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c-Myc protein stability and activity are tightly regulated by the
ubiquitin-proteasome system. Aberrant stabilization of c-Myc con-
tributes to many human cancers. c-Myc is ubiquitinated by SCF™*"”
(a SKP1-cullin-1-F-box complex that contains the F-box and WD re-
peat domain-containing 7, Fbw7, as the F-box protein) and several
other ubiquitin ligases, whereas it is deubiquitinated and stabilized
by ubiquitin-specific protease (USP) 28. The bulk of c-Myc degrada-
tion appears to occur in the nucleolus. However, whether c-Myc
is regulated by deubiquitination in the nucleolus is not known.
Here, we report that the nucleolar deubiquitinating enzyme
USP36 is a novel c-Myc deubiquitinase. USP36 interacts with and
deubiquitinates c-Myc in cells and in vitro, leading to the stabiliza-
tion of c-Myc. This USP36 regulation of c-Myc occurs in the nucle-
olus. Interestingly, USP36 interacts with the nucleolar Fow7y but
not the nucleoplasmic Fbw7«x. However, it abolished c-Myc degra-
dation mediated both by Fbw7y and by Fbw7«. Consistently,
knockdown of USP36 reduces the levels of c-Myc and suppresses
cell proliferation. We further show that USP36 itself is a c-Myc
target gene, suggesting that USP36 and c-Myc form a positive feed-
back regulatory loop. High expression levels of USP36 are found
in a subset of human breast and lung cancers. Altogether, these
results identified USP36 as a crucial and bono fide deubiquitinating
enzyme controlling c-Myc's nucleolar degradation pathway.
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he c-Myc oncoprotein is a pleiotropic transcription factor
that regulates the expression of a large number of genes in-
volved in the control of cell growth, proliferation, apoptosis,
differentiation, angiogenesis, metabolism, and ribosomal bio-
genesis (1-3). Proper levels of c-Myc are essential for regulated
cell growth and proliferation. However, aberrant overexpression
of c-Myc is associated with most human cancers and over-
expression of a c-myc transgene induces tumorigenesis in various
tissues in mice (2, 4). Thus, the level and activity of c-Myc must
be precisely controlled during normal cell homeostasis. One of
the key mechanisms for this control is the regulation of c-Myc
protein stability (2, 5, 6).
c-Myc is a short-lived protein in nontransformed cells that is
degraded by the ubiquitin (Ub)- proteasome system (5, 6). It is
transiently stabilized upon stimulation of cell growth. The growth-
regulated turnover of c-Myc involves two conserved phosphoryla-
tion sites within Myc Box I, Threonine 58 (T58), and Serine 62
(S62) (6-8). Phosphorylation of c-Myc at S62 triggered by ERK
and/or CDK kinases in response to growth signals increases c-Myc
stability. With the cessation of growth signals, T58 is phosphory-
lated by GSK3p, whose activity is held in check by PI(3)K/Akt
signaling in the presence of growth factor and receptor tyrosine
kinase signaling (6-8). T58 phosphorylation then destabilizes c-Myc
by facilitating S62 dephosphorylation and recruiting the T58 phos-
phorylation-dependent Ub ligase (E3) complex SCF*™7 (a SKP1-
cullin-1-F-box complex that contains the F-box and WD repeat
domain-containing 7, Fbw7, as the F-box protein) to mediate c-Myc
ubiquitination and degradation through the proteasome system
(9-12). Supporting the importance of this phosphorylation-
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dependent c-Myc degradation pathway, a subset of Burkitt’s lym-
phomas harbors mutations at or around T58 that prevents its
phosphorylation (13-16) and mutations and deletions of FBW7 are
found in multiple human cancers (17). There are also other Ub
ligases that regulate c-Myc protein stability and activity in a
T58 phosphorylation-independent manner, including HectH9,
PirH2, TRUSS, CHIP, SCF*®, SCF*"™®", and SCF"®*°* E3
complexes (5, 18-21). Interestingly, SCF**P%., SCF*BX0%8_ and
HectH9-mediated ubiquitination increases c-Myc activity (18-21)
and SCFPTRP antagonizes SCF™ to ubiquitinate the N terminus
of c-Myc and stabilizes c-Myc (20). Thus, ubiquitination plays a key
and complex role in regulating both c-Myc protein turnover and
its activity.

Like other posttranslational modifications, ubiquitination of
c-Myc can be reversed by deubiquitinating enzymes (DUBs). The
Ub-specific protease (USP) family member USP28 is so far the
only known DUB for c-Myc (22). USP28 deubiquitinates and
stabilizes c-Myc, whereas its knockdown reduces the levels and
activity of c-Myc. There are three Fbw7 isoforms located in
distinct subcellular compartments: Fbw7f and Fbw7a are local-
ized in the cytoplasm and the nucleoplasm, respectively, whereas
Fbw7y is in the nucleolus (12, 17). Interestingly, USP28 binds to
c-Myc through Fbw7a in the nucleoplasm, but not Fbw7y in the
nucleolus, and reverses Fbw7a- but not Fbw7y- mediated c-Myc
ubiquitination and degradation (22), suggesting that USP28
regulates c-Myc stability only in the nucleoplasm. Studies have
indicated that c-Myc is mainly degraded in the nucleolus and
proteasome inhibition leads to accumulation of c-Myc in the
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nucleolus (12, 23, 24). Also, c-Myc-mediated cell growth and
tumorigenesis is well integrated with its role in enhancing ribosome
biogenesis in the nucleolus (3, 25). Thus, the nucleolus plays a key
role in regulating c-Myc levels and in mediating its oncogenic
activity. However, whether c-Myc is deubiquitinated in the nu-
cleolus is previously unknown.

Here, we report that USP36 is a novel nucleolar c-Myc de-
ubiquitinase. USP36 binds to and deubiquitinates c-Myc in cells
and in vitro. Overexpression of wild-type (WT) USP36, but not
its catalytic-inactive mutant (C131A), stabilizes c-Myc, whereas
knockdown of USP36 reduces c-Myc levels and markedly sup-
presses cell proliferation. Interestingly, USP36 interacts with Fbw7y
but not Fbw7a. However, it abolished c-Myc degradation mediated
both by Fbw7y and by Fbw7a. Furthermore, we found that USP36
itself is a c-Myc target gene, suggesting that USP36 and c-Myc form
a positive feedback regulatory loop. Altogether, these results
identified USP36 as a crucial DUB controlling c-Myc’s nucleolar
degradation pathway and impacting its oncogenic activity.

Results

USP36 Stabilizes c-Myc Protein and Stimulates Its Activity. To ex-
amine whether nucleolar DUBs regulate c-Myc, we focused on
the USP family member USP36. We found that overexpression
of WT USP36 induced the levels of endogenous and ectopically
expressed c-Myc in HeLa cells (Fig. 14 and Fig. S14). This in-
duction requires the DUB activity of USP36, as the catalytic-
inactive C131A mutant of USP36 failed to induce c-Myc levels
(Fig. 14 and Fig. S14). The induction was dose-dependent
(Fig. S1B) and is due to the stabilization of c-Myc, as over-
expression of WT USP36, but not the C131A mutant, markedly
prolonged the half-life of endogenous and ectopic c-Myc protein
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Fig. 1. USP36 deubiquitinates and stabilizes c-Myc. (A) Overexpression of
WT USP36, but not the C131A mutant, induces c-Myc levels. Hela cells
transfected with control or Flag-USP36 (WT or the C131A mutant) were
assayed by IB. (B) USP36 stabilizes endogenous c-Myc. Hela cells transfected
with the indicated plasmids for 48 h were treated with 50 pg/mL cyclohex-
imide (CHX). The cells were harvested at different time points and assayed
by IB. (C) USP36 deubiquitinates c-Myc in cells. HEK293 cells transfected with
the indicated plasmids were treated with MG132 for 6 h before harvesting.
The cells were subjected to pulldown (PD) using the Ni?>*-NTA bead under
denaturing conditions, followed by IB. Asterisks indicate nonspecific PD of
native c-Myc. (D) Knockdown of USP36 increases c-Myc ubiquitination. HeLa
cells were transfected with scrambled or USP36 siRNA together with or
without His-Ub for 48 h and treated with MG132 for 6 h. The cells were
subjected to PD using the Ni?>*-NTA bead, followed by IB. (E) USP36 deu-
biquitinates c-Myc in vitro. Ubiquitinated c-Myc was purified from 293 cells
transfected with His-Ub and Flag-c-Myc using anti-Flag affinity purification.
The ubiquitinated c-Myc was incubated with recombinant WT His-USP36' 5%
or its C131A mutant protein, followed by IB with anti-Flag antibody.
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(Fig. 1B and Fig. S1C) without affecting the levels of c-myc
mRNA (Fig. S1G). Overexpression of WT USP36, but not the
C131A mutant, also increased the levels of endogenous c-Myc in
HEK293 (Fig. S1D) and the immortalized mammary epithelial
MCF10A cells (Fig. S1E), suggesting that c-Myc induction by
USP36 is not a cell-type-specific effect. Of note, the inability of
the C131A mutant (USP36°"3'4) to stabilize c-Myc is not due to
its lower expression levels compared with WT USP36 (Fig. 1 4
and B and Fig. S1 A-E), as at similar expression levels by
transfecting cells with WT USP36 or USP36“"*'# plasmid at 1:3
ratio, WT USP36, but not USP36'!4 still markedly stabilized
c-Myc (Fig. S1F). Together, these results demonstrate that
USP36 stabilizes c-Myc and increases its levels. Consistently,
overexpression of WT USP36, but not the C131A mutant, sig-
nificantly increased the levels of c-Myc target genes, including
prerRNA, E2F2 mRNA, and 58 rRNA catalyzed by RNA poly-
merase (Pol) I, II, and IIL, respectively (Fig. S1G), indicating that
USP36 stimulates c-Myc transactivation activity in cells.

USP36 Deubiquitinates c-Myc. USP36 is a cysteine protease (26);
thus, we then examined whether USP36 regulates c-Myc stability
through deubiquitination. Using in vivo ubiquitination assays
(27), we found that WT USP36, but not the C131A mutant,
significantly reduced the ubiquitinated species of c-Myc (Fig.
1C). Of note, the C131A mutant increased the levels of the
ubiquitinated species of c-Myc, indicating a dominant-negative
effect of this mutant. Conversely, knockdown of endogenous
USP36 significantly increased the ubiquitinated species of c-Myc
(Fig. 1D). To determine whether USP36 directly deubiquitinates
c-Myc in vitro, we purified ubiquitinated c-Myc from 293 cells
transfected with Flag—c-Myc and His-Ub using affinity purifica-
tion with anti-Flag (M2) agarose beads and Flag-peptide elution.
The ubiquitinated c-Myc was incubated with purified recombi-
nant USP domain-containing His-USP36' " (WT or C131A) or
control buffer followed by immunoblot (IB) with anti-Flag an-
tibody. As shown in Fig. 1E, WT USP36, but not the C131A
mutant, markedly reduced the ubiquitinated species of c-Myc.
These results demonstrate that USP36 is a bono fide c-Myc de-
ubiquitinase and the N-terminal fragment containing 800 amino
acids of USP36 is sufficient to deubiquitinate c-Myc.

USP36 Interacts with c-Myc in Cells and in Vitro. Next, we asked
whether we can detect USP36 interaction with c-Myc. As shown
in Fig. 24, ectopic V5-c-Myc was coimmunoprecipitated with
Flag-USP36 using anti-Flag antibody only when both plasmids
were transfected. Also, V5-USP36 was coimmunoprecipitated
with Flag—c-Myc using anti-Flag antibody when both plasmids
were transfected (Fig. 2B). Further, endogenous USP36 was
specifically immunoprecipitated by anti—c-Myc antibodies but
not control IgG (Fig. 2C). These results suggest that USP36
interacts with c-Myc in cells. To determine which domain of
USP36 interacts with c-Myc, we constructed a panel of Flag-
tagged USP36 deletion mutants, including the N-terminal USP
domain (1-420), central domain (421-800), and the C-terminal
nucleolar localization signal (NoLS)-containing domain (801-
1121) (Fig. 2E). We cointroduced WT USP36 or its deletion
mutants with V5-c-Myc into 293 cells and performed coimmu-
noprecipitation (co-IP) assays. As shown in Fig. 2D, c-Myc spe-
cifically coimmunoprecipitated with the mutants containing the
N-terminal USP domain, but not the mutants lacking this domain.
The N-terminal USP domain containing mutants USP36'**” and
USP36' % also induced the levels of c-Myc (Fig. 2D, Bottom).
This is consistent with the His-USP36' 3% fragment deubiquiti-
nating c-Myc in vitro (Fig. 1E). Co-IP assays using cells treated
with MG132 to normalize the c-Myc protein levels showed the
similar results (Fig. S24). Together, these results indicate that the
N-terminal USP domain of USP36 is necessary for binding to
c-Myc. In addition, His—c-Myc purified from bacteria was spe-
cifically bound by purified GST-USP36'*" protein, but not GST
alone, indicating that USP36 directly interacts with c-Myc in vitro
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Fig. 2. USP36 interacts with c-Myc in cells and in vitro. (A and B) Co-IP of
ectopic USP36 with ectopic c-Myc. H1299 cells transfected with V5-c-Myc and
Flag-USP36 (A) or V5-USP36 and Flag-c-Myc (B) individually or together were
assayed by co-IP. (C) Co-IP between endogenous USP36 and c-Myc. Lysates
from 293 cells were assayed by co-IP with anti—c-Myc (Y69) or control IgG.
(D and E) The N-terminal USP domain of USP36 is required for binding to c-Myc.
HEK293 cells transfected with VV5-c-Myc together with control or Flag-USP36 (WT
or deletion mutants) were assayed by co-IP with anti-Flag antibody (D).
The diagram of the Flag-USP36 and its deletion mutants are shown in E. (F) USP36
interacts with c-Myc in vitro. Purified GST or GST-USP36 immobilized on
glutathione beads was incubated with purified His-c-Myc. Bound proteins
were assayed by IB with anti-Myc (Top) and anti-GST (Bottom).

(Fig. 2F). Further, USP36“"*'* also binds to c-Myc in cells (Fig. S2B),
indicating that USP36 stabilization of c-Myc requires its catalytic
activity in addition to binding to c-Myc.

USP36 Interacts with Fbw7y, but Not Fbw7a, and Inhibits c-Myc
Degradation Mediated by Either Fbw7y or Fbw7a. c-Myc can be
ubiquitinated and degraded by expression of all three isoforms of
Fbw7 in cotransfection assays (11), but it appears to be degraded
mainly in the nucleolus (12). Fbw7y is localized in the nucleolus,
whereas Fbw7a and Fbw7p are localized in the nucleoplasm and
cytoplasm, respectively (12) (Fig. 34). USP36 is mainly localized
in the nucleolus (28, 29) (Fig. 34 and Fig. S3 E and F). There-
fore, we tested whether USP36 interacts with specific Fbw7

isoforms in a complex with c-Myc. As shown in Fig. 3B, USP36
was specifically coimmunoprecipitated with Fbw7y, but not
Fbw7a, in cells. Conversely, Flag-Fbw7y, but not Flag-Fbw7a,
was specifically coimmunoprecipitated with V5-USP36 by anti-
V5, but not control IgG, in cells cotransfected with both
V5-USP36 and Flag-Fbw7y (Fig. S34) or Fow7a (Fig. S3B).
Knocking down of Fbw7y neither resulted in the relocalization
of Fbw7a from the nucleoplasm to the nucleolus (Fig. S3C) nor
its binding to USP36 (Fig. S3D), suggesting that Fbw7a does not
compensate for Fbw7y in the regulation of c-Myc by USP36. To
determine whether USP36 and Fbw7y form a complex with
c-Myc, we performed sequential co-IP assays. Cell lysates from
H1299 cells cotransfected with V5-USP36, Flag-Fbw7y, and
c-Myc were first immunoprecipitated with anti-Flag antibody
followed by elution with Flag-peptide (Fig. 3C, lane 2). The
elution containing Flag-Fbw7y-associated proteins was then
immunoprecipitated with control IgG (Fig. 3C, lane 3) or anti-
V5 antibody (Fig. 3C, lane 4). As shown in Fig. 3C, c-Myc was
coimmunoprecipitated in the first anti-Flag IP as well as in the
secondary anti-V5 IP, suggesting that USP36 forms a tertiary
complex with c-Myc and Fbw7y in cells. Interestingly, over-
expression of USP36 abolished the reduction of c-Myc mediated
by either Fbw7y (Fig. 3D) or Fow7a (Fig. 3E). These results
suggest that in addition to USP36 deubiquitinating c-Myc ubig-
uitinated by Fbw7y in the nucleolus, it may also deubiquitinate
c-Myc following Fbw7a-mediated ubiquitination in the nucleo-
plasm. Alternatively, Fbow7a may act sequentially with Fbw7y to
regulate c-Myc as in the case of cyclin E, and thus, nucleolar
USP36 can still impact Fbw7a-mediated c-Myc ubiquitination (30).

USP36 Interacts with and Deubiquitinates c-Myc in the Nucleolus. The
nucleolar localization of USP36 and its interaction with Fbw7y
indicates that it interacts with c-Myc in the nucleolus. To test this
hypothesis, we performed cell fractionation followed by co-IP
using nucleolar lysates. As shown in Fig. S3E, ectopically ex-
pressed USP36 is predominantly detected in the nucleolar frac-
tion, whereas c-Myc is mainly localized in the nucleoplasm, with
substantial presence in the nucleolar fraction as well. Co-IP using
the isolated nucleolar lysates showed that USP36 interacted with
c-Myc in the nucleolus (Fig. 3F). Further in vivo ubiquitination
assays showed that USP36 was able to deubiquitinate c-Myc
in the nucleolus (Fig. 3G) but not in the nucleoplasm (Fig. S3
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Fig. 3. USP36 interacts with Fow7y, but not Fow7q; inhibits c-Myc degradation mediated by either Fbow7y or Fow7a; and deubiquitinates c-Myc in the nucleolus.
(A) Immunofluorescence (IF) staining. Hela cells transfected with Flag-USP36, Flag-Fbw7y, or Flag-Fbw7a were immunostained with anti-Flag (green) and anti-
nucleostemin (NS) (red). (B) USP36 interacts with Fow7y, but not Fow7a. Hela cells transfected with the indicated plasmids were assayed by co-IP. (C) USP36 forms
a complex with c-Myc and Fbw7y. Hela cells transfected with Flag-Fow7y, V5-USP36, and c-Myc were subjected to IP with anti-Flag, followed by elution with the Flag
peptide. The elution was then subjected to co-IP with control IgG or anti-V5. (D and E) USP36 inhibits c-Myc degradation mediated by Fbw7y or Fow7a. Hela cells
transfected with the indicated plasmids were assayed by IB. (F) USP36 interacts with c-Myc in the nucleolus. The nucleolar fraction isolated from Hela cells expressing
Flag-USP36 as in Fig. S3E was assayed by co-IP. (G) USP36 deubiquitinates c-Myc in the nucleolus. The nucleoli isolated from Hela cells transfected with the indicated
plasmids were assayed by Ni>*-NTA PD. (H) Overexpression of USP36 increases the levels of c-Myc in both the nucleoplasm and the nucleolus. HeLa-TO (tetracycline
operator)-Flag-USP36 cells were induced without or with doxycycline (dox) for 12 h and assayed by cell fractionation and IB.
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Fig. 4. Knockdown of USP36 reduces c-Myc levels and suppresses cell pro-
liferation. (A and B) Knockdown of USP36 reduces c-Myc levels. HeLa (A) and
MCF10A (B) cells were infected with scrambled or USP36 shRNA-encoding
lentiviruses. The cell lysates were assayed for the expression of ¢-Myc and
USP36 by IB. (C) Knockdown of USP36 suppresses cell proliferation. HelLa or
MDA-MB-231 cells were infected with control or USP36 shRNA-encoding
lentiviruses. The cells were cultured for up to 3 wk. The colonies were vi-
sualized by staining with crystal violet. (D-F) Knockdown of c-Myc does not
further increase the inhibitory effects of knockdown of USP36 on cell pro-
liferation. HelLa cells infected with control, USP36 shRNA, or c-Myc shRNA-
encoding lentiviruses alone or together were subjected to colony formation
assay (D) or measurement of cell confluence over time using IncuCyte System
(F). A representative IB detection of the expression of USP36 and c-Myc is
shown in E. (G) Knockdown of USP36 induces apoptosis. Hela cells infected
with control or USP36 shRNA-encoding lentiviruses were stained with pro-
pidium iodide (PI) followed by flow cytometry analysis. The average per-
centages of cells in sub-G1 are shown. (H) Soft agar colony formation assays.
MDA-MB-231 breast cancer cell lines were infected with control or USP36
shRNA-encoding lentiviruses, followed by colony formation assay in soft agar.

G and H). However, c-Myc levels are increased in both the nu-
cleoplasm and nucleolar fractions upon overexpression of USP36
(Fig. 3H). Thus, USP36 can deubiquitinate and stabilize c-Myc in
the nucleolus, and the deubiquitinated c-Myc could shuttle from
the nucleolus back to the nucleoplasm.

Knockdown of USP36 Reduces the Levels of c-Myc and Suppresses Cell
Proliferation. To determine the role of endogenous USP36 in
regulating c-Myc, we examined whether knockdown of USP36
affects c-Myc levels and activity. As shown in Fig. 44, lentiviral-
mediated knockdown of USP36 by three individual shRNAs
significantly reduced the levels of endogenous c-Myc protein
in HeLa cells compared with the scrambled RNA control.
Knockdown of USP36 also reduced the levels of endogenous c-Myc
in MCF10A cells (Fig. 4B) and breast cancer MDA-MB-231 cells
(Fig. S4A4). In addition, knockdown of USP36 reduced the levels
of doxycycline (dox)-induced ectopic V5—c- MchT (Fig. S4B),
but not the Fbw7-resistant mutant V5—c-Myc %" (Fig. S4C)
in MCF10A cells, compared with scrambled control. Similarly,
knockdown of USP36 also reduced the levels of stably trans-
fected c-Myc™?, but not c-Myc™®*, in HeLa cells (Fig. S4D).
The reduction of c-Myc by USP36 knockdown can be rescued
by concomitant knockdown of Fbw7 (Fig. S4F), suggesting the
opposite coregulation of c-Myc by Fbw7 and USP36 in the
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nucleolus. Consistently, knockdown of USP36 by three individual
shRNAs drastically suppressed the proliferation of HelLa and
breast cancer MDA-MB-231 cells (Fig. 4C) as well as SKBR3
cells (Fig. S4F) as determined by colony formation assays and
cell confluence over time in culture using an IncuCyte live cell
imaging system (Fig. S4G). These effects are not off-target
effects, as overexpression of shRNA-3-resistant USP36 in HeLa
cells rescued the c-Myc reduction by knockdown of endogenous
USP36 (Fig. S4H) and abolished the inhibitory effect of USP36
knockdown on cell proliferation (Fig. S4I). Knockdown of
USP36 also significantly induced apoptosis in cells as evident
by the increases in sub-G1 cells infected w1th USP36 shRNA
(Fig. 4G). Of note, overexpression of c-Myc™** did not rescue
the inhibitory effect of USP36 knockdown on cell proliferation,
suggesting that other targets in addition to c-Myc are involved in
cell growth inhibition 1 upon USP36 knockdown. One possibility
is that cells with c-Myc™®* overexpression depend on elevated levels
of ribosomal biogenesis for cell growth and proliferation, and this
may require USP36 regulation of additional targets such as B23
and RNA Pol I (29, 30). Thus, knockdown of USP36 in these cells
is synthetic lethal. Nevertheless, upon c-Myc knockdown, addi-
tional growth inhibitory effects of USP36 knockdown were not
observed (Fig. 4 D-F). Together, these results suggest that en-
dogenous USP36 regulates c-Myc levels and this correlates with its
role in promoting cell proliferation and cell survival.

Knockdown of USP36 Suppresses Anchorage-Independent Growth of
Breast Cancer Cell Lines. To determine whether USP36 plays a role
in cell transformation, we performed anchorage-independent
growth of breast cancer MDA-MB-231 cells. As shown in Fig.
4H and Fig. S4J, knockdown of USP36 by shRNA significantly
reduced the colony formation in soft agar for MDA-MB-231 cells.
These results suggest that USP36 may play a key role in cell pro-
liferation and tumor cell growth.

USP36 Is a c-Myc Target Gene. During our observation using tet-
inducible expression of c-Myc (e.g., Fig. S4B), we observed
that USP36 is induced by c-Myc expression. To confirm this
observation, we also induced the expression of c-Myc in 293-TO-
HA-Myc (Fig. 54) and U20S-TO-Flag-Myc (Fig. S54) cells with
dox. The results clearly showed that the levels of USP36 protein
were increased by induced expression of c-Myc in both cells in
a time-dependent manner (Fig. 54 and Fig. S54). This correlates
with the increased expression of USP36 mRNA (Fig. S5 B and
C). We also observed that USP36 protein was rapidly increased
along with c-Myc following serum stimulation, peaking at 2 h
after stimulation (Fig. 5B), and USP36 mRNA was also rapidly
increased and peaked at 2 h (Fig. 5C). These results indicate that
USP36 may be a c-Myc target gene. By analyzing the promoter
and exon-intron sequences of the human USP36 gene, we found
two canonical c-Myc-binding E box motifs and a number of
noncanonical E box sites in a region spanning exon 1, intron 1,
and exon 2 (Fig. 5D). Chromatin IP (ChIP)-qPCR assays (Fig.
SE) showed that c-Myc specifically bound to the exon 1 (A in Fig.
5E) and intron 1 (B in Fig. 5E) E box-containing regions and to
a lesser extent to exon 2 (noncanonical E boxes, C in Fig. 5E),
but not the intron 6 region (D in Fig. 5E). Further, the binding of
c-Myc to the USP36 gene was increased following serum stim-
ulation (Fig. 5F). Consistently, knockdown of c-Myc reduced the
levels of USP36 (Fig. 5G). Together, these results demonstrate
that USP36 is a c-Myc target gene. Interestingly, knockdown
of USP36 significantly abolished the c-Myc induction following
serum stimulation (Fig. S5D), demonstrating that USP36 plays
a critical role in c-Myc stabilization in response to growth signals.
Together, our results suggest that USP36 may form a positive
feedback regulatory loop with c-Myc.

USP36 Is Deregulated in Breast Cancers. The above results suggest
that USP36 might possess an oncogenic role. To determine
whether the expression of USP36 is altered in human cancers, we
searched publicly available databases such as the cBiol Cancer
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Fig. 5. USP36 is a target gene of c-Myc. (A) c-Myc induces the expression of
USP36. 293-TO-Myc cells were cultured in the presence of dox for different
times as indicated, followed by IB. (B and C) Dynamic expression of USP36
and c¢-Myc in cells following serum stimulation. HeLa cells cultured in 0.2%
FBS containing medium for 48 h were stimulated with 20% FBS and har-
vested at the indicated time points. The cells were assayed for USP36 ex-
pression by IB (B) or RT-qPCR assays (C). (D) Diagram of the USP36 gene
exon-intron regions. Bars indicate the four regions amplified by ChIP-gPCR
assays. Red boxes and asterisks indicate canonical and noncanonical E boxes,
respectively. Filled boxes indicate exons. The numbers of exons are also in-
dicated. Arrows indicate the transcription start. (E) c-Myc specifically binds to
the E box-containing exon 1 and intron 1, but not intron 6, regions of the
USP36 gene. Hela cells were subjected to ChIP using control IgG or anti-
c-Myc antibodies followed by gPCR amplification of the indicated genomic
regions of the USP36 gene. (F) Serum stimulation increases the c-Myc
binding to the USP36 gene. Hela cells were serum starved for 48 h, followed
by stimulation with 20% FBS for 2 h, as in B. The serum-starved and re-
stimulated cells were subjected to ChIP-qPCR to detect the USP36 promoter
DNA (exon 1). (G) Knockdown of endogenous c-Myc reduces USP36 levels.
Hela cells transfected with c-Myc or scrambled siRNA were assayed by IB.

Genomics Portal (cBioPortal), where the TCGA data suggest
that USP36 is frequently amplified or overexpressed in various
human cancers, including breast invasive carcinomas (Fig. S6A4).
We therefore analyzed the USP36 expression in a series of hu-
man breast cancer cell lines. We found that USP36 mRNA is
overexpressed in several cell lines, including SKBR3, MDA-MB-
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Fig. 6. USP36 is overexpressed in cancer cells. (A and B) USP36 is overexpresse
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453, MDA-MB-231, and HCC1143 cells (Fig. 64). Elevated
protein expression is also detected in these cell lines as well as
others, such as MDA-MB-468, MDA-MB-436, HCC38, and
MCF7 cells (Fig. 6B). In most of these USP36-overexpressing
breast cancer cell lines, c-Myc levels are also increased (Fig. 6B).
Consistently, we detected higher USP36 mRNA levels (equal to
or more than a twofold increase) in primary tumors than the
adjacent normal tissues in 6 out of 17 (35.3%) breast cancer
patients (Fig. 6C) (average increase, 2.19-fold; P = 0.031; Fig.
6D). Further, USP36 expression is drastically increased in 64%
(7 out of 11 patients) of lung cancer patients compared with
normal adjacent controls (Fig. S6B). Thus, USP36 is frequently
overexpressed in tested human breast and lung cancers.

Discussion

Ubiquitination plays a key and complex role in the regulation of
c-Myc protein turnover and activity. c-Myc is ubiquitinated by
Fbw7y in the nucleolus, where c-Myc is mainly degraded (12, 23,
24), but the nucleolus is also the site where c-Myc contributes
to ribosomal biogenesis (3). Thus, the nucleolus plays a central
role in regulating c-Myc levels and oncogenic activity. However,
whether c-Myc stability can be regulated by deubiquitination in
the nucleolus was not known. In this study, we identified USP36
as a novel nucleolar DUB for c-Myc, counteracting c-Myc ubig-
uitination and degradation in the nucleolus.

USP36 and the c¢-Myc Nucleolar Degradation Pathway. SCF™-
mediated ubiquitination and proteasomal degradation play key
roles in linking c-Myc turnover to growth factor-dependent sig-
naling. It is known that both Fbw7a and Fbw7y, when overex-
pressed, can promote c-Myc ubiquitination and degradation,
although the bulk of c-Myc degradation appears to occur in the
nucleolus (12, 23, 24). However, how c-Myc stability is controlled
by the Fbw7 isoforms in specific cell compartments under phys-
iological conditions is still not clear. Recently, it has been shown
that Fbw7a and Fbw7y function sequentially to regulate the
turnover of cyclin E, another Fbw7 analog substrate, instead of
targeting cyclin E independently in their respective compart-
ments (31, 32). Fow7a promotes initial isomerization of cyclin
E by PIN1 without ubiquitinating cyclin E, possibly coupled with
nucleolar translocation, and allows successive ubiquitination of
cyclin E by Fow7y in the nucleolus (31, 32). Thus, it will be in-
teresting in future studies to examine whether Fbw7a may also
promote isomerization of c-Myc by PIN1 that facilitates c-Myc
translocation into the nucleolus, where it is polyubiquitinated by
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d in breast cancer cell lines. The expression of USP36 was examined in a total of

10 breast cancer cell lines by RT-qPCR (A) and IB (B) compared with the immortalized mammary epithelia MCF10A cells. (C and D) USP36 is overexpressed in a subset
of primary breast cancers. Tissues from breast cancer patients as well as patient-matched normal adjacent tissues were assays for USP36 mRNA expression by RT-qPCR
(C). The average 2.19-fold increase of USP36 expression is shown in D. (E) A schematic diagram illustrating the role of USP36 in regulating c-Myc in the nucleolus

(see Discussion for details).
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Fbw7y. Our cell fractionation assays showed that USP36 inter-
acts with c-Myc and deubiquitinates c-Myc in the nucleolus.
Also, USP36 interacts with Fbw7y, but not Fbw7«, and forms
a tertiary complex with c-Myc and Fbw7y, indicating that this
tertiary complex assembles in the nucleolus, where c-Myc sta-
bility is dynamically controlled by the Fow7y—USP36 axis. This
specific interaction between USP36 and Fbw7y in the nucleolus
may contribute to the specific USP36 regulation of c-Myc in the
nucleolus. It is interesting to examine whether other mechanisms
such as other posttranslational modifications of USP36 and
c-Myc may involve this regulation as well.

Previously, USP28 has been shown to deubiquitinate c-Myc in
the nucleus and suppress c-Myc degradation mediated by Fbw7a,
but not Fbw7y, suggesting that USP28 controls c-Myc stability
primarily in the nucleoplasm (22). Together, we propose that
c-Myc may be controlled dynamically and cooperatively by the
USP28--Fbw7a and USP36-Fbw7y axes at the nucleoplasm and
the nucleolus, respectively. USP28 may suppress the action of
Fbw7a in the nucleoplasm, whereas USP36 ultimately counter-
acts Fbw7y and controls c-Myc degradation in the nucleolus,
acting as an end-point regulator of the c-Myc degradation path-
way (Fig. 6E). This finding will therefore add a missing and key
regulator into the c-Myc degradation pathway. Future studies are
warranted to test how USP36-Fbw7y and USP28-Fbw7a axes
coordinately regulate c-Myc stability and function and how their
deregulation contributes to human cancers.

USP36 Regulation of c-Myc and Ribosomal Biogenesis. It has been
shown that USP36 regulates the stability of the nucleolar pro-
teins B23 and fibrillarin, which are critical for rRNA processing
and ribosomal biogenesis (29). Yeast DUB ubp10, the human
USP36 ortholog, also localizes in the nucleolus; controls the
stability of Rpa190, the largest subunit of yeast RNA Pol I; and is
required for proper ribosomal biogenesis and cell growth (30).
These studies indicate that USP36 may play a role in ribosomal
biogenesis. Our finding that USP36 controls c-Myc protein
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stability in the nucleolus further supports this notion, as c-Myc is
a master regulator of ribosome biogenesis by controlling tran-
scription catalyzed by all three RNA Pols, leading to enhanced
production of rRNA, ribosomal proteins, and ribosomal bio-
genesis accessory factors (3, 25). By deubiquitinating and stabi-
lizing c-Myc in the nucleolus, USP36 can directly promote c-Myc
function in the nucleolus by enhancing RNA Pol I activity. De-
ubiquitinated c-Myc is then also translocated to the nucleoplasm
(Fig. 3H), where it can enhance RNA Pol II and III activity as
well. Furthermore, USP36 itself is a c-Myc target gene, suggesting
that USP36 and c-Myc form a positive feedback regulatory loop.
Altogether, these results reveal that USP36 is a novel positive
c-Myc regulator controlling c-Myc’s nucleolar degradation path-
way to enhance c-Myc’s oncogenic activity. Indeed, we observed
that USP36 is overexpressed in a number of human cancers, in-
cluding breast and lung cancers. Future studies would include the
examination of USP36 regulation of c-Myc in mouse tumorigen-
esis models and whether USP36 could be a therapeutic target.

Materials and Methods

Cell lines were cultured and maintained as described in S/ Materials and
Methods. Flag-tagged USP36 (WT and the C131A mutant) plasmids and
rabbit polyclonal anti-USP36 serum were previously described (28, 29). Flag-
Fbw7 plasmids were provided by B. E. Clurman (Fred Hutchinson Cancer
Research Center (Seattle, WA) (12). A detailed description of all other plas-
mids, in vivo and in vitro ubiquitination assays, RNA interference, 1B, co-IP,
ChIP, reverse transcriptase—quantitative PCR (RT-qPCR), cell proliferation, cell
fractionation, flow cytometry, immunofluorescence staining, GST-fusion pro-
tein association, and soft agar assays can be found S/ Materials and Methods.
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