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Introduction
The nuclear pore complex (NPC) is a large protein complex that 

allows for nucleocytoplasmic communication and maintains a stable 
position due to its association with the nuclear lamina [1]. Despite 
this stability, individual components of the NPC, termed nucleoporins 
(nups) have variable half-lives and mobilities [2,3] which can vary by 
several orders of magnitude, from seconds to days [4]. These unique 
and sometimes tissue specific dynamics [5] may factor into the role 
of nups in development and disease [6-8]. Among these, NUP155 has 
emerged as having an essential role in cardiac physiology and has been 
clinically associated with atrial fibrillation and sudden cardiac death 
[9,10]. Specifically, the NUP155 R391H point mutation was linked to 

familial neonatal atrial fibrillation and sudden cardiac death, with in-
itial supporting studies implicating specific transport defects in HSP70 
that precipitated cardiomyocyte compromise [9]. 

Building on this, subsequent work identified a potential role for 
NUP155 in regulating chromatin access and conformation [11], sup-
ported by recent studies that revealed global transcriptome changes in 
NUP155-R391H stem cell lines [12, 13]. In parallel with these emer-
ging genome/transcriptome regulatory functions, the operational 
diversity of the NPC may also include sophisticated control of pro-
tein turnover. In yeast, reports of Trp homologues Mlp1p and Mlp2p 
[14] interacting with proteasomal components [15] suggested that 
the NPC contributes to functions beyond the NPC proper. This was 
further corroborated by independent work that identified proteasome 
subunits at two NPC sites [16], implicating proteasomal localization 
at the NPC may be critical for regulating local protein turnover, such 
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as those involved in kinetochore function and proper chromosome 
dynamics [17]. NUP155 is a stable essential component of the NPC 
which when disrupted redistributes to the cytoplasm [18-21], under-
scoring the importance of NUP155 in proper NPC maintenance. 

However, the specific mechanism(s) by which NUP155 and its 
R391H mutation contribute to cardiac pathology remains elusive. This 
study examines localization dynamics of NUP155 and the impact of 
the R391H mutation in the setting of cellular stress. Understanding 
these functions of NUP155 and the specific impact of the R391H 
mutation will provide a better understanding of NUP155 biology to 
facilitate identification of cellular mechanisms that may ultimately 
underlie the associated clinical pathology.

Materials and Methods
Plasmid Design

3GFP-tagged nup fusion proteins were designed using a pBABE 
vector to test the mobility of NUP155, the clinically identified mutant 
NUP155-R391H, and three previously established controls: NUP35, 
NUP85, and NUP153. The NUP155-R391H variant was generated by 
polymerase chain reaction (PCR) mutagenesis, where primers con-
taining the point mutation were used to introduce the R391H muta-
tion while amplifying distal and proximal segments of the Coding Se-
quence region (CDS). All the primer sequences and PCR cycle details 
used in this study are found in (Table 1).  

Table 1

CloneAmp HiFi PCR Cycle:

1. 98°C for 30 sec
2. 98°C for 10 sec 

3. (Variable*)°C for 20 sec annealing (*based on the lower annealing temperature of 
primer pair)

4. 72°C for (Variable*) sec extension (*15 sec/kb, based on the size of amplicon)
5. Repeat steps 2-4 29x

6. 72°C for 10 min
7. 4°C indefinitely

Primer Sequence (5’ - 3’) Annealing Temp °C Description
TACAAGTACTCAGATCTCGAGAT-

GCCATCGGTGCTG 71.47 Amplify 3GFP

ATCAGCGGTTTAAACCTTAA-
GATGGAGCCGTTCCAG 69.85 Amplify 3GFP

TGTGGTGGTACGTAGGAATTCT-
GGCTAGCCACCATG 69.51 Amplify Nup155

CACACATTCCACAGGGTCGACT-
TAAACCTTAAGATGGAG 69.13 Amplify Nup155

ACACTGGTCCACGTC-
CACTTACCTCCTGGATTT 67.6 Generate R391H

AAATCCAGGAGGTAAGTGGAC-
GTGGACCAGTGT 67.6 Generate R391H

GTACTCAGATCTCGAGATGG-
CCTCGGAAGCCG 71.6 Amplify Nup153

ATTCCACAGGGTC-
GACTTATTTCTTGCGTCTAACAG-

CAGTCTTTATCTTG
73.74 Amplify Nup153

GTACTCAGATCTCGAGATGGAG-
GAGCTCGACTGCG 73.3 Amplify Nup85

ATTCCACAGGGTCGACTCAG-
GAACCCTCCAGTGAGC 71.92 Amplify Nup85

AGTACTCAGATCTCGAGATGG-
CAGCGTTTGCGG 72.37 Amplify Nup35

ACACATTCCACAGGGTCGAT-
TACCAACCGAACATGTACTC-

CATCG
72.48 Amplify Nup35

Cell Culture and Stable Line Generation

Immortalized mouse fibroblasts NIH/3T3 (ATCC®, CRL-1658™, Ma-
nassas, VA) stably expressing the fluorescent constructs were generat-
ed using retroviral transduction. Viral production was achieved using 
Phoenix-AMPHO cells (ATCC®, CRL-3213™, and Manassas, VA). 

Fluorescent Mobility Assays

The imaging method utilized for assessing mobility of our fluor-
escent protein fusions is inverse fluorescence recovery after photo 
bleaching (iFRAP) [22]. Briefly, NIH/3T3 fibroblasts stably express-
ing 3GFP-tagged nups were plated on FluoroDishes (35mm) prior to 
performing iFRAP experiments. Imaging fields (40x) were selected 
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to ensure at least three cells, with clear nuclear envelope localization 
of the 3GFP-tagged constructs, were visible at the same z-plane for 
comparable control and reference measurements. 

Data Processing and Analysis

Following acquisition of fluorescent data, measurements and analy-
sis of the regions of interest (ROI) were performed using the NIS-Ele-
ments AR imaging software (v5.20.02; Nikon Corporation, Tokyo, 
Japan). ROIs for background, bleached and unbleached areas, and 
reference areas for each selected cell were determined prior to analysis 
according to previously reported methods [4]. Tracking features with-
in the software were used to account for cell movement during the 
experiment. Background fluorescence intensity was subtracted from 
all bleached and unbleached measurements at their respective time 
points. These corrected values were then normalized to the first post-
bleach measurement. The dissociation kinetics of each 3GFP-tagged 
nup was calculated using the following formula [4]:  

IU refers to the fluorescence intensity of the unbleached ROI; IB re-
fers to fluorescence intensity measurement of the bleached ROI and 
IR refers to the background fluorescence intensity ROI. tpre refers to 
the average pre-bleach measurement and tpost is the post-bleach value. 
The dissociation kinetics (D(t)) was determined subtracting the fluor-
escence of the bleached (tpost) from the unbleached at each measured 
time point for each nup. The calculated values were exported into 
GraphPad Prism 8 software (GraphPad Software, San Diego, CA) for 
analysis and visualization of data. Values for each 3GFP-tagged nup 
was analyzed using an exponential decay equation (fitted to one or 

two-phase decay). The dissociation rate (Koff) was used to calculate the 
residency time of each nup, calculated as 1/ Koff.

Results
NUP153, NUP35 and NUP85 are previously characterized nups 

selected as iFRAP controls for comparative evaluation of NUP155 mo-
bility at the nuclear envelope [4]. These nups were chosen as bench-
marks for their varied sub complex distribution within the NPC as 
well as their residence times within the nuclear envelope [4]. Our 
results demonstrated that 3GFP-NUP153 and 3GFP-NUP35 exhibit 
dissociation rates in line with previous reports (Figure 1A, 1D). The 
dissociation rate calculated for 3GFP-NUP85 in our study was higher 
than previously reported. In addition, NUP85 exhibited a long-lasting 
residency time of ~20 hrs (Figure 1E, 1F). NUP155 is a component of 
the inner ring complexed with NUP35, NUP93, NUP188 and NUP205 
[23]. While NUP155 protein half-life exhibits low turnover [23, 24], its 
mobility and residency at the nuclear envelope is unknown. For the 
present iFRAP study, a 3GFP-NUP155 construct was used to investi-
gate the dissociation kinetics and residence time of NUP155 (Figure 
2A, 2B).

Our findings revealed that 3GFP-NUP155 exhibited a calculated koff 
of 1.78 ± 0.14 x 10-5 per second (Figure 2C). In parallel, we examined 
the mobility of a NUP155 variant associated with atrial fibrillation, 
i.e. an R-H missense mutation at amino acid 391 [9], to determine 
if that mutation possessed different kinetics than wild type. Results 
of the 3GFP-NUP155-R391H reporter were comparable to the 3GFP-
NUP155 data, with a calculated koff of 1.80 ± 0.20 x 10-5 per second 
(Figure 2D). Furthermore, when considered alongside NUP85, 
NUP155 and NUP155-R391H revealed comparable exponential de-
cay curves with no statistical difference in dissociation rates among 
the three (p-value = 0.1663) (Figure 3A). Significantly, 3GFP-NUP155 
exhibited a residence time at the nuclear envelope of 15.6 hours, with 
a comparable residency time of 15.4 hours determined for 3GFP-
NUP155-R391H (Figure 3B).

Figure 1: Different nucleoporins display a range of dissociation kinetics. A. Representative time-lapse images of NIH3T3 fibroblasts express-ing fluorescent 
GFP-tagged NUP153 showing a pre-bleach image (first row panel), the first post-bleach image (second row panel), and the fi-nal post-bleach image (third row 
panel) during a single iFRAP experiment. White arrowheads indicate the unbleached region of interest (ROI) monitored during the experiment. B. Dissociation 
kinetics for NUP153 (n = 6) depicting a biphasic decay dissociation curve (green) as a result of two dissociation rates for NUP153: Koff, fast curve shown in light 
blue and Koff, slow shown in orange. C. Representative images and D. dis-sociation kinetics for NUP35 (n = 11) showing a monophasic dissociation curve (green) 
during 4 hr iFRAP experiments. E. Representative im-ages and F. dissociation kinetics for NUP85 (n = 11). Scale bars represent 10 µm.
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Figure 2: The clinical NUP155-R391H variant exhibits a stable dissociation rate comparable to wild type NUP155. A & B. Representative time-lapse panels of 
NIH3T3 fibroblasts expressing fluorescent wild type NUP155 and the NUP155-R391H variant showing pre-bleach, first post-bleach and final post-bleach images 
during iFRAP experiments. White arrowheads indicate un-bleached ROI tracked throughout the course of the experiments. Scale bar represents 10 µm. C & D. 
Dissociation kinetics of fluorescently tagged wild type NUP155 and NUP155-R391H (n = 10 for each group) showing monophasic dissociation curves (green) 
with comparable dissociation rates (NUP155, Koff = 1.78 ± 0.14 x 10-5; NUP155-R391H, Koff = 1.80 ± 0.20 x 10-5) during 4 hr iFRAP experiments.

Figure 3: NUP155 and its clinical variant, NUP155-R391H, exhibit stable dynamics at the nuclear envelope. A. This graph depicts curve similarities in dissoci-
ation kinetics among wild type NUP155 (blue) and NUP155-R391H (red), establishing their stability as long-lived proteins. B. Table providing dissociation rates 
(Koff, average rates from at least 6 experiments) and residence times for NUP153, NUP35, NUP85, NUP155 and NUP155-R391H. Long-lived residency times of 
15.6 hrs and 15.4 hrs were respectively identified for NUP155 and NUP155-R391H in the current study.
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Discussion
In the present study, we show for the first time that the NUP155 

R391H variant does not significantly change protein mobility and/or 
residence time at the nuclear envelope. Earlier work using a LacI/LacO 
reporter system provided evidence that NPC sub complex formation 
and nuclear envelope localization was impaired in NUP155-R391H 
mutants expressed in an immortalized aneuploidy osteosarcoma cell 
line [25]. This phenotype of deficient nup recruitment was ascribed 
to the impaired interactions between NUP155 and its binding part-
ners NUP35 and membrane-bound POM121 [25]. However, subse-
quent work by an independent group reported proper nuclear pore 
complex assembly and NE localization of the NUP155-R391H variant 
[26]. These latter findings are in line with our current results showing 
that NUP155 and NUP155-R391H stably localize to the nuclear en-
velope. Indeed, it has been suggested that the homozygous NUP155-
R391H expression causes a much milder NPC dysfunction, and that 
any pathological effects of the NUP155 mutation may be related to a 
discrete functional deficit distinct from the NPC assembly properties 
of NUP155 [26]. 

For example, it has been demonstrated that proteins of the inner 
nuclear membrane are recruited by other regions of NUP155 distinct 
from its N-terminal beta-propeller domain in which R391 is found 
[27, 28]. Indeed, the alpha-solenoid C-terminal domain of NUP155 
interacts with other proteins [11, 29]. Moreover, given the endogen-
ous auto inhibitory self-interaction between the N-and C- terminus of 
NUP155 [26], any disruptions to this innate interaction could increase 
temporal exposure of binding surfaces on either domain, leading to 
alterations in the NUP155 interact me with attendant downstream 
functional effects. 

The controls used in present study exhibited similar stabilities as re-
ported previously [4]. Functionally, the residency times for each of the 
representative nups selected for the present study are in line with their 
function within the NPC. For example, NUP153 is a highly mobile 
member of the nuclear basket that dynamically interacts with chroma-
tin to regulate gene expression [4, 19-21, 30]. 

NUP85 is a stable component of the Y-sub complex with a long resi-
dency time that forms one of the arms of the “Y” and helps create a 
hydrophobic core within the sub complex essential for its role as the 
main scaffolding component of the NPC [4,31]. NUP35 plays a critical 
role in NPC biogenesis [32,33], and is part of the inner ring complex 
that mediates interactions between the central channel and the Y-sub 
complexes of the NPC outer ring [23,34]. In addition, NUP35 func-
tions as an RNA-binding post-transcriptional regulator [35,36]. With 
respect to the residency time of NUP35, it is intermediate between 
that of NUP153 and NUP85 [4].

Conclusions
Our experiments show NUP155 is stably localized to the nuclear en-

velope, with long residency times that reflect its biochemical stability 
[24]. Furthermore, our findings indicate that the R391H mutation in 
NUP155 does not impair this stability. This implicates the role of other 
potential molecular functions for NUP155 that may underlie the clin-
ically observed NUP155-R391H associated cardiopathology. 

Future Directions
A potential functional area that may be impacted is the protein 

interactome associated with NUP155. To address this, future stud-
ies investigating the NUP155 interactome in both wild type as well 
as mutant conditions, will provide more information to understand 
protein-protein network functions of NUP155 that may be impacted 
by the R391H mutation. In addition, while the localization of NUP155 
to the nuclear envelope is confirmed by our present work, the poten-
tial distribution of NUP155 to non-NPC complexes within the nucle-
ar envelope [37] cannot be resolved. To address this, super-resolution 

microscopy as well as correlative light electron microscopy would pro-
vide increased levels of granularity to identify potential NPC-localized 
versus NPC-independent pools of NUP155. 

Limitations
Data from the present study were acquired in immortalized murine 

fibroblasts, which may not identify changes that occur in a cardiac cell 
where the NUP155-R391H mutation and phenotype were first ob-
served. Given the tissue specific expression patterns of NUP155 [38], 
it is possible that the pathogenic effects of the homozygous NUP155-
R391H mutation are observed in cell/tissue types where effects of the 
mutation would be compounded by high endogenous NUP155 ex-
pression. Performing these experiments in a cardiac cell type would 
provide context-specific information on the effects of NUP155 impair-
ment. Indeed, comparative assessment of NUP155 effects in multiple 
cell types will provide a broader comprehensive measure of NUP155 
function in different tissue types, as the current study limits our obser-
vations to a non-normal immortalized cell line. 
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