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ARTICLE

Nuclear membrane protein Lem2 regulates nuclear
size through membrane flow
Kazunori Kume 1,2,5, Helena Cantwell 2,5, Alana Burrell 3 & Paul Nurse2,4

The size of the membrane-bound nucleus scales with cell size in a wide range of cell types

but the mechanisms determining overall nuclear size remain largely unknown. Here we

investigate the role of fission yeast inner nuclear membrane proteins in determining nuclear

size, and propose that the Lap2-Emerin-Man1 domain protein Lem2 acts as a barrier to

membrane flow between the nucleus and other parts of the cellular membrane system. Lem2

deletion increases membrane flow into and out of the nuclear envelope in response to

changes in membrane synthesis and nucleocytoplasmic transport, altering nuclear size. The

endoplasmic reticulum protein Lnp1 acts as a secondary barrier to membrane flow, func-

tionally compensating for lack of Lem2. We propose that this is part of the mechanism that

maintains nuclear size proportional to cellular membrane content and thus to cell size. Similar

regulatory principles may apply to other organelles in the eukaryotic subcellular membrane

network.
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The size of the nucleus scales with cell size in cell types
ranging from yeast to animal cells1–3. The nucleus exists as
part of a subcellular membrane network, with the nuclear

envelope being continuous with the endoplasmic reticulum (ER)4,5.
Despite much study of the molecular mechanisms of membrane
growth in eukaryotic cells6, the controls that regulate the overall
size of the nucleus remain largely unknown.

In the fission yeast Schizosaccharomyces pombe, the nuclear
volume to cell volume ratio (N/C ratio) is maintained constant as
cells increase in size both throughout the cell cycle and across a

35-fold range of cell volumes1. Similar N/C ratios are observed in
widely divergent yeast species3 suggesting that maintenance of a
particular ratio is important for cell physiology. Studies of mul-
tinucleate cells indicate that the amount of cytoplasm sur-
rounding a nucleus determines its size1,7,8. In vitro experiments
with Xenopus egg extracts9,10 and a genetic screen in fission
yeast11 have implicated nuclear lamina components, nucleocy-
toplasmic transport, and overall lipid biosynthesis in nuclear size
control. Nuclear lamin proteins which are lacking in yeasts have
been implicated in nuclear size control in metazoans9,10 and
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Fig. 1 Lem2 restricts nuclear size enlargement independently of its chromatin-binding activity. a N/C ratio of wild type (WT), rae1-167, rae1-167 lem2Δ, and
rae1-167 lem2hehΔ cells grown at 25 °C then shifted to the indicated temperature for 4 h (n > 30 cells). Two-tailed t-tests: ****P < 0.0001, rae1-167 (n= 64
cells) against rae1-167 lem2Δ (n= 35 cells), t= 4.299, degrees of freedom= 97; rae1-167 lem2hehΔ (36 °C) (n= 31 cells) against rae1-167 (36 °C) (n= 64
cells), P= 0.0863, t= 1.741, degrees of freedom= 93. In lem2hehΔ cells, the N-terminal helix-extension-helix chromatin-binding region of Lem2 is deleted.
In box-and-whiskers diagrams, boxes indicate median and upper and lower quartile and whiskers indicate range of data. The corresponding dot plot is
available in Supplementary Fig. 9a. b Images of the nuclear envelope (Cut11-GFP, green) of wild type (WT), rae1-167 and rae1-167 lem2Δ cells grown at
25 °C then shifted to the indicated temperature for 4 h. Maximum intensity projections shown. Scale bar: 5 µm. c Images of the nuclear envelope (Cut11-
GFP, green) and chromatin (Hht1-mRFP, magenta) of rae1-167 lem2Δ cells grown at 25 °C then shifted to the indicated temperature for 2 h. Maximum
intensity projections shown. Scale bar: 5 µm
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underlie the nuclear envelope, but the roles of other proteins
associated with the nuclear membrane in this process have not
been examined.

Here, we assess the contribution of inner nuclear membrane
proteins to the maintenance of the N/C ratio in fission yeast. We
demonstrate that deletion of Lap2-Emerin-Man1 (LEM) domain

protein Lem2, but not that of other inner nuclear membrane
proteins, augments nuclear size enlargement phenotypes resulting
from perturbation of nucleocytoplasmic transport. We show that
Lem2 deletion leads to nuclear shrinkage, accompanied by
nuclear envelope blebbing, following perturbation of membrane
synthesis. We propose that Lem2 forms part of a nuclear size
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control mechanism, acting as a barrier to membrane flow into
and out of the nuclear envelope and that the ER protein Lnp1 acts
as a secondary barrier, compensating for lack of Lem2.

Results
Lem2 deletion augments nuclear size enlargement phenotypes.
The N/C ratio phenotypes of fission yeast cells with mutations in
genes encoding inner nuclear membrane proteins were deter-
mined using the deletion mutants ima1Δ, lem2Δ, man1Δ, and
kms1Δ12 and the temperature-sensitive mutant sad1.113. None of
these mutants displayed a significantly aberrant N/C ratio (Sup-
plementary Fig. 1a). However, deletion of Lem2 augmented the
previously characterised nuclear size enlargement of rae1-167
temperature-sensitive mutant cells (Fig. 1a, b)11. Rae1-167 cells
have altered nucleocytoplasmic transport11,14. This augmentation
was not observed with double mutants of rae1-167 with mutants
of the other inner nuclear membrane proteins (Supplementary
Fig. 1a) or other nucleus-localised and organellar membrane-
localised proteins tested (Supplementary Fig. 2). Lem2 contains a
conserved LEM domain that has been shown to anchor chro-
matin to the nuclear periphery15. We disrupted the chromatin
association of Lem2 by deleting its N-terminal helix-extension-
helix (HEH) chromatin-binding region15. The Lem2 HEH deleted
protein failed to augment the rae1-167 nuclear size enlargement
(Fig. 1a), indicating that the role of Lem2 in restricting nuclear
enlargement is not dependent on its chromatin binding activity.
We also showed that chromatin only occupied part of the
enlarged nucleus and thus the extent of chromatin compaction is
not affected by the nuclear size changes in rae1-167 lem2Δ cells
(Fig. 1c). Additionally, we observed that deletion of Lem2
increases the nuclear enlargement observed when nuclear protein
export is inhibited by leptomycin B (LMB) (Supplementary
Fig. 1b and c). These data indicate that Lem2 functions to restrict
the changes in nuclear size that occur following various pertur-
bations, and that these effects are independent of the association
of Lem2 with chromatin.

Lem2 prevents interphase nuclear shrinkage. Cerulenin is an
inhibitor of fatty acid synthetase which thereby reduces cellular
membrane availability, and can lead to aberrant mitoses16.
Treatment of wild type cells with cerulenin results in a slight
reduction in the N/C ratio due to these aberrant mitoses but has
no effect on the N/C ratio of interphase cells (Fig. 2a–c, Sup-
plementary Fig. 3a, Supplementary Movies 1 and 2). Strikingly,
treatment of lem2Δ cells with cerulenin leads to rapid shrinkage
of interphase nuclei (Fig. 2b, c, Supplementary Movies 3 and 4),
resulting in a major reduction in the N/C ratio (Fig. 2a,

Supplementary Fig. 3a). This nuclear shrinkage is accompanied
by an increase in concentration of the nuclear envelope marker
protein Cut11-GFP within the nuclear envelope (Fig. 2b), and
apparent membrane blebbing of the envelope (Fig. 2d, e, Sup-
plementary Fig. 3b, Supplementary Movie 7). Staining cellular
lipids with the lipophilic dye DiOC6 demonstrated that changes
in cellular lipid distribution and nuclear shape accompany the
nuclear shrinkage, with concentrated foci of membrane staining
becoming visible on the nuclear envelope (Fig. 2f, Supplementary
Fig. 4). We further characterised these membrane changes by
transmission electron microscopy. We observed in lem2Δ cells
that the nuclear membrane remains intact and, as previously
reported15, that the nucleus becomes altered in shape. In lem2Δ
but not in wild type cells treated with cerulenin, we observed
nuclear envelope blebbing events (Fig. 2g, h), the presence of
intranuclear membranous structures (Fig. 2i, Supplementary
Fig. 5a) and an increased frequency of membrane-bound bodies
in close proximity to the nuclear envelope compared with
cerulenin-treated wild type cells (mean number per cell slice was
2.7 (n= 31 cells) in lem2Δ and 1.1 (n= 27 cells) in wild type)
(Fig. 2j, Supplementary Fig. 5b). These data indicate that the
presence of Lem2 prevents nuclear shrinkage during interphase in
cerulenin-treated wild type cells, and that in the absence of Lem2,
nuclear envelope budding, the formation of intranuclear mem-
branous structures, and interactions between the nuclear envelope
and other parts of the cellular membrane system are more
frequent.

Lem2 acts as a barrier to membrane flow. Given these results we
hypothesised that Lem2 acts as a barrier to membrane flow
between the nuclear envelope and other parts of the cellular
membrane system. This hypothesis was further supported by the
observation that the nuclear shrinkage of lem2Δ cells treated with
cerulenin was suppressed by treatment with brefeldin A (Fig. 3a,
b). Brefeldin A inhibits traffic within the golgi and retrograde
traffic from the golgi to the ER by blocking COPI recruitment.
This results in fusion of golgi and ER membranes and ER
expansion17. Furthermore, increasing the copy number of Lem2
was found to partially suppress the nuclear size enlargement
phenotypes11 of rae1-167 and nem1Δ cells (Fig. 3c, d), indicating
that quantitatively increasing the amount of Lem2 enhances its
barrier function. Nem1 is the catalytic subunit of a phosphatase
responsible for the dephosphorylation and activation of the lipin
family phosphatidic acid phosphatase Ned118,19, and its deletion
leads to constitutive proliferation of nuclear and ER membranes
in interphase. Increasing the copy number of Lem2 supressed the
enlarged nuclear size and aberrant nuclear shape phenotypes of

Fig. 2 Cerulenin treatment causes shrinkage of lem2Δ interphase nuclei. a N/C ratio of wild type (WT) and lem2Δ cells grown with or without 10 µg/ml
cerulenin for 3 h (25 °C) (n > 30 cells). Two-tailed Mann–Whitney test: ****P < 0.0001, **P < 0.01, WT (n= 35 cells), WT+cerulenin (n= 44 cells), lem2Δ
+cerulenin (n= 34 cells). In box-and-whiskers diagrams, boxes indicate median, and upper and lower quartile, and whiskers indicate range of data. The
corresponding dot plot is available in Supplementary Fig. 9b. b Stills from timelapse microscopy of a WT and a lem2Δ cell, treated with 10 µg/ml cerulenin
for indicated time (min) (32 °C). Cell (brightfield, magenta), nuclear envelope (Cut11-GFP, green) maximum intensity projection. Scale bar: 10 µm.
Supplementary Movies 1–4 display full timecourse and further cells. c Cell and nuclear volume of WT (solid line) and lem2Δ (dashed line) cells from
experiment described in b (n= 15 interphase cells per strain). Values are shown as mean ± s.e.m. d Images of lem2Δ cells treated with 10 µg/ml cerulenin
for 120min (25 °C). Nuclear envelope (Cut11-GFP, green) single z-slice. Scale bar: 5 µm. e Nucleus of a lem2Δ cell treated with 10 µg/ml cerulenin (32 °C),
at 5 min time intervals after drug addition that shows blebbing. Nuclear envelope (Cut11-GFP, green) maximum intensity projection. Scale bar: 5 µm.
Movies displaying full timecourse and further cells in Supplementary Movies 5–8. f Images of WT and lem2Δ cells, treated with 10 µg/ml cerulenin for 90
min (32 °C). Cellular membranes (DiOC6, grayscale) single z-slice. Scale bar: 5 µm. g Transmission electron microscopy image of a representative WT and
a representative lem2Δ nucleus treated with 10 µg/ml cerulenin for 90min. Irregular nuclear shape, irregular distance between inner and outer nuclear
membranes, and apparent nuclear envelope blebbing event (black arrowhead) are observed in lem2Δ and not in WT. Scale bars: 250 nm. h–j Transmission
electron microscopy images of lem2Δ cells treated with 10 µg/ml cerulenin for 90min at 32 °C. Apparent nuclear envelope blebbing event (h), intranuclear
membranous structures (i) and membranous compartments (possibly vesicles) in close proximity to the nuclear envelope (j) indicated by black
arrowheads. Further examples in Supplementary Fig. 5. Scale bars: 250 nm
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Fig. 3 Lem2 acts as a barrier preventing inappropriate membrane flow between the nuclear envelope and ER. a Images of the nuclear envelope (Cut11-GFP,
green) of lem2Δ cells grown at 25 °C untreated (+EtOH) or treated with 10 µg/ml cerulenin (+Cer) and/or 100 µg/ml brefeldin A (+BFA) for 3 h. Maximum
intensity projections shown. Cerulenin: 10 µg/ml, BFA: 100 µg/ml. Scale bar: 5 µm. b N/C ratio of lem2Δ cells (25 °C) untreated (−) or treated with 10 µg/ml
cerulenin (+Cer) and/or 100 ng/ml brefeldin A (+BFA) for 3 h (n > 30 cells). Two-tailed Mann–Whitney test: ****P < 0.0001, lem2Δ+Cer (n= 31 cells), lem2Δ
+Cer+BFA (n= 32 cells). The corresponding dot plot is available in Supplementary Fig. 9c. c Images of the nuclear envelope (Cut11-GFP, grayscale) of wild type
(WT) and nem1Δ cells containing one or two copies of the gene encoding Lem2 grown at 25 °C. Scale bar: 5 µm. d N/C ratio of wild type (WT), nem1Δ and rae1-
167 cells containing one or two copies of the gene encoding Lem2 (n > 30 cells). Two-tailed t-tests: ***P=0.001, nem1Δ+1×lem2+ (n= 31 cells) against nem1Δ
+2×lem2+ (n= 40 cells), t= 4.129, degrees of freedom= 69; **P=0.0015, rae1-167+1×lem2+ (n= 43 cells) against rae1-167+2×lem2+ (n= 35 cells), t= 3.297,
degrees of freedom= 76. WT and nem1Δ cells grown at 25 °C. Temperature-sensitive rae1-167 cells grown at 25 °C then shifted to 36 °C for 4 h before imaging.
The corresponding dot plot is available in Supplementary Fig. 9d. e Representative images of the ER lumen (GFP-ADEL) of wild type (WT) cells and nem1Δ cells
containing one or two copies of genes encoding Lem2 or Lnp1 grown at 25 °C. Scale bar: 5 µm. f N/C ratio of wild type (WT) cells overexpressing lem2+ or lnp1+

(under control of the nmt1 promoter) grown in minimal medium (EMM) at 28 °C for 0 or 18 h (n > 30 cells). Two-tailed Mann–Whitney test: ****P < 0.0001, lem2
+ (0 h) (n= 42 cells) against lem2+(18 h) (n= 35 cells); lnp1+(0 h) (n= 48 cells) against lnp1+ (18 h) (n= 48 cells). The corresponding dot plot is available in
Supplementary Fig. 9e. In all box-and-whiskers diagrams, boxes indicate median and upper and lower quartile and whiskers indicate range of data
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nem1Δ cells (Fig. 3e). Lem2 localisation is not affected by
increasing Lem2 copy number although the intensity of
Lem2 staining in the nuclear envelope is increased (Supplemen-
tary Fig. 6a). Additionally, overexpression of Lem2 in wild type
cells was sufficient to lead to a decrease in N/C ratio (Fig. 3f). We
observed a further example of nuclear shrinkage in a lem2Δ cell
after it was born with an enlarged N/C ratio. It underwent rapid
nuclear shrinkage, accompanied by what appeared to be an
accumulation of vesicles in the cytoplasm, resulting in a rapid
reduction of the N/C ratio from 0.138 to 0.116 within 30 min
(Supplementary Fig. 6b). Overall these data indicate that Lem2

acts as a barrier to membrane flow between the nuclear envelope
and other parts of the cellular membrane system, and that this
influences nuclear size.

ER protein Lnp1 functionally compensates for lack of Lem2.
Lunapark/Lnp1 is an ER protein conserved from yeast to humans
that stabilises three-way ER junctions20,21. Overexpression of
Lnp1 has been shown to suppress the slow growth phenotypes of
lem2Δ, suggesting functional compensation22. We therefore tes-
ted whether Lnp1 acts as a secondary barrier to membrane flow.
Deletion of lnp1 did not affect nuclear size when Lem2 was
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present, but lem2Δ lnp1Δ cells displayed an enlarged N/C ratio
(Fig. 4a, c), and deletion of Lnp1 exacerbated the N/C ratio
enlargement phenotype of lem2Δ rae1-167 cells (Fig. 4b, c).
Additionally, increasing the copy number of Lnp1 partially sup-
pressed the nuclear size decrease observed in lem2Δ cells fol-
lowing inhibition of fatty acid synthesis (Supplementary Fig. 7).
As for Lem2, increasing the copy number of Lnp1 suppressed the
nuclear size and shape phenotypes of nem1Δ cells (Fig. 3e), and
overexpression of Lnp1 significantly reduced the N/C ratio of
wild type cells (Fig. 3f). These data indicate that Lnp1 is able to
partially compensate for Lem2, acting to prevent both over-
proliferation and shrinkage of the nuclear envelope by regulating
membrane flow within the organellar membrane system. We
propose that the regulation of the flow of membrane within the
ER affects membrane flow into and out of the nuclear envelope,
thus influencing nuclear size.

Discussion
Our data implicates the inner nuclear membrane protein Lem2 in
maintaining an appropriate nuclear size. Lem2 acts as a barrier to
membrane flow between organellar compartments, preventing
excessive nuclear envelope growth and shrinkage. The ER protein
Lnp1 can partially compensate for Lem2, preventing inap-
propriate membrane flow between the nuclear envelope and other
membranous structures. Our study highlights the inter-
connectedness of cellular membrane compartments, and identi-
fies Lem2 and Lnp1 as barriers to membrane flow, regulating
transfer of membrane between compartments, and thus con-
tributing to the control of nuclear size.

This regulation of membrane flow can provide an explanation
for the maintenance of nuclear volume as a fixed proportion of
cell volume. The different membrane-bound organelles in
eukaryotic cells are interconnected to form an overall cellular
membrane system4,5. We postulate that as cells increase in size,
the overall membrane amount within the cellular membrane
system increases proportionally. The association of ribosomes
with ER membranes could play a role in ensuring this pro-
portionality, given that ribosome number generally scales with
overall cell size23. Barrier proteins such as Lem2 and Lnp1 could
act like valves regulating membrane flow through the cellular
membrane network, such that as cellular membrane content
increases with cell size, a proportion of the membrane enters the
nucleus at a rate determined by the Lem2 barrier protein. If Lem2
is compromised and membrane synthesis is inhibited then
membrane flows out of the nucleus (Fig. 2b, c). Thus Lem2 acts as
a valve regulating membrane flow into and out of the nucleus
contributing to the maintenance of a constant N/C ratio, a con-
trol that is influenced by altering membrane components,
membrane synthesis, and nucleocytoplasmic transport1,9–11.
Given the influence of Lnp1 in the ER on nuclear size, similar
controls may act throughout the cellular membrane system,
maintaining balance in size between different membrane-bound
organelles. These controls could also act to maintain a balance
between the size of the nucleus and the ER coordinating tran-
scription in the nucleus with translation by the ribosomes resi-
dent in the ER.

Methods
Yeast general methods. S. pombe strains used are listed in Supplementary
Table 1. Standard S. pombe media and methods were used24. Cells were grown in
YE4S medium unless otherwise indicated. Nuclear size phenotypes following LMB
and cerulenin treatment were also assessed in EMM medium (Supplementary
Fig. 8). Gene deletion mutants from an S. pombe near genome-wide haploid gene
deletion collection12 and an S. pombe kinase deletion library25 were used in genetic
crosses to generate double mutant strains. Gene tagging was performed by PCR
and homologous recombination26. The following primers were used for tagged
strain constructions: C-terminal GFP tagging of lem2+ forward, OKK131,

TATGGGAGTGGGTCGGCACAAATACTTTGGATTTCCAAACCGATCGTTC
ATTTATTAATACAACTTCCCCTTTACGTGAACGGATCCCCGGGTTAATT
AA; reverse, OKK132, ATAAATATATTATTAACTTACTTTTGTATTAGCTA
TGAAAAATGTCATAAATACAAAGCTAGAAATACAGTCGAGAATCA
GAATTCGAGCTCGTTTAAAC; N-terminal GFP tagging of lem2+ under nmt1
promoter forward, OKK220, TTTAATGTAGATAAGGATTCATGTAATTAACT
AGCTTATATCAGCTTTATACCATTTTTGATCAGTTTGAATTATTCACCGA
ATTCGAGCTCGTTTAAAC; reverse, OKK221, CCCGATTCATGAAGGATCTT
TTTCAAGTCTATGACACGAAGATTTCGCAATTCGAAGTTAGGGTCCTCC
CAATTGTCCATTTTGTATAGTTCATCCATGC; N-terminal GFP tagging of
lnp1+ under nmt1 promoter forward, OKK468,

TGCGACTCTCCTAACCATAAGCAAAAATTATTCATTGTCAAGTGAGTC
GTTGAAAGGTTAGACGTTATTAATTTATTAACGAATTCGAGCTCGTTTAA
AC; reverse, OKK469, TCTAATCACATGTTAGTGACTTTGAGCCTCTAAAAA
CTGAGAAATCCTCCTTTACAAACCTTTTGAAAAAACCAGCCCATTTTGTA
TAGTTCATCCATGC.

Deletion of the HEH region of Lem2 was carried out using a Quikchange XL kit
(Stratagene) and following primers: forward, OKK179,
CAATTGGGAGGACCCTAACTTCGAAAGAATACGGAAAAACAAATT;
reverse, OKK180,
AATTTGTTTTTCCGTATTCTTTCGAAGTTAGGGTCCTCCCAATTG. The
lem2hehΔ construct or the additional copy of the lem2+ or lnp1+ gene, with its own
promoter and terminator, was subcloned into the leu1+ plasmid pJK14827, and
integrated into the genomic leu1 locus. For drug treatment, LMB (Sigma-Aldrich,
5.5 µg/ml stock in MeOH), cerulenin (Sigma-Aldrich, 1 mg/ml stock in EtOH) and/
or Brefeldin A (Sigma-Aldrich, 10 mg/ml stock in MeOH) was added to the culture
at the indicated concentration.

Microscopy and image analysis. Fluorescence imaging was carried out using a
DeltaVision Elite microscope (Applied Precision) comprised of an Olympus IX71
wide-field inverted fluorescence microscope, an Olympus Plan APO ×60, 1.4 NA
oil objective and a Photometrics CoolSNAP HQ2 camera (Roper Scientific) in an
IMSOL ‘imcubator’ Environment Control System. Imaging was carried out at 25 °C
unless otherwise indicated. Images were acquired in 0.2, 0.3, or 0.4 µm z-sections
over 2.4, 4.4, or 5.4 µm, with a brightfield reference image in the middle of the
sample, and deconvolved using SoftWorx (Applied Precision). Images shown are
maximum intensity projections of deconvolved images unless otherwise indicated.

For DiOC6 staining, 5 µg/ml 3,3′-dihexyloxacarbocyanine iodide (DiOC6) was
added to 1 ml of exponential cell culture and incubated at room temperature for 3
min before imaging.

Timelapse microscopy was carried out using a CellASIC ONIX microfluidic
platform with Y04C microfluidics plates (Merck). Cells were imaged in the 3.5 µm
height chamber in YE4S. Fifty microliters of exponentially growing cells (1.26 × 106

cells/ml) was loaded into the plate at a flow rate of 8 psi, untrapped cells were
washed out at a flow rate of 5 psi, then a flow rate of 3 psi was maintained for the
duration of the experiment.

Electron microscopy. Ten micrograms per milliliter of cerulenin was added to
exponentially growing S. pombe cells at 32 °C. Ninety minutes after drug addition,
N/C ratio phenotype was confirmed by light microscopy (Axioscope, Zeiss). Ali-
quots of S. pombe culture were concentrated via pressurised filtration through a
0.45 μm pore membrane filter (Merck Millipore). Cell concentrate was loaded into
a flat specimen carrier (Leica Microsystems) and high-pressure frozen using an EM
PACT2 high-pressure freezer (Leica Microsystems). For both lem2Δ and wild type
cell samples, freezing occurred at between 99 and 109 min after drug addition.
Vitrified samples were added to a freeze substitution mix (2% osmium tetroxide,
0.1% uranyl acetate, 5% water, in acetone) and held at −80 °C in a freeze sub-
stitution unit (EM AFS2, Leica Microsystems) for 14 h. Temperature was increased
to −25 °C over 14 h. Samples were incubated in a 1:1 resin (Epon 812, TAAB
Laboratories) and acetone mix for 41 h followed by a 2:1 resin and acetone mix for
5 h. Temperature was increased from −25 to 4 °C over 10 h and four changes of
100% Epon 812 resin were performed over the following 72 h. Temperature was
increased to 20 °C over 48 min. Samples were removed from the freeze substitution
unit and polymerised by incubation at 60 °C for 2 days.

Resin embedded cells were cut into ~70 nm thin sections using a diamond knife
(ultra 45°, Diatome) in a Powertome ultramicrotome (RMC Boeckler). Sections
were collected onto formvar-coated copper slot grids (EM Resolutions) and stained
using 2% aqueous uranyl acetate, followed by Reynold’s lead citrate solution.
Electron microscopy imaging was performed using a Technai G2 Spirit BioTWIN
transmission electron microscope (ThermoFisher Scientific) equipped with
an Orius CCD camera (Gatan).

Nuclear volume, cell volume, and N/C ratio determination. To determine N/C
ratio, >30 interphase cells from log-phase cultures grown in YE4S were manually
measured using Image J (NIH)1. Cell volume was determined from brightfield
reference images and nuclear volume from fluorescence images of the nuclear
envelope marker Cut11-GFP. Volumes were calculated based on axial symmetry
assuming simple geometries (cell: rod, nucleus: prolate ellipsoid)1. At least two
independent experiments were performed.
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Statistics. For data displayed in box-and-whisker diagrams individual data points
are shown in dot plots in Supplementary Figs. 9 and 10. For pairwise comparisons,
normality of the data of each distribution was determined using the D’Agostino
and Pearson test, and then unpaired two-tailed Student’s t-tests, or Mann–Whitney
tests when appropriate, were carried out to determine significance. Details in figure
legends.

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

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information files. Further data are available from
the corresponding author upon reasonable request.

Received: 6 August 2018 Accepted: 18 March 2019

References
1. Neumann, F. R. & Nurse, P. Nuclear size control in fission yeast. J. Cell Biol.

179, 593–600 (2007).
2. Edens, L. J., White, K. H., Jevtic, P., Li, X. & Levy, D. L. Nuclear size

regulation: from single cells to development and disease. Trends Cell Biol. 23,
151–159 (2013).

3. Jorgensen, P. et al. The size of the nucleus increases as yeast cells grow. Mol.
Biol. Cell 18, 3523–3532 (2007).

4. English, A. R. & Voeltz, G. K. Endoplasmic reticulum structure and
interconnections with other organelles. Cold Spring Harb. Perspect. Biol. 5,
a013227 (2013).

5. Hampoelz, B. et al. Pre-assembled nuclear pores insert into the nuclear
envelope during early development. Cell 166, 664–678 (2016).

6. van Meer, G., Voelker, D. R. & Feigenson, G. W. Membrane lipids: where they
are and how they behave. Nat. Rev. Mol. Cell Biol. 9, 112–124 (2008).

7. Harris, H. The reactivation of the red cell nucleus. J. Cell Sci. 2, 23–32 (1967).
8. Gurdon, J. B. Injected nuclei in frog oocytes: fate, enlargement, and chromatin

dispersal. J. Embryol. Exp. Morphol. 36, 523–540 (1976).
9. Levy, D. L. & Heald, R. Nuclear size is regulated by importin alpha and Ntf2 in

Xenopus. Cell 143, 288–298 (2010).
10. Jevtic, P. et al. Concentration-dependent effects of nuclear lamins on nuclear

size in Xenopus and mammalian cells. J. Biol. Chem. 290, 27557–27571
(2015).

11. Kume, K. et al. A systematic genomic screen implicates nucleocytoplasmic
transport and membrane growth in nuclear size control. PLoS Genet. 13,
e1006767 (2017).

12. Kim, D. U. et al. Analysis of a genome-wide set of gene deletions in the fission
yeast Schizosaccharomyces pombe. Nat. Biotechnol. 28, 617–623 (2010).

13. Hagan, I. & Yanagida, M. The product of the spindle formation gene sad1+
associates with the fission yeast spindle pole body and is essential for viability.
J. Cell Biol. 129, 1033–1047 (1995).

14. Brown, J. A. et al. A mutation in the Schizosaccharomyces pombe rae1 gene
causes defects in poly(A)+RNA export and in the cytoskeleton. J. Biol. Chem.
270, 7411–7419 (1995).

15. Gonzalez, Y., Saito, A. & Sazer, S. Fission yeast Lem2 and Man1 perform
fundamental functions of the animal cell nuclear lamina. Nucleus 3, 60–76
(2012).

16. Saitoh, S. et al. Aberrant mitosis in fission yeast mutants defective in fatty acid
synthetase and acetyl CoA carboxylase. J. Cell Biol. 134, 949–961 (1996).

17. Turi, T. G., Webster, P. & Rose, J. K. Brefeldin A sensitivity and resistance in
Schizosaccharomyces pombe. Isolation of multiple genes conferring resistance.
J. Biol. Chem. 269, 24229–24236 (1994).

18. Makarova, M. et al. Temporal regulation of lipin activity diverged to account
for differences in mitotic programs. Curr. Biol. 26, 237–243 (2016).

19. Santos-Rosa, H., Leung, J., Grimsey, N., Peak-Chew, S. & Siniossoglou, S. The
yeast lipin Smp2 couples phospholipid biosynthesis to nuclear membrane
growth. EMBO J. 24, 1931–1941 (2005).

20. Chen, S. et al. Lunapark stabilizes nascent three-way junctions in the
endoplasmic reticulum. Proc. Natl Acad. Sci. USA 112, 418–423 (2015).

21. Chen, S., Novick, P. & Ferro-Novick, S. ER network formation requires a
balance of the dynamin-like GTPase Sey1p and the Lunapark family member
Lnp1p. Nat. Cell Biol. 14, 707–716 (2012).

22. Tange, Y. et al. Inner nuclear membrane protein Lem2 augments
heterochromatin formation in response to nutritional conditions. Genes Cells
21, 812–832 (2016).

23. Marguerat, S. & Bahler, J. Coordinating genome expression with cell size.
Trends Genet. 28, 560–565 (2012).

24. Moreno, S., Klar, A. & Nurse, P. Molecular genetic analysis of fission
yeast Schizosaccharomyces pombe. Methods Enzymol. 194, 795–823
(1991).

25. Bimbo, A. et al. Systematic deletion analysis of fission yeast protein kinases.
Eukaryot. Cell 4, 799–813 (2005).

26. Bahler, J. et al. Heterologous modules for efficient and versatile PCR-
based gene targeting in Schizosaccharomyces pombe. Yeast 14, 943–951
(1998).

27. Keeney, J. B. & Boeke, J. D. Efficient targeted integration at leu1-32 and ura4-
294 in Schizosaccharomyces pombe. Genetics 136, 849–856 (1994).

Acknowledgements
We thank Nurse lab members, especially J. Greenwood, M. Swaffer, and J. Hayles, for
helpful discussions and critical comments on the manuscript and Lucy Collinson and
Matt Russell for advice on electron microscopy. This work was supported by the Francis
Crick Institute [www.crick.ac.uk] (to P.N.), which receives its core funding from Cancer
Research UK (FC01121), the UK Medical Research Council (FC01121), and the Well-
come Trust (FC01121). This work was also supported by the Wellcome Trust [grant
number 093917] [www.wellcome.ac.uk] (to P.N.), JSPS Postdoctoral Fellowships for
Research Abroad (to K.K.), JSPS KAKENHI [grants JP26660089 and 17K07756] [http://
www.jsps.go.jp/j-grantsinaid/index.html] (to K.K.), JSPS Program for Advancing Stra-
tegic International Networks to Accelerate the Circulation of Talented Researchers
(S2902) (to K.K.), the Hiroshima University Education and Research Support Founda-
tion (to K.K.), the Breast Cancer Research Foundation (to P.N.) and The Lord Leonard
and Lady Estelle Wolfson Foundation [www.lordandladywolfson.org.uk] (to P.N.). The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Author contributions
K.K., H.C. and P.N. conceived and designed the experiments for this study and wrote and
revised the manuscript. K.K., H.C., and A.B. carried out the experiments. K.K. and H.C.
carried out the data analysis. K.K. and P.N. acquired the funding and P.N. supervised the
project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09623-x.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09623-x

8 NATURE COMMUNICATIONS |         (2019) 10:1871 | https://doi.org/10.1038/s41467-019-09623-x | www.nature.com/naturecommunications

http://www.crick.ac.uk
http://www.wellcome.ac.uk
http://www.jsps.go.jp/j-grantsinaid/index.html
http://www.jsps.go.jp/j-grantsinaid/index.html
http://www.lordandladywolfson.org.uk
https://doi.org/10.1038/s41467-019-09623-x
https://doi.org/10.1038/s41467-019-09623-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

