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The novel tumor suppressor NOL7 post-transcriptionally
regulates thrombospondin-1 expression
CL Doçi, G Zhou and MW Lingen

Thrombospondin-1 (TSP-1) is an endogenous inhibitor of angiogenesis whose expression suppresses tumor growth in vivo. Like
many angiogenesis-related genes, TSP-1 expression is tightly controlled by various mechanisms, but there is little data regarding
the contribution of post-transcriptional processing to this regulation. NOL7 is a novel tumor suppressor that induces an
antiangiogenic phenotype and suppresses tumor growth, in part through upregulation of TSP-1. Here we demonstrate that NOL7
is an mRNA-binding protein that must localize to the nucleoplasm to exert its antiangiogenic and tumor suppressive effects. There,
it associates with the RNA-processing machinery and specifically interacts with TSP-1 mRNA through its 30UTR. Reintroduction of
NOL7 into SiHa cells increases luciferase expression through interaction with the TSP-1 30UTR at both the mRNA and protein levels.
NOL7 also increases endogenous TSP-1 mRNA half-life. Further, NOL7 post-transcriptional stabilization is observed in a subset
of angiogenesis-related mRNAs, suggesting that the stabilization of TSP-1 may be part of a larger novel mechanism. These data
demonstrate that NOL7 significantly alters TSP-1 expression and may be a master regulator that coordinates the post-
transcriptional expression of key signaling factors critical for the regulation of the angiogenic phenotype.
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INTRODUCTION
Angiogenesis is one of the hallmarks of cancer and is required for
tumors to grow beyond a diffusion gradient.1,2 It is regulated by a
balance of pro-and antiangiogenic factors, and, in many cancers,
the differential regulation of these factors is a precursor to the
angiogenic switch and subsequent malignant transformation.3–5

Current therapies aimed at disrupting this process have been
hindered by off-target effects owing to the diversity of angiogenic
molecules and their downstream signaling pathways.6–9

This diversity is mediated in part by the post-transcriptional
processing of many of these angiogenesis-related transcripts,
where alternative splicing, polyadenylation, stability, and transla-
tional control contributes to their expression level and function-
ality. In some cases, as in the alternative splicing of vascular
endothelial growth factor (VEGF) and its receptor, VEGF receptor 1,
these processes can change the function of the molecule
itself.10–13 In other cases, these processes can influence the
bioavailability through modulation of secretory domains or mRNA
stability.14–18 The post-transcriptional regulation of mRNA stability
is particularly critical for the rapid cellular response to internal and
external stimuli and is therefore a crucial mechanism in the control
of growth factors, cytokines, and angiogenic molecules.19

While advances in our understanding of the post-transcriptional
regulation of proangiogenic factors have emerged, considerably
less is known about the post-transcriptional processing of
antiangiogenic molecules. The first endogenous antiangiogenic
molecule reported was thrombospondin-1 (TSP-1).20,21 TSP-1
suppresses angiogenesis by inhibiting cell migration, inducing
apoptosis, and modulating the signaling of growth factors.22–24

TSP-1 expression is downregulated in a number of cancers, and
reintroduction of TSP-1 has been shown to significantly suppress
tumor growth.25–28 Owing to its central role in physiological and

pathological angiogenesis, expression of TSP-1 mRNA is tightly
controlled, with no known alternative splicing or polyadenylation
isoforms. TSP-1 mRNA is post-transcriptionally regulated by TGF-b
stimulation, hypoxia, or heat shock, but the underlying mech-
anism is poorly understood.29–34

Post-transcriptional regulation is achieved in part through
interaction with RNA-binding proteins (RBPs) such as HuR. HuR
regulates a number of angiogenesis-related transcripts, including
VEGF, COX-2, and HIF-1a35–38 and recently has been shown to
bind to the 30UTR of TSP-1.39 While many of the well-characterized
mRNA-stabilizing RBPs such as HuR function in the cytoplasm, the
existence of significant parallel mechanisms for nuclear RNA
turnover argues for similar stabilizing roles in this compartment.
Many of the decay pathways active in the nucleus are tied to
processing events such that degradation of aberrant transcripts
and further processing of mRNAs occur co-transcriptionally and
are tied to the RNA polymerase II machinery in ribonucleoprotein
(RNP) complexes.40–43 These RNPs, including nuclear-processing
factors such as XRN2, EXOSC10, TRAMP, and others are critical for
appropriate expression tied to transcriptional termination, 30 end
processing, and mRNA quality control.44–55 Within the nucleus,
RBPs have a central role in coordinating mRNA quality control
through alternative decay, stabilization, and export.56–59

NOL7 is a novel tumor suppressor that induces an antiangio-
genic phenotype through differential regulation of VEGF and
TSP-1.60 However, the mechanism underlying this function is
unknown. In this study, we demonstrate that NOL7 must reside in
the nucleoplasm to upregulate TSP-1 and induce an antian-
giogenic and tumor suppressive phenotype. There, it functions as
an RBP that associates with the RNA-processing machinery. NOL7
interacts with polyadenylated transcripts, specifically with TSP-1
mRNA through its 30UTR. Reintroduction of NOL7 increases
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reporter gene expression through this interaction at both the
mRNA and protein levels. This is also observed in endogenous
TSP-1, where reintroduction of NOL7 significantly increases the
TSP-1 transcript half-life. NOL7 post-transcriptional stabilization is
limited to a distinct subset of mRNAs through a novel mechanism.
Together, these data demonstrate that NOL7 is a critical regulator
of TSP-1 expression and may participate in the coordination of
cellular signaling pathways through post-transcriptional mRNA
regulation to control the angiogenic process.

RESULTS
NOL7 must reside in the nucleoplasm to induce an antiangiogenic
phenotype and suppress tumor growth
NOL7 is a highly basic protein that suppresses tumor growth and
induces an antiangiogenic phenotype in part through upregula-
tion of TSP-1 expression.60 NOL7 is localized exclusively to the

nucleus and nucleolus of cells and completely absent from the
cytoplasm (Supplementary Figure S1), but it is not known if NOL7
is sequestered or functional within these compartments. To
determine the compartment in which NOL7 must reside for its
function, we made a series of mutational constructs that targeted
NOL7 to the nucleolus (NOL7 wild-type), nucleoplasm (N23(� )) or
cytoplasm (N123(� )) (Zhou et al 61; Figure 1a). In SiHa cells, which
essentially lack endogenous NOL7,60,62 reintroduction of wild-type
nucleolar NOL7 was able to significantly upregulate endogenous
TSP-1 expression compared with GFP controls, while cytoplasmic
NOL7 had no effect on TSP-1 levels (Figure 1b). However,
nucleoplasmic NOL7 was still able to upregulate endogenous
TSP-1 to the same levels as wild-type NOL7 (Figure 1b). In the
same fashion, there was no difference in endothelial cell migration
between cells treated with conditioned media from GFP control or
cytoplasmic NOL7 (Figure 1c). However, conditioned media from
wild-type NOL7 and nucleoplasmic NOL7 were able to suppress

Figure 1. NOL7 must reside in the nucleus to modulate TSP-1 expression, inhibit endothelial cell migration and suppress tumor growth. (a) Cells
were transfected with GFP-tagged wild-type NOL7 or mutants that target NOL7 to the nucleoplasm (N23(� ), clones 1 and 2) or the cytoplasm
(N123(� ), clones 1 and 2). Cell nuclei were counterstained with DAPI and imaged by fluorescence microscopy. (b) Conditioned media from
transfected cells was analyzed by enzyme-linked immunosorbent assay and concentration calculated from a standard curve. Data are
represented as mean±s.e.m. Significance was calculated using Student’s t-test from three independent experiments. *Po0.005; **Po0.002;
***Po0.001; n.s., not significant. (c) Serum-free conditioned media from parental SiHa, GFP and NOL7 wt- and mutant-transfected clones were
functionally tested for their ability to stimulate endothelial cell migration. Data are represented as mean±s.e.m. Significance was calculated
using Student’s t-test from four independent experiments. *Po1� 10� 5; **Po1� 10� 8; n.s., not significant. (d) SiHa parental, GFP and NOL7 wt-
and mutant-transfected cells were subcutaneously injected into nude mice and monitored over a period of 30 (n¼ 6 animals per group). Data
are represented as mean±s.e.m. Significance was calculated using two-way analysis of variance. *Po0.001; **Po0.0001; n.s., not significant.
(e) Tumor angiogenesis was assessed by CD31 staining, followed by microvessel density quantification. Data are represented as mean±s.e.m.
Significance was calculated using Student’s t-test (n¼ 6 animals per group). *Po2� 10� 6; ** Po1� 10� 10; n.s., not significant.
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endothelial cell migration to the same degree (Figure 1c). This
correlated with a significant suppression in tumor growth, where
both nucleoplasmic and nucleolar NOL7 demonstrated 90% less
tumor volume than GFP control or cytoplasmic NOL7 (Figure 1d).
Tumor angiogenesis, as assessed by CD31 microvessel density,
revealed that wild-type and nucleoplasmic NOL7 suppressed
tumor angiogenesis, whereas GFP control and the cytoplasmic
NOL7 mutant displayed robust angiogenesis in these tumors
(Figure 1e). Taken together, this suggests that NOL7 must reside in
the nucleoplasm to induce an antiangiogenic phenotype and
suppress tumor growth.

NOL7 interacts with a large ribonucleoprotein complex in an RNA-
dependent manner
To determine the potential mechanism by which NOL7 suppresses
tumor growth and induces an antiangiogenic phenotype in the
nucleoplasm, we hypothesized that NOL7 may be part of a
nucleic-acid-interacting complex. To test this, we performed
sucrose gradient ultracentrifugation of NOL7-expressing lysate
(Figure 2a). NOL7 co-migrated with a large, B70S complex
(Figure 2a, box). To determine if the association of NOL7 was
dependent upon RNA, lysate was either mock-treated or treated
with RNase, and separated as before (Figure 2b). Treatment with
RNase caused NOL7 to revert completely to the soluble fraction

(Figure 2b, arrow). This demonstrates that NOL7 interacts with a
large RNP complex in an RNA-dependent manner.

NOL7 interacts with mRNA-processing factors
To identify the RNP complex and protein cofactors of NOL7, mass
spectroscopic (MS) analysis was performed on comigrating NOL7
immunoprecipitates (Figure 3a). This sample was highly enriched
for RNA-processing factors, particularly those involved in mRNA
maturation. To confirm the putative cofactors identified by
mass spectroscopy, coimmunoprecipitation of NOL7 or controls
was performed and analyzed by western blot against the endo-
genous MS-identified proteins. To determine if these putative
cofactors interact in an RNA-dependent or -independent manner,
lysates were mock-treated or digested with RNase A before
immunoprecipitation (IP). SR proteins SF2-ASF and SRp40, RNA-
processing factor NCL, and the 30-processing and decay factors
XRN2, CNOT3, and CPSF2 were found to specifically associate with
NOL7 in either the presence of absence of RNA (Figure 3b).
In addition, the multifunctional RBPs HuR, NPM, and EXOSC10
associated with NOL7 only in the presence of RNA. These data
demonstrate that NOL7 interacts with mRNA-processing com-
plexes and specifically associates with proteins involved in mRNA
maturation.

Figure 2. NOL7 interacts with a large RNP complex in an RNA-dependent manner. NOL7-transfected lysate was separated on a 10–30%
gradient. Individual fractions were collected and plotted on the basis of their absorbance at 260 nm. Individual fractions were also subjected
to western blotting for NOL7. The co-migration of NOL7 with a large RNP complex is marked with a box. (a) Total lysate was evaluated for
association of NOL7 into RNP complexes. (b) Lysate was either mock-treated or digested with RNase A before separation.
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NOL7 interacts specifically with mRNA
The protein cofactors, identified suggested that NOL7 may be
involved in mRNA processing. To determine if NOL7 interacts with
mRNA, total lysate overexpressing GFP control or NOL7 was
incubated with oligo(dT) beads to precipitate polyadenylated
transcripts and coprecipitated proteins were visualized by western
blotting. NOL7, but not GFP, interacted with the polyA transcripts,
demonstrating that this was not an artifact of overexpression
(Figure 4, lanes 3 and 4). This was not due to nonspecific binding
to the beads, as treatment of the lysate with RNase before
incubation completely abolished NOL7 binding (Figure 4, lane 5).
Finally, to demonstrate that this interaction was mRNA-specific
and not a random, charge-based interaction, the competition of
the bound proteins with either polyA or polyC at five or ten times
the input RNA was performed. NOL7 binding was lost in the
polyA treatments (Figure 4, lanes 6 and 8) but unaffected by
polyC competition (Figure 4, lanes 7 and 9), indicating that NOL7
interacts specifically with mRNA.

NOL7 interacts with TSP-1 mRNA through its 30UTR
NOL7 induces an antiangiogenic phenotype in the nucleus
through upregulation of TSP-1 (Figure 1). To determine if NOL7
interacts with TSP-1 mRNA, total lysate overexpressing GFP, NOL7,
or the TSP-1 mRNA-binding protein HuR was immunoprecipitated
and the associated mRNAs were analyzed by northern blotting
(Figure 5a). TSP-1 mRNA was significantly associated with both
NOL7 and HuR, and absent from GFP (Figure 5a). This
demonstrates that NOL7 is capable of specifically interacting with
TSP-1 mRNA. The association of NOL7 with polyadenylated
transcripts and 30-processing factors suggested that NOL7 might
interact with TSP-1 through its 30UTR. To determine if NOL7 might
bind in this region, the 30UTR of TSP-1 or R01, a random, nongenic
sequence of the same length were in vitro transcribed and

biotinylated. Total lysate from cells overexpressing GFP, NOL7, or
HuR were incubated with increasing amounts of biotinylated
transcript, precipitated using streptavidin beads, and analyzed by
western blotting (Figure 5b). GFP did not bind to either transcript
at any of the concentrations assayed. Both NOL7 and HuR bound
to TSP-1 30UTR in a dose-dependent manner, but was not
detected in the negative-control lanes (Figure 5b). Together, this
demonstrates that NOL7 interacts specifically with TSP-1 mRNA
through its 30UTR.

The 30UTR of TSP-1 is sufficient for NOL7-mediated post-
transcriptional upregulation
Interaction of NOL7 with the 30UTR of TSP-1 suggested it may
have a role in its post-transcriptional regulation. To determine if
this interaction can affect downstream expression levels, luciferase
reporters were cloned in-frame with the 30UTR of TSP-1, positive-
control SV40 late polyA signal (EMP), or a negative-control
nongenic (R01) sequence. SiHa cells express extremely low levels
of endogenous NOL7, such that reintroduction in stable cell lines
restored NOL7 to near-endogenous levels observed in 293T cells,
and expression of exogenous NOL7 or HuR did not affect
endogenous levels of either gene (Supplementary Figure S2).
Luciferase levels for clones bearing the TSP-1 30UTR were
significantly increased in NOL7- and HuR-expressing cells
(Figure 6). No difference was observed between GFP, NOL7, or
HuR in EMP or R01 constructs, indicating that the increase in
luciferase was due specifically to regulation through the TSP-1
30UTR. To determine if this upregulation was due to an increase in
mRNA levels or through an increase in translational rate or protein
stability, luciferase levels were analyzed by real-time PCR. The
upregulation of luciferase was observed at the mRNA as well as
protein levels, suggesting that the NOL7 regulates expression at
the level of mRNA abundance.

Figure 3. NOL7 interacts with 30 end-processing proteins. (a) Lysate from SiHa cells stably expressing GFP-V5 or NOL7-V5 was separated by
gradient ultracentrifugation and the large 70S fractions were pooled, immunoprecipitated and separated by SDS–polyacrylamide gel
electrophoresis and stained with Coomassie before analysis by mass spectroscopy. Data was curated from the mass spectroscopy results to
identify putative functional cofactors of NOL7. (b) GFP-V5 or NOL7-V5 lysate was mock-treated (� ) or digested with RNase (þ ). Lysates were
immunoprecipitated using a-V5-conjugated beads and coimmunoprecipitating proteins were analyzed by western blot. As a control for
RNase digestion, RNA was extracted from the lysates after treatment, reverse transcribed and RT–PCR against the 18S rRNA was performed.
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NOL7 post-transcriptionally regulates TSP-1 expression
To determine if NOL7 could post-transcriptionally upregulate
endogenous TSP-1, two clones each from SiHa cells stably
expressing GFP, NOL7 or HuR were treated with a-amanitin to
block RNA Pol II-mediated mRNA transcription. TSP-1 expression
levels were measured by real-time PCR for increasing durations of
a-amanitin treatment. In cells expressing GFP, TSP-1 expression
fell to almost half its original level within 1 hour. However, cells
expressing NOL7 or HuR decreased only slightly throughout the
timecourse (Figure 7a). Reintroduction of NOL7 doubled the half-
life of endogenous TSP-1 mRNA (Figure 7b), suggesting that NOL7
regulates TSP-1 expression by enhancing the post-transcriptional
stability of its mRNA.

NOL7 may stabilize a specific subset of angiogenesis-related
mRNAs
To determine if NOL7 was capable of post-transcriptionally
stabilizing other transcripts in addition to TSP-1, we assessed
steady-state and post-transcriptional mRNA levels in a panel of
angiogenesis-related mRNAs. SiHa cells stably expressing GFP or
NOL7 were left untreated or transcriptionally inhibited with
a-amanitin for 4 hours, when the maximal effect of NOL7 post-
transcriptional stabilization was observed for TSP-1 (Figure 7).
Using the TaqMan 384-well Human Angiogenesis Array, we found
approximately one-third of the mRNAs analyzed were differen-
tially expressed at a statistically significant level between
the untreated samples, suggesting that NOL7 can modulate
the steady-state expression of angiogenesis-related genes at the
mRNA level (Figure 8a). Within these genes, a specific subset of
mRNAs was post-transcriptionally stabilized upon reintroduction
of NOL7 (Figure 8b). Further, over half of the post-transcriptionally
stabilized genes were also upregulated and functionally asso-
ciated with antiangiogenic and antitumorigenic cell phenotypes

(Figure 8c). Together, this indicates that NOL7 is capable of
modulating the expression of a specific subset of mRNAs post-
transcriptionally, while others may be differentially regulated as a
consequence of NOL7 modulation of upstream targets in linked
signaling pathways. Finally, it indicates that for some genes, such
as TSP-1, this post-transcriptional regulation may significantly alter
the available mRNA pool and influence downstream function and
phenotype.

DISCUSSION
NOL7 is a novel tumor suppressor that significantly suppresses
in vivo tumor growth and induces an antiangiogenic phenotype in
part through upregulation of TSP-1. In this work, we characterize
NOL7 as a novel RBP that increases TSP-1 expression through
post-transcriptional mRNA stabilization. NOL7 must reside in the
nucleoplasm to exert its anticancer phenotype. Within the
nucleus, NOL7 is component of a large, RNA-dependent RNP
comprised of mRNA-processing factors. NOL7 specifically inter-
acted with a number of these putative cofactors as well as
polyadenylated transcripts. NOL7 was shown to interact specifi-
cally with the TSP-1 transcript through binding to its 30UTR.
Reporter constructs bearing the TSP-1 30UTR were significantly
upregulated at both the mRNA and protein level, and endogenous
TSP-1 mRNA was stabilized in cells re-expressing NOL7. Finally, this
post-transcriptional regulation was demonstrated to be specific to
a subset of angiogenesis-related mRNAs. Taken together, this
demonstrates that NOL7 is a novel RBP that post-transcriptionally
upregulates TSP-1 through an increase in mRNA stability. Further,
this suggests that NOL7 may regulate the antiangiogenic
phenotype and suppress tumor growth through post-transcrip-
tional modulation of gene expression.
Interaction of NOL7 with components of the RNA-processing

machinery in a large RNP suggests that NOL7 may contribute to

Figure 4. NOL7 specifically interacts with mRNA. HEK293T cells were
transfected with GFP control or NOL7. Proteins associated with
poly(A) mRNA were pulled down using oligo(dT) cellulose. Input
lanes represent 10% of total input. As controls, lysate was digested
with RNase A before incubation or bound proteins were competed
using five or ten times input RNA of polyA or polyC. Coprecipitation
of GFP and NOL7 was evaluated by western blot. Data are
represented as mean±s.e.m. Significance was calculated using
Student’s t-test relative to NOL7 input (a, b) and relative to the
NOL7-bound (c, d) fractions. aPo0.002; bPo4� 10� 4; cPo0.001;
dPo0.0001. Statistical significance between groups was also
calculated (bars). *Po0.001, **Po1� 10� 4. Data are represented
as mean±s.e.m. from three independent assays.

Figure 5. NOL7 coimmunoprecipitates TSP-1 mRNA. (a) Lysate from
cells expressing GFP, NOL7 or HuR were immunoprecipitated with
a-V5 beads and RNA was extracted. RNA was then subjected to
northern blotting using a probe against the 30UTR of TSP-1. Western
blotting to confirm equivalent protein IP was performed. Densito-
metry scanning was performed on northern bands and normalized
to protein IP lanes. Data are represented as mean±s.e.m. from three
independent experiments. *Po0.01. (b) The 30UTR of TSP-1 and a
negative-control sequence R01 were in vitro transcribed and
biotinylated. Increasing amounts of transcript were incubated with
lysate expressing GFP, NOL7 or HuR. Transcripts were precipitated
using streptavidin beads and coprecipitating proteins were analyzed
by western blot.
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the co-transcriptional processing of mRNA at multiple levels.
These data characterize the role of NOL7 during the 30 end
processing and maturation of TSP-1 mRNA, but do not exclude the
possibility that NOL7 may contribute to other aspects of mRNA
metabolism. It has been demonstrated that the efficacy of
downstream processing steps can form feedbacks that influence
upstream transcriptional initiation and elongation.63,64 In addition,
some nuclear mRNA complexes are active both in late-maturation
and early-initiation steps of processing. One such complex, the
CCR4-Not complex, has roles in mRNA transcription and
degradation and its activity can influence cellular signaling
pathways.40,41 NOL7 was recently identified in a proteomic study
of the CCR4-Not complex as a factor that interacts specifically with
multiple core subunits of the complex,65 validated in this work by
evidence that NOL7 specially interacts with the subunit CNOT3
(Figure 3). Similarly, NOL7 also interacts specifically with the 50-30

endonuclease complex and nuclear exosome via its binding with
XRN2 and EXOSC10. While it is unclear if NOL7 functions as a part
of these complexes, it does suggest that NOL7 could be playing a
role as a ‘master regulator’ of gene expression through regulation
of mRNA maturation and degradation, and subsequent control of
critical signaling molecules on multiple levels. This may be
particularly significant in its regulation of the angiogenic
phenotype, as feedback mechanisms and integrated signaling
can have a major role in driving the angiogenic switch.

Angiogenesis is critical in cancer development and represents a
promising target for therapy. However, the diversity and redun-
dancy of many angiogenic molecules, coupled with the complexity
of angiogenic signaling, have hindered progress in the field.
Particularly, the ability of post-transcriptional regulation to rapidly
and significantly alter the signaling capability of many of these
factors, and in some cases change the functionality of these mole-
cules entirely has been overlooked.12,66–70 Proangiogenic molecules
such as fibroblast growth factor 2 (FGF-2), VEGF and COX-2 all
undergo alternative post-transcriptional processing that results in
modulation of their half-life and downstream functionality.17,18,71–75

Importantly, some major angiogenic signaling factors such as TGF-b
have been found to modulate gene expression through a dual
regulation of transcriptional activity and mRNA turnover.68 Coupled
with constitutive low-level expression of many of these mRNAs,
rapid changes in mRNA stability can significantly alter the steady-
state pool of a given mRNA in response to stimulus19 and represent
a key target for modulating the angiogenic phenotype in cancer.
While post-transcriptional regulation of proangiogenic factors

has been described in the literature, evidence regarding alternative
processing and stability and angiogenic inhibitors is lacking.
Despite decades of research focused on TSP-1, few reports address
the issue of its post-transcriptional regulation. The evidence
available suggests that post-transcriptional regulation is tied to
conditions that promote or suppress tumorigenesis in vivo, such as

Figure 6. The 30UTR of TSP-1 is sufficient for NOL7-mediated post-transcriptional upregulation. Two clones each from SiHa cells stably
co-expressing GFP, NOL7 or HuR and luciferase-EMP, -R01 or –TSP-1 were assayed for luciferase expression at the mRNA (dark-gray bar)
or protein (light-gray bar). To control for vector expression artifacts, values were normalized to luciferase-EMP and reported as a percentage
of GFP expression for each set of constructs. Data are represented as mean±s.e.m. from four independent experiments. *Po3� 10� 5;
**Po9� 10� 5; ***Po2� 10� 7.

Figure 7. NOL7 post-transcriptionally stabilizes TSP-1 mRNA. SiHa cells stably expressing GFP, NOL7 or HuR were treated for 0, 2, 4 or 6 with
5mg/ml a-amanitin. Endogenous TSP-1 levels were assayed by real-time PCR and calculated via DDCt method. Half-life calculations were
calculated from the nonlinear regression of the exponential decay curve N0¼N(t)e� lt, where the TSP-1 mRNA half-life t1/2¼ � ln(2)/l. Data
are represented as mean±s.e.m. from four independent experiments. *Po0.03; **Po0.001; ***Po0.0001.
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CL Doçi et al

4382

Oncogene (2013) 4377 – 4386 & 2013 Macmillan Publishers Limited



hypoxia or oncogene expression. For example, TSP-1 mRNA is
destabilized by overexpression of the oncogene Myc or hypoxic
conditions, while its half-life is increased by heat shock or TGF-b
stimulation.29–34 Interestingly, TGF-b is activated by TSP-1,
indicating that the post-transcriptional stabilization may be part
of a feedback loop to suppress tumor growth. To the best of our
knowledge, no studies have investigated any tumor-associated
somatic mutations within the TSP-1 30UTR. The contribution of
30UTR cis-elements to the overall regulation of TSP-1 expression
and the trans-factors that bind to them, such as AUF1 and HuR, are
also not well characterized. Here, we demonstrate that NOL7 is a
novel TSP-1 30UTR-interacting protein that stabilizes the TSP-1
transcript.
NOL7 may represent a novel type of RBP in cancer, because of

its unique domain structure and role as a tumor suppressor in vivo.

NOL7 lacks any sequence similarity to known proteins or domains,
suggesting NOL7 may employ a novel method of interaction with
its targets. While the data here are insufficient to identify a NOL7-
interacting cis-element, it does rule out classic binding elements
such as AREs, as VEGF, FGF-2, and interleukin 8 are not post-
transcriptionally regulated by NOL7. Nonetheless, these data
suggest that NOL7 binds and regulates a specific subset of
mRNAs, and for some of these transcripts, that stabilization may
significantly alter the steady-state expression level. In addition,
some genes were differentially regulated only at the steady-state,
suggesting that for some genes the effect of NOL7 expression may
be propagated through signaling pathways or be secondary
effects of NOL7’s function on upstream targets. Assessment of
mRNA levels over a transcriptional inhibition timecourse will be
necessary to confirm the modulation of mRNA half-life and

Figure 8. NOL7 specifically regulates distinct subset of angiogenic transcripts. Total complementary DNA from GFP- or NOL7-expressing cells
untreated or transcriptionally inhibited with a-amanitin were analyzed by real-time PCR on TaqMan angiogeniesis array cards. Data are
represented as mean±s.e.m. from three independent experiments. (a) Steady-state expression (untreated NOL7 normalized to untreated
GFP). Dashed line indicates the GFP control normalization. aPo0.05; bPo0.01; cPo0.001; dPo0.0001. (b) Post-transcriptional expression
(a-amanitin-treated GFP/NOL7 normalized to untreated controls). *Po0.05, **Po0.01. (c) Genes significantly upregulated (yellow), unchanged
(white), or downregulated (blue) are represented schematically based on their functional annotations, ligand-receptor interactions, and
signaling. Those genes that were post-transcriptionally stabilized by NOL7 are outlined in red.
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expansion of these results to include more genes and pathways is
necessary. For example, a major angiogenic transcription factor,
HIF-1a, was not profiled on this array, and could contribute
significantly to the differential expression of NOL7 targets,
including downstream genes affected only at the steady state.
The differentially regulated genes further suggest that NOL7 may
be having a role in mediating focal adhesion, remodeling of the
extracellular matrix and epithelial to mesenchymal (EMT) transi-
tion through its post-transcriptional mechanisms, pathways that
are critical for tumor growth suppression, metastasis and
antiangiogenic therapy. Acquisition of an EMT phenotype is
associated with acquired resistance to angiogenic therapies,
metastasis, and has recently been tied to global enrichment of
ARE-containing mRNAs.76–78 Therefore, the role of NOL7 in post-
transcriptional regulation of these phenotypes may be critical in
avoiding acquired resistance and increasing the efficacy of current
angiogenic therapies.
In conclusion, NOL7 is a novel tumor suppressor that must

reside in the nucleoplasm to suppress in vivo tumor growth.
Reintroduction of NOL7 induces an antiangiogenic phenotype
drive in part by the post-transcriptional stabilization of TSP-1. This
is achieved through specific interaction with the TSP-1 30UTR,
which is sufficient to post-transcriptionally upregulate gene
expression at the mRNA and protein levels. Finally, this post-
transcriptional regulation was demonstrated to be specific to a
small subset of mRNAs. Taken together, this demonstrates that
NOL7 is a novel RBP that post-transcriptionally upregulates TSP-1
through an increase in mRNA stability. Further characterization of
the mechanism underlying this function and the phenotypic
consequences will illustrate the potential role of NOL7 as a master
regulator of the angiogenic phenotype through post-transcrip-
tional modulation of gene expression.

MATERIALS AND METHODS
Further details and additional methods can be found in the Supplementary
section.

Cell culture and fluorescence microscopy
HEK293T and SiHa cells were obtained from the ATCC (Manassas, VA, USA)
and cultured, as previously described.60,61 Fluorescence microcopy was
performed as described.61

In vivo tumor studies, ELISA and migration assay
Conditioned media from the SiHa parental, GFP control, NOL7 wild-type or
NOL7 mutant cells were assayed for TSP-1 and VEGF by enzyme-linked
immunosorbent assay (ELISA), as described by the manufacturer (R&D
Systems, Minneapolis, MN, USA). The migration assay was performed, as
previously described.79 For tumor studies, 107 cells in PBS were injected
subcutaneously into 6–8-week-old female nu/nu mice (Charles River
Laboratories, Wilmington, MA, USA) (n¼ 6 per group). Tumor growth was
monitored with a caliper. Statistics were calculated using two-way analysis
of variance. Microvessel density was calculated from CD31 staining, as
previously described.60

Northern and western blotting
Northern blotting was performed using the NorthernMax kit (Ambion,
Austin, TX, USA). The TSP-1-specific RNA probe was in vitro transcribed and
labeled with [a-32P]-UTP (Perkin–Elmer, Waltham, MA, USA) using the
MAXIscript kit, according to the manufacturer’s instructions (Ambion). For
westerns, proteins were separated on SDS–polyacrylamide gel electro-
phoresis gels, transferred to ImmunoBlot PVDF membrane (Bio-Rad,
Hercules CA, USA), blocked in 5% milk-TBST and probed overnight.
Secondary was probed at 10 ng/ml for 1 h at room temperature. Blots were
visualized using Pierce SuperSignal West Dura substrate.

Sucrose gradient ultracentrifugation
Lysate was separated on 10–30% continuous gradients prepared manually
in sucrose gradient buffer (50mM Tris–HCl, 80mM KCl, 5mM Mg(C2H3O2)2,

2% sucrose, protease inhibitors). RNA digestion was performed by
incubation with 500mg/ml RNase A and 50 mg/ml EDTA at 37 1C for
1 h. All gradients were separated at 27 500 rpm at 4 1C on Beckman
LM-80 Centrifuge (Beckman-Coulter, Inc., Brea, CA, USA) for 8 h. Equivalent
fractions were collected manually measured for absorbance at 260 nm.

Immunoprecipitation and pulldowns
Cells stably expressing GFP-V5 or NOL7-V5 were resuspended in sucrose
lysis buffer and lysed by freeze–thaw. RNase digestion was performed, as
described above. For IP, 250mg total protein was mock-treated or RNase
digested and incubated with 25ml a-V5 agarose beads (Sigma–Aldrich,
St Louis, MO, USA). Purified complementary DNA was reverse transcribed
using the Superscript III one-step RT-PCR kit and amplified with 18S
specific primers (Invitrogen, Carlsbad, CA, USA). For oligo(dT) pulldowns,
500 A260 units were bound to 10mg oligo(dT) cellulose beads (Ambion)
and incubated with buffer alone or buffer containing 2500 or 5000 A260

units of polyadenylic or polycytidylic acid (Sigma–Aldrich). For 30UTR
pulldowns, the 30UTR of TSP-1 or R01 was in vitro transcribed using the
MEGAscript kit from Ambion (Ambion/Applied Biosystems, Austin, TX,
USA). RNA was incubated with 100mg lysate and bound to streptavidin
Dynabeads (Invitrogen). In all cases, beads were washed thoroughly and
bound proteins were eluted by boiling in SDS sample buffer. Results were
quantified using Bio-Rad QuantityOne software (Bio-Rad) and normalized
to input. Statistical significance was determined from three independent
assays using Student’s t-test.

30UTR luciferase assays
Two clones each of SiHa cells stably co-expressing GFP, NOL7, or HuR and
EMP, R01, or TSP-1 30UTR luciferase reporter constructs were measured
using the Steady-Glo luciferase assay system (Promega, Madison, WI, USA),
according to manufacturer’s instructions. Values for GFP, NOL7 and HuR
clones were averaged, normalized to luciferase control, and reported as a
percentage of GFP. Luciferase mRNA levels were measured by quantitative
PCR. Statistical significance was calculated using Student’s t-test from four
independent assays against log values to control for normalization bias.

Quantitative real-time PCR
RNA levels were measured by real-time quantitative PCR using the Ag-Path
One Step RT–PCR kit (Ambion/Applied Biosystems). For each, 30 ng total
RNA was amplified on the CFX-1000 (Bio-Rad) and detected using TaqMan
probes against target transcripts (Applied Biosystems). Relative expression
levels were calculated using the DDCt method relative to 18S. Statistical
differences were calculated as indicated.

Measurement of post-transcriptional mRNA abundance
Two clones each of SiHa cells stably co-expressing GFP, NOL7 or HuR were
plated in six-well plates, washed with PBS and transcriptionally inhibited in
complete media containing 5 mg/ml a-amanitin for 0, 2, 4 or 6 hours. After
treatment, RNA was collected from cells using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Post-transcriptional TSP-1 abundance was measured by
real-time quantitative PCR. TSP-1 mRNA levels were normalized to time
zero and plotted as a function of a-amanitin treatment duration such that
N0¼N(t)e� lt. Half-life was calculated as t1/2¼ � ln(2)/l. Statistical signi-
ficance was calculated using two-way analysis of variance and Student’s
t-test from four independent assays.

TaqMan Array
SiHa cells stably expressing GFP or NOL7 were untreated or transcription-
ally inhibited with 5mg/ml a-amanitin for 4 h. After treatment, RNA was
collected from cells using the RNeasy Mini Kit (Qiagen) and reverse
transcribed with Superscript VILO (Invitrogen). 100 ng complementary DNA
from treated and untreated GFP and NOL7 expressing cells was combined
with TaqMan Gene Expression Master Mix, loaded onto the Human
Angiogenesis Array, and analyzed on the 7900HT Fast real-time PCR
system (Applied Biosystems). For steady state, expression was calculated
between untreated samples relative to GFP. For post-transcriptional
expression, mRNA levels were normalized to untreated samples and
compared directly. Statistical significance was calculated using Student’s
t-test from an average of three independent assays.
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