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Whnt/B-Catenin Signaling Regulates
Telomerase in Stem Cells

and Cancer Cells

Katrin Hoffmeyer, Angelo Raggioli, Stefan Rudloff, Roman Anton,* Andreas Hierholzer,
Ignacio Del Valle, Kerstin Hein, Riana Vogt, Rolf Kemlert

Telomerase activity controls telomere length and plays a pivotal role in stem cells, aging, and cancer.
Here, we report a molecular link between Wnt/B-catenin signaling and the expression of the telomerase
subunit Tert. B-Catenin—deficient mouse embryonic stem (ES) cells have short telomeres; conversely,
ES cell expressing an activated form of B-catenin (B-cat*®**) have long telomeres. We show that
B-catenin regulates Tert expression through the interaction with KIf4, a core component of the
pluripotency transcriptional network. B-Catenin binds to the Tert promoter in a mouse intestinal tumor
model and in human carcinoma cells. We uncover a previously unknown link between the stem

cell and oncogenic potential whereby B-catenin regulates Tert expression, and thereby telomere length,
which could be critical in human regenerative therapy and cancer.

elomeres are specialized genomic struc-
tures that cap linear chromosomes and are
essential for genome stability (/). Telo-
mere length is controlled by the telomerase com-
plex comprising an enzymatic subunit, TERT,
and a RNA component, Terc (2). Embryonic and
other stem cells have long telomeres, which be-
come shorter during differentiation or aging but
are stabilized again in tumorigenesis (3). The
canonical Wnt signaling pathway plays a major
role in regulating pluripotency in embryonic stem
(ES) and adult stem cells from various tissues
(4). B-Catenin is a central component of the Wnt
pathway and forms a complex with members of
the TCF family of transcription factors in the nu-
cleus to control the transcription of target genes.
Dysregulation of this pathway is frequently ob-
served in human cancer (5). Here we show that
TERT is directly regulated by B-catenin. Our re-
sults underline the cooperation between Wnt/B-
catenin signaling and telomerase in the control of
stem cell renewal.
B-Catenin regulates Tert expression in mouse
ES cells. Comparing the expression profiles of
wild-type and B-catenin—deficient (B-cat ") ES
cells, we found that 7ert, but not 7erc, mRNA
was significantly reduced in the absence of
B-catenin (Fig. 1A and fig. S1A). ES cells har-
boring a stabilized active form of B-catenin
(B-cat*™>*™*) had higher levels of Tert mRNA
compared to wild-type cells (Fig. 1A). Those dif-
ferences in 7ert mRNA expression were reflected
by TERT protein amounts in Western blot analy-
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sis (fig. S1C). Thus, altered levels of B-catenin af-
fect Tert expression and may lead to differences
in telomerase activity. Concordantly, telomerase
activity was significantly increased in p-cat®®*
compared to the wild type and was reduced in
B-cat’~ ES cells (Fig. 1B). Stimulation of wild-
type ES cells with Wnt3a led to an increase in
Tert expression (Fig. 1C). This supports recent
findings that Wnt signaling may regulate Tert pro-
tein by sequestration of glycogen synthase kinase
3 (6). Knockdown of B-catenin by small interfer-
ing RNA (siRNA) reduced 7Zert expression and
telomerase activity (Fig. 1D and fig. S1, D and
E). Changes in Tert expression and telomerase
activity resulted in different telomere lengths, with
B-cat” cells having shortened telomeres (Fig.
1E). Telomeres in wild-type ES cells were on
average 50 kb long; in p-cat®™>’*, 75 kb; and in
B-cat ” ES cells, 24 kb.

Tert is a direct target of p-catenin. To gain
insight into Tert transcriptional regulation by -
catenin, we performed luciferase reporter assays
and chromatin immunoprecipitation (ChIP) ex-
periments. 7ert promoter fragments of 2.9 kb and
300 base pairs (bp) were equally active in wild-
type ES cells (fig. S1F). The 300-bp fragment
harbors binding sites for TCF and K1f4 (fig. S3C
and S4G). B-Catenin was detected at the tran-
scriptional start site (TSS) of 7ert in wild-type ES
cells by ChIP (Fig. 2A), which was further en-
hanced by the addition of Wnt3a (Fig. 2B). Bind-
ing of B-catenin to the TSS of 7ert was also
increased in B-cat*™* cells, whereas no p-catenin
was immunoprecipitated in B-cat "~ ES cells (Fig.
2A). The canonical B-catenin partners TCF3 and
TCF4 were not detected at the Tert locus; how-
ever, TCF1 was enriched close to the TSS, even
in B-cat”~ cells (figs. S2, A and B, and S3A).
We postulate that TCF1 may act as a transcrip-
tional repressor of 7ert, as knockdown of TCF1
by siRNA and mutational analysis of the 300-bp
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promoter fragment suggest (fig. S3, B and D). In
addition, no Oct3/4 binding at the 7ert locus was
observed (fig. S2C). c-Myc, a regulator of 7ert,
bound equally to the 7ert promoter region in
wild-type, B-cat ', and B-cat ™" cells, although
c-Myc protein was reduced in p-cat ' cells (fig.
S2, D and E). KIf4 was of particular interest
because of the conserved Klf4-binding site lo-
cated at the TSS of the Tert promoter and be-
cause KIf4 contributes to the maintenance of
telomerase activity in human cells (7). B-Catenin
and KIf4 coimmunoprecipitate in wild-type ES
cells (fig. S1G). Kif4 was identified at the Tert
promoter by ChIP (Fig. 2C). Sequential ChIP re-
vealed a Klt4/B-catenin complex at the 7ert promot-
er (Fig. 2D). To study the relationship between
B-catenin and Klf4, we inhibited the expression
of KlIf4 in wild-type ES cells with siRNAs with
or without Wnt3a stimulation (Fig. 2E and fig.
S4). The accumulation of B-catenin on the Zert
promoter upon Wnt3a stimulation was severely
reduced after K1f4 knockdown. Therefore, K1f4
is required for B-catenin to localize to the 7Zert
promoter. However, KIf4 alone was insufficient
to drive 7ert expression, as K1f4 was bound to the
Tert promoter in B-cat”~ cells, where 7ert expres-
sion is low (Fig. 2C). Furthermore, whereas re-
expression of B-catenin in B-cat™~ cells led to
an increase in 7ert mRNA level, overexpression
of KlIf4 did not (Fig. 2F). Therefore, recruit-
ment of B-catenin is necessary for 7ert transcrip-
tion in mouse ES cells, and KIf4 promotes this
binding.

B-Catenin regulates Tert promoter activity.
Supporting the role of B-catenin in 7ert promoter
activation, RNA polymerase II (Pol II), Pol II
Ser5p (active Pol II), and the active trimethylated
lysine-4 on histone-3 (H3K4me3) were detected at
the Tert promoter in wild-type and B-cat®™>"
but not in B-cat ", cells (Fig. 3, A and B, and fig.
S5B). Both Pol II and H3K4me3 were reestab-
lished at the 7ert promoter in B-cat ’~ cells upon
transfection with constitutively active B-catenin
(Fig. 3C and fig. S6A). These results demon-
strate that B-catenin is required for 7ert promoter
activation. We identified two members of the
trithorax group (TrxG) proteins, Ash2l and
Setd1a (8), the latter of which exhibited histone
methyltransferase (HMT) activity at the TSS of
the 7ert promoter in ES cells. The localization of
Ash2l and Setd1a at the 7ert promoter depended
on B-catenin, was not detected in B-cat”’~ ES
cells, and was enhanced in B-cat*™* ES cells
(Fig. 3, E and F, and figs. S5 and 6). Transfection
experiments in human embryonic kidney 293
(HEK293) cells followed by coimmunoprecipi-
tation revealed an association of B-catenin with
Ash2l and Setdla (Fig. 3D). These data suggest
that B-catenin actively recruits HMTs to regulate
the chromatin modifications required for the ini-
tiation of 7ert transcription.

B-Catenin binds to the Tert promoter in adult
stem cells. Next, we examined B-catenin at the
Tert promoter in adult stem cells. The crypt of
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the small intestine contains stem cells; the villus
contains more differentiated epithelial cells (9).
B-Catenin bound to the TSS of Tert was only
detected in the crypt cell fraction (Fig. 4A). This
was further validated by B-catenin ChIP from iso-
lated LgrS-positive stem cells using LgrS::GFP
(green fluorescent protein) reporter mice (Fig. 4B)
and in organoids from crypt cell cultures (fig.
S7D). B-Catenin binding to the Tert promoter

(Fig. 4A) correlated with Pol II binding (fig.
S9A) and different expression levels of 7ert in
the crypt versus villus fractions (Fig. 5B).

To determine whether our findings were
relevant in other stem or progenitor cells, we
made use of the Hes5::GFP reporter mouse (/0)
and analyzed primary neurospheres. In isolated
Hes5::GFP neural stem cells, as well as in pri-
mary neurospheres, B-catenin was enriched at

the TSS of the Tert promoter (Fig. 4C). Deletion
of B-catenin by adeno-mediated cre resulted in a
reduction in 7ert mRNA expression and abol-
ished B-catenin binding to the 7ert promoter (Fig.
4C and fig. S10).

B-Catenin regulates Tert expression in hu-
man cancer cells. Aberrant nuclear activation of
B-catenin in cells of the villus leads to increased
cell proliferation and the formation of polyps
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of B-catenin by siRNA reduces Tert expression and activity (fig. S1). (E)
Telomere length determined by quantitative fluorescence in situ hybrid-
ization analysis and TFL-Telo software in comparison to reference cell lines.
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and adenomatous lesions (/7). We established a
mouse model to analyze Tert in hyperplastic
lesions in the small intestine by the conditional
activation of one B-catenin gain-of-function allele
(villin-creERT x B-cat™3""). Stabilized B-catenin
was detected in B-cat®™*”" crypt and villus cells
(Fig. 5A). In the B-cat*™" intestine, hyperpro-
liferative cells and induced expression of 3-catenin
target genes, such as those encoding c-Myc, Axin2,
and CD44, were detected in the epithelia all

along the crypt-villus axis (Fig. 5A and fig. S8A).
Expansion of the Paneth cell-specific marker, lyso-
zyme, and CD44 was also observed in the villi (fig.
S8B). Expression of 7ert (Fig. 5B), Lgr5, and Kif4
mRNAs (fig.S8A) was induced in the villus
fraction of mutants. Concordantly, B-catenin and
Pol II binding was increased at the TSS of
Tert in villus cells (Fig. 5C and fig. S9B). These
results provide strong in vivo evidence for the
transcriptional regulation of 7ert by B-catenin.

RESEARCH ARTICLE I

Finally, we examined whether the regula-
tion of Tert expression by B-catenin may also
be important in human cancer. We studied the
human embryonal carcinoma cell line NTera2
and the human colorectal carcinoma cell line
SW480, the latter exhibiting increased amounts
of cytoplasmic and nuclear B-catenin due to
mutations in adenomatous polyposis coli (APC).
B-Catenin was present at the TSS of hTERT
(Fig. 5D), and knockdown of B-catenin by siRNA
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promoter in ES cells. (A) In ChIP, B-catenin is bound BAEENSA

at the transcriptional start site (TSS) of Tert in wt

and B-cat*®™* but not in B-cat™ ES cells. (B) Enrichment of B-catenin at the
TSS of Tert after stimulation with Wnt3a. (C) In ChIP, KIf4 is localized at the
TSS of Tert in wt, B-cat*®**, and p-cat™" cells. (D) Re-ChIP, anti-Kf4 followed
by anti—fB-catenin, demonstrating that both form a complex at the Tert
promoter. (E) Wild-type ES cells transfected with siRNA for KIf4 (48 hours) were
cultivated with (+) or without () Wnt3a (12 hours). B-Catenin binding to the Tert

promoter was analyzed by ChIP (fig. S4). (F) B-cat™™ cells were stably
transfected with B-catenin or Klf4, and two independent clones were analyzed.
Only overexpression of B-catenin resulted in reexpression of Tert mRNA. Axin2
was used as a positive control region and hypoxanthine phosphoribosyl-
transferase (Hprt) as a negative control region in ChIP experiments. (*P <
0.05, table S3).
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Fig. 4. Binding of B-Catenin at the Tert promoter in adult stem cells. (A)
Mouse small intestines were separated into crypt and villus fractions and
subjected to ChIP. B-Catenin at the TSS of Tert was detected only in the crypt
cell compartment. (B) Lgr5-positive stem cells were isolated from Lgr5::GFP
reporter mice by fluorescence-activated cell sorting (FACS) and subjected to
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ChlIP. (C) The Hes5::GFP reporter mouse was used to isolate neural stem cells
by FACS. ChIP for B-catenin in isolated Hes5::GFP neural stem cells (NSC) and
in neurospheres (NS) infected with adeno-cre revealed binding of B-catenin at
the Tert promoter, which is abolished in neurospheres when B-catenin is
deleted.
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reduced hTERT mRNA levels in both cell lines
(Fig. 5E and fig. S11C).

Tert is a B-catenin target. By regulating 7ert
expression, B-catenin may assure the correct telo-
mere length in stem cells, promoting their ge-
nomic stability and maintenance. Telomerase is
directly involved in the regulation of Wnt/B-catenin
target genes (/2). Our findings indicate a regu-
latory loop between B-catenin and 7ert expression.
In mouse ES cells, we identified K14 as a partner
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of B-catenin in the regulation of 7ert expression,
but TCF1 may also be involved. The transcrip-
tional regulation of Tert is very likely complex
and combinatorial, and B-catenin may regulate
Tert expression in other stem cell compartments
in concert with other transcription factors. Clear-
ly, in the absence of B-catenin, the 7ert gene is
silenced, but 7ert transcription is initiated when
B-catenin is recruited to the 7ert promoter. We
show that the initiation of 7ert transcription is
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accompanied by H3K4 trimethylation at the pro-
moter, and we identified the lysine methyltrans-
ferase Setd1a as an interaction partner of B-catenin.
Our results suggest that -catenin recruits HMTs
to initiate 7ert transcription, which supports the
increasingly recognized role of B-catenin in chro-
matin remodeling (/3).

Furthermore, we show the localization of
[-catenin at the 7ert promoter to adult mouse stem
cells and to human cancer cell lines, supporting
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ABSH intestines. (C) In

and in human cancer cell lines. (A) Hyperplastic lesions in the intestine were
induced by the stabilized active form of B-catenin (Villin-cre ERT x p-cat™%"),
which resulted in hyperproliferative cells all along the crypt-villus axis, as seen
by staining for proliferating cell nuclear antigen (PCNA) (upper panels). The
stabilized form of B-catenin (B-cat*®™>"*) is smaller in size and equally expressed
in the crypt and villus fractions (lower panels). (B) Comparison of Tert mRNA

B-cat*®3’* intestines, B-catenin is bound to the TSS of Tert in crypt and villus
cell compartments (*P < 0.05, table S3). (D) In human NTera2 and SW480
cells, B-catenin is bound at the TSS of hTERT, as detected by ChIP. (E) siRNA-
mediated knockdown of B-catenin and KIf4 reduces expression of TERT mRNA.
(F) Significant correlation between TERT and B-catenin expression in human
colon cancer samples; P < 0.0001, R? = 0.21068 (for details, see fig. S11A).
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the notion that the regulation of 7ert by B-catenin
is a general biological feature. Our mouse model
(villin-creERT x B-cat™3"*) provides in vivo
evidence that the aberrant activation of B-catenin
in the epithelium of the small intestine leads to
Tert expression and binding of B-catenin to the
Tert promoter. Exon 3 encodes phosphorylation
sites important for B-catenin protein stability (/4),
and these sites are frequently mutated in human
colorectal and other cancers (75). It is notable that in
human colorectal cancers, high 7ert and B-catenin
expression are significantly correlated (2= 0.0001),
as taken from publicly available microarray data
sets (/6) (Fig. 5F and fig. S11A).

Conclusion. By identifying 7ert as a target
gene of B-catenin, we demonstrate a link between
these two key regulators in stem cell biology and
cancer. From the results presented here, we pro-
pose that mutations in -catenin can lead to an
enhanced 7ert expression in human cancer, which

results in the stabilization of telomeres, one of the
hallmarks of tumorigenesis.
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A Sharp Peak of the Zero-Temperature
Penetration Depth at Optimal
Composition in BaFe,(As;_,P,),

K. Hashimoto,** K. Cho,?3 T. Shibauchi,*t S. Kasahara,™* Y. Mizukami,* R. Katsumata,®
Y. Tsuruhara,® T. Terashima,® H. lkeda,® M. A. Tanatar,? H. Kitano,® N. Salovich,®
R. W. Giannetta,® P. Walmsley,” A. Carrington,” R. Prozorov,> Y. Matsuda®t

In a superconductor, the ratio of the carrier density, n, to its effective mass, m*, is a fundamental
property directly reflecting the length scale of the superfluid flow, the London penetration
depth, A.. In two-dimensional systems, this ratio n/m* (~1/A,?) determines the effective Fermi
temperature, Tr. We report a sharp peak in the x-dependence of A, at zero temperature in clean
samples of BaFe,(As;_P,), at the optimum composition x = 0.30, where the superconducting transition
temperature T, reaches a maximum of 30 kelvin. This structure may arise from quantum fluctuations
associated with a quantum critical point. The ratio of T/T; at x = 0.30 is enhanced, implying

a possible crossover toward the Bose-Einstein condensate limit driven by quantum criticality.

ductors, cuprates and iron-pnictides, super-

conductivity emerges in close proximity to
an antiferromagnetically ordered state, and the
critical temperature, 7., has a dome-shaped de-
pendence on doping or pressure (/—3). What hap-
pens inside this superconducting dome is still a
matter of debate (3—5). In particular, elucidating
whether a quantum critical point (QCP) is hid-
den inside it (Fig. 1, A and B) may be key to
understanding high-T; superconductivity (5, 6).
A QCP marks the position of a quantum phase
transition (QPT), a zero-temperature phase tran-
sition driven by quantum fluctuations (7).

The London penetration depth, Ar, is a prop-
erty that may be measured at low temperature
in the superconducting state to probe the elec-

In two families of high-temperature supercon-

tronic structure of the material and to look for
signatures of a QCP. The absolute value of A,
in the zero-temperature limit immediately gives
the superfluid density Ay %(0) = poe’Zm/m*
which is a direct probe of the superconducting
state; here, m* and n; are the effective mass and
concentration of the superconducting carriers in
band 7, respectively (8). Measurements on high-
quality crystals are necessary because impurities
and inhomogeneity may otherwise wipe out the
signatures of the QPT. Another advantage of
this approach is that it does not require the ap-
plication of a strong magnetic field, which may
induce a different QCP or shift the zero-field
QCP (9).

BaFe,(As; P,), is a particularly suitable
system for penetration depth measurements be-

cause, in contrast to most other Fe-based super-
conductors, very clean (/0) and homogeneous
crystals of the whole composition series can
be grown (/7). In this system, the isovalent sub-
stitution of P for As in the parent compound
BaFe,As, offers an elegant way to suppress
magnetism and induce superconductivity (/7).
Non—Fermi liquid properties are apparent in the
normal state above the superconducting dome
(Fig. 2A) (11, 12), and de Haas—van Alphen
(dHVA) oscillations (/0) have been observed
over a wide x range, including the supercon-
ducting compositions, giving detailed informa-
tion on the electronic structure. Because P and
As are isoelectronic, the system remains com-
pensated for all values of x (i.e., volumes of the
electron and hole Fermi surfaces are equal).

As discussed in (/0), the normal-state elec-
tronic structure of BaFe,(As; ,P,), determined
by dHVA experiments is significantly modified
from that predicted by conventional density func-
tional theory (DFT) band structure calculations.
Figure 2A shows the composition evolution of
the effective mass, m*, normalized by the free
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