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Abstract

Despite the fundamental importance of proteasomal degradation in cells, little is known about
whether and how the 26S proteasome itself is regulated in coordination with various physiological
processes. Here we show that the proteasome is dynamically phosphorylated during cell cycle at
Thr25 of the 19S subunit Rpt3. CRISPR/Cas9-mediated genome editing, RNA interference and
biochemical studies demonstrate that blocking Rpt3-Thr25 phosphorylation markedly impairs
proteasome activity and impedes cell proliferation. Through a kinome-wide screen, we have
identified dual-specificity tyrosine-regulated kinase 2 (DYRK?2) as the primary kinase that
phosphorylates Rpt3-Thr25, leading to enhanced substrate translocation and degradation.
Importantly, loss of the single phosphorylation of Rpt3-Thr25 or knockout of DYRK2 significantly
inhibits tumor formation by proteasome-addicted human breast cancer cells in mice. These
findings define an important mechanism for proteasome regulation and demonstrate the biological
significance of proteasome phosphorylation in regulating cell proliferation and tumorigenesis.

Introduction

The 26S proteasome is an essential protein complex responsible for degrading the majority
of cellular proteins in eukaryotesl. An impaired proteasome system often underlies
neurodegenerative diseases and the aging processz' 3. On the other hand, the rapid growth of
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cancer cells is often dependent on elevated proteasome activity, and proteasome inhibitors
such as Bortezomib (Velcade™) have proven to be effective against multiple myeloma and
certain solid cancers . Further understanding of proteasome regulation is of enormous
biological and clinical importance.

The mature 26S proteasome consists of at least 33 distinct subunits. Fourteen of them (al-7
and B1-7) form the 20S core particle (CP), a barrel-shaped structure that encloses three types
of peptidase activities (trypsin-like, caspase-like and chymotrypsin-like). The remaining 19
subunits (Rpt1-6, Rpnl1-3, 5-13 and 15) constitute the 19S regulatory particle (RP) that caps
the CP on one or both ends. Protein substrates destined for proteasomal degradation are
captured and processed by the 19S RP before they are threaded into the 20S CP for
proteolysis. During this process, the ATPase subunits (Rpt1-6) play key roles in substrate
engagement, unfolding, translocation and CP gate opening .

Given its biological importance and biochemical complexity, the 26S proteasome is
regulated at several levels by multiple mechanisms, ranging from transcriptional control to
post-translational modifications (e.g. phosphorylation) of proteasome subunitsg'14. Notably,
the human 26S proteasome contains over 300 phosphorylation sites, over 99% of which have
not been studied (http://www.phosphosite.org). It remains poorly understood how these
regulations are achieved biochemically and how they influence the vast biological processes
that require proteasome function.
Cell cycle regulation is one of the best appreciated functions of the 26S proteasomelsv 16.
Impaired degradation of key proteins caused by proteasome inhibitors or protein aggregation
impedes cell proliferation, which underpins the pathogenesis and treatment of certain
. 4517 18 . .
diseases " ™ 7+ . Recent phospho-proteomic studies have revealed a number of proteasome
. . 1922 . . . o
phosphorylation events at different cell cycle stages , raising an important and intriguing
question whether and how the proteasome itself is regulated during cell cycle to
accommodate this process where protein degradation must be finely regulated.

Here we show that the 26S proteasome is dynamically phosphorylated at Thr25 of the 19S
subunit Rpt3 in a cell cycle-regulated manner. Cells deficient of Rpt3-T25 phosphorylation
exhibit reduced proliferation and decreased proteasome activity. We identify dual-specificity
tyrosine-regulated kinase 2 (DYRKZ2) as the major kinase that phosphorylates Rpt3-T25.
Loss of this single phosphorylation significantly inhibits tumor growth in vivo. Our study for
the first time demonstrates the biological importance of proteasome phosphorylation in cell
cycle and tumorigenesis, and suggests a possible approach of proteasome-oriented therapy
by targeting proteasome kinases.

Cell cycle-dependent Rpt3-Thr25 phosphorylation

Rpt3-T25 phosphorylation has been documented in several proteomic studieslgv %, 24,

although its function and regulation remained unknown. To characterize this event, we
generated a phospho-T25-specific antibody (Fig. 1a). T25 phosphorylation of endogenous
Rpt3 was found both in vivo (Fig. 1b) and in 26S proteasomes isolated from multiple cell
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lines (Fig. 1c and Supplementary Fig. 1a), establishing Rpt3-T25 as a bona fide proteasome
phosphorylation site. Several lines of evidence indicate that Rpt3-T25 phosphorylation
undergoes reversible and dynamic regulation. First, the phosphorylation was increased by
treating cells with Calyculin A, a potent inhibitor of the PP1 and PP2A phosphatases (Fig.
1d). Second, Rpt3-T25 phosphorylation appeared to be associated with actively proliferating
cells, as it was downregulated following serum starvation (Fig. 1e) or contact inhibition (Fig.
1f), both of which arrest cells in the GO/G1 phase of cell cycle. Interestingly, Rpt3-T25
phosphorylation was first reported to be present in nocodazole-synchronized mitotic cells
but not in cells at late G1 phaselg. Indeed, we consistently found higher levels of Rpt3-T25
phosphorylation at G2/M phase than at the G1/S boundary in multiple cell types
(Supplementary Fig. 1b, c). Further analysis using HaCaT cells (immortalized human
keratinocytes) showed that phospho-T25 was low during most of the G1 phase, became
upregulated as cells entered S phase and remained relatively constant through S and G2/M
phases (Fig. 1g). We estimated that at least 15% of total Rpt3 were T25-phosphorylated
during G2/M in HaCaT and 293A cells (Supplementary Fig. 1d). Together, these data
indicate that the 26S proteasome is modified in a cell cycle-dependent manner, and suggest
that Rpt3-T25 phosphorylation may be functionally implicated in regulating cell
proliferation.

Lack of Rpt3-T25 phosphorylation impedes cell proliferation

To understand the functional importance of Rpt3-T25 phosphorylation, we utilized the
CRISPR/Cas9 system to create a T25A mutation in both copies of the PSMC4 gene
(encoding Rpt3) in HaCaT cells and MDA-MB-468 human breast cancer cells (Fig. 2a).
Homozygous T25A knock-in was confirmed by Sanger sequencing and it completely
abrogated T25 phosphorylation as expected (Fig. 2a and b). The mutant Rpt3 was expressed
at the same level as the wild-type protein and was properly assembled into the 26S
proteasome (Fig. 2b and Supplementary Fig. 2a). Interestingly, all of the T25A knock-in
cells proliferated more slowly than the corresponding control/parental cells (Fig. 2c).
Consistent with this result, knockdown of endogenous Rpt3 by shRNA and simultaneous re-
expression of a phospho-deficient mutant Rpt3-T25V also significantly reduced the
proliferation of HaCaT and MCF10A cells (Supplementary Fig. 2b). These data demonstrate
that Rpt3-T25 phosphorylation has a considerable contribution to cell proliferation.

The proliferation defect of T25A knock-in cells suggests deregulated proteasomal
degradation of cell cycle regulators. To test this idea, we examined a panel of cell cycle
proteins and compared their expression levels and turnover rates between control and T25A
cells. A remarkable accumulation and stabilization of the cell cycle inhibitors p21€iP and
p27KiP1 was observed in T25A cells as compared with control cells, while their gene
transcription was not affected (Fig. 2d and Supplementary Fig. 2c). This phenomenon was
particularly evident at early S phase, which coincided with the upregulation of T25
phosphorylation in control cells (Fig. 1g). Consistently, after synchronization and release
from G1/S boundary, the T25A cells clearly lagged behind the control cells and showed a
2.5-3 hr delay in the induction of G2/M markers such as cyclin B1 and phospho-Histone H3
(Ser10) (Fig. 2e, f and Supplementary Fig. 2d, €). No signs of DNA damage responses or
ubiquitin depletion were detected under our assay conditions (Supplementary Fig. 2f, g).

Nat Cell Biol. Author manuscript; available in PMC 2016 June 14.
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These data indicate that timely progression through S phase requires concomitant Rpt3-T25
phosphorylation, which likely promotes proteasomal degradation of cell cycle regulators
such as p21CiPl/p27Kipl,

Blocking Rpt3-T25 phosphorylation inhibits 26S proteasome activity

We next measured proteasome activity in control and T25A knock-in cells. In both HaCaT
and MDA-MB-468 cells, loss of Rpt3-T25 phosphorylation reduced endogenous proteasome
activity towards a fluorogenic peptide substrate Suc-LLVY-AMC® by approximately 30%
(Fig. 3a). In fact, all three types of peptidase activity of the proteasome were similarly
downregulated (Fig. 3a, b), suggesting an overall weakening of proteasome function in the
absence of T25 phosphorylation. We also confirmed these findings in additional cell lines by
replacing endogenous Rpt3 with HA-tagged WT or mutant Rpt3 using the aforementioned
shRNA/add-back approach (Supplementary Fig. 3a). Similar to T25A knock-in, substitution
of endogenous Rpt3 with the phospho-deficient T25V mutant significantly reduced
proteasome activity against Suc-LLVY-AMC, while the phospho-mimetic T25D mutation
had the opposite effect (Fig. 3c and Supplementary Fig. 3b). Moreover, GFPu, a short-lived
reporter protein that undergoes rapid ubiquitination and proteasome degradationﬂ, was
cleared at a significantly slower rate in Rpt3-T25V-expressing cells than in control cells
(Supplementary Fig. 5c). Together, these data demonstrate that Rpt3-T25 phoshorylation is
required for efficient proteasomal degradation.

We further assessed the role of Rpt3-T25 phosphorylation in cellular protein turnover.
Consistent with the overall decrease of proteasomal function, the Rpt3-T25A knock-in cells
accumulated higher levels of K48-linked polyubiquitinated proteins than control cells (Fig.
3d). A more pronounced effect was seen when cellular protein degradation was determined
using 3H-Phe pulse-chase assay26. In both HaCaT and MDA-MB-468 cells, the single T25A
substitution reduced the rate of total protein degradation by approximately 66% (Fig. 3e),
indicating an important role of T25 phosphorylation in regulating proteasome function. Loss
of this phosphorylation is therefore expected to impact a variety of biological processes.

DYRK2 is the primary kinase that phosphorylates Rpt3-Thr25

The biological and biochemical importance of Rpt3-T25 phosphorylation prompted us to
identify the responsible kinase(s). To this end, we performed a kinome-wide screen of more
than 300 human Ser/Thr kinases’’ by individually overexpressing each cDNA in 293T cells
(Fig. 4a). Strikingly, only the DYRK subfamily of kinases were capable of phosphorylating
endogenous Rpt3-T25 to a considerable level (Fig. 4a, b and Supplementary Fig. 4a).
Indeed, the sequence surrounding Rpt3-T25 (SRPQTGLS) conforms to a DYRK consensus
motif (RPXS/T, where X is any amino acid) and is evolutionarily conserved among
vertebrate Rpt3 proteins (Fig. 4c). Five DYRK family members exist in vertebrates
(DYRKI1A, 1B, 2,3 and 4)28, among which only DYRK2 knockdown greatly reduced T25
phosphorylation in cells (Fig. 4d and Supplementary Fig. 4b). In addition, DYRK2 protein
and mRNA levels were both regulated in response to serum deprivation and during cell cycle
in a manner very similar to Rpt3-T25 phosphorylation (Supplementary Fig. 4c). These data
indicate that DYRK2 is the primary kinase responsible for T25 phosphorylation.

Nat Cell Biol. Author manuscript; available in PMC 2016 June 14.
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In vitro, bacterially expressed recombinant DYRK2-WT, but not the catalytically inactive
mutant DYRK2-D275N, efficiently phosphorylated a bacterially purified N-terminal
fragment of hRpt3 (amino acids 1-148, ref.zg), while this phosphorylation was essentially
abolished by the T25V mutation (Fig. 4e and Supplementary Fig. 4d). Furthermore, DYRK2
readily phosphorylated Rpt3-T25 within purified human 26S proteasomes as confirmed by
tandem mass spectrometry and western blot (Fig. 4f and Supplementary Fig. 4e). Therefore,
DYRK?2 is a proteasome kinase that directly phosphorylates Rpt3-T25.

DYRK2 activates the 26S proteasome

We next evaluated the role of DYRK2 in proteasome regulation. In 293T cells, knockdown
of DYRK2 by three independent shRNAs (Fig. 4d) consistently reduced proteasome activity
against Suc-LLVY-AMC by approximately 30% (Fig. 5a). Similar results were seen with
CRISPR/Cas9-mediated DYRK2 knockout (KO) in MDA-MB-468 cells (Supplementary
Fig. 5a, b), and the degree of proteasome inhibition was comparable to that caused by Rpt3-
T25A knock-in (Fig. 3a). On the other hand, overexpression of wild-type DYRK2, but not
DYRK2-D275N, markedly increased proteasomal degradation of GFPu (Fig. 5b, d) as well
as of two additional model substrates, UBL-YFP-ODC and UBL-YFP-PEST, which are
degraded by the proteasome in a ubiquitination-independent manner (Fig. 5¢). Importantly,
DYRK2 had no effect on GFPu degradation in Rpt3-T25V-expressing cells, nor did it affect
the level of EGFP that is resistant to proteasomal degradation (Fig. 5c, d). These data
demonstrate that DYRK2 enhances proteasome activity via Rpt3-T25 phosphorylation.

We further characterized proteasome activation by DYRK2 using in vitro assays. Affinity-
purified 26S proteasome treated with wild-type DYRK2 showed strong Rpt3-T25
phosphorylation and markedly increased peptidase activity towards Suc-LLVY-AMC when
compared with that treated with inactive DYRK2 (Fig. 5e). This stimulatory effect of
DYRK?2 was completely lost on mutant 26S proteasomes purified from the Rpt3-T25A
knock-in cells (Fig. 5e), again highlighting the importance of this site in DYRK2-mediated
proteasome regulation. T25-phosphorylated 26S proteasome also more efficiently degraded
the unstructured protein casein (Supplementary Fig. 5¢) and a polyubiquitinated GFP fusion
protein substrate™ (Fig. 5f). These data fully recapitulate our observations in cells and
indicate that DYRKZ2 can directly activate the 26S proteasome.

To gain insights into the possible mechanism of such activation, we first confirmed using
quantitative mass spectrometry that DYRK2 overexpression does not alter proteasome
abundance or assembly in cells (Fig. 6a, see also Fig. 4b, 5¢ and Supplementary Table 1).
Nor does T25 phosphorylation affect proteasome binding with K48-linked ubiquitin chain
(Fig. 6b). Next, we examined proteasome ATPase activity. Although Rpt3-T25
phosphorylation did not change the basal ATPase activity, it did increase substrate-
stimulated ATP hydrolysis (Fig. 6¢), which is generally believed to correlate with the rate of
substrate unfolding and translocation31'33. In addition, in the presence of ATPyS, a weakly
hydrolysable ATP analog that keeps the proteasome in a configuration competent for
substrate translocation34, wild-type DYRK2 could not further increase proteasome peptidase
activity (Fig. 6d). Therefore, a likely consequence of Rpt3-T25 phosphorylation by DYRK2
is enhanced substrate translocation, although other mechanisms may exist.

Nat Cell Biol. Author manuscript; available in PMC 2016 June 14.
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DYRK2 positively regulates cell growth

Based on these characterizations, we hypothesized that loss of DYRK2 would phenocopy
the anti-proliferative effect of Rpt3-T25A knock-in. Indeed, CRISPR/Cas9-mediated
knockout of DYRK2 in MDA-MB-468 cells reduced cell proliferation and caused a cell
cycle delay comparable to that seen in Rpt3-T25A cells (Fig. 7a, b). Intriguingly, loss of
DYRK2 not only attenuated the growth of MDA-MB-468 cells but also sensitized them to
the proteasome inhibitor Bortezomib (Fig. 7c). A similar effect was also noted in HaCaT
cells (Supplementary Fig. 6). Therefore, direct inhibition of proteasome activity and
concurrent blocking of a proteasome-activating kinase can synergize in suppressing cell
growth.

On the other hand, overexpression of WT DYRK2 markedly downregulated the cell cycle
inhibitors p21€iP1 and p27KXiP (Fig. 7d). In fact, the most prevalent changes of DYRKZin
the majority of cancer types is gene amplification (Supplementary Fig. 6 and ref.35). In
breast cancer patients, high levels of DYRK2 mRNA correlate with significantly poorer
prognosis (Fig. 7e and ref.36). These result further support the notion that DYRK?2 is a
positive regulator of cancer cell growth.

Rpt3-T25 phosphorylation is required for tumor growth in vivo

MDA-MB-468 is one of the basal-like triple-negative breast cancer cell lines recently shown
to be “addicted” to proteasome activity and particularly vulnerable to proteasome
inhibition37. Our in vitro results made us wonder whether preventing Rpt3-T25
phosphorylation or inactivation of DYRK2 could inhibit the tumorigenic growth of these
cells in vivo. As a proof of principle, control and genome-edited MDA-MB-468 cells were
injected subcutaneously into nude mice to form tumors. Indeed, tumors derived from the
T25A knock-in cells and DYRK2 KO cells all grew at a significantly lower rate than those
formed by the parental cells (Fig. 8a, b). Histological examination of the xenograft tumors
also showed greatly attenuated Ki-67 staining (a cellular marker for proliferation) in cancer
cells lacking T25 phosphorylation (Fig. 8c). These data strongly support the biological
importance of Rpt3-T25 phosphorylation in regulating cell proliferation in vivo, and suggest
that targeting proteasome regulators (such as DYRK2) in combination with proteasome
inhibitors may be a promising approach of anti-cancer therapy.

Discussion

In this study we have demonstrated that the 26S proteasome undergoes dynamic
phosphorylation during cell cycle that in turn contributes to cell proliferation by regulating
proteasome activity (Fig. 8d). Despite its quintessential role in almost every cellular activity,
the 26S proteasome has long been viewed as a housekeeping machinery that does not require
significant regulation. This perception has drastically changed with recent studies showing
that proteasome activity and abundance are dynamically regulated under physiological and
pathological conditions>* %%, Our present work has provided a first glimpse at the phospho-
regulation of the proteasome during cell cycle. Rpt3-T25 phosphorylation is associated with
actively proliferating cells and upregulated as cells transit from G1 to S phase. This pattern
very likely results from the parallel change of DYRK2 expression, although a role for

Nat Cell Biol. Author manuscript; available in PMC 2016 June 14.
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phosphatases such as PP1 and PP2A cannot be excluded. Remarkably, blocking this single
phosphorylation is sufficient to downregulate proteasome activity and slow cell proliferation.
Therefore, proteasome function and cell cycle progression are coordinated by Rpt3-T25
phosphorylation. It should be noted though that cell cycle of the T25A knock-in cells is
delayed but not blocked, consistent with that only a fraction of Rpt3 is phosphorylated at
T25, and that the proteasome activity is only partly inhibited in the knock-in cells. We do not
anticipate that loss of one phosphorylation site would cause a complete inhibition of the
proteasome, which is required for an immediate full block of cell cyclesg. Nevertheless, the
fine-tuning role of Rpt3-T25 phosphorylation in proteasome activity is still biologically
important, and the cumulative outcome of cell cycle slowing is demonstrated by significant
tumor inhibition in vivo (Fig. 8). We also argue that the Rpt3-T25A knock-in not only
impairs p21CiP1/p27KiPl degradation but also causes many other proteins to accumulate in
hyper-ubiquitinated forms (Fig. 3d). Therefore, T25 phosphorylation may affect a variety of
other cellular functions that require the 26S proteasome. Besides Rpt3-T25, mass
spectrometry studies suggest that several other proteasome phosphorylation sites may also
be implicated with cell cycle regulationlg'zz. Taken together, these modifications may have a
profound impact on cell proliferation and therefore warrant further investigation.

Over 300 proteasome phosphorylation sites have been documentedlg" 1, 40‘49, although the

biological meanings of the vast majority of them remain unknown. To date only a handful of
kinases have been implicated in proteasome regulation. The best characterized example is
CaMKIla—mediated Rpt6-Ser120 phosphorylation in neuronal synapses45'48. In addition,
proteasome phosphorylation by protein kinase G (PKG) protects cardiomyocytes from toxic
misfolded proteins . A theme emerging from these and other studies is that proteasome
activity is often increased by phosphorylation, although the molecular mechanisms remain a
mystery and probably vary among different phosphorylation events.

Here we have identified DYRK?2 as the Rpt3-T25 kinase. DYRK?2 is known to trigger
ubiquitination and degradation of several proteins50v 1 Our findings now suggest that
DYRK?2-stimulated protein degradation can be partly attributed to proteasome activation.
DYRK2-mediated Rpt3-T25 phosphorylation does not appear to affect proteasome
abundance, assembly, ubiquitin capture or its basal ATPase activity (Figs. 2, 5, 6,
Supplementary Figs. 2 and 5). On the other hand, T25 phosphorylation increases substrate-
induced ATP hydrolysis but fails to enhance the peptidase activity of the proteasome that is
already in an ATPyS-induced, translocation-competent conformation. These results support a
role of T25 phosphorylation in promoting substrate translocation. How this happens remains
unclear. Thr25 is located in a flexible region N-terminal to the coiled coil domain of Rpt3,
which is almost at the apex of the 26S proteasome complex hence far away from the ATPase
domains and RP-CP interfaceSZ’ 53 (Fig. 8d). This region has not been resolved in any of the
available crystal or electron microscopy structures of the proteasome, making it difficult to
predict the structural consequences of Thr25 phosphorylation. However, this N-terminal
region extends from the Rpt3-Rpt6 coiled coil and potentially makes direct contact with the
Rpn2 subunit™® >3, Upon substrate engagement, Rpn2 and several other 19S subunits
(known as the “lid”) rotate around the Rpt3-Rpt6 coiled coil, which realigns the ATPases
and the 20S CP to form a continuous central channel for substrate entry54——-a similar
configuration induced by ATPyS binding?’4. Therefore, one possible scenario is that Thr25

Nat Cell Biol. Author manuscript; available in PMC 2016 June 14.
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phosphorylation may facilitate or stabilize the rearrangements of Rpn2 and the lid, leading
to enhanced substrate translocation and degradation. Further studies are required to reveal
the molecular details of this regulation.

That said, other mechanisms are also possible underlying DYRK2-mediated 26S proteasome
activation, especially inside the cells. For example, T25 phosphorylation may alter the
binding of a yet-to-be-identified proteasome interacting protein, thereby changing the
substrate degradation rate. The phosphorylation may also affect substrate selectivity of the
proteasome. Alternatively, T25 phosphorylation may lead to and/or function together with
additional modifications of the proteasome. In fact, our anti-pT25 antibody often detects two
species of T25-phosphorylated Rpt3 seen as a doublet band. The upper band likely results
from dual phosphorylation of Rpt3 at T25 and another residue that we are currently
investigating. Given the complexity of proteasomal structure and function, we believe that
much more work is needed to pinpoint the mechanism(s) of proteasome regulation by
phosphorylation of Rpt3-T25 (or any functionally relevant phospho-site).

Hyperactivity of the proteasome is a known feature of many cancers, and proteasome-
oriented anti-cancer therapies have been relying on the development and delivery of various
proteasome inhibitors including Bortezomib (Velcade™). Our findings suggest that the
proteasome system can be perturbed by means other than proteasome inhibitors, i.e.,
preventing proteasome phosphorylation. DYRK?2 inactivation reduces proteasome activity,
interferes with cell proliferation and potentiates the anti-growth effect of Bortezomib.
Although DYRK2 has been suggested to have both pro- and anti-tumor potentiaI555'58, our
data clearly favor a pro-proliferative function of this kinase in both cancer and non-cancer
cells. The requirement of DYRK2-meditated proteasome phosphorylation for in vivo tumor
formation (Fig. 8) and the correlation between DYRKZ expression and breast cancer
prognosis (Fig. 7) further indicate that this kinase may be a worthy drug target for cancer
treatment. Combinatory therapies using inhibitors of the proteasome and of its activating
kinase(s) such as DYRK2 are expected to have enhanced efficacy against cancer cells,
especially those with deregulated proteasome phosphorylation and/or strong dependence on
proteasome function.

transfection and infection

All cell lines were originally obtained from American Type Culture Collection (ATCC) and
maintained in DMEM with 10% fetal bovine serum (FBS) and Penicillin/Streptomycin (Life
Technologies), except that MCF10A cells were cultured in DMEM/F-12 medium
supplemented with 5% horse serum, 20 ng/ml EGF, 0.5 pg/ml hydrocortisone, 100 ng/ml
cholera toxin, 10 pg/ml insulin and Penicillin/Streptomycin (Life Technologies). Cells were
intermittently treated with Ciprofloxacin (GenHunter) to prevent mycoplasma
contamination. Transient transfection of 293T cells was done with the X-tremeGENE 9
reagent (Roche). Retroviruses were produced from 293T cells co-transfected with the
retroviral backbone and the pCL10A1 helper vectorsg, and lentiviruses were produced using
the psPAX2 and pMD2.G packaging vectors. Viral media were passed through a pre-wetted
0.45 um filter and mixed with 10 pg/ml polybrene (Sigma) before being added to recipient

Nat Cell Biol. Author manuscript; available in PMC 2016 June 14.
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cells. Infected cells were selected with puromycin (1-2 pg/mL, Life Technologies) to
generate stable populations.

Plasmids and shRNAs

Human Rpt3 cDNA was kindly provided by Dr. Shigeo Murata (the University of Tokyo).
Full-length Rpt3 was subcloned into the pQCXIP vector (Clontech) with an engineered N-
terminal HA tag. GFPu was reported (ref. 18) and provided by Dr. Gentry Patrick
(University of California, San Diego). We are deeply grateful for Dr. Andreas Matouschek
(University of Texas, Austin) for providing the unpublished UBL-YFP proteasome activity
reporters. The human kinase expression Iibrary28 was generously provided by Dr. Susan
Lindquist at Massachusetts Institute of Technology. GFP-tagged Human DYRK1B, 2, 3, 4
and rat DYRK1A were gifts from Dr. Walter Becker (RWTH Aachen University, Germany).
All point mutations were introduced following the QuikChange protocol (Agilent). To
replace endogenous Rpt3 with exogenous WT or mutant forms, a ShRNA sequence
(designated as R2, targeting Rpt3 coding sequence) was inserted into the pLL3.7 vector as
suggested (Dr. Tyler Jacks’ laboratory, Massachusetts Institute of Technology). The GFP
coding sequence in the original pLL3.7 vector was then removed and replaced by the HA-
Rpt3 (WT or mutant)-IRES-Puromycin fragment amplified from the above pQCXIP-HA-
Rpt3 constructs using PCR. RNAi-resistant silent mutations was introduced, and the final
pLL3.7-R2-HA-Rpt3-IRES-Puro constructs were built using the Gibson Assembly kit (New
England BioLabs).

The targeting sequences of human DYRKZ2, 1A, 1B and 4 were also expressed from the
pLL3.7 vector, while sShRNAs against human DYRKS3 were cloned into the pLKO.1 vector
(Addgene).

All shRNA targeting sequences are listed in Supplementary Table 2. All plasmids were
verified by DNA sequencing.

Antibodies and reagents

Antibodies used in this study were: Rpt3 (clone TBP7-27, BML- PW-8765), Rpt6 (clone
p45-110, BML-PW9625), Rpn13/ADRM1 (BML-PW9910), 20S a subunits (clone
MCP231, BML-PW8195) from Enzo Life Sciences; PSMC4 (clone H-2, sc-166003, 1:200),
Rpnl (clone A-11, sc-271775, 1:500), Rpn2 (clone C-7, sc-166038) from Santa Cruz
Biotechnology; Rpt3 (PSMC4-A303-849A) from Bethyl Laboratories; anti-Flag M2
(F3165) and actin (clone AC-74, A2228) from Sigma; anti-HA (clone HA.11, MM5101R),
Ubiquitin (P4G7) from Covance; DYRK2 (#8143), poly-Ub (K48 linkage, #4289), p21
(#2947), p27 (#3686), Phospho-Rb (#8516), cyclin B1 (#12231), cyclin E2 (#4132), P-H3
(Serl0, #3377), H2AX (#2595), y-H2AX (#9718) from Cell Signaling; a-tubulin (clone
DM1A, CP06) from Oncogene; GFP (clone JL-8, 632381) from BD Clontech; and GAPDH
(clone 6C5, CB1001, 1:5,000), Ub-H2B (clone 56, 05-1312) from Millipore. All antibodies
were diluted 1:1000 for western blot unless otherwise noted. Rabbit anti-pT25 polyclonal
antibody was generated using the following phospho-peptide as immunogen:
LSVSRPQ(pT)GLSFLGP. After multiple rounds of negative depletion with the non-
phosphorylated peptide, the antisera were affinity-purified and concentrated. Cycloheximide
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(CHX), hydroxyurea (HU) and L-Phenylalanine were purchased from Sigma, Bortezomib
from Selleck Chemicals, A-phosphatase from New England Biolabs, aphidicolin from
Millipore and nocodazole from Tocris. ATP [y-32P] and 3H-Phe were obtained from
PerkinElmer.

In vitro kinase assay

Human DYRK2 (aa 74-479, WT or D275N) with a N-terminal 8xHis tag was expressed in
BL21 (DE3)-RILP cells and purified using Ni-NTA resin (Thermo) as described™. Human
Rpt3 (1-148, WT or T25V) with a C-terminal 6xHis tag was generated based on ref. 29 and
purified in a similar manner. For in vitro phosphorylation, Rpt3 (1-148) proteins were
incubated with DYRK2 kinase at 30°C in 1X kinase buffer (50 mM Tris, pH7.5, 10 mM
MgCl,) supplemented with 100 pM ATP, 5,000 cpm/pmol ATP [y-32P] and 1 mM NagVO,.
At the indicated time points an fixed amount of reaction containing 4 ug of Rpt3 (1-148) and
50 ng of DYRK2 was withdrawn and immediately boiled in Laemmli sample buffer
supplemented with 20 MM EDTA. Samples were then separated on a 12% SDS-PAGE gel
followed by autoradiography on a Typhoon storage phosphorimager (GE Healthcare). The
final stoichiometry of phosphorylation was calculated to be 0.5-1.0 mole of phosphate/mole
of Rpt3 (1-148) based on scintillation counting. Smaller aliquots each containing 150 ng of
Rpt3 (1-148) were used for anti-pT25 western blot. For whole proteasome phosphorylation,
2 ug of affinity-purified 26S proteasome from 293T cells was incubated with 50 ng of
DYRK?2 and radio-labeled ATP at 30°C for 1 hr and imaged as above.

Liquid Chromatography Tandem Mass Spectrometry (LC MS/MS) and SILAC

DYRKZ2-treated purified proteasome complexes were digested in solution with trypsin and
analyzed by LC-MS/MS using Easy-nanoL.C 1000 (Thermo Fisher, San Jose, CA) coupled
with a linear ion trap (LTQ) Orbitrap XL mass spectrometer (Thermo Electron Corp) as
describedGl. LC MS/MS data were searched using the Batch-Tag within the developmental
version (v 5.10.10) of Protein Prospector at University of California, San Francisco against a
decoy database consisting of a normal Swissprot database concatenated with its randomized
version (SwissProt.2013.06.17.random.concat with a total of 455294 protein entries). The
mass accuracy for parent ions and fragment ions was set as = 20 ppm and 0.6 Da,
respectively. Trypsin was set as the enzyme, and a maximum of two missed cleavages were
allowed. Protein N-terminal acetylation, methionine oxidation, N-terminal conversion of
glutamine to pyroglutamic acid, and phosphorylation of serine or threonine were selected as
variable modifications. The proteins were identified by at least two peptides with a false-
positive rate of <0.5%.

For SILAC (stable isotope labeling by amino acids in cell culture) experiments, 293T
Rpn11-TBHA cells were labeled with 12C-Lys/Arg (light, Sigma) or 13C-Lys/Arg (heavy,
Cambridge Isotope Lab) as described62 for at least seven passages and seeded into 4 x 15
cm plates each. WT or inactive DYRK2 (20 pg/plate) was transfected into light- or heavy-
labeled cells, respectively, using X-tremeGENE 9 with serum-free SILAC medium
(Thermo). Cells were harvested 24 hrs later and proteasomes were purified separately from
26 mg (determined by Bradford protein assay) of each sample as described in the following
section. Heavy and light proteasomes were mixed 1:1 and precipitated using the
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methanol:chloroform method. The sample pellet was then air-dried and stored at —80°C. LC-
MS/MS was carried out by nanoflow reversed-phase liquid chromatography (Eksigent,
Dublin, CA) coupled online to the LTQ-Orbitrap XL mass spectrometer as described above.
The Monoisotopic masses of parent ions and corresponding fragment ions, parent ion charge
states, and ion intensities from LC-MS/MS spectra were extracted using in-house software
based on Raw_Extract script from Xcalibur v2.4. Following automated data extraction, the
resultant peak lists for each LC-MS/MS experiment were submitted to the development
version (5.13.1) of Protein Prospector (UCSF) for database searching using a concatenated
Swissprot database (540546 sequence entries) composed of a SwissProt database
(6/27/2013) and its randomized version. In addition to the modifications described

above, 13Cg-Arg and 13Cg-Lys were also chosen as variable modifications. The Search
Compare program in Protein Prospector was used for summarization, validation, comparison
of results and calculation of the relative abundance ratios of Arg/Lys-containing peptides
based on ion intensities of monoisotopic peaks observed in the LC MS spectra.

Proteasome purification and activity assays

Human 26S proteasomes were affinity-purified from cells stably expressing pQCXIP-
Rpn11-HTBH (ref.13) or Rpn11-TBHA (TEV-Biotin-HA tag™). Briefly, cells were lysed
with Tris buffer (50 mM, pH 7.5) plus 0.5% Nonidet P-40, 1 mM ATP, 10 mM MgCl,, 1
mM DTT and a phosphatase inhibitor cocktail (10 mM NaF, 20 mM B-glycerophosphate and
50 nM Calyculin A). The proteasomes were captured by incubating cleared cell lysates with
high capacity streptavidin agarose resin (Thermo) for 30-60 min at 4°C. Beads were washed
once with Tris buffer (+ 1 mM ATP, 250 mM NacCl) and three times with the same buffer
without salt. When indicated, His-DYRK2-WT or D275N was added to the immobilized
proteasome for in vitro kinase reactions at 30°C for 10 min. The kinases were then washed
out with Tris buffer or 26S proteasome assay buffer (ref.25) containing 1 mM ATP. To elute
proteasomes, the beads were further incubated with His-tagged Tobacco Etch Virus (TEV)
protease prepared in our laboratory in the presence of 0.5 mM tris(2-carboxyethyl)phosphine
(TCEP) at 4°C for 1.5-2.5 hours. The TEV protease was then removed by binding to Ni-
NTA resin, and the flow-through containing purified proteasome was measured for protein
concentration and then stored at —80°C. Peptidase activities of purified proteasome or
proteasomes in whole cell lysates were assayed using fluorogenic peptide substrates (Enzo
Life Sciences) according to ref.25 with phosphatase inhibitors present in the lysis and assay
buffers. When cell lysate was used, the measured activity was normalized against total
proteasome levels determined by parallel western blots. For casein degradation, 1 pg of self-
quenching BODIPY-casein (EnzChek® Protease Assay Kit, green fluorescence, Life
Technology) and 1 pg of purified, DYRK2-treated 26S proteasome were mixed in the 26S
assay buffer with 5 mM ATP. Fluorescence (Ex 480/Em 530) was measured every minute for
30-40 min at 37°C in a Tecan Infinite® M200 Pro multi-well plate reader. Degradation of
ubiquitinated substrate was performed according to the described method (ref.30). A mixture
of 1 uM in vitro ubiquitinated GFP fusion substrate™ and 1X ATP-regenerating system
(both generously provided by Dr. Andreas Martin, University of California, Berkeley) were
incubated with 1 pg of DYRK2-treated 26S proteasome in HEPES reaction buffer30
containing 5 mM ATP. GFP fluorescence was measured at 37°C as described above.
Measurements of protein degradation rate in live cells using 3H-Phe labeling were
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essentially performed as reported26. Briefly, equal numbers of control and T25A knock-in
cells were seeded in 6-well plates and labeled with 5 pCi/ml of 3H-Phe (1.5 ml per well) in
the presence of 0.4 mM HU (for S phase synchronization) for 24 hrs. Cells were then
washed 3 times with PBS to remove HU and 3H-Phe, and chased in 2 ml/well of medium
containing 2 mM cold Phe with DMSO or 1 uM Bortezomib. A 100 pl aliquot of medium
was withdrawn at different time points and precipitated with 40 pl of trichloroacetic acid
(TCA, Sigma) at 4°C overnight. At the last time point, cells were lysed with 0.1 M NaOH.
Acid-soluble 3H-Phe from each sample and total 3H-Phe were measured by scintillation
counting. After subtraction of non-proteasomal degradation (determined from Bortezomib-
treated cells), the rate of 3H-Phe release into media (proportional to protein degradation) was
calculated. Experiments were repeated three times for each cell type.

Proteasome ATPase activity was measured using the malachite green method64. Bacterially
purified Hisg-UBL-YFP-ODC was included in the reaction as indicated. For ubiquitin chain
binding assay, 26S proteasomes from 1 mg of 293T Rpn11-TBHA cell extracts were
immobilized on streptavidin beads and in vitro phosphorylated by DYRK2 (WT or DN).
Samples were briefly treated with 2.5 pM ubiquitin aldehyde (Ub-Al, UBPBIo) on ice for
5-10 min. K48-linked tetraubiquitin (K48-Ub,, UBPBI0) was then added at a final
concentration of 500 nM65 and incubated with the proteasome for 30 min at 4°C. Excess
K48-Ub4 was washed off with 1X kinase buffer (50 mM Tris, pH7.5, 10 mM MgClI, with 1
mM ATP). Proteasome-bound ubiquitin chain was determined by western blotting.

CRISPR/Cas9-mediated genome editing

Guide RNA design, plasmid cloning and cell transfection were essentially done as
described™. To create Rpt3-T25A knock-in alleles in human cells, two CRISPR guide RNA
(gRNA) sequences near the T25 codon were chosen based on their specificity scores (http:/
crispr.mit.edu/) and targeting efficiency determined by the SURVEYOR assay. The gRNA
sequences were cloned into the hSpCas9 plasmid (pX330, Addgene). The constructs were
then independently electroporated into HaCaT or MDA-MB-468 cells together with pEGFP-
C1 (Clontech) and a corresponding single-stranded DNA oligonucleotide (ssODN)
containing the T25A mutation (ACC—GCC) and mutated PAM sequences. GFP-positive
cells were isolated by FACS and single cell-seeded into each well of 96-well plates. After
clonal expansion, genomic DNA was purified and amplified by PCR using SURVEYOR
assay primers flanking the T25 site. The PCR products were digested with NgoMIV to
identify cell clones with homozygous T25A mutation. The PCR fragments from the positive
clones (without NgoMIV digestion) were then ligated into the pBlueScript Il KS (+) vector
for sequencing.

For DYRK2 knockout, a similar procedure was followed. The PCR products of genomic
DNAs were directly cloned into pBlueScript Il KS (+). Since both MDAMB-468 and
HaCaT cells have three copies of DYRKZ, at least 6 bacteria colonies were sequenced for
each cell clone to ensure complete coverage of all alleles.

All guide RNA sequences are listed in Supplementary Table 2.
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Cell proliferation assay, synchronization and cell cycle analysis

To measure cell proliferation, actively proliferating cells were seeded in 12-well and/or 6-
well plates at a density of 0.8 or 1.0 x 10° cells/well. Every 24 hours afterwards, cells were
trypsinized and quantified using the Countess® automated cell counter (Life Technologies).
The time course experiments were repeated three times for each cell type. MTS assays were
performed with the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit
(Promega) according to manufacturer's instruction. To synchronize HaCaT cells at G1/S
boundary, cells were first starved in serum-free medium for 48 hours, released into full
medium with 10% FBS for 12 hours, and treated with 10 uM aphidicolin for another 12
hours. When indicated, cells were also synchronized at late G1/early S with hydroxyurea.
Nocodazole synchronization and mitotic shake-off were performed as described®”.
Bromodeoxyuridine (BrdU) and anti-BrdU antibody were purchased from BD Biosciences.
BrdU labeling and propidium iodide (Sigma) staining were performed according to
manufacturer's protocol. Cells were analyzed using a BD FACSJazz cell sorter and data
analysis was done with Flowjo.

Quantitative RT-PCR

Total RNA from cells was extracted using the RNeasy Mini Kit (Qiagen) and reverse-
transcribed with the iScript™ cDNA Synthesis Kit (Bio-Rad). Gene-specific primers and
cDNAs were mixed with SYBR Premix Ex Taq Il (Tli RNase H Plus, Takara) for PCR
reactions in a 7500 Real-Time PCR System (Applied Biosystems). AC7B (actin) or GAPDH
MRNA levels were used as internal control. Data were analyzed using the ddCt method.
Results averaged from three independent experiments were shown. Primer sequences used
for gRT-PCR are listed in Supplementary Table 2.

Tumor study

Female athymic Nude-FoxnI" mice (Harlan) were housed and maintained at the University
of California-San Diego (UCSD) in full compliance with policies of the Institutional Animal
Core and Use Committee (IACUC). The mice (6-week old) were irradiated (300 Rads) at 24
hrs before injection. MDA-MB-468 cells were counted and suspended at 1.0 x 107/ml in
PBS containing 50% growth factor-reduced Matrigel (BD Bioscience). One million cells
(100 pl) were injected subcutaneously into the flank of each mouse, 5 mice per cell line.
Tumor dimensions were measured twice per week using a digital caliper and tumor volume
was calculated as (length x width?)/2. Mice were euthanized 42 days after injection and
tumors were excised and weighed. For immunohistochemistry, tumor tissue was fixed in
10% neutral buffered formalin over night at room temperature, rinsed in 70% ethanol and
placed in histology cassettes for paraffin embedment. Hematoxylin and eosin (H & E)
staining and anti-Ki-67 staining were performed at the Histology Core Facility at University
of California, San Diego.

Kaplan-Meier curves of DYRK2 were generated at http://www.kmplot.com using the
202971 _s_at probe set, and the conclusion holds true for all four DYRK2 probe sets. Gene
expression data and patient information used by this online tool were all downloaded from
public databases including GEO, EGA and TCGA (http://www.kmplot.com/analysis/
index.php?p=background and ref. 36).
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Statistics and data presentation

Most experiments were repeated at least 3 times to be eligible for the indicated statistical
analyses, and the data exhibited normal distribution. There was no estimation of group
variation prior to experiments. All results are presented as mean * s.e.m. unless otherwise
noted. For animal studies, five mice per group is the standard sample size for tumor
xenograft experiments, and no statistical method was used to predetermine sample size.
None of samples/animals were excluded from the experiment, and the animals were not
randomized. The investigators were not blinded to allocation during experiments and
outcome assessment.

Among the following representative images:
Fig.1a,c,e, 2b, 4b,e, 5e, S2c,d, Sda,c have been repeated more than 4 times.

Fig.1d-g, 2d, f, 3c,d, 4d,f, 5b,c,d, 6b, 7b,d, Sla, S2a,g, S3b, S4b, S5b have been reproduced
3 times.

The remaining figures have been repeated twice each.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rpt3-T25 isdynamically phosphorylated during cell cycle

(a) Validation of anti-pT25 phospho-specific antibody. 293T cells transfected with a vector
control (=) or HA-Rpt3 (WT or T25V) were subjected to anti-HA immunoprecipitation (IP).
Samples were then treated with or without A-phosphatase and analyzed by western blot.

(b) In vivo phosphorylation of Rpt3-T25. Whole brain from E12.5 mouse embryos was
homogenized and subjected to immunoprecipitation (IP) with normal IgG or anti-Rpt3
antibody. T25 phosphorylation was determined by western blot.

(c) Phospho-T25 was detected from the purified 26S proteasome. Lysates from 293T cells
stably expressing Rpn11-HTBH (for proteasome purification) or the HTBH tag only (“-”,
negative control) were subjected to streptavidin pulldown. T25 phosphorylation was
determined by western blot.

(d) Reversible phosphorylation of Rpt3-T25. 293T Rpn11-TBHA cells were either untreated
(-) or pretreated with 25 nM Calyculin A for 10 min before harvest. The 26S proteasome
was purified and pT25 was determined by western blot.

(e) HaCaT cells were either untreated (“+” serum) or serum-starved (“~") for 48 hours. Cell
lysates were probed with the indicated antibodies.

(f) Contact inhibition reduces Rpt3-T25 phosphorylation. WT MEFs expressing Rpn11-
TBHA were grown to 100% confluence and contact-inhibited (C. 1.) in the presence of
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serum for 48 hrs. Half of the cells were frozen immediately (in G1 phase) while the other
half were allowed to resume growth at a lower density for 18 hrs. The proteasomes were
purified from both samples at the same time and phospho-T25 was probed.

(9) Cell cycle-regulated Rpt3-T25 phosphorylation. HaCaT Rpn11-TBHA cells enriched in
M phase with nocodazole (Ndz) were collected by mitotic shake-off and released. At the
indicated time points. proteasomes from each sample were affinity-purified by streptavidin
pulldown, and phospho-T25 and proteasome subunits were probed. Cell cycle proteins from
whole cell lysate (WCL) were also probed to show progression along cell cycle.
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Figure 2. Blockade of Rpt3-T 25 phosphorylation impedes cell proliferation
(a) Guide RNA design and sequencing verification of Rpt3-T25A knock-in using CRISPR/

Cas9. The codon of Thr25 (ACC) is underlined in the WT allele. The single point mutation
(A—G) is marked by an arrowhead in the sequencing result, and the resulting Ala25 is
highlighted in red.

(b) T25A knock-in abolishes T25 phosphorylation. Parental (P) and T25A knock-in clones
of MDA-MB-468 cells and HaCaT cells were engineered to stably express Rpn11-TBHA
(not shown). After affinity purification, proteasome-associated T25 phosphorylation was
probed.

(c) Growth curves of the indicated parental and T25A knock-in cells. Results are mean +
s.e.m. from n=3 independent experiments. **p<0.01, *p<0.05, Student's T-test (paired two-
tailed test).

(d) Stabilization of p27KiP1 and p21CiP1 by T25A knock-in. HaCaT cells were enriched at
early S phase with 0.4 mM hydroxyurea (HU) treatment then released into regular medium
containing cycloheximide for the indicated lengths of time. Protein levels of p27KiP1 and
p21CiPL were determined from total cell extracts (left). No significant difference in their
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MRNA levels was seen between the parental and T25A cells at the end of HU treatment.
Results are mean * s.e.m. from n=3 independent experiments (right).

(e) Cell cycle analysis of HaCaT cells. After synchronization at G1/S boundary, cells were
released and harvested at the indicated time points, stained with propidium iodide and
analyzed by FACS. The percentage of cells in G1, S and G2/M phases are shown at the
bottom.

(f) HaCaT cells were synchronized and released as in (e). Cell lysates collected at each time
point were analyzed by western blot.

Source data for ¢ and e can be found in Supplementary Table 3.
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Figure 3. Loss of Rpt3-T25 phosphorylation downregulates 26S proteasome activity
(a) Proteasome activity in total cell lysates from the indicated MDA-MB-468 and HaCaT

cells was measured with Suc-LLVY-AMC. **p<0.01, ***p<0.001 (compared to parental
line, two-tailed paired Student's t-test, mean + s.e.m from n=3 independent experiments).
(b) Proteasome activity was measured as in (a) with Ac-GPLD-AMC (caspase-like activity)
or Ac-RLR-AMC (trypsin-like activity) as substrate. *p<0.05, two-tailed paired Student's t-
test, mean * s.e.m from n=3 independent experiments.

(c) 26S proteasomes were isolated by anti-HA IP from the indicated HA-Rpt3-expressing
293T cells. Proteasome components were shown by western blot (top) and proteasome
activity from the immunoprecipitates was determined by Suc-LLVY-AMC cleavage
(bottom). **p<0.01, *p<0.05 (compared to WT, two-tailed paired Student's t-test, mean
s.e.m from n=3 independent experiments).

(d) Accumulation of ubiquitinated proteins in T25A cells. Parental and T25A HaCaT cells
were enriched at early S phase with 0.4 mM HU treatment, and whole cell extracts were
probed for K48-linked ubiquitination. Rpnl is shown as a loading control.

(e) Total protein degradation rate in parental and T25A knock-in cells was determined

by 3H-Phe pulse-chase assay. The protein degradation rates were calculated from n=3
independent experiments and presented as the percentage of that observed in each parental
line. **p<0.01 (two-tailed paired Student's t-test, mean + s.e.m from n=3 independent
experiments).

Source data for a, b and ¢ can be found in Supplementary Table 3.
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Figure4. DYRK2istheprimary Rpt3-T25 kinase
(a) Summary of the Rpt3-T25 kinase screen. Each vertical bar represents an individual

kinase cDNA/open reading frame (ORF). The activity of each kinase towards endogenous
Rpt3-T25 in 293T cells is marked as strong (red), moderate (orange), weak (yellow) or
undetected (gray). *DYRK3 cDNA from the kinase library failed to express properly,
although the kinase could strongly phosphorylate T25 when overexpressed (see
Supplementary Fig. 4a).

(b) 293T cells were transfected with WT DYRK2 or the catalytically inactive mutant,
D275N. T25 phosphorylation of endogenous Rpt3 is blotted from whole cell lysates.

(c) An alignment of vertebrate Rpt3 protein sequences surrounding Thr25 (asterisk). The
sequences shown are NP_006494 (human), NP_001030255 (cow), NP_036004 (mouse),
XP_008119139 (lizard), NP_001008010 (frog) and NP_956044 (fish).

(d) DYRK2 knockdown decreases T25 phosphorylation. HA-Rpt3 (WT) was transfected
into 293T cells stably expressing control or three independent DYRK2 shRNAs. Following
anti-HA IP, T25 phosphorylation was determined by western blot.

(e) Time-dependent phosphorylation of recombinant human Rpt3 (aa 1-148) by bacterially
expressed DYRK?2 (aa 74-479), indicated by 32P-phosphate incorporation (top), gel shift
(middle) and anti-pT25 western blot (bottom).

(f) In vitro kinase assay with DYRK2 and purified human 26S proteasome. Asterisk
indicates the most strongly phosphorylated band, which matched with the anti-pT25 blot
(bottom).
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Figure5. DYRK2isa positive regulator of proteasome activity
(a) Proteasome activity in total cell lysates from 293T cells stably expressing control or

DYRK2 shRNAs was measured using Suc-LLVY-AMC as substrate. ***p<0.001 (One-way
ANOVA, mean + s.e.m from n=3 independent experiments)..

(b) DYRK2 promotes GFPu degradation. 293T cells were co-transfected with vector control,
DYRK2-WT or DYRK2-D275N and GFPu. After 1-hour pre-treatment of DMSO or 1 pM
Bortezomib (Btz), cycloheximide (CHX, 50 pg/ml) was added for O, 2 or 4 hours. GFP
fluorescence in cell lysates was determined at each time point, background-subtracted and
normalized to the starting level at time 0. *p<0.05 (DYRK2-WT vs. Vector or DYRK2-DN,
One-way ANOVA, mean + s.e.m from n=3 independent experiments). Expression of the
DYRK2-3xFlag-V5 constructs was determined by anti-Flag western blot.

(c) DYRK2 promotes the degradation of additional proteasome reporters. 293T cells were
co-transfected with the indicated constructs as in (b) and cell lysates were analyzed by
western blot.

(d) DYRK2 promotes GFPu degradation in a T25-dependent manner. 293T cells stably
expressing HA-Rpt3-WT or T25V was transfected and treated with CHX as in (b). GFPu
levels are shown as mean + s.e.m from n=3 independent experiments (top). DYKR2
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expression and T25 phosphorylation were confirmed by western blot (bottom). Note that no
T25 phosphorylation was detected in 293T pLL3.7-HA-Rpt3-T25V cells even in the
presence of overexpressed DYRK2-WT, indicating a complete switch from endogenous WT
Rpt3 to HA-Rpt3-T25V.

(e) DYRK?2 activates wild-type proteasome in vitro via T25 phosphorylation. 26S
proteasomes were purified from parental and T25A MDA-MB-468 cells in the absence of
phosphatase inhibitors, followed by in vitro phosphorylation with DYRK2. After removal of
DYRKZ2, proteasome activity was measured with Suc-LLVY-AMC (top, **p<0.01, two-
tailed paired Student's T-test, mean * s.e.m from n=3 independent experiments). Total Rpt3,
T25 phosphorylation and 20S subunits from the pulldown are shown by western blot
(bottom).

(f) In vitro degradation of polyubiquitinated GFP-titinV1°P-cyclin-PY fusion protein by
proteasomes treated with DYRK2-WT or D275N (in triplicates). RFU, relative fluorescence
units.

Source data for a, b, d and e can be found in Supplementary Table 3.
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Figure 6. M echanisms by which DY RK 2 regulates the proteasome
(a) DYRK?2 does not affect 26S proteasome assembly. 293T Rpn11-TBHA cells labeled

with “heavy (H)” or “light (L)” isotopes were transfected with inactive or WT DYRK2,
respectively. Proteasomes were isolated from these cells and analyzed by quantitative mass
spectrometry (top). DYRK2-WT strongly phosphorylated Rpt3-T25 (middle), without
affecting the relative abundance of each subunit in the purified 26S proteasomes (bottom).
(b) In vitro binding of K48-linked tetraubiquitin (K48-Ub,) to the proteasome. Control 293T
cells and 293T Rpn11-TBHA cells were subjected to streptavidin pulldown. The purified
proteasome was treated with DYRK2-WT or DN in vitro and then incubated with K48-Ubg.
Proteasome-bound K48-Ub, was probed with anti-ubiquitin antibody. Western blot of the
ubiquitin receptor Rpn13/ADRM1 shows equal amounts of proteasome in the DYRK2-
treated samples.

(c) Affinity-purified 26S proteasomes (~ 1 ug) was treated with DYRK2-WT or D275N in
vitro. ATPase activity was monitored at 37°C using the malachite green method in the
absence or presence of a proteasome substrate, UBL-YFP-ODC (1 ug). **p<0.01, *p<0.05
(two-tailed paired Student's t-test, mean + s.e.m from n=3 independent experiments).

(d) 26S proteasomes from 293T cells overexpressing WT or DN DYRK2 were immobilized
on streptavidin beads, washed extensively with reaction buffer containing 1 mM ATP or 1
mM ATPyS, and assayed for Suc-LLVY-AMC cleavage in the same buffers. Reaction was
carried out for 10 min at 37°C. **p<0.01 (two-tailed paired Student's t-test, mean + s.e.m
from n=3 independent experiments).

Source data for ¢ and d can be found in Supplementary Table 3.
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Figure 7. DYRK 2 positively regulates cell growth
(a) Growth curves of MDA-MB-468 parental and DYRK2 KO cells. **p<0.01, ***p<0.001

(One-way ANOVA, mean £ s.e.m from n=3 independent experiments)

(b) MDA-MB-468 parental and DYRK2 KO cells were synchronized by aphidicolin and
released. Cell lysates collected at each time point were analyzed by western blot.

(c) MTS assay of MDA-MB-468 parental and DYRK2 KO cells. Equal number of cells (2.0
x 10%/well) were plated in triplicates in a 96-well plate. MTS activity was measured before
and after DMSO or low-dose Bortezomib treatment for 24 hours. Data are presented as the
increase of MTS activity from Day 1 to Day 2. *p<0.05, ***p<0.001 (two-tailed non-paired
Student's T-test, mean * s.e.m from n=3 independent experiments). n.s., non-significant.

(d) DYRK?2 downregulates p27KiP1 and p21€iP1, Cells were transiently transfected with
DYRK2 (WT or D275N). Whole cell lysates were probed with the indicated antibodies.

(e) Kaplan-Meier curves of overall survival (left) and relapse-free survival (right) of breast
cancer patients with differential levels of DYRK2 mRNA.

Source data for b and ¢ can be found in Supplementary Table 3
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Figure 8. Rpt3-T25 phosphorylation isrequired for tumor growth in vivo
(a) Tumor xenograft studies with parental and genome-edited MDA-MB-468 cells injected

subcutaneously into nude mice. Tumor volumes at each time point after injection are shown
(mean £ s.e.m). *p<0.05 (n =5 mice, One-way ANOVA).

(b) Xenograft tumors from (a) were resected at 6 weeks post-injection and imaged. Tumor
weights are shown on the right as mean = SEM. **p<0.01, ***p<0.001 (n =5 mice,
compared to parental line, two-tailed non-paired Student's T-test).

(c) Histological examination of consecutive sections of the tumors with Ki-67 and
hematoxylin/eosin staining. Scale bar = 100 pm.

(d) A model of reversible phospho-regulation of the 26S proteasome (adapted from ref.53).
The approximate position of Rpt3-T25 in the 26S proteasome complex is highlighted. Cell
cycle-dependent Rpt3-T25 phosphorylation regulated by DYRK?2 facilitates the degradation
of key proteins such as p21 and p27, which in turn promotes cell cycle transition.
Pharmacological intervention of this process by targeting proteasome kinases can have
therapeutic potentials.
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