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ABSTRACT. Mtsl, also known as S100A4, is an 11 kDa calcium-binding protein strongly linked to metastasis.
As a member of the S100 protein family, Mts1 is predicted to contain dehelices and two calcium-
binding loops, the second of which forms a canonical EF hand, while the first is a pseudo-EF hand, using
two extra residues and principally backbone carbonyls rather than side chain oxygens to coordinate calcium.
Here we follow chemical shift changes which occur in Mts1 upon titration of calcium. The results are
consistent with calcium coordination by the EF hands described above. Filling of the first (pseudo) EF
hand occurs at a lower calcium concentration than does filling of the second (canonical) EF hand. Concurrent
with filling of site I, resonances from much of helix 4 vanish while the chemical shifts of a possibly
nascent helical segment immediately C-terminal to helix 4 increase in helical character. Other smaller
changes are seen, including a change in the linker joining helix 2 and helix 3. Since binding of effector
molecules to S100 proteins has been shown to involve the C-terminus and linker regions, these calcium-
induced changes have implications for the role of Mtsl in metastasis.

Metastasis is the process by which cells from a primary distinguish monomer units. In most cases, calcium-binding
tumor break from the original mass and invade other tissues.loops are present between helix 1 and helix 2, and also
Primary tumors are rarely fatal; more than 90% of fatalities between helix 3 and helix 4, allowing two calcium atoms to
result from secondary tumors. The Mts1 protein (also known bind per monomer. The second calcium-binding loop is a
as S100A4) has been linked to the metastatic process incanonical EF hand, using principally side chain oxygen atoms
several ways. First identified via its upregulation in rat over a 12-residue stretch to coordinate the calcium cation.
mammary epithelial cells with mutated morpholody, (Mts1 The first loop is a so-called pseudo-EF hand, using princi-
has since been shown to be expressed to detectable levels ipally backbone carbonyls over a 14-residue stretch to
metastatic but not nonmetastatic tumo-5%), and its coordinate the cation. Calcium-induced conformational changes
introduction into nonmetastatic cell lines confers a metastatic have been detected, and linked to the ability of several S100
phenotype §—10). Cross-breeding of Mts1 transgenic mice proteins to interact with effector molecule$9-23). The
with tumor-prone mice produces offspring with increased most highly conserved sequences of S100 proteins are the
tumor aggressivenessl), and antisense ribozyme targeting EF hands, while the regions between helix 2 and helix 3
of Mtsl reduces the metastatic character of tumor célls ( (linker) and the N- and C-termini are the least conserved.
12, 13). The ability of Mtsl to bind the heavy chain of These more variable regions, especially the C-terminus and
nonmuscle myosin Il in a calcium-dependent manidr( linker, along with portions of the helices, have been
16) and to partially depolymerize myosin filamentsi(17), implicated in the interactions described above.
together with the cell morphology changes mentioned above, Here we have used primarily NMRspectroscopy to
has led to the suggestion that Mtsl induces metastasisexamine the effect of calcium titration upon murine Mts1.
through disruption of the cytoskeleton. Results are consistent with a considerable change in the

Mts1 belongs to the S100 protein family (for a review, conformation of the calcium-binding loops and with con-
see refl8), members of which have been implicated in a servation of three of the four helices. However, most of helix
wide variety of cellular functions, including inflammation, 4 becomes unobservable, while the chemical shifts of the
cytoskeletal dynamics, cell growth and differentiation, and region immediately C-terminal to helix 4 become increas-
calcium homeostasis. Atomic resolution structures of severalingly helical in character at higher calcium concentrations.
S100 proteins have been determined (see Figure 1), revealingfNMR data reveal calcium-binding affinities in the micro-
the presence of dimerization in most cases. Each monomemolar range or lower for each of the EF hands, with
unit contains four helices, and dimerization takes place somewhat higher affinity for EF hand I. Interestingly, the
principally through an antiparallel alignment of helix 1 with changes in helix 4 and the C-terminus, a region likely to be
helix 1 and helix 4 with helix 4 where the primes important for interaction with myosin, appear to occur in
conjunction with filling of EF hand |. However, other data
TR.B. is a Research Scholar of the Leukemia and Lymphoma Society suggest that filling of both EF hands may be necessary for
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Ficure 1: Sequence alignment of selected S100 proteins. The sequential numbering along the top refers to the Mts1 (S100A4) sequence.
The calcium-coordinating residues of the pseudo-EF and canonical EF hands (resigi@8sa2@ 63-74 in Mtsl, respectively) are in

bold, and are labeled below the S100A7 sequence according to whether they coordinate calcium via a backbone carborly), @gen (

side chain oxygens}, two side chain oxygenst), or a bridging water moleculeM). The extent of helices-14 is shown via shading.
S100A10 helices are from the structure of the apo form, and S100A8, -Al1, and -A12 are from the holo form. For the other proteins, the
helical extent is shown for both forms, with backward and forward leaning diagonal shading representing helical regions present in only the
apo and holo forms, respectively. The arrows derfbtike stretches in apo and holo Mts1. References: &%) énd holo (this study)

murine S100A4, apo36) and holo 84) racine S108, apo @6) and holo 87) bovine calbindig, holo human S100A123@), apo porcine

S100A10 from a complex with an annexin Il peptid22), holo human S100A11 from a complex with an annexin | pept&®, (holo

human S100A840), and apo 41) and holo 42) human S100A7.

MATERIALS AND METHODS was briefly vortexed. The first five titration points were
) ) performed by adding 0.2 equiv of calcium from the 50 mM

NMR Sample PreparatiorMurine Mts1 was expressed  cacC}, stock solution and the next five by adding 0.4, 0.3,
using the H-MBP-3C vector systen24) and purified a3 0.3, and 0.5 equiv from the 25 mM stock, followed by
described previously 26). The apo NMR sample was (.9 and 4.3 equiv from the 100 mM @l M CaC} stock
prepared by concentrating purified Mts1to 1.3 mMin 5 mM  goytions, respectively. The amount of calcium needed to
Tris-HCl and 1 mM EDTA at pH 6.0. This sample was gatyrate the EDTA was estimated by the point at which
brought to 5% RO and 50uM NaNs. The protein concen-  {SOC peaks begin to migrate noticeably. There was
tration was estimated via absorbance at 280 nm using thenegligible change in pH after addition of CaCThe total
theoreticalego of 2800. volume increase was 3L, and the change in protein

NMR SpectraAll NMR experiments were performed on  concentration due to dilution was incorporated into the data
a Varian INOVA 600 MHz NMR spectrometer at £C. analysis. By following the movement of HSQC peaks
'H—1N heteronuclear single-quantum coherence (HSQC) between each titration point, the assignment of backbone
spectra were recorded using a sensitivity-enhanced gradienHN—15N cross-peaks at intermediate concentrations of
pulse scheme2@). A total of eight transients were ac- calcium was accomplished. Chemical shifts of resonances
cumulated with a recycle delayf @ s for each of the 128  which could not be detected at several intermediate calcium
complex increments for all titration points except for the last concentrations were interpolated as a linear function of
(7.6 equiv) for which 32 transients were acquired. THe equivalents of calcium added.
and*®N sweep widths were 8000 and 2400 Hz, respectively.
Data processing was carried out with nmrPi@%)( and RESULTS AND DISCUSSION
spectra were analyzed with NMRview28). Resonance Figure 2 shows th&H—15N HSQC spectra of apo (black)
assignments of apo Mtsl have been described previouslyand holo or calcium-loaded (red) Mts1. The dashed lines
(25, and complete holo assignments will be reported connect apo and holo resonances of selected residues whose
elsewhere. chemical shifts are altered substantially upon calcium titra-

Calcium Titration.Four stock solutions containing 25 mM,  tion. Blue dashed lines denote residues from EF hand | and
50 mM, 100 mM, and 1 M CaGlwere prepared, in 5 mM  green dashed lines those from EF hand II, and residue 88
Tris-HCI at pH 6.0. These buffers were treated with Chelex (black dashed line) is C-terminal to helix 4. A more
100 before addition of calcium to remove trace amounts of quantitative indication of chemical shift change is shown in
metal. Two-dimensional (2D}H—'°N HSQC spectra were  Figure 3, which contains plots of the square root of the sum
recorded at each titration step. All Ca@liquots were added  of the squares of changes in backbone HN &Ndchemical
directly to the NMR sample, and the resealed NMR tube shifts of each residue as the calcium concentration is
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FiGure 2: Superposition ofH—1N HSQC spectra of apo (black)
and calcium-loaded (red) Mts1. Apo and holo peaks from selected
residues are connected by dashed lines: blue for residues from EFC
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hands change substantially over the course of the titration
(Figure 3a, top panel), while those from the first three helices
change minimally, with the exception of the N-terminus of
helix 2 which is part of EF hand | (see Figure 1). The fourth
helix becomes broadened, and we were not able to assign
most of its resonances in the holo state (residues 13, 19, 44,
45, and 76-86 are not assigned in the holo state, whereas
all apo backbone HN antPN resonances were assigned).
This would suggest that dynamic processes are present at or
near helix 4, causing a change in environment on a
millisecond to microsecond time scale. These processes may
or may not be related to calcium exchange. The changes in
chemical shifts of the C-terminal residues just past helix 4
are similar in magnitude to the changes in the EF hands.

Figure 3b shows the difference between chemical shifts
in sequential incrementA[AJ)], which can give a clearer
picture of the order of changes with respect to the progression
of the titration. Large chemical shift changes in EF hand |
begin to occur at 0.2 equiv of calcium and are nearly
omplete by the 1.0 equiv level. Substantial changes in EF

hand I, green for EF hand 11, and black for E88 from the C-terminus. hand Il chemical shifts begin to occur near the-016 equiv

level, and continue until close to 2.0 equiv is added. Taken

increased incrementally. Figure 3a shows the difference together, these data indicate that calcium first titrates into
between the chemical shifts at each increment and the apacsite | and thus that EF hand | has a higher affinity for calcium

chemical shifts Ad). The chemical shifts of the two EF
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Ficure 3: Change in chemical shifts 8iN—'H HSQC backbone cross-peaks as a function of calcium concentration. Secondary structural

elements are shown along the top, and calcium equivalents are shown to the right. (a) Difference between chemical shifts at the specified

equivalent level and the apo chemical shift®) values are the square root of the sum of the squares of changes in backbone BN and

chemical shifts of each residue. (b) Difference between chemical shifts at the specified equivalent level and those of the preceding titration

point [A(AJ)]. Note that residues 13, 19, 44, 45, and-B& were not assigned in the holo state or for titration steps at approxinately
equiv, and thus, data for these residues are omitted at higher equivalent levels.
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Table 1. Backboné®N Chemical Shifts of Residues Adjacent to Calcium-Coordinating Backbone Carbonyls

protein EF hand position residue o (apo) Ao (halo— apo) A2 (1 equiv— apo) Ao2 (holo — 1 equiv)
S10(8° 1 2 G19 107.28 2.89
1 5 G22 109.13 -
1 7 K24 126.12 -
1 10 L27 120.24 5.39
2 8 C68 120.08 4.88
calbindiny®? 1 2 Al5 114.19 2.58 —0.043 4.44
1 5 G18 108.21 4.66 1.02 0.49
1 7 P20 - - - -
1 10 L23 120.33 4.00 —0.06 4.06
2 8 V61 118.22 8.03 8.07 0.24
Mts1 1 2 G21 107.53 3.07 3.04 0.03
1 5 G24 109.30 5.00 491 0.09
1 7 K26 124.02 8.66 8.61 0.05
1 10 L29 121.78 471 3.54 117
2 8 V70 120.62 6.04 2.60 3.44

aData for analysis (1 equiv) of calbindinobtained from titration of cadmium instead of calciuhAll data for S100b and calbindipfrom
Feeney and co-worker29). ¢ Chemical shifts at 1 equiv for these residues are interpolated as described in the text.

calcium ions is not strongly cooperative. Changes in the

C-terminus appear to roughly mirror the changes in EF hand I
I, beginning at 0.2 equiv and ending by 1.0 equiv. Most helix

4 resonances begin to reduce in intensity at the 0.2 equiv g

level, and vanish by 0.6 equiv, also suggesting a relation to

the titration of the first calcium. However, additional changes g Residus Number
to residues with unobservable peaks during titration of the « | Y
second calcium cannot be ruled out. Changes in the linker 04 —m—24
region between helix 2 and helix 3 appear to occur mostly —+—26
during titration of the first calcium, although an abrupt :‘v__ig
change is seen at 1.3 equiv in the chemical shift of L46, 0 . .

which is discussed further below.

0 1 2

3

[Ca?}/[Mts1]
of EF hand proteins which included analysis of the change Ficure 4: Chemical shift titration curves for tHéN—H HSQC

Feeney and co-workerg9) performed a comparison study

backbone peaks immediately adjacent to the five backbone carbonyl
oxygens which coordinate calcium. Note that V70 titrates at a higher
calcium concentration than those from site I.

in backboné®N chemical shifts of two S100 proteins, S0
and calbindig. One conclusion was that theN resonances
of residues immediately following backbone carbonyl car-
bons which directly coordinate calcium move downfield in Thus, the affinity of site | is decreased sulfficiently to separate
a significant and predictable manner. Table 1 shows resultsfilling of the sites. At the level of 1.0 equiv of cadmium,
for S10(6 and calbindis, along with a similar analysis for  the calbindigy EF hand | resonances have shifted by an
Mts1. Since four backbone carbonyls coordinate calcium in average of 0.18 ppm, while the EF hand Il resonance has
EF hand I, and one is used by EF hand Il (see the legend ofshifted by 8.07 ppm 2Z9). During titration of the second
Figure 1), analyses of five residues are presented in the tableequivalent, site | resonances shift an average of 3.00 ppm,
The values of the apo chemical shifts (column 5) and their while the site Il peak moves 0.24 ppm. In contrast, the fillings
changes upon complete calcium titration (column 6) are of the two Mts1 sites are separated even when using calcium.
consistent from protein to protein, although not all resonances The G21, G24, and K26 resonances from Mts1 site | shift
could be assigned in S180and calbindis. The average  an average of 5.52 ppm during titration of the first equivalent,
change in these five residues (those that could be measuredand 0.06 ppm during the second. The L29 and V70 peaks
is 4.39, 4.82, and 5.50 ppm for S)@albindiry, and Mts1, are not observable at 1.0 equiv presumably because of
respectively, with the increased average for Mts1 resulting exchange broadening. However, by interpolation as described
from the large shift of K26 (8.66 ppm), the analogue of which in Materials and Methods, the L29 resonance apparently

was not assigned in the other two proteins.

Through examination of the amount of change which
occurs during titration of the first and second equivalent
separately, disparities arise between calbigdamd Mts1.
The affinities of the two EF hands in calbinginare
reportedly very similar, and furthermore, calcium binding
is cooperative, with filling of the second site being more
favorable once the first site is fille@9). For this reason, to
examine calbindig with only one site filled, cadmium has
been used in place of calciur@Q, 31). The rationale is that

shifts primarily during the first equivalent, and V70 mostly
during the second. These points are illustrated graphically
in Figure 4. These results appear to confirm that calcium
coordination occurs by a mechanism in Mts1 similar to that
in other S100 proteins, utilizing the residues denoted in
Figure 1 (bold letters), but that filling of the calcium-binding
loops is somewhat sequential in character, and is reversed
in order as compared to cadmium filling of calbinglisites.

The fact that titration appears to be complete near 2.0 equiv
suggests that both calcium sites hakg values in the

a change in ion size and characteristics can be more easilymicromolar range or lower (NMR samples ar&.3 mM in
accommodated by site Il, which employs side chains for Mtsl). These results corroborate data from Dukhanina and

coordination, than by site I, which employs backbone atoms.

co-workers 82), who previously have reported a higher
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structure is labeled along the top. Data for the holo state were not available for the residues listed in the legend of Figure 3, and therefore,

differences were not calculated for these residues.
calcium affinity of site | versus site Il in Mts1 using other

| of calbindiny and site | of Mts1 would seem to be at odds

methods, and suggest that Mtsl in the presence of ap-with the observed filling order. Total charge cannot be the

proximately 1 equiv of calcium may be useful as a model
system in which site | is largely filled and site Il is principally
vacant.

Comparison of the sequences of Mtsl and calbigdin
(Figure 1) offers no obvious explanation for the differences
in filling characteristics of the sites in the two proteins. First,
it should be noted that alterations of the calbiggdsequence
which either increase the affinity of site I, decrease the
affinity of site Il, or decrease cooperativity could contribute
to the observed results. With this in mind, it is interesting to
note that three of the 12 residues which directly or indirectly
(through water) coordinate calcium (Figure 1) differ between

only factor, a point which is further supported by the fact
that cooperative binding of calcium in calbinglirclearly
would not occur if only total charge were considered. The
geometry of coordination must also be important. Other
substitutions which may contribute to the observed effect
include site Il residues G60 and E67 in calbijnwhich

are replaced by R66 and Q73 in Mts1, respectively, and site
| residues P23 and N24 in calbinginwhich are replaced

by K26 and F27 in Mts1, respectively. There are also changes
in the sequence of the shgftlike stretches (see below),
which are involved in interaction between the two EF hands
in several S100 proteins. Changes here could potentially

the two proteins. These are Q25 and S27 from site | and affect cooperativity as well as individual affinities.

S65 from site Il of calbindigk, which are replaced by K28,

As mentioned, many of the HSQC resonances become

N30, and D71 in Mtsl, respectively. Thus, the Mtsl site | unobservable during the titration, particularly near the point
ligands gain a positive charge and site Il ligands a negative of 1.0 equiv of calcium, and reappear again at higher calcium
charge, with respect to calbindinBoth of these modifica-  concentrations. This is evidence of intermediate exchange,
tions would appear to be in contradiction to the observed which occurs when the time scale of a dynamic process is
changes in filling order by positively charged calcium ions. similar to the difference in chemical shifAf) between the

In total, the 14 residues of site | in calbindirand Mtsl two conformers (assuming only two conformers for this
have charges of-2 and +1, respectively, while the 12  discussion). Broadening to baseline of several calcium loop
residues of site Il carry a charge 6# in each case. Since peaks withAd values of~500 Hz suggests that calcium may
the second site coordinates calcium principally via side chain exchange from the binding sites on a high microsecond to
contacts, it is not surprising that site Il side chains carry more low millisecond time scale. On the other hand, several
negative charge, but again the charge difference between siteesidues near the N- and C-termini and in the linker produce
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two broadened peaks near the level of 1.0 equiv of calcium.
Since the chemical shift changes of the doubled residues are
in the 50 Hz range, this suggests slower (high millisecond)
dynamics. Much of this doubling and associated broadening
survives in the case of the calcium-saturated state. These
facts appear to indicate that the calcium-loaded conformation
possesses high millisecond dynamics near the termini and
linker, which also influences the spectra at intermediate
titration points. The previously discussed inability to observe
helix 4 resonances in the calcium-loaded state may be related
to this slower motion. Note that the termini and linker regions
of other S100 proteins have been shown in a number of cases
to interact with effector moleculed.¢—23).

Using G, Cg, and backbone C-carbonyl chemical shifts,
chemical shift indexing [CSI33)] of the apo and holo forms
was performed (Figure 5) to detect secondary structural
elements. As reported previousBS), four principal helices
are detected in the apo form (Figure 5, top). These helical
residues are shaded in Figure 1, along with the helical regions
of other S100 proteins. Short helical stretches also appear
to be present in apo Mtsl residues-2Z2 and 44-47, with FIGURE 6: Model of Mts1 based upon the holo SHfoordinates
short -like stretches within each EF hand immediately (34). The four helices of the first monomer unit are silver and are

; ; ; ; labeled 4, while those of the second monomer are gold and are
gg??flr;gszzlgt(ivzelsnd helix 4, at residues 28 and 29 and labeled 1-4'. The regions with increased CSI values (increased

helical character) upon calcium titration are shown in red. These
The principal points of secondary structure variability in are residues 19 and 20 following h(?|IX 1 and helbatd residues
S100 proteins are the linker region and the C-terminus. The 86-90 following helix 4 and helix 4 The portion of the linker

- . . . | region which decreases in helical character upon titration is shown
linker region of apo Mts1 appears to contain approximately ;,"e " Calcium ions are green. Rendering was performed with

one turn of helix (residues 4447), which is seen in three  S\W|SS-MODEL and Swiss-PdbViewet3) and postprocessed with
of the other seven S100 proteins in Figure 1. In S100A7, POV.

this helical stretch apparently is an extension of helix 2. Helix
4 of several S100 proteins can be extended by as many as,
nine residues further than in Mts1. Note though that $100

helix 4 is of the same length as that of Mts1, and S100A12
is only two residues longer. Also note that Mts1 appears to

possess some helical character in residues9&7 This could reappear at 1.0 or 1.3 equiv, while those of S44 and F45
be indicative of nascent or transient helical character in this vanish after 0.6 and 0.2 equiv, respectively, and could not

region, which may form a short fifth helix or may extend o a5signed with a higher number of equivalents. The apo
helix 4. L46 peak remains relatively stationary throughout, but a
In the calcium-loaded form, four principal helices are again second shifted L46 peak arises abruptly at 1.3 equiv and
seen (Figure 5, center) with some alterations. Helix 1 appearsremains. Extension of helix 1 is related to filling of site I.
to lengthen by two residues, similar to the occurrence in  Figure 6 shows a homology model of Mts1 based on the
S10@. This brings the helical terminus to a conserved structure of calcium-loaded S18@34). In red are regions
position relative to the other S100 proteins. The helical with altered CSI values indicating helix formation upon
stretch of residues 4447 may be somewhat destabilized, titration of the first calcium, namely, extension of helix 1
whereas the helicity of the linker region in most S100 and helix 4. In blue is part of the linker region which loses
proteins does not appear to be strongly affected by calciumhelical character in conjunction with filling of both calcium
titration. The most notable changes in Mts1l conformation sites. The pattern by which these changes ring the circumfer-
are in helix 4 and the associated C-terminus. Most of helix ence of the structure is striking. The change in helix 1 is
4 becomes unobservable as noted above, and the chemicalirectly related to titration of the calcium to the adjacent
shifts of the C-terminus become more helical in character. site |, but the changes in the linker and the C-terminus
Whether the bulk of helix 4 actually remains intact cannot (extension of helix 4) would appear to require transmission
be ascertained from the NMR spectra, but circular dichroism of information over a longer distance. The disappearance of
spectroscopy indicates that the percentage helical contenthelix 4 peaks suggests the intriguing possibility that helix 4
does not change substantially, and if anything increases, upormay shift in position or conformation sufficiently to bring
calcium titration (data not shown). Interruptions in the the C-terminus into position to interact with another part of
unobservable portion of helix 4 upon titration, as occurs in the protein, possibly helix'lor helix 2.
calbindiny, cannot be ruled out. However, it appears that  The calcium-induced changes in Mts1 described here have
the C-terminal end of helix 4 extends in the holo form to a implications for the calcium-dependent interaction between
point similar to that of helix 4 from S100A7 and -A8, Mtsl and myosin14—16). In several cases, S100 proteins
although as mentioned above there is some evidence ofhave been shown to interact with effector proteins using the
helicity in this region also in the apo form. linker region between helix 2 and helix 3 [e.g., SEGRith

The changes in the secondary structure of the C-terminus
nd helix 4 appear to be linked to titration of the first calcium
into site I, while the loss of helical character in residues 44
47 is partially associated with filling of each calcium site.
HSQC peaks for residues 449 vanish after 0.4 equiv and
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p53 20) and S100A10 with annexin I12Q)] or helix 4 and

the associated C-terminus [S1D@ith p53 R0), with CapZ

(19, 23), and with other S100 proteins in an interaction
apparently unrelated to typical heterodimerizati@)]. In
Mtsl, the association of both the vanishing of helix 4
resonances and formation/stabilization of the helix 4 exten-
sion with titration of the first calcium (site ) seems to suggest
that if myosin binds to the C-terminus, the Mtstyosin
interaction may be possible in the presence of lower levels
of calcium insufficient to fill site Il. On the other hand, if
the linker is involved, the myosin interaction may require
changes which occur during titration of the second equiva-
lent. Possible unobservable changes in helix 4 position,
conformation, or dynamics during titration of the second
equivalent may also be required.

In conclusion, observation of chemical shift values has
been used to examine conformational changes in Mts1 upon
calcium titration. Both putative EF hands bind calcium with
sub-millimolar affinity, with site | filling earlier than site II.
Changes in the region immediately C-terminal to helix 4 and

the disappearance of many helix 4 resonances suggest thatoz.

helix 4 may become extended and participate in a dynamic
equilibrium, and the timing of these changes suggests that
they may be closely associated with titration of the first
calcium into site I. Changes occurring in site Il and other
possible changes in helix 4 are associated with filling of the
second calcium site, while changes in the linker are associ-
ated with filling of both sites. These alterations are likely to
be factors contributing to the calcium-dependent nature of
the Mtst-myosin interaction as part of the process by which
Mtsl1 induces metastasis.
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