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Tousled-like kinase mediated a new type of cell death
pathway in Drosophila

Y Zhang'?3, R Cai"?%, R Zhou?, Y Li*? and L Liu*?

Programmed cell death (PCD) has an important role in sculpting organisms during development. However, much remains to be
learned about the molecular mechanism of PCD. We found that ectopic expression of tousled-like kinase (tlk) in Drosophila
initiated a new type of cell death. Furthermore, the TLK-induced cell death is likely to be independent of the canonical caspase
pathway and other known caspase-independent pathways. Genetically, atg2 RNAi could rescue the TLK-induced cell death, and
this function of atg2 was likely distinct from its role in autophagy. In the developing retina, loss of tlk resulted in reduced PCD in the
interommatidial cells (I0Cs). Similarly, an increased number of I0Cs was present in the atg2 deletion mutant clones. However,
double knockdown of tlk and atg2 by RNAi did not have a synergistic effect. These results suggested that ATG2 may function
downstream of TLK. In addition to a role in development, tlk and atg2 RNAi could rescue calcium overload-induced cell death.
Together, our results suggest that TLK mediates a new type of cell death pathway that occurs in both development and calcium

cytotoxicity.
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Cell death subtypes can be classified into uncontrollable
accidental cell death and regulated cell death (RCD). As a
further subtype of RCD, the cell death that occurs in
development is referred as programmed cell death (PCD)."
Although caspase-dependent apoptosis has crucial roles in
development, other type(s) of PCD may exist.? The Drosophila
eye is an elegant model system with which to study PCD in
development;®* the patterning of the Drosophila eye is highly
stereotypic and well characterized. The development of the fly
retina begins in the eye disc of the third instar larvae, where the
formation of ommatidium initiates from the differentiation of
eight photoreceptor cells (R cells) followed by the recruitment
of four cone cells. At the pupal stage, two primary pigment
cells are recruited to surround the cone cells. Then, the
interommatidial cells (IOCs) are chosen from a pool of
undifferentiated cells and further refined into a highly stereo-
typical hexagonal lattice.® Each hexagonal lattice contains 12
I0Cs, including six secondary pigment cells at the edges,
three tertiary pigment cells and three bristle cells at the
vertices.>® The undetermined IOCs are then removed by
apoptosis.”

It has been shown that intercellular communication has an
essential role in regulating 10C apoptosis.? The cone cells and
primary pigment cells release survival ligands, such as Spitz,
to promote the survival of IOCs, whereas I0Cs release Delta
to promote the death of their neighbors by activating the Notch
pathway.?® Excessive IOCs are not the only cell type to be
eliminated; the perimeter ommatidia are also trimmed during

development. This process is mediated by the secretion of a
glycoprotein, Wingless, which promotes its own expression in
the periphery of the eye and activates the caspase-dependent
apoptosis pathway.® The entire cell population of the perimeter
ommatidia is eliminated, including the photoreceptor cells,
cone cells, primary pigment cells and I0Cs.®

Apoptosis is an important variant of PCD and is executed by
caspases." In Drosophila, these caspases include Dronc, a
main initiator caspase, and DrlICE and Dcp-1, which are
activated by Dronc.® The activities of caspases can be
inhibited by two endogenous proteins, DIAP1 and DIAP2."°
Similarly, p35, a viral protein, is capable of inhibiting the
caspase activity of DrICE and Dcp-1, resulting in the survival
of extra I0Cs and primary pigment cells in the adult fly
retina.*® In Drosophila, the RHG (Reaper, Hid and Grim)
family members are antagonists of DIAPs.'® In cells that
are doomed to die, transcription of the RHG genes is
increased."™™"® In addition, Drosophila p53 can promote
apoptosis by acting together with the JNK signaling pathway
to regulate the RHG proapoptotic machinery.'*'® Although
deletion of the RHG genes blocks the majority of apoptosis,
other PCD pathways likely exist during Drosophila eye
development.?

In addition to apoptosis, other cell death pathways exist,
although their roles in eye development are unclear. Ectopic
expression of eiger (the fly homolog of mammalian TNF-a)
induces cell death in the fly eyes. This type of apoptosis can be
weakly inhibited by p35, but is strongly suppressed by the loss
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of JNK (Jun N-terminal kinase also called BSK) signaling,
indicating that the Eiger/JNK-induced RCD is caspase-
independent.'®'” Moreover, Drosophila AIF (apoptosis-
inducing factor)-mediated cell death is also independent of
the canonical caspase pathway.'® Autophagic cell death has
been described to participate in Drosophila embryogenesis
and is involved in the removal of the salivary gland and midgut
tissues during Drosophila metamorphosis.'®2"

Beyond development, cell death has important roles in
human diseases.?? For example, calcium overload is a pivotal
stressor that induces cell death in many human diseases,
such as stroke, traumatic brain injury, epilepsy, Alzheimer’s
disease and glaucoma.?®>2° However, much remains to be
learned regarding calcium-induced cell death pathways.2®

Here, we reported the discovery of a new type of TLK-
induced PCD in Drosophila and delineated the function of TLK
in both eye development and calcium-induced cell death.

Results
Overexpression of tlk induced cell death in Drosophila

eyes. The adult Drosophila can survive without eyes.®’
Therefore, a genetic screen with the eye-specific promoter
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GMR-Gal4?® and various UAS lines is an elegant approach to
discover the function of genes that cause Drosophila lethality.
Here, the Gal4/UAS binary expression system is simplified as
‘>’ throughout the text. We observed that the overexpression
of tlk in the fly eyes (GMR>tlk) resulted in loss of
pigmentation (Figure 1A a and b). To visualize each
ommatidium, a membrane-tagged GFP transgene was added
to the GMR> tlk flies (GMR> mCD8-GFP/tlk). This fly also
showed the defective eye phenotype (Figure 1A c). To further
characterize the cell death, we cross-sectioned the eyes to
visualize the internal structure. In the GMR-Gal4 control flies,
each ommatidium displays a hexagonal profile with 7 R cells
and accessory pigment cells®® (Figure 1A d). In contrast,
almost no intact ommatidia were visible and massive
vacuoles were present throughout the eyes of GMR> tlk
and GMR> mCD8-GFP/tlk flies (Figure 1A e and f). The
defects could be suppressed by two independent tlk RNAi
lines (Figure 1B). These RNAI lines target different regions of
the tlk transcript and are designed to avoid off-target effect.®°
The quantitative RT-PCR verified that these RNAI lines
indeed reduced the tlk transcripts (Supplementary Figure S1).
The absence of ommatidia in GMR> tlk may result from a
failure to differentiate or enhanced cell death. To distinguish

A
GMR-Gal4/UAS-mCD8- GMR>tlk
GMR-Gal4 GMR>tlk GFP; UAS-tik/+ tIkRNAL-1 {KRNAI-2
Cc
ELAV
GFP

Figure 1  Ectopic expression of tlk induced cell death in Drosophila eyes. (A) Overexpression of tlk induces eye defect. a, b and ¢ are the images of the light microscope. d, e
and f shows the toluidine blue-stained semi-thin sections of the eyes. The genotypes are shown on top of each micrograph. (B) The effect of two independent k™' lines on the
GMR> tlk flies. (C) Immunostaining of the eye disc from the 3rd instar larvae. The mCD8-GFP is a membrane-targeted GFP, and ELAV is a neuron marker. The enlarged images

show that a cell cluster in b contains less R cells than a
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Figure 2 Loss of tlkaffects the developmental eye patterning. (A) Immunostaining of the 40 h APF retina with anti-Armadillo (red) or GFP (green). (a) The wild-type fly, w'’™.

A hexagon is superimposed on the image to indicate the target area, which exemplifies the scoring method. Twenty-one cells lie within a target area of the wild-type fly, including
18 intact cells and six corner (labeled as *) counting as 3 cells. A representative cone cell, bristle cell, primary (1°), secondary (2°) and tertiary (3°) pigment cell are marked on the
micrograph. (b) The tlk mutant clones are visualized by the absence of GFP. The wild-type clones and homozygous mutant clones are labeled with +/+ and —/ —, respectively.
(b”) An enlarged view of the dashed white box in b and the extra IOCs are pointed by white arrows. (B) Quantification of the number of I0Cs in A. In all figures, at least
30 hexagonal target areas were scored from three to six flies. (C) Effect of the tlk mutant (thk %% on the development of the cone cells. An enlarged view is shown on the right
panel. The wild-type clones always have four cone cells, whereas ~20% mutant clones showed either increased (with five cone cells) or decreased (with three cone cells) number
of cone cells, as labeled by the asterisks. (D) Effect of tlk RNAi on the eye development. a and b as a control, the white™* could effectively reduce the pigmentation of the eye
compared with its promoter line (GMR-Gal4). (c and d) The scan electron microscope (S.E.M.) images of the eyes. (e and f) The anti-Armadillo staining. The enlarged views are
shown on the right panels (' and f'), and the extra I0Cs are pointed by yellow arrows. (E) Quantification of the number of IOCs in D. (F) Effect of tk RNAi on the development of
perimeter ommatidia. (a and b) The images of S.E.M. (c and d) Immunostaining of the 40 h APF retina with anti-Armadillo (red). The arrows point to the extra small perimeter
ommatidia. (G) Effect of tk RNAi on cell proliferation. Immunostaining of the eye disc from the 3rd instar larvae with anti-phospho-pH3 (pH3). The arrow heads point to the
morphogenic furrow. The number of pH3-positive cells in the posterior region of the eye disc is counted. The statistic results from five eye discs are shown under each condition.
(H) AO staining of retina. Twenty areas in each eye disc were scored, and three to five eye discs were examined. The statistic results from five eye discs are shown under each
condition. (I) Genetic interaction between tlk and DIAP1. (J) Quantification of I0Cs
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Figure 2 (Continued)

these possibilities, we examined eye development in the 3rd
instar larvae. At this stage, the morphogenetic furrow (MF)
marks the forward edge of differentiation, and the cell clusters
at different stages of differentiation are aligned posterior to the
MF, with the more mature cell clusters located at a further
posterior region.?° Some cells in the posterior region undergo
a secondary division wave. Eventually, clusters of five R cells
are formed, followed by recruitment of more R cells and other
cell types at a later developmental stage.®' Consistent with the
expression of the GMR promoter in the posterior region,®
R cells were present in the eye disc of the GMR> tlk flies
(R cells were labeled with ELAV) (Figure 1C a and b), suggesting
that differentiation was not significantly affected. However, the
number of R cells in some clusters was reduced (Figure 1C b).

Because almost all R cells were missing in the adult stage of
GMR> tlk (Figure 1A e and f), the R cells likely started to die at
the late larval stage. Therefore, overexpression of tlk promotes
cell death instead of affecting differentiation.

TLK regulated PCD during eye development. When
raised at 25 °C, each ommatidium adopts a rigid hexagonal
pattern in the wild-type flies at 40h APF (after pupa
formation), and anti-Armadillo staining can visualize each
cell in the developing retina.® To quantify the number of IOCs
in the developing retina, a hexagonal target area is defined by
connecting the center of six ommatidia surrounding a central
ommatidium (Figure 2A a).®®

Cell Death and Differentiation
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To test whether loss-of-function tlkk may promote cell
survival in the developing retina, we studied a tlk mutant.
As a member of the conserved serine/threonine kinase
family, TLK regulates cell cycle progression and chromatin
assembly.34 A P-element-mediated loss-of-function mutant,
HlK/(1G0054 nas been well characterized, and it induces DNA
fragmentation, cell death and pupal lethality.** To determine
the effect of this mutant on the Drosophila eye, we performed
mosaic analysis. In the pupal retina of the mosaics, the wild-
type clones were labeled with two copies of GFP, whereas the
homozygous mutant tlk (tlk/("'G0054tj/(1/G005% celis displayed
no GFP labeling (Figure 2A b). Strikingly, the tlk homozygous
mutant clones showed a significant increase in the number of
IOCs (Figures 2A b' and 2B). In addition, ~20% of the
ommatidia developed more or fewer cone cells (3 or 5
compared with 4 in the wild-type) in the tlk homozygous
mutant clones (Figure 2C, the asterisks labeled ommatidia).
This result indicated that the cone cell division may be affected
in the tlk homozygous mutant. Because cone cells can affect
the recruitment and survival of IOCs,?® the defects in the cone
cells may complicate the interpretation of TLK function in the
I0Cs. To determine the function of TLK at a later develop-
mental stage, we examined the tlk RNAI lines driven by
GMR-Gal4. A genetically matched line, white™ ! was used
as the control. The white™* line was functional because
it can efficiently reduce the pigmentation of GMR-Gal4
(Figure 2D a and b). In the GMR> tik"Nadult eyes, the
shape of the ommatidia were irregular, indicating defects in
the patterning of the eyes (Figure 2D c and d). To quantify the
defect, we examined the pupal retina at 40 h APF. The result
showed that extra IOCs (Figures 2D e, f and 2E) and perimeter
ommatidia (Figure 2F) were present. Therefore, extra IOCs
survived with the loss of tik.

To determine whether the extra IOCs resulted from reduced
cell death or increased proliferation, the eye discs were
stained with anti-phospho-histone H3 (pH3), a marker of cell
proliferation.®® The result showed that the pH3 staining pattern
was unaltered in the 3rd instar larval eye disc of the
GMR> tikiN lines (Figure 2G), indicating that the extra
number of I0Cs and perimeter ommatidia were not due to
increased cell proliferation. To further test whether PCD was
reduced in the GMR> tlk7"* lines, we stained the pupal retina
(at 35h APF) with acridine orange (AO), a marker of cell
death.®® The result showed reduced AO staining in the retina
of the GMR> tlk"N' flies, compared with the control retina
(Figure 2H). Therefore, TLK mediated PCD during eye
patterning.

The canonical caspase pathway is the main executioner of
PCD in eye patterning.? To test the genetic interaction
between TLK and the caspase pathway, we examined the
effect of overexpression of DIAP1 on I0Cs. DIAP1 blocks the
executioner caspases, including DrICE and Dcp-1.° The result
showed that the tested fly (GMR> DIAP1/IkFN eyes
exhibited even more 10Cs than either GMR> tk"™ " or
GMR-DIAP1 alone (Figure 2| and J), suggesting that TLK
mediated a new type of PCD that is independent of the
apoptotic pathway.

Characterization of TLK-induced cell death. To study
TLK-induced cell death, we stained the eye discs of the 3rd
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instar larvae with AO (Figure 3A a—c). GMR-hid was used as
a positive control (Figure 3A c). Interestingly, the AO staining
intensity was even stronger in the GMR> tlk flies than the
GMR> hid flies, suggesting that ectopic expression of tlk can
strongly induce cell death. Further, we examined DNA
fragmentation by TdT-mediated dUTP nick end labeling
(TUNEL) (Figure 3A d—f). The results demonstrated intensely
labeled TUNEL signals (Figure 3A e). Because TUNEL can
also label necrotic cells, in which the membrane integrity is
disrupted,®” we tested whether the membrane was intact by
Pl (propidium iodide) staining (Figure 3B a—c). The results
showed that the Pl signal was negative in the GMR> tlk flies
(Figure 3B b). As a positive control, the necrosis model of
sev> GlutR1-° %" was P! positive (Figure 3B c). These results
suggested that overexpression of TLK was sufficient to
induce cell death.

Next, we asked whether the apoptotic pathway was involved
in the cell death of the GMR> tlkflies. The results showed that
inhibition of the caspase pathway by overexpression of p35,
DIAP1 and DIAP2 had no effect on the eye defect in the
GMR> tlk flies (Figure 4A). As positive controls, these lines
suppressed apoptosis in the GMR-hid fly (Supplementary
Figure S2). Moreover, we examined an in vivo sensor of
caspase activation, Apoliner, which comprises two fluoro-
phores: enhanced green fluorescent protein (eGFP) and
monomeric red fluorescent protein (MRFP).%® These fluores-
cent proteins are linked by a peptide sequence containing a
caspase-sensitive cleavage site. Upon caspase activation, the
cleavage of Apoliner allows the eGFP to translocate into the
nucleus, whereas the mRFP remains on the cell membrane.®®
As a positive control, the mRFP was presented on the
cell membrane in the posterior region of the eye disc in the
GMR-hid flies (Figure 4B b). In contrast, the eye disc of
GMR>tlk flies showed no enhanced presence of the
mRFP on the cell membrane (Figure 4B c). In addition, we
performed immunostaining using the cleaved Dcp-1 antibody
(Figure 4B d—f). The results showed that there was no
signification activation of the caspase activity in the GMR> tlk
flies compared with the control flies (Figure 4B f). Together,
these results suggest that the TLK-induced cell death was
independent of caspase function.

JNK is known as a mediator of caspase-independent cell
death in Drosophila.'®'® We observed that inhibition of the
JNK pathway by overexpression of a dominant-negative Bsk
(BskP™) did not suppress the eye defect of GMR> tlk flies
(Figure 4C). Consistently, the JNK pathway was not activated
in the eye disc of GMR> tlkflies as determined by puc-lacZ, an
in vivo reporter of JNK activation® (Figure 4D a-b). In
contrast, the positive control of GMR> eiger'” showed robust
induction of the JNK signal (Figure 4D c). AIF is a mediator of
caspase-independent cell death in Drosophila.'® We found
that loss-of-function of AIF had no effect on the cell death
in GMR> tlk flies; a similar effect was observed with the
p53 mutant or overexpression of ROS chelating enzymes
(catalase and GTPx-1) (Figure 4E).

TLK has an important role in chromatin assembly, including
chromosome segregation, replication, transcription and DNA
repair.*® In Drosophila, TLK phosphorylates ASF1 and causes
nuclear division arrest and pupal lethality.3* Our result showed
that asf1™* had no effect on the TLK-induced cell death
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Figure 3 Cell death induced by ectopic expression of tlk in Drosophila eye. (A) AO and TUNEL staining of the eye disc from the 3rd instar larvae. GMR-hid is shown as a
positive control. (a-c) The AO staining. (a’—c’) The merged image of bright field and AO staining. (d—f) TUNEL staining. The integrative density (Intden) of the posterior region in
each eye disc was obtained by ImageJ. Five eye discs were examined for each genotype. (B) P! staining of the eye disc. (a—c) Pl staining. (a’—¢’) Merged image of bright field with

Pl staining. The sev> GlutR1-° is shown as a positive control
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Figure 4 Characterization of the TLK-induced cell death. (A) Effect of inhibition of caspase pathway on the GMR > tlk. (B) Caspase activity in the larval eye disc. (a, b and c)
Alteration of apoliner fluorescence. (d, e and f) Immunostaining with anti-cleaved Dcp-1. The number of positive dots in the postenor region of the eye disc is counted. GMR-hidis
shown as a positive control. The statistic results from five eye discs are shown under each condition. d', &' and f' are merged images of DAPI and cleaved Dcp-1 staining. (C) Effect
of inhibition JNK signaling pathway on GMR> tlk. (D) JNK activity in the larval eye disc. Puc-lacZis an in vivo reporter of JNK activation that can be detected by the X-gal staining.
The GMR> eiger is shown as a positive control. (E) Effect of several genes related to cell death or chromatin assembly on GMR> tlk eye defects
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(Figure 4E), suggesting that the function of TLK on cell death
was likely different from its role in chromatin organization.
Together, these results suggested that TLK may induce a new
cell death pathway.

ATG2 functioned downstream of the TLK-mediated PCD.
To understand the molecular mechanism behind TLK-
induced cell death, we screened ~1000 TRiP RNAi lines
using the GMR> tlk flies. These RNAI lines are inserted
into a defined genomic locus, thus eliminating the variation
of positional effects compared with random P-element
insertions.®® We identified nine suppressor and enhancer
lines (Table 1). Most of the suppressors are components of
the mediator family, which affected the transcription of tlk. In
contrast, atg2 RNAI did not affect the transcription of tlk and
was further studied. The atg2™* showed a strong rescue
effect on the GMR> tlk flies (Figure 5A a and b). Moreover,
atg2™A" reduced AO and TUNEL staining in the tk-over-
expressing eye discs (Figure 5B), suggesting that cell death
was suppressed. Interestingly, the number of IOCs was also
increased at 40h APF in the retina of the GMR> atg2®N4'
flies (Figure 5C a). The efficiency of the atg2™A" was
confirmed (Supplementary Figure S3). Using the CRISPR-
associated single-guide RNA system (Cas9/sgRNA),*' we
generated a large deletion (2164 bp) in the exon region of the
atg2 gene. The homozygous deletion was pupal lethal.
Therefore, we generated mosaics in the fly eyes. Similar to
the RNAI effect, the clones of the homozygous deletion
displayed a significant increase in the number of 10Cs
(Figure 5C b). In addition, knocking down both tlk and atg2 by
RNAi resulted in a similar number of I0Cs as the
GMR> tIik"™™*" alone (Figure 5C c), suggesting that ATG2
acts in the same pathway with TLK. Moreover, atg2NAi
had a synergistic effect with GMR-DIAP1, similar to tk"™V
(Figure 5C d). The statistical results are presented
(Figure 5D). Because ATG2 is known to be involved in
autophagy,'® we asked whether autophagy was activated.
There was no LysoTracker staining in the larval eye disc of
the GMR> tlk flies (Supplementary Figure S4 a and b). As a
positive control, the eye disc of sev> GlutR1-° showed
intense LysoTracker staining (Supplementary Figure S4 c),
as reported previously.®” We also tested several autophagy-
related genes by RNAI, including atg1, atg4, atg8a, atg9 or
atg16. The result showed that none of the genes rescued the
eye defect of the GMR> tlk flies (Supplementary Figure S5).
Together, these results suggested that ATG2 might function
downstream of TLK.

Table 1 Genetic modifiers of cell death in GMR> tlk
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To explore the mechanism of TLK-induced cell death,
we stained the eye disc of GMR> tlk-flag with a nuclear
membrane marker (NPC), anti-Flag and DAPIL. In the
GMR> tlk-flag cells, TLK-Flag was stained in the nucleus
(Supplementary Figure S6a and b), as reported.®* Meanwhile,
the nuclear membranes were damaged or had disappeared in
some of the tlk-expressing cells (Supplementary Figure S6b).
Because TLK is a nuclear protein, it was likely that the cell
death caused dysfunction of the nucleus.

TLK mediated mild calcium overload-induced cell death.
Our data suggested that TLK may induce a new type of PCD
in Drosophila eye development. Does TLK also function in
pathological conditions? Previously, we were interested in
calcium overload-induced cell death and generated a
transgenic Drosophila line to express GIluR1-° (rat glutamate
receptor 1 lurcher mutant),®” a constitutively open cation
channel in vitro.*? Another transgenic line that we generated
is hs-GIuR1°, in which GIuR1 is driven directly by a heat
shock (hs) promoter. These flies have defects in the eyes
when raised at 25 °C (Figure 6A a and d). To further assess
cell death, the fly eyes were sectioned (Figure 6A b, c, e and f).
We observed that some ommatidia disappeared and were
accompanied by the presence of large vacuoles throughout
the eyes in the 1-day-old hs-GIuR1-° flies (Figure 6A e),
and no cellular structure was observed in the 10-day-old
hs-GluR1-¢ flies (Figure 6A f). These results suggested that
mild calcium overload induced cell death in the Drosophila
eyes. To quantify calcium overload, we measured the
intracellular calcium levels in the 3rd instar larval eye disc
using Fura-2. Indeed, the calcium levels were increased by
~20% in the hs-GluR1° flies compared with the control
flies (Figure 6B).

Next, we investigated the cell death pathways involved in
the hs-GluR1-°flies. The results showed that t/k™* strongly
rescued the eye defect of the hs-GluR 1 flies (Figure 6C b
and c). For the other pathways, suppression of the caspase-
mediated pathway had a partial rescue effect, whereas
the other pathways, including AIF, JNK and autophagy,
showed no effect (Supplementary Figure S7). In addition,
atg2™A" showed a partial rescue of the hs-GluR1-°
eyes (Figure 6C d and h). Although TLK may regulate
transcription,*® the transcription of GluR1-° was not affected
by the tIk"™*'lines (Figure 6D). Therefore, the TLK-mediated
cell death was active in the mild calcium overload condition
in the fly eyes.

CG number Gene symbol Gene function Effect
CG13867 MEDS8 RNA polymerase Il transcription cofactor activity Rescue
CG9936 skd/MED13 RNA polymerase Il transcription cofactor activity Rescue
CG5546 MED19 RNA polymerase Il transcription cofactor activity Rescue
CG17397 MED21 RNA polymerase Il transcription cofactor activity Rescue
CG5121 MED28 RNA polymerase Il transcription cofactor activity Rescue
CG17183 MED30 RNA polymerase Il transcription cofactor activity Rescue
CG1241 Atg2 Autophagy Rescue
CG43665 elF-2y GTPase activity Enhance
CG6779 RpS3 Structural constituent of ribosome Enhance
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Figure 5 Genetic interaction between atg2and tik. (A) Effect of atg2™ 4 on GMR> tlk. (a and b) The lightimage. (a' and b') The toluidine blue-stained semi-thin sections of
the eyes. (B) AO and TUNEL staining. The Intden of the posterior region was obtained by ImageJ. Five eye discs were examined for each genotype. (C) Effect of loss of afg2 on
the IOC number. The genotypes are indicated on top of each micrograph. Enlarged views of the dashed white box are shown in the right panel, and the yellow arrows point to the
extra I0Cs. The afg2 deletion mutant clones are visualized by the absence of GFP. The wild-type clones and homozygous mutant clones are labeled with +/+ and —/—,
respectively. (D) Quantification of the number of I0Cs in C. Compared with the control fly (GMR> white™*), all these lines showed statistical difference, and is denoted as ‘a’.

Compared with GMR> atg2?™" the lines with statistical difference is denoted as ‘b’

Discussion

Previous studies have demonstrated that TLK has a crucial
role in chromatin assembly, including transcription, replication,
DNA damage repair and chromosome segregation.*® As a
kinase, TLK functions by phosphorylating its target proteins,
such as the chromatin assembly factor ASF1 and Rad9.%° In
the Drosophila loss-of-function tlk mutant, nuclear divisions
are arrested at interphase, and cells eventually undergo
apoptosis.* Therefore, loss-of-function tlk should reduce cell
numbers. However, we observed an increased number of
I0Cs in the tlk homozygous mutant clones and in the
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GMR> tlkFNA" fly eyes. This suggests that tk function in
PCD must be unrelated to its role in cell division. Consistently,
the function of TLK in chromatin assembly requires ASF1;3*
however, afs1™4" had no effect on TLK-induced cell death.
Therefore, the role of TLK in cell death may be less likely
through its function in chromatin assembly.

Our data show that TLK participates in the process of PCD
during Drosophila eye development. In support of this,
both the tlk mutant and two independent RNAI lines could
reduce cell death in IOCs without affecting cell proliferation.
In addition, tlk overexpression is sufficient to induce cell death.
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Figure 6 The hs-GIuR1-° model and the effect of tik™4'. (A) The pigmentation defect in the eye of hs-GIuR1". Lightimages and toluidine blue-stained semi-thin sections are
shown. (B) Intracellular calcium level in the larval eye disc measured by Fura-2. Trial n= 3. Six larvae were examined for each trial. The open bar indicates the control, whereas
the black bar indicates statistically significant difference. * represents ttest, P<0.05. (C) Effect of tk™4' and atg2™*' on the hs-GIuR1® eye defect. The upper panels are the
light images, and the lower panel show the toluidine blue-stained semi-thin sections. (D) Effect of k™ on GIuR1-° transcription in the hs-GIuR1- flies. Trial n=6

In theory, tk™A" might promote a reduction of PCD by

enhancing survival signals, such as EGF and Ras, or
suppressing death signals, such as Notch.>® Because these
pathways partially converge onto the apoptotic pathway to
regulate eye patterning,***® the independence of tik N
with respect to DIAP1 function suggests that this possibility
is less likely. Moreover, we find that TLK-induced cell death
cannot be rescued by most of the known cell death
pathways, including caspase, autophagy, AlF, JNK, ROS
and p53. Therefore, we propose that TLK regulates a new
type of PCD.

It is not clear how TLK causes cell death. Interestingly, the
nuclear membrane seems severely disrupted in TLK-
overexpressing cells. Because TLK is located in the nucleus,
it may phosphorylate nuclear substrates and promote the
disruption of the nuclear membrane. On the other hand, ATG2
is known to function in the formation of the autophagosome
membrane,*” but may also function in the maintenance
of the nuclear membrane. This hypothesis requires further
investigation.

In addition to regulating developmental PCD, TLK may also
be involved in disease. Our data suggest that the cell death
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observed in the hs-GluR1-°fly eye is partially regulated by the
apoptotic pathway. However, this calcium-induced cell death
was strongly suppressed by the tk™# lines, indicating that
TLK may function in calcium overload-induced cell death. Mild
calcium overload has been implicated in human diseases,
such as Alzheimer's disease and glaucoma.?®>“8 The potential
function of TLK in these diseases requires further study. In
addition, how TLK may be activated in vivo remains unclear.

In conclusion, we have identified a potential novel cell death
pathway that functions in both eye development and calcium
cytotoxicity. Strikingly, TLK is both necessary and sufficient for
this variant of cell death.

Materials and Methods

Drosophila stocks and maintenance. Drosophila stocks were maintained
at 25°C on standard fly food. The following fly strains were kindly provided by
different labs: puct®-lacZ (Dr. Tian Xu); AIF*© (Dr. Josef Penninger); UAS-IAP2
(Dr. Pascal Meier); UAS-catalase and UAS-GTPx-I (Dr. Utpal Banerjee); UAS-eiger
(Dr. Lei Xue); GMR-hid,GMR-Gal4 (Dr. Andreas Bergmann); p53/Tb (Dr. John
Abrams) TRiP RNAi stocks were obtained from the Tsinghua Drosophila stock
center: tk™A" (RNAI-1: THU0178, RNAI-2: THU1326); Atg2™A4" (THU3698). All the
other lines were obtained from the Bloomington Stock Center, including tik'"/3%54
(BL11593); UAS-Apoliner (BL32122). For the RNAI lines, y' v'; P{CaryPattP2
(BL36303) and white™ ' (BL33623) were used as the genetic background matched
controls.

Generation of a transgenic fly line. The GIuR1"® cDNA was digested
from pCAGGS-mGIuR1"°construct (a gift from Dr. Michisuke Yuzaki) and subcloned
into the pCaSpeR-hs/act vector. The hs-GIuRT- transgenic fly was generated in a
w'""® background using the P-element-mediated transformation.

Generation of atg2 deletion. The aig2 deletion mutant was generated using
the Cas9/sgRNA system. To generate gene deletion, two sg-RNAs were designed
to target the atg2 locus. The sg-RNAs sequences that flank a 2164 bp exon region
of the atg2 gene are the following: g1, 5’-GGATGGCTACCACATTCGACCGG-3', g2,
5-GGATGTCTCCGATGACCGAGGG-3'. The deletion of 2164 bp was confirmed by
PCR sequencing.

Histology of adult eyes. The adult fly heads were removed from the body
and fixed in the fixative containing 4% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 M PB, post-fixed in 1% osmium tetroxide, dehydrated in an ethanol series
followed by exchange with propylene oxide. Then, the heads were infiltrated in a
mixture of propylene oxide and Spurr's medium, and finally imbedded in Spurr's
medium as previously described.*® The eyes were semi-thin sectioned to 1.5 um
using an ultramicrotome (UC7; Leica, Tokyo, Japan) and stained with toluidine blue.

Histology of larval tissue. AO, immunostaining, P, lacZ and lysotracker
staining were performed as described.26%"%*%" For TUNEL staining, the procedures
were followed by the manual of the manufacture (In Situ Cell Death TMR, Product
No. 12156792910, Roche, Indianapolis, IN, USA), except an additional treatment of
protease K before the enzymatic reaction. The quantification analysis was
performed using ImageJ.

Antibodies used include anti-ELAV (9F8A9, DSHB, lowa, A, USA; 1:1000),
anti-Armadillo (N27A1, DSHB,1:2), anti-phospho-Histone-H3 (06-570, Millipore,
Billerica, MA, USA; 1:1000), and anti-GFP (A-11122, Thermo Fisher, Rockford, IL,
USA; 1:1000), anti-cleaved Drosophila Dcp-1 (Asp216) (#9578, CST, Danvers, MA,
USA; 1:100), anti-Flag (#2368, CST; 1 : 1000), anti-Nuclear Protein Complex (NPC)
(ab24609, Abcam, Cambridge, MA, USA; 1: 1000).

Fura-2 measurement. The eye discs of the 3rd instar larvae were dissected
and incubated with 5 uM Fura-2 AM (F-1221, Invitrogen Molecular Probe, Eugene,
OR, USA) in Schneider’s medium at 25 °C for 30 min in the dark. With the excitation
wavelengths at 340 and 380 nm, we recorded two emission intensity values at
510 nm, respectively. The ratio of emission intensity at 510 nm excited by 340 or
380 nm was calculated as the relative calcium concentration.
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qRT-PCR method. Total RNA was extracted by Trizol reagent (Invitrogen,
Eugene, OR, USA) followed by DNase | treatment based on the manufacturer's
standard protocol, then the purity and integrity of total RNA was determined by 1%
agarose gel electrophoresis. The concentration of total RNA was measured by
Nanodrop. Two microgram mRNA was reverse transcribed into cDNA library by
oligo-dT primer using RevertAid First Strand cDNA Synthesis Kit (Thermo scientific)
based on the manufacturer's standard protocol. The final volume of g-PCR reaction
was 25l using Platinum SYBRGreen gPCR SuperMix-UDG Kit (Invitrogen)
containing 1 ! diluted cDNA sample (1 : 3). The g-PCR was performed in triplicate
using 7500 real time PCR system (Thermo Fisher). The quantification of target gene
was conducted by AACt method.% Primers used are as following:

GAPDH F: 5'-CGCAGCGCCATTCTCCTA-3';

R: 5-GACTGCCGCTTTTTCCTTTTC-3'

tlk F: 5’-GGGCGGGAACCTACTGGTA-3';

R: 5'-TTTTCGGCGGATTTTTGC-3'.

atg2: F: 5’-CCAACGCCTATACCATAGTGAGAGA-3'

R: 5-TCTGGTCGTGCTCCGTGAT-3’

Scanning electron microscopy. Adult flies were anaesthetized to death by
chloroform, mounted on stages and then observed using a scanning electron
microscopeTM-1000 (HITACHI, Tokyo, Japan).

IOP cell counts. At least 30 hexagonal target areas were scored from three to
six different flies for each experiment as reported by others.*
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