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Abstract

Cancer can metastasize from early lesions without detectable tumors. Despite extensive studies on
metastasis in cancer cells from patients with detectable primary tumors, mechanisms for early
metastatic dissemination are poorly understood. Her2 promotes breast cancer early dissemination
by inhibiting p38, but the downstream pathway in this process was unknown. Using early lesion
breast cancer models, we demonstrate that the effect of p38 suppression by Her2 on early
dissemination is mediated by MK2 and Hsp27. The early disseminating cells in the MMTV-Her2
breast cancer model are Her2M9Mp-p381oWp-MK2!0Wp-Hsp27!°W, which also exist in human breast
carcinoma tissues. Suppression of p38 and MK2 by Her2 reduces MK2-mediated Hsp27
phosphorylation, and unphosphorylated Hsp27 binds to p-catenin and enhances its
phosphorylation by Src, leading to p-catenin activation and disseminating phenotypes in early
lesion breast cancer cells. Pharmacological inhibition of MK2 promotes, while inhibition of a p38
phosphatase Wip1l suppresses, early dissemination in vivo. These findings identify Her2-mediated
suppression of the p38-MK2-Hsp27 pathway as a novel mechanism for cancer early
dissemination, and provide a basis for new therapies targeting early metastatic dissemination in
Her2* breast cancer.
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Introduction

Metastasis is the leading cause of breast cancer death[1] and was classically viewed as the
final step of cancer progression. This concept was challenged by clinical observations. In
many cases, although the tumors are very small and no metastasis is detected at the time of
resection, metastasis occurs years later[2]. Also, 4-5% of breast cancer patients with
metastasis had unknown primary tumors[3]. It was thus recently proposed that metastasis is
an early step in multiple cancers such as breast cancer, melanoma and pancreatic cancer[4—
6]. While the pathways mediating metastasis have been studied extensively in established
cancer cell lines, it is unclear whether the mechanisms derived from these cells isolated from
patients with detectable primary tumors are also responsible for metastatic dissemination in
early lesion cancer cells. Only a few studies have been focused on the mechanisms of cancer
cell early dissemination.

Her2 is an oncogene amplified in 20% of breast cancer and associated with poor
prognosis[7, 8]. In the MMTV-Her2 mouse model expressing rat neu (Erbb2) under the
control of the mouse mammary tumor virus (MMTYV) promoter/enhancer, 50% of female
mice develop mammary tumors within 205 days on average, and 72% of tumor bearing mice
develop lung metastasis at over 8-month of age[9]. In this model, tumor cells disseminate
systemically from early epithelial lesions (hyperplasia and intraepithelial neoplasia) when
the mammary glands have normal ductal structures[4, 10]. The early disseminated cancer
cells (eDCCs) are Her2*p-p38!oWp-ATF2!oWTwisthighE-cad!oW with an active epithelial-
mesenchymal transition (EMT)-like program and can spread to target organs[11]. Moreover,
p38 suppresses metastatic dissemination in early breast cancer lesions, and Her2 promotes
breast cancer early dissemination by inhibiting p38[11]. However, it is unclear what acts
downstream of p38 in this process.

EMT, characterized by loss of cell-cell junctions and increased cell motility, is one of the
important steps for cancer cells of epithelial origins to disseminate from primary tumors and
colonize the target tissues[12]. In normal epithelial cells, the cell-cell junctions are
maintained by the E-cadherin-B-catenin-a-catenin complex[13]. Tyr654 of B-catenin is
essential for its binding to E-cadherin[14, 15]. Phosphorylation of Tyr654 by Src results in
dissociation of B-catenin from membrane-bound E-cadherin, leading to disruption of E-
cadherin junctions, EMT and cell motility[15]. p-catenin released from the membrane upon
Src phosphorylation is translocated into nucleus where it activates expression of the target
genes, including Slug and Zeb1 that suppress E-cadherin expression[16-19]. Reduced E-
cadherin expression further disrupts cell-cell junctions and leads to nuclear translocation of
more B-catenin, resulting in a positive feedback loop[17, 20].

p38 is a MAPK that regulates many cellular processes. The 4 isoforms (a, B, 'y and &) of
p38 are activated through phosphorylation by MAPK kinases (MAP2Ks), MKK3 and
MKK®6[21], and have multiple substrates including Ser/Thr protein kinases such as MK2,
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PRAK, and MNK1 and transcription factors such as ATF2[22]. MK2 and PRAK can
phosphorylate heat shock protein 27 (Hsp27)[23, 24]. Increased Hsp27 expression
contributes to malignant progression of multiple cancers[23, 25, 26]. In prostate cancer cells,
Hsp27 interacts with p-catenin leading to reduced binding of p-catenin to GSK3p and
stabilization of p-catenin protein; Hsp27 is required for EGF-induced B-catenin
phosphorylation at Tyr654, a site phosphorylated by Src, both of which contribute to
EMT[27]. Nevertheless, the effect of phosphorylation status on the tumor promoting
function of Hsp27 remains unclear.

The p38 pathway can be either tumor-promoting or tumor-suppressing depending on the
context. Based on studies in established cancer cell lines isolated from patients with palpable
primary tumors, p38 activation promotes migration and invasion[28, 29]. However, active
p38 is essential for tumor-suppressing mechanisms such as oncogene-induced senescence,
contact inhibition and DNA damage responses[30]. A recent study demonstrated that p38
suppresses breast cancer cell early dissemination[11]. Thus, p38 may play differential roles
in metastatic dissemination of early lesion tumors and that of detectable primary tumors at
later stages.

Wild type p53-induced phosphatase (Wipl, or PPM1D) is a type 2C serine/threonine protein
phosphatase that inactivates p38, but not the other MAPKS, through direct
dephosphorylation of Thr182, one of the dual phosphorylation sites required for
activation[31, 32]. Wip1 is an oncogene overexpressed in multiple cancers, including breast
cancer[33]. Transgenic Wipl overexpression promotes late stage mammary carcinoma
development by suppressing p38 in the MMTV-Her2 mouse model[34]. Besides p38, Wipl
also dephosphorylates p53, MDM2 and DNA damage response mediators (ATM, Chk1,
Chk?2) to impact cancer cell proliferation and drug resistance[35]. GSK2830371 is the first
orally active Wip1l inhibitor[36] that inhibits tumor growth and sensitizes cancer cells to
chemotherapy by reactivating p53 through restoration of p53 phosphorylation[37-39].
Neither Wip1 nor Wipl inhibitors have been previously tested on the ability of p38 to
suppress cancer cell early dissemination.

While p38 has been linked to suppression of early dissemination of breast cancer cells[11], it
is unclear what p38 downstream pathway mediates this process and whether the p38
pathway can be targeted for blocking early dissemination and metastasis of breast cancer.
Here, we demonstrate using cell and mouse models for early lesion breast cancer that Her2
induces disseminating phenotypes in early lesion breast cancer cells by suppressing the p38-
MK2-Hsp27 pathway, and that unphosphorylated Hsp27, accumulated in Her2* cells, binds
to B-catenin and promotes its interaction with and phosphorylation by Src, leading to loss of
cell-cell junctions, EMT and disseminating phenotypes. Furthermore, GSK2830371
activates the p38-MK2-Hsp27 pathway, suppresses the disseminating phenotypes in early
lesion breast cancer cells, and reduces early dissemination of breast cancer in vivo. These
studies have provided new insights into the mechanism of cancer early dissemination, and
proof-of-principle for a novel therapeutic strategy that blocks early dissemination by
targeting the p38 pathway.
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Results

Her2 suppresses phosphorylation of p38 downstream effectors MK2 and Hsp27 in cell and
mouse models of breast cancer early lesions and human breast cancer tissues

To investigate the p38 downstream effectors involved in Her2-mediated early dissemination,
we surveyed the effect of Her2 on the activation of p38 substrates in normal MCF-10A
mammary epithelial cells transduced with Her2 and mammary epithelial cells isolated from
MMTV-Her2 mice. These cells were used as models of early lesion breast cancer cells since
there is no early lesion breast cancer cell line available that naturally overexpresses Her2 and
all the existing Her2" breast cancer cell lines were derived from patients with detectable
primary tumors and thus are unlikely to represent early lesion cancer cells. The levels of
ectopic Her2 expression in these cells were comparable to or less than that in a naturally
occurring Her2™* breast cancer cell line SK-BR-3 (Fig. S1A), which rule out the possibility
that the effects of Her2 observed in these cells are artifacts of unnaturally high Her2
expression. Her2 expression was barely detectable in normal control breast epithelial cells
and a Her2™ breast cancer cell line MDA-MB-231.

Besides ATF2, phosphorylation of MK2 at Thr222/334 (equivalent to T208/320 in mouse)
and Hsp27 (at Ser15/78/82 in human and Ser15/86 in mouse), but not PRAK, was also
downregulated in early lesion MMTV-Her2 cells (Fig. 1A, S1B) and MCF-10A cells
transduced with Her2 (Fig. 1B), as compared to respective control cells. Her2 also reduced
the levels of E-cadherin, an epithelial cell marker, and increased that of Vimentin, a
mesenchymal cell marker, in MMTV-Her2 and MCF-10A cells (Fig. 1A-B), consistent with
its ability to induce EMT and disseminating phenotypes.

We examined the levels of phosphorylated MK2 and Hsp27 in 14-18-week-old MMTV-
Her2 mice. In contrast to 26-week-old mice that had developed primary tumors, those at 14—
18-weeks had no detectable tumors and retained normal mammary ductal architecture, but
had developed early lesions in mammary ducts (Fig. S1C) and early dissemination of Her2*
cells to the lung (Fig. SID-E). Majority of the Her29h cells in the MMTV-Her2 mammary
ducts (Fig. 1C), the Her29" invading cells in the MMTV-Her2 early lesions (Fig. 1D), and
essentially all the Her2* cells disseminated to the lung (Fig. 1E) contained very low/
undetectable levels of p-MK2 and p-Hsp27. Most of the p-MK2!%W and p-Hsp27'°% (Fig. 1F)
cells were also low for E-cadherin in MMTV-Her2 ducts, suggesting that these cells had an
EMT and disseminating phenotype. Thus, the Her2M9" early disseminating cells are p-
MK2!oWp-Hsp27!1oWE-cadherin!oW in the MMTV-Her2 mice. Thus, the Her2M9"/p-p3glow/p-
MK 2!oW/p-Hsp27'°W cells likely contribute to early dissemination of breast cancer.

We investigated the relationship between Her2 status and the p38-MK2-Hsp27 pathway in
early lesions of human breast cancer using tissue microarrays containing 16 Her2™ and 12
Her2" cases of ductal intraepithelial neoplasia (DIN) and in invasive human breast
carcinoma using human breast carcinoma tissue microarrays containing 61 Her2™ and 73
Her2* cases. The Her2* status correlated with low levels of p-p38, p-MK2 and p-Hsp27 in
both early and advanced lesions (Fig. S2A-D, S2H-J). There were also positive correlations
among the levels of p-p38, p-MK2 and p-Hsp27 (Fig. S2E-G, S2K-M). Thus, the Her2*p-
p38loWp-MK2!10Wp-Hsp27!9W cells exist in early lesions of human breast cancer and likely
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contribute to the early dissemination of the cancer, and that these cells are preserved in the
late stage human breast carcinoma tissues.

Her2 promotes the disseminating phenotypes in early lesion breast cancer cells through
inhibition of the p38-MK2-Hsp27 pathway.

The suppression of MK2 and Hsp27 phosphorylation by Her2 in early disseminating lesions
of breast cancer prompted us investigate their roles in Her2-mediated disseminating
phenotypes.

Consistent with an early report[11], a p38 inhibitor SB203580, which inhibited MK2 and
Hsp27 phosphorylation, reduced the levels of E-cadherin expression and junctions and
increased transwell migration and percentage of organoids with outward invading cells in
MCF-10A and MCF-10A-Her2 cells (Fig. S3A-D), and increased the percentage of invasive
organoids in early breast cancer cells from MMTV-Her2 mice (Fig. S3E), as compared to
vehicle control. p53 and its downstream targets were reported to remain wild type in
MCF-10A-Her?2 cells and early lesions of MMTV-Her2 mice, or even display increased
activity in MMTV-Her2 mice, as compared to the controls, suggesting that Her2 accelerates
cell dissemination in the presence of wild type p53[8, 40, 41]. Consistent with these
findings, Her2 moderately upregulated p53 and p21 expression without altering the levels of
p-p53(S15) and other target genes such as Bax and Apafl in MCF-10A-Her2 and HMEC-
TERT-Her2 cells (Fig. S3F).

Confirming the findings using p38 inhibitor, a constitutively active mutant of a p38 upstream
kinase MKK6 (MKKG6E) induced p38 and Hsp27-Ser86 phosphorylation, increased E-
cadherin expression and junctions in organoid cultures and reduced percentage of invasive
organoids (Fig. 2A-C), while a dominant negative mutant of MKK6 (MKKG6A) had the
opposite effects (Fig. 2A, D-E), in early lesion MMTV-Her2 cells. Similar observations
were made in MCF-10A and MCF-10A-Her2 cells, in that MKKGE increased
phosphorylation of p38, MK2 and Hsp27 and E-cadherin expression and junctions in
organoids and 2D culture, and reduced transwell migration in the absence or presence of a
cell cycle inhibitor aphidicolin, percentage of invasive organoids and expression of an EMT
signature Twist (Fig. 2F-G, 2I, 2K, S3G-I), while MKKG6A had the opposite effects (Fig. 2F,
2H, 2J, 2L, S3G, S3I). As inhibition of p38 by MKKG6A was sufficient to induce the
disseminating phenotypes in MCF-10A cells, and constitutive activation of p38 by MKK6E
reversed the stimulation of the disseminating phenotypes by Her2 in both MMTV-Her2 and
MCF-10A-Her?2 cells, Her2 mediates the disseminating phenotypes including migration,
invasion and EMT by inhibiting p38 in early lesion breast cancer cells.

We next examined the role of MK2 in Her2-mediated disseminating phenotypes. MK2
shRNAs reduced Hsp27-Ser86 phosphorylation, E-cadherin expression and E-cadherin
junctions in organoids, and increased migration and percentage of invasive organoids in
MMTV-Her2 cells (Fig. 3A-D). Human MK2 shRNAs had the same effects on the
disseminating phenotypes in MCF-10A and MCF-10A-Her2 cells, and in addition, increased
Vimentin and Twist expression and cell migration in the presence of aphidicolin (Fig. S4A—
F). In contrast, a constitutively active mutant of MK2 (MK2EE)[28, 42] enhanced Hsp27-
Ser86/82 phosphorylation, increased E-cadherin junctions, and reduced percentage of
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invasive organoids in MMTV-Her2 and MCF-10A-Her2 cells (Fig. 3E-G, S4G-I), and
reduced migration in MCF-10A and MCF-10A-Her2 cells with or without aphidicolin (Fig.
S4J-K). While the MK2 shRNAs were sufficient to induce the disseminating phenotypes in
MCF-10A cells (Fig. S4A-D), active MK2EE reversed suppression of Hsp27
phosphorylation by Her2 and the stimulatory effect of Her2 on the disseminating phenotypes
in MMTV-Her2 and MCF-10A-Her2 cells (Fig. 3E-G, Fig. S4G-K), indicating that Her2
reduces Hsp27 phosphorylation and promotes the disseminating phenotypes by suppressing
the MK2 activity. Moreover, MK2 knockdown reversed the ability of MKKGE to increase
Hsp27-Ser82 phosphorylation and E-cadherin junctions and to reduce the percentage of
invasive organoids in MCF-10A-Her2 cells (Fig. 3H-J), indicating that MK2 acts
downstream of p38 in the pathways that suppresses the disseminating phenotypes.

ATF2 knockdown reduced E-cadherin junctions, and increased migration and percentage of
invasive organoids in MCF-10A and MCF-10A-Her2 cells (Fig. SSA-D). In contrast,
knockdown of another p38 downstream kinase MNK1 had no effect on E-cadherin junctions
or migration (Fig. SSE-G). Thus, in addition to the MK2, ATF2 may also contribute to the
disseminating phenotypes, although whether it acts downstream of Her2 and/or p38 is
unclear, while MNK1 does not.

To investigate the role of the MK2 downstream substrate Hsp27 in early disseminating
phenotypes, we tested the effects of wild type Hsp27 (Hsp27 WT) and Hsp27 containing
phosphomimetic (Hsp27-TriD, or -S15D/S78D/S82D) or unphosphorylatable (Hsp27-TriA
or -S15A/S78A/S82A) mutations at the MK2 phosphorylation sites Ser15/78/82. In MMTV-
Her2 cells, ectopic expression of Hsp27-WT reduced E-cadherin expression and junctions,
and increased migration and percentage of invasive organoids compared to vector control;
ectopic expression of Hsp27-TriA in general led to a further increase in EMT, migration and
invasion as compared to Hsp27-WT, while Hsp27-TriD suppressed these disseminating
phenotypes (Fig. 4A-D). The same observations were made in MCF-10A-Her?2 cells, in that
Hsp27-WT promoted and Hsp27-TriA further promoted, but Hsp27-TriD suppressed, EMT
(E-cadherin junctions and Twist expression), migration with or without aphidicolin and
invasion (Fig. SBA-G). Thus, Hsp27-Ser15/78/82 phosphorylation by MK2 leads to
inhibition of Her2-mediated disseminating phenotypes, and the unphosphorylatable Hsp27-
TriA mutant and the unphosphorylated portion of the ectopically expressed wild type Hsp27
promote these phenotypes. In MCF-10A cells, both Hsp27-WT and —TriA promoted the
disseminating phenotypes (Fig. S6), indicating that the unphosphorylated Hsp27 protein is
sufficient to induce these phenotypes in cells without Her2. Meanwhile, the Hsp27-TriD
mutant that mimics phosphorylation by MK2 disrupts Her2-induced EMT, migration and
invasion in Her2™ cells. Therefore, Her2 promotes the disseminating phenotypes by
inhibiting MK2-mediated phosphorylation of Hsp27.

Moreover, the unphosphorylatable Hsp27-TriA mutant reversed the ability of MK2EE to
increase E-cadherin expression and junctions and reduce Vimentin expression and the
percentage of invasive organoids (Fig. 4E-G), indicating that phosphorylated Hsp27 acts
downstream of MK2 to suppress the disseminating phenotypes. Together, our findings
indicate that Her2 induces the disseminating phenotypes in early lesion breast cancer cells
through inhibition of the p38-MK2-Hsp27 pathway.
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The constitutively active or phoshomimetic mutants of the p38 pathway components,
including MKK6E, MK2EE and Hsp27-TriD, did not have an obvious effect on some of the
disseminating phenotypes, especially the loss of E-cadherin junctions and formation of
invasive organoids, in MCF-10A cells without Her2 (Fig. 2G, 2K, S4H-I, S6B, S6E),
although they reversed the Her2-induced disseminating phenotypes. It is likely that in the
normal MCF-10A cells, the p38 pathway activity is relative high without suppression by
Her2, and that the high levels of active p38 and MK2 and MK2-phosphorylated Hsp27
maintain very low levels of disseminating phenotypes in these cells, which cannot be further
suppressed by additional activation of the p38 pathway.

Suppression of the p38-MK2-Hsp27 pathway by Her2 activates p-catenin through Src-
mediated phosphorylation

EMT is resulted from dissociation of the E-cadherin-B-catenin-a.-catenin complex and
nuclear translocation of B-catenin[14]. Src induces B-catenin activation and nuclear
translocation by phosphorylating its Tyr654 residue[15]. In addition, p38 suppresses early
dissemination by inhibiting B-catenin activation and nuclear translocation[11]. We thus
tested the effect of the p38-MK2-Hsp27 pathway on B-catenin activation by Src.

In MMTV-Her2 cells, p38 activation by MKKG6E suppressed, while p38 inhibition by
MKKB6A increased, the levels of Src-phosphorylated (pY654) and the active forms of p-
catenin[43] (Fig. 5A). In MCF-10A cells, Her2 and p38 inhibitor SB203580 alone increased,
and the combination of both further increased, the levels of the Src phosphorylated and the
active forms of p-catenin and nuclear translocation of g-catenin (Fig. S7A-D). Furthermore,
the constitutively active MK2EE reduced, and MK2 shRNAs increased, the levels of the Src-
phosphorylated and the active forms of B-catenin in MMTV-Her2 cells (Fig. 5B). In
MCF-10A cells, the constitutively active MK2EE reversed Her2-mediated induction of the
Src phosphorylated and the active forms of B-catenin and the nuclear translocation of 8-
catenin (Fig. STE-H). Moreover, MK2 knockdown alone was sufficient to increase the levels
of the Src phosphorylated and the active forms of g-catenin and nuclear translocation of -
catenin, further upregulated these forms of pB-catenin to greater levels in combination with
Her2 (Fig. S7I-L), and reversed MKKG6E-induced reduction in the Src phosphorylated and
the active form of B-catenin (Fig. 3H). Thus, Her2 activates p-catenin by inhibiting p38-
mediated activation of MK2 in early lesion breast cancer cells.

Consistent with their effects on EMT, migration and invasion, Hsp27-WT and to a greater
extent, Hsp27-TriA increased, while Hsp27-TriD reduced, the level of Src-phosphorylated
[B-catenin and the level of active B-catenin in organoids (Fig. 5C-D) in MMTV-Her2 cells
(Fig. 5C-D). Hsp27-WT and Hsp27-TriA overexpression also reduced, and Hsp27-TriD
increased, total membrane-localized inactive p-catenin in MMTV-Her2 cells (Fig. 5E). In
MCF-10A-Her2 cells, Hsp27-WT promoted and Hsp27-TriA further promoted, but Hsp27-
TriD suppressed, the level of Src-phosphorylated p-catenin and active p-catenin and nuclear
translocation of B-catenin (Fig. S7TN-P), indicating that phosphorylation of Hsp27 by MK2
leads to inhibition of Her2-mediated activation of p-catenin, and that the unphosphorylatable
Hsp27-TriA mutant and the unphosphorylated portion of the ectopically expressed wild type
Hsp27 promote B-catenin activation. In MCF-10A cells, both Hsp27-WT and -TriA
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upregulated the Src-phosphorylated and the active -catenin and nuclear translocation of -
catenin (Fig. STM-P), indicating that the unphosphorylated Hsp27 is sufficient to induce p-
catenin activation. Hsp27-TriD in general did not further reduce the Src-phosphorylated or
the active form or nuclear translocation of B-catenin in MCF-10A cells, all of which were
already at very low levels due to the absence of Her2 in these normal cells (Fig. STM-P),
consistent with its effect on the disseminating phenotypes (Fig. S6). Moreover, Hsp27-TriA
reversed the ability of MK2EE to reduce the levels of the Src-phosphorylated and the active
B-catenin (Fig. 4E), indicating that phosphorylated Hsp27 acts downstream of MK2 to
suppress p-catenin activation. Thus, Her2 promotes p-catenin activation by inhibiting p38/
MK2-mediated phosphorylation of Hsp27.

Phosphorylation by MK2 abrogates the ability of Hsp27 to bind to B-catenin and to
promote interaction of B-catenin with Src

To investigate the mechanism by which Hsp27 regulates B-catenin-Tyr654 phosphorylation
by Src, we examined the interaction among Hsp27, Src and B-catenin using co-
immunoprecipitation (co-1P) assays. An antibody against Hsp27 immunoprecipitated both
Hsp27 and B-catenin in MCF-10A and more p-catenin in MCF-10A-Her2 cells, but not Src
in either cell lines; an anti-B-catenin antibody co-immunoprecipitated both Hsp27 and Src
together with B-catenin in MCF-10A and more of these 2 proteins in the presence of Her2;
and an anti-Src antibody brought down p-catenin in MCF-10A cells and more p-catenin in
MCF-10A-Her2 cells, along with Src, but not Hsp27 (Fig. 5F), Thus, B-catenin interacts
with Hsp27 and Src in separate complexes, and Her2 enhances both interactions, suggesting
that the unphosphorylated form of Hsp27 in Her2 cells may preferentially bind to -catenin,
enhancing its interaction with Src. Indeed, co-IP assays in MCF-10A-Her2 cells ectopically
expression Hsp27 revealed that Hsp27-TriD reduced, and Hsp27-WT and Hsp27-TriA
increased, interaction of Hsp27 with p-catenin, as compared to the vector control (Fig. 5G).
Like the endogenous Hsp27, overexpressed Hsp27 did not interact with Src (Fig. 5G). In
these same cells, ectopic expression of Hsp27-WT and -TriA enhanced, while Hsp27-TriD
reduced or failed to significantly increase, interaction between endogenous B-catenin and
Src in reciprocal co-1P assays (Fig. 5H-I). Thus, Hsp27-TriA, and the unphosphorylated
wild type Hsp27 in Her2* cells where the p38-MK2 activity is low, bind preferentially, as
compared to Hsp27-TriD and MK2-phosphorylated Hsp27, to p-catenin, which enhances its
interaction with Src, leading to increased Tyr654 phosphorylation and activation of -
catenin. Since no Hsp27-Src interaction was detected, Hsp27 may be released from {-
catenin once it has bound to and locked B-catenin in a Src-amiable conformation.
Alternatively, the Hsp27-Src interaction may be below the detection limit of the assay.

Inhibition of MK2 promotes early dissemination of breast cancer in vivo.

We investigated the role of MK2 in early dissemination of breast cancer in vivo, using a
specific MK2 inhibitor PF3644022[44]. In MMTV-Her2 cells, PF3644022 reduced Hsp27-
Ser86 phosphorylation, increased Src-mediated phosphorylation of p-catenin-Tyr654 and
active p-catenin levels, reduced E-cadherin expression and junctions in organoids and
increase percentage of invasive organoids (Fig. SBA-C). PF3644022 had similar effects on
Hsp27, p-catenin and disseminating phenotypes in MCF-10A and MCF-10A-Her2 cells
(Fig. S8D-I).
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Treatment of 14-18-week-old MMTV-Her2 mice with PF3644022 reduced Hsp27-Ser86
phosphorylation and percentage of E-cadherin™d" ducts and increased B-catenin nuclear
translocation in mammary glands, compared to the control (Fig. 6A-C). PF3644022 did not
alter the percentage of ducts with early lesions in mammary glands, but increased the Her2*
eDCCs in blood, bone marrow and lung (Fig. 6D-G), demonstrating that pharmacological
inhibition of MK2 enhances early dissemination of breast cancer in vivo.

A Wiplinhibitor GSK2830371 actives the p38 pathway and reduces early dissemination of
breast cancer in vivo.

Wip1 is a p38 phosphatase that inactivates p38 by dephosphorylating Thr182, one of the
dual phosphorylation sites[31, 32]. We thus tested whether Wip1 inhibitor abrogates early
dissemination and metastasis of breast cancer in the MMTV-Her2 model. GSK2830371
(GSK) upregulated phosphorylation of p38, MK2 and Hsp27-Ser86 and downregulated the
levels of the Src phosphorylated and the active forms of p-catenin, increased E-cadherin
junctions in organoids, and reduced percentage of invasive organoids in MMTV-Her2 cells
(Fig. S9A-C). GSK also induced p38 and Hsp27 phosphorylation and downregulated Src
phosphorylated B-catenin in MCF-10A cells with or without Her2, and reversed Her2-
induced disseminating phenotypes and activation and nuclear translocation of p-catenin (Fig.
S9D-J). These findings demonstrate the efficacy of GSK in activating the p38 pathway and
suppressing the Her2-mediated disseminating phenotypes in vitro. GSK had no significant
effect on the disseminating phenotypes in MCF-10A cells (Fig. S9E-G), again likely due to
the high p38 pathway activity and already weak disseminating phenotypes in these cells
without Her2.

Treatment of 14-18-week-old MMTV-Her2 mice with GSK led to significant upregulation
in phosphorylation of p38, MK2 and Hsp27-Ser86 in mammary tissues as compared to
vehicle (Fig. 7A). IHC staining showed that E-cadherin was upregulated in mammary glands
of mice treated with GSK (Fig. 7B). Moreover, although the percentage of ducts with early
lesions did not change in mammary glands (Fig. 7C), the Her2* eDCCs were decreased by
GSK as compared to vehicle control in bone marrow and lung (Fig. 7D-E). Therefore,
pharmacological inhibition of Wip1 activates the p38 pathway and reduces Her2-mediated
early dissemination of breast cancer in vivo.

Discussion

Using cell and mouse models for early lesion breast cancer, we identified MK2 and Hsp27
as novel mediators of the disseminating phenotypes in early lesion breast cancer cells.
Supporting the key role of this pathway in early dissemination in vivo, in MMTV-Her2
mice, the early disseminating cells present in the early lesions in mammary glands and lung
are Her2M9hp-p38lowp-MK2!oWp-Hsp27!°W, and pharmacological inhibition of MK2
increases early dissemination. Existence of Her2M9Mp-p38!oWp-MK2!19Wp-Hsp27!oW cells in
early breast cancer lesions from patients suggests that these cells likely contribute to early
dissemination in the human disease. Interestingly, this group of cells were detected in human
breast carcinoma, suggesting that the Her2-p38-MK2-Hsp2 network is preserved in late-
stage breast cancer, although the metastasis-suppressing function of this pathway may not be
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preserved at the late stage, given previous reports that p38 promotes migration and invasion
in established cancer cell lines[45, 46].

Among the p38 substrates[47], MK2 suppression is necessary for Her2-induced
disseminating phenotypes and sufficient to trigger them by itself, but PRAK and MNK1 are
not involved. In the initial report[11], ATF2 phosphorylation was reduced by Her2, but its
function in early dissemination was unknown. We confirmed suppression of ATF2
phosphorylation by Her2 and showed that ATF2 silencing induces the disseminating
phenotypes. It remains to be determined whether ATF2 acts downstream of p38 to inhibit the
disseminating phenotypes and whether ATF2 suppression contributes to Her2-induced early
dissemination. Further studies are also needed to investigate the roles of the other p38
substrates in cancer early dissemination. Despite the possible involvement of other
downstream effectors, data from epistatic analyses indicate that p38 suppresses the
disseminating phenotypes at least partly through MK2 and Hsp27. The exact roles of
different p38 isoforms also need to be examined, despite the enhancement of early
dissemination in vitro and in vivo by SB203580, an inhibitor mainly for p38a/p[11].

Src-mediated phosphorylation of B-catenin-Tyr654 results in its dissociation from
membrane-bound E-cadherin, leading to disruption of E-cadherin junctions, its nuclear
translocation, and EMT[14, 15]. We showed that Her2 suppresses p38/MK2 activity and
reduces MK2-mediated Hsp27 phosphorylation, leading to accumulation of
unphosphorylated Hsp27 that binds to f-catenin and enhances Src-f-catenin interaction and
Src-mediated phosphorylation and nuclear translocation of -catenin. These findings provide
a mechanism for the essential role of Hsp27 in B-catenin activation. Hsp27 is a molecular
chaperon[48] that promotes cell migration and invasion in cancer cells[49, 50]. Contrary to a
report that Hsp27 binds and stabilizes p-catenin protein in prostate cancer cells[27], neither
Hsp27-WT nor Hsp27-TriD/A altered total p-catenin levels in early lesion breast cancer
cells (Fig. 5C, 5G-1, S7TM), possibly due to tissue specificity. Hsp27 can be tumor-
promoting[51] or tumor-suppressing[52]. Little is known about the role of Hsp27
phosphorylation in cancer. We found that MK2-mediated Hsp27 phosphorylation abrogates
its function in promoting Her2* breast cancer early dissemination. Hsp27-TriD failed to bind
[B-catenin and reduced disseminating phenotypes, suggesting that TriD is dominant negative
over the endogenous Hsp27. Possibly, TriD sequesters endogenous unphosphorylation
Hsp27 or other proteins required for its function, preventing its interaction with B-catenin.

While targeted therapies have been developed for breast cancer[33, 53], we propose a novel
therapeutic strategy to block dissemination and metastasis at early stages of cancer or in
asymptomatic high-risk individuals by restoring the p38 pathway, based on our observation
that pharmacological inhibition of Wip1, a p38 phosphatase[32], restores the p38-MK2-
Hsp27 activity and suppresses early dissemination in both cell and mouse models of early
lesion Her2* breast cancer. As a oncogene with amplification/overexpression in cancers[35],
Wip1 has other substrates besides p38, including p53[32]. Wip1 inhibitors are being pursued
as anti-cancer drugs based on their ability to reactivate p53 in patients with wild type
p53[36-38]. Since suppression of early dissemination by the p38-MK2-Hsp27 pathway is
independent of p53, Wip1l inhibitors may be effective in patients with either wild type or
mutant p53. Despite improved specificity and toxicity compared to other Wip1 inhibitors[54,
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55], GSK2830371 is unstable. Better Wipl inhibitors need to be developed. While our study
provides a proof-of-principle for a potential therapy for breast cancer metastasis, it needs to
be validated and further investigated in additional preclinical studies. Reactivation of p38 by
Wipl inhibitors, although inhibits early dissemination, may not eventually lead to
attenuation of metastasis due to selection of compensatory mechanisms such as group
migration[56] or activation of other metastasis-promoting pathways. Thus, Wip1 inhibitors
may need to be combined with other drugs targeting those compensatory mechanisms or
cancer cell proliferation or survival.

Materials and Methods

Reagent

MCF-10A cells were treated with 5pM SB203580 (Sigma), 0.5pM GSK2830371
(Selleckchem), 5uM PF3644022 (R&D System) or 10uM aphidicolin (Sigma) for the
inhibition of p38, Wipl, MK2 or DNA synthesis, respectively[36, 57, 58]

For treatment in mice, GSK2830371 was dissolved in 2% DMSO, 30% PEG300 and 5%
Tween80[36]; MK2 PF3644022 was dissolved in 20% polyethylene glycol-400,10% ethanol
in 70% normal saline[44, 57]. Additional materials and methods are provided in
Supplementary Information

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Her 2 suppresses phosphorylation of MK2 and Hsp27 in mammary epithelial cellsand
early lesions of MM TV-Her2 mouse mammary glands.

(A-B) Western blot analysis of mouse mammary epithelial cells isolated from wild type
FVB mice (FVB) and MMTV-Her2 mice with early lesion (A) or MCF-10A cells transduced
with vector (LXSN) or Her2 (B), detecting the status of the p38 pathway and E-cadherin,
Vimentin expression.

(C) Mammary glands from 14-18-week-old MMTV-Her2 mice were co-stained for Her2
and p-MK2 (T320) (top) or p-Hsp27 (S86) (bottom) by immunofluorescence. Representative
images are shown on the left with white arrows indicating Her2M9"p-MK2/p-Hsp27!°" and
yellow arrows indicating Her2!®Wp-MK2/p-Hsp27Mi9" cells. Percentage (means+SD) of
Her2Migh cells that were p-MK2/p-Hsp27M9h or p-MK2/p-Hsp27'°% were quantified (right),
n=20 ducts from 2 mice. At least 4-25 Her2Ni9" cells were counted/duct.

(D) Mammary glands from 14-18-week-old MMTV-Her2 mice were co-stained for Her2
and p-MK2 (T320) (top) or p-Hsp27 (S86) (bottom) by immunofluorescence. Representative
images with invading cells are shown with white arrows indicating Her2Ni9"-p-MK2/p-
Hsp27'°" invading cells. Numbers on the right indicate percentage (means+SD) of Her2*p-
MK 2/p-Hsp27'®Vinvading cells in early lesions, n=2 mice. At least 50 Her2* cells in the
invading structures were counted/mice.
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(E) Representative images of lung tissues from 14-18-week-old MMTV-Her2 mice co-
stained for Her2 and p-MK2 (T320) (top) or p-Hsp27 (S86) (bottom) by
immunofluorescence.

(F) Mammary glands from 14-18-week-old MMTV-Her2 mice were co-stained for E-
cadherin and p-MK2 (T320) (top) or p-Hsp27 (S86) (bottom) by immunofluorescence.
Representative images are shown on the left with white arrows indicating E-cadherinnignp-
MK 2/p-Hsp27M9h and yellow arrows indicating E-cadherin!® p-MK2/p-Hsp27' cells.
Percentage (means+SD) of E-cadherin!®V cells that were p-MK2/p-Hsp27'°% or p-MK2/p-
Hsp27Migh were quantified (right), n=20 ducts from 2 mice. At least 4-35 E-cadherin!®V cells
were counted/duct.

(C, F) *** p<0.001 vs indicated controls in Mann-Whitney U-test.

Oncogene. Author manuscript; available in PMC 2021 February 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

% organoids

% organoids

@

100 == C MMTV-Her2
I 801 BP MKK6E
T 601
=
T 401 S
1 204 GALY
0 ~ je2o
BP MKK6E
807 E MMTV-Her2
ic 60- BH MKKBA
2 40
o N ¥
3 201 Sk
o4 s28pm
BH MKK6A

MCF-10A

E-cadherinvDAPI

LXSN-MKK6E Her2-BP Her2-MKK6E

MCF-10A

E-cadherinvDAPI

A MMTV-Her2 B
& \el o
& & g
& & & &F 3
E-cadherin [ #59% B | |s & 5
MKKG [wee g | | = g 3
pp3a[  —] |- D"
P38 | e L - e =
p-HSp27(S86) [ e | [ — 2
2
Hsp27 | g
B-aCtin | v — — b=}
(&)
U
F MCF-10A
w <
¢ ¢ g ¢
o X < I X <
2282 2383
o o Yo o o ¥
X322 35 2 2
E-cadherin |- s — —_— -
MKK6 ad _— —
p-p38 — — — —_ -_—
p38 | we wm . - ————
P-MK2(T334) | v @0 =
MK2 — — -
P-HSp27(S82) | v wem — -
HSP27 | & e» «» e -_— = e
B-actin | w—————— — — —

I MCF-10A

%
*
*

LXSN-BP LXSN-MKKGE Her2-BP Her2-MKK6E

J MCF-10A

LXSN-MKK6A ~ Her2-BH Her2-MKK6A

..

MCF-10A

migrated cells

LXSN-BH LXSN-MKK6A Her2-BH Her2-MKK6A

(8 T R 0 VT

LXSN-BP LXSN-MKKGE Her2-BP Her2-MKK6E

25um

MCF-10A

%1
|
|

migrated cells

LXSN-BH LXSN-MKK6A Her2-BH Her2-MKK6A

=

% organoids
E-cadherinHi

% organoids
E-cadherinHi

% acini with

outward invasion

% acini with

Page 17

o
g

s

I

_BPMKK6E

N
o

N
o

%of acini with
outward invasion
N A O
e Do s

%of acini with
outward invasion

R &L &
S & & &
O
LXSN Her2

ke

*
*
*

N A O OO

& S

Y N

LXSN Her2
307 _xx  _x
201
1001 NS
Q &R &
K& < (&
NI
LXSN Her2

& X

LXSN Her2

Figure 2. Her 2 promotes the disseminating phenotypes by suppressing p38in Her2* early lesion

mammary epithelial cells.

(A-E) Mammary epithelial cells isolated from 14-18-week-old MMTV-Her2 mice with
early lesions were transduced with MKKG6E or vector (BP) (A-C) or MKKG6A or vector (BH)
(A, D-E), and analyzed for the p38 pathway status and E-cadherin expression by Western

blotting (A), E-cadherin junctions in organoids by immunofluorescence (B, D) and
percentage of invasive organoids (C, E).

(F-L) MCF-10A cells transduced with vector (LXSN) or Her2 were transduced with
MKKGE or vector (BP) (F-G, I, K) or MKKG6A or vector (BH) (F, H, J, L), and analyzed for
the p38 pathway status and E-cadherin expression by Western blotting (F), E-cadherin
junctions in organoids by immunofluorescence (G-H), migration in transwell (1-J) and

percentage of invasive organoids (K-L).

(B-E, G-L) Representative images (left) and quantification (means£SD for duplicates) of
percentage of E-cadherinM9" organoids (B, D, G-H) and organoids with outward invading
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cells (C, E, K-L), and number of migrated cells (I-J) (right) are shown. NS, not significant; *
p<0.05; ** p<0.01; *** p<0.001 vs indicated control in one-tailed unpaired t-test.
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Figure 3. Her2 promotes the disseminating phenotypes by suppressing p38-mediated MK 2

activation in Her 2" early lesion breast cancer cells.
(A-D) Mammary epithelial cells isolated from 14-18-week-old MMTV-Her2 mice with

early lesions were transduced with a scrambled shRNA (SC) or mouse MK2 shRNAs and
analyzed for the p38 pathway status and E-cadherin expression by Western blotting (A), E-
cadherin junctions in organoids by immunofluorescence (B), migration in transwell (C) and
percentage of invasive organoids (D).
(E-G) Mammary epithelial cells isolated from 14-18-week-old MMTV-Her2 mice with
early lesions were transduced with vector (BP) or the constitutively active MK2EE mutant
and analyzed for the p38 pathway status and E-cadherin expression by Western blotting (E),

E-cadherin junctions in organoids (F) and percentage of invasive organoids (G).
(H-J) MCF-10A cells transduced with Her2 were transduced with vector (BP) or
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constitutively active MKK6E and MK2 shRNA or a scrambled shRNA (SC), and analyzed
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for indicated proteins by Western blotting (H), E-cadherin junctions in organoids (1),
percentage of invasive organoids (J).

(B-D, F-G, 1-J) Representative images (left) and quantification (means£SD for duplicates)
of percentage of E-cadherinM9" organoids (B, F, 1) and organoids with outward invading
cells (D, G, J), and number of migrated cells (C) (right) are shown. ** p<0.01; *** p<0.001
vs indicated control in one-tailed unpaired t-test.
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Figure 4. Her 2 promotes the disseminating phenotypes by suppressing MK 2-mediated
phosphorylation of Hsp27 in Her 2* early lesion breast cancer cells.

(A-D) Mammary epithelial cells isolated from 14-18-week-old MMTV-Her2 mice with
early lesions were transduced with vector (MCS), wild type Hsp27 (Hsp27-WT) or Hsp27
containing phosphomimetic (Hsp27-TriD) or non-phosphorylatable (Hsp27-TriA) mutations
at the MK2 phosphorylation sites, and analyzed for Hsp27 and E-cadherin expression by
Western blotting (A), E-cadherin junctions in organoids by immunofluorescence (B),
migration in transwell (C) and percentage of invasive organoids (D).
(E-G) MCF-10A cells transduced with Her2 were transduced with vector (BP) or MK2EE
and vector (MCS) or Hsp27-TriA and analyzed for indicated proteins by Western blotting
(E), E-cadherin junctions in organoids (F) and percentage of invasive organoids (G).

(B-D, F-G) Representative images (left) and quantification (means+SD for duplicates) of
percentage of E-cadherinni9" organoids (B, F) and organoids with outward invading cells (D,
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G), and number of migrated cells (C) (right) are shown. NS, not significant; * p<0.05; **
p<0.01; *** p<0.001 vs indicated control in one-tailed unpaired t-test.
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Figure5. Suppression of the p38-M K2-Hsp27 pathway by Her 2 activates p-catenin through Src-
mediated phosphorylation.

(A-C) Western blot analysis of Src-phosphorylated p-catenin (Y654-Bcat), active p-catenin
(Active-Bcat) and total B-catenin in mammary epithelial cells isolated from 14-18-week-old
MMTV-Her2 mice with early lesions and transduced with vector (BP) or MKKG6E or vector
(BH) or MKKG6A (A), vector (BP) or MK2EE or a scrambled shRNA (SC) or mouse MK2
shRNAs (B), or vector (MCS), Hsp27-WT, Hsp27-TriD or Hsp27-TriA (C).

(D-E) Organoids of mammary epithelial cells isolated from 14-18-week-old MMTV-Her2
mice with early lesions and transduced with vector (MCS), Hsp27-WT, Hsp27-TriD or
Hsp27-TriA were stained for active (D) or total (E) B-catenin by immunofluorescence.
Percentage (means=SD for duplicates) of organoids with high active B-catenin levels (active-
[Scathigh) (D) or high membrane localized total B-catenin levels (BcatMEM*) were quantified
(right). * p<0.05; ** p<0.01; *** p<0.001 vs indicated control in one-tailed unpaired t-test.
(F) Interactions among endogenous Hsp27, B-catenin and Src assessed by reciprocal co-
immunoprecipitation (IP). Hsp27, p-catenin or Src were immunoprecipitated from
MCF-10A-LXSN or MCF-10A-Her2 cells using respective antibodies or 1gG and detected
by Western blotting.

(G-I) Effects of phosphomimetic and nonphosphorylatable mutations of the MK2
phosphorylation sites of Hsp27 on interactions among Hsp27, B-catenin and Src. Hsp27 (G),
B-catenin (H) or Src (1) were immunoprecipitated from MCF-10A-Her2 cells transduced
with vector (MCS), Hsp27-WT, Hsp27-TriD or Hsp27-TriA using respective antibodies or
1gG. Presence of Hsp27, B-catenin and Src in the IPs and inputs were detected by Western
blotting. Quantifications of signals for p-catenin immunoprecipitated by the anti-Hsp27
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antibody (G), Src immunoprecipitated by the anti-p-catenin antibody (H) and p-catenin
immunoprecipitated by the anti-Src antibody (1) are shown in the bar graphs on the right.
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Figure 6. Pharmacological inhibition of MK2 promotes early dissemination in the MM TV-Her2
model.

(A) Western blot analysis of mammary epithelial cells isolated from 14-18-week-old
MMTV-Her2 mice treated with vehicle or MK2i for 14 days.

(B-C) Mammary glands were isolated from 14-18-week-old MMTV-Her2 mice treated with
vehicle or MK2i for 14 days and stained for E-cadherin (B) or p-catenin (C) by IHC.
Percentage of E-cadherin™9" ducts (means+SD, n=4 mice/group) (B) or percentage of cells
with nuclear p-catenin per duct (means+SD, n=42 ducts from 3 mice) (C) was quantified
(right). All the ducts from 4 mice in each group were counted in (B).

(D) HE staining of mammary glands isolated from 14-18-week-old MMTV-Her2 mice
treated with vehicle or MK2i for 14 days. Percentage of ducts with early lesions (means
+SD, n=75 ducts for vehicle group, n=90 ducts for MK2i group, each group from 3 mice)
were quantified (right)

(E-G) Early disseminating cancer cells (eDCCs) were detected by immunofluorescence (E-
F) or IHC (G) staining for Her2 in cytospin preparations of blood (E) or bone marrow (F) or
tissue sections of lungs (G) isolated from 14-18-week-old MMTV-Her2 mice treated with
vehicle or MK2i for 14 days. Nuclei were stained with DAPI (E-F) or Haematoxylin (G).
Arrows indicate Her2* eDCCs (G). Her2* eDCCs/ml of blood (means+SD, n=4 mice/group)
(E), Her2* eDCCs/bone marrow (means=SD, n=5 mice/group) (F) or percentage of Her2*
eDCCs/field (means+SD, n= 40 fields from 4 mice/group) (G) were quantified (right).
(B-G) NS, not significant; * p<0.05; ** p<0.01; *** p<0.001 vs indicated control in Mann-
Whitney U-test.
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Figure 7. Pharmacological inhibition of Wipl inhibits early dissemination in the MM TV-Her2
model.

(A) Western blot analysis of mammary epithelial cells isolated from 14-18-week-old
MMTV-Her2 mice treated orally with vehicle or GSK2830371 for 21 days.

(B) Mammary glands isolated from 14-18-week-old MMTV-Her2 mice treated with vehicle
or Wipli for 21 days were stained for E-cadherin by IHC. Percentage of E-cadherinhigh
ducts (meansxSD, n=4 mice for vehicle, 3 mice for Wipli) was quantified (right). All the
ducts in all mice in each group were counted.

(C) HE staining of mammary glands isolated from 14-18-week-old MMTV-Her2 mice
treated with vehicle or Wipli for 21 days. Percentage of ducts with early lesions (means
+SD, n=60 ducts for vehicle group, n=75 ducts for Wipli group, each group from 3 mice)
were quantified (right)

(D-E) Early disseminating cancer cells (eDCCs) were detected by immunofluorescence (D)
or IHC (E) staining for Her2 in cytospin preparations of bone marrow (D) or tissue sections
of lungs (E) isolated from 14-18-week-old MMTV-Her2 mice treated with vehicle or Wip1i
for 21 days. Nuclei were stained with DAPI (D) or Heamotoxylin (E). Arrows indicate
Her2* eDCCs (E). Her2* eDCCs/bone marrow (means=SD, n=5 mice/group) (D) or
percentage of Her2* eDCCs/field (means+SD, n= 40 fields from 4 mice/group) (E) were
quantified (right).

(B-E) NS, not significant; * p<0.05; *** p<0.001 vs indicated control in Mann-Whitney U-
test (B-E).
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