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Complex hereditary spastic paraplegia (HSP) is a genetic disorder
that causes lower limb spasticity and weakness and intellectual
disability. Deleterious mutations in the poorly characterized serine
hydrolase DDHD2 are a causative basis for recessive complex HSP.
DDHD2 exhibits phospholipase activity in vitro, but its endoge-
nous substrates and biochemical functions remain unknown. Here,
we report the development of DDHD2~'~ mice and a selective, in
vivo-active DDHD?2 inhibitor and their use in combination with mass
spectrometry-based lipidomics to discover that DDHD2 regulates
brain triglycerides (triacylglycerols, or TAGs). DDHD2~/~ mice show
age-dependent TAG elevations in the central nervous system, but
not in several peripheral tissues. Large lipid droplets accumulated in
DDHD2~'~ brains and were localized primarily to the intracellular
compartments of neurons. These metabolic changes were accompa-
nied by impairments in motor and cognitive function. Recombinant
DDHD2 displays TAG hydrolase activity, and TAGs accumulated in
the brains of wild-type mice treated subchronically with a selective
DDHD?2 inhibitor. These findings, taken together, indicate that the
central nervous system possesses a specialized pathway for metab-
olizing TAGs, disruption of which leads to massive lipid accumula-
tion in neurons and complex HSP syndrome.

etermining the genetic basis for rare hereditary human
diseases has benefited from advances in DNA sequencing
technologies (1). As a greater number of disease-causing muta-
tions are mapped, however, it is also becoming apparent that many
of the affected genes code for poorly characterized proteins.
Assigning biochemical and cellular functions to these proteins is
critical to achieve a deeper mechanistic understanding of human
genetic disorders and for identifying potential treatment strategies.
Hereditary spastic paraplegia (HSP) is a genetically heteroge-
neous neurologic syndrome marked by spasticity and lower ex-
tremity weakness (2). Many genetic types of HSP have been
identified and are numbered according to their order of discovery
[spastic paraplegia (SPG) 1-72] (2, 3). Of these genetic variants,
more than 40 have been mapped to causative mutations in pro-
tein-coding genes. HSP genes code for a wide range of proteins
that do not conform to a single sequence- or function-related
class. A subset of HSP genes, including PNPLA6 (or neuropathy-
target esterase) (SPG39) (4), DDHDI (SPG28) (5), and DDHD?2
(SPG54) (3, 6-8), code for serine hydrolases. These enzymes have
been designated as (lyso)phospholipases based on in vitro sub-
strate assays (9-11), but their endogenous substrates and physi-
ological functions remain poorly understood. The mutational
landscape that affects these lipid hydrolases to cause recessive
HSP is complex but collectively represents a mix of null and pu-
tatively null and/or functional mutations. Moreover, the type of
HSP appears to differ in each case, with DDHDI mutations
causing uncomplicated HSP, whereas PNPLA6 and DDHD?2
mutations lead to complex forms of the disease that exhibit ad-
ditional phenotypes including, in the case of DDHD?2, intellectual
disability. Human subjects with DDHD2 mutations also displayed
evidence of brain lipid accumulation as detected by cerebral
magnetic resonance spectroscopy (6). Both rodent and human
DDHD?2 enzymes are highly expressed in the brain compared
with most peripheral tissues (6, 9); however, the specific lipids
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regulated by DDHD?2 in the central nervous system (CNS) have
not yet been identified.

Determining the metabolic function of DDHD?2 in the brain is
an important step toward understanding how mutations in this
enzyme promote complex HSP and for identifying possible ther-
apeutic strategies for the disease. Toward this end, we report
herein the generation and characterization of DDHD2™~ mice
and a selective DDHD?2 inhibitor. DDHD2 ™~ mice exhibit defects
in movement and cognitive function. Mass spectrometry (MS)-
based lipidomics (12, 13) revealed a striking and selective eleva-
tion in triglycerides (triacylglycerols, or TAGs) throughout the
CNS, but not in peripheral tissues, of DDHD2™~ mice. This
metabolic change correlated with pervasive lipid droplet (LD)
accumulation in neuronal cell bodies of DDHD2™~ mice. Bio-
chemical assays confirmed that DDHD?2 possesses TAG hydrolase
activity. Finally, wild-type mice treated subchronically with a
DDHD?2 inhibitor also exhibited significant elevations in CNS
TAGs. These data, taken together, indicate that DDHD?2 is a
principal TAG hydrolase of the mammalian brain and point to
deregulation of this pathway as a major contributory factor to
complex HSP.

Results

Targeted Genetic Disruption of the Ddhd2 Gene. Mice with a targeted
disruption of the Ddhd2 gene were generated by homologous
recombination, where exon 8, which contains the catalytic serine
nucleophile S351 of DDHD?2 (9), was removed from the genome
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of C57BL/6 embryonic stem (ES) cells (S Appendix, Fig. S14).
An ES clone bearing the targeted disruption was identified
by Southern blotting (SI Appendix, Fig. S1B) and used to generate
DDHD2 7~ mice (Fig. 1 A-C). DDHD2™~ mice were viable and
born at the expected Mendelian frequency. We confirmed loss
of DDHD2 mRNA by RT-PCR of DDHD2™'~ brain tissue
(Fig. 1B) and loss of DDHD?2 protein by quantitative proteomic
experiments that combined activity-based protein profiling (ABPP)
(14) with high-resolution MS. In brief, DDHD2"* and DDHD2 7/~
brain proteomes were treated with the serine hydrolase-directed
activity-based probe fluorophosphonate (FP)-biotin, and probe-
labeled serine hydrolases were enriched by streptavidin chroma-
tography, digested on bead with trypsin, and the resulting tryptic
peptides modified by reductive dimethylation of lysine residues
using isotopically light and heavy formaldehyde, respectively (15)
(also see SI Appendix, Fig. S2). The DDHD2*"* and DDHD2 ™/~
samples were then combined and analyzed by multidimensional
liquid chromatography (LC)-MS (16) using an LTQ-Orbitrap
Velos instrument. These experiments confirmed the complete
loss of DDHD?2 signals in brain tissue from DDHD2™'~ mice
(SI Appendix, Fig. S1C and Dataset S1), whereas the 40+ other
serine hydrolases detected by ABPP were unchanged. Selective
loss of DDHD2 in DDHD27~ mice was further verified using
DDHD2-directed (HT-01) and broad-spectrum [FP-rhodamine
(FP-Rh)] fluorescent activity-based probes (17), where the former
probe revealed the absence of a characteristic 75-kDa DDHD2
doublet (9) in DDHD2 ™~ brains, whereas other serine hydrolase
signals were unaltered (Fig. 1C).

DDHD2~'~ Mice Show Defects in Locomotion and Cognition.
DDHD2 ™~ mice were fertile and largely indistinguishable from
their wild-type and heterozygous littermates in terms of normal
cage behavior. DDHD2 ™~ mice, however, displayed significantly
shorter stride lengths in gait measurement assays, and this loco-
motor defect was observed in both front and rear paws (S Ap-
pendix, Fig. S34). In assays of general locomotor activity, no
genotype differences were observed in ambulation behavior, but
DDHD2™~ mice showed significant reductions in rearing be-
havior, as measured by beam breaks that occur when a mouse
moves vertically above the ground (S Appendix, Fig. S3B). In the
rotarod test, DDHD2 ™~ mice held their balance for a significantly
shorter amount of time and fell off the rod at lower speeds
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Fig. 1. Confirmation of loss of DDHD2 expression in DDHD2™~ mice. (A)
Confirmation by PCR genotyping of germ-line transfer for an ES cell clone
with targeted replacement of exon 8 of the Ddhd2 gene with a neomycin
(Neo) selection cassette (see SI Appendix, Fig. S1 for gene targeting in-
formation). (B) Absence of DDHD2 mRNA in DDHD2~'~ mice was confirmed
by RT-PCR analysis of brain tissue. (C) Gel-based ABPP with the HT-01 probe
confirmed lack of DDHD2 activity in brain membrane proteomes from
DDHD2~'~ mice. ABPP with the broad-spectrum probe FP-Rh confirmed that
other serine hydrolase activities were unchanged in DDHD2™~ brain pro-
teomes. [Note that DDHD2 is too low in abundance for detection by gel-
based ABPP with the FP-Rh probe, but other representative serine hydrolases
are marked for reference (17).].
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compared with DDHD2** mice (Fig. 24), indicating that Ddhd2
gene disruption caused impairments in motor coordination.

We next assessed cognition and memory in DDHD2* and
DDHD2 ™~ mice. We first confirmed no significant genotype
differences in vision (SI Appendix, Fig. S3C) and then measured
cognition in the Y-maze test, which tests propensity of mice to
explore new environments, and found no significant genotype dif-
ference in spontaneous alternations (SI Appendix, Fig. S3D).
DDHD2 ™~ mice, on the other hand, showed impairments in the
Barnes maze test (Fig. 2B), which assesses learning and memory of
a target zone location based on visual cues in the surrounding en-
vironment (18). DDHD27~ mice also exhibited defective long-
term spatial memory as reflected in significantly longer times to find
the target zone when re-evaluated 2 wk post-test phase (Fig. 2B).

These data demonstrate that DDHD2 ™~ mice display motor
and cognitive impairments that resemble the clinical symptoms
of SPG54 human subjects with DDHD?2 mutations.

Triglyceride (TAG) Accumulation in DDHD2~'~ Brains. To identify
endogenous lipids regulated by DDHD2, we performed lip-
idomic experiments of brain tissue from adult (2-4-mo-old)
DDHD2"* and DDHD2~'~ mice. In these studies, organic-
soluble brain metabolites were analyzed by untargeted LC-MS
and data processed using the XCMS program (19), resulting in
identification of several metabolites that were significantly elevated
in DDHD2™" brains (Fig. 34). The largest changes (~3-5-fold)
were observed for metabolites with n1/z values of 948.8, 950.8, and
1,040.8 detected in positive-ion mode in the presence of ammonium
formate (included as an ion pairing agent). The common retention
times and differences in m/z values indicated that the changing
metabolites represent structurally related members of a lipid class
that differ in acyl chain length and degrees of unsaturation. Their
large molecular weights and detection as [M+NH,]+ adducts
further suggested that the metabolites are likely members of the
glycero- (versus phospho)-lipid class.

Tandem MS analysis revealed that the DDHD2-regulated
metabolites all produced characteristic fragmentation patterns of
triglycerides (TAGs), including a diagnostic diglyceride (DAG)
fragment ion formed from loss of one acyl chain (20, 21) (S
Appendix, Fig. S4). Reanalysis of the lipidomics data identified
additional candidate TAGs that accumulated in DDHD2™/~
brains, including a species with an m/z value of 824.8, which
corresponds to tripalmitoylated (C16:0/C16:0/C16:0) TAG (SI
Appendix, Table S1). Consistent with this structural assignment,
the natural m/z 824.8 and 1,040.8 metabolites and synthetic tri-
palmitate and docosahexaenoate TAG standards, respectively,
showed matching LC elution times and fragmentation spectra (S
Appendix, Fig. S5). In contrast to the elevations found for TAGs
in DDHD2™" brains, other major lipid classes (e.g., phospholipids,
lysophospholipids, free fatty acids, monoglycerides, and DAGs)
were unchanged in lipidomic comparisons of brain tissue from
DDHD2"* and DDHD2 ™'~ mice (SI Appendix, Table S1).

We next used targeted, multiple reaction monitoring ;MRM)
LC-MS to confirm the changes in TAGs in DDHD2™™ mice,
which revealed accumulation of numerous TAG species con-
taining combinations of both saturated (C16:0 and C18:0) and
unsaturated (C18:1, C20:4, C22:5, and C22:6) fatty acyl chains in
brains of adult (10-mo-old) DDHD2™~ mice &Fig. 3B and SI Ap-
pendix, Table S2). We also analyzed DDHD2"~ mice and found
that brain TAGs did not accumulate in these animals (S Appendix,
Fig. S6). The age dependency of TAG changes was assessed by
analyzing brains from 3-wk- and 2-mo-old mice, which showed
accumulation of many TAGs in the latter but not former
DDHD2 ™~ mice (SI Appendix, Fig. STA). The basis for the age-
dependent accumulation of TAGs in DDHD2 ™~ mice is not clear,
but we note that DDHD?2 activity as detected by ABPP with the
HT-01 probe was much lower in embryonic and early postnatal
brain tissue compared with adult brain (SI Appendix, Fig. STB).

Humans with deleterious DDHD2 mutations present princi-
pally with nervous system-related deficits (3, 6-8). We therefore
wondered whether the TAG changes observed in DDHD2™~
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Fig. 2. Characterization of locomotor and cognitive functions in DDHD2™~
mice. (A) In a constant speed rotarod test, DDHD2~~ mice ran for a shorter time
than DDHD2** mice before falling (Left). In a rapidly accelerating speed
rotarod test (Right), DDHD2™~ mice fell at lower speeds than DDHD2** and
DDHD2*~ mice. (B) In the Barnes maze spatial learning test, DDHD2~~ mice
spent a shorter proportion of time in the quadrant with an escape chamber
during training compared with DDHD2** mice (Left). When the same mice
were retested 2 wk later, the DDHD2™~ mice took longer to find the escape
chamber compared with DDHD2** and DDHD2*~ mice (Right). Data
represent average values + SEM. n = 13 mice per group. *P < 0.05 and **P <
0.01 for DDHD2** versus DDHD2™~ mice; *P < 0.05 for DDHD2™~ versus
DDHD2"~ mice.

mice were restricted to the brain or more broadly distributed
throughout central and peripheral tissues. Targeted LC-MS
studies revealed that TAGs were generally unaltered in peripheral
tissues of adult DDHD2™~ mice (6-10 mo), with the exception
of white adipose tissue, which exhibited a modest (~40%) in-
crease in TAGs (Fig. 3C and SI Appendix, Fig. S8). We also did
not observe changes in serum TAGs in DDHD2™/~ mice (S/
Appendix, Fig. S8). In contrast, significant TAG increases were
observed in spinal cord tissue from DDHD2™~ mice, indicating
that this metabolic change occurs broadly throughout the CNS
(Fig. 3C and SI Appendix, Fig. S8).

Taken together, our metabolomic findings indicate that
DDHD? plays a specialized role in regulating the metabolism of
TAGs in the CNS.

DDHD2 Disruption Causes LD Accumulation in Neurons. Elevations in
TAGs in peripheral tissues can lead to an accumulation of LDs
and an increase in the size of these LDs (22). We therefore next
compared DDHD2"* and DDHD2 7~ sagittal brain slices treated
with osmium tetroxide, which reacts with unsaturated lipid acyl
chains to enable visualization of LDs by electron microscopy
(EM) (23). Lower magnification EM images revealed substantial
accumulation of LDs in brain tissue from DDHD2™~ mice (Fig.
4A4). Examples of regions with massively increased LDs were
located in the pons (region 1), mostly within the pontine central
gray, and ventral to the corpus callosum (region 2) in the septal
nuclei (Fig. 44). Light microscopy studies of brain region sections
(2-pm thick, osmicated and counterstained with toluidine blue)
confirmed extensive LD accumulation in DDHD2™~ mice
(Fig. 4B) and enabled quantification of these LDs, which showed
a significant increase in number, area, and diameter in DDHD2 ™~
brains (Fig. 4C). LD accumulation was detected in young (3 mo;
Fig. 44) and older (6-9 mo; Fig. 48) DDHD2 ™'~ mice.

Brain regions of adult mice (3-9 mo) were analyzed at higher
magnification by EM, which revealed that LDs were primarily
found within neuronal compartments of DDHD2 ™~ mice (Fig. 4D).
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Neurons were positively identified by the presence of synapses, and
the accumulating LDs were found in different segments of the
neurons, including both axons and dendrites (S Appendix, Fig. S94).
In contrast, LD accumulation was not observed in glial cells of
DDHD2 ™~ mice. In regions 1 and 2, multiple LDs could be found
within the same neuronal cell (Fig. 4D). The size of these LDs varied
from a few hundred nm to >5 pm (Fig. 4D and SI Appendix, Fig. S9).
In region 2, we observed noticeable swelling of the processes that
occurred to accommodate large LDs. The detected LDs were often
surrounded by organelles, including mitochondria (SI Appendix,
Fig. S9C).

Our combined light and EM studies demonstrated that
DDHD2 ™~ mice exhibit substantial LD accumulation in multiple
brain regions and these LDs appear to be primarily localized to
intracellular compartments of neurons.

Development of a Selective and In Vivo-Active DDHD2 Inhibitor.
DDHD?2 is a multidomain protein that may have both enzy-
matic and nonenzymatic functions in cells (9, 24). To ascertain
whether brain TAG accumulation in DDHD2 ™~ mice was due
to loss of catalytic function of DDHD2, we sought to develop
a selective inhibitor of this enzyme for in vivo pharmacological
studies. We previously discovered that acyclic phenethyl-1,2,3-
triazole ureas, including the HT-01 probe, react with DDHD?2 in a
covalent, irreversible manner (17). A survey of analogs of HT-01
revealed that KLLH45 bearing a cyclohexyl group in place of the
extended BODIPY fluorophore of HT-01 (Fig. 54) potently
inhibited DDHD2 as measured by competitive ABPP (SI Appendix,
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Fig. 3. TAG accumulation in DDHD2™'~ brain tissue. (A) Lipidomic profile of
brain tissue from DDHD2** and DDHD2 ™~ mice. Metabolites were extracted
from tissue of adult mice using a chloroform/methanol mixture and analyzed
by LC-MS in both positive and negative ion mode as described in Materials
and Methods. The XCMS algorithm identified features that were significantly
different between DDHD2"* and DDHD2™~ brains, including a set of lipids
that accumulated in DDHD2~~ brains and corresponded to the [M+NH4]+
adduct of triglycerides (TAGs). Fragmentation analysis and LC migration times
were used to confirm structural assignment of TAGs (S/ Appendiix, Figs. S4 and
S5). Other major lipid classes, including DAGs, monoglycerides (MAGs), free
fatty acids (FFAs), and phospholipids [phosphatidic acids (PAs), phosphati-
dylcholines (PCs), and phosphatidylethanolamines (PEs)] were unchanged in
DDHD2~~ brain tissue. (B) Targeted LC-MS analysis verified widespread ele-
vations in TAGs in brain tissue from DDHD2™~ mice. (C) Comparison of TAGs in
different tissues from DDHD2** and DDHD2~~ mice (Sp. cord, spinal cord).
Data represent average values + SEM. n = 5-9 mice per group. *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001 for DDHD2 ™~ versus DDHD2** mice.
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Fig. 4. Ultrastructural analysis of LD accumulation in DDHD2~'~ brains. (A)
Brains from adult DDHD2** and DDHD2™~ mice were fixed, sectioned
sagittally, and treated for 3 h with OsO,4 before imaging with electron and
light microscopy. Lower magnification images of thin (70 nm) sections of the
pontine central gray (region 1) and septal nuclei (region 2) of 3-mo-old mice
were captured by transmission EM, which revealed dark staining LDs in both
regions in DDHD2~'~ brains, but not in DDHD2** brains. (Scale bar, 20 pm in
all images.) (B) Thick, resin-embedded sections (2 pm) of the same regions
were taken from 6- to 9-mo-old mice and counterstained with toluidine
blue. Extensive LD accumulation was detected in both regions of DDHD27'-,
but not in DDHD2** brains. (Scale bar, 50 pm in the Upper images and 10 um
in the Lower insets taken from the boxed regions of Upper images.) (C) The
LD margins were identified using Image-Pro Plus 7.0 as described in Mate-
rials and Methods and used to quantify an increased number (Left), area
(Center), and diameter (Right) of LDs in DDHD2~'~ brains. (D) Ultrastructural
EM analysis showing LD accumulation in neurons from DDHD2™"~ mice. LD
accumulation was observed either as multiple smaller droplets (Left) or one
large droplet (Right) in the cytoplasm of neurons. Arrowhead denotes LDs.
M, mitochondria; N, nucleus. See S/ Appendix, Fig. S9 for additional images.
Data represent average values + SEM. n = 4 mice per group. **P < 0.01 and
**%*p < 0,0001 for DDHD2™'~ versus DDHD2** mice.

Fig. S10 4 and B). KLH45, a 2,4-substituted regioisomer, showed
enhanced potency and selectivity for DDHD?2 over the corre-
sponding 1,4-isomer (KLH45b; SI Appendix, Fig. S10C). KLH45
exhibited an ICsq value of 1.3 nM (SI Appendix, Fig. S10B) for
DDHD?2 and excellent selectivity against other serine hydrolases
in the mouse neuroblastoma Neuro2A proteome as assessed by
gel-based competitive ABPP, showing cross-reactivity with only a
single detected enzyme ABHDG6 (SI Appendix, Fig. S10 A and B).
Further exploration of HT-01 analogs identified an inactive-control
inhibitor KLH40 (Fig. 54), which showed negligible activity
against DDHD2 (ICsy > 10 pM), but comparable cross-reactivity
with ABHD6 (ICsg ~0.4-0.6 pM; SI Appendix, Fig. S10 A and B).

KLH45 inactivated DDHD2 and ABHD6 in Neuro2A cells
with low nanomolar in situ potency (<10 nM; SI Appendix, Fig.
S11A4), whereas treatment of these cells with KLH40 inhibited
ABHD6 but not DDHD?2 (SI Appendix, Fig. S114). Higher reso-
lution, quantitative MS analyses using the ABPP—stable isotope
labeling by amino acids in cell culture method (17) confirmed that
KLH45 (25 nM, 4 h) completely inactivated DDHD2 (>95% in-
hibition) in Neuro2A cells and showed no cross-reactivity with any
of the other 40+ detected serine hydrolases with the exception of
ABHDG6 (SI Appendix, Fig. S11B and Dataset S2). KLH40 showed
similar inhibitory activity against ABHD6 (~90% blockade) and
partial inhibition of FAAH and PLA2G15 (50-70%), but negli-
gible cross-reactivity with DDHD2 (SI Appendix, Fig. S11B).
Among the serine hydrolases that were not affected by KLH45
were DDHDI1 and Sec23ip (SI Appendix, Fig. S11B), indicating
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that this inhibitor shows good selectivity for DDHD?2 over other
sequence-related DDHD enzymes.

We next tested whether KLH45 could inhibit DDHD?2 in vivo.
Mice were treated with a dose range of KLH45 or KLH40
(5-40 mgkg™, i.p.) for 4 h, killed, and brain tissue collected,
processed, and analyzed by gel-based competitive ABPP using the
HT-01 probe. A clear dose-dependent blockade of brain DDHD2
activity was observed in KLH45-treated animals, with near-com-
plete loss of activity occurring at the 40 mgkg™" dose (SI Ap-
pendix, Fig. S12). KLH45 also inhibited ABHD®6 in vivo, but this
off-target was similarly inhibited by KLH40, which did not block
DDHD?2 (SI Appendix, Fig. S12).

These data indicate that KLH45 and KLH40 constitute a
suitable pair of active and inactive control probes to investigate
the function of DDHD?2 in cell and animal models. More details
on the medicinal chemistry that led to the discovery of these
probes will be provided in a separate manuscript in due course.

Pharmacological Inactivation of DDHD2 Elevates Brain TAGs. We next
examined whether acute or subchronic treatments with KLH45
affected TAG metabolism in the mouse brain. Mice treated
acutely with KLH45 (40 mg-kg™", 4 h) did not show altered brain
TAGs (SI Appendix, Fig. S134). In contrast, mice treated twice
daily with KLH45 (20 mg-kg™"; administered every 12 h) for a total
of 4 d exhibited significant elevations in several of the TAGs that
accumulated in the brains of DDHD2™~ mice (Fig. 5B and SI
Appendix, Fig. S13B). Mice treated with KLH40 under the same
dosing regimen showed no changes in brain TAGs relative to
a vehicle-treated control group (Fig. 5B and SI Appendix, Fig.
S13B). Similar changes in TAGs were observed in the spinal cord
of mice subchronically treated with KLLH45 (Fig. 5B and SI Ap-
pendix, Fig. S13B). Competitive ABPP studies confirmed com-
plete inactivation of brain DDHD?2 in mice treated subchronically
with KLH45, whereas no changes in brain DDHD?2 activity were
observed in mice treated subchronically with the control probe
KILH40 (Fig. 5C). Both probes showed minimal cross-reactivity
with other brain serine hydrolases in the subchronic dosing
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Fig. 5. Mice treated subchronically with a selective DDHD?2 inhibitor show
TAG accumulation in the CNS. (A) Structural modifications to HT-01 yielded
a DDHD2-selective inhibitor KLH45 and inactive-control inhibitor KLH40. (B)
Targeted LC-MS analysis revealed accumulation of TAGs in brain and spinal
cord (spinal) tissues from mice treated subchronically for 4 d with KLH45
versus vehicle or KLH40 (inhibitors were administered at 20 mg-kg™" com-
pound, i.p., every 12 h). (C) Competitive ABPP experiments confirmed the
inactivation of DDHD2 in KLH45-treated but not KLH40-treated mice. Both
KLH45 and KLH40 partially inhibited ABHD6 and FAAH but showed negli-
gible cross-reactivity with other brain serine hydrolases. Data represent av-
erage values + SEM. n = 4 mice per group. *P < 0.05 and ***P < 0.001 for
KLH45-treated versus vehicle-treated mice.
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paradigm, with each inhibitor producing partial blockade of
ABHD6 and FAAH (Fig. 5C).

These results, taken together, demonstrate that prolonged
pharmacological blockade of DDHD2 promotes elevations in
brain TAGs, indicating that this metabolic change is likely due to
disruption of DDHD?2 activity.

DDHD2 Exhibits TAG Hydrolase Activity. To test whether DDHD2
functions as a TAG hydrolase, we transfected HEK293T cells
with a cDNA encoding FLAG epitope-tagged mouse DDHD?2
(wild type, WT) and confirmed expression of the enzyme by
HT-01 labeling and Western blotting (SI Appendix, Fig. S144).
A catalytically inactive serine to alanine mutant (S351A) of
DDHD?2 exhibited similar expression in transfected cells and
showed no HT-01 labeling (SI Appendix, Fig. S144). Recombinant
DDHD?2 was inhibited by KLLH45 with a similar potency to that
measured for endogenous DDHD?2 in the Neuro2A proteome
(ICso values of 3.6 and 1.3 nM, respectively) and was not affected
by the inactive control probe KLH40 (SI Appendix, Fig. S14 B
and C). Transfected HEK293T cell lysates were next incubated with
a "C-labeled C18:1/C18:1/C18:1 TAG substrate (22 uM, 90 min),
and conversion of this lipid to C18:1/C18:1 DAG, C18:1 MAG
and C18:1 fatty acid (oleic acid) products was monitored by
a radiolabeled TLC assay following established protocols (25).
We observed a significant increase in all three products in WT-
DDHD2-transfected but not S351A-DDHD2-transfected cell
lysates compared with mock-transfected or heat-denatured cell
lysates (Fig. 64 and SI Appendix, Fig. S154). Pretreatment with
KLH45, but not KLH40 (2 pM, 30 min), blocked the increased
TAG hydrolytic activity in WT-DDHD2-transfected cells (Fig.
6A4). Increased TAG hydrolysis activity was also observed for
WT-DDHD2-transfected cells compared with control groups using
an LC-MS assay that monitored the conversion of unlabeled
C18:1/C18:1/C18:1 TAG to oleic acid (Fig. 6B). We next assayed
brain lysates from DDHD2 ™~ mice and found that they exhibited
significantly lower TAG hydrolysis activity compared with brain
lysates from DDHD2"* mice (Fig. 6C). Finally, we also found that
DDHD?2 hydrolyzed a C18:1/C18:1 DAG substrate (SI Appendix,
Fig. S15B), indicating that the enzyme can act as both a TAG and
DAG hydrolase (similar to some other TAG hydrolases, such as
hormone-sensitive lipase) (25).
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Fig. 6. DDHD2 exhibits TAG hydrolase activity. (A and B) Soluble lysates
from HEK293T cells transiently transfected with a WT-DDHD2 cDNA showed
greater C18:1/C18:1/C18:1 TAG hydrolytic activity measured by either a
radiolabeled TLC (A4) or LC-MS (B) assay compared with lysates from mock-
transfected cells, heat-denatured WT-DDHD2-transfected lysates, or cells
transfected with an S351A-DDHD2 mutant cDNA. Both assays report for-
mation of C18:1 fatty acid. For measurement of '“C-C18:1 MAG and
14C-C18:1/C18:1 DAG formation in the radiolabeled '“C-TAG substrate assay,
see S/ Appendix, Fig. S15. In both substrate assays, KLH45 but not KLH40
blocked the TAG hydrolase activity of DDHD2. (C) Soluble brain lysates from
DDHD2~"~ mice show reduced TAG hydrolysis activity compared with soluble
brain lysates from DDHD2** mice measured by a radiolabeled substrate
assay following conversion of C18:1/C18:1/C18:1 TAG to C18:1 fatty acid.
Heat-denatured DDHD2*/* brain lysates were assayed as a control and dis-
played a similar signal to those observed in DDHD2 ™'~ lysates. Data represent
average values + SEM for three experimental replicates per group. ***P < 0.001
and ****P < 0.0001 for WT-DDHD2 versus S351A-DDHD2 transfected
groups or DDHD2** versus DDHD2 ™~ groups; **#P < 0.001 for KLH45-treated
versus DMSO-treated WT-DDHD2 groups.

14928 | www.pnas.org/cgi/doi/10.1073/pnas.1413706111

These data indicate that DDHD?2 is a principal brain TAG hy-
drolase, providing a plausible biochemical mechanism to explain the
accumulation of TAGs in the CNS of DDHD2-disrupted animals.

Discussion

The enzymes that regulate TAG hydrolysis have been mapped in
peripheral tissues, where adipose triglyceride lipase (ATGL or
PNPLA?2) plays a major role in this process (22, 25, 26). Muta-
tions in the PNPLA2 gene cause neutral lipid storage disease
with myopathy associated with substantial peripheral elevations
in TAGs (27, 28). In contrast, TAG metabolism in the CNS has
remained poorly characterized. PNPLA2~~ mice have elevated
TAGs in brain tissue, but these changes are restricted to barrier
regions of the CNS (e.g., cerebrovascular cells, choroid plexus)
(29). LDs were not found to accumulate in neurons of PNPLA2™/~
mice, indicating that these cells may express distinct TAG hydro-
lytic enzymes. Our findings indicate that DDHD2 serves as a
principal TAG hydrolase in the mammalian brain, where deletion
of this enzyme leads to massive LD accumulation in neurons.

DDHD?2 is a member of a small clan of three sequence-related
serine hydrolases in humans [the other two enzymes are termed
DDHDI1 (10) and Sec23ip (30)]. DDHD hydrolases have been
annotated as phospholipases based on in vitro substrate assays
(9, 10). We did not, however, observe significant changes in brain
phospholipids in DDHD2 ™~ mice. Although bulk brain levels of
phospholipids were unchanged, it is possible that DDHD?2 reg-
ulates phospholipids in specific brain cell types in vivo. DDHD2
also possesses a noncatalytic phosphatidylinositol 4-phosphate—
binding domain (24) and regulates organellar morphology when
overexpressed in mammalian cells (9), functions that could, in
principle, indirectly impact TAG trafficking and metabolism.
However, mice treated with a selective DDHD?2 inhibitor also
showed elevations in brain TAGs, indicating that this metabolic
change is likely due to blockade of the catalytic activity of
DDHD?2, rather than the indirect outcome of eliminating
DDHD?2 protein. That DDHD2 exhibited TAG hydrolase ac-
tivity in vitro supports this conclusion. Interestingly, previous
studies have identified the main TAG hydrolase from the fat body
of the insect Manduca sexta as a protein that shares sequence ho-
mology with DDHD2 and other mammalian DDHD proteins (31).
This finding raises the possibility that DDHD1 and Sec23ip may
also function as TAG hydrolases. On the other hand, HSP patients
with mutations in the DDHDI gene do not show gross lipid accu-
mulation in the brain as measured by magnetic resonance imaging
(32), suggesting that disruption of DDHD1 and DDHD?2 produce
distinct metabolic effects in the human nervous system.

Based on our results, the most parsimonious explanation for
the abnormal lipid peak observed by cerebral magnetic reso-
nance spectroscopy in human subjects with DDHD2 mutations
(6) is that it reflects elevated TAGs, although it remains possible
that DDHD?2 could regulate distinct classes of lipids in the mouse
and human brain. We also cannot explain, at present, why sub-
chronic treatment with a DDHD?2 inhibitor is needed to produce
TAG elevations in the mouse brain, but we should note that acute
treatment with an ATGL inhibitor also causes more limited
changes in TAGs in peripheral tissues compared with chronic
(genetic) disruption of ATGL (22, 33). Projecting forward, it will
be important to evaluate how deregulated TAG metabolism and
LD accumulation affect neuronal cell biology and, ultimately,
HSP neuropathology. We believe that DDHD2™/~ mice and
DDHD2-selective inhibitors should serve as valuable tools for
probing this mechanistic relationship. Could, for instance,
DDHD2-regulated LDs sequester and/or disrupt the trafficking
of key proteins and signaling lipids to impair neuronal function
and the assembly of synaptic machinery? Are there differences in
the neuronal or behavioral phenotypes caused by lifelong, genetic
deletion of DDHD?2 versus pharmacological inactivation of the
enzyme in adult animals? Although DDHD?2 disruption had a less
severe impact on peripheral TAGs, it would be worthwhile to
investigate whether this enzyme contributes to peripheral me-
tabolism under conditions of metabolic stress (e.g., exposure to
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a high-fat diet). Finally, might inhibitors of enzymes that produce
TAGs, such as diacylglycerol transferases (DGATSs) (34, 35),
counteract DDHD?2 disruption to normalize brain TAG content
and behavior? DGAT inhibitors are under investigation for the
treatment of peripheral metabolic disorders (36); our findings
suggest that examination of these inhibitors in models of DDHD2-
related neurological syndromes is warranted.

Materials and Methods
An extended section is provided in S/ Appendix, SI Materials and Methods.

Generation of DDHD2 ™"~ Mice. Disruption of the Ddhd2 gene was achieved on
the C57BL/6 genetic background using standard gene targeting techniques
as described in S/ Appendix, SI Materials and Methods.

Biochemical Studies. ABPP and substrate assays of mouse brain and trans-
fected cell lysates were performed as described previously (37). Metabolomic
and proteomic analyses of brain homogenates and cell lines were performed
as described previously (37) and in S/ Appendix, SI Materials and Methods.
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Behavioral Studies. Tests for locomotor activity and cognitive function were
performed as described in S/ Appendix, SI Materials and Methods.

Electron and Light Microscopy Analysis. Mice were exsanguinated by per-
fusion with saline followed by a mixture of 4% (vol/vol) paraformaldehyde
and 1.5% glutaraldehyde in 0.1 M Na cacodylate buffer (pH 7.3). Following
dissection of whole brains, fixation continued overnight and brains were
then sectioned and analyzed as described in S/ Appendix, SI Materials
and Methods.

Chemical Synthesis and Characterization. The DDHD2 inhibitor KLH45 and
inactive control compound KLH40 were synthesized and characterized as
described in S/ Appendix, SI Materials and Methods.
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