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Abstract: Extracellular matrix (ECM) remodeling is accomplished largely by matrix metalloproteinases (MMPs),
which cleave individual components of the ECM to affect many cellular functions. Tissue inhibitors of
metalloproteinases (TIMPs) are secreted MMP inhibitors, which, along with the cell surface MMP inhibitor
reversion-inducing cysteine-rich protein with Kazal motifs (RECK), bind to MMPs and inhibit their activity.
Although TIMPs were originally characterized based on their MMP-inhibitory activities, TIMPs are now known to
be multifunctional proteins, with structurally and functionally distinct N- and C-terminal domains. TIMP N-terminal
domains bind to and inhibit MMPs, while their C-terminal domains have demonstrated in vitro cell signaling activity
in apoptosis, cell proliferation, and cell migration pathways. This study utilized TIMP N- and C-terminal domain
constructs to examine individual domain functions related to cell proliferation, apoptosis and RECK expression in
Xenopus laevis embryos. Western blot analysis revealed that none of the TIMP constructs altered cell proliferation
as measured by phospho-histone-3 levels. Conversely, TIMP-1 full-length and C-terminal domain constructs both
elevated both RECK and apoptosis levels, the latter as measured by caspase-3. Conversely TIMP-2 C-terminal and
TIMP-3 N-terminal domain constructs both decreased RECK levels. Keywords: TIMP, Xenopus laevis, RECK,

apoptosis

Introduction

Extracellular matrix (ECM) remodeling is accomplished
largely by matrix metalloproteinases (MMPs), which cleave
individual components of the ECM to facilitate cell
migration. Although tissue inhibitors of metalloproteinase
(TIMP) family members were originally identified and
characterized based on their abilities to bind to and inhibit
MMPs, it is now acknowledged that TIMPs are
multifunctional proteins, which can have pleiotropic effects
on ECM remodeling and cell behavior'. In vivo, TIMP
knockout mouse models display developmental deficiencies,
demonstrating the importance of TIMPs in regulating normal
development. In particular, TIMP-1 and -2 knockouts have
been associated with defects in brain and neural
development. T/IMP-1 null mice had diminished neuronal
development and impaired learning and memory”, while
TIMP-2 null mice showed decreased neurite outgrowth,
delayed neuronal differentiation and considerable motor
dysfunction®. In contrast, 7/MP-3 null mice predominantly
showed increased apoptosis in cells of the mammary glands,
and defective alveolar and lung development®’, both of
which have been attributed to enhanced MMP activity®. In X.

laevis, ectopic expression of TIMP-3 has been associated
with perturbation of head and neural structures’, a finding
that we have corroborated using full-length and N-terminal
domain TIMP-3 constructs (but not C-terminal TIMP-3), also
indicating that the role of TIMP-3 in development is
dependent on its MMP-inhibitory activities®.

While the TIMP N-terminal domains have been shown to
impede MMP activity in many cell types and model
organisms, their C-terminal domains have demonstrated cell
signaling activity in specific cell types in vitro.
Characterization of TIMP C-terminal domain function has
been difficult as their roles in cell signaling vary, not only
between the different TIMPs, but also depending on the cell
line under study'. The seemingly contradictory roles of
TIMPs in up-regulating or down-regulating apoptosis and
cell proliferation pathways indicate that TIMPs may have cell
or tissue-specific roles, where TIMP function may depend on
both the availability of cell surface receptors and the
stoichiometry of free TIMPs and MMPs within the ECM.

TIMP-1 inhibits apoptosis in Burkitt’s lymphoma cell lines,
and this inhibition was demonstrated to occur through the
TIMP-1 C-terminal domain binding to the CD63-B1-integrin
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complex in MCF10A cells'®. TIMP-1 has also been shown to
have both cell growth-promoting and cell growth-inhibiting
activities in various cell lines, which are independent from
the N-terminal domain-mediated inhibition of MMPs'"*'?,

Likewise, there are several conflicting reports in the literature
regarding the role of TIMP-2 in mediating cell growth and
apoptosis pathways. In the MCF-7 breast cancer cell line
TIMP-2 demonstrated cell growth promoting activity, which
was mediated by its C-terminal domain interacting with
MTI-MMP on the cell surface to activate the MAPK
pathway'®. In contrast, in cultured human endothelial cells
TIMP-2 inhibited cell growth by binding to a3p1 integrin
receptors, leading to upregulation of the cyclin dependent
kinase inhibitor p27kip1'*. In addition to both promoting and
inhibiting cell growth, TIMP-2 has been shown to both
suppress apoptosis (in melanoma cells), and promote
apoptosis (in human T-lymphocytes)'>'¢.

In contrast to TIMP-1 and -2, which are peri-cellular, TIMP-
3 is sequestered in the ECM away from the cell surface and
consequently may have limited direct ability to participate in
cell surface signaling events'. However, TIMP-3 is a good
inhibitor of ADAM family proteases, particularly ADAM-17
(also known as TACE [TNF-a converting enzyme]). ADAM-
17 facilitates the shedding of transforming growth factor-o
(TNF-a) as well as various cell surface receptors including
FAS and TNF-related apoptosis inducing ligand receptor 1
(TRAIL-R1)". Thus, some TIMP-3 effects are thought to
occur indirectly as a result of ADAM inhibition, rather than
as a result of direct signaling activity'.

In addition to linking TIMPs with both apoptotic and cell
growth pathways, in vitro studies have also connected TIMP
functions to that of RECK (a cell surface MMP inhibitor)'®.
TIMP-1 overexpression can down regulate RECK in both
Xenopus embryos and mouse cells'’. TIMP-2 has been shown
to inhibit endothelial cell migration by elevating RECK
levels®, while in melanomas TIMP-2 down regulated
RECK?.. Furthermore, mouse TIMP-3 and RECK share a
common regulatory mechanism involving microRNA
(miRNA-712)*. Taken together TIMPs 1, 2 and 3 can have
differing roles in cell proliferation, apoptosis and regulation
of RECK.

We have previously demonstrated that ectopically injected
full length and individual N- or C-terminal domains of
TIMP-1, -2 and -3 had varying effects on Xenopus embryo
morphology and survival®”. In general, injection of
individual N- or C-terminal domains had a more deleterious
effect than injection of the full length protein, with TIMP-1
C, TIMP-2 C and N, and TIMP-3 N having the most
damaging effects. While all TIMP N-terminal domains bind
to and inhibit MMPs, different TIMPs have varying effects
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6. Although specific C-terminal interactions
10,13

on apoptosis'
have been associated with cell proliferation and cell
migration®’, the purpose of this investigation was to examine
whether TIMP C-terminal domains have unique abilities to
alter these signaling pathways in vivo in frog embryos.
Specifically, changes in apoptosis were assayed using an
active caspase-3 antibody, proliferation via a phosho-histone-
3 (PH3) antibody, and RECK protein levels using a RECK
antibody. We show that no TIMP construct altered phospho-
histone-3 levels. Only TIMP-1 could regulate caspase-3
levels, while different TIMP-1, TIMP-2 and TIMP-3 domains
could regulate RECK levels.

Results

The presence of equal levels of ectopic proteins for all
constructs has been previously confirmed in embryonic
protein extracts using an HA-antibody® . As a control for
RNA injection artifacts, injection of equivalent levels of GFP
mRNA and production of high levels of GFP protein did not
have any developmental effects, while the phenotypic
consequences of TIMP-1 and -2 and -3 mRNA

overexpression has been previously reported®?.

PH3 levels were not altered by the overexpression of any
TIMP construct in X. laevis embryo protein lysates

In order to characterize the roles of the TIMP-1, -2 and -3 N-
and C-terminal domains in regulating cell proliferation
levels, phospho-histone-3 was used as an indicator. Western
blot analysis of stage 30 whole embryo protein lysates
showed that the overexpression of full-length, N-terminal or
C-terminal domain TIMP constructs did not significantly
alter PH3 levels when compared to whole embryo lysates
from control embryos (TIMP-1, Fig 1A; TIMP-2, Fig 1B;
TIMP-3, Fig 1C). This suggests that TIMPs do not
significantly impact cell proliferation in early X. laevis
embryos.

Only overexpression of full-length and C-terminal TIMP-1
constructs increased active caspase-3 levels in X. laevis
embryo protein lysates.

Active caspase-3 was used as an indicator of apoptosis to
measure differences in the abilities of TIMP constructs to
alter this pathway during development. Western blot analysis
from stage 30 whole embryo protein lysates demonstrated
increased caspase-3 levels only following overexpression of
full-length (T1FL) and C-terminal (T1C) TIMP-1 constructs
(asterisks Fig 2A, p < 0.05). The N-terminal TIMP-1
construct (TIN) did not significantly alter caspase-3 (Fig
2A). Similarly, Western blot analysis demonstrated that no
TIMP-2 or TIMP-3 construct significantly altered caspase-3
levels relative to control embryos (Figs 2B, 2C).
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Figure 1. Injection of TIMP constructs did not alter PH3 levels in X. laevis embryo protein extracts. Embryos were injected at the 1 cell
stage with 4 ng of each TIMP full-length, N-terminal domain, or C-terminal domain mRNA construct. Western blot analysis was performed to
measure changes in phospho-histone-3 (PH3) levels from stage 30 whole embryo protein lysates. PH3 levels were measured relative to B-actin.
Results are displayed as mean + SE using protein isolated from 10 injected embryos from 3 independent experiments. No significant changes in
PH3 levels relative to control uninjected (CONT) embryos were observed following overexpression of any TIMP construct, as analyzed by one-
way ANOVA and Dunnett’s multiple comparisons test (p > 0.05). Constructs are; full length, N-terminal domain and C-terminal domain of A;
TIMP-1 (T1FL, TIN, T1C), B; TIMP-2 (T2FL, T2N, T2C) and C; TIMP-3 (T3FL, T3N, T3C), respectively.

A TIMP-1 B TIMP-2 C TIMP-3

110

alnlEnlan Enll

CONT TIFL TIN CONT T2FL CONT T3FL T3N T3C

3
S

2
3
3

%
3

»
8
Level relative to actin
-4

Level relative to actin
2

Caspase-3
Level relative to actin

=
S
=
=)

Figure 2. Only T1FL and T1C constructs increased active caspase-3 levels in X. laevis embryos. Embryos were injected at the 1 cell stage
with 4 ng of each TIMP full-length, N-terminal domain, or C-terminal domain mRNA construct. Western blot analysis was performed to
measure changes in caspase-3 levels from stage 30 whole embryo protein lysates. Caspase-3 levels were measured relative to f-actin. Results
are displayed as mean + SE using protein isolated from 10 injected embryos from 3 independent experiments. Only embryos injected with TIFL
and T1C constructs significantly increased caspase-3 levels relative to control uninjected (CONT) embryos, as analyzed by one-way ANOVA
and Dunnett’s multiple comparisons test *(p < 0.05). Constructs are; full length, N-terminal domain and C-terminal domain of A; TIMP-1
(TIFL,TIN, T1C), B; TIMP-2 (T2FL, T2N, T2C) and C; TIMP-3 (T3FL, T3N, T3C) respectively.

Overexpression of several TIMP constructs altered RECK and C-terminal domain (T3C) constructs did not result in
protein levels in X. laevis embryo protein lysates. altered RECK levels compared to controls, whereas the N-
Western blot analyses from stage 30 embryos showed that terminal domain (T3N) construct significantly decreased
RECK expression significantly increased following RECK levels compared to controls (asterisks Fig 3B and C, p
overexpression of TIFL and TIC constructs (asterisks Fig <0.05).

3A, p < 0.05). In contrast, while the full-length (T2FL) and
N-terminal domain TIMP-2 (T2N) constructs did not
significantly alter RECK levels, the C-terminal domain
TIMP-2 (T2C) construct resulted in significantly decreased
levels of RECK relative to control embryos (asterisk Fig 3B,
p < 0.05). Interestingly, with TIMP-3, the full-length (T3FL)
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Figure 3. T1FL and T1C increased RECK, while T2C and T3N decreased RECK in X. laevis embryos. Embryos were injected at the 1 cell
stage with 4 ng of each TIMP full-length, N-terminal domain, or C-terminal domain mRNA construct. Western blot analysis was performed to
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measure changes in RECK levels from stage 30 whole embryo protein lysates. RECK levels were measured relative to f-actin. Results are
displayed as mean + SE using protein isolated from 10 injected embryos from 3 independent experiments. Embryos injected with TIFL and
T1C, constructs significantly increased RECK levels relative to control uninjected (CONT) embryos, whereas embryos injected with T2C and
T3N constructs decreased RECK levels relative to control (CONT) uninjected embryos. All data were analyzed by one-way ANOVA and
Dunnett’s multiple comparisons test *(p < 0.05). Constructs are; full length, N-terminal domain and C-terminal domain of A; TIMP-1 (T1FL,
TIN, TIC), B; TIMP-2 (T2FL, T2N, T2C) and C; TIMP-3 (T3FL, T3N, T3C), respectively.

Discussion

We have previously shown that overexpression of both
TIMP-1 C- and TIMP-2 C-terminal domains (but not the
TIMP-3 domain)
developmental defects. Furthermore, we demonstrated that
the TIMP-2 C-terminal domain altered MMP levels
independent of MMP inhibition®. In order to better
understand the unique contributions the TIMP C-terminal
domains may have on the regulation of signaling pathways
during development, we overexpressed TIMP-1, -2 or -3 full-
length, N-terminal and C-terminal domain constructs in X.
laevis embryos, and examined changes in levels of PH3 as an
indicator of cell proliferation and active caspase-3 as an
indicator of apoptosis. Additionally, we examined changes in
RECK levels, as the TIMP-2 C-terminal domain has
previously been shown to increase RECK protein levels in
cultured human endothelial cells®.

C-terminal resulted in  severe

Ectopic expression of TIMP constructs did not alter PH3
levels in X. laevis embryos

Overexpression of TIMP-1, -2 or -3 full-length, N-terminal
or C-terminal domain constructs did not result in
significantly altered cell proliferation in X. laevis embryos, as
indicated by changes in the levels of PH3 (Fig 1A, B and C),
suggesting that there may be no direct or indirect role for
TIMPs in regulating this pathway during X laevis
development, during a time were very rapid early embryonic
cleavage cycles are autonomously controlled. Interestingly,
even the C-terminal domain constructs of TIMP-1 and -2
(which have been demonstrated in various cancer and
fibroblast cell lines to either promote or inhibit cell
proliferation as reviewed in Stetler-Stevenson 2008"), did not
alter the rapid proliferation in injected relative to control
embryos. As past in vitro proliferation studies with TIMPs
were performed using homogenous populations of
differentiated cells, this mechanism or pathway may not be
maintained in the undifferentiated rapidly dividing cells of an
embryo. Many pluripotent and multipotent cells in the
embryo divide autonomous such that TIMPs may not have
the ability to alter the proliferation of significant cell numbers
in the whole embryo, at least as demonstrated by the PH3
assays.

The TIMP-1 C-terminal domain increased active caspase-3
levels in X. laevis embryos

To investigate whether any of the X. laevis TIMPs had the
ability to alter cell death during development (particularly

through their C-terminal domains), we examined changes in
active caspase-3 as an indicator of apoptosis following
overexpression of each TIMP construct. The TIFL and T1C
constructs increased caspase-3 levels relative to control
embryos (Fig 2A). As the C-terminal domain construct has
no direct MMP-inhibitory activity, these data suggest that
these subtle changes in apoptosis are mediated by another
mechanism. While the TIMP-1 C-terminal domain has been
linked to changes in apoptosis in both human lymphoma and
mammary epithelia cell lines'**, these in vitro studies are
associated with suppression of apoptosis, rather than an
increase in apoptosis observed here. Although the importance
of the TIMP-1 C-terminal domain in regulating caspase-3
levels seems to be maintained in X. laevis, the effects of this
protein may be different during development. Interestingly, a
recent study using hematopoietic cells in culture has reported
that TIMP-1 can indeed lead to increased activation of
caspase-3; however, this activation was associated with cell
differentiation through activation of MEKI1, MEK®6, and
p38a*’. Nevertheless, the role of TIMP-1 in regulating the
amount of active caspase-3 during X. laevis development
seems to be specific to the TIMP-1 C-terminal domain, as
both the TI1C and TIFL constructs (which contain a
functional C-terminus) increased apoptosis (but not the TIN
construct). Furthermore, none of the TIMP-2 or -3 constructs
resulted in significantly altered levels of caspase-3 relative to
control embryos, demonstrating that this effect is unique to
TIMP-1.

The TIMP-1 and -2 C-terminal domains had opposing effects
on RECK protein levels in X. laevis embryos

RECK is a potent cell surface inhibitor of MMPs, thus,
alterations in RECK expression may have considerable
effects on cell migration during embryogenesis. As TIMP-2
has previously been demonstrated to increase RECK
expression in vitro, here we investigated whether the X
laevis TIMPs or their individual domains may contribute to
the regulation of RECK expression in vivo, during
development. Intriguingly, the TIMP-1 full-length and C-
terminal domain constructs resulted in significantly increased
levels of RECK protein when quantified using Western blot
analysis (Fig 3A). The TIN construct, which only functions
in inhibition of MMP activity, did not result in changes in
RECK levels relative to control embryos. Thus, these data
suggest that the observed increases in RECK following
overexpression of TIFL and T1C constructs may be due to a
C-terminal domain specific mechanism. While no previous
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reports have linked the individual TIMP-1 C-terminal domain
to the regulation of RECK levels, RECK levels have been
linked to the expression of TIMP-1? thus suggesting that
they share a regulatory mechanism.

Following overexpression of TIMP-2 full-length, N-, and C-
terminal domain constructs, we found that only the T2C
construct significantly decreased RECK expression relative
to controls (Fig 3B). This finding is in contrast to the report
by Oh et al.”’, which showed that the TIMP-2 C-terminal
domain increased RECK expression through binding to a3f1
integrin receptors on the surface of human microvascular
endothelial cells. As the effect of TIMP-2 on the regulation
of RECK expression has currently only been examined using
cultured human endothelial cells, it is possible that TIMP-2
may have varying effects on RECK levels, or may alter
RECK expression through different pathways, depending on
the requirements of different tissues and organisms. Indeed,
recently published work suggests that TIMP-2 levels drop as
RECK levels decrease’’. We demonstrated here that TIMP-2
has the ability to alter RECK through its C-terminal domain,
independent of MMP inhibition, during X. laevis
development.

Overexpression of full-length and C-terminal domain TIMP-
3 did not alter RECK levels relative to control embryos,
suggesting that the TIMP-3 C-terminal domain does not
participate in signaling events that regulate RECK expression
in X. laevis embryos. The T3N construct, however, did result
in significantly decreased RECK levels relative to control
embryos when analyzed by Western blot (Fig 3C). As the
TIMP N-terminal domains are involved in MMP inhibition
and have not been associated with direct signaling activity, it
is unlikely that the T3N construct decreased RECK levels
through a typically associated cell-surface signaling
mechanism. Under normal conditions, full-length TIMP-3 is
sequestered in the ECM away from the cell surface, a
function that is mediated by its C-terminal domain. Thus,
whereas the T3FL and T3C constructs may remain bound
away from the cell, this ability would be impaired with the
T3N construct. The T3N construct is free to act
pericellularly, and therefore may result in inappropriate
feedback to the cell to downregulate expression of other
MMP inhibitors, like RECK.

Conclusions

We have shown for the first time that the TIMP-1 and -2 C-
terminal domains have the ability to influence caspase-3 and
RECK levels in X. laevis embryos. This research indicates
that TIMPs may be important not only for directly mediating
MMP activity during development, but independent of their
MMP inhibitory role, TIMPs may regulate cell signaling
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pathways that influence apoptosis and/or cell differentiation
through caspase-3, and cell migration through RECK.

Materials and Methods

Animals

Adult X. laevis were purchased from Xenopus I Inc (Dexter,
MI), fertilized and reared in accordance with standard
protocols, and staged according to Nieuwkoop and Faber”’.
Animals were housed and treated in accordance with UWO
and CCAC guidelines.

Generation of TIMP constructs for microinjection

Briefly, PCR was used to produce HA-tagged full-length, N-
terminal and C-terminal domain constructs for TIMP-1, -2
and -3. Details regarding TIMP-2 and-3 construct generation
can be found in ®. TIMP-1 was cloned from total cDNA from
stage 35 embryos based on unannotated X. laevis clone
AAI41767.1. Forward and primers
(5’GACAGAAGGACTGCCCAGCC,
5’CAAAACACTTCTCCTTCGAG) were used, and the full-
length X. laevis TIMP-1 sequence was confirmed at the
Robarts Research Institute DNA Sequencing Facility at the
University of Western Ontario, and submitted as GenBank
ID: 1628144. Using the full-length TIMP-1 clone as a
template, PCR was used to generate full-length, N-terminal
or C-terminal TIMP-1 (hemagglutinin) HA-tagged constructs
as described previously®. This unobtrusive HA-tag allows the
use of sensitive and specific HA antibodies to be used for the
detection of ectopic protein production. Respective PCR
forward and reverse primers were as follows:

T1FL 5S’AGATCTATGTTGTACCTTGTGGTTGTG,
5’CAGTCTGCTGCCACAACACAATACCCATACGATGTTCCA
GATTACGCTACTAGT;

TIN 5S’AGATCTATGTTGTACCTTGTGGTTGTG,
5S’GTGTATCGCAAAGCCTGTTCCTACCCATACGATGTTCCA
GATTACGCTACTAGT

T1C signal sequence and
5S’AGATCTATGTTGTACCTTGTGGTTGTG,
5’CTCAGCCAGGAGGTGTTGGGGTGCAACATCGTCCCCTGC
TAT,

T1C-terminal link

5’TGCAACATCGTCCCCTGCTAT,
5’CAGTCTGCTGCCACAACACAATACCCATACGATGTTCCA
GATTACGCTACTAGT.

reverse

reverse link

Microinjection of TIMP-1, -2 and -3 mRNA constructs in X.
laevis embryos

Fertilized X. laevis embryos were microinjected with TIMP-
1, -2 or -3 full-length, N-terminal or C-terminal domain
mRNA constructs. Embryos were injected at the one cell
stage with 4 ng of mRNA in a volume of 2.3 nl, using 10 um
diameter glass. Embryos were maintained in 1X (Marc’s
modified ringers) MMR containing 4% Ficoll for 5 hours
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following injection, then transferred to 0.1 X MMR solution
for rearing.

Protein preparations and Western blotting

Protein was extracted from stage 30 embryos injected with
the various TIMP constructs, or uninjected control embryos.
Protein extraction, quantification and Western blotting were
performed from 10 pooled embryos from 3 independent
experiments, as previously described®. Primary antibodies
used were RECK (H-300) (rabbit polyclonal, 1:200 dilution;
Santa Cruz), p-Histone H3 (ser-10) (rabbit polyclonal, 1:200
dilution; Santa Cruz), anti-active caspase-3 (rabbit
polyclonal, 1:500 dilution; Abcam), and anti-B-actin (C4)
(mouse monoclonal, 1:1000 dilution; Santa Cruz). Secondary
antibodies used were goat anti-rabbit HRP (1:5000 dilution;
Life Technologies) or goat anti-mouse HRP (1:5000 dilution;
Bio-Rad). Western blots were visualized and photographed
using Bio-Rad Quantity One 4.4.0 software. Densitometry
was performed using Image]J software, where levels of PH3,
RECK or caspase-3 were standardized to B-actin, and plotted
as mean + SE based on 3 independent experiments.

Statistical Analysis

Western blot densitometry data were log transformed
(Logl0) to achieve a normal distribution. All statistical
analysis was performed using the IBM SPSS Statistic 19
program. Results were presented as mean + SE. Statistical
significance was determined using One Way analyses of
variance followed by Dunnett’s multiple comparisons test.
Differences were considered statistically significant when p <
0.05.
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