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Abstract

Mutations in the promoter of the telomerase reverse transcriptase (TERT) gene are the paradigm of 

a cross-cancer alteration in a noncoding region. TERT promoter mutations (TPM) are biomarkers 

of poor prognosis in cancer, including thyroid tumors. TPMs enhance TERT transcription, 

which is otherwise silenced in adult tissues, thus reactivating a bona fide oncoprotein. To study 

TERT deregulation and its downstream consequences, we generated a Tert mutant promoter 

mouse model via CRISPR/Cas9 engineering of the murine equivalent locus (Tert−123C>T) and 

crossed it with thyroid-specific BrafV600E-mutant mice. We also employed an alternative model 
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of Tert overexpression (K5-Tert). Whereas all BrafV600E animals developed well-differentiated 

papillary thyroid tumors, 29% and 36% of BrafV600E+Tert−123C>T and BrafV600E+K5-Tert mice 

progressed to poorly differentiated cancers at week 20, respectively. Tert-upregulated tumors 

showed increased mitosis and necrosis in areas of solid growth, and older animals displayed 

anaplastic-like features, that is, spindle cells and macrophage infiltration. Murine TPM increased 

Tert transcription in vitro and in vivo, but temporal and intratumoral heterogeneity was observed. 

RNA-sequencing of thyroid tumor cells showed that processes other than the canonical Tert-

mediated telomere maintenance role operate in these specimens. Pathway analysis showed that 

MAPK and PI3K/AKT signaling, as well as processes not previously associated with this 

tumor etiology, involving cytokine, and chemokine signaling, were overactivated. These models 

constitute useful preclinical tools to understand the cell-autonomous and microenvironment-

related consequences of Tert-mediated progression in advanced thyroid cancers and other 

aggressive tumors carrying TPMs.

Introduction

Hotspot mutations in the proximal promoter of the telomerase reverse transcriptase gene 

(TERT) are a prototype of a noncoding genetic alteration present in multiple cancers. After 

the initial discovery of TERT promoter mutations (TPM) in melanomas (1, 2), they were 

also identified as frequent events in various tumor types, such as gliomas, hepatocellular, 

urothelial, and thyroid carcinomas (3–5). Early pan-cancer studies assessing the noncoding 

genome identified TERT as the top altered gene (6, 7). The former was subsequently 

confirmed by the Pan Cancer Analysis of Whole Genomes (PCAWG), which reported the 

TERT promoter as the most frequently mutated noncoding driver in 2,658 cancer genomes 

(8). Of note, TPMs correlate with metastatic and aggressive forms in most cancer lineages 

and have thus emerged as biomarkers of poor prognosis (1, 3, 9, 10).

TPMs occur in two hotspots at c.−124C>T and c.−146C>T and are mutually exclusive, 

suggesting a common effect. Tumors harboring TPMs reactivate TERT transcription, which 

is otherwise repressed in adult normal cells. The discovery of TPMs has restored interest 

in TERT as a bona fide potential cancer target. TERT is the catalytic component of the 

telomerase complex and is responsible of extending chromosome ends (i.e., telomeres) 

by adding hexanucleotide tandem repeats, thus preventing telomere erosion and avoiding 

replicative senescence. In recent years, there is growing evidence of extra-telomeric roles of 

TERT in cancer cells, suggesting that it enhances other pro-neoplastic features (11, 12).

Thyroid cancers are genetically simple tumors, typically driven by oncogenic mutations 

in BRAFV600E, RAS genes or receptor tyrosine kinase fusions, which result in the 

constitutive activation of the MAPK pathway. The presence of BRAF or RAS mutations 

in well-differentiated tumors, that is, papillary thyroid cancers (PTC), as well as in advanced 

forms, such as poorly differentiated (PDTC), and anaplastic thyroid cancers (ATC), strongly 

suggests a continuum in disease progression via the accumulation of key additional genetic 

defects. Indeed, we and others reported a stepwise increase in TPM frequency along the 

spectrum of thyroid cancer progression: 9% in PTCs, 40% in PDTCs, and 73% in ATCs. 

Landa et al. Page 2

Mol Cancer Res. Author manuscript; available in PMC 2024 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, TPMs are subclonal in the few PTCs that harbor them, whereas they are clonal 

in PDTCs and ATCs, pointing to selection during tumor evolution (13–16).

So far, TERT biology in cancer has been studied in either transgenic mouse models, 

which do not recapitulate the endogenous levels of Tert expression, or in immortalized 

cell systems, which do not represent biologically accurate settings for telomerase biology. 

Early attempts to assess telomerase upregulation in vivo targeting Tert overexpression to 

various tissues showed an increased incidence of neoplastic transformation without evidence 

of critical telomere deregulation (17–19). Of note, Tert overexpression under the control of 

the keratin 5 promoter (K5-Tert) increased the frequency of pre-neoplastic lesions of the 

thyroid gland of aging mice, suggesting that the thyroid follicular cell lineage, even in the 

absence of MAPK constitutive signaling, might be particularly susceptible to telomerase 

upregulation (20).

In this study, we used CRISPR/Cas9 to generate a Tert mutant promoter mouse model 

and studied these animals in the context of thyroid-specific BrafV600E activation. We 

demonstrate that BrafV600E+Tert−123C>T mice increase Tert expression to levels comparable 

with those observed in human tumors harboring TPMs (e.g., BRAFV600E+TERT−124C>T), 

and that they induce thyroid cancer progression, mimicking the phenotypes observed in a 

model in which Tert overexpression was targeted to epithelial cells (BrafV600E+K5-Tert). 

Thyroid cells with an engineered TPM did not uniformly re-express telomerase, suggesting 

that additional steps are required for the enhanced Tert expression to manifest. Consistent 

with the fact that mice have longer telomeres than humans and show less restricted 

expression of telomerase in adult tissues (21, 22), our data indicate that events unrelated 

to telomere attrition operate in these tumors. Instead, transcriptomic analysis of telomerase-

upregulated tumors showed that overactivation of MAPK and PI3K pathways, as well as 

immune-related signaling, probably in response to changes in the tumor microenvironment, 

likely play a role in disease progression.

Materials and Methods

Sequence analysis

To determine the degree of mouse:human interspecies conservation in the region 

surrounding the human TERT c.−124C>T and c.−146C>T mutation hotspots, we performed 

sequence alignment between human TERT (chr5: 1,295,347–1,294,746) and mouse Tert 
(chr13: 73,626,701–73,627,273) covering sequences around the transcription start site 

using the European Bioinformatics Institute (EMBL-EBI) pairwise sequence alignment 

tools (https://www.ebi.ac.uk/Tools/psa/). Sequence alignments were retrieved and manually 

inspected for similarities.

Luciferase assays

The 226-nucleotide sequence upstream of mouse Tert gene, containing the −123C wild-type 

allele, was synthesized at Genscript and cloned into the pGL4.20[luc2/Puro] reporter vector 

(Promega). A mutant version of this plasmid, containing the Tert −123T allele, was created 

by site-directed mutagenesis. Tert c.−123C and Tert c.−123T alleles were confirmed by 
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direct sequencing. Reporter experiments were performed using the Dual-Luciferase Reporter 

Assays (Promega) following the manufacturer’s protocol and using Renilla (pGL4.73[hRluc/

SV40]) as a control. Tert promoter-driven luciferase expression was tested in NIH-3T3 

(mouse fibroblasts) and in two cell lines (B92 and B16509E) derived from murine 

BrafV600E-mutant thyroid tumors. Cells were grown in DMEM (NIH-3T3) or F12-Coon’s 

media (B92 and B16509E) media supplemented with 10% FBS. Luciferase results are 

expressed in relative units and represent the average of three independent experiments with 

each condition ran in quadruplicate.

Gene editing and Tert mutant promoter mouse generation

Two guide RNAs (gRNA) targeting the mouse Tert c.−123C locus were designed. 

Two rounds of Cas9/CRISPR injections using the selected gRNA and donor templates 

were performed on mouse zygotes, followed by embryo transfer, which resulted 

in 84 pups. The B6 hybrid (B6CBAF1) background was used. Gene editing 

was performed at the MSKCC Mouse Genetics Core Facility. Animals were first 

screened by a restriction fragment length polymorphism (RFLP) approach, using 

the Mnl1 enzyme. Agarose gel band patterns compatible with the presence of 

Tert c.−123C>T mutation were amplified and Sanger-sequenced using the following 

primers: Ter_123_2F: 5′-CATGCACCAGCATTGTGACCA-3′ and Tert_123_4R: 5′- 
CAACGAGGAGCGCGGGTCATTGT-3′. To evaluate off-target effects, six founder animals 

with confirmed Tert −123C>T mutation were subjected to targeted next-generation 

sequencing (NGS) and analyzed using CRISPResso (23). NGS showed founders with up 

to 20% of reads displaying the desired Tert c.−123C>T mutation and no off-target effects 

in cis. Three animals were used to generate the Tert mutant promoter mouse line. Off-target 

alterations were bred-out in subsequent generations, as assessed by Sanger sequencing. 

Animals were born at the expected Mendelian frequency. The offspring of a selected founder 

was used to establish the Tert−123C>T mouse line.

Mouse models and breeding strategies

Animal care and all experimental procedures were approved by the MSKCC and BWH 

Animal Care and Use Committees. The Tert−123C>T mouse line was studied in the context 

of thyroid-specific activation of BrafV600E oncoprotein by crossing these animals with 

LSL-BrafV600E/TPO-Cre/eYFP mice (“BrafV600E”), which express endogenous levels of 

Braf oncoprotein in thyroid follicular cells at E14.5, when Cre recombinase is expressed 

downstream of the thyroid peroxidase (Tpo) gene promoter (24). This BrafV600E model is 

also engineered to express yellow fluorescent protein (YEP; Jackson Lab stock, #007903) in 

thyroid cells, as previously described (25). The transgenic Tg-K5-Tert mouse line, in which 

Tert expression is targeted to epithelial tissue via the keratin 5 (K5) promoter (17, 20), was 

a generous gift from Dr. María Blasco at the Spanish National Cancer Research Centre. We 

crossed K5-Tert animals with our BrafV600E mice to generate an alternative model in which 

expression of BrafV600E oncoprotein and overexpression of Tert were present in thyrocytes.

Our breeding scheme was designed to minimize housing differences between the groups 

to be compared, ensuring that BrafV600E animals, and either BrafV600E+ Tert−123C>T or 

BrafV600E+K5-Tert mice were littermates. Tert c.−123C>T was studied in heterozygosis. 
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BrafV600E alone was used as our baseline model of well-differentiated thyroid cancer for all 

comparisons. Mouse genotyping was primarily achieved by allele-specific assays designed 

and performed by Transnetyx.

Histology and IHC

Thyroid tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and 

stained with hematoxylin and eosin (H&E). Histologic diagnosis was performed by thyroid 

pathologists (R.G. and B.X.) blinded to the genotype and the treatment status of each 

animal. IHC was performed on the Leica Bond III automated staining platform using 

the Leica Biosystems Refine Detection Kit. The following antibodies were used for IHC: 

phospho-Erk [Cell Signaling Technology (CST), catalog no. 4370), Ki-67 (CST, catalog 

no. 12202), CD11b (Abcam, catalog no. ab133357), F4/80 (CST, catalog no. 70076), Arg1 

(Abcam, catalog no. ab 93668), and Pax8 (Proteintech, catalog no. 10336). The secondary 

antibodies were part of the Leica Bond Polymer Refine Detection Kit (catalog no. DS9800). 

QuPath (version 0.3.0; ref. 26) was used for H/E slide visualization and the quantification 

of 3,3′-diaminobenzidine (DAB) staining on IHC slides. Tumor boundaries were delineated, 

and the positive cell detection command was applied to the tumor area, applying default 

settings and a single intensity threshold of 0.2 to quantify the percentage of positive DAB-

stained cells.

Generation of mouse thyroid cancer cell lines

To generate mouse cancer cell lines, thyroid tumors from age-matched 10-week animals 

with BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert genotypes were dissected 

from surrounding tissues and collected on minimum essential media (MEM). Specimens 

were subsequently minced using sterile razorblades, spun down by centrifugation at 500 

× g for 5 minutes and resuspended in 10 mL of digestion medium (MEM containing 112 

U/mL type I collagenase; Worthington, catalog no. CLS-1), 1.2 U/mL dispase (Gibco; 

catalog no. 17105–041), penicillin (50 U/mL), and streptomycin (50 mg/mL). Cells were 

incubated at 37°C for 60 minutes with vigorous shaking, after which cells were spun down 

and resuspended in Coon modified F12 medium with penicillin/streptomycin/L-glutamine 

(P/S/G; Gemini; #400–110) and 0.5% bovine brain extract (BBE, Hammond Cell Tech, 

catalog no. 2007-NZ), plated into CellBind plates (Corning Inc.) for 2 weeks and then 

switched to Coon modified F12 medium with P/S/G containing 5% FBS for routine 

culturing and subsequent experiments. Cell lines were maintained at 37°C and 5% CO2 

in humidified atmosphere. For the experiments described here, we employed low passages of 

these cell lines, and passages were always synchronized across comparison groups.

Flow cytometry

To isolate YFP+ thyroid cells for subsequent RNA sequencing (RNA-seq), tumor and 

normal thyroids were harvested in cold digestion buffer [Hank’s Balanced Salt Solution 

(HBSS)] supplemented with 5% FBS and 1.5 mg/mL Collagenase A, and thoroughly 

minced with razorblades. Tissue suspensions were transferred to 15 mL tubes and incubated 

at 37°C for 1 hour with intermittent vortexing every 10 minutes. Dissociated thyroid cells 

were passed through a 70 μm cell strainer, pelleted by centrifugation at 500 × g for 5 

minutes, washed twice with cold PBS and resuspended in cold sorting buffer (F-12 Coon 
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media containing 2% FBS). A YFP+ pure thyroid cell population was sorted using a BD 

FACSAria flow cytometer into TRizol (Invitrogen, catalog no. 15596018). Each mouse 

tumor from BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert mice, was processed 

individually, and target cell yield was established at 20,000 YFP+ cells. For non-Braf 

specimens which did not generate tumors, we pooled several normal-looking thyroid glands 

from identical genotypes, to collect enough YFP+ cells, as follows: wildtype (WT, n = 25), 

Tert−123C>T only (n = 17), and K5-Tert only (n = 14).

RNA-seq

Total RNA was isolated from up to 20,000 YFP+ cells sorted into TRizol (range = 

9,000–20,000 cells). Phase separation in cells lysed in TRizol reagent was achieved 

with chloroform. RNA was precipitated with isopropanol, washed with 75% ethanol, and 

resuspended in RNase-free water following the manufacturer’s protocol. RNA-seq was 

performed at the Dana-Farber Cancer Institute Molecular Biology Core Facility. RNA 

libraries were prepared following a low input mRNAseq protocol. RNA samples were 

fragmented at 94°C for 8 min with 14 cycles of PCR post-adapter ligation, according to 

manufacturer’s recommendation. The finished dsDNA libraries were quantified by Qubit 

fluorometer and Agilent TapeStation 2200. Libraries were pooled in equimolar ratios. Final 

sequencing was performed on an Illumina NovaSeq with paired-end 100 bp reads.

Standard analysis and visualization of RNA-seq data were performed using VIPER (27). 

These include the generation of heatmaps and volcano plots, as well as pathway and 

functional group analysis employing Gene Ontology (GO; 05/2021), Gene Set Enrichment 

Analysis (GSEA; version 4.1, 07/2020), and the Kyoto Encyclopedia of Genes and 

Genomes (KEGG; release 98, 04/2021) pathway database. Expression of specific genes was 

evaluated from RNA-seq-derived normalized counts and represented as median ± IQR)of 

gene transcripts for each animal. Specific pairwise comparisons from RNA-seq data were 

performed by comparing medians of normalized counts from defined groups, as described, 

and P values were calculated using unpaired two-tailed Mann–Whitney U tests, unless 

otherwise noted.

qRT-PCR

RNA was preserved in TRizol (Invitrogen) and isolated as described above. One microgram 

of total RNA per sample was reverse-transcribed into cDNA using SuperScript III Reverse 

Transcriptase (Invitrogen). qPCR was carried out in triplicates using Power SYBR Green 

PCR Master Mix (Applied Biosystems). Gene-specific, intron-spanning primer pairs for 

qPCR were designed for each target, and β-actin gene was used as housekeeping control 

for data normalization and qPCR analysis, using the delta-delta Ct method. Primer list is 

available in Supplementary Table S1.

Western blotting

Thyroid tumors were surgically resected under the microscope to ensure the removal 

of surrounding tissues and immediately placed in liquid nitrogen for preservation until 

protein extraction. Cultured cells were harvested with 0.05% trypsin/0.02% EDTA solution, 

and cell pellets were washed with cold PBS. Proteins were extracted using RIPA buffer 
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(EMD Millipore) supplemented with protease and phosphatase inhibitors as per the 

manufacturer’s instructions. Protein concentrations were estimated by the BCA Kit (Thermo 

Fisher Scientific) on a microplate reader (SpectraMax M5). Comparable amounts of 

proteins were subjected to SDS-PAGE using NuPAGE 4% to 12% Bis–Tris gradient gels 

(Invitrogen) and were transferred to PVDF membranes. Following overnight incubation 

with the primary antibody at 4°C, membranes were incubated with goat anti-rabbit or 

goat anti-mouse secondary antibodies coupled to horseradish peroxidase (HRP) for 1 

hour at room temperature. Chemoluminescence was detected using Pierce ECL Western 

Blotting Substrate (Thermo Fisher Scientific) and visualized on a ChemiDoc equipment. The 

following primary antibodies were used: phospho-Erk (CST, catalog no. 4370), total Erk 

(CST, catalog no. 4695), phospho-Akt (at Ser473, CST, catalog no. 4060), total Akt (CST, 

catalog no. 4691), PI3 Kinase p85 (CST, catalog no. 4292), phospho-NF-κB p65 (at Ser536, 

CST, catalog no. 3033), and vinculin (CST, catalog no.13901). Quantification of Western 

blot bands was done using ImageJ Fiji (28) and normalizing phosphoproteins to loading 

controls.

In situ hybridization of single RNA molecules by RNAscope

In situ identification of messenger RNA (mRNA) molecules at single-cell resolution on 

mouse thyroid specimens was performed in conjunction with Harvard Medical School 

Neurobiology Imaging Facility using RNAscope. We evaluated a total of 20 murine thyroid 

specimens harvested from 20-week animals representing the following genotypes: wild-type 

(n = 2), BrafV600E (n = 5), BrafV600E+Tert−123C>T (n = 8), and BrafV600E+K5-Tert (n 
= 5). These thyroid specimens were FFPE-embedded and mounted on slides, ensuring 

that different genotypes were included on the same slide, and subsequently processed 

for RNAscope. We followed the standard protocol for RNAscope Multiplex Fluorescent 

Reagent Kit v2 assay (catalog no. 323100, ACD-BioTechne). Tert mRNA was detected 

using the specific RNAscope fluorescent probe catalog no. 313441. Images were acquired 

on an Olympus VS120 Whole Slide Scanner with Hamamatsu Orca R4 camera and 

40×0.95NA objective. RNAscope image analysis was performed using QuPath V 0.3.2 (26). 

Image files in *.ets format were uploaded using the Bio-Formats builder. Tumor boundaries 

were outlined manually, and individual cells were detected via DAPI staining and counted 

using the automated cell detection algorithm. Subcellular detection was performed to 

identify RNA transcripts in the Cy5 or TRITC channels. The thresholds <1,000 and <8,000 

were input for Cy5 and TRITC, respectively, and the size parameters of 4.5 μm2 average 

area per spot was input. Quantification of Tert mRNAs across specimens was performed by 

a single operator (CEMT) who was blinded to the tumor genotypes. Qupath-generated data 

on the number of RNAscope spots per cell was exported into Excel and genotypes were only 

unblinded for comparison between genotypes. Each specimen was mounted in duplicate on 

each slide and percentages of cells expressing Tert transcripts were averaged. Data were 

presented as the percentage of all cells within each specimen expressing 1, 2, 3, 4, and 5+ 

(range 5–10) fluorescent spots, representing single-cell level Tert mRNAs.

Thyroid ultrasonic imaging

Mice were anesthetized by inhalation of isoflurane. Thyroid tumors were imaged using Vevo 

770 High-Resolution In Vivo Micro-Imaging System (VisualSonics). Aqueous ultrasonic 
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gel was applied to the denuded skin overlying the thyroid gland prior to placement of 

the ultrasonic transducer. Volume was calculated by manually tracing the margin of the 

tumor every 250 μmol/L using the instrument software. Genotypes were blinded for volume 

analysis. Volume calculation for all tumors was performed by the same person (IL) to avoid 

interoperator bias.

Drug administration in vivo

A cohort of 24 animals, including eight BrafV600E, eight BrafV600E+Tert−123C>T, and 

eight BrafV600E+K5-Tert mice were ages for 20 weeks and randomized into two balanced 

groups within each genotype: “vehicle” and “treated” (n = 4 per genotype and condition). 

The treated group was administered a combination of the Raf inhibitor dabrafenib 

(GSK2118436, Selleckchem) at 30 mg/kg plus the Mek inhibitor trametinib (GSK1120212, 

Selleckchem) at 3 mg/kg. Drugs were prepared in 0.5% HPMC, 0.2% Tween80, in H2O pH 

8.0, and administered daily by oral gavage. The vehicle cohort was given the drug solvent 

by oral gavage under the same conditions. Animals were treated daily for 12 days, with 

the weekend off drugs. Thyroid volumes were monitored by ultrasound on days 1 and 12. 

Mouse weight was recorded on days 2, 5, 8, 10, and 12. All animals were sacrificed on day 

12, within 2 hours from the last dose. Thyroid glands were collected under the microscope 

to ensure the removal of surrounding tissues. Tumors were fixed and paraffin-embedded for 

histologic and IHC analyses.

Telomere length measurement

Telomere length from mouse thyroid primary tumors was measured via quantitative telomere 

FISH (Q-FISH). Briefly, paraffin-embedded tumor sections from 20-week-old animals 

with various genotypes were deparaffinized and fixed with 4% formaldehyde, followed 

by digestion with pepsin/HCl and a second fixation with 4% formaldehyde. Slides were 

dehydrated with increasing concentrations of ethanol (70%, 90%, 100%) and incubated with 

the telomeric peptide nucleic acid (PNA) probe (TTAGGG) labeled with Cy3 (Panagene) 

at 85°C for 3 minutes followed by 2 hours at room temperature in a wet chamber. 

The slides were extensively washed with 50% formamide and 0.08% TBS-Tween 20. 

After washing, slides were stained with DAPI (0.2 μg/mL) and dehydrated in a 70% to 

90% to 100% ethanol series. Dried samples were finally mounted with VECTASHIELD 

mounting media (Vector Laboratories). Telomere length analysis is based on the specific 

and stable hybridization of the PNA with the telomeric region; the intensity of this PNA 

is directly related to telomere length allowing the measurement of telomeres at each 

individual chromosome end. Immunofluorescence images were obtained using a confocal 

laser-scanning microscope (Leica TSC SP8) using a Plan Apo 63Å-1.40 NA oil immersion 

objective (HCX). Maximal projection of z-stack images was generated using advanced 

fluorescence LAS AF 2.7.3.9723 software and analyzed with HALO image analysis 

platform (Indica Labs). The DAPI images were used to detect telomeric signals inside each 

nucleus. For each sample evaluation, four representative areas from each tumor were imaged 

for an unbiased study of telomere length. Telomeric length was calculated as mean intensity 

per nucleus, adjusted by the total of telomeric foci (to account for potential biases in nuclei 
segmentation), and expressed in arbitrary fluorescence units (auf).
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We used an alternative qPCR-based method to measure telomere length from an independent 

series of mouse thyroid primary tumors and tumor-derived cell lines as described previously 

(29). Briefly, thyroid tumors from each genotype from 20-week-old animals were flash-

frozen. Frozen tumors were mechanically homogenized in DNeasy (Qiagen) Extraction Kit 

buffer, and genomic DNA (gDNA) was isolated following the manufacturer instructions. 

For cell line experiments, cells derived from age-matched animals were grown until a 

similar passage, and gDNA was isolated as explained above. Up to 30 ng of gDNAs 

were used in equal amounts for qPCR-based measurement of telomeres, using primers 

for mouse telomeric region and 36b4 as the housekeeping gene, as reported previously 

(29). Reactions were run in quadruplicate wells, and results were normalized across two 

independent experiments.

Statistical analysis and data graphing

GraphPad Prism software (version 9.3.1) was used for statistical analyses and graphics 

generation. Data from qPCR, ultrasonic imaging, quantification of IHC, and RNAscope 

images are represented as either mean ± SD, or median ± IQR, depending on whether 

distributions passed normality tests. Consequently, P values for pairwise comparisons were 

calculated using either unpaired two-tailed student t tests or Mann-Whitney U tests, as 

noted. Three-group comparisons were performed by either ANOVA or Kruskal–Wallis tests. 

Conceptual figures describing experimental approaches were created with BioRender.com.

Data availability

The RNA-seq data generated in this study are publicly available in Gene Expression 

Omnibus (GEO) at GSE227539.

Results

Mutation at mouse tert c.−123C>T is conserved and mimics the transcriptional effects of 
human TERT c.−124C>T

We first checked whether the TERT proximal promoter region, where hotspot mutations 

occur in human tumors, was conserved in the mouse. Pairwise sequence alignments showed 

that the human TERT site around −124C>T mutation, which accounts for ~80% of TPMs in 

human tumors (3), was conserved in murine sequences. We identified a mouse promoter 

residue at −123C (from the ATG codon), whose flanking nucleotides align well with 

the human ortholog, and which upon a C>T substitution create an identical core binding 

sequence for ETS factors, as defined in both species (Fig 1A; Supplementary Fig S1; ref. 

30). We then tested if a mouse Tert promoter construct harboring the −123C>T mutation led 

to increased Tert expression in luciferase assays performed in NIH-3T3 (mouse fibroblasts) 

and two cell lines derived from murine Braf V600E-mutant thyroid tumors. All three mouse 

cell lines showed a two- to three-fold increase in Tert promoter activity for the mutant 

promoter (“mTert −123T”) compared with wild-type (“mTert −123C”) constructs (Fig 1B). 

This is consistent with the effect seen in luciferase assays for human TERT −124C>T/

−146C>T constructs (31), as well as with TERT expression in patients’ tumors carrying 

TPMs (32, 33).
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Generation of a Tert mutant promoter mouse model

To investigate the role of TPMs in vivo, we generated a Tert c.−123C>T mouse model 

by Cas9/CRISPR gene editing (“Tert−123C>T” from now on). We successfully targeted the 

region in mouse zygotes and obtained 10/84 F0 animals carrying the desired −123C>T 

mutation. Targeted NGS around the Tert promoter locus on six F0 animals confirmed the 

knock-in of Tert c.−123C>T mutation without off-target effects in cis in 1% to 20% of 

the sequencing reads (Supplementary Table S2). Off-target mutations typically consisted 

of single-nucleotide changes or indels around the desired residue and were bred-out in the 

subsequent generations. A mouse Tert c.−123C>T line without any off-target alterations 

was established and confirmed by direct sequencing of the offspring. We subsequently 

crossed Tert−123C>T animals with LSL-BrafV600E/TPO-Cre/eYFP mice (“BrafV600E”), 

which express endogenous levels of the Braf oncoprotein and YFP in thyroid follicular 

cells. In parallel, we crossed mice in which Tert expression was targeted to epithelial tissues 

via the keratin 5 promoter (“K5-Tert”) with the same thyroid-specific BrafV600E model (Fig. 

1C). All animals were viable and born at the expected Mendelian rates.

Mice carrying BrafV600E+Tert−123C>T alleles develop advanced thyroid cancers

We monitored tumor progression in BrafV600E versus BrafV600E+Tert−123C>T animals and 

employed the BrafV600E+K5-Tert mice as positive controls of sustained activation of 

Braf and Tert oncoproteins in thyroid follicular cells. BrafV600E mice developed PTCs 

at 4 to 6 weeks with nearly 100% penetrance, as reported previously (24), but they 

hardly ever progressed to advanced disease. We first sacrificed a cohort of ~10-week-

old BrafV600E and BrafV600E+Tert−123C>T animals (Fig. 2A). All Braf-mutant animals 

developed PTCs, characterized by the presence of papillae and specific nuclear features 

(Supplementary Fig S2A), and so did most of the BrafV600E+Tert−123C>T mice, except 

1/12 BrafV600E+Tert−123C>T animals, which displayed a PDTC phenotype (Table 1). We 

then monitored a larger cohort of mice for an extended period and confirmed that a 

subset of BrafV600E+Tert−123C>T animals progressed to histologically more aggressive 

tumors at around 20 weeks. As shown in Table 1 and Fig. 2B and C, none of the 

BrafV600E animals in this age range developed PDTCs (0/12), whereas 7/24 (29.2%) 

BrafV600E+Tert−123C>T mice did (chi-squared P-value = 0.0371). BrafV600E+Tert−123C>T 

tumors typically preserved a PTC component and displayed areas of PDTC (Fig. 2B). 

A subset of these BrafV600E+Tert−123C>T tumors showed characteristics compatible with 

the Turin definition of PDTC (Fig. 2B, second panel), whereas most fulfilled the criteria 

for the “differentiated high-grade thyroid carcinoma” (DHGTC) category (Fig. 2B, third 

panel; refs. 34–36). Interestingly, a similar phenotype was observed in an age-matched 

cohort of the Tert overexpression transgenic model (BrafV600E+K5-Tert): 4 of 11 (36.4%) 

developed PDTCs (Fig. 2B, bottom, and C). We note dother histologic features in these 

tumors. A nonsignificant trend in muscle invasion was observed in 25.0%, 37.5%, and 

45.5% of BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert animals, respectively. 

In Tert-upregulated tumors, areas of solid growth correlated with proliferating cells and 

the presence of mitotic figures (Supplementary Fig 2B). These animals tended to have 

larger tumors and diminished survival, but differences did not reach statistical significance 

(Supplementary Figs. S2C and S2D). The presence of inflammation and calcifications were 

observed only in 20-week BrafV600E+Tert−123C>T and BrafV600E+K5-Tert groups.
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We then followed a small cohort of BrafV600E and BrafV600E+Tert−123C>T animals up 

to 40 weeks. At that time point, a subset of mice from both groups showed more 

advanced phenotypes; however, only BrafV600E+Tert−123C>T mice displayed ATC-like 

features, including pleomorphic or spindle nuclei, loss of positivity for Pax8, and 

macrophage infiltration (Fig 2D, middle and bottom). These same features were also 

observed in some 20-week-old Braf+K5-Tert mice, suggesting that high level expression 

of Tert might cooperate with oncogenic Braf to promote PTC-to-ATC transformation 

(Fig 2E). Tumor infiltration by myeloid cells was observed in 40-week-old BrafV600E 

and BrafV600E+Tert−123C>T animals; however, a subset of BrafV600E+Tert−123C>T tumors, 

displayed the highest proportion of cells staining positive for markers of M2-like 

macrophages, although these observations did not reach statistical significance. They 

suggest, however, that telomerase upregulation in murine tumors mimics a hallmark of 

human ATCs (Supplementary Figs. S2E and S2F).

Overall, Tert upregulation accelerated Braf-driven PTC progression towards more advanced 

forms, as observed in patients’ tumors carrying this genetic combination. Our results 

suggested that 20 weeks was an optimal window to evaluate Tert-mediated changes on 

thyroid cancer progression, so we used this time point for all subsequent experiments.

BrafV600E+Tert−123C>T tumors ultimately acquire the ability to increase Tert transcription, 
but Tert upregulation displays temporal and intratumoral heterogeneity

We then tested whether the engineering of a Tert−123C>T mutation led to an increase in 

Tert transcription in vivo. Tert mRNA levels of YFP-sorted cells from thyroid tumors of 

10-week BrafV600E+Tert−123C>T animals were similar from those from BrafV600E mice, 

which, unlike human tissues, retain baseline Tert expression (21). However, at 20 weeks, 

Tert mRNA levels of a subset of BrafV600E+Tert−123C>T increased and were higher than 10-

week-old specimens with the same genotype (Fig. 3A, P = 0.006). These suggest that Tert 

enhanced expression tracks with progression from PTC to PDTC, probably because cells 

with higher Tert levels are clonally selected over time. To further dissect the heterogeneity 

of Tert expression in animals engineered for the promoter mutation, we evaluated the 

levels of Tert transcripts in situ at single-cell resolution via RNAscope analysis of 20-week 

thyroid tumors from each genotype. A subset of thyroid cells from wild-type and BrafV600E 

mice maintained some Tert expression, as expected. Not surprisingly, Braf+K5-Tert animals 

showed sustained, overexpression of Tert mRNAs in about half of thyroid cells (Fig. 3B). 

Interestingly, the average number of Tert transcripts per cell showed a nonsignificant trend 

towards higher values in BrafV600E+Tert−123C>T tumors compared with BrafV600E for cells 

displaying high Tert transcription (Fig 3C, see “3”, “4”, and “+ ” transcript categories). In 

addition, the distribution of Tert transcripts in BrafV600E+Tert−123C>T animals showed an 

intratumoral heterogeneity, which was not observed in BrafV600 tumors. Crucially, areas of 

solid growth identified as PDTC regions typically correlated with a much higher number of 

fluorescent Tert mRNAs (Supplementary Figs. S3A–S3L; compare D vs. F).

We also derived primary cultures from these tumors, which grew well over multiple 

passages. Interestingly, these in vitro models maintained their original genotype-dependent 

differences in Tert expression: BrafV600E+Tert−123C>T and Braf+K5-Tert showed a 2.1-fold 
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(P = 0.023) and 4.5-fold (P < 0.0001) increase in Tert transcription, respectively, versus 

Braf cells (Fig. 3D). These suggest that BrafV600E+Tert−123C>T lines select for cells with 

increased Tert mRNA levels during in vitro immortalization.

Telomere length is not altered in tumors with Tert upregulation

We then explored whether engineered re-expression of Tert, either via c.−123C>T mutation 

or keratin 5 promoter-mediated transcription, affected telomere length in mouse primary 

tumors. Q-FISH on 20-week, age-matched tumors showed mean ± SD nuclear telomeric 

intensities of 0.22 ± 0.11, 0.21 ± 0.09, and 0.15 ± 0.08 in BrafV600E, BrafV600E+Tert−123C>T, 

BrafV600E+K5-Tert thyroid tumors (ANOVA P-value = 0.3415; Fig 3E). Compared with 

BrafV600E, neither BrafV600E+Tert−123C>T nor BrafV600E+K5-Tert showed differences in 

telomere length (Student t P-values = 0.8401 and 0.2151, respectively). These suggested that 

telomere attrition is likely not a critical factor in the observed murine Tert-driven thyroid 

cancer progression. Our findings are in line with previous reports in which telomerase 

overexpression induced cancers without critical changes in telomere length (18–20), as well 

as the known fact that mice have unusually long telomeres compared with humans (22).

We also evaluated telomere length in an independent group of flash-frozen, 20-week 

mouse tumors via qPCR methods. Relative median ± IQR telomere length in BrafV600E, 

BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert thyroid tumors was 5.08 ± 1.78, 5.13 ± 

1.05, and 4.78 ± 2.31, respectively (Kruskal–Wallis P-value = 0.8087; Supplementary Fig. 

S3M). In addition, we measured telomere lengths of immortalized cell lines that we derived 

from these murine tumors, confirming the lack of differences in specimens from each 

genotype evaluated at a similar passage: median ± IQR was 3.20 ± 0.40, 3.20 ± 2.75, 

and 2.40 ± 0.80, in BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert cell lines, 

respectively (Kruskal–Wallis P-value = 0.3929; Supplementary Fig. S3N). Overall, these 

findings prompted us to look for no-telomeric effects as the primary mechanisms driving the 

observed Tert-induced thyroid cancer progression in our models.

Thyroid tumors with telomerase upregulation display distinct transcriptomes

To evaluate whether telomerase enhanced expression impacted the transcriptome of Braf-

driven cancers, we ran RNA-seq on YFP-sorted cells from primary thyroid tumors from 

unselected 20-week BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert animals 

(Fig. 4A). For comparison purposes, we also ran RNA-seq on YFP+thyroid cells from 

pooled thyroid glands from WT, Tert−123C>T, and K5-Tert animals (without oncogenic Braf 

activation), which, as expected, did not develop tumors. RNA-seq normalized counts for 

Tert were increased in pooled YFP+cells from Tert−123C>T and K5-Tert thyroids compared 

with WT (Fig. 4B). When comparing tumor-bearing animals, BrafV600E mice showed high 

baseline expression of Tert (compared with WT), suggesting that MAPK activation impacts 

wild-type Tert transcription. Tert constitutive upregulation was observed in BrafV600E+K5-

Tert (P = 0.029, compared with BrafV600E), but not in BrafV600E+Tert−123C>T ((P 0.254; 

Fig 4C). The latter might be a consequence of our observation that only certain cells within 

the tumor engineered for Tert c.−123C>T mutation overexpress this gene (Fig. 3B and C; 

Supplementary Figs. S3A–S3L).
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We subsequently assessed global gene expression changes in these specimens. Unsupervised 

clustering classified tumors primarily based on their genotypes (Supplementary Fig. 

S4A). Bulk RNA-seq identified only a small subset of genes differentially expressed 

in the BrafV600E+Tert−123C>T models compared with BrafV600E (Supplementary Table 

S3), as changes were likely diluted by the observed intratumoral heterogeneity of Tert 

upregulation (Fig. 3B and C). The amount and extent of differences were more pronounced 

for BrafV600E+K5-Tert than for BrafV600E+Tert−123C>T, so we primarily used keratin 

5-mediated Tert overexpression models to inform our subsequent analyses (Fig 4D; 

Supplementary Table S4).

BrafV600E+K5-Tert tumors showed distinct transcriptomes, with multiple under- and 

overexpressed genes, compared with their BrafV600E counterparts (Fig. 4D). In addition 

to Tert, genes encoding several cytokines, chemokines, and some of their receptors were 

overexpressed in these specimens (see highlighted genes in Fig. 4D). Pathway analysis 

confirmed these observations: cytokine and chemokine signaling were among the top 

overexpressed terms in BrafV600E+K5-Tert tumors when employing the KEGG pathway 

database (Fig. 4E; Supplementary Table S5). In addition, the top two upregulated terms 

by GO analysis of this same dataset were “immune system process” (q-value <1E−60) 

and “inflammatory response” (q-value <1E−40). The paucity of transcriptomic changes 

observed in BrafV600E+Tert−123C>T by bulk RNA-seq prevented us from running in-depth 

pathway analysis for these specimens. However, it is worth noting that the top two KEGG 

upregulated terms (employing unadjusted P values) in BrafV600E+Tert−123C>T, compared 

with BrafV600E, were “chemokine signaling” and “cytokine-cytokine receptor interaction,” 

pointing to a similar signaling hub regardless of the mechanisms by which we induced Tert 

upregulation (Supplementary Fig. 4B; Supplementary Table S6). Seeking to more precisely 

pin down the signaling pathways by which these cytokines might be relevant in thyroid 

tumors, we applied the GSEA hallmarks of cancer database analysis to our RNA-seq dataset. 

As shown in Fig. 4F, genes belonging to the “tumor necrosis alpha (TNFA) signaling via 

NF-κB” category were the most significantly overexpressed in BrafV600E+K5-Tert tumors 

(full details in Supplementary Table S7). To confirm this result, we assessed the levels of 

phospho-p65, a key component of the TNFA-mediated canonical NF-κB signaling (37), in 

unselected thyroid tumors from BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert 

20-week animals. Western blotting showed higher levels of phospho-p65 in telomerase-

overexpressed extracts, particularly BrafV600E+Tert−123C>T, suggesting this pathway is also 

overactivated in these specimens (Fig. 5A; Supplementary Fig. 4C). Overall, RNA-seq 

unveiled that key mediators of inflammation, likely in crosstalk with the tumor immune 

infiltrate, may play a role in Tert-induced thyroid cancer progression.

In addition, pathway analysis showed that several bona fide signaling hubs in thyroid 

cancer pathogenesis, including the MAPK and PI3K/AKT pathways, ranked high as 

hyperactivated pathways in BrafV600E+K5-Tert tumors (Fig. 4F). Despite some inter-mouse 

variability, MAPK overactivation was confirmed via IHC analysis for phospho-Erk (pErk) 

of tumors from 20-week animals, showing that, compared with BrafV600E, BrafV600E+K5-

Tert have higher proportion of tumor cells staining positive for pErk (P = 0.0673, Fig. 

5B and C). Western blotting with protein extracts from 20-week mouse tumors from 

each genotype further showed increased phosphorylation levels for Erk and Akt in Tert-
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engineered tumors (Fig 5D; Supplementary Fig. S4D). Because MAPK pathway activation 

in human and mouse thyroid tumors inversely correlate with transcriptional programs of 

thyroid differentiation, we evaluated whether key thyroid transcription factors and iodine 

metabolism genes were suppressed across different genotypes in our RNA-seq data. In 

general, thyroid transcription factors Pax8, Nkx2-1, and Foxe1, and iodine metabolism genes 

Tshr, Slc5a5, and Tpo, tended to be reduced in BrafV600E+K5-Tert cells, which showed 

the highest MAPK overactivation, but not in BrafV600E+Tert−123C>T tumors (Supplementary 

Fig. S4E).

Because MAPK pathway overactivation was detected in tumors with high telomerase levels, 

we evaluated whether in vivo treatment with dabrafenib (Raf inhibitor) plus trametinib (Mek 

inhibitor) impacted tumor growth (Supplementary Fig. S5A). Sustained treatment for 12 

days was well tolerated, and body weight of treated mice did not vary over time. Compared 

with vehicle, dabrafenib plus trametinib treatment reduced tumor volume in all three groups 

(BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert; Supplementary Figs. S5B and 

S5C). Overall, despite the observed higher MAPK output of telomerase-upregulated thyroid 

tumors, combination treatment with dabrafenib plus trametinib was effective at reducing 

tumor volume across all evaluated mouse models.

Discussion

Telomerase reactivation occurs in 90% of human tumors and is considered a hallmark of 

cancer (38, 39). The discovery of TPM occurring in multiple cancers, and the fact that 

TPMs are more prevalent in metastatic/advanced forms of the disease, have heightened 

interest in studying this oncogene. Accurate experimental models to mechanistically assess 

the biological consequences of telomerase upregulation in a neoplastic background are 

scarce. Here we studied how enhanced expression of telomerase contributes to thyroid 

cancer progression in BrafV600E-driven murine tumors. To this end, we edited a C>T 

change in the mouse Tert promoter (Tert−123C>T), which we believe is the orthologue 

nucleotide of human TERT−124C>T, and also employed a previously generated model of Tert 

overexpression (K5-Tert). Our experiments showed that Tert upregulation likely cooperates 

with oncogenic Braf to promote advanced thyroid cancers, which was associated with 

activation of oncogenic pathways unrelated to telomere maintenance. Tert−123C>T mice were 

born at Mendelian rates comparable with Tert wildtype littermates and displayed no cancer 

phenotypes, consistent with the observation that this promoter variant is found in families 

that have no abnormalities other than a higher frequency of metastatic melanoma (1).

We and others have previously reported that TPMs are enriched in advanced thyroid tumors, 

that is, PDTC and ATC (4, 5). Furthermore, in the context of constitutive MAPK pathway 

activation, they are predictors of poorer outcomes within each subtype. The presence of 

TPMs in combination with BRAFV600E is associated with more aggressive PTCs, including 

higher mortality rates (9, 40, 41). In advanced disease, TPMs correlate with the presence of 

distant metastases in PDTC and with diminished survival in patients with ATC (13). This 

is particularly relevant in thyroid cancers, which are genetically simple tumors that remain 

exquisitely dependent on MAPK activation, making them good models to study MAPK–

TERT contributions to cancer biology. The models described here could thus be useful tools 
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to determine the cellular processes by which Braf-driven clones, upon the upregulation of 

Tert, evolve to more aggressive and less differentiated cancers.

Our in vivo experiments suggested that Tert upregulation, regardless of its mechanism 

of overexpression, induced BrafV600E-driven PTCs to progress to PDTC/DHGTC. This 

phenomenon was observed starting at 20 weeks, when no BrafV600E animals, but 

around one-third of BrafV600E+Tert−123C>T and BrafV600E+K5-Tert mice showed advanced 

phenotypes. The variability in Tert-driven thyroid cancer progression observed in our models 

remains to be fully understood: it is unclear, at this point, whether thyroid dedifferentiation 

is a stochastic process or follows a defined pattern of events. In addition, a subset 

of older BrafV600E+Tert−123C>T, but none of the BrafV600E group, displayed ATC-like 

features. These included a strong infiltration of the tumor microenvironment by myeloid 

cells, particularly M2-macrophages and myeloid-derived suppressor cells (MDSC). This is 

relevant because human ATCs are known to be infiltrated by tumor-promoting macrophages 

and MDSCs (42–44). Given that BRAFV600E+TERT−124C>T is the most common genetic 

combination in ATC (13), our findings suggest that telomerase overexpression is a 

stepping stone towards the progressive immunosuppression that tracks with PTC-to-ATC 

transformation (45). In any case, some of the pathways that we identified to be activated 

in murine thyroid tumor cells upon Tert upregulation (see next paragraphs) suggest a 

continuous crosstalk between cancer cells and components of the tumor immune milieu.

Another feature of these mouse models that conveys potentially important translational 

consequences is the increased activation of BrafV600E-induced MAPK signaling, which 

we observed in telomerase-upregulated tumors. The MAPK pathway is a central signaling 

hub in both PTC and PDTC/ATC. The use of dabrafenib (RAF inhibitor) plus trametinib 

(MEK inhibitor) in ATCs harboring BRAFV600E mutations remains one of the few effective 

therapeutic strategies in these otherwise highly lethal cancers (46). Our in vivo treatment 

with dabrafenib plus trametinib showed comparable tumor volume reductions in telomerase-

upregulated specimens. The relatively small number of animals per group and condition 

was insufficient for robust statistical association. Overall, future work using these and 

other models, combined with clinical trials with extensive genomic characterization, might 

ultimately help refine the specifics of MAPK blockade in patients with ATC, given that 

most of their tumors harbor TPMs. Of note, interactions between TERT and MAPK pathway 

effectors have been previously reported in other tumors (47).

We observed heterogeneity in Tert re-expression in BrafV600E+Tert−123C>T tumors, in line 

with reports showing intermittent expression of TERT in human cancer cells (48). A 

much more granular evaluation of promoter binding preferences around the mouse Tert 
promoter would be needed to unveil these processes, which are likely related with chromatin 

accessibility, histone modifications and/or differential binding of transcriptions factors at the 

Tert locus. In this regard, Tert−123C>T created a consensus binding sequence for transcription 

factors of the ETS (“E26 transformation specific”) family which was identical to the one 

generated by TERT−124C>T in humans (Fig. 1A). The ETS family is a diverse group of 

proteins, and the specific factor(s) influencing transcription from the TERT mutant promoter 

in thyroid cancers remain to be fully elucidated (49–52). In addition, MAPK activation 

is also known to control TERT transcription (52–54). Overall, although these studies are 
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beyond the scope of this paper, we believe that the BrafV600E+Tert−123C>T model can 

be leveraged for future work on Tert mutant promoter regulation. The ease at generating 

tumors and deriving cell lines from these animals should pave the way towards this goal, 

but it remains to be established which specific Ets proteins control expression from Tert 

c.−123C>T mutant promoter, and whether those Ets factors show the same promiscuity 

that was reported in TERT mutant human thyroid cancer cells (49–52). Of note, despite 

the intratumoral heterogeneity in Tert expression, cell lines derived from these tumors 

maintained a genotype-dependent increase in Tert transcription, which might reflect a 

selection process by which cells expressing higher levels of Tert are favored over time.

We acknowledge that mouse models are not ideal settings to study the canonical role 

of telomerase biology in cancer, that is, telomere maintenance. This limitation has 

been extensively reported in the literature and relies on two features of mouse cells 

which do not occur in humans: having longer telomeres and retaining some degree of 

telomerase expression in their adult tissues (21, 22). We do not rule out the possibility 

of telomere-related effects playing a role in thyroid cancer progression in human tumors, 

as recently suggested (33). However, here we demonstrate that Tert enhanced expression 

leads to thyroid cancer progression and upregulation of non-telomeric pathways. Indeed, 

the demonstration that telomerase upregulation causes disease progression in mice further 

substantiates the evidence that noncanonical effects of Tert play an important role in 

this process. Our RNA-seq-derived pathway analyses support a role for cytokines and 

chemokines produced by Tert-activated thyroid cancer cells, probably in response to signals 

from the tumor microenvironment. Signaling of these molecules via the canonical (i.e., 

TNFA-activated) NF-κB pathway, a key node linking inflammation, immune-related effects 

and cancer, was particularly enriched in our analysis. Inhibition of the NF-κB/TNFA 

signaling in human thyroid cancer cell lines, most of which are now known to harbor TPMs 

(55), has been shown to impact cell proliferation and invasion (56). Interestingly, our results 

in murine models recapitulate observations reported in human cancers, that is, telomerase 

controlling NF-κB-dependent transcriptional programs, and NF-κB in turn determining 

TERT nuclear localization and influencing transcription from the mutant TERT promoter, in 

what was described as a feed-forward mechanism (57–59). Our observations of telomerase-

mediated increases in chemokine/cytokine-related pathways remain to be validated in human 

thyroid cancers. Of note, a re-analysis of TCGA RNA-seq data from human PTCs showed 

that chemokine and cytokine signaling ranked on top of the overexpressed pathways in 

BRAFV600E-mutant PTCs with TERT re-expression (vs. their BRAFV600E counterparts; ref. 

51).

Tert−123C>T constitutes the first attempt at engineering a promoter mutation in a murine 

Tert noncoding locus. To our knowledge, there had not been in vivo studies of TPMs in 

genetically engineered mouse models. The closest effort is a recent publication in which 

human stem cells were engineered for TERT−124C>T mutation, differentiated into neural 

precursors and orthotopically injected into mice to study glioblastoma in the context of 

EGFR overexpression and loss of CDKN2A and PTEN (60). Our results showing that 

murine Tert upregulation promotes cancer progression in oncogenic Braf-driven thyroid 

tumors, open the door at devising equivalent studies in tumors from other lineages with high 

prevalence of TPMs. Although some of the effects reported here might pertain exclusively 
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to thyroid tumors, we believe that the combination of the Tert−123C>T allele with, for 

instance, tissue-specific drivers of melanoma or glioblastoma, such as the Tyr:NRasQ61K/

INK4a−/− (61, 62) or EGFRvIII (63) mouse models, respectively, can provide hints into 

the telomerase-dependent biology of those cancers. Of note, although the K5-Tert model 

of continuous Tert overexpression is less biologically relevant, in light of our results, we 

argue that employing BrafV600E+K5-Tert animals can be an informative setting to study 

telomerase-mediated thyroid cancer progression. This statement relies on the fact that the 

observed increase of Tert expression in BrafV600E+K5-Tert thyroid tumor cells was about 

10-fold, in contrast to a much higher (and thus less biologically accurate) increases in other 

epithelial cells. It is also worth noting that other mechanisms of TERT upregulation, such 

as TERT copy-number gains and aberrant methylation of the TERT promoter, have been 

identified in advanced thyroid cancers (33, 64, 65). Nevertheless, we acknowledge that both 

BrafV600E+Tert−123C>T and BrafV600E+K5-Tert groups showing similar cancer phenotypes, 

but only the latter displaying strong differences in their transcriptomes (compared with those 

of BrafV600E tumors) is an observation that remains to be reconciled and might be related to 

the sequencing of different admixtures of PTC and PDTC cells.

In conclusion, here we show that the in vivo engineering of a non-coding alteration in the 

mouse Tert promoter induces thyroid cancer progression. We show that Tert upregulation 

induces changes in the transcriptome of fluorescence-sorted cancer cells isolated from 

murine thyroid tumors, and point to several cellular processes, not involved in telomere 

elongation, that are altered in Braf- plus Tert-driven advanced thyroid cancers. Our study can 

shed light into the multiple mechanistic underpinnings that telomerase overexpression bears 

in cancer.
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Implications:

Telomerase-driven cancer progression activates pathways that can be dissected and 

perhaps therapeutically exploited.
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Figure 1. 
Modeling of Tert upregulation in genetically engineered mouse models with endogenous 

BrafV600E expression. A, Schematic representation of the sequence alignment of human 

TERT (top) and mouse Tert promoter (bottom) sequences. A single C>T transition at the 

conserved human c.−124C and mouse c.−123C loci generates a consensus binding motif 

for Ets transcription factors (“Ets cons”). B, Tert promoter-driven luciferase expression, 

normalized by renilla (“Luc/Ren”), in mouse cell lines using Tert wild-type (mTert −123C, 

green) and mutant (mTert −123T, red) constructs. C, Genetic schema of the mouse models: 

Top, Thyroid-specific expression of Cre recombinase [driven by thyroid peroxidase (TPO) in 

TPO-Cre constructs] substitutes exon 15 of WT Braf by V600E mutant allele, resulting in 

endogenous expression of Braf oncoprotein (66). Cre-mediated excision of stop cassette also 

enables YFP expression in thyroid cells; Bottom: Tert−123C>T is knocked-in in the germline 

via CRISPR/Cas9 editing of mouse zygotes, as described (left); mouse Tert is driven by the 

keratin 5 (K5) promoter (middle; ref. 17); breeding of LsL-Braf, TPO-Cre/eYFP, and Tert 

alleles generates the three genotype combinations used in this study (right).
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Figure 2. 
Histologic analysis of the Braf+Tert mouse models. Representative H&E-stained thyroid 

sections of BrafV600E, BrafV600E+Tert−123C>T, and BrafV600E+K5-Tert mice at (A) 6 to 12 

weeks (all displaying PTC phenotypes); and (B) 20–30 weeks. In B, the second panel 

represents a PDTC fulfilling the Turin criteria (solid growth and high mitotic index), 

whereas the third and fourth panels show tumors within the newly defined DHGTC category. 

C, Percentage of animals with the indicated genotypes showing PTC or PDTC/DHGTC 

at 6 to 12 weeks (left) and 20 to 30 weeks (right). D, Examples of 40-week BrafV600E 

(top) and BrafV600E+Tert−123C>T tumors (middle and bottom). Some BrafV600E animals at 

this age develop signs of PDTC transformation (top) and typically retain Pax8 expression 

(top, right). Only BrafV600E+Tert−123C>T animals of this age developed tumors with ATC-

like features within a PTC component (middle and bottom), overall loss of Pax8 with 

spindle cells retaining Pax8 positivity (middle, right), spindle cells (bottom, center, yellow 

arrows), and positivity for F4/80 stain, denoting macrophage infiltration (bottom, right). 

E, Example of a 20-week BrafV600E+K5-Tert tumor with similar features than tumors 

from E, that is, ATC-like areas, spindle cells (yellow arrowhead) with focal positivity for 

Pax8 (spindle cells with red arrowheads). “Braf+Tert” and “Braf+K5-Tert” labels denote 

“BrafV600E+Tert−123C>T” and “BrafV600E+keratin 5-driven Tert” genotypes, respectively.
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Figure 3. 
Characteristics of Tert re-expression in telomerase-upregulated thyroid cancers. A, Relative 

levels of Tert transcription in YFP-sorted cells isolated from BrafV600E+Tert−123C>T mouse 

tumors, showing an increase in Tert mRNA levels for specimens collected at 20 weeks 

versus 10 weeks. Each red point represents a tumor collected from a different animal at 

the indicated age. Results are expressed as fold change compared with the Tert baseline 

expression of BrafV600E tumors from the same ages (dotted blue line). B, Representative 

examples of thyroid specimens from 20-week animals with the indicated genotypes 

subjected to RNAscope to detect Tert single mRNA molecules (green dots). DAPI (blue) 

is used for contrast. Red squares denote areas for which higher magnifications are provided. 

C, Quantification of number of Tert transcripts at single-cell resolution from RNAscope 

data on mouse tumors with the indicated genotypes. Data are represented as percentage 

of cells within each tumor expressing 1, 2, 3, 4, or 5+ transcripts. Tumor boundaries 

were defined manually and cell detection and quantification of green fluorescent dots was 

performed employing the built-in automated analysis tools on QuPath, using the same 

detection parameters across specimens. D, Relative mRNA levels in cell lines derived 

from BrafV600E (n = 4), BrafV600E+Tert−123C>T (n = 5), and from BrafV600E+K5-Tert (n 
= 3) mouse tumors, showing that genotype-dependent increases in Tert transcription are 

maintained in vitro. E, Mean nuclear telomeric intensity, measured in arbitrary fluorescence 

units (auf) via Q-FISH (quantitative FISH) in BrafV600E (n = 6), BrafV600E+Tert−123C>T 

(n = 10) and BrafV600E+K5-Tert (n = 7) mouse primary tumors derived from 20-week 

animals. “Braf+Tert” and “Braf+K5-Tert” labels denote “BrafV600E+Tert−123C>T” and 

“BrafV600E+keratin 5-driven Tert” genotypes, respectively.
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Figure 4. 
Transcriptomic characterization of telomerase-upregulated mouse thyroid tumors. A, 

Schematic representation of the isolation of thyroid tumor cells for RNA-seq. B, 

Comparison of RNA-seq normalized counts for Tert in pooled thyroid glands with the 

indicated genotypes. Values represent average expression levels for pooled WT (n = 25), 

Tert−123C>T (n = 17), and K5-Tert (n = 14) animals. C, Comparison of RNA-seq normalized 

counts for Tert in thyroid tumors from BrafV600E (n = 4), BrafV600E+Tert−123C>T (n = 

7), and BrafV600E+K5-Tert (n = 4) animals. Each dot represents an individual mouse. D, 

Volcano plot showing significantly under- and overexpressed genes in BrafV600E+K5-Tert 

tumors compared with BrafV600E. Specific genes are indicated in red. E, Top 10 upregulated 

terms from the KEGG pathway database analysis for the BrafV600E versus BrafV600E+K5-

Tert comparison. F, Top 10 upregulated terms from the GSEA hallmarks of cancer analysis 

for the BrafV600E versus BrafV600E+K5-Tert comparison.
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Figure 5. 
Validation of telomerase-upregulated pathways. A, Western blot analysis using protein 

extracts from thyroid tumors from 20-week-old animals with the indicated genotypes for 

phospho-NF-κB p65 and vinculin (VCL, loading control). B, Representative images from 

phospho-Erk (pErk) IHC performed in mouse tumors from 20-week-old animals with the 

indicated genotypes. C, Quantification of the percentage of tumor cells staining positive for 

pErk in mice with the indicated genotypes. D, Western blot analysis using protein extracts 

from thyroid tumors from 20-week-old animals with the indicated genotypes for phospho- 

and total Erk (MAPK pathway) and Akt (PI3K effector), as well as p85 (loading control; 

only protein that was reblotted on stripped membranes). “Braf+Tert” and “Braf+K5-Tert” 

labels denote “BrafV600E+Tert−123C>T” and “BrafV600E+keratin 5-driven Tert” genotypes, 

respectively.
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