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ABSTRACT
Aberrant expression of noncoding RNAs plays a critical role during tumorigenesis. To uncover novel
functions of long non-coding RNA (lncRNA) in lung adenocarcinoma, we used a microarray-based screen
identifying LINC00673 with elevated expression in matched tumor versus normal tissue. We report that loss
of LINC00673 is sufficient to trigger cellular senescence, a tumor suppressive mechanism associated with
permanent cell cycle arrest, both in lung cancer and normal cells in a p53-dependent manner. LINC00673-
depleted cells fail to efficiently transit from G1- to S-phase. Using a quantitative proteomics approach, we
confirm themodulation of senescence-associated genes as a result of LINC00673 knockdown. In addition, we
uncover that depletion of p53 in normal and tumor cells is sufficient to overcome LINC00673-mediated cell
cycle arrest and cellular senescence. Furthermore, we report that overexpression of LINC00673 reduces p53
translation and contributes to the bypass of Ras-induced senescence. In summary, our findings highlight
LINC00673 as a crucial regulator of proliferation and cellular senescence in lung cancer.
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Introduction

Lung cancer accounts for most of the cancer-related deaths
worldwide and is associated with a poor prognosis [1]. The
group of non-small cell lung cancer (NSCLC) represents 85%
of diagnosed lung neoplasms with lung adenocarcinoma (ADC)
being the most abundant subtype [2]. Comprehensive analyses
revealed that over 80% of the human genome is transcribed and
the class of long noncoding RNAs (lncRNA) accounts for
a significant proportion of the noncoding transcriptome [3,4].
LncRNAs are generally defined to be longer than 200 nucleotides
with little or no protein-coding potential [5]. In-depth analyses
of the epigenetic, genomic and transcriptional landscape of
human cancers revealed thatmany lncRNAs exhibit cancer type-
specific aberrant expression [6], thus presenting a source of
novel markers and alternative target molecules for cancer ther-
apy [7]. LncRNAs play critical roles in the onset and progression
of cancer [8–10], and various studies have confirmed their
impact on epigenetic, transcriptional as well as post-
transcriptional gene regulation [5]. To comprehensively under-
stand lung cancer-promoting pathways and uncover potential
novel druggable targets for cancer therapy, multiple screens for
lncRNAs were conducted utilizing lung cancer specimens [9].
However, to date only few lncRNAs have been thoroughly
characterized.

In this study, we identify the altered expression of 479
ncRNAs in lung ADC patient samples compared to normal
tissue using a comparative microarray profiling approach. We
characterize the most upregulated lncRNA LINC00673 in
functional detail and define its role in the regulation of cel-
lular senescence, a state of stable cell cycle arrest which is
recognized as an effective tumor suppressor mechanism [11].

Results

LINC00673 is upregulated in lung adenocarcinoma

To identify novel dysregulated ncRNAs, 27 early-stage lung
ADC and adjacent non-malignant lung samples derived from
patients, were subjected to a microarray-based expression
profiling. 479 ncRNAs were differentially expressed between
tumor and normal tissues with a significant and minimum
twofold change (Fig. 1A, Suppl. Fig. S1, Suppl. Table S1). As
a control for the validity of our microarray hybridization and
analysis, we identified sex-specific expression patterns
between normal or malignant lung tissues from male versus
female patients (Suppl. Fig. S2A,B). Six mRNAs and one
lncRNA, namely XIST, were independently identified as sig-
nificantly differentially expressed between male and female
patients (adjusted P < 0.05 (FDR), fold change FC ≥ 2).
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Figure 1. Identification, validation and characterization of LINC00673 lncRNA. (A) Comparative microarray analysis identified 479 significantly deregulated ncRNAs in
non-matched lung ADC vs. normal lung patient samples (n = 27, corrected P < 0.05, FC ≥ 2). (B) LINC00673 lncRNA expression was significantly enhanced in lung ADC
(n = 27; absolute FC between tumor and normal samples is shown, with ***, P < 0.001). (C) Elevated LINC00673 levels were validated by RT-qPCR analysis in two
patient cohorts (cohort 1 overlapping with the microarray cohort) comprising matched tumor and normal samples. PPIA was used as reference gene and the mean
ratios of tumor/normal (T/N) + SEM are shown. Statistical significance was determined with paired Student t test, with ***, P < 0.001. (D) Schematic overview of
detected transcripts matching LINC00673 reference sequence by RACE in A549 cDNA. The first nucleotide of each RACE primer is indicated (F: forward primer, R:
reverse primer). (E) Northern Blot analysis of LINC00673 in different cell lines. 18S and 28S rRNA bands are indicated by black arrows. (F) In vitro transcription-
translation assay based on DNA templates. The incorporation of [35S] methionine into proteins was detected by autoradiography, and ubiquitin C (UBC) served as
positive control. One representative experiment is shown (n = 3).
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Notably, the six male-specific transcripts were all derived
from the Y chromosome while the one female-specific tran-
script was XIST, the lncRNA involved in inactivation of
the second X chromosome in female cells. The results were
identical when either normal or tumor tissues were analyzed
separately demonstrating the reliability of the identified tran-
script signature. In agreement with previous reports, the
majority of detected ncRNAs was less abundant compared
to mRNAs [3,12] (Suppl. Fig. S3). The ncRNA LINC00673
was the most significantly and most highly upregulated
ncRNA in lung ADC using our comparative microarray ana-
lysis (Fig. 1B). We validated our microarray results by RT-
qPCR in two independent patient cohorts (Fig. 1C, Suppl. Fig.
S4) and identified LINC00673 expression in multiple cancer
cell lines derived from different tumors (Suppl. Fig. S5A). In
addition, we used the TANRIC platform [13] to uncover the
enhanced expression of LINC00673 in various other malig-
nancies (Suppl. Fig. S5B) supporting a potentially oncogenic
role for this lncRNA. LINC00673 expression did not correlate
with patient survival, lung cancer stage or the smoking beha-
vior in TCGA lung ADC (Suppl. Fig. S6A–C) suggesting a low
prognostic and predictive value for lung ADC.

Molecular characterization of LINC00673

We next established the full-length sequence of the
LINC00673 transcript by rapid amplification of cDNA ends
(RACE) in the lung cancer cell line A549 (Fig. 1D) and by
Northern blot (Fig. 1E). The transcript comprised of 4 exons

and a length of roughly 2.3 kb coinciding with the database
sequence of LINC00673 (NR_036488). Notably, the detected
Northern blot signal intensities for LINC00673 positively cor-
related with the determined relative expression of LINC00673
using RT-qPCR in selected cell lines (Suppl. Fig. S5A). We
further examined the coding potential of LINC00673 by con-
ducting a search for putative open reading frames (ORF)
using the NCBI ORF Finder tool. A total of six putative
ORFs were identified, of which five matched the canonical
AUG start codon (data not shown). None of the predicted
peptides were identified in the deposited tandem mass spec-
trometry data provided by PeptideAtlas [14]. Further support-
ing the noncoding nature of LINC00673, an in vitro
translation approach failed to generate detectable proteins
from a DNA template, while the ubiquitin C (UBC) control
protein was efficiently produced (Fig. 1F).

The determination of the subcellular localization of
a lncRNA might provide critical information about its biolo-
gical functions [15]. Hence, cellular fractionation experiments
of A549 cells revealed an enrichment of LINC00673 in the
cytoplasm (Fig. 2A), which was further confirmed by RNA
FISH (fluorescence in situ hybridization; Fig. 2B). Moreover,
we examined the half-life of LINC00673 by measuring the
relative abundance of transcripts in actinomycin D-treated
A549 cells by RT-qPCR (Fig. 2C). LINC00673 displayed
a short half-life of <2 h, which is characteristic of known
regulatory RNAs [16]. The stable housekeeping mRNA PPIA
[16] and the rapidly processed 45S pre-rRNA were used as
controls.

Figure 2. LINC00673 is a cytoplasmic lncRNA with a short half-life. (A) Cellular fractionation of A549 cells and subsequent RT-qPCR (represented as nuclear/cytosolic
(log2) ratios) indicated an enrichment of LINC00673 in the cytoplasmic fraction. Data represent the mean ± SEM (n = 3). (B) RNA FISH using custom Stellaris (LGC
Biosearch Technologies) probes for LINC00673 revealed a cytoplasmic localization. Yellow arrows indicate lncRNA signal, and the scale bars represent 20 μm. BF:
brightfield. (C) RNA stability was determined by actinomycin D (10 µg/ml) treatment of A549 cells for up to 24 h and the RNA levels were measured by RT-qPCR.
LINC00673 expression was detected with two different primer pairs spanning exon 2–3 (E2-3) and located within exon 4 (E4), respectively. Data represent the mean ±
SEM (n = 3), t1/2: half-life, CI: confidence interval. Data was fitted to a non-linear least squares regression curve (one phase decay) with GraphPad Prism 5.
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LINC00673 is a regulator of cell proliferation

As a first step to approach the possible function of LINC00673
in lung cancer, we sought to analyze commonalities with
genes whose expression correlated with LINC00673 lncRNA
in the TCGA lung ADC set using the TANRIC platform.
Subsequent functional profiling of positively correlated genes
with g:Profiler [17] revealed a striking enrichment of E2F-
regulated genes (transcription factor binding sites are
retrieved from TRANSFAC database, Suppl. Fig. S7A). In
addition, levels of LINC00673 and E2F1 protein significantly
correlated in different lung fibroblast and lung cancer cell
lines (Suppl. Fig. S7B,C,D, Suppl. Table S2). Implicating
LINC00673 in the same pathway by guilt-by-association, the
putative LINC00673 promoter region itself was recognized by
E2F1 according to publically available ChIP-Seq data (Suppl.
Fig. S7E). To investigate whether E2F1, an important regula-
tor of cell cycle progression [18], also regulated the expression
of LINC00673, we took advantage of the human lung cancer
cell line NCI-H1299 and the human embryonic lung fibro-
blasts WI-38 stably expressing conditionally active E2F1,
namely ER-E2F1 [19]. The activation of ER-E2F1 by 4-hydro-
xytamoxifen (OHT) significantly increased LINC00673
expression in both cell lines (Suppl. Fig. S7F). In support of
a direct regulation of LINC00673 levels, the activation of
ectopic E2F1 in the presence of the protein synthesis inhibitor
cycloheximide (CHX) still led to the induction of LINC00673
(Suppl. Fig. S7G). To investigate whether LINC00673 levels
were also regulated during the cell cycle, IMR-90 normal
immortalized human lung fibroblast cells as well as A549
lung adenocarcinoma cells were arrested in G0 by serum
starvation and transcript levels measured after releasing the
cells from the cell cycle block. In the normal fibroblasts, E2F1
and its known target gene MCM6 [20] were induced, while
LINC00673 levels were not regulated in a cell cycle-dependent
manner (Suppl. Fig. S7H). In the lung cancer cells,
LINC00673, E2F1 and MCM6 RNA levels correlated well
with each other showing a decrease upon serum starvation
and an increase upon release from starvation (Suppl. Fig. S7I).
We concluded that endogenous E2F1 did not regulate
LINC00673 during normal cell cycle progression, but that
aberrant E2F1 activity in transformed cells lead to elevated
LINC00673 levels. Given the correlation of LINC00673 with
E2F-regulated cell cycle-associated genes at steady state levels,
we sought to investigate whether LINC00673 itself was
a crucial regulator of cell proliferation.

To explore the cellular functions of LINC00673, we con-
ducted knockdown studies by applying two different knock-
down tools, namely LNA longRNA GapmeRs (Exiqon) and
siPOOLs (siTOOLs Biotech). The latter comprise a well-
defined, custom-designed pool of 30 siRNAs targeting the gene
of interest and were previously shown to eliminate off-target
effects that are frequently observed with single siRNAs [21].
Knockdown efficiency of LINC00673 in the lung cancer cell
lines A549 and Calu-3 was confirmed using either GapmeRs or
the siPOOL (Suppl. Fig. S8A,B). Depletion of LINC00673 using
either GapmeRs or the siPOOL significantly decreased A549 cell
number (Fig. 3A). This effect was not caused by an increased
apoptotic response since no significantly enhanced activation of

the cellular caspases 3 and 7 was observed (Fig. 3B). To investi-
gate whether the decrease in cell number was a result of reduced
cell proliferation, we quantified the incorporation of BrdU 24 h
and 48 h after LINC00673 knockdown, respectively. The
GapmeR- and siPOOL-mediated knockdown of LINC00673
both significantly decreased cell proliferation of A549 and
Calu-3 cells (Fig. 3C). Notably, LINC00673 knockdown also
reduced cell proliferation of the normal human lung fibroblasts
WI-38 and IMR-90 (Fig. 3D). The described observations were
consistent with GapmeR- and siPOOL-mediated knockdown of
LINC00673 in lung cancer cells. Discrepancies in the strength of
monitored effects were mainly observed between the two
GapmeRs and pointed towards possible off-target effects despite
comparable knockdown efficiencies (Fig. 3A). For this reason,
siPOOL-mediated knockdown of LINC00673 was used in all
subsequent experiments.

The reduction of LINC00673 levels in A549 cells was accom-
panied by a prominent increase of cells in G0/G1-phases and
a concomitant decrease of cells in S-phase (Fig. 3E). Moreover,
we found that LINC00673-depleted IMR-90 cells arrested in
G0/G1 were unable to re-enter the cell cycle efficiently and
consequently displayed a strong reduction in proliferation after
serum stimulation (Fig. 3F). We confirmed an efficient knock-
down of LINC00673 in starved IMR-90 cells and additionally
were able to show a diminished induction of E2F1 and MCM6
upon cell cycle re-entry as compared to the siPOOL control
condition (Suppl. Fig. S8C). In accordance with our experi-
mental data, we uncovered a highly significant enrichment of
LINC00673-correlated genes in the gene ontology terms of
mitotic cell cycle and cell cycle phase transition (Suppl. Fig.
S9). Thus, loss of LINC00673 severely impaired cell cycle
progression.

LINC00673 depletion triggers cellular senescence

LINC00673 knockdown caused a change of cellular morphol-
ogy, namely increased cell size and adaptation of a flat cell
morphology in both A549 lung cancer cells and IMR-90
normal lung fibroblast cells (Suppl. Fig. S10). These altera-
tions are morphological hallmarks of cellular senescence [22],
a state of stable proliferative arrest.

In response to various stimuli, cellular senescence is con-
trolled by the tumor suppressor pathways p16INK4a/pRb and
p53 [22,23]. Noteworthy, disruption of the pRb and the p53
pathways is frequent in NSCLC [24–26]. The experimental
cell models used here reflect these different genetic back-
grounds. A549 cells present a homozygous deletion of the
p16INK4a/p14ARF locus, whereas IMR-90 lung fibroblasts
employ functional pRb and p53 pathways.

Numerous senescence markers have been proposed and their
occurrence partially depends on cell and tissue types [27]. We
chose to first analyze the accumulation of senescence-associated
β-galactosidase (SA-β-Gal) [28] and the decreased expression of
E2F1 target genes [29–32] as indicators of senescence. We con-
firmed a strong increase of SA-β-Gal positive A549 and IMR-90
cells 4 days after LINC00673 knockdown (Fig. 4A,B).
Doxorubicin treatment of cells served as a positive control for
SA-β-Gal stainings. Next, we investigated the expression of
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E2F-regulated genes and crucial cell cycle regulators following
LINC00673 knockdown [20]. Significant reduction of selected
genes became evident at the transcript level in A549 cells as

soon as 48 h following depletion (Fig. 4C), an early timepoint
undergoing cell cycle arrest (Fig. 3E). Furthermore, we noted the
elevated expression of genes characteristic for the senescence-

Figure 3. LINC00673 reduces cell proliferation and induces a cell cycle arrest. (A) CellTiter-Glo Luminescent Cell Viability Assay (Promega) was performed 48 h after
LINC00673 knockdown in A549 cells with GapmeRs (60 nM; n = 3) and siPOOLs (10 nM; n = 4), respectively. (B) Caspase-Glo 3/7 luminescent assay (Promega) was
performed 24 h after LINC00673 knockdown in A549 cells (final concentration of GapmeRs and siPOOLs as in A; n = 6 for GapmeR-mediated knockdown and n = 4 for
siPOOL-mediated knockdown experiments). Treatment with actinomycin D (ActD; 5 µg/ml) served as a positive control for apoptosis induction. (C) BrdU Cell
Proliferation ELISA Kit (Roche) was used to quantify cell proliferation 24 h and 48 h after LINC00673 knockdown (final concentrations as in A; n = 3 for GapmeR-
mediated knockdown in A549 and Calu-3; n = 5 for siPOOL-mediated knockdown in A549 and n = 3 for Calu-3). (D) BrdU Cell Proliferation ELISA Kit was used to
quantify cell proliferation 48 h after siPOOL-mediated knockdown (final concentration of 1 nM) of LINC00673 in IMR-90 and WI-38 cells (n = 3). (E) Cell cycle profiles
of A549 cells were analyzed by FACS after 48 h and 72 h of LINC00673 knockdown. Quantification of cells with the cell cycle function of FlowJo (V10) and the cell
cycle profiles of one representative experiment are shown (n = 3). (F) IMR-90 cells were serum starved for 24 h and subsequently transfected with 0.3 nM siPOOLs.
Cells were released by adding complete medium supplemented with 10% FBS at 72 h after knockdown and BrdU incorporation was measured 8 h and 36 h following
block release (n = 4). In A-F the mean + SEM is shown and the statistical significance was determined per two-sided unpaired Student t test, with *, P < 0.05; **,
P < 0.01; ***, P < 0.001.
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associated secretory phenotype (SASP) [33] in A549 cells (Fig.
4D) and IMR-90 cells (Suppl. Fig. S11A, B).

The senescence-associated cell cycle exit was previously
linked to the formation of facultative heterochromatin foci
at E2F-responsive promoters, a process that is mediated by
pRb [32]. IMR-90 cells contain a functional p16INK4a/pRb
pathway and therefore displayed enhanced formation of
H3K9me3-positive foci, a surrogate marker of the senescence-
associated heterochromatin foci (SAHF) phenotype (Suppl.
Fig. S12). Also, LINC00673 depletion-mediated senescence
was not primarily caused by persistent DNA damage since
we were unable to detect the accumulation of γ-H2AX foci
4 days after LINC00673 knockdown [34–36] (Suppl. Fig. S12).

Depletion of E2F1 in cancer cells was previously linked to
the induction of senescence independent of the pRb and p53
status of the cell line [37]. We also noted a decrease of E2F1
transcript and protein levels upon LINC00673 knockdown in
A549 cells (Fig. 4C,E). Simultaneously, the accumulation and
activation of p53 and the elevated expression of p21 under-
lined the potential contribution of the p53 pathway in estab-
lishing the LINC00673 depletion-mediated senescence
phenotype (Fig. 4E). Although we were unable to detect

persistent DNA damage foci in senescent cells, the occurrence
of phospho-p53S15 suggested that the DNA damage signaling
pathway contributed, at least partially, to the onset of the
phenotype [34–36]. In addition, we noted an increase in
hypophosphorylated pRb in A549 cells (Fig. 4E), which was
in agreement with a previous report on DNA damage-induced
senescence in PC-3 prostate cancer cells [37]. In summary, we
concluded that the LINC00673 depletion-mediated senescence
phenotype might engage the p53 pathway but did not require
p16INK4a activity and was not a direct cause of persistent DNA
damage.

LINC00673 depletion-induced senescence relies on the
p53 pathway

We sought to analyze in more detail whether the cell cycle
arrest upon LINC00673 depletion is a consequence of p53 or
pRb pathway activation. For this purpose, we quantified the
ability of A549 and IMR-90 cells to proliferate following
simultaneous knockdown of LINC00673, p53 and/or pRb.
The loss of p53 was sufficient to rescue the proliferation defect
in both A549 and IMR-90 cells (Fig. 5A,B). In contrast, pRb

Figure 4. LINC00673 depletion induces a senescence-like phenotype. (A) SA-β-Gal accumulated in A549 cells 4 days after LINC00673 knockdown with siPOOLs (3 nM).
As a positive control for staining, cells were treated with 200 nM doxorubicin. At least 200 cells were counted per condition (n = 4). The scale bar represents 100 µm.
(B) SA-β-Gal staining of IMR-90 cells as in A (n = 3). (C) Cell cycle and E2F1-regulated genes were determined by RT-qPCR at 48 h after LINC00673 knockdown with
siPOOLs (3 nM) in A549 cells. GAPDH was used as reference gene (n = 3). (D) SASP gene expression in A549 cells was determined by RT-qPCR as in C (n = 3). (E)
Western Blot analysis 48 h after LINC00673 knockdown with siPOOLs (3 nM) in A549 cells. Specific antibodies were used for indicated proteins. One representative
Western Blot is shown (n = 3). All data is shown as mean + SEM and the statistical significance was determined per two-sided unpaired Student t test, with *,
P < 0.05; **, P < 0.01; ***, P < 0.001.
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depletion did not restore cell proliferation. The ability to
proliferate positively correlated with E2F1 levels, which
could only be restored and induced upon p53 depletion in
A549 and IMR-90 cells, respectively (Fig. 5C,D). Active p53
protein was necessary to establish the cell cycle arrest as
monitored by the specific accumulation of p53 and the
increase in CDKN1A transcript levels (Fig. 5C,D, Suppl. Fig.
S13). We confirmed that the knockdowns were efficient in all
conditions both on RNA and protein levels (Fig. 5C,D, Suppl.
Fig. S13). Finally, the siPOOL-mediated depletion of p53 was
sufficient to overcome senescence triggered by LINC00673
depletion in A549 cells (Fig. 5E).

Since activating mutations of Ras [38] and elevated expression
of LINC00673 (Fig. 1) constitute frequent events in lung cancer,
we determined whether ectopic expression of LINC00673 can
contribute to the bypass of Ras-induced senescence. In human

lung fibroblasts, activated Ras engages both the p53 and pRb
pathways, and these two pathways need to be inactivated in
order to bypass Ras-induced senescence [39,40]. While the sole
expression of LINC00673was not sufficient to bypass Ras-induced
senescence, combined expression of LINC00673 and inactivation
of the pRb pathway using E7 from the human papillomavirus
(HPV) type 16 significantly abrogated the senescence response
(Suppl. Fig. S14). On the other hand, expression of LINC00673 in
p53-inactivated cells using the HPV E6 oncoprotein had no
impact on senescence entry upon Ras expression (Suppl. Fig.
S14). These results suggested that elevated levels of LINC00673
contribute to the bypass of Ras-induced cellular senescence by
inactivating the p53 pathway, and could thus play a critical role
during tumorigenesis.

To verify our findings and monitor alterations in protein
expression at an early timepoint, namely 48 h following

Figure 5. LINC00673-mediated senescence is p53-dependent. (A) BrdU Cell Proliferation ELISA Kit was used to quantify cell proliferation 48 h after knockdown of p53, pRb and
LINC00673 in A549 (n = 4). The reactions contained siPOOL negative control (12 nM) or a mix of 1 nM siPOOL p53, pRb and 10 nM siPOOL LINC00673 supplementedwith siPOOL
negative control for a final concentration of 12 nM. (B) BrdU incorporation in IMR-90 cells was measured as in A. The reactions contained siPOOL negative control (0.9 nM) or
a mix of 0.3 nM siPOOL p53, pRb and LINC00673 supplemented with siPOOL negative control for a final concentration of 0.9 nM. (C) Relative RNA levels were determined by RT-
qPCR at 48 h after knockdown in A549 cells (n = 3). The reactions contained siPOOL negative control (5 nM) or a mix of 1 nM siPOOL p53, pRb and 3 nM siPOOL LINC00673
supplementedwith siPOOL negative control for a final concentration of 5 nM. GAPDHwas used as reference gene. One representativeWestern Blot is shown (n = 3). (D) RT-qPCR
as in C using IMR-90 cells (n = 4). The siPOOL concentrations were as described in B. One representative Western Blot is shown (n = 4). (E) SA-β-Gal accumulated in A549 cells
4 days after knockdown. The reactions contained siPOOL negative control (4 nM) or a mix of 3 nM siPOOL LINC00673 and 1 nM siPOOL p53 or pRb supplemented with siPOOL
negative control for a final concentration of 4 nM (n = 4, scale bar = 100 µm). In A-F, the mean + SEM is shown. The statistical significance was determined per two-sided
unpaired Student t test, with *, P < 0.05; **, P < 0.01; ***, P < 0.001.

RNA BIOLOGY 1505



LINC00673 knockdown in A549 cells, we chose an unbiased
quantitative mass spectrometry approach using SILAC.
Thereby, we identified a total of 20 up- and 12 downregulated
proteins in comparison to the siPOOL control condition
(biological duplicate, t test with P < 0.05, fold change >1.5,
Fig. 6A, Suppl. Table S3, Suppl. Fig. S15). We validated our
results by RT-qPCR and confirmed that the majority of the
modulated proteins displayed altered mRNA levels (Suppl.
Fig. S16A,B). Interestingly, 50 % (10 out of 20) of the identi-
fied upregulated proteins were direct targets of p53, while 47
% (15 out of 32) of all identified proteins were previously
associated with cellular senescence (Suppl. Table S4).
Specifically, we identified the upregulation of the p53 targets
and known senescence regulators PAI-1 [41] and DDB2 [42].
Among the proteins with reduced abundances, we detected
UHRF1 and PRC1. While UHRF1 is known to negatively
regulate the tumor suppressors p16INK4A, hMLH1, p21, pRb

and PML [43], reduced PRC1 levels were previously observed
in oncogenic Ras-induced and replicative senescence [44]. We
found that p53 knockdown was able to at least partially
restore the gene expression of selected SILAC hits (Suppl.
Fig. S17). Overall, the deregulation of identified genes is in
line with the early induction of a senescence phenotype in
A549 cells.

We further analyzed whether the knockdown of UHRF1
would be sufficient to reduce cell proliferation of IMR-90 normal
human lung fibroblasts.We confirmed an efficient knockdown by
siPOOL both on protein and mRNA level (Fig. 6B, Suppl. Fig.
S18A), and noted a reduction in BrdU incorporation (Fig. 6C).
This effect was further significantly enhanced by simultaneous
LINC00673 knockdown suggesting a relevant role for UHRF1 in
cell cycle progression in IMR-90 cells. Since PAI-1 is a critical
downstream target of p53 for the induction of replicative senes-
cence in primary fibroblasts [41], we investigated the influence of

Figure 6. LINC00673 acts by regulating p53 translation. (A) A549 cells were adapted to SILAC medium and total protein lysates were prepared at 48 h following siPOOL-
mediated knockdown of LINC00673. The lysates were analyzed by mass spectrometry and proteins that displayed an absolute fold change >1.5 as compared to the siPOOL
control are listed (n = 2, t test with P < 0.05). (B) Protein levels were determined with specific antibodies 48 h after UHRF1 and PAI-1 knockdown with siPOOLs (final
concentration of 0.3 nM) in IMR-90 cells. One representative Western Blot is shown (n = 3). (C) Cell proliferation was quantified by BrdU incorporation at 48 h after knockdown of
UHRF1, PAI-1 and LINC00673 in IMR-90 (n = 7). The reactions contained siPOOL negative control (0.9 nM) or a mix of 0.3 nM siPOOL UHRF1, PAI-1 supplemented with siPOOL
negative control for a final concentration of 0.9 nM. (D) Protein expression was monitored at 48 h after UHRF1 and PAI-1 knockdown with siPOOLs (final concentration of 1 nM)
in A549 cells. One representative Western Blot is shown (n = 3). (E) Cell proliferation was quantified in A549 cells as described in C (n = 3). The reactions contained siPOOL
negative control (12 nM) or a mix of 1 nM siPOOL UHRF1, PAI-1 supplemented with siPOOL negative control for a final concentration of 12 nM. (F) Luciferase assays were
performed in quadruplicates for each sample at 48 h after Hek293 transfection of a 1:5 ratio of psiCHECK2 and pCRII plasmids (n = 3). In A-E, the mean + SEM is shown. The
statistical significance was determined per two-sided unpaired Student t test, with *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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PAI-1 knockdown on IMR-90 cell proliferation. Indeed, the effi-
cient reduction of PAI-1 levels by siPOOL (Fig. 6B, Suppl. Fig.
S18A) increased BrdU incorporation and partially rescued the
reduction of cell proliferation by LINC00673 knockdown in
IMR-90 cells (Fig. 6C). In contrast to our observations in IMR-
90 cells, neither UHRF1 nor PAI-1 knockdown significantly
affected A549 cell proliferation (Fig. 6D,E, Suppl. Fig. S18B).
Noteworthy, neither UHRF1 nor PAI-1 knockdown significantly
altered LINC00673 levels, and UHRF1 knockdown reduced E2F1
levels only in IMR-90 cells (Suppl. Fig. S18A, B). Together, these
findings indicate that LINC00673 depletion-mediated senescence,
especially in lung cancer cells, is not established by a single down-
stream effector but rather by a more complex network of cellular
responses depending on the activation of the p53 pathway.

In a recent study, direct interactions between the 7SL RNA and
the 3ʹ-untranslated region (UTR) of TP53 mRNA were linked to
reduced p53 translation [45]. We noted that LINC00673 con-
tained an Alu sequence (nucleotides 902–1217) displaying reverse
complementarity to the TP53 3ʹUTR. We therefore hypothesized
that LINC00673 may negatively regulate p53 translation by
directly interacting with the TP53 3ʹUTR, using a similar mechan-
ism as the 7SL RNA. In analogy to a previous study by
Abdelmohsen et al. [45], we cloned the TP53 3ʹUTR (nucleotides
1421–2591) into the psiCHECK2 dual luciferase vector
[psiCHECK2-TP53(3ʹUTR)]. Additionally, we generated
a psiCHECK2-TP53(3ʹUTRΔ) plasmid lacking the LINC00673
interaction region. In Hek293 cells co-transfected with pCRII-
LINC00673 and psiCHECK2-TP53(3ʹUTR), luciferase activity
was significantly reduced as compared to the psiCHECK2-TP53
(3ʹUTRΔ) (Fig. 6F). As a control, luciferase activity was not

significantly altered after co-transfection of empty psiCHECK2
plasmid with pCRII and pCRII-LINC00673, respectively (Fig. 6F).
In summary, our data indicate that the enhanced expression of
LINC00673 in lung cancer promotes cell proliferation by nega-
tively regulating p53 expression and thereby confers resistance to
senescence, which is a potent anti-tumor barrier (Fig. 7).

Discussion

In this study, we show the elevated expression of lncRNA
LINC00673 or linc00673 in lung ADC patient samples com-
pared to normal surrounding tissue, which is in agreement
with previous reports in NSCLC [46–48]. Elevated LINC00673
levels were also described in melanoma [49], tongue squa-
mous cell carcinoma [50] and gastric cancer [51,52], and
found in other types of human cancers including breast,
liver and thyroid cancer (Suppl. Fig. S5B).

Along with our data, recent studies about LINC00673 func-
tion in lung cancer agree on a role in cell proliferation but not
apoptosis [47,48]. More precisely, our results indicate that
LINC00673 depletion provokes a strong G1-phase arrest cul-
minating in cellular senescence in lung cancer cells. One
central property of tumor cells, cell cycle progression, is con-
trolled by E2F transcription factors [18]. The multifunctional
transcription factor E2F1 participates in the timely regulation
of replication genes to promote G1/S transition, and has
previously been shown to regulate the expression of various
lncRNAs [19,53–56]. We provide evidence that E2F1 could
elevate LINC00673 levels in tumor cells. Interestingly, E2F1
was attributed a role in senescence regulation [57,58]. In

Figure 7. Schematic model of LINC00673-mediated senescence bypass in lung ADC. Constitutive mitogenic signaling e.g. by oncogenic Ras triggers p53 accumulation
and activation resulting in cell cycle arrest and cellular senescence. In lung cells overexpressing oncogenic LINC00673, TP53 translation is reduced by direct
interactions between the TP53 3ʹUTR and LINC00673. Consequently, p53-mediated cell cycle arrest is abrogated leading to bypass of cellular senescence.
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cancer cell lines, E2F1 depletion was sufficient to promote
cellular senescence [37] and consequently, E2F1-responsive
genes were downregulated [20,31,59]. With regard to
LINC00673, we show that the depletion-mediated G1-phase
arrest is also accompanied by reduced E2F1 and E2F-target
levels.

Cellular senescence is a potent barrier against tumorigenesis
in vivo [60–63], and hence, the discovery of novel regulators of
senescence provides alternative cancer treatment options for the
future [58]. Insights into the functional role of nuclear lncRNAs in
the induction and maintenance of senescence were gained from
studies that were mainly conducted in human fibroblast cells, and
underlined the importance of nuclear lncRNAs in regulating
senescence-associated gene signatures [64–66]. We show that
a large fraction of LINC00673 transcripts is localized in the cyto-
plasm, which is in line with recent reports in lung, pancreatic and
gastric cancer [47,52,67]. Shi et al. proposed that LINC00673
controls lung cancer cell proliferation by directly interacting
with the H3K4 histone demethylase LSD1 and epigenetically
silencing NCALD [47]. In our study, LINC00673 knockdown
does not cause extensive SAHF formation in lung cancer cell
lines, which argues against a major role in epigenetic gene silen-
cing in cellular senescence. The execution of the LINC00673
depletion-mediated cellular senescence program does not require
pRb action in cancer cells. Since p53 has been shown to induce
cellular senescence by selectively cooperating with Rb2/p130 [68],
Rb2 contribution in p16INK4a-proficient cells should also be inves-
tigated in further studies. However, our data clearly shows the
importance of the p53-p21 pathway in LINC00673 depletion-
mediated cellular senescence as well as Ras-induced senescence.

We hypothesized that, by virtue of its cytosolic localization,
LINC00673 could act as a post-transcriptional regulator of
senescence-inducing target genes. With regard to the mechan-
ism, the ncRNAs HULC, PTENP1 and linc-MD1 were pro-
posed to act as competing endogenous RNAs (ceRNA) that
regulate their target genes post-transcriptionally by competing
for the same set of miRNAs [69]. Recently, LINC00673 has
been shown to promote TGF-β-induced EMT in NSCLC by
sponging miR-150-5p and thereby enabling ZEB1 accumula-
tion [48]. Other lncRNAs were implicated in the regulation of
mRNA stability [70,71], decay [72,73] or mRNA translation
[74–76]. Altogether only few senescence-associated cytoplas-
mic lncRNAs have been described to date [66]. Interestingly,
reduction of 7SL RNA caused senescence by promoting p53
translation [45]. In analogy, we demonstrate a reduction in
p53 translation by direct interaction between LINC00673
(nucleotides 902–1217) and TP53 3ʹ-UTR. The regulatory
function of LINC00673 is reinforced by its short half-life.
We identified a number of additional dysregulated proteins
following LINC00673 depletion using a proteomics approach.
Further studies are necessary to more precisely define further
factors involved in p53 translational suppression, and investi-
gate whether the proposed mechanism of post-transcriptional
gene regulation by LINC00673 can be extended to other
proteins. Nuclear LINC00673 could additionally engage in
epigenetic regulation of target genes by associating with
LSD1 and EZH2 in lung cancer [47,77]. In gastric cancer,
a similar mode of action for oncogenic LINC00673 was
described, where direct interactions with LSD1 and EZH2

promoted repression of KLF2 and LATS2 gene expression
[51], and LINC00673 association with EZH2 and DNMT1
epigenetically silenced the tumor suppressor KLF4 [52]. In
a comprehensive study, Zheng et al. uncovered that the G > A
variation at rs11655237 in LINC00673 conferred susceptibility
to pancreatic ductal adenocarcinoma in Han Chinese by
creating a binding site for miR-1231 interfering with
LINC00673-assisted PTPN11 degradation [67].

In pancreatic cancer, LINC00673 transcript levels were
reduced [67] indicating that LINC00673 can exert oncogenic
or tumor suppressive functions depending on the investigated
tissue or cell type. Therefore, it is expected that LINC00673
employs various different modes of action across different
types of cancer. We suggest that enhanced LINC00673 expres-
sion in early lung ADC contributes to lung tumorigenesis by
reducing p53 protein levels and bypassing cellular senescence.
In mouse xenograft models, shRNA-mediated LINC00673
knockdown significantly reduced tumor growth [47,51,77]
emphasizing that LINC00673 could be a non-protein-coding
key regulator of cell proliferation. Reducing its levels may
delay cancer progression of early lung ADC, thereby positively
influencing patient survival.

Materials & methods

RACE, in vitro translation, RNA FISH, cell fractionation
and RNA stability

For 5ʹ- and 3ʹ-RACE analyses, the SMARTer RACE cDNA
Amplication Kit (Clontech Takara Bio, Mountain View, CA,
USA) was used according to the manufacturer’s instructions.
For first-strand cDNA synthesis, DNase I-treated total RNA
fromA549 cells was used. The gene-specific primers are summar-
ized in Suppl. Table S7. The in vitro transcription-translation
assay was based on rabbit reticulocyte extract using the TNT T7
Quick for PCR DNA kit (Promega) as described by the manu-
facturer. Briefly, 800 ng of gel-purified PCR products were mixed
with 40 μl of TNT T7 PCR Quick Master Mix and 3 μl of [35S]
methionine (Perkin Elmer) in a final volume of 50 μl and the
reactions were incubated for 90 min at 30°C. For SDS-PAGE, 10
μl of each reaction were mixed with 5 μl of SDS-Laemmli sample
buffer and heated for 1 min at 90°C. The proteins were separated
on a 20% SDS gel, fixed for 30min (50%methanol and 10% acetic
acid) then vacuum-dried for 1 h at 80°C. Signals were monitored
by autoradiography. The primers used to generate PCR templates
from plasmid DNA are listed in Suppl. Table S8. The RNA FISH
probes were designed by and purchased from Stellaris (LGC
Biosearch Technologies, Novato, CA, USA). For hybridization,
75 nM of probes (labeled with Quasar-670) were used and stain-
ing was performed as recommended by the manufacturer. As
a negative control, the coverslips were hybridized with buffer
only. The RNA FISH pictures were taken with an Olympus
Cell^R microscope utilizing z-stacks and a 60x objective. All
pictures of the same experiment were processed with the same
settings in ImageJ, thereby using the unstained cells as a negative
control to avoid signal artifacts. The cellular fractionation was
carried out as previously described [78]. To estimate the half-life
of LINC00673, A549 cells were seeded into 6-wells to reach 80%
confluence one day later. For treatment, cell culture media
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containing actinomycin D (10 µg/ml; Sigma-Aldrich) or the
equivalent volume of DMSO (solvent control) were added to the
cells. The cells were lysed in TRIzol at 0, 1, 2, 8, 16 and 24 h after
treatment and the relative abundance of transcripts was deter-
mined by RT-qPCR. The respective 0 h values were used as
reference and the ratios of actinomycin D-treated and DMSO
solvent controls were calculated for each timepoint. The half-
lives were determined by fitting the data with a non-linear least
squares regression (one phase decay) with GraphPad Prism 5.

Cellular senescence assay

5 x 104 A549 cells and 1 × 105 IMR-90 cells were grown on 60mm
dishes and the senescence-associated β-galactosidase (SA-β-Gal)
activity was detected 4 days after reverse transfection. As a positive
control, A549 cells were treated with 200 nM doxorubicin
(Calbiochem, Merck) 12 hrs after seeding while IMR-90 cells
were treated with 1 µM doxorubicin for 2 hrs at 24 hrs after
seeding. Cells were washed with PBS and fixed with 0.5% glutar-
aldehyde in PBS for 15 min at room temperature. Then, cells were
washed twice with PBS supplemented with 1 mMMgCl2 (pH 6.0)
for 5 min on a rocker. 2 ml X-Gal staining solution (PBS contain-
ing 1 mMMgCl2, 5 mM potassium hexacyanoferrate (III), 5 mM
potassium hexacyanoferrate (II) trihydrate, 1 mg/ml X-Gal
(5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside), pH
6.0) were added and the dishes were incubated overnight at 37°
C. Next day, the cells were washed three times with distilled water
and microscopy pictures were taken with the Zeiss Cell Observer
using a 10x objective. For analyses, at least 200 cells were counted
per condition in 3–4 independent experiments.
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