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Abstract 19 

Repeated cell divisions and aging impair stem cell function. However, the mechanisms by 20 

which this occurs are not fully understood. Here we show that protection of telomeres 1A 21 

(Pot1a), a component of the Shelterin complex that protects telomeres, improves haematopoietic 22 

stem cell (HSC) activity during aging. Pot1a is highly expressed in young HSCs but declines 23 

with age. In mouse HSCs, Pot1a knockdown increases DNA damage response (DDR) and 24 

inhibits self-renewal. Conversely, Pot1a overexpression or treatment with POT1a protein 25 

prevents DDR, maintained self-renewal activity and rejuvenated aged HSCs upon ex vivo 26 

culture. Moreover, treatment of HSCs with exogenous Pot1a inhibits the production of reactive 27 

oxygen species, suggesting a non-telomeric role for Pot1a in HSC maintenance. Consistent with 28 

these results, treatment with exogenous human POT1 protein maintains human HSC activity in 29 

culture. Collectively, these results show that Pot1a/POT1 sustains HSC activity and can be used 30 

to expand HSC numbers ex vivo. 31 

 32 

  33 



 

 

Introduction 34 

 Appropriate regulation of haematopoietic stem cell (HSC) self-renewal is critical for the 35 

maintenance of life long hematopoiesis. However, long-term repeated cell divisions induce the 36 

accumulation of DNA damage, which, along with replication stress, significantly compromises 37 

HSC function1-6. This sensitivity to stress-induced DNA-damage is a primary obstacle to 38 

establishing robust protocols for the ex vivo expansion of functional HSCs. Telomeres are 39 

particularly sensitive to such damage because they are fragile sites in the genome3, 7, 8. Since 40 

HSCs lose telomeric DNA with each cell division9, which ultimately limits their replicative 41 

potential10, HSCs therefore require a protective mechanism to prevent DNA damage response 42 

(DDR) at telomeres in order to maintain their function.  43 

 44 

 The shelterin complex – which contains 6 subunit proteins, TRF1, TRF2, POT1, TIN2, 45 

TPP1, and RAP1 – has a crucial role in the regulation of telomere length and loop structure, as 46 

well as in the protection of telomeres from ataxia telangiectasia-mutated (ATM) and ATM- and 47 

RAD3-related (ATR) dependent DDR signaling pathways11, 12. Protection of telomeres 1 (POT1) 48 

binds to telomeric single-stranded DNA (ssDNA) through its oligonucleotide/oligosaccharide-49 

binding fold domains (OB domains)13, 14 and thereby prevents ATR signaling by blocking 50 

replication protein A (RPA), the ssDNA binding protein that activates the ATR pathway15. 51 

Furthermore, POT1 can also bind to sub-telomeric and non-telomeric DNA through its OB1 52 

domain, which recognizes an OB1-biding motif (TTAGG) and a non-telomeric motif, 53 

suggesting further non-telomeric functions for POT1 related to gene transcription, replication, 54 

or repair16.  55 

 56 

 Human shelterin contains a single POT1 protein, whereas the mouse genome has two 57 

POT1 orthologs, Pot1a and Pot1b, which have different functions at telomeres17. Pot1a is 58 



 

 

required for the repression of DDR at telomeres17, 18. In contrast, Pot1b is involved in the 59 

maintenance of telomere terminus structure17, 19, 20. Commensurate with these different roles, 60 

Pot1a knockout (KO) mice have early embryonic lethality, whereas Pot1b KO mice remain 61 

alive and fertile and exhibit a dyskeratosis congenita-like phenotype when generated in a 62 

telomerase-haploinsufficient background17, 20. It has recently been shown that shelterin 63 

components, TRF1, Pot1b, and Tpp1, critically regulate HSC activity and survival21-23. However, 64 

due to embryonic lethality, the role of Pot1a in maintaining HSC function is still unclear and it 65 

is not known if POT1/Pot1a has a non-telomeric role in HSC regulation and maintenance. 66 

 Here, we show that Pot1a maintains HSC activity by protecting against DNA damage 67 

and preventing the production of reactive oxygen spices (ROS). Due to these protective 68 

functions, we find that treatment with exogenous Pot1a maintains HSC self-renewal and 69 

function ex vivo and improves the activity of aged HSCs.  70 

 71 

Results 72 

Pot1a expression in HSCs 73 

First, we analyzed the expression of Pot1a in haematopoietic stem, progenitor and 74 

differentiated cells. We observed that Pot1a is expressed at substantially higher levels in short-75 

term (ST)- and long-term (LT)-HSC fractions than in progenitor and differentiated cell fractions 76 

(Fig. 1a-d), yet this expression sharply decreases with age (Fig. 1e-g). Other components of the 77 

shelterin complex were also more highly expressed in HSC fractions than in progenitor and 78 

differentiated cell fractions (Supplementary Fig. 1a) and showed similar expression changes 79 

with aging, with the exception of Terf1 and Rap1 (Supplementary Fig. 1b). These data indicate a 80 

close correspondence between Pot1a expression and aging in LT-HSCs.  81 

 82 

Loss of Pot1a compromises LT-HSC activity 83 



 

 

To investigate the function of Pot1a in the regulation of HSC maintenance, we 84 

transduced retrovirus-expressing Pot1a-specific shRNAs (shPot1a-1 and -2) into lineage–Sca-85 

1+c-Kit+ (LSK) CD41–CD48–CD150+ cells. Both Pot1a shRNAs substantially suppressed Pot1a 86 

expression at both the mRNA and protein levels (Supplementary Fig. 2a, b). We then analyzed 87 

the effect of Pot1a knockdown on the function of HSCs. Knockdown of Pot1a decreased both 88 

the number of colony forming units in culture (CFU-Cs) and high proliferative potential colony 89 

forming cells (HPP-CFCs) (Supplementary Fig. 2c, d). Furthermore, while transduction of 90 

shPot1a increased total cell numbers it also inhibited LT-HSC proliferation and induced 91 

apoptosis of LT-HSCs in culture (Supplementary Fig. 2e-g), suggesting that loss of Pot1a 92 

compromises HSC activity in vitro. Knockdown of Pot1a also markedly reduced donor cell 93 

engraftment after BM transplantation (BMT) in peripheral blood (PB), LSK and LT-HSC 94 

fractions (Supplementary Fig. 2h, j), and induced a bias toward myeloid and away from 95 

lymphoid differentiation (Supplementary Fig. 2i). Similar results have been previously observed 96 

with Tpp1 deficiency21. Since TPP1 is required for the binding of POT1 to telomeres24, this 97 

suggests that the function of Pot1a at telomeres is critical for HSC maintenance. To confirm the 98 

specificity of these results we co-transduced shPot1a and a silent mutant Pot1a (smPot1a), 99 

which has silent mutations within the shRNA targeting sequences, into LT-HSCs and 100 

transplanted them into lethally irradiated recipient mice. Expression of Pot1a was restored in co-101 

transduced cells, and they accordingly showed substantially better engraftment than those that 102 

were transduced with shPot1a-1 or -2 alone (Supplementary Fig. 2k), indicating that expression 103 

of smPot1a was able to rescue the BM reconstitution activity of Pot1a knockdown HSCs.  104 

To investigate these results further we then analyzed the effect of Pot1a knockdown on 105 

HSC gene expression patterns. First, we checked the expression levels of other shelterin 106 

components after Pot1a knockdown and found that the knockdown of Pot1a decreased the 107 

expression of Pot1b and Tpp1 but did not affect the expression levels of other shelterin 108 



 

 

components (Supplementary Fig. 3a). We then examined the expression of genes related to HSC 109 

aging, maintenance, apoptosis, and differentiation. Analysis of gene expression patterns 110 

revealed that Pot1a knockdown upregulated expression of genes associated with 111 

senescence/apoptosis and differentiation, and downregulated expression of genes required for 112 

HSC maintenance (Supplementary Fig. 3b). Collectively, these data suggest that Pot1a has an 113 

important role in regulating the proliferation, differentiation, and maintenance of LT-HSCs both 114 

in vitro and in vivo. 115 

 116 

Overexpression of Pot1a enhances HSC function 117 

To dissect Pot1a function further, we transduced a retrovirus-expressing Pot1a into LSK 118 

cells to assess the effect of Pot1a overexpression on stem cell function. We first checked 119 

whether Pot1a overexpression affects the level of other shelterin components and we found that 120 

the transduction of Pot1a did not change the expression level of other shelterin genes 121 

(Supplementary Fig. 4a). Next, we checked the effect of Pot1a overexpression on the function 122 

of LT-HSCs. As expected, overexpression of Pot1a substantially increased the numbers of CFU-123 

Cs and HPP-CFCs, and colony sizes in culture (Fig. 2a-e). In accordance with this enhanced 124 

colony forming ability, expression of HSC markers was also upregulated (Supplementary Fig. 125 

4b). To assess whether overexpression of Pot1a in culture affects self-renewal of HSCs in vivo, 126 

LSK cells overexpressing Pot1a were cultured for 7 or 14 days and then transplanted into 127 

lethally irradiated mice. Overexpression of Pot1a was observed to facilitate donor cell 128 

engraftment (Fig. 2f), indicating that in addition to maintaining HSC numbers, exogenous Pot1a 129 

also preserves the long-term reconstitution (LTR) ability of HSCs during in vitro culture. To 130 

investigate further, we examined the effect of Pot1a overexpression on maintenance of HSC 131 

self-renewal activity in serial BMT. Pot1a overexpression had no effect on donor cell 132 

engraftment in PB in primary BMT, although it did increase the proportion of donor-derived 133 



 

 

ST- and LT-HSC fraction compared with control GFP-transduced cells (Fig. 3a, Supplementary 134 

Fig. 5a and b). Upon secondary BMT we found that Pot1a overexpression substantially 135 

increased reconstitution in the PB, BM LSK, and LT-HSC fractions (Fig. 3c). Furthermore, 136 

Pot1a overexpression maintained a Ki67– quiescent population in the donor-derived LSK 137 

fraction after primary and secondary BMT (Supplementary Fig. 5c). Notably, in contrast to 138 

Pot1a knockdown, Pot1a overexpression induced a distinct bias towards lymphoid 139 

differentiation and away from myeloid differentiation in donor cells (Fig. 3b, d). Taken together 140 

these data indicate that overexpression of Pot1a enhances the functional activity of HSCs in 141 

vivo. 142 

 143 

Pot1a regulates HSC self-renewal by preventing DDR 144 

To determine the mechanisms by which Pot1a regulates HSC activity we sought to 145 

assess the role of Pot1a in the protection of DDR signaling. Telomere dysfunction-induced foci 146 

(TIFs), a marker for DNA damage at telomeric DNA25, were identified by co-localization of 147 

53BP1 and TRF1. Significant co-localization of 53BP1 and TRF1 was determined by image 148 

analysis (see Methods and Supplementary Table 1). We first observed that Pot1a knockdown 149 

increased the number of TIFs in LSK cells in culture (Fig. 4a, b). In order to determine whether 150 

the formation of TIFs in LT-HSCs was due to ATR signaling, we then measured the expression 151 

of replication protein A 32 kDa subunit (RPA32, a ssDNA binding protein that activates the ATR 152 

kinase pathway8) and phosphorylated Chk1 (pChk1, which has a critical role in DNA damage 153 

checkpoint control and tumor suppression26, 27) by immunocytochemistry, following BMT of 154 

control GFP or Pot1a overexpressing HSCs. We observed that HSCs overexpressing Pot1a had 155 

significantly fewer TIFs than controls 4 months after BMT (Fig. 4c, d) and expression of RPA32 156 

(Fig. 4e) and phosphorylated Chk1 (Fig. 4f) were reduced upon Pot1a overexpression. 157 

Furthermore, Pot1a overexpression substantially reduced the phosphorylation of Chk1 after a 158 



 

 

second BMT (Fig. 4g). Interestingly, in addition to TIFs, we also observed that the total number 159 

of 53BP1 foci and the overall level of 53BP1 expression in LT-HSCs was increased by Pot1a 160 

knockdown and was decreased by Pot1a overexpression (Supplementary Fig. 6), suggesting that 161 

Pot1a protects both telomeric and extra-telomeric DNA in HSCs. We also found that 162 

overexpression of Pot1a increased telomerase activity in HSCs (Supplementary Fig. 4c), while 163 

Pot1a overexpression did not alter telomere length in donor-derived cells isolated 4 months after 164 

primary BMT (Supplementary Fig. 4d, e). These results indicate that the protection of both 165 

telomeric and non-telomeric DDR by Pot1a is important for the maintenance of HSC function.  166 

 167 

Pot1a prevents the production of ROS in LT-HSCs 168 

Since we observed that Pot1a expression is negatively associated with 53BP1 levels, we 169 

sought to clarify how Pot1a regulates non-telomeric DDR in LT-HSCs. To do so, we performed 170 

microarray analysis of control-GFP and Pot1a-transduced LT-HSCs (Fig. 5a). Gene set 171 

enrichment analysis (GSEA) revealed that Pot1a transduction reduced the expression of genes 172 

associated with oxidative phosphorylation, mitochondrial respiratory chain, and oxygen and 173 

reactive oxygen species metabolic processes by comparison with controls (Fig. 5b). Since 174 

oxidative stress induced by ROS is known to induce DNA damage6 and reduce the self-renewal 175 

activity of HSCs28, these data suggested that Pot1a might be preventing the production of ROS 176 

in HSCs in culture. To test this further, we assessed the relationship between Pot1a expression 177 

and ROS production in LT-HSCs (Fig. 5c) and found that overexpression of Pot1a substantially 178 

reduced overall levels of intracellular ROS as well as mitochondrial ROS by comparison with 179 

controls (Fig. 5d-f). Since activation of the mTOR pathway leads to ROS production29, 30 we 180 

also examined the expression of mTOR (Mtor) and Raptor (Rptor) mRNA in Pot1a 181 

overexpressing or knockdown LT-HSCs (Fig. 5g-i). We found that overexpression of Pot1a 182 

substantially decreased Mtor and Rptor expression (Fig. 5h), while knockdown of Pot1a 183 



 

 

substantially increased Mtor and Rptor expression (Fig. 5i). Although the mechanistic details 184 

are not currently clear, these data suggest that Pot1a plays a part in preventing the activation of 185 

mTOR signaling and production of ROS that may contribute to the maintenance of LH-HSCs. 186 

 187 

POT1a protein inhibits DDR and maintains HSC in culture 188 

Since Pot1a overexpression is able to maintain HSC activity, we next sought to 189 

determine if treatment with exogenous POT1a protein has a similar effect. For this purpose, we 190 

prepared a recombinant mouse POT1a protein (MTM-POT1a) with 6xHis and membrane-191 

translocating motif (MTM)-tags (Supplementary Fig. 7a) to facilitate cellular uptake31, 32. This 192 

method allows Pot1a protein to be delivered without retroviral transduction and therefore does 193 

not risk insertional mutagenesis. HSCs incorporated MTM-POT1a at high efficiency (>90%) 194 

within 2 hours, and the incorporated protein was detectable in LSK cells at least 96 hours after 195 

culture (Supplementary Fig. 7b, c). Co-staining of Pot1a with TRF1 confirmed that MTM-196 

POT1a was appropriately localized to telomere regions (Supplementary Fig. 7d). Culture of LT-197 

HSCs with MTM-POT1a enhanced CFU-C and HPP-CFC numbers (Fig. 6a). Furthermore, 198 

MTM-POT1a increased the numbers of LT-HSCs in culture (Fig. 6b). Interestingly, treatment 199 

with MTM-POT1a did not affect cellular survival rate in culture (Fig. 6c) but was able to inhibit 200 

Pot1a knockdown-induced apoptosis of LT-HSCs (Fig. 6d). These data suggest that Pot1a 201 

prevents differentiation of LT-HSCs in culture. Similarly, in cases when Pot1a expression has 202 

been lost (e.g. due to ageing) exogenous Pot1a improves HSC survival. As was the case with 203 

Pot1a overexpression, treatment with MTM-POT1a inhibited DDR in LT-HSCs after 3 weeks of 204 

culture (Fig. 6e) and treatment with MTM-POT1a substantially increased LT-HSC numbers in 205 

culture over the same time period (Fig. 6f). However, cell cycle analysis, using LT-HSCs 206 

derived from the Fucci mouse33, showed that MTM-POT1a did not affect the frequencies of 207 

S/G2/M cells in HSPCs in culture (Supplementary Fig. 7e, f). Taken together these results 208 



 

 

indicate that Pot1a maintains LT-HSC fraction in culture by preventing DNA damage rather 209 

than affecting the rate of cell division directly.  210 

 211 

Recombinant POT1a maintains self-renewal activity of LT-HSCs 212 

We next examined the effect of exogenous POT1a protein on HSC function and sought 213 

to assess the extent to which treatment with MTM-POT1a was able to preserve stem cell 214 

function ex vivo by performing serial BMTs of control MTM protein and MTM-POT1a treated 215 

LT-HSCs. We observed that culture with MTM-POT1a for 10 days prior to transplantation 216 

substantially increased the chimerism of donor-derived cells after the first transplantation by 217 

comparison with controls (Fig. 7a). PB analysis showed that treatment with MTM-POT1a did 218 

not affect the ability of donor-derived cells to differentiate into myeloid, B cells, and T cell 219 

lineages (Fig. 7b), indicating maintenance of robust multi-lineage reconstitution. In addition, 220 

BM cells isolated from recipient mice transplanted with MTM-POT1a treated cells again 221 

showed substantially increased chimerism and robust multi-lineage reconstitution (Fig. 7c, d). 222 

Importantly, mutant forms of the MTM-POT1a proteins that lack the OB-fold domains (MTM-223 

POT1a∆OB) or TPP1-binding domain (TBD) (MTM-POT1a∆TBD) (Supplementary Fig. 8a, b) 224 

did not prevent telomeric DDR in LT-HSCs in culture (Supplementary Fig. 8c, d). Additionally, 225 

these deletion mutant POT1a proteins did not affect long-term engraftment of HSCs (Fig. 7e), 226 

HSC colony forming ability in culture (Supplementary Fig. 8e), telomerase activity in culture 227 

(Supplementary Fig. 8f), or LT-HSC numbers in vitro (Supplementary Fig. 8g). To clarify the 228 

long-term effect of the overexpression of mutant forms of Pot1a, we transplanted Pot1a∆OB and 229 

Pot1a∆TBD transduced LT-HSCs. In contrast to treatment with MTM protein, overexpression 230 

of mutant forms of Pot1a inhibited the long-term engraftment of donor HSCs (Fig. 7f). These 231 

results indicate that the binding of Pot1a to telomeric DNA as part of the shelterin complex is 232 

critical for the maintenance of HSC function.  233 



 

 

To further verify these results we also conducted limiting dilution competitive BMT. We 234 

observed that populations treated with MTM-POT1a had a 3-fold enrichment for functional LT-235 

HSCs in comparison with populations treated with control MTM protein (Fig. 7g). Taken 236 

together these data suggest that treatment with exogenous Pot1a enhances the self-renewal 237 

activity of HSCs in culture. 238 

 239 

Exogenous POT1a improves the activity of aged LT-HSCs 240 

To investigate the activity of Pot1a during aging we next analyzed the effect of MTM-241 

POT1a on the prevention of TIF formation in aged LT-HSCs. As expected we found that aged 242 

(>90 week-old) LT-HSC had more TIFs than young (8 week-old) LT-HSCs, yet importantly 243 

treatment with MTM-POT1a reduced the number of TIFs in cells isolated from both young and 244 

old mice after 10 days of culture (Supplementary Fig. 9). We also examined the effect of MTM-245 

POT1a treatment on the proliferation and apoptosis of aged LT-HSCs. In accordance with the 246 

effect that we observed in young LT-HSCs (Fig. 6b, c), treatment of MTM-POT1a increased 247 

aged LT-HSC numbers in culture without affecting the total cell number and apoptosis 248 

compared with control MTM protein treatment (Fig. 8a-c).  249 

To determine the potency of these effects we sought to assess if treatment with Pot1a 250 

was able to restore the activity of aged HSCs in culture. To do this, we compared the 251 

reconstitution activity following BMT of LT-HSCs isolated from young (8 week-old) and aged 252 

(>90 week-old) after culture with MTM-POT1a or control MTM protein. As expected, after 10 253 

days of culture the reconstitution activity of aged HSCs was substantially lower than that of 254 

young HSCs (Fig. 8d). However, MTM-POT1a treatment raised the engraftment ability of aged 255 

HSCs compared with control MTM treatment (Fig. 8d). In addition, aged controls showed a 256 

decrease in B cell and an increase in myeloid cell differentiation, while treatment with MTM-257 

POT1a diminished this bias (Fig. 8e).  258 



 

 

To further understand the function of exogenous Pot1a in the activation of aged HSCs, 259 

we performed microarray analysis of control and MTM-POT1a treated aged HSCs. GSEA 260 

revealed that aged HSCs cultured with control MTM protein had a tendency to express myeloid-261 

associated genes in culture, while MTM-POT1a treated aged HSCs did not (Fig. 8f). 262 

Conversely, MTM-POT1a treated HSCs significantly overexpressed genes associated with long-263 

term HSC identity (Fig. 8f). These results suggest that MTM-POT1a treatment inhibits myeloid 264 

differentiation and helps maintain the undifferentiated LT-HSC state. 265 

In addition, similar to our observations in 8 week-old LT-HSCs, we found that genes 266 

associated with oxidative phosphorylation, the mitochondrial respiratory chain, Myc targets, 267 

E2F targets, DNA repair and DNA replication were suppressed in aged HSCs cultured with 268 

MTM-POT1a by comparison with control MTM treated aged HSCs (Supplementary Fig. 10a). 269 

Furthermore, as with young LT-HSCs, overexpression of Pot1a significantly decreased Mtor 270 

and Rptor expression (Supplementary Fig. 10b) and reduced the production of ROS in aged LT-271 

HSCs during culture (Supplementary Fig. 10c-e).  272 

 273 

POT1 expands human LT-HSC numbers 274 

Based on the functional effect of MTM-POT1a on mouse HSCs, we sought to 275 

determine whether exogenous human POT1 similarly affects human HSC activity. We observed 276 

that human cord blood (hCB)-derived Lin–CD34+CD38−CD90+CD45RA−CD49f+ LT-HSCs 34 277 

expressed significantly higher levels of POT1 than CD34+ HSPCs (Fig. 9a). To assess the effect 278 

of POT1 on human HSC activity we prepared MTM-POT1 recombinant protein (Supplementary 279 

Fig. 7a) and cultured human CB and BM LT-HSCs with MTM-POT1 for 10 days. In accordance 280 

with the role of MTM-POT1a in mouse, MTM-POT1 significantly increased the number of 281 

CFU-Cs and HPP-CFCs from hCB LT-HSCs (Fig. 9b) and markedly reduced total and 282 

telomeric DDR (Fig. 9c, d). Although it did not affect the total cell number or number of 283 



 

 

CD34+CD38− cells, treatment with MTM-POT1 significantly increased the number of LT-HSCs 284 

in culture of CB-derived HSCs (Fig. 10a, b) but did not influence LT-HSC apoptosis (Fig. 10c). 285 

Similarly, the treatment of BM-derived LT-HSCs with MTM-POT1 also increased the number 286 

of Lin–CD34+CD38– cells and Lin–CD34+CD38−CD90+CD45RA−CD49f+ LT-HSCs in cultures 287 

(Fig. 10d). In accordance with these results we observed that populations treated with MTM-288 

POT1 contained 4.5-fold more functional LT-HSCs in comparison with controls following 289 

limiting dilution BMT (Fig. 10e). Collectively, these data indicate that POT1 regulates human 290 

HSC activity in a similar manner to that of Pot1a in mice, and may be used to efficiently 291 

maintain human HSC activity ex vivo. 292 

 293 

Discussion 294 

Taken together our data demonstrate that Pot1a has a critical role in maintaining HSC 295 

activity during long-term in vitro culture or subsequent to BMT. We found that Pot1a regulates 296 

HSC activity by inhibiting ATR-dependent telomeric DNA damage, and thereby protecting cells 297 

from associated apoptosis. These results indicate that the formation of the shelterin complex at 298 

the telomeric region is important to Pot1a mediated maintenance of LT-HSC activity. However, 299 

in addition to this telomeric role we have also identified a novel non-telomeric role. This new 300 

non-telomeric role is particularly interesting since reduction of ROS is thought to be crucial in 301 

inhibiting global DNA damage in LT-HSCs in culture. Energy metabolism in quiescent HSCs 302 

largely depends on glycolysis, while activated HSCs synthesize adenosine-5’-triphosphate 303 

(ATP) mainly through oxidative phosphorylation35, 36. Our finding that HSCs upregulate genes 304 

associated oxidative phosphorylation in culture suggests that culture induces a metabolic shift 305 

from glycolysis to oxidative phosphorylation that is characteristic of stress-induced activation, 306 

yet this shift can be inhibited by Pot1a treatment. Moreover, we observed that Pot1a expression 307 

is negatively associated with mTOR expression in HSCs. This suggests that Pot1 may have an 308 



 

 

important role in regulating mTOR signaling, although further work to dissect the details of this 309 

non-telomeric role for Pot1a in the maintenance of HSC activity is needed. 310 

In addition to its role in protecting against stress we also found that Pot1a has a central 311 

role in regulating stem cell activity during aging. We observed that expression of Pot1a is lost 312 

during aging, and this loss results in the accumulation of DNA damage, alterations in 313 

metabolism and an increase in ROS production, which in turn compromises aged HSC function. 314 

However, we observed that this decline is reversible: remarkably ex vivo treatment of aged LT-315 

HSCs with recombinant POT1a is able to re-activate aged HSCs. Since Pot1a overexpression 316 

inhibited the expression of Mtor and Rptor in aged LT-HSCs, the regulation of mTOR signaling 317 

by Pot1a may participate in this re-activation of aged HSC function. Although the precise 318 

mechanisms by which this functional improvement occurs have yet to be fully determined, our 319 

results indicate that exogenous Pot1a can both prevent telomeric and non-telomeric DNA 320 

damage and inhibit ROS production, thereby inducing a more potent immature phenotype in 321 

aged HSCs upon ex vivo culture. It will be interesting to clarify how these mechanisms are 322 

related to one another and determine, for example, whether telomere insufficiencies precede 323 

metabolic changes and ROS production or vice versa. 324 

Since a similar protective role for POT1 was also seen in human HSCs these results 325 

have important implications for the culture of human HSCs ex vivo. Expansion of HSC numbers 326 

requires the stimulation of self-renewal divisions37. Although a number of strategies, including 327 

culture with recombinant proteins38-41, modulation of intrinsic factors, such as Hoxb442-44, 328 

Prostaglandin E245, or aryl hydrocarbon receptor antagonist46, 47 have been reported to contribute 329 

to HSC expansion in culture, these treatments primarily work by activating the cell cycle. By 330 

contrast, we find that Pot1a does not directly activate the cell cycle of HSCs, but rather protects 331 

HSCs from DNA damage under stress. Based on these findings, we anticipate that, in 332 



 

 

combination with current methods, POT1 will be of significant use in the development of robust 333 

and safe methods for ex vivo expansion of human HSCs. 334 

Taken together our results highlight general telomeric and non-telomeric mechanisms 335 

by which Pot1 regulates stem cell activity in vitro and in vivo, with widespread implications for 336 

our understanding of age-related degeneration and applications in regenerative medicine.  337 

 338 

Methods 339 

Mice and cells  340 

C57BL/6 (B6-Ly5.2), C57BL/6 mice congenic for the Ly5 locus (B6-Ly5.1) were purchased 341 

from Sankyo-Lab Service (Tsukuba, Japan). Fucci mice were provided by Dr. Miyawaki (Brain 342 

Science Institute, RIKEN, Wako-city, Saitama, Japan). Tert mutant mice were provided by Dr. 343 

Ishikawa (Kyoto University, Kyoto, Japan). Female NOD/SCID/IL-2Rcnull (NOG) mice were 344 

purchased from the Central Institute for Experimental Animals (Chiba, Japan) and bred in a 345 

pathogen-free environment. In this study, female mice were used for all experiments except the 346 

microarray analysis. hCB-derived CD34+ cells (catalog number: 2C-101B) and hBM-derived 347 

CD34+ cells (catalog number: 2M-101) were purchased from Lonza. The Gene recombination 348 

experiment safety committee and animal experiment committee in both Keio University and 349 

Kyushu University approved this study and all experiments were carried out in accordance with 350 

the Guidelines for Animal and Recombinant DNA experiments at Keio University and Kyushu 351 

University. 352 

 353 

Mouse antibodies 354 

The following monoclonal antibodies (Abs) were used for flow cytometry and cell sorting: anti-355 

c-Kit (2B8, BD Biosciences, 1:100), -Sca-1 (E13-161.7, BD Biosciences, 1:100), -CD3e (145-356 

2C11, BD Biosciences, 1:100), -CD4 (RM4-5, BD Biosciences, 1:100), -CD8 (53-6.7, BD 357 



 

 

Biosciences, 1:100), -B220 (RA3-6B2, BD Biosciences, 1:100), -TER-119 (BD Biosciences, 358 

1:100), -Gr-1 (RB6-8C5, BD Biosciences, 1:100), -Mac-1 (M1/70, BD Biosciences, 1:100), -359 

Flt3 (A2F10.1, BD Biosciences, 1:100), -CD41 (MWReg30, eBioscience, 1:100), -CD48 360 

(HM48-1, Biolegend, 1:100), -CD150 (TC15-12F12.2, Biolegend, 1:100), -CD45.1 (A20, BD 361 

Biosciences, 1:100), -CD45.2 (104, BD Biosciences, 1:100), -CD45 (30-F11, BD Biosciences, 362 

1:100), and -Ki67 (B56, BD Biosciences, 1:30). A mixture of CD4, CD8, B220, TER-119, Mac-363 

1, and Gr-1 was used as the lineage mix. Anti-Chk1 (sc-8408, Santa Cruz Biotechnology, 364 

1:100), anti-Phospho Chk1 (133D3, Cell Signaling Technology, 1:100), and anti-53BP1 365 

(NB100-304, Novus biologicals, 1:100) were used for the analysis of the phosphorylation of 366 

Chk1 and 53BP1 by FACS. The following Abs were used for immunocytochemistry and 367 

immunoblotting: anti-POT1 (ab21382, Abcam for immunocytochemistry, 1:200. sc-27951, 368 

Santa Cruz Biotechnology for immunoblotting, 1:1000), anti-53BP1 (NB100-304, 1:200), anti-369 

TRF1 (sc-5475, Santa Cruz Biotechnology, 1:200), anti-RPA32 (sc-28709, Santa Cruz 370 

Biotechnology, 1:200), anti-phospho Chk1 (ab47318, Abcam, 1:200), and anti-His-Tag 371 

(ab27025, Abcam, 1:200).  372 

 373 

Human antibodies 374 

The following monoclonal Abs were used for flow cytometry and cell sorting: anti-CD34 (581, 375 

BD Biosciences, 1:5), -CD38 (HIT2, BD Biosciences, 1:5), -CD45RA (HI100, BD Biosciences, 376 

1:20), -CD90 (5E10, BD Biosciences, 1:20), -CD49f (GoH3, Biolegend, 1:5), and -CD45 377 

(HI30, BD Biosciences, 1:20). A mixture of biotin-conjugated anti-CD2, -CD3, -CD11b, -CD14, 378 

-CD15, -CD16, -CD19, -CD56, -CD123, and -CD235a (130-092-211, Lineage Cell Depletion 379 

Kit human, Miltenyi Biotec Inc., 1:5) was used as the lineage mix. The following Abs were used 380 

for immunocytochemistry: anti-human TRF1 (TRF-78, ab10579, Abcam, 1:100), 53BP1 381 

(NB100-304, 1:200), and RPA32 (sc-28709, 1:200). 382 



 

 

 383 

Cell preparation and flow cytometry 384 

BM cells were isolated from femurs and tibias by flushing with PBS. Mononuclear cells 385 

(MNCs) were isolated by centrifugation of total BM cells on Lymphoprep™ (Alere 386 

Technologies AS). For isolation of mouse HSCs, c-Kit+ cells were enriched by magnetic cell 387 

sorting with anti-CD117 beads (130-091-224, Miltenyi Biotec Inc. 1:5 dilution). c-Kit enriched 388 

cells were stained with lineage marker Abs (anti-CD4, -CD8, -B220, -Gr1, -Mac-1, -Ter119, 389 

anti-Sca-1, anti-c-Kit, anti-CD48, and anti-CD150). For isolation of human HSCs, hCB and 390 

hBM CD34+ cells were stained with a mixture of biotin-conjugated lineage Abs (anti-CD34, -391 

CD38, -CD45RA, -CD90, -CD49f) and a fluorochrome labeled streptavidin (1:100 dilution). 392 

Stained cells were analyzed and sorted using a FACSAria (BD Biosciences).  393 

 394 

Immunocytochemistry 395 

Cells were spread onto glass slides and fixed in 4% paraformaldehyde/PBS(−) or 396 

methanol/acetone. After blocking, samples were incubated at 4°C overnight with a primary Ab. 397 

After washing with PBS, samples were stained with florescence-labeled secondary Ab. For 398 

nuclear staining, specimens were treated with TOTO3 or DAPI (Molecular Probes, 1:300). 399 

Fluorescence images were examined using a confocal laser-scanning microscope (FV1000, 400 

Olympus or LSM700, Zeiss). 401 

 402 

Image analysis  403 

Assessment of co-localization of staining for TRF1 (green) and 53BP1 or RPA32 (red) was 404 

conducted as previously described48, 49. Briefly, subsequent to thresholding using Otsu’s 405 

method50, the extent of co-localization for each image was determined using Manders’ co-406 

localization coefficients  407 



 

 

M1 = ∑ colocal௜	௜,ܩ
∑ ௜௜ܩ

 

M2 = ∑ ܴ௜,	colocal௜
∑ ܴ௜௜

 

where ܴ௜ and ܩ௜ are the intensities of the ith pixel in the red and green channels respectively, 408 

and ܴ௜,	colocal = ܴ௜ if ܩ௜ > 0 and zero otherwise (and similarly for ܩ௜,	colocal). Significance of co-409 

localization was obtained by comparing observed co-localization coefficients with those 410 

obtained by independently scrambling the red and green channels 1 × 10ସ  times. Note that 411 

since the number of red and green pixels may differ, M1 and M2 are not generally equal. 412 

Random scrambling of pixels does not preserve local spatial correlations in pixel intensities and 413 

can lead to overestimation of the significance of colocalization48. Therefore, the binary images 414 

from both channels were randomly divided into blocks approximately the size of a TIF and 415 

these blocks (rather than individual pixels) were scrambled, as previously described48. This 416 

method preserves local spatial correlations in pixel intensities and therefore provides a 417 

conservative null model. Significance of co-localization was determined by calculating the 418 

proportion of times that randomization increased the overlap coefficients M1 and M2 relative to 419 

the coefficients obtained prior to scrambling and by comparing observed and randomized co-420 

localization coefficients using Welch’s paired t-test. All analysis was restricted to regions 421 

identified as cell nuclei using co-staining for TOTO3 (blue). In total co-localization in >3750 422 

cells from >1000 independent images were assessed. 423 

 424 

Immunoblot analysis 425 

To evaluate Pot1 expression levels in hematopoietic stem/progenitor cells, BM Lin+, Lin–, 426 

LSK150–, and LSKCD150+ cells (1 × 105 cells) were lysed and subjected to SDS-PAGE and 427 

immunoblotting using antibodies against POT1 polyclonal Ab (Santa Cruz Biotechnology, Inc.) 428 

(1:1000). Rabbit anti-Goat IgG HRP (DAKO) (1:5000) was used for the secondary Ab. 429 



 

 

Densitometric quantification was performed on scanned immunoblot images using Multi Gauge 430 

V3.1 (Fuji Film). To evaluate the efficiency of Pot1a knockdown, LT-HSCs were transduced 431 

with retrovirus expressing control-sRNA, shPot1a-1 or -2. After 2 days of the transduction of 432 

shRNA, GFP+ LSKCD150+ (1 × 105 cells) were isolated and analyzed Pot1 expression by 433 

western blot. All uncropped western blots can be found in Supplementary Fig. 11. 434 

 435 

Q-PCR analyses 436 

Q-PCR analysis was performed on an ABI 7500 Fast Real-Time PCR System using TaqMan 437 

Fast Universal PCR master mixture (Applied Biosystems, Foster City, CA, USA). The 438 

TaqMan® Gene Expression Assay mixes used in this study are listed below. Data were analyzed 439 

by 7500 Fast System SDS Software 1.3.1. All experiments were carried out in triplicate. 440 

 441 

Q-PCR array analysis 442 

Gene expression was analyzed using the BioMark 96·96 Dynamic Array (Fluidigm). Data were 443 

analyzed using BioMark Real-Time PCR Analysis Software Version 3.0.2 (Fluidigm). The 444 

TaqMan Gene Expression Assay Mixes used in this study are listed below. 445 

 446 

TaqMan® Gene Expression Assay Mixes 447 

TaqMan® Gene Expression Assays used in this study are listed in Supplementary Tables 2 and 448 

3. 449 

 450 

Intracellular flow cytometry 451 

For the staining of intracellular antigen, cells were first stained with cell surface markers prior to 452 

fixation and permeabilization. Cells were then fixed and permeabilized with 453 

Cytofix/Cytoperm™ (BD Bioscience) and stained with Abs against the intracellular antigen. 454 



 

 

Apoptosis was analyzed by Annexin V assay Kit (BioLegend). ROS level was measured using 455 

CellROX® Reagents (Thermo Fisher Scientific) and MitoSOX™ Red (Thermo Fisher 456 

Scientific). 457 

 458 

Quantification of telomere length and telomere FISH 459 

Telomere length was quantified by flow cytometry using flow FISH with a Telomere PNA 460 

Kit/FITC for flow cytometry (Dako Cytomation), according to the manufacturer’s instructions. 461 

In brief, Pot1a or control-mKO1 transduced LSK cells were divided into 2 tubes, denatured in 462 

hybridization solution with or without telomere-PNA probes, and hybridized overnight. After 463 

washing and DNA staining, the labeled or non-labeled (control) samples were analyzed by 464 

FACS. 465 

 466 

Quantitative telomeric repeat amplification protocol 467 

Telomerase activity was measured with a Q-TRAP assay and used a Quantitative Telomerase 468 

Detection Kit (US Biomax, Inc.). In this assay, sorted cells were lysed, and the lysate was added 469 

to telomeric repeats onto a substrate oligonucleotide. The resultant extended product was 470 

subsequently amplified by PCR. Direct detection of PCR product was monitored on an ABI 471 

7500 Fast Real-Time PCR System. 472 

 473 

Sequences of Pot1a shRNAs 474 

The sequences of Pot1a shRNAs were as follows: shPot1a-1, 5′-475 

GGAAGGTACAATTGCCAAT-3′; shPot1a-2, 5′-GCCTCCGTATGTTAGCAAA-3′. 476 

Sequences were separated by a nine-nucleotide non-complementary spacer (TTCAAGAGA) 477 

from the corresponding reverse complement of the same 19-nucleotide sequence. A scrambled 478 

sequence (5′-GACACGCGACTTGTTGTACCAC-3′) served as a control. 479 



 

 

 480 

Construction of retroviral vectors 481 

For the construction of the retrovirus vector-expressing mouse Pot1a, full-length cDNA of 482 

mouse Pot1a (OriGene Technologies, Inc.) was ligated into pMY-IRES-GFP (provided by Dr. 483 

Kitamura; University of Tokyo, Institute of Medical Science) or pMY-IRES-monomeric 484 

Kusabira-Orange1 (mKO1). For construction of Pot1a-shRNA retroviral vectors, 485 

oligonucleotides were inserted into pRetroU6-PGK/EGFP (gift from Dr. Takahiko Hara, The 486 

Tokyo Metropolitan Institute of Medical Science) at the BglII and HindIII sites and cloned as a 487 

retroviral vector. 488 

 489 

Retroviral transduction 490 

Freshly isolated LSK, LSKFlt3– cells or LSKCD41−CD48−CD150+ cells were pre-cultured for 1 491 

day in SF-O3 medium (EIDIA Co., Ltd.) in the presence of 0.1% BSA, 100 ng ml–1 stem cell 492 

factor (SCF) (PeproTech), and 100 ng ml–1 thrombopoietin (TPO) (PeproTech), and then 493 

transfected with retrovirus-expressing Pot1a or shPot1a on RetroNectin™ (Takara Bio Inc.) 494 

using MagnetofectionTM (OZ Biosciences) according to the manufacturer’s instructions. The 495 

cells were then cultured for one day at 37°C in 5% CO2. The efficiency of Pot1a overexpression 496 

or suppression in HSCs was confirmed by Q-PCR. 497 

 498 

Microarray analysis 499 

Aged LT-HSCs (60 week-old) were cultured in SF-O3 medium in the presence of BSA (0.1%), 500 

SCF (100 ng ml–1), and TPO (100 ng ml–1) with control or MTM-POT1a protein for 3 days. 501 

After culture total RNA was isolated from cells using RNeasy Mini Kit (Qiagen) according to 502 

the manufacturer's instructions. RNA samples were quantified by an ND-1000 503 

spectrophotometer (NanoDrop Technologies, Wilmington, DE) and the quality was confirmed 504 



 

 

with a 2200 TapeStation (Agilent technologies, Santa Clara, CA). The cRNA was amplified, 505 

labeled with 10 ng of total RNA using GeneChip® WT Pico Kit and hybridized to a Affymetrix 506 

GeneChip® Mouse Gene 2.0 ST Array array according to the manufacturer's instructions. All 507 

hybridized microarrays were scanned by an Affymetrix scanner. Relative hybridization 508 

intensities and background hybridization values were calculated using Affymetrix Expression 509 

Console™. Raw signal intensities for each probe were calculated from hybridization intensities. 510 

Raw signal intensities were log2-transformed and normalized by RMA and quantile 511 

algorithms51 with Affymetrix® Expression Console™ 1.1 software. Gene set enrichment 512 

analysis (www.broadinstitute.org/gsea) was performed to determine whether the predefined 513 

gene sets were enriched in control or MTM-POT1a treated aged HSCs. The microarray data 514 

have been deposited in the Gene expression omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) 515 

database, and have been assigned accession numbers GSE86386 and GSE85016. 516 

 517 

Production of MTM proteins 518 

The plasmid pET28a-MTM/N1-POT1a or POT1 was constructed by cloning full-length Pot1a 519 

or POT1 cDNA into the pET28a-MTM N1 vector (Supplementary Fig. 7). His-MTM-POT1a 520 

and POT1 were expressed in E. coli BL21 (DE3) cells transformed with pET28a-MTM/N1-521 

POT1a or pET28a-MTM/N1-POT1 plasmids. Cells were grown at 37°C in LB medium 522 

supplemented with kanamycin (100 µg ml–1) to reach an optical density (OD600 nm ~0.6). To 523 

induce the expression of the recombinant protein, 0.1mM isopropyl thiogalactoside was added 524 

to the culture medium and the cells cultured for an additional 3 hours at 37°C. After culture, the 525 

cells were harvested. Recombinant protein was purified using a Ni-NTA purification system 526 

(Life Technologies Corporation), according to the manufacturer’s instructions. The His-MTM 527 

peptide was used as the control. Mutant forms of Pot1a were constructed by cloning Pot1a∆OB 528 



 

 

or Pot1a∆TBD cDNA into the pET28a-MTM N1 vector. MTM-POT1a∆OB and MTM-529 

POT1a∆TBD were purified by same procedure as described above. 530 

 531 

Long-term culture and colony formation assay 532 

To analyze the effect of the overexpression or knockdown of Pot1a on colony-forming activity, 533 

Pot1a- or shPot1a-transduced LSK cells were cultured for 1-4 weeks. After in vitro culture, 534 

GFP+ LSK cells were sorted and cultured in MethoCult™ GF M3434 medium for mouse cells 535 

and MethoCult™ H4034 for human cells (Stemcell Technologies). 536 

To analyze the effect of MTM-POT1a on the maintenance of HSC colony formation activity, 537 

LSKCD41−CD48−CD150+ cells were cultured for 10 days in SF-O3 medium in the presence of 538 

0.1% BSA, 100 ng ml–1 SCF, and 100 ng ml–1 TPO with or without MTM-POT1a. Lin− cells 539 

were sorted and their ability to form colonies was then assessed. To analyze the effect of MTM-540 

POT1a on the maintenance of HSC numbers, LT-HSCs (LSKCD41−CD48−CD150+ cells) were 541 

cultured for 3 weeks in SF-O3 medium in the presence of 0.1% BSA, 100 ng ml–1 SCF, and 100 542 

ng ml–1 TPO with or without MTM-POT1a. After culture, the number of LSK cells and LT-543 

HSCs was examined. For examination of colony formation in hCB HSCs after in vitro culture, 544 

Lin−CD34+CD38−CD45RA−CD90+CD49f+ cells were cultured for 10 days in StemSpan SFEM 545 

(Stemcell Technologies) in the presence of 100 ng ml–1 SCF, 100 ng ml–1 rhFL, and 20 ng ml–1 546 

TPO with or without MTM-POT1. After culture, Lin− cells were sorted and cultured in 547 

MethoCult™ H4034 medium. 548 

 549 

In vitro culture and immunostaining 550 

To analyze the effect of MTM proteins (control, Pot1a, Pot1a∆OB, and Pot1a∆TBD) on the 551 

inhibition of DDR in HSCs, LSKCD41−CD48−CD150+ cells were cultured for 10 days. LT-552 

HSCs were then re-sorted from cultures and stained with either anti-TRF1 as a marker of the 553 



 

 

telomeric DNA region, anti-53BP1 as a marker of DNA damage, or anti-RPA32 and -phosphor-554 

Chk1 for ATR signaling. 555 

 556 

BMT assay of Pot1a-overexpressed and knockdown HSCs 557 

To evaluate the function of Pot1a in the regulation of LTR activity, Ly5.1+ LSK cells (8 week-558 

old) were transduced with retroviruses expressing Pot1a or Pot1a shRNAs. After retroviral 559 

transduction, GFP+LSK cells (5 × 103 cells mice–1) were transplanted into lethally irradiated 560 

Ly5.2+ mice using 2 × 105 competitor cells (first BMT). The percentage of donor-derived GFP+ 561 

cells in PB was analyzed monthly by flow cytometry. Sixteen weeks after the first BMT, the 562 

percentages of donor-derived (GFP+Ly5.1+) cells in the BM LSK and LSKCD41−CD48−CD150+ 563 

fractions were analyzed. At the same time, 3 × 103 GFP+Ly5.1+ LSK cells were isolated from 564 

primary recipient mice and transplanted into lethally irradiated recipient mice (secondary BMT). 565 

The percentage of donor-derived GFP+ cells in PB was also analyzed monthly. Sixteen weeks 566 

after the second BMT, the percentages of donor-derived cells in BM HSC fractions were 567 

analyzed in the same manner as the first BMT. 568 

To evaluate the effect of the overexpression of mutant forms of Pot1a, LT-HSCs (8 week-old) 569 

were transduced with retrovirus expressing Pot1a, Pot1a∆OB, or Po1a∆TBD and transplanted 570 

into lethally irradiated recipient mice. After 5 month of BMT, the percentages of GFP+ donor-571 

derived cells were analyzed. 572 

To analyze the function of Pot1a overexpression in the maintenance of HSC self-renewal in 573 

culture, Pot1a or control GFP-transduced Ly5.1+ LSK cells (8 week-old) were cultured for 1-2 574 

weeks in SF-O3 medium in the presence of 0.1% BSA, 100 ng ml–1 SCF, and 100 ng ml–1 TPO. 575 

After culture, GFP+ LSK cells were transplanted into lethally irradiated recipient mice. Four 576 

months after BMT, the frequency of donor-derived GFP+ cells in PB was analyzed by flow 577 

cytometry. 578 



 

 

 579 

Evaluation of LTR activity of HSCs treated with MTM-POT1a 580 

LSKCD41−CD48−CD150+ cells (isolated from Ly5.1 mice) were cultured for 10 days in SF-O3 581 

medium in the presence of 0.1% BSA, 100 ng ml–1 SCF, and 100 ng ml–1 TPO, with MTM-582 

POT1a (350 ng ml–1) or control MTM protein. The cultures were divided by transferring one-583 

half of the cultured cells into fresh medium at day 7. After 10 days of culture, cells were 584 

collected and transplanted into lethally irradiated Ly5.2 recipient mice (first BMT). The 585 

percentage of donor-derived cells in PB was analyzed monthly. Sixteen weeks post-BMT, the 586 

percentages of donor-derived B, T, and GM cells in PB, and in BMMNC, LSK, and 587 

LSKCD41−CD48−CD150+ fractions were analyzed. For the second BMT, BMMNCs (4 × 106 588 

cells mouse–1) were isolated from primary recipient mice and transplanted into lethally 589 

irradiated recipient mice. The percentage of donor-derived GFP+ cells in PB was again analyzed 590 

monthly. Sixteen weeks after BMT, the percentages of donor-derived B, T, and GM cells in PB, 591 

and in BMMNCs, LSK, and LSKCD41−CD48−CD150+ fractions were again analyzed. 592 

To evaluate the effect of mutant forms of Pot1a proteins on LTR activity of HSCs, LT-HSCs 593 

were cultured with MTM-(wild type) Pot1a, MTM-POT1a∆OB, or MTM-Po1a∆TBD for 10 594 

days and transplanted into lethally irradiated recipient mice. After 4 months of BMT, the 595 

percentage of donor-derived (Ly5.1+) cells in PB was analyzed.  596 

For the limiting dilution competitive BMT assay, LSKCD41−CD48−CD150+ cells (from Ly5.1+ 597 

mice) were cultured for 10 days in SF-O3 medium in the presence of 0.1% BSA, 100 ng ml–1 598 

SCF, and 100 ng ml–1 TPO, with MTM-POT1a or control MTM. After culture, 599 

LSKCD41−CD48−CD150+ cells were sorted and transplanted (20 or 50 cells mice–1) into lethally 600 

irradiated Ly5.2 recipient mice. PB chimerism of >1.0% at 16 weeks after BMT was taken to 601 

verify long-term engraftment. 602 



 

 

For the limiting dilution BMT assay of cultured human HSCs, hCB LT-HSCs (Lin–603 

CD34+CD38−CD90+CD45RA−CD49f+ cells) were cultured for 9 days with MTM-POT1 or 604 

control MTM. After the culture, 5 x 103 or 2 x 104 CD34+ cells were transplanted into irradiated 605 

(2.4 Gy) NOG mice. 606 

 607 

Statistical analysis 608 

Significant differences between groups were determined using 2-tailed Student’s t-tests. Tukey’s 609 

multiple comparison tests were used for multiple group comparisons. Significance of 610 

colocalization was assessed as described above. Frequency of LT-HSCs and statistical 611 

significance were determined using the ELDA software (http://bioinf.wehi. 612 

edu.au/software/elda/). 613 

 614 

Data availability 615 

The authors declare that all data supporting the findings of this study are available within the 616 

article or from the corresponding author upon reasonable request. Microarray data have been 617 

deposited in the GEO database under accession codes: GSE86386 and GSE85016. 618 
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Figure Legends 750 

Figure 1. Expression of Pot1a in HSPCs. 751 

(a) Expression of Pot1a in: Lineage+ (Lin+) cells; Lin−Kit+Sca-1− (LKS−) cells; 752 

LSKCD41+CD48+CD150− multipotent progenitor (MPP) cells; LSKCD41+CD48+CD150+ cells 753 

(ST-HSCs); LSKCD41−CD48−CD150+ cells (LT-HSCs) isolated from 8 week-old mice. Data 754 

are expressed as the mean ± SD (n = 4, *p < 0.01, **p < 0.05 by Tukey’s test). Representative 755 

data from 2 independent experiments are shown. (b) Immunocytochemical staining of POT1 756 

(red) in HSPCs. Nucleus is stained by TOTO3 (blue). Scale bar, 2 µm. (c) Relative area of 757 

POT1 immunofluorescent dots in HSPCs. Fluorescence images were analyzed with ImageJ. 758 

Data are expressed as the mean ± SD (n = 64: MPP, n = 67: ST-HSCs, n = 54: LT-HSCs, *p < 759 

0.01 by Tukey’s test). Representative data from 2 independent experiments are shown. (d) 760 

Immunoblot analysis of POT1 in Lin+, Lin–, LSKCD150–, and LSKCD150+ cells (left panel). 761 

Densitometry analysis of the immunoblot is shown in the right panel. Representative data from 762 

2 independent experiments are shown. (e) Expression of Pot1a in 8, 60 and 90 week-old LT-763 

HSCs. Data are expressed as the mean ± SD (n = 4, *p < 0.01 by Tukey’s test). Representative 764 

data from 2 independent experiments are shown. (f) Immunocytochemical staining of POT1 765 

(red) in LT-HSCs isolated from 8 and 90 week-old mice. Scale bar, 2 µm. (g) Relative area of 766 

POT1 immunofluorescent dots in LT-HSCs isolated from 8 and 90 week-old mice. Data are 767 

expressed as the mean ± SD (n = 146: 8-week-old, n = 180: 90-week-old, *p < 0.01 by t-test).  768 

 769 

Figure 2. Overexpression of Pot1a enhances HSC proliferation activity. 770 

(a-c) Control GFP or Pot1a-transduced LSK cells isolated from 8 week-old mice were cultured 771 

for 2 weeks and their ability to form colonies was analyzed. (a) Representative colonies from 772 

control GFP (left) and Pot1a-transduced LSK cells (right) after 2 weeks in vitro culture. Scale 773 

bar, 0.5 mm. (b) Number of CFU-Cs. (c) Number of HPP-CFCs. Data are expressed as the mean 774 



 

 

± SD (n = 3, *p < 0.01 by t-test). (d, e) Control GFP or Pot1a-transduced LSK cells were clone-775 

sorted and cultured for 2 weeks in SF-O3 medium supplemented with SCF (20 ng ml–1), TPO 776 

(50 ng ml–1), IL-3 (20 ng ml–1) and EPO (1 U ml–1). (d) Development of colonies from single 777 

cells after 2 weeks in vitro culture. (e) Number of colonies derived from single cells after 1-3 778 

weeks in vitro culture. Each colony was classified into 3 categories by their size (<1 mm, ≥1 779 

mm, ≥2 mm). Data are expressed as the mean ± SD (n = 3, *p < 0.01, **p < 0.05 by Tukey’s 780 

test). (f) Control GFP or Pot1a-transduced 8 week-old LSK cells were cultured for 7–14 days. 781 

Subsequently, 5 × 103 GFP+LSK cells were transplanted into lethally irradiated mice. The 782 

number of recipient mice that showed long-term reconstitution of donor cells (>1% of 783 

GFP+Ly5.1+ cells in PB) is shown. 784 

 785 

Figure 3. Overexpression of Pot1a maintains HSC LTR activity. 786 

(a, b) Results of primary BMT. (a) Percentage of donor-derived (Ly5.1+GFP+) cells in recipient 787 

mice PB, BM LSK and LT-HSCs 4 months after BMT. (b) Peripheral blood analysis of B, T, 788 

and myeloid cell lineages 4 months post BMT. Data are expressed as the mean ± SD (n = 5 789 

group–1, **p < 0.05 by t-test). Representative data from 2 independent experiments are shown. 790 

(c, d) Results of secondary BMT. (c) The percentage of donor-derived (Ly5.1+GFP+) cells in 791 

recipient mice PB, BM LSK and LT-HSCs 4 months post secondary BMT. (d) Peripheral blood 792 

analysis of B, T, and myeloid cell lineages 4 months post secondary BMT. Data are expressed as 793 

the mean ± SD (n = 5, *p < 0.01 by t-test). Representative data from 2 independent experiments 794 

are shown. 795 

 796 

Figure 4. Pot1a prevents DDR in HSCs. 797 

(a, b) Telomeric DDR in 8 week-old LSK cells upon Pot1a knockdown. (a) 798 

Immunocytochemical staining of TRF1 (green) and 53BP1 (red). Foci co-stained with TRF1 799 



 

 

and 53BP1 were identified as TIFs. Nuclei were stained with TOTO3 (blue). Scale bar, 2 µm. 800 

(b) Frequency of TIFs per cell after 1 week of culture. Data are expressed as the mean ± SD (n = 801 

100, *p < 0.01 by t-test). Representative data from three independent experiments are shown. 802 

(c-f) Telomeric DDR in donor derived control-GFP or Pot1a overexpressing 8 week-old LSK 803 

cells 4 months post BMT. (c) Immunocytochemical staining of TRF1 (green) and 53BP1 (red). 804 

Nuclei were stained with TOTO3 (blue). Scale bar, 2 µm. (d) Frequency of TIFs per cell. Data 805 

are expressed as the mean ± SD (n = 120, *p < 0.01 by t-test). Representative data from 3 806 

independent experiments are shown. (e) Immunocytochemical staining of TRF1 (green) and 807 

RPA32 (red). (f) Immunocytochemical staining of TRF1 (green) and pChk1 (red). Scale bar, 2 808 

µm. (g) Flow cytometric analysis of Chk1 and pChk1 in donor derived GFP+ LSKCD48–809 

CD150+ cells after 5 months of 2nd BMT. Mean fluorescence intensity of Chk1 and pChk1 (left 810 

panels). Data are expressed as the mean ± SD (n = 3, *p < 0.01 by t-test). Representative FACS 811 

profiles of Chk1 and pChk1 in donor derived GFP+ LSKCD48–CD150+ cells (right panels). 812 

 813 

Figure 5. Effect of exogenous Pot1a on ROS production in LT-HSCs in culture. 814 

(a) Schematic of the microarray analysis. (b) GSEA plots demonstrating enrichment levels of 815 

indicated gene sets in control control-GFP versus Pot1a-transduced LT-HSCs. NES, NOM P 816 

value, and FDR are indicated. (c) Schematic of the measurement of ROS in LT-HSCs. (d) 817 

Intracellular ROS levels in control-GFP (blue) and Pot1a-transduced (red) LT-HSCs. 818 

Representative FACS profiles of CellROX in GFP+ LT-HSCs are shown. (e) Mean fluorescence 819 

level. Data are expressed as the mean ± SD (n = 5, *p < 0.01 by t-test). Representative data from 820 

2 independent experiments are shown. (f) Relative mean fluorescence level of MitoSOX in the 821 

GFP+ LT-HSCs on days 4, 7, and 11 of culture. Mean fluorescence level of MitoSOX in control-822 

GFP transduced LT-HSCs was set to 1.0. Data are expressed as the mean ± SD (n = 6: day 7, n = 823 

12: day 7, n = 3: day 11, *p < 0.01 by Tukey’s test). (g) Schematic of the measurement of ROS 824 



 

 

in LT-HSCs upon overexpression or knockdown of Pot1a. (h) Expression of Mtor and Rptor in 825 

Pot1a-overexpressing LT-HSCs. Data are expressed as the mean ± SD (n = 4, *p < 0.01 by t-826 

test). (i) Expression of Mtor and Rptor in Pot1a knockdown LT-HSCs. Data are expressed as the 827 

mean ± SD (n = 4, *p < 0.01 by t-test). 828 

 829 

Figure 6. Treatment with exogenous POT1 protein protects LT-HSCs in culture. 830 

(a) Effect of MTM-POT1a on colony formation of HSCs. LT-HSCs (8 week-old) were cultured 831 

with MTM-POT1a for 2 weeks. After culture, Lin− cells were isolated and re-cultured in 832 

MethoCult™ GF M3434 medium (200 cells dish–1). Data are expressed as the mean ± SD (n = 833 

3, *p < 0.01 by Tukey’s test). Representative data from two independent experiments are shown. 834 

(b, c) LT-HSCs (8 week-old) were cultured with MTM-POT1a or control MTM protein. (b) 835 

Number of total cells and LT-HSCs on day 4, 7, and 10 of culture. Data are expressed as the 836 

mean ± SD (n = 6, *p < 0.01 by t-test). (c) Percentage of Annexin V+PI+ apoptotic cells in LT-837 

HSCs on day 4, 7, and 10 of culture. Data are expressed as the mean ± SD (n = 6, *p < 0.01 by 838 

t-test). (d) LT-HSCs (8 week-old) were transduced with control shRNA or shPot1a-1. After 2 839 

days of shRNA transduction, GFP+LT-HSCs were re-sorted and cultured with MTM-POT1a or 840 

control MTM protein. After 1 week of culture, Annexin V assay was performed. Percentage of 841 

Annexin V+PI+ apoptotic cells in GFP+LT-HSC fraction is shown. (n=3, **p < 0.05 by Tukey’s 842 

test). (e) Immunocytochemical staining of TRF (green), 53BP1 (red), and TOTO3 (blue) in 8 843 

week-old LT-HSCs cultured for 3 weeks (left). Frequencies of TIFs after 3 weeks of culture 844 

(right). Data are expressed as the mean ± SD (n = 80–100, *p < 0.01 by t-test). (f) 845 

Representative FACS profiles of 8 week-old LT-HSCs after 3 weeks of culture with control 846 

MTM protein or MTM-POT1a (left). Numbers of LSK cells and LT-HSCs after 3 week culture 847 

(starting from 2400 cells) are shown in right panels. Data are expressed as the mean ± SD (n = 848 

3, *p < 0.01 by t-test). Representative data from 5 independent experiments are shown. 849 



 

 

  850 

Figure 7. MTM-POT1a maintains self-renewal activity of HSCs. 851 

(a) Results of primary BMT. Percentage of donor-derived (Ly5.1+) cells in PB and LT-HSC 852 

fractions 4 months after BMT. (b) Frequency of donor cells in T, B, and myeloid cell fractions 853 

in PB 4 months post BMT. Data are expressed as the mean ± SD (n = 5 group–1, *p < 0.01, **p 854 

< 0.05 by t-test). Representative data from 4 independent experiments are shown. (c) Results of 855 

secondary BMT. Percentage of donor-derived (Ly5.1+) cells in PB and LT-HSC fractions 4 856 

months post secondary BMT. (d) Frequency of donor cells in T, B, and myeloid cell fractions in 857 

PB 4 months post secondary BMT. Data are expressed as the mean ± SD (n = 5 group–1, *p < 858 

0.01 by t-test). Representative data from 4 independent experiments are shown. (e) Effect of 859 

mutant forms of POT1a in the regulation of LTR activity of HSCs. Percentage of donor-derived 860 

(Ly5.1+) cells in PB 4 months after BMT is shown. Data are expressed as the mean ± SD (n = 5 861 

group–1, *p < 0.01 by Tukey’s test). Representative data from 2 independent experiments are 862 

shown. (f) Effect of the overexpression of mutant forms of Pot1a on the maintenance of LTR 863 

activity of HSCs. Percentages of GFP+ donor-derived cells in PB 5 months after BMT are 864 

shown. Data are expressed as the mean ± SD (n = 5 group–1, *p < 0.01 by Tukey’s test). 865 

Representative data from 2 independent experiments are shown. (g) Result of limiting dilution 866 

competitive BMT. A log-fraction plot of the limiting dilution model is shown. The slope of the 867 

line is the log-active cell fraction. The dotted lines give 95% confidence intervals (n = 24: 868 

control 20 cells, n = 21: control 50 cells, n = 23: MTM-POT1a 20 cells, n = 23: MTM-POT1a 869 

50 cells). Competitive repopulation units are also shown.  870 

 871 

Figure 8. MTM-POT1a improves aged HSC function. 872 

(a) Schematic of the analysis of cell number and apoptotic fraction of 90 week-old LT-HSCs 873 

after culture with MTM-POT1a or control MTM protein. (b) Number of total cells and LT-874 



 

 

HSCs on days 4, 7, and 10 of culture. Data are expressed as the mean ± SD (n = 5: day 4, n = 6: 875 

day 7 and 10, **p < 0.05 by t-test). (c) Percentage of Annexin V+PI+ apoptotic cells in LT-HSC 876 

fraction on day 4, 7, and 10 of culture. Data are expressed as the mean ± SD (n = 6-8). (d, e) 877 

Effect of MTM-POT1a on reconstitution after BMT of young and aged LT-HSCs. 8 and 90 878 

week-old LT-HSCs were cultured with MTM-POT1a or control MTM protein for 10 days and 879 

transplanted into lethally irradiated mice. (d) Percentages of donor-derived (Ly5.1+) cells in PB 880 

and LT-HSCs 4 months after BMT are shown (n = 5 group–1, *p < 0.01, **p<0.05 by Tukey’s 881 

test). Representative data from 2 independent experiments are shown. (e) Percentage of T cells 882 

(CD3+), B cells (B220+), and myeloid (Mac-1+/Gr-1+) cells in donor derived cells in PB (n = 5 883 

group–1, *p < 0.01, **p<0.05 by Tukey’s test). Representative data from 2 independent 884 

experiments are shown. (f) 60 week-old LT-HSCs were cultured with MTM-POT1a or control 885 

MTM protein for 3 days. After the culture, gene expression profiles were analyzed by 886 

microarray. GSEA plots demonstrating enrichment levels of indicated gene sets in control MTM 887 

protein treated cells versus MTM-POT1a treated cells. NES, NOM P value, and FDR are 888 

indicated.  889 

 890 

Figure 9. POT1 prevents DDR in human HSC. 891 

(a) Expression of POT1 in hCB CD34+ cells and LT-HSCs (Lin–892 

CD34+CD38−CD45RA−CD90+CD49f+). (b) hCB-derived LT-HSCs were cultured with MTM-893 

POT1. After 10 days of culture, cells were isolated and re-cultured in methylcellulose medium 894 

(200 cells dish–1). The number of CFU-C and HPP-CFC (>1.0 mm, >2.0 mm) are shown. Data 895 

are expressed as the mean ± SD (n = 3, *p < 0.01 by t-test). Representative data from 3 896 

independent experiments are shown. (c, d) hCB LT-HSCs were cultured for 10 days with 897 

control MTM protein or MTM-POT1. After 10 days of culture, LT-HSCs were re-isolated and 898 

number of TIF was examined. (c) Immunocytochemical staining of TRF1 (green), 53BP1 (red), 899 



 

 

and TOTO3 (blue). Scale bar, 2 µm (left). Frequencies of TIFs after 10 days of culture (right). 900 

Data are expressed as the mean ± SD (n = 100: control, n = 100: MTM-POT1, *p < 0.01 by t-901 

test). Representative data from 2 independent experiments are shown. (d) Immunocytochemical 902 

staining of TRF1 (green), RPA32 (red), and TOTO3 (blue). Scale bar, 2 µm (left). Frequencies 903 

of TIFs after 10 days of culture (right). Data are expressed as the mean ± SD (n = 110–120: 904 

control, n = 110: MTM-POT1, *p < 0.01 by t-test). Representative data from 2 independent 905 

experiments are shown. (e-g)  906 

 907 

Figure 10. POT1 maintains self-renewal activity of human HSCs. 908 

hCB-derived LT-HSCs (200 cells well–1) were cultured for 10 days with or without MTM-909 

POT1. (a) Number of total cells (left) and Lin–CD34+CD38−CD45RA−CD90+ cells on day 7 and 910 

10 of culture. Data are expressed as the mean ± SD (n = 10, *p < 0.01 by t-test). (b) 911 

Representative FACS profiles of CD90 and CD45RA in Lin–CD34+CD38–CD49f+ cells (left) 912 

and the expression of CD49f in the Lin–CD34+CD38−CD45RA−CD90+ fraction (right). (c) 913 

Percentage of Annexin V+PI+ apoptotic cells in Lin–CD34+CD38−CD45RA−CD90+ cells on day 914 

7 and 10 of culture. Data are expressed as the mean ± SD (n = 11: day 7, n = 9: day 10). (d) LT-915 

HSCs isolated from hBM (200 cells well–1) were cultured for 10 days with or without MTM-916 

POT1 (50 ng ml–1). Number of total cells, CD34+CD38− cells, and LT-HSCs after culture are 917 

shown. Data are expressed as the mean ± SD (n = 3, *p < 0.01, **p < 0.05 by t-test). 918 

Representative data from two independent experiments are shown. (e) Result of limiting 919 

dilution BMT. A log-fraction plot of the limiting dilution model is shown. The slope of the line 920 

is the log-active cell fraction. The dotted lines give 95% confidence intervals (n = 5). The data 921 

point with zero negative response at dose 20,000 is represented by a downward-pointing 922 

triangle. Estimated numbers of repopulating cells are also shown. 923 
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Figure 5R. Hosokawa et al.
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Figure 6R. Hosokawa et al.
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Figure 7R. Hosokawa et al.
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Figure 8R. Hosokawa et al.
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Figure 9R. Hosokawa et al.
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Supplementary Table 1. Result of image analysis 
 COLOCALIZATION OF GREEN CHANNEL WITH RED COLOCALIZATION OF RED CHANNEL WITH GREEN 

 STAINING MEAN SD  MEAN SD  

Samples GREEN RED observed randomized  observed randomized p-value 
Welch's 

t-test 
p-value 

observed randomized  observed randomized p-value 
Welch's 

t-test 
p-value 

8 week-old HSCs TRF1 53BP1 0.4661 0.3681 0.0525 0.0516 0.0153 <0.0001 0.5783 0.4533 0.048 0.0519 0.0102 <0.0001 
90 week-old HSCs TRF1 53BP1 0.1787 0.1148 0.0306 0.0246 0.0063 <0.0001 0.6255 0.4137 0.0588 0.0635 0.0044 <0.0001 
10 days cultured 
8 week-old 
HSCs/Control 

TRF1 53BP1 0.7653 0.6533 0.0273 0.0318 0.0002 <0.0001 0.2244 0.1834 0.0156 0.0151 0.0002 <0.0001 

10 days cultured 
8 week-old 
HSCs/MTM-
POT1a treated 

TRF1 53BP1 0.6012 0.4609 0.0321 0.0337 <0.0001 <0.0001 0.2069 0.1454 0.0172 0.014 <0.0001 <0.0001 

10 days cultured 
90 week-old 
HSCs/Control 

TRF1 53BP1 0.5819 0.5078 0.029 0.0286 0.0064 <0.0001 0.2524 0.213 0.0168 0.0161 0.0045 <0.0001 

10 days cultured 
90 week-old 
HSCs/MTM-
POT1a treated 

TRF1 53BP1 0.7512 0.6388 0.0231 0.028 <0.0001 <0.0001 0.2442 0.2009 0.0136 0.0124 <0.0001 <0.0001 

3 week cultured 
8 week-old 
HSCs/Control 

TRF1 53BP1 0.4991 0.3198 0.0327 0.0321 <0.0001 <0.0001 0.4519 0.2893 0.0262 0.0265 <0.0001 <0.0001 

3 week cultured 
8 week-old 
HSCs/MTM-
POT1a treated 

TRF1 53BP1 0.5338 0.348 0.0405 0.041 <0.0001 <0.0001 0.3197 0.2071 0.0282 0.026 <0.0001 <0.0001 

Control-shRNA 
transduced HSCs TRF1 53BP1 0.2913 0.24 0.0578 0.0558 0.1653 <0.0001 0.4524 0.3741 0.0685 0.07 0.171 <0.0001 

shPot1a 
transduced HSCs TRF1 53BP1 0.2486 0.2009 0.0576 0.0532 0.1966 <0.0001 0.3444 0.2786 0.0671 0.0636 0.2014 <0.0001 

Control GFP 
transduced HSCs 
/4M post BMT 

TRF1 53BP1 0.5822 0.4229 0.1305 0.1353 0.1633 <0.0001 0.1326 0.0949 0.0442 0.0391 0.1785 <0.0001 

Pot1a transduced 
HSCs 
/4M post BMT 

TRF1 53BP1 0.6963 0.5256 0.1352 0.1525 0.1645 <0.0001 0.135 0.0951 0.0563 0.0426 0.1847 <0.0001 

10 days cultured 
human CB HSCs 
/Control 

TRF1 53BP1 0.509 0.4368 0.0358 0.0352 0.0092 <0.0001 0.4992 0.4229 0.0313 0.0313 0.0081 <0.0001 

10 days cultured 
human CB HSCs 
/MTM-hPOT1 
treated 

TRF1 53BP1 0.4704 0.3174 0.0357 0.0342 <0.0001 <0.0001 0.3613 0.2495 0.0306 0.0281 0.0007 <0.0001 

10 days cultured 
human CB HSCs 
/Control 

TRF1 RPA32 0.3642 0.228 0.0322 0.0284 0.0001 <0.0001 0.3995 0.246 0.033 0.0287 <0.0001 <0.0001 

10 days cultured 
human CB HSCs 
/MTM-hPOT1 
treated 

TRF1 RPA32 0.1494 0.1045 0.0217 0.018 0.0061 <0.0001 0.5428 0.4475 0.0552 0.0541 0.0906 <0.0001 

  



 

 

Supplementary Table 2. TaqMan® Gene Expression Assay Mixes for Q-PCR analysis 

Gene name Gene symbol Assay ID 

Acd (Tpp1) Acd Mm01247801_g1 

Ataxia telangiectasia mutated homolog Atm Mm01177457_m1 

BCL2-associated agonist of cell death Bad Mm00432042_m1 

BCL2-antagonist/killer 1 Bak1 Mm00432045_m1 

BCL2-associated X protein Bax Mm00432050_m1 

BCL2 binding component 3 (PUMA) Bbc3 Mm00519268_m1 

B cell leukemia/lymphoma 2 Bcl2 Mm00477631_m1 

Bmi1 polycomb ring finger oncogene Bmi1 Mm00776122_gH 

CD34 antigen Cd34 Mm00519283_m1 

CD48 antigen Cd48 Mm00455932_m1 

Cyclin-dependent kinase inhibitor 1A (P21) Cdkn1a Mm00432448_m1 

Cyclin-dependent kinase inhibitor 1C (P57) Cdkn1c Mm01272135_g1 

Colony stimulating factor 1 receptor Csf1r Mm00432689_m1 

Colony stimulating factor 3 receptor Csf3r Mm00432735_m1 

Cyclin-dependent kinase inhibitor 2A 

(Cdkn2a), transcript variant 1 
p19Arf 

Custom* 

Cyclin-dependent kinase inhibitor 2A 

(Cdkn2a), transcript variant 2 
p16Ink4a 

Custom** 

Chemokine (C-X-C motif) receptor 4 Cxcr4 Mm01292123_m1 

Enhancer of zeste homolog 2 Ezh2 Mm00468464_m1 

FMS-like tyrosine kinase 3 Flt3 Mm00438996_m1 

Forkhead box O1 Foxo1 Mm00490672_m1 

Forkhead box O3 Foxo3 Mm01185722_m1 

GATA binding protein 2 Gata2 Mm00492300_m1 

Hairy and enhancer of split 1 Hes1 Mm01342805_m1 

Homeobox B4 Hoxb4 Mm00657964_m1 

Interferon regulatory factor 8 Irf8 Mm00492567_m1 

MDS1 and EVI1 complex locus (Evi1) Mecom (Evi1) Mm00514814_m1 

Myeloproliferative leukemia virus oncogene Mpl Mm00440310_m1 

Myelocytomatosis oncogene Myc Mm00487803_m1 



 

 

v-myc myelocytomatosis viral related 

oncogene, neuroblastoma derived 

Mycn Mm00627179_m1 

Necdin Ndn Mm02524479_s1 

Protection of telomeres 1A Pot1a Mm00505816_m1 

Protection of telomeres 1B Pot1b Mm01278790_m1 

Protein C receptor, endothelial Procr Mm00440992_m1 

Selectin, platelet Selp Mm00441295_m1 

Signaling lymphocytic activation molecule 

family member 1 

Slamf1 Mm00443316_m1 

T cell acute lymphocytic leukemia 1 Tal1 Mm00441665_m1 

Endothelial-specific receptor tyrosine kinase 

(Tie2) 

Tek Mm00443242_m1 

Telomerase RNA component Terc Mm01261365_s1 

Telomeric repeat binding factor 1 Terf1 Mm00436923_m1 

Telomeric repeat binding factor 2 Terf2 Mm01253555_m1 

Telomeric repeat binding factor 2, interacting 

protein (Rap1) 

Terf2ip (Rap1) Mm01243676_m1 

Telomerase reverse transcriptase Tert Mm01352136_m1 

Terf1 (TRF1)-interacting nuclear factor 2 Tinf2 Mm00461166_g1 

Transformation related protein 53 Trp53 Mm00441964_g1 

Mechanistic target of rapamycin 

(serine/threonine kinase) 

Mtor Mm00444968_m1 

regulatory associated protein of MTOR, 

complex 1 

Rptor Mm01242613_m1 

Mouse ACTB (actin, beta) endogenous control Actb 4352933E 

Protection of telomeres 1 (human POT1) POT1 Hs00209984_m1 

Human ACTB (actin, beta) ACTB Hs01060665_g1 

 

 

 

 

  



 

 

Supplementary Table 3. Primer and probe sequence for p16Ink4a and p19Arf 

p19Arf 

Forward  GTCACACGACTGGGCGATT 

Reverse  CAGTCTGTCTGCAGCGGACTC 

Probe  FAM-CACTGAATCTCCGCGAGG-MGB 

p16Ink4a 

Forward  GGGTTTTCTTGGTGAAGTTCGT 

Reverse  AAGATCCTCTCTAGCCTCAACAACA 

Probe  FAM-ACAGCGAGCTGCGCT-MGB 

 

  



 

 

 

 
 

Supplementary Figure 1. Expression of shelterin components in fractionated hematopoietic 

cells 

(a) Expression of Pot1b, Tpp1, Tinf2, Rap1, Terf1, and Terf2 in fractionated hematopoietic cells 

isolated from 8 week-old mice. Lin+, lineage+ cells; LKS− cells, Lin−Kit+Sca-1− cells; MPP, 

LSKCD41+CD48+CD150− cells; LSKCD41+CD48+CD150+ ST-HSCs; 

LSKCD41−CD48−CD150+ LT-HSCs. Data are expressed as the mean ± SD (n = 4, *p < 0.05 by 

Tukey’s test). Representative data from 3 independent experiments are shown. (b) Expression of 

Pot1b, Tpp1, Tinf2, Rap1, Terf1, and Terf2 in 8, 60 and 90 week-old LT-HSCs. Data are expressed 

as the mean ± SD (n = 4, *p < 0.01, **p < 0.05 by Tukey’s test). Representative data from two 

independent experiments are shown. 

  



 

 

 
 

Supplementary Figure 2. Knockdown of Pot1a impairs HSC function. 

(a, b) Efficiency of the knockdown of Pot1a. LT-HSCs (8 week-old) were transduced control 

shRNA, shPot1a-1 and -2. After 2 days of transduction, GFP+ LT-HSCs cells were collected the 

expression of Pot1a mRNA and POT1 protein was analyzed. (a) Q-PCR analysis of the expression 

of Pot1a. Data represent the mean ± SD (*p < 0.01 by Tukey’s test). (b) Western blot analysis of 

POT1 (left panel). Densitometry analysis of the western blot is shown in the right panel. (c, d) 

Control shRNA or shPot1a-1-transduced 8 week-old LSK cells were cultured for 2–4 weeks, and 



 

 

colony formation was analyzed. (c) Number of CFU-Cs. (d) Number of HPP-CFCs. Data are 

expressed as the mean ± SD (n = 3, *p < 0.01 by t-test). 

(e) Schematic of the analysis of cell number and apoptosis of LT-HSCs after the knockdown of 

Pot1a. (f) Number of total cells and LT-HSCs on day 4, 7, and 10 of culture. Data are expressed 

as the mean ± SD (n = 8-9, *p < 0.01 by t-test). (g) Percentage of Annexin V+PI+ apoptotic cells 

in LT-HSCs on day 4, 7, and 11 of culture. Data are expressed as the mean ± SD (n = 6-7, *p < 

0.01 by t-test). 

(h-j) Effects of Pot1a knockdown on HSC LTR activity. (h) Percentages of GFP+ donor-derived 

(Ly5.1+) cells in recipient mice peripheral blood (PB) after 4, 8, and 16 weeks BMT. Data are 

expressed as the mean ± SD (n = 7/group, *p < 0.01 by t-test) from 3 independent experiments 

for shPot1a-1 and -2. (i) Percentage of B cells (B220+), T cells (CD3+), and myeloid (Mac-1+/Gr-

1+) cells in GFP+ donor-derived cells 4 months after BMT. Data are expressed as the mean ± SD 

(n = 7, *p < 0.01 by t-test). (j) Percentage of GFP+ donor cells in BM LSK and LT-HSCs. 

(k) LT-HSCs were co-transduced with a retrovirus expressing shPot1a-1 or -2 and a retrovirus 

expressing control-monomeric Kusabira-Orange1 (mKO1) or smPot1a-mKO1. After retroviral 

transduction, LT-HSCs (control-shRNA+/control-mKO1+, control-shRNA+/smPot1a+, 

shPot1a+/control-mKO1+, and shPot1a+/smPot1a+) were isolated and transplanted into lethally 

irradiated recipient mice. Percentage of donor-derived cells in PB 4 months after BMT is shown. 

Data are expressed as the mean ± SD (n = 5/group, *p < 0.01 **p<0.05 by Tukey’s test). 

  



 

 

 
 

Supplementary Figure 3. Effects of Pot1a KD on HSC gene expression patterns. 

LSKCD41−CD48−CD150+ LT-HSCs were transduced with shPot1a or control shRNA. After 

transduction of the shRNAs, GFP+ HSCs were sorted and gene expression patterns were analyzed. 



 

 

(a) Expression of shelterin component genes in control shRNA or shPot1a-1 transduced HSCs. 

Data are expressed as the mean ± SD (n = 4, *p < 0.01 by t-test). (b) shPot1a-transduced cells 

showed significantly lower expression levels of Tpp1, Tert, and Terc; the anti-apoptotic gene Bcl2; 

senescence-related genes Ezh2 and Irf8; cell cycle-related genes Cdkn1c, Foxo1, Foxo3a, Mycn, 

and Ndn; and significantly higher levels of the pro-apoptotic genes Bad, Bak1, Bax, and Bbc3; 

cell cycle/DNA damage response-related genes Atm, Cdkn1a, and Trp53; and senescence-related 

genes including p19Arf, p16Ink4a, and Selp. shPot1a-transduced LSK cells also showed 

significantly lower expression of HSC maintenance-related/marker genes, and higher expression 

of differentiation markers than control shRNA-transduced LSK cells. Data are expressed as the 

mean ± SD (n = 6, *p < 0.01, **p < 0.05 by t-test). The bottom right panel shows a schematic of 

the experimental procedure. 

  



 

 

 

 

Supplementary Figure 4. Effects of Pot1a overexpression on HSC gene expression patterns 

and telomerase activity. 



 

 

LSKCD41−CD48−CD150+ LT-HSCs were transduced with control GFP or Pot1a. After retroviral 

transduction, GFP+ LSK cells were sorted and gene expression patterns were analyzed. (a) 

Expression of shelterin component genes after overexpression of Pot1a. Data are expressed as the 

mean ± SD (n = 4, *p < 0.01 by t-test) (b) Overexpression of Pot1a induced the upregulation of 

Tert, Terc, Cdkn1c, Foxo3, Mycn, Ndn, Bmi1, Evi1, Gata2, Hoxb4, Mpl, Slamf1, and Tek (Tie2). 

Data are expressed as the mean ± SD (n = 6, *p < 0.01, **p < 0.05 by t-test). The bottom right 

panel shows a schematic of the experimental procedure.  

(c-e) Effects of Pot1a overexpression on telomerase activity and telomere length in HSCs. (c) 

Schematic of the telomerase activity assay (left). LSK cells were transduced with control GFP or 

Pot1a. After 2 days of retroviral transduction, GFP+ LSK cells were sorted and telomerase activity 

was measured by a quantitative telomeric repeat amplification protocol (Q-TRAP) method. 

Simultaneously, sorted GFP+ LSK cells were re-cultured for 1 week. After culture, GFP+ LSK 

cells were re-isolated and the telomerase activity was measured by Q-TRAP. Results of Q-TRAP 

assay on day 3 and day 10 are shown in the right panels. Data are expressed as the mean ± SD (n 

= 4, *p < 0.01 by t-test). Representative data from two independent experiments are shown. (d, e) 

Control mKO1- or Pot1a-transduced LSK cells were transplanted into lethally irradiated recipient 

mice. 4 months after BMT, mKO1+ donor-derived LSK cells were isolated and telomere length 

was assessed by Flow FISH. (d) Relative telomere length. Data are expressed as the mean ± SD 

(n = 4, n.s., not significant by t-test). (e) Representative histograms of telomere PNA. 

  



 

 

 

 

Supplementary Figure 5. Effect of Pot1a overexpression on the number and cell cycle 

quiescence of LT-HSCs after BMT. 

(a) Control GFP or Pot1a-transduced LT-HSCs were transplanted into lethally irradiated mice 

(250 cells/mice). After 5 month of BMT, the percentage of donor-derived (GFP+) ST-HSC and 

LT-HSC in whole BM cells (WBM) was analyzed. (b) Increase of the number of LT-HSCs after 

BMT. Data are expressed as the mean ± SD (n = 5, *p < 0.01 by t-test). Representative data from 

two independent experiments are shown. (c) Percentage of Ki67– cells in donor-derived (GFP+) 

LSK cells after 1st and 2nd BMT. Data are expressed as the mean ± SD (n = 5: 1st BMT, n = 6: 

2nd BMT, *p < 0.01 by t-test). 

  



 

 

 

 

Supplementary Figure 6. 53BP1 expression level in Pot1a-overexpressing or -knockdown 

LT-HSCs after the culture. 

(a, b) LT-HSCs were transduced with shPot1a-1, -2 or control shRNA. After 1 week of culture, 

53BP1 level in GFP+LT-HSC fraction was analyzed. (a) Representative FACS profiles of 53BP1. 

(b) Mean fluorescence intensity of 53BP1. Data are expressed as the mean ± SD (n = 5, *p < 0.01, 

**p < 0.05 by Tukey’s test).  

(c, d) LT-HSCs were transduced with Pot1a or control-GFP were cultured for 2 weeks. After the 

culture, 53BP1 level in gene transduced GFP+LT-HSCs was analyzed. (c) Representative FACS 

profiles of 53BP1. (d) Mean fluorescence intensity of 53BP1. Data are expressed as the mean ± 

SD (n = 9, *p < 0.01 by t-test). 

  



 

 

 

 

Supplementary Figure 7. Preparation of MTM-POT1a/POT1 proteins. 

(a) Vector construction of pET28a-MTM-POT1a (left) and -POT1 (right). Full-length mouse 

Pot1a or human POT1 was inserted into the multi-cloning site (MCS) of pET28a vector which 

have a His- and MTM-tag at the N-terminus of MCS (upper). Purification of MTM-proteins 

(lower). The protein fraction was separated by sodium dodecyl sulfatepolyacrylamide gel 

electrophoresis and transferred to a polyvinylidene difluoride membrane following purification. 



 

 

The transferred protein was detected by immunoblotting with an anti-His Ab (right), and the 

membrane was stained with Coomassie brilliant blue (left). The purified MTM-POT1a migrated 

as a single band on sodium dodecyl sulfate–polyacrylamide gels stained with Coomassie brilliant 

blue. The apparent mobility of the tagged protein corresponded to the expected size of 74 kDa. 

(b) Representative FACS profiles of anti-His staining of LT-HSCs cultured with 350 ng/ml (upper) 

and 700 ng/ml (lower) of MTM-POT1a. The majority of LT-HSCs incorporated MTM-POT1a 

within 2 hours. (c) Relative mean fluorescent intensity of LT-HSCs cultured with 350 ng/ml 

(upper) and 700 ng/ml (lower) of MTM-POT1a. Data are expressed as the mean ± SD (n = 3). (d) 

The localization of recombinant POT1a in LT-HSCs was confirmed by immunocytochemistry. 

LT-HSCs cultured with MTM-POT1a overnight were co-stained with anti-TRF1 (green) and anti-

His-Tag (red) Abs, and the nuclei were detected by DAPI (blue). Scale bar, 2 µm.  

(e, f) Function of MTM-POT1a in cell cycle progression (%S/G2/M) of HSPCs. LT-HSCs from 

Fucci mice were cultured for 9 days with or without MTM-POT1a (350 ng/ml). After 5 (e) and 9 

(f) days of culture, the percentage of monomeric Azami-Green 1-positive (mAG+) cells, 

corresponding to the percentage of cells in S/G2/M phase, in LSK, MPP, ST-HSC, and LT-HSC 

fractions was analyzed. MTM-POT1a did not affect the frequency of S/G2/M cells in any of the 

cultures. Data are expressed as the mean ± SD (n = 3. n.s., not significant by t-test). 

  



 

 

 
 

Supplementary Figure 8. Effect of mutant forms of POT1a on HSC function. 

(a) Schematic of wild type (full-length) POT1a and mutant forms of POT1a lacking OB-fold 

domains (POT1aDOB) or Tpp1 biding domain (TBD) (POT1aDTBD). (b) Relative mean 

fluorescent intensity of LT-HSCs cultured with control MTM-protein, wild type MTM-POT1a, 

MTM-POT1aDOB and MTM-POT1aDTBD. Data are expressed as the mean ± SD (n = 3). (c, d) 

Effect of mutant forms of POT1a on the prevention of telomeric DDR in LT-HSCs during culture. 

(c) Immunocytochemical staining of TRF1 (green) and 53BP1 (red). Scale bar, 2 µm. (d) 

Frequencies of TIFs in LT-HSCs after 2 weeks of culture are shown. Data are expressed as the 

mean ± SD (n = 22-25, **p < 0.05 by Tukey’s test). (e) Effect of mutant forms of POT1a MTM 

protein on the colony forming ability. Data are expressed as the mean ± SD (n = 3, *p < 0.01 by 

Tukey’s test). Representative data from two independent experiments are shown. (f) Effect of 

wild-type and mutant forms of POT1a on the telomerase activity of LT-HSCs. LT-HSCs were 



 

 

cultured for 10 days with MTM proteins and the telomerase activity was measured by Q-TRAP. 

Data are expressed as the mean ± SD (n = 4, *p < 0.01 by Tukey’s test). Representative data from 

two independent experiments are shown. (g) Effect of MTM proteins on the expansion of LT-

HSCs in vitro. LT-HSCs (200 cells/well) were cultured with MTM-POT1a or mutant forms of 

POT1a for 2 weeks. Numbers of LT-HSCs after culture are shown. Data are expressed as the mean 

± SD (n = 4, *p < 0.01 by Tukey’s test). Representative data from two independent experiments 

are shown. 

  



 

 

 
 

Supplementary Figure 9. Effect of MTM-POT1a on the prevention of DNA damage in aged 

LT-HSCs. 

(a) Immunocytochemical staining of TRF1 (green) and 53BP1 (red) in LT-HSCs isolated from 8- 

and 90-week-old mice. Nuclei were stained with TOTO-3 (blue). Scale bar, 2 µm. (b) Frequency 

of TIFs per cell. Data are expressed as the mean ± SD (n = 90-100, *p < 0.01 by t-test). 

Representative data from three independent experiments are shown. (c, d) DNA damage response 

in LT-HSCs isolated from 8- and 90-week-old mice after in vitro culture. LT-HSCs were cultured 

for 10 days with control MTM protein or MTM-POT1a (350 ng/ml) and stained with anti-TRF1, 

and -53BP1 Abs. Nuclei stained with TOTO-3 (blue). (c) Immunocytochemical staining of TRF 

(green) and 53BP1 (red). Scale bar, 2 µm. (d) Frequency of TIFs in 8- and 90-week-old LT-HSCs 

after 10 days of culture. Data are expressed as the mean ± SD (n = 80–100, *p < 0.01 by Tukey’s 

test). Representative data from 2 independent experiments are shown. 

  



 

 

 
 

Supplementary Figure 10. Effect of exogenous Pot1a on the gene expression and ROS 

production in aged LT-HSCs. 

(a) LT-HSCs (60 week-old) were cultured with MTM-POT1a or control MTM protein for 3 days. 

After the culture, gene expression profiles were analyzed by microarray. GSEA plots 

demonstrating enrichment levels of indicated gene sets in control MTM protein treated cells 

versus MTM-POT1a treated cells. NES, NOM P value, and FDR are indicated. 

(b) Aged LT-HSCs (90 week-old) were transduced with control GFP or Pot1a. After 3 days post-

retrovirus transduction, GFP+LT-HSCs were isolated and the gene expression was examined by 

Q-PCR. Expression of Mtor and Rptor in Pot1a-overexpressing 90 week-old LT-HSCs was shown. 



 

 

Data are expressed as the mean ± SD (n = 4, *p < 0.01 by t-test).  

(c) Schematic of the measurement of ROS in aged LT-HSCs. Control-GFP and Pot1a-transduced 

LT-HSCs were cultured for 3 days. After the culture, GFP+ LT-HSCs were isolated and re-cultured 

for 7 days. After the culture, intracellular ROS was measured. (d) Intracellular ROS levels in 

control-GFP (blue) and Pot1a-transduced (red) LT-HSCs. Representative FACS profiles of 

CellROXâ in GFP+ LT-HSCs were shown in left panel. Mean fluorescence level was shown in 

right panel. Data are expressed as the mean ± SD (n = 5, *p < 0.01 by t-test). (e) Comparison of 

ROS levels between cultured young and aged LT-HSCs that transduced with control-GFP and 

Pot1a. Representative FACS profiles was shown in left panel. Mean fluorescence level was shown 

in right panel. Data are expressed as the mean ± SD (n = 5, *p < 0.01 by Tukey’s test). 

  



 

 

 
Supplementary Figure 11. Uncropped images of western blots and CBB. 

(a) POT1 and b-Actin shown in Fig. 1d. (b) POT1 and b-Actin shown in Supplementary Fig. 2b. 

(c) CBB staining (left panel) and western blot (right panel) of MTM-POT1a/POT1 shown in 

Supplementary Fig. 7a. 
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