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Abstract

Phosphatase of regenerating liver-3 (PTP4A3/PRL-3) is a
dual-specificity phosphatase that is upregulated in various types
of cancers and is related to poor prognosis and aggressive tumor
behavior. The expression level of PRL-3 is elevated in response
to several antiapoptotic cytokines, including IL6, in cancer cells
from patients with multiple myeloma (MM) and can promote
survival and migration. Here, it is demonstrated that PRL-3
activates Src kinase in the IL6-dependent MM cell line INA-6.
Inhibition of PRL-3 by a small-molecule inhibitor of PRL-3 or
by shRNA resulted in inactivation of Src. In addition to activa-
tion of Src, PRL-3 also activated the Src family kinase (SFK)
members LYN and HCK in INA-6 cells. Forced expression of
catalytically inactive mutant PRL-3 decreased the activation of

Introduction

Multiple myeloma (MM) is a hematologic malignancy char-
acterized by accumulation of plasma cells in the bone marrow (1).
Interaction between MM cells, bone marrow cells, and extracel-
lular matrix leads to production of cytokines that promotes
survival and growth of MM cells (2-4).

One such cytokine is IL6, which, upon binding to its receptor
and activation of Janus kinase/signal transducers and activators of
transcription 3 (JAK/STAT3) and the Ras/mitogen-activated pro-
tein kinase (MAPK) signaling cascades, increases survival and
growth of MM cells (5-7). Another group of signaling molecules
that are activated by IL6 is the Src family kinases (SFK). They
constitute a family of 11 non-receptor tyrosine kinases that
regulate important cellular functions, including migration,
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these three SFK members while the total level of HCK and FYN
remained elevated. Inhibitors of Src increased sensitivity of cells
overexpressing PRL-3 to the PRL-3 inhibitor through joint
downregulation of both PRL-3 and Mcl-1. In conclusion,
PRL-3 protected MM cells against apoptosis by dysregulating
both the total levels and the activation levels of specific SFK
members that are important for IL6 signal transduction in MM
cells. Eventually, this led to increased levels of Mcl-1.

Implications: This study suggests PRL-3 and SFKs are key
mediators of the IL6-driven signaling events and points to both
PRL-3 and SFK members as potential targets for treatment of
MM. Mol Cancer Res; 1-10. ©2016 AACR.

growth, and survival (8). Overexpression and activation of SFK
members promotes development of various human cancers (9,
10). It has been shown that SFK activation is required for IL6-
mediated proliferation of MM cells (11). The activity of SFK
members is regulated by phosphorylation of two tyrosine (Tyr)
residues located within the kinase domain (analogous to Tyr416
in Src) and the C-terminal domain (analogous to Tyr527 in Src).
Phosphorylation of Tyr527 promotes a conformation change in
the protein leading to a closed conformation through the phos-
photyrosine interaction with the Src homology (SH) 2 domain.
Removal of this inhibitory phosphate reverses the conformation
and leads to full catalytic activity of Src by autophosphorylation
onTyr416 (12, 13). Free SH2 and SH3 domains can then mediate
Src interaction with other proteins by binding to their respective
ligands, phosphotyrosine and proline-rich peptide motifs.

Yet another IL6-responsive molecule is phosphatase of regen-
erating liver 3 (PRL-3; ref. 14), a dual-specificity phosphatase,
which is able to dephosphorylate both tyrosine and serine/thre-
onine residues (15). It has been identified as a potential thera-
peutic target in various types of cancers, and its upregulation is
related to poor prognosis and aggressive tumor behavior (16, 17).
PRL-3 is encoded by the gene PTP4A3 and is highly expressed in a
wide variety of solid tumors, as well as in hematological malig-
nancies like acute myeloid leukemia (AML), chronic myeloid
leukemia (CML), and MM (14, 18-22). A previous study by our
group showed differentially expressed PRL-3 in various disease
subgroups of MM (14). Later Broyl and colleagues defined a novel
subgroup of MM patients that was characterized by high PTP4A3
expression (18).
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Our group has previously shown that PRL-3 is a downstream
target of IL6 in MM by demonstrating that PRL-3 mRNA and
protein is upregulated in response to IL6. We also showed that
PRL-3 is involved in migration of MM cells and that it increases
the level of the antiapoptotic Bcl-2 family member Mdl-1 (14, 22).
In this study, we wanted to explore closer the signaling path-
ways regulated by this phosphatase in order to better understand
its oncogenic properties. Several SFK members are involved in
IL6-induced signaling (23, 24), and others have reported recip-
rocal relationship between Src and PRL phosphatases (25-27).
We therefore investigated if the regulation of SFK members
by PRL-3 could be a mechanism mediating the signal from IL6
in MM.

Materials and Methods

We used the human myeloma cell lines INA-6, JJN-3, and
U266. INA-6 and JJN-3 were kind gifts from Dr. M. Gramatzki
(University of Erlangen-Nurnberg, Erlangen, Germany) and Dr. J.
Ball (University of Birmingham, UK), respectively, and U266 was
from ATCC. New cultures of cells were seeded at least every 4
months from vials aliquoted with cells propagated shortly after
receiving the cells from their described original source, and they
were regularly tested to ensure absence of mycoplasma. All cells
were grown in RPMI-1640 supplemented with 2 mmol/L 1-glu-
tamine and 40 pg/mL gentamicin. INA-6 and JIN-3 were grown
with 10% and U266 with 15% heat-inactivated fetal calf serum
(FCS).INA-6 is IL6 dependent and was cultured in media contain-
ing 1 ng/mL IL6. Cells were cultured at 37°C in a humidified
atmosphere with 5% CO,. In order to deplete the cells of IL6 for
experiments, cells were washed 4 times with Hanks' balanced salt
solution.

Antibodies, cytokines, and other reagents

IL6 was from Gibco (Invitrogen). Antibodies against Phospho-
Src (Tyrd16; #2101), Phospho-Src (Tyr527; #2105), total Src
(#2109), CSK ((#4980), HCK (#14643), FYN (#4023), Phos-
pho-Tyr- (P-Tyr)-1000 (#8954), Phospho-STAT3 (Tyr705;
#9131), and total STAT3 (#9132) were from Cell Signaling
Technology. The antibodies against PRL-3 (#318) and Mdl-1
(#819) were from Santa Cruz Biotechnology, and the antibody
against GAPDH (#ab9484) was from Abcam. PRL-3 inhibitor I
(5-[[5-Bromo-2-[(2-bromophenyl) methoxy] phenyl] methyl-
ene]-2-thioxo-4-thiazolidinone) and SU6656 (2,3-Dihydro-N,
N-dimethyl-2-oxo-3-[(4,5,6,7-tetrahydro-1H-indol-2-yl)methyl-
ene]-1H-indole-5-sulfonamide) were from Sigma-Aldrich, and
PP2 Src inhibitor (4-Amino-3-(4-chlorophenyl)-1-(t-butyl)-
1H-pyrazolo[3,4-d|pyrimidine, 4-Amino-5-(4-chlorophenyl)-7-
(t-butyl)pyrazolo[3,4-d]pyrimidine) was from Santa Cruz Bio-
technology. Gateway LR Clonase Il Enzyme mix was from Invi-
trogen. PBMN-ires-GFP was a gift from Garry Nolan (Addgene
plasmid # 1736), and pLKO and shRNA-pLKO against PRL-3
were a kind gift from Dr. Jim Lambert (University of Colorado,
Denver, CO).

Retroviral transduction for PRL-3 overexpression

Phoenix packaging cells were transfected with pBMN-ires-GFP
(control plasmid), pBMN-PTP4A3-ires-GFP and pBMN-Mutant
PTP4A3-ires-GFP for virus production. INA-6 cells with expres-
sion of ecotropic receptor protein mCAT-1 were transduced with
retrovirus produced by packaging cells in order to establish INA-6
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cells expressing functional PRL-3 (PRL-3 INA-6), mutant PRL-3
(C104S INA-6), and a control cell line (Mock INA-6). The cata-
lytically inactive mutant of PRL-3 was made by altering the
essential catalytic cysteine to serine at position 104 in PRL-3
phosphatase by PCR-based site-directed mutagenesis using Quik-
Change 1II Site-Directed Mutagenesis Kit (Agilent Technologies)
according to the manufacturer's instructions. Forward primer and
reverse primers used were 5’ CCCCCGGCAGCTCCGTGGCTGTG
3’ and 5'CACAGCCACGGAGCTGCCGGGGG3', respectively.
Mutation was confirmed by sequencing using the BigDye Termi-
nator v1.1 Cycle Sequencing Kit (Thermo Scientific) according
to the manufacturer's protocol. The pBMN-PTP4A3-ires-GFP
was made by performing an LR recombination reaction between
the ORF PTP4A3 ¢DNA clone: ORFEXPRESS Gateway PLUS
shuttle clone (GC-Z7908; GeneCopoeia) and the pBMN-Casset-
teA-IRES-GFP (made by blunt-end ligation of Gateway cassette A
into MCS of pBMN-ires-GFP). Cells were seeded by limiting dilution
to yield individual clones, which were first checked for GFP expres-
sion, followed by analysis of PTP4A3 mRNA and PRL-3 protein
levels.

Lentiviral transduction for PRL-3 knockdown

293T packaging cells were transfected with either pLKO-shRNA
against PRL-3 or pLKO (control plasmid) in combination with
psPAX2 (packaging plasmids) and pMD2.G (envelope plasmid)
for virus production. INA-6 cells were transduced with viruses
produced by packaging cells in order to establish INA-6 cells with
knocked-down PRL-3 (shRNA PRL-3) and a control cell line
(pLKO INA-6).

Immunoblotting

Cells were treated as indicated and collected, pelleted, and
homogenized in lysis buffer and immunoblotting method was
performed as described previously (22). Images were acquired
using LI-COR Image Studio Version 3.

RNA isolation, cDNA synthesis, and real-time PCR

RNA isolation and cDNA synthesis were performed as
described previously (22). PTP4A3 (Hs00754750_m1), HCK
(Hs00176654_m1), LYN (Hs00176719_m1), and FYN
(Hs00941600_m1) TagMan primers were used to detect gene
expression (Life Technologies). The comparative AACT method
was used for quantification using GAPDH (Hs99999905_m1) as
endogenous reference.

Relative ATP measurement

CellTiter-Glo Luminescent (CTG) Cell Viability Assay (Pro-
mega) was used to estimate the relative rate of cell viability by
measuring the content of ATP present in the wells according to
instructions provided by the manufacturer. In summary, cells
were seeded in a 96-well plate, the provided assay reagent was
then added to the plates, after which the plates were agitated on a
microplate shaker for 2 minutes, and kept at room temperature for
10 minutes before luminescence was determined. The lumines-
cent signal was recorded with a Victor3 plate reader and Wallac
1420 Work Station software (PerkinElmer Inc.).

Luminex assay

Milliplex 8-plex Human SFK kit (Millipore #48-650MAG) was
used to identify phosphorylated SFK members on the kinase
domain (equals to Tyr416 in Src), including Src, YES, FYN, FGR,
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LCK, HCK, BLK, and LYN, following manufacturer's protocol.
Briefly, lysates of cells were made by the lysis buffer supplied with
the kit assay. Lysates were incubated with magnetic beads conju-
gated to selected phospho-SFK member antibody, and biotiny-
lated antibody mixture was added. This was followed by addition
of PE-conjugated streptavidin to quantify the level of active
tyrosine phosphorylation of that SFK member (analogous to
Tyr416 in Src). GAPDH beads (Millipore #46-667MAG) were
added to adjust for protein load, in addition to measuring the
protein concentration by the Bradford assay. Samples were read in
a Bio-Plex 200 Systems (Bio-Rad Laboratories).

Statistical analysis
The statistical differences were determined by the Student ¢ test
using IBM SPSS Statistics 21.

Results

PRL-3-mediated survival of INA-6 is partially dependent on the
catalytic domain

We have previously shown that overexpressed PRL-3 may in
part execute the effects of IL6 and wanted to study in more detail
signaling events regulated by PRL-3 in myeloma cells. From the
IL6-dependent MM cell line INA-6, we generated cells expressing
functional PRL-3 (PRL-3 INA-6), catalytically inactive PRL-3
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(C104S INA-6), and empty vector control (Mock INA-6). PRL-3
overexpression was confirmed by both mRNA and protein level by
quantitative real-time PCR (qRT-PCR) and Western blotting,
respectively (Supplementary Fig. S1). Overexpression of PRL-3
both in catalytically active and inactive form significantly
increased cell viability (Fig. 1A). However, cells with catalytically
active PRL-3 were the most viable. As expected, the survival benefit
of PRL-3 overexpression was more prominent in the absence of
IL6, because IL6 induced PRL-3 expression also in Mock INA-6
(Fig. 1A; ref. 14).

We next investigated the influence of functional and catalyti-
cally inactive PRL-3 on the overall tyrosine phosphorylation
pattern by using an antibody against P-Tyr in the presence and
the absence of IL6. PRL-3 INA-6 in the absence of IL6 exhibited a
tyrosine phosphorylation pattern reminiscent of that of cells
grown in the presence of IL6, whereas C104S INA-6 and Mock
INA-6 had distinctly different patterns in the absence of IL6
(Fig. 1B). These results confirm that PRL-3 is a key mediator of
the IL6-driven signaling machinery and that ectopic PRL-3 makes
the cells less dependent on IL6. The functional catalytic domain
is necessary for this effect.

PRL-3 mediated survival through Src activation
Because several SFK members are activated in response to IL6
and are necessary for MM cell proliferation, the increased survival
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PRL-3 increased viability and tyrosine phosphorylation profile of INA-6 myeloma cells. A, cell viability was measured in cells transduced by PRL-3 (PRL-3 INA-
6), catalytically inactive PRL-3 (C104S INA-6), or control cells (Mock INA-6) by the CellTiter-Glo Assay. The mean of 6 independent experiments with

95% confidence intervals is shown.

*, P<0.05, B, cells were washed 4 times with Hanks' balanced salt solution to deplete them of IL6, starved for 3 hours in

serum-free medium, and cultured with or without 1 ng/mL IL6 for 3 hours. Global tyrosine phosphorylation profile was determined using phospho-Tyrosine
(P-Tyr-1000) antibody. The membrane was re-probed with GAPDH as a loading control. Blot is one representative of three independent experiments.

www.aacrjournals.org

Mol Cancer Res; 2016

221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243
244



247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

Abdollahi et al.

A 3h B Overnight
T 3 2 2 =z =
o o) = [ ° o © o o (g} (g] (g}
Lo 2 8 8 2 P B 2 5 35 5§ § %
= 2 = 3z z 3 2 2 2 & & & &2 2 2
> » £ 5 >» > € £ & 2 z z zZ z =z
> T s e @ @ K & & & X X P P OZT OZ
a )} <)) S ()] a KDa
_ - —_— 0 -
pSrc-Y 416 = pSrc-Y 416 -.-—-!—-_,--2
60 -—— — .
Total Src ==-- ) Total Src _— e e —_2—,'——3
——— 40
GAPDH T e —— GAPDH [ e < a0
6(g/my © 2 0O 1 0 1 I6(g/m) 0 o001 1 0 001 1 0 001 1
© o0
C 2 2 B =2 £ =
[ f S B o o
w w 2 &6 = 23
= 2 2 2 £ 3
& o ) & ) & kDa
50
CsK —
40
GAPDH T — — — —
e —e 60
pSrc-Y 527 | - =
P— o j60
Total Src —
40
GAPDH —
IL6 (1ng/mL) — + - + - +

Figure 2.

PRL-3 increased Tyr416-phosphorylation of Src but did not alter Tyr 527-phosphorylation or CSK level. INA-6 cells were depleted of IL6 and starved for 3 hours
in serum-free medium. Subsequently, cells were stimulated with IL6 for (A) 3 hours or (B, C) overnight and probed with antibodies as indicated. The
membranes were re-probed for GAPDH. One representative of three independent experiments is shown.

and tyrosine phosphorylation could potentially be caused by Src
activation (24).

As shown in Fig. 2A and B, PRL-3 increased Tyr416 phos-
phorylation of Src in the absence of IL6 in contrast to cata-
lytically inactive PRL-3 and control vector. Tyr416 phosphor-
ylation increased in the presence of 1 ng/mL IL6 in all cell
variants. To elucidate mechanisms leading to Src activation, we
investigated the level of C-terminal Src kinase (CSK), a known
Src regulator, which suppresses Src activation by phosphory-
lation of Tyr527. We did not observe any significant differ-
ences among PRL-3 INA-6, C104S INA-6, and Mock INA-6 in
Tyr527 phosphorylation or CSK level (Fig. 2C). Densitometry
plots of Western blots in Fig. 2 are shown in Supplementary
Fig. S2.

Next, we evaluated the effect of a small-molecule inhibitor of
PRL-3 (PRL-3 inhibitor I) on Tyr416 phosphorylation in PRL-
3-overexpressing INA-6 cells. As shown in Fig. 3A, PRL-3
inhibitor I in concentrations ranging from 10 pmol/L (half
concentration of ICsy) to 40 pmol/L decreased active Src in
both PRL-3 INA-6 and Mock INA-6 cells after 3- and 6-hour
exposure. In order to see whether PRL-3 inhibitor I could
also reverse IL6-induced Src activation, we exposed cells to
+1 ng/mL IL6 and 20 pmol/L PRL-3 inhibitor I. The inhibitor
decreased IL6-induced Src activation, indicating that IL6 med-
iates Src activation via PRL-3 (Fig. 3B).
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To confirm this result with an alternative method, we knocked
down PRL-3 in INA-6 cells with shRNA and made stable cell lines
with approximately 40% knockdown (shRNA PRL-3) and a mock
vector control (pLKO INA-6; Supplementary Fig. 1C). Subse-
quently, we measured phosphorylation of Src in both shRNA
INA-6 and pLKO INA-6 cells. As shown in Fig. 3C, shRNA PRL-3
cells in the absence of IL6 had less Tyr416 phosphorylation of Src
than their mock counterpart, thus confirming our findings from
the inhibitor experiments. However, in the presence of IL6, we
observed no reduction of Src phosphorylation; arguably due to
partial knock down efficiency, the cells still express enough PRL-3
for Src activation.

Finally, we wanted to investigate whether PRL-3 also influ-
enced Src activation in other MM cell lines. By treating the MM
cell lines JJN3 and U266 with 40 umol/L of PRL-3 inhibitor I,
we observed a significant decrease in Src activation after 24
hours, showing that this was not exclusively found in INA-6
cells (Fig. 3D). Densitometry plots of Western blots in Fig. 3 are
shown in Supplementary Fig. S3.

PRL-3 regulated activation of other SFK members

As we observed a prominent effect of PRL-3 on Src phos-
phorylation, we wished to investigate whether other SFK mem-
bers such as LYN, FYN, and HCK could also be regulated
by PRL-3. We confirmed expression of HCK, FYN, and LYN in
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Figure 3.

PRL-3 inhibition inactivated Src in a dose- and time-dependent manner. Cells were first depleted of IL6. A, PRL3 INA-6 and Mock INA-6 were treated for
3 or 6 hours with 0, 10, or 40 umol/L of PRL-3 inhibitor | in serum-free medium. B, PRL-3 INA-6 and Mock INA-6 were starved for 3 hours in serum-free
medium before treatment with 20 umol/L PRL3 inhibitor | and 1 ng/mL IL6 for 3 and 6 hours. C, ShRNA INA-6 and pLKO INA-6 were starved for

3 hours and cultured with or without IL6 overnight. D, JUN-3 and U266 cells were treated with 40 umol/L PRL-3 inhibitor | or DMSO as solvent control
for 24 hours. The membranes were re-probed for total Src and GAPDH. Experiment with shRNA is representative of two independent experiments, and the

rest are one representative of three independent experiments.

INA-6 cells by qRT PCR (data not shown). We observed that
HCK and FYN were upregulated approximately 10- and 2-fold,
respectively, in C104S INA-6 cells compared with PRL-3 INA-6
and Mock INA-6. There was no significant difference in LYN
expression between the three cell lines (Fig. 4A). We confirmed
this on protein level by Western blotting (Fig. 4B). In order to
evaluate the level of tyrosine phosphorylation within the kinase
domain (analogous to Tyr416 in Src) in eight SFKs, we used the
MILLIPLEX MAPS8-plex Human SFK kit. PRL-3 INA-6, C104S
INA-6, and Mock INA-6 had no FGR activity and very small or
basal activity of BLK and LCK (data not shown). PRL-3 INA-6
had the same level of Src activity in both the absence and the
presence of IL6, and the activation was significantly higher than
in both Mock INA-6 and C104S INA-6, data which confirmed
previous experiments. Cells expressing catalytically mutant
PRL-3 showed even less Src activity than Mock INA-6 in both
the presence and the absence of IL6 (Fig. 5A). Like for Src
protein, C104S INA-6 cells showed the lowest level of phos-
phorylated LYN, and PRL-3 INA-6 had significantly higher LYN
phosphorylation relative to both C104S INA-6 and Mock INA-
6. Stimulation of cells with IL6 for 3 hours increased phos-
phorylation of LYN in C104S INA-6, but still C104S INA-6
showed significantly lower LYN activation than PRL-3 INA-6
and Mock INA-6 (Fig. 5B). Despite upregulation of total level of

www.aacrjournals.org

HCK and FYN in C104S INA-6 (Fig. 4), these cells did not show
significant activation of the two IL6-dependent SFK members
and had lower phosphorylated HCK than PRL-3 INA-6 in the
absence of IL6 (Fig. 5C). Although not statistically significant,
activation of FYN in the absence of IL6 followed a similar
tendency as Src, LYN and HCK in transduced cell lines (Fig.
5D). Collectively, these results confirmed that PRL-3 could
regulate both total amount and activation of several SFK
members.

Inhibitors of Src and PRL-3 reduced viability of cells
overexpressing PRL-3, possibly mediated through Mcl-1
downregulation

Finally, we examined whether cells with high expression of
PRL-3 were responsive to two Src inhibitors, PP2 and SU6656.
Increasing concentration of PP2 and SU6556 decreased the
viability of PRL-3 INA-6 cells (Fig. 6A), which was accompanied
by a reduction in the level of PRL-3 and the antiapoptotic
protein Mcl-1, a known downstream target of Src (Fig. 6B). In
order to examine whether a combination of PRL-3 inhibitor I
and Srcinhibitor had higher potential for decreasing viability of
cells expressing high level of PRL-3, we used a very low
concentration of the PRL-3 inhibitor (2 pmol/L) with both
PP2 and SU6656. The low dose of the PRL-3 inhibitor I showed
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Expression of HCK and FYN were increased in C104S INA-6 cells. Cells were analyzed for LYN, HCK, and FYN expression (A) by gRT-PCR. Transcript expression

level is presented as fold change relative to Mock INA-6, and samples are normalized to their GAPDH level (The 2™

AACT method). Error bars represent

+1 SD of triplicates. One representative of three independent experiments is shown (B) LYN, HCK, and FYN protein expression were determined by
immunoblotting. Membranes were re-probed with GAPDH. One representative of two independent experiments is shown. *, P < 0.05.

additional effect to both Src inhibitors (Fig. 6A). To explore
the mechanism of PRL-3- and Src inhibition, we measured the
effects of both PRL-3 inhibitor I and PP2 on PRL-3 and Mdcl-1
expression. Each inhibitor given separately, at low concentra-
tion, had no effect on the PRL-3 level, but caused a small
reduction of the Mcl-1 level. However, using both inhibitors
at the same time decreased the level of both PRL-3 and Mcl-1
(Fig. 6C). Collectively, the results show that combining PRL-3
and Src inhibitors could reduce the beneficial effect of PRL-3
on viability. We have previously shown that PRL-3 contributes
to IL6-mediated activation of STAT3 in MM cells (22). To
exclude the possibility that Src was an intermediate between
PRL-3 and STAT3, we measured STAT3 activation after Src
inhibition. While the Src activation was reduced, we did not
see any change in the STAT3 phosphorylation level (Fig. 6D).
Densitometry plots of Western blots in Fig. 6 are shown in
Supplementary Fig. S4.

Discussion

A number of studies show the association between elevated
PRL-3 expression and the development of solid tumors and
hematologic cancers, suggesting that this phosphatase could be
a good target for treatment (21). We have previously shown that
IL6 increases the expression of PRL-3 in MM cells, and that this
phosphatase to some degree can replace the IL6 effect on survival
(14, 22). In the current study, we have explored the oncogenic
roles of PRL-3 in MM in more detail and found SFK members as
mediators of PRL-3 effects. We show that PRL-3 regulated expres-
sion and activation of Src, LYN, HCK, and FYN, four important
IL6-dependent oncogenic SFK members (24).

Expression of functional PRL-3 increased phosphorylation
of Src on Tyr416, which could be a signaling event contributing

6 Mol Cancer Res; 2016

to increased survival in cells expressing functional PRL-3.
Conversely, inhibition of PRL-3 decreased this phosphoryla-
tion, confirming the role for PRL-3 in Src activation. Our results
are consistent with other studies showing that ectopic expres-
sion of PRL-3 promotes proliferation and migration by acti-
vating Src kinase (26, 28). However, the mechanism for Src
activation we found in this study was different from what has
been reported for Src activation by PRL-3 previously (28, 29).
We found that PRL-3 caused Src activation by increasing phos-
phorylation of Tyr416, but had no effect on the CSK level or
on phosphorylation of Tyr527 in Src. In a study done on
HEK293 cells, PRL-3 expression caused a reduction in the
CSK level, leading to Src activation by decreasing phosphory-
lation on Tyr527 (28, 29). They could not find any significant
change in phosphorylation on Tyr416 in cells overexpressing
PRL-3. However, this study is in accordance with a previous
report that PRL-3 is important for VEGF-induced phosphory-
lation of Src on Tyr416 and increases the migratory and inva-
sive properties of endothelial cells (26).

The importance of Src in MM cells has been highlighted
by others. For instance, in one study, overexpression of
phosphorylated Src in RPMI18226 MM cells made them resis-
tant to different anticancer drugs, such as adriamycin, vin-
cristine, dexamethasone, and melphalan (30). In another
study, constitutive autophosphorylation of Src at Tyr416 was
shown to be important for survival and proliferation of
patient-derived MM cells, which indicates that Src activation
in MM is of clinical relevance (31). Recently, Src inhibition
was introduced for the treatment of MM-associated osteolytic
bone disease, which is one of the main causes of morbidity
in MM (32).

Other SFK members than Src, like LYN and HCK, are
primarily found in hematopoietic cells and are also important
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PRL-3 activated Src, LYN and HCK. Cells were depleted of IL6 and starved for 3 hours in serum-free medium before incubation with or without 1 ng/mL IL6
for 3 hours. Phosphorylation levels of SFK members were determined by a Luminex assay. Phosphorylation levels were adjusted for protein loading
using GAPDH. One representative experiment out of two is shown. Error bars represent +1 SD of duplicate measurements. *, P < 0.05.

in MM (24, 33). However, they have not been studied in
the context of PRL-3 and MM pathophysiology. When we
measured the activation of eight different SFK members, we
observed that not only Src but also LYN and HCK had
significantly higher activation level in PRL-3-overexpressing
cells in the absence of IL6. Although the total amount of HCK
and FYN was higher in C104S INA-6, they did not show a
higher activation level in C104S INA-6 compared with func-
tional PRL-3-overexpressing cells. In the myeloma cell line
U266, activation of STAT3 and ERK1/2 is not sufficient for
proliferation in response to IL6; LYN activation is also
needed. LYN activation is dependent on association of LYN
with CDA45 tyrosine phosphatase upon IL6 stimulation
(11, 34, 35). Similarly to Src and LYN, HCK mediates prolif-
erative and survival effects of IL6 by binding to IL6ST and
phosphorylation of GAB1 and GAB2 docking proteins in MM
cells (36). Therefore, increasing activation of Src, LYN, and
HCK by PRL-3 supports the oncogenic properties of PRL-3 in
MM. Increased total amount of HCK and FYN in cells expres-
sing catalytically inactive PRL-3 could be the result of dimin-
ished negative feedback regulation of SFK members by their
active forms. Previous studies with knockout of individual
SFK members led to rather subtle phenotypes suggesting
functional compensation by other family members. This is
probably the consequence of vital roles of SFK members in
cells (37, 38).

www.aacrjournals.org

The observation that C104S INA-6 had an even lower
activation level of several SFK members than Mock INA-6
could be explained by a dominant-negative effect blocking
residual active PRL-3 in C104S INA-6. However, we did not
see any dominant-negative effect on cell survival. To the
contrary, C104S INA-6 had a reduced level of apoptosis as
compared with Mock INA-6. One possibility could be that
PRL-3 has some other domain than the catalytic domain that
is important in regulation of survival, which needs further
investigation.

To sum up our previous (14, 22) and current findings on PRL-
3, we suggest that PRL-3 is an effector protein downstream of
IL6, that it induces activation of STAT3 and SFK members and
creates a positive feedback loop in both signaling pathways.
However, the possibility of activation of STAT3 through SFK was
not confirmed, as using inhibitor of Src did not affect STAT3
phosphorylation. Subsequently, the Mcl-1 level increases down-
stream of both Src and STAT3 and leads to enhanced cell
survival (Fig. 7).

Despite the large number of studies showing a link
between PRL-3 overexpression and poor prognosis in various
cancer types, less is known about signaling pathways gov-
erned by this phosphatase. Our results add valuable insights
into the signaling mechanisms regulated by PRL-3 in MM
cells with dysregulation of SFK family members LYN, Src,
HCK, and FYN and increased level of Mcl-1. Our study points
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Inhibitors of Src and PRL-3 reduced viability of cells overexpressing PRL-3 by downregulating Mcl-1. PRL3 INA-6 were depleted of IL6 and (A) exposed to increasing
concentrations of Src inhibitors PP2 and SU665 with or without 2 umol/L PRL-3 inhibitor | overnight and viability was measured by the CellTiter-Glo Assay. The figure
shows one representative of three independent experiments. Error bars represent & SD of triplicate measurements. B, cells were cultured with 6.5 umol/L PP2
overnight. The same membrane was re-probed for PRL-3 and GAPDH. C, cells were cultured overnight with PRL-3 and Src inhibitor PP2 alone or combined. Mcl-1and
PRL-3 levels were measured by immunoblotting. Membranes were re-probed for GAPDH. D, cells were starved for 3 hours in serum-free medium before treatment
with 6.5 umol/L PP2 and 1ng/mL IL6 for 3 hours. The same membrane was re-probed for total Src, pSTAT3, total STAT3, and GAPDH. Blots are one representative of

three independent experiments.

to the importance of both Src and PRL-3 in MM pathology,
and to Src and PRL-3 as potential targets for treatment of
multiple myeloma.

IL6
v
@--
|
4
Figure 7.

Proposed mechanism for cancer progression by PRL-3 in MM. PRL-3 is
important downstream of IL6 in induction of expression (open arrowheads)
or activation (solid arrowheads) of signaling molecules and the
antiapoptotic protein Mcl-1.
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