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ABSTRACT The survival motor neuron (SMN) complex fulfils essential functions in the assem-
bly of snRNPs, which are key components in the splicing of pre-mRNAs. Little is known about 
the regulation of SMN complex activity by posttranslational modification despite its compli-
cated phosphorylation pattern. Several phosphatases had been implicated in the regulation 
of SMN, including the nuclear phosphatases PPM1G and PP1γ. Here we systematically 
screened all human phosphatase gene products for a regulatory role in the SMN complex. 
We used the accumulation of SMN in Cajal bodies of intact proliferating cells, which actively 
assemble snRNPs, as a readout for unperturbed SMN complex function. Knockdown of 29 
protein phosphatases interfered with SMN accumulation in Cajal bodies, suggesting impaired 
SMN complex function, among those the catalytically inactive, non–receptor-type tyrosine 
phosphatase PTPN23/HD-PTP. Knockdown of PTPN23 also led to changes in the phosphory-
lation pattern of SMN without affecting the assembly of the SMN complex. We further show 
interaction between SMN and PTPN23 and document that PTPN23, like SMN, shuttles be-
tween nucleus and cytoplasm. Our data provide the first comprehensive screen for SMN 
complex regulators and establish a novel regulatory function of PTPN23 in maintaining 
a highly phosphorylated state of SMN, which is important for its proper function in snRNP 
assembly.

INTRODUCTION
Noncoding sequences in nascent eukaryotic mRNA transcripts 
(introns) need to be removed by splicing to generate the open read-
ing frame for translation. This reaction is catalyzed by the spliceo-

some, a macromolecular machine containing uridine (U)-rich small 
nuclear ribonucleoprotein particles (snRNPs) as major components. 
snRNPs consist of a (U)-rich small nuclear RNA (snRNA) entity and a 
large set of proteins that are either specific to one snRNP or com-
mon to all of them. The biogenesis—that is, the formation of U 
snRNPs from snRNA and protein subunits—occurs predominantly in 
the cytoplasm after snRNA export from the nucleus (for reviews see 
Wachtel and Manley, 2009; Will and Luhrmann, 2011). Purified 
snRNP proteins and snRNAs assemble spontaneously to snRNPs, 
whereas the same reaction in cell extracts or intact cells depends on 
the activity of the survival motor neuron (SMN) complex (Meister 
et al., 2001). The SMN complex enables binding of the seven com-
mon proteins (also termed Sm proteins) onto a single-stranded Sm 
site of the snRNA, which results in the formation of the toroidal Sm 
core domain (Kambach et al., 1999; Meister et al., 2001; Stark et al., 
2001; Pellizzoni et al., 2002; Chari et al., 2008). The human SMN 
complex consist of nine core subunits, including the eponymous 
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phosphatase His domain–containing tyrosine phosphatase (HD-
PTP)/tyrosine-protein phosphatase non–receptor type 23 (PTPN23) 
as a novel interactor and regulator of the SMN complex. Knock-
down of the shuttling protein PTPN23 caused loss of SMN accumu-
lation in CBs and reduced SMN phosphorylation. This phenotype 
supports a model in which PTPN23 acts to protect a highly phos-
phorylated and hence assembly-active cytosolic state of SMN. Our 
approach not only represents the first systematic screen of phos-
phatases regulating the SMN complex, but also points to PTPN23 
as a novel, unusual regulator of SMN complex localization.

RESULTS
Systematic identification of human phosphatases as 
potential regulators of SMN complex function
The number of phosphosites identified in all SMN complex compo-
nents suggests complicated regulatory cues to adjust SMN com-
plex functions to cellular signals (Husedzinovic et al., 2014). How-
ever, identification of kinases and phosphatases has been sporadic. 
To identify regulators of SMN localization and function systemati-
cally, we decided to test phosphatases, which may exert regulatory 
functions on SMN, in a genome-wide approach. The analysis of 
subcellular SMN localization by indirect immunofluorescence 
(Husedzinovic et al., 2014) and automated microscopy served as a 
readout. After knockdown of individual phosphatases by solid-
phase reverse small interfering RNA (siRNA) transfection in 96-well 
format, we fixed cells and stained them with 4′,6-diamidino-2-phe-
nylindole (DAPI) to detect the DNA and with an antibody that rec-
ognizes SMN. As a technical positive control for successful transfec-
tion, we knocked down the inner centromere protein (INCENP), 
whose loss quickly leads to obviously multinucleated cells that can 
easily be recognized by DAPI staining (Neumann et al., 2006). Im-
aging of the DAPI and the SMN signal was performed by automa-
tized microscopy on an Olympus ScanR screening microscope us-
ing a 10× objective. In every well, four images were obtained for 
each respective fluorescence channel, resulting in a data set of 
19,968 images (Supplemental Figure S1). After 72 h, close to 100% 
of all cells displayed the phenotype characteristic for INCENP 
knockdown in all 96-well plates analyzed, indicating efficient siRNA 
uptake and knockdown (Figure 1A, top). In contrast, nontargeting 
siRNAs did not interfere with cell growth, cell proliferation, or the 
expected diffuse localization of SMN in the cytoplasm and its ac-
cumulations in nuclear CBs (Figure 1A, bottom). From pilot experi-
ments, we realized that loss of SMN accumulation in CBs was by far 
the most prominent alteration in the subcellular distribution of 
SMN, exemplified best by the knockdown of the nuclear phos-
phatase PPM1G (Figure 1A, bottom; Petri et al., 2007).

To systematically identify phosphatase knockdown affecting ac-
cumulation of SMN in CBs, we developed an automatic image al-
gorithm to quantify the number of cells with at least one or without 
nuclear SMN accumulation in CBs. After automatic image evalua-
tion, we scored 24 protein phosphatases (see Materials and 
Methods) that showed significant (twofold higher than the median 
of controls in an individual 96-well plate; see Materials and 
Methods) loss of SMN accumulation in CBs. Further visual inspec-
tion of automatically generated images identified an additional 4 
phosphatases that upon knockdown led to the loss of SMN accu-
mulation in CBs (Supplemental Table S1). Visual inspection also 
revealed prominent alterations of SMN subcellular localization af-
ter knockdown of PPP1R8 (cytoplasmic accumulation; Figure 1B, 
top) and loss of SMN accumulation from CBs accompanied by in-
crease of nucleoplasmic SMN signal as seen upon depletion of 
PPP3R2 (Figure 1B, bottom).

SMN protein, Gemins 2–8, and the unr interacting protein (unrip, 
also termed serine/threonine kinase adaptor protein [STRAP]; for 
reviews see Pellizzoni, 2007; Fischer et al., 2011). Partial loss of SMN 
activity causes spinal muscular atrophy, a neurological disorder char-
acterized by the loss of α-motor neurons and muscle degeneration 
(for reviews see Burghes and Beattie, 2009; Farrar et al., 2009; 
Coady and Lorson, 2011). SMN-mediated steps of snRNP assembly 
precede reimport of the snRNPs into the nucleus. On nuclear entry, 
the snRNP particles concentrate in Cajal (coiled) bodies (CBs; 
Lafarga et al., 2009), where they further mature, receive posttransla-
tional modifications, and eventually become integrated into the 
splicing system (Sleeman and Lamond, 1999; Stanek et al., 2008).

The SMN complex has been shown to associate with snRNPs for 
nuclear import (Narayanan et al., 2004) and direct their subsequent 
targeting into CBs (reviewed in Stanek and Neugebauer, 2006; Shaw 
et al., 2008). As intranuclear subcompartments, CBs accumulate a 
variety of factors to increase the efficiency of nuclear steps of snRNP 
biogenesis (Sleeman and Lamond, 1999; Darzacq et al., 2002; Kiss 
et al., 2002; Schaffert et al., 2004). SMN complex generally concen-
trates in CBs in highly proliferating cells, which correlates with high 
snRNP biogenesis activity. Inhibition of efficient snRNP biogenesis—
for instance, upon reducing the levels of the snRNA nuclear export 
adaptor PHAX (Lemm et al., 2006) or global inhibition of nuclear 
protein export using leptomycin B (Carvalho et al., 1999)—quickly 
abolishes SMN accumulation in CBs in these cells. Consistently, the 
deregulated activity of nuclear phosphatases such as PPM1G (Petri 
et al., 2007), PP1γ (Renvoise et al., 2012), and PPP4 (Carnegie et al., 
2003) was shown to affect accumulation of SMN in CBs. These data 
suggest that reversible phosphorylation of SMN plays a role in the 
regulation of the SMN complex in snRNP assembly. It was shown 
previously that the degree of phosphorylation of the SMN protein in 
the nucleus is clearly lower than in the cytoplasm (Grimmler et al., 
2005). Assuming that the SMN complex (or parts thereof) shuttles 
between nucleus and cytoplasm, this would imply that SMN 
becomes dephosphorylated by phosphatase(s) in the nucleus 
(Grimmler et al., 2005).

Recently we uncovered an enormous complexity of phosphory-
lation of SMN complex proteins. Systematic phosphorylation analy-
sis identified not only 12 serine/threonine phosphorylation sites in 
SMN itself, but also an additional 17 in other SMN complex proteins 
with high confidence (Husedzinovic et al., 2014). Moreover, using 
nonphosphorylatable variants of SMN, we showed that these sites, 
as well as three recently identified tyrosine phosphorylations in the 
TUDOR domain of SMN (Rikova et al., 2007), regulate the accumu-
lation of SMN in nuclear CBs. Together, these data strongly suggest 
a complex regulatory network that influences the functions of the 
SMN complex in the cytoplasm and in the nucleus. Understanding 
this network not only requires systematic survey of phosphorylated 
sites in SMN complex proteins, but also calls for a comprehensive 
survey of kinases and phosphatases that modify and regulate the 
SMN complex.

Here we describe a microscopy-based, high-throughput assay 
that allowed the screening of all human phosphatase gene products 
for their potential role in the regulation of the SMN complex. We 
used accumulation of SMN in nuclear CBs in proliferating human 
HeLa cells as an optical readout that can be automatically scored in 
a large number of samples. In our primary screen, knockdown of 29 
human protein phosphatases led to changes in the accumulation of 
SMN in nuclear CBs. We carried out further validation of 21 of these 
and confirmed 13 potential SMN complex regulators, including the 
previously described nuclear SMN complex regulators PPM1G and 
PP1γ. Surprisingly, our screen identified the catalytically inactive 
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For further validation of initially scored phosphatases and to de-
tect changes in the subcellular localization of SMN with high resolu-
tion, we reevaluated the knockdown of 21 phosphatases by forward 
transfection. Table 1 summarizes these results and displays the 
changes in the subcellular localization of SMN, as well as the num-
ber of siRNAs that induced the respective phenotypes. The per-
centage of cells without any detectable SMN accumulation in CBs 
increased by at least 40, up to 85% compared with negative con-
trols. Loss of SMN accumulation in the nucleus observed by knock-
down of two phosphatases, PPP3R2 (calcineurin regulatory subunit 
B) and NAP1L1 (nucleosome assembly protein 1 like 1), was repro-
ducible with two of three different, or three of four, siRNAs, respec-
tively (Table 1). In addition to PPP3R2, the loss of SMN accumula-
tion in CBs could be observed upon knockdown of PPP3CB (Table 1), 
the catalytic subunit of calcineurin, suggesting a functional relation 
of these two proteins in the regulation of the SMN complex. Our 
analysis also identified PP1γ/PPP1CC (protein phosphatase 1, cata-
lytic subunit, gamma), as well as several of its regulators (PPP1R8, 
PPP1R12B, PPP1R12C, PPP1R14D; Table 1), which are known to be 
involved in cell cycle regulation, glycogen metabolism, mRNA pro-
cessing, RNA splicing, and regulation of transcription (Cohen, 
2002). Only the knockdown of PPP1R8 (nuclear inhibitor of protein 
phosphatase 1) showed cytoplasmic accumulation (Table 1 and 
Figure 1B).

Validation of PTPN23
Besides the aforementioned phosphatases, knockdown of the non–
receptor-type protein tyrosine phosphatase 23 (HD-PTP/PTPN23) 
led to loss of SMN accumulation in CBs. This was of particular inter-
est since PTPN23 was shown to be catalytically inactive (Gingras 
et al., 2009b). We rationalized that PTPN23 could instead act as a 
phosphotyrosine-binding module, which might regulate another ki-
nase involved in the SMN complex phosphoregulation, or might 
prevent dephosphorylation of the SMN complex itself.

To validate and further characterize a potential role of PTPN23 in 
the regulation of SMN biology, we used three sets of siRNA oligo-
nucleotides specific for PTPN23 and confirmed the loss of SMN 
accumulation in CBs in a quantitative manner by indirect immuno-
fluorescence (Figure 2). To evaluate the RNA interference (RNAi)–
mediated knockdown of PTPN23, we performed a Western blot 
with PTPN23-specific antibodies (see Materials and Methods; 
Figure 2C). All siRNAs significantly reduced PTPN23 protein levels 
(Figure 2C) but left SMN protein amounts unaffected. By counting 
cells showing SMN accumulation in CBs after imaging with high 
resolution (63× objective), we were able to determine the decrease 
in the relative number of cells with SMN accumulation in CBs to 
30–35% compared with controls (Figure 2B).

Next we investigated the kinetics of the reduction of PTPN23 
after siRNA knockdown and correlated it with the number of cells 
losing SMN accumulation in CBs. We took samples for Western blot 
analysis and immunofluorescence every 24 h after transfection for a 
period of 3 d. PTPN23 and SMN protein levels were quantified and 
normalized using α-tubulin signals (Figure 3, A and B). The quantifi-
cation indicated that the kinetics of PTPN23 depletion was similar 

FIGURE 1: Subcellular distribution of SMN after genome-wide 
knockdown of human phosphatases. At 72 h after cell seeding and 
inverse siRNA transfection in 96-well plates, HeLa cells were fixed and 
immunostained using an α-SMN antibody; nuclei were stained using 
DAPI. An Olympus ScanR High-content Screening Station was used to 
analyze the subcellular distribution of the SMN protein. Images were 
collected using a 10× objective; for better visibility, only a small part 
of the image is shown here, whereas the entire image is displayed in 
Supplemental Figure S1. Scale bar, 20 μm. (A) Knockdown (kd) of 
inner centromeric protein (INCENP) was used as a positive control for 
transfection and knockdown efficiency, and scrambled siRNA 
(nontargeting any known gene) was used as negative control. Loss of 
nuclear SMN accumulations after PPM1G knockdown exemplifies the 

identification of protein phosphatases the knockdown of which leads 
to the loss of SMN accumulations in CBs. (B) Additional examples of 
disturbed SMN localization. Top, cytoplasmic accumulations of SMN 
after PPP1R8 knockdown. Bottom, loss of nuclear SMN accumulations 
accompanied by an increase of nucleoplasmic signal after PPP3R2 
knockdown; blue, DNA; red, hSMN.
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Detecting HA-tagged PTPN23 by indirect immunofluorescence, 
we observed that the exogenous PTPN23 mostly localized to the 
cytoplasm, in the perinuclear region, suggesting localization of the 
protein in the endoplasmic reticulum, Golgi apparatus, or endo-
somes, as well as possibly the nucleus (Figure 5B). Moreover, indi-
rect immunofluorescence using an affinity- purified PTPN23 yielded 
a signal in cytoplasm and nucleus (Figure 5C). To further validate our 
observation, we tested whether PTPN23 shuttles between nucleus 
and cytoplasm. The HA-tagged variant was expressed for 8 h in hu-
man cells, which were subsequently treated with leptomycin B (LMB) 
in order to block CRM1-mediated nuclear protein export. As a con-
trol, HA-PTPN23 expressing cells were left untreated. The subcellu-
lar distribution of the PTPN23 was analyzed by indirect immunofluo-
rescence (Figure 5D, top) and quantified using ImageJ. Plots of the 
quantification (Figure 5D, bottom) showed higher signal intensity in 
the nucleus upon LMB treatment compared with untreated cells. 
Moreover, the signal in the nucleolus was reduced, suggesting loss 
of the protein from nucleoli upon LMB treatment. These data indi-
cated that PTPN23 localizes in the cytoplasm as well as in the organ-
elles around the nucleus but also shuttles between nucleus and 
cytoplasm.

Analysis of assembly and phosphorylation state 
of the SMN complex
At this point, our data suggested a direct regulatory function of 
PTPN23 for the SMN complex. PTPN23, for instance, may play a criti-
cal role in the assembly of the complex. In PTPN23-knockdown cells, 

with all siRNA oligonucleotides used (Figure 3B, top). Again, SMN 
protein levels remained stable (Figure 3B, bottom). All three knock-
down conditions consistently reduced the relative number of cells 
showing SMN accumulation linearly to ∼30% compared with con-
trols 3 d after transfection (Figure 3C).

Interaction of PTPN23 and SMN
At this point, our data clearly suggested a functional interaction be-
tween SMN and PTPN23. To test a possible physical interaction be-
tween the two components, we used affinity-purified PTPN23 anti-
bodies to purify PTPN23 under native conditions (Figure 4A). The 
prominent band at 180 kDa (Figure 4A) was analyzed by mass spec-
trometry to test the identity of the PTPN23 protein (unpublished 
data). Strikingly, the SMN protein, the SMN interaction partners 
Gemin2 and 3, and the SMN complex component unrip were spe-
cifically coprecipitated with PTPN23 in immunoprecipitates using 
α- PTPN23 antibodies (Figure 4B).

Localization of exogenous and endogenous PTPN23
The loss of the accumulation of SMN in nuclear CBs raised the ques-
tion of the localization of PTPN23. To analyze this, we fused the 
PTPN23 cDNA to a triple-hemagglutinin (HA) tag, transfected the 
HA-tagged PTPN23, and detected the expressed protein after 6, 8, 
and 16 h. In Western blot, a specific antibody against the HA tag 
recognized a band at ∼180 kDa, which matched to the band recog-
nized by the α-PTPN23 antibody and the calculated 179-kDa mole-
cular weight of PTPN23 (Figure 5A).

Number Gene
Loss of nuclear SMN 

accumulations
Cytoplasmic SMN 

accumulations
Coilin dispersion/

nuclear fragmentation Apoptosis

1 PPEF2 2 0 0 0

2 PPP1R12B 1 0 0 1

3 PTPRM 1 0 0 0

4 PPP3R2 2 0 0 0

5 PPP1R14D 0 0 0 0

6 CDC25C 0 0 0 0

7 PPP1CC 2 0 0 0

8 C3ORF38 0 0 0 0

9 NAP1L1 2 0 2 0

10 DUSP16 1 0 1 0

11 CDC25A 0 0 0 0

12 PPP2R3A 0 0 0 0

13 PPP3CB 2 0 0 0

14 PPEF1 0 0 0 0

15 PTPRD 0 0 0 0

16 PPP1R12C 3 0 0 0

17 PTPN23 2 0 0 0

18 PTPN11 1 0 0 1

19 DUSP2 1 0 0 0

20 PPP1R8 1 1 0 0

21 DUSP7 1 0 1 0

Gene products were further evaluated as potential SMN regulators by three siRNAs in forward transfection. Specific phenotypes in columns 3 (blue) and 4 (green) vs. 
global cellular phenotypes in columns 5 (orange) and 6 (red). Numbers indicate siRNAs that showed the respective cellular phenotypes.

TABLE 1: Changes in the subcellular distribution of SMN upon knockdown of human phosphatases.
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DISCUSSION
Although mechanistic aspects of SMN complex function in cytoplas-
mic Sm core assembly catalysis are understood in some detail, the 
regulation of its function and its localization remains largely unclear. 
SMN shows a complex pattern of posttranslational modifications. 
Apart from the large number (12) of phosphorylation sites in SMN 
itself, almost all other complex components were found to be phos-
phorylated (Husedzinovic et al., 2014). This indicated a key role of 
phosphorylation in the modulation of SMN complex formation, ac-
tivity, and localization.

To identify regulators of SMN that act by reversible phosphoryla-
tion, we exploited siRNA-based high-throughput analysis. We 

however, SMN coprecipitated at least as efficiently as in controls with 
Gemin 3, Gemin 2, and unrip (Figure 6A). This indicated efficient 
SMN complex assembly after PTPN23 knockdown. We then assayed 
a direct effect of PTPN23 phosphatase on the phosphorylation pat-
tern of SMN protein and performed a two-dimensional (2D) gel 
analysis of SMN. Cells were knocked down of PTPN23, correspond-
ing cell lysates prepared for 2D gel electrophoresis, and SMN ana-
lyzed by Western blot. Several acidic species of SMN were lost upon 
knockdown of PTPN23 (Figure 6, red arrows in knockdown panel), 
indicating reduced phosphorylation of SMN after loss of PTPN23. 
This showed that PTPN23 does not critically influence assembly of 
the SMN complex but regulates its phosphorylation state.

FIGURE 2: siRNA-based knockdown of PTPN23. Validation of the loss of nuclear SMN accumulation upon knockdown 
of PTPN23 (kd PTPN23) by forward transfection using three different siRNA oligonucleotides: Ambion silencer select 
s24775 (oligo1), s24777 (oligo2), and Stealth select HSS108537 (oligo3); siRNAs against vimentin were used as negative 
controls. Cells were transfected and incubated for 72 h. (A) Immunostaining of HeLa cells after siRNA transfection 
(oligo1) using α-SMN and α-coilin antibodies. Blue, DNA; green, SMN; red, coilin; scale bar, 20 μm. (B) Quantification of 
the loss of nuclear SMN accumulations observed in A. The relative numbers of cells bearing SMN accumulations (one or 
more) in Cajal bodies were calculated as mean values from three independent experiments (N = 200) and are 
represented in columns; error bars, SEM. (C) Western blot analysis of SMN and PTPN23 protein amounts after PTPN23 
knockdown; HeLa total lysates were separated on a high-TEMED SDS gel (see Materials and Methods), and the SMN 
protein amount was analyzed by quantitative immunoblot using specific antibodies against SMN; numbers indicate 
relative SMN protein amounts; tubulin was used as a loading control. PTPN23 knockdown was analyzed using a 10% 
SDS–PAGE gel, flowed by Western blot using an α-PTPN23 antibody.
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used median and the median absolute deviation (MAD) for hit selec-
tion. The robustness of median and MAD against outliers allows 
identification of weak hits, which would be otherwise reported as 

performed the first systematic analysis of a potential function of 279 
human phosphatases and phosphatase-related gene products in 
the regulation of SMN localization and function. A workflow of indi-
rect immunofluorescence, automated imaging, and image analysis 
enabled us to generate and analyze a large data set of SMN subcel-
lular localization. Applying computational analysis of obtained im-
ages further allowed quantification of the penetrance of loss-of-
function phenotypes, which were defined as either the reduction or 
the increase in number of cells showing SMN accumulation in CBs. 
Here, to reduce the influence of the variability on hit selection, we 

FIGURE 3: Kinetics of PTPN23 depletion upon siRNA. Kinetics of 
PTPN23 protein depletion using different siRNAs as explained for 
Figure 2; siRNAs against vimentin were used as negative controls. 
Cells were transfected, and samples were taken every 24 h for a 
period of 3 d. (A) Western blot analysis of SMN and PTPN23 protein 
amounts after siRNA-mediated PTPN23 knockdown; the PTPN23 and 
SMN protein amounts were analyzed by quantitative immunoblot 
using specific antibodies against SMN and PTPN23; numbers indicate 
time points after siRNA transfection. Tubulin was used as a loading 
control. (B) Graphs represent amounts of PTPN23 or SMN over a 3-d 
period evaluated as determined by quantitative Western blot. 
(C) Increase in number of cells losing SMN accumulations in CBs.

FIGURE 4: Interaction of SMN and PTPN23. Immunoprecipitation 
was performed in HeLa total cell lysates using an α-PTPN23 antibody 
(A, B) covalently coupled to protein A or G–Sepharose; an unspecific 
rabbit IgG coupled to protein A–Sepharose was used as a control. 
(A) SDS–PAGE and colloidal Coomassie stain of α-PTPN23 and α-IgG 
immunoprecipitation; the most prominent band was identified as 
PTPN23 by mass spectrometry. (B) Immunoblot analysis of 
immunoprecipitations using α-PTPN23 antibodies or an unspecific IgG 
as a controls. SMN, unrip, PTPN23, and tubulin were detected. sup, 
supernatant. The asterisk indicates an unspecific band.
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FIGURE 5: Subcellular localization of exogenous and endogenous PTPN23. (A) HA-tagged PTPN23 was expressed in 
HeLa cells for 6, 8, and 16 h and detected by Western blot using specific antibodies against the HA tag (left) or PTPN23 
(right). (B) Localization analysis of HA-PTPN23 by indirect immunofluorescence in cells expressing the protein for 8 h 
(blue, DAPI; red, HA; scale bar, 20 μm). (C) Localization analysis of endogenous PTPN23 by indirect immunofluorescence 
using an α-PTPN23 antibody; blue, DAPI; red, PTPN23; scale bar, 20 μm. (D) Localization analysis of HA-PTPN23 
(8-h expression) before and after addition of the nuclear protein export inhibitor LMB. LMB was applied at 45 min; 
indirect immunofluorescence was performed using an α-HA antibody; blue, DAPI; red, HA; scale bar, 20 μm. White lines 
indicate fluorescence intensity measurements; plots show the respective intensity analysis after ImageJ-based 
quantification. Measured sections in the cytoplasm, within the nucleoplasm, and in the nucleolus are indicated within the 
plots in different colors.
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false negatives (Stone et al., 2007; Chung et al., 2008). Our screen 
confirmed the nuclear phosphatase PPM1G, as well as the recently 
identified SMN regulator PP1γ/PPP1CC (Renvoise et al., 2012). Of 
interest, in our hands, knockdown of PP1γ resulted in impaired 
accumulation of SMN in nuclear CB. In contrast, down-regulation of 
its regulatory subunit, NIPP1/PPP1R8, led to the generation of cyto-
plasmic SMN accumulations and an increase in the number of 
CB-like SMN accumulations in the nucleus. These observations sug-
gest a function of PPP1CC as a positive regulator of SMN complex 
activity, which is antagonized by NIPP1/PPP1R8.

We also identified and validated the PTPN23 as a novel SMN 
complex regulator. PTPN23 was initially described as a tumor sup-
pressor candidate gene involved in cell migration and endosomal 
trafficking (Gingras et al., 2009a) and, more recently, was shown to 
regulate sorting of the epidermal growth factor receptor to multive-
sicular bodies (Ali et al., 2013). Moreover, PTPN23 was implicated 
in the regulation of cell migration and cell invasion in cancer cells 
(Mariotti et al., 2009a,b; Lin et al., 2011). However, little is known 
about molecular details of PTPN23 function. PTPN23 is a member 
of the Bro1 domain–containing protein family but also contains sev-
eral other structural motifs, such as a histidine-rich domain (HIS), the 
protein tyrosine domain (PTP), and a proteolytic degradation target-
ing sequence (PEST motif; Toyooka et al., 2000). The multidomain 
structure of PTPN23 suggests activities in numerous cellular func-
tions. Of interest, PTPN23 was shown to be a catalytically inactive 
phosphatase, which could stably bind to tyrosine-phosphorylated 
target proteins, preventing them from dephosphorylation (Barr 
et al., 2009; Gingras et al., 2009a,b). Our data show that the knock-
down of PTPN23 leads to a significant reduction in the number of 
cells showing SMN accumulation in CBs. The analysis of both en-
dogenous and exogenous PTPN23 revealed that this protein mostly 
localizes to the cytoplasm but also shuttles between nucleus and 
cytoplasm. According to this observation, PTPN23 could be in-
volved in the regulation of the SMN complex in both compartments 
and/or in the regulation of SMN exchange between nucleus and 
cytoplasm. Of note, we clearly observed a shift of the SMN protein 
toward hypophosphorylated variants, suggesting that PTPN23 in-
teracts with SMN and thereby protects its tyrosine-phosphorylated 
state. We showed recently that tyrosine phosphorylation modulates 
not only SMN complex localization but most likely also its functions. 
An SMN variant lacking all three tyrosine phosphorylation sites in 
the TUDOR domain of SMN fails to accumulate in nuclear CBs 
(Husedzinovic et al., 2014). It is therefore tempting to speculate that 
PTPN23 interacts with SMN to maintain the tyrosine phosphoryla-
tion in the TUDOR domain. The latter may regulate the activity of 
SMN in snRNP assembly or its trafficking between the nucleus and 
the cytoplasm. Careful analysis of single-site mutations in the ty-
rosines of the TUDOR domains after PTPN23 knockdown will be 
required to make precise the functions of these modifications.

Taken together, our data systematically identify phosphatases 
that critically determine SMN complex localization and, most likely, 
the functions of the complex in intact cells. Our experiments not 
only pinpoint PTPN23 as a novel, unusual regulator of SMN, but 
they also provide an entry point for further mechanistic studies to 
unravel the regulation of the SMN in molecular detail.

MATERIALS AND METHODS
cDNA construction
A PTPN23 cDNA clone was obtained from German Resource 
Center (RZPD, Berlin, Germany; now Source Biosciences, 
Nottingham, UK). PTPN23 bearing a triple-HA tag was constructed 
using pcDNA3.1 (Life Technologies, Darmstadt, Germany).

FIGURE 6: Assembly and phosphorylation state of SMN after PTPN23 
knockdown. (A) Association of SMN with interaction partners in the 
complex in control cell lysates or lysates after PTPN23 knockdown. 
SMN was immunoprecipitated from total lysates using specific 
SMN-antibodies, and immunoprecipitates were purified and probed 
for the presence of SMN, Gemin3, Gemin 4, and unrip as indicated. 
(B) Two-dimensional gel electrophoresis and immunoblot analysis of 
SMN after PTPN23 knockdown (kd). Cells were transfected with 
siRNAs against the indicated phosphatases; vimentin was used as a 
negative control. At 72 h after transfection, cells were resuspended in 
isoelectric focusing buffer and lysed; proteins corresponding to 10-mg 
cell pellet were used for isoelectric focusing, subsequent SDS–PAGE, 
and Western blot analysis. The phosphorylation state of the SMN 
protein was analyzed using an antibody specific to SMN in controls or 
after PTPN23 knockdown. Red arrows in bottom (PTPN23 
knockdown) indicate disappearing phosphorylated SMN species.
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The border pixels of the identified nuclei were calculated, result-
ing in corresponding polygons, and the overlay with the identified 
spots returned polygons containing spots or polygons without 
spots. A spot was defined as lying within a nucleus if its calculated 
center of mass was lying inside the polygon. Segmented images 
were processed further statistically to identify the possible regula-
tors of SMN localization and function. The image processing pro-
vided parameters such as 1) number of nuclei without spots (defined 
as number of nuclei with 0 or 1 spot), 2) number of nuclei with spots 
(defined as number of nuclei with >1 spot), and 3) number of nuclei 
with x spots, where x = 2, 3,…, 20.

Statistical data analysis
These parameters were used to evaluate normalized hit scorings 
with respect to reference samples. Hit scoring focused on the rela-
tive change (gain/loss) of these parameters in terms of 1) percentage 
of nuclei with spots and 2) percentage of nuclei without spots. To 
extract hits despite experimental variations, we normalized all data 
points to the median of loss of SMN accumulations in each plate 
individually. We calculated the MAD and defined the hit threshold 
for each plate respectively as 2 × MAD. The relative change of the 
parameters was calculated as a mean of two replicates for each of 
the 96-well plates. Based on this analysis, the number of selected 
hits was 61. To verify the selected hits, the microscopy images were 
visually inspected. Twenty-three of 61 hits were discarded as false 
positives due to low signal-to-noise ratio. Therefore, the automatic 
analysis scored 38 primary hits, which led to the loss of SMN accu-
mulations from CBs, including PPM1G itself. Images with <10 nuclei 
were excluded from statistical analysis. In addition, images with high 
cell density and out-of-focus images were also excluded because of 
the possible inaccurate segmentation.

Cell culture: RNA interference and protein overexpression
HeLa CCl2 cells were cultivated in DMEM medium (Life Technolo-
gies) supplemented with 10% (vol/vol) fetal calf serum (FCS), 1% (vol/
vol) l-glutamine, 1% penicillin, and 1% streptomycin at 37°C and 5% 
CO2. For immunofluorescence, cells were grown on glass cover slips. 
All transfection experiments were carried out in DMEM without anti-
biotics. siRNA-based knockdown of PTPN23 in HeLa CCl2 cells was 
performed using Ambion Silencer Select oligos (oligo 1: 5′-AGUUU-
GUCCUGAAGAAUUAtt-3′, 5′-UAAUUCUUCAGGACAAACUtc-3′; 
oligo 2: 5′-GACCAAAAGUGGAACUCCAtt-3′, 5′-UGGAGUUCCAC-
UUUUGGUCca-3′) at a final concentration of 20 nM and Stealth 
siRNA (oligo 3: 5′- GAGGUCCUGGACCAGUUCAUGGAUU-3′, 
5′-AAUCCAUGAACUGGUCCAGGACCUC 3′) at a final concentra-
tion of 50 nM). As a negative control, siRNAs against vimentin were 
used. For the siRNA transfection, Lipofectamine RNAiMAX (Life 
Technologies) transfection reagent was used as described in the 
manufacturer’s protocol. For transient plasmid transfection, Lipo-
fectamine 2000 (Life Technologies) was used. The transfection was 
performed according to the manufacturer’s protocol.

Cell fixation, immunofluorescence, imaging, 
and image processing
For immunofluorescence, cells were grown on cover slips, washed 
with 1× PBS, and fixed in 3% paraformaldehyde for 10 min at room 
temperature. Afterward, cells were washed with 1× PBS and blocked 
using 1× PBS containing 0.1% Triton X-100 and 10% FCS (PBSTS). 
Fixed cells were incubated with primary antibodies for 1 h, washed, 
and then incubated with secondary antibodies for 1 h. Primary and 
secondary antibodies were diluted in 1× PBSTS (primary: α-SMN 
7B10, mouse, from 1.5 µg/ml 1:700, α-coilin H300 rabbit [sc-32860; 

PTPN23 antibody generation
Three different PTPN23 peptides (amino acids 710–743, 1220–1243, 
and 1609–1623 of the human sequence) were chosen and synthe-
sized for antibody production (Peptide Specialties Laboratories, 
Heidelberg, Germany). The peptide antibodies were purified from 
serum of immunized rabbits using peptide-coupled columns ac-
cording to standard procedures.

Phosphatome-wide siRNA screen
The phosphatome-wide siRNA screen was based on reverse trans-
fection using the Ambion Silencer Select phosphatase library 
(Ambion Silencer Select Human Phosphatase siRNA Library, 
4397919-AMO01Y9M; Life Technologies). The library consisted of 
three different siRNAs targeting one gene of interest, that is, 894 
siRNAs against 298 human phosphatases and phosphatase-related 
gene products. All siRNAs of the libraries were validated in silico and 
on the bench to individually target the multiple transcripts of a par-
ticular gene (Neumann et al., 2010). Transfections were performed in 
96-well plate format (Neumann et al., 2006, 2010; Erfle et al., 2008).

For the primary phosphatome-wide siRNA screen, cells were 
seeded in 100 µl DMEM medium with antibiotics using a Multidrop 
Combi cell dispenser (Thermo Scientific, Waltham, MA). After 72 h 
of incubation, cells were fixed using 3% paraformaldehyde for 
10 min. Subsequently, cells were washed three times with 1× phos-
phate-buffered saline (PBS) and blocked and permeabilized with 
1× PBS/Triton X-100 for 1 h. SMN staining was performed using the 
α-SMN (7B10) primary antibody (1.5 µg/ml) and goat α-mouse 
Cy3–labeled secondary antibody (2 µg/ml) with incubations of 1 h 
each. DNA was stained with DAPI at a concentration of 0.25 µg/ml. 
For the analysis of the subcellular SMN distribution, four images per 
well were collected on an Olympus ScanR screening microscope 
(Olympus, Hamburg, Germany) using a 10× objective (UPSLAPO 
10×/ 0.4 numerical aperture [NA]; Olympus).

Automatic image evaluation
To analyze the cellular SMN distribution automatically, we devel-
oped an algorithm for the analysis of large-scale microscopy data. In 
the first step, nuclei and SMN accumulations are segmented. The 
morphological characteristics of the objects are extracted via sev-
eral image-processing steps using Matlab (MathWorks, Natick, MA) 
and Dipimage (DIPlib 1.6 Scientific Image Processing Library; Quan-
titative Imaging Group, Delft University of Technology, Netherlands; 
www.diplib.org). From the raw images (tif file, 12 bit), a smoothing 
function corresponding to the radii of the objects of interest (nuclei: 
DAPI channel/spots: Cy3 channel) was used to obtain background-
corrected images. The global threshold was calculated using Otsu’s 
method, which returned normalized intensity values lying in the 
range [0, 1]. After that, binary images were generated, and only 
objects not touching the image boarder (edge objects) were consid-
ered. After labeling of the binary image, objects were classified and 
thus identified as nuclei/spots according to the following criteria: 
1) object size, 2) shape (eccentricity, perimeter, Feret diameter), 
3) intensity, and 4) relation between eccentricity and object size.

Objects featuring parameters lying outside of these classifica-
tions, such as objects that are too large or small, display atypical 
shape, or have too low or high intensities, were excluded from fur-
ther analysis. Moreover, we applied a very sensitive edge detection 
function (Sobel filter using two 3 × 3 kernels) before the generation 
of binary images. This differentiation operator was introduced in or-
der to detect very weak gradients of the image intensity function 
(spots with intensity levels lying marginally above the background 
level).
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collected using a syringe and a needle. The protein concentration 
was ∼1.5 mg/ml.

α-SMN immunoprecipitation
We added 3 ml of cell lysate with a protein concentration of 
1.5 mg/ml to 50 µl of α-SMN antibody (7B10; Meister et al., 2000) 
covalently coupled to protein G–Sepharose beads (GE Healthcare) 
and incubated by rotation at 4°C for 2 h. The beads were exten-
sively washed 10 times for 20 min with 1× PBS and 5 mM NaF. The 
immunoprecipitated proteins were eluted with 100 mM glycine, 
pH 2.2, and precipitated by chloroform–methanol precipitation as 
described (Wessel and Flugge, 1984).

α-PTPN23 immunoprecipitation
We loaded 3 mg of total protein from HeLa lysate onto 50 µl of 
PTPN23 peptide antibody (amino acids 710–743) covalently cou-
pled to protein A–Sepharose beads (Life Technologies) and incu-
bated for 2 h by rotation at 4°C. The beads were extensively washed 
10 times for 10 min with ice-cold 1× PBS supplied with protease in-
hibitors and 5 mM NaF. Bound proteins were eluted using 2 M 
MgCl2. Subsequently, proteins were eluted using 100 mM glycine, 
pH 2.2. The proteins from the MgCl2 fraction were precipitated us-
ing five volumes of ice-cold isopropanol, and the proteins from the 
glycine fraction were precipitated using five volumes of acetone, 
both at −20°C.

Santa Cruz Biotechnology, Heidelberg, Germany] from 1 µg/ml 
1:200, α-coilin F-7 mouse [sc-55594; Santa Cruz Biotechnology] 
from 1 µg/ml 1:500, α-PTPN23, rabbit, from 1 µg/ml 1:100). DNA 
was stained using DAPI at a concentration of 0.25 µg/ml. Cells were 
washed and mounted on object slides using Fluoromount-G mount-
ing medium (Southernbiotech, Birmingham, AL). Analysis was done 
on Leica SP2 confocal microscope using a 63×/1.2 NA water immer-
sion objective (Leica Microsystems, Mannheim, Germany). Images 
were processed using the Leica confocal software and Photoshop 
CS4.

SDS–PAGE and Western blot
Proteins were separated by SDS–PAGE according to Laemmli 
(1970). For protein separation, cells were lysed by the addition of 
protein loading buffer (Laemmli, 1970). The samples were boiled for 
10 min at 95°C. To analyze the running behavior of proteins based 
on their difference in posttranslational modifications such as phos-
phorylation, high-tetramethylethylenediamine [TEMED] gels were 
used (running gel: 13 ml of 30% acrylamide (37.5:1), 7.5 ml of 1.5 M 
Tris, pH 8.8, 9.25 ml of double-distilled H2O, 250 µl of 10% SDS, 
100 µl of 10% ammonium persulfate, and 100 µl of TEMED; stacking 
gel: 1.5 ml of 30% acrylamide (37.5:1), 1.7 ml of 1 M Tris, pH 6.8, 
5.8 ml of double-distilled H2O, 75 µl of 10% SDS, 45 µl of 10% 
ammonium persulfate and 22.5 µl of TEMED). After SDS–PAGE, 
proteins were transferred to the nitrocellulose membranes. Primary 
antibodies used for the protein immunodetection were the same as 
for immunofluorescence (dilutions: α-SMN 7B10 mouse, 1:4000, 
from 1.5 µg/ml, α-PTPN23 from 1 µg/ml, 1:1000, α-tubulin mouse 
[DM1A, T9026; Sigma-Aldrich, Taufkirchen, Germany], 1:5.000). 
Secondary antibodies used were IRDye 800 α-mouse immunoglob-
ulin G (IgG) and IRDye 700 α-rabbit IgG (Life Technologies), both at 
1:10,000 dilution. Fluorescence signals were detected using an in-
frared scanner (Odyssey; LICOR Biosciences, Lincoln, NE).

2D gel electrophoresis
For 2D gel electrophoresis, cells were washed and harvested with 
ice-cold 1× PBS.

After centrifugation at 5000 rpm at 4°C for 5 min, pellets were 
resuspended in isoelectric focusing buffer at room temperature and 
additionally lysed by sonification. Insoluble particles were removed 
by centrifugation at 60,000 rpm (TLA 100.3 Rotor; Beckman Coulter, 
Krefeld, Germany) at room temperature for 30 min. Proteins of 
∼10-mg cell pellet were separated by isoelectric focusing in the first 
dimension and by SDS–PAGE in the second dimension. Afterward, 
Western blot (wet blot transfer) was performed. The SMN protein 
was detected using a mouse monoclonal anti-SMN (7B10; Meister 
et al., 2000) antibody and a horseradish peroxidase–coupled 
anti-mouse antibody. The signals were detected using ECL Plus 
Western Blotting Substrate (Pierce Biotechnology, Thermo Scientific, 
Rockford, IL) and analyzed by ImageQuant LAS 4000 (GE Health-
care, Munich, Germany).

HeLa cell lysate preparation for immunoprecipitation 
experiments
We resuspended 5 × 109 cells (HeLa whole-cell pellet; Cilbiotech, 
Mons, Belgium) in 3× volumes of 1× PBS with 10 mM Na3VO4, 
5 mM NaF, and protease inhibitors (complete EDTA free; Roche, 
Mannheim, Germany) and lyzed them by sonification. Insoluble 
particles were removed by centrifugation at 1500 × g for 10 min. 
For the lipid extraction, N-heptane was added at a dilution of 
1:15. Lysates were gently mixed and centrifuged at 25,000 rpm 
(SW41 Ti rotor; Beckman Coulter). The middle phase was 
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