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ABSTRACT

High-fat diet (HFD)-induced obesity is associated with increased cancer risk. Long-term feeding with HFD
increases the concentration of the saturated fatty acid palmitic acid (PA) in the hypothalamus. We previously
showed that, in hypothalamic neuronal cells, exposure to PA inhibits the autophagic flux, which is the whole
autophagic process from the synthesis of the autophagosomes, up to their lysosomal fusion and degradation.
However, the mechanism by which PA impairs autophagy in hypothalamic neurons remains unknown. Here,
we show that PA-mediated reduction of the autophagic flux is not caused by lysosomal dysfunction, as PA
treatment does not impair lysosomal pH or the activity of cathepsin B.Instead, PA dysregulates autophagy by
reducing autophagosome-lysosome fusion, which correlates with the swelling of endolysosomal compart-
ments that show areduction in their dynamics. Finally, because lysosomes undergo constant dynamic regula-
tion by the small Rab7 GTPase, we investigated the effect of PA treatment on its activity. Interestingly, we found
PA treatment altered the activity of Rab7. Altogether, these results unveil the cellular process by which PA
exposure impairs the autophagic flux. As impaired autophagy in hypothalamic neurons promotes obesity, and
balanced autophagy is required to inhibit malignant transformation, this could affect tumor initiation,
progression, and/or response to therapy of obesity-related cancers.
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Introduction cancer).®'” Indeed, PA serves as energy sources for cancer
growth, significantly promoting cancer cell invasiveness and
metastatic potential“'13 and, consistently, increased levels of
PA have been observed in the plasma of cancer patients.'*
Autophagy is a lysosomal-dependent degradation process
required for the maintenance of cellular and tissue homeostasis.
Even if different types of autophagy exist (i.e. microautophagy,
macroautophagy and chaperone-mediated autophagy), depend-
ing on the pathway of cargo delivery to lysosomes,'" this study
only focuses on macroautophagy, hereafter referred to as autop-
hagy. Autophagy derangement leads to different diseases such as
metabolic, neurodegenerative and cardiovascular diseases as well
as to cancer development, with different outcomes depending on
type and cancer stage.'® During autophagy, portions of the cyto-
plasm (proteins, organelles and lipid droplets, among others) are
enclosed in a double membrane structure called autophagosome.
The formation of the autophagosome begins with the activation of
the unc-51-like kinase 1 (ULK1) complex, which, once activated,

Obesity causes approximately 3.4 million annual deaths and
ranks as the fifth cause of death worldwide." Obesity has been
associated with several comorbidities such as cancer, type 2
diabetes, cardiovascular disease, hypertension and osteoarthri-
tis, among others."” A major factor promoting the obesity
epidemic is the consumption of the so-called western-style
high-fat diet (HFD), which is rich in saturated fatty acids
(SatFAs). Palmitic acid (PA), one of the most concentrated
SatFA contained in HFD, is significantly increased in the
plasma of obese people’ and previous studies from our and
other groups indicate PA accumulates in the brain of male
mice following chronic HFD exposure, specifically in the
hypothalamus, a brain region with a key role in the regulation
of energy balance, food intake, insulin sensitivity and glucose
homeostasis.*”” Interestingly, previous research shows PA, and
not other fatty acids, increases the risk of developing obesity-
associated cancers (i.e. pancreatic, prostate, and breast
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will translocate to membranous sites where the autophagosome
will generate thanks to the activity of different ATG (AuTophaGy-
related) proteins.'” Once autophagosomes are formed they
undergo a maturation process consisting of multiple fusion events
with different types of vesicles. Autophagosomes can fuse with
endosomes, to form amphisomes (which then will fuse with
lysosomes), or they can directly fuse with lysosomes to form
functional autolysosomes.'®*° An efficient autolysosome forma-
tion requires highly dynamic lysosomes that move from a more
immobile perinuclear pool, where most acidic lysosomes are
mainly concentrated, to a highly dynamic pool in the cell periph-
ery, where less acidic lysosomes are mainly concentrated.”" To
achieve this, lysosomes undergo constant dynamic regulation by
the small late endosome-/lysosome-associated Rab7 GTPase,
which cycles between an active GTP-bound state into an inactive
GDP-bound state upon GTP hydrolysis. This GTPase recruits
motor proteins and tethering factors to target membranes and
regulates the movement, the fusion and the maturation of autop-
hagosomes with endolysosomal membranes.”*”** Upon fusion of
lysosomes with autophagosomes the process of autophagosomal
cargo degradation begins, thanks to the activity of lysosomal
enzymes,””” and the degraded autolysosome content is released
back to the cytosol for being reused.*® The whole process from the
synthesis of the autophagosomes, up to their lysosomal degrada-
tion is defined as autophagic flux,?” and its inhibition indicates
a lack in autophagic cargo degradation.

We and others have shown chronic HFD consumption dysre-
gulates autophagy in different tissues including liver, pancreas,
adipose tissue and hypothalamus.”®~** Inhibition of autophagy in
hypothalamic anorexigenic proopiomelanocortin (POMC) neu-
rons increases food intake, promoting obesity, type II diabetes and
reduced glucose tolerance.”>> Importantly, we demonstrated
exposure to a concentration of PA similar to the one identified
in the brain of mice chronically fed with an HFD inhibits the
autophagic flux in hypothalamic neuronal cells (N43/5 cells,
a model of POMC neurons),* however, the mechanism by
which this occurs is still largely unknown.

Here, we confirm that exposure to the SatFA PA inhibits the
autophagic flux in hypothalamic neurons. Furthermore, we
demonstrate that autophagy impairment is not the result of the
reduction in lysosomal activity but it occurs by an alteration in
endolysosomal dynamics that correlates with an increase in the
activity of the Rab7 GTPase. Altogether, these results suggest that
an increase in endolysosomal dynamics should be considered as
a strategy to recover the impairment in autophagy caused by PA
overload in hypothalamic neurons, thus reducing the risk of
obesity and therefore the incidence of obesity-associated cancers.

Results

Palmitic acid inhibits the autophagic flux in hypothalamic
neuronal cells

Considering that PA is significantly increased in the brain of
mice chronically fed with an HFD,*>**> we determined the
effect of this SatFA on autophagic flux in the N43/5 hypotha-
lamic neuronal cell line** and we showed that exposure to PA

inhibits the autophagic flux. Here, we validated this result in
primary hypothalamic neurons, where we confirmed PA treat-
ment increases the number of autophagic structures (Figure
S1A, B), as well as the amount of SQSTM1 positive dots (Figure
S1A, C), an autophagy receptor whose increase indicates
autophagy inhibition. Treatment with BafAl, which targets
the vacuolar-type H'-ATPase preventing lysosomal
acidification,”® does not increase the amount of autophagic
dots promoted by PA treatment, confirming that, also in pri-
mary hypothalamic neurons, PA inhibits the autophagic flux
(Figure S1A-C). Importantly, as indicated in Figure S1D-G, the
effect of PA on autophagy in hypothalamic neuronal cells is not
specific for PA as treatment with the saturated fatty acid stearic
acid (SA), similarly to PA, inhibits the autophagic flux follow-
ing 1 and 6 hours of treatment, as indicated by LC3I —LC3II
conversion and by the increase in SQSTMI1 protein levels
(Figure S1D-G).

Thus, to start elucidating how PA impairs autophagy, spe-
cifically to evaluate autophagosome maturation, we generated
N43/5 cells expressing the dynamic autophagic flux sensor
consisting of a tandem fluorescence construct of mCherry
coupled to GFP-LC3.””*® The GFP fluorescence of this con-
struct is inactivated in acidic compartments, such as
lysosomes,” whereas mCherry maintains its fluorescence in
the acidic environment of the autolysosome.”>” To ensure the
correct interpretation of the results, we used BafAl and the
MTORCI inhibitor rapamycin, to block and induce the autop-
hagic flux, respectively.>> As expected, rapamycin increased
the number of acidic autolysosomes (LC3 red dots; mCherry
+/GFP-) compared to control treatment (Figure 1A, B), indi-
cating the autophagic flux is enhanced (Figure 1C). Conversely,
BafAl treatment only increased the number of immature
autophagic structures (LC3 yellow puncta; mCherry+/GFP+),
indicating that acidic autolysosomes cannot form, confirming
that BafA1 treatment blocks the autophagic flux (Figure 1A-C).
Compared to control (BSA), cells exposed to PA show
a significantly higher number of immature autophagic struc-
tures (LC3 yellow dots; mCherry+/GFP+), while the number of
acidic autolysosomes (LC3 red dots; mCherry+/GFP-) is not
affected. This data suggests that PA decreases the autophagic
flux (Figure 1A-C). Based on this data we can suggest this could
be the result of impaired autophagosome maturation into
functional acidified autolysosomes. Interestingly, PA exposure
also decreases the expression level of the anorexigenic propep-
tide Pomc (Figure S1H). Altogether, these data show PA
impairs the autophagic flux and decreases Pomc levels in
hypothalamic neurons.

Palmitic acid induces lysosomal swelling and reduces
autophagosome-lysosome fusion in N43/5 cells

To elucidate the mechanism by which PA reduces the autop-
hagic flux, we evaluated if the process of autophagosome-
lysosome fusion was affected by examining the co-
localization between autophagosomes (measured by staining
for LC3) and lysosomes (measured by staining for
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Figure 1. Palmitic acid reduces the autophagic flux in N43/5 cells. (A) Representatives images of N43/5 cells expressing the tandem fluorescent-tagged LC3 (mCherry-
GFP-LC3), treated with BSA, PA (100 uM) or BafA1 (100 nM) for 6 h, or with Rapamycin (Rapa) 1 uM for 3 h. Scale bar: 10 pm. Nuclei were stained with DAPI (blue). (B)
Quantification of LC3 dots per cell. Red bars represent the number of mCherry positive dots (autolysosomes; mCherry+/GFP-) and yellow bars the number of mCherry
and GFP dots that colocalize (immature autophagosomes; mCherry+/GFP+). (C) Autophagic flux was determined by quantifying the ratio between red and yellow-
positive puncta per cell. Data are presented as mean + SEM, **p < .01,***p < .001, ****p < .0001. n = 3.

LAMPI1).’® As seen in Figure 2A, B, in control cells (BSA)
lysosomes show the classic punctate appearance, whereas
following PA and BafAl exposure, as well as following PA
and BafAl co-treatment, they appear circular and large,
a morphology defined as “lysosome swelling”,** which is
usually associated with altered lysosomal activity,*"** and
with autophagic flux inhibition.”” Additionally, cells were
stained against LC3, and we observe PA and BafAl treat-
ment increases LC3 dots size compared to control (Figure
2A, C). The increase in vesicle size has been confirmed also
by the analysis of LC3 yellow and red dots in N43/5 cells
expressing the mCherry-GFP-LC3 construct (Figure S2),
where we can observe that red and yellow dot size (autolyso-
somes and autophagosomes, respectively) are the biggest in
PA-treated cells. Conversely to PA and BafAl, rapamycin
only increases LC3 red dots size (Figure S2), suggesting only
autophagic flux inhibitors, at least the ones that we analyzed
here, increase autolysosomes size in our model
Additionally, when we compare the effect of BafAl and
PA, which both induce lysosomal swelling (Figure 2B) and
inhibit the autophagic flux (Figure 1), we observe that the
percentage of colocalization between LAMPI and LC3 is
significantly higher following BafAl exposure (Mander’s
coefficient: 0.25) than following PA treatment (Mander’s
coefficient: 0.1) (Figure 2A, D). Consistently, while the colo-
calization between LAMP1 and LC3 is observed in cells
exposed to BafAl, co-incubating cells with PA and BafAl
reduces the co-localization between both markers (Figure

2A, D), suggesting PA affects the fusion between autophagic
structures and lysosomes.

Palmitic acid does not reduce lysosomal acidity or
lysosomal activity in N43/5 cells

Our results show that PA induces lysosomal swelling after
6 hours of treatment in N43/5 cells (Figure 2A, B). Thus, we
evaluated if PA treatment also affects lysosomal activity, as
assessed by measuring lysosomal acidity and by evaluating
the activity of lysosomal enzymes. We first assessed if PA
affects the range of lysosomal pH, using the pH-sensitive lyso-
somal dye LysoTracker Red, which accumulates and emits red
fluorescence in acidic compartments with pH <6.5.** Then, we
measured cathepsin B activity using the Magic Red assay
in vitro in N43/5 cells and in vivo in the arcuate nucleus of
the hypothalamus of mice fed for 16 weeks with an HFD,**
hypothalamic region where POMC neurons localize. As shown
in Figure 3, experiments performed in N43/5 cells indicate PA
does not decrease LysoTracker (Figure 3A, B) or Magic Red
fluorescence intensity (Figure 3E, F), and instead, it promotes
the formation of larger puncta, compared to controls (Figure
3D, H). Additionally, in accordance with the data showing the
increased size of LAMP1 positive vesicles (Figure 2B), PA
treatment increases the size and reduces the number of endo-
lysosomal acidic compartments (Figure 3C, D, G, H). This
effect is not specific to PA as treatment with SA also increases
Magic Red fluorescence intensity and promotes the formation
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Figure 2. Palmitic acid induces lysosomal swelling and reduces autophagosome-lysosome fusion in N43/5 cells. (A) Representative images of N43/5 cells treated with
BSA or PA (100 uM) for 6 h in presence or absence of BafA1 (100 nM) or its vehicle (DMSO) and stained against LAMP1 and LC3. LAMP1 (B) and LC3 (C) average dots size.
(D) % of co-localization between LAMP1 and LC3 according to Manders’ Coefficient Analysis. Scale bar: 10 um. Data are presented as mean + SEM, *p < .05, **p < .01,

**¥p <.001.n = 3.

of larger puncta, compared to controls (Figure S3A-D).
Interestingly, the number of Magic Red positive dots/cell is
reduced following PA and SA treatment compared to control
(Figure 3G and S3C). In contrast to the effects of PA, BafAl, as
expected, increases endolysosomal pH and impairs cathepsin
B activity, as shown by the reduced fluorescence of
LysoTracker and Magic Red dye, respectively (Figure 3A, B,
E, F). These data indicate that PA induces the accumulation of
enlarged endolysosomal structures without reducing their
acidity or hydrolytic activity. Importantly, we confirmed
in vivo, in the arcuate nucleus of the hypothalamus, that con-
sumption of HFD for 16 weeks, which increases body weight

(Figure S3E) and promotes accumulation of PA in the
hypothalamus,*> also increases the intensity of Magic Red
staining, indicating HFD consumption does not impair cathe-
psin B activity in this brain region (Figure 31, J).

Palmitic acid induces the accumulation of large cellular
degradative compartments in N43/5 cells

Our results show that PA treatment enhances the size of
autophagic structures as well as of endolysosomal membranes
(Figure 2B, C). To gain further insights on the nature of these
structures, we performed an electron microscopy (EM) analy-
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Figure 3. Palmitic acid does not reduce lysosomes acidity or lysosomal cathepsin B activity. (A) Representative confocal images of N43/5 cells treated with BSA, PA
(100 pM), or BafA1 (100 nM) for 6 h and stained with LysoTracker. Nuclei were stained with DAPI (blue). Quantification of LysoTracker average fluorescence intensity in
arbitrary units (a.u.), LysoTracker positive dots per cell and dots size are shown in (B), (C), (D), respectively. Scale bar: 10 um. (E) Representative confocal images of N43/5
cells treated with BSA, PA (100 pM), or BafA1 (100 nM) for 6 h and stained with Magic Red, with its respective quantification of average fluorescence intensity in arbitrary
units (a.u.) (F), number of positive dots per cell (G), and dots size (H). Nuclei were stained with Hoechst (blue). Scale bar: 10 pm. (I) Representative confocal images of the
hypothalamic arcuate nucleus (ARC) from chow and HFD mice stained with Magic Red, with its respective quantification, in arbitrary units (a.u.) (J). Nuclei were stained
with DAPI (blue). Scale bar: 10 um. Data are presented as mean = SEM, **p < .01, ***p < .001, ****p < .0001. n = 3.
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sis, which is considered as a gold standard to recognize autop-
hagic vesicles,”® to evaluate the morphology of cytosolic struc-
tures of N43/5 cells treated with PA. EM images show that, in
control cells, we found vesicular structures surrounded by
a single membrane, filled with intraluminal vesicles, which
are characteristic of multivesicular bodies. Both PA and
BafAl treatment increase the number of large single-
membrane vesicles with an intra-luminal heterogeneous con-
tent (Figure 4A, B, C), which, in agreement with the nomen-
clature used by Mauthe M. et al., we defined as “cellular
degradative compartments (DGCs)”.*> As indicated by the
arrowheads, in the cargo of DGCs we can identify multilamel-
lar bodies, composed of concentric membrane layers, intra-
luminal vesicles and vesicular structures surrounded by
multiple membranes (Figure 4A), which is indicative of par-
tially degraded cargo and which correlates with the observed
impairment in the autophagic flux (Figure 1). To note, DGCs
size of PA-treated cells is significantly higher than BafA1l trea-
ted cells (Figure 4C). These data show that the inhibition in the
autophagic flux, caused by PA treatment increases the number

a BSA

and the size of single-membrane DGCs with an intra-luminal
heterogeneous content.

PA reduces the dynamics of endolysosomal structures and
induces Rab7 hyper-activation in N43/5 cells

Previous studies have shown that an altered endolysosomal
dynamics contributes to autophagic defects.*>*” Thus, we eval-
uated by live-cell imaging if PA affects the dynamics of endo-
lysosomal structures in N43/5 cells (Videos SI and S2). Our
data show that exposure to PA significantly decreases the
velocity (Figure 5A, B) and the traveled distance (Figure 5C)
of large LysoTracker vesicles, indicating PA reduces the traf-
ficking of endolysosomal vesicles.

In agreement with this, and with the hypothesis that the
formation of big DGCs caused by PA exposure could be due to
impaired endolysosomal dynamics; we evaluated the activation
state of the small GTPase Rab7 following PA exposure. First,
we examined by immunofluorescence whether PA alters the
morphology of Rab7, and, as shown in Figure 5D, we observe
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Figure 4. Palmitic acid induces the accumulation of large cellular degradative compartments (DGCs) in N43/5 cells. (A) Representative electronic microscopy images of
N43/5 cells treated with BSA, PA (100 uM) or BafA1 for 6 h. Cellular degradative compartments (DGCs) are indicated by yellow arrowheads, yellow asterisks denote
multilamellar bodies, red arrowheads show intraluminal vesicles, red asterisk indicates intraluminal vesicles surrounded by multiple membranes, yellow arrows denote
multivesicular bodies. Inserts show a magnification of structures within the dashed square. DGCs number and size are shown in (B) and (C), respectively. Data are

presented as mean + SEM, *p < .05, ***p < .001, ****p < .0001. n = 3.
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Figure 5. Palmitic acid reduces endolysosomal motility and increases Rab7 activation in N43/5 cells. (A) Representative images and zoomed-in time-lapse confocal
sequence images of N43/5 cells treated with BSA or PA (100 uM) for 6 h and stained with LysoTracker. Zoom-ed in inserts represent one cell magnification within the
dashed square, showing the dynamic movement of LysoTracker positive vesicles. Arrowhead indicates one LysoTracker positive vesicle movement over time. Scale bar:
10 um. Average velocity (um/s) and average total displacement (um) of positive LysoTracker vesicles are shown in (B) and (C), respectively. Scale bar: 10 pm. (D)
Representative confocal images of N43/5 cells treated with BSA or PA (100 uM) for 6 h and then stained against Rab7. Inserts show a magnification of structures within
the dashed square. Arrowheads indicate enlarged Rab7 positive vesicles. Quantification of Rab7 positive structures size is shown in (E). Scale bar: 10 um in the original
image and in the zoomed-in images. (F) Representative blot showing Rab7 protein bound to GTP and Rab7 total protein levels with its respective quantification (G) in
N43/5 cells following 6 h of the aforementioned treatments. *p < .05, **p < .01, ***p < .001. Data are presented as mean + SEM. n = 3.

that after 6 hours of treatment, PA induces the formation of
enlarged Rab7 positive structures (Figure 5D, E), which have
been associated with Rab7 hyper-activation.** Next, using
a pull-down assay, we evaluated the activation state of Rab7,
and in agreement with the previous results, PA increases the
protein levels of Rab7-GTP compared to control conditions
(Figure 5F, G), indicating PA increases Rab7 activation state.
Altogether, these results indicate PA reduces the dynamics of
endolysosomal structures and induces Rab7 hyper-activation,
which could impair the later phases of the autophagic process
thus reducing the autophagic flux.

Discussion

Here, we demonstrate that exposure to the SatFA PA inhibits
the autophagic flux in hypothalamic neurons (Figure 1, S1) and
reduces the maturation of autophagic structures (Figure 2A,
D). Furthermore, we show that PA exposure induces lysosomal
swelling (Figure 2), without affecting the pH or impairing the
activity of cathepsin B, a lysosomal enzyme, in N43/5 cells
in vitro (Figure 3A-H). Consistently, we do not see
a reduction in the activity of cathepsin B in the arcuate nucleus
of the hypothalamus in mice chronically fed with an HFD
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(Figure 31, J). Interestingly, we see PA promotes the formation
and accumulation of large DGCs filled with partially degraded
cargo in hypothalamic neuronal cells (Figure 4). Lastly, our
data indicate that PA reduces intracellular endolysosomal
dynamics, which correlates with increased Rab7 activation in
hypothalamic neuronal cells (Figure 5).

Diet influences whole body and cell metabolism, finally
affecting cancer cell survival and proliferation.*” Among dif-
ferent dietary patterns, consumption of pro-obesogenic HFDs,
diets composed of at least 30% of the calories derived from
lipids,™ is associated with increased cancer risk and with
a higher risk of developing metastasis in different tumors.”"
Indeed, uptake of dietary fatty acids from HFD, mainly PA, the
most abundant SatFA in our body and in HFD," can be
utilized by transformed cells to impede their elimination®*>’
and to facilitate cancer metastasis.'">* Among the different
effects of HFD, its chronic consumption increases the levels
of the long-chain SatFA PA in the hypothalamus.S Here, in
agreement with our previous study,”* we show PA overload
reduces the autophagic flux. A similar effect of PA on autop-
hagy has been shown on astrocytes, hepatocytes and kidney
proximal tubular cells,”>™>” while PA has been reported to
induce  autophagy in  cancer cell lines and
cardiomyocytes,”®” indicating its effects on autophagy are
cell type-dependent. Interestingly, we also show PA exposure
affects hypothalamic neuronal function, as indicated by the
decrease in the production of Pomc (Figure S1 H), as well as
the reduction in insulin sensitivity.** N43/5 cells are a model of
POMC anorexigenic neurons, they produce the pro-peptide
POMC, which, once processed, generates different peptides,
such as a-MSH, involved in the regulation of energy balance.*’
Our results showing PA reduces Pomc levels could suggest that,
in an in vivo setting, PA might promote food intake and there-
fore obesity, predisposing to cancer development. Consistently,
previous studies indicate autophagy modulates the levels of
neuropeptides (i.e POMC, neuropeptide Y) and the secretion
of proteins such as acyl-CoA-binding protein, that play a role
in the regulation of food intake and in the onset of obesity-
associated metabolic disorders.®’®> Indeed, inhibition of
autophagy in POMC neurons promotes obesity, and obesity-
associated diseases.”>> Importantly, our previous research
indicates that PA, in addition to inhibiting autophagy, induces
inflammation in hypothalamic neurons, impairing their
function.” Previous research shows neuronal inflammation
could impair the hypothalamic-pituitary-adrenal axis, thus
contributing to the development of some types of cancers,
such as breast cancer,”* as well as to the development and
maintenance of anorexia and cachexia in cancer.®® As inhibi-
tion of autophagy promotes the release of proteins through the
secretory autophagy,®” such as pro-inflammatory cytokines, it
would be interesting, in future experiments, to evaluate if PA-
mediated inhibition of conventional autophagy boosts secre-
tory autophagy promoting the release of pro-inflammatory
cytokines (i.e IL6) or other proteins leading to obesity and/or
cancer development.

In a physiological setting, basal autophagy plays a key role in
the maintenance of cellular homeostasis, by removing and
recycling damaged, old and potentially toxic cytosolic

components. Thus, autophagy functions as an intracellular
quality control system and, as such, represents a barrier against
malignant  transformation.”*"*®  Consistently, ~autophagy
impairment, such as following PA exposure, favors malignant
transformation in different models and by multiple
mechanisms.®” Here, we further evaluated how PA impairs
autophagy, to identify possible pharmacological targets that
could revert the process. PA could inhibit autophagic flux by
impairing the fusion of autophagic vacuoles with the lytic
compartments, or by reducing the proteolytic activity of lyso-
somal hydrolases. Our results show that autophago-lysosomal
fusion is reduced in PA-treated cells, as indicated by LAMP1
and LC3 colocalization, which could explain the inhibition of
the autophagic flux (Figure 2). Importantly, we also observed
a significant increase in the size of LAMPI positive structures
in PA-treated cells, a phenotype that has been associated with
decreased autophago-lysosomal fusion,*” and which has pre-
viously been observed during oncogenic transformation.®”
Accordingly to the hypothesis that PA reduces the autophagic
flux by impairing endolysosomal dynamics, our results show
that PA, conversely to BafA1, does not compromise the acidity
or the hydrolytic activity of endolysosomal structures (Figure
3). Indeed, our data show an increase in the fluorescence
intensity of both LysoTracker and Magic Red positive vesicles
in PA-treated cells, compared to control (Figure 3A, B, E, F). In
this context, Schulze et al. also observed the formation of large
intracellular vacuoles with increased LysoTracker staining in
podocytes when the PIKfyve complex is defective.”” PIKfyve is
involved in the production of the lipid phosphatidylinositol
3,5-bisphosphate (PI(3,5)P,), which levels are carefully con-
trolled to maintain the turnover of vacuolar membranes to less
mature endocytic compartments, hence, regulating organelle’s
size.”! PIKfyve complex deficiency or dysregulation of one of
its components leads to the development or large intracellular
vacuoles.”” Thus, it is possible that PA is affecting the levels of
one or more proteins involved in the formation of PIKfyve
complex thus regulating vacuoles size, a hypothesis that
deserves future investigation.

Furthermore, we determined that LC3 positive structure
and endolysosomal membranes of PA-treated cells are
enlarged (Figure 2B, C), and we observed by electron micro-
scopy that PA promotes the accumulation of large DGCs
(Figure 4). Due to the result indicating that following PA
treatment LAMPI1 and LC3 do not colocalize (Figure 2D), we
suggest these structures are not autolysosomes; however, future
studies are required to characterize these vesicles.

Additionally, our data show that exposure to PA decreases
endolysosomal movement, specifically of large endolysosomal
structures (Figure 5A, B). The reduction in intracellular traf-
ficking is accompanied by an increase in the activation state of
the small GTPase Rab7 in PA-treated cells (Figure 5F, G).
Rab7 on late endosomes/lysosomes recruits tethering factors,
as pleckstrin homology and RUN domain containing M1
(PLEKHM1), and homotypic fusion and protein sorting com-
plex (HOPS), to promote the assembly of trans-SNARE com-
plexes for the fusion of autophagosomes and lysosomes.”>’*
Rab7 controls the trafficking of cargos along microtubules,
thus regulating the final step of autophagosome fusion with



lysosomes and/or endosomes.”>’> Interestingly, it has been
shown that Rab7 hyper-activation inhibits autophagic lysoso-
mal reformation, leading to the accumulation of enlarged
autolysosomes’® and swelling of endolysosomal structures,
containing aberrant intraluminal content, which correlates
with our observed phenotype (Figure 4). Thus, our data
suggest PA inhibits the autophagic flux inducing the accumu-
lation of large DGCs by affecting intracellular endolysosomal
dynamics and Rab7 activity in N43/5 cells. Future research
should confirm the causal role of Rab7 in PA-mediated autop-
hagy inhibition and evaluate if PA, in addition to Rab7, affects
other proteins involved in autophagosome-lysosome fusion,
such as membrane-tethering complexes and soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tors (SNAREs).

In summary, our findings provide strong support for
a model in which PA inhibits the autophagic flux by reducing
autophagosome-lysosome fusion. Our results suggest this
could be due to altered endolysosomal dynamics caused by
the formation of large DGCs and is associated with an increase
in the activity of the small Rab7 GTPase. PA-mediated autop-
hagy impairment in hypothalamic neurons affects neuronal
function and promotes inflammation, which alters the levels
of neuropeptides that regulate food intake, increasing feeding
and promoting obesity, thus contributing to tumor initiation,
progression, and response to therapy. Despite the obstacles that
have been encountered for the implementation of autophagy
modulators in the clinic,”’” understanding the process by which
PA impairs autophagy in hypothalamic neurons will help to
obtain clinically relevant interventions for the treatment of
obesity and obesity-related cancers.

Material and methods
Hypothalamic cell line N43/5 and treatments

N43/5 cells (Cellutions Biosystems) were cultured in
Dulbecco’s modified eagle medium (DMEM) high glucose (-
11995-040, Gibco, USA) supplemented with 10% of fetal
bovine serum (FBS) (10437028, Gibco), 100 U/ml penicillin
streptomycin (15140122, Gibco) and maintained at 37°C with
5% CO,, as previously described.”®** To evaluate the changes
in the autophagic flux in response to PA, cells were incubated
with DMEM high glucose supplemented with 2% of FBS 24 h
before treatments and then exposed to 100 uM PA (P0500,
Sigma-Aldrich, St. Louis, MO, USA) conjugated to fatty acid-
free (FFA) bovine serum albumin (BSA) (A8806-5 G, Sigma-
Aldrich). BSA treatment was used as control.

Preparation of palmitic acid-BSA complex

Palmitic acid was conjugated to FFA-BSA (BSA) as previously
described.”® A stock solution of 5 mM of PA-BSA was pre-
pared. BSA (0.45 g) was dissolved in 0.9% NaCl (7.5 ml),
adjusted to pH 7.4. PA (22.43 mg) was dissolved in 100%
ethanol, and then titrated with 1 M NaOH to pH 10. Next,
ethanol was evaporated in Speed-e-Vac, and the precipitate was
dissolved in 0.9% NaCl (4.5 ml) in a thermoblock at 95°C for
15 min. Then, the BSA solution was added to the PA solution,
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and the final volume was adjusted to 15 ml with 0.9% NaCl.
Finally, the PA-BSA solution was passed through a 0.45 pm
syringe filter aliquoted and stored at —20°C. The PA-BSA
complex was used at a final concentration of 100 pM.

Methods to evaluate autophagy and the autophagic flux

Autophagic flux was evaluated by immunofluorescence, by
using the mCherry-GFP-LC3-N43/5 cell line (cell line which
expresses the tandem fluorescent-tagged LC3 (mCherry-GFP-
LC3)), which allows monitoring autophagosomes and autoly-
sosomes formation based on the different pH stability of GFP
and mCherry fluorescent proteins.””*® As positive control for
autophagy induction, we exposed cells for 3 h to 1 pM rapa-
mycin (R0395, Sigma-Aldrich), an MTORCI inhibitor.*
Fusion between autophagosomes and lysosomes was quantified
by co-immunolocalization of the microtubule-associated pro-
tein 1A/1B-light chain 3 (LC3) and the lysosomal marker
lysosomal-associated membrane protein 1 (LAMP1).*® Cells
were incubated at the time points indicated in each experiment
with the autophagic flux inhibitor Bafilomycin Al (BafAl,
100 nM) (B1793, Sigma-Aldrich) or with its vehicle DMSO
(BM-0660, Winkler).

Immunofluorescence and fluorescence microscopy

For fluorescence microscopy determinations in N43/5 cells, cells
cultured on coverslips, were fixed with cold methanol (—20°C) for
10 min or with 4% (w:v) paraformaldehyde (PFA) for 20 min at
room temperature. After PFA fixation, cells were permeabilized
with triton 0.1% for 20 min at room temperature. Then, cells were
blocked in 3% BSA in PBS for 1 h and incubated with the primary
antibodies overnight at 4°C. The primary antibodies used were
LAMP1 (1:500; 553792, BD Pharmingen, USA), LC3A/B (1:250;
Cell Signaling Technology), p62/Sequestosome-1 (SQSTM1)
(1:300; Abnova), and Rab7 (1:100; sc-376362, Santa Cruz
Biotechnology, Inc.). Primary antibodies staining was followed
by incubation with its respective secondary antibody (1:300; Alexa
Fluor®, Life Technologies) for 1 h at room temperature. Nuclei
were counterstained with DAPI (Vector Laboratories Inc., CA,
USA). Confocal images were captured using an inverted fluores-
cence microscope Leica DMI600 or with an inverted confocal
microscope LSM 880 Zeiss with Airyscan detection (Unidad de
Microscopia Avanzada UC (UMA UC)). Images were quantified
using Image] software (NIH, Bethesda, MD), and by using the
Spot Detector plugin within the open-source software, ICY
(Institut Pasteur and France Biolmaging). Co-localization, fluor-
escence intensity analysis, and size measurement of LAMPI1 and
LC3 dots were made accordingly to Bustamante et al.”’

Methods to evaluate lysosomal activity

To determine lysosomal function the following experiments
were performed:

Analysis of lysosomal acidity
We evaluated, by confocal microscopy, the alteration of the pH
of lysosomes of cells treated with PA, using 100 nM
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LysoTracker Red DND-99 probe (L7528, Invitrogen). This dye
accumulates and, when excited at 577 nm, emits fluorescence
in acidic compartments with a pH <6.5.*° Cells were incubated
with this probe for the last 45 min of treatments, and then
washed twice with PBS. Following, cells were fixed with 4% (w:
v) PFA for 20 min at room temperature and nuclei were
counterstained with DAPI. Images were taken using an
inverted fluorescence microscope Leica DMI600, and quanti-
fied using Image] software.

Lysosomal enzyme activity

We measured using the Magic Red kit (Immunochemistry
Technologies, LLC) the activity of cathepsin B, a lysosomal
member of the papain-like family of cysteine proteases, as
indicated by the manufacturer’s instructions. This kit uses
a permeable cathepsin B substrate that, once hydrolyzed, lib-
erates membrane-impermeable fluorescent cresyl violet within
the organelles that contain a catalytically active cathepsin B.**~
2 Briefly, for N43/5 cell line, cells were plated on glass bottom
dishes, treated with PA for 6 h or BafA1 for 2 h and then loaded
with Magic Red probe for 20 min in DMEM medium in
humidified 5% CO, atmosphere at 37°C. They were washed 3
times with PBS and then loaded with Hoechst, to stain the
nuclei, for 10 min and finally washed 3 additional times with
PBS. Cells were maintained in DMEM medium with HEPES.
Experiments have been performed following manufacturer’s
instructions. Images were taken in an inverted fluorescence
microscope Leica DMI600 and cells analyzed using the open-
source softwareICY (http://icy.bioimageanalysis.org/).

Lysosomal movement

To label and track lysosomes, N43/5 cells were incubated with
100 nM LysoTracker Red DND-99, during the latest 45 min of
PA (6 h, 100 uM) or BSA treatment, and then washed twice
with PBS. Then, live cells were maintained in DMEM (supple-
mented with 2% FBS) at 37°C and 5% CO, and visualized in an
inverted confocal microscope LSM 880 Zeiss with Airyscan
detection (UMA UC). Time-lapse images were collected
every 3.39 s for 90 frames. Analysis of the live-cell imaging
studies including tracking, velocity and displacement was per-
formed with the ICY software (http://icy.bioimageanalysis.org/
). The pseudobinary threshold was determined with the plugin
for batch analysis. Then, we configured size, detector type and
dimensional parameters using the spot detector plugin.
Further, we established the movement of the signals detected
configuring the tracking parameters with the spot tracking
plugin. Finally, we obtained the speed and displacement of
each channel with the track manager using the Track
Processor Instant Speed plugin.

Electron microscopy

Cells were fixed in 2.5% glutaraldehyde (16210, EMS, PA,
USA) in 0.2 M phosphate buffer (PB) pH 7.4 at room tempera-
ture for 16 h. Then, cells were washed 3 times with PB and
post-fixed in 1% osmium tetroxide/1% ferrocyanide for 1 h at
4°C. Subsequently, cells were double-stained with 2% uranyl
acetate overnight at 4°C. After dehydration in graded series of
ethanol, cells were embedded in epoxy resin 812 and sectioned

using a Leica ultramicrotome (Leica Microsystems, Vienna,
Austria). Images were taken using a transmission electron
microscopy Hitachi H-7650 (Tokyo, Japan).

Animals and body weight

Animal care and procedures were approved by the Ethical
Committee of the Pontificia Universidad Catdlica de Chile.
Male C57BL/6 mice were housed in a temperature-controlled
environment in groups of two to four at 22-24°C using a 12 h
light/dark cycle. Mice were fed a standard chow (ProlabR
RMH3000) or exposed to the HFD (40% kcal from fat, RD-
D12079B Western Diet, Research Diet) starting at 8 weeks of
age for 16 weeks. Water was provided ad libitum. Body weight
was recorded once a week.

Brain slices preparation and staining

Brains were dissected from C57BL/6 mice were immediately
frozen at —150°C. Frozen brains were mounted using Optimal
cutting temperature compound (OCT compound) in a cryostat
at —22°C; then, coronal 25-pm-thick slices of unfixed tissue
were obtained. Slices containing the hypothalamic region were
mounted on glass slides and incubated as previously described
with Magic Red dye.***! First, slices were washed 3 times for
5 min in PBS and then incubated with Magic Red dye diluted in
diH,O for 45 min at 37°C. After incubation, slices were washed
three times for 5 min in PBS and mounted with fluorescent
mounting media with DAPI. Images of the arcuate nucleus of
the hypothalamus were acquired using the TCS SP8 laser-
scanning confocal microscope (Leica Microsystems, Wetzlar,
Germany).

Rab7-GTP pull-down assay

Rab7-GTP pulldown assay was performed as previously
described.*® Briefly, cells were lysed in a buffer containing
25 mM HEPES (pH 7.4), 100 mM NaCl, 5 mM MgCl,, 1% NP
40, 10% glycerol, 1 mM dithiothreitol (DTT) and protease
inhibitors (Pierce Complete, Mini Protease Inhibitor
Cocktail). Extracts were incubated for 5 min on ice and clar-
ified by centrifugation (10,000xg, 1 min, 4°C). Postnuclear
supernatants were used for pulldown assays with 30 ug of
GSH beads precoated with GST-RILP fusion protein
(Rab7GTP pulldown) per condition. Beads were incubated
with supernatant for 15 min at 4°C in a rotating shaker.
Thereafter, beads were collected, washed with a lysis buffer
containing 0.01% NP 40 and samples were analyzed by western
blot.

Western blot analysis

Gels were transferred to nitrocellulose membranes and incu-
bated with 5% BSA (BM-0150, Winkler, RM, Chile) - tris-
buffered saline-0.1% Tween-20 (TBS-T) to block nonspecific
binding. Membranes were incubated with the primary anti-
body anti Rab7 (1:1000; sc-376362, Santa Cruz Biotechnology,
Inc.), at a dilution of 1:1000 in 5% BSA-TBS-T overnight on
a rocking platform at 4°C. Then, membranes were washed 3
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times for 10 min in TBS-T and revealed with the appropriate
horseradish peroxidase-labeled secondary antibody (Goat
Anti-Mouse IgG (H + L)-HRP Conjugate, 1706516; Bio-Rad,
CA, USA) and the chemiluminescent substrate. [-actin
(1:10000; A1978, Sigma-Aldrich) was used as a loading control.

Results and statistical analysis

Results are shown as mean + SEM from at least three indepen-
dent experiments. Two groups were compared using two-tailed
Student’s t tests. For more than two groups, one-way ANOVA
was used followed by post hoc adjustment. All analyses were
performed with GraphPad software (San Diego, CA, USA).
P value of <0.05 was considered statistically significant.
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