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Purpose: Human epidermal growth factor receptor 2 positive (HER2+) breast cancers responding poorly to targeted therapy need
improved treatment options. miR-101-5p has shown tumor-suppressive properties in multiple cancer forms, and we assessed the effect
and mechanism of action of this miRNA in HER2+ breast cancer.

Methods: Expression levels of miR-101-5p in two clinical datasets, TCGA and METABRIC, were compared between tumor and
normal adjacent samples, and across molecular subtypes and HER2 status. The ability of miR-101-5p to sensitize for treatment with
lapatinib, tucatinib and trastuzumab was explored in HER2+ breast cancer cells responding poorly to such targeted drugs. Proliferation
and apoptosis assays and downstream protein analysis were performed.

Results: Expression levels of miR-101-5p were significantly lower in tumor compared to normal adjacent tissue (p < 0.001), and
particularly low in HER2+ tumors, both the HER2-enriched subtype (p < 0.037) and clinical HER2-status (p < 0.001). In a HER2+ cell
line (KPL4) responding poorly to targeted drugs, miR-101-5p overexpression inhibited proliferation (p < 0.001), and combinatorial
treatment with lapatinib and trastuzumab significantly further decreased this inhibition (p = 0.004). Proteomic data and in silico
analyses revealed PI3K/Akt- and HER2-pathways among the predicted regulated pathways. miR-101-5p alone (p = 0.018) and in
combination with lapatinib and trastuzumab (p < 0.001) induced apoptosis, while the targeted drugs alone did not exert any significant
effect neither on proliferation nor apoptosis.

Conclusion: miR-101-5p acts as a tumor suppressor by inducing apoptosis in HER2+ breast cancer and sensitizes cells with initially
poor response to lapatinib and trastuzumab.
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Introduction

Human epidermal growth factor receptor 2 positive (HER2+) breast cancer is an aggressive disease that accounts for about
15% of all breast cancer cases.'” HER2+ breast cancer cells have an overexpression of the tyrosine kinase HER2 on their
surface, which initiates signaling pathways that regulate cellular growth, proliferation and survival. Based on a breast tumor’s
expression of hormone-receptors, HER2 and Ki-67 protein levels, they are categorized as either luminal A, luminal B, triple-
negative or HER2-enriched. The latter shows the highest rate of local recurrence and distant metastasis, in addition to the
lowest 10-year recurrence free survival.® There are multiple drugs that specifically target and inhibit HER2 in clinical use,
including monoclonal antibodies (trastuzumab, pertuzumab, margetuximab), small molecular kinase inhibitors (lapatinib,
neratinib, tucatinib) and monoclonal antibodies linked to chemotherapy (trastuzumab emtansine, fam-trastuzumab deruxte-

can-nxki). It is expected that current recurrence rates will decrease in follow-up studies where larger portions of the patients
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have received targeted therapy.” However, despite the available targeted therapies, some patients still experience disease
progression upon primary or acquired resistance. The majority of patients with HER2+ metastatic breast cancer die from their
disease,”© and a continuous search for improved treatment options is needed.

MicroRNAs (miRNAs) are short (18-24 nucleotides in length), single-stranded, non-coding, post-transcriptional
regulators of cellular processes.” They are endogenously expressed in cells and regulate gene expression by binding to
complementary messenger RNA (mRNA) strands. This binding leads to mRNA degradation or prevention of transla-
tion, and thus affects the proteome and is considered to participate in regulation of numerous biological processes in the
cell.

During the synthesis of miRNA, nucleotide duplexes with a 3’-end (—3p) and 5’-end (—5p) are cleaved into single
strands. Historically, due to differences in mature expression level, the —5p strand was considered the guide strand with
the dominant biological activity, while the —3p strand was considered the passenger strand. However, it has become
evident that both strands function as post-transcriptional regulators.*® There is a substantial amount of research
performed on hsa-miR-101-3p, both regarding its intrinsic low levels in multiple cancer forms and its effect on cancer
cell viability, migration and invasion.'®'* It is, however, far less knowledge on hsa-miR-101-5p (miR-101-5p), but
interestingly, Toda et al recently published a study depicting the tumor- suppressive properties of miR-101-5p in breast
cancer.'” This included the relationship between high miR-101-5p expression and improved overall survival, and the
identification of seven putative oncogenic gene targets.

There are currently (January 2022) 1095 studies registered on ClinicalTrials.gov including the term “microRNA”, of
which 52 are related to breast cancer. These trials are all focused on the use of miRNAs as biomarkers, but there is also
an emerging focus on miRNAs as therapeutic agents.'® Several miRNA therapeutics have been through Phase 1 and 2

clinical trials, including the miR-122 repressor Miravirsen for hepatitis C virus treatment,'”'®

and bacterially derived
minicells (TargomiRs) loaded with miR-16 for recurrent malignant pleural mesothelioma.'® The latter example involves
nanoparticles directed at the epidermal growth factor receptor (EGFR), which mesothelioma cells frequently overexpress
on their surface. Such a delivery method is of particular interest for HER2 overexpressing breast cancer cells and lays
a promising ground for future miRNA therapeutics.

We have previously shown the promising effects of combining miR-101-5p overexpression with trastuzumab and
lapatinib to inhibit cell viability in HER2+ breast cancer cells that respond poorly to targeted treatment.’® A high-
throughput miRNA screen revealed miR-101-5p as one of eight promising miRNAs with sensitizing properties in
HER2+ breast cancer cells. In the current study, we aim to investigate the molecular mechanisms that cause the
sensitizing effect of miR-101-5p by studying changes in the proteomic landscape in HER2 cancer cells upon

treatment.

Materials and Methods
Clinical Data

miRNA expression, breast cancer subtype and HER2 status data from two publicly available breast cancer patient
cohorts, The Cancer Genome Atlas Network (TCGA; n = 825 patients)?' and The Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC; n = 1394 patients),>? were used for expression analyses. Claudin-low
subtype was only available for the METABRIC dataset. For TCGA, miRNA expression data in the form of log2
(RPM + 1) miRNA mature strand expression (level 3) measured by Illumina HiSeq, together with clinical data were
downloaded from the UCSC Xena browser.”® For the METABRIC cohort, normalized miRNA expression data
measured by Agilent ncRNA 60k arrays were downloaded from The European Genome-phenome Archive (EGA),
accession number EGAD00010000438. Ethical approval for research on human data were given from the Regional
Committees for Medical Research Ethics South East Norway — Faculty of Medicine, Committee C (project approval
number: 2016/433). Statistical significance between groups was calculated using Wilcoxon rank-sum tests.
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Cell Lines

KPL4 cells were kindly provided by Professor J. Kurebayashi (Kawasaki Medical School, Japan).”* JIMT1 cells were
obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ; Braunschweig, Germany). KPL4
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 g/L glucose) supplemented with 10% fetal
bovine serum, 1% Glutamax and 2% HEPES (Sigma-Aldrich, St. Louis, MO, USA). JIMT1 cells were cultured in 1:1
DMEM and Ham’s F-12 (Corning Inc., Corning, NY, USA) supplemented with 10% fetal bovine serum and 1%
Glutamax. The cells were incubated at 37 °C, 5% CO,, and used for less than 30 passages. Both cell lines were chosen
based on their poor response to the HER2-targeted therapies trastuzumab and lapatinib.*>

miRNA Transfection and Treatment with HER2-Targeting Drugs

KPL4 and JIMTI1 cells were transfected with miR-101-5p mimic and miRIDIAN Mimic Negative Control #1
(Dharmacon, Lafayette, CO, USA) at a final concentration of 20 nM. SiLentFect Lipid Reagent (Bio-Rad
Laboratories, Hercules, CA, USA) was diluted in Opti-MEM Reduced Serum Medium, no phenol red (Thermo Fisher
Scientific, Waltham, MA USA), and incubated at room temperature for 10 minutes, then mixed with either miR-101-5p
or the scrambled negative control. The miRNA/lipid solutions were incubated for 1 hour at room temperature. The cells
were transfected in 96-well plates (10000 cells; Costar 96-well white, clear-bottom polystyrene plates, Corning Inc.,
Corning, NY, USA), and confluence was measured using IncuCyte FLR live cell imaging (Essen BioScience, Ann Arbor,
MI, USA). For protein analysis, KPL4 cells were transfected in T25 flasks (1.2 million cells; Thermo Fisher Scientific)
for 48 hours. The transfected cells were simultaneously treated with 100 nM lapatinib ditosylate (GW-572016,
Selleckchem, Houston, TX, USA), or 2.5 uM tucatinib (ONT-380, Selleckchem), in combination with 10 pug/mL
trastuzumab (Roche Applied Biosciences, Basel, Switzerland). Statistical difference between treatment groups was
assessed with Student’s #-tests.

Protein Lysates

T25 flasks with untreated/treated (trastuzumab and lapatinib) transfected KPL4 cells were washed twice with phosphate-
buffered saline (PBS; Sigma-Aldrich) and the cells were harvested using a cell scraper (no. 83.1832, Sarstedt AG,
Niimbrecht, Germany). The cells were transferred to a 15-mL tube (Sarstedt AG) and centrifuged. The supernatant was
discarded, and the cell pellet was covered in M-PER lysis buffer (Thermo Fisher Scientific) containing PhosStop
Phosphatase Inhibitor Cocktail Tablets and cOmplete Protease Inhibitor Cocktail Tablets (Roche Applied Biosciences).
The samples were incubated on ice for 20 minutes, with vortexing every 5 minutes. Next, the samples were centrifuged at
13,000 rpm for 15 minutes at 4 °C, and the supernatant protein lysate collected. Total protein concentration was measured
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol, with
readout on a Victor X Plate Reader (PerkinElmer, Norwalk, CT, USA).

Reverse Phase Protein Array (RPPA)

Protein lysates were further prepared according to instructions from MD Anderson for use on their RPPA platform. The RPPA
method?® in short included serial dilutions of the lysates before printing them on nitrocellulose-coated slides. The slides were
probed with 454 primary antibodies and appropriate biotinylated secondary antibodies. A streptavidin-conjugated HRP and
DAB colorimetric reaction was used for signal visualization. The slides were scanned, and spot intensities were measured.
Relative protein levels were estimated using a fitted curve (“supercurve”), and subsequently normalized for protein loading.
Data was analyzed in R (version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria) in R Studio (version
1.1.423).2” Heatmaps with Pearson average clustering were prepared using the R package clustermap (version 1.2.3)*® using
log2-transformed and median centered data with tanh adjustment for visualization to compress the extreme values.

In silico Pathway Analyses
Ingenuity Pathway Analyses (IPA) software (version 57662101; QIAGEN Inc., https://www.qiagenbioinformatics.com/

products/ingenuity-pathway—analysis)zg was used for in silico pathway analyses, and to determine a list of HER2
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pathway-related genes. The Enrichr online tool was used for pathway enrichment analyses,>*>' where Human KEGG
2019 pathway data were downloaded on May 2, 2021.

Apoptosis Assay

Induction of apoptosis upon miRNA transfection and/or drug treatment with trastuzumab and lapatinib was assessed
using IncuCyte Caspase-3/7 Red Dye (Essen BioScience). KPL4 cells were seeded in Costar 96 well-plates (20,000 cells/
well; Corning Inc.) and transfected with miR-101-5p or miRIDIAN Mimic Negative Control #1 (20 nM; Dharmacon)
using Lipofectamine RNAiIMAX Transfection Reagent (Thermo Fisher Scientific). The cells were simultaneously treated
with lapatinib (100 nM; SelleckChem) and trastuzumab (10 pg/mL; Roche Applied Biosciences). Caspase-3/7 Red Dye
was added, and fluorescence intensity was measured and analyzed using the IncuZoom live-cell analysis microscope and
software (Essen BioScience) for 48 hours. Statistical difference at the time endpoint was calculated using Student’s #-test.

Results
miR-101-5p is Downregulated in Breast Cancer and Particularly in HER2+ Patients

To assess the expression of miR-101-5p in breast cancer tissue compared to normal adjacent tissue, data from the TCGA
breast cancer patient cohort was used. This demonstrated that miR-101-5p was significantly downregulated in cancer tissue
(Wilcoxon rank-sum test, p <0.001; Figure 1A), and confirms a previous finding from an independent study using a smaller
dataset (n=27).'® The same trend was observed in the METABRIC dataset, without reaching the p < 0.05 level of statistical
significance (Wilcoxon rank-sum test, p = 0.069; Figure 1B). Interestingly, when stratifying the breast cancer patients into
molecular subtypes and sorting the groups based on miR-101-5p expression, the HER2-enriched subtype was the group
with the lowest expression level in both patient datasets (Figure 1C and D). Of note, there was not a significant difference
between the basal and the HER2-enriched subtypes in METABRIC (Wilcoxon rank-sum test, p = 0.788; Figure 1D).
However, when using the immunohistochemical classification of HER2 status, the level of miR-101-5p was significantly
lower in HER2+ breast cancer patients than in HER2- patients, both in the TCGA and the METABRIC cohorts (Wilcoxon
rank-sum test p < 0.001 in both cohorts; Figure 1E and F).

miR-101-5p Sensitizes for Targeted Treatment in HER2+ Cells

We have previously shown that overexpression of miR-101-5p reduces cell viability measured by CellTiter-Glo assay in HER2+
KPL4 breast cancer cells alone and in combination with lapatinib and trastuzumab.?® These data were confirmed here using
a complementary cell proliferation assay measuring the confluence over time after miR-101-5p overexpression. Indeed, miR-
101-5p overexpression inhibited proliferation compared to the scrambled negative control (Student’s #test, p < 0.001;
Figure 2A). The addition of lapatinib and trastuzumab to the miRNA overexpression further decreased cell proliferation
compared to the miRNA alone (Student’s #test p = 0.004). Importantly, a significant downregulation of cell proliferation by
lapatinib and trastuzumab was not observed compared to the negative control (Student’s #test, p = 0.166). Similarly, the
combination of trastuzumab and tucatinib did not significantly downregulate cell proliferation (Figure 2B, Student’s #-test,
p = 0.152). When combining trastuzumab and tucatinib with miR-101-5p, there was a trend towards improved inhibition of cell
proliferation, although not significant compared to the miRNA alone (Student’s #-test, p = 0.298). In JIMT1 cells, miR-101-5p
significantly inhibited cell proliferation (Student’s #test, p = 0.005), but the addition of lapatinib and trastuzumab or tucatinib and
trastuzumab did not significantly enhance this inhibition (Figure 2C and D). The proliferation inhibition by the miRNA alone
proposes a tumor suppressor effect of miR-101-5p in two HER2+ cell lines. Furthermore, the results suggest the potential value
of a combinatorial treatment using this miRNA together with lapatinib and trastuzumab in selected patient groups.

Combinatorial Treatment Affects Signaling Pathways Involved in Proliferation and

Survival
To investigate mechanisms involved in growth inhibition by miR-101-5p and the targeted drugs in KPL4 cells, we
studied changes in the proteomic landscape using the RPPA method. Unsupervised clustering of the protein data showed
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Figure | Expression of miR-101-5p is low in patient tumor material. (A) miR-101-5p was significantly lower expressed in tumor samples than normal adjacent tissue (p < 0.001)
in the TCGA dataset, but this difference was not significant in the METABRIC dataset ((B) p = 0.069). (C and D) The expression of miR-101-5p was significantly lower in the
HER2-enriched (HER2+) breast cancer subtype compared to all other subtypes in the TCGA cohort (p < 0.001), and in the METABRIC cohort (p < 0.037) compared to all
subtypes except the basal subtype (p = 0.788). Of note, the Claudin-low subtype was only available for the METABRIC patients. (E and F) HER2+ breast cancer patients had
a lower expression of miR-101-5p compared to HER2 negative (HER2-) patients in both cohorts (p < 0.001). Statistical significance calculated by Wilcoxon rank-sum tests.
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Figure 2 Cell proliferation of KPL4 and JIMT| cells treated with miR-101-5p alone and in combination with lapatinib/trastuzumab and tucatinib/trastuzumab. (A and B)
KPL4 cells treated with 100 nM lapatinib and 10 pug/mL trastuzumab (LT) or 2.5 yM tucatinib and trastuzumab (TT) did not significantly differ in confluence after 72 hours
compared to scrambled negative control. Cells transfected with miR-101-5p (101) significantly decreased confluence compared to Scr or LT treated cells (p < 0.001).
Measured confluence after combinatorial treatment of 10l and LT was significantly lower than 0] transfection alone (p = 0.004). (C and D) miR-101-5p significantly
decreased confluence in JIMTI cells (p = 0.005). The addition of LT or TT treatment did not significantly improve the decrease. Error bars are represented as mean *
standard error of mean. Experiments were conducted in at least three biological replicates, each with three technical replicates. Tables of p-values calculated using a Student’s
t-test.

clear distinction between cells overexpressing miR-101-5p and cells transfected with a scrambled negative control
(Figure 3A). This indicates a consistent global change in protein expression after miR-101-5p transfection.

The 454 analyzed proteins formed five clusters with Pearson average unsupervised clustering, and the mean log2
protein levels within each cluster were calculated separately for the miR-101-5p and the scrambled negative control
transfected cells (Figure 3A; Supplementary Table S1). The bottom dark blue cluster showed a strong downregulation of

the proteins in the miR-101-5p overexpressing samples (mean log2 expression = —0.19 compared to mean log2
expression = 0.07 for the scrambled transfected cells; Supplementary Table S1). The proteins in this cluster were

subjected to in silico pathway enrichment analyses and were predicted to be involved in proliferation, survival and cancer
signaling pathways, such as PI3K-Akt, mTOR and ErbB signaling (Figure 3B). This suggests that miR-101-5p alone or
in combination with targeted treatment affects these pathways.

To classify the effects on expression of single proteins after treatment with miR-101-5p and the combination of
lapatinib and trastuzumab, we set a cut-off for significant alterations at a fold-change (FC) > |0.4| and statistical
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Figure 3 Changes in the proteomic landscape after transfection with miR-101-5p (101) or scrambled negative control (Scr) and treatment with lapatinib and trastuzumab
(LT). (A) Protein lysates analyzed by an RPPA assay of 454 protein antibodies presented as a heatmap. Unsupervised Pearson average clustering of the 12 samples with
dendrograms illustrating similarities between samples/proteins. Unsupervised Pearson average clustering resulted in two distinct annotation clusters for the 101 and the Scr
transfected KPL4 cells. Five distinct clusters between proteins were obtained. (B) The proteins from the bottom, dark blue cluster (cluster five; n = 71 proteins) were
subjected to Enrichr online pathway analysis,m‘3I and the top eight enriched pathways are presented.

significance (Student’s #-test, unadjusted for multiple testing) p < 0.05 compared to the control. This resulted in 25
significantly altered proteins for miR-101-5p (Table 1), six proteins for lapatinib and trastuzumab (Table 2) and 33
proteins for the combination of miR-101-5p and trastuzumab and lapatinib (Table 3). All protein alterations are presented
in Supplementary Table S2. Multiple proteins overlapped between the different treatment groups (Figure 4), but

surprisingly no protein overlapped all three comparisons. The relative protein expressions upon the different treatments
are visualized for the 33 proteins significantly altered with the combinatorial treatment (Figure 5). The distinct down-
regulation of HER3, Rictor, and phosphorylated mTOR, S6 and Src are among the protein alterations that may explain
the negative effect on cell proliferation.’>* Overall, the observed fold change values were greater in the combination
group compared to the mono-treatment groups.

Effect on HER2 Signaling Pathway
Focusing on HER2+ breast cancer patients, we studied the impact on the proteins in the HER2 axis. We used in silico
analysis to generate a list of HER2 pathway relevant genes (n = 76, Supplementary Table S3) and compared this to the

genes corresponding to the proteins, which showed significant changes in expression upon treatment. Of the proteins
significantly altered in expression by miR-101-5p in combination with lapatinib and trastuzumab (Figure 5), five proteins
were central in the HER2 pathway: HER3, mTOR, S6, SRC and XIAP, all of which were downregulated (Table 3). From
the lapatinib and trastuzumab altered proteins, only one, EGFR, was related to the HER2 pathway. This cell line is known
to respond poorly to HER2 targeted treatment,” which may explain why so few HER2 pathway-related proteins were
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Table | Protein Alterations in KPL4 Cells Transfected with
miR-101-5p Compared to Scrambled Negative Control

Protein FC p-value
S6_pS240_S244 —1.55 0.014
S6_pS235_S236 —1.45 0.012
HER3 —0.78 0.005
Rictor -0.72 0.009
ARIDIA —0.60 0.015
FAK_pY397 —0.58 0.007
XIAP —0.49 0.005
mTOR_pS2448 —0.47 0.014
Src_pY527 —0.46 0.019
AR —0.46 0.017
NDRGI_pT346 —0.45 0.042
GSK.3B —0.45 0.002
ULK1_pS757 —0.43 0.008
MSI2 041 0.007
CtlP 0.43 0.049
PKA.a 0.46 0.002
IRb 0.47 0.025
Akt 0.47 0.021
Weel_pS642 0.47 0.002
Histone.H3 0.49 0.009
Calnexin 0.54 0.021
ATRX 0.62 0.023
EMA 0.63 0.013
Weel 0.71 0.002
RRM2 0.89 0.007

Notes: Proteins are sorted by increasing FC value. Horizontal line indicates
transition from negative to positive fold change. p-value: Student’s t-test.
Abbreviation: FC, fold change.

Table 2 Protein Alterations in KPL4 Cells Treated with
Lapatinib and Trastuzumab Compared to Scrambled
Negative Control

Protein FC p-value
DUSP4 -0.77 0.009
VEGFR.2_pYI175 —0.48 0.010
SHP2_pY542 —0.46 0.003
EGFR 0.49 0.008
PREXI 0.50 0.004
CDI71 0.53 0.023

Notes: Proteins are sorted by increasing FC value. Horizontal line indicates
transition from negative to positive fold change. p-value: Student’s t-test.
Abbreviation: FC, fold change.

altered. Using in silico analysis, fold change values of the significantly altered proteins after the combination treatment
were projected onto the HER2 signaling pathway (Supplementary Figure S1). Analysis of protein regulation predicted, eg

an upregulation of apoptosis and a downregulation of cell survival, progression, metastasis, invasion and epithelial-to-
mesenchymal transition. Furthermore, the ten proteins exclusively regulated by the combinatorial treatment (Figure 4)
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Table 3 Protein Alterations in KPL4 Cells Transfected with
miR-101-5p and Treated with Lapatinib and Trastuzumab
Compared to Scrambled Negative Control

Protein FC p-value
S6_pS235_S236 -1.93 0.008
S6_pS240_S244 -1.90 0.014
DUSP4 —-0.90 0.032
ASNS —0.68 0.026
Rictor —0.62 0.001
AMPKa_pTI172 —0.58 0.014
mTOR_pS2448 —0.56 0.034
FAK_pY397 —0.54 0.037
HER3 -0.51 0.024
ARIDIA -0.49 0.006
Src_pY527 —0.48 0.020
MCT4 —0.48 0.031
HER3_pY 1289 —0.46 0.005
Src_pY4l16 —0.44 0.041
Gys —0.44 0.021
VEGFR.2_pY1175 -0.43 0.017
SHP2_pY542 -0.43 0.005
XIAP -0.42 0.033
GRB7 0.41 0.039
MSI2 0.44 0.007
H2AX_pS140 0.47 0.001
RPA32 0.48 0.001
PREXI 0.48 0.005
Weel_pS642 0.50 0.012
H2AX_pS139 0.54 0.014
EMA 0.55 0.022
Calnexin 0.61 0.030
CtlP 0.67 0.003
Histone.H3 0.68 0.024
ATRX 0.71 0.018
Weel 0.77 0.001
RRM2 0.79 0.001
CDI71 0.95 0.006

Notes: Proteins are sorted by increasing FC value. Horizontal line indicates
transition from negative to positive fold change. p-value: Student’s t-test.
Abbreviation: FC, fold change.

were subjected to pathway analysis and HER2-signaling in breast cancer was among the top 10 relevant canonical
pathways (Supplementary Table S3).

miR-101-5p Sensitize Cells to Targeted Treatment and Induce Apoptosis

Based on the in silico predicted upregulation of apoptosis, we studied the specific alteration of two apoptosis-related
proteins upon treatment: cleaved caspase 3 and 7. All treatments showed a tendency towards increased levels of cleaved
caspase 3 (Figure 6A), but none were significant. Surprisingly, lapatinib and trastuzumab alone decreased the level of
cleaved caspase 7 significantly (Figure 6A; Student’s t-test, p = 0.046). Treatment with miR-101-5p overexpression
significantly increased this level, both compared to the targeted drugs and scrambled negative control (Scr; p = 0.014 and
p = 0.019, respectively). Interestingly, the level of cleaved caspase 7 increased further in the miR-101-5p and lapatinib
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Figure 4 Overlaps between proteins altered by miR-101-5p or lapatinib and trastuzumab (LT) treatment. Proteins with an altered fold change > |0.4| and p < 0.05 for KPL4 cells
transfected with miR-101-5p, treated with LT or the combination are presented in a Venn diagram. There were |8 overlapping protein alterations between miR-101-5p and miR-
101-5p plus LT combination, and five overlapping proteins between LT and the combination treatment. There were no overlaps between significantly altered proteins by all three
treatments or by miR-101-5p and LT. Arrows indicate whether the protein alterations were positive or negative compared to scrambled negative control.
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Figure 5 Protein expression for cells treated with lapatinib and trastuzumab (LT), miR-101-5p or the combination. The expression levels are relative to negative scrambled
controls. All 33 proteins presented here were significantly altered for at least the combinatorial treatment. Error bars are represented as mean * standard deviations from three
biological replicates. Significance is calculated by Student’s t-test, and *p < 0.05 and fold change from scrambled negative control > |0.4|. The proteins are alphabetically ordered.

and trastuzumab combination treatment, although not significant from the miR-101-5p treatment alone (p = 0.149). Other
proteins suggesting apoptosis were, eg decreased measurements of the anti-apoptotic regulators Mcl-1, XIAP and Bcl-xL
(the latter increased with miR-101-5p, and significantly decreased with the addition of lapatinib and trastuzumab;

Supplementary Figure S2).
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Figure 6 miR-101-5p sensitized cells to treatment with lapatinib and trastuzumab (LT) and induced apoptosis. (A) Relative protein expression compared to scrambled
negative control (Scr) of cleaved caspase 3 and 7. Error bars are standard deviations of three biological replicates. (B) Apoptosis assay staining for cleaved caspase 3 and 7
red dye, imaged and measured 48 hours post treatment/transfection. Red confluence values relative to initial measurement and relative to Scr per plate. Treatment with LT
did not induce apoptosis, in contrast to miR-101-5p (101) alone and in combination with LT. Error bars are represented as mean * standard deviations from six biological
replicates; *p < 0.05 (Student’s t-test).

This trend towards increased apoptosis was of interest to investigate further. Using a live-cell imaging apoptosis
assay, we observed that overexpression of miR-101-5p significantly induced apoptosis compared to scrambled negative
control and lapatinib and trastuzumab treatment (Figure 6B; Student’s z-test, p = 0.018 and p = 0.014, respectively).
Furthermore, the combination of miR-101-5p and lapatinib and trastuzumab caused apoptosis in a significantly greater
extent than the miRNA alone (Figure 6B; Student’s #-test, p < 0.001). This is particularly interesting as the targeted drugs
alone did not induce apoptosis (Student’s t-test, p = 0.094), indicating that there may be a synergistic effect of the
combinatorial treatment.

Discussion
Despite remarkable success of trastuzumab and other targeted therapies, some HER2-positive breast cancers still respond
poorly to the treatment offered. This is a challenge, and novel treatment strategies for these patients are highly warranted.
We have mimicked these poorly responding breast cancer cases in vitro by using two cell lines that respond poorly to
trastuzumab and lapatinib.>> Previously, we have shown that miR-101-5p decrease cell viability in HER2+ breast cancer
cells and sensitize the cells to targeted treatment.”® The aim of the current study was to gain knowledge of the
mechanisms involved in treatment response, by studying the effects on the proteomic landscape when combining miR-
101-5p overexpression with HER2-targeting drugs.

miR-101-5p expression is downregulated in breast cancer,'” non-small cell lung cancer,* cervical cancer®® and renal
cell carcinoma.’” Overexpression of this miRNA inhibited growth in these cancers. This shows that miR-101-5p has
tumor-suppressive properties across multiple cancer forms. Our study is, to our knowledge, the first to specifically show
the importance of endogenous miR-101-5p expression in HER2-positive breast cancer (Figure 1). Furthermore, we
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address the proteomic changes upon miR-101-5p overexpression and the effects of this miRNA on apoptosis. Toda et al
showed, in HER2-negative cells, the tumor-suppressive properties of miR-101-5p through the targeting of seven putative
oncogenic mRNAs,'” none of which are significantly altered or present in our protein data. Thus, our study enlightens
other mechanistic properties of miR-101-5p.

We show that miR-101-5p overexpression inhibits cell proliferation in two HER2+ breast cancer cell lines, KPL4 and
JIMT1. Further, this miRNA sensitizes poorly responding KPL4 cells to targeted treatment with lapatinib and trastuzu-
mab, leading to decreased cell proliferation and increased apoptosis. It has previously been reported that manipulation of

3843 Which substantiates

miRNA expression can sensitize cancer cells to targeted therapy, radiation and chemotherapy,
the value of using miRNAs to improve the effect of conventional cancer treatment.

We also investigated the effect of combining miR-101-5p with tucatinib, a promising tyrosine kinase inhibitor for
HER2 that gained its approval by the Food and Drug Administration for treatment of patients with advanced or
metastatic HER2+ breast cancer in 2020. While lapatinib binds both EGFR and HER2, tucatinib has a high selectivity
to HER2 compared to EGFR.** Whereas the addition of trastuzumab and lapatinib significantly improved the effect of
miR-101-5p in KPL4 cells, we did not detect the same for tucatinib (Figure 2). Therefore, we speculate that the inhibition
of both EGFR and HER2 is important to obtain the additional significant effect of combining the targeted treatments with
miR-101-5p. EGFR inhibition has previously shown to decrease viability in KPL4 cells, suggesting EGFR dependency in
this cell line.*> Furthermore, lapatinib and trastuzumab did not significantly induce decreased cell viability alone or in
combination with miR-101-5p in JIMT1 cells. Thus, the cell line specificity for this combination is evident and further
work is needed to fully document the induced biological effects. Nonetheless, miR-101-5p has a significant effect in both
cell lines, underlining the potential anti-tumor value of this miRNA.

Alterations in binding domains of HER2, PTEN deficiency and activating mutations in PIK3CA are among the
reported mechanisms for resistance to targeted therapy in HER2+ breast cancer.*® PI3K-Akt and mTOR inhibitors,
immune checkpoint inhibitors, cell cycle control mechanisms, and blockage of alternative receptor tyrosine kinases such
as insulin-like growth factor I (IGF1) receptor have been suggested as potential treatment options for overcoming
resistance to targeted therapy.*®*” Another reported resistance mechanism to lapatinib and trastuzumab in HER2+ cells
is activation of the estrogen receptor (ER) survival pathway, and treatment can be improved by dual HER2/ER
blockage.*® This is, however, not relevant for a significant fraction of HER2+ breast cancer patients, as about 50%
are hormone receptor negative.*” KPL4 and JIMT]1 cells used in our study represent this patient group, as the cells do not
express ER.*

Gale et al have described how targeting ATP can reverse acquired resistance to targeted treatment,*® and interestingly,
the level of ATP5A is significantly downregulated in miR-101-5p plus lapatinib and trastuzumab treated KPL4 cells
compared to the targeted drugs alone (p = 0.047; Supplementary Table S2). There were no significant changes of this

protein level by the mono-treatments. This decrease in ATPSA levels is a potential explanation of how miR-101-5p and
the targeted treatment work together to decrease cell proliferation.

HER2 overexpression is associated with suppression of apoptosis,’' and targeted treatment is relevant for overcoming
this obstacle. Trastuzumab has been reported to cause apoptosis in HER2-positive breast cancer, in part by reducing the

1-52

anti-apoptotic protein Mcl- We do not observe this in trastuzumab resistant KPL4 cells, neither on apoptosis effect

(Figure 6B) nor on the levels of Mcl-1 (Supplementary Figure S2, Supplementary Table S2). There is, on the other hand,

a significant decrease in Mcl-1 levels by miR-101-5p overexpression alone or in combination with lapatinib and
trastuzumab compared to targeted drugs alone (Supplementary Figure S2, Supplementary Table S2). This alteration of

Mcl-1 levels contributes to explaining how apoptosis is induced by miR-101-5p and the miRNA plus lapatinib and
trastuzumab.

Interestingly, lapatinib was found to induce apoptosis in trastuzumab-resistant SKBR3 HER2+ breast cancer cells by
affecting IGF1 signaling.>® This effect is not present in KPL4 cells treated with lapatinib and trastuzumab (Figure 6B),
where no significant alterations to the expression of any IGF proteins were observed (Supplementary Table S2). This

underlines the complex network of alterations that can be cell type specific and may point to new targets for personalized
medicine. The lack of apoptosis upon lapatinib and trastuzumab treatment may in part be due to the intrinsic PTEN
deficiency in KPL4 cells® overriding the apoptosis induction.
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Although lapatinib and trastuzumab did not induce apoptosis, the targeted treatment decreased the expression of the
anti-apoptotic protein Bcl-xL (Supplementary Figure S2, Supplementary Table S2). Trastuzumab has been reported to

potentiate apoptosis by downregulating Bcl-2 expression, but not Bel-xL in HER2+ breast cancer cells.”* These opposing
results exemplify the cellular complexity, where regulation of single proteins is not sufficient for a macroscopic effect on
apoptosis. For that reason, miRNA therapeutics may be of particular interest, as one miRNA have multiple mRNA
targets. Thus, miRNAs may have a larger impact on the cellular proteomic landscape than targeted treatment, as observed
in the protein data presented (Tables 1-3). Although the specific effect of a miRNA may differ between cell lines and
cancer types, we here show that miR-101-5p inhibits cell proliferation in two HER2+ breast cancer cell lines.
Furthermore, the effects of miR-101-5p on apoptosis have not yet been studied in breast cancer. There are multiple

10.11.55.56 and one report on miR-101-5p and

studies on the role of miR-101-3p in apoptosis in multiple cancer forms,
apoptosis in renal cancer.’” This study is, to our knowledge, the first to report induced apoptosis in breast cancer due to

miR-101-5p overexpression.

Conclusion
miR-101-5p expression is downregulated in HER2+ breast cancers. When overexpressed in vitro, miR-101-5p showed
tumor-suppressive properties through inhibition of cell proliferation, alteration of protein expression levels relevant for
the HER2 signaling pathway, and induction of apoptosis. The miRNA sensitized HER2+ KPL4 breast cancer cells to
targeted therapy, suggesting a potential treatment strategy that should be further explored for patients that respond poorly
to HER2 therapy.
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