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SUMMARY

Telomere length control is critical for cellular lifespan and tumor suppression. Telomerase is 

transiently activated in the inner cell mass of the developing blastocyst to reset telomere reserves. 

Its silencing upon differentiation leads to gradual telomere shortening in somatic cells. Here, 

we report that transcriptional regulation through cis-regulatory elements only partially accounts 

for telomerase activation in pluripotent cells. Instead, developmental control of telomerase is 

primarily driven by an alternative splicing event, centered around hTERT exon 2. Skipping of 

exon 2 triggers hTERT mRNA decay in differentiated cells, and conversely, its retention promotes 

telomerase accumulation in pluripotent cells. We identify SON as a regulator of exon 2 alternative 

splicing and report a patient carrying a SON mutation and suffering from insufficient telomerase 

and short telomeres. In summary, our study highlights a critical role for hTERT alternative splicing 
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in the developmental regulation of telomerase and implicates defective splicing in telomere 

biology disorders.

Graphical Abstract

In brief

Human telomerase is transiently activated in the inner cell mass of the developing blastocyst to 

reset telomere length. Penev et al. identify a critical role for hTERT alternative splicing in ensuring 

robust telomerase activation in pluripotent cells and its repression in somatic cells.

INTRODUCTION

Mammalian telomeres consist of tracts of TTAGGG repeats that are replenished by 

telomerase, a specialized ribonucleoprotein composed of telomerase reverse transcriptase 

(TERT) and an integral RNA component. An active telomerase also contains two sets of 

H/ACA proteins (dyskerin, NHP2, NOP10, and GAR1) and the RNA chaperone TCAB1 

(Roake and Artandi, 2020). Human telomerase RNA (hTR) is ubiquitously expressed and 

highly abundant (Feng et al., 1995; Venteicher et al., 2008). In contrast, expression of human 

TERT (hTERT) is tightly regulated and often a limiting factor during telomerase complex 

assembly (Meyerson et al., 1997). Embryonic stem cells (ESCs) are an exception; they 

accumulate high levels of hTERT, and as a result, other subunits, including hTR, become 

rate limiting (Chiba et al., 2015).
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During embryogenesis, telomerase is activated in the inner cell mass (ICM) of the 

blastocyst, where it resets telomere length. As embryonic development progresses, the 

reverse transcriptase is repressed as a function of cellular differentiation (Shay and Wright, 

2011; Wright et al., 1996). In effect, telomerase silencing in somatic cells leads to gradual 

shortening of telomeres, which limits proliferative capacity and exerts a tumor-suppressive 

function (Feldser and Greider, 2007; Greenberg et al., 1999; Kim et al., 1994; McNally et 

al., 2019). Reactivation of hTERT also takes place during nuclear reprograming of somatic 

cells to induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007), and high telomerase 

activity is essential to sustain telomeres in pluripotent cells (Batista et al., 2011). Telomerase 

insufficiency in stem cells leads to telomere attrition and dysfunction that result in premature 

exhaustion of stem cell pools (Hao et al., 2005) and manifest in bone marrow failure, lung 

fibrosis, and other short-telomere syndromes. Short-telomere disorders, including idiopathic 

pulmonary fibrosis and dyskeratosis congenita (DC) are driven primarily by mutations 

in hTERT, hTR, and other telomerase-pathway genes (Armanios and Blackburn, 2012). 

Despite the importance of developmental regulation of hTERT, its activation in pluripotent 

cells and repression in differentiated cells remain poorly understood.

hTERT is reactivated in ~90% of all cancers, and its upregulation is critical to prevent 

telomere erosion and allow tumor cells to proliferate indefinitely (Kim et al., 1994). 

The core hTERT promoter contains binding sites for several growth-related transcription 

factors, including Myc, Klf4, and Sp1, that act as transcriptional regulators of TERT 

(Greenberg et al., 1999; Oh et al., 2001; Wong et al., 2010; Wu et al., 1999). However, 

expression of these factors in somatic cells does not reverse TERT silencing and fails 

to induce cellular immortalization. Recently, whole-genome sequencing (WGS) of human 

cancers demonstrated that highly recurrent promoter mutations drive strong monoallelic 

re-expression of hTERT. Common promoter mutations include −124C > T and −146C > 

T, whereby a single base pair mutation creates a novel binding site for the ETS family 

of transcription factors and boosts hTERT transcription (Horn et al., 2013; Huang et al., 

2013; Stern et al., 2015). hTERT promoter mutations are currently the most common non-

coding somatic mutations in cancer and are present in melanoma (67%), liposarcoma (79%), 

hepatocellular carcinoma (44%), and many other types of cancers (Roake and Artandi, 

2020).

In addition to transcriptional regulation, studies conducted primarily in cancer cells indicated 

that hTERT is subject to post-transcriptional processing, most notably by alternative 

splicing. The reverse transcriptase comprises 16 exons that generate >20 splice isoforms 

(Cong et al., 1999; Hrdlicková et al., 2012; Kilian et al., 1997; Ludlow et al., 2018; Withers 

et al., 2012; Zhu et al., 2014). Well-characterized variants include hTERT α and β that 

code for a catalytically inactive reverse transcriptase (Cong et al., 1999; Kilian et al., 1997; 

Ludlow et al., 2018; Sayed et al., 2019; Wick et al., 1999). hTERT α and β isoforms were 

also detected in the developing human heart, liver, and kidney (Ulaner et al., 1998). Another 

common splice isoform is hTERT-ΔEx2, generated by skipping hTERT exons 2, that was 

first detected in cancer cell lines and noted in other primates (Withers et al., 2012). The 

potential implication of the various hTERT splice isoforms in the developmental regulation 

of telomerase remains unknown.
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Here, we uncover the molecular basis of telomerase regulation as a function of pluripotency. 

We map and functionally interrogate hTERT enhancer elements and conclude that 

transcriptional regulation does not fully account for developmental regulation of hTERT. 

Instead, we show that hTERT mRNA levels are determined largely by a SON-mediated 

alternative splicing event involving exon 2. Specifically, skipping of hTERT exon 2 in 

differentiated cells generates a transcript that is subject to nonsense-mediated decay. 

Conversely, inclusion of exon 2 in pluripotent cells promotes telomerase accumulation. Last, 

we report on a patient carrying a germline mutation in the splicing co-factor SON (Kim 

et al., 2016) and displaying short telomeres and low telomerase activity. Altogether, our 

study highlights alternative splicing as a molecular gatekeeper that ensures strict telomerase 

repression in somatic cells in which a few telomerase molecules can trigger cellular 

immortality and facilitate tumorigenesis. Our study also implicates dysregulated hTERT 
splicing in telomerase insufficiency and human disease.

RESULTS

Identification of hTERT cis-acting regulatory elements

To interrogate transcriptional control of hTERT, we performed a comprehensive analysis 

of cis-regulatory elements (REs) that could account for ~100-fold increase in hTERT 

mRNA levels in pluripotent cells relative to somatic cells (Figure S1A). We applied circular 

chromosomal conformation capture (4C) (Simonis et al., 2006) to H7 human ESCs and 

retinal pigment epithelial (ARPE) cells. Specifically, we used a 1.1 kb fragment spanning 

the telomerase promoter as a bait and uncovered several genomic regions that are in close 

spatial proximity to the hTERT locus. Analysis of Illumina sequencing reads with 4C-ker 

(Raviram et al., 2016; van de Werken et al., 2012) revealed that most promoter interactions 

detected by 4C-seq occurred within the topologically associated domain (TAD) boundary 

surrounding hTERT and were common to both cell types (Figures S1B and S1C). In 

addition, our analysis identified a number of genomic regions that interacted differentially 

with the hTERT promoter in H7 versus ARPE cells (Figures 1A and 1B; Figure S1C). 

In an independent set of experiments, we performed assay for transposase-accessible 

chromatin using sequencing (ATAC-seq) and profiled genome-wide chromatin accessibility 

(Buenrostro et al., 2015). As predicted, the hTERT promoter was marked by open chromatin 

in H7 cells but displayed closed chromatin configuration in ARPE cells (Figure S1D). We 

then superimposed 4C interactions onto chromatin accessibility maps and identified five 

putative enhancers elements, termed REs 1–5 (RE1–RE5), that had increased contact with 

the hTERT promoter and displayed open chromatin in H7 cells (Figures 1A and 1B). With 

the exception of RE4, which was shown to enhance telomerase activity in cancer cell lines 

(Akıncılar et al., 2016), the remaining candidate enhancers were unknown. Our analysis also 

recognized three putative hTERT transcriptional silencer elements (RE6–RE8) that showed 

interaction with the promoter and increased chromatin accessibility in differentiated cells 

(Figures 1A and 1B).

To validate putative REs, we inserted RE1–RE8 upstream of the hTERT promoter in 

a dual-luciferase reporter plasmid and assayed for luciferase activity in H7 and ARPE 

cells (Figures 1C and 1D; Figures S1E and S1F). Our data revealed that RE2 and RE3, 
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both located downstream of the hTERT locus (Figure 1A), significantly enhanced hTERT 
promoter activity in ESCs but not in somatic cells (Figure 1D; Figure S1F), thus implicating 

ESC-specific transcription factors in hTERT activation. Paradoxically, the putative repressor 

element, RE6, resulted in enhanced promoter activity in H7 cells. This observation can 

be explained in the event that RE6 contained a transcription factor binding site that was 

rendered accessible when removed from its genomic context. We introduced RE2, RE3, 

and RE6 in tandem upstream of the hTERT promoter and noted no additive effect on 

luciferase activity (Figure 1D), potentially ruling out cooperativity in enhancer function 

during hTERT transcription. To further characterize these putative hTERT REs, we mined 

publicly available ENCODE chromatin immunoprecipitation sequencing (ChIP-seq) data 

for histone modifications characteristic of enhancers (Davis et al., 2018). Consistent with 

RE2 and RE3 acting as active enhancers, both were enriched for H3K4me1, whereas no 

enrichment of H3K4me1 was evident at the RE6 locus (Figures S1G and S1H).

Minimal impact of enhancer regulation in developmental control of hTERT

To investigate the enhancer function of RE2 and RE3 in vivo, we used CRISPR-Cas9 gene 

editing in ESCs and replaced the enhancers with donor sequences containing a puromycin 

resistance cassette and flanked by two LoxP sites (Figure 2A). We derived independent 

ESC clones for each enhancer and confirmed homozygous targeting by genotyping PCR and 

Sanger sequencing (Figure 2B and data not shown). Targeted cells were transduced with a 

lentiviral Cre-recombinase to excise puromycin and yield RE2Δ/Δ and RE3V/V cells (Figure 

2B). qRT-PCR detected significant reduction in hTERT mRNA levels in enhancer-deleted 

cells (Figure 2C). In addition, we generated RE2Δ/Δ; RE3 V/V double-knockout ESCs and 

showed that loss of both enhancers did not further inhibit hTERT transcription (Figure 

2C; Figure S2A). These results corroborate that RE2 and RE3 are activating enhancers but 

do not act cooperatively during hTERT transcriptional activation. Despite the significant 

reduction in hTERT mRNA levels, Telomere Repeat Amplification Protocol (TRAP) assay 

revealed similar telomerase activity in cells lacking RE2 and RE3 compared with non-

targeted cells (Figure 2D). Given that the reverse transcriptase is not a limiting factor for 

telomerase complex assembly in human ESCs (Chiba et al., 2015), a 4-fold reduction in 

hTERT mRNA is not predicted to affect the overall activity of telomerase in H7 cells.

In summary, our data highlighted RE2 and RE3 as putative enhancer elements that modulate 

the levels of hTERT mRNA as a function of pluripotency. However, the overall reduction 

in hTERT expression in RE2Δ/Δ and RE3V/V ESCs was significantly less than the 100-fold 

decrease observed following differentiation (Figure S1A). Although we cannot rule out the 

presence of additional enhancer elements and transcriptional regulators, we postulated that 

transcriptional regulation does not fully account for the robust activation of hTERT in ESCs 

and its tight repression in differentiated cells.

Skipping of hTERT exon 2 in differentiated cells

We next focused on alternative splicing of pre-mRNA as a regulatory pathway that has 

been previously shown to control developmentally regulated genes and several pluripotency-

associated factors (Das et al., 2011; Gabut et al., 2011; Han et al., 2013; Venables 

et al., 2013; Yamazaki et al., 2018a). We performed targeted sequencing using RNA 
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CaptureSeq, in which tiling arrays of biotinylated oligos are used to capture and enrich 

for low-abundance transcripts prior to RNA sequencing (RNA-seq) analysis (Mercer et 

al., 2014). Using hTERT CaptureSeq, we identified several mRNA isoforms, including 

previously known splice variants (Kilian et al., 1997; Ludlow et al., 2018; Withers et al., 

2012; Yi et al., 2001) that we detected at similar levels in H7 and ARPE cells. We also 

identified reads spanning the junction of exon 1 to exon 3, indicative of hTERT transcripts 

lacking exon 2 (hTERT-ΔEx2) (Withers et al., 2012). Notably, the hTERT-ΔEx2 variant was 

abundant in differentiated cells but undetectable in ESCs (Figures 3A and 3B). To validate 

these data, we designed a junction-specific qRT-PCR assay, in which cDNA was generated 

using a gene-specific primer in hTERT exon 4 and followed by exon-spanning qPCR to 

determine the ratio of hTERT-ΔEx2 (143 bp amplicon) relative to full-length hTERT mRNA 

(91 bp amplicon) (Figures 3C and 3D). Our data showed that hTERT-ΔEx2 was enriched 

in cells lacking telomerase activity, including epithelial cells (ARPE) and fibroblasts (BJ). 

In contrast, iPSCs and ESCs had diminished levels of hTERT-ΔEx2. As a control, we 

showed that the relative abundance of hTERT-ΔEx2 was also reduced upon overexpression 

of full-length hTERT cDNA in differentiated cells (Figure 3D). In conclusion, we observed 

a positive correlation between inclusion of exon 2 and high telomerase activity, and this was 

recapitulated in human tissues. Specifically, hTERT-ΔEx2 was abundant in brain and skeletal 

muscle that lack telomerase activity. In contrast, tissues with stem cell pools (liver, colon, 

and lung) and those previously shown to possess high telomerase activity (bone marrow, 

peripheral blood mononuclear cells [PBMCs], and testis) had diminished hTERT-ΔEx2 

levels (Figure 3E).

Rapid decay of hTERT transcripts lacking exon 2

Exclusion of hTERT exon 2 creates a frameshift that generates two tandem premature stop 

codons in exon 3, which are predicted to trigger nonsense-mediated RNA decay (Figure 

3B; Withers et al., 2012; Hug et al., 2016). Using junction-specific qRT-PCR, we noted 

increased accumulation of hTERT-ΔEx2 transcripts in HeLa cells transiently depleted of 

the nonsense-mediated decay factor, UPF1, and the RNA exosome adapters SKIV2L2 and 

ZFC3H1 (Ogami et al., 2017; Figure S3A). We obtained similar results in cells treated with 

small molecule inhibitors of the RNA decay machinery (Figure S3B), indicating that exon 2 

skipping generates hTERT transcripts that are rapidly degraded. In an independent approach, 

we treated HeLa cells with splice-blocking anti-sense morpholinos designed to prevent the 

inclusion of hTERT exon 2. Using junction-specific qRT-PCR, we observed an increase 

in the levels of hTERT-ΔEx2 variant and a concomitant reduction in exon 2-containing 

transcripts (Figure S3C). In agreement with impaired telomerase function as a result of 

exon 2 skipping, we noted a significant reduction in TRAP activity in HeLa cells treated 

with splice-blocking morpholinos against exon 2 (Figures S3D–S3F). Taken together, our 

results highlight a critical role for exon 2 alternative splicing in telomerase regulation, where 

hTERT transcripts lacking exon 2 are processed by the nonsense-mediated decay machinery.

Forced inclusion of exon 2 prevents hTERT silencing upon differentiation

So far, our data have underscored a positive correlation between exon 2 inclusion and 

increased abundance of hTERT transcripts in pluripotent cells. To establish causality, 

we tested whether constitutive retention of hTERT exon 2 would prevent telomerase 
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silencing in differentiated cells. To do so, we deleted the first intron of hTERT in human 

ESCs using CRISPR-Cas9 gene targeting. Deletion of hTERT intron 1 is predicted to 

fuse exon 1 and exon 2 and prevent exon 2 skipping (Figure 4A). We performed two 

separate rounds of gene editing and isolated six independent hTERTΔin1/Δin1 clones that 

we validated using genotyping PCR and Sanger sequencing (Figure 4B; Figure S4A). 

hTERTΔin1/Δin1 ESCs maintained proper morphology and expressed pluripotency-associated 

cell surface markers (Takahashi et al., 2007; Figures S4B and S4C). Consistent with the 

reverse transcriptase not being limiting for telomerase assembly in human ESCs, telomerase 

activity was similar in hTERTΔin1/Δin1 and hTERT+/+ ESCs (Figure S4D). Differentiation 

of hTERTΔin1/Δin1 and hTERT+/+ ESCs resulted in the anticipated downregulation of key 

pluripotency genes and a concomitant upregulation of fibroblast-specific genes (Figures 

S4B and S4C). As expected, we observed complete silencing of telomerase in fibroblasts 

derived upon differentiation of hTERT+/+ ESCs (Figure 4C). In contrast, hTERTΔin1/Δin1 

fibroblasts retained significant hTERT mRNA by qRT-PCR (Figure 4C). We quantified 

hTERT mRNA directly using custom NanoString-designed probes and confirmed the 

accumulation of several hTERT exons in hTERTΔin1/Δin1 fibroblasts (Figure 4D). In a 

complementary approach, we examined hTERT mRNA abundance and localization using 

single-molecule RNA-FISH (fluorescence in situ hybridization) (sm-FISH) (Tsanov et al., 

2016) and noted a strong enrichment of telomerase transcripts in hTERTΔin1/Δin1 cells, 

whereas no FISH signal was detected in hTERT+/+ fibroblasts (Figure S4E). To rule out 

that intron 1 contained cis-REs, we generated ESCs in which we scrambled intron 1 

sequence while retaining splice junctions (Figure S5A) and showed that hTERTScr1/Scr1 

ESCs had similar hTERT mRNA levels compared with control cells (Figure S5B). The 

failure to silence telomerase in hTERTΔin1/Δin1 cells was not limited to fibroblasts, as we 

obtained similar results when ESCs were differentiated to hepatocyte-like cells (Mallanna 

and Duncan, 2013; Figures S5C and S5D). Notably, TRAP assay revealed an increase in 

telomerase activity in hTERTΔin1/Δin1 fibroblasts relative to differentiated hTERT+/+ cells 

(Figure 4E; Figure S5E). It is worth noting that despite accumulating high levels of hTERT 

mRNA, hTERTΔin1/Δin1 fibroblasts had significantly less telomerase activity than ESCs. It 

is well known that splicing is linked to nuclear export of mRNA and often coupled to 

post-transcriptional modifications such as m6-adenosine deposition, both of which could 

be necessary for efficient hTERT translation (Barbieri et al., 2017). Consistent with this 

idea, sm-FISH analysis revealed that pre-spliced hTERT transcripts expressing from cDNA 

are more efficiently exported than transcripts generated from the endogenous hTERT locus 

(Figure S4E).

Transcriptional and post-transcriptional processes synergize to regulate hTERT mRNA 
levels

Having examined hTERT transcriptional activation and alternative splicing separately, our 

next goal was to investigate the interplay between these two processes. To that end, we 

transduced hTERTΔin1/Δin1 and hTERT+/+ fibroblasts with Vp64-dCas9 fusion protein and 

two gRNAs that target the hTERT promoter (Konermann et al., 2015). As a control, we 

showed that Vp64-dCas9-driven transcriptional activation resulted in an increase in hTERT 
transcripts in HeLa cells. Interestingly, hTERT mRNA abundance was not overtly increased 

in somatic cells transduced with Vp64-dCas9 targeting the hTERT promoter (Figures S5F–
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S5H; Figure 4F). However, we observed a synergistic effect on hTERT mRNA levels when 

the Vp64-dCas9 system was transduced in hTERTΔin1/ Δin1 cells (Figure 4F). Taken together, 

our data are consistent with hTERT transcriptional activation being coupled with exon 2 

retention to mount high levels of hTERT in human ESCs.

A genetic screen using splicing reporters uncovers regulators of hTERT splicing

We next aimed to uncover the underlying mechanism that regulate alternative splicing of 

hTERT exon 2 and identify factors that influence exon choice. To do so, we carried out 

a small-scale RNAi screen using luciferase reporter genes tailored to quantify different 

hTERT splice isoforms. We generated two synthetic doxycycline-inducible “minigenes” 

comprising hTERT exons 1–3 and the spanning introns (Figure 5A). In the first minigene, 

Firefly luciferase was expressed upon inclusion of exon 2. Conversely, Nano luciferase 

was transcribed upon exclusion of exon 2 in the second minigene. Both minigenes were 

assembled in yeast by homologous recombination (Mitchell et al., 2015) and contained FRT 

sites to drive their genomic integration in T-REx-HeLa cells (Figures S6A and S6B) that 

express similar levels of hTERT-ΔEx2 and full-length hTERT (Figure S6C). We established 

a clonally derived cell line with heterozygous integration of both minigenes in the same 

locus. We then measured Firefly and Nano luciferase activity 48 h after doxycycline 

treatment and calculated the ratio of hTERT-ΔEx2 transcripts relative to full-length mRNA 

(Figure S6D).

Upon validating the minigene reporters, we assembled an RNAi mini-library targeting 442 

genes annotated as RNA modifying enzymes, RNA-binding proteins, and splice factors 

(Table S1) and performed a small-scale genetic screen. We monitored dual-luciferase 

activity and found that knockdown of 77 genes significantly altered the Nano/Firefly ratio 

(p < 0.05) (Figure 5B). Candidates that enhanced exon 2 inclusion included RBM14, a 

paraspeckle protein involved in nuclear RNA sequestration (Yamazaki et al., 2018b) and 

Mbnl1, a splicing regulator that represses pluripotency-associated exon inclusion (Han et al., 

2013). On the other hand, the splicing factor SRSF2 and the testis specific factor, BRDT, 

promoted hTERT exon 2 exclusion (Figures S6E and S6F).

SON, a nuclear speckle protein that regulates hTERT exon 2 splicing

The strongest hit from our small-scale RNAi screen was SON, a nuclear speckle protein and 

alternative splicing co-factor that is enriched in ESCs and promote splicing of pluripotency 

genes by facilitating the inclusion of exons with weak consensus splicing sites (Lu et al., 

2013; Sharma et al., 2011). Knockdown of SON resulted in a significant increase in the ratio 

of Nano to Firefly luciferase, indicative of enhanced hTERT exon 2 exclusion (Figure 5B). 

Given that long-term SON inhibition impairs pluripotency (Lu et al., 2013), we transiently 

depleted the splicing co-factor by treating H7 and HeLa cells with small interfering RNA 

(siRNA) (Figures S7A and S7B) and noted a significant increase in hTERT-ΔEx2 (Figure 

5C; Figure S7C). In agreement with exon 2 skipping leading to destabilization of hTERT 

mRNA, SON depletion resulted in a significant reduction in telomerase activity in ESCs 

(Figures 5D and 5E) and HeLa cells (Figures S7D and S7E). In conclusion, SON-mediated 

regulation of exon 2 splicing is a key determinant of telomerase activity in pluripotent cells.
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Germline mutations in SON are associated with telomerase insufficiency and short 
telomeres

Germline de novo mutations in SON have been identified in patients with Zhu-Tokita-

Takenouchi-Kim (ZTTK) syndrome (Kim et al., 2016). ZTTK syndrome is a rare disease 

marked by severe intellectual disability and associated with cerebral malformations, 

epilepsy, vision abnormalities, and dysmorphology (Tokita et al., 2016). SON alterations 

characterized to date are predominantly heterozygous loss-of-function mutations resulting 

in haploinsufficiency. A 3-year-old ZTTK syndrome patient (NCI-550-1) with a de novo 
SON mutation (p.Q96X) (Figure 6A) presented with a history of recurrent infection, 

unexplained fevers, and IgA deficiency and underwent telomere length testing as part of 

an immunodeficiency evaluation by her referring physician (Kim et al., 2016). Her total 

lymphocyte telomeres were close to the 1st percentile for age (Figure 6B). Her medical 

history was remarkable for birth at 33 weeks’ gestation with intrauterine growth restriction 

(IUGR) and fetal distress. Brain MRI revealed an abnormal corpus callosum, nodularity in 

the frontal horns, and white matter loss. She also has a submucous cleft palate, laryngeal 

cleft, clinodactyly, webbing of fingers, a sacral dimple, severe hypotonia that developed into 

spasticity, and significant developmental delay. We evaluated telomerase activity with TRAP 

assay on lysates obtained from PBMCs and found lower than expected telomerase activity. 

Notably, telomerase activity in PBMCs from NCI-550-1 was comparable with that derived 

from a patient with biallelic mutations in the gene encoding poly(A)-specific ribonuclease 

(PARN) (Figures 6C and 6D; Moon et al., 2015).

To elucidate the effect that the patient-associated SON mutation could have on hTERT 
expression and telomerase activity in a developmental context, we recapitulated the patient 

mutation in human ESCs. We used CRISPR-Cas9 gene editing with single-stranded DNA 

(ssDNA) donors to introduce the SON Q96X point mutation into a single allele in H7 

ESCs cells and generated three independently derived SONQ96X/+ clones (Figure 6E). In 

all clones, we observed an increase in hTERT-ΔEx2 transcripts coupled with significant 

loss in hTERT transcripts containing exon 2 (Figure 6F). Furthermore, in SONQ96X/+ 

ESCs displayed a reduction in telomerase activity compared with SON+/+ cells (Figures 

6G and S7F), and this is consistent with the reduced TRAP activity observed upon SON 

depletion by RNAi and in a SON patient. As SON Q96X introduces a premature stop 

codon, the mutation effectively acts as a non-functional allele in ESCs, indicating that 

haploinsufficiency of SON affects hTERT exon 2 alternative splicing and subsequently 

reduces telomerase activity.

DISCUSSION

Increased telomerase activity in the early stages of embryonic development resets telomere 

reserves, which is critical for tissue renewal, prevention of degenerative disorders, and 

possibly determining longevity. So far, great strides have been made in our understanding of 

telomerase composition, biogenesis, trafficking through the nucleoplasm, and regulation in 

cancer cells (Roake and Artandi, 2020). However, the fundamental question of how hTERT 
gets transiently activated in the blastocyst stage of human embryonic development remains 

outstanding. On the basis of our data, we propose a model in which hTERT is dually 
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regulated by transcriptional as well as post-transcriptional processes (Figure 7). We show 

that transcriptional regulation driven by cis-REs can influence hTERT promoter activity, 

although it does not fully account for the high levels of telomerase in pluripotent cells. An 

important aspect of our findings is the observation that hTERT exon 2 alternative splicing 

acts as a molecular gatekeeper to establish hTERT levels. This regulatory paradigm is 

reminiscent of alternative splicing-based regulation of tightly controlled pluripotency genes 

such as Oct4, Nanog (Das et al., 2011; Toh et al., 2016), and other factors that control 

transcriptional networks in ESCs (Gabut et al., 2011).

hTERT transcriptional regulation in pluripotent cells

hTERT promoter regulation, mainly as a result of activating mutations, is key to the 

regulation of telomerase activity in cancer cells (Okamoto and Seimiya, 2019). In this study, 

we superimposed datasets generated by 4C-seq, ATAC-seq, and ChIP-seq and ultimately 

identified two pluripotency-associated enhancers downstream of the hTERT locus. Genetic 

deletion of RE2 and RE3 confirmed their enhancer function (Figure 2C). However, the 

maximal reduction of hTERT transcripts in enhancer-deleted ESCs was significantly less 

than what is observed in differentiated cells (Figure S1A). At this stage, we cannot rule out 

the presence of additional distant hTERT enhancer elements. However, given the role of 

exon 2 alternative splicing in controlling mRNA accumulation (Figure 4), we propose that 

transcriptional control is insufficient to induce robust telomerase in pluripotent cells. RE2 

and RE3 contain Myc binding motifs, suggesting that the recruitment of these enhancers to 

the vicinity of the hTERT promoter promotes its transcription. These findings are consistent 

with previous reports indicating that transcriptional activation of hTERT is driven by Myc 

(Greenberg et al., 1999; Oh et al., 2001; Wong et al., 2010; Wu et al., 1999). However, 

ectopic expression of Myc was reported to be insufficient to induce hTERT transcription 

(Wu et al., 1999), thus further implicating post-transcriptional processes in regulating 

telomerase in pluripotent cells.

Alternative splicing as a molecular gatekeeper for hTERT

hTERT alternative splicing has been predominantly surveyed in cancer cells with >20 

depicted splice variants (Hrdlicková et al., 2012; Kilian et al., 1997). Notable isoforms 

include hTERT α/β variants that generate a dominant-negative telomerase allele (Cong 

et al., 1999; Hrdlicková et al., 2012; Kilian et al., 1997; Wick et al., 1999). CaptureSeq 

of hTERT transcripts unveiled the full spectrum of splice variants, most notable being 

hTERT-ΔEx2 that was enriched in somatic cells but diminished in ESCs (Figure 2A). Our 

findings are in line with previous RNA-seq meta-analysis that highlighted hTERT-ΔEx2 in 

somatic cells as well as cancer cell lines but failed to detect it in human ESCs (Withers et 

al., 2012). Importantly, we provide evidence to functionally implicate this specific splice 

variant in hTERT regulation as a function of pluripotency. Consistent with what has 

been previously proposed, we show that exon 2 skipping results in a frameshift mutation 

and two tandem stop codons in exon 3 that elicit mRNA decay and degrade hTERT 
transcripts (Withers et al., 2012). It is also possible that remnant hTERT-ΔEx2 transcript 

generate a small peptide that is yet to be characterized. Importantly, we show that forced 

inclusion of exon 2 abrogates hTERT silencing in differentiated cells (Figures 4C and 4D), 

thus underscoring the key role of alternative splicing during telomerase regulation. Taken 
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together, we conclude that hTERT exon 2 alternative splicing is a regulated process that 

controls hTERT mRNA abundance via pre-programmed degradation and restricts hTERT 
expression to particular developmental stages.

Our study raises the obvious question of why is it necessary for splicing-mediated hTERT 
regulation. It is estimated that the number of catalytically active telomerase in a cancer cell 

is <250 molecules (Cohen et al., 2007; Xi and Cech, 2014) that are produced from ~20 

mRNA (Yi et al., 2001). Accordingly, very few hTERT transcripts are sufficient for cellular 

immortalization that would then facilitate tumorigenesis. As such, alternative splicing and 

generation of non-functional hTERT transcripts could serve as a failsafe mechanism to 

ensure complete telomerase silencing in differentiated cells. Our limited analysis of exon 2 

alternative splicing in HeLa and HT1080 cells (Figure S6C) suggested that reprogramming 

of hTERT splicing also takes place in some cancer cell lines. Furthermore, many splicing co-

factors, including SON, are abnormally expressed in the context of human cancers (Sharma 

et al., 2011). Future experiments will help uncover a potential role for dysregulated hTERT 
mRNA splicing in tumorigenesis.

Transcript variants missing segments of hTERT exon 2 were previously reported in murine 

and avian models, but their function remains unknown (Hrdlicková et al., 2012; Rousseau 

et al., 2016). Similar TERT alternative splice variants were also identified in species as 

phylogenetically distant as Planarians (Tan et al., 2012) that express robust telomerase 

activity at the site of blastema formation and facilitate rapid tissue neogenesis. During 

regeneration, planarian TERT is alternatively spliced to include a cluster of exons that are 

equivalent to exon 2 (Tan et al., 2012). Therefore, hTERT “exon 2-like” alternative splicing 

is likely an evolutionarily conserved mechanism to support rapid proliferation in specific 

developmental time frames while protecting somatic cells.

Nuclear speckle protein and splicing co-factor SON regulates hTERT splicing

Our study identifies SON as a regulator of hTERT exon 2 splicing. SON is a nuclear 

speckle protein that is highly expressed in pluripotent cells and multiple cancer cell lines 

and promotes the inclusion of cassette exons with weak splice sites (Sharma et al., 2011). 

Interestingly, the reported DNA consensus sequence for SON binding (GA[GT]AN[CG]

[AG]CC) is adjacent to hTERT exon 2. Although the RNA-binding motif of SON has not 

been determined, future studies will help explore its direct binding to hTERT mRNA and 

provide insight into the mechanism by which it controls hTERT splicing. In addition, our 

study identifies a patient that suffers from insufficient telomerase activity and borderline 

short telomeres and harbors a heterozygous SON mutation but no other variants in genes 

linked to telomere biology disorders (Figure 6). SON heterozygote mutations leading to 

significant reduction in SON mRNA (up to 80%) were identified in a cohort of pediatric 

patients with mental disability and ZTTK syndrome (Kim et al., 2016). It would be 

interesting to examine telomerase levels and telomere dysfunction in the context ZTTK 

syndrome.

In summary, we uncover a previously unappreciated role for alternative splicing in 

the developmental regulation of hTERT expression and provide further insight into the 

understanding of replicative senescence and cellular immortalization. In addition, our results 

Penev et al. Page 11

Mol Cell. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



underscore a potential therapeutic benefit for targeting alternative splicing to promote 

hTERT exon 2 inclusion and increase telomerase activity in telomere biology disorders 

as well as regenerative medicine therapies.

Limitations of study

We show that SON depletion reduces telomerase activity in ESCs and in a cancer cell 

line. Analysis of clinical exome sequencing identified a SON mutation in a patient with 

telomerase insufficiency and short telomeres. A caveat in the patient analysis is that exome 

sequencing does not identity mutations in REs that might affect other genes involved in 

telomere maintenance. Furthermore, SON is a critical splicing regulator for many human 

genes (Lu et al., 2013; Sharma et al., 2011), and it is therefore possible that SON 

dysfunction affects hTERT splicing indirectly. It is worth noting that using a splicing 

reporter and analyzing SONQ96X/+ ESCs, we provide evidence for a direct role for SON 

in preventing skipping of hTERT exon 2, prompting us to conclude that SON is regulator 

of hTERT splicing. Last, our study highlights a single patient carrying a SON mutation and 

suffering from short telomeres. Future studies are necessary to identify additional patients 

and firmly establish the link between SON and telomere syndromes.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Agnel Sfeir (SfeirA@mskcc.org).

Materials availability—Cell lines generated in this study are available from Dr. Agnel 

Sfeir. Plasmids generated in this study have been deposited to Addgene (www.addgene.org)

Data and code availability—The 4C and ATAC-seq datasets generated during this 

study are available at GEO: GSE168193. Raw data available at Mendeley: https://dx.doi.org/

10.17632/jfmsvxnpbg.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All cells were grown in an incubator with O2 and CO2 maintained at 5%, and the 

temperature was maintained at 37°C. ARPE-19 cells (ATCC CRL-2302), HeLa (ATCC® 

CCL-2), T-REx-HeLa (Invitrogen) and BJ cells (ATCC® CRL-2522) in Dulbecco’s 

Modified Eagle Medium (DMEM, Corning) supplemented with 10% fetal bovine serum 

(FBS, GIBCO), 2 mM L-glutamine (GIBCO), 100 U/ml Penicillin-Streptomycin (GIBCO), 

and 0.1 mM MEM non-essential amino acids (GIBCO). ARPE-19 and BJ cell lines were 

immortalized with hTERT and cultured in the same media conditions. Cells were passaged 

every 48–72 hours and maintained mycoplasma free by using Plasmocin (Invivogen) per 
manufacturer indication. H7 human embryonic stem cells were a kind gift from Lei Bu 

and cultured in mTeSR Plus (STEMCELL) media supplemented with 100 U/ml Penicillin-

Streptomycin (GIBCO). ESCs were passaged every 2–3 days using 500 μM EDTA in PBS 

and recovered for one day in Y-27632 2HCl (5–10 μM, SelleckChem). 293T cells used for 

lentiviral packaging were cultured in DMEM supplemented with 10% bovine calf serum 
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(BCS, Gemini), 2 mM L-glutamine (GIBCO), 100 U/ml Penicillin-Streptomycin (GIBCO), 

0.1 mM MEM non-essential amino acids (GIBCO).

The patient (5 years old) was a participant the IRB-approved longitudinal cohort study 

titled Etiologic Investigation of Cancer Susceptibility in Inherited Bone Marrow Failure 

Syndromes (NCT-00027274). Informed consent was signed by her parents and data were 

collected through questionnaires and medical record review (Alter et al., 2018). Patient DNA 

underwent standard clinical exome sequencing at Baylor Miraca Genetics Laboratories, 

Houston, TX, with appropriate consent. The variant in SON was the only variant of 

clinical consequence identified. Blood samples are collected from patients at their clinic 

visits and processed at a large, centralized NIH facility using robust standard operating 

procedures and quality control methods (per IRB approved protocol, ClinicalTrials.gov 

Identifier NCT00027274). De-identified patient-derived cells were shipped from NIH to 

NYU at the same time, they were lysed at the same time, PCR/TRAP reactions were set up 

at the same time and run on the same gel.

METHOD DETAILS

Cell culture procedures and treatments—iPSC reprogramming of BJ fibroblasts 

was performed using CytoTune™- iPS Sendai Reprogramming kit (ThermoFisher) as 

per manufacturer instructions. Fibroblast differentiation from hESCs was performed in 

differentiation media containing 15% fetal bovine serum (FBS, GIBCO), 2 mM L-glutamine 

(GIBCO), 100 U/ml Penicillin-Streptomycin (GIBCO), and 0.1 mM MEM non-essential 

amino acids (GIBCO). Media was changed without passaging every two days for 21 days 

when fibroblast differentiation was complete. Cells were subsequently passaged every 4–

5 days. Hepatocyte differentiation was performed as described in Mallanna and Duncan 

(2013) with media changes every 2 days. Briefly, ESCs were plated in Geltrex™ (GIBCO) 

coated 6-well plates and treated with RPMI 1640 (Corning) media containing 2% B27 

supplement (w/o insulin, GIBCO), and additional recombinant factors including Activin A 

(100ng/ml, Thermo), BMP4 (10ng/ml, Thermo), FGF2 (20ng/ml, Thermo) for two days. 

Day 3–5 media contained only Activin A in B27-RPMI 1640 media. Day 6–10 media 

contained 2% B27 supplement with insulin (GIBCO) and BMP4 and FGF2 at previous 

concentrations. Days 11–15 media contained recombinant HGF (20ng/ml, Thermo) in 

B27+insulin RPMI 1640 media. Days 16–24 media contained recombinant Oncostatin M 

(20ng/ml, Thermo) in HCM media lacking EGF (Lonza). For cell treatments, the following 

compounds were used: 5-fluoro-uracil (50 μM, Sigma-Aldrich), Isoginkgetin (20 μM, 

Cayman Chemicals). hTERT minigene expression was induced with 2 μM doxycycline 

(Sigma-Aldrich) for 48 hours following siRNA transfections.

4C and ATAC-seq genome-wide sequencing and bioinformatic analysis—
Library preparation for Circular Chromosome Conformation Capture (4C) was performed 

as described (van de Werken et al., 2012) with the exception of initial fixation and lysis 

procedure, which was adapted from (Miele and Dekker, 2009). 1×107 ARPE or H7 ESCs 

were dissociated and resuspended in 5ml PBS containing 10% BCS. Cells were crosslinked 

by adding 5ml of 4% formaldehyde in PBS and incubating at room temperature (RT) for 

10 minutes with gentle rocking. Reaction was quenched by adding 2.5ml 2.5M glycine, 
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mixing well and incubating at RT for 5 minutes, then on ice for 15 minutes. Cells were 

pelleted at 800×g for 10 minutes, resuspended in 1ml of cold Lysis Buffer 1 (10mM Tris 

pH 8.0, 10mM NaCl, 0.2% IGE-PAL, Protease inhibitor (Roche)) and incubated on ice for 

15 minutes. Cells were then dounce-homogenized on ice with a B-type pestle twice for 15 

minutes with a minute rest on ice in between. Sample was pelleted at 2500×g for 5 minutes 

and the pellet was washed with 1x Cutsmart buffer (NEB) and pelleted again. Samples 

were further processed as described in van de Werken et al. (2012) using DpnII primary 

digestion and Csp6I secondary digestion. Sequencing library was prepared as described 

using Expand Long Template polymerase (Roche) and Illumina adaptor sequence-containing 

primers unique to the hTERT fragend listed in Table S2. Sequencing was performed by the 

NYU Genome Technology Core on Illumina HiSeq 4000 sequencer. Sequencing data was 

analyzed using the 4Cker software package described in Raviram et al. (2016) using the 

recommended parameters.

ATAC-seq was performed on 5×105 ARPE and H7 cells in triplicate as described in 

Buenrostro et al. (2015). Sequencing of libraries was performed by NYU Genome 

Technology on Illumina HiSeq 2500 sequencer. Alignment was performed as in Buenrostro 

et al. (2013) to the hg19 human reference genome and peak calling was done using macs2 

using parameters described in Corces et al. (2017). IGV was used to visualize sequencing 

data tracks and bedtools was used for find regions of overlap between ATAC-seq and 4C 

data.

Dual-Luciferase assay for hTERT promoter activity—Dual luciferase reporter 

plasmid pRF-HCV was a kind gift from Maria Barna. HCV promoter was replaced with 

hTERT core promoter sequence amplified from ESC genomic DNA and cloned into pRF 

using NcoI restriction enzyme sites. Candidate sequences were similarly amplified from 

genomic DNA and cloned into BbvCI restriction enzyme site upstream of hTERT promoter. 

Plasmid DNA was purified using Plasmid Plus Midi Kit (QIAGEN) or NucleoBond Xtra 

Midi Kit (Machery Nagel). Reporter plasmid was introduced to H7 and ARPE cells via 

transient transfection. Cells were lysed 48 hours after transfection and assayed for luciferase 

activity using the Dual-Luciferase Reporter Assay System (Promega) according to the 

manufacturer’s instructions using a Flexstation 3 Multi-mode Microplate Reader (Molecular 

Devices). Each sample was assayed in triplicate.

Real-Time RT-qPCR—Total RNA was purified with RNAeasy Mini Kit (QIAGEN) 

or NucleoSpin RNA Clean-up (Macherey-Nagel) following manufacturer instructions. 

Genomic DNA was eliminated by on-column digestion with DNaseI. A total of 1 μg 

of RNA was reverse-transcribed using iScript Reverse Transcription Supermix (Biorad) 

and qPCR (45 cycles) was performed on a Roche LightCycler480. Reactions were run in 

triplicates with ssoAdvanced SYBR green Supermix (Biorad) in a total volume of 10μl with 

standard cycling conditions. Relative gene expression was normalized using HPRT or TBP 

as housekeeping genes and all calculations were performed in Excel. A list of primers is 

available in Table S2.

RT-qPCR for hTERT exon-exon junctions—Total RNA was purified with RNAeasy 

Mini Kit (QIAGEN) or NucleoSpin RNA Clean-up (Macherey-Nagel) following 
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manufacturer instructions. Genomic DNA was eliminated by on-column digestion 

with DNaseI. A total of 10 μg of RNA was reverse-transcribed using Superscript 

IV Reverse-Transcription kit (Invitrogen) using an hTERT specific probe in exon-4 

(CCTGACCTCTGCTTCCGACAG). Primer was annealed to hTERT RNA at 65C for 5 

minutes and then incubated at 0C for 5 minutes before addition of other kit reagents. 

Reaction was then incubated at 60C for 50 minutes and heat inactivated for 10 minutes at 

80C. Each reaction was RNaseH (NEB) treated according to manufacturer instructions and 

cDNA was purified using MinElute Reaction Cleanup Kit (QIAGEN). cDNA concentration 

was determined using Qubit ssDNA Assay Kit (Invitrogen) and then equalized between 

samples with ddH2O. qPCR (50 cycles) was performed on a Roche LightCycler480. 

Reactions were run in triplicates with PrimeTime Gene Expression Master Mix (IDT) in 

a total volume of 10μl with standard cycling conditions. hTERT exon1-2 and exon1-3 

expression was normalized using hTERT exon3-4 junctions and all calculations were 

performed in Excel. A list of primers is available in Table S2. To determine the hTERT 

exon-2 alternative-splicing ratios, we calculated the relative expression of each hTERT 

junction to that of the HeLa cell line (which had equivalent expression of exon1-2 and 

exon1-3 in our assays) and normalized the values to the non-alternatively spliced junction 

hTERT exon3-4. The relative expression values for exon1-3, indicating ΔEx2, were then 

divided by the relative expression of exon1-2, to produce the ratio of ΔEx2:full-length 

hTERT. Statistics were computed using ANOVA analysis with multiple comparisons, 

comparing the ratio in each cell line to the ratio in H7 ESCs.

CRISPR/Cas9 targeting—H7 RE2−/−, RE3−/− and RE2−/− RE3−/− double knockouts 

polyclonal populations were generated. Briefly H7 cells were transfected with a total 

of 2 gRNAs targeting the 500bp region for RE2 (TTCCCTTGCCCGCTAGAGGG 

and CCCCCAAGGGAATGAAAAAG) or RE3 (GTGTCTGGATGGACCAGCAG and 

GCAATGGTAACTCAGTGACT) cloned in a modified version of vector pX458, a kind 

gift from Feng Zhang (Addgene plasmid # 48138), and a plasmid DNA donor containing 

500bp of upstream and downstream homology sequence for either RE2 or RE3 flanking 

a hPGK-driven Puromycin resistance gene surrounded by two LoxP sites. Five days 

following transfection, transfected cells were treated with puromycin (250ng/ml) and 

surviving clones were subjected to genotyping PCR using primers included in Table S2. 

Homozygous targeted clones were expanded and infected using lentivirally encoded Cre-

recombinase with a Hygromycin resistance gene. Following infection, cells were treated 

with hygromycin (100ug/ml) and genotyping PCR was performed to confirm excision of 

the puromycin cassette by fragment size using primers in Table S2. H7 hTERTΔin/Δin ESCs 

were obtained by delivering a single-stranded 200nt template oligo containing abutting 

100nt sequences from hTERT exon-1 and exon-2 and either an RNP complex of a single 

gRNA targeting hTERT intron-1 (CGGGGGGAACCAGCGACATG), tcrRNA and wild-type 

Cas9 protein (IDT) or 2 gRNAs targeting hTERT intron-1 (CGCATGTCGCTGGTTCCCCC 

and CGGGGGGAACCAGCGA CATG) cloned into a modified pX458 plasmid described 

above. Transfected cells were plated at clonal density and individual clones were picked 

for genotyping approximately one week later. Genotyping was performed by PCR looking 

for loss of 104bp in PCR amplicon spanning hTERT exons 1-2 (Table S2). Genomic DNA 
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was extracted using the Quick-DNA Miniprep Kit (Zymo). Genotyping PCR was performed 

using Failsafe PCR 2x PreMix H (Lucigen) and Taq polymerase (NEB).

Lentiviral delivery—Cre-recombinase and Vp64 Cas9-Activation constructs (Konermann 

et al., 2015)were purchased in the pLenti backbone (Addgene 73795, 61425, 61426) 

and were introduced by 4 lentiviral infections at 12hr intervals in presence of 8 μg/ml 

polybrene (Sigma-Aldrich) using supernatant from transfected 293T cells. For targeting 

Vp64-dCas9 to hTERT promoter, two guide RNA sequences were used in combination 

(CCAGCTCCGCCTCCTCCGCG and CCAGGACCGCGCTTCCCACG). Vp64 antibiotic 

resistance genes were replaced with fluorescent protein (mCherry, sfGFP, and tagBFP) genes 

via several cloning strategies to allow for FACS selection of triple-positive cells containing 

all Cas9-activation components.

TRAP Assay for telomerase activity—Telomerase Repeat Addition Processivity 

(TRAP) was performed as described (Mender and Shay, 2015). In brief, cells were 

dissociated and counted on a manual hemocytometer (Fisher Scientific) using Trypan Blue 

(Corning) to count viable cells. Cells were pelleted and resuspended in CHAPS lysis buffer 

(Millipore) with Halt Protease+Phosphatase inhibitor (Thermo) and 3μM β-mercaptoethanol 

at a concentration of 5×103 cells per μl. Lysates were incubated on ice for 30 minutes, 

vortexed twice during incubation, and then clarified at 12,000 g for 20 minutes. Serial 

dilutions and heat inactivated samples were prepared and 2μl of lysate or dilution was used 

in each PCR reaction as described in Mender and Shay (2015). Cycling conditions were as 

follows: incubate 30 minutes at 30°C, boil 5 minutes at 95°C, then melt 30 s at 95°C, anneal 

30 s at 59°C, extend 1 minute at 72°C; 25 cycles were used for ESC samples, 26 cycles for 

HeLa, and 30 cycles for fibroblast and PBMC samples, and in all cases reaction concluded 

with a final extension for 10 minutes at 72°C. Reactions were run on a 10% acrylamide gel 

(19:1, Fisher Scientific) and imaged on a ChemiDoc MP apparatus (Biorad).

RNA-capture sequencing for hTERT transcripts—Total RNA was purified with 

RNAeasy Mini Kit (QIAGEN) following manufacturer instructions. Genomic DNA was 

eliminated by on-column digestion with DNaseI. A total of 25 μg of RNA was reverse-

transcribed using Superscript IV Reverse-Transcription kit (Invitrogen) in multiple PCR-

tubes using a mix of hTERT specific primers in exon-4, exon-9, exon-12, and exon-16 

(Table S2). Primers were annealed to hTERT RNA at 65°C for 5 minutes and then incubated 

at 0C for 5 minutes before addition of other kit reagents. Reaction was then incubated 

at 60°C for 50 minutes and heat inactivated for 10 minutes at 80°C. Each reaction was 

RNaseH (NEB) treated according to manufacturer instructions and second-strand cDNA was 

synthesized using Second Strand DNA Synthesis kit (NEB) per manufacturer’s instructions. 

NYU Genome Technology core designed custom probe-library tiling hTERT exons and 

flanking intragenic sequences using X-Gen probe design software proceeded with Illumina 

sequencing library preparation of double-stranded cDNA and hybridization and purification 

of target sequences. Libraries were sequenced using the Illumina MiSeq and data was 

aligned to hg19 reference genome using Bowtie2 and alternative splicing analysis performed 

using TopHat.
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Transient transfection of plasmid DNA and siRNA—Purified plasmid DNA (2–

3 μg) was introduced to ARPE cells via transient transfection using Lipofectamine 

3000 transfection reagent (ThermoFisher) or to H7 ESCs using Genejuice transfection 

reagent (MilliporeSigma) according to manufacturer’s instructions. For candidate validation 

experiments, 2–10 pmol of 4-oligo ON-TARGETplus siRNA pools (Horizon, Dharmacon) 

or non-targeting control pools (Horizon, Dharmacon) were introduced to H7 ESCs and HeLa 

cells using 4D-Nucleofector (Lonza) electroporation as per manufacturer instructions for 

each cell line (ESC: CA-137 in P3 solution, HeLa: CN-113 in SE solution). Splice-blocking 

morpholino (ASO) for hTERT exon-2 5′ splice site (AGGACACCTGCGGGGGAAGCG) 

was ordered from Gene Tools, LLC according to their design recommendations with a 

3′-Carboxyfluorescein residue to assess transfection efficiency. ASO was delivered to cells 

by nucleofection as described above.

hTERT exon 1-3 splicing minigene assembly by homologous recombination
—DNA inserts were PCR amplified with oligos containing the corresponding VEGAS 

adapters and gel purified while the VEGAS backbone36 was digested with BsaI and gel 

purified. ~100 ng of each fragment along with the linearized VEGAS backbone were 

transformed using the standard lithium acetate method into Saccharomyces cerevisiae strain 

BY4741 (Brachmann et al., 1998) and plated onto SC–Ura plates. After 48 hours colonies 

were replica plated onto SC–Ura plates containing G418. After an additional two days 

of growth colonies were screened using PCR to verify the presence of each fragment-

fragment junction as well as the initial and terminal backbone-fragment junctions. Colonies 

containing all junctions were grown overnight in liquid SC–Ura media containing G418. 

Plasmids were extracted from yeast as follows. 1.5 mL of overnight culture was spun down 

and resuspended in 250 μL P1 buffer with RNase (QIAGEN) and 200 μL of glass beads 

(Sigma) in an eppendorf tube and shaken for 10 minutes to break the cells. 250 μL of P2 

buffer (QIAGEN) was added, mixed by inversion, and incubated for 5 minutes at room 

temperature. 350 μL of P3 buffer (QIAGEN) was added and mixed by inversion. This 

mixture was spun at 10000×g for 10 minutes in a tabletop centrifuge. The supernatant was 

transferred to a Zyppy miniprep column (Zymo Research) and spun at 10000×g for one 

minute; the flowthrough was discarded. The column was washed with 200 μL endo wash 

buffer, spun at 10000×g for one minute, then washed with 400 μL Zyppy wash buffer and 

spun again for one minute with flow through discarded. The column was spun one more 

time to remove residual wash buffer. DNA was eluted with 10 μL of elution buffer. 3 μL 

of eluted DNA was transformed into E. coli. Plasmid DNA recovered from E. coli was 

digested with AflIII and NotI to release minigene fragment from shuttle vector and clone 

into pcDNA5/FRT/TO (Thermo) mammalian expression vector for integration into HeLa 

cells by co-transfection with pOG44-Flpase (Thermo). Hygromycin (150ug/ml) was used to 

select for cells with integration and Nano-Glo Dual-luciferase assay kit (Promega) was used 

to confirm expression of both Firefly and Nano-luciferase in clonally isolated cells.

RNAi luciferase screen for hTERT alternative splicing factors—4.5 pmol of 

Ambion® Silencer® Select siRNA pools (ThermoFisher) was spotted in a 96-well plate 

format and transfection complexes were formed in OptiMEM (GIBCO) using Lipofectamine 

RNAiMAX (Invitrogen™) according to manufacturer’s instructions. We then introduced the 
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T-REx-HeLa cell line with heterozygous integration of two minigene constructs suspended 

in doxycycline-containing DMEM media and incubated for 48 hours at 37°C. Cells were 

lysed and assayed for luciferase activity using the Nano-Glo Dual-Luciferase Reporter 

Assay System (Promega) according to the manufacturer’s instructions using a EnVision® 

Multilabel Plate Reader (PerkinElmer). Each plate was assayed in triplicate.

Absolute quantification of hTERT mRNA—Total RNA was purified with RNAeasy 

Mini Kit (QIAGEN) following manufacturer instructions. Genomic DNA was eliminated by 

on-column digestion with DNaseI. A total of 1 μg of RNA was hybridized for 24 hours with 

a custom library of multiply-labeled fluorescent oligos per manufacturer’s instructions to 

detect specific hTERT exon-exon junctions to derive and absolute quantification of mature 

spliced transcripts. Predesigned and validated probes against housekeeping genes, TBP and 

HPRT, were used for subsequent normalization. Probe sequences are listed in Table S2. 

Hybridized RNA:probe mixture was then purified and immobilized on nCounter chips using 

nCounter Prep Station (NanoString) and then data was acquired using the nCounter Digital 

Analyzer (nCounter FLEX Analysis System, NanoString). All instruments were run and 

maintained at the NYU Genome Technology Core. Data was analyzed using nSolver™ 

software package (v4.0, NanoString).

Immunofluorescence (IF) and microscopy—Cells were plated on 12 mm circular 

glass coverslips (Fisher Scientific) and analyzed for IF with standard techniques. Briefly, 

cells were fixed with 4% (v/v) paraformaldehyde in PBS (Santa Cruz Biotechnology, Inc.) 

for 5 minutes at room temperature. Cells were washed with PBS, permeabilized with 0.5% 

(v/v) Triton X for 10 minutes and blocked for 30 minutes with PBS containing 3% goat 

serum (Sigma-Aldrich), 1 mg/ml bovine serum albumin (BSA, Sigma-Aldrich), 0.1% Triton 

X-100 and 1mM EDTA. Cells were incubated with the same buffer containing primary 

antibodies for 2 hours at room temperature followed by secondary antibodies incubations 

for 1 hour at room temperature. Cells were mounted with ProLong Gold Antifade (Thermo 

Fisher Scientific), imaged on a Nikon Eclipse 55i upright fluorescence microscope at 20X 

and analyzed with Nikon software. Additional contrast/brightness enhancement and export 

were performed with Fiji-ImageJ software (Schindelin et al., 2012; Schneider et al., 2012). 

DNA was counterstained with 5 μg/mL DAPI as needed. A complete list of antibodies used 

in the study and relative dilutions is available in Table S3.

Single-molecule hTERT mRNA FISH—Cells were plated on 12 mm circular glass 

coverslips (Fisher Scientific) and analyzed for smiRNA-FISH using techniques described by 

Tsanov et al. (2016). In brief, cells were fixed with 4% (v/v) EM-grade paraformaldehyde 

(Electron Microscopy Sciences) for 20 minutes at room temperature. Cells were washed 

with RNase-free PBS, and permeabilized in 70% ethanol for 1 hour at 4°C. Cells were 

rehydrated in RNase-free 1x SSC buffer containing 15% (v/v) formamide (Sigma-Aldrich) 

for 15 minutes and then hybridization solution was applied to coverslips overnight, 

containing 1x SSC, 15% (v/v) formamide, BSA (2mg/ml, NEB), dextran sulfate (10%, 

Sigma-Aldrich), VRC (2mM, NEB), tRNA (0.5mg/ml) and 8pmol of flap-annealed probe 

oligos for hTERT (IDT) designed using Oligostan (Tsanov et al., 2016) software, listed 

in Table S2. Flap-annealing of probe oligos was done as in Tsanov et al. (2016). After 
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hybridization, cells were washed twice in 1X SSC w/ 15% formamide, and twice with 

1x PBS, before DNA was counterstained with 5 μg/mL DAPI. Cells were mounted 

with ProLong Gold Antifade (Thermo Fisher Scientific), imaged on a Nikon Eclipse Ti2 

spinning-disc confocal microscope at 60X and analyzed with Nikon software. Additional 

contrast/brightness enhancement, quantification of foci and export were performed with 

Fiji-ImageJ software.

Western blot analysis—Cells were harvested by trypsinization, lysed in RIPA buffer (25 

mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% SDS, 1% NP-40, 1% sodium deoxycholate) at 

about 104 cell/μl. After 2 cycles of water bath sonication at medium settings lysates were 

incubated at 4°C on a rotator for additional 30 minutes. Lysates were clarified by spinning 

30 minutes at 14800 rpm, 4°C and supernatant protein concentration was quantified with 

Enhanced BCA protocol (Thermo Fisher Scientific, Pierce). Equivalent amounts of proteins 

were separated on an SDS-page (approximately 30 μg) and transferred to a nitrocellulose 

membrane. Membranes were blocked in 5% milk in TBST (137 mM NaCl, 2.7 mM KCl, 

19 mM Tris Base and 0.1% Tween-20). Incubation with primary antibodies was performed 

overnight at 4°C. Membranes were washed and incubated with HRP conjugated secondary 

antibodies at 1:5000 dilution, developed with Clarity ECL (Biorad) and acquired with 

a ChemiDoc MP apparatus (Biorad). Antibodies against GAPDH were used as loading 

control. A full list of antibodies used in the study and relative dilutions is available in Table 

S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of experiments was performed using Graphpad Prism software. The 

details of the statistical analysis used for each experiment can be found in the figure legends. 

Significance was defined as a p value < 0.05. Samtools (Li et al., 2009) and Bowtie2 

(Langmead and Salzberg, 2012) algorithms were used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Enhancers have a minor role in regulating telomerase during development

• Alternative splicing of exon 2 is a major determinant of hTERT levels

• Exon 2 skipping triggers hTERT mRNA decay in somatic cells

• SON regulates hTERT splicing, and its mutation manifests in telomerase 

insufficiency
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Figure 1. Identification of novel cis-regulatory elements (REs) that modulate hTERT expression 
as a function of pluripotency
(A) Refseq of annotated genes on chr5, depicting candidate RE elements within the TAD 

boundary surrounding the hTERT locus (box).

(B) Overlay of data obtained from ATAC-seq and 4C-seq to identify candidate hTERT 

REs. Candidate enhancers (left, RE1–RE5) preferentially interact with hTERT promoter 

and display open chromatin in embryonic stem cells (ESCs). Silencer elements (right, RE6–

RE8) preferentially interact with hTERT promoter in differentiated cells. 4Cker software 

was used to determine interaction score (line graphs) and aligned to ATAC-seq results from 

three independent replicates.

(C) Schematic of the dual-luciferase reporter used to interrogate the function of individual 

REs. hTERT core promoter: 500 bp sequence upstream of transcription start site (TSS) and 

100 bp downstream of start codon. Individual REs cloned upstream of hTERT promoter. 

Expression of Renilla luciferase driven by a constitutive promoter for normalization. A 

hairpin downstream of the Renilla gene prevents transcriptional read-through.

(D) Bar graph represents the ratio of Firefly to Renilla luciferase in ESCs expressing the 

reporter plasmid with the indicated RE. n = 3 independent biological replicates. *p < 0.05, 

**p < 0.01, and ***p < 0.001, statistics calculated using ANOVA with multiple comparisons 
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and comparing each value with empty vector (EV) control; similarly, ANOVA performed 

comparing RE2, RE3, and RE6 with RE2+3+6.
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Figure 2. Reduced telomerase in ESCs upon deletion of hTERT enhancers
(A) Schematic for CRISPR-Cas9-mediated gene editing of RE2 (300 bp) and RE3 (400 bp) 

in ESCs.

(B) Genotyping PCR on cells with the indicated genotype and Cre treatment using primers 

highlighted in (A). PCR products (RE2/RE3): wild-type, 560/700 bp; targeted, 1,500/1,700 

bp; null, 250/300 bp.

(C) qRT-PCR for hTERT mRNA in cells with the indicated genotype and Cre treatment. n 

= 3 independent biological replicates. RE3Δ/Δ, p < 0.01; RE2 Δ/Δ and DKO, p < 0.0001. 

Expression values normalized to non-targeted ESC. p values calculated using ANOVA with 

multiple comparisons with non-targeted ESC.

(D) Telomere Repeat Amplification Protocol (TRAP) assay to measure telomerase activity 

in clonally derived ESCs lacking the indicated RE. HI, heat inactivated. Two dilutions used 

for each sample.
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Figure 3. Inclusion exon 2 correlates with hTERT mRNA abundance
(A) Sashimi plot representing hTERT RNA CaptureSeq in H7 and ARPE cells. 

Transcription is from left to right. Reads from exons are depicted as pileups and exon-exon 

junctions denoted with arcs. Asterisks mark hTERT-ΔEx2 splice variant.

(B) Schematic of full-length and hTERT-ΔEx2 transcripts, demonstrating the position of the 

premature termination codons (asterisks) upon exon 2 skipping.

(C) Schematic illustration of junction-spanning PCR strategy used to assay hTERT-ΔEx2 

abundance by qRT-PCR. RNA was reverse-transcribed using an hTERT gene-specific primer 

(GSP), and cDNA was purified and equalized between samples prior to PCR amplification 

with the indicated primers (91 bp for the exon1-2 amplicon and 143 bp for the exon1-3 

amplicon).

(D) Quantification of the ratio of hTERT-ΔEx2 relative to full-length as determined using 

qRT-PCR in mortal cell lines (ARPE and BJ), cell lines overexpressing hTERT, iPSCs 
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derived from BJ cells, and human ESCs (n = 3, p < 0.0001). Expression levels of exon1-2 

and exon1-3 we first normalized to exon3-4, a non-alternatively spliced junction. We then 

determined the relative expression of each normalized hTERT junction to that of HeLa 

cells that express equivalent levels of exon1-2 and exon1-3. The relative expression values 

for exon1-3, indicative of ΔEx2, were divided by the relative expression of exon1-2, to 

produce the ratio of ΔEx2 to full-length hTERT. Statistics were computed using ANOVA 

with multiple comparisons, comparing the ratio in each cell line to the ratio in H7 ESCs (in 

red).

(E) Quantification of hTERT-ΔEx2 abundance relative to full-length by qRT-PCR in whole 

human tissue RNA (Thermo). Human testis and PBMCs express high levels of hTERT 

(Wright et al., 1996) and display low hTERT-ΔEx2 to full-length ratio (n = 3 biological 

replicates, p < 0.01). Colon, liver, lung, and bone marrow are highly regenerative tissues 

with adult stem cell populations that have some telomerase activity. n = 3 biological 

replicates.*p < 0.05 and **p < 0.01. Brain and skeletal muscle are telomerase negative 

(Wright et al., 1996) and display high hTERT-ΔEx2 to full-length ratio (n = 1 biological 

replicates). Ratios and statistics computed as in (D).
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Figure 4. Forced retention of exon 2 prevents silencing of hTERT upon differentiation
(A) Schematic illustration of intron 1 deletion by CRISPR-Cas9 gene editing and the 

predicted splicing pattern. Cells were co-transfected with two single guide RNAs (sgRNAs) 

that cleave within hTERT intron 1 and a 200 bp single-stranded (ss) DNA donor containing 

100 bp sequence from exon 1 and exon 2 directly concatenated.

(B) Genotyping PCR from cells with the indicated genotype. PCR products: wild-type, 584 

bp; Δintron1, 480 bp.

(C) qRT-PCR for hTERT mRNA in cells with the indicated genotype. Dark gray and 

light gray bars represent two independent CRISPR-Cas9 targeting experiments, and three 

independently derived clonal cell lines were generated from each. Values are normalized 

to hTERT+/+ H7 ESC. n = 3 biological replicates. **p < 0.01, ***p < 0.001, and ****p 

< 0.0001; statistics were computed using ANOVA with multiple comparisons, comparing 

hTERT expression with that of H7 ESCs.
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(D) Absolute quantification of multiple hTERT exon-exon junctions using direct NanoString 

quantification. Data normalized to hTERT+/+ ESCs. n = 3 biological replicates. p < 0.001; 

statistics computed using ANOVA.

(E) TRAP assay for telomerase activity in cells with the indicated genotype shows that 

hTERTΔin1/ Δin1 fibroblasts retain telomerase activity compared with wild-type control cells. 

HI, heat inactivated.

(F) qRT-PCR for hTERT mRNA in differentiated fibroblasts following Vp64-Cas9 

transcriptional activation of hTERT. Two hTERT+/+ and hTERTΔin1/Δin1 clones were 

transduced with lenti-virus particles expressing Vp64-dCas9 and two guide RNAs (gRNAs) 

targeting the hTERT promoter. Following fluorescence-activated cell sorting (FACS) 

selection of Vp64-dCas9-expressing cells, qRT-PCR was performed on non-transduced 

parental clonal lines and Vp64-dCas9-expressing cells. Values normalized to H7 cells. n 

= 3 biological replicates. p < 0.001, Student’s t test.
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Figure 5. SON is a key regulator of hTERT alternative splicing
(A) Schematic of minigenes designed to measure the efficiency of hTERT mRNA splicing 

with Nano and Firefly luciferase. Retention of exon 2 leads to expression of Firefly 

luciferase. Conversely, exclusion of exon 2 leads to a (−1) frameshift in exon 3 prompting 

the expression of Nano luciferase while shifting Firefly luciferase out of frame.

(B) hTERT minigenes were integrated into HeLa cells, and a small-scale RNAi screen using 

a curated list of splicing factors and RNA-binding proteins was performed. Graph depicts 

the average ratio of Nano to Firefly luciferase for 442 genes and from three biological 

replicates. Data are presented as log ratios. We established confidence intervals representing 

a = 0.05 and a = 0.01 by calculating Z scores for each gene tested, using a stringent 

cutoff of 99% confidence on each end. Colors highlight genes with p values < 0.05. Genes 

highlighted in green are putative positive regulators of hTERT, and genes in blue are 

negative regulators of hTERT expression.

(C) Quantification of hTERT exon1-2 and exon1-3 splice junctions in ESCs following 

knockdown of SON. n = 4 biological replicates. p < 0.001, Student’s t test.

(D) Representative TRAP assay to detect telomerase activity in ESCs 48 h after SON 

depletion with siRNA.

(E) Quantification of the TRAP assay as in (D). n = 3 biological replicates. *p < 0.05 and 

****p < 0.0001, Student’s t test.
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Figure 6. Patient-derived SON mutation is associated with short telomeres and telomerase 
insufficiency
(A) Pedigree highlighting the proband, a female child of unaffected parents, carrying a de 
novo SON Q96X heterozygous mutation identified by exome sequencing.

(B) Telomere length measure by flow cytometry for total lymphocytes. Percentile curves are 

derived from healthy donors. Red dot represents lymph telomere length of SON carrier 

(NCI-550-1 with 8.1 kb telomeres). Blue dot represents a patient with PARN p.N7H 

mutation (NCI-382-1). Patient with lymph telomeres ~4.1 kb in length.

(C) Representative TRAP assay for telomerase activity in PBMC from a healthy donor (WT) 

and the proband (SON). PBMC from a PARN patient as a control.

(D) Quantification of the TRAP assay in (C) (p < 0.01). WT (TA 4646 0523), PARN 

p.N7H (c.19A > C) and deletion chr16:14,037,911 – 15,319,123 (NCI-382-1 – TA 2812 

0860; patient published in Moon et al., 2015), SON mutation c.286C > T exon 3 p.Q96X 

(NCI-550-1 – TA 5330 0534).
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(E) Sanger sequencing of three SONQ96X/+ independently derived clones and one SON+/+ 

clone. Tracks aligned to reference genome sequence. Codon in red outline encodes Q96. C > 

T mutation affects first nucleotide in codon. Shaded red boxes indicates an engineered silent 

T > G mutation to disturb gRNA binding site upon successful allele targeting.

(F) Quantification of the abundance of hTERT exon1-2 and exon1-3 splice junctions in 

SONQ96X/+ and SON+/+ ESCs. n = 3 biological replicates. *p < 0.05 and **p < 0.01, 

statistics calculated using ANOVA.

(G) Quantification of the TRAP assay in Figure S7F (p < 0.05).
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Figure 7. Dual regulation of hTERT mRNA as a function of pluripotency
Expression of hTERT mRNA is regulated by transcriptional and post-transcriptional 

processes. At the hTERT promoter, transcription initiation is governed by the recruitment 

of distal enhancer elements coupled with transcription factor binding. A second and critical 

regulatory step is exerted post-transcriptionally by alternative splicing of exon 2. SON, and 

possibly additional splicing co-factors, regulate the inclusion of hTERT exon 2 to produce a 

stable transcript that is translated into a functional telomerase reverse transcriptase.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal Anti-SON Novus Biologicals NBP1-88706

Mouse monoclonal GAPDH (0411) Santa Cruz Biotech. sc-47724

Mouse monoclonal SSEA-4 (MC-813–70) R&D Systems MAB1435

Mouse monoclonal COL1A1 (3G3) Santa Cruz Biotech. sc-293182

Bacterial and virus strains

Cytotune iPS Sendai Reprogramming kit ThermoFisher A16517

One Shot Stbl3 Chemically Competent E. coli ThermoFisher C737303

Biological samples

Patient derived PBMCs Dr. Savage, NIH NCT-00027274

Chemicals, peptides, and recombinant proteins

Y-27632 2HCl SelleckChem S1049

Isoginkgetin Tocris 6483

Critical commercial assays

Dual-Luciferase® Reporter Assay System Promega E1910

Nano-Glo® Dual-Luciferase® Reporter Assay System Promega N1610

DNA Prep Kit, Tagmentation Illumina 20018704

Deposited data

Raw and analyzed sequencing data This paper GEO accession: GSE168193

Human reference genome NCBI build 37, GRCh37 Genome Reference Consortium https://www.ncbi.nlm.nih.gov/projects/genome/
assembly/grc/human/

Raw data at Mendeley This paper https://dx.doi.org/10.17632/jfmsvxnpbg.1

Experimental models: cell lines

Human: BJ Fibroblast ATCC CRL-2522

Human: ARPE-19 ATCC CRL-2302

Human: HeLa ATCC CCL-2

Human: TREx-HeLa Invitrogen R71407

Human: H7 ESC Dr. Lei Bu WA07

Oligonucleotides

See Table S1 This paper N/A

Recombinant DNA

pRF-HCV Maria Barna n/a

pNL1.1 Promega N1001

pcDNA5/FRT/TO ThermoFisher V652020

Software and algorithms

4C-ker Raviram et al., 2016 https://github.com/rr1859/R.4Cker

Oligostan Tsanov et al., 2016 https://bitbucket.org/muellerflorian/fish_quant

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Samtools Li et al., 2009 http://samtools.sourceforge.net/
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