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ABSTRACT HAX1 protein is involved in the regulation of apoptosis, cell motility and calcium
homeostasis. Its overexpression was reported in several tumors, including breast cancer. This
study demonstrates that HAX1 has an impact on collective, but not single-cell migration, thus
indicating the importance of cell-cell contacts for the HAX1-mediated effect. Accordingly, it
was shown that HAX1 knockdown affects cell-cell junctions, substrate adhesion, and epithe-
lial cell layer integrity. As demonstrated here, these effects can be attributed to the modula-
tion of actomyosin contractility through changes in RhoA and septin signaling. Additionally, it
was shown that HAX1 does not influence invasive potential in the breast cancer cell line,
suggesting that its role in breast cancer progression may be linked instead to collective inva-

sion of the epithelial cells but not single-cell dissemination.
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INTRODUCTION

HAX1 is a multifunctional protein involved in regulating apoptosis,
cell migration, and calcium homeostasis, but the molecular mecha-
nisms underlying these effects are still unclear. HAX1 deficiency in
humans leads to severe congenital neutropenia (Kostmann disease,
SCNB3) caused by maturation arrest of neutrophils (Klein et al., 2007).
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Conversely, HAX1 overexpression has been observed in psoriasis
(Mirmohammadsadegh et al., 2003) and several human cancers
(Ramsay et al., 2007; Kwiecinska et al., 2011; Li et al., 2013, 2015;
Wei et al, 2014, Wang et al., 2015), including breast cancer
(Trebinska et al., 2010). Sheng and Ni (2015) suggested that HAX1
is important for breast cancer progression.

Although HAX1’s ability to attenuate apoptosis (Cilenti et al.,
2004; Han et al., 2006; Chao et al., 2008; Yan et al., 2015) and pro-
mote cell migration should provide a relatively simple explanation
for its overexpression in cancer, detailed analysis of its properties
suggests that its function is not as straightforward as it may seem.
Our recent results suggest that HAX1’s role in regulating apoptosis
is cell type and stimulus specific and, overall, not as prominent as
expected, with the most pronounced effect observed on calcium-
dependent apoptosis (Trebinska et al., 2014). Reports on the effect
of HAX1 on cell migration are not entirely consistent and some-
what contradictory; Radhika et al. (2004) suggested that Go.13-
dependent cell motility is increased by HAX1, while Ramsay et al.
(2007) described avBé-dependent migration which required HAX1
to regulate clathrin-mediated endocytosis of avpé integrins. Cavnar
et al. (2011) and Liu et al. (2015) have shown that HAX1 depletion
in neutrophils and skin epidermal cells, respectively, impairs cell mi-
gration and stabilizes adhesion, but Pedersen et al. (2014) did not
observe the effect of HAX1 knockdown (KD) on cell migration in
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breast cancer cell lines. Gomathinayagam et al. (2014) and Li et al.
(2015) also confirmed the effect of HAXT KD on cell migration in
ovarian carcinoma cells and cutaneous squamous carcinoma cells,
respectively.

To date, the proposed molecular mechanisms behind these ef-
fects included two main pathways: integrin endocytosis (Ramsay
et al., 2007) and the regulation of small GTPases from the Rho fam-
ily, which governs cell migration (Radhika et al., 2004; Cavnar et al.,
2011; Gomathinayagam et al., 2014). There are also several reports
describing HAX1 associations with the cytoskeleton; it was shown to
interact with cortactin (Gallagher et al., 2000; Gomathinayagam
et al., 2014), regulate actin nucleation through Arp2/3 (Zhang et al.,
2016), influence vimentin (Al-Maghrebi et al., 2002; Zayat et al.,
2015), and interact with microtubule end-binding protein (Liu et al.,
2015). HAX1 was also suggested to regulate cell invasion (Ramsay
et al., 2007; Mekkawy et al., 2011; Sun et al., 2012; Li et al., 2015).
Overall, although the accumulated evidence points to HAX1 in-
volvement in regulating cell migration, invasion, and, ultimately, me-
tastasis, the exact mechanisms by which this effect is executed are
not quite clear at the moment.

The results presented in this study demonstrate that HAX1 has
an impact on collective migration of the epithelial cell layer in breast
cancer cell lines, which is linked to changes in cell-cell and cell-sub-
strate adhesion, monolayer integrity, and altered actomyosin con-
tractility. Additionally, this study demonstrates that HAX1 deficiency
has no effect on invasion in the breast cancer cell line. These results
suggest that the HAX1 role in breast cancer progression should not
be attributed to the epithelial-mesenchymal transition (EMT)-driven
single-cell dissemination in a classic metastatic cascade, but rather
to the collective cell invasion or circulating tumor cells’ (CTC) cluster
formation.

RESULTS

HAX1 deficiency affects collective migration of the
epithelial cell layer

To assess HAX1 impact on cell migration, two stable HAX1 KDs and
the two appropriate controls were generated for each of the breast
cancer cell lines with different characteristics: MCF7 and MDA-
MB-231 (Supplemental Figure S1A; Thompson et al., 1992). The
MCF7 represents a typical epithelial cell line, corresponding to lumi-
nal A breast cancer, with the strong cell-cell junctions, low migratory
potential, and no invasive potential. HAX1 expression is elevated in
the MCF?7 cell line compared to nontumorigenic MCF10A cells (Sup-
plemental Figure S1B; Yang et al., 2017). MDA-MB-231 represents
breast cancer cells after EMT and corresponds to triple-negative
breast cancer. As a post-EMT cell line, it has a very high migratory and
invasive potential. Cell lines were subjected to three different assays:
two assays able to measure collective cell migration of the monolayer
(the classical wound healing assay and radius cell migration assay)
and the transwell migration assay. Although these assays do not
differentiate by design between collective and single-cell migration,
wound healing and radius assays are able to measure collective
migration of the confluent, integrated monolayer (Li et al., 2016),
while in the transwell assay, this specific type of migration is pre-
cluded by the pore diameter of 8 pm, only allowing for single-cell
passage. The results, presented in Figure 1, indicate that, for MCF7
epithelial cells, HAXT KD significantly affects cell migration measured
by collective migration assays (Figure 1, A-F; Supplemental Figure
S2, A'and B), while in the transwell cell assay, despite using the same
cell lines, there is no significant difference (Figure 1J). To confirm
these findings, similar experiments (wound healing assay and radius
migration assay) were performed in the T47D epithelial breast cancer
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cell line, and the same effect was observed (Supplemental Figure S2,
D and E). Moreover, to demonstrate that the HAX1 effect is not de-
pendent on the method of silencing, a stable MCF7-based cell line
with HAXT KD was established using short hairpin RNA (shRNA) and
its migration was compared with the appropriate control to the same
effect (Supplemental Figure S2C). Quantification of these results
indicated that in MCF7 cell lines with HAXT KD migration is reduced
by 50%. To eliminate the effect of proliferation, the migration of
MCF?7 cell line with proliferation inhibitor cytarabine was compared
with the migration of untreated cells, and no difference was observed
(Supplemental Figure S2F). MDA-MB-231 cells, although primarily
epithelial, have a mesenchymal-like phenotype, which allows collec-
tive migration due to sparse and transient cell-cell contacts, but not
as a fully integrated cell layer as in the case of epithelial cells (Clark
and Vignjevic, 2015; Campbell and Casanova, 2016). HAX1 KD had
no effect on cell migration in MDA-MB-231-based cell lines in all
three assays (wound healing, radius, and transwell assay; Figure 1,
G-J), indicating that HAX1 regulates only integrated, collective mi-
gration of the monolayer, weakened in MDA-MB-231 cells by the
lower number of cell-cell contacts. Interestingly, wound-healing
assay for HAXT overexpressing the MDA-MB-231 cell line demon-
strated ~1.5x increase in migration compared to the control cell line
(Supplemental Figure S2, G and H), suggesting that it may enhance
collective migration in these cells. Overall, HAX1 depletion was
found to be important for cell migration only in the assays able to
measure collective migration of the whole monolayer, pointing to the
role of cell-cell contacts in HAX1-mediated regulation.

HAX1 does not promote cell invasion in breast cancer cells
Cell migration is often linked to enhanced invasive properties, and
the impact on invasion was suggested for HAX1 by some reports
(Ramsay et al., 2007; Sun et al., 2012; Hu et al., 2018). Accordingly,
invasive properties of HAX1-deficient cells were tested by invasion
assays (Figure 1K) and collagen zymography (Figure 1L). These
assays were performed only for MDA-MB-231-derived cell lines,
since epithelial MCF7 cells do not have invasive properties. These
experiments demonstrated that HAX1 KD does not affect invasive
properties assessed by these assays.

HAX1 KD affects cell-cell junctions

Differential response of HAX1-deficient cells in migration assays
suggested that strong cell—cell contacts required for collective mi-
gration of the monolayer may play a role in HAX1-mediated regula-
tion. The integrity of the two major types of cell-cell contacts (adhe-
rens junctions and desmosomes) was tested in MCF7-based cell
lines by calcium switching experiments. All cell-cell contacts are
calcium-dependent. To test whether HAX1 has an effect on both
types of junctions, confluent, mature cell layers were treated with
EGTA (ethylene glycol-bis(2-aminoethylether)-N,N,N’,N"-tetraacetic
acid, calcium chelator) and the effect of calcium depletion was
compared in HAX1 KDs versus controls by E-cadherin (adherens
junctions) and junction plakoglobin (desmosomes) staining. The
difference could be observed even in untreated culture, with HAX1-
deficient cells exhibiting delocalized junction proteins in the cyto-
plasm (Figure 2A), while the amount of both proteins quantified by
Western blot was slightly decreased for E-cadherin in HAXT KDs
and the same for plakoglobin (Supplemental Figure S3). Calcium
depletion experiments demonstrated that cell-cell junctions in con-
trol cells display more resistance to calcium removal than in HAX1
KDs. Control cells still formed a monolayer, with occasional delocal-
ization of junction proteins, while HAXT KDs exhibited cell layer
disruption and cell rounding (Figure 2A; Supplemental Figure S4).
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To further explore differences in the strength of cell-cell contacts
between HAX1 KDs and controls in MCF7 cells, cell fragmentation
assay with dispase Il was performed. Fully confluent, mature cell lay-
ers were detached from the substrate by dispase Il treatment and
subjected to mechanical stress. The fragments were counted at des-
ignated time points. The results demonstrated that control mono-
layers largely resisted fragmentation, while HAX1 KDs did not ex-
hibit the same resistance to mechanical stress (Figure 2B).

HAX1 KD promotes cell-substrate adhesion and actin stress
fibers formation but affects cortical actin organization

Both, cell-cell and cell-substrate adhesions have a role in the regu-
lation of cell migration and have to be properly balanced, especially
during coordinated movement of the epithelial cell layer (Collins
and Nelson, 2015).

The size and quantity of focal adhesions were assessed in MCF7
HAX1 KDs versus controls. Focal adhesions were stained with paxil-
lin, and their number and area were quantified using ImageJ. The
results revealed that HAX1 KDs focal adhesions tend to be slightly
more numerous and significantly larger in size (Figure 3, A and B),
suggesting differences in cell-substrate adhesion between these
cell lines. Increased size of focal adhesions in HAX1 KDs is in line
with the increase in actin fiber formation, anchored in focal adhe-
sions. F-actin organization was compared at the basal plane in con-
trol and HAX1 KD cell lines, revealing more distinctive actin fibers in
HAX1 KD (Figure 3C).

Actin staining was also compared in apical plane of control and
HAX1-deficent cells, revealing disrupted organization and irregular
distribution of cortical actin (Figure 3D). These changes corre-
sponded to changes in monolayer organization, observed for junc-
tion proteins (Figure 3D; also visible in Figure 4A).

HAX1 KD affects cell shape via myosin II

The organization of the monolayer of HAXT KD versus control
(MCF7) displayed striking differences not only in the distribution of
junction proteins and actin but also in the general layout of the
monolayer, including changes in cell shape. Cell shape was assessed
using the circularity index (also called cell shape index; CSI). CSI
measurements, performed for 150-400 cells, indicated that control
cell layers were more regular, with a CSI of ~0.7-0.9 (skewness:
-0.701; kurtosis: 0.209), while in HAXT KDs, cell shape was more

varied (CSI spectrum: 0.1-1, more uniform distribution, skewness:
-0.055;, kurtosis: -0.850; Figure 4, A and B; also visible in Figure
3D). Blebbistatin (myosin Il inhibitor) and Y27632 (ROCK inhibitor)
treatments of HAX1 KD cells partially restored regular monolayer, as
evidenced by the comparison of cumulative distribution frequency
plots, which are much more similar after either treatment (Figure
4B), suggesting that HAX1 may be involved in the regulation of
myosin Il. Accordingly, treatment with blebbistatin significantly re-
versed the effect of HAXT KD on migration, resulting in the lack of
statistical difference between HAX1 KD and control after treatment
(Figure 4C, top panel). The same effect was observed for Y27632
(Figure 4C bottom panel). Both inhibitors enhance the speed of
collective migration in wound healing assay.

RhoA-ROCK pathway and septins are involved in
HAX1-mediated regulation of actomyosin contractility

To further dissect the impact of HAX1 deficiency on myosin Il activ-
ity, myosin light chain phosphorylation was tested in control and
HAX1 KD, showing, in line with blebbistatin and Y27632 effects, in-
creased phosphorylation in HAX1-deficent cells (Figure 5A). To ex-
plore possible molecular mechanisms behind this and the other
observed effects, RhoA-ROCK signaling was investigated in HAX1-
deficient cells as the main pathway controlling cell shape, actomyo-
sin contractility, and stress fiber formation. It has been established
that the increase in RhoA activity in the HAXT KD cell line was not
prominent (Figure 5B), suggesting that it cannot be the only factor
responsible for the observed effect. In a search for the other factors
potentially involved in the regulation of myosin II, targeted immuno-
precipitation (IP) and subsequent mass spectrometry of proteins
coprecipitating with HAX1 were performed in the MCF7 cell line.
The results revealed a large subset of cytoskeletal and regulatory
proteins involved in actin bundling, actomyosin ring formation and
actomyosin contractility, microtubule assembly, cytokinesis, and cell
movement (Table 1). The most prominent group among these
proteins were septins, filament-forming GTPases related to the Ras
superfamily, which clustered together in a STRING (Search Tool for
the Retrieval of Interacting Genes/Proteins; string-db.org) protein
interaction network analysis (Supplemental Figure S5). To assess the
possibility of the interplay between septins and HAX1, septin inhibi-
tor forchlorfenuron (FCF) was used in control and HAX1-deficient
cells. Partial but significant colocalization of septin 7 and HAX1 was

FIGURE 1: HAX1 impact on cell migration in breast cancer cell lines. The effect of HAX1 KD on cell migration in
comparison to the appropriate controls in epithelial MCF7 and mesenchymal-like MDA-MB-231 breast cancer cell lines.
For every cell line, two independent KDs and two controls were tested; n = the number of biological replicates.

(A) Wound-healing assay on uncoated surface for MCF7-based cell lines (n = 4-18); each biological replicate represents
an average of seven different measurement points. Statistical significance was assessed by Kruskal-Wallis test by ranks
for multiple comparisons and post-hoc Dunn test. (B) Time series of wound healing assay are for MCF7-based cell lines,
and time points are as indicated, error bars: SD, n = 4. (C) Representative images of the wound healing assay in
MCF7-based cell lines (left) and MDA-MB-231-based cell lines (right) in designated time points. (D) Radius cell migration
assay for MCF7 control and HAX1 KD cell lines seeded on collagen | (n = 4) and fibronectin (n = 4). Statistical significance
was assessed by one-way ANOVA and planned comparisons for groups (planned contrast). (E) Time series of radius cell
migration assay for MCF7-based cell lines, time points, and coating as indicated, error bars: SD, n = 4. (F) Representative
images of the radius cell migration assay in MCF7-based cell lines on collagen | and fibronectin (7 h) (G) Wound-healing
assay on uncoated surface for MDA-MB231-based cell lines (n = 4) shows no statistically significant difference
(Kruskal-Wallis). (H) Time series of radius cell migration assay for MDA-MB-231-based cell lines, collagen | (n = 4).

(I) Representative images of the radius cell migration assay in MDA-MB-231 on collagen I. (J) Trans-well cell migration
assay in FBS gradient (0.5%-10% FBS) for MCF7-based cell lines (n = 5) and MDA-MB-231-based cell lines (n = 5).
RFU-relative fluorescence units, log scale, and background corrected for medium. Statistical significance assessed by
Kruskal-Wallis. (K) Matrigel invasion assay (n = 4) in MDA-MB-231 cell lines presented as the percentage of invasion

(100 x mean RFU of invaded cells through Matrigel-coated membrane/mean RFU of migrated cells through uncoated
membrane). Statistical significance assessed by Kruskal-Wallis. (L) Collagen zymography showing no effect of HAX1 KD

for the activity of collagenases.
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detected in both untreated and FCF-treated cells, with Pearson’s
correlation coefficient (PCC) and the two Mander’s overlap coeffi-
cients (M1, M2) not significantly different before and after FCF treat-
ment (Figure 5C). HAX1-deficient cells did not show any significant
changes in actin cytoskeleton after FCF treatment, but in control
cells actin stress fibers were more pronounced (Figure 5D). More-
over, after FCF treatment, there was no statistical difference in
migration of control and HAX1-deficient cells—as with blebbistatin
and Y27632—although these inhibitors act oppositely on migration
(Figures 4C and 5E). These results indicate again that control cells
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are more affected by FCF, with the phenotype after the treatment
resembling HAX1-deficient cells (Figure 5, D and E). To test the
effect of HAXT KD on septin morphology, staining of SEPT2 and
SEPT7 (the highest scoring hits in mass spectrometry) was com-
pared in control and HAX1-deficient cells, revealing differences in
both cases. For SEPT2, in control cells, the staining resembles
cortical actin, while in HAX1 KD, the pattern is not as regular. SEPT7
fibrils are not very pronounced in control cells, while in HAX1 KD
thick SEPT?7 fibrils can be occasionally observed (Figure 5F). Overall,
the results presented here suggest a model of HAX1-mediated
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HAX1 KD affects cell shape through myosin Il. (A) The effect of HAX1 KD on cell shape in the epithelial cell
layer in untreated cells (left panel) and cells treated with blebbistatin (50 pM, 12 h, middle panel) and Y27632 (10 pM,
1 h, right panel); staining: junction plakoglobin (red), nuclei (DAPI, blue). (B) Cell shape distribution presented as a
histogram of circularity (CSI); bin width: 0.1, calculated for 150-400 cells (three to five independent fields of vision,
63x objective, bar: 20 um) for each indicated cell line. Cumulative frequency distribution plots compared for the control
and HAX1 KD#1 for the untreated and blebbistatin and Y27632-treated cells. Differences in the distribution were
assessed by Kolmogorow-Smirnov two-sample test. (C) The effects of blebbistatin (50 pM, 12 h, top panel) and Y27632
(10 pM, 1 h, bottom panel) on cell migration of HAX1-deficient vs. control cells in wound-healing assay (n=14 and n=
10, respectively). Both inhibitors reduce the difference in migration of control vs. HAX1-deficient cells, which becomes
insignificant after the treatment. The results shown as box plots with median values, interquartile range, maximum and
minimum. Statistical significance was assessed by Kruskal-Wallis and Dunn.

regulation in which both Rho-ROCK pathway and septins are
involved in the regulation of myosin Il (Figure 5G).

DISCUSSION

Although HAX1 protein has been implicated in many cellular
processes, its molecular mechanisms of action remain elusive. The
HAX1 role in cancer progression is proposed to be mediated by
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regulating apoptosis and/or cell migration and invasion. In this
study, we investigated the HAX1 impact on cell adhesion, migra-
tion, and invasion in breast cancer cell lines. Using our model cell
lines with HAX1 KD, we demonstrated that HAX1 affects only collec-
tive cell migration of the monolayer. Since cell-cell contacts are
crucial for the efficient collective migration of the monolayer, but
have no role in the mesenchymal-type individual cell migration, we
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concluded that HAX1 promotes strong cell-cell contacts. Accord-
ingly, we demonstrated that cell-cell contacts in HAX1-deficient
cells are compromised, with delocalization of junction proteins and
enhanced sensitivity to calcium depletion and mechanical stress.
Thus, by promoting strong cell-cell contacts, HAX1 may contribute
to the full integration of migrating monolayer.

To address HAX1 impact on invasion, suggested by some re-
ports (Ramsay et al., 2007; Sun et al., 2012; Hu et al., 2018), we
performed invasion and matrix metalloproteinase activity assays,
demonstrating that there were no differences between control and
HAX1-deficient cell lines. We also did not observe any effect of
HAX1 deficiency on EMT markers’ expression (data not shown).
Overall, presented results point to HAX1 role in enhancing cell—cell
junctions (the hallmark of epithelial cells) and indicate no role in
invasion. Accordingly, it does not seem probable for HAX1 to be
responsible for the EMT-driven metastatic spread of single, mesen-
chymal-like cells. However, enhanced collective migration of HAX1-
overexpressing breast cancer cells may promote invasion of the
surrounding tissues. More importantly, recent reports demonstrate
that in breast cancer the dissemination is caused mostly by highly
invasive clusters of CTCs, which partially retain epithelial pheno-
type, including plakoglobin-based cell-cell junctions (Aceto et al.,
2014; Cheung et al., 2016) and HAX1 is on the list of up-regulated
transcripts in CTC clusters versus single CTCs (Aceto et al., 2014).
Thus, the HAX1 impact on breast cancer progression may include
enhanced collective invasion, CTC clusters formation/mainte-
nance, or some other EMT-independent factor.

As reported here, HAX1 influences not only cell-cell but also
cell-substrate adhesion. In HAX1-deficient cells, focal adhesions
are slightly more numerous and significantly larger, while actin
stress fibers originating in these focal adhesions are more pro-
nounced. These observations are consistent with the results of
Radhika et al. (2004) and Zhang et al. (2016). However, on an
apical plane, the cortical actin network in HAX1-deficient cells is
severely disturbed. Since the two types of adhesion are interre-
lated and coordinated by the actin cytoskeleton (Collins and
Nelson, 2015; Bachir et al., 2017), HAX1 may be implicated in the
integration of cell-cell and cell-substrate adhesion sites with
actin network.

Moreover, changes in cell shape and aberrations in the organi-
zation of the monolayer observed in HAX1-deficient cells indicate
alterations in actomyosin contractility, since it is the main cell-
shaping force. Restoration of a relatively regular monolayer and
the speed of collective migration in HAXT KD after blebbistatin
and Y27632 treatments imply that actomyosin contractility is
increased in these cells and contributes to the disruption of mono-
layer integrity. These results are in line with an observation
that excessive actomyosin activity is detrimental to collective cell
migration (Hidalgo-Carcedo et al., 2011). The myosin light chain
phosphorylation assay confirmed that myosin Il activity is en-
hanced in HAX1-deficient cells. To further explain the molecular
mechanisms of HAX1-mediated regulation, we analyzed the
involvement of the RhoA-ROCK pathway, which controls both
actomyosin contractility and stress fiber formation. HAX1 was pre-
viously reported to influence RhoA activity in neutrophils (Cavnar
etal., 2011). We have found that in MCF7 cells, HAX1 affects RhoA
activity, but the effect is moderate, suggesting that this pathway is
involved in HAX1-mediated regulation, but it cannot represent the
only mechanism. In a search of the other potential myosin-affect-
ing factors, we have characterized a set of the new HAX1 protein
partners in MCF7 cells and focused on septins, filamentous
GTPases related to the Ras superfamily, with a role in regulating
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focal adhesions, stress fibers, and mechanical tension (Spiliotis
and Gladfelter, 2012; Burridge and Guilluy, 2016). Septins are
known to bind and regulate actin and myosin Il and, as a conse-
quence, to modulate actomyosin contractility. Septins 7 and 9
were shown to inhibit myosin Il (Smith et al., 2015; Wasik et al.,
2017). The only known septin inhibitor/modulator, FCF, was used
in this study and shown to reduce the difference in migration of
HAX1-deficient and control monolayers. Interestingly, FCF-treated
control cells resemble HAX1-deficient cells. Thus, as proposed in
Figure 5G, if FCF releases septin inhibition of myosin Il, leading to
an excessive contractility, to fit the data, HAX1 should act in an
opposite manner, leading to the suppression of actomyosin and
less pronounced actin fibers. Paradoxically, these effects, com-
bined with more robust cell-cell junctions (increased tensile forces)
and more regular cell shape, may potentiate collective migration
by promoting monolayer integrity and reducing traction force.
Further research should determine whether HAX1 impact on
septins relies on the modulation of their GTPase activity, which
seems probable, since this protein is known to regulate the other
GTPases from the Rho family (Radhika et al., 2004; Cavnar et al.,
2011), closely related to septin GTPases.

Presented results indicate that HAX1-deficient cells display
reduced cell-cell contacts, enhanced focal adhesions and stress
fibers, and increased actomyosin contractility, which translates into
slower collective migration. Further studies are needed to establish
the exact molecular mechanisms behind this phenotype, but our
preliminary results point to the role of septins. Medical implications
of these results include clarification of the role of HAX1 in breast
cancer metastasis, favoring its involvement in collective invasion or
CTC clusters formation.

MATERIALS AND METHODS

Cell lines

MCF7 (American Type Culture Collection [ATCC]), MDA-MB-231
(ATCC), and T47D (DSMZ) human cell lines were used in the experi-
ments. Cell lines were authenticated by Eurofins Genomics
(Germany). Cells were grown in DMEM supplemented with 10%
fetal bovine serum (FBS; Thermo Fisher Scientific). When indicated,
cells were treated with 50 uM blebbistatin for 12 h, 10 pM Y27632
(ROCK inhibitor) for 1 h, or 5 or 15 uM FCF for 18 h.

Plasmids and constructs

SEPT7 ¢DNA was amplified using primers forward 5’-tcggatccAT-
GTCGGTCAGTGCGAGATCCGCTG-3’ and reverse 5'-ctctagatTTA-
AAAGATCTTCCCTTTCTTC-3” and cloned into pCR3-FLAG com-
mercial vector using BamHI and Xbal restriction sites. HAX1-GFP
construct was described in Grzybowska et al. (2013).

HAX1 KD

Cell lines with HAX1 KD were generated as described for Hela cells
by Grzybowska et al. (2013) using the BLOCK-iT Pol Il miR RNAi
Expression Vector system (Invitrogen). MCF7, T47D, and MDA-
MB-231 cells were transfected with the silencing plasmid (pcDNA6.2-
GW/EmGFP-miR-HAX1) using Lipofectamine 2000 (Invitrogen). The
pcDNA6.2-GW/EmGFP-miR-neg plasmid (Invitrogen) was used to
generate control cell lines. Single clones were isolated in 7.5 ug/ml
blasticidin-supplemented medium. Levels of HAX1 protein were as-
sessed by Western blotting. Two independent stable KDs and two
controls were generated for each cell line. HAXT shRNA KD was
generated using Sigma Mision pLKO.1 shRNA plasmid
TRCNOO00061777 and Mission pLKO.1-puro nontarget shRNA con-
trol, according to the manufacturer's instructions.
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respectively: M1 0.73 £ 0.08 and 0.62 + 0.09, M2 0.21 + 0.06, and 0.32 + 0.09, calculated for the whole frame
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i ID Name Gene Score Peptides Coverage Cellular process
1 Q16181 Septin-7 SEPT7 2262.0 14 43.71 Actin dynamics, cell shape, cytokinesis, micro-
tubule regulation (Mostowy and Cossart, 2012),
myosin |l regulation (Wasik et al., 2017)
2 Q15019  Septin-2 SEPT2 1579.0 10 41.55 Actin dynamics, cell shape, microtubule regula-
tion (Mostowy and Cossart, 2012), scaffold for
myosin Il (Joo et al., 2007)
3 Q92599  Septin-8 SEPT8 949.0 10 26.5 Septin cytoskeleton
4 Q14244  Ensconsin MAP7 453.0 10.15 Microtubule stabilization (Sun et al., 2011)
5 Q99719  Septin-5 SEPTS 457.0 22.22 Platelet biology (Mostowy and Cossart, 2012)
6 Q9NVA2  Septin-11 SEPT11 825.0 6 18.41 Actin dynamics, cell shape, cytokinesis (Mostowy
and Cossart, 2012)
7 Q14008  Cytoskeleton- CKAP5 320.0 5 3.59 Microtubule dynamics, directed migration of
associated breast cancer cells (Chanez et al., 2015), AURKA
protein 5 signaling (Thakur et al., 2014)
Q13796 Protein Shroom2 SHROOM2 207.0 4.39 Contractility, cell migration (Farber et al., 2011)
Q9POV9  Septin-10 SEPT10 125.0 5.07 Septin cytoskeleton
10  0O14965  Aurora kinase A AURKA 141.0 8.93 Formation and stabilization of microtubules
(Katayama et al., 2008)
11 Q15154  Pericentriolar PCM1 195.0 3 1.43 Assembly of centrosomal proteins and micro-
material 1 tubule organization (Dammermann and Merdes,
protein 2002)

The list represents proteins with the most reliable scores related to the cytoskeleton (11 out of 40 proteins with number of peptides >2). Proteins not related, or
loosely related to the ctoskeleton (22) and proteins present in the repository of the most frequent unspecific interaction data (5) (CRAPome [Mellacheruvu et al.,

2013]) were eliminated.

TABLE 1: Proteins identified in HAX1-targeted IP with MS/MS detection from MCF7 cells.

HAX1 overexpression

HAX1-overexpressing construct was based on pMK243 (Tet-OsTIR1-
PURO from Masato Kanemaki, Addgene plasmid # 72835; Natsume
etal., 2016). Original TRE3GS inducible promoter was changed into
bidirectional inducible promoter by adding the sequence 5" ggcc-
gcgatctgacggttcactaaacgagctctgcttatataggectcccaccgtacacge-
cacctcgacatac 3’ (this sequence was chosen based on the sequence
PTRE3G-B bidirectional inducible promoter from Clontech). The
OsTIR1 sequence was replaced with Flag Flag HAX1 sequence (PCR
product, Mlul and Bglll restriction sites). For the negative control,
only Flag Flag sequence was inserted. A secretable form of lucifer-
ase (Gaussia) was cloned from pCMV-Gluc1 plasmid (a gift from
Frank Gaunitz, source Nanolight Technology). The presence of
secretable luciferase enables monitoring of induction from bidirec-
tional promoter and helps screening the clones during clonal selec-
tion. MDA-MB-231 cell line was transfected with HAX1-overexpress-
ing construct, and the control construct and the single clones were
isolated using puromycin (5 pg/ml) selection.

Migration and invasion assays

A transwell single-cell migration assay was performed on FluoroBlok
HTS Multiwell Insert plates with pore sizes of 8 pm (Corning). The 10°
(MCF7) or 2.5 x 10* (MDA-MB-231) cells were seeded within the api-

cal chamber in 0.5% FBS, migrating toward 10% FBS in the basal
chamber. Cells were allowed to migrate for 24 h at 37°C, 5% CO,
before staining with 4 ug/ml Calcein AM (Molecular Probes) for 1 h at
37°C, 5% COs,. Fluorescence of migrated cells was measured at 485
nm/535 nm using the Wallac 1420 Multilabel Counter (PerkinElmer).

The invasion assay was performed as above on BioCoat Tumor
Invasion System 24-well plates (Corning) coated with BD Matrigel
Matrix (BD Biosciences). Results are presented as a percentage of
invasion.

Wound healing assay was performed as previously described
(Liang et al., 2007). Briefly, a fully confluent cell layer was wounded
using a 200-pl pipette tip. A minimum of 20 technical repeats (up to
40) were made for each sample at each time point. The migration
distance was photographed and measured at zero time and at indi-
cated time points up to 24 h. Images of the wounded cell monolay-
ers were taken by a light microscope (Olympus IX50) using Quick-
photo Camera 2.3 software. Pictures of cells shown in Figure 1C and
Supplemental Figure S2A were taken using a JulLl Stage Real-Time
Cell History Recorder (NanoEnTek), courtesy of Zygmunt Pojda lab
members (Cancer Center, Warsaw, PL). Movies of wound-healing
assay were taken using a Zeiss LSM800 confocal microscope.

The Radius 24-well Cell Migration Assay (Cell Biolabs) was per-
formed according to the manufacturer’s instructions. Briefly, cells were

(zoomed). Bar: 5 pm. (D) Actin stress fibers in untreated control and HAX1-deficient cells and after Y27632 (10 pM, 1 h)
treatment and FCF (5 pM, 18 h) treatment. Bar: 20 um. (E) The effect of FCF (15 pM, 18 h) on cell migration of control
vs. HAX1-deficient cells in wound-healing assay. Statistical significance was assessed by Kruskal-Wallis and Dunn, n=8.
(F) Septin fibrils are affected by HAX1 KD. SEPT2 distribution is more regular in control cells, resembling cortical actin,
and more disrupted in HAX1-deficient cells. SEPT7 fibrils are discrete in control cells and occasionally pronounced in
HAX1-deficient cells (red arrows). (G) The proposed model depicting the regulation of myosin Il by factors affected by
HAX1, including RhoA-ROCK pathway and septins. Proposed HAX1 actions marked in red.
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seeded at 2.5 x 10° cells/well on collagen | or fibronectin precoated
plates and incubated at 37°C, 5% CO, for 18 h. After Radius gel re-
moval, cells were allowed to migrate for 7 h. The cell-free area was
measured immediately after gel removal and at indicated time points.
Cell migration was expressed as the distance covered by the migra-
tion front in micrometers, assuming a circular shape of the cell-free
area at the beginning and end of the experiment for calculations.

Zymography

Zymography was carried out as in Gogly et al. (1998). Briefly, condi-
tioned medium was obtained from 1 x 107 cells starved in serum-
free DMEM. Medium was harvested, centrifuged, and concentrated
in centriprep tubes: Amicon Ultra-15; Ultracel-10K (Millipore). Sam-
ples were loaded into 10% SDS-PAGE containing 0.3 mg/ml colla-
gen | (Sigma). Samples were simultaneously resolved on SDS-PAGE
with 0.5% 2,2,2-trichloroethanol (TCE) providing loading control.

Dispase assay

Cells were plated onto six-well plates and on day 4 after reaching
confluence, they were washed with phosphate-buffered saline and
incubated with dispase Il (2.4 U/ml; Roche) for 50 min at 37°C, 5%
CO,, which caused the detachment of the whole monolayers. The
plates were sealed with parafilm, placed on a rotator, and subjected
to 5, 10, and 40 inversions. Images of fragmented sheets were
acquired using a Mini HD4 camera (UVTech Cambridge).

Calcium switch

Mature (6 d), confluent cell layers were cultured in standard DMEM
and treated with 4 mM EGTA for 30 min with the medium then
replaced with high calcium DMEM (3.8 mM) for 30 min and 1 h. The
cells were fixed and observed at all stages.

Immunofluorescence

Immunofluorescence was performed as described previously
(Grzybowska et al., 2013). Primary antibodies to junction plakoglo-
bin (rabbit, 1:400; Cell Signaling; or mouse, 1:400; Thermo Fisher
Scientific), E-cadherin (mouse, 1:100; Pierce), paxillin (rabbit, 1:250,
Y113; Abcam), anti-FLAG (1:500, M2; Sigma), septin 2 (rabbit, 1:
100; Thermo Fisher Scientific), and septin 7 (rabbit, 1: 100; Thermo
Fisher Scientific) and secondary antibodies goat anti-rabbit Alexa
Fluor 594 (1:500; Thermo Fisher Scientific) and donkey anti-mouse
Alexa Fluor 647 (1:1000; Abcam) were used. Phalloidin-TRITC con-
jugate (Sigma, 1:400) was used for labeling actin. Transfections were
performed using TurboFect (Thermo Fisher Scientific). Cells were
observed using the Zeiss LSM 800 confocal microscope. Images
represent single Z-stacks. For HAX1-SEPT7, colocalization Airyscan
detector was used.

Focal adhesion measurements

On day 2 after reaching confluence, cells were fixed and immunos-
tained with anti-paxillin antibody. The number and size of focal
adhesions were counted using ImageJ for 20 images per cell line
(~110 nuclei per image). For quantification, images were split into
single-color channels and the background was subtracted by a slid-
ing paraboloid algorithm with radius of 50 pixels. An area of objects
larger than 20 square pixels was measured by the Analyze Particles
ImageJ built-in function. The number of nuclei was counted by the
Nucleus Counter ImageJ built-in function.

Csl
Areas and perimeters of shaped cells were measured using ImageJ
on junction plakoglobin-stained images and used to calculate the
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CSl by the formula: CSI = 4 x area/(perimeter)?. The CSI assumes
values between 1 (circular) and O (elongated).

Colocalization

Colocalization was assessed using ImageJ JACoP. PCC and the two
Mander's overlap coefficients with threshold adjustments were cal-
culated for the entire area (5-12 fields of vision; 1-4 cells/1 field).

Western blot

Western blot was performed as previously described (Grzybowska
et al., 2013). The following antibodies were used: primary antibod-
ies: junction plakoglobin (rabbit, 1:400; Cell Signaling), E-cadherin
(mouse, 1:100; Pierce), MYL9 (rabbit, 1:1000; Thermo Fisher Scien-
tific) and pMYL? (rabbit, 1:250; Thermo Fisher Scientific), and HAX1
(mouse, 1:250; BD Biosciences); HRP-conjugated secondary anti-
bodies: goat anti-mouse (1:10,000; Pierce) or goat anti-rabbit
(1:10,000; Abcam). WesternBright Quantum (Advansta) was used in
the assays. To confirm equal protein loading, blots were probed
with antibodies to B-actin (mouse, HRP-conjugated, 1:1000; Cell
Signaling) or to o-tubulin (rabbit, HRP-conjugated, 1:1000; Cell
Signaling).

Rho activity assay

A total of 9 x 10 of MCF-7 HAX1 KD and control cells were seeded
onto 100-mm dishes, starved overnight in DMEM with 0.25% FBS,
and incubated in standard growth medium for 8 min. Rho activity
was assessed using the Active Rho Pull-Down and Detection Kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol.

Mass spectrometry

Sample preparation for proteome analysis. MCF7 cells (7.5 x 10¢)
were used per one IP experiment. The experiment was performed
in triplicate. Cells were permeabilized with lysis buffer (150 mM
NaCl, 50 mM Tris-HCI, pH 7.5, 5 mM EDTA, pH 8.0, 0.5% Nonidet
P-40, 1% Triton X-100; protease and phosphatase inhibitors Halt
Protease and Phosphatase Inhibitor Cocktail; Thermo Fisher
Scientific) and harvested using a cell scraper. Cell lysate was pulled
10x through a 29-G needle, centrifuged at 12,000 x g for 15 min at
4°C, and subjected to immunoaffinity chromatography via magnetic
bead extraction using 10 pg of anti-HAX1 rabbit polyclonal antibody
(Thermo Fisher Scientific) and anti-immunoglobulin G rabbit
polyclonal antibody (Sigma, negative control) coupled to dynabeads
protein A (1.5 mg; Thermo Fisher Scientific). IP was carried out
overnight at 4°C with gentle rotation. Beads with antigen-antibody
complexes were collected using magnetic separation method
and washed 4x in a wash buffer (50 mM Tris—HCI, pH 7.4, 150 mM
NaCl, 0.5% Nonidet P-40), the last wash without detergent. Proteins
bound to beads were reduced with 5 mM Tris(2-carboxyethyl)
phosphine (60°C, 1 h), methylthiolated with 10 mM S-methyl
methanethiosulfonate (room temperature, 10 min) to block cysteine
residues, and digested overnight at 37°C with trypsin (Promega)
added at 1:20 vol/vol ratio.

MS measurement and data processing. LC-MS/MS (liquid chroma-
tography-mass spectrometry) measurements were performed on a
QExactive mass spectrometer (Thermo Fisher Scientific) coupled with
a nanoACQUITY LC system (Waters). The sample was desalted and
concentrated on a nanoACQUITY UPLC Trapping Column (Waters),
and further peptide separation was carried on a nanoACQUITY UPLC
BEH C18 Column (75 ym inner diameter and 250 mm long; Waters)
with an ACN gradient (5-30% over 120 min) in the presence of 0.1%
formic acid at a flow rate of 250 nl/min. The column outlet was
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directly connected to the electrospray ion source of the mass
spectrometer. Preprocessed MS/MS data files were submitted to the
Mascot search engine (Matrix Science) and searched against human
protein entries from the SwissProt (2017.04) database using a target/
decoy approach. The search parameters were as follows: enzyme,
semitrypsin; number of missed cleavages, 1; ion mass error toler-
ances, £5 ppm (parent) and = 0.01 Da (fragment); modifications,
Methylthio C (fixed) and Oxidation M (variable). The statistical signifi-
cance of the identifications was assessed as previously described
(Mikula et al., 2010). Only peptide sequences with g values < 0.01
were regarded as confidently identified, and proteins represented by
less than three peptides were excluded from further analysis.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (Vizcaino et al.,
2016) partner repository with the data set identifier PXD007888 and
10.6019/PXD007888.

Protein interactions were analyzed using STRING.

Statistical analysis

Statistical inference for migration assays was performed by nonpara-
metric Mann-Whitney test for two groups, nonparametric Kruskal—
Wallis and post-hoc Dunn test, one-way analysis of variance
(ANOVA) and post-hoc test Tukey (multiple groups), or one-way
ANOVA and planned contrast analysis (group comparison). Statisti-
cal significance in fragmentation assay was assessed using a two-
tailed Student’s t test. Statistical inference for adhesion studies was
assessed by one-way ANOVA and post-hoc Tukey test. Distribution
was assessed by Kolmogorow-Smirnov two-sample test. Cumula-
tive distribution frequency plots were created using GraphPad
Prism version 6.07 for Windows (GraphPad Software, La Jolla CA,
www.graphpad.com).
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