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Abstract

Long non-coding RNAs (IncRNAs) are an emerging class of regulatory molecules
that have been shown to play important roles in tumorigenesis and cancer progression.
Here, we studied the recently identified INcRNA Mammary Tumor Associated RNA 20
(MaTARZ20) in mammary cancer progression. A CRISPR/Cas9 knockout of MaTARZ20 in
the metastatic 4T1 cell line led to reduced cancer cell proliferation and increased cell
surface adhesion compared to control cells. Consistent with these knockout results
antisense oligonucleotide (ASO) mediated knockdown of MaTARZ20 resulted in reduced
growth and invasion in 4T1 cells, and in primary mammary tumor organoids derived from
the MMTV-PyMT mouse model of breast cancer. Injection of MaTARZ20-specific ASOs
subcutaneously into tumor bearing MMTV-PyMT mice resulted in smaller and highly
necrotic tumors in comparison to mice injected with a scrambled control ASO. To
investigate the molecular mechanism by which MaTAR20 acts to advance mammary
tumor progression, we applied a combination of RNA-sequencing and RNA-pulldown
coupled to DNA-sequencing. These analyses demonstrated that the nuclear retained
IncRNA is associated with several essential cancer signaling pathways such as VEGF
signaling. In particular, MaTARZ20 directly binds to and regulates the expression of
Tnfsf15. Our results suggest that MaTARZ20 is likely an important driver of mammary

tumor progression and represents a promising new therapeutic target.
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Introduction

Breast cancer (BC) is estimated to account for 30% of new cancer diagnoses and
15% of cancer-related deaths in women in 2021 (1). While currently available chemo- and
targeted therapies have led to improved overall survival rates, declines of mortality have
slowed over the past decade compared to other types of cancer (1). Metastatic disease
in particular is the main cause for BC related mortality (1), indicating the need for
innovative approaches to target the metastatic cascade.

Recent studies highlight the potential of long non-coding RNAs (IncRNAs) as new
therapeutic targets in cancer (2-13). Many IncRNAs are expressed in a tissue- and
cancer-specific manner (14,15) and several previous studies have shown IncRNAs as
drivers of tumorigenesis, tumor growth and invasion (reviewed in (16) and (17)). A
promising new approach of targeting INcRNAs to reduce mammary tumor growth and
metastasis in vivo are nucleic acid based therapies (reviewed in (17)). Initial success in
targeting oncogenic IncRNAs was shown using locked nucleic acids (LNAs) to target
BCAR4 (5) or antisense oligonucleotides (ASOs) for Malat1 (6,18).

We previously identified 30 Mammary Tumor Associated RNAs (MaTARs) (7).
These IncRNAs are over-expressed in mouse models of BC and in human breast tumor
tissue compared to normal mammary epithelial cells (7). ASO-mediated knockdown of
various MaTARs in primary mammary tumor cells resulted in a tumor cell - specific
reduction of cell growth (7). Recently, we demonstrated that MaTAR25 expression
contributes to BC progression via regulation of the Tensin1 gene (13). Here, we
investigated the potential of MaTAR20 (also known as Gm13387, RP23-132N23.1,

ENSMUSG00000087028) as a new therapeutic target in BC, as well as the molecular
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mechanism by which MaTAR20 acts. ASO-mediated knockdown or CRISPR/Cas9
knockout of MaTARZ20 results in reduced cell proliferation and invasion. Further, ASO
knockdown of MaTARZ20 in vivo leads to delayed tumor onset, decreased tumor size,
increased tumor necrosis and reduced metastatic burden. Based on our investigation of
the molecular mechanism of MaTARZ20, the observed phenotype is likely the result of
reduced tumor vascularization upon MaTARZ20 reduction. MaTARZ20 regulates genes
involved in tumor angiogenesis, such as increasing the expression of the Vascular
Endothelial Growth Factor B (Vegf-B) gene. MaTARZ20 regulates the balance of the
Tnfsf15/Vegf axis by directly binding to the Tnfsf15 locus to repress its expression during

tumor progression.

Materials and Methods

Cell culture
Murine 4T1, Py2T, GO771 and D2A cells were cultured in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. All cells were grown in a cell culture

incubator at 37 °C and 5% CO2. ASOs were delivered to the cells via free uptake
immediately after seeding the cells. For proliferation assays, cells were seeded in 24-well
plates and trypsinized at individual time points. Cell counts were determined manually
using a hemocytometer. Cell cycle analysis was performed using a BrdU FITC kit (BD)
as described in (13).
Organoid culture

Murine mammary tumor organoids were generated and cultured as previously

described in (7,19). Briefly, organoids were generated from nulliparous MMTV-PyMT
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100 tumors, mixed with growth factor-reduced Matrigel and grown in DMEM/F12 medium
101 supplemented with 1x ITS (insulin, transferrin, and sodium selenite), 1%
102  penicillin/streptomycin and murine FGF2 (2.5 nM). For ASO-mediated knockdown
103  experiments, organoids were seeded at a density of 5 organoids/pl and plated as 80 pl
104 domes in 24-well dishes. ASOs were added directly (free uptake) to the culture medium
105 15-20 min after the organoids were plated and in fresh medium at day 3. Organoids were
106  incubated for a total of 6 days. ASO sequences are provided in Supplementary Table S1.
107 For visualization purposes and quantification of organoid branching, images were

108 acquired using an Axio-Observer Live Cell inverted microscope (Zeiss).

109 Scanning electron microscopy (SEM)

110 SEM on 2D cells was performed as described previously (20). Briefly, cells cultured
111  on glass coverslips were fixed in 1.6% glutaraldehyde in PBS for 30 minutes and then
112 dehydrated in a graded ethanol series. Coverslips were critically point dried (CPD) using
113  a Samidri 795 CPD device (Tousimis), mounted on aluminum stubs with carbon tabs
114  (Electron Microscopy Sciences). Samples were coated with gold using an Emitech K550X
115  Sputter Coater. Samples were imaged with a Hitachi S3500 SEM operated at 5 kV.

116 For SEM on 3D organoids, Matrigel containing organoid samples were removed
117  from multi-well tissue culture dishes (using a 3.5 mL disposable transfer pipette and
118 placed in 45 mL of cold PBS (4°C) in 50 mL capacity polypropylene centrifuge tubes
119 (VWR Scientific). Matrigel was washed away by 3-4 rounds of suspension in cold PBS
120 and centrifugation using a refrigerated centrifuge set to 1,000 pm, 20 min, 4°C (Beckman
121 Coulter Allegra X15r). After the final wash to remove Matrigel, organoids were transferred

122 to 1.6 mL microcentrifuge tubes and fixed in 1% glutaraldehyde in PBS at 4°C, for 30


https://doi.org/10.1101/2021.03.30.437774
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.30.437774; this version posted April 12, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

123  minutes, rinsed in distilled water by centrifugation and resuspension and then post-fixed
124  in 1% aqueous osmium tetroxide (Electron Microscopy Sciences) for 30 minutes at RT.
125  After osmium fixation, organoids became dense relative to solutions and a centrifuge was
126  not needed for further handling. Organoids were dehydrated in a graded ethanol series
127  andthenimmersed in 50% hexamethyldisilazane (HMDS, Electron Microscopy Sciences)
128 in 100% ethanol for 5 min and 100% HMDS for 10 min. Organoids in 0.3 mL of HMDS
129  were aspirated using a transfer pipette and the solution and suspended organoids were
130 deposited to 12 mm diameter SEM stubs coated with carbon adhesive tabs (Ted Pella
131 Inc) and allowed to air dry. Samples were coated with gold using an Emitech K550X

132 Sputter Coater and imaged with a Hitachi S3500 SEM operated at 5 kV.

133 RNA extraction and gqRT-PCR

134 Total RNA was isolated from cells or organoids using TRIzol. DNase | treatment
135 was performed for 15 min at RT to remove contaminating DNA. cDNA synthesis was
136  carried out using the TagMan Reverse Transcription kit (Life Technologies) and random
137  hexamers according to the manufacturer’s instructions. Quantitative Real time PCR (qRT-
138 PCR) was performed using the Power SYBR Green Master Mix (Life Technologies).
139  Cycling conditions were as follows: 15 min at 95 °C followed by 40 cycles of 15 sec at 94
140 °C, 30 sec at 60°C. Peptidylprolyl isomerase B (cyclophilin B) was used as an
141  endogenous control to normalize each sample and relative expression results were
142  calculated using the 222tmethod. A list of primers used is provided in Supplementary

143  Table S1.

144  Subcellular localization
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145 For single-molecule FISH, cells were seeded onto acid-washed glass coverslips
146  and fixed in 4% paraformaldehyde when reaching 50% confluency. RNA-FISH was
147  carried out using the Affymetrix View ISH Cell Assay Kit and custom probes (Thermo
148  Fisher) according to the manufacturer’s instructions. The slides were imaged on a LSM
149  710/780 confocal microscope (Zeiss). Cell fractionation assays were performed as
150 described in (13).

151 CRISPR/Cas promoter deletion

152 To generate a genetic knockout, two sgRNAs targeting the promoter region were
153 combined, creating a deletion. A sgRNA targeting the Renilla luciferase gene was used
154 as non-targeting control. All sgRNAs were cloned into a lentiCRISPR_V2 plasmid
155 (Addgene #52961) also encoding Cas9 and delivered to the cells using lentiviral
156  transduction as described in (21). Stable integrands were selected using puromycin
157  selection and single cell sorted using a FACS Aria (SORP) Cell Sorter. Each single cell
158 clone was propagated and analyzed by genomic PCR and gqRT-PCR to select for
159 homozygous knockout clones. Sequences for sgRNAs are provided in Supplementary
160 Table S1.

161 Invasion assay

162 Invasion assays were performed as described previously in (7). Briefly, a Cultrex®
163 96 well BME Cell Invasion Assay (Trevigen) was used. Cells were starved in FBS-free
164  culture medium, then harvested and seeded at a density of 5 x 10* cells/well into the
165 invasion chamber. ASOs were added to growth medium containing 10% FBS. The plate
166 was incubated at 37 °C for 24 h and the assay was performed according to the

167 manufacturer's instructions. The fluorescence was measured with a SpectraMax i3 Multi-
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168 Mode Detection Platform (Molecular Devices) using the 480/520 nm filter set. Each
169 sample was measured in triplicate.

170 Rescue Assay

171 MaTARZ20 isoforms were amplified by PCR using Phusion High-Fidelity DNA
172 Polymerase (NEB) following the manufacturer’s instructions. MaTARZ20 isoform 1 was
173  cloned using Xhol and EcoRI-HF overhangs. The digested PCR product was ligated into
174 a pCMVG6-Entry plasmid (Origene) with T4 DNA ligase. Isoforms 2 and 3 were amplified
175 by PCR, gel extracted and treated with T4 PNK. The pCMV6-Entry plasmid was digested
176  using EcoRV-HF and Eco53kl followed by dephosphorylation using Quick CIP. Isoforms
177 2 and 3 were ligated into the pCMV6-Entry backbone as described above. Ligations were
178 transformed into competent DH5a cells using heat shock. Transformants were selected
179  for using Kanamycin at 25 pg/mL and validated using Sanger sequencing.

180 For ectopic expression of MaTARZ20, knockout cells were seeded into 96-well
181 plates at a density of 5,000 cells/well. The plates were incubated overnight (16-18 h) at
182 37 °C with 5% CO2. DNA was transfected using Lipofectamine 2000 (Thermo Fisher) in
183  serum-free DMEM medium at a ratio of 100 ng DNA : 0.2 uL Lipofectamine. After 6 h, the
184  medium was replaced with 100 puL/well of fresh complete medium. Cells were fixed for
185  each time point using 100 pL/well of staining solution (150 pg/mL saponin, 4 ug/mL DAPI,
186 0.5% PFAin PBS) for 30 minutes with gentle shaking at RT, then stored at 4 °C .The cells
187  were counted using a Cytation5 automated cell counting system.

188 RNA was isolated 24 h after transfection. The medium was removed and 50 pL of
189 TRIzol was added to each well of a 96-well plate. RNA was extracted according to the

190 manufacturer’s instructions. For each sample, 1 ug of RNA was treated with ezDNase
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191 and reverse transcribed to cDNA using SuperScript IV VILO following the manufacturer’s
192 instructions (Thermo Fisher). For RT-gPCR testing of the MaTARZ20 rescue, PowerUp
193 SYBR Green Master Mix (Thermo Fisher) was used. All RT-qPCRs were run on a
194  QuantStudioTM 3 Real-Time PCR Machine (Applied Biosystems).

195 Animal experiments

196 Animal experiments were carried out in the CSHL Animal Shared Resource, in
197 accordance with IACUC approved procedures. MMTV-PyMT mice (22) were obtained
198 from Dr. Mikala Egeblad (CSHL). Tumors and normal mammary glands were extracted
199 immediately after euthanizing the animal and processed to generate primary cells,
200 organoids or tissue sections. For in vivo ASO injections, female MMTV-PyMT

201 mice were divided into two cohorts, being treated either with a MaTARZ20-specific
202 ASO or a scrambled control ASO at ~8-10 weeks of age (after formation of palpable
203 tumors). MOE ASOs were injected subcutaneously three times per week, cET ASOs
204 twice per week, both at 50 mg/kg per dose. Tumors were measured twice per week
205 throughout the treatment course. At the end of the experiment, mice were euthanized,
206  and primary tumors and lungs were fixed in 4% PFA and embedded in paraffin for histo-
207 pathological analysis, or snap-frozen for RNA extractions. FFPE blocks were sectioned
208 and stained with hematoxylin and eosin (H&E). Slides were scanned and analyzed using
209 the Aperio ImageScope software.

210 RNA-seq

211 RNA quality was assessed on an Agilent 2100 Bioanalyzer. Libraries were
212 prepared on samples with RIN >9 using the lllumina TruSeq sample prep kit v2 and

213  sequenced on an lllumina NextSeq instrument. Data was analyzed as previously
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214  described in (7). Briefly, the quality of FASTQ files was assessed using FastQC
215  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were mapped to
216 GRCm38 using STAR (23), and the reads per gene record were counted using HTSeq-
217  count (24). Differential gene expression was performed with DESeq2 (25), and an
218 adjusted p-value of < 0.05 was set as threshold for statistical significance. KEGG pathway
219 and GO term enrichment and was carried out using the R/Bioconductor packages GAGE
220 (26) and Pathview (27).

221 ChIRP-seq

222 ChIRP-seq was carried out as previously described (13). Briefly, 20 million cells
223 were harvested and fixed in 1% glutaraldehyde solution. ChIRP was performed using two
224  individual tiling pools of biotinylated oligonucleotide probes. A probe pool targeting mouse
225 Ppib was used as negative control. A list of ChlIRP-seq probes is provided in
226  Supplementary Table S1. ChIRP-Seq libraries were generated using the lllumina TruSeq
227  ChIP Library Preparation Kit and sequenced on an lllumina NextSeq instrument. ChIRP-
228  seq data quality was assessed using FastQC
229  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and paired-end reads were
230 mapped to GRCm38 using Bowtie2 (28). ChIRP seq analysis was performed using
231  HOMER (29). For RT-gPCRs testing the ChIRP cDNA, 5 ng cDNA and 5 uyM of primers

232 in 10 yL was used (reagents and cycling conditions as described under “Rescue assay”).

233 Data access
234  RNA-seq and ChIRP-seq data have been deposited at Gene Expression Omnibus (GEO)
235 under accession number GSE171085.

236

10
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237 Results

238 MaTAR20 is a tumor-specific, nuclear-retained IncRNA

239 MaTAR?Z20 is an intergenic transcript located on mouse chromosome 2. According
240 to GENCODE vM18, three isoforms of MaTARZ20 exist, comprising 2,646, 659 and 638
241 nt(Figure 1A). Our computational analysis of ENCODE expression data revealed that the
242 IncRNA is absent or expressed at low levels in normal mammary glands and other normal
243  tissues, but highly expressed (FPKM >200) in mammary tumors derived from the
244  transgenic MMTV-PyMT mouse model of luminal BC (Figure 1B). Furthermore, MaTAR20
245  levels correlate with tumor size in the MMTV-PyMT model (Supplementary Figure S1A).
246 To examine the localization of MaTARZ20 we performed single molecule RNA-FISH
247  in primary MMTV-PyMT cells (Figure 1C). Our results indicate that MaTARZ20 is indeed
248 an abundant IncRNA in primary mammary tumor cells, and predominantly localizes to the
249 nucleus, averaging 10-40 foci per nucleus. We further confirmed that MaTAR20 is a
250 nuclear-retained transcript by subcellular fractionation assays, which revealed an
251 enrichment in both the nucleoplasm and the chromatin fraction (Figure 1D), a localization
252  pattern comparable to the INcRNA Malat1. Our initial characterization indicates that
253  MaTARZ20 is a tumor-specific, nuclear-enriched IncRNA that may play a role in tumor
254  progression based on its expression profile.

255 Knockdown of MaTAR20 leads to reduced organoid branching

256 To determine if MaTARZ20 is a driver of mammary tumor cell growth, we performed
257  knockdown experiments ex vivo, in MMTV-PyMT derived tumor organoids (6,7,30)
258 (Figure 1E-H). Organoids are an excellent model system to study cancer biology and to

259 test new therapeutic treatments (for review, see (31)). Wildtype/untreated organoids

11
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260  exhibit a branched morphology consistent with collective cell migration (Fig 1G-H) and/or
261  proliferation (for review, see (32). We achieved MaTARZ20 knockdown efficiencies of 50-
262 60% using 2'-O-methoxyethyl (MOE) ASOs in 3D mammary tumor organoids by free
263  uptake (Figure 1E). Treatment of MMTV-PyMT tumor organoids with two independent
264  MOE ASOs targeting MaTARZ20 lead to a reduction of organoid branching compared to
265 untreated organoids, or organoids treated with a scrambled control MOE ASO (scASO)
266  (Figure 1F-H). Based on these and our previous results in primary mammary epithelial
267 cells (7), we conclude that MaTAR20 enhances both the proliferative and invasive
268  potential of mammary tumor cells.

269 Promoter deletion of MaTAR20 results in a less aggressive phenotype

270 To independently validate our ASO-mediated knockdown results, and to develop
271  amodel system that enables us to study the molecular mechanism of MaTARZ20 in detail,
272  we generated MaTARZ20 loss-of-function cells using the CRISPR/Cas9 system. First, we
273  tested a panel of mouse mammary tumor cell lines to identify a suitable model system.
274  Of the tested cell lines, the metastatic 4T1 line (33) showed the highest MaTAR20
275  expression level (Supplementary Figure S2A). Next, we established promoter deletion of
276  MaTARZ20 by stably integrating Cas9 and two guide RNAs (gRNAs): the first gRNA was
277  designed to bind upstream of the MaTARZ20 transcription start site (at -736) and the
278  second gRNA binding within the first exon of MaTAR20 (+12 bp) (Figure 2A), resulting in
279  promoter deletion of 748 bp. A gRNA targeting the Renilla luciferase gene was used to
280 generate negative control cells. All edited cell populations were single cell sorted to
281 generate monoclonal cell lines. Two MaTARZ20 knockout clones (KO1, KO2) and two

282  negative control clones (Ren1, Ren2) were analyzed further. The KO cell lines showed a

12
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283  ~80-85% reduction of MaTARZ20 expression compared to control clones (Figure 2B). We
284  used four different primer pairs to measure MaTARZ20 levels, one amplifying all three
285 isoforms of MaTARZ20 (PP1, Figure 2B), and three isoform-specific primer pairs (PP2,
286 PP3, PP4; Supplementary Figure S2B). Our results indicate that all three isoforms of
287 MaTARZ20 were reduced to comparable levels in the KO cells.

288 Similar to our ASO-mediated knockdown experiments in primary mammary tumor
289 cells (7), we observed a 30-40% reduction of cell proliferation in the KO cell lines (Figure
290 2C). This phenotype was not caused by differences in cell cycle profiles (Figure 2D) and
291 did not correlate with Cas9 expression (Supplementary Figure S2C). Ectopic expression
292  of MaTARZ20 in KO cells was able to rescue the cell proliferation phenotype, restoring
293  growth rates to levels comparable to Ren control cells (Supplementary Figure S3A-B).
294  This finding also indicates that the MaTARZ20 transcript is responsible for the observed
295 phenotype, rather than the genomic locus itself playing a regulatory role and that
296  MaTARZ20 plays a role in trans.

297 While culturing the MaTARZ20 KO cells, we noticed a difference in cell adhesion
298 between the KO clones and the control cell lines. The KO cells were particularly difficult
299 to dislodge from cell culture flasks, leading to increased (2-4 fold) trypsinization times
300 required to detach the KO cells. Further examination of the KO and Ren control cells
301 using scanning electron microscopy revealed that reduced MaTARZ20 levels lead to
302 stronger surface attachment of the cells, accompanied by more organized, sheet-like
303 structures (Figure 2E). In summary, promoter deletion of MaTARZ20 leads to reduced

304 tumor cell growth and a less invasive phenotype compared to control cells, similar to

13
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305 primary cells treated with MaTARZ20 ASOs (Figure 1). Thus, we conclude that the level of
306 MaTARZ20 impacts mammary tumor cell growth and adhesion.

307

308 cET ASOs show improved knockdown efficiency in vitro

309 To determine the effect of MaTARZ20 reduction on tumor progression, and to
310 investigate whether ASOs are a viable strategy to systemically reduce MaTARZ20, we
311 performed in vivo experiments. First, we designed a constrained ethyl (cET) ASO
312 targeting MaTARZ20. In comparison to MOE ASOs (Figure 1), cET ASOs show increased
313 potency in vivo (34) and are the chemistry of choice for tissues less sensitive to ASO
314 modulation with several clinical trials currently ongoing (35).

315 Before introducing the cET ASO into animals, we tested its knockdown (KD)
316  efficiency in vitro. Concentrations as low as 250 nM were sufficient to achieve >60%
317 knockdown of MaTARZ20 within 24 h in 4T1 cells (Figure 3A), and we observed KD
318 efficiencies of >95% using 500 nM after 72 h (Figure 3B). These results compare
319 favorably to concentrations of 4-5 yM of MOE ASOs achieving ~50% KD in organoids
320 (Figure 1) and ~70% KD in primary cells (7). Knockdown of MaTARZ20 using the cET ASO
321 resulted in significantly reduced cell proliferation and invasion (Figure 3C-D). These
322 results agree with our observations using MOE ASOs (Figure 1) and MaTARZ20 promoter
323  deletions (Figure 2).

324

325 Knockdown of MaTAR20 in vivo leads to a reduction in tumor growth and induces

326 tumor necrosis
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327 To further investigate the potential of cET ASOs targeting MaTAR20 in mammary
328 tumors, we injected 100 mg/kg/week of either MaTARZ20 cET or a negative control ASO
329 (scrambled = scASO cET) into MMTV-PyMT (C57BL/6) mice after palpable tumor
330 formation (n=7 for scASO, n=8 for MaTAR20 ASO; Figure 4A). We achieved an 80%
331 reduction of MaTARZ20 in the tumors on average, further highlighting the potency of the
332 cET chemistry (Figure 4B). We initiated ASO injections on animals with comparable
333 average tumor burden in both cohorts and observed a 30% overall reduced tumor burden
334 in MaTARZ20 cET treated mice over the course of eight weeks (Figure 4C). While mice in
335 the MaTARZ20 cET group eventually went on to develop tumors, tumor onset was delayed
336  in comparison to the scASO cET group. Furthermore, when comparing the growth curves
337 of similarly sized tumors that developed at the same time in both cohorts, tumors in the
338 MaTAR20 cET group grew slower compared to scASO cET treated mice, resulting in a
339 difference of 75% after 8 weeks (Figure 4D). After all mice reached the study endpoint,
340 we carried out hematoxylin and eosin (H&E) staining of the fixed tumors to investigate
341 potential histo-pathological differences. Notably, tumors in the MaTAR20 cET treated
342  group showed severe necrosis compared to the control group (Figure 4E).

343

344 Knockdown of MaTAR20 in vivo leads to reduced metastatic burden

345 The MMTV-PyMT model is highly aggressive, with a metastasis incidence rate of
346 >80% (22). We examined the lungs in our in vivo study post-mortem for macro-metastatic
347 nodules. While 7/7 mice in the scASO group developed at least one macro-metastatic
348 nodule, only 4/7 mice in the MaTAR20 ASO cohort presented macro-metastatic lesions

349  (Figure 4F). We went on to examine the histo-pathology of the four lungs that developed
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350 metastasis by H&E staining and discovered that metastases in the MaTAR20 ASO
351 treated group showed cystic, differentiated nodules compared to the solid masses
352 detected in the scASO cohort (Figure 4G). We suggest that metastatic nodules in animals
353 that received the MaTAR20 cET may have developed prior to treatment start, and that
354 the cystic phenotype is a consequence of systemic MaTARZ20 knockdown.

355 To independently validate our animal studies, we performed a second in vivo
356 experiment using MaTAR20 MOE ASO1 and injected it into MMTV-PyMT (FVB) mice
357 (Supplementary Figure S4). Similar to the cET experiments in C57/BI6, we observed
358 reduced tumor growth for the MaTAR20 ASO group compared to the scASO group from
359 around week 4 of treatment (Supplementary Figure S4A-B). H&E staining of tumor
360 sections revealed that animals in the MaTAR20 MOE group also developed more necrotic
361 tumors compared to control animals (Supplementary Figure S4C). In addition, we
362 observed a significant reduction (70%) of macro-metastatic nodules in the lungs of mice
363 receiving MaTAR20 MOE ASO1 (Supplementary Figure S4D), confirming the trend of
364 reduced metastasis upon MaTAR20 knockdown. In summary, our in vivo experiments
365 show that systemic reduction of MaTARZ20 using ASOs leads to delayed mammary tumor
366  onset, reduced tumor growth, increased tumor necrosis and reduced metastasis.

367

368 MaTAR20 expression level correlates with VEGF expression

369 We set out to identify the molecular mechanism by which MaTARZ20 impacts tumor
370 cell growth and invasion. As our RNA-FISH and subcellular fractionation assays indicated
371 that MaTARZ20 is a nuclear-retained IncRNA (Figure 1), we hypothesized that it may act

372 by impacting gene expression. First, we performed a computational co-expression
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373 analysis using IncRNA2function (36). Similar approaches have been previously applied
374  successfully to identify the molecular role of other IncRNAs (37). Notably, we observed a
375 strong enrichment for pathways involved in angiogenesis, with the top 7 most enriched
376  pathways being related to vascular endothelial growth factor (VEGF) signaling (Figure
377 5A), including "Signaling by VEGF", "VEGF hypoxia and angiogenesis" and "Sorafenib
378 Pharmacodynamics”, a multi-kinase inhibitor that has been shown to act on VEGF
379 receptor (VEGFR) (38). Due to this striking ontology enrichment, we set out to
380 experimentally assess if MaTAR20 and VEGF expression correlate. We determined by
381 gRT-PCR that Vegf-A is reduced by 15% and Vegf-B by 35% in tumors of MMTV-PyMT
382  mice that received the MaTAR20 cET ASO compared to the scASO control group (Figure
383 5B).

384 We used RNA extracted from whole tumors for the qRT-PCR validations described
385 above. While MMTV-PyMT tumors generally contain a high percentage of cancer cells
386 (Figure 4E, Supplementary Figure S4C), gRT-PCR from whole tumors cannot distinguish
387 between expression changes in tumor or stromal cells. To investigate whether VEGF
388 expression was reduced in the same cell type as MaTAR20, we measured VEGF
389 expressionin 4T1 cells with successful MaTAR20 KD (Figure 3A/B). Indeed, we observed
390 a 50% reduction (p-value: 0.05) of Vegf-B (Figure 5C), while Vegf-A was not expressed
391 at levels sufficient for reliable gqPCR detection in these cells (Ct > 30). We also tested
392 Vegf-B expression in our three knockout cell lines (Figure 2), and observed a statistically
393 significant, 40-60% down-regulation of Vegf-B compared to control cells (Figure 5D).
394  Upon ectopic expression of MaTARZ20 in the KO cells, Vegf-B levels were restored (60%

395 up-regulation, Supplementary Figure S5A). Based on convergent results obtained from
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396 fourindependent experiments (ASO KD in vitro, in vivo, CRISPR/Cas9 promoter deletions
397 and rescue assays), we conclude that down-regulation of MaTARZ20 correlates with
398 reduced VEGF expression levels.

399

400 MaTARZ20 loss leads to alterations in cancer signaling and adhesion pathways

401 To identify how MaTARZ20 impacts Vegf-B signaling, we further investigated the
402  molecular mechanism by which the InNcRNA acts. First, we performed differential RNA-
403 seq, comparing MaTARZ20 KO to control cells. A total of 223 genes were differentially
404  expressed (p < 0.05), with 129 genes down- and 94 genes up-regulated in the KO cells
405  (Figure 6A, Supplementary Table S2). Interestingly, one of the most up-regulated genes
406 was Vascular endothelial growth inhibitor (Vegi), also known as Tumor necrosis factor
407  (TNF)-like cytokine 1A (TL1A)/TNF superfamily member 15 (Tnfsf15). In agreement with
408 our co-expression analysis (Figure 5A), we observed an overall dysregulation of the
409 VEGEF signaling pathway and of hypoxia-inducible factor 1 (HIF-1) signaling, another
410 pathway essential for angiogenesis (39) (Supplementary Table S3). In addition, pathways
411 involved in cancer signaling such as the MAPK, PI3K-Akt and TNF axes were altered, as
412  were several cell adhesion pathways, including "Focal adhesion" and "Tight junctions"
413  (Supplementary Table S3). Several of these pathways were previously identified in our
414  co-expression analysis as well (Figure 5A). Differential expression of important cell
415 signaling genes likely contributes to the altered phenotypes we observed upon MaTAR20
416 loss, such as reduced organoid branching and tumor cell growth. Changes in cell

417 adhesion pathways may explain the enhanced adhesion phenotype observed in
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418 MaTAR20 KO cells (Figure 2E), along with reduced invasion and metastatic burden upon
419 KD of the IncRNA.

420

421 MaTAR20 regulates gene expression by direct binding to Tnfsf15

422 RNA-seq identifies all differentially expressed genes upon MaTARZ20 loss, both
423  effects due to direct binding and regulation of the gene by MaTARZ20, as well as any
424  secondary or tertiary downstream effects. To hone in on direct targets of MaTAR20, we
425 performed Chromatin Isolation by RNA Purification (ChIRP, (40)) using two separate
426  pools of nine tiling oligonucleotides each. Both pools were able to enrich MaTARZ20, with
427 pool 2 showing overall better pull-down performance (Figure 6B). The difference in
428 enrichment could be due to one or several oligonucleotides in pool 1 being obstructed
429 from binding to MaTARZ20, caused by secondary structures or competition with putative
430 protein interaction partners. A negative control pull-down reaction for the mRNA
431  cyclophilin B (CycloB) was performed as well to control for unspecific binding of nucleic
432  acids to biotinylated oligonucleotides and/or streptavidin beads (Figure 6B).

433 We performed three independent replicates of ChIRP-seq with both probe pools
434 and CycloB negative control probes, and compared genes bound to MaTARZ20 in both
435 pools. The highest genomic peak score in both pools was to the MaTARZ20 locus, which
436  we have observed for other INcRNAs such as MaTARZ25 in the past (13). Both pool 1 and
437  pool 2 were enriched for genes involved in cancer signaling and adhesion pathways that
438 were also identified in our RNA-seq analysis, such as PI3K-Akt and MAPK signaling,
439  "Focal adhesion" and "ECM-receptor interactions" (Supplementary Table S4). The more

440 efficient pool 2 pull-down was also enriched for VEGF and HIF-1 signaling pathways
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441  (Supplementary Table S4). On an individual gene level, we assigned the identified peaks
442  to the nearest gene and were able to identify 574 genes bound by MaTARZ20 in pool1 and
443 2,514 genes in pool 2 (excluding MaTARZ20 itself, as well as all genes that were also
444  found to bind to the negative control CycloB probe set) (Supplementary Table S5), with
445 an overlap of 182 target genes bound by MaTARZ20 in both probe pools (Figure 6C,
446  Supplementary Table S5).

447 Comparing RNA-seq and ChIRP-seq results, two genes were identified to be direct
448 binding partners of MaTAR20 and also differentially expressed in MaTAR20 KO cells
449  (Figure 6D): Tnfsf15 and Rab27b. While Tnfsf15 was significantly up-regulated upon
450 MaTARZ20 loss, Rab27b was repressed (Figure 6E). We performed qRT-PCR at the
451  Tnfsf15 gene locus to validate direct binding of the INcRNA (Figure 6F). Our MaTARZ20
452 ChIRP-seq data identified two putative IncRNA binding regions, one about 5 kb
453  downstream and the second about 15 kb downstream of the Tnfsf15 gene. We designed
454  two primer pairs for each region (p1 and p2 for -15 kb, p3 and p4 for -5 kb), and a primer
455  pair for a negative control region in between the two putative binding sites, at about -10
456 kb. Cyclo B probes served as a negative control for all tested regions, representing
457  background noise. Our results indicate that both MaTAR20 probe pools were able to
458  specifically detect the INncCRNA at the -5 kb site, while only the more efficient pool2 could
459 also enrich for MaTAR20 at the -15 kb region. This may indicate higher levels of
460 MaTARZ20 binding to the Tnfsf15 -5 kb site, which likely represents a Tnfsf15 enhancer
461 element. Overall, our results confirm that MaTARZ20 can regulate gene expression by
462  directly binding to target genes such as Tnfsf15.

463
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464 Based on our findings, we conclude that MaTAR20 reduces or inhibits the
465  expression of Tnfsf15 by directly binding to its genomic locus. Tnfsf15 is a cytokine that
466  has been described to inhibit VEGF expression (41) and, more generally, VEGF driven
467 angiogenesis (42). Therefore, we hypothesize that loss of MaTARZ20 leads to a down-
468 regulation of Vegf and related angiogenesis pathways via up-regulation of Tnfsf15 (Figure
469 7). As a consequence of the altered Tnfsf15 / Vegf axis, less blood vessels may sprout,
470 and tumor angiogenesis may be inhibited in tumor bearing mice treated with MaTAR20
471 ASOs. The proposed molecular mechanism agrees with the observed phenotype:
472  delayed tumor onset, smaller tumors and increased necrosis, combined with lower
473  metastatic burden in the lungs.

474

475 Discussion

476 Here, we investigated MaTARZ20, a IncRNA expressed at high levels in mammary
477  tumors. Loss of MaTARZ20 by either ASO-mediated knockdown or CRISPR/Cas9 genome
478 editing in mammary tumor cells leads to reduced proliferation, invasion and organoid
479  branching in vitro. In mouse models of BC, treatment with ASOs targeting MaTARZ20
480 causes delayed tumor onset, reduced tumor growth and overall reduced metastatic
481 burden to the lungs. We were able to confirm the observed phenotype using different
482  ASO sequences, different ASO chemistries (MOE and cET), and in different mouse
483  background strains (FVB and C57/BI6). Our results indicate that MaTARZ20 is a new driver
484  of tumor growth and metastasis and represents a promising new therapeutic target in BC.
485  We propose that ASOs targeting MaTARZ20 could be a viable new adjunct therapy, as we

486  obtained highly efficient IncRNA knockdown in tumors upon subcutaneous delivery. We
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487 did not observe any adverse reactions in other mouse tissues or the animal overall,
488 potentially because MaTARZ20 is expressed at highest levels in the tumor, restricting the
489 effect of MaTARZ20 KD mostly to tumor tissue. Detailed studies of the human orthologue
490 hMaTAR20 (7) will be essential to investigate the potential of the IncCRNA as new
491 therapeutic target in breast cancer.

492 Our data indicate that ASO-mediated reduction of MaTAR20 may also impact
493 already existing metastases in the lungs. While systemic delivery of a cancer drug is
494  essential for clinical use, it creates challenges in distinguishing if the observed phenotype
495 is due to MaTARZ20 reduction in cancer cells or in the surrounding stroma. MaTARZ20 is
496 absent or expressed at very low levels in most tissues, however, it is present at moderate
497 levels in the lungs. Thus, the observed phenotype of cystic, differentiated metastatic
498 nodules in the lungs may be due to MaTARZ20 reduction in the metastatic cancer cells,
499 thelung tissue, or both. Future investigation of the impact of MaTARZ20 on already existing
500 metastatic nodules may be of particular value, as patients with advanced disease would
501 benefit from a therapeutic approach that is able to attack and/or prevent the formation of
502 secondary tumors.

503 Our molecular data indicates that the nuclear-retained INcRNA MaTARZ20 drives
504 tumor growth and metastasis by impacting the expression of important cancer signaling
505 pathways and cell adhesion molecules. These findings are reflected in the observed
506 reduction of cell proliferation, invasive potential and formation of cell protrusions in 2D
507 and 3D cell culture systems. One particular pathway that stood out across all our analyses
508 is VEGF signaling and angiogenesis, seemingly centering on Vegf-B in our system.

509 VEGF-B produced by cancer cells has been described to lead to leaky vascular networks,
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510 which in turn enables the tumor to invade its surrounding tissue with high efficiency (43).
511 In addition, high VEGF-B levels were associated with poor prognosis (43). Inhibition of
512 tumor-specific VEGF-B has been suggested as an interesting approach to inhibit cancer
513 progression and metastasis, with VEGF-B knockdown leading to reduced pulmonary
514 metastasis in a mouse model of melanoma (43). As MaTARZ20 also leads to reduced lung
515 metastatic nodules, we hypothesize that it may do so by regulating Vegf-B expression. In
516 addition, non-angiogenic functions of VEGF-B have been described previously in the
517  context of invasive BC, which could also play a role here (44).

518 Our ChIRP assays indicate that MaTARZ20 does not directly bind to the Vegf-B
519 gene, butto a number of other angiogenesis-related genes such as angiopoietin 2, among
520 many others. Of the 182 genes identified by ChIRP-seq analysis, two also show altered
521 expression in MaTARZ20 KO cells: Tnfsf15 and Rab27b. Tnfsf15 is a cytokine usually
522 expressed in established vasculature but down-regulated in cancer lesions to allow for
523 neovascularization (42,45,46). Vegf and Tnfsf15 serve opposing functions, with carefully
524  balanced expression modulation of both factors playing key roles in vascular and immune
525 homeostasis. We suggest that MaTARZ20 regulates the balance of the Tnfsf15/Vegf axis
526 by directly binding to the Tnfsf15 locus and repressing the gene during tumor progression
527 (Figure 7). Reduced Tnfsf15 levels allow the tumor to recruit blood vessels, which is
528 essential for sustained tumor growth and enables intravasation of cancer cells into the
529 circulation, leading to metastasis (Figure 7A). In the absence of MaTARZ20, we
530 hypothesize that Tnfsf15 expression will be re-activated, Vegf-B levels decrease, and
531 neovascularization of the tumor is inhibited (Figure 7B). In BC, high levels of Tnfsf15 in

532 clinical samples were associated with disease-free survival and overall better prognosis
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533  (47). This further solidifies our hypothesis that tumor-specific down-regulation of Vegf-B
534 and up-regulation of Tnfsf15 via ASO-mediated MaTAR20 knockdown could be a
535 promising therapeutic approach. As the INcCRNA is expressed in high levels only in cancer
536 lesions, we suggest that consequences of MaTAR20 KD, including reduced
537 neovascularization, are restricted to tumor tissue as well, representing an attractive new
538 approach of tumor-specific targeting of Vegf.

539 In addition to regulating angiogenesis, Tnfsf15 has also been described to be
540 involved in dendritic cell maturation and T-cell co-activation (46). Future studies are
541 required to conclude if loss of MaTARZ20 also impacts immune cells in a cancer context,
542 or if the observed phenotype is in fact driven by reduced vascularization. Further
543 investigation is also required into the second identified MaTARZ20 target gene, Rab27b.
544 The small secretory GTPase has been described to control vesicle exocytosis and to
545 deliver pro-invasive growth regulators into the tumor microenvironment (48), and has
546 recently been associated with VEGF signaling in cancer as well (49). Rab27b has been
547 reported to promote proliferation and invasiveness of ER+ BC cells in vitro and in vivo,
548 and has been associated with lymph node metastasis and differentiation grade in ER+
549 human tumors (50). We observed that loss of MaTAR20 leads to reduced Rab27b
550 expression, which may further contribute to the decrease in proliferative and invasive
551 potential we observed here. Future studies will elucidate the detailed regulatory
552  mechanism of Rab27b by MaTARZ20.

553
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Figure 1: MaTAR20 is a tumor-specific, nuclear-retained IncRNA

A: Schematic overview of the MaTAR20/Gm13387 locus (UCSC Browser, mm10)
GENCODE vM18 annotation in green.

B: Abundance (FPKM) of MaTARZ20 in ENCODE mouse tissue and HER2+ mammary
tumors.

C: Single molecule RNA FISH of MaTAR20 in primary MMTV-PyMT cells. Top panel:
merge, middle panel: MaTAR20 (red), bottom panel: DAPI (blue).

D: Cellular fractionation assay followed by qRT-PCR.

E: ASO-mediated knockdown of MaTAR20 in primary MMTV-PyMT organoids. Two
specific ASOs were tested for MaTARZ20, and a scASO was used as negative control.
Bars denote the mean of at least two biological replicates +/- SD.

F: Quantification of organoid branching upon MaTAR20 knockdown. Bars denote the
mean of at least three biological replicates +/- SD.

G: Exemplarily images of organoids quantified in F.

H: Exemplarily SEM micrograph of organoids quantified in F.
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Figure 2

Figure 2: MaTAR20 KO cells show reduced proliferation and cell adhesion

A: Schematic overview of the knockout strategy. Guide RNAs (gRNAs) are indicated in red, +/-
indicate genomic position relative to the MaTARZ20 transcription start site.

B: gRT-PCR to determine relative MaTAR20 expression in MaTAR20 promoter deletion cell lines.
KO = promoter deletion of 748 bp (combination of gRNAs "+12" and "-736"), Ren = negative control,
integration of Cas9 and a gRNA targeting Renilla luciferase. Bars denote the mean of six biological
replicates +/- SD. Statistical significance was determined with a two-tailed Student's t-test; *** p <
0.001.

C: Cell proliferation assay. Number of cells determined after 48 h. Bars denote the mean of three
replicates +/- SD. Statistical significance was determined with a two-tailed Student's t-test; * p <
0.05, ** p <0.01.

D: Cell cycle profiles of NST-DAPI stained cells, comparing Ren control cells to KO1 and KO2.

E: Scanning electron micrograph of control (Ren) or CRISPR/Cas9-modified cells (KO). Scale as
indicated.
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Figure 3: cET ASO-mediated knockdown of MaTAR20 in 4T1 cells lead to reduced cell
proliferation and invasion

Bars denote the mean of three biological replicates +/- SD. Statistical significance was determined
with a two-tailed Student's t-test; * p < 0.05, ** p < 0.01, *** p < 0.001.

A: gRT-PCR to determine relative MaTAR20 expression. 24 h post treatments with cET ASOs
(concentrations as indicated).

B: gRT-PCR to determine relative MaTAR20 expression. 72 h post treatments with 0.5 uM cET
ASOs.

C: Proliferation assay. Cells were counted 24 h and 72 h post treatment with 0.5 yM cET ASOs.
D: Invasion assay. Fluorescence units 24 h post treatment with 0.5 yM cET ASOs.
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Figure 4: cET ASO-mediated knockdown of MaTAR20 in vivo lead to reduced
tumor growth and metastatic burden

A: MMTV-PyMT (C57/BI6) mice were treated for 8 weeks with cET ASOs (100
mg/kg/week), either scASO (cET) or MaTARZ20 cET1. Bars / lines denote the mean of
biological replicates +/- SEM. N= 33 tumors from 7 mice for scASO (cET); n = 26 tumors
from 8 mice for MaTAR20 cET1. Statistical significance was determined with a two-
tailed Student's t-test; * p < 0.05, ** p < 0.01, *** p < 0.001.

B: gRT-PCR to determine relative MaTARZ20 expression in tumors.

C: Average number of tumors per mouse in each treatment group.

D: Average tumor burden in mm? per week in each treatment group.

E: Hematoxylin and Eosin staining of tumor sections. Top left: ScCASO (cET) treated
tumor (whole tumor). Top right: scASO (cET) treated tumor, 10x. Bottom left: MaTAR20
cET1 treated tumor (whole tumor). Bottom right: MaTAR20 cET1 treated tumor, 10x.

F: Quantification of macro-metastatic nodules, displayed is the average number per
lung.

G: Hematoxylin and Eosin staining of fixed lung sections.
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Figure 5: MaTAR20 impacts VEGF expression

A: Co-expression analysis to identify MaTAR20 associated pathways. The 15 most significant
pathways are shown.

B: gRT-PCR to determine the relative Vegf-A and Vegf-B expression in tumors. MMTV-PyMT mice
were treated for 8 weeks with cET ASOs (100 mg/kg/week), either scASO (cET) or MaTAR20 cET1.
Bars denote the mean of biological replicates +/- SEM. N= 23 tumors from 7 mice for scASO (cET); n =
12 tumors from 5 mice for MaTAR20 cET1.

C: qRT-PCR to determine the relative Vegf-B expression in 4T1 cells. 72 h post treatments with 0.5 yM
cET ASOs. Bars denote the mean of three biological replicates +/- SD. Statistical significance was
determined with a two-tailed Student's t-test; * p < 0.05.

D: gRT-PCR to determine the relative Vegf-B expression in MaTAR20 KO cells. Bars denote the mean
of two biological replicates +/- SD. Statistical significance was determined with a two-tailed Student's t-
test; *p < 0.05, ** p <0.01, *** p < 0.001.
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Figure 6: RNA-seq and ChiIRP-seq identify Tnfsf15 as a direct MaTAR20 target
gene

A: RNA-seq. Heatmap of significantly differentially expressed genes comparing
MaTAR20 KO and Ren cells. N1-3 indicate three independent biological replicates.

B: ChIRP-seq. qRT-PCR to determine the efficiency of the ChIRP assay. Both
MaTARZ20 probe pools enrich MaTARZ20, with Pool 2 being more efficient. "Cyclo B"
indicates a separate pull-down experiment with oligonucleotides specific for the
cyclophilin B mRNA, which was used as a specificity control. Percentage of MaTAR20
or CycloB pull-down in relation to input is shown. Bars denote the average of at least 3
replicates +/- SD.

C: ChIRP-seq. Venn diagram illustrating the overlap of ChIRP-seq performed with
Pool1 vs Pool2 probes. Genes also identified in the negative control (Cyclo B) pull-down
were removed from the target lists. 183 genes overlap between both ChIRP probe
pools, with Pool1 enriching more genes than Pool 2 overall. All ChIRP experiments
were performed in three independent replicates.

D: Venn diagram illustrating the overlap of the 182 target genes identified by ChIRP-seq
and the 223 differentially expressed genes according to RNA-seq. 2 genes are both
direct genomic binding partners of MaTARZ20 and are differentially expressed upon
MaTARZ20 loss.

E: RNA-seq. Expression of Tnfsf15 and Rab27b, comparing the mean log2 fold-change
in the two MaTARZ20 KO cell lines ("MaTAR20 KQO") to the mean log2 fold-change of the
Ren negative control cell lines ("Control").

F: qRT-PCR to validate direct MaTARZ20 binding to the Tnfsf15 locus. Four tiling primer
pairs were designed to two putative MaTARZ20 binding regions in proximity to the
Tnfsf15 gene. A negative control region, located between p1/p2 and p3/p4, shows no
MaTARZ20 enrichment. CycloB probes control for unspecific binding at all tested sites.

Bars denote the mean of at least two biological replicates +/- SD.


https://doi.org/10.1101/2021.03.30.437774
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.30.437774; this version posted April 12, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 7

Figure 7: MaTAR20 knockdown leads to smaller, necrotic tumors and reduced metastasis
A: During cancer progression, tumors secret pro-angiogenic factors to recruit blood vessels.
Increased vasculature allows for steady tumor growth while also increasing the chances for
metastatic spread.

B: In the absence of MaTAR20, tumor growth is slowed down, tumor necrosis increases, and
metastasis is reduced. We hypothesize that this could be due to the observed down-regulation of
Vegf-B, which may in part be caused by direct binding of MaTAR20 to Tnfsf15. Additional players
such as protein binding partners may be of importance and will be elucidated further in future
studies.

Figure 7
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Figure S1:
A: gRT-PCR to determine relative MaTAR20 expression in MMTV-PyMT tumors of different size.
"Early" tumors: <200 mm3, n=7; "middle" tumors: 300 - 1000 mm3, n=4; "late" tumors: >1500 mm3,

n=3.

Figure S1
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Figure S2:

A: gRT-PCR to determine the relative MaTARZ20 expression in mouse mammary tumor
cell lines. Bars denote the mean of three biological replicates +/- SD.

B: gRT-PCR to determine the relative expression of individual MaTAR20 isoforms in
MaTARZ20 promoter deletion cell lines. KO = promoter deletion of 748 bp (combination
of gRNAs "+12" and "-736"), Ren = negative control, integration of Cas9 and a gRNA
targeting Renilla luciferase. Bars denote the mean of two biological replicates +/- SD.
C: Correlation of MaTARZ20 expression (all isoforms, based on six biological replicates,
Figure 2B) and Cas9 expression, as determined by qRT-PCR in three biological

replicates.
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Figure S3:

A: Cell proliferation assay. Number of cells determined after 48 h. Statistical significance was
determined comparing KO cells transfected with a MaTAR20 Tx1 (KO+MaTAR20) to KO cells
transfected with an empty backbone (KO+bb) and untransfected KO cells. Control Ren cells are shown
for reference. Error bars denote SD, and a two-tailed Student's t-test was performed comparing KO+bb
to KO+MaTAR20; * p < 0.05.

B: Cell proliferation assay comparing MaTAR20 isoform 1 and isoform 2 after 24 and 48 h. Cell counts
normalized to KO cells transfected with empty vector (bb). Bars denote the mean of at least two
biological replicates +/- SD. Statistical significance was determined with a two-tailed Student's t-test
comparing KO+bb to KO+MaTAR20; * p < 0.05, ** p < 0.01.
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Figure S4:

A: MMTV-PyMT (FVB) mice were treated for 6 weeks with MOE ASOs (150 mg/kg/week), either scASO or
MaTAR20 ASO1. Bars / lines denote the mean of biological replicates +/- SEM.

B: Average tumor burden in mm3 per week in each treatment group, tumor size 100-200 mm3, n=5.

C: Hematoxylin and Eosin staining of tumor sections. Top: scASO treated tumor. Bottom: MaTAR20 ASO1
treated tumor.

D: Quantification of macro-metastatic nodules, displayed is the average number per lung. Statistical
significance was determined with a two-tailed Student's t-test; * p < 0.05. Insets show exemplary images of
lungs from scASO and ASO1 treated animals.
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Figure S5:
A: gqRT-PCR to determine the relative Vegf-B expression in 4T1 MaTAR20 KO cells. Cells were

transfected either with MaTAR20 Tx1 (KO+MaTARZ20) or an empty backbone (KO+bb). Bars denote the
mean of at least three biological replicates +/- SD. Statistical significance was determined with a two-
tailed Student's t-test; * p < 0.05

Figure S5
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