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Increased aggregation of misfolded proteins is associated with aging, and characterizes a number of neurodegenerative
disorders caused by homopolymeric amino acid expansion mutations. PABPNT1 is an aggregation-prone nuclear protein.
Natural aggregation of wild-type (WT) PABPNT1 is not known to be disease-associated, but alanine-expanded PABPN1
(expPABPN1) accumulates in insoluble intranuclear inclusions in muscle of patients with oculopharyngeal muscular
dystrophy (OPMD). We applied microscopic image quantification to study PABPN1 aggregation process in living cells.
We identified transitional pre-inclusion foci and demonstrate that these structures significantly differ between WT-
and expPABPN1-expressing cells, while inclusions of these proteins are indistinguishable. In addition to the immobile
PABPNT1 in inclusions, in the nucleoplasm of expPABPN1 expressing cells we also found a fraction of immobile proteins,
representing pre-aggregated species. We found that pre-aggregated and pre-inclusion structures are reverted by a
PABPNT1 specific affinity binder while inclusion structures are not. Together our results demonstrate that the aggregation
process of WT- and expPABPN1 differs in steps preceding inclusion formation, suggesting that pre-aggregated protein

species could represent the cytotoxic structures.

Introduction

Inclusion formation is a pathological hallmark of a number of
neuro- and myodegenerative diseases. In many of these diseases,
the genetic lesion causes expansion of homopolymeric polygluta-
mine (polyGlu) or polyalanine (polyAla) tracts. These expanded
proteins are often misfolded and accumulate in insoluble poly-
mers,"” and eventually form fibrillar structures.’ In addition to
the disease-associated protein aggregation, widespread protein
aggregation was recently found in normal aging of C. elegans.
Common to the polyGlu or polyAla and the aging-associated
aggregated proteins is that they are found in a broad spectrum
of cell types.** Studies of polyGlu repeat in heterologous systems
and in unicellular models demonstrated that the aggregation pro-
cess is not cell type specific and is not limited to multicellular
organisms.” Despite the intensive studies on protein aggregation
the processes by which inclusions are formed and their role in
cytotoxicity is largely unknown.

The poly(A) binding protein nuclear 1 (PABPNI1) is an aggre-
gation prone protein and PABPNI overexpression leads to the
formation of intranuclear inclusions in cultured cells and in aging
rat neuron cells.*” Homopolymeric polyAla expansion mutations
are found in patients with oculopharyngeal muscular dystro-
phy (OPMD).% As a result, an Alanine tract of 10 residues at
N-terminus of the wild-type (WT) PABPNI is expanded in the

mutant protein forms by 2—7 Alanine residues. Alanine-expanded
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PABPN1 (expPABPNI1) has a higher aggregation potential as
compared with the WT protein.” WT- and expPABPNI are
both prone to aggregation, but only the mutant form is known
to be pathogenic.'”" So far, however, the aggregation process of
PABPNI is not fully understood. We hypothesized that differ-
ences in the aggregation process and/or aggregation structures
may provide an explanation for their differences in cytotoxic-
ity. We therefore carried out comparative studies analyzing the
aggregation process in cells expression WT- or expPABPNI.
The aggregation propensity of aggregation-prone proteins is
proportional to their expression level.'* We therefore only selected
cells with low transgene expression levels to minimize overexpres-
sion effects of the aggregation process. We preformed quantita-
tive image analysis of the aggregation process in cells expressing
Alal0- or Alal6-PABPNI (also referred as WT- and expPABPNI,
respectively) with comparable low transgene expression levels.
With these criteria, we found that PABPN1 inclusion formation
is a multi-step process where transitional and reversible foci, we
named pre-inclusions, precede inclusion formation. We demon-
strate that the aggregation process of WT-PABPNI significantly
differs from that of expPABPNI in the pre-inclusion step. We
show that pre-inclusions but not inclusion structures can be effi-
ciently reverted with a specific affinity binder to PABPNI. In
addition, we found evidence for pre-aggregated proteins in the
nucleoplasm of expPABPN1 but not of WT-PABPN1 expressing
cells. We suggest that these pre-aggregated forms might represent
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Figure 1. GFP-PABPN1 nuclear localization and protein mobility is similar to that of endogenous PABPNT1. (A) Co-localization of GFP-PABPN1 with
SC35. U20S cells were transfected with GFP-Ala10-PABPN1 and were fixed 24 hours post transfection. Immunolabeling was carried out with anti-SC35
antibodies, which were visualized with secondary Alexa 594-conjugated antibodies. Scale bar is 5 wm. (B) VHH-3F5 does not change the mobility of
PABPN1 in speckles. U20S cells were transfected with GFP-Ala10-PABPN1 or VHH-3F5-GFP constructs. 20 hours post transfection cells showing speck-
les organization were subjected to FRAP experiments. (i) Images are of representative cells expressing either GFP-Ala10-PABPN1 or VHH-3F5-GFP at
pre-bleaching or 10 seconds after bleaching. Arrows indicate the bleached area (2 um). Scale bars are 1 um. (i) Curves show the recovery of fluores-
cence intensity for GFP-Ala10-PABPN1 (green line), or VHH-3F5-GFP (red line). Average represents 10 cells. (C) Determination of transgene expression
levels in a cell-based assay. (i) Images of fixed cells expressing GFP-Ala10-PABPN1, which were labeled with VHH-3F5 and visualized with a secondary
Deac-conjugated antibody. A similar nuclear localization is found for endogenous PABPN1 and the GFP-fused PABPNT1. Scale bars are 20 pm. (ii) B-box
plots show the normalized integrated fluorescence intensity, which was calculated from 75 cells. The red circle indicates expression levels that were
selected for analysis. Arrows in (i) point to typical cells, which were selected for studies.

pathogenic components of expPABPN1, which could be targets
for anti-aggregation therapies.

Results

Establishment of a cell model for studying GFP-PABPN1 in
living cells. The process of nuclear inclusion formation was
studied in living U20S cells. N-terminal fusion of yellow or
green fluorescent protein (YFP or GFP) to PABPNI showed a
predominantly nuclear localization in speckles, as previously
reported in references 6, 7 and 13. Speckles localization was
observed for endogenous PABPNI when immunofluorescently
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stained with VHH-3F5, a specific affinity binder of PABPN1 ¢
(Fig. 1). Similar localization was also found for the GFP-PABPN1
fusion (Fig. 1). Speckles are defined with SC35, localization
and diffuse amorphous structures. Based on this definition,
PABPNI1 localized in speckles in U20S cells (Fig. 1A). Analysis
of PABPNI mobility in speckles, by fluorescence recovery after
photobleaching (FRAP), shows that the N-terminal fusion pro-
tein of PABPN1 has 100% fluorescence recovery (Fig. 1B). This
indicates that when localized to speckles GFP-Alal0-PABPN1
is mobile."* The GFP-VHH-3F5 protein also showed speckles
localization (Fig. 1Bi). The fluorescence recovery rate of VHH-
3F5-GFP in speckles was very similar to that of GFP-PABPN1
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(Fig. 1Bii). Based on these protein mobility studies we conclude
that the mobility of GFP-PABPNI is similar to that of VHH-
3F5-GFP bound to endogenous PABPNI.

Since the aggregation propensity of aggregation-prone pro-
teins is proportional to their expression level,'? it is essential to
select cells with similar expression levels for comparative stud-
ies. The transgene expression level was determined in images of
cell nuclei with speckles organization of PABPN1. The measure-
ments of the integrated GFP fluorescence intensity show high
variation in expression levels between individual cells, while
the variations in endogenous PABPNI, which was visualized
with VHH-3F5, were much smaller (Fig. 1Cii). Therefore, in
our studies only cells with low transgene expression levels were
selected for further analysis (Fig. 1Cii; typical cells are indicated
with arrows Fig. 1Ci). This demonstrates that at low expres-
sion levels fusion of a fluorescent protein at the N-terminus of
PABPNI is suitable to study the aggregation process of PABPN1
in living cells.

PABPNI1 aggregation is a multi step process. The aggre-
gation process of PABPN1 was studied in living cells. During
imaging we noticed that inclusions disappeared during mitosis,
which was accompanied by a cytoplasmic redistribution of GFP-
PABPNI (Sup. Fig. 1). To eliminate the effect of cell division on
the aggregation process, in our analysis only non-dividing cells
were included. Consistent with previous studies,® time lapse-
images show that PABPNI localization changes from speckles to
inclusions (Fig. 2A). Intensity plots demonstrated a change in the
distribution of PABPN1 fluorescence: from an irregular distribu-
tion in nuclei with speckles, to a focal fluorescence distribution
in nuclei with foci (Fig. 2B). A focal fluorescence distribution is
typical for aggregated proteins.”” For a quantitative description of
the aggregation process, the integrated intensity of YFP-PABPN1
was measured from the time-lapse images at 30 min intervals
(Fig. 2C). This analysis reveals that foci are first formed with-
out increase in fluorescence intensity (Fig. 2B and C; 30 min)
and subsequently the PABPNI integrated intensity is increased
together with PABPN1 accumulation in foci (Fig. 2B and C).
This suggests that aggregation of PABPNI in foci proceeds in
two steps: first foci are made of existing proteins (named pre-I)
and subsequently accumulation of PABPNI is associated with
inclusion formation.

Quantification of PABPNI aggregation process reveals
pre-inclusion structures. To analyse the aggregation process
of PABPNI in more details, confocal images of single nuclei
were taken and image quantifications were used to describe the
nuclear organization of PABPNI. We found a change in fluores-
cence distribution from an irregular to a foci type of distribution
in nuclei with speckles or with inclusions, respectively (Fig. 3A).
Also, PABPNI was depleted from the nucleoplasm in nuclei with
inclusions. In nuclei with pre-1, both nucleoplasm staining and
foci structures were found (Fig. 3A), suggesting that pre-I is a
transitional step. This suggests that during PABPN1 aggregation
proteins are gradually depleted from the nucleoplasm and accu-
mulate in foci.

To confirm that PABPNI in foci is aggregated according to
the biochemical definition,”*® cells were treated with high Triton
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X100 or KClI concentration. PABPN1 foci were resistant to 1%
Triton-X100 treatment (Fig. 3Bi). In contrast, the organization
in speckles disrupted after treatment with 1% Triton-X100 but
not with 0.1% Triton-X100 (Fig. 3Bi speckles are marked with
S). In addition, confocal images of single nuclei before and after
IM KCI show that the fluorescence distribution of AlalO- or
Alal6-PABPNI in foci is KCl resistant, whereas the distribution
in speckles disrupted and reduced (Fig. 3Bii). This demonstrated
that pre-I structures contain aggregated PABPNI. Based on these
biochemical experiments no differences were found between
aggregated WT- or expPABPNI proteins.

Next, we evaluated the expression level of nuclear PABPN1
by measuring the integrated mean fluorescence intensity from
confocal images. Between speckles and inclusions a significant
increase in protein accumulation was found (Fig. 3C), fur-
ther demonstrating that in vitro aggregation is associated with
increase in protein accumulation.!? In cells with pre-I structures
the mean integrated fluorescence intensity was similar to that
measured in cells with speckles (Fig. 3C). This indicates that the
existing PABPN1 proteins initially aggregate and only after an
increase in PABPNI protein accumulation inclusions are formed.
This conclusion is consistent with the observations in Figure 2B
showing that foci are first formed without increase in fluores-
cence intensity and only subsequently an increase in PABPNI
protein accumulation was found. Together it suggests that pre-I
are formed from pre-existing PABPN1 molecules.

If inclusion formation was associated with protein accumula-
tion we would expect to find a gradual increase in cells contain-
ing inclusions in a population of transfected cells. The proportion
of transfected cells with inclusions increased between 24 and 48
hours whereas the proportion of cells with speckles reduced (Fig.
3D). In contrast, the proportion of cells with pre-I structures did
not change between the two time points (Fig. 3D). This further
suggests that pre-I structures are transitional.

Pre-inclusion structures differ between WT- and exp-
PABPNI. To further characterize structures of nuclear PABPNI,
protein mobility was determined with the FRAP procedure. YFP-
PABPN1 mobility was analysed in bleached regions of speckles,
pre-I and inclusions (examples of the bleached regions are indi-
cated with a circle in Fig. 4A). The fluorescence recovery plots
of PABPNI1 revealed distinct protein mobility between speckles,
pre-I and inclusions (Fig. 3B). Consistent with the characteristic
of aggregated proteins, in pre-I and inclusions immobile fractions
were found, while in speckles Alal0-PABPN1 was fully mobile
(Fig. 4B). Interestingly, in speckles of Alal6-PABPNI a small
immobile fraction was found (Fig. 4B and D). Also in the nucleo-
plasm of Alal6-PABPNI, but not in Alal0-PABPNI expressing
cells, a small immobile fraction was found (Fig. 4C and D). This
indicates the presence of bound protein species of expPABPN1 in
the nucleoplasm before aggregated species are formed.

Between pre-I and inclusions a gradual and statistical significant
increase in the immobile fraction and in the average half time (t, ,)
was found (Fig. 4B and D). As PABPN1 mobility in pre-I struc-
tures was intermediate to that in inclusions and speckles, it further
suggests that pre-I structures are transitional. Most differences were
found in the pre-I structures (Fig. 4D). In the Alal6-PABPNI
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Figure 2. PABPN1 foci formation is a multi step process. (A) Time-lapse imaging of inclusion formation in cells expressing WT-PABPN1 (Ala10-PABPN1)
or expPABPN1 (Ala16-PABPNT1) fused to YFP. Time 0 was defined as 1 hour before foci formation. The elapsed time of each frame is indicated. Scale bars
are 10 wm. (B) Intensity distribution plots of PABPN1 were made from cells at 0:00, 0:30 and 1:30 and 8:30 hours (in A). Intensities were measured along
the transverse lines (shown in A). (C) Quantification of PABPNT intensity in selected nuclei. Integrated intensity measured in 30-60 min intervals and
was normalized to the intensity measured at time 0. Shown are cells expressing YFP-Ala10-PABPN1 (black line) and two YFP-Ala16-PABPN1 expressing
cells (red lines). Arrows indicate the times that were selected for generating the intensity plots (B).
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Figure 3. Quantification of INI formation reveals transitional pre-I structures. Cells expressing YFP-Ala10-PABPN1 (YFP-Ala10) or YFP-Ala16-PABPN1

(YFP-Ala16) vectors and were imaged 24 hours after transfection. (A) Confocal images of representative nuclei show PABPN1 localized to speckles, pre-
I and inclusions. Scale bars are 1 wm. Exposure times are equal. For each of the organizational structures intensity distribution plots of PABPN1 were
made along the transverse lines. (B) Biochemical properties of pre-I structures. YFP-Ala10-PABPN1 or YFP-Ala16-PABPNT1 transfected cells were treated
with KCl or Triton-X100 24 hours after transfection. (i) Cells were treated with 1% triton X-100 for 15 minutes, 0.1%% triton X-100 was used as a control.
Cells with speckles fluorescence distribution are indicated with S. Scale bars are 10 pm. (ii) Confocal Z-stacks were taken from living cells 20 minutes
after KCl (1 M final concentration) treatment. As a control, the same cells were imaged before treatment. Shown are maximum projections of repre-
sentative cells with speckles or pre-INI. Scale bars are 1 um. The fluorescence intensity for each of the nuclei is shown. (C) Quantification of integrated
fluorescence intensity in cells exhibiting speckles, pre-1 or inclusion organization of PABPN1. Confocal images were taken from cells transfected with
YFP-Ala10-PABPN1 or with YFP-Ala16-PABPN1 27 hours post transfection, Histograms show the integrated mean intensity of PABPN1 fluorescence in
each of the structural organizations: speckles, pre-I and INI. The asterisk indicates p < 0.05, two-tailed t-test. Averages represent 25 cells. (D) Histo-
grams show the percentage of cells with Ala10- or Ala16-PABPN1 with speckles, pre-I or inclusions at 24 and 48 hours after transfection. The number

(N=) of counted cells is indicated.

expressing cells the immobile fraction and the average half time
were smaller as compared with Alal0-PABPN1 expressing cells.
This indicates a higher mobility of the mutant protein in pre-I as
compared to the WT protein. In contrast, the mobility in inclusions
did not differ between cells expressing Alal0- or Alal6-PABPN1
(Fig. 4D). Together, this reveals differences between WT- and exp-
PABPNI mobility eatly in the aggregation process, while the mobil-
ity in inclusions appeared to be very similar. In addition, it suggests
that pre-I structures are distinct from inclusions.

Next we employed microscopic co-localization studies to fur-
ther characterize pre-I structures. Molecular partners were used
to differentiate between PABPNI in speckles and in inclusions.’
Whereas SC35 co-localizes with PABPN1 in speckles it does
not co-localize with inclusions and poly(A) polymerase (PAP)
and ubiquitin co-localize with PABPNI in inclusions but not
in speckles.” We confirmed these observations in our cell model
(Sup. Fig. 2) and investigated the co-localization of these molec-
ular partners in pre-I (Fig. 5). Fluorescence intensity plots were
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applied to determine co-localization between PABPN1 and mol-
cular partners in pre-I structures (Fig. 5). PAP, but not HSP70
co-localized with pre-I structures in Alal0- and Alal6-PABPN1
transfected cells (Fig. 5). Ubiquitin, however, co-localized only
with pre-I structures of expPABPN1 (Fig. 5). This indicates that
molecular differences between Alal0- and Alal6-PABPNI exist
between pre-1 and inclusion structures, and between pre-1 of exp-
PABPNI and those of the WT protein.

Since pre-I structures of Alal0- and Alal6-PABPN1 differ in
molecular partners, it is possible that their size also differs. To
address this possibility Stimulated Emission Depletion (STED)
microscopy was applied, since its resolution is higher than that
of a confocal microscope.”” The smallest pre-1 structures in
Alal6-PABPNI expressing cells were 50—70 nm (Fig. 6). In cells
expressing Alal0-PABPN1, however, the smallest particles found
were 150-170 nm (Fig. 6). This suggests that pre-I structures of
expPABPNI are more stable, and thus detectable, as compared to
pre-I1 of WT PABPNI.
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Figure 4. FRAP analysis reveals differences in protein mobility between WT- and expPABPN1. FRAP analysis was preformed on cells transfected with
YFP-Ala10-PABPN1 (YFP-Ala10) or YFP-Ala16-PABPN1 (YFP-Ala16) vectors. (A) Confocal images of representative nuclei. The bleached area in nucleo-
plasm, speckles, pre-1 and inclusions are indicated with circles. Scale bars are 1 um. (B) FRAP plots show the fluorescence recovery of YFP-Ala10-
PABPN1 (i) or YFP-Ala16-PABPNT (ii) in speckles (red line), pre-I (light blue) or inclusions (dark blue). (C) FRAP plots show the fluorescence recovery of
YFP-Ala10-PABPNT1 (red) or YFP-Ala16-PABPN1 (blue) in the nucleoplasm. (D) Table shows the biophysical properties of PABPN1 in the three nuclear
structures and in the nucleoplasm. Differences between YFP-Ala10-PABPN1 and YFP-Ala16-PABPN1 are highlighted in red. N indicates the number of

Temporal differences in the aggregation process between
WT and expPABPNI are found in the pre-inclusion step. To
identify temporal differences in the aggregation process of WT
and mutant PABPN1 the accumulation of fluorescence in foci
between WT and mutant PABPN1 was quantified in images
from 15 nuclei. A fast increase in the mean fluorescence inten-
sity in foci was found in Alal0 expressing cells while at the same
time (t = 13.3 hours) the mean fluorescence intensity of Alal6
expressing cells was only slightly increased (Fig. 7A). These dif-
ferences were consistent and significant (p < 0.005), indicating
that WT-PABPNI1 accumulation in foci is faster as compared
to the accumulation of the expPABPN1 protein in foci.

In about 20% of the Alal0-PABPNI expressing cells (N = 25
cells), foci were spontancously reverted to a speckle-like organiza-
tion (Fig. 7B and Sup. Movie 2A). In contrast, during the same
time (10.5 hours) foci reversion was not found in Alal6-PABPN1
expressing cells (N = 30 cells) (Fig. 7B and Sup. Movie 2B). This
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reversion was not associated with cell division. This reveals that
foci structures of WT-PABPN1 but not of the mutant protein are
reversible.

PABPNI affinity binder specifically reverses pre-inclusion
structures. The intrabody VHH-3F5 is a small affinity binder
for PABPNI, which specifically recognizes the alpha-helical
domain in PABPN1.!%° The alpha-helical domain is essential for
INI formation,” and binding of VHH-3F5 to PABPNI1 interferes
with this process in both cellular and animal models.'**' Here
we analyzed whether VHH-3F5 specifically interferes with inclu-
sions or pre-I structures. In agreement with previous studies,'®
when VHH-3F5 was simultaneously expressed with either WT-
or expPABPNI, cells containing inclusions were not detected.
This indicates prevention of protein aggregation by VHH-3F5
(Fig. 8A; VHH-3F5, t = 0). In sequential co-transfection experi-
ments where transfection of VHH-3F5-CFP followed that of
YFP-PABPN1 with 7 hours time interval, a significant reduction
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of cells with pre-I was found (Fig. 8A; 3F5, t =
7) and in time-lapse imaging reversion of pre-I
into speckles was detected. In these experi-
ments, no inclusion reversal was found (Fig.
8B). Since VHH-3F5 co-localizes with both
pre-I and inclusion structures (Fig. 8B) the
difference in its propensity to revert PABPN1
aggregates could result from the different bio-
physical properties of PABPNI in each of the
structures.

Ala16

To test this hypothesis, we analyzed the
effect of VHH-3F5 on PABPNI mobility in
cells that were sequentially co-transfected with
Alal0-PABPNI1 or Alal6-PABPN1 and VHH-
3F5-CFP, as described above. The fluorescence
recovery plots revealed that in the presence
of VHH-3F5-CFP the mobility of PABPN1
increased in pre-I, and the immobile fraction
was reduced (Fig. 8D and indicated in red).
In contrast, VHH-3F5-CFP expression did
not affect PABPN1 mobility and the immobile
fraction in inclusions (Fig. 8C). Importantly,
VHH-3F5 also reduced the immobile fraction
of pre-aggregated Alal6 in speckles (Fig. 8D).
These results suggest that VHH-3F5 prevents
INI formation by reducing pre-aggregated and

Ala16

pre-inclusion structures of expPABPNI.
Discussion

Protein aggregation of poly-Ala or poly-Glu
expanded mutant proteins is a pathological
hallmark of a number of neuro- and myode-
generative diseases. In addition, a widespread
protein aggregation was recently demonstrated
during normal aging of C. elegans.* Although
prevention of protein aggregation in disease
models has been shown a promising therapeutic
strategy to delay the pathogenesis of this group
of disorders in animal models (reviewed in ref.
22 and 23), it is essential to demonstrate the target specificity of
these anti-aggregation strategies. Taking advantage of the aggre-
gation-prone biochemical property of WT- and expPABPNI
we performed a quantitative comparative study of the aggrega-
tion process. Smilar to aggregation of poly-Glu expanded pro-
teins PABPNI aggregation process can be divided into distinct
steps. Initially pre-I insoluble structures are formed from existing
PABPN1 molecules and inclusion formation is associated with an
increase in protein accumulation. Pre-I and inclusions are also
distinguished based on PABPN1 mobility and co-localization of
molecular partners, but biochemically they are similar. Moreover,
pre-I structures are transitional while inclusions are not.

Our studies here revealed temporal differences between the
Alal0- and Alal6-PABPNI1 aggregation processes. We found a
temporal extension of the pre-I step in Alal6-PABPNI express-
ing cells suggesting a delay in inclusion formation. Our FRAP
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analysis revealed that in pre-I structures of Alal6-PABPNI1
protein mobility is higher than that of the WT protein. Since
aggregated proteins are entrapped in inclusions, the higher pro-
tein mobility suggests a slower protein entrapment and therefore
a delay in inclusion formation in expPABPN1 expressing cells. In
our studies, however we did not find differences between inclu-
sions of WT- and expPABPNI1 expressing cells. Together we sug-
gest that the aggregation process of WT- and expPABPNI1 differs
in steps preceding inclusion formation.

Although aggregated proteins are mostly known for their
accumulation in insoluble inclusion bodies,' here we identified
an immobile fraction of Alal6-PABPN1, which is not localized
to fluorescence foci. This immobile fraction could represent pre-
aggregated species and could be equivalent to oligomers of poly-
Glu.** More recently, in cellular models for Huntington disease,
these oligomers were suggested to initiate the aggregation process
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Figure 6. High-resolution STED microscopy reveals size differences be-
tween WT- and expPABPN1 pre-I structures. Cells expressing YFP-Ala10-
PABPNT1 or YFP-Ala16-PABPN1 were fixed 24 hours post transfection and
subjected to STED microscopy. (i) Image shows representative nuclei,
scale bar equals 400 nm. (ii) Line profiles and foci size is shown for the
smallest individual foci in each of the images.

of the mutant protein and have been suggested to represent a
toxic unit.”>?® Since only expPABPNI is known to be toxic, the
differences presented here between WT- and expPABPN1 could
suggest that toxicity of expPABPN1 may lie in early aggregation
stages, preceding inclusion formation. In vitro, the function-
ality of PABPNI is restricted to the soluble protein.?” Thus, it
is possible that pre-aggregated PABPN1 and PABPNI in pre-I
structures are less active. Since these protein species are predomi-
nately found in cells expressing the mutant protein, it suggests
that in cells expressing expPABPNI, the availability of functional
PABPNI is reduced as compared with cells expressing the WT
protein. A change in the ratio between soluble and insoluble pro-
tein species was recently suggested for other aggregation disorders
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like Dystrophia myotonia type and Huntington’s disease.”’
Therefore, the change in ratio between the soluble and insoluble
protein species in protein aggregation disorders could lead to
reduced cell function.

VHH-3F5 was demonstrated as an effective anti-aggrega-
tion molecule in an OPMD Drosophila model?! and in Hela
cells.’ Here we show that VHH-3F5 is highly effective in
reversal of pre-I structures and that it reduces the mobility of
PABPNTI in pre-I structures. Moreover VHH-3F5 reduces the
immobile fraction in pre-aggregated species. This suggests that
anti-aggregation approaches would be more effective when the
ratio between pre-aggregated and aggregated proteins is high.
When the aggregated proteins are entrapped in inclusions they
are less mobile and therefore aggregation reversion is less effi-
cient. These results open a new opportunity to interfere with
pre-aggregated structured of disease-associated aggregated
proteins.

www.landesbioscience.com
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Materials and Methods

Plasmid constructs. The Alal0-PABPN1 (WT-PABPN1) was
cloned in the EGFP-C1 (Clontech Laboratories Inc.,) expression
vector using the following primers, forward: 5-ACG AGA ATT
CAT GGC GGC G, reverse: 5-GAT ATG GTA CCG GGT
AAG GGG ATA CC containing EcoRI and BamHI restriction
sites, respectively. Subsequently, the EGFP fragment was replaced
by ECFP and EYFP using the restriction sites EcoRI and BamHI.
The ¢cDNA for Alal6-PABPN1 (expPABPNI1) was amplified
from the WT-PABPNI using the forward primer 5-ACG AGA
ATT CAT GGC GGC GGC GGC G-3, and the reverse primer
5-GAT ATG GTA CCG GGT AAG GGG ATA CC-3', con-
taining EcoRI and BamHI restriction sites, respectively. Purified
and amplified PCR fragments were inserted in-frame into EcoRI-
BamH]1 fragment of pEGFP and pEYFP (Clontech Laboratories
Inc.). All plasmids were verified by direct sequencing (LGTC,
Leiden, Netherlands). The NLS-VHH-3F5-GFP construct was
previously described in reference 16. The NLS-VHH-3F5 frag-
ment was cloned into the ECFP-NI using EcoRI-BamHI restric-
tion sites.

Cell culture, transfection and cell-based selection. U20S
human osteosarcoma cells were obtained from A.G. Jochemsen
(MCB, LUMC, Leiden, The Netherlands). Cells were routinely
grown in Dulbecco’s medium (DMEM) without phenol red,
containing 1.0 mg/ml glucose, supplemented with 10% foetal
calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin, all Gibco BRL, in a humidified incuba-
tor at 37°C (5% CO,).

For transformation, U20S-cells were grown to 60-70% con-
fluence on small Petri dishes containing a glass bottom (Mat Tek
corporation, glass bottom no 1.5). Cells were transfected with a
total of 0.7 pg of the plasmid DNA by using Lipofectamine™
2000 (Invitrogen) according to the manufacturer’s protocol. For
co-transfection experiments 0.5 pg of each plasmid were used.
Cells were analyzed between 20-72 hours post-transfection only.

The normalized integrated fluorescence intensity was calcu-
lated in the following steps: (1) using DAPI staining the nuclear
ROI was determined. (2) the integrated nuclear fluorescence
intensity of GFP and CFP spectra in the nuclear ROI was mea-
sured. (3) in excel the normalized integrated intensity was calcu-
lated after background correction. Subsequently the endogenous
level was calculated: endogenous = [CFP] - [GFP]; the trans-
gene expression level was normalized to the endogenous [GFP]/
[endogenous].

Activation of apoptosis was monitored with the cleaved cas-
pase-3 antibody, and was found only in cells that express PABPN1
at high overexpression levels (Sup. 4). These cells were excluded
from our studies.

Immunocytochemistry. Immunocytochemistry of trans-
fected cells grown on glass was carried out as previously
described in reference 30. PABPN1 was detected with VHH-
3F5-Myc (1:1,000) and secondary mouse anti Myc (1:1,000;
Sigma-Aldrich) and DEAC conjugated secondary antibod-
ies. Additional antibodies used in this study are: mouse anti

SC35 (1:500; Sigma-Aldrich), rabbit anti PAP (1:500; Santa
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Figure 7. Temporal differences between WT and expPABPN1 aggre-
gation process. (A) Quantitative analysis of PABPN1 accumulation in
foci. The fluorescence intensity in foci was measured from time-lapse
images of cells expressing YFP-Ala10-PABPN1 or YFP-Ala16-PABPN1. The
percentage of fluorescence intensity localized to foci was calculated
from the nuclear fluorescence intensity. Plots show average of 7 and 15
cells for WT- and expPABPN1, respectively. (B) Pre-I reversion. Images of
nuclei at time 0:00 and 10:30 hours were taken from time-lapse imaging
of cells expressing YFP-Ala10- or Ala16-PABPN1. Time and scale bars are
indicated.

Cruz Biotechnology), sheep anti Ubiquitin (1:500; Abcam),
rabbit anti poly-Ubiquitin (1:500; Dako), rabbit anti Hsp70
(1:750; Santa Cruz Biotechnology), which were detected with
the appropriate Alexa-Fluor 488, Alexa-Fluor 594 (Invitrogen)
or DEAC conjugated secondary antibodies. Preparations were
mounted in Citifluor (Agar Scientific) containing 400 pg/
ml DAPI (Sigma-Aldrich) and examined with confocal laser
scanning microscopy (Leica SP5) or Fluorescence microscope
(Leica DM RXA), using a 63x or a 100x lens NA 1.4 plan Apo
objective.

Live cell imaging and image analysis. Imaging of living cells
was carried out in a climate chamber maintained at 37°C and 5%
CQO,. For short periods, cells were maintained in 37°C without
CO,. Unless otherwise mentioned, image analysis and quantifi-
cation was performed with an imaging program that was made
in the department of MCB, LUMC, Leiden, The Netherlands.

Time-lapse microscopy. We used wide-field microscopy on a
microscopic workstation (model AF6000 XL; Leica), equipped
with a Leica EL6000 external light source with metal halide bulb
and a 63x NA 1.4 plan Apo objective. A CFP-YFP FRET filter
block from Chroma technology was used to collect fluorescence
images.

During the imaging climate chamber maintained at 37°C and
the CO, concentration adjusted to 5%. A binning of 2 x 2 pixels
was used to reduce the exposure time below 1 second. Time lapse
imaging of 10 Z-stacks was carried out at 30 min intervals. Image
processing was carried out with Leica software.

Quantification of foci dynamics. Quantification analysis of
the time-lapse microscopic images that were taken at 30 min-
utes intervals was carried out using the Image Processing tool-
box of the software package Matlab. An adaptive threshold
was first applied to separate the nucleus from the cytoplasmic
background. Next, the extended-maxima transform?® was used
to identify local maxima of the image intensity. The local inten-
sity maxima were set and identified as foci, in order to be dis-
tinguished from the diffused signal in speckles. This automatic
foci quantification was applied to all (usually 2—4) cells in a sin-
gle frame. Fluorescence intensity in foci was normalized to the
nuclear intensity and was plotted over time. In order to compare
between multiple cells, time 0 was defined as one hour before
foci were detected. The fluorescence intensity in speckles was set
as a threshold value and fluorescence intensities in foci above the
threshold value were recorded in time.

Fluorescence recovery after photobleaching (FRAP). FRAP
experiments were performed on a Leica TCS/SP5 confocal
microscope using a 100x NA 1.4PL APO objective lens. The 488
nm and 514 nm laser lines were used for excitation of GFP and
YEP, respectively. Since the pre-I structures are highly mobile,
we choose a 2 wm bleaching area, containing a single particle
(Fig. 1A). For bleaching the laser power was set to maximum.
Ten images were taken before the bleaching and 120 images after
bleaching at time intervals of 0.555 s at 4% laser transmission to
avoid additional bleaching. Fluorescence recovery analyses of the
beached areas were automatically carried out with Leica software.
The recovery curves were corrected for background, fluorescence

Figure 8 (See opposite page). VHH-3F5 dissolves pre-| structures. (A) Histograms show the percentage of speckle, pre-1 or inclusions as function of
time in cells co-expressing YFP-Ala10-PABPN1 or YFP-Ala16-PABPN1 and NLS-VHH-3F5-CFP. Cells were either co-transfected with the PABPN1 and VHH-
3F5 plasmids at time 0, or initially transfected with the PABPN1 constructs and after 7 hours co-transfected with the VHH-3F5 construct. Measurements
were carried out 24 or 32 hours post-transfection, respectively. The number of cells for each histogram is indicated. (B) Time-lapse imaging of cells that
were initially transfected with either YFP-Ala10-PABPN1 or YFP-Ala16-PABPN1 and 7 hours later co-transfected with VHH-3F5-CFP. Imaging of living
cells started 24 hours after transfection with VHH-3F5-CFP. Upper row shows co-transfected cells with inclusions. VHH-3F5-CFP binding to PABPNT1 in
inclusions does not affect the aggregates. Lower row show a co-transfected cell with pre-I (indicated with an arrow), where the foci structures gradu-
ally disappears. (C) FRAP fluorescence recovery plots of U20S cells that were sequentially co-transfected cells. FRAP was measured from YFP-Ala10-
PABPN1 (i) or YFP-Ala16-PABPN1 (ii) in speckles (red line), pre-I (light blue) and inclusions (dark blue). Averages represent 12-18 cells, as indicated in (D).
Table shows the half time of fluorescence recovery (t,,)in seconds and the immobile fraction for every set of transformations in each of the PABPN1
organizational structures. Numbers that are highlighted in red indicate significant difference between the single transfections, as shown in Figure 3C,
and the co-transfections with VHH-3F5. The number of cells used for statistical analysis is indicated (N).
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fading and decrease in fluorescence during photobleaching. The
t,, value was defined as the time required for reaching half-max-
imum recovery and was calculated from the corrected recovery
curves.

STED microscopy and particle size. Transfected U20S cells
were fixed 24 hours post transfection and were imaged with a
STED microscope as described in reference 19. Quantification of
particle size was carried out as described in reference 19.
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