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Live imaging and modeling of inner nuclear
membrane targeting reveals its molecular
requirements in mammalian cells

Andrea Boni, Antonio Z. Politi, Petr Strnad, Wanging Xiang, M. Julius Hossain, and Jan Ellenberg
Cell Biology and Biophysics Unit, European Molecular Biology Laboratory, Heidelberg 69117, Germany

Targeting of inner nuclear membrane (INM) proteins is essential for nuclear architecture and function, yet its mechanism
remains poorly understood. Here, we established a new reporter that allows real-time imaging of membrane protein
transport from the ER to the INM using Lamin B receptor and Lap2p as model INM proteins. These reporters allowed us
to characterize the kinetics of INM targeting and establish a mathematical model of this process and enabled us to probe
its molecular requirements in an RNA interference screen of 96 candidate genes. Modeling of the phenotypes of genes
involved in transport of these INM proteins predicted that it critically depended on the number and permeability of nu-
clear pores and the availability of nuclear binding sites, but was unaffected by depletion of most transport receptors.
These predictions were confirmed with targeted validation experiments on the functional requirements of nucleoporins
and nuclear lamins. Collectively, our data support a diffusion retention model of INM protein transport in mammalian

>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
[

ce||5.

Introduction

The nuclear envelope (NE) consists of two lipid bilayers, the
outer nuclear membrane (ONM) in continuity with the ER and
the inner nuclear membrane (INM) facing the nucleoplasm,
which are connected at each nuclear pore complex (NPC). The
INM is a highly specialized membrane compartment with many
resident integral membrane proteins that have key functions in
nuclear architecture such as linking the INM with chromatin
and the nuclear lamina intermediate filament meshwork, tran-
scription regulation, and signal transduction (Gomez-Cavazos
and Hetzer, 2012). Cycling cells have to double the surface of
the NE in interphase to maintain homeostasis for the next divi-
sion, which requires constant targeting of INM proteins (Burke
and Stewart, 2006). Despite the importance of delivering INM
proteins, their targeting mechanism is poorly understood.
Newly synthesized INM proteins are inserted into the
ER membrane from where they move laterally by diffusion
through ER cisternae and tubules to the ONM. A key mecha-
nistically controversial step is INM protein translocation from
the ONM to the INM at the NPC, for which different models
have been proposed depending on the type of INM protein
and organism studied. In the diffusion retention model, the
translocation between the ONM and INM is believed to occur
by undirected passive diffusion through a narrow ~10-nm-di-
ameter peripheral channel between the NPC and nuclear mem-
brane (Reichelt et al., 1990; Beck et al., 2004). This peripheral

Correspondence to Jan Ellenberg: jan.ellenberg@embl.de
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channel would impose a size constraint on the cytoplasmic
domain of INM proteins (Soullam and Worman, 1995; Th-
eerthagiri et al., 2010; Antonin et al., 2011). Enrichment in
the INM over the ER/ONM then occurs by interaction with
nuclear binding partners such as lamins or chromatin, which
would be required to retain INM proteins in the nucleus. This
model has been supported by early studies on different INM
proteins (Powell and Burke, 1990; Smith and Blobel, 1993;
Soullam and Worman, 1995; Ellenberg et al., 1997; Yang et
al., 1997) and does not require active or receptor-mediated
translocation of INM proteins across the NPC.

More recent studies have suggested a different model,
termed receptor-mediated translocation in analogy to the well
characterized transport mechanism of soluble nuclear pro-
teins (King et al., 2006; Meinema et al., 2011). This model
is mostly based on studies on the yeast INM proteins Hehlp
and Heh2p, which require a functional RanGTPase system
as well as importin o and B1 for the INM protein targeting
process (King et al., 2006; Meinema et al., 2011). Here,
translocation is believed to involve the cytoplasmic domain
of INM proteins to reach into the central channel of the NPC,
implying a continuous open path for membrane proteins
through the walls of the NPC channel (Meinema et al., 2011).
A variant of this model, based on the yeast protein Mps3,
proposed that INM proteins bind to soluble import substrates
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and “piggyback” on their transport receptor—-mediated nu-
clear import (Gardner et al., 2011). In addition to the work
in yeast, also for some mammalian INM proteins an energy
and/or RanGTP requirement has been described for target-
ing. It has been shown that targeting of an INM reporter is
impaired by ATP depletion (Ohba et al., 2004) and more re-
cently a systematic study of several INM proteins proposed
requirements for ATP and/or the RanGTPase system (Zuleger
et al., 2011). The conservation of nuclear localization signals
in many mammalian INM proteins has been taken as addi-
tional support for the receptor-mediated translocation model
(Lusk et al., 2007). However, their functional requirement
and mechanistic contribution to the INM protein targeting
process, e.g., whether they may function in translocation
or retention, remains controversial (Turgay et al., 2010). In
addition, a sorting motif (INM-SM) consisting of positively
charged amino acids has been found in several INM proteins
(Braunagel et al., 2004; Saksena et al., 2004). INM-SM is
recognized by a short isoform of importin « that has been
proposed to promote accumulation of INM proteins at the
ONM as well as translocation through the NPC (Saksena et
al., 2006; Braunagel et al., 2007, 2009).

Progress in the field is currently hampered by the ab-
sence of suitable tools for an unbiased assessment of the
molecular requirements for INM protein targeting. Further-
more, most of the evidence for the receptor-mediated trans-
port model has come from the yeast model system, which
has a very specialized nuclear architecture and it remains
less clear to what extent these findings apply to mammalian
cells. To address this, we have developed an INM protein
targeting reporter system for live imaging in mammalian cells
that allows the acute release of a large pool of fluorescently
tagged INM proteins from the ER by a self-cleaving retention
domain, enabling us to quantitatively assay the kinetics of
the transport process to the INM. We first applied this sys-
tem to Lamin B receptor (LBR), a well characterized INM
protein containing functional domains that bind to B-type
lamins, heterochromatin protein 1 (HP1), and histone H3/H4,
consistent with a diffusion retention model, as well as three
nuclear localization signals, consistent with receptor-me-
diated translocation. Exploiting this reporter, we screened
96 candidate genes for their requirement in LBR reporter
targeting by siRNA knockdown (KD) and automated high
resolution confocal time-lapse microscopy. These genes in-
clude nucleoporins, importins, and lamins as well as NE and
ER membrane proteins. Using a mathematical model of the
INM protein-targeting process, we could fit the kinetic sig-
natures of the different transport phenotypes and cluster the
scoring genes into three major phenotypic classes, predicted
to be required for controlling the number of NPCs, their per-
meability, and the strength of nuclear retention, which we
could validate with targeted mechanistic experiments. To test
if these findings are valid beyond the LBR-based reporter,
we extended our strategy to the INM protein Lap2f} and re-
tested genes of the major phenotypic categories identified
with LBR. We find that the Lap2f reporter recapitulates the
transport phenotypes seen for LBR, but uses a different nu-
clear retention mechanism. Overall, our data are consistent
with diffusion retention as the predominant mechanism for
targeting of LBR- and LAP2f-type INM proteins in mam-
malian cells and do not provide strong evidence for a recep-
tor-mediated transport model.
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Results

Target-INM: a reporter to visualize INM
protein targeting in live cells

To follow INM protein trafficking between the ER and INM
in live cells we developed an inducible reporter system (Tar-
get-INM; Fig. 1 A). It was shown previously that adding the
60-kD chicken muscle pyruvate kinase (CMPK) domain to
the N terminus of the LBR prevents its targeting to the INM
and leads to its retention in the ER (Soullam and Worman,
1995). We therefore placed a retention domain composed of
the hepatitis C virus (HCV) NS3 protease, the CMPK domain,
and an NS3 cleavage site in front of the N terminus of a min-
imal LBR construct (N terminus and the first transmembrane
domain followed by GFP; Ellenberg et al., 1997; Fig. 1 A).
In a HeLa cell line expressing this reporter, the NS3 protease
(Lin et al., 2008) could then be acutely induced by washout of
its inhibitor BILN2061 (Lamarre et al., 2003). NS3 protease
activation leads to removal of the retention domain (Fig. 1 B)
and relocalization of the reporter from the ER to the NE (Fig.
1 C). That NE signal corresponded to INM localization of the
reporter was confirmed by its reduced mobility measured by
FRAP after protease induction compared with the reporter mo-
bility in the ER before protease activation (Fig. S1 A) and im-
munostaining after differential permeabilization of the plasma
membrane with digitonin of the reporter carrying a Myc tag in
the nucleoplasmic domain (Fig. S1 B). For the rest of the text
we refer to the LBR-based reporter as Target-INM-LBR.

A high throughput assay for INM

protein targeting

Having validated the Target-INM-LBR reporter, we next set up
a high throughput quantitative imaging assay to identify genes
implicated in INM protein targeting by RNAi screening. To this
end, the Target-INM-LBR cell line was seeded on custom spotted
siRNA microarrays (Neumann et al., 2010); after 24 h, reporter
expression was induced by doxycycline addition and after 48 h
automatic confocal time-lapse imaging of reporter localization be-
fore and after cleavage induced by protease inhibitor washout was
performed (Fig. 2 A). The resulting 2.5-h movies of Target-INM-
LBR translocation after gene KD were analyzed using CellCog-
nition (http://www.cellcognition.org) to segment and track cells
based on the nuclear marker H2B-mCherry (Held et al., 2010;
Walter et al., 2010), selecting cell trajectories that remained in in-
terphase for the entire movie (Fig. 2 C). To quantify INM protein
targeting we developed an image analysis pipeline that automati-
cally detects in-focus NE and adjacent ER regions to measure the
fluorescence intensity in both compartments over time (Fig. 2 D
and Fig. S2 A). Single cells growing on scrambled control siRNA
array spots showed that, after cleavage, the reporter intensity in-
creased in the NE with the corresponding decay in the ER (Fig.
2 E). As a simple score for maximal reporter accumulation in the
NE we defined the parameter NE increase (fold change; Fig. 2 E),
a reliable and reproducible indicator of reporter accumulation in
~50 cells of a single siRNA microarray replicate (Fig. 2 F), which
was narrowly distributed across the whole screen (Fig. 2 G) and
was independent of the reporter expression level (Fig. S2 C).

Identification of genes implicated in INM
protein targeting

The high temporal resolution of our assay provides high sen-
sitivity and can score kinetic phenotypes, with a throughput
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Figure 1. Target-INM: an inducible reporter for INM protein targeting. (A) Schematic representation of the LBR-based reporter and its predicted subcellular
localization before (left) and after (right) protease activation by inhibitor washout. In gray is the retention domain consisting of the NS3 protease, the pro-
tease cleavage site (dark gray), and CMPK domain (light gray). LBR 1-238 containing the N-terminal domain (light blue) and first transmembrane domain
(TMD) (yellow) followed by GFP is shown. (B) Western blot of cells grown for 24 h in the presence (protease activity —) or absence (protease activity +) of the
protease inhibitor. The ER retention domain is fully cleaved in cells with active protease. (C) Confocal images of Hela cells stably expressing H2B-mCherry
and TargetINM-LBR grown for 24 h in the presence (inactive protease) or absence (active protease) of the protease inhibitor BILN2061. Bar, 10 pm.

of 26 siRNAs per microarray. We therefore selected 96 can-
didate genes, likely to be required for INM protein targeting,
which can be divided into the following functional groups: (1)
nucleoporins, (2) validated INM proteins, (3) nuclear binding
partners of INM proteins, (4) ER remodeling proteins, and (5)
nucleocytoplasmic transport factors (Table S3). After screen-
ing of 73 microarrays with two independent siRNAs per gene
in three to four replicates resulting in 2,200 time-lapse mov-
ies, sSiRNAs where ranked by their mean deviation in NE in-
crease from control siRNAs (Fig. 3 A, marked blue if at least
two of the three to four microarray replicates deviated signifi-
cantly; and Table S4). A gene was scored as a high confidence
hit when two independent siRNAs targeting the same gene
showed a reproducible effect (Fig. 3 A, gene names). We found
that most high confidence hits reduced NE accumulation of
the reporter, while one gene also increased targeting. The vast
majority of gene hits required for INM protein targeting are
nucleoporins, whose depletion decreased NE accumulation.
Almost all components of the Nup107-160 complex showed a

consistent phenotype with a 50-80% lower NE increase com-
pared with control siRNA (Fig. 3, A and C). We also observed
a similar effect for Nups that do not belong to the Nup107-160
complex as for NUP153 and NUP93 KDs (Fig. 3, A and D).
In addition, depletion of two proteins, the ONM protein Ne-
sprin-1 (SYNEI) and the transmembrane nucleoporin Ndcl
(TMEM48), caused a milder but significant and reproducible
reduction of reporter accumulation. Lamin A depletion dra-
matically increased reporter accumulation with an 80% higher
NE increase than control siRNA (Fig. 3, A and B). Although
we targeted the complete set of importins with siRNAs, none
of these depletions affected reporter accumulation except for
a mild reduction in reporter accumulation after importin f1
(KPNB1) KD. Inspecting the time-lapse images of single cell
trajectories revealed two different underlying phenotypes for
genes that scored with a lowered NE increase. For the large
majority of these genes, including most of the nucleoporins,
the reporter did not show any significant accumulation at the
INM over its levels in the ER, which is consistent with impair-
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Figure 2. Target-INM-LBR-based screening pipeline. (A) Schematic representation of screening workflow. Each siRNA microarray was generated by
siRNA spotting as described in Erfle et al. (2008). Cells were seeded on the microarray and, after 24 h, TargetINM-LBR expression is induced by adding
Doxycycline (1 pg/ml) together with the protease inhibitor BILN2061 (2 pM). After an additional 24 h, i.e., 48 h of siRNA treatment, imaging is starfed.
Each siRNA position is imaged before and after inhibitor washout for in total 2.5 h. (B) Representative field of view of images acquired in the screening
setup showing H2B-mCherry signal. The zoomed inset shows segmentation, tracking, and cell classification of interphase (green) and mitotic (red) cells
based on CellCognition software. Bars, 25 pm. (C) Example of a single interphase cell trajectory. The images show translocation of the reporter to the INM
after inhibitor washout. Bar, 10 pm. (D) Image analysis workflow. (1, left) The boundary of the segmented H2b-mCherry signal (red line) seeds a domain
in the nucleusto-ER direction (orange arrow) around the surface of the nucleus (blue arrow). Bar, 10 pm. (2, right) This domain is unfolded along the blue
arrow, and the regions for measuring NE (green triangle) and ER intensities (magenta rectangle) are determined (see also Fig. S2 A). (E) Quantification of a
single cell trajectory. The plot shows intensity fold change of the NE and ER normalized to the mean of the first two pre-washout time points. Gray line is the
NE increase (fold change) defined as the mean of the NE's three highest consecutive values. (F) Quantification of control siRNA NE and ER fold changes in
a single replicate of the screening (time points are mean + SD). The gray line is the replicate mean NE increase (fold change; region within SD is indicated
by the gray area). (G) Distribution of mean NE increase (fold change) of control siRNA across all the microarrays imaged (n = 73).

ment in translocation to and/or retention in the INM, as exem- the INM already before inhibitor washout, suggesting a loss
plified by SEC13 KD (Fig. 3 C). In contrast to all the other of size selectivity of INM targeting (Fig. 3 D). Therefore, the
genes in NUP93 KD, the full-length reporter accumulated at lower NE increase scored for NUP93 KD can be attributed to
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the absence in the ER of a “ready-to-translocate” pool of the
full-length reporter rather than an impairment of translocation.

A kinetic model to predict the mechanism
underlying INM protein targeting
phenotypes
Although we used a single parameter to identify genes impli-
cated in INM protein targeting, our screening data contains
detailed kinetic information for each hit. To exploit this in-
formation and gain insight into the mechanism underlying
the siRNA phenotypes we developed a mathematical model
for INM protein targeting between the ER and INM (Fig. 4 A
and Materials and methods). The model is used to describe the
change in reporter concentration in the ER and the NE (sum of
INM and ONM mean intensity). We model production, cleav-
age, and degradation of the reporter, as well as import and ex-
port of the cleaved reporter, through the nuclear pore, with the
import rate constant k; and the effective export rate constant k,,
respectively. The magnitude of both transport rate constants is
proportional to the pore permeability and the number of pores
(Egs. 1 and 2). We did not explicitly model the exchange be-
tween ER and ONM because the ER diffusion of the reporter
is fast compared with its cleavage and translocation (Fig. S1
A) and therefore assumed that the ONM reporter concentration
equals that of the ER. Using the FRAP (Fig. S1 A) and target-
ing kinetics (Fig. 4 B) we estimated that the binding time of
the reporter to nuclear interactors is between 0 and 4 min (see
Materials and methods). Under these conditions an effective ex-
port rate constant k,, proportional to the unbound fraction of the
reporter in the INM, can be used to approximate the binding to
nuclear interactors (see Materials and methods for further de-
tails and Eq. 2). These assumptions were further validated by
the fact that explicitly including ER-ONM exchange or nuclear
binding did not significantly improve the model fits to the data
(F-test, P> 0.1). To account for the known size selectivity of the
pore, we introduced the fitting parameter A that reduces both im-
port and export rates for the uncleaved reporter. After washout
of the inhibitor, the NE intensity fold change shows a transient
maximum and then decreases. This behavior could be caused
by photobleaching or a decreased stability of the reporter after
cleavage. We could rule out photobleaching under the low
light imaging conditions used (unpublished data) and therefore
model two different degradation rate constants, d and d, for
the full-length and cleaved forms of the reporter. For LBR, we
could not find a significant difference between degradation of
the cleaved form in the INM or in the ER, therefore depyy, = de.
We first used the model to determine the set of rate con-
stants characterizing the reporter targeting in control conditions
without gene silencing. The cleavage rate constant k. was de-
termined by assaying the protease cleavage kinetics (Fig. S3,
A and B) and the surface ratio of nuclear-to-ER membrane was
determined from high resolution 3D images of the whole cell
reporter distribution (Fig. S3 C). In the model, the transloca-
tion kinetics from ER to INM does not depend on the exact
value of reporter production rate, which is consistent with the
absence of a correlation of the initial ER intensity and the max-
imal NE intensity reached during translocation (Fig. S2 C), and
we therefore fixed production to a constant value for the 2.5-h
observation time. The remaining rate constants were estimated
by fitting the model to experimental data for changes in NE and
ER reporter density after cleavage induction and the initial NE-
to-ER density ratio (Fig. 4 B). As expected, the transient peak

in NE fold increase could be explained by reduced protein sta-
bility after cleavage (approximately threefold reduced lifetime).
Thus the model predicts that after washout of the inhibitor the
total amount of protein decreases, a prediction that we could
confirm experimentally (Fig. S3 D). We found that the trans-
port through the nuclear pore is in the order of minutes for the
cleaved form and negligible for the uncleaved. The transport
from the ER to the INM has a characteristic time of #;, = log(2)/
k; = 3.6-5.4 min, whereas the inverse process, returning to the
ER from the INM, is about five times slower with a character-
istic time ¢, = log(2)/k, = 18.3-25.6 min. This slow export can
be accounted for by the binding to the INM, with an estimated
bound fraction of 0.78-0.8 (Eq. 3).

The model predicts three major control
mechanisms for INM protein targeting

To test if our model made accurate predictions, we used a
mutated version of the reporter for which the mechanism be-
hind the targeting defect is known, Target-INM-A60LBR, a
construct which lacks the lamin B and chromatin binding do-
mains of LBR required for nuclear retention, but still contains
its nuclear localization signals that may act in receptor-medi-
ated transport (Fig. S3 F; Ye and Worman, 1994). To determine
which rates are affected in the Target-INM-A60LBR reporter,
we fitted combinations of one or more parameters to the NE
and ER kinetics while leaving the other model parameters un-
changed from the reference values obtained with full-length
Target-INM-LBR. Combinations with more than one parame-
ter were considered only if they yielded significantly better fits
(Kolmogorov-Smirnov test, P < 0.01; Fig. S3, G and H). Simi-
larly, an asymmetric change in transport (e.g., a change of only
import or export rate) was only considered if it yielded a signifi-
cantly better fit than a symmetric change (i.e., the same change
of both rates). For further details see Materials and methods.

As expected for a reporter unable to interact with nuclear
binding partners, the model predicted an 8.5-fold increase in
effective export rate k,, suggesting that nuclear retention is se-
verely affected (Fig. S3, G and H). Because our model could
predict the mechanism underlying the Target-INM-A60LBR
targeting defect, we next used it to analyze the new phenotypes
observed for the hits in our RNAIi screen.

The model was able to obtain good fits for all siRNAs
(goodness of fit R, > 0.97) experiments targeting high con-
fidence hit genes (e.g., Fig. 4 C). Using the same strategy to
obtain the minimal number of parameter changes required for
an optimal fit, we clustered the genes according to the type of
parameters that differed from nonsilencing control experiments
and ranked them in each cluster by the magnitude of the differ-
ence. The model distinguished three classes of genes (Fig. 4 D).
In the first cluster (Fig. 4 D, a) containing 12/15 of the genes,
the model showed that an equal change in both import and ex-
port rate constants was sufficient to obtain a good fit, which for
11 genes was a transport rate reduction, suggesting a decrease
in the number of pores and/or their permeability. For some
genes in cluster a, the model additionally predicted a decrease
in stability of the cleaved reporter. For cluster b, the model pre-
dicted a selective effect on the export rate from nucleus to cyto-
plasm, whereas import was predicted to be unchanged. Finally,
for cluster ¢, containing all siRNAs for NUP93, the model pre-
dicts an increase in pore permeability for the uncleaved reporter
and thus a decrease in size selectivity of the pore. The change
of this parameter accounted for the observed precleavage accu-
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JCB » VOLUME 208 « NUMBER 5 « 2015

920z Areniga g uo 3senb Aq Jpd-ee1L60Y 102 A0l/€88885 1/50./G/602/4Ppd-alo1He/qol/Bi10 ssa1dny//:dpy wouy papeojumoq


http://www.jcb.org/cgi/content/full/jcb.201409133/DC1

>
)
)

o

o

d 2 Control siRNA
C d
F = NE model A NE data (n=3554)

= ER model O ER data (n=3554)

Intensity Fold Change

0 50 100 150
Time (min)

[ . i ] size reporter
C 25/ sec1a_1kD D_ import export  selectivity _stabili
= NE model A NE data (n=74) *NUP35 1

| = ER model 0 ER data (n=74) ] *SIGMAR1_1

*NUP35_2
SYNE1_2
NUP133_1
NUP153_1
NUP43_1
NUP43_2
NUP98_2
NUP98_1
al SYNE1_1
NUP153_2
SEC13_2
NUP85_2
NUP85_1
NUP133_2
SEC13_1
NUP160_1
NUP107_1
TMEM48_2
NUP107_2
| NUP160_2
[ SIGMAR1_2
KPNB1_2
KPNB1_1
0 50 100 150 LMNA_2
Time (min) L LMNA_1
TMEM48_1
¢l NuUP93_1
NUP93_2

N

Intensity Fold Change
- o

o
»

0 50 100 150
Time (min)

251 |MNA 2 KD
= NE model A NE data (=
= ER model O

1.5T

Intensity Fold Change

o

05f

-20 -10 -5 -3-2 1 23 5
parameter fold increase/decrease

-1.06 1 1.9 1

Figure 4.  Model for nuclear translocation of INM proteins. (A) Schematic representation of the mathematical model. The model has two compartments, the
ER and the INM, with the membrane area ratio @ = Agz/Ane. The model accounts for translation (v), degradation of the reporter construct (dc, denm, and
dy), and the cleavage of the ER refention domain (k). The translocation of the reporter to the INM is set by the import and export rate constants (k; and k,
respectively). The uncleaved protein can be transported with reduced rates set by 1. (B) The reference parameter set is obtained by fitting the model (solid
lines) to all cell trajectories for control siRNA from 73 microarrays (symbols). Error bars are the SD of the mean. For estimated parameters, see Table S1.
(C) Example fits for SEC13 KD and LMNA KD. Error bars for the genes KD show the SD of the mean. For estimated parameters, see Table S1. (D) Param-
efer fold changes with respect to the reference set for each of the two siRNAs of the 15 hit genes. Cells from each siRNA replicate have been pooled. The
cleaved reporter stability is defined by 1/dq, the size selectivity is 1 — A. For three siRNAs (asterisks) a fit to the data could also be obtained by varying
the reporter stability of the cleaved form only.

Live imaging and modeling of INM targeting

9z0z Arenigad g0 uo 1senb Aq 4pd-c€ 1607102 A2l/£888851/50./S5/60Z/4Pd-81onie/qol/Bi0"ssaidnu//:dny woly papeojumoq


http://www.jcb.org/cgi/content/full/jcb.201409133/DC1

712

mulation of the full-length reporter in the NE and the reduced
targeting after inhibitor washout (Fig. 3 D).

Experimental validation shows that fewer
pores, stronger nuclear retention, and

loss of size selectivity explain the targeting
phenotypes

For most of the high confidence hits in clusters a our model
predicted both import and export rate constants to be concomi-
tantly reduced. Because these rates are proportional to the num-
ber of pores and/or pore permeability (Eqs. 1 and 2) and almost
all these hits are nucleoporins, this phenotypic class could be
caused by a decrease in pore numbers. We tested this prediction
for four nucleoporins (Nup98, Sec13, Nup107, and Nup153),
belonging to four distinct NPC complexes, by super-resolution
imaging of nuclei stained with mab414 antibody (Fig. 5 A, left).
The high resolution of this data allowed us to count single NPCs
accurately and compute NPC density 48 h after KD of the corre-
sponding nucleoporin. We found that depletion of all four nuc-
leoporins led to a significantly lower NPC density ranging from
areduction by 25% (NUP153 KD) to 60% (SEC13 KD) relative
to control siRNA (Fig. 5 A, right, gray bars). For SEC13 and
NUP98 KD this was in excellent agreement with the lower NPC
number predicted by the model, indicating that these two phe-
notypes can be quantitatively explained by fewer pores in the
NE. Interestingly, for NUP107 and NUP153 KD the model pre-
dicted a larger reduction in NPC density than observed exper-
imentally. This may indicate that additional mechanisms, such
as decreased permeability or a fraction of nonfunctional pores
among the remaining NPCs contributes to their phenotypes.

For some genes in cluster a, the model additionally pre-
dicted a decrease in reporter stability. We also tested this pre-
diction for NUP98 and SEC13 KD by measuring the whole cell
reporter amount over time 48 h after knocking them down. In
agreement with the model prediction, we found a significant
decrease in total protein amount after cleavage induction com-
pared with control siRNA (Fig. S3 D). To control that this effect
was specific, we monitored total protein amount after Lamin A
depletion, which, as predicted by the model, did not exhibit a
difference in protein stability (Fig. S3 E).

For cluster b the model predicted a change in export rate
constant (i.e., stronger or weaker binding to nuclear retention
sites) as the reason for the change in accumulation of the re-
porter in the INM. Although a change in number of pores/per-
meability might also lead to change in accumulation, these two
scenarios can be distinguished experimentally. To do this for
the Lamin A depletion phenotype, we simulated FRAP and pre-
dicted a slower recovery in the case of decreased export (Fig. S4
A) and a faster recovery for increased pore number (Fig. S4 B).
To test this prediction, we performed FRAP experiments in con-
trol siRNA and LMNA KD cells 90 min after inhibitor washout
(Fig. 5 B). The recovery curves for LMNA KD cells (Fig. 5 B,
red squares) show a significantly longer recovery than control
siRNA-treated cells (gray circles), confirming stronger binding
in the nucleus. Removal of peripheral A-type lamins might pro-
vide better access to nuclear binding sites for our LBR-based re-
porter, which contains binding motifs for B-type Lamins, HP1,
and histone H3/H4. To test if B-type lamins are responsible for
the increased accumulation after Lamin A depletion, we code-
pleted it with Lamin B1 and B2. Although all three lamins were
significantly reduced as shown by IF staining (Fig. S4 C), re-
porter accumulation remained increased (Fig. 5 C), arguing that
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it is not B-type lamin binding that is required. Consistent with
this, knocking down lamin B1/2 alone slightly increased rather
than decreased reporter accumulation (Fig. 5 C). If binding to
histone H3/H4 was responsible, the N-terminally truncated re-
porter, containing neither binding motif, should be resistant to
the Lamin A depletion phenotype. Indeed Target-INM-A60LBR
did not show increased accumulation after LMNA KD. To test
if binding to histones was responsible, we introduced a single
point mutation (W16A) in the LBR nucleoplasmic domain that
specifically abolishes histone binding (Hirano et al., 2012). This
reporter, Target-INM-LBRW16A showed strongly reduced ac-
cumulation under control conditions (Fig. S4 D) and no longer
showed an increase in INM accumulation after Lamin A de-
pletion (Fig. 5 C). This is consistent with the report that local-
ization of LBR depends more on chromatin than on Lamin B
binding (Hirano et al., 2012).

For NUP93 in cluster ¢ the model predicted that loss of
size selectivity of the NPC was responsible for the nuclear tar-
geting of full-length protein. To assay if the size selectivity of
the NPC for soluble macromolecules was also affected, we mi-
croinjected two differently sized dextrans, normally too large to
pass the NPC (70 and 160 kD; Lénart and Ellenberg, 2006), into
the cytoplasm of cells depleted of Nup93 and expressing the
Target-INM-LBR reporter in the presence of the HCV protease
inhibitor to prevent cleavage of the retention domain (Fig. 5 D).
We selected cells that showed the Nup93 depletion phenotype
of increased INM targeting for full-length Target-INM-LBR
and use phenotypically negative neighboring cells as controls
(Fig. 5 D, red and gray asterisks). Immediately after injection,
we scored the influx of dextran into the nucleus by measuring
the nuclear intensity. The nuclear concentration of 70-kD dex-
tran was increased significantly by ~50% in KD cells compared
with controls, whereas there was no statistically significant in-
crease for the 160-kD dextran. Nup93 depletion thus appears to
compromise the size selectivity of the NPC for our moderately
sized membrane protein reporter, as well as for intermediate
size but not for large soluble dextrans.

A Lap2f-based reporter recapitulates the
LBR targeting phenotypes

To test if the general principles identified in the LBR screen-
ing are true for other INM proteins we transferred our reporter
strategy to the INM protein Lap2p (Target-INM-Lap2f}). Lap2f
contains a single transmembrane domain and a nucleoplasmatic
domain of ~40 kD that is double in size compared with LBR.
Very similar to LBR, activation of the HCV protease led to
Lap2f translocation from the ER to the INM and quantitative
cleavage of the reporter (Fig. S4 E). We recorded Target-INM-
Lap2p translocation from the ER to the INM (Fig. 6 A) and
used the mathematical model to estimate the import (k;) and
export (k,) rate constants. We found that the transport from the
ER to the INM has a characteristic time of #;,, = log(2)/k; =
5.7-6.9 min. We estimated a large bound fraction of Lap2f of
0.93 leading to an extremely slow export from the INM (87—
103 min). Major representatives of the three phenotypic classes
of genes scored in the LBR screening were then retested for
also affecting Lap2p targeting. We found that Nup107-, Sec13-,
Nup93-, and Lamin A—depleted cells showed a lower NE in-
crease compared with control siRNA (Fig. 6 B). The model in-
dicates that the four genes fall into the same phenotypic classes
as for LBR (Fig. 6, C and D), i.e., the reduced accumulation at
the NE after SEC13 and NUP107 KD can be accounted for by
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Figure 5. Validation of model predictions. (A, top) Superresolved images of control siRNA and SEC13, NUP98, NUP107, and NUP153 KD nuclei
stained with anti-mab414 antibody. Bar, 5 pm. (bottom) In the insets, single NPCs are visible. Bar, 500 nm. (right) NPC density derived from experimental
data (gray bars) or predicted by the model (black bars) normalized to 1 relative to control siRNA. Data shown are from at least two independent experi-
ments (n = number of cells). Error bars are the SD of the mean. (B) NE FRAP recovery curves of control siRNA (gray) and LMNA KDs (red). Data are nor-
malized between 1 (prebleach value) and O (post-bleach value) and plotted over time. Data shown are from three independent experiments (LMNA_1 KD)
and one replicate (L(MNA_2 KD). Error bars are the SD of the mean. (C) Bar plots represent NE increase (fold change) ratio between siRNA treatment and
control siRNA for TargetINM-LBR, TargetINM-LBRA60, and Targe-INM-LBRW 16A. Bars are the mean = SD of at least three independent experiments. (D)
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data shown are from a single representative experiment out of two repeats. Bars are mean + SD.

a simultaneous reduction in import and export rates (Fig. 6 D)
and the Nup93 phenotype (Fig. 6 D) by a decrease in size se-
lectivity of the NPC. For LMNA KD (Fig. 6 D), the model pre-
dicted that changes in the binding at the INM is the underlying
process explaining its effect on Lap2f} targeting. In contrast to
LBR, however, for Lap2p we observed a decreased accumula-
tion and the model predicted an increased effective export rate
caused by a mobilization in the INM. FRAP simulations and
experiments indeed confirmed that Lap2f becomes mobilized
after lamin A depletion (Fig. S4 F and Fig. 6 E).

In this study we have established a generic strategy for live-
cell imaging of INM protein translocation from the ER to the
INM based on an inducible self-cleaving retention domain. We
first applied this to LBR truncated after the first transmembrane
domain. This reporter is effectively targeted to the INM in liv-
ing cells (Ellenberg et al., 1997) and contains signals consis-

Live imaging and modeling of INM targeting
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tent with both the diffusion retention and the receptor-mediated
transport model. The reporter was therefore a good starting
point to screen the requirement of candidate genes in either cat-
egory. We then successfully transferred the reporter strategy to
Lap2p, demonstrating that its design is generic and that these
two INM proteins have similar targeting requirements with the
major difference being the molecular nature of their retention
site. It will be very interesting to systematically compare the
molecular requirements for targeting of many members of the
large family of INM proteins to address if alternative pathways
to diffusion retention also exist in mammalian cells.

The first siRNA screen for INM protein
trafficking

siRNA screens in mammalian cells have made important con-
tributions to map the molecular requirement of different mem-
brane trafficking pathways (Collinet et al., 2010; Simpson et al.,
2012), but our study is the first to apply this approach to INM
protein targeting. The possibility to acutely release our Tar-
get-INM reporter allowed us to study ER to INM exchange ki-
netics directly and, in contrast to previously developed reporters
(Ohba et al., 2004), we probed the behavior of the protein that
binds to its physiological substrates. By systematic KD of 96
candidate genes and mathematical modeling of the resulting ki-
netic phenotypic signatures we could reveal which proteins are
implicated in different aspects of the LBR targeting mechanism
and obtain general insight about the mechanisms that normally
limit INM protein targeting in living cells.

INM protein targeting is a slow process

Our combined experimental and computational approach al-
lowed us for the first time to directly determine the exchange rate
of INM proteins. For the LBR-based reporter, our data show that
the efficient and specific targeting of LBR relies on an only five-
fold difference in exchange rates with import characteristic time
of 4-5 min and export time of 19-25 min. Based on the LBR
import rate we derived that INM targeting is a comparatively
slow process, with a 500 times slower transport rate compared
with a completely unhindered diffusion through a membrane
pore of the size of the NPC (see Materials and methods and Eq.
6), indicating that the NPC could impose a barrier to diffusive
INM protein targeting. Indeed, we observed an ~30% decrease
in the import rate of Lap2f compared with LBR, consistent with
the differences in size of their nucleoplasmic domains. Assum-
ing an effective cytoplasmic concentration of 1 uM (~2.6 x 10°
molecules), the transport rate would be 4.6 molecules/NPC/min
(for LBR). This rate is 30 times slower than the transport rate
obtained for a freely diffusible GFP at 1 uM, consistent with
a 20-100 times faster diffusion compared with integral mem-
brane proteins (Ribbeck and Gorlich, 2001; Mohr et al., 2009).

INM protein targeting sensitively depends
on the number of NPCs

As discussed in this paper, NPC translocation likely represents
a limiting step in INM protein targeting. This would suggest
that the targeting of INM proteins depends heavily on the num-
ber of available NPCs. Indeed, the predominant protein fam-
ily scoring in our LBR siRNA screen were nucleoporins, and
the major predicted and validated mechanism underlying their
depletion phenotype was a reduction of NPC number. This is
consistent with their previously demonstrated function in NPC
assembly (e.g., Nup107 and Nup98; Walther et al., 2003; Krull

et al., 2004), and in two cases (Secl13 and Nup98) we could
explain their kinetic effect quantitatively.

INM protein targeting is limited by access
to nuclear retention sites

Once INM proteins have reached the nucleus after passage
through the pore, they can interact with nuclear binding part-
ners, which will prevent their return to the ER. It is often as-
sumed that nuclear binding sites are available in vast excess to
INM protein ligands. In contrast, our data suggests that efficient
LBR retention is normally limited because of shielding of nu-
clear binding sites by the peripheral lamina that lies between the
INM and chromatin. Consistent with a previous study (Hirano
etal., 2012), we found that LBR retention relies mostly on chro-
matin binding through histone H3 and is therefore increased by
removal of A- or B-type lamins. The Lap2p-based reporter, in
contrast, appears to be efficiently retained by interaction with
lamins themselves and responded with a decrease in accumu-
lation and mobilization in the INM to their depletion. For both
INM proteins, our results suggest that the effective concentra-
tion of cognate nuclear binding sites is the second major deter-
minant for INM protein targeting.

The Nup93-based complexes act

as size controllers of the NPC for
membrane proteins

Our screen revealed a third general insight, which is what con-
trols the size selectivity of the NPC for membrane proteins.
Nup93 was required to exclude the uncleaved reporter with
the large retention domain in the ER, suggesting that Nup93
is part of the sizing mechanism of the NPC. It is known that
Nup93 can form two distinct complexes, either with Nup188
or Nup205 (Theerthagiri et al., 2010). In our screen, NUP205
KD showed a similar phenotype as NUP93 KD, albeit with only
one siRNA, whereas neither of the two NUP188 siRNAs led
to loss of size selectivity against the uncleaved reporter (Fig.
S4 G). Nevertheless, Nup188 likely plays a similar role be-
cause depletion from mammalian cell allows targeting of the
INM protein Sun2 with an artificially enlarged nucleoplasmic
domain that normally excludes it from the nucleus (Antonin et
al., 2011). Together these studies suggest that different Nup93-
based complexes work together to establish the NPC’s size se-
lectivity for membrane proteins.

Size selectivity for membrane and soluble
proteins involves Nup93 but is likely
controlled by distinct mechanisms

Nup93 depletion also led to a moderate loss of size exclusion
against medium-sized soluble dextrans, suggesting that the dif-
fusion barrier for membrane and soluble macromolecules may
have the same molecular basis. This double effect is consistent
with a previous study in Caenorhabditis elegans (Galy et al.,
2003) and could be explained by the loss of the central chan-
nel Nup62 after depletion of Nup93 observed in Xenopus leavis
extracts (Sachdeyv et al., 2012). However, although both soluble
and membrane protein size selectivity require Nup93, they are
probably mechanistically distinct because neither KD of Nup62
nor of the other major soluble diffusion barrier determinant,
Nup98, affected size selectivity of the NPC in our screen, and
conversely depletion of Nup188 did not impair the soluble pro-
tein diffusion barrier (Theerthagiri et al., 2010). Collectively,
Nup93 is likely required for two distinct size control mecha-
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nisms in the NPC, one for membrane proteins based on Nup188
and Nup205 and one for soluble proteins based on Nup62 and
potentially Nup98. This would be consistent with the concept
that membrane proteins pass the NPC through a route with a
different size control mechanism than soluble cargo, such as the
long proposed lateral channel of the NPC.

The diffusion retention model is sufficient
to explain our data

As explained above, the phenotypes we observed in our screen
can almost completely be explained with a diffusion retention
model of INM protein targeting. For the vast majority of the
genes, asymmetric effects on import or export rates were not
significantly better than concomitant changes in the import
and export rates. In addition, none of the KDs of 17 members
of the importin o/p family affected Target-INM-LBR target-
ing, including importin a-16 (KPNA4-16), which has been
suggested to support LBR INM targeting (Braunagel et al.,
2007), although the on-target efficiency of our siRNA library
was very high (Fig. S2 C). Furthermore, the strong targeting
defect of Target-INM-A60LBR, whose active transport signals
are intact, supports the idea that active transport is not suffi-
cient to target at least LBR-based reporters. The sole excep-
tion from this rule was importin 1 (KPNB1), which showed
a mild reduction in reporter accumulation. However, based on
the kinetic signature of the importin 1 phenotype, our mathe-
matical model predicts it to be caused by an increased export
of the reporter rather than a decreased import, suggesting that
importin 1 normally promotes retention once a membrane pro-
tein has reached the nucleus.

Materials and methods

Target-INM cloning

CMPK was isolated by PCR from Galus Galus CMPK-cLBR (Soul-
lam and Worman, 1995) and cloned into hLBR1TM(1-238)-EGFP
(Ellenberg et al., 1997) to generate CMPK-hLBRITM-EGFP. To
clone CMPK-NS5a/b-hLBR1TM-EGFP, NS5a/b cleavage site gener-
ated by oligo annealing was inserted into CMPK-hLBR1TM-EGFP.
NS3 protease was isolated from BABA-IGZ-NS3/4a (Bartenschlager
laboratory, University Heidelberg, Heidelberg, Germany) and cloned
at the N terminus of CMPK-hLBRITM-EGFP to generate NS3-
CMPK-hLBR1TM-EGFP. NS3-CMPK-hLBRITM was subcloned
into pmEGFP-N1 (Takara Bio Inc.) to generate NS3-CMPK-hL-
BRITM-mEGFP. NS3-CMPK-A60hLBRITM-mEGFP was cloned
by deletion of the first 60 aa of hLBR. W16A mutation in was intro-
duced in NS3-CMPK-hLBRITM-mEGFP QuikChange II Mutagenis
kit (Agilent Technologies) with prime 5-TGGTGAAGTGGTAA-
GAGGTCGAGCGCCTGGGAGTTC-3" and 5'-GAACTCCCAGGC-
GCTCGACCTCTTACCACTTCACCA-3'. Rattus Norvegicus Lap2f
(Beaudouin et al., 2002) was cloned in BamHI and Agel replacing LBR
inside NS3-CMPK-hLBRITM-mEGFP. All constructs were inserted
into pcDNAS/FRT/TO vector (Invitrogen). Transgene expression in
hLBRI1TM(1-238)-EGFP, pmEGFP-N1, and pcDNAS5/FRT/TO con-
structs is driven by CMV promoter.

Cell lines

HeLa R19 FlpIn TREX allows single integration of a transgene and its
inducible expression under the control of a CMV promoter (Gromeier
laboratory, Duke University Medical Center, Durham, NC; Kaiser et
al., 2008). Cells were grown in Dulbecco’s modified Eagle’s medium
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containing 10% fetal bovine serum, 2 mM glutamine, 1 mM sodium
pyruvate, and 100 pg/ml penicillin and streptomycin. H2B-mCherry
was transfected into Hela R19 FlpIn TREx with JetPrime (Polyplus
Transfection) according to the protocol of the manufacturer. A clone
stably expressing H2B-mCherry was isolated by selection with 0.5 pg/
ml Puromycin (EMD Millipore). NS3-CMPK-hLBR1TM-mEGFP and
NS3-CMPK-A60hLBR1TM-mEGFP pcDNAS5/FRT/TO were cotrans-
fected in the HeLa R19 FlpIn TREx/H2B-Cherry clone together with
the Flp recombinase. Cells were kept under selection with 10 pg/ml
Blasticidin (InvivoGen) and 200 pg/ml Hygromycin B (Invitrogen)
until resistant clones were isolated.

RNAi

siRNA-spotted microarrays were generated as previously described
(Erfle et al., 2008) in a 1-well LabTEK (Thermo Fisher Scientific). In
brief, the transfection mix was prepared by combining 0.4 M sucrose/
Opti-MEM (Life Technologies), Lipofectamine 2000 (Life Technol-
ogies) diluted 1:2 in ddH,0, and 3 uM siRNA at 1.7:1:2.8 ratio and
incubated for 20 min at room temperature in a 384-well plate (Thermo
Fisher Scientific). Each siRNA transfection mix was then robotic
spotted on the LabTEK surface by the VersArray_ChipWriterProSys-
tem (Bio-Rad Laboratories). siRNAs (Silencer Select siRNA; Life
Technologies) used in the screen are listed in Table S3. For total cell
fluorescence, imaging cells were seeded on siRNA-coated “ready-to-
transfect” 8-well LabTEK (Thermo Fisher Scientific) as described
previously (Neumann et al., 2010). In brief, the transfection mix was
prepared by combining 0.4 M sucrose/Opti-MEM (Life Technologies),
Lipofectamine 2000 diluted 1:2 in ddH,0, and 3 uM siRNA at 1.7:1:2.8
ratio and incubated for 20 min at room temperature. The reagents were
then mixed with 0.2% gelatin at 1:0.6 ratio. The transfection mix was
then diluted 1:50 in ddH,0 and 100 pl were distributed in each well.
The LabTEK were immediately dried in miVac vacuum concentrator
(GeneVac, Ltd.) and stored in sealed boxes with drying pearls. For mi-
croinjection experiments, liquid siRNA transfection was done using
Lipofectamine 2000 according to the protocol of the manufacturer.

Avutomatic time-lapse imaging

For the screening assay, the Target-INM-LBR cell line was seeded on
the siRNA microarray; 24 h later, the expression of the reporter was
induced with 1 pug/ml Doxycycline (Sigma-Aldrich) in the presence
of 2 uM BILN2061 NS3 protease inhibitor (Boehringer Ingelheim).
After an additional 24 h, we washed out the protease inhibitor and
started live-cell confocal time-lapse imaging time-lapse microscopy.
Each siRNA microarray was acquired with the ZEN 2010 software
on a confocal microscope (LSM 780; Carl Zeiss) with a 63x Plan
Apochromat oil objective, NA 1.4 (Carl Zeiss). Each siRNA spot
was imaged every 9 min before inhibitor washout (two time points)
and up to a 2.5 h after washout. Given that the washout occurs si-
multaneously for all the siRNA positions, we minimized systematic
error caused by time acquisition differences by random placement of
control siRNA and the two replicates of each gene targeting siRNA
inside the microarray. For total cell fluorescence imaging, ZEN 2010
software on the confocal microscope with a 20x Plan Apochromat
dry objective, NA 0.8 (Carl Zeiss), was used; each position was
imaged every 20 min. All live-cell imaging was performed at 37°C
using CO,-independent medium without phenol red (Invitrogen) con-
taining 20% fetal bovine serum, 2 mM L-glutamine, and 100 mg/ml
penicillin and streptomycin.

Image analysis
H2B-mCherry signal was used to monitor the cell cycle stage of sin-
gle cells. For this purpose, nuclei were detected in the H2B-mCherry
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channel and classified with CellCognition (Held et al., 2010; Walter et
al., 2010) in two morphological classes: interphase and mitotic. Cells
were tracked with a constrained nearest-neighbor tracking procedure,
and cell trajectories that persisted in interphase for the duration of
the time-lapse were extracted. To reduce the effect of classification
errors, classification results were corrected with Hidden Markov
Models (Held et al., 2010; Walter et al., 2010). Target-INM reporter
fluorescence intensity along each single cell trajectory was quantified
in the ER and NE with an in-house developed routine implemented in
MatLab. H2B-mCherry signal is used to trace the border of the nucleus,
along which the NE is unfolded. The NE was divided in multiple
segments with a fixed step length extending from the nucleus into
the cytoplasm. Mean intensity of the Target-INM reporter was then
calculated along each segment length (Fig. S2 A, 1 and 2). The first
derivative of segment mean intensity in the direction from nucleus to
cytoplasm was then computed; the derivative maxima (d,,,,) defines
the nucleus-to-cytoplasm transition where the NE is positioned (Fig.
S2 A, 2). Segments with d,,,, below a fixed intensity threshold were
removed from the analysis. For the remaining segments, the position
of dinax (Yimax) Was used as the coordinate for deriving the following
parameters: NE,,,, = highest intensity pixel in region [Yi.x, Yiax + 4]
(Fig. S2 A, 4); NE ;con = mean intensity in region [Yux, Yimax + 4] (Fig.
S2 A, 4); Nucleuse,, = mean intensity of pixels in [ Y. — 6, Yiax — 2].

The ratio Nucleus e/ NEyean Of @ segment must be below 0.6,
otherwise the segment was removed from the analysis. The NE inten-
sity was computed by averaging NE,,, of all remaining segments. For
calculating the ER intensity, we accepted as valid all the segments. We
then computed a moving mean of pixels with window size equal to 1/4
of the total segments and with step size equal to one segment in the
region [ Y + 8, Yinax + 25]. Among all the computed means the highest
one was selected as single value for the ER (Fig. S2 A, 5).

For the total Target-INM fluorescence measurements (Fig. S4,
A and B) we used the H2B-mCherry signal and CellCognition to au-
tomatically select and track nuclei that persist in interphase for the 2.5
h of the imaging after washout. The ER was detected by thresholding
the Target-INM GFP signal and single cells were separated by mark-
er-based watershed segmentation, using the nuclei as markers. For this
we used an in-house written script in FIJI (Schindelin et al., 2012)
and MatLab (WholeCellQuantification.zip file in the online supple-
mental material). The GFP intensity for each cell is then averaged in
space at every time point and the ratio is computed with respect to the
first pre-washout time point.

Data analysis

For each siRNA microarray, NE and ER intensity data of single
cell trajectory data were analyzed using an in-house written Python
pipeline. A fixed intensity threshold was applied to remove low re-
porter expressing cells. For each remaining cell, raw NE and ER
intensity values were normalized to the mean of the two pre-wash-
out intensity values. The NE increase (fold change) was defined
as the mean of the three highest normalized values after washout.
A mean NE increase (fold change) was derived for control siRNA
and gene siRNA by combining, respectively, cells from six con-
trol siRNA and two siRNA spots. Deviation of each siRNA from
the control siRNA NE increase (fold change) was computed and
tested for statistical significance with Student’s 7 test (P < 0.01).
For making value comparable between replicates, a percentage of
NE increase (fold change) deviation from control siRNA was calcu-
lated and a combined mean deviation for the siRNA replicates was
derived. The source code for the image and data analysis, including
example images, can be found in the online supplemental material
(Image_and_Data_Analysis.zip).

Western blotting

Cells were resuspended in ice-cold lysis buffer (10 mM Tris-Cl, pH
7.5, 150 mM, NaCl, 0.1% SDS, and 1% Triton X-100), supplemented
with complete protease inhibitor cocktail and PhosSTOP phospha-
tase inhibitor cocktail (Roche). After 30-min incubation on rotor
on ice, cells were centrifuged and the supernatants were collected.
Cell lysates were loaded into NuPAGE 4-12% Bis-Tris Mini Gels
(Invitrogen). The following antibodies were used for Western blot-
ting: anti-GFP (mouse, clones 7.1/13.1; Roche); anti-Rccl (rabbit;
Mattaj laboratory, European Molecular Biology laboratory, Hei-
delberg, Germany); anti-Lem4 59-938 aa (rabbit; Mattaj labora-
tory). Secondary antibodies used were as follows: goat anti-mouse
Alexa 680 (Molecular Probes), goat anti—rabbit Alexa 680 (Molec-
ular Probes), goat anti-mouse IRDye800CW (LI-COR Biosciences;
1:10,000), and goat anti-rabbit IRDye800CW (LI-COR Biosciences;
1:10,000). Blots were scanned in an Odyssey fluorescence imaging
system (LI-COR Biosciences).

Immunofluorescence and NPC super-resolution imaging

Cells were grown for 48 h in a siRNA ready-to-transfect 8-well
LabTEK. Cells were then rinsed with PBS and preextracted with 0.1%
Triton X-100 (Sigma-Aldrich) and then fixed for 15 min in 2% PFA
(Electron Microscopy Sciences). After extensive wash with PBS, cells
were blocked with 5% normal goat serum (Life Technologies) in PBS
for 1 h and incubated overnight at 4°C with primary antibody mouse
mab414 1:2,500 (Covance) and then with secondary antibody 1:1,000
anti-mouse Fab Alexa Fluor 647 (Invitrogen) for 1 h at RT. The sample
was embedded in GLOX-MEA buffer and imaged in a super-resolved
ground state depletion microscope (Leica) with HCX Plan Apochromat
100x, NA 1.47, Oil CORR TIRF PIFOC objective (Leica) as previ-
ously described (Szymborska et al., 2013). NPC counting was done
using an in-house custom written MatLab routine (NPCcount.zip file
in the online supplemental material). In brief, super-resolved images
were median filtered and single NPC clusters were detected. A peak
detection algorithm was applied on the super-resolved raw images
and the number of peaks inside each NPC cluster was counted. To
define an NPC as fully assembled, a minimum of three peaks were
required. NPC clusters that fulfilled this requirement were counted
and a mean NPC density was computed.

Dextrans microinjection

Cells were grown overnight in a 2-well LabTEK. The next day, cells were
liquid transfected with NUP93 siRNA and incubated for an additional
48 h. Microinjection was performed under a confocal microscope with a
63x Plan Apochromat oil objective, NA 1.4 (Carl Zeiss), equipped with
a microinjection system (Eppendorf). Cells were microinjected with a
mix of 160 kD Dextran-TRIC (Sigma-Aldrich) and 70 kD Dextran-Cy5
(Molecular Probes) in water. After 10-min equilibration, cells were im-
aged. Dextran intensities in the nucleus and cytoplasm were measured.

Photobleaching experiments

Cells were grown overnight for 48 h in a siRNA ready-to-trans-
fect 8-well LabTEK. Photobleaching experiments were performed
in a confocal microscope with a 63x Plan Apochromat oil objec-
tive, NA 1.4 (Carl Zeiss). Three prebleach images were acquired
before bleaching. An NE region was then bleached with full laser
intensity. Fluorescence recovery was followed every 2 s for a total
time of 2 min. Intensity values were normalized between 1 (pre-
bleach) and O (post-bleach) after correction for acquisition photo-
bleaching using a reference cell.
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Mathematical modeling

During translocation we do not observe gradients of the reporter radi-
ally away from the nucleus and the diffusion of the reporter in the ER
is fast compared with the translocation time. We estimated 5 to 15 s to
diffuse from the ER to the NE (#;,, FRAP =20 s [Fig. S1 A] and D =
0.03-0.1 pm?s [Zuleger et al., 2011]), whereas protein cleavage and
translocation times are in the order of tens of minutes (Fig. 2 and Fig.
S3, A and B). Furthermore, translocation occurs through nuclear pores
evenly distributed on the NE (Fig. 5 A). We therefore assumed that in
the ER, ONM, and INM the reporter density is spatially homogeneous.
Finally, we assumed that chromatin and nuclear proteins retaining the
reporter are in vast excess and that the binding reaction is fast so that
we could perform a quasi-steady-state approximation for the binding.
We thus have effective transport rates that are proportional to the num-
ber of pores N, permeabilities for import and export (P; and P, respec-
tively), and the degree of binding to nuclear proteins, calculated using:

ki = NP; 8
and
NP,
ka - ﬂ . (2)

The parameter 1/ = (1 + K, L)', where K}, is the binding constant to nu-
clear proteins and L their concentration, gives the fraction of free reporter
at the INM. The fraction of reporter bound to nuclear proteins is given by

=5 )

For a pure diffusive transport we expect P; = P, = P. In this case,
to vary the number of pores and/or permeability compared with the
control dataset we change k; and k, but leave the ratio equal to the
ratio obtained for control.

The effective export rate constant (Eq. 2) is derived by first
expressing the time changes of the bound C, and free reporter
density Cjyy at the INM:

dé,

ar ky L C = k- Cp = dep Cy

and

d élNM

dt = ki CONM - E o €1NM - kbL EINM + k*b Cb - dCINM €1NM~

k, = NP,is the export rate of the free protein, Coyy, is the density of
the cleaved form in the ONM, k;, and k_;, are the binding and unbinding
rate constants, and L is the concentration of binding sites. We found that
from the FRAP and targeting kinetics we only obtain a lower value for
k_,>0.25/min (95% confidence interval estimated using the profile-like-
lihood method). Assuming fast binding k,L,k_, > dcy we obtain
C, = ﬁf e and so C oy = ; +”\;?’)L = Com , where the total cleaved
density in the INM is Cpy = Cp+ C . The ordinary differential
equation for the total density is then given by the following equation:

dCy
% = ki Connr = ko Cinas = denas Civms

with the effective export rate constant k, defined in Eq. 2. The qua-
si-steady-state approximation slightly underestimates the value for
the import and export rate constants. However, we found that for
binding reactions equilibrating within 4 min (the maximal possible
range) the difference is <10%.

We define the total density of full-length and cleaved protein
in the ER and ONM, computed with respect to the ER area, by F =
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Frr+ Foyy/o and C = Cig + Conp/a, respectively. The subscripts indi-
cate the localization of the reporter. The parameter a = App/Ajny gives
the area ratio of the membranes. The system of ordinary differential
equations reads as follows:

Ak;
1+a

dF _ v(a+l)*<kc+dp+

Ak,
dr toa >F+TF1NMa

ki
1+a

ac _
i k.F— (dc+

ko
) Cc+ o Cs,

ak;

= keFiou+ 774 C— (demar + ko) s

dCy
dt

and

dFy, ol k;
dliw = SroF- (dp+ ko + 2k,)E .

The parameter 1 — A characterizes the size selectivity barrier of the
pore; a value of O indicates that the full-length protein can equally
translocate through the pore as the smaller cleaved protein. The exper-
imentally observables quantities in the ER and NE are a linear com-
bination of these variables:

_ o
ER = F+ Oy, “)

and
NE = (F+ O+ C+ Fiy. )

These quantities, normalized to their initial steady-state values (at t =
0), are used to fit experimental data. The total reporter density, for dc =
dcvy and computed with respect to ER area, is given by:

dF, (a+1D
7” =V« 7(kc+dF>Ftot

and

dcm
7( = ke Fiot = dcCor.

The system of ordinary differential equations is solved analytically for
k. = k., for t <20 min and k. = 0.0342 min~' for t > 20 min, where k.,
is a small basal cleavage rate constant.

FRAP simulations

We simulated FRAP on a simplified 1D circular geometry representing
the nuclear rim. In experiments, the length of the bleached NE seg-
ment is 6—7 um and the perimeter of nuclei is ~70 pm. We simulated a
70-um-long NE and a bleached size of 7 um. The diffusion in the INM
is characterized by an effective diffusion coefficient, D ;= D/p. The free
diffusion coefficient D, i.e., in the absence of binding, has been esti-
mated by simultaneously fitting the FRAP and targeting kinetics of Tar-
get-INM-LBR and Target-INM-Lap2f for the control siRNA, assuming
an equal diffusion coefficient for both proteins. We found that a value
of D = 0.15-0.35 um*/s could reproduce the targeting and FRAP data.
In all the FRAP simulations, a value of D = 0.2 pmz/s has been taken.

Model parameter estimation

For parameter estimation we minimized the mean squared distance of
the model to the normalized NE and ER densities and the initial (z = 0)
ER to NE density ratio. We first determined reference parameter sets
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for LBR and Lap2f with control siRNA. For Lap2f, and to a lesser
extent for LBR, we found that the export rate constant was only poorly
determined by the targeting data. To better constrain this parameter we
also simultaneously fitted the FRAP curves for the control siRNA. For
Lap2p we could find a significant improvement in the fits assuming
dc # dey and k., > 0; for LBR we kept d¢ = deyny and k., = 0. For both
targeting constructs A > 0 did not improve the fits for the control siRNA.

For simulating the targeting for siRNA KD, we searched for the
minimal set of parameters different from control. We tested 20 param-
eter combinations using cross-validation (Fig. S3 G) and proceeded as
follows: using resampling without replacing we generated a dataset of
maximally 30 cells and split it into two; in the cross-validation step
we fit the 20 parameter combinations to one half of the data and com-
puted the predicted x> for the other half; we repeated this procedure 100
times and compared pairs of parameter combinations with a Kolmog-
orov-Smirnov test (P < 0.01).

We chose the smallest parameter combination if the statistical
test was not significant. If sets changing NP (leaving the ratio of k;
and k, unchanged), k;, or k, were not statistically different we chose
sets changing NP. The rationale is that, for a pure diffusive trans-
port, a change in number of pores and/or permeability after KD is
more likely than a unidirectional change of one of the rates. If sets
changing k; or k, were not statistically different, we took the sets
with the smallest predicted y°.

To estimate the confidence intervals we used bootstrapping and
repeated the fitting for 100 resampled datasets. These sets are obtained
from the original datasets by resampling with replacing and contain the
same number of cells as the original dataset.

Estimating transport rates per NPC

The maximal transport rate through a single membrane pore of ra-
dius R = 60 nm and length L = 40 nm (Maimon et al., 2012) is de-
rived from Fick’s first law:

_ DrRACN,

Foax = i3 (1 —-r/R?,

where D is the membrane diffusion of the reporter, r is the hydrody-
namic radius of the cytoplasmic moiety, and AC is the concentration
difference between INM and ONM. The last term describes steric hin-
drance of entry into the channel (Mohr et al., 2009). For the transport
rate estimated from our kinetic model we have

a kiCAwNg _

. a kCN,
fexp T 1+a N -

1+a Pnec >

where pypc is the density of nuclear pores, here estimated to be ~9
NPC/um? (Fig. 5). At washout, the density in INM is ~0, therefore AC
= C. We can then compute the ratio of these two rates, which is inde-
pendent of concentrations, as

@ _l+ta DRzpyec
Jew @ kL

(1 —r/R?. (©)

To compare the absolute transport rates obtained here to previous
reported rates for diffusible proteins at a standard cytoplasmic concen-
tration of 1 uM (Ribbeck and Gérlich, 2001; Mohr et al., 2009), we
need to convert the concentration to a surface density. In the cell line
used in this study we estimated from fluorescent images the area ratio
of ER and nuclear membrane as

AER

T Ay ’

a nuclear membrane area of 1,200 um? and a cytoplasmic volume
(including ER and organelles) of 4,650 um® (Fig. S3). This yields a

surface area ER density of ~2 um*um?®. From this we can compute, as-
suming evenly distributed ER, that a 1 uM “concentration” corresponds
to an ER surface density of 5 x 102> mol/um>.

Online supplemental material

Fig. S1 proves INM localization of LBR and Lap2p reporters by FRAP
and IF after Triton/Digitonin permeabilization. Fig. S2 illustrates
image analysis pipeline and validation of siRNA KD efficiency. Fig.
S3 shows model parameter estimation. Fig. S4 contains FRAP sim-
ulation for LBR and Target-INM-LBRW16A and Target-INM-Lap2f3
validation. Table S1 contains parameters values for Target-INM-LBR.
Table S2 contains parameters values Target-INM-Lap2f. Table S3
contains a list of siRNAs used in the screen. Table S4 contains the
ranking of siRNA based on NE increase (fold change). The source
code for the image and data analysis methods can be found online.
ER_NE ratio contains the code for calculating ER/NE ratio (Fig. S3
C). Image_and_Data_Analysis contains the source code for image and
data analysis of the screen data. WholeCellQuantification contains the
source code for calculating whole cell intensity in 20x data (Fig. S3,
D and E). NPCcount contains the source code for NPC counting (Fig.
5 A). Online supplemental material is available at http://www.jcb.org/
cgi/content/full/jcb.201409133/DCI1.
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