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ABSTRACT Actin nucleation factors function to organize, shape, and move membrane-bound
organelles, yet they remain poorly defined in relation to disease. Galloway-Mowat syndrome
(GMS) is an inherited disorder characterized by microcephaly and nephrosis resulting from
mutations in the WDR73 gene. This core clinical phenotype appears frequently in the Amish,
where virtually all affected individuals harbor homozygous founder mutations in WDR73 as
well as the closely linked WHAMM gene, which encodes a nucleation factor. Here we show
that patient cells with both mutations exhibit cytoskeletal irregularities and severe defects in
autophagy. Reintroduction of wild-type WHAMM restored autophagosomal biogenesis to
patient cells, while inactivation of WHAMM in healthy cell lines inhibited lipidation of the
autophagosomal protein LC3 and clearance of ubiquitinated protein aggregates. Normal
WHAMM function involved binding to the phospholipid PI(3)P and promoting actin nucle-
ation at nascent autophagosomes. These results reveal a cytoskeletal pathway controlling
autophagosomal remodeling and illustrate several molecular processes that are perturbed in
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INTRODUCTION

Actin is an abundant and essential molecule in eukaryotic organ-
isms, in which the activities of nucleator proteins direct the polymer-
ization of actin monomers into filaments during a variety of cellular
processes (Pollard and Cooper, 2009). In human cells, branched ac-
tin filament networks are nucleated by the Arp2/3 complex (Rotty
et al., 2013), which acts in collaboration with nucleation-promoting
factors from the Wiskott-Aldrich syndrome protein (WASP) family
(Rottner et al., 2010). Each of the 8 WASP-family members is thought
to have a distinct membrane remodeling function in cells and to
play a key role in development (Campellone and Welch, 2010), al-
though only mutations in WASP itself have been directly associated
with human illnesses (Moulding et al., 2013).

WASP promotes actin rearrangements in hematopoetic cells and
is so named due to its involvement in Wiskott-Aldrich syndrome and
related immune disorders (Derry et al., 1994). Other WASP-family
members—N-WASP, WAVE1, WAVE2, WAVE3, WASH, WHAMM,
and JMY—are expressed more broadly and perform a variety of cel-
lular functions. As examples, N-WASP facilitates endocytosis and
vesicle motility, WAVE1-3 drive protrusions of the plasma mem-
brane during cell migration, and WASH controls endosome shape
and trafficking (Campellone and Welch, 2010). Like the WAVE
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proteins, JMY can be recruited to the plasma membrane and en-
hances epithelial cell motility (Zuchero et al., 2009), but it also influ-
ences other intracellular functions such as transport from the trans-
Golgi (Schluter et al., 2014). Finally, WHAMM is found on membranes
of the secretory pathway, including the endoplasmic reticulum (ER),
cis-Golgi, and ER-Golgi intermediate compartment (ERGIC), where
it promotes membrane tubulation and trafficking (Campellone
etal., 2008; Blom et al., 2015; Russo et al., 2016). WASP-family pro-
teins appear to be crucial for mammalian development, because
targeted disruptions of the mouse genes encoding N-WASP,
WAVE2, or WASH are embryonic lethal (Campellone and Welch,
2010; Gomez et al., 2012). Whether the WHAMM and JMY proteins,
which are 45% similar to one another, are also essential has yet to be
determined.

Recently WHAMM and JMY have been implicated in macroau-
tophagy (autophagy) (Coutts and La Thangue, 2015; Kast et al.,
2015). Autophagy is a mechanism of cytoplasmic digestion involving
double membrane-bound compartments called autophagosomes
that fuse with lysosomes and is crucial in cellular homeostasis, stress
responses, and development (Mizushima and Levine, 2010; Yang
and Klionsky, 2010; Choi et al., 2013; Carlsson and Simonsen, 2015).
Roles for actin and the Arp2/3 complex in autophagy in mammalian
cells were obscure until actin and Cortactin, a stabilizer of Arp2/3
branchpoints, were found to influence this process (Lee et al., 2010;
Aguilera et al., 2012). Functions for WASP-family members have
also emerged. WASH can exert positive or negative effects on
autophagy (Xia et al., 2013; Zavodszky et al., 2014), perhaps due to
its participation in trafficking muiltiple types of endosomal cargo.
Moreover, WHAMM-mediated Arp2/3 activation can drive autopha-
gosomal rocketing (Kast et al., 2015), while JMY can interact with the
autophagosomal protein LC3 and affect its expression and localiza-
tion (Coutts and La Thangue, 2015). Interestingly, actin assembly was
also recently revealed to take place at the interior of forming au-
tophagosomes, and to be dependent on the phospholipid phos-
phatidylinositol 3-phosphate (PI(3)P; Mi et al., 2015). However, the
connections between PI(3)P, actin nucleation factors, and autopha-
gosomal biogenesis, as well as the physiological importance of actin
assembly in autophagy, have not come into focus.

In the current study, we investigated the effects of a frameshift
deletion in WHAMM that occurs alongside a WDR73 mutation in
Amish patients with Galloway-Mowat syndrome (GMS; also called
nephrocerebellar syndrome) (Jinks et al., 2015). Both founder muta-
tions are coinherited in a homozygous manner in almost all cases
due to their close proximity on chromosome 15. Given that prelimi-
nary characterizations of WDR73 have been undertaken (Jinks et al.,
2015), the current study aimed to define the outcome of the
WHAMM mutation in Amish GMS patient cells and to uncover the
mechanisms underlying WHAMM function during autophagy.

RESULTS

Clinical features and genetic basis of Amish GMS

Amish GMS is an autosomal-recessive condition that was initially
clinically delineated in 27 individuals (Jinks et al., 2015) and is phe-
notypically consistent with WDR73-associated GMS that occurs
outside the Amish community (Colin et al., 2014; Ben-Omran et al.,
2015; Vodopiutz et al., 2015). Shortly after birth, affected Amish
children typically presented with irritability and roving eye move-
ments. Psychomotor development was severely delayed. Common
associations included progressive microcephaly with cerebellar at-
rophy, hypotonia, extrapyramidal movements, visual impairment
with optic atrophy, multifocal seizures, and steroid-resistant ne-
phrosis. Premature death in childhood was common, most often
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from complications from renal failure. Genome-wide single nucleo-
tide polymorphism genotyping mapped the responsible locus to a
small autozygous region on chromosome 15q25.2-q25.3, and par-
allel whole-exome sequencing revealed two novel homozygous
variants within the region: a 1 base pair deletion (c.888delT; p.Phe-
296Leufs*26) in the last exon of WDR73 and a 7 base pair deletion
(c.1264_1270delATAAAAG) in exon 5 of WHAMM (Jinks et al.,
2015). Both variants cosegregated according to autosomal-reces-
sive disease status in 26 affected patients and extended family
members, with only one affected patient homozygous for the
WDR7 3 variant and heterozygous for the WHAMM variant. This in-
dividual displayed the cardinal neurological features of GMS but
died of a nonrenal cause, and no data on kidney involvement were
available. This case provides evidence that homozygosity for the
Amish WDR73 mutation is primarily responsible for the clinical pre-
sentation in this cohort (Jinks et al., 2015). However, the molecular
and cellular phenotypes arising from the WHAMM mutation have
not been explored.

Cells from Amish GMS patients are deficient in WHAMM
expression

The canonical WHAMM gene is composed of 10 coding exons giv-
ing rise to a 3.8 kb transcript (Figure 1A). To examine whether the 7
base pair deletion at the 3" end of exon 5 alters WHAMM transcript
levels, we cultured primary dermal fibroblasts from Amish GMS pa-
tients and healthy Amish individuals, isolated RNA from the sam-
ples, and performed reverse transcription-PCR (RT-PCR). WHAMM
mRNA levels in homozygous GMS/GMS mutant cells were present
at 55-70% of the levels in +/+ normal cells (Figure 1B), suggesting
that the WHAMMCMS variant encodes a less stable transcript.

Given the position of the 7 base pair deletion, it may destabilize
WHAMM mRNA by several mechanisms. As examples, a simple
frameshift would result in a premature stop codon and possible non-
sense-mediated decay, while a defect in splicing might also result in
transcript degradation. To explore the effect of the Amish WHAM-
MEMS mutation on the gene transcript, we used several primer pairs
to amplify portions of exons 4-8 using cDNA from Amish +/+ and
GMS/GMS fibroblasts (Supplemental Figure S1A). With a plasmid
control and +/+ cDNA sample, all primer pairs yielded PCR products
corresponding to the predicted length of a WHAMM?* mRNA (Sup-
plemental Figure S1B). With an Amish GMS patient sample, PCR
products spanning exons 4-5, 4-7, 5-7, and 6-8 were similar in size
to those from the control cells, consistent with a simple 7 base pair
deletion (Supplemental Figure S1B). In contrast, a primer pair in ex-
ons 4 and 6 produced a smaller-than-expected PCR product specifi-
cally with the GMS sample (Supplemental Figure S1B). Sequencing
of this product indicated that exon 4 was followed by an alternative
exon from a predicted WHAMM RNA variant named X6
(XM_011521233). Incorporation of this cryptic exon also results in a
frameshift and premature termination codon. We have thus termed
the deletion and alternatively spliced transcripts WHAMMCMSA7 and
WHAMMOCMSX6, respectively (Figure 1A).

Wild-type WHAMM mRNA encodes an 809 amino acid protein
consisting of a WHAMM membrane-interaction domain (WMD), a
microtubule-binding coiled-coil (CC) region, and a polypro-
line-WH2-WH2-connector-acidic (PWWCA) segment that promotes
actin nucleation in conjunction with the Arp2/3 complex (Figure 1C).
In contrast, WHAMMSMA7 and WHAMMSMSX¢, if translated, would
lead to truncated protein products that possess part of the CC re-
gion but none of the PWWCA motifs (Figure 1C and Supplemental
Figure S1C). To examine WHAMM protein expression, we gener-
ated lymphoblastoid cell lines (LCLs) from control Amish individuals,
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Cells from Amish GMS patients encode truncated WHAMM variants. (A) Diagrams
of the exon organization in wild-type WHAMM cDNA and in the A7 and X6 variants are shown.
Start and stop codons are indicated in green and red, respectively. (B) RNA was isolated from
normal (+/+) or Amish GMS patient (GMS/GMS,) fibroblasts and subjected to RT-PCR with
primers to exons 9-10 of WHAMM or to f-actin. Relative levels of WHAMM-specific products
(mean + SEM from three to four experiments) are shown. ***, p < 0.001 (t tests). (C) The
809-residue WHAMM(WT) protein includes a WMD that interacts with membranes, a CC
region that binds microtubules (MTs), and a C-terminal PIWWCA segment that promotes actin
nucleation. The GMS A7 and X6 variants include the N-terminal 421 or 369 amino acids
of WHAMM followed by 34 or 19 additional residues after the respective frameshifts.

(D) Lymphoblastoid cell lines and skin fibroblasts from homozygous unaffected (+/+),
heterozygous (+/GMS), or homozygous affected (GMS/GMS) individuals were subjected to
immunoblotting with anti-WHAMM (left), anti-WWCA (right), and anti-tubulin antibodies.
Relative levels of WHAMM(WT) were determined by densitometry of a representative blot.
(E) Wild-type (+/+) or GMS patient (GMS/GMS) fibroblasts were stained with antibodies to
visualize WHAMM (green) and microtubules (red), and with DAPI to label DNA (blue). The
fluorescence intensity of WHAMM staining (mean + SEM from 10-12 cells per genotype) was
lower in patient cells, p < 0.001 (t test). Scale bar: 10 um.

heterozygous carriers of the WHAMMSMS and WDR73%MS variants,
and GMS patients homozygous for both mutations. Consistent with
expectations based on gene dosage, immunoblots using antibodies
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that recognize the C-terminal WWCA do-
main indicated that LCLs from carriers ex-
pressed approximately half the amount of
full-length WHAMM compared with LCLs
from wild-type individuals (Figure 1D).
Moreover, no full-length WHAMM was de-
tected in LCLs or fibroblasts from Amish
GMS patients (Figure 1D).

To explore whether truncated WHAMM
proteins might be expressed from the
WHAMMCMSA7 or Xé transcripts, we exam-
ined Amish GMS patient fibroblasts by im-
munofluorescence using antibodies to the
WHAMM CC domain. While control cells
exhibited a prominent Golgi-like staining
pattern as expected, cells from GMS patients
stained less intensely in the Golgi region and
displayed a more dispersed reticular signal
(Figure 1E). Total WHAMM fluorescence in
GMS fibroblasts averaged less than half the
level found in normal cells (Figure 1E), de-
spite an apparent increase in nuclear fluores-
cence (Figure 2A). It is not clear whether the
residual WHAMM staining is due to expres-
sion of the WHAMM(A7), WHAMM(X6), and/
or other proteins derived from alternative
splicing, as any such truncations would retain
nearly half of the CC region that is recog-
nized by the fluorescently labeled antibody
(Campellone et al., 2008). Nevertheless, HA
(hemagglutinin)- and LAP (localization and
affinity  purification)-tagged  versions  of
WHAMM(A7) and/or WHAMM(X6) were ca-
pable of transient expression in Cos7 cells
and stable expression in NIH3T3 cells follow-
ing cDNA transfections (Figure 2, B-D). Con-
sistent with the staining pattern of endoge-
nous WHAMM in GMS patient cells, the
tagged mutants localized more diffusely than
tagged WHAMM(WT) in the transfected cell
lines (Figure 2, C and D). Together these data
indicate that Amish GMS patient cells lack
the full-length WHAMM protein but appear
to harbor a residual amount of at least one
truncated WHAMM variant.

Amish WHAMM truncations do not
promote actin nucleation but associate
with microtubules

The two best-characterized molecular func-
tions of WHAMM are Arp2/3-dependent
actin nucleation via its PWWCA segment
(Campellone et al., 2008) and microtubule
binding via its CC region (Shen et al., 2012).
The WHAMM(A7) variant is predicted to
contain the first 421 amino acids of WHAMM
followed by 34 inappropriate residues after
the frameshift, while WHAMM(Xé) is pre-
dicted to contain the first 369 amino acids of

WHAMM plus 19 additional residues (Figure 1C). Therefore both
truncated WHAMM derivatives lack roughly half of the microtubule-
binding region and are completely devoid of the motifs required for
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sence of its known C-terminal actin- and
Arp2/3-binding motifs, WHAMM does not

promote actin nucleation. For testing micro-
tubule binding, we polymerized tubulin in
vitro and performed low-speed and high-
speed microtubule cosedimentation assays
(Shen et al., 2012) with MBP-WHAMM(WT),
MBP-WHAMM(A7), and MBP-WHAMM(X6).
Despite the fact that the A7 mutant was
missing part of its CC region, it copelleted
with microtubules almost as well as wild-
type WHAMM (Figure 3C), indicating that
this construct retains significant microtu-
bule-binding activity. Unfortunately, we
were unable to assess whether the X6 mu-
tant bound to microtubules, as this protein
largely pelleted by itself (Figure 3D), sug-
gesting that the purified X6 variant is more
prone to self-aggregation than the A7 pro-
tein in vitro.

Overexpression of wild-type WHAMM at
high levels in Cos7 cells is known to cause
microtubule bundling (Campellone et al.,
2008), so to explore whether the X6 mutant
can interact with microtubules in cells,
we coexpressed LAP-WHAMM(WT) with
mCherry-tagged WHAMM(X6). When coex-
pressed with wild-type WHAMM, the X6
mutant localized to microtubule bundles
(Figure 3E), suggesting that it is capable of
associating with microtubules. Thus the two

Truncated WHAMM proteins exhibit altered properties in cells. (A) Fibroblasts from
two healthy (+/+) Amish individuals or Amish GMS (GMS/GMS) patients were fixed and stained
with anti-CC antibodies to visualize WHAMM (green). Nuclei, based on DAPI staining, were
denoted with dashed ovals. (B) Cos7 cells were transfected with plasmids encoding a vector
control, HA-WHAMM(WT), (A7), or (X6) and blotted with anti-HA or anti-tubulin antibodies.

(C) Cos7 cells transiently expressing LAP-WHAMM(WT), (A7), or (X6) (green due to the GFP tag)
were fixed and stained with phalloidin to visualize F-actin (red) and with DAPI to label DNA
(blue). (D) NIH3T3 cells stably transfected with LAP-WHAMM(WT) or (A7) or a LAP vector

control were fixed and stained as in C. All scale bars: 10 ym.

actin nucleation. To determine how cytoskeletal interactions are af-
fected in each WHAMM variant, we purified maltose-binding pro-
tein (MBP)-tagged versions of WHAMM(A7) and WHAMM(X4) in
parallel to MBP-WHAMM(WT) (Figure 3A), and compared their abili-
ties to promote actin assembly and bind microtubules in vitro.

For assessing actin assembly, we employed pyrene-actin polym-
erization assays, which measure the bulk formation of fluorescent
actin filaments over time (Campellone et al., 2008). As expected,
the full-length MBP-WHAMM(WT) protein accelerated actin polym-
erization in conjunction with the Arp2/3 complex (Figure 3B). Con-
versely, neither MBP-WHAMM(A7) nor MBP-WHAMM(X6) increased
the rate of actin assembly (Figure 3B), confirming that, in the ab-
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possible WHAMM truncations expressed by
Amish GMS patients retain some ability to
interact directly or indirectly with microtu-
bules, but both completely lack the actin
nucleation-promoting activity that is inher-
ent to full-length WHAMM.

Amish GMS fibroblasts have altered
F-actin organization and ERGIC
morphology

WHAMM is the only WASP-family protein
known to function at membranes of the
early secretory system, as depletion and
overexpression approaches indicate that
WHAMM helps localize the cis-Golgi near
the centrosome and promotes tubulation of
ERGIC-like membranes in an actin- and mi-
crotubule-dependent manner (Campellone
et al., 2008; Russo et al., 2016). To deter-
mine whether patient cells display alterations in cytoskeletal or
membrane organization, we stained cultured fibroblasts with
probes to visualize microtubules and actin, as well as antibodies to
detect organelles of the conventional secretory pathway. While
Amish GMS patient fibroblasts exhibited normal-looking microtu-
bule arrays (Figure 1E and Supplemental Figure S2), many con-
tained unusually thick or stellate F-actin bundles (Figure 4, A and B),
similar to the changes in stress fiber organization that were previ-
ously observed in some cells treated with siRNAs to WHAMM (Gad
et al, 2012). GMS fibroblasts also harbored significantly fewer
punctate, possibly vesicle-associated, F-actin structures than con-
trol cells (Figure 4, A and C). Each of these alterations in actin is
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Amish GMS cells have defects in
autophagosomal biogenesis due to a
loss in WHAMM function

Given the clinical severity of Amish GMS, we
investigated whether aspects of membrane
remodeling beyond ERGIC morphology
were altered in patient fibroblasts. One
function requiring dramatic membrane
shape changes is autophagy, a catabolic
process in which cytoplasmic components
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are enveloped in double membrane—bound
500 autophagosomes that can fuse with lyso-
somes, leading to the degradation of autol-
ysosomal contents (Mizushima and Levine,
2010; Yang and Klionsky, 2010; Choi et al.,
2013; Carlsson and Simonsen, 2015). While
WHAMM was recently shown to localize to
autophagosomes and promote their actin-
based motility (Kast et al., 2015), the physi-
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—_— fibroblasts for autophagosomes by staining
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Amish GMS WHAMM truncations do not promote actin nucleation but can associate
with microtubules. (A) Purified MBP-WHAMM(WT), (A7), and (X6) were analyzed by SDS-PAGE
and Coomassie blue staining or anti-MBP immunoblotting. WHAMM is abbreviated WHM.

(B) Actin was polymerized in the presence of the Arp2/3 complex and either MBP, MBP-
WHAMM(WT), (A7), or (X6). The amount of F-actin, in arbitrary fluorescent units (AU), formed
over time is shown. (C) Microtubules were incubated in the presence of MBP-WHAMM(WT) or
(A7), and collected by centrifugation. Proteins found in pellet (P) and supernatant (S) samples
were separated by SDS-PAGE. Tubulin was visualized by Ponceau S staining, while WHAMM
fusions were detected by anti-MBP blotting. (D) MBP-WHAMM(X6) was incubated in the
presence or absence of microtubules and processed as in C. (E) Cos7 cells transiently
coexpressing LAP-WHAMM(WT) and mCherry-WHAMM)(X6) were fixed and stained with

antibodies to visualize microtubules.

consistent with a loss of nucleation activity resulting from the homo-
zygous WHAMMCMS mutation. In accordance with the role of
WHAMM in organizing membranes of the intermediate compart-
ment and Golgi (Blom et al., 2015; Campellone et al., 2008), the
ERGIC (Figure 4, D and E) and cis-Golgi (Supplemental Figure S2)
appeared significantly larger in patient cells when compared with
control cells. In contrast, nuclear size was unchanged (Figure 4F), as
was ER morphology, ER exit-site distribution, and lysosome organi-
zation (Supplemental Figure S2). Collectively these results expand
upon previous transient RNAi studies of WHAMM and highlight
several actin-associated and organelle-organizing activities that are
disrupted in patient fibroblasts.
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growth conditions, patient fibroblasts were
virtually devoid of LC3-associated structures
(Figure 5, A and B). To test whether patient
cells could form autophagosomes under
conditions in which lysosome-mediated
degradation was blocked, we treated fibro-
blasts with chloroquine, a drug that inhibits
vesicle acidification and causes autophago-
somes to accumulate. While control cells
exhibited the expected buildup of LC3-pos-
itive autophagosomes under these condi-
tions (Figure 5A), many patient cells lost
adherence, with the remaining cells exhibit-
ing a diffuse LC3 staining pattern and a
vacuole-filled cytoplasm (Figure 5, A and C).
Thus patient fibroblasts display striking de-
fects in autophagosomal biogenesis and
trafficking that are exacerbated when lyso-
some-mediated degradation is inhibited.

To determine whether patient fibro-
blasts could form autophagosomes under
autophagy-inducing conditions, we treated
cells with rapamycin or subjected them to
starvation before staining for LC3. While fibroblasts from an Amish
GMS patient contained some LC3-positive autophagosomal struc-
tures under both types of autophagy-inducing conditions, cells
from a healthy individual contained significantly more (Figure 5, D
and E). When measured as a fraction of the cytoplasm, LC3 staining
was 5- to 10-fold less abundant in patient cells (Figure 5E). On av-
erage, LC3 puncta were ~ 56% smaller in patient cells versus con-
trol cells following rapamycin treatment (0.87 ym?, n = 1158 vs.
0.38 ym?, n=892; p < 0.001). Therefore patient fibroblasts have an
autophagosomal biogenesis deficiency even when grown under
pharmacological or nutritional conditions that ordinarily induce
autophagy.
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Amish GMS fibroblasts have altered F-actin organization and ERGIC morphology.
(A) Fibroblasts from two healthy (+/+) Amish individuals or Amish GMS (GMS/GMS) patients
were stained with phalloidin to visualize F-actin (green) and with DAPI to label DNA (blue).
Unusual orthogonal bundles of F-actin fibers and aggregates are highlighted with arrows. A lack
of cytoplasmic F-actin puncta in GMS cells is exemplified in the row of magnified images. (B) The
percentage of cells with aberrant (orthogonal, aggregated, or stellate) F-actin stress fibers was
quantified. Each bar represents the mean (+ SEM) from analyses of 350 cells. ***, p < 0.001
(Fisher's exact test). (C) The percentage of cells with prominent cytoplasmic F-actin puncta in the
juxtanuclear region was quantified. Each bar represents the mean (+ SEM) from analyses of
350 cells. For cells with puncta, the number per cell was also quantified. Each bar represents the
mean (+ SEM) from analyses of 12 cells. ***, p < 0.001 (Fisher's exact test, ANOVA).
(D) Wild-type or GMS fibroblasts were stained with antibodies to detect ERGIC-53 (red) and with
DAPI to label DNA (blue). (E, F) The areas occupied by the ERGIC, nucleus, and entire cell were
calculated in ImageJ and converted to a ratio of organelle area/cell area. Each bar represents
the mean (+ SEM) from analyses of 25 cells. ***, p < 0.001 (ANOVA). All scale bars: 10 pm.

fibroblasts. Cells were transfected with
plasmids encoding green fluorescent
protein (GFP)-tagged WHAMM(WT) or
WDR73(WT), and again stained with anti-
bodies to LC3. In contrast to untrans-
fected or GFP-WDR73-expressing cells,
GFP-WHAMM-expressing cells harbored
many LC3 puncta under normal growth
conditions and accumulated autophago-
somes after treatment with chloroquine
(Figure 5F). These results indicate that
WHAMM is sufficient to reestablish au-
tophagosomal biogenesis in Amish GMS
patient fibroblasts.

To assess autophagic digestion in pa-
tient samples, we used LCLs for measuring
the levels of p62/SQSTM1, a protein that
links polyubiquitinated proteins to LC3 in
autophagosomes, and whose degradation
serves as an indicator of autophagy (Klionsky
et al., 2016). By immunoblotting LCL ex-
tracts for p62 and quantifying its abun-
dance relative to tubulin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) load-
ing controls (Figure 6A), we found that p62
levels were generally 50% higher in Amish
GMS patient cells compared with cells from
individuals with full-length WHAMM (Figure
6B). Notably, although LCLs express the
wild-type WHAMM protein in a gene dose—
dependent manner (Figure 1D), we have
been unable to detect WDR73 by immunob-
lotting in any of the LCL extracts, implying
that these immortalized B-cells express little,
if any, WDR73 protein. Thus the accumula-
tion of p62 is consistent with the idea that
autophagic degradation is inefficientin GMS
patient LCLs primarily because of the homo-
zygous WHAMM mutation.

As an independent measure of an au-
tophagy-related process in LCLs, we ex-
amined unconventional secretion = of
interleukin-1B (IL-1B). This cytokine is ex-
pressed in immune cells in response to
microbial products, and autophagosomal
structures facilitate its export (Dupont
etal., 2011; Zhang et al., 2015). For induc-
ing IL-1B production, LCLs from Amish in-
dividuals with wild-type WHAMM and pa-
tients with GMS were treated with
Escherichia coli, and the amount of IL-1B
released into culture supernatants was
measured by enzyme-linked immunosor-
bent assay (ELISA). Compared with normal
LCLs, LCLs from GMS patients secreted
less IL-1B (Figure 6C). In contrast, levels of
tumor necrosis factor o (TNFa), a cytokine
exported via the conventional secretory
apparatus, did not differ significantly

As Amish GMS patients have mutations in both WHAMM and  (Figure 6C). Hence Amish GMS patients possess fibroblasts with
WDR?73, we sought to determine whether reexpression of either  defects in autophagosomal biogenesis and immune cells with im-
wild-type protein could restore autophagosomal formation to  paired autophagic functions.
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Amish GMS fibroblasts exhibit defects in autophagosomal biogenesis due to a loss
in WHAMM function. (A) Fibroblasts from two healthy (+/4) Amish individuals or Amish GMS
(GMS/GMS) patients were grown in the absence or presence of chloroquine (CQ) for 5 h and
stained with antibodies to detect LC3A (red) and with DAPI to label DNA (blue). (B) The humber
of LC3A puncta per cell, and the relative area within each cell occupied by LC3* structures was
quantified using ImageJ. Each bar represents the mean (+ SEM) from analyses of 12 cells.

*** p < 0.001 (ANOVAs). (C) The percentage of cells with large cytoplasmic vacuoles was
quantified. Each bar represents the mean (+ SEM) from analyses of 250 cells. ***, p < 0.001
(Fisher's exact test). (D) Fibroblasts from a healthy individual or GMS patient were grown in the
presence of rapamycin (RM) for 16 h and stained with antibodies to detect LC3B (red) and with
DAPI to label DNA (blue). (E) Fibroblasts were treated with rapamycin for 16 h or starved for
90 min and stained as in D. The relative area within each cell occupied by LC3"* structures was
quantified as in B. ***, p < 0.001 (t test). (F) Fibroblasts from a GMS patient were transfected
with plasmids encoding GFP-WHAMM or GFP-WDR?73, grown in the absence or presence of
CQ, and stained as in A. Normal LC3 staining was observed in 29/35 GFP-WHAMM-expressing
cells and 5/37 GFP-WDR73-expressing cells. All scale bars: 10 pm.

Depletion or inactivation of WHAMM inhibits LC3 lipidation
and clearance of protein aggregates

Given the autophagy-related defects in cells of Amish GMS pa-
tients, we next examined whether WHAMM and/or WDR73 might
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play a key role in autophagy in other cell
lines. Hela cells, when treated with a pool of
siRNAs to WHAMM, were recently shown to
contain smaller autophagosomes that lack
actin tails (Kast et al., 2015). We also ex-
posed Hela cells to siRNAs for depleting
WHAMM or WDR73 (Supplemental Figure
S3, A and B). After starving the cells to in-
duce autophagy and stalling flux with chlo-
roquine, we assessed autophagosomal bio-
genesis by immunoblotting cell extracts for
LC3 and measuring its conversion from a
slower-migrating immature form (LC3-I) to a
faster-migrating lipidated form (LC3-lI) that
associates with autophagosomal
branes and correlates with autophagosomal
abundance (Klionsky et al., 2016). Compari-
sons of cells grown in normal media versus
buffer plus chloroquine revealed that LC3-I
levels increased in control and WDR73-de-
pleted cells but not in WHAMM-depleted
cells (Supplemental Figure S3, C and D).

To further explore the role of WHAMM
and WDR73 in autophagy using a genetically
stable cellular system, we used clustered
regularly interspaced short palindromic re-
peats (CRISPR)/Cas9-mediated genome ed-
iting for creating WHAMM- or WDR7 3-defi-
cient cells. To generate human cell lines that
lack WHAMM or WDR73 function, we made
derivatives of eHAP cells, a fully haploid fi-
broblast-like cell line (Essletzbichler et al.,
2014). Frameshift mutations were intro-
duced into exon 2 of WHAMM or exon 1 of
WDR73, and immunoblotting indicated that
expression of full-length  WHAMM and
WDR73 was lost in the respective WHAM-
MMUT and WDR73MUT cell lines (Figure 7A).
Consistent with a deficiency in basal autoph-
agy under standard growth conditions, the
WHAMMMUT cell line displayed approxi-
mately half the amount of LC3-Il as the pa-
rental cell line (Figure 7, B and C).

We next shifted cells from rich growth
media to starvation conditions and quanti-
fied LC3 conversion on immunoblots.
While parental eHAP cells and WDR73MUT
cells showed similar levels of LC3-Il after
90 min of starvation, WHAMMMUYT cells
generated only half of the amount of LC3-II
as the other two cell lines (Figure 7, D and
E). Blocking flux with chloroquine resulted
in a similar pattern of LC3 conversion
(Figure 7E), suggesting that the lipidation
deficit in WHAMM-deficient cells is primar-
ily due to less autophagosomal biogenesis
instead of increased autophagosomal deg-
radation. Moreover, a time course revealed

mem-

that the rate of LC3 lipidation between 30 and 120 min of starva-
tion was slower in WHAMMMUT cells than in parental or WDR73MUT
cells (Figure 7F). Thus genetic inactivation demonstrates a key role
for WHAMM in autophagosomal biogenesis.

Molecular Biology of the Cell
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FIGURE 6: Lymphoblastoid cell lines from Amish GMS patients exhibit
defects in autophagy-related processes. (A) LCLs from two healthy
(+/+) Amish individuals or three Amish GMS (GMS/GMS) patients were
cultured under normal growth conditions, collected, and subjected to
immunoblotting with anti-p62/SQSTM1, anti-tubulin, and anti-GAPDH
antibodies. (B) p62 band intensities were quantified relative to tubulin.
Each bar represents the mean (+ SD) from analyses of three
experiments. *, p < 0.05; **, p < 0.01 (ANOVA). (C) LCLs from several
healthy (+/+) or Amish GMS (GMS/GMS) patients were stimulated
with E. coli, and the levels of IL-18 and TNFo. in culture supernatants
were measured by ELISA. Each bar represents the mean (+ SEM) from
four to six samples across two to three experiments. Data represent
two to three patients per genotype. **, p < 0.01 (ANOVA).

To determine whether this slower autophagosomal assembly im-
pacts the eventual digestion of cargo, we induced the production of
truncated misfolded proteins in eHAP and WHAMMMUT cells using
the translational inhibitor puromycin and stained the cells with anti-
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bodies to ubiquitin. The parental cell line contained many cytoplas-
mic puncta indicative of small aggregates of polyubiquitinated pro-
teins (Figure 7G). WHAMMMUT cells also accumulated aggregates,
but they appeared much larger (Figure 7G) and occupied signifi-
cantly greater areas of the cytoplasm than in eHAP cells (Figure 7H).
Collectively our transient and stable loss-of-function studies indicate
that WHAMM is important for promoting LC3 lipidation and au-
tophagosomal biogenesis so that cells may ultimately degrade cy-
toplasmic components.

WHAMM is recruited to nascent autophagosomes

by binding to PI(3)P

To investigate the mechanism underlying WHAMM's normal func-
tion in autophagy, we first examined its localization. In most mam-
malian cells, the majority of endogenous and tagged WHAMM s
associated with juxtanuclear ERGIC/cis-Golgi membranes (Campel-
lone et al., 2008; Blom et al., 2015; Russo et al., 2016). In retinal epi-
thelial cells, tagged murine WHAMM s also detected on puncta
adjacent to LC3-positive vesicles and near regions of the ER called
omegasomes (Kast et al., 2015). Omegasomes are transient hotspots
for autophagosomal biogenesis marked by the protein DFCP1 (Axe
et al., 2008). Consistent with these findings, when we starved fibro-
blasts, mCherry-WHAMM was located both at the Golgi region and
adjacent to GFP-DFCP1 puncta (Figure 8A). We further found that
mCherry-WHAMM and GFP-DFCP1 colocalized at some puncta
(Figure 8A, arrows) and at omegasome-shaped structures that asso-
ciated with actin filaments (Figure 8B), implying that WHAMM can
promote actin nucleation at sites of autophagosomal biogenesis,
not just at mature autophagosomes. Indeed, staining with antibod-
ies to LC3 revealed that GFP-WHAMM localized to subdomains of
developing (open) phagophores in addition to complete (closed)
autophagosomes (Figure 8C). In contrast, WDR73 exhibited a dif-
fuse nucleo-cytoplasmic distribution (Supplemental Figure S4) and
was not enriched on autophagosomes (Figure 8C). The observations
that WHAMM is recruited to omegasomes and phagophores point
to a direct role for this protein in membrane remodeling before ac-
tin-based rocketing of mature autophagosomes.

WHAMM localization to membranes of the secretory pathway is
mediated by the WMD, which has been suggested to interact with
multiple phospholipids in vitro (Campellone et al., 2008). Upon in-
spection of this domain, we noticed that residues 29-88 resemble a
phospholipid-binding R-[Y/F]-x,-K-x,-R motif commonly present in PX
domain proteins (Supplemental Figure S5A). Further examination of
the WMD using the hhpred algorithm indicated that WHAMM resi-
dues 84-157 also share similarity with PX domains from many sorting
nexin (SNX) proteins (Supplemental Figure S5B), which often bind to
PI(3)P on endosomes (Teasdale and Collins, 2012). PI(3)P is also a cru-
cial component of autophagosomal membranes (Roberts and Ktista-
kis, 2013) and was recently shown to be required for actin assembly at
phagophores (Mi et al, 2015). Therefore we explored whether
WHAMM could bind to this phospholipid by purifying an MBP-
tagged version of the WMD and testing its capacity to bind to PI(3)P
and 14 other lipids that were immobilized on nitrocellulose strips. Af-
ter probing the strips with soluble MBP-WMD or MBP alone and de-
tecting bound protein with anti-MBP antibodies, we found that the
WMD bound strongly to PI(3)P and weakly to PI(4)P and PI(5)P (Sup-
plemental Figure S5C). Similar phospholipid-binding patterns were
observed for MBP-WHAMMMWT), MBP-WHAMM(A7), and MBP-
WHAMM(X6) (Supplemental Figure S5C). To better gauge the affinity
of the interactions between WHAMM and membranes, we used the
MBP-WMD to probe arrays containing different concentrations of lip-
ids. Again, the WMD bound to PI(3)P and, to a lesser extent, PI(4)P

WHAMM founder mutation impairs autophagy | 2499
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Targeted inactivation of WHAMM inhibits lipidation of LC3 and clearance of protein
aggregates. (A) Parental eHAP cells or cells with mutations engineered in WHAMM or WDR73
were analyzed by immunoblotting for WHAMM, WDR73, tubulin, and GAPDH. (B) eHAP and
WHAMMMYT cells were analyzed by immunoblotting for LC3B, tubulin, and GAPDH. LC3B was
detected in its immature (LC3-I) and mature lipidated (LC3-Il) forms. (C) LC3B-Il band intensities
were quantified relative to tubulin. Each bar represents the mean (+ SD) from analyses of three
experiments. *, p < 0.05 (t test). (D, E) eHAP cell derivatives were starved for 90 min in the
absence or presence of chloroquine (CQ), and LC3-Il levels were measured as in B and C. Each bar
represents the mean (+ SD) from analyses of three to five experiments. *, p < 0.05; ***, p < 0.001
(ANOVA). (F) eHAP cell derivatives were starved for the indicated times, and LC3-Il levels were
measured as in C. (G) Parental or WHAMM-deficient cells were treated with puromycin for 3.5 h
and stained with antibodies to visualize ubiquitinated protein aggregates (red) and with phalloidin
to visualize F-actin (green). Scale bar: 10 pm. (H) The areas occupied by ubiquitinated protein
aggregates and the entire cell were calculated using ImageJ and converted to a ratio. Each bar
represents the mean (+ SEM) from analyses of 30-35 cells. **, p < 0.01 (t test).

and PI(5)P (Figure 9A). At omegasomes, PI(3)P is responsible for bind-
ing DFCP1 and also for recruiting Rab1, a small G-protein that can
positively regulate autophagosomal formation (Zoppino et al., 2010;
Huang et al., 2011). Because Rab1 binds directly to WHAMM and re-
cruits it to membranes (Russo et al., 2016), we also tested whether
recombinant Rab1 could interact with PI(3)P. Indeed, glutathione S-
transferase (GST)-tagged Rab1 also bound to PI(3)P (Figure 9B and
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Supplemental Figure S5D), suggesting that,
in addition to binding to one another,

> WHAMM and Rab1 both bind to PI(3)P.
< To assess whether the WMD was capable
g Qg. of binding to PI(3)P in a different context, we

mixed MBP-WMD and MBP with synthetic
liposomes containing Pl, PI(3)P, or PI(4)P and
performed vesicle—protein cosedimentation
assays. Anti-MBP immunoblotting of pel-
leted samples indicated that MBP-WMD,
but not the MBP control protein, interacted
with all 3 phosphoinositide-containing lipo-
somes (Figure 9C). Band quantification
showed that slightly more MBP-WMD
bound to PI(3)P than to PI (Figure 9D), sug-

F gesting that although the WMD acts as a

promiscuous lipid-binding domain in vitro, it
exhibits some preference for PI(3)P. Consis-
tent with PI(3)P binding, when we mixed Al-
exa Fluor 555-labeled MBP-WHAMM(WT)
with Alexa Fluor 488-labeled liposomes,
WHAMM could be found on the PI(3)P-con-
taining vesicle structures (Figure 9E).
Because the WMD bears resemblance to
PX domains, we finally tested whether resi-
dues predicted to be part of this domain
were required for PI(3)P binding in vitro and
for membrane localization in cells. We gen-
erated a R29A/F30A mutant version of the
WMD fused to MBP and purified it along-
side the wild-type MBP-WMD (Figure 10A).
To compare the affinity of the WMD(RF/AA)
mutant and WMD(WT) for PI(3)P, we used
**  the MBP-tagged constructs to probe arrays
containing different amounts of this phos-
pholipid. As predicted, based on the con-
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0 1 2 3 4 5 servation of R29 and F30 in the PX consen-
Poly-Ub Area sus sequence, mutation of these residues to
(% of Cell) alanine resulted in a dramatically lower de-

gree of WMD binding to PI(3)P (Figure 10B).
Even when PI(3)P was present at its highest
amount (100 pmol), it bound approximately
fourfold less WMD(RF/AA) than WMD(WT)
(Figure 10B and Supplemental Figure S5E),
further demonstrating that R29 and F30 are
crucial for the interaction with PI(3)P.

To determine the localization of the
WMD(RF/AA) mutant in cells, we expressed
it as a GFP-fusion protein in Cos7 fibroblasts
in parallel to the wild-type GFP-WMD and
GFP alone (Figure 10C). Under starvation
conditions, GFP-WMD(WT) was found at the
juxtanuclear Golgi region and at LC3-posi-
tive autophagosomes (Figure 10D). In con-
trast, GFP-WMD(RF/AA) exhibited a diffuse
cytoplasmic localization and was not present on LC3-positive mem-
branes (Figure 10D), indicating that residues R29 and F30 are re-
quired for WHAMM recruitment to autophagosomes. Collectively
our results give rise to a model for autophagosomal biogenesis in
healthy cells in which PI(3)P recruits WHAMM via its N-terminal PX-
like WMD, and the WHAMM WCA domain drives actin assembly to
promote membrane remodeling and LC3 incorporation.
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DISCUSSION

For decades, WASP variants have been known to cause immunode-
ficiencies, but mutations in other actin nucleation factors have sur-
prisingly not been characterized in relation to human disease. GMS
is a genetic disorder featuring neurological abnormalities and pro-
gressive kidney dysfunction, and several variants of the WDR73
gene are thought to be responsible for its clinical hallmarks (Colin
et al,, 2014; Ben-Omran et al., 2015; Vodopiutz et al., 2015; Rosti
et al., 2016). However, in parallel with those studies, we described
coincident WDR73 and WHAMM mutations in all but one of 27
Amish individuals exhibiting clinical features consistent with GMS
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C Lc3A + GEP-WHAMM

LC3A + GFP-WDR73

WHAMM localizes to omegasomes and subdomains of nascent autophagosomes.
(A) Cos7 cells transiently expressing mCherry-WHAMM (red) and GFP-DFCP1 (green) were
starved and stained with DAPI to label DNA (blue). Arrows indicate areas of WHAMM and
DFCP1 colocalization; arrowheads highlight a region of WHAMM and DFCP1 juxtaposition.
Scale bars: 10 pm. (B) Cos7 cells transiently expressing mCherry-WHAMM (red) and GFP-DFCP1
(green) were starved and stained with phalloidin to label F-actin (pink). Scale bars: 1.5 um.
(C) Cos7 cells transiently expressing GFP-WHAMM or GFP-WDR73 (green) were starved and
stained with antibodies to label LC3 (red). Individual autophagosomal structures with punctate
GFP-WHAMM localization to regions of membrane growth or curvature are highlighted in this

(Jinks et al., 2015). In the current work, we
showed that cells from Amish children with
GMS who are homozygous for a 7 base pair
deletion in WHAMM lack a nucleation-profi-
cient WHAMM protein and, as a result, have
major defects in autophagy. Taken together
with experiments using independent ge-
nome-edited cells and purified proteins, our
results further revealed that WHAMM-medi-
ated actin assembly is fundamentally impor-
tant for autophagosomal biogenesis at a
step that follows PI(3)P synthesis but pre-
cedes LC3 incorporation. In the absence of
this PI(3)P-WHAMM-Arp2/3 pathway for au-
tophagosomal remodeling, cells accumu-
late polyubiquitinated protein aggregates.

A major question arising from these
studies is whether defects in autophagy or
other WHAMM-associated functions mod-
ify the clinical outcomes in Amish GMS pa-
tients, as any resulting phenotypes may be
concealed beneath a particularly severe
clinical picture that arises through the coin-
cident WDR73 mutation. Thus the direct
medical relevance of findings using patient
cells will likely remain unclear until individu-
als are identified who display bi-allelic
WHAMM mutations in the absence of
WDR73 mutations. Interestingly, it has been
suggested that GMS is not a single gene
disorder and that the clinical features of
GMS can arise from mutations in genes
other than WDR73 (Rosti et al., 2017).
Moreover, since the initial description of
Amish GMS, we have identified a second
child in whom a recombination event led to
heterozygosity for the WHAMM variant
alongside the homozygous WDR73 muta-
tion. This 3-year-old’s neurocognitive im-
pairment is less significant than is typical for
Amish children with GMS. Hypotonia re-
mains the predominant clinical feature; he
is able ride a tricycle, walk with assistance,
gesture to indicate needs, and has not de-
veloped any renal impairment. How
WHAMM heterozygosity may affect the
clinical picture and/or cellular phenotypes
in this patient or other Amish GMS patients
remains to be determined.

Notably, the autophagy defects seen in
Amish GMS patient fibroblasts were more
severe than those in WHAMM-deficient Hela or eHAP cells, as
only the GMS cells vacuolated after treatment with chloroquine.
This could be due to differences in cell type and tissue origin.
However, it is also plausible that residual truncated WHAMM pro-
teins exacerbate the autophagy defects in patient cells. Another
possibility is that differences among the Amish, Hela, and eHAP
genomes influence autophagy or related membrane-trafficking
processes. For example, aberrant WDR73 function in Amish GMS
cells may worsen their autophagy defect. Although targeted loss-
of-function and localization studies did not point to a direct role
for WDR73 in autophagy, we have been unable to inactivate
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WHAMM binds to PI(3)P in vitro. (A) Different quantities of phospholipids
immobilized on a nitrocellulose membrane were probed with purified MBP-WMD. Bound
protein was detected using antibodies to MBP and visualized by chemiluminescence. MBP-
WMD binding was quantified by measuring the mean pixel intensity of protein-specific spots
after normalizing to background staining. (B) Different concentrations of PI(3)P immobilized on a
nitrocellulose membrane were probed with purified GST-Rab1A. Bound protein was detected
using antibodies to GST and quantified as in A. (C) Synthetic liposomes containing 5% of the
indicated phosphoinositides were incubated with MBP and MBP-WMD and collected by
centrifugation. Liposome-associated proteins were subjected to SDS-PAGE and detected by
immunoblotting for MBP. (D) The amount of MBP-WMD pulled down was determined by
densitometry. Each bar represents the mean (+ SD) from three to four experiments.

(E) PI(3)P-containing biotinylated liposomes were mixed with Alexa Fluor 555-labeled
MBP-WHAMM and Alexa Fluor 488-labeled streptavidin and examined microscopically.

WDR73 in a WHAMMMUT background, implying that WDR73 is es-
sential in WHAMM-deficient cells. Further studies are required to
better understand the factors that impact autophagy in distinct
cell lines.

In addition to the cellular phenotypes attributable to WHAMM
function in Amish GMS patient cells, changes in WHAMM expres-
sion and WHAMM polymorphisms have been linked to several
other conditions. WHAMM is one of 12 biomarkers that are differen-
tially expressed in children with systemic onset juvenile idiopathic
arthritis (Allantaz et al., 2007) and is one of 11 genes associated with
risk for lupus-like diseases in dogs (Wilbe et al., 2015). The WHAMM
and WDR73 genes are separated by only 1.7 Mb, and several hu-
mans with chromosome 15 microdeletions encompassing WHAMM
or both WHAMM and WDR73 exhibit developmental delay or intel-
lectual disability (Doelken et al., 2013; Burgess et al., 2014). Whether
the specific loss of WHAMM and/or WDR73 function contributes to
these illnesses has not been investigated. However, given that
WHAMM is a microtubule-binding protein (Shen et al., 2012) and
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that WDR73 can localize to the mitotic spin-
dle (Jinks et al., 2015), it is tempting to spec-
ulate that microtubule-dependent functions
might be altered by mutations in WHAMM,
WDR?73, or both genes.

Apart from microtubule binding, the
best-characterized biochemical activity of
WHAMM is promoting actin nucleation with
the Arp2/3 complex (Campellone et al.,

—=—PI(3)P

2008). However, until recent years, little was
known about actin assembly during autoph-
agy in mammalian cells. The first nucleation
factor studied in this process was Cortactin
(Lee et al., 2010), which presumably influ-
ences filament branching at autophago-
somes. The WASP-family member WASH is
also involved in autophagy (Xia et al., 2013;
Zavodszky et al., 2014), perhaps by control-
ling trafficking to autophagosomes. More
recently, WHAMM was shown to promote
Arp2/3-mediated autophagosomal rocket-
ing (Kast et al., 2015), while JMY was shown
to interact with LC3 and also nucleate actin
at autophagosomes (Coutts and La
Thangue, 2015). Finally, actin-capping pro-
tein was found to regulate actin polymeriza-
tion at autophagosomes downstream of
PI(3)P synthesis (Mi et al., 2015). Our current
work both interconnects and expands on
those studies.

JMY and WHAMM were proposed to
influence autophagosomal maturation be-
cause a JMY siRNA reduced the amount of
autophagosomes in U20S epithelial cells
(Coutts and La Thangue, 2015), while
WHAMM siRNA treatment reduced au-
tophagosomal size and movement in retinal
epithelial cells (Kast et al., 2015). Expression
of a WHAMM point mutant that should
have a reduced affinity for Arp2/3 also de-
creased the number of LC3-positive au-
tophagosomes in cells (Kast et al., 2015).
Our results point to a crucial function for
WHAMM early in biogenesis, between
PI(3)P generation and LC3 lipidation. This is supported by our find-
ings that WHAMM and Rab1 each bind to PI(3)P, and that WHAMM
inactivation delays the conversion of LC3-I to LC3-Il. How WHAMM
facilitates LC3 conversion is not clear, but could be related to its
ability to affect trafficking from the ERGIC, an important source of
vesicle templates for LC3 lipidation (Ge et al, 2013, 2014).
WHAMM-mediated actin assembly could also help shape the
phagophore in a manner that promotes LC3 incorporation. Indeed,
the punctate localization of WHAMM at omegasomes and autopha-
gosomal membranes is consistent with WHAMM being the missing
factor that promotes actin nucleation inside forming autophago-
somes downstream of PI(3)P synthesis (Mi et al., 2015). Finally, we
have highlighted the physiological importance of WHAMM through
the use of Amish GMS patient cells, which lacked autophagosomal
structures and possessed excess pé2 under steady-state condi-
tions, exhibited weak autophagic responses to rapamycin or starva-
tion, and accumulated large vacuoles when lysosomal degradation
was inhibited.
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Point mutations in the WMD that disrupt binding to PI(3)P in vitro prevent
localization to autophagosomes in cells. (A) Purified MBP-WMD(WT) and (RF/AA) were analyzed
by SDS-PAGE and Coomassie blue staining. (B) Different quantities of phospholipids immobilized
on a nitrocellulose membrane were probed with purified MBP-WMD(WT) or (RF/AA). Bound
protein was detected using antibodies to MBP and quantified by measuring the intensity of

nisms of autophagy that influence health
100 1 and disease.
MATERIALS AND METHODS
Human genetics and cell culture

- Studies leading to the definition of the ge-
netic basis of clinical GMS in the Amish were
described previously (Jinks et al., 2015). Pri-
mary patient cells were obtained from the
blood and skin of human subjects as part of
a previous study approved by the University
of Arizona IRB (Project #10-0050-01, Ge-
netic Studies in the Amish, IRB0O0005448).
Subsequent cellular studies were approved
by the University of Connecticut IRB (Pro-
tocol #H13-110, Cell Biology of a Neurode-
velopmental Disorder, FWAQ0007125). Pri-
mary dermal fibroblasts isolated from two
normal individuals and two Amish GMS pa-
tients were cultured in DMEM plus 20% fetal
bovine serum (FBS) and antibiotic—antimy-
cotic. Phenotype quantification was per-
formed with one set of GMS fibroblasts only,
because the second proliferated poorly and
did not survive freeze-thaw cycles. LCLs
(European Collection of Authenticated Cell
Cultures) were derived from two normal
Amish individuals, two heterozygous carri-
ers, and three GMS patients, and grown in
RPMI plus 10% FBS and antibiotic—antimy-
cotic. Cos7, NIH3T3, and Hela cells were
cultured in DMEM plus 10% FBS and antibi-
otic—antimycotic. eHAP cells (Essletzbichler
et al., 2014) and their derivatives were cul-
tured in IMDM plus 10% FBS and penicil-
lin—streptomycin. All mammalian cells were
grown at 37°C in 5% CO,.
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protein-specific spots after normalizing to background staining. The bar graph represents the

mean amounts (+ SEM) of MBP-WMD variants bound to 100 pmol of PI(3)P in three experiments.
** p < 0.01 (t test). (C) Cos7 cells were transiently transfected with plasmids encoding a GFP
vector control, GFP-WMD(WT), or GFP-WMD(RF/AA) and blotted with anti-GFP, anti-tubulin, and
anti-GAPDH antibodies. (D) Cos7 cells transiently expressing GFP, GFP-WMD(WT), or GFP-
WMD(RF/AA) were starved and stained with antibodies to LC3B (red) and DAPI to label DNA
(blue). Arrows indicate areas of WHAMM localization to LC3* puncta; the arrowhead highlights
the Golgi (G) region. Insets depict individual autophagosomes. Scale bar: 10 pm.

Autophagy is known to be up- or down-regulated in many dis-
ease states (Choi et al., 2013), but examples of genetic mutations
that directly perturb this process to cause human illness are rare. In
one example, recessive mutations in the epg5 gene, whose protein
product appears to control autophagosome-lysosome fusion, give
rise to a neurodevelopmental disorder called Vici syndrome (Byrne
etal., 2016). A second example is a homozygous mutation in ATG5
that causes an E122D substitution and a neurodegenerative ataxia.
ATG5 normally functions in conjugating phosphatidylethanolamine
to LC3-I to create LC3-Il during phagophore elongation, but cells
from patients with the Atg5 variant exhibit less LC3 lipidation (Kim
et al., 2016). Thus far, that is the only known mutation in a core com-
ponent of the autophagy machinery with physiological and clinical
consequences. However, based on our current results with Amish
GMS patients, further studies on the molecular functions of WHAMM
and WDR73 should also provide important insights into the mecha-
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DNA, RNA, viruses, and insect cells

Key reagents are listed in Supplemental
Table S1. Plasmids, bacmids, and baculovi-
ruses encoding human WHAMM(WT) were
described previously (Campellone et al.,
2008; Shen et al., 2012; Russo et al., 2016).
Plasmids encoding WHAMM(A7) were gen-
erated by site-directed mutagenesis on
WHAMM(WT) using primers GACTCTCTTAAAAGACTTAAAAA-
CAAGATGAAGTTG and CAACTTCATCTTGTTTTTAAGTCTTTTA-
AGAGAGTC. Plasmids encoding WHAMM(X6) were generated by
replacing the appropriate region of WHAMM(WT) with a synthetic
Xhol-Sacl fragment of X6 (Integrated DNA Technologies). Recombi-
nant baculoviruses were generated using the Bac-to-Bac system (In-
vitrogen). The plasmid for expression of GFP-WDR73 in mammalian
cells was generated by PCR using a cDNA clone template (Open
Biosystems), primers atcatcggtaccATGGATCCTGGGGACGACTGG
and atcatcgcggeegcttaTCAGCGGGGGGCACAAAGGT, and cloned
as a Kpnl-Notl fragment into pKC-EGFP-C1 (Campellone et al.,
2008). Plasmids for expression of MBP, MBP-WHAMM(WMD), and
GST-Rab1 in insect cells were described elsewhere (Russo et al.,
2016). Plasmids encoding the WMD R29A/F30A mutant were gen-
erated using a synthetic codon-optimized WMD(RF/AA) fragment
flanked by Kpnl-Notl sites (Integrated DNA Technologies). A
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synthetic WMD(WT) fragment was synthesized as a control (Inte-
grated DNA Technologies). For quantification of human WHAMM
mRNA, cDNA was prepared from skin fibroblasts with TRIzol reagent
and the M-MLV reverse transcriptase (Invitrogen) and subsequently
amplified using primers CTCCGTGCTCTGTCCTCATCCTCTCA
(exon 9) and CTAACCATCCCACTGGCCAGGGTCCT (exon 10). The
WHAMM PCR product corresponds to 456 nucleotides at the 3" end
of the open reading frame. WHAMM levels were normalized to 8-
actin, as described previously (Campellone et al., 2012). RT-PCR
primers spanning exons 4-8 were used in Supplemental Figure S1.
All bacteria were cultured using LB media with appropriate antibiot-
ics at 37°C. Plasmids were maintained in E. coli XL-1 Blue and puri-
fied using standard kits (Machery-Nagel) before transfection. Sf9
insect cells were grown in ESF?21 medium (Expression Systems) at
28°C and infected with baculoviruses encoding MBP-fusion proteins
at a multiplicity of infection of ~1 (Russo et al., 2016).

Transfections and chemical treatments

Standard mammalian cell transfections with DNA or RNA were per-
formed using Lipofectamine-LTX or RNAIMAX (Invitrogen) (Russo
et al., 2016). Dermal fibroblasts, however, were shifted to 0.60X
DMEM, 0.25X RPMI medium, 0.25X F10 medium, 20% FBS, 1X non-
essential amino acids, 1X Glutamax, and antibiotic—antimycotic (all
from Invitrogen) at least 24 h before transfection. NIH3T3 clones
stably encoding LAP, LAP-WHAMM(WT), or LAP-WHAMM(A7) were
selected in media containing 690 pg/ml G418. For inducing LAP
expression, 7.6 mM sodium butyrate was added for 16 h. Control
siRNAs or Stealth siRNAs to WHAMM and WDR73 were purchased
from Thermo Fisher Scientific. Treatments with Hank’s buffered sa-
line solution were used in starvation experiments, chloroquine
(Sigma) was used at 50 M, rapamycin (Tocris) was used at 10 pM,
and puromycin (Sigma) was used at 2 pg/ml.

Genome editing

HAP1 fibroblasts are a nearly haploid human cell line that contains
an immortalizing BCR-ABL fusion and a single copy of all chromo-
somes, except for a heterozygous 30 Mb fragment of chromosome
15, which is integrated on the long arm of chromosome 19 (Carette
et al., 2011). This diploid portion encompasses 330 genes, includ-
ing WHAMM and WDR?73. CRISPR/Cas?-engineered eHAP cells,
which are fully haploid (Essletzbichler et al., 2014), were therefore
used for mutagenesis of WHAMM and WDR73. Using CRISPR/
Cas9-mediated recombination, a 10-nucleotide deletion was intro-
duced into exon 2 of WHAMM, and a 10-nucleotide insertion was
introduced into exon 1 of WDR73 (Haplogen, now Horizon Genom-
ics). Mutations were confirmed by DNA sequencing (Haplogen,
now Horizon Genomics). Using fluorescence in situ hybridization
probes, we additionally verified the homozygosity and integrity of
chromosomes 15 and 19 in eHAP derivatives (Supplemental Figure
S6A). Briefly, whole-chromosome paint probes (Rainbow Scientific
Cytocell) were hybridized and washed per the manufacturer’s proto-
col. Slides were mounted in a 1:6 dilution of 4’,6-diamidino-2-phe-
nylindole (DAPI):Vectashield (Vector Laboratories). It is also impor-
tant to note that, after editing, haploid cells tend to eventually
revert to diploidy, a phenotype that we confirmed with karyotype
analyses (Supplemental Figure S6B). Briefly, mitotic cells were ar-
rested at metaphase via treatment with 0.1 pg/ml colcemid for 1 h,
collected, swollen with a 0.075M KCI solution, and subsequently
fixed with a modified Carnoy'’s solution. Slides were G-banded with
trypsin and Giemsa. All images were captured on an Olympus AX70
fluorescence microscope equipped with appropriate filters and ana-
lyzed with Leica Cytovision Imaging Software. Our attempts at intro-
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ducing an inactivating mutation in exon 1 of WDR73 in the above
WHAMM mutant background failed (Horizon Genomics). All WDR73
mutants were found to be in-frame, implying that WDR73 is an es-
sential gene in this WHAMM-deficient background.

Immunoblotting and quantification

For preparation of protein extracts, cells were washed with phos-
phate-buffered saline (PBS) and lysed in 50 mM Tris-HCI (pH 7.6),
50 mM NaCl, 1% Triton X-100, T mM phenylmethylsulfonyl fluoride,
and 10 pg/ml aprotinin, leupeptin, pepstatin, and chymostatin, be-
fore being mixed with SDS-PAGE sample buffer. Protein samples
were boiled and subjected to SDS-PAGE before being transferred
to nitrocellulose membranes and stained with Ponceau S. Mem-
branes were blocked in PBS with 5% milk before being probed with
rabbit anti-WHAMM (Shen et al., 2012), chicken anti-WHAMM(WCA)
(Campellone et al., 2008), rabbit anti-MBP (Shen et al., 2012), mouse
anti-tubulin E7 (Developmental Studies Hybridoma Bank), mouse
anti-GAPDH (Ambion), rabbit anti-LC3B or anti-p62/SQSTM1 (Cell
Signaling Technology), rabbit anti-WDR73 (Santa Cruz Biotech), or
mouse anti-HA (Covance) antibodies. Following washes, mem-
branes were treated with IRDye-800 or horseradish peroxidase
(HRP)-conjugated secondary antibodies for detection. Infrared or
chemiluminescent bands were visualized with a Li-Cor Fc Imager,
and their intensities were quantified using Li-Cor Image Studio soft-
ware. For measurement of LC3 lipidation, LC3-Il bands were nor-
malized to tubulin and/or GAPDH bands in each lane. Statistical
significance and p values were evaluated using an unpaired Stu-
dent’s t test or one-way analysis of variance (ANOVA) using Graph-
Pad Prism software.

Microscopy and quantification

Cells grown on 12 mm glass coverslips were fixed with 3.7% parafor-
maldehyde for 35 min. For WHAMM, microtubule, and LC3 stain-
ing, cells were treated with 100% methanol for 3.5 min at —20°C. We
used the following primary antibodies: guinea pig anti-WHAMM(CC)
or rabbit anti-GFP (Campellone et al., 2008), mouse anti-tubulin E7
(Developmental Studies Hybridoma Bank), mouse anti-ERGIC-53
(Alexis Biochemicals), rabbit anti-LC3A or anti-LC3B (Cell Signaling
Technology), mouse anti—ubiquitin FK2 (Enzo Life Sciences), rabbit
anti-WDR73 (Santa Cruz Biotechnology), rat anti-Grp94 (Novus Bio-
logicals), mouse anti-Sec31A or anti-GM130 (BD Biosciences), and
mouse anti-LAMP1 (Santa Cruz Biotechnology). We used secondary
antibodies conjugated to Alexa Fluor 488, 555, or 647 (Invitrogen).
DNA was visualized with 1 pg/ml DAPI, and F-actin was detected
using 4U/ml Alexa Fluor—conjugated phalloidins (Invitrogen). Cover-
slips were mounted in ProLong Gold anti-fade (Invitrogen). Images
were captured using 60x (1.40 NA) or 100x (1.45 NA) Plan-Apo ob-
jective lenses on a Nikon Ti-E microscope equipped with an Andor
Clara-E camera, and Elements software. For measurement of fluo-
rescence intensities, areas, and quantities, individual cells and/or
organelles were outlined using ImageJ software. For intensity mea-
surements, the mean pixel intensity of WHAMM staining in a cell
was multiplied by its two-dimensional area and divided by the area
of the cell. The intensity in control cells was set to 1. For organelle
area measurements, an ERGIC, LC3, polyubiquitin, or DAPI signal
was defined using a thresholding function in ImageJ and was di-
vided by the area of the cell. Numbers of F-actin and LC3 puncta
per cell were counted manually. For measuring the percentage of
cells with F-actin puncta, abnormal stress fibers, or chloroquine-in-
duced vacuoles, sample identities were coded, and randomly cho-
sen cells were scored as 0 (negative) or 1 (positive) for the specific
phenotype. Samples were decoded after quantification. Statistical
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significance and p values were evaluated using an unpaired Stu-
dent’s ttest, one-way ANOVA, or Fisher's exact test using GraphPad
Prism software.

Purified proteins

MBP, MBP-WHAMM(WT), MBP-WHAMM(WMD), GST, and GST-
Rab1 preparations were described previously (Russo et al., 2016),
and stored at —80°C in 20 mM MOPS (pH 7.0), 100 mM KCI, 2 mM
MgCly, 5 mM EGTA, 1 mM EDTA, and 10% glycerol. The A7 and X6
variants, as well as codon-optimized versions of WMD(WT) and
WMD(RF/AA), were expressed and purified in an identical manner
to other MBP fusions. MBP-WHAMM(WT) was covalently labeled
using an Alexa Fluor 555 labeling kit (Invitrogen). All protein quanti-
ties were measured using Bradford assays (Bio-Rad), and purities
were confirmed by SDS-PAGE analyses.

Actin assembly assays

Pyrene-actin assembly assays were performed essentially as de-
scribed previously (Russo et al., 2016). Actin (Cytoskeleton) was re-
suspended in G-buffer (5 mM Tris, pH 8.0, 0.2 mM CaCly, 0.2 mM
dithiothreitol (DTT), 0.2 mM ATP) and subjected to gel-filtration
chromatography using a Superdex 200 column (GE Healthcare) to
remove small filaments. Actin (2.0 uM; 7% pyrene labeled) was then
polymerized in the presence of 20 nM Arp2/3 complex plus 200 nM
MBP, MBP-WHAMM(WT), MBP-WHAMM(A7), or MBP-WHAMM(X6).
Pyrene fluorescence (actin filaments) was measured using a Horiba
Jobin Yvon Fluorolog-3 spectrofluorimeter capable of multiwave-
length excitation/detection and equipped with a four-position
sample changer. Similar results were obtained using different prep-
arations of G-actin in up to four experiments for each MBP fusion
protein.

Microtubule cosedimentation assays

Porcine brain tubulin was purified as described previously (Campel-
lone et al., 2008) and diluted to 35 pM in BRB80 (80 mM PIPES,
1 mM EGTA, 1 mM MgCly) containing 20% glycerol, 1.25 mM GTP,
and 5 mM DTT. Tubulin was then polymerized at 37°C and stabilized
with stepwise additions of Taxol until reaching the final concentra-
tions of 26 pM microtubules and 11 pM Taxol (Shen et al., 2012).
Samples (22 pl) containing microtubules and fusion proteins were
prepared by mixing BRB80, 100 mM KCl, 2 pM microtubules, and
500 nM precleared MBP-WHAMM(WT) or MBP-WHAMM(A7) at
25°C. (MBP-WHAMM(Xé) pelleted by itself in the preclearance
step.) After 10 min, 20 pl of each sample was overlaid onto BRB80
containing glycerol at 5% (low-speed assays) or 40% (high-speed
assays). The samples were then centrifuged at 21,000 x g (low
speed) in a benchtop microcentrifuge (Eppendorf) or at 40,000 x g
(high speed) at 26°C for 21 min in a TLA100 rotor (Beckman) to sedi-
ment the microtubules. Supernatants were removed and precipi-
tated with 10% trichloroacetic acid, and both the supernatant and
pellet samples were mixed with SDS-PAGE sample buffer to equiva-
lent volumes.

Lipid-binding assays

For protein overlay assays, PIP Strip and PIP Array nitrocellulose
membranes spotted with 1-100 pmol of immobilized phospholipids
(Echelon Biosciences) were hydrated in PBS, and blocked in block-
ing buffer (5% milk, 3% BSA, and 0.1% Tween-20 in PBS) for 1 h. PIP
Strips were probed with 20 nM soluble MBP, MBP-WHAMM(WT),
MBP-WHAMM(WMD), MBP-WHAMM(A7), MBP-WHAMM(Xé), GST,
or GST-Rab1 in blocking buffer for 2 h at room temperature. PIP
Arrays were probed with 20 nM soluble MBP-WMD variants or
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100 nM GST-Rab1. After washes, bound protein was detected using
rabbit anti-MBP or rabbit anti-GST antibodies (Shen et al., 2012) in
blocking buffer, followed by HRP-conjugated anti-rabbit antibodies
in 5% milk, and visualized using enhanced chemiluminescence with
film (GE Healthcare) or with a Li-Cor Fc Imager. For protein binding
quantification, densitometry was performed by measuring the mean
pixel intensity of protein-specific spots in ImageJ and normalizing
these values to background staining, or by using Li-Cor Image Stu-
dio software. For liposome cosedimentation assays, 66 pM synthetic
PolyPIPosomes (Echelon Biosciences) containing 65% polymeriz-
able-PC, 29% polymerizable-PE, 5% polymerizable PI, PI(3)P, or
PI(4)P, and 1% polymerizable biotin-PE were mixed with 1 pM MBP
and 1 uM MBP-WMD at room temperature for 30 min in 10 mM Tris
(pH 7.5), 1 mM MgCly, 250 mM KCI, and 1% glycerol. Liposomes
and proteins were centrifuged in a TLA100 rotor (Beckman) for
45 min at 55,000 rpm at 23°C. Pellet fractions were resuspended in
sample buffer and analyzed by SDS-PAGE and immunoblotting
with anti-MBP antibodies. For protein binding quantification, den-
sitometry was performed by measuring the mean pixel intensity of
MBP-WMD bands in ImageJ and normalizing these values to back-
ground staining. For microscopic visualization of WHAMM in asso-
ciation with liposomes, MBP-WHAMM(WT) was covalently labeled
with Alexa Fluor 555 (Invitrogen), and PolyPIPosomes were detected
with Alexa Fluor 488-streptavidin.

Cytokine secretion assays

Human LCLs were seeded at 5 x 10° cells/well and allowed to grow
to 8 x 10° cells/well in 12-well plates before stimulation with 2 x 107
E. coli XL1-Blue for 3 h. The contents of each well were then trans-
ferred to microfuge tubes and placed on ice for 5 min before cen-
trifugation at 635 x g for 5.5 min at 4°C. Supernatants were trans-
ferred to fresh tubes, recentrifuged, and again transferred to fresh
tubes before being frozen at —20°C. Ready-SET-Go ELISA kits
(eBioscience) were used to quantify levels of IL-1B and TNFo
in once-thawed LCL supernatants. Briefly, 96-well Costar plates
(Corning) were coated with capture antibodies in PBS for >24 h at
4°C, blocked at 23°C using 1% FBS in PBS for 1 h, and incubated
with recombinant standards or LCL supernatants for 2 h; this was
followed by cytokine detection antibodies for 1 h and Avidin-HRP
for 30 min. Well contents were developed with tetramethylbenzi-
dine for 5-15 min before quenching with 1 M H3PO,4 and measure-
ment of the colorimetric product at 450 nm on a SpectraMax M2
plate reader (Molecular Devices). IL-1 and TNFo. concentrations
were calculated from optical density values using SoftMax Pro ver-
sion 4.8.

Statistical analyses

Statistical parameters and significance are reported in the figures
and figure legends. Data were determined to be statistically signifi-
cantly different when p < 0.05 by Student’s t test, ANOVA, or Fish-
er's exact test in GraphPad Prism software as indicated in preceding
sections.
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