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    Introduction 
 A hallmark of eukaryotic cellular organization is the compart-

mentalization of distinct metabolic functions into membrane-

enclosed organelles. The inheritance of these organelles is an 

essential homeostatic process in dividing cells. One of the most 

morphologically elaborate organelles is the ER, which is orga-

nized into membrane tubules and sheets ( Shibata et al., 2006 ). 

The relative distribution of these ER domains changes continu-

ously as cells move through the cell cycle. Dynamic processes 

involving fi ssion and homotypic fusion of membranes maintain 

the overall architecture of the ER ( Powell and Latterich, 2000 ; 

 Fagarasanu et al., 2007 ). 

 Connected to the ER is the nuclear envelope (NE), an ex-

tensive spheroid membrane sheet that is composed of two lipid 

bilayers that enclose the nuclear genome. The outer and inner 

nuclear membranes are fused at sites where nuclear pore com-

plexes (NPC) are inserted. NPCs are large multiprotein chan-

nels that mediate nucleocytoplasmic traffi cking ( Fahrenkrog 

et al., 2004 ). Despite the physical connection between NE and 

ER, the nuclear membrane contains a unique set of proteins that 

are not present in the ER. One class of proteins is localized in the 

outer NE and provides contacts to the cytoskeleton ( Worman 

and Gundersen, 2006 ). A second class of proteins preferentially 

associates with the inner NE and has been shown to interact 

with the nuclear lamina and chromatin (for reviews see  D ’ Angelo 

and Hetzer, 2006 ;  Stewart et al., 2007 ). 

 Only recently have proteins been identifi ed that exclusively 

localize to ER tubules and are excluded from fl at membrane 

sheets such as the NE ( Voeltz et al., 2006 ). This class of ER mem-

brane proteins contains the reticulons and the functionally related 

protein DP1/YOP1, both of which are expressed across all eu-

karyotic species ( Yang and Strittmatter, 2007 ). These proteins 

contain a domain of  � 200 amino acids, including two hydropho-

bic segments, which are thought to form a hairpin in the mem-

brane. The ability of reticulons to oligomerize appears to allow 

these proteins to generate and/or stabilize tubules in vitro 

( Shibata et al., 2008 ). Although the mechanism of reticulon func-

tion is still being characterized, it is known that the levels of these 

proteins can shift the balance between the tubular network and 

the fl at membrane sheets ( Voeltz et al., 2006 ). 

 In addition to differences in protein composition, the NE 

and the ER exhibit a striking difference in their dynamic behav-

ior during mitosis. Although it is well documented that the NE 
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NE formation and nuclear expansion, whereas their 

knockdown accelerates nuclear assembly. This suggests 

that the transition from membrane tubules to sheets is 

rate-limiting for nuclear assembly. Our results provide 
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that morphological restructuring of the ER is the principal 

mechanism of NE formation in vivo . 
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the ER marker Sec61 �  fused to GFP (Sec61-GFP) as well as the 

histone subunit H2B fused to tdTomato (H2B-tdTomato) to vi-

sualize chromatin ( Shaner et al., 2004 ). In interphase, Sec61-

GFP stained the NE and the ER, highlighting the continuity of 

the two membrane systems (Video 1, available at http://www

.jcb.org/cgi/content/full/jcb.200805140/DC1). In metaphase, 

chromatin was essentially free of membranes, and, as expected 

from recent observations, the ER remained intact during mito-

sis. As cells progressed to telophase, the cell cycle phase when 

NE reformation occurs, ER membranes contacted chromatin 

via tubule-end binding ( Fig. 1 A ). Once a few tubules were im-

mobilized, additional tubules sliding along each other were cap-

tured on chromatin and eventually coated the entire chromatin 

surface ( Fig. 1 C  and Video 1), confi rming that ER recruitment 

to chromatin is an early event in nuclear assembly. 

 To confi rm that the linear structures seen in the two-

dimensional images of membrane – chromatin contact points were 

tubules, confocal z stacks of cells expressing Sec61-GFP and 

H2B-tdTomato were acquired every 30 s. After 3D reconstruc-

tion, membrane tubules contacting the surface of chromatin were 

clearly resolved ( Fig. 1 B ), which confi rms that the linear struc-

tures represent membrane tubules. 

 We have recently shown that transmembrane components 

of the NPC such as POM121 are dispersed throughout the ER 

network during NE breakdown ( Anderson and Hetzer, 2007 ). 

Therefore, we expected that POM121 should be incorporated 

into the reforming NE via ER tubules connected to chromatin. 

To test this, we expressed the NE marker POM121-GFP and 

found that it was indeed present in tubules that initially contacted 

chromatin ( Fig. 1, A and D ; and Video 2, available at http://

www.jcb.org/cgi/content/full/jcb.200805140/DC1). As NE for-

mation proceeded, POM121-3GFP was cleared from surround-

ing tubules and accumulated on the chromatin surface, which 

supports the idea that NE proteins are recruited to chromatin 

from the ER network. Collectively, these results suggest that the 

ER serves as the precursor membrane for the NE. 

 In combination with previous data, these results imply a 

two-step process of NE formation in which ER tubules fi rst 

become immobilized on chromatin and then reorganize into fl at 

membrane sheets. As a consequence of such a stepwise mem-

brane reorganization process, chromatin-bound ER tubules 

should initially contain tubulating proteins like reticulons. How-

ever, as the transition into sheets progresses, these proteins 

should be displaced because they are ultimately excluded from 

fl at membranes ( Voeltz et al., 2006 ). To directly test for this 

possibility, we coexpressed POM121-3GFP and the tubular ER 

protein reticulon 3 (Rtn3) fused to tdTomato, and imaged their 

dynamic behavior by fl uorescence microscopy in real time. 

As expected, POM121-3GFP accumulated at the forming NE and 

therefore served as a reporter for membrane – chromatin contact 

sites ( Fig. 2 A ). Similar to POM121-3GFP, Rtn3-dtTomato 

was detectable on the surface of chromatin ( Fig. 2 B ), but as 

cells moved through telophase, POM121-3GFP accumulated in 

the reforming NE, whereas the fl uorescence intensity of Rtn3-

tdTomato at the forming NE gradually decreased to background 

levels once the NE was formed ( Fig. 2 B ). The rate of reticulon 

decrease at the forming NE was steady for  � 10 min from the 

completely breaks down in prophase of metazoa (for reviews 

see  Lenart and Ellenberg, 2003 ;  Margalit et al., 2005 ), it has be-

come clear that the ER network remains intact during cell divi-

sion ( Ellenberg et al., 1997 ). EM data have recently demonstrated 

that the mitotic ER is a highly interconnected network of tu-

bules during metaphase ( Puhka et al., 2007 ). Considering the 

dramatic difference in the fates of NE and ER during mitosis, 

questions arise as to how the disassembled NE components are 

dispersed, and consequently, how the nuclear membrane is re-

formed around the segregated chromosomes. Historically, data 

obtained from biochemical fractionation of ER membranes sup-

ported a model where the NE is fragmented into vesicles that 

remain distinct from the ER ( Collas and Poccia, 2000 ). In con-

trast, live imaging has revealed that GFP-tagged NE compo-

nents reside in the mitotic ER, which suggests that the lipids 

and membrane proteins of the NE retract into the tubular ER 

network ( Ellenberg and Lippincott-Schwartz, 1999 ;  Daigle et al., 

2001 ;  Anderson and Hetzer, 2007 ). The idea of mitotic NE re-

traction implies that at the end of mitosis, the nuclear membrane 

reemerges from the ER and does not form by fusion of a sepa-

rate pool of vesicles ( Collas and Poccia, 2000 ). In support of 

such a mechanism, in vitro analyses suggest that the intact tubu-

lar ER is required for NE formation ( Anderson and Hetzer, 

2007 ;  Puhka et al., 2007 ). Using live imaging, we were able to 

provide new insights into the membrane dynamics of NE for-

mation. We showed that the ER is targeted to chromosomes via 

tubule-end binding and subsequently immobilized on the chro-

matin surface. This chromatin-bound network then fl attens and 

seals into a closed NE ( Anderson and Hetzer, 2007 ). In vitro 

data also demonstrate that the targeting of membranes to chro-

matin is at least partially regulated by NE-specifi c transmem-

brane proteins binding to DNA and/or chromatin ( Pyrpasopoulou 

et al., 1996 ;  Ulbert et al., 2006 ;  Anderson and Hetzer, 2007 ). 

The general mechanism of membrane reshaping from tubules to 

the double lipid-bilayer sheets of the NE is unclear, and in vivo 

evidence for such a process remains sparse. 

 Here, we set out to determine if changes in ER morphol-

ogy play a role in NE formation in vivo .  A novel assay to study 

the dynamic relationship between the organization of the ER 

and forming NE in dividing cells was developed. This assay and 

other live-cell imaging approaches provide direct evidence that 

NE formation occurs by the reorganization of the ER on chro-

matin. Furthermore, our studies revealed that reticulons and DP1 

act to regulate NE formation. In addition, we show that NE ex-

pansion is mechanistically coupled to the ER organization. 

 Results 
 Displacement of reticulons from the 
reforming NE 
 To determine if chromatin-mediated reshaping of ER tubules is 

the principal mechanism of NE formation in vivo, we compared 

ER membrane dynamics during mitosis in different tissue cul-

ture cells. We selected U2OS cells, an osteosarcoma cell line, 

because they remain relatively fl at during mitosis, making them 

suitable for high-resolution time-lapse microscopy. To directly 

test if ER tubules are recruited to chromatin, we cotransfected 
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NE sheets being recruited. This supports the idea that NE for-

mation occurs by the gradual reorganization of ER tubules into 

fl at membrane sheets on the surface of chromatin. We cannot 

exclude the possibility that ER patches contribute to NE forma-

tion; however, such a contribution would likely be minor, as 

only tubules are detected in the mitotic ER ( Puhka et al., 2007 ). 

 Kinetics of NE formation 
 Because the observed ER membrane reorganization events 

 occur on the highly condensed surface of chromatin ( Mora-

Bermudez et al., 2007 ), visualization of individual tubules and 

start of POM121 accumulation until the fl uorescence signal 

reached background levels, as measured by threshold selection 

of regions of bright POM121-3GFP ( Fig. 1 C ). Strikingly, during 

NE formation, the intensity of Rtn3-tdTomato in the surround-

ing ER increased. This suggests that in order to generate an ex-

tensive membrane surface around chromosomes, a large number 

of tubules were fl attened, and a considerable amount of reticulons 

were displaced from chromatin-bound membranes to surround-

ing ER tubules ( Fig. 1 C ). These results uncovered a reciprocal 

behavior in protein dynamics in the forming nuclear membrane, 

with reticulons being displaced and proteins that accumulate in 

 Figure 1.    ER tubules bind and collapse on 
chromatin in vivo .   U2OS cells were transfected 
with GFP fusion proteins and H2B-tdTomato, 
then imaged through mitosis with real-time 
spinning-disk confocal microscopy. (A) Large 
images of the initial interactions of Sec61-GFP 
and POM121-3GFP are shown. (B) z stacks 
were acquired every 30 s and initial mem-
brane – chromatin contact points were char-
acterized by 3D reconstruction. Arrowheads 
indicate initial membrane – chromatin contact. 
(C) Sec61-GFP was imaged every 5 s to moni-
tor ER dynamics. (D) POM121-3GFP was im-
aged every 10 s to monitor the redistribution 
from the ER to the forming NE. Bars, 10  μ m.   
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large T antigen NLS (GFP-NLS). The rationale for using this 

approach was that the nuclear accumulation of GFP-NLS would 

require an intact NE. This assumption was made because the 

rate of diffusion of a protein the size of our GFP-NLS reporter 

through a small hole the size of an NPC is approximately seven 

times greater than the rate of facilitated nucleocytoplasmic 

transport ( Ribbeck and Gorlich, 2001 ). Thus, by cotransfecting 

GFP-NLS and H2B-tdTomato, we were able to determine the 

their transition into sheets by light microscopy in living cells 

was not feasible. Therefore, we developed an assay to study the 

kinetics and molecular mechanism of NE formation in real time 

in proliferating cells. The basic principles of the assay design 

are outlined in  Fig. 3 A . To monitor mitotic progression and 

provide spatial reference for NE formation, we expressed his-

tone H2B-tdTomato. To determine the exact time when an intact 

NE has formed, we cotransfected a triple GFP fused to the SV40 

 Figure 2.    Rtn3 is removed from NE-forming 
tubules.  (A) U2OS cells were transfected with 
POM121-3GFP and H2B-tdTomato to monitor 
the accumulation of POM121 at the forming NE. 
Arrowheads indicate forming NE. (B) U2OS 
cells were transfected with POM121-3GFP 
and Rtn3-tdTomato to monitor the dynamic lo-
calization of these proteins at the forming NE. 
Bars, 5  μ m. (C) Intensity threshold selections 
of accumulating POM121 were used to defi ne 
the regions of NE formation (dotted green 
regions in B). Fluorescence intensity of Rtn3-
tdTomato was measured in these regions through 
NE formation (blue circles); intensity was also 
measured in the peripheral ER (orange squares). 
Cells were imaged every 30 s.   
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followed by nuclear expansion ( Fig. 3 B ). To accurately deter-

mine the onset of nuclear accumulation of GFP-NLS, the fl uo-

rescence intensity of GFP was measured over the areas occupied 

by the daughter chromatin clusters from anaphase into G1, and 

then GFP-NLS accumulation measurements were synchronized 

starting from chromosome segregation ( Fig. 3 C ). In summary, 

our live-imaging assay allowed us to determine that NE forma-

tion occurs within  � 10 min in U2OS cells. Similar results were 

obtained in HeLa cells (unpublished data). 

 To validate the assumption that accumulation of GFP-

NLS is an accurate marker for NE closure, the timing of NE 

time from metaphase-to-anaphase transition to nuclear accumu-

lation of GFP-NLS, encompassing the onset of NE formation to 

its completion. 

 We fi rst used this assay to determine the exact time of NE 

formation in vivo, and the metaphase-to-anaphase transition, 

which was detectable by the separation of the sister chromatid 

clusters, was defi ned as time zero ( Fig. 3 B ). In metaphase, 

GFP-NLS localized diffusely in the cytoplasm ( Fig. 3 B , left). 

During cytokinesis,  � 5 min after the onset of chromosome seg-

regation, GFP-NLS was cytoplasmic, but accumulation of GFP-

NLS into the daughter nuclei was observed after 10.2 min, 

 Figure 3.    Assay developed to measure NE-formation kinetics.  (A) Schematic of the dynamic localization of the reporter genes for nuclear localization 
(NLS) and chromatin during mitosis. Yellow represents the colocalization of NLS (green) and chromatin (red) in the intact nucleus. (B) U2OS were trans-
fected with NLS fused to 3GFPs (GFP-NLS) and H2B-tdTomato, then imaged every 30 s through mitosis with live-cell confocal microscopy. Bar, 20  μ m. 
(C) After chromosome segregation, regions over chromatin were selected, and GFL-NLS intensity was measured over time. Time = 0 corresponds to when 
the chromatid clusters have completely separated, and blue and orange traces correspond to the nuclear infl ux of GFP-NLS in each daughter nucleus.   
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and H2B-tdTomato proteins ( Fig. 4, A and B ). This effect 

was specifi c for reticulons because the overexpression of full-

length V5-Sec61 � , a transmembrane component of the ER 

protein translocator, did not delay NE formation ( Fig. 4, A and B ). 

On average, in control cells, NEs were closed after 10.2 min, 

whereas the overexpression of Rtn3 caused a signifi cant delay 

to 21.9 min and the overexpression of Rtn4 caused a delay to 

26.3 min ( Table I ). These data suggest that overtubulation counter-

acts NE membrane fl attening and that ER organization by 

reticulons and NE formation are tightly linked processes. It is 

important to note that the observed delay in the onset of nu-

clear accumulation is not caused by a defect in NPC assembly 

because the rate of nuclear accumulation in the delayed cells 

was comparable to that of control cells ( Fig. 4 A ). 

 Similar to elevated levels of reticulons, overexpression of 

V5-tagged DP1 (Fig. S1, A – C), a reticulon-like protein, delayed 

NE formation ( Fig. 4, A and B ). Nuclear accumulation of GFP-

NLS was signifi cantly delayed when compared with control 

cells and only occurs after 25.2 min as measured from chromo-

some segregation ( Table I ). DP1 is composed of the two mem-

brane-inserting, hydrophobic domains but lacks the N-terminal 

extension found in most reticulons. Importantly, DP1 can be 

considered a functional homologue to the reticulon in the con-

text of membrane shaping because it localizes to the tubular ER 

in vivo ( Voeltz et al., 2006 ) and it ’ s yeast homologue, yop1, has 

been demonstrated to directly tubulate membranes in vitro 

( Hu et al., 2008 ). 

 These data suggest that increased levels of DP1 caused a 

delay in NE formation, possibly due to the induction of mem-

brane curvature and tubulation. They also provide strong sup-

port for the general idea that NE formation in vivo occurs by the 

reshaping of ER tubules. 

 NE protein recruitment is unaffected by 
Rtn4 overexpression 
 Although we did not detect any differences in ER dynamics 

and protein diffusion through the membrane network as deter-

mined by fl uorescence recovery after photobleaching studies 

(unpublished data), in principal it was possible that Rtn4 over-

expression inhibited the targeting of ER membranes and the 

NE-specifi c membrane proteins to chromatin. To examine this 

possibility, an assay was developed that allowed us to moni-

tor the recruitment of GFP-tagged ER membrane proteins around 

formation was determined by the visual appearance of a smooth 

rim around chromatin, an unequivocal sign of a closed NE 

( Fig. 1 C ). Chromosomes were completely enclosed by a smooth 

membrane rim within a mean 11.9  ±  2.3 min after chromo-

some segregation ( Table I ). Because the accurate assessment 

of nuclear rim formation requires higher resolution than the 

measurement of GFP-NLS accumulation, membrane dynamics 

were imaged at 63 ×  magnifi cation, whereas GFP-NLS accu-

mulation was imaged at 20 × . The increased exposure to laser 

light with higher magnifi cation imaging likely explains the time 

discrepancy in timing of NE formation of these two methods. 

However, it is clear that NE formation occurs within 12 min 

in U2OS cells. 

 Overexpression of reticulons delay 
NE formation 
 Having established a kinetic framework for NE assembly, we 

next wanted to study the molecular mechanisms involved in 

this pivotal membrane-remodeling event. The release of re-

ticulons from the forming NE ( Fig. 2 ;  Anderson and Hetzer, 

2007 ) suggested that these ER tubule-forming proteins might 

act as antagonists of membrane fl attening. To directly test this 

possibility, human Rtn3 or Rtn4, each fused to a V5 tag at their 

N termini, were transfected into U2OS cells. Both V5-Rtn3 and 

V5-Rtn4 were expressed at the expected size and specifi cally 

localized to ER tubules, which is similar to the immunostain-

ing pattern of endogenous Rtn4 (Fig. S1, A and B, available at 

http://www.jcb.org/cgi/content/full/jcb.200805140/DC1). Because 

the analysis of reticulon overexpression using the NE kinetic 

assay required transfection of several genes at once, it was impor-

tant to determine the cotransfection effi ciency. Although GFP-

NLS and H2B-tdTomato were visualized using their intrinsic 

fl uorescence, V5-tagged reticulon proteins were detected by 

indirect immunofl uorescence using antibodies against the V5 

epitope (Fig. S1 C). More than 94% of cells expressing detect-

able levels of both fl uorescent reporter proteins also expressed 

detectable levels of the V5-tagged proteins (Fig. S1 D). These 

data demonstrate that triple transfection effi ciency into U2OS 

cells was robust, thus allowing us to analyze the effect of pro-

tein overexpression on NE formation kinetics. 

 Using this approach, we found that elevated reticulon 

levels signifi cantly delayed NE formation when compared 

with control cells expressing only the recombinant GPF-NLS 

 Table I.    Kinetic events of NE formation  

Nuclear accumulation Rim formation

From chromosome 
segregation

Standard deviation  n P-value From chromosome 
segregation

Standard 
deviation

 n P-value

Wild type 10.2 min 0.2 min 85 n/a 11.9 min 2.3 min 28 n/a

V5-Rtn3 21.9 min 2.0 min 49  < 0.001 nd

V5-Rtn4 26.3 min 2.4 min 51  < 0.001 25.4 min 13.8 min 29  < 0.001

V5-DP1 25.2 min 3.8 min 34  < 0.001 nd

Scramble RNA 10.6 min 0.4 min 19 0.38 12.9 min 2.7 min 20 0.2

Reticulon siRNA 7.8 min 0.2 min 57  < 0.001 9.7 min 2.2 min 17 0.003

Time from chromosome segregation to nuclear accumulation and NE rim formation are represented as mean values in minutes. Standard deviation is provided alone 
with number of cells measured ( n ) and  t  test – calculated p-values. n/a, not applicable; nd, not determined.
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( Shibata et al., 2008 ) and suggests that GFP-Rtn3 and DP1-GFP 

are functional. U2OS cells were transfected with H2B-tdTomato 

along with Sec61-GFP, GFP-Rtn3, or DP1-GFP, and imaged 

through mitosis. GFP intensity at the forming NE was measured 

as in  Fig. 5 A , and cells were divided into low and high GFP 

expression. Localization of Sec61-GFP at the forming NE was 

similar with low or high expression levels ( Fig. 5 D ). However, 

high expression of GFP-Rtn3 or DP1-GFP caused a delay in the 

release of these proteins from the forming NE ( Fig. 5, E and F ). 

These data suggest that the delay in NE formation observed in 

cells overexpressing reticulon/DP1 is caused by the reduced re-

lease of these proteins from the chromatin-bound membrane, 

which may cause a delay in tubule to sheet transition. 

 Membrane fl attening is blocked by the 
overexpression of Rtn4 
 Collectively, fi ndings thus far suggest a tug-of-war – like mecha-

nism of NE formation in which the intrinsic propensity of the 

ER to move from tubules to fl at sheets is shifted toward sheet 

formation by membrane immobilization on chromatin. To fur-

ther explore this hypothesis, cells were transfected with Sec61-

GFP and H2B-tdTomato, and imaged through mitosis with or 

without the overexpression of V5-Rtn4. The intensity of Sec61-

GFP on chromatin was comparable under both conditions for 

the fi rst 3 min; however, Sec61-GFP recruitment was delayed at 

later time points by the overexpression of V5-Rtn4 ( Fig. 6 A ). 

As described, a smooth rim, an unequivocal sign of an assem-

bled NE, formed in control cells in 11.9  ±  2.3 min ( Fig. 6, B and C ; 

and  Table I ). When V5-Rtn4 was overexpressed, membranes 

rapidly targeted to chromatin ( Fig. 5 A ); however, the formation 

of a smooth rim was signifi cantly inhibited, taking 25.4  ±  13.8 min 

( Fig. 6, B and C ; and  Table I ). These data further suggest that 

overexpression of Rtn4 specifi cally antagonizes the second step 

H2B-tdTomato – labeled chromatin ( Fig. 5 A ). Because the NE 

forms tightly around the segregated chromatin clusters, a thin 

border around the edge of the chromatin clusters was selected and 

the GFP fl uorescence intensity was measured from the metaphase-

to-anaphase transition to G1 ( Fig. 5 A ). 

 Using this assay, we found that Rtn4 overexpression had 

no effect on the recruitment of the transmembrane nucleoporin, 

POM121 ( Fig. 5 B ), or Sun1 ( Fig. 5 C ), an inner nuclear mem-

brane protein that has been implicated in the maintenance of 

nuclear membrane spacing ( Crisp et al., 2006 ). These data sug-

gest that the inhibition in NE formation caused by the over-

expression of reticulons is caused by a defect in membrane 

fl attening and not membrane targeting to chromatin. These results 

also suggest that NE formation in vivo, similar to the situation 

in cell-free assembly systems, is a two-step process where the rapid 

fi rst step of membrane targeting to chromatin can be distinguished 

from the slower second step of enclosing chromatin by a sealed 

nuclear membrane. 

 Rtn3 and DP1 removal from the NE is 
concentration dependent 
 Because protein diffusion was not detectably affected by the 

overexpression of V5-Rtn4, we predicted that reticulon/DP1 re-

moval from chromatin-bound membranes in these overexpress-

ing cells might be causing a delay in NE formation. To test this 

possibility, the removal of fl uorescently tagged Rtn3 and DP1 

was imaged. Cells were grouped based on their expression level, 

and NE removal rates were compared. 

 Both Rtn3 and DP1 were fused to GFP, Rtn3 at the N ter-

minus, and DP1 at the C terminus. These constructs localized to 

the tubule ER ( Fig. 5, E and F , insets) and exhibited limited mo-

bility when tested with fl uorescence recover after photobleach-

ing (not depicted), which is consistent with published observations 

 Figure 4.    ER tubule-shaping proteins delay 
NE formation.  U2OS cells were transfected 
with GFP-NLS and H2B-tdTomato (control), 
with V5-tagged ER-shaping protein (Rtn3, Rtn4, 
or DP1), or with the V5-tagged ER protein 
Sec61 � , then NE formation was analyzed. 
(A) Representative traces of nuclear GFP-NLS 
intensity during NE formation are shown. 
(B) Mean times from chromosome segregation 
to the onset of nuclear accumulation are plot-
ted with standard error bars.   
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had been reduced by siRNA-mediated knock down. Because 

studies in yeast have shown that the double knockout of both 

reticulons, rtn1 and rtn2, was necessary to cause a transforma-

tion of the tubular ER into membrane sheets ( Voeltz et al., 2006 ), 

we expected that a similar redundancy would exist in mammalian 

cells where four reticulon isoforms have been found. To test for 

a potential redundancy in reticulon function, we knocked down 

Rtn1, Rtn3, and Rtn4 individually or in combination. Reduction 

in reticulon mRNA levels was confi rmed by quantitative PCR. 

Transfection of siRNA oligos against Rtn1, Rtn3, and Rtn4 si-

multaneously caused a 94, 74, and 94% reduction mRNA levels 

of Rtn1, 3, and 4, respectively, in comparison to scrambled RNA. 

of NE formation where, after ER tubules are targeted to chromatin, 

they are reshaped into fl at membrane sheets. 

 Lowering the levels of endogenous 
reticulons accelerates NE formation 
 The observation that increased levels of reticulons inhibited NE 

formation raised the interesting possibility that displacement of 

reticulons might be a crucial step in NE formation. If this were 

the case, the rate of NE formation should be inversely propor-

tional to the levels of reticulon proteins in the ER. To test this 

possibility, we measured the time of NE formation in control 

cells versus cells in which the overall concentrations of reticulons 

 

 Figure 6.    NE rim formation is delayed by the overexpression of Rtn4.  U2OS cells were transfected with Sec61-GFP and H2B-tdTomato, and imaged every 
30 s in real time with confocal microscopy to quantify the time required for membrane rim formation. (A) Recruitment assay described in  Fig. 6  was used 
to measure the recruitment of Sec61-GFP in control cells (red) and cells overexpressing Rtn4 (green). (B) Control cells and cells expressing V5-Rtn4 were 
imaged to focus on the membrane dynamics at the forming NE (high-magnifi cation view in the bottom rows). (C) Time from chromosome segregation to 
nuclear rim formation was measured and averaged. Error bars represent standard error.   

 Figure 5.    NE protein recruitment is not delayed by Rtn4 overexpression.  A real-time microscopic assay was established to measure the recruitment of GFP 
fusion proteins to the forming NE. (A) U2OS cells were transfected with H2B-tdTomato and Sun1-GFP with or without the overexpression of V5-Rtn4 and 
imaged every 30 s through mitosis. A thin region surrounding the chromatin (NE region) was selected to measure the intensity of Sun1-GFP at the form-
ing NE. (B) Fluorescence intensity of POM121-3GFP was measured at the NE region in control cells (red) or cells expressing V5-Rtn4 (green) starting at 
the onset of chromosome segregation, then normalized, averaged, and plotted with standard error bars. (C) Cells expressing Sun1-GFP were analyzed as in B. 
(D) U2OS cells were grouped for high (red) and low (green) expression of GFP-Sec61, and fl uorescence intensity was measured at the forming NE as in A. 
(E) Cells expressing GFP-Rtn3 were analyzed as in D. (F) Cells expressing DP1-GFP were analyzed as in D. Interphase localization of each GFP fusion 
protein is shown in the insets in B – F. Bars: (A) 10  μ m; (B) 5  μ m.   
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average after 10.6  ±  0.4 min from chromosome segregation in 

cells transfected with scrambled RNA, reticulon knockdown re-

sulted in an acceleration of nuclear assembly to 7.8  ±  0.2 min 

( Fig. 7 D  and  Table I ), providing the fi rst evidence that the fl at-

tening of the ER might be rate limiting for NE formation. 

 Consistent with increased rates of membrane fl attening, 

the appearance of a smooth membrane rim around chromatin, 

an unequivocal sign of a closed NE, was detected earlier in cells 

treated with siRNAs against reticulons when compared with 

control cells ( Fig. 7 C ). Rim formation occurred in a mean of 

12.9  ±  2.7 min from chromosome segregation in cells trans-

fected with scrambled RNA, and was accelerated to 9.7  ±  2.2 min 

with the knockdown of Rtn1, Rtn3, and Rtn4 ( Fig. 7 E  and 

 Table I ). Collectively, these results suggest that the concentration 

As expected, when U2OS cells were transfected with Sec61-GFP 

and scrambled RNA, the ER contained an extensive tubular net-

work ( Fig. 7 A ) in 83% of the cells imaged. In striking contrast, 

in cells in which Rtn1, Rtn3, and Rtn4 levels were reduced, only 

34% of the cells contained a visible tubular network; the other 

66% of the cells exhibited an altered ER morphology, which 

was almost entirely composed of membrane sheets ( Fig. 7 A ). 

The knockdown of each single reticulon had no detectable 

change in ER morphology (unpublished data). 

 Having established conditions to knock down reticulons to 

levels that alter the overall morphology of the ER, we performed 

our kinetic analysis in control and triple-siRNA knockdown 

cells. Strikingly, NE formation was accelerated in cells with re-

duced levels of reticulons ( Fig. 7 B ). Although NEs formed on 

 Figure 7.    Reticulon knockdown accelerates 
NE formation.  (A) U2OS cells were transfected 
with Sec61-GFP and scrambled RNA oligos 
or siRNA oligos directed against Rtn1, Rtn3, 
and Rtn4 (3 Rtn siRNA). ER morphology was 
then analyzed with confocal microscopy. Bar, 
20  μ m. (B) Cells transfected with scrambled 
RNA or 3 Rtn siRNA were analyzed using 
the NE formation kinetics assay as in  Fig. 5 . 
(C) Nuclear rim was analyzed as in  Fig. 6 , with 
cells transfected with either scrambled RNA or 
3 Rtn siRNA. (D) The time of NE formation was 
averaged for cells transfected with scrambled 
RNA and 3 Rtn siRNA. Error bars represent 
standard error. (E) Time from chromosome seg-
regation to rim formation was averaged. Error 
bars represent standard error.   
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nuclear reconstitution experiments using  Xenopus laevis  eggs. 

These experiments have revealed distinct vesicle populations that 

contribute to NE formation, which suggests that these vesicles 

were not part of a continuous membrane network before extract 

preparation ( Vigers and Lohka, 1991 ). When membrane vesi-

cles were mixed with chromatin and cytosol, nuclear assembly 

was found to depend on the presence of ATP and GTP, which 

suggests that there is membrane fusion machinery involved in 

the creation of the NE ( Boman et al., 1992 ;  Hetzer et al., 2001 ). 

These data further suggest that the NE is formed by the fusion 

of NE-specifi c mitotic vesicles. 

 However, a growing line of evidence supports an alterna-

tive model where the NE resides in the ER during open mitosis. 

Proteins of the NE have been visualized in the continuous mi-

totic ER in a growing number of studies, which implies that these 

NE components do not reside in distinct vesicles ( Ellenberg and 

Lippincott-Schwartz, 1999 ;  Daigle et al., 2001 ;  Anderson and 

Hetzer, 2007 ). In addition, a recent study used EM to detect re-

gions of the mitotic ER with high concentration of NE compo-

nents and areas where these components are undetected ( Puhka 

et al., 2007 ). Combined, these data are evidence that the NE 

resides in certain regions of the mitotic ER, and when these 

membranes are purified, heterogeneous vesicles are formed 

( Mattaj, 2004 ). 

 In addition,  Puhka et al. (2007)  used 3D reconstruction 

methods to demonstrate that membrane tubules coated chroma-

tin during anaphase, and these tubules were connected to the 

mitotic ER. In our previous study, a modifi ed in vitro nuclear 

formation method, where membranes are fi rst allowed to reform 

an intact ER network and then used in nuclear assembly, we 

found that the NE formation from an intact ER can occur in the 

presence of fusion inhibitors ( Anderson and Hetzer, 2007 ). 

These data suggest that the fusion machinery previously thought 

to be required for NE formation is likely only required for ER 

homotypic fusion. 

 In this paper, we provide direct in vivo evidence to sup-

port the model that the NE reemerges from the mitotic ER. Re-

ticulons, proteins found exclusively on ER tubules, are found on 

membranes of the forming NE, which demonstrates that the ER 

contributes directly to NE formation. In addition, our data show 

that elevated levels of ER-shaping proteins, reticulons and DP1, 

inhibit NE formation. In contrast, the reduction of reticulons by 

siRNA accelerates NE formation. Collectively, these data pro-

vide compelling in vivo evidence in favor of the model where 

the ER contributes directly to NE formation. 

 It is tempting to speculate that reticulons might also play a 

role in NE breakdown by retubulating the NE into the ER. Consis-

tent with this idea, the knockdown of reticulon 1 and YOP1/DP1 in 

 Caenorhabditis elegans  causes a defect in NE breakdown ( Audhya 

et al., 2007 ). Retraction into the ER provides a simple and direct 

mechanism for the disappearance and appearance of the NE during 

mitosis that only requires the regulation of chromatin targeting of 

NE proteins and subsequent coordinated ER reorganization. 

 Membrane reshaping 
 The nascent NE is a massive membrane sheet with a surface 

area of  � 450  μ m 2  ( Fig. 8 B ). Given that the diameter of an ER 

of reticulons is rate-limiting for NE formation. It is possible that 

the reduction of reticulons partially converts the mitotic ER into 

membrane sheets, which more effi ciently contribute to nuclear 

membrane formation. Alternatively, the transition from tubules 

to sheets of membrane bound to chromatin may be accelerated 

by the decrease in reticulon concentration. 

 Rtn4 overexpression inhibits 
nuclear expansion 
 Our data revealed a tight link between the organization of the ER 

and NE formation. Because the closed NE is continuous with the 

surrounding ER network, and nuclei grow in size as they move 

through interphase ( Maul et al., 1977 ), we wanted to investigate 

if reticulons might be involved in NE expansion. We have re-

cently shown that nuclear expansion in vitro requires connection 

with the peripheral ER ( Anderson and Hetzer, 2007 ), which sug-

gests that membranes feed into the expanding NE through con-

nections with ER tubules. To determine if hypertubulation inhibits 

nuclear expansion, the effect of Rtn4 overexpression during G1 

was analyzed. Because GFP-NLS targets diffusely in the nucleus, 

it provides a close approximation of NE surface area. Using 3D 

reconstructions of confocal z stacks from nuclei stained with 

GFP-NLS, nuclear surface area can be accurately measured 

( D ’ Angelo et al., 2006 ). We found that asynchronously growing 

cells have a mean nuclear surface area of 1,063.3  ±  270.1  μ m 2 . 

Nuclear growth was then monitored starting when the NE was 

fully formed, as judged by the nuclear accumulation of GFP-

NLS. NE expansion was signifi cantly impaired in cells over-

expressing V5-Rtn4 compared with control cells ( Fig. 8, A and B ). 

Interestingly, nuclear growth was not accelerated by the triple 

knockdown of reticulons, which suggests that there is an ad-

ditional rate-limiting step in nuclear expansion (unpublished 

data). These data suggest that the membrane-shaping proteins 

control nuclear size and that the propagation of the NE – ER mem-

brane continuum during cell division is mechanistically linked. 

 Discussion 
 At the end of mitosis, nuclear assembly is an essential process 

in establishing eukaryotic cell compartmentalization. Our data 

provide the fi rst detailed kinetic analysis of NE formation in 

dividing cells, and uncover novel molecular regulators of this 

membrane-shaping process. A major conclusion from these 

studies is that the NE is the result of a massive reorganization of 

the tubular ER network on chromatin. Surprisingly, the displace-

ment of reticulons is rate-limiting for nuclear assembly, which 

suggests a bottleneck at the tubule-to-sheet transition. Further-

more, the levels of reticulons, which directly affect the balance 

between tubules and sheets in the ER, are linked to NE expan-

sion. Therefore, our data suggest that the intrinsic ability of the 

ER to move between membrane sheets and tubules is used to 

form the NE. 

 The state of the mitotic NE 
 Historically, NE formation has been discussed as an example of 

a cell cycle – specifi c membrane fusion event similar to the re-

assembly of the Golgi apparatus. This hypothesis was based on 
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tubule is  � 60 nm, the formation of the NE would require the 

conversion of ER tubules measuring  > 4.5 mm in length. This quan-

tity of membrane likely represents a substantial fraction of the 

entire ER network. How these ER membranes are targeted to 

 Figure 8.    Nuclear expansion is inhibited by Rtn4.  U2OS cells were transfected with GFP-NLS and imaged every 10 min in 3D from mitosis through G1 by 
acquiring z stacks using confocal microscopy. (A) Nuclear surfaces were reconstructed from z stacks for control cells and cells overexpressing V5-Rtn4. 
(B) The surface areas of expanding nuclei were synchronized starting after nuclear accumulation of GFP-NLS and then averaged. Error bars indicate standard 
error. (C) Schematic shows the affects of ER-shaping protein concentration on NE formation and expansion, where the ER is represented in dark gray, 
chromatin is represented in blue, and red represents the forming NE.   

chromatin specifi cally during anaphase remains to be deter-

mined but likely involves the coordinated effort of numerous 

proteins ( Anderson and Hetzer, 2008 ). The simplest explana-

tion is that inner nuclear membrane proteins, which have the 

 on July 9, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


923NUCLEAR ENVELOPE FORMATION  • Anderson and Hetzer 

laboratory of J. Ellenberg (European Molecular Biology Laboratory, 
Heidelberg, Germany;  Rabut et al., 2004 ). H2B with tdTomato fused to 
the C terminus was a gift from G. Pearson (Salk Institute for Biological 
Studies, La Jolla, CA). The NLS from SV-40 large T antigen (PPKKKRKV) 
was added to tandem EGFP by PCR and then inserted the N terminus 
containing the cycle-3 GFP vector pcDNA6.2 DEST53 using Gateway 
cloning (Invitrogen). Human Rtn3 was isolated from IMAGE clone no. 
3873400 (available from GenBank/  EMBL/DDBJ under accession no. 
 BC011394 ) by PCR and inserted in pDEST R4,R3 along with a cyto-
megalovirus promoter and a C-terminal tdTomato using multisite Gate-
way cloning. Human Rtn4 was isolated from IMAGE clone no. 3505850 
(accession no.  BC016165 ), and human DP1 was isolated from IMAGE 
clone no. 3350749 (accession no.  BC000232 ), and both along with 
Rtn3 were inserted into pcDNA6.2-nLumio, an N-terminal V5 epitope 
containing vector, using Gateway cloning. Human Sun1 was isolated 
from IMAGE clone no. 3864251 (accession no.  BC013613 ) and cloned 
into pcDNA6.2 DEST47 using Gateway cloning. 

 Cell transfection and live-cell imaging 
 U2OS cells were grown and imaged in DME with 10% fetal bovine serum 
with 1 ×  antibiotic-antimycotic (Invitrogen). Cells were plated on 8-well 
 μ -slides (ibidi) and transfected with 0.6  μ  of Lipofectamine 2000 (Invitrogen) 
and 0.3 – 0.6  μ g of each DNA construct 2 d before live-cell imaging, as 
recommended by Invitrogen. For siRNA knockdown, cells were transfected 
25 – 50 nmol of RNA 2 and 4 d before imaging. siRNA oligo sequences 
used to knock down reticulons were as follows: Rtn1, 5 � -UAGAUGCG-
GAAACUGAUGGTT-3 � ; Rtn3, 5 � -CCUUCUAAUUCUUGCUGAATT-3 � ; 
and Rtn4, 5 � -GAAUCUGAAGUUGCUAUATT-3 �  (Invitrogen). Live cells 
were imaged at 37 ° C maintained by an air stream incubator and enriched 
with CO 2  (Solent Scientifi c). Time-lapse images were taken on a spinning 
disk confocal microscope (McBain Instruments) built around a DMRIE2 in-
verted-stage microscope (Leica). Images were captured on an EM charge-
coupled device digital camera (Hamamatsu) and acquired using SimplePCI 
(Hamamatsu). Cells were imaged using a 63 ×  oil objective with a 1.4 
numerical aperture (Leica). 

 Antibody production and immunohistochemistry 
 Amino acids 1 – 117 of human Rtn4 were inserted into pDEST15 using 
Gateway cloning. This GST-tagged protein fragment was then expressed 
in BL21  Escherichia coli  cells and purifi ed using glutathione – agarose 
beads (Sigma-Aldrich). Guinea pigs were injected with two rounds  � 100  μ g 
of protein and then bled 10 d after the second injection. Serum was used 
at a 1:1,000 dilution for indirect immunofl uorescence and 1:5,000 for 
Western blotting. Monoclonal antibodies against the V5 epitope were 
used at a dilution of 1:1,000 for indirect immunofl uorescence and 1:5,000 
for Western blotting. 

 Image analysis and statistics 
 Regional and intensity threshold selections as well as subsequent mean 
pixel intensities were measured using Photoshop Extended CS3 (Adobe). 
Nuclear surface area was measured as described previously ( D ’ Angelo 
et al., 2006 ). Numerical data were then analyzed and summarized graphi-
cally using Excel (Microsoft). Data for each experiment was collected from 
three independent experiments and combined for statistical analysis. p-val ues 
were determined using a student ’ s  t  test, error bars represent standard errors, 
and  ±  values represent the standard deviations. 3D reconstructions were 
generated using the iso-surface function of Imaris (Bitplane). 

 Online supplemental material 
 Fig. S1 shows the localization of V5-tagged constructs and the effi ciency 
of triple transfection. Video 1 shows the localization of ER membrane dynam-
ics during NE formation as presented in  Fig. 1 C . Video 2 shows the localiza-
tion of POM121-3GFP during NE formation as presented in  Fig. 1 D . Online 
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.200805140/DC1. 
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capacity to bind DNA directly or via chromatin, mediate the 

targeting of membranes to the chromatin surface. How is this 

massive amount of tubules transformed into sheets? The sim-

plest interpretation of our results is that some type of  “ tug of 

war ”  between sheet and tubule formation occurs on the surface 

of chromatin. Overexpression of the reticulon isoform Rtn4a 

leads to the proliferation of bundled ER tubules, and, therefore, 

NE sheet formation is reduced. In a reciprocal fashion, when the 

reticulons or DP1 were deleted, the tubulating activity was di-

minished and NE sheet formation predominated. We speculate 

that displacement of reticulons results in a local loss of tubule-

stabilizing activity and thereby increases tubule diameter, pro-

moting the fl attening of tubules into sheets. 

 How reticulons are displaced from the forming NE is un-

clear because very little is known about the biochemical prop-

erties of these proteins. One possibility is that reticulons are 

pushed aside by incoming NE proteins as they become con-

centrated in the chromatin-bound tubules. The reciprocal 

behavior of Rtn3 and POM121 is consistent with this idea. 

Alternatively, although not mutually exclusive, reticulons are 

phosphorylated ( Olsen et al., 2006 ), which may regulate their 

ability to oligomerize and therefore modulate their membrane-

bending capacities. 

 Considering the regularity of the spacing between the 

outer and inner nuclear membranes, it is likely that structural 

elements are needed to stabilize the NE. It remains to be deter-

mined whether luminal domains of membrane proteins might 

contribute to membrane fl attening by bridging the gap between 

the two membranes and thereby forming a stable connection 

to maintain a constant separation. A kinetic analysis using 

our NE formation assay in cells with modulated concentra-

tions of these inner NE proteins should be useful in answering 

these questions. 

 Nuclear expansion 
 Nuclear expansion is an important mechanism of growth in 

dividing cells; however, the mechanism of regulation of this 

growth is currently unknown. Our data provide a novel link 

between the levels of membrane-deforming proteins of the 

ER and nuclear size. Because the NE can be viewed as a 

single continuous ER sheet, levels of lipid synthesis and ex-

pression of reticulons might be one determinant of the over-

all size of nuclei. It will be interesting to test if the total size 

of the ER plays a role in nuclear expansion. Because reduc-

tion of reticulons does not accelerate NE growth, additional 

regulators are likely to exist. For example, nuclear import or 

lipid synthesis might limit the rate of nuclear expansion dur-

ing G1. The uncovering of this interesting interaction between 

the ER and NE formation and expansion provides a starting 

point for further investigation of the interaction between these 

two organelles. 

 Materials and methods 
 DNA constructs 
 Sec61 �  amino acids 1 – 65 with GFP fused to the C terminus (Sec61frag) 
has been described previously ( Anderson and Hetzer, 2007 ). POM121 
fused to a triple repeat of GFP at the C terminus was a gift from the 
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