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Chapter 5

The endocytic pathway is critical for cellular organization, and spatiotempo-
rally confined internalization from and recycling to specific plasma membrane 
sites is essential for the establishment of cell polarity. However, the molecular 
mechanisms underlying geographically restricted endosome transport and 
fusion are poorly understood. Here, we identified USP54 as an active DUB 
regulating cell-cell contact site integrity and endocytic transport. USP54 lo-
calizes to cell-cell contact sites and endosomes and traverses between these 
compartments. At these compartments, USP54 respectively co-localized and 
interacted with tight junction proteins including ZO-2 and select members of 
the HOPS tethering complex. Loss of USP54 decreased membrane localization 
of tight junction protein ZO-1 and induced peripheral re-localization and stabi-
lization of microtubules, indicative of a cell polarity defect. Altered ZO-1 locali-
zation was also observed for HOPS depletion. Together, our data suggest that 
USP54 interacts with different complexes, including HOPS and tight junctions, 
to control trafficking of cell-cell contact proteins from endosomes to the cell 
surface and thus regulate the establishment of cell polarity. 

The endocytic network is a highly dynamic arrangement of different carriers, each 
able to deliver or accept cargo from specific compartments. It serves as the primary 
means for communication with the extracellular environment, as well as with neigh-
boring cells via physical contacts. These cell-cell contact sites are maintained by 
spatially restricted internalization and recycling of specific cell-cell contact proteins 
and are essential for the establishment of cell polarity (1, 2). Furthermore, the endo-
cytic network controls specific cargo transport to the apical and basolateral sides of 
polarized cells, underscoring the diverse flavors of endosomes. 
To identify novel regulators of the endocytic pathway, we used the results of an RNAi 
screen that we recently performed on the role of de-ubiquitinating enzymes (DUBs) 
in the MHCII pathway (Chapter 4). One of the hits was of particular interest, USP54. 
This mechanistically unstudied DUB is implicated in cell migration (3), a process 
involving cell polarization, and its loss yielded a strong clustering phenotype of the 
MHCII compartment, suggesting a function for this DUB in the transport dynamics of 
late endosomes. To assess whether this regulation is specific for MHCII or extends 
to the endocytic compartment as a whole, MelJuSo cells silenced for USP54 were 
analyzed by electron microscopy to determine the localization of membranous com-
partments. Strikingly, all endocytic vesicles, and even the mitochondria, clustered 
around the MTOC, leaving a nearly empty cytosolic peripheral space (Fig. S1a). 
Other cell types such as HeLa (cervical cancer) and U2OS (osteosarcoma) showed 
a more mixed phenotype, with cells showing strongly clustered organelles and other 
cells a more scattered phenotype. Thus, the clustering phenotype may be secondary 
to a different effect on cellular organization. Besides clustering of compartments, 
many cells lacking USP54 were bi- or multi-nucleated, suggesting defective mitosis 
or abscission (Fig. 1a). Consistent with this, the amount of cells with double the 
DNA-content was increased in these cells, both in MelJuSo and p53 pathway profi-
cient U2OS cells (Fig. 1b and 1c). Given the presence of a Microtubule Interacting 
and Transport (MIT) domain in USP54 (Fig. 1d (4)), a microtubule-defect following 
USP54 silencing would be an option. Indeed, cells depleted for USP54 possessed 
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Figure 1: USP54 controls microtubule dynamics. (A) MelJuSo cells transfected with the indicated 
siRNAs were fixed and stained with DAPI and Phalloidin (actin). Amount of cells with more than one 
DAPI-positive structure were counted for at least 50 cells per experiment, n=3. Right: silencing efficiency 
of USP54 was analyzed by qRT-PCR. (B) MelJuSo cells transfected with the indicated siRNAs were ana-
lyzed for cell cycle stage by flow cytometry using propidium iodide (PI). Left: representative FACS plot of 
PI intensity. Right: quantification of cells in different cell cycle stages. (C) U2OS cells transfected with the 
indicated siRNAs (USP54 pool of 4 siRNAs or specific siRNA sequences #1 and #2) were analyzed for 
cell cycle stage by flow cytometry using propidium iodide (PI). % of cells in G2/M phase was quantified. 
(D) USP54 domain structure. (E) MelJuSo  transfected with the indicated siRNAs were fixed and stained 
with DAPI and Tubulin. (F) U2OS  transfected with the indicated siRNAs were fixed and stained with DAPI 
and AcTubulin. Legend continues on next page
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a remarkably different microtubule structure, with a more peripheral localization of 
the bulk of the microtubules, sometimes following the edges of the cell (Fig. 1e and 
S1b). This was corroborated by an extended network of acetylated Tubulin (Fig. 1f), 
which labels relatively stable microtubules (5), implying these cells contain more 
static microtubules at the periphery. Overall levels of Acetylated Tubulin increased 
only marginally (Fig. 1g), hinting at a reorganization of the stable microtubule net-
work. To address the mobility of the microtubule network, microtubule dynamics 
were followed using a fluorescent tubulin-binding compound (6) in cells either or not 
depleted for USP54. Again, we observed a massive microtubule network at the cel-
lular edges and the microtubules were much more static compared to control cells, 
suggesting a defect in microtubule de-polymerization or docking at the plasma mem-
brane (Fig. 1h and 1i). Together, these data establish a role for USP54 in cytoskeletal 
organization by influencing the dynamics of microtubules.
While containing a USP DUB-domain, USP54 was predicted to be catalytically in-
active as it lacks a critical Histidine that assists the catalytic triad in conventional 
USP-domains (7). To assess whether this indeed prevented catalytic activity, we 
exposed USP54 to a DUB activity-based probe (8). Wild-type USP54, but not its 
counterpart missing the catalytic cysteine (C42S),  reacted with the probe (Fig. 2a). 
However, the fraction of USP54 labelled by the activity-based probe was much lower 
than that for USP8 (and other active DUBs tested), suggesting slow reactivity, either 
because of the missing Histidine or because co-factors are required for full activity. 
Nevertheless, USP54 is a catalytically competent enzyme. 
The presence of an MIT domain begged the question whether USP54 is in fact 
a microtubule-interacting protein that controls microtubule dynamics. However, we 
were unable to detect an interaction or co-localization between the MIT domain and 
tubulin. Rather, full-length USP54 exhibited three distinct localizations; the plasma 
membrane and more specifically cell-cell contact sites, actin filaments, and endo-
some-like structures (Fig. 2b). The cell-cell contact and endosome localization was 
primarily controlled by the C-terminal domain in USP54, since expression of the 
C-terminal 1432-1684 amino acids resembled the localization of the full length pro-
tein, albeit with a more spotted plasma membrane localization (Fig. 2c and 2d). 
These spots marked the locations where actin stress fibers between different cells 
were connected (Fig. 2e), usually the location of tight junctions (9). Time-lapse 
experiments showed that USP54 was immobile at these junctions for prolonged 
periods of time (Fig. 2f), suggesting USP54 is an integral part of the contact site. 
Fast, endosome-resembling mobility to and from the contact site was observed for 
USP54-positive structures (green arrows), indicating USP54 traffics to or from these 

(G) Western blot analysis for the indicated markers on U2OS cells transfected with the indicated siRNAs. 
(H) Microtubules in U2OS cells transfected with the indicated siRNAs were followed in time using SIR-Tu-
bulin. Left: still image at the start of the movie. Images were recorded for 150 seconds with an image 
every 5 seconds. Right: hyperstack of the individual frames, represented as a Spectrum image according 
to the legend on the right. Immobile microtubules appear white, mobile ones as a multicolor image. (I) 
Calculation of the percentage of mobile microtubule. Pearson’s coefficient of the first and last image of 
the movies from (H) were calculated and coefficient was taken as percentage of immobile microtubule. 
Quantification of at least 10 cells over three independent experiments. For all experiments: bars indicate 
mean + SD from independent triplicate experiments. T-test statistical analysis (* p < 0.05, ** p < 0.01, *** 
p < 0.001). For all experiments, bar = 10 µm.
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Figure 2: USP54 is a catalytically active DUB that localizes to membrane compartments. (A) Ub-
probe assay. Hek293T cells were transfected with the indicated plasmids (CS harbor a mutation in the 
catalytic site that renders the DUB inactive) and lysates were incubated with HA-VME-Ub for 30minutes. 
Samples were run on SDS-PAGE and analysed by western blot for HA (the probe) and Flag (the enzyme). 
(B) GFP-tagged USP54 was expressed in U2OS cells and cells were fixed and stained for actin. (C) GFP-
tagged USP54 and mutants were expressed in HeLa cells and fixed and stained for actin and tubulin. (D) 
Overview of the localization determinants present in USP54 on the basis of experimets in (C) and (S2). 
(E) HeLa cells expressing GFP-USP54 1432-1684 were imaged together with SIR-Actin. Still image of a 
movie is shown. (F) Zoom-in of a movie made in (E), with different timepoints shown in separate frames. 
Green arrows indicate an endosome moving to or from the cell-cell contact site. For all experiments, bar 
= 10 µm.
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contact sites. 
Extension of the C-terminal fragment, either 1035-1684 or 779-1684, redirected 
USP54 to actin fibers. This implies that the segment between the MIT domain and 
plasma membrane targeting domain likely interacts with actin-binding proteins (Fig. 
2c and S2). The 1-778 and 1-1035 domains predominantly localized to the cytosol, al-
though a small fraction localized to cell-cell contacts, indicating that the USP-domain 
and/or the coiled-coil domain contained some cell-cell contact localization determi-
nants. Interestingly, cells ectopically expressing either the 1432-1684 or the catalyt-
ically inactive full-length enzyme (C42S) harbored a rounded microtubule structure 
resembling USP54 knockdown, suggesting that the catalytic activity of USP54 is 
required for its function, as well as the localization domain at the N-terminus. Thus, 
USP54 is an active DUB that localizes to cell-cell contact sites, endosomes and actin 
filaments. The different USP54 domains potentially regulate the interplay between 
these compartments.
Given its complex localization and domain structure, we set out to identify interacting 
proteins by immunoprecipitating different GFP-tagged USP54 domains and subject-
ed interactors to mass spectrometry identification (Fig. 3a and 3b). This revealed 
that especially the coiled-coil domain and the C-terminal domain interact with a 
large array of proteins. The C-terminal fragment was associated with, among others, 
Plakoglobin/JUP/γ-Catenin, an integral component of desmosomes and adherens 
junctions, as well as several members of the HOPS complex (Fig. 3c). The extended 
C-terminal fragment, including the actin-localizing domain, isolated the actin-based 
motor proteins Myosin Heavy Chain 1 (MYH1), Myosin 1b and Myosin 1c, which 
could account for the actin localization. The coiled-coil domain precipitated a pletho-
ra of proteins, most notably: several members of tight and adherens junctions (most 
strongly ZO-1, ZO-2 and USP9x), multiple cilia proteins (predominantly IFT172), 
DOCK7 (a GEF for the RAC1 and CDC42 GTPases and involved in cell motility and 
polarity (10, 11)), HDAC6 (the deacetylase for αTubulin (12) and involved in adhe-
rens junction disassembly (13, 14)), SNX27 (a member of the sorting nexin family 
that mediates recycling of cargo from endosomes to the plasma membrane(15)), 
and STXBP4 (an inhibitor for STX4-mediated exocytosis (16)). Furthermore, strong 
co-immunoprecipitation was observed for several members of the 14-3-3 protein 
family of phosphorylation-binding proteins (17), suggesting that this USP54 domain 
harbors a phosphorylation site that is recognized by these proteins. Indeed, USP54 
contains two canonical 14-3-3 binding RXXSXP sequences (18), and both localized 
in this isolated USP54-domain (amino acids 493-498 and 666-670). The USP-do-
main predominantly interacted with VCP/p97/TERA, a chaperone ATPase involved 
in the segregation of large protein complexes (19), and which also promotes sorting 
of Caveolin-positive endosomes towards the lysosome (20). Interestingly, this inter-
action occurred preferentially with the C42S variant. The MIT domain, besides its 
role in protein-protein interactions also known to interact with phospholipids such as 
PI3P and PI4P (21), interacted with the kinase DYRK1a and phosphatase PGAM5. 
Thus, we identified five domains in USP54, each with specific sets of interacting 
proteins. 
During the formation of an epithelial cell layer, the establishment of apico-basal 
polarization is coupled to the formation of tight and adherens junctions, and this 
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subsequently restructures the microtubule network towards a more peripheral tex-
ture (22-27). The strong immunoprecipitation of several tight / adherens junction 
proteins in conjunction with the described role for these junctions in cytoskeletal 
dynamics made us speculate that by interfering with the integrity of cell-cell contact 
sites or the formation of apical-basal lateral polarization, USP54 controls microtu-
bule dynamics. USP54 at the cell-cell contact sites indeed co-localized with ZO-1, 
an integral member of both tight and adherens junctions (Fig. 4a). Co-immunopre-
cipitation experiments confirmed an interaction of USP54 with tight junction protein 
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Figure 3: Identification of USP54-interacting proteins. (A) Set-up of the mass spec experiment. 
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in between MIT and C-terminal domain, results from 1432-1684 were subtracted from the 1035-1684 
domain. For MIT domain, 1035-1684 was subtracted from 779-1684.
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ZO-2, but not ZO-1. Possibly ZO-1 interacts with ZO-2 and subsequently USP54. To 
address whether USP54 affects cell-cell contact site formation, we silenced USP54 
and stained for ZO-1. Whereas in both U2OS and HeLa cells about half of the cells 
contained at least one ZO-1 positive cell-cell contact site, cells depleted for USP54 
contained hardly any ZO-1 at the membrane (Fig. 4c and Fig. S3a). Most of the 
residual membranous ZO-1 was found on actin filaments running perpendicular to 
the plasma membrane (Fig. 4c, bottom inset). No effect was observed for the ad-
herens junction members β-Catenin and y-Catenin (Fig. 4d and S3b), suggesting 
that USP54 controls the formation or stability of tight junctions but not adherens 
junctions.
Given the endosome-like localization of USP54, it could be involved in shuttling 
cargo from endosomes to cell-cell contact sites. The C-terminal domain of USP54 
pulled-down three members of the HOPS complex, a tethering complex recruited to 
LE/Lys by Rab7 and Arl8b that mediates fusion and maturation of said endosomes 
(28-30), implying USP54 could be recruited to these structures. Indeed, USP54 
co-localized with vesicle-localized VPS39, VPS11 and VPS18, but not with VPS41, 
another member of the HOPS core complex (Fig. 5a and S4a). In agreement with 
this and the mass spectrometry experiment, USP54 interacted with VPS39 and 
VPS18, but not with VPS41, or VPS33b, part of the HOPS-related VIPAR complex 
(31) (Fig. 5b), implying USP54 is recruited to only a segment of the HOPS complex. 
Interestingly, these VPS- and USP54-positive vesicles did not stain for CD63 (Fig. 
5a), suggesting that the VPS-subunits interact with USP54 on a different type of 
endosome. Co-stainings with different endosomal markers did not show significant 
co-localization of USP54 with early endosomal Rab5, or to recycling endosomes 
marked by Rab11 and Transferrin receptor (Fig. S4b), although sometimes both en-
dosomal structures were adjacent to each other and in close contact, as if somehow 
tethered. Whereas VPS11 and VPS18 are only known for their roles in the early en-
dosomal CORVET and late endosomal HOPS tethering complexes, VPS39 can also 
be recruited by Rab2a to a specialized recycling endosome (32). Nevertheless, also 
Rab2a did not co-localize with USP54 (Fig. S4c). Thus, VPS39, VPS11 and VPS18 
interact with the C-terminal tail of USP54 and co-localize on a yet undefined subset 
of endosomes (Fig. 5c). 
To address whether VPS11, VPS18 and VPS39 are important for the function of 
USP54 in tight junction formation, we silenced the different subunits and addressed 
the localization of ZO-1. While membrane localization per se was not significantly 
impaired by VPS-knockdown, ZO-1 junctions often mislocalized to actin filaments 
perpendicular to the membrane or formed round structures, as if the junctions were 
ruptured in the middle and the cells detached from each other (Fig. 5d). Whereas 
not phenocopying USP54 silencing, both USP54 and the VPS-subunits appear to 
be involved in tight junction localization, possibly by acting in a large multi-protein 
complex. 

Conclusions and future directions
Spatially confined internalization and recycling of cargo is crucial for the installment 
of polarity and cellular differentiation. However, the processes underlying this specif-
ic regulation are poorly understood. Here, we have identified USP54 as a novel fac-



USP54 is a novel regulator of cytoskeletal dynamics

5

103

tor that shuttles between endosomes and cell-cell contacts. USP54 is a catalytically 
competent DUB that resides at tight junction sites, actin filaments and endosomes. 
Functionally, loss of USP54 is accompanied by a shift in the microtubule structure 
towards a more peripheral and stable network, as well as loss in membrane localiza-
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Figure 4: USP54 controls membrane localization of tight junction member ZO-1. (A) USP54 co-lo-
calizes with ZO-1. HeLa cells transfected with GFP-USP54 were fixed and stained for ZO-1. (B) Co-immu-
noprecipitation for ZO-1 and ZO-2 with USP54. Indicated GFP-tagged construct was isolated from lysates 
of HEK293T cells co-overexpressing Flag-USP54 1-778 construct using GFP-Trap beads. Western blot 
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tion of junction protein ZO-1, suggesting USP54 plays a role in decisions regarding 
the polarity of cells. 
The endocytic pathway contains a multitude of endosome sorting and recycling path-
ways, which are critical for cellular identity and tightly linked to cellular differentiation 
state and function. This is especially well described for polarized epithelial cells, 
where the integrity of the apical and basolateral sides are maintained by polarized 
endosomal recycling pathways (2). Specific recycling pathways control trafficking of 
endosomes towards the apical and basolateral sides, as well as towards the cilium 
and the lateral side where the tight junctions are formed (1). Our data suggest that 
USP54 localizes to a subset of recycling endosomes and is recycled to the plasma 
membrane at cell-cell contact sites. In agreement with this, cells grown individual-
ly, and thus lack cell-cell contact sites, display strictly endosomal or actin-localized 
USP54. These endosomes are not classical early or late endosomes, nor Rab2, 
Rab11 or Rab14 recycling endosomes. The mass spec experiment identified STX-
BP4/Synip as a possible USP54 interactor, which is an inhibitor of Syntaxin4- and 
Rab4-mediated recycling (16, 33, 34), suggesting that these endosomes could be 
Rab4+ recycling endosomes. Indeed, Rab4 and STX4 are implicated in recycling of 
tight and adherens junction proteins (35-37), and in polarized cells syntaxin-4 reg-
ulates recycling towards the basolateral membrane (38). Syntaxin-4 and STXBP4 
are best studied for their role in recycling of the glucose uptake receptor GLUT4 in 
adipocytes (16, 39). Interestingly, a recent study showed that mice lacking USP54 
are characterized by a strongly increased adipocyte mass (3), a phenotype that 
could arise from increased GLUT4-mediated glucose uptake by these cells (40-42). 
It would thus be interesting study the effect of USP54 on GLUT4 trafficking and 
STX4-mediated recycling of cargo.
USP54 has a very specific localization to different cellular structures, but what is 
its function? USP54 has been shown to be instrumental for cellular migration and 
is expressed at high levels in colon stem cells, but its actual function is unknown 
(3). Our data show that loss of USP54 resulted in altered microtubule organization, 
including enhanced formation or stabilization of peripheral microtubules, as well as 
the loss of tight junction protein ZO-1 from cell-cell contact sites. This altered micro-
tubule cytoskeleton could arise from different sources. Firstly, USP54 could directly 
influence microtubule stability, for example by interacting with HDAC6, the micro-
tubule deacetylase that was identified from the mass spec. Given its localization 
at the plasma membrane, it could mediate deacetylation specifically at these sites, 
which could lead to altered microtubule dynamics. However, given the limited role 
of microtubule acetylation in its stability (43-45), this is unlikely the primary function 
of USP54. Secondly, USP54 could recruit stabilizing or destabilizing factors, such 
as microtubule capping factors or interacting proteins. An interaction was found with 
microtubule capping enzyme CKAP5 (CH-TOG; identified by only 2 peptides), and 
some interactors or interacting complexes are linked to microtubule stabilizing or 
destabilizing factors, including DOCK7 (46), IFT proteins (47), and tight and adher-
ens junctional proteins (24, 25). Alternatively, loss of USP54 perturbs the cellular dif-
ferentiation and polarization process. Establishment of cell polarity is accompanied 
by changes in the microtubule network (26, 47), similar to that observed for USP54 
knockdown. Furthermore, it instigates the formation of cell-cell contact sites, which 
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serve as physical barriers to separate the apical- and basolateral sides of polarized 
cells. Loss of ZO-1 membrane localization, but not adherens junction markers β- and 
γ-Catenin, after USP54 depletion suggests a defect in the formation of tight junctions 
which subsequently affects cell polarization. Besides junction proteins, another ma-
jor group of USP54 interacting proteins identified by mass spec were cilia-associated 
factors, more specifically the intra-flagellar transport (IFT) proteins. Thus, it appears 
that USP54 localizes to multiple components of a polarized cell, the lateral side by 
virtue of the tight and adherens junctions, and the cilium via the IFT-proteins. Since 
the cells used in this study are incapable of full polarization and hardly contain cilia, 
it will be interesting to investigate the function of USP54 in polarity establishment in 
polarized cells such as HUVEC or MDCK. Our hypothesis would be that USP54 acts 
as a gatekeeper at different cellular sections to control their integrity (eg. Tight junc-
tions and cilia), or regulates recycling of cargo specifically to these compartments. 
Tight and adherens junctions are intimately connected to the actin cytoskeleton and 
actin connects junctions together to instigate tension formation between cells. Fur-
thermore, endosome sorting and fission, as well as fusion with the plasma mem-
brane, requires local actin (de)polymerization. Besides localizing to endosomes and 
cell-cell contacts, USP54 localizes to actin filaments via a domain at its C-terminus. 
Three actin-binding myosin motors were found to interact with this USP54 domain, 
Myosin 1b, 1c and MYH1. Of these, Myosin 1c is already known to interact with ZO-1 
(48) and regulates GLUT4 exocytosis (49, 50) and adherens junction turnover (51), 
indicating a connection between actin and junction recycling, possibly controlled by 
USP54. Furthermore, USP54 interacts with DOCK7, a GEF for actin-polymerizing 
GTPases, and could hereby induce actin polymerization. Preliminary analysis in-
deed showed the appearance of polymerized actin on endosomes harboring full 
length catalytically inactive USP54, but not wild-type USP54 or the C-terminal tail 
alone, suggesting that the DUB domain inhibits actin polymerization. Via its slow 
catalytic activity, USP54 could act as a timer to regulate the turnover or activity of 
its cognate substrate. However, it is also possible that USP54 is strongly activated 
by substrate binding, for example by altering its catalytic fold. To gain full mecha-
nistic understanding, it will be imperative to identify USP54 substrates using ubiqui-
tin-proteomics. This would provide the framework for a more complete picture of the 
interacting proteins and substrates that in assembly determine the function of this 
fascinating DUB. Collectively, our work has identified an extensive set of interactors 
for the DUB USP54, arguing for a function in establishment of cell polarity and the 
recycling of specific endocytic cargo. Further research on this intriguing de-ubiquiti-
nating enzyme will likely unravel novel and exciting biology, describing the regulation 
of cell polarity by the endocytic system.

Materials and methods
Cell culture and constructs
MelJuSo cells were cultured in IMDM supplemented with 10% FCS, U2OS, HeLa 
and Hek293T cells in DMEM with 10% FCS. The following constructs were obtained 
from addgene: GFP-ZO1 (#30313), GFP-ZO2 (#27422). GFP-RILP, mCherry-VPS 
and GFP-Rab constructs were described previously (29), as well as GFP-USP8 con-
structs (8). GFP-Rab2a was a kind gift from G. Scita (32). USP54 was ordered as a 
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custum synthesized gene and together with indicated truncation mutants re-cloned 
into the GFP-C1 and mRFP-C1 vectors.
Reagents and antibodies
For tubulin and actin staining respectively SIR-Tubulin and SIR-Actin (TeBu Bio) 
were used. Antibodies used: rabbit anti-GFP (1:1000), mouse anti-CD63 (1:500) 
and rabbit anti-CD63 (1:100) (all described in (29)), mouse anti-HA (Covance 
16B12, 1:1000), rat anti-HA 3F10 (Roche, 1:200), rabbit anti-βCatenin, mouse an-
ti-Tubulin and mouse anti-AcTubulin 6-11-B1 (both 1:100, Sigma), rabbit anti-ZO1, 
mouse anti-yCatenin A6 (all from Santa Cruz, both 1:100), actin was stained with 
Phalloidin-Alexa 647 (Life Technologies). Secondary antibodies (goat anti-mouse 
Alexa 405/488/568/647, goat anti-rabbit Alexa 488/568/647, donkey anti-goat Al-
exa 488/568, donkey anti-mouse Alexa 488/555/647 and donkey anti-rabbit Alexa 
488/647) were purchased from Life Technologies and donkey anti-rat CF568 from 
Biotium (all 1:200).
Transfections
For expression studies, MelJuSo and HeLa cells were transfected using Effectene 
(Qiagen) according to the manufacturer’s instructions. Cells were transfected one 
day before fixation or lysis. Hek293T cells were transfected using polyethylenimine 
(PEI). For siRNA mediated depletion, cells were reverse transfected with Dharma-
FECT transfection reagent #1 and 50 nM siRNA of the Human siGenome SMART-
pool, Dharmacon, according to the manufacturer’s protocol. siRNA sequences for 
USP54: #1 5’-GATAGAAGTTTGTCAGGTA-3’  and #2 5’-GGTCACTGATAGAGCG-
CAA-3’. Briefly, siRNAs and DharmaFECT were mixed and incubated for 20 minutes 
in a culture well, after which cells were added and left to adhere (reverse transfec-
tion). Three days later, cells were fixed and stained or lysed for biochemical analysis. 
Co-immunoprecipitation and Western blotting
For co-immunoprecipitation experiments, Hek293T cells were lysed in lysis buffer 
(0.5% NP-40, 5% glycerol, 150mM NaCl, 50mM Tris-HCl pH8.0, 5mM MgCl2 supple-
mented with complete EDTA-free Protease Inhibitor Cocktail (Roche)) and cleared by 
centrifugation. Lysates were incubated with GFP-Trap beads (Chromotek) or protein 
G-Sepharose 4 FF resin with the indicated antibodies and after incubation washed 
extensively with lysis buffer before addition of sample buffer (2% SDS, 10% glycerol, 
5% β-mercaptoethanol, 60mM Tris-HCl pH 6.8 and 0.01% bromophenol blue).    
For whole cell lysate analyses, cells were lysed directly in sample buffer. Proteins 
were separated by SDS-PAGE and transferred to Western Blot filters. Blocking of 
the filter and antibody incubations were done in PBS supplemented with 0.1 (v/v)% 
Tween and 5% (w/v) milk powder. Blots were imaged using the Odyssey Imaging 
System (LI-COR) or ChemiDoc (Bio-Rad). 
Mass spectrometry 
Samples from immune-precipitated GFP-tagged proteins were separated by SDS-
PAGE and were silver stained (Invitrogen). Selected bands (and the same region in 
the GFP control lane as negative controls) were cut from the silver stained gel and 
subjected to reduction with dithiothreitol, alkylation with iodoacetamide and in-gel 
trypsin digestion using a Proteineer DP digestion robot (Bruker). Tryptic peptides 
were extracted from the gel, lyophilized, dissolved in 95/3/0.1 v/v/v water/acetonitril/
formic acid and subsequently analyzed by online nanoHPLC MS/MS using an 1100 
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HPLC system (Agilent Technologies), as previously described (Meiring et al., 2002). 
Peptides were trapped at 10 μl/min on a 15mm column (100μm ID; ReproSil-Pur 
C18-AQ, 3 μm, Dr. Maisch GmbH) and eluted to a 200 mm column (50μm ID; Repro-
Sil-Pur C18-AQ, 3 μm) at 150 nl/min. All columns were packed in house. The column 
was developed with a 30min gradient from 0 to 50% acetonitrile in 0.1% formic acid. 
The end of the nanoLC column was drawn to a tip (5-μm ID), from which the eluent 
was sprayed into a 7tesla LTQ-FT Ultra mass spectrometer (Thermo Electron). The 
mass spectrometer was operated in data-dependent mode, automatically switching 
between MS and MS/MS acquisition. Full scan MS spectra were acquired in the FT-
ICR with a resolution of 25,000 at a target value of 3,000,000. The two most intense 
ions were then isolated for accurate mass measurements by a selected ion-moni-
toring scan in FT-ICR with a resolution of 50,000 at a target accumulation value of 
50,000. Selected ions were fragmented in the linear ion trap using collision-induced 
dissociation at a target value of 10,000. In a post-analysis process, raw data were 
first converted to peak lists using Bioworks Browser software v3.2 (Thermo Elec-
tron), and then submitted to the Swissprot database version 51.6 (257,964 entries), 
using Mascot v. 2.2.04 (www.matrixscience.com) for protein identification. Mascot 
searches were with 2 ppm and 0.8 Da deviation for precursor and fragment mass, 
respectively, and trypsin as enzyme. Protein was finally sorted and compared using 
Scaffold software version 3.0.1 (www. proteomesoftware.com).
Ub-probe experiments
Assessment of catalytic activity was done using a HA-VME-Ub probe, which is co-
valently associated with a DUB when tries to cleave the modified thioester bond (8). 
Briefly, HEK293T cells were transfected with the indicated plasmids and lysed in mild 
lysis buffer (Tris pH 8.0 (50 mM), sucrose (250 mM), MgCl2 (5 mM), DTT (1 mM)) 
supplemented with CHAPS (0.5 %) and NP40 (0.1 %). After sonication, and centrif-
ugation, the supernatant was incubated for 30minutes with 1µM HA-VME-Ub. After 
addition of sample buffer, cells were analyzed on an SDS-PAGE gel. 
cDNA synthesis and qPCR
RNA isolation, cDNA synthesis and quantitative RT-PCR were performed accord-
ing to the manufacturer’s (Roche) instructions. Signal was normalized to GAPDH 
and calculated using the Pfaffl formula. Primers used for detection were:  GAPDH 
fw: 5’-TGTTGCCATCAATGACCCCTT-3’, GAPDH rv: 5’-CTCCACGACGTACTCAG-
CG-3’,  HLA-DRα fw: 5’- -3’, HLA-DRα rv: 5’- -3’, IRF1 fw: 5’-GCACCAGTGATCT-
GTACAAC-3’, IRF1 rv: 5’-GCTCCTCCTTACAGCTAAAG-3’, CIITA fw: 5’-CCTGCT-
GTTCGGGACCTAAA-3, CIITA rv: 5’-GGATCCGCACCAGTTTGG-3’, OTUD1 fw: 
5’-CCTAGTATTTGGCTCAGTTGG-3’, OTUD1 rv: 5’-TTGTCGTACTCTGGGT-
TAGG-3’.
Confocal microscopy
Cells were seeded on coverslips, transfected 18 hours later and treated as indicated. 
24 hrs later, cells were fixed in 3.7% formaldehyde for 10 min and permeabilized in 
ice-cold methanol (for LC3 stainings) for 2 minutes or in 0.1% Triton-X100 for 10 
minutes. Alternatively, cells were fixed and permeabilized in ice-cold methanol for 2 
minutes for Tubulin stainings. Staining was performed with the antibodies mentioned 
above and DAPI (Invitrogen) to stain DNA. Images were acquired using a Leica TCS 
SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany) at 63x magnifi-



USP54 is a novel regulator of cytoskeletal dynamics

5

109

cation. For live-cell imaging, the microscope  was equipped with a climate control 
chamber and cells were imaged for 3 minutes with ~12 frames per minute. Images 
were quantified using Image J plugin Jacob for Mander’s or Pearson’s coefficient 
calculations and processed using Adobe Photoshop and Illustrator. 
Electron microscopy
Cells were fixed in Karnovsky fixative overnight. After washing with 0,1M Cacodylate 
buffer pH 7.2 the cells were postfixed with 1% Osmiumtetroxide, en-block stained 
with 0,5% uranylacetate (Ultrastain 1 from Leica, Austria) followed by dehydration 
series and embedding in Agar100/NMA/DDSA/BDMA (Aurion, the Netherlands). The 
sections were examined using a Tecnai12G2 microscope (FEI, the Netherlands).
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Supplementary Figure S1: USP54 controls microtubule dynamics. (A) Electron micrograph of Mel-
JuSo cells transfected with the indicated siRNAs. Note the absence of peripheral endosomal structures 
in the siUSP54 condition. (B) siRNA transfected U2OS cells were fixed and stained for the indicated 
markers.

Supplementary Figure S2: localization determinants for USP54. HeLa cells were transfected with the 
indicated GFP-tagged USP54 constructs, fixed and stained for Actin and Tubulin. 
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Supplementary Figure S3: USP54 mediates ZO-1 membrane localization. (A) siRNA transfected 
HeLa cells were stained for the indicated markers. (B) siRNA transfected HeLa cells were stained for the 
indicated markers. Image represents maximum Z-projection of multiple images.  
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Supplementary Figure S4: USP54 co-localizes with members of the HOPS complex. (A) HeLa cells 
transfected with the indicated constructs were fixed and imaged. (B) HeLa cells transfected with the 
indicated constructs were fixed, stained and imaged. (C) HeLa cells transfected with GFP-Rab2a, RFP-
USP54 1432-1684 and Flag-VPS39 were fixed, stained and imaged. For all experiments, bar = 10 µm.
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