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Halting ErbB-2 isoforms retrograde transport to the nucleus as a
new theragnostic approach for triple-negative breast cancer
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Triple-negative breast cancer (TNBC) is clinically defined by the absence of estrogen and progesterone receptors and the lack of
membrane overexpression or gene amplification of receptor tyrosine kinase ErbB-2/HER2. Due to TNBC heterogeneity, clinical
biomarkers and targeted therapies for this disease remain elusive. We demonstrated that ErbB-2 is localized in the nucleus (NErbB-
2) of TNBC cells and primary tumors, from where it drives growth. We also discovered that TNBC expresses both wild-type ErbB-2
(WTErbB-2) and alternative ErbB-2 isoform c (ErbB-2c). Here, we revealed that the inhibitors of the retrograde transport Retro-2 and
its cyclic derivative Retro-2.1 evict both WTErbB-2 and ErbB-2c from the nucleus of BC cells and tumors. Using BC cells from several
molecular subtypes, as well as normal breast cells, we demonstrated that Retro-2 specifically blocks proliferation of BC cells
expressing NErbB-2. Importantly, Retro-2 eviction of both ErbB-2 isoforms from the nucleus resulted in a striking growth abrogation
in multiple TNBC preclinical models, including tumor explants and xenografts. Our mechanistic studies in TNBC cells revealed that
Retro-2 induces a differential accumulation of WTErbB-2 at the early endosomes and the plasma membrane, and of ErbB-2c at the
Golgi, shedding new light both on Retro-2 action on endogenous protein cargoes undergoing retrograde transport, and on the
biology of ErbB-2 splicing variants. In addition, we revealed that the presence of a functional signal peptide and a nuclear export
signal (NES), both located at the N-terminus of WTErbB-2, and absent in ErbB-2c, accounts for the differential subcellular distribution
of ErbB-2 isoforms upon Retro-2 treatment. Our present discoveries provide evidence for the rational repurposing of Retro-2 as a

novel therapeutic agent for TNBC.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is clinically defined by the
absence of estrogen and progesterone receptors and lack of
overexpression at the plasma membrane (PM) of ErbB-2/HER2
(MErbB-2), a member of the ErbB family of tyrosine kinase receptors,
or of ERBB2 gene amplification. MErbB-2 overexpression/gene
amplification accounts for the ErbB-2-positive BC subtype, whose
growth is driven by MErbB-2 activation of downstream pathways
[1]. We and others demonstrated that MErbB-2 also migrates to the
nucleus (NErbB-2) in ErbB-2-positive BC. NErbB-2 is recruited to
promoters/enhancers of target genes where it functions as a
transcriptional regulator to induce resistance to anti-MErbB-2
therapies and promote growth and metastasis [2-8]. Unexpectedly,
we found that TNBC expresses NErbB-2 and identified it as a
biomarker of poor clinical outcome [9]. Furthermore, we revealed
that nuclear wild-type ErbB-2 isoform (WTErbB-2), encoded by the

canonical transcript T1, and our recently identified nuclear ErbB-2
isoform ¢ (ErbB-2c), encoded by transcript T3, induce TNBC growth
via their function as transcriptional regulators [9]. TNBC is a
heterogeneous disease displaying several subtypes: basal-like 1
(BL1), basal-like 2 (BL2), mesenchymal (M), and luminal androgen
receptor (LAR) [10]. Clinical biomarkers and targeted therapies for
TNBC remain elusive, so chemotherapy has been the standard of
care. Recently, two immune-checkpoint inhibitors, which take the
brakes off the antitumor immune responses, were approved for
specific and poor outcome TNBCs [11], highlighting the necessity to
develop precision medicine tools for this disease.

ErbB-2 traffics to the nucleus via retrograde transport [12]. It is
internalized from the PM by endocytosis and then sorted to early
endosomes (EE) [13]. ErbB-2 translocation from the EE to the trans-
Golgi network (TGN) occurs by microtubule-dependent movement
by interacting with dynein and membrane fusion with the Golgi via
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syntaxin-6 (ref. [14]). ErbB-2 transport to the nucleus may occur by
its release from the endoplasmic reticulum (ER) into the cytosol
(ERAD pathway) or by release of membrane-bound ErbB-2 from the
ER into the nucleoplasm (INTERNET pathway) [15, 16]. Regardless of
the pathway, the Sec61 translocon mediates ErbB-2 export from the
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ER. NErbB-2 import occurs through interaction of its nuclear
localization sequence (NLS) with importin B1 (ref. [13]).
Exogenous toxins and viruses hijack the retrograde pathway to
access the ER and exert their deleterious effects. The small
molecule Retro-2 (R2) acts as a selective inhibitor of the
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Fig. 1 R2 evicts WTErbB-2 and ErbB-2c from the nucleus of BC cells. A Left: representative WB of ErbB-2 expression. Right: signal intensities
of ErbB-2c and WTErbB-2 were analyzed by densitometry from three independent WBs performed as indicated. Fold change was calculated by
normalizing the absolute levels of each ErbB-2 isoform to those of 3 tubulin, setting the value of vehicle-treated cells to 1. B Representative WB
of cell lysates with the indicated phosphospecific or total antibodies. C, D ErbB-2 immunofluorescence (IF) in cells treated with R2 or vehicle
(24 h). Bottom panels: quantitative analysis of ErbB-2 subcellular localization. Fluorescence intensity of nuclear, cytosolic, and membrane ErbB-
2 was quantified and is plotted as percentage (mean +SD, n =50 per group) relative to total ErbB-2 in each cell. E Inhibition of NErbB-2
localization in cells from C to D (mean = SEM). For c and d vs a: P < 0.001; for c and a vs b: P < 0.01; for d vs b: P < 0.05. F Nuclear and cytosolic
lysates were analyzed by WB. Fold change was calculated for each compartment by normalizing ErbB-2 levels in treated vs control cells (value
set to 1). G ErbB-2 and Stat3 were localized by IF and confocal microscopy in cells treated as in D. Merged images show colocalization in
yellow. The insets show boxed areas in detail. Right: quantitative analysis of colocalization with Manders’ coefficients (M1 and M2, mean +
SEM, n = 50 per group). H Subcellular distributions of AR and c-Jun evaluated as in F. I, J Cells were pretreated with R2 (100 uM) or vehicle for
24 h and then treated with HRGB1 (60 min) (I), or MPA (90 min) (J). ErbB-2 localization and NErbB-2 levels are depicted as in C. ns: not

significant, ***P < 0.001. For (A-J), n = 3. Original uncropped WB images are shown in Fig. SO.
<

retrotransport to the ER of plant toxin ricin and bacterial Shiga-like
toxins (SLT) by trapping them in the EE [17]. R2 spontaneously
cyclizes to its dihydroquinazolinone derivative Retro-2¥<, which is
the active compound [18]. Consequently, R2 cyclic compounds
with improved activity were developed [19]. R2 and its cyclic
derivatives also block infection by several viruses, including SARs-
CoV-2 (ref. [19, 20]). R2 affects the subcellular localization of
syntaxin-5, a Golgi protein involved in EE-to-TGN retrotransport
[17, 21]. Recent studies revealed that R2 actually affects ER
function by targeting the ER exit site component Sec16A, which
retains syntaxin-5 at the ER and disrupts trafficking events at the
EE/TGN interface [22]. In the frame of our findings that both
nuclear WTErbB-2 and nuclear ErbB-2c induce TNBC growth with
differential oncogenic potential and the discovery that ErbB-2
traffics to the nucleus by retrograde transport, we explored
whether inhibition of the retrograde route with R2 modulates
subcellular localization of ErbB-2 isoforms. We here reveal that R2
evicts ErbB-2 from the nucleus, accumulates WTErbB-2 and ErbB-
2c in different intracellular compartments, and abrogates in vitro
and in vivo TNBC proliferation. Our results highlight repurposing
R2 as a targeted therapy for TNBC.

RESULTS

R2 evicts WTErbB-2 and ErbB-2c from the nucleus of BC cells
Since ErbB-2 migrates to the nucleus through retrograde transport
[12], we explored whether R2 evicts ErbB-2 from the nucleus of
TNBC. We already reported that human TN cells MDA-453 (LAR
subtype) express only WTErbB-2, MDA-468 (BL1 subtype) only ErbB-
2¢, and MDA-231 (M subtype) both WTErbB-2 and ErbB-2c (Fig. 1A;
[9]). We here included murine 4T1 cells as a model of metastatic
TNBC from the basal-like immune-suppressed subtype [23]. Expres-
sion of ErbB-2 noncanonical isoforms in murine cells remains poorly
explored. Our in silico studies showed that only one coding murine
ErbB-2 transcript was reported, corresponding to mouse WTErbB-2
ortholog (MWTErbB-2; Fig. S1A, S1B). mWTErbB-2 shows 87.5% total
amino-acid identity with human WTErbB-2 (hWTErbB-2; Fig. S1C,
S1D). Consistently, 4T1 cells only express mWTErbB-2 (Fig. 1A). Total
hWTErbB-2, mWTErbB-2, or ErbB-2c levels were not affected by R2 in
these cells (Fig. 1A). This is consistent with R2 inability to modulate
the levels of SLT exogenous cargo in cancer cells [17]. We previously
reported that ErbB-2 phosphorylation at tyrosine 877, a site at the
kinase domain, is mandatory for NErbB-2 localization [9]. We found
that neither constitutive tyrosine 877 phosphorylation nor activation
of ErbB-2 downstream pathways, such as Akt and Erk1/2 MAPKs,
were affected by R2 (Fig. 1B; Fig. S2). Immunofluorescence studies
showed that up to 90% of ErbB-2 was constitutively located in the
nucleus of cells expressing ErbB-2c (MDA-468) or both ErbB-2c and
hWTErbB-2 (MDA-231) (Fig. 1C, D; [9]). In MDA-453 cells, displaying
only hWTErbB-2, it is more abundant in the nucleus, but is also
present, albeit at lower amounts, in the cytoplasm and PM (Fig. 1D).
Most of mMWTErbB-2 in 4T1 cells is in the nucleus, and the remaining
amount in the cytoplasm with barely detectable levels at PM.

Cell Death and Disease (2022)13:447

R2 decreased NErbB-2 levels in a dose-dependent manner (Fig. 1C
depicts the results in MDA-468). Similar effects in all TNBC lines
confirmed R2 capacity to evict NErbB-2 (Fig. 1D). Interestingly, only
in MDA-453 cells, R2 induced PM localization. TNBC cells with higher
NErbB-2 levels (MDA-468, MDA-231) showed greater sensitivity to
R2-induced NErbB-2 eviction (Fig. 1E). Subcellular fractionation and
immunoblotting confirmed that R2 decreased nuclear levels of
WTErbB-2 and ErbB-2c (Fig. 1F). These findings are consistent with
R2 inhibition of SLT retrotransport to the TGN/Golgi. However, they
differ from R2 lack of effect on well-studied endogenous retrograde
cargoes [17].

ErbB-2 shares components of the retrotransport machinery that
traffics from the ER to the nucleus with endogenous proteins that
shuttle between the cytoplasm and the nucleus. Among said
proteins are BC key players such as transcription factors (TFs),
hormone receptors (HRs), which act as TFs in the nucleus and
activate signaling in the cytoplasm, and proteins with dual functions,
comparable to HRs, such as Stat3 (ref. [24-26]). Stat3, HRs, and TFs
nuclear entrance is mediated by importin 1, which also associates
with ErbB-2 during its ER-to-nucleus retrotransport. R2 effects on the
passage of endogenous cargoes from the ER to the nucleus remain
unexplored. We revealed that constitutive Stat3 nuclear presence
was not affected by R2 (Fig. 1G). However, ErbB-2/Stat3 colocalization
decreased due to R2 action on ErbB-2 (Fig. 1G). Androgen receptor
(AR) expression defines the LAR-TNBC subtype and induces TNBC
growth [27]. Under growth conditions, AR was mainly located in the
nucleus of MDA-453 and R2 did not impact this scenario (Fig. TH). We
previously demonstrated that ErbB-2, Stat3, as well as c-Jun and c-
Fos, members of the AP-1 factor, assemble a transcriptional complex
at the cyclin D1 promoter in BC [6]. Here, we found that nuclear c-Jun
presence also remained unaffected by R2 in TNBC cells (Fig. TH).
Since disruption of the ErbB-2/importin 1 complex abrogates
NErbB-2 translocation [13], we hypothesized that high importin 31
abundance in TNBC favors NErbB-2 localization. Bioinformatics
analysis using the Cancer Cell Line Encyclopedia (CCLE) showed
higher importin 1 message levels in TNBC than in ErbB-2-positive
cells (Fig. S3A). Interestingly, when refining our search to TNBC cells
with NErbB-2 expression (NErbB-24+TN), we again found higher
importin 31 levels in NErbB-2+TN cells (Fig. S3B).

Next, we validated R2 effects in other BC molecular subtypes.
T47D cells, from the luminal subtype, express estrogen and
progesterone receptors (PR) and low levels of MErbB-2 (ref. [28]).
BT-474 and murine C4HD cells mimic the estrogen receptor- and
PR-positive, MErbB-2-overexpressing subtype [28, 29]. We and
others reported that in these lines, both heregulin f1 (HRGB1), an
ErbBs ligand, and progestins induced NErbB-2 translocation, which
stimulated proliferation [30]. We now found that HRGB1 and
progestin effects were abrogated by R2 (Fig. 11, J), supporting the
role of retrotransport in NErbB-2 trafficking induced by steroid
hormones and growth factors. Our findings also indicate that R2
inhibition of NErbB-2 localization is not related with modulation of
ErbB-2 kinase activity or blockade of ErbB-2 canonical downstream
signaling, but with R2 disruption of ErbB-2 retrotransport.

SPRINGER NATURE
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Blockade of ErbB-2 retrotransport with R2 and its cyclic
derivative Retro-2.1 inhibits TNBC growth

Given NErbB-2 role as TNBC driver [9] and our discovery that
retrotransport inhibition blocks NErbB-2 presence, we explored
whether R2 affects TNBC proliferation. R2 abrogates growth of all

SPRINGER NATURE

TNBC lines (Fig. 2A) and it exerted higher effects in cells expressing
higher NErbB-2 levels and ErbB-2c (MDA-468, MDA-231) (Fig. 2B). In
the BT-474 model of HRGB1-inducible NErbB-2 localization, R2 also
abrogated proliferation stimulated by HRGP1, highlighting the
specificity of R2 action (Fig. 2C). No effects of R2 were found in

Cell Death and Disease (2022)13:447
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Fig. 2 Blockade of ErbB-2 retrotransport with R2 and its cyclic derivative Retro-2.1 inhibits TNBC growth. A Proliferation was assayed by
[*H]-thymidine uptake in cells treated as indicated for 24 h. A representative experiment is shown. B Growth inhibition of TNBC cells after R2
treatment. C BT-474 cells were pretreated with R2 or vehicle, and then treated or not with HRGB1 (40 ng/ml, 24 h). Cell proliferation was
assayed as in A. D MCF10A cell proliferation was assayed as in A. E R2 cyclic derivatives (5)-R2.1 and (R)-R2.1 evict ErbB-2 from the nucleus in
TNBC cells. ErbB-2 IF in cells treated with (5)-R2.1, (R)-R2.1, or vehicle at the indicated concentrations for 24 h. Right: quantitative analysis of
ErbB-2 subcellular localization. Fluorescence intensity of NErbB-2 was quantified and plotted as in Fig. 1C. For b and c vs a, and for c vs b and d,
P <0.001. Inhibition of NErbB-2 localization comparing (5)-R2.1 effects in MDA-468 and MDA-453 cells. F Proliferation was assayed in cells
treated with R2, (5)-R2.1, or (R)-R2.1 at the indicated concentrations for 24 h. Data are shown as percentage of cell proliferation relative to
vehicle-treated cells. Bottom: growth inhibition after (5)-R2.1 treatment. G Propidium iodide staining and flow cytometry in cells treated with
R2 (100 uM) or vehicle for 48 h. H Annexin-V/7-aminoactinomycin D (7-AAD) labeling followed by flow cytometry was used to measure
apoptosis in cells treated as in G. | WB analysis of Erk5 and cyclin D1 expression in cells treated as in G. Bottom: Fold- change values after
densitometric normalization of bands to their corresponding p tubulin. J Erk5 and cyclin D1 mRNA levels were determined by RT-gPCR in cells
treated with R2 (100 pM) or vehicle for 24 h. Relative mRNA levels were calculated by normalizing the absolute mRNA levels to GAPDH mRNA

levels, and setting the value of control cells to 1. For (A-J), n =3, mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

unstimulated BT-474 cells, with low NErbB-2 expression, or in
MCF10A breast cells lacking ErbB-2 (ref. [31]), further demonstrating
R2 specificity to block proliferation of NErbB-2-positive cells (Fig. 2C,
D). Retro-2.1 (R2.1), a R2 cyclic derivative, is synthesized as a
racemate. Its (S)-enantiomer ((5)-R2.1) showed more potency as
retrotransport inhibitor than the (R)-enantiomer ((R)-R2.1) (ref. [32]).
We found that (5)-R2.1 induced higher NErbB-2 eviction and,
consistently, stronger growth-inhibitory effects than (R)-R2.1 or R2
(Fig. 2E, F). ErbB-2c-expressing cells showed greater sensitivity to
(S)-R2.1 effects (both at NErbB-2 localization and proliferation) than
WTErbB-2-expressing cells (Fig. 2E, F). Our findings on the
mechanisms of R2 inhibition of proliferation revealed that it
induced cell-cycle arrest, as shown by an increase of the
percentage of cells in GO/G1 phase and a reduction in S and G2/
M (Fig. 2G). R2 also increased late apoptosis and necrosis (Fig. 2H).
Furthermore, R2 decreased the levels of Erk5 (extracellular signal-
regulated kinase 5) and cyclin D1 (Fig. 2I, J), genes transcriptionally
regulated by NErbB-2 (ref. [3, 9]). Jointly, our findings show that R2
blockade of NErbB-2 retrotransport downregulates expression of
proteins driving TNBC growth, arrests cell cycle, and induces cell
death by apoptosis and necrosis.

Inhibition of retrotransport with R2 abrogates growth of TNBC
in ex vivo and in vivo preclinical models

Compelling findings revealed NErbB-2 major role in BC, yet no
drug able to evict ErbB-2 from the nucleus entered a clinical trial.
R2 emerges as an attractive therapeutic agent for this purpose.
Not only R2 lacks toxicity in vivo but it is also included in the
pandemic response box, a library of compounds with antibacterial
and antiviral properties [17, 20], favoring its repurposing against
BC. As a preclinical model, we used tumor explants. As a model of
exclusive WTErbB-2 expression, we selected murine 4T1 over
MDA-453 cells because, although both lack ErbB-2¢, 4T1 also lacks
transcript T3. MDA-468 cells were our model displaying ErbB-2c.
4T1 and MDA-468 tumors developed in mice were excised and
then cultured ex vivo as explants (Fig. 3A). Histopathological
analyses demonstrated that tumor and stromal morphologies of
explants were similar to those in the original, uncultured tissue
(Fig. 3B). R2 treatment of 4T1 and MDA-468 explants resulted in
decreased neoplastic tissue, lower mitotic figures, and higher
necrosis than vehicle-treated ones (Fig. 3C). R2 growth inhibition
was also evident in MDA-468 explants when assessing prolifera-
tion with EdU, a marker of DNA synthesis (Fig. 3D). R2 also
decreased NErbB-2 levels in TNBC explants (Fig. 3E). Transfection
of MDA-468 explants with our well-characterized human ErbB-2
NLS mutant (hErbB-2ANLS), which is unable to translocate to the
nucleus and acts as dominant negative inhibitor of endogenous
NErbB-2 migration [9], was used as another approach to block
nuclear ErbB-2 localization. Consistently, NErbB-2 levels were
reduced in hErbB-2ANLS-transfected explants (Fig. 3F; Fig. S4).
hErbB-2ANLS-transfected explants showed similar growth inhibi-
tion to the one observed in R2-treated explants (Fig. 3G and H).
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In accordance with R2 effects in vitro, we also found that NErbB-2
eviction by R2 or hErbB-2ANLS reduced Erk5 and CCND1 levels in
MDA-468 explants (Fig. 3I).

As another preclinical model, we used MDA-468 and MDA-231
tumor xenografts established in nude mice and injected
intraperitoneally with R2 or vehicle. Volumes, growth rates, and
weights of tumors from R2-injected mice were lower than those
from vehicle-injected animals (Fig. 4A, B). NErbB-2 levels and
mitotic figures per HPF were lower, and necrosis percentages
higher in tumors from R2-treated animals than in tumors from
control animals (Fig. 4C-E). As reported [17], R2 showed no toxicity
in either mice organs or blood (Table S1; Fig. S5).

R2 causes retention of WTErbB-2 and ErbB-2c in different
intracellular compartments

To identify in which intracellular compartment R2 altered ErbB-2
retrotransport, we first examined its effects on ErbB-2 expression
at the PM. We studied MErbB-2 levels by binding of trastuzumab,
an antibody that recognizes ErbB-2 extracellular domain IV [33].
While trastuzumab is used in the clinic for ErbB-2-positive BC, it
has no antiproliferative effects on TNBC cells [34]. Consistent with
reported MErbB-2 levels [9], flow cytometry showed strikingly
lower trastuzumab binding in MDA-453 than in MErbB-2-positive
BT-474 cells, and lack of trastuzumab binding in MDA-468 (Fig.
5A). R2 increased trastuzumab-binding capacity in MDA-453,
indicating that it relocates WTErbB-2 to the PM. In contrast, R2 did
not induce trastuzumab binding in MDA-468, displaying only
ErbB-2c. Since ErbB-2c retains the trastuzumab-binding domain
[9], our findings indicate that ErbB-2c never reaches the PM upon
R2 treatment. The antiproliferative effects of R2 plus trastuzumab
in MDA-453 were higher than those of R2 alone (Fig. 5B), reflecting
WTErbB-2 presence at the PM. Therefore, this drug combination
offers the possibility to block NErbB-2 and MErbB-2 growth effects.
Contrastingly, R2 did not sensitize MDA-468 cells to trastuzumab
effects (Fig. 5B). In addition, IF studies in MDA-468, both R2-
treated and -untreated, showed no colocalization of ErbB-2c with
the PM marker E-cadherin (Fig. 5C), confirming ErbB-2c absence at
the PM either constitutively or after retrotransport inhibition. Since
R2 arrests SLT trafficking in EE [17], we explored whether it
modulates ErbB-2 colocalization with Early Endosome Antigen 1
(EEAT1), an EE marker. Under growth conditions, we found EEA1/
WTErbB-2 colocalization mostly in MDA-453 cell periphery, which
was strongly enhanced by R2 (Fig. 5D). Fluorescence intensity
profiling demonstrated higher overlap between WTErbB-2 and
EEA1 signals in R2-treated compared with -untreated cells, further
showing restraint of WTErbB-2 trafficking at the EE. We found
neither constitutive nor R2-induced ErbB-2c/EEAT colocalization in
MDA-468 (Fig. 5D). This result, as opposed to that in MDA-453,
suggests that EEs are not involved in ErbB-2c retrotranslocation.
To gain insight into how R2 contributes to ErbB-2c¢ delocalization
from the nucleus, MDA-468 cells were transfected with a plasmid
encoding N-acetylgalactosaminyltransferase (GalNAc-T, a Golgi
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Fig.3 R2 inhibits growth of TNBC explants. A Schematic method for ex vivo culture of 4T1 or MDA-468 tumors (see “Materials and methods”
for details). B Representative H&E staining of original, uncultured tissue (Day 0) and explants (Day 2). C H&E-stained histological sections of
explants treated with R2 (100 uM) or vehicle. Tumor proliferation was quantified by mitotic counts (black arrows) and percentage of tumor
necrosis was measured at lower magnification (mean+SEM). D Representative images of EdU-labeled MDA-468 explants. Bottom:
quantification of EdU staining (mean + SD, n = 50 per group). E ErbB-2 IF in histological sections from explants. NErbB-2 levels are depicted as
in Fig. 1C. F ErbB-2 IF in transfected explants as in E. G, H Tumor proliferation, necrosis, and EdU positivity from transfected explants depicted
as in C and D. I Erk5 and cyclin D1 mRNA levels were determined and depicted as in Fig. 2J.
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Fig. 4 R2 abrogates TNBC tumor growth in vivo. A MDA-468 or MDA-231 tumor xenografts were injected as indicated in Materials and
methods. Bar graphs depict tumor weight at necropsy. Mean+SEM, n = 6. *P < 0.05, **P < 0.01, ***P < 0.001. B Final tumor volumes, growth
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depicted as in Fig. 1C. D, E H&E-stained histological sections. D Tumor proliferation was quantified by mitotic counts (black arrows).
E Percentage of tumor necrosis was measured at lower magnification (mean + SEM).

marker) or immunostained with the ER marker calnexin. Low basal
ErbB-2c levels were detected at the cytoplasm, which colocalized
with Golgi or ER markers (Fig. 5E, F). R2 enhanced ErbB-2c/GalNAc-
T colocalization, as determined by increased Manders correlation
coefficients in R2-treated compared with -untreated cells (Fig. 5E).
Contrastingly, R2 decreased ErbB-2c/calnexin colocalization (Fig.
5F). Altogether, these results indicate that R2 induces ErbB-2c
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accumulation in the Golgi, further preventing its sorting to the ER
and to the nucleus of MDA-468 cells.

ErbB-2 mRNA variant and isoform structures dictate their
differential subcellular retention upon R2 treatment
Compelling evidence demonstrated that mRNAs 5- and 3'-
untranslated regions (UTRs), as well as consensus coding
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Fig. 5 R2 causes retention of WTErbB-2 and ErbB-2c in different intracellular compartments. A Trastuzumab binding was determined in
cells treated with R2 (100 uM) or vehicle for 24 h. Representative histograms. Quantification of trastuzumab binding by delta MFI (n = 2, mean
+ SD). Left barplot: cells in control conditions (DMSO); right barplot: MFI of treated cells. B Cells were pretreated with R2 (100 uM) or vehicle
and then with trastuzumab (10 ug/ml) for analysis of proliferation by cell count or [*H]- thymldlne incorporation. C—F, Colocalization of ErbB-2
with E-cadherin (C), EEA1 (D), GalNAc-T-Cherry (E), and calnexin (F) was analyzed by IF in cells treated as in A. Colocalization analysis was
performed as in Fig. 1G. The yellow line indicates the plane used for line profile generation (see Supplementary Materials and Methods).

Experiments shown in (B-F): n =3.
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sequences (CCDSs), mediate post-transcriptional regulation of
gene expression and determine protein levels and fate [35-38].
Therefore, we hypothesized that T1 and T3 structures define the
fate of their encoded WTErbB-2 and ErbB-2c. We first performed in
silico mRNA secondary structure analysis using ViennaRNA
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package [39]. The prediction from the minimum free energy and
centroid models showed that the secondary structures from full-
length T3 and T1 differ (Fig. 6A, B). Although part of T1 and T3
mRNA secondary structures are conserved in minimum free
energy models, T3 showed a higher number of branches and
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10

Fig. 6 ErbB-2 mRNA variant and isoform structures dictate their differential subcellular retention upon R2 treatment. A, B In silico-
predicted secondary structures of full-length T1 and T3 transcripts. (A) Minimum free energy and (B) centroid model predicted secondary
structures. The right panel in A shows UTRs and the first region of CCDSs in detail. C Schematic representation of ErbB-2 isoforms. The position
of the signal peptide (SP) in the N-terminus is shown, and the NLS and NES are also shown. D Schematic representation of WTErbB-2-pEYFP
(WTErbB-2) vector and ErbB-2A11-13-pEYFP (ErbB-2A11-13) mutant. E ErbB-2 subcellular localization was visualized by direct fluorescence
imaging (green) in MCF-7-transfected cells with WTErbB-2-pEYFP (WTErbB-2) or ErbB-2A11-13-pEYFP (ErbB-2A11-13) in growing-media
conditions. White arrows indicate NErbB-2. F, G Colocalization of ErbB-2 vectors (WTErbB-2 or ErbB-2A11-13) with E-cadherin (F) or GM130, a
marker of Golgi complex (G), was analyzed by confocal microscopy in cells treated with R2 (100 uM, 24 h). Colocalization analysis was
performed as in Fig. 5. The yellow line indicates the plane used for line profile generation (see Supplementary Materials and Methods).
Experiments shown in (E-G): n = 3. ***P < 0.001.
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Fig.7 Model of R2 effects on ErbB-2 nuclear migration in TNBC. TNBC expresses at the nucleus either WTErbB-2, encoded by T1, or ErbB-2c,
encoded by T3, or both. T1 and T3 are translated at ribosomes and WTErbB-2 and ErbB-2c enter the anterograde route where they undergo
post-translational modifications to form their mature proteins. ErbB-2 isoforms traffic to the nucleus via the retrograde route, where they act
as transcriptional regulators to induce TNBC growth. R2 blocks ErbB-2 retrotransport, leading to a differential accumulation of WTErbB-2 at EE

and PM, and of ErbB-2c at the Golgi, and, consequently, inhibiting TNBC growth.

loops in the region containing the UTRs and the first CCDSs’
nucleotides (Fig. 6A). The centroid model also showed more
branches and loops for T3 (Fig. 6B). We then investigated the
regions accounting for these dissimilarities. While T3 displays a
different 5’UTR sequence than T1, both transcripts share the 3’UTR
(Fig. S6A-B; [9]). The CCDSs of these transcripts were highly similar;
however, the first 69 nucleotides of T1 differ from the initial 24
nucleotides of T3 (Fig. S6C). Consequently, T3 gives rise to ErbB-2c
with the same C-termini as WTErbB-2 but a shorter N-termini,
lacking the signal peptide (SP, [9]). Afterward, we performed an in
silico protein sequence study. We focused on the balance
between NLS and nuclear export signals (NES), which govern
TFs’ nuclear localization [40]. The NLS previously identified in
WTErbB-2 is conserved in ErbB-2c ([41], Fig. 6C); however, the NES
responsible for its nuclear export remains unknown. Using NetNES
1.1 software [42], we found that both isoforms have a putative NES
at Leu (L) 142 in WTErbB-2 and L127 in ErbB-2c. WTErbB-2 also
presents a putative NES consisting of an L-rich motif (”I_.LI_.AL’S,
Fig. 6C, Fig. S7A). This differential NES is located within the
hydrophobic domain of WTErbB-2 SP, required for translocation to
the PM [43].

SPRINGER NATURE

To investigate whether a functional SP and an extra NES play a
role in the differential retention of ErbB-2 isoforms by R2, we
generated a mutant of WTErbB-2 by deleting residues L11-L13
(ErbB-2A11-13), which resulted in the disruption of both the NES
and the SP hydrophobic domain (Fig. 6D, Fig. S7B). Transfection of
MCF-7 BC cells, which express low ErbB-2 levels, with WTErbB-2
vector showed that WTErbB-2 localized predominantly in the PM,
but low levels were also found in the cytoplasm and nucleus (Fig.
6E). In ErbB-2A11-13-transfected cells, ErbB-2 expression at the
PM was lower and localized predominantly in the cytoplasm and
nucleus (Fig. 6E). These observations suggest that ErbB-2A11-13
mutant mimics ErbB-2c subcellular localization. Comparable
activation of ErbB-2 and its downstream pathway Akt was
observed in WTErbB-2- and ErbB-2A11-13-transfected cells,
denoting that L11-L13 deletion did not affect ErbB-2 signaling
(Fig. S8). Moreover, MCF-7 cells treated with R2 showed coloca-
lization of E-cadherin with WTErbB-2, but not with ErbB-2A11-13,
confirming ErbB-2A11-13 absence at the PM (Fig. 6F). R2 also led
to ErbB-2A11-13 retention at the Golgi (Fig. 6G). These findings
demonstrated that upon R2 treatment, ErbB-2A11-13 fate
resembled that of ErbB-2c, suggesting that the presence of a
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functional SP and a NES in WTErbB-2 accounts for the differential
R2-induced subcellular retention of ErbB-2 isoforms.

DISCUSSION

Our discovery that R2 blocks ErbB-2 retrotransport in TNBC,
leading to a differential accumulation of WTErbB-2 at EE and the
PM and of ErbB-2c at the Golgi, sheds new light on R2 action on
endogenous protein cargoes (i.e., ErbB-2 isoforms) undergoing
retrograde transport. These results also provide novel knowledge
on the biology of ErbB-2 splicing variants, revealing that it is
indeed the cargo itself which determines its final cellular location.
Most importantly, R2 abrogates TNBC growth in vitro, ex vivo, and
in vivo, supporting the rational of its repurposing as a novel
therapeutic agent for TNBC. Figure 7 illustrates our proposed
model of R2 action.

While the ability of R2 to block the retrograde trafficking of
exogenous toxins and viruses is well acknowledged [19], its effects
on endogenous cargoes remain almost unexplored and limited to
specific sets of proteins that function as mediators of protein
trafficking. R2 does not affect the trafficking of cation-
independent mannose 6-phosphate receptor, which captures
mannose 6-phosphate-tagged lysosomal enzymes and is then
recycled to the TGN or of TGN protein 46 that mediates protein
trafficking between the Golgi and the PM [17, 44]. The findings of
R2 action on exogenous cargoes and our present discoveries on
endogenous ErbB-2 isoforms support the exciting notion that R2
might selectively target cargoes whose localization, via retrotran-
sport, drives either cell death, as toxins and viruses, or neoplastic
transformation, such as ErbB-2 when ectopically located in the
nucleus.

We are the first to study R2 effects on the passage of
endogenous cargoes from the ER to the nucleus. We found that
R2 blocks WTErbB-2 and ErbB-2c nuclear translocation, but does
not prevent the nuclear entry of TFs, Stat3, AR, and c-Jun,
mediated by importin 31, which is also a key player in ErbB-2
trafficking from the ER to the nucleus. At that point of our study,
we felt tempted to interpret these results as a surprisingly
selective action of R2 at such stage of the retrograde transport,
allowing nuclear access only to proteins that mediate cell
physiological functions, but we knew that further research was
necessary to elucidate this puzzle. Indeed, our mechanistic studies
of R2 action at cellular level provided a rational explanation. We
found that R2 induces WTErbB-2 accumulation at the EEs and the
PM, and ErbB-2c accumulation at the Golgi, highlighting that R2
retention of both ErbB-2 isoforms occurs at more distal cellular
locations, therefore not compromising the ER-nucleus passage.
Our findings also revealed that R2 may act as an inhibitor not only
at the EE-Golgi interface, as reported [17], but also at the Golgi—-ER
interface.

What is clear from our work is that the final cellular fate of ErbB-
2 upon R2 treatment is isoform-specific. In silico studies showed
that T1 and T3 mRNA secondary structures vary in the region of
the CCDSs coding for the SP and the differential NES we identified
in WTErbB-2. Using site-directed mutagenesis, we revealed that a
functional SP and a NES determine the subcellular-specific
localization of ErbB-2 isoforms and thus the intracellular compart-
ments at which they are retained by R2. T1 and T3 secondary
structures also differ in their UTRs. Functional regions in 3’UTRs
have been well studied but those in 5/UTRs remain less
characterized. Secondary structure elements in 3'UTRs are
recognized by RNA-binding proteins [45], which recruit effector
proteins mediating local translation through the regulation of
mMRNA localization [46]. A deep study on T1 and T3 structure
profiles is beyond the scope of our work. However, we hope our
findings will encourage research on the functional regulatory
sequences underlying splice events in ErbB-2 transcripts and the
RNA-binding proteins involved in the process.
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R2 showed an exquisite specificity to block the growth of BC
expressing NErbB-2. In TNBC cells of different subtypes, R2
inhibition of in vitro proliferation correlates with its ability to
evict ErbB-2 from the nucleus. R2 derivative (S5)-R2.1 more
effectively blocked both NErbB-2 localization and proliferation. A
remarkable sensitivity to R2 and (S)-R2.1 was found in TNBC
expressing ErbB-2c. This could be due to our previous discovery
that ErbB-2c is a major oncogenic driver in TNBC [9]. Our studies in
hormone receptor-positive BC models displaying low (T47D) or
high (BT-474 and C4HD) levels of MErbB-2 revealed that when we
induce NErbB-2 migration via stimulation with HRGP1 or
progestin, R2 is again able to block its nuclear migration.
Furthermore, we proved that while R2 does not affect growth in
ErbB-2-positive BC cells without NErbB-2 (BT-474), when we
induced NErbB-2 migration, R2 displayed strong antiproliferative
effects. R2 has no effect on proliferation in a model lacking ErbB-2
expression, normal breast MCF10A cells, further disclosing the
specificity of its action. These findings are in agreement with
reports showing that R2 does not block growth in normal or in
cancer cells, where no ErbB-2 was found [20, 47-49]. One of our
findings with major clinical impact is the discovery that enhanced
membrane WTErbB-2 localization upon R2 treatment sensitized
MDA-453 cells to trastuzumab antiproliferative effects. These
findings support that the combination of R2 with trastuzumab
may offer clinical benefits to TNBC and, eventually, to ErbB-2-
positive BC patients bearing NWTErbB-2-positive tumors. The
translational relevance of R2 was highlighted by TNBC growth
abrogation in multiple preclinical models, including tumor
explants and xenografts. We acknowledge that the translation of
this experimental R2 therapy into the clinical setting is a challenge.
However, in light of the lack of efficient targeted therapies for
TNBC, innovative and alternative approaches are required. R2
doses in our in vivo studies were comparable to those of other
small molecules such as neratinib, alpelisib, or everolimus, already
approved for BC treatment [50, 51]. R2 specificity for inhibiting
growth of NErbB-2-positive TNBC and its lack of in vivo toxicity
offers the unique opportunity to repurpose R2 as an
anticancer agent.

We were the first to identify the nuclear presence of WTErbB-2
and ErbB-2c in TNBC cells and further revealed NErbB-2 as a
marker of poor prognosis in TNBC [9]. Our current discoveries
identify R2 as a tool to target NErbB-2 retrograde transport. This
novel theragnostic approach could greatly improve the outcome
of TNBC patients with NErbB-2-positive tumors.

MATERIALS AND METHODS

Reagents and antibodies

Retro-2 (2-([(5-Methyl-2-thienyl)methylene]amino)-N-phenylbenzamide;
Cq0H16N,0S; R2) was purchased from EMD Millipore (Temecula, CA, USA)
and stored at 50 mg/mL in DMSO at —20 °C. R2 spontaneously cyclizes to
Retro-29 [52], the mixture is referred to as R2 herein. The purified Retro-
2.1 (6-Fluoro-1-methyl-2-(5-(2-methylthiazol-4-yl)thiophen-2-yl)-3-phenyl-
2,3-dihydroquinazolin-4(1H)-one; Cy3H;gFN3OS,; R2.1) S-enantiomer ((S)-
R2.1) and R-enantiomer ((R)-R2.1) were purchased from ChiroBlock (Wolfen,
Germany). Heregulin 1 (HRGB1) was purchased from R&D Systems Inc
(Minneapolis, MN, USA). Medroxyprogesterone acetate (MPA) and Dulbec-
co’s modified Eagle’s medium: Ham’s F12 1:1 (DMEM) were purchased from
Sigma Aldrich (Saint Louis, USA). RPMI 1640 was from Gibco (Thermo Fisher
Scientific, CA, USA), trastuzumab was from Hoffmann-La Roche Ltd
Genentech Inc. (Basel, Switzerland), and dimethyl sulfoxide (DMSO) was
from Merck (USA). The antibodies are listed under Table S2.

Cell lines, treatments, and proliferation assays

MDA-468, MDA-231, 4T1, BT-474, T47D, MCF-7, and MCF10A cells were
obtained from the American Type Culture Collection (Manassas, VA, USA)
and were maintained according to the supplier’s instructions. MDA-453 cells
were a gift from DJ Slamon (UCLA, Los Angeles, CA, USA) and were cultured
as described [7, 53]. Cell lines were authenticated by short tandem repeat
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DNA profiling and were regularly screened for mycoplasma contamination.
Primary cultures of epithelial cells from C4HD tumors induced by MPA in
mice were performed as described [29]. Cells were treated with R2
(20-100 uM), (S)-R2.1 and (R)-R2.1 (5-100 uM), or control vehicle (0.1-0.6%
DMSO depending on R2 concentration). All experiments were done in
complete growth media (DMEM or RPMI 1640 supplemented with 10% fetal
calf serum, FCS), except in experiments assessing the effects of HRGB1 or
MPA on ErbB-2 migration or proliferation. Prior to stimulation with HRGB1
(40 ng/ml) or MPA (10 nM), cells were starved for 48h in DMEM 0.1%
charcoalized FCS for T47D and C4HD cells, or for 24 h in DMEM 1% chFCS for
BT-474. Cell proliferation was evaluated by incorporation of 1 uCi [°HJ-
thymidine during the last 18 h of incubation (New England Nuclear, DuPont;
specific activity 20 Ci/mmol) or by cell count, as previously described [7, 9].
Assays were performed in octuplicate. In experiments assessing R2 effects
on HRGP1-stimulated proliferation and for trastuzumab assays, cells were
pretreated with R2 for 90 min and then treated with HRGB1 or trastuzumab
(10 pg/mL), or remained untreated for 24 h.

Western blot (WB) and subcellular fractionation

Lysates were prepared from cells subjected to different treatments and
analyzed by SDS-PAGE and WB as described [7, 9]. For experiments
assessing the expression of the different ErbB-2 isoforms, 50 ug of protein
lysates were resolved by SDS-PAGE on 6% gels [9]. Experiments analyzing
phosphorylation levels of ErbB-2, Akt, and Erk1/2 were performed in
parallel with confocal microscopy studies showing R2 effects on NErbB-2
localization. Signal intensities of phospho-ErbB-2 (pErbB-2), pAkt, and
pErk1/2 bands were analyzed by densitometry using Imagel software
(National Institutes of Health), and normalized to total protein bands.
Similarly, signal intensities of ErbB-2, cyclin D1, and Erk5 bands were
normalized to 3 tubulin bands, used as loading control. The subcellular
fractionation protocol was based on that from Dr. Richard Patten at Abcam
(https://www.abcam.com/protocols/subcellular-fractionation-protocol) and
was performed as previously described [9]. In experiments assessing
subcellular fractionation of ErbB-2, AR, and c-Jun, total protein bands were
normalized to B tubulin and histone H3 bands, which were used as loading
control and for fractionation efficiency.

Immunofluorescence (IF) and confocal microscopy

Techniques were performed as described [7, 9]. For IF and confocal
microscopy in cell cultures, ErbB-2, Stat3, E-cadherin, EEA1, calnexin, and
GM130 were localized using the antibodies described in Table S2, followed
by incubation with AF-conjugated secondary antibodies. Negative controls
were carried out using PBS instead of primary antibodies or 5X competitive
peptide (sc-284 P, Santa Cruz Biotechnology) when ErbB-2 C-18 was used.
Nuclei were detected either by propidium iodide staining (Pl, 5pg/mi,
Invitrogen) or DAPI (4,6-diamidino-2-phenylindole). IF signal was detected
using an Olympus FV1000 confocal laser scanning microscope. Confocal
images were obtained using identical acquisition parameters. Quantitative
analysis of ErbB-2 subcellular localization was performed with Image)
software as reported [9]. For a detailed description of quantitative analysis
of ErbB-2 confocal images and of Manders' colocalization analysis, see
Supplementary Materials and Methods. ErbB-2 IF analysis of paraffin-
embedded tissue samples was performed as described [54] and details are
provided in Supplementary Materials and Methods.

Flow cytometry analysis

Cell-cycle distribution and trastuzumab binding were evaluated by flow
cytometry as described [7, 55, 56]. Apoptosis and necrosis were
investigated through cell-surface binding of fluorescent annexin V by
using the Annexin-V binding assay (Biolegend, San Diego, CA, USA) [57]
and 7-aminoactinomycin (7-AAD) staining, following the manufacturer’s
instructions. Cell cycle, apoptosis, and trastuzumab-binding analyses were
performed using a Canto Il flow cytometer (Becton-Dickinson, La Jolla, CA,
USA). The acquired data were analyzed with FlowJo software. For
trastuzumab-binding analyses, background staining was evaluated in cells
incubated with an isotype control human IgG followed by anti-human
AlexaFluor-647-conjugated antibody. Delta mean fluorescence intensity
(MFI) values were obtained by subtracting the MFI of cells incubated with
control antibody from the MFI of trastuzumab-incubated cells.

Plasmids and transient transfections
The green fluorescence protein (GFP)-tagged human ErbB-2 mutant,
which lacks the putative nuclear localization signal (NLS) (aa
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676-KRRQQKIRKYTMRR-689; hErbB-2ANLS) [13], was generously pro-
vided by Dr. MC Hung (University of Texas, M.D. Anderson Cancer
Center, Houston, TX, USA). The expression plasmid encoding GalNAc-T-
Cherry, a Golgi complex marker [58], was kindly gifted by Dr. Daniotti
(CIQUIBIC-CONICET). The empty vector pEGFP-N1 was obtained from
BD Biosciences-Clontech. Site-directed mutagenesis was performed on
the WTErbB-2-pEYFP to produce the deletion of a region containing
leucines 11-13 (ErbB-2A11-13-pEYFP, ErbB-2A11-13), using the follow-
ing primers: 5-GGCAAGAGGGCCCCCCAGCGGC-3’ and 5'-GCCGCTGGG
GGGCCCTCTTGCC-3'. Successful mutation of the sequence was verified
by DNA sequencing at Macrogen (Seoul, SK). Cells were transfected for
72 h with 2 pg of expression vectors using X-tremeGENE HP (Roche)
following the manufacturer’s instructions. In the case of the GalNAc-T-
Cherry plasmid, cells were transfected for 48 h before treatment with
R2. Transfection efficiencies, evaluated using the pEGFP-N1 vector and
determined by the percentage of cells exhibiting GFP 96 h after
transfection, varied between 60 and 70%.

RNA isolation and RT-qPCR

RNA was obtained and mRNA levels were detected by RT-gPCR as
described [7, 9]. The following primers were used [7, 9]: for GAPDH cDNA,
5/-CAGTCAGCCGCATCTTCTTTTG-3’ and 5-ACCAGAGTTAAAAGCAGCCCT-3/;
for cyclin D1 ¢DNA, 5-TATTGCGCTGCTACCGTTGA-3’ and 5-CCAATAGCA
GCAAACAATGTGAAA-3’; for Erk5 cDNA, 5-CACACCGCTGCCTCTGTAG-3’
and 5-TGCCTATGGTCTCGATGATCT-3'. The fold change of mRNA expres-
sion was calculated by normalizing the absolute mRNA amounts to GAPDH
mRNA levels, used as an internal control, and by setting the value of
control cells to 1.

Preclinical models

All animal studies were conducted in accordance with the highest
standards of animal care as outlined by the NIH Guide for the Care and Use
of Laboratory Animals, and were approved by the IBYME Animal Research
Committee. MDA-468 and MDA-231 tumor xenografts were established in
two-month-old female NIH(S)-nude mice (La Plata National University,
Argentina) as previously described [9]. When tumors reached 50 mm? (ref.
[9]), mice were randomly assigned to treatment groups (n=6) and
injected intraperitoneally with 500 pl of sterile saline solution supplemen-
ted with 10% DMSO alone (vehicle) or R2 (20 mg/kg) twice weekly [17].
Tumor volumes, growth rates, and percentage of growth inhibition were
calculated as described [9, 57]. At necropsy, tumors and organs were
extracted, formalin-fixed, and paraffin-embedded for further analyses with
hematoxylin and eosin (H&E) staining (see Supplementary Materials and
Methods) or IF detection.

Ex vivo culture of tumor explants was performed as described [28]. For
murine explant culture, 4T1 cells (1 x 10% were first injected subcuta-
neously in two-month-old female BALB/c mice and allowed to grow, until
they reached 50 mm?>. Tumors were then isolated under sterile conditions,
collected in DMEM-10% FCS, and subjected to mechanical breakdown by
dissection using a surgical blade [59]. Sample sections of the 4T1 tumors
(1-mm? thick) were cut and placed into neutral-buffered formalin for
paraffin embedding (day-0 sample) or in quadruplicate on presoaked
gelatin sponge with 500 yL DMEM-10% FCS inside 24-well plates [28, 59]
for further treatment with R2 (100 uM) or vehicle. For MDA-468 ex vivo
culture, MDA-468 tumor xenografts were established as indicated. When
tumors reached 50 mm?3, they were resected under sterile conditions and
subjected to R2 treatment or transfected with hErbB-2ANLS or pEGFP-N1
vectors. At the end of the experiments, 4T1 and MDA-468 explants were
formalin-fixed and paraffin-embedded for H&E and IF analyses, or
preserved in RNAlater (Qiagen, Hilden, Germany) for RNA isolation (in
MDA-468 explants). For assessment of 5-ethynyl-2’-deoxyuridine (EdU)
incorporation, EdU (10 uM) was added to the culture medium 24 h prior to
harvest [59, 60]. Cellular uptake of EdU in formalin-fixed and paraffin-
embedded explants was stained by Click-iT EdU Imaging Kits (Thermo
Fisher Scientific) following the manufacturer’s instruction.

Bioinformatics
A detailed description of in silico analyses is provided in Supplementary
Materials and Methods.

Statistical analysis
Analyses were performed using Prism 8 (GraphPad Software) and STATA
version 15 (Stata Corp. LLC). Information on biological replicates and
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statistical significance are reported in the respective figure legends. When
two groups were compared, the two-tailed Student's t-test was used. When
three or more groups were compared, the one-way ANOVA with Tukey’s
multiple comparison test was used. Homoscedasticity of the variances was
analyzed in every case. Two-way ANOVA with repeated measures followed
by Bonferroni post test was applied to assess statistical significance of
differences in tumor growth kinetics among groups as previously described
[61]. P-values <0.05 were regarded as statistically significant.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this article (and its
Supplementary information files).

REFERENCES

1.

Arteaga CL, Engelman JA. ERBB receptors: from oncogene discovery to basic
science to mechanism-based cancer therapeutics. Cancer Cell. 2014;25:282-303.

. Wang SC, Lien HC, Xia W, Chen IF, Lo HW, Wang Z, et al. Binding at and trans-

activation of the COX-2 promoter by nuclear tyrosine kinase receptor ErbB-2.
Cancer Cell. 2004;6:251-61.

. Beguelin W, Diaz Flaque MC, Proietti CJ, Cayrol F, Rivas MA, Tkach M, et al.

Progesterone receptor induces ErbB-2 nuclear translocation to promote breast
cancer growth via a novel transcriptional effect: ErbB-2 function as a coactivator
of Stat3. MolCell Biol. 2010;30:5456-72.

. Li LY, Chen H, Hsieh YH, Wang YN, Chu HJ, Chen YH, et al. Nuclear ErbB2

enhances translation and cell growth by activating transcription of ribosomal
RNA genes. Cancer Res. 2011;71:4269-79.

. Diaz Flaque MC, Vicario R, Proietti CJ, Izzo F, Schillaci R, Elizalde PV. Progestin

drives breast cancer growth by inducing p21(CIP1) expression through the
assembly of a transcriptional complex among Stat3, progesterone receptor and
ErbB-2. Steroids 2013;78:559-67.

. Diaz Flaque MC, Galigniana NM, Beguelin W, Vicario R, Proietti CJ, Russo RC, et al.

Progesterone receptor assembly of a transcriptional complex along with activator
protein 1, signal transducer and activator of transcription 3 and ErbB-2 governs
breast cancer growth and predicts response to endocrine therapy. Breast Cancer
Res. 2013;15:R118.

. Cordo Russo RI, Beguelin W, Diaz Flaque MC, Proietti C, Venturutti L, Galigniana

NM, et al. Targeting ErbB-2 nuclear localization and function inhibits breast cancer
growth and overcomes trastuzumab resistance. Oncogene 2015;34:3413-28.

. Venturutti L, Romero LV, Urtreger AJ, Chervo MF, Cordo Russo RI, Mercogliano

MF, et al. Stat3 regulates ErbB-2 expression and co-opts ErbB-2 nuclear function
to induce miR-21 expression, PDCD4 downregulation and breast cancer metas-
tasis. Oncogene 2016;35:2208-22.

. Chervo MF, Cordo Russo RI, Petrillo E, Izzo F, De Martino M, Bellora N, et al.

Canonical ErbB-2 isoform and ErbB-2 variant c located in the nucleus drive triple
negative breast cancer growth. Oncogene 2020;39:6245-62.

. Lehmann BD, Jovanovic B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al.

Refinement of triple-negative breast cancer molecular subtypes: implications for
neoadjuvant chemotherapy selection. PLoS ONE. 2016;11:e0157368.

. Zhu Y, Zhu X, Tang C, Guan X, Zhang W. Progress and challenges of immu-

notherapy in triple-negative breast cancer. Biochim Biophys Acta Rev Cancer.
2021;1876:188593.

. Chen MK, Hsu JL, Hung MC. Nuclear receptor tyrosine kinase transport and

functions in cancer. Adv Cancer Res. 2020;147:59-107.

. Giri DK, Ali-Seyed M, Li LY, Lee DF, Ling P, Bartholomeusz G, et al. Endosomal

transport of ErbB-2: mechanism for nuclear entry of the cell surface receptor.
MolCell Biol. 2005;25:11005-18.

. Du Y, Shen J, Hsu JL, Han Z, Hsu MC, Yang CC, et al. Syntaxin 6-mediated Golgi

translocation plays an important role in nuclear functions of EGFR through
microtubule-dependent trafficking. Oncogene 2014;33:756-70.

. Carpenter G, Liao HJ. Receptor tyrosine kinases in the nucleus. Cold Spring Harb

Perspect Biol. 2013;5:a008979.

. Wang YN, Lee HH, Lee HJ, Du Y, Yamaguchi H, Hung MC. Membrane-bound

trafficking regulates nuclear transport of integral epidermal growth factor
receptor (EGFR) and ErbB-2. The. J Biol Chem. 2012;287:16869-79.

. Stechmann B, Bai SK, Gobbo E, Lopez R, Merer G, Pinchard S, et al. Inhibition of

retrograde  transport mice from lethal ricin Cell

2010;141:231-42.

protects challenge.

. Noel R, Gupta N, Pons V, Goudet A, Garcia-Castillo MD, Michau A, et al.

N-methyldihydroquinazolinone derivatives of Retro-2 with enhanced efficacy
against Shiga toxin. J Med Chem. 2013;56:3404-13.

. Gupta N, Noel R, Goudet A, Hinsinger K, Michau A, Pons V, et al. Inhibitors of

retrograde trafficking active against ricin and Shiga toxins also protect cells from

Cell Death and Disease (2022)13:447

S. Madera et al.

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

several viruses, Leishmania Chem Biol Interact.
2017;267:96-103.

Holwerda M, V'Kovski P, Wider M, Thiel V, Dijkman R. Identification of an antiviral
compound from the pandemic response box that efficiently inhibits SARS-CoV-2
infection in vitro. Microorganisms. 2020;8:1872.

Linders PT, Horst CV, Beest MT, van den Bogaart G. Stx5-Mediated ER-Golgi
transport in mammals and yeast. Cells. 2019;8:780.

Forrester A, Rathjen SJ, Daniela Garcia-Castillo M, Bachert C, Couhert A, Tepshi L,
et al. Functional dissection of the retrograde Shiga toxin trafficking inhibitor
Retro-2. Nat Chem Biol. 2020;16:327-36.

Schrors B, Boegel S, Albrecht C, Bukur T, Bukur V, Holtstrater C, et al. Multi-omics
characterization of the 4T1 murine mammary gland tumor model. Front Oncol.
2020;10:1195.

Ernst S, Muller-Newen G. Nucleocytoplasmic shuttling of STATs. A target for
intervention? Cancers. 2019;11:1815.

Waldmann |, Walde S, Kehlenbach RH. Nuclear import of c-Jun is mediated by
multiple transport receptors. J Biol Chem. 2007;282:27685-92.

Cutress ML, Whitaker HC, Mills IG, Stewart M, Neal DE. Structural basis for the
nuclear import of the human androgen receptor. J Cell Sci. 2008;121:957-68.
Christenson JL, Trepel JB, Ali HY, Lee S, Eisner JR, Baskin-Bey ES, et al. Harnessing
a different dependency: how to identify and target androgen receptor-positive
versus quadruple-negative breast cancer. Horm Cancer. 2018;9:82-94.

Madera S, Chervo MF, Chiauzzi VA, Pereyra MG, Venturutti L, Izzo F, et al. Nuclear
PDCD4 expression defines a subset of luminal B-like breast cancers with good
prognosis. Horm Cancer. 2020;11:218-39.

Balana ME, Lupu R, Labriola L, Charreau EH, Elizalde PV. Interactions between
progestins and heregulin (HRG) signaling pathways: HRG acts as mediator of
progestins proliferative effects in mouse mammary adenocarcinomas. Oncogene
1999;18:6370-9.

Elizalde PV, Cordo Russo Rl, Chervo MF, Schillaci R. ErbB-2 nuclear function in
breast cancer growth, metastasis and resistance to therapy. Endocr Relat Cancer.
2016;23:T243-T57.

Rodriguez-Barrueco R, Yu J, Saucedo-Cuevas LP, Olivan M, Llobet-Navas D, Putcha
P, et al. Inhibition of the autocrine IL-6-JAK2-STAT3-calprotectin axis as targeted
therapy for HR-/HER2+ breast cancers. Genes Dev. 2015;29:1631-48.

Gupta N, Pons V, Noel R, Buisson DA, Michau A, Johannes L, et al. (S)-N-
Methyldihydroquinazolinones are the active enantiomers of Retro-2 derived
compounds against toxins. ACS Med Chem Lett. 2014;5:94-7.

Cho HS, Mason K, Ramyar KX, Stanley AM, Gabelli SB, Denney DW Jr, et al.
Structure of the extracellular region of HER2 alone and in complex with the
Herceptin Fab. Nature 2003;421:756-60.

Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E, et al. Targeting
HER2-positive breast cancer with trastuzumab-DM1, an antibody-cytotoxic drug
conjugate. Cancer Res. 2008;68:9280-90.

Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, et al. Global
quantification of mammalian gene expression control. Nature 2011;473:337-42.
Zuccotti P, Peroni D, Potrich V, Quattrone A, Dassi E. Hyperconserved elements in
human 5'UTRs shape essential post-transcriptional regulatory networks. Front
Mol Biosci. 2020;7:220.

Vogel C, Abreu Rde S, Ko D, Le SY, Shapiro BA, Burns SC, et al. Sequence sig-
natures and mRNA concentration can explain two-thirds of protein abundance
variation in a human cell line. Mol Syst Biol. 2010;6:400.

Mauger DM, Cabral BJ, Presnyak V, Su SV, Reid DW, Goodman B, et al. mRNA
structure regulates protein expression through changes in functional half-life.
Proc Natl Acad Sci USA. 2019;116:24075-83.

Lorenz R, Bernhart SH, Honer Zu Siederdissen C, Tafer H, Flamm C, Stadler PF,
et al. ViennaRNA Package 2.0. Algorithms Mol Biol. 2011;6:26.

Stevens KE, Mann RS. A balance between two nuclear localization sequences and
a nuclear export sequence governs extradenticle subcellular localization.
Genetics 2007;175:1625-36.

Hsu SC, Hung MC. Characterization of a novel tripartite nuclear localization
sequence in the EGFR family. J Biol Chem. 2007;282:10432-440.

la Cour T, Kiemer L, Molgaard A, Gupta R, Skriver K, Brunak S. Analysis and
prediction of leucine-rich nuclear export signals. Protein Eng Des Sel.
2004;17:527-36.

Lumangtad LA, Bell TW. The signal peptide as a new target for drug design.
Bioorg Med Chem Lett. 2020;30:127115.

Okamoto A, Morinaga T, Yamaguchi N, Yamaguchi N. Golgi distribution of Lyn to
Caveolin- and Giantin-positive cis-Golgi membranes and the Caveolin-negative,
TGN46-positive trans-Golgi network. Biol Pharm Bull. 2018;41:142-6.

Barrett LW, Fletcher S, Wilton SD. Regulation of eukaryotic gene expression by
the untranslated gene regions and other non-coding elements. Cell Mol Life Sci.
2012;69:3613-34.

Martin KC, Ephrussi A. mRNA localization: gene expression in the spatial
dimension. Cell 2009;136:719-30.

and Chlamydiales.

SPRINGER NATURE

13



S. Madera et al.

14

47. Toscani AM, Sampayo RG, Barabas FM, Fuentes F, Simian M, Coluccio Leskow F.
Distinct ErbB2 receptor populations differentially interact with betal integrin in
breast cancer cell models. PLoS ONE. 2017;12:e0174230.

48. Hedayatizadeh-Omran A, Valadan R, Rafiei A, Tehrani M, Alizadeh-Navaei R. VERO
stable cell lines expressing full-length human epidermal growth factor receptors
2 and 3: platforms for subtractive phage display. DNA Cell Biol. 2015;34:573-8.

49. Nelson CD, Carney DW, Derdowski A, Lipovsky A, Gee GV, O'Hara B, et al. A
retrograde trafficking inhibitor of ricin and Shiga-like toxins inhibits infection of
cells by human and monkey polyomaviruses. mBio 2013;4:e00729-13.

50. O'Brien NA, McDermott MSJ, Conklin D, Luo T, Ayala R, Salgar S, et al. Targeting
activated PI3K/mTOR signaling overcomes acquired resistance to CDK4/6-based
therapies in preclinical models of hormone receptor-positive breast cancer.
Breast Cancer Res. 2020;22:89.

51. Sudhan DR, Guerrero-Zotano A, Won H, Ericsson PG, Servetto A, Huerta-Rosario
M, et al. Hyperactivation of TORC1 drives resistance to the Pan-HER tyrosine
kinase inhibitor neratinib in HER2-mutant cancers. Cancer Cell. 2020;37:258-9.

52. Park JG, Kahn JN, Tumer NE, Pang YP. Chemical structure of Retro-2, a compound
that protects cells against ribosome-inactivating proteins. Sci Rep. 2012;2:631.

53. O'Brien NA, Browne BC, Chow L, Wang Y, Ginther C, Arboleda J, et al. Activated
phosphoinositide 3-kinase/AKT signaling confers resistance to trastuzumab but
not lapatinib. Mol Cancer Ther. 2010;9:1489-502.

54. Schillaci R, Guzman P, Cayrol F, Beguelin W, Diaz Flaque MC, Proietti CJ, et al.
Clinical relevance of ErbB-2/HER2 nuclear expression in breast cancer. BMC
Cancer. 2012;12:74.

55. Izzo F, Mercogliano F, Venturutti L, Tkach M, Inurrigarro G, Schillaci R, et al.
Progesterone receptor activation downregulates GATA3 by transcriptional
repression and increased protein turnover promoting breast tumor growth.
Breast Cancer Res. 2014;16:491.

56. Mercogliano MF, De Martino M, Venturutti L, Rivas MA, Proietti CJ, Inurrigarro G,
et al. TNFalpha-induced Mucin 4 expression elicits trastuzumab resistance in
HER2-positive breast cancer. Clin Cancer Res. 2017;23:636-48.

57. Proietti C, Salatino M, Rosemblit C, Carnevale R, Pecci A, Kornblihtt AR, et al.
Progestins induce transcriptional activation of signal transducer and activator of
transcription 3 (Stat3) via a Jak- and Src-dependent mechanism in breast cancer
cells. Mol Cell Biol. 2005;25:4826-40.

58. Pedro MP, Vilcaes AA, Gomez GA, Daniotti JL. Individual S-acylated cysteines
differentially contribute to H-Ras endomembrane trafficking and acylation/dea-
cylation cycles. Mol Biol Cell. 2017;28:962-74.

59. Centenera MM, Hickey TE, Jindal S, Ryan NK, Ravindranathan P, Mohammed H,
et al. A patient-derived explant (PDE) model of hormone-dependent cancer. Mol
Oncol. 2018;12:1608-22.

60. Salic A, Mitchison TJ. A chemical method for fast and sensitive detection of DNA
synthesis in vivo. Proc Natl Acad Sci USA. 2008;105:2415-20.

61. Proietti CJ, Izzo F, Diaz Flaque MC, Cordo Russo R, Venturutti L, Mercogliano MF,
et al. Heregulin Co-opts PR transcriptional action via Stat3 role as a coregulator to
drive cancer growth. Mol Endocrinol. 2015;29:1468-85.

ACKNOWLEDGEMENTS

In memory of EH Charreau, our mentor and colleague. We thank A Molinolo (UCSD,
USA) for his constant help and support; MC Hung (UT, USA) and D Daniotti (CIQUIBIC-
CONICET, Argentina) for vector plasmids; and P Pomata, R Quinta, A La Greca, and SG
Miriuka for their help with IF techniques. We would also like to acknowledge
Fundacion René Baron and Fundacion Williams for their institutional support.

AUTHOR CONTRIBUTIONS
PVE, RICR, FI, and SM were responsible for the conception and design of the study.
SM, FI, MFC, VAC, SB, CJP, MDM, DM, MFM, RS, RICR, and PVE developed

SPRINGER NATURE

methodology. SM, Fl, MFC, VAC, SSM, MDM, ARD, DM, CJP, RICR, and PVE acquired
the data (and provided facilities or resources). RICR, PVE, SM, FI, MFC, AD, SB, EP, MFM,
CL, GL, FA, CJP, and RS analyzed and interpreted the data. PVE, RS, CJP, and RICR
provided funding. RICR, SM, and FI wrote the original draft paper. PVE wrote the
paper. PVE, RICR, SM, RS, Fl, and CJP revised the paper. RICR and PVE supervised the
study. All authors read and approved the final paper.

FUNDING

This work was supported by the National Agency of Scientific Promotion of Argentina
(PICT 2015-1587, IDB/PICT 2017-1072, and PICT 2019-0288, all awarded to PVE; IDB/PICT
2017-1517, PICT 2018-2086, and PICT-Int. 2021-023, awarded to RS; and IDB/PICT 2017-
0419 and PICT 2020-2315, awarded to RICR); the Nat. Cancer Institute of Argentina (INC
2016 research grant, awarded to PVE); the Fondation Nelia et Amadeo Barletta Research
Grant awarded to PVE; the Florencio Fiorini Foundation Research Grant awarded to RS;
and the Foundation Alberto J. Roemmers Research Grants awarded to RICR and to RS.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

This paper does not describe studies involving human participants, or human-derived
tissues/data. All animal experiments were conducted in accordance with the highest
standards of animal care as outlined by the NIH Guide for the Care and Use of
Laboratory Animals, and were approved by the IBYME Animal Research Committee.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-04855-0.

Correspondence and requests for materials should be addressed to Patricia V.
Elizalde or Rosalia I. Cordo Russo.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Cell Death and Disease (2022)13:447


https://doi.org/10.1038/s41419-022-04855-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Halting ErbB-2 isoforms retrograde transport to the nucleus as a new theragnostic approach for triple-negative breast cancer
	Introduction
	Results
	R2 evicts WTErbB-2 and ErbB-2c from the nucleus of BC cells
	Blockade of ErbB-2 retrotransport with R2 and its cyclic derivative Retro-2.1 inhibits TNBC growth
	Inhibition of retrotransport with R2 abrogates growth of TNBC in ex�vivo and in�vivo preclinical models
	R2 causes retention of WTErbB-2 and ErbB-2c in different intracellular compartments
	ErbB-2 mRNA variant and isoform structures dictate their differential subcellular retention upon R2 treatment

	Discussion
	Materials and methods
	Reagents and antibodies
	Cell lines, treatments, and proliferation assays
	Western blot (WB) and subcellular fractionation
	Immunofluorescence (IF) and confocal microscopy
	Flow cytometry analysis
	Plasmids and transient transfections
	RNA isolation and RT-qPCR
	Preclinical models
	Bioinformatics
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




