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Abstract

ErbB-2 amplification/overexpression accounts for an aggressive breast cancer (BC) subtype
(ErbB-2-positive). Enhanced ErbB-2 expression was also found in gastric cancer (GC) and has
been correlated with poor clinical outcome. The ErbB-2-targeted therapies trastuzumab (TZ), a
monoclonal antibody, and lapatinib, a tyrosine kinase inhibitor, have proved highly beneficial.
However, resistance to such therapies remains a major clinical challenge. We here revealed a novel
mechanism underlying the antiproliferative effects of both agents in ErbB-2-positive BC and GC.
TZ and lapatinib ability to block extracellular signal-regulated kinases 1/2 and
phosphatidylinositol-3 kinase (PI3K)/AKT in sensitive cells inhibits c-Myc activation, which
results in upregulation of miR-16. Forced expression of miR-16 inhibited /n vitro proliferation in
BC and GC cells, both sensitive and resistant to TZ and lapatinib, as well as in a preclinical BC
model resistant to these agents. This reveals miR-16 role as tumor suppressor in ErbB-2-positive
BC and GC. Using genome-wide expression studies and miRNA target prediction algorithms, we
identified cyclin J and far upstream element-binding protein 1 (FUBP1) as novel miR-16 targets,
which mediate miR-16 antiproliferative effects. Supporting the clinical relevance of our results, we
found that high levels of miR-16 and low or null FUBP1 expression correlate with TZ response in
ErbB-2-positive primary BCs. These findings highlight a potential role of miR-16 and FUBP1 as
biomarkers of sensitivity to TZ therapy. Furthermore, we revealed miR-16 as an innovative
therapeutic agent for TZ- and lapatinib-resistant ErbB-2-positive BC and GC.

INTRODUCTION

Approximately 15-20% of breast cancers (BC) overexpress ErbB-2, a member of the ErbBs
family of receptor tyrosine kinases, which also includes epidermal growth factor receptor/
ErbB-1, ErbB-3 and ErbB-4.1 Until the development of ErbB-2-targeted therapies, ErbB-2-
positive subtype was associated with increased metastatic potential and poor prognosis in
BC patients with node-positive and -negative tumors.2 Notably, the overall survival of
metastatic patients and the cure rate in the adjuvant setting improved significantly after the
development of such therapies.2 Current therapeutic options for patients with ErbB-2-
positive BC include monoclonal antibodies (trastuzumab (TZ) and pertuzumab), tyrosine
kinase inhibitors (lapatinib) and TZ-DM1, an antibody—-drug conjugate. Around 40-60% of
patients with ErbB-2-positive metastatic BC do not respond to TZ, showing de novo or
acquired resistance.3 Although lapatinib, a dual epidermal growth factor receptor/ErbB-2
tyrosine kinase inhibitor, provides clinical benefit to a subset of patients progressing on TZ,
<25% achieve an objective response, whereas most eventually develop lapatinib resistance.*
Thus, resistance to available drugs is a mayor clinical issue in BC. ErbB-2 gene
amplification and protein overexpression occur also in several tumor types, including gastric,
bladder, cervix, colon, endometrium, germ cell, glioblastoma, head and neck, liver, lung,
ovarian, pancreas, and salivary duct (reviewed in Yan et a/°). However, among all these
cancer types, ErbB-2-targeted therapy has only been approved for gastric cancer (GC),
currently targeted with TZ.6

MicroRNAs (miRNAS) are short non-coding endogenous RNAs with regulatory functions,
whose abnormal expression in cancer is known to have a key role in growth, progression and
resistance to classic therapies (reviewed in Berindan-Neagoe et al.”). Previous findings,
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including our own, identified miR-16 as a potent tumor suppressor downregulated in various
cancer types, such as BC and GC.8:9 Our earlier discoveries demonstrated that progestins
and ErbB’s ligand heregulin downregulate miR-16, which inhibits BC growth induced by
said mitogens.® MiR-16 reduced levels have also been implicated in resistance to radio-,
chemo- and endocrine therapies in BC.19-12 Interestingly, several miR-16 validated targets,
such as cyclin D1, cyclin E1, B-cell lymphoma 2, survivin, vascular endothelial growth
factor receptor 2, insulin-like growth factor 1 receptor and tumor necrosis factor alpha,
9.13-16 \were found to participate in TZ resistance.17-20

The effects of ErbB-2 activation or of its blockade with TZ or lapatinib on the modulation of
miRNAs remain poorly known. On the other hand, cancer progression in the metastatic
setting raises a clinical challenge. In this framework, we explored the role of miR-16 in /n
vitroand in vivo ErbB-2-positive BC and GC growth. We revealed that miR-16 function as a
tumor suppressor mediates TZ and lapatinib antiproliferative effects, and identified cyclin J
(CCNJ) and far upstream element-binding protein 1 (FUBP1) as novel miR-16 targets. We
disclosed miR-16 and FUBP1 clinical relevance in BC, and revealed miR-16 administration
as a new therapy to overcome resistance to TZ and lapatinib in ErbB-2-positive BC and GC.

TZ induces miR-16 upregulation in ErbB-2-positive BC and GC sensitive to its
antiproliferative effects

Our study of ErbB-2-positive and TZ-sensitive BT-474 and SKBR-3 human BC cells
(Supplementary Figure Sla and O’Brien et a/?1), revealed that TZ significantly increased
miR-16 expression in both cell lines (Figure 1a). Knockdown of ErbB-2, which abolishes
growth of said cells, led to a comparable increase in miR-16 levels (Supplementary Figure
S1b shows results in BT-474 cells). Next, we established BT-474 tumor xenografts in nude
mice and treated them with TZ or control IgG. Inhibition of tumor growth was associated
with a ~ 3-fold increase of miR-16 levels in tumors from TZ-treated mice, compared with
tumors from the 1gG group (Figure 1b). We then assessed the effects of TZ in a panel of
ErbB-2-positive BC cell lines with intrinsic TZ resistance?! (JIMT-1, HCC-1569 and MDA-
MB-453) and in a BT-474 HR clone we selected for its acquired TZ resistance
(Supplementary Figure S1c). TZ failed to increase miR-16 expression in these cells (Figure
1c). In fact, TZ downregulated miR-16 in MDA-MB-453 cells (Figure 1c). Similar results
were obtained using a preclinical model in which JIMT-1 cells were inoculated in nude mice
and the developed tumors were treated with TZ. We found that TZ failure to inhibit tumor
growth associated with its inability to upregulate miR-16 levels (Figure 1d).

TZ has also been approved for first-line treatment of ErbB-2-positive metastatic GC.6 Thus,
we assessed TZ effects on miR-16 levels in ErbB-2-positive GC cell lines NCI-N87 and
SNU-I, sensitive and resistant to TZ, respectively (Supplementary Figure S1d and references
Kim et al?2 and Bae et a/23). In accordance with our results in BC, TZ upregulated miR-16
expression in NCI-N87 cells, but failed to modulate miR-16 levels in SNU-I cells (Figure
1e). Our findings /n vitro and in vivo for the first time show that upregulation of miR-16
levels is a common mechanism of TZ action in ErbB-2-positive BC and GC sensitive to its
antiproliferative effects.
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We previously identified cyclin E1 as a relevant miR-16 target in progestin- and heregulin-
mediated BC growth.® Cyclin E1 amplification/overexpression is associated with TZ
resistance in BC.18 Here, we found that in vitro and in vivo TZ treatment decreased cyclin
E1 expression in sensitive BC cells (Supplementary Figure S1e), but not in the resistant cells
(Supplementary Figure S1f).

MiR-16 acts as a tumor suppressor in ErbB-2-positive BC and GC

We already demonstrated that miR-16 is a tumor suppressor in progestin-induced BC
growth.? In the frame of our current findings, we here explored miR-16 role in ErbB-2-
positive BC and GC growth. Overexpression of miR-16 by transfection with a precursor
(pre-miR-16) inhibited proliferation of TZ- and of lapatinib-sensitive cells (Figure 2a and
Supplementary Figure S2a). Moreover, miR-16 forced expression significantly decreased
proliferation of cells with intrinsic or acquired TZ resistance (Figure 2b and Supplementary
Figures S2a and b). Among these cells, HCC-1569, JIMT-1 and MDA-MB-453 are also
lapatinib-resistant.2! These data identify a completely novel role of miR-16 as a tumor
suppressor in ErbB-2-positive BC, both sensitive and resistant to TZ and lapatinib.
Furthermore, transfection with pre-miR-16 inhibited proliferation of NCI-N87 and SNU-I
cells, extending our findings in BC to ErbB-2-positive GC (Figure 2c and Supplementary
Figure S2c). Functional inhibition of miR-16 by transfection with an inhibitor (anti-miR-16),
attenuated TZ antiproliferative effects in BT-474 and SKBR-3 cells, revealing the direct
involvement of miR-16 in TZ action (Figure 2d).

In light of miR-16 inhibitory effects on the proliferation of cells unresponsive to anti-ErbB-2
therapies, we conducted a preclinical study where we established JIMT-1 tumor xenografts
and, once tumors reached 100 mm3, animals were treated with TZ, received intratumoral
pre-miR-16 injections or a combination of both. In order to define the protocol for miR-16
administration, we previously verified that a single injection resulted in miR-16 upregulation
in tumor cells for at least 72 h post administration (Supplementary Figure S2d). Therefore,
mice were treated with pre-miR-16 thrice a week. As described,?* no significant differences
were observed in either mean volumes or growth rates of tumors treated with TZ and those
treated with 1gG (Figures 2e and f). Contrastingly, volumes and growth rates of tumors
injected with pre-miR-16 were significantly lower than those treated with TZ or 1gG
(Figures 2e and f). The combined administration of TZ and pre-miR-16 showed no further
therapeutic benefit, compared with pre-miR-16 as a single agent (Figures 2e and f). MiR-16
levels in tumors injected with pre-miR-16 proved to be significantly upregulated at the end
of the experiment, demonstrating the efficacy of our delivery strategy (Figure 2g). These
results demonstrate that miR-16 inhibits tumor growth in TZ- and lapatinib-resistant BC.
Our findings highlight miR-16 as a novel therapeutic agent in ErbB-2-positive BC and GC
sensitive and resistant to ErbB-2-targeted therapies.

C-Myc mediates TZ effects on miR-16 expression

The oncogenic transcription factor c-Myc has already been found to repress miR-16
expression.2> Our own findings revealed that progestins induce BC growth via c-Myc
downregulation of miR-16 levels.® Therefore, we explored whether c-Myc is involved in TZ-
induced miR-16 upregulation. Knockdown of c-Myc significantly upregulated miR-16 and
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inhibited proliferation in TZ-sensitive and -resistant cells (Figure 3a). On the other hand, TZ
inhibited c-Myc expression in BT-474 cells, and restoration of c-Myc levels by transfection
of a constitutively active c-Myc variant26 abolished TZ ability to upregulate miR-16 levels
(Figure 3b). This highlights c-Myc function as mediator of TZ-induced miR-16
upregulation. We then studied the mechanism of TZ regulation of c-Myc expression. ErbB-2
activation of extracellular signal-regulated kinases 1/2 (Erk1/2) and phosphatidylinositol-3
kinase (PI3K)/AKT cascades mediates its proliferative effects.! Both cascades have also
been found to control the levels and transcriptional activity of c-Myc.2” Moreover, 4D5, the
parental murine version of TZ, was found to block said signaling pathways and to
downregulate c-Myc expression in BT-474 cells.28 Consistent with TZ inhibition of Erk1/2
and PI3K/AKT pathways,! we found that TZ significantly downregulated c-Myc, in vitro
and /n vivo, in TZ-sensitive cells (Figure 3c). Similar results were obtained upon ErbB-2
silencing in BT-474 cells (Figure 3d). On the contrary, we found that TZ inability to inhibit
these pathways in BC cells with intrinsic or acquired resistance is associated with TZ failure
to modulate c-Myc expression (Figure 3e). Our findings in GC cell lines were comparable to
those obtained in BC cells (Figure 3f). In BT-474 cells, inhibition of PI3K activation with
LY294002, or of Erk1/2 with the MEK1/2 inhibitor U0126, resulted in c-Myc
downregulation, miR-16 upregulation and reduced cell proliferation (Figure 3g). These
inhibitors also induced c-Myc downregulation, enhanced miR-16 expression and reduced
cell proliferation in cell lines with intrinsic or acquired TZ resistance (Figure 3g). Our
findings reveal that TZ failure to induce miR-16 upregulation in resistant BC lies on its
inability to block PI3K/AKT and Erk1/2 pathways activation and, consequently, c-Myc
expression.

Lapatinib reversibly inhibits ErbB-2 auto-phosphorylation and thereby inhibits the
PI3K/AKT and Erk1/2 pathways, which underlies its growth inhibitory effects.! We found
that in addition to inhibiting said pathways, lapatinib downregulated c-Myc and increased
miR-16 levels in BT-474 and SKBR-3 cells, which are sensitive to its antiproliferative
effects (Figure 3g and Supplementary Figures S3a and b). Inhibition of miR-16 function
with anti-miR-16 reduced lapatinib effects in BT-474 cells, demonstrating miR-16
involvement in its therapeutic effects (Supplementary Figure S3c). As described for another
BT-474 TZ-resistant clone,?! lapatinib inhibited proliferation in our BT-474 HR clone,
where it also abolished Erk1/2 and PI3K/AKT activation, reduced c-Myc and increased
miR-16 levels (Figure 3g). On the contrary, and consistent with its inability to block Erk1/2
and PI3K/AKT signaling, lapatinib failed to alter c-Myc or miR-16 expression in lapatinib-
resistant cells (Supplementary Figures S3d and S3e). JIMT-1 cells are resistant to lapatinib
when used at a concentration of 1 uM, but higher concentrations block their proliferation
(Figure 3g and Koninki er a/2%). We found that lapatinib growth inhibitory effects at 5 uM
are associated with the blockade of Erk1/2 and PI3K/AKT activation, downregulation of c-
Myc and upregulation of miR-16 (Figure 3g). Our findings reveal that two different anti-
ErbB-2 therapies share a common downstream growth inhibitory mechanism in ErbB-2-
positive BC, where Erk1/2 and PI3K/AKT blockade results in c-Myc downregulation and
the consequent enhancement of miR-16 expression.
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TZ remodels the local chromatin architecture at the DLEU2 promoter in BC cells sensitive
to its growth inhibitory effects

C-Myc represses miR-16 expression by binding to its response element (E-Box) at the
proximal promoter of deleted in lymphocytic leukemia 2 (DLEUZ), miR-16 host gene, and
recruiting chromatin remodeling machinery to this site.39 To explore TZ effects on the
DLEUZ promoter, we performed chromatin immunoprecipitation assays using primers
spanning the E-Box located 510-bp upstream from exon 1A.° TZ treatment of BT-474 cells
evicted c-Myc from the E-Box (Figure 4a). Moreover, analysis of the local chromatin
architecture revealed a decrease in histone H3 trimethylation on lysine 9 (H3K9me3), a
hallmark of transcriptional repression (Figure 4a). TZ simultaneously increased the levels of
histone H4 acetylation (H4Ac) (Figure 4a), which, as reported by us and others, represents a
mark of DLEUZ promoter activation.®30 Contrastingly, TZ was unable to displace c-Myc
from the DLEUZ promoter in cells with intrinsic TZ resistance, and failed to alter H3K9me3
or H4Ac levels at this site (Figure 4b). C-Myc transcriptional activity is highly dependent on
its phosphorylation at serine 62 (S62) by the Erk1/2 pathway.2” We found that TZ rapid
blockade of Erk1/2 activity significantly inhibits c-Myc S62 phosphorylation in BT-474 cells
(Figure 4c). Consistent with its inability to suppress Erk1/2 activation, TZ had no effects on
c-Myc phosphorylation in JIMT-1 cells (Figure 4c). These results provide a mechanistic
explanation for TZ-induced eviction of c-Myc from the DLEUZ promoter in sensitive cells.
To further characterize TZ effects on chromatin architecture at the site, we assessed
chromatin accessibility by performing DNAse | sensitivity assays. In BT-474 cells, we found
that TZ augmented DNAse sensitivity at the E-Box, consistent with a more accessible
chromatin environment (Figure 4d). TZ had no effects on DNAse sensitivity at this site in
resistant cells (Figure 4d). Our results indicate that in sensitive cells, TZ regulates miR-16 at
the transcriptional level by evicting c-Myc from the DLEUZ promoter and enhancing local
chromatin accessibility.

CCNJ and FUBP1 constitute novel miR-16 targets in ErbB-2-positive BC

To identify miR-16 targets responsible for its antiproliferative effects in ErbB-2-positive BC,
we used ErbB-2-overexpressing C4HD murine BC cells, where we previously found that
miR-16 acts as tumor suppressor.? We transfected primary cultures of C4HD tumors with
pre-miR-16 or pre-miR-Control and studied their gene expression profile. Mir-16
overexpression resulted in 444 and 999 genes significantly downregulated and upregulated,
(adjusted P-value<0.01 and absolute fold change >1.9), respectively (Supplementary Figures
S4a and b and Supplementary Table S1). The gene expression profile was combined with
target prediction algorithms for murine miR-16 (mmu-miR-16). To this end, we retrieved
from miRecords3! a list of mmu-miR-16 putative targets, predicted by at least four different
algorithms (Supplementary Table S2). Among these, eight candidate genes were found to be
significantly downregulated in the expression profile of pre-miR-16-transfected cells
(Supplementary Table S3). The list included two previously validated miR-16 targets,
growth hormone receptor32 and caudal type homeobox 2,33 whose involvement in BC has
been described,3*3% and two unreported targets, CCNJ and FUBP1, whose role in BC
remains almost completely unexplored.36:37 The latter two proved to be significantly
downregulated upon validation\of microarray data (Supplementary Figure S4c). Therefore,
we focused our study on CCNJ and FUBP1 roles as miR-16 targets in ErbB-2-positive BC.
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Since our expression profile studies were performed in a murine model, we verified
sequence complementarity between human miR-16 (hsa-miR-16) and CCNJ or FUBP1
mRNAs. We found complementarity between hsa-miR-16 seed sequence and one site at the
3’UTR of each mRNA (positions 1834-1840 of CCNJ 3’UTR and 707-713 of FUBP1
3’UTR) (Figure 5a). MiR-16 overexpression reduced CCNJ and FUBP1 mRNA levels in
human BC and GC cells (Figure 5b), and protein expression in /n vitroand in vivo BC
models (Figure 5¢). Abrogation of miR-16 function augmented CCNJ and FUBP1 protein
levels in TZ-sensitive and -resistant cells (Figure 5d). To assess whether CCNJ and FUBP1
are direct miR-16 targets, we performed reporter gene assays using constructs carrying the
wild type 3"UTR sequence of CCNJ (luc-3"CCNJ-WT) or FUBP1 (luc-3'FUBP1-WT),
cloned downstream of a luciferase gene. Transfection with pre-miR-16 reduced luciferase
activity from both constructs, compared with pre-miR-control-transfected cells (Figure 5¢).
However, upon site directed mutagenesis of the putative miR-16 binding sites in these
constructs (Figure 5a), miR-16 lost the capacity to downregulate luciferase activity (Figure
5e). Moreover, blockade of miR-16 function in cells transfected with luc-3'CCNJ-WT or
luc-3"FUBP1-WT, resulted in enhanced luciferase activity, compared with anti-miR-
Control-transfected cells (Figure 5f). Our findings identify CCNJ and FUBP1 as novel direct
miR-16 targets in ErbB-2-positive BC.

Next, we explored whether TZ-induced miR-16 upregulation altered the expression of its
targets. TZ decreased CCNJ and FUBP1 mRNA and protein levels, in vitroand in vivo, in
sensitive cells (Figures 6a and b), but was unable to alter their expression in BC cells with
intrinsic or acquired resistance (Figures 6¢ and d). Similar results were obtained in GC cells
(Figure 6e). Similarly, lapatinib induced CCNJ and FUBP1 downregulation only in BC cells
sensitive to its antiproliferative effects (Figures 6 and g). We next assessed whether TZ and
lapatinib-induced downregulation of CCNJ and FUBP1 were mediated by miR-16. In
BT-474 cells transfected with luc-3’CCNJ-WT or luc-3"FUBP1-WT, both TZ and lapatinib
inhibited luciferase activity, compared with untreated cells (Figure 6h). Notwithstanding,
these effects were completely lost when miR-16 binding sites in these constructs were
mutated (Figure 6h), demonstrating that TZ and lapatinib inhibit CCNJ and FUBP1
expression in sensitive cells through miR-16 upregulation.

CCNJ and FUBP1 are required for ErbB-2-positive BC growth

Next, we explored CCNJ and FUBP1 roles in ErbB-2-positive BC. CCNJ was previously
implicated in the G2/M transition in MCF-7 BC cells,3” whereas abrogation of FUBP1 was
linked to cell proliferation inhibition in different cancer types (reviewed in Zhang et a/.38).
Here, we found that CCNJ or FUBP1 abrogation resulted in reduced cell proliferation in BC
cells sensitive and resistant to ErbB-2-targeted therapies (Figure 7a). These results support
CCNJ and FUBP1 roles as mediators of miR-16 anti-proliferative effects in ErbB-2-positive
BC.

FUBP1 was originally described as a transcription factor promoting c-Myc expression
through its binding to a far upstream element at the A7YC promoter.38 Our chromatin
immunoprecipitation assays revealed that FUBPL1 is recruited to this site in BT-474 cells
(Figure 7b). Moreover, analysis of the local chromatin architecture showed high levels of
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H4Ac, a mark of transcriptional activation (Figure 7b). In accordance with previous studies
using FUBP1 dominant-negative variants,3° FUBP1 silencing resulted in c-Myc
downregulation (Figure 7c). Consistent with c-Myc role as a miR-16 repressor, c-Myc
inhibition was accompanied by an increase in miR-16 levels (Figure 7d) and the consequent
downregulation of CCNJ (Figure 7¢). Our results unveil a positive feedback loop driving
ErbB-2-positive BC growth, where c-Myc inhibition of miR-16 expression increases the
levels of FUBP1, which in turn binds to a far upstream element at the MYC promoter and
enhances c-Myc expression, resulting in further miR-16 downregulation (Figure 7e).

MiR-16 and FUBP1 potential role as predictors of TZ response

MiRNAs are aberrantly expressed in BC and have been proposed as biomarkers in the clinic.
7 We found that miR-16 levels were higher in TZ-sensitive BT-474 and SKBR-3 cells than in
a panel of cells with intrinsic or acquired resistance (Figure 8a). Then, we explored the
clinical significance of miR-16 levels in the response to adjuvant therapy with TZ in a cohort
of 19 primary ErbB-2-positive BC tumors (Supplementary Table S4). MiR-16 levels were
assessed in extracts from formalin-fixed paraffin-embedded (FFPE) tumor samples. We
found concordance when comparing miR-16 levels from different sections of the same
tumors (data not shown), suggesting that tumor heterogeneity did not substantially influence
our observations. MiR-16 levels were significantly higher in responsive patients than in
those who relapsed after TZ treatment (Figure 8b). RNA integrity from FFPE samples can
be affected by fixation and storage conditions.#? Although long RNAs, such as mRNAs, are
particularly vulnerable, we were able to measure CCNJ and FUBP1 mRNA levels in half of
the tumor samples from our cohort and found an inverse correlation between miR-16 levels
and those of its targets (Figure 8c). We validated these findings in data sets from two
publicly available independent cohorts of ErbB-2-positive BC primary tumors (GEO
accession numbers: GSE75685 and GSE19783)*! (Figure 8d).

The incorporation of miRNA-based predictors may not yet be suitable for routine clinical
practice. Thus, we studied FUBP1 nuclear expression by immunohistochemistry, as a
surrogate of miR-16 levels, in a cohort of 42 ErbB-2-positive BCs treated with TZ in the
adjuvant setting (Supplementary Table S5), and independent from our first cohort of 19
patients. FUBP1 immunohistochemistry was scored with a staining index, where an index of
>4 was considered positive (Supplementary Figure S5a and Zhang et a/42). Kaplan—Meier
analysis revealed that patients bearing FUBP1-positive tumors exhibited significantly shorter
disease-free survival (log-rank test, P=0.012) than those with FUBP1-negative tumors
(Figures 8e and f). FUBP1 expression showed no correlation with other clinical parameters,
such as tumor grade or stage (Supplementary Table S6). Our results show that high
expression levels of miR-16 and, accordingly, low levels of FUBPL, its downstream target,
correlate with response to TZ in ErbB-2-positive BC, highlighting their potential role as
biomarkers of therapeutic response.

DISCUSSION

We revealed a novel mechanism driving ErbB-2-positive BC growth, where ErbB-2
stimulation of Erk1/2 and PI3K/AKT cascades induces c-Myc transcriptional activation via
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its rapid phosphorylation at S62, as well as c-Myc expression. Activated c-Myc then binds to
the DLEUZ promoter and represses miR-16 expression. This results in increased levels of
two newly identified miR-16 targets, FUBP1 and CCNJ, both of which promote
proliferation. Notably, FUBP1 in turn binds to the MYC promoter and enhances c-Myc
expression, which further represses miR-16, resulting in a positive feedback loop that
stimulates growth. We found that TZ and lapatinib capacity to inhibit BC growth lies on
their common ability to block Erk1/2 and PI3K/AKT. This inhibits c-Myc activation, which
leads to upregulation of miR-16 and decrease of FUBP1 and CCNJ. We validated our
findings in ErbB-2-positive GC. Our discoveries are depicted in Figure 8g.

Multiple mechanisms cause TZ resistance in BC, such as expression of drug-resistant
ErbB-2 isoforms, presence of ligand-induced ErbB-2/ErbB-3 dimers and ErbB-2/insulin-like
growth factor 1 receptor dimerization (reviewed in Spector et a/20). Hyperactivation of
PI3K/AKT is the best-acknowledged alteration in downstream signaling associated to TZ
resistance. It also has a role in the lack of response to lapatinib, through a mechanism
involving FoxO3a-dependent ErbB-3 upregulation and the activation of the latter by residual
ErbB-2 activity.*3 Our experimental models display many of the mentioned TZ resistance
features, and several show lapatinib resistance. Notably, PI3BK/AKT hyperactivation is
present in all of them.2! In particular, HCC-1419 cells express a constitutively active
truncated ErbB-2, which correlates with lack of TZ effect, and also show reduced
phosphatase and tensin homolog expression.2144 Increased epidermal growth factor receptor
expression and phosphorylation, high levels of ErbB ligands, and cyclin E overexpression
have been identified as mechanisms of acquired TZ resistance in BT-474 cells.18:45
HCC-1569 cells show low phosphatase and tensin homolog expression and elevated levels of
anti-apoptotic proteins, such as B-cell lymphoma 2.2146 MDA-MB-453 cells present
ErbB-3-induced compensating signaling, an activating mutation in the PIK3CA gene, and
low phosphatase and tensin homolog expression.?147 Finally, JIMT-1 cells present multiple
molecular mechanisms underlying resistance to anti-ErbB-2 therapies, including an
activating mutation of the PIK3CA gene, low expression of phosphatase and tensin
homolog, and enhanced heregulin levels.2® On the other hand, different reports have
identified Erk1/2 aberrant activation as a major factor underlying lapatinib resistance.48-50
Moreover, Erk1/2 activation as a compensatory mechanism, downstream of the tyrosine
kinase EphA2 (EPH receptor A2), has been implicated in the development of acquired TZ
resistance.> Here, we found that TZ and lapatinib failure to abrogate PISK/AKT and Erk1/2
persistent activation in resistant cells, due precisely to the particular molecular traits present
in these cells, results in sustained c-Myc activation and expression and, consequently, in the
inability of both agents to upregulate miR-16. We also disclosed a novel mechanism that
explains the capacity of high concentrations of tyrosine kinase inhibitors, which accomplish
near total inhibition of ErbB-2/ErbB-3 activity, to abrogate lapatinib resistance in BC cells.
52 \We found that a high dose of lapatinib, which abolishes Erk1/2 and PI3K/AKT activation,
or specific inhibitors of said pathways, result in blockade of c-Myc activation with the
consequent increase of miR-16, which in turn acts as a suppressor of lapatinib-resistant BC
growth. In addition, our results with TZ-resistant cells in which lapatinib upregulated
miR-16 and inhibited proliferation, provide a mechanistic insight into the benefit from
lapatinib seen in patients with TZ-refractory disease.
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Our findings revealed miR-16 as a novel miRNA regulated by TZ in BC and GC, and by
lapatinib in BC. Ours is the first study to dissect the molecular mechanisms underlying anti-
ErbB-2 therapy-induced regulation of any miRNA in BC, and the first report on miRNA
regulation by TZ in GC. ErbB-2 drives the expression of miRNAs, which account for several
of its effects (reviewed in Wang et a/33). Furthermore, differential sets of miRNAs have
been found to be modulated in ErbB-2-positive BC and GC, compared with other subtypes.
54 The mechanisms underlying miRNAs modulation by ErbB-2 remain poorly explored. In
GC, ErbB-2 was found to downregulate miR-139 via epigenetic silencing.®® In BC, ErbB-2
upregulates miR-23b/27b expression through PISK/AKT,6 and miR-21 via Erk1/2.57 Our
own findings demonstrated that ErbB-2 nuclear function as a coactivator of Stat3 and as a
transcription factor are mandatory for miR-21 upregulation.>8 Interestingly, several of the
tumor types which, in addition to BC and GC, show ErbB-2 gene amplification or protein
overexpression, display low levels of miR-16.59-65 Given that miR-16 was found to act as a
tumor suppressor in these cancers,>%-%5 our findings raise the exciting possibility that
ErbB-2 inhibition of miR-16 expression may be a common mechanism underlying ErbB-2-
driven cancer growth. TZ has been found to regulate the expression of other miRNAs, which
mediate its antiproliferative effects in BC.66:67 Forced expression of miRNAs downregulated
in TZ-resistant BC, restores sensitivity to TZ and suppresses growth and metastasis
(reviewed in Wang et a/53). Similarly, miRNAs modulate TZ sensitivity in GC by
downregulating genes such as ErbB-2 itself.58

C-Myc roles as effector of ErbB-2 and mediator of TZ response have been acknowledged
(reviewed in Xu et a/%9). Although preliminary reports from a BC clinical trial identified c-
Myc/ErbB-2 co-amplification as a marker of response to adjuvant TZ, other studies did not
find correlation between c-Myc amplification and additional TZ benefit (reviewed in Esteva
et al*). Here, we unraveled a new level of the ErbB-2/c-Myc interaction in BC. Our
assessment of the mechanisms through which ErbB-2 controls miR-16 highlighted that c-
Myc, via its role as transcriptional repressor, is a key factor mediating ErbB-2 growth effects
and the response to TZ and lapatinib. Recent findings showed that TZ also inhibits the
expression of c-Myc-induced genes in BC by inducing c-Myc association with a
transcriptional corepressor.”®

Our gene expression profile in ErbB-2-positive BC identified CCNJ and FUBP1 as novel
miR-16 targets. We also discovered their downregulation contributes to miR-16 tumor-
suppressor effects. Although CCNJ is a poorly characterized gene in mammals, it may have
arole in BC.37 FUBP1 is a well-acknowledged transcription factor and RNA-binding protein
that regulates transcription and translation of various genes (reviewed in Zhang et a/.38).
Here, we revealed a positive feedback loop among miR-16, FUBP1 and c-Myc in BC. This
class of regulatory architecture has been reported for other miRNAs in different cancer
types,’1=73 suggesting that it may be a common trait enhancing/inhibiting miRNAs
expression and function.

Our clinical findings revealed an inverse correlation between miR-16 and CCNJ or FUBP1
mMRNA levels in ErbB-2-positive BC. In light of the major clinical issue of response to anti-
ErbB-2 therapies in the adjuvant setting, and considering that ErbB-2 expression remains the
only marker for patient selection in the neoadjuvant setting,’# there is urgent need to identify
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novel response markers. Our findings uncovered miR-16 and FUBP1 as potential novel
predictive biomarkers, likely to succeed in the clinic since they are actual mediators of TZ
and lapatinib effects. Finally, we demonstrated, using /n vitro and preclinical models, that
miR-16 is a strong tumor suppressor in ErbB-2-positive BC and GC. A phase | clinical trial
assessing miR-16 therapeutic potential in malignant pleural mesothelioma is underway, with
promising preliminary results.”> MiR-16 ability to target multiple ErbB-2 downstream
effectors, including those known to mediate TZ resistance, such as cyclin E and those
identified here, turns it into a potential novel therapy for BC and GC sensitive and resistant
to ErbB-2-targeted therapies.

MATERIALS AND METHODS

Reagents

Cell lines

Antibodies and reagents are listed under Supplementary Materials and methods.

BT-474, SKBR-3, NCI-N87 and SNU-I cells were obtained from the American Type Culture
Collection (Manassas, VA, USA) and JIMT-1 cells from the German Resource Center for
Biological Material (Braunschweig, Germany). MDA-MB-453, HCC-1419 and HCC-1519
cells were a gift from DJ Slamon (University of California, Los Angeles, CA, USA). Cells
were maintained as described?4 and routinely tested for mycoplasma contamination. Cell
lines were authenticated by short tandem repeat profiling. Experiments were performed in
complete media.

Transient transfections

Plasmids, small interfering RNAs and miRNA precursors or inhibitors are detailed in
Supplementary Materials and methods. Transfections were performed as described.>8

RNA preparation and RT—qPCR

RNA was isolated from cells using the miRVANA PARIS Purification Kit (Ambion, Austin,
TX, USA). RNA was extracted from FFPE samples using the RecoverAll Total Nucleic Acid
Isolation Kit (Ambion). Reverse transcriptase (RT)—quantitative PCR (qPCR) was performed
as described.58 Details are provided in Supplementary Materials and methods.

Microarray samples

RNA was extracted from six independent primary cultures of epithelial cells from C4HD
tumors,? transfected for 48 h with 30 nM pre-miR-16 or pre-miR-Control (Ambion). A
detailed protocol is provided under Supplementary Materials and methods. Data were
deposited into Gene Expression Omnibus’8 (GSE73900).

Preclinical models

Experiments were approved by the IBYME Animal Research Committee and conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals. Animals were
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randomly assigned to treatment groups using a parallel groups design. Detailed protocols are
provided in Supplementary Materials and methods.

Patients

FFPE tissue samples from ErbB-2-positive invasive BC patients who received adjuvant TZ
were selected from the files of Hospital de Temuco (Chile), Hospital ‘Juan A. Fernandez’
and Hospital Aeronautico Central (Argentina). Informed consents were obtained from all
patients. Details are provided in Supplementary Materials and methods.

Immunohistochemistry

Immunohistochemistry was performed as described.>8 The anti-FUBP1 antibody was
validated by immunofiuorescence and confocal microscopy (Supplementary Figure S5b).
Details are provided in Supplementary Materials and methods.

Statistics

When two groups were compared, the two-tailed Student’s #test was used. When three or
more groups were compared, the one-way analysis of variance test was used. All tests were
two-sided. Details are provided in Supplementary Materials and methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TZ induces miR-16 expression in TZ-sensitive BC and GC. (a) Sensitive cells were treated

with TZ. MiR-16 levels were determined by RT—gPCR. (b) Left panel: mice were inoculated
subcutaneously (s.c.) with BT-474 cells and were then injected twice a week with TZ or
control 1gG. Each point represents mean tumor volume +s.e.m. from each group. Right
panel: animals were killed at different time points (a., p and ) and miR-16 levels were
measured in tumor extracts. (¢) Resistant cells were treated with TZ. MiR-16 levels were
determined as in a. (d) Left panel: mice were inoculated s.c. with JIMT-1 cells and were
treated as in b. Each point represents mean tumor volume + s.e.m. (1 =8). Right panel:
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animals were killed at day 45 and miR-16 levels were measured as in b. (€) GC cells were
treated with TZ. MiR-16 levels were determined as in a. Data in a, c and e represent mean
+s.e.m. of three independent experiments. Experiments in b and d were repeated thrice with
similar results. */<0.05; **/<0.01. See Supplementary Figure S1.
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Figure 2.
MIiR-16 is a tumor suppressor in ErbB-2-positive BC and GC. (a—c) Cells were transfected

as stated and proliferation was assessed by [3H]-Thymidine uptake. (d) Cells were
transfected with a miR-16 inhibitor or control and treated with TZ for 48 h. Proliferation
was assessed as in a. (€) Left panel: mice were inoculated s.c. with JIMT-1 cells and then
received intratumoral pre-miR injections thrice a week, and intraperitoneal TZ or 1gG
injections twice a week. Each point represents mean tumor volume +s.e.m. (17=6). Middle
and right panels: images show representative animals and tumors at time of killing. (f)
Animals in e were killed at day 29. Final tumor volumes, growth rates and percentage of
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growth inhibition were calculated as stated in Materials and methods section. (g) MiR-16
levels were measured in tumors in e at day 29. Data in a—d represent mean = s.e.m. of three
independent experiments. *A<0.05; **/<0.01; ***A<0.001. Experiments in e-g were
repeated thrice with similar results. See Supplementary Figure S2.
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Lapatinib and TZ induce miR-16 upregulation in sensitive cells via inhibition of c-Myc and
the PI3K/AKT and Erk1/2 pathways. (a) Upper panels: cells were transfected as stated and
miR-16 levels were determined by RT-qPCR. Middle panels: proliferation was assessed as
in Figure 2. Lower panels: efficiency of c-Myc inhibition. (b) c-Myc expression was
reconstituted by transfection of TZ-treated cells with the pBABE-puro-MycS62D plasmid.
Upper panel: efficiency of c-Myc reconstitution. Lower panel: miR-16 levels were
determined as in a. () WB analyses in protein extracts from cells treated with TZ, or in
tumor lysates from the experiment in Figures 1b. (d) Cells were transfected as stated and
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protein extracts were analyzed by WB. (e) TZ-resistant cells were treated with TZ. Protein
extracts were analyzed by WB. (f) WB analysis in GC cells treated with TZ. (g) Cells were
treated for 24 h with lapatinib or the stated inhibitors. Left panel: WB analysis was
performed as in c. Top right panel: miR-16 levels were determined as in a. Bottom right
panel: cell proliferation was assessed as in a. Images shown in a—g are representative of a
total of three experiments, all with similar results. Data in a, b and g represent mean + s.e.m.
of three independent experiments. **/<0.01; ***/<0.001. See Supplementary Figure S3.
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TZ controls c-Myec transcriptional activity and the local chromatin structure at the DLEUZ
promoter in TZ-sensitive cells. (a, b) Cells were treated with TZ. Recruitment of c-Myc or
H3K9me3 and H4Ac levels at the DLEUZ promoter were assessed by chromatin
immunoprecipitation (ChlP). DNA was amplified using primers (red arrows) flanking the E-
Box (green wedge) indicated in the diagram. (c) WB analysis of p-c-Myc (S62) and pErk

levels in cells treated as in a. (d) DNAse | sensitivity assays were performed using the same
primers as in a. Images shown in c are representative of a total of three experiments, all with
similar results. Data in a, b and d represent mean +s.e.m. of three independent experiments.
*P<0.05; ***P<0.001.
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Figure5.
CCNJ and FUBP1 constitute novel miR-16 targets in ErbB-2-positive BC. (a) Sequence

alignment between hsa-miR-16 and the wild type (WT) or mutated (MUT) sequences of
human CCNJ and FUBP1 3’UTR. MiR-16 seed sequence is depicted in red. (b) CCNJ and
FUBP1 mRNA levels were measured by RT—-qPCR in cells transfected as stated, or in
extracts from tumors in the experiment of Figure 2e. (¢) CCNJ and FUBP1 protein levels in
cells treated as in b or in lysates from tumors in the experiment of Figure 2e. (d) CCNJ and
FUBP1 protein levels in cell lines transfected with a miR-16 inhibitor or control. (€)
Luciferase assays in cells co-transfected with the indicated plasmids and pre-miR-16 or pre-
miR-Control. (f) Luciferase assays in cells co-transfected with the indicated plasmids and a
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miR-16 inhibitor or control. Images shown in c and d are representative of a total of three
experiments, all with similar results. Data in b, eand f represent mean +s.e.m. of three
independent experiments. See Supplementary Figure S4 and Supplementary Tables S1-S3.
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Figure®6.
Lapatinib and TZ control CCNJ and FUBPL1 expression through miR-16 upregulation in BC

cells sensitive to these drugs. (a, b) Left panel: CCNJ and FUBP1 protein levels in cells
treated with TZ, or in lysates from tumors in the experiment of Figure 1b. Right panel:
CCNJ and FUBP1 mRNA levels were determined by RT-qPCR. (c, d) Left panel: CCNJ
and FUBPL1 protein levels in cells treated with TZ, or in protein extracts from tumors in the
experiment of Figure 1d. Right panel: CCNJ and mRNA levels were determined as in a. (€)
WB analysis of CCNJ and FUBP1 expression in GC cells treated with TZ. (f, g) Left panel:
CCNJ and FUBP1 mRNA levels were measured in cells treated with lapatinib. Right panel:
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CCNJ and FUBP1 protein levels. (h) Luciferase assays in cells transfected with the indicated
plasmids and then treated with TZ or lapatinib. Luciferase activity was measured as in
Figure 5. Images shown in a—g are representative of a total of three experiments, all with
similar results. Data in a—d and f—h represent mean +s.e.m. of three independent
experiments. **P<0.01; ***P<0.001.
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Figure7.

CCNJ and FUBP1 are required for ErbB-2-positive BC growth. (a) Cells were transfected as
stated. Left panel: proliferation was measured as in Figure 2. Right panel: WB shows
efficiency of CCNJ and FUBP1 inhibition. (b) Recruitment of FUBP1 and H4Ac levels at
the MYC promoter were analyzed by ChIP. DNA was amplified using primers flanking the
far upstream element (FUSE) site at the AMYC promoter. (c, d) Cells were transfected for 48
h as stated. (c) WB shows c-Myc and CCNJ protein levels. (d) MiR-16 levels were assessed
by RT-gPCR. (e) Scheme depicting the positive feedback loop involving FUBP1, c-Myc and
miR-16. Images shown in a and c are representative of a total of three experiments, all with
similar results. Data in a, b and d represent mean £s.e.m. of three independent experiments.

**p<0.01; ***/F<0.001.
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miR-16 and FUBP1 levels predict adjuvant TZ efficacy in ErbB-2-positive BC. (a) MiR-16
levels were assessed by RT—gPCR 24 h after plating cells in complete growth media. (b)
RNA was extracted from FFPE tumor samples from patients with ErbB-2-positive primary
invasive BC who received adjuvant TZ. MiR-16 levels were measured by RT-gqPCR. (c¢)
Inverse correlation between endogenous CCNJ and FUBP1 mRNA levels and miR-16 levels,
determined by RT-gPCR in the same cohort as in b. R, regression coefficient. (d) The
expression levels of miR-16, and those of its target genes, were studied in two publicly
available independent cohorts of ErbB-2-positive BC primary tumors. (€) FUBP1 expression
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was assessed by immunohistochemistry (IHC) before TZ treatment in an independent cohort
of 42 ErbB-2-positive BC patients who received adjuvant TZ. Shown are representative
images of a tumor with null (left) or positive (right) FUBP1 staining. (f) Kaplan—-Meier
analysis was performed to correlate FUBP1 expression with disease-free survival in the
same cohort as in e. (g) Schematic model of miR-16 role on the mechanisms of action and
resistance to ErbB-2-targeted therapies. Data in a represent mean +s.e.m. of three
independent experiments. *£<0.05; ***P<0.001. See Supplementary Figure S5 and
Supplementary Tables S4-S6.
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