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Nuclear size is sensitive to NTF2 protein levels in a manner
dependent on Ran binding
Lidija D. Vuković1,*, Predrag Jevtić1,*, Zhaojie Zhang2, Bradley A. Stohr3 and Daniel L. Levy1,‡

ABSTRACT
Altered nuclear size is associated with many cancers, and
determining whether cancer-associated changes in nuclear size
contribute to carcinogenesis necessitates an understanding of
mechanisms of nuclear size regulation. Although nuclear import
rates generally positively correlate with nuclear size, NTF2 levels
negatively affect nuclear size, despite the role of NTF2 (also known as
NUTF2) in nuclear recycling of the import factor Ran. We show that
binding of Ran to NTF2 is required for NTF2 to inhibit nuclear
expansion and import of large cargomolecules inXenopus laevis egg
and embryo extracts, consistent with our observation that NTF2
reduces the diameter of the nuclear pore complex (NPC) in a Ran-
binding-dependent manner. Furthermore, we demonstrate that
ectopic NTF2 expression in Xenopus embryos and mammalian
tissue culture cells alters nuclear size. Finally, we show that increases
in nuclear size during melanoma progression correlate with reduced
NTF2 expression, and increasing NTF2 levels in melanoma cells is
sufficient to reduce nuclear size. These results show a conserved
capacity for NTF2 to impact on nuclear size, and we propose that
NTF2 might be a new cancer biomarker.
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INTRODUCTION
Cell size varies when comparing different species and tissue types,
and dramatic changes in cell size accompany early development and
cell differentiation within the same organism. A fundamental
question in cell biology is how the sizes of intracellular structures
and organelles are regulated relative to cell size (Rafelski and
Marshall, 2008; Chan and Marshall, 2012; Levy and Heald, 2012;
Marshall, 2012). It has long been noted that the size of the nucleus
tends to correlate with the size of the cell, a phenomenon referred to
as nuclear scaling (Conklin, 1912; Wilson, 1925; Webster et al.,
2009; Chan and Marshall, 2010; Levy and Heald, 2010; Walters
et al., 2012; Hara et al., 2013; Jevtic and Levy, 2015). Altered
nuclear scaling is associated with many cancers, and
cytopathologists monitor graded increases in nuclear size for
cancer diagnosis and prognosis (Zink et al., 2004; Chow et al., 2012;
Jevtic and Levy, 2014). Importantly, nuclear size increases in cancer
are frequently independent of gross ploidy changes (Lindberg,
1992; Miyamoto et al., 1992; Sørensen et al., 1992; Wang et al.,

1992; Dangou et al., 1993; van Velthoven et al., 1995; Sørensen,
1996; Dey, 2010), implicating potential cytoplasmic contributions
to altered nuclear size (Goehring and Hyman, 2012). It is unknown
whether changes in nuclear size contribute to carcinogenesis, and
answering this question necessitates an understanding of the
mechanisms responsible for regulating nuclear size.

Previous studies have implicated nucleocytoplasmic transport in
the regulation of nuclear size (Levy and Heald, 2012; Edens et al.,
2013; Jevtic et al., 2014; Vukovic et al., 2016). Blocking nuclear
export increases nuclear size in fission yeast (Neumann and Nurse,
2007), and altering nucleoporin (Nup) expression affects nuclear
size in Tetrahymena, Arabidopsis, and Xenopus (Iwamoto et al.,
2009; Tamura et al., 2010; Theerthagiri et al., 2010; Shaulov et al.,
2011; Tamura and Hara-Nishimura, 2011). In addition,
manipulating the expression of various nuclear transport factors
causes nuclear size changes in Tetrahymena, worms and budding
yeast (Malone et al., 2008; Gonzalez et al., 2009; Meyerzon et al.,
2009). One specific nucleocytoplasmic transport factor implicated
in nuclear size regulation is nuclear transport factor 2 (NTF2, also
known as NUTF2). NTF2 serves as a recycling factor for the small
GTPase Ran, binding to RanGDP in the cytoplasm and targeting it
to the nuclear pore complex (NPC) through association with FG-
repeat containing Nups, including Nup62 (Paschal and Gerace,
1995; Clarkson et al., 1996, 1997; Smith et al., 1998; Bayliss et al.,
1999, 2002;Morrison et al., 2003). NTF2 translocates RanGDP into
the nucleus where RCC1, the Ran guanine-nucleotide-exchange
factor (GEF) associated with the chromatin, exchanges RanGDP for
RanGTP (Ribbeck et al., 1998). In this way, NTF2 promotes
efficient nuclear import by replenishing the nuclear RanGTP pool
that is responsible for releasing imported cargo molecules bound to
importin α or β proteins (Madrid and Weis, 2006; Stewart, 2007).

NTF2 concentrations contribute to nuclear size differences
between two related frog species, Xenopus laevis and Xenopus
tropicalis. Nuclei assembled in X. tropicalis egg extract, which
contains relatively high levels of NTF2, expand more slowly than
nuclei in X. laevis egg extract, which has nearly fourfold less NTF2.
Supplementing X. laevis extract with increased amounts of NTF2 is
sufficient to decrease nuclear size, whereas NTF2 immunodepletion
or antibody inhibition in X. tropicalis extract leads to increased
nuclear size (Levy and Heald, 2010). One mechanism contributing
to these nuclear size effects was determined to be differential
nuclear import of large cargo molecules. Addition of NTF2 to
X. laevis extract results in increased levels of nuclear Ran and
reduced nuclear import kinetics for large cargo molecules,
including 20 MDa IBB-coated Qdots and lamin B3 (LB3) that
exists as a >700 kDa complex as determined by gel filtration (Adam
et al., 2008; Gambus et al., 2011), whereas import of smaller cargos
is largely unaffected [e.g. a GST-tagged GFP containing a nuclear
localization sequence (GST–GFP-NLS) and smaller Qdots].
Conversely, NTF2 inhibition in X. tropicalis is sufficient to
increase the rate of large cargo import, without impacting on theReceived 30 September 2015; Accepted 20 January 2016
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import of small cargos (Levy and Heald, 2010). These data are
consistent with studies in Xenopus oocytes showing that
microinjection of NTF2 causes a reduction in the import of large
nucleoplasmin-coated gold particles (Feldherr et al., 1998). From
these studies, it was unclear how NTF2 might specifically regulate
the import of large, but not small, cargo molecules. One possibility
is that high levels of NTF2 bound to the NPC alter the effective
diameter of the pore, potentially slowing the import of larger-sized
cargos. Consistent with this idea, experimentally increasing Ran
levels in Xenopus oocytes reduced the internal diameter of the pore
of the NPC (Goldberg et al., 2000). Here, we test whether binding of
Ran to NTF2 is required for NTF2 to reduce NPC size, large cargo
import and nuclear size.
In this study, we use Xenopus egg extracts to investigate how

NTF2 concentrations and mutants affect nuclear size. Egg extracts
contain all the cytoplasmic proteins and membranes necessary for
nuclear assembly, and addition of demembranatedXenopus sperm to
interphasic extracts induces the formation and expansion of nuclei
in vitro (Chan and Forbes, 2006; Edens and Levy, 2014a).
Advantages of this open biochemical system over in vivo
approaches include: (1) facile and precise manipulation of the
cytoplasmic composition by immunodepletion or addition of
recombinant proteins (e.g. NTF2 protein); (2) the ability to study
individual steps of complex processes in isolation (e.g. nuclear
growth and size); (3) the relative rapidity with which these
experiments can be performed; and (4) the ability to study essential
processes that might pose viability issues in vivo (Levy and Heald,
2015).We also study nuclear size usingXenopus embryo extracts that
provide a powerful link between the in vitro and in vivo approaches.
Embryo extracts offer many of the same in vitro advantages of egg
extracts, while allowing us to study endogenous embryonic nuclei in
their native cytoplasm (Edens and Levy, 2014a,b).
Using a mutant version of NTF2 that is defective for Ran binding,

we find that the ability of NTF2 to inhibit nuclear growth and import
of large cargos in Xenopus egg extract largely depends on its
binding to Ran. We also show, by performing transmission electron
microscopy (TEM), that wild-type NTF2, but not NTF2 defective
for Ran binding, reduces the diameter of the NPC. Furthermore, we
show that these in vitro findings are also relevant in vivo, as ectopic
NTF2 expression in Xenopus embryos and mammalian tissue
culture cells leads to altered nuclear size. Studying melanoma cell
lines and tissue microarrays, we find that increases in nuclear size
during melanoma progression correlate with reduced NTF2
expression, and that more normal nuclear sizes can be attained in
melanoma cells by increasing NTF2 levels. These studies provide
new insights into the mechanism of nuclear size regulation by
NTF2. We propose that NTF2 bound to Ran at the NPC reduces the
effective diameter of the NPC to inhibit import of large cargos and
nuclear expansion, and that NTF2 might be a novel cancer
biomarker.

RESULTS
Binding of Ran to NTF2 is required for NTF2 to affect nuclear
size in Xenopus egg extract
Distinct sites on NTF2 are responsible for Ran and NPC binding,
and single point mutations in NTF2 have been previously identified
that specifically reduced the affinity of NTF2 for RanGDP (E42K)
or for the NPC (W7A). Importantly, structural studies have
demonstrated that these mutations do not cause gross changes in
protein folding or conformation (Clarkson et al., 1996, 1997; Kent
et al., 1996; Bayliss et al., 1999; Morrison et al., 2003). It is worth
noting that theW7Amutant retains some affinity for the NPC due to

a secondary Nup-binding site that is not easily disrupted by
mutation because it is composed of multiple amino acids forming an
elongated hydrophobic stripe (Bayliss et al., 1999; Morrison et al.,
2003). We purified recombinant versions of these mutant proteins
and tested their ability to inhibit the growth of nuclei assembled in
X. laevis egg extract. For most of these experiments, NTF2 protein
was added to egg extract prior to nuclear assembly; however, we
also performed experiments in which extract was supplemented
with NTF2 protein after nuclear assembly, which resulted in similar
effects on nuclear size. As previously reported, addition of wild-
type NTF2 reduced the rate of nuclear expansion (Levy and Heald,
2010), and the effect was more pronounced with increasing NTF2
concentrations up to 5–10 µM. At this NTF2 concentration range,
which represents an approximate tenfold increase over the
endogenous NTF2 level, nuclear surface area was reduced by 40–
50% compared to control-treated nuclei (Fig. 1). The E42K Ran-
binding mutant completely failed to inhibit nuclear growth. Rather,
in extract supplemented with this NTF2 mutant protein, nuclei were
slightly enlarged relative to controls (Fig. 1). At 5–10 µM NTF2
concentrations, the W7A NPC-binding mutant exhibited an
intermediate effect, resulting in nuclei that were smaller than
controls but not as small as in extract supplemented with wild-type
NTF2 protein (Fig. 1). At lower NTF2 concentrations, the effect of
the W7A mutant on nuclear size was similar to that of wild-type
NTF2. These data demonstrate that Ran binding to NTF2 is
absolutely required for NTF2 to affect nuclear size in X. laevis egg
extract.

We wondered whether the ability of the W7A NTF2 mutant to
partially inhibit nuclear growth might be due to residual affinity for
the NPC, as previously shown by TEM (Bayliss et al., 1999). We
performed immunofluorescent staining against NTF2 on nuclei
assembled in egg extract supplemented with either wild-type or
mutant NTF2 proteins. Increased nuclear NTF2 staining was
observed with increasing concentrations of both wild-type NTF2
and the E42K Ran-binding mutant (Fig. 2A,B). This demonstrates
that the E42K mutation does not interfere with targeting of that
NTF2 mutant protein to the NPC. In extract supplemented with the
NPC-binding mutant W7A, nuclear NTF2 staining was
significantly reduced relative to extract supplemented with wild-
type NTF2, showing that the mutant has reduced affinity for the
NPC. However, the W7A mutation clearly does not abolish NPC
binding, as nuclear NTF2 staining intensity still increased with
increasing concentrations of the W7A mutant protein. For instance,
addition of 5 µMwild-type protein increased nuclear NTF2 staining
intensity greater than 15-fold relative to controls, and the W7A
mutant still increased nuclear NTF2 localization by fivefold
(Fig. 2A,B). This observation might explain why the W7A
mutant still retains some ability to inhibit nuclear growth (Fig. 1).

To confirm that the E42K mutant was functionally defective in
Ran binding, we performed immunofluorescent staining against
Ran on nuclei assembled in egg extract supplemented with either
wild-type or mutant NTF2 proteins. Although wild-type NTF2
increased nuclear Ran localization, this effect was significantly
reduced with the E42K Ran-binding mutant, as expected (Fig. 2C).
The W7A NPC-binding mutant also exhibited reduced nuclear Ran
localization relative to the wild-type protein, showing that targeting
of NTF2 to the NPC contributes to its ability to increase nuclear Ran
localization (Fig. 2C).

Given that Ran binding to NTF2 is required to increase the level
of nuclear-localized Ran and to reduce nuclear size, we
hypothesized that these nuclear size reductions might be mediated
by recruitment of additional Ran-binding proteins. To test whether
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increasing the levels of NTF2 led to concomitant increases in
the recruitment of other Ran-binding proteins to the NPC or
nucleus, we performed quantitative immunofluorescence. Although
supplementing X. laevis egg extract nuclei with additional NTF2
increased nuclear Ran levels, there were no significant changes in
the amounts of nuclear RanGAP1, RCC1, RanBP1, RanBP2, CAS
(also known as CSE1L), TRN (also known as TNPO1) or CRM1
(also known as XPO1) (data not shown). These data suggest that
these Ran-binding proteins are not mediators of the effect of NTF2
on nuclear size. Rather, we favor the model that increased amounts
of NTF2 bound to Ran at the NPC alter the conformation of the pore

in a way that reduces import of large cargo molecules, thereby
impacting on nuclear import and size. To directly test this idea, we
performed TEM on nuclei assembled in egg extract and quantified
NPCdiameters. Addition of 5 µMor 80 µMwild-typeNTF2 reduced
average NPC diameter by ∼20% or ∼30%, respectively (Fig. 2E,F).
In contrast, the E42KRan-binding mutant had no effect on NPC size
at 5 µM, and only decreased average pore diameter by ∼10% at
80 µM, and theW7ANPC-binding mutant exhibited an intermediate
effect, decreasing average pore diameter by ∼20% at 80 µM
(Fig. 2E,F). For egg extract nuclei supplemented with NTF2, NPC
clustering appeared reduced, as assessed by TEM imaging, whereas

Fig. 1. Binding of Ran to NTF2 is required for NTF2 to affect nuclear size in X. laevis egg extract. (A) X. laevis egg extract was supplemented with
recombinant wild-type and mutant NTF2 proteins at the indicated final concentrations, and the same total volume was added to each reaction. For the control
reaction, an equal volume of NTF2 storage buffer was added. Nuclei were assembled and growth was allowed to proceed for 90 min at 20°C. Given that nuclei
expand continuously in egg extract, this time point serves as a proxy for the nuclear expansion rate, and at this time nuclei have nearly reached their largest size
before physical integrity of the nuclear envelope becomes compromised (Levy and Heald, 2010). Nuclei were fixed, spun onto coverslips, processed for
immunofluorescence and stained with mAb414 to visualize the NPC (red) and Hoechst 33342 to visualize the DNA (blue). Representative images are shown. The
NPC-binding mutant is NTF2W7A, and the Ran-bindingmutant is NTF2 E42K. (B) Nuclear size data are shown from one representative experiment as described
in A. For each bar, the cross-sectional areas of 125–643 nuclei were measured from NPC-stained nuclei and averaged. The error bars are s.d. *P<0.05;
***P<0.001; NS, not significant (compared with the buffer addition control; two-tailed Student’s t-test). (C) Cumulative data from 32 different X. laevis egg extracts
treated as described in A. The average cross-sectional nuclear areas were measured as in B and normalized to the buffer addition control (bold horizontal line set
at 1.0), due to variability between egg extracts. Normalized nuclear areas were averaged across multiple experiments. The error bars are s.d. A subset of
experiments was performed in which NTF2 proteins were added to X. laevis egg extract containing nuclei pre-assembled for 35 min followed by an additional
75-min incubation period. Similar nuclear size effects were observed, so these datawere averaged along with the data in which NTF2 protein was added to extract
at the beginning of nuclear assembly. For the wild-type and NPC-binding mutant, all normalized nuclear area data points are statistically different from the buffer
control (1.0) by at least P<0.05; for the Ran-binding mutant, the 10 µM data point is the only one that is statistically different from the buffer control, with P<0.05
(two-tailed Student’s t-test).
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Fig. 2. See next page for legend.
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the overall NPC density was slightly increased as determined by
quantitative NPC immunofluorescence (data not shown).
Previous studies have shown that increased NTF2 levels reduce

import of 40-nmQdot and 19–23-nm gold particles, whereas import
of smaller Qdot and gold particles is not affected (Feldherr et al.,
1998; Levy and Heald, 2010). Given that binding of Ran to NTF2 is
required for NTF2 to reduce NPC size and nuclear size, a prediction
is that binding of Ran to NTF2 would also be required to inhibit
import of large cargos. To test this idea, we supplemented extract
with 5 µM of wild-type or mutant NTF2 proteins and quantified the
nuclear import of different sized cargos. Import of GST–GFP-NLS
(112 kDa assuming a dimer) and IBB-βGal (importin-β-binding
domain of human SRP1a fused to β-galactosidase that exists as a
500-kDa tetrameric complex) cargos was slightly increased by wild-
type NTF2, whereas the Ran- and NPC-binding mutants had little
effect on import of these smaller cargo molecules (Fig. 2D). As
expected, import of the 20-MDa Qdot cargo was reduced by wild-
type NTF2 and to a lesser degree by the NPC-binding mutant.
Strikingly, import of this large cargo was actually increased by
addition of the NTF2 Ran-binding mutant (Fig. 2D). A similar trend
was observed for import of lamin B3 (LB3), in which LB3 import
was most inhibited by wild-type NTF2 and least inhibited by the
Ran-binding mutant (Fig. 2D). These data suggest that LB3 is
imported as a large cargo, consistent with gel filtration studies

showing that LB3 in X. laevis egg extract exists in a complex that is
>700 kDa, indicating the complex is highly oligomeric and/or
extended in conformation (Adam et al., 2008; Gambus et al., 2011).
These results are consistent with the idea that NTF2 must bind Ran
at the NPC in order to reduce pore diameter and import of large
cargo molecules, including LB3, to inhibit nuclear expansion.

In the course of these experiments, we noted that the nuclear
levels of importin β and importin α2 were increased when extract
was supplemented with wild-type NTF2, and that this effect was
much less pronounced with the W7A and E42K mutants (Fig. 2D).
This led us to investigate whether even higher concentrations of
NTF2 might increase nuclear expansion rates by further increasing
the rate of bulk import and potentially overcoming the inhibitory
effect of NTF2 on large cargo import. To test this idea, we
increased the NTF2 concentration in egg extract to more than 100-
fold above endogenous levels. Although nuclei were again smaller
than controls, nuclear surface area was only reduced by around
20%, as opposed to 40–50% by lower levels of NTF2 (Fig. 1C).
Import of Ran and GFP-NLS, as well as two native nuclear import
substrates (150 kDa pentameric nucleoplasmin and 240 kDa
NuMa), was increased at 80 µM NTF2, demonstrating that at
high NTF2 levels there is an increase in bulk import and the NTF2
protein is not aggregating and becoming less effective (data not
shown). As with lower NTF2 concentrations, the Ran-binding
mutant had little effect on nuclear size at these higher NTF2
concentrations, and the NPC-binding mutant exhibited an
intermediate effect, reducing nuclear surface area by ∼15%
(Fig. 1C). These data suggest that the concentration-dependent
effect of NTF2 on nuclear size might be dictated by a balance
between its inhibitory effect on the import kinetics of large cargo
molecules and its stimulatory effect on bulk import kinetics.

NTF2 levels affect nuclear size in vivo in Xenopus embryos
To determine whether our in vitro results in egg extract were
relevant in an in vivo setting, we examined how NTF2 levels affect
nuclear size in X. laevis embryos. As a transition between our
in vitro and in vivo studies, we first tested the effect of increased
NTF2 concentrations on nuclear size in X. laevis embryo extracts.
We prepared embryo extract containing endogenous embryonic
nuclei from early stage 8 embryos (Nieuwkoop and Faber, 1967),
just prior to the activation of zygotic gene transcription associated
with the midblastula transition (MBT). When these extracts were
incubated at room temperature for 75 min, the surface area of nuclei
in the extract increased by ∼50%, providing a system to test the
effect of increased NTF2 levels on embryonic nuclear growth
kinetics (Fig. 3A,B). When embryo extract was supplemented with
increasing concentrations of recombinant wild-type NTF2 protein,
nuclear expansion was inhibited, such that nuclei ultimately
attained smaller sizes compared to the buffer-addition control.
When 20 µM NTF2 was added, almost no nuclear growth was
observed (Fig. 3A,B). Interestingly, NTF2 concentrations higher
than 20 µM resulted in less inhibition of nuclear growth, consistent
with these high NTF2 levels increasing bulk import (Fig. 3A,B).
Effects of NTF2 mutant proteins on embryonic extract nuclear size
were similar to those observed in egg extract. Nuclear growth was
not significantly altered by the Ran-binding mutant, whereas the
NPC-binding mutant reduced nuclear size but not to the same extent
as wild-type NTF2, consistent with this mutant retaining some
reduced affinity for the NPC (Fig. 3C).

To determine whether ectopic NTF2 expression within the
embryo would alter nuclear size in later stages of development, we
microinjected single-cell X. laevis embryos with four different

Fig. 2. Effects of wild-type and mutant NTF2 proteins on nuclear
localization of transport factors, nuclear import, and NPC diameter.
(A) X. laevis egg extract was supplemented with recombinant wild-type and
mutant NTF2 proteins at the indicated final concentrations, and the same total
volume was added to each reaction. For the control reaction, an equal volume
of NTF2 storage buffer was added. Nuclei were assembled and growth was
allowed to proceed for 90 min at 20°C. Nuclei were fixed, spun onto coverslips,
processed for immunofluorescence, and stained with an antibody against
NTF2 (green) and Hoechst 33342 to visualize the DNA (blue). Representative
images acquired with the same exposure time are shown. (B) For each data
point, the nuclear NTF2 fluorescence staining intensity per unit area was
quantified for 102–117 nuclei, averaged and normalized to the buffer control
(set at 1.0). The error bars are s.d. All data points are statistically different from
the buffer control (1.0) by at least P<0.001 (two-tailed Student’s t-test). One
representative experiment out of three is shown. (C) Similar experiments were
performed except that nuclei were stained with an antibody against Ran. For
each data point, the nuclear Ran fluorescence intensity per unit area was
quantified for 100–130 nuclei, averaged and normalized to the buffer control
(set at 1.0). The error bars are s.d. All data points are statistically different from
the buffer control (1.0) by at least P<0.05 (two-tailed Student’s t-test). One
representative experiment out of six is shown. (D) Similar experiments were
performed except that only the 5 µM concentration of added NTF2 protein was
tested. As indicated, nuclei were either stained with an antibody against
importin β or importin α2, or import of the indicated cargos was quantified as
previously described (Lyman et al., 2002; Levy and Heald, 2010). For each
data point, the nuclear fluorescence intensity per unit area was quantified for
111–1108 nuclei, averaged and normalized to the buffer control (bold
horizontal line set at 1.0). The error bars are s.d. One representative
experiment out of three is shown. *P<0.05; **P<0.01; ***P<0.001; NS, not
significant (two-tailed Student’s t-test). The GST–GFP-NLS cargo is listed as
112 kD assuming it is dimeric. The lamin B3 cargo is listed as >700 kDa based
on gel filtration experiments (Adam et al., 2008; Gambus et al., 2011).
(E) Nuclei were assembled as described in A. Unfixed nuclei were negatively
stained with uranyl acetate, and NPCs were visualized by TEM.
Representative images are shown. Although this approach does not provide
structural details of the NPC, we prefer this method for quantifying NPC
diameters because the NPCs are not fixed and their structures are minimally
perturbed during sample preparation. (F) For each sample, TEM images were
acquired for 6–7 different nuclei, and the diameters of 103–123 NPCs were
quantified using ImageJ. As negative staining outlines the entire NPC, here we
are quantifying the diameter of the NPC and not the central channel. NPC
frequency refers to the number of NPCs with the indicated NPC diameter. The
error bars are s.d. ***P<0.001; NS, not significant (two-tailed Student’s t-test).
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amounts of mRNA encoding NTF2, allowed embryos to develop to
late stage 8 or stage 9 (i.e. post-MBT), and then isolated and
quantified endogenous nuclei from these embryos. Nuclei were
smaller in embryos microinjected with low levels of NTF2 mRNA,
exhibiting ∼20% smaller nuclear envelope surface areas compared
to controls (Fig. 4). Higher amounts of NTF2 mRNA resulted in
increased nuclear size relative to control-injected embryos, with
anywhere from 10–50% increased nuclear envelope surface areas
(Fig. 4). These data are consistent with our in vitro results,
demonstrating that in vivo embryonic nuclear size is sensitive to
NTF2 expression levels.

NTF2 levels affect nuclear size in mammalian tissue culture
cells
To extend our in vivo Xenopus results, we tested whether altering
NTF2 expression levels also affected nuclear size in mammalian
tissue culture cells. We transiently transfected HeLa and MRC-5
(normal human lung fibroblast) cells with an mCherry–NTF2
construct and verified ectopic expression of the fluorescently-

labeled NTF2 by immunoblotting (data not shown) and by
visualization of the fluorescently tagged protein (Fig. 5A). In
multiple independent experiments, ectopic NTF2 expression
always led to a reduction in nuclear size. The reduction in
nuclear cross-sectional area induced by NTF2 expression was
3–25% in HeLa cells and 9–29% in MRC-5 cells (Fig. 5B).
In HeLa cells, transfection with an NTF2 construct lacking
mCherry similarly reduced nuclear size (data not shown). Nuclear
size was similarly decreased by ectopic NTF2 expression in
U2OS osteosarcoma cells (data not shown). Based on
immunoblots of cell lysates, the level of ectopic NTF2
expression ranged from two- to three-fold over endogenous
levels in all cell lines tested (data not shown). We also performed
small interfering RNA (siRNA)-mediated knockdown of NTF2 in
HeLa cells but found that cell viability was greatly reduced by
this treatment, making it difficult to accurately assess nuclear
size in these experiments (data not shown). It is worth noting that
NTF2 expression is largely not cell cycle regulated (Ly et al.,
2014) (data not shown). Taken together, these data demonstrate

Fig. 3. NTF2 concentration affects nuclear size in X. laevis embryo extracts. (A) Embryo extracts containing endogenous embryonic nuclei were prepared
fromX. laevis embryos at early stage 8. Recombinant NTF2 protein was added to the indicated final concentrations, and the same total volumewas added to each
reaction. For the control reaction, an equal volume of NTF2 storage buffer was added. Nuclei were incubated for 75 min at 20°C, during which time some nuclear
growth occurs. Nuclei were then fixed, spun onto coverslips, processed for immunofluorescence, and stained with mAb414 to visualize the NPC (red) and
Hoechst 33342 to visualize the DNA (blue). Representative images are shown. (B) For each sample, the cross-sectional areas of 127–625 nuclei were measured
from NPC-stained nuclei and averaged. Average nuclear size data from three different embryo extracts are shown. The error bars are s.d. For the statistical
analysis, calculations were performed relative to the no-NTF2-added control at t=75 min. (C) Average cross-sectional nuclear areas were measured as in B and
normalized to the buffer-addition control (bold horizontal line set at 1.0). Average nuclear size data from three different embryo extracts are shown. The error bars
are s.d. For the statistical analysis, calculations were performed relative to the no-NTF2-added control at t=75 min. *P<0.05; ***P<0.001; NS, not significant
(two-tailed Student’s t-test).
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that nuclear size is also sensitive to NTF2 expression levels in
mammalian cells.

Nuclear size and NTF2 expression levels inversely correlate
during melanoma progression
To begin to address whether changes in NTF2 expression might
contribute to altered nuclear size in cancer cells, we examined
normal melanocytes as a control and three primary radial growth

phase melanoma cell lines. We first determined that nuclear cross-
sectional area was greater in the melanoma cell lines by 2- to 2.8-
fold compared to nuclei in normal melanocytes (Fig. 6A). To
calculate nuclear-to-cell volume ratios for these cells, we
quantified the volumes of trypsinized cells and of isolated
nuclei. We determined that although normal and cancer cell
volumes were similar, nuclear volume was greater in the primary
melanoma cell lines compared to melanocytes, accounting for
increased nuclear-to-cell volume ratios in the melanomas
(Fig. 6B).

To determine whether NTF2 expression levels differed in these
cell lines, we performed quantitative immunoblotting on cell
lysates. Compared to normal melanocytes, the melanoma tissue
culture cell lines exhibited an average 62% reduction in NTF2
expression (Fig. 6C). This inverse correlation between NTF2
expression and nuclear size suggested that NTF2 might serve as a
novel biomarker for melanoma. To determine whether this was a
robust trend that could be observed in patient tumor samples, we
quantified nuclear size and NTF2 staining intensity for a number of
biopsied tissue samples using a tissue microarray. Compared to nevi
(i.e. benign melanocytic proliferations), melanomas (i.e. primary
malignant melanocytic lesions) exhibited increased and more
variable nuclear sizes that correlated with lower levels of NTF2
expression (Fig. 7). Based on data from tissue samples, average
nuclear cross-sectional areas were increased in melanoma by ∼70%
relative to nevi, and average NTF2 expression was reduced by
∼40% (Fig. 7). These data from actual patient tissue samples
corroborate our results with cultured cells, alleviating concerns
about artifacts with the tissue culture cell lines we analyzed.
Progression into later stages of melanoma was not associated with
further increases in nuclear size (data not shown).

Having observed an inverse correlation between nuclear size and
NTF2 expression, we next tested the effects of increasing NTF2
levels in the melanoma cell lines by transient transfection. Ectopic
NTF2 expression significantly reduced melanoma nuclear cross-
sectional area by 25–40% in two different radial growth phase
primary melanoma cell lines (Fig. 6D,E). When examined on a cell-
by-cell basis, a weak inverse correlation was noted between the
signal intensity of the mCherry-labeled NTF2 and nuclear size in
both transfected HeLa andWM35melanoma cells (data not shown).
Taken together, these data show that increased nuclear size in
melanoma correlates with reduced NTF2 expression, and that a
more normal nuclear size can be restored in melanoma cells by
increasing the level of NTF2 expression.

Fig. 4. NTF2 concentration affects nuclear size in vivo in X. laevis
embryos. (A) Single-cell X. laevis embryos were microinjected with the
indicated amount of NTF2 mRNA or water as a control. Embryos were allowed
to develop to late stage 8 and embryo extracts were prepared. Extracts
containing endogenous embryonic nuclei were fixed, nuclei were spun onto
coverslips, and nuclei were visualized and quantified as described in Fig. 1.
Representative images are shown. (B) Nuclear size data are shown from one
representative experiment. For each bar, 50–100 embryos were microinjected
and the cross-sectional areas of 172–1605 NPC-stained nuclei were
measured and averaged. The error bars are s.d. ***P<0.001 (two-tailed
Student’s t-test). To measure the level of ectopic NTF2 protein expression in
embryos, western blots were performed on embryo extracts and quantified by
infrared fluorescence as described in Materials and Methods. (C) Cumulative
data from five different batches of microinjected X. laevis embryos are shown.
Average cross-sectional nuclear areas were measured as in B and normalized
to the control (bold horizontal line set at 1.0). The error bars are s.d. All
normalized nuclear area data points greater than 1.05 and less than 1.0 are
statistically different from the control (1.0) by at least P<0.05 (two-tailed
Student’s t-test).
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DISCUSSION
In this study, we have extended previous observations about how
NTF2 affects nuclear size. We show that binding of Ran to NTF2
is absolutely required for NTF2 to inhibit nuclear expansion in
X. laevis egg extract, and that the mechanism is through reducing the
diameter of the NPC and import of large cargos. These effects are
most pronounced at ∼5 µM NTF2, which corresponds to NTF2
levels in late stage Xenopus embryos (Peshkin et al., 2015) and adult
Xenopus liver cells (data not shown). We have expanded our in vitro
results into X. laevis embryos and mammalian tissue culture cells,
demonstrating that NTF2 expression levels also affect nuclear size
in vivo. Finally, we find that early stages of melanoma progression
are associated with increased nuclear size and decreased NTF2
expression, and ectopic NTF2 expression in melanoma cell lines is
sufficient to reduce nuclear size.
Our data clearly show that binding of Ran to NTF2 is necessary

for NTF2 to affect nuclear size. The NTF2 E42K Ran-binding
mutant failed to inhibit both nuclear growth and import of large
cargos in X. laevis egg and embryo extracts. Based on our NTF2
immunofluorescence experiments, the E42K NTF2 mutant is
recruited to the NPC as well as, or better than, wild-type NTF2.
This shows that simple recruitment of NTF2 to the NPC is not
sufficient to block the import of large cargos and associated nuclear
expansion. Rather, NTF2 at the NPC must be bound to Ran to

induce these effects. Strikingly, even though the Ran-binding
mutant efficiently associated with the NPC, it had little effect on
the size of the NPC, strongly arguing that the NTF2-induced
conformational change in the pore is dependent on Ran binding.
This result is in agreement with previous electron microscopy data
indicating that Ran levels affect the conformation of the cytoplasmic
filaments of the NPC, with high RanGTP levels reducing the mean
diameter of the NPC pore (Goldberg et al., 2000).

The W7A NTF2 mutant with reduced NPC affinity partially
inhibited nuclear growth, but not to the same extent as wild-type
NTF2. We suspect the reason this mutant was not completely
impaired in its ability to reduce nuclear size is because it still retains
significant affinity for the NPC, as evidenced by our quantification
of NTF2 immunofluorescence. In support of this idea, it has been
shown that NTF2 possesses a secondary Nup-binding site that is not
disrupted by the W7A mutation (Bayliss et al., 1999; Morrison
et al., 2003). Furthermore, we observed an increase in nuclear levels
of importin α and β and increased import of several cargos (GST–
GFP-NLS, nucleoplasmin and NuMa) when Xenopus egg extract
nuclei were supplemented with 80 µM W7A NTF2 (data not
shown), suggesting that this mutant does retain sufficient residual
NPC affinity to enhance Ran recycling and nuclear import when
added at a sufficiently high concentration. The W7A mutant does
not appear to be acting by sequestration of cytoplasmic Ran as we

Fig. 5. NTF2 levels affect nuclear size in mammalian
tissue culture cells. (A) HeLa and MRC-5 cells were
transiently transfected with plasmids expressing mCherry
or mCherry–NTF2. At 48 h after transfection, cells were
fixed and stained with Hoechst 33342 to visualize the
DNA (blue). Representative images are shown.
(B) Nuclear cross-sectional areas were quantified from
Hoechst-33342-stained cells that were identified as being
transfected by mCherry expression. For each data point,
the cross-sectional areas of 105–840 nuclei were
measured and averaged. Error bars are s.d. *P<0.05,
***P<0.001 (two-tailed Student’s t-test).
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did not observe a dominant-negative effect on bulk import.
Although the W7A mutant is clearly defective in its ability to
modulate bulk import, it retains substantial activity to reduce NPC

size and large cargo import (Fig. 2). We propose that these two
activities are separable and partially uncoupled in this mutant, such
that bulk import is more sensitive to the W7A mutation whereas the

Fig. 6. Increased nuclear size in melanoma cell lines can be reversed by ectopic NTF2 expression. (A) One normal melanocyte cell line (AG21857)
and three different primary radial growth phase melanoma cell lines (WM35, WM3211 and WM1789) were grown on coverslips, fixed, and stained with Hoechst
33342. Representative images are shown. Nuclear cross-sectional areas were quantified for 226–703 nuclei and averaged. Error bars are s.d. ***P<0.001
(two-tailed Student’s t-test).We validated, by performing confocal imaging and quantification of nuclear volumes, that cross-sectional nuclear areameasurements
could be used to accurately compare relative nuclear sizes in these cell lines. (B) Diameters of spherical trypsinized cells were quantified using a Countess II
Automated Cell Counter (Invitrogen). Nuclei were isolated using an EZ Prep Nuclei Isolation kit (Sigma), and diameters of spherical nuclei were quantified using
the Countess II. For each cell line, 158–457 cells were quantified, and 149–961 nuclei were quantified. Volumes for spherical cells and nuclei were estimated from
diameter measurements and averaged. Nuclear-to-cell (N/C) volume ratios were calculated as average nuclear volume divided by average cell volume. Error bars
are s.d. ***P<0.001; NS, not significant (two-tailed Student’s t-test). To validate this approach, we performed confocal imaging of trypsinized cells to quantify
nuclear-to-cell volume ratios on a per cell basis. This analysis yielded similar average nuclear-to-cell volume ratios: 9.3% versus 9.4% for WM3211, and 12.9%
versus 11.3% for WM35 (data not shown). (C) Whole-cell lysates were prepared from the indicated tissue culture cells. Proteins were separated on 4–20%
gradient SDS-PAGE gels, transferred onto PVDFmembrane, and probedwith antibodies against NTF2 and actin. Bands were detected and quantified by infrared
fluorescence. One representative gel is shown. NTF2 band intensities were normalized to the actin signal, then normalized to the AG21857 normal melanocyte
NTF2 protein level and averaged across four experiments. Error bars are s.d. (D) Primary radial growth phase melanoma cell lines (WM3211 and WM35) were
transiently transfected with plasmids expressing mCherry alone as a control or mCherry–NTF2. At 48 h after transfection, cells were fixed and stained with
Hoechst 33342. Representative images are shown. (E) Quantification was performed for the experiments described in D. Nuclear cross-sectional areas were
quantified from Hoechst-33342-stained cells that were identified as being transfected by mCherry expression. For each bar, the cross-sectional areas of 88–223
nuclei were measured and averaged. Error bars are s.d. ***P<0.001 (two-tailed Student’s t-test). For WM35, the average nuclear-to-cell volume ratio is reduced
from 11.3% to 9.3% upon ectopic NTF2 expression (data not shown).
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residual NPC affinity of this mutant is sufficient to modulate nuclear
size. Taken together, we propose that increased NTF2 levels reduce
nuclear size by binding Ran at the NPC, thereby reducing the
effective diameter of the pore and slowing import of large cargo
molecules, such as lamins in >700 kDa complexes (Adam et al.,
2008; Gambus et al., 2011), that directly influence nuclear
expansion (Jevtic et al., 2015).
Although low levels of ectopic NTF2 generally reduced nuclear

size, we noted that further increases in NTF2 levels began to increase
nuclear size. In egg extract, high NTF2 levels generated nuclei that
approached the size of control-treated nuclei, and, in embryos,
nuclear sizewas even increased relative to controls.We believe these
increases in nuclear size can be explained by NTF2 increasing bulk
import kinetics. We observed that supplementing egg extract with
NTF2 resulted in increased nuclear Ran and importin levels.
Consistent with these observations, computer simulations of
nuclear import and cell microinjections have demonstrated that
nuclear import rates increase with increasing NTF2 concentrations
(Riddick and Macara, 2005). Conversely, NTF2 depletion in worms

reduced import and nuclear size (Ladouceur et al., 2015). We also
noted that addition of the E42K NTF2 Ran-binding mutant to egg
extract led to increased import of large Q-dot cargos with a modest
increase in nuclear size. Perhaps by occupying the NPC and
excluding wild-type NTF2 molecules bound to Ran, this mutant can
exhibit a slight dominant-negative effect. Interestingly, relatively low
levels of NTF2 protein (∼2–3 µM) that decrease nuclear size in egg
and pre-MBTembryo extracts were sufficient to increase nuclear size
in post-MBT embryos. This effect might be explained by the
different cellular context of late-stage embryos where zygotic
transcription is active, as was recently noted for the effects of
lamin expression on Xenopus nuclear size (Jevtic et al., 2015). As
nuclear import kinetics are reduced in the post-MBT embryo, it
seems reasonable that a small increase in NTF2 levels might be
sufficient to increase bulk nuclear import and nuclear size. We
propose that low ectopic levels of NTF2 predominantly act to inhibit
large cargo import and reduce the rate of nuclear expansion, whereas
higher levels of ectopic NTF2 begin to counteract this effect by
increasing the kinetics of bulk import. Ultimately, it is the balance of
these two activities that dictate nuclear size.

Our study of how NTF2 levels affect nuclear size has potential
implications in disease. Nuclear size is usually increased in cancer
cells, and altered nuclear morphology is a key diagnostic and
prognostic feature used by pathologists (Zink et al., 2004; Chow
et al., 2012; Jevtic and Levy, 2014). The changes in nuclear size that
we report here in tissue culture cells fall within the clinically
relevant range of nuclear size changes in cancer. For instance, it has
been reported that nuclear area increases 29% from stage 1 to stage 4
breast cancer (Abdalla et al., 2009), 16% from primary to metastatic
melanoma (Mossbacher et al., 1996), and 39% from benign
hyperplasia to prostate carcinoma (Wang et al., 1992). Focusing
on melanoma, we find that increased nuclear size in primary
melanoma correlates with reduced NTF2 expression. In agreement
with our data showing that NTF2 generally has a negative impact on

Fig. 7. Nuclear size and NTF2 expression are inversely correlated during
melanoma progression. (A) Nuclear cross-sectional areas were measured
from an H&E-stained melanoma tissue microarray (ME1004c, US Biomax,
Inc.). One representative image each of a nevus (i.e. benign melanocytic
proliferation) and a melanoma (i.e. primary malignant melanocytic lesion) is
shown, and representative blue-stained nuclei are indicated with arrows. For
each tissue sample, the cross-sectional areas of 30 adjacent melanocyte
nuclei within a single randomly selected field were measured and averaged.
Because these are tissue sections and nuclei might not be sectioned through
their widest plane, data are presented in arbitrary units (AU) to emphasize that
only relative comparisons between samples can be accurately determined.
Samples with extensive necrosis or pigment were avoided. Each bar in the
graph represents a different tissue biopsy. Error bars are s.d. (B) An unstained
ME1004c microarray was processed for immunofluorescence using an
antibody against NTF2 (red), and nuclei were stained with Hoechst 33342
(blue). Images were acquired at the same exposure time. Representative
images are shown from one nevus and one melanoma. The NTF2 is mostly
localized to the cytoplasm and nuclear envelope rim. (C) The NTF2-stained
microarray described in B was quantified. Images were acquired at the same
exposure time. NTF2 staining intensity measurements were performed for
more than 20 regions (each encompassing 1–3 cells) of each tissue sample,
corrected for the background signal, normalized for the area of the
measurement region and averaged. Brightly staining streaks and puncta
suggestive of non-specific or necrotic staining were avoided. Instead, regions
of viable tissue with similar cell densities were selected for quantification.
Nuclear sizes and NTF2 staining intensities were measured for the same
tissue samples. The left graph shows average nuclear areas for 12 nevi and 12
melanomas. The right graph shows the average NTF2 staining intensities for
those same samples. Individual melanoma nuclear area measurements adopt
a unimodal distribution (data not shown). Error bars are s.d. *P<0.05;
***P<0.001 (two-tailed Student’s t-test).
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nuclear size, we are able to reverse the nuclear enlargement in
melanoma cell lines by ectopic NTF2 expression. These data
suggest that NTF2 may be a novel cancer biomarker, and it will be
important to examine if this trend holds true for other cancer types.
Interestingly, another nuclear transport factor, importin α2, has been
implicated as a biomarker for breast and non-small cell lung cancers
(Dahl et al., 2006; Gluz et al., 2008;Wang et al., 2010). We note that
ectopic NTF2 expression does not completely correct the nuclear
size defect in melanoma cancer cells, suggesting that additional
factors likely contribute to increased nuclear size in melanoma
(Fig. 6). Aneuploidy is one potential contributor to increased
nuclear size in melanoma, and we did find that the melanoma cell
lines used in our study are roughly triploid relative to the normal
diploid melanocytes (data not shown). The relationship between
nuclear size and cancer cell phenotypes is still unclear. Our study
represents one of the first to identify a specific protein whose
expression levels correlate with nuclear size. Using the mechanistic
information gained here, future studies will focus on investigating
how nuclear size functionally impacts the formation and
progression of cancer. These studies might ultimately suggest that
altering nuclear size is a viable approach in cancer treatment, with
NTF2 as a potential target for cancer therapeutics.

MATERIALS AND METHODS
Recombinant protein expression and purification
The wild-type, W7A, and E42K NTF2 mutants cloned into pET15b were
obtained from Murray Stewart (MRC Laboratory of Molecular Biology,
United Kingdom). The wild-type gene was subcloned into pET30a at NcoI/
XhoI (pDL31). The W7A plasmid was used as is. The E42K NTF2 gene
was subcloned into pET30a at NcoI/XhoI (pDL33). Bacterial expression
and purification of these recombinant proteins were performed as previously
described (Lane et al., 2000; Levy and Heald, 2010). Purified proteins were
dialyzed into NTF2 storage buffer (100 mM KCl, 0.1 mM CaCl2, 1 mM
MgCl2, 50 mM sucrose, 10 mM HEPES pH 7.8).

Xenopus laevis egg and embryo extracts
Egg and embryo extracts were prepared as previously described (Edens and
Levy, 2014b). All Xenopus procedures and studies were conducted in
compliance with the US Department of Health and Human Services Guide
for the Care and Use of Laboratory Animals. Protocols were approved by the
University of Wyoming Institutional Animal Care and Use Committee
(Assurance #A-3216-01).

Nuclear assembly and NTF2 protein addition
For each nuclear assembly reaction, 2.5 µl of recombinant NTF2 protein
diluted in NTF2 storage buffer were added to 25 µl of X. laevis egg extract.
The concentration of the NTF2 stock solution was adjusted to vary the final
concentration of NTF2 protein added to the reaction. For control reactions,
2.5 µl of NTF2 storage buffer was added. Nuclear assembly was initiated as
previously described (Edens and Levy, 2014b), and the reaction was allowed
to proceed for 90 min at 20°C prior to fixation. Stage 8 X. laevis embryo
extracts were prepared as previously described (Edens and Levy, 2014b),
and embryo extracts containing endogenous embryonic nuclei were
supplemented with NTF2 proteins, in the same manner as for egg extracts,
and incubated at room temperature for 60 min prior to fixation.

Embryo microinjections
NTF2 was cloned from a plasmid consisting of NTF2 in pRSET B obtained
from Karsten Weis (Department of Biology, ETH Zurich, Switzerland)
(Lane et al., 2000) into pCS2+ at EcoRI/XhoI (pDL18). The pDL18
plasmid was linearized with NotI, and mRNA was expressed from the SP6
promoter using the mMessage mMachine kit (Ambion). X. laevis embryos
were prepared, microinjected with mRNA ranging from 200–1000 pg per
embryo, cultured and used to prepare embryo extracts, as previously
described (Jevtic and Levy, 2015).

Fixation and immunofluorescence
Nuclei in egg or embryo extract were fixed, centrifuged onto coverslips, and
processed for immunofluorescence as previously described (Edens and
Levy, 2014b). The primary antibody against the NPC was mAb414 (mouse,
Covance, 1:1000). Antibodies used to detect NTF2, Ran, importin β, and
importin α2 were as previously described (Levy and Heald, 2010).
Secondary antibodies were Alexa-Fluor-568-conjugated anti-mouse-IgG
and Alexa-Fluor-488-conjugated anti-rabbit-IgG antibodies (Molecular
Probes, 1:500).

Nuclear import assays
Preparation of nuclear import cargos and quantification of nuclear import
for GST–GFP-NLS, IBB-coated Q-dots 605, and lamin B3 (LB3) were
performed as previously described (Levy and Heald, 2010). The IBB-βGal
nuclear import cargo construct was obtained fromKarstenWeis (pKW319),
and the protein was prepared and its nuclear import detected as previously
described (Weis et al., 1996; Lyman et al., 2002).

Microscopy and image quantification
Nuclei were visualized with an Olympus BX51 fluorescence microscope
as previously described (Jevtic et al., 2015). Images for measuring
fluorescence staining intensity were acquired using the same exposure
times. Total fluorescence intensity and cross-sectional nuclear area were
measured from the original thresholded images using MetaMorph software
(Molecular Devices). Where noted, total nuclear fluorescence intensity was
divided by nuclear cross-sectional area, to normalize for nuclear size.Where
indicated, confocal imaging was performed on an Olympus IX71 spinning-
disk confocal microscope. For Xenopus nuclei, measurements of total
nuclear envelope surface area from confocal z-stacks agreed (within 4%)
with estimates from the cross-sectional area (data now shown). We chose to
quantify nuclear size from the cross-sectional area because it allowed for the
acquisition of data from large numbers of nuclei (Levy and Heald, 2010).
For electron microscopy of NPCs, nuclei assembled in egg extract (25 µl)
were diluted in 1 ml of ELB (250 mM sucrose, 50 mM potassium chloride,
2.5 mMmagnesium chloride, 10 mMHEPES pH 7.8), pelleted at 1600 g for
3 min and resuspended in 25 µl of ELB, as previously described (Edens and
Levy, 2014b). 5 µl were applied onto a 200-mesh formvar carbon-coated
copper grid (Electron Microscopy Sciences) for 2–3 min. This approach
relies on the intact live nuclei breaking open and laying flat on the grid,
exposing the cytoplasmic faces of the NPCs. The solution was then gently
removed from the grid with filter paper. The grid was rinsed briefly with
deionized water and negatively stained with 1% uranyl acetate for 1 min.
Excess uranyl acetate was removed with filter paper. The grid was air-dried
and observed with a Hitachi H-7000 transmission electron microscope,
equipped with 4K×4K Gatan digital camera (Gatan, Inc., Pleasanton, CA).

Western blots
Whole-cell lysates from tissue culture cells were prepared using SDS-PAGE
sample buffer supplemented with benzonase nuclease (Sigma, E1014) and
boiled for 5 min. Xenopus embryo extracts were prepared as previously
described (Edens and Levy, 2014b). Proteins were separated on SDS-PAGE
gels (4–20% gradient) and transferred onto PVDF membrane. Membranes
were blocked in Odyssey PBS Blocking Buffer (Li-Cor, 927-40000). The
primary antibodies used were mouse anti-NTF2 at 1:500 (Sigma, N9527),
DM1A mouse anti-α-tubulin at 1:2000 (Santa Cruz Biotechnology, sc-
32293), and mouse anti-actin at 1:200 (Abgent, AM1965b). The secondary
antibody was IRDye-680RD-conjugated anti-mouse-IgG used at 1:20,000
(Li-Cor 925-68070). Blots were scanned on a Li-CorOdysseyCLx instrument
and band quantificationwas performedwith ImageStudio. For a given sample,
NTF2 band intensity was normalized to the actin or tubulin signal.

Tissue culture
NTF2 was cloned from a plasmid consisting of NTF2 in pRSET B obtained
from Karsten Weis (Lane et al., 2000) into pEmCherry-C2 (a derivative of
pEGFP-C2, a gift from Anne Schlaitz) at EcoRI/KpnI (pDL23). Primary
radial growth phase melanoma cells lines (WM35, WM3211, WM1789)
were obtained from the Wistar repository through the Coriell Institute. The

1125

RESEARCH ARTICLE Journal of Cell Science (2016) 129, 1115-1127 doi:10.1242/jcs.181263

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



normal melanocyte cell line (AG21857) was obtained from the NIA Cell
Culture Repository through the Coriell Institute. HeLa cells stably
expressing GFP-tagged histone H2B were a gift from Jay Gatlin
(University of Wyoming, Laramie, WY), and MRC-5 normal human lung
fibroblast cells were a gift from Jason Gigley (University of Wyoming,
Laramie, WY). Cells were transiently transfected and visualized as
previously described (Jevtic et al., 2015). Images were acquired and
nuclear sizes quantified as described above in the ‘Microscopy and image
quantification’ section.

Nuclear-to-cell volume ratio measurements
Nuclei were isolated from tissue culture cells using the EZ Prep Nuclei
Isolation Kit (Sigma-Aldrich, NUC-101). Cells were grown to 90%
confluency, washed with cold PBS and harvested in Nuclei EZ lysis
buffer using a cell scraper. After a 5-min incubation on ice, cells were
collected by centrifugation and resuspended in lysis buffer. This was
repeated a total of three times, and the final pellet of nuclei was resuspended
in 200 µl Nuclei EZ storage buffer. Successful isolation of nuclei was
verified by staining a small aliquot of nuclei with Hoechst 33342. Nuclei
were stained with Trypan Blue, and nuclear diameters were quantified using
a Countess Automated Cell Counter (Invitrogen). To measure cell size, cells
were treated with trypsin for 5 min and collected in growthmedium. After an
additional 5-min incubation in growth medium, cells were stained with
Trypan Blue, and the diameters of viable cells were quantified using a
Countess Automated Cell Counter (Invitrogen). Cell and nuclear volumes
were extrapolated from the diameter measurements of roughly spherical
cells and nuclei. Nuclear-to-cell volume ratios were calculated by dividing
nuclear volume by cell volume.

Tissue microarrays
A hematoxylin and eosin (H&E)-stained tissue microarray (ME1004cs, US
Biomax) was digitized using an Aperio Slide Scanner. Nuclear diameter was
determined with Aperio ImageScope software, and nuclear cross-sectional
area was measured with ImageJ. To quantify NTF2 levels, an unstained
ME1004cs microarray was deparaffinized in xylene, followed by sequential
washes in 100%, 95%, and 70% ethanol. The slide was equilibrated in PBS,
and antigen retrieval was performed in 0.01 M sodium citrate buffer pH 6.0
at 95°C for 15 min. The slide was then incubated with primary mouse anti-
NTF2 antibody at 1:200 (Sigma, N9527) for 1 h at room temperature,
washed with PBS, and incubated for 1 h at room temperature with Alexa-
Fluor-568-conjugated donkey anti-mouse-IgG secondary antibody
(Molecular Probes, A10037) at 1:1000. Hoechst 33342 staining (20 µg/ml)
was performed for 5 min. The slide was overlaid with Vectashield (Vector
Labaratories) and a coverslip and sealed with nail polish. Images were
acquired at the same exposure time. For each tissue sample, images
were acquired for five randomly selected regions. For each image, NTF2
staining intensities were measured using ImageJ for five or more equally
sized regions and corrected for the background signal. For each tissue
sample, more than 20 NTF2 staining intensity measurements were
performed, normalized based on the area of the region quantified, and
averaged.

Statistics
For each coverslip, at least 50, and usually >800, nuclei were quantified.
Averaging and statistical analysis were performed for independently
repeated experiments. Where noted, nuclear area and intensity
measurements were normalized to controls. Two-tailed Student’s t-tests
assuming equal variances were performed in Excel (Microsoft) to evaluate
statistical significance. The P-values, number of independent experiments
and error bars are denoted in the figure legends.
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