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Targeted Quantitative Kinome Analysis Identifies PRPS2 as a
Promoter for Colorectal Cancer Metastasis

Weili Miao and Yinsheng Wang”
Department of Chemistry, University of California, Riverside, California 92521-0403, United
States

Abstract

Kinases are among the most important families of enzymes involved in cell signaling. In this
study, we employed a recently developed parallel-reaction monitoring (PRM)-based targeted
proteomic method to examine the reprogramming of the human kinome during colorectal cancer
(CRC) metastasis. We were able to quantify the relative expression of 299 kinase proteins in a pair
of matched primary/metastatic CRC cell lines. We also found that, among the differentially
expressed kinases, phosphoribosy! pyrophosphate synthetase 2 (PRPS2) promotes the migration
and invasion of cultured CRC cells through regulating the activity of matrix metalloproteinase 9
(MMP-9) and the expression of E-cadherin. Moreover, we found that the up-regulation of PRPS2
in metastatic CRC cells could be induced by the MYC proto-oncogene. Together, our unbiased
kinome profiling approach led to the identification, for the first time, of PRPS2 as a promoter for
CRC metastasis.
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INTRODUCTION

Colorectal cancer (CRC) is a major cause of morbidity and mortality throughout the world.
It accounts for over 9% of all cancer incidences, ranks as the third most frequently
diagnosed cancer worldwide, and ranks fourth among the cancer-related deaths.! Metastases
are the main cause of cancer-related mortality in CRC patients,2 where approximately half
of CRC patients develop metastatic disease® and the 5-year survival rate for metastatic CRC
(stage 1V) is less than 10%.4

Aberrant kinase expression is known to be associated with CRC metastasis. For example,
CRC patients with elevated EGFR expression exhibit poor prognosis,® and overexpression of
AXL promotes the migration and invasion in CRC.8 Thus, a comprehensive analysis of
kinase protein expression during CRC metastasis may allow for a systematic understanding
about the implications of kinases in modulating the metastatic transformation of CRC.

Several quantitative proteomic methods were recently reported for the interrogation of the
whole human kinome. For instance, ATP-acyl nucleotide affinity probes could be employed
for the enrichment and quantification of kinases by liquid chromatography-multiple-reaction
monitoring (LC-MRM) analysis.”~? In this approach, the labeling of a kinase by the ATP
affinity probe can be modulated by both the protein expression level and the ATP-binding
affinity of the kinase.1* Likewise, enrichment of kinases relying on the use of affinity resin
immobilized with multiple kinase inhibitors may also be affected by changes in kinase
activity.10-13

We recently developed a parallel-reaction monitoring (PRM)-based targeted proteomic
method to analyze the kinase protein expression at the entire proteome scale, and we also
applied successfully the method for assessing the reprogramming of the human kinome upon
treatment with a kinase inhibitor.14 In this respect, we established a Skyline kinome library
for LC-PRM analysis based on shotgun proteomic data acquired from indepth LC-MS/MS
analyses of tryptic digestion mixtures of protein lysates from multiple human cell lines.14
The library encompassed 1050 tryptic peptides representing 478 kinase proteins, among
which 395 are protein kinases.1*

In this study, we employed the LC-PRM method to profile the differential protein expression
of kinases in a pair of primary/metastatic CRC cells initiated from the same patient. We were
able to quantify the expression of 299 unique kinases and identify PRPS2 as a driver for
CRC metastasis.
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EXPERIMENTAL SECTION

Cell Culture

SW480 (primary) and SW620 (metastatic) (ATCC) cells were cultured in Dulbecco’s
modified Eagle medium (DMEM). Culture media were supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA) and penicillin (100 IU/mL). The cells were maintained at
37 °C in a humidified atmosphere containing 5% CO,. Approximately 2 x 107 cells were
harvested, washed with cold PBS for three times, and lysed by incubating on ice for 30 min
with CelLytic M cell lysis reagent (Sigma) containing 1% protease inhibitor cocktail. The
cell lysates were centrifuged at 9000g at 4 °C for 30 min and the resulting supernatants
collected. For SILAC labeling experiments, the cells were cultured in SILAC medium
containing unlabeled lysine and arginine or [13Cg, 1°N,]-lysine and [13Cg]-arginine for at
least five cell doublings.

Plasmids and shRNAs

The cDNA sequence of PRPS2 gene was PCR-amplified from a cDNA library prepared
from mRNA isolated from SW620 cells, and the primers were 5'-
ATGCCCAACATCGTGCTGTT-3" and 5'-TAGCGGGACATGGCTGAACA-3’. The
cDNA was subcloned into BarmHI- and Xbal-linearized pRK7 vector. pRK7-PRPS2 and
empty pRK7 vectors were transfected into SW480 cells by using Transit-2020 (Mirus). All
shRNA targeting sequences, which were designed according to Sigma (https://
www.sigmaaldrich.com/life-science/functional-genomics-and-rnai/shrna/individual-
genes.html), were cloned into pLKO.1-Puro (Addgene). The sequences for sShPRPS2 were
5 -CCATACGCCCGACAAGATAAA-3" (shPRPS2-1) and 5'-
GTCACAAACACAATTCCGCAA-3" (shPRPS2-2); and scrambled control sequence: 5’-
TCCTAAGGTTAAGTCGCCCTCG-3'.

Lentiviral particles were packaged using HEK293T cells. Virus-containing supernatants
were collected at 48 h following transfection and filtered to eliminate cells. SW620 cells
were infected with the lentivirus for 48 h prior to puromycin (1.0 ug/mL) selection.

Tryptic Digestion of Whole-Cell Protein Lysates

The protein lysates prepared from SW480 and SW620 cells were quantified using Bradford
assay (Bio-Rad) and combined at 1:1 ratio (by mass), washed with 8 M urea for protein
denaturation, and then treated with dithiothreitol and iodoacetamide for cysteine reduction
and alkylation, respectively. The proteins were subsequently digested with modified MS-
grade trypsin (Pierce) at an enzyme/substrate ratio of 1:100 in 50 mM NH4HCO3 (pH 8.5) at
37 °C overnight. The peptide mixture was subsequently dried in a Speed-vac, desalted with
OMIX C18 pipet tips (Agilent Technologies), and subjected to LC-MS/MS analysis in the
PRM mode.

LC-PRM Analysis

All scheduled LC-PRM experiments were carried out on a Q Exactive Plus quadrupole-
Orbitrap mass spectrometer coupled with an EASY-nLC 1200 system, as described recently.
15,16 The linear predictor of empirical RT from iRT27 for targeted kinase peptides was
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determined by the linear regression of RT versus iRT of tryptic peptides from BSA obtained
for the chromatography setup prior to the analysis of kinase peptides.®1%:16 This RT-iRT
linear relationship was re-established between every eight LC-PRM runs by analyzing again
the tryptic digestion mixture of BSA. The targeted precursor ions were monitored in eight
separate injections for each sample in scheduled PRM mode with an 8-min retention time
window.

All raw files were processed using Skyline (version 3.5) for the generation of extracted-ion
chromatograms and for peak integration.1® In this vein, the Skyline kinome PRM library
includes MS/MS for peptides derived from approximately 400 kinase proteins, where up to
four most abundant peptides were included for each kinase protein.14 Six most abundant y
ions found in MS/MS of each kinase peptide acquired from shotgun proteomic analysis were
chosen for peptide identification and quantification, where a mass accuracy of 20 ppm or
less was imposed for fragment ions during the identification of peptides in the Skyline
platform. The targeted peptides were first manually checked to ensure the chromatographic
profiles of multiple fragment ions derived from the light and heavy forms of the same
peptide could be overlaid. The data were then processed to ensure that the distribution of the
relative intensities of multiple transitions for the same precursor ion of kinase peptides was
correlated with the theoretical distribution in the kinome MS/MS spectral library entry. The
sum of peak areas from all transitions of light peptide or the corresponding heavy form was
used for the quantification of the peptide.

TCGA and CCLE Data Analysis

OncoLnc was employed for the analysis of The Cancer Genome Atlas (TCGA) data for the
correlation in mRNA expression between PRPS2and MYC genes.1® Box plot and scatter
plots for PRPS2 mRNA expression in CRC cell lines were generated from the data retrieved
from The Cancer Cell Line Encyclopedia (CCLE) database (https://
portals.broadinstitute.org/ccle), which included the gene expression data for more than 1000
cell lines representing 37 types of cancer.2% The kinome map in the TOC Graphic was
generated using online tool Peptracker (https://peptracker.com/epd/analytics/?show_plot).2

Western Blot

SW480 and SW620 cells were cultured in six-well plates and were lysed at 50-70%
confluency. The protein concentrations in the lysates were determined using Bradford Assay
(Bio-Rad). The whole cell lysate for each sample (10 wg) was denatured by boiling in
Laemmli loading buffer and resolved by using SDS-PAGE. Subsequently, the proteins were
transferred onto nitrocellulose membrane at 4 °C overnight. The resulting membrane was
blocked with PBS-T (PBS with 0.1% Tween 20) containing 5% milk (Bio-Rad) at 4 °C for 6
h. The membrane was subsequently incubated, at 4 °C, with primary antibody overnight and
then with secondary antibody at room temperature for 1 h. After thorough washing with
PBS-T, the HRP signals were detected using Pierce ECL Western Blotting Substrate
(Thermo).

Antibodies recognizing human AK2 (Santa Cruz Biotechnology, sc-374095, 1:2000
dilution), PRPS1/2/3 (Santa Cruz Biotechnology, sc-376440, 1:2000 dilution), IGF2R (Santa
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Cruz Biotechnology, sc-14408, 1:1000 dilution), EGFR (Santa Cruz Biotechnology, sc-03,
1:10 000 dilution), and CHEK1 (Cell Signaling, #2360, 1:5000 dilution) were employed as
primary antibodies for Western blot analysis. Horseradish peroxidase-conjugated antirabbit
IgG, IRDye 680LT Goat anti-Mouse 1gG (H+L), and donkey antigoat 1gG-HRP were used
as secondary antibodies. Membranes were also probed with antiactin antibody (Cell
Signaling #4967, 1:10 000 dilution) to confirm equal loading of protein lysate.

Migration and Invasion Assay

Migration and invasion assays were performed using a Matrigel Transwell Chamber
(Corning) with 8-zm pore polycarbonate filters.22 In the migration assay, the harvested cells
were suspended in 100 L of serum-free medium at a final concentration of 1-2 x 106
cells/mL and were added to the upper chamber of the transwell system. Medium containing
10% FBS was placed in the lower chamber. After incubation for the indicated periods of
time, nonmigrated cells and media in the upper chamber were removed by using a cotton
swab and the migrated cells on the bottom surface of the insert membrane were fixed by
incubating with 75% methanol at room temperature for 15 min. The cells were then stained
with 0.2% crystal violet in 10% ethanol for 15 min. After washing and drying, the insert
membranes were imaged under a light microscope. Since the same number of cells was
initially dispersed in each well, cell migration was represented by the number of migrated
cells.

In the invasion assay, 200—400 pg/mL matrigel in serum-free media was coated on the upper
chamber of the filter and the matrigel-containing medium was removed after incubation at
37 °C for 2 h. The cells were then dispersed, stained, and counted in a similar way as
described above for the migration assay. Cell invasion was calculated by dividing the
number of invaded cells over that of the migrated cells.

Real-Time Quantitative PCR (RT-qPCR)

Cells were seeded in six-well plates at 50-70% confluence level. Total RNA was extracted
from cells using TRI reagent (Sigma). Approximately 3 yg of RNA was reverse transcribed
by employing M-MLV reverse transcriptase (Promega) and an oligo(dT)1g primer. After a
60-min incubation at 42 °C, the reverse transcriptase was deactivated by heating at 75 °C for
5 min. RT-gPCR was performed using iQ SYBR Green Supermix kit (Bio-Rad) on a Bio-
Rad iCycler system (Bio-Rad), and the running conditions were at 95 °C for 3 min and 45
cycles at 95 °C for 15 s, 55 °C for 30 s, and 72 °C for 45 s. The comparative cycle threshold
(Ct) method (AACt) was used for the relative quantification of gene expression,23 and the
primer sequences are listed in Table S2.

Gelatin Zymography Assay

Concentrated medium collected from cultured CRC cells was loaded without reduction onto
a 10% SDS-PAGE gel with 0.1% gelatin. After electrophoresis, the gels were washed with
2.5% Triton X-100 (Sigma) to remove SDS and to renature MMP-2 and MMP-9. The gels
were subsequently incubated in the developing buffer for overnight to induce gelatin lysis by
the renatured MMP-2 and MMP-9. The relative amounts of active MMP-2 and MMP-9 were
then quantified based on their band intensities using ImageJ.24
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RESULTS AND DISCUSSION

Differential Expression of Kinase Proteins in Primary and Metastatic Human CRC Cells

To explore the potential roles of kinases in CRC metastasis, we employed a PRM-based
targeted proteomic method,4 in conjunction with SILAC,2® to examine the differential
expression of kinases in a pair of matched primary/metastatic CRC cells, that is, SW480 and
SW620 (Figure 1a), derived from the same CRC patient, respectively.?

The results from the PRM-based targeted proteomic method led to the quantification of 299
unique kinases in the paired CRC cells, which included more than 200 protein kinases and
covered approximately 50% of the human kinome (Figure 2 and Table S1). The same
retention time with dot product (dotp) being above 0.7 was displayed for all PRM transitions
(4-6) used in kinase peptide quantification (Figure S1).27 In addition, consistent trends were
observed for more than 90% of the quantified kinase peptides in forward and reverse SILAC
labeling experiments (Figure 1b and Figure 1c, Table S1, and representative results for AK2
and PRPS2 are shown in Figure 3a). We also validated the relative protein expression levels
of five quantified kinases (AK2, CHEK1, EGFR, IGF2R, and PRPS2) in SW480 and
SW620 cells by using Western blot analyses (Figure 3 and Figure S2). These results
confirmed that LC-PRM analysis, together with SILAC labeling, provided robust
quantification of kinase protein expression. In this respect, it is worth noting that the current
LC-PRM method provides relative quantification of expression levels of kinase proteins in
the paired SW480/SW620 cells; the method does not offer information about the absolute
expression levels of kinase proteins (e.g., copy numbers of kinase molecules per cell). It can
be envisaged that the method can be adapted for absolute quantification of kinase proteins in
the future (e.g., with the use of stable isotope-labeled kinase peptides).28

Among the 299 quantified kinases, 83 and 77 were up- and down-regulated by at least 1.5-
fold in the SW620 metastatic CRC cells relative to SW480 CRC cells, respectively. The
failure in detecting the remaining kinases is likely due to their relatively low levels of
expression or their lack of presence in our kinome PRM library, which contains ~80% of the
human kinome.1# Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
showed that 12 out of the 83 up-regulated kinases were involved in focal adhesion pathway
(Figure S3a), which is closely associated with cancer metastasis.2® Furthermore, both SRC
and CSK in the SRC subfamily, which were previously shown to promote invasion of CRC
cells,30 were up-regulated in the metastatic SW620 cells (Figure 2, Table S1).

PRPS2 Drives CRC Metastasis

KEGG pathway analysis also reveals that 10 out of the 83 up-regulated kinases are involved
in purine metabolism, rendering it one of the major up-regulated pathways (Figure S3a).
Moreover, a previous study on metabolic reprograming of CRC also suggested that purine
metabolism is activated in late-stage CRC patients.31 Among these kinases, the mRNA
expression of PRPS2 gene is uniquely up-regulated in CRC cell lines among the more than
1000 cell lines representing 37 different cancer types in the Cancer Cell Line Encyclopedia
(CCLE) database,2? suggesting an important role of PRPS2 in CRC development (Figure
S3h).
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To further substantiate the above findings, we investigated the potential roles of PRPS2 in
CRC metastasis by asking how the migration and invasion capacities of CRC cells are
influenced by the expression levels of PRPS2.22 Our results demonstrated that the migratory
and invasive abilities of SW480 primary CRC cells were augmented upon overexpression of
PRPS2 (Figures 4a,b and S4a). Reciprocally, sShRNA-mediated stable knock-down of PRPS2
in SW620 metastatic CRC cells suppressed their motility and invasion (Figures 4c, S4b,c,
and Sb).

PRPS2 Modulates Expression of MMP-9 and E-Cadherin

Matrix metalloproteinases 2 and 9 (MMP-2 and MMP-9, a.k.a. gelatinases A and B) play
central roles in degrading extracellular matrix (ECM) proteins and in promoting cancer
metastasis.32 Hence, we also asked whether the enzymatic activities of MMP-2 and MMP-9
are modulated by the expression levels of PRPS2. By employing gelatin zymography assay,
24 we showed that the activity of secreted MMP-9 from SWA480 and SW620 cells were
positively correlated with the expression level of PRPS2. In this regard, ectopic
overexpression of PRPS2 in SW480 primary CRC cells gave rise to increased enzymatic
activity of secreted MMP-9 (Figures 5a,b). Reciprocally, the activity of secreted MMP-9 was
diminished in SW620 metastatic CRC cells upon stable knock-down of PRPS2 (Figure
5d,e). We also assessed, by employing RT-gPCR, how the mRNA expression levels of
MMP2and MMP3genes in CRC cells are regulated by the expression levels of PRPS2. As
shown in Figure 5c, ectopic overexpression of PRPS2 in SW480 primary CRC cells induced
heightened mRNA expression of the MMPSI gene, whereas stable knock-down of PRPS2 in
the SW620 metastatic CRC cells suppressed the expression of MMPI gene (Figure 5f).
However, the mRNA expression or activity of secreted MMP-2 is not positively modulated
by PRPS2.

Aside from MMPs, epithelial-mesenchymal transition (EMT), a process through which
cohesive epithelial cells are transformed to a migratory mesenchymal phenotype, can
promote the invasion and metastasis of many types of cancer cells.33 Along this line, EMT is
accompanied with a loss of E-cadherin and a concomitant gain of N-cadherin.34 E-Cadherin,
which assumes important functions in cell-cell adhesion in epithelial tissues, is known to
suppress malignant transformation.3°38 Qur data suggest that the expression of CDHI gene,
which encodes E-cadherin, is inhibited by PRPS2 in CRC cells. Overexpression of PRPS2 in
SW480 primary CRC cells inhibited the transcription of CDH1 gene, whereas stable
knockdown of PRPS2 in the metastatic SW620 cells stimulated the expression of CDH1
gene (Figure 5c,f). Nevertheless, the expression of CDHZ gene, which encodes N-cadherin,
is not affected by PRPS2. Together, PRPS2 drives CRC metastasis by inhibiting the
transcription of E-cadherin and promoting the expression and activities of MMP-9.

PRPS2 and Myc

We next explored the potential mechanism through which the elevated expression of PRPS2
stimulates CRC metastasis in cells. MYC, one of the most potent proto-oncogenes,3’:38 can
promote tumorigenesis in various organs through altering cellular metabolism. PRPS2 is a
crucial kinase in purine metabolism and protein synthesis.3%-41 Additionally, MYC-
overexpressing cells often exhibit increased nucleotide biosynthesis through modulating the
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expression of PRPS2.4142 Furthermore, elevated expression of A/YC gene in CRC patients
is known,*3 and the metabolic alteration of CRC is also induced by Myc.3! Hence, we
reason that the expression of PRPS2 in CRC cells could be modulated by Myc.

To examine the relationship between PRPS2 and Myc in CRC, we analyzed the expression
of PRPSZand MYCin all 56 CRC cell lines included in the CCLE database. It turned out
that the expression levels of PRPS2and MYC are well-correlated in CRC cell lines,
including the SW480 and SW620 cells employed in the present study (Figure S6a). In this
vein, the expression of MYC gene was previously shown to be elevated in SW620 cells
relative to SW480 cells,** suggesting that the elevated expression of PRPS2 protein in
SW620 cells could be modulated by Myc. Furthermore, the expression levels of MYCand
PRPS2 genes are also correlated with each other in 435 CRC patients in the TCGA database
(Figure S6b), indicating that Myc may modulate the expression of PRPS2 in CRC cells and
patients (Figure S7).

CONCLUSIONS

By employing a PRM-based targeted proteomic method, we were able to quantify the
relative expression levels of 299 kinases in a pair of primary and metastatic CRC cells
derived from the same patient. Importantly, we found that, among the differentially
expressed kinases, PRPS2 promotes the migration and invasion of cultured CRC cells.
Furthermore, we showed that elevated PRPS2 expression confers attenuated transcription of
CDH1 and augmented expression and activities of MMP-9. Moreover, our work supports the
role of MYC proto-oncogene in up-regulating the PRPS2 gene in metastatic CRC. Together,
we discovered PRPS2 as a novel promoter for CRC metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

PRM-based targeted proteomic approach for interrogating the perturbations in protein
expression levels of kinases during CRC metastasis (a) Experimental strategy for PRM-
based targeted proteomic approach. (b) Venn diagram displaying the overlap between
quantified kinases from the forward and reverse SILAC labelings of the SW480/SW620 pair
of CRC cells. (c) Correlation between the ratios of kinase protein expression in SW480/
SW620 cells obtained from forward and reverse SILAC labeling experiments.
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Figure2.
Differential expression of kinase proteins in paired SW480/SW620 CRC cells. Blue, red,

and gray bars represent those kinases with ratios (SW480/SW620) that are <0.67, >1.5, and
between 0.67 and 1.5, respectively.
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Figure 3.

AK2 and PRPS2 are up-regulated in metastatic CRC cells. (a) PRM traces for the
guantifications of AK2 and PRPS2 proteins in SW480/SW620 cells. (b) Western blot for the
validation of the expression levels of AK2 and PRPS proteins in the paired CRC cells. (c)
Quantitative comparison of the ratios of AK2 obtained from PRM and Western blot analysis.
(d) Quantitative comparison of the ratios of PRPS proteins obtained from PRM (for PRPS1
and PRPS2) and Western blot analysis (for PRPS1/2/3). The data represent the mean + S.D.
of the quantification results (n= 3).
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Figure 4.

shControl shPRPS2-1 shPRPS2-2

PRPS2 modulates the migratory and invasive capacities of CRC cells. (a) Migratory and
invasive abilities of SW480 primary colorectal cancer cells were increased upon ectopic
overexpression of PRPS2. (b,c) Quantification results of migratory and invasive abilities of
SW480 primary colorectal cancer cells upon ectopic overexpression of PRPS2 gene (b), and
those of SW620 metastatic colorectal cancer cells upon shRNA-mediated stable knock-down
of PRPS2gene (c), respectively. The data represent the mean + S. D. of the quantification
results (7= 3). The pvalues were calculated using unpaired, two-tailed Student’s #test: #, p
=0.05; *, 0.01 < p< 0.05; **, 0.001 < p< 0.01; ***, p<0.001.
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PRPS2 regulates the expression and enzymatic activity of MMP-9. (a) Gelatin zymography
assay showing the changes in activities of secreted MMP-2 and MMP-9 upon ectopic
overexpression of PRPS2 in SW480 cells. (b) Modulation of activities of secreted MMP-2
and MMP-9 by PRPS2 in SW480 cells. (c) RT-qPCR results showing the changes in mMRNA
levels of CDH?Z (encoding N-cadherin), CDHZ (encoding E-cadherin), MMPZ, and MMP9
genes in SW480 cells upon ectopic overexpression of PRPS2. (d) Gelatin zymography assay
showing the changes in activities of secreted MMP-2 and MMP-9 after sShRNA-mediated
stable knock-down of PRPSZ2 gene in SW620 cells. (€) Modulation of activities of secreted
MMP-2 and MMP-9 by PRPS2 in SW620 cells. (f) RT-gPCR results showing the
modulation in mMRNA levels of CDHZ2, CDH1, MMPZ, and MMPI genes in SW620 cells
upon siRNA-mediated knockdown of PRPS2. The data represent the mean £ S. D. of the
quantification results (7= 3). The pvalues were calculated based on unpaired, two-tailed
Student’s #test: #, p=0.05; *, 0.01 < p< 0.05; **, 0.001 < p< 0.01; ***, p<0.001.
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