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ABSTRACT: Phosphatase of regenerating liver 3 (PRL-3) is associated
with cancer metastasis and has been shown to interact with the cyclin and
CBS domain divalent metal cation transport mediator (CNNM) family of
proteins to regulate the intracellular concentration of magnesium and other
divalent metals. Despite PRL-3’s importance in cancer, factors that regulate
PRL-3’s phosphatase activity and its interactions with CNNM proteins
remain unknown. Here, we show that divalent metal ions, including
magnesium, calcium, and manganese, have no impact on PRL-3’s structure,
stability, phosphatase activity, or CNNM binding capacity, indicating that
PRL-3 does not act as a metal sensor, despite its interaction with CNNM
metal transporters. In vitro approaches found that PRL-3 is a broad but not
indiscriminate phosphatase, with activity toward di- and tri-nucleotides,
phosphoinositols, and NADPH but not other common metabolites.
Although calcium, magnesium, manganese, and zinc-binding sites were
predicted near the PRL-3 active site, these divalent metals did not specifically alter PRL-3’s phosphatase activity toward a generic
substrate, its transition from an inactive phospho-cysteine intermediate state, or its direct binding with the CBS domain of CNNM.
PRL-3’s insensitivity to metal cations negates the possibility of its role as an intracellular metal content sensor for regulating CNNM
activity. Further investigation is warranted to define the regulatory mechanisms governing PRL-3’s phosphatase activity and CNNM
interactions, as these findings could hold potential therapeutic implications in cancer treatment.

1. INTRODUCTION
The phosphatase of regenerating liver (PRL) protein family
consists of three highly conserved dual-specificity phosphatases
that are localized to the plasma membrane by their C-terminal
prenylation motif.1 Among the family members, PRL-3 has
been extensively studied due to its association with cancer
metastasis. PRL-3 was first identified as a protein of interest in
2001 when its expression was found to be significantly elevated
in metastatic colorectal cancer compared to non-metastatic
samples. This discovery presented the possibility of PRL-3 as a
prognostic marker and indicator of metastatic potential.2

Subsequent studies have established the involvement of PRL-3
in metastasis and a poor patient prognosis in various cancer
types, including breast, gastric, liver, ovarian, prostate,
leukemia, and others, confirming the clinical importance of
this phosphatase.3−7 In addition to its potential as a prognostic
marker, PRL-3 has been shown to actively contribute to
cancer-promoting cellular phenotypes, including proliferation,
motility, cell survival, cytokinesis, angiogenesis, metabolism,
and many others, illustrating the extent of the interplay
between PRL-3 and the numerous mechanisms that contribute
to an oncogenic phenotype.8−12

In addition to their phosphatase activity, the PRL family
tightly binds cystathionine β-synthase (CBS) domains of the
cyclin and CBS domain divalent metal cation transport
mediator (CNNM) family of proteins.13−16 The CNNM
family consists of four membrane-localized proteins that
mediate the transport of divalent metals directly or through
interactions with ion channels, such as TRPM7.17−21 The
interaction between the PRLs and CNNM proteins promotes
intracellular accumulation of magnesium, which drives signal-
ing pathways associated with metastasis.22−24 Disruption of
this interaction diminishes the oncogenic effects of the PRLs in
vitro. This pseudo-phosphatase function is also important for
PRL-3-mediated metastatic phenotypes in vivo, as demon-
strated through DB-7 and B16 cancer models in syngeneic
mice.23,25 Consequently, the regulatory mechanisms governing
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the interaction between PRL and CNNM proteins are a topic
of significant interest.
A known regulator of the PRL:CNNM interaction is the

enzymatic activity of the PRLs. Following the initial
dephosphorylation of a substrate, the PRLs assume a
phospho-cysteine intermediate state due to the slow release
of the phosphate from the catalytic cysteine residue.26 While in
this intermediate form, the PRLs cannot bind the CBS
domains of CNNMs.15 Notably, the proportion of PRLs
existing in the active state versus the enzymatic intermediate
state appears to vary across different cell types, but the reason
for this is unknown. Most PRL-1 and 2 exists in the phospho-
cysteine intermediate state within mouse heart, liver, and
skeletal muscle tissue, whereas the ratio is more evenly
distributed in colon tissue.15,23 Similarly, within human
embryonic kidney and cervical cancer (HeLa) cell lines,
PRLs primarily exist in the inactive phospho-cysteine
intermediate form under normal media conditions. However,
upon removing magnesium from the media, there is a
significant increase in the abundance of non-phosphorylated
PRL proteins. Upon re-introduction of magnesium to the
media, the PRLs rapidly reverted into the phospho-cysteine
intermediate state, where they would no longer be able to bind
CNNMs.15,23 Adding to this complexity, PRL-3 mRNA
contains a magnesium-sensitive sequence that promotes
translation in response to low magnesium levels.27,28 This
finding provides a potential mechanism for the role of PRLs in
magnesium homeostasis within the cell. However, it currently
is unclear if translational regulation can entirely account for the
rapid changes in PRL phosphorylation seen in response to
altered magnesium levels in vitro. Other post-translational
modifications or factors that impact PRL’s enzymatic activity
may be responsible for the rapid activation and inhibition of
PRLs within the cell.
We postulated that fluctuating intracellular metal concen-

trations could directly alter the PRL-3:CNNM interaction and
allow PRL-3 to serve as a metal sensor. Metal ions exhibit
diverse roles as obligate cofactors or enhancers of enzymatic
activity and potent inhibitors of catalytic functions. In addition,

they can exert profound effects on protein structure and serve
as crucial regulators of protein interaction.29 Regarding PRL-3,
metal ions could enhance the typically slow enzymatic rate of
the protein or, conversely, act as inhibitors of PRL-3 function.
This dual effect has been commonly observed in other
phosphatases, such as alkaline phosphatase and protein
tyrosine phosphatase 1B (PTP1B).30,31 Metal ions could
regulate the PRL-3:CNNM interaction through two potential
mechanisms: first, metal ions might bind to PRL-3 and trigger
conformational changes that affect its stability and structure,
thereby inhibiting its interaction with the CBS domain.
Second, metal ions might directly modulate the enzymatic
activity of PRL-3 to regulate the availability of the enzyme for
binding to CNNMs. Either of these functions could serve as a
direct mechanism, by which PRL-3 could serve as a sensor of
intracellular metal concentrations and respond accordingly to
maintain homeostasis. Considering the emerging roles of
interactions between CNNMs and TRPM7, an ion channel
protein that can regulate numerous cations outside of
magnesium,21,32−34 we decided to explore the regulatory
effects of calcium, magnesium, manganese, and zinc ions on
PRL-3 activity.
In this study, we identified potential metal binding sites on

PRL-3 in silico and tested the impact of metal ions on various
properties of the enzyme, including secondary structure,
thermal stability, phosphatase activity, and CNNM binding
capacity. Although Zn2+ had a non-specific destabilizing effect
on the protein, Ca2+, Mg2+, and Mn2+ had no discernable
impact on the tested properties of PRL-3. This observation
suggests that alternative cellular mechanisms, such as PRL-3’s
post-translational modifications or fluctuations in substrate
availability, may predominantly regulate the PRL-3:CNNM
interaction rather than PRL-3 itself directly functioning as a
sensor of intracellular metal concentrations.

2. RESULTS
2.1. PRL-3 Can Dephosphorylate Numerous Cellular

Moieties. In addition to its recognized protein substrates,
PRL-3 has been reported to have phosphatase activity against

Figure 1. PRL-3 can dephosphorylate numerous non-protein substrates. A malachite green assay was used to determine if PRL-3 could
dephosphorylate the indicated synthetic substrates, amino acids, nucleotides, metabolites, and phospholipids. The amount of inorganic phosphate
released after 1.5 h incubation was calculated from a standard curve. Error bars represent the standard deviation. Significance was calculated using
an ordinary one-way analysis of variance (ANOVA) analysis. ****p < 0.0001, comparing PRL-3 activity against phospho-tyrosine to phospho-
serine and phospho-threonine, ***p < 0.001, comparing PRL-3 activity against PI(4,5)P2 to the other phosphatidylinositol substrates, ns = no
significant difference.
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numerous cellular targets, including nucleotides and phosphoi-
nositides.16,35 To comprehensively investigate the specificity of
PRL-3 against non-protein substrates, we used a malachite
green assay to screen a wide range of phosphorylated synthetic
compounds, amino acids, nucleotides, metabolites, and inositol
lipids as potential substrates. We observed that many of these
compounds could serve as substrates for PRL-3 (Figure 1).
As expected, small synthetic compounds such as DiFMUP,

pNPP, and DDAOP were readily dephosphorylated. PRL-3
exhibited phosphatase activity against phospho-serine, phos-
pho-threonine, and phospho-tyrosine, with a significant
preference for the latter. Regarding the nucleotides, our
findings align with previous reports and demonstrate that PRL-
3 displays no specificity outside of diphosphate bonds, while
the presence of magnesium could inhibit the dephosphor-
ylation of Mg-ATP and Mg-GTP.16 Interestingly, PRL-3 had
no significant enzymatic activity against the screened
metabolites except NADPH. However, PRL-3 had enzymatic
activity against all the phospholipids and the IP6 headgroup,
albeit with varying activity levels. Consistent with previous
observations, we confirmed that PRL-3 prefers PI(4,5)P2 over
any other phospholipid.35 We extended our investigation to
the other PRL family members (PRL-1 and PRL-2) and found
similar enzymatic profiles for these phosphatases (Figure S1).
Given the abundance of potential cellular substrates, we sought
to determine whether fluctuating metal concentrations could
impact PRL-3’s function.
2.2. PRL-3 Has Multiple Predicted Metal Binding

Sites. Enzymatic and crystallography studies indicate that
PRL-3 and its interaction with CNNMs do not strictly depend
on metal ions,16 but metals might exert modulatory effects on
these properties. Given the role of PRLs in regulating
magnesium and other metals in the cells via interaction with
CNNM/TRPM7,36 we sought to determine if metal ions could
interact with PRL-3 and impact its function. In silico modeling
using Protein Data Bank (PDB) structures5TSR16 and 1V3A37

predicted 10−15 potential binding sites for calcium,
magnesium, manganese, and zinc ions on PRL-3, and each
metal ion had at least one predicted site near the PRL-3/
CNNM3 interface. In addition, multiple metal binding sites
were identified near the PRL-3 active site and the WPD loop, a
critical region for PRL-3 phosphatase activity (Figure 2). A
summary of the top five predicted binding sites for each metal
for either PDB entry is shown in Table S1. These
computational models suggest that metals have the potential
to alter PRL-3 function. Given these predictions, we next
wanted to determine if metal ions could affect the biochemical
properties of PRL-3.
2.3. Calcium, Magnesium, and Manganese Ions Do

Not Alter the Secondary Structure of PRL-3, but Zinc
Ions Have a Denaturing Effect. We used circular dichroism
(CD) spectroscopy to screen for PRL-3 secondary structure
changes in the presence of the metal ions. The generated CD
spectra from samples containing 25 μM metal salts are shown
in Figure 3A. In both the control buffer and buffer containing
125 μM EDTA, the secondary structure of PRL-3 was
estimated to consist of 50% alpha-helix, 27% beta-sheet, 21%
turns, and 2% other or unstructured and was essentially
unchanged with the addition of CaCl2, MgCl2, and MnCl2 with
the secondary structure estimations only varying by ∼4−6%
for each component. We found that ZnCl2 had a denaturing
effect on the protein in a dose-dependent manner, as 25 μM
ZnCl2 had a greater destabilizing effect than 5 μM ZnCl2, as

shown in Figure S2. We then sought to determine if these
divalent metals could impact the thermal stability of PRL-3.
2.4. Calcium, Magnesium, and Manganese Ions Do

Not Alter the Thermal Stability of PRL-3, but Zinc Ions
Destabilize the Protein. We utilized label-free nano-
differential scanning fluorometry (nanoDSF) to investigate
the thermal stability of PRL-3 in the presence of the predicted
metal-binding partners. The thermal stability of PRL-3 was
evaluated in both a non-reducing buffer and a buffer
supplemented with 0.5 mM DTT. The sole disulfide bond in
PRL-3 forms between the catalytic residue (C104) and a non-
catalytic cysteine (C49) near the active site. Consequently,
high concentrations of reducing agents are necessary to enable
PRL-3’s enzymatic function in vitro. Under non-reducing
conditions, the melting point of PRL-3 was determined to be
69.9 ± 0.6 °C, which decreased to 58.8 ± 0.2 °C in the
presence of DTT. The addition of calcium, magnesium, and
manganese salts at 200 and 400 μM concentrations exhibited
no change in the thermal stability of PRL-3 under either redox
state. However, ZnCl2 significantly decreased the melting point
of PRL-3 to 55.4 ± 0.7 and 50.87 ± 2 °C under non-reducing
and reducing conditions, respectively, at 200 μM concen-
trations. We noted that doubling this ZnCl2 concentration to
400 μM did not further destabilize the protein (Figure 4). The
first derivative graphs used to calculate the Tm are shown in
Figure S3. We also tested both CaCl2 and MgCl2 at 800 and
1200 μM but saw no significant change in the thermal stability
of PRL-3 (Figure S4A). As expected, given our CD data, we

Figure 2. PRL-3 has numerous predicted metal binding sites. The
crystal structure of PRL-3 in complex with the CBS domain of
CNNM3 (PDB:5TSR) was analyzed using the metal ion-binding site
prediction and modeling server (MIB2). The CBS domain (yellow)
inserts a protruding loop into the active site of PRL-3 (gray).
Predicted calcium, magnesium, manganese, and zinc binding sites are
shown in orange, blue, green, and pink, respectively, with the PRL-3
catalytic site in red. Several predictions place metal ions directly in the
CNNM interface or interacting with the nearby active site and WPD
loop of PRL-3.
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found that ZnCl2 could destabilize PRL-3 in a dose-dependent
manner under non-reducing conditions up until 50 μM, at
which point higher concentrations did not compound any
additional effect (Figure S4B).
Together, these data demonstrate that these divalent metal

ions do not impact PRL-3 stability or structure, with the
exception of zinc. Next, we sought to determine whether the
enzymatic function of the protein could be modulated through
a metal cofactor.
2.5. Enzymatic Activity of PRL-3 Is Insensitive to

Divalent Metal Ions. We used the synthetic substrate 6,8-
difluoro-4-methylumbelliferyl phosphate (DiFMUP) to eval-
uate the phosphatase activity of PRL-3.38 This enzymatic assay
typically uses a reaction buffer of 10 mM Tris−HCl (pH 7.5)
and 15 mM NaCl with high concentrations of a reducing agent
to maintain PRL-3 activity.39 PRL-3 exhibited burst kinetics
under these conditions, characterized by a single round of
catalysis, followed by a slow steady-state activity, during which
the phospho-cysteine intermediate was hydrolyzed to regen-
erate the active enzyme. We determined that a minimum of 0.5

μM of PRL-3 combined with 25 μM DiFMUP enabled
quantification of both burst and steady-state enzymatic rates
(Figure 5A), although PRL-3’s enzymatic activity was modest
under these conditions. The addition of 0.01% Triton-X into
the reaction buffer doubled the intensity of both the burst-
phase and steady-state enzymatic rates (Figures 5B and S5),
and 5 mM tris(2-carboxyethyl) phosphine (TCEP) as a
reducing agent maintained enzyme activity (Figure 5C).
TCEP, known for its enhanced stability and reducing capacity
compared to DTT,40 was selected as an alternate reducing
agent. The enhanced burst-phase enzymatic rate observed with
the addition of Triton-X to the buffer is likely due to the
detergent’s prevention of surface absorption and stabilization
of PRL-3’s hydrophobic regions, increasing the fraction of
active protein in each well. Figure 5D compares PRL-3’s
enzymatic activity between the original and optimized buffer
conditions.
With the optimized assay conditions, we sought to

determine the impact of Ca2+, Mg2+, Mn2+, and Zn2+ on
PRL-3’s phosphatase activity. Metal salts were added into the

Figure 3. Secondary structure of PRL-3 is not altered by calcium, magnesium, or manganese but is disordered by zinc. (A) Circular dichroism
(CD) spectra of PRL-3 in the presence or absence of the indicated metal salts, with 125 μM EDTA used as a negative control. (B) Raw CD data
were interpreted using the BeStSel (Beta Structure Selection) platform to estimate the percent of PRL-3 in alpha-helix, beta-sheet, turn, or other/
disordered secondary structural states after treatment with the indicated metal salts or EDTA.

Figure 4. Calcium, magnesium, and manganese do not affect PRL-3 stability, but zinc has a destabilizing effect. The Tm (the temperature at which
50% of the protein is unfolded) of PRL-3 under non-reducing and reducing conditions in the presence or absence of the indicated metal salts. Error
bars represent the standard deviation. The conditions were compared to the control using an ordinary one-way ANOVA analysis. ****p < 0.0001,
comparing treatment with ZnCl2 to the control and comparing controls under both redox states.
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reaction buffer at the indicated concentrations, with EDTA as a
control. The assays were conducted at 25 and 37 °C to

examine potential temperature-dependent effects. During the
burst phase, the rate of catalysis, measured by the formation of

Figure 5. PRL-3 enzymatic activity against the synthetic substrate DiFMUP can be maximized using Triton-X and TCEP. (A) Mean relative
fluorescence units (RFU) values produced over time with the indicated concentrations of purified PRL-3 protein incubated with an excess of
DiFMUP in the standard assay buffer. (B) Adding 0.01% Triton-X to the standard assay buffer enhances the phosphatase activity of 0.5 μM PRL-3
compared to the standard assay buffer (control) and other crowding agents or detergents. (C) Indicated concentrations of tris (2-carboxyethyl)
phosphine (TCEP) were tested as replacements for dithiothreitol (DTT) in the standard assay buffer (0 mM TCEP) to keep PRL-3 in a reduced,
active state. (D) Comparison of the mean RFU values produced over time by 0.5 μM PRL-3 in an excess of DiFMUP, between standard buffer and
“optimized” buffer containing 0.01% Triton-X and 5 mM TCEP.

Figure 6. Divalent metals do not specifically impact the enzymatic activity of PRL-3. The mean amounts of DiFMU produced from the
dephosphorylation of DiFMUP by PRL-3 over the course of an hour at 25 °C (A) and 37 °C (B) with low concentrations of metal salts or EDTA.
(C, D) Mean amounts of DiFMU produced from the dephosphorylation of DiFMUP by PRL-3 over the course of an hour at 25 °C (C) and 37 °C
(D) with high concentrations of metal salts or EDTA.
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dephosphorylated DiFMUP (DiFMU), was 39.2 ± 3.8 μM per
hour at 25 °C and 53.4 ± 6.2 μM per hour at 37 °C, which
decreased to 0.45 ± 0.01 μM per hour at 25 °C and 0.95 ±
0.04 μM per hour at 37 °C during the steady state,
respectively. There was no observable difference in the rate
of product formation at either temperature with any of the
tested CaCl2, MgCl2, or MnCl2 concentrations (Figure 6).
Additionally, magnesium-ATP, the prevalent form of magne-
sium inside the cell, also had no impact on the enzymatic
activity of PRL-3 (Figure S6). Individual burst-phase and
steady-state calculations are shown in Figure S7. As
anticipated, ZnCl2 inhibited PRL-3’s enzymatic activity,
consistent with its effects on other protein phosphatases.31

Zinc ions can have a non-specific inhibitory and destabilizing
effect on many proteins through interactions with cysteine and
histidine residues. The high concentration of reducing agents
used in this assay would allow zinc ions to bind fully reduced
thiol groups of the catalytic cysteine or others scattered
throughout the structure.41 Interestingly, ZnCl2 concentrations
lower than 25 μM did not impact the steady-state enzymatic
rate of PRL-3 at 25 °C, suggesting that this inhibition only
occurs at non-physiological concentrations of zinc (Figure
S7B). These data indicate that these metal ions do not impact
PRL-3’s phosphatase activity in vitro, with the exception of
high zinc concentrations. After dephosphorylating a substrate,
PRL-3 must hydrolyze its phospho-cysteine to return to an
active state, where it can either dephosphorylate a new
substrate or participate in CNNM binding. We next sought to
determine if the divalent metals had any impact on the stability
of PRL-3’s phospho-cysteine intermediate, as this could
provide a potential mechanism by which the PRL:CNNM
interaction to serve as a direct sensor of intracellular metal
concentrations.
2.6. Stability of the PRL-3 Phospho-Cysteine Inter-

mediate Is Not Impacted by Calcium, Magnesium, or
Manganese Ions. We used Phos-Tag gel electrophoresis to
determine if the metals ions could accelerate the hydrolysis of
the PRL-3 phospho-cysteine intermediate. When incubated
with an equimolar DiFMUP substrate, the phosphorylation of
PRL-3 increased over time, reaching approximately 6% of PRL-
3 at 1 min, 22% at 2.5 min, and 61% at 15 min. Saturation of
the intermediate state was achieved and maintained between
15 and 45 min, with 83% of PRL-3 existing in the intermediate
form at the 45-minute mark and remaining phosphorylated in
subsequent time points (Figure S8). Next, equimolar PRL-3
and DiFMUP (2.5 μM) were incubated with 250 μM of the
metal salts, and reactions were stopped at 5 min to visualize the
burst phase and 45 min to visualize the steady-state rate
(Figure 7A). Quantitative analysis revealed no significant
difference in the percentage of phosphorylated PRL-3 at either
time when incubated with CaCl2, MgCl2, or MnCl2 (Figure
7B). ZnCl2 inhibited the formation of the enzymatic
intermediate, potentially due to the denaturation of the
enzyme or through direct non-specific interactions within the
active site, thereby disrupting enzymatic activity. Our findings
demonstrate that calcium, magnesium, and manganese ions do
not alter the stability, structure, or enzymatic activity of PRL-3.
We next tested the ability of these metals to directly disrupt
PRL:CNNM interaction, which would serve as a convenient
mechanism for PRL-3 to function as a sensor of intracellular
metal concentrations.
2.7. Divalent Metal Ions Do Not Directly Modulate

Interactions between PRL-3 and the CBS Domain. To

determine if the PRL-3:CNNM interaction is disrupted in the
presence of metal ions, we utilized an in vitro pulldown assay.
The CBS domain of CNNM protein binds tightly into the
active site of PRL-3. Purified HA-CBS was therefore loaded
onto anti-HA magnetic beads and then mixed with purified
PRL-3 to determine the impact of metals on PRL-3:CNNM
binding. Figure 8A demonstrates validation of the antibodies.
Our findings indicate that the presence of CaCl2, MgCl2, or
MnCl2 has no impact on the ability of PRL-3 to bind with the
CNNM3 CBS domain (Figure 8B). However, ZnCl2 decreased
the interaction between PRL-3 and HA-CBS. Although our
prior data suggest that inhibitory effects of zinc ions on PRL-3
are most likely due to non-specific destabilization of the
protein, our current experiments cannot entirely dismiss the
possibility that zinc ions directly inhibit the PRL-3:CBS
interaction. Additional studies are necessary to define zinc’s
mechanism of inhibition.

3. DISCUSSION
In this study, we investigated the influence of divalent metals
on the activity and binding functions of PRL-3. Given its role
in regulating CNNM function and the potential interaction
with the TPRM7 ion channel via CNNM, we hypothesized
that PRL-3 could act as a direct sensor of intracellular metal
concentrations for cellular homeostasis. While in silico
modeling predicted several metal binding sites near the PRL-

Figure 7. Divalent metals do not alter the formation or hydrolysis of
the PRL-3 phospho-cysteine intermediate. (A) Recombinant PRL-3
was incubated with DiFMUP and the metal salts for the designated
time period. The samples were then analyzed using Phos-Tag
acrylamide and gel electrophoresis to separate the non-phosphory-
lated PRL-3 (bottom bands) from the phospho-cysteine intermediate
form (top bands). Cysteine phosphorylation is sensitive to boiling, as
demonstrated in the last lane as a control. (B) Band quantifications of
each condition to estimate the percent of PRL-3 in the phospho-
cysteine intermediate state normalized to the no DiFMUP control in
lane 1.
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3 active site, our experimental data demonstrated that PRL-3
function is insensitive to calcium, magnesium, and manganese.
However, we observed that Zn2+ could impact PRL-3

activity and CNNM binding, although we believe that this is a
non-specific interaction. In the cellular context, zinc is
primarily bound to proteins, and the intracellular concen-
trations of free zinc are maintained in the 600 pM−1 nM
range.42,43 Numerous phosphatases can be inhibited by zinc,
though the mechanism of inhibition is a topic of debate. Some
studies report that high zinc concentrations are required to see
enzymatic inhibition; for example, protein phosphatase 2A
activity is inhibited with 10 μM zinc. Non-physiological zinc
concentrations make it challenging to discern if the inhibitory
effects are due to inhibition of the catalytic site or overall
destabilization of the protein.44 In contrast, the activity of
PTP1B can be inhibited by picomolar zinc concentrations,
suggesting that zinc can specifically interact with the active site
to inhibit the protein.45 In the case of PRL-3, concentrations as
high as 25 μM were needed to inhibit phosphatase activity at
25 °C despite lower concentrations having destabilizing effects,
as apparent through our CD and thermal stability analysis.
Although previous studies suggested that Zn2+ can inhibit the
PRL:CNNM interaction at very high (10 mM) concen-
trations,46 we found that concentrations as low as 5 μM
disorder the secondary structure of PRL-3, and concentrations
as low as 12.5 μM decreased the Tm by 5 °C (Figures S2 and
S4). These data suggest that any inhibitory effect of Zn2+ on
PRL-3 is likely due to the non-specific destabilization of the
protein. These observations suggest that physiological zinc ion
concentrations would not directly impact PRL-3 activity.
Although divalent metals did not affect the function of purified
PRL-3 protein, it remains possible that they could regulate
other aspects of PRL-3 biology within the cell. Fluctuations in
intracellular metal concentrations can influence transcription,47

substrate availability,48 intracellular pH,49 and trafficking,50 all
of which may significantly affect PRL-3 inside the cell.
The PRL:CNMM interaction is of significant interest, given

the importance of CNNM binding to the ability of PRL-3 to
drive metastatic phenotypes. The most well-established
regulator of the PRL:CNNM interaction is the cysteine
phosphorylation of PRLs. The active site cysteine undergoes
rapid phosphorylation as part of PRL enzymatic activity.
Unlike most phosphatases, PRLs exhibit very slow hydrolysis

of their phosphorylated intermediate state, which can persist
for an hour or more.26 PRLs cannot bind CNNM proteins in
this phospho-cysteine intermediate form.15,23 Our data confirm
that the phospho-cysteine intermediate inhibits interactions
between the CBS domain and PRL-3 and that the CBS domain
can inhibit PRL-3 phosphatase activity in vitro (Figure S9).
Considering our finding that PRL-3 has a broad substrate
specificity, with activity against many non-protein substrates, it
is likely that PRL-3 predominantly exists in a phospho-cysteine
state in the cell, hindering its interaction with CNNM.
Notably, PRL-1 and 2 isolated from normal mouse tissues were
found to be predominantly cysteine phosphorylated.23

However, whether PRL-3 is in an intermediate or active
state in cancer cells and the extent of association with CNNMs
throughout cancer progression is still unknown. Understanding
the regulation of the phospho-cysteine intermediate of PRL-3
by other proteins or cofactors in normal and cancer cells could
provide insights into PRL-3:CNNM binding. Characterization
of the proteins and mechanisms responsible for regulating the
PRL-3:CNNM interaction will expand our toolkit for
disrupting the oncogenic activity of PRL-3.

4. CONCLUSIONS
In this investigation, we screened the broad enzymatic activity
of the PRL family against a variety of cellular moieties and
found that PRL-3 could dephosphorylate nucleotides, amino
acids, NADPH, and inositol lipids with various degrees of
activity toward each. Our in silico predictions found numerous
metal binding sites on PRL-3, with many predictions occurring
within the PRL:CNNM interface. We used a series of
biophysical analyses to determine that the stability, structure,
enzymatic activity, and CNNM binding capacity of PRL-3 are
unaffected by calcium, magnesium, and manganese ions in
vitro, while zinc ions have a non-specific destabilizing effect.
We determine that PRL-3 is not directly sensitive to these
metals in vitro, highlighting the need for further investigations
to understand the regulators of the PRL:CNNM interaction
within the cell to define this oncogenic complex as a
therapeutic target.

5. METHODS
5.1. Plasmids and Cloning. We used the pSKB3 bacterial

expression vector to express and purify recombinant PRL and
HA-CBS domain proteins. The pSKB3 plasmid is a derivative
of the pET-28b vector, replacing the thrombin cleavage site
with a tobacco etch virus (TEV) protease cleavage site and was
a gift from Dr. Konstantin Korotkov at the University of
Kentucky.51 Full-length human PRL-(1, 2, or 3) cDNA or HA-
CBS was cloned into the pSKB3 vector using the NheI and
XhoI restriction sites via T4 ligase.52 The HA-CBS construct
was obtained from a full-length CNNM3 CBS domain-pair
(residues Y301-D451, RefSeq NM_017623.5) gBlock Gene
Fragment (IDT), with a human influenza hemagglutinin
epitope tag fused to the N-terminus.
5.2. Protein Purification. The previously described

pSKB3-PRL-(1,2,3) and pSKB3-HA-CBS plasmids were trans-
formed into One-Shot BL21 Star DE3 Chemically Competent
E. coli (Invitrogen, C601003). The transformed bacteria were
incubated with shaking at 37 °C in Lennox LB (Millipore
Sigma, L3022) with appropriate antibiotic selection, and
growth was monitored by measuring the optical density of
the culture (OD600). When an OD600 of 0.6 was reached, the

Figure 8. Calcium, magnesium, and manganese have no impact on
the ability of PRL-3 to bind the CBS domain, while zinc destabilizes
the interaction. (A) Experimental control showing the rabbit IgG
isotype control incubated with PRL-3 does not immunoprecipitate
protein, and verification of antibody sensitivities against purified PRL-
3 and HA-CBS. (B) PRL-3 was incubated with the metal salts or
EDTA before being combined with magnetic beads loaded with
purified HA-CBS protein. The ability of PRL-3 to bind the CBS
domain was analyzed by Western blot.
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flasks were placed on ice, and protein expression was induced
by adding 0.5 mM IPTG (Fisher Scientific, BP175510) and
then incubated with shaking for 16 h at 16 °C. The bacterial
cells were then pelleted at 10,000 RCF at 4 °C using a Sorvall
LYNX 4000 Superspeed Centrifuge (Thermo Scientific,
75,006,580). The bacteria pellets were resuspended in 10
mL of lysis buffer [300 mM NaCl (VWR BDH9286), 20 mM
Tris pH 7.5, 10 mM imidazole pH 8.0 (Sigma-Aldrich I2399),
1:1000 protease inhibitor cocktail (Sigma-Aldrich P8465) per
gram of cell pellet]. To ensure adequate lysis, the cells were
lysed by passing through a microfluidizer (Avestin, EmulsiFlex-
C5) twice. Bacterial debris was pelleted at 38,000 RCF for 50
min at 4 °C. The collected supernatant was passed through
Econo-Pac Chromatography Columns (Bio-Rad, 7321010)
loaded with Ni-NTA resin (VWR, 786-940). PRL-3 or HA-
CBS proteins were eluted from the resin with 2 mL elution
buffer (300 mM NaCl, 20 mM Tris pH 7.5, and 250 mM
Imidazole pH 8.0). The N-terminal 6xHis-tag was then cleaved
from the recombinant proteins using TEV protease (purified in
a similar manner) and subjected to overnight dialysis by
loading the sample into SnakeSkin Dialysis Tubing (Thermo
Scientific, 68100) and dialyzing against 1 L of imidazole free
buffer at 4 °C with stirring. The purified proteins were passed
through a Ni-NTA resin to remove any uncleaved recombinant
protein. Both PRL-3 and HA-CBS were further purified using a
Superdex 200 Increase 10/300 GL column (GE, 28990944) on
an ÄKTA purification system (GE Healthcare) with a 100 mM
NaCl and 20 mM HEPES pH 7.5 (Fisher Scientific, BP310−
100) buffer. The quality of the purification was verified by
running the recombinant protein fractions on 4−20% Mini-
PROTEAN TGX Stain-Free Gels (Bio-Rad 4568094) and
visualizing the protein bands using the Stain-Free channel on a
Chemidoc Touch Imaging System (Bio-Rad, 1708370). Stain-
free imaging utilizes a proprietary compound that covalently
modifies the tryptophan residues in the protein to generate a
fluorescent signal that is visualized by UV excitation. The
purified HA-CBS lacks tryptophan and cannot be visualized
using Stain-Free technology. To visualize these bands, we
utilized an in-house Coomassie staining protocol. Briefly,
Brilliant Blue G (Millipore Sigma, B0770) was dissolved in
85% phosphoric acid ACS reagent (Thermo Scientific,
424040025) before being diluted in water. This reagent was
then utilized following conventional Coomassie staining
protocols.53 A comparison of these visualization techniques
and validation of the protein purity is shown in Figure S10.
The fractions with the purest band patterns were then pooled,
flash-frozen with liquid nitrogen, and stored at −80 °C.
5.3. Malachite Green Substrate Screen. A malachite

green assay kit (R&D Systems, DY996) was used to quantify
the release of inorganic phosphate produced when the PRL
proteins were incubated with the potential substrates, following
the “high-sensitivity” protocol according to the manufactures
instructions. Purified PRL proteins were incubated in a
reaction buffer containing 10 mM Tris−HCl (pH 7.5), 15
mM NaCl, 0.01% Triton-X, and 5 mM TCEP before analysis
to ensure the reduction of the enzymatic active site. The PRLs
were suspended in the same buffer at a concentration of 2.5
μM, and the substrates were added at 50 μM concentrations.
Parallel samples were prepared without PRL proteins for
background subtraction for each compound. The PRL/
substrate mixtures and controls were incubated for 1.5 h at
37 °C with gentle rotation. After incubation, the reactions were
stopped by adding 3 M sulfuric acid, and samples were

processed according to the manufacturer’s instructions.
Samples were plated in black 96-well plates in triplicates
with individual substrates wells for background subtraction.
The sample absorbance at 620 nm was measured using a
Synergy LX Multi-Mode Reader (BioTek/Agilent). The
calculated absorbance values were correlated to a concen-
tration of inorganic phosphate derived from a standards curve
generated using the kit manufacturer’s instructions. The assay
was performed twice for PRL-3 with pooled values and once
for PRL-1 and PRL-2. The results were analyzed using a one-
way ANOVA analysis in GraphPad Prism 9 with p-values <0.05
considered significant.
The following compounds were utilized in this assay:

DiFMUP, 6,8-difluoro-4-methylumbelliferyl phosphate (Ther-
mo Fisher, D6567); pNPP, p-nitrophenyl phosphate, disodium
salt (NEB, P0757S); DDAOP, 9H-(1,3-dichloro-9, 9-dimethy-
lacridin-2-ona-7-yl)-phosphate (Bimol, ABD-11629); phos-
pho-serine, O-phospho-L-serine (Cayman Chemical, 16151);
phospho-threonine, O-phospho-L-threonine (Cayman Chem-
ical, 35057); phospho-tyrosine, O-phospho-L-tyrosine (Cay-
man Chemical, 23064); Mg-ATP, equimolar mix of MgCl2 and
ATP; ATP, adenosine 5′-triphosphate (Gold Biotechnology,
A-081-1); ADP, adenosine 5′-diphosphate (USBio, 10,490);
AMP, adenosine 5-monophosphate (CalBioChem, 118110);
cAMP, 3′-5′-cyclic adenosine monophosphate (Sigma,
A6885); Mg-GTP equimolar mix of MgCl2 and GTP; GTP,
guanosine 5′-triphosphate (Sigma, G-8877); GDP, guanosine
5′-diphosphate (Sigma, G-7127); GMP, guanosine 5′-mono-
phosphate (Cayman Chemical, 16957); cGMP, 3′-5′-cyclic
guanosine monophosphate (Sigma, G6129); CTP, cytosine 5′-
triphosphate (Sigma, C-1506); UTP, uridine 5′-triphosphate
(Sigma, U-6625); NADH, β-nicotinamide adenine dinucleo-
tide (Sigma-Aldrich, N7004); NADPH, β-nicotinamide
adenine dinucleotide 2′-phosphate (Sigma-Aldrich, N1630);
G6P, glucose 6-phosphate (Sigma-Aldrich, G7879); F6P,
fructose 6-phosphate (Sigma-Aldrich, F3627); F1,6P, fructose
1,6-bisphosphate (Sigma-Aldrich, F6803); GA3P, glyceralde-
hyde 3-phosphate (Sigma-Aldrich, G5251); 3PG, 3-phospho-
glycerate (Sigma, p8877); 16:0 PA, 1,2-dipalmitoyl-sn-glycero-
3-phosphate (sodium salt) (Avanti, 830855); PI, phosphati-
dylinositol diC8, (Echelon, P-0008); IP6, D-myo-inositol-
1,2,3,4,5,6-hexaphosphate (Cayman Chemical, 10008415);
PI(3)P, phosphatidylinositol 3-phosphate diC8 (Echelon, P-
3008); PI(4)P, phosphatidylinositol 4-phosphate diC8 (Eche-
lon, P-4008); PI(5)P, phosphatidylinositol 5-phosphate diC8
(Echelon, P-5008); PI(3,4)P2, phosphatidylinositol 3,4-bi-
sphosphate diC8 (Echelon, P-3408); PI(3,5)P2, phosphatidy-
linositol 3,5-bisphosphate diC8 (Echelon, P-3508); PI(4,5)P2,
phosphatidylinositol 4,5-bisphosphate diC8 (Echelon, P-
4508); and PI(3,4,5)P3, phosphatidylinositol 3,4,5-trisphos-
phate diC8 (Echelon, P-3908).
5.4. In Silico Metal Binding Predictions. A metal

binding site prediction tool analyzed the crystal structure of
PRL-3 in complex with the CBS domain of CNNM3 or PRL-3
alone using PDB: 5TSR16 and 1V3A37 structures, respectively.
The MIB2 (metal ion-binding site prediction and modeling
server) was used to analyze the structure and predict potential
binding sites for calcium, magnesium, manganese, and zinc.54

The server utilizes PDB templates of known metal binding
sites and applies these templates to the structure of interest to
screen for similarities and score the predictions. The top five
predictions with the highest score for each metal on either
structure are summarized in Table S1. Molecular figures were
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created using the PyMOL Molecular Graphics System, Version
2.5.4, Schrödinger, LLC.
5.5. CD Spectroscopy and Interpretation. Purified

PRL-3 was diluted with ddH2O to achieve 25 μM PRL-3
samples (1 mM NaCl and 200 μM HEPES pH 7.5). Samples
were prepared in the presence or absence of the metal salts at 5
and 25 μM concentrations or 125 μM EDTA. 400 μL of the
samples was loaded into quartz cuvettes with a 1 nm path
length (Strana Cell, 21-I-1) and analyzed using a Jasco J-810
Circular Dichroism Spectropolarimeter. The 200−250 nm far-
UV spectra were recorded through 1 nm intervals at 25 °C.
Each sample containing protein was normalized to the
respective buffer control. The spectra were collected through
five replicates and averaged for each analysis. The assay was
repeated twice for each condition using purified PRL-3 from
two independent rounds of protein purification. The generated
CD spectra were then interpreted using the BeStSel (Beta
Structure Selection) platform to estimate the percent
secondary structures of the samples.55 The calculated curve
fittings had reported NRMSD values <0.025.
5.6. Thermal Stability Analysis Using Differential

Scanning Fluorimetry.We utilized dye/label-free differential
scanning fluorimetry (nanoDSF) to determine the thermal
stability of PRL-3 in the presence of metal salts. We used a
Tycho NT.6 system (Nanotemper), which measures the
intrinsic fluorescence of tryptophan and tyrosine residues
and quantifies the change in this ratio over a gradual increase
in temperature. Tycho NT.6 Capillaries were loaded with
samples of 40 μM PRL-3 (resuspended in 100 mM NaCl and
20 mM HEPES pH 7.5) with or without 0.5 mM DTT
(Thermo Scientific, R0861) and the metal salts or EDTA
(Armesco Life Science, E522). The loaded capillaries were
placed into the Tycho NT.6 and subjected to a thermal ramp
from 35 to 95 °C. Data output calculated by the Tycho
Software includes the inflection temperature (Ti), initial ratio
(350 nm/330 nm at 35 °C), Δ ratio (between 95 and 35 °C),
and sample brightness. The Ti values (also referred to as the
melting temperature or Tm) represent the temperature at
which half of the protein population is in an unfolded state.
Samples were preincubated with calcium chloride (VWR,
97062-590), magnesium chloride (VWR, 12315-A1), man-
ganese chloride (ChemCruz, sc-358,271), or zinc chloride
(Thermo Scientific, A16281.22) in the sample buffers
(±DTT) for 30 min before the analysis. The assay was
performed twice with three technical replicates and utilized
protein from two independent rounds of purification. The Tm
values from each assay were pooled and analyzed using a one-
way ANOVA analysis in GraphPad Prism 9 with p-values <0.05
considered significant.
5.7. Optimizing PRL-3 Enzymatic Reaction Buffer. The

synthetic substrate 6,8-difluoro-4-methylumbelliferyl (DiFM-
UP) was used to quantify PRL-3 enzymatic activity using the
EnzChek Phosphatase Assay Kit (Thermo Scientific, E12020).
Upon hydrolysis of the phosphate group from DiFMUP, the
6,8-difluoro-7-hydroxy-4-methylcoumarin (DiFMU) product
can be quantified with a plate reader to measure fluorescence.
This synthetic substrate is ideal for PRL-3 as it allows for the
observation of both the burst and steady-state enzymatic rates
by quantifying the dephosphorylated fluorescent substrate
rather than quantifying the release of inorganic phosphate,
which would neglect the burst-phase enzymatic rate. PRL-3
was incubated with an excess of DiFMUP (21 μM) with RFUs
reported over time. PRL-3 was suspended in a buffer

containing 10 mM Tris−HCl (pH 7.5), 15 mM NaCl and
20 mM DTT or various TCEP concentrations (Thermo
Scientific, 77,720). Crowding agents or detergents, including
bovine serum albumin (Fisher Bioreagents, BP9706-100),
Dextran T500 (Pharmacia Biotech, 12-0320-01), Ficoll-Plaque
Premium 1.073 (VWR, 17-5446-52), and Triton X-100
(Sigma, X100) were added into the reaction buffer for pre-
incubation with PRL-3 at the reported concentrations. PRL-3
was pre-incubated in the reaction buffers for 30 min before
experimental analysis to ensure complete reduction. One
technical limitation to these investigations is the ability to
separate the quick burst-phase from the slow steady-state
enzymatic rates.26 Black 384 well low retention plates
(Corning, 3575) were preloaded with PRL-3 resuspended in
reaction buffer before DiFMUP was added to overcome this.
An Integra ViaFlow 96-channel pipette robot was then used to
inject and mix DiFMUP into the reaction wells to a final
volume of 25 μL to ensure the simultaneous initiation of the
enzymatic reaction across the plate. The plate was then
immediately placed on a BioTek Cytation 7 machine using the
sweep function to rapidly read all wells at Ex:360/10 Em:450/
10 over an hour at 25 °C. Using this method, we captured over
50 data points per well occurring within the burst-phase
portion of the reactions (depending on the scale of the
analysis). Each well containing PRL-3 was paired with a
control well containing the corresponding buffer of each
condition and DiFMUP to be used for background subtraction
at each time point. The results were analyzed by averaging the
RFU values between 6 and 12 technical replicate wells. The
results for optimal PRL-3 concentration, detergent or additive
concentration, and reducing agent concentration were
performed as independent experiments before the analysis
with the final optimized buffer.
5.8. PRL-3 Enzymatic Activity in the Presence of

Metal Salts. A similar methodology was used to determine
how metal salts impact PRL-3 enzymatic activity. Sample wells
were loaded with 0.5 μM PRL-3 in the optimized buffer (10
mM Tris−HCl (pH 7.5), 15 mM NaCl, 0.01% Triton-X, and 5
mM TCEP) with the addition of either the metal salts or
EDTA. Reactions were initiated and read similarly using 25
μM DiFMUP in 25 μL reaction volumes with 12 technical
replicates for each condition. The assay was performed at 25
°C and then repeated at 37 °C. To correlate the RFU value
readouts to concentrations of the product being formed, we
used the dephosphorylated standard (DiFMU) provided in the
EnzChek Phosphatase Assay Kit to generate a standards curve
using multiple concentrations ranging from 1 to 3000 nM and
used this to estimate product formation. This assay was
repeated twice with independently purified protein samples,
and the results were pooled together to generate the final data
set. The amount of product formation was plotted as a
function over time. Comparative to lone magnesium chloride,
an equimolar solution of MgCl2, and adenosine-5′-triphos-
phate disodium trihydrate (ATP), Ultra-Pure (Gold Bio-
technology, A-081-1) was used to replicate intracellular
magnesium-ATP conditions. In addition to testing enzymatic
activity with magnesium-ATP, an additional reaction sample of
PRL-3 with ATP alone was initiated and read under the same
experimental conditions. The assay was also repeated with
various concentrations of purified HA-CBS domain protein as
an inhibitor of PRL-3 enzymatic activity. The burst and steady-
state enzymatic rates were separated, and we used the Excel
Solver Function to curve fit the slopes to determine the rate of
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product formation.56 The enzymatic rates were compared
using a one-way ANOVA analysis in GraphPad Prism 9 with p-
values <0.05 considered significant.
5.9. Phospho-Cysteine Stability Determination via

Phos-Tag Gel Electrophoresis. Purified PRL-3 at a
concentration of 2.5 μM was preincubated in the optimized
reaction buffer with the metal salts for 30 min before
equimolar DiFMUP was added. The reactions were allowed
to proceed for the allotted time before being stopped by
adding Laemmli buffer (Biorad, 161-0737) with 2-mercaptoe-
thanol (Fisher Scientific, 03446I-100). Samples were then
separated via gel electrophoresis using 1 mm 10% Stain-Free
Acrylamide (Bio-Rad, 1610182) gels containing 25 μM Phos-
Tag Acrylamide (Wako Chemicals, AAL-107) and 50 μM
manganese chloride to activate the compound. Protein
separation was performed using a Mini-PROTEAN Tetra
Cell (Bio-Rad, 1658005EDU) gel electrophoresis tank. Protein
bands were then visualized using the Stain-Free function on a
ChemiDoc Touch Imaging System. When added to the
resolving solution of acrylamide gels, the Phos-Tag Acrylamide
retards the migration of phosphorylated proteins, allowing the
distinction between phosphorylated and non-phosphorylated
protein forms. Upon incubation with DiFMUP, the PRL-3
phospho-cysteine intermediate can be readily identified as a
band smear that migrates slower than the naiv̈e protein.
Relative band intensities were then quantified using Fiji
ImageJ2 and normalized to the no DiFMUP control.57

Cysteine phosphorylation has the unique property of being
susceptible to removal by boiling, and this was included as an
experimental control. Phosphate groups on serine/threonine
form stable phosphodiester bonds with the amino acid side
chains and are more resistant to heating than cysteine
phosphorylation, a phosphothioester bond.15

5.10. PRL-3 and HA-CBS In Vitro Binding Assay.
Purified HA-CBS was incubated with HA-Tag (C29F4) rabbit
mAb magnetic bead conjugate (Cell Signaling, 11846S, Lot
#9) at a concentration of 2.5 μM for 1 hour at room
temperature suspended in immunoprecipitation (IP) buffer
containing 25 mM Tris−HCl pH 7.4, 150 mM NaCl, 1% NP-
40 (Abcam, ab142227), and 5% glycerol (VWR, 0854).
Equimolar PRL-3 was incubated in separate tubes containing
IP buffer and 1 mM TCEP to ensure the protein was reduced.
PRL-3 was incubated with 250 μM of the metal salts, 1 mM
EDTA, or DiFMUP for 30 min before the assay. The HA-CBS
loaded beads were then combined with the PRL-3 samples and
incubated for 1 h at room temperature with rotation. The
immuno-complexes were separated using a magnetic rack and
washed three times with excess IP buffer. The immuno-
complexes were then eluted with 50 μL of 4× Laemmli sample
buffer and 2-mercaptoethanol and boiled at 95 °C for 5 min.
As an experimental control, Protein A magnetic beads (Cell
Signaling, 73778S) were incubated with an excess of rabbit
(DA1E) mAb IgG XP (R) (Cell Signaling, 3900S, Lot #37) for
1 h at room temperature before being washed three times with
IP buffer. PRL-3 prepared in a manner similar to that
mentioned above was incubated with the isotype control
beads for an hour before being washed three times with IP
buffer to validate that there was no non-specific binding
occurring. The control complexes were eluted in the same
manner as mentioned above. Purified HA-CBS, PRL-3, and the
isotype control sample were diluted into Laemmli buffer for
analysis by gel electrophoresis and Western blotting as
additional experimental controls.

5.11. Gel Electrophoresis and Western Blotting.
Samples and experimental controls generated from the in
vitro binding assay (above) were then prepared for gel
electrophoresis by loading 5% of the elution into 4−20% Mini-
PROTEAN TGX Stain-Free Protein Gels and ran at 150 V for
55 min. The protein gels were then transferred to an Immun-
Blot PVDF Membrane (Bio-Rad, 1620255) using a Trans-Blot
Turbo Transfer System (Bio-Rad, 1704150). The membranes
were then blocked in 5% milk in 0.1% TBST for 1 h. Primary
antibodies were then applied using either HA-Tag (6E2)
Mouse mAb (Cell Signaling, Cat #2367, Lot #5) or anti-
Human/Mouse/Rat PRL-3 Antibody (R&D Systems,
MAB3219, Lot. WXH0421111) both at 1:1000 concentrations
suspended in 5% milk in 0.1% TBST overnight at 4 °C with
agitation. Following incubation with the primary antibody,
blots were washed three times with 0.1% TBST for 5 min.
Blots were then incubated with a secondary HRP-conjugated
anti-mouse IgG antibody (Cell Signaling, 7076P2, Lot. 38) at
1:2500 for 1 h. Blots were again washed three times with 0.1%
TBST for 5 min. The bands were visualized using the Clarity
Western ECL Substrate Kit (Bio-Rad, 1705060) and the
chemiluminescence channel on the ChemiDoc Touch Imaging
System. The immunoblots were stripped by incubating in
Restore PLUS Western Blot Stripping Buffer (Thermo Fisher,
46430) for 10 min and then re-blocked with 5% milk in 0.1%
TBST before incubation with different primary antibodies.
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