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The 26S proteasome: A cell cycle regulator regulated by cell cycle
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Since the discovery of the 26S proteasome nearly three dec-
ades ago, its role in executing protein degradation and regu-
lating almost every cellular function, especially cell cycle,
has been well established and widely accepted. Inhibition of
the 26S proteasome invariably leads to cell cycle block
which can eventually cause cell death, underlying the
proven clinical usage of proteasome inhibitors (such as Bor-
tezomib or VelcadeTM) for treating cancers.1 We recently
published a study2 showing that the proteasome itself is
phosphorylated in a cell cycle-dependent manner, and that
blocking a single phosphorylation event can alter protea-
some activity, perturb cell cycle and reduce tumor growth,
in the absence of proteasome inhibitors.

The 26S proteasome consists of a 20S core particle (CP) and
one or two 19S regulatory particles (RP). The 19S RP performs
a number of activities including capturing, unfolding and trans-
locating the substrate into the 20S for proteolysis. Most of these
activities depend on six AAA-type ATPase subunits of the 19S
RP, namely Rpt1-6. The biological importance and biochemical
complexity of the 26S proteasome demand that it must be
tightly regulated.3

One particularly important regulatory mechanism of the
proteasome is reversible phosphorylation. Previously we iden-
tified the first known proteasome-resident phosphatase,
UBLCP1.4 In our efforts to identify the target sites of
UBLCP1 using quantitative mass spectrometry, we noticed
phosphorylation at Thr25 of the ATPase subunit Rpt3.
Although this site was later found not to be dephosphorylated
by UBLCP1, changing the Thr residue to Val (phospho-defi-
cient) or to Asp (phospho-mimetic) did alter proteasome
activity in opposite directions. This suggested to us that
Rpt3-T25 phosphorylation might be a functionally relevant
event to the proteasome. A number of phospho-proteomics
studies have documented this phosphorylation, with a hint
for its association with cell cycle.5 We wondered whether the
proteasome itself is dynamically phosphorylated during cell
cycle, which may affect its proteolytic function that in turn

regulates cell cycle progression. This was an intriguing ques-
tion that had not been rigorously addressed.

We began by generating a phospho-T25-specific anti-
body, and confirmed that this phosphorylation is prevalent
in various cell types and mouse tissues. Notably, pT25
level is low in G1-phase cells but is markedly elevated
upon S phase entry and persists throughout G2 and M
phases. This is the first clear evidence that the 26S protea-
some undergoes dynamic, cell cycle-dependent phosphory-
lation. The result not only verifies previous mass
spectrometry findings but also suggested a novel regulatory
mechanism of the proteasome that may be important for
cell cycle progression.

To test this notion, we introduced homozygous Rpt3-
T25A mutation to different cell lines using CRISPR/Cas9-
mediated gene editing. The mutant cells, which lack T25
phosphorylation, displayed weakened proteasome activity as
well as reduced proliferation, indicating a positive role of
T25 phosphorylation in regulating proteasomal degradation
and cell cycle progression. Indeed, our quantitative mass
spectrometry study revealed that degradation of nearly 20%
of all detected proteins was impaired due to loss of T25
phosphorylation, many of which are involved in cell cycle
regulation (unpublished). Two clear examples were the
CDK inhibitors, p21Cip1 and p27Kip1, whose stabilization in
the T25A knock-in cells fits nicely with the prolonged tran-
sition from S to G2/M phases (Fig. 1). Thus, Rpt3-T25
phosphorylation coordinates proteasome activity with cell
cycle progression, and mutation of this single site reshapes
the cellular proteome.

Through a kinome-wide screen, we found DYRK2 (dual-
specificity tyrosine-regulated kinase 2) as the primary kinase
phosphorylating Rpt3-T25. Interestingly, we show that DYRK2
itself is a cell cycle-regulated kinase and its upregulation at the
start of S phase explains the dynamics of T25 phosphorylation.
DYRK2 directly activates the proteasome by enhancing sub-
strate translocation to the 20S CP, although other mechanisms
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may exist. CRISPR/Cas9-mediated DYRK2 knockout phe-
nocopied T25A knock-in in difference cell types, and also sensi-
tized a basal-like triple-negative breast cancer cell line, MDA-
MB-468, to low-dose Bortezomib treatment. Importantly,
either DYRK2 disruption or T25A knock-in alone was able to
significantly reduce the tumorigenic growth of MDA-MB-468
cells in nude mice.

Together, our findings represent the first detailed study
of proteasome phosphorylation during cell cycle. We argue
that proteasome activity can be fine-tuned by post-transla-
tional modifications, resulting in an optimal level of protein
degradation that is necessary for certain physiological pro-
cesses. In the case of breast cancer, proteasome addiction
has been found to be a vulnerability of the basal type of
tumor cells.6 Our data demonstrate that blocking protea-
some phosphorylation alone (without using any proteasome
inhibitors) can effectively thwart tumor growth. To our sat-
isfaction, a very recent large-scale study has placed Rpt3
(also known as PSMC4) and DYRK2 in the same “essential
gene set” of basal breast cancers.7 These findings, plus the
negative correlation between DYRK2 expression and breast
cancer patient prognosis, suggest the possibility of targeting
DYRK2 for cancer treatment. In a broader sense, we postu-
late that a considerable number of existing kinase inhibitors
may indirectly act upon the proteasome and synergize with

proteasome inhibitors to more effectively (and perhaps
more selectively) eliminate cancer cells that show a strong
dependence on proteasome function and/or aberrant protea-
some phosphorylation. Testing this hypothesis obviously
requires a better understanding of proteasome phosphoryla-
tion, a goal that we will continue to pursue.
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Figure 1. DYRK2-mediated proteasome phosphorylation at Rpt3-T25 regulates cell cycle progression. Upon S phase entry, increased Rpt3-T25 phosphorylation (red)
caused by DYRK2 upregulation (blue) leads to enhanced proteasomal degradation of cell cycle inhibitors such as p21Cip1 and p27Kip1 (green). Loss of T25 phosphorylation
stabilizes p21Cip1 and p27Kip1 (dotted line) and delays cell cycle progression. We want to emphasize that blocking Rpt3-T25 phosphorylation also affects many other pro-
teins involved in cell cycle and several different cellular processes.
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