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Abstract

The autophagy-lysosomal pathway enables the controlled degradation of cellular contents. Nucleophagy is
the selective autophagic recycling of nuclear components upon delivery to the lysosome. Although methods
to monitor and quantify autophagy as well as selective types of autophagy have been developed and
implemented in cells and in vivo, methods monitoring nucleophagy remain scarce. Here, we describe a
procedure to monitor the autophagic engagement of an endogenous nuclear envelope component, i.e.,
ANC-1, the nematode homologue of the mammalian Nesprins in vivo, utilizing super-resolution
MICroscopy.
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1 Introduction

The linker of nucleoskeleton and cytoskeleton (LINC) complexes
comprise a conserved network of proteins supporting nucleus and
nuclear envelope architecture [1]. They mediate fundamental cel-
lular functions, including nuclear positioning, nucleoskeleton-
cytoskeleton communication, mechanotransduction, homolog
pairing in meiosis, DNA damage repair, and others [2, 3]. LINC
complexes span the nuclear envelope and consist of Sadl and
UNC-84 (SUN) proteins at the inner nuclear membrane and Klar-
sicht, ANC-1, and Syne homology (KASH) proteins in the outer
nuclear membrane [1]. Defects in nuclear positioning and muta-
tions in LINC components are associated with a wide variety of
human diseases [2, 3].

Previous studies in Caenorbabditis elegans (C. elegans) have
contributed to our current understanding regarding nuclear posi-
tioning during development [4—7]. ANC-1 (orthologous to mam-
malian SYNE1 /Nesprin-1 and SYNE2 /Nesprin-2), is one of the
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four KASH proteins in C. elegans, which are localized to the outer
nuclear membrane where they connect the nucleus to the cytoskel-
eton [8-10]. ANC-1 mediates nuclear anchorage through its inter-
action with the SUN protein UNC-84 at the inner nuclear
membrane and actin cytoskeleton in the cytoplasm [10]. In addi-
tion, ANC-1 localizes to the endoplasmic reticulum
(ER) membrane to position nuclei as well as other organelles in
place [11]. Nesprin mutations perturbing Nesprin/Emerin/Lamin
interactions can cause uncoupling of the nucleoskeleton from the
cytoskeleton. Such mutations lead to two distinct human neuro-
logical or myopathic disease phenotypes, a feature similar to that
found in laminopathies. Specifically, Nesprin dysregulated levels or
Nesprin mutations are associated with spinocerebellar ataxias [12—
16], autism [17, 18], bipolar disorders [19, 20], major depression
[20], Emery-Dreifuss Muscular Dystrophy [21, 22], dilated car-
diomyopathy [23], arthrogryposis multiplex congenita [24], can-
cer [25-32], and hearing loss [33].

The dynamics of the nucleus and the nuclear envelope confer
plasticity and support nuclear functions. Quality control mechan-
isms ensure the maintenance of nuclear architecture and integrity.
For example, the endosomal sorting complex required for trans-
port (ESCRT) machinery functions to surveil nuclear pore complex
(NPC) assembly, remodel the nuclear envelope in response to
mechanical cues or rupture, and accomplish sealing of the postmi-
totic nuclear envelope [34]. Nucleophagy serves as the selective
subtype of autophagy targeting nuclear components for degrada-
tion in lysosomes [35]. Autophagic engagement of nuclear con-
tent, such as DNA fragments, histones, and lamins, has been shown
in different physiological or pathological settings in cells as well as
in vivo, using predominantly fluorescence microscopy [36—46]. On
the one hand, immuno- or direct staining enables the identification
of endogenous cargo into autophagosomes in fixed samples by
colocalization with autophagic proteins such as LC3, since a mam-
malian receptor of nucleophagy has not been identified yet. On the
other hand, a fluorescently tagged protein of interest can be moni-
tored in living cells by exogenous expression concomitantly with an
autophagy reporter protein. Here, we describe a procedure to
monitor nucleophagy by capturing the autophagic engagement of
an endogenous nuclear component in vivo, using super-resolution
microscopy.

Autophagy is a dynamic process, and visualizing subtle or rare
autophagosome formation events can be challenging. Further-
more, autophagic engagement of nuclear components is rarely
captured, especially under physiological conditions. In order to
increase the probability of monitoring such events, two approaches
are followed. First, in order to induce increased autophagic or
selective nucleophagic activity, daf-2(RNA:) (Fig. 1) or nuclear
insults such as DNA damage (etoposide or mitomycin C treatment)
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Fig. 1 Monitoring nucleophagy upon genetic manipulation of autophagy, in vivo. The first of the 15 lattice SIM
phase images is presented as a raw image with merged 488 nm (GFP::LGG-1) and 561 nm (mKate2::ANC-1)
channels. SIM? images show areas of SIM processing corresponding to the boxes in raw images. White arrows
point to autophagosomes, which are presented in both separate channels (LGG-1 and ANC-1) and merged
images. Pixel intensity measurements correspond to the respective white line of 1 pm length. Note ANC-1
engulfment into LGG-1 positive structures upon autophagy induction [daf-2(RNAiJ] or inhibition of
autophagosome-lysosome fusion [rab-7(RNAIJ)|

(Fig. 2) are applied, respectively. The latter could serve as a specific
nucleophagy induction condition. Second, by blocking the
autophagosome-lysosome fusion step, it is possible to accumulate
autophagic structures in order to quantify the autophagosome
formation events as well as monitor their contents [47]. Lysosomo-
tropic agents, such as chloroquine, or daf-2(RNA:) (Fig. 1) serve
as autophagic flux inhibitors. The second perturbation serves as a
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Fig. 2 Monitoring nucleophagy upon DNA damage, in vivo. The first of the 15 lattice SIM phase images is
presented as a raw image with merged 488 nm (GFP::LGG-1) and 561 nm (mKate2::ANC-1) channels. SIM?
images show areas of SIM processing corresponding to the boxes in raw images. White arrows point to
autophagosomes, which are presented in both separate channels (LGG-1 and ANC-1) and merged images.
Pixel intensity measurements correspond to the respective white line of 1 um length. Note ANC-1 engulfment
into LGG-1 positive structures upon DNA damaging conditions

general approach to accumulate autophagic structures. Autop-
hagy/nucleophagy induction and autophagic flux inhibition can
be combined in order to increase the levels of nucleophagic events
monitored.

Given that the nuclear envelope and ER form a contiguous
network, ER-phagy and nucleophagy may occur concurrently
[48, 49]. For example, the yeast protein Yepl, the ortholog of
human receptor accessory proteins (REEP1-4), is essential for the



Monitoring Nucleophagy in C. elegans 71

autophagosomal enclosure of cargo membrane structures derived
from both the ER and nuclear envelope [50]. Yepl function is
specific to these two types of selective autophagy but not to bulk
autophagy. Therefore, the above approach enables the identifica-
tion of autophagic cargo composition and the monitoring of
nuclear/ER membrane-specific capture. The application described
here can shed light on numerous other unexplored segments of
nucleophagy in vivo, such as nucleophagic signaling, regulation,
and molecular mechanisms, in health and disease.

2 Materials

2.1 Caenorhabditis
elegans Strains

2.2 Bacteria Strains

2.3 Stock Solutions

Prepare all solutions using analytical grade reagents.

All experiments are carried out using hermaphrodite worms. The
strain DA2123, adIs2122 [lgg-1p::GFP:lgy-1+rol-6(sul006)], is
provided by the Caenorhabditis Genetics Center (https://cgc.
umn.edu /), which is funded by NIH Office of Research Infrastruc-
ture Programs (P40 ODO010440). The strain UD626: yc/2
[mKate2::anc-1b] is a kind gift from Daniel A. Starr. The strain
1R2969: yc72 [mKate2::anc-1b]; adls2122 [ lgg-1p::GEP::lgg-1+rol-
6(su10006)] was generated in a previous study [46].

OP50 uracil auxotroph Escherichin coli: Streak OP50 bacteria on a
100 mm plate from a glycerol stab and grow overnight at 37 °C.
Inoculate a single OP50 colony into 50 mL of sterile liquid LB
medium. Incubate for 5 h in a shaking incubator at 37 °C. Seed
200 pL of the OP50 culture in the middle of freshly prepared NGM
plates, and let bacteria grow overnight at room temperature. Make
use of the plates within the next 2 days. Store liquid OP50 culture
at 4 °C. HTI115 (DE3) Escherichia coli are used for RNA:
experiments.

1.1 M CaCl, (100 mL): Dissolve 14.7 g CaCl, in 100 mL
ultrapure water and autoclave. Store at room temperature.

2. 1 M MgSO, (100 mL): Dissolve 24.65 g MgSO,4 in 100 mL
ultrapure water and autoclave. Store at 4 °C.

3. 5 mg/mL cholesterol (200 mL): Dissolve 1 g cholesterol in
200 mL ethanol. Do not autoclave. Store at 4 °C.

4. 10 mg/mL nystatin (200 mL): Dissolve 2 g nystatin in 200 mL
70% ethanol. Do not autoclave. Mix thoroughly before use.
Store at 4 °C.

5. 1 M KPOy, (100 mL): Dissolve 102.2 g KH,PO, and 57.06 g

KoHPOy4 in 100 mL ultrapure water, adjust pH to 6.0, and
autoclave. Store at 4 °C.
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2.4 Working
Solutions

2.5 Growth Media

6.

10.

11.

12.

13.

5 N NaOH (50 mL): Dissolve 10 g NaOH in 50 mL ultrapure
water. Store at room temperature.

. 2% NaNj3 (50 mL): Dissolve 1 g NaN; in 50 mL M9 solution.

Store at room temperature.

. 100 mg/mL ampicillin (10 mL): Dissolve 1 g ampicillin in

10 mL ultrapure water. Aliquot and store at —20 °C.

. 5 mg/mL tetracycline (10 mL): Dissolve 50 mg tetracycline in

10 mL ethanol. Aliquot and store at —20 °C.

IPTG master stock (1 M): Dissolve 2.38 g isopropyl p- d-1-
thiogalactopyranoside in 10 mL ultrapure water. Aliquot and
store at —20 °C.

IPTG stock (20 mM): Mix 20 pL IPTG (1 M) with 980 pL
ultrapure water. Aliquot and store at —20 °C.

Etoposide (50 mM): Dissolve 25 mg etoposide in 850 pL
DMSO. Aliquot and store at —20 °C.

Mitomycin C (1 mg/mL): Dissolve 2 mg mitomycin C in
2 mL ultrapure water. Aliquot and store at —20 °C.

. M9 minimal medium solution (1 L): Dissolve 3 g KH,POy4, 6 g

Na,HPO,4 and 5 g NaCl in 800 mL ultrapure water and
sterilize by autoclaving. Cool down at room temperature to
approximately 50-55 °C. Add 1 mL MgSO, (1 M) post sterili-
zation. Top up to 1 L with sterile ultrapure water. Store at
room temperature.

. Bleaching solution (10 mL): Mix 7 mL ultrapure water, 2 mL

common NaOCI (5%), and 1 mL NaOH (5 N). Store at room
temperature.

. 0.1% NaNj3 (1 mL): Mix 50 pL. NaNj (2%) with 950 pL ultra-

pure water. Store at room temperature.

. Nematode growth medium (NGM) (1 L): Dissolve 3 g NaCl,

2.5 g bactopeptone, 0.2 g streptomycin, and 17 g agar in
800 mL ultrapure water and sterilize by autoclaving. Cool
down at room temperature to approximately 50-55 °C. Add
1 mL CaCl, (1 M), 1 mL MgSO4 (1 M), 1 mL cholesterol
(5 mg/mL), 1 mL nystatin (10 mg/mL), and 25 mL KPOy4
(1 M). Top up to 1 L with sterile ultrapure water. Dispense
7 mL to 60 mm dishes and let solidify at room temperature.
Store at 4 °C the next day.

. Luria—Bertani (LB) liquid medium (1 L): Dissolve 10 g NaCl,

10 g tryptone, and 5 g yeast extract in 1 L ultrapure water. Stir
until the mixture is completely dissolved. Sterilize by
autoclaving.
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3. Luria—Bertani (LB) solid medium (1 L): Dissolve 10 g NaCl,
10 g tryptone, 5 g yeast extract, and 15 g agar in 1 L ultrapure
water. The powder will not be dissolved completely; the agar
will be dissolved after autoclaving. Sterilize by autoclaving and
cool down at room temperature to approximately 50-55 °C.
Dispense 17 mL medium to 100 mm petri plates and let
solidify at room temperature. Store at 4 °C the next day.

4. RNA: growth media: Follow the procedure for NGM without
the addition of streptomycin. Add 500 pL ampicillin (100 mg/
mL) post sterilization. Add 60 pL tetracycline (5 mg/mL)
right before use and spread evenly. Let plates dry for 1 h.

3 Methods

3.1 Maintenance

3.2 Bleaching

3.3 RNAi Silencing

3.4 Chemical
Treatments

The strain IR2969 is maintained well-fed for at least three genera-
tions at 20 °C. Do not let the worms undergo starvation to any
degree.

Harvest gravid adult worms from one 60 mm plate with 1.6 mL of
M9 solution. Transfer the solution to a 1.5 mL tube. Spin down
and discard the M9 solution. Wash with 1 mL of M9 solution. Spin
down and discard the M9 solution. Add 500 pL of bleaching
solution. Rotate at room temperature for 2—3 min or until worms
are dissolved and only eggs are left. Centrifuge for 30 s at maximum
speed. Discard the bleaching solution. Wash with 1 mL of M9
solution, centrifuge for 30 s at maximum speed, and discard the
M9 solution. Repeat the wash. In the last wash, keep approximately
100 pL of M9 solution. Resuspend the eggs and place them on
fresh OB50 60 mm plates.

1. Day 1: Streak comtrol(RNA:z), rab-7(RNA:i), and daf-2
(RNAi) HTI115 onto LB/ampicillin/tetracycline plates.
Grow overnight at 37 °C.

2. Day 2: Grow overnight starter cultures from single colonies in
5 mL LB /ampicillin /tetracycline at 37 °C (shaking).

3. Day 3: Mix 70 pL of the overnight culture with 1 mL LB/am-
picillin and incubate for 4 h at 37 °C (shaking). Mix 900 pL of
the culture with 100 pL IPTG (20 mM) and seed 200 pL from
each strain in the middle of respective R NA: plates. Let bacte-
ria grow overnight at room temperature. Make use of them the
next day (see Note 1).

1. DMSO control: Mix 7 pLL of DMSO with 133 pL of ultrapure
water.
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3.5 Sample
Preparation for
Imaging

3.6 Super Resolution
Structured
Illumination
Microscopy (SIM) and
Analysis

2. 50 pM etoposide: Mix 7 pL of etoposide (50 mM) with 133 pL.
of ultrapure water.

3. 20 pg/mL mitomycin C: Use 140 pL of mitomycin C (1 mg/
mL).

Inactivate OP50 loan on 60 mm NGM plates using ultra-
violet crosslinking. Apply each of the above mixtures to one
UV-inactivated OP50 plate for each condition and spread
evenly. Let the plates dry for 1 h at room temperature and
place eggs after bleaching (see Note 2).

To prepare 2% agarose pads, add 0.5 g of agarose into 25 mL of M9
solution. Heat in the microwave (do not boil) until the agarose is
completely dissolved. While the agarose is still hot, add a droplet of
approximately 1 cm in diameter to the middle of a microscope glass
slide using a 1 mL pipette (see Note 3). Immediately place another
glass slide vertically on top to spread the agarose evenly and flatten
it to a larger area. Let the agarose solidify for 1 min, then carefully
remove the second glass slide without disturbing the agarose layer.
Keep the agarose pad in the center of the glass slide. Store at room
temperature (see Note 4). Add 3 pL of NaNj to the center of the
agarose pad slide (see Note 5). Transfer worms from the plate to the
agarose pad wusing an eyelash hair pick. Cover with an
18 mM x 18 mM coverslip. Add more NaNj; at the edges of the
coverslip until all coverslip area is covered to keep the worms wet.
Seal and fix by applying nail polish at the edge of the coverslip.
Proceed to imaging.

Acquire fluorescent images using a ZEISS Elyra 7 microscope
equipped with a Plan apochromat 63x /1.4 oil DIC M27 objective.
Record mKate2 fluorescence using a 561 nm track with 30% inten-
sity and 50 ms exposure. Record GFP fluorescence using a 488 nm
track with 20% intensity and 50 ms exposure. Use the Carl Zeiss
Zen 3.0 SR FP2 software for acquisition and SIM? analysis with
default settings in weak live mode. Use Image] to crop and overlay
images as well as measure pixel intensity. Create intensity plots
using GraphPad PRISM software.

4 Notes

1. In case worms have to be moved to new RNA; plates in order
to reach day 1 without being starved, prepare fresh overnight
cultures every second day, follow the rest of the procedure, and
transfer. Maintain streaking plates for up to 1 week.

2. In case worms have to be moved to new treatment plates in
order to reach day 1 without being starved, prepare fresh
etoposide or mitomycin C plates the same day and transfer.
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3. If not all the quantity of the agarose solution is going to be
used at once, aliquot the agarose solution in 1.5 mL tubes and
store them at 4 °C for a week. Resolve at 100 °C in a water bath
when needed and follow the protocol. Do not vortex or mix
vigorously. Bubbles remain in the agarose solution for long and
form gaps in the agarose pad.

4. In order to avoid dehydration of the agarose layer, which could
interfere with the physiology of the worms before microscopy,
we always use the agarose pads 10 min to 8 h after preparation.

5. Since in this protocol GFP::LGG-1 imaging is taking place, use
only NaNj; as an anesthetic. Levamisole may cause nonphysio-
logical punctate structures [51].
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