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While the cytogenetic and genetic characteristics of childhood acute lymphoblastic leukemias (ALL) are well studied, less clearly
understood are the contributing epigenetic mechanisms that influence the leukemia phenotype. Our previous studies and others
identified gene mutation (RAS) and DNA methylation (FHIT) to be associated with the most common cytogenetic subgroup of child-
hood ALL, high hyperdiploidy (having five more chromosomes). We screened DNA methylation profiles, using a genome-wide high-
dimension platform of 166 childhood ALLs and 6 normal pre-B cell samples and observed a strong association of DNA methylation
status at the PTPRG locus in human samples with levels of PTPRG gene expression as well as with RAS gene mutation status. In
the 293 cell line, we found that PTPRG expression induces dephosphorylation of ERK, a downstream RAS target that may be critical
for mutant RAS-induced cell growth. In addition, PTPRG expression is upregulated by RAS activation under DNA hypomethylating
conditions. An element within the PTPRG promoter is bound by the RAS-responsive transcription factor RREB1, also under hypome-
thylating conditions. In conclusion, we provide evidence that DNA methylation of the PTPRG gene is a complementary event in
oncogenesis induced by RAS mutations. Evidence for additional roles for PTPR family member genes is also suggested. This pro-
vides a potential therapeutic target for RAS-related leukemias as well as insight into childhood ALL etiology and pathophysiology.

The RAS oncogenes NRAS and KRAS are commonly acti-
vated by mutation in both acute lymphoid and myeloid leu-
kemias of children and in up to 40% of high hyperdiploid
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leukemias (>50 chromosomes in karyotype), suggesting a
phenotypic complement to high hyperdiploidy in producing
the leukemic phenotype."? Upregulation of RAS signal trans-
duction pathways contributes to the leukemic phenotype in
animal models and human disease, and the RAS pathway has
been used as a therapeutic target for hematologic malignan-
cies.’” The formation of hyperdiploidy is known to be a pre-
natal event in leukemogenesis,”® with RAS mutation being
postnatal.”> Understanding cooperating epigenetic events in
RAS-induced leukemogenesis will reveal additional details
about etiology of the disease and additional therapeutic
targets.

We previously noted a strong association between
DNA methylation and reduced expression of the tumor
suppressor gene FHIT and childhood ALL with high hyper-
diploidy (51-68 chromosomes in karyotype, referred to as
“hyperdiploidy” from here on).'” The association between
DNA methylation of FHIT and the hyperdiploid phenotype
was replicated in another study'' and also extended to mye-
loid lymphoblastic leukemias.'> In this study, we explored
whether this association is a dominant feature in hyperdi-
ploid leukemia by comparing its strength of association rela-
tive to genes and CpG loci across the genome. High-
dimension CpG array analysis indicated that DNA methyla-
tion of PTPRG (a gene neighboring FHIT at chromosome
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What’s new?

PTPRG and RAS in pre-B cell pediatric leukemia

The association of DNA methylation with reduced expression of the tumor suppressor gene FHIT in childhood acute lympho-
blastic leukemia (ALL) has raised interest in the exploration of epigenetic mechanisms that contribute to the leukemia pheno-
type. This manuscript describes a strong association between DNA methylation status of PTPRG, a protein phosphatase, and
RAS mutation in childhood ALL. Experiments to determine PTPRG function show that PTPRG protein suppresses ERK phospho-
rylation by mutant RAS. PTPRG as a tumor suppressor in RAS-activated tumors represents a novel target for leukemia therapy
and links an epigenetic modification with a well-known genetic mutation.

3pl4.2 and encoding a receptor-type protein phosphatase)
was more strongly associated with RAS mutation status, as
well as hyperdiploidy, compared to FHIT DNA methylation
status. These genes, while located over 300,000 nucleotides
apart, are situated in reverse orientation and likely coregu-
lated to some degree. In this study, we report genetic associ-
ation and functional analyses to demonstrate a link between
the RAS signaling pathway and PTPRG function, a likely
primary target for DNA methylation control in leukemogen-
esis in cooperation with RAS pathway mutation, as well as
considering the role of the rest of the 19-member receptor-
type PTP gene family.

Material and Methods

Clinical samples, cell lines, plasmids and DNA/RNA
extractions

Bone marrow DNA from children with pre-B cell ALL was
obtained from the California Childhood Leukemia Study and
comprised the same population used previously in studies of
KRAS and NRAS gene mutations.” All participants supplied
written consent, and the study was reviewed and approved
by the UC Berkeley Institutional Review Board. A set of 166
of pre-B ALL with RAS mutation (KRAS and/or NRAS) char-
acterization and cytogenetic classifications were chosen for
DNA methylation analysis using the higher density Illumina
HM450K array analysis. Refinement and validation of these
same samples were performed with Sequenom DNA methyla-
tion analysis. Among these cases, 34 had RAS mutations and
38 were high hyperdiploid (Supporting Information Table 1).
Light density purified leukemic bone marrow cells (1 X 10
cells) exhibiting greater than 80% blasts before purification
were isolated into DNA and RNA using AllPrep (Qiagen).
DNA and RNA from bone marrow mononuclear cells were
extracted using Qiagen’s AllPrep DNA/RNA/Protein Mini
Kit.

The cell line HEK-293 (ATCC, Manassas, Virginia) was
maintained in Dulbecco’s modified Eagle medium with 10%
fetal bovine serum (FBS) (Hyclone, Logan, UT), and the cell
line 697 (ATCC) was maintained in RPMI 1640 supple-
mented with 10% FBS. Plasmids containing the wild type
(Wt) KRAS gene, pMSCV/RAS Wt, and plasmids containing
the mutant KRAS gene, pMSCV/RAS Mut G12D, were kindly
provided by Dr. Benjamin Braun (University of California
San Francisco [UCSF]). The pGL4.23[luc2/minP] plasmid

containing the luciferase reporter gene was purchased from
Promega (Madison, WI). Plasmid DNAs were extracted using
Qiagen’s Mini-Prep or Midi-Prep plasmid DNA purification
kits (Qiagen, Valencia, CA). DNA from normal human fetal
bone marrow was obtained from aborted fetuses; pre-B-cells
were isolated with flow sorting as lin—, CD34+, CD19+,
and CD10+ cells as described.’> Samples were obtained
under the approval and supervision of the UCSF Committee
on Human Research.

DNA methylation analysis

DNA samples were treated with bisulfite to convert unme-
thylated cytosines to uracil using the EZ DNA methylation
kit (Zymo Research, Irvine, California) according to the
cycling protocol (16 cycles: 95°C, 30 sec and 50°C, 60 sec).
The bisulfite-treated DNA was amplified and hybridized
onto the Illumina HumanMethylation450 Beadchip
(HM450K, n =166, Illumina, San Diego, CA) according to
the manufacturer’s specifications. This array allows a
genome-wide interrogation of 485,764 CpG sites for more
than 32,000 transcripts. Raw data were processed using the
GenomeStudio software (Illumina), and the average methyl-
ation values (ff) ranging from 0 (fully hypomethylated) to 1
(fully hypermethylated) were identified for each probe.
Before analyzing the methylation data, we excluded possible
sources of technical errors according to the following quality
control metrics. CpG sites with detection p>1.0X10"*
were removed from analysis. Methylation samples with a
high proportion (>4%) of suboptimal data (n=2) were
eliminated from analysis. Additionally, probes that con-
tained polymorphic single nucleotide polymorphisms
(N =289,677), and those on the X-chromosome (n = 11,645)
were excluded. Data were normalized for array and array
position using linear mixture model, adjusting for chip and
array position effects.

As an additional confirmation/validation analysis, a Seque-
nom MassARRAY quantitative methylation analysis using the
MassARRAY Compact System (Sequenom, San Diego, Califor-
nia) was performed for single gene (PTPRG) on the same 166
samples used for the Illumina HM450K analysis. Part of the
promoter region of PTPRG containing the CpG island [chro-
mosome 3, 61522065-61522387 (Hgl8)] was amplified by
polymerase chain reaction (PCR) using methylation specific
primers designed with the Epidesigner software (Sequenom)
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(Supporting Information Table 2). A subset of the leukemia
cell samples that were also assayed with HM450K (n = 81)
with good quality RNA (by Agilent Bioanalyzer results) was
subjected to expression array analysis using Nugen Ovation
RNA labeling and Affymetrix 1.0 ST microarray. Of the 81, 33
were hyperdiploid; 14 of these hyperdiploid were RAS-mutant
(five NRAS and nine KRAS). Of the nonhyperdiploids, there
were 3 NRAS and 5 KRAS mutant, for a total of 22 RAS muta-
tions. The leukemia samples for DNA expression analysis are
a subset of the same set of subjects used for the initial screen-
ing by HM450K and Sequenom.

Statistical analysis

Statistical analysis and data visualization were carried out
using the R statistical software with Bioconductor packages.
DNA methylation levels from the Illumina arrays were trans-
formed by arcsin(sqroot) for variance stabilization. Methyla-
tion or expression levels between two groups were compared
using the moderated t-statistics and a mixed effect model to
accommodate correlations between samples from the same
donor. The g-value package in R was used to correct for mul-
tiple comparisons (Q values).

Gene-level DNA methylation analysis was performed
using a script that grouped CpG sites annotated within the
same gene region/feature, using Illumina’s annotation data.
Gene regions were ranked for association with RAS status
using the median p value for CpG sites within a region (for
those regions represented by more than one CpG site).

Cloning of the PTPRG cDNA and promoter fragments

The full-length human PTPRG complementary DNA (cDNA)
protein coding region was obtained by reverse transcriptase
PCR (RT-PCR) as follows: Total RNAs were extracted from
the leukemia cell line, 697 using the Qiagen Allprep kit; 5 pg
of total RNA was used to synthesize the first strand of cDNA
using Superscript II (Invitrogen, Grand Island, New York) and
the gene specific primer PTPRG-R (Supporting Information
Table 2) according to the manufacturer’s protocol; 2 pl of the
newly synthesized cDNAs were then used as template to
amplify the full-length protein coding region of the PTPRG
c¢DNA using primer PTPRG-F and PTPRG-R-flag (Supporting
Information Table 2). PCR reactions were performed using
iProof High-Fidelity DNA polymerase (Bio-Rad, Hercules, CA)
for 30 cycles at 98°C for 10 sec and at 66°C for 5 min, after
an initial denaturation of 1 min at 98°C. The PCR products
were first sequenced to confirm amplification of the correct
PTPRG sequence and then cloned into pMSCVneo plasmid
(Clontech, Mountain View, CA) between EcoRI and BglII sites.
The plasmid expressing the human PTPRG gene was desig-
nated pMSCV/PTPRG. Expression of the PTPRG gene was
confirmed by Western blotting using a Rabbit anti-PTPRG pol-
yclonal antibody (Sigma-Aldrich, St. Louis, MI) in total cellular
proteins harvested from 293 cells transfected with the PTPRG
clone (data not shown). Five fragments of the PTPRG pro-
moter region were amplified by PCR using specific primers
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(Supporting Information Table 2). To mutate the putative RAS
responsive element (RRE) in fragment C (see Results section
and Fig. 4), the putative RRE sequence, ccccaaactgtccca, was
replaced by tgactcgaattcaca, a scrambled sequence containing
an EcoRI restriction site. Two separate PCRs were performed:
primers PTPRG-prmt-F1 and ptp-mutRRE-R were used to
amplify the region upstream of the putative RRE, and primers
ptp-mutRRE-F and PTPRG-prmt-R2 were used to amplify the
region downstream of the putative RRE. After restriction diges-
tion with EcoRI and ligation of the two PCR fragments, the full
fragment C was then reamplified with primers PTPRG-prmt-
F1 and PTPRG-prmt-R2. The PCR products for all five frag-
ments were then cloned into plasmid pGL4 23[luc/minP]
(Promega, Madison, WI) between the Kpnl and HindlIIl restric-
tion sites upstream of the luciferase reporter gene. The
sequence of cloned fragments were then confirmed by restric-
tion digestion and sequencing (data not shown).

DNA transfection and luciferase assays

Plasmid DNA was transfected into cell line 293 (ATCC,
Manassas, VA) using LipofectAmine 2000 according to the
manufacturer’s protocol. Total cellular proteins were har-
vested 24 hr after transfection. The Steady-Glo Luciferase
Assay System (Promega) was used to detect luciferase activity
of cells transfected with plasmids encoding the luciferase
gene. Luciferase activity was detected using the Bio-Tek lumi-
nometer (Bio-Tek Instruments, Winooski, VT).

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed using 697 cells
grown in their log phase, anti-RREB1 antibody (Santa Cruz
Biotechnology, cat# sc-138055), and the EZ-ChIP Chromatin
Immunoprecipitation Kit (Millipore, Cat# 17-371), according to
the protocol provided by the manufacturer. The promoter
region of PTPRG containing the putative RRE was amplified
by SYBR green real-time PCR using primers PTPRG-prmt-F4
and PTPRG-prmt-R2 (Supporting Information Table 2).

Phosphoprotein detection

Five phosphorylated proteins of the Ras signal transduction
pathway were detected using the Bio-Plex Phospho 5-plex
Panel for detecting phosphorylated Akt, ERK1/2, IkB-a, JNK
and p38 MAPK (Bio-Rad, Hercules, CA). To detect the
effects of PTPRG on tyrosine phosphorylation involved in
the RAS signaling pathway, cell line 293 grown in six-well
plates were transfected with the PTPRG ¢cDNA clone, with or
without cotransfection of the KRAS Wt or KRAS mutant
gene. Twenty-four hours after transfection, cells were har-
vested and phosphoproteins were detected using the Bio-Plex
Phospho 5-plex Panel #X70-00001RD kit according to the
manufacturer’s protocols.

Demethylation of genomic DNA
To induce demethylation of genomic DNA, cell line 293
(which harbor fully methylated PTPRG promoter) was
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cultured in growth medium containing 1 uM of 5-aza-2'-
deoxycytidine (5-Aza-d-C). For normal cell controls, cells
were grown in medium containing equal concentration of
dimethyl sulfoxide (DMSO) that was used to dissolve 5-Aza-
d-C. Culture medium was changed every 24 hr under the
same conditions. Cells were maintained under such condi-
tions for 72 hr before, and during DNA transfections.

Quantitative real-time RT-PCR and Western blotting

Cell line 293 (which is completely methylated at PTPRG as
determined by the Sequenom assay) treated with either 5-
aza-2'-deoxycytidine or DMSO only were transfected with
either the pMSCV/neo plasmid or pMSCV/Ras Wt plasmid
using LipofectAmine 2000 (Invitrogen) according to the pro-
tocol provided by the manufacturer. Twenty-four hours after
transfection, cells were harvested and total RNA was
extracted using the RNeasy kit (Qiagen). cDNA were synthe-
sized from total RNA using Superscript II (Invitrogen). To
detect mRNA expression of PTPRG, quantitative real-time
RT-PCR was carried out in 10 pl of PCR mix containing
Sybr Green master mix (Invitrogen), 1 ug of total cDNA and
specific primers for 40 cycles of denaturizing and annealing/
extension (95°C, 20 sec; 65°C, 1 min) after an initial step of
denaturation at 95°C for 5 min. The housekeeping gene
glyceraldehyde-6-phosphate dehydrogenase (GAPDH) was
used as the reference. Primer sequences are shown in Sup-
porting Information Table 2.

For Western blotting, total cellular proteins were extracted
from the above treated cells with radioimmunoprecipitation
(RIPA) buffer, and 15 pg of proteins were loaded into each
well of a 10% sodium dodecyl sulfate (SDS) polyacrylamide
gel electrophoresis (PAGE) gel. Protein expression of PTPRG
and actin were detected using rabbit anti-PTP Gamma and
rabbit anti-actin (Sigma Aldrich) as primary antibodies and
HRP-conjugated goat anti-rabbit IgG (Jackson Laboratories)
as secondary antibody.

Results
Association of PTPRG gene methylation with RAS mutation
and PTPRG expression
Using a childhood ALL sample set (n=166 total) and a
DNA methylation microarray [Illumina HM450K],14 PTPRG
was among the most highly associated genes with RAS muta-
tion with 32 CpG loci associated with RAS status (p =10~ '%)
and also the same CpG loci associated with hyperdiploidy
(p=10""%). At a gene region level, PTPRG was the second to
the top gene (after BARX2) to be associated with RAS status
in a positive direction (Supporting Information Table 3). For
both PTPRG and FHIT, associations were found in both the
promoter region and gene body, with associations stronger
for PTPRG than FHIT, as shown in Figure 1. The most sig-
nificantly linked loci include both promoter CpGs as well as
internal body CpGs, in different directions (Fig. 1).

RNA was available for a subset of 166 HM450K-assayed
study subjects (n=81) for expression analysis. The two top

PTPRG and RAS in pre-B cell pediatric leukemia
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Figure 1. Association of CpG methylation in FHIT and PTPRG genes
with RAS status. Mean differences in DNA methylation beta values
between RAS mutant and RAS wild type for each CpG site within
FHIT and PTPRG regions is shown in the top panel. The —Log;o

(p value) is shown for the comparison of DNA methylation status
[Student’s t-test of arcsine (beta values)] between RAS mutant pos-
itive patients versus negative as shown in the lower panel. The
locations of CpG sites in relation to chromosome 3 location (hg19)
and gene annotation are noted. Data are derived from Illumina
HM450K methylation screening of 166 patients.

CpG sites (cg05362669 and cg03826247) associated with RAS
mutation subtype were among the top 5 CpG sites correlated
to gene expression of PTPRG (Supporting Information Table
4). Methylation of these two CpG sites were correlated with
expression in opposite directions, the promoter CpGs
(cg05362669) correlated in an inverse fashion but the internal
gene body CpGs (cg03826247) generally in a positive direc-
tion (Fig. 2). The top two loci relating to gene expression
were chosen for further analysis: the promoter CpG site
(cg05362669) was hypomethylated while the gene body CpG
site (cg03826247) was hypermethylated in normal pre-B cells
compared to leukemia cells (data not shown, derived from
Ref. 13). This indicates that the differential methylation
observed in RAS-mutated leukemias is an active acquisition
rather than a passive attribute.

As both hyperdiploidy and RAS mutation were associated
with PTPRG methylation, as well as with each other, we
sought to determine whether hyperdiploidy and RAS were
independent predictors of PTPRG methylation, specifically,
the two top CpG sites for RAS mutation. As seen in Table 1,
both RAS and hyperdiploidy are significant predictors of
PTRPG methylation, when analyzed separately (Models 1 and 2)
and together (Model 3). The significant associations persisted
after t (12:21), TEL-AMLI1 translocation was included in the
model (Models 4 and 5) and after additional covariates, such as
age at diagnosis, sex, mother’s age, father’s age, birth weight and
gestational age, were added (detailed data not shown). In other

Int. J. Cancer: 135, 1101-1109 (2014) © 2014 UICC
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Figure 2. Relationship between methylation levels of the two top CpG loci (by p value, for RAS mutations and PTPRG DNA methylation) and
gene expression of PTPRG. Eighty-seven leukemia bone marrow samples were assayed with the Affymetrix ST 1.0 expression microarray as
well as Illumina HM450 DNA methylation array. The DNA methylation status of the indicated Illumina loci (x-axis) was graphed against the
expression of the gene (y-axis). A regression line was graphed, and the line equation and Pearson’s R? is indicated. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

words, both RAS and hyperdiploidy are independently associated
with PTPRG methylation. To be sure, there is more promoter
methylation and therefore suppression of expression when both
high hyperdiploidy and/or RAS mutation is present. A visual
representation of the DNA methylation status of probes within
the whole gene, along with FHIT, is portrayed in Supporting
Information Figure 1.

To better define the region around the most significant
loci, we performed a Sequenom DNA methylation assay sur-
rounding the promoter CpGs (Illumina ¢g05362669) in the
replication ALL patient sample set. All of the CpG units
assessed in this manner were significantly more methylated
in RAS-mutant positive subjects compared with RAS-wild
type subjects, confirming the association apparent in the
microarrays (Supporting Information Fig. 2).

Identification of RRE in PTPRG promoter

A transcription factor screening of the PTPRG promoter
using Transfac Matinspector (www.genomatix.de) revealed a
binding site for the ubiquitously expressed “RRE binding
protein” (RREB1) in proximity to the DNA methylation hot-
spot described above (Figs. 3a and 4) as well as half of an
RRE slightly upstream.'”> We sought to investigate the role of
the PTPRG promoter and the RRE in its impact on PTPRG
expression in response to KRAS activation. We cloned the
PTPRG promoter fragments (which are in an unmethylated
state) into a luciferase reporter vector and tested the lucifer-
ase activity of the 293 cell line after transfections of these
constructs (Fig. 3). The full promoter (Fig. 3¢, Fragment A)
along with cotransfection of the Wt KRAS gene increased the

Int. ). Cancer: 135, 1101-1109 (2014) © 2014 UICC

promoter activity of the full-length promoter by fivefold
(p <0.001), with lower activation by mutant KRAS. Removal
of the RRE and its downstream sequences of the promoter
(Fragment B) severely curtailed promoter activity of Wt
KRAS (p<0.0001 comparing fragment A to B, Wt KRAS).
The full-length promoter with mutant RRE showed the high-
est promoter activity (Fragment C); but all other constructs
with the 5" end of the promoter removed had no activity.
The data indicate that the strongest KRAS response elements
are located in the 5 end of the promoter and the full-length
RRE is most likely a repressive element in this cell line
model. Functional evidence for RREB1 binding to the puta-
tive RRE was demonstrated using ChIP-PCR in the 697 cell
line. In the presence of 5-Aza-d-C, pull-down using anti-
RREBI and anti-RNA polymerase exhibited strong binding
to the PTPRG promoter, whereas in untreated cells (in this
PTPRG methylated cell line), no binding was observed (Fig.
5). In addition these findings suggest that the tumor suppres-
sor gene PTPRG is a target of the signal transduction path-
way from oncogenic KRAS gene.

PTPRG inhibits phosphorylation of ERK1/2 induced by
mutant KRAS

To determine whether the tumor suppressor gene PTPRG
functions through interfering with the RAS signaling path-
way, we measured levels of phosphorylation of five important
players in the RAS signaling pathway: Akt, ERK1/2, IkB-a,
JNK and p38 MAPK. As expected, the KRAS mutant
increased levels of phosphorylation of all five proteins (data
not shown); also, the PTPRG protein somewhat reduced
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Table 1. Parameter estimates from multivariate linear regression models assessing PTPRG methylation at two CpG sites®

Model 5

Parameter (SE)!

Model 4

Parameter (SE)*

Model 3

Parameter (SE)*

Model 2

Parameter (SE)*

Model 1

Parameter (SE)*

p

p

p

p

p

cg05362669

n’=161

224
0.2657 (0.0214)

n*=

n’=161

224
0.2309 (0.0165)

n*=

N2=172

<0.0001
0.0034

0.2469 (0.0236)
0.1162 (0.0391)
0.1842 (0.0340)

<0.0001 <0.0001
0.0016

0.2086 (0.0187)
0.1271 (0.0395)
0.2187 (0.0318)

0.26 (0.018) <0.0001 <0.0001
<0.0001

0.21 (0.041)

Intercept

RAS

<0.0001
0.0105

0.1663 (0.0309) <0.0001
0.0124

<0.0001 <0.0001

0.2011 (0.0279)

Hyperdiploidy

t(12;21)

—0.0967 (0.0373)

—0.0833 (0.0330)

cg03826247

n?=157

n?=219
0.5465 (0.0224)

n?=157

n?=219
0.6100 (0.0177)

=168
0.55 (0.020)
—0.011

n2

<0.0001 0.6235 (0.0205) <0.0001 <0.0001 0.5585 (0.0253) <0.0001
0.0142 0.0349

<0.0001
<0.0001

Intercept

RAS

—0.0881 (0.0414)
—0.2159 (0.0364)

0.1606 (0.0395)

—0.1070 (0.0431)
—0.2740 (0.0351)

<0.0001
<0.0001

—0.1983 (0.0325)  <0.0001
<0.0001

0.1500 (0.0344)

<0.0001 <0.0001

—0.2618 (0.0302)

Hyperdiploidy

t(12;21)

IParameter: regression coefficient; SE: standard error. The two sites include the most significant gene promoter and gene body CpG for PTPRG association with RAS status.

2n: number of childhood ALL patients included in each analysis, which varied due to missing data.

PTPRG and RAS in pre-B cell pediatric leukemia

phosphorylation of these proteins in 293 cells after transfec-
tion (Fig. 6 and data not shown). Interestingly, PTPRG sig-
nificantly suppressed phosphorylation of ERK1/2 induced by
the mutant RAS protein as shown in Figure 6 (p<0.001,
more significantly than the other four targets studied), indi-
cating that PTPRG may attenuate the RAS signaling pathway
by dephosphorylating ERK1/2.

Effects of DNA demethylation and KRAS expression on
PTPRG expression

To determine whether PTPRG expression is directly inhibited
by DNA methylation and is upregulated by KRAS when
hypomethylated, we performed quantitative real-time RT-
PCR and Western blotting to detect PTPRG expression in
cell line 293 treated with, or without the demethylating agent,
5-aza-d-C. Cells were transfected with the marker plasmid,
pMSCV/neo, or pMSCV/Ras Wt, the plasmid expressing the
Wt KRAS gene. We found that PTPRG expression is
increased by about 100% in cells treated with 5-aza-d-C alone
(p<0.01) (Fig. 5a, pMSCV and Aza-pMSCV). Interestingly,
PTPRG expression was not affected by transfection of the
KRAS expressing plasmid in untreated 293 cells (Fig. 5a and
5b), but it was greatly increased in cells treated with 5-aza-d-
C and transfected with pMSCV/Ras Wt (Fig. 5a, p <0.01
and Fig. 5b, lanes 3 and 4), indicating that DNA methylation
may play a role in repressing PTPRG expression by inhibi-
ting its response to KRAS expression.

Other PTPR members

To help determine whether PTPRG activity may be compen-
sated or mirrored by other PTPR members, we analyzed
DNA methylation and expression in our leukemia case series
for 19 PTPR members and SPREDI, a RAS-pathway inhibi-
tion gene.'® We found that several PTPR family members,
including PTPRT and PTPRB are also DNA methylated in
their promoters in the same fashion as PTPRG (Supporting
Information Fig. 4), and also with the same gene expression
pattern (eg., PTPR-A, -B, -D, -F, -K and -N2, Supporting
Information Fig. 5). Two genes with the opposite expression
pattern with regards to RAS mutation (PTPRE and SPREDI1)
may compensate for loss of the other PTPR genes.

Discussion

This study demonstrates for the first time that DNA methyla-
tion at PTPRG is strongly associated with RAS mutation in
childhood ALL. We explored the PTPRG DNA methylation
association with RAS mutation with functional cell culture
assays. We previously found that RAS mutations are quite
common in hyperdiploidy [about 35% prevalence compared
to 10% prevalence of RAS mutations in nonhyperdiploidy
patients"?], and it is possible that RAS pathway activation is
a common feature of hyperdiploid patients even without RAS
mutations as exemplified by their higher frequency of FLT3
mutations'” and PTPNII mutations,'® compared with other
ALL subtypes. Like these genetic mutations, which have
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Figure 3. RRE sequences in the PTPRG promoter and cloning of dif-
ferent promoter fragments. (a) A portion of the PTPRG promoter
fragment showing a Putative RRE (bold and underlined) in the
PTPRG promoter 290 base pairs upstream of the ATG translation
start. (b) Cloning of the five different promoter fragments into the
luciferase reporter plasmid. Fragment A, the full-length promoter;
Fragment B, the promoter lacking the RRE; Fragment C, the full-
length promoter with a mutated RRE (see Material and Methods
section); Fragment D, short promoter containing only the RRE and
its flanking sequences; Fragment E, fragment D minus the RRE and
its upstream flanking sequence. (¢) Promoter activity of the PTPRG
promoter fragments. Promoter activity was detected using the lucif-
erase reporter system in 293 cells. Each of the five different frag-
ments and the Luc-Min P plasmid was cotransfected into 293 cells
with the plasmid vector, pMSCV/neo (Vector), pMSCV/Ras Wt (Wt
Ras) and pMSCV/Ras Mut (Mut Ras), respectively. Luciferase activ-
ity (y-axis) was measured as described in Material and Methods
section.
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Figure 4. Inhibition of ERK1/2 phosphorylation by PTPRG. Phospho-
rylated ERK1/2 protein in 293 cells transfected with different plas-
mids was individually detected using the Bio-Plex Phospho 5-plex
panel kit. Phosphorylated proteins were quantitated using the Bio-
plex 200 Luminex apparatus and are expressed as fluorescence
intensity. Commercial phosphatase-treated Hela cell lysates were
used as a negative control. Transfection conditions in 293 cells are
the following: Vector control, the empty vector pMSCVneo; PTPRG,
plasmid pMSCV/PTPRG that expresses the human PTPRG gene;
RAS mutant, plasmid pMSCV/RAS Mut that expresses the KRAS
mutant gene; RAS Wt, plasmid pMSCV/RAS Wt that expresses the
Wt KRAS gene; PTPRG/RAS mutant, cotransfection of pMSCV/PTPRG
and pMSCV/RAS Mut; PTPRG/RAS Wt, cotransfection of pMSCV/
PTPRG and pMSCV/RAS Wt. Error bars indicate standard deviations.
*p value was calculated using the Student’s t-test for RAS mutant
and PTPRG/RAS mutant (p < 0.001).

postnatal origin,>'” PTPRG methylation is likely to occur

after birth and secondary to chromosomal mutations, which
typically have a prenatal origin.”*'* Our previous observation
that FHIT gene methylation was highly associated with
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RREB1 was immunoprecipitated from chromatin prepared from 697
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determined by quantitative PCR over the input is noted.
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Figure 6. PTPRG expression in response to DNA demethylation and
KRAS expression. 293 cells were treated with 5-Aza-d-C or DMSO
and transfected with either the marker plasmid (pMSCV/neo) or
the plasmid expressing the Wt KRAS (pMSCV/RAS Wt). mRNA
expression was detected by quantitative real-time RT-PCR and pro-
tein expression was detected by Western blotting. (a) Relative
expression of PTPRG detected by quantitative real-time RT-PCR.
Error bars indicate SDs. PMSCV, 293 cells transfected with the
marker plasmid, pMSCV/neo; RAS, 293 cells transfected with
pMSCV/RAS Wt, or RAS mut, as indicated; Aza-pMSSCV, 293 cells
treated with 5-Aza-d-C and transfected with pMSCV/neo; Aza-Ras
Wt; 293 cells treated with 5-Aza-d-C and transfected with pMCV/
RAS Wt; Aza-Ras, 293 cells treated with 5-Aza-d-C and transfected
with pMCV/RAS Mut. (b) Western blot analysis of PTPRG protein,
with the same sample order as in (a). The PTPRG and actin protein
bands are indicated by the arrows; actin was detected together
with PTPRG to show equal loading.

hyperdiploidy'® was replicated here, but the stronger associa-
tions with PTPRG as well as relevant functional pathway
analysis indicate that the likely target for DNA methylation
in this genomic region is PTPRG rather than FHIT. The
genes while located adjacent to each other are oriented in
opposite directions, with promoter regions juxtaposed. A
similar DNA methylation and expression pattern of other
PTPR members as PTPRG additionally support the argument
that PTPR function is the critical target here. PTPRG was
also identified as a significant gene in the leukemia pheno-
type in one additional recent analysis®® and a tumor suppres-
sor gene in other contexts.”’ > A limitation of this analysis

PTPRG and RAS in pre-B cell pediatric leukemia

is a lack of experiments to prove that PTPRG methylation
would be actively acquired in a background of RAS mutation.
Further functional experiments to establish the acquisition of
PTPRG methylation in the presence of RAS mutation and
other genetic events should be performed in engineered animal
models and of leukemia and signal transduction experiments
in culture. Additionally, the potential compensatory or con-
cordant role of other PTPR members besides PTPRG was sug-
gested by our DNA methylation and expression data and may
also be investigated in appropriate models of leukemogenesis.

RAS activation by mutation was coupled with promoter
methylation and suppression of expression of PTPRG (Figs. 1
and 2). The specific targets of PTPRG have not yet been
described in hematopoietic cells, but our functional analysis
suggests that ERK may reside downstream of such targets. A
similar result was previously shown with PTPRG in breast
cancer cells.”” These results imply that reactivation of PTPRG
in RAS-pathway activated tumors may impact the leukemic
phenotype; possibly through the release of DNA methylation
of the PTPRG promoter, which may explain some of the bio-
logical activity of DNA methylation-modifying drugs. PTPRG
was recently described as binding and dephosphorylating 3-
catenin, suggesting additional signal transduction roles along
the Wnt and PI3/AKT pathways.”* Assessing RAS mutation
status in therapeutic studies of epigenetic modifiers could
extend our observations for clinical relevance. The recent
identification of another receptor-type protein phosphatase
PTPRJ as an antagonist to FLT3 activation is directly parallel
to our findings in this manuscript.*> PTPR]J is inactivated by
an alternative mechanism, however (by oxidation induced by
FLT3 signaling), which may also occur in RAS activated
tumors, because high levels of reactive oxygen species are cre-
ated by RAS activation as well.”>*” Another membrane phos-
phatase, PTPRC, more commonly referred to as CD45, is
frequently inactivated by point mutations in T-cell leukemia
and is associated with activation of several signal transduction
pathways including JAK2.%® Clearly, a parallel tumor suppres-
sor paradigm for receptor-type PTP proteins is becoming com-
monplace in several hematopoietic malignancies.

PTPRG was identified as an obligatory factor in hemato-
poietic cell differentiation, as suppression of PTPRG expres-
sion completely abrogated hematopoietic colony formation
from embryo stem cells.”” PTPRG appears to be critical in
megakaryocyte differentiation as well as dendritic cell and
mast cell function®®! and appears to have tumor suppres-
sion activity in chronic myeloid leukemia, immediately down-
stream (and directly binding to) the BCR-ABL1 oncogene.”
The mechanism for expression abrogation in chronic myeloid
leukemia as well as other cancer sites such as lung and colon
was DNA methylation related, similar to this report.*"*

In conclusion, our study implicates PTPRG and potentially
other receptor-type PTP as a tumor suppressor in RAS-
activated tumors using both primary patient evidence and in
vitro experiments, which has etiologic and clinical implica-
tions. The success of cancer therapeutics that rescue gene
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expression from aberrantly methylated promoters may rest in
part from the re-expression of PTPRG, and mechanisms that
specifically impact this process may have etiologic and clini-
cal implications for childhood ALL as it does for other can-
cers in which DNA methylation of PTPRG and other PTPRs
has an oncogenic impact.
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