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ABSTRACT: Aberrant autophagy of the endoplasmic reticulum
(reticulophagy) is engaged in diverse pathological disorders. Herein,
we reported sensitive imaging of reticulophagy with ER-Green-proRed, a
diad combining a solvatochromic entity of trifluoromethylated
naphthalimide for long-term ER tracking by green fluorescence and an
entity of rhodamine-lactam fluorogenic to lysosomal acidity. Stringently
accumulated in the ER to give green fluorescence, ER-Green-proRed
exhibits robust red fluorescence upon codelivery with the ER subdomain
into lysosomes. The relevance of turn-on red fluorescence to
reticulophagy was validated by reticulophagy modulated by starvation,
reticulophagic receptors, and autophagy inhibition. This imaging
method was successfully employed to discern reticulophagy induced
by various pharmacological agents. These results show the potential of
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ER-targeted pH probes, as exemplified by ER-Green-proRed, to image reticulophagy and to identify reticulophagy inducers.

he endoplasmic reticulum (ER) is the largest membrane-

delimited organelle that mediates diverse cell activities
ranging from lipid metabolism to ion storage, protein synthesis,
folding, and trafficking." A stressed ER plays a causal role in
myriad pathological disorders known as ER stress-associated
diseases.” ® Autophagy is a conserved catabolic mechanism by
which superfluous or damaged organelles could be captured and
delivered into lysosomes for degradation.”® Given the role of
aberrant reticulophagy in ER-stress associated diseases,””’
methods for reticulophagy imaging are of significance to study
reticulophagy'® and to identify reticulophagy-inducing pharma-
ceutical compounds.”

Reticulophagy has been measured by autophagic degradation
of ER proteins''~"* or with ER-targeted fluorescent pro-
teins.'"'*7'° As overall ER proteins overwhelm the portions
degraded in reticulophagy, the former suffers from low
sensitivity.'” Meanwhile, the latter is inapplicable to primary
cells and is laborious as it entails plasmid transfection and
construction of cell lines expressing protein reporters. In
contrast, synthetic small-molecular probes are advantageous in
many aspects such as tunable fluorescence and ease of use,
representing an attractive modality in bioimaging. Autophagy is
hallmarked by the delivery of cargo-enclosed autophagosomes
into acidic lysosomes.'® This process has been employed to
detect the autophagy of mitochondria (mitophagy) with
mitochondria-targeted pH sensors by sensing lysosomal acid-
ity."”~* By contrast, there remains a paucity of suitable small-
molecular probes for reticulophagy imaging.**~*

We recently reported a rhodol-conjugated pH sensor for
reticulophagy imaging by sensing pH acidification in retic-
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ulophagy.*® However, this approach is limited by the always-on
green fluorescence of the rhodol entity and susceptibility of
probe loss from the ER. To overcome these limitations and to
override the need for plasmid transfection and generation of a
stable cell line expressing protein reporters, we herein report ER-
Green-proRed, a small-molecular probe for long-term high-
fidelity imaging of reticulophagy. ER-Green-proRed features an
ER-targeting entity with green fluorescence and an entity of X-
rhodamine-lactam (ROX-lactam) activable to lysosomal acid-
ity”" %! (Figure 1). Specific for the ER and stably maintained in
the ER, ER-Green-proRed allows extended ER tracking by green
fluorescence. Upon probe codelivery with ER fragments into
lysosomes, ER-Green-proRed is activated by lysosomal acidity
to give red fluorescence (Scheme 1), enabling sensitive
detection of reticulophagy.

B EXPERIMENTAL PROCEDURE

Fluorescence Emission of ER-Green and BZ-ANI at
Different Solvent Polarities. ER-Green or Bz-ANI was added
to phosphate-buffered saline (PBS) (10 mM, pH 7.5)
containing 30, 40, 50, 60, 70, 80, 90, or 100% dioxane (v/v)
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Figure 1. Optical property of ER-Green and Bz-ANL (A) Chemical structure of ER-Green and Bz-ANL. (B) Polarity-correlated fluorescence emission
of ER-Green and Bz-ANI ER-Green or Bz-ANI was added to phosphate-buffered saline (PBS, 10 mM, pH 7.5) containing 30—100% dioxane to a final
concentration of 10 yM. These aqueous samples were analyzed for fluorescence emission using 4., = 410 nm.

to 10 uM. These aqueous samples were analyzed for
fluorescence emission using 4., = 410 nm.

Selectivity of ER-Green-proRed for the ER. ss-RFP-
KEDL" HeLa cells were stained with ER-Green (5 uM, 1 h), ER-
Green-proRed (10 uM, 1 h), or ER-Tracker Green (0.5 uM, 1 h)
in DMEM at 37 °C, respectively, and then washed with PBS
three times. The cells were analyzed by confocal fluorescence
microscopy.

HeLa cells pretreated with ER-Green (5 yM, 1 h) or ER-
Green-proRed (10 M, 1 h) were stained with MitoTracker
Deep Red (1 #M, 10 min), LysoTracker Blue (1 M, 30 min), or
Hoechst (2 pg/uL, 20 min) in DMEM at 37 °C, respectively.
The cells were rinsed with PBS and then analyzed by confocal
microscopy.

ER Targeting in Different Cell Lines with ER-Green.
ssRFP-KDEL* AS549 and ssRFP-KDEL* MCF-7 cells were
stained with ER-Green (S uM, 1 h) at 37 °C, washed with PBS
three times, and then visualized by confocal microscopy.

Effects of Trifluoromethyl Moieties of ER-Green on ER
Targeting. HeLa cells were stained with ER-Green (S zM, 1 h)
or Bz-ANI (S uM, 1 h) at 37 °C, washed with PBS three times,
and then visualized by confocal microscopy.

Temporal Retention of ER-Green-proRed in the ER.
HeLa cells prestained with ER-Green (5 uM, 1 h), ER-Green-
proRed (10 uM, 1 h), or ER-Tracker Green (0.5 uM, 1 h) were
cultured in fresh DMEM for varied periods of time (0, 1.5, 3, 6,
and 10 h). The cells were analyzed by confocal microscopy or
flow cytometry.

pH Titration. Fluorescence emission of ER-Green-proRed
(10 M) in PBS (10 mM) containing 30% CH;OH (pH: 4.0,
4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0) was collected
using A, = 410 nm and 4., = 580 nm.

Cytotoxicity and Fluorescence Yield of ER-Green and
ER-Green-proRed. For cytotoxicity, HeLa cells were stained
with ER-Green (0, S, 10, and 20 uM) or ER-Green-proRed (0, S,
10, and 20 uM) for 1 h and then washed with PBS. The cells
were cultured in fresh DMEM for 0, 24, or 48 h and then
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determined for cell viability and cell number by the cell count kit
8 (MCE, hy-k0301) assay (n = 3).

For the fluorescence yield, ER-Green, Bz-ANI, and ER-
Green-proRed were added to dioxane to a final concentration of
10 uM, respectively. The aqueous samples were analyzed for the
fluorescence quantum yield using 4., = 410 nm/A,, = 390—650
nm. ER-Green-proRed was added to PBS (10 mM, pH 4.5)
containing 30% CH;OH to a final concentration of 10 M. The
aqueous sample was analyzed for fluorescence quantum yield
using 4, = 580 nm /4., = 560—700 nm.

Photostability of ER-Green-proRed In Vitro. ER-Green,
ER-Green-proRed, and ER-Tracker Green were dissolved in
PBS (10 mM, pH 7.5) containing dimethyl sulfoxide (DMSO,
30% v/v) to a final concentration of 2 M. The fluorescence
intensity was obtained using 4., = 410 nm for ER-Green/ER-
Green-proRed (Green) and 4, = 505 nm for ER-Tracker Green.
ER-Green-proRed (2 #M) in PBS (10 mM, pH 4.0) containing
DMSO (30% v/v) was excited using A, = S80 nm for red
fluorescence of ER-Green-proRed.

Imaging of Reticulophagy with ER-Green-proRed. ss-
GFP-RFP-KDEL* HeLa cells were incubated in DMEM
containing 10% fetal calf serum (control) or HBSS (starvation)
for 5 h at 37 °C and then visualized by confocal microscopy.

HeLa cells costained with ER-Green-proRed (10 uM, 1 h)
and LysoTracker Blue (1 uM, 30 min) were incubated in
DMEM (control) or HBSS (starvation) for S h at 37 °C prior to
confocal microscopic analysis.

Starvation-Induced Red Fluorescence of ER-Green-
proRed in Lysosomes. HeLa cells costained with ER-Green-
proRed (10 uM, 1 h) and LysoTracker Blue (1 yM, 30 min)
were incubated in DMEM (control) or HBSS (starvation) for §
h at 37 °C prior to confocal microscopic analysis.

RAW264.7, MCF-7, or A-549 cells were stained with ER-
Green-proRed (10 uM) for 1 h at 37 °C, washed with PBS three
times, and then maintained in DMEM (control) or HBSS
(starvation) for S h. The cells were analyzed by confocal
microscopy.
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Scheme 1. Signal-On Imaging of Reticulophagy with ER-Green-proRed”
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“(A) Proton-triggered fluorogenic isomerization of ER-Green-proRed gives a rhodamine species of intense red fluorescence. (B) Schematic for
reticulophagy imaging with solvatochromic acidity-reporting ER-Green-proRed. Displaying green fluorescence in the ER, the probe gives red
fluorescence upon its codelivery with ER fragments into acidic lysosomes in reticulophagy.

Acidity-Mediated Reticulophagy-Reporting Signals.
HelLa cells were stained with ER-Green-proRed (10 uM) for 1
h at 37 °C, washed with PBS three times, and then maintained in
HBSS or HBSS containing Baf-Al (25 nM) or CQ (10 zM) for
S h. The cells were analyzed by confocal microscopy or flow
cytometry.

Reticulophagy Receptors Enhance the Optical Activa-
tion of ER-Green-proRed. Wild-type (WT), HA-FAM134B*,
and HA-TEX264" HelLa cells were incubated with ER-Green-
proRed (10 uM, 1 h) at 37 °C, respectively, incubated in fresh
DMEM for 6 h, and then analyzed by confocal microscopy or
flow cytometry.

Detection of Small-Molecule-Induced Reticulophagy
with ER-Green-proRed in Live Cells. MCF-7 cells were
treated with cisplatin (10 uM), CPA (10 uM), etoposide (10
uM), thapsigargin (1 uM), oligomycin (4 #M), rapamycin (3
uM), sodium butyrate (10 mM), or no addition (control) for 24
h and then cultured with ER-Green-proRed (10 uM, 1 h). The

cells were washed with PBS three times and then maintained in
fresh DMEM for 6 h before confocal microscopy and flow
cytometry analysis.

B RESULTS AND DISCUSSION

Preparation and Characterization of ER-Green. We
sought to develop ER-targeted pH probes to image
reticulophagy via sensing pH acidification en route delivery of
ER fragments into acidic lysosomes. This necessitates an ER-
specific probe that is amenable for further elaboration. Although
the mechanism remains to be elucidated, a number of
monofluorinated dyes have been documented for ER imag-
ing.**"% To test the efficacy of 3,5-trifluoromethylbenzene to
target the ER, we combined 3,5-trifluoromethylbenzene and
solvatochromic 4-amino-1,8-naphthalimide (ANI) that exhibits
green fluorescence substantially enhanced in hydrophobic
environments over aqueous media. ER-Green was readily
synthesized via a six-step procedure in overall 20% yield

https://doi.org/10.1021/acs.analchem.3c02016
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Figure 2. ER imaging with ER-Green. (A) Colocalization of ssRFP-KDEL with ER-Green. ssRFP-KDEL" HeLa cells were stained with ER-Green (S
uM) or ER-Tracker Green (0.5 uM) for 1 h at 37 °C, washed with PBS three times, and then visualized by confocal microscopy. (B) Selectivity of ER-
Green for ER over other organelles. HeLa cells pretreated with ER-Green for 1 h (S yM) (referred to as ER-Green" cells) were stained with Hoechst (2
ug/pL, 20 min), LysoTracker Blue (1 #M, 30 min), or MitoTracker Deep Red (1 uM, 10 min), respectively. These cells were rinsed with PBS three

times and then visualized by confocal microscopy. Scale bars: 10 ym.

(Scheme S1, Supporting Information). We also prepared Bz-
ANI, the structural analogue of ER-Green devoid of the
trifluoromethyl moieties. Analysis showed that both ER-Green
and Bz-ANI exhibited green fluorescence that increases
dramatically in nonpolar medium (dioxane) (Figure 1A,B).
Selective Imaging of the ER with ER-Green. To assess
probe selectivity for the ER, ER-Green was applied to HeLa cells
expressing ss-RFP-KDEL, a red fluorescence protein (RFP) with
N-terminal signal sequence calreticulin (SS) and C-terminal ER
retention sequence (KDEL) for targeting and retention in the
ER.°" Confocal microscopic analysis revealed colocalization of
ER-Green with ss-RFP-KDEL with a Pearson’s correlation
coefficient (PCC) of 0.90 (Figure 2A). In contrast, ER-Tracker
Green, a commercial dye for the ER, gave a PCC of 0.77 with ss-
RFP-KDEL. This showed the superior ER-selectivity of our
probe over commercial ER-Tracker Green. Furthermore, ER-
Green was largely absent in the lysosomes, mitochondria, and
nucleus (Figure 2B). ER-Green also selectively illuminated the
ER in ss-RFP-KDEL" MCF-7 and ss-RFP-KDEL* AS549 cells
(Figure S1), showing its applicability in different cell lines. In

11502

contrast, no green fluorescence could be observed in cells
treated with Bz-ANI under identical assay conditions (Figure
S2), showing the critical role of the trifluoromethyl group of ER-
Green in targeting the ER and ER-triggered green fluorescence
of ER-Green. Combined, these data validate the stringent
selectivity of ER-Green for the ER and turn-on green
fluorescence ER-Green in the ER.

ER-Green was further evaluated for its temporal retention in
cells. HeLa cells prestained with ER-Green or commercial ER-
Tracker Green were seeded and incubated in a probe-free
culture medium, respectively. Cells were then analyzed by
fluorescence microscopy and flow cytometry to quantitate the
levels of both probes remaining within cells. This revealed that
ER-Green remained detectable at 6 h postincubation, whereas
no ER-Tracker Green could be observed at 1.5 h postincubation
(Figure 3A-C), showing the superior retention of ER-Green
over commercial dyes, indicating its applicability for long-term
ER-tracking.

Optical Property of ER-Green-proRed. Encouraged by
the stringent selectivity of ER-Green for the ER and its long-

https://doi.org/10.1021/acs.analchem.3c02016
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Figure 3. Superior retention of ER-Green in the ER over commercial ER-Tracker Green. ER-Green™ cells or ER-Tracker Green® cells were cultured in
fresh DMEM for varied periods of time and then measured for intracellular fluorescence by confocal microscopy (A,B) or flow cytometry (C). Scale
bars: 20 ym. (B) Ten ER-Green* or ER-Tracker Green* cells were analyzed by confocal microscopy. The mean intracellular fluorescence intensity
(MFI) was plotted over the incubation time. (C) MFI of 10,000 ER-Green" or ER-Tracker Green" cells was determined by flow cytometry and then
plotted as a function of the incubation time.
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Figure 4. Optical property of ER-Green-proRed. (A,B) Fluorescence emission of ER-Green-proRed. The solution of ER-Green-proRed (10 #M) in
PBS (pH 4.0—9.0) was analyzed for fluorescence emission using A, = 410 nm for ANI and 4, = 580 nm for ROX fluorescence. (C) pH titration curve
of ER-Green-proRed. The curve was plotted using the fluorescence emission of ANT (I3, nm) and ROX (I4os nm) over pH. (D) Ratios of red to green
fluorescence intensity (Isys nm/Is;, nm).

term retention in the ER, we next coined ER-Green-proRed, a fluorogenic to acidic lysosomes (Scheme 1A).*"%°" After
diad consisting of ER-Green for ER targeting and ROX-lactam confirming the solvatochromic green fluorescence of ER-Green-
11503 https://doi.org/10.1021/acs.analchem.3c02016
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Figure S. Selectivity of ER-Green-proRed for the ER. (A) Colocalization of ssRFP-KDEL with ER-Green-proRed. ssRFP-KDEL* HeLa cells were
stained with ER-Green-proRed (10 zM) for 1 h at 37 °C before visualization by confocal microscopy. (B) Selectivity of ER-Green-proRed for the ER
over other organelles. HeLa cells pretreated with ER-Green-proRed (10 1M, 1 h) were stained with Hoechst (2 pg/uL, 20 min), LysoTracker Blue (1
#M, 30 min), or MitoTracker Deep Red (1 1M, 10 min), respectively. The cells were visualized by confocal microscopy. Scale bars: 10 ym.

proRed akin to that of ER-Green (Figure S3), we assessed its pH
responsiveness by measuring the fluorescence emission of ER-
Green-proRed in buffer with a pH of 4.0—9.0. As expected, the
green fluorescence was largely inert to pH variation, whereas red
fluorescence generated in acidic media intensified as the pH
decreased. The turn-on red fluorescence was consistent with the
protonation-elicited fluorogenic isomerization of ROX-lactam
(Figure 4B). ER-Green-proRed exhibited optimal fluorescence
emission in the range of pH 4—5 (Figure 4C,D), the window of
lysosomal acidity, supporting turn-on red fluorescence upon
probe delivery into lysosomes.

Selectivity of ER-Green-proRed for the ER. We applied
ER-Green-proRed to HeLa cells and observed bright green
signals inside cells but not red signals (Figure 5). The null red
fluorescence is consistent with the nonfluorescent state of ROX-
lactam of ER-Green-proRed in the ER (Scheme 1). To verify its
subcellular distribution, ER-Green-proRed was administered to
ss-RFP-KDEL" HelLa cells. This revealed colocalization of ER-
Green-proRed with ss-RFP-KDEL with a Pearson’s correlation
coefficient (PCC) of 0.91 (Figure SA). Furthermore, we
observed no detectable ER-Green-proRed in the lysosomes
(PPC = 0.39 with LysoTracker Blue), mitochondria (PPC =
0.55 with MitoTracker DeepRed), and nucleus (PCC = 0.04
with Hoechst) (Figure SB). These results demonstrated a high
selectivity of ER-Green-proRed for the ER.

Next, the cytotoxicity of ER-Green-proRed was evaluated on
HeLa cells. Akin to ER-Green, no detrimental effects on cell
viability were observed at a concentration two-fold greater than
that used for ER staining (Figure S4). Moreover, time course
analysis showed that ER-Green-proRed was effectively retained
in cells over the incubation time in a way similar to the ER

(Figure SS). In addition, ER-Green-proRed exhibits a green
fluorescence yield of 38% in dixoane and a red fluorescence yield
of 78% in acidic medium (Figure S6). Finally, HeLa cells stained
with ER-Green-proRed or ER-Tracker Green were exposed to
constant laser illumination. The intracellular fluorescence
intensity was monitored over time by fluorescence microscopy.
This showed that the intracellular fluorescence of ER-Tracker
Green quickly decayed in 25 min, while ER-Green-proRed
exhibited higher levels of green fluorescence emission (Figure
S7). Combined, these results indicate the applicability of ER-
Green-proRed for long-term live cell ER imaging.
Lysosome-Activated Red Fluorescence of ER-Green-
proRed in Starved Cells. We were keen to assess ER-Green-
proRed for reticulophagy detection As reticulophagy could be
induced by amino acid starvation,”'’ HeLa cells prestained with
ER-Green-proRed were starved in Hanks’ balanced salt solution
(HBSS) free of amino acids for S h to trigger reticulophagy. For
comparison, we also starved HeLa cells expressing ssGFP-RFP-
KDEL,”'* a ratiometric protein reporter exhibiting enhanced
red-to-green emission at acidic settings. We observed massive
red puncta across ssGFP-RFP-KDEL" cells independent of
starvation and a moderate increase in red-to-green fluorescence
ratios upon starvation (Figure 6A), showing its intrinsic low
sensitivity to detect reticulophagy. In contrast, bright red signals
were generated in ER-Green-proRed” cells upon starvation
(Figure 6B). In parallel, we performed WB analysis and found
that LC3-I and LC3-II decreased in these starved cells (Figure
S8). This validated starvation-triggered autophagy. Statistical
analysis showed that red fluorescence is 20-fold higher in starved
cells than in control cells (Figure 6C), consolidating the high
sensitivity of ER-Green-proRed for reticulophagy detection.
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Figure 6. Fluorescence-on imaging of starvation-induced reticulophagy with ER-Green-proRed. (A) Reticulophagy imaging with a fluorescent protein
reporter. ss-GFP-RFP-KDEL* HeLa cells were incubated for S h in DMEM (control) or HBSS (starvation) and then visualized by confocal
microscopy. (B) Fluorescence-on imaging of reticulophagy with ER-Green-proRed. HeLa cells costained with ER-Green-proRed (10 4M, 1 h) and
LysoTracker Blue (1 #M, 30 min) were incubated for 5 h in DMEM (control) or HBSS prior to confocal microscopic analysis. (C) Quantitation of red
fluorescence in ER-Green-proRed" cells before and after starvation. Fluorescence intensity per cell was quantified by Image]. mean + SD, n = 20, ****,
P < 0.0001 (ttest). (D) Lysosomal acidity-mediated turn-on red fluorescence in ER-Green-proRed" cells upon starvation. ER-Green-proRed* HeLa
cells were incubated for S h in HBSS supplemented with Baf-A1 (25 nM) or no addition (control). These cells were analyzed by confocal microscopy.

Scale bar: 10 pm.

The response of ER-Green-proRed to starvation-induced
reticulophagy was also confirmed in diverse cell lines, including
A-549, MCF-7, and RAW264.7 (Figure S9).

We also validated colocalization of the red dots in ER-Green-
proRed" cells with LysoTracker Blue (Figure 6B), a dye specific
for lysosomes, reflecting probe delivery into lysosomes and
genesis of red fluorescence thereby. We then treated starved ER-
Green-proRed* cells with Bafilomycin Al (Baf-Al), which

effectively neutralizes lysosomes.”” Baf-Al caused loss of red

fluorescence (Figure 6D), cementing the lysosomal acidity-
triggered intense red fluorescence of ER-Green-proRed in
lysosomes. Combined, these results show the reticulophagy-
mediated delivery of ER-Green-proRed with ER subdomains
into acidic lysosomes, whereby the probe is activated by
lysosomal acidity to give intense red fluorescence, supporting
the use of turn-on red fluorescence as a read-out of
reticulophagy.
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Reticulophagy-Dependent Red Fluorescence of ER-
Green-proRed in Live Cells. To further validate the
dependence of red fluorescence on reticulophagy, ER-Green-
proRed" cells were starved in HBSS supplemented with
chloroquine diphosphate (CQ). No red fluorescence could be
identified in starved cells treated with CQ (Figure 7). As CQ
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Control
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Figure 7. Inhibited ER-Green-proRed activation in cell starvation by
blockade on autophagosomal fusion with lysosomes. HeLa cells
prestained with ER-Green-proRed (10 uM, 1 h) were incubated for §
h in HBSS supplemented with CQ (10 M) or no addition (control).
These cells were analyzed by confocal microscopy (A) or flow
cytometry (B) for intracellular green and red fluorescence. Scale bar: 10
pum.

prevents binding of autophagosomes to lysosomes,” failed
probe activation in these cells is ascribed to the blockade of ER-
Green-proRed into lysosomes by CQ. FAM134B and TEX264
are ER-resident membrane receptors engaged in selective
reticulophagy.”'>'* As overexpression of FAM134B or
TEX264 has been reported to induce reticulophagy®* and to
further verify the relevance of ER-Green-proRed to reticuloph-
agy, we overexpressed HA-FAM134B and HA-TEX264 in HeLa
cells, respectively. Both cell samples were stained with ER-
Green-proRed and then maintained in fresh cell culture medium
for 6 h to allow basal reticulophagy. Null at the initial stage of cell
culturing, strong red signals were identified in HA-FAM134B*
and HA-TEX264* HeLa cells after 6 h of culturing (Figure 8).
By contrast, no red fluorescence was observed in wild type HeLa
cells at 6 h postincubation (Figure 8A). Red signals in cells
overexpressing FAM134B or HA-TEX264 over wild type cells
were also verified by flow cytometric analysis (Figure 8B).
Reticulophagy boosted by both overexpressed reticulophagic
receptors is consistent with previous observations.”' >
Combined, the fidelity of ER-Green-proRed to reticulophagy
was further established by (1) loss of red fluorescence caused by
CQ that inhibits fusion of autophagosomes with lysosomes and
(2) enhanced fluorescence upon overexpression of reticulopha-
gic receptors.

Detection of Reticulophagy Induced by Pharmaco-
logical Compounds. Pharmacological inducers of reticuloph-
agy are of potential to treat ER stress-related diseases, as
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Figure 8. Boosted fluorescence activation of ER-Green-proRed in basal
reticulophagy by overexpressed reticulophagic receptors. Wild type
(control), HA-FAM134B*, or HA-TEX264* HeLa cells were incubated
with ER-Green-proRed (10 uM) for 1 h at 37 °C, incubated in fresh
DMEM for 6 h, and then analyzed by confocal microscopy (A) or flow
cytometry (B). Flow cytometric assays were performed using 4., = 561
nm and A, = 571—601 nm for red fluorescence, n = 10,000. Scale bars:
10 pm.

reticulophagy mediates selective elimination of the damaged ER.
Because cell stress could trigger autophagy, we are interested to
examine classical cell stressors for their effects on reticulophagy.
Therefore, HeLa cells were treated with cyclopiazonic acid
(CPA), etoposide, thapsigargin, oligomycin, rapamycin, sodium
butyrate, or cisplatin (a chemotherapeutic anticancer drug) for
24 h. These cells were washed to remove extracellular agents and
then analyzed with ER-Green-proRed for intracellular red
fluorescence. No red signals could be observed in cells treated
with thapsigargin or CPA (Figure 9), two ER stressors that
activate the unfolded protein response (UPR),'¥%>% showing
their incapability to induce reticulophagy. In addition,
rapamycin and oligomycin are also incompetent to elicit
reticulophagy (Figure 9); the former inhibits mTORC1%%
and the latter inhibits ATP synthase in the mitochondria. In
contrast, obvious red signals were generated in cells treated with
cisplatin, etoposide, or sodium butyrate (Figure 9), three agents
that, in common, could damage DNA and induce cell
senescence thereof.””~’” The observations on reticulophagy
induced by DNA-damaging agents but not ER stressors suggest
intricate roles of different cell stressors in ER catabolism. Taken
together, these data show the feasibility of ER-Green-proRed to
screen or evaluate reticulophagy-inducing pharmacological
compounds.

B CONCLUSIONS

Aberrant reticulophagy has been linked to diverse pathological
disorders. Herein, we reported imaging of reticulophagy with
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Figure 9. Discernment of reticulophagy induced by pharmacological compounds with ER-Green-proRed. MCF-7 cells were treated with cisplatin (10
M), CPA (10 uM), etoposide (10 uM), thapsigargin (1 4uM), oligomycin (4 M), rapamycin (3 #M), sodium butyrate (10 mM), or no addition
(control) for 24 h in DMEM. These cells were further cultured with ER-Green-proRed (10 uM, 1 h), washed with PBS three times, and then
maintained in fresh DMEM for 6 h prior to analysis by confocal microscopy (A) and flow cytometry (B—C). Mean =+ SD, n = 3. *, P = 0.0205. **, P =

0.008. **** P < (0,0001 (t-test). Scale bars: 20 ym.

ER-Green-proRed, a synthetic diad probe composed of 3,5-
trifluoromethylbenzene-conjugated naphthalimide for ER track-
ing and rhodamine-lactam prone to red fluorescence in acidic
lysosomes. Strictly accumulated in the ER to give green
fluorescence, ER-Green-proRed exhibits triggered red fluores-
cence upon codelivery with the ER subdomain into lysosomes,
enabling sensitive imaging of reticulophagy induced by
starvation, reticulophagic receptors, and pharmacological
agents. These results show that functionalized ER-trackers
fluorogenic to lysosomal acidity, as exemplified by ER-Green-
proRed, offer a simplified and robust tool for sensitive imaging of
reticulophagy and evaluation of pharmacological inducers of
reticulophagy.
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