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Telomerase inactivation causes loss of the male germline in worms, fish, and mice, indicating a conserved depen-
dence on telomere maintenance in this cell lineage. Here, using telomerase reverse transcriptase (Tert) reporter
mice, we found that very high telomerase expression is a hallmark of undifferentiated spermatogonia, the mitotic
population where germline stem cells reside. We exploited these high telomerase levels as a basis for purifying
undifferentiated spermatogonia using fluorescence-activated cell sorting. Telomerase levels in undifferentiated
spermatogonia and embryonic stem cells are comparable and much greater than in somatic progenitor compart-
ments. Within the germline, we uncovered an unanticipated gradient of telomerase activity that also enables iso-
lation of more mature populations. Transcriptomic comparisons of TertHigh undifferentiated spermatogonia and
TertLow differentiated spermatogonia by RNA sequencing revealsmarked differences in cell cycle and keymolecular
features of each compartment. Transplantation studies show that germline stem cell activity is confined to the
TertHigh cKit− population. Telomere shortening in telomerase knockout strains causes depletion of undifferentiated
spermatogonia and eventual loss of all germ cells after undifferentiated spermatogonia drop below a critical
threshold. These data reveal that high telomerase expression is a fundamental characteristic of germline stem cells,
thus explaining the broad dependence on telomerase for germline immortality in metazoans.
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The germline and the soma face fundamentally different
challenges in preserving genetic integrity. Somatic stem
cells need to onlymaintain genome function for the repro-
ductive life of the animal, whereas germline stem cells
(GSCs)must ensure that the gametes and resulting embry-
os can successfully contribute to subsequent generations
(Smelick and Ahmed 2005; Cinalli et al. 2008). One aspect
of genome integrity that is markedly different between
the germline and the soma is the maintenance of telo-
meres, the nucleoprotein caps that protect chromosome
ends (Palm and de Lange 2008). Whereas telomeres
shorten with aging in a variety of somatic tissues, telo-

meres are maintained with advancing age in sperm (de
Lange et al. 1990; Allsopp et al. 1992; Zalenskaya and
Zalensky 2002; Baird et al. 2003). Challenges in detecting
telomerase, the enzyme that synthesizes telomere re-
peats, have precluded an understanding of the mecha-
nisms governing this dichotomy between germline and
somatic telomere dynamics.

Telomeres shorten with each cell division due to in-
complete replication of the chromosome ends. After an
extended lag period during which telomeres continue to
shorten, the protective function of telomeres is lost at a
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subset of chromosome ends, leading to propagation of a
DNA damage response that induces senescence or cell
death (d’Adda di Fagagna et al. 2003; Takai et al. 2003).
Telomerase counters this process by adding telomeric re-
peats to chromosome ends, a process that is important for
long-term cell viability in tissue progenitor cells and can-
cers (Artandi and DePinho 2010). In vivo, telomere main-
tenance by telomerase is broadly required for proper
homeostasis of proliferative tissues (Lee et al. 1998). In hu-
mans, evenmodest reductions in telomerase levels can re-
sult in a collection of somatic tissue failure phenotypes,
including aplastic anemia, pulmonary fibrosis, and liver
cirrhosis (Batista et al. 2011; Armanios and Blackburn
2012).
Complete genetic inactivation of telomerase in model

organisms has implicated the male germline as the most
telomerase-dependent tissue. Telomere shortening in
mice or fish lacking telomerase causes infertility and
the eventual loss of male germ cells (Lee et al. 1998; Hen-
riques et al. 2013; Harel et al. 2015). Inactivation of telo-
merase in worms leads to infertility and a loss of male
germ cells as telomeres shorten (Meier et al. 2006).
The loss of germ cell cellularity in telomerase-deficient
mouse strains is caused by apoptosis triggered by telo-
mere dysfunction (Lee et al. 1998; Hemann et al. 2001).
However, the specific cellular compartment adversely af-
fected by telomerase loss is unknown. Previous studies
suggested that a telomere surveillance mechanism recog-
nized short telomeres and induced apoptosis at the onset
of meiosis (Hemann et al. 2001). The mechanisms under-
lying the exquisite dependence on telomere maintenance
by the germline would be aided by understanding telo-
merase expression patterns in the male germ cell lineage.
Other than mature sperm, every major germ cell popula-
tion has been previously proposed as the principal cell
type expressing telomerase (Zalenskaya and Zalensky
2002).
Generation of sperm is fueled by male GSCs, which

self-renew and generate differentiated progeny through-
out life (Spradling et al. 2011). In mice, male GSCs reside
in a population of mitotic cells, termed undifferentiated
spermatogonia based on their undifferentiated histologi-
cal appearance (de Rooij and Russell 2000). These rare
cells on the basement membrane of seminiferous tubules
are found as single cells, in pairs, and in chains of four to
16 cells (termed A-single, A-paired, and A-aligned, respec-
tively). Incomplete cytokinesis with cell division in this
compartment results in elongating cell syncytia. Undiffer-
entiated spermatogonia give rise to differentiated sper-
matogonia, which are marked by expression of the cell
surface receptor cKit (Schrans-Stassen et al. 1999). Differ-
entiated spermatogonia undergo a series of transit-ampli-
fying divisions before enteringmeiosis. During each cycle
of spermatogenesis, the vast majority of spermatogonia
migrate luminally to enter meiosis and eventually leave
the testis as spermatozoa.
Although undifferentiated spermatogonia have not

been purified as a population, several lines of evidence in-
dicate that this population harbors the GSCs. Undifferen-
tiated spermatogonia mature according to a cycle that

culminates in the production of new (typeA1) differentiat-
ed spermatogonia. Histological data indicate that only
short chain undifferentiated spermatogonia persist into a
new cycle, whereas longer chain spermatogonia differen-
tiate, suggesting that GSCs reside in this short chain pop-
ulation (Huckins 1971; Oakberg 1971; de Rooij 1973).
Enrichment for certain cell markers such as Thy1,
α6-integrin, Oct4, Id4, Pax7, and others, coupled with
transplantation, showed that cells within the undifferen-
tiated spermatogonia population possess stem cell activi-
ty (Shinohara et al. 1999; Ohbo et al. 2003; Aloisio et al.
2014; Chan et al. 2014). Lineage tracing of cells expressing
GDNF family receptor α1 (GFRα1), which marks many of
the short chain undifferentiated spermatogonia, yields
long-term labeling of the germ cell lineage in mice (Naka-
gawa et al. 2010;Hara et al. 2014). Together, these findings
indicate that GSCs are locatedwithin the undifferentiated
spermatogonia pool.
Telomerase reverse transcriptase (Tert) transcription

represents a primary point of control of telomerase levels
(Meyerson et al. 1997). To understandwhere telomerase is
expressed within the male germline, we engineered a Tert
promoter knock-inmouse strain inwhich a fluorescent re-
porter protein is expressed from the endogenous Tert pro-
moter. We used this reporter strain to determine which
populations express telomerase within the male germline
and exploited this approach to isolate and study pheno-
typically defined populations of spermatogonia. These
advances allow comparisons of telomerase activity be-
tween germline progenitor cells and somatic progenitor
cells. We leveraged these techniques to determine the un-
derlying reason for germline dependence on telomerase
across metazoans, with important implications for under-
standing germline immortality.

Results

Reporter expression from a Tert promoter knock-in
accurately reflects telomerase activity in both
pluripotent and differentiating embryonic stem (ES) cells

Based on the importance of telomerase in the germline
across many species, we hypothesized that high Tert
expression may characterize self-renewing cells in the
male germline. To test this idea, we engineered a Tert pro-
moter reporter knock-in mouse strain by inserting the red
fluorescent protein (RFP) TdTomato at the initiating me-
thionine within the first exon of Tert (Fig. 1A). Mouse ES
(mES) cells were targeted by homologous recombination,
and correct clones were identified by long-range PCR
and Southern blot (Supplemental Fig. 1A,B). Tomato
expression was evident in TertTomato/+ mES cultures by
epifluorescence (Fig. 1B), and flow cytometry indicated
homogenous expression of Tomato in >98% of the cells,
with clear signal separation from autofluorescence in
parental control mES cultures (Fig. 1C). To examine the
relationship between telomerase levels and the pluripo-
tent state, TERTTomato/+ mES cells were targeted a second
time to insert a green fluorescent protein (GFP) reporter at
the OCT4 locus (Supplemental Fig. 1C–E). Fluorescence-
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activated cell sorting (FACS) analysis revealed a direct cor-
relation between Tert andOct4 expression, with >97% of
cells expressing both reporters in undifferentiated mES
cultures (Fig. 1D).

TertTomato/+ mES cells were differentiated in vitro to
determine whether Tomato levels accurately reflected
endogenous Tert regulation during ES cell differentia-
tion. To direct ES cells toward an adipogenic fate, LIF
was withdrawn from the mES cultures, followed by expo-
sure of embryoid bodies to retinoic acid and culminating
with culture of the aggregates in proadipogenic hor-
mones (Fig. 1E,F). Reporter expression and telomerase
enzymatic activity were coordinately down-regulated
during the differentiation protocol (Fig. 1G,H). By day
20 of the protocol, 90% of cells were negative for Tomato

expression by FACS, and these cells lacked telomerase
activity as measured by the telomere repeat ampli-
fication protocol (TRAP) assay (Fig. 1G,H). The remain-
ing 10% of cells expressed significantly lower levels of
Tomato by FACS and telomerase activity by TRAP com-
pared with the undifferentiated mES cell population
(Fig. 1G,H). Importantly, this subpopulation of cells still
expressing telomerase was readily isolated from the
majority of cells, which lacked telomerase expression.
Therefore, this approach may have similar utility in
isolating telomerase-expressing cells in vivo. Taken to-
gether, these data show that the Tert-Tomato knock-
in accurately reflects endogenous telomerase expression
in undifferentiated mES cells and during mES cell
differentiation.

Figure 1. A Tert promoter knock-in reporter accurately reflects telomerase activity in both pluripotent and differentiating ES cells. (A)
Generation of a knock-in transcriptional Tert reporter. TdTomato was inserted at the initiating methionine of Tert, with a floxed resis-
tance cassette placed into the first intron. (B) Phase contrast and epifluorescent microscopy of Tert-Tomato reporter in TertTomato/+ mES
cells grown in LIF/2i conditions. Bar, 200 μm. (C ) Expression of Tert-Tomato reporter in TertTomato/+mES cells grown in LIF/2i, quantified
by FACS. Untargeted parental mES cells are shown in black. Results were consistent across independently targeted clones. (D) Expression
of fluorescent reporter genes by FACS in doubly targeted TertTomato/+ Oct4ires-EGFP/+ mES cells grown in LIF/2i conditions. Gates were
drawn relative to parental and singly targeted mES cells. (E) Schema for in vitro differentiation of mES cells to an adipogenic fate. (EB)
Embryoid body; (RA) retinoic acid; (I,T,R) insulin, triiodothyronine, and rosiglitazone. (F ) Oil-Red-O staining of mES cells at day 20 of dif-
ferentiation. Bar, 500 μm. (G) Fluorescent reporter expression by FACS in TertTomato/+ mES cells during adipogenic differentiation. Gates
were drawnbased on the background fluorescence of untargeted parentalmES cells. The percent of events in each gate is shown. (SSC) Side
scatter. (H) Telomerase activity measured by telomere repeat amplification protocol (TRAP) in populations shown inG. CHAPS and H20
represent buffer-only negative controls. TRAP reactions were programmed with 3000 or 1000 FACS-sorted cell equivalents.
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High telomerase levels are a hallmark
of undifferentiated spermatogonia

To identify telomerase-positive cells in vivo, TertTomato/+

mice were generated by blastocyst injection. TertTomato/+

mice were healthy, fertile, and born at the expected Men-
delian frequencies. During mouse embryogenesis, the
germline is specified with the development of primordial
germ cells (PGCs), whichmigrate to the gonadal ridge and
colonize the gonads (Saitou and Yamaji 2012). After birth,
the gonocytes attach to the basement membrane of the
seminiferous tubules and give rise to the adult spermato-
gonia. Gonocytes aremarked by expression of the pluripo-
tency factorOct4 and can be identified using a transgenic
Oct4-GFP reporter strain (Yeom et al. 1996). We first ana-
lyzed Tert reporter expression in neonatal testis in com-
pound Tg(Oct4-ΔPE-GFP)+; TertTomato/+ mice and used
whole-mount immunofluorescence of seminiferous tu-
bules with antibodies to RFP and GFP to assess activ-
ity of the Tert and Oct4 promoters, respectively. In
postnatal day 6 testes, all juvenile spermatogonia, marked

by Oct4-GFP, strongly expressed Tert-Tomato (Fig. 2A).
Flow cytometry on disaggregated postnatal day 6 testis
from Tg(Oct4-ΔPE-GFP)+; TertTomato/+ mice confirmed
coexpression of the Tert and Oct4 promoters at the sin-
gle-cell level (Fig. 2B; Supplemental Fig. 2A). These data
show that the male germline lineage is founded by cells
that express both Tert and Oct4.
Adult spermatogonia are traditionally divided into un-

differentiated and differentiated subtypes (Fig. 2C). Un-
differentiated spermatogonia expressing promyelocytic
leukemia zinc finger (PLZF) are thought to contain the
vast majority of GSCs, whereas differentiated cKit+ sper-
matogonia generally lack self-renewal potential (Shino-
hara et al. 1999, 2000; Buaas et al. 2004; Costoya et al.
2004; Nakagawa et al. 2010). In adult seminiferous tu-
bules, immunostaining to determine Tert promoter activ-
ity identified rare, bright Tomato+ cells occurring as single
cells, paired cells, or chains of cells along the basement
membrane. Costaining revealed a nearly perfect correla-
tion between Tomato-high cells and PLZF, indicating
that undifferentiated spermatogonia exhibit the strongest

Figure 2. High telomerase levels are a hallmark of undifferentiated spermatogonia. (A) Whole-mount analysis of seminiferous tubules
from postnatal day 6 TertTomato/+ Tg(Oct4-ΔPE-GFP)mice, immunostained with anti-RFP and anti-GFP antibodies. Bar, 50 μm. (B) FACS
analysis of dissociated tubules from postnatal day 6 TertTomato/+ Tg(Oct4-ΔPE-GFP)mice. Cells were gated by scatter andDAPI exclusion.
Gates were drawn based on the fluorescence properties of wild-type and single-heterozygous mice. (C ) Model of adult spermatogenesis.
Mitotic spermatogonia are found along the basement membrane of the seminiferous tubules and are generally divided into undifferen-
tiated PLZF+ (promyelocytic leukemia zinc finger-positive) and differentiated cKit+ populations. (D,E) Whole-mount analysis of adult
seminiferous tubules immunostained for PLZF, cKit, and RFP in TertTomato/+ seminiferous tubules. Bar, 50 μm. Of the PLZF+ cells,
99.7%± 0.1% were Tert-Tomato+ (n = 2270 cells; n = 6 mice). Of the cKit+ cells, 100%± 0% were Tert-Tomato+ (n = 4 mice; n = 2600
cells).
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Tert promoter activity (Fig. 2D; Supplemental Fig. 2B for
wild-type staining controls). We also detected a second
population of cells expressing Tert-Tomato but at a lower
level. These cells were cKit+ differentiated spermatogo-
nia, which fill the basement membrane and surround
the TERThigh cells in specific stages of the spermatogonial
cycle (Fig. 2D). Less mature differentiated spermatogonia,
which are found in chains and contain punctate foci of
cKit expression (Nakagawa et al. 2010), showed higher
Tert-Tomato expression, with levels closer to those in
undifferentiated cells (Fig. 2E). These data show that
high Tert promoter activity is a characteristic of undiffer-
entiated spermatogonia and that the Tert promoter is
down-regulated upon maturation to the differentiated
spermatogonial state.

High telomerase activity in undifferentiated
spermatogonia and a telomerase gradient
in the germ cell lineage

The pattern of Tomato expression in whole mounts sug-
gested that several adult spermatogonial subtypes could
be isolated based on their discrete levels of Tert promoter
activity. To test this hypothesis, we dissociated seminifer-
ous tubules from TertTomato/+ mice into viable single cells
and subjected them to FACS. FACS analysis based on To-
mato expression and cell size alone was sufficient to re-
solve germ cells into five distinct populations (TertNeg1,
TertNeg2, TertLow-Meiotic, TertLow, and TertHigh) (Fig. 3A;
Supplemental Fig. 3A,B). To understand whether Tomato
signal intensity correlated with telomerase activity, we

Figure 3. Isolation and characterization of the
TertHigh undifferentiated spermatogonial pool. (A)
FACS analysis of the TertTomato/+ testis in the adult
mouse; Tomato fluorescence versus forward scatter
(FSC) in live, single cells. Populations colored in blue
expressed below background levels of Tert-Tomato
(see Supplemental Fig. S5). Representative results
fromat least n = 50mice are shown. (B) Telomerase ac-
tivity by TRAP assay using FACS-isolated cell popula-
tions shown in A. TRAP reactions were programmed
with 3000 or 750 cell equivalents. Results representa-
tive of three independent experiments are shown. (C )
5′-ethynyl-2′-deoxyuridine (EdU) and PLZF staining
in FACS-isolated populations after cytospin. Mice re-
ceived a 2-h EdU pulse prior to analysis. Bar, 25 μm.
Regions highlighted by arrows are shown in higher
magnification. (D) Quantification of EdU incorpora-
tion from C (n≥ 5 mice; n = 900–21,000 cells). The er-
ror bar shows SEM. (E) Quantification of anti-PLZF
immunofluorescence from C (n≥ 5 mice; n = 3000–
21,000 cells). The error bar shows SEM. (F ) Sorting
strategy for isolating undifferentiated and differentiat-
ed spermatogonia. TertHigh and TertLow fractions were
discernible when TERT-Tomato expression was plot-
ted against cell side scatter (SSC) in live singlet cells.
The TertHigh fraction was an equal mixture of cKit+

and cKit− cells, whereas the TertLow fraction was a
>90% population of cKit+ cells. Representative results
from at least 50 mice are shown.
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isolated each population by FACS and used extracts from
equal numbers of purified cells to program TRAP reac-
tions (Fig. 3B). Neg1 and Neg2 populations lacked both
Tomato expression by FACS and telomerase activity by
TRAP. In cells expressing Tomato, there was a direct cor-
relation between Tomato levels and telomerase acti-
vity, with reporter fluorescence and telomerase enzyme
activity increasing in the following order: TertLow-Meiotic,
TertLow, and TertHigh. TertHigh cells were brightest for To-
mato expression and exhibited the highest TRAP activity
—approximately fourfold greater thanTertLow cells. Thus,
a gradient of telomerase expression exists in the germ cell
lineage.
To identify the mitotic spermatogonia in our purified

populations, we performed 5′-ethynyl-2′-deoxyuridine
(EdU) injection in vivo followed by FACS and cytospin.
All EdU+ cells were found in the TertLow and TertHigh pop-
ulations (Fig. 3C,D). Immunostaining for PLZF expression
in purified cells after cytospin revealed that all PLZF+ cells
were also found in these fractions. Conversely, neither
mitotic nor PLZF+ cells were detected within the pooled
TertNeg1, TertNeg2, or TertLow-Meiotic populations (6 ×
10−3 ± 0.02% PLZF+ cells; 5 × 10−3 ± 0.01% EdU+ cells)
(Fig. 3C,D). Examination of nuclear morphology showed
that TertNeg1 and TertNeg2 represented a 92%± 5% pure
population of round spermatids and an 80%± 10% pure
population of elongating spermatids, respectively (n = 3–4
mice) (Supplemental Fig. 3C). Cells in TertLow-Meiotic

were larger in size, expressed low levels of telomerase,
and stained positive for the synaptonemal complex pro-
teins 1 and 3 (SCP1/3), indicating that this population
was an 81%± 17% pure population of cells in meiosis I
(n = 3 mice; main contaminant was round spermatids)
(Supplemental Fig. 3D). Mature sperm isolated from
the epididymis did not express Tomato (Supplemental
Fig. 3E).
Whole-mount analysis suggested that the undifferenti-

ated PLZF+ spermatogonia had a distinctly higher level
of Tert-Tomato reporter activity than the differentiated
cKit+ spermatogonia. To understand more broadly the lo-
cation of undifferentiated spermatogonia in our purified
populations, we isolated TertHigh and TertLow cells and an-
alyzed expression of cKit in these populations. TertHigh

cells contained a similar number of cKit+ and cKit− cells,
whereas >90% of TertLow cells were cKit+ (Fig. 3F). Cyto-
spin followed by immunostaining revealed that PLZF+

cells were found almost exclusively in the TertHigh cKit−

fraction, which represented a nearly pure population of
PLZF+ cells (93% ± 5%; n = 5mice; n = 5200 cells counted)
(Fig. 3C–E). Meiotic cell contamination was negligible.
Assessment of proliferation by in vivo EdU labeling re-
vealed that TertHigh cKit− cells had an S-phase fraction
of 7.0% ± 0.9% (Fig. 3C,D). These data indicate that nearly
all undifferentiated spermatogonia are found within the
TertHigh cKit− population.
The remaining TertHigh and TertLow spermatogonial

populations represented cKit+ differentiated spermatogo-
nia. Cytospin analysis revealed that these cKit+ fractions
contained very few PLZF+ cells (Fig. 3C–E). These cKit+

cells showed the heterochromatic nuclear morphology

typical of differentiated spermatogonia cells; in contrast,
TertHigh cKit− cells had the homogenous chromatin
pattern characteristic of undifferentiated spermatogonia
(Fig. 3C). Differentiated spermatogonia were much more
proliferative than their undifferentiated counterparts,
with 40%–60% of cells EdU+ after a 2-h pulse (Fig. 3D).
TertHigh cKit+ cells were distinct from TertLow cKit+ cells
in many respects. TertHigh cKit+ cells were less abun-
dant and larger in size and expressed higher cKit and
TdTomato levels than TertLow cKit+ cells. Furthermore,
most (68% ± 1.5%) TertHigh cKit+ cells expressed sperma-
togogenesis- and oogenesis-specific basic helix–loop–he-
lix 1 (SOHLH1), a transcription factor expressed in the
A1–A4 and Int subtypes of differentiated cells (Suzuki
et al. 2012), whereas SOHLH1+ cells were rare (3.6% ±
3.7%) in the TertLow cKit+ fraction (Supplemental Fig. 3F).
Altogether, these results provide strong evidence for the

successful isolation of undifferentiated and differentiated
spermatogonia based on Tert promoter activity and cKit
expression. Importantly, these populations correspond
to those identified by whole-mount immunostaining
(Fig. 2), providing a consistent view of spermatogonial
maturation in sorted cells and intact tissue. The ability
to purify these discrete spermatogonial populations en-
abled subsequent molecular and functional studies.

A molecular signature of the undifferentiated
spermatogonial state

Tounderstandmolecular differences between theTertHigh

cKit− undifferentiated spermatogonia and TertLow cKit+

differentiated spermatogonia, we performed transcrip-
tional profiling on these two populations using next-gen-
eration sequencing. Unsupervised hierarchical clustering
was used to validate biological replicates (Supplemental
Fig. 4A). Differential expression analysis identified 3578
genes significantly up-regulated in TertHigh cKit− cells
and 1872 genes significantly up-regulated in TertLow

cKit+ cells (1% false discovery rate [FDR] and twofold
change cutoff) (Fig. 4A; Supplemental Table S1). TertLow

cKit+ cells showed strong expression of many prodifferen-
tiation markers, including cKit, Epcam, Stra8, Scp1, and
Scp3. In contrast, the most significantly up-regulated
genes in TertHigh cKit− cells were highly enriched for
known markers, and regulators of undifferentiated sper-
matogonia, including genes such as Plzf, Lin28a, Gfrα1,
Ret, Sall1, Foxo1/3, Cdh1, Itga6, Ngn3, Nanos3, and
Utf1, ranked highly (Shinohara et al. 1999; Nakagawa
et al. 2010; Phillips et al. 2010; Goertz et al. 2011). This
data set containsmany new potential markers of undiffer-
entiated spermatogonia. We validated two such markers
—Syndecan4 (SDC4) andMusashi2 (MSI2)—at the protein
level by whole-mount microscopy and/or FACS (Sdc4,
58-fold change, q = 2.8 × 10−129; Msi2, 4.05-fold change,
q = 4.06 × 10−34) (Fig. 4B,C; Supplemental Fig. 4B–D). Ex-
pression of each of these proteins was detected in PLZF-
positive but not PLZF-negative cells, consistentwith their
specific expression in undifferentiated spermatogonia.
This approach was also useful for discovering new mark-
ers of differentiated spermatogonia. Activated leukocyte
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adhesionmolecule (ALCAM) was one of the top genes up-
regulated in TertLow cKit+ cells versus TertHigh cKit− cells
(14.6-fold change, q = 2.7 × 10−24). Whole-mount staining
showed that ALCAM was expressed in a subset of the
most mature cKit+ cells and was not expressed in PLZF-
positive cells (Fig. 4D; Supplemental Fig. 4E–G).

A comparison of our TertHigh cKit− gene signature data
set with those found in the Molecular Signatures Data-
base (MSigDB) using gene set enrichment analysis
(GSEA) (Subramanian et al. 2005) highlighted several sig-
naling pathways important for the identity of undifferen-
tiated spermatogonia (Fig. 4E; Supplemental Table S2). A
signature of activated Wnt signaling had the highest en-
richment score for the TertHigh cKit− population, sug-
gesting a role for this pathway in this population of

stem and progenitor cells. Genes up-regulated in TertHigh

cKit− cells were also significantly enriched for multiple
gene sets related to active JNK, MEK, or AKT, oncogenic
K-ras, and suppression of PTEN (Fig. 4E; Supplemental
Table S2). PI3K/AKT signaling and Ras/MEK signaling
are known to play important roles downstream from
GFRα1/Ret, central growth factor receptors in spermato-
gonia, with inhibition of PI3K/AKT signaling leading to
male sterility (Lee et al. 2007, 2009; Goertz et al.
2011). Activation of the PI3K/AKT pathway controls ac-
tivity of the FOXO proteins by causing their transloca-
tion to the nucleus. FOXO proteins are specifically
expressed in undifferentiated spermatogonia, and their
deletion causes stem cell loss and male sterility (Goertz
et al. 2011). Consistent with this signature of PI3K/AKT

Figure 4. Transcriptional landscape of adult spermatogonial subtypes. (A) Volcano plot of expression profiles comparing TertHigh cKit−

with TertLow cKit+ cells. Genes whose expression significantly differs between the populations are labeled in red (FDR threshold 1%,
twofold change threshold). Genes in blue are undifferentiated (A-undiff) markers from the literature. Genes in green are differentiat-
ed-biased markers from the literature. The entire list of differentially expressed genes is reported in Supplemental Table S1. (B)
Whole-mount analysis of adult seminiferous tubules stained for MSI2 and PLZF. Bar, 50 μm. (C ) Whole-mount analysis of adult semi-
niferous tubules stained for SDC4 and PLZF. Bar, 50 μm. (D) Whole-mount analysis of adult seminiferous tubules stained for ALCAM
and PLZF. Bar, 50 μm. B–D represent multiple independent mice. (E) Gene set enrichment analysis (GSEA) of genes up-regulated in
TertHigh cKit− or TertLow cKit+ cells against a database of curated gene sets. Selected significant signatures are shown. The entire
GSEA is reported in Supplemental Table S1.

Pech et al.

2426 GENES & DEVELOPMENT



activation, analysis for cis-regulatory motifs associated
with the TertHigh cKit− gene list revealed a significant
FOXO family signature, with multiple data sets of genes
containing canonical FOXO1-, FOXO3-, or FOXO4-bind-
ing sites in their promoter regions (FOXO1: nES, 1.87;
FDR, 0.01) (Fig. 4E; Supplemental Table S2). Thus,
analysis of the RNA sequencing (RNA-seq) data by
GSEA indicates an important role for PI3K/AKT sig-
naling, RAS/MEK signaling, and FOXO transcription
factors in the TERTHigh cKit− pool of undifferentiated
spermatogonia.
In TERTLow cKit+ differentiated spermatogonia, GSEA

identified a highly significant enrichment of E2F-regulat-
ed gene sets in the data set containing up-regulated genes
in this compartment. Sixteen of the top 20 gene sets in
this motif analysis represented genes containing E2F fam-
ily binding sites within their promoters (E2F1: nES,−2.37;
FDR, 0) (Fig. 4E; Supplemental Table S2), consistent with
more rapid cycling of the differentiated spermatogonia
compared with the undifferentiated spermatogonia (Fig.
3D). Consistent with the more differentiated features of
the TertLow cKit+ cells, multiple gene sets pertaining to
meiosis were enriched in this population, including mei-
otic cell cycle (nES, 2.21; FDR, 0) and meiosis I (nES,
1.99; FDR, 0.02) (Fig. 4E). Gene sets containing empirical-
ly determined cell cycle genes were also identified as be-
ing highly significant (Whitfield cell cycle literature
gene set: nES, −2.72; FDR, 0). A large number of classical
E2F target genes (Ren et al. 2002) were preferentially ex-
pressed in TertLow cKit+ progenitor cells, including
CCNA2 and MCM genes; E2F2, CDC25A, RRM1,
TOP2A, EZH2, BRCA1, PCNA, PLK, and KIF4A; and
many others (Supplemental Table S3). Surprisingly, this
activation of the cell cycle program occurs in concert

with marked down-regulation of the Tert promoter and
telomerase, suggesting that, in the germline, telomerase
expression is more closely associated with stemness
than with active cell cycle.

Functional GSCs are restricted to the pool of TERTHigh

undifferentiated spermatogonia

To test the relationship between telomerase levels and
stemness, we determined the potential of purified sperma-
togonial populations to reconstitute spermatogenesis after
transplantation. FACS-purified TertHigh cKit− undifferen-
tiated spermatogonia, TertHigh cKit+ differentiated sper-
matogonia, TertLow cKit+ differentiated spermatogonia,
or unfractionated germ cells were assayed for the ability
to colonize the tubules of cKitW/Wv mice, which lack
GSCs (Brinster and Zimmermann 1994). Donor cells
were permanently marked by breeding TertTomato/+ mice
to mouse strains with ubiquitous expression of either
EGFP or β-galactosidase (CAG-EGFP mice or ROSA-lacZ
mice, respectively) (Fig. 5A). FACS-sorted cells from adult
donors were injected separately into the seminiferous
tubules of cKitW/Wv recipients via the efferent bundle
(n = 3–4 independent transplants per cell type) (Fig. 5A).
Stringent sorting conditions led to very high purity of
donor cell preparations, as confirmed by reanalysis of the
sorted cells prior to transplant (Supplemental Fig. 5).
Stem cell frequency in unfractionated germ cells was as-
sessed by transplanting cells sorted only on viability.
Twomonths after surgery, colonycountswere determined
by EGFP epifluorescence or lacZ staining of recipient tes-
tes (Fig. 5B). This assay is a quantitative measure of stem
cell number, as each colony in the recipient mice arises
from the engraftment of a single cell.

Figure 5. TertHigh undifferentiated sper-
matogonia comprise the functional stem
cell pool. (A) Outline of transplant experi-
ments. TertTomato/+ mice were intercrossed
with a strain expressing either GFP or LacZ
ubiquitously. Permanently labeled Tert-To-
mato cell populations were FACS-isolated
and transplanted into sterile cKitW/Wv recip-
ients. Colonies were counted 2 mo after
injection. (B) Representative EGFP epifluor-
escence in recipient cKitW/Wv mice 2 mo
after transplantation of cells shown in
A. White lines represent the boundary of
the testis. “Donor” shows the ubiquitous
GFPfluorescencepresent in thedonor testes.
“Unfractionated” represents the transplan-
tation of FACS-sorted DAPI− cells not frac-
tionated by Tert-Tomato expression or
immunophenotype. (C ) Quantification of
the transplant results shown in B. Colony
counts were normalized to 105 cells. Mean
and SEM are shown. P-values are from un-
paired t-test. n = 19–20 recipient testes per
condition, except for TertHigh cKit+ trans-

plant (n = 8). (D) Representative histological cross-sections from transplant recipients. R26-LacZ+ donor cells of the indicated immunophe-
notype were detected by LacZ staining.
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We found that differentiated spermatogonia were ef-
fectively incapable of reconstituting spermatogenesis.
Both TertHigh cKit+ and TertLow cKit+ cells were signifi-
cantly depleted of transplant activity relative to unfrac-
tionated germ cells (0 ± 0 and 0.16 ± 0.11 colonies per
100,000 cells, respectively; P < 0.0001 compared with
unfractionated cells). In contrast, transplant activity
was restricted to the undifferentiated spermatogonial
pool (TertHigh cKit−). This population achieved 22-fold
enrichment for transplant potential compared with
unfractionated germ cells (45.1 ± 3.4 vs. 2.19 ± 0.25 colo-
nies per 100,000 cells; P < 0.0001) (Fig. 5C). We confirmed
histologically that full spermatogenesis occurred after
transplantation (Fig. 5D). These data indicate that undif-
ferentiated spermatogonia, characterized by high telome-
rase levels, contain the pool of functional stem cells
within the adult testis.

Marked down-regulation of telomerase activity in
somatic progenitor cells compared with germline
progenitor cells

In assessing expression of Tomato in TertTomato/+ mice,
we found that the reporter could not be detected in several

telomerase-positive somatic tissues, including bone mar-
row, intestinal crypts, and liver. We wondered whether
the robust expression of Tomato in spermatogonia and
the absence of expression in the soma could reflect differ-
ences in telomerase expression in germline progenitor
cells versus somatic progenitor cells. To address this ques-
tion, we directly compared telomerase activity across
multiple stem/progenitor compartments with mES cells,
which express sufficient telomerase to sustain telomere
length during long-term cell culture (Fig. 6A). TRAP reac-
tions performed on equal numbers of sorted cells revealed
that TertHigh ckit− undifferentiated spermatogonia pos-
sess levels of telomerase comparable with that of mES
cells (Fig. 6B). To determine relative levels of telomerase
in somatic progenitor cells, we compared TRAP activity
in mES cells with the stem/progenitor cells of the testis
(ITGα6High cKit−), intestine (CD45− EPCAM+ CD44High

cells isolated from crypts of the small intestine), and
bone marrow (Lineage− Sca1+ cKit+ cells) from wild-type
mice. Compared with germline stem/progenitor cells, tel-
omerase activity was more than fourfold lower in intesti-
nal progenitors and >10-fold lower in bone marrow stem/
progenitors (Fig. 6C). These data establish testis stem/pro-
genitor cells as a cell population uniquely expressing telo-
merase at levels comparablewithmES cells. Additionally,

Figure 6. Marked down-regulation of telomerase ac-
tivity in somatic progenitor cells compared with
germline progenitor cells. (A) Experimental overview.
Telomerase activity was compared between identical
numbers of progenitor cells of the indicated immuno-
phenotypes isolated from different tissues. (B) Telo-
merase assays by TRAP using identical numbers of
TertTomato/+ mES cells and TertHigh testis cells from
TertTomato/+ mice. Dilutions represent 5000 and 1250
cell equivalents. Results representative of four inde-
pendent experiments are shown. (C ) Telomerase as-
says by TRAP using FACS-purified cells of the
indicated immunophenotypes from wild-type mice
compared with wild-type ES cells. Dilutions represent
3000 and 700 cell equivalents, respectively. Represen-
tative results of three biological replicates are shown.
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we found that somatic organs with high replicative de-
mands similar to those of the testis nevertheless possess
much lower telomerase activity, providing a molecular
explanation for the difference in telomere maintenance
between the germline and the soma.

Telomere dysfunction causes depletion of TERTHigh

undifferentiated spermatogonia and a loss of GSCs

Having determined that undifferentiated spermatogonia
express a uniquely high level of telomerase, we wondered
whether loss of these cells could underlie the conserved
dependence on telomerase for germline maintenance in
metazoans. We intercrossed TertTomato/+ mice to generate
homozygous TertTomato/Tomato mice and confirmed that
telomerase was undetectable in these mice, indicating
that Tert-Tomato is a null allele (Supplemental Fig. 6A).
As a consequence of the long telomere reserves in labora-
tory mice, telomerase knockout mice are studied using a
generational mating scheme. TertTomato/+ heterozygotes
retain telomerase activity and are termed G0. First-gener-
ation (G1) TertTomato/Tomatomice lack telomerase activity
but retain long functional telomeres. We intercrossed G1
TertTomato/Tomatomice to yield G2mice and subsequently
matedG2mice to create G3mice and so on (Fig. 7A). Con-
sistent with previous studies, we could generate no addi-
tional mice beyond G6 (Lee et al. 1998). G5 males
showed diminished fertility based on reduced litter size,
and G6 males were incapable of siring progeny (P <
0.0001 relative to G1mice) (Supplemental Fig. 6B). As pre-
viously observed, late-generation testes exhibited atrophy
and loss of germ cell cellularity in a variable and stochas-
tic fashion (Supplemental Fig. 6B,C; Chin et al. 1999).
To quantify the changes within the germline cell

populations, single-cell suspensions from entire G1
TertTomato/Tomato testes and G6 TertTomato/Tomato testes
were analyzed by flow cytometry for expression of
Tert-Tomato and cKit (Fig. 7B). For this method, a G1
TertTomato/Tomato age-matched control mouse was ana-
lyzed in parallel with each G6 TertTomato/Tomato mouse.
Thismethod controls for variability in sample preparation
and measures the relative depletion of viable cells within
each spermatogonial subpopulation. Five of the six late-
generationmice had reduced overall testis size andmacro-
scopic evidence of germ cell depletion. In those mice, the
number of live germ cells was reduced, on average, 28-fold
compared with G1 controls. Importantly, these mice
showed substantial depletion (average sixfold) of the un-
differentiated spermatogonial pool (TertHigh cKit−). There
was no evidence of a discrete differentiation blockade;
rather, the level of reduction in TertHigh cKit− cells within
amouse dictated the depletion level of differentiated sper-
matogonia and meiotic cells.
We examined PLZF expression in large numbers of his-

tological sections from late-generation (G4–G6) Tert-null
mice to understand the relationship between stem cell
depletion and tubular degeneration (defined as <10 dif-
ferentiating germ cells per cross-section) (Fig. 7C). Dys-
functional telomere mice (G4–G6) exhibited a bimodal
distribution of degeneration, with roughly half of the

mice showing >90% degeneration, and the other half
showing moderate (<10%) degeneration (Fig. 7D). Late-
generation mice exhibited a significant loss of PLZF+

cell density (0.94 ± 0.24 vs. 2.4 ± 0.07 PLZF+ cells per tubu-
lar cross-section in G4–G6 vs. G0–G2 mice; P < 0.0001)
(Fig. 7E). The depletion of adult spermatogonia did not
simply reflect insufficient seeding of the seminiferous
tubules by neonatal GSCs. Postnatal day 6 testes from
G6 mice did not show evidence of either tubular atrophy
or a reduction in the number of PLZF+ cells (Supplemental
Fig. 6D,E).
The depletion in PLZF+ cells wasmost dramatic in atro-

phic tubules; however, even nonatrophic tubules from
late-generation mice had significantly fewer PLZF+ cells
than normal tubules from early-generation mice (average
of 1.58 PLZF+ cells per tubule [95%CI: 1.43–1.73] vs. 2.04
PLZF+ cells per tubule [95%CI: 1.9–2.17; P < 0.0001]) (Fig.
7F). Outright tubular atrophy was preceded by a period of
reduced numbers of undifferentiated spermatogonia, sug-
gesting that spermatogenesis requires a minimum thresh-
old number of stem cells. Consistent with this notion, the
relationship between the total level of tubular degenera-
tion within a mouse and the average number of PLZF+

cells per degenerated tubule was sigmoidal (Fig. 7G),
with the dramatic rise in overall degeneration levels oc-
curring once the average number of PLZF+ cells per tubule
fell below one. Interestingly, telomere dysfunction some-
times led to the presence of atrophic tubules in which
meiotic germ cells were depleted but PLZF+ cells re-
mained. These residual PLZF+ cells showed a significantly
increased proliferative index, as measured by phospho-
histone 3 staining (Fig. 7H,I). While clearly depleted,
spermatogonial subtypes were relatively preserved in
comparison with the more mature meiotic cell types
(Fig. 7B). In atrophic tubules with residual PLZF+ cells,
the fraction of cells expressing GFRα1 was markedly in-
creased to 70% of all PLZF+ cells (P < 0.002) (Fig. 7J). In
these depleted tubules with remaining spermatogonia,
the increase in active cycling together with the elevated
frequency of GFRα1+ cells suggests an attempt to restore
the stem cell pool by increasing self-renewing divisions.
However, this loss of quiescence likely accelerates stem
cell depletion and complete tubular atrophy.

Discussion

Very high telomerase, germline immortality,
and the disposable soma theory

The germline lineage prepares its genome for totipotency
through a series of genetic and epigenetic modifications
that occur during defined developmental time points (Sai-
tou and Yamaji 2012). One aspect of this preparation is a
uniquely effective method for maintenance of telomere
lengths, the underlying mechanism for which appears to
be lacking in proliferating somatic tissue compartments.
By using a Tert reporter strain to identify telomerase-
positive cells in vivo, we found that germline progenitor
cells in adult testis express unusually elevated levels of
telomerase enzyme. Telomerase levels in undifferentiated
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spermatogonia and mES cells were comparable and much
greater than in intestinal or bonemarrow progenitor cells.
Because mES cells are able to maintain their telomeres

indefinitely, we infer that very high telomerase in un-
differentiated spermatogonia constitutes the principal
mechanism to explain how telomere attrition is avoided

Figure 7. Telomere dysfunction depletes undifferentiated spermatogonia and induces tubular degeneration. (A) Overviewof generational
mating strategy used to generateTert-Tomato reportermicewith telomere dysfunction. (B) Flow cytometry-based quantification of the in-
dicated germ cell populations within the G1 andG6 testes. The total number of events for each G6mousewas normalized to a G1 control
mouse.Data points arising fromthe samemiceare graphed in the samecolor. (C ) PLZFstainingon testes cross-sections fromTertknockout
miceof the indicated generation. Bar, 50 μm. (D,E)Quantificationof the extent of tubular degeneration (D) and the averagenumberof PLZF+

cellsper tubule (E) ingeneration0–2andgeneration4–6Tertknockoutmice.TheP-value is fromtheMann-Whitneytest.n = 11–12miceper
condition. (F ) Histogramof PLZF+ cells per normal tubule andper dysfunctional tubule in generation0–2 and generation 4–6Tertknockout
mice. The line shows the nonlinear regression curve fitting the data. Mean is indicated with a dashed line. The P-value is from theMann-
Whitney test. (G)RelationshipbetweenPLZF+cellnumberper tubulecross-sectionandthepercentof tubules showingdegenerationineach
G4–G6 Tert knockout mouse. The line indicates a sigmoidal curve with a variable slope fitting the data. n = 11 mice. (H) Phosphorylated
histone 3 (pH3) expression in G6 atrophic tubules. Bar, 50 μm. (I ) Quantification of proliferative status fromH. n = 4 mice per condition.
The P-value is from the unpaired two-tailed t-test. n = 4 mice per condition. (J) GFRα1 staining in early-generation and late-generation
mice.Quantification of GFRα1+ cells per PLZF+ cell.n = 4mice per condition. The P-value is from the unpaired two-tailed t-test. (K ) Model
for how telomerase expression in GSCs promotes germline immortality and how telomerase mutations interrupt GSCmaintenance.
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with advancing age during human spermatogenesis. Based
on our analysis of telomerase-deficient mice, we propose
that maintaining telomere function specifically through
very high telomerase levels in undifferentiated spermato-
gonia is critical for germline immortality (Fig. 7J).
The disposable soma theory, proposed by Kirkwood

and Holliday (1979), hypothesizes that aging is a compro-
mise in which limited resources are allocated to main-
tain the immortal germline lineage at the expense of
somatic cell maintenance. Consistent with this, germ
cells have lower rates of spontaneous mutation and high-
er DNA repair activities than somatic cells. Our data
provide molecular evidence for differential genome
maintenance in stem/progenitor cells from the germline
compared with the soma. We cannot say whether this
distinct regulation of telomerase relates to a proposed
compromise in terms of limited resources. Instead, this
differential regulation more likely reflects strong evolu-
tionary pressure to maintain telomeres throughout the
germline cycle. Similar evolutionary pressure to main-
tain telomeres in the soma may not exist; alternatively,
there may be evolutionary pressure for less efficient telo-
mere maintenance in the soma as either a cancer sup-
pression mechanism or part of a prosomatic aging
program. In either case, there clearly exists differential
control of telomerase levels between the germline and
the soma.

Quantitative regulation of telomerase: an emerging
paradigm in tissue progenitor cells and disease

The TertTomato/+ knock-in reporter approach allows for
TERT promoter activity to be measured at the single-
cell level and enables the isolation of telomerase-positive
progenitor cells by FACS. Using this approach, we dis-
covered that undifferentiated spermatogonia express
uniformly high telomerase and uncovered a gradient of
telomerase activity in more differentiated germ cells. Pre-
vious studies attempting to localize telomerase expres-
sion within the germ cell lineage showed widely
divergent results. A subset of the studies did find elevated
expression in partially purified spermatogonia, which is
consistent with our data (Ravindranath et al. 1997;
Kanatsu-Shinohara et al. 2003; Riou et al. 2005).
We found that Tert promoter activity and telomerase

levels are controlled in a highly stereotyped manner dur-
ing the maturation of the germ cell lineage. While highest
in undifferentiated spermatogonia, telomerase diminish-
es in a stepwise fashion in differentiated spermatogonia
and meiotic cells before being shut off in haploid sperma-
tids and mature sperm. The very high levels in the stem
cell compartment ensure that telomeres are maintained
at a germline set point during germline maturation. Ex-
pression of high telomerase in the stem cell population
is sufficient for this purpose because long telomeres are in-
herited in progeny. The lower levels of telomerase in dif-
ferentiated spermatogonia and meiotic cells may serve
an important role in rescuing telomeres on occasion,
such as from stalled replication forks. Our data indicate
that germline control of Tert expression is not simply

regulated by the cell cycle. Comparedwith TertHigh undif-
ferentiated spermatogonia, TertLow differentiated sperma-
togonia showed a sixfold increase in S-phase fraction,
concomitant with a fourfold decrease in telomerase activ-
ity. These observations indicate that telomerase levels are
more closely related to proliferative potential rather than
proliferative state.
Are the very high levels of telomerase in GSCs required

for maintaining telomeres? Data from humans and mice
with heterozygous mutations in telomerase components
provide strong support for this hypothesis. Mice heterozy-
gous for Tert show gradual telomere shortening with suc-
cessive generations (Erdmann et al. 2004; Chiang et al.
2010). Similarly, families with dyskeratosis congenita
caused by heterozygous mutations in TERT or TERC ex-
hibit genetic anticipation, with progressive telomere
shortening and worsening clinical phenotypes in subse-
quent generations (Vulliamy et al. 2001; Armanios et al.
2005). This pattern of intergenerational telomere shorten-
ing inmice and humans heterozygous for telomerase indi-
cates that very high levels of telomerase in GSCs are, in
fact, necessary for maintaining telomeres in offspring.
Our data indicate that telomerase expression is quan-

titatively regulated in normal tissues: differentially regu-
lated between the germline and the soma but also
differentially regulated during germ lineage maturation.
The mechanisms that enable such exquisite control of
levels remain to be identified. These findings in normal
progenitor cells are reminiscent of findings in human dis-
ease susceptibility and cancer. Reductions in telomerase
activity of≤50% can result in a spectrum of diseases char-
acterized by tissue failure, including dyskeratosis conge-
nita, aplastic anemia, pulmonary fibrosis, and liver
cirrhosis (Vulliamy et al. 2001; Yamaguchi et al. 2005; Ba-
tista et al. 2011). Conversely, somatic mutations in the
Tert promoter are highly prevalent in many human can-
cers and increase telomerase levels (Horn et al. 2013;
Huang et al. 2013; Borah et al. 2015; Chiba et al. 2015).
Evenmoremodest changes in TERT levels are anticipated
in settings of germline polymorphisms predisposing to
cancer or pulmonary fibrosis (Baird 2010). Thus, disrup-
tion of the fine-tuning of telomerase levels in normal pro-
genitor cells predisposes to degenerative disease and
cancer.
Our findings of highly quantitative regulation of telo-

merasewithin germline lineage and comparisons of germ-
line and somatic progenitor cells indicate the existence of
signaling pathways capable of specifying telomerase lev-
els over a broad range.We speculate that an understanding
of the signaling pathways driving these gradients in telo-
merase levels may lead to pharmacological interventions
to treat degenerative conditions caused by telomere
shortening.

Molecularly defining spermatogonia and how telomere
dysfunction compromises tissue homeostasis

Our data provide a roadmap for how a tissue can be dis-
sected based on Tert promoter activity. In the germline,
this approach enabled the robust isolation of defined
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spermatogonial subtypes, including undifferentiated sper-
matogonia. This approach overcomes a significant techni-
cal barrier in isolating these cells from adult mice, which
has limited their molecular and functional characteriza-
tion. With the capability to isolate undifferentiated sper-
matogonia, we rigorously show that transplantable stem
cells are specifically found within this fraction. Recent re-
search has uncovered substantial heterogeneity of undif-
ferentiated spermatogonia. Most notably, the subset of
GFRα1-expressing cells has been proposed to represent
the GSC pool, with the remainder of mostly NGN3-ex-
pressing cells heavily biased toward differentiation (Naka-
gawaet al. 2010;Haraet al. 2014).Ourapproachof isolating
purified populations of cells for molecular and functional
analyses has potential for revealing new insights into sub-
populations of undifferentiated spermatogonia.

Studies on the consequences of critically short telo-
meres in somatic stem/progenitor cells from other mouse
tissues have typically found these populations to be mar-
ginally affected homeostatically but functionally compro-
misedwhen forced tomobilize, such as upon transplant or
in vitro proliferation (Allsopp et al. 2003; Rossi et al. 2007).
In contrast, we found that telomere dysfunction dramati-
cally depleted the TertHigh undifferentiated spermatogo-
nia stem cell pool, disrupting the male germline cycle at
the top of the lineage hierarchy. We detected abnormally
proliferative PLZF+ cells in otherwise atrophic zones. This
increase in proliferation likely reflects an attempt among
the residual (telomere-functional) stem cells to restore
organ homeostasis, with niche signaling biasing the cells
toward self-renewing divisions. However, this loss of qui-
escence may only accelerate telomere shortening and the
onset of complete germ cell loss (Fig. 7K). Previous studies
found that telomere dysfunction was specifically recog-
nized and induced cell death at the onset of meiosis I
(Hemann et al. 2001). Our analysis does not rule out the
existence of a meiotic telomere checkpoint but suggests
that GSC depletion is ultimately responsible for disrupt-
ing spermatogenesis. The progressive loss of GSCs in
late-generation Tert knockout mice provides a framework
for interpreting how tissues such as bonemarrow, lung ep-
ithelium, and the liver fail in patients with telomerase
deficiency.

Materials and methods

A TdTomato-pA cassette was introduced into the initiating me-
thionine ofmTert using standardmES targetingmethods. Direct-
ed differentiation toward the adipocyte lineage was performed as
described (Dani et al. 1997). Telomerase enzymatic assays were
performed on identical numbers of FACS-sorted cells, following
the manufacturer’s protocol (Chemicon/Millipore). Late- genera-
tion telomerase knockout mice were generated using standard
cousin mating schemes. Mice were kept on a C57BL/6 or B6/
129 background. All mice were treated in accordance with Asso-
ciation for Assessment and Accreditation of Laboratory Animal
Care-approved guidelines at Stanford University.
Testes were dissociated for FACS based on standard two-step

protocols (Brinster and Zimmermann 1994). All FACS experi-
ments were performed on a BD Aria II machine equipped with a
561-nm laser. Germ cell transplantations were performed as pre-

viously described (Ogawa et al. 1997).Microscopy of testicular tu-
bules and transplant experiments were performed based on
published protocols (Nakagawa et al. 2010). RNA-seq of FACS-
purified cells was performed using Nugen Ovation-based cDNA
amplification and Illumina TruSeq library preparation. Sequenc-
ing data were deposited at the NCBI Sequence Read Archive
(PRJNA300448).
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