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Abstract

Lyn, a tyrosine kinase that is activated by double-stranded DNA-damaging agents, is involved
in various signaling pathways, such as proliferation, apoptosis, and DNA repair. Ribosomal
protein S3 (RpS3) is involved in protein biosynthesis as a component of the ribosome complex
and possesses endonuclease activity to repair damaged DNA. Herein, we demonstrated that
pS3 and Lyn interact with each other, and the phosphorylation of rpS3 by Lyn, causing
ribosome heterogeneity, upregulates the translation of p-glycoprotein, which is a gene product
of multi-drug resistance gene 1. In addition, we found that two different regions of the rpS3
protein are associated with the SH1 and SH3 domains of Lyn. An in vitro immunocomplex
kinase assay indicated that the rpS3 protein acts as a substrate for Lyn, which phosphorylates
the Y167 residue of rpS3. Furthermore, by adding various kinase inhibitors, we confirmed that
the phosphorylation status of rpS3 was regulated by both Lyn and doxorubicin, and the
phosphorylation of rpS3 by Lyn increased drug resistance in cells by upregulating p-

glycoprotein translation.

Running title: RpS3 phosphorylation increases drug resistance
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Introduction

Ribosomal protein S3 (rpS3) plays a key role in protein translation as a component of 40S
ribosome. It possesses various extra-ribosomal functions, such as DNA repair (1-4), cell
signaling (4-6), apoptosis/survival (7), host-pathogen interactions (8), and transcriptional
regulation (9). Our previous study demonstrated that rpS3 is secreted as a homodimer in cancer
cells, and the level of secretion increased as the malignancy of the tumor cells increased (10,
11). RpS3 protein and mRNA expression levels are higher in both leukemia patients and
leukemia cell lines than in their normal counterparts (11, 12). These results suggest that rpS3
can be used as an indicator of tumorigenesis. Therefore, in this study, we investigated the

possible role of rpS3 as a key target of anti-cancer drug resistance.

In addition to its multiple extra-ribosomal functions, rpS3 possesses several post-translational
modification motifs. Although many roles of these modifications are yet to be found, several
different forms of modifications have been found both in vitro and in vivo, including
phosphorylation, neddylation, sumoylation, and ubiquitination, thus imparting this protein
versatile functions through ribosomal heterogeneity (11). Among these, rpS3 phosphorylation
has been well-studied in conjunction with its functions of DNA repair and secretion (2-4, 10,

11).

RpS3 was also identified as a mammalian DNA repair endonuclease III, which has AP
endonuclease/lyase activity and is involved in base excision repair (13). In addition, rpS3 is
involved in apoptosis in cases of severe DNA damage in immune cells (4). These functions are
important for maintaining cellular homeostasis and are regulated through several pathways. In
our previous study, we found that rpS3 exists in the promyelocytic leukemia (PML) body
within the nucleus and is modified by SUMO-1 (14). Hence, rpS3 may play an important role

in B-cell growth and differentiation and be associated with acute myeloid leukemia along with



PML. In this study, we investigated the correlation between post-translational modifications
and signaling systems of rpS3 that can integrate control pathways, such as protein synthesis,
DNA damage recovery, and cell death.

Lyn is a member of the Src family of tyrosine kinases and is predominantly expressed in
hematopoietic tissues (15). Lyn plays a role in many processes, such as glutamate receptor
signaling in neurons (16), cytoskeletal rearrangement and motility in mast cells, cytokine
responses in hematopoietic cells (17), and B lymphocyte receptor signaling (15). This protein
contains SH1 (kinase domain), SH2, and SH3 domains and a unique N-terminal sequence; the
latter is dispensable for membrane localization via attachment of fatty acid myristate. The SH3
domain binds to proline-rich motifs, such as PXXP, and the SH2 domain binds to specific
phosphotyrosine motifs. In addition, the SH2 and SH3 domains are involved in substrate
binding and the regulation of kinase activity via intramolecular interactions (18). Studies using
cell fractionation and confocal microscopy have demonstrated that Lyn kinase also exists in
the nucleus (19). Nuclear Lyn, but not other Src family tyrosine kinases, are activated after
genotoxic treatment, such as 1-B-p-arabinofuranosylcytosine (Ara-C), ionizing irradiation, and
adriamycin (20). Recently, BCR-ABL fusion proteins have been reported to activate Src
tyrosine kinases, such as Lyn, Hck, and Fgr, to induce leukemia (21). Lyn has been studied
mainly in the growth and differentiation processes of B lymphocytes (22); however, many
studies have been recently conducted on its activation caused by DNA damage (23, 24). Studies
on protein synthesis have revealed various regulatory mechanisms of ribosomal S6 kinase, and
some studies on regulatory mechanisms for other ribosomal proteins have also been revealed
(25).

P-glycoprotein (p-gp) or multidrug resistance protein (MDRI1) is an adenosine triphosphate-
binding cassette transporter (ABCBI1) that has been intensely investigated because it is an

obstacle to successful anticancer drug therapy. ABCB1 has multiple drug-binding sites, such



as etoposide, doxorubicin (DOX), paclitaxel, and vinblastine, which can bind and pump a wide
variety of substrates (26). High expression levels of ABCB1 have been observed before
chemotherapy in many different tumor types, including the kidney, lung, liver, colon, and
rectum (27). In contrast, initially low expression and dramatically increased expression of
ABCBI after chemotherapy have been observed in many hematological malignancies, such as
acute myeloid and lymphoblastic leukemia (28).

MDR, an eftflux pump that transports drugs and xenobiotics out of the cell, has broad specificity.
In humans, only MDRI can confer MDR by transfection into drug-sensitive cells (29). The
antitumor drug enters the tumor cell but is quickly eliminated from the cell by the efflux action
of MDR1, abolishing antitumor activity. In the uterine secretory epithelium, DRI mRNA and
p-gp are induced at high levels by estrogen combined with progesterone, the major steroid
hormones of pregnancy (27). P-gp 1is post-translationally modified by differential
phosphorylation and N-glycosylation, which are thought to affect its final functionality (30).
Oncogenes such as Ras, p53, and c-Raf have been associated with the regulation of p-gp
expression (31).

DOX, an anthracycline drug that intercalates DNA and inhibits DNA replication, causes the
development of MDR and induces p-gp expression in several tumors (32). DOX is widely used
and highly effective for the treatment of breast cancer, sarcoma, leukemia, and lymphoma (33).
Inhibition of p-gp as a method to reverse MDR in patients with cancer has been studied
extensively; however, the results have generally been disappointing (34).

Acute PML and chronic myeloid leukemia are associated with the activation of Src tyrosine
kinases; thus, investigating the modification of the rpS3 protein could provide important
insights into cancer treatment.

Herein, we found that rpS3 interacts with Lyn and that this interaction elicits the

phosphorylation of rpS3. Furthermore, we investigated the effect of Lyn on rpS3



phosphorylation by adding various kinase inhibitors. We also demonstrated that the

phosphorylation of rpS3 by Lyn regulates p-gp translation.

Results

RpS3 is phosphorylated after the interaction with Lyn

Our previous studies using a yeast two-hybrid system revealed that Lyn is a putative binding
partner of rpS3 (14). To demonstrate the interaction of the tyrosine kinase Lyn with rpS3, we
performed a co-immunoprecipitation assay using overexpression of pEGFPc1-Lyn. HEK293T
cells were transfected with either a blank GFP vector or GFP vector carrying Lyn protein. As
shown in Figure 1A, the interaction between rpS3 and GFP-Lyn was verified (/ane 2); however,
the interaction between rpS3 and lysate was not verified (lane 1). Next, we investigated
whether this interaction occurs between endogenous Lyn and rpS3. We confirmed specific
interactions between endogenous proteins in MPC-11 cells. Conversely, endogenous rpS3 was
precipitated with antibodies against endogenous Lyn. These results indicated that rpS3 has a

strong physical interaction with Lyn in vitro (Fig. 1A).

As Lyn is a well-known protein tyrosine kinase, we tested the possibility of rpS3
phosphorylation by Lyn. For this purpose, we performed an immunocomplex kinase assay with
an anti-Lyn antibody, and recombinant His-tagged rpS3 protein was used as a substrate.
Immunoprecipitates were incubated with acid-treated enolase as a positive control. As shown
in Fig. 1B, autophosphorylation of Lyn demonstrated that rpS3 protein inhibits the kinase

activity of Lyn. As expected, recombinant His-tagged rpS3 protein was phosphorylated by Lyn.



Collectively, these results suggest that rpS3 protein (lane 3) can be phosphorylated in vitro as

much as enolase (/ane 2), which is the positive substrate of Lyn and acts as a regulator of Lyn.

RpS3 interacts with SH3 domain of Lyn

To determine the region that is crucial for the interaction of Lyn with rpS3, a fine deletion
analysis of the N- and C-termini was performed. For this purpose, we generated GST-tagged
Lyn deletion constructs, as described in Fig. 2A. All the GST-tagged constructs were transferred
into HEK293T cells, and GST pull-down assays were performed to target rpS3 (Fig. 2B).
Furthermore, GST-tagged Lyn deletion mutants were co-transfected with a plasmid bearing
GFP-tagged rpS3 into HEK293T cells, and an in vitro binding assay was performed (Fig. 2C).
These results demonstrate that rpS3 binds to the SH3 domain (63—123, lane 3) and SH1 domain
of Lyn (240-500, lane 5) but not to the unique N-terminal domain (1-62, lane 2) and SH2
domain (128-226, lane 4). As the binding affinity of the SH1 domain was stronger than that of
SH3, we suggest that the SH1 domain of Lyn is the major binding domain with rpS3 (Fig. 2C).
Furthermore, to examine the role of the SH3 domain of Lyn, we co-transfected the GFP-tagged
SH3 domain of Lyn and rpS3 into Cos-1 cells (Supplementary Fig. 1). Although the wild type
Lyn interacted very weakly, the SH3 domain of Lyn strongly interacted with rpS3 (/anes 3 and

4).

The RpS3 protein is highly basic and contains two domains: the KH domain and the S3-C
terminal domain. We tested which region of rpS3 interacted with the Lyn, N-, and C-terminal
deletion constructs, as described in Fig. 2D (5). Each deletion mutant was co-expressed with
Lyn in HEK293T cells, and immunoprecipitation analysis was performed using cell lysates.
Interestingly, rpS3 appeared to interact with Lyn via both N-terminal and C-terminal domains

(Fig. 2E, lanes 5, 6, 7, 9; Open arrowheads). This result implies that there are more than one



binding sites in the rpS3. More specifically, the Lyn-binding region of rpS3 lies in the N-
terminal (rpS3: 1-85, lane 7) and C-terminal regions (rpS3: 159-242, lane 3). Overall, these
results suggest that the association between Lyn and rpS3 occurs by direct interaction of the
Lyn SH3 domain with the C-terminal region of rpS3 (159242, lane 3), or it may occur by the
interaction of the Lyn SH1 domain with the N-terminal region of rpS3 (1-85, lane 7). The
binding activity of rpS3-P (159-242, Fig. 2E, lane 3; GST-rpS3 C-terminal, Supplementary
Fig. 2, lane 9) was equal to that of the wild type. These results demonstrated that the binding
region of rpS3 for Lyn is within the C-terminus of the rpS3 protein. The C-terminal region (Fig.
2E, lane 3 and Supplementary Fig. 2, lane 9) contains three putative proline-rich motifs, such
as PxxP, that can bind to the SH3 domain of Lyn, which raises the possibility that the SH3

domain of Lyn would take part in the interaction.

Tyrosine 167 of rpS3 is a critical residue for the phosphorylation by Lyn in vitro

Human rpS3 has several phosphorylation target sites, mostly serine/threonine residues (33, 34).
To identify the tyrosine residue phosphorylated by Lyn, we generated a series of rpS3 mutations
in which each tyrosine was substituted with phenylalanine (Fig. 3A). Subsequently, an
immunocomplex kinase assay was performed (Fig. 3B). Substitution of all six tyrosine residues
with phenylalanine (KS2, /ane 4) abrogated Lyn-mediated phosphorylation. Interestingly, the
double substitution mutant (KS6, Lane 8) also abrogated phosphorylation. Based on these
results, Y166 and Y167 were assumed to be important for phosphorylation at rpS3. We
generated appropriate single substitution mutants (Fig. 3C) for further investigation. The results
of this analysis revealed that Y166 was weakly phosphorylated, while the Y167 residue was
not phosphorylated. Therefore, we concluded that Lyn-induced rpS3 phosphorylation was

eliminated by Y167F mutation of rpS3 and confirmed that the Y167 residue of rpS3 is the



critical phosphorylation site for Lyn.

We tested the effects of DOX, an anti-cancer drug that inhibits topoisomerase II, on the
association of Lyn with rpS3. When GFP-rpS3 was treated with DOX, the interaction between
rpS3 and Lyn increased (Supplementary Fig. 3, lower panel, lane 4). The results of this study

suggested that DOX plays an important role in the interaction between rpS3 and Lyn.

Lyn may be activated by genotoxic agents, such as Ara-C (1-beta-D-Arabinofuranosylcytosine),
adriamycin (DOX), and ionizing radiation (23). Therefore, we investigated whether the
phosphorylation of rpS3 increases after treatment with genotoxins. As expected, the higher the
concentration of Ara-C, the higher was the level of phosphorylated rpS3 (Supplementary Fig.
4, lane 3). However, the result may not be owing to a specific phosphorylation by Lyn; hence,
we subsequently studied the effect of a global and specific inhibitor of Src family tyrosine
kinases such as PP2 and genistein. Overall, rpS3 phosphorylation decreased in a dose-
dependent manner. Thus, these results suggest that the phosphorylation of rpS3 is due to Src

tyrosine family kinases, such as Lyn.

Increase of MDRI expression in DOX-resistant cells

The levels of MDRI mRNA and p-gp in the DOX-resistant MPC-11 cell line (MPC11-DOX)
were significantly higher than that in the MPC-11 parent cells (Supplementary Fig. SA). In
addition, the level of tyrosine phosphorylation of rpS3 in MPC11-DOX cells increased
significantly compared to that in MPC-11 parent cells (Supplementary Fig. 5B and 5C, lane 6).
These results confirmed that phosphorylation of the tyrosine residue of rpS3 was increased in
MPC11-DOX cells. DOX induction of p-gp expression occurred owing to the phosphorylated

status of rpS3. Although a DOX-resistant cell line was established, there was little change in



the ribosome content of this cell line through the ribosomal profile, particularly in polysomes
(Supplementary Fig. 5D). We examined the translation levels of c-Jun NH>-Terminal kinase
and rpS3 proteins in non-ribosome and ribosome fractions (35) and compared the levels of
MDRI mRNA in parent cells (M, M') and MDRI11-DOX cells (D, D") using reverse
transcription polymerase chain reaction (Fig. 4A). The results demonstrated that in the
ribosomal protein fractions, MDR1 mRNA was higher in MPC11-DOX cells (D, Fig. 4A, lane
2) than in parental cells (M, Fig. 4A, lane 1). MPC11-DOX cells with enhanced resistance to
DOX (D', Fig 4A, lane 4) showed a marked increase in MDRI mRNA compared to the original
MPCI11-DOX cells (D, Fig 4A, lane 2). Altogether, these results suggest that selection for drug
resistance, by long-term exposure to drugs, led to the establishment of a boosted DOX-resistant
cell line D', in which the translational block of MDRI mRNA was overcome such that the
mRNA was translated and p-gp was overexpressed (36). Based on these results (Fig. 3C), we
performed in vivo quantitative measurements of p-gp synthesis following control rpS3-WT or
Y166D and Y167D as substrates (phosphomimetic form) in MPC11-DOX cells using [S*°]-
methionine labeling (Fig. 4B). P-gp of Y166D (lane 3) was similar to that of the wild type. In
the case of Y167D (lane 4), p-gp expression level was three-fold higher than that of the wild
type (lane 2). This suggests that protein synthesis (i.e., translation) of p-gp is upregulated by

the phosphorylation of rpS3 by Lyn.

Discussion

RpS3 is an essential constituent of the 40S subunit of the ribosome and is involved in protein

translation. However, the extra-ribosomal functions of many ribosomal proteins have not yet



been elucidated. RpS3 has been extensively studied for its functions outside of the translational
machinery, and multiple roles in DNA damage repair and apoptosis have been reported (1, 4,

11).

Overexpression of rpS3 in colorectal cancers has been reported, and the relationship between
pS3 and cancer development has long been suspected. In this regard, we studied the
relationship between leukemia-related carcinogenesis and the modification of rpS3. Based on
the regulatory properties of Lyn in tumorigenesis and its biochemical relationships with various
binding partners, we hypothesized that the relationship between rpS3 and Lyn could be
functionally involved in the drug resistance of MPCI11 cells. The antitumor effect of DOX
primarily involves topoisomerase-mediated double-strand DNA breaks with the subsequent
triggering of DNA damage-associated cell cycle arrest and apoptosis pathways. In this study,
we showed the interaction between the 1pS3 protein and Lyn, demonstrating the
phosphorylation of rpS3 by Lyn (Fig. 1). The SH3 domain of Lyn contains a module that can
bind to the proline-rich motif (PxxP) (25-27). Although three putative proline-rich motifs that
lie in the C-terminus of rpS3 are not exactly matched with the conserved proline-rich motifs,
our results showed that the putative proline-rich motifs of rpS3 interacted with the SH3 domain
of Lyn (Fig. 2C). However, to identify the binding sites between the rpS3 and SH3 domains of
Lyn, further studies need to be carried out, such as point mutations in three putative proline-
rich motifs. Furthermore, we showed that the SH1 domain of Lyn interacted with rpS3 (Fig.

20).

The results of kinase assay also revealed that rpS3 is directly phosphorylated by Lyn, and the
level of phosphorylation is comparable to that for enolase, a typical phosphorylation target of
Lyn (Fig. 1B). In addition, we demonstrated that rpS3 inhibits the autophosphorylation of Lyn.

Collectively, our data demonstrated that rpS3 is a substrate of Lyn kinase. Lyn phosphorylates



166Y and 167Y in rpS3 (Fig. 3C), and Y167 is a critical residue for rpS3 function.

Lyn is activated by various agents that arrest DNA replication or damage (20, 35). Herein, we
demonstrated that the phosphorylation of rpS3 was increased by treatment with genotoxic
agents and decreased by the addition of a specific inhibitor of Src family tyrosine kinases, such
as PP2 (Supplementary Fig. 4). In addition, we showed that phosphorylation was completely
abolished by the addition of general tyrosine kinase inhibitors, such as genistein.

Although further studies are needed to clarify the precise role of Lyn phosphorylation on rpS3,
we suggest that phosphorylation may affect the repair activity of rpS3.

RpS3 is subjected to various post-translational modifications, such as phosphorylation,
sumoylation, methylation, and ubiquitination (3, 5, 11, 13, 37, 38). These modifications also

lead to ribosome heterogeneity, resulting in differential translational products (39).

Various modifications and changes in the expression level of the rpS3 protein occur when cells
are under various types of stress. We confirmed that phosphorylation of the tyrosine residue of
rpS3 was increased in response to genotoxic stress, and p-gp, with the phospho-mimic form of
Y 167D, was higher than that of the wild type (Fig. 4B). This suggests that p-gp protein

synthesis is regulated by the phosphorylation of rpS3 by Lyn via ribosome heterogeneity.

In conclusion, our study identified the interaction between Lyn and rpS3 and the
phosphorylation of rpS3 by activated Lyn. This phosphorylation of rpS3 by Lyn increased the
translation of p-gp, a gene product of MDRI (multi-drug resistance gene 1). This

phosphorylation of rpS3 by Lyn may result in increased drug resistance in cancer cells.

Materials and methods

Further detailed information is provided in the Supplementary Information.
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Figure legends

Figure 1. RpS3 interacts with Lyn in vitro.

(A) HEK293T cells were transfected with pEGFPc1 or pEGFPc1-Lyn plasmids. Cell extracts
were immunoprecipitated (IP) using anti-Lyn antibody, and immunprecipitated proteins were
resolved by 10% SDS-PAGE and immunoblotted (IB) using the indicated antibody. Ig(H);
heavy chain, Ig(L); Light chain. (B) Lyn interacts with and phosphorylates rpS3. MPC-11 cell
lysates were immunoprecipitated with Lyn antibody, and an in vitro kinase assay was performed
using purified His-rpS3. Proteins were analyzed by 10% SDS-PAGE and subsequent
autoradiography. Enolase was used as a positive control. Asterisk indicates Lyn
autophosphorylation. Phosphorylation was detected by isotope labeling with y-32P ATP

followed by phosphor imaging analysis. The data represent three independent experiments.

Figure 2. Identification of interaction domain of rpS3 with Lyn.

(A) Schematic representation of GST-Lyn deletion constructs. (B) HEK293T cells were
cotransfected with pEBG-Lyn deletion mutants and pEGFP-rpS3. Immunoblotting assay of the
different GST-Lyn deletion mutants. GST and GST-Lyn fusion proteins (WT or deletion mutant,
lower panel). Bacterial lysates containing each protein were prepared as described in Materials
and Methods and incubated with glutathione-agarose. The glutathione agarose was then washed,
and bound proteins were eluted with 20 mM free glutathione. The purified GST (lane 1), GST-
Lyn unique domain (lane 2), GST-Lyn SH3 (lane 3), GST-Lyn SH2 (lane 4), GST-Lyn kinase
domain (lane 5), and GST-Lyn wild type (lane 6) fusion proteins were resolved by
electrophoresis on an 10% SDS-PAGE and visualized by immunoblotting assay with GFP and

GST antibodies. (C) Lyn domain interacted with rpS3 using by immunoprecipitation (upper



panel) and co-immunoprecipitation (lower panel) assay. Cell extracts were immunoprecipitated
(IP) using anti-GFP antibody, and immunprecipitated proteins were resolved by 10% SDS-
PAGE and immunoblotted (IB) using the indicated antibody. Ig(H), heavy chain, Ig(L), Light
chain. Asterisks indicate GST-K domain (lower panel, lane 5). (D) Schematic representation of
GST-rpS3 deletion constructs. The numbers indicate amino acid (a.a) positions in rpS3. (E)
HEK293T cells were cotransfected with pEBG-rpS3 deletion mutants and pcDNA3-Lyn. After
24 h, cells were lysed, and extracts were pulled down with glutathione-Sepharose beads.
Isolated GST fusion proteins were resolved by 10% SDS-PAGE and immunoblotted with Lyn
(upper panel) and GST (middle panel) antibodies. Open arrowheads indicate the positions of
GST and GST-rpS3 constructs and GST, respectively. WT, wild type. Y, Tyrosine. RpS3
deletion mutants interacted with Lyn by immunoprecipitation assay (lower panel). Cell extracts
were immunoprecipitated (IP) using anti-Lyn antibody, and immunprecipitated proteins were
resolved by 10% SDS-PAGE and immunoblotted (IB) using the indicated antibody. Ig(H),
heavy chain, Ig(L), Light chain. Open arrowheads indicate the interaction positions of pEBG-
pS3 deletion mutants with pcDNA3-Lyn, respectively. The data represent three independent

experiments.

Figure 3. RpS3 phosphorylates Lyn at Y167.

(A) Schematic representation of GST-rpS3 point mutation (Tyr—Phe) constructs. The numbers

indicate tyrosine positions in rpS3. (B) MPC-11 cell lysates were immunoprecipitated with Lyn
antibody, and an in vitro kinase assay was performed using purified pET21a-rpS3. Proteins
were analyzed by 10% SDS-PAGE and subsequent Coomassie blue staining (upper panel) and

autoradiography (lower panel). Enolase was used as a positive control. Asterisks indicate Lyn



autophosphorylation. (C) MPC-11 cell lysates were immunoprecipitated with Lyn antibody, and
an in vitro kinase assay was performed using purified His-rpS3 Y166 and Y167. Proteins were
analyzed by 10% SDS-PAGE and subsequent autoradiography. Enolase was used as a positive
control. Asterisk indicates Lyn autophosphorylation. (D) schematic representation of GST-rpS3
deletion constructs. The numbers indicate amino acid (a.a) positions in rpS3. (E) HEK293T
cells were cotransfected with pEBG-rpS3 deletion mutants and pcDNA3-Lyn. After 24 h, cells
were lysed, and extracts were pulled down with glutathione-Sepharose beads. Isolated GST
fusion proteins were resolved by 10% SDS-PAGE and immunoblotted with Lyn (upper panel)
and GST (middle panel) antibodies. Open arrowheads indicate the positions of GST and GST-
pS3 constructs, respectively. WT, wild type. Y, Tyrosine. RpS3 deletion mutants interacted
with Lyn by immunoprecipitation assay (lower panel). Open arrowheads indicate the positions
of GST and GST-rpS3 constructs, respectively. Cell extracts were immunoprecipitated (IP)
using anti-Lyn antibody, and immunprecipitated proteins were resolved by 10% Sodium
Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and immunoblotted (IB)
using the indicated antibody. Ig(H), heavy chain, Ig(L), Light chain. Open arrowheads indicate
the interaction positions of pEBG-rpS3 deletion mutants with pcDNA3-Lyn, respectively. The

data represent three independent experiments.

Figure 4. Identification of activity translated MDRI mRNA.

(A) Non-ribosomal and ribosomal protein were fractionated. Both fractions were
immunoblotted with JNK and rpS3 antibodies. MDRI and GAPDH transcripts from the cells
were amplified by RT-PCR and detected by Southern blot hybridization using oligonucleotide
probes. GAPDH was used as an internal control. (B) S**-Methione labeling was used to

investigate in vivo quantitative measurements of p-glycoprotein synthesis of Y166D and Y167D



(a phosphorylation-mimetic mutant) in MPC11-DOX cells. Equal amounts of proteins were
resolved by 10% SDS-PAGE and analyzed by autoradiography. Control FL (Flag), wild type
pS3 (W) and Y166D, Y167D; Tyrosine to aspartic acid substituted mutants. Tubulin antibody

was used as an internal control. The data represent three independent experiments.
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Figure 3
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Figure 4

A Non-R

Ribosome

M D M D

MDMD

—

RT-PCR

-

Lane:

1 2 3 4

Anti-JNK

Anti-rpS3
MDR1

GAPDH

1P : Anti-p-glycoprotein
1| IB : Anti-p-glycoprotein

Lysate

E Anti-tubulin

Lane: 1 2 3 4
S35-labeling



Manuscript Type: Article

Title: Phosphorylation of rpS3 by Lyn increases translation of Multi-Drug
Resistance gene (MDR1)

Supplementary File

Author’s name: Woo Sung Ahn?, Hag Dong Kim? Tae Sung Kim!, Myoung Jin Kwak, Yong Jun Park®, Joon

Kimb?"

Affiliation:
!Laboratory of Biochemistry, Division of Life Sciences, Korea University, Seoul 02841, Republic
of Korea

2HAEL Lab, TechnoComplex, Korea University, Seoul 02841, Republic of Korea

Running title: RpS3 phosphorylation increases drug resistance

Keywords: RpS3, Lyn, Drug Resistance, MDR1, Ribosome Heterogeneity

*Corresponding Author’s Information:

Joon Kim, Ph.D., Professor

Laboratory of Biochemistry, Division of Life Sciences, Korea University, Seoul 02841, Republic
of Korea.

Tel: 82-2-3290-3442, Fax: 82-2-927-9028, E-mail: joonkim@korea.ac.kr



mailto:joonkim@korea.ac.kr

Supporting information materials and methods

Antibodies and reagents

Monoclonal B-actin, GFP, phospho-Tyr, anti-GFP, polyclonal anti-Lyn, anti-GST, and p-
glycoprotein antibodies were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA), and monoclonal anti-FLAG and anti-tubulin antibodies were obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). Phospho-tyrosine antibody was obtained from BD Transduction
Laboratories (San Jose, CA, USA), and rabbit polyclonal RPS3 antibody was obtained from
HAEL (Korea University, Seoul, Korea). Horseradish peroxidase (HRP)-conjugated goat anti-
rabbit 1gG and goat anti-mouse IgG secondary antibodies were purchased from Jackson
ImmunoResearch (West Grove, PA, USA). Enhanced chemiluminescence (ECL) reagents were
purchased from Roche (Mannheim, Germany), and protein A-Sepharose was purchased from
Roche Applied Science. Adriamycin (doxorubicin [DOX]) was obtained from Upstate
Biotechnology, Inc. (Lake Placid, NY, USA). Ara-C (cytosine arabinoside, 1-p-D-

arabinofuranosylcytosine, cytarabine), genistein (5, 7, 4'-trihydroxyisoflavone), and dimethyl

sulfoxide (DMSO) were purchased from Sigma Chemical Co. (St. Louis, MO, USA), and

glutathione-Sepharose 4 B was purchased from Amersham Biosciences (Piscataway, NJ, USA).

Plasmids

The full-length human rpS3 gene was cloned in-frame with a sequence coding for FLAG
(pcDNA3-Flag, Invitrogen, Carlsbad, CA, USA), EGFP (pEGFPc1, BD Biosciences Clontech,
Palo Alto, CA, USA), His (pET21a, Novagen, Germany), and glutathione S-transferase (GST,
pEBG, Amersham Biosciences, NJ, USA). Human rpS3 deletion mutant sequences were

amplified by polymerase chain reaction (PCR), using eight primer pairs. The resulting PCR
2



products were cut with EcoRI and Xhol and cloned in-frame into the pGEX5x-1. GST rpS3
deletion mutants were generated, expressed, and purified as previously described (1). Full-length

human lyn gene was cloned into pPCDNAS3 (pcDNA3-Flag, Invitrogen, Carlsbad, CA, USA).

Site-directed mutagenesis

Site-directed mutagenesis was performed by overlap extension using PCR. The rpS3 gene cloned
into the pGEM-T Easy vector (Promega, Madison, WI, USA) was used as a template for
mutagenesis. Two sets of PCR reactions were carried out. The first PCR fragment was
synthesized using the rpS3-forward primer and an antisense mutagenic primer. The second PCR
fragment was synthesized using the rpS3-reverse primer and a sense mutagenic primer. The two
amplified products were mixed, annealed, and polymerized using Taq polymerase (Takara, Otsu,
Shiga, Japan). Using this product as a template, PCR was performed by employing the rpS3-

forward and -reverse primers.

Protein expression and purification

Escherichia coli strain BL21(DE3)/pLysS (Novagen, Germany) cells were transformed with
pET21a and pGEX5x-1 based plasmids. The transformed cells were grown in Luria—Bertani (LB)
broth containing 50 pg/mL ampicillin at 37 € overnight, and one hundredth of the cells were then
grown in the LB broth containing 50 pg/mL ampicillin, 0.4% dextrose at 30 <C until the cell
density reached Asoo = 0.6-0.8. The recombinant proteins were expressed after induction with 0.5
mM isopropyl-1-B-D-galactopyranoside and purified with glutathione-Sepharose 4 B (Amersham
Biosciences, NJ, USA) and Ni?*-NTA beads (Qiagen, Valencia, CA, USA), according to the

manufacturer’s instructions.



Cell culture and Transfections

Human embryonic kidney epithelial 293T and mouse plasmacytoma MPC11 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; WelGENE Inc., Korea) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; WelGENE Inc., Korea), 100 U/mL penicillin, 100
pg/mL streptomycin, and 2 mM L-glutamine. The cells were maintained at 37 <C in a humidified
atmosphere containing 5% CO,. HEK293 cells were seeded in 6-well plates at a density of 1 x
108 cells per well and incubated for 24 h before the experiment. Transfections were performed
using Lipofectamine (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s

instructions.

Cell culture of doxorubicin-resistant MPC11 cell line (MPC11-DOX)

Mouse plasmacytoma MPC-11 cells were maintained in DMEM (WelGENE Inc., Korea)
supplemented with 10% FBS (WelGENE Inc., Korea) and grown at 37 °C in a humidified
atmosphere of 5% CO,. MPC-11 cells were cultured in serially increasing concentrations of DOX
for 45 d to establish the MPC11-DOX cell line. The MPC11-DOX cell line was cultured in DOX-

free medium before experiments (2).

Ribosome Fractionation
MPC11-DOX cells were treated with the indicated drugs, and ribosome fractionation and

immunoprecipitation were performed as previously described (3).

Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Cells were harvested after treatment (described above), and total RNA was isolated for RT-PCR
analysis using a previously described method (4). Primers for MDR1, rpS3, rpS5, and

4



glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were designed using Primer Express 4.0
(Applied Biosystems, Foster, CA, USA). For the RT-PCR control, total RNA from MPC-11 cells
(5 x 10° cells) was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNAs were
reverse transcribed using oligo(dT)-15. The PCR products were visualized on 1% TAE-agarose
gel. RT-PCR was performed using a LightCycler® 96 Real-Time PCR System (Roche, Basel,
Switzerland) as follows: initial denaturation at 94 °C for 5 min, followed by 30 cycles of 94 °C
for 30 s, 56 °C for 30 s, and 72 °C for 40 s, and final elongation at 72 °C for 10 min. The intensity
of each gene was normalized to that of (GAPDH). The primers used for PCR are as follows: 5'-
CCC ATC ATT GCA ATA GCA GG-3' (forward), 5'-TGT TCA AAC TTC TGC TCC TGA-3'
(reverse) of the MDR1 gene, 5'-AGC GGA GAC CCT GTT AAC TAC TAC-3' (forward), 5'-
GTCTTT CTACAA AAT TTT ATT AAA GG-3' (reverse) of the rpS3 gene (5), 5'-GAA GGT
GAA GGT CGG AGT C-3' (forward), and 5'-GAA GAT GGT GAT GGG ATT TC-3' (reverse)
of the GAPDH gene. The MDR1 and GAPDH primers yielded products of 158 and 226 bp,

respectively.

In vitro binding assay

GST fusion proteins were purified using glutathione-sepharose 4B beads. In vitro binding assays
were performed by incubating immobilized GST fusion proteins with HEK293T cell lysates of
desired protein expressed at 4 C for 16 h. After extensive washing, the protein-protein complex
was boiled in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample

buffer, separated by SDS-PAGE, and transferred to nitrocellulose membranes.

Immunoblot assay
Cells were harvested and lysed on ice in TNN lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM
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NaCl, 50 mM NaF, 1 mM NasVOa) in the presence of protease inhibitors (2 mM
phenylmethylsulfonyl fluoride (PMSF), 1 pg/mL aprotinin, 1 ug/mL leupeptin, and 1 pg/mL
pepstatin A) for 30 min on ice. Supernatants were collected by centrifugation at 12,000 x g for 10
min at 4 C, and protein concentration was determined by the Bradford protein assay. The lysates
were boiled in SDS-PAGE sample buffer, separated by SDS-PAGE, and transferred to
polyvinylidene difluoride membranes (Millipore, Schwalbach, Germany). Membranes were
blocked with 5% nonfat dry milk for 1 h. Blots were incubated with primary antibody in blocking
solution for 1 h at 4 °C. Membranes were rinsed twice with Tris-buffered saline, 0.1% Tween 20
and incubated with HRP-conjugated secondary antibody (1:2000) (Chemicon International,
Temecula, CA, USA) in blocking solution for 30 min. The cells were illuminated with an ECL
system (Roche Applied Science, Mannheim, Germany) and detected using a BAS2500 imaging
analyzer (Fujifilm, Tokyo, Japan). Antibodies against actin (Millipore) were used to normalize the

sample loading.

Immunoprecipitation

Transfected HEK293T cells were lysed using cold TNN lysis buffer (50 mM Tris-HCI [pH 7.5],
150 mM NaCl, 1% NP-40, and 0.5% sodium deoxycholate) in the presence of protease inhibitors
(2 MM PMSF, 1 ug/mL aprotinin, and 1 ug/mL leupeptin) for 30 min on ice. After centrifugation
at 12,000 xg for 10 min at 4 <C, supernatant was collected. The supernatant was precleared by
adding protein A agarose and was then incubated at 4 <C for 2 h with the desired antibody.
Clarified lysates were incubated with 1-2 g of the appropriate antibody for 2 h, followed by 25
uL of a 50% slurry of protein A-agarose (Roche Applied Science, Mannheim, Germany) for 3-16
h at 4 °C. After extensive washing, immunoprecipitants were resuspended in SDS-PAGE sample

buffer and separated by SDS-PAGE.



In vitro Kinase assay

The cell lysates were subjected to immunoprecipitation using an anti-Lyn antibody. The
immunoprecipitates were washed thrice with lysis buffer, twice with tyrosine kinase buffer

(50 mM HEPES [pH 7.4], 10 mM MnClz, 10 mM MgCl, 2 mM DTT, and 0.1 mM Sodium
vanadate). The reaction mixture was initiated by the addition of 2.0 pCi of [y-32 P] ATP and 5 ug
of E.coli purified His-rpS3 or 5 pg of acid-treated enolase substrate and incubated at 30 °C. After
30 min of incubation, the reaction was stopped by the addition of 20 puL of 2 x SDS-sample buffer
(100mM Tris-HCI [pH 6.8], 2% 2-Mercaptoethanol, 4% SDS, 20% glycerol, and 0.04%
bromophenol blue) and subjected to 10% SDS-PAGE. After the gel was dried, phosphorylated

protein was visualized using a BAS2500 imaging analyzer (Fujifilm, Tokyo, Japan).

Drugs and preparation of pervanadate

Adriamycin (DOX) was obtained from Upstate Biotechnology, Inc. (Lake Placid, NY, USA). PP2
and genistein were obtained from Calbiochem (EMD Millipore, Billerica, MA, USA) and
dissolved in DMSO. Sodium pervanadate was prepared as a 50 mM stock solution using the
following procedure. Sodium orthovanadate (2 mL of 100 mM; Sigma, St. Louis, MO, USA)
solution was activated by mixing with 2 mL of 100 mM hydrogen peroxide solution, and the
reaction was allowed to proceed for 15 min at room temperature (26 + 2°C). The reaction was
terminated by the addition of 400 U/mL of catalase (15 min) to remove residual H20,, after which

the pervanadate solution was ready for use.

Statistical analysis
Statistical significance was determined using the Student’s t-test. Differences were considered
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significant if the p-value was <0.05(*) or 0.01(**). Each error bar represents standard deviation.
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Supplementary Figure 1. Ribosomal protein S3 (rpS3) interacts with Src homology 3 (SH3) domain of Lyn

Cos-1 cells were transiently transfected with GFP-rpS3 plus GFP-Lyn or GFP-rpS3 plus GFP-LynSH3. Lysates were subjected to

immunoprecipitation with anti-Lyn antibody. Co-immunoprecipitants and cell lysates were separated by 10% Sodium Dodecyl Sulfate -



PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and analyzed by immunoblotting with anti-GFP antibody. The data represent three

independent experiments.
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Supplementary Figure 2. Lyn interacts with C-terminal end of rpS3
Cos-1 cells were transiently transfected with EGFP or EGFP-Lyn. Lysates were subjected to pull down assays using 2 pg of bead
bounded GST-rpS3 fusion protein, including GST-rpS3C and GST-rpS3. GST was used as the negative control. GST protein complexes

were analyzed by immunoblotting with an anti-GFP antibody to detect Lyn. The data represent three independent experiments.
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Supplementary Figure 3. Binding activity of rpS3 to Lyn is increased by the addition of doxorubicin

HEK293T cells were co-transfected with pcDNA3-Lyn and pEGFPc1 (lanes 1 and 2) or pcDNA3-Lyn and pEGFPc1-rpS3 plasmids
(lanes 3 and 4), and the co-transfectants were then exposed to 1.5 pg of adriamycin (doxorubicin) for 3 h (lanes 2 and 4), and extracts
were immunoprecipitated (IP) with Lyn antibody. Cell extracts were resolved by 10% Sodium Dodecyl Sulfate - PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) and immunoblotted with anti-Lyn (upper panel) and anti-GFP (middle panel) antibodies. Precipitated
proteins were immunoprecipitated with Lyn antibody, resolved by 10% Sodium Dodecyl Sulfate — PolyAcrylamide Gel Electrophoresis
(SDS-PAGE), and analyzed by immunaoblotting (IB) with anti-GFP antibody (upper panel). Equal amounts of proteins were used for

immunoprecipitation (IP). The data represent three independent experiments.
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Supplementary Figure 4. Tyrosine phosphorylation of rpS3 is increased by the addition of Ara-C and is decreased by the inhibitors of
tyrosine kinase

HEK293T cells were co-transfected with Lyn and GST-rpS3, and the co-transfectants were then exposed to various concentrations of
drugs, including Ara-C (cytosine arabinoside, concentration 0 to 10 uM), PP2 (concentration 0 to 10 uM), and Genistein (concentration 0

to 100 pg/mL), in a dose-dependent manner for 1 h 30 min as indicated. Subsequently, the cells were treated with pervanadate. The cells



were lysed, and extracts were immunoprecipitatated (IP) with anti-rpS3 antibody. Immunoprecipitates were resolved by 10% SDS-PAGE
and subjected to immunoblotting (IB) with the indicated antibodies as anti-GST and anti phospho tyrosine (pTyr) antibody. Phospho-Tyr
was used to verify the effect of drug treatment. HEK293T cells treated with vehicle (Ara-C, distilled water, PP2 or Genistein; 0.1%

DMSO) were used as a negative control (NC). The data represent three independent experiments.
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Supplementary Figure 5. Characterization of MPC11-DOX (doxorubicin 60 nM) resistant cells
(A) Comparison of expression differences of rpS3, rpS5, and MDR1 mRNA in normal MPC-11

(M) and doxorubicin-resistant MPC-11 cells (MD) by RT-PCR analysis. Following quantitative
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PCR, examination of the agarose gels confirmed that specific products of approximately 158 bp
and 226 bp were obtained upon amplification of MDR1, rpS3, and rpS5. GAPDH was served as a
loading control. The isolated RNAs were reverse-transcribed and amplified by PCR with rpS3-,
rpS5-, MDR1- and GAPDH-specific primers. The band density of indicated genes was normalized
to GAPDH (n=3). *; p<0.05, **; p<0.01 (Student’s t-test). (B) Increased expression of p-gp and
tyrosine phosphorylation of rpS3 in doxorubicin-resistant MPC-11 cell lines. Whole-cell lysates
were analyzed by immunoblotting with rpS3 and p-glycoprotein antibodies in MPC-11 and
MPC11-DOX cells. Immunoprecipitation assay confirmed the expression in MPC-11 and
MPC11-DOX cells with the use of phospho-tyrosine antibody. Antibody to B-actin was used as a
loading control. (C) MPC-11 cells were transfected with pcDNA3-GFP or pcDNA3-GFP-rpS3.
Cell lysates (20 mg) were subjected to immunoprecipitation with anti-GFP (upper panel) and
phospho-Tyrosine antibodies (lower panel), followed by immunoblot analysis with anti-GFP
antibody (upper panel) and anti-phospho-tyrosine antibody (lower panel). HC; IgG heavy chain,
LC; IgG light chain. (D) Comparison of ribosome profiles of MPC-11 and MPC11-DOX cells
using ribosome profiling method using linear sucrose gradients. The polysome, monosome (80S),
and ribosomal subunits (40S, 60S) regions are marked in the ribosome profile. The data represent

three independent experiments.
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