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8 Abstract

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

23these three SFK members while the total level of HCK and FYN
24remained elevated. Inhibitors of Src increased sensitivity of cells
25overexpressing PRL-3 to the PRL-3 inhibitor through joint
26downregulation of both PRL-3 and Mcl-1. In conclusion,
27PRL-3 protected MM cells against apoptosis by dysregulating
28both the total levels and the activation levels of specific SFK
29members that are important for IL6 signal transduction in MM
30cells. Eventually, this led to increased levels of Mcl-1.

31Implications: This study suggests PRL-3 and SFKs are key
32mediators of the IL6-driven signaling events and points to both
33PRL-3 and SFK members as potential targets for treatment of
34MM. Mol Cancer Res; 1–10. �2016 AACR.

35

36 Introduction
37 Multiple myeloma (MM) is a hematologic malignancy char-
38 acterized by accumulationof plasma cells in the bonemarrow (1).
39 Interaction between MM cells, bone marrow cells, and extracel-
40 lular matrix leads to production of cytokines that promotes
41 survival and growth of MM cells (2–4).
42 One such cytokine is IL6, which, upon binding to its receptor
43 and activation of Janus kinase/signal transducers and activators of
44 transcription 3 (JAK/STAT3) and the Ras/mitogen-activated pro-
45 tein kinase (MAPK) signaling cascades, increases survival and
46 growth of MM cells (5–7). Another group of signaling molecules
47 that are activated by IL6 is the Src family kinases (SFK). They
48 constitute a family of 11 non-receptor tyrosine kinases that
49 regulate important cellular functions, including migration,

51growth, and survival (8). Overexpression and activation of SFK
52members promotes development of various human cancers (9,
5310). It has been shown that SFK activation is required for IL6-
54mediated proliferation of MM cells (11). The activity of SFK
55members is regulated by phosphorylation of two tyrosine (Tyr)
56residues located within the kinase domain (analogous to Tyr416
57in Src) and the C-terminal domain (analogous to Tyr527 in Src).
58Phosphorylation of Tyr527 promotes a conformation change in
59the protein leading to a closed conformation through the phos-
60photyrosine interaction with the Src homology (SH) 2 domain.
61Removal of this inhibitory phosphate reverses the conformation
62and leads to full catalytic activity of Src by autophosphorylation
63on Tyr416 (12, 13). Free SH2 and SH3 domains can thenmediate
64Src interaction with other proteins by binding to their respective
65ligands, phosphotyrosine and proline-rich peptide motifs.
66Yet another IL6-responsive molecule is phosphatase of regen-
67erating liver 3 (PRL-3; ref. 14), a dual-specificity phosphatase,
68which is able to dephosphorylate both tyrosine and serine/thre-
69onine residues (15). It has been identified as a potential thera-
70peutic target in various types of cancers, and its upregulation is
71related to poor prognosis and aggressive tumor behavior (16, 17).
72PRL-3 is encoded by the gene PTP4A3 and is highly expressed in a
73wide variety of solid tumors, as well as in hematological malig-
74nancies like acute myeloid leukemia (AML), chronic myeloid
75leukemia (CML), and MM (14, 18–22). A previous study by our
76group showed differentially expressed PRL-3 in various disease
77subgroups ofMM (14). Later Broyl and colleagues defined a novel
78subgroup of MM patients that was characterized by high PTP4A3
79expression (18).
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82 Our group has previously shown that PRL-3 is a downstream
83 target of IL6 in MM by demonstrating that PRL-3 mRNA and
84 protein is upregulated in response to IL6. We also showed that
85 PRL-3 is involved in migration of MM cells and that it increases
86 the level of the antiapoptotic Bcl-2 familymemberMcl-1 (14, 22).
87 In this study, we wanted to explore closer the signaling path-
88 ways regulated by this phosphatase in order to better understand
89 its oncogenic properties. Several SFK members are involved in
90 IL6-induced signaling (23, 24), and others have reported recip-
91 rocal relationship between Src and PRL phosphatases (25–27).
92 We therefore investigated if the regulation of SFK members
93 by PRL-3 could be a mechanism mediating the signal from IL6
94 in MM.

95 Materials and Methods
96 We used the human myeloma cell lines INA-6, JJN-3, and
97 U266. INA-6 and JJN-3 were kind gifts from Dr. M. Gramatzki
98 (University of Erlangen-Nurnberg, Erlangen, Germany) and Dr. J.
99 Ball (University of Birmingham, UK), respectively, and U266 was
100 from ATCC. New cultures of cells were seeded at least every 4
101 months from vials aliquoted with cells propagated shortly after
102 receiving the cells from their described original source, and they
103 were regularly tested to ensure absence of mycoplasma. All cells
104 were grown in RPMI-1640 supplemented with 2 mmol/L L-glu-
105 tamine and 40 mg/mL gentamicin. INA-6 and JJN-3 were grown
106 with 10% and U266 with 15% heat-inactivated fetal calf serum
107 (FCS). INA-6 is IL6 dependent andwas cultured inmedia contain-
108 ing 1 ng/mL IL6. Cells were cultured at 37�C in a humidified
109 atmosphere with 5% CO2. In order to deplete the cells of IL6 for
110 experiments, cells were washed 4 times with Hanks' balanced salt
111 solution.

112 Antibodies, cytokines, and other reagents
113 IL6 was fromGibco (Invitrogen). Antibodies against Phospho-
114 Src (Tyr416; #2101), Phospho-Src (Tyr527; #2105), total Src
115 (#2109), CSK ((#4980), HCK (#14643), FYN (#4023), Phos-
116 pho-Tyr- (P-Tyr)-1000 (#8954), Phospho-STAT3 (Tyr705;
117 #9131), and total STAT3 (#9132) were from Cell Signaling
118 Technology. The antibodies against PRL-3 (#318) and Mcl-1
119 (#819) were from Santa Cruz Biotechnology, and the antibody
120 against GAPDH (#ab9484) was from Abcam. PRL-3 inhibitor I
121 (5-[[5-Bromo-2-[(2-bromophenyl) methoxy] phenyl] methyl-
122 ene]-2-thioxo-4-thiazolidinone) and SU6656 (2,3-Dihydro-N,
123 N-dimethyl-2-oxo-3-[(4,5,6,7-tetrahydro-1H-indol-2-yl)methyl-
124 ene]-1H-indole-5-sulfonamide) were from Sigma-Aldrich, and
125 PP2 Src inhibitor (4-Amino-3-(4-chlorophenyl)-1-(t-butyl)-
126 1H-pyrazolo[3,4-d]pyrimidine, 4-Amino-5-(4-chlorophenyl)-7-
127 (t-butyl)pyrazolo[3,4-d]pyrimidine) was from Santa Cruz Bio-
128 technology. Gateway LR Clonase II Enzyme mix was from Invi-
129 trogen. PBMN-ires-GFP was a gift from Garry Nolan (Addgene
130 plasmid # 1736), and pLKO and shRNA-pLKO against PRL-3
131 were a kind gift from Dr. Jim Lambert (University of Colorado,
132 Denver, CO).

133 Retroviral transduction for PRL-3 overexpression
134 Phoenix packaging cells were transfected with pBMN-ires-GFP
135 (control plasmid), pBMN-PTP4A3-ires-GFP and pBMN-Mutant
136 PTP4A3-ires-GFP for virus production. INA-6 cells with expres-
137 sion of ecotropic receptor protein mCAT-1 were transduced with
138 retrovirus produced by packaging cells in order to establish INA-6

140cells expressing functional PRL-3 (PRL-3 INA-6), mutant PRL-3
141(C104S INA-6), and a control cell line (Mock INA-6). The cata-
142lytically inactive mutant of PRL-3 was made by altering the
143essential catalytic cysteine to serine at position 104 in PRL-3
144phosphatase by PCR-based site-directedmutagenesis using Quik-
145Change II Site-Directed Mutagenesis Kit (Agilent Technologies)
146according to themanufacturer's instructions. Forward primer and
147reverse primers used were 50CCCCCGGCAGCTCCGTGGCTGTG
14830 and 50CACAGCCACGGAGCTGCCGGGGG30, respectively.
149Mutation was confirmed by sequencing using the BigDye Termi-
150nator v1.1 Cycle Sequencing Kit (Thermo Scientific) according
151to the manufacturer's protocol. The pBMN-PTP4A3-ires-GFP
152was made by performing an LR recombination reaction between
153the ORF PTP4A3 cDNA clone: ORFEXPRESS Gateway PLUS
154shuttle clone (GC-Z7908; GeneCopoeia) and the pBMN-Casset-
155teA-IRES-GFP (made by blunt-end ligation of Gateway cassette A
156into MCS of pBMN-ires-GFP). Cells were seeded by limiting dilution
157to yield individual clones, which were first checked for GFP expres-
158sion, followed by analysis of PTP4A3 mRNA and PRL-3 protein
159levels.

160Lentiviral transduction for PRL-3 knockdown
161293T packaging cells were transfected with either pLKO-shRNA
162against PRL-3 or pLKO (control plasmid) in combination with
163psPAX2 (packaging plasmids) and pMD2.G (envelope plasmid)
164for virus production. INA-6 cells were transduced with viruses
165produced by packaging cells in order to establish INA-6 cells with
166knocked-down PRL-3 (shRNA PRL-3) and a control cell line
167(pLKO INA-6).

168Immunoblotting
169Cells were treated as indicated and collected, pelleted, and
170homogenized in lysis buffer and immunoblotting method was
171performed as described previously (22). Images were acquired
172using LI-COR Image Studio Version 3.

173RNA isolation, cDNA synthesis, and real-time PCR
174RNA isolation and cDNA synthesis were performed as
175described previously (22). PTP4A3 (Hs00754750_m1), HCK
176(Hs00176654_m1), LYN (Hs00176719_m1), and FYN
177(Hs00941600_m1) TaqMan primers were used to detect gene
178expression (Life Technologies). The comparative DDCT method
179was used for quantification using GAPDH (Hs99999905_m1) as
180endogenous reference.

181Relative ATP measurement
182CellTiter-Glo Luminescent (CTG) Cell Viability Assay (Pro-
183mega) was used to estimate the relative rate of cell viability by
184measuring the content of ATP present in the wells according to
185instructions provided by the manufacturer. In summary, cells
186were seeded in a 96-well plate, the provided assay reagent was
187then added to the plates, after which the plates were agitated on a
188microplate shaker for 2minutes, andkept at room temperature for
18910 minutes before luminescence was determined. The lumines-
190cent signal was recorded with a Victor3 plate reader and Wallac
1911420 Work Station software (PerkinElmer Inc.).

192Luminex assay
193Milliplex 8-plex Human SFK kit (Millipore #48-650MAG) was
194used to identify phosphorylated SFK members on the kinase
195domain (equals to Tyr416 in Src), including Src, YES, FYN, FGR,
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198 LCK, HCK, BLK, and LYN, following manufacturer's protocol.
199 Briefly, lysates of cells weremade by the lysis buffer supplied with
200 the kit assay. Lysates were incubated with magnetic beads conju-
201 gated to selected phospho-SFK member antibody, and biotiny-
202 lated antibodymixture was added. This was followed by addition
203 of PE-conjugated streptavidin to quantify the level of active
204 tyrosine phosphorylation of that SFK member (analogous to
205 Tyr416 in Src). GAPDH beads (Millipore #46-667MAG) were
206 added to adjust for protein load, in addition to measuring the
207 protein concentration by the Bradford assay. Sampleswere read in
208 a Bio-Plex 200 Systems (Bio-Rad Laboratories).

209 Statistical analysis
210 The statistical differences were determined by the Student t test
211 using IBM SPSS Statistics 21.

212 Results
213 PRL-3–mediated survival of INA-6 is partially dependent on the
214 catalytic domain
215 We have previously shown that overexpressed PRL-3 may in
216 part execute the effects of IL6 and wanted to study in more detail
217 signaling events regulated by PRL-3 in myeloma cells. From the
218 IL6-dependent MM cell line INA-6, we generated cells expressing
219 functional PRL-3 (PRL-3 INA-6), catalytically inactive PRL-3

221(C104S INA-6), and empty vector control (Mock INA-6). PRL-3
222overexpressionwas confirmedbybothmRNAandprotein level by
223quantitative real-time PCR (qRT-PCR) and Western blotting,
224respectively (Supplementary Fig. S1). Overexpression of PRL-3
225both in catalytically active and inactive form significantly
226increased cell viability (Fig. 1A). However, cells with catalytically
227active PRL-3were themost viable. As expected, the survival benefit
228of PRL-3 overexpression was more prominent in the absence of
229IL6, because IL6 induced PRL-3 expression also in Mock INA-6
230(Fig. 1A; ref. 14).
231We next investigated the influence of functional and catalyti-
232cally inactive PRL-3 on the overall tyrosine phosphorylation
233pattern by using an antibody against P-Tyr in the presence and
234the absence of IL6. PRL-3 INA-6 in the absence of IL6 exhibited a
235tyrosine phosphorylation pattern reminiscent of that of cells
236grown in the presence of IL6, whereas C104S INA-6 and Mock
237INA-6 had distinctly different patterns in the absence of IL6
238(Fig. 1B). These results confirm that PRL-3 is a key mediator of
239the IL6-driven signaling machinery and that ectopic PRL-3 makes
240the cells less dependent on IL6. The functional catalytic domain
241is necessary for this effect.

242PRL-3 mediated survival through Src activation
243Because several SFK members are activated in response to IL6
244and are necessary for MM cell proliferation, the increased survival

Figure 1.

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 experimentsQ5 .
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247 and tyrosine phosphorylation could potentially be caused by Src
248 activation (24).
249 As shown in Fig. 2A and B, PRL-3 increased Tyr416 phos-
250 phorylation of Src in the absence of IL6 in contrast to cata-
251 lytically inactive PRL-3 and control vector. Tyr416 phosphor-
252 ylation increased in the presence of 1 ng/mL IL6 in all cell
253 variants. To elucidate mechanisms leading to Src activation, we
254 investigated the level of C-terminal Src kinase (CSK), a known
255 Src regulator, which suppresses Src activation by phosphory-
256 lation of Tyr527. We did not observe any significant differ-
257 ences among PRL-3 INA-6, C104S INA-6, and Mock INA-6 in
258 Tyr527 phosphorylation or CSK level (Fig. 2C). Densitometry
259 plots of Western blots in Fig. 2 are shown in Supplementary
260 Fig. S2.
261 Next, we evaluated the effect of a small-molecule inhibitor of
262 PRL-3 (PRL-3 inhibitor I) on Tyr416 phosphorylation in PRL-
263 3–overexpressing INA-6 cells. As shown in Fig. 3A, PRL-3
264 inhibitor I in concentrations ranging from 10 mmol/L (half
265 concentration of IC50) to 40 mmol/L decreased active Src in
266 both PRL-3 INA-6 and Mock INA-6 cells after 3- and 6-hour
267 exposure. In order to see whether PRL-3 inhibitor I could
268 also reverse IL6-induced Src activation, we exposed cells to
269 �1 ng/mL IL6 and 20 mmol/L PRL-3 inhibitor I. The inhibitor
270 decreased IL6-induced Src activation, indicating that IL6 med-
271 iates Src activation via PRL-3 (Fig. 3B).

273To confirm this result with an alternative method, we knocked
274down PRL-3 in INA-6 cells with shRNA andmade stable cell lines
275with approximately 40% knockdown (shRNA PRL-3) and amock
276vector control (pLKO INA-6; Supplementary Fig. 1C). Subse-
277quently, we measured phosphorylation of Src in both shRNA
278INA-6 and pLKO INA-6 cells. As shown in Fig. 3C, shRNA PRL-3
279cells in the absence of IL6 had less Tyr416 phosphorylation of Src
280than their mock counterpart, thus confirming our findings from
281the inhibitor experiments. However, in the presence of IL6, we
282observed no reduction of Src phosphorylation; arguably due to
283partial knock down efficiency, the cells still express enough PRL-3
284for Src activation.
285Finally, we wanted to investigate whether PRL-3 also influ-
286enced Src activation in other MM cell lines. By treating the MM
287cell lines JJN3 and U266 with 40 mmol/L of PRL-3 inhibitor I,
288we observed a significant decrease in Src activation after 24
289hours, showing that this was not exclusively found in INA-6
290cells (Fig. 3D). Densitometry plots of Western blots in Fig. 3 are
291shown in Supplementary Fig. S3.

292PRL-3 regulated activation of other SFK members
293As we observed a prominent effect of PRL-3 on Src phos-
294phorylation, we wished to investigate whether other SFK mem-
295bers such as LYN, FYN, and HCK could also be regulated
296by PRL-3. We confirmed expression of HCK, FYN, and LYN in

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.
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299 INA-6 cells by qRT PCR (data not shown). We observed that
300 HCK and FYN were upregulated approximately 10- and 2-fold,
301 respectively, in C104S INA-6 cells compared with PRL-3 INA-6
302 and Mock INA-6. There was no significant difference in LYN
303 expression between the three cell lines (Fig. 4A). We confirmed
304 this on protein level by Western blotting (Fig. 4B). In order to
305 evaluate the level of tyrosine phosphorylation within the kinase
306 domain (analogous to Tyr416 in Src) in eight SFKs, we used the
307 MILLIPLEX MAP8-plex Human SFK kit. PRL-3 INA-6, C104S
308 INA-6, and Mock INA-6 had no FGR activity and very small or
309 basal activity of BLK and LCK (data not shown). PRL-3 INA-6
310 had the same level of Src activity in both the absence and the
311 presence of IL6, and the activation was significantly higher than
312 in both Mock INA-6 and C104S INA-6, data which confirmed
313 previous experiments. Cells expressing catalytically mutant
314 PRL-3 showed even less Src activity than Mock INA-6 in both
315 the presence and the absence of IL6 (Fig. 5A). Like for Src
316 protein, C104S INA-6 cells showed the lowest level of phos-
317 phorylated LYN, and PRL-3 INA-6 had significantly higher LYN
318 phosphorylation relative to both C104S INA-6 and Mock INA-
319 6. Stimulation of cells with IL6 for 3 hours increased phos-
320 phorylation of LYN in C104S INA-6, but still C104S INA-6
321 showed significantly lower LYN activation than PRL-3 INA-6
322 and Mock INA-6 (Fig. 5B). Despite upregulation of total level of

324HCK and FYN in C104S INA-6 (Fig. 4), these cells did not show
325significant activation of the two IL6-dependent SFK members
326and had lower phosphorylated HCK than PRL-3 INA-6 in the
327absence of IL6 (Fig. 5C). Although not statistically significant,
328activation of FYN in the absence of IL6 followed a similar
329tendency as Src, LYN and HCK in transduced cell lines (Fig.
3305D). Collectively, these results confirmed that PRL-3 could
331regulate both total amount and activation of several SFK
332members.

333Inhibitors of Src and PRL-3 reduced viability of cells
334overexpressing PRL-3, possibly mediated through Mcl-1
335downregulation
336Finally, we examined whether cells with high expression of
337PRL-3 were responsive to two Src inhibitors, PP2 and SU6656.
338Increasing concentration of PP2 and SU6556 decreased the
339viability of PRL-3 INA-6 cells (Fig. 6A), which was accompanied
340by a reduction in the level of PRL-3 and the antiapoptotic
341protein Mcl-1, a known downstream target of Src (Fig. 6B). In
342order to examine whether a combination of PRL-3 inhibitor I
343and Src inhibitor had higher potential for decreasing viability of
344cells expressing high level of PRL-3, we used a very low
345concentration of the PRL-3 inhibitor (2 mmol/L) with both
346PP2 and SU6656. The low dose of the PRL-3 inhibitor I showed

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 mmol/L of PRL-3 inhibitor I 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 mmol/L PRL3 inhibitor I 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, JJN-3 and U266 cells were treated with 40 mmol/L PRL-3 inhibitor I 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.

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

366 Discussion
367 A number of studies show the association between elevated
368 PRL-3 expression and the development of solid tumors and
369 hematologic cancers, suggesting that this phosphatase could be
370 a good target for treatment (21). We have previously shown that
371 IL6 increases the expression of PRL-3 in MM cells, and that this
372 phosphatase to some degree can replace the IL6 effect on survival
373 (14, 22). In the current study, we have explored the oncogenic
374 roles of PRL-3 in MM in more detail and found SFK members as
375 mediators of PRL-3 effects. We show that PRL-3 regulated expres-
376 sion and activation of Src, LYN, HCK, and FYN, four important
377 IL6-dependent oncogenic SFK members (24).
378 Expression of functional PRL-3 increased phosphorylation
379 of Src on Tyr416, which could be a signaling event contributing

381to increased survival in cells expressing functional PRL-3.
382Conversely, inhibition of PRL-3 decreased this phosphoryla-
383tion, confirming the role for PRL-3 in Src activation. Our results
384are consistent with other studies showing that ectopic expres-
385sion of PRL-3 promotes proliferation and migration by acti-
386vating Src kinase (26, 28). However, the mechanism for Src
387activation we found in this study was different from what has
388been reported for Src activation by PRL-3 previously (28, 29).
389We found that PRL-3 caused Src activation by increasing phos-
390phorylation of Tyr416, but had no effect on the CSK level or
391on phosphorylation of Tyr527 in Src. In a study done on
392HEK293 cells, PRL-3 expression caused a reduction in the
393CSK level, leading to Src activation by decreasing phosphory-
394lation on Tyr527 (28, 29). They could not find any significant
395change in phosphorylation on Tyr416 in cells overexpressing
396PRL-3. However, this study is in accordance with a previous
397report that PRL-3 is important for VEGF-induced phosphory-
398lation of Src on Tyr416 and increases the migratory and inva-
399sive properties of endothelial cells (26).
400The importance of Src in MM cells has been highlighted
401by others. For instance, in one study, overexpression of
402phosphorylated Src in RPMI8226 MM cells made them resis-
403tant to different anticancer drugs, such as adriamycin, vin-
404cristine, dexamethasone, and melphalan (30). In another
405study, constitutive autophosphorylation of Src at Tyr416 was
406shown to be important for survival and proliferation of
407patient-derived MM cells, which indicates that Src activation
408in MM is of clinical relevance (31). Recently, Src inhibition
409was introduced for the treatment of MM-associated osteolytic
410bone disease, which is one of the main causes of morbidity
411in MM (32).
412Other SFK members than Src, like LYN and HCK, are
413primarily found in hematopoietic cells and are also important

Figure 4.

Expression of HCK and FYN were increased in C104S INA-6 cells. Cells were analyzed for LYN, HCK, and FYN expression (A) by qRT-PCR. Transcript expression
level is presented as fold change relative to Mock INA-6, and samples are normalized to their GAPDH level (The 2�DDCT method). Error bars represent
þ1 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.
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416 in MM (24, 33). However, they have not been studied in
417 the context of PRL-3 and MM pathophysiology. When we
418 measured the activation of eight different SFK members, we
419 observed that not only Src but also LYN and HCK had
420 significantly higher activation level in PRL-3–overexpressing
421 cells in the absence of IL6. Although the total amount of HCK
422 and FYN was higher in C104S INA-6, they did not show a
423 higher activation level in C104S INA-6 compared with func-
424 tional PRL-3–overexpressing cells. In the myeloma cell line
425 U266, activation of STAT3 and ERK1/2 is not sufficient for
426 proliferation in response to IL6; LYN activation is also
427 needed. LYN activation is dependent on association of LYN
428 with CD45 tyrosine phosphatase upon IL6 stimulation
429 (11, 34, 35). Similarly to Src and LYN, HCK mediates prolif-
430 erative and survival effects of IL6 by binding to IL6ST and
431 phosphorylation of GAB1 and GAB2 docking proteins in MM
432 cells (36). Therefore, increasing activation of Src, LYN, and
433 HCK by PRL-3 supports the oncogenic properties of PRL-3 in
434 MM. Increased total amount of HCK and FYN in cells expres-
435 sing catalytically inactive PRL-3 could be the result of dimin-
436 ished negative feedback regulation of SFK members by their
437 active forms. Previous studies with knockout of individual
438 SFK members led to rather subtle phenotypes suggesting
439 functional compensation by other family members. This is
440 probably the consequence of vital roles of SFK members in
441 cells (37, 38).

443The observation that C104S INA-6 had an even lower
444activation level of several SFK members than Mock INA-6
445could be explained by a dominant-negative effect blocking
446residual active PRL-3 in C104S INA-6. However, we did not
447see any dominant-negative effect on cell survival. To the
448contrary, C104S INA-6 had a reduced level of apoptosis as
449compared with Mock INA-6. One possibility could be that
450PRL-3 has some other domain than the catalytic domain that
451is important in regulation of survival, which needs further
452investigation.
453To sum up our previous (14, 22) and current findings on PRL-
4543, we suggest that PRL-3 is an effector protein downstream of
455IL6, that it induces activation of STAT3 and SFK members and
456creates a positive feedback loop in both signaling pathways.
457However, the possibility of activation of STAT3 through SFK was
458not confirmed, as using inhibitor of Src did not affect STAT3
459phosphorylation. Subsequently, the Mcl-1 level increases down-
460stream of both Src and STAT3 and leads to enhanced cell
461survival (Fig. 7).
462Despite the large number of studies showing a link
463between PRL-3 overexpression and poor prognosis in various
464cancer types, less is known about signaling pathways gov-
465erned by this phosphatase. Our results add valuable insights
466into the signaling mechanisms regulated by PRL-3 in MM
467cells with dysregulation of SFK family members LYN, Src,
468HCK, and FYN and increased level of Mcl-1. Our study points

Figure 5.

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 þ1 SD of duplicate measurements. � , P < 0.05.

PRL-3 Regulates Src Family Kinase Members
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471 to the importance of both Src and PRL-3 in MM pathology,
472 and to Src and PRL-3 as potential targets for treatment of
473 multiple myeloma.
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