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Abstract
FAN (factor associated with neutral sphingomyelinase [N-SMase] activation) exhibits striking
structural homologies to Lyst (lysosomal trafficking regulator), a BEACH protein whose inactivation
causes formation of giant lysosomes/Chediak-Higashi syndrome. Here, we show that cells lacking
FAN show a statistically significant increase in lysosome size (although less pronounced as Lyst),
pointing to previously unrecognized functions of FAN in regulation of the lysosomal compartment.
Since FAN regulates activation of N-SMase in complex with receptor for activated C-kinase (RACK)
1, a scaffolding protein that recruits and stabilizes activated protein kinase C (PKC) isotypes at
cellular membranes, and since an abnormal (calpain-mediated) downregulation/membrane
recruitment of PKC has been linked to the defects observed in Lyst-deficient cells, we assessed
whether PKC is also of relevance in FAN signaling. Our results demonstrate that activation of PKC
is not required for regulation of NSMase by FAN/RACK1. Conversely, activation of PKC and
recruitment/stabilization by RACK1 occurs uniformly in the presence or absence of FAN (and
equally, Lyst). Furthermore, regulation of lysosome size by FAN is not coupled to an abnormal
downregulation/membrane recruitment of PKC by calpain. Identical results were obtained for Lyst,
questioning the previously reported relevance of PKC for formation of giant lysosomes and in
Chediak-Higashi syndrome. In summary, FAN mediates activation of N-SMase as well as regulation
of lysosome size by signaling pathways that operate independent from activation/membrane
recruitment of PKC.
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INTRODUCTION
We have previously identified the protein FAN (factor associated with neutral
sphingomyelinase activation) as an essential component in the activation of neutral
sphingomyelinase (N-SMase, an enzyme that generates the lipid second messenger ceramide
from sphingomyelin at the cell membrane and whose physiological role is just beginning to
emerge [1,2]) by the 55 kDa tumor necrosis factor (TNF) receptor (TNF-R55) [3]. Structurally,
FAN is characterized by the presence of five C-terminal WD repeats, classifying FAN as a
member of the ancient WD (or WD40) repeat protein family [3]. WD repeat proteins contribute
to cellular functions ranging from signal transduction to cell cycle control and are conserved
across eukaryotes as well as prokaryotes [4]. WD repeats consist of a conserved core of 23-41
amino acids, usually initiated by Gly-His (GH) and terminated by Trp-Asp (WD), and are found
between four and 16 times in individual proteins [4]. They can fold into a propeller-like
structure that serves as a scaffold for interaction with other proteins [4]. Accordingly, we have
demonstrated that the WD repeats of FAN are required for binding to TNF-R55 and for
subsequent activation of N-SMase [3]. A second conserved homology domain of FAN, the
BEACH (for beige and CHS) domain is located N-terminal of the WD repeats and was
originally described in the mouse WD repeat protein Beige (also known as Lyst, lysosomal
trafficking regulator) and its human homologue, the CHS protein [5]. The structural
architecture shared by FAN and Lyst is also found in an increasing number of other proteins
that together constitute the emerging subfamily of BEACH proteins. Many BEACH proteins
are very large (> 2000 amino acid residues) and have putative functions in vesicular transport
or membrane dynamics, such as neurobeachin, a protein which is essential for neuronal
synaptic transmission [6], the LvsA protein, governing membrane processing and cytokinesis
in Dictyostelium [7], or LBA, a protein closely related to neurobeachin which has a possible
function in polarized vesicle trafficking [8]. Analysis of the crystal structure of the BEACH
domain from human neurobeachin revealed that it interacts with a weakly conserved pleckstrin-
homology (PH) domain just before the BEACH domain. Functional studies with FAN have
furthermore demonstrated that both the PH and the BEACH domains are required for signal
transduction from TNF-R55, suggesting that the PH and BEACH domains may function as a
single unit [9]. However, the exact molecular function of the BEACH domain is currently
unknown. Similarly, the molecular pathways by which BEACH proteins affect vesicle
formation and trafficking are largely undefined. Lyst/CHS, the most well characterized
member of the BEACH protein family, is inactivated in patients with Chediak-Higashi
syndrome, which suffer from hypopigmentation, severe immunological deficiency, neuronal
abnormalities and a bleeding tendency [5]. Similar symptoms are seen in the beige mouse, the
corresponding mouse model. At the cellular level, the disease is characterized by the occurrence
of giant intracellular vesicles and by protein sorting defects into these organelles, most likely
due to defects in the vesicular transport to and from the lysosome and late endosome [5,10].
The molecular basis for this disease are mutations within Lyst/CHS that lead to a truncated
protein. It is, however, unknown how Lyst/CHS exerts its normal function and how it links to
vesicular transport [5]. Based on a yeast two hybrid screen showing that Lyst/CHS interacts
with proteins important in vesicular transport and signal transduction, it was suggested that
Lyst/CHS may function as an adapter protein that juxtaposes proteins mediating intracellular
membrane fusion reactions [11]. Independently, an enhanced proteolysis of conventional
protein kinase C (cPKC) isotypes by the thiol protease calpain, resulting in a disturbed
membrane recruitment/activation of cPKC, has been implicated in the defects seen in cells
lacking Lyst/CHS [12,13]. The putative functions of FAN are likewise only marginally
understood. Aside from its essential role in N-SMase activation [3,14] (which is most likely
required for the described effects of FAN on cutaneous barrier disruption [14] and apoptosis
[15-19]), FAN may exert additional functions in actin reorganization in macrophages [20] and
in control of lysosomal permeability [21]. However, the molecular mechanisms by which FAN
participates in these functions are currently unknown. In a previous study, we have shown that
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the adapter protein RACK1 (receptor for activated C-kinase 1) is one of the components in the
signaling pathways of FAN. We have demonstrated that RACK1 forms a complex with FAN,
and that this interaction modulates the activation of N-SMase by TNF-R55 [22]. Similar to
FAN, RACK1 also belongs to the family of WD repeat proteins, carrying seven individual WD
repeats. RACK1 is highly conserved from Chlamydomonas to human [23], indicating that its
function was established before the evolutionary divergence of plants and animals. RACK1 is
a scaffolding protein that is involved in the recruitment, assembly and regulation of multiple
different signaling molecules. These molecules interact with several independent protein
binding sites located on the individual WD repeats of RACK1 [24], e. g. FAN binds to a region
comprising at least parts of WD repeats V to VII of RACK1 [22]. Since RACK1 is also a
constituent of the eukaryotic ribosome that regulates translation, it has been speculated that
RACK1 may promote the recruitment of ribosomes to cellular sites where translation is
required [24]. Originally, RACK1 has been isolated as a “receptor for activated C-kinase 1,”
i. e. a protein that binds to activated PKC isotypes, facilitates their translocation to cellular
membranes, and simultaneously prevents their premature degradation [25]. We therefore
speculated that RACK1 might participate in the cellular functions of FAN by recruiting
activated PKC into the vicinity of FAN. A putative role of PKC in the signaling pathways of
FAN appeared further likely because of the shared structural architecture of FAN and Lyst
(suggesting functional overlaps) in combination with the proposed implication of PKC in the
regulation of vesicular transport through Lyst. In this study, we therefore investigated the
interconnections between FAN, RACK1, PKC and vesicle formation in more detail.

MATERIALS AND METHODS
Reagents

Antibodies specific for PKCα (sc-208, rabbit IgG), PKCβI (sc-8049, mouse IgG1), PKCβII
(sc-210, rabbit IgG) and conventional PKC isotypes (panPKC, sc-17769, mouse IgG2a) were
purchased from Santa Cruz, Heidelberg, Germany. The RACK1-specific antibody (610168,
mouse IgM) was provided by BD Biosciences, Heidelberg, Germany. Highly purified human
recombinant TNF (hTNF) was supplied by BASF Bioresearch, Ludwigshafen, Germany.
Phorbol 12-myristate 13-acetate (PMA) and chelerythrine were obtained from Sigma,
Deisenhofen, Germany, Gö 6976, (2S, 3S)-trans-epoxyscuccinyl-L-leucylamido-3-
methylbutane ethyl ester (E-64d), calpastatin and calpeptin were purchased from Calbiochem
GmbH, Bad Soden, Germany.

Cell Culture
Embryonic Fibroblasts (EF) from wildtype or FAN-deficient mice as well as Lyst-deficient
MCHSF2, C572CF wildtype control and Big24r (Lyst-deficient fibroblasts expressing a yeast
artificial chromosome (YAC) complementing the Lyst-deficiency) fibroblasts have been
described previously [14,26-29]. Cells were maintained in DMEM supplemented with 10 %
v/v FCS, 2 mM glutamine and 50 μg/ml each of streptomycin and penicillin in a humidified
incubator containing 5 % w/v CO2. For Big24r fibroblasts, 1 mg/ml Geneticin (Invitrogen,
Karlsruhe, Germany) was added to the culture medium to maintain the YAC. Primary lung
fibroblasts from Lyst-deficient C57BL/6J-bgJ and wildtype C57BL/6 mice (Charles River
Laboratories, Sulzfeld, Germany) were generated essentially as described [30], except that
cells were cultivated in DMEM supplemented with 20 % v/v FCS. Primary human wildtype
(GM08148) and Lyst-deficient (GM02075) fibroblasts were purchased from the Coriell
Institute for Medical Research (Camden, NJ, USA) and maintained in DMEM supplemented
with 15 % v/v FCS.
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Immunofluorescence And Analysis of Lysosome Size
4 × 104 cells were seeded on poly-L-lysine-coated glass coverslips and grown over night at 37
°C. To visualize lysosomes, cells were incubated with 100 nM LysoTracker Red (Invitrogen)
for 1 h at 37 °C, washed twice with PBS and fixed in 4% w/v paraformaldehyde for 30 min at
room temperature before being analyzed using a Zeiss LSM 510 confocal laserscanning
microscope (Zeiss, Oberkochen, Germany). Final digital images were processed by applying
the auto-contrast function of Adobe Photoshop CS (Adobe Systems, Mountainview, CA,
USA). For quantification of lysosome size, cell division was synchronized by starving the cells
in medium containing 0.1% v/v FCS over night followed by recovery in normal medium before
further treatment. Micrographs were generated by confocal laserscanning microscopy using
constant magnification (400 ×) and stack size. The size of individual lysosomes was quantified
from the obtained micrographs using the program ImageJ (Wayne Rasband, National Institutes
of Health, Bethesda, MD, USA).

Preparation of Cytosolic and Membrane Fractions
To distinguish membrane-associated and cytosolic PKC, cells were washed twice in ice-cold
PBS and lysed in homogenization buffer (20 mM Tris pH 7.5, 250 mM sucrose, 2 mM EDTA,
5 mM EGTA, 2 mM PMSF, 50 mM β-mercaptoethanol) by three rounds of sonication (10 s
each; SONIFIER 250, Branson Ultrasonics, Danbury, CT, USA). After centrifugation (100000
× g, 1 h, 4 °C), the supernatant representing the cytosolic fraction was removed. The precipitate
was resuspended in homogenization buffer containing 0.5 % v/v Triton X-100 and centrifuged
again (40000 × g, 15 min, 4 °C) to obtain the membrane fraction (contained in the supernatant).

Immunoblots
Equal amounts of protein per lane were resolved by electrophoresis on SDS polyacrylamide
gels (SDS-PAGE). After electrophoretic transfer to nitrocellulose, reactive proteins were
detected using specific antibodies and the ECL detection kit (Amersham Biosciences, Freiburg,
Germany).

Immunoprecipitation
Immunoprecipitation was performed over night on ice using 1 μg of antibody (sc-210 or
sc-17769) and 500 μg of protein in homogenization buffer containing 0.25 % v/v Nonidet P-40.
Immunecomplexes were collected by a 1 hour incubation with γ-bind-sepharose (Amersham
Biosciences) and subsequent washing of the immunecomplexes for three times in cold
homogenization buffer. The precipitates were resuspended in 25 μl of homogenization buffer
and either analyzed in Western blots or assayed for PKCβII activity as described below, except
that the ion exchange chromatography step was omitted.

PKC Assays
Cytosolic and membrane fractions were subjected to ion exchange chromatography to separate
PKC from other protein kinases essentially as described [31]. Briefly, HiTrap DEAE FF
columns (Amersham Biosciences) were equilibrated with a buffer containing 20 mM Tris HCl
pH 7.5, 1 mM EDTA, 1 mM EGTA, 2 mM PMSF, 50 mM β-mercaptoethanol, once with 1 M
NaCl, and again with equilibration buffer before loading of the samples. The columns were
then washed again with equilibration buffer and eluted sequentially with 0.2, 0.4 and 0.6 M
NaCl. PKC activity of the obtained fractions was assayed by determining the incorporation
of 32P into a PKC specific substrate peptide using the Protein Kinase C Enzyme Biotrack Assay
System (Amersham Biosciences) following the recommendations of the manufacturer. 32P-
incorporation was quantified in a scintillation counter (Beckman Coulter, Krefeld, Germany).
Since initial experiments demonstrated that PKC activity eluted preferentially at 0.2 M NaCl
(data not shown), this fraction was routinely used in subsequent experiments.
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Assays for Calpain Activity
Calpain activity was measured using the Fluorogenic Calpain Activity Kit (Calbiochem)
following the recommendations of the manufacturer. Human calpain 1 (provided with the kit)
served as a positive control for the assay. The release of 7-amino-4-methylcoumarin (amc)
from the synthetic substrate Suc-LLVY-amc after digestion by calpains was measured as
emission at 460 nm upon excitation at 355 nm using a Fluoroskan II fluorimeter equipped with
a thermostated plate reader (Labsystems, Egelsbach, Germany).

RESULTS AND DISCUSSION
Impact of FAN on lysosome size

An immediately evident hallmark of Lyst-deficient cells is the presence of giant lysosomes
with a clustered perinuclear distribution, whereas wildtype cells display small lysosomes that
are dispersed throughout the cytoplasm [27,32] (Fig. 1A, B). Given the striking structural
similarity of FAN and Lyst, we were interested whether loss of FAN might likewise affect the
lysosomal compartment. Therefore, FAN+/+ and FAN−/− EF were stained with LysoTracker
Red, a red-fluorescent dye that stains acidic compartments in live cells. As shown in Fig. 1C,
D, morphological inspection of FAN−/− EF suggested a slightly larger lysosome size when
compared to FAN+/+ EF, although the difference was not as prominent as in Lyst−/− vs. Lyst
+/+ fibroblasts. To substantiate this impression, we performed a quantitative analysis of
lysosome size in FAN+/+ and FAN−/− EF. As it has been described for Lyst-deficient cells
that lysosome size may vary within the cell cycle [33], we synchronized FAN+/+ and FAN−/
− EF in their cell cycle by serum starvation for these experiments. Despite overlaps in the size
of individual lysosomes (e. g. occasional large lysosomes in FAN+/+ EF or smaller lysosomes
in FAN−/− EF; Fig. 1C, D), quantification of >5000 lysosomes in four independent
experiments indicated that the average lysosome size in FAN−/− EF is consistently above that
of FAN+/+ EF. Results from one representative experiment are shown in Fig. 1E, similar results
were obtained in the other three experiments (data not shown). Analysis of variance confirmed
that the difference in average lysosome size of FAN+/+ and FAN−/− cells was significant (p
= 0.000067, 0.00048, 0.0032 and 0.0018 for each of the four experiments). Although we
initially suspected that FAN−/− EF contained not only larger, but also more lysosomes than
FAN+/+ EF (Fig. 1C, D), we however did not find a dependence on the presence or absence
of FAN when we counted lysosome numbers in a larger number of individual FAN+/+ vs.
FAN−/− EF cells. Overall, the average number of lysosomes per cell was comparable in FAN
+/+ vs. FAN−/− EF (data not shown).

Our results implicate that in addition to Lyst, FAN likewise participates in signaling pathways
whose disturbance has effects on the regulation of lysosome size (but not lysosome number).
In line, other members of the BEACH protein family such as LvsA, LvsB, neurobeachin and
LBA have also been implicated in the regulation of vesicular trafficking [6-8,34]. However,
deficiency of FAN does not affect lysosome size as dramatically as loss of Lyst (Fig. 1A-D).
Moreover, mice deficient for FAN do not show overt abnormalities, especially no defects
indicative for Chediak-Higashi syndrome [14]. Nevertheless, these mice display a delayed
kinetics of skin recovery after cutaneous barrier disruption [14], a process that requires
membrane remodeling and secretion of vesicles. Therefore, FAN may regulate signaling
pathways that either overlap only partially with those of Lyst or which can largely be
complemented by Lyst or other members of the BEACH protein family. However, the exact
nature of these signaling pathways is still largely enigmatic. As one possibility, Werneburg
and coworkers have recently put forward a function of FAN in the regulation of lysosomal
permeability [21]. Alternatively, one might speculate that FAN could affect vesicular
trafficking through its function as an essential activator of N-SMase [3]. Activation of SMases
may have profound effects on the fluidity and even the curvature of the plasma membrane. Zha
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and coworkers have shown that upon addition of SMase, the surface of affected cells
invaginated and formed small vesicles in the absence of any coat proteins [35]. It has been
speculated that an involvement, directly or indirectly, in the modulation of local membrane
lipid composition may be a common denominator of neurobeachin, Lyst, LvsA, and FAN
[36]. Furthermore, it has been proposed that proteins with a structure similar to FAN may
participate in membrane remodeling and/or vesicular trafficking by regulating the activity of
SMases through their BEACH domain [7]. Therefore, BEACH proteins might control vesicle
formation and dynamic remodeling of cell membranes through the regulation of membrane
curvature by activation of SMases.

Impact of FAN/RACK1 on TNF-dependent membrane translocation/activation of PKC
Subsequently, we wanted to determine the role of FAN and RACK1 in TNF-R55-induced
activation of PKC. Since TNF can act as a potent inducer of PKC activation and translocation
[31], activation of PKC by TNF may depend on formation of a complex consisting of TNFR55,
FAN and RACK1. Therefore, we analyzed TNF-induced membrane translocation of PKC in
FAN+/+ EF that harbor functional copies of TNF-R55, FAN and RACK1. As shown in Fig.
2A, TNF did not induce a detectable translocation of cPKC isotypes from the cytosolic to the
membrane fraction in these cells. Moreover, we did not observe any TNF-induced changes in
the distribution of RACK1 between the cytosolic and membrane fraction resulting from
cotranslocation with activated PKC (Fig. 2A). Since RACK1 has been described as an
anchoring protein with preference for activated PKCβII [37], we immunoprecipitated PKCβII
from TNF-stimulated FAN+/+ EF to allow for a more specific detection. Again, as shown in
Fig. 2B, neither the amount of immunoprecipitated PKCβII nor the quantity of
coimmunoprecipitating RACK1 contained in the membrane fraction did show an increase in
response to TNF-treatment. In corresponding measurements of PKCβII activity in the
immunoprecipitates, we likewise did not observe an increase in response to TNF (whereas the
phorbol ester PMA readily stimulated the activity of PKCβII; Fig. 2C). Similar results were
obtained when we measured PKCβII activity in immunoprecipitates from TNF-stimulated
FAN−/− EF (data not shown). As an additional control, we examined membrane translocation
and activation of PKC in fibroblasts from wildtype (Lyst+/+) and Lyst-deficient (Lyst−/−)
mice. Consistent with the observations made in FAN+/+ EF, TNF did not induce translocation
of cPKC from the cytosolic to the membrane fraction. Identical results were obtained when we
analyzed membrane translocation individually for PKC (Fig. 2D). Furthermore, when we
measured cPKC activity directly in Lyst+/+ or Lyst−/− fibroblasts, treatment with TNF did
not lead to a relevant increase of activity in the membrane fraction nor to a decrease in the
cytosolic fraction (in contrast to stimulation with PMA used as a positive control; Fig. 2E). In
addition, TNF did not increase the activity of PKCβII immunoprecipitated from membrane
fractions of Lyst+/+ and Lyst−/− fibroblasts (data not shown).

Collectively, the above results indicate that in fibroblasts, TNF does not induce membrane
translocation or activation of cPKC isotypes. In support of this assumption, Kellerer and
coworkers have shown that in rat-1 fibroblasts, TNF induces a rapid translocation of PKCε,
while no effect occurred on other isotypes [38]. Likewise, we have previously demonstrated
that PKC is activated by TNF in human K562 erythroleukemia and in human leukemic Jurkat
T cells, but not in the human fibroblast cell line CCD18 [31], suggesting that PKC activation
may play a major role in TNF signal transduction in some, but not all target cells. Therefore,
our results suggest that in the examined fibroblast cell lines, the signaling pathways of TNF
and PKC are not linked to each other and that the previously reported regulation of N-SMase
by FAN and RACK1 in response to TNF [3,14,22] occurs without involvement of PKC in
these cells.
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RACK1 functions as a “receptor for activated C-kinase” in membrane translocation/
activation of PKC isotypes independent from a recruitment to FAN or Lyst

Subsequently, we examined whether FAN and RACK1 participate in PKC activation through
signaling pathways independent from TNF. The striking structural similarity of FAN to Lyst
as well as to other members of the BEACH protein subfamily [39] implicates potential overlaps
in the biochemical or cellular functions of these proteins. Of note, a rapid downregulation of
phorbol ester-induced PKC activity has been implicated in the manifestation of giant lysosomes
in Lyst-deficient cells [12,13]. This abnormal downregulation of membrane-associated PKC
activity may be due to the absence of an anchoring protein that stabilizes activated PKC at the
membrane. Since this is exactly the function that is executed by RACK1, we speculated that
phorbol ester-induced activation of PKC might require a functional complex of RACK1 and
a BEACH protein such as FAN or Lyst for maintaining and stabilizing PKC activity at the cell
membrane.

We therefore compared the translocation of cPKC isotypes in response to PMA from the
cytosolic to the membrane fraction in EF from FAN+/+ and FAN−/−the cytosolic into the
membrane fraction in FAN+/+ EF, indicative for enzymatic activation mice. As shown in Fig.
3A, treatment with PMA induced a rapid translocation (within 1 min) of cPKC isotypes from
of cPKC. These results were additionally confirmed for the individual isotypes PKCα and
PKCβI. When we analyzed membrane translocation in FAN−/− EF, we observed that cPKC,
PKCα, PKCβI and the preferentially RACK1-binding isotype PKCβII translocated in an
identical pattern. In assays that measured the enzymatic activity of PKC rather than protein
translocation, treatment with PMA led to a clear increase of activity in the membrane fractions,
and to a similarly pronounced decrease of activity in the cytosolic fractions of both FAN+/+
and FAN−/− EF (Fig. 3B), showing a kinetics corresponding to the translocation observed in
Western blots. Therefore, we next investigated whether a cotranslocation of RACK1 and PKC
from the cytosolic to the membrane fraction was detectable and whether the presence or absence
of FAN was relevant for this translocation. As demonstrated in Fig. 3C, in contrast to the clearly
visible translocation of cPKC isotypes, the total amount of RACK1 in the cytosolic and
membrane fractions of FAN+/+ and FAN−/− EF did not change in response to PMA. However,
RACK1 is abundantly expressed in both the cytosolic and membrane fractions of the analyzed
cells, and thus, the total amount of RACK1 present in these fractions may interfere with
detection of the fraction of RACK1 that associates and cotranslocates with specific PKC
isotypes. Therefore, we analyzed RACK1 specifically coimmunoprecipitating with cPKCs. As
shown in Fig. 3D, PMA induced a time-dependent accumulation of cPKC in the membrane
fractions of both FAN+/+ and FAN−/− EF as well as an increase in the amount of cPKC-
associated RACK1 in the membrane fraction of both cell lines. In a separate experiment, the
activity of immunoprecipitated PKCβII (the preferentially RACK1-binding isotype) from
PMA-treated FAN+/+ as well as FAN−/− EF showed a clear increase in the membrane fractions
and an equivalent decrease in the cytosolic fractions (Fig. 3E), again corresponding to the
translocation data obtained in Western blots. In summary, the above data clearly demonstrate
that PMA-induced membrane translocation and enzymatic activation of PKC isotypes likewise
occurs in FAN-expressing and FAN deficient EF, indicating that PKC activation by PMA does
not depend on the presence of FAN. Apparently, RACK1 is able to recruit PKC isotypes (such
as PKCβII) to the plasma membrane independent of its ability to form a complex with FAN.

To explore the option that RACK1 requires interaction with a BEACH protein other than FAN
for efficient activation and recruitment of PKC isotypes to the plasma membrane, we analyzed
Lyst−/− fibroblasts and their wildtype counterparts. We considered Lyst as a potential
candidate for interaction with RACK1 since a disturbed activation of PKC in response to PMA
has been described in Lyst-deficient cells [12]. This disturbed activation may result from an
inability of RACK1 to properly translocate, anchor and stabilize PKC at the plasma membrane
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when Lyst is missing. However, when we treated Lyst+/+ or Lyst−/− fibroblasts with PMA,
we observed a clear cytosol-to-membrane translocation for cPKC in both cell lines, regardless
whether Lyst was missing or not (“panPKC” in Fig. 4A). Similar to the results seen in FAN+/
+ and FAN−/− EF, no alteration in the distribution of total cellular RACK1 was detectable
(“RACK1” in Fig. 4A), again most likely due to the association/cotranslocation of only a minor
fraction of total cellular RACK1 with specific PKC isotypes during activation. Therefore, we
performed coimmunoprecipitations to assess the amount of RACK1 that specifically associates
with PKCβII in Lyst+/+ as well as in Lyst−/− fibroblasts. As shown in Fig. 4B, a time-
dependent increase of RACK1 coimmunoprecipitating with PKCβII was detectable in the
membrane fraction of Lyst+/+ fibroblasts, but likewise in Lyst−/− cells, suggesting that
RACK1 can bind to PKCβII and mediate its translocation to the plasma membrane without
requirement for Lyst. This result was additionally corroborated in Lyst−/− fibroblasts by
analysis of RACK1 coimmunoprecipitating specifically with PKCβII or with the PKC fraction
bound by an antibody against all cPKCs (“panPKC”). In both cases, treatment with PMA
induced a translocation of both the respective PKC and of PKC-associated RACK1 into the
membrane fraction although Lyst was absent in these cells (Fig. 4C). Likewise, PMA induced
a decrease of PKCβII activity in immunoprecipitates from the cytosolic fractions and a
concurrent increase in the membrane fractions of fibroblasts, regardless whether Lyst was
present or not (Fig. 4D). We further validated these results by conventional Western blot of
PKCβII membrane translocation. In both Lyst+/+ as well as Lyst−/− fibroblasts, PMA induced
a clear redistribution of PKCβII protein from the cytosolic to the membrane fraction. Identical
results were obtained in Lyst−/− fibroblasts that are functionally reconstituted by a YAC
complementing their Lyst-deficiency [29] (Fig. 4E). Therefore, the presence or absence of Lyst
does not affect the ability of RACK1 to recruit and activate PKCβII in murine fibroblasts. In
support of this result, RACK1 did not interact with Lyst in yeast two-hybrid studies utilizing
a construct encoding the C-terminal portion of Lyst comprising the WD repeats and parts of
the BEACH domain (BPM-1, [29]; data not shown).

The regular translocation/activation of PKCβII in Lyst-deficient fibroblasts seen in our
experiments in response to PMA is inconsistent with the disturbed activation of PKC that has
been described for and been implicated in the manifestation of giant lysosomes in Lyst-
deficient cells [12,13]. Therefore, we extended our previous analyses and additionally
compared cytosol-to-membrane translocation of individual cPKC isotypes, PKCα and
PKCβI in Lyst+/+ and Lyst−/− fibroblasts. As shown in Fig. 4F, treatment of Lyst-deficient
fibroblasts with PMA did not induce a translocation pattern of cPKC, PKCα, or PKCβI that
was any different from the pattern seen in Lyst+/+ cells, from the pattern shown for PKCβII
in Lyst+/+ or Lyst-reconstituted Lyst−/− Big24r cells (Fig. 4E), or from the pattern seen in
FAN+/+ or FAN−/− EF (Fig. 3A). Moreover, in measurements of enzymatic activity, we did
not observe a rapid downregulation of activated PKC in the membrane fraction of Lyst−/−
fibroblasts. In contrast to the described almost complete reduction of activity within 5 min
[12], we consistently measured an increase of activity in the membrane fraction as well as a
corresponding decrease in the cytosolic fraction that followed comparable patterns in Lyst−/
−, Lyst+/+ and Lyst-reconstituted Lyst−/− fibroblasts (Fig. 4G) and which again corresponded
to the translocation patterns seen in Western blots. In conclusion, the Lyst-deficient murine
fibroblasts examined here do not show a rapid downregulation or abnormal activation of PKC
and the formation of enlarged lysosomes in these cells is most likely not linked to defects in
membrane recruitment/activation of PKC.

Overall, these data clearly indicate that RACK1 is able to bind to cPKC isotypes in the presence
or absence of either Lyst or FAN, strongly suggesting that association of RACK1 to BEACH
proteins is not required for its function as a “receptor for activated C-kinase” (i. e. RACK1-
mediated recruitment of activated cPKC isotypes to the plasma membrane and stabilization of
the activated enzyme from premature degradation).
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The role of FAN in regulation of lysosome size is not coupled to an enhanced proteolysis of
PKC

In Lyst-deficient cells, the formation of giant lysosomes has been linked to an enhanced
proteolysis of PKC by the thiol proteinase calpain, resulting in an abnormal downregulation/
membrane recruitment of PKC. Blockage of calpain by E-64d, a broad spectrum cysteine
protease inhibitor, has been described not only to restore PKC activity, but also to prevent giant
granule formation in Lyst-deficient cells. Likewise, PKC inhibitors have been described to
promote giant granule formation in wildtype cells [13]. To evaluate whether these mechanisms
were also of importance for the effects of FAN on lysosome size, we incubated FAN+/+ EF
with Gö 6976, an inhibitor of cPKC. In parallel, FAN−/− EF were treated with the calpain
inhibitors E-64d, calpastatin, or calpeptin. As shown in Fig. 5A, treatment with Gö 6976 did
not induce a detectable enlargement of lysosomes in FAN+/+ EF, nor could we observe a
noticeable reduction of lysosome size in FAN−/− EF that had been treated with calpain
inhibitors. Likewise, in a reverse experiment, no effect of Gö 6976 on FAN−/− EF or of
calpastatin on FAN+/+ EF was detectable (data not shown).

As additional controls, we analyzed the impact of PKC inhibition by Gö 6976 on Lyst+/+
fibroblasts as well as the effects of the calpain inhibitors E-64d, calpastatin or calpeptin in Lyst
−/− fibroblasts (Fig. 5B). To exclude artifacts originating from immortalization of the above
cell lines, we repeated these experiments in primary murine (Fig. 5C) and primary human (Fig.
5D) Lyst+/+ and Lyst−/− fibroblasts, additionally employing the PKC inhibitor chelerythrine.
In all cases, inhibition of PKC uniformly did not enlarge lysosome size in wildtype fibroblasts,
nor did inhibition of calpain lead to a shrinking of giant lysosomes in Lyst-deficient fibroblasts
(Fig. 5B-D). We verified the integrity of E-64d, calpastatin and calpeptin in enzymatic assays
where an unambiguous inhibition of calpain activity by all three inhibitors was observed in
Lyst−/− fibroblasts (Fig. 5E). Likewise, the PKC inhibitors Gö 6976 and chelerythrine clearly
reduced basal PKC activity and inhibited stimulation of PKC by PMA in Lyst+/+ fibroblasts
(Fig. 5F). Thus, although these inhibitors were functional, they did not affect lysosome size,
arguing that alterations in lysosome size in Lyst- and FAN-deficient cells are not coupled to
an enhanced proteolysis of PKC by calpain. This was further corroborated in an experiment in
which we directly measured membrane translocation and activation of PKC in the presence of
calpain inhibitors. Preincubation of Lyst−/− fibroblasts with E-64d, calpeptin or calpastatin
neither increased membrane-associated PKC activity (Fig. 5G), nor did preincubation with
E-64d or calpeptin alter membrane translocation of PKC (Fig. 5H). This result is in
concordance with our observation that Lyst−/− fibroblasts do not show a previously reported
[12] rapid downregulation of PKC (Fig. 4) which therefore also cannot be restored by inhibition
of calpains. It is also in concordance with the lacking effect of these inhibitors on lysosome
size (Fig. 5A-D). These results clearly demonstrate that the deregulation of lysosome size in
cells lacking the BEACH proteins FAN or Lyst is not due to an enhanced proteolysis or
abnormal downregulation/membrane translocation of PKC.

Taken together, our data suggest that FAN exerts its cellular functions (such as activation of
N-SMase and regulation of lysosome size) independently from the signaling pathways that
lead to membrane translocation/activation of PKC. Although a role of PKC in the signaling
cascades triggered by FAN would have been plausible in a model in which RACK1 acts as an
interaction partner of FAN and concurrently recruits activated PKC into the vicinity of FAN,
our data clearly demonstrate that the respective signaling pathways do not depend on each
other. While FAN is essential for activation of N-SMase by TNF in EF [14], this occurs in the
complete absence of membrane translocation/activation of PKC isotypes. Likewise, phorbol
ester-induced membrane translocation/activation of PKC isotypes in EF lacking FAN is
undisturbed and indistinguishable from the response seen in wildtype cells. Similarly, the
function of RACK1 as a “receptor for activated C-kinase” is not affected by presence of absence
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of FAN, suggesting that RACK1 has distinct functions in the signaling pathways of FAN and
of PKC. Finally, lysosome size is increased in FAN-deficient EF but unaffected by inhibitors
of PKC or calpain. Of note, in the course of our experiments, we found that fibroblasts deficient
for Lyst likewise show a perfectly normal activation/membrane translocation and binding of
RACK1 to PKC isotypes, as well as an unaltered lysosome size in response to inhibition of
PKC or calpain. This suggests that the causal role of a calpain-mediated abnormal
downregulation/membrane recruitment of PKC isotypes in the formation of giant lysosomes
that was previously reported for Lyst-deficient fibroblasts [13] may not be universal. However,
we currently cannot rule out that downregulation/membrane recruitment of PKC isotypes
affects lysosome formation in other Lyst-deficient cells types, such as macrophages and
polymorphonuclear leukocytes [12].

In this study, we have shown that FAN has a novel, previously unrecognized function in the
regulation of lysosome size, in addition to N-SMase activation [3,14], cutaneous barrier repair
[14], and control of lysosomal permeability [21]. However, PKC is apparently not critically
involved in these signaling pathways. The identification and characterization of additional
components of these pathways (e. g. novel interaction partners of the FAN/RACK1 complex)
will provide further insight and is a current subject of investigation.
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Abbreviations

amc 7-amino-4methylcoumarin

BEACH beige and CHS

E-64d (2S, 3S)-trans-epoxyscuccinyl-L-leucylamido-3-methylbutane ethyl ester

EF embryonic fibroblasts

FAN factor associated with neutral sphingomyelinase activation

hTNF human recombinant TNF

Lyst lysosomal trafficking regulator

N-SMase neutral sphingomyelinase

PH pleckstrin-homology

PKC protein kinase C

PMA phorbol 12-myristate 13-acetate

RACK1 receptor for activated C-kinase 1

TNF tumor necrosis factor

TNF-R55 55 kDa TNF receptor

YAC yeast artificial chromosome
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Figure 1.
Lysosome size in FAN- and Lyst-deficient cells and their wildtype counterparts. Lysosomes
of Lyst+/+ (A) and Lyst−/− (B) fibroblasts as well as FAN+/+ (C) and FAN−/− EF (D) were
stained with LysoTracker Red and visualized by confocal laserscanning microscopy. The
results shown are representative for several experiments (n>5). Bar, 10 μm. (E) The average
lysosome size of 6 individual FAN+/+ and FAN−/− EF cells was determined as described
under “Materials And Methods. One out of four experiments is shown.
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Figure 2.
TNF does not induce membrane translocation or activation of PKC isotypes in fibroblasts. (A)
EF from mice harboring a functional FAN protein (FAN+/+) were treated with 100 ng/ml hTNF
for the indicated times. Cytosolic and membrane fractions were analyzed for the presence of
cPKC isotypes (using an antibody simultaneously recognizing all cPKC isotypes; “panPKC”)
or for presence of RACK1. Detection of β-actin was used as a loading control (data not shown).
(B) FAN+/+ EF were treated with 50 ng/ml hTNF for the indicated times and PKCβII was
immunoprecipitated from the membrane fraction. Subsequently, RACK1
coimmunoprecipitating with PKCβII and (for control of the immunoprecipitation reaction)
PKCβII itself were detected by Western blot. (C) PKCβII activity was measured in
immunoprecipitates from FAN+/+ EF that were generated as in panel (B). PKCβII activity
measured in immunoprecipitates from FAN+/+ EF after treatment with 0.1 μM PMA for 10
min is shown for comparison. One out of two experiments with similar results is shown. (D)
Fibroblasts from wildtype (Lyst+/+) and from Lyst-deficient (Lyst−/−) mice were treated and
analyzed for membrane translocation of cPKC and PKCα by Western blot as in panel (A).
Detection of β-actin was used as a loading control (data not shown). For detection of PKCα,
membranes probed with panPKC were reprobed with an antibody specific for PKCα. Prior to
reprobing, any residual peroxidase activity was eliminated by incubating the membranes in 15
% v/v H202. Furthermore, the utilized pan PKC and PKCα antibodies were generated in
different species, thus ensuring the specificity of detection. (E), Cytosolic and membrane
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fractions from Lyst+/+ and Lyst−/− fibroblasts were assayed for PKC activity after stimulation
with 50 ng/ml hTNF for the indicated times. Activity is shown relative to unstimulated cells.
Treatment with 0.1 μM PMA for 10 min is shown for comparison.
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Figure 3.
Membrane translocation and activation of PKC isotypes does not depend on recruitment of
RACK1 to FAN. (A) FAN+/+ and FAN−/− EF were treated with 0.1 μM PMA for the indicated
times before cytosolic and membrane fractions were assayed for the presence of cPKC isotypes
(panPKC) or for individual PKCs α, βI, or βII by Western blot. Detection of β-actin was used
as a loading control (data not shown). For detection of PKCα, membranes were reprobed as
described in Fig. 2D. The results shown are representative of a total of three independent
experiments. (B) Alternatively, enzymatic activity of PKC was measured in cytosolic and
membrane preparations following treatment with PMA. Similar activation kinetics (albeit with
a certain variation in the activation maximum) of FAN+/+ and FAN−/− EF were found in
repeated experiments (n=4 for FAN+/+, n=9 for FAN−/− EF). (C), FAN+/+ and FAN−/− EF
were treated with PMA as above, and both cPKC isotypes and RACK1 were simultaneously
detected by Western blot (n=2). The additional band migrating between cPKC and RACK1 is
due to a nonspecific reactivity of the utilized RACK1 antibody. (D) FAN+/+ and FAN−/− EF
were either left untreated or stimulated with 0.1 μM PMA for the indicated times before
immunoprecipitations were performed from membrane fractions using an antibody specific
for cPKC (“panPKC”). Precipitated cPKC isotypes and coimmunoprecipitating RACK1 were
detected simultaneously in Western blots using a mixture of RACK1 and panPKC antibody.
Co: a lysate from 293 cells abundantly expressing cPKC and RACK1 was loaded in a separate
lane as positive control for immunodetection/electrophoretic migration of cPKC and RACK1.
(E) FAN+/+ and FAN−/− EF were treated with 0.1 μM PMA for the indicated times and
PKCβII activity was measured after immunoprecipitation of the enzyme from cytosolic and
membrane fractions (n=2). Activity is shown relative to untreated cells.
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Figure 4.
Function of RACK1 as a “receptor for activated C-kinase 1” is independent from an interaction
with Lyst. (A) Fibroblasts expressing (+/+) or deficient for Lyst (−/−) were stimulated with
0.1 μM PMA for 0 to 30 min. Subsequently, cytosolic and membrane fractions were
simultaneously analyzed for cPKC isotypes (panPKC) or for RACK1 (n=2). The additional
band migrating between cPKC and RACK1 is due to a nonspecific reactivity of the utilized
RACK1 antibody. (B) Lyst+/+ and Lyst−/− fibroblasts were treated with 0.1 μM PMA for the
indicated times before PKCβII was immunoprecipitated from the membrane fraction and
coimmunoprecipitating RACK1 was detected by Western blot. The double bands detected by
the RACK1 antibody were routinely observed in gel electrophoretic separations with high
resolution and most likely represent differentially modified/phosphorylated forms of RACK1
(phosphorylation of RACK1 by the kinase Src has been described [40]). (C) Fibroblasts
deficient for Lyst were either left untreated or stimulated with 0.1 μM PMA for 5 min.
PKCβII or cPKC isotypes were immunoprecipitated and detected together with
coimmunoprecipitated RACK1 by Western blot as described in the legend to Fig. 3D. (D) Lyst
+/+ and Lyst−/− fibroblasts were treated with 0.1 μM PMA as indicated and the enzymatic
activity of PKCβII was determined in immunoprecipitates from cytosolic and membrane
fractions (n=2). Activity is shown relative to untreated cells. (E) Translocation of PKCβII from
the cytosolic to the membrane fraction was analyzed by Western blot in Lyst+/+, Lyst−/− and
Lyst−/− fibroblasts carrying a YAC that reconstitutes the function of Lyst (Big24r cells). Prior
to analysis, cells were stimulated with 0.1 μM PMA for the indicated times. (F) Lyst+/+ and
Lyst−/− fibroblasts were stimulated as in panel (A) before cytosolic and membrane fractions
were analyzed for the presence of cPKC isotypes (panPKC) or for individual PKCs α and β1
by Western blot (n=2). Detection of β-actin was used as a loading control (data not shown).
For detection of PKCα, membranes were reprobed as described in the legend to Fig 2D. (G),
Enzymatic activity of PKC was determined in the cytosolic and membrane fractions from Lyst
+/+, Lyst−/− and Lyst-reconstituted Lyst−/− fibroblasts after stimulation with 0.1 μM PMA
for the indicated times. Activity is shown relative to unstimulated cells. Similar results were
obtained in multiple experiments (Lyst+/+: n=2, Lyst−/−: n=5, Lyst−/− reconstituted: n=3).
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Figure 5.
Lysosome size in wildtype fibroblasts or fibroblasts deficient for FAN or Lyst is not altered
by inhibitors of PKC or of calpain-mediated PKC-proteolysis. FAN+/+ and FAN−/− EF (A),
Lyst−/− and Lyst−/− fibroblasts (C572CF, MCHSF2; B), Lyst+/+ and Lyst−/− primary murine
lung fibroblasts (C) and Lyst+/+ and Lyst−/− primary human fibroblasts (D) were either left
untreated or stimulated with the PKC-inhibitors Gö 6976 (1 μM) or chelerythrine (1 μM) or
with the calpain inhibitors E-64d (1 μg/ml), calpastatin (10 μM) or calpeptin (10 μM) for the
indicated times. Following treatment, cells were stained with LysoTracker Red and visualized
by confocal laserscanning microscopy. Bar, 10 μm. The circular staining seen in some panels
(C, D) may be due to the presence of internal vesicles in these lysosomes that have not been
broken down and which do not have the low pH necessary for staining with LysoTracker Red.
(E) Lyst−/− fibroblasts (MCHSF2) were left untreated or preincubated for 14 h with 1 μg/ml
E-64d, or 10 μM calpastatin or calpeptin. Subsequently, activity of cytoplasmic calpains was
determined by measuring the digestion the fluorogenic substrate Suc-LLVY-amc over 120
minutes. Purified human calpain 1 served as a positive control. (F) Lyst+/+ fibroblasts
(C572CF) were left untreated or preincubated for 2 h with 1 μM Gö 6976 or 1 μM chelerythrine
before being stimulated with 0.1 μM PMA or not. Subsequently, PKC activity was measured
in the cytosolic and membrane fractions. (G) Lyst−/− fibroblasts (MCHSF2) were left untreated
or preincubated with 1 μg/ml E-64d, or 10 μM calpastatin or calpeptin for 2 h. Cells were then
treated with 0.1 μM PMA or not and PKC activity of cytosolic and membrane fractions was
determined. PKC activity in cells without PMA stimulation was not altered by preincubation
with E-64d, calpastatin or calpeptin. Similar results were obtained in two other experiments
(data not shown). (H) In parallel, cytosolic and membrane fractions were assayed for the
presence of cPKC isotypes (panPKC) Western blot (PMA-treated fractions are shown from
two independent stimulations).
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