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Abstract A number of missense mutations in the two
related small heat shock proteins HspB8 (Hsp22) and HspB1
(Hsp27) have been associated with the inherited motor
neuron diseases (MND) distal hereditary motor neuropathy
and Charcot-Marie-Tooth disease. HspB8 and HspB1 interact
with each other, suggesting that these two etiologic factors
may act through a common biochemical mechanism. How-
ever, their role in neuron biology and in MND is not
understood. In a yeast two-hybrid screen, we identified the
DEAD box protein Ddx20 (gemin3, DP103) as interacting
partner of HspB8. Using co-immunoprecipitation, chemical
cross-linking, and in vivo quantitative fluorescence resonance
energy transfer, we confirmed this interaction. We also show
that the two disease-associated mutant HspB8 forms have
abnormally increased binding to Ddx20. Ddx20 itself binds to

the survival-of-motor-neurons protein (SMN protein), and
mutations in the SMN1 gene cause spinal muscular atrophy,
another MND and one of the most prevalent genetic causes
of infant mortality. Thus, these protein interaction data have
linked the three etiologic factors HspB8, HspB1, and SMN
protein, and mutations in any of their genes cause the various
forms of MND. Ddx20 and SMN protein are involved in
spliceosome assembly and pre-mRNA processing. RNase
treatment affected the interaction of the mutant HspB8 with
Ddx20 suggesting RNA involvement in this interaction and a
potential role of HspB8 in ribonucleoprotein processing.
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Introduction

Distal hereditary motor neuropathy (dHMN) is one type of
motor neuron disease (MND) that is characterized by
progressive weakness and wasting of the extensor muscles
of the feet, frequently resulting in foot deformity (Harding
and Thomas 1980; Irobi et al. 2004a). In due course, distal
upper limb muscles often become involved, and additional
features including paralysis of the vocal cords and
diaphragm may occur. Charcot-Marie-Tooth disease
(CMT) has similar symptoms, with additional involvement
of the sensory nerves of the peripheral nervous system,
although the clinical differentiation of both neuropathies
sometimes can be difficult (Harding and Thomas 1980; Shy
2004). Both diseases are genetically heterogeneous. Among
the proteins affected by mutations are the two small heat
shock proteins (sHSP) of the HSPB family, HspB8
(synonyms: Hsp22, H11, E2IG1; gene: HSPB8) and HspB1
(synonyms: Hsp27, Hsp25; gene: HSPB1) (reviewed in
Benndorf and Welsh 2004; Dierick et al. 2005; Benndorf
2010). To date, three missense mutations in HspB8 in five
families with dHMN type II or CMT type 2L (OMIM
608014, #608673) have been reported (Irobi et al. 2004b;
Tang et al. 2005). These mutations affect the "hot spot"
amino acid residue Lys141 (cf. Fig. 1a) in the wild-type

HspB8 (wtHspB8) protein changing it to either Glu
(K141EHspB8) or Asn (K141NHspB8).

Mammals contain ten sHSPs (Fontaine et al. 2003; Kappé
et al. 2003; Kappé et al. 2010). These proteins are grouped
together by the presence of a conserved stretch of ∼85 amino
acid residues, the so-called α-crystallin domain, in their
C-terminal halves (cf. Fig. 1a). Most of the studied sHSPs
have chaperone-like properties that are thought to be the
basis for their ability to protect cells from adverse conditions
by inhibiting apoptosis (Rogalla et al. 1999; Bruey et al.
2000; Kim et al 2004; Carra et al. 2005), although HspB8
may act also through a non-canonical mechanism which is
unrelated to the chaperone model, and may even promote
apoptosis (Hase et al. 2005; Carra et al. 2009). sHSPs have
been implicated in various additional functions, including
consolidation of redox homeostasis, proteasome-mediated
protein degradation, RNA processing, and cytoskeletal
functions such as cell motility, and muscle contraction and
relaxation (reviewed in Benndorf 2010).

Most of the sHSPs are expressed in many tissues, with
differing expression profiles probably in each tissue
(Verschuure et al. 2003). sHSPs have the ability to form
homo- and hetero-dimers, and also homo- and hetero-
oligomeric complexes (reviewed in Benndorf 2010). HspB8
was shown to form homo-dimers, and hetero-dimers with

Fig. 1 Sequences and domains of human HspB8 and Ddx20 and
isoelectric points of wtHspB8 and muHspB8 forms. a HspB8
(GenBank accession: AF250138.1). The domains were designated as
described previously (Fontaine et al. 2003). The known disease-
associated mutations affect Lys141 (highlighted in black) in the
conserved α-crystallin domain. b Ddx20 (GenBank accession:
NM_007204.4). The N-terminal half contains the conserved DEAD
box RNA helicase domain with the seven helicase motifs I, Ia, II, III,
IV, V, and VI. The non-conserved C-terminal half contains the HspB8
binding region (positions 475–727; bold, single underline), the SMN
protein-binding region (positions 456–547; dashed underline; cf.
Charroux et al. 1999), and the SF-1 binding region (positions 719–

824; dotted underline; corresponds to positions 721–825 in the mouse
sequence BC137721.1; cf. Yan et al. 2003). In (a) and (b), cysteine
residues reactive to the BMH cross-linking reagent are highlighted in
gray (cf. Fig. 3). c Isoelectric focusing of wtHspB8 and muHspB8
forms. cDNAs of untagged wtHspB8 (construct 2), K141EHspB8
(construct 3), or K141NHspB8 (construct 4) were used to transfect
HEK293T cells, and 48 h later the cell proteins were separated by IEF-
PAGE/Western blotting using a specific anti-HspB8 antibody.
K141EHspB8 and K141NHspB8 showed more acidic pIs (∼4.2 and
∼4.3, respectively) as compared to wtHspB8 (∼4.7). The approximate
positions of the marker proteins β-lactoglobulin B (∼5.1), phycocy-
anin (∼4.6), and glucose oxidase (∼4.2) are indicated

568 X. Sun et al.



HspB1, HspB2, HspB5, HspB6, and HspB7 (Sun et al.
2004; Fontaine et al. 2005), although oligomeric forms could
not be detected using recombinant HspB8 (Chowdary et al.
2004; Kim et al 2004). However, in extracts of cardiac and
breast cancer cells, recruitment of HspB8 into high-
molecular-mass material was reported, even though the
nature of this material is not known (Fontaine et al. 2005;
Sun et al. 2007). Association of HspB8 with other proteins
may account for such high-molecular-mass species (see
below).

sHSPs play distinguished roles in several tissues. Muscles,
for example, contain extraordinary high amounts of the
HspB5 (αB-crystallin), and a number of recently identified
mutations in this sHSP are associated with myofibrillar
myopathy or dilated cardiomyopathy (Inaguma et al. 1995;
Vicart et al. 1998; Selcen and Engel 2003; Inagaki et al.
2006; Pilotto et al. 2006). Neuronal cells express several of
the sHSPs, including HspB8, HspB1, and HspB5, and are
efficiently protected from injury by sHSPs, notably HspB1
(Benn et al. 2002). Although involvement of HspB1 in
growth and branching of neurons has been suggested, the
precise role of sHSPs in the nervous system is not
understood (Benn et al. 2002; Williams et al. 2006).
Likewise, it is not known what events lead to the slow
death of specifically motor neurons in dHMN and CMT
resulting from the mutations in HspB8 or HspB1. Recent
findings concerning the involvement of HspB8 in substrate
sorting between renaturation and lysosomal degradation, or
in proteasome activation, eventually may lead to a better
understanding of its molecular and cellular functions (Carra
et al. 2008; Hedhli et al. 2008).

The known mutant forms of HspB8 (muHspB8) have
genetic dominant gain-of-function or dominant-negative
characteristics suggesting that they exert their deleterious
effects through abnormally altered properties, possibly in
interaction with other proteins (Irobi et al. 2004b; Tang et al.
2005; Benndorf 2010). Previously, we have shown that both
muHspB8 forms exhibited abnormally increased interactions
with HspB1 and HspB5 (Fontaine et al. 2006). In addition to
interactions among themselves, several sHSPs are known to
interact also with other proteins, e.g., HspB1 interacts with
PASS1 and Hic-5 (ARA55), and HspB8 with Sam68, TLR4,
and Bag3 (Liu et al. 2000; Jia et al. 2001; Badri et al. 2006;
Roelofs et al. 2006; Carra et al. 2009). This raises the
question whether the muHspB8-associated pathology may
also involve abnormal interactions with other, possibly
unknown, proteins. To test this hypothesis, we performed a
library-scale yeast two-hybrid (YTH) screen for proteins
interacting with HspB8. We demonstrate herein that the
RNA helicase Ddx20, a component of the survival-of-motor-
neurons complex (SMN complex), interacts with HspB8, and
that both muHspB8 forms have increased interaction stoichi-
ometry with Ddx20. Ddx20 itself interacts with another

component of the SMN complexes, the survival-of-motor-
neurons protein (SMN protein; Charroux et al. 1999).
Interestingly, mutations in the SMN1 gene are associated
with spinal muscular atrophy (SMA), another MND
(Lefebvre et al. 1995; Gubitz et al. 2004). Thus, these
protein interaction data link seemingly unrelated etiologic
factors (HspB8, HspB1, HspB5, and SMN protein) for
several MNDs and myopathies, and we propose that they
act through one common biochemical mechanism or
signaling pathway.

Material and methods

Origin of cDNAs and cloning information

HspB8 cDNAwas obtained from a human heart cDNA library
(Benndorf et al. 2001). Full-length Ddx20 cDNAwas bought
from OriGene (Rockville, MD, USA). More information on
the used cloning procedures, plasmid constructs and PCR
primers is given in Table 1. The vectors TOPO TA,
pcDNA4/HisMAx TOPO TA, pcDNA3.1(+), pcDNA3.1myc
(all from Invitrogen, Carlsbad, CA, USA), and pFlag-CMV2
(Sigma, St. Louis, MO, USA) were used for cloning
purposes and for expression in mammalian cells. pACT2
and pGBKT7 (Clontech, Mountain View, CA, USA) were
used for YTH experiments, and peCFP-N1 and peCIT-C1
(Invitrogen) for quantitative fluorescence resonance energy
transfer (qFRET) experiments. For site-directed mutagenesis
the PfuTurbo Hotstart PCR Master Mix (Stratagene, La Jolla,
CA, USA) was used.

Yeast two-hybrid library screen

The human heart cDNA library (Clontech) in the "prey"
vector pACT2 with the Gal4-transcription activation do-
main was propagated as described in the manufacturer’s
instruction. The YTH screening was performed by trans-
forming the yeast strain AH109 first with the “bait” plasmid
(pGBKT7-wtHspB8, construct 1) followed by a second
transformation with the library plasmids. More than 106

independent clones were screened. Primary positive clones
were obtained with nutrition deficiency (-Trp, -Leu, -His)
selection (growth) and the X-α-gal reporter gene expression
assay (blue colonies) according to the manufacturer’s
instruction. These primary positive colonies were depleted
of the “bait” vectors and, in order to identify false-positive
colonies, mated with yeast strain Y187 carrying human
lamin C cDNA in the vector pGBKT7 as unrelated control
construct. From the remaining “true” positive colonies, the
plasmids were recovered and sequenced. Out of ∼20 “true”
positive clones, one clone contained a fragment of the
Ddx20 sequence as shown in Fig. 1.
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Cell culture and transfection

HEK293T cells were maintained at 37°C in a 5% CO2

humidified atmosphere in Dulbecco’s Modified Eagle’s
medium supplemented with 10% fetal calf serum. To prevent
cell detachment, culture dishes, coverslips, and glass bottom
dishes (MatTek, Ashland, MA) were treated with poly-D-
lysine before seeding the cells. Cells grown in six-well plates
were transiently transfected with 1 or 2 μg vector cDNA for
single or double transfections, respectively. For expression of
cyan fluorescent protein (CFP) or citrin (CIT) fusion
proteins, cells were transfected with FuGENE 6 (Roche,
Indianapolis, IN, USA) at ∼40% confluency, and analyzed or
harvested 10 h later. For expression of all other constructs,
cells were transfected with Lipofectamine 2000 (Invitrogen)
at ∼90% or ∼40% confluency and analyzed 24 or 48 h later
as specified.

Co-immunoprecipitation

Forty-eight hours after transfection, HEK293T cells were
washed three times with PBS and lysed on ice for 30 min in
500 μl buffer A (low stringency buffer, 50 mM Tris–HCl,
pH 8.0; 100 mM NaCl; 1% Triton X-100; 5 mM EDTA;

1 mM EGTA; 1× protease inhibitor mix from Roche). Cell
lysates were centrifuged at 4°C for 10 min at 14,000×g and
the supernatants were recovered.

For immunoprecipitation with the anti-Xpress monoclo-
nal antibody (Invitrogen) as shown in Fig. 2, the super-
natants were pre-cleared by incubation with 50 μl protein
G-Sepharose slurry (Sigma) for 2 h at 4°C. Two micro-
grams of the anti-Xpress antibody was bound to 50 µl of
protein G-Sepharose by incubating for 2 h at 4°C in 500 µl
of buffer A. These antibody-coated beads then were added
to the cell lysates and incubated over night at 4°C on a
rotating platform. The beads were collected by centrifuga-
tion and washed three times with either buffer A or buffer B
(high stringency buffer: buffer A plus 0.5% sodium
deoxycholate; 0.1% sodium dodecyl sulfate (SDS)).

For treatment of cell extracts with RNase as shown in
Fig. 5, the supernatants were divided into two aliquots. One
aliquot was incubated at 37°C for 30 min with 1 μl of
RNase (500 U/ml RNase A; 20,000 U/ml RNase T1)
cocktail (Ambion, Austin, TX, USA), the other aliquot
(control) was incubated without RNase. Thereafter, the
supernatants were pre-cleared by incubation with 25 µl of
protein G-Sepharose for 1 h at 4°C. One microgram of the
anti-myc monoclonal antibody 9E10 (American Type

Table 1 Designation of the used constructs, origin of the cDNAs, and cloning methods

Construct number and
designation

Used vectors Source of sHSP cDNA/method of cloning Used restriction
sites

Primersa

1 pGBKT7-wtHspB8 pGBKT7 Subcloning of pACT2-HspB8b Nde I, EcoR I –

2 wtHspB8 pcDNA3.1 Described previouslyb – –

3 K141EHspB8 pcDNA3.1 Site-directed mutagenesis of construct 2 – 1, 2

4 K141NHspB8 pcDNA3.1 Site-directed mutagenesis of construct 2 – 3, 4

5 Xpress-Ddx20 pcDNA4/HisMax PCR of Ddx20 cDNA/pcDNA4/HisMax TOPO TA – 5, 6

6 myc-wtHspB8 pcDNA3.1-myc PCR of construct 1/TOPO TA Kpn I, Xbal I 7, 8

7 myc-K141EHspB8 pcDNA3.1-myc Site-directed mutagenesis of construct 6 – 1, 2

8 myc-K141NHspB8 pcDNA3.1-myc Site-directed mutagenesis of construct 6 – 3, 4

9 FLAG-wtHspB8 pFLAG-CMV2 Described previouslyc – –

10 FLAG-K141EHspB8 pFLAG-CMV2 Site-directed mutagenesis of construct 9 – 1, 2

11 FLAG-K141NHspB8 pFLAG-CMV2 Site-directed mutagenesis of construct 9 – 3, 4

12 Ddx20-CIT peCIT-C1 PCR of Ddx20 cDNA/TOPO TA Xho I, Kpn I 9, 10

13 wtHspB8-CFP peCFP-N1 PCR of construct 6/TOPO TA EcoR I, Kpn I 11,12

14 K141EHspB8-CFP peCFP-N1 PCR of construct 7/TOPO TA EcoR I, Kpn I 11,12

15 K141NHspB8-CFP peCFP-N1 PCR of construct 8/TOPO TA EcoR I, Kpn I 11,12

a Primers: 1, 5′-CTAAGAACTTCACAGAGAAAATCCAGCTTCCTGC; 2, 5′-GCAGGAAGCTGGATTTTCTCTGTGAAGTTCTTAG; 3, 5′-
GTTTCTAAGAACTTCACAAACAAAATCCAGCTTCCTGCAGAGG; 4, 5′-CCTCTGCAGGAAGCTGGATTTTGTTTGTGAAGTTCTTA
GAAAC; 5, 5′-ATGGCGGCGGCATTTGAAGCCTCGGGAGCC; 6, 5′-TCACTGGTTACTATGCATCATTTCTTGTAG; 7, 5′-G GTACCATGGCT
GACGGTCAGATGCCCTTC; 8, 5′-CTCTAGACTGGTACAGGTGACTTCCTGGCTGTCCTGGGGAAGCTC; 9, 5′-TCTCGAGC
TATGGCGGCGGCATTTGAAGCC; 10, 5′- GGTACCTCACTGGTTACTATGCATCAT; 11, 5′-AGAACTTACAAACAAAA TCCAGCT; 12, 5′-
AGCTGGATTTTGTTTGTGAAGTTCT
bBenndorf et al. 2001
c Sun et al. 2004
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Culture Collection, Manassas, VA, USA) was bound to
25 µl of protein G-Sepharose by incubating for 2 h at 4°C
in 500 µl of buffer A. These antibody-coated beads then
were added to the cell lysates and the samples were
incubated for 2 h at 4°C on a rotating platform. The beads
were collected by centrifugation and washed three times
with buffer B.

After washing, the bound immunocomplexes were
released from the beads by 3 min boiling in 80 µl of buffer
C (62.5 mM Tris–HCl, pH 6.8; 2% SDS; 10% glycerol;
200 mM dithiothreitol; 0.002% bromophenol blue).
Expressed and immunoprecipitated proteins were analyzed
by SDS–polyacrylamide gel electrophoresis (SDS-PAGE)
followed by Western blotting, using the primary anti-
Xpress and anti-myc antibodies (Invitrogen/American Type
Culture Collection), and the corresponding secondary goat
Fc-specific anti-mouse antibody coupled to horseradish
peroxidase (Jackson, West Grove, PA, USA). Protein bands
were visualized using the ECL system (GE Healthcare,
Uppsala, Sweden). In negative controls, mouse serum was
used for the immunoprecipitation instead of the anti-Xpress
and anti-myc antibodies.

Isoelectric focusing polyacrylamide gel electrophoresis
analysis

Forty-eight hours after transfection, HEK293T cells were
harvested in 100 μl of solution D (8 M urea; 2%
ampholytes 3–10; 3% CHAPS; 2% β-mercaptoethanol).
Cell proteins were separated by isoelectric focusing
polyacrylamide gel electrophoresis (IEF-PAGE) followed
by Western blotting as described previously (Benndorf et al.
2000). Goat anti-HspB8 antibody (Abcam, Cambridge,
MA, USA) and donkey anti-goat antibody coupled to
horseradish peroxidase (Jackson) were used as primary
and secondary antibodies, respectively.

Cross-linking

Forty-eight hours after transfection, HEK293T cells grown in
six-well plates were washed three times with ice-cold buffer E
(20 mM Hepes–KOH, pH 7.5; 125 mM KCl; 5 mM NaCl;
11 mM glucose). Cells were permeabilized by adding 1 ml
of digitonin (Sigma) solution (50 µg/ml in buffer E) per
well. After incubation for 10 min at room temperature, cells
were washed with 1 ml ice-cold buffer E. Thereafter, 1 ml
of a freshly prepared 10 μM bismaleimido-hexane (BMH;
Pierce, Rockford, IL, USA) solution in buffer E was added
to the cells and incubation was continued on ice for 30 min.
After washing with 1 ml ice-cold buffer E, cells were
dissolved at room temperature in 100 μl of buffer C and
boiled for 3 min. The samples were analyzed by SDS-
PAGE/Western blotting using Xpress- and myc-specific
antibody systems.

Immunofluorescence

Twenty-four hours after transfection, HEK293T cells grown
on glass coverslips were washed three times with PBS and
fixed with 4% paraformaldehyde at room temperature for
30 min. After washing with PBS, the coverslips were
incubated for 30 min in buffer F (5% BSA; 0.1% Triton
X-100 in PBS) followed by sequential incubations with the
primary antibodies (monoclonal anti-Xpress, rabbit anti-
Flag; 1:200 dilutions in buffer F; antibodies from Invitro-
gen and Sigma, respectively) and the corresponding
secondary antibodies (donkey anti-mouse-cy3, donkey
anti-rabbit-FITC; 1:200 dilutions in buffer F; antibodies
from Jackson). The coverslips were mounted on slides
using Prolong Gold antifade reagent containing DAPI
(Invitrogen), and sealed with nail polish. For fluorescence
microscopy an inverted epifluorescence microscope Eclipse
TE-2000 U (Nikon, Melleville, NY, USA) was used
equipped with filter sets for FITC (exciter 480/40, emission
535/50), cy3 (exciter 560/55, emission S620/60), and DAPI
(exciter 360/40, emission 460/50). Images were collected

Fig. 2 Abnormally increased interaction of muHspB8 with Ddx20 in
cell extracts. HEK293T cells were singly or doubly transfected with
vector cDNA of Xpress-tagged Ddx20 (construct 5) and myc-tagged
wtHspB8 (construct 6), K141EHspB8 (construct 7), or K141NHspB8
(construct 8), as indicated. Forty-eight hours later, the presence of the
expressed proteins in cell extracts was confirmed by SDS-PAGE/
Western blotting using Xpress- and myc-specific antibodies (I, II).
wtHspB8 and muHspB8 occur in similar amounts in the cell extracts.
Subsequently, Ddx20 was immunoprecipitated from the cell extracts
using both low and high stringency conditions (III and V, respective-
ly), and its presence in the precipitates was confirmed in cells
transfected with Ddx20 indicating proper functioning of the method.
The Western blots of the precipitates were then developed for co-
precipitated HspB8. The various HspB8 forms were detected only in
the precipitates of those cells which expressed both proteins, both
under low and high stringency conditions (IV and VI, respectively).
This co-IP indicates interaction between Ddx20 and the various forms
of HspB8. At low stringency conditions (IV), all HspB8 forms were
co-precipitated to a similar extent, while at high stringency conditions
(VI), the amounts of co-precipitated K141NHspB8, and to a lesser
extent also of K141EHspB8, were greater than that of wtHspB8. The
blot is representative of three independent experiments
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using a digital CoolSnap CCD camera (Photometrics,
Tucson, AZ, USA) and Metamorph image processing
software version 6.2r5 (Molecular Devices, Sunnyvale,
CA, USA).

Live cell imaging and quantitative fluorescence resonance
energy transfer analysis

Ddx20 and the HspB8 species were tagged with CIT and
CFP, respectively (cf. Table 1). Ten hours after transfection,
HEK293T cells grown in glass bottom six-well culture
plates (MatTek) were washed two times with PBS and kept
at 37°C in DMEM medium without phenol red for
collecting the fluorescence images. The configuration of
the microscope, image collection, and processing were as
described above, with the exception that exciter filters
430/25 and 500/20, and a 505dcxr Dual View Micro Imager
MSMI.DV.CC (Optical Insights, Tucson, AZ, USA)
equipped with the emission filters 470/30 and 535/30 were
used.

The qFRET method was applied to quantify apparent
average fluorescence resonance energy transfer efficiencies
(AAFE) as indicators of protein interactions (Hoppe et al.
2002). In this analysis, only cells or areas of cells were
included that showed a relatively uniform cytoplasmic
distribution of the expressed proteins and that did not contain
any inclusion bodies or aggresomes. Acquired IA, ID, and IF
images from at least 27 microscopic fields per sample group
were used for the computation by the qFRET algorithm. The
calculated output data were expressed as AAFE values
([EA + ED]/2). These AAFE values for the energy acceptor
(EA) and donor (ED) are proportional to the fraction of the
interaction partners in complex. As negative controls, the
cells were transfected with the “empty” peCFP-N1/peCIT-C1
vectors (control 1), with wtHspB8-CFP/peCIT-C1 (control 2),
or with Ddx20-CIT/peCFP-N1 (control 3) which defined the
baseline signal. AAFE values which were significantly
different from that baseline signal indicated interaction.

In order to verify expression of the correct Ddx20-CIT and
HspB8-CFP fusion proteins, HEK293T cells were harvested
10 h after transfection, solubilized in buffer C, and processed
for SDS-PAGE/Western blotting. Rabbit anti-GFP antibody
(Cell Signaling, Beverly, MA, USA) and monoclonal anti-
Ddx20 antibody (Sigma) were used as primary antibodies, and
goat anti-rabbit and goat anti-mouse antibodies (both from
Jackson) as secondary antibodies.

Statistics

The data collected by the qFRET method were expressed as
mean AAFE ± SE. These data were analyzed using one-
way ANOVA to compare the mean AAFE values between
the different experimental groups and control 1 as shown in

Fig. 4d (27<n<41). When overall significance was
detected, a post-hoc multiple group comparison was
conducted using Tukey HSD adjustment. The collected
qFRET data were also checked for normality within each
group. The histograms and Q–Q plots did not show severe
violation of normality assumption. Additionally, unpaired
student’s t test was applied to compare results between
sample groups. Differences between groups were consid-
ered statistically significant if P<0.05.

Results

Identification of Ddx20 as protein interacting with HspB8

Full-length human wtHspB8 (GenBank accession:
AF250138.1, cf. Fig 1A) cDNA (construct 1; cf. Table 1)
was used to screen a human cDNA library by the YTH
method. Among the identified proteins was a C-terminal
fragment (positions 475–727 in Fig. 1b) of the DEAD box
protein Ddx20 (synonyms: gemin3, DP103; GenBank
accession: NM_007204.4). Ddx20 itself interacts with SMN
protein (Charroux et al. 1999), and loss-of-function mutations
in the SMN1 gene are associated with SMA, another MND
(Lefebvre et al. 1995; Gubitz et al. 2004). Thus, these protein
interaction experiments apparently establish a linkage be-
tween HspB8, its binding partner HspB1, Ddx20, and the
SMN protein, and mutations in any of these proteins, with
the exception of Ddx20, cause various forms of MND.
Because of the potential significance for the understanding of
the pathomechanism of the associated MNDs, dHMN, CMT,
and SMA, we then studied the interaction of wtHspB8 and
both of its known mutant forms, K141EHspB8 and
K141NHspB8, with Ddx20 in greater detail.

Acidic shift of the isoelectric points of mutant HspB8
species

As reported previously, wtHspB8 is an acidic protein with
an isoelectric point (pI) of ∼4.7 (Benndorf et al. 2001). IEF-
PAGE/Western blotting of extracts of HEK293T cells
expressing untagged K141EHspB8 (construct 3) and
K141NHspB8 (construct 4) revealed significant acidic shifts
of their pIs to ∼4.2 and ∼4.3, respectively, as compared to
wtHspB8 (construct 2; Fig. 1c). This difference of their pIs
may well be the physical basis for the aberrant interaction
properties of both muHspB8 forms as shown below, and
also as reported previously (Fontaine et al. 2006).

Abnormal interaction of mutant HspB8 with Ddx20

Co-immunoprecipitation (co-IP) was used to verify the
interaction of wtHspB8 with full-length Ddx20 (Fig. 2).
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HEK293T cells were singly (lanes 2 and 4) or doubly (lane
3) transfected with Xpress- and myc-tagged constructs of
Ddx20 (construct 5) and wtHspB8 (construct 6) cDNAs.
Forty-eight hours later, cells were harvested and cell
extracts were processed for immunoprecipitation. Immuno-
precipitated proteins were analyzed by SDS-PAGE fol-
lowed by Western blotting. Appropriate controls verified
the expression of Ddx20 and wtHspB8 in transfected cells
(panels I and II) and the correct working of the immuno-
precipitation method using both low and high stringency
conditions (panels III and V, respectively). Immunoprecipi-
tated Ddx20 was detected in cells transfected with Ddx20
(lanes 2 and 3) but not in non-transfected control cells (lane
1), and co-IP of wtHspB8 was detected only in cells
transfected with both Ddx20 and wtHspB8, at both low
and high stringency conditions (lane 3 in panels IV and VI,
respectively). At high stringency conditions, the amount of
co-immunoprecipitated HspB8 was less compared to low
stringency conditions. This co-IP of wtHspB8 with Ddx20
suggested interaction between these proteins.

The ability of both disease-associated muHspB8 forms
(K141EHspB8, construct 7; K141NHspB8, construct 8) to bind
to Ddx20 was tested by the same method (lanes 5–8). The
controls showed that both forms of muHspB8 were
expressed to a similar level as wtHspB8 (panel II) and that
the immunoprecipitation of Ddx20 occurred as expected, at
both low and high stringency conditions (panels III and V,
respectively). Co-IP of K141EHspB8 or K141NHspB8 was
detected only in cells transfected with both Ddx20 and
muHspB8 forms at both low and high stringency conditions
(lanes 5 and 6 in panels IV and VI). At low stringency
conditions, similar amounts of both forms of muHspB8 were
detected as compared to wtHspB8 (panel IV). At high
stringency conditions, however, slightly more K141EHspB8
and considerably more K141NHspB8 were found to co-
immunoprecipitate with Ddx20, as compared to wtHspB8
(panel VI). Similar results were obtained by the reciprocal
experiment, the co-IP of Ddx20 with wtHspB8 or muHspB8
forms (cf. Fig. 5).

Taken together, the co-IP data suggest interaction
between the various HspB8 species and Ddx20. The
strength of the interaction with Ddx20 appears to increase
in the order wtHspB8 < K141EHspB8 < K141NHspB8.

Recruitment of HspB8 and Ddx20 into high-molecular-mass
complexes

As both HspB8 and Ddx20 are components of larger
supramolecular structures (Pellizzoni et al. 2002; Fontaine
et al. 2005; Gubitz et al. 2004; Sun et al. 2004), other
components of these structures may play a role in the
interaction of both proteins. In order to learn about the
possible involvement of additional components, the pro-

teins of HEK293T cells expressing both Ddx20 and
HspB8 species were chemically cross-linked with the
homo-bifunctional reagent BMH that reacts with free
sulfhydryls of cysteines. Human Ddx20 contains three
cysteines in its C-terminal part which has been identified
in the YTH screen as site interacting with HspB8
(Fig. 1b), and human HspB8 contains three cysteines, one
each in the N terminus, the α-crystallin domain, and the C
terminus (Fig. 1a). This distribution of reactive cysteines
renders BMH a suitable reagent for cross-linking these two
proteins.

HEK293T cells were doubly transfected to express both
Xpress-tagged Ddx20 (construct 5), and myc-tagged
wtHspB8 (construct 6), K141EHspB8 (construct 7), or
K141NHspB8 (construct 8), or the cells were singly trans-
fected for control purposes. Cross-linked proteins were
analyzed by SDS-PAGE/Western blotting using anti-Xpress-
and anti-myc-specific antibodies (Fig. 3). In control cells (not
treated with BMH) expressing only Xpress-tagged Ddx20,
one Xpress-positive band representing Ddx20 at ∼100 kDa
was detected (Fig. 3a, upper panel, lane 1). While cross-
linking of proteins in such cells resulted in the appearance of
an additional poorly resolved band above 250 kDa, this did
not result in any bands in the 120 to 250 kDa region (lane 2).
Co-expression of Ddx20 with either wtHspB8, K141EHspB8,
or K141NHspB8 had no visible effects on Ddx20 in non-
cross-linked cells (lanes 3–5, respectively). Cross-linking in
doubly transfected cells resulted in the appearance of three
major Ddx20-containing bands in the 120 to 250 kDa region
(bands 1–3) and in poorly resolved material above 250 kDa
(band region 4; lanes 6–8). Thus, cross-linking of Ddx20
into several high-molecular-mass species depends on the
presence of wtHspB8 or muHspB8. Equal loading of the
samples was verified by visualization of the actin bands
(lower panel).

The samples of lanes 3–8 (Fig. 3a) and additional
controls (HspB8 species alone, without and with BMH
treatment), were analyzed for the shift of HspB8 species
into the high-molecular-mass material (Fig. 3b, upper
panel). Expression of either form of HspB8 alone or
together with Ddx20 yielded only signals at the position
of the HspB8 monomers (lanes 1–6). Cross-linking of
either form of HspB8 alone yielded signals at the position
corresponding to HspB8 dimers (lanes 7–9), similar to what
we observed previously (Sun et al. 2004). Cross-linking of
either HspB8 species in the presence of Ddx20 resulted in
the appearance of additional high-molecular-mass bands in
the 120 to 250 kDa region (bands 2 and 3), indicating
cross-linking of HspB8 with Ddx20. Again, equal loading
of the samples was verified by visualization of the actin
bands (lower panel). After cross-linking, no actin-
containing material was found in the high-molecular mass
region thus suggesting that the cross-linked HspB8–Ddx20

Abnormal mutant HspB8-Ddx20 interaction 573



species resulted from a specific interaction and not from
non-specific cross-linking of cell proteins. In order to
confirm that the high-molecular-mass bands contain mate-
rial from both HspB8 and Ddx20, the same cross-linked
sample shown in lanes 6 and 10 in Fig. 3a and b,
respectively, was loaded onto two adjacent lanes of an
SDS gel, and the blot was developed for Xpress (Ddx20)
and myc (HspB8)(Fig. 3c). Bands 2 and 3 contained both
wtHspB8 and Ddx20 thus suggesting interaction of both
proteins. The apparent molecular masses of bands 2 and 3
are greater than the sum of HspB8 + Ddx20 (approximately
125 kDa) indicating the presence of additional components
in these cross-linked complexes. This is not unexpected
given the known supramolecular structure of both the sHSP
complexes and the SMN complexes. Candidates are another
subunit of HspB8, another sHSP, or components of the
SMN complexes. Interestingly, a fraction of the Ddx20-
containing high-molecular-mass material that formed in the

presence of HspB8 did not contain HspB8 (band 1, band
region 4). This suggests that HspB8 induced a rearrange-
ment of the Ddx20-containing complexes, although their
nature is not known. The cross-linking experiments did not
reveal any differences between wtHspB8 and muHspB8.

Taken together, the cross-linking data confirmed that
wild-type and mutant forms of HspB8 and Ddx20 are
interacting proteins. Additionally, these data suggest that
other, although unknown, factors are involved in the
HspB8–Ddx20 interaction.

Interaction of wtHspB8 and muHspB8 with Ddx20 in live cells

Interaction of Ddx20 with HspB8 in live cells requires the
presence of at least a fraction of both proteins in the same
cell compartment. In order to determine the subcellular
location, HEK293T cells were singly (not shown) and
doubly transfected with Ddx20 and the various HspB8

Fig. 3 Formation of heterogeneous high-molecular-mass complexes
containing Ddx20 and HspB8 species. a HEK293T cells were singly
or doubly transfected with vector cDNA of Xpress-tagged Ddx20 and
myc-tagged HspB8 species as indicated using the same constructs as
in Fig. 2. Forty-eight hours later, cells were treated for 30 min with the
cross-linker BMH, and the cross-linked proteins were analyzed by
SDS-PAGE/Western blotting using an Xpress-specific antibody to
detect Ddx20. Only in the presence of either wtHspB8 or muHspB8,
Ddx20 was cross-linked into high-molecular mass material (bands 1–
3, band region 4 in lanes 6–8). On the same blots, actin was visualized
to demonstrate equal loading of protein onto gels. b The experiment
was performed as in (a) using a myc-specific antibody to detect the
various HspB8 forms on the Western blots. Only in the presence of
Ddx20, were wtHspB8 or muHspB8 cross-linked into high-molecular

mass material (bands 2, 3 in lanes 10–12), in addition to the formation
of HspB8 dimers (upper panel). Analysis of the same samples
revealed that actin was not cross-linked into any high-molecular
weight material suggesting that cross-linking of the HspB8 species
with Ddx20 resulted from a specific interaction, and not from a
general, non-specific cross-linking of cell proteins (lower panel). c
The same sample as shown in lanes 6 and 10 in (a) and (b),
respectively, was loaded onto two adjacent lanes of a SDS gel. One
lane of the Western blot was developed for Ddx20, the other for
wtHspB8. The identical position of bands 2 and 3 suggests that this
cross-linked material contains both Ddx20 and wtHspB8. The
positions of molecular mass markers (kDa), Ddx20 monomers, and
of HspB8 monomers and dimers are indicated in a–c. The results are
representative of three independent experiments
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species fused to the small tags Xpress and FLAG, which
are not expected to affect the intracellular locations.
Twenty-four hours after transfection, expressed Xpress-
tagged Ddx20 (construct 5) and FLAG-tagged wtHspB8
(construct 9), K141EHspB8 (construct 10), and K141NHspB8
(construct 11) all showed largely uniform, cytoplasmic
distribution in most of the cells (Fig. 4a). Thus, all
expressed proteins occur in the cytoplasm and may interact.

In order to confirm the Ddx20–HspB8 interaction in live
cells, and also to detect possible differences between
wtHspB8 and muHspB8 binding to Ddx20, the in vivo
qFRET method was applied (Hoppe et al. 2002). This is a
stoichiometric method to determine the relative fractions of
energy donor and acceptor molecules in complex in live
cells using CIT (energy acceptor) and CFP (energy donor)
fusion proteins. HEK293T cells were co-transfected with
vector cDNAs to co-express Ddx20-CIT (construct 12) and
wtHspB8-CFP (construct 13), K141EHspB8-CFP (construct
14), or K141NHspB8-CFP (construct 15). Control cells were
transfected with the “empty” CIT and CFP vectors (control
1), with wtHspB8-CFP (construct 13) and the "empty" CIT
vector (control 2), or with Ddx20-CIT (construct 12) and
the "empty" CFP vector (control 3).

Previously, we had determined that the used
K141EHspB8-CFP and K141NHspB8-CFP constructs showed
an increased (∼4% and ∼37%, respectively) tendency to
form inclusion bodies or aggresomes, as compared to
wtHspB8 (Fontaine et al. 2006). Increased tendency of
aggresome formation was also reported for endogenous
muHspB8 in fibroblasts derived from affected patients
(Irobi-Devolder et al. 2008). The expressed Ddx20-CIT
construct as used in this study also tended to form
aggresomes. Co-expression of HspB8-CFP species and
Ddx20-CIT resulted in the formation of aggresomes
affecting virtually all cells 24 h after transfection (not
shown). Since the aggresomes may interfere with the
applied interaction assay, we made efforts to reduce their
formation. Aggresome formation of ectopically expressed
proteins is a time-dependent process starting across the
cytoplasm with the formation of multiple foci that subse-
quently coalesce into large amorphous perinuclear aggre-
gates (Chávez-Zobel et al. 2003). Approximately 10 h after
transfection we obtained a sufficient number of cells with
apparently even distribution of both fusion proteins.
Selected cell images as they were used for the qFRET
measurements are shown in Fig. 4b. SDS-PAGE/Western

Fig. 4 In vivo interaction of wtHspB8 and muHspB8 species with
Ddx20. a HEK293T cells grown on coverslips were doubly trans-
fected with vector cDNA of Xpress-tagged Ddx20 (construct 5) and
FLAG-tagged wtHspB8 (construct 9), K141EHspB8 (construct 10), or
K141NHspB8 (construct 11), as indicated. Twenty-four hours later, cells
were fixed and processed for immunostaining. In the selected cells,
expressed Ddx20 (red) and all HspB8 species (green) showed a
relatively even distribution in the cytoplasm (co-localization in
yellow). For comparison, nuclei of the same cells stained with DAPI
are shown. The bar indicates 50 μM. b HEK293T cells grown on
glass bottom culture plates were doubly transfected with vector cDNA
of CIT-tagged Ddx20 (construct 12) and CFP-tagged wtHspB8
(construct 13), K141EHspB8 (construct 14), or K141NHspB8 (construct
15), or with control vectors, as indicated. Ten hours later, in vivo
images of selected cells with relatively even cytoplasmic distribution
of the expressed proteins were collected. Such cells were used for the
qFRET analysis as shown in (d). c SDS-PAGE/Western blotting of the
cells as shown in (b). For visualization of the HspB8-CFP species, an
anti-GFP antibody was used. For visualization of the Ddx20-CIT, an
anti-Ddx20 antibody was used which detected also the endogenous
Ddx20 (control lane). Note that the transfected cells contained similar
amounts of wtHspB8-CFP, K141EHspB8-CFP, and K141NHspB8-CFP
(left panel), and also similar amounts of Ddx20-CIT (right panel). The
positions of molecular mass marker proteins are indicated. d AAFE
values for the interactions of Ddx20 with wtHspB8, K141EHspB8, and
K141NHspB8 as determined by the qFRET method. The used cells and
constructs were as in (b). One-way ANOVA analysis revealed
significant differences between the four groups, control 1, wtHspB8,
K141EHspB8, and K141NHspB8 [F(5, 234)=269.25; P<0.001]. Post-
hoc pairwise group comparisons showed significant differences
between the sample values and the control (P<0.001), between
K141NHspB8 and wtHspB8 (P<0.001), and between K141NHspB8 and
K141EHspB8 (P<0.001). By this method, no significant difference
between K141EHspB8 and wtHspB8 (P=0.099) was revealed, while the
direct comparison between both sample groups by the Student’s t test
indicated a significant difference (P=0.033)
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blotting revealed the presence of similar amounts of the
different HspB8-CFP species and of Ddx20-CIT in the cells
used for the qFRET measurements (Fig. 4c). The AAFE
values obtained for all tested interactions were significantly
different from the negative controls thus indicating interac-
tion of Ddx20 with wtHspB8 and muHspB8 (Fig. 4d).
Results from one-way ANOVA revealed that there was
significant difference in AAFE values between the groups
(control 1, wtHspB8, K141EHspB8, and K141NHspB8). Post-
hoc pairwise group comparisons showed that the fraction of
K141NHspB8 in complex with Ddx20 is significantly higher
than that of wtHspB8 and K141EHspB8, although this
method did not reveal a significant difference between the
fractions of K141EHspB8 and wtHspB8 with Ddx20 in
complex (P=0.099). Using the Student’s t test, direct
comparison of the AAFE values of K141EHspB8 and
wtHspB8 indicated that this difference is significant (P=
0.033). In spite of this uncertainty, in conjunction with the
co-IP data (Fig. 2), our results suggest that both mutant
forms of HspB8 show aberrantly increased interaction with
Ddx20.

Taken together, the presented data in live cells support
the hypothesis that HspB8 interacts with Ddx20. They also
support an increased interaction stoichiometry of muHspB8
species with Ddx20, as compared to wtHspB8. Even if
formation of pre-aggresome material contributes to these
data, they identify differences in the association behavior of
wtHspB8 and the muHspB8 forms. Similar to the results of
the co-IP experiments (Fig. 2), the strength of the
interaction with Ddx20 appears to increase in the order
wtHspB8 < K141EHspB8 < K141NHspB8.

RNA involvement in the HspB8–Ddx20 interaction

DEAD box proteins are a subgroup of the DExH/D protein
family which is characterized by evolutionary conserved
sequence motifs (Jankowsky and Jankowsky 2000). Most
DEAD box proteins were implicated in various RNA-
related processes (see below), and Ddx20 binds, like other
DEAD box proteins, RNA and has an RNA helicase
activity (Grundhoff et al. 1999; Yan et al. 2003). We
therefore reasoned that RNA may be involved in the
HspB8–Ddx20 interaction. In order to test this, cell extracts
containing Ddx20–HspB8 complexes were treated with
RNase followed by immunoprecipitation experiments.
HEK293T cells were doubly transfected to express
Xpress-tagged Ddx20 (construct 5) and myc-tagged
wtHspB8 (construct 6), K141EHspB8 (construct 7), or
K141NHspB8 (construct 8). The expression of the trans-
fected fusion proteins (Fig. 5, panels I and II) and the
immunoprecipitation of HspB8 species in the presence vs.
absence of RNase was verified by SDS-PAGE/Western
blotting (panel III). Immunoprecipitation of wtHspB8

resulted in a similar co-IP of Ddx20 with and without
RNase treatment of the cell extracts (panel IV), suggesting
that RNA either is not involved in this interaction, or that
both proteins, HspB8 and Ddx20 together, protect bound
RNA from the RNase. In contrast, using K141EHspB8 and
K141NHspB8 under otherwise identical conditions revealed
that co-IP of Ddx20 is largely sensitive to the treatment of
the cell extracts with RNase.

Collectively, these data tentatively suggest that RNA is
involved in the interaction of HspB8 with Ddx20, and that
muHspB8 species no longer protect bound RNA from the
RNase.

Discussion

The known missense mutations in both HspB8 and HspB1
result in clinically indistinguishable forms of MND,
dHMN, and CMT (Benndorf and Welsh 2004; Irobi et al.
2004b; Tang et al. 2005). Three facts suggest that both
proteins are part of the same biochemical mechanism
leading to disease: (1) HspB8 and HspB1 interact with
one another (Sun et al. 2004); (2) as far as studied,
mutations in either protein result in abnormally increased
interaction between both proteins (Irobi et al. 2004b;

Fig. 5 Involvement of RNA in the Ddx20–HspB8 interaction.
HEK293T cells were singly or doubly transfected with vector cDNA
of Xpress-tagged Ddx20 (construct 5) and myc-tagged wtHspB8
(construct 6), K141EHspB8 (construct 7), or K141NHspB8 (construct
8), as indicated. Forty-eight hours later, the presence of the expressed
proteins in cell extracts was confirmed by SDS-PAGE/Western
blotting using Xpress- and myc-specific antibodies (I, II). Immuno-
precipitation of the various HspB8 species after RNase treatment vs.
the controls without treatment resulted in similar amounts of
precipitated proteins (III). The amounts of Ddx20 co-
immunoprecipitated with wtHspB8 with and without RNase treatment
were similar (IV, lanes 3 and 4), while the amounts of Ddx20 co-
immunoprecipitated with K141EHspB8 and K141NHspB8 were de-
creased after RNase treatment as compared to the untreated samples
(IV, lanes 5–8). The blot is representative of three independent
experiments
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Fontaine et al. 2006); and (3) among all proteins in the
databases, HspB8 and HspB1 are the most similar to each
other (Sun et al. 2004). Thus, abnormally altered interaction
between HspB8 and HspB1 may be at the base of these
MNDs. This concept is supported by studies on the
intersubunit contacts of sHSPs. A number of disease-
associated mutations in HspB8 (K141E and K141N) and
HspB1 (S135F, R136W, R140G, and K141Q) are posi-
tioned in the β6/β7 strands of their α-crystallin domains
(Benndorf 2010). This region was shown to be critical for
the homo-dimer formation of several sHSPs, including
HspB8 and HspB1, and possibly also for the hetero-dimer
formation (Mymrikov et al. 2010). The mutation K141E in
HspB8 resulted in significant changes in the protein
structure and properties that affected also the intersubunit
contacts (Kim et al. 2006; Kasakov et al. 2007). A similar
situation was found for the R120G mutation in HspB5
(references in Mymrikov et al. 2010). This concept of
abnormal sHSP interactions, however, does not explain the
molecular mechanisms by which mutations in these sHSPs
lead to the slow and selective loss of motor neurons. To
identify potential factors in this process, we searched for
proteins that interact with HspB8 by using a YTH screen.
Among the co-transformants was a yeast clone containing
the C-terminal part of the DEAD box protein Ddx20
(gemin3).

By independent methods, we have verified the HspB8–
Ddx20 interaction in both cell extracts and live cells. The co-
IP and qFRET data also indicate increased interaction of
disease-associated muHspB8 forms with Ddx20 as compared
to wtHspB8. Additionally, the cross-linking experiments
suggest that both HspB8 and Ddx20 were recruited into the
same high-molecular-mass structures implying that the
HspB8–Ddx20 interaction occurs, at least in part, in larger
structures or complexes. This outcome is not entirely
unexpected, since Ddx20 and sHSPs in general are known
to be components of supramolecular structures. While the
Ddx20-containing structure, the SMN complexes, is rela-
tively well defined (see below), the precise nature of the
HspB8-containing structure(s) remains elusive. Associations
with the identified interacting sHSPs, including HspB1,
HspB2, HspB5, HspB6, and HspB7, or with the other
identified interacting proteins, Sam68, TLR4, or Bag3, may
play a role (Sun et al. 2004; Fontaine et al. 2005; Badri et al.
2006; Roelofs et al. 2006; Carra et al. 2008). Whether Ddx20
competes with these proteins on a limited number of
common binding sites on HspB8 or whether some or all of
these proteins form a common complex, is not known.

The DEAD box proteins form a subgroup of the DExD/H
box family of helicases and have an ATP-dependent RNA
unwinding (helicase) activity (Grundhoff et al. 1999;
Jankowsky and Jankowsky 2000; Yan et al. 2003). DExD/H
box proteins may act as RNA chaperones and support

optimal RNA structures. Processes that involve DExD/H
box proteins include pre-mRNA processing, ribosome bio-
genesis, RNA turnover, RNA export and translation, and the
organization of complex RNA structures. The helicase core
sequences of DExD/H box proteins are conserved across all
kingdoms, as opposed to the flanking domains which are
highly divergent binding sites for a number of other proteins.
Through such interactions DExD/H box proteins have the
ability to become involved in additional processes, e.g., in
regulation of transcription. These "secondary" functions
appear to be independent of the RNA helicase activity.

Ddx20 is obligatory for early embryonic development
(Mouillet et al. 2008). It associates with the SMN protein, a
component of the SMN complexes of which it is a core
component (Charroux et al. 1999; Fuller-Pace 2006). SMN
complexes are involved in assembly and processing of
diverse RNPs, including snRNPs (spliceosomes), snoRNPs,
hnRNPs, transcriptosomes, and miRNPs (Pellizzoni et al.
2002; Gubitz et al. 2004; Nelson et al. 2004; Shpargel and
Matera 2005; Wan et al. 2005). Through its interaction with
Ago2, Ddx20 may be involved in gene silencing by RNA
interference (Donker et al. 2007). In addition to its role in
RNA processing, Ddx20 may play diverse roles in cell
biology as indicated by its interactions with a number of
other proteins. Ddx20 can interact with several nuclear
proteins and transcription factors, including Epstein–Barr
virus nuclear proteins EBNA2 and EBNA3C (Grundhoff et
al. 1999), the orphan nuclear receptor steroidogenic factor
SF-1 (Ou et al. 2001), early growth response transcription
factors (Egr1-4; Gillian and Svaren 2004), transcription
factor FOXL2 (Lee et al. 2005b), and the mitogenic Ets
repressor METS and several related components of a co-
repressor complex including N-coR, Sin3A, and the
histone-deacetylases (HDAC) 2 and 5 (Klappacher et al.
2002). As far as has been determined, interactions with
these factors are mediated by the C-terminal flanking
domain of Ddx20 (cf. Fig. 1) that has an intrinsic
transcriptional repression activity and may involve sumoy-
lation via an E3 SUMO ligase (Lee et al. 2005a; Fuller-
Pace et al. 2007). An overall picture emerges that Ddx20 is
a dual function molecule, with its RNA helicase activity
being located in the N-terminal part and its transcriptional
and translational regulation activities being located in the
C-terminal part. The interaction of wtHspB8 with Ddx20 in
its C-terminal part theoretically can modulate all functions
executed by Ddx20. Accordingly, abnormally increased
interaction of muHspB8 with Ddx20 may contribute to the
disease phenotype. A scheme of Ddx20-interacting proteins
and cellular processes that may be affected by binding of
HspB8 species is shown in Fig. 6a.

Homozygous deletion or loss-of-function mutations in
the SMN1 gene cause SMA, another MND and one of the
most prevalent genetic causes of infant mortality (Lefebvre
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et al. 1995; Gubitz et al. 2004). Thus, the interaction data
presented in this study link the etiologic factors HspB8 and
HspB1 with SMN protein suggesting that these mutations
affect a common biochemical mechanism, be it through a
common protein complex or signaling pathway. Because
HspB5 interacts with both HspB8 and HspB1, it may also
be a component of this complex or pathway (Simon et al.
2007). Figure 6b shows a scheme of the linked etiologic
factors HspB8, HspB1, HspB5, and SMN protein. Howev-
er, if HspB8 forms true hetero-oligomeric complexes with
HspB1 and HspB5 remains to be determined. Based on the
identified interactions, DDX20 is a candidate gene for
mutations in neuromuscular or muscular diseases of
unknown cause.

With SMN protein, HspB8 and HspB1 being expressed in
most if not all cells in mammals, it is not clear why reduced
expression of SMN protein and expression of the mutant
sHSPs affect specifically the function of motor neurons. The
prominent and specific role of both SMN protein and sHSPs
(in particular HspB1) in growth, branching, axogenesis, and
survival of neurons was demonstrated previously, tentatively
suggesting a specialized function of these proteins in motor
neurons (Benn et al. 2002; Pagliardini et al. 2000;
McWhorter et al. 2003; Williams et al. 2006). The transport
of SMN protein- and Ddx20-containing granules into
neuronal processes and growth cones could constitute such
a specialized function (Zhang et al. 2003). Similarly, the
involvement of SMN complexes in the transport of actin
mRNPs along the axon and of snRNPs into the nucleus
seems to constitute such a specialized function (Sharma et al.
2005). In mouse models of SMA, motor neuron degeneration
was attributed to defects associated with the specific axonal
transport, translational control, and/or regulation of stability
of mRNAs rather than with defects in spliceosome assembly
function (Jablonka et al. 2004). Neuropathy-associated
mutant HspB1 lead to the formation of insoluble intracellular
aggregates in primary neuronal cells with negative conse-
quences for axonal structure and transport (Ackerley et al.
2006). Thus, the available data tentatively suggest an
impaired axonal transport as a common motif of neuron
damage in mutant SMN protein- and mutant sHSP-
associated MND.

Fig. 6 Schematic of protein interactions involving Ddx20 and HspB8.
a Identified proteins that interact with Ddx20 and the cellular
processes in which they are involved. Upon binding to Ddx20, HspB8
theoretically may modulate these cellular processes. Gemin4 and
SMN protein are components of the SMN complexes that are involved
in spliceosome assembly and RNP processing. Upon binding to
gemin4 and eIF2C2, Ddx20 forms complexes with microRNAs that
are involved in gene silencing and translational repression, and upon
binding to Ago2, Ddx20 may modulate siRNA biogenesis. Ddx20 can
also interact with the nuclear proteins and transcription factors that are
involved in transcriptional repression, including Epstein–Barr virus
nuclear proteins EBNA2 and 3C, nuclear receptor steroidogenic factor
SF-1, transcription factor FOXL2, early growth response transcription
factors Egr1-4, and the mitogenic Ets repressor METS with its co-
repressor components N-coR and Sin3A, and with the histone-
deacetylases HDAC 2 and 5. b Through protein interactions, four
etiologic factors HspB1, HspB8, HspB5, and SMN protein have been
linked that are associated with the various forms of motor neuropathy
(dHMN, CMT, SMA) or myopathy. Based on the identified
interactions, Ddx20 is a candidate gene for mutations in neuromus-
cular or muscular diseases of unknown cause. While sHSP complexes
may contain various family members, the recruitment of HspB8 into
true hetero-oligomeric complexes, together with HspB1 and HspB5,
remains to be determined. SMN complexes contain a number of
additional core components and associated proteins (not shown). The
HspB8–Ddx20 interaction apparently involves RNA. c Changed
conformation of muHspB8 leads to increased interactions with HspB1
and HspB5 (Fontaine et al. 2006), and with Ddx20. At the same time,
the associated RNA becomes exposed to RNase
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HspB5 is also expressed in most mammalian cells
including neurons and muscle cells. The fact that mutations
in HspB5 affect primarily muscle rather than neuronal tissues
may simply result from the extraordinary high abundance of
this protein in muscles (in which it may exceed 2% of total
protein) as compared to neurons. For example, the ratios of
HspB5: HspB1 in the rat soleus muscle (∼6.9) and heart
(∼5.3) are approximately an order of magnitude higher than in
the neuronal tissues of the cerebral cortex (∼0.16) and
hippocampus (∼0.80) (Inaguma et al. 1995).

A startling observation is that most known MND-
associated mutations in HspB8 and HspB1 are missense
mutations with dominant gain-of-function characteristics,
whereas MND-associated mutations in the SMN1 gene have
recessive loss-of-function characteristics (Gubitz et al.
2004; Irobi et al. 2004b; Tang et al. 2005; Benndorf
2010). In most SMA patients, both copies of exon 7 of the
SMN1 gene are absent, while in the remaining SMA
patients nonsense, missense, and frameshift mutations are
distributed over the entire length of the protein (Prior
2007). This discrepancy is currently not understood, the
more so if HspB8, HspB1, and SMN protein would act
through the same mechanism or signaling pathway as
proposed in this study. The formation of hetero-oligomeric
sHSP complexes may explain the genetic dominance seen
with most of the mutant sHSPs. Recruitment of one mutant
sHSP subunit may compromise both structure and function
of the whole sHSP complex (Fig. 6c). The result may be the
formation of cytoplasmic inclusion bodies or aggresomes as
has been shown for mutant forms of HspB8, HspB1, and
HspB5 (Vicart et al. 1998; Irobi et al. 2004b; Fontaine et al.
2006; Ackerley et al. 2006; Irobi-Devolder et al. 2008).
These aggresomes, a hallmark of many neurodegenerative
disorders, can recruit also other proteins which may include
RNPs or their components, and thus prevent their proper
transport along the axons of the motor neurons. Although
speculative at this time, SMN complexes may become
trapped in these aggresomes resulting in a depletion of
functionally active SMN complexes. Such secondary
depletion of the SMN complexes may have similar
consequences as the loss of functional SMN complexes
that result from mutations in the SMN1 gene in SMA.

The finding of RNA involvement in the interaction of
muHspB8 with Ddx20 is remarkable on two accounts: it
potentially implies a role for HspB8 in RNA processing,
and it identifies a difference between muHspB8 (interaction
with Ddx20 is RNase-sensitive) and wtHspB8 (interaction
with Ddx20 is RNase-insensitive). The fact that the
muHspB8–Ddx20 interaction is sensitive to RNase (Fig. 5)
does not necessarily contradict the findings shown in Figs. 2
and 4 according to which muHspB8 has an increased
interaction with Ddx20, as compared to wtHspB8. wtHspB8
may bind to RNA which itself binds to Ddx20, and

muHspB8 might bind abnormally stronger to this RNA.
The formation of these ternary complexes involving Ddx20,
RNA, and wtHspB8 or muHspB8 would result in co-IP and
qFRET data as shown in Figs. 2 and 4, respectively. While
the conformation of wtHspB8 would protect the RNA in the
ternary complex, muHspB8 would adopt an abnormal
conformation that no longer can protect the RNA from
RNase, in spite of the increased binding, thus resulting in
the disassembly of the ternary complexes in the presence of
RNase. These findings have been included in the schematic
in Fig. 6b and c.

While not in the mainstream of research on sHSPs, there
are several other reports concerning their role in RNA
functions and processing. HspB5 was found to interact with
the SMN protein, and both proteins co-localized in nuclear
speckles which are sites of RNA processing (den Engelsman
et al. 2005). This finding is an independent confirmation of a
linkage between a sHSP and components of the SMN
complexes. Similarly, HspB1 and HspB7 were found to be
recruited to the nuclear speckles (Bryantsev et al. 2007; Vos
et al. 2009). In activated monocytes, HspB1 was identified as
protein-binding AU-rich elements in mRNAs in AUF1
protein complexes which function in mRNA degradation
(Sinsimer et al. 2008). Similarly, in association with AUF1,
HspB1 bound to the 3’-untranslated regions (UTR) of the
cell-death-inhibiting RNA CDIR and of the c-YES mRNA in
HeLa cells and breast cancer cells, respectively (Shchores et
al. 2002; Sommer et al. 2005). In the latter case, this resulted
in degradation of the c-YES mRNA. In contrast, a mimic of
phosphorylated HspB1 stabilized a chimeric mRNA which
contained a 3’-UTR element of the cyclooxygenase-2
mRNA (Lasa et al. 2000). HspB1 was also shown to
enhance recovery of splicing activity after heat shock by
regulating the splicing factor SRp38 (Marin-Vinader et al.
2006). HspB1 inhibited translation during heat shock by
specifically binding the eukaryotic initiation factor 4G and
facilitating dissociation of cap-initiation complexes (Cuesta
et al. 2000). Finally, HspB8 was shown to interact with
Sam68, another RNA-binding protein that has been impli-
cated in cell proliferation and tumorigenesis (Badri et al.
2006).

In summary, results presented in this study link the three
etiologic factors, HspB8, HspB1, and SMN protein.
Mutations in each of these genes are associated with related
disease phenotypes and are proposed to affect a common
biochemical mechanism or signaling pathway involving
both sHSP complexes and SMN complexes, although the
underlying biochemical processes remain to be determined.
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