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Abstract

The consequences of telomere dysfunction are most apparent in rare inherited syndromes caused
by genetic deficiencies in factors that normally maintain telomeres. The principal disease is known
as dyskeratosis congenita (DC), but other syndromes with similar underlying genetic defects share
some clinical aspects with this disease. Currently, there are no curative therapies for these diseases
of telomere dysfunction. Here, we review recent findings demonstrating that dysfunctional (i.e.,
uncapped) telomeres can downregulate the WNT pathway, and that restoration of WNT signaling
helps to recap telomeres by increasing expression of shelterins, proteins that naturally bind and
protect telomeres. We discuss how these findings are different from previous observations
connecting WNT and telomere biology, and discuss potential links between WNT and clinical
manifestations of the DC spectrum of diseases. Finally, we argue for exploring the use of WNT
agonists, specifically lithium, as a possible therapeutic approach for patients with DC.
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Introduction

Telomeres are the tandemly repeated structures that hide and protect the ends of
chromosomes, functions collectively termed capping. Capping is supported by sufficient
telomere length and by the action of telomere-associated proteins called shelterins.12
Capped telomeres prevent the DNA damage checkpoint machinery from recognizing
chromosome ends as double-strand DNA breaks (DSBs). Such checkpoint activation can
lead to a host of potentially injurious molecular and cellular consequences including
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degradation of chromosome ends by exonucleases, recombination of these ends among
themselves or to other DNA ends thereby generating unstable chromosomes, and elevated
levels of cell cycle arrest and apoptosis, but also rarely the emergence of cancer cells.34

Telomeres shorten during chromosomal and cellular replication, and can shorten to the point
of uncapping. Shortening typically occurs in a gradual fashion, for example, due to the end
replication problem and to exonucleolytic resection of replicated ends to generate the single
stranded 3’ overhangs needed for telomere function. But shortening may also be sudden and
dramatic, for example, due to oxidative damage of telomere DNA or when a DNA
replication fork breaks during replication through a telomere.>~7 Shortening can be
countered by the action of the enzyme telomerase, which synthesizes new telomere repeat
DNA onto existing ends, and comprises the catalytic subunit TERT, the RNA template
component TERC, and several other factors.8 However, in humans, telomerase levels are
limited and do not prevent telomere shortening with age.® Telomere uncapping is thought to
contribute to several age-related diseases, including cardiovascular diseases, diabetes
mellitus, osteoporosis, cirrhosis, pulmonary fibrosis, and immunosenescence.1% Much of the
underlying evidence has been correlational, including epidemiological evidence that people
with shorter mean telomere lengths in their peripheral blood cells are at higher risk for these
diseases, and that elevated levels of very short and uncapped telomeres are found within
pathologic lesions.11-17 However, several other lines of evidence, the most recent of which
is Mendelian randomization analysis, move beyond correlation and indicate that short
telomeres play a causal role in disease pathogenesis, for example, in the cases of
cardiovascular diseases, Alzheimer’s disease, and pulmonary fibrosis.1’-20

The consequences of telomere dysfunction are most apparent in rare inherited syndromes
caused by genetic deficiencies in factors that normally maintain telomeres. The principal
disease is known as dyskeratosis congenita (DC), but other syndromes with similar
underlying genetic defects and overlapping signs and symptoms also exist, including aplastic
anemia (AA), Hoyeraal-Hreidarsson (HH) syndrome, Coats plus (CP) syndrome, and
Revesz syndrome (RS). The clinical presentations and mutations underlying these
syndromes have been well reviewed elsewhere (see Refs. 21 and 22), and so we provide only
a brief overview here. The classical signs of DC typically present in childhood and include
abnormal skin pigmentation, nail dystrophy, and leukoplakia. Bone marrow failure is a
major cause of death, which can be treated by transplantation of normal allogeneic bone
marrow, but other serious DC pathologies, including pulmonary fibrosis, cancer,
vasculopathies, osteoporosis and other bone abnormalities, genitourinary malformations,
liver cirrhosis, and gastrointestinal disorders are currently not well treated and contribute to
morbidity and mortality. AA can be caused by the same mutations that cause DC, but which
nonetheless in AA patients yield primarily bone marrow failure without other DC
pathologies. In contrast, HH, CP, and RSs are generally more severe, and display defects
characteristic of DC along with additional pathologies. HH typically includes intrauterine
growth retardation, microcephaly, and cerebellar hypoplasia, CP includes an exudative
retinal vasculopathy (in isolation known as Coats’ disease) plus Gl bleeding, bone fractures,
poor wound healing, and brain abnormalities including calcified cysts and loss of white
matter, whereas RS combines the pathologies in CP with HH-like features including
cerebellar hypoplasia and intrauterine growth retardation. Mutations causing these diseases
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are in genes encoding factors that support the ability of telomerase to extend telomere ends
(DKCI1, TINFZ, TERT, TERC, NOP10, NHP2, FARN, WRAP53, ACD, and POTI), and
also encoding factors that may play more complicated roles in telomere replication (C7CJ,
STNI,and RTELI). However, it seems likely that even this latter set of factors impact
telomere lengthening by telomerase given the similarity of the pathologic consequences of
mutations in these genes and those in the first set. We mention this because the DC spectrum
of diseases is often called the “telomere syndrome,” but we feel that it might be misleading
to imply that these diseases reveal the full range of how telomere dysfunction can contribute
to pathology. Telomere defects need not occur only in tissues that express telomerase, which
as expected are the tissues that are indeed most affected in the DC spectrum of diseases, and
telomere defects can arise for reasons unrelated to telomerase dysfunction. A good example
of a disease caused by telomere defects in tissues lacking telomerase may be Werner
syndrome (WS). WS is caused by the loss of a DNA helicase, WRN, that is critical for the
normal replication of telomeres and which leads to pathologies that are most pronounced in
mesenchymal tissues (e.g., dermis, adipose tissue, and bone), which naturally express little
to no telomerase.®23 Although WRN plays roles genome-wide that prevent mutations,
which presumably contribute to some WS pathologies such as cancer, there is strong
evidence that telomere defects contribute as well. In particular, the facts that WS defects can
be suppressed experimentally by telomerase in cells and mice indicate the importance of
telomere defects and also can explain the natural restriction of WS pathologies primarily
tomesenchymaltissues.24-26 Thus, the DC spectrum and WS provide insight into how
telomere dysfunction impacts tissues with higher versus lower levels of telomerase,
respectively, and neither is likely to reveal fully how telomere defects contribute to normal
age-related pathologies. Importantly, all of these diseases currently suffer from a lack of
curative therapies, and thus information from basic studies might provide much needed
clues.

A novel connection between WNT signaling and telomere capping

We have recently uncovered links between telomeres and the WNT intercellular signaling
pathway. WNTSs are a family of 19 similar proteins that are important for normal
development and for lifelong tissue homeostasis through the niche-based support of stem
cells.2":28 WNTSs signal over short-range intercellular distances by secretion from source
cells and binding to receptors on the surface of target cells. These receptors include the
frizzled (FZD) family of seven-transmembrane spanning proteins and the LRP5/6 coreceptor
proteins, and signaling via these receptors is potentiated by binding of the R-spondin
proteins to the Lgr4/5/6 family of receptors. Canonical WNT signaling leads to the
inhibition of proteins, including GSK-3, that normally cause the degradation of cytoplasmic
[B-catenin, allowing p-catenin to accumulate in the nucleus and thus regulate the expression
of WNT target genes by complexing with the TCF/LEF family of transcription factors. Of
note, the signaling pathway contains several feedback loops, for example, the Lgr5
coreceptor is encoded by a WNT-upregulated gene, which allows coordinated expression of
pathway components so as to emphasize differences between cellular states having different
degrees of WNT signaling. WNT can also signal through p-cateninin-dependent pathways,
known as noncanonical signaling, which involves binding to FZD but not LRP receptors and
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can impact intracellular calcium and the activity of Rho family GTPases. How different
combinations of WNT and R-spondin ligands interact with different combinations of
receptors to differentially regulate canonical and noncanonical signaling is only poorly
understood.27:28

Recently, we published evidence for an unexpected connection between the WNT pathway
and the capping of telomeres, which emerged from studies of mice with critical telomere
shortening due to homozygous deletion of the gene expressing the RNA template component
of telomerase, 7erc.2% Because laboratory mice have long telomeres, initial generations of
mice lacking telomerase are relatively normal, but the interbreeding of such mice for several
generations eventually causes telomeres to shorten to the point of uncapping, causing
pathology primarily in tissues with high rates of cell turnover, including the gastrointestinal
epithelium. Prior to these published studies,?® we found in pilot studies that transplantation
of normal bone marrow into late-generation 7erc™~ mutants rescued intestinal pathology
(see Ref. 30; and Q. Chen and F.B. Johnson, unpublished). This was surprising because the
rescue included improved telomere capping and reduced levels of apoptosis in intestinal
epithelial cells, even though the wild-type bone marrow-derived cells were present only in
the stroma underlying the epithelium. This raised the possibility that signals coming from
the wildtype cells were impacting telomere capping in a non-cell autonomous fashion, and
given known roles for WNT in the support of the intestinal stem cell niche, we considered
WNT signaling as a candidate. Direct tests of this idea indeed revealed a remarkably broad
downregulation in late-generation 7erc”~ mutants of genes expressing factors in the
canonical WNT signaling pathway and in the targets of WNT signaling that mark and are
required for normal function of the so-called crypt base columnar cells (CBCs), including
Lgr5, Ascl2, and S0x9.29 CBCs are pluripotent stem cells that cycle frequently and give rise
to all cell types in the intestinal epithelium. Consistent with frequent cell turnover, they also
express high levels of telomerase.3! The downregulation of WNT signaling in mutant CBCs
was not explained by cell losses, and was accompanied by a similar downregulation in the
stroma and by the upregulation of WNT pathway inhibitors, indicating a regulatory response
to uncapped telomeres. Importantly, pharmacological upregulation of the WNT pathway
using exogenous R-spondinl, or the GSK-3 inhibitors CHIR99021 or lithium, all restored
expression of WNT pathway factors and targets in the mutant epithelium,2? in the same
fashion as the preliminary studies using bone marrow transplantation of normal bone
marrow had done (Q. Chen and F.B. Johnson, unpublished). Remarkably, both the
pharmacologic treatments and transplants also restored telomere capping in the mutant
epithelium. Thus, a positive feedback loop exists in the intestine between telomere capping
and WNT pathway activity (Fig. 1, shaded box). Subsequent studies comparing cultured
human intestinal organoids derived from iPS cells from normal and DC (DKCZ1 mutant)
donors revealed a similar feedback loop.32 The evolutionary advantage of such a loop may
be to remove stem cells that have incurred oncogenic mutations and are thus at risk for
forming tumors. Oncogene-induced replication stress would cause premature telomere
breakage and uncapping, leading to the withdrawal of WNT support, and thus the death or
permanent cell cycle arrest of these cells.33 Mechanistically, how telomere uncapping leads
to downregulation of multiple factors in the WNT pathway is explained, at least in part, by
the action of the miR-34a, which we found was the most upregulated microRNA in the
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intestines of late-generation telomerase mutant mice.2® miR-34a expression is p53-
dependent, and thus the well-known activation of p53 by uncapped telomeres likely
contributes to miR-34a upregulation.134 Inhibition or deletion of miR-34a rescued intestinal
telomere capping, WNT gene expression, and pathology in the mutants.2® However, even
though miR-34a targets WNT pathway transcripts directly, some miR-34a effects on WNT
signaling and pathology may be indirect, because it also targets the transcripts of p53 and
transcripts of other genes that may be involved including SIRT1.3% Moving to the other arm
of the WNT-telomere feedback loop, the mechanism by which WNT signaling supports
telomere capping does not involve telomere lengthening (as expected for mice fully lacking
telomerase), but rather appears to ensure the proper level of shelterin proteins. Supporting
this is the fact that four of six shelterins (TRF1, TRF2, TIN2, and POT1a/b) are encoded by
WNT target genes, which were selectively downregulated in mutant intestine and which had
their expression restored by WNT pathway agonists.2? Moreover, in cultured human DKCI
mutant intestinal organoids, TRF2 overexpression was sufficient to restore telomere capping
and WNT pathway gene expression, consistent with the established capacity of TRF2
overexpression to enable replicatively aged human fibroblasts with telomeres that would be
uncapped at normal levels of TRF2 to continue to maintain their capped state and thus
shorten even further before activating checkpoint responses.32:36 Additional mechanisms
may contribute to the telomere capping-WNT feedback loop, but regardless, the loop exists
and may provide a novel approach to the therapy of people suffering from premature
telomere shortening or dysfunction.

WNT has been connected to telomeres by other studies as well. First, the WNT-to-telomere
capping half of the feedback loop, in particular the regulation of 7ERFZby p-catenin, was
described by Diala et a/.,, who also demonstrated its importance in cancer cells.3” And the
telomere capping-to-WNT half of the loop was observed by Tao et a/., who observed
downregulation of WNT pathway components and target gene expression in late-generation
Terc”~ mutants as well as in mice exposed to gamma irradiation.38 Second, 7ERTis a well-
established target of WNT/B-catenin and the transcriptional activator encoded by one of
their key upregulated target genes, MYC, and, indeed, WNT signaling can upregulate
telomerase activity.3%40 Third, TERT has been reported to complex with the B-catenin/TCF
transcription complex and thereby enhance upregulation of WNT target genes, and it was
proposed that this activity explains developmental abnormalities reminiscent of WNT3a
deficiency that were manifest in first-generation Tert-deficient mice, prior to apparent
telomere shortening.#1:42 Some of the findings in this third case have been controversial, but
we emphasize that this case is distinct from our positive feedback loop.#344 In particular, the
proposed role of TERT in mediating WNT signaling was revealed by TERT deficiency,
whereas our mice and human organoid experiments were carried out in the context of
normal TERT. Moreover, the proposed role for Tert was apparent in first-generation 7erc™~
mice prior to apparent telomere uncapping, whereas our feedback loop does not falter until
later generations of 7erc™~mice and at the point where they display uncapped telomeres.
However, we would like to suggest a scenario, based on our feedback loop, that could
potentially reconcile some of the discrepant findings. In particular, we propose that the
WNT-related developmental transformations in the axial skeleton described by Park ef a/.
might be explained by their unknowing use of one unusual 7erf/~ animal in the parenting of
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all the G1 7err”~ mice in their study, where the unusual characteristic was the presence of a
single aberrantly shortened telomere in at least the germline of that parent (Fig. 2). Such a
shortened telomere might cause a downregulation in WNT signaling at some particularly
sensitive time or place during development of G1 offspring, leading to the skeletal
transformations. Its aberrant shortness may have arisen from a low-frequency damaging
event, for example, a broken replication fork in a telomere, or perhaps a subtelomeric region,
early in the development of that parent, and the known haploinsufficiency of 7ert might have
prevented its efficient repair.4> Furthermore, such a telomere would be inherited by half of
the offspring of the parent, consistent with the 50% penetrance reported for the skeletal
transformations in the G1 mice.*2 The single dysfunctional telomere would apparently not
lead to the adult pathologies observed in later generation telomerase mutants, perhaps
because they are unrelated to WNT or because they utilize WNT pathways that are more
resistant to perturbation by partial telomere uncapping. This consideration raises the
additional idea that the developmental stages and tissues in which uncapped telomeres
impact WNT signaling might depend on how they are affected by different degrees of
telomere uncapping, which, along with variability in the lengths of inherited telomeres,
might contribute to the variable clinical presentations within the DC spectrum even among
individuals with the same underlying mutation. Overall, it is clear that there are several links
between the biologies of WNT and telomeres, which may reflect their cooperation to
optimize the role of each in supporting progrowth states during development and within
adult tissues, as well to enhance their mutual failure to block the progression of
premalignant cells into cancer.

WNT-telomere interplay may contribute to pathology in tissues beyond

intestine

Avre there additional ways in which cooperation between WNT and telomeres might impact
normal biology and disease pathogenesis in DC spectrum syndromes? Given the numerous
roles of WNT in development and tissue homeostasis, it would not be surprising if several
potential connections could be argued, at least superficially. For example, the neural tube
closure defects in late-generation telomerase mutant mice and the cerebellar defects in the
DC spectrum might each be related to established roles for WNT signaling in central
nervous system (CNS) development.#6-52 How different parts of the CNS would be affected
preferentially in these different settings is unknown but might be related to the possibility
mentioned above, that how uncapped telomeres and WNT signaling affect one another in
different tissues and stages of development could depend on how these settings are affected
by different degrees of telomere uncapping. Similar to the CNS idea, WNT signaling plays
important roles in hepatocyte regeneration in response to liver injury, and thus defects in
these might be related to the development of cirrhosis in DC.%3-%° The idea that WNT-
telomere connections underlie these examples is speculative, but could be tested. Some
additional evidence connecting WNT to DC-related pathologies is more compelling. In
particular, perturbed WNT signaling might contribute to vasculopathies in DC, which are
increasingly appreciated as a significant component of the syndrome, particularly after bone
marrow transplant.56 These include arteriovenous malformations, telangiectasias, exudative
retinopathy, and gastrointestinal bleeding. Remarkably, the genetic mutations that appear to
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underlie certain retinal vasculopathies having substantial phenotypic similarity to those in
the DC spectrum are in loci that encode several components of a canonical WNT signaling
pathway. For example, familial exudative vitreoretinopathy (FEVR) is caused by mutations
in genes encoding WNT receptor proteins (FZD4and LRP5), in genes encoding proteins
that enhance signaling through p-catenin (7SPAN12and RCBTBI), and in B-catenin itself
(CTNNBI) (Fig. 3).5798 Also, Coats’ disease (from which “Coats plus syndrome” is
derived) is associated with mutation in RCBTB1.5° Both FEVR and Coats’ disease are also
associated with mutations in Norrin, which signals through the FZD4/LRP5/TSPAN12/
RCBTB1/B-catenin pathway, despite the fact that it is not a WNT protein, but rather a TGF-
B family member.60 Regardless, its dependence on the downstream machinery of the
canonical WNT pathway could make its actions susceptible to telomere dysfunction. The
retinal restriction of these diseases, compared with the more widespread vasculopathies
observed in DC-spectrum diseases, may reflect telomere-based perturbation of WNT
signaling in a broader array of tissues and types of blood vessels than the perturbations
caused by FEVR and Coats’ type mutations. Other examples supporting vascular
connections between WNT and DC include (1) prominent WNT-related gene expression
changes in lesions from hereditary hemorrhagic telangiectasia patients (which have
vasculopathies similar to those in DC), (2) the brain and yolk sac vasculopathies observed in
mice deficient for WNT7a/b or endothelial p-catenin, and (3) changes in WNT-related gene
expression in diabetic retinopathy.61-64 Mechanistically, vascular leakiness in these
disorders, including compromised blood-retinal and blood-brain barriers, may be connected
with diminished expression of the WNT target genes CLDONI and CLDNG3, encoding tight
junction proteins that normally enforce these barriers.55

The lung is another tissue in which WNT-telomere connections may contribute to disease
pathogenesis in DC, particularly pulmonary fibrosis. Mounting evidence suggests that
alveolar type 1l (ATII) cells play a key role in pathogenesis. ATII cells are stem cells whose
progeny can differentiate into the ATI cells that occupy most of the lung surface area; they
are important in the repair of alveolar injury56 and several lines of evidence link changes in
telomeres and WNT signaling in these cells to pulmonary fibrosis. In the normal
development of mice, ATII cells emerge after a wave of WNT signaling sweeps through the
developing lung; ATII cell development in cultured human alveolar organoids depends on
WNT.67:68 Furthermore, there is evidence from organoid culture of ATII cells with LGR5*
fibroblasts that WNT3a and WNT5a are important for expansion and differentiation of ATII
cells.89 Experimental telomere dysfunction in mouse ATII cells can induce lung
inflammation and fibrosis.”%-72 Knockout of the p-catenin gene (Ctnnbi) in AT cells of
adult mice sensitizes them to fibrosis and delays their ability to recover from bleomycin-
induced damage.”® ATII cells sorted from lungs of human patients with IPF exhibit
upregulation of miR-34a and senescence-associated B-galactosidase activity.’* Recent
advances in lung embryology yielded a protocol for generating, from human iPS cells,
alveolar epithelial cell organoids containing high levels of ATII cells.58 Such organoids
derived from DC patient cells will likely provide a new model in which to test if WNT
agonism can provide benefit in the alveolar compartment.

Even though WNT signaling may protect against events that cause telomeres to uncap and
thus be recognized as DSBs, it may not be able to prevent the appearance of DNA damage
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more generally. As mentioned above, a recent investigation of mice possessing uncapped
telomeres caused by telomerase deficiency revealed downregulation of WNT pathway and
target gene expression in small intestine, consistent with our findings.38 These investigators
also reported a similar downregulation in WNT pathway expression in mice exposed to a
high dose of gamma irradiation. However, in seeming contrast to the findings in telomerase-
deficient mice, activation of WNT signaling enhanced, rather than suppressed, the
radiosensitivity of intestinal stem cells. The different results may reflect different
consequences of WNT signaling that depend on the intensity or precise molecular nature of
the DNA damage in each case, in at least two respects. First, the mice were irradiated with
6-12 Gy of gamma rays, which would be estimated to generate 120-240 DSBs per cell, in
addition to numerous other DNA and cellular lesions, whereas many fewer uncapped
telomeres (approximately five) are sufficient to activate checkpoint responses.’>:76
Therefore, the intensity of DNA damage signals should be much greater in the gamma
irradiated cells compared to those with uncapped telomeres, which might affect the
requirements to suppress the signals as well as how they are interpreted by cells. Second,
and moreover, the WNT-dependent upregulation of shelterin proteins that recaps telomeres
would be expected to be of less benefit at nontelomeric DSBs, given the preferential
targeting and benefit of shelterin at telomeres versus generic DNA ends.2%:32.77 Qverall,
these findings highlight a special relationship between WNT signaling and telomeres.

The therapeutic potential of WNT pathway agonists in telomere uncapping

diseases

What are the prospects for using WNT pathway agonists to improve telomere capping, and
thus reduce pathology, in DC spectrum patients? As described above, treatment with agents
that enhance B-catenin—dependent signaling, including lithium, improves capping and tissue
homeostasis in the intestines of late-generation 7erc™~ mice and in human intestinal
organoids with DKCI mutations. Of note, although our studies in mice that completely lack
telomerase activity demonstrated that the positive feedback loop between WNT pathway
activity and telomere capping did not require telomere lengthening, our studies in DKC1
human intestinal organoids demonstrated a dual benefit of WNT pathway agonist treatment.
Telomere capping in these mutant organoids was improved, presumably in part by the
feedback loop, but also by the increased telomerase activity leading to telomere lengthening
(Fig. 1). The upregulated telomerase activity can be explained by the WNT-dependent
expression of the catalytic subunit of telomerase, TERT, given that TERT levels are
generally limiting for telomerase activity and given that DC mutations are generally
hypormorphic and thus support TERT-dependent effects.32 However, whether DC-causing
mutations other than in DKCZ can respond similarly to WNT pathway agonists to upregulate
telomerase activity needs further testing. Lithium, which inhibits GSK-3, has been FDA
approved since the 1970s for bipolar disorder and, although its therapeutic index is low, its
safety and toxicity profile are well known. Furthermore, it is approved for use in pediatric
patients, it stimulates granulopoiesis, it shows potential utility in the treatment of AA, and
observational studies suggest that lithium leads to telomere lengthening in bipolar patients,
indicating that telomeres are impacted by clinically relevant doses of the drug (although we
caution that the conclusion related to telomere lengthening might be viewed as tentative,

Ann N'Y Acad Sci. Author manuscript; available in PMC 2021 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandez and Johnson Page 9

because it relies primarily on case—control studies and on a gPCR-based telomere
measurement technique that can suffer from inaccuracy and imprecision).”8-85 Therefore,
lithium should be considered as a candidate for a clinical trial to test for potential benefits in
DC spectrum patients, although it would be helpful to first study the consequences of
lithium in additional tissues in mice and human culture models of DC pathology. Also,
WNT pathway agonists that are more selective than lithium might provide greater benefit,
and we note that the GSK-3 inhibitor tideglusib, which has been studied in a phase I trial
for Alzheimer’s disease, has an acceptable safety profile.86

It is important to consider the potential risks associated with lithium (or other WNT pathway
agonist) therapy in DC. To our knowledge, these risks are cancer, fibrosis, and unwanted
cognitive effects, but there may be others of which we are unaware. DC patients have an
elevated risk of cancer, and given the association of mutations that activate the WNT
pathway with certain cancers in the general population, this raises concern about GSK-3
inhibitor use in DC patients. However, several considerations temper this concern. First,
lithium treatment did not further elevate cancer rates in mice with the Apc™" mutation,
which enhances WNT signaling and thus predispose to colorectal tumors.8” Second, long-
term studies of people taking lithium for bipolar disorder show no increased cancer risk, and
in fact, younger bipolar patients show an overall cancer risk reduction.84:88:89 These and
other findings suggest that lithium is unlikely to cause the same level of WNT activation
caused by procancer Apc mutations.?9-92 Third, cancer can be driven by telomeres that are
either too long or too short: overly long telomeres inhibit the apoptosis or cell senescence
that would otherwise prevent carcinogenesis, whereas overly shortened and uncapped
telomeres drive cancer by causing chromosome instability, immunosenescence, and the
release of procancer cytokines from senescent cells (Fig. 4).93 Given premature telomere
shortening in DC patients, restoring telomeres to more normal lengths and degrees of
capping might diminish cancer risk in DC, and we therefore speculate that lithium might
suppress cancer rates in DC even more than it does in bipolar patients.

Another potential risk of therapeutic use of WNT agonists in the DC spectrum is the
exacerbation of fibrosis, particularly in the lung. There is evidence for enhanced WNT/B-
catenin signaling in both alveolar epithelium and in fibroblastic foci in the lungs of
individuals with idiopathic pulmonary fibrosis (but without apparent DC).%495 Furthermore,
some findings from mouse studies argue that excess WNT signaling promotes pulmonary
fibrosis.96-98 However, as noted above, canonical WNT signaling clearly plays important
roles in normal alveolar homeostasis, and it is possible that a primary defect in WNT
signaling in alveolar epithelial cells, leading to failure to maintain alveolar integrity, could
signal a secondary fibrotic response that is also WNT-dependent.”%-72 Re-establishing
epithelial homeostasis might prevent activation of fibrosis entirely, thus also blocking any
potential direct effects of WNT on fibrosis.”3 Furthermore, the mouse studies used
bleomycin, a potent DSB inducer, to induce damage that is more acute and severe than the
chronic and gradual accumulation of uncapped telomeres underlying pulmonary fibrosis in
DC, and it is thus unclear how accurately the bleomycin model reflects pathogenic
mechanisms in DC. Of note, there is evidence that lithium can be helpful in promoting lung
repair in a model of emphysema induced by elastase, including a restoration of levels of
nuclear p-catenin in alveolar epithelial cells, expression of WNT target genes, and reduced
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collagen levels.9 Differential activation of canonical over noncanonical WNT signaling
might also be beneficial, given that enhanced noncanonical signaling contributes to TGF-B-
induced pulmonary fibrosis in mice.190 Overall, more must be understood before it can be
predicted what is the balance of potential positive and negative effects of lithium or other
WNT agonists on the pathogenesis of pulmonary fibrosis in DC.

As for the cognitive effects of lithium, its effects in nonpsychiatric patients are not well
studied, but one study reported that normal subject given lithium generally reported a
decrease in subjective feelings of wellbeing and experienced other problems including
memory impairment.101 However, the doses and administration schedule used in this study
were higher and different from those typically used in the treatment of bipolar disorder.
Furthermore, it is possible that the dose of lithium required to improve telomere capping is
lower than that used for the treatment of bipolar disorder. Consistent with this possibility, the
ratio of lithium in CSF to plasma in bipolar patients is generally less than 0.3, indicating that
sufficiently high lithium levels might be achieved in the periphery without major CNS side
effects, 102

More work needs to be done to assess the potential risks and benefits of WNT-related
therapies in DC spectrum diseases and to study how WNT agonism might affect diseases
that affect other aspects of telomere biology such as WS. Furthermore, it will be important
to determine if such therapies might also be of benefit for diseases in which normal age-
related telomere shortening is a contributing factor.
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Figurel.
A positive feedback loop connects WNT and telomere capping. In normal healthy cells,

telomeres have sufficient length and shelterin occupancy to ensure the capped state, which in
turn supports normal expression of WNT pathway components. This positive feedback loop
is highlighted by the shaded box. As telomeres shorten, they begin to uncap, activating DNA
damage responses (DDRs). The DDR upregulates miR-34a, which has many targets
including WNT pathway factors, leading to the downregulation of WNT pathway factors
and target genes, including those expressing the shelterins TRF1, TRF2, TIN2, and POTL.
Thus, the normal mutual support between WNT signaling and telomere capping is lost.
Reactivating the WNT pathway using agonists such as GSK-3 inhibitors upregulates
shelterins, which promote telomere capping, thus restoring the beneficial feedback.
Furthermore, in cells that can express some telomerase (e.g., normal, but also DKC1 mutant,
epithelial stem cells), upregulation of TERT by WNT (fgp pathway) can elevate telomerase
activity, thus lengthening telomeres and further promoting capping.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2021 February 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fernandez and Johnson

Figure 2.

Page 17

¢ Uncapped
I i telomere

X

TERT +/- TERT +/-

=% W

1IN

Developmental defects
in G1 due to inherited
uncapped telomere

Normal
development in G1

Uncapped telomeres in one 7err/~ parent might explain homeotic pathologies in G1 Tert”~
mice. Park et al. (Ref. 42) described developmental transformations in the axial skeletons of
half of their G1 7ert”~ mice reminiscent of those seen in Wnt3a-deficient mice, but these
changes were not seen in another study using a different cohort of mice (Ref. 43). These
transformations might be explained by the presence of a sporadically generated partially
uncapped telomere in the germline of one of the 7err/~ parents. Fifty percent of the progeny
would inherit this defective telomere, which might be sufficient to suppress WNT expression
at a critical period of development, leading to the skeletal transformations.
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WNT pathway mutations underlie vitreoretinopathies that have phenotypic overlap with
pathologies seen in the DC spectrum diseases. Exudative retinopathies are a component of
two telomere disorders (Coats plus and Revesz syndrome), and their retinal appearance is
similar to that observed in familial exudative vitreoretinopathy (FEVR) and Coats’ disease.
FEVR is caused by mutations in genes encoding a WNT signaling pathway (LRP5, FRZDA4,
TSPAN1Z2, RCBTBI1, and CTNNBI1 (B-catenin)) utilized by the NORRIN protein, and
Coats’ diseases is associated with mutations in NORRIN and RCBTBI. It is therefore
possible that the retinopathies in telomere disorders are caused by inhibition of WNT
pathway activity induced by telomere dysfunction.
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Optimization of telomere length and capping. Cancer risk has a U-shaped relationship to
telomere length. Telomeres that are too short lead to end-to-end fusions, the engagement of
the senescence-associated secretory phenotype (SASP), and immunosenescence, each of
which can have procarcinogenic effects. On the other side, when telomeres are too long,
cells that acquire oncogenic mutations can bypass apoptosis and senescence programs that
shortened telomeres would normally engage, also promoting cancer. We propose that the
elevated cancer risk in DC is caused by telomeres that are too short. By restoring optimal
telomere lengths and capping, cancer risk in DC might be reduced.
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