 4Fk vs. control
561  (WT) mice. B, Gene ontology (GO) analysis of DEGs in all tissues of 4Fj, 4FsB, 4FsA and 4Fk vs.
562  control (WT) mice.

563  Figure 3 | Strategies to increase the levels of in vivo reprogramming. A, Schematic representation
564  ofthe genetic approaches used. The 4FjF rtTA mouse strain, carrying the reverse tetracycline-controlled
565  transactivator transgene, rtTA-M2, at the Rosa26 locus and one (HET) or two (HOMO) copies of the
566  inducible polycistronic cassette for the expression of the murine Yamanaka factors (Oct4, Sox2, Kif4
567  and cMyc), between two loxP sites, OSKM-Flox, (pA) polyA sequence, (TetO) tetracycline operator
568  minimal promoter. The 4FjF rtTA3 in which the doxycycline transactivator is replaced by the rtTA-M3
569  transgene. B, Survival of control, 4FjF rtTA HET, 4FjF rtTA HOMO and 4FjF rtTA3 HET mice upon
570  continuous administration of doxycycline. C, Oct4 mRNA transcript levels in multiple organs in control
5711 (WT), 4FjF rtTA HET, 4FjF rtTA HOMO and 4FjF rtTA3 HET after 3-4 days of doxycycline treatment.
572 D, Survival of control (WT) and 4FjF rtTA HET mice upon continuous administration of doxycycline
573  at Img/ml 2 mg/ml and 5mg/ml. e, Body weight changes in control (WT) and 4FjF rtTA HET mice
574  upon continuous administration of doxycycline at Img/ml 2 mg/ml and Smg/ml. f, Oct4 mRNA
575  transcript levels in multiple organs in control (WT) and 4FjF rtTA HET after 4 days of doxycycline
576  treatment at lmg/ml 2 mg/ml and 5Smg/ml. Data shown mean + standard deviation. Statistical
577 significance was assessed by one-way ANOVA followed by Tukey’s post hoc test (c,e-f) and log-rank

578  (Mantel-Cox) test (b,d). See also Figure S2.
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579  Figure 4 | Enhanced tissue specific reprogramming avoiding the liver and the intestine. A,
580  Schematic representation of the 4F Non-Liv/Int rtTA and 4F Non Liv/Int rtTA3 mouse strains carrying
581  the polycistronic cassette for the mouse 4F between two loxP sites, OSKM-Flox, the rtTA-M2 and rtTA-
582 M3 in Rosa26 locus, respectively and Cre recombinase under the control of the promoter of the Albumin
583  and Villin-1 genes. B, Survival of control, Non Liv/Int rtTA and Non Liv/Int rtTA3 mice upon
584  continuous administration of doxycycline. C, Body weight changes in control (WT), Non Liv/Int rtTA
585  and Non Liv/Int rtTA3 mice upon continuous administration of doxycycline. D, Oct4 mRNA transcript
586  levels in multiple organs in control (WT), Non Liv/Int rtTA and Non Liv/Int rtTA3 mice after 4 days of
587  doxycycline treatment. Data shown mean =+ standard deviation. Statistical significance was assessed by
588  one-way ANOVA followed by Tukey’s post hoc test (¢,d) and log-rank (Mantel-Cox) test (b). See also
589  Figure S3.

500  Figure 5 | Chimeric reprogramming transgenic strains showed extended survival. A, Graphical
591 representation of the 4-Flox Ki67 strain carrying the polycistronic cassette for the mouse 4F between
592  two loxP sites, OSKM-Flox, the rtTA-M2 in Rosa26 locus, and Cre recombinase under the controls of
593  the promoter Ki67. Below are showed the two strategies followed for the inductions of reprogramming
504  factors, including one round of continuous doxycycline after tamoxifen injections (1st) and two rounds
505  of doxycycline (2 days and continuous) and in between the tamoxifen injections (2nd). B, Survival of
506  control (WT), 4FjF and 4F-Flox Ki67mice upon continuous administration of doxycycline followed by
597  non, or a cycle on two days of doxycycline prior to tamoxifen injections respectively. C, Oct4 mRNA
508  transcript levels in multiple organs in control (WT), 4FjF and 4F-Flox Ki67 (following the second cycle
509  of doxycycline) mice after 4 days of doxycycline treatment. D, Graphical representation of the 4-Flox
600  CAG (deactivation) strain carrying the polycistronic cassette for the mouse 4F between two loxP sites,
601  OSKM-Flox, the rtTA-M2 in Rosa26 locus, and Cre recombinase under the controls of the promoter
602  CAG. The 4F CAG and 4F3 CAG (activation) strains carrying the polycistronic cassette for the 4F, the
603  rtTA-M2 or rtTA-M3, respectively, in Rosa26 locus preceded by a stop codon flanqued by two loxP
604  sites and Cre recombinase under the controls of the promoter CAG. E, Survival of control (WT), 4F-
605  Flox CAG, 4F CAG, 4F-3 CAG and 4FjF mice upon continuous administration of doxycycline. F, Oct4

606  mMRNA transcript levels in multiple organs in control (WT), 4F-Flox CAG, 4F CAG and 4F-3 CAG
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607  mice after 4 days of doxycycline treatment. Data shown mean £ standard deviation. Statistical
608  significance was assessed by one-way ANOVA followed by Tukey’s post hoc test (c,f) and log-rank
609  (Mantel-Cox) test (b,e). See also Figure S4.

610  Figure S1 | In vivo reprogramming in different whole body reprogrammable mouse strains. A,
611 Principal component analysis (PCA) of RNA-seq data by tissue (left) and by strain (right). B, Oct4 and
612 Sox2 mRNA transcript levels in multiple organs in control (WT), 4Fj, 4FsA, 4FsB and 4Fk mice after
613 4 days of doxycycline treatment. Data shown mean + standard deviation. Statistical significance was
614  assessed by one-way ANOVA followed by Tukey’s post hoc test (b).

615  Figure S2 | Strategies to improve in vivo reprogramming in whole-body reprogrammable strains.
616 A, Body weight changes in control (WT), 4FjF rtTA HET, 4FjF rtTA HOMO and 4FjF rtTA3 HET mice
617  upon continuous administration of doxycycline B, Sox2 mRNA transcript levels in multiple organs in
618 control (WT), 4FjF rtTA HET, 4FjF rtTA HOMO and 4FjF rtTA3 HET after 4 days of doxycycline
619  treatment. C, Sox2 mRNA transcript levels in multiple organs in control (WT) and 4FjF rtTA HET after
620 4 days of doxycycline treatment at 1mg/ml 2 mg/ml and Smg/ml. Data shown mean + standard
621  deviation. Statistical significance was assessed by one-way ANOVA followed by Tukey’s post hoc test.
622  Figure S3 | Comparative in vivo reprogramming in Non Liv/Int strains. A, Sox2 mRNA transcript
623  levels in multiple organs in control, Non Liv/Int rtTA and Non Liv/Int rtTA3 mice after 4 days of
624  doxycycline treatment. Data shown mean * standard deviation. Statistical significance was assessed by
625  one-way ANOVA followed by Tukey’s post hoc test.

626  Figure S4 |Generation of in vivo reprogramming chimeric strains. A, Expression of Cre
627  recombinase in the liver and the small intestine of 4FjF rtTA and 4F-Flox Ki67 mice after tamoxifen
628  injections. B, Body weight changes in control (WT), 4FjF and 4F-Flox Ki67 mice upon continuous
629  administration of doxycycline followed by non, or a cycle on two days of doxycycline prior to tamoxifen
630  injections respectively. C, Sox2 mRNA transcript levels in multiple organs in control (WT), 4FjF and
631  4F-Flox Ki67 (following the second cycle of doxycycline) mice after 4 days of doxycycline treatment.
632 D, Body weight changes of control (WT), 4F-Flox CAG, 4F CAG, 4F-3 CAG and 4FjF mice upon

633  continuous administration of doxycycline. e, Sox2 mRNA transcript levels in multiple organs in control
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634  (WT), 4F-Flox CAG, 4F CAG and 4F-3 CAG mice after 4 days of doxycycline treatment. Data shown
635 mean + standard deviation. Statistical significance was assessed by one-way ANOVA followed by

636  Tukey’s post hoc test (b-¢).
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