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Major finding: NR2C/F nuclear recep-

tors induce telomere insertion that 

drives genome instability in ALT tumors.

Mechanism: NR2C/F-mediated bridg-

ing of telomeres to bound loci creates 

common fragile sites in the genome.

Impact: Targeted telomere insertion 

may explain the complex karyotypes 

in ALT-positive tumors.

 Telomeres

TARGETED TELOMERE INSERTION PROMOTES GENOME INSTABILITY IN ALT CANCERS
In most cancers, reactivation of telomerase maintains tel-

omeres and prevents telomere-driven genome instability that 
occurs via the breakage-fusion-breakage cycle. However, a 
subset of tumors has been shown to maintain telomeres by 
a homologous recombination–dependent mechanism called 
alternative lengthening of telomeres (ALT). Previous studies 
have shown that, in addition to their normal binding sites 
throughout the genome, the NR2C/F class of orphan nuclear 
hormone receptors binds telomeric sequences in ALT can-
cers, but the function of these transcription factors in ALT 
remains unclear. Marzec and colleagues found that NR2C/F 
proteins directly bound to repeats of a variant telomeric motif 
specifi cally in ALT-positive cells. Binding of NR2C/F pro-
teins to these motifs induced spatial proximity of their bind-
ing loci, facilitating telomere–telomere interactions necessary 
for homologous recombination during ALT. In addition, 
NR2C/F factors bridged telomeres and endogenous NR2C/F 
binding sites throughout the genome, bringing distant loci 
suffi ciently close for recombination to occur and resulting in 

aberrant insertion of telomeric DNA sequences. This insertion 
of telomeric DNA occurred at a small subset of chromosomal 
NR2C/F binding sites in an NR2C/F-dependent process 
termed targeted telomere insertion (TTI). NR2C/F-mediated 
insertion of interstitial telomeric sequences was induced by 
genotoxic stress and generated potential common fragile sites 
and chromosomal translocations in ALT-positive cells. Impor-
tantly, analysis of 180 primary sarcomas, which exhibit a com-
plex karyotype and are often ALT-positive, revealed frequent 
telomeric accumulation of NR2C/F proteins in ALT-positive 
tumors that increased with tumor grade. Together, these fi nd-
ings identify TTI as a mechanism of telomere-driven genome 
instability that is induced by ALT activation, and suggest that 
TTI may contribute to the complex chromosomal rearrange-
ments observed in ALT-positive human sarcomas. ■
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Major finding: Perivascular TGFβ gen-

erates heterogeneity and confers cis-

platin resistance in SCC stem cells. 

Mechanism: TGFβ promotes drug resis-

tance via p21–NRF2-mediated gluta-

thione metabolism gene transcription.

Impact: TGFβ enhances the invasion 

and resistance of slow-cycling SCC 

stem cells to drive tumor recurrence.

Tumor Heterogeneity

TGFb-DRIVEN STEM CELL HETEROGENEITY UNDERLIES DRUG RESISTANCE IN SCC
Intratumor heterogeneity in biological proc-

esses such as proliferation, motility, and differen-
tiation has been linked with therapeutic resistance 
and metastatic growth. Although changes in the 
genetic landscape have historically been thought 
to promote tumor cell diversity, nongenetic factors 
within the tumor or surrounding microenvir on-
ment may also drive functional heterogeneity. The 
TGFβ pathway plays a paradoxical role in the initiation and 
progression of squamous cell carcinoma (SCC), and SCC stem 
cell numbers increase in the absence of TGFβ signaling, sug-
gesting that TGFβ signaling may contribute to heterogeneity 
in cycling kinetics and response to anticancer therapies in 
tumor-initiating cells. To monitor and track TGFβ signaling 
during SCC progression, Oshimori and colleagues designed 
an in vivo lentiviral TGFβ reporter system, which showed 
that TGFβ-responding stem cells localized at the tumor–
stroma interface of HRAS-induced tumors in perivascular 
regions that displayed high stromal TGFβ ligand expression. 
In contrast to nonresponding cells with high cycling rates, 
TGFβ-responding SCC stem cells were slow-cycling, more 
invasive, and exhibited aberrant differentiation. In addition, 

TGFβ-responding stem cells were more resistant 
to cisplatin-induced DNA damage–mediated apop-
tosis in vitro, and promoted drug resistance and 
tumor recurrence in vivo. Transcriptional profi ling 
of TGFβ-responsive stem cells revealed enrichment 
for genes bound by the nuclear factor, erythroid 
2-like 2 (NFE2L2, also known as NRF2) transcrip-
tion factor that are involved in glutathione metabo-

lism and facilitate reactive oxygen species neutralization and 
cisplatin metabolism. Mechanistically, TGFβ activated NRF2-
mediated transcription of antioxidant genes via p21-mediated 
NRF2 protein stabilization. Importantly, chemical or genetic 
inhibition of NRF2-stimulated glutathione metabolism sensi-
tized TGFβ-responding stem cells to cisplatin, whereas NRF2 
overexpression conferred cisplatin resistance in cells defi cient 
in TGFβ signaling. Together, these results highlight a previ-
ously unrecognized nongenetic mechanism of drug resistance 
in SCC mediated by TGFβ-driven tumor cell heterogeneity. ■
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ity and drug resistance in squamous cell carcinoma. Cell 2015;160:
963–76.
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