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ABSTRACT: Although abnormal increases in the level or activity of
cyclin-dependent kinase 4 (CDK4) occur frequently in cancer, the
underlying mechanism is not fully understood. Here, we show that
methionyl-tRNA synthetase (MRS) specifically stabilizes CDK4 by
enhancing the formation of the complex between CDK4 and a
chaperone protein. Knockdown of MRS reduced the CDK4 level,
resulting in G0/G1 cell cycle arrest. The effects of MRS on CDK4
stability were more prominent in the tumor suppressor p16INK4a-
negative cancer cells because of the competitive relationship of the two
proteins for binding to CDK4. Suppression of MRS reduced cell
transformation and the tumorigenic ability of a p16INK4a-negative breast
cancer cell line in vivo. Further, the MRS levels showed a positive correlation with those of CDK4 and the downstream signals at
high frequency in p16INK4a-negative human breast cancer tissues. This work revealed an unexpected functional connection
between the two enzymes involving protein synthesis and the cell cycle.

KEYWORDS: cell cycle, methionyl-tRNA synthetase, CDK4, HSP90, p16INK4a

Cell cycle regulation requires the timely and successive
activation and inactivation of different complexes between

cyclins and cyclin-dependent kinases (CDKs). Among them,
CDK4 in the form of a complex with cyclin D1, regulates the
G1 to S transition and is critically involved in the decisions
concerning growth and quiescence.1 Active CDK4-cyclin D1
complexes phosphorylate Rb (Retinoblastoma) resulting in the
dissociation of Rb from E2F.2 Then, free E2F transcribes S
phase-promoting genes, including cyclin E and cyclin A, and
contributes the activation of cyclin E- and A-dependent CDKs.
The single deletion of CDK4 resulted in little effect on the
development of embryos and mammary glands, suggesting that
it is not essential and replaceable in normal development and

viability.3,4 CDK4, however, is critical for the Ras-activated
oncogenic transformation of MEFs (mouse embryonic
fibroblasts), mammary tumorigenesis driven by Erbb2 or H-
Ras, and the development of carcinogen- and Myc-induced skin
cancers.5−8 All these results suggest that CDK4 is a target for
anticancer therapies, as indicated by the accelerated approval of
the CDK4/6 inhibitor palbociclib for the treatment of advanced
breast cancer.9

To ensure timely entry into the cell cycle and arrest in
response to signal pathways, several factors are involved in
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CDK4 regulation.6,10 Tumor suppressor p16INK4a, for example,
interferes in the direct interaction between CDK4 and cyclin
D1. Genetic deletions and hypermethylation in the promoter
region of CDKN2A, which encodes p16INK4a, have been
observed in a large number of human cancers, including
pancreatic, lung, and breast cancers.1,5,10−12 The inactivation of
p16INK4a in cancers leaves CDK4 uncontrolled, resulting in
tumor progression. Therefore, finding a way to control CDK4
in p16INK4a-negative cancers would be therapeutically mean-
ingful. CDC37 (cell division cycle protein 37) and HSP90
(heat shock protein 90) enhance the proper folding and
stabilization of CDK4 for the interaction with cyclin D1.13,14

CDK4, when not bound by CDC37 and HSP90, is subjected to
proteasome-dependent degradation.13−16 However, it remains
unclear how CDK4 is maintained at a high level in cancer cells
and how the CDC37/HSP90 complex specifically recognizes
CDK4 among more than 100 kinase clients.13−16 Recent
studies have shown that CDK4 stability can be maintained even
under conditions that cause substantial dissociation of the
CDC37/HSP90 complex,15 suggesting that additional factor(s)
may be involved in the control of CDK4.
Methionyl-tRNA synthetase (MRS) is an essential enzyme

for translation. Human MRS forms a multi-tRNA synthetase
complex (MSC) with other ARSs (aminoacyl-tRNA synthe-
tases) and AIMPs (ARS-interacting multifunctional proteins) in
the cytosol and charges methionyl-tRNA with methionine
(Met).17 Under oxidative stress, MRS incorporates more Mets
in the growing polypeptide chains, which can serve as a
scavenger of reactive oxygen species.18,19 Upon UV irradiation,
MRS is phosphorylated, resulting in the shutdown of tRNA
charging and protein synthesis.20 In addition to its important
role in translation, MRS has also been shown to play a critical
role in DNA repair, transcription, and rRNA synthesis in
response to various cellular stimuli.20−22 These reports suggest
the functional flexibility of MRS in response to environmental
stimuli and stresses.
Recently, several studies have reported MARS (gene

encoding MRS) mutations as the novel cause of diseases.23−25

According to van Meel et al., the compound heterozygous
MARS mutations F370L and I523T caused a multiorgan
phenotype in an infant. The significantly impaired MRS
catalytic activity was identified as the cause of the illness,
while the parents who were heterozygous for one of the
mutations were healthy.25 It also implies that hypomorphic
MRS would not significantly affect the translational need
required for normal life maintenance, provoking questions
regarding how knockdown of MRS would affect global
translation or cell phenotypes. To our surprise, the suppression
of MRS had little effect on global translation but had a specific
effect on the cell cycle, particularly on the transition from the
G1 to S phase. This work thus investigated the working
mechanism of MRS responsible for this unexpected cellular
outcome.

■ RESULTS AND DISCUSSION
Effect of MRS Suppression on the CDK4 Level and

Cell Cycle. To investigate the effect of MRS knockdown on
cell proliferation, we prepared human breast MDA-MB-231
cancer cells stably expressing inducible short hairpin RNA (sh-
RNA) and nonsmall cell lung carcinoma H460 cells transfected
with small interfering RNA (si-RNA) specific to MRS and
analyzed how MRS suppression affected cell proliferation and
the cell cycle using BrdU (bromodeoxyuridine) incorporation
and FACS (fluorescence-activated cell sorting) analyses. The
MRS suppression significantly reduced the BrdU incorporation
up to 50% (Figure 1a, left, and Supporting Information, Figure
S1a) and induced G0/G1 cell cycle arrest (Figure 1a, right).
Since MRS is an essential enzyme for protein synthesis, we
expected that the reduction of cell growth would be attributed
to decreased global translation. However, when we monitored
global translation by Met incorporation assay, it was changed
little by MRS knockdown, at least in the two tested cell lines
(Figure S1b). It seems that the remaining MRS could still
supply the Met-charged tRNA needed for translation under
normal culture conditions. We further investigated whether a
reduced MRS level would be sufficient to meet the translational

Figure 1. MRS suppression induces G1 cell cycle arrest via specifically reducing the CDK4 level and its downstream signaling. (a) BrdU levels (left)
and cell cycle arrest (right) of MDA-MB-231 cells stably expressing sh-Control (sh-Cont) and sh-MRS (mean ± SEM, n = 3). (∗∗) P < 0.01, (∗∗∗)
P < 0.001. (b) Levels of cell cycle-regulating proteins in cells transfected with si-MRS. (c) CDK4 transcript levels following treatment with si-MRS
(mean ± SD, n = 3). (d) Specific reduction of CDK4 levels by si-MRS in A549 cells treated with cycloheximide (CHX, 20 μg/mL). (e) Growth of
MDA-MB-231 cells stably expressing sh-MRS following CDK4 supplementation or EV (empty vector) transfection (mean ± SD, n = 3).
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need even under starvation conditions. When we starved H460
cells for Met in serum-free media and performed the radioactive
Met and Leu incorporation assays, global translation was
reduced by MRS knockdown (Figure S1c). These results
suggest that global translation is affected little by a shortage of
MRS for a certain period under normal culture conditions. To
verify the minor effect of MRS knockdown on global translation
in vivo, we investigated the MRS level and global translation in
various organs from MARS knockout mice, in which the
transcription of the MARS gene is terminated prematurely due
to the insertion of a gene trap cassette.26 Actually, the MRS
level in the homozygous mice did not completely disappear, but
the level was reduced enough to represent the effect of MRS
knockdown in almost all organs tested (Figure S2a). The
reduced MRS level did not affect global translation in vivo
(Figure S2b) as observed in the cell lines. In addition, the
change in protein synthesis was negligible in the heterozygous
and homozygous primary MEF cells, despite the decreased level
of MRS (Figure S2c). There was also no significant difference
in the body weights of mice regardless of MRS expression level
(Figure S2d). These data strongly suggest that MRS knock-
down did not affect translation under normal conditions even in
vivo; therefore, we continued to monitor the effect of MRS on
the cell cycle in the cancer cell lines.

To identify the link between MRS and the cell cycle in the
cancer cell lines, we measured the change in the levels of
representative CDKs and cyclins, which are directly involved in
cell cycle control.8 Under MRS suppression conditions, the
levels of CDK4, cyclin D1, and the phosphorylation of their
downstream effector retinoblastoma (pRb) at S780 were
considerably reduced, with little change in the other protein
levels (Figure 1b). Since cyclin D1 alone is prone to
degradation because of its intrinsic instability,27 we focused
on the relationship between MRS and CDK4. Quantitative RT-
PCR results showed that the mRNA level of CDK4 was not
affected by si-MRS transfection (Figure 1c), suggesting that
MRS regulates CDK4 at the protein level. When we monitored
the effect of MRS on CDK4 half-life, the CDK4 level was
proportionately changed by MRS knockdown or overexpres-
sion under cycloheximide (CHX) treatment (Figure 1d and
Figure S3a).
The relationship between MRS and CDK4 for the control of

cell proliferation was investigated via real-time monitoring of
cell growth. MDA-MB-231 cells expressing sh-MRS showed
reduced growth due to the reduction of MRS and CDK4
(Figure 1e and Figure S3b). Interestingly, the cell growth was
restored to normal levels by the overexpression of CDK4
(Figure 1e), suggesting that these two proteins are functionally
related in cell proliferation.

Figure 2. Catalytic and tRNA binding domains of MRS interact with the N-terminus of CDK4. (a) Coprecipitation of CDK4 with GST-MRS. (b)
BiFC of green Venus fluorescence represents the interaction between MRS and CDK4 or between MRS and WRS (tryptophanyl-tRNA synthetase).
H460 cells cotransfected with Flag-CDK4-VN and HA-MRS-VC were treated with MG132 (50 μM). Violet (Alexa Fluor 647) and red (Alexa Fluor
594) colors indicate the level of HA-MRS and Flag-CDK4 or WRS, respectively. Nuclei were stained with DAPI in blue. (c) Schematic depicting the
domains involved in the MRS-CDK4 interaction. (d,e) In vitro pull-down assays revealing the CDK4 domains associating with GST-MRS (d) and
MRS fragments associating with GST-CDK4 (e).
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Determination of Interacting Domains in MRS and
CDK4. To understand how MRS stabilizes CDK4 levels, we
investigated potential interactions between MRS and different
CDKs using glutathione-S transferase (GST) pull-down assays.
We found that among the tested CDKs, only CDK4 was
specifically pulled down with GST-MRS (Figure 2a). To further
confirm the cellular interaction between MRS and CDK4, we
used the Venus bimolecular fluorescence complementation
(BiFC) method,20 in which H460 cells were cotransfected with
the Venus C-terminal domain (VC) fused to MRS and the
Venus N-terminal domain (VN) fused to CDK4, and found
that the coexpression of the two constructs reconstituted Venus
green fluorescence (Figure 2b). The concomitant green
fluorescence was not produced by the coexpression of MRS
and tryptophanyl-tRNA synthetase, proving that the green
fluorescence resulted from the specific interaction between
MRS and CDK4. The interaction between endogenous MRS
and CDK4 was also confirmed via coimmunoprecipitation
(Figure S3c).
Next, we performed GST pull-down and immunoprecipita-

tion assays using various deletion fragments of MRS and CDK4
(Figure 2c). These results revealed that the catalytic and tRNA-
binding domains of MRS interacted with the N-terminus of
CDK4 (Figure 2c−e and Figure S3d). The F1 fragment, the
GST-like domain of MRS, seemed to hinder the interaction
between MRS and CDK4 because the F4 MRS fragment did
not show an interaction even though it contains the catalytic
domain (Figure 2c−e).
Effect of a Met Analogue (MA) on CDK4 Stability and

the Cell Cycle. Since the MRS catalytic domain is involved in
the interaction with CDK4 (Figure 2c−e), we tested whether
an MA would work as an interaction inhibitor between MRS
and CDK4. For this, we selected commercially available 13
MAs (Table S1) and tested their effects on the levels of CDK4
pathway molecules and MRS. Three compounds (MAs 6, 7,
and 13) out of the 13 MAs significantly decreased the levels of
CDK4, cyclin D1, and pRb, but not MRS (Figure S4a). Among
them, MA6, Fmoc-Sec(Mob)−OH (FSMO) (Figure 3a),
showed the best destabilization effect on the CDK4 pathway
and was selected for further investigation. While FSMO at 25
μM significantly reduced CDK4, cyclin D1, and pRb levels
(Figure 3b), it had little effect on global translation at this
concentration (Figure 3c). FSMO inhibited the Met activation
step and global translation at high concentrations over 100 μM
(Figure 3c and S4b), and it showed specificity to MRS even at
the 1 mM concentration (Figure S4c). The difference in the
effective concentrations of FSMO on the reduction of CDK4
levels and on translation inhibition suggests that the effect of
FSMO on the level of CDK4 does not result from the
inhibition of translation. In the same context, the effect of
FSMO on CDK4 levels could be considered as a chemical
phenocopy of the effects of MRS knockdown (Figure 3d−f).
The growth suppression caused by FSMO was restored by
adding either MRS or CDK4, but not leucyl-tRNA synthetase
(Figure 3g,h). These results suggest that MRS is specifically
required for the stability of CDK4, and the catalytic domain of
MRS is important for the interaction between the two, showing
that an MA can regulate the MRS-mediated stability of CDK4
independent of MRS activity.
Binding of an MA to MRS and Its Effect on the

Interaction between MRS and CDK4. We then determined
whether FSMO affected the direct interaction between MRS
and CDK4 by in vitro pull-down assay. The amount of CDK4

bound to MRS was decreased by the addition of FSMO in a
dose-dependent manner (Figure 4a). FSMO also reduced the
association between MRS and CDK4 in a coimmunoprecipi-
tation experiment (Figure 4b). Considering that FSMO
disturbed the Met activation step (Figure S4b), FSMO was
expected to bind to the site of MRS, which is critical for the
Met activation step. We thus introduced mutations at the H560
and K596 sites on MRS, which are crucial for Met binding and
activation, respectively,28,29 and determined how these
mutations affected the interaction of MRS with CDK4.

Figure 3. MRS inhibition induces G1 cell cycle arrest by specifically
reducing the CDK4 level and its downstream signaling. (a) Structure
of FSMO. (b,c) Dose-dependent effects of FSMO on the protein
levels (b) and luciferase-based in vitro translation (c). (d) The effects
of FSMO on cell proliferation measured by BrdU incorporation assay
using 50 μM FSMO-treated H460 cells. (∗∗∗) P < 0.001 (mean ± SD,
n = 3). (e) Levels of proteins involved in the cell cycle were
investigated in cells treated with 50 μM FSMO for 8 h. (f) The effects
of FSMO on cell cycle progression were investigated by FACS analysis
using 50 μM FSMO-treated H460 cells. (∗∗) P < 0.01; (∗∗∗) P <
0.001 (mean ± SD, n = 3). (g,h) Recovery effect of MRS, CDK4, and
LRS on cell proliferation was analyzed by real-time monitoring in 25
μM FSMO-treated H460 cells using IncuCyte (g). The overexpression
levels of MRS, CDK4, and LRS, which were transfected into H460
cells for the proliferation recovery test (g), were investigated via
immunoblotting (h). (∗∗∗) P < 0.001 (mean ± SEM, n = 9).
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Although the H560A mutant MRS associated with CDK4
similar to the wild type (WT), the K596Q mutant, which has
the mutation on the second K in the KMSKS conserved motif
(KFSKS in MRS), lost the CDK4 binding ability (Figure 4c).
In addition, the CDK4 level was stabilized by the over-
expression of the WT and H560A mutant, but not of the
K596Q mutant, under CHX treatment (Figure S5a). We
confirmed the effect of FSMO on the interaction between MRS
and CDK4 by BiFC assay. FSMO reduced the green
fluorescence signals (Figure 4d), further supporting its
inhibitory effect on the cellular interaction between MRS and
CDK4. We also performed a DARTS (drug affinity responsive
target stability) assay to determine the masking effect of FSMO
on the trypsinization of MRS and observed that the proteolytic
cleavage of MRS was protected by FSMO based on the amount
of intact MRS protein (Figure 4e). We performed a docking
study with the crystal structures of MRS (PDB ID 5GL7) and

CDK4 complexed with cyclin D1 (PDB ID 2W96) based on
the results of in vitro pull-down assays (Figure 4f,g). In the
docking model, the prominence and depression pattern on the
tRNA binding domain of MRS matched that on CDK4. In the
prominence area, the negatively charged residues D591 and
D630 from MRS and E7 and E11 from CDK4 seemed to be
critical for the interaction with the positively charged residues
on the depressed area in the proteins (Figure 4h and Figure
S5b). We mutated these residues on MRS and CDK4 and
investigated the interaction between the two. As expected, the
dual mutant (MT), in which D591 and D630 on MRS were
substituted with Arg, reduced its association with CDK4 as did
the E7R and E11R CDK4 mutant (Figure S5c), supporting the
docking model. The MRS D591 and D630 residues are
expected to respectively interact reciprocally with the K106 and
K211 residues on CDK4 (Figure 4h), implying that some parts
of the C-terminal domain of CDK4 may also be involved in the

Figure 4. FSMO shares the binding site of MRS with CDK4. (a) Dose-dependent effect of FSMO on the MRS and CDK4 interaction. (b) Time-
dependent effect of FSMO on the MRS and CDK4 interaction under MG132-treated conditions. (c) Co-immunoprecipitation assay to determine
the interaction of Flag-CDK4 with Strep-MRS WT, H560A (HA) mutant, and K596Q (KQ) mutant. (d) Effect of FSMO (50 μM) on the
reconstitution of Venus BiFC between Flag-CDK4-VN and HA-MRS-VC. MG132 (50 μM) was used to block CDK4 degradation. (e) Protective
effect of FSMO against the trypsin digestion of MRS and BSA (bovine serum albumin). Arrows indicate the intact MRS and BSA proteins. (f) Model
of the complex of MRS and CDK4. CDK4 (light blue) interacts with the tRNA binding side of MRS (pale green). (g) Position of the residues used
for the mutation studies in Figure S5c. The residues are presented as sticks, and MRS is shown as a ribbon in the same orientation in panel f. D591
and D630 are near the KFSKS loop (magenta) including K596, and H560 is far from the binding site for CDK4. (h) Binding interface for CDK4 in
MRS includes motifs for its catalytic reaction. MRS binds to CDK4 at the side opposite to cyclin D1 (gray). The positively charged region (K106
and K211) in CDK4 interacts with the negatively charged region (D591 and D630) in MRS. The zinc binding domain was removed to show the
catalytic side including the KFSKS loop in the boxed figure.
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interaction between the two. The binding motif including D591
and D630 in MRS is in the outer region of the methionyl
adenylate binding pocket and linked to the nearby KMSKS
loop (Figure 4g,h). As the K596Q mutation abolished the
CDK4 interaction, the effect of FSMO on the KMSKS
conformation would prevent the CDK4 interaction with MRS.
Effect of MRS on CDK4 Requires HSP90. It is known that

the HSP90−CDC37 complex interacts with CDK4 and
mediates the proper folding and subsequent release of active
CDK4 for the interaction with cyclin D1. Without them, CDK4
falls into degradation pathway.13,16 To determine whether MRS

blocks the proteasome-dependent degradation of CDK4, we
investigated the effect of MRS suppression on CDK4
degradation. The reduction of the CDK4 level by MRS
knockdown was ablated when the cells were treated with
MG132 (Figure 5a), suggesting the involvement of the 26S
proteasome in the degradation of CDK4. Both endogenous and
exogenous MRS and HSP90 were coimmunoprecipitated with
CDK4 (Figure 5b and Figure S5d), suggesting a possible
association among MRS, CDK4, and HSP90. A direct
interaction of MRS with CDK4 as well as with HSP90, but
not with CDC37, was confirmed by GST pull-down assay

Figure 5. MRS facilitates CDK4−HSP90 complex formation and stabilizes CDK4. (a) H460 cells transfected with either si-Control or si-MRS were
treated with a proteasome inhibitor (MG132). Relative levels of CDK4 were quantified using ImageJ. (b) MRS, CDC37, HSP90, and CDK4 were
transfected into H460 cells, and their interaction was investigated. (c) Association of MRS with CDK4, HSP90, or CDC37 was investigated via in
vitro pull-down assay. (d) Effect of geldanamycin (1 μM) on CDK4 in MRS-overexpressing H460 cells. (e) Effect of MRS on the interaction
between CDK4 and HSP90 measured by reconstitution of nanoluciferase luminescence. (f) H460 cells were treated with FSMO and si-MRS in
combination, and their effect on the interaction between overexpressed HSP90 and CDK4 was investigated.

Figure 6. MRS shares an interaction site with p16INK4a for the binding to CDK4 but does not disturb the function of CDK4. (a) Competition
between MRS and p16INK4a for the association with CDK4 in vitro. (b) Interaction between Strep-MRS and HA-CDK4 R24C mutant. (c) Effect of
FSMO on the levels of CDK4 WT and CDK4 R24C mutant. (d) Effect of MRS on the interaction between CDK4 and cyclin D1. (e) Heat map
showing the effect of FSMO on CDK4 in normal (gray), p16INK4a-positive cancer (blue), and p16INK4a-negative cancer (green) cell lines. The levels
of CDK4, MRS, and CDK2 were investigated via immunoblotting and quantified using ImageJ, and the immunoblotting images are presented in
Figure S6c−e.
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(Figure 5c). To determine whether MRS requires HSP90 for
the stabilization of CDK4, we treated cells with the HSP90
inhibitor geldanamycin and compared the CDK4 levels under
MRS-overexpressing conditions. Geldanamycin reduced the
CDK4 levels even when MRS was overexpressed (Figure 5d),
suggesting that HSP90 is required for the MRS-dependent
stabilization of CDK4. To investigate the dose-dependent effect
of MRS on the intracellular interaction between HSP90 and
CDK4, we utilized the nanoBiT (NanoLuc Binary Technology)
assay, by which we could quantitate the interaction between
HSP90 and CDK4 by measuring reconstituted nanoluciferase
luminescence.30 The luminescence resulting from the associa-
tion between HSP90 and CDK4 was increased by MRS in a
dose-dependent manner, suggesting the positive effect of MRS
on the complex formation of CDK4 and HSP90 (Figure 5e).
MRS possibly facilitates the interaction of CDK4 with HSP90
by acting as a bridge between the two proteins. MRS
suppression and FSMO treatment further disturbed the
interaction between CDK4 and HSP90 (Figure 5f), but the
levels of other HSP90 clients, CDK7 and p70S6K, were not
affected,14 suggesting that MRS is specific to CDK4.
Dependency of the MRS-CDK4 Interaction on

p16INK4a. p16INK4a, an endogenous CDK4 inhibitor, binds to
the N-terminus of CDK4, holding CDK4 in an inactive state.

p16INK4a competes with HSP90−CDC37 and cyclin D1,
although it increases CDK4 stability.31,32 Since both MRS
and p16INK4a can bind to the N-terminal domain of CDK4, they
may compete for binding to CDK4. We thus examined this
possibility by comparing the CDK4-bound levels of MRS and
p16INK4a in the presence of the other. An increase in p16INK4a

reduced CDK4 binding to MRS, and the reverse was the same
(Figure 6a), indicating that they are in direct competition for
the binding to CDK4. Actually, knockdown of p16INK4a

increased the intracellular interaction of CDK4 with MRS
(Figure S6a), and in the same context, FSMO reduced the
CDK4 level only when p16INK4a was reduced by si-RNA in
p16INK4a-positive WI-26 cells (Figure S6b). Although MRS and
p16INK4a compete with each other to bind CDK4, their binding
modes are different because MRS interacted with the CDK4
R24C mutant, which is p16INK4a-binding defective and
constitutively active (Figure 6b).33 In addition, the association
between MRS and the CDK4 R24C mutant was hindered by
FSMO treatment in p16INK4a-positive cells, unlike that between
MRS and CDK4 WT (Figure 6c). These results suggest that
the binding site of CDK4 for MRS does not exactly match that
of p16INK4a. MRS bound to CDK4 without disturbing the
binary interaction between CDK4 and cyclin D1 in vitro
(Figure 6d), implying that MRS would not affect the

Figure 7. Positive correlation between MRS and CDK4 levels observed in p16INK4a-negative breast cancer. (a) Scatter plot of MRS versus CDK4
protein levels for p16INK4a‑ (red) and p16INK4a+ (gray) breast cancer cell lines. The R2 values of p16INK4a‑ and p16INK4a+ were 0.8641 and 0.03033,
respectively. (b) Anchorage-independent soft agar assay was performed with stable MDA-MB-231 cells with sh-control and sh-MRS (Figure S7a),
and the colony numbers are presented (mean ± SEM, n = 3). (∗∗∗) P < 0.001. (c,d) Tumor growth following MRS knockdown in GFP-expressing
MDA-MB-231 cells was assayed by fluorescence (c) and tumor size (n = 10) (d). (e) CDK4 and Ki-67 following MRS knockdown in the tumors
were assayed by IHC staining. Scale Bar, 50 μm. (f,g) Correlation between MRS and CDK4 (f) and between MRS level and CDK4 signal activation
(g) in the absence (n = 171) and presence (n = 75) of p16INK4a in breast cancer (mean ± SEM). (∗∗∗) P < 0.001.
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downstream signaling of CDK4, unlike p16INK4a. On the basis
of these results, the p16INK4a-dependent effect of MRS was
validated in a broad spectrum of cell lines using FSMO (Figure
6e and Figure S6c−e). FSMO treatment revealed the apparent
dose-dependent negative effect on CDK4 levels in p16INK4a-
negative cancer cells (Figure S6e) compared to that in p16INK4a-
positive cancer cells (Figure S6d). In addition, p16INK4a-
negative cancer cells were more sensitive to the antiproliferative
effect of FSMO than normal cells or p16INK4a-positive cancer
cells, indicating a positive correlation with the CDK4 level
(Figure S6f). Intriguingly, the FSMO effect was not observed in
NIH3T3MEF and MCF10A cells that were p16INK4a-negative
but not cancerous (Figure S6c),34,35 implying additional
complexity in CDK4 regulation.
Implication of the MRS-CDK4 Relationship in Tumori-

genesis. Dysregulation of the cell cycle is one of the most
important signatures for tumorigenesis, and the activity of
CDK4-cyclin D1 is critical in cancer maintenance as well as in
tumor initiation.7,8 Considering that the CDK4-cyclin D1-pRb
axis can depend on MRS, a positive correlation between MRS
and CDK4 levels was expected in p16INK4a-negative cancer cells.
Analysis of the levels of MRS and CDK4 in different breast
cancer cell lines revealed that their positive correlation was
more apparent in the absence of p16INK4a (Figure 7a). To
further investigate the MRS-dependent CDK4 activity in
tumorigenesis, we performed anchorage independent soft agar
assays using stable MDA-MB-231 cells expressing sh-MRS.
MDA-MB-231 cells expressing sh-MRS formed significantly
fewer colonies with reduced transformability (Figure 7b and
Figure S7a). The sh-MRS-expressing cells showed retarded
tumor growth compared to controls in the xenografted mice
with no significant reduction in the body weights (Figure 7c,d,
and Figure S7b,c). We analyzed the expression of MRS, CDK4,
and Ki-67, a proliferation marker, in the xenografts via
immunohistochemistry (IHC). The xenografted tumor cells
expressing sh-control showed relatively high expression of
MRS, CDK4, and Ki-67, but these three factors were reduced in
the xenografted tumors of sh-MRS expressing cells (Figure 7e).
These results demonstrated that MRS-mediated CDK4
stabilization can modulate cancer cell proliferation. To further
validate the relationship between MRS and CDK4 in patient
samples, we performed IHC using a tissue microarray
containing 246 breast cancer tissues. We analyzed the levels
of MRS, CDK4, cyclin D1, pRb (S780), and p16INK4a and
classified their levels based on the staining intensity and
proportion score (Figure S7d). The percentage of p16INK4a-
negative cancer was about 69%, and a strong positive
correlation between MRS and CDK4 was observed only in
these patients (Figure 7f). We further analyzed the relationship
of MRS with the downstream factors of CDK4. In this analysis,
we gave additional points, commensurate with the sequential
activation, to the sum of the CDK4-cyclin D1-pRb scores
(Table S2). In this weighted sum of score (WSS), higher values
represented the potential signal cascade from MRS to the pRb
axis, thus revealing that a high level of MRS was significantly
matched with a high WSS only in the p16INK4a-negative cases
(Figure 7g). These results strongly suggest the significance of
the MRS level for the maintenance of CDK4 and its
downstream axis in the absence of p16INK4a.
In this study, we demonstrated the novel mechanism of

MRS, which controls the cell cycle via regulating CDK4
stability. It is worth noting that MRS-mediated CDK4
stabilization was apparent in the absence of p16INK4a.

Considering that p16INK4a is often altered by deletion, mutation,
and epigenetic silencing in various cancers, the MRS depend-
ency of CDK4 could be more significant in cancerous cells.
Amplification of the 12q13−q14 locus harboring the CDK4

gene occurs in various types of sarcomas, myosarcomas, and
osteosarcomas and is significantly associated with poor clinical
outcomes compared with amplification of other loci.36,37 In
breast and lung cancers, gene amplification of CDK4 has been
reported to occur at rates of 0.8−15.8% and 1.7−4.3%,
respectively.38−40 Interestingly, CDK4 levels have been
observed at much higher frequencies, such as 18.9−70% in
breast and 30−50% in lung cancers,12,39−41 suggesting the
existence of an underlying mechanism that can further increase
the CDK4 levels after gene expression.
CDC37 and HSP90 form a chaperonic complex for the

proper folding of oncogenic kinases, including CDK4, and
CDC37 is thought to help the clients for the association with
HSP90, albeit its low specificity to each client.16,42 CDC37 is
considered an anticancer target with a potential therapeutic
window because of its differential expression between cancer
and normal tissues.13 The high expression of CDC37 has been
reported in several cancers, including prostate carcinoma.13

Whereas prostate cancer is highly associated with the
overexpression of CDC37, the correlation between the loss of
16INK4a and a poor prognosis of prostate cancer is
controversial,43−45 suggesting that the activation of the CDK4
pathway is so pervasive in this cancer. Our data show that MRS
itself enhances the association between CDK4 and HSP90 in
the absence of 16INK4a, implying the CDC37-like role of MRS
for the CDK4-HSP90 complex formation (Figure 5e). Unlike
CDC37, however, MRS is specific to CDK4 among CDKs and
HSP90 clients tested in this study (Figures 1b, 2a, and 5f). It is
unclear whether MRS requires the existence of CDC37, and
more studies are needed to explain the relationship between
MRS and the chaperone complex including CDC37.
Recently, Jia et al. reported that PFKFB3 is important for

CDK4 protein turnover by stabilizing the CDK4−HSP90
complex.46 In this study, the authors analyzed the proteins that
coimmunoprecipitated with PFKFB3 via LC−MS/MS and
identified CDK4 as well as MRS as the binding partners of
PFKFB3. These results agree with those from our study,
providing supporting evidence for the MRS and CDK4
interaction, although the authors only focused on the
relationship between PFKFB3 and CDK4. Our findings differ
from those of Jia et al.46 in two aspects. First, the MRS and
CDK4 interaction mainly occurred in the cytoplasm (Figure 2b
and 4d), whereas PFKFB3 and CDK4 interacted within the
nucleus. In the cytoplasm, newly synthesized CDK4 requires
chaperone proteins to be properly folded and to assemble into
productive complexes. Thus, we expect that MRS associates
with CDK4 in advance to help complex formation with HSP90
(Figure 5e). Second, MRS-mediated CDK4 regulation is
dependent on the presence of p16INK4a unlike PFKFB3. Further
work will be needed to explore the differences and relationships
between these two mechanisms for CDK4 regulation.
Genetic analysis and mutation studies in yeast revealed that

G1 cell cycle arrest was caused by the suppression of translation
initiation factors or induction of an MRS loss-of-function
mutant.47,48 These results show that G1 to S transit is more
sensitive to translation initiation than other cell cycle phases,
giving appropriate prominence for the CDK4 regulation by
MRS. However, it was unexpected that the cell cycle is more
sensitive to the hypomorphic MRS than protein synthesis. It is
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worth noting that MRS links translational inhibition to DNA
repair under UV stress, which is one of the checkpoints of the
cell cycle.20 Following UV stress, MRS releases its binding
partner, AIMP3, so that AIMP3 can execute DNA repair in the
nucleus. These data imply the close connection of translation
with cell cycle control and that MRS is one of the molecules
that send cues to cell cycle-regulating factors in response to
stimuli.
FSMO inhibits the MRS−CDK4 interaction at relatively low

concentrations, and in addition, FSMO suppresses MRS
activity at high concentrations, implying that FSMO cannot
perfectly substitute for Met. Considering that the Km value of
Met to MRS was about 100 μM,49 the requirement for a high
concentration of FSMO to inhibit the MRS catalytic activity
can be reasonably accepted. On the basis of the docking model,
the MRS−CDK4 interacting surface is not the direct catalytic
site but links close to the KMSKS motif (Figure 4g,h), and the
conformational change induced by MRS modulators seems to
be important for disturbing the interaction. This structural
information may help to design MRS-targeting compounds. In
this study, we showed that the cell cycle can be specifically
regulated via MRS without affecting its catalytic activity, while
catalytic inhibitors of MRS can also induce cell death.50 Thus,
MRS can provide dual target points, one through its catalytic
activity and the other through its role in CDK4 regulation.
Depending on genetic and environmental characteristics, either
or both of these two routes can be explored to control cancer.

■ METHODS
Cell Lines, Plasmids, and si-RNA. MDA-MD-231, 293,

293T, NIH3T3, WI-26, WI-38, CCD18C0, and HeLa cells
were purchased from the American Type Culture Collection
(ATCC), and BT20, MCF7, HT29, and T47D cells were
obtained from the Korean Cell Line Bank (KCLB). GFP-
expressing MDA-MB-231 cells were purchased from Cell
Biolabs. These cells were maintained using DMEM (Hyclone)
supplemented with heat-inactivated 10% dFBS (defined fetal
bovine serum) and 50 μg/mL penicillin/streptomycin in 5%
CO2 at 37 °C. CHO-K1 cells were purchased from the ATCC,
and HCC1937, MDA-MB-453, MDA-MB-436, MDA-MB-468,
A549, H460, HCT116, H1299, and SW620 cells were
purchased from the KCLB and cultured using RPMI
supplemented with 10% FBS and 50 μg/mL penicillin/
streptomycin. MCF10A cells were maintained using DMEM/
F12 media with 10 μg/mL insulin, 100 ng/mL cholera toxin, 25
ng/mL epidermal growth factor, 500 ng/mL hydrocortisone,
0.2% (v/v) amphotericin B, 5% horse serum, and 50 μg/mL
penicillin/streptomycin.
MRS, CDK4, HSP90, CDC37, and LRS were cloned into

pcDNA3 (Invitrogen). A Myc or Flag tag was fused to the N-
terminus region of each insert, and an HA tag was fused in the
C-terminus region of each insert. The pEXPR IBA105 plasmid
(IBA) was used for the cloning with the strep tag. Plasmids and
siRNAs were transfected using FuGENE HD (Roche) and
Lipofectamine 2000 (Invitrogen), respectively, according to the
manufacturer’s instructions. The sequences for si-MRS and si-
p16INK4a are 5′-CUACCGCUGGUUUAACAUUUCGUUU-3′
and 5′-CGCACCGAATAGTTACGGT-3′, respectively.
Proteins, Antibodies, and Met Analogues. Purified

human p16INK4a protein was purchased from Sigma (SRP3134).
Primary antibodies for HA (mouse, sc-7392; Santa Cruz and
rabbit, H6908; Sigma), Myc (mouse, sc-40; Santa Cruz), Flag
(mouse, F3165; Sigma), Strep-HRP (2-1509-001; IBA), tubulin

(mouse, T6074; Sigma), β-actin (mouse, A1978; Sigma),
CDK4 (mouse, sc-23896 and rabbit, sc-260; Santa Cruz), cyclin
D1 (rabbit, 04-221; Merckmillipore), p-Rb (rabbit, #3590; Cell
Signaling), HSP90α/β (rabbit, sc-7947; Santa Cruz), CDC37
(rabbit, sc-5617; Santa Cruz), p16 (rabbit, sc-468; Santa Cruz),
CDK3 (rabbit, sc-28256; Santa Cruz), CDK6 (mouse, sc-7961;
Santa Cruz), and MRS (mouse, ab50793; Abcam) and a CDK
antibody sampler kit (#9868; Cell Signaling) and a Cyclin
antibody sampler kit (#9869; Cell Signaling) were used to
perform immunoblotting, immunoprecipitation, and immuno-
fluorescence staining. Met analogues including FSMO were
purchased from AnaSpec.

Stable Cell Line Preparation. MDA-MB-231 or GFP-
expressing MDA-MB-231 cells were transfected with Smart
choice inducible lentivirus (GE Healthcare), which encodes the
sh-MRS RNA (5′-TAGATCCAAGAGTTTCGCC-3′). After
lentivirus transduction, stable cells were selected under
puromycin pressure (1 μg/mL), and colonies were picked for
further analysis. Sh-MRS and sh-control expression was induced
by doxycycline treatment (1 μg/mL) at least for 3 d before the
experiment.

Cell Cycle Analysis with FACS. Cells were harvested by
trypsinization, washed twice with cold PBS, and fixed in 70%
ethanol for 2 h at 4 °C. After fixation, the cells were washed
twice with cold PBS and incubated in 500 μL PI (propidium
iodide) staining solution [1 × PBS, 100 μg/mL RNase A, and
50 μg/mL PI (Sigma-Aldrich)] for 30 min at 37 °C in the dark.
The samples were analyzed by flow cytometry (BD
Biosciences). The percentages of cells in the G0/G1, S, and
G2/M phases were analyzed using Cell Quest acquisition
software (BD Biosciences).

BrdU Incorporation Assay. MDA-MB-231 and H460 cells
were seeded in 96-well plates at a density of 4000 cells per well.
After adhesion, cells were treated with 50 μM FSMO for 8 h in
2% serum media. For MRS knockdown, sh-MRS in the MDA-
MB-231 cells were induced with doxycycline (1 μg/mL) for 72
h, and H460 cells were transfected with si-MRS for 72 h. BrdU
solution (100 μL) in 2% serum medium was added to each well
for a 2 h incubation. Cells were fixed and treated with
antibodies according to the guidelines in the cell proliferation
assay kit (Cell Signaling). Finally, the plates were washed three
times with wash buffer, and 100 μL of tetramethylbenzidine
(TMB) substrate was added followed by incubation for 30 s at
room temperature (RT). The amount of BrdU incorporated
into the cells was determined at 450 nm by an ELISA reader
(Tecan).

Cell Viability Analysis with IncuCyte. Cells were seeded
at 2000 cells/well in 96 well plate and incubated. The next day,
media were replaced with corresponding media containing 5%
dFBS and different concentrations of FSMO, and then, growth
was monitored using the IncuCyte Kinetic Live Cell Imaging
System (Essen BioScience). To calculate the GI50 value (the
concentration for 50% of maximal inhibition of cell
proliferation), cells were treated with FSMO at different
concentrations and incubated for 3 d. The GI50 value was
calculated using Prism 5 software (GraphPad).
Stable MDA-MB-231 or H460 cells were transfected with

pcDNA3-empty vector, pcDNA3-CDK4, pEXPR-IBA105-
MRS, pEXPR-IBA105-CDK4, or pcDNA3-LRS, and the cell
growth rate was monitored.

Firefly Luciferase in Vitro Translation Assay. In vitro
translation assay was performed using rabbit reticulocyte lysate
(Promega). The reaction mixture [1 μL of template (0.5 mg/
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mL firefly luciferase DNA), 1 μL of FSMO compound
(AnaSpec) with different stock concentrations, 6 μL of rabbit
reticulocyte lysate, and DW up to 10 μL] was prepared and
incubated at 30 °C for 1.5 h. To monitor the translation
recovery in the presence of excess amino acids, 1 μL of each
amino acid (Met, Ser, Cys, and Leu, 100 mM stock) was added
to the reaction sample. After incubation, 10 μL of 2× luciferase
substrate was added to the mixture. The luciferase signal was
measured by the GloMax Discover System (Promega).
Statistical Analysis. All statistical analyses and generation

of graphs were performed using Prism 5 software (GraphPad),
including Student’s t tests.
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