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SUMMARY
Histone acetyltransferases (HATs) play important roles in gene regulation and DNA repair by
influencing the accessibility of chromatin to transcription factors and repair proteins. Here we show
that deletion of Gcn5 leads to telomere dysfunction in mouse and human cells. Biochemical studies
reveal that depletion of Gcn5 or ubiquitin specific protease 22 (Usp22), which is another bona fide
component of the Gcn5-containing SAGA complex, increases ubiquitination and turnover of TRF1,
a primary component of the telomeric shelterin complex. Inhibition of the proteasome or over
expression of USP22 opposes this effect. The USP22 deubiquitinating module requires association
with SAGA complexes for activity, and we find that depletion of Gcn5 compromises this association
in mammalian cells. Thus, our results indicate that Gcn5 regulates TRF1 levels through effects on
Usp22 activity and SAGA integrity.

INTRODUCTION
Gcn5 (also known as KAT2 (Allis et al., 2007) ) was the first transcription-related HAT to be
identified (Brownell et al., 1996), and it is highly conserved across evolution in structure and
enzymatic specificity (Candau and Berger, 1996; Candau et al., 1996; Roth et al., 2001).
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Mammals contain two highly related proteins homologous to yeast Gcn5, Gcn5 (KAT2A)
(encoded by the GCN5l2 gene in mice; hereafter referred to as Gcn5) and PCAF (KAT2B)
(p300 CBP Associated Factor) (Xu et al., 1998; Yang et al., 1996). The functions of Gcn5 in
yeast are well-studied (Grant et al., 1997; Trievel et al., 1999; Zhang et al., 1998), but the
functions of this HAT in mammalian cells are less well defined. Genetic studies in mice indicate
that Gcn5 is essential during early embryogenesis (Bu et al., 2007; Lin et al., 2007; Lin et al.,
2008; Xu et al., 2000). Deletion of PCAF has little effect on mouse embryos or adults (Xu et
al., 2000; Yamauchi et al., 2000), but deletion of Gcn5 results in embryonic lethality. At E8.5
Gcn5 null embryos are small and exhibit defects in presomitic mesoderm. These defects are
associated with increased apoptosis but are not due to generalized defects in gene transcription
(Xu et al., 2000). Interestingly, embryos expressing catalytically inactive Gcn5 survive
significantly longer than Gcn5 null embryos and do not show increased apoptosis (Bu et al.,
2007), indicating that Gcn5 has important functions during embryogenesis that are independent
of its HAT activity.

Both Gcn5 and PCAF function within the context of large, multisubunit complexes that are
remarkably similar to the yeast SAGA complex, harboring homologues of the Ada2, Ada3,
Spt3, Tra1 (PAF400 or TRRAP) and TAF proteins (Lee and Workman, 2007). These
complexes show a high degree of similarity not only in subunit content but also in overall
structure and subdomain organization (Nagy and Tora, 2007; Wu et al., 2004). Additional
biochemical studies subsequently identified a ubiquitin-specific protease, Ubp8, as a
component of SAGA that removes ubiquitin from histone H2B K123 to facilitate transcription
(Daniel et al., 2004; Henry et al., 2003; Ingvarsdottir et al., 2005; Powell et al., 2004; Sanders
et al., 2002). Human STAGA/TFTC (hereafter hSAGA) and Drosophila SAGA complexes
harbor orthologs of Ubp8 (USP22 and Nonstop, respectively) that confer deubiquitination
(deUB) activity to these complexes as well (Weake et al., 2008; Zhao et al., 2008). Notably,
the deubiquitination activity of Ubp8 in SAGA depends on the presence of other subunits
within the complex and the proper organization of the whole deUB module. In yeast, Ubp8
association with SAGA requires Sgf1 1 (Ingvarsdottir et al., 2005; Lee et al., 2005), and the
deUB activity of SAGA is modulated by Sus1 (Kohler et al., 2006; Rodriguez-Navarro et al.,
2004). The human orthologs of Sgf1 1 and Sus1, ATX7L3 and ENY2, are likewise required
for integration of USP22 into hSAGA and facilitation of deUB activity (Zhao et al., 2008).
Accordingly, the ability of purified USP22 to remove the ubiquitin moiety from histone H2B
in vitro is significantly decreased relative to that of the intact hSAGA complex (Zhang et al.,
2008).These data suggest a conserved mode of regulation of the Ubp8/USP22 module within
yeast and human SAGA complexes, even though the location of the deUB module within
SAGA is not known.

Although the activity of Ubp8 and USP22 towards histones is well-documented, it is not known
whether these enzymes and SAGA also affect ubiquitination of other proteins. We report here
that deletion of Gcn5 in mice leads to telomere dysfunction and that these defects are linked
to decreased levels of two telomere-associated proteins, TRF1 and POT1a. Gcn5 loss does not
affect TRF1 mRNA expression and the steady state levels of this protein are not altered in cells
expressing catalytically inactive Gcn5, indicating a HAT independent function of Gcn5 or
SAGA is required for post-transcriptional maintenance of TRF1. Previous work by others
demonstrated that TRF1 levels are controlled through ubiquitin-mediated proteolysis (Chang
et al., 2003; Lee et al., 2006b). Notably, we find that depletion of USP22 has the same impact
on TRF1 protein levels as does loss of Gcn5 and that this effect is prevented by inhibition of
the proteasome. Furthermore depletion of GCN5 and USP22 as well as the mammalian ortholog
of Sgf1l, ATXN7L3, leads to increased levels of ubiquitinated TRF1. Over expression of wild
type USP22, but not a catalytically inactive mutant, restores TRF1 levels. Our data suggest
that GCN5, USP22, and SAGA contribute to telomere maintenance through control of TRF1
turnover by deubiquitination of this substrate. More globally, these results indicate that Gcn5

Atanassov et al. Page 2

Mol Cell. Author manuscript; available in PMC 2010 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and SAGA affect gene expression at multiple levels in the cell, from gene transcription to
protein stability.

RESULTS
Deletion of Gcn5 induces chromosomal fusions and formation of dysfunctional telomere
induced foci (TIFs)

We reported previously that deletion of Gcn5 leads to early embryonic lethality in mice (Xu
et al., 2000). Gcn5 null embryos die at day 8.5 in part due to extensive apoptosis in mesodermal
lineages. This apoptosis is p53 dependent and double Gcn5 and p53 knockout embryos survive
significantly longer (Bu et al., 2007) than do Gcn5 null embryos. To further investigate this
phenotype, we examined cells isolated from E8.5 Gcn5 null embryos for overt chromosomal
abnormalities that might induce p53 and trigger apoptosis in these cells. Examination of fifty
giemsa-stained metaphase nuclei from E8.5 wild type embryos (n=11) and homozygous null
littermates (n=5) revealed a striking increase in chromosomal end associations and apparent
end-to-end fusions in nuclei from Gcn5 null embryos (Figure 1A, Figure S1). A large portion
(28–48%; data not shown) of the nuclei from Gcn5 null embryos contained chromosomal end
associations or fusions, whereas a much smaller fraction (0–14%; data not shown) of nuclei
from wild type or heterozygous littermates exhibited these chromosomal aberrations.

We then asked whether the abnormal chromosomal structures observed in Gcn5 null nuclei
involve telomeres by performing fluorescent in situ hybridization (FISH) and DAPI staining
of metaphase chromosomes in cells from E8.5 Gcn5 null, p53 −/− Gcn5 −/− double null, and
control embryos (Figure 1). FISH using a telomere-specific probe confirmed that telomere
sequences were present at the sites of chromosomal end-to-end fusions in Gcn5 null cells and
in the double mutants (Figure 1 A , B). Quantitation of at least 30 (non-apoptotic) nuclei per
embryo confirmed an increased incidence of end-to-end fusions in cells from Gcn5 null
embryos (Figure 1C). No fusions were found in nuclei from Gcn5 heterozygous or wild type
E8.5 embryos (n=4), but 7–12% of nuclei from Gcn5 null embryos (n=2) contained
chromosomal end fusions (Figure 1C). An even greater incidence of chromosome end-to-end
associations and telomere fusion was observed in nuclei from p53 Gcn5 double null embryos
(Figure 1 A and C). The above data collectively suggest that induction of p53 in cells from
Gcn5 null embryos with telomere fusions triggers apoptosis of the damaged cells.

Chromosome end associations and fusions are characteristic of telomere dysfunction (de
Lange, 2002). Telomeres are protected by a six-protein containing complex called shelterin
(de Lange, 2005), which is thought to stabilize t-loop structures at telomeres (de Lange,
2005; Griffith et al., 1998; Stansel et al., 2001). When shelterin functions are diminished, the
unprotected telomeres become targets of the DNA repair machinery, leading to formation of
telomere damage induced foci (TIFs). These foci can be visualized by immunostaining of DNA
repair proteins such as γH2AX and 53BP1, followed by hybridization with fluorophore-
coupled peptide nucleic acid probes specific for telomere sequences [PNA-FISH;(d'Adda di
Fagagna et al., 2003)]. To test this possibility, we derived embryonic fibroblasts (MEFs) from
mice in which exons 3 to 18 in one allele of Gcn5 are flanked by loxP sites (Lin et al., 2007).
Expression of Cre recombinase in these cells leads to almost complete deletion of the Gcn5
coding sequence (Figure S2A). Gcn5 protein levels in Gcn5flox/Δ cells were undetectable
seventy-two hours after initial Cre expression (hereafter referred to as Gcn5 null cells)
compared to Gcn5flox/wt MEFs (hereafter referred to as Gcn5 heterozygous cells) (Figure S2B).

To determine whether Gcn5 loss compromises the protection of the telomeres, we monitored
TIF formation in early passage cells Gcn5 null MEFs and found that approximately 11% of
these cells showed ≥ 4 TIFs per nucleus detected by 53BP1 staining and approximately 17%
exhibited TIFs detected by γH2AX staining (Figure 1D, E). In contrast, Gcn5 heterozygous
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cells were only minimally positive for either of these markers. The number of TIF positive
Gcn5 null cells increased with time after Gcn5 depletion, such that by five passages after the
initial Cre treatment, ~21% of the cells were positive for 53BP1 TIFs and more than 25% were
positive for γH2AX TIFs (Figure 1E). These results confirm that telomere structures, and likely
Shelterin functions, are altered upon loss of Gcn5.

Gcn5 deletion does not have significant impact on DNA Double Strand Break Repair
HATs play a role during DNA repair processes by altering chromatin states to make the
damaged sites more accessible to the repair machinery (Ikura et al., 2000; Morrison and Shen,
2006). TRRAP, another member of the SAGA complex as well as the Tip60 HAT complex,
is also indispensable during mouse embryogenesis (Herceg et al., 2001) and plays an important
role in DNA double strand break repair (Murr et al., 2006). We reasoned, then, that the increased
apoptosis levels, chromosomal aberrations, and the increased telomere DNA damage signal
observed in Gcn5 null cells and embryos might be due to altered efficiency of DNA double
strand break repair. To test this possibility, we monitored the appearance and disappearance
of γH2AX and 53BP1 foci induced by gamma irradiation in Gcn5 null or Gcn5 heterozygous
MEFs. γH2AX and 53BP1 foci are generated at DNA double strand breaks immediately after
their formation and disappear upon their repair. Both Gcn5 null and heterozygous cells were
exposed to 1Gy of gamma irradiation and then subjected to γH2AX and 53BP1
immunostaining. One hundred cells of two independent isolates of each MEF genotype were
counted at different time points after irradiation, and nuclei containing 10 or more repair foci
were scored (Figure S3A). The results revealed that the kinetics of both γH2AX and 53BP1
appearance and disappearance were similar in Gcn5 containing and Gcn5 deficient cells (Figure
S3B). Based on these results we concluded that the repair efficiency of DNA strand breaks is
not significantly altered upon Gcn5 deletion (Figure S3). These data also fit our previous
findings that Gcn5 null ES cells do not exhibit increased sensitivity to a variety of DNA
damaging agents (Lin et al., 2007). Although these results do not rule out a role for Gcn5 in
double strand break repair, they strongly indicate it is not essential for this process. Therefore,
the chromosomal aberrations and the damage induced signals at telomeres we observe in cells
isolated from Gcn5 null embryos or Gcn5 null MEFs likely reflect altered telomere structures
rather than general defects in the efficiency of the DNA double strand break repair in these
cells.

GCN5 depletion alters steady state levels of TRF1 and POT1a proteins
We next asked whether the expression levels of the shelterin components were altered upon
Gcn5 deletion. Immunoblots revealed that TRF1 (Figure 2A, compare lanes 2 and 4 to lanes
1 and 3) and Pot1a (Figure 2B, lanes 5 and 6) protein levels were substantially decreased in
Gcn5 null cells compared to heterozygous MEFs, whereas the levels of the other shelterin
components such as RAP1 and TRF2 (de Lange, 2005; Wu et al., 2006) were not altered. These
effects are due to deletion of Gcn5 upon Cre treatment, as they were not observed in cells
transfected with empty vector (Figure 2B, lanes 3, 4). Interestingly, cells expressing
catalytically inactive Gcn5 (Bu et al., 2007) do not show any alterations in shelterin component
protein levels (Figure 2B lanes 1, 2,). These findings are consistent with a lack of increased
apoptosis (Bu et al., 2007) or obvious telomere defects (data not shown) in Gcn5 hat/hat mice.
Together these studies indicate that the functions of Gcn5 in telomere maintenance are likely
due to effects on the integrity of the shelterin complex but are independent of Gcn5
acetyltransferase functions.

Gcn5 is known to serve as a transcriptional coactivator, so the decreased levels of TRF1 and
POT 1a proteins might reflect decreased transcription of these genes upon Gcn5 loss. However,
we were unable to find any significant differences in the mRNA levels of TRF1 as measured
by quantitative reverse transcriptase PCR (Figure 2C). POT 1a mRNA levels were decreased
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slightly, but this decrease was not statistically significant (p>0.28). These data indicate that
Gcn5 loss affects TRF1 expression, and likely POT 1a expression, at a post-transcriptional
step.

Diminished levels of TRF1 and Pot1a at telomeres upon loss of Gcn5
We next asked whether decreased levels of TRF1 and POT1a in Gcn5 null cells reflect loss of
these proteins from telomeres, or whether the diminished levels of these proteins affect the
association of other shelterin components with telomeres. Telomeric chromatin
immunoprecipitation (ChIP) assays using shelterin specific antibodies showed substantial
decreases in levels of TRF1 and POT1a at the telomeres in Gcn5 null cells compared to
Gcn5 heterozygous cells (Figure 2D, pink bars and Figure S4). RAP1 levels were also
diminished at the telomeres despite the fact that we did not find significant changes in the
protein levels of this shelterin component upon Gcn5 depletion (Figure 2B lanes 5 and 6).
Perhaps TRF1 and POT1a further stabilize RAP1 on telomeres.

Immunofluorescence staining of TRF1, TRF2 and RAP1 followed by telomere PNA-FISH
confirmed that these proteins exhibit proper telomere localization in both Gcn5 null and
Gcn5 heterozygous cells (Figure 2E). We could not detect Gcn5 at telomeres by ChIP assays
in wild type cells (Figure S4), suggesting either that Gcn5 associates with these regions very
transiently or that the effects of Gcn5 on TRF1 and POT 1a are mediated at a point when these
proteins are not telomere-associated.

Inhibition of the proteasome restores TRF1 levels in Gcn5 null cells
TRF1 protein levels are regulated via ubiquitination and degradation by the proteasome
following eviction from the telomere (Chang et al., 2003). Therefore we next considered the
possibility that the decreased levels of TRF 1 and POT1 a observed in Gcn5 null cells reflect
increased turnover of these proteins. Indeed, treatment of Gcn5 null cells with the proteasome
inhibitor MG132 resulted in stabilization of TRF1 (Figure 3A, compare lanes 2 and 4).
Similarly, levels of exogenous FLAG-mTRF1 were decreased significantly in Gcn5 null cells
but were stabilized upon MG132 treatment (Figure 3 B, lanes 1 and 4). We examined effects
of Gcn5 loss on a POT1a-Myc fusion construct (Wu et al., 2006). Exogenous POT1a-Myc was
barely detectable in cell lysates (Figure S5), but was easily detected after immunoprecipitation
(Figure 3C). Levels of POT1a-Myc were decreased upon deletion of Gcn5 (Figure 3C, lanes
1–3), consistent with the effects on the endogenous protein observed above, but were stabilized
upon inhibition of the proteasome by MG132 (Figure 3C, lanes 4–6). These data indicate that
Gcn5 is required to protect TRF1 and POT 1a from proteasomal degradation.

USP22 interacts with TRF1 and is required for TRF1 stability
Gcn5 is part of multisubunit complexes including hSAGA and ATAC (Cavusoglu et al.,
2003; Lee and Workman, 2007; Martinez et al., 2001; Wang et al., 2008). Interestingly, the
human and fly SAGA complexes possess a module that houses ubiquitin hydrolase activity
mediated by the USP22 (human) and Nonstop (fly) proteins (Weake et al., 2008; Zhang et al.,
2008; Zhao et al., 2008). This deubiquitinating (deUB) module is similar to one identified in
yeast SAGA that consists of four proteins, Ubp8, Sgf1 1, Sgf73, and Sus1 (Ingvarsdottir et al.,
2005; Kohler et al., 2008; Rodriguez-Navarro et al., 2004). In yeast, flies, and human cells,
this module deubiquitinates histones H2A and H2B, but only when associated with SAGA
(Kohler et al., 2008; Weake et al., 2008; Zhao et al., 2008). However, mutations in nonstop
lead to increased ubiquitination of multiple unidentified proteins (Poeck et al., 2001), and both
human USP22 and mouse Usp22 proteins remove ubiquitin moieties from non-histone
substrates in vitro (Lee et al., 2006a), indicating that this deUB module may have non-histone
substrates in vivo as well.
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Given the known regulation of TRF1 by ubiquitination (Chang et al., 2003), we hypothesized
that the SAGA complex might facilitate Usp22-dependent deubiquitination of TRF1 and that
loss of Gcn5 might alter this activity by compromising complex integrity. To test this idea, we
first used siRNAs to deplete endogenous Usp22, Ataxin7 (Atxn7), which is homologous to
yeast Sgf73 (Kohler et al., 2008) or Gcn5 in mouse 3T3 cells. The endogenous levels of these
proteins were efficiently depleted after the corresponding specific siRNA treatments (Figure
3D). Immunoblots indicated that TRF1 protein levels were decreased in Usp22 depleted cells
(Figure 3E, lanes 1 and 2) to almost the same extent as in Gcn5 depleted cells (Figure 3E, lanes
5 and 6), 36% and 40%, respectively. TRF1 levels were also slightly decreased after Atxn7
depletion but not to the same extent as observed upon depletion of GCN5 or USP22 (Figure
3D). These results demonstrate that the observed TRF1 decrease is not limited to Gcn5 null
MEFs and that TRF1 stability is affected by both Gcn5 and Usp22 loss.

We next asked whether the deubiquitination module of SAGA interacts physically with TRF1.
We over expressed FLAG tagged-hTRF1 in human 293T cells and monitored the presence of
USP22, GCN5 and ATXN7L3 in the anti-FLAG precipitated fractions. ATXN7L3 is related
to both hATXN7 and to Sgf1 1 family proteins, and it was shown to be indispensable for the
USP22 activity toward ubiquitinated histones H2A and H2B (Zhao et al., 2008). All three of
these SAGA proteins co-precipitated with TRF1, whereas another relatively abundant nuclear
protein, PCNA, did not (Figure 3E). These interactions are unlikely to be indirect due to DNA
associations since addition of ethidium bromide to the immunoprecipitation reactions did not
alter the association of TRF1 with these hSAGA components.

The above data suggest that USP22 might affect TRF1 levels through deubiquitination. If so,
then ubiquitin-conjugated TRF1 (ub-TRF1) levels should be increased upon depletion of
GCN5, USP22 or ATXN7L3. To test this idea, we generated 293T cells stably expressing
shRNA against GCN5, USP22 or ATXN7L3 (Figure 4A). Co-expression of hTRF1-FLAG
and 6xHis-tagged ubiquitin in these cells revealed significant increases in ub-TRF 1 levels
upon loss of the SAGA components relative to the control cells (Figure 4 B, compare lanes 2,
3 and 4 to lane 1). The ub-TRF1 levels were most abundant in USP22 depleted cells compared
to GCN5 and ATXN7L3 depleted cells (Figure 4 B, compare lane 3 to lanes 2 and 4), consistent
with the function of these proteins as cofactors for USP22 mediated deubiquitination (Zhao et
al., 2008). The higher molecular weight species corresponding to ub-TRF1 were only observed
in cells expressing His-tagged ubiquitin (Figure 4B, lane 5).

To further verify that TRF1 protein levels are affected by USP22 dependent deubiquitination,
we over expressed wild type USP22 (wt-USP22) or a mutant version of USP22 harboring a
point mutation that converted cysteine 185 to serine (C185S–USP22). This cysteine residue is
highly conserved across evolution (Figure 4 C), and point mutations at this position abolish
the USP22 deUB activity toward in vitro substrates (Lee et al., 2006a). We verified that both
the wild type and C185S mutant USP22 proteins were expressed to approximately equal levels
in HeLa cells (Figure 4 D). Overexpression of wt-USP22 led to increased FLAG-TRF1 protein
levels (Figure 4 E compare lanes 1 and 2). In contrast, over expression of the C185S–USP22
mutant decreased FLAG-TRF1 levels (Figure 4E compare lanes 1 and 3), further confirming
that USP22 activity is required for TRF1 stabilization. The impact of USP22 expression was
even more obvious after immunprecipitation of the FLAG-TRF 1 from cell lysates (Figure 4
E, upper panel). Furthermore, expression of wt-USP22, but not the C185S mutant, was able to
partially restore TRF1 levels in cells depleted for endogenous USP22 (Figure 4 E, compare
panels 4, 5 and 6). Collectively, these results confirm that TRF1 steady state levels are affected
by USP22 expression and deUb activity.
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TIF formation and telomere elongation upon depletion of GCN5, USP22, or ATXN7L3
Since depletion of GCN5, USP22 or ATXN7L3 leads to increased ub-TRF1 levels, and Gcn5
or USP22 depletions impact TRF1 protein levels, we next asked whether USP22 and ATXNL3
depletions are sufficient to induce TIFs. We found that TIF formation was increased in 293T
cells depleted for any one of these proteins (Figure 4A), such that approximately 33% of the
USP22 depleted and ~ 26 and 30% of the GCN5 and ATXN7L3 depleted cells respectively
showed ≥4 TIFs per nucleus. Only about 10% of the control cells exhibited TIFs (Figure 5 A
and B). These results further confirm a role for the hSAGA deUb module in telomere
maintenance.

Given the known function of TRF1 as a negative regulator of the telomere length (van Steensel
and de Lange, 1997), we next asked whether depletion of the SAGA deUB module impacts
telomere length. We examined telomere length in HeLa cells stably expressing shRNAs
targeted against GCN5, USP22, ATX7L3, or TRF1, as well as cells expressing non-targeting,
control shRNAs, by telomere restriction fragment (TRF) Southern analysis. The efficient
depletion of the corresponding proteins was confirmed by immunoblot (data not shown). No
changes in telomere length were observed at early passages (Passage 5) after depletion of the
hSAGA proteins as measured by either the amount of the single-stranded TTAGGG repeats
(G-strand overhang) (native conditions) or total TTAGGG repeats (denaturing conditions)
(Figure 5C). However, 25 passages after depletion of GCN5, USP22 or ATXN7L3, telomere
lengths were notably increased. As expected, TRF1 depletion resulted in a strong telomere
lengthening phenotype. These results are in agreement with our observations above that GCN5,
USP22 and ATXN7L3 depletions have substantial impact on steady state levels of TRF1.

Depletion of GCN5 compromises association of USP22 with hSTAGA
Given that the human USP22 and the yeast Ubp8 deubiquitinating modules are most active
when associated with SAGA complexes, we asked whether USP22 association with SAGA
was affected by GCN5 loss. We purified hSAGA from HeLa S3 cells containing a FLAG-HA
epitope-tagged SPT3 SAGA subunit (Martinez et al., 2001). As expected, TRF1 levels were
decreased in these HeLa cells following knock down of GCN5 by shRNA treatment (Figure
6A). Overall levels of hSAGA components were not affected by Gcn5 loss (Figure 6B). SPT3
was isolated together with several hSAGA components, including USP22, ATXN7L3 and
GCN5 from control treated cells (Figure 6B) as previously reported (Martinez et al., 2001).
TBP did not co-purify with the hSAGA components, confirming the specificity of our HA-
SPT3 isolations. However, prior depletion of GCN5 by shRNA in these cells led to a more
than 2-fold decrease of USP22 and ATXN7L3 in the immunoprecipitated fractions (Figure 6B
and C). TRRAP association with hSAGA was not affected, consistent with previous reports
that loss of Gcn5 does not affect the overall integrity of the complex (Sterner et al., 1999).
Thus, these results indicate that GCN5 plays an important role in supporting the association
of the USP22 deubiquitination module with the SAGA complex.

DISCUSSION
Our data reveal an unexpected link between Gcn5 and the SAGA histone modifying complex
and telomere maintenance, most likely through affects on shelterin protein levels. This work
also indicates for the first time that SAGA and USP22 regulate protein stability and leads to a
model wherein loss of Gcn5 leads to loss of the USP22 module from SAGA in mammalian
cells. This dissociation leads to lowered USP22 activity, which in turn leads to increased
ubiquitination and turnover of TRF1 (Figure 7).

In human cells, TRF1 undergoes ubiquitin mediated proteolysis after its eviction from the
telomeres (Chang et al., 2003), which is triggered by prior poly (ADP)-ribosylation mediated
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by tankyrase 1 (Smith et al., 1998). We do not yet know if Gcn5 and USP22 affect TRF1 before
or after its eviction from telomeres. However, our observation of similar effects of Gcn5 and
Usp22 on TRF1 in mouse and human cells indicates these effects are independent of the
tankyrase pathway since mouse TRF 1 lacks a tankyrase 1 binding site and over expression of
tankyrase 1 in mouse cells does not induce eviction of TRF1 form telomeres (Donigian and de
Lange, 2007). Others have shown that depletion or over expression of the F-box protein FBX4,
which promotes TRF1 ubiquitination, significantly impacts telomere structure by regulating
the cellular levels of this shelterin component (Lee et al., 2006b). Also, the ubiquitin ligase
RLIM regulates the telomere homeostasis by affecting TRF1 steady state levels promoting its
ubiquitination (Her and Chung, 2009). Taken together these data suggest that TRF1
ubiquitination and degradation are tightly controlled and appear to provide an additional level
of telomere homeostasis control. Future experiments will determine how, when, and where
SAGA is directed to TRF 1, and why levels of this protein might be regulated by both
ubiquitination and deubiquitination.

Our studies also revealed that Gcn5 depletion affects the steady state levels of another shelterin
protein, POT 1a. Although it is not known whether POT 1a is ubiquitinated, it might also be
affected in a similar way to TRF1 by Gcn5 loss. Alternatively, Pot1a may be destabilized as a
secondary consequence of TRF1 depletion.

We do not formally know whether the telomere fusions we observe in Gcn5 null cells are linked
to the decreased levels of TRF1 and Pot1a that we observe. However, our findings are in
agreement with previous studies in mouse cells that show depletion of TRF1 leads to
dysfunctional telomere induced DNA repair foci and a mild chromosome fusion phenotype
(Iwano et al., 2004; Okamoto et al., 2008). Depletion of mTRF1 in mouse ES cells significantly
diminishes the ability of another shelterin component, TIN2, to localize to telomeres. Over
expression of chicken TRF1 in these cells can rescue some but not all of the TRF1 induced
phenotypes and cannot restore telomeric localization of TIN2 (Okamoto et al., 2008). To our
knowledge, no one has investigated the combined effects of diminished levels of both TRF1
and POT la, but it seems reasonable that loss of a second shelterin component would enhance
TRF1-related telomere dysfunction phenotypes.

Previous studies by others indicate that SAGA complex integrity and proper subdomain
organization are important for its functional activity (Ingvarsdottir et al., 2005; Lee et al.,
2005; Rodriguez-Navarro et al., 2004; Weake et al., 2008; Zhao et al., 2008). In particular, the
deubiquitination activity of the Ubp8 and USP22 modules towards H2B in yeast and towards
H2B and H2A in mammalian cells requires other factors such as Sus1 and Sgf11 (Ingvarsdottir
et al., 2005; Kohler et al., 2006; Lee et al., 2005) and their mammalian orthologues, ANY2
and ATXN7L3 (Zhao et al., 2008). Moreover, the protein structures of Ubp8/USP22 indicate
that these enzymes cannot bind free ubiquitin, so the surrounding subunits may be required not
only to facilitate association of the deUB enzymes with the complex but also to provide
substrate binding and specificity (Bonnet et al., 2008). Interestingly, the mammalian complexes
contain multiple proteins related to yeast Sgf73, which is required for Ubp8 incorporation into
SAGA (Kohler et al., 2008). The functions of ATXN7, ATXNL2, and ATXNL3 are not known,
but our data suggest that ATXNL3 is particularly important for USP22 functions, at least
towards nonhistone substrates, since knock down of ATXN7 had much less effect on TRF1
levels than did knock down of ATXN7L3.

Gcn5 is closely associated with USP22 or its fly orthologue, Nonstop (Lee et al., 2005; Weake
et al., 2008; Zhang et al., 2008; Zhao et al., 2008). However, the effects of Gcn5 loss on the
deubiquitination activity of USP22 were not previously defined. In vitro experiments indicate
that SAGA purified from gcn5Δ yeast is still capable of removing ubiquitin from H2B, but this
activity may not be as efficient as in SAGA purified from GCN5 wild type cells (Lee et al.,
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2005), consistent with our findings. Importantly, yeast H2B was recently demonstrated to be
polyubiquitinated and this modification was affected by deletion of Ubp8 or Ubp1O (Geng
and Tansey, 2008). These results highlight the ability of Ubp8, and likely USP22, to
deubiquitinate polyubiquitinated substrates, as indicated by our findings with TRF1.

Overall, our results indicate that Gcn5 and SAGA affect gene expression at multiple levels,
from gene transcription to protein stability. These findings will likely foreshadow discovery
of additional proteins that are destabilized upon depletion of the Gcn5 or the SAGA deUB
module. USP22 is part of an 11 gene signature for highly metastatic cancers with poor prognosis
(Glinsky, 2006), raising the possibility that alterations in its role in controlling protein stability
may contribute to cancer progression.

EXPERIMENTAL PROCEDURES
Details regarding imunoblots, siRNA transfections, shRNA transductions, telomere Chromatin
Immunoprecipitation (ChIP), real time reverse transcriptase -PCR analyzes,
immunoprecipitations, TRF southern analysis, creation of USP22 point mutation, cellular
transfections and expression vectors are presented in Supplemental Experimental Procedures
due to space constraints.

Antibodies and TIF Analysis
Previously described antibodies used in this study include: Anti-USP22 (2391), anti-
ATXN7L3 (2325), anti TRRAP (2TRR-2D5) (Zhao et al., 2008), anti-mPOT1a (1220), anti-
mRAP1 (1252), anti-mTRF2 (1254) (Denchi and de Lange, 2007) and anti-mTRF1 (Iwano et
al., 2004). Commercially available antibodies used here include : anti-Gcn5 (Cell Signaling),
anti-hTRF1 (Alpha Diagnostics International Inc.), anti-FLAG (M2, Sigma), anti-HA (Roche),
and anti-γ-H2AX (Trevigen). Anti-Gcn5 (N-18), anti-53BP1, anti-β-actin, anti-TBP and anti-
PCNA (PC10) were all from Santa Cruz Biotechnoloy. PNA-FISH probes and TIF analyses
were described before (Guo et al., 2007)

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of Gcn5 impairs proper telomere maintenance
(A) Loss of Gcn5 leads to telomere end-to-end fusions in mouse embryonic cells. Cells were
isolated from E8.5 embryos with indicated genotypes, and metaphase spreads were subjected
to FISH analysis. Chromosomal DNA was stained with DAPI (blue) and telomeres were
labeled with a TRITC-conjugated telomere specific probe (TTAGGG). Arrow heads indicate
chromosomal end-to-end fusions in cells isolated from Gcn5 null embryos. (B) Close up view
of chromosome fusions represented in (A). (C) Quantification of the data represented in A and
B. 30 non-apoptotic nuclei from each embryo genotype (n=2) were examined, and the number
of chromosome fusions in each metaphase was scored. * p values <0.001 relative to the wild
type sample, as determined by students two-tailed t-test (D) Depletion of Gcn5 induces a DNA
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damage response on the telomeres in MEF cells. Telomere localization of the DNA damage
signal, indicated with the arrows, was verified after in situ hybridization with TRITC-
conjugated telomere specific probe as above. (E) Quantification of data represented in (D).
Approximately one hundred cells from each genotype were counted two and five passages after
the initial Vector or Cre transfection. Cells with more than 4 TIFs per nucleus were scored.
(error bars in (C) and (E) indicate S.E.M., asterisk, p<0.05 based on a two tailed Student’s t-
test). Cells from three independent embryo isolates were used. V = vector and C = Cre.
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Figure 2. Decreased levels of Shelterin components in Gcn5 null cells
(A) Decreased levels of TRF1 protein in Gcn5 null MEFs. Protein levels of TRF1 are decreased
in Gcn5F/− (lanes 2 and 4) compared to Gcn5F/+ (lanes 1 and 3) MEFs following Cre treatment.
(B) Immunoblot data showed decreased TRF1 and POT la protein levels in Gcn5F/− (after Cre
treatment) but not in Gcn5F/+ or Gcn5hat/hat cells (lane 5 compared to lanes 1, 2, 3, 4, and 6).
Levels of the other shelterin components monitored do not show significant variations in any
of the genotypes examined. (C) mRNA level of shelterin components tested by real-time RT-
PCR. Experiments were performed with 2 individual MEF cell lines. mRNA level data were
normalized by that of GAPDH and vector-treated group values were set as 1. Error bars
represent standard deviation from the mean, (D) Decreased amounts on TRF1 and POT la on
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telomeres. Chromatin immunoprecipitations (ChIPs) were performed using the indicated
antibodies and slot blots hybridized with a γ32P-ATP end-labeled TTAGGG probe. The
membranes were exposed to Phospholmager screens and the signals quantified with
ImageQuant software. Error bars - S.E.M, n=3 independent ChIP experiments. V=vector,
C=Cre. (E) Proper localization of TRF1, TRF2 and RAP1 on telomeres. Vector or Cre
transfected Gcn5F/− MEFs were immunostained with the indicated antibodies and telomere
localization of TRF1, TRF2 and RAP1 was monitored after hybridization with TRITC-
conjugated TTAGGG probe.
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Figure 3. Gcn5 loss alters TRF1 and POT1a protein turnover
(A) Treatment of the cells with the proteasome inhibitor MG132 stabilizes TRF1 protein levels
in Gcn5 null cells (lanes 2 and 4). Lysates from Gcn5 null and Gcn5 heterozygous MEFs,
treated with MG132 or DMSO only, were resolved by SDS-PAGE, and TRF1 protein levels
were monitored by immunoblot. (B and C) Decreased levels of exogenous FLAG-mTRFl and
POT1a-Myc in Gcn5 depleted cells. MEFs with the indicated genotypes were transfected with
mTRFl-FLAG expressing vector or infected with POT1a-Myc expressing retroviral vectors.
After MG132 or DMSO treatment, lysates were prepared and the exogenous TRF1-FLAG
levels were monitored by using anti-FLAG antibody. For monitoring POT1a-Myc protein
levels, anti-Myc IP was performed. (D) Depletion of Usp22 has a similar impact on TRF1
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protein levels as does Gcn5 depletion (compare lanes 1 and 2 to lanes5 and 6). (E) TRF1 co-
immunoprecipitates with GCN5, USP22 and ATXN7L3.
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Figure 4. USP22 deUB activity regulates the ubiquitination and steady state levels of TRF1
(A) Efficient depletion of the indicated proteins in 293T cells. (B) Increased ubiquitination of
TRF1 upon depletion of GCN5, USP22 or ATXN7L3. Cells were transfected with 6xHis-
ubiquitin and FLAG-TRF1 expression vectors and the ubiquitinated species were precipitated
by Ni-NTA agarose from nuclear extracts. (C) Schematic representation of Cysteine 185
residue conservation among the USP22 orthologs in different species. (D) Expression of wt -
USP22 and C185S–USP22 in HeLa cells. (E) Expression of wt-USP22 restores TRF1 protein
levels in USP22 depleted cells, while over expression of C185S–USP22 decreases TRF1
protein levels.
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Figure 5. Depletion of hSAGA deUB module induces TIFs and telomere elongation
(A) GCN5, USP22 or ATXN7L3 depleted cells, as well as control shRNA treated cells, were
subjected to immunostaining with anti-53BP1 antibody (green) followed by PNA-FISH (red).
100 cells of each sample were counted, and cells with ≥4 TIFs per nucleus (yellow signals
indicated with arrowheads) were scored.
(B) Quantification of the data represented in (A). Error bars represent standard deviation of
the mean (n=2) (C) Telomere elongation after depletion of GCN5, USP22 and ATXN7L3 in
HeLA cells. Cells stably expressing denoted shRNAs were harvested at the indicated passages
and used for telomere restriction fragment Southern analysis. In-gel hybridizations were done
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using 32P labeled (GGGTTA)4 or (CCCTAA)4 probes. The hybridized gels were exposed to
phosphoimager screens.
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Figure 6. Depletion of GCN5 impacts hSAGA integrity
(A) Depletion of GCN5 in HeLa S3 cells by shRNA leads to lowered TRF1 protein levels.
(B) Depletion of GCN5 compromises association of USP22 and ATXN7L3 with SAGA.
SAGA was purified from nuclear extracts prepared from FLAG-HA-SPT3 expressing HeLa
S3 cells. Immunoprecipitated fractions as well as nuclear extracts were resolved by SDS-PAGE
and blotted with the indicated antibodies. (C) Quantification of the data from multiple
experiments like that shown in (B). X-ray films were scanned and the images were quantified
using ImageQuant software. Error bars represent standard deviations of the mean (n=4)
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Figure 7.
A proposed model for the role of GCN5 and SAGA in shelterin protein turnover. SAGA deUb
module stabilizes TRF1 protein levels by deubiquitination, thereby inhibiting degradation.
Depletion of GCN5 or ATXN7L3 leads to destabilization of the deubiquitination module,
which in turn leads to altered steady state levels of TRF1.
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