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ABSTRACT
Cyclin F, unlike canonical and transcriptional cyclins, does not bind or activate any cyclin-dependent kinases.
Instead, it harbors an F-box motif and primarily functions as the substrate recognition subunit of the Skp1-Cul1-Fbox E3 ubiquitin ligase complex, SCFCyclin F. By targeting specific proteins for ubiquitin-mediated proteasomal
degradation, cyclin F plays a critical role in the regulation of centrosomal duplication, DNA replication and repair,
and maintenance of genomic stability. Cyclin F abundance and activity are tightly regulated throughout the cell
cycle. However, the molecular mechanisms regulating cyclin F are scantily understood. Here, we identify the
deubiquitylase USP7 as a novel cyclin F-interacting protein. We observe that USP7 stabilizes cyclin F protein and
that this function is independent of the deubiquitylase activity of USP7. Additionally, our data suggest that USP7 is
also involved in the regulation of cyclin F mRNA. Pharmacological inhibition of the deubiquitylase activity of USP7
resulted in downregulation of cyclin F mRNA.

INTRODUCTION
Orderly progression through the cell cycle is driven by
the periodic oscillations in the activity of cyclindependent kinases (CDKs) [1]. The activity of CDKs,
in turn, is controlled by their binding to allosteric
regulatory proteins called cyclins. There are at least 30
members in the cyclin family; while many of these
contribute to various aspects of cell-cycle control, not
all are known to be CDK activators [2]. Among the
cyclins that play a crucial role in cell-cycle
progression, is cyclin F. It is most similar to cyclin A,
both in terms of amino acid sequence and the cyclic
pattern of expression during the cell cycle [3].
However, unlike cyclin A and many other cyclins,
cyclin F does not bind or activate CDKs [3]. Instead,
cyclin F is the founding member of the F-box family
of proteins, whose 69 members share a conserved Fbox domain [4]. Using its F-box, cyclin F interacts
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with Skp1, which simultaneously recruits Cul1 (and
RBX1 with Cul1): together they assemble into a
functional SCFCyclin F (Skp1-Cul1-F box) E3 ubiquitin
ligase complex [4, 5]. Within this complex, cyclin F
functions as the substrate-recognition subunit and
targets specific proteins for ubiquitylation, and
subsequent degradation [5].
Among the cyclin F substrates identified so far are
CP110, NuSAP1, RRM2, CDC6, SLBP, RBPJ, activator
E2Fs, and E2F7 [6–13]. Additionally, other interaction
partners that modulate the function of, or are themselves
modulated by cyclin F have also been identified; which
include b-Myb, p27Kip1, Akt, Casein kinase II, β-TrCP,
and VCP [14–18]. Cyclin F functionally interacts with
these substrates and interaction partners to chiefly
regulate genomic and chromosomal stability. Of note,
experimental depletion of cyclin F leads to multiple
deleterious outcomes: centrosomal overduplication and
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micronucleation (through stabilization of centrosomal
protein, CP110) [6, 15], unbalanced dNTP pools and
increased rate of mutation (due to accumulation of
ribonucleotide reductase family member 2; RRM2) [8],
failure to maintain ionizing-radiation-induced G2-phase
arrest and premature entry into mitosis (through
enhanced cyclin A2-CDK2−mediated phosphorylation of
b-Myb) [14], DNA re-replication (due to accumulation of
CDC6) [9], persistent increase in H2A.X levels and
signaling after DNA damage (due to stabilization of
SLBP) [10], and enhanced expression of E2F-target
genes combined with accelerated G1/S transition (due to
stabilization of activator E2Fs) [12]. Likewise, mutations
in cyclin F, observed in patients with amyotrophic lateral
sclerosis and frontotemporal dementia, cause abnormal
ubiquitylation and accumulation of target proteins,
including that of RRM2 and TDP-43 [19].
Given this role of cyclin F in maintaining protein
homeostasis and genomic integrity, it is likely that
cyclin F is a tightly regulated protein. However, the
mechanisms regulating cyclin F are scantily understood.
As mentioned earlier, the mRNA and protein levels of
cyclin F oscillate throughout the cell cycle [3]. The
protein levels of cyclin F begin to accumulate in S
phase, peak in G2, and are undetectable in mitosis and
G1 [3]. Further, cyclin F is a short-lived protein, with a
half-life of less than 1 hour [3, 20]. Although, initially it
was suggested that cyclin F undergoes a metalloprotease-mediated proteolysis [20], more recent
evidence indicate that it is also targeted by multiple E3
ubiquitin ligases for proteasomal degradation:
APC/CCdh1 in G1 phase, SCFβTrCP during M phase, and
an as yet unidentified, ATR-dependent E3 ubiquitin
ligase in response to DNA damage [8, 18, 21].
In this study, we identify the deubiquitylase USP7 as a
novel cyclin F-interacting protein. We demonstrate that
USP7 stabilizes cyclin F protein and that this function is
independent of the deubiquitylase activity of USP7.
Additionally, our data suggest that USP7 is also
involved in the regulation of cyclin F mRNA.

included USP7 (ubiquitin-specific protease 7), whose
association with cyclin F has not been previously
reported. USP7 is a deubiquitylase, and a master
regulator of pathways maintaining genomic integrity:
one such well-characterized function is its regulation
of the MDM2-p53 axis [22]. To validate the
interaction between cyclin F and USP7, we first
transiently expressed Flag-HA-Cyclin F in HEK-293T
cells. Immunoprecipitation of the ectopic cyclin F with
antibodies against the HA tag, resulted in
coprecipitation of the endogenous USP7 (Figure 1A).
Normal mouse IgG did not coprecipitate Flag-HACyclin F or USP7 (Figure 1A). These results suggest
that cyclin F specifically interacts with USP7. The
cyclin-box of cyclin F has been shown to mediate
interaction with a number of its substrates (Figure 1B).
To examine whether the cyclin-box mediated its
interaction with USP7, we made use of the truncation
mutant, Flag-HA-Cyclin F1-270 (lacking both the
cyclin-box and PEST region; Figure 1B). Like the
wild-type Flag-HA-Cyclin F, Flag-HA-Cyclin F1-270
was still able to coprecipitate endogenous USP7,
suggesting that the interaction of cyclin F and USP7 is
independent of the cyclin-box or PEST region of
cyclin F (Figure 1C). Further, in this experiment, while
USP7 coprecipitated with transiently expressed FlagHA-Cyclin F, UBR5 (an E3 ubiquitin ligase) did not
(Figure 1C).
We next assessed whether endogenous cyclin F
interacts with endogenous USP7. Since the
commercially available antibodies against cyclin F were
unsuitable for immunoprecipitation, we chose to instead
immunoprecipitate endogenous USP7 and check for
coprecipitation of cyclin F. In HEK-293T cells, cyclin F
was detected in USP7 immunoprecipitates, suggesting
that endogenous cyclin F interacts with endogenous
USP7 (Figure 1D). Importantly, mock immunoprecipitation with an unrelated antibody (anti-p-TAK1)
did not appreciably detect USP7 or cyclin F (Figure
1D).
SCFCyclin F does not regulate USP7 protein levels

RESULTS
Cyclin F associates with USP7
To discover novel cyclin F-interacting proteins, we
had previously performed mass spectrometry and
identified proteins present in anti-HA immunoprecipitates from extracts of the U2OS human
osteosarcoma cell line transiently expressing Flag-HACyclin F or empty vector (Supplementary File 1 and
Supplementary Information). Such proteins included
known cyclin F-interacting proteins (for example,
RRM2, CDC6, and casein kinase II). They also
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SCFCyclin F is an ubiquitin ligase, while USP7 is a
deubiquitylase. To test whether SCFCyclin F targets USP7
for ubiquitylation and subsequent degradation, we first
inhibited all SCF ligases with MLN4924, an inhibitor of
NAE (NEDD8-activating enzyme); the activity of the
latter is required for the activity of SCF ligases [23]. We
found that the cyclin F levels are increased by treatment
with MNL4924 compared to DMSO-treated controls
(Figure 2A), suggesting that cyclin F could be regulated
by an autocatalytic mechanism or by a different F-box
protein. Additionally, in MNL4924-treated cells we
observed a slower-migrating band detected specifically
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by anti-cyclin F antibody (Figure 2A, lane 2); we
speculate this to be phosphorylated cyclin F,
accumulating along with the non-phosphorylated form
in the absence of cyclin F ubiquitylation [16]. On the
other hand, treatment with MLN4924 increased RRM2,
a well-documented cyclin F substrate, but did not affect
USP7 protein levels, suggesting that SCF ligases,
including SCFCyclin F, do not regulate USP7 protein
abundance (Figure 2A).
In a variety of cell lines, cyclin F overexpression has
been shown to downregulate a number of its substrates,
including CP110 and RRM2, by ubiquitin-mediated
proteasomal degradation [6, 8]. In line with these

reported findings, overexpression of cyclin F in HEK293T cells led to a decrease in RRM2 levels, but did not
affect USP7 levels (Figure 2B), suggesting that
SCFCyclin F does not regulate USP7.
Additionally, we asked whether other treatments known
to decrease or increase cyclin F levels would perturb
USP7 protein levels. In agreement with previous
reports, we found that cyclin F is downregulated in
response to treatment with DNA-damaging agent,
etoposide (Figure 2C). This effect was specific to cyclin
F, since cyclin A2, with which cyclin F shares the
highest amino acid sequence similarity, remained
unperturbed (Figure 2C). In contrast, treatment of cells

Figure 1. Cyclin F interacts with USP7. (A) HEK-293T cells transfected with Flag-HA-Cyclin F were lysed and immunoprecipitated with
anti-HA antibody or non-specific mouse immunoglobulin (IgG) as loading control. Immunocomplexes were immunoblotted as indicated. (B)
Schematic representation of cyclin F WT and cyclin F1-270 truncated mutant, highlighting the F-box, cyclin-box and PEST regions. (C) HEK-293T
cells transfected with Flag-HA-Cyclin F WT or Flag-HA-Cyclin F1-270 were immunoprecipitated and immunoblotted as indicated. (D)
Endogenous USP7 was immunoprecipitated from HEK-293T cell extracts, with anti-USP7 antibody or an unrelated, anti-p-TAK1 antibody as a
loading control (denoted as control). Immunocomplexes were immunoblotted as indicated. Asterisk denotes non-specific band.
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with a proteasomal inhibitor, MG132, resulted in
buildup of a slower-migrating cyclin F band (Figure
2C). This slower-migrating species could be interpreted
as ubiquitylated cyclin F; alternatively, it might
represent phosphorylated form of cyclin F. Of note,
SCFβ-TrCP has been shown to target cyclin F for

ubiquitin-mediated
degradation
following
its
phosphorylation by casein kinase II [18]. Thus, the
slower-migrating cyclin F band might be
phosphorylated form of cyclin F, accumulating due to
inhibition of its degradation post MG132 treatment.
p21, a short-lived protein whose stability is also

Figure 2. SCFCyclin F does not regulate USP7 protein levels. (A) HCT116 cells treated with either DMSO or MLN4924 (3 µM) for 5 h were
lysed, and immunoblotted as indicated. β-Actin was the loading control. Asterisk denotes non-specific band. (B) HEK-293T cells were
transfected with an empty vector or Flag-HA-Cyclin F for 48 h, lysed, and immunoblotted as indicated. (C) HeLa cells treated with DMSO,
etoposide (10 µM) or MG132 (10 µM) for 4 h were lysed, and immunoblotted as indicated. Asterisk denotes non-specific band.
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regulated by the ubiquitylation pathway, is also
upregulated in response to MG132 treatment,
indicating that an effective concentration of MG132
was used in our experiment (Figure 2C). Importantly,
treatment with either etoposide or MG132 did not
affect USP7 levels (Figure 2C). Collectively, these
data suggest that SCFCyclin F does not regulate USP7
protein levels.
Cyclin F protein and mRNA are downregulated in
response to P22077 treatment
We next sought to evaluate whether the deubiquitylase
activity of USP7 contributed to regulation of cyclin F
protein levels. We utilized the small-molecule inhibitor,
P22077 which predominantly inhibits USP7 in vivo
[24]. P22077 irreversibly inhibits USP7 by selectively
forming a covalent bond with the critical Cys223 within
the active site in the catalytic domain [25]. In unstressed
cells, USP7 is required for the stability of MDM2, an
E3 ubiquitin ligase responsible for ubiquitylating p53
and targeting it for proteasomal degradation [22, 26].
In USP7-depleted cells, auto-ubiquitylated-MDM2
becomes unstable, resulting in the stabilization of p53
[27]. Therefore, we sought to first confirm the inhibition
of USP7 in our experiments by evaluating p53 levels in
P22077-treated cells. HCT116 cells treated with P22077
showed an upregulation in p53 levels, indicative of
USP7 inhibition (Figure 3B). We did not evaluate p53
levels in P22077-treated HeLa cells, where p53 is
preferentially degraded by viral E6-dependent
ubiquitylation [22]. Treatment of both HeLa and
HCT116 cells with P22077 led to an approx. 70%
reduction in cyclin F levels, as early as 2 h, compared to
DMSO-treated controls (Figure 3A, 3B). On the other
hand, cyclin A2, remained unperturbed by P22077
treatment (Figure 3A, 3B). These latter observations
suggest that P22077 does not induce gross changes in
cell cycle within the 4 h treatment timeframe, and that
the reduction in cyclin F observed are likely a
consequence of USP7 inhibition. Likewise, USP7 levels
remained unaffected by P22077 treatment (Figure 3A,
3B). These data suggest the deubiquitylase activity of
USP7 specifically plays a role in regulating cyclin F
levels. Similarly, treatment of HCT116 cells with
FT671, a highly specific inhibitor of USP7 and
structurally unrelated to P22077, also led to approx.
70% reduction in cyclin F levels, compared to DMSOtreated control (Supplementary Figure 1) [28].
We next asked whether inhibition of the proteasomes by
MG132 treatment would rescue the P22077-mediated
downregulation of cyclin F. Treatment with MG132
alone led to an accumulation of diffuse slowermigrating bands of cyclin F, compared to that in
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DMSO-treated control, suggestive of accumulation of
ubiquitylated cyclin F as a consequence of proteasomal
inhibition (Figure 3B). Treatment with MG132 could
not rescue P22077-mediated reduction in cyclin F
(Figure 3B). This observation prompted us to examine
two possible scenarios: first, we ascertained whether
cyclin F is indeed degraded by the ubiquitin-proteasome
system as reported by others. We examined the stability
of cyclin F using cycloheximide in the presence or
absence of a pair of inhibitors, namely, MG132 or
bafilomycin A1 (an inhibitor of vacuolar-type H(+)ATPase and consequently an inhibitor of protein
degradation in the lysosomes) [29]. Cyclin F levels
robustly reduced to less than 50% compared to control,
when de novo protein synthesis was inhibited by
cycloheximide (Figure 3C). This reduction was rescued
only when cells were co-treated with MG132, but not
bafilomycin A1, suggesting cyclin F is indeed targeted
for degradation by the proteasomal system and not by
lysosomal degradation (Figure 3C). The accumulation
of LC3B-II, which is degraded in the lysosomes,
indicates that lysosomal enzymes were effectively
inhibited at the concentration of bafilomycin A1 used
(Figure 3C) [30]. Second, we examined whether the
P22077-induced reduction in cyclin F protein levels was
due to a reduction in cyclin F mRNA levels. We
performed reverse transcriptase-PCR analysis on HeLa
cells treated with DMSO or P22077, for 1 and 4 h.
While there was no appreciable difference in cyclin F
mRNA levels at 1 h between control- and P22077treated cells, there was nearly 50% reduction at 4 h
upon P22077 treatment (Figure 4A). These latter results
suggest USP7 regulates cyclin F mRNA levels and that
this regulation is dependent on its deubiquitylase
activity. Similar effects were observed in HCT116 cells
as well (Figure 4B).
USP7 regulates cyclin F protein stability
We next investigated whether USP7 regulates cyclin F
protein stability. HCT116 cells were transfected with
Flag-HA-cyclin F in the presence or absence of FlagUSP7-WT. As shown in Figure 5A, half-life of cyclin F
was increased by USP7 overexpression (~ 60 min),
whereas half-life of cyclin F in mock-transfected cells
was about 30 min. We next evaluated whether this
stabilization was dependent on the deubiquitylase
activity of USP7. We employed two approaches: the
first involved pharmacological inhibition of USP7
activity by P22077, and the second involved the
expression of a catalytically-deficient mutant of USP7.
Ectopic cyclin F levels robustly reduced to less than
50% of control levels, when de novo protein synthesis
was inhibited by cycloheximide. This reduction was
rescued in cells overexpressing wild-type Flag-USP7

AGING

(Figure 5B, 5C), and regardless of USP7 inhibition by
P22077 (Figure 5B; last lane). These data suggest that
the USP7-induced stability of cyclin F was independent
of the deubiquitylase activity of USP7. This finding was
further corroborated in experiments with the catalytic
mutant of USP7, Flag-USP7-CS, that harbors a
mutation of the critical Cys223 to Ser within the catalytic
domain. As shown in Figure 5C, the cycloheximideinduced reduction in cyclin F levels was efficiently

rescued in cells overexpressing Flag-USP7-CS, similar
to that in cells overexpressing Flag-USP7-WT.
Association between USP7 and cyclin F under
genotoxic stress
Consistent with previous reports, we observed that
cyclin F protein levels are downregulated in cells
treated with DNA-damaging agents, such as etoposide

Figure 3. USP7 regulates cyclin F protein levels. (A) HeLa cells treated with DMSO, MLN4924 (10 µM), or P22077 (25 µM) for the
indicated hours were lysed, and immunoblotted as indicated. β-Actin was the loading control. Asterisks denote non-specific bands. Fold
changes were calculated with densitometric values for cyclin F and cyclin A2 blots using β-Actin as loading control. (B) HCT116 cells were
treated with DMSO or P22077 (25 µM) for 5 h. Where indicated, cells were treated with MG132 (10 µM) for 4 h prior to harvest. Cells were
then lysed and immunoblotted as indicated. Asterisks denote non-specific bands. Fold changes were calculated with densitometric values for
cyclin F and cyclin A2 blots using β-Actin as loading control. (C) HCT116 cells were treated with DMSO or cycloheximide (CHX; 50 µg/mL) for
75 min. Where indicated, bafilomycin A1 (BafA1; 100 nM) and/or MG132 (12.5 µM) were added along with CHX. Cells were lysed, and
immunoblotted as indicated. Asterisks denote non-specific bands.
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(Figure 2C). This downregulation has been attributed, in
part, to increased proteasomal degradation of cyclin F
following its ATR-dependent ubiquitylation [8]. We,
therefore, hypothesized that under conditions of DNA
damage, the interaction between cyclin F and USP7
might be reduced in order to afford a robust
downregulation of cyclin F levels. To assess how the
interaction between endogenous cyclin F and USP7 was
influenced under unstressed and DNA-damaging
conditions, we performed immunoprecipitation of
endogenous USP7 from extracts of HeLa cells treated
with or without etoposide. Western blot analysis
showed that cyclin F was present in the anti-USP7
immunoprecipitates, but not in control immunoprecipitates with an unrelated, anti-p-TAK1 antibody
(Figure 6). Notably, this association was weakly
detected in cells subjected to genotoxic stress with
etoposide, compared to that in untreated or MG132treated cells (Figure 6). While the levels of cyclin F
detected in the anti-USP7 immunoprecipitates only
mirrors the cyclin F level present in the corresponding
total extract (input lanes for Figure 6), it is also
plausible that these results suggest that the association
between USP7 and cyclin F might be disrupted in cells
in response to DNA damage.

DISCUSSION
Tight regulation of cyclin F during cell-cycle
progression is key to avoiding unscheduled degradation

of cyclin F substrates and preserving genomic integrity.
To date, however, only a few interactors of cyclin F are
known, and the molecular mechanisms regulating cyclin
F abundance and SCFCyclin F ubiquitin ligase activity
remain scantily understood. Cyclin F has a half-life of
less than 1 hour [3]. It was initially suggested to
undergo a metalloprotease-mediated degradation [20];
however, recent evidence indicate that it also degraded
by the ubiquitin-proteasome system. Multiple E3
ubiquitin ligases that target cyclin F have been
identified; APC/CCdh1 targets cyclin F in the G1 phase,
SCFβTrCP during M phase, and an as yet unidentified,
ATR-dependent E3 ubiquitin ligase targets it in
response to genotoxic stress [8, 18, 21]. The
identification of cyclin F-targeting E3 ubiquitin ligases
suggest that there could be specific deubiquitylases that
function to reverse the ubiquitylation on cyclin F and
further fine-tune its abundance and/or activity.
In this study, we identify USP7 as a novel cyclin Finteracting protein and uncover novel aspects of cyclin
F regulation mediated by this interaction. USP7 belongs
to the ubiquitin-specific protease family of
deubiquitylating enzymes, and interacts with a wide
array of proteins to alter their stability, localization,
and/or function [31]. While a large number of these
interactors are regulated through the deubiquitylating
activity of USP7, others are not direct targets, but are
known to form stable complexes with USP7 [32]. We
show that cyclin F associates with USP7 in vivo. A

Figure 4. USP7 regulates cyclin F mRNA levels. (A) HeLa cells treated with DMSO or P22077 (25 µM) for the indicated hours were
collected and total RNA was extracted. cDNAs prepared from each sample were amplified using primer pairs specific to each gene as
indicated. The PCR products were analyzed by agarose gel electrophoresis and stained using ethidium bromide. RPL35A was the loading
control. Fold change in cyclin F:RPL35A ratios were determined using densitometry values of the amplicons. The values represent an average
from two independent experiments. (B) HCT116 cells treated with DMSO or P22077 (25 µM) for 4 h were analyzed as in (A).
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truncation mutant of cyclin F, harboring amino acids 1270, also associates with USP7, suggesting that the
cyclin-box and PEST regions are dispensable for this
interaction. Of note, the N-terminal region of USP7
harbors a TRAF-domain that recognizes a consensus
TRAF-recognition motif, P/A/E-x-x-S, present in many
USP7-interacting proteins [31]. The N-terminal 1-270
region of cyclin F harbors multiple putative consensus
TRAF-recognition motifs. It remains to be determined
whether any of these motifs are crucial for the
interaction between cyclin F and USP7.
A surprisingly large number of USP7 interactors are E3
ubiquitin ligases [32]. For example, interaction between
USP7 and MDM2 results in USP7-mediated
deubiquitylation of MDM2 and enhanced stability of

the latter [22, 26]. On the other hand, the interaction
between USP7 and TRIM27 (another E3 ubiquitin
ligase) results in multiple outcomes: USP7 not only
deubiquitylates TRIM27, but the latter in turn, binds to
and ubiquitylates USP7, which facilitates recruitment
and deubiquitylation of another protein, RIP1 by USP7
[33]. To uncover the functional consequences of cyclin
F-USP7 interaction, we first investigated how the two
proteins influence each other. Our data suggest that
USP7 associates with cyclin F to regulate cyclin F
abundance and stability, and not vice versa. First,
neither forced expression of cyclin F, nor inhibition of
the SCFCyclin F activity, affected USP7 protein levels.
Second, ectopic expression of USP7 increased the
protein stability of ectopic cyclin F. To our surprise,
however, the USP7-induced stability of cyclin F protein

Figure 5. USP7 regulates cyclin F protein stability. (A) HCT116 cells were co-transfected with Flag-HA-Cyclin F WT and Flag-USP7 WT or
empty vector. Twenty-four hours post transfection, cells were treated with DMSO or cycloheximide (CHX; 50 µg/mL) for the indicated
minutes, lysed, and immunoblotted as indicated. α-Tubulin was the loading control. (B) HeLa cells were co-transfected with Flag-HA-Cyclin F
WT and Flag-USP7 WT or empty vector. Forty-eight hours post transfection, cells were treated with CHX (50 µg/mL) for 75 min. Where
indicated, P22077 (25 µM) was added to cells 2 h prior to the addition of CHX. Cells were then lysed, and immunoblotted as indicated. (C)
HeLa cells were co-transfected with Flag-HA-Cyclin F WT and Flag-USP7 WT, Flag-USP7 CS, or empty vector. Forty-eight hours post
transfection, cells were treated with CHX (50 µg/mL) for 75 min, lysed, and immunoblotted as indicated.
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was independent of the deubiquitylase activity of USP7.
Wild-type USP7 was able to stabilize cyclin F even
when the deubiquitylase activity of USP7 was inhibited
by P22077. Likewise, a catalytically-inactive mutant of
USP7 was also able to stabilize cyclin F protein levels,
similar to wild-type protein. Together, these
observations suggest that USP7 regulates cyclin F
protein stability indirectly, presumably, by either
blocking autoubiquitylation of cyclin F by SCFCyclin F or
by sequestering cyclin F away from another E3
ubiquitin ligase or non-lysosomal protease. Of note, our
data reveal that lysosomal proteases do not target cyclin
F for degradation.
In contrast to the overexpression studies mentioned
above where USP7 stabilizes cyclin F in a

deubiquitylase-activity-independent manner, treatment
of asynchronously growing cells with P22077 or FT671
resulted in a rapid downregulation of endogenous cyclin
F protein levels. These latter observations suggest a
deubiquitylase-activity-dependent regulation of cyclin F
abundance by USP7. Our data suggest that this
deubiquitylase-activity-dependent effect on cyclin F
protein levels likely stems from the regulation of cyclin
F mRNA by USP7: pharmacological inhibition of USP7
by P22077 downregulated cyclin F mRNA levels. USP7
is known to regulate activity of many transcription
factors. Hence, it is conceivable that USP7 regulates the
activity of a specific transcription factor or coregulator
involved in the transcriptional control of cyclin F.
Alternatively, USP7 may regulate factors that are
important for the stability of cyclin F mRNA.

Figure 6. Interaction between USP7 and cyclin F under DNA-damaging condition. HeLa cells were treated with DMSO (control),
etoposide (10 µM), or MG132 (10 µM) for 4 h. Endogenous USP7 was immunoprecipitated (IP) with anti-USP7 antibody or an unrelated, antip-TAK1 antibody (mock IP) as a loading control. Immunocomplexes were immunoblotted as indicated; β-actin was the loading control.
Asterisk denotes non-specific band.
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Collectively, it is noteworthy that USP7 exerts both
deubiquitylase-activity–dependent as well as –
independent actions to regulate cyclin F abundance.
In many instances, USP7 has been found to switch from
E3 ubiquitin ligase to its substrate in response to cellular
stress [32]. A prime example of this molecular switch is
seen in the regulation of the MDM2-p53 axis by USP7.
Under normal conditions, USP7 interacts with and
stabilizes MDM2, resulting in enhanced ubiquitinmediated degradation of its target, p53 [22, 26]. Upon
DNA damage, however, USP7 switches from MDM2 to
p53, resulting in deubiquitylation and stabilization of the
latter [27]. We hypothesize that USP7 might operate,
similarly, as a molecular switch in the regulation of cyclin
F and consequently, its substrate(s). Further studies are
warranted to investigate the functional interaction
between cyclin F and USP7 in normal cell-cycle control
and conditions of genotoxic stress.
Our data predict that USP7-inhibited or –depleted cells
are likely to express low levels of cyclin F and exhibit
centrosome overamplification and genomic instability. Of
note, depletion of USP7 results in overamplified
centrosomes,
multipolar
spindles,
chromosome
misalignment, and cytokinetic defects in multiple cell
lines, by directly or indirectly affecting the stability of
many key proteins [34–36]. Whether reduction in cyclin F
levels contributes to any of these USP7 depletion-induced
phenotypes remains to be investigated. USP7 expression
is frequently misregulated in various cancer types and has
context-dependent tumor suppressor or oncogenic roles
[31]. Likewise, USP7 loss-of-function mutations have
been detected in pediatric leukemias [37]. While initial
evidence suggests a tumor-suppressor function for cyclin
F, emerging reports indicate that it may also have a
context-dependent oncogenic function in certain cancers
[38]. Thus, it would be clinically relevant to investigate
whether the USP7-cyclin F axis contributes to tumor
progression and aggressiveness in these specific contexts.
In conclusion, in this study, we demonstrate a new
interacting partner of cyclin F, namely USP7, and the
role of USP7 in the regulation of cyclin F mRNA and
protein. This study highlights a potential role for the
cyclin F-USP7 axis in pathological conditions,
including cancer and neurodegenerative diseases.

MATERIALS AND METHODS
Expression vectors
Flag-HA-tagged Cyclin F construct was a kind gift from
Dr. Michele Pagano (NYU Grossman School of
Medicine, USA) [15]. Flag-HA-Cyclin F1-270 (truncation
mutant) was created by site-directed mutagenesis using
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Flag-HA-Cyclin F wild-type construct as the template.
Presence of the desired mutation was verified by
sequencing. pQFlag-USP7-WT and pQFlag-USP7-CS
were purchased from Addgene (plasmids #46751 and
#46752, respectively, deposited by Drs. Goedele
Maertens and Gordon Peters).
Cell culture and transfections
HEK-293T, HeLa, and HCT116 cell lines were cultured
in DMEM (Sigma-Aldrich, MO, USA) containing 10%
fetal bovine serum (Thermo Fisher Scientific, MA,
USA) supplemented with 100 IU/mL penicillin and 100
mg/mL streptomycin (Thermo Fisher Scientific). All
cell lines were maintained in a humidified incubator at
37° C with 5% CO2. Where indicated, cells were
transfected with expression vectors using Lipofectamine
3000 (Thermo Fisher Scientific) according to
manufacturer’s instructions.
Chemical inhibitors
Protease inhibitor cocktail set III and phosphatase
inhibitor cocktail set V were purchased from SigmaAldrich. Where indicated, cells were treated with 10 or
12.5 µM MG132 (Sigma-Aldrich), 3 µM MLN4924
(Sigma-Aldrich), 25 µM P22077 (Sigma-Aldrich), 10
µM FT671 (MedChemExpress, NJ, USA), and 100 nM
Bafilomycin A1 (Sigma-Aldrich).
RNA isolation and reverse transcriptase-PCR
Total RNA was purified from HeLa and HCT116 cells
using TRI reagent (Sigma-Aldrich) according to
manufacturer’s instructions. Single-stranded cDNA was
reverse transcribed from 1 µg of total RNA using highcapacity cDNA reverse transcription kit (Thermo Fisher
Scientific) according to manufacturer’s instruction. One
microliter of the RT reaction product was mixed with
1x DreamTaq PCR master mix (Thermo Fisher
Scientific) and 0.5 µM of each primer in a total reaction
volume of 20 µL. The primers used were as follows: 1)
human cyclin F: forward – 5’CCAGGGAACCTGA
AGCTCTTT3’ and reverse – 5’TCGCTTTCCCAGAG
GAGGTA3’: 2) human RPL35A: forward – 5'GGGTAC
AGCATCACTCGGA3' and reverse – 5'ACGCCCGAG
ATGAAACAG3'. PCR cycles were carried out using the
Eppendorf Mastercycler Nexus GX2. The PCR products
were analyzed by electrophoresis in 1 % agarose gels
and visualized by staining with ethidium bromide.
RPL35A expression was used for normalization.
Immunoprecipitation and immunoblotting
For immunoprecipitations, extracts were prepared by cell
lysis in immunoprecipitation buffer (50 mM HEPES, pH
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7.2; 150 mM NaCl; 1 % NP-40; 1 mM EDTA; 1:100
dilution of protease inhibitor cocktail set III; 1:50 dilution
of phosphatase inhibitor cocktail set V; and 0.5 mM
dithiothreitol). Cleared lysates were incubated with
antibody for 16 h, and subsequently with protein A/Gagarose beads (Thermo Fisher Scientific) for 2 h, at 4° C,
on a rotator. Immunocomplexes were washed 3 times
with immunoprecipitation buffer and eluted boundproteins were resolved in 8 or 12 % SDS-polyacrylamide
gels. For other experiments, extracts were prepared by cell
lysis in RIPA buffer (50 mM HEPES, pH 7.2; 150 mM
NaCl; 1 % NP-40; 0.5 % sodium deoxycholate; 0.1 %
SDS; 1 mM EDTA; 1:100 dilution of protease inhibitor
cocktail set III, 1 mM orthovanadate; 5 mM NaF; and 1
mM dithiothreitol). Following electrophoresis, proteins
were transferred onto a PVDF membrane. Blocking and
incubation with primary antibodies were performed in
Tris-buffered saline containing 0.1 % Tween-20 and
supplemented with 5 % skimmed milk powder. Proteins
were visualized by ChemiDoc XRC+ gel imaging system
(Bio-Rad, CA, USA), using secondary horseradish
peroxidase-conjugated antibodies and enhanced chemiluminescence reagent (femtoLucent plus-HRP, GBiosciences, MO, USA).
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SUPPLEMENTARY MATERIALS
Supplementary Information
Supplementary experimental procedures
Affinity purification and tandem mass spectrometry
We transiently expressed Flag-HA-Cyclin F or empty
vector (as negative control) in cells from the U2OS
human osteosarcoma cell line. 24 h post-transfection,
we synchronized cells in prometaphase using a
nocodazole (100 ng/ml) block. Cells were then released
from the block into fresh medium, collected at 8 and 16
h time points. Whole-cell extracts were prepared
by lysing cells for 45 min in immunoprecipitation
buffer (50 mM HEPES, pH 7.2, 150 mM NaCl, 1.0 %
nonyl phenoxypolyethoxylethanol-40 (NP-40), 1 mM
ethylenediamine tetraacetic acid, 1 mM ethyleneglycol
tetraacetic acid, 1:100 dilution of protease inhibitor
cocktail set III, 1:100 dilution of phosphatase inhibitor
cocktail set I, 1 mM orthovanadate, 1 mM NaF, 0.5 mM
dithiothreitol). Cleared lysates were incubated with antiHA antibody-conjugated resin (Sigma-Aldrich, St
Louis, MO, USA) directed against the HA-tag, for 16 h.
Immune complexes were washed 5 x with immunoprecipitation buffer. The immunoprecipitates were
eluted from the beads with 100 µg/ml of HA-peptide
(Sigma-Aldrich).
The eluate was processed using the expertise of the
proteomics core facility at the Moffitt Cancer Center &
Research Institute, USA. Briefly, the eluates were then
resolved on a 10% SDS-PAGE gel and visualized by
Coomassie Brilliant Blue staining. Each lane was cut
into 10 equal slices. To reduce and alkylate proteins,
destained-gel slices were treated with TCEP (Tris (2carboxyethyl) phosphine and iodoacetamide. Following
in-gel tryptic digestion, peptides were extracted and
concentrated under vacuum centrifugation. A nanoflow
ultra high performance liquid chromatograph (RSLC,
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Dionex, Sunnyvale, CA, USA) coupled to an
electrospray ion trap mass spectrometer (LTQ-Orbitrap,
Thermo, San Jose, CA, USA) was used for tandem mass
spectrometry peptide sequencing experiments. The
sample was first loaded onto a pre-column (2 cm x 75
µm ID packed with C18 reversed-phase resin, 5 µm,
100 Å) and washed for 8 minutes with aqueous 2 %
acetonitrile and 0.04 % trifluoroacetic acid. The trapped
peptides were eluted onto the analytical column, (C18,
75 µm ID x 50 cm, Pepmap 100, Dionex, Sunnyvale,
CA, USA). The 120-minute gradient was programmed
as: 95% solvent A (2% acetonitrile + 0.1% formic acid)
for 8 minutes, solvent B (90% acetonitrile + 0.1%
formic acid) from 5% to 15% in 5 minutes, 15% to 40%
in 85 minutes, then solvent B from 50% to 90% B in 7
minutes and held at 90% for 5 minutes, followed by
solvent B from 90% to 5% in 1 minute and reequilibrate for 10 minutes. The flow rate on analytical
column was 300 nl/min. Five tandem mass spectra were
collected in a data-dependent manner following each
survey scan. The MS scans were performed in Orbitrap
to obtain accurate peptide mass measurement and the
MS/MS scans were performed in linear ion trap using
60 second exclusion for previously sampled peptide
peaks. Mascot searches were performed against the
Swiss-Prot human database downloaded on June 11,
2014. Two trypsin missed cleavages were allowed, the
precursor mass tolerance was 1.08 Da. MS/MS mass
tolerance was 0.8 Da. Dynamic modifications included
carbamidomethylation (Cys), oxidation (Met), and
phosphorylation (Ser/Thr/Tyr). Results from Mascot
were compiled in Scaffold, which was used for manual
inspection of peptide assignments and protein
identifications. Using these, we have further compiled a
list of putative cyclin F-associated proteins (provided as
an Excel file; see Supplementary File 1) that were
identified based on the presence of at least two unique
peptides with a minimum peptide probability threshold
of 95 % and minimum protein probability threshold of
95% (Supplementary File 1).
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Supplementary Figure

Supplementary Figure 1. USP7 regulates cyclin F protein levels. HCT116 cells treated with DMSO or FT671 (10 µM) for the indicated
hours were lysed, and immunoblotted as indicated. β-Actin was the loading control. Asterisks denote non-specific bands. Fold changes were
calculated with densitometric values for cyclin F blot using tubulin as loading control.
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Supplementary File
Please browse Full Text version to see the data of Supplementary File 1.
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