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SUMMARY

The lipid raft-resident protein, MAL2, has been implicated as contributing to the pathogenesis

of several malignancies, including breast cancer, but the underlying mechanism for its effects

on tumorigenesis is unknown. Here, we show that MAL2-mediated lipid raft formation leads

to HER2 plasma membrane retention and enhanced HER2 signaling in breast cancer cells. We
demonstrate physical interactions between HER2 and MAL2 in lipid rafts using proximity ligation
assays. Super-resolution structured illumination microscopy imaging displays the structural
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organization of the HER2/Ezrin/NHERF1/PMCAZ2 protein complex. Formation of this protein

complex maintains low intracellular calcium concentrations in the vicinity of the plasma

membrane. HER2/MAL2 protein interactions in lipid rafts are enhanced in trastuzumab-resistant
breast cancer cells. Our findings suggest that MALZ2 is crucial for lipid raft formation, HER2
signaling, and HER2 membrane stability in breast cancer cells, suggesting MALZ2 as a potential

therapeutic target.

Graphical Abstract

In brief

Jeong et al. show that the formation of MAL2-mediated lipid raft-rich membrane protrusions is
crucial for HER2 signaling in breast cancer cells. MAL2 is required for the formation of HER2/
Ezrin/NHERF1/PMCAZ2 protein complexes. Formation of these protein complexes leads to a low
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INTRODUCTION

Approximately 20% of invasive breast cancers overexpress the receptor tyrosine kinase,
ERBB2/HER2/Neu (HER2), most commonly due to amplification of the ERBBZgene. In
breast and other cancers, HER2 overexpression predicts more aggressive tumor behavior
and increased mortality (Arteaga and Engelman, 2014; Arteaga et al., 2011; Hynes and
MacDonald, 2009). HER2 overexpression in MMTV-Neu transgenic mice is sufficient
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to cause breast tumors, demonstrating its direct oncogenic activity (Guy et al., 1992;
Hanker et al., 2013). HER2 has no known ligands and acts as an obligate heterodimer,
partnering with other members of the ErbB receptor family, especially with ERBB1/EGFR
and ERBB3/HERS in breast cancers (Olayioye, 2001). Unlike other ERBB family members,
HER2 resists internalization and degradation upon activation, remaining on the cell surface
and/or being rapidly recycled to the plasma membrane. HER?2 also impedes the endocytosis
and degradation of its heterodimerization partners, EGFR and HER3. The mechanisms
underlying the membrane retention of activated HER2 are only partly understood, but this
property correlates with the localization of HER2 within discrete protruding membrane
domains and requires interactions with HSP90 (Bertelsen and Stang, 2014; Li et al., 2020).
In addition, our studies have recently demonstrated that interactions of HER2 with the
calcium pump, PMCAZ2, and two scaffolding molecules, NHERF1 and Ezrin, are important
to support the localization of HER2 within lipid raft-rich membrane protrusions, the
interactions between HER2 and HSP90, the retention of activated HER2 on the cell surface,
and downstream HER2 biochemical signaling (Jeong et al., 2016, 2017b, 2018).

Lipid rafts are cholesterol- and sphingolipid-rich membrane microdomains that regulate
cellular functions, such as membrane trafficking, receptor signaling, and the organization
of apical membrane microvilli (Alonso and Millan, 2001; Lajoie and Nabi, 2010; Patel and
Insel, 2009; Pike, 2003, 2005; Schuck and Simons, 2004; Simons and Sampaio, 2011).

In cancer cells, lipid rafts sequester and concentrate oncogenic signaling components and,
thus, contribute to malignant transformation or behavior (Li et al., 2006; Mollinedo and
Gajate, 2015; Staubach and Hanisch, 2011). Structurally, lipid raft domains are more rigid
and tightly packed portions of the membrane that are resistant to solubilization with certain
detergents such as Triton X-100 (Brown, 2006; Schuck et al., 2003). We and others have
reported that HER2, along with PMCA2, NHERF1, and Ezrin, is located within lipid
raft-rich portions of the membrane (Jeong et al., 2016, 2017b, 2018; Nagy et al., 2002).

MALZ2 is a resident protein of lipid rafts, and is known to function in apical trafficking (de
Marco et al., 2002; Schuck and Simons, 2004). The MALZ2gene is expressed in various
tumor tissues, including breast cancers, and increased levels of MAL2 in tumor cells are
associated with a reduction in survival (Bhandari et al., 2018; Li et al., 2017; Shehata et al.,
2008). However, little is known about the functions of MAL2 in tumor cells. In this report,
we present evidence that MAL2 supports HER?2 localization and function. Our data suggest
that MALZ2 is important for concentration and clustering of HER2 within specific lipid
raft-containing membrane microdomains, bringing together the scaffolding and signaling
molecules required for HER2 signaling and membrane retention.

Correlation of lipid raft-rich membrane protrusions with HER2 expression

We observed colocalization of HER2 and fluorescently labeled cholera toxin B (CTB), a
marker of lipid raft domains, in the plasma membrane of HER2-positive SKBR3 breast
cancer cells (Figure 1A, lower). Plasma membrane CTB fluorescence intensity was less in
immortalized but non-transformed human MCF10A epithelial cells than it was in SKBR3
breast cancer cells, as was the quantification of lipid raft area as determined by CTB staining
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(Figures 1A and 1B). Knocking down HER2 expression with small hairpin RNA (shRNA)
and inhibiting HER2 signaling with lapatinib reduced lipid raft areas in SKBR3 cells,
suggesting a relationship between HER2 expression/signaling and the formation of lipid
rafts (Figure 1B). In support of this idea, the gene expression of lipid raft-resident proteins,
such as Flatillin 1 (FLOT1), MAL, and MALZ2, was increased in SKBR3 and/or BT474,
HER2-positive breast cancer cells as compared with MCF10A cells (Figure 1C) (Asp et

al., 2014; Pust et al., 2013). We obtained similar results when we examined the expression
of these genes in breast tumors in The Cancer Genome Atlas (TCGA) database; FLOT1

and MAL2mRNA levels were increased in HER2-positive breast cancers (Figure 1D) as
compared with normal breast tissue. In addition, single-cell RNA sequencing (scCRNA-seq)
of tumor samples from breast cancer patients demonstrated co-expression of HER2 with
Flotillin and especially with MAL2 within specific cell clusters (Figures 1E and 1F) (Chung
etal., 2017). In addition, sScRNA-seq of tumor and immune cells from breast cancer patients
identified a HER2-positive cell population (cluster 2) where co-expression of MAL2 with
HER?2 occurred in 95.9% of HER2-positive cells as compared with co-expression of Flotillin
with HER2, which occurred in 49.3% of HER2-positive cells (Figures 1E and S1A) (Chung
etal., 2017). Expression of MALZ2 in HER2-positive cells was significantly higher than both
MAL and FLOT1 (Figure 1F), consistent with the presence of stronger ATAC-seq peaks
within the promoter region of MAL2 as compared with MAL and FLOT1 in SKBRS3 cell
lines (Figures 1G and S1B).

We observed that HER2 colocalized with MALZ2 in portions of the plasma membrane that
also stained for CTB, suggesting they interacted within lipid raft-rich protrusions (Figure
2A). As expected, in MCF10A cells, which have low HER2 and MAL2 mRNA levels, there
was no staining for HER2 and faint immunofluorescence for MAL2, which did not appear to
be localized at the plasma membrane (Figure S2A). We further validated direct interactions
between MAL2 and HER2 by overexpressing FLAG-tagged MAL2 in SKBR3 cells and

by performing co-immunofluorescence and proximity ligation assays to detect MAL2 and
HER?2 interactions. As shown in Figure 2B, staining for the FLAG tag colocalized with
staining for HER2 and actin (phalloidin) in membrane protrusions from SKBR3 cells.
Similarly, we detected positive proximity ligation assay (PLA) signals for interactions
between MAL?2 and HER2 in SKBR3 cells, and the positive signals colocalized with
fluorescent phalloidin staining to detect actin expression in membrane protrusions (Figure
2C). These interactions were dependent on lipid raft formation, as depleting membrane
cholesterol using methyl-B-cyclodextrin (MBCD) greatly reduced co-immunofluorescence
and PLA signals for HER2 and MAL2 (Figures 2B and 2C). Furthermore, MBCD treatment
inhibited the formation of membrane protrusions and caused cytosolic accumulation of
HER2 and MAL?2 (Figures 2B and 2C).

MAL2 expression is required for the formation of membrane protrusions

Next, we generated stable MAL2-knockdown SKBR3 and BT474 cells (MAL2KD_SKBR3,
MAL2KD_BT474), and achieved approximately 60% reduction of MAL2 mRNA levels

in both cell lines (Figure 2D). Knocking down MAL2 inhibited HER2 signaling as
demonstrated by reduced levels of total HER2 protein as well as reduced phosphorylation of
HER2 and EGFR, although the reduction of pHER2 was greater in MAL2KD_ SKBR3 cells

Cell Rep. Author manuscript; available in PMC 2022 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeong et al.

Page 5

than in MAL2KD_BT474 cells (Figure 2E). Knocking down MALZ2 reduced proliferation
in both cell lines, as measured by BrdU incorporation (Figure 2F). As expected, reducing
the expression of MAL2 inhibited interactions between HER2 and MAL2 protein measured
by PLA (Figure 2G). It also inhibited the formation of lipid raft-rich membrane protrusions.
Transmission electron microscopy showed a reduction in complex membrane protrusions

in MAL2KD_SKBR3 cells compared with the control cells (Figure 2H). In addition,

while HER2 and CTB colocalized within protruding membrane structures in control cells,
knocking down MALZ2 reduced the intensity of HER2 and CTB fluorescence overall, and
staining for both became more diffusely distributed within the plasma membrane as opposed
to the punctate pattern of staining in membrane protrusions in control cells (Figure 21).
Similar findings were seen when lipid rafts were disrupted using MBCD, although this also
caused internalization of HER2 and CTB fluorescence (Figure 21).

Another important constituent of lipid rafts is FLOT1, which is co-expressed with MAL2
and associates with HER2 (Gomes et al., 2019; Lin et al., 2011; Ou et al., 2017; Pust
etal., 2013). In MAL2KD_SKBR3 and MAL2KD_BT474 cells, FLOT1 mRNA and
protein expression were decreased (Figures S2B and S2C). Knocking down MAL? also
impaired the ability FLOT1 to colocalize with HER2. As shown in Figure 2J, when we
overexpressed FLAG-tagged FLOT1 in control SKBR3 cells, it colocalized with HER2
within actin-rich, plasma membrane protrusions as expected. However, when we expressed
FLAG-tagged FLOT1 in MAL2KD_SKBR3 cells or in SKBR3 cells treated with MBCD,
FLOTL1 no longer trafficked to the membrane, no longer colocalized with HER2 and,
instead, accumulated in the cytoplasm (Figure 2J).

We previously found that the formation of lipid raft-rich membrane protrusions depends on
HER?2 signaling (Jeong et al., 2017a). Given that the expression of both MAL2 and FLOT1
was increased in HER2-positive breast cancer cells (Figure 1), we also examined whether
inhibiting HER2 expression would affect MAL2 and FLOT1 expression and/or localization.
As shown in Figures S2D-S2F, knocking down HER2 expression decreased the levels of
both MAL2 and FLOT1 mRNA. In addition, when we expressed FLAG-tagged MALZ2 or
FLAG-tagged FLOT1 in HER2KD_SKBR3 cells, we observed that loss of HER2 expression
inhibited trafficking of both to the plasma membrane (Figures S2F). Thus, in breast cancer
cell lines, HER2 activation regulates the expression and localization of MAL2 and FLOT1,
both of which are important to the organization of lipid rafts.

Previous studies have revealed that the loss of membrane protrusions is associated with
abnormal internalization and degradation of HER2, especially in response to EGF treatment
(Jeong et al., 2016, 2017b, 2018). As expected, in control cells treated with EGF, HER2
remained localized in the plasma membrane, whereas most of the EGFR not associated
with HER2 was internalized into the cytoplasm (Figures 2J and 2K, upper). However, after
knocking down MALZ2, EGF treatment led to internalization of both HER2 and EGFR into
the cytoplasm, where they continued to colocalize by immunofluorescence (Figure 2K).
PLA experiments confirmed that protein-protein interactions occurred between HER2 and
EGFR in the membrane protrusions of control SKBR3 cells (Figure 2L, upper). These
interactions were not disrupted upon HER? internalization in MAL2KD_SKBR3 cells,
but the PLA signal indicating interactions between HER2 and EGFR occurred within the
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cytoplasm and not at the membrane (Figure 2L, lower). In addition, the colocalization of
HER2/EGFR heterodimers with phalloidin was significantly reduced (Figures 2L and 2M).
These data suggest that MAL?2 expression is necessary for the retention of HER2-EGFR
complexes at the cell surface within actin-rich membrane protrusions, but not for the ability
of HER2 and EGFR to interact.

Loss of lipid rafts disrupts the HER2/Ezrin/NHERF1 protein complex

Interactions with Ezrin and NHERF1 are important for retention of HER2 within actin and
lipid raft-enriched domains at the cell surface (Jeong et al., 2017b, 2018). Therefore, we
examined Ezrin and NHERF1 expression in MAL2KD_SKBR3 cells as well as in SKBR3
cells treated with MBCD, since both manipulations reduced the formation of lipid rafts
and membrane protrusions. We found a 50% reduction of NHERF1 mRNA expression in
MAL2KD_SKBR3 cells but no change in MBCD-treated SKBRS3 cells (Figure S3A). In
contrast, Ezrin expression was unchanged in MAL2KD_SKBR3 cells and actually increased
by 50% in MBCD-treated SKBR3 cells (Figure S3A). Regardless of the variable changes
in gene expression, knockdown of MAL2 and MBCD treatment both disrupted the typical
pattern of immunofluorescence colocalization of HER2 with Ezrin or NHERF1 within
protrusions and resulted in accumulation of HER2 within the cytoplasm (Figures S3B and
S3C).

To better understand the structural organization of the HER2/Ezrin/NHERF1 protein
complex as well as its reliance on MAL2, we performed super-resolution, structured
illumination microscopy (SIM imaging) in control SKBR3 cells and in MAL2KD_SKBR3
cells. The HER2/Ezrin/NHERF1 protein complex was mainly detected in a convex
outcropping of the plasma membrane in control cells, with actin located at the base and
central core of these protrusions, while HER2 was concentrated more at the surface and
distal aspects of the structures. Ezrin and NHERF1 colocalized with both actin and HER2
and often appeared to bridge the actin core and membrane HER?2 (Figures 3A, 3B, S4A,
and S4B). We observed less direct colocalization between HER2 and actin. The formation
of membrane protrusions was disrupted in MAL2 knockdown and MBCD-treated SKBR3
cells (Figures 3C, 3D, S4C, S4D, and S5). Loss of these structures was associated with a
rearrangement of the actin into rod-like structures often at the periphery of individual cells.
There was also a significant reduction of the interactions between Ezrin and NHERF1 with
the actin cytoskeleton as well as variable reduction with their interaction with HER2. Areas
of interaction between HER2 with NHERF1 and/or Ezrin appeared to be smaller in size and
occurred within the cytoplasm rather than exclusively on the cell surface (Figures 3C, 3D,
S4C, and S4D). Similar results were noted when cells were treated with MBCD (Figure S5).

Next, we tested protein-protein interactions among these same molecules using PLA.
Approximately 40% of control cells demonstrated strong PLA signals signifying direct
interactions between HER2 and Ezrin or HER2 and NHERF1 concentrated within
membrane protrusions and colocalizing with actin as detected by phalloidin staining
(Figures 3E and 3F). In contrast, MAL2 knockdown and MBCD-treated SKBR3 cells
showed a significant overall reduction in PLA fluorescence for interactions between HER2
and Ezrin or HER2 and NHERF1 as well as dramatic reductions in PLA signals in plasma
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membrane protrusions (Figures 3F and 3G). In addition, the residual HER2/NHERF1 PLA
signals shifted from the membrane into the cytoplasm (Figure 3E). These differences were
also observed when control and MAL2KD_SKBR3 cells were acutely treated with EGF.
Consistent with previous results, EGF treatment results in more prominent interactions
between HER2 and Ezrin or NHERF1 within membrane protrusions in control cells.
However, knockdown of MAL2 results in less prominent interactions at the membrane and a
shift toward PLA interactions present in the cytoplasm (Figures S6A and S6B).

Lipid raft-rich membrane protrusions concentrate phosphatidylinositol 4,5-bisphosphate
to form the HER2/Ezrin/actin cytoskeleton protein complex

Activated Ezrin interacts with both the actin cytoskeleton and phosphatidylinositol 4,5-
bisphosphate (PIP2) at the inner aspect of the plasma membrane (Bosk et al., 2011; Janke

et al., 2008; Jayasundar et al., 2012). Given that our previous studies showed enrichment

of PIP2 within membrane protrusions, we expressed the pleckstrin homology domain of
phospholipase C-delta fused to green fluorescent protein (PH-PLC8-GFP) to monitor local
concentrations of PIP2 on the plasma membrane within control and MAL2_KD SKBR3 cell
lines. As expected, PH-PLC68-GFP was enriched together with Ezrin and HER? in a punctate
pattern within actin-containing membrane protrusions in control SKBR3 cells (Figure 4A).
Knocking down MAL2 or treating cells with MBCD caused the redistribution of PH-PLCS-
GFP more generally throughout the plasma membrane as well as its accumulation in the
cytoplasm, where it colocalized with HER2 but not with Ezrin (Figures 4B and 4C). These
results suggest that MAL2 expression is required for the concentration of PIP2 within
membrane protrusions as well as the binding of phosphorylated Ezrin to PIP2 and its
association with HER2.

In addition to anchoring Ezrin to the plasma membrane, PIP2 is a substrate for
phosphoinositide 3-kinase (P13K), an important signaling molecule downstream of HER2
activation. Ezrin has been shown to affect PI3K/Akt activity and, conversely, Ezrin
phosphorylation/activation can be regulated by PI3K (Elliott et al., 2005; Quan et al.,

2019). Therefore, we also examined the effects of the PI3K inhibitor, wortmannin, on
interactions between HER?2, Ezrin, and PIP2 in membrane protrusions. In the presence of
10 uM of wortmannin, PH-PLC8-GFP accumulated in the cytoplasm, where it continued to
colocalize with HER2 but not with Ezrin (Figures 4D and 4E). These results were consistent
with MAL2 knockdown and MBCD treatment (Figures 4A-4C). Co-immunostaining and
PLA confirmed that wortmannin treatment disrupted interactions between HER2 and Ezrin
(Figures 4F and S7A). Wortmannin treatment also reduced the phosphorylation of Ezrin
(Figures S7B). Interestingly, Ezrin phosphorylation and the PLA signal between Ezrin and
HER2 were more sensitive to lower doses of wortmannin than was colocalization of Ezrin
and HER2 by immunofluorescence, which was disrupted only at 10 uM wortmannin. These
results suggest that reduced Ezrin phosphorylation may cause HER2 and Ezrin. to dissociate
before inhibition of PI3K leads to remodeling of membrane protrusions.

PI13K phosphorylates AKT, which acts as an important downstream mediator of the
oncogenic activity of HER2. Therefore, we also tested the levels and localization of
phosphorylated AKT (pAKT) in MAL2_KD SKBR3 cells and in SKBR3 cells treated with
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MPBCD. As shown in Figure 4G, neither reductions in MAL2 expression nor disruption

of lipid rafts reduced total AKT or pAKT levels. However, these manipulations changed
the cellular location of pAKT. As observed by 3D SIM imaging, in control cells, pAKT
was enriched within membrane protrusions where it closely overlapped with HER2 staining
(Figure 4H). In contrast, in MAL2 knockdown or MBCD-treated SKBR3 cells, pAKT
localized within the cytoplasm of the cells, and no longer overlapped with HER2 staining
(Figures 41 and 4J). This alteration in pAKT localization correlated with persistence of
nuclear FOXO1 and a reduction in cell viability in MAL2 knockdown or MBCD-treated
SKBR3 and BT474 cells, suggesting a reduction in the biological activity of pAKT (Figures
4K and 4L). These results demonstrate the close structural and functional interactions
between PIP2, Ezrin, HER2, and PI3K/pAKT within membrane protrusions that, in turn,
rely on MAL2 and lipid raft content for their organization.

Lipid raft-rich membrane protrusions maintain low intracellular calcium levels

Elevated cellular calcium levels can inhibit activation of HER2 signaling and disrupt
membrane protrusions (Jeong et al., 2016, 2017a). Therefore, we utilized Lck-GCaMP5G,
consisting of the genetically encoded calcium sensor GCaMP5G fused to the 26 amino
acid, membrane targeting sequence of Src tyrosine kinase (Lck), to monitor intracellular
calcium levels near the plasma membrane (Akerboom et al., 2012; Shigetomi et al., 2010).
Membrane fluorescence from Lck-GCaMP5G was low in control SKBR3 cells but increased
significantly in response to treatment with ionomycin and extracellular calcium, disruption
of MAL2 (MAL2_KD cells), or treatment with MBCD (Figures 5A-5C). PMCA2 maintains
low intracellular calcium levels, is co-expressed with HER2 in membrane protrusions, and
is required for HER2 membrane retention and signaling (Jeong et al., 2016). Given the
increase in calcium levels at the plasma membrane in MAL2_KD cells and in cells treated
with MBCD, we also examined the expression and localization of PMCA2. PMCAZ2 protein
levels were unchanged in MAL2_KD cells as well as in response to MBCD treatment,

even though mRNA levels were significantly increased in both conditions (Figures 5D

and 5E). We next tested direct protein-protein interactions between HER2 and PMCA2.
Consistent with our previous reports, both endogenous and overexpressed GFP-tagged
PMCAZ2 interacted closely with HER2 in the membrane protrusions (Figures 5F-5H)
(Jeong et al., 2016). However, interactions between PMCA?2 and HER?2, as detected by
PLA, were dramatically reduced in MAL2_KD- and MBCD-treated SKBR3 cells (Figures
5F-5H). SIM imaging analysis showed prominent colocalization of PMCA2 and HER2
within the membrane protrusions (Figure 51). This colocalization was mostly dissociated

in MAL2_KD- and MBCD-treated SKBR3 cells, and PMCAZ2 was redistributed away from
the membrane and into the cytoplasm, especially with MBCD treatment (Figure 51). The
presence of PMCAZ2 at the membrane helps protect SKBR3 and other breast cancer cells
from cell death in response to extracellular calcium and ionomycin (Jeong et al., 2016).
Knocking down MALZ2 increases apoptosis of SKBR3 cells, both at baseline and in response
to calcium and ionomycin treatment (Figure 5J), consistent with the loss of membrane
PMCAZ2 localization. Collectively, these results demonstrate that MAL?2 and lipid rafts are
required for interactions between PMCAZ2 and HER2 that, in turn, maintain low calcium
concentrations within the vicinity of HER2 membrane signaling complexes.
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Interactions of HER2 with MAL2, Ezrin, NHERF1, and PMCAZ2 are increased in
trastuzumab-resistant SKBR3 cells

The humanized anti-HER2 monoclonal antibody, trastuzumab, is commonly used to treat
HER2-positive cancers (Arteaga and Engelman, 2014; Gale et al., 2020). Trastuzumab
induces HER? internalization, ubiquitination, and degradation, blocking downstream
signaling (Arteaga and Engelman, 2014; Cuello et al., 2001; Escriva-de-Romani et al.,

2018; Klapper et al., 2000). There is a significant rate of primary resistance to trastuzumab
as well as the frequent emergence of acquired resistance. Although several mechanisms

are associated with trastuzumab resistance, resistant cells often demonstrate reduced
internalization and degradation of HER2 in response to drug (Arteaga and Engelman,

2014; Barok et al., 2014; de Melo Gagliato et al., 2016; Derakhshani et al., 2020;
Escriva-de-Romani et al., 2018; Gale et al., 2020; Vernieri et al., 2019). Because our

data demonstrate that MAL2 contributes to the localization of HER2 within lipid raft-rich,
membrane protrusions as well as the retention of HER2 at the cell surface, we compared

the expression of MAL2 and other constituents of the HER2 signaling complex in control
SKBR3 cells versus SKBR3 cells induced to acquire resistance to trastuzumab (Gale et

al., 2020). Similar to normal SKBR3 cells, trastuzumab-resistant SKBR3 cells displayed
lipid raft-rich plasma membrane protrusions and HER2 colocalized with MAL2 within these
structures (Figure 6A and 6B). Using PLA, we found a significant increase in HER2/MAL?2
interactions in trastuzumab-resistant cells compared with control cells (Figure 6C). We
validated this finding by performing quantitative data-independent acquisition (DIA) mass
spectrometry on HER2 immunoprecipitated from both control and resistant SKBR3 cells.
These data confirmed that MAL?2 interacts with HER2 and that this interaction is enhanced
about 2.5-fold in the trastuzumab-resistant cells compared with controls even though HER2
peptide levels, themselves, were no different in resistant cells (Figures 6D-6F). Although
mRNA levels for MAL2, Ezrin, and NHERF1 were not different in the trastuzumab-resistant
versus trastuzumab-sensitive cells (Figure 6G), PLA demonstrated increased interactions
between HER2 and MAL2, HER2 and Ezrin, HER2 and NHERF1, and HER2 and PMCA2
in trastuzumab-resistant cells (Figures 6A, 6H, and 61). Another important component of
the complex stabilizing HER2 at the plasma membrane is HSP90 and physical interactions
between HER2 and HSP90 were enhanced in trastuzumab-resistant cells as assessed by PLA
and coimmunoprecipitation (Figures 6J and 6K).

We next knocked down MALZ2 expression in SKBR3 and BT474 that had previously been
established as models of acquired trastuzumab resistance (Gale et al., 2020) as well as in

a HER2-positive breast cancer cell line with intrinsic resistance to trastuzumab (JIMT1)
(Koninki et al., 2010; Tanner et al., 2004). By definition, trastuzumab did not affect the
growth of control cells. In contrast, knocking down MALZ2 in trastuzumab-resistant SKBR3
or BT474 cells led to a marked decrease in cell viability in the presence of trastuzumab
(Figure 6L). Treating both cell lines with MBCD and trastuzumab had an even greater
effect on cell viability. This was accompanied by increased nuclear immunofluorescence for
FOXO1 in the resistant cells as well as the redistribution of pAKT away from a punctate
pattern of colocalization with HER2 in membrane protrusions to a more diffuse intracellular
localization that was no longer colocalized with HER2 (Figures 6M and 6N). In contrast to
these results, knocking down MAL2 had no effect on cell viability in JIMT1 cells (Figure
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S8A). JIMT1 cells have much lower levels of expression of HER2, MAL2, and FLOT1 than
SKBR3 cells (Figure S8B), and HER?2 is expressed more diffusely in the membrane without
being concentrated in actin-rich membrane domains (Figure S8C). Together, these data
suggest that acquired trastuzumab resistance in cells with high levels of HER2 expression is
associated with an increase in the interactions between HER2 and MAL2 that also leads to
increased interactions of HER2 with Ezrin, NHERF1, PMCAZ2, and HSP90, all in lipid rafts
within membrane protrusions. Reductions in MAL2 expression or disruptions in lipid rafts
impair the growth of these cells, recovering their sensitivity to trastuzumab.

DISCUSSION

In this report, we demonstrate correlations between the expression of the lipid raft-
associated, apical transport protein, MAL2, and the receptor tyrosine kinase, ErbB2/HER2,
in breast cancer cell lines as well as in human breast cancers. Furthermore, using

a combination of PLAs, confocal microscopy, and high-resolution SIM imaging, we
demonstrate close physical proximity between HER2, MAL2, PMCA2, NHERF1, and
Ezrin within lipid raft-rich membrane protrusions. Loss of function studies using MAL2
knockdown cells demonstrate that MAL2 is required for the clustering of HER2/PMCA2/
Ezrin/NHERF1 complexes within raft domains as well as the maintenance of a low calcium
and PIP2-enriched microenvironment that allows for HER2 membrane retention and HER2/
PI3K/Akt signaling. The function of MALZ2 within this complex appears to be, at least in
part, the maintenance of lipid rafts, as depletion of membrane cholesterol using MBCD
mimics most of the effects of knocking down expression of MAL2. Thus, we propose

that, in HER2-positive cancer cells, MAL2 is critical for integrating membrane structure,
membrane HER2 retention and HER?2 biochemical signaling by fostering the clustering of
key scaffolding proteins and HER2 signaling components within lipid rafts.

Lipid rafts are cholesterol- and sphingolipid-enriched membrane domains that can serve as
platforms clustering a variety of receptor tyrosine kinases (RTKSs) and their downstream
signaling partners, including both HER2 and EGFR as well as PI3K and Akt (Mollinedo
and Gajate, 2015). They support ErbB family homo- and heterodimerization, intensify ErbB
biochemical signaling and contribute to cellular transformation (Staubach and Hanisch,
2011). In HER2-positive breast cancer cells, activated HER2 (pHER?2) localizes primarily to
lipid raft domains, and pharmacological disruption of lipid rafts has been shown to inhibit
HER?2 signaling as well as to slow proliferation and trigger apoptosis (Alawin et al., 2016).
This may be related to the ability of lipid rafts to aggregate proteins, such as caveolins,
flotillins, ERM proteins, NHERF1, PMCAZ2, and HSP90, all of which have been reported to
modulate HER? localization, trafficking, and/or signaling (Jeong et al., 2016, 2017b; Pereira
etal., 2018; Pust et al., 2013; Quan et al., 2019). The data presented here demonstrate

that MALZ2 is another important constituent of lipid rafts necessary for maintaining HER2
signaling in breast cancer cells. MALZ2 interacts closely with HER2 within lipid rafts as
detected by PLAs and this interaction was greatly diminished by depleting membrane
cholesterol with MBCD. Knocking down MAL2 reduced total HER2, pHER2, and pEGFR
levels. It also caused abnormal internalization of HER2 together with EGFR in response to
receptor activation but did not cause dissociation of the two receptors from each other based
on PLAs. Finally, it led to effacement of membrane protrusions normally seen in SKBR3
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cells and redistribution of actin away from the apical aspect of the cells to the periphery and
basolateral aspect of these cells.

MAL2 is a member of the tetraspanin family of membrane structural proteins that

functions in raft-associated membrane trafficking during transcytosis and in the indirect
cargo pathway of basolateral to apical vesicle transport (de Marco et al., 2002; Marazuela
and Alonso, 2004). A related molecule, MAL1, has been described to facilitate the
aggregation of smaller lipid rafts into larger raft domains through self-oligomerization
(Magal et al., 2009). The aggregation of smaller rafts into larger complexes has been

noted in cancer cells and is thought to be a mechanism by which larger RTK signaling
platforms can amplify oncogenic signals (Mollinedo and Gajate, 2020). Although a raft
clustering function has not been formally demonstrated for MALZ2, our results are consistent
with it assembling a multi-protein HER2 signaling complex that includes HER2, Ezrin,
NHERF1, PMCAZ2, and actin. PLAs suggest that knocking down MAL2 reduces but

does not completely ablate the interactions of HER2 with these individual components

of the signaling complex. Instead, loss of MALZ2 causes a redistribution of the interacting
proteins more broadly throughout the membrane and prevents their clustering within specific
domains. Interestingly, other members of the tetraspanin family are involved in the bending
of membranes to form protruding structures (Hemler, 2003). Although neither MAL or
MAL2 have been demonstrated to participate in protrusions per se, the loss of such plasma
membrane structures in MAL2-knockdown SKBR3 cells suggests that, either directly or
indirectly, MAL2 may also facilitate bends in the plasma membrane required for the
formation of protrusions.

Our previous work has documented interactions between PMCAZ2, Ezrin, NHERF1, and
HER?2 that are required to maintain activated HER2/EGFR and HER2/HERS3 heterodimers
on the cell surface. In this study, we made use of both co-registration of PLAS

with immunofluorescence as well as high-resolution SIM imaging to better resolve the
interactions of HER2 with these different proteins. Our results suggest that most of the
HER2 in SKBR3 cells is located at the tips of convex protrusions of the apical surface

of the cell. These structures have a central actin core oriented perpendicular to the plane

of the plasma membrane, surrounded by the scaffolding proteins Ezrin and NHERF1
(Figure 60). HER2 is located toward the tip of the protrusion and does not colocalize

with actin. However, NHERF1 and Ezrin do colocalize with phalloidin staining, consistent
with their known functions of linking membrane proteins to the actin cytoskeleton. 3D SR-
SIM imaging also documented interaction between HER2 and the calcium pump, PMCA2,
toward the more basal reaches of HER2 fluorescence within the protrusions. Furthermore,
live cell calcium imaging demonstrated that this organization was associated with low
baseline levels of intracellular calcium near the plasma membrane, which is important given
that calcium-induced activation of protein kinase C-alpha causes the internalization of HER2
and its degradation (Jeong et al., 2018).

Trastuzumab is the most commonly used targeted agent for HER2-positive cancers (Arteaga
and Engelman, 2014; Gale et al., 2020). However, breast cancer cells frequently acquire
resistance to this drug through mechanisms not fully understood. We hypothesized that
increased interactions between MALZ2 and HER2 might contribute to trastuzumab resistance.
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Using DIA proteomic and PLA analyses, we confirmed increased physical interactions
between HER2 and MAL2 in resistant SKBR3 cells, as well as between HER2 with Ezrin,
NHERF1, PMCAZ2, and HSP90. Importantly, targeting MAL?2 levels resensitized resistant
cells to trastuzumab resulting in the internalization of HER2, the disruption of Akt signaling,
and decreased viability in both resistant SKBR3 and resistant BT474 cells. Much more
work will be required to understand the mechanisms that upregulate these protein-protein
interactions, but these results suggest that targeting MAL2 may be useful in overcoming or
preventing trastuzumab resistance.

In summary, the results presented in this article demonstrate the importance of MAL2 to
HER?2 localization and signaling within breast cancer cells. We find that MAL2 expression
is up-regulated in HER2-positive breast cancers, that MAL2 physically interacts with HER2,
and that MALZ2 is necessary for HER2 signaling. Our data suggest that MAL2 may play

an important architectural role in the aggregation of lipid raft domains and their associated
proteins into specialized HER?2 signaling domains that contribute to the persistence of
activated HER2 on the plasma membrane. Targeting MALZ2 and/or its interactions with the
HER?2 signaling complex may improve the current anti-HER?2 therapies.

Limitations of the study

We analyzed increased expression of MALZ2 in breast cancer cells using TCGA and patient-
derived scRNA-seq data. Our study showed that MALZ2 is critical for HER2 membrane
retention and signaling in breast cancer cell lines /n vitro. Therefore, it would be beneficial
to confirm our findings using patient-derived primary cells and/or /n vivo model systems.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further requests for resources should be directed to and will be fulfilled by
the lead contact, Jaekwang Jeong (jaekwang.jeong@yale.edu).

Materials availability—This study did not generate new materials.

Data and code availability

. Data reported in this paper will be shared by the lead contact upon request.

. The accession number for the ATAC-sequencing data reported in this study is
GEO: GSE188513.

. Any additional information required for reanalyze the data reported in this paper
is available from the lead contact upon request.

METHOD DETAILS

Cell culture—The human cell lines, SKBR3 and BT474 were obtained from ATCC and
maintained in culture in DMEM + GlutaMAX-1 (Gibco-life Technologies) containing 10%
fetal bovine serum (FBS) and pen/strep (Gibco-life Technologies) at 37°C in 5% CO2. In
some experiments, cells were cultured as above but in media without FBS for 16 hours and
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then were treated with 100ng/ml EGF (Cell Signaling) for 2 hours. In other experiments,
various pharmacologic agents were added to media; these included MBCD at 5mM for
4 hours before harvesting cells, wortmannin at 2.5uM, 5uM, 10puM, 20uM for 16 hours
before harvesting cells. To raise intracellular calcium levels, cells were exposed to 10uM
extracellular calcium and 1uM ionomycin.

Trastuzumab resistant SKBR3 and BT474 cell lines were developed in the laboratory of Qin
Yan. Baseline SKBR3 and BT474 cells were acquired from ATCC and were exposed to
increasing doses of trastuzumab over a 3-month period and the surviving cells were pooled,
expanded and maintained in the presence of 10ug/ml dose trastuzumab. JIMT1 cells were
developed from a pleural effusion taken from a patient with HER2-positive breast cancer
that displayed intrinsic resistance to trastuzumab. They were a kind gift of Dr. Faye Rogers
at Yale.

RNA EXTRACTION AND REAL-TIME RT-PCR

RNA was isolated using TRIzol (Invitrogen). Quantitative RT-PCR was performed with
the SuperScript 111 Platinum One-Step qRT-PCR Kit (Invitrogen) using a Step One Plus
Real-Time PCR System (Applied Biosystems) and the following TagMan primer sets:
flotillinl, Hs00195134 m1; MAL, Hs00707014_s1; MAL2, Hs01043579_ul; PMCAZ2,
Hs01090447_m1; Ezrin, Hs00931646_m1; NHERF1, Hs00188594 m1. Human HPRT1
(4326321E) (Invitrogen) was used as a reference gene. Relative mRNA expression was
determined using the Step One Software v2.2.2 (Applied Biosystems).

Cell transfections—Constructs encoding flag-flotillinl (RC200231) and flag-MAL?2
(RC203862) are commercially available from OriGene (Rockville, MD). GFP-C1-PLC6&-
PH (21179), and pN1-Lck-GCaMP5G (34924) are commercially available from Addgene
(Cambridge, MA). HA-NHERF1 was gifted from Peter Friedman at University of
Pittsburgh. SKBR3 cells were transfected using Fugene6 transfection reagent (Invitrogen)
according to the manufacturer”s instructions.

Knockdown cell line—A stable cell line expressing shRNA directed against MAL2
was generated by transducing cells with commercially prepared lentiviruses containing

3 individual shRNA directed against MAL2 mRNA: MAL2 (sc-77560-V) (Santa Cruz).
Briefly, cells were cultured in 12-well plates and infected by adding the shRNA lentiviral
particles to the culture for 48 hours as per the manufacturer’s instructions. Stable clones
expressing the specific ShRNAs were selected using 5ug/ml of puromycin (Gibco-life
technologies) and pooled to generate the cells used in the experiments.

Immunofluorescence—cCells were grown on coverslips, fixed in 4% paraformaldehyde
for 20 min, permeabilized with 0.2% Triton X100 for 10 mins, washed 3 times with PBS and
incubated with primary antibody overnight at 4°C. The cells were then washed 3 times with
PBS and incubated with secondary antibody for 1 hour at room temperature. After washing,
coverslips were mounted using Prolong Gold antifade reagent with DAPI (Invitrogen).
Confocal microscopy images were obtained using a Zeiss 780 confocal microscope. 3D
Super-resolution structured illumination microscopy (SIM) imaging were performed with
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Zeiss LSM710 ElyraP1 using alpha Plan-Apochromat 63X/1.40 oil objective lens. Images
were taken using 3 rotations of SIM grating period and rendered with Zen 2012 SP2
software. In Z-stack images, Insets on top and right side of each image represent z-stacks

in 2 different orientations; apical side of cell facing down on top inset and to left in side
inset. Primary antibodies included those against: MAL2 (bs-7175R) from Bioss (Woburn,
MA); NHERF1 (sc-134485), HA probe (sc-7392), FLAG probe (sc-166355), FOXO1
(sc-11350)from Santa Cruz (Dallas, Texas); PMCA2 (PA1-915), HER2 (MA1-35720)

from Thermo Scientific (Waltham, MA); Ezrin (3145S), phospho-Ezrin (Thr567) (3141S),
phospho-HER2 (thr1221/1222) (2243S), EGFR (4267S), HA probe (3724S), AKT (4691S),
phosphor-AKT (4060S) from Cell Signaling (Danvers, MA); We also stained for lipid

rafts using Cholera toxin subunit B, alexa fluor 555 conjugate (1423066) from Invitrogen
(Grand Island, NY) and for actin using phalloidin-Atto 665 (04497) from Sigma (Buchs SG
Switzerland).

Immunoblotting—Protein samples were prepared from cells using standard methods,
were subjected to SDS-PAGE and transferred to a nitrocellulose membrane by wet
Wwestern blot transfer (Bio-Rad). The membrane was blocked in TBST buffer (TBS +

1% Tween) containing 5% milk for 1 hour at room temperature. The blocked membranes
were incubated overnight at 4°C with specific primary antibodies (Odyssey blocking buffer,
927-40000). The membranes were washed 3 times with TBST buffer, and then incubated
with specific secondary antibodies provided by LI-COR for 2 hours at room temperature.
After 3 washes with TBST buffer, the membranes were analyzed using the ODYSSEY
Infrared Imaging system (LI-COR). All immunoblot experiments were performed at least 3
times and representative blots are shown in the figures. Primary antibodies included those
against: phospho-HER2 (thr1221/1222) (2243S), EGFR (4267S), AKT (4691S), phospho-
AKT (4060S) from Cell Signaling (Danvers, MA); HER2 (sc-33684), phospho-EGFR
(sc-12351), flotillinl (sc-25506) from Santa Cruz (Dallas, Texas); PMCA2 (PA1-915) from
Thermo Scientific (Waltham, MA).

Co-immunoprecipitation—Cells were lysed with RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 20 mM Tris Hcl, and 150 mM NacCl). Cell extracts were
subsequently incubated overnight at 4°C with protein A/G beads (sc-2003, Santa Cruz)

and the specific antibody (HSP90 (379400) from Invitrogen (Grand Island, NY)). After
centrifugation, the immunoprecipitated proteins were eluted with LDS sample buffer
containing 10% beta-mercaptoethanol to reverse the crosslinking. The resulting samples
were then analyzed by Western blot.

Immunoprecipitation and mass spectrometry measurement—The
immunoprecipitation was performed with the HER2 antibody (sc-33684) from Santa
Cruz (Dallas, Texas). The elution samples from IP containing HER2 and its potential
interactors in different cells were loaded onto the SDS-PAGE gel. The gel lanes and bands
were processed by following a standard gel-based digestion protocol and digested with
sequencing grade porcine trypsin (Promega) at 10 ng/ul overnight at 37°C. The amount

of the final peptides was determined by Nanodrop (Thermo Scientific). About 1 ug of

the total peptide digest from each sample were used for DIA-MS measurement on an
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Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific) platform coupled

to a nanoelectrospray ion source, as described previously. DIA-MS data analyses were
performed using Spectronaut v13, by searching against the human Uniprot database. The
Oxidation at methionine was set as variable modification, whereas carbamidomethylation at
cysteine was set as a fixed modification. Both peptide and protein FDR cutoff (Qvalue) were
controlled at 1%, and the label-free protein quantification was performed using the default
settings in Spectronaut.

Proximity ligation assays—Proximity ligation assays (PLA) were performed using the
Duolink™ assay kit (Sigma). SKBR3 cells were seeded onto 22 mm round collagen-coated
coverslips (Corning, Cat N 354089). The experiments were performed when the cells
reached 80% confluence. The cells were washed 3 times with PBS and paraformaldehyde
(4% in PBS) was added to each well for 20 min, after which they were permeabilized

with 0.2% Triton X100 in PBS. Permeabilized cells were incubated with combinations of
the following antibodies: HER2 (MA1-35720), MAL2 (bs-7175R), NHERF1 (sc-134485),
PMCAZ2 (PA1-915), Ezrin (3145S) and EGFR (4267S). PLA probes were then added and
the assay was performed as per the manufacturer’s instructions. All images were obtained
using a Zeiss 780 confocal microscope. Quantification was done by measuring the intensity
of fluorescence at randomly chosen phalloidin positive area at the plasma membrane.

Single-cell RNA-Sequencing (sScRNA-Seq) data analysis—scRNA-Seq data of
primary breast cancers were acquired from the GEO database (Accession: GSE75688).
Sequencing reads were aligned to the human reference genome hgl19 with HISAT2 v2.1.0
and a raw count table was generated by StringTie v2.0. Seurat v3.1.0 was used for

quality controls and low-quality cells with >50% mitochondrial gene counts, <200 unique
feature counts and doublets were excluded from the downstream analysis. The data was log-
normalized by the total expression and highly variable features were selected for Principal
Component Analysis (PCA) analysis. Prior to PCA, a linear transformation was applied

to the data and statistically significant PCs were selected as inputs for Uniform Manifold
Approximation and Projection (UMAP) to visualize the datasets after dimensional reduction.
Markers defining each cluster were identified by comparing cells in one cluster to the ones
in all other cells using Wilcoxon test.

ATAC-seq analysis—ATAC-seq libraries from SKBR3 cells were constructed with

50 K cells following Omni-ATAC protocol (Illumina FC-121-1031). The libraries were
sequenced on Illumina Nextseq 500 (paired-end run, 42 bp). Sequenced reads were trimmed
with adaptor sequences (cutadapt v1.9.1) and mapped to the human genome (GRCh38,
ensembl release 99) by Bowtie2 (v2.3.4.1). Mitochondrial and duplicated reads were
removed by SAMtools (v1.9) and Picard (v2.9.0,https://broadinstitute.github.io/picard/)
tools, respectively. Peaks were found by MACS2 (v.2.1.1) and visualized by deepTools
(v3.1.1).

Raw ATAC-Seq data for MCF10A (Accession: GSE89013), MCF-7 (Accession:
GSE117940), and MDA-MB-231 (Accession: GSE129646) were downloaded from the GEO
database. Sequencing reads were trimmed for adapters using trimmomatic and aligned to

the human reference genome hg19 using Bowtie2 with default parameters. PCR duplicates
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were marked with Picard tools. Peaks were called using MACS2 (v.2.1.1) and split at the
summits using an in-house R script. For differential accessibility analysis, reads that were
mapped at each consensus peak were counted for each biological replicate and analyzed
with DESeq2. P-values were corrected for multiple testing by the Benjamini-Hochberg
procedure and Peaks with the adjusted p -value < 0.05 were considered as significantly
differential. BigWig files from each dataset were loaded onto the Integrated Genomics
Viewer (IGV) and ATAC-Seq peaks were visualized.

Microarray analysis—Raw microarray data were downloaded from the GEO database
(GES62555). Differentially expressed genes (DEGs) were identified with limma. A volcano
plot was generated using the EnhancedVolcano R package. The expression of MAL2 and
FLOT1 was visualized by the pheatmap R package (R Kolde-R package version, 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of repeats (n) refers to the number of independent experimental observations in
each figure legend. Statistical analyses were performed with Prism 6.0 (GraphPad Software,
La Jolla, CA). Except for sScRNA-Seq and ATAC-Seq analyses (see above), statistical
significance was determined using unpaired t test for comparisons between 2 groups and
one-way ANOVA for groups of 3 or more. Group data were presented as mean+SEM. The p
values less than 0.05 (indicated by *), or less than 0.01 (**), or less than 0.001 (***), or less
than 0.0001 (****) were considered as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

MALZ2 is required for HER2 membrane retention and signaling in breast
cancer cells

MAL2 strengthens the formation of the HER2/Ezrin/NHERF1/PMCA2
protein complex

Loss of MAL2 increases plasma membrane calcium concentration

HER2/MAL2 interaction is enhanced in trastuzumab-resistant breast cancer
cells
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Figure 1. Associations between HER2 and MALZ2 in lipid raft-rich membrane protrusions
(A) Immunofluorescence staining for HER2 and cholera toxin B in MCF10A and SKBR3

cells. Scale bars represent 10 pum.

(B) Lipid raft areas on the cell surface, with quantification in the bar graph on the right.

(C) Flotillinl (FLOT1), MAL, and MAL2 mRNA expression in different breast cancer cell
lines as assessed by quantitative PCR (n = 3).

(D) RNA-seq analysis of FLOT1 and MAL2 expression in hormal breast tissue (n = 112)
and HER2-positive breast tumors (n = 160) represented in The Cancer Genome Atlas
database.

(E) Uniform Manifold Approximation and Projection (UMAP) plots of breast cancer single-
cell RNA-seq data (GEO: GSE75688, left) and co-expression pattern of HER2, FLOT1,
MAL, and MAL2 in cells from cluster 2.

(F) Distribution of MAL, FLOT1, MAL2, and HER2 expression level for each cell in cluster
2.
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(G) MAL2 ATAC-seq peak clusters in SKBR3, MCF10A, MCF7, and MDA-MB-231 cell
lines. In the bar graphs, the bars represent the mean + SEM. **p <0.01, ***p <0.001, ****p
<0.0001. These results are representative of three independent experiments.
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Figure 2. MAL2 expression is required for formation of lipid raft-enriched membrane
protrusions
(A) Immunofluorescence staining for HER2 and MAL2 (top row) and MAL2 and cholera

toxin B (lipid rafts) (bottom row) in SKBR3 cells.

(B) Immunofluorescence staining for FLAG-tagged MAL2 or endogenous MAL2 with
HER2 and actin in control and MBCD (5 mM)-treated SKBR3 cells. Scale bars represent 10
pm.

(C) Proximity ligation assay (PLA) experiment for HER2 and MAL2 in control and MBCD
(5 mM)-treated SKBR3 cells also stained for actin (phalloidin). Scale bars represent 10 um.
(D) MAL2 mRNA expression in control and MAL2 knockdown SKBR3 and BT474 cells as
assessed by quantitative RT-PCR (n = 3).

(E) Western blot analysis of HER2, phospho-HER2, EGFR, and phospho-EGFR in control
and MAL2 knockdown SKBR3 and BT474 cells.

(F) BrdU incorporation in MAL2KD cells relative to control SKBR3 and BT474 cells.

(G) PLA experiment for HER2 and MAL2 in control and MAL2LD SKBR3 cells. Scale
bars represent 10 pm.
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(H) Transmission electron microscopy images in control and MAL2 knockdown SKBR3
cells.

(1) Immunofluorescence staining HER2 and cholera toxin B in control (top), MAL2KD-
treated (middle), and MBCD-treated (5 mM) SKBR3 cells. Scale bars represent 10 um.

(J) Immunofluorescence staining for FLAG-tagged FLOT1, HERZ2, and phalloidin in
control, MAL2KD-treated, and MBCD (5 mM)-treated SKBR3 cells. Scale bars represent 10
um.

(K) Immunofluorescence staining for HER2 and EGFR in control and MAL2KD SKBR3
cells. Scale bars represent 10 pum.

(L) PLA experiment for HER2 and EGFR in control and MAL2KD SKBR3 cells also
stained for actin (phalloidin). Scale bars represent 10um.

(M) Quantitation of PLA experiment by measuring fluorescent intensity of amplified PLA
reactions and phalloidin. Bar graphs represent the mean + SEM. **p <0.01, ***p <0.001,
****p <0.0001. These results are representative of three independent experiments.
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Figure 3. Organization of HER2/Ezrin/NHERF1/actin complexes requires MAL2 and lipid rafts
(A) SIM imaging of fluorescent staining for HER2, Ezrin, and phalloidin in control SKBR3

cells. Images represent different combinations of staining as noted on the figures. Bottom
left: a 3D reconstruction for all three molecules. Scale bars represent 10 pum.

(B) SIM imaging of fluorescent staining for HER2, HA-tagged NHERFL1, and phalloidin in
control SKBR3 cells. Bottom left: a 3D reconstruction for all three molecules. Scale bars
represent 10 pm.

(C) SIM imaging of fluorescent staining for HER2, Ezrin, and phalloidin in MAL2
knockdown SKBR3 cells. Scale bars represent 10 pm.

(D) SIM imaging of fluorescent staining for HER2, HA-tagged NHERF1, and phalloidin in
MAL2 knockdown SKBR3 cells. Scale bars represent 10 pm.

(E) PLA for HER2 with Ezrin (left panels) or NHERF1 (right panels) in control (top

row), MAL2 knockdown-treated (middle row) and MBCD-treated (bottom row) SKBR3
cells. Columns labeled “Middle” represent an optical section through the mid-portion of the
cells. Columns labeled “Top“ represent an optical section taken near the apical surface of
the cell. Columns labeled “w/Phalloidin” represent co-registration of the PLA signal and
immunofluorescence for actin (phalloidin). Scale bars represent 10 um (for all images).
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(F) Percentage of cells with positive PLA reactions located within membrane protrusions.
(G) Quantitation of PLA fluorescent intensity within membrane protrusions. Bar graphs
represent the mean £ SEM. ****p <0.0001. These results are representative of three
independent experiments.
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Figure 4. Enrichment of PIP2 and pAKT together with HER2 in membrane protrusions requires
MAL2 and lipid rafts

(A) Co-immunofluorescence staining for Ezrin (top) or HER2 (bottom) with phalloidin in
PH-PLC8-GFP-expressing control SKBR3 cells. Scale bars represent 10 pym.

(B) Immunofluorescence staining for Ezrin (top) or HER2 (bottom) with phalloidin in
PH-PLC8-GFP-expressing MAL2KD_SKBR3 cells.

(C) Immunofluorescence staining for Ezrin (top) or HER2 (bottom) with phalloidin in
PH-PLC&-GFP-expressing SKBR3 cells treated with MBCD.

(D) Immunofluorescence staining for Ezrin with phalloidin in PH-PLC&-GFP-expressing
SKBR3 cells treated with wortmannin (0, 5, and 10 uM).

(E) Immunofluorescence staining for HER2 with phalloidin in PH-PLC8-GFP-expressing
SKBR3 cells treated with wortmannin (0, 5, and 10 uM).

(F) PLA results for HER2 and Ezrin in control and wortmannin-treated SKBR3 cells. Scale
bars represent 10 pm.

(G) Western blot analysis of AKT and phospho-AKT in control and MAL2 knockdown
SKBR3 cells (left) and in control and MBCD-treated SKBR3 cells (right).
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(H-J) SIM imaging showing HER2, pAKT, and phalloidin immunofluorescence in control
(H), MAL2KD (I)-treated, and MBCD-treated (J) SKBR3 cells. Scale bars represent 10 um.
(K) Immunofluorescence staining for FOXOL1 in control, MAL2KD-treated, and MBCD-
treated SKBR3 cells.

(L) XTT cell viability assay in control, MAL2KD-treated, and MBCD-treated SKBR3 and
BT474 cells. Bar graphs represent the mean £ SEM. ****p <0.0001. These results are
representative of three independent experiments.
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Figure 5. MAL2 and lipid rafts maintain interactions between HER2 and PMCAZ2 required to
maintain low calcium concentrations at the plasma membrane

(A) Live cell confocal images in SKBR3 cells expressing LCK-GCaMP at physiologic
calcium (control) or treated with 10 mM extracellular calcium + 10 uM ionomycin.

(B) Live cell confocal images in control and MAL2KD_SKBR3 cells expressing LCK-
GCaMP.

(C) Live cell confocal images in control and MBCD-treated SKBR3 cells expressing LCK-
GCaM.

(D) PMCA2 mRNA expression in control, MAL2KD-treated, or MBCD-treated SKBR3
cells as assessed by quantitative RT-PCR (n = 3).

(E) Western blot analysis of PMCAZ2 protein levels in control, MAL2KD-treated, or MBCD-
treated SKBRS3 cells.

(F) PLA with immunofluorescence for phalloidin in HER2 and PMCAZ2 in control (top row),
MAL2KD-treated (middle row), and MBCD-treated (bottom row) SKBR3 cells. Scale bars
represent 10 um.
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(G) PLA for HER2 and GFP-PMCAZ2 with immunofluorescence for GFP-labeled PMCA2
and actin (phalloidin) in control (top row), MAL2KD-treated (middle row), and MBCD-
treated (bottom row) SKBR3 cells.

(H) Quantitation of PLA experiment from (F) and (G) by measuring the fluorescent intensity
of amplified PLA reactions at the plasma membrane.

(1) SIM imaging showing HER2- and GFP-labeled PMCAZ2 in control, MAL2KD-treated,
and MBCD-treated SKBR3 cells. Scale bars represent 10 um.

(J) Apoptosis, as assessed by TUNEL assay, in MAL2KD cells relative to controls exposed
to 5 mM calcium £ ionomycin. These results are the representative of three independent
experiments.
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Figure 6. Enhanced interactions between HER2 and MAL2, Ezrin, NHERF1, and PMCAZ2 in
trastuzumab-resistant SKBR3 cells

(A) Immunofluorescence staining for cholera toxin B (lipid rafts) in control and
trastuzumab-resistant SKBR3 cells. Scale bars represent 10 um.

(B) Immunofluorescence staining for HER2 and MAL2 in control and trastuzumab-resistant
SKBR3 cells. Scale bars represent 10 pm.

(C) PLA for HER2 and MAL2 in control and trastuzumab-resistant SKBR3 cells also
stained for phalloidin. Scale bars represent 10 pm.

(D-F) Quantitative results from immunoprecipitation coupled with data-independent
acquisition mass spectrometry (DIA-MS) in control and trastuzumab-resistant SKBR3
cells. (D) The DIA-MS Intensity (logp) of HER2 and MAL2 proteins from control and
trastuzumab-resistant SKBR3 cells. (E) The DIA-MS Intensity (logy) for all the peptide
precursor signals of HER2 in control and resistant cells. (F) The DIA-MS peak groups
visualized for quantifying HER2 (VLGSGAFGTVYK) and MAL2 (VTLPAGPDILR).
Peaks above and below the middle line denote the MS2 and MS1 ion traces in DIA-MS.
(G) MAL2, Ezrin, and NHERF1 mRNA expression in control and trastuzumab-resistant
SKBR3 cells as assessed by quantitative RT-PCR (n = 3).
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(H) PLA for HER2 with Ezrin (left), NHERF1 (middle), and PMCAZ2 (right) in control and
trastuzumab-resistant SKBR3 cells also stained for phalloidin. Boxed portions are amplified
at right with co-registration of PLA signal and immunofluorescence for actin (phalloidin).
(1) Quantitation of PLA experiment for HER2 in combination with MAL2, Ezrin, NHERF1,
or PMCAZ2 represented as the fluorescent intensity of amplified PLA signals associated with
membrane protrusions.

(J) Coimmunoprecipitation for HER2 and HSP90 in control and trastuzumab-resistant
SKBR3 cells.

(K) PLA for HER2 and HSP90 in control and trastuzumab-resistant SKBR3 cells also
stained for phalloidin. Scale bars represent 10 pm.

(L) XTT cell viability assay in control, MAL2KD-treated, and MBCD-treated trastuzumab-
resistant SKBR3 and BT474 cells.

(M) Immunofluorescence staining for FOXO1 in control, MAL2KD-treated, and MBCD-
treated trastuzumab-resistant SKBR3 cells.

(N) Immunofluorescence staining for HER2 and pAKT in control, MAL2KD-treated, and
MPBCD-treated trastuzumab-resistant SKBR3 cells. Scale bars represent 10 pm.

(O) Diagram representing the structure of MAL2- and lipid raft-enriched membrane
protrusions containing multi-protein HER2 signaling complexes. These results are
representative of three independent experiments.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

ErbB2 (HER-2) Monoclonal Antibody (CB11)
MAL2 Polyclonal antibody

Rabbit Anti-NHERF-1 Polyclonal Antibody,
Unconjugated, Clone H-100

PMCA2 ATPase Polyclonal Antibody
Ezrin Antibody

EGFR Antibody

Neu (3B5) antibody

HSP90 beta Monoclonal Antibody (H9010)

Phospho-HER2/ErbB2 (Tyr1221/1222) (6B12) Rabbit

mAb

EGF Receptor (D38B1) XP® Rabbit mAb

Akt (pan) (C67E7) Rabbit mAb

Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb
p-EGFR Antibody (Tyr 1173)

Flotillin-1 Antibody (H-104)

MAL2 Polyclonal Antibody

Rabbit Anti-NHERF-1 Polyclonal Antibody,
Unconjugated, Clone H-100

Anti-HA-Tag Antibody (F-7)
HA-Tag (C29F4) Rabbit mAb
Anti-OctA-Probe Antibody (H-5)
FKHR (H-128) antibody

Thermo Fisher Scientific
Thermo Fisher Scientific

Santa Cruz Biotechnology

Thermo Fisher Scientific
Cell Signaling

Cell Signaling

Santa Cruz Biotechnology
Thermo Fisher Scientific

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Bioss

Santa Cruz Biotechnology

Santa Cruz Biotechnology
Cell Signaling
Santa Cruz Biotechnology

Santa Cruz Biotechnology

Cat#MA1-35720: RRID:AB_1073585
Cat# BS-7175R
Cat# sc-134485: RRID:AB_2191505

Cat# PA1-915: RRID:AB_2243199
Cat# 3145: RRID:AB_2100309
Cat# 4267

Cat# sc-33684: RRID:AB_627996
Cat#37-9400: RRID:AB_2533349
Cat#2243S

Cat#4267S

Cat#4691S

Cat#4060S

Cat#sc-12351

Catifsc-25506

Cat#BS-7175R

Cat# sc-134485: RRID:AB_2191505

Cat# sc-7392

Cat#3724S

Cat# sc-166355

Cat# sc-11350: RRID:AB_640607

Chemicals, peptides, and recombinant proteins

B-cyclodextrin(MBCD) Sigma-Aldrich Cat# C4555
Wortmannin Cell Signaling Cat# 9951s
lonomycin Thermo Fisher Scientific Cat# 124222
Puromicyn Thermo Fisher Scientific Cat# A1113803
Human Epidermal Growth Factor (hEGF) Cell Signaling Cat# 8916
Cholera Toxin Subunit B (Recombinant), Alexa Cat# C34766
Fluor™ 555 Conjugate

Phalloidin-Atto 665 Sigma-Aldrich Cat# 04497
Critical commercial assays

Duolink™ assay kit Sigma-Aldrich Cat#DU094002
SuperScript 111 Platinum One-Step qRT-PCR Kit Invitrogen Cat#74106
Step One Plus Real-Time PCR System Applied Biosystems Cat#4376600
ProLong™ Gold Antifade Mountant with DAPI Thermo Fisher Scientific Cat# P36941

Deposited data

Raw and analyzed data

Single cell RNA sequencing data

This paper
Chung et al., (2017)2017

GEO: GSE188513
GEO:GSE75688
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

ATAC sequencing data (MCF10A)
ATAC sequencing data (MCF7)
ATAC sequencing data (MDA-MD-231)

Microarray

(Liuetal., 2017)

(Guan et al., 2019)

(Cai et al., 2020)

Jeong et al., (2016)2016

GEO: GSE89013
GEO: GSE117940
GEO: GSE129646
GEO: GSE62555

Experimental models: Cell lines

Cell line: SK-BR-3
Cell line: BT-474

ATCC
ATCC

Cat# HTB-30, RRID:CVCL_0033
Cat# CRL-7913, RRID:CVCL_0179

Oligonucleotides

TagMan Hs00195134_m1, flotillinl Thermo Fisher Scientific Cat#4331182
TagMan Hs00707014_s1, MAL Thermo Fisher Scientific Cat#4331182
TagMan Hs01043579_ul, MAL2 Thermo Fisher Scientific Cat#4351372
TagMan Hs01090447_m1, PMCA2 Thermo Fisher Scientific Cat#4331182
TagMan Hs00931646_m1, Ezrin Thermo Fisher Scientific Cat#4331182
TagMan Hs00188594_m1, NHERF1 Thermo Fisher Scientific Cat#4331182
Human HPRT1 (HGPRT) Endogenous Control Applied Biosystems Cat#4326321E
(VIC™/MGB probe, primer limited)

Recombinant DNA

Flotillin 1 (FLOT1) (NM_005803) Human Tagged Origene Cat#RC200231
ORF Clone

MAL2 (NM_052886) Human Tagged ORF Clone Origene Cat#RC203862
GFP-C1-PLCdelta-PH Addgene Cat#21179
pN1-Lck-GCaMP5G Addgene Cat#34924
Software and algorithms

Step One Software v2.2.2 Applied Biosystems N/A

GraphPad Prism 6.0

ZEN Digital Imaging Light Microscopy
Zen 2012 SP2 software
Bruker MS FX PRO software
Spectronaut v13

IPA 48207413

DESeq v2

StringTie v2.0

Seurat v3.1.0

Cutadapt

Bowtie2

Samtools
Picard
deepTools
HOMER

Integrative Genomics Viewer (IGV)

GraphPad Software
Zeiss

Zeiss

Bruker

Biognosys
QIAGEN
Bioconductor
(Pertea et al., 2015)
(Butler et al., 2018)
(Martin, 2011)
(Langmead and Salzberg, 2012)

(Li et al., 2009)
http://broadinstitute.github.io/picard/
(Ramirez et al., 2016)

(Heinz et al., 2010)

(Robinson et al., 2011)

RRID:SCR_002798
RRID:SCR_013672
N/A

RRID:SCR_017365
N/A

RRID:SCR_008653
RRID:SCR_000154

https://cch.jhu.edu/software/stringtie/
https://satijalab.org/seurat/

https://cutadapt.readthedocs.io/en/stable/

http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

http://samtools.sourceforge.net/

https://broadinstitute.github.io/picard/

https://deeptools.readthedocs.io/en/develop/

http://homer.ucsd.edu/homer/

https://software.broadinstitute.org/

software/igv/

Other
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REAGENT or RESOURCE SOURCE IDENTIFIER
8-well Chamber Slide w/removable wells Thermo Fisher Scientific Cat# 154534PK
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