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The development of triple-negative breast cancer (TNBC) is critically regulated by certain tumor-microenvironment-associated cells
called mesenchymal stem/stromal cells (MSCs), which we and others have shown promote TNBC progression by activating pro-
malignant signaling in neighboring cancer cells. Characterization of these cascades would better our understanding of TNBC
biology and bring about therapeutics that eliminate the morbidity and mortality associated with advanced disease. Here, we
focused on the emerging class of RNAs called long non-coding RNAs or IncRNAs and utilized a MSC-supported TNBC progression
model to identify specific family members of functional relevance to TNBC pathogenesis. Indeed, although some have been
described to play functional roles in TNBC, activities of IncRNAs as mediators of tumor-microenvironment-driven TNBC
development remain to be fully explored. We report that MSCs stimulate robust expression of LINCO1119 in TNBC cells, which in
turn induces suppressor of cytokine signaling 5 (SOCS5), leading to accelerated cancer cell growth and tumorigenesis. We show
that LINCO1119 and SOCS5 exhibit tight correlation across multiple breast cancer gene sets and that they are highly enriched in
TNBC patient cohorts. Importantly, we present evidence that the LINCO1119-SOCS5 axis represents a powerful prognostic indicator
of adverse outcomes in TNBC patients, and demonstrate that its repression severely impairs cancer cell growth. Altogether, our
findings identify LINCO1119 as a major driver of TNBC development and delineate critical non-coding RNA theranostics of potential
translational utility in the management of advanced TNBC, a class of tumors in most need of effective and targeted therapy.
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INTRODUCTION

Breast cancer is one of the world’s leading diagnosed cancers with
>2 million new cases identified across 20 geographical regions in
2018, including >300,000 in the US alone’. Although scientific and
technological advances have allowed for better clinical manage-
ment of the disease with increasingly ameliorated patient survival
odds, breast-cancer-related mortality rates remain the second-
highest of all cancers worldwide and are estimated at >40,000 US
deaths in 20192 These numbers highlight the pressing clinical
need for continued research into breast cancer etiology,
pathogenesis, and treatment.

Based on molecular and pathological determinations, breast
cancer is divided into three main subclasses with differing clinical
management and prognostic assessments: the estrogen receptor
(ER) and progesterone receptor (PR)-positive tumors (called
luminal subtypes), the human epidermal growth factor receptor
2 (HER2 or ERBB2) enriched tumors (called HER2), and the ER-
negative, PR-negative, and HER2-negative tumors, also called
triple-negative breast cancers (TNBCs)*®. Among these three
classes, patients identified with TNBC exhibit the worst overall
outcome’. This is due to several parameters that include early
onset of TNBC (which tends to occur in younger women), its
preponderance in underprivileged ethnic/racial groups with
limited access to healthcare, and an aggressive disease pathology
with a predisposition for early metastasis”®®. In addition, TNBCs
lack targeted therapies, and chemotherapeutic agents, such as
taxanes or anthracyclines, which form the backbone of their
clinical management? are insufficient in controlling the disease in
the majority of TNBC cases, especially when it spreads'®. Increased

molecular understanding of TNBC biology thus stands to provide
new avenues for more effective and less toxic medicaments that
can eliminate the morbidity and mortality associated with
advanced and refractory patients.

TNBC development is tightly regulated by certain tumor-
microenvironment-associated fibroblastoid cells called mesench-
ymal stem/stromal cells (MSCs) that others and we have shown
play determining roles in exacerbating tumor malignancy''™'3.
While the mechanistic details of such influences have not been
cataloged in their entirety, what is clear is that direct heterotypic
interactions between MSCs and cancer cells represent the major
driving force underlying MSC pro-malignant functions'”. In these
findings, physical MSC-cancer-cell contacts initiate complex net-
works of both coding and non-coding RNA mediators that work in
singular and/or in tandem to trigger critical programs within
cancer cells, such as epithelial-mesenchymal transition'” or cancer
stem cell-ness'®, leading to disease growth, spread, and therapy
resistance'’. These and many other similar findings'* emphasize
the critical roles MSCs play in breast cancer in general and in TNBC
in particular and highlight the utility of the MSC-supported tumor
progression model in equally delineating disease regulators and
vulnerabilities.

We most recently leveraged the MSC-TNBC-cell co-culture
model to gain further mechanistic insights into the molecular
mechanisms that promote TNBC development. Specifically, we
focused on investigating the involvement of a particular family of
regulatory non-coding RNAs—the long non-coding RNAs
(IncRNAs)—as drivers of TNBC pathology. Indeed, IncRNAs
represent a family of >200 nucleotide-long transcribed RNAs with
described roles in primarily regulating gene expression in normal
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physiology and in disease settings, including cancer'®'®. Whereas
activities of individual IncRNAs of relevance to TNBC biology are
being identified at a fast pace®, functions for the overwhelming
members of the family are still outstanding. We found that MSCs
induced robust LINCO1119 expression in neighboring TNBC cells,
which was sufficient, on its own, in promoting cancer cell growth
in multiple contexts in vitro, as well as tumorigenesis in immune-
compromised mice. At the molecular level, we demonstrated that
LINCO1119 was indeed a non-coding RNA and that it functioned
via upregulating pro-tumorigenic activities of SOCS5, a member of
the suppressor of cytokine signaling family of proteins. Impor-
tantly, LINCO1119 and SOCS5 were critical for cellular growth, and
we found that the LINCO1119-SOCS5 axis associated tightly with
clinical TNBC and that it served as a powerful prognosticator of
poor patient outcome.

RESULTS

LINCO1119 is induced in MSC-stimulated TNBC cells and is
tightly associated with clinical disease

To identify IncRNAs of potential relevance to TNBC pathogenesis,
we mined Affymetrix-based analyses in which we compared the
gene expression profiles of GFP-labeled MDA-MB-231 TNBC cells
recovered by FACS from 3-day co-cultures with human BM-MSCs
versus that of sorted naive GFP-BCC counterparts cultured alone
as controls'> (Supplementary Fig. 1a). These efforts led to the
identification of 7 IncRNAs that were upregulated >1.5 folds with a
g-value threshold (false-discovery rate) of ~10% and with >98%
probe specificity to the designated transcript (Supplementary Fig.
1b). qRTPCR-based validation of these candidates revealed mild
inductions of certain of these IncRNAs in the MSC-stimulated cells,
such as TCONS_00019082_1 or TCONS_00004205_1, and stronger
inductions in others, such as LINCO1133 (Fig. 1a), a IncRNA we
previously characterized?' (Fig. 1a). Interestingly, however, the
strongest induction was observed for LINC0O1119, which exhibited
>100-fold upregulation in MSC-stimulated cells (Fig. 1a). As a
novel IncRNA with previously undescribed functions in TNBC (or
cancer in general), LINCO1119 particularly attracted our attention.

LncRNAs show tissue and cell type-specific expression'®'?. To
explore if LINCO1119 associated preferentially with clinical TNBC,
we probed its expression levels in The Atlas of Non-Coding RNA In
Cancer (TANRIC), a large RNA-seq database largely based on The
Cancer Genome Atlas (TCGA) information. Here, we found that
LINCO1119 (as estimated by position chr 2: 47055003-47086145)
was indeed significantly elevated in Basal clinical subsets when
compared to luminal A/B or HER2 specimens (Fig. 1b). Similar
patterns were observed when we examined the GENT2 database,
which harbors >200 patient-derived specimens per breast cancer
subtype (Fig. 1c¢). As the aforementioned RNA material was
generated from specimens that undoubtedly contained not only
carcinoma cells, but their stromal components as well, we were
interested in determining if LINCO1119 was enriched in cancer
cells per se. For this purpose, we investigated LINCO1119
expression in breast cancer cells profiled in the Cancer Cell Line
Encyclopedia (CCLE, GSE36133; Supplementary Fig. 2a and Fig.
1d), and found it to be significantly associated with Basal A/B cells
as well (@ more definitive enrichment for LINCO1119 within
subsets of TNBC could not be demonstrated, although there was a
tendency for its enrichment in M/MSL cells (Supplementary Fig.
2b). These results indicated that LINCO1119 is enriched in TNBC
experimental models and in clinical tumor tissues.

LINCO1119 expression is considered to be of relatively low
abundance, with the highest levels recorded in tissues such as the
ovary or brain (Supplementary Fig. 3a-c). It emanates from
chromosome 2p21 and its locus codes for 4 isoforms:
TCONS_00003666 (isoform 1), TCONS_00003667 (isoform 2),
TCONS_00002647 (isoform 3; the one annotated in the Affymetrix

npj Breast Cancer (2021) 69

array) and TCONS_00002699 (isoform 4) (Fig. 2a). As IncRNA
primary sequence dictates secondary structure, which in turn
dictates function®??3, we sought to empirically identify the specific
LINCO1119 isoforms that were particularly induced in MSC-
stimulated cells. Here, isoform-specific qRTPCR analyses using
primers specific for isoform 1/2, isoform 3, and isoform 4
(Supplementary Fig. 4) revealed significant multifold induction
of isoform 3 when compared to isoforms 1, 2, and 4 (Fig. 2b),
which we determined was the most predominant endogenous
isoform of LINCO1119 across TNBC cells (Fig. 2c). Furthermore, BM-
MSC co-culture with established TNBC cells, such as the cell line
HCC1143, or with primary TNBC cells, such as DT22 cells**, equally
led to significant 2-fold and 15-fold inductions of LINCO1119
isoform 3 in the admixed cancer cells, respectively (Fig. 2d, e),
suggesting that LINCO1119 induction by BM-MSCs was not
particular to MDA-MB-231 cells. In addition, we found that cancer
cells recovered from human BM-MSC-containing Nude-mouse-
derived xenografts'® also exhibited 3-4-fold stimulation of
LINCO1119 isoform 3 expressions compared to controls (Fig. 2f),
indicating that this induction also occurred in vivo. Finally, since
the Affymetrix probe set used to identify LINCO1119 expression
(probe 230799_at) in clinical specimens cannot distinguish
between the different LINCO1119 isoforms, we conducted laser-
capture dissection of breast cancer cells from breast cancer
samples of basal-like breast cancers (BLBC), luminal A, luminal B,
and HER2 tumors and processed their RNA for qRTPCR using
primers specific for isoform 3. Here too, we found several-fold
enrichment of LINCO1119 in carcinoma cells derived from BLBCs
versus other types (Fig. 2g), consistent with our earlier observa-
tions using TANRIC (Fig. 1b) and with specific qRTPCR on a series
of TNBC and non-TNBC cell lines (Fig. 2h). Together, these results
prompted us to investigate the functional contributions of
LINCO1119 isoform 3 (heretofore LINCO1119) to TNBC
development.

LINCO1119 promotes pro-tumorigenic traits in TNBC cells

To probe the functions of LINCO1119 in TNBC biology, we cloned
LINCO1119 NR_024452 (which corresponds to isoform 3) and
tested the effects of its overexpression in multiple TNBC cell lines
(Supplementary Fig. 5a). While LINCO1119 did not enhance certain
malignant traits of human cancer cells, such as resistance to
suspension-induced cell death (anoikis; Supplementary Fig. 5b), it
did promote significant increases in cell proliferation (Fig. 3a) and
promoted cell cycle progression in SUM159 cells (Fig. 3b),
enhanced the clonogenic growth of both SUM159 and MDA-
MB-231 cells in 2D (Fig. 3c), as well as triggered 2-9-fold increase in
the anchorage-independent growth of these cells in soft-agar
assays (Fig. 3d). LINCO1119 promoted similar growth phenotypes
in mouse carcinoma cells too. Indeed, it caused a ~4-fold increase
in 4T1 clonogenic growth in vitro (Fig. 3e), and about doubled the
ability of 67NR and 4T07 murine mammary TNBC cells to grow in
anchorage-independence (Fig. 3f). Most importantly, LINCO1119-
overexpressing SUM159 cells formed larger orthotopic tumors in
immunocompromised NCG mice (Fig. 3g), which exhibited a ~2-
fold increase in their Ki67-positivity compared to control tumors
(Fig. 3h). Interestingly, antisense oligonucleotides (ASO)-mediated
inhibition of endogenous LINCO1119 (Supplementary Fig. 6a) led
to significant reductions in cellular growth in Hs578T, in MDA-MB-
468, and in CAL51 TNBC cells too (Fig. 3i-k), altogether
underscoring the critical pro-oncogenic abilities of LINCO1119
both in vitro and in vivo.

LINCO1119 is a non-coding RNA with predominant
cytoplasmic localization

We proceeded to identify how LINC0O1119 exerted its functional
activities in support of tumor cell growth, focusing first on
determining its protein-coding potential. Indeed, previous studies
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Fig. 1

MSCs upregulate LINCO1119 in admixed breast cancer cells. a qRTPCR measurements (meana€%o+a€%oSD of na€%o=a€%o3) of

indicated IncRNAs in sorted MDA-MB-231 cells recovered by FACS from 72-hr co-cultures with BM-MSCs (MDA-MB-231"°%). Sorted MDA-MB-
231 cells cultured alone served as controls. b—d LINCO1119 level (Log,) in TCGA data (from TANRIC database) analyzed by significance analysis
of microarrays (SAMs) (b), in clinical breast cancer subtypes from GENT2 database (c), and in cancer cell lines representing different breast
cancer subtypes in CCLE (d). Box-and-whisker plots represent the median (centerline) and inter-quartile range (IQR; box). The whiskers extend
up to 1.5 times the IQR from the box to the smallest and largest points.

indicated that certain IncRNAs, such as LINC00961%° or HOXB-
AS3%, in fact, coded for small peptides with proven functional
activities. We, therefore, set out to determine if LINCO1119 open
reading frame (ORF) in effect produced a protein product, and did
so using several approaches. First, we inserted a FLAG-tag at the 5-
prime end of the LINCO1119 sequence and expressed the
construct by transfection into HEK293T cells; however, immuno-
blotting of cell lysates with FLAG antibodies detected no product
for LINCO1119 in these cells, in contrast to FLAG-tagged EZH2,
which was used as a protein-coding positive control (Fig. 4a).
Second, we followed up on these in-cell results by conducting
further experiments assessing LINC01119 protein-coding potential
in stringently controlled experiments in vitro. Here, we inserted T7
promoter and Kozak sequences at the 5-prime end of LINCO1119
(Fig. 4b) and conducted in vitro transcription followed by in vitro
translation analyses with Biotin-labeled amino acids. While
LINCO1119 sequence was adequately transcribed, streptavidin-
based Western immunoblotting could not detect a protein
product for LINCO1119 when compared to translated Luciferase
or Xef1 proteins, detected at 61 and 50 kDa, respectively (Fig. 4b).

Published in partnership with the Breast Cancer Research Foundation

Third, having found LINC0O1119 to be amongst a large set of
identified ribosome-associated IncRNAs®’, and that it was
predicted, albeit with very low probability, to code for small
peptides derived from 4 putative coding segments (PCS; Fig. 4c),
we proceeded to test this notion further. Since PCS-1, PCS-2, and
PCS-3 share an identical 3-prime sequence, we cloned both PCS-1
and PCS-4 sequences in-frame into pFLAG-CMV-1 plasmid and
expressed them in HEK293T cells. Here, no FLAG-tagged protein
product was detected in the corresponding cell lysates (Fig. 4c). In
addition, we specifically cloned PCS-1 downstream of the T7
promoter and Kozak and checked its protein-coding potential
in vitro (Fig. 4d). However, no protein product was detected
subsequent to in vitro transcription and translation of PCS-1 (Fig.
4d), further confirming the non-coding nature of LINCO1119.
Finally, since IncRNA functions are linked to their cellular
localization®®?°, we determined LINC01119 cellular distribution
patterns via in situ hybridization with LINCO1119-specific probes
using RNAScope®®®'. These results showed a predominant
cytoplasmic localization for both endogenous (in SUM149 cells,
one of the most enriched for LINC01119 (Fig. 2h)), and exogenous
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Fig. 2 MSCs specifically upregulate LINCO1119 isoform-3 in TNBC cells. a Schematic of LINCO1119 isoforms derived from HUGO database.
b qRTPCR measurements (mean + SD of n = 3) of LINCO1119 isoforms in MDA-MB-231M5C versus controls. ¢ Representative (n > 3) agarose-gel
resolution of semi-quantitative PCR of LINCO1119 isoforms in SUM149, SUM159, HCC1937, MDA-MB-468, and Hs578T cells. (d-f) qRTPCR
measurements (mean + SD of n > 3) of LINCO1119 isoform-3 in HCC1143"° versus controls (d), in primary DT22"C versus controls (e), and in
MDA-MB-231 cells recovered from human-MSC-containing tumor xenografts (f). g LINCO1119 isoform-3 qRTPCR on dissected cancer cells
lifted off slides of the indicated tumor samples. Box-and-whisker plots represent the median (centerline) and inter-quartile range (IQR; box).
The whiskers extend up to 1.5 times the IQR from the box to the smallest and largest points. Normal breast tissue was used as a control.
h LINCO1119 expression (mean +SD of 2722<T; compared with MCF10A; n=3) in indicated breast cancer cells. LINCO1119 levels were
normalized to 18S.
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LINCO1119 expressed in HCC1937, SUM159, and MDA-MB-231
cells (Fig. 4e, f). Collectively, these results demonstrated empiri-
cally that LINCO1119 is a non-coding RNA that functions
predominantly from the cytoplasm.

LINCO01119 stimulates SOCS5 in TNBC cells

To determine more specifically how LINC0O1119 exerted its pro-
tumorigenic activities in TNBC, we conducted large-scale gene
expression analyses looking for genes whose expression most

Published in partnership with the Breast Cancer Research Foundation

closely correlated with that of LINCO1119 in the breast cancer
cohorts found in TANRIC (Supplementary Fig. 7a). When the top
5 genes from this list were cross-compared to LINCO1119 co-
correlated genes across 23 TNBC cell lines profiled in CCLE, only
one gene—suppressor of cytokine signaling 5 or SOCS5—
positively correlated with LINCO1119 at R>0.45 and p <0.05
across these 2 databases (Supplementary Fig. 7b). Indeed,
SOCS5 associated preferentially with Basal and TNBC clinical
specimens when compared to Luminal A, Luminal B, and
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Fig. 3 LINCO1119 promotes oncogenic functions. a, b Proliferation (a) and cell cycle (b) of LINCO1119-overexpressing SUM159 cells
compared to controls at the indicated days (mean = SD of n = 3). ¢ Left: representative images of colony-formation assays on the indicated
MDA-MB-231 and SUM159 groups. Right: Image) quantitation of colony numbers in Left displayed as mean+SD of n=3. d Left:
representative images of 3D anchorage-independent growth of the indicated MDA-MB-231 and SUM159 cell lines. Right: ImageJ quantitation
of colony numbers in Left displayed as mean £+ SD of n > 3. e Left: representative images of colony-formation assays on the indicated mouse
4T1 groups. Right: Image) quantitation of colony numbers in Left displayed as mean +SD of n=3. f Left: representative images of 3D
anchorage-independent growth of the indicated mouse 67NR and 4T07 cell lines. Right: ImageJ quantitation of colony numbers in Left
displayed as mean £ SD of n > 3. g Weight of the indicated SUM159 tumors grown orthotopically in NCG mice after 42 days (n > 5 per group). h
Left: representative images of immunohistochemistry of Ki67 in tumor tissues in g. Right: quantitation of Ki67 positive cells in Left displayed as
box-and-whisker plots representing the median (centerline) and inter-quartile range (IQR; box). The whiskers extend up to 1.5 times the IQR
from the box to the smallest and largest points. i, j Proliferation (mean + SD of n = 3) of Hs578T (i) and MDA-MB-468 (j) cells transfected with
controls (NC) or with LINCO1119 ASOs measured using WST-1 assay after 48 h. k Proliferation (mean + SD of n = 3) of CAL51 cells transfected
with control or with a combination of LINCO1119 ASOs measured using CellTiter after 48 h.

a

EcoRl

b

d

Random

BamHl s-cTGCAGAAT)

TAGCCACCACATAAGTGTGAGTGACTCCT-3

Kozak  LINCO1119 forward primer

TS

187
241

3
I

374
481

o
S
<

Random romote
5-CTGCAGAATAATACGACTCACTATAGCCACCATGAGGTGTTGGGCTGGAAGA-3

7 r Kozak LINCO1119(PCS#1) forward primer

A4 y
[ smencr i oo [ [ncorro gt
S

Poly A tail S
6T T T T T T T T T T TTTTTTTTT TAGATTTCACAARTCACATGG-3'

LINCO1119 reverse primer

e LINC01119 PCS#1 LINCO111

LINCO01119 PCS#2
= LINCO1119 PCS#3

w= LINCO1119 PCS#4
AG

S
&

nt
9

Poly A tail Stop LINCO1119(PCS#1) reverse primer

5 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT T TACTCATCCGAAAGGGAACACCT-3'

SUM149

5 & FLAG| *FL
o N N I
B < S8 2 . @ NS
c WA & & $ & &S LSS & B o & 0
S 15000 ey N ¥ & & F e & L 1900007 — S & &
8 ST 2000 b & =
o LT P @
£ —i LT p— 100kDgy = 100000 130 kDa
10000 130 kD I 130 kDa 70kDal 2 100 kDa
- a 1000 bp| s 100 kDa 55KDa| s 2 70 kDa —
g 70 kDa RE - o ia ‘ 1B: FLAG i ZokDa -
T 5000 . g, (50000 35kDa
2 35 kDa 25kDa 3 32KBa
© 25 kDa ’13 tga
g o N IB: FLAG a 0% s
» S
S &5
L — — —|iB: p-Actin - e O W & Aci 5
N &
é\y HEK293T 1B: Streptavidin HRP(1:5000) HEK293T & S
dapB Negative control ~Hs-PPIB Positive control LINCO1119 LINC01119(Zoom in) dapB Negative control Hs-PPIB Positive control LINCO1119 LINC01119(Zoom in)
o —~ £
Q el > ~ g
P 4 E
3 ’ 8
g g
s A / 8
x20 = x20®" x20 ! = X
| / 2 4
o 25 2 b ¥ 3 4
g PR & LA
< it Zre
8 v a
= s
8
=
2
g
8
z
3
2
s
3
3

o ¥ P o o sl

Fig.4 LINCO1119 is a bona fide non-coding RNA located in the cellular cytoplasm. a Upper: schema of LINC01119 plasmid template for in-
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cells stably over-expressing LINCO1119 (f) determined by RNAscope; dapB and Hs-PPIB served as negative and positive controls, respectively.
Images shown are representatives of n> 3.

HER2 subtypes from the GENT2 database (Fig. 5a), subsets in
which LINC0O1119 was also more preponderant (Fig. 1), and we

6a) caused >50% reduction in the endogenous basal SOCS5
levels (Fig. 5e). It is worthy to add that we probed whether

observed similar connections between LINC01119 and SOCS5
using our experimental systems. First, we found that MSCs,
which stimulated LINC01119 in admixed cancer cells (Figs. 1 and
2), also caused ~5 and ~2-fold enrichment of SOCS5 expression
in co-cultured MDA-MB-231 (Fig. 5b) and HCC1143 cells (Fig. 5¢),
respectively. In addition, LINCO1119 was sufficient, on its own, in
causing 2-3-fold induction of SOCS5 expression in HCC1937,
SUM159, BT549, and MDA-MB-231 TNBC cells (Figs. 5d and S8).
Conversely, 50% downregulation of LINCO1119 levels in the
LINCO1119-high SUM149 cells using ASOs (Supplementary Fig.
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LINCO1119 induction of SOCS5 involved transcriptional or
posttranscriptional mechanisms. Here, we found that the rates
of SOCS5 mRNA or protein decay in actinomycin D or
cycloheximide-treated cells were identical between control
and LINCO1119-overexpressing cells (Supplementary Fig. 7c,
d), indicating no discernable effect of LINCO1119 on either
mRNA or protein stability of SOCS5. These results collectively
suggested that LINCO1119 is both sufficient and necessary as an
upstream regulator of de novo SOCS5 transcription.
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Fig. 5 LINCO1119 regulates SOCS5. a SOCSS5 levels in clinical breast
cancer from GENT2 database analyzed by SAMs. Box-and-whisker
plots represent the median (centerline) and inter-quartile range
(IQR; box). The whiskers extend up to 1.5 times the IQR from the box
to the smallest and largest points. b, ¢ qRTPCR measurements of
SOCSS5 levels in the indicated MDA-MB-231"° (b) and HCC1143"C
(c) cells. d qRTPCR measurements of SOCS5 in the indicated
HCC1937, SUM159, and BT549 cells stably over-expressing
LINC01119. e gRTPCR measurements of LINCO1119 and SOCSS5 in
SUM149 cells 48 h after transfection with control or anti-LINC01119
ASOs. For analyses in b-e, mean £ SD of n =3 are shown.

SOCS5 belongs to the family of suppressors of cytokine
signaling proteins, which are broadly categorized as negative
regulators of the Janus Activated Kinase (JAK) and Signal
Transducer and Activator of Transcription (STAT) pathway and
are thought to exert major roles in attenuating receptor-initiated
signaling®?™3. In particular, SOCS5 has been shown to inhibit
JAK1/2 and STAT1/3 phosphorylation in different cellular con-
texts>> 38 so we probed the phosphorylation status of these
proteins in SUM159 and MDA-MB-231 cells stably expressing
LINCO1119 in order to determine if SOCS5 downstream activities
were also revved up in accompaniment to SOCS5 mRNA and
protein induction; however, we did not find any inhibition of
phospho-JAK1, phospho-JAK2, phospho-STAT1, or phospho-STAT3
by LINCO1119 (Supplementary Fig. 8a—d). We therefore expanded
our investigation to include all other members of the JAK and
STAT proteins. We observed unique and reproducible down-
regulation of phospho-STAT6 in both cell lines under serum-
starved and non-serum-starved conditions (Supplementary Fig.
8a-d). These results were confirmed in cancer (and non-cancer)
cells transiently overexpressing exogenous human SOCS5 (Sup-
plementary Fig. 8e), echoing prior reports in which SOCS5 was
described to inhibit STAT6 activation in dendritic cells®® or in T
helper (Th) subsets*°. Notably, and in genetic support of these
observations, we found that STAT6 was most depleted in TNBC
specimens in TCGA (Supplementary Fig. 8f), as well as in TNBC-rich
p53 mutant samples (Supplementary Fig. 8g) and that SOCS5 and
STAT6 exhibited negative correlation in BLBC and ER-negative
clinical specimens (Supplementary Fig. 8h, i). Together, these
observations indicated that LINCO1119-induced SOCS5 is active in
TNBC cells.
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SOCSS5 is a critical regulator of TNBC cell growth

We proceeded to determine the functional roles for SOCS5 in
TNBC cell growth. We found that overexpression of human SOCS5
in SUM159 (Supplementary Fig. 8 and Supplementary Fig. 9a)
induced a ~5-fold increase in anchorage-independent growth in
soft-agar (Fig. 6a), and generated tumors that grew significantly
faster and larger in Nude mice (Fig. 6b, c), and with ~2-fold as
many Ki67-positive carcinoma cells (Fig. 6d), indicating that
SOCS5, similar to LINCO1119, was sufficient, on its own, in
promoting malignant growth both in vitro and in vivo. To test
the essentiality of SOCS5, we screened shRNAs against SOCS5 and
selected two hairpins that resulted in ~70% inhibition of its mRNA
(Supplementary Fig. 9b). Expression of these two shRNAs in
Hs578T TNBC cells resulted in >50% inhibition of the cells ability to
grow in soft-agar conditions (Supplementary Figs. 9c and 6e),
suggesting that SOCS5 performed essential pro-tumorigenic
functions in these contexts. Identical results were obtained in
two additional TNBC models, SUM159 and CAL51, in which
shSOCS5#4 caused ~50% inhibition of growth in soft-agar
(Supplementary Figs. 9d, e, and Figs. 6f, g). Most importantly,
knockdown of SOCS5 by enhanced siRNA (esiRNA; Supplementary
Fig. 9f) abrogated LINCO1119-induced cell proliferation (Fig. 6h), in
support of the notion that SOCS5 is an essential partner of
LINCO1119 that performs critical functions in TNBC cell growth.

The LINCO1119-SOCS5 axis is prognostic of poor patient
outcome

We next probed the clinical relevance of our findings across
publicly accessible gene expression databases of breast cancer.
We found that SOCS5 positively correlated with LINCO1119 across
multiple different clinical breast cancer datasets, which included
GSE28844 (Fig. 7a), GSE16446 (Fig. 7b), GSE102484 (Fig. 7c), and
GSE12276 (Fig. 7d). Similar findings were observed using the large
TNBC cohort of Brown and colleagues (GSE76124)*'; Fig. 7e) and
in the BRCA1-mutant specimens of GSE27830 (Fig. 7f), tumors that
have a high propensity to classify with triple-negative BLBCs.
Furthermore, high expression levels of LINCO1119 and SOCS5
associated with shorter relapse-free survival (RFS) in breast cancer
patients in general (Fig. 7g) and poorer overall survival (OS) in
those diagnosed with BLBC in particular (Fig. 7h). Altogether, these
findings are consistent with a model in which the stroma-
regulated LINCO1119-SOCS5 axis assumes critical pro-malignant
functions in TNBC development, and that it represents both a
therapeutic target (Figs. 3 and 6) and a prognosticator of adverse
patient outcome in disease management.

DISCUSSION

In the present work, we utilized the MSC:BCC co-culture model to
reveal functions for IncRNAs in regulating TNBC development.
Thus, we found that MSC-derived triggers induced LINCO1119
expression in neighboring TNBC cells, which in turn stimulated
SOCSS5, leading to accelerated in vitro cancer cell growth, both in
adhesion and in suspension, as well as accentuated in vivo tumor
formation in xenografted mice. In addition, LINCO1119 and SOCS5
expression were significantly enriched in several TNBC patient
cohorts and exhibited substantial and tight correlation with one
another across multiple breast cancer gene sets. Importantly,
LINCO1119/SOCS5 repression severely impaired cancer cell
growth, and the pathway served as a powerful prognostic
indicator of adverse outcomes in TNBC patients. Collectively, our
findings have delineated previously undescribed non-coding
theranostic elements of potential translational utility in TNBC
management.

To our knowledge, this is the first report that describes cellular
activities of LINCO1119 and that begins to elucidate its functional
downstream effectors. Although there are no previous links that

npj Breast Cancer (2021) 69



npj

Z.Tu et al.
8
a b SUM159 C suwmise d K67 Nu/Nu mice
¢ it ®
120 ;,E‘soo- -~ CTRL(n=12) & 0.8 L4 & g o8 *
” £ - SOCS5 (n=9) = T Fiev v . = '
© 90 ~ 600+ * = 0.6 (3) ; 206
Q 0] < =
€ £ 2 ) "» @2
2 = * [ (T, @
€60 2 400+ z 04 AL v S04
g2 > * 5 - ~ 2
o o “odt v s 0
S 30 5 2004 § 02 at e 202
IS [ ;. 89 mnss “Ag, aQ
= TN e, = S
0 = 0.0 &s b < 0.0 -
8 .c"' ,\Q’y C)%
() 60
00
(Lo Lo X200
Hs578T SUM159
of
o [0} Q@
[SE el Kol
g 100 - E 40 g 257 Tdm  p—xxr
[72] B " L » Hkk S — 5 L
= g 80 dohk o &30 .._| % é 20 =12 i
T E 60 ’ E £ <
i =1 ole =1 = 15 [0]
gl B =20 g 2 1.0
X > [ ©
a % 40 ! . é . g 10 ks
I S 20 b4 8§10 3 8 s gos
i B B -
(R —— S 0 S 0 0.6
@ N ] @ O &H O &5
3 XX 2 S 2 & S Y F
@ @ PP @ @& P G @& P &L &P
9 O o) > L o L
S & & f & L & P W& g% &
8 PSS PN 2PN &Qy AR '\qx
| (€] N NN
7] €) %0 S
WY
MS

Fig. 6 Critical role for SOCS5 in TNBC cell growth. a Left: representative images of anchorage-independent growth patterns of controls
versus SUM159 cells stably expressing human SOCS5. Right: ImageJ quantitation of colony numbers in Left displayed as mean = SD of n = 5.
b Growth kinetics of indicated orthotopic tumors derived from SUM159 controls (n = 12) or SUM159 cells expressing pLVX-SOCS5 (n=9) in
Nu/Nu nude mice measured by digital calipers with mean + SD indicated per time point. ¢ Weight of the indicated SUM159 tumors in B with
the median shown. d Left: representative images of immunohistochemistry of Ki67 in tumor tissues in ¢; Right: quantitation of Ki67 positive
cells in Left displayed as box-and-whisker plots representing the median (centerline) and inter-quartile range (IQR; box). The whiskers extend
up to 1.5 times the IQR from the box to the smallest and largest points. e Left: representative images of anchorage-independent growth
patterns of Hs578T cells stably expressing sh scramble control, shSOCS5#1 and shSOCS5#4. Right: ImageJ quantitation of colony numbers in
Left displayed as mean + SD of n > 3. f Left: representative images of anchorage-independent growth patterns of controls versus SUM159 cells
stably expressing SOCS5 shRNA#4. Right: ImageJ quantitation of colony numbers in Left displayed as mean £ SD of n > 3. g Left: representative
images of anchorage-independent growth patterns of controls versus SOCS5 shRNA#4 in CAL51 cells. Right: ImageJ quantitation of colony
numbers in Left displayed as mean £ SD of n > 3. h Proliferation (mean £ SD of n = 3) of control or LINCO1119-over-expressing SUM159 cells

transfected with esiRLUC or esiSOCS5 measured using CellTiter after 72 h.

have tied LINCO1119 to malignancy, it is important to point out
that LINCO1119 is located on chromosome 2p, an arm noted by
several groups to undergo aberrations in breast cancer**** and to
exhibit elevated probability for harboring susceptibility loci for
breast** and other neoplasms, such as endometrial*®> or renal*®
carcinomas. In addition, several genes that map to the vicinity of
LINCO1119 on 2p21 have been implicated in advancing tumor-
igenesis and metastasis in multiple malignancies, such as PKCe*’
or SOS1*, These observations, together with reports that under-
score the ability of INcRNAs to regulate neighboring genes in cis*
suggest a potential role for LINCO1119 in the etiology and
development of cancers beyond TNBC. Notable amplifications of
LINCO1119 in a number of cancers across the TCGA, such as
pancreatic, uterine, and lung cancers (Supplementary Fig. 10)
would indeed be consistent with this hypothesis.

Prior work indicated that SOCSS5 falls under the tight regulatory
control of complex non-coding RNA networks that involve an
expanding list of both microRNAs and IncRNAs. Indeed, several
miRs have been described to directly suppress SOCS5 expression
in a variety of cancer cells, such as miR-9 in prostate cancer®®, miR-
885 in colorectal cancer®', miR-301a in pancreatic cancer cells>, or
miR-18, miR-25, and miR-589 in liver cancer’**3. In contrast, a
handful of IncRNAs have been shown to induce SOCS5 expression
in target cancer cells, and these include HAND2-AS1 in liver
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cancer*®, FER1L4 in osteosarcoma®®, TUSC7 in endometrial

carcinoma®’, MEG3 in oral squamous cell carcinoma®®, and
LINC00668 in glioma®®. Interestingly, a unifying mechanism-of-
action of such IncRNAs in SOCS5 regulation appears to involve
IncRNA sponging SOCS5-specific microRNAs, such as miR-18a,
miR-616, or miR-584d, thereby relieving otherwise suppressed
SOCSS5 levels. Similar high-stringency miRBase-based approaches
we conducted using our own analyses, however, only identified
miR-3689d as a potential SOCS5-miR that can be sponged by
LINCO1119, but our preliminary findings indicated that miR-3689d
was not induced in our MSC-stimulated cancer cells'® and that it
was not modulated in LINCO1119 overexpressing cells at all (data
not shown). These findings, in addition to observations that SOCS5
induction in LINCO1119-over-expressing cells was not due to
upregulations in its mRNA or protein stabilities (Fig. S7c-d),
suggested that LINCO1119-stimulated increases in SOCS5 likely
involve de novo transcriptional stimulation. Here, we posit that
cytoplasmic LINCO1119 (Fig. 4) sequesters a transcriptional
regulator that otherwise suppresses SOCS5 transcription. Verifica-
tion of this hypothesis awaits the detailed elucidation of the
molecular interactions of LINCO1119.

SOCSS5 functioned as a partner of LINCO1119, and we found that
it was both sufficient and necessary to promote TNBC cell growth
across several TNBC cells and that it promoted tumor growth in

Published in partnership with the Breast Cancer Research Foundation



npj

Z.Tu et al.
GSE28844 GSE16446 GSE102484 GSE12276 GSE76124
10 104 101 1014 104
—~~ —~~ —~ —~~ ° —~~
$9] oo S 9 2 39 Y g9 e 57
3 ¥ ° I © J s 3 ak: o 3 s
) 8 L ¢ '. 0 E; 81 Yo}
9] . 9] o %)) %)) %]
O O 71 O 71 QO O 71
o 3 o . Q . o -, o
D 71 o ’. » 6 P 6 : n 1° » 6
o 1r=0.489; p<0.001 . [=0.404; p<0.001 . |r=0.328; $<0.001 r=0.29%: p<0.001 5 |r=0.262; p<0.001
0246 810 0 2 4 6 8 0 2 4 6 8 0246 810 0O 3 6 9
LINC01119(Log,) LINC01119(Log,) LINC01119(Log,) LINC01119(Log,) LINC01119(Log,)
f g Breast cancer (Basal) h Breast cancer (Basal)
GSE27830 1.07 HR=1.89 (1.22-2.92) 1.07 HR=2.11 (1.11-4.02)
10+ . | logrank P=0.0038 ... logrank P=0.021
- . . 208 \ 208 el
=2 9] & e 2 | 3 | 1
3 . See 5 0.6 MM . § 0.6 . I
? ' 504 504
3 v e 0
n 7' 0] o | O
r=0.430: p<0.001 2 LII\|1C01119+SOCSS expression 0.2 Lll\llCO1119+SOC85 expression
gl PRO. o —low —low
4 5 6 7 07j—hdh ‘ ‘ ) o j=high ‘ ‘
L|NC01119(L092) 50 100 150 200 0 50 100 150

Time (months)

Time (months)

Fig. 7 LINCO1119-SOCS5 pathway is prognostic of poor patient survival. a-f Correlation of LINCO1119 and SOCS5 in GSE28844 (a),
GSE16446 (b), GSE102484 (c), GSE12276 (d), GSE76124 (e), and GSE27830 (f). g Kaplan-Meier analysis (kmplot.com) of relapse-free survival
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LINCO1119 and 209648 x_at for SOCS5. h Kaplan-Meier analysis of overall survival (OS) based on the mean value of LINCO1119 and SOCS5 in
basal breast cancer (n = 248), the cutoff value of 438, probe 230799_at for LINCO1119 and 209648_x_at for SOCS5.

nude mice. Although a role for SOCS5 as a promoter of TNBC
pathogenesis has not been previously described per se, our results
were surprising considering several reports describing SOCS5 as a
suppressor of cancer traits in the context of malignancies that
included T cell lineage acute lymphoblastic leukemia (T-ALL)>*,
pancreatic cancer®, hepatocellular carcinoma (HCC)>?, or prostate
cancer’®. How SOCS5 mechanistically exerted these suppressive
activities has largely been attributed to its ability to mediate
negative feedback loops that downregulated membrane tyrosine
kinases, especially EGFR®"2, In these models, SOCS5 is thought to
associate with autophosphorylated EGFR to then assemble a
complex containing elongin B/C and E3 ubiquitin ligase that then
targets EGFR for proteasomal degradation®*®4, Although SOCSS5 is
postulated to act on other targets, such as Shc-1 or YAP1, in similar
manners*®%>, there is no evidence that it acts on other growth
factor receptors, such as FGF or NGF. Whether SOCS5 engages in
similar interactions in our systems is presently unknown.

In spite of these reports, however, the pro-oncogenic roles we
describe for SOCS5 in TNBC cells are in agreement with prior
(albeit fewer) reports indicating tumor-promoting activities for
SOCS5. These include findings in which SOCS5 levels were shown
to be induced in cancerous versus normal breast cells (including
the TNBC cell line HCC1937 we used here)®®, and in which SOCS5
proved to be essential to the viability of other breast cancer cells,
such as the HER2 cell line SKBR3%’. Pro-malignant roles for SOCS5
were also observed in hepatocellular carcinoma as well, where
SOCS5 inhibition induced autophagy and compromised lung
metastasis of HCC cells, and where high SOCS5 levels were
prognostic of poor patient outcome®®. Why SOCS5 seemingly
performs diametrically opposing functions in tumor pathogenesis
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across different cancer types, however, remains an outstanding
question. Here, and in keeping with reported functions for SOCS
proteins as suppressors of JAK/STAT pathways, we did find that
SOCSS5 (and LINCO1119) inhibited the phosphoactivation of STAT6,
but not the traditional targets STAT1 or STAT3. Of pertinence,
STAT6 has been described to act as a tumor suppressor in breast
cancer®®’®, providing a possible mechanism-of-action of
LINCO1119/SOCS5 in driving TNBC cell growth by curtailing STAT6
activation. In support of this notion are genetic data demonstrat-
ing STAT6 negative correlation with both LINCO1119 and SOCS5 in
patient cohorts, and the fact that STAT6 downregulation was itself
associated with TNBC and forecasted poor TNBC patient prognosis
(Supplementary Fig. 8f-g, j). Hence, we posit that LINCO1119
induces SOCS5 expression, which then inhibits STAT6, relieving its
tumor-suppressive functions in TNBC cells. The extent to which
this pathway operates identically in additional breast cancer
subtypes (or other cancers altogether) will necessitate the detailed
determination of cellular SOCS5 targets, partners, and mechanism-
of-action in a context-dependent fashion.

A final note is that the nomenclature of IncRNAs has followed
the norm of naming IncRNAs according to the closest gene in their
locus, and it is for this reason that LINCO1119 is also known as
IncSOCS5. For LINC01119, the nomenclature also carries functional
connotation since we have shown that LINCO1119 regulated
SOCS5 expression and that SOCS5 served critical roles in
LINCO1119-regulated activities. The fact that SOCS5 and
LINCO1119 are also syntenic in humans suggests that they may
have genetic interactions beyond the functional ones we describe
here and that LINCO1119 and SOCS5 act as an axis (or a duo of
sorts) in regulating downstream functions.
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METHODS
Cell cultures

Breast cancer cell lines MDA-MB-231, MDA-MB-468, HCC1937, BT20,
HCC1143, BT549, and Hs578T cells were procured from American Type
Culture Collection (ATCC). HCC70, T47D, ZR75, SUM149, CAL51, and
SUM159 were obtained from A. Toker (Beth Israel Deaconess Medical
Center, Boston, MA), 4T1, 67NR, 4T07, MCF7, and HEK293T cells from R.
Weinberg (Whitehead Institute, Cambridge, MA), and MCF-10A from J.
Brugge (Harvard Medical School, Boston, MA). Human primary breast
cancer cells DT22 were a gift from D. El-Ashry (Sylvester Comprehensive
Cancer Center, University of Miami Miller School of Medicine, Miami, FL)?4,
Bone marrow-derived human mesenchymal stem cells (BM-MSCs) were
purchased from the Institute for Regenerative Medicine at Scott and White,
Texas A&M Health Science Center (Temple, TX). Established cancer cell
lines were cultured according to ATCC recommendations. DT22 cells and
BM-MSCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10%fetal bovine serum (FBS). MCF10A cells were cultured in DMEM/
Ham’s F12 medium supplemented with 5% horse serum (Gibco BRL,
Waltham, MA), insulin (10 pg/ml; Wisent Bioproducts, Saint-Jean Baptiste,
QQ), hydrocortisone (500 ng/ml; Sigma-Aldrich, St. Louis, MO), epidermal
growth factor (EGF) (20 ng/ml; R&D, Minneapolis, MN), and cholera toxin
(100 ng/ml; List Biological Laboratories, Campbell, CA).

Gene expression analyses

Comparative gene expression profiling of MSC-stimulated cancer cells
versus controls was performed as previously described 2'. Briefly, BM-MSCs
were mixed with GFP-labeled BCCs (at 3:1 ratio of MSC:cancer cell) and
cultured in DMEM-10% FBS for 72 h with GFP-BCCs cultured alone serving as
controls, as we previously described'®. Cultures were subsequently washed
with PBS, trypsinized, centrifuged for 3 min at 1200 rpm, and resuspended in
ice-cold PBS. Suspensions were then passed through 70 um filters and
sorted for GFP-positivity using FACS Aria Il (BD) with similarly processed
control GFP-BCCs cultured alone used to determine sorting gates based on
cell size and GFP fluorescence intensity. Gates were set to exclude cell
debris, potential aggregates, and to collect cancer cells with the strongest
GFP expression to ensure avoidance of GFP-negative MSC contamination.
For Affymetrix analyses, 1 ug total RNA was recovered from FACS-isolated
MDA-MB-231 cells, processed through library preparation using GeneChip
HT One-Cycle cDNA synthesis kit and Genechip HT IVT Labeling kit (900687
and 900688; Affymetrix, Santa Clara, CA), and hybridized to HT-HG U133 2.0
Plus chip (900751; Affymetrix, Santa Clara, CA).

Gene-specific expression analysis was determined by gRTPCR on total
NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE) -quantified cellular
RNA extracted using RNEasy (Qiagen, Germantown, MD). Qiagen RT kit and
SYBR Green PCR Master Mix were used for first-strand synthesis and cDNA
amplification, respectively, using a CFX384 cycler (BioRad, Hercules, CA).
The primers we used were as follows:

18S forward, 5 GTAACCCGTTGAACCCCATT-3;

18S reverse, 5-CCATCCAATCGGTAGTAGCG-3/;

TCONS_00005559 forward, 5'-AAGGAGAAGAAGGGGAGGAAT-3’;

TCONS_00005559 reverse, 5-TGCAAATGTTTGGAGAAGACC-3/;

TCONS_00004205 forward, 5-ACGGGAGAGAGTGACTGGAA-3/;

TCONS_00004205 reverse, 5'-CACCACTTTTGTCCGTGAACT-3/;

LINC01119 forward, 5-TGGCAAGCTACACTCTGTCA-3/;

LINCO1119 reverse, 5'-AGAAGCTGTCCAATGCAACG-3/;

TCONS_00013598 forward, 5’-CATATCACCCAACCTCGCTAA-3/;

TCONS_00013598 reverse, 5-TGCCATTCAGAGCAGAGAAA-3/;

TCONS_00017736 forward, 5'-TGAGATCATGGAGGAAGTGAA-3/;

TCONS_00017736 reverse, 5'-TTTCGAGGGCTACTGAAGAA-3/;

LINCO1133 forward, 5'-GGCAAGGTGAACCTCAAAAA-3/;

LINCO1133 reverse, 5'-TTCCTGCAAGAGGAGAAAGC-3/;

TCONS_00019082 forward, 5'-TGTGGAAATGCAGAGAGCAC-3’;

TCONS_00019082 reverse, 5'-GGCACCTGGTGTTTTGTCTT-3/;

LINCO1119 iso 1+ 2 forward, 5-GATGGACCCAGGATGTGAG-3’;

LINCO1119 iso 1+ 2 reverse, 5-GAAAGGGAACACCTCATGGA-3;

LINC01119 iso 3 forward, 5'-ATGAGATCAGCCACCCTGTC-3/;

LINCO1119 iso 3 reverse, 5'-GAAAGGGAACACCTCATGGA-3;

LINCO1119 iso 4 forward, 5-TCTGCTACTCCCGTGCTTG-3/;

LINCO1119 iso 4 reverse, 5-GAAAGGGAACACCTCATGGA-3/;

GAPDH forward, 5'-ACAACTTTGGTATCGTGGAAGG-3/;

GAPDH reverse, 5'-GCCATCACGCCACAGTTTC-3/;

U1 forward, 5-CAGGGCGAGGCTTATCCA-3/;

U1 reverse, 5'-GCAGGGGTCAGCACATCC-3;

SOCS5 forward, 5-GTGCCACAGAAATCCCTCAAA-3';
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SOCSS5 reverse, 5'-TCTCTTCGTGCAAGTCTTGTTC-3'. Target RNA sequence
abundance was determined using the 272" method with 185 employed
as a normalization control.

For clinical specimens, gRTPCR measurements were performed on total
RNeasy (Qiagen, Hilden, Germany) -purified RNA derived from laser-
captured cancer cells macrodissected from specimen slides corresponding
to different breast cancer subtypes.

Constructs

Human  LINCO1119 sequence  (NR_024452; corresponding to
ENST00000490950.5) was synthesized by Genscript (Piscataway, NJ) and
sub-cloned into pLVX plasmid (provided by P. Pandolfi, Beth Israel
Deaconess Medical Center, Boston, MA) using EcoRl and BamHI restriction
sites (Forward primer: 5-TGATTGGAATTCACATAAGTGTGAGTGACTCCT-3";
Reverse primer: 5-CGCGGA TCCGATTTCACAAATCACATGG-3'). Human
SOCS5 CDS sequence (NM_014011) was amplified from MDA-MB-231
cDNA and cloned into pLVX plasmid using EcoRl and BamHI restriction
sites using Gibson assembly (NEB, Ipswich, MA) (Forward primer: 5'-
gatctcgagctcaagcttcgATGGATAAAGTGGGAAAAATG-3'; Reverse primer: 5'-
agaattatctagagtcgcggTTACTTTGCCTTGACTGG-3'). pFLAG-CMV-1, pFLAG-
CMV-1-EZH2, and pFLAG-CMV-1-Vimentin plasmids were provided by W.
Wei (Beth Israel Deaconess Medical Center, Boston, MA). Human SOCS5
mission shRNA plasmids TRCNO000001895 (#1), TRCNO0O00001898 (#2),
TRCN0000218055 (#3), TRCN0000218597 (#4), and TRCN0000226420 (#5)
were obtained from Millipore Sigma (St. Louis, MO).

Transfections and virus production

For viral particle preparation, HEK293T cells were co-transfected with
lentiviral plasmids (e.g., pLVX-LINCO1119, pLKO-shSOCSS5, or their controls)
along with VSVG and psPAX2 using Fugene (Promega, Madison, WI). After
48 h, culture supernatants were collected, passed through 0.45 um filters,
and then added onto target cells in the presence of polybrene (Santa Cruz
Biotechnology, Dallas, TX) for 12 h. Stable cell lines were then selected in
Puromycin (2 ug/ml; Wisent Bioproducts, Saint-Jean-Baptiste, QC) for
~5 days. For GFP-labeling of MDA-MB-231 cells, pRRL3-GFP lentiviral
particles were transduced into recipient cells at two 48-hr intervals,
resulting in cells stably expressing GFP at >98% positivity under
fluorescence microscopy. For LNC01119 antagonism, LINCO1119 ASOs
were synthesized by Integrated DNA Technologies (IDT, Coralwille, IA) with
the following sequences:

DNA 193T*G*T*C*T*C*T*T*C*C*A*G*C*C*C*A*A*C*A*C;

DNA 791T*A*G*C*T*T*G*C*C*A*C*A*G*C*C*C*A*A*G*C;

DNA 415A*A*G*A*C*C*T*T*G*G*A*G* C* T*C*A*T*C*C*G;

DNA 260A*T*G*G*C*C*C*C* A*G*T*C*C*C*T*T*C*A*G*C;

DNA 893T*G*G*T*C*C*C*T*C*A*A*G*G*C*T*A*G*A*G*G. For control, we
used the following sequence: NC5 PS G*C*G*A*C*T*A*T*A*C*G*C*G*-
C*A*A*T*A*T*G. The esiRNAs targeting RLUC (EHURLUC) or human SOCS5
(EHU109441) were purchased from Millipore Sigma (St. Louis, MO). These
ASOs and esiRNA were transfected into target cells using Lipofectamine
RNAIMAX Transfection Reagent or Lipofectamine 2000 (Thermo Scientific,
Rockford, IL) according to the manufacturer’s protocol.

Transcription and translation assays

DNA templates for in vitro transcription were generated by PCR of either
full-length LINCO1119 or of the potential coding sequence #1 of LINCO1119
(232 bp) from the pLVX-LINCO1119 plasmid template amplified using T7-
promoter-inserting and Kozak-inserting primer sequences and reverse
primers annealing to the poly-A tail. In vitro translation was conducted
with Transcend non-radioactive translation detection system (L1170,
Promega, Madison, WI). For in-cell translation of full-length or potential
LINCO1119 ORFs, sequences were expressed from pFLAG-CMV-1 plasmid
transfected into HEK293T cells. gRTPCR was used to ensure expression
efficiency after 48 h, followed by Western blots at 72 h to detect protein
products. For in-cell translation analyses of LINCO1119 potential coding
sequence (PCS), FLAG sequence was inserted 3’ of LINCO1119 PCSs using
QuikChange kit (200555) according to manufacturer’s instruction (Agilent,
Santa Clara, CA) using the following primers:

LINCO1119-PCS#1 Forward: 5'-CCATGAGGTGTTCCCTTTCGGAGACTACAA
AGACGATGACGACAAGTGAGCTCCAAGG-3'.

LINCO1119-PCS#1 Reverse: 5'-CCTTGGAGCTCACTTGTCGTCATCGTCTTTGT
AGTCTCCGAAAGGGAACACCTCATGG-3;

LINCO1119-PCS#4 Forward: 5'-GTCTGAACGACGGTCCGACTACAAAGACG
ATGACGACAAGTGAGCAAGAACCACCT-3,
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LINCO1119-PCS#4 Reverse: 5-AGGTGGTTCTTGCTCACTTGTCGTCATCGTCT
TTGTAGTCGGACCGTCGTTCAGAC-3'. Constructs were then transfected into
HEK293T cells. Lysates were recovered after 72h and FLAG-tagged
products detected by Western blotting using FLAG (#14793, Cell Signaling
Technology, Danvers, MA) and (-actin (#4970, CST) antibodies.

RNAscope

RNAscope-based in situ hybridization for LINCO1119 was performed using
ACD HybEZ™ Il Oven with RNAscope 2.5 HD detection reagent-Brown
according to manufacturer's protocols (Advanced Cell Diagnostics,
Hayward, CA) with 18 ZZ probe pairs synthesized against sequence 29-
957 of NCBI accession number NR_024452.1 for human-LINCO1119
(#537331, ACD). Probes for human peptidylprolyl isomerase B (PPIB) and
for bacterial dapB were used as positive and negative controls,
respectively.

Proliferation, cell cycle, anchorage-independent growth,
suspension, and colony-formation assays

For cell proliferation assays, cancer cells were seeded in quadruplicates in
12-well plates (25.0x 10° per well) and counted using the Trypan blue
exclusion assay every day for 4 days. Alternatively, cell growth was
monitored in cancer cells seeded into 96-well plates (5.0 X 10° per well),
and growth was estimated using WST-1 (Millipore Sigma, St. Louis, MO) or
CellTiter 96 (G3580, Promega, Madison, WI) at the indicated days. For cell
cycle analyses, 1 x 10° cold-PBS-washed cells were suspended in 500 l PI/
Triton X-100 staining solution. Data acquisition was performed using flow
cytometry and analyzed by ModFit LT (Macintosh). For anchorage-
independent growth, cancer cells were mixed with equal volumes of
0.35% agar and seeded into pre-coated (0.625% agar) in 6-well dishes at a
density of 5.0x10° cells per well. Colonies were stained with 0.002%
Crystal Violet after 3 weeks and colony counts estimated using Image)
software (NIH Image). For suspension assays, a total of 5.0 x 10% cancer
cells were suspended in 1.7 ml Eppendorf tubes containing 1.5 ml DMEM
medium with 0.1% FBS under constant tumbling rotation. Live cells were
counted using the Trypan blue exclusion assay every 24 h for the duration
of the experiment. For low-density adherent colony-formation cultures,
cancer cells (500 cells) were plated in 6 cm dishes, fed and maintained for
2 weeks, then growths fixed with 100% methanol for 20 mins. Colonies
were stained with Crystal Violet and counted using ImageJ software (NIH
Image).

Western blotting

Western blots were performed using standard techniques with 1:1000
dilutions of antibodies from Cell Signaling Technology (CST; Danvers, MA):
FLAG (#14793), B-actin (#4970), GAPDH (#2118), JAK1 (#3344), p-JAK1
(Y1034/1035) (#74129), JAK2 (#3230), p-JAK2 (Y1008) (#8082), JAK3 (#8827),
p-JAK3 (Y980/981) (#5031), TYK2 (#14193), p-TYK2 (Y1054/1055) (#68790),
STAT1 (#14994), p-STAT1 (Tyr 701) (#7649), STAT2 (#72604), p-STAT2
(Tyr690) (#4441), STAT3 (#30835), p-STAT3 (Tyr705) (#9145), STAT4 (#2653),
p-STAT4 (Tyr693) (#4134), STATS (#94205), p-STATS5 (Tyr694) (#4322), STAT6
(#5397), and p-STAT6 (Tyr641) (#9361). Antibodies from Sigma (St. Louis,
MO) included SOCS5 (WHO0009655M1) (Dilution 1:1000), and Vinculin
(#vV9131) (Dilution 1:1000). Blots were developed using chemiluminescence
(BioRad, Hercules, CA). All blots derive from the same experiment and were
processed in parallel.

Immunohistochemistry (IHC)

IHC was performed using standard techniques. Nuclei with any detectable
Ki67 antibody (EPR3610; ab92742; Abcam; 1:200 dilution) staining above
background levels (negative control without primary antibody) were
scored as positive cells. Positive staining was scored blindly in at least five
random fields per slide at x200 magnification.

Tumorigenesis assay

Animal experiments were performed according to approved procedures of
the BIDMC's Institutional Animal Care and Use Committee. For LINC0O1119,
female NCG mice (NOD-Prkdc®™26¢952| 2rgem26¢422)NjyCrl  Coisogenic
Immunodeficient) (6 weeks old; Charles River, MA) were injected
orthotopically with 2.5x10° cells (SUM159-pLVX or SUM159-pLVX-
LINCO1119) in 1:1 DMEM: Matrigel suspension into mammary fat pads.
For hSOCS5, female Nu/Nu mice (5 weeks old; Charles River, MA) were
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injected orthotopically with 2.5x 10> cells (SUM159-pLVX or SUM159-
pLVX-SOCS5) in 1:1 DMEM: Matrigel suspension into mammary fat pads.
NCG and Nu/Nu mice were sacrificed 42 and 46 days post-injection,
respectively, and tumors were surgically excised and weighed.

Clinical analyses

Association of LINCO1119 with clinical breast cancer subtypes was derived
from TANRIC database (ibl.mdanderson.org) on TCGA data (LINCO1119 was
queried by position chr2:47055003-47086145). LINCO1119 expression
levels in laser-captured tissues were estimated using gRTPCR on Qiagen-
purified RNA extracted from cancer cells lifted off BLBC, HER2, luminal A,
and luminal B tissue slides prepared at the Curie Institute and derived from
human specimens collected in compliance with ethical regulations,
informed patient consent, and approval of the Curie IRB. LINCO1119 and
SOCSS5 expression levels in clinical breast cancer specimens were obtained
from GENT2 database’’. STAT6 expression levels in clinical breast cancer
specimens were obtained from UALCAN (http://ualcan.path.uab.edu) that
included subclass and TP53 mutation status. For data display, we chose the
box-and-whisker plots, in which the median is represented by the
centerline. The whiskers extend up to 1.5 times the Inter Quartile Range
from the box to the smallest and largest points. Correlation analyses
between LINCO1119 (probe: 230799_at) and SOCS5 (probe: 209648_x_at)
were performed using breast cancer data sets in CCLE (GSE36133),
GSE28844, GSE16446, GSE102484, GSE12276, GSE76124, and GSE27830 all
derived from the GEO database. Correlation analyses between SOCS5
(probe: 209648_x_at) and STAT6 (probe: 201331_s_at) were performed
using R2 data (https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). For patient
survival curves, median-centered log ratios of both LINCO1119 and SOCS5
(or STAT6) were partitioned into high-expression and low-expression
specimen groups, and analyses were conducted using the log-rank test
and the proportional hazard model to compare KM survival curves.

Statistical analyses

A two-sided unpaired Student’s t-test was used to analyze the significance
between means +SD of at least three independent biological replicates.
One-way ANOVA followed by Tukey posthoc test was performed when
appropriate to analyze the differences between individual experiments in
multiple comparisons. Bivariate Pearson correlation (SPSS: version 23) was
used to test LINCO1119 and SOCS5 associations. For all analyses, *, **, and
*** indicated p < 0.05, p <0.01, and p <0.001, respectively.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

The data generated and analyzed during this study are described in the following
data record: https://doi.org/10.6084/m9figshare.1437713072 The RNA sequencing
data are openly available in the Gene Expression Omnibus via the following
accession: GSE17112173. The data underlying the figures and supplementary figures
of the related article are openly available via the figshare repository at https://doi.org/
10.6084/m9.figshare.14327099.v1”. Requests for plasmids and other reagents should
be addressed to the corresponding author.
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