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tailed paired t test, Fig. 3c). A significant decrease in proliferation
(siRNA1 p= 0.0002, siRNA2 p= 0.001, two-tailed paired t test,
Fig. 3b) and S phase of cell cycle (siRNA1 p= 0.007, siRNA2 p=
0.03, two-tailed paired t test, Fig. 3c) was similarly seen in the
second breast cancer cell line CAMA-1.
Due to the importance of the cyclin-dependent kinase inhibitor

p27Kip as one of the key regulators of progression from G1 to S
phase in cell cycle and its frequent decreased concentration in
human malignancies48, we confirmed protein expression of p27Kip

in T47D and CAMA-1 cell lines. Silencing LINC00355 increased
protein levels of p27Kip in both cell lines (T47D, siRNA1 fold = 1.45,
siRNA2 fold 1.79; CAMA-1 siRNA1 fold = 1.97, siRNA2 fold = 2.49,
Fig. 3d). There was also more than 1.5-fold increase of CDKN1B
mRNA, which encodes transcription for p27Kip in LINC00355
silenced cell lines (Fig. 3e).
Next, we evaluated whether LINC00355 promotes cellular

invasion by seeding Matrigel-coated transwells in a modified
Boyden chamber assay. We found decreased cellular invasion
when LINC00355 is silenced in T47D cells (siRNA1 p= 2.98e-06,
siRNA2 p= 4.56e-05, two-tailed paired t test, Fig. 3f and g) and
CAMA-1 cells (siRNA1 p= 0.01, siRNA2 p= 0.006, two-tailed paired
t test, Fig. 3f, h) compared to negative controls.
Further, we developed a MCF10A stable cell line with more than

11,500-fold LINC00355 overexpression compared to empty vector
cells that had negligible LINC00355 expression (Fig. 3i). We
similarly detect an increase in proliferation in overexpression cells
compared to empty vector by EdU assay (p= 0.002, two-tailed
paired t-test, Fig. 3j), Alamar Blue assay (Day 5, p= 0.0006; Day 6,
p= 0.00007, two-tailed paired t test; Supp. Fig. 5b), and S phase in
cell cycle by assessing DNA content (p= 2.33 e-05, two-tailed
paired t test, Fig. 3k). There was also more than 1.5-fold decrease
of p27Kip protein levels (Fig. 3l) and CDKN1B mRNA (p= 0.0019,
two-tailed paired t test, Fig. 3m) in LINC00355 overexpressed cell
lines. Finally, we found increased cellular invasion when LINC00355
is overexpressed when compared to empty vector (p= 0.003, two-
tailed paired t test, Fig. 3n and o) by modified Boyden chamber
assay. These data indicate that LINC00355 induces proliferation
and invasion in cell lines possibly through the regulation of p27Kip.

LINC00355 expression promotes proliferation and invasion in
long-term estrogen deprived cell lines
To further assess the metastatic behavior associated LSR breast
cancer, we determined if LINC00355 also induces aggressive
phenotypes in a late-stage relapse setting by using two ERα+ cell
lines T47D and MCF7 that were deprived of estrogen for longer
than 3 years, termed long-term estrogen deprived (LTED) cells49.
The LTED model has been developed to recapitulate the acquired
resistance to aromatase inhibitors. However, the two LTED models
have independent mechanisms of resistance. The T47D LTED
model lacks ESR1 locus amplification whereas the MCF7 LTED
model has ESR1 amplification leading to increased ERα protein
expression49–51. Wild type T47D cell lines when deprived of
estrogen, termed T47D LTED, show a loss of ERα protein (Fold =
0.21) compared to its wild type counterpart (Fig. 4a). In contrast,
MCF7 cell lines when deprived of estrogen, termed MCF7 LTED,
show an amplified ERα protein level (Fold = 1.88) compared to its
wild-type counterpart (Fig. 4a). LINC00355 expression was
decreased by 65-fold in T47D LTED when compared to wild type
T47D cells as measured by qPCR, and conversely there was a 60-
fold increase of LINC00355 expression in and MCF7 LTED cell lines
compared to wild type MCF7 (Fig. 4b). These results demonstrate
an association of LINC00355 with ERα.
Due to the increased levels of LINC00355 expression in MCF7

LTED cells, we assessed whether LINC00355 promoted aggressive-
ness of MCF7 LTED cells. Greater than 70% silencing of LINC00355
in MCF7 LTED cell lines (Fig. 4c) resulted in a significant decrease
of cellular proliferation (siRNA1 p= 0.0003, siRNA2 p= 0.02, two-

tailed paired t test, Fig. 4d), Alamar Blue assay (Day 5, siRNA1 p=
0.015, siRNA2 p= 0.038; Day 6, siRNA1 p= 0.03, siRNA2 p=
0.0008, two-tailed paired t test; Supp. Fig. 5c), and S phase of cell
cycle (siRNA1 p= 0.0006, siRNA2 p= 0.013, two-tailed paired t
test, Fig. 4e) in MCF7 LTED cells compared to the negative control
scrambled siRNAs. Additionally, we saw more than twofold
increase in p27Kip protein levels (Fig. 4f) and more than 1.5-fold
increase in CDKN1B mRNA expression (Fig. 4g) in the MCF7 LTED
cell line with silenced LINC00355. Further, we evaluated cellular
invasion in MCF7 LTED cells lacking expression of LINC00355. We
observed a significant decrease of invasion (siRNA1 p= 0.002,
siRNA2 p= 0.004, two-tailed paired t test) in MCF7 LTED cells with
siRNAs targeting LINC00355 as compared to cells treated with
negative control scrambled siRNA (Fig. 4h and i). Last, silenced
LINC00355 expression in MCF7 LTED cells then re-introduction of
LINC00355 expression, restores invasiveness of MCF7 LTED cells
compared to silenced cells (siRNA p= 0.018, siRNA plus over-
expression p= 0.012, Supp. Fig. 6).
We overexpressed LINC00355 in the T47D LTED cell lines more

than 15.5-fold compared to empty vector cells that had negligible
LINC00355 expression (Fig. 4j). We detect an increase in
proliferation in T47D LTED overexpressed cells compared to
empty vector by EdU assay (p= 0.019, two-tailed paired t test,
Fig. 4k) and S phase in cell cycle by assessing DNA content (p=
0.007, two-tailed paired t test, Fig. 4l). There was also more than
60% decrease of CDKN1B mRNA (Fig. 4m) in LINC00355 T47D LTED
overexpressed cell lines. We lastly found an increase in cellular
invasion in T47D LTED overexpressed cells when compared to
empty vector (p= 0.0003, two-tailed paired t test, Fig. 4n and o).
Taken together, LINC00355 induces cellular proliferation and
invasion in both malignant breast cancer cell lines and long-
term estrogen-deprived cell lines that mimic late-stage relapse.

LINC00355 binds to MENIN to regulate CDKN1B expression
Since LINC00355 is localized in the nucleus, increases cellular
proliferation, and decreases p27Kip protein levels, we hypothesize
that LINC00355 may transcriptionally regulate CDKN1B, the gene
that encodes for p27Kip protein. Previously it was shown that
MENIN, encoded by MEN1 (multiple endocrine neoplasia 1), is
required for its transcriptional activation of p27Kip by increasing
histone H3 lysine 4 methylation (H3K4me3) at the promoter of
CDKN1B52–55. Thus, we assessed if LINC00355 may directly bind to
MENIN. We first assessed MENIN and ERα protein levels to show
that protein levels did not change upon silencing of LINC00355 in
both the highly expressed primary cell line T47D and the LSR
model MCF7 LTED cell line (Fig. 5a and b). We next conducted an
RNA immunoprecipitation coupled with qPCR (RIP-qPCR) with
MENIN in the T47D cell line. Indeed, we detected a more than 21-
fold enrichment of LINC00355 by RIP-qPCR compared to IgG
control and do not see enrichment of XIST RNA, as a negative
control of MENIN binding (Fig. 5c). We also show LINC00355
increased MENIN binding in MCF7 LTED cells (Fold change = 10.4
in MENIN compared to IgG; Fig. 5d). To orthogonally validate these
findings, we conducted an RNA pull-down assay utilizing a 5′
Bromo-UTP full-length LINC00355 sense labeled probe and a
negative control antisense probe to pull-down proteins that may
be bound to LINC00355. We found that the LINC00355 sense probe
was bound to MENIN protein compared with the control probe
(Fig. 5e) by Western blot of nuclear lysates. To identify the regions
of LINC00355 that bind to MENIN, we conducted cross-linking
immunoprecipitation and qPCR in MCF10A cells transfected with
an empty vector and LINC00355 full length (overexpression) using
eight primers tiling LINC00355 (Supp. Fig. 7a). We detected Primer
4 and Primer 5 tiling 627-1023 nucleotides had higher fold
enrichment (Fold >3 and Fold >5, respectively) of binding to
MENIN (Supp. Fig. 7b). We re-validated our previous findings that
full-length LINC00355 binds to MENIN around 789 nucleotides
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(Fig. 5c and d). These orthogonal methods support LINC00355
binding to MENIN protein. To determine the effects of LINC00355-
MENIN binding at the promoter of CDKN1B to regulate the
expression of p27Kip protein, we silenced LINC00355 to show a
significant increase in MENIN occupancy at the CDKN1B promoter
in T47D cells (siRNA1 p= 7.33 e -07, siRNA2 p= 0.0006, two-tailed
paired t test, Fig. 5f) as compared to IgG control. We also observed
an increase in H3K4me3 at the promoter of CDKN1B with silenced

LINC00355 (siRNA1 p= 0.004, siRNA2 p= 0.01, two-tailed paired t-
test, Fig. 5g). The increase in MENIN and H3K4me3 occupancy was
further detected in MCF7 LTED cells with silenced LINC00355 in
chromatin immunoprecipitation (ChIP) with MENIN (siRNA1 p=
0.03, siRNA2 p= 0.001) and ChIP with H3K4me3 (siRNA1 p=
0.0001, siRNA2 p= 0.002, two-tailed paired t test, Fig. 5h and i).
Decreased MENIN and H3K4me3 occupancy was detected in
MCF10A cells with overexpressed LINC00355 (MENIN; p= 0.001,

Fig. 4 LINC00355 induces proliferation and invasion in long-term estrogen deprived cell lines. a Expression of Estrogen Receptor in T47D
and MCF7 wild-type and long-term estrogen deprived (LTED) cell lines. Fold change normalized to respective wild-type cell lines. b LINC00355
expression in primary and LTED cell lines. c Transient knockdown of LINC00355 in MCF7 LTED cell lines. d and e Decreased LINC00355
expression in MCF7 LTED cells decreased proliferation by EdU and S phase. f Decreased LINC00355 expression increased p27Kip protein and
g CDKN1B mRNA expression. Fold change normalized to control. h and i Cellular invasion decreased with LINC00355 knockdown. j LINC00355
expression inT47D LTED overexpression cell lines. k and l LINC00355 overexpression in T47D LTED cells increased proliferation by EdU and S
phase. m LINC00355 overexpression decreased CDKN1B mRNA expression. n and o Cellular invasion increased with LINC00355 overexpression.
*p value < 0.05, **p value < 0.005, #p value < 0.0005, no difference (N.D). Bar = 25 µM. All data are presented as mean values ± s.d, analyzed by
two-tailed paired t test, and repeated more than two times. Dapi stained nuclei are shown in white. Source data are provided as a Source
Data File.
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H3K4me3; p= 0.01, two-tailed paired t test, Fig. 5j and k). We
additionally identified two other genes regulated by MENIN
including AGR356 and FOXA156, that are also shown to be
regulated by LINC00355. We show a significant decrease of
expression of CDKN1B (p= 0.04), AGR3 (p= 0.005) and FOXA1 (p=
0.02) using a siRNA targeting MEN1 (Supp. Fig. 8). We again
validate a significant increase of CDKN1B expression (p= 0.02)
with silenced LINC00355 expression and additionally detected an
increase of AGR3 (p= 0.02) and FOXA1 (p= 0.004) genes (Supp.
Fig. 8). Taken together, we provide evidence that LINC00355
functions by binding to the MENIN protein, which decreases its
occupancy at the promoter of CDKN1B, decreasing protein levels

of p27Kip, increasing proliferation, and cellular invasion in late-
stage relapse breast cancer models (Fig. 6).

DISCUSSION
Although most relapses occur during the first 5 years after breast
cancer diagnosis about 30% of ER+ positive breast cancer
patients relapse more than 5 years and up to 10 years after their
5-year endocrine therapy treatment. Since distant metastases are
responsible for the majority of breast cancer deaths, finding ways
to reduce the risk of distant metastases associated with late
relapse is critical in improving survival rates from the disease. Our

Fig. 6 Model showing regulation of LINC00355. MENIN binding to LINC00355 changes its occupancy at the CDKN1B promoter to decrease
CDKN1B gene expression and p27Kip protein levels. This alters S phase cell cycle checkpoint that leads to increased cellular proliferation and
contributing to phenotypes of late-stage relapse breast cancer. Created with Biorender.com.

Fig. 5 LINC00355 binds to MENIN to regulate p27KIP expression. Protein expression in a T47D and b MCF7 LTED cells upon LINC00355
knockdown. Estrogen Receptor α (ERα). Fold change normalized to control. LINC00355 RNA immunoprecipitation (RIP) of MENIN in c T47D and d
MCF7 LTED cells. e MCF7 LTED RNA pull-down of LINC00355 with MENIN. T47D cell line chromatin immunoprecipitation (ChIP) of f MENIN and g
H3K4me3 at the CDKN1B promoter with knock down of LINC00355. MCF7 LTED cell line ChIP of h MENIN and i H3K4me3 at the CDKN1B promoter
with knock down of LINC00355. MCF10A overexpression cell line ChIP of j MENIN and k H3K4me3 at the CDKN1B promoter. *p value < 0.05, **p
value < 0.005, #p value < 0.0005. All data are presented as mean values ± s.d, analyzed by two-tailed paired t test, and repeated more than two
times. Source data are provided as a Source Data File.
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