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Although the E3 ligase Mdm2 and its homologue and binding partner MdmX
are the major regulators of the p53 tumor suppressor protein, it is now evident

that Mdm2 and MdmX have multiple functions that do not involve p53. As one
example, it is known that Mdm2 can regulate cell migration, although
mechanistic insight into this function is still lacking. Here we show in cells
lacking p33 expression that knockdown of Mdm2 or MdmX, as well as phar-
macological inhibition of the Mdm2/MdmX complex, not only reduces cell
migration and invasion, but also impairs cell spreading and focal adhesion
formation. In addition, Mdm2 knockdown decreases metastasis in vivo.
Interestingly, Mdm2 downregulates the expression of Sprouty4, which is
required for the Mdm2 mediated effects on cell migration, focal adhesion
formation and metastasis. Further, our findings indicate that Mdm2 dampen-
ing of Sprouty4 is a prerequisite for maintaining RhoA levels in the cancer cells
that we have studied. Taken together we describe a molecular mechanism
whereby the Mdm2/MdmX complex through Sprouty4 regulates cellular
processes leading to increase metastatic capability independently of p53.

Mouse Double Minute 2 (Mdm2) was first described as a potential
oncogene in mouse fibroblasts'. Shortly thereafter Mdm2 was dis-
covered to bind the p53 tumor suppressor protein, which was followed
by studies validating it as the most critical and obligate regulator of
p53%7. Mdm2 is an E3 ligase that can function either alone or with its
homolog MdmX (aka Mdm4) in a complex to ubiquitinate, SUMOylate
or NEDDylate proteins, most notably p53*°.

While 7P53 is found mutated in more than 50% of all human
cancers’, Mdm2 is rarely lost or deleted in cancer. Instead, the Mdm2
gene is found amplified in a number of tumors, notably sarcomas, but
also in melanomas, glioblastomas and breast cancers®. MdmX is also
over-expressed in several cancers, both where Mdm?2 is also amplified
as well as others, such as retinoblastomas and hematological cancers,
where MdmX alone is amplified®'°.

Although the great majority of published studies have focused on
the relationship between Mdm2, MdmX, and p53, there is substantial
literature that describes p53-independent activities of Mdm2 and
MdmX®". Mdm2 has been shown to regulate many cellular processes
involved in tumorigenesis, such as regulation of chromatin state” and
DNA repair”, maintenance of cell survival and growth™**, modulation
of cell migration™® and promotion of metastasis'"'®. In aggregate, the
abovementioned findings have reintroduced Mdm2 as a potential
oncogene in its own right, as first suggested by Fakharzadeh in 1991.

Upstream regulation of Mdm2 levels, implicating both post-
translational modifications and microRNAs, have been shown to
modulate cell migration'®*?, but the downstream underlying
mechanisms remain to be elucidated. Most reported experiments
testing migration/invasion were performed in “2D” settings (i.e., cells
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attached to and growing on plastic culture dishes) as opposed to the
“3D” model where cells are placed on or within a substratum that
resembles the extracellular matrix (ECM) and form clusters that more
closely recapitulate the bona fide tissue architecture. Further, previous
studies describing changes in cell migration have only explored the
impact of altering Mdm2 protein levels and did not address whether
the E3-ligase activity of Mdm2 or the Mdm2/MdmX complex are
required for this function. The same can be said for studies examining
the potential roles of Mdm2 in metastasis'’'5?>%,

One additional confounding issue of previous studies character-
izing pro-oncogenic activities of Mdm2 has been that, for the most
part, researchers have used cell lines that either harbor wild-type or
mutant versions of p53 to make their observations. While in such cases,
modulation of Mdm2 levels in different cell lines leads to changes in
cell migration™?°?**?’, the presence of either form of p53 might
impact cellular responses, however, and thereby complicate the
interpretation of data.

Here, by both altering Mdm2 levels and inhibiting the E3 ligase
activity of the Mdm2/MdmX complex in cells that lack any version of
the p53 protein, we delve into the fully p53-independent mechanism(s)
by which Mdm2 regulates migration and invasion in vitro and metas-
tasis in vivo. We show that the presence of a functional Mdm2/MdmX
complex is needed for the migratory and metastatic potential of the
cells that we have examined. We also demonstrate that the Mdm2/
MdmX complex produces such effects by interfering with reciprocal
cell-ECM interactions through impairment of the formation or stabi-
lization of focal adhesions. Finally, we show that Mdm2 acts by reg-
ulating the levels and subcellular localization of Sprouty4, which acting
through a non-canonical pathway, affects migration by modulation of
Rho signaling.

Results

Mdm2 regulates cell migration, cell attachment to extracellular
matrix components, and cell spreading independently of p53
To eliminate possible complications in data interpretation stemming
from the presence of p53 protein, we used both a CRISPR-derived
human HT1080 fibrosarcoma p53 knock-out cell line (HT1080 p53KO;
Supplementary Fig. 1A) that does not express p53 and the H1299 lung
carcinoma-derived cell line that is endogenously p53-null. While it was
previously reported that lowering Mdm2 levels, typically with either si-
or shRNAs, interferes with cell migration”?*%, to our knowledge, the
importance of the E3-ligase activity of Mdm2 and the role of the
Mdm2/MdmX complex in this process has not been reported. To test
this, together with Mdm2 or MdmX silencing using siRNAs, we have
used a small molecule inhibitor of Mdm2, MEL23, that was previously
shown to inhibit the function of the Mdm2/MdmX complex, leading to
the accumulation of Mdm2 and MdmX proteins®.

We treated HT1080 p53KO cells either with Mdm2 siRNAs (Fig. 1A)
or with MEL23, which, as expected, led to increased Mdm2 and MdmX
protein levels (Fig. 1B). Cells were also treated with MdmX siRNAs
(Supplementary Fig. 1B). Either siRNA-mediated knockdown of Mdm2
(Fig. 1C), MEL23 treatment (Fig. 1D) or MdmX siRNAs (Supplementary
Fig. 1C) led to reduced cell migration using the wound scratch assay.

We also analyzed the morphology of cells growing in 2D in
response to those stimuli and found that the area of the attached cells
was significantly reduced (Fig. 1E, F and Supplementary Fig. 1D).
Interestingly, cells in solution (unattached) did not display any differ-
ence in size after such treatments (Supplementary Fig. 1E) demon-
strating that the changes in area upon Mdm2 knockdown require
processes involved in cell attachment.

Since the ability of cells to attach and spread are correlated
directly to interaction and binding to molecules in the extracellular
environment, we performed an attachment assay using the three main
extracellular matrix (ECM) components, collagen (represented by
collagen 1), fibronectin, and laminin. When Mdm2 was silenced by

siRNA or functionally inhibited by MEL23, the attachment capability of
the HT1080 p53KO cells to all three ECM components was significantly
reduced to similar extents (Fig. 1G, H and Supplementary Fig. 1F). It
should be pointed out that, although Mdm2 modulation has been
associated with epithelial-mesenchymal transition/mesenchymal-epi-
thelial transition (EMT/MET) in some cells”*****?, there were no chan-
ges associated with different EMT markers (E-cadherin, N-cadherin,
vimentin and Zebl) in response to silencing Mdm2 as shown by
immunoblot analysis (Supplementary Fig. 1G) or when a panel of
markers was analyzed by mass spectrometry (Supplementary Table 1).

Taken together, our results support the likelihood that the
active Mdm2/MdmX complex is required for efficient migration of
cells growing in 2D culture conditions, which likely results from
impaired ability to interact with or respond to the extracellular
environment.

Functional impairment of the Mdm2/MdmX complex decreases
individual and collective invasion in a 3D in vitro model of can-
cer cell dissemination

Experimental results related to cell migration often differ substantially
between 2D and 3D models®?**. To gain insights on the impact of
manipulation of Mdm2 levels or activity in a 3D setting, we examined
individual and collective invasion of HT1080 KO cells using a physio-
logically relevant 3D tumor spheroid model®. Here, spheroid invasion
was used to assess individual cancer cell invasion in a low-density
collagen I matrix, since this matrix is more permissive, while invasion in
amore dense composite matrix (collagen I/BME, Basement Membrane
Extract) was used to assess collective invasion®.

Silencing of Mdm2, as well as treatment with MEL23, led to a
significant decrease in individual 3D invasion, which is typically
determined by measuring the area invaded over a given time period
and by counting the number of cells invading from the spheroid into
the surrounding ECM (Fig. 2A, B). When using the biomechanically
more challenging composite matrix (collagen/BME), a matrix of a
much tighter mesh forming smaller pores for locomotion, we
observed that both Mdm2 siRNA and MEL23 treatment significantly
decreased collective invasion as well (Fig. 2C, D). We also embedded
dispersed cells in collagen I matrices to investigate if cell morphology
in this 3D setting was affected by Mdm2 knockdown, as we had
observed in 2D cultures. Again, silencing of Mdm2 led to altered cell
morphology; specifically, there was a statistically significant shift
towards a rounder cell morphology (cells with higher circularity) in 3D,
when compared to the control group (Fig. 2E, F). Note that Mdm2
knockdown did not affect spheroid proliferation for the duration of
the invasion assay (Supplementary Fig. 2A).

These findings indicating that a functional Mdm2/MdmX complex
is needed for the regulation of cell migration and invasion by Mdm2
provided the impetus for us to examine whether Mdm2 might play a
role in processes associated with metastasis in vivo.

Mdm2 knockdown decreases metastatic burden in vivo
To evaluate if decreased Mdmz2 levels can impact metastasis, we per-
formed experiments using both orthotopic and tail-vein injections in
athymic nude mice. We first established GFP-expressing cell lines
derived from HT1080 p53KO cells that stably express either normal
(shScramble cells) or much lower Mdm?2 levels (shMdm?2, cells that
harbored four different shRNAs against Mdm2) (Fig. 2G). Assessment
of cell motility (Supplementary Fig. 2B), cell area in 2D (Supplementary
Fig. 2C), and invasion in 3D culture conditions (Supplementary Fig. 2D)
demonstrated that the HT1080 cell line with stable Mdm2 knockdown
(shMdmz2) displayed the same characteristics observed in cells tran-
siently transfected with siRNA or in cells treated with MEL23, when
compared to the shScramble cells.

Using these GFP* HT1080 p53KO cell lines, we performed an
analysis of metastatic burden in the lungs first using an orthotopic
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model in vivo where cells were introduced into the quadriceps femoris
muscle of mice, and cells from tumors formed in situ were allowed to
metastasize to the lungs. After 6 weeks (counting from the injection of
tumor cells) mice were euthanized and the number of metastatic foci
in the lungs were analyzed. The mice injected with shMdm2 cells dis-
played a dramatic decrease in the number of metastatic foci in com-
parison to the control shScramble group (Fig. 2H). Measurement of

tumor weight in our orthotopic model showed that tumors with Mdm2
knocked down were significantly smaller than in the control group at
the time of harvest (Supplementary Fig. 2E). While these findings
revealed that reducing Mdm?2 levels impacted metastasis, we could not
rule out the possibility that at least some of the effects seen were due
to the initial smaller sized shMdm2 tumors that formed over the
course of these experiments.
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Fig. 1| Loss of Mdm2 or functional impairment of the Mdm2/MdmX complex
decreases migration, impairs cell spreading and cell attachment to ECM in a
p53-independent manner. HT1080 p53KO cells were transfected with siRNAs
against Mdm2 and siCtrl or treated with the Mdmz2 inhibitor, MEL23. A, B Protein
levels of Mdm2 and MdmX after (A) transfection using siRNAs (n = 6 samples) as
indicated or (B) treatment with MEL23 (7 uM) for 24 h (n = 4 samples). a-tubulin was
used as a loading control. C, D Cell migration assay. Representative images (top)
and quantification (bottom) of wound scratch migration assay with cells (C)
silenced for Mdm2 or (D) treated with MEL23 for 24 h, n =3 groups.

E, F Representative images of the morphology of cells attached to collagen-coated

coverslips and quantification of cell area after (E) silencing of Mdm?2 or (F) treat-
ment with MEL23 for 24 h, n =3 groups. Cells stained for actin (orange) and DNA via
DAPI (blue). The cell area was quantified and plotted. Graphs show all three inde-
pendent experimental replicates combined, for each independent experimental
replicate a minimum of 100 cells were quantified summing a total of at least 300
cells/condition. G, H Quantification and representative micrographs showing
attachment to different ECM components of cells (G) silenced for Mdm2,

n=3 samples or (H) treated with MEL23 for 24 h, n =4 samples. The graphs shown
represent the mean + SD of independent experimental replicates. More details
about the statistical tests used can be found in the Source Data file.

To better understand if the changes in metastatic burden
observed in mice were due to decreased metastatic ability or changes
in primary tumor growth between the two groups, we performed
lateral-tail-vein injections into athymic nude mice. This model
encompasses the stages of metastatic cascade after the tumor cells
enter the bloodstream and is not influenced by differences in initial
tumor size, since the same number of cells for the two experimental
groups are injected into the mice tail-veins. The analysis of metastatic
burden in the lungs of mice injected with the GFP* HT1080 p53KO cells
using this model demonstrated once again that cells expressing less
Mdm2 had markedly reduced metastatic capability in comparison to
the control group in vivo (Fig. 2I). These data indicate that defects in
cell attachment and motility of cancer cells lacking full levels of Mdm2
may lead to a decreased ability of cancer cells to metastasize into
distant organs.

Mdm2 depletion or inhibition decreases the number and size of
focal adhesions

Our findings showing that knockdown or pharmacological inhibition
of Mdm2 decreased cell spreading and cell attachment to the ECM
accompanied by reduced migration, invasion, and metastasis, sug-
gested that this might be due to inhibition of one or more signaling
processes responsible for intermediating cellular contacts with the
extracellular environment and/or cellular movement. It is well estab-
lished that the main proteins that mediate ECM attachment are
integrins, that each have specific sets of ECM substrates™. Yet, since
the ECM substrates that we tested were affected to similar extents, we
speculated that integrins are not the likely step in the process of ECM
attachment that is affected by Mdm2 downregulation. In concert with
this, when we measured the levels of those integrins by mass spec-
trometry (which is described in the next section) or the levels of some
of the most expressed integrins in HT1080 cells (integrin betal,
integrin alpha-2, and integrin alpha-3) by immunoblot we did not
identify any significant differences upon Mdm2 knockdown or inhibi-
tion (Supplementary Table 2 and Supplementary Fig. 3A). Further,
silencing of Mdm2 did not affect the presentation of integrins in the
membrane either, as determined by measuring integrins present in the
cell surface (Supplementary Fig. 3B).

Activation of integrins leads to the recruitment of a set of proteins
that form structures known as focal adhesions (FA), which are
responsible for integrin activation via linking cells to the ECM with an
ensuing reorganization of the cytoskeleton in order to promote
anchorage and support motility***. Strikingly, when HT1080 cells
were transfected with Mdm2 siRNAs (Fig. 3A), treated with MEL23
(Fig. 3B), or transfected with MdmX siRNAs (Supplementary Fig. 3C),
the number and size of FA foci decreased significantly. Notably, as well,
the stable cell line expressing shMdm2 used in the metastasis experi-
ments described above also displayed reduced FAs compared to
control cells (Supplementary Fig. 3D). Thus, inhibition of the Mdm2/
MdmX complex either by silencing of Mdm2 or MdmX or by phar-
macological inhibition leads to less FA formation. That the stable
shMdm2 cell line also displayed lower FA’s indicates that this impair-
ment can be stably maintained.

To understand if the process impacted by Mdm2/MdmX complex
inhibition is the formation or recycling of the FA we performed an FA
disassembly assay that indicates whether the recycling of FAs by the
microtubule network in cells is being altered. Since control cells or
cells silenced for Mdm2 responded similarly to treatment with noco-
dazole, an inhibitor of FA recycling, the disassembly of FAs was likely
not affected by Mdm2 modulation (Supplementary Fig. 3E).

Although we had linked Mdm2 functionally with FA formation,
when we probed the levels of several proteins known to be involved in
the formation of FAs, somewhat confoundingly none of those proteins
tested were significantly altered in response to Mdm2 knockdown or
MEL23 treatment (Fig. 3C, D). Having failed to identify any candidates
by focusing on FA components, we broadened our search by per-
forming an untargeted proteomic analysis of cells treated with MEL23
or transfected with siRNAs against Mdm2.

Modulation of Mdm2 levels or activity leads to changes in the
cell proteome associated with cell migration and cell-ECM
interaction

We treated HT1080 cells with two separate siRNAs or with MEL23 prior
to subjecting them to the proteomics protocol. Mass spectrometry
analysis revealed that levels of many proteins were significantly up- or
downregulated after silencing of Mdm2 or treatment with the inhi-
bitor. The volcano plots show all identified proteins and their sig-
nificance based on statistical analysis (Fig. 4A). Validation of the
conditions tested was reflected by levels of Mdm2 that were in
accordance with both the immunoblot analysis of proteomics samples
and the results of the proteomics analysis itself (Supplementary
Fig. 4A, B).

Comparison of significantly differentially expressed proteins
between the different conditions in the two groups (siRNA and drug)
showed that in the siRNA group (siRNA#1 and siRNA#2 vs. siCtrl), 799
proteins were differentially expressed, while in the drug group (MEL23
vs. DMSO) 1854 proteins were significantly altered (see heatmaps in
Supplementary Fig. 4C).

Surprisingly, analysis of the false discovery rate of the datasets
revealed that only eight proteins were modulated significantly by all
three conditions (Supplementary Fig. 4D). Further, for five of these, the
fold changes were inverse between drug and siRNA, i.e. one protein
was significantly upregulated by MEL23 treatment while the same
protein was found significantly downregulated by silencing of Mdm2
or vice versa (Supplementary Fig. 4E, pink and green rows). This would
not reflect a functional consequence of inhibition of the Mdm2/MdmX
complex. Only three proteins were commonly upregulated by all three
conditions (Supplementary Fig. 4E, blue rows), and none were found
significantly downregulated by all conditions.

Because of the low number of proteins regulated by all three
conditions, we performed pathway analysis examining proteins com-
monly regulated by at least two out of the three conditions (a total of
119 proteins). Reassuringly, two different pathway databases revealed
focal adhesions as one of the top pathways associated with the chan-
ges in the proteome of HT1080 cells in response to Mdm?2 inhibition
(Supplementary Fig. 4F).
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The Mdm2/MdmX complex regulates Sprouty4 expression and
localization

The three proteins that were significantly similarly regulated by all
conditions were: the lysine demethylase KDM3A, the deubiquitinase
OTUD], and the RTK signaling antagonist protein Sprouty4. Among
those three hits, Sprouty4 (Spry4) emerged as the most promising
candidate for further investigation since one of the main functions of
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this protein (and other members of the Sprouty/Spred family) in
cancer cells is the regulation of cell motility and migration*’. Spry4 is
one of four members of the Sprouty family (which includes Spry1, 2, 3,
and 4, as well as Spredl and 2) that have been shown to be key negative
regulators of Ras/ERK signaling. The expression and cancer relevance
of different Sprouty proteins varies amongst different tumor types*>*.,
This was supported by our analysis of TCGA and GTEX databases which
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Fig. 2 | Loss of Mdm2 function decreases individual and collective invasion in
3D and metastatic burden in vivo. A, B Tumor spheroid invasion in collagen
matrix after (A) transfection of HT1080 p53KO cells with siRNAs against Mdm?2 or
(B) treatment with MEL23. Representative images above and quantification below
of the area invaded and the number of cells invading 24 h after implantation.

C, D Tumor spheroid invasion in the collagen-BME matrix after (C) transfection of
HT1080 p53KO cells with siRNAs against Mdm?2 or (D) treatment with MEL23.
Representative images and quantification of the area invaded 24 h after implanta-
tion. Graphs show three pooled independent experimental replicates, the total
number of spheroids in each condition is: siCtrl = 10, siMdm2#1 = 15, siMdm2#2 =12
in panel (A); DMSO = 25, MEL23 =24 in panel (B); siCtrl =12, siMdm2#1 =14,
siMdm2#2 =15 in panel (C), and DMSO = 8, MEL23 = 9 in panel (D). E Representative
images of cell morphology of HT1080 p53KO cells transfected with siRNAs against
Mdm?2 or siCtrl in collagen matrix, 6 h after implantation. F Quantification of more
circular cells (circularity of 0.75 or higher) in each condition shown in (E), n=3

groups. The graph represents the average fold change of more circular morphology
in Mdm2 silenced cells compared to control in three independent experimental
replicates. More details about the quantification can be found in the method’s
session. G-1 HT1080 p53KO cells stably expressing shRNA scramble (shScramble)
or a pool of Mdm2 shRNAs (shMdm?2) were used to analyze metastatic burden using
mouse models. G Protein levels of Mdm2 and MdmX in HT1080 shScramble and
shMdm2 stable cell lines. -actin was used as a loading control. H, I Representative
images above and quantification below of metastatic foci in the lungs after
implantation of shScramble or shMdm?2 cells using (H) orthotropic model, n=4
mice/group or (I) tail-vein model, n = 8 mice/group. In all box and whisker plots the
boxes extend from 25 to 75 percentiles and whiskers show min and max values,
The line in the center of each box represents the median. Graphs shown in panels
(F, H, I) represent the mean * SD of independent experimental replicates. More
details about the statistical tests used can be found in the Source Data file.

showed that expression of the different Sprouty family members var-
ies in different tissues, as well as when tumors are compared to normal
tissue (Supplementary Fig. 5), suggesting that they play different roles
in tumorigenesis depending on the context. The same is seen for their
potential value as prognostic markers*®*,

In accordance with the differences seen in the proteomics analysis
(Supplementary Fig. 6A), Spry4 levels were significantly increased (-1.5
to 2-fold) in HT1080 p53KO cells that were treated with either siMdm2
or MEL23 measured by immunoblot (Fig. 4B and Supplementary
Fig. 6B). Furthermore, our stable HT1080 shMdm2 cells also displayed
increased Spry4 levels upon Mdm2 downregulation (Supplementary
Fig. 6C). Although HT1080 cells express other Sprouty family mem-
bers, including Spry2 as well as Spredl and 2, these were not differ-
entially expressed in response to Mdm2 siRNAs or MEL23 treatment as
determined by mass spectrometry (Supplementary Fig. 6D).

We continued to focus on Spry4 and asked whether Mdm2 or the
Mdm2/MdmX complex directly regulates Spry4 protein stability. For
that we performed a co-immunoprecipitation and, as expected, MdmX
was co-immunoprecipitated with Mdm2, however, Spry4 was not
pulled down with Mdm2, and the reverse co-immunoprecipitation
provided the same negative result (Fig. 4C). Further, cells treated with
the proteasome inhibitor MG132 revealed no change in Spry4 protein
levels in comparison to non-treated cells (Fig. 4C), which we confirmed
by densitometry in all independent experimental replicates (Fig. 4D).
By contrast, as expected, Mdm2 and MdmX, both known targets of the
proteasome, accumulated in the presence of MG132 (Fig. 4C, D). This
showed that Spry4 not only is not a direct binding-partner of Mdm2,
but also that the protein levels of Spry4 are not sensitive to protea-
somal inhibition.

We then determined that there was a significant increase in Spry4
mRNA in cells harboring siMdm2 or treated with MEL23 (Fig. 4E). The
stable shMdma2 cell line also showed a significant increase in Spry4
mRNA levels (Supplementary Fig. 6E). To understand which aspect of
Spry4 mRNA expression was being regulated by Mdm2 we tested both
the Spry4 promoter’s activation and Spry4 mRNA stability. Surpris-
ingly, both mRNA stability, as measured using two different tran-
scription inhibitors (Supplementary Fig. 6F, G), and Spry4
transcription, as determined by the reporter assay (Supplementary
Fig. 6H), were increased upon Mdm2 inhibition.

In addition to the effects of Mdm2 inhibition on Spry4 mRNA
expression, we found that the cellular localization of Spry4 protein was
altered in response to Mdm2 knockdown. While in control conditions,
Spry4 was localized preferentially to the perinuclear region, depletion
of Mdm?2 led to a more diffused cytosolic distribution of Spry4 both in
the transient (Mdm2 siRNA treated) and stable (shMdm2) cells (Fig. 4F
and Supplementary Fig. 6l).

Finally, to confirm that the results are not unique to HT1080 cells,
we found that knockdown of Mdm2 in H1299 cells (Fig. 5A) led to
decreased cell migration (Fig. 5B), decreased attachment to collagen

(Fig. 5C) and impaired FA formation (Fig. 5D). As seen in HT1080 cells,
Mdm2 silencing induced Spry4 expression at both protein and mRNA
levels (Fig. 5E, F) in H1299 cells, thereby extending our results to a cell
line which had evolved naturally to lack expression of p53. Further
physiological relevance of these observations was derived from ana-
lysis of patient samples from TCGA and GTEX databases which
revealed that Spry4 expression is decreased in lung cancers (both
squamous and adenocarcinoma) compared to normal lung tissues
(Supplementary Fig. 6)).

Sprouty4 regulation is required for Mdm2 to promote FA for-
mation and metastasis

Overexpression of Spry4 has been reported to decrease migration of
tumor cells***. In order to understand if the noted increase in Spry4
protein levels was linked to changes in cell migration induced by
Mdm2 inhibition, we tested the impact of reducing Spry4 under these
experimental conditions. Immunoblotting showed that in the double
knockdown (siMdm2 +siSpry4) both Mdm2 and Spry4 levels were
greatly diminished (Fig. 6A), although cell viability was unaffected by
depletion of either Mdm2 and Spry4 individually or together (Sup-
plementary Fig. 7A). Analysis of cell migration under the same condi-
tions revealed that co-silencing of Mdm2 and Spry4 completely
rescued the reduction in cell migration triggered by Mdm?2 silencing
alone (Fig. 6B). Spry4 knockdown also partially rescued migration in
MEL23-treated HT1080 pS3KO cells (Supplementary Fig. 7B). Co-
depletion of Mdm2 and Spry4 also rescued the impaired cell spreading
seen when Mdm2 alone was silenced, as shown by the restoration of
HT1080 p53KO cells” area (Fig. 6C). Importantly, the double knock-
down (siMdm2+siSpry4) led to the same FA pattern that was observed
in the control condition (siCtrl), showing that ablation of
Spry4 significantly rescued the FA impairment induced by siMdm2
(Fig. 6D). As confirmation we performed the migration rescue
experiment in H1299 cells and here too found that silencing of Spry4
was also able to rescue migration (Fig. 6E, F).

We then turned to determine whether the regulation of Spry4
expression by Mdm2 might be involved in the role of Mdm2 in
metastasis in vivo. For this, we generated cells stably co-expressing
shRNAs against Mdm2 and Spry4 which allowed us to compare out-
comes with the cells we had generated expressing shRNAs vs. Mdm2
alone. Confirmation of the silencing of Spry4 and Mdmz2 in these stable
cell lines was measured by immunoblotting (Fig. 6G) and a migration
assay confirmed that the stable cells behaved similarly to transiently
transfected cells in that the double knockdown of Mdm2 and Spry4
was able to rescue migration decreased by Mdm2 silencing alone
(Supplementary Fig. 7C). These experiments served as a prelude to the
lateral-tail-vein injection protocol that was performed as described in
Fig. 2I. Remarkably, using the same assay our results showed that
in vivo the silencing of Spry4 was able to completely rescue the effects
of Mdmz2 loss in metastasis formation in vivo (Fig. 6H). Controls with
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siRNAs and stable shRNAs against Spry4 alone were performed and are
shown in Supplementary Fig. 8 and reviewed in the Discussion section.

Sprouty4 regulates migration through a non-canonical
mechanism by downregulating RhoA in Mdm?2 silenced cells

As mentioned above, Sprouty family members are most well char-
acterized as negative regulators of Ras/ERK signaling*’, which led us to
measure ERK phosphorylation in HT1080 p53KO cells under our

experimental conditions. Surprisingly, Spry4 knockdown did not
affect ERK phosphorylation in HT1080 p53KO cells (Fig. 7A). We
investigated whether the increase in Spry4 levels induced by mod-
ulation of Mdm2 affected this signaling pathway and observed that
neither Mdm2 silencing nor the double knockdown (siMdm2 +
siSpry4) changed phosphorylation of ERK (Fig. 7B). As additional evi-
dence, we probed the phosphorylation of c-Myc at serine 62, a target
of phosphorylated (active) ERK kinase*¢, and did not detect changed
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phosphorylation of this residue upon Mdm2 silencing (Supplementary
Fig. 7D). This indicates that Spry4 might act through a non-canonical
pathway to induce the changes in cell migration in response to Mdm2
inhibition.

Other members of the Sprouty family, Spredl and Sprouty2, were
reported to regulate migration in an ERK-independent manner".
Specifically, the authors showed that cell motility was regulated by

Spredl through reorganization of the actin cytoskeleton by the reg-
ulation of RhoA, a member of the Rho family. As RhoA is known to be
associated with migration and focal adhesion density*®, we hypothe-
sized that Sprouty4 may regulate migration through RhoA and actin
reorganization.

Supporting this possibility was our observation that upon Mdm2
inhibition, either by using siRNA or MEL23, there was a significant
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Fig. 4 | The Mdm2/MdmX complex regulates the expression and subcellular
localization of Sprouty4. HT1080 p53KO cells were transfected with siRNAs
against Mdm2 or siCtrl for 24 h; or treated with 7 uM MEL23 or DMSO (vehicle) for
24 h. A Volcano plots show all proteins identified by mass spectrometry. Colored
dots represent significantly differentially expressed proteins that were down-
regulated (blue dots) and upregulated (red dots) in each condition shown at the left
of the plot. Gray dots represent non-significant changes. MEL23-treated cells were
compared to DMSO-treated cells. Cells transfected with siMdm2#1 or #2 were
compared to siCtrl-transfected cells, n =3 samples. Black arrows point to the
location of Spry4 in each Volcano plot. B Spry4 expression in HT1080 p53KO cells
in response to Mdm2 knockdown or treatment with MEL23 for 24 h by immuno-
blotting. B-actin and a-tubulin were used as loading control for immunoblot,
n=6 samples. C Co-immunoprecipitation of Mdm2 and Spry4 in the presence or
absence of MG132. 3-actin was used as a loading control. Mdm2 was pulled down by

using either a mix of antibodies against Mdm2 (4B11, 3G5, and 2A9) that recognize
different domains within the protein, this condition was called “mix”, or by using a
single monoclonal antibody D1V2Z, this condition was called “DIV”, n=3 samples.
D Quantification of Spry4, Mdm2, and MdmX protein levels after treatment with
MG132 (or vehicle, DMSO) for 4 h, n =3 samples. E Spry4 mRNA levels in response
to Mdm2 knockdown (n =5 samples) or treatment with MEL23 for 24 h

(n=4 samples). RPL32 was used as housekeeping. F Localization of Spry4 in
HT1080 p53KO cells in response to Mdm2 knockdown. Immunofluorescence
showed Spry4 staining (green), the cell surface was outlined by phalloidin staining
(orange), and nuclei (blue) were detected by DAPI staining of DNA, n=3 groups.
Graphs shown in (D, E) represent the mean + SD of independent experimental
replicates. More details about the statistical tests used can be found in the Source
Data file.

decrease in RhoA protein levels (Fig. 7C and Supplementary Fig. 7E) as
well as less detectable alpha-smooth muscle actin (a-SMA), a down-
stream target of RhoA (Supplementary Fig. 7F). The level of RhoA
mRNA, however, was unchanged (Fig. 7D and Supplementary Fig. 7G).
To understand the sequence of events connecting Mdm2, Spry4, and
RhoA, we checked if RhoA and Mdm2 were interacting directly. While,
as expected, Mdm2 and MdmX could be co-immunoprecipitated, we
were unable to show such an association between RhoA and Mdm2
(Fig. 7E). Strikingly, however, Spry4 upregulation was required for the
decrease in RhoA levels upon Mdm2 knockdown, as co-depletion of
Mdm2 and Spry4 together fully restored RhoA levels found in the
control condition (Fig. 7F).

These observations led us to ask if RhoA is involved in the effects
of Mdm2 in migration, and for this, we used a RhoA inhibitor, Rhosin.
Treatment with Rhosin reduced migration under control conditions,
mimicking what happens when Mdm?2 is silenced. When cells were
depleted of Mdm2 the addition of this inhibitor did not affect migra-
tion (which was already decreased by Mdm2 knockdown). Remarkably,
while co-knockdown of Mdm2 and Spry4 was able to rescue the effects
of Mdm2 silencing, when RhoA was also inhibited, the co-knockdown
of Mdm2 and Spry4 failed to rescue migration (Fig. 7G and Supple-
mentary Fig. 7H). Taken together, our findings strongly suggest that
RhoA is involved in the effects of Mdm2 on migration through Spry4.

The Rho family regulates actin dynamics through cofilin
phosphorylation***° and Spry4 has been reported previously to reg-
ulate phosphorylation of Cofilin-1%, an important event in actin fila-
ment dynamics that is involved in FA stability*’. Indeed, we observed
that Mdm2 knockdown significantly decreased Cofilin-1 phosphoryla-
tion, and this was rescued by the co-knockdown of Mdm2 and Spry4 in
HT1080 p53KO cells (Fig. 7H) and H1299 cells (Supplementary Fig. 71).
Staining for filamented (F-actin) and monomeric (G-actin) actin
showed that silencing of Mdm2 favored monomeric actin, which was
partially but significantly reversed in the double knockdown condition
(Fig. 71), supporting our other observations of altered cofilin
phosphorylation.

Taken together, our findings point to the regulation of Spry4 by
Mdma2 as a critical molecular mechanism by which Mdm2 knockdown
leads to impaired cell attachment, cell migration, FA formation, and
development of metastasis in vivo in HT1080 cells. Further, Spry4
involvement in the regulation of RhoA, and not ERK activation, is at
least one of the mechanisms by which Mdm2 regulates metastasis in
our experimental model.

Discussion
Mdm2 regulates several activities involved in tumorigenesis, one of
which is migration of cancer cells. We bring several new findings
concerning the mechanism by which Mdm2 regulates migration and
metastasis in cells that do not express p53.

First, our data strongly support the likelihood that the E3 ligase
activity of the Mdm2/MdmX complex is involved in the cellular

processes we have studied. Second, Mdm2 is required for robust FA
formation in order to maintain the attachment of cells to the ECM and
this likely does not involve regulation of EMT. Third, we find that
Mdm2 suppression of Spry4 in the cells that we have studied is critical
for Mdm2 regulation of migration, FA formation, and metastasis.
Fourth, our findings implicate RhoA signaling as a key target of Spry4
that needs to be counteracted by Mdm2.

We discuss the ramifications of these conclusions below.

The E3 ligase activity of the Mdm2/MdmX complex is required for
Mdm2 to promote migration and invasion. To date, those studies
reporting regulation of Mdm2 altering cell migration have modulated
Mdm2 protein levels, either by overexpression of exogenous Mdm2,
by silencing of the protein using short hairpin or small interference
RNAs or by using inhibitors of Mdm2 such as SP141® and
InulanolideA™, that reduce Mdm2 protein levels. Although it is clear
that modulation of Mdm2 protein levels leads to changes in cell
migration, information as to whether the E3-ligase function of the
Mdm2/MdmX complex is required for this process is lacking. MEL23,
an inhibitor of the Mdm2/MdmX complex E3 ligase activity, which
leads to the accumulation of inactive Mdm2 and MdmX®°, recapitu-
lates all the effects observed in response to Mdm2 silencing.

Further, MdmX silencing reproduces the effects of Mdm2 down-
regulation; the effects of MdmX silencing on Mdm2 levels, however,
vary from cell line to cell line®, and silencing of MdmX in HT1080 cells
leads to downregulation of Mdm2%. This needs to be taken into con-
sideration when analyzing the role of MdmX in the phenotype.
Because MdmX levels also decreased Mdm2 protein, we cannot
exclude the possibility that part of the effect observed in siMdmX
conditions is due to Mdm2 decrease and not only because of MdmX
knockdown. Nevertheless, our results together strongly point to the
involvement of the E3-ligase activity in the regulation of cell migration
and related phenotypes induced by Mdm2.

The proteomics analysis of significantly differently regulated
proteins in response to Mdm2 knockdown using siRNA or MEL23
treatment provided us with potentially interesting insights into the
complex-dependent and -independent functions of Mdm2. While a
few proteins were found to be regulated in the same manner by MEL23
and Mdm2 siRNAs, showing a correlation with the function of the
Mdm2-X complex, other proteins were inversely modulated by MEL23
treatment or Mdm2 knockdown. The latter case may suggest regula-
tion associated with Mdm?2 levels but not its E3-ligase function, since
MEL23 treatment leads to increased Mdm2 levels while lower Mdm?2
levels are seen upon Mdm?2 silencing by siRNAs. Further investigation
of those proteins could reveal interesting roles of Mdm2 independent
of its E3-ligase activity as has been described by other groups”.

Mdm2 is required for focal adhesion formation in HT1080 cells.
Focal adhesions are essential structures involved in cell anchorage that
connect the cell cytoskeleton with membrane receptors which are in
contact with the extracellular environment. As such, their function is
intrinsic to cell invasion and metastasis. Formation of FAs has been
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impact of Mdm2 inhibition, EMT/MET does not seem to be required for
Mdm2 regulation of migration, invasion, and metastasis in our
experimental conditions. That said, we do not discard the possibility
that in other cell types EMT/MET may be a significant contributing
factor. The same applies to FAs, where, although we demonstrate this
regulation happens in two different cell types, more studies are nee-
ded to determine the generalizability of our findings.
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Fig. 5 | Mdm2 knockdown decreases cell migration, attachment to the ECM,
and FA formation while induces expression of Sprouty4 in naturally p53 null
lung adenocarcinoma cell line. H1299 cells were transfected with siRNAs against
Mdm?2 and siCtrl. A Protein levels of Mdm2, MdmX, and p53 after. -actin was used
as a loading control, n =4 samples. B Cell migration assay. Representative images
(top) and quantification (bottom) of wound scratch migration assay, n =3 groups.
C Quantification and representative micrographs showing attachment to ECM
component, collagen I, n =3 samples. D Immunofluorescence showing FA foci by
vinculin staining (red), cell surface was outlined by phalloidin staining (green), and

nuclei (blue) detected by DAPI staining of DNA, n = 3 groups. Representative images
are shown on the left, and the quantification of FA parameters is shown on the right.
E Protein levels of Spry4 as well as Mdm2, MdmX, and p53 after Mdm2 silencing
using siRNAs. B-actin was used as a loading control, n =4 samples. F mRNA levels of
Spry4 after Mdm2 silencing using siRNAs, n =3 samples. RPL32 was used as
housekeeping. Graphs shown represent the mean + SD of independent experi-
mental replicates. More details about the statistical tests used can be found in the
Source Data file.

Methodological insights derived from untargeted proteomics. We
were able to identify Sprouty4 as a protein involved in the regulation of
migration by Mdm2 based on our exploratory proteomics analysis.
Although for our purposes, this approach was sufficient, as we were
able to identify hits commonly differentially expressed in cells inhib-
ited for Mdm2 by different strategies, we acknowledge that based on
the statistical power of our experimental design, using three inde-
pendent experimental replicate,s it is possible we overlooked true
positives in this experiment.

While the proteomics analysis revealed a small number of differ-
entially expressed proteins as a result of Mdm2/MdmX complex inhi-
bition using different strategies, the number of common hits was lower
than anticipated. First, off-target effects of siRNAs have been well
described in the literature®>®* and can influence the panel of sig-
nificantly modulated molecules. Indeed, when comparing the two
siRNAs, we saw far fewer common differentially expressed proteins
(DEPs) than expected, given that both siRNAs targeted the same pro-
tein with apparently similar efficiency. Second, knockdown induced by
siRNAs does not fully obliterate Mdm2 expression and the residual
protein might be sufficient to prevent reaching significance for some
proteins in the siRNA conditions, while a pharmacological inhibitor
might reach every Mdm2 molecule. Indeed, MEL23 treatment elicited a
much greater number of differentially changed proteins than either
siRNA (Supplementary Fig. 4).

Considerations on the regulation and modulation of Sprouty4 in
migration and metastasis. We establish in this work an association
between Mdmz2 and the Sprouty protein family, specifically with Spry4.
Although we show evidence that Spry4 expression is caused by chan-
ges in mRNA being the focus of Mdm2 regulation, we could not rule
out as well an effect of Mdm2 on Spry4 protein turnover. It is difficult
to assess Spry4 protein stability using cyclohexamide in our experi-
mental conditions due to the very short half-life of Mdm2 (-2 h).
However, our experiments with the proteasome inhibitor
MG132 suggest that regulation of Spry4 protein levels do not require
proteasomal activity. Furthermore, consistent with our findings, iron
depletion reportedly increases the expression of Spry4 by increasing
both transcription and stability of Spry4 mRNA®*.

Overexpression of Spry4 leads to decreased cell migration in the
majority of cell models tested to date*>** % with a few reports
showing no significant  difference in  migration after
overexpression®®’®, By contrast, migration in response to Spry4
knockdown was found to have widely varying effects in different stu-
dies, ranging from increasing cell migration®>”*”, to having no effect
on the process” or even having the opposite effect, where silencing of
Spry4 led to decreased migration’*”, This reinforces the context
dependence of Sprouty family members and, more specifically, Spry4.
In fact, we found that silencing of Spry4 alone led to decreased
migration in HT1080 cells (Supplementary Fig. 8A, B), which was
unexpected when considering that when silenced together with Mdm2
complete migration was restored. Breast cancer cells depleted of
Spry4 were reported to increase the metastatic burden in mice”, while
we found that shSpry4 stable cell lines barely metastasized to the lungs
using our fibrosarcoma model (Supplementary Fig. 8C, D). It is notable
that while cell migration was decreased in siSpry4-silenced cells, cell
area or FA formation were not altered (Supplementary Fig. 8E, F),

thereby indicating that while siMdm2 alone and siSpry4 alone each
lead to reduced migration, they are likely working through different
pathways.

Although Sprouty family members are most well understood as
negative regulators of receptor tyrosine kinases (RTKs), through Ras/
Raf/ERK activation*®’>’"’, these proteins have been shown to play
non-canonical functions in cells as well. Spry4, in particular, has been
shown to regulate different kinases/kinase-driven pathways, including
PI3K/Akt”, PLC/PIP,”®, c-Src*’, and TESK1” independently of their
activity on the Ras/Raf/ERK pathway. We demonstrate here that in
HT1080 cells, changes in Spry4 do not lead to modulation of ERK
phosphorylation (Fig. 7A, B), pointing to a non-canonical Spry4 func-
tion in regulating migration in this context.

Previously, Gao et al. found a link between Spry4 and Mdm2¢/,
although the authors of that study described the opposite regula-
tion shown by us, where Spry4 can regulate the expression of Mdm2
in colorectal cancer cells. Although their data, together with ours
might suggest the existence of a feedback loop between Mdm2 and
Spry4, in our model while transient silencing of Spry4 does slightly
increase the expression of Mdm2 (Supplementary Fig. 8A), this
difference was not observed in the stable shMdm2 cell line (Sup-
plementary Fig. 8C).

Mdm2 and promotion of tumor metastasis. Mdm2’s role in pri-
mary tumor growth kinetics is still somewhat controversial, with
reports of Mdm2 inhibition leading to decreased tumor mass in one
study”® and data showing no difference in tumor volume after
Mdm?2 silencing in another?. Hauck and colleagues showed that
silencing of Mdm2 leads to decreased tumor volume in MDA-MB-231
cells, but the tumor growth using an MDA-MB-231-derived cell line,
TMD231, is not impacted by Mdm2 knockdown”. Its role in metas-
tasis, however, is more consistent with reports of decreased circu-
lating tumor cells as well as decreased metastatic burden when
Mdm?2 is decreased”"5*>%,

We found that Mdm2 knockdown affects tumor growth in vivo
(Supplementary Fig. 2E, F), which might make it difficult to uncou-
ple the roles of Mdm?2 in cell migration, attachment, and metastasis
alone. However, cell cycle analysis of HT1I080 p53KO stable cell lines
showed that while silencing of Mdm2 leads to cell cycle arrest, the
double silencing of Mdm2 and Spry4 does not rescue this effect
(Supplementary Fig. 7]) despite their co-depletion being able to
rescue cell migration and metastasis in vivo (Fig. 6F, H). This result
indicates that Spry4 is not involved in the growth-related effects of
Mdm2 ablation and that the rescue of metastasis formation seen
upon Spry4 co-depletion is independent of the cell cycle arrest
induced by inhibition of the Mdm2/MdmX complex. This conclu-
sion is supported by our in vitro results showing that cell migration
is affected by Mdmz2 inhibition even in non-proliferating cells (due
to treatment with mitomycin-C) (Figs. 1C, D, 5B, 6B, F, 7G and
Supplementary Figs. 1C, 2B, 7B, C, H). This is also supported by Gao
and colleagues, who reported differences in metastatic burden
when modulating Mdm2 while tumor growth is unaffected in their
model*.

Our work poses several questions. How does Sprouty4 regulate
RhoA levels? Does Mdm2 regulate the expression of other Spred-
Sprouty family members and is such regulation required for Mdm2
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roles in migration and metastasis in different contexts? Finally, how
can our findings be exploited for clinical benefit? Our findings
reveal the potential of targeting Mdm2 for cancer treatment with a
special gain for some patients in advanced stages of the disease.
While most inhibitors of Mdma2 in clinical trials target tumors with
wild-type p53 with drugs that dissociate Mdm2 and p53, we suggest
that blocking the E3 ligase function of Mdm2 might have more

Number of RFP* metastatic colonies

30
p>0.9999

20

o

general therapeutic benefits that could positively affect even
patients with mutated p53.

Methods

Ethical statement

All animal studies were approved by the Columbia University Institu-
tional Animal Care and Use Committee.
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Fig. 6 | Knockdown of Sprouty4 rescues changes in cell migration, FA forma-
tion, and metastasis resulting from loss of Mdm2. A-D HT1080 p53KO cells were
transfected with siRNA against Mdm2 alone or both siRNA against Mdm2 and a pool
of Spry4 siRNAs. A Protein levels of Mdm2, MdmX, and Spry4 after transfection
with indicated siRNAs, n =3 samples. B-actin was used as a loading control.

B Quantification of wound scratch migration assay in cells treated with the indi-
cated siRNAs as in Fig. 1C, n =3 samples. C Quantification of cell area after
attachment to collagen-coated coverslips as in Fig. 1E, n =3 samples. D Immuno-
fluorescence showing FA foci by vinculin staining (red), cell surface was outlined by
phalloidin staining (green), and nuclei (blue) as detected by DAPI staining, n=3
groups. Representative images are shown on the left, and the quantification of FA
parameters is shown on the right. In (C, D) the graphs shown represent mean + SD
of independent experimental replicates and in each replicate all parameters were
quantified in at least 20 events/condition for total of at least 60 events/condition.

E, F H1299 cells were transfected with siRNA against Mdm2 alone or both siRNA
against Mdm2 and a pool of Spry4 siRNAs. E Protein levels of Mdm2, MdmX, and
Spry4 after transfection with indicated siRNAs. -actin was used as a loading con-
trol, n=3 samples. F Quantification of wound scratch migration assay comparing
migration into wound scratches in cells treated with the indicated siRNAs as in
Fig. 1C, n=3 samples. G, H HT1080 p53KO cell lines were established stably
expressing a pool of shRNAs against Mdm2 alone or Mdm2 and Spry4 together.
G Protein levels of Mdm2, MdmX, and Spry4 in stable cell lines. 3-actin was used as a
loading control, n=3 samples. H Analysis of metastatic burden in vivo using tail-
veininjection model as in Fig. 2H, . Representative images above and quantification
below of metastatic foci in the lungs after 8 weeks of injection, n =7 mice/group.
The graphs shown represent the mean + SD of independent experimental repli-
cates. More details about the statistical tests used can be found in the Source
Data file.

Chemicals and reagents

Antibodies: Primary and secondary antibodies used for immunoblot-
ting were at 1:1000 and 1:2000 dilution, respectively. Antibodies anti-
Mdm2 (cat.#86934), anti-N-cadherin (cat.#13116S), anti-tensin-2
(cat.#11990), anti-talin-1 (cat.#4021), anti-vinculin (cat.#4650), anti-
paxillin (cat.#12065), anti-alpha-actinin (cat.#6487), anti-focal adhe-
sion kinase (FAK) (cat.#3285), anti-integrin betal (cat#9699), anti-
cofilin-1 (cat.#5175T), and anti-p-cofilin-1 (Ser3) (cat.#3313T) were
purchased from Cell Signaling Technology. Anti-B-actin (A2066 and
A2228), anti-fibronectin (cat.#F3648), anti-mouse peroxidase
(cat.#A4416), and anti-rabbit peroxidase (cat.#A6154) were purchased
from Sigma-Aldrich. Anti-E-cadherin (cat.#sc-8426) and anti-RhoA
(cat.#sc-418) were purchased from Santa Cruz Biotechnology. Anti-p-
FAK(Tyr397) (cat.#05-1140) was purchased from Millipore. Anti-
laminin (cat.#AHP2491) was purchased from Bio-Rad. Anti-a-tubulin
(cat.#AA4.3) was purchased from DSHB. Anti-sprouty4 (cat.#A04343-
2), anti-integrin alpha-3 (cat#A02902), and anti-integrin alpha-2
(cat#A01933-2) were purchased from Boster Biological Technology.
Anti-vinculin  AlexaFluor647  (cat.#ab196579) and anti-Ki67
(cat.#ab16667) were purchased from Abcam. Phalloidin Alexa Fluor
Plus 555 (cat.#A30106) was purchased from Thermo Fisher Scientific.
Goat anti-rabbit IgG (H + L) biotinylated secondary antibody (cat.# BA-
1000-1.5) was purchased from Vector Laboratories. FITC anti-CD51/61
(cat.#304403), PE anti-CD49e (cat.#328009), APC/Cyanine7 anti-
human CD18 (cat.# 302133), APC anti-CD29 (cat.# 303007), and FITC
anti-CD49b (cat.# 359305) were purchased from BioLegend. Anti-p53
DO-1and 1801 were purified from hybridomas produced in-house. Anti-
MdmX mAb 8Cé6 was produced in Dr. Jiandong Chen’s lab and kindly
gifted to our group.

Constructs: For Mdm2 transient knockdown cells were trans-
fected with Silencer Select siRNA s8630 (siMdm2#1) or s224037
(siMdm2#2). For MdmX knockdown cells were transfected with Flex-
iTube siRNA Mdm4 (cat.#S100037163, siMdmX#4) from QIAGEN or
costume siRNA against MdmX (siMdmX#1, sequence: 5-AGAUU-
CAGCUGGUUAUUAA-3) from Sigma-Aldrich. For Spry4 knockdown
cells were transfected with a pool of 3 siRNAs against Spry4 (s37824,
$37825, and s37826). Silencer Select Negative Control siRNA #1
(cat.#4390843) was used as transfection control. All siRNAs but the
ones against MdmX were purchased from Ambion and transfection
was done using Lipofectamine RNAiMax transfection reagent
(cat.#13778150, Thermo Scientific). Stable cell lines were established
transducing cells with a set of 4 shRNAs against Mdm2 (Origene,
cat.#TL311529) or shRNA negative control (Origene, cat.#TR30021)
and using the adequate drug for cell selection. For shSpry4 stable cell
lines, cells were transduced with a set of four shRNAs against Spry4
(OriGene, cat.#HC108594) or shRNA negative control (OriGene,
cat.#TR30033), and using the appropriate drug for cell selection.

Drugs and other reagents: MEL23 (Sigma-Aldrich, cat#373227),
MG132 (Selleck Chemicals, cat.#S2619), Accutase (Thermo Fisher Sci-
entific, cat.#ICN1000449), Actinomycin D (Cayman Chemichals,

cat#11421), DRB (Sigma-Aldrich, cat#D1916), CellTracker dye (Thermo
Fisher Scientific, cat.#C34551), pepsin-treated (PT) bovine type I col-
lagen (Advanced BioMatrix, cat.#5010), growth factor-reduced Phenol
Red-free BME/Matrigel (8.9-10 mg/ml solution from BD Biosciences),
DMEM solution (10x), NaOH (1N) and sodium bicarbonate solution
(7.5%) (Sigma-Aldrich), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (1M) (Invitrogen, cat#15630080), CellMask
membrane dye (Thermo Fisher Scientific, cat.#C10045), Alexa Fluor
Plus 555 Phalloidin (Thermo Fisher Scientific, cat.#A30106), Molecular
Probes Deoxyribonuclease I Alexa Fluor 488 Conjugate (Thermo Fisher
Scientific, cat.#D12371).

Cell culture

The human fibrosarcoma cell line HT1080 was obtained from Dr. Brent
Stoclwell and CRISPR-engineered to produce the isogenic HT1080 p53
knock-out (KO) cells.**. These cells were grown in Dulbecco’s modified
Eagle’s Medium (DMEM) (cat.#12100-061, Gibco) supplemented with
10% heat-inactivated fetal bovine serum (FBS) (cat.#900108H,
Gemini), 100 units of penicillin, and 100 mg/ml streptomycin
(cat.#15140122, Thermo Scientific). The human lung adenocarcinoma
H1299 was purchased from ATCC (cat.#CRL-5803). H1299 cells were
grown in RPMI 1640 medium (cat.#11875119, Thermo Scientific) sup-
plemented with 10% heat-inactivated FBS, 100 units of penicillin, and
100 mg/ml streptomycin. Cells were maintained at 37 °C with 5% CO,
and were sub-cultured using trypsin-EDTA (cat.#15090-046, Gibco)
every 2 or 3 days. All cells used in this work were previously tested for
mycoplasma contamination and found to be negative.

Mdm2 and Mdm2/Spry4 knockdown stable cell lines

To perform in vivo experiments, we established an Mdm2 knock-
down and an Mdm2/Sprouty4 double knockdown stable cell line, as
well as control cell lines expressing shScramble contructs. For the
single Mdm2 knockdown, HT1080 p53KO cells were transduced
with lentivirus carrying a pool of shRNAs against Mdm2 (4 different
shRNAs purchased from OriGene, cat.#TL311529) or shScramble
sequence as control (OriGene, cat.#TR30021). Constructs co-
expressed GFP. Stable cell lines were generated by selecting trans-
duced cells with 1pg/ml puromycin for 72 h. Cells were kept on
media with a lower concentration (0.5 pg/ml) of puromycin after
selection for 1 week, then challenged with 1 ug/ml puromycin every
4 weeks in culture. Newly established cell lines were sorted for GFP-
positive cells.

For the double knock-down, cells expressing shMdm2 or
shScramble were transduced with lentivirus carrying a pool of shRNAs
against Sprouty4 (four different shRNAs purchased from OriGene,
cat.#HC108594) or shScramble sequence as control (OriGene,
cat.#TR30033). Constructs co-expressed RFP. Stable cell lines were
generated by selecting transduced cells with 5pug/ml blasticidin for
96 h. Cells were kept on media with a lower concentration (2 ug/ml) of
blasticidin after selection for one week then challenged with 5 ug/ml
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Fig. 7 | Sprouty4 acts through a non-canonical pathway, by regulating RhoA
levels, to induce the effects of Mdm2 knockdown in cell migration. A, B Effect of
Spry4 modulation in the phosphorylation of ERKs in HT1080 p53KO cells. Protein
levels of phospho-ERK and total ERK levels (A) after Spry4 silencing using a pool of
siRNAs and (B) in response to silencing of Mdm2 alone or Mdm2 and Spry4 toge-
ther. C, D RhoA modulation in HT1080 p53KO cells transfected with siRNAs against
Mdm?2 or treated with MEL23. C Protein levels and (D) mRNA levels of RhoA after
transfection with indicated siRNAs (n =3 samples) or treatment with MEL23

(n=3 samples) for 24 h. B-actin was used as a loading control for immunoblots.
RPL32 was used as a housekeeping control for qPCR. E Immunoprecipitation of
Mdm?2 in the presence of MG132. Lysates were probed for the presence of RhoA,
and MdmX was used as a positive control. Mdm2 was pulled down by using a mix of
antibodies against Mdm2 that recognize different domains within the protein.

F RhoA protein levels in HT1080 p53KO cells transfected with siRNAs against Mdm2

alone or against Mdm2 and Spry4. a-tubulin was used as a loading control.

G Quantification of wound scratch migration assay comparing cells transfected
with siRNAs against Mdm2 alone or against Mdm2 and a pool of Spry4 siRNAs in the
presence or absence of the RhoA inhibitor Rhosin (50 uM) for 24 h. The graph
represents mean + SD, n =3 technical replicates. The graph for the other two
independent experimental replicates can be found in the supplementary material.
H Immunoblot of levels of total and phospho-cofilin-1(Ser3) in HT1080 p53KO cells
silenced for Mdm2 alone or with double KD of Mdm2 and Spry4.

I Immunofluorescence showing F- (red) and G-actin (green) staining. Nuclei (blue)
as detected by DAPI staining, n =3 groups. Representative images (left) and
quantification of F/G ratio (right). Graph represents mean + SD of independent
experimental replicates, in each replicate the F/G-actin ratio was quantified in at
least 30 events/condition for a total of at least 90 events/condition. More details
about the statistical tests used can be found in the Source Data file.
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blasticidin every 4 weeks in culture. Newly established cell lines were
sorted for GFP- and RFP-positive cells.

Cell viability

To ensure the treatments used in this work did not interfere with cell
viability, cells were stained with Trypan Blue (Bio-Rad, cat.#1450011)
48 h after transfections with siRNA or after 24 h of treatment with
MEL23 or vehicle. Cell viability in 3D was determined using CellTiter
Glo (Promega, cat.#G9681) according to the manufacturer’s instruc-
tions. Luminescence was measured by a BioTek SynergyH1 Hybrid
Reader.

Immunoblotting

After the desired treatments, cells were harvested with trypsin, pel-
leted, and lysed in RIPA buffer (50 mM Tris, pH 8, 0.5% deoxycholate,
0.1% SDS, 1% Nonidet P-40, 5mM EDTA, and 150 mM NaCl) along with
protease and phosphatase inhibitors. Samples were loaded in equal
protein amounts and polypeptides were separated by SDS-PAGE.
Proteins were transferred to a PVDF membrane (IPVHO0O010, Immo-
bilon, Millipore) and blocked for 1h with Tris-buffered saline con-
taining 0.05% Tween 20 and 3% bovine serum albumin. Membranes
were incubated overnight at 4 °C with primary antibody followed by
three washes with Tris-buffered saline, 0.05% Tween 20. A secondary
HRP-conjugated antibody was added and incubated for 1h at room
temperature (RT). After washes, blots were visualized by chemilumi-
nescence detection using chemiluminescent horseradish peroxidase
reagents (Thermo Fisher, Pierce, cat# 32106 or EMD Millipore,
Immobilon, cat# WBKLS0050) according to the manufacturer’s
instructions. Quantification of protein expression was performed
using ImageJ software. Molecular weight markers are indicated on the
right side of each blot shown in the figures. All uncropped and
unprocessed scans of all blots in Figures can be found in the Source
Data file.

Co-immunoprecipitation

Cells were seeded in 10 cm dishes, and after desired treatments, MG132
was added for four hours, followed by lysing samples in NP-40 lysis
buffer. Lysates (400 ug of protein) were then incubated with primary
antibody or IgG control antibody for 2 h at 4 °C with constant rotation,
followed by 1h incubation with Protein G agarose beads (Millipore,
catalog no. 16-266) at 4 °C with constant rotation. Beads were washed
four times with lysis buffer or PBS then protein was eluted from beads
with Laemmli buffer and boiled for 5 min. Samples were analyzed by
immunoblotting. All uncropped and unprocessed scans of all blots in
Figures can be found in the Source Data file.

Quantitative real-time PCR (qPCR)

Total RNA was isolated using a Qiagen RNeasy Minikit (Qiagen,
cat.#74106) according to the manufacturer’s instructions. A total of
1 g of RNA was used for reverse transcription (RT) using QuantiTect
Reverse Transcription Kit (cat.#205311). The cDNA products were
diluted (1:10) with nuclease-free water and analyzed by qPCR using
Power SYBR Green PCR Master Mix (Applied Biosystems,
cat.#4368708) according to the manufacturer’s instructions. Quanti-
tative PCR analysis was performed using the following protocol:
polymerase activation and DNA denaturation for 30 s at 95 °C; ampli-
fication denaturation for 5s at 95°C and annealing for 30 s at 60 or
62 °C with 40 cycles; and melt curve 65-95°C with 0.5 °C increment
5s/step. The quantification cycle (Cq) value was recorded by StepOne
software. Relative changes in cDNA levels were calculated using the
comparative Ct method (AACT method). Transcripts were normalized
to RPL32. Primers for SPRY4: forward 5-~AGAAGTGTACTGAAGGGAC
TGGAG-3’; reverse 5-GTGTGTAGACCACCAAGATCACC-3. Primers for
MDM2: forward 5-TTGGCGTGCCAAGCTTCTCT-3, reverse 5-TACCT-
GAGTCCGATGATTCC-3'. Primers for ARGL: forward 5-GTCTGTGGGA

AAAGCAAGCG-3, reverse 5-CACCAGGCTGATTCTTCCGT-3'. Primers
for RPL32: forward 5-TTCCTGGTCCACAACGTCAAG-3’; reverse 5-TG
TGAGCGATCTCGGCAC-3'.

Immunofluorescence

Cells were seeded in six-well plates and, after desired treatments, were
detached using PBS-EDTA 5 mM and reseeded onto coverslips. For cell
spreading analysis and focal adhesion staining, cells were fixed 6 h
after seeded in collagen | coated (Advanced BioMatrix, cat.#5056)
coverslips. Once ready to be processed, cells were fixed and permea-
bilized in one step with paraformaldehyde (PFA) 4% - 0.2% Triton X-100
for 10 min at room temperature. After washes with PBS, cells were
blocked in PBS-1%-BSA for 30 min and incubated with anti-vinculin
antibody overnight in a humid chamber. Coverslips were then washed
with PBS and incubated with fluorescent phalloidin for 1h RT, washed
with PBS, and incubated with DAPI (5 uM) for 10 min. Coverslips were
mounted and micrographs were acquired using ZEISS LSM800.
Quantifications were performed using Fiji software. Vinculin foci were
used for the quantification of FAs after the exclusion of the nuclear
area. The number of vinculin foci and their area in individual cells were
quantified in an automated manner using Fiji software. To prevent the
influence of background, FA were quantified using an exclusion cri-
terion of a minimum size of 0.2 micron’.

Focal adhesion disassembly assay and FA quantification

The disassembly of FAs was assessed using the protocol described by
Ezratty et al.”’. Briefly, cells were seeded in 6-well plates, after desired
treatments cells were detached using PBS-EDTA 5 mM, washed with
FBS-free media and reseeded in coverslips. Cells in complete media
were used as a positive control for the presence of FAs (control con-
dition). The day after reseeding, nocodazole (10 uM) was added
(nocodazole condition) or not (serum starved condition) for 4 h then
washed out with FBS-free media, and cells were incubated in FBS-free
media for another 30 min at 37 °C with 5% CO, (washout condition).
Cells were then fixed and permeabilized for immunofluorescence as
described above.

Quantification of images considered “cells presenting FA” as cells
showing 15 or more FA foci. The graph shows cells “presenting FA” as a
percentage of the total number of cells counted. To prevent the
influence of the background, FA were quantified using an exclusion
criterion of a minimum size of 0.2 micron®. Quantifications were per-
formed using Fiji software.

F/G-actin staining

Filamented actin (F-actin) was stained using fluorescently-conjugated
phalloidin while monomeric actin (G-actin) was probed using
fluorescently-labeled DNase 1. Cells were fixed in PFA 4% for 10 min,
washed with PBS and permeabilized with PBS-0.12% Triton X-100 for
Smin RT. After washes with PBS, cells were incubated with a fluor-
escent phalloidin and DNAse I in the manufacturer’s suggested con-
centrations for 1h RT, washed with PBS, and incubated with DAPI for
10 min. Coverslips were mounted and micrographs were acquired
using ZEISS LSM800. Quantifications were performed using Fiji
software.

Cell motility/migration assay

Cell migration was measured by the wound scratch assay. Briefly, cells
were seeded in six-well plates and allowed to reach 100% confluence.
The confluent layers were each subjected to a scratch with a 200 pl tip,
then washed and media added back. HT1080 cells were serum starved
and treated with 2 ug/ml mitomycin-C, while H1299 cells were kept in
2% FBS-RPMI with 2 pg/ml mitomycin-C for the entire duration of the
experiment. At the time of scratching, O h micrographs were taken and
after the indicated time intervals, micrographs of the same points in
the wound were taken for comparison. Quantification of wound area
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was performed using Fiji software. At O h, the images were considered
to have 100% wound areas.

Determination of cell size in solution and expression of integrins
in the membrane by flow cytometry

To analyze cell size in solution, cells (2.5 x 10°) were seeded in 6-well
plates. After desired treatments cells were detached using PBS-EDTA
and cell size was analyzed by forward scatter (FSC) by flow cytometry
in a FACS Celesta, using FACS diva software (BD).

For quantification of integrin expression at the cell surface, cells
(2.5x10°) were seeded in six-well plates. After 48 h treatment with
siRNAs against Mdm2 cells were detached and stained using
fluorescent-conjugated antibodies against integrins alpha-2, alpha3,
alphaVbeta3, beta2, and betal. Briefly, cells were detached using PBS-
EDTA 5 mM and washed with FACS buffer (HBSS 1%BSA 0.1% sodium
azide). Samples were then blocked using 10% Normal Goat Serum
(Invitrogen, cat# 50062Z7), followed by incubation with conjugated
antibodies. Next, samples were washed twice with FACS buffer and
resuspended in the same buffer for analysis by flow cytometry in a
FACS Celesta, using FACS diva software (BD).

Cell cycle analysis

Analysis of the cell cycle was performed by quantification of cell DNA
content by staining with Propidium lodide (PI). Briefly, HT1080 p53KO
stable cells were detached from plates and fixed in PBS-50% ethanol for
48 h. Cells were then washed with PBS and resuspended in a buffer
containing PI. Cells were incubated for 15 min at 37 °C. The Pl solution
was then washed out and cells were resuspended in PBS for acquisition
and analysis by flow cytometry in a FACS Celesta, using FACS diva
software (BD).

ECM attachment assay

Cells were seeded in six-well plates, after desired treatments cells were
detached using PBS-EDTA 5mM and collected. After washing and
resuspension in FBS-free media, 10° cells were reseeded on Laminin-
(Corning, cat.#354412), Fibronectin- (Corning, cat.#356271), Collagen
I-coated (Corning, cat.#356271) 24-well, or on uncoated 24-well plates,
all of which had been pre-blocked with PBS-1% BSA. Plates were kept at
37 °C with 5% CO, for 1 h. After incubation, the culture dish wells were
washed three times with FBS-free media to remove unattached cells.
The plates were then kept in complete media for 1h at 37 °C with 5%
CO, for cell recovery, and then the remaining cells were stained using
0.2% crystal violet and 10% ethanol. Micrographs of crystal violet-
stained wells were taken, followed by dissolving material in the wells in
2% SDS for quantification. Absorbance was measured at 540 nm by a
BioTek SynergyHl Hybrid Reader and was normalized to control
conditions.

Analysis of mRNA stability

mRNA stability was assessed by treatment with two transcription
inhibitors: actinomycin D (actD) as described previously® or 5, 6-
dichloro-1-B-p-ribofuranosylbenzimidazole (DRB)®.. Briefly, cells were
seeded in 12-well plates and treated with MEL23 for 24 h. Then, act D
(10 pg/ml) or DRB (100 uM) were added to wells for indicated time
intervals. Cells were harvested, RNA was isolated, and cDNA was gen-
erated as described above. mRNA levels were analyzed by qPCR. Data
from actD- or DRB-treated cells were normalized to cells treated with
vehicle in each condition (DMSO or MEL23 treatment).

Luciferase assay

A Spry4 Firefly luciferase reporter plasmid containing the promoter
region of Spry4 (kindly provided by Dr. Meredith Tennis, University of
Colorado, USA)** or negative control were used in co-transfection
assays with Renilla-luciferase-expressing plasmids, as internal controls.
Briefly, cells were seeded in 12-well plates and transfected the next day

with siRNA directed against Mdm2. After 24h, cells were co-
transfected with 3.9 ug of a Firefly luciferase-expressing construct
(Spry4 promoter or mock) and 0.1ug of the Renilla-luciferase-
expressing plasmid. Firefly and Renilla signals were measured 24 h
after transfection using the Dual-Glo Luciferase Assay System (Pro-
mega, cat#E2920) according to the manufacturer’s instructions.
Luminescence was measured by BioTek SynergyH1 Hybrid Reader, and
the Firefly signal was normalized to the Renilla signal.

Untargeted proteomics

Cells were transfected using siRNA control or two different siRNAs
against Mdm2 for 24 h for the siRNA sample set; or treated with MEL23
(7 uM) or DMSO for 24 h for the drug sample set. Three independent
experimental replicates were prepared for each of the six groups
(untreated, DMSO treated, MEL23 treated, siRNA Ctrl, siMdm2#1, and
siMdm2#2) for a total of 18 samples analyzed by LC-MS/MS.

Proteins were isolated from the cell samples using a phenol-
guanidinium isothiocyanate (P/GTC) reagent according to the manu-
facturer’s protocol®*>®*, After RNA was precipitated from the aqueous
phase with isopropanol, proteins were precipitated from the phenol/
ethanol phase by the addition of acetone. The protein precipitate was
redissolved in 2% SDS and 100-mM Tris-HCI (pH 8.5) using a sonicator
(BIORUPTOR I, CosmoBio, Tokyo, Japan). The protein content was
measured using a BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA) and adjusted to 1 mg/ml with 2% SDS and 100 mM
Tris-HCI, pH 8.5. Then 20 uL of protein extract was treated with 10 mM
dithiothreitol at 50 °C for 30 min and subjected to alkylation with
35mM iodoacetamide in the dark at room temperature for 30 min
while being protected from light. The alkylated sample was subjected
to clean up and digestion with SP3 method®**** with minor modifica-
tions. Briefly, two types of Sera-Mag SpeedBead carboxylate-modified
magnetic particles (hydrophilic particles, cat# 45152105050250;
hydrophobic particles, cat# 65152105050250; Cytiva, Marlborough,
MA, USA) were used. These beads were combined at a 1:1 (v/v) ratio,
washed twice with distilled water, and reconstituted in distilled water
at a concentration of 10 pg solids/pL. About 20 pL of reconstituted
beads were then added to the alkylated protein sample, followed by
99.5% ethanol to bring the final concentration to 75% (v/v), with mixing
for 10 min. The supernatant was discarded, and the beads were washed
twice with 80% ethanol, then resuspended in 100 pL of 50 mM Tris-HCI
(pH 8.0) with 1pg of trypsin/Lys-C Mix (cat# V5072, Promega, Madi-
son, WI, USA) and mixed gently at 37 °C for 15 h to digest proteins. The
digested sample was acidified with 20 pL of 5% trifluoroacetic acid
(TFA) and then sonicated using a Bioruptor II. The sample was desalted
using an SDB-STAGE tip (cat# 7820-11200, GL Sciences Inc., Tokyo,
Japan) according to the manufacturer’s protocol, followed by drying in
a centrifugal evaporator (miVac Duo concentrator, Genevac Ltd., Ips-
wich, UK) and redissolving in 2% ACN in 0.1% TFA. The peptide con-
centration in the redissolved sample was determined using a Lunatic
instrument (Unchained Labs, Pleasanton, CA, USA) and transferred to a
hydrophilic MS vial (cat# 11-19-1021-10; AMR Inc., Tokyo, Japan).

The redissolved peptides were directly injected onto an Aurora
column (C18, 75 um ID, 25 cm length, 1.6 um beads, lonOpticks, Fitz-
roy, Australia) at 50 °C and then separated with a 120-min gradient
(A=0.1% formic acid in the water, B=0.1% formic acid in 80% ACN)
consisting of 0 min 5% B, 114 min 35% B, 117 min 60% B, 120 min 60% B
at a flow rate of 200 nL/min using an UltiMate 3000 RSLCnano LC
system. The peptides eluted from the column were analyzed using an
Orbitrap Exploris 480 with an InSplon system®® for overlapping win-
dow DIA-MS¥%8, MS1 spectra were collected in the range of
495-745 m/z at a 15,000 resolution to set AGC targets of 3x10°and a
maximum injection time of “Auto”. MS2 spectra were collected at m/z
200-1800 at a 30,000 resolution to set AGC targets of 3x10° a
maximum injection time of “Auto”, and stepped normalized collision
energies of 22, 26, and 30%. The isolation width for MS2 was set to
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4 Da, and overlapping window patterns at m/z 500-740 were used for
window placements optimized via Scaffold DIA v3.0.1 (Proteome
Software, Inc., Portland, OR, USA).

The MS files were searched against an in silico human spectral
library using Scaffold DIA v3.0.1. The human spectral library was gen-
erated from the human protein sequence database (UniProt, proteome
ID UPO00005640, reviewed, canonical, downloaded on March 31,
2021) by Prosit (http://www.proteomicsdb.org/prosit)*>*°. The search
parameters on the Scaffold DIA were as follows: experimental data
search enzyme, trypsin; maximum missed cleavage sites, 1; precursor
mass tolerance, 10 ppm; fragment mass tolerance, 10 ppm; static
modification; and cysteine carbamidomethylation. The threshold for
protein identification was set such that both protein and peptide false
discovery rates (FDRs) were <1%. Peptide quantification was calculated
by EncyclopeDIA algorithm v 1.2.2°". Protein quantification was esti-
mated from the summed unique peptide quantification. The mass
spectrometry proteomics data have been deposited in the Proteo-
meXchange Consortium (http://proteomecentral.proteomexchange.
org) via the jPOST partner repository (http://jpostdb.org) with the
dataset identifier PXD033789. Files containing the full analysis with
fold changes and statistical parameters can be found in the supple-
mentary material (Supplementary Data 1).

For the proteomics analysis, volcano plots were generated using
VolcaNoseR”%. Heatmaps showing significantly differentially expressed
proteins were generated using Heatmapper®>. Heatmaps were created
using Pearson’s correlation to measure the distance between samples,
clustering was done using average linkage. Pathway analysis was per-
formed using Enrichr®>?+%,

Database analysis of gene expression

Analysis of Spry4 gene expression in normal tissue and tumors was
performed using GEPIA®®, grouping patient samples from the TCGA
and GTEx projects.

Invasion assay and 3D morphology in hydrogels

Generation and treatment of multicellular tumor spheroids: Cells were
seeded in 6-well plates and either silenced for Mdm2 using different
siRNAs or treated with MEL23 (7 uM) or DMSO for 24 h. After the
desired treatments, cells were detached using Accutase. Spheroids
were formed in an appropriate growth medium supplemented with
0.25 mg/ml BME (Basement Membrane Extract) using a centrifugation
method described previously”. Spheroids were allowed to form for
24 h at 37 °C under 5% carbon dioxide. For MEL23 treatment, the same
concentration of inhibitor was added to the biomatrix and the overlay
media to maintain continuous treatment during the invasion assay.
Preparation of collagen solutions, collagen (1 mg/ml) and collagen/
BME matrices, were described in Guzman et al., Biomaterials 2014,
For the preparation of cell-embedded gels loaded with a single
spheroid, the collagen solution was added to a chamber, and the
spheroid was added to the liquid collagen, which was then transferred
to a 37°C incubator for gelation. For collagen gels loaded with dis-
persed cells, the collagen solution was prepared, omitting 50% of the
water, and neutralized. The water volume was substituted with a
growth medium containing the desired number of cells (2 x 10*-4 x 10*
cells/ml). Subsequently, cell-loaded collagen was added to the cham-
ber and gelled at 37 °C. For staining the actin cytoskeleton in collagen-
embedded cells, samples were fixed with 4% PFA for 15min at RT,
permeabilized with 0.2% Triton X/H20 for 10 min at RT, and incubated
with fluorescently-labeled phalloidin dye for 16-20h at 4°C. For
invasion analysis, spheroids were imaged at 1 and 18 h after implanta-
tion. For spheroids invading in pure collagen I gels, magnified fluor-
escence images were used to determine the invaded area, which was
defined as the difference between the area of the spheroid at t=1h and
an ellipse that circumscribes 90% of the invasive cells at =18 h. For
spheroids invading collagen/BME composite matrices, maximum

intensity projections were thresholded and used to generate masks
from which the non-invading spherical core of the spheroid was
removed. The remaining invasive structures were analyzed. The total
area of invasive structures per spheroid was used to assess invasion
efficiency.

Regarding the quantification of cell circularity in 3D, a minimum
of 100 cells in each independent experimental replicate was measured.
For each independent experimental replicate, the percentage of cells
with circularity equal to or higher than 0.75 among the total number of
events was analyzed. Using this percentage for each independent
experimental replicate, we generated the fold change of this more
circular population relative to the control condition.

Metastasis assays: lateral-tail-vein injections and orthotopic
implantation

All animal studies were approved by the Institutional Animal Care and
Use Committee at Columbia University, and all experiments were
conducted in compliance with the NIH guidelines for animal research.
To establish the lung metastasis model, an equal number of 5-week-old
male and female athymic nude mice were purchased (NCr-Foxnlnu,
n=19, Taconic). Mice were housed under controlled environmental
conditions (22-24 °C, 45-60% humidity) in a 12-h dark-light cycle with
ad libitum access to food and tap water.

At the age of 7 weeks, 1.0 x10° (tail-vein) and 5.0 x10° (ortho-
topics) cells were resuspended in 100puL of cold Dulbecco’s
phosphate-buffered saline (DPBS) and injected into the distal end of
the lateral-tail-vein (tail-vein) or right quadriceps femoris muscle
(orthotopics) with a 28- gauge 0.5 in needle. After injection, mice were
monitored daily for signs of pain or discomfort and weight loss. The
maximal tumor size/burden set by IACUC (>20 mm in any direction)
was not exceeded in any experiments (under approved IACUC proto-
cols AC-AABB4504, AC-AABS7612, and AC-AABV0653). To detect the
formation of lung metastatic lesions, mice were euthanized at 8 weeks
(tail-vein) or 6 weeks (orthotopics) time points by CO2 and cervical
dislocation. To identify lung metastases, the mouse lungs were flushed
with 20 mL Heparin-PBS to deplete red blood cells and were imaged
with a Keyence fluorescent microscope at 2X magnification.

Immunohistochemistry

Harvested tissues were fixed in buffered zinc formalin (Thermo Fisher,
22-050-259) for 16 h at 4 °C, washed in PBS for 30 min, and placed in
70% ethanol until paraffin embedding. Antigen retrieval was per-
formed on 4 um dewaxed and rehydrated FFPE sections using 10 mM
boiling citric acid buffer at pH 6. Endogenous peroxidases were
quenched with 3% H,0, (Sigma-Aldrich, H1009), followed by blocking
with Avidin (Sigma-Aldrich, A9275), Biotin (Sigma-Aldrich, B4501), and
Starting Block T20 buffer (Thermo Fisher, 37543) for 15 min each at
room temperature. The tissue sections were incubated with Ki67 pri-
mary antibody overnight at 4°C, and followed by incubation with
biotinylated secondary antibody for 30 min at 37 °C. The primary and
secondary antibodies were diluted in PBS +1% Bovine serum albumin
+0.3% Triton X buffer. After the application of the ABC reagent (Vector
Laboratories, PK-6100) for 30 min at 37 °C, the slides were treated with
a DAB substrate kit (Vector Laboratories, SK4100), counterstained
with Hematoxylin, dehydrated, and mounted for imaging. Bright-field
images were taken with Keyence BZ-X800 (Keyence).

Statistical analysis and reproducibility

Data reported in this paper were expressed as the mean +S.D, except
for Supplementary Fig. 7H (bottom graph), which shows mean + SEM,
and Fig. 2A-D, which shows the median, from at least three indepen-
dent experiments. The sample size for each experiment (n) is indicated
in the figure legends. A significant difference from the respective
control for each experimental condition or between experimental
conditions was assessed by one or two-tailed analysis of variance
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(or non-parametric equivalent) with respective post-tests, or Student’s
t-test using GraphPad Prism 10 software. Further details on which tests
were used for each comparison can be found in the available Source
Data file. Values of p<0.05 were considered statistically significant.
Exact p values are indicated in the panels and refer to comparison with
the respective control for a particular condition, unless shown other-
wise by the use of brackets. For proteomics analysis, the false dis-
covery rate cutoff was set as FDR <0.2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium (http://proteomecentral.proteomexch
ange.org) via the jPOST partner repository (http://jpostdb.org)
with the dataset identifier PXD033789. Files containing full analysis
with fold changes and statistical parameters can be found in the sup-
plemental material (Supplementary Data 1). Source data are provided
with this paper.
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